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Correlation properties of binary spatiotemporal chaotic sequences and their application
to multiple access communication
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This paper studies the correlation property and the spectral density of the binary spatiotemporal chaotic
sequences that are generated by the one-way coupled map lattice. The results show that this kind of chaotic
sequences possesses excellent randomlike property and could be used directly in the spread spectrum multiple
access~SSMA! communications. The multiple access interference in the additional white Gaussian noise
background is then analyzed, and the corresponding formulas are presented. The simulation and computation
results indicate that the communication system adopting such spreading sequences possesses as good perfor-
mance as the one employing Gold sequences. But the former has larger capacity and higher complexity.
Therefore, the binary spatiotemporal chaotic sequences are good candidates for the spreading sequences in
SSMA communications.
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Since the synchronization of chaos was reported in 1
@1#, there has been a great deal of interest in the stud
chaotic sequences. Because of the ergodic and random
properties@2#, chaotic spreading sequences suit the spr
spectrum~SS! communications and secure communicatio
quite well @3–6#.

Recently, the investigations have been focused on the
tiotemporal chaotic sequences@7–10#. The spatiotempora
chaos systems are a kind of infinite-dimensional dyna
systems. They perform chaotic behaviors in both tempo
and spatial directions@11#. One spatiotemporal chaos syste
could provide large number of chaotic sequences, wh
couple to each other. So the complexity of these sequenc
very high @12#. It is a natural idea to use spatiotempor
chaotic sequences in multiple access~MA ! communications
@8#.

In the earlier papers, the spatiotemporal chaotic seque
generated by the coupled map lattice~CML! model are in-
vestigated. The results show that these sequences have
correlation property. This performance is very much e
pected in SS communications. However, the sequences
a CML model are continuous-state ones. They are not s
able for digital communications. In the practical SS comm
nication system, the spreading sequences must be quan
But the performance of quantized spatiotemporal chaotic
quences is not studied well.

This paper studies the performance of binary spatiote
poral chaotic sequences. The sequences are generated
one-way CML~OCML! model@11# and subjected to quanti
zation treatments. The OCML model is described as

xn
05xn ,

xn11
i 5~12«! f ~xn

i !1« f ~xn
i 21!, i 51,2, . . . , ~1!
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wheren is the discrete time,i is the lattice number.« is the
coupling coefficient and we take«50.95 in the computa-
tions. f (•) is simply defined as the Logistic mapf (x)
54x(12x). xn is the driving sequence of system~1!. Here it
is defined as the Chebyshev map@4#

xn115cos~k cos21xn!, 21<xn<1. ~2!

Quantizing the continuous-state sequences generate
system ~1!, we get the binary spatiotemporal chaotic s
quences

yn
i 5sgn$xn

i 2E~xn
i !%. ~3!

The correlation property is one of the important factors
measuring the degree of randomness of pseudonoise~PN!
sequences. Moreover, in a spread spectrum multiple ac
~SSMA! system, the correlation property is utilized to im
prove the performance of the communication system@13#.
The spreading sequences with good autocorrelation funct
guarantee the least probability of a false synchronizati
While the sequences with good cross correlation can help
receiver decrease the influences caused by both noises
other users.

Define the normalized periodic autocorrelation function

ĉi ,i~t!5 (
n50

N21

yn
i y[n1t]modN

i , ~4!

ci ,i~t!5 ĉi ,i~t!/ ĉi ,i~0!, ~5!

And the normalized periodic cross-correlation function as

ĉi , j~t!5 (
n50

N21

yn
i y[n1t]modN

j , ~6!

ci , j~t!5 ĉi , j~t!/Aĉi ,i~0!ĉ j , j~0!. ~7!
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We could get the correlation functions of binary spatiote
poral chaotic sequences as shown in Fig. 1. The figure i
cates that the sidelobe of the autocorrelation function is q
low and the cross-correlation function approaches to z
Comparing this figure with the correlation functions
continuous-state spatiotemporal chaotic sequences in
@9#, we can conclude that, when the length of the sequenc
large enough, its correlation property is quite similar to th
of the continuous-state one.

The power spectral density is another important meas
ment of PN sequences. If the binary sequence is consid
to be purely random, its spectral density has the form@14#

S~ f !5t1S sinp f t1

p f t1
D 2

, ~8!

and is displayed in Fig. 2~a!, in which t1 is the duration of
one bit of the sequence. In fact, the expression has b
normalized to represent a signal having unit average po
Unfortunately, the spectral density of binary spatiotempo
chaotic sequence could not be expressed analytically
could only be expressed numerically. Figure 2~b! gives the
numerical result of such spectral density. In fact, the curv
the spectral density average of 100 sequences. The

FIG. 1. Correlation properties of binary spatiotemporal chao
sequences.~a! Normalized periodic autocorrelation function.~b!
Normalized periodic cross-correlation function.
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curves in Fig. 2 are quite similar. This fact illustrates that t
degree of randomness of binary spatiotemporal chaotic
quences is quite good.

The analyses of correlation property and the spectral d
sity indicate that the binary spatiotemporal chaotic sequen
possess good randomlike property. This feature is very m
expected in SS communications.

In the practical MA communication system, many use
occupy the same channel. The signal of one user could
considered as interference to the others. For the wireless
vironment, the noise in the channel is also unneglected.
interference and the noise are two main factors to influe
the performance of SSMA communication system. In the f
lowing part, we will evaluate the bit error rate~BER! caused
by them.

Set the spreading sequences ofuth user andvth user are
the binary spatiotemporal chaotic sequencesyn

u and yn
v , re-

spectively,nP$0,1, . . . ,N21%, N is the length of a spread
ing sequence. Thekth information bit of theuth user isSk

u

P$21,11%. Its duration isT. After SS modulation, the
transmitted signalSk

u(t) could be written as

Sk
u~ t !5 (

n50

N21

Sk
uyn

ugT/NS t2~k21!T2n
T

ND , ~9!

c FIG. 2. Spectral density of the binary sequence.~a! Spectral
density of the purely random binary sequence.~b! Spectral density
of the binary spatiotemporal chaotic sequence.
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wheregT/N(t) is a rectangular pulse as indicated below

gT/N~ t !5H 1, tP@0,T/N#,

0 otherwise.
~10!

At the receiver of theuth user,Sk
u can be recovered afte

correlative demodulation.

Fk
uu5

1

2TE(k21)T

kT

Sk
u~ t !Qu@ t2~k21!T#dt5

1

2
Sk

u (
n50

N21

uyn
uu2

5
N

2
Sk

u , ~11!

where

Qu@ t2~k21!T#5 (
n50

N21

yn
ugT/NS t2n

T

N
2~k21!TD .

~12!

Assume the signals of theuth user and thevth user are
independent in phase as is always the case. The time d
enceDt is a zero-mean random variable. So the interfere
caused by thevth user at the receiver of theuth user can be
expressed as

Fk
uv5

1

2TE(k21)T

(k21)T1Dt

Sk21
v ~ t1T2Dt !Qu@ t2~k21!T#dt

1
1

2TE(k21)T1Dt

kT

Sk
v~ t2Dt !Qu@ t2~k21!T#dt. ~13!

The interference-to-signal ratio cause by thevth user at
the receiver of theuth user is

I u,v5
s2~Fk

uv!

~Fk
uu!2

5

(
m512N

N21

@2Cu,v~m!Cu,v~m!1Cu,v~m!Cu,v~m11!#

6N3
,

~14!

in which

Cu,v~m!55 (
i 50

N2m21

yi
uyi 1m

v , m50,1, . . . ,N21,

(
i 52m

N21

yi 1m
u yi

v , m521,22, . . . ,2N11,

0 otherwise,
~15!

is the partial cross-correlation function.
Here we assume the strict power control is concerned

equalize the power of each user. Then the average inte
ence of one user to another can be written as
06720
r-
e

to
r-

I 5Eu,v$I u,v%, ~16!

whereEu,v$•% is the mean value with bothu andv varying.
Assume that there are totallyU users in the system. Th
signal-to-interference ratio of the entire system can be
fined as

Eb

NI
5

1

~U21!I
, ~17!

whereEb is the signal energy per information bit andNI is
the interference caused by other users.

Consider the contribution of both MA interference an
additional white Gaussian noise~AWGN!, BER for a coher-
ently demodulated binary phase shift keying system is@15#

BER5QSA Eb

N0/21NI
D 5QSA 1

N0

2Eb
1

NI

Eb

D
5QSA 1

N0

2Eb
1~U21!I D , ~18!

whereN0/2 is the double-sided noise power spectral dens
andQ(x)51/A2p*x

`e2y2/2dy.
Equation~18! shows the relationship between BER a

Eb /N0 and the user number (U). This relationship is dis-
played in Fig. 3. In the figure, the results of binary sp
tiotemporal chaotic sequences are compared with Gold
quences@13#. The latter are well known as a kind of PN
sequences generated by modulo-2 addition of a pair
maximal-length linear shift register sequences (m se-
quences!. They possess good correlation property and
widely used in SS communications. In the figure, the len
of spreading sequencesN is equal to 127. The curves sho
that the bit-error performances of binary spatiotemporal c
otic sequences and Gold sequences are quite similar. WhU
is relatively less, their BER curves almost overlap. WhenU
is large enough, the BER performance of binary spatiote
poral chaotic sequences is a little bit worse than that of
Gold sequences. But the difference is nearly negligible.

However, one should note that the binary spatiotempo
chaotic sequences possess some additional advantage

FIG. 3. BER vsEb /N0. —, binary spatiotemporal chaotic se
quences. ---, Gold sequences.
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yond Gold sequences.~i! The chaotic sequences exhib
higher complexity. It is reported that the linear complexity
such sequences isN/2 @12#, where N is the length of the
sequence. Gold sequences are generated by modulo-2
tion of a pair ofm sequences. So their linear complexity is
to 2 log2(N11). WhenN is large enough, the linear complex
ity of binary chaotic sequence is much higher than the G
one. ~ii ! the spatiotemporal chaotic sequence generator
generate much more sequences than the Gold sequence
erator does. Therefore, the capacity of the spatiotemp
chaotic SSMA system could be extended to be much la
than the traditional one.

From the investigations in this paper, we can conclu
that the binary spatiotemporal chaotic sequences could s
the excellent randomlike property. The correlation functio
-
a-

n.

l.
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of these sequences are as good as the continuous-state
The autocorrelation function is similar to the impulse fun
tion and the cross-correlation function approaches to z
The spectral density of these binary chaotic sequence
similar to the ideal random binary sequences. All these f
tures are expected in SSMA communications. Compar
with the continuous-state chaotic sequences, the binary o
are more practical. The calculation results of BER, consid
ing the MA interference and AWGN channel, show that t
MA performance of binary spatiotemporal chaotic sequen
is as good as that of the Gold sequences. But the for
possesses higher complexity and larger capacity. The th
retical analysis and numerical results conclude that the
nary spatiotemporal chaotic sequences are good candid
for the spreading sequences in SSMA communications.
gy,

i.
@1# L. M. Pecora and T. L. Carroll, Phys. Rev. Lett.64, 821
~1990!.

@2# B. L. Hao, Starting with Parabolas—An Introduction to Cha
otic Synamics~Shanghai Scientific and Technological Educ
tion Publishing House, Shanghai, China, 1993!.

@3# G. Heidari-Bateni and C. D. McGillem, IEEE Trans. Commu
42, 1524~1994!.

@4# T. Kohda and A. Tsuneda, IEICE Trans. Commun.E76-B, 855
~1993!.

@5# J. M. Lipton and K. P. Dabke, Int. J. Bifurcation Chaos App
Sci. Eng.6, 2361~1996!.

@6# J. Tou, P. Yip, and H. Leung, Circuits Syst. Signal Process.18,
59 ~1999!.

@7# J. H. Xiao, G. Hu, and Z. L. Qu, Phys. Rev. Lett.77, 4162
~1996!.

@8# G. Hu et al., Phys. Rev. E56, 2738~1997!.
@9# X. M. Shan, Y. X. Xia, Y. Ren, and J. Yuan, inProceedings of
International Conference on Communication Technolo
Beijing, 2000, edited by K. Gong~Publishing House of Elec-
tronics Industry, Beijing, 2000!, p. 530.

@10# S. G. Hu, Y. Zou, J. D. Hu, and B. Liu, inProceedings of IEEE
Southeastcon Conference, Tampa, 1996~Institute of Electrical
and Electronics Engineers, New York, 1996!, p. 484.

@11# F. H. Willeboordse and K. Kaneko, Phys. Rev. Lett.73, 533
~1994!.

@12# H. Zhou and X. T. Ling, Int. J. Bifurcation Chaos Appl. Sc
Eng.7, 205 ~1997!.

@13# R. C. Dixon,Spread Spectrum Systems, 2nd ed.~Wiley, New
York, 1984!.

@14# G. R. Cooper and C. D. McGillem,Modern Communications
and Spread Spectrum~McGraw-Hill, New York, 1986!.

@15# J. G. Proakis,Digital Communication,3rd ed.~McGraw-Hill,
New York, 1995!.
1-4


