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Abstract

FinFETs exhibit far superior transistor characteristics (better gate control and a lower sub-threshold slope) as compared to the
standard MOSFETs, this paper first employs the FinFETs in the design of an operational transconductance amplifier (OTA). The
FinFET-based OTA offers a linearity range and 3 dB bandwidth of ± 300 mV and 631.81 GHz, respectively. Further, the non-linear
applications of the proposed OTA, viz. voltage divider, memristor emulator, and a memristive neuron, are presented. The proposed
analog voltage divider circuit contains one OTA and two external N-FinFETs. The maximum bandwidth obtained for the voltage
divider is 217.54 GHz. The memristor emulator contains one OTA, two external N-FinFETs, and one grounded capacitor. The pro-
posed emulator circuit follows the signature characteristics of the actual memristor device. The frequency response characteristics
of the proposed emulator circuit depict a bandwidth of 22.7 GHz. The proposed emulator shows non-volatile as well as electroni-
cally tunable features. Next, Monte-Carlo simulation analysis has been performed on the proposed circuits in order to observe the
effects of statistical variation in different operating conditions. Furthermore, we propose a FinFET-based passive memristive neuron
model using a memristor emulator circuit. The proposed neuron circuit follows a tangent hyperbolic activation function. All the
proposed circuits are suitable for monolithic implementation. The proposed circuits are verified using 20 nm FinFET technology.
The simulation results obtained using HSPICE agree well with the theoretical analysis.

Keywords: Analog Modules, OTA, FinFET, Memristor Emulator, Voltage Divider, Memristive Neuron.

1. Introduction

A FinFET is known to be a replacement device for con-
ventional CMOS. FinFET allows better controllability over the
channel and better sub-threshold slope as compared to CMOS
transistors. In a Fin-based field effect transistor (FinFET), the
channel is enclosed by more than one gate on multiple surfaces
due to which it leads to improved electrical control over the de-
vice channel and allows a high effective decrease in ”off-state”
leakage current and enhanced current in the ”on” state, known
as drive current. It provides improved analog performance be-
cause of high gain and less channel length modulation. These
advantages over planar transistors lead to enhanced device per-
formance and lower power consumption. The FinFET came
into scope in 2011, when Intel revealed the new transistor tech-
nology at the 22 nm node.

1.1. Overview of FinFET Technology

Over the past four decades, the persistent down-scaling of
planar MOSFETs has given a higher packing density along with
improved performance. Notwithstanding, further downsizing
planar transistors in the nano-scale regime is extremely trou-
blesome to accomplish because of the uncontrolled leakage cur-
rent, Io f f . Indeed, as we move further towards the lower chan-
nel length, the electrostatics in the channel get influenced by the
drain potential, due to which the gate begins to forfeit control
over the channel, leading to an increment in the leakage current

between drain and source. This effect can be minimised with
the higher gate-channel capacitance, which requires the devices
to have thin and high-k gate oxides. However, the increase in
leakage effects, such as gate leakage and the gate-induced-drain
leakage effect, puts a restriction on the thickness of the gate ox-
ide [1, 2, 3].

FinFETs, also known as multi-gate FETs [4], typically have
three gates, and have been discovered to be the most prominent
alternative in contrast to MOSFETs because of their upgraded
performance and compatibility with the CMOS fabrication pro-
cess, so that they can be easily integrated into the typical fab-
rication process of CMOS [5, 6]. The FinFET devices have
considerably higher current density and faster switching times
than the conventional CMOS technology [7, 8, 9].

1.2. State-of-the-Art FinFETs

In 2011, the FinFET technology was first developed by In-
tel on the 22 nm node. The second generation was also released
by Intel, but this time the technology node was reduced to 14
nm. However, silicon was used as the primary channel ma-
terial in both of these works [10].Further, the III−V materials
acquired developing consideration as the channel material be-
cause of their promising attributes, such as high mobility, high
injection velocity due to small effective mass, and near-ballistic
performance. The first InGaSb pFET was reported by Lu et
al. [11]. Further, the strained SiGe FinFETs have drawn a lot
of attention in contrast to conventional Si-based FETs due to
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Figure 1: (a) Basic Structure of FinFET [16]; (b) Cross section of a generic
planar DGFET [17]

their potential benefits, such as enhanced reliability and high
mobilty [12, 13]. The first GeSn FinFET device was developed
by Lei et al. in collaboration with Taiwan Semiconductor Man-
ufacturing Co. (TSMC) [14]. However, the conventional Si
and III−V materials failed to provide good channel control for
ultra-thin body (UTB) thickness. Advanced materials like two-
dimensional transition-metal dichalcogenide (TMD) were first
used in the fabrication of 4 nm thin body FinFET [15].

1.2.1. Silicon-On-Insulator (SOI) versus Bulk FinFET
The bulk FinFETs, which are assembled on bulk Si-wafers,

have a lower defect density as well as are cheaper than SOI
wafer-based FinFETs. Also, the Si substrate has a better heat
sinking capability than SOI FinFETs. The first FinFET devel-
oped by Intel was built on bulk-Si wafers. Lee et al. studied
the bulk and SOI FinFETs for the same 14 nm technology node
[18]. The investigation shows the following conclusions:

1. For the similar doping concentration and geometry, both
the variants shows the similar I − V characteristics.

2. However, both the variants show similar scalability. In
addition, the fins in bulk FinFETs are easily depleted,
which takes into account the decrease of the Source/Drain
to fin body parasitic capacitance to values that are lower
than those on account of SOI FinFETs.

3. The SOI FinFETs have a lower heat transfer rate than
bulk FinFETs. Although the heat transfer rate of SOI
FinFETs can be increased by reducing the buried oxide
thickness, it could affect the performance by increasing
the parasitic capacitance.

The SOI substrate has a number of advantages over bulk CMOS,
including lower IOFF, lower operating voltage, and no drain
current losses due to body effect; better control of gate voltage
over ID; smaller Short Channel Effects (SCEs), higher trans-
conductance, and ideal sub-threshold voltage. Therefore, SOI
FinFETs are easier to scale down physically as well as electri-
cally when compared with bulk CMOS.

Finally, it is worth noting that there are a variety of other
factors that have an effect on the reliability and performance
of FinFET devices, such as the materials which are used for
metal gate/gate oxide; the choice of the FET structure (vertical
or lateral); the shape (rectangular or trapezoidal) and roughness
of the fin; spacing between the fins, etc.

1.3. FinFET characteristics
A FinFET is a multi-gate three-dimensional transistor struc-

ture as shown in Figure 1(a). FinFET is also called a “quasi-
planar” device because of the direction of channel formation,
which is perpendicular to the wafer while the current flow is
parallel to the wafer [19]. A FinFET device is characterised by
the width, height of a fin and distance between source and drain,
called the fin length. In order to reduce the area of the device
and to suppress the short-channel effects, the width of the fin
must be kept lower than its height [20].

The effective channel width of FinFET can be calculated
using the relation [21].

We f f = 2 HFIN + TFIN (1)

where, HFIN is fin-height and TFIN is fin thickness. For 20 nm
PTM FinFET, TFIN = 15 nm and HFIN= 28 nm. The effective
width expression given in (1) is valid only to single-fin FinFET
structure.

Further, the multi-fin FinFET structure was introduced to
increase the device current. It contains multiple number of par-
allel fins (NFIN) as allowed by the source/drain dimensions. The
expression for effective width for multi-fin FinFET is modified
as:

We f f = NFIN(2 HFIN + TFIN) (2)

The effective channel length of the FinFET can be expressed
using relation [22]:

Le f f = (LGate + Lex) (3)

where, Le f f is the effective length from drain to source of the
FinFET, LGate is the effective length of gate rounded over the
thin silicon fin, Lex is the length of two expansions of the fins
to connect with drain and source terminals. The cross-sectional
view of generic plane Double gate field effect transistor (DGFET)
as shown in Figure 1(b). The overlapped gate fin can be seen
here.

The multi-gate structure of the FinFET device provides more
design flexibility. The front gate and back gate of FinFET can
be shorted together or can be controlled independently by ap-
plying different gate voltages, which provides two basic modes
of working of FinFET technology, namely: shorted gate (SG),
and Independent-Gate modes[23, 24].

1.4. FinFET classification
FinFETs are classified into two categories:

• Independent-gate FinFET (IG-FinFETs)

• Shorted-gate FinFET (SG-FinFETs)

The Independent-gate FinFET (IG-FinFETs) and Shorted-
gate FinFET (SG-FinFETs) are depicted in Figure 2 (a) and
(b), respectively. As the name suggests, Independent Gate Fin-
FETs (IG-FinFETs) have two independent gates (front and back
gates) which are isolated from each other, so this structure con-
tains four-terminals. While the Shorted-gate FinFET (SG-FinFETs)
has only three terminals, which is due to the connection of both
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Figure 2: Symbolic representations of FinFET (a) Independent Gates (b)
Shorted Gates [25]

of its gate terminals together. IG-FinFETs provide more flexi-
bility than SG-FinFETs, as the two gates are independently bi-
ased. The biasing at one gate provides the threshold voltage
control while the other provides the switching. Additionally,
the back-gate aids in regulating the front-gate linearity. On the
contrary, this configuration shows low ON and OFF currents
(sub-threshold current). This structure contains separate gate
terminals, which increases the area requirement in comparison
to SG-FinFETs.

This work utilised the shorted-gate mode of FinFET for
simplicity. Different types of analyses are performed on the
N-FinFET to demonstrate the behaviour of the individual Fin-
FET device. The number of fins (NFin) is 15 and the transistor
parameters are as shown in Table 1. The drain current (IDS )
versus gate-to-source voltage (VGS ) characteristics for various
VDS and NFIN values are depicted in Figure 3 (a) and (b). It can
be seen that IDS is approximately equal to zero up to a certain
value of VGS , which can be called the threshold voltage. But,
for values of VGS greater than the threshold voltage, the cur-
rent increases linearly. Also, the other important observation is
that on increasing the number of fins, the slope of IDS versus
VDS increases while the threshold voltage is unaffected due to
variation in NFIN .

Table 1: Transistor Parameters

Parameter N-FinFET
Length of channel (L) 100 nm
Fin thickness (TFIN) 15 nm

Fin height (HFIN) 28 nm
Oxide thickness (tox) 1.4 nm
Power supply (VDD) 0.9 V

Figure 4(a) and (b) show the characteristics of drain current
(IDS ) versus drain-to-source voltage (VDS ) for the different val-
ues of gate-to-source voltage (VGS ) and NFIN , respectively. It
is noted that for fixed value of VGS , initially the drain current
increases with VDS and then after reaching at certain value, it
will gets saturated. At this point, transistor enters into the satu-
ration region. The value of current in this region represents the
saturation current for the transistor. However, this saturation
value of drain current increases with the increase in gate-to-
source voltage and number of fins. By observing the different
characteristics of the FinFET, it is noted that the effect of vari-
ation in number of fin is similar to the aspect ratio as in case of

Figure 3: Drain current (IDS ) versus gate-to-source voltage (VGS ): (a) Fixed
drain-to-source voltage (VDS ; (b) Variation in number of fins

MOSFETs.

2. FinFET-based Operational Transconductance Amplifier

A Dual-Output Operational Transconductance Amplifier (DO-
OTA) as shown in Figure 5 has four ports, namely P, N, O+ and
O− ports. P and N ports are input ports; O+ and O− are output
ports. OTA is a versatile active building block, which delivers
the difference of voltages at the input ports (P and N) to the
output O+ and O− ports with trans-admittance gain (gm). It has
two high input impedance ports and two high output impedance
ports. FinFET OTA provides better frequency response when
compared with CMOS OTA. For high-frequency applications,
FinFET OTA has an edge over its CMOS-based counterpart.
Because of its versatility, OTA is suitable for many analog sig-
nal processing applications. The symbol and the transistor level
diagram are shown in Figure 5 and 6, respectively.

The characteristic equation of the DO-OTA is defined as

IO+ = gm(VP − VN); IO− = −gm(VP − VN) (4)

gm = β(Vb − VS S − Vthn) (5)

Where, gm denotes the transconductance gain and β is propor-
tionality constant. The proposed DO-OTA has been designed
using 20 nm FinFET [8] and its performance is investigated us-
ing HSPICE. To ensure better cascading, input impedance for
voltage input ports (P and N ports) and output impedance for
current output ports (O+ and O− ports) must be very high. All
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Figure 4: Drain current (IDS ) versus gate-to-source voltage (VDS ): (a) Variation
in gate-to-source voltage (VGS ); (b) variation in number of fins

Figure 5: Symbol of DO-OTA

simulations are done using HSPICE. FinFETs used in this work
are based on 20 nm PTM model. Power supply voltages used
are ± 0.9V and biasing voltage used is − 0.35 V for the proper
operation of OTA. The simulated value of average power dissi-
pation for the proposed OTA circuit is obtained as 1.4973 mW.
The dimensions of various transistors in the designed module
are given in Table 2.

The DC characteristics of OTA are shown in Figure 7 which
shows the transfer characteristics between the current at output
ports and the difference of the voltages at input ports (P and N)
for different values of bias voltage. A DC voltage of + 0.45 V
and − 0.45 V is applied at P and N terminals of the OTA, re-
spectively. The result shows good linear behavior for the volt-

Figure 6: FinFET based implementation of DO-OTA [26]

age difference at input ports values from − 0.3 V to + 0.3 V .
For the sinusoidal excitation of 100 mV amplitude and 1

kHz frequency on the input terminal (P ), the results at output
ports are observed. Results of transient analysis of OTA are
presented in Figure 8, which shows the transient response char-
acteristics for the current at the two output terminals for differ-
ent value of bias voltage. AC characteristics of OTA are shown
in Figure 9 which shows the frequency response for the current
outputs IO+ and IO− for different values of bias voltage. The
simulated − 3 dB bandwidth for both the current outputs IO+

and IO− is shown in Figure 9(c). It is noted that the bandwidth
decreases with the increase in bias voltage.

Table 2: Dimensions of transistors used in the OTA implementation

Transistor Type No. of fins Gate length
M1 P 16 100 nm
M2 P 17 100 nm

M3, M5 P 30 100 nm
M4, M6 N 15 100 nm

M7 N 16 100 nm
M8 N 18 100 nm

From the discussion above, it is justified that the proposed
OTA has gained the advantages inherited within the FinFET
technology. Further, it can be useful for the realization of ana-
log modules. Although, the existing literature contains several
types of analog modules utilizing CMOS OTA. In subsequent,
the use of emerging FinFET technology added up its utility. In
this work, FinFET based OTA has been utilized for the develop-
ment of widely useful analog modules such as voltage divider
and memristor emulator.
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(a) IO+

(b) IO−

Figure 7: DC response of FinFET OTA at different values of bias voltage

3. Analog Voltage Divider Module

Analog dividers are widely used in many analog signal pro-
cessing applications, such as frequency synthesizers, peak de-
tectors, phase detectors, A/D–D/A converters, and analog com-
putational circuits for neural architectures. In the literature,
several approaches have been used for the design of analog di-
viders. The basic design approach makes use of bipolar junc-
tion transistors (BJTs) [27] or metal oxide semiconductor field
effect transistors (MOSFETs) [28], but this approach involves
many complex approximations. The other popular approach is
analog building blocks (ABBs)-based realizations. The liter-
ature contains various active-device-based analog voltage di-
vider circuits with many limitations and problems. The work
presented in [29] contains three OTAs, two buffers, and one
capacitor. This complex design has been cited in numerous re-
search papers, but it fails in the current low voltage and low
power design scenarios. Further, a new analog divider with a
reduced transistor count has been developed in [30]. It contains
six OTAs and two resistances, but this design is not suitable
for monolithic implementation. The work in [31] contains one
OTA, two transistors, and one buffer. However, this design in-
cludes more than one active element. Next, [32, 33] contains
one OTRA (operational transresistance amplifier), 6 transistors
and one OTRA, 4 transistors, respectively. However, these de-
signs are suitable for monolithic implementation, but they re-
quire higher biasing voltages. The work in [34, 35] used a
single CDBA (Current differencing buffered amplifier) with 6

(a) IO+

(b) IO−

Figure 8: Transient response of FinFET OTA at different values of bias voltage

external transistors and one CDBA with 4 transistors, respec-
tively. The disadvantages of these reported designs are that they
require high biasing voltages as well as a large transistor count.
In [36], an analog voltage divider is designed using one CFOA
(current feedback operational amplifier) and four external tran-
sistors. This design contains 34 transistors, which consumes a
large chip area. The analog divider presented in [37, 38] makes
use of bipolar technology. So, these previously developed de-
signs have some issues, such as lower operating frequencies (up
to a few MHz), higher biasing voltages, and are not suitable for
monolithic implementation.

In this work, an operational transconductance operational
amplifier (OTA) based novel architecture of voltage-mode ana-
log divider circuit has been developed. The proposed circuit
employs a single OTA and two MOSFETs is shown in Fig-
ure 10. The proposed divider circuit can operate in two quad-
rant modes. The presented circuit has been simulated with OTA
implemented using 20 nm FinFET PTM technology parame-
ters.

The current-voltage relationships of FinFET are very com-
plex. So, for the mathematical analysis, the external transistors
are considered as MOSFETs instead of FinFETs, while simu-
lation results are presented for the actual analog divider circuit
having all FinFETs.

The generalized expression of drain current for the NMOS
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Figure 9: Frequency response of FinFET OTA at different values of bias volt-
age: (a) IO+; (b) IO−; (c) −3 dB bandwidth

transistor in the linear (triode) region is stated as below [39]:

ID = Kn

[
(VGS − Vthn)VDS −

V2
DS

2

]
(6)

where, VGS > Vthn and VDS < VGS − Vthn are the biasing con-
ditions for the transistor to be operated in triode region. The
constant Kn denotes the gain, which is having a dimension of
transconductance; Vthn is the threshold voltage; VGS is the gate
to source voltage, and VDS is the drain to source voltage of
NMOS transistor. However, the source terminals are tied to-

Figure 10: Proposed analog voltage divider circuit

gether to grounded node.
Using straightforward analysis of the circuit in Figure 10,

the drain current expressions for the two external transistors Ma

and Mb can be obtained as:

IMa = Kn

[
(Vo + Vk − Vthn)Vo −

V2
o

2

]
(7)

IMb = Kn

[
(V2 − Vthn)Vo −

V2
o

2

]
(8)

In Figure 10, on applying KCL at output node (O+), the output
current of OTA can be equated with the sum of drain currents
of the external transistors as:

IO+ = IMa + IMb (9)

The output current of the OTA can be expressed as:

IO+ = gmV1 (10)

where, gm denotes the transconductance gain of the OTA. Using
equations (7) to (10), the output voltage of a voltage divider
circuit can be calculated as follows::

Vo =
gmV1

Kn[V2 + (Vk − 2Vthn)]
(11)

Now, for the external DC voltage, Vk = 2Vthn, equation (11)
reduces to:

Vo = KD

(V1

V2

)
(12)

where, KD (= gm/Kn) represents the proportionality constant for
the divider circuit. From (12), it can be seen that the proposed
circuit can provide an output voltage as a result of division of
two input voltages, namely V1 and V2. From (12), it is cleared
that the magnitude of output voltage can be controlled using
transconductance gain of OTA.

3.0.1. Results and Discussion
To justify the theory of proposed analog voltage divider cir-

cuit, HSPICE simulation has been carried out using FinFET
technology parameters defined in Table 1. The internal struc-
ture of OTA is shown in Figure 6. The aspect ratios (NFin/L) of
the transistors used for the implementation of OTA is given in
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Table 2. The supply voltages used were ± 0.9 V. For the sim-
ulational verification of the proposed voltage divider circuit as
shown in Figure 10, the number of fins (NFin) and gate length
(L) for both external FETs Ma and Mb were taken as 30 and
100 nm, respectively. The dc voltage source (Vk) used in the de-
sign has the magnitude of 0.7 V (approximately equal to twice
of Vthn).

To examine the dynamic range of the proposed divider cir-
cuit, DC analysis has been done, as shown in Figure 11 and 12.
Here, Figure 11 shows the dc transfer characteristics between
the output voltage (Vo) and the input voltage V2 when the other
input voltage V1 is varied from − 100 mV to + 100 mV with the
step size of 50 mV . Similarly, Figure 12 shows the DC transfer
characteristic between the the output voltage (Vo) and the input
voltage V1 when the other input voltage V2 is varied from 0.2 V
to 0.8 V with the step size of 0.15 V .

Since V1 is directly applied at one of the input terminals
of the OTA, the maximum/minimum value of V1 is limited by
the linearity range of the FinFET OTA (± 300 mV). While the
maximum and minimum values of the input voltage V2 are lim-
ited by the linearity error and the saturation voltage (± 0.9 V)
of the OTA, respectively. Further, it is found from repeated
simulations that the proposed divider circuit can operate satis-
factorily for the input voltage range (− 100 mV ≤ V1 ≤ + 100
mV; 0.2 V ≤ V2 ≤ 0.8 V). Next, the frequency response of
the proposed analog divider circuit is shown in Figure 13. The
maximum bandwidth of the output voltage divider is found as
217.54 GHz. Further, to observe the transient behavior, the di-
vider circuit has been tested at 1 MHz. For this verification, the
triangular input voltages, V1 = 200 mVPP with zero mean value
and V2 = 200 mVPP with a dc offset of 100 mV have been taken.
The transient result for output voltage is shown in Figure 14.

Further, the performance of the proposed analog divider
have been tested at different temperatures. Figure 15 shows
the transient response for the output voltage for the temperature
range of −27 °C and 80 °C. The result shows negligible vari-
ation for the wide temperature range, which justifies the satis-
factory performance of the proposed circuit.

Furthermore, the robustness of the proposed divider circuit
has been investigated for the statistical deviations in the the
operating conditions and the obtained Monte Carlo simulation
results are compared with the transient response given in Fig-
ure 14. Figure 16 shows the Monte Carlo simulation result for
the statistical deviation (5%, 3σ) in supply voltages. In Fig-
ure 16(a), the output voltage response are presented while Fig-
ure 16(b) shows the histogram plot for peak to peak values of
output voltage. From the histogram plot, the mean (µ) and the
standard deviation (σ) values of the output voltage are obtained
as 50.35 mV and 1.82 mV , respectively, which gives the vari-
ability (σ/µ) of 0.036.

Next, the Monte Carlo simulation result for the statistical
deviation (10%, 3σ) in values of process parameters (H f in and
T f in) are shown in Figure 17. In Figure 17(a), the output volt-
age response are presented. The mean (µ) and the standard
deviation (σ) values of the output voltage obtained form the
histogram plot for peak to peak values of output voltage in Fig-
ure 17(b) are 50.26 mV and 0.51 mV , respectively, which gives

the variability (σ/µ) of 0.01.

Figure 11: DC transfer curve of Vo and V2 with V1 as a variable parameter

Figure 12: DC transfer curve of Vo and V1 with V2 as a variable parameter

Figure 13: Frequency response of divider circuit
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Figure 14: Transient response of divider circuit

Figure 15: Effect of temperature variation on output voltage of divider circuit

4. Analog Memristor Emulator Module

A memristor is a distinct two-terminal nonlinear passive de-
vice that came into existence after its postulation by L. Chua
in 1971. It is considered as the fourth basic circuit element
other than resistor, inductor, and capacitor [40]. This device
exhibits a unique hysteresis characteristic between two funda-
mental quantities (current and voltage). Also, the other pecu-
liar property exhibited by memristor devices is their nonvolatile
behavior. So, it can be useful for memory applications as a
replacement for conventional volatile memories. A plethora
of memristor based applications are available in the literature
[41, 42, 43, 44]. But the cost and technical difficulties in the
development of actual nano devices have become hurdles in the
commercialization of these applications. A lot of solutions are
available in the literature, but the emulation technique has been
proven to be the most effective. Several research works have al-
ready been published on the design of memristor emulators us-
ing active building blocks. Recently, the two different structures
of memristor emulator were presented using CFOA and OTA,
along with one external transistor in each one [45]. Both the
circuits were designed using 180 nm CMOS technology and ±

(a)

(b)

Figure 16: Monte Carlo simulation results for statistical deviation (5%, 3σ) in
supply voltages of divider circuit (a) Output voltage plot (b) Histogram plot for
peak-to-peak value of output voltage

1 V supply voltages. Although the hysteresis results are shown
for a maximum frequency of 130 MHz, it can be clearly ob-
served that the reported emulator does not follow the signature
characteristics for frequencies greater than 70 MHz. Next, the
emulator presented in [46] utilised two VDTA (Voltage Differ-
encing Transconductance Amplifier) and two grounded passive
elements. In this work, the maximum claimed frequency is a
few MHz only. Also, it consumes more area because the de-
sign contains 32 transistors. The other well-known memristor
emulator [47] has one VDTA and two grounded passive ele-
ments. In this work, the maximum claimed frequency is up
to 120 MHz. However, a resistor is utilized, which necessar-
ily increases the power consumption of the circuit. From the
literature, it is observed that the majority of the reported work
used either bipolar or CMOS technology. The few shortcom-
ings of these technologies are their limited range of operating
frequency and the fact that they consume more chip area. Fur-
ther, the carbon nanotube field effect transistor (CNTFET) is
utilised to improve the performance of the memristor emulator
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(a)

(b)

Figure 17: Monte Carlo simulation results for statistical deviation (10%, 3σ) in
H f in and T f in (a) Output voltage plot (b) Histogram plot for peak-to-peak value
of output voltage

circuit in [48, 49]. In [48], two VDTAs, one analog multiplier,
and three passive elements are used. This circuit is suitable
for monolithic implementation due to the presence of active as
well as some grounded passive elements. However, the lower
range of operating frequency and the presence of resistors can
make this design unfavorable. The other CNTFET-based mem-
ristor emulator is presented in [49], contains 2 OTAs and one
grounded capacitor. The circuit is feasible for implementation
while a maximum operating frequency of 1 GHz is achievable.
However, both the CNTFET-based emulators require a greater
number of transistors.

The proposed memristor emulator circuit is shown in Fig-
ure 18. It employs a single OTA and two N-type FinFETs.
Here, Ma and Mb external transistors are working in the tri-
ode region. The terminals of these transistors, namely the drain
terminals of Ma and Mb transistors, are connected at the input
voltage signal Vin, the gate terminal of Ma and Mb transistors
are connected with the positive terminal of dc voltage source
(Vk) and the O− terminal of OTA, respectively, while the source

terminals of Ma and Mb transistors are tied together to ground
terminal. Also, a grounded capacitor C is connected at the O−
terminal of OTA, while the other output terminal, O+ are con-
nected to ground terminal. The currents IMa and IMb are the
drain current of Ma and Mb transistors, respectively. Here, for

Figure 18: Proposed Memristor Emulator circuit

the mathematical analysis, the external transistors are consid-
ered as MOSFETs instead of FinFETs, while simulation results
are presented for the actual memristor emulator circuit having
all FinFETs.
The expression of drain current for the Ma and Mb transistors
working in the triode region is given as:

IMa = Kn

[
(Vin + Vk − Vthn)Vin −

V2
in

2

]
(13)

IMb = Kn

[
(VC − Vthn)Vin −

V2
in

2

]
(14)

The voltage across capacitor, VC is written as

VC = −
gm

C

∫
Vin(t) dt = −

gm

C
.φ (15)

on applying KCL at input node (P ) of OTA, we get

Iin = IMa + IMb (16)

Iin(t) = Kn

[
(Vk − 2Vthn) −

gm

C

∫
Vin(t) dt

]
Vin(t) (17)

Now using above equations, the current-voltage relationship
and the expression for the memductance (reciprocal of mem-
ristance) can be deduced as

Iin(t) =

[
Kn(Vk − 2Vthn) − Kn

gm

C
φ(t)

]
Vin(t) (18)

W(φ(t)) =

[
Kn(Vk − 2Vthn) − Kn

gm

C
φ(t)

]
(19)

The (18) and (19) represents the I-V relationship and ex-
pression of memductance for the proposed flux controlled mem-
ristor emulator circuit. These expression can be compared with
the equations of generalized linear ion drift model of memris-
tor. Further, in order to understand the frequency dependent
behavior of the memristor, a sinusoidal excitation as Vin(t) =

Vm sinωt where, ω is the frequency in rad/sec and then equa-
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tions (18) and (19) are modified accordingly as

Iin =

[
Kn(Vk − 2Vthn) − Kn gmVm

cos (ωt − π)
ωC

]
Vin(t) (20)

W(φ) =

[
Kn(Vk − 2Vthn) − Kn gmVm

cos (ωt − π)
ωC

]
(21)

Equations(20) and (21) show the frequency domain behavior of
the proposed memristor emulator circuit. It is observed that the
two parts, which are time-variant and linear time-invariant, de-
termine the slope and area of the current-voltage hysteresis plot,
respectively. So, the increase in the operating frequency re-
duces the time-variant part of the loop, and thus, the non-linear
hysteresis loop converges to a linear shape for higher values.
Next, to understand this explicit behavior, the correlation fac-
tor (γ) is defined, which is expressed as the ratio of the linear
time-variant and invariant part of memductance, given in (21):

γ =
gmVm

ωC(Vk − 2Vthn)
=

1
τ f

=
T
τ

(22)

where, τ represents the time constant and f is the frequency of
excitation of the emulator circuit. Then, using (22), the time
constant (τ) of the emulator circuit is expressed as

τ =
2πC(Vk − 2Vthn)

gmVm
(23)

From (22), the time period can be obtained as,

T =
1
f

=
2πγC(Vk − 2Vthn)

gmVm
(24)

Based on (22) and (23), it can be deduced that the frequency do-
main characteristics are governed by the frequency-to-amplitude
ratio of the excitation as well as the time constant of the pro-
posed emulator circuit. So, the generalized range of γ for the
change in frequency and the amplitude of the excitation must
be predicted, which is listed below:
Case-1: When frequency is variable, Vm fixed
• γ → 0, when f → ∞, the behavior of the memductance is
governed by the linear time-variant term. So, for this condition,
hysteresis loop attains the linear shape.
• γ → 1, when f → 1/τ, it maximizes the pinched hysteresis
loop.
• γ ≥ 1, when f ≤ 1/τ, it concludes that the time period (T) is
greater than 1/τ and hence the circuit will lost the pinched hys-
teresis behavior.
Case-2: Frequency is fixed with Vm variable
• γ→ 0, when Vm decreases, the linear time-variant terms gov-
ern the behavior of the memductance. In other words, the hys-
teresis loop achieves the linear shape.
• γ → 1, when Vm is monotonically increased, so for this con-
dition, the pinched hysteresis loop will be maximized.
• γ ≥ 1 for large values of Vm, the circuit will lose the pinched
hysteresis behavior. It means that time constant τ is modified

while the time period (T) is constant.
To ensure the behavior of the pinched hysteresis characteristics
for the situations mentioned above, it is necessary to update the
time constant accordingly. At the same time, the value of γ
should be kept between 0 and 1 i.e. 0 ≤ γ ≤ 1. Further, it can be
noted that the time constant depends on the trans-conductance
(gm), hence its value can be varied by the bias voltage, which
enables the circuit with the electronically controllable feature.
Based on this explanation, the minimum frequency to avoid the
negative memductance value is obtained according to the con-
dition, γ ≤ 1.

w ≥
gmVm

C(Vk − 2Vthn)
(25)

Hence, it is justified that the proposed memristor emulator cir-
cuit obeys the critical fingerprints of memristor for the condi-
tion 0 ≤ γ ≤ 1.

4.1. Results and Discussion

The simulation of the proposed circuit for memristor emu-
lator was carried out using HSPICE program. For the realiza-
tion of the proposed circuit, the active building block OTA was
used, whose symbolic representation and internal structure is
shown in Figure 5 and 6, respectively. The functionality of the
proposed emulator circuit has been tested at the biasing condi-
tions such as the supply voltage and and the bias voltage (Vb)
the OTA block have been selected as ± 0.9 V and − 0.35 V, re-
spectively. While the other dc voltage source (Vk) used in the
memristor emulator circuit is having a magnitude of 0.5 V .

The memristor emulator circuit as shown in Figure 18, em-
ploys an OTA, one capacitor and two external FinFETs. For
the functional verification, the number of fins (NFin) and gate
length (L) for both external FETs Ma and Mb were taken as 4
and 100 nm, respectively. The necessary condition for the emu-
lator circuit to behave like a memristor is that its current-voltage
curve should follow the three unique fingerprints of the gener-
alized memristor [50]. Now, to validate the theoretical analysis
of the proposed emulator circuit, a sinusoidal input signal is ap-
plied. Figure 19 shows the current-voltage characteristics in the
form of a pinched hysteresis loop for an input signal of 150 mV
amplitude and variable frequency (1 kHz, 2 kHz and 10 kHz). It
is clearly seen in (20) that the linear time-varying term and op-
erating frequency ( f ) are inversely proportional to each other.
So, the area of the loop must be decreased with the increase
in frequency. In Figure 19, it is clearly seen that the loop area
decreases with the increase in operating frequency. Finally, the
hysteresis loop converges into a linear current-voltage relation-
ship.

Next, in order to observe the effect of variation in the capac-
itance values, the proposed memristor emulator circuit has been
tested at 1 kHz frequencies. Figure 20 shows the hysteresis
characteristics at 50 nF, 100 nF, and 200 nF capacitance values.
It is observed that on increasing the capacitance value at con-
stant frequency, the loop area decreases. This can be mathemat-
ically validated by (20), whose linear time-varying term con-
tains the capacitance in the denominator. Now, it is inspected
that the obtained curves follow the signature characteristics of a
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memristor. It validates the design of proposed emulator circuit
as a memristor.

Figure 19: Hysteresis Characteristics for the proposed memristor emulator cir-
cuit for lower operating frequencies

Figure 20: Hysteresis Characteristics for the proposed memristor emulator cir-
cuit for different capacitance values

The proposed circuit were tested also at higher frequencies
(100 MHz, 200 MHz, and 500 MHz). Figure 21 shows the
hysteresis characteristics at higher frequencies (100 MHz, 200
MHz, and 500 MHz). For the different operating frequencies,
the value of capacitance needs to be adjusted accordingly. So,
the capacitance value of 50 nF were selected for the hystere-
sis curves in Figure 19 while its values were adjusted to 0.4 pF
for 100 MHz, 0.2 pF for 200 MHz, and 0.08 pF for 500 MHz
frequencies. Further, to obtain the bandwidth of this proposed
circuit, ac analysis has been performed. Figure 22 shows the
frequency response which predicts the maximum operating fre-
quency for the proposed circuit as 22.3 GHz.

Further, the electronically tunable feature of the proposed

Figure 21: Hysteresis Characteristics for the proposed memristor emulator cir-
cuit for higher operating frequencies (a) f = 100 MHz, C = 0.4 pF (b) f = 200
MHz, C = 0.2 pF (c) f = 500 MHz, C = 0.08 pF

emulator circuit has been depicted in Figure 23. According to
(5), with the increase in negative bias voltage, transconductance
gain (gm) of OTA decreases, which decrements the time-variant
term of (20). So, the area of the hysteresis loop decreases for
the higher values of Vb, as depicted in Figure 23. Hence, the
relationship of gm versus Vb inherited tunability to the proposed
circuit. Next, to predict the effect of the variation in maxi-
mum amplitude (Vm) of sinusoidal excitation on the behavior
of the proposed emulator circuit, Vm is linearly increased from
100 mV to 150 mV . Figure 24 shows that the increment in Vm

increases the area of the hysteresis loop. Theoretically, it can be
explained using (20) in which the variable term varies linearly
with the maximum amplitude, so any change in Vm directly af-
fects the area of the loop.

Further, the robustness of the proposed circuit against the
variations in the operating conditions has been tested and the
results are obtained in terms of the signature characteristics.
Figure 26 shows the Monte Carlo simulation results (100 runs)
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Figure 22: Frequency response of memristor emulator

for of memristor emulator for statistical deviation of 5%, 3σ in
supply voltages. The results follow the signature characteris-
tics of a meristor. Next, the effect of the statistical deviation of
10%, 3σ in H f in and T f in has been estimated using Monte Carlo
simulation for 100 runs. Figure 27 shows that all of the sam-
ples are differed slightly only in terms of the area of the samples
while the signature characteristics are perfectly followed. Sim-
ilarly, to observe the effect of 10%, 3σ statistical deviation in
capacitance on the proposed emulator circuit, Monte Carlo sim-
ulations for 100 runs have been performed. The results in Fig-
ure 28 show that all the samples are nearly overlapped, which
confirmed the functionality of the proposed emulator circuit as
a memristor. Moreover, the effect of temperature sweep from
−27 °C to +80 °C) has been presented in Figure 29. The results
show the slight variation in the hysteresis characteristics at 1
kHz, 1 MHz, and 500 MHz frequencies for different tempera-
tures, while the signature characteristics are unaltered. Hence,
the proposed circuit can be satisfactorily operated for the wide
range of temperature variation.

Figure 23: Hysteresis Characteristics showing electronic controllability feature
for different values of Vb

Figure 24: Effect of variation in amplitude of sinusoidal excitation (Vm) on
Hysteresis Characteristics

Figure 25: Results showing non-volatile property of memristor emulator

5. Memristive-Type Neuron

The area of bio-inspired computing has fascinated researchers
for a long time now [51]. The goal is to emulate the function-
ality of neurons in the human brain using either hardware or
software (approximate) models. The earliest effort at modeling
the neuronal-synaptic functionality in hardware was the Adap-
tive Linear Neuron (ADALINE) by Widrow & Hoff in 1960,
and utilized electro-chemical cells to emulate the synapses [51].
This was quickly superseded by electronic circuit implementa-
tions which were propelled by advances in analog VLSI and
translinear circuits (1960–1980), which resulted in significant
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Figure 26: Monte Carlo simulation results of memristor emulator for statis-
tical deviation in supply voltages (5%, 3σ) (a) Hysteresis characteristics (b)
Histogram plot

Figure 27: Monte Carlo simulation results of memristor emulator for statis-
tical deviation (10%, 3σ) in H f in and T f in (a) Hysteresis characteristics (b)
Histogram plot
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(a)

(b)

Figure 28: Monte Carlo simulation results of memristor emulator for statistical
deviation (10%, 3σ) in capacitance (a) Hysteresis (b) Histogram

research impetus in the design on more realistic neuronal mod-
els [51]. This progress was substantially helped by the concur-
rent developments in neuroscience, and as researchers under-
stood neuron behavior more deeply, more and more elaborate
neuron models were developed. Most of the hardware neu-
ron models developed in the past two decades were based on
the one or more of the following: analog circuits for different
activation functions [52, 53, 54], phase-change materials, and
the use of nanowires to emulate synaptic functionality. More-
over, with the advent of the memristor, researchers have been
actively pursuing the design of neuron models using memristors
[55]. Such memristive devices have been used to build artificial
synapses by mapping their conductance to synaptic weights.

However, most of the available memristor-based neuron mod-
els are very elaborate spiking neurons with time-domain signal
outputs, and consequently require large chip areas to imple-
ment. This has resulted in a research gap in the form of the
requirement of a simplistic passive component based neuron
model which can provide analog outputs (using a continuous
activation function). One such neuron model was presented in
[56], and employed two MOSFETs and a passive grounded re-
sistor to emulate the neuron functionality. Although very sim-
ple and elegant, the circuit of [56] suffers from the use of a
discrete passive resistor, which can be quite area-consuming
for actual integrated circuit implementations. Furthermore, the
transistors being conventional MOSFETs carry with them the
usual associated limitations of CMOS technology. In order to

Figure 29: Effect of temperature variation on Hysteresis Characteristics of the
proposed memristor emulator circuit (a) f = 1 kHz, C = 50 nF (b) f = 1 MHz,
C = 50 pF (c) f = 500 MHz, C = 50 fF

alleviate both these disadvantages, we propose a FinFET-based
Passive memristive neuron model which is derived from the cir-
cuit of [56].

The proposed neuron as shown in Figure 30, contains two
FinFETs and a grounded memristor. Here, in this work, we
have utilized the proposed grounded memristor emulator pre-
sented in Section 4. This circuit follows a tangent hyperbolic
activation function. The FinFET transistors (Mr1 and Mr2) are
biased to operate either in saturation region or cut-off regions.
So, there are three possible regions for the operation of pro-
posed neuron circuit.
Scenario–I
This is the operating regime of the neuron wherein for -Vthp ¡
Vo ¡ Vthn, Mr1 and Mr2 are both turned OFF, and therefore:

Iin = Vo ·W(φ) = Vo

[
Kn(Vk − 2Vthn) − Kn

gm

C
φ(t)

]
(26)

Scenario–II
This is the operating regime wherein for Vo ¡ -Vthp, Mr1 is OFF
and Mr2 is ON (in Saturation region). The input current to the
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Figure 30: Proposed Memristive-type neuron

neuron is related to the output voltage as follows:

Iin =
1
2

Kp(Vo − Vthp)2(1 + λVo)

+ Vo

[
Kp(Vk − 2Vthp) − Kp

gm

C
φ(t)

] (27)

Scenario–III
In this scenario, Vo ¿ Vthn, Mr2 is OFF and Mr1 is ON (satu-
rated). The relevant equation depicting the relationship between
Iin and Vo is as follows:

Iin =
1
2

Kn(Vo − Vthn)2(1 + λVo)

+ Vo

[
Kn(Vk − 2Vthp) − Kn

gm

C
φ(t)

] (28)

On neglecting channel length modulation effect in both the
transistors, and using (26), the output voltage expressions for
three different operating scenarios/regions of the neuron circuit
are deduced as:

Vo =
Iin

W(φ)
(29)

which when used with (26) and (26) yields:

Vo =

(
VthpKp −W(φ)

)
+

√
(−2KpVthpW(φ) + 2KpIin + 1)

Kp
(30)

Vo =

(
VthnKn −W(φ)

)
+

√
(−2KnVthnW(φ) + 2KnIin + 1)

Kn
(31)

The input-output response of the neuron circuit has been
verified using HSPICE simulation. The results obtained are
in the form of an I–V curve, which is shown in Figure 31(b).
While, the transient behavior is shown in Figure 32 for linear
current input from 0.5 ms to 4.5 ms. Furthermore, the obtained
neuron characteristic was compared with the ideal tangent hy-
perbolic function, which is defined as:

α tanh βt =

(e+βt − e−βt

e+βt + e−βt

)
(32)

=

(
βt +

(βt)3

3
+

2(βt)5

15
+ ........

)
, |βt| <

π

2
(33)

where, α and β denote the amplitude and argument values of the
hyperbolic tangent function, respectively. For this use case, teh

chosen values of these parameters are: α=0.41, β=2900. Next,
the Taylor series expression in (33) can be approximated as:

α tanh βt =

(e+βt − e−βt

e+βt + e−βt

)
= αβt , |βt| < 1 (34)

The above equation (34), highlights the linear region of hy-
perbolic tangent function, which is equivalent to the Scenario–I
of the proposed neuron circuit.

(a)

(b)

Figure 31: I-V curve for the (a) Resistive Neuron [56] (b) Proposed Memristive-
type neuron

Figure 32: Transient response for Proposed Memristive-type neuron

For the sake of comparison, the characteristics as obtained
from the passive resistive-type neuron of [56] have also been
shown in Fig. 31(a), from where it can be seen that the pas-
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Table 3: Comparison of the proposed analog voltage divider module with the similar existing works

Ref. Active and/or Pas-
sive Elements

Biasing Power
Dissipa-
tion

Technology Transistor
Count

Monolithic Bandwidth

[29] 3 OTAs, 2B, 1C 5 V 10 mW 3 µm 95 No −

[30] 6 OTAs, 2R 1.2 V 6.56 mW 0.13 µm 48 No −

[31] 1 OTA, 2T, 1B 0.9 V 0.821 mW 0.18 µm 15 Yes 4.5 GHz

[38] 2 CCII+, 1 CCII−,
6T

− − Bipolar − Yes −

[33] 1 OTRA, 4T 1.5 V 1.05 mW 0.25 µm 24 Yes −

[37] 2 CFOAs, 4T 12 V − Bipolar − Yes 1.8 MHz

[32] 1 OTRA, 6T 1.5 V − 0.5 µm 20 Yes −

[34] 1 CDBA, 6T 5 V − 0.35 µm 57 Yes 82.13
MHz

[35] 1 CDBA, 4T 2.5 V 0.28 mW 0.35 µm 55 Yes 68.55
MHz

[57] 1 CCIII+, 1B, 6T, 1
CCIII−

1.6 V − 0.35 µm 48 Yes 112.63
MHz

[36] 1 CFOA, 4T 1.25 V 1.23 mW 0.18 µm 34 Yes 200 MHz

This
work

1 OTA, 2T ± 0.9 V – 20nm
FinFET

10 Yes 217.54
GHz

*R–Resistor, C–Capacitor, B–Buffer, T–Transistor, (−)–Not Reported

sive resistive neuron of [56] was only capable of following the
tanh(.) function for the linear region of the plot – which was
the case when both the MOSFETs in the resistive neuron were
OFF and the circuit reduced to a simple grounded resistor. For
the region(s) of operation of the neuron wherein either of the
MOSFETs were ON, the neuron characteristics deviated from
the mathematical tanh(.) function. This issue is not present in
the memristive neuron presented in this paper, as can also be
observed from Fig. 31(b). Therefore, the memristive neuron
model of this paper not only gives better tanh(.) characteristics
but will also be significantly area effective in an actual VLSI
implementation when memristive devices become available as
co-existing devices on the same monolith as FINFETs.

6. Conclusion

This work presented a FinFET-based versatile active build-
ing block i.e. the operational transconductance amplifier (OTA).
The presented OTA circuit shows a dc range of ± 0.3 V and the
bandwidth of 631.81 GHz. The OTA was utilized for the real-
ization of three useful analog modules viz. analog voltage di-
vider, memristor emulator, and a passive memristor-based neu-
ron. The proposed analog divider circuit contains only one OTA
and two FinFETs. The bandwidth of the divider circuit is ob-
tained as 217.54 GHz. The memristor emulator circuit employs

one OTA, two FinFETs and one grounded capacitor. The pro-
posed emulator circuit follows the signature characteristics of
memristor. The memristor-based neuron followed the tanh(.)
characteristics more closely than its nearest available resistive
counterpart.
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