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Abstract

This paper investigates the use of binary phase shift keying (BPSK) modulation for multiple-access
communication systems based on differential chaos shift keying-Walsh Coding (DCSK-WC). This aims at
converting the chaotic-modulated signal from low-frequency baseband into high frequency band before
being transmitted on the channel. In the transmitter, a chaotic sequence is transformed into the non-return-
fo-zero (NRZ) form which is then fed into the BPSK modulation. The output of modulation, i.e., NRZ-
Chaos/BPSK signal, is used as a spreading code in the DCSK-WC modulation. The process of data
recovery in the receiver is performed by means of the correlation calculation and energy detection as in the
conventional DCSK method. The mathematical model in discrete-time domain describes the operation of the
transmitter and receiver over multipath Rayleigh fading channels. The Bit-error-rate performance of the
system is evaluated by numerical simulation. The results show that the proposed BPSK/DCSK-WC system
allows adjusting the operating frequency band with the use of BPSK, while still keeping the performance

equivalent to that of the conventional one.
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1. Introduction

Among chaos-based digital communication
systems, differential chaos-shift keying (DCSK) has
been the most widely studied [1]-[6]. Owing to the
simple structure, the DCSK system is promising for
hardware implementation [7]. Furthermore, the
synchronization of chaotic sequences is not required
at the receiving side; hence the DCSK offers a good
performance in multipath propagation environments
[8]. The binary data is spread in the frequency
domain with the use of a wideband chaotic signal
which plays the role as a carrier. The principal
purpose of the spread-spectrum is to overcome the
multipath propagation problem and reduce the
transmitted power spectral density. This reduction
helps to minimize the interference to other radio
channels in the same operating frequency band. For
the spread-spectrum systems, multiple-access ability
is a critical requirement to have efficient bandwidth
of communication channel [9]. Several multiple-
access techniques have been proposed for the DCSK
system [10]-[14], where the technique based on
Walsh-coding (DCSK-WC) has been received the
most attention. In the DCSK-WC, each chaotic
carrier is combined with two Walsh functions to
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create two orthogonal basis functions corresponding
to bit “1” and “0”.

In most of the chaos-based modulation schemes
proposed previously, the chaotically-modulated
signal at the output is directly transmitted on the
channel [15]. The frequency range occupied on the
channel depends on the bandwidth of the used chaotic
carrier [16]. However, for a defined transmission
channel, the communication systems have to convert
the spectrum of the transmitted signal to the allowed
or allocated frequency range. This spectrum
conversion can be carried out by directly changing
the parameters of the chaotic-carrier generator.
However, owing to the dynamical behavior of chaotic
generators, the change by this way is not easy.
Addressing this problem is also the motivation for our
study, where the idea of using a conventional narrow
band-pass modulation method aiming at shifting the
spectrum of the DCSK/WC-modulated signals is
proposed. We present and investigate a
BPSK/DCSK-WC communication system which is
based on the combination of BPSK and DCSK-WC
techniques. In the transmitter, the chaotic signal at the
baseband is converted into the pass-band signal by
means of BPSK before being processed with the
DCSK-WC modulator. By this way, the spectrum of
the transmitted signal is easily adjusted by changing
the BPSK carrier frequency. In the receiver, the
original data is recovered with the same steps as in
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the conventional DCSK/WC demodulator, which
employs the correlation calculation and energy
detection. For the clarified description of our idea,
discrete-time domain models of the transmitter,
multipath Rayleigh fading channel, and receiver of
the BPSK-DCSK/WC system are given and analyzed
in detail. We evaluate the BER performance by
numerical simulations to verify the feasibility of the
proposed system.

2. Discrete-time Modeling of BPSK-DCSK/WC
System

In this section, discrete model of the proposed
BPSK/DCSK-WC system is presented and analyzed.
Fig. 1 shows the block diagram of the system which
consists of the transmitter, generalized multipath
Rayleigh fading channel, and receiver.

2.1. Transmitter

Let us consider the u" transmitter. The chaotic
sequences at the output of the chaotic generators are
produced by a chaotic map with different initial
values. The output signal of chaotic generator,
denoted by c,(t), is converted into the non return-to-
zero data format given by

ifc,(t) =0,
if ¢, (t) < 0.

a0 =1{",
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Fig. 1. The block diagram of the proposed
BPSK/DCSK-WC system.
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Fig. 2. The structure of the DCSK-WC modulator.

In the BPSK modulator, the input signal d,(t) is
multiplied by a sinusoidal carrier, i.e., s, (t) =

100

sy cos(2mf,t) to generate a pass-band signal as
follows:

sy cos(2mf,t) ifd,(t) =1,

—s, cos(2mf,t) ifd,(t) = —1, &)

yu(® = [

where s, and f, are the amplitude and frequency of
the carrier, respectively. This signal is then fed into
the conventional DCSK-WC modulator. The structure
of the DCSK-WC modulator is shown in Fig. 2, in
which two Walsh functions w; _;and w; generated
from a Walsh matrix of the orthogonal functions are
used to generate two orthogonal basis functions
gz 4(t) and g; (t) corresponding to bit “1” and “0”
of the u® wuser, respectively. In this system, the
number of users is denoted by N/2, thus it needs
using N Walsh functions w; with (G=12,..,N). Let
Wik with k = 1,2, ...,N denotes the segments of jt
Walsh function, then we have
i=1

j 1. @)

The output signal of the DCSK-WC modulator
atu® user is expressed by
VEugz 10 if by =1,
JEpgz (®  if by =0,
JEo TR W2 _ppyu(t— (k= 1)) ifb, =1,
JEo i1 W yur(t— (k—1) EI) if b, =0,
4)

where b, is the transmitted data of u* transmitter.

1 1
HZE—J W kWik = [0

Su(t) = {

Based on the result in Equation (4), the output
signal at the DCSK-WC modulators is calculated by
sum

N

s() =%, su(®)
B ZVATNwWa aayk(t— (k=13 if by =1,
\/E_bzﬂlﬁ Yhoawz k(- (k—1) %) if b, =0.
(%)

2.2. Channel

The most popular model of a multipath fading
channel is a tapped delay line model [17], which is
shown in Fig. 3, where L is the number of the paths,
o4 and T; with i = 1,2, ..., L are gain and delay of the
it path, respectively. Here, the gain coefficients
are independent and Rayleigh distributed random

variables expressed by

fo;) = %e—a?/(ZUE)’ o 20, (6)
where o is the scale parameter of the distribution.
Here, we consider time-flat fading channels, which

mean the gain keeps constant at least in one bit
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duration. Hence, the output signal of the channel is
given by sum

Se (0 =3k, os(t—1) +n(b), @)
where n(t) is additive white Gaussian noise
(AWGN).

s(1)
out ()

L

Fig. 3. Tapped delay line model of multipath fading
channel.

2.3. Receiver

The input signal of the u* receiver, denoted by
r,(t), is the output signal of the channel. Based on
Equations (5) and (7), we can derive as follows:

ry( =s, (0

M
VEo b SN wh e (t— (k= D5 — 1)+

= n(t) ifb, =1, |
\/E_bZiL_J Qaj Zl:ﬁ YhoaWz kY uk (t - (k- 1)3'— ri) +
n(t) ifb, = 0.
(8
Saerd [
@J Lt b
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Fig. 4. The block diagram of the energy detector.

The received signal is put into the u* DCSK-
WC demodulator. There are two different detectors
for the demodulation proposed in [18], which are the
coherent correlation detector and the energy detector.
In the first approach, the carrier is reproduced at the
receiver and required to synchronize with the
incoming signal. However, the synchronization of
chaotic sequences over multipath propagation
environments is a big challenge in chaos-based
communications. Therefore, the second approach is
used in our proposal. The block diagram of the
energy detector is shown in Fig. 4.
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Two restored orthogonal basis functions of the

Y user g, _4(t) and §; (t) are written as

u
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yv,k(t—(k—1)——r.)+nl.k(t—(k—1)ﬁ)) ifb, =1,

N
ZWJ ~LN+1 h(\.EbZal ZWJ

-1 v-1k-1

T
Yoa(t= (= D= 1)+ (= k= D) ifb, =,
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ke

9
and
1))
Zh 1Wa ne1o 1\(1., bZ| 1'3(|2b 121\ 1Wz —1k e
yuu (t— (k= 1)——r.)+nl.h(t—<k D) ifb, =1,

VEogz =38, Wy nn hrl.h(a«—

25_1 W, ,J\+1—k(1.,"lEb Z|_1 o Z;‘;_IZk-IWZ e
v (t= (= D3 =) +n,ut— (k= 1)) ifb, =0.

(10)
According to Eq. (3), we have

1 ifu=v and b, =b,,

1
HZE—]WZ -LN11-kW2 -1k = [0 fuzv,
(In

and

12)

1ynN =
F2k-1W2 1N 11-kWz k=0, Vuv.

On the basis of equations (9), (11) and (12), we
obtain the following result:

VB (0=
NVE S seya (-5 =) + -

Tio1Wz 1N 1-kNuk (t -(k-1) HIJ ifb, =1,
Yk-1W2 —1N11-KNuk (t— k-1 HI) ifb, = 0.
(13)

Similarly, computation of g; (t) is same as that
of §; _1(t), we get

\/E_bgz ®=
T wa Nkt (k= 1D )
—NEx 2t 1oc,y.‘,( ———r)+ -
YRo1W2 Ni1-KDuk (t— (k— 1)%) if b, = 0.

(14)

if b, =1,
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The observation signal Z,(t) in the diagram in
Fig. 4 is written as

2u(©) = [y (/EoBz (D) dt -
fr Bz ©) dt (15)

where

1 e 4
fl_%(w,"lEbgz 71(t)) dt =
NYE, Xk ay, (t—~—1 i
fll,l/h . Y rEb4l-1% ( N IJ ) d ifbu=1,
+XE Wz —yne1-kn k(= (k= 1) )
S (B we pnu(t— (k=1 ) dt  ifb, =0,
(16)

and

1 —_— 2
flfl/h(\;‘lEng (t)] dt=
1 S
flfl/J\ (Zﬂ_lwz ,]\+1*Bnll,l§(t_ (k_ 1)%)) dt if bu = 1:

1 _N\'fIE_bZJI_—laIYLl(t_i_TI) hd o
jl—l/l\ N " t if b, =0.
LD YHRRUZR T Wyt (t -k-1 ;)
a7

In noise-free case, the observation signal is
calculated as follows:

| Z(t) =
Sy (NE S syt — 2 =) de  ifb, =1,

2

_fll—ﬁ (—N\/E_bZiL_lotiyu (t—%—ri)) dt ifb,=0.
(18)

Equation (18) points out that, z,(t) > 0 when
bit “1” is transmitted and vice versa. Hence, the
binary data at the output of the u* demodulator is
recovered by the following rule:

.1 if Zy(®) >0,
buz[o

if Zy(t) < 0. (19)
3. Simulation Results and Discussion

In this section, BER performance of the
proposed system is evaluated by simulation in
Simulink over multipath Rayleigh Fading channels
with AWGN. We study the dependence of BER
performance upon the system parameters such as
number of users and different chaotic maps. Here, the
simulated BERs are calculated as the number of error
bits divided by total number 10° bits transmitted. In
all simulations, we assume that two-path Rayleigh
fading channel model is used with t; = 0ns, Ty

75 ns, E{(c,)%} = E{(a,)?} = % bit duaration T =
2 ps. These parameters have been selected for office

building in WLAN applications (detailed reasons for
choosing these parameters can be found in [8].

102

TITTmY

10 k=2 =

x F=3 - —0- —- one-user DCSK-WC =

Iég 3 [ Z Z| —®— one-user BPSK/DCSK-WC |

10" = 2| — two-user DCSK-WC =

F = 2| —&— two-userBPSK/DCSK-WC | =

4|7 T 7| —®— four-user DCSK-WC -

10 E S — = four-user BPSK/DCSK-WC %
______________________________

Eb/No (dB)
Fig. 5. BER performance of the BPSK/DCSK-WC
and DCSK-WC system over two-path Rayleigh
Fading channels with 2M = 200, t; =0 ns,ty =

75 ns, B{(ay)*} = E{(a)?} = 5
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Fig. 6. BER performance in a two-user BPSK/DCSK-
WC system. Symmetric Tent map, Cubic map and
ogistic map are used, respectively. 2M = 80.

Firstly, the BER performance of the DCSK-WC
and BPSK/DCSK-WC systems are displayed. All
chaotic signals are generated by the same symmetric
ten map [19] but with different initial conditions. Fig.
5 shows BERs against E, /Ny for one-user, two-user
and four-user systems with spreading factor 2M =
200, respectively. These results point out that, the
BER performance of the proposed BPSK/DCSK-WC
system is equivalent to that of the DCSK-WC system.

. . Ep
For instance, in the two-user system, at the same o

Lo
18 dB, the BERs for BPSK/DCSK-WC and DCSK-
WC are about 0.109 and 0.113, respectively.

Secondly, the BER performance of
BPSK/DCSK-WC system is investigated with the
symmetric ten map, cubic map and logistic map,
which are used regularly to evaluate the performance
of DCSK system [19], [20]. Fig. 6 shows the results






