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Abstract—In recent years, interest in memelements, including 

memcapacitors, has increased significantly following the 

realisation of memristors. This paper presents the design and 

implementation of a memcapacitor circuit based on operational 

transconductance amplifiers (OTAs). The proposed design is 

structured as a mutator circuit, where the second stage functions 

as a memristor, ultimately transforming the circuit into a 

memcapacitor emulator. The emulator features electronic 

tunability, which allows the charge value of the memcapacitor 

to be adjusted by modifying the capacitor in the mutator stage. 

The charge value of the memcapacitor can also be adjusted by 

varying the transconductance gm value of the OTA active 

element. Additionally, the operational frequency of the 

memcapacitor can be varied by altering the capacitor in the 

second stage. An adaptive learning circuit based on the 

memcapacitor emulator is demonstrated to validate the circuit 

performance. The time response obtained when a sine signal is 

applied to the memcapacitor circuit, the input voltage-charge 

relationship, and the charge-time response obtained when a 

square wave is used to demonstrate its memory characteristics 

are provided. All simulations were conducted using LTSpice 

with Taiwan Semiconductor Manufacturing Company (TSMC) 

0.18 μm complementary metal oxide semiconductor (CMOS) 

process parameters. The results corroborate the effectiveness of 

the circuit, highlighting its potential for advanced electronic 

applications. 

 
Index Terms—Mutator; Memcapacitor emulator; OTA; 

Electronic tunability; Memristor.  

I. INTRODUCTION 

After Chua [1] proposed the memristor in 1971, 

researchers did not show significant interest in this 

memelement until it was physically realised in HP 

laboratories by Strukov, Snider, Stewart, and Williams [2] in 

2008. Subsequently, numerous studies have been conducted 

on memristors, focussing on various aspects such as 

fabrication [3]–[5], memristor emulator circuits [6]–[18], and 

applications of memristor-based circuits [14]–[20]. Di Ventra 

Pershin, and Chua [21] demonstrated that the concept of 

memory elements extends beyond resistive systems to 

include capacitive and inductive systems as well. Following 

this, mutator structures were introduced to convert 

memristors into memcapacitors and meminductors [22]. 

Memcapacitors establish a connection between flux and 

the time integral of charge, exhibiting a pinched hysteresis 

loop between voltage and charge, while meminductors 

establish a connection between charge and the time integral 

of flux, displaying a pinched hysteresis loop between current 

and flux. However, memcapacitors and meminductors are not 

readily available as discrete circuit elements in the literature. 

This limitation has prompted researchers to explore 

alternative approaches. By configuring emulator circuits to 

mimic the behaviour of memcapacitors and meminductors, 

researchers can overcome fabrication challenges and explore 

potential applications of these intriguing devices. The 

literature is rich in various approaches to understanding and 

implementing memcapacitors and meminductors, with 

numerous SPICE models [23]–[28] and mutator and emulator 

circuits [22], [29]–[46]. SPICE models of memristors or 

active elements used in mutator structures are used in [22] 

and [29]. In other mutator structures containing memristors, 

numerous active and passive elements are used in both the 

memristor and mutator layers [30]–[32], [34]. 

In this paper, we propose an operational transconductance 

amplifier (OTA)-based memcapacitor mutator circuit. This 

structure consists of an active OTA element, a capacitor, a 

resistor, and a memristor. To utilise the same active element, 

we selected an OTA-based memristor as the memristor 

component. The memristor stage includes one OTA, a 

capacitor, a resistor, and a multiplier circuit. The proposed 

memcapacitor circuit is electronically tunable. The charge 

value of the memcapacitor can be adjusted by modifying the 

transconductance gain gm of the OTA, as well as by changing 

the capacitor in the mutator stage. Additionally, the operating 

frequency of the memcapacitor can be tuned by altering the 

capacitor value in the memristor stage. By applying a sine 

signal to the input, we obtained a pinched hysteresis loop of 

the input voltage-charge characteristic of the memcapacitor 

for both a single memcapacitor and multiple memcapacitors 

connected in parallel. Furthermore, a square wave was 

applied to the input of the memcapacitor, and the resulting 

charge-time graph demonstrated the memory characteristic of 

the circuit. Additionally, to analyse the performance of the 

memcapacitor, the emulator structure was used in an adaptive 

learning circuit. All analyses were conducted using LTSpice 

with 0.18 µm Taiwan Semiconductor Manufacturing 

Company (TSMC) complementary metal oxide 
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semiconductor (CMOS) process parameters, and the results 

were consistent with previous memcapacitor circuits. 

II. PROPOSED MUTATOR CIRCUIT 

The OTA is a versatile electronic component widely used 

in analogue circuit design. Unlike traditional operational 

amplifiers, which provide a voltage output, an OTA converts 

an input voltage signal into an output current. The 

transconductance gain gm of the OTA, defined as the ratio of 

the output current to the input voltage, is a key parameter and 

is electronically tunable. This feature allows OTAs to be 

employed in many electronic circuit applications. The ability 

to adjust the gm value makes OTAs particularly useful in 

adaptive and reconfigurable circuits, including the proposed 

memcapacitor mutator circuit, where precise control of 

circuit parameters is essential. The electrical symbol and 

equivalent circuit of an ideal OTA are provided in Fig. 1.  

 
(a) 

 
(b) 

Fig. 1.  (a) Electrical symbol; (b) Equivalent circuit of an ideal OTA. 

Mathematically, the port relationships of the OTA can be 

expressed as 

 ( )outp outn m p nI I g V V .= − = −  (1) 

The OTA-based memcapacitor mutator structure is shown 

in Fig. 2. In this configuration, the first OTA-based stage 

functions as the mutator structure, while the second OTA-

based stage acts as the memristor. The memristor structure 

used in the mutator circuit is based on the design proposed by 

Babacan, Yesil, and Kacar [10]. The proposed memcapacitor 

circuit utilises the ideal OTA as shown in Fig. 1. An OTA-

based memristor was chosen for the mutator circuit to ensure 

consistency in the use of the same active element. 

If the memristance value of the memristor is expressed as 

M(q), then the Vp value for the mutator using (1) can be 

written as follows 

 ( ) ( ) ( )p outn m p m inV I M q g V M q g V M q .= − = −  (2) 

When (2) is edited and rewritten, 

 
( )

( )
m in

p

m

g V M q
V .

g M q 1
=

−
 (3) 

If the charge value is obtained from the input current of the 

memcapacitor: 

 
( )in R1

in C1 1

d V V
I I C ,

dt

−
= =  (4) 

 ( ) ( )in 1 in R1q t I dt = C V V .= −  (5) 

The voltage on resistor R1 is written as follows and if (1) is 

used, 

 
R1 outp 1 m p 1 m in 1V I R g V R g V R .= = −  (6) 

If (5) is rearranged using (6), 

 ( ) 1 in 1 m p 1 1 m in 1q t C V C g V R C g V R .= − +  (7) 

Using (3) and (7), the memcapacitance value of the circuit 

can be expressed as follows 

 
( )

( )
m 1

M 1

in m

q t g R
C C 1 .

V 1 g M q

 
= = + 

−  
 (8) 

 
Fig. 2.  Proposed memcapacitor emulator. 

In the circuit provided in Fig. 2, the passive circuit 

elements are chosen as follows: C1 = 10 pF, C2 = 900 nF, 

R1 = 10 kΩ, and R2 = 15 kΩ. The transconductance gain gm 

of the OTA is selected as 1.9 mS. 

III. SIMULATION RESULTS 

One of the key characteristics of memcapacitors is their 

ability to exhibit a pinched hysteresis loop when a sinusoidal 

signal is applied. In this study, a sinusoidal signal with an 

amplitude of 100 mV and a frequency of 1 kHz was applied 

to the proposed memcapacitor. The obtained time response of 

the memcapacitor and input voltage-charge characteristics 

are shown in Fig. 3. As depicted in Fig. 3(b), the expected 

pinched hysteresis loop was successfully obtained, 

confirming the anticipated behaviour of the proposed 

memcapacitor design. 

Another important feature of memcapacitors is their 

memory capability. A pulse voltage signal was applied to the 

memcapacitor circuit to investigate this characteristic. The 

resulting time response is shown in Fig. 4. As illustrated in 
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the figure, the charge value of the memcapacitor resumes 

from where it left off after each pulse, demonstrating the 

memory property of the memcapacitor. This confirms that the 

proposed memcapacitor circuit effectively exhibits the 

expected memory behaviour. 

The charge of a memcapacitor is directly proportional to 

its memcapacitance, so as the number of memcapacitors 

connected in parallel increases, the total charge also 

increases. We compared the charge values of a single 

memcapacitor, two memcapacitors connected in parallel, and 

three memcapacitors connected in parallel. The input voltage-

charge characteristics for these three cases are depicted in Fig. 

5, where, as expected, the highest charge value is obtained 

when three memcapacitors are connected in parallel.

 
(a) 

 
(b)

Fig. 3.  (a) Time response; (b) Pinched hysteresis loop of the memcapacitor.

 
Fig. 4.  Memcapacitor charge change when applied voltage pulse signal. 

 
Fig. 5.  The charge-voltage relationships of single, two parallel, and three 
parallel connected memcapacitors. 

 
(a) 

 
(b) 
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(c) 

Fig. 6.  Memcapacitor pinched hysteresis loops for different (a) gm, (b) C1 values, and (c) frequencies. 

The proposed memcapacitor circuit is electronically 

tunable. Since it is based on an OTA, the charge value of the 

memcapacitor can be adjusted by changing the OTA’s 

transconductance gain gm. The input voltage-charge 

characteristics obtained for different gm values of the OTA are 

shown in Fig. 6(a). Additionally, the charge value can also be 

adjusted by changing the capacitance value in the mutator 

stage of the memcapacitor circuit. The input voltage-charge 

characteristics obtained for different values of capacitor C1 in 

the memcapacitor structure are shown in Fig. 6(b). 

Furthermore, the capacitance value in the memristor stage of 

the memcapacitor also affects the operating frequency. The 

circuit was operated at different frequencies for different 

values of the capacitor C2 in the proposed memcapacitor 

structure, and the resulting input voltage-charge graphs are 

shown in Fig. 6(c). 

IV. APPLICATION OF THE PROPOSED MEMCAPACITOR IN 

ADAPTIVE LEARNING CIRCUIT 

The use of memelements in neural applications has become 

a popular research topic in recent years. To investigate the 

applicability of the proposed memcapacitor, the structure was 

used in an adaptive learning circuit to mimic amoeba 

behaviour [47]. Amoeba exhibits unique responses to 

changes in temperature. When there is any change in 

environmental temperature, amoebas exhibit a corresponding 

alteration in their locomotive speed. As the surrounding 

temperature varies, the movement of the amoeba also changes 

accordingly, and these changes accumulate over time even if 

the temperature changes occur at constant increments. During 

brief periods when the temperature remains stable, the 

amoeba maintains the speed it has reached since the last 

temperature change. This behaviour indicates a form of 

memory capability in amoeba. Researchers have modelled 

this behaviour by replacing passive elements in a series of 

RLC circuits with memory elements [42]–[46]. In this study, 

an adaptive learning circuit mimicking amoeba behaviour 

was implemented by replacing the capacitor in the RLC 

circuit with the proposed memcapacitor, as shown in Fig. 7, 

to demonstrate the effectiveness of the proposed 

memcapacitor. 

The basic circuit elements used in the adaptive learning 

circuit are selected as follows: the resistor R is 1 kΩ and the 

inductor L is 1 nH. Pulse signals with an amplitude of -

100 mV are applied to the input of the circuit, and the results 

are shown in Fig. 8.  

 
Fig. 7.  Adaptive learning circuit using proposed memcapacitor. 

 
(a) 

 
(b) 

Fig. 8.  Applied input voltage pulses and output responses obtained for (a) 

one signal and (b) three signals. 
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In this setup, the input signal Vin(t) represents the change 

in the close environmental temperature, while Vout(t) 

represents the change in the locomotive speed of the amoeba. 

When single pulses were applied to the circuit at 8 ms 

intervals, the output signal was -73.8 mV for the first pulse 

and -84.1 mV for the second pulse. When three pulses were 

applied at 1 ms intervals, the output signal dropped to -

89.8 mV. After 8 ms, a single pulse was applied again and the 

output signal was measured as -88.9 mV. It has been 

observed that when multiple pulses occur consecutively, the 

output gradually decreases, but when a single pulse arrives 

after some time, the output slows down instantly. This 

observation confirms the circuit’s ability to amoeba 

behaviour. From adaptive learning circuits utilising the 

memcapacitor, we determined that the proposed 

memcapacitor design is well-suited for real-time applications. 

V. CONCLUSIONS 

In this paper, we presented the design and implementation 

of a memcapacitor circuit using operational transconductance 

amplifiers (OTAs), structured as a mutator circuit. Our 

approach effectively emulates the behaviour of the 

memcapacitor by transforming an OTA-based memristor into 

a memcapacitor. The electronically tunable nature of the 

proposed circuit allows for precise control over the charge 

value by modifying the transconductance gain of the OTA or 

the capacitor in the mutator stage. This tunability extends to 

the operational frequency of the memcapacitor, which can be 

adjusted by varying the capacitance in the second stage. 

The simulation results confirmed the theoretical 

expectations, demonstrating key characteristics of the 

memcapacitor such as the pinched hysteresis loop and the 

memory effect. The input voltage-charge relationship 

exhibited the anticipated pinched hysteresis loop when a 

sinusoidal input signal was applied. Additionally, the 

memory characteristic of the circuit was validated through the 

charge-time response obtained with a square-wave input, 

showing that the memcapacitor retains its charge value 

between pulses. 

Furthermore, the applicability of the proposed 

memcapacitor in advanced electronic applications was 

illustrated by integrating it into an adaptive learning circuit 

designed to mimic amoeba behaviour. The circuit response to 

temperature changes, modelled as input voltage pulses, 

demonstrated a memory-like adaptation in the output signal, 

aligning with the locomotive speed adjustments observed in 

amoebas. Overall, the results highlight the potential of OTA-

based memcapacitor circuits in various applications, 

including adaptive systems and neuromorphic computing. 
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