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Fig. 1 Topology of the tri-capacitor sandwich circuit. C1, C2 and C3 denote capacitors, NR1
and NR2 are nonlinear resistors, R is a resistor, L is an inductor, and E is a constant voltage source.

(a) All-nonlinear-resistor coupling model; (b) Memristor-hybrid coupling model.
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Fig. 2 Comparison of current-voltage characteristics between the nonlinear resistor and the

memristor. (a) Nonlinear resistor; (b) Charge-controlled memristor.
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Fig. 3 Bifurcation diagrams of Configuration I. Variation of extremal values of (a) x1, (b) x, and (c)
x2 with respect to Iso. Red and blue dots denote the maxima and minima, respectively. The dashed
line at Iso=1.2 marks the operating point selected for subsequent frequency analysis. Other fixed

parameters are 71=0.5, 7:=0.8, 6:=0.07, w=0.3.
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Fig. 4 Frequency characteristics of Configuration 1. (a) The frequency ratio 7=£/f1 is constantly
equal to 1; (b) f1, f, and f; are all equal to the excitation frequency f.; (c) Typical time series (72=5);

(d) Phase portrait of x2 vs. x. The system exhibits frequency locking for all values of 7.
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Fig. 5 Frequency and energy characteristics of Configuration II (62=0.10). (a) Frequency
ratio r=f>/f as a function of §; (b) Dominant frequencies f1, £, and /> as functions of f; (c) Average
energy <H>as a function of £5; (d) Energy contribution ratios as functions of 5; (e) Typical time

series at $=0.5; (f) Corresponding frequency spectrum.
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Fig. 6 Frequency locking and energy characteristics of Configuration II (=0.5, §,=0.10). (a)
Dominant frequency f> of the inner membrane potential as a function of the excitation frequency w;
(b) Frequency ratio r=f2/f, as a function of w; (c) Average energy <H> as a function of w; (d)
Typical time series of a locked state; (e) Corresponding frequency spectrum; (f) Coefficient of

variation CV as a function of w.
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Fig. 7 Energy and regularity comparison under different frequency ratios (5=0.5). Bars:
average energy<H>; line: coefficient of variation CV. Frequency-multiplication region (15/8, 5/4):
high energy but large CV; 5/8division region: moderate energy and minimal CV{(optimal

regularity). Deep division region (1/3, 1/4): low energy but slightly increased CV.
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Fig. 8 Influence of parameters a, b, and > on the frequency ratio and energy,
with £=0.5, ©=0.30. (a) Capacitance ratio a=C/C}; (b) Capacitance ratio b=C/C>; (c) Inductor

parameter d>.
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Fig. 9 Sensitivity analysis of initial conditions at f=0.5, ®=0.30, 6,=0.10. (a) Frequency ratios

under 10 different sets of initial conditions; (b) Average energy.
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Fig.10 Frequency ratio and energy distributions of Configuration II in the two-dimensional



parameter space (62=0.10). (a) Heatmap of the frequency ratio r=f2/f., in the (8, w) plane; (b)
Distribution of the average energy <H> in the (§, @) plane; (c) Frequency ratio r as a function

of w for different 4 values; (d) Average energy <H> as a function of w for different 4 values.
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Abstract

The capacitive property of biological neuronal membranes makes capacitors essential
for constructing neural circuits. Connecting different nonlinear elements in parallel to
simulate the diversity of ion channels has become a key issue in developing functional
neuron models. This paper uses nonlinear elements to couple multiple capacitors,
mimicking the multilayer membrane structure of biological cells. It investigates the
membrane potential dynamics and the decisive role of memory effects in the system's
frequency conversion capability. Results show that the dual-nonlinear-resistor
configuration cannot generate frequency doubling or division under any parameter
settings. The three capacitors always lock to the driving frequency. In contrast, the
single-memristor configuration stably outputs subharmonic phase locking over a wide
parameter range. The system's average energy increases monotonically with the
memristor parameter. When the driving frequency changes, the system presents a
continuous rational phase-locking ladder from frequency doubling to deep frequency
division. Among these states, the 5/8 division state achieves the best balance between
energy efficiency and signal stability. This division state is a global attractor, and the
system is insensitive to initial conditions. The interlayer capacitance ratio and the
inductance parameter are key factors for maintaining the phase-locked state. This
work integrates frequency conversion, energy storage, and multi-port output into a
single circuit. It provides theoretical basis and engineering guidance for the functional

design of nonlinear circuits.

Keywords: Memristive neural circuits, Phase locking, Frequency conversion, Energy regulation
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