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Meminductor emulator using VDBA and CDBA and its application
in chaotic oscillator

Shireesh Kumar Rai!, Bhawna Aggarwal 2, Rupam Das 3, Amaan Siddiqui 4, Akanksha Arora?

A voltage differencing buffered amplifier (VDBA) and a current differencing buffered amplifier (CDBA) are used in the
proposed compact meminductor emulator design. The proposed emulator reduces the passive components number by utilizing
parasitic components of CDBA to obtain a compact layout. This feature also aids in the realized circuit's ability to operate at
a high frequency. The element in the suggested design has memory of its previous state, since the effective meminductance is
dependent on the total charge stored on the capacitors. By altering the capacitance values, pinched hysteresis loops between
magnetic flux (@) and current (i) are shown throughout a broad frequency range (1 kHz to 3 MHz). Both incremental and
decremental hysteresis assessments, non-volatility measures, and transient response tests verify that the suggested emulator is
operating correctly. The theoretical predictions are closely matched with LTspice simulations utilizing 0.18 pm process
characteristics. The non-ideal analysis of the suggested configuration verifies the accuracy of the derived expressions and
simulation results. Lastly, the meminductor practical application in actual circuits is confirmed by incorporating it into a chaotic

oscillator.
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1 Introduction

Mem-elements are gaining significant importance
because of their wide-ranging applications in electrical,
electronics, and computer engineering. Among these,
the memristor — first proposed as the missing link
between charge ¢ and flux @ — is considered the founda-
tional member of the memelements family [1]. In circuit
theory, electrical and electronic engineers work with
four fundamental variables: flux ®, current i, voltage v,
and charge ¢q. The relationships between these variables
define the three classical passive components: the
resistor R relates voltage v and current 7, the inductor L
relates flux ® and current 7, and the capacitor C relates
charge ¢ and voltage v. The memristor complements
these by linking charge and flux, thereby completing the
theoretical framework of circuit elements. Memristor is
viewed upon as a resistor with memory whose resistance
is varied according to the previous history of the device.
The idea of the memristor has been further developed to
introduce memcapacitor and meminductor, considering
the dependency of capacitances and inductances on the
past history of the devices [2]. Recently, memristor has
gained a lot of popularity in various domains. However,
physical implementation of the memristor is a chal-
lenging task and amounts to high cost in prevailing

CMOS technology. Memristor is the only known mem-
ristive device available in market and is not compatible
with various applications [3]. Following these facts,
there are numerous researchers who are involved in
realizing various devices that can mimic their behaviour.
Along with memristors, other memelements — mem-
capacitors and meminductors — are also examined due to
their inherent storage characteristics. Each of these
elements possess a unique relationship not seen in any
other element, broadening the application domain. Many
new circuits have been designed using these memele-
ments that are being used in several applications [4-9].
A meminductor provides a flux-current relationship with
inherent energy storage capability, which not only con-
tributes nonlinearity but also adds a dynamic state
associated with magnetic energy. This dual role enhan-
ces the system’s effective dimensionality more naturally
than a memristor, which is fundamentally resistive and
dissipative in nature [10]. As a result, meminductor-
based circuits are more capable of generating sustained
oscillations and richer chaotic or hyperchaotic dynamics
without relying heavily on external reactive compo-
nents. From a design perspective, meminductors can
reduce dependency on bulky inductors by emulating
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inductive behavior in a compact and tunable form, while
avoiding some limitations of memristors such as pinched
hysteresis sensitivity to frequency and higher dissipative
losses. Consequently, meminductor-based designs often
achieve better energy efficiency, enhanced control-
lability, and greater dynamical richness compared to
their memristor-based counterparts [11]. Meminductors
play a unique role in neuromorphic and brain-inspired
computing beyond memristors [12]. The meminductor
finds applications beyond chaotic and non-linear circuits
such as image encryption [13], adaptive learning circuit
[14], neural spike generator [15, 16], and Fitz-Hugh-
Nagumo (FHN) neuron-based circuit [17], etc.

The significant impact of the memelements on the
new era of electronics and electrical engineering de-
mands the easy availability of these components in the
market. Driven by this need many researchers and
engineers are continuously trying to design memelement
emulators with available resources. Although many
memristor emulators are available in literature [18-23],
the availability of meminductors and memcapacitors is
rather limited. Researchers are making efforts to find
alternative realizations to obtain emulator designs with
simple structure and possessing improved performance
characteristics. The behavior of a designed memelement
emulator is verified by observing the pinched hysteresis
loops (PHLs) among voltage, current, charge and flux
[24]. The memristor emulator exhibits a PHL in the
relationship between charge and flux or equivalently,
between current and voltage. Similarly, the mem-
capacitor displays a PHL in charge versus voltage plane,
while the meminductor shows a PHL between flux and
current.

The meminductor and memcapacitor emulators
available in literature can be majorly classified in two
broad categories: (i) with memristor and (ii) memristor-
less. The first such emulator reported in [25] was
designed using an operational amplifier (OP-AMP),
memristor, and a few passive components. Mutator-
based memelement emulators have been suggested in
literature, where second-generation current conveyors
(CClIls) and operational transconductance amplifiers
(OTAs) are used [26]. In the mutator design reported in
[26], a memristor is required and thus it falls under the
first category of realization. Subsequently, other circuits
of memcapacitor and meminductor emulators were
reported utilizing CCIIs, memristor and passive
components [27] and are based on mutator realizations.
Other mutator circuits using current feedback
operational amplifier (CFOA), memristor and passive
components have been reported that can transform
memristor into memcapacitor and meminductor
emulators [28]. In [29], an attempt was made to imple-
ment a memristor-less floating meminductor emulator
but the circuit was very complex. Another attempt for
the memristor-less realization of meminductor emulator

has been done in [30] but due to usage of the analog
multiplier, passive inductor along with three OP-AMPs,
several resistors and capacitors make the circuit less
attractive. Next, meminductor emulator based on CClIs
has been introduced using capacitor, with an additional
requirement of adder and multiplier [31]. Mutator-based
meminductor emulator was introduced in [32], where
memristor emulator was connected at output terminal
and thereby the requirement of memristor emulator is
must for this design. The idea of mutator circuit designed
in [32] has been extended for the series, parallel and
hybrid connections of mem-inductors in [33]. A mem-
inductor emulator based on memristor was introduced
using a CCII, an OP-AMP, and a few passive compo-
nents [34]. A universal mutator was reported for the
emulation of memristor, mem-capacitor, and mem-
inductor with some modifications in the circuit, while a
memristor is needed for the implementation of mem-
capacitor and meminductor emulators [35]. A mem-
inductor emulator was designed and implemented with
the help of current conveyors, an analog multiplier, an
adder, and a few passive components in [36]. An OP-
AMP based meminductor emulator was realized
employing memristor, resistors, and capacitors [37].
However, in this design the use of memristor and
matching between passive components is required to
emulate the meminductor behavior. The exact compo-
nents matching often do not meet practically. A simple
mutator circuit for the emulation of memelements using
AD844s, OP-AMP, resistors, capacitors, and varactor
diode has been demonstrated in [38]. Another universal
emulator was reported using CClIs and OP-AMPs but
the use of an analog multiplier results in complex
circuitry [39]. A meminductor emulator was suggested
employing seven OP-AMPs, fourteen resistors, and two
capacitors [40]. Another meminductor emulator has
been reported using two voltage differencing trans-
conductance amplifiers (VDTASs), a multiplier, and two
grounded capacitors [41]. A current backward trans-
conductance amplifier (CBTA) based memcapacitor and
meminductor emulator was realized with the help of
a memristor and capacitor [42]. An operational amplifier
and multiplier-based meminductor emulator using nine
OP-AMPs, several resistors, and two capacitors have
been reported in [43]. A miscellaneous block-based
emulator for meminductor has been designed with the
help of an OTA, CFOA, OP-AMP, resistors, and capa-
citors [44]. A floating configuration utilizing Riordan’s
gyrator was demonstrated in [45] that employs three OP-
AMPs, six resistors, and a memristor. VDTA based
meminductor emulator utilizing two additional
grounded capacitors was reported in [46]. A grounded
configuration employing two VDTAs, an OTA, and two
grounded capacitors was reported in [47]. Another
meminductor implementation employing three OTAs
and two capacitors was introduced in [48]. Memelement
emulators using one OTA, two CClls, and two
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capacitors were reported in [49]. Several circuits of
meminductor emulators were reported using OP-AMPs,
resistors, capacitors, and memristors [50]. Other mem-
capacitors and meminductor emulators were realized by
employing voltage differencing current conveyor
(VDCC), memristor, and capacitor [51]. A floating
meminductor emulator using VDTA and current
differencing buffered amplifier (CDBA) with two
grounded capacitors was realized in [52].

Numerous reported meminductor emulators utilize
memristors [25, 27, 28, 33, 35, 43, 50, 51]. Some emu-
lators do not employ a memristor, however, the
requirement of analog multiplier and several other
components result in significant design complexity [30,
31, 32, 34, 36, 39, 44, 45, 49, 50]. Some compact reali-
zations have also been reported but their frequency of
operation is limited up to a few Hz or kHz range [25, 33,
36, 37,42, 44, 45]. The objective of this manuscript is to
propose a circuit of meminductor emulator without
employing memristor and multiplier, while operating for
a wide frequency range.

This paper has eight sections: Section 1 includes the
introduction. A detailed explanation of the analog
building blocks used in the meminductor-based emulator
is given in Section 2. The operating principle, analysis
of the emulator is given in Section 3. Section 4 describes
the simulation results, while Section 5 presents the non-
ideal analysis of the proposed emulator configuration.
Section 6 compares the proposed meminductor emulator
with existing designs, highlighting its performance
advantages. Section 7 showcases its integration into
a chaotic oscillator. Finally, Section 8 presents the con-
clusion.

2 Voltage and current differencing buffered
amplifiers: Characteristics and circuit diagrams

The schematic of a VDBA is given in Fig. 1. As
described by Eqn. (1), the VDBA has two input
terminals, labeled P and N, implying that no current
flows through them.

Ip=1Iy=0 ()
Iz = G (Ve — Vi) )

According to Eqn. (2), the current at the Z terminal is
determined by transconductance Gn multiplied by the
voltage difference between the inputs Vp—Fn. As shown
in Eqn. (3), the voltage at the W terminal mirrors the
voltage at the Z terminal.

The Gnm, as indicated in Eqn. (4), is controlled by the
bias voltage Vs.

Gm =KV — Vss = Vin) 4)

Here, K is a transcondutance parameter of the VDBA,

expressed as
K= % (Vg = Vss = Ven) )

where
|14
B = unCox T

of the corresponding MOSFET, with u,, Cox and W/L
representing carrier mobility, oxide capacitance per unit
area and aspect ratio of the MOSFET respectively. Vssis
the magnitude of negative supply rail and V, represents
the threshold voltage of the MOSFET.

Fig. 1. VDBA block diagram

CMOS diagram of VDBA is given in Fig. 2. In this
circuit, two biasing terminals have been represented: Vs
and Vvc. As depicted in Fig. 1, Vg is made available to
the designer for external biasing to control the trans-
conductance G of VDBA, while Vyc is an internal
voltage of the block for biasing the transistors M10 to
M1e.

VDD

M3 M4 /l/ M6  MI2  MI3 M4

e

Z t
No— ——oP |
M1 M2 1 }——ow
M10 M1l
V]io—'
o o i
M7 Mo [ M8 M16 M15
Vss

Fig. 2. Circuit diagram of VDBA [53]
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As illustrated in Fig. 3, CDBA is a multi-terminal
active building block (ABB) featuring P and N input
ports, and Z and W output ports. In Fig. 3, two Z termi-
nals are shown to provide identical currents, as required
by the suggested circuit.

I
%lp . W W<— Vu
. CDBA Z"“““I;?
_::‘In Zz. _:’Izz

Fig. 3. CDBA block diagram

As described by Eqn. (5), the voltages at the P and N
ports are effectively zero due to their very low input
impedances. The current flowing through Z is the
difference between the input node currents, as indicated
in Eqn. (6). Furthermore, according to Eqn. (7), voltage
V. at terminal Z gets transferred to W terminal as V.

Vp=Vy=0,Vy=Vn (6)
Iz1,zz =Ip—1Iy (7

The CMOS realization of CDBA is illustrated in
Fig. 4. Here, I3 and I, are the biasing currents and Vec
is a voltage source, which are crucial for proper ope-
ration of the block and are responsible for deciding its
DC and AC characteristics.

Vop

MI1 M8 M3 M4 M6
I G)qu E-[ z
Ip Ino— [
o
Veco {LI {H
M13 Mi2 M10 M9 _L Ms M7

Vs

Fig. 4. Circuit diagram of CDBA [54]

To design the proposed circuit, VDBA and CDBA
have been chosen because of their distinct advantages
compared to other blocks. A comparative assessment of
these blocks to other analog building blocks is given in
Tab. 1. The table compares six widely used analog
blocks — OTA, CFOA, second-generation current con-
trolled current conveyor (CCCII), VDTA, VDBA, and
CDBA, based on their behavior, performance, and im-
plementation aspects.

Table 1. Comparative assessment of analog building blocks

Aspect OTA [57] CFOA [58] CCCII [59] VDTA [60] VDBA [53] CDBA [61]
Functional behavior | Voltage-to-current | Voltage-mode |Current-mode| Voltage-to-current | Voltage differencing Current
with dual outputs | differencing with
buffered output
Input impedance High High Medium High High Low
Output nature High impedance | Low impedance High High impedance | Simultaneous current | Current output
current voltage impedance current and voltage outputs with voltage
current buffering
Power requirement Low-moderate Moderate Moderate Low-moderate Low Low
Supply voltage Low High Moderate High Low Low—moderate
demand
Frequency Wideband Wideband Wideband Moderate-wide Wideband Wideband
performance
Electronic control | Transconductance [Feedback resistor| X-terminal | Transconductance | Transconductance Limited
(gm) resistance (gm) (gm) (externally
controlled)
Implementation Low High High Medium Low Low
complexity
CMOS compatibility Yes Bipolar preferred Yes Yes Yes Yes
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The key advantages of VDBA and CDBA, as obser-
ved in the table, can be summarized as:

VDBA:

e Combines voltage differencing feature with both
current and voltage outputs.

High input impedance reduces loading effects.
Electronically tunable via transconductance.
Suitable for low-voltage, low-power CMOS designs.
Enables compact circuit realization.

CDBA:

e Direct current differencing at low-impedance inputs.

e Wideband and high-speed performance.

e Provides both current output and buffered voltage
output.

e Reduces component count and circuit complexity.

e Suitable for cascaded current-mode architectures.

Furthermore, these blocks can be implemented using
commercially available ICs, making the circuit practi-
cally realizable on breadboard. The VDBA can be reali-
zed using Intersil CA3080 and Texas instruments LF356
operational amplifier [55], while CDBA can be confi-
gured using Analog Devices AD844 [56].

3 Design of VDBA and CDBA based proposed
meminductor emulator

Figure 5 illustrates the proposed meminductor emu-
lator. In this figure, all terminals associated with the
VDBA are denoted with subscript ‘V’, while those rela-
ted to the CDBA are marked with subscript ‘C’.

A% lpc Rp
1 BB lin @ °>'{:}— P, C WC‘
Vi Py Wy S, IncRy CDBA Z¢; I
VDBA x%:’— Ne Zcy =
N Zy G,
Ly o gil V T
ZV

- Parasitic lzeosV —
Ci resistances

Fig. 5. Proposed meminductor emulator circuit

The characteristics of the circuit depends on the
position of switch Si: when connected to position (1),
the emulator functions as an incremental meminductor.
When connected to position (2), it acts as a decremental
meminductor. Meminductor is typically considered a
memory-based device whose inductance varies based on
its historical state. In the proposed design, the current /7y,
which is the multiplication of input voltage Vi, and
transconductance G, of VDBA, charges capacitor C;.

Voltage V7 across C; is buffered and transferred to Wy
terminal of the VDBA. This voltage V' influences both
the input current /i, and the current through CDBA (Ipc
or Inc, depending on S;'s position). Capacitor C, captures
the temporal behavior of the circuit by getting charged
through current /¢, which is equivalent to /pc or Iyc. The
voltage generated across C, gets buffered by Wc port of
CDBA and is applied to the bias terminal Vg of VDBA.
As the transconductance G, of VDBA is governed by
this bias voltage, any variation in V3 affects the current
charging C;, which in turn alters the voltages at Zv and
Wy terminals. Consequently, [;, and Ipc/Inc are in-
fluenced, establishing a continuous feedback loop that
dynamically adjusts the meminductance L), of the emu-
lator. This configuration successfully exhibits PHLs in @
versus i plane, validating its meminductive nature.

Analysis of the suggested incremental meminductor
emulator (S; positioned at (1)) along with the port
equations of VDBA, Eqns. (1-4), and those of CDBA,
Eqns. (5-7), yields the following equations:

1
Ve =Vwe =Vzc1 = C_zf Izc1 (D) dt (3

1
Vay = C_lf Izy (t) dt ©)

Substituting Eqn. (2) in Eqn. (9) and considering
Ver=Vin(t), the equation obtained is as follows:
Gm
Vo = o [ Vi ®) e (10)
Gy
Since, [Vidt = ¢u(?), where ¢in denotes the input flux,
Eqn. (10) can be expressed as:
G
Var = ¢ 9 (®) (11)
Using Eqns. (5) and (6) and using Ohm’s law for current
flowing through resistors ‘Rp’, the equation obtained is:

v,
Ly =Upe —0)=—"

(12)

P

Since in VDBA, Vwy=Vzy, using Eqn. (11), Eqn. (12)
can be written as:

lz1 = 1o #in(®) (13)
Combining Eqns. (8) and (13) yields:
v Grm
N RO (14)

Since, Jin(£)d=pin(£), pin representing the integral of flux
in time domain, Eqn. (14) is expressed as:

Vg = ———pin(t) (15)
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A routine analysis conducted on Fig. 5 based on the
connections shown, gives input current /;, as:
Iin = —Izca = —Izc1 = _#‘Pin(t) (16)
Substituting G, from Eqn. (4) in Eqn. (16) and using
Eqn. (15), I;» can be expressed as:
Iip = K X
in — RpC,

(17)

G

The constitutive relationship linking current /() and flux
¢(f) in a meminductor is described as [62]

I(®) = Lift - o(®) (18)

where, L)' denotes an inverse meminductance. Com-
parison of Eqns. (17) and (18) yields L)/’ for the circuit
as:

_ K Gm
Lt = (-
RpC; \ CiCyRp
The constant term and the variable term make up the
meminductance of the suggested meminductor emulator,
as demonstrated by Eqn. (19). The fixed-term depends
upon Vss and Vi, and on the contrary, the variable term
depends upon input flux and transconductance. The
overall meminductance can be controlled by C; and C;
at the design time and is greatly dependent on process
parameters K and Rp. Overall, these parameters play
a crucial role in shaping the dynamic response and
tuning the emulator characteristics. This meminductance
response depicted by Eqn. (19) represents incremental
behavior of the proposed emulator. For a sinusoidal
input signal V;, applied to the suggested meminductor
emulator, pi (f) is given by:

pin(®) +Vos +Ver)  (19)

Vm

pin(t) = | @ipdt = | —cos(wt — )
)

v (20)

= —mzsin(a)t — )
)

Here, Vi, denotes the highest amplitude of the excitation
signal and @ represents its angular frequency. Upon
substituting this value of p from Eqn. (20) into Eqn. (19),
yields:

- K
Ly = —— (Vss + Vin)

RpCy

KG

— z—mz—nzlsin(wt — 1)
C{CyRp w

21)

Equation (21) shows that the meminductance of the
circuit depends upon the frequency and amplitude of the
signal applied. Moreover, it shows that the value of
meminductance can be controlled by varying the capa-
citances C; and C».

The circuit shown in Fig. 5 can be configured in
decremental mode by adjusting the switch position and
connecting it to position (2). Routine analysis of the
suggested emulator, when operated in decremental
configuration gives meminductance Ly similar to
Eqn. (21) with the difference in polarity of fixed-term
expressed as:

Lyt =—

(Vss + Vin)
R-C
P%1 Vm (22)

KG, .
— Wmsm(a)t — 1)

1 b2lp
Equation (22) represents the meminductance of the
circuit in decremental configuration. Equations (21) and
(22) show that the proposed meminductor’s mem-
inductance consists of two parts, one component being
fixed and other being variable. These components can be
controlled by the values of capacitors and operating
frequency.

4 Simulation results

The simulations have been done by LTspice program
to examine the behavior of the meminductor emulator.
With the aid of a power supply voltage of+0.9 V, VDBA
and CDBA have been implemented utilizing TSMC
180nm CMOS technology. /z1=I=20 pA are the DC
currents of CDBA, and —0.1 V is the bias voltage set for
Vye and Vee. The MOSFET aspect ratios utilized in the
design of buffered amplifiers with voltage and current
differencing are listed in Tab. 2. In the simulations,
100 pF, 10 pF, and 100 Q are selected as the values for
capacitances Ci, C», and resistance R), respectively.

Table 2. Device size of MOSFETs
employed in VDBA and CDBA

VDBA CDBA

w L W L
MOSFET MOSFET

(um) | (um) (um) | (um)
MI1- M4,

M1-M4 7 0.35 | Mle, 32 2
M17
M5, M6,

M5, M6 | 21 0.7 Ml14, | 425 | 0.36
M15

M7,M8 | 7 0.7 | M7,M8 | 0.8 0.5
M9, M12,

M9 3.5 0.7 M3 10 0.5
M10,

MI12-M14| 14 | 035 M1 4 0.5
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4.1 Transient analysis

The suggested circuit's meminductive behavior has
been investigated using a £50 mV bipolar sinusoidal
voltage signal with a 90° phase shift. The inductive
nature of the suggested meminductor is demonstrated by
the transient waveforms for voltage, current and flux
produced in incremental arrangement (S; connected to
(1) in Fig. 6. When compared to the applied voltage
signal, it is evident that the flux and current waveforms
are lagging in phase. This confirms the inductive nature
of the proposed circuit.

The ability to store prior knowledge is a crucial
feature of the memelements. The meminductance (the
ratio of flux to current) of the suggested circuit has been
examined and plotted in Fig. 7 to demonstrate its non-
volatility behavior. This waveform has been observed by
exciting the emulator with a 50 mV pulse signal having
20 ps period and an ON time of 1 ps.

(i) Voltage (ii) Flux (jii) Current

80nVs—y
60nVs—
40nVs—
20nVs—

OnVs=

Flux

20nVs—
-40nVs—

-60nVs=1 (i)

B0nVs  60mV- T T T T T T T T T
Ops Jps bps Yps 12ps  15ps  18ps  21ps  24ps 27ps  30ps
Time

Fig. 6. Transient response of proposed incremental
meminductor with a 100 mV (50 mV), 10 kHz sinu-
soidal signal

(i) Input Voltage (ii) Meminductance
55m\~-

-700u
50m\-}
45m\ 6200
40mV- [F540u T
%35m\i- Lssop 8
£ 30mv+ §
> 25mv 380 3
2 20mv] 3000 £
£ E
15m\- o0 2
10mV-
5mvA 1400
Om\ T T T T T T T T T 60p
Ops Bps 16ps  24ps  32ps  A0ps  4Bps  56ps  G6dps T2ps BOps

Time
Fig. 7. Non-volatile response of the proposed circuit
with 50 mV, 20 ps pulse signal and 1 ps ON time

4.2 Pinched hysteresis plots

The ¢-i characteristic of a meminductor generally dis-
plays a PHL. To evaluate this response, a sinusoidal
bipolar signal of £50 mV, 100 kHz and 90° phase shift
was applied in the suggested meminductor connected in
decremental configuration (connecting S; to (2)). The
resulting ¢—i curve, shown in Fig. 8, clearly demon-
strates a zero-crossing PHL thereby confirming the
meminductive nature of the circuit.

=

GnA=
4nA=
2nA=
OnA=

Current

-2nA=
AnA=
HnA=

2ni

L T L T
-80nVs -60nVs -40nVs -20nVs OnVs

L] T L]
20nVs  40nVs 6BOnVs 80nVs

Flux (wh)

Fig. 8. A zero-crossing PHL of the meminductor
under a 100 kHz input signal (S; > (2))
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420ph

Current

(i) = 1kHz
(i) f = 2kHz v
(iii) £ = 3kHz

(iv) f = dkHz )
(v} f = 5kHz ()
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T T T T T T T
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-4.2nA
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(v)

(iv) =40 kHz
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400ln\ls Onl\t’s 400:1Vs

Flux (Wb)

(b)

800nVs

35nA=
28nA=
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14nA=
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-TnA=
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Fig. 9. PHLs at various sets of frequencies: (a) 1 kHz
to 5 kHz, (b) 10 kHz to 50 kHz, (¢) 100 kHz to 500
kHz, (d) 1 MHz to 3 MHz

The decremental meminductor (S; > (2)) emulator's
functionality is examined at different frequencies and
observed hysteresis graphs are displayed in Fig. 9. The
frequency range captured in these curves are: (a) 1 kHz
to 5 kHz, (b) 10 kHz to 50 kHz, (c) 100 kHz to 500 kHz,
(d) 1 MHz to 3 MHz. A sinusoidal signal pulsating at the
designated frequency with an amplitude of +50 mV and
a phase shift of 90° has been used to plot all these graphs.
Except for the hysteresis curves for frequency 1 MHz to
3 MHz that are displayed in Fig. 9(d) and have been
drawn using C>=1 pF, the parameter values are the same
as previously stated. These curves demonstrate how the
meminductor works in the broad frequency range, from
kHz to MHz. Additionally, it has been shown that
hysteresis loops begin to skew after 3 MHz, with the
pinch-off point moving to one side of the loop.

30nA:

24na- (i) C2 = 5pF i)
(ii) C2 = 10pF (i)

1A i) c2 = 20pF

12na<  (iv) C2 = 40pF

Current
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A2nA- 0
18nA
24nA

-30nA: T T T T T T T
80nVs 60nVs A0nVs -20nVs OnVs 20nVs 40nVs 60nVs 80nVs
Flux (Whb)

Fig. 10. PHLs of the proposed meminductor (decre-
mental, S; > (2)) observed at different values of C»,
with a 50 mV, 100 kHz sinusoidal input signal

Figure 10 displays the hysteresis curves that were
produced for various values of capacitor C,. These
curves were plotted for a sinusoidal signal with 100 kHz,

+50 mV. As anticipated, these curves show that the area
inside the lobe expands as the capacitor value rises.
Furthermore, it is examined that low values of C, can be
used to create hysteresis loops for higher frequencies.

Additionally, the suggested incremental memin-
ductor's behavior has been investigated. Figure 11 shows
the response seen on the ¢ vs. i plane for sinusoidal
signals oscillating at various frequencies with an
amplitude of +£50 mV and a phase shift of 90°, with S;
placed at position (1). The analysis of different wave-
forms depicts that the proposed circuit enjoys a wide
bandwidth and works in the frequency range of 1 kHz to
3 MHz. It is observed that the pinched point shifts with
an increase in frequency and this is displayed in
Fig. 9(d). Beyond 3 MHz, the hysteresis graph gets
distorted, due to excessive shifting of the pinched point.
The simulated graphs were obtained to verify theoretical
working of the meminductor emulator.

2000k
160n#= (iii)
120
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(iii) = 1MHz

(iv) £ = 1.5MHz

Current

Fig. 11. PHLs with zero-crossing are observed in the
proposed incremental meminductor (S; > (1)) across
different input frequencies

4.3 Process-Voltage-Temperature (PVT) analysis

To demonstrate the reliability of the proposed emu-
lator under realistic operating conditions, its behaviour
has been examined under various variables conditions of
process-voltage and temperature (PVT). To analyze the
tolerance of the designed system under process varia-
tions, corner and Monte Carlo (MC) simulations have
been carried out. A sinusoidal signal of £50 mV with
100 kHz frequency was applied in the suggested mem-
inductor connected in decremental configuration and the
circuit was tested for standard process corners (FF =
fast-fast, FS - fast-slow, SF - slow-fast and SS >
slow-slow). The observed results are shown in
Fig. 12(a). Additionally, the results for same input signal
for 200 runs of MC analysis for +10% Gaussian devia-
tions in MOSFETs threshold voltage and component
parameters (resistor and capacitor values) have been
illustrated in Fig. 12(b). The PHLs observed in Fig. 12
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show minor fluctuations around the @-i curve obtained
for exact parameter values, thereby confirming the
robust behaviour of the proposed system under process
variations.

To verify the reliability of the system under voltage
variations, the circuit has been subjected to sinusoidal
signal of £50mV with 100 kHz frequency, while the
supply voltage is swept by +£10% around its nominal
value. The PHL waveforms in ¢-i plane are plotted in
Fig. 13(a). Furthermore, these waveforms for tempera-
ture fluctuations in a range of —40 °C to +100 °C have
been illustrated in Fig. 13(b). All these curves, shown in
Figs. 12 and 13 confirm the stable and reliable operation
of the proposed emulator under practical environmental
conditions.

400
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Flux (nWb)
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Flux (nWb)

(b)
Fig. 12. PHLs obtained with £50 mV, 100 kHz sinu-
soidal signal under (a) standard process corners (FF, FS,
SF, and SS), (b) MC analysis for 200 runs for +10%
variations in threshold voltage and parameter values
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Fig. 13. PHLs obtained with £50 mV, 100 kHz sinu-
soidal signal under (a) supply voltage variations by
+10% around its nominal value, (b) temperature
fluctuations in a range of —40 °C to +100 °C

5 Non-ideal analysis

The derivation carried out in Section 4 for mathe-
matical analysis of the proposed emulator ignores the
presence of parasitic elements and tracking errors of the
active blocks. The study of these non-ideal elements is
important, especially at high frequency operation. The
equivalent circuit of the proposed emulator incorpo-
rating non-ideal elements at different ports of VDBA
and CDBA has been depicted in Fig. 14. For ease of
understanding, all the parasitic elements (resistors,
capacitors and inductors) appearing at various ports have
been denoted by a subscript representing the port and
block name. The voltage tracking errors have been
denoted by o with a subscript representing the block
name and current tracking errors have been denoted by
B with a similar subscript. An analysis analogous to that
performed for the ideal case has been carried out and is
briefly presented below.
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The basic analysis at input port yields:

Z; 23
/ _ inP ( )
V) = ——V;
i ZmP + RS m
Using Eqn. (23) and performing routine analysis at Zy
port of VDBA, the equation derived is given as:

/
ZiTLP Gm ZZV
Vay = - Pin(t) (24)
Zimp + Rs Gy 1
" Zav ¥ sCy

where, G,/n = 1+G’”5 , with G, denoting the ideal trans-
“Gem

conductance of VDIBA and wgm repressing the domi-
nant pole frequency of non-ideal transconductance gain.

In a similar manner, the current flowing out from Z¢;
terminal of CDBA can be expressed as:

/

G
Iz¢1 =nayPei #‘Pin(t) (25)
1
where,
n = Zinp Rp Zzy
Zinp t RsZzy + RPZ 1

sCy

Vs can be derived following straightforward analysis of
the circuit as

/

26

Vg = ayachéfci 5=

where,
£ = Zp Zzcq
Zywe + 7 1
We B Zac1 + sC,

Using relations (23) to (26) and performing an analysis
analogous to ideal case, the derived equation of input
current /;, can be written as

Zinp 1 K
Zinp + R S _CR
inP 51+wG 1tp

m

lin = aynPcz

/
G
X\ —acaynéPecy RPTTZCZPin(t) + Vss + Vip
X @i (t) (27)

Using Eqn. (27), the inverse meminductance (L") for
the circuit with non-idealities can be expressed as:

Zinp 1 K
Ly = = aynPc2
M Zinp + Rs 1 + —2—CiRe
m
/

X—acaynéfer = pin(0) + Vss +V,  (28)

Rp C C,

Comparing Eqn. (28) with Eqn. (19) confirms the
similar behavior of the two circuits, with slight varia-
tions in the controlling parameters. Equation (28) depicts
that the current and flux relation in the proposed
emulator exhibits the meminductive relation even in the
presence of non-idealities. Further, these non-ideal
parameters are generally very small and can be easily
ignored for practical calculations. These results confirm
the robust behaviour of the proposed design.
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Fig. 14. Equivalent circuit of the proposed emulator incorporating the non-ideal elements
at different ports of VDBA and CDBA blocks
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Table 3. Comparison with circuits existing in literature

Ref. Active Passive | Memristor- | Operating | Electronic | Floating (F)/ | Sim. (S)
blocks/Components compo- less frequency | tunability | Grounded (G) | /Exp. (E)
nents
[25] 1 OP-AMP 1 Mg, No 8 Hz No G S
1R,1C
[27] 2 CClIs 1 Mg, No - No F -
1R,1C
[28] 2 AD844s 1 Mg, No 1 kHz No F Both
1R,1C
[29] 4 CClIl+s, 2 OP- 8R,2C Yes 36.9 Hz No F S
AMPs
[30] 3 OP-AMPs, 1 2R,2C,1L Yes 300 Hz No F S
Multiplier, 10 MOS
transistors
[31] 3 CClI+s, 1 3R, 2C Yes 5Hz No G S
multiplier, 1 adder, 1
divider
[32] 2 CClI+s, 4 OP- 7R,2C Yes 800 Hz No F S
AMPs, 1 Multiplier
[33] 1 CCII+, 3 OP-AMPs | 1Mg, 1C, 3 No 400 Hz Yes Both Both
R,
[34] 3 OP-AMPs, 3 10R,2C Yes 16 Hz No F Both
ADS844s, 1 AD633
[35] 3 CCll+, 3 OP- 1 Mg, No 21.1 Hz No F E
AMPs, 1 Multiplier |3R,1C
[36] 3 CCllI+s, 1 3R,2C Yes 10 Hz No F S
Multiplier, 1 Adder
[37] 3 OP-AMPs, 1 3R,2C Yes 10 Hz No F Both
Integrator
[38] 4 AD844s, 1 OP- 5R,1C Yes 8 kHz No Both Both
AMP, Varactor diode
[39] 7 CCII, 2 Multipliers, |6R,2C Yes 5 kHz No F Both
1 OP-AMP
[40] 7 OP-AMPs 14R,3C Yes 200 Hz No F E
[41] 2 VDTA 1R,2C Yes 1 MHz Yes Both Both
[42] 1 CBTA 1 Mg, 1C No 250 Hz Yes F S
[43] 9 OP-AMPs, 11 26R Yes 140 Hz No F Both
Multipliers
[44] 1 OTA,1 CFOA, 2 7R,2C Yes 5 kHz Yes Both Both
CClIs, 1 Multipler
[45] 3 OP-AMPs 1Mg, 6R, No 10 kHz No F Both
1C
[46] 2 VDTAs 2C Yes 1.5 MHz Yes F S
[47] 1 VDTA, 1 OTA 2C Yes 3 MHz Yes G S
[48] 3 OTAs 2C Yes 10 MHz Yes G S
[49] 2 CClIs 2R, 2C Yes 700 kHz Yes G Both
[50] 2 OP-AMPs 1Mg, 3R, No 2 MHz No G Both
1C
[51] 1 VDCC 1 Mg, 1C No 700 kHz Yes F S
Pro- |1VDBA,1CDBA |2C Yes 3 MHz Yes G S
posed
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6 Comparison

Table 3 shows a comparison of the meminductor and
previously published circuits. Following key observa-
tions have been made:

1. The reported meminductor emulators in [25, 27, 28,
33, 35, 43, 50, 51] employ memristor, whereas the
proposed meminductor design of the emulator is
memristor-less.

2. Although the meminductor emulators suggested in
[30-32, 34, 36, 39, 44] do not employ a memristor,
they rely on analog multipliers and numerous other
components, resulting in significant structural
complexity. In contrast, the proposed meminductor
emulator features a much simpler design.

3. The emulator designs demonstrated in [25, 33, 36,
37,42, 44, 45, 49, 51] are simple but their frequency
of operation is limited up to few Hz or kHz range
while the meminductor emulator suggested in this
paper, operates satisfactorily up to 3 MHz frequency,
which is superior to the operating frequencies of most
of the meminductors in Tab. 3.

7 Implementation of chaotic oscillator
using meminductor

This section assesses the functionality of the sug-
gested meminductor emulator by incorporating it into
Chua’s chaotic oscillator. This oscillator is recognized
as one of the simplest electronic circuits capable of
demonstrating chaotic behavior, which arises due to the
inclusion of a nonlinear component [63]. In this study,
the conventional nonlinear element is substituted with
the proposed meminductor emulator, realized using
CDBA and VDBA, to produce chaotic dynamics.

NIC (-Rp)
Ry Vi Re L Va

:[: Itm
=—=Cy, = Cg @ Lm
VA

Ra
%Rh
{

Fig. 15. Proposed chaotic oscillator

.|F

Figure 15 depicts the canonical configuration of
Chua’s oscillator constructed with the proposed
meminductor, adopted form [64]. The circuit consists of
a nonlinear element Ly, one resistor R¢, two capacitors
Ca and Cg, an inductor L, and a negative resistor —Ry.
The negative resistor has been implemented by op-amp
based negative impedance converter (NIC) employing
two equal resistors R,, another resistor R, and an op-
map. The NIC implementation for —R, resistor is
depicted inside the black box in Fig. 15. For simulations,
the nonlinear element Ly is replaced by the mem-
inductor.

The state space dynamics of Chua’s oscillator
illustrated in Fig. 15 using 1* order differential analysis
can be represented as follows:

dv, 1
CBE:IL—ILM; CAE=V16_IL
dly, doim
LE=V1_RCIL_V2; 7=V2 (29)
dpim
dt =9Pm

Here, C4, Cg, L, Rc, and G=1/R; denote the capacitance,
inductance, resistance, and conductance values of the
respective components illustrated in Fig. 15. The current
through meminductor /;4 is a function of ¢ and p, as
derived in Eqn. (17) and can be represented as /iy =
(A+B pum)om. Here, A and B can be defined as:

B KG,,
" RpC, R:C2C,

As depicted in Eqns. (29) and (30), replacing the
conventional nonlinear element in a chaotic circuit with
a meminductor enriches the state space dynamics, natu-
rally increasing the system order without requiring
additional discrete elements. This happens as a mem-
inductor exhibits a flux-current relationship with inhe-
rent energy storage capability, which not only
contributes nonlinearity but also adds a dynamic state
associated with magnetic energy that depends on the
past history of the system. This dual role enhances the
system’s effective dimensionality more naturally than
any static nonlinear component (such as diodes or
piecewise-linear resistors) or even compared to mem-
ristor, which is fundamentally resistive and dissipative
in nature [63]. Meminductors based chaotic systems lead
to more complex behaviors, including enhanced multi-
stability and the possibility of rich dynamics, which are
highly desirable for applications like secure communi-
cations. Moreover, meminductors enable compact
circuit realization by reducing component count while
still achieving strong nonlinearity, making them suitable
for integrated and low-power designs. Their inherent
tunability allows dynamic control over system para-

A (Ves + Vi), B =— (30)
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meters, facilitating flexible adjustment of chaotic
regimes [64]. Overall, the introduction of a mem-
inductor improves unpredictability, increases design
efficiency, and enhances the robustness of chaotic
circuits compared to traditional nonlinear imple-
mentations.

Assuming, Vo=x, Vi=y, 1=z, ¢iy=w, and pry=v,
alongside mathematical manipulation leads to the
modification in differential representation of Eqn. (29)
as:

dx z (A+B) dy_l(G )
dt ~ Cp Cg VWi T Yt T 61)
dz _ 1 ( R ); dw _ dv _
T A P
Equation (31) can be represented in a simplified form as:
dx dy
—=az—¢w—{vw; ——=pLy—Az
dz _ 5 . dw o dv _
ac VY TOETYER g T TV
Here, a=1/Cp E=A/Cs,{(=B/Cs, f=G/C4, A=1/C4, y=1/L

and 0=R¢/L.

Let I' be the set that defines the equilibrium state of

Eqn. (32). Then set I is defined as:
Fr={xyzwv))x=y=z=w=0,v (33)
= ¢ (any constant)}

The Jacobian matrix J associated with Eqn. (32) at
equilibrium point given by Eqn. (33) is given as follows:

0 0 a —(+¢) O
0 B -2 0 0
J=|-y v -6 0 0 (34)
1 0 O 0 0
0 0 O 1 0

The Jacobian matrix, as defined in Eqn. (34), yields a
characteristic equation as follows:

ass® + ays* + ags® + ays? + a; st

+aps®=0 (35)
where
as=1a,=(—p) as
= —pd+ay+yr+{c); (36)

az = (6{§ +{c} = BL& + ay + {c});
a; = (YME + {c} = B6{S + {c}); ap = 0.

The eigen values obtained from the characteristic
equation of a chaotic oscillator are helpful in deter-
mining its chaotic behaviour. If the real parts of all eigen
values are negative the trajectories of the system
converge leading to a stable non-chaotic system. From
Eqn. (36), it can be analyzed that the eigen values of the

introduced chaotic oscillator can be easily adjusted by
choosing proper values of chaotic oscillator components
(Rc, G, L, Ca, and Cp) to ensure non-negative real parts
of one or more eigen values, producing chaos in the
designed system. The characteristic equation can be
further utilized to obtain the Routh-Hurwitz column
values to determine instability of the system. For the
system defined by Eqn. (35), the first column values of
Routh array are specified by Eqn. (37).

Al = al,
a,a, —a
A, =( 1 2 3)’
1 37
_ (az — a;%a,) 37)
Ay = ————,
(a;a; —aj)
Ay = ay

The values (A1 to As) represented by Eqn. (37) must be
of same polarity for the system to be stable. Any change
in the sign of the terms lead to an unstable system, a must
characteristic for a system to be chaotic. By selecting
appropriate component values, chaotic outputs are
observed in the system. LTspice simulated outputs,
illustrating the phase space trajectories for the variable
pairs I;-Vi, I-Vh, Vo-Vi and Va-Ii are presented in
Fig. 16. The chosen component values for the simulation
are R,=Ry=2 kQ, C,~=65 nF Cs=10 nF, L=120 mH, and
Rc=100 Q.
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Fig. 16. Single-scroll phase space trajectories represen-
ting the dynamic behavior of the chaotic oscillator for

(a) I vs. 1, (b) I vs. 7, (C) Va2 vs. 1, (d) Vavs. I

8 Conclusion

In this study, a relatively simple and compact design
for both incremental and decremental grounded mem-
inductor emulator has been proposed. The suggested
meminductor requires two grounded capacitors, VDBA
and CDBA, while utilizing the internal parasitic resi-
stances of the ABBs for its operation. Notably, the
design avoids the use of analog multipliers or mem-
ristors. The correct functionality of the meminductor
emulator has been verified through non-volatility tests,
transient analysis, and the observation of pinched
hysteresis loops. These hysteresis loops were obtained
across various frequencies and capacitor values, demon-
strating the emulator's dynamic behavior. Furthermore,
a performance comparison with existing meminductor-
based emulators highlights the key contributions in
terms of design flexibility to switch between incre-
mental and decremental modes, grounded external
passive elements, usage of internal parasitic resistors,
wide operational bandwidth up to 3 MHz, electronic
tunability, and free from the requirement of bulky
multipliers, complex memristors and passive resistors.
The PVT and non-ideal analyses demonstrate the
reliability of the design in real environment. The suc-

cessful integration of the emulator into a chaotic
oscillator further confirms its practical viability.
Moreover, the chaotic system mathematical analysis
confirms its complex behavior and rich dynamics
depicting a realization of 5 order chaotic system, while
utilizing only three passive storage elements. Future
work may focus on implementation of neuromorphic
circuits and other memory-centric applications. More-
over, extending the proposed design for fractional
domain can lead to realization of more complex futu-
ristic paradigms.
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