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Abstract—We design a four-dimensional chaotic circuit with a
memristor and investigate how changes in the memristor’s dopant
mobility affect its v-i characteristics and the overall behavior of
the chaotic circuit. As a result, we find that the v-i characteristics
of the memristor change from linear to various nonlinear forms
as the dopant mobility increases. Furthermore, we observe that
the dopant mobility influences the behavior of periodic orbits
in the chaotic circuit and oscillation switching of periodic and
chaotic states.

I. INTRODUCTION

The working principle of a memristor is based on the
resistive switching effect. When a voltage is applied, oxygen
vacancies in the insulating layer migrate and form conductive
filaments, resulting in a change in current magnitude. Due
to this excellent resistance switching behavior, memristors
exhibit unique v-¢ characteristics, such as the pinched hystere-
sis loop in the Hewlett—-Packard (HP) model and piecewise
linear v-i characteristics in simplified models. Furthermore,
memristors based on various materials, such as TiO5, HfO,,
and ZnO, have been proposed. Since the dopant mobility
varies depending on the material, these devices are expected to
exhibit with deiiferent v-7 characteristics on each material [1].
Therefore, even if the basic working principle of the mem-
ristor remains the same, its response in a circuit may differ
depending on the dopant mobility. Accordingly, it is important
to investigate the relationship between dopant mobility and
circuit behavior.

In this study, we investigate the influence of the memristor
dopant mobility on a chaotic circuit dynamics.

II. CIRCUIT MODEL

We use a chaotic circuit with a memristor presented in
previous study, shown in Fig. 1 [2].
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Fig. 1. Chaotic circuit with the memristor

In this circuit, we can observe the oscillation switching phe-
nomena of periodic and chaotic oscillations over time. The
original chaotic circuit consists of one negative resistor r, one
capacitor C', two inductors L1 and Lo, and one dual-directional
diode as a nonlinear resistor vg. In this original chaotic circuit,
i1 is usually larger than 75 when chaos is observed. To take
advantage of this property, the memristor is added between
the inductor L; and the negative resistor —r to increase the
influence of the memristor on the chaotic circuit.
In Fig. 1, we use the HP memristor as described in (1).
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The resistance of a memristor called memristance and denoted
by M(q), is a function of the charge ¢(t). Here, R,, and
Rog represent the minimum and maximum resistance values,
respectively. 1, denotes the dopant mobility, and D is the total
thickness of the doped and undoped regions.
Then, by following the normalizations,
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the normalized circuit equations are given as follows:
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where « is the negative resistance, S is the ratio of inductance,
~ is the resistance of the nonlinear resistor when the diodes
are off, n is the maximum memristance, ¢ is the minimum
memristance, and £ corresponds to the dopant mobility.

In the computer numerical calculation, the step size of the
Runge-Kutta method is set to » = 0.002. This numerical
calculation is performed for 7 from 0 to 100,000. Some of
the parameters are fixed to o = 0.588, 5 = 2.92, v = 456, n
= 0.171, and ¢ = 0.00625. The initial values of each variable
is set randomly between -0.6 and 0.6.



III. RESULTS

We observe the v—i characteristics of the memristor while
varying the dopant mobility u,, with the values of pu, based
on the results reported in [3].

Typically, the v—: characteristics of a memristor are eval-
uated under sinusoidal excitation. To ensure consistency, we
first determine the dominant frequency of the chaotic circuit
and then apply a sine wave of the same frequency to the
memristor. The resulting v—¢ characteristics are subsequently
compared with those observed during its operation within the
chaotic circuit.

The dominant frequency of the chaotic circuit is determined
from the power spectrum shown in Fig. 2. As shown in Fig. 2,
the primary frequency component is approximately 27.2 kHz.
Accordingly, the frequency of the sine wave input for the v—i
characteristic comparison is set to 27.2 kHz.
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Fig. 2. Frequency of the chaotic circuit

Next, we investigate the v—i characteristics of the memristor
under both sine wave excitation and operation within the
chaotic circuit, and analyze how the circuit output changes
with variations in dopant mobility p,. Figure 3 shows the
changes in the memristor’s v—i characteristics and the corre-
sponding circuit behavior, visualized using a Poincaré map.
When i, = 107¥m?V~1s~!, where a pinched hysteresis
loop was reported in previous studies, the v—¢ characteristic
appears nearly linear, resembling that of a pure resistor. This
is likely due to the input voltage having a higher frequency
than that used in the conventional setup. As p, increases, a
hysteresis loop gradually emerges. In the range p, = 10714
to 10712m? V1 s~!, three-period oscillations become more
dominant than chaotic oscillations. Moreover, when g, in-
creases further to between 107! and 5 x 10~ 11'm?V—1g1,
the chaotic oscillations transition to three-period oscillations,
which subsequently converge to one-period oscillations. These
results indicate that the behavior of the periodic oscillations
in the circuit strongly depends on the dopant mobility of the
memristor.

Finally, we investigate the change in the oscillation switch-
ing of 3-periodic and chaotic oscillations when g, is changed.
Table I shows the number of times of the oscillation state
switches and the ratio of 3-periodic oscillation to the entire
simulation time, averaged over five different initial values.
From Table I, as p, increases, the number of switching events
decreases until 1-periodic oscillation occurs, and the ratio of
3-periodic oscillations increases.
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Fig. 3. Changes in v-¢ characteristics and circuit output due to dopant mobility

TABLE I
OSCILLATION SWITCHING PHENOMENON
Ave. Oscillation switching [times] | Ave. Period ratio [%]

Pure resistor 0 0.00
v /v -s]

le-14 1071 13.19

le-13 173 84.18

le-12 11 99.31

le-11 124 9.96

Se-11 3 0.02

IV. CONCLUSIONS

By varying the dopant mobility of the memristor in a chaotic
circuit, we found that the behavior of periodic oscillations was
significantly affected. Furthermore, the number of oscillation
switching events and the proportion of periodic oscillations
were found to vary with the dopant mobility.
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