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Abstract— In this paper, the performances of two classes
of decorrelating detectors, the RAKE decorrelating de-
tector (RDD) and the multipath decorrelating detector
(MDD), in a synchronous DS/CDMA system in frequency-
selective Rayleigh fading channel are investigated when
there exists some mismatch between the channel estimates
and the true values. The probability of error and the near-
far resistance of these two detectors are examined in the
presence of three classes of channel estimation mismatch,
i.e., the mismatch of timing, phase estimation and am-
plitude estimation of the received complex-valued signals.
Numerical results show that, while the RDD has a lower
probability of error than the MDD on the basis of per-
fect channel estimation, it is more sensitive to the channel
estimation mismatch.

I. INTRODUCTION

One of the active research areas in the last few years
is multiuser detection, whose primary objective is to de-
modulate mutually interfering digital streams of infor-
mation reliably with minimal computational complexity.
Among all the schemes proposed, the linear decorrelating
detector (DD) is appealing for its near-far resistance [1]
[2], which is especially valuable in the wireless DS/CDMA
communication environment.

In the process of demodulation, the DD utilizes the
knowledge of channel parameters, including time delays
and received signal phase. In practice, all these param-
eters must be estimated by the receiver and are subject
to estimation errors. The influence of mismatched chan-
nel estimation on the DD in single-path Rayleigh fading
channel was presented in [3]. However, realistic mobile ra-
dio channel is more suitable to be characterized by mul-
tipath fading. In [4] and [5], two classes of linear DDs
in multipath fading channel were proposed: one is the
RAKE decorrelating detector (RDD), which uses a bank
of RAKE matched filters (MF) at the front end followed
by a linear transformation, and the other is the multi-
path decorrelating detector (MDD), in which the signals
of different paths from the same user in a multipath fad-
ing channel are assumed as signals from different users
in a single-path channel. The demodulation of the MDD
begins with passing the received signal through a bank of
filters matched to the assumed single-path user signals.
The decision is made by taking the sign of the maximal
ratio combined output of the linear transformation of the
MDD.
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In this paper, the relations between the error probabil-
ity and the near-far resistance of these two DDs and the
quantity of the channel estimation mismatch are studied.
The analysis and the numerical results show that the er-
ror probability and the near-far resistance of the RDD
degrades at a higher rate than those of the MDD as the
amount of the channel estimation mismatch increases.

II. SYSTEM MODEL AND PERFORMANCE ANALYSIS

We consider a BPSK synchronous DS/CDMA trans-
mission in a frequency-selective multipath Rayleigh fad-
ing channel. It is assumed that the fading channel is
slowly variant compared to the transmission rate and
that the maximal multipath propagation delay is much
shorter than the symbol interval. The first assumption
implies that the channel is relatively constant during one
symbol interval and the second one implies that the ef-
fect of intersymbol interference (ISI) between the trans-
mitted information symbols can be neglected. Under the
assumptions made, the channel response for the kth user
signal can be given as [6]
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Ck(t) :chlé(t—Tkl) =Z|Ckl|eja“(5(t—’rkl) (1)
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where Ly, is the number of resolvable paths of the received
signal for the kth user, 74; and c¢g; are the propagation
delay and the channel coefficient of the Ith path for the
kth user, respectively. In a Rayleigh fading channel, the
channel coefficient ¢;; is a zero mean, complex Gaussian
random variable, whose amplitude |cx;| and phase ay; sat-
isfy Rayleigh distribution and uniform distribution from
0 to 2m, respectively. At the receiver, the received signal
can be expressed as

y(t) = Z Apbg Zk crisk(t — 1) + on(t) (2)

where K is the number of the active users, A, and by
are the signal amplitude and the information bit trans-
mitted by the kth user, respectively. si(t) is the kth
user’s signature waveform which only takes the nonzero
value in the interval [0, T}] and is normalized to have unit
energy, i.e., ||sk(t)[|?> = OTl’ s3(t)dt = 1. n(t) is the com-
plex additive white Gaussian noise (AWGN) with unit
power spectral density. For simplicity, in what follows,
Iy =Ly=---= Lg = L is assumed.



A. RAKE Decorrelating Detector (RDD)

In the RDD, the virtual signature waveform for the kth
user is assumed to be the superposition of L replicas of
sk (t) from L different paths, which is given by

L

hi(t) = Z |cxe| €7 s (t — Tht) (3)
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With perfect channel estimation, the outputs of the MF
bank are denoted as

Ty+Tro
g = / (@) yt)dt  for 1<k<K (4)
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In matrix form, (4) can be written as
y=RAb+n (5)

wherey = [y1 y2 -+ yx|”, A = diag{4s, As, ..., Ak},
b = [b b br]", R = {py} with p; =
f:meo(h,-(t))*hj (t)dt. n is a complex-valued Gaussian
random vector with independent real and imaginary com-
ponents, whose covariance matrix is 202R. Without loss
of generality, the detection of b; will be considered in
the following analysis. In the RDD, the decision for the
information bit by is given as

by = sgn(Re{(R7'y)1}) = sgn(A1by +71)  (6)

the variance of 7i; is equal to o?(R™1)11 [7].

In practice, however, the channel estimation may not
be perfect. Hence, some performance degradation may
appear when the demodulation is based on the imper-
fect channel estimates. Denoting the estimation values
of |eki|, arr and 74 by |éki|, drr and 7y, the estimated
virtual signature waveform for the kth user is given by

~
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Then, the outputs of the MF bank are denoted by

To+7ro
= [ n@rya fri<k<K (®)
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In matrix form, .

5 = RADb + n, 9)
where y = [ G2 - 9x]7, R = {pij} with py; =
fgz+r"°(h,' (t))*h;(t)dt. n. is the noise term with the co-
variance matrix equal to 20°R.., where R, = {Pecij} with

A~ To+74 7 *7
Peij = fﬂ.z+ *(hs(t))*h;(t)dt.

Based on the channel estimates, the decision for b; is
made as

b = sgn(Re{(R;'¥)1})

sgn(z Ap{Re[R'R]}Y1 ki + 1) (10)

the variance of 7.1 is 02(R;")11. By defining

Bi = Ag{Re[R;'R]}11 for1<k<K

(11)

the error probability of the RDD is given by [8]

1 Bi + Y1, Biby,
pYest > Q -

-1
bo-brx €{—1,+1}K 1 ov\/(Rz )1

P =

(12)

B. Multipath Decorrelating Detector (MDD)

In the MDD, a filter bank is applied in which filters are
matched to the replicated signals from different paths of
each user. With perfect channel estimation, the outputs
of the filter bank are

To+7r1
Ykt = / sk (t — o)y (t)dt
T

kl

for 1<k<K;1<I<L (13)
In matrix form, (13) is expressed as
y = MCAB +n (14)
where
Yy =1[yi1 - Y1L Y21 *** Y2r *** Yk1 - yKL]T
C = diag{Cl, CQ, ey CK}
C; = diag{ei®, eforz  eiakr} for1<k<K
A = diag{Al, AQ, sy AK}
Ay, = diag{A [cp1|, Aklerz|, ---, Aklerel}
for1<k<K

B =[bf by - byl"

by is a column vector whose L entries are all equal to
br. M is the cross correlation matrix which can be repre-
sented by the set of matrix blocks {M;;} (1 <4, j <
K), and the mnth component of the matrix M;; is

M;j(m,n) = fg:’:”m $i(t—Tim)sj(t—Tjn)dt (1 <m, n <
L). n is the noise term with the covariance matrix 20?M.
Similarly, the demodulation of b, is of interest here. The
decision for b; is determined by the combination of the L
entries of the vector given by
z; = Re{CI(M™'y);..} = Aib; + 1y (15)
where fi; has covariance matrix equal to o (M~ 1)1.1,1.1..
Before the combination, the colored noise n; is
whitened by applying the Cholesky factorization in order
to reduce the noise energy. Denoting F; as the matrix
obtained by Cholesky factorization of (M~1)1.p, 1.z, i.e.,
(M Y)1.,1.. = F{ Fy, then

Zl = Fszl = F;TAlbl + ﬁl (16)

the covariance matrix of n; is ¢2I.



Now consider the detection based on the estimated
channel coefficients. Denoting 7y; as the estimate of 7,
the outputs of the MF bank are given by

To+7rt
Jr = / sp(t — Tr)y(t)dt
T

Tri

for 1<k<K;1<I<L (17

In matrix form,
y = MCAb + n, (18)
where ¥ = [J11 -+ 1L §21 -+ Por -+ Gx1 -+ Gxr]’s

M = {1\7[,]} (1 <4, j £ K), and the mnth compo-
nent of the matrix M;; is My;(m,n) = fgwﬁ"‘ si(t —
Tim)sj(t — Tjn)dt (1 < m, n < L). n. is the Gaussian
noise which is characterized by E[n.n¥] = 202M., where
M, = {Mcij} (1 <1, j < K) and the mnth component of
M.ij is Meij(m,n) = [1 7™ s5(t—Fim)s;(t—Fjn)dt (1 <
m, n < L).

On the basis of the channel estimates, the decision of
b, is made by combining the L entries of the vector

21 = Re{C{' (M, '9)1.1}
= Re{CH(M;'MCAB)1.1} + iy
=r + ﬁcl (19)
where C; = diag{e/®11, efdr2, , e9MLY and @y is
the estimate of aj. The covariance matrix of n. is
o?(M,1)1..1... To whiten the colored Gaussian noise,
71 is multiplied by the matrix F,

Fl_Til = ]?‘l_Trl + ﬁcl (20)

where F; is ‘the matrix obtained by the Cholesky factor-
ization of (M7 1)1..1.1, i.e., M7 1.0,1. = FTF;. And
= = =T
n.; is characterized by E[n.in,] = oI

After the maximal ratio combining, the probability of
error is given by

P=ge X0

bibx€{—1,+1}K

1
= 3% Z Q

by-br€{—1,+1}K

III. NUMERIAL RESULTS

Let us consider a DS/CDMA system with three active
users, each of which is assigned a length 127 Gold code as
its signature code. The channel is normalized such that
Ellen|’] =1,for1 <k < K and 1 <1 < L. In the follow-
ing simulations, the multipath number is assumed to be
two, i.e., L = 2, and three classes of channel estimation
mismatch, i.e., the mismatch of timing, phase estimation
and amplitude estimation, are examined separately. The

SNR in the figures is the received signal to noise ratio of
user 1.

In the first example, the performances of the RDD and
the MDD in the presence of timing mismatch are exam-
ined. For simplicity, it is assumed that 77 = 791 = 731,
Tia = Tea = T32 and that all the timing is mismatched
equally, i.e., 7A'11 = 7A'21 = 7A'31, 7A'12 = 7A'22 = 7A'32 and
7A_k:1 — Tkl = ’lA'kz — Tk2 (]. S k S 3) The BER of user 1
of the RDD and the MDD with interferers received with
equal and 10 dB more power are given in Figs. 1 and 2,
respectively. The results show that, although the RDD
has a lower error probability than the MDD when the
channel estimation is perfect, it is more sensitive to tim-
ing mismatch than the MDD. As the amount of timing
mismatch increases, the error probability and the near-
far resistance of the RDD deteriorate more rapidly than
those of the MDD.
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Fig. 1. BER with mismatched timing and interferers received with
equal power (L=2)
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Fig. 2. BER with mismatched timing and interferers received with
10 dB more power (L=2)

In the second example, the performances of both de-
tectors in the presence of phase estimation mismatch
are considered. It is assumed that ay; = a1 = asi,
Q12 = Qo = agz and that all the phase is mismatched
equally, i.e., dll = d21 = d31, d12 = dgz = d32 and
Qpr — Qg1 = Qg — Qpo (1 < k< 3). The BER of the
RDD and the MDD with interferers received with equal
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Fig. 3. BER with mismatched phase estimation and interferers
received with equal power (L=2)
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Fig. 4. BER with mismatched phase estimation and interferers
received with 10 dB more power (L=2)

and 10 dB more power are depicted in Figs. 3 and 4,
respectively. It is shown that the near-far resistance of
the RDD degrades faster than that of the MDD as the
amount of phase mismatch increases. However, both of
them can still maintain a good performance even when
the phase estimation mismatch is quite large.

It is easily seen from (21) that the MDD does not need
to estimate amplitude in the process of demodulation and
therefore has no amplitude estimation mismatch problem.
As to the RDD, Figs. 5 and 6 give its performance in the
presence of amplitude estimation mismatch. Here it is
assumed that the received signal amplitude of user 1 is
estimated without error and that all the interfering sig-
nals’ amplitudes are mismatched to the same extent in
the sense of dB. Similarly, the performance of the RDD
becomes worse as the amplitude estimation mismatch be-
comes larger.

IV. CONCLUSION

In this paper, we studied the probability of error and
the near-far resistance of the RDD and the MDD in mis-
matched frequency-selective multipath Rayleigh fading
channel. Numerical results show that, although the RDD
has a better performance than the MDD based on per-
fect channel estimation, it is more sensitive to channel
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Fig. 5. BER of RDD with mismatched amplitude estimation and
interferers received with equal power (L=2)
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Fig. 6. BER of RDD with mismatched amplitude estimation and
interferers received with 10 dB more power (L=2)

estimation error. As the amount of the channel estima-
tion mismatch increases, the performance of the RDD
degrades more rapidly than that of the MDD.
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