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ABSTRACT This article presents a novel charge-controlled memristor emulator circuit. The proposed
memristor emulator utilizes a single Current Follower Transconductance Amplifier (CFTA) as an active
current mode analog building block and a grounded capacitor as a passive element. The circuit presented
follows all the fingerprints of an ideal memristor. It operates in both incremental as well as decremental
mode. The functional performance of the emulator circuit is verified at different operating frequencies and
performs well up to 9 MHz. The theoretical and non-ideal analyses are verified for the proposed emulator.
Moreover, Monte Carlo sampling and non-volatility analysis are performed to investigate the robustness of
the emulator circuit. The functionality of the proposed model has been verified through PSPICE simulation
using TSMC 0.18 um CMOS technology at the supply voltage of £1.2 V. The experimental confirmation
of the presented circuit is also performed by building a breadboard micromodel using ICs CA3080 and
ADB844AN. Memristor based Chua’s circuit model is included as one of its applications.

INDEX TERMS Current mode, memristor emulator, Chua’s circuit, CMOS, Monte Carlo, pinched hysteresis

loop.

I. INTRODUCTION

Memristor is a two terminal nonlinear resistor with memory
postulated by Chua [1] in 1971 as the missing circuit element.
The anticipation was established on the basis of symmetry
and the missing relationship between charge (g) and flux (¢)
linkage. Memristor becomes the fourth basic circuit element
after resistor, inductor and capacitor. Chua and Kang [2] show
some unique behavior of memristor elements different from
previous fundamental circuit elements, as it displays some
strange nonlinear dynamic behavior, including governing
equations defining the memristor systems. In 2008, Stanley
Williams and his team [3] fabricated the first nanoscale model
of memristor using thin film of TiO; in HP Laboratory. There
are some opposing views [4]-[6] on the claimed fundamental
nature of the memristor. Abraham illustrated that the phys-
ically realizable memristor [4] is nonlinear composition of
resistor with hysteresis and the presence of real memristor is
hypothesis [5], [6]. This finding drew the attention of many
researchers/scholars worldwide.
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Memristors are of two types (based on memristance rela-
tion) flux controlled and charge controlled, depending on the
memristance relation with the flux and charge linkage respec-
tively. Memristors are characterized by three basic fingerprint
properties [7], as there should be a pinched hysteresis loop in
the V-I plane when excited by periodic bipolar signal, the loop
area is inversely proportional to the applied signal frequency,
and it starts to act like a linear resistor as the applied frequency
approaches to infinity. Another important property of a mem-
ristor is non-volatility, i.e., it can retain its previous value
until the next input appears. This property of memristor gives
the capability to act as nonlinear resistance with memory.
All of these unique properties of memristive elements, along
with their compatibility with CMOS technology, have led to
the development of a simple and specific SPICE model to
emulate the dynamic nature of the memristor. The emulator
circuits are more convenient than real memristor-based sys-
tems because of the fact that it is simple to control and modify
their properties as well as operating frequency for different
potential applications. Hence simplicity in modeling makes
it much easier for researchers to work on emulator models
rather than the real ones. Recently memristive concept has
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been further extended to memcapacitor and meminductors
emulator circuits [8]-[10]. Memristor emulators and their
circuits have been utilized for various applications in recent
years, such as memristive diode bridge, filters, chaotic cir-
cuits, oscillators, neuromorphic systems, memory comput-
ing, analog and digital circuits [11]-[26].

The literature survey reveals various SPICE simulation
models available for memristor emulators [27]-[31]. On
further advancement, different memristor models are
designed using current mode analog building blocks such
as Multi-Output Operational Transconductance Amplifier
(MO-OTA) and an analog multiplier [32], single Cur-
rent Backward Transconductance Amplifier (CBTA) and
an analog multiplier [33], Differential Difference Current
Conveyor (DDCC) and an analog multiplier [34], Differen-
tial Voltage Current Conveyor Transconductance Amplifier
(DVCCTA) [35], Multi-output Operational Transconduc-
tance Amplifier [36], Current Conveyor Transconductance
Amplifier (CCTA) [37], Second-Generation Current Con-
veyor (CCII) and Current Conveyor Transconductance
Amplifier (CCTA) [38], Second-Generation Current Con-
veyor (CCII) and Operational Transconductance Ampli-
fier (OTA) [40], and Voltage Difference Transconductance
Amplifier (VDTA) [41]. Also, in [32]-[41], the memris-
tor models are experimentally validated by current mode
commercially available integrated circuits (ICs) such as
Current Feedback Operational Amplifier (CFOA/AD844),
analog multiplier (AD633) and Operational Transconduc-
tance Amplifier IC (OTA/CA3080). On the other hand,
memristor models [29], [42]-[45] are implemented using
commercially available ICs only, which require a large num-
ber of passive components like capacitors and resistors and
having an operating frequency of few kHz. In [46], [47],
grounded memristors are realized using MOSFETS that oper-
ate in decremental mode only. In literature, very few arti-
cles included real-world application like memristor emulator
model along with its application as memristor diode bridge
in RC filter [11], [12], memristor based passive RC filters
[38]-[40], neuromorphic systems and burst firing synapse
neural model [13]-[15], [41]. Memristor based amplitude
modulation circuit [35], [39] and memristor based chaotic
oscillators [12], [13], [29], [40]. This article also includes a
memristor based chaos oscillator for a better understanding
of the proposed design.

In this scientific literature, a new Z-copy Current Follower
Transconductance Amplifier (ZC-CFTA) based grounded
memristor emulator is proposed. The presented design con-
sists of a single CFTA as an active block and only a grounded
capacitor as a passive element which makes it suitable for
integrated circuits implementation. The presented circuit
operates well up to 9 MHz in both incremental as well as
decremental configurations. The organization of this report
is: section II has a brief discussion about CFTA followed
by the proposed memristor emulator circuit. This section
also includes frequency analysis and non-ideal analysis.
Section III contains hysteresis fingerprints, Monte Carlo and
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non-volatile tests using Cadence Virtuoso and section IV
has physical implementation using commercial ICs. Its com-
parison with available models is discussed in section V.
Section VI has proposed memristor based Chua’s circuit as
its application and the article has concluded in section VII.

Il. CFTA AND PROPOSED MEMRISTOR EMULATOR

The current follower transconductance amplifier (CFTA) is
a current mode active block. It is a combination of cur-
rent follower (CF) and operational transconductance ampli-
fier (OTA) at the output stage. The schematic representation
of CFTA [48] is shown in Fig. 1 and its port relationship
is governed by Eqn. 1. The current at terminal z follows
the current in terminal f and voltage across z-terminal is
transformed into current by transconductance parameter g,
at output port 0. Auxiliary port £z, copies the current flowing
in terminal z. In Fig. 2, the CMOS based implementation of
the CFTA block is shown.

Vi =0, Iz+z7. ==l Iop=2gmVg (D

where g, is the transconductance of CFTA, which is con-
trolled by V. The expression for transconductance (g,) is
given by:
k
8m = 7 (Vb — Vs — 2Vip) 2
where k is the process parameter of Mig_19 and can be
expressed as:

w
k= Mncoxz (3)

Here p,, W/L and Cpy are respectively the mobility of
charge carrier, the aspect ratio and the oxide capacitance per
unit area of MOS.

CFTA 0o

z +7,

q

FIGURE 1. Schematic representation of CFTA block.

The proposed CMOS based new memristor emulator cir-
cuit as given in Fig. 3 consists of a single CFTA as an active
current mode building block and a grounded capacitor as
a passive element. Output terminal O is shorted with the
port f. Input has been provided through the z-terminal. The
direction of flow of charge modifies the memristance value,
when its value increases, it is called incremental type and if it
decreases, it is called decremental type memristor. Presented
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FIGURE 2. CMOS representation of CFTA block.
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FIGURE 3. Proposed memristor emulator circuit.

emulator circuit act as incremental as well as decremental
memristor depending upon the position of the capacitor, get-
ting connected to either port / or 2 respectively. The capacitor
will get connected to port / for the incremental configuration.
The current across port / and 2 is given by:

Iiy=1Iz =z = =1 % (4)

The voltage developed on the capacitor, when it is connected
to port [ or 2, is given as:

1
Ve =+ / Indt )

The potential across the capacitor is fed to the biasing voltage
V,, of CFTA as:

1
Vcap =Vp,= iE‘]C(t) (6)
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where f I;(2) is the charge on the capacitor and is denoted as
qc(t). The output current of CFTA is given as:

Iy =gmVz @)

As I, = Iy = Iz, using Eqn. 4 and substituting the value of
bias voltage V), from Eqn. 6 in Eqn. 2 of transconductance
(gm)- Therefore, Eqn. 7 can be rewritten as:

k qc(t)
— | =
V2 ( C

So, the memductance of the proposed grounded type charge
controlled memristor emulator circuit for incremental and
decremental configuration is given as:

I; k k q.(t)
W (gm) = —2 = — W) £ — L

Vo = 3 (—Vss 5 C
From Eqn. 8, it is observed that the memristance of the
proposed emulator is the combination of initial memductance
value and variable second parts. The overall memristance of
the circuit depends on the charge flowing through it, so it is
called a charge controlled memristor.

Ly, =

— Vs — 2Vth> Vin (8)

C))

A. FREQUENCY RESPONSE ANALYSIS

To investigate frequency response of the proposed emu-
lator design having time-invariant and time-variant part,
a sinusoidal signal V;,(f) = A,sin(wt) having angular
frequency @ and peak amplitude of A, is applied. The
average value of the input current /;,(¢) can be obtained by
equating the time-variant part equal to zero and can be written
as:

k
Iin(t) = E (_Vss - 2Vth) Vin(t) (10)

Thereafter, charge on the capacitor can be written as:

qc = «/E 58 th o
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Substituting the value of charge (g.(¢)) of Eqn. 10 in Eqn. 8,
the memductance can be written as:

k
W (gc) = ﬁ (—Vss —2Vy)

jEk2 (=Vss — 2Vip) A cos (wf — 1)
2wC

(12)

By observing the memductance given by Eqn. 12, the
time-variant part is inversely proportional to the applied
signal frequency. Therefore, as the frequency increases, the
time-variant part tends to become negligible with respect to
the time-invariant part, hence the memristor starts behaving
like a linear time-invariant resistor at very high frequencies.
The relation between time-variant and time-invariant part will
be expressed by taking the ratio of their amplitudes, that is
given by:

kAp 1 T

== — = —

2V2nfC tf ot

In Eqn. 13, o depends on both the applied frequency and

value of the capacitor. Therefore, the time constant () can
be written as:

(13)

_ ZﬁnaC
=

T (14)
From Eqn. 13 and Eqn. 14, it is illustrated that in order to hold
the pinched hysteresis loop, the value of the time constant ()
and frequency must be updated so that it starts to act like a
linear resistor at very high frequencies.

B. NON-IDEAL ANALYSIS AND PARASITIC EFFECTS

For a more accurate assessment, the effect of non-idealities
and parasitic present in the CFTA based design (Fig. 3) are to
be considered. The occurrence of non-idealities is due to the
presence of mismatch in the MOS transistors. The modified
port relationship of CFTA along with its non-idealities is
given as:

Vi =0, Iz+z ==xadr,lop=ygmVy (15)
where «; is the current tracking error from port f to Z and
Zc terminals. Similarly, y is the trans-conductance inaccu-
racy factor from port Z to O terminal. Ideally, the tracking
errors o; and y are unity. The parasitic impedances present
at the port Z, Z¢c and O are Rz //Cz, Rzc//Czc and Ro//Co
respectively. Ry is the parasitic impedance at portf, its value is
very close to zero, but for the sake of simplicity, it is chosen
as zero. The value of parasitic impedances Rz, Rzc and Ro
are equal to infinity and the corresponding value of parasitic
capacitances Cz and Co are approximately equal to zero.
Since Czc appears in parallel with the capacitor C, hence
the total capacitance will add up. Fig. 4 shows the equivalent
circuit. The overall performance of the circuit is affected by
the parasitic capacitances, resistances and the non-idealities
in the MOS transistors. By considering the tracking error due
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FIGURE 4. CFTA emulator circuit with port parasitic.

Vp

to non-idealities and parasitic, the memductance equation is

given by:

lin vk ayk — qc@)

T = T2 (Vs — 2V £ o IS

Vi /2 M V2 (CHC)
(16)

W (gm) =

From Eqn. 16, it is seen that the memductance value may get
deviated from the ideal one due to parasitic and non-idealities.

IIl. SIMULATION RESULTS

In this section, the theoretical explanation of proposed
grounded memristor emulator circuit as discussed in the pre-
vious section has been justified through simulation as well
as experimental verification. The computer simulation of the
proposed memristor emulator is performed using Cadence
Virtuoso Analog Design Environment tool, where the CFTA
block is designed using TSMC 0.18 pm process parame-
ters. The aspect ratio for NMOS and PMOS is mentioned
in Table 1. The biasing voltage (Vpp) is taken as —0.4 V.
The supply voltage (Vpp = —Vss) needs 1.2 V. All the
MOS transistors are working in saturation mode and the bulk

TABLE 1. MOS transistors dimension.

NMOS Transistors W (um) /L (um)
My — Mo 2/0.35

Mi — My 4/0.35

Moy — Mg 14/0.35

PMOS Transistors W (um) /L (um)
M;— Mg 3/0.35

My — M3 17/0.35

VOLUME 9, 2021
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FIGURE 5. AC response of presented CFTA (a) current gain at different
temperatures (b) Transconductance gain at different supply voltages.

of NMOS and PMOS transistors are connected to Vgs and
Vpp respectively. The AC response at different temperature
and power supply variations of CFTA block is performed.
Fig. 5 (a) shows that the current gain at different temperatures
and Fig. 5 (b) shows the transconductance gain at different
supply voltages. The performance at 1.2 V of power supply
is optimized. Fig. 6 (a) shows the pinch hysteresis curve in
the current- voltage plane for the sinusoidal input voltage of
500 mV and the value of capacitor is 22 pF for frequency up
to / MHz. Similarly, in Fig. 6 (b) and (c), the value of the
capacitor is taken as 8 pF and 3 pF respectively. From Fig. 6,
it is observed that area under pinched hysteresis loop keeps
on decreasing as frequency increases and hence validates the
fingerprint property of the memristor.

The shape and area of the bow-tie curve in V-I plane
depends on the applied frequency of the input signal and the
value of the capacitor. The capacitor holds the inverse relation
with @ as mentioned in Eqn. 13, which means that the hystere-
sis loop area decreases as the capacitor value increases. This
effect is justified in Fig. 7 at a frequency of 900 kHz.
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FIGURE 6. Voltage-current plane pinched hysteresis loop for various
frequency (a) 0.8, 0.9 and 1 MHz at 22pF capacitor value (b) 2, 4 and

5 MHz with capacitor value of 8pF (c) 6, 8 and 9 MHZ with capacitor
value of 3pF.

Non-volatility is another important characteristic of an
ideal memristor. It means that it can remember its past
value and is hence capable of acting as a memory besides
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FIGURE 7. Pinched hysteresis loop in the current-voltage plane for
different values of capacitor.

depicting the frequency dependent pinched hysteresis loop.
It has ability to retain its last value until the next input signal
arrives as signified by its name memory with resistor. This
characteristic is verified by providing a train of pulses as an
input signal. In order to test the non-volatility of the proposed
emulator model, a periodic pulse signal of amplitude 500 mV
having time period of / ms and duty cycle of 20% is applied
as input. The value of the capacitor is taken as 22 pF. Fig. 8
shows the memductance variation in incremental and decre-
mental topologies. It can be said that the memductance value
remained unaltered in the absence of input pulse and changes
as the next pulse arrived in both topologies.

In order to examine the performance and robustness of the
proposed emulator circuit against the transistor mismatch and
statistical process variation, Monte Carlo Sampling (MCS)
simulation was performed for incremental configuration at an
input frequency of / MHz. MCS simulation was performed
for 120 runs by considering Gaussian distribution method for
transistor mismatch and process variation. Fig. 9 shows the
Monte Carlo performance analysis with a slight variation in
the pinched hysteresis loop and it is found that it operates
within the acceptable corner limits.

IV. EXPERIMENTAL VERIFICATION

The experimental verification of the proposed grounded
memristor emulator circuit using current mode approach
is performed using breadboard implementation. Since the
monolithic IC of CFTA is not available commercially,
the practical realization of CFTA has been done using discrete
ICs AD844 and CA3080. The proposed model requires two
CA3080 and one AD844 ICs with a capacitor as the pas-
sive element. The prototype circuit as shown in Fig. 10 is
the IC-based model for incremental configuration of the
proposed memristor emulator circuit. In order to check the
workability of the proposed model (i.e., frequency dependent
pinched hysteresis loop) a sinusoidal input voltage of 1 V is
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FIGURE 8. Non-volatile nature of memristor (a) Incremental Mode
(b) Decremental Mode.

fed through the digital storage oscilloscope (DSO) itself and
the DC power supply of =70 V is applied across the circuit.

The value of the capacitor (C) varies according to the
applied frequency. The resistor (R) of 10 2 is used as a current
shunt for the available voltage probe of DSO to obtain the
corresponding input current.

The pinched hysteresis loop is captured through Dual
Channel Keysight DSOX2022A series. Fig. 11 shows the
complete setup of the experiment. Fig. 12 shows frequency
dependent pinched hysteresis loop is obtained for an applied
frequency of 960 kHz. The value of capacitor (C) is taken
as 30 pF (in parallel combination of three /0 pF capac-
itors). Only a capacitor used as a passive element in this
implementation is advantageous over the other models pro-
posed in [32]-[41]. It can be noted that the deformation and
asymmetricity observed in the hysteresis loop are due to the

VOLUME 9, 2021



S. Surendra Prasad et al.: Resistorless Memristor Emulator Using CFTA and Its Experimental Verification

IEEE Access

30

204

Current (nA)

- 10+

=20

‘30 T T T T T T
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.0

Voltage (V)

FIGURE 9. Monte Carlo analysis of proposed memristor model for 120
runs at 1 MHz.

M\
R
X
AD844 z
[
Iin
Vin > 4

FIGURE 10. IC based proposed emulator model.

tracking error, frequency limitation of ICs and interconnects.
On further increasing the frequency (more than / MHz),
the loop becomes narrower and starts to look more like a
linear resistance, as shown in Fig. 13. At higher frequency
the linear nature of the memristor is more dominant and thus
justifies the theoretical and simulation analysis.

V. COMPARISON WITH EXISTING WORK

The presented work includes both MOS based design and
its experimental verification using off-the-shelf ICs avail-
able in the market. The performance comparison in terms of
active/passive components, the technology used, number of
MOS required, power supply and the maximum operating
frequency of the proposed MOS based memristor emula-
tor with the other existing emulator models are illustrated
in Table 2. The maximum attained frequency in [32], [33]
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FIGURE 11. Pinched hysteresis loop of proposed memristor emulator
model with experimental setup.

FIGURE 13. Linear nature of proposed model at the frequency of 1 MHz.

are in kHz and for [34]-[39] are up to the 8 MHz range. The
present model operates well up to 9 MHz, except [40], [41],
which has the operating frequency of 25.3 MHz and 50 MHz,
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TABLE 2. Comparison of proposed memristor with existing active blocks.

VI. CHUA'S CIRCUIT IMPLEMENTATION

Reference No. of active No. of Incremental/  Sim./ Techno No.of Power Max.
components passive Decremental  Exp. -logy  MOS  supply operating
components used frequency
[32] 1 MO-OTA R-2, C-1 Both Both CMOS 38" +1.2V  FewkHz
1 MUL
[33] 1 CBTA R-2, C-1 Both Sim  CMOS 23* 209V 500 kHz
1 MUL.
[34] 1 DDCC R-1, C-1 Both Sim. CMOS 50 +1.5V 1 MHz
1 MUL
[35] 1 DVCCTA R-3, C-1 Both Both CMOS 29 +1.5V 1 MHz
[36] 1 MO-OTA C-1 Decremental  Sim  CMOS 17 09V 1 MHz
[37] 1 CCTA R-3, C-1 Both Both CMOS 30 1.5V 1 MHz
[38] 1 CClI R-3, C-1 Both Both CMOS 38 1.5V 5 MHz
1 CCTA
[39] 2 OTA C-1 Both Both CMOS 34 1.2V 8 MHz
[40] 1 CClI R-1, C-1 Both Both CMOS 24 +1.2V 253 MHz
1 OTA
[41] 1 VDTA R-1, C-1 Both Both CMOS 16 +09V 50 MHz
Proposed 1 CFTA C-1 Both Sim CMOS 28 +1.2V 9 MHz
CMOS Design .
IC based Design 1 AD844AN R-1,C-1 Both Exp. BJT — 10V 995 kHz
2 CA3080
# Number of CMOS used for multiplier is not mentioned.* Resistance used for taking voltage across it.
respectively. Moreover, only the proposed model and [39] . .
. . . I L
are resistorless, whereas all other models include resistance e Y M
as its passive component. The total number of components L2 L1
(active and passive) used for the proposed memristor emula- [ i -
tor circuit is only two, which is minimum with respect to other I R .
models [32]-[41]. [ CASZSO& i V. _—_ C M(q)
| - -
|
|

Finally, the Chua’s circuit is implemented as a memristor
based application to validate the utility of the proposed
design. The Chua’s circuits are simple oscillators, which
shows chaotic behavior. It consists of a capacitor, two induc-
tors as linear energy storing elements and a memristor
(as nonlinear Chua’s diode). It is dual canonical Chua’s cir-
cuit [19] with memristor. The governing equation for the
Chua’s circuit using charge controlled memristor is given as:
Llcfl—lt1 = Ve — M (g
I3 dip Ri
2, = Rip— Ve
dVe
dt
dgq
dt

Ih — 1
(17
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FIGURE 14. Chua’s circuit implementation using memristor.

For the given state model, the equilibrium point and its sta-
bility analysis are performed by inspecting the dissipative
behavior of the system. The divergence of the vector field is

given as:
div(A) = —aM(q) + b (18)

Here a = I/L1, b = R/Ly,c = I/l and d = 1/C
respectively. In order to obtain the Chaotic nature of the
given model, the divergence should be less than zero and
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this is valid for M (gq) > b/a. From Eqn. 17, the equilibrium
point is given by Ey = (0, 0, 0, B) for the piecewise-linear
memristor [19].

The Jacobian matrix J at equilibrium is given by,

—aM(q) O a 0
0 b —c 0

J = 4 J 0 0 (19)
1 0 0 0
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FIGURE 16. Experimental result of Chua’s circuit implemented using
memristor (yellow trace - current across L; green trace- voltage across
capacitor (C)).

Thus at the equilibrium point Ey, the corresponding charac-
teristic equation |J - AI'| will be expressed as:

A (aM(q) — b)A3 + (cd + ad — baM (¢)))?
+(cdM(q) — dbc)h. =0 (20)

Thus, for M(q) < b/a the system becomes unstable and it is
characterized by unstable saddle-focus except for the zero
eigenvalues. The value of the capacitor (C), inductors L
and L, are taken as 3nF, 4.4 mH and 50 mH. The negative
resistance is designed using IC 3080, which is commercially
available and the value of biasing current i, is taken as
100 pA. Fig. 14 shows Chua’s circuit and Fig. 15, shows the
simulated outputs for current through the inductors L and L,.
The Chua’s circuit has been also assembled on breadboard
and the experimental output has been originated, which is
shown in Fig. 16. The chaotic output may appear periodic but
they are strictly unpredictable. This property is useful for var-
ious applications such as secure communication [49], noise
generator test circuits [50] and cellular neural networks [51].

VII. CONCLUSION

In this article, a charge-controlled grounded memristor emu-
lator is presented. It requires a single CFTA as an active
block and a grounded capacitor as a passive element, which
makes the whole design simple and attractive for integrated
circuits. The theoretical analysis is successfully defended
using simulations as well as experimental tests. The pro-
posed memristor emulator operates in both incremental and
decremental configurations. The non-ideal and parasitic are
analyzed for the proposed model. Moreover, non-volatility
tests and Monte Carlo sampling analyses are also included.
A breadboard prototype is made using off-the-shelf current
mode commercially available ICs and grounded capacitor.
In addition, the Chua’s system model is included as one of the
potential applications for the proposed memristor emulator
and the simplicity in the proposed model will also be useful
for implementing other applications.
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