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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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[. INTRODUCTION behavior has been reportgf-16]. From the communication
applications point of view, broadband chaotic oscillations

Synchronization of chaos in electronic circuits has at-over 3 GHz have been demonstrated by using two-stage Col-
tracted increasing interest for the applications of secure conPitts oscillatord17]. Synchronization of chaos in one pair of
munications[1,2] and spread spectrum communicatips  Colpitts oscillators has also been demonstrafe&+-21].
Synchronization of chaos can be used for sharing the identi- In this paper, we demonstrate the dual synchronization of
cal chaos in a transmitter and a receiver as a cryptographic§N20S in two pairs of one-way coupled Colpitts oscillators by
code. Many studies on synchronization of chaos have bed?Pth experiment and numerical simulation. We use cross
reported in one-way coupled chaotic systdmg]. However, cogphng for du:_:\l gynchronlzatlon. The dggree of sy_nchronl—
since the configuration of synchronization is limited to gZation IS quantitatively evaluate.d'by using Fhe variance of
single pair of one-way coupled oscillators, this method canCorrelation plots from the best-fit linear relationship. We in-
not be applied for multiuser communication systef% vestigate the parameter regions for achieving dual synchro-

From the nonlinear dvnamic point of view. s nchronizationnization when one of the internal parameters is mismatched
y P ' Y between the master and slave oscillators, and clarify the tol-

of chaos in multiple pairs of one-way coupled oscillators is Berance to mismatch parameters for synchronization. We also

very interesting topic, which is related to the identification Ofdemonstrate a communication scheme by using dual syn-
chaos from mixed chaotic wave forms. chronization of chaos.

The technique of multiplexing is a very important issue

for. high capaci'ty gommunicatior{sﬁl]. Mulf[iplexing chaos Il. EXPERIMENT
using synchronization has been reported in a simple map and .
electronic circuit model by Tsimring and Sushchf. Dual A. Experimental setup

synchronization of chaos for synchronizing two different \We show a block diagram for dual synchronization using
pairs of chaotic maps and delay-differential equations hagolpitts oscillators in Fig. 1. Two of the Colpitts oscillators
also been investigated by Liu and Da{&. To synchronize are used as master oscillators, which we refer to as “M1” for
each pair of chaotic systems, all the parameter settings mustaster 1 and “M2” for master 2. The other two oscillators
be identical between the transmitter and the receiverare used as slave oscillatqf'$S1” for slave oscillator 1 and
whereas they must be slightly shifted between different pair§S2” for slave oscillator 3. The voltages in two master os-
of chaotic systems. Although it has been shown theoreticallgillators are combined as a transmission signal, and the sig-
in Refs.[5,6] that it is possible to synchronize each pair of nal is transmitted to the two slave oscillators. In front of the
multiplexed chaotic oscillators, these multiplexing synchro-slave oscillators, the transmission signal is subtracted by the
nization methods have not been experimentally confirmed. oltage of the other slave oscillators, i.e., the injection signal
is important to investigate synchronization of multiplexing is written asV 1+ Vmn— Vs, for the S1 oscillator, an®/,;
chaos in electronic circuits by experiment. +Vmo— Vg, for the S2 oscillator. For S1, the injection signal
Chaotic electronic oscillators for communications requireis equal to M1 under the condition of synchronization be-
specific characteristics such as broadband, security, and loween M2 and S2, because the S2 component cancels the M2
interference code generation. One of the good candidates ebmponent from the mixed signal MAM2. This is equiva-
chaotic electronic circuits for communications is the Colpittslent to a one-pair system. When synchronization manifolds
oscillator, which has a simple configuration consisting of afor the pair of M1 and S1, and the pair of M2 and S2 are
single bipolar junction transistor and some passive elementstable, dual synchronization can be achieved.
Nonlinear dynamics and chaotic phenomena in Colpitts 0os- Figure 2 shows the four Colpitts oscillators used in our
cillators have been intensively investigated and rich dynamiexperiments. Each Colpitts circuit consists of a single bipolar
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the parameters indicate the master 1, master 2, slave 1, and
slave 2 oscillators, respectively. Two of the Colpitts oscilla-
tors are combined through two voltage followers and an in-
verting adder circuit using operational amplifiers
(LM6361N). The combined signal is injected into two sub-
tractor circuits in order to subtract a voltage of S1 and S2 in
front of S2 and S1 circuit, respectively. Each electrical cur-
rent is injected into the collector of each slave transistor
through a coupling resistdR; as a synchronization signal.
The current is proportional to the difference between the
voltages before and after the coupling resistor. The amount
of the current can be changed By. The parameters used in
our experiments are summarized in Table |. Note that the
resistorsR, are identical for the pair of M1 and Steferred

to as “M1-S1”) (36.00)) and the pair of M2 and SZre-
ferred to as “M2-S2") (24.0Q)), but are different in the

FIG. 1. Block diagram for dual synchronization of chaos usingpairs of M1-S2 and M2-S1 in order to achieve dual synchro-

four Colpitts electronic oscillators.

junction transistor(2SC1740, Rohm Co. LD., cutoff fre-
guency of 180 MHx which is biased in the active region by
means oV, Ree, andV,.. The oscillator components con-
sist of an inductolL with series resistancR,, and two ca-
pacitorsC; and C,. The voltages of the collector-emitter
junction and the base-emitter junction are denoted aand

nization. The other parameters are set to be as identical as
possible. In this condition, since the chaotic attractors are
identical for M1-S1 and M2-S2, dual synchronization can be
achieved. Although we attempt to match the values of all the
parameters between the master and slave oscillators for ac-
curate synchronization, some errors in parameter matching
exist in experiment. We measure temporal wave formg of

in the four oscillators by using a digital oscilloscof&#ony-

Ve, respectively. The additional subscripts m1,m2, s1, s2 offektronix: 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 R,
= Rdl: Rd2: 91 kQ
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TABLE I. Parameter values for the four Colpitts oscillators ob- whereN is the total number of samples of the temporal wave

tained from our experiments. forms.V,, ; andVy ; are the normalized voltages of the master
and slave oscillators at thiéh sampling point. Smaller vari-
Parameters Master 1 ~ Master2  Slave 1  Slave 2 gnceq? indicates higher accuracy of chaos synchronization.
C, [nF] 57 44 5700 57 52 56.90 Inzthe cases of Figs.(B), 3(d2,43(f), and §4h), the variances
C, [nF] 5755 5782 5766 5758 o are calculated as 3610 4, 3.0<10 4, 1.0x 10, and
L [H] 99.44 10030 9956 9962  ©6:6% 10, respectively. - o
R, [0] 36.0 24.0 36.0 24.0 We investigate the charac’gensﬂc; of dual synghronlgatlon
Reo[0] 430 430 430 430 when the values of the coupling reS|std§t§a're varied. Flgj
Vee[v] 5.0 5.0 5.0 5.0 ure 5 shows the accuracy of synchronization for the pair of
VCC v _é 0 _5' 0 _5' 0 _5'0 M1-S1 as a function oR;. The accuracy of synchronization
Ree (0] 376 37'6 37'5 3‘51 gradually decreases with decreas&pfrom 50 (). The best
on accuracy is obtained &, of 21 (). We define a synchroni-
fre (=51) 238 244 228 220 zation region where the variane€ is greater than ten times
\thh[[(\)/]] 0.678 0'67920 0 0.674 0.679 the minimumo? when one of the parameters is changed. For
. :

example, since the minimum accuracy is$B8 4 in Fig. 5,
we define the synchronization range where the accuracy is
less than 5.810 3, which is ten times of the minimum
accuracy of 5.%10 4. The synchronization of chaos can be
Without coupling between the master and slave oscillaachieved in the range &, from 10() to 36 (). Hence, we
tors, chaotic oscillations are observed through some bifurcafound that there is an optimum value B for achieving
tion processes in all the circuits. These dynamics are consigccurate synchronization of chaos.
ered as deterministic chaos, as reported in H&fs10]. For We quantitatively investigate chaos-synchronization re-
dual synchronization, the coupling resistdRs are set to gions against parameter mismatch for some parameters in the
20.0Q). Figure 3 shows temporal wave forms Wf, and two pairs of Colpitts oscillators. One of the parameters of
their correlation plots of the corresponding pairs of M1-S1M1 is fixed and the corresponding parameter of S1 is shifted.
and M2-S2, and of different pairs of M1-S2 and M2-S1.Other parameters of M1 and S1 are set to be as identical as
Synchronization of chaotic oscillations is independentlypossible, although there still exist some errors in our experi-
achieved for the corresponding pairs, M1-S1 and M2-S2, agiental systems. All the parameters of the other pair of
shown in Figs. 83—3(d). A linear correlation is observed as M2-S2 are also fixed. Figure 6 shows the accuracy of syn-
shown in Figs. &) and 3d). Conversely, synchronization of chronization for the pair of M1-Sivariances?) as a func-
chaos is not achieved for the other pairs of M1-S2 and M2tion of parameter mismatch @8) R, 5; and (b) Ree sz The
S1, as shown in Figs.(8-3(h). We calculate the cross cor- best accuracy is obtained with matched parameters for both
relation between the temporal wave forms of the master anthe figures, although the shape of the curves is different in
slave oscillators, Cy_ ,Vsj:<AVm,iAVs,i>/(‘Tvmi‘TVS,-)’ Figs. 8a) and @b). This demonstrates that mismatched pa-
where AV,,; and AV are the deviations of the Master- 'ameters reduce the accuracy of synchronization. We esti-
and Slave voltages from the mean values ang,  and Mate the synchronization ranges for the variable parameters

. . . by using the criteria ofr? greater than ten times the mini-
oy, are the standard deviations of the Mastend Slavef mum o as follows: (@) —8.3%<R, < +12.0% and(b)

voltages. The angle brackets denote time averaging. The 5 304 Ree < +18.6%. The region for achieving syn-
cross correlations between the Mastemnd Slavef- voltages  cpronization is strongly dependent upon each parameter.
are estimated as 0.998 for Fig(b 0.998 for Fig. &d), We found that synchronization can be switched between
0.084 for Fig. &), and 0.033 for Fig. @). Thus, we have the two pairs of oscillators when the resistor valueRpére
experimentally achieved dual synchronization of chaos beget o he equal for all the oscillators. When all the parameters
tween M1 and S1, and between M2 and S2, respectively, iBye close enough to each other, the S1 oscillator can be syn-
one-way coupled Colpitts oscillators. chronized with either M1 or M2, depending on the initial
Figure 4 shows the transmission signal of M2 and  conditions. In this case, since the structure of the attractors
the output of S1. Only the oscillation of M1 is reproduced inor M1 and M2 are similar, the synchronization manifold is
the S1 oscillator from the combined signal of MM2,  girongly dependent on the initial condition. It is important for
which indicates that separate synchronization has beejhe achievement of dual synchronization to set parameters

achieved in our systems. No linear correlation is Observe@ignificamly different between the pairs of M1-S1 and M2-
between the transmission signal and the synchronized S1 sig>

nal as shown in Fig. @).

To evaluate the quantitative accuracy of chaos synchroni-

. . 2 - .
zation, variancer of t_he nqrmahzeq correlation plot from IIl. NUMERICAL CALCULATIONS
the best-fit linear relationship is defined as folloj2&,23:

B. Experimental results of dual synchronization

N A. Model
2:£ 2 Vo — V. )2 21 To describe the dynamics of Colpitts oscillators, we use a
o ( m, i s,|) ) (2.1 3 .
N model proposed in Ref.7]. We modify the model for two
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pairs of one-way coupled Colpitts oscillators. The four cir-
cuits can be described by autonomous state equations as fol-

lows:

Master oscillator 1:

PHYSICAL REVIEW E 68, 056207 (2003
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Master oscillator 2:

che,ml
1,mlT:|I,ml_|c,mla 3.1 dVee m2
1,m2T:|I,m2_|c,m21 (3-4)
dVv Vv +V dVv, V +V
C2,m1 be,mlz . ee,ml be,ml_ | b1 | i (3.2) C2,m2 be,m2: - ee,m2 be,mz_ | — | - (35)
dt Ree,ml dt I:zee,mz
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of M1-S1 as a function oR.. The dotted line indicates the thresh- indicates the threshold of synchronization. The vertical arrows in-

old of synchronization.
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where Vy, is the threshold voltageR,, is the small-signal
The bipolar junction transistor operates in two regions:on-resistance of the base-emitter junction, #d = hy) is
forward active and cutoff. We thus model the transistor as dhe forward current gain of the device. We numerically inte-
two-segment piecewise-linear voltage-controlled resistor andrate Egs.(3.1)—(3.12 by using the fourth-order Runge-
a linear current-controlled current source. The base curgent Kutta-Gill method.
and the collector currerit, are described as followg|:

B. Numerical results

0, V<V _ _ _ _ _
L =lv. v (3.13 For a practical situation, we mc_lude parameter mismatch
b M, Vie> Vi, ' between the master and slave oscillators as in the case of our
Ron experiments. We use the experimental parameters shown in
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Table | for our calculations, excefR| ,=R;»=25.5Q,
Nte. m2=206.5, andhg ,=195.0. We adjust the values of
Rim2, Ris2: Ne,m2, @ndhg o, SO that we can obtain the same
dynamical region of chaos and bifurcation diagram between L
experiments and calculations. For dual synchronization, the astor 1. aser 2
resistors of M1 and S1 are set to be identical Ryt 10°L— \3 : : :
=R, 5=36.0(), whereas the resistors of M2 and S2 are 400 440R 48&,] 520 560
identical atR; ,=R; s2=25.5().
Figure 7 shows temporal wave forms W, and their FIG. 9. Numerical results showing accuracy of dual synchroni-
correlation plots between one of the master oscillators angation of chaos for the pair of M1-S1 as functions(af Ry and
one of the slave oscillators with the coupling &  (b) R...; The dotted line indicates the threshold of synchroniza-
=20.00. Synchronization of chaotic oscillations is tion. The vertical arrows indicate the parameter values of M1 and
achieved for the pairs of M1-S1 and M2-S2, as shown inM2 for R, and Ree.
Figs. 1a)—7(d). We have confirmed the variables \éf, and
I, in Egs. (3.1)—(3.12 are also synchronized between the ure 8 shows the accuracy of synchronization as a function of
two corresponding oscillators. Conversely, the different pairdR.. The accuracy is gradually improvedq{ decreasesas
of oscillators for M1-S2 and M2-S1 are not synchronized toR; is decreased. Synchronization is achieved in the range of
each other in Figs.(8—-7(h). These numerical results agree R; less than 32) exceptR,=0. The shape of the curves is
well with our experimental results shown in Fig. 3. similar to that obtained by experiment as shown in Fig. 5,
To investigate the characteristics of parameter deperexcept at the region of small values Rf. We consider that
dence, we change the coupling resistait;e We use the the discrepancy between Figs. 5 and 8 derives from the huge
varianceo? to evaluate the accuracy of synchronization. Fig-amount of electronic current into the transistors in the Slave

.
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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 R The increase of electronic current Table 1. Figure 9 shows the accuracy of synchronization
into the transistors with decreasing Results in the change (varianceo?) as a function of parameter mismatch (@b
of nonlinearity of the transistors, which is not described as &, s; and (b) Ree sz The accuracy is gradually changed and
piecewise linear voltage-currenV¥{l) curve in our model. the best accuracy is obtained at the parameter matching con-
Therefore, we cannot observe good synchronization at smatlition between M1 and S1. The synchronization range for
R in the experiment shown in Fig. 5, even though the modekach parameter can be obtained as folloya: —5.5%
suggests the synchronization at this region as shown iR, s;<+8.2% andb) —3.5%<Rge ;i< +7.0%. These re-
Fig. 8. sults are consistent with our experimental results as shown in
We also investigate chaos-synchronization regions againgtig. 6.
parameter mismatch for different parameters in the two pairs The technique of dual synchronization could be applied
of the Colpitts oscillators. One of the parameters of M1 isfor more than two chaotic oscillators. We speculate that the
fixed and the corresponding parameter of S1 is shifted. Othéncrease of the number of chaotic oscillators results in the
parameters are set to be as identical as possible, shown limitation of parameter regions where separate synchroniza-

(a) 4_ : . - : T (b) 0.05 4_ 0.12
6 410
Y
%4 ‘ 8 = 0.08§
bt @
& 0g ° 3
o @© o
% < & 3
o2 6 o3 0.043
; 2z 4
S QD .
“o 4 S005 < FIG. 12. Experimental demon-
Q (=) H - B .
7 5 0 5 stration of our communication
=,[ L P - scheme using dual synchroniza-
SR ok T tion of chaos. Temporal wave
0 100 200 300 400 500 600 700 "0 100 200 300 400 500 600 700 forms of (a) Master 1+ Message
Time [ps] Time[ ps] .
(C)3 : - . : . - (d) 0.05 . - . . . - 0.12 1 and Slave 1,b) the original
-— -— Message 1 and the recovered
412
6 § Message 1(c) Master 2+ Mes-
% 1\ | | Ih ., = [poe2 sage 2 and Slave 2, and) the
o N oS °F ® original Message 2 and the recov-
= o
@50 6 g 3 ered Message 2.
@ ] {0.043%
S 6> 2 A
50 < E P
Nl | I |'\ ©-0.05F <
§.2 4 g) o B
%] = <
i 5 =
4 o 2 —
T oabceee e 0.04
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
Time [us] Time[ ps]

056207-8



DUAL SYNCHRONIZATION OF CHAOS IN COLPITTS. .. PHYSICAL REVIEW E 68, 056207 (2003

(@) 10* (b) 10*

10°f 10°
) )
S 107} 5 10 .
= = FIG. 13. rf spectra obtained from the temporal
5 10t 8. 10 wave forms of(a) Master 1+ Message 1 antb)
K e Master 2+ Message 2 shown in Figs. & and
2 10° 2 10° 12(c).
S S
(o))
2 10 s 10"

10-2 | L L | | | 1072 L L L L L L

0 20 40 60 80 100 120 0 20 40 60 80 100 120

Frequency [kHz] Frequency [kHz]

tion is achieved. The influence of the number of chaotic ossynchronization signal \;+ V., our scheme allows to
cillators upon the accuracy of separate synchronization willhaintain high accuracy of dual synchronization of chaos.
be investigated in our future work. The idea of the separation of synchronization signal from the
transmission signal with a message has been proposed in
Ref. [24]. Although all the transmission channels are acces-

We experimentally demonstrate a communication schemaP!€ Py eavesdroppers, the original messages cannot be de-
by using dual synchronization of chaos in the Colpitts oscil-coded without separating the two chaotic wave forms be-
lators. Our scheme is shown in Fig. 10. A message is extefWeen M1 and M2. Random message signals must be used in
nally added on each chaotic carrier of M1 or M2 indepen-th's scheme in order to avoid the detection of the message by
dently. Each pair has a transmission line to deliver the mixedavesdroppers.
signal of the chaos and message components. In order to Figure 11 shows the circuit diagram for the implementa-
achieve dual synchronization of chaos, we also have addtion of our communication scheme using dual synchroniza-
tional transmission line for the mixture of two chaotic wave tion of chaos. Each message is individually added to each
forms between M1 and M2. Thus there are three transmischaotic wave form by an inverting adder circuit. The mixed
sion channels in our scheme. In the receivers, we can extrasignal is transmitted to the corresponding receiver. Two
the corresponding chaotic wave form from the sum of twooriginal chaotic signals in the two master oscillators are also
chaotic wave forms by using the technique of dual synchroadded and sent to the two slave oscillators for dual synchro-
nization of chaos. Since there is no message signal on tha@zation. There is no recognizable delay between the mixed
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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 1+ Message
1 and Slave 1,(b) the original
Message 1 and the recovered
Message 1(c) Master 2+ Mes-
sage 2 and Slave 2, and) the
original Message 2 and the recov-
ered Message 2.
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chaotic signal and the transmission signals carrying the mesan be judged from the recovered message signals according
sages, because the oscillation frequency of chaotic signals 18 a certain threshold value even though the recovered mes-
relatively slow around 95 kHz. In each receiver, the messagsages contain small portions of chaotic fluctuations. There-
can be subtracted from the transmission signal by using #ore, we have experimentally and numerically demonstrated
synchronized chaotic wave form obtained from the proce-our communication scheme using dual synchronization of
dure of dual synchronization. The subtracted message signehaos.
is applied to a low pass filter, and the original message can Our communication scheme is based on multiple trans-
be recovered. mission channels in order to avoid the distortion of synchro-
We use two different sinusoidal wave forms as messagaization signal when messages are added to chaotic signals.
signals for simple demonstration in experiments. The freAs proposed in Ref[25-28, when a message signal is
guencies of the two messages for M1 and M2 are set to 18dded in a chaotic system with a time-delayed feedback
and 4 kHz, respectively. The depths of the modulations aréoop, synchronization of chaos can be maintained even in the
set small enough to 0.013 and 0.010 for M1 and M2, respegpresence of the message component on the chaotic signal. In
tively, so that the message components cannot appear on teach a time-delayed feedback system, dual synchronization
chaotic carriers. The cutoff frequencies of the low pass filterof chaos could have a potential to achieve multiplex commu-
at the final stage of the message recovery are set to 15 andnications. The multiplex communications using dual syn-
kHz, respectively. Figure 12 shows the temporal wave form&hronization of chaos will be our future work.
of transmission signaléchaos and messagesynchronized
signals in the slave lasers, and message components, ob-
tained by experiment. It is difficult to distinguish the mes-
sage component from the transmission signal as shown in We have demonstrated the dual synchronization of chaos
Figs. 12a) and 12c). However, we can successfully recover in two pairs of one-way coupled Colpitts electronic oscilla-
two independent message components as shown in Figgrs by both experiment and numerical simulation. We use
12(b) and 12d) after subtracting the chaotic wave forms the cross coupling method, where the difference in voltage
from the transmission signal and passing them into the lovbetween the sum of two master oscillators and one slave
pass filters. The distortion of the recovered signals is veryscillator is injected into the other slave oscillator as an elec-
small. Figure 13 shows the rf spectra of the temporal wavérical current, for dual synchronization of chaos. We have
forms for the transmission sign@haos and messagehown investigated the regions for achieving dual synchronization
in Figs. 12a) and 14c). There is no sharp peak correspond- of chaos when one of the internal parameters is mismatched
ing to the message frequency on the rf spectra. Since theetween the master and slave oscillators. We numerically
message components are very small, it is difficult to find theobtain a similar curve for the accuracy of synchronization to
message components without achieving dual synchronizatiothat obtained from our experiments. We have also demon-
of chaos. strated our communication scheme using dual synchroniza-
We also numerically confirm our communication schemetion of chaos. The technique of dual synchronization could
The configuration is the same as shown in Fig. 10. We usbe applied for higher-frequency chaotic electronic circuits
random digital sequences as messages in our simulation. Tlaad chaotic lasers oscillating at gigahertz frequencies.
depths of the messages are set to 0.10 and the fundamental
frequencies of the random square waves are set to 24 kHz for
both M1 and M2. The low pass filters with the cutoff fre-
guency of 30 kHz are used for message recovery. Figure 14 We acknowledge Peter Davis for helpful discussions.
shows the temporal wave forms of transmission signaldv.K. acknowledges Kinashi Denki Co. Ltd. for financial
(chaos and messagesynchronized signals in the slave la- support. This work was financially supported by The Sumi-
sers, and message components, obtained by numerical caldomo Foundation, The Telecommunications Advancement
lation. Although message components do not appear in thEoundation, the Sasakawa Scientific Research Grant from
temporal wave forms of the transmission signal, we canThe Japan Science Society, The Promotion and Mutual Aid
clearly observe the random digital sequences for both of th€orporation for Private Schools of Japan, and Grant-in-Aid
messages by subtracting the synchronized signals, which afer Encouragement of Young Scientists from the Japan Soci-
obtained by dual synchronization of chaos. The binary bitsety for the Promotion of Science.
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