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Abstract

In a multiple access spread-spectrum communication sys-
tem, the performance is usually limited by the mutual
interference between users. The use of multiuser detec-
tion is an effective technique to reduce such interference.
In this paper, the bit error performance of a multiple
access chaos-shift-keying communication system employ-
ing multiuser detectors is studied. Two types of detec-
tors, namely decorrelating detector and minimum mean-
square-error detector, are evaluated. An approach to cal-
culating the bit error rates (BERs) is also presented. Fi-
nally, brute-force simulations are performed to verify the
predicted BERs.

Keywords — Chaos communication, multiple access,
multi-user detection.

1. Introduction

Several chaos-based techniques to provide spread-
spectrum digital communications have been studied re-
cently [1]. Upon application of chaotic modulation, the
original digital signal spreads to occupy a much wider
bandwidth. As a consequence, there is spare capacity to
accommodate more users within this bandwidth [2, 3].
Due to the non-orthogonal nature of the chaotic signals
employed by different users, the system performance is
normally limited by the interference between users. To
reduce such interference, multi-user detection schemes
can be applied. The analysis and performances of the
multiuser detectors when applied to chaos-based spread-
spectrum communication systems, however, are not avail-
able in the literature.

In this paper, two multi-user detection schemes for
conventional direct-sequence code-division MA systems,
namely decorrelating detector (DD) and minimum mean-
square-error (MMSE) detector [4, 5], are employed for
the detection of a MA antipodal chaos-shift-keying (MA-
CSK) communication system. In particular, we use a
simple cubic map to generate the chaotic sequences for
all users. Due to the aperiodic nature of the chaotic se-
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quences, the auto-correlation and cross-correlation of the
chaotic sequences vary temporally and the conventional
analytical methods do not apply. An approach to calcu-
lating the bit error rates is developed for a 2-user system.
For systems with more users, a mixed analysis-simulation
technique applies. For comparison and verification, we
also present the bit error rates calculated from brute-force
simulations which give the true system performance.

2. System Description
2.1. Transmitter Structure

Consider the N-user antipodal MA-CSK communi-
cation system shown in Fig. 1. Denote the chaotic se-
quence generated by the ith generator by {a:,(cl)}. If the
transmitted symbol is “+17, {m,(cl)} is transmitted; oth-
erwise, {—a:,(ci)} is sent. Define d') € {—1,+1} as the
mth transmitted symbol for user ¢ which is assumed to
be equiprobable for “+1” and “—1”. Assuming a spread-
ing factor of 3, the transmitted signal for user ¢ at time
E(k=m-1DB+1,(m—-1)B+2,...,m83) can be ex-
pressed as v,(:) = dffl)a:,(f). The total transmitted signal of
the system at time k is given by

N
=D o 0
i=1

2.2. Multiuser Receiver

The received signal is given by ry = v + &, where
&k is the additive white Gaussian noise with zero mean
and variance %Q The synchronized chaotic sequences
are assumed to be reproduced at the receiver, as shown

in Fig. 1. The output of each of the correlators (j =
1,2,...,N) is given by
mf
2 = Z rkx,(cj). (2)
k=(m—-1)B+1

Define R, as the correlation matrix, the (4, j)th element
of which, denoted by R;jm, equals E;"f(milmﬂ 95](;)951(3)
and corresponds to the correlation between users ¢ and j.

Note that in a chaos-based digital communication system,
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Fig. 1: Multiuser detection of a multiple access chaos-shift-keying digital communication system.

the correlation matrix R, changes from bit to bit. There-
fore, R,, needs to be re-calculated for every bit duration.
The outputs of the correlator can now be expressed as

zZm = Rndm + 1, (3)

where
Zm o= [ 2D 22 MO (4)
dn = [d d? a1 (5)
T
e = [ n) @ n ] (6)
o= Y Gy ()
k=(m-1)8+1

and T denotes matrix transposition.

2.2.1. Conventional Single-user Detector

For the conventional single-user detector, the symbols
are decoded using

d,, = sgn[z.m] (8)
and sgn].] represents the sign function. In other words, if
z%) >0, “+1” is detected for user j; otherwise, “—1” is

decoded.

2.2.2. Decorrelating Detector (DD)

For a given d,,, we assume that z,, is jointly Gaussian
with mean R,,d,, and covariance matrix %Rm. The N-
dimensional probability density function is then given by

1

ex [—i(z —
(mNo)VN det[R..] Pl

p(zmldn) =

Rndy) Ry (2m — Rmdn)] . (9)

where det[.] denotes the determinant operator. The op-
timum solution that maximizes the probability of a cor-
rect decision is equivalent to that minimizes the likelihood

function
Qdn) = (2m — Rndn) R, (2 — Rind),  (10)

from which we obtain

dm =R, 'zm (11)
where d,, = [ db g® d ]¥. The symbols are

then decoded from

d,, = sgn[d.]. (12)

2.2.3. Minimum Mean-Square-Error (MMSE) Detector

An MMSE detector balances the effect of noise and
multi-user interference. The main principle is to find a
mapping H,, minimizing the mean-square-error J(d,)
between the actual and the estimated transmitted sym-
bols. The equation linking H,, and J(d»,) is given by

J(dn) = El(dm —dn)" (dmn — dm)]
= E[(dm — Hmnzmn) (dm — Hnzm)] (13)

where E[¢)] denotes the mean value of ¢). The mapping
that satisfies the requirement can be shown equal to

& I)—l
2
where I is the identity matrix. The best choice for d,, to

make a decision is thus

H, = (Rn+ (14)

dp = Hpzp (15)
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and the symbols are decoded according to

dy, = sgnldn]. (16)
In general, the decoded symbols in the linear multiuser
detector shown in Fig. 1 can be expressed as

d,, = sgn[S,.zm] (17)

where S, is the linear mapping. For the conventional
single-user, decorrelating and MMSE detectors, S, is
represented by I, R;;! and (R, + %QI)A, respectively.
In a noiseless condition, the MMSE detector is equivalent
to the decorrelating detector. When Ny is very large, the
MMSE detector is similar to the conventional single-user
detector.

3. Performance Analysis

We assume that the cubic map given by

Tp = 4x) — 33y, (18)

is used by all users, and each uses a different initial condi-
tion. For the conventional single-user detector, the ana-
lytical bit error rates (BERs) have been derived in [2]. For
the DD and MMSE detectors, we have developed tech-
niques to find the BERs for the 2-user systems, and in
general, the N-user systems. For the N-user systems, in
particular, we make use of both analysis and simulation
to find the BERs (refer to as “mixed analysis-simulation”
(MAS) technique). Due to the shortage of space, we only
state the BER equations for the N-user systems here.

3.1. Decorrelating Detector (DD)

Define P, as the average power given by

P, = Bl(z}”)"]) = B[(&”)] = - = El)],  (19)
and denote the average bit energy SP; by E,. For an

N-user system with N > 2, the BER of user j is given by

_1
BERY) = Lerfe [ | B, (22 71EP ’ 20
= gerfc '\ Ny [Pjjm] (20)

where Pj;, denotes the (j,j)th element of P,,, which
is the inverse of the correlation matrix R,,, and erfc(.)
represents the complimentary error function. In (20), to
find the BER, we need to first attain the mean value of
term Pj ;. over all m by simulation.

3.2. MMSE Detector

For an N-user s¥stem, given a particular d,,, the mean
and variance of d$’ are given, respectively, by

N
G AL i
E[dY)|d.n] i) =y dVEHm]  (21)
i=1
and

var[dQ) |dom]

No Ng =
= TE[ Jgm _TZ Jz,m

N2 N N )
+ = > dRd5 cov [Hiim, Hiuml

4
i=1 u=1,u#i
(22)

where Hj;m denotes the (j,i)th element of H,, and
cov[A, B] represents the covariance of A and B. By mak-
ing use of simulations to find the values of the mean and
covariance terms, and assuming dy @ |d» is normal, the
BER of user j is then evaluated from

BER(j)
, E[da) = +1,d,) ]
= 3 Z erfc 0
o \/2var [do>|do> L1l ]
B[da) = -1,d,)]
+ erfc
\/2var [J%)|d%) =-1 J(j)]
(23)
G) ..
where d,," is given by
J,ﬂ?:[ Jo dU-1 G+ d™M T (24)

4. Results and Discussions

In Figs. 2 and 3, the BERs for the DD and MMSE
detectors are plotted, respectively. It is observed that the
MAS and the brute-force simulation results are very close
to each other. Also, the BER is slightly higher when the
number of users increases.

Fig. 4 plots the brute-force simulated BER versus
E,/No for different number of users when the conven-
tional single-user, decorrelating and MMSE detectors are
used, respectively. The curve with N = 1 corresponds to
the interference-free case and is the lower bound of the
BER under all scenarios. In Fig. 4(a), it can be observed
that the BERs for the decorrelating and MMSE detectors
are very close. Also, their performances are substantially
better than that of the conventional single-user detector
where no interference reduction scheme is applied. In par-
ticular, when Ej;/Np is larger than 8 dB, the BERs for the
decorrelating and MMSE detectors with 10 users is lower
than that for the conventional single-user detector with
only two users. For N = 30, the results are plotted again
in Fig. 4(b). The decorrelating detector can minimize the
interference. However, it leads to an increase in the noise
component. Therefore, for a low E,/No, the BER for
the DD is similar to that for the conventional single-user
detector. With a high E}/Np, the improvement of the
performance is large. Also, the BER curves indicate that
the MMSE detector slightly outperforms the decorrelat-
ing detector. When the E,/Np increases, the difference
becomes smaller.
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Fig. 2: BERs obtained by mixed analysis-simulation

(MAS) and brute-force simulation (BF) versus E;/Ny for
the decorrelating detector when 8 = 100.
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Fig. 3: BERs obtained by mixed analysis-simulation

(MAS) and brute-force simulation (BF) versus E; /Ny for
the MMSE detector when 8 = 100.

5. Conclusions

In this paper, we have evaluated the performance of
two multi-user detection techniques (decorrelating detec-
tor (DD) and minimum mean-square-error (MMSE) de-
tector) when applied to a multiple access chaos-based dig-
ital communication system. A mixed analysis-simulation
technique is developed for systems with more than two
users. Results show that applying the multiuser detec-
tion techniques can substantially improve the bit error
rate performance of the system. Also, the MMSE detec-
tor slightly outperforms the decorrelating detector.
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