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Abstract: In this work, three simple configurations of meminductor mutator are presented. The first two configurations
of meminductor mutator have been implemented utilizing one CMOS-based operational amplifier, one memristor, one
capacitor, and five resistors, while the third configuration of meminductor mutator is implemented utilizing one CMOS-
based operational amplifier, two memristors, one capacitor, and four resistors. The implementation and simulation of
the proposed configurations are done by using LTspice tool. The viability of the proposed circuits is demonstrated
by utilizing TSMC 180 nm CMOS technology parameters. The proposed circuits of the meminductor have a simple
structure in contrast to many of the circuits presented in the literature and operate satisfactorily over a wide range of
frequencies. The functionality of the proposed circuits is verified through utilization of both the spice model of memristor
and a memristor emulator circuit. A chaotic oscillator and second-order high pass filter are designed using the proposed

meminductor to verify its workability.

Key words: Meminductor, pinch hysteresis loop, memristor, emulator, operational amplifier

1. Introduction

In 1971, the fourth missing fundamental component of a circuit called a memristor was theoretically introduced
by Prof. Leon Chua [1], following a resistor, an inductor, and a capacitor. HP Labs physically implemented
this nanoscale solid-state device in 2008 [2], which sparked a great deal of attention among researchers. This
memristive device has nonvolatility, nonlinearity, and nanoscale size properties. Further, nanoscale memristors
have fabrication compatibility with the CMOS process. The first functional memristor array constructed on a
CMOS chip was announced by HRL Laboratories [3]. KNOWM company has commercialized the memristors
but they have strict operational conditions [4]. Henceforth, researchers engage in the development of diverse
memristor models and emulators for the purpose of analyzing and implementing a spectrum of real-world ap-
plications [5—8]. The memristor was expanded in 2009 to include a meminductor and a memcapacitor, whose
characteristics are dependent on the device’s history [9]. These three memory components share traits like non-
volatility and pinched hysteresis loops between the two quantities that characterize them. These mem-elements
i.e. memristor, meminductor, and memcapacitor opened a new era of analog memory components for a variety

of applications, including adaptive filters [10], chaotic oscillators [11], neuromorphic circuits [12], digital low-
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power computation [13], and many more. Researchers have offered numerous SPICE models of meminductors
in the literature [14, 15]. Since a meminductor is not available as a commercial device, numerous circuits of
meminductor emulators are reported in research publications to physically examine the dynamics of meminduc-
tive devices in the electronic domain. The published work describes a variety of meminductor emulators that
were implemented using active and passive elements. In order to convert a memristor into a memcapacitor and
a meminductor, D. Biolek et al. presented a synthesis of mutators [16]. In Ref. [17], Pershin and Di Ventra
introduced a circuit that transforms the memristor into a meminductor and memcapacitor. But these mutations
were not precise, and approximately analogous circuits contained parasitic resistances. After a few years, Per-
shin and Di Ventra proposed the current conveyor-based emulator to convert memristor into meminductor and
memcapacitor, which do not have any additional resistance [18]. In Ref.[19], a meminductor emulator circuit
implemented by using a mutator was presented by Sah et al. However, the presented meminductor employs a
large count of active and passive elements and has a very low-frequency range. A meminductor emulator based
on a memristor-less charge-controlled technique was presented by Sah et al. [20], which is complex in structure
because it requires an analog multiplier, operational amplifiers, and several MOSFETs for its implementation.
M. E. Fouda et al. presented voltage and current-controlled meminductor emulators which were realized using
two mathematical models [21]. A 4-port mutator was introduced by S. Minaei et al. [22], which they used to
implement the memristor, meminductor, and memcapacitor. In Ref. [23], operational amplifier-based memin-
ductor emulators are presented and their functionality is verified by realizing a chaotic oscillator. Y. Babacan
in his research letter proposed an operational transconductance amplifier(OTA) based meminductor and mem-
capacitor emulator where there is no requirement for a mutator to perform transformation from memristor to
meminductor and memcapacitor [24]. In Ref. [25], a floating/grounded meminductor is implemented using an
operational amplifier, operational transconductance amplifier, current conveyors, and passive elements which
makes the structure of the circuit complex and bulky. In Ref. [26], a gyrator circuit was used to realize a me-
minductor emulator. Q. Zhao et al. [27] described a universal emulator to realize meminductor, memcapacitor,
and memristor. A meminductor emulator using one analog multiplier, two OTA, and four passive components
has been presented in [28]. A meminductor emulator was implemented utilizing the Riordan gyrator in [29].
M.O. Korkmaz et al. realized a meminductor using one analog multiplier, one dual output second-generation
current conveyor(DO-CCII), one CCII, and five passive elements [30]. A Colpitts sinusoidal oscillator based on
a meminductor emulator was implemented and discussed in detail [31]. In Ref. [32], an operational amplifier-
based meminductor emulator is reported and it requires sixteen passive components for its implementation.
Meminductor emulator presented in [33] consists of one OTA, one MO-OTA, one voltage multiplier, and three
passive elements. The comprehensive analysis details meminductor emulators realized utilizing OTA, CCII,
current differencing buffered amplifier(CDBA), and passive components [34-38]. The topology of meminductor
reported in [39] is implemented using one voltage differential transconductance amplifier (VDTA) and one DO-
CCII whereas the meminductor circuit reported in [40] requires one modified VDTA for its realization. The
grounded emulator configuration using two CDBA is reported in [41] which requires fiftty CMOS transistors
for its implementation. A meminductor emulator based on five CCII and four passive elements is presented in
[42]. Meminductor emulators implemented using CDBA, OTA, VDTA, and current differential transconduc-
tance amplifier (CDTA) are reported in [43, 44]. Meminductors based on operational amplifiers are reported in
[45, 46]. The meminductor presented in [45] functions at a high supply voltage, while the meminductor reported

in [46] exhibits a low operating frequency.
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Recent literature has revealed that some of the meminductor emulators have complex circuitry since
they were designed using analog multipliers and/or a huge count of active blocks and passive components
[19-21, 25, 27, 28, 30-33]. Recent research mentions certain emulators that incorporate an excessive number
of active devices, leading to complicated designs [32, 34, 35, 37]. The purpose of this work is to construct a
meminductor that employs the fewest possible active and passive components.

This work proposes a simple design for a mutator-based meminductor that emulates the behavior of the
meminductive system and is realized using a single active block namely an operational amplifier. To implement
the proposed designs, CMOS-based operational amplifier, resistors, memristors, and capacitors are used. The
fabrication compatibility of CMOS and memristor allows the nanoscale memristor to be fabricated on the top
of CMOS layer and therefore memristor does not occupy any implementation area on the chip. The viability
of the proposed circuits is demonstrated using both the spice model of a memristor and a memristor emulator

circuit.
The organization of the manuscript is as follows: A mathematical review of the memristive, memcapaci-

tive, and meminductive system is provided in Section 2. The design of the proposed meminductors is discussed
and presented in Section 3. The analysis and simulation results are summarized in Section 4. In Section 5, a
comparison of the proposed and existing models of meminductor is given. In Section 6, a chaotic oscillator and
a high pass filter are realized as an application part. Section 7 includes the experimental result of the proposed

circuit. Section 8 concludes this work.

2. Review of mem-elements
After building several intriguing memristor-based applications, Di Ventra, Y.V Pershin, and L. O Chua expanded
the idea of memory-based circuit elements to inductive and capacitive systems and introduced meminductor
and memcapacitor as mem-elements [9]. The electrical relationships that exist between these mem-elements
are shown in Figure 1. These mem-element based computers have the capacity to simultaneously store and
process information [47, 48]. Memcapacitors and meminductors do not yet have solid-state implementations,
which makes it difficult to use their distinctive qualities in real-world applications. Due to this, a new field of
study has recently emerged that focuses on developing electronic circuits that fulfill the fundamental equations
of the emulated memory elements, or "emulators” of these devices.

In order to demonstrate that the device is a mem-element, the pinched hysteresis curves are produced
amid four physical parameters, namely flux (), charge (q), current (i), and voltage (v) [9]. A charge-controlled
memristor is characterized by a correlation between flux, ¢, and charge, q. Equation (1) is used to define the

memristance of a memristor.

Malo) = 5 )
Rewriting (1) as follows:
do
Male) = 4 = 7] 2

For memristor, a pinch hysteresis curve is drawn either between voltage(v) and current(i) or between flux (¢)
and charge (q).

A memcapacitor is characterized by a correlation between flux, ¢, and o as given in (3).

do

M(C):%
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Figure 1. Pictorial representation of interrelation between mem-elements.

where flux (¢) is the time integral of voltage and o is the time integral of charge (q) as shown in (4) and (5):

o(t) = / V(t)dt (4)

o(t) = / g(t)dt (5)

For memcapacitor, a pinch hysteresis curve is obtained between voltage (v) and charge(q).

A meminductor is defined by a correlation between charge, ¢, and p as given in (6).

dp
My =— 6
L= G (6)
In an alternative form, (6) can be written as
dp
_ar _ o)
ML - dq - I(t) (7)

o(t) = / o(t)dt (9)

For meminductor, a pinch hysteresis curve is produced amid flux (¢) and current (I).

By analyzing various constitutive relationships, it is simple to understand how these variables are
interdependent, and by meticulously analyzing the relationship between these variables, memristive systems
can be converted into meminductive systems. As a result, the unique property of the memristor, i.e. memory
retention can also be achieved in the inductive system. Depending on the input variable, a meminductor can
be either defined as a flux-controlled meminductor or a current-controlled meminductor. Equation (10) defines

the flux-controlled meminductor, whereas (11) defines the current-controlled meminductor.

I(t) = M ' (x,1,1).6(t) (10)
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o(t) = My (x,1,t).1(t) (11)

where z is the meminductive system’s internal state variable, My is its meminductance, M, 1 is the

inverse of meminductance, and I(t) is the current that is flowing through it.

3. Proposed circuits of meminductor mutator

This part outlines a methodical process for realizing the circuits of a grounded meminductor. The approach
involves incorporating memristors into the circuits in a way that allows them to inherit memory retention
property, which results in meminductive behavior. As a part of this approach, three different mutator-
based circuits have been presented through analytical design techniques. To verify the circuit behavior as a
meminductor, the input impedances are calculated for the proposed meminductor circuits. The circuit diagrams
are depicted in Figures 2a, 2b, and 2c for the proposed meminductors. In these diagrams, V; denotes the voltage
applied at the input, V., the operational amplifier’s inverting and noninverting terminal voltages, and V,, the
operational amplifier’s output voltage. To implement the proposed circuits illustrated in Figures 2a and 2b,
one CMOS-based operational amplifier, one memristor, one capacitor, and five resistors are used, while one
CMOS-based operational amplifier, two memristors, one capacitor, and four resistors are used to implement the
circuit depicted in Figure 2c.

Applying KCL in the circuit of Figure 2a yields the following set of equations:

i) = U (- v)s0 (12)
Wik, (oK) Lo, 13)
Bov) (v, "
% + (Vi — Va)sC — AX; =0 (15)

The input impedance is found by solving the above set of equations and given in (16):

RiR R R RiR R
Zin(s) = Vi — (Gtare — L+ 7)) (4 377)) +sC(F" — Ra(1+ 7)) (16)
PTG T (e — e (4 ) 5O — (1 B+ ) 1 )
v MR4Rs Ro MRy MpaRe R2 Mpa R2

The input impedance of the circuit becomes meminductive when two matched conditions are applied, and these
are:

(a)Ry = Ry (b)(1+ B1)(1 4 ) = fhfis

After substituting the matched conditions in (16), the input impedance can be written as:

(it — aeasiy) +sCURE = Ro(ati—n))
. R
Zin(s) = ( Rs L( R Rs ) + sC( RiRs _ RiRs +1— &) (17)
MR4Rs Rs (1+%)MR4R6 MRr4Rs MR4Rg R3
So(R1R5MR4+R1R3MR4*R1R3MR4)
Mp4Re(1+ 1\/224)

(R2R5+R1R5—1%1R5 )
RyMpaRe(1+ 5
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1444
Zin(s) = sCRlMRA(igi) (19)
I+ 57%)
Vi
Zin(8) = =sM 2

(9= 75 = s (20)

By
where M; = CRiM R4(i+7§§) represents the meminductance of the meminductor circuit. The flux stored in

MRy

the proposed meminductor is calculated by substituting the value of V; in (4) and given as:

6(t) = sMy, / Lis)dt (21)

Similarly, the input impedance for Figure 2b and Figure 2¢ can be calculated and given in (22) and (23)
respectively.

(1+ %)

Zzn(S) = SCMR1R4(1+7%Z)

(22)

R

Zin(s) ——>

Figure 2. Proposed meminductor mutator circuits.
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(+ )

1+ 37)

Zm(s) = SCMRlMR4 (23)

From the above analysis, it is evident that the meminductance of the proposed circuits depends on the value
of the memristor, resistor, and capacitor. Since memristors are frequency-dependent, hence meminductance is

also impacted by the operating frequency of the circuit.

3.1. Nonideal analysis

The nonideal operational amplifier shown in Figure 3a exhibits parasitic capacitance, Cy,, at the inverting and
noninverting terminals. At the output terminal, it has parasitic capacitance C,, and parasitic resistance R, .
The gain of a nonideal operational amplifier is frequency-dependent and can be described using a single-pole
model as follows

Bls) = 5 (24)

where fj is the open loop dc gain of the operational amplifier at low frequency and w,, is the pole frequency.
The equivalent circuit of the proposed meminductor depicted in Figure 2a considering the nonideal effects is

shown in Figure 3b. The analysis of the nonideal circuit depicted in Figure 3b yields the input impedance as
Vi B(8)Z11 + Z12 + sC(B(s)Z13 + Z14) + 5Cip(B(8) Z15 + Z16) + Z17

Zin(s) = Ii(s) - B(8)Za1 + Zag + sC(B(s)Zas + Z2a) + sCip(B(8) Zas + Zag) + Zor (25)

where Zny = 7l — (14 ) (1+ ), ZIQ:(1+R1( R%))(H R5+R5)MR4)
Zysy =l — Ry — Il Zie = (B + R5)(1 +M4)+RlR5(M7M+R%+R%)
PR 1+£§4’ g = <R2 ) ( + (R +R5)MR4>
Zog =7y +1— 2, Zz4—Z12+(%+% (R3 + Rs)
Zos=fo 4 fuls 1 Ju Zoo = (1+ 52)(1+ 51%) + Rs(; + w77

Substituting the value from (24) into (25) and omitting the higher order terms Z;7; and Zs7 due to their

negligible impact on the overall behavior, simplifies (25) as follows

Vi BoZu + Z12(1+ s/wp) + sC(BoZ13 + Z14(1 + s/wp)) + sCip(BoZ15 + Z16(1 + s/wp))

Zin S) = = 26
(s) Ii(s)  PoZor + Zao(1 + s/wp) + sC(BoZaz + Zaa(1 + s/wp)) + sCip(BoZ2s + Zas(1 + s/wp)) (26)
Since Sy >> 1, it is reasonable to neglect the terms that do not contain Sy. Then, (26) simplifies to
Z CBoZ CinBoZ1s
Zin(s) ~ BoZ11 + sCPoZ13 + sCipBo 2y (27)

BoZa1 + sCBoZa23 + sCipBoZas

By putting the values of Z11,Z13,Z15,Z21,Z23, and Zss into (27) and further simplifying, we obtain
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i (1 + %) (1 + A’};) + s (0 + Cy) — s(C (1 + %) Rs +Cyp (1 + M’*—;) Ry)

Rs Ry Rs _ Ray _ R Ry ) _ Bs
e O 1= 8 e (L) (€ (0 ) v 0w (1- 22))

In Equation (28), parasitic capacitance Cj, is significantly smaller than C'. Therefore terms involving Cj, pose
a negligible impact and can be neglected in comparison to terms involving C'. Hence, with this consideration

and by applying matching conditions, (28) can be expressed as

(29)

The meminductance offered by (29) is analogous to (19), representing an ideal operational amplifier case. Hence,

the performance of the proposed meminductor with nonideal effects is found to be satisfactory.

Figure 3. (a) Nonideal operational amplifier and (b) Nonideal equivalent model of proposed meminductor of
Figure 2a.

4. Simulation results

To perform simulation of the proposed designs, LTspice Tool is utilized. Simulations have been carried out
using the SPICE model of the memristor and CMOS-based operational amplifier. The proposed circuits are
also simulated using a memristor emulator circuit. Figure 4 depicts the diagram of a CMOS-based operational
amplifier used for the simulation of meminductor. The CMOS-based operational amplifier is implemented using
TSMC 180 nm process technology parameters, and Table 1 illustrates the aspect ratio of transistors used for
simulation. The CMOS-based operational amplifier’s power supply voltage is set as £0.9 V and the bias current
25 nA. The passive component values utilized for performing the SPICE simulation of the meminductor circuit
illustrated in Figure 2a are Ry = Ry = R3 =20 k, R5 =6 k, Rg = 1.5 k, and capacitance of 32 pF. The passive
component values for Figure 2b are Ry = R3 = R4y =20 k, R5 =6 k, Rg = 1.5 k, and capacitance of 20 pF. The

passive component values for Figure 2c are set as Ry = R3 = 20 k, Rs; = 3 k, Rg = 1.5 k, and capacitance of
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12 pF. The SPICE model of memristor presented by Z. Biolek et al. [49] and memristor emulator [7] depicted
in Figure 5 are used to perform simulations of the proposed circuits. The values of the capacitor are set as
5 pF, 2 pF, and 4 pF to simulate the proposed circuits depicted in Figures 2a, 2b, and 2c respectively, using

memristor emulator.

Figure 4. Schematic of the CMOS-based Operational Amplifier.

==
S=s

%Em N2 ji c—T—

Figure 5. Circuit diagram of memristor emulator [7].

Figures 6, 7, and 8 displayed the simulation results of proposed circuits for transient analysis and
associated pinched hysteresis curves at various frequencies using the SPICE model of memristor. Figure 9
illustrates the pinched hysteresis curves of the proposed meminductor circuits at different frequencies, achieved
through the implementation of memristor emulator circuit. The pinch hysteresis curve is the key fingerprint of

a meminductor circuit to demonstrate its meminductive behavior and for the proposed meminductor the pinch

706



GUPTA et al/Turk J Elec Eng & Comp Sci

hysteresis curve is drawn between input flux and current. The time-domain response of the input voltage and
current for the proposed circuit of Figure 2a is shown in Figure 10a. In this plot, the input voltage leads to
the input current, which confirms the inductive property of the proposed meminductor. The proposed design
of Figure 2a is applied with an input pulse (V;) that has 100 mV amplitude and 1 kHz frequency to test its
nonvolatility property. The ratio of flux to current is used to compute meminductance. Figure 10b displays
the simulated waveform for meminductance (M, ) and the input pulse(V;). The waveform in Figure 10b shows
that during the on phase of the input pulse, meminductance value increases linearly up to a certain value till
the end of the on phase of the input pulse. At the end of the on phase of the input pulse, this value is recorded
and retained throughout the off phase of the input pulse. The value of meminductance begins to rise again
when the next input pulse’s on phase begins, building on the value that was held throughout the preceding

input pulse’s off time. This demonstrates the proposed meminductor circuit memory retaining property.

Ldp : : —T~ 210n i
l.ﬂu _ﬁ--ﬁ-ﬁ-éﬁ-ﬂ--ﬁ-;ﬂ--R-ﬂ-éﬁ-_15““ l.u”_
o.6n -H-HH-tEHFHE om0 - 0607

3 3

< ozn AHHHHAHR R 3ms 2 020

- =]

2 E ¢

=o02p HMHHHH T HHHE 3m% & 0.2

] B o

“ s AL 2= T 0.6
T :
Ldp i .' —-210n i |

A 1500 -90n -30n 300 90n 150m
Time Flux (Wh)

(a) (b)
Figure 6. (a) Transient analysis and (b) Corresponding pinch hysteresis loop for the circuit of Figure 2a.

The Monte Carlo simulation has been carried out for two hundred runs to validate the robustness of
the proposed meminductor circuits. Figures 11a, 11b, and 11c display the pinch hysteresis loop obtained using

Monte Carlo simulation for the proposed circuits of Figures 2a, 2b, and 2c respectively, which verify the resilience
of the proposed circuits.

Table 1. Transistors aspect ratio for the CMOS-based operational amplifier.

Transistor | W/L (num)
PL, P2 | 6.5/1

NI, N2 | 28/1

N3, N4 | 4/1

N5 31.14/1
P3 124.56/1
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2.5n
2.0p
1.5pn—
= 1.0p—
= 0.5p
0.0p—
ﬁl].ip—
-1.0p
-1.5p—¢
-2.0p¢
-2.5p i
-150n %0n -30n 30n %0n 150n

A

Current (A)
Flux (Wh)
rre

Figure 7. (a) Transient analysis and (b) Corresponding pinch hysteresis loop for the circuit of Figure 2b.

1.8
2.8u —T 2400 1.5p
: 1.2
2.0p -~ 160n - 0.9
- - 0.6p—
:.5 1.2].[ ‘:" B Sl}ﬂ "'_:." E 0.3”_
E 0 4].[ o On E is: I][I'].l_
E o 2 -0.3p
| = -

C 0.4p Y4 -8 = -0.6p
-0.9p-
1.2p N -i—-160n -1.2p

-1.5p .

—2']].[ 1 | | -240n —].S:-l.l i |I i |I

Ops  30ps ~ 60ps  90ps 200n -120n -40n  40n  120n 200n
Time Flux (Wh)

(a) (b)

Figure 8. (a) Transient analysis and (b) Corresponding pinch hysteresis loop for the circuit of Figure 2c.

Process corner analysis of the proposed circuits is conducted to assess the variation in circuit performance
due to manufacturing process variations. It involves testing circuits under different process corners. These
corners are (i) fast-fast (FF), (ii) fast-slow (FS), (iii) slow-fast (SF), and (iv) slow-slow (SS). Figure 12 depicts
the results of the corner analysis and verifies that the proposed circuits operate satisfactorily in a complete
workspace.

The temperature analysis has been done to evaluate the performance of the proposed circuits under
varying thermal conditions. The temperature is varied in the range of -40 °C to +40 °C. The results obtained
are displayed in Figure 13. Figure 13 demonstrates that the pinched hysteresis curves exhibit no deformation

and confirm satisfactory performance with temperature variations.
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Figure 9. Pinched hysteresis loops of the proposed circuits depicted in Figures 2a, 2b, and 2c respectively
using memristor emulator.
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Figure 10. (a) Time domain response and (b) Nonvolatile nature for the proposed circuit of Figure 2a.
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Figure 11. Monte Carlo Simulation of the proposed circuits depicted in Figures 2a, 2b, and 2c respectively.

5. Comparison of the meminductor circuits

The traits of the proposed meminductor are contrasted with the traits of the circuits of the meminductor
presented in the literature. The comparison considers a variety of aspects such as count of active blocks, count
of passive elements, DC supply voltage, working frequency range, configuration of the meminductor emulator,

technology used, and power consumption. From the investigation of Table 2, the following conclusion can be
drawn:
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Figure 13. Pinched hysteresis loops of the proposed circuits depicted in Figures 2a, 2b, and 2c respectively
for different temperatures.

1. It is evident from the referenced circuits in Table 2, that the proposed meminductor circuits operate at a
low DC supply voltage of £0.9 V.

2. The meminductor emulators discussed in Table 2 operate in Hz or a few tens of kHz frequency range

[17, 19-22, 24, 25, 27, 30-32] and our proposed designs operate up to 1 MHz frequency range.

3. The proposed circuits are realized utilizing one CMOS-based operational amplifier and seven passive
components whereas the circuits of the emulator presented in Table 2 require the complex block such as
current conveyors, voltage differentiators, and current feedback amplifier for their realization which makes
their practical realization expensive [19-21, 25, 30, 35, 37]

4. The meminductor emulator circuits reported in [19-21, 25, 27, 28, 30-33], realized employing an analog
multiplier that results in complex and bulky designs whereas the proposed meminductor circuits do not

require any multiplier for their realization which makes them simple and easy to realize.

5. The power consumption of the proposed circuit is greater than that of [28, 34] and smaller than that of

[39]. However, the proposed design requires fewer active building blocks compared to these designs.

6. Applications

Two applications namely chaotic oscillator and high pass filter are presented in this paragraph to display the
workability of the proposed meminductor circuit.
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Table 2. Comparison with previous works.

Refs. Number of | Number DC sup- | Frequency | Floating/ | Tech. Power consump-
active blocks | of passive | ply volt- | range Grounded | used tion (W)
components | age (F/G) (nm)
[17] 1 Op-amp 1C, 1R, 1Mp | - Few Hz G - -
[19] 1 Multiplier, | 2C,7R +5V 800 Hz G - -
2 CCII, 4 op-
amp
[20] 1 Multiplier, | 2C,2R,1L +5V 300 Hz G - -
3 op-amp, 1
Voltage dif-
ferentiator
[21] 1 Multiplier, | 2C, 3R +5V 10 Hz G - -
1 Adder, 3
CCII
[22] 1Subtractor, | 1C, 1R, 1M | £1.25 V | 40 Hz G - -
1 Adder
[23] 2 Op-amp 1C, 3R, 1M | £ 15V 700 kHz- | G - -
2 MHz
[24] 1 OTA 1C, 1R,1L - 500 Hz G - -
[25] 1 OTA,1 | 2C7R +15V 5 kHz Both - -
Multiplier,
2 CCII, 1
CFOA
[26] 2 op-amp 2Mg,1C, 4R | - - G - -
[27] 3 CCII1 | 2C, 3R - 5 HZ Both - -
Multiplier
[28] 2 OTAs, 1| 2R, 2C +1.25'V 10 kHz G 180 2.25m
Multiplier
[29] 3 Op-amp 1C, 8R, | - 10 KHz F - -
1LED  cou-
pled with
photoresist
[30] 1 Multiplier, | 2C, 1L, 2R | £12 V 300 Hz - | G - -
1 DOCCII, 1 700 Hz
CCII
[31] 5 Op-amp, 1 | 11 R, 2C +12V 200 Hz F - -
multiplier
[34] 2 OTA, 2| 1R,2C +1.2V 10 MHz Both 180 1.03m
CCII
[41] 2 CDTA 2C +09V 500 kHz G 180 -
[35] 1 OTA, 1] 1R, 2C +0.9V 1 MHz G 180 -
CClII, 1
CDBA
[40] 1 MVDVTA | 1R, 2C +09V 500 kHz F 180 -
[36] 2 OTA, 1|2C +09V 2 MHz Both 180 -
CDBA
[33] 1 OTA, 1] 1R, 2C +1.25'V 1 MHz F 180 3.87Tm
MO-OTA, 1
multiplier
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Table 2. (continued)

Refs. Number of | Number DC sup- | Frequency | Floating/ | Tech. | Power consump-
active blocks | of  passive | ply volt- | range Grounded | used tion (W)
components | age (F/G) (nm)
37] 2 OTA, 1]5R,5C 109V | 3 MHz Both 180 -
CDBA
38] 1 OTA, 1|IR,1C, 1L |- 100 k0z | G ; :
CCII
[32] 6 Op-amp, 3 | 14R, 2C - 3 kliz F - 5
Multiplier
[39] 1 VDTA, 1| 1R, 2C +0.9 V 200 kHz F 180 8.58m
DOCCII
Proposed | 1 Op-amp 1C,5R, 1M | 209V 100 kHz | G 180 4.53m
OR 1C, 4R, 1 MHz
2Mp

Op-amp: operational amplifier, CFOA: current-feedback operational amplifier

6.1. Chaotic oscillator
A chaotic oscillator depicted in Figure 14a has been realized using the proposed meminductor. The presented
chaotic oscillator is based on Chua’s circuit [50]. The chaotic oscillator is implemented with the help of the
proposed meminductor (M), two capacitors (C; and Cy), one inductor (L), one resistor (R), and two
negative resistance (-R; and -Rs). The negative resistances are realized using operational amplifier based
negative impedance converter.

A system of differential equations representing the dynamics of a chaotic oscillator based on a memin-

ductor emulator is given as follows:

avi Wi Wn
i L
1% i) + Ry L (30)
v,
Co—==1I;, -1 31
2 dt L ML ( )
dl
Lgf:%+%—hR (32)
M =V 33
L= > (33)

The two-dimensional simulation plot for the meminductor-based chaotic oscillator of Figure 14a is displayed
in Figure 14b. The values of the components for these plots are ¢y = 10 pF,Cy = 10 nF,L; = 1 mH, and

R =100 2. The designed chaotic oscillator can be used in applications such as random number and noise signal
generators.

6.2. High pass filter
The applicability of the proposed meminductor has been validated by realizing a second-order high pass filter

shown in Figure 15a. The transfer function of the filter is represented in (34)

82

H(s) = (34)

2 1 R
s°t 3,0 TS,
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Figure 14. (a) Proposed meminductor based Chaotic oscillator (b) its 2-D output plot.

The filter’s resonance frequency and quality factor are as follows:

1

Wo = ALO (35)
_ WoML
Q= iz (36)

To check the workability of the second-order high pass filter, it is simulated using LTspice by choosing the value
of C =5 nF, R=100 Q and replacing the passive inductor by the proposed meminductor as depicted in
Figure 15a. Figure 15b depicts the frequency response of the filter. The -3db frequency of this second-order
high pass filter is 1.6 KHz obtained from the graph.

I I o Vout 0 8v

Gain
=
@
i

1Hz 10Hz 100Hz 1KHz 10KHz 100KHz TMHz
Frequency

(a) (b)

Figure 15. (a) Proposed meminductor based second-order high pass filter (b) Frequency response of the filter.
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7. Experimental validation of proposed meminductor mutator

The functionality of the proposed meminductor depicted in Figure 2a has been confirmed through the experi-
mental setup depicted in Figure 16. The proposed circuit has been realized using an operational amplifier and
a memristor emulator. Therefore, an operational amplifier has been realized utilizing the Texas Instruments
LM324 IC. The power supply used for IC LM324 is £15 V. The values of passive components are chosen as
Ri=Ry;=R3=20k,R5 =7 k,Rs = 1.5 k, and capacitance of 1.08 nF. The memristor emulator of Figure 5
is implemented using four ALD1116 n-channel MOSFET ICs and a capacitor of value 0.22 pF. The pinched
hysteresis loop obtained for a frequency of 94 kHz using the implemented circuit of Figure 16 is depicted in
Figure 17. The performance has been tested using the SPICE models of LM324 and ALD1116.

Meminductor emulator I

- - -

Memristor emulator !

| I m
1 C 1
| I [ ) ) ]
I [ [ ] I [ | I
12 3 4 [1 2 3 4 [12 3 4 [12 3 4
) ALD1116 ) ALD1116 ) ALD1116 ) ALD1116
8 7 6 5 [87 6 5 [87 6 5 [87 6 5

Figure 16. Experimental setup of the proposed circuit depicted in Figure 2a.
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Figure 17. Pinched hysteresis loop obtained through the implemented circuit of Figure 16.

8. Conclusion

This paper presents a new design of meminductor circuits implemented utilizing a single operational amplifier,
capacitor, resistor, and memristor. The proposed circuits mutate the dynamics of memristive systems into an

efficient meminductive response. Contrary to previous designs that have been presented in the literature, the
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proposed circuits have a simple structure. The nonlinear dopant drift SPICE model of memristor and CMOS-
based operational amplifier is used for performing all simulations. The workability of proposed circuits is also
verified using a memristor emulator circuit. All the simulations are done on the LTspice tool utilizing 180 nm
CMOS process technology parameters. The proposed meminductor circuits operate well within a frequency
range of up to 1 MHz. SPICE simulation is done to confirm the proposed circuit’s nonvolatile characteristic.
The practicability of the proposed circuit has been confirmed by implementing a chaotic oscillator and a second-
order high-pass filter.
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