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ABSTRACT A new proposition of passive (no external DC bias) memristor emulator (MRE) utilizing
DTMOS technique which consists of four MOSFETSs and a capacitor has been presented. The proposed
MRE exhibits high operating frequency (~ 500 MHz), zero static power and shows incremental behavior.
The conventional mathematical equation of MRE has been derived considering the second-order effects of
all the MOSFETs utilized. The proposed circuit has been simulated by the Cadence Virtuoso (IC617) spectre
tool using 180 nm technology parameters. The layout occupies 1305..m? area. The experimental verification
has been carried out utilizing ALD1116 and ALD1117 dual N-channel and P-channel MOSFET arrays to
demonstrate the practical viability. Finally, different possible applications namely; analog filters, oscillators
(simple and chaotic), Schmitt trigger, Amoeba learning have been realized using proposed MRE to show its
neuromorphic capability. Also, new logical AND & OR and NOT circuit configurations have been designed
using proposed MRE.

INDEX TERMS Memristor, emulator, MOSFET, DTMOS, memductance, hysteresis loop, high frequency,
chaotic, logical, neuromorphic, learning.

I. INTRODUCTION

Announcement of another fundamental circuit element,
“Memristor,” by Chua [1] led to unfolding of new research
interest in the areas of memory-based circuits and their
applications. The first fabricated memristor [2] has been
presented in 2008, and more such memristors have emerged
and evolved in literature [3], [4], [5]. Work in [6] and [7]
provides a good overview and understanding of memristor
characteristics. Memristor still lacks widespread commer-
cial use as compared to Resistor (R), Inductor (L), and
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Capacitor (C). To make memristors more viable and easy
to fabricate, various research works on memristor emulators
(realizing memristor characteristics through combinations of
transistors, R, L and C ) can be found in [8], [9], [10], [11],
(12], [13], [14], [15], [16], [17], [18], [19], [20], [21], [22],
(23], [24], [25], [26], [27], [28], [29], (301, [31], [32], [33],
[34], [35], [361, [371, [38], [39], and [40].

MREs can be broadly categorized as Active type (requiring
DC biasing) and Passive type (not requiring DC biasing).
Active MREs provide external electronic tunability, dissipate
power, and involve less complexity in their mathematical
depictions (in general). In contrast, passive MREs dissipate
zero energy, have a small circuit size (as compared to active
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MRESs), provide no external electronic tunability, and have,
comparatively, more complex mathematical depictions.

There have been several significant works undertaken in
MRE realization. In research work [8], memristor emulator
realized using famous Diode Bridge with First Order Parallel
RC Filter, while in [9] memristor emulator has been explained
using PTC (Positive Temperature Coefficient) and NTC
(Negative Temperature Coefficient) thermistors. Other few
significant work utilizes combinations of readily available
building blocks such as OTA (Operational Transconductance
Amplifier), OPAMP (Operational Amplifier), FPGA (Field
Programmable Gate Array), CCII (Second Generation
Current Conveyor), VDTA (Voltage Difference Transconduc-
tance Amplifier) and DVCCTA (Differential Voltage Current
Conveyor Transconductance Amplifier). These building
blocks have been shown therein created with a large number
of MOSFETs helping realize MRE [10], [11], [12], [13], [14],
(151, [16], [17], [18], [19], [201, [21], [22], [23], [24], [25],
[26], [27], [28], [29], [30], [31], [32] along with R and C.
Only few works [33], [34], [35], [36], [37], [38], [39], [40],
[41], [42], [43], [44], [45], [46] employ MOSFETs, R and
C combinations to create new MREs. Memristor emulators
offer non-volatile memory with simple circuit architecture
compared to the conventional semiconductor memories,
namely; SRAM (Static Random Access Memory), DRAM
(Dynamic Random Access Memory), etc. The circuits based
on the MRE can be made densely packed and high customiza-
tion can be achieved through them, for a specific application.
These MREs have numerous important applications in signal
processing circuits like oscillators, filters, programmable
analog circuits, A/D and D/A convertors, neuromorphic
systems, and chaotic circuits [10], [11], [12], [13], [14], [15],
(161, (171, [18], [19], [20], [21], [22], [23], [24], [25], [26],
(271, 28], [29], [301, [311, [32], [33], [34], [35], [36], [37],
(381, [391, [401, [41], [42], [43], [44], [45], [46], [47], [48],
[49], [50], [51], [52]. Apart from that, MREs can further
be extended to Meminductor and Memcapacitor elements
which can result in further applications [53], [54], [55].
It can be concluded from the survey of existing literature
of memristors [8], [9], [10], [11], [12], [13], [14], [15],
(161, [171, [18], [19], [20], [21], [22], [23], [24], [25], [26],
(271, [28], [29], [301, [31], [32], [33], [34], [35], [36], [37],
[38], [39], [401, [41], [42], [43], [44], [45], [46], [47], [48]
that there is no MRE available in the open literature that
has low power, more stability, relatively high operating
frequencies, no external biasing, utilizing less number of
active or passive elements and based on only MOSFETs.
The DTMOS technique used in [35], [40], [43], [44], [45],
[46], and [47] helps in stable and low power circuits but is
unable to achieve high operating frequency. This provides the
basis of our motivation to consider these shortcomings as the
synthesis challenge for devising a new MRE.

Therefore, the objective of this paper is to propose
a new circuit using MOSFET to achieve the memristor
characteristics even at higher frequencies without using any
external DC bias and dissipating zero static power. We intent
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FIGURE 1. Proposed MRE (a) General block diagram depiction, and,
(b) MOSFET circuit implementation.

to analyze this proposed MRE’s attributes at different loads
(resistive, capacitive, and inductive), evolving the mathe-
matical model, and performing simulation and hardware
experimentations. The organization of this communication is
as follows. Section II presents the details of the synthesis of
the proposed MRE using a new circuit configuration with the
DTMOS technique for attaining high-frequency operation.
In Section III, we present the simulation and experimental
results of this memristor. Section IV shows the comparison
of our proposition with other selected significant works.
In Section V, we showcase the different applications of the
proposed memristor, and finally, the present work has been
concluded in Section VI.

Il. THE THEORY AND CMOS DESIGN OF PROPOSED
MEMRISTOR EMULATOR

The general MRE design can be divided into two parts, (i)
Controller Circuit and (ii) Controlled Resistor, as presented
in Fig. la. In the proposed development of MRE, four
MOSFETs (two nMOS (N1, N2) and two pMOS (Pq, P3))
and one capacitor (C1) have been used, along with ports
A,B and C as shown in Fig. 1b. The design does not
require any biasing, has zero static power, and employs a
dynamic threshold technique modified for high frequency
operation. MOSFETs Ni, P; and P, are connected in a
way such that they are forced to operate in the saturation
region only and serve the purpose of emulating the memristor
characteristics alongside external capacitor. The dynamic
threshold technique helps in reducing the threshold voltage
and potential in the channel region which is being controlled
by the body and gate. This results in high transconductance
leading to faster current transport and high bandwidth,
thus enhancing the circuit performance for low-power and
low-voltage applications. The nMOS is used for controlled
resistor because it has high speed and lesser threshold voltage
than pMOS. For charging the C; of the controller circuit, P
is utilized due to its high noise immunity, and this voltage
across C is being used for controlling N,. Here, the source
of Ny is used to provide controlling voltage to the body of N>
which is of p-type. To provide controlling voltage to the gate
of N3, drain of P, has been used owing to its less likelihood
of threshold voltage variation and noise than nMOS. The
Voltage V is being divided into Vj; and V(y, to drive N>. N;
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and P are being used as modified configuration for DTMOS
based high-frequency memristor.

In Fig. 2, we present the proposed memristor configuration
with considered internal capacitances (body-to-drain (Cpp),
body-to-source (Cps), gate-to-source (Cgs), gate-to-drain
(Cgp), gate-to- body (Cgp) and drain-to-source resistance
, where quantities u, Cyy,

Fds =

H'NC(),\( )NZ(VGS(NZ) VTH(Nz))
W/L, Vs, and Vg carry their usual meaning. The resis-
tance ryg; depend on Vggs (N2) in the saturation region
and are controlled by MOSFETs Ni, P;, and P,. The
memory effect of the memristor and controlling mem-
ductance is obtained by C; and N;. In the following,
we describe the mathematical formulations of the proposed
memristor.

Controlled
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FIGURE 2. The MRE circuit of Fig. 1b along with internal parasitic
capacitors and its equivalent symbol.

FIGURE 3. CMOS Layout of the proposed MRE.

At node A, in Fig. 1b, we consider voltage as Vi, (¢), and
at node B, we take NVj, (t), where 0 < N < 1. Now,
considering the internal capacitances of Fig. 1b, as shown in
Fig. 2, the equation of current through N; can be written as

dVvo(r) d (Vin(1) — Vo(1))

Ci——= +Cpj————— = = Kpy(V. t
" + Cp1 7 P1(Vsgp1(t)
— Veup)* (D)

Now taking, Cpi = Cggp1) + Capr1y + Cesppy+
Cpsp1y, x = C1/Cpy and m(t) = m(t)+(x—1)Vo(t) where
x > 1 and, process constant of Pq is Kp; = z,upC(,x (W)Pl,
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this yields eq. 1 to
Cy d(m(z))
x dt

= Kp1(2Vin(t) — m(1)) — (x + 2)Vo(t)1.

+ |Vzup))? 2

Now, eq. 2 can further be written as %% =
2
_ 2 2Vin(O—G&+2)Vo(©)—[Vrrp|
Kpim?(t) 3t m and as
— @eHVo(® | AVin®) _ Vel
m(t) “m(t) m(t)
we have already taken x > 1, then, we can neglect the term
(2 _ 2V[n(f)*(x+2)vo(f)*|VTHP\)2 Qe +4)Vo(0)
m(t) m(t)

as compared to

other terms. Next, by considering z(¢) = m~1(¢) and % =

—%%, we get eq. 2 as

d(z(t)) 4xKpq 3xKpi
Vin — 15|V t) =
r +— C Vin [Vrupl) 2(t) = C

As eq. 3 resembles to a first-order linear non-homogeneous
differential equation, it can be deduced that

3)

| EERL (Vi (1) 15 Vagplyde n 3 @)
4

where B is integration constant. From eq. 4, by using binomial

expansion and exponential series (neglecting higher-order

terms), V,(¢) can be written as

Z(t) = Be

Vo(1) = By + L Po(t) — B3Vin(1) (%)
where, input flux, fo(t) = f(Vin (t) — 1.5|Vryp|) dt and
B = 192(X 1?? ,By = g?jfﬁ),& = )ﬁ are constants. Next,
by carefully examining Fig. 2, we can derive the voltage
Vo1 used for controlling the body voltage of N, as following

equation

d (Vo(t) — Voi1(1)) Lc d (Viu(t) — Vo1(2))
dt DS@v1y dt

+ Ky (VGS(M)(I) — VTH(N1)(I))2 ~0 (6)

Considering y = Cgsv1)/Cps(n1), where we can take y >
1 (as gate-drain capacitance is often an order of magnitude
smaller than the gate-source capacitance) and Ky; =
%MN Cox (%)Pl. The body of the N is connected to the gate,

Virw() = Vrian + vn (\/ 12¢sy + VSB(N1)|\/2‘/fSN) =

Vrun + Ky Vspwvi1) where by replacing w(t) = yVi,(t)+
(y — 1)Vo1(¢) — Vp(¢) and the body constant of nMOS Kpy =
YN (21#51\/)1/2 /2, eq. 6 can be re-arranged as

Cosiv

d
chm)% = Ky, w(t) — y (Vor (1) + Vin(0))
2
- Vrun ) @
+ Kpn

= Kni1v/1+ Kpn, we can

((Vm O+VinO)+ ) 6yVor 1)
w(t) T Tw)

Now by taking zi(r) = w™'(¢) and 44 — __wzl(z) d0lin

Here by considering K

neglect the terms (—2 +
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eq. 7 will result in

d@i() 6yKy, (V~ O+ Vran )z o
dt Cosoviy \ " 1+ Kpn !
ﬁ (8)
~ Casvn

Again, we can see that eq. 8, resembles to a first-order
linear non-homogeneous differential equation, one solution
would be

@ = pe! FalVemorga 1 g

2y
where D is the integration constant. From eq. 9, using bino-
mial expansion and exponential series (neglecting higher-

order terms), Vji(t) can be written in terms of z;(z), Vo(2),
and V;,(1)

N D> Kpy K;
Voi(t) = Dy + —=2 (1) — ——YL g3 (1)
Ci Casiv)
— D4 Vin(t) (10)

where body flux is fo; (t) = [ (Vm(t) + Do ) dtand D =

_2y_;}i21D+Bl Dy = yBTzl’ Dy = _23i1D and Dy = B3ty
constants. Again, by carefully examining Fig. 2, we can find
Voo used for controlling the gate voltage of N> by following

the approach similar to eq. 5 - 10 as

~ E>Kpi K
Voo(t) = Ey + o) — —L2 o (t)
Ci Casp2)
— EqVin (1) (11)

where gate flux is Voo(t) = [ (Vin (t) + %) dt, and
KI’JQ = Kpy/1 +Kpp

for body constant of P>, Kpy =
IupCor (%), and  Kgp = yp(Q2ysp)'/? /2. Now

considering v = CGs(pz) /Cps(p2) and can take v > 1 always

wherein E| = w E, = 2 B3 = 24vE and
Ey = B 3j'v with E being an integration constant. Further

we can write the inverse of memristance or memductance
W (2 (t) of the proposed MRE as follows

Iin (1) _ Kn2 ((KB(NZ) + 1)(V02(t)+) (12)
Vin (@)~ 2 KpnVo1(t) + Vi

where V(p) is the extra voltage due to intrinsic capacitances,
body effect, transistor mismatch, internal noise and parasitic
(effects of these can be observed during postlayout simula-
tion). Now from eq. 10 and eq. 11, we can re-write eq. 12
as

W@(t) =

G2k,
Ln(t) ., G + =5 Po(1) — c;sfvvll) Doi(t) 13)
= Kpp
Vin(t) —C/—Pz%z(t) = Gs5Vin(t) + Vi)
GS(P2)

where o = 2 (Kswp+1) and G = E| +
KgvDy, Go = E; + KpyD2, G3 = KpyD3, Gy =
E;, G» = E» + KpyD> are constants. Finally,

we can write the unity-gain bandwidth of the pro-

. ~ 8m(N2) +8mb(N2)
osed memristor as = where
p Ir 27 (Cosv2y+Capinz))
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FIGURE 4. Simulation results of the proposed MRE with 1k resistance
connected to ground at port B and C; = 100pF (a) Pinched hysteresis loop
for input voltage at different frequencies, (b) Transient response for
pulsed input of 1us period and pulse width of 10ns, (c) Transient
response at 1MHz input, (d) Hysteresis loop comparison (constant
frequency times C, ) at different frequency and capacitor values, (e) V-1
curve for 1MHz input at different temperatures, (f) Output noise and gain
plot with varying input frequency, (g) Output noise and gain plot with
varying temperature at 100MHz input, (h) Different process corner V-1
relationships at 50MHz input, (i) Proposed MRE design utilizing MOSCAP,
and, (j) Corresponding pinched hysteresis loop at different input
frequencies of Fig. 4i circuit.

transconductance of N> being K
W N/ 2K}y (Voo () +Kpn Voi ()
2 V2Isn I+ Vo1 (0]

v2 (Vo2 (1) 4+ Kpn Vo1 (1) +
. Now the f7 is

/ v /2Ky (Voo (0+Kpy Vor (1)
Ky, (Voa(t) + Kpn Vo1 (1)) + 5 T

(Cesw2) + Copwz))

12

T

(14)
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It can be observed from equations 5, 10 and 11, that
the static and dynamic part of the flux voltages can be
adjusted using C;. We can deduct from eq. 13, that an
incremental MRE 1is obtained from this circuit in which
memristance increases when a positive or negative pulse
train is applied. So, minimum current flows through the
circuit when memristance is maximum and vice-versa, which
means we can consider this situation as O and 1 in terms
of digital circuits. From eq.13, it can also be noticed that
change in Vg can be adjusted by circuit, and hence we
can expect MRE to behave well with temperature variation,
which we verified through simulation in the next section.
By seeing eq. 14, we can make a note that utilizing the
bulk-driven circuit and controlling the body and gate of
N3 helps in increasing the proposed MRE bandwidth. The
memristance, from eq. 13, deviates from the ideal value
due to the parasitic that influences the rate of change of
memristance and produces a decrease in the area of the
pinched hysteresis loop. As we can deduct from eq. 13 and
eq. 14, the change in memristance and unitygain bandwidth
due to parasitic can be compensated by carefully changing
the aspect ratios of N1, N>, P1 and P».

Now, to analyze the frequency characteristics of the
proposed memristor, a sinusoidal input voltage is applied
equal to A, sin(2rft) where A,,, and f are the signal amplitude
and frequency, respectively. Substituting input voltage in
(eq. 12) and neglecting small threshold voltage, we get

G Ay cos(2rft)

~ Ut T e

W) = Ky, (Gsz GiKl,  GuK), ) (15)
Cy Casiv1) CGsp2)

As the frequency goes very high, the static part approaches
zero, and so, the resultant memristor will act as the
timeindependent resistor as we follow eq. 15. Hence, the ratio
of the dynamic part coefficient and the static coefficient part
can be written as

A (GKp GiKy, _ GaKp,
5 — m C Cesiv) Cospy) L (16)
ZJchlGl ‘L’f
where the time constant of the proposed MRE, 7,
is 27 fC Gy
A (Gokpr _ G3Kyy _ CaKpy )
L e Cosivl  Casp2)

As we decrease the value of 9, frequency increases while ©
must be updated in order to hold pinched hysteresis loop. The
maximal pinched hysteresis loop is reached when f = 1/7.
The pinched hysteresis loop is lost when f is less than or equal
to 1/, which means that the emulator circuit’s time constant
is smaller than the voltage signal source’s period. Therefore,
to guarantee the pinched hysteresis loop’s behavior, the value
of 9 needs to be between 0 and 1.

Ill. VALIDATION BY SIMULATION AND
EXPERIMENTATION

The workability of the proposed MRE has been verified
by simulation using Cadence Virtuoso Spectre Tool with
180nm CMOS GPDK parameter. The proposed circuit is
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also experimentally tested using market available MOSFET
arrays such as ALDI1116 (nMOS based) and ALDI1117
(pMOS based) in which bulk is open which is better suited
to correctly evaluate proposed circuit in real conditions. The
CMOS layout of the proposed circuit in Fig. 2 has been shown
in Fig. 3, which occupies an area of 1305.4m?(23.04um x
56.64m) and shows a symmetrical layout design.

The proposed MRE needs no external biasing or supply
voltage and hence the static power is zero. The circuit has
been tested under no-load and load conditions (R, L and C)
to show the proposed MRE flexibility. The initial voltage
across C7 was selected as zero during the simulation as well
as during the experiment. The worked-out aspect ratio of the
MOSFETsS of the proposed MRE are tabulated in Table 1.

TABLE 1. Aspect ratios utilized for circuit configuration of fig. 2.

MOSFET
NI’NQ»PI’PQ

Aspect ratio (W/L) (in pm)
50/0.2

Simulations in Fig. 4 illustrates the proposed MRE with
a resistive load of 1k2 connected at port C (Fig. 2). The
proposed MRE hysteresis curve is displayed for various
frequencies in Fig. 4a. The asymmetrical characteristics of
the hysteresis loop can be ascribed to parasitic effects in MRE
design [5], [9], as examined in the section- II mathematical
derivation. The incremental behavior of the MRE is apparent
in Fig. 4b on applying an input signal in the form of a
pulse. The input voltage signal and corresponding current
signal of the memristor for multiple cycles presented in
Fig. 4c, which also shows incremental behavior of proposed
MRE. Fig. 4d can be understood by considering eq. 16,
where if we adjust frequency and capacitance such that
their product is constant, we will get a similar type of
hysteresis curve every time. This shows consistency and
stability of the proposed MRE. The proposed memristor
can work over a good range of temperature (—30°C to
100°C), which is depicted in Fig. 4e. Since noise impairs
functionality, the suggested MRE’s noise performance has
subsequently been presented. The output noise and associated
noise gain, which represents the transfer function from output
to input noise, are displayed in Fig. 4f in relation to changing
frequency. Similarly, Fig. 4g shows the output noise and
matching noise gain in relation to changing temperature.
The plot demonstrates how the proposed MRE’s balanced
design results in noticeably less noise. Fig. 4h presents a
corner analysis that illustrates the circuit’s performance under
identical temperature conditions for FF, FS, SF, and SS
scenarios. Thus, the proposed MRE demonstrates stability
at various process corners. It is evident that, as would be
expected, there is less current flowing in process corner
SS and greater current flowing in process corner FF. The
proposed MRE can be combined with MOSCAP (Cys1)
too which shows the flexibility of the proposed design as
shown in Fig. 4f. The Cy;; has been realized using pMOS
having W/L as 50um/40um. Hysteresis loop for different
frequency has been shown in Fig. 4g for circuit in Fig. 4f.
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FIGURE 5. The MRE simulation results for different loads connected at
port C (a) Grounded MRE hysteresis loop (frequencyXC; = constant)
graph, (b) Grounded MRE pinched hysteresis loop for parallel and serially
connection for 50MHz sinusoidal input at C; = 500pF over 100cycles,
(c) Hysteresis loop (frequencyXC; = constant) graph for grounded 1nF
capacitive load MRE, (d) Hysteresis loop (frequencyXC; = constant) graph
for grounded 1nH inductive load MRE, (e) Dynamic power output at input
frequency 100KHz, C = 100pF and load 1 k<, (f) Pre-layout and
Post-layout comparison at 1MHz input, C = 100pF and load 1 k<, and,
(g) Monte-Carlo simulation for 100 runs due to process and mismatch
parameters.

We can conclude that the proposed circuit with resistive load
works as a memristor. The performance of the proposed MRE
under grounded conditions, or without a load, have been
displayed in Figs. 5a-5g. Fig. 5a illustrates that if both the
frequency and the capacitor product remain constant, varying
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(e) )
FIGURE 6. Experimental result for Pinched hysteresis loop and setup for
MRE with grounded resistive load (a) At 100kHz, (b) At 5SMHz, (c) At
25MHz, (d) Full experimental setup at operating frequency of 25MHz,
(e) View of memristor experimental setup at 300kHz for grounded MRE,
and, (f) Full experimental setup at 5SMHz operating frequency for
grounded capacitive load.

one of them will consistently result in a voltage-current curve
that looks similar. One of the key features of a memristor is
this. We have shown the suggested MRE behavior in series
and parallel connections in Fig. 5b. Fig. 5c and 5d shows
hysteresis loop is similar if frequency and capacitor product
are constant for capacitive and inductive load, respectively.
The dynamic power for each MOSFET used in the proposed
MRE with an amplitude of +1V is shown in Fig. 5e. Fig. 5f
displays a comparison of the pre- and post-layout for the
proposed MRE at an amplitude of &1V. The graph indicates
a very small difference. A Monte-Carlo analysis, taking into
account variations in process and mismatch parameters, was
conducted to demonstrate the potential fabrication variation
of the proposed MRE under grounded load resistance. The
results are displayed in Fig. 5g at 492.5u A current output.
Further, in Fig. 6, experimental work has been done for
MRE with resistive load. Fig. 6a - 6¢ presents a pinched
hysteresis loop at different frequencies for MRE with resistive
load. Fig. 6d shows the experimental setup view of resistive
load. Experimental setup view of the proposed MRE for the
grounded and capacitive load is shown in Fig. 6e and 6f,
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FIGURE 7. Proposed MRE application as filters (a) HPF circuit, (b) LPF
circuit, (c) BPF circuit, (d) BRF circuit, and, (e) Frequency response for HPF
and LPF at C = 1pF, BPF at C; = 30pF & C, = 1pF and BRF at C; = 30pF &
Cy = 25pF.

respectively. The simulations and experiment results show
that DTMOS technique employed results in high frequency
operation with zero static power and providing stability.

IV. APPLICATIONS

Memristor emulators can be used in several real-time
signal processing situations. A constant cut-off frequency
is provided by the resistor-capacitor parallel circuit in a
traditional filters, but an adjustable gain characteristic is
provided by the use of a memristors. Furthermore, the ability
to adjust the filter circuit’s cut-off frequency is provided
by the variation in the memristance value. To confirm the
workability of the proposed MRE, Low Pass Filter (LPF),
High Pass Filter (HPF), Band Pass Filter (BPF), Band Reject
Filter (BRF), BPF based oscillator, Colpitts chaotic oscillator,
and Schmitt trigger circuits have been considered for tests.
In Fig. 7a, 7b, 7c and 7d shows circuit of filters such as HPF,
LPF, BPF and BREF, respectively. Frequency response of HPF,
LPF, BPF and BRF have been presented in Fig. 7e.

It is to be noted that the standard resistor has been replaced
with the proposed MRE. The cut-off frequency of HPF and
LPF filters can be writtenas f, = 1/ (27 C (W~'(@(1))) . The
low and high cut-off frequency of BPF and BREF filters can
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FIGURE 8. The proposed MRE application in different analog circuits
(a) Oscillator circuit using BPF, (b) Transient response of circuit in Fig. 8a
taken at V4, (c) Colpitts chaotic oscillator circuit, (d) Hysteresis loop
response of circuit in Fig. 8c taken L; current vs V,; , (e) Hysteresis loop
response of circuit in Fig. 8c taken Vi1 — Vouta Vs Voutr - (f) Schmitt
trigger circuit, (g) Transient response of circuit in Fig. 8f at V,,,; and,
(h) Hysteresis curve output for Fig. 8f.

. _ 1 _ 1
be written as f,; = C W) and fop, = T RUCO)]

respectively. The cut-off frequency of HPF and LPF filters
can be written as f, = 1/ (2rC (W~(&(1))). The low and
high cut-off frequency of BPF and BREF filters can be written
asfy = 1/ (2nCy (W1 (2(1))) and f,
respectively [32].

Memristors can be well utilized in Oscillator related
circuits. The proposed MRE has been utilized in the
BPF oscillator, Colpitts chaotic oscillator, and Schmitt
trigger, as as shown in Fig. 8a, 8c, and 8f, respectively.

_ 1
= wmCeWlBa)’
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FIGURE 9. Proposed MRE possible application. (a) Adaptive amoeba
learning circuit, (b) Input voltage as temperature variation (c) Output
voltage as locomotive speed.

The transfer function of the Band Pass Filter can

. s(W=l (@)
be written as (W TN+ C 1 C1C (WL (B (1)

((1+ %) W' @ane -

and

condition of oscillation is s

(W='@®) (C, + C1) = 0.

Fig. 8b shows oscillator output taken at V,,; as in Fig. 8a.
Colpitts chaotic oscillator circuit has been presented with
Vee = 2V and Vgg = —2V. Fig. 8d and 8e show a
spiral C1/Cy/C3 = 100pF /1uF /1uF,L = 10mH, R, =
35Q,Ry; = 1.5k, chaotic attractor, plotted against the
current at L vs Voue 1 and Voue2 — Vourt VS Vout 2. A Schmitt
trigger circuit shown in Fig. 8f [36], has been analyzed with
the integration of the proposed MRE. The supply voltage
(£Vcc) is considered for biasing the Op-Amp as £10 V. The
resistance value R; = 20MS2 is chosen with the sinusoidal
supply of 1kHz and £1V. Fig. 8g shows non-inverting
Schmitt trigger response. The hysteresis curve is shown in
Fig. 8h.

The memristive based systems have the memory com-
puting capability similar to that of the brain, so they can
have many applications in neuromorphic computing. A large
amoeba-like cell, learns and changes its response, subject
to a periodic environmental changes. One of the simplest
eukaryotic life, an amoeba, has evolved as a primitive nervous
system [50], [51]. This behavior can be mapped to the simple
electronic circuit which consists of R, L, C and a memristive
system.

As shown in Fig. 9a, an adaptive amoeba learning circuit
using proposed MRE has been shown. The oscillations using
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FIGURE 10. Proposed new logical gate design using proposed MRE.
(a) Logical AND and OR circuit, (b) Logical NOT circuit, (c) Input voltage,
V, with amplitude 1V, period 100 ns and pulse width 5 ns, (d) Input
voltage, Vg, with amplitude 1 V, period 200 ns and pulse width 5 ns,
(e) OR output, (f) AND output, (g) Input voltage, V,, with amplitude 0.6 V,
period 100 ns and pulse width 5 ns, and, (h) NOT output.

LC component can be utilized as the simulation for biological
oscillators. The impedance and dissipation inside the amoeba
can be simulated using R. Proposed MRE can be utilized
as the memory mechanism. The temperature variations that
impacts the motion of the amoeba has been show here as the
external voltage, Vin and presented in Fig. 9b. that controls
the circuit. The response of circuit, in Fig. 9c, taken at C
shows the behavior or locomotive speed of the amoeba based
on stimulus given as Vi, . The temperature variations during
learning phase makes the amoeba motion slow-moving. This
learning behavior has been found in our circuit model. Hence,
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TABLE 2. The comparison among different memristor emulator.

Ref. MOSFET Passive Com- Experiment Floating/ Technology Operating fre- Power
No. Count ponent Count  Done Grounded Used quency Consumption
[13] 17 C-1 Yes Floating 0.18 pum 1MHz NA

[16] 16 R-2, C-1 Yes Floating 0.18 pum 50MHz NA

[17] 40 R-2, C-1 No Grounded 0.35 um 1MH? NA

[19] 30 R-3,C-1 Yes both 0.25 pum 10MHz NA

[20] 16 C-1 No Floating 0.18 um FewHz 8.05uW
[31] 24 R-3,C-1 Yes Grounded 0.18 pum 1.TMHz NA

[32] 29 R-1,C-1 Yes Grounded 0.18 um 26.3MHz 9.567uW
[34] 4 0 Yes Grounded 0.18 pum 100kHz 40uwW
[35] 3 0 Yes both 0.18 um 20/30MH?z 0

[36] 3 C-1 Yes Floating 0.18 pum 13MHz 6.725nW
[37] 4 0 Yes Grounded 0.18 um 100MHz NA

[38] 3 C-1 No Grounded 0.18 pum 100kHz 0

[39] 7 C-1 Yes Grounded 0.18 pum 50MHz NA

[40] 6 C-1 No Floating 0.18 um 10Hz NA

[41] 7 0 No Floating 0.13 um 1MHz NA

[42] 4 0 Yes Floating 0.09 pum 50MHz 2.6uW
[43] 4 C-1 Yes Floating 0.18 pum 3MHz 8.24uW
[44] 9 C-1 No Grounded 0.045 pm 2kHz NA

[46] 3 C-1 Yes Grounded 0.18 um 24MHz 0

[47] 1 R-1,C-1 Yes both 0.045 um 80MHz 0

This 4 C-1 Yes both 0.18 um 500MHz 0

work

This 5 0 Yes both 0.18 pm 500MHz 0

Work

proposed MRE is suitable for adaptive learning models.
In Fig. 9a, R 1k2, L ImH and C 100nC. The
responses of amoeba adaptive learning are similar to existing
results presented [51].A logical OR-AND gate circuit has
been designed using proposed MRE as shown in Fig. 10a.
The circuit in Fig. 10a provides both OR and AND output
using only 3 proposed MRE, 1 capacitor, 1 resistor and two
input voltages V4 and Vjp, respectively. Using the proposed
MRE, a new NOT circuit has been designed, as shown in
Fig. 10b, which consists of two MRE, a DC voltage of 1 V and
an input voltage, V4. Fig. 10c and 10d, input voltage applied
in ORAND circuit. While, Fig. 10e and 10f shows output
OR and AND logic circuits, respectively. Similarly, Fig. 10g
shows input voltage applied to NOT gate and corresponding
inverted output presented in Fig. 10h.

V. COMPARISON AND DISCUSSION

Table 2 details a comparative summary of selected previous
MREs [13], [16], [17], [19], [20], [32], [33], [34], [35],
(361, [37], [38], [39], [40], [41], [42], [43], [44], [46],
[47] based on active/passive elements, circuit structure,
and simulation/experimental validations. MOSFET counts
is more in [13], [16], [17], [19], and [20]. The operating
frequency is not very high in [32], [33], [34], [35], [36],
[37], [38], [39], [40], [41], [42], [43], [44], and [46]. While
[42] operates on a high frequency but dissipates certain
power. This work presents 4-MOSFET MRE utilizing passive
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capacitor/MOSCAP which operates on high frequency than
all other previous works with zero static power.

VI. CONCLUSION

Adding to the current research on existing MREs, the
proposition of this communication presents a new MRE,
which has the following salient features, a combination of
which makes it unique.

1§
2)
3)
4)
5)
6)
7
8)
9
10)

1)

New circuit configuration with DTMOS utilizing
modified dynamic threshold feature of MOSFET.

A complete mathematical depiction of the MRE
considering internal capacitances.

No biasing is required.

Consumes zero static power.

Good operating temperature range (—30°C to 100°C).
Layout occupying a silicon area of 1305um?.

Works for all types of load conditions such as resis-
tive, capacitive, inductive, no load and series/parallel
combination.

Much larger bandwidth ( S00MHz) in comparison to
earlier propositions.

Works with passive capacitor as well as MOSCAP.
Applications in various analog filters such as LPF, BPF,
BRF, BPF oscillator, Colpitts chaotic oscillator and
adaptive amoeba learning circuit.

Two new logical circuit has been designed using
proposed MRE. The logical OR & AND realized using
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single circuit configuration only and logical NOT has
been realized using only memristors which has not been
presented before in open literature.

To the authors’ best knowledge, the proposed MRE with the
above features is unique in open literature so far.

REFERENCES

[1]
[2]

[3]

[4]

[5]

[6]
[71

[8]

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

9204

L. O. Chua, “Memristor: The missing circuit element,” IEEE Trans.
Circuit Theory, vol. 18, no. 5, pp. 507-512, Sep. 1971.

D. B. Strukov, G. S. Snider, D. R. Stewart, and R. S. Williams,
“The missing memristor found,” Nature, vol. 453, no. 7191, pp. 80-83,
May 2008.

K. Ochs, D. Michaelis, and E. Solan, “Towards wave digital memcomput-
ing with physical memristor models,” IEEE Trans. Circuits Syst. I, Reg.
Papers, vol. 67, no. 4, pp. 1092-1102, Apr. 2020.

Y. Liang, G. Wang, G. Chen, Y. Dong, D. Yu, and H. H. Tu, “S-type locally
active memristor-based periodic and chaotic oscillators,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 67, no. 12, pp. 5139-5152, Dec. 2020.
S. S. C. P. Poornima, “Investigation of pinched hysteresis of a memristor
emulator under ferroresonance,” Appl. Math. Inf. Sci., vol. 13, no. 5,
pp. 759-767, Sep. 2019.

E. Gale, “Non-ideal memristor for non-ideal world,” Phys. Status Solidi
(A), vol. 212, no. 2, pp. 229-238, 2015.

S. P. Adhikari, M. Pd. Sah, H. Kim, and L. O. Chua, “Three fingerprints
of memristor,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 60, no. 11,
pp. 3008-3021, Nov. 2013.

B. Bao, J. Yu, F. Hu, and Z. Liu, “Generalized memristor consisting of
diode bridge with first order parallel RC filter,” Int. J. Bifurcation Chaos,
vol. 24, no. 11, Nov. 2014, Art. no. 1450143.

M. Pd. Sah, C. Yang, H. Kim, B. Muthuswamy, J. Jevtic, and L. Chua,
“A generic model of memristors with parasitic components,” IEEE Trans.
Circuits Syst. I, Reg. Papers, vol. 62, no. 3, pp. 891-898, Mar. 2015.

D. Yu, X. Zhao, T. Sun, H. H. C. Iu, and T. Fernando, “A simple floating
mutator for emulating memristor, memcapacitor, and meminductor,” /[EEE
Trans. Circuits Syst. I, Exp. Briefs, vol. 67, no. 7, pp. 1334-1338,
Jul. 2020.

D. Yu, H. H. Iu, A. L. Fitch, and Y. Liang, “A floating memristor emulator
based relaxation oscillator,” IEEE Trans. Circuits Syst. I, Reg. Papers,
vol. 61, no. 10, pp. 2888-2896, Oct. 2014.

Y. Babacan, A. Yesil, and F. Kacar, ‘“Memristor emulator with tunable
characteristic and its experimental results,” AEU-Int. J. Electron. Com-
mun., vol. 81, pp. 99-104, Nov. 2017.

A. Yesil, “Floating memristor employing single MO-OTA with hard-
switching behavior,” J. Circuits, Syst. Comput., vol. 28, no. 2, Feb. 2019,
Art. no. 1950026.

R. K. Ranjan, S. Sagar, S. Roushan, B. Kumari, N. Rani, and F. Khateb
“High-frequency floating memristor emulator and its experimental
results,” IET Circuits Devices Syst., vol. 13, no. 3, pp. 292-302, May 2019.
M. T. Abuelma’atti and Z. J. Khalifa, “A continuous-level memristor
emulator and its application in a multivibrator circuit,” AEU-Int. J.
Electron. Commun., vol. 69, no. 4, pp. 771-775, Apr. 2015.

A. Yesil, Y. Babacan, and F. Kagar, “Design and experimental evolution
of memristor with only one VDTA and one capacitor,” IEEE Trans.
Comput.-Aided Design Integr. Circuits Syst., vol. 38, no. 6, pp. 1123-1132,
Jun. 2019.

A. Yesil, Y. Babacan, and F. Kacar, “A new DDCC based memristor
emulator circuit and its applications,” Microelectron. J., vol. 45, no. 3,
pp. 282-287, Mar. 2014.

H. Cao and F. Wang, “Spreading operation frequency ranges of memristor
emulators via a new sine-based method,” IEEE Trans. Very Large Scale
Integr. (VLSI) Syst., vol. 29, no. 4, pp. 617-630, Apr. 2021.

R. K. Ranjan, N. Rani, R. Pal, S. K. Paul, and G. Kanyal, “Single
CCTA based high frequency floating and grounded type of incremen-
tal/decremental memristor emulator and its application,” Microelectron.
J., vol. 60, pp. 119-128, Feb. 2017.

Y. Babacan and F. Kagar, “Floating memristor emulator with subthreshold
region,” Anal. Integr. Circuits Signal Process., vol. 90, no. 2, pp. 471-475,
Feb. 2017.

C. Sanchez-Lépez, J. Mendoza-Lépez, M. A. Carrasco-Aguilar, and
C. Muiiiz-Montero, “‘A floating analog memristor emulator circuit,” JEEE
Trans. Circuits Syst. II, Exp. Briefs, vol. 61, no. 5, pp. 309-313, May 2014.

(22]

(23]

(24]

(25]

[26]

(27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]
(39]

(40]

(41]

[42]

[43]

(44]

K. Alhaj Ali, M. Rizk, A. Baghdadi, J.-P. Diguet, J. Jomaah, N. Onizawa,
and T. Hanyu, “Memristive computational memory using memristor
overwrite logic (MOL),” IEEE Trans. Very Large Scale Integr. (VLSI) Syst.,
vol. 28, no. 11, pp. 2370-2382, Nov. 2020.

C. Zheng, D. Yu, H. H. C. Iu, T. Fernando, T. Sun, J. K. Eshraghian, and
H. Guo, “A novel universal interface for constructing memory elements
for circuit applications,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 66,
no. 12, pp. 4793-4806, Dec. 2019.

P. B. Petrovic, ‘“Tunable flux-controlled floating memristor emulator
circuits,” IET Circuits, Devices Syst., vol. 13, no. 4, pp. 479-486, Jul. 2019.
M. Chen, M. Sun, H. Bao, Y. Hu, and B. Bao, “Flux-charge analysis
of two-memristor-based Chua’s circuit: Dimensionality decreasing model
for detecting extreme multistability,” IEEE Trans. Ind. Electron., vol. 67,
no. 3, pp. 2197-2206, Mar. 2020.

H. Bao, A. Hu, W. Liu, and B. Bao, “Hidden bursting firings and
bifurcation mechanisms in memristive neuron model with threshold
electromagnetic induction,” [EEE Trans. Neural Netw. Learn. Syst.,
vol. 31, no. 2, pp. 502-511, Feb. 2020.

G. Svetoslavov, O. Camps, S. G. Stavrinides, and R. Picos, “A switched
capacitor memristive emulator,” IEEE Trans. Circuits Syst. II, Exp. Briefs,
vol. 68, no. 4, pp. 1463-1466, Apr. 2021.

Y. Liu, H. H. Iu, Z. Guo, and G. Si, “The simple charge-controlled
grounded/floating mem-element emulator,” IEEE Trans. Circuits Syst. II,
Exp. Briefs, vol. 68, no. 6, pp. 2177-2181, Jun. 2021.

Y. Puand B. Yu, “A large dynamic range floating memristor emulator with
equal port current restriction,” IEEE/CAA J. Autom. Sinica, vol. 7, no. 1,
pp. 237-243, Jan. 2020.

A. Yesil and Y. Babacan, “Electronically controllable memcapacitor
circuit with experimental results,” IEEE Trans. Circuits Syst. II, Exp.
Briefs, vol. 68, no. 4, pp. 1443-1447, Apr. 2021.

N. Raj, R. K. Ranjan, and F. Khateb, “‘Flux-controlled memristor emulator
and its experimental results,” IEEE Trans. Very Large Scale Integr. (VLSI)
Syst., vol. 28, no. 4, pp. 1050-1061, Apr. 2020.

R. K. Ranjan, N. Raj, N. Bhuwal, and F. Khateb, “Single DVCCTA
based high frequency incremental/decremental memristor emulator and
its application,” AEU-Int. J. Electron. Commun., vol. 82, pp. 177-190,
Dec. 2017.

V. K. Sharma, T. Parveen, and M. S. Ansari, “Four quadrant analog
multiplier based memristor emulator using single active element,” AEU-
Int. J. Electron. Commun., vol. 130, Feb. 2021, Art. no. 153575.

F. Gul, “Circuit implementation of nano-scale TiO, memristor using
only metal-oxide-semiconductor transistors,” /EEE Electron Device Lett.,
vol. 40, no. 4, pp. 643-646, Apr. 2019.

P. Srivastava, R. K. Gupta, R. K. Sharma, and R. K. Ranjan, “MOS-
only memristor emulator,” Circuits, Syst., Signal Process., vol. 39, no. 11,
pp. 5848-5861, Nov. 2020.

J. Vista and A. Ranjan, “A simple floating MOS-memristor for high-
frequency applications,” IEEE Trans. Very Large Scale Integr. (VLSI) Syst.,
vol. 27, no. 5, pp. 1186-1195, May 2019.

Y. Babacan, A. Yesil, and FE. Gul, “The fabrication and MOSFET-
only circuit implementation of semiconductor memristor,” IEEE Trans.
Electron Devices, vol. 65, no. 4, pp. 1625-1632, Apr. 2018.

Y. Babacan, “Memristor: Three MOS transistors and one capacitor,” in
Proc. INES, Antalya, Turkey, 2017, p. 1.

A. Yesil, “A new grounded memristor emulator based on MOSFET-C,”
AEU-Int. J. Electron. Commun., vol. 91, pp. 143-149, Jul. 2018.

Y. Babacan and F. Kacar, “FCS based memristor emulator with associative
learning circuit application,” Istanbul Univ.-J. Elect. Electron. Eng.,
vol. 17, no. 2, pp. 3433-3437, 2017.

V. Saxena, “A compact CMOS memristor emulator circuit and its
applications,” in Proc. IEEE 61st Int. Midwest Symp. Circuits Syst.
(MWSCAS), Aug. 2018, pp. 190-193.

M. Ghosh, A. Singh, S. S. Borah, J. Vista, A. Ranjan, and S. Kumar,
“MOSFET-based memristor for high-frequency signal processing,” IEEE
Trans. Electron Devices, vol. 69, no. 5, pp. 2248-2255, May 2022.

Y. R. Ananda, N. Raj, and G. Trivedi, “A MOS-DTMOS implementation
of floating memristor emulator for high-frequency applications,” IEEE
Trans. Very Large Scale Integr. (VLSI) Syst., vol. 31, no. 3, pp. 355-368,
Mar. 2023.

P. K. Ghosh, S. Z. Riam, M. S. Ahmed, and P. Sundaravadivel, “CMOS-
based memristor emulator circuits for low-power edge-computing applica-
tions,” Electronics, vol. 12, no. 7, p. 1654, Mar. 2023.

VOLUME 12, 2024



P. Srivastava et al.: New DTMOS Based High Frequency Memristor Emulator

IEEE Access

[45] S.C. Yener, A. Uygur, and H. H. Kuntman, ‘““Ultra low-voltage ultra low-
power memristor based band-pass filter design and its application to EEG
signal processing,” Anal. Integr. Circuits Signal Process., vol. 89, no. 3,
pp. 719-726, Dec. 2016.

[46] P. Kumar, P. Srivastava, R. K. Ranjan, and M. Kumngern, “New zero
power memristor emulator model and its application in memristive
neural computation,” IEEE Access, vol. 11, pp. 5609-5616, 2023, doi:
10.1109/ACCESS.2023.3236424.

[47] R. K. Gupta, M. S. Choudhry, V. Saxena, and S. Taran, “A single MOS-
memristor emulator circuit,” Circuits, Syst., Signal Process., vol. 43,
pp. 54-73, 2024.

[48] N. Raj, R. K. Ranjan, and A. James, “Chua’s oscillator with OTA
based memcapacitor emulator,” IEEE Trans. Nanotechnol., vol. 21,
pp. 213-218, 2022.

[49] G.C. Adam, B. D. Hoskins, M. Prezioso, F. Merrikh-Bayat, B. Chakrabarti,
and D. B. Strukov, ““3-D memristor crossbars for analog and neuromorphic
computing applications,” IEEE Trans. Electron Devices, vol. 64, no. 1,
pp. 312-318, Jan. 2017.

[50] B. Muthuswamy and L. O. Chua, “Simplest chaotic circuit,” Int. J. Bifurc.
Chaos, vol. 20, no. 5, pp. 1567-1580, 2010.

[511 Y. Pershin, S. La Fontaine, and M. Di Ventra, ‘“Memristive
model of amoeba’s learning,” Nature Precedings, Oct. 2008, doi:
10.1038/npre.2008.2431.1.

[52] S. Tasneem, P. K. Sharma, R. K. Ranjan, and F. Khateb, “Electronically
tunable memristor emulator implemented using a single active element
and its application in adaptive learning,” Sensors, vol. 23, no. 3, p. 1620,
Feb. 2023, doi: 10.3390/523031620.

[53] Y. R. Ananda, G. S. Satyanarayan, and G. Trivedi, “‘An optimized MOS-
based high frequency charge-controlled memcapacitor emulator,” /EEE J.
Emerg. Sel. Topics Circuits Syst., vol. 12, no. 4, pp. 793-803, Dec. 2022,
doi: 10.1109/JETCAS.2022.3221314.

[54] Y. R. Ananda, G. S. Satyanarayan, and G. Trivedi, “A flux controlled
MOS-based optimized high frequency meminductor emulator,” IEEE J.
Emerg. Sel. Topics Circuits Syst., vol. 12, no. 4, pp. 774-784, Dec. 2022,
doi: 10.1109/JETCAS.2022.3221305.

[55] Y. R. Ananda, G. S. Satyanarayan, and G. Trivedi, “A high frequency
MOS-based floating charge-controlled memcapacitor emulator,” IEEE
Trans. Circuits Syst. I, Exp. Briefs, vol. 70, no. 3, pp. 1189-1193,
Mar. 2023, doi: 10.1109/TCSI1.2022.3221334.

PUSHKAR SRIVASTAVA was born in India,
in 1990. He received the B.Tech. degree, in 2012,
and the M.Tech. degree, in 2015. He is currently
pursuing the Ph.D. degree with the Indian Institute
of Technology (ISM), Dhanbad, India. He has
rich experience in IT industry and academics.
He completed an IEEE HAC funded project in
embedded systems as a Team Member. He has
contributed in seven SCI indexed articles and holds
one Indian patent. His research interests include
mixed 31gna1 circuit design, non-linear circuits, analog signal processing, and
VLSI and analog integrated circuit.

VOLUME 12, 2024

R. K. SHARMA (Member, IEEE) was born
in Allahabad, India, in 1964. He received the
Diploma degree in electronics engineering, the
M.E. degree in control and instrumentation, and
the Ph.D. degree from the University of Delhi,
in 1984, 1994, and 2007, respectively. He has
completed AMIE in India, in 1989. He was
an Assistant Lecturer with IERT, Allahabad,
from 1985 to 1996; and a Lecturer with Ambedkar
Polytechnic, Delhi, India, from 1997 to 2001, and
the Netaji Subhas Institute of Technology, Delhi, from 2001 to 2004. He was
an Assistant Professor/an Associate Professor (2004-2013), a Professor
(2013-2018), and a Principal (2018-2020) with the Ambedkar Institute of
Advanced Communication Technologies and Research, Delhi. Currently,
he is a Professor with NSUT East Campus, Delhi (formerly AIACT & R).
His areas of research interests include analog microelectronics and analog
signal processing, mixed signal circuit design, circuit theory, VLSI design.

R. K. GUPTA (Graduate Student Member, IEEE)
received the Diploma degree in ECE from Govern-
ment Polytechnic Ghaziabad, in 2008, the B.Tech.
degree in ECE from DTU, Delhi, in 2015, and
the M.Tech. degree in ECE-VLSI from IIT (ISM)
Dhanbad, in 2020. He is currently pursuing the
Ph.D. degree with DTU. He is also an Assistant
Professor with the JSS Academy of Technical
Education, Noida. He has a combined teaching and
non-teaching experience of 14 years. He boasts
two SCI indexed articles and two conference papers and holds one Indian
patent. He actively contributed to the successful completion of an IEEE HAC
funded project as a Team Member. He has a rich knowledge of embedded
systems. His research focuses on memelement design for high-frequency
VLSI applications. He received the Gold Medal during the bachelor’s degree.

FIRAT KACAR (Senior Member, IEEE) received
the B.Sc., M.Sc., and Ph.D. degrees in electrical
and electronics engineering from Istanbul Uni-
versity, in 1998, 2001, and 2005, respectively.
He is currently a Professor with the Electrical
and Electronics Engineering Department, Istanbul

3 University—Cerrahpasa. He is the author or coau-
\_) thor of about 200 papers published in scientific
.. " journals or conference proceedings. His current

research interests include analog circuits, active
synthetic inductors, CMOS-based circuits, memristors, and electronic device
modeling.

RAJEEV KUMAR RANIJAN (Senior Member,
IEEE) was born in India, in 1979. He received
the Ph.D. degree from the Indian Institute of
Technology (ISM), Dhanbad, in 2016. He is cur-
rently an Assistant Professor with the Department
of Electronics Engineering, Indian Institute of
Technology (ISM). He has published more than
50 papers in esteemed journals and conferences.
His main research interest includes communi-
cation and VLSI signal processing circuits and
systems.

9205


http://dx.doi.org/10.1109/ACCESS.2023.3236424
http://dx.doi.org/10.1038/npre.2008.2431.1
http://dx.doi.org/10.3390/s23031620
http://dx.doi.org/10.1109/JETCAS.2022.3221314
http://dx.doi.org/10.1109/JETCAS.2022.3221305
http://dx.doi.org/10.1109/TCSII.2022.3221334

