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Dual synchronization of chaos in Colpitts electronic oscillators and its applications
for communications
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We demonstrate the dual synchronization of chaos in two pairs of one-way coupled Colpitts electronic
oscillators by both experiment and numerical simulation. We use the cross coupling method, where the differ-
ence in voltage between the sum of two master oscillators and one slave oscillator is injected into the other
slave oscillator as an electrical current, for dual synchronization of chaos. We have investigated the regions for
achieving dual synchronization of chaos when one of the internal parameters is mismatched between the master
and slave oscillators. We numerically obtain a similar curve for the accuracy of synchronization to that
obtained from our experiments. A communication scheme using dual synchronization of chaos is also proposed
and demonstrated.
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I. INTRODUCTION

Synchronization of chaos in electronic circuits has
tracted increasing interest for the applications of secure c
munications@1,2# and spread spectrum communications@3#.
Synchronization of chaos can be used for sharing the ide
cal chaos in a transmitter and a receiver as a cryptograph
code. Many studies on synchronization of chaos have b
reported in one-way coupled chaotic systems@1,2#. However,
since the configuration of synchronization is limited to
single pair of one-way coupled oscillators, this method c
not be applied for multiuser communication systems@4#.
From the nonlinear dynamic point of view, synchronizati
of chaos in multiple pairs of one-way coupled oscillators i
very interesting topic, which is related to the identification
chaos from mixed chaotic wave forms.

The technique of multiplexing is a very important iss
for high capacity communications@4#. Multiplexing chaos
using synchronization has been reported in a simple map
electronic circuit model by Tsimring and Sushchik@5#. Dual
synchronization of chaos for synchronizing two differe
pairs of chaotic maps and delay-differential equations
also been investigated by Liu and Davis@6#. To synchronize
each pair of chaotic systems, all the parameter settings m
be identical between the transmitter and the recei
whereas they must be slightly shifted between different p
of chaotic systems. Although it has been shown theoretic
in Refs. @5,6# that it is possible to synchronize each pair
multiplexed chaotic oscillators, these multiplexing synch
nization methods have not been experimentally confirmed
is important to investigate synchronization of multiplexin
chaos in electronic circuits by experiment.

Chaotic electronic oscillators for communications requ
specific characteristics such as broadband, security, and
interference code generation. One of the good candidate
chaotic electronic circuits for communications is the Colp
oscillator, which has a simple configuration consisting o
single bipolar junction transistor and some passive eleme
Nonlinear dynamics and chaotic phenomena in Colpitts
cillators have been intensively investigated and rich dyna
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behavior has been reported@7–16#. From the communication
applications point of view, broadband chaotic oscillatio
over 3 GHz have been demonstrated by using two-stage
pitts oscillators@17#. Synchronization of chaos in one pair o
Colpitts oscillators has also been demonstrated@18–21#.

In this paper, we demonstrate the dual synchronization
chaos in two pairs of one-way coupled Colpitts oscillators
both experiment and numerical simulation. We use cr
coupling for dual synchronization. The degree of synchro
zation is quantitatively evaluated by using the variance
correlation plots from the best-fit linear relationship. We i
vestigate the parameter regions for achieving dual sync
nization when one of the internal parameters is mismatc
between the master and slave oscillators, and clarify the
erance to mismatch parameters for synchronization. We
demonstrate a communication scheme by using dual s
chronization of chaos.

II. EXPERIMENT

A. Experimental setup

We show a block diagram for dual synchronization usi
Colpitts oscillators in Fig. 1. Two of the Colpitts oscillato
are used as master oscillators, which we refer to as ‘‘M1’’
master 1 and ‘‘M2’’ for master 2. The other two oscillato
are used as slave oscillators~‘‘S1’’ for slave oscillator 1 and
‘‘S2’’ for slave oscillator 2!. The voltages in two master os
cillators are combined as a transmission signal, and the
nal is transmitted to the two slave oscillators. In front of t
slave oscillators, the transmission signal is subtracted by
voltage of the other slave oscillators, i.e., the injection sig
is written asVm11Vm22Vs2 for the S1 oscillator, andVm1
1Vm22Vs1 for the S2 oscillator. For S1, the injection sign
is equal to M1 under the condition of synchronization b
tween M2 and S2, because the S2 component cancels th
component from the mixed signal M11M2. This is equiva-
lent to a one-pair system. When synchronization manifo
for the pair of M1 and S1, and the pair of M2 and S2 a
stable, dual synchronization can be achieved.

Figure 2 shows the four Colpitts oscillators used in o
experiments. Each Colpitts circuit consists of a single bipo
©2003 The American Physical Society07-1
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junction transistor~2SC1740, Rohm Co. LD., cutoff fre
quency of 180 MHz! which is biased in the active region b
means ofVee, Ree, andVcc. The oscillator components con
sist of an inductorL with series resistanceRl , and two ca-
pacitorsC1 and C2. The voltages of the collector-emitte
junction and the base-emitter junction are denoted asVce and
Vbe, respectively. The additional subscripts m1,m2, s1, s2

FIG. 1. Block diagram for dual synchronization of chaos usi
four Colpitts electronic oscillators.
05620
f

the parameters indicate the master 1, master 2, slave 1,
slave 2 oscillators, respectively. Two of the Colpitts oscil
tors are combined through two voltage followers and an
verting adder circuit using operational amplifie
~LM6361N!. The combined signal is injected into two su
tractor circuits in order to subtract a voltage of S1 and S2
front of S2 and S1 circuit, respectively. Each electrical c
rent is injected into the collector of each slave transis
through a coupling resistorRc as a synchronization signa
The current is proportional to the difference between
voltages before and after the coupling resistor. The amo
of the current can be changed byRc . The parameters used i
our experiments are summarized in Table I. Note that
resistorsRl are identical for the pair of M1 and S1~referred
to as ‘‘M1-S1’’! (36.0V) and the pair of M2 and S2~re-
ferred to as ‘‘M2-S2’’! (24.0V), but are different in the
pairs of M1-S2 and M2-S1 in order to achieve dual synch
nization. The other parameters are set to be as identica
possible. In this condition, since the chaotic attractors
identical for M1-S1 and M2-S2, dual synchronization can
achieved. Although we attempt to match the values of all
parameters between the master and slave oscillators fo
curate synchronization, some errors in parameter match
exist in experiment. We measure temporal wave forms ofVbe
in the four oscillators by using a digital oscilloscope~Sony-
Tektronix: TDS-420A!.
-
-

-

FIG. 2. Schematics of our ex
perimental setup for dual synchro
nization of chaos in four Colpitts
electronic oscillators. The param
eters are shown in Table I.Rm

5Rd15Rd259.1 kV.
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B. Experimental results of dual synchronization

Without coupling between the master and slave osci
tors, chaotic oscillations are observed through some bifu
tion processes in all the circuits. These dynamics are con
ered as deterministic chaos, as reported in Refs.@8–10#. For
dual synchronization, the coupling resistorsRc are set to
20.0V. Figure 3 shows temporal wave forms ofVbe and
their correlation plots of the corresponding pairs of M1-
and M2-S2, and of different pairs of M1-S2 and M2-S
Synchronization of chaotic oscillations is independen
achieved for the corresponding pairs, M1-S1 and M2-S2
shown in Figs. 3~a!–3~d!. A linear correlation is observed a
shown in Figs. 3~b! and 3~d!. Conversely, synchronization o
chaos is not achieved for the other pairs of M1-S2 and M
S1, as shown in Figs. 3~e!–3~h!. We calculate the cross co
relation between the temporal wave forms of the master
slave oscillators, CVm,i ,Vs, j

5^DVm,iDVs, j&/(sVm,i
sVs, j

),

where DVm,i and DVs, j are the deviations of the Masteri
and Slave-j voltages from the mean values andsVm,i

and

sVs, j
are the standard deviations of the Master-i and Slave-j

voltages. The angle brackets denote time averaging.
cross correlations between the Master-i and Slave-j voltages
are estimated as 0.998 for Fig. 3~b!, 0.998 for Fig. 3~d!,
0.084 for Fig. 3~f!, and 0.033 for Fig. 3~h!. Thus, we have
experimentally achieved dual synchronization of chaos
tween M1 and S1, and between M2 and S2, respectively
one-way coupled Colpitts oscillators.

Figure 4 shows the transmission signal of M11M2 and
the output of S1. Only the oscillation of M1 is reproduced
the S1 oscillator from the combined signal of M11M2,
which indicates that separate synchronization has b
achieved in our systems. No linear correlation is obser
between the transmission signal and the synchronized S1
nal as shown in Fig. 4~b!.

To evaluate the quantitative accuracy of chaos synchr
zation, variances2 of the normalized correlation plot from
the best-fit linear relationship is defined as follows@22,23#:

s25
1

N (
i

N

~Vm,i2Vs,i!
2, ~2.1!

TABLE I. Parameter values for the four Colpitts oscillators o
tained from our experiments.

Parameters Master 1 Master 2 Slave 1 Slave

C1 @nF# 57.44 57.00 57.52 56.90
C2 @nF# 57.55 57.82 57.66 57.58
L @mH# 99.44 100.30 99.56 99.62
R1 @V# 36.0 24.0 36.0 24.0
Ree @V# 430 430 430 430
Vcc @V# 5.0 5.0 5.0 5.0
Vee @V# 25.0 25.0 25.0 25.0
Ron @V# 376 376 375 351
hfe (5b f) 238 244 228 220
Vth @V# 0.678 0.679 0.674 0.679
Rc @V# 20.0
05620
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whereN is the total number of samples of the temporal wa
forms.Vm,i andVs,i are the normalized voltages of the mas
and slave oscillators at thei th sampling point. Smaller vari-
ances2 indicates higher accuracy of chaos synchronizati
In the cases of Figs. 3~b!, 3~d!, 3~f!, and 3~h!, the variances
s2 are calculated as 3.631024, 3.031024, 1.03101, and
6.63101, respectively.

We investigate the characteristics of dual synchronizat
when the values of the coupling resistorsRc are varied. Fig-
ure 5 shows the accuracy of synchronization for the pair
M1-S1 as a function ofRc . The accuracy of synchronizatio
gradually decreases with decrease ofRc from 50 V. The best
accuracy is obtained atRc of 21 V. We define a synchroni-
zation region where the variances2 is greater than ten time
the minimums2 when one of the parameters is changed. F
example, since the minimum accuracy is 5.331024 in Fig. 5,
we define the synchronization range where the accurac
less than 5.331023, which is ten times of the minimum
accuracy of 5.331024. The synchronization of chaos can b
achieved in the range ofRc from 10 V to 36 V. Hence, we
found that there is an optimum value ofRc for achieving
accurate synchronization of chaos.

We quantitatively investigate chaos-synchronization
gions against parameter mismatch for some parameters in
two pairs of Colpitts oscillators. One of the parameters
M1 is fixed and the corresponding parameter of S1 is shift
Other parameters of M1 and S1 are set to be as identica
possible, although there still exist some errors in our exp
mental systems. All the parameters of the other pair
M2-S2 are also fixed. Figure 6 shows the accuracy of s
chronization for the pair of M1-S1~variances2) as a func-
tion of parameter mismatch of~a! Rl,s1 and ~b! Ree,s1. The
best accuracy is obtained with matched parameters for b
the figures, although the shape of the curves is differen
Figs. 6~a! and 6~b!. This demonstrates that mismatched p
rameters reduce the accuracy of synchronization. We e
mate the synchronization ranges for the variable parame
by using the criteria ofs2 greater than ten times the min
mum s2 as follows: ~a! 28.3%,Rl,s1,112.0% and~b!
22.3%,Ree,s1,118.6%. The region for achieving syn
chronization is strongly dependent upon each parameter

We found that synchronization can be switched betwe
the two pairs of oscillators when the resistor values ofRl are
set to be equal for all the oscillators. When all the parame
are close enough to each other, the S1 oscillator can be
chronized with either M1 or M2, depending on the initi
conditions. In this case, since the structure of the attrac
for M1 and M2 are similar, the synchronization manifold
strongly dependent on the initial condition. It is important f
the achievement of dual synchronization to set parame
significantly different between the pairs of M1-S1 and M
S2.

III. NUMERICAL CALCULATIONS

A. Model

To describe the dynamics of Colpitts oscillators, we us
model proposed in Ref.@7#. We modify the model for two
7-3
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FIG. 3. Temporal wave forms and their corre
lation plots for the pair of M1-S1@~a!,~b!#, M2-S2
@~c!,~d!#, M1-S2 @~e!,~f!#, and M2-S1@~g!,~h!#.
ir
s

pairs of one-way coupled Colpitts oscillators. The four c
cuits can be described by autonomous state equations a
lows:

Master oscillator 1:

C1,m1

dVce,m1

dt
5I l,m12I c,m1, ~3.1!

C2,m1

dVbe,m1

dt
52

Vee,m11Vbe,m1

Ree,m1
2I b,m12I l,m1 ~3.2!
05620
-
fol- Lm1

dI l,m1

dt
5Vcc,m12Vce,m11Vbe,m12I l,m1Rl,m1. ~3.3!

Master oscillator 2:

C1,m2

dVce,m2

dt
5I l,m22I c,m2, ~3.4!

C2,m2

dVbe,m2

dt
52

Vee,m21Vbe,m2

Ree,m2
2I b,m22I l,m2, ~3.5!
7-4
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FIG. 4. ~a! Temporal wave forms and~b! their
correlation plots for the transmission signal of th
sum of Master 1 and Master 2 and the output
Slave 1.
ai
-

air

in-
Lm2

dI l,m2

dt
5Vcc,m22Vce,m21Vbe,m22I l,m2Rl,m2. ~3.6!

Slave oscillator 1:

C1,s1

dVce,s1

dt
5I l,s12I c,s11

1

Rc
$~Vce,m12Vbe,m1!

1~Vce,m22Vbe,m2!2~Vce,s22Vbe,s2!

2~Vce,s12Vbe,s1!%, ~3.7!

C2,s1

dVbe,s1

dt
52

Vee,s11Vbe,s1

Ree,s1
2I b,s12I l,s1

2
1

Rc
$~Vce,m12Vbe,m1!1~Vce,m22Vbe,m2!

2~Vce,s22Vbe,s2!2~Vce,s12Vbe,s1!%, ~3.8!

Ls1

dI l,s1

dt
5Vcc,s12Vce,s11Vbe,s12I l,s1Rl,s1. ~3.9!

Slave oscillator 2:

10-4

10-3

10-2

10-1

100

10 20 30 40 50

M
1-

S
1

ac
cu

ra
cy

σσ σσ2

R
c

[ΩΩΩΩ]

FIG. 5. Accuracy of dual synchronization of chaos for the p
of M1-S1 as a function ofRc . The dotted line indicates the thresh
old of synchronization.
05620
C1,s2

dVce,s2

dt
5I l,s22I c,s21

1

Rc
$~Vce,m12Vbe,m1!

1~Vce,m22Vbe,m2!2~Vce,s12Vbe,s1!

2~Vce,s22Vbe,s2!%, ~3.10!

C2,s2

dVbe,s2

dt
52

Vee,s21Vbe,s2

Ree,s2
2I b,s22I l,s2

2
1

Rc
$~Vce,m12Vbe,m1!1~Vce,m22Vbe,m2!

2~Vce,s12Vbe,s1!2~Vce,s22Vbe,s2!%,

~3.11!

r
FIG. 6. Accuracy of dual synchronization of chaos for the p

of M1-S1 as functions of~a! Rl,s1 and ~b! Ree,s1. The dotted line
indicates the threshold of synchronization. The vertical arrows
dicate the parameter values of M1 and M2 forRl andRee.
7-5
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FIG. 7. Numerical results showing tempor
waveforms and their correlation plots for the pa
of M1-S1 @~a!,~b!#, M2-S2 @~c!,~d!#, M1-S2 @~e!,
~f!#, and M2-S1@~g!,~h!#.
ns
s
an
nt

te-
-

tch
f our
n in
Ls2

dI l,s2

dt
5Vcc,s22Vce,s21Vbe,s22I l,s2Rl,s2. ~3.12!

The bipolar junction transistor operates in two regio
forward active and cutoff. We thus model the transistor a
two-segment piecewise-linear voltage-controlled resistor
a linear current-controlled current source. The base curreI b
and the collector currentI c are described as follows@7#:

I b5H 0, Vbe<Vth

Vbe2Vth

Ron
, Vbe.Vth ,

~3.13!
05620
:
a
d

I c5b f I b , ~3.14!

where Vth is the threshold voltage,Ron is the small-signal
on-resistance of the base-emitter junction, andb f (5hfe) is
the forward current gain of the device. We numerically in
grate Eqs.~3.1!–~3.12! by using the fourth-order Runge
Kutta-Gill method.

B. Numerical results

For a practical situation, we include parameter misma
between the master and slave oscillators as in the case o
experiments. We use the experimental parameters show
7-6
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Table I for our calculations, exceptRl,m25Rl,s2525.5V,
hfe,m25206.5, andhfe,s25195.0. We adjust the values o
Rl,m2, Rl,s2, hfe,m2, andhfe,s2 so that we can obtain the sam
dynamical region of chaos and bifurcation diagram betw
experiments and calculations. For dual synchronization,
resistors of M1 and S1 are set to be identical atRl,m1
5Rl,s1536.0V, whereas the resistors of M2 and S2 a
identical atRl,m25Rl,s2525.5V.

Figure 7 shows temporal wave forms ofVbe and their
correlation plots between one of the master oscillators
one of the slave oscillators with the coupling atRc
520.0V. Synchronization of chaotic oscillations
achieved for the pairs of M1-S1 and M2-S2, as shown
Figs. 7~a!–7~d!. We have confirmed the variables ofVce and
I l in Eqs. ~3.1!–~3.12! are also synchronized between t
two corresponding oscillators. Conversely, the different pa
of oscillators for M1-S2 and M2-S1 are not synchronized
each other in Figs. 7~e!–7~h!. These numerical results agre
well with our experimental results shown in Fig. 3.

To investigate the characteristics of parameter dep
dence, we change the coupling resistanceRc . We use the
variances2 to evaluate the accuracy of synchronization. F

10-5

10-4

10-3

10-2

10-1

10 20 30 40 50

M
1-

S
1

ac
cu

ra
cy

σσ σσ2

R
c

[ΩΩΩΩ]

FIG. 8. Numerical results showing accuracy of dual synchro
zation of chaos for the pair of M1-S1 as a function ofRc . The
dotted line indicates the threshold of synchronization.
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ure 8 shows the accuracy of synchronization as a functio
Rc . The accuracy is gradually improved (s2 decreases! as
Rc is decreased. Synchronization is achieved in the rang
Rc less than 32V exceptRc50. The shape of the curves i
similar to that obtained by experiment as shown in Fig.
except at the region of small values ofRc . We consider that
the discrepancy between Figs. 5 and 8 derives from the h
amount of electronic current into the transistors in the Sla

i-

10-5

10-4

10-3

10-2

10-1

100

20 25 30 35 40 45 50

M
1-

S
1
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cy

σσ σσ2

R
l,s1

[ΩΩΩΩ]

Master 1Master 2

10-5

10-4

10-3

10-2

10-1

100

400 440 480 520 560

M
1-

S
1

ac
cu

ra
cy

σσ σσ2

R
ee,s1

[ΩΩΩΩ]

Master 1, Master 2

(a)

(b)

FIG. 9. Numerical results showing accuracy of dual synchro
zation of chaos for the pair of M1-S1 as functions of~a! Rl,s1 and
~b! Ree,s1. The dotted line indicates the threshold of synchroniz
tion. The vertical arrows indicate the parameter values of M1 a
M2 for Rl andRee.
g
.
e

Colpitts Circuit
(Master 1)

Vm1

Vm2

Vm1+Vm2

Vs1

Vm1+Vm2 -Vs2

Vs2

Rc

Rc

i

i

Vm1+Vm2 -Vs1

Colpitts Circuit
(Master 2)

Colpitts Circuit
(Slave 1)

Colpitts Circuit
(Slave 2)

Message 1

Message 2
Vm2 +M 2

M 1

M 2

Vm1+M 1

FIG. 10. Block diagram for
our communication scheme usin
dual synchronization of chaos
The bold lines correspond to th
transmission channels.
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Message 1

Message 2

Message 2

Message 1

AD

AD

AD

AD

AD

AD

AD

VF

VF

LPF

LPF

Master 1

Master 2

Slave 1

Slave 2

FIG. 11. Schematics of our ex
perimental setup for our commu
nication scheme using dual syn
chronization of chaos. AD:
inverting adder circuit, LPF: low
pass filter, and VF: voltage fol-
lower.
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oscillators at small Rc . The increase of electronic curren
into the transistors with decreasing Rc results in the change
of nonlinearity of the transistors, which is not described a
piecewise linear voltage-current (V-I ) curve in our model.
Therefore, we cannot observe good synchronization at s
Rc in the experiment shown in Fig. 5, even though the mo
suggests the synchronization at this region as shown
Fig. 8.

We also investigate chaos-synchronization regions aga
parameter mismatch for different parameters in the two p
of the Colpitts oscillators. One of the parameters of M1
fixed and the corresponding parameter of S1 is shifted. O
parameters are set to be as identical as possible, show
05620
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Table 1. Figure 9 shows the accuracy of synchronizat
~variances2) as a function of parameter mismatch of~a!
Rl,s1 and ~b! Ree,s1. The accuracy is gradually changed a
the best accuracy is obtained at the parameter matching
dition between M1 and S1. The synchronization range
each parameter can be obtained as follows:~a! 25.5%
,Rl,s1,18.2% and~b! 23.5%,Ree,s1,17.0%. These re-
sults are consistent with our experimental results as show
Fig. 6.

The technique of dual synchronization could be appl
for more than two chaotic oscillators. We speculate that
increase of the number of chaotic oscillators results in
limitation of parameter regions where separate synchron
-
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FIG. 12. Experimental demon
stration of our communication
scheme using dual synchroniza
tion of chaos. Temporal wave
forms of ~a! Master 11 Message
1 and Slave 1,~b! the original
Message 1 and the recovere
Message 1,~c! Master 21 Mes-
sage 2 and Slave 2, and~d! the
original Message 2 and the recov
ered Message 2.
7-8



al

DUAL SYNCHRONIZATION OF CHAOS IN COLPITTS . . . PHYSICAL REVIEW E 68, 056207 ~2003!
10-2

10-1

100

101

102

103

104

0 20 40 60 80 100 120

M
ag

ni
tu

de
[a

rb
.u

ni
ts

]

Frequency [kHz]

(a)

10-2

10-1

100

101

102

103

104

0 20 40 60 80 100 120
M

ag
ni

tu
de

[a
rb

.u
ni

ts
]

Frequency [kHz]

(b)

FIG. 13. rf spectra obtained from the tempor
wave forms of~a! Master 11 Message 1 and~b!
Master 21 Message 2 shown in Figs. 12~a! and
12~c!.
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IV. APPLICATIONS FOR COMMUNICATIONS

We experimentally demonstrate a communication sche
by using dual synchronization of chaos in the Colpitts os
lators. Our scheme is shown in Fig. 10. A message is ex
nally added on each chaotic carrier of M1 or M2 indepe
dently. Each pair has a transmission line to deliver the mi
signal of the chaos and message components. In orde
achieve dual synchronization of chaos, we also have a
tional transmission line for the mixture of two chaotic wa
forms between M1 and M2. Thus there are three transm
sion channels in our scheme. In the receivers, we can ex
the corresponding chaotic wave form from the sum of t
chaotic wave forms by using the technique of dual synch
nization of chaos. Since there is no message signal on
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Ref. @24#. Although all the transmission channels are acc
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coded without separating the two chaotic wave forms
tween M1 and M2. Random message signals must be use
this scheme in order to avoid the detection of the messag
eavesdroppers.

Figure 11 shows the circuit diagram for the implemen
tion of our communication scheme using dual synchroni
tion of chaos. Each message is individually added to e
chaotic wave form by an inverting adder circuit. The mix
signal is transmitted to the corresponding receiver. T
original chaotic signals in the two master oscillators are a
added and sent to the two slave oscillators for dual synch
nization. There is no recognizable delay between the mi
-
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FIG. 14. Numerical demon-
stration of our communication
scheme using dual synchroniza
tion of chaos. Temporal wave
forms of ~a! Master 11 Message
1 and Slave 1,~b! the original
Message 1 and the recovere
Message 1,~c! Master 21 Mes-
sage 2 and Slave 2, and~d! the
original Message 2 and the recov
ered Message 2.
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chaotic signal and the transmission signals carrying the m
sages, because the oscillation frequency of chaotic signa
relatively slow around 95 kHz. In each receiver, the mess
can be subtracted from the transmission signal by usin
synchronized chaotic wave form obtained from the pro
dure of dual synchronization. The subtracted message si
is applied to a low pass filter, and the original message
be recovered.

We use two different sinusoidal wave forms as mess
signals for simple demonstration in experiments. The f
quencies of the two messages for M1 and M2 are set to
and 4 kHz, respectively. The depths of the modulations
set small enough to 0.013 and 0.010 for M1 and M2, resp
tively, so that the message components cannot appear o
chaotic carriers. The cutoff frequencies of the low pass filt
at the final stage of the message recovery are set to 15 a
kHz, respectively. Figure 12 shows the temporal wave for
of transmission signals~chaos and message!, synchronized
signals in the slave lasers, and message components
tained by experiment. It is difficult to distinguish the me
sage component from the transmission signal as show
Figs. 12~a! and 12~c!. However, we can successfully recov
two independent message components as shown in F
12~b! and 12~d! after subtracting the chaotic wave form
from the transmission signal and passing them into the
pass filters. The distortion of the recovered signals is v
small. Figure 13 shows the rf spectra of the temporal w
forms for the transmission signal~chaos and message! shown
in Figs. 12~a! and 12~c!. There is no sharp peak correspon
ing to the message frequency on the rf spectra. Since
message components are very small, it is difficult to find
message components without achieving dual synchroniza
of chaos.

We also numerically confirm our communication schem
The configuration is the same as shown in Fig. 10. We
random digital sequences as messages in our simulation
depths of the messages are set to 0.10 and the fundam
frequencies of the random square waves are set to 24 kH
both M1 and M2. The low pass filters with the cutoff fre
quency of 30 kHz are used for message recovery. Figure
shows the temporal wave forms of transmission sign
~chaos and message!, synchronized signals in the slave l
sers, and message components, obtained by numerical c
lation. Although message components do not appear in
temporal wave forms of the transmission signal, we c
clearly observe the random digital sequences for both of
messages by subtracting the synchronized signals, which
obtained by dual synchronization of chaos. The binary b
05620
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al
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s
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can be judged from the recovered message signals acco
to a certain threshold value even though the recovered m
sages contain small portions of chaotic fluctuations. The
fore, we have experimentally and numerically demonstra
our communication scheme using dual synchronization
chaos.

Our communication scheme is based on multiple tra
mission channels in order to avoid the distortion of synch
nization signal when messages are added to chaotic sig
As proposed in Ref.@25–28#, when a message signal
added in a chaotic system with a time-delayed feedb
loop, synchronization of chaos can be maintained even in
presence of the message component on the chaotic sign
such a time-delayed feedback system, dual synchroniza
of chaos could have a potential to achieve multiplex comm
nications. The multiplex communications using dual sy
chronization of chaos will be our future work.

V. CONCLUSION

We have demonstrated the dual synchronization of ch
in two pairs of one-way coupled Colpitts electronic oscill
tors by both experiment and numerical simulation. We u
the cross coupling method, where the difference in volta
between the sum of two master oscillators and one sl
oscillator is injected into the other slave oscillator as an el
trical current, for dual synchronization of chaos. We ha
investigated the regions for achieving dual synchronizat
of chaos when one of the internal parameters is mismatc
between the master and slave oscillators. We numeric
obtain a similar curve for the accuracy of synchronization
that obtained from our experiments. We have also dem
strated our communication scheme using dual synchron
tion of chaos. The technique of dual synchronization co
be applied for higher-frequency chaotic electronic circu
and chaotic lasers oscillating at gigahertz frequencies.

ACKNOWLEDGMENTS

We acknowledge Peter Davis for helpful discussio
M.K. acknowledges Kinashi Denki Co. Ltd. for financia
support. This work was financially supported by The Sum
tomo Foundation, The Telecommunications Advancem
Foundation, the Sasakawa Scientific Research Grant f
The Japan Science Society, The Promotion and Mutual
Corporation for Private Schools of Japan, and Grant-in-A
for Encouragement of Young Scientists from the Japan S
ety for the Promotion of Science.
ry

s.

a-
@1# L.M. Pecora and T.L. Carroll, Phys. Rev. Lett.64, 821~1990!.
@2# K.M. Cuomo and A.V. Oppenheim, Phys. Rev. Lett.71, 65

~1993!.
@3# M.P. Kennedy, R. Rovatti, and G. Setti,Chaotic Electronics in

Telecommunications~CRC Press, Boca Raton, 2000!.
@4# K. Yoshimura, Phys. Rev. E60, 1648~1999!.
@5# L.S. Tsimring and M.M. Sushchik, Phys. Lett. A213, 155
~1996!.
@6# Y. Liu and P. Davis, Phys. Rev. E61, R2176~2000!.
@7# M.P. Kennedy, IEEE Trans. Circuits Syst., I: Fundam. Theo

Appl. 41, 771 ~1994!.
@8# G.M. Maggio, O. De Feo, and M.P. Kennedy, IEEE Tran

Circuits Syst., I: Fundam. Theory Appl.,46, 1118~1999!.
@9# O. De Feo, G.M. Maggio, and M.P. Kennedy, Int. J. Bifurc
7-10



s

r-

, I

ry

ci.

k

ev

N.

ri,

ys.

ys.

DUAL SYNCHRONIZATION OF CHAOS IN COLPITTS . . . PHYSICAL REVIEW E 68, 056207 ~2003!
tion Chaos Appl. Sci. Eng.,10, 935 ~2000!.
@10# G.M. Maggio, M. di Bernardo, and M.P. Kennedy, IEEE Tran

Circuits Syst., I: Fundam. Theory Appl.,47, 1160~2000!.
@11# F. O’Cairbre, G.M. Maggio, and M.P. Kennedy, Int. J. Bifu

cation Chaos Appl. Sci. Eng.,7, 2561~1997!.
@12# G. Sarafian and B.Z. Kaplan, IEEE Trans. Circuits Syst.

Fundam. Theory Appl.,42, 373 ~1995!.
@13# M.P. Kennedy, IEEE Trans. Circuits Syst., I: Fundam. Theo

Appl., 42, 376 ~1995!.
@14# W.W. Chai and L.O. Chua, Int. J. Bifurcation Chaos Appl. S

Eng.,5, 895 ~1995!.
@15# Z. Galias, C.A. Murphy, M.P. Kennedy, and M.J. Ogorzale

Chaos, Solitons Fractals8, 1471~1997!.
@16# K. Myneni, T.A. Barr, N.J. Corron, and S.D. Pethel, Phys. R

Lett. 83, 2175~1999!.
@17# A. Tamasevicius, G. Mykolaitis, S. Bumeliene, A. Cenys, A.

Anagnostopoulos, and E. Lindberg, Electron. Lett.37, 549
~2001!.

@18# V. Rubezic and R. Ostojic, Proc. IEEE ICECS’991, 153
05620
.

:

,

.

~1999!.
@19# C. Ababei and R. Marculescu, Proc. IEEE APCCAS2000, 30

~2000!.
@20# S. Moro and T. Matsumoto, Proc. NOLTA 20011, 167~2001!.
@21# A. Uchida, K. Takahashi, M. Kawano, and S. Yoshimo

IEICE Trans. FundamentalsE85-A, 2072~2002!.
@22# A. Uchida, T. Ogawa, M. Shinozuka, and F. Kannari, Ph

Rev. E62, 1960~2000!.
@23# A. Uchida, T. Matsuura, S. Kinugawa, and S. Yoshimori, Ph

Rev. E65, 066212~2002!.
@24# W.L. Ditto and L.M. Pecora, Sci. Am.269~2!, 62 ~1993!.
@25# A.R. Volkovskii and N. Rulkov, Tech. Phys. Lett.19, 97

~1993!.
@26# H.D.I. Abarbanel and M. Kennel, Phys. Rev. Lett.80, 3153

~1998!.
@27# G.D. VanWiggeren and R. Roy, Science279, 1198~1998!.
@28# J.-P. Goedgebuer, L. Larger, and H. Porte, Phys. Rev. Lett.80,

2249 ~1998!.
7-11


