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Intersymbol Decorrelating Detector for Asynchronous
CDMA Systems

Gaonan Zhang, Guoan Bi, and Alex Chichung Kot

Abstract: Estimated channel information, especially multipath
length and multipath channel of the desired user, is necessary
for most previously reported linear blind multiuser detectors in
code division multiple access (CDMA) systems. This paper presents
a new blind intersymbol decorrelating detector in asynchronous
CDMA systems, which uses the cross correlation matrix of the con-
secutive symbols. The proposed detector is attractive for its simplic-
ity because no channel estimation is required except the synchro-
nization of the desired user. Compared with other reported multi-
user detectors, simulation results show that the proposed detector
provides a good performance when the active users have significant
intersymbol interference and the multipath length is short.

Index Terms: Cross correlation matrix, decorrelating detector, in-
tersymbol information, multiuser detection.

I. INTRODUCTION

Blind multiuser detection has been studied extensively for
code-division multiple-access (CDMA) systems because of its
superiority to combat the detrimental effect of multiple access
interference (MAI) and intersymbo! interference (ISI). Without
considering multipath, a blind minimum output energy (MOE)
detector was reported in [1] and afterwards the canonical sub-
space representation of the decorrelating detector and the min-
imum mean square error (MMSE) detector were generalized
in [2]. By using array processing techniques, a reduced-rank
MOE detector was proposed in [3]. However, these detectors
can not work properly when ISI can not be ignored and the
multipath channel is not known. In [4]-[6], a number of sub-
space approaches were developed based on the use of channel
estimation. A reduced computational constrained optimization
solution was proposed in [7] and [8] with some sacrifice in per-
formance (i.e., inferior to MMSE detector). However, all these
methods still need to estimate the multipath length and the mul-
tipath channel of the desired user. In practical wireless commu-
nication systems, the position and the environment of the mobile
users are often changing with time, which leads to variations
of channel parameters. Therefore, accurate and timely estima-
tion of channel parameters is always a troublesome problem for
multiuser detection.

In this paper, we attempt to avoid channel estimation based
on a new multiuser detection scheme that exploits the intersym-
bol information. It is noted that all previously mentioned detec-
tors treat ISI as noise and do not make use of the intersymbol
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relationship. In fact, the current received symbol has certain
correlation with its preceeding and succeeding symbols because
of the existence of ISI and MAI. Utilization of such correlation
would be beneficial for multiuser detection. We first construct
a cross correlation matrix from the consecutively received sym-
bols to obtain the subspace of interfering users. By exploiting
this subspace, we develop a new intersymbol multiuser detec-
tor for asynchronous CDMA systems with multipath. Since our
proposed detector is based on asynchronous signal model, the
detector can be applied to CDMA uplink while multipath chan-
nel response estimation for each known user can be avoided. It
is shown that the proposed detector, which is equivalent to the
decorrelating detector in [9], can be implemented conveniently
without the need for the estimation of the background noise, the
multipath length, and the multipath channel of the desired user.
It should be pointed out that the proposed detector is only ap-
plicable to short-code CDMA systems. Simulation resuits show
that the proposed detector achieves a promising performance
with a subspace-based method when the active users have signif-
icant intersymbol interference and the multipath length is short.

The rest of paper is organized as follows. Section II presents
the asynchronous multipath CDMA signal model and Section I
proposes the intersymbol decorrelating detector. In Section IV,
simulation examples are provided to demonstrate the perfor-
mance of the proposed detector. Section V contains the con-
clusion.

II. SIGNAL MODEL

We consider a DS-CDMA system that has K users and a nor-
malized spreading factor of NV chips per symbol. The transmit-
ted signal of user k is given by

yr(t) = Ax > bi[ilsk(t —iT)

i=—00

ey

where T is the symbol duration, Ay and by[i] € {+1,—1} are,
respectively, the amplitude and the symbol stream of the k-th
user, and the signature waveform s (¢) is of the form

N-1

> alilvt—iTe), 0<t<T
=0

sk(t) = 2

where ¢x[j] = £1 (0 < j < N — 1) is the spreading sequence
allocated to the k-th user and v(t) is the normalized chip wave-
form with a duration T, = T/N. The discrete-time expression
of the transmitted signal of user & at the chip rate is obtained by

a multirate convolution
o]

> b(i)er(n — iN)

i=—00

yr(n) = 3)
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where ¢ (n) = Agcg(n) forn =0,---, N — 1. By propagating
through the asynchronous multipath channel that is assumed to
have a maximum length of M (M < N) in terms of chip du-
ration, the received discrete-time signal r4(n) due to user k is
given by [7]

oo

ri(n) = Z ye(m)ge(n — dp —m) 4

m=—o<

where gi(m), the m-th complex multipath parameter for user &,
isnonzero for 0 < m < M, and 0 < d;, < N is the delay of
user k in terms of chip duration. Based on (3) and (4), we obtain

Z br.(m)hi(n — dy, — mN) (5)
hi(n) = > e(i)gr(n — j). (6)
J=—00

Then, the total received signal is the superposition of all K users
plus additive white Gaussian noise, i.c.,

K
r(n) =Y ri(n)+ov(n) 7
k=1
where v(n) is a zero mean complex Gaussian process with a
variance of o2. From (6) and denoting by ou = [he(0), by (1),

h&(N — 1+ M)]¥ as the signature vector of user k, we
obtain
hy oy = Crgx (8)
where
Ci (0) 0
B : ék(O) gk(O)
Ci=|_ : , Bk = :
Ck (N — 1) gk(M)
] IR TH (N — 1)

)
In (9), gk is the kth user’s multipath channel vector, From (5)
and (8), we denote

0
re(niN) e (0)
Ek(n) = ) b_k - . )
re(nN + N — 1) BN = dig — 1)
hie(N = dy)
Ek =
hy(N+ M —1)
0

The nth received symbol vector for user k can be given by
r(n) = hebi(n) + hybe(n — 1)

and the total received users’ signal vector x(n) = [r(nN),-- -,
r(nN + N — 1)]7 is given by

Zrk

(10)

= Hb(n) + v(n) (1)
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where H = [hy, - hyg,h;,- - hy] is the signature ma-
trix of all users with full column rank 2K, b(n) =
[b1(n), - bg(n),bi(n — 1), -, bi(n — 1)]T contains all re-
ceived bits, and v(n) = [v(nN), -, v(nN + N — 1)]7 is the
independent white Gaussian noise vector.

III. INTERSYMBOL DECORRELATING DETECTOR

Let us assume without loss of generality that user 1 is the de-
sired user, and the receiver is synchronized to user | with respect
to time, i.e., d; = 0. Then, the signal in (11) can be written as

r(n) + v(n)

where E = [hQa o '7hK7£1.2> o '7EK] and B(n) = [bQ(n)> Ty
bi(n),ba(n — 1), bg(n — 1)]T are, respectively, the signa-
ture matrix and the received bits of the interfering users. It is
noted from (12) that only the first A/ entries of ﬁl are non-zero.
Thus, the ISI caused by h; can be removed by truncating the
first G > M entries of r(n) where G is the length of the trunca-
tion of the received signal. For convenience and without loss of
generality, we choose G = M to obtain

r(n)

=h;by(n) +hybi(n — 1)+ Hb(n) (12)

= h;by(n) + Hb(n) + v(n) (13)
where r(n) is an (N —~ G) x 1 vector which consists of the last
N —G entries of r(n). Similarly, hy, H, and v(n) are composed
of the last N — GG rows of h,, H, and v(n), respectively. The
signal in (13) is a truncation of the signal in (12) which indicates
that the IST of the desired user is eliminated. In (13), the ISI of
the interfering users still exists as their non-zero delays. This is
an advantageous property for the following proposed intersym-
bol cross correlation matrix.

We first construct the auto-correlation matrix of the received
signal r(n) in (13), given by

R = E{r(n)r(n)?} = h Wi + HA? + o%Iy_»  (14)
where Iy_¢ is an (N — @) x (N — &) unitary matrix. In order
to obtain the useful intersymbol information, we construct the
cross cortelation matrix of the received signal r(n), which is
given by

R, = B{r(n)r(n + 1)¥} = E{Hb(n)b(n + 1)THY}

B [ VR §7SN e |
=H [O 0 } H (15)

R_ = E{r(n)r(n -~ 1)} = E{Hb(n)b(n — 1)TH}
[0 0] an ,
—H {I;H 0} 3| (16)
R-R,+R_-H {0112111 O] . a7

In (15), R4 is the correlation matrix between the current sym-
bol and the next symbol and R_ in (16) is the correlation matrix
between the current symbol and the previous symbol. Based on
(13) and (17), it is clear that R is only composed of the sig-
nature matrix of all interfering users without the desired user
because the ISI of the desired user has been truncated in (13).



30

By performing an eigendecomposition of the matrix R and R,
we obtain

As
[US,U][O A}[US,U]
= U,A,UY + U, A, UZ (18)
- TA, _ R
=[U,,U ][0 0} [0,, 0, )7 =U,ATUE (19

where A; = diag(A,- -+, A2k —1) contains (2K — 1) largest
eigenvalues of the signal subspace in R and U, contains
the corresponding orthonormal eigenvectors. Both A, =

0?In_g_2k+1 and U, are, respectively, eigenvalues and or-
thonormal eigenvectors of the noise subspace. Similarly, A, =
diag(A1, - -+, A2x—2) contains (2K — 2) non-zero elgenvalues
and U; contains the corresponding eigenvectors. Obviously,
R contains ISI and MAI of all interfering users. The follow-
ing proposition will show the relationship between the subspace
spanned by R and the subspace spanned by H.

Proposition 1: The null space of U, in (19) is equivalent to
the null space of H, i.e., null(U,) = null(H).
Proof: See Appendix A. |

Based on Proposition 1, it is easy to obtain

null(H) = null(T,) = range(Iy_¢ — U U (20

where Iy _¢ — U,U¥ projects any signal onto the null space
of H. For an optimal linear solution, it is reasonable to explore
the orthogonal space of H as a constraint for minimization of
interference since H contains the ISI and MAI of all interfering
users. By projecting the signal in (13) onto Iy_g — U, U#
directly, we obtain

t(n) = (In-¢ — I_jsfjf)r(n)
= (In-¢ — U;UF)[hyd; (n) + Hb(n) + v(n)]

= (In-¢ — U, UD)[h;b; (n) + v(n)]

21

where the third equality follows from Proposition 1, i.e.,
(In-¢ — U;UT)H = 0. It is clear from (21) that the MAI
and IST of all interfering users are removed from ¥(n). Then,
we consider the following optimization problem:

Wo(n) £ arg min E{jbi[n] - wHE[n]?).  (22)

Denoting R 2E {#(n)r (n)} and performing the derivative of
(22) with respect to w, we have

Rw = (Iy_¢ - U, 00y (23)

We next premultiply (Iy_¢ — U,U)h; by R to obtain

Ry ¢ — U, U%)n,
= [In-¢ = U;U)nihf (Iy ¢ - U, UH)
+o (IN~G - UsUs NAn-c — USUE) 1
U

(24)
=hfIy_¢ - U, UNh; +o*|(In_¢ — sSUMNh
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where the first equahty follows from (21). It is seen from (24)
that (In_g — U,UH)h, is an eigenvector of R. with the corre-
sponding elgenvalue h#(In_g — U,U¥)h; + 2. Hence, the
solution to (23) is given by

"In-¢ -0, 05)h;.

(25)
Since [hff (Iny_g — U,;UH)h; + 0271 is only a positive real
scalar factor which is irrelevant to the performance of the detec-
tor, W,y can be rewritten as

= [h{{(IN_G — ﬁsﬁf)h1 + 0'2]_

Wopt

Wopt = (IN—G - Gsﬁf)hl (26)

Proposition 2: (In_¢ — U,U)h, is the decorrelating de-
tector for user 1 in (13).
Proof: See Appendix B. a

Proposition 2 shows that W, is equivalent to the decorrelat-
ing detector for the desired user. We now consider the imple-
mentation of w,,¢. Recalling that w,,, is an eigenvector of R
with the corresponding eigenvalue hf (Iy _¢—U,U# )h; + 02,
we consider the other eigenvectors of R. Denotlng u as an
elgenvector of R which is orthogonal to w,,, i.e., u (I NG —
U,UH)h,; = 0, we have

Ru =[(Iy_¢ - U, U hf (Iy_o — T, 0Y)
+ UZ(IN_G — Usﬁf)]u

=0*(Iy_¢ — U,UM)u < ¢?u 1)
where the second equality follows from u (I N-g —
U,UHh, = 0. It is clear from (27) that h¥(Iy_¢ —
U, UH Jh; + 02 is the largest eigenvalue of R, and all other
eigenvalues of R are less than 2. It means that the proposed
detector w,,,; is equivalent to the principal eigenvector of R up

to a complex phase factor ¢, i.e.,
arg max R = olIy_g — I_J'Sﬁf)hl = QWopt. (28)
In general, the phase of « will degrade the performance of the
detector. Fortunately, such ambiguity can be resolved by differ-

ential detection [10].

Table 1 summarizes the implementation of the proposed de-
tector. For the estimation of the subspace of R, we assume the
number of the active users K is known. It is seen from Table 1
that the realization of the detector is very simple. We do not
need any channel information on background noise level, mul-
tipath channel and even the spreading sequence of the desired
user. In contrast, some of these parameters must be assumed to
be known or estimated for the detectors in [4], [7], and [8].

Remark: In Table 1, the proposed detector utilizes the eigen-
decomposition of the cross-correlation matrix R to null out
the IST and MAI of all interfering users. According to (13),
R has 2(K — 1) eigenvectors spanned by hyhY + hyhZ for
k = 2,---, K. However, if the k-th interfering user has similar
delays to that of the desired user, i.e., di ~ 0, the eigenvalues
corresponding to the k-th user in R will be small since only the
first dy, entries of h;, are non-zero. Because it is usually difficult
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Table 1. Intersymbol decorrelating detector for asynchronous CDMA
systems with multipath
Signal frame: r(0),r(1),-- -, r(P)
Step 1. Compute autocorrelation and cross correlation
P

IS' = PLH gnle I‘(TL)I‘(?’L)H P

R = %(ano r(n)r(n + 1)H + Zn;l I'(’I’L)I'(TL - 1)H)
Step 2. Compute eigendecomposition of R

R = USASUf
Step 3. Form the detector

W = Max-eigenvector

R=(Iy ¢—-U,UDHR(IN_¢ - U U

Step 4. Perform differential detection

z1(n) = wlr(n), pi(n) =sign R{z1(n)z1(n — 1)*})

to obtain the small eigenvalue’s subspace accurately, more er-
rors will occur on the estimation of the k-th user’s eigenvectors
at step 2 for small di. In this case, the estimated U, may lose
a part of the k-th user’s information, and the proposed detector
can not totally null out the interference of the k-th user. Then,
the performance of the proposed detector will be deteriorated,
which are shown in the next section. In addition, the algorithm
in Table 1 is valid based on the assumption that the length of the
multipath channel response of all users are within one symbol
period. If the length of the multipath channel response is longer

than one symbol period, the proposed algorithm would not be
applicable.

IV. SIMULATION RESULTS

We test the proposed method in an asynchronous CDMA sys-
tem with eight users and spreading gain N = 31. The spreading
sequences for all users are generated by Gold codes. For all
cases, we simulate a severe near-far case in which the power of
each interfering user is at least 10 dB more than that of the de-
sired user. The multipath gains in each user’s channel, which
have been normalized with equal power, are randomly chosen
and kept fixed, i.e., ||gx||> = 1. The desired user is assumed to
be synchronized and the length of the signal frame is P = 500.
In each example, the truncating window of the proposed detec-
tor is G = 5, i.e., the first five entries of the received signal
vector are truncated to remove the ISI of the desired user.

We compare the performance of five detectors, namely: The
true decorrelating detector, the proposed decorrelating detector,
the blind zero-forcing (decorrelating) detector in [6], the con-
straint optimized detector in [7] and the conventional matched-
filter.

Fig. 1 illustrates the bit-error-rates (BER) of these detectors
with multipath length M = 3. In this example, the initial delay
dy, of each interfering user is assumed to be randomly distrib-
uted between 8 and 31 in terms of the chip cycle 7. It is seen
from this figure that the matched filter performs poorly com-
pared with the other four linear detectors because it is near-far
limited. It is also observed that the performance of the proposed
decorrelating detector is close to the performance of the zero-
forcing (decorrelating) detector in [6], and is a little better than
that of the constraint optimized detector in [7]. In addition, there

! —— e e
1%
&
-
I
o 10
@
L
=
s —#— True decorrelating
0| —— Proposed decorrelating
—6— Zero—forcing f
- =+ — - Matched filter
—&— Constraint optimized
1074 1 1 Il
_5 -1 3 7 1

E /N o [dB]

Fig. 1. Bit-error-rate comparison of various linear detectors in an asyn-
chronous CDMA system. M = 3, G =5 K = 8 andd, > 8
(k=2 --8)

Bit—error—rate
3

—%— True decorrelating
[ | —+— Proposed decorrelating
—6— Zero—forcing
----- Matched filter
—&— constraint optimized

Ep/N o [dB]

Fig. 2. Bit-error-rate comparison of various linear detectors in an asyn-
chronous CDMA system. M =5, G =5 K =8,d2 = 3,d3 = 2,
anddg > 8(k=4,--,8).

is no significant performance difference between the proposed
detector and the true decorrelating detector. Clearly, our method
performs well in this case because the signal channel is ideal
for the proposed detector, i.c., the IST of the desired user is to-
tally removed because M < G, and all interfering users have
significant intersymbol interference as the delay dy > 8.

We next consider a dispersive channel with multipath length
M = 5. In this channel, two users are assumed to have similar
delays to that of user 1, i.e., d2 = 3 and d3 = 2, while the other
five interfering users’ delays are still no less than 87,.. The per-
formance of various detectors is shown in Fig. 2. It is seen that
all detectors except the matched filter have certain performance
deterioration as the length of multipath increases. However, al-
though the ISI of the desired user is also removed in this case
(M = (), the proposed detector suffers more performance loss
and its BER is a little higher than that of the constraint optimized
detector in [7]. As explained in the previous section, this is be-
cause the eigenvalues corresponding to user 2 and user 3 in R
are close to zero due to their small delays. Thus, more errors will
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Fig. 3. Bit-error-rate comparison of various linear detectors in an asyn-
chronous CDMA system. M =7, G =5 K =8,d2 = 3,d3s = 2,
andd, >8(k=4,--,8).

occur on the estimation of their eigenvectors within the limited
signal frame, which leads to the deterioration of the proposed
detector. In Fig. 3, the multipath length increases to M = 7
and the delays of the interfering users are the same as the delays
in Fig. 2. It is seen that the performance deterioration of the
proposed detector is more apparent compared with Fig. 2, and
the proposed detector is obviously inferior to the decorrelating
detector in [6] and the constraint optimized detector in [7] al-
though it is still significantly superior to the matched filter. The
reason for such deterioration is that the signal in (13) can not
totally remove the IST of the desired user since M > G. Hence,
the remanent IST of the desired user in R. also influences the ac-
curacy of the proposed detector. In general, our method is more
sensitive to the multipath length and the delays of the interfer-
ing users compared with the decorrelating detector in [6] and
the constraint optimized detector in [7]. However, our method
is very simple which only requires the delay of the desired user,
while the decorrelating detector in [6] requires knowledge of the
delay and the signature sequence of the desired user as well as
the estimation of the noise level o2 and the desired user’s mul-
tipath channel g;. The detector in [7] also requires information
of the delay, the signature sequence and the channel estimation
of the desired user.

V. CONCLUSIONS

A new intersymbol decorrelating detector is proposed for
asynchronous CDMA systems. The detector makes use of an
important cross correlation matrix between adjacent symbols to
mitigate the influence of the interfering users. It is shown that
the proposed detector can be easily implemented without the es-
timations of the noise level, the multipath channel and the multi-
path Iength while a satisfying performance is achieved as shown
in the simulation results.
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APPENDIX A: PROOF OF PROPOSITION 1

Denote an (N — G) x 1 vector x. The proof is equivalent to
the proof of the following items.

.IFIxFAH=0 = xH[_[s =0.

2.1x7U0U, =0 = x*H=0.
We now consider RR#. By denoting

10 Ixa|gEHeg!l 0 Ik
w0t 0B
we have
e =l 0 Ik i|mpe| 0 Ik-1|gw
RR” =H I:IK—I 0 Ik.1+ O H
= HWH" (29)
= UsﬁsﬂfﬁsAsUf
= U,A2UY

where the third equality follows from (19). To prove the first
item, we have

xTH = 0 = xFHWHx = 0

— x"0,A208x = 0

— x"0, =0

(30)

where the last step follows from the fact that A2 is a positive
diagonal matrix. For the second item, the proof is as follows
xHI_Js =0= XHI_JSI_XiI_fo =0
— xPHWHx =0
— x"H = 0.

@3

Similarly, the last step in (31) is achieved because W is also
positive and of full rank. Combining items 1 and 2, we arrive at
the desired result.

APPENDIX B: PROOF OF PROPOSITION 2

According to the definition in [9], the decorrelating detector
for the desired user must be in the range of user subspace and
orthogonal to all interfering users except the desired one. There-
fore, based on (13) and the eigendecomposition of (18), we need
to verify that

d; = (In_g — U,U7)h, € range(U,),

H
and {d1 b, >0 (32)

difH=0

According to (18), the proof of the first condition is equivalent
to the proof of UZd; = 0 since range(U,) = null(U,,). It is
easily achieved by

Uld, = UH(Iy_¢ - U, UM,
= Ulh, - UP0, 0N,
=0

(33)



ZHANG et al.: INTERSYMBOL DECORRELATING DETECTOR FOR ASYNCHRONOUS ... 33

where the third equality follows from the fact that hy €
range(U,) is orthogonal to U, and range(U,,) = nuli(h,, H)
belongs to the subspace of null(H) = null(Uy), i.e., U¥ U, =
0. Now, we consider the second condition. Based on (19), (20),
and Proposition 1, it is easy to obtain

dfh; = hi'(In_¢ — U, UZ)h; >0

- R (34)
d'H=n{(Iy ¢ - U, UHH=0

Therefore, d; is the decorrelating detector for user 1.
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