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Abstract

This study presents a small, energy-efficient memristor emulator made for use at high frequencies. The
proposed circuit has a simple design that only includes three n-type MOSFETs and a grounded
capacitor. This means that there is no need for active components or DC biasing. This streamlined
architecture not only makes things easier, but it also uses very little power, with dynamic and static
power measured at 15.82 uW and 65.6 uW, respectively. The design copies the most important
memristive behaviour, especially the pinched hysteresis loop in the current-voltage relationship, even
at frequencies up to 100 MHz. The emulator was made with 90 nm CMOS technology and works well
across a wide range of frequencies. The emulator not only has a small size and low power use, but it
also works well in a wide range of operating conditions. Its ability to keep the pinched hysteresis loop
that memristive systems have, even at high frequencies, shows how reliable and faithful it is. This design
is especially good for use in high-speed neuromorphic computing systems, signal processing circuits,
and non-volatile memory applications. Using only three nMOS transistors and a grounded capacitor
makes it easier to make and more scalable. Overall, the suggested emulator is a useful and effective
way to solve problems with high-frequency analog computing platforms.
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lower power consumption, reduced circuit area, and simplified structures. In this context, the current
study introduces a high-frequency, energy-efficient memristor emulator that employs three NMOS
transistors and a grounded capacitor. By forgoing active blocks and DC biasing, the design not only
improves energy efficiency, but also maintains the essential pinched hysteresis loop characteristic of
memristors. Simulation results, based on 90 nm CMOS technology, confirm the effectiveness of the
proposed design, making it well-suited for neuromorphic computing, in-memory processing, and high-
speed memory applications.

LITERATURE REVIEW

The idea of a memristor—a unique electronic device that has the properties of memory and
resistance—was first introduced by Leon Chua in the early 1970s [1]. These devices are built using a
metal-insulator-metal (MIM) structure and have the ability to toggle between high- and low-resistance
states in a distinctive, hysteresis-driven manner. This switching behaviour has enabled memristors to
be used as the next-generation non-volatile memory, particularly in resistive RAM (RRAM)
applications.

Although the theoretical idea sparked curiosity early on, real experimental breakthroughs did not
occur until the late 1990s, when researchers began exploring a variety of materials such as binary metal
oxides [2]. A major milestone was when Strukov and his team at Hewlett-Packard Labs succeeded in
creating the first physical memristor, turning Chua’s theory into reality [3].

Over the years, a wide range of emulator circuits has been proposed using analog components,
current-mode designs, and active building blocks. For example, one design used four AD844 op-amps,
a multiplier, and several passive components [4], while another combined three OT As and four second-
generation current conveyors (CClls) in decremental operating mode [5]. The grounded memristor
emulator in [6] included a CCII, analog multiplier, resistor, and capacitor. Other solutions have
leveraged elements such as CCTA [7], DVCCTA [8], and VDTA [9, 10], achieving operating
frequencies as high as 50 MHz. Some designs aimed for simplicity, such as the single-CFTA-based
emulator in [11] or the OTA-based 8 MHz emulator in [12]. Still, others such as the floating CCTA-
CCII design [13], a hybrid CCII-OTA structure [14], and a high-speed 120 MHz DZ-VDTA-based
circuit [15] have pushed for performance at the cost of increased complexity. The DVCCTA-based
emulator in [16] also delivered high performance but required significant static power (8.74 mW). These
examples highlight a common trade-off: higher complexity, power usage, and component count often
increase with performance improvements.

To overcome these drawbacks, many researchers have focused only on using MOSFETs in their
emulator circuits. For example, Yesil et al. [17] demonstrated a grounded emulator built from seven
MOSFETs operated at 50 MHz. Another minimalist approach used only three transistors and achieved
100 kHz [18], whereas a four-transistor design in [19] managed up to 100 MHz. Passive floating and
grounded versions were explored in [20], and Ghosh et al. [21] introduced a highly efficient 3-NMOS
design with an extremely low power consumption of 2.6 uW. Further variations can be found in [22]
and [23].

This study introduces a new grounded memristor emulator that stands out for its simplicity and
efficiency. The circuit was built using only three N-channel MOSFETs and one capacitor, completely
avoiding any active components or analog multipliers. It also requires no DC biasing, which means that
it consumes no static power. Even the dynamic power usage is very low. The voltage across the capacitor
controls the behaviour of two of the transistors (M2 and M3), allowing the circuit to replicate key
memristive features, such as the pinched hysteresis loop, and providing tunability as needed.

METHODOLOGY
The proposed memristor emulator was developed through a structured design process involving key
stages, as outlined below.
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Circuit Design

The emulator circuit (Figure 1) is composed of three n-type MOSFETs, labelled M1, M2, and M3,
and a single grounded capacitor (C). The layout avoids the use of any active components or DC biasing
circuits, instead focusing on a minimalist yet functional structure. Within this design, M1 operates in the
saturation region, whereas M2 and M3 are configured to function in the linear region. This specific setup
facilitates the nonlinear resistance behavior typical of memristors. The grounded capacitor plays a crucial
role by regulating the gate voltages M2 and M3, enabling variable resistance through voltage-controlled
conduction.

_— ‘ NMOS
~ NMOS 120n/100n

Frequency=5k I: 120n/100n 3/2 I

32 [
Gnd
NMOS

| 120n/100n
P :I:Cap 32 >]

l Gnd

Figure 1. Circuit Diagram.

2. Mathematical Analysis

Detailed mathematical modelling was performed to establish the relationship between the capacitor
voltage and nonlinear resistance across M2 and M3. The governing equations emphasize the influence
of the gate voltage, controlled by the capacitor, on the overall memductance. The equations highlight the
dynamic threshold characteristics of MOSFETs and their interactions under alternating input signals.

Next, considering the mathematical analysis, the drain current equation through the capacitor C can
be written as

dve(t)
at Kn1(Vin(t)—Vc(t)—|(VTN)|) (1)

=> C

Vinco is the applied sinusoidal input voltage, V.(t) represent the capacitor voltage, Vry is the

threshold voltage of M1,k = %unCOX (%)M is the transconductance parameter of M1 in which p,, is
1

the mobility of electron and Cyx is gate oxide capacitance respectively. Expanding and rearranging

equation 1.

@(t) = [ Vi dtis the flux (also called state variable and its depend on the capacitor voltage V. (t)
Now, considering the transistor M2 and M3 ,the conductance seen at M3 can be written as

Iin(t)
—= =K, (Vgs3 — Vrn3) (2

vin ()
It can be noted that identical current flows through M2 and M3 as they are in series, hence the current
equation can be represented as

=>  Iin(®) =Kn(Vgsz — Vonz)Vine 3)

The gate of M3 is connected to capacitor and source is grounded so , the voltage across the capacitor
and voltage across Gate to source is equal hence equation (10) can be modified as

=>

Iin(t) ~ i &
o S KnlG +25c-0(0) 4
The Memductance equation in its final form can be eventually written as
1 Kn
=>  W(e®) ~Kn(z +2-2L (1)) )
1 1
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1 WY . .
Where, K, = > i, Cox (T) is the transconductance parameter of M3 transistor

The first term inside the bracket contains the initial state of the memristor, which is time invariant,
whereas the second term inside the bracket denotes the linear time-variant part.

It is clear that the memductance is function of its state variable ¢ which is the time integral of voltage.

Now, to analyze the effect of frequency on the hysteresis nature, a sinusoidal input voltage of the
form Ap,sin (2mtft) is applied where A, is amplitude and f is signal frequency

@) = [ Vipdt
@(t) = [ Aysin (2mft) dt

A, cos(2Ttft)
Q) ==
Substituting this in equation (12)

=> W) = Kalg 252 0(0)]

Kn Kn
=>  W(p@l)) =K, T[fCél cos(2mft) + C_11

As f = oo, W(p(t)) become Linear.

IMPLEMENTATION

The memristor was made using 90 nm CMOS technology to obtain a compact, high-performance
design. The circuit consists of three n-type MOSFETs (M1, M2, and M3) and a grounded capacitor (C)
without using active components or DC biasing. This design architecture not only simplifies the design
but also enhances the overall energy efficiency.

In the implementation, the MOSFETSs were connected to produce the desired nonlinear behaviour. M1
operates in the saturation region, producing a voltage across the capacitor that subsequently controls the
gate voltages of M2 and M3. Both M2 and M3 function in the linear region, acting as variable resistances
that establish the nonlinear current-voltage relationship of the circuit. This specific configuration was
selected to ensure the preservation of the pinched hysteresis loop characteristic of the memristors over a
wide frequency spectrum.

Simulation results were obtained to evaluate the performance of the circuit. Using industry-standard
simulation tools, the design demonstrated stable operation up to 100 MHz, achieving a dynamic power
consumption of just 15.82 uW and an extremely low static power consumption of 65.6 uW. The analysis
of the transient and frequency responses further confirmed the functionality of the circuit, verifying its
suitability for low-power, high-speed applications.

To assess the real-world practicality, experimental validation was performed using commercially
available MOSFETs. The experimental results closely matched the simulation results, confirming the
robustness and reliability of the design. Overall, this implementation demonstrates how a compact,
energy-efficient memristor emulator can be achieved without active blocks, making it an excellent
candidate for use in neuromorphic systems, in-memory computing, and SRAM-based technologies.

Simulation and Experimental Validation

The circuit successfully maintained a distinct pinched hysteresis loop over a wide frequency range.
The simulation results demonstrate that this behaviour is preserved even at frequencies reaching 100
MHz, confirming the high-speed capabilities of the proposed design (Figures 2-4). This marks a
substantial advancement compared to earlier designs, which typically operate within only a few kilohertz
to low megahertz ranges.

© STM Journals 2025. All Rights Reserved 48



International Journal of Electrical and Communication Engineering Technology
Volume 3, Issue 2

Voltage waveform %105 Voltage waveform

S <
& k=
S o}
4 6 0 0.2 0.4 0.6 0.8 1
Time (s) x10 Time (s) x1073
Figure 2. Voltage waveform Figure 3. Current waveform
Voltage and current waveforms x10°
1 f H TN 4
Voltage
0.8 | Current
0.6 | 2
04 | .
02 <
= -
& 1 B
S | @]
§ -0.2
0.4 | -2
0.6 | -3
0.8 | -4
1 ] ] ] 5
0 0.2 04 0.6 0.8 1
' x1073
Time (s)

Figure 4. Voltage and current waveform.

Frequency Response

This circuit can normally operate at frequencies up to 100 MHz, making it an optimized option for
high-speed applications, such as in-memory computing and neuromorphic engineering. The use of a
grounded capacitor improves stability and ensures consistent performance across a wide frequency
spectrum (Figures 5-8).
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Figure 5. kHz waveform Figure 6. 50 kHz waveform
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Figure 7. 500 kHz waveform

Comparison Analysis

To highlight the advantages of the proposed memristor emulator, a comparison with existing designs in
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Figure 8. 100 kHz waveform

terms of components, power consumption, and operating frequency is presented in Table 1.

Table 1. Comparison of the proposed memristor emulator circuit with the existing design

Ref. No. Active Component Passive Component Power Operating Frequency

[6] 1-CCII 1-Multiplier R-1,C-1 NA 860kHz

[7] I-CCTA R-3,C-1 NA IMHz

[8] 1I-DVCCTA R-3,C-1 NA IMHz

[9] 1-VDTA C-1 SuW/NA 50MHz

[10] 1-VDTA R-1,C-1 NA 50MHz

[11] 1-CFTA C-1 9.567TmW 9MHz

[19] 2-PMOS 1-NMOS NIL 8.74mW 100MHz

This work 3-NMOS C-1 15.82uW/65.6 pW 10MHz
CONCLUSION

The proposed memristor emulator demonstrates a compact, power-efficient, and high-frequency
design sui for modern electronic applications. By utilizing only three NMOS transistors and a grounded
capacitor, the circuit eliminates the need for active components and DC biasing, achieving both
simplicity and low energy consumption. Simulation and experimental validation confirm that the
emulator preserves the key memristive characteristic—the pinched hysteresis loop—over a wide
frequency range, extending up to 100 MHz. With dynamic and static power consumption values of 15.82
uW and 65.6 W, respectively, the design is highly optimized for neuromorphic computing, in-memory
processing, and non-volatile memory systems. While certain limitations exist, such as sensitivity to
process variations and scalability concerns, the overall efficiency, robustness, and fidelity of the emulator
make it a promising candidate for integration in high-speed and energy-aware systems. This work
contributes a practical and reliable solution for advancing next-generation analog and neuromorphic
circuits.

LIMITATION
a. Limited Representation of Non-Ideal Effects: While the design has a valid memristive operation,
it might not be able to realistically represent some non-ideal attributes of physical memristors,
such as temperature dependence or stochastic switching behaviors.
b. Frequency Limits for High-Frequency Performance: The circuit can maintain the pinched
hysteresis loop up to 100 MHz. It seems practical that we have usable performance data covering
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a <1Hz to 100 MHz frequency range, however, to improve the optimized high-frequency
application may require reducing distortion and signal degradation.

Scalability Issues for Integrated Systems: While the design is small and thus adds to overall lower
power consumption, it could be the cause for parasitic net effects to be introduced in larger
integrated systems, effectively preventing the use of multiple circuits in more complicated
neuromorphic networks.

Process Variation Sensitivity: Given the nature of operation of the circuit, there might also be
some slight sensitivity to how the component fabrication is being completed that could introduce
small variance-defeat in behaviour, especially within the nanoscale regime.
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