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Abstract— This work investigates the spectral and ener-
getic aspects of memristor programming using generalized
Gaussian voltage pulses. Unlike conventional square or
triangular waveforms, generalized Gaussian pulses enable
precise control over both temporal shape and frequency
content through a tunable shape parameter. By systemat-
ically varying the pulse’s effective width and sharpness,
we analyze the resulting current response and its depen-
dence on the memristor’s nonlinear and memory-driven
dynamics. SPICE simulations reveal how pulse shaping
directly affects the spectral distribution, instantaneous
power consumption, total programming energy, and pro-
gramming time. The results highlight key trade-offs among
frequency-domain characteristics, pulse amplitude, and
energy efficiency, providing practical design guidelines
for energy-aware memristive programming. Controlling
the frequency spectrum in memristive circuits is critical
to preventing parasitic elements in wires and devices
from introducing additional signal distortion, which could
compromise the accuracy and reliability of in-memory
operations. These findings have potential implications for
low-power neuromorphic computing, analog signal modu-
lation, and waveform-optimized memory architectures.

Index Terms— Memristor, frequency, energy, power,
SPICE.

I. INTRODUCTION

MEMRISTORS are two-terminal devices that encode
information in the form of an electrical resistance

state that persists after the programming signal is removed.
The key theoretical elements underlying memristor behavior
were originally proposed by L. Chua in his seminal works
on nonlinear circuit theory [1], [2], [3]. This tunable and
nonvolatile property of memristors is a hallmark of ReRAMs
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technologies, enabling their integration into memory arrays
and neuromorphic computing systems [4]. Among the different
programming schemes, including constant voltage or current,
ramps, and pulses, the pulse-based approach is the most widely
adopted owing to its superior control and precision [5], [6].
While extensive research has explored how the polarity and
duty cycle of programming pulses affect resistive switching
behavior [7], the spectral implications of pulse shape, partic-
ularly rise and fall times, remain underexplored. In practical
scenarios, idealized square pulses are unattainable, and real
voltage transitions inherently introduce frequency compo-
nents beyond the fundamental. In this study, we focus on
bipolar-type memristors where resistive switching involves
the formation and rupture of conductive filaments across
the dielectric layer in a metal-insulator-metal structure [8],
[9]. Although filament dynamics are governed by ion drift
and vacancy migration under the influence of the electric
field, the interplay between pulse shape and internal state
evolution becomes relevant, particularly when sharp tran-
sitions are present. This aspect was partially explored in
[10], but exclusively in the context of voltage ramps with
different sweep rates. To investigate these effects in more
detail, we use generalized Gaussian (GGP) voltage pulses
to program the device, allowing systematic variation of
effective pulse width, amplitude, and sharpness while main-
taining control over spectral content [11]. The simulations
are performed using the Dynamic Memdiode Model (DMM)
implemented in the SPICE environment, more specifically
in LTspice XVII [12]. A wide range of experimental data
fittings supporting the DMM can be found in [13], [14],
and [15]. The frequency response of memristors has also
been thoroughly discussed in [16], [17], [18], [19], [20], and
[21].

The aim of this study is to provide insights into how
waveform design influences power consumption, programming
energy, and programming time. In addition, effective control
of the frequency spectrum in memristive circuits is crucial to
minimize the impact of parasitic capacitances and inductances,
which can introduce signal distortion and undermine the
accuracy and reliability of in-memory computing operations
[13], [22]. SPICE-based simulations are presented to quantify
these trade-offs under generalized pulsed stimulation. For the
sake of completeness, the model script used to perform the
calculations is included in the Appendix. This work highlights
a theoretical aspect of memristor programming that remains
unexplored and requires technology-specific experimental val-
idation, an issue of growing importance given the increasing
focus on energy-efficient device operation.

© 2026 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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Fig. 1. Plot of generalized gaussian voltage pulses as a function of the
shape parameter ˛. VM is the amplitude and ff the width.

II. METHOD FOR GENERATING GGPS

A train of generalized Gaussian voltage pulses V(t) can
be constructed by composing a generalized Gaussian function
with a linearly increasing ramped signal x(t). This approach
leverages the monotonicity of the ramp to map time directly
into the argument of the Gaussian expression, effectively
shaping the voltage waveform with precise temporal control.
More concisely, we consider:

V(t) = VM exp

(
− ln(2)

�
2|x(t)|
σ

�β)
(1)

with
x (t) = t − T

�
F
� t

T

�
+

1
2

�
(2)

where t is the time, VM the voltage pulse amplitude, β the
shape parameter, σ the pulse full width at half maximum
(FWHM), T the signal period, and F the floor function.
For β = 2, (1) reduces to the well-known Gaussian pulse,
if β < 2, the family of curves produces heavier tails than
the Gaussian case (β = 1 corresponds to a Laplace, i.e.
spike-like pulse). For β > 2, the pulse becomes increasingly
sharp and localized, approaching a square pulse as β → ∞
(see Fig. 1). Note that the compositional method proposed
here is not limited to Gaussian functions; it can be general-
ized to synthesize a wide variety of waveforms by applying
different mathematical envelopes (e.g., Lorentzian, double-
exponential, sinusoidal windows) to a ramp function. In this
formulation, the ramp acts as a temporal carrier, while the
envelope defines the final waveform shape. This approach is
particularly useful in circuit-simulation environments such as
SPICE, where constructing complex time-domain signals from
primitive elements (ramps and mathematical expressions) pro-
vides flexible control without relying on predefined waveform
sources. Practical implementations of Gaussian voltage-pulse
generators can be found in [23], [24], [25], [26], and [27].

III. FREQUENCY EFFECTS ON THE I-V CHARACTERISTIC

In the DMM [14], the current-voltage (I-V) characteristic
and internal memory state 0 ≤ g ≤ 1 of a bipolar-type
memristor are described by the following set of coupled
nonlinear equations:

I (V) =
��

Ion − Io f f
�

g + Io f f
�

sinh [αVB] (3)
dg
dt

=
1
T0

�
(1 − g) H (VB) + gH(−VB)

�
sinh

�
VB

V0

�
(4)

where VB = V-IR is the applied voltage corrected by the snap-
back series resistance R. α, T0, and V0 are fitting constants,

Fig. 2. a) Chirp sinusoidal voltage signal. b) Current-time characteristic.
Dashed lines indicate the reduction of the current window. c) Shrink of
the I-V loop (black arrows) and shift of the set and reset voltages (violet
arrows) as the signal frequency increases.

Fig. 3. a) Evolution of the read current (I@0.1V) for different ˛ values.
The current drop indicates the target state (gf = 0.75) was reached.
b) Consumed energy as a function of time. c) Dissipated power for a
single isolated pulse. d) Summary plot for the energy and programming
time as a function of ˛.

and Ion and Io f f are calibration factors for the maximum and
minimum currents, respectively. For simplicity, (4) assumes
symmetric set (V > 0) and reset (V < 0) characteristic
switching times. The hyperbolic function in (4) represents the
exponential drift times of oxygen vacancies and metal ions
within the dielectric film [28], incorporating a correction to
ensure detailed balance at zero voltage. H(x) is the Heaviside
function. Figure 2 illustrates the effects of a chirp sinusoidal
signal on the I-V curve. As the signal frequency increases
(Fig. 2a), the effective set and reset voltages also increase,
leading to switching suppression (Fig. 2b) and a shrinking
hysteresis loop (Fig. 2c), in agreement with Chua’s theory [3],
[29]. The magnitude of this effect depends on the values of the
moving set and reset voltages relative to the amplitude of the
applied signal. This clearly indicates that higher frequencies,
when amplitude-limited, do not provide sufficient energy to
induce switching, as experimentally demonstrated in [20]
and [21].

IV. EFFECTS OF THE SIGNAL SHAPE

As shown in Section III, for a fixed amplitude, increas-
ing the frequency reduces the effectiveness of the electrical
stimulus in altering the memristor state. From a physical
perspective, this behavior arises from the limited ability of
vacancies or ions to follow the applied signal, as their motion
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Fig. 4. Signal spectrum (Fast Fourier Transform, FFT) of the applied
voltage V(t) for selected values of ˛ and period T . Panels a), b), and
c) correspond to ˛ = 1 (Laplace), ˛ = 2 (Gaussian), and ˛ =
10 (square), respectively, all evaluated with T = 1 ms. Panels d) and
e) were calculated for ˛ = 2 (Gaussian) using different periods, 5 ms
and 10 ms, respectively. Note the attenuation of the spectral amplitude
at specific cutoff frequencies (black arrows).

requires longer timescales to produce structural changes [18].
This naturally raises the question of how the device response
evolves when the fundamental frequency of the signal is kept
constant but the spectral content of the programming pulse
is systematically varied, which we accomplish by reshaping
the pulse. To address this, we analyze the dissipated power
(P = IV), the energy consumption (E = ∫ P(t)dt), and
the programming time PrT (time required to reach a target
memory state, i.e. time@g f ). Fig. 3 illustrates model results
keeping VM and σ constant while varying the pulse shape
through the parameter β. Fig. 3a shows the evolution of the
read current (I@0.1V) for different values of β. As expected,
as β increases, the final state g f is reached earlier. Fig. 3b also
shows that programming with square pulses (β = 10) requires
less energy than with Laplace pulses (β = 1). However, the
slope of the curves indicates that programming can be achieved
with lower peak power at smaller β values. This behavior is
consistent with the results in Fig. 3c for a single isolated pulse.
Fig. 3d summarizes E and PrT as functions of β. For GGPs of
different shapes, E and PrT are directly related, but reducing
both comes at the cost of increased instantaneous peak power,
which may lead to enhanced Joule heating. The model script
used to obtain these results is provided in the Appendix of
this work. For a more realistic approach, variability can be
incorporated into the definition of the model parameters using
random distributions as reported in [30].

V. ROLE OF THE SIGNAL FREQUENCY CONTENT

Let us analyze in more detail the implications of a given
pulse shape. As shown in Fig. 4, the frequency-domain behav-
ior of GGPs strongly depends on β: not only do lower β
values produce pulses with broad spectra and greater high-
frequency content (Fig. 4a), but higher β values also exhibit
a similar trend (Fig. 4c). Notably, β = 2 corresponds to
the lowest overall frequency content (Fig. 4b), making it the
ideal value for minimizing any effects arising from parasitic
components in memristor-based circuits [13]. It is worth
noting that increasing the signal period T reduces the spacing
between the individual frequency components (Figs. 4d,e),
while the highest frequency component (cutoff frequency)
remains nearly unchanged. This behavior directly follows from
the time-frequency uncertainty principle [31]. As expected, T

Fig. 5. a) Consumed energy as a function of time for gaussian pulses
(˛ = 2) with different amplitude. b) Power dissipation for a single isolated
pulse.

Fig. 6. LTspice schematic used for the computations presented in this
work. For simplicity, only the set process is considered here.

does not affect the total energy consumption or the maximum
dissipated power, but it does determine the programming time
(not shown here).

To exploit the fact that a train of standard Gaussian pulses
(β = 2) exhibits reduced spectral content (the Fourier trans-
form of a Gaussian signal is another Gaussian signal), their
amplitude can be increased to shorten the overall programming
time (Fig. 5a). Because the spectral profile of the input signal
remains unchanged, this strategy enables faster programming
and lower energy consumption without introducing additional
high-frequency components. The trade-off, as before, is an
increase in instantaneous power dissipation (Fig. 5b). A
comprehensive analysis must also account for the harmonic
distortion generated by the nonlinear device; however, this
effect is specific to the circuit under consideration [32].

APPENDIX

The LTspice schematic used to perform the computations
reported in this work is shown in Fig. 6. The model parameters
are defined in the main text. (1) and (2) are combined into a
single expression for the applied signal. A shunt resistance
with a value of 1 Ω is used to redirect the electron current
flowing through the memristor (IM) once the target memory
state g f is reached (g0 being the initial memory value).
A capacitor with Cpar= 1 F is employed to integrate the
differential equation (4). Only potentiation is considered in
this script. The plotwinsize and numdgt commands are optional
directives that improve the computation of the signal spectrum
(FFT operation in LTspice). The idt function represents the
time integral. The .meas statements are post-processing direc-
tives used to calculate the maximum power, total energy, and
programming time.
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L. Alff, “Analysis of the voltage ramp rate effects on the pro-
gramming characteristics of bipolar-type memristive devices,” IEEE
Trans. Nanotechnol., vol. 24, pp. 205–208, 2025, doi: 10.1109/
TNANO.2025.3556856.

[11] S. Nadarajah, “A generalized normal distribution,” J. Appl.
Statist., vol. 32, no. 7, pp. 685–694, Sep. 2005, doi: 10.1080/
02664760500079464.

[12] Analog Devices. Accessed: Jan. 15, 2026. [Online]. Available: https://
www.analog.com/en/resources/design-tools-and-calculators

[13] F. L. Aguirre, S. M. Pazos, F. Palumbo, J. Suñé, and
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