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Abstract—In this study, we analyze fifteen coupledcomparators in the next oscillator. Hence, the whole circuit
chaotic oscillators composed of RC circuits. In particulargonsists of one rectangular voltage source, 30 comparators,
we pay our attention on the cross correlation characteri80 resistors, and 30 capacitors.
tics between neighboring oscillators. In addition, we in- Figure 2(a) shows the rectangular voltage waveform
vestigate the cross correlation characteristics between thg(t) inputted to the first oscillatorEa is the amplitude
first oscillator and the others. By computer calculationsyf the rectangular voltage aridis the period of the wave-
we investigate how the cross correlation changes as a diorm. The circuit equations are described as follows:
cuit parameter increases. Further, the oscillators in the later d _ £ v
stage are confirmed to have stronger correlation than thoRE — = { vitE (v2>Vs)

dt -vi—E (V2 <Vs)

in the early stage.
dv, { -2 —E  (v1>Vs)

1. Introduction dt ~Vo+E (V1 < Vs)

Recently, many researchers have shown their interesgg~dvn { Vo +E  (Ve1 > V1)

in chaotic systems. Chaos has been investigated not only dt | —y,-E (Ve < Vno1)
in engineering but also in various fields such as medicine, V1 —E (Vo > V1)
sociology and economics. In the field of electrical anggcd¥+t _ m no ot
electronic engineering, researchers have proposed various dt Vo1 +E (Vh < Vpo1)
applications using chaos as chaos communications, chaos
(n=35 7,9, ---,29)
cryptosystem, chaos neural networks and so on. In order .
to realize chaotic engineering systems, it is important t¢/hereE is the output voltage of the comparators, namely
investigate simple chaos-generating circuits. the DC supply voltage of the operational amplifiers. By
In our previous study, a simple chaotic oscillator usindgising the following variables and the parameters,

two RC circuits were proposed [1]. We carried out com-

. X ; _ X w = Ex, t=RCr, T = RGB, 2
puter calculations and investigated chaotic behavior when . X g & 2)
the number of RC circuits increased [2]. k=12 34, ---, 30

In this study, we analyze fifteen coupled chaotic 0sCiliye ohtain the normalized circuit equations. Because the
lators composed of RC circuits. In particular, we pay OUgcit equations are linear in each region, the rigorous so-

attention on the cross correlation characteristics betweﬁjrhon of the circuit equations can be derived as follows:
neighboring oscillators. In addition, we investigate the

cross correlation characteristics between the first oscillator
and the others. By computer calculations, we investigat)% _
how the cross correlation changes as a circuit parametei’ B
increases. Further, the oscillators in the later stage are con- {

)

(X]_o - 1)e‘T +1 (X2 > Va)
(xw0+1)e" -1 (X2 <Va)
(X0+1)e7 =1 (x1>V,)
(x0-1)e"+1 (X2 <Vo)
(%0—1)e7"+1 (Xns1 > Xn-1)
(Xo+1)e" =1 (X1 < %n-1)
Figyre 1.shows thg circuit model. I.n this figure 15 | Ko+ 1)ET -1 (Xa > Xn-1)
chaotlc oscnlators,. which was proposed in[1], are couplle&(f”fl Tl Xeepo—1)ETHL (X0 < Xn-1)
via one-way coupling through simple comparators. An in-
dependent rectangular voltage source is connected only to (n=3579 -, 29

the first oscillator and the voltage across one of the two cavhereV,, corresponds t&/s and shown in Fig. 2(b), and
pacitors in the previous stage of oscillators is inputted to the g, X0 andxyg are initial valuesi§ =3, 5, 7, 9, - -, 29).

firmed to have stronger correlation than those in the early,
stage.

2. Circuit model Xn

®)
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Figure 1: Circuit model. Figure 3: Chaotic attractors obtained from computer calcu-

lations fOY,B =4.0. (a)Xl—Xg, (b) X13— %15, and (C)ng—Xgo.

3. Simulation results (1) @ = 0.058, (2)a = 0.080, and (3)r = 0.100.

Figure 3 shows some examples of chaotic attractors ob-

tained from computer calculations. We compare Fig. 3(aSmmarize the values afr for which the cross correlation
with (c2), then we can see that the degree of chaos beco _C|ent takes the_ maximum va_Iue ma&x() in Table 1. )
larger for the later stage. When the valuesobecomes We find that the neighboring oscillators have strong posi-

larger, only periodic attractors are observed in the earf§*€ correlations.
stages as shown in Fig. 3(a3). Figures 6 and 7 show the attractors reconstructed by con-
values ofa are 0.058 and 0.080, respectively. There existhapes of these attractors, we can also see that the neigh-
attentions on the relation between the time waveforms &felay.
neighboring oscillators. Next, Fig. 8 shows the cross correlations of the first os-
We show the cross correlations of neighboring oscillacillator and others. Vertical axis is the correlation fibe
tors in Figs. 5(a) and (b). Vertical axis is the correlation cocientRxy betweenx; andx (I = 3,5,11,17,23,29). Hor-
efficient Ryy betweenxy and xm.» (m = 1,3,5,7,17,27). izontal axis shows the delay timgr. We can see that
Horizontal axis shows the delay timer. We find that the correlation cocients betweerx; and others are very
neighboring oscillators correlate from Figs. 5(a) and (b)small excepts andxs. This means that the first oscillator
In Fig. 5(a), when the value @¥fr is 0.18, the cross correla- does not have strong correlations with the oscillators on the
tion codlicient of x; — x3 takes the largest value 0.53. Thelater stages.
cross correlation cdicient of xp7 — Xo9 takes the largest  Figure 9 shows the attractors reconstructed by consider-
value 0.67 also foAr = 0.18. Therefore, we can say thating the appropriate time delay obtained from Fig. 8. We
the cross correlation becomes larger for the later stages. \&&@nnot see any strong correlations.
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AN A AANN AN AAAN In this study, we have analyzed fifteen coupled chaotic
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VNGNS NN Ve W Ve e 3 VRVBVGRY: ofs ¥or VNV tween neighboring oscillators. In addition, we investigated

(b) the cross correlation characteristic between the first oscil-
lator and others. By computer calculations, we investi-
Figure 4: Time waveforms fof = 4.0. From top: X;, gated the cross correlation changes as a circuit parameter
X3, X5, X7, X9, X11, X13, X15, X17, X19, X21, X23, X25, X27, X29.  increases. We could observe the cross correlation char-
(@)a = 0.058 and (b} = 0.080. acteristic between neighboring oscillators. However, we
found that non-adjacent oscillator does not have correla-

Table 1: Time delay\r with the maximum values of cor- tion. The chaotic oscillators in the later stage were con-
relation codficient maxR,). firmed to have stronger correlation than those in the early

stage.
a = 0.058 a = 0.080 . . .
In our future work, we will subject detailed research of
At | maxRyy) | At | maxRyy) )

the cross correlation of neighboring oscillators and analyze
x-x | 018 053 |020 0.63 with Lyapunov exponent.
X3 — X5 | 0.22 0.64 0.20 0.56

Xs— X7 | 0.21 0.61 0.22 0.61

X;—-X | 0.18| 054 |026| 0.72 Acknowledgments
X17 — X19 | 0.21 0.70 0.20 0.66
Xa7 = Xg9 | 0.18 0.67 0.21 0.73 This work was partly supported by JSPS Grant-in-Aid

for for Scientific Research 22500203.
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(e)

Figure 6: Attractors reconstructed with time delay doe
0.058 andB = 4.0. (a) x1(r) — xs(r + 0.18), (b) x3(7) —
Xs(7+0.22), (C)Xs5(1) — X7(7+0.21), (d)X7(7) — Xo(7 + 0.18),
(8) X17(T) - X]_g(T + 021), and (f)X27(T) - X29(T + 018)
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Figure 7: Attractors reconstructed with time delay do=
0.080 andB = 4.0. (a)x(r) — xa(r + 0.20), (b) x3(7) —
x5(7+0.20), (€)x5(7) — X7(7+0.22), (d)%7(7) — Xo(7 +0.26),
(e) X17(‘(') - Xlg(T + 020), and (f)X27(T) - ng(‘l' + 021)
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Figure 8: Cross correlation values of the first oscillator and
others fore = 0.080 and3 = 4.0.

(b) (©) (d)

Figure 9: Attractors reconstructed with time delay o
0.080 an@3 = 4.0. (a)xa(7)— X5(7+0.30), (b)X1(7) —Xo(T+
1.33), () X1(1) — X17(r+0.17), and (dX1 (1) — Xoo(T + 1.35).
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