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Efficient signal transmission by synchronization through compound chaotic signal
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The idea of synchronization of chaotic systems is further extended to the case where all the drive system
variables are combined suitably to obtain a compound chaotic signal. An appropriate feedback loop is con-
structed in the response system to achieve synchronization among the variables of the drive and response
systems. We apply this approach to transmit both analog and digital data signals in which the quality of the
recovered signal is higher and the encoding is more sefBi€63-651X97)05107-9

PACS numbeis): 05.45:+b, 43.72+q, 47.52+]

The concept of synchronized chdds-22] allows for the  wherex andy are identical copies dof. In Egs.(2) and(3)
possibility of building a set of chaotic dynamical systemsthe terms proportional to the coupling strengthre nonzero
such that their common signals are synchronized. In generanly for the jth components. If v(t)=y;(t) and
there are two methods of chaos synchronization which have(t) =x;(t) then Egs(2) and(3) are two identical mutually
been studied extensivepjl—8]. In the first method, due to coupled chaotic systems. This kind of mutually coupled cha-
Pecora and Carro[l1], a stable subsystem of a chaotic sys-otic systems has been well studied in detail and for appro-
tem is synchronized with a separate chaotic subsystem undgriate e values, the system&) and(3) self-synchronize with
suitable conditions. This method has been further extendedach other[9,10]. Now the two mutually coupled self-
to cascading chaos synchronization with multiple stable subsynchronized system®) and(3) are considered together as
systems[1-5]. The second method to achieve chaos syna singledrive system. Then the concept of chaos synchroni-
chronization is due to the approach of one-way coupling, irzation throughdrive-responsdormalism can be established
which two identical chaotic systems are synchronized withhy considering theesponsesystem equations as
out requiring construction of any stable subsystéésg]. In
both these approaches only one chaotic signal from the drive X, =f(x,)+ e [v,(t)— (X0);(D)]. 4)
system is utilized to drive the response systems. In the
present paper, the idea of synchronization of chaotic systentsquation (4) is the copy of Eq.(1) driven by the signal
is further extended to the case where all the drive system,(t)=v(t) through one-way couplinf6—8]. Hereg, is the
variables are combined suitably so that a compound chaotione-way coupling parameter. If the maximal Lyapunov ex-
drive signal is so produced to drive the response system. fonent of Eq(4) is negative under the influence of the cha-
feedback loop in the response system is constructed approtic signalv,(t) added to thgth component of the response
priately to achieve synchronization among the variables okystem vector fielat, = f(x,), then||x, — y|—0 for t—o. Syn-
the drive and response systems. The present method is eghronization between systeni®) and (3) occurs if the dy-

tirely different from the recently proposed method of syn-namical system describing the evolution of the difference
chronization through active-passive decomposifidRD) of e=x—Vy,

dynamical system§18] in which suitable combinations of

chaotic signals are used to drive both drive and response e=x—V, (5)
chaotic systems. In this approach the response system has to

be suitably modified to achieve synchronization. Howeverpossesses a stable fixed point at the origirD. Also syn-
the proposed method in which both drive and response syshronization between systenid) and (3) occurs if the dy-

tems are totally unaltered is entirely different and it can benamical system describing the evolution of the difference
easily implemented in practical situations for communica-g =x, —y,

tions.
The present method of chaos synchronization is described e=x-Y, (6)
as follows. Let us consider an arbitralsdimensionalcha-
otic) dynamical system possesses a stable fixed point at the or@g#0. This can be
further proved by usingglobal Lyapunov functiong3,13].
z=1(2). ) However, it is not necessary that only one of the drive

variables alone is used for synchronization with the response
Now let us consider the following form of the drive system System {,(t)=y;(t)). One can also combine and modify the
equations: drive signal appropriately, and then the transformation can
be undone at the response system for synchronization. Along
these lines, Carroll recently reported the synchronization of

x=1(x)+ elo (O —x;(V], @ chaotic systems using filtered signfl®]. Alternatively, in-
_ stead of using one drive signal variable, one can transform
y="f(y)+ e[u(t) —y;(t)], (3) the drive system variables by appropriate linear or
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0.40 X =)+ & @ (1) = (X,);(1). (12)
\\ In this case also if the dynamical equation for the difference
0.00 €=X—Y,
, &=%—, 12
Kg 407 possesses a stable fixed point at the orgin0, then syn-

chronization between systeni$l) and (3) occurs for suit-
ablee, . In general, however, the stability has to be checked

—0.80
numerically using the fact that synchronization occurs if the
maximal Lyapunov exponent of Eqll) is negative under

—120 the influence of regenerated drive signal at the response sys-

0.00 €, 200 tem for appropriate one-way coupling parameter[3,6—

8,13
, i To demonstrate the above scheme of chaos synchroniza-
FIG. 1. Maximal conditional Lyapunov exponeRt,,, versus . . S
. tion we consider the well-known Chua circuit model. The
€, of the response system equatid@28)—(25). - .
model drive equations are represented as

nonlinear combinationgcan be treated asncryption key

function to produce a compound chaotic signal for use as X1 = e{[ X2 = X1 = g(xq) ]+ elv (t) = x4 1}, (13
the drive signal for synchronization with the response system S
[22]. A suitable feedback loop can be devised in the response X=X~ X X3, (14)
system to achieve synchronization among the variables of .
the drive and response systems. This approach of synchroni- X3=—PBXaz, (15
zation can be described as follows for the drive systém .
and(2). The drive encryption key is y1=a{ly2—y1—9(yd) ]+ elu(t) —yil}, (16)
Ka=h(y), @) Y2=Y1= Y2+ Vs, 17)

where h(y) is the linear or nonlinear encryption key func- Vo= — 3 (18)
tion. The compound drive signal is Ya Yo

dh)=v(t)+Kq. ® where g(x)=bx+0.5@—b)(|]x+1|—|x—1|) and

a=—-1.27,b=-0.68, «=10.0, andB=14.87. Ifv(t)=y,
andu(t) =x; then for appropriate values of mutual coupling
parametere (we choose here=1.5), the above system of

The response systef) is altered as followsThe response
encryption key is

K,=h(x,) 9 Eqgs. (13)—(18) self-synchronizes. After synchronization
X1=Y1, Xo=Y5, andxz=y3. Now let us consider the drive
and the regenerated drive signal is encryption key function athe drive encryption key
Ur(t):d(t)_Kr: (10) Kd:y21 (19)
x, %5 | %3 oD at) o~

s{t)

+ N a
Yy |Y2 (Y3 an—
RECEIVER

TRANSMITTER

FIG. 2. Schematic diagram of the signal transmission method using compound chaotic signal.
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Ke=Yr, (21)
and the regenerated drive signal
0 100 200 300 400 500
. vi(t)=d(t) =K, =d(t) —y,, (22)
(¢) -
0.1 Xr=a{[ Y, =X —9(X) ]+ &[v (1) =X}, (23
0.08 i
0.06 Yi=X—YitZz, (24
__0.04 .
L o0.02 z,=—BY;. (25
H
0
20.02 The differgnce systemeEx—y) of Egs.(13)—(15) and Egs.
—0.04 (16)-(18) is
-0.06 .
100 200 300 400 500 e,=a[(e,—e,—se;)—2€e,], (26)
t
(d) ézzel_ez+e3, (27)
0.04 _
0.02 €3=— ey, (28
% 0 wheres;=a or b (i=1 or 2 which is determined from
:'5-0.02 g(x) [10,22. It is easy to prove that the temporal derivative
< -0.04 of the Lyapunov function
-0.06 E=(BI2)€2+ (apl2)ei+ (al2)e? (29)
-0.08}!
0 100 200 300 400 500 is negative,
t
E: ,Belé1+ aﬂe2é2+ aegé3 (30)
FIG. 3. Numerical encoding and decoding azeechlike signal
s(t) using the system&l3)—(20) and (21)—(25) for €, =1.5 ande =—ap(e,—e,)%— aB(a+2e)el, (31)

=1.5.(a) Information signab(t), (b) transmitted compound chaotic
signald(t), (c) recovered information signalt) [using Eq.(38)],
(d) error signals(t)—r(t). Note the perfect recovery of the signal a=—1.27)[10,13.

FIG. 4. Power spectrum of the information sigsél) (a), trans-
mitted signald(t) (b), and recovered signal(t)(c). Note again the

for all e;,e,,e3 when e>—a/2. (Note thata<b<0 and

s(t). Also, the difference system of Eq&l6)—(20) and Egs.

. . (21)—(25) is given as
and the compound drive signal

d(t):v(t)+Kd:yl+y2 (20) ex:a[(ey_ex_slex)_fr(ex+ey)]a
e,=e,—e,+e,
Then the response system equationstlaeeresponse encryp-

tion key e,=—fBey,

(32
(33

(34
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The above scheme of synchronization may be used to
construct transmitter-receiver systems for encoding and
masking information data signals. The schematic representa-
0.015 ] tion of this approach is depicted in Fig. 2. To send the infor-
mation signals(t) from the transmitter to receiver using the
.01 familiar chaos signal masking techniq(2,4,5,11,18 now
the signale (t) andu(t) are modified as (t) =y, +s(t) and
0.005 u(t) =x4+s(t), respectively. The significance of this type of
encoding the message sigrsét) is not only to add the sig-
e = nal to certain chaotic carrier but also to simultaneously drive
t the self-synchronizing transmitter dynamical system. As a
(b) consequence this type of encoding ensures sedirtyause
3 of the chosen compound encryption keynd also avoids the
2 typical distortion errordbecause of internal modulation of
1
0

(a)

s(t)
o

self-synchronizing drive system with sigrs(t)] that occur

for almost all previous communication schemes based on
i chaos synchronizatiofl1,18. By employing this scheme,
signal is recovered at the response system E#—(25) as

the recovered signal:

da(t)

200 250 300 350 400 450 500

t o) r(t)=uv.(t)—x(t)=s(t). (39

Figure 2 shows the numerical simulation results of the en-
coding and decoding of speech-like signadnd its recovery
using the systemd 3)—(25) and(38). Figure Zd) establishes

0.015

S .01 the perfect signal recovery in which the error signal
) s(t)—r(t) approaches zero ds—«. Figure 3 depicts the
0.005 power spectrum of the information signs{t), the actual
| | L transmitted compound chaotic sigriltt), and the recovered

B T e information signalr (t). From the results, it is clear that the
t detection of the information signa(t) is not possible either

FIG. 5. Numerical encoding and decoding ofd@ital signal  from the transmitted signdlFig. 3(b)] or from its power
s(t) using the systemgl3)—(20) and(21)—(25) for e, =1.5 ande  spectrum(Fig. 4) (due to its broadband natyreDue to the
=1.5.(a) Information signab(t), (b) transmitted compound chaotic nature of this scheme not only can analog signals be trans-
signald(t), (c) recovered information signa(t) [using Eq.(38)].  mitted but digital signals can also be transmitted. Figure 5
shows the transmission of a digital bit data using E¢8)—
(25). From the simulation results, the recovered information
wheree,=(x;—Yy1), e=(Y;—V2), ande,=(z,—Vy3). Itis  sjgnal is almost identical to the information signal.
again easy to prove that the temporal derivative of the |5 the above example, we have considered thive
Lyapunov function encryption key function K as a linear one. However,
one can also consider suitable nonlinear functions using

_ 2 2 2
E=(Bl2)g+[aB(1te)i2]ey+[a(lte)l2]e; (39 he grive state variables of Eqs(13—(18) such as

is negative y%,yzyg,yzxz,y2y3x2x3, ... . The analysis again confirms
i . ) ) our above assertions. Details will be published separately.
E=pee+aB(l+e)ee +a(lte)ee, (36 In conclusion, we have introduced a procedure of achiev-
_ 2 29 2 ing an efficient synchronization using a compound chaotic
= —apl(ee) Tee]-ab(ate)e (37) signal. The compound drive chaotic signal has been gener-

ated by using suitable encryption functions and with appro-

for a_II €y,€y,e, when e_r_>.—a. In Eq.(37) the equal_lty sign priate feedback loop at the receiver, synchronization among
applies only at the origin; therefore, the synchronization be’[he variables of the drive and response has been established
tween the drive system equatiofiggs. (16)—(20)] and re- P '

sponse system equatiofgs. (21)—(25)] is globally asymp- Further, its application in secure communications of analog
P y a ' 9 yasymp-  ang digital signals has been demonstrated and perfect signal

totlcally' stable. Th'$ can be further checked numerically byrecovery is achieved. Due to the present scheme of efficient

goggrl:]tlgg;(g%)rjég? aasl ;3;3%33;‘/ gfx &%ngr?;_c\),{l;hecgisﬁ’iﬁm%ncoding of message signals with suitable encryption key
y q A . : y coupiing functions, security of the transmitted signals is greatly en-
parametek, as shown in Fig. 1. It is evident from this figure hanced

that the response system is synchronized with the drive coun- '

terpart, which is confirmed by a change in the sign of the This work has been supported through a research project
maximal conditional Lyapunov exponent of the responsedy the Department of Science and Technology, Government

system from positive to negatid—8|. of India.
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