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Abstract: In this paper, an optimized memristor emulator circuit is designed, by using nine MOSFET
transistors and a ground capacitor. Our area- and power-optimized emulator circuit can be used for
basic data storage and processing at the monitoring edge, in real-time applications. The memristor
shows a nonlinear voltage–current relationship, but no multiplier circuit provides the memristor’s
nonlinear characteristics. As a result, the proposed memristor emulator has a very low chip area. The
memristor circuit is designed in LTSpice, using 16 nm and 45 nm CMOS technology parameters, and
the operating voltage is ±0.9 V. In this research, the theoretical derivations are validated using the
simulated results of the memristor emulator circuit using different frequencies, capacitors, and input
voltages in SPICE simulations.

Keywords: memristor emulator; nonlinear resistor; CMOS; frequency analysis; pinched hysteresis loop

1. Introduction

With the high demand for nanoscale devices, the demand for low-power and more
compact devices, that can exist on an integrated circuit (IC), is increasing tremendously.
Recent technological advancements have facilitated the creation of increasingly small and
efficient devices, which are particularly relevant for advanced computing and compact
electronics. Surprisingly, current technologies have been surpassing Moore’s law. In recent
years, there has been a growing demand for low-power edge-computing systems, that can
analyze data at the data acquisition source, rather than transmitting it to a cloud, which
makes high-memory devices more desirable. As the adoption of edge computing continues
to increase, there is a growing demand for increased computational power, and ongoing
research in this area.

1.1. Challenges in Memristor Integration

Memristor technology, and its integration in real-time applications, is still in its early
stages of development, and the commercial availability of memristor-based products is
limited. Implementation of the memristor is still not cost effective. Due to the complex
fabrication process, where precise control is a must, it is also challenging to manufacture.
Furthermore, the behavior of memristors can be highly unpredictable and dependent on
the material properties and device structure, making it challenging to design reliable and
reproducible devices. This has limited the commercial availability of memristors and
slowed their integration into mainstream computing systems. Another challenge, is the
lack of standardization in the fabrication and characterization of memristors, which hinders
the development of standardized protocols and testing procedures. This makes it difficult
to compare the performance of memristors across different research groups and manufac-
turers. Research is ongoing to overcome these challenges. For example, the standardization
of the memristor fabrication process, for repetitive production, is feasible for new design
implementation and, most importantly, modeling and simulation. Developing accurate
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models and emulators of memristors could help to predict and understand their behavior,
which could aid in designing and optimizing memristor-based devices. Realizing the
importance of memristors, researchers have developed CMOS-based memristor emulator
circuits, that can simulate the behavior of memristors using conventional CMOS transistors.
These emulator circuits offer several advantages over traditional memristor designs, includ-
ing low power consumption, compatibility with existing CMOS fabrication processes, and
scalability for mass production. This type of emulator allows researchers and engineers to
simulate and test memristor-based systems without relying on expensive and challenging-
to-fabricate physical devices. By using a CMOS-based memristor emulator, it is possible to
overcome some of the challenges associated with the fabrication and standardization of
memristors and optimize the design and performance of memristor-based circuits and sys-
tems. For instance, a CMOS-based memristor emulator circuit is a current-starved inverter
circuit (also known as CSI), that can simulate the nonlinear behavior of the memristor
resistance [1]. A floating gate transistor (FGT) circuit is another instance that can emulate
memristor hysteresis behavior. It is also usable in high-frequency applications [2].

1.2. Applications of Memristors

The unavailability of memristors in the market is due to cost and technical difficul-
ties. The authors propose developing a SPICE memristor model, and introducing a new
approach to using CMOS technology with the memristor. An interfacing circuit between
the SPICE model and the CMOS circuit is presented, which is crucial for incorporating
memristors into CMOS [3]. The study presents a solution to overcome limitations in CMOS
transistors by incorporating memristors, and outlines a memristor resistance write circuit
and two types of read circuits. The results show that the memristor resistance can be pro-
grammed and the current read circuit provides a usable output [4]. The switching ability
of memristors is used in logic circuits [5,6], where memristor resistance is represented
as logical states. Since memristors can store past states, they can be used to make high-
capacity, nonvolatile resistive memory. In addition, the memristor-based memory has fewer
noise margins and can store non-binary data [7]. Developing emerging memories, using a
memristor, is an attractive research field. Moreover, memristors have recently been applied
in various fields. For instance, integrated pixel sensors can use memristors store the pixel
data with increased speed processing of signals. Those signals are from the sensor, which
also helps to reduce the sensor’s size [8]. Memristors have also been used in: logic circuit
development [9], up–down counter design, with fewer transistors [10], full subtractor [11]
Programmable Wien Bridge Oscillator [12], nanoscale memristor based 2:1 multiplexer [13],
lower power wireless sensors for biomedical applications [14], neuro-memristive circuits
for edge computing [15], and different kinds of sensors [8,16–19]. They are also used in
communications and networking [15], the internet of things (IoT) [16], and unmanned
aerial vehicles (UAV) [17,18]. Edge computing requires the system to collect, process, and
cache the collected data at the monitoring edge [20]. The edge-intelligent systems can range
from smart healthcare wearables [21,22], to computer vision applications, where there is
a limitation in terms of the connectivity to send the data in real-time. However, effective
emulators are required to enable these research activities. They must be simple yet effective,
integratable, and operable at low voltage and low power, because technology has shifted
towards those aspects. These applications require a large number of memristors.

Memristor Neural Networks

Memristor emulators have a wide range of applications in the field of computing,
and one such application is the development of memristive neural networks. Memristive
neural networks are artificial neural networks that use memristors as synaptic weights,
enabling them to achieve low-power and high-density computing. Memristor emulators
enable the simulation and testing of these neural networks without the need for actual
memristors, which are still expensive and difficult to fabricate. By using memristor emula-
tors, researchers can develop and optimize memristive neural networks in a cost-effective
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and practical manner, thus accelerating progress in this field. Another potential application
of memristor emulators is in the development of reconfigurable computing systems. Re-
configurable computing systems can adapt to changing computational requirements by
reconfiguring their hardware, thereby improving their efficiency and flexibility. Memristor-
based circuits have the potential to be used in the development of such systems, as they
offer the ability to reconfigure their resistance values based on the input signals. Memristor
emulators can be used to simulate and test these circuits, enabling researchers to optimize
their design and performance.

Furthermore, memristor fabrication remains challenging, due to highly sophisticated
design procedures and cost constraints that limit real-time applications. Although the
Knowm memristor [19] is commercially available, there is still room for additional study
in this area. The first commercially available memristor in the world was made possible
by bio-inspired technologies, which are only appropriate in certain situations, to prevent
irreparable harm [23]. Memristor emulators are therefore being created to mimic their
characteristics, using analog building blocks, such as second-generation current convey-
ors (CCII) [24,25], operational transconductance amplifiers (OTA) [26], current feedback
operational amplifiers (CFOA) [27], differential difference current conveyors (DDCC) [28],
current conveyor transconductance amplifiers (CCTA) [29], current backward transconduc-
tance amplifiers (CBTA) [30], and so forth. However, the circuits are complex and use an
analog multiplier and several operational amplifiers, resistors, and MOS transistors.

1.3. Memristor for Edge and Neuromorphic Computing Applications

One key element of such systems is a memristor emulator circuit, which mimics
the behavior of a memristor, a two-terminal device whose resistance can be controlled
and modulated by an applied voltage. Memristors show great potential for low-power
computing systems. They have the unique ability to keep data without the requirement
for continuous power. This power-saving feature has helped the memristor to attract
more researchers and developers to do extensive research in recent years. It also has other
advantages such as fast speed, optional continuous power, and more durability, along with
its low power consumption. Interestingly, this vital ‘memristor’, was a missing element
until 1971. Leon Chua introduced the concept of this basic nonlinear element in a seminal
paper in 1971, where he mentioned the relationship between the linear resistor, linear
capacitor, and linear inductor. This fourth basic two-terminal device’s properties could not
be explained with only RLC networks [31]. However, memristors remained theoretical until
Stan William and his team from HP lab realized the first physical memristor model. They
showed great analytical instances of how memristance naturally arises in nanoscale systems.
This system happened, with an external bias voltage, to show a wide range of hysteric
voltage–current behavior [32,33]. This nanodevice, called a memristor, now deemed the
fourth fundamental component, features a special I-V pinched hysteresis loop with a
switching mechanism, and the capacity to recall its last state. Its low power consumption,
nonvolatile nature, and switching capability, have driven memristor application research
in CMOS circuit designs [34].

Memristors are used as nonvolatile memory devices [34,35], with high density, and
speeds comparable to DRAM, also, in chaotic circuit implementations, and even modeling
and simulation of synaptic neurons in neuromorphic computing system research [36]. In
neuromorphic computing systems, highly parallel biological systems are implemented
as hardware for information processing in an optimized platform. Memristors help in
stabilizing the synaptic responses in these dense systems.

This study presents a new memristor emulator circuit, containing only nine transis-
tors and a single grounded capacitor, which can be realized as an integrated circuit (IC)
without using any active circuit element, while keeping the focus on the recent advances
in CMOS-based memristor emulator circuits for low-power edge-computing applications.
The MOS capacitance works as the element that obtains the memory effect of the memristor.
The proposed circuit is simulated using 45 nm and 16 nm CMOS technology parameters.
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This article proposes a memristor emulator that uses four pMOS and five nMOS, with
a grounded capacitor. The rest of the research paper is structured as follows: Section 2:
describes the modeling aspects of memristors and their working principles. Section 3:
describes the proposed mathematical modeling of the proposed memristor and the cor-
responding analysis. Section 4: presents the simulation results and discussion. Section 5:
includes the application of the proposed memristor emulator circuit and future directions
of this research.

2. Modeling the Memristors

The number of transistors used in memristor circuits plays an important role in
determining their performance and functionality. The number of transistors in a memristor
circuit can affect its performance in several ways. The number of transistors determines the
complexity of the circuit, which in turn affects its functionality and performance. Complex
circuits, with more transistors, can perform more advanced computations and operate at
higher speeds than simpler circuits. This number can impact the power consumption and
heat dissipation of the circuit. As the number of transistors increases, so does the power
consumption of the circuit, which can lead to increased heat generation. Careful design
of the circuit is necessary, to ensure that it can operate within a safe temperature range.
This number also can affect the cost of producing the circuit. More complex circuits with
more transistors require more materials and manufacturing steps, which can drive up the
cost of production. Therefore, careful consideration of the number of transistors used in a
memristor circuit is necessary to balance performance, power consumption, and cost.

Working Principle of Memristors

The relations between four fundamental elements: current, voltage, charge, and flux,
are shown in Figure 1. The relationship between charge and magnetic flux is known
as memristor (M). In the memristor circuit, the current and voltage relationship can be
defined as:

V(t) = R(i)i(t) =
dΦ
dq

i(t) (1)

Figure 1. The memristor comprises four fundamental passive electrical components.

Here q(t) and (t) indicate the charge and flux with respect to time. So, the resistance in
the time domain is defined as:

R =
dΦ
dq

(2)
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The relation with charge and flux is nonlinear, so the value of resistance changes
with different operating points of q. The resistance value remains the same if any external
voltage or current is applied. As a result, the signal is memorized as the resistance value,
named memristance (M). However, the memristor can be controlled by applying external
voltage or current, where

R = M =
dΦ
dq
| (q, Φ) (3)

3. Proposed Memristor Circuit and Its Analysis

The proposed memristor is the only grounded emulator given in Figure 2. It consists
of nine transistors and a grounded capacitor. The transistors M1 to M5 are the first stage
of the transconductance stage, with differential input, and transistors M6 and M7 have
a single input and a single output. Transistors M8 and M9 are used for configuring the
partial positive feedback path, for additional transconductance gain. In this paper [37], by
applying the KCL equation rule, the equation can be written as:

IIN = IOUT1 = Gm1VIN (4)

Figure 2. Proposed memristor emulator circuit.

Transconductance gain can be achieved from the M1–M5 transistors from the following
equation:

Gm1 =
µnCox√

2

√(
W
L

)
1,2

(
W
L

)
5
(VB −VSS −VTH−5) (5)

where µn is the mobility of carriers, Cox is the gate the gate oxide capacitance per unit area,
W is the width, and L is the length of the transistor. Accordingly, VTH-5 is the threshold
voltage of the M5 transistors. The supply voltage of Vss is negative. From node 2 VB,
voltage can be found as,

VB =
1
C

∫
Gm2VINdt (6)

There f ore, VB =
Gm2φIN

C
(7)

Here, the input flux is ΦIN and the transconductance gain of the second stage contains
the M6–M9 transistors. The gain equation can be written as follows:

Gm2 = −(g6 + g7 + g8 + g9) (8)
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Here, g6–g9 are the gains of transistors M6–M9, respectively. By substituting the
Equations (4) and (2) into Equation (1), the memductance of the memristor emulator can be
written as:

W(φNN) =
INN
VIN

= K
(
−Vss−VIH−5 −

(g6 + g7 + g8 + g9)φNV
C

)
K =

µmCax√
2

√(
W
L

)
1,2

(
W
L

)
5
.

(9)

As a result, Equation (6) can be written as:

W(φNN) = K(−Vss−VIH−5)− K(
(g6 + g7 + g8 + g9)φNV

C
) (10)

From Equation (7), the MOSFET-based grounded incremental memristor emulator is
obtained. Here, the first part is the linear time-invariant part, and the second part of the
equation is the variable part. To investigate the frequency analysis, a sinusoidal voltage
can be applied to the input terminals, and the generated flux can be written as:

φIN =
Vm Cos(ωt− π)

ω
(11)

By rearranging Equations (7) and (8), the memductance equation can be written as:

W(φIN) = K(−Vss−VTH−5)− K
(
(g6 + g7 + g8 + g9)Cos(ωt− π)

ωC

)
(12)

Equation (9) describes the proposed memristor emulator circuit, represented in Figure 1,
as a resistor with different input voltage (Vin), frequency (f), capacitance (C), and source
voltage Vss, and changing both capacitance and frequency.

Memristor Modeling Using CMOS

Memristor emulators are therefore being created to mimic their characteristics, us-
ing analog building blocks such as second-generation current conveyors (CCII) [24,25],
operational transconductance amplifiers (OTA) [26], current feedback operational ampli-
fiers (CFOA) [27], differential difference current conveyors (DDCC) [28], current conveyor
transconductance amplifiers (CCTA) [29], current backward transconductance amplifiers
(CBTA) [30], and so forth. However, the circuits are complex, and use an analog multiplier
and several operational amplifiers, resistors, and MOS transistors. In many of those re-
search papers, the area of the proposed design is also important and kept compact. Delay
in memristors refers to the time it takes for the memristor to change its resistance in re-
sponse to a change in input voltage. This delay is caused by the physical properties of the
memristor material and the complex mechanisms that control its behavior. Improving the
power consumption and the delay are also vital factors for the design [10–14]. Low-voltage
Vdd-based memristors are a type of memristor that operates at a low supply voltage,
typically below 1 V. This type of memristor is advantageous in low-power applications,
where minimizing power consumption is critical. In addition, low-voltage Vdd-based
memristors have the potential to operate at higher speeds and densities than traditional
memristors, making them attractive for high-performance computing applications [38].
Design of binary memristors for energy-efficient image recognition using discrete cosine
transform, was described in [39]. The proposal of a self-adjusting writes circuit, reduces
power loss by optimizing writing pulse width, leading to reduced power consumption,
with up to 76% savings, in simulations, compared to a fixed pulse width circuit [40].

Many software tools are being used for designing memristor circuits such as LTSpice,
PSpice, NGspice, Cadence Virtuoso, and MATLAB/Simulink. Among them, LTSpice is a
very popular open-source tool for linear and nonlinear circuit simulations. This tool is a
free circuit simulation software developed by Linear Technology. With LTSpice, users can
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design and simulate memristor circuits using a graphical interface. The software allows
users to choose from a variety of memristor models and parameters and then simulate
the behavior of the circuit under different conditions. In many designs, authors used this
tool for the design [14,41,42]. For user-friendliness, available resources, and simulation
accuracy, LTSpice is used to simulate our design.

4. Simulation Results and Discussion

The present paper endeavors to present a comparative analysis of the design and
performance parameters of a memristor circuit, proposed for use in the 45 nm and 16 nm
CMOS technology parameters, within the LTSpice XVII environment. This study aims to
explore the suitability of smaller process nodes, by presenting simulation-based results
of the emulator’s performance, which may contribute to reduced manufacturing costs
and better compatibility with low-powered devices. Nevertheless, it is imperative to
acknowledge that the selection of the process technology node is ultimately contingent
upon the specific requirements of the chip being designed, and the trade-offs among
factors such as performance, power consumption, and cost. In this regard, to ascertain
the reliability and robustness of the proposed circuit, it was subjected to simulations at
different process corners and temperature changes.

Figure 2 exhibits the proposed memristor circuit, which employs a DC voltage supply
of + 0.9 V and −0.9 V, while the capacitance value is fixed at 100 nF. The aspect ratios of
the circuit’s constituent components vary with the technology parameters.

In order to investigate the behavior of the designed memristor circuit, a sinusoidal
voltage, with a peak value of 400 mV at a frequency of 2 kHz, was applied to its input
terminal. The anticipated output of a memristor emulator circuit, including the pinched
hysteresis loop and the in-phase relationship between voltage and current for 16 nm and
45 nm technology parameters (in contrast to capacitors and inductors), is depicted in
Figure 3.

Figure 3. The pinched hysteresis loop of the final design: (a) 16 nm and (b) 45 nm.

To further validate the performance of the proposed circuit, the transient response
was examined for both 16 nm and 45 nm CMOS technology parameters, and the results
are shown in Figure 4. Notably, no phase difference between voltage and current was
observed, providing compelling evidence for the efficacy of the proposed design. These
findings highlight the ability of the proposed memristor emulator to mimic the behavior of
a true memristor circuit, and demonstrate its potential for use in various applications in
electronics and computing.
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Figure 4. Transient response of the proposed memristor emulator: (a) 16 nm and (b) 45 nm.

The analysis of the frequency response of the memristor is a prominent characteristic
in understanding its behavior. To validate the frequency-dependent characteristics and
linear behavior of the model, a sinusoidal signal, with frequencies varying from low to high,
was applied to the circuit, and the resulting voltage–current curves were plotted at 2 kHz,
10 kHz, and 20 kHz, with a fixed capacitor value of 100 nF, as shown in Figures 5 and 6.
It was observed that the memristor behaves like a resistor at high input frequencies, but
the hysteresis loop became more distorted as the frequency increased. However, at 2 kHz,
the circuit exhibited a better hysteresis loop, making it the optimal frequency for the
final design. The memristor’s memory effect is achieved using a capacitor, and provides
frequency dependence characteristics.

Figure 5. Voltage−current curves for 16 nm, when frequency is (a) 2 kHz, (b) 10 kHz, and (c) 20 kHz.

Figure 6. Voltage−current curves for 45 nm, when frequency is (a) 2 kHz, (b) 10 kHz, and (c) 20 kHz.

The voltage–current curves in Figures 7 and 8 are presented as a function of varying
capacitance values, which are commercially available. The curves exhibit an increasingly
linear behavior with increasing capacitance values, particularly evident in the curves
generated using capacitance values of 33 nF, 51 nF, and 100 nF. The memristor operation
circuit’s tuning is also evident from the figures, indicating the circuit’s versatility and its
ability to be tailored for specific requirements.
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Figure 7. Voltage−current curves of varying capacitance, for 16 nm: (a) 33 nF, (b) 51 nF, and (c) 100 nF.

Figure 8. Voltage−current curves of varying capacitance, for 45 nm: (a) 33 nF, (b) 51 nF, and (c) 100 nF.

In Figures 9 and 10, the performance of the proposed emulator is shown to vary with
the product of frequency and capacitance values. Specifically, the operating frequencies
and capacitors were chosen as f = 2 kHz, C = 100 nF; f = 4 kHz, C = 50 nF; and f = 10 kHz,
C = 20 nF. Remarkably, the memristor exhibited almost identical voltage–current character-
istics curves when the product of operating frequency was maintained constant. Moreover,
the results were stable even when the product was varied, implying the circuit’s robustness
and ability to withstand variations in operating conditions.

Figure 9. Voltage–current curves of various operating frequencies and capacitance, for 16 nm:
(a) f = 2 kHz, C = 100 nF; (b) f = 4 kHz, C = 50 nF; and (c) f = 10 kHz, C = 20 nF.

Figure 10. Voltage–current curves of various operating frequencies and capacitance, for 45 nm:
(a) f = 2 kHz, C = 100 nf; (b) f = 4 kHz, C = 50 nf; and (c) f = 10 kHz, C = 20 nf.

By varying the capacitance values, the voltage–current curves shown in Figure 6 were
obtained. The curve becomes more linear as the capacitance value gets higher and the
tuning of the memristor operation circuit also becomes evident. Figure 7 represents the
performance of the proposed emulator varying with frequency and capacitance. Here,
the operating frequency and capacitors were taken as f = 1 kHz, C = 12 pF; and f =
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3 kHz, C = 4 pF, respectively. The memristor experienced almost the same voltage–current
characteristics curve when the product of operating frequency was kept the same, and
along with varying product, the results were stable.

Figures 11 and 12 are shown to effectively demonstrate the influence of varying input
voltage on the hysteresis loop. It was found that as the input voltage increased, such as
from 300 mV to 400 mV, the curve became increasingly distorted. Conversely, at a low
input voltage of 200 mV, the memristor emulator operated in a manner similar to a linear
resistor. It is worth noting that the input voltage does indeed have a tangible impact on the
hysteresis loop. As such, for the purposes of this experiment, a low input voltage of 200 mV
was maintained. While this input voltage did result in a slightly distorted curve, it was
determined that this value represented an ideal trade-off between the various outcomes
under consideration. Indeed, the 200 mV peak input voltage yielded the most favorable
outcome in every aspect, making it the optimal choice for this experiment.

Figure 11. Hysteresis loops for different amplitudes of input voltages, for 16 nm: (a) 200 mV,
(b) 300 mV, and (c) 400 mV.

Figure 12. Hysteresis loops for different amplitudes of input voltages for 45 nm: (a) 200 mV,
(b) 300 mV, and (c) 400 mV.

The proposed design’s hysteresis loop exhibited notable variations when subjected
to different Vss voltage values, as observed in Figures 13 and 14. Specifically, the circuit
displayed considerable variation in the loop when the Vss voltage value was low. To
ascertain the impact of varying Vss voltage values on the hysteresis loop, three distinct
voltage values were evaluated. Ultimately, it was discovered that the loop generated the
lowest level of distortion when the Vss voltage was set to −0.9 V. This finding highlights
the significance of Vss voltage in achieving optimal circuit performance and underscores
the importance of careful consideration of this variable in the design and implementation
of similar circuits.

Figure 13. Hysteresis loops for different amplitudes of source voltages, for 16 nm: (a) −0.6 V,
(b) −0.7 V, and (c) −0.8 V.
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Figure 14. Hysteresis loops for different source voltages, for 45 nm: (a) −0.6 V, (b) −0.7 V, and
(c) −0.8 V.

Figures 15 and 16 illustrate the results of various process corner simulations conducted
on the proposed memristor emulator. These simulations were performed under different
temperature conditions (−40 ◦C, 27 ◦C, and 80 ◦C) for the fast-NMOS/fast-PMOS (FF), slow-
NMOS/slow-PMOS (SS), and nominal process conditions (TT). Despite being subjected to
harsh environmental conditions, the memristor was observed to operate effectively, with
only slight variations in the voltage curve. However, the voltage–current curve became
distorted under different extreme temperatures. It is important to note that the current flow
for the FF process corner was higher than that for the SS process corner.

Figure 15. Pinched hysteresis loops for temperatures and process corners, for 16 nm: (a) −40 ◦C,
(b) 27 ◦C, and (c) 80 ◦C.

Figure 16. Pinched hysteresis loops for temperatures and process corners, for 45 nm: (a) −40 ◦C,
(b) 27 ◦C, and (c) 80 ◦C.

In order to assess the statistical analysis and stability performance of the proposed
memristor circuit, a Monte Carlo simulation was conducted. This technique is used to
analyze the behavior of a circuit when the parameter values are varied between tolerance
limits. Figure 17 shows the results of the Monte Carlo simulation for both 16 nm and
45 nm technologies. During the simulation, process corners and mismatches between the
transistors were taken into account.
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Figure 17. Monte Carlo simulation of the proposed memristor: (a) 16 nm and (b) 45 nm.

The presented memristor circuit demonstrates a slight change in the hysteresis loop
characteristics if the components of the circuit have different values within the tolerance
limit. However, it is important to note that the memristor is operating within the acceptable
limit, indicating that the circuit is stable under different process conditions. The Monte
Carlo simulation provides a comprehensive statistical analysis of the circuit’s behavior and
can help identify potential issues with component tolerances and variations. Overall, the
results demonstrate the robustness and reliability of the proposed memristor circuit.

Table 1 contrasts the proposed memristor emulator with previously published ones, in
terms of component count, frequency, power supply, elements, and technology. Although
this design realizes the circuit operation with a lower frequency and with 9 transistors,
this grounded capacitor design, using 45 nm and 16 nm CMOS process technology and a
lower supply voltage compared to other works presented here, produces excellent results,
without any active component present in the circuit.

Table 1. Comparison of the proposed memristor with other presented memristor emulators.

Components Frequency Power Supply Elements Technology Ref.

DVC-1 1 MHz 2 V grounded 0.5 um CMOS [43]

1 OTA, CDBA 1 MHz ±0.9 V floating CMOS 0.18 um [44]

MOSFETs 13 MHz 1 V floating 0.18 um CMOS technology [45]

1 CBTA and multiplier 460 kHz ±0.9 V grounded TSMC 0.18 um [30]

7 transistors 50 MHz ±10 V grounded CMOS discrete off the shelf elements [37]

nMmos-3, MOS-CAP-1 5 MHz 1.3 V floating 90 nm GPDK CMOS [46]

DDCC-1 1 MHz NA grounded 0.35 um CMOS technology [27]

This work 2 kHz ±0.9 V grounded 45 nm and 16 nm CMOS technology

In order to provide a comprehensive assessment of the proposed memristor emulator,
it is compared to previously published designs in Table 1. The table contrasts several
parameters including component count, frequency, power supply, elements, and technology,
enabling a thorough evaluation of the relative merits of the different designs. Despite
the fact that the present design operates at a lower frequency and utilizes a mere nine
transistors, the utilization of the grounded capacitor design, in conjunction with 16 nm and
45 nm process technology, and a lower supply voltage than other designs, engenders an
exceptional outcome, without any active component in the circuit.

5. Conclusions

The current research endeavors to present a novel memristor emulator circuit that
utilizes merely nine MOS transistors and a solitary grounded capacitor. A visual analysis
comparing the 45 nm and 16 nm process technology, has also been included, to substantiate
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the trend of selecting process technology nodes in accordance with the particular specifica-
tions of the chip being designed, while weighing the competing factors of performance,
power consumption, and manufacturing costs. In comparison to the extant literature on
memristor circuits, the present study offers several benefits: firstly, a smaller number of
components are employed, which translates into lower power consumption. Given the
industry’s shift towards low-power technologies, this design presents a more viable op-
tion than existing designs. Secondly, the structure itself is simpler, which makes it more
accessible for VLSI implementation. Thirdly, the design employs a grounded capacitor, and
fourthly, it does not include active blocks as multipliers. The design operates at only +0.9 V
and −0.9 V and exhibits a wider operating range. Ultimately, the performance parameters
were rigorously tested, revealing a notable development in the pinched hysteresis loop,
and the results were well-aligned with prior investigations.
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