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Abstract

In this study, we investigate the synchronization of bi-
directionally coupled chaotic circuits with non-uniform cou-
pling strength in proposed model. First, computer simulation
of two chaotic circuits is performed. Then, the number of
circuits is increased to see how it affects the synchronization
phenomena. As a result, synchronization phenomena are also
observed when the coupling strength is non-uniform. The
number of circuits that are synchronized is related to the cou-
pling strength that can keep the synchronization phenomena.

1. Introduction

Synchronization phenomena are commonly observed in
nature, such as the resonance of a metronome, the lumines-
cence of a firefly, or the beating of a heart. In recent years,
research has been conducted in various fields, such as syn-
chronization of human brain networks [1] and communica-
tion networks [2]. Coupled oscillators are excellent for mod-
eling nonlinear phenomena in nature, and synchronization is
one such nonlinear phenomenon. In particular, we can con-
firm an interesting phenomenon called chaos synchroniza-
tion, in which chaotic circuits that emit complex behaviors
align their behaviors by coupling. Therefore, chaos synchro-
nization in coupled chaotic circuits is often studied [3]-[5].
Among them, many studies have focused on the topology
and coupling strength of bi-directionally connected networks.
Those studies have shown that the coupling strength in both
directions is equal. However, social networks such as human
relationships do not always have equal bi-directional coupling
strength.

Therefore, in this study, we focused on the bi-directional
strength between chaotic circuits. We investigated the syn-
chronization phenomenon when the bi-directional coupling
strength is non-uniform, where the coupling strength in one
direction is fixed and the coupling strength in the other direc-
tion is varied. In addition, a comparison is made with the case
where the bi-directional coupling strength is varied simulta-

neously. Moreover, we also investigate the synchronization
phenomenon when the number of chaotic circuits is changed.

2. System model

Figure 1 shows the chaotic circuit used in this study. The
chaotic circuit consists of a negative resistor, two capacitors,
an inductor, and a bidirectional diode. The chaotic circuit is
called the Mori-Shinriki circuit [6], [7].

Figure 1: Circuit model.

The circuit equations of the chaotic circuit are shown as
follows:





L
din
dt

= v2n

C1
dv1n
dt

= gv1n − idn − 1

R

∑
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(v1n − v1k)
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= −in + idn,

(1)

(n = 1, 2, 3, 4),

The i − v characteristic of nonlinear resistor consisting of
the diodes is described as follows:

idn =





Gd(v1n − v2n − a) (v1n − v2n > a)
0 (|v1n − v2n| ≤ a)
Gd(v1n − v2n + a) (v1n − v2n < −a).

(2)
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By using the parameters and variables as follows:
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.

The normalized circuit equations of the circuit are de-
scribed as follows:





ẋ = zn
ẏ = αγyn − αβf(yn − zn)− αδf(yn − yk)
ż = βf(yn − zn)− xn

(3)

Where the nonlinear function corresponding to the i − v
characteristic in Eq. (2) is described as follows:

f(yn − zn) =





yn − zn − 1 (yn − zn > 1)
0 (|yn − zn| ≤ 1)

yn − zn + 1 (yn − zn < −1).
(4)

Figure 2: Model A.

Figure 3: Model B.

Figure 4: Model C.

Figures 2-4 show the system model used in this study. The
coupling strength from other circuits to CC1 is varied, while
the coupling strength between other circuits is fixed at δ =
0.22 for simulation.

In order to measure the synchronization phenomena quan-
titatively, we defined synchronization as in the following
equation.

|yi − yj | ≤ 0.01 (i ̸= j) (5)

Figure 5: Voltage difference waveform.

The synchronization rate is expressed using the voltage dif-
ference waveform between circuits. When the voltage dif-
ference is within the reference value, it is considered syn-
chronous, and when it is not within the reference value, it is
considered asynchronous. The synchronization rate is then
indicated by the percentage of how far within the reference
value within a certain period of time.

3. Simulation results

In this study, the synchronization phenomena are inves-
tigated by the computer simulations. The parameters as
α = 0.5, β = 20, γ = 0.5 on all circuits are fixed. The
synchronization rate is averaged over five changes of the ini-
tial values for each circuit. Figure 6 shows the changes in
the synchronization phenomena in Model A. The coupling
strength from CC1 to CC2 is constant, and when the coupling
strength from CC2 to CC1 is varied, it is considered Non-
Uniform, and when the coupling strength between CC1 and
CC2 is both varied, it is considered Uniform. Figure 7 shows
the voltage difference between CC1 and CC2 of model A at
each coupling strength. The coupling strength from CC2 to
CC1 is varied. Figure 6 shows that the synchronization rate
remains close to 100[%] until the coupling strength of one
side becomes about half of the coupling strength of the other
side. In addition, the change in the synchronization phenom-
ena for the Non-Uniform coupling strength is different from
that for the Uniform coupling strength. The voltage differ-
ence waveforms in Fig. 7 show a clear distinction between
synchronous and asynchronous.
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Figure 6: Relationship between synchronization rate and
coupling strength (Model A).

Figure 7: Voltage difference waveforms (Model A).

Figure 8 shows the change in synchronization phenomena in
model B. The coupling strength from CC2 and CC3 to CC1
is varied. Figure 9 shows the voltage difference waveforms
between CC1 and CC3 of model B at each coupling strength.
From the Figs. 8 and 9, with uniform coupling strength, the
synchronization phenomena collapse from δ = 0.11. On the
other hand, for non-uniform coupling strength, it is confirmed
that the synchronization phenomena collapse from δ = 0.05.
When δ = 0.07, the voltage difference in Model A appears to
vary, but in Model B, no variation in the voltage difference is
seen, considering that the number of circuits affects the syn-
chronization phenomena.

Figure 8: Relationship between synchronization rate and
coupling strength (Model B).

Figure 9: Voltage difference waveforms (Model B).

Figure 10 shows the change in synchronization phenom-
ena in model C. The coupling strength from CC2, CC3, and
CC4 to CC1 is varied. Figure 11 shows the voltage differ-
ence between CC1 and CC4 of Model C at each coupling
strength. Figure 12 compares the three proposed models with
non-uniform coupling strengths. from Fig. 10, Model C also
shows similar results to Model B. Moreover, compared to
Model B, the coupling strength at which the synchronization
phenomena collapse is smaller in Fig. 12.

Figure 10: Relationship between synchronization rate and
coupling strength (Model C).

Figure 11: Voltage difference waveforms (Model C).
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Figure 12: Comparison of synchronization rate for the three
models.

4. Conclusions

In this study, we investigate the synchronization of bi-
directionally coupled chaotic circuits with non-uniform cou-
pling strength. It is confirmed that the synchronization phe-
nomena are kept even with non-uniform coupling strength.
Moreover, the non-uniform coupling strength showed the
synchronization phenomena even at weak coupling strength
compared to when the coupling strength is weakened uni-
formly. It is also confirmed that by increasing the number
of circuits connected to CC1, the coupling strength at which
the synchronization phenomena collapse becomes smaller.

In the future, we would like to investigate the synchroniza-
tion phenomena in system model with more meaningful di-
rections by increasing the number of connection points with
non-uniform coupling strength. We would also like to check
the synchronization phenomena when the connection state
between synchronized groups is changed.
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