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Analysis of a Memcapacitor-Based Online Learning Neural

Network Accelerator Framework

Ankur Singh, Dowon Kim, and Byung-Geun Lee*

Data-intensive computing tasks, such as training neural networks, are
fundamental to artificial intelligence applications but often demand substantial
energy resources. This study presents a novel complementary metal-oxide-
semiconductor (CMOS)-based memcapacitor framework designed to address
these challenges by enabling efficient and robust neuromorphic computing.
Utilizing memcapacitor devices, a crossbar array that performs parallel vector-
matrix multiplication operations, validated through cadence simulations and
implemented in python for scalable accelerator design, is developed. The
framework demonstrates outstanding performance across classification tasks,
achieving 98.4% accuracy in digit recognition and 85.9% in object recognition.
A key aspect of this research is its focus on real-world fabrication nonidealities,
including up to 30% device parameter variations, ensuring robustness and
reliability under practical deployment conditions. The results emphasize the
effectiveness of capacitance-based systems in handling classification tasks while
demonstrating resilience to fabrication-induced variations. This work establishes
a foundation for scalable, energy-efficient, and robust memcapacitor-based
neural networks, advancing the potential for intelligent systems in artificial
intelligence-driven applications and paving the way for future innovations in

The combination of in-memory computing
(IMC) architectures with the adjustable
analog memductance of memelements fur-
ther contributes to power-efficient VMM
and training, enabling the development
of highly integrated memory architectures.
Consequently, a wide array of CNN hard-
ware designs utilizing memelements-based
VMM acceleratorsi>~! has been proposed,
with their effectiveness consistently dem-
onstrated in various studies.
Neuromorphic computing, modeled
after brain-like processes and grounded
in artificial neural networks, presents effec-
tive solutions for a wide range of computa-
tionally demanding tasks. Originally
conceptualized in the 1980s,”# this field
has seen substantial progress with the
advent of memristive devices!” and the
introduction of convolutional layers in deep
neural networks."®") These innovations
have facilitated the development of various

neuromorphic computing.

1. Introduction

Memelements have emerged as a promising class of devices,
demonstrating remarkable performance, particularly when
deployed in crossbar architectures."™ Their integration into
these structures significantly enhances the efficiency of vector-
matrix multiplication (VMM) by enabling the parallel execution
of product and summation operations through the devices. This
capability is particularly beneficial in the domain of convolutional
neural networks (CNNs), where extensive matrix operations are
fundamental to both training and inference processes.
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resistive neuromorphic systems that
employ devices such as memristor,[*>¢
phase-change  memory,'”)  spintronic
devices,™®'” and ferroelectric components,
including ferroelectric tunnel junctions!*>*! and ferroelectric
field-effect transistors.l?%%3 Among these, devices like ferroelec-
tric tunnel junctions and silicon—oxide-nitride—oxide—silicon
transistors have achieved remarkable energy efficiencies, reach-
ing up to 100 tera-operations per second per watt.**! These
neuromorphic systems operate by storing synaptic weights in
analog form for multiplication tasks, utilizing Kirchhoff’s cur-
rent law to sum currents through crossbar arrays.
Memcapacitive devices, akin to memristive devices but
operating on a capacitive principle, hold the promise of lower
static power consumption.””) While theoretical models for mem-
capacitive devices have been extensively explored,”>~?°! practical
implementations remain relatively scarce.?®% These devices
can be realized through various mechanisms, such as imple-
menting a variable-plate distance concept in microelectrome-
chanical systems,[3 4 utilizing a metal-to-insulator transition
material in series with a dielectric layer,”” modulating the oxy-
gen vacancy front in a traditional memristor,?”) and employing a
simple metal-oxide-semiconductor capacitor with memory
effects.”>'*? Despite the potential advantages, achieving a high
dynamic range in memcapacitive devices poses significant
challenges. For instance, devices with a variable-plate distance
often encounter large parasitic resistive components when the
plate distance is minimal, hindering their performance.l””]
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Conversely, at large plate distances, these devices face limited
lateral scalability. Similar issues arise in memcapacitors
designed with varying surface areas” or dielectric constants,?*’!
as these approaches also struggle with scalability and efficiency.
In our study, we introduce a cutting-edge memcapacitor-based
neural network framework tailored for data-intensive computing
tasks, such as neural network training, which are essential for
artificial intelligence (Al) applications but often involve signifi-
cant energy consumption. We present a novel CMOS-based
memcapacitor circuit, validated using the cadence tool, and
developed a Python-based model to facilitate the design of a
memcapacitive-based accelerator. This framework employs
a 5x5 x5 crossbar array of memcapacitor devices to train a
neural network for digit classification and canadian institute
for advanced research (CIFAR) dataset recognition. Our system
effectively addresses the nonideal characteristics of memcapaci-
tive devices, achieving remarkable training accuracies of 98.4%
in digit recognition and 94.4% in CIFAR recognition. This
research demonstrates the efficacy of memcapacitor-based neural
networks in handling classification tasks, showcasing their poten-
tial in reducing the energy demands of data-intensive computing.
The integration of memcapacitor technology within neural net-
works not only enhances computational efficiency but also under-
scores the viability of these systems in neuromorphic computing.
Our work sets the stage for further advancements by illustrating
the practical applications of memcapacitors in neural network
training and classification tasks. The significant training accuracies
achieved highlight the promise of memcapacitor-based systems in
Al, suggesting a substantial impact on future developments in
energy-efficient and high-performance computing.

2. Proposed Memcapacitor Device
2.1. CMOS-Based Model

The memcapacitor represents the relationship between the time
integral of charge and flux, defined by the inverse memcapacitance
function Mc(g), with constants a and f. The mathematical model
of a charge-controlled memcapacitor is expressed as follows:1**

Mc = Vin 1) =p+aoc(t) 1

q(t)

The emulator proposed in this work comprises three functional
blocks: two operational transconductance amplifiers (OTA) and a
buffer. These blocks are interconnected to achieve the desired
memcapacitor characteristic, which relates the input voltage Vi,
to the charge ¢(t). The overall design of the memcapacitor emula-
tor is illustrated in Figure 1. In this design, the body terminals of
all P-channel metal-oxide semiconductor (PMOS) and N-channel
metal-oxide semiconductor (NMOS) transistors are connected to
Vpp and Vg, respectively. The port characteristics of the OTAP®
can be mathematically defined by the following equations:

IO;r = gmi(vpi - Vni) (2)

where g, Vpi, and Vy; represent the transconductance gain and
input voltage of each OTA. The routine analysis yields the follow-
ing expression for g,:
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Smi = K(Vii — Vss — Vi) 3)

“1” is the OTA number, Vj; is the supply voltage of the OTA, Vy, is
the threshold voltage of metal-oxide-semiconductor field-effect
transistor (MOSFET) device, and “K” is a parameter of the
MOSFET device given by

w
K = p,Cox T (4)

In this formulation, W represents the channel width, L
denotes the channel length, u, is the mobility of the carrier,
and Cox refers to the oxide capacitance per unit area in the
MOSFET.

The detailed working principle of the proposed emulator is
analyzed through these functional blocks. OTA-1 and OTA-2,
both OTAs, are crucial in defining the dynamic relationship
between the charge and the flux. OTA-3, a buffer, ensures proper
signal conditioning and stability of the emulator output. This
configuration effectively replicates the theoretical behavior of a
memcapacitor, providing a practical and implementable circuit
design. The analysis shows how the integration of these blocks
results in the desired emulation between the input voltage and
the resulting charge over time.

In OTA-1, the positive terminal of the input signal Vi,p is con-
nected. It is important to note that Vj,’s positive and negative
terminals are labeled Vi,p and Vj,n, respectively. The transistors
M12 and M13 form an input differential pair and are biased by
the current sink transistor M14, as illustrated in Figure 1 for
OTA-1. This functional block converts the differential voltage
into a current, as described below:

Io- = g (Viep — V
Izi _ iml (V inP nl) (5)
1 ml ¥ inP
In this configuration, g,,; represents the transconductance of
OTA-1, with V,;; grounded as depicted in Figure 1. Functional
Block-3 functions as a buffer, where the input signal is applied
to the gate of transistor M23. Meanwhile, the gate of transistor
M22 is connected to its drain terminal, establishing a negative
feedback loop as illustrated in Figure 1. The corresponding ana-
lytical model for Functional Block-3 is provided below.
Iy = 8(Ve — Vx) = ga3(Vy — Vx) (©)
Given that gy, = g3, it follows that Vp = Vyy.. Consequently,
V- at the output terminal mirrors the input Vp/, which is essen-
tial for ensuring the reliable operation of the proposed emulator.
The behavior of the memcapacitor is demonstrated through
the analysis of the functional blocks shown in Figure 1. A sinu-
soidal input signal is applied to the proposed emulator between
Vinp and Vi, as illustrated below.

Vin = Vinr — Vinn (7)

In the proposed design, a sinusoidal signal is applied to Vi,
across C,, causing the input current (I,) to flow through it.
The voltage across C; is mathematically expressed as follows:
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Figure 1. Proposed MOSFET-based memcapacitor circuit.
1 q(t) q(t) _ q(t)RK [gym0(t)
Ve, = Vinp = = | Indt=-—"+ 8 Vi) == — 22— B2 =V, \4
C; inP Cl/ in Cl ( ) 1n() Cl Cl C1Cz SS th (14)
M, = Vin(t) o i[l +V + vV, ] _ﬁ gmlg(t)
The output current of OTA-1 is (gm1 * q(t))/C1. The output ter- ST g G 88 we e

minal of OTA is connected to V},, of OTA-2, which is the voltage
across C, and can be expressed as

1 m
Ve, = Vis = [ g Vinrdi = E2-a(t) o)

Changing C, alters V},, due to the variation in charge, where
Vp,2 can be referred to as the charge control voltage. Upon ana-
lyzing OTA-2, the output current can be expressed by the follow-
ing equation:

Io; = gma(Via — Vi) (10)
Loy = gma Vinp

The above current flows through R generating a voltage Vy as
shown below.

Ve =Io:R
R = lof (11)
VR = 8m2 VinPR
Substituting V},, depicted in Equation (9) in Equation (3), gma
can be expressed as

m10(t
—xfgm?®) vy,

g = K|P2T } (12

Now putting Equation (12) into Equation (11) and
Vr = Vpr = Vy from the buffer, we get

t)RK t
Ve = Vp = Vi = q(t) {gml”( )

==~V —V 13
c, .G, ss = Vi (13)

Consequently, by Substituting Equation (13) into Equation (7),
the corresponding memcapacitance can be calculated as follows:
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The proposed design features a memcapacitor model,
initiating with a memcapacitance value calculated as
[(1/C1)(1 + Vss + V)] according to the formula provided above.
The rate at which the capacitance changes is determined by
[((RK/C1)(gm1*)/C1 * Cy)]- Here gy, represents the transconduc-
tance values of the OTA-1.”)

The simulation setup for the proposed work comprises
cadence virtuoso software on the (TSMC) taiwan semiconductor
manufacturing company 180-nmtechnology node. All the simu-
lations were carried out in analog design environment window
having 27°C as the nominal temperature setting and the plot
shown in Figure 2.7 Also, the proposed work employs only a
positive power supply, that is, Vpp which is taken to be 1.8 V.

2.2. Memcapacitor Spice Model

The proposed memcapacitor circuit is meticulously designed
using TSMC 180nm CMOS technology, tailored for

0.4 ;
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)
.
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o
o
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Figure 2. Hysteresis curve of the proposed memcapacitor circuit.
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implementing VMM—a fundamental operation in CNN. This
circuit leverages the nonlinear characteristics of memcapacitors
to perform computational tasks typically associated with neuro-
morphic computing. The model is built using a combination of
NMOS and PMOS transistors with varying channel lengths and
widths, carefully selected to optimize the circuit’s performance in
terms of speed, power consumption, and accuracy. The circuit
architecture involves the strategic placement of MOSFETS that
act as switches, enabling the memcapacitor to store and
manipulate charge in a way that emulates synaptic behavior in
biological neurons. The SPICE model incorporates three differ-
ent CMOS configurations to accommodate the various transistor
dimensions required for different stages of the circuit.*®
Additionally, passive components like capacitors and resistors
are integrated into the design to stabilize the circuit and control
the flow of current.

A sinusoidal voltage source is applied as the input to the cir-
cuit, with parameters such as amplitude and frequency finely
tuned to mimic the dynamic signals encountered in neuromor-
phic systems.?? The transient simulation of this circuit is per-
formed using a step-by-step approach, where the time-dependent
voltage across different nodes is analyzed to verify the memca-
pacitor’s performance. This model is pivotal for simulating the
behavior of the memcapacitor in a controlled environment, pro-
viding insights into its potential application in energy-efficient,
high-performance neuromorphic computing.*” To systemati-
cally develop and validate the memcapacitor model, an algorithm
has been structured, as illustrated in Algorithm 1. The algorithm
outlines the following critical steps for implementing the mem-
capacitor model in python.

Algorithm 1. Construct Memcapacitor Model.

Input:

Crame Define circuit name

Lemos: CMOS libraries

Mymos, Mpmos: Transistor models
C;, C»: Capacitors

R;: Resistor

Voo Vss Vbias: Voltage sources
Vin: Input signal

Psinm: Simulation parameters

Output: Simulated transient response, voltage plots, circuit performance metrics,
capacitance

Initialize Cpame and include Lepos
Define transistor parameters Mymos, Mpmos (e.g. W, L)
Construct the Circuit:
Add transistor Mnpos, Mpmos
Insert Capacitors C;, C;
Place resistor Ry
Apply voltage sources Vpp, Vss, Viias
Configure input signal Vi,
Run transient simulation with Pgjp,

Analyze and plot simulation results
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3. Memcapacitive-Based Vector Matrix
Multiplication

The memcapacitor-based VMM is a novel and promising
approach in the field of neuromorphic computing, where the
goal is to mimic the way the human brain processes informa-
tion.*? In traditional digital systems, VMM is a core operation
in machine learning algorithms, particularly in CNN. However,
as these systems scale, the energy consumption and speed of
conventional hardware become significant bottlenecks.”*"! This
is where memecapacitors, with their unique ability to retain infor-
mation and perform nonlinear operations, offer a distinct advan-
tage. Memcapacitors are passive electronic components that
combine the properties of memory and capacitance. Unlike tra-
ditional capacitors, which store charge linearly, memcapacitors
can store different amounts of charge based on their history
of applied voltage, making them ideal for use in systems that
require complex, nonlinear operations such as VMM. In a mem-
capacitor VMM circuit, the capacitance of each memcapacitor
represents the synaptic weight in a neural network, while the
input voltage corresponds to the input signals applied to the neu-
rons.*?! This setup allows the circuit to perform multiplication
and accumulation in a single step, significantly reducing the
computational overhead. The VMM can be represented mathe-
matically as

1) =) | I (15)

Wil N Wyn

The output vector y is calculated by the inner product of the
input vector x and weight matrix w and each element of the out-
put vector y; can be expressed as follows:

Y= % Wy (16)
=1

In memcapacitor-based VMM, as shown in Figure 3, the
weight matrix is implemented by a crossbar memcapacitor array
with m-rows and n-columns.**) The rows and columns of the
memcapacitor array are connected to m input pulses and n out-
put, respectively.

4, Results and Discussion

In this section, we present the implementation and evaluation
of a memcapacitor-based crossbar array for image classification
tasks wusing two benchmark datasets: Modified national
institute of standards and technology (MNIST) and CIFAR. The
proposed crossbar array, designed using TSMC 180 nm CMOS
technology as outlined in Algorithm 1, serves as the computa-
tional backbone for efficient VMM—a fundamental operation
in CNN. Furthermore, we investigate the impact of device varia-
tions and capacitance changes that may arise due to fabrication
inconsistencies, specifically analyzing their effects on the MNIST
dataset.
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Figure 3. Crossbar structure defined in the simulator using memcapacitor device.

4.1. Object and Digit Classification

The MNIST dataset is a widely recognized benchmark for
image classification. It consists of 70000 grayscale images of
handwritten digits ranging from 0 to 9, each with dimensions
28 x 28 pixels. For our experiments, we partitioned the dataset
into 40 000 images for training and 40000 for testing. Given
its relatively simple structure, MNIST serves as an excellent plat-
form for demonstrating the efficiency of our proposed architec-
ture. In contrast, the CIFAR dataset poses a greater classification
challenge due to its complexity. It comprises 60 000 color images
across 10 categories, with 50 000 images allocated for training
and 10000 for testing. The CIFAR dataset requires deeper
networks and larger computational capacity to extract complex
features such as shapes, edges, and textures, making it an ideal
test case for evaluating the scalability and versatility of our
memecapacitor-based system.

The core of our proposed framework is a memcapacitor-based
crossbar array. Memcapacitors, as charge-based devices, repre-
sent the weights of a neural network through their capacitance
values. These capacitance states enable highly efficient IMC,
where computation and storage are integrated within the same
device. This architecture eliminates the need for frequent data
transfers between memory and processing units, a significant
drawback of conventional von Neumann systems. Consequently,
the memcapacitor-based approach reduces latency and power
consumption while achieving high computational throughput.
In our system, input image pixel intensities are applied as vol-
tages across the rows of the crossbar array. The trained weights,
represented by the capacitance levels in the memcapacitors,
are multiplied with these input voltages in analog form.
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The resulting charge is summed along the columns of the array
to complete the VMM operation. This architecture ensures high-
speed computation and seamless scalability for larger datasets.

For the MNIST dataset, we implemented a 5 x 5 x5 VMM
configuration as the first convolutional layer of the neural net-
work. To optimize computational efficiency, the input images
were resized from 28 x 28 to 20 x 20 pixels before processing.
The initial capacitance values of the memcapacitors were deter-
mined using Equation (14), and the VMM weights were iteratively
updated during each training epoch to enhance the model’s per-
formance. As illustrated in Figure 4, the memcapacitor-based
VMM efficiently processes the input data, extracting essential fea-
tures such as edges, curves, and shapes. The processed outputs
are subsequently passed through a neural network comprising
(ReLU) rectified linear unit activation functions, a dense layer
with 64 units, and a final softmax output layer for classification.
Algorithm 2 was employed toimplement the system for MNIST
classification. The system achieved a training accuracy of 98.4%
and a testing accuracy of 94.6%, as depicted in Figure 5a.
A detailed performance analysis is further provided through
the confusion matrix in Figure 5b, which highlights the relation-
ship between the predicted labels and the ground truth. The diag-
onal entries of the matrix confirm the high accuracy of the system
across all digit classes. Additionally, the optimized weights of the
memcapacitor-based VMM, which correspond to the learnt pat-
terns during training, are presented in Figure 6. These results
validate the effectiveness of our architecture for the MNIST data-
set, showcasing its ability to efficiently process simple image data
with high accuracy.

To evaluate the scalability of the proposed architecture, we
extended the system to classify the more complex CIFAR dataset.
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Flatten Fully Connected
Layer

Figure 4. The design of the convolutional layer and fully connected layer, integrated with memcapacitor crossbars, tailored for processing the MNIST

dataset.

Algorithm 2. Memcapacitor Based MNIST Classification.

Input:

DATASET: MNIST dataset

CNN model: Define custom VMM model based on memcapacitor model
Model Parameters: Define activations functions, fully connected layer
Parameters: Training Parameters e.g. epochs, batch size

Output:, Trained network, accuracy metrices, plot
Initialize Normalize dataset and resize to 20 x 20
Train model:
5% 5x 5 VMM model based on memcapacitor
Flatten layer (16 x 16 to 1D)
Fully Connected Layer of 64 neuron
ReLU activation
Fully Connected Layer of 10 neuron
Softmax activation
Evaluate model such as validation accuracy

Analyze and plot simulation results

(a) T T T T T T
1.00
0.95 |
oy
S 0.90 4
3
[3]
Q
<
0.85 4
0.80 + Training Accuracy
Validation Accuracy
0.75
0 50 100 150 200 250
Epochs

For this task, we employed two convolutional layers using mem-
capacitor-based VMMs. The first layer utilized a 5 x 5 x 5 VMM,
while the second layer adopted a 5 x 5 x 15 VMM configuration,
as depicted in Figure 7. The input images were processed through
these convolutional layers, where the memcapacitors efficiently
extracted low-level and high-level features, such as edges, textures,
and patterns. The outputs were subsequently fed into a neural
network consisting of layers with ReLU activation functions, fol-
lowed by a dense layer with 256 units and a final softmax output
layer for classification. As shown in Figure 8, the proposed system
achieved a training accuracy of 85.9% and a testing accuracy of
71.7%. The accuracy versus epoch curve illustrates the training
progression, where the model steadily converged over successive
epochs. These results highlight the ability of the memcapacitor-
based architecture to handle more complex datasets, demonstrat-
ing its robustness and versatility.

4.2. Effect of the Device Variation on Classification

The capacitance of memcapacitor devices, as described in
Equation (14), plays a central role in their functionality within

(b) -

IS

0 5 0 a 5 7 5 19

— 4000

1 27 0 6 29 15 3000

- <
[
-l’% 7 2 3 2 3814 1 10 1 26 43
~ wn
g 2 1 1 12 1 7 5 9 10
; - 2000
o
2 4 1 0 3 4 1 11 [

- 1000

Predicted Label

Figure 5. a) MNIST training and validation accuracy per epoch. b) Confusion matrix of model predictions against true labels of memcapacitor-based VMM.
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Figure 6. Capacitance maps of all five filters for MNIST classification.
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Figure 7. The design of the convolutional layer and fully connected layer, integrated with memcapacitor crossbars, tailored for processing the CIFAR

dataset.

VMM operations. This capacitance is influenced by critical
parameters, such as the g,,;, gain factor (K), and other passive
components. However, during the fabrication and testing pro-
cesses, these parameters are often affected by fabrication and
inconsistencies, leading to deviations in the actual capacitance val-
ues. Such variations manifest in the hysteresis curve, where the
maximum capacitance corresponds to the maximum number of
pulses required to transition the device between its extremal con-
ductance states (minimum and maximum). These capacitance
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Figure 8. CIFAR training and validation accuracy per epoch of
memecapacitor-based VMM.
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states are essential for accurately modeling the physical behavior
of memcapacitor devices, which directly impacts the simulation
and operation of memcapacitor-based neuromorphic systems.
In the field of nonvolatile memory (NVM) devices, fabrication
processes inherently introduce several nonideal characteristics,
including variations in capacitance, device-to-device (D2D)
inconsistencies, nonlinearity, and asymmetry. These imperfec-
tions are particularly prominent in crossbar array configurations,
where a large number of devices collectively execute VMM
operations. D2D variations—arising from minor discrepancies
during fabrication—are a significant challenge as they cause non-
uniform capacitance levels across devices. These inconsistencies
disrupt weight representation and updates during neural
network training, leading to unpredictable network behavior.
The cumulative impact of such variations across a large crossbar
array amplifies these effects, undermining the precision and per-
formance of the neural network. To evaluate the effect of these
nonidealities, we examined training and validation accuracies
under varying degrees of D2D capacitance variations, ranging
from 5 to 30%, as illustrated in Figure 9a,b. The results demon-
strate a clear degradation in accuracy as the variation percentage
increases, highlighting the profound influence of fabrication-
induced inconsistencies on neural network performance.
Addressing the challenges posed by D2D variations and non-
ideal characteristics is crucial for advancing memcapacitor-based
neuromorphic computing technologies. Accurate mathematical
models that incorporate the effects of fabrication variations

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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Figure 9. a) Training accuracy and b) validation accuracy per epoch with different D2D levels from 5% to 30%.

are essential for predicting real-world device behavior.
Additionally, robust compensation strategies must be imple-
mented during training to mitigate the impact of these variations
on weight updates. By incorporating such strategies, the system
can maintain high accuracy and reliability despite the presence of
fabrication-induced inconsistencies.

4.3. Effect of the Change in Capacitance on Classification

The training and validation accuracies for MNIST classification
over 256 epochs are shown in Figure 10a,b, illustrating the rela-
tionship between the number of epochs and the network’s accu-
racy across three distinct capacitance regions in memcapacitor
devices within crossbar arrays. These regions reflect variability
in capacitance caused by factors such as D2D variations,
fabrication imperfections, or programming inconsistencies.
Such variability influences the capacitance ranges within the
memecapacitor, which directly impacts the effectiveness of weight
updates during the learning process.

The identified capacitance regions correspond to approximate
conductance ranges: region 1 spans [0.01 x 107, 0.7 x 107°F],
region 2 covers [0.01 x 107°, 0.2 x 10~°F], and region 3 is lim-
ited to [0.01 x 107°, 0.12 x 10~® F]. Among these, region 1 dem-
onstrates the highest training and validation accuracies, which
can be attributed to its broader capacitance range. This broader
range allows for greater synaptic weight flexibility during train-
ing, facilitating more dynamic weight updates and improved
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feature representation. As a result, the network achieves better
generalization and classification accuracy. In comparison,
regions 2 and 3 exhibit moderate accuracies, which suggests that
narrower capacitance ranges constrain the network’s ability to
adapt its weights effectively. The reduced flexibility in weight
scaling within these regions limits the learning capacity of the
neural network, resulting in lower accuracy outcomes.

This comparative analysis highlights the critical role of
capacitance range and distribution in memcapacitor devices,
particularly within crossbar arrays. Wider capacitance ranges
enable more precise and adaptable weight updates, improving
the overall performance of neural networks. Conversely,
restricted capacitance variability can lead to suboptimal learning
dynamics. Optimizing and maintaining consistent capacitance
values across devices is, therefore, essential for enhancing the
reliability and accuracy of memcapacitor-based VMM systems
in neuromorphic computing applications.

5. Comparison and Discussion

This study presents a comprehensive evaluation of accuracy,
device utilization, and robustness against fabrication-induced
variations in memcapacitor-based neural networks. A detailed
comparison with prior implementations is provided in Table 1,
showcasing the advantages of the proposed framework in terms
of performance and efficiency. The proposed design employs a
compact configuration of 125 (5 x 5 x 5) NVM devices, achieving
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Figure 10. a) Training accuracy and b) validation accuracy per epoch across different regions with different capacitance ranges.
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Table 1. Comparison of our proposed framework with earlier design We emphasized our contributions by highlighting them in bold to distinguish them

from earlier designs.

References Device material No. of device Device variation [%] Power Consumption Tasks Recognition ratio [%)]

[41] Memristor: FT) 20 x 20 3 X MNIST 94

[42] Memecapacitor: NAND Flash 8x16 - X CIFAR10 92.11

[43] Memcapacitor: Si 128 x 128 30 0.71W CIFART0 91.03

[44] SRAM: CMOS x x 0.6W MNIST 90

[45] Intel: LoiHi X X 14.7 mW MNIST 96.3

[46] Memristor: TiOx 25 x 25 20 140.8 mW MNIST 96.2

[47] Memristor: V305 28 x 28 - 3.6W MNIST 90

This work Memcapacitor: CMOS 5x5x%x5 30 54.6 m\W MNIST 98.4
CIFAR10 85.9

an impressive 98.4% accuracy for MNIST digit classification and
85.9% for CIFAR-10 object detection. In contrast, earlier
studies, such as those utilizing larger 28 x 28 NVM arrays,
reported lower accuracy, with only 90% recognition for handwrit-
ten digits.*"**~*”! The compactness of our design, combined
with superior accuracy, highlights its efficiency and suitability
for resource-constrained neuromorphic systems. Crucially, the
proposed framework demonstrates robustness under real-world
fabrication conditions, accounting for device parameter varia-
tions up to 30%, a significant improvement over the 3% variation
considered in earlier studies.*"] This ensures the framework’s
reliability and stability for practical deployments, even in
large-scale systems. Additionally, the use of capacitance-based
devices rather than traditional resistance-based counterparts con-
tributes to significant power savings. With a power consumption
of 54.6mW for MNIST classification, the proposed design
outperforms earlier systems that consumed up to 3.6 W."*”!
This optimization is especially critical for energy-efficient neuro-
morphic computing applications.

6. Conclusion

In this research, we have successfully demonstrated the potential
of a memcapacitor-based neural network framework for data-
intensive tasks such as digit classification and image recognition.
By harnessing the unique charge-storage characteristics of mem-
capacitors, we designed and implemented a CMOS-based circuit
capable of efficiently performing VMM while emulating synaptic
behavior. The system was validated using two benchmark
datasets—MNIST and CIFAR—achieving training accuracies
of 98.4% and 85.9%, respectively, which underscores its effec-
tiveness in neuromorphic computing applications. A significant
contribution of this study is the investigation of D2D variability
and capacitance changes arising from fabrication imperfections.
The results demonstrate that wider capacitance ranges enable
more dynamic synaptic weight adaptation, leading to improved
training and validation accuracies, as observed in region 1 of the
capacitance analysis. In contrast, restricted capacitance ranges in
regions 2 and 3 constrain the learning capability, resulting in
moderate accuracy levels. These findings highlight the critical

Adv. Intell. Syst. 2025, 7, 2400795 2400795 (9 of 10)

impact of capacitance variability on the performance and robust-
ness of memcapacitor-based crossbar arrays.

Overall, this study establishes the memcapacitor-based VMM
system as a promising approach for energy-efficient, high-
performance computing in Al hardware. Future work should
explore the scalability of this technology in hardware, integrated
with emerging devices, and its application in more complex
neural network architectures. By addressing device variations,
memcapacitor-based systems have the potential to revolutionize
low-power, high-accuracy neuromorphic computing, paving the
way for sustainable and efficient Al-driven technologies.
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