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ABSTRACT Despite the advantages of ternary logic, it has suffered from excessive transistor count
and limited noise margin. This work proposes an ultra-efficient nonvolatile ternary flip-flop (FF) based on
negative capacitance carbon nanotube field-effect transistors (NC-CNTFETs). By harnessing the negative
differential resistance effect in NC-CNTFETs, the proposed design is similar to a conventional volatile
binary FF regarding the number of transistors and control signals. During a scheduled power gating or
a sudden power outage, the proposed ternary FF benefits from an auto-backup/auto-restore capability
without employing any additional transistors, nonvolatile devices, or control signals. This leads to zero
device overhead, which is a breakthrough in designing nonvolatile memory circuits. On the other hand,
the back-to- back slave latchAAZs hysteretic behavior provides an extraordinary static noise margin that
transcends the noise margin of both conventional ternary and binary latches. The simulation results indicate
that eliminating additional backup and restore circuitries provides 43% improvements in transistor count,
59% improvements in power saving and 98% improvements in energy-saving than state-of-the-art binary
and ternary FFs. Moreover, the proposed design presents a 1.5 times higher static noise margin than the
conventional binary and ternary FFs. Our proposed approach opens new doors in realizing ultra-efficient
nonvolatile ternary circuits and systems in neuromorphic applications using ferroelectric-based transistors.

INDEX TERMS ternary flip-flop, nonvolatile, auto-backup, auto-restore, noise margin, NC-CNTFET.

. INTRODUCTION components can be employed as a versatile solution to cope
with this problem [T
T HE earth is replete with tremendous energy resources

that can answer any requirement. However, we utilize By Utilizing various memory elements such as mag-

them much faster than their production. Energy conservation
in every field plays a pivotal role in improving human life.
The simplest way to mitigate electrical energy dissipation is
to turn off the electrical devices when they are not in use.
However, they may continue to draw power, and the only way
to truly power down is to unplug the devices. However, when
keeping the circuit’s current information is crucial, the power
supply cannot simply be unplugged. Therefore, nonvolatile

netic tunnel junctions, floating gate devices, ReRAMs, and
memristors, chip designers and manufacturers have tried to
present high-performance and energy-efficient nonvolatile
circuits [2]], [3]. However, the energy dissipation and area
overhead of nonvolatile circuits are not ignorable. Many au-
thors have focused on designing efficient nonvolatile memory
circuits. Most of them necessitate extra peripheral backup
and restore circuitries, resulting in a noticeable increment in
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transistors count and energy dissipation [4]]—[6].

On the other hand, implementing backup and restore struc-
tures becomes more complicated for nonvolatile circuits with
more than the binary logical state. They require complex
wiring, additional clock, and control signals, which cause
area, energy, and delay overhead [7]-[11]].

Ferroelectric field-effect transistors (FeFETs) have re-
cently been introduced as encouraging candidates to over-
come the inherent limitations in conventional silicon-based
technologies [12], [[13[]. FeFETs presents two intriguing fea-
tures: steep-slope and hysteresis operation modes. It has
recently been demonstrated that the benefit of steep-slope op-
eration mode is faded in the nanoscale transistors with a high
density of states channel materials such as carbon nanotubes,
molybdenum disulfide, and graphene nanoribbons. FeFETs
with nonvolatile behavior and rich polarization switching
dynamics are the focal point of ultra-efficient neuromorphic
applications such as spiking neural networks [14] and chaotic
oscillators [15]. Using the hysteretic feature of FeFETs is
a promising alternative for constructing new generations of
nonvolatile neuromorphic systems. Therefore, the hysteresis
feature remains the primary advantage of the FeFETs [|16].

Conventional complementary metal-oxide-semiconductor
(CMOS) transistors are challenging for ultra-scaling pur-
poses due to the emerging catastrophic short channel effects
(SCEs) [17]. Considering the various candidates, carbon nan-
otube FET (CNTFET) with superior mobility, long mean free
path, fascinating current delivery capability, ballistic trans-
port regime operation, suppressed short channel effects, and
the ease of integration with CMOS fabrication process has
been emerged as one of the most feasible next commercial
technologies [[18]]. The threshold voltage of CNTFETS can be
harnessed through the chirality concept and flat-band volt-
age, making them appealing for multi-valued logic (MVL),
especially ternary arithmetic circuits and systems [[19]—[21]].

Despite several achievements of ternary logic, such as
offering significant advantages to reduce the number of inter-
connects, the complexity of operations, and increasing data
density, ternary logic circuits are engaged with two substan-
tial problems: (1) high transistor count, and (2) low noise
margin [21]-[24]. The excessive number of transistors in
conventional ternary logic circuits raises a significant energy
dissipation and enlarges the chip area. On the other hand,
the ternary arithmetic circuits’ limited noise margin hampers
further downscaling in terms of the supply voltage and the
total footprint [25].

It has recently been demonstrated that by employing the
negative differential resistance (NDR) effect in the negative
capacitance CNTFETs (NC-CNTFETs), ternary logic gates
can be realized with structures similar to their binary coun-
terparts [26]. Despite significant energy saving and com-
pression, these ternary logic gates require different flat-band
voltages for correct operation.

By virtue of the outstanding electronic properties of NC-
CNTFETs, in this work, we propose an innovative design
strategy to demonstrate a low-voltage ternary nonvolatile flip-

2

flop (TNVFF). By utilizing the NDR effect in NC-CNTFETs,
both master and slave ternary latches of the proposed TNVFF
have a similar transistor count to the conventional volatile
binary latches. During the power gating or a sudden power
outage, the proposed TNVFF has been designed in a particu-
lar way that does not need any peripheral circuitry for backup
and restore operations. As a result, the proposed design
exploits fewer transistors and shows significant energy saving
than all previous NVFFs in binary and ternary fashions. The
main contributions of this work are summarized as follows:

e Equal transistor count (16 transistors) of the proposed
TNVFEF to the volatile binary FF

e Auto-backup and auto-restore capabilities during power
gating and even sudden power outage without using any
additional transistors and control signals

e Elimination of the need for extra wiring of control
signals and their related circuits for backup and restore
operations

e No energy and latency overheads during backup and
restore operations as a critical issue in all of the previous
related binary and ternary NVFFs

e The achieved static noise margin (SNM=224mV) is
higher than the conventional ternary (SNM=112mV) and
even binary (SNM=208mV) volatile FFs due to the superior
noise margin of the hysteretic ternary latches

e The capability of operation in low supply voltages due
to the superior noise margins, a far-fetched goal for the other
conventional ternary NVFFs

Following this introductory section, an overview of the
fundamental platform and the research’s basic theory is pro-
vided in Section (I} Section [[I] presents the proposed design
methodology of the proposed TNVFFE. Comprehensive simu-
lations are carried out in Section Finally, the main results
are highlighted in Section [V]

Il. PLATFORM AND BASIC THEORY

During the last few years, negative capacitance FETs with
outstanding electronic properties have gained considerable
attention as a potential candidate beyond conventional
CMOS technology [12]], [13]l, [27]. A negative capacitance
transistor’s functionality depends on two fundamental fac-
tors: (1) the utilized ferroelectric material, and (2) the base-
line transistor.

Negative capacitance can be realized by perovskite-
based or doped Hf O5-based ferroelectrics. The conventional
perovskite-based ferroelectrics are dealing with ferroelectric-
ity sustainability problems for thicknesses below 50nm [28].
On the contrary, doped HfO4 ferroelectric materials present
robust 10-30C/cm? remnant polarization within a range of
5nm-30nm thickness [29]. It was experimentally proven in
the literature that the Si dopant shows stable remnant po-
larization in Hf O, ferroelectrics under different thicknesses
[30], [31]]. Various nanoscale transistors can be served as
the baseline devices to realize a negative capacitance FET.
Carbon nanotube FETs with high carrier mobility, excellent
Ion/loFr ratio, and superlative immunity to the SCEs are
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Fig. 1. (a) The 3D representation (b) the equivalent circuit of a NC-CNTFET.
Rrpg and Cg denote the parasitic RC components of the ferroelectric.

known as the future commercial technology beyond silicon-
based transistors [[18]].

The 3D illustration and the equivalent circuit of the mod-
elled NC-CNTFET are shown in Fig. [} It is worth not-
ing that a metal-ferroelectric-metal-insulator-semiconductor
(MFMIS) structure has been considered due to the better
Ion/Iorr current ratio for ultra-scaled dimensions [[12]. In
a NC-CNTFET, parallel semiconducting carbon nanotubes
are placed over an insulator such as SiOs to establish the
channel region. A high-k dielectric material such as hafnium
oxide (HfO,) is then utilized to restrain the gate leakage
current and provide better gate electrostatic characteristics.
After forming a thin metal intermediate layer, a Si-doped
HfO, ferroelectric, an appropriate choice for nonvolatile
memory applications, is aligned on top of the gate dielectric
to construct the negative capacitance. Subsequently, a thin
metal layer such as palladium or tantalum is deposited to
accomplish the external gate contact. It is worthwhile to
mention that a spacer region is used to restrict the carriers’
ambipolar conduction between source and drain contacts
(18], [32].

In this work, the Stanford virtual-source Verilog-A com-
pact model has been utilized for the baseline CNTFET
considering nonidealities such as band-to-band and direct
source-to-drain tunneling leakage currents [33]]. This com-
pact model is calibrated with an experimentally reported
CNTFET device with 1.2nm CNT diameter [34]. The time-
dependent Landau-Khalatnikov (LK) equation is utilized to
include the negative capacitance behavior of the ferroelectric

—|0 Experimental P-E Loop
—Fitted LK Equation

_30 1 1
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Fig. 2. A comparison between the fitted LK equation and the experimental
P-E loop of a 10nm fabricated Si-doped HfO2 ferroelectric presented in
[31]].
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Fig. 3. The NC-CNTFETS’ current delivery capability.
as follows [35]):
E =aP + BP3 +~P° 1))

where «, (3, and v are the ferroelectric static constant pa-
rameters, and E and P are the electric field and polarization,
respectively.

Considering E =Vgg/trg and Qrr=ArgP, the voltage
drop (Vrg) across the ferroelectric can be related to the
ferroelectric thickness as:

3 5
Vi = pRpp 98 + 422 (20Qpp + 802 + O8E2) (2

where tpg and Apg are the ferroelectric thickness and area
respectively, Qg is the ferroelectric charge density, and p is
the kinetic parameter to include the ferroelectric’s dynamic
behavior. More descriptions regarding the ferroelectric pa-
rameters are described in detail in [35]], [36].

The LK equation of the modelled NC-CNTFET has been
adjusted with a fabricated 10nm Si-doped Hf O, ferroelectric
suitable for nonvolatile memory applications to portray a
realistic picture of the proposed TNVFF [31]].

A comparison between the fitted LK equation of the mod-
elled NC-CNTFET and the experimentally reported Si-doped
HfO, ferroelectric is indicated in Fig. 2] The developed
NC-CNTFET model’s vital parameters used to implement
the proposed TNVFF are tabulated in Table [T} The utilized
Si-doped HfOg9 ferroelectric had experimentally shown a
13uC/cm? remnant polarization and 0.85MV/cm coercive
field [31]].

Fig. 3] shows the NC-CNTFET current delivery consider-
ing various ferroelectric thicknesses. It can be observed that

3
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TABLE 1. Some of the vital parameters of the modelled NC-CNTFET
technology

Device Parameter Value
Physical gate length (Lg) 14nm
Physical gate width (W) 20nm
Physical gate height (Hg) 15nm
Oxide thickness (tox) 4nm
Ferroelectric thickness (tpg) 10nm
Source/drain contact length (L) 14nm
Carbon nanotube diameter (DconT) 1.2nm
Source/drain spacer region length (Lgpr) Snm
CNT center-to-center inner pitch (S) 8nm
Source/drain Fermi level (Epsp) 0.258eV
Gate dielectric constant (Kox) 16
Substrate dielectric constant (Kgyup) 3.9
Channel material dielectric constant (K},) 1
Ferroelectric constant parameter (o) —5.5 x 108m /F
Ferroelectric constant parameter (/3) 1.21 x 101°m5 /F/C?
Ferroelectric constant parameter (vy) 0m?/F/C*
kinetic coefficient (p) 0.025 (2/m)
Ferroelectric coercive field (E¢) 0.85MV /cm
Ferroelectric remnant polarization (Py) 13uC/cm?
Model temperature 25°C

increasing the ferroelectric thickness improves the device
on-current, and simultaneously, reduces the leakage current
thanks to the negative capacitance feature that amplifies the
internal gate electric field. On the other hand, operating in
the ballistic transport regime with the long mean free path
and superior carrier mobility of carbon nanotube transistors
are fundamental features that enhance the current delivery.
For the 10nm ferroelectric thickness (based on a fabricated
ferroelectric capacitor [31]]), the NC-CNTFET shows 60uA
oon-current and the extremely low leakage current of 3.5pA
(see the inset plot in Fig. [3). Accordingly, by presenting a
superb Ion /Topr= 1.7 X 107 ratio and extreme low internal
capacitance of NC-CNTFETs, these transistors are poten-
tial candidates for demonstrating ultra-efficient and high-
performance digital circuits and systems.

The output characteristics (Ip—Vpg) of the modelled NC-
CNTEFET is depicted in Fig. a] Since our primary focus is
to exploit the nonvolatile feature, the steep-slope switching
performance analysis has been omitted. After interpreting
the results, it can be observed that for lower Vag values,
increasing the ferroelectric thickness causes a negative slope
in the NC-CNTFET current. This phenomenon, known as the
NDR effect, is the basis of the ferroelectric FETs nonvolatile
memory applications [26].

The transfer (Ip—V@as) characteristics of the modelled
NC-CNTFET is shown in Fig. @b It can be observed that
the positive increment of Vgg beyond the critical gate-to-
source voltage, Vaggc, (which is smaller than the coercive
voltage) would positively polarize the NC-CNTFET. At this
condition, the NC-CNTFET presents a low-resistance state
(LRS) with a considerable on-current. Correspondingly, a
Vas lower than —Vgge would negatively polarize the fer-
roelectric layer in the NC-CNTFET gate-stack and leads
to a low-to-high resistance state (HRS). The positively and
negatively polarized NC-CNTFET can retain its condition
even for Vas= 0V. These two stable states at Vgs= 0V
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Fig. 4. (a) The output and (b) the transfer characteristics of the modelled
NC-CNTFET under different ferroelectric thickness.

with a significant current ratio of Iyrs/Iprs> 10* makes
the modelled NC-CNTFET highly desirable for nonvolatile
memory applications. It is noteworthy that a wider hysteresis
loop can be achieved at the cost of increasing the ferroelectric
thickness. Since the negative capacitance behavior of the fer-
roelectric layer is completely matched with the experimental
results [31] (see Fig. |2[), we have considered 10nm constant
ferroelectric thickness.

lll. PROPOSED DESIGNS

In this section, by employing the magnificent electrical prop-
erties of the NC-CNTFET, we demonstrate a low-voltage
TNVFFE. First, we demonstrate a Schmitt trigger-based, two
transistors standard ternary inverter (STI) with an enhanced
noise margin beyond the conventional ternary and even bi-
nary inverters. Then, we harnessed the proposed Schmitt
trigger-based STI to propose an ultra-efficient TNVFF with
auto-backup and auto-restore properties.

A. DEMONSTRATION OF THE HYSTERETIC STI GATE

During the past few years, carbon nanotube FETs had paved
the way for presenting ternary logic circuits. However, these
circuits suffer from high transistor count and feeble noise
margin [21], [22]. Recently, by employing the NDR effect
observed in NC-CNTFETs, an STI gate with a similar tran-
sistor count to its conventional binary counterpart has been
presented in [26]. However, the physical device engineering,
such as different flat-band voltages was essential to acquire
a voltage transfer characteristic (VTC) similar to the conven-
tional STI gates.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3114408, IEEE Access

IEEE Access

Voo
I NC-CNTFETp
V=0V
Ternary Input Ternary Output

I NC-CNTFETn
V=0V

()
0.6 >—< — —_— . ,
....................................... >:
05k A NM =250mV (0.42V ) * ]
s 0.4r 4 NM, ,=237mV (0.39V ) T
> . £ A - 8 >
5 0.3F < <
o H -
> K --------------------------------------------
0.2F NM, ,=237mV (0.39V )
0.1F
0 . .
0 0.1 0.2

(b)

Fig. 5. (a) The circuit illustration and (b) the VTC of the proposed NC-
CNTFET-based STI gate.

The circuit illustration and the related VTC of the Schmitt
trigger-based STI gate are given in Fig.[5] The demonstrated
Schmitt trigger-based STI gate operates with OV flat-band
voltage and does not need various flat-band voltages, which
is highly suitable for practical implementations based on
commercial technologies. Choosing appropriate values for
the ferroelectric thickness generates the NDR in both n-type
and p-type NC-CNTFETs. As a result, the VTC of the STI
gate shows ternary behavior. In the demonstrated VTC and
according to the observed hysteretic behavior of the modelled
NC-CNTFET (see Fig. [@b] and Table. [T), when the input
voltage raises to Vpp, the on-resistance of NC-CNTFETp
(NC-CNTFETn) would decreases (increases). Therefore, the
proposed VTC shifts to the right (see Fig. [5b). Similarly,
when V;, reduces from Vpp to 0V, the on-resistance of NC-
CNTFETn (NC-CNTFETp) decreases (increases). In this sit-
uation, the VTC of the STI gate shifts to the left side (see Fig.
[5b). Based on this unique behavior, a Schmitt trigger-based
STI gate is demonstrated by utilizing only two transistors
(similar to a conventional binary inverter). This extraordinary
feature of this 2-transistors NC-CNTFET-based STI was not
demonstrated in [[26].

We have performed a quantitative comparison between
the noise margin of the 2-transistors NC-CNTFET-based
Schmitt trigger STI (237mV, 39% of Vpp), the conventional
6-transistors (6T) STI [37] (129mV), and the conventional 2-
transistors binary inverter (208mV). The conventional 6T STI
and binary inverter gates have efficiently been designed and
optimized based on the baseline CNTFET technology to have
a fair meaningful comparison. Notably, the CNTFETs of the
conventional 6T STI require different flat-band voltages for
the correct operation [37]], which is an innate shortcoming.

According to the results from Fig. [5b] and the resulted noise
margin, the demonstrated STI gate is a striking achievement
due to removing noise margin restrictions as the longstanding
historical barrier of the ternary logic gates without imposing
any additional transistors. Owing to the Schmitt trigger be-
havior of the VTC, the demonstrated STI indicates 237mV
noise margin, surpassing the ideal noise margin limitation
of the STI gate (Vpp/4=150mV). Astoundingly, the resulted
noise margin of the proposed 2T STI (237mV) is even higher
than a conventional binary inverter (208mV) based on the
baseline CNTFET technology. It is essential to point out that
the binary Schmitt triggers can present a higher noise margin
than the conventional binary inverters. However, this costs
four more transistors and spending significant power and area
budgets.

B. PROPOSED AUTO-BACKUP AND AUTO-RESTORE
TNVFF

Flip-flops (FFs) are among the most frequently used elements
in integrated circuits, including registers, counters, data syn-
chronizers, and frequency dividers. Unlike volatile circuits,
nonvolatile circuits can retain the stored information during a
scheduled power gating or even sudden power outage. There-
fore, nonvolatile memory elements require extra backup and
restore circuitries, operational phases, and control signals
for data retention. Consequently, these additional circuits
inevitably lead to higher power consumption, more design
complexity, extra wirings, and occupying the chip area.

A conventional volatile ternary flip flop (FF) is shown in
Fig.[6] In this structure, conventional 6T STI gates are utilized
in both master and slave ternary latches. The conventional
ternary FF suffers from two major issues: (1) unable to
operate as a nonvolatile memory cell during a power outage,
and (2) a high number of transistors and, thereby, energy
dissipation [37]].

The proposed auto-backup/auto-restore TNVFF utilizing
the NC-CNTFET technology is illustrated in Fig.[7} The NC-
CNTFET-based Schmitt trigger STI is the fundamental core
to establish the master and slave ternary latches. Moreover,

Fig. 6. A conventional ternary volatile flip flop in CNTFET technology.
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Fig. 7. The proposed auto backup/auto restore NC-CNTFET-based TNVFF.

the transmission gates are implemented through the conven-
tional n-type and p-type baseline CNTFETs. The transistor
count and structure of the proposed TNVFF are similar to a
conventional volatile binary data flip-flop (DFF). However,
the proposed design can preserve the stored data in Q and Q},
nodes without any additional backup and restore circuitries
and control signals.

When the input clock signal is low (high), the master
and slave latches are in the transparent (hold) and hold
(transparent) states, respectively. Consequently, a feedback
loop, including two back-to-back ternary STIs in the ternary
latches, is generated in the hold state. Accordingly, during
the normal operation phase (when the power supply (Vpp) is
activated), the back-to-back NC-CNTFET-based STIs holds
the corresponding OV, Vpp /2, or Vpp voltage levels. In this
phase, the proposed FF sequences a ternary data on each
positive clock edge like a conventional ternary FF.

To authenticate the auto-nonvolatility, the performance
analysis of the proposed TNVFF during the backup and
restore operation modes for ternary inputs is shown in Figs.

B0

1) backup operation

When the power supply intentionally (power gating) or
suddenly (power outage) unplugged, for Q = 72", and
Qp="0", the M1 and M4 NC-CNTFETs are positively
polarized and present a low drain-to-source resistance (LRS).
This condition will negatively polarize the M2 and M3 NC-
CNTFETs and leads to a higher magnitude drain-to-source
resistance (HRS)(see Fig. . For Q =70” and Q,="2"
states (Fig.[8b), the M2 and M3 NC-CNTFETs are positively
polarized and show LRS. Meanwhile, the M1 and M4 are
negatively polarized and indicate HRS. When Q and Q}, are
"1", both pullup and pulldown transistors in the back-to-back
STT latch are positively polarized and show equal LRS’s (see
Fig. [Bc). After the polarization switching is fulfilled, elimi-
nating power supply will not influence the stored polarization
states.

Supply Unplugged

.........

M1
l_4| ELRS
! Q: Backup Logic “2”
D Master ! : pred
Ternary Latch
VDD_’O
CLKb
|
Qy:Backup
M4
I
(a)
Supply_L_Jr_\;_)Iugged
'.: Vpp—0 :,’
Q: Backup Logic “0”
D | Master pLeg

Ternary Latch

.~ e

M1 <
1§ SLRS
H Q: Backup Logic “1”

D | Master
Ternary Latch

©

Fig. 8. The operation of the proposed TNVFF for getting backup from (a)
"2",(b) "0", and (c) "1" logic states.

2) restore operation

After the power supply is retrieved (Fig. [9), the difference
between the drain-to-source resistance of the NC-CNTFETs
will recover the logic values stored in the nodes Q and
Qb. When M1 is in the LRS and M2 is in the HRS state,
the difference between the pullup and pulldown resistances
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Fig. 9. The restore phase of the proposed TNVEFF to recover (a) "2", (b) "0",
and (c) "1" logic states.

imposes the logic value "2" to the node Q. At the same
time, the difference between the drain-to-source resistance
of the M3 (HRS) and M4 (LRS) transistors will restore the
logic value "0" at the Q}, node (see Fig.[9a)). Thereupon, the
back-to-back STI slave latch fully settles the voltages of the
nodes Q and Q}, to Vpp and 0V, respectively. For recovering

Q: Restore logic “1”

Q ="0" and Q= "2” (Fig. Pb), the M1 and M4 are in the
HRS, and M2 and M3 are in the LRS states. Accordingly, the
back-to-back STIs in the slave latch completely recovers the
logic states of the out nodes. When both pullup and pulldown
transistors are equally in the LRS state (Fig. [Oc), the logic
"1" is delivered to the Q and Qy, nodes. Then, the feedback
structure of the slave latch restores the voltages at these nodes
to Vpp / 2.

It is worth mentioning that the data is backed up automati-
cally on each of the latches, which is in the hold state (master
or slave) according to the discussed mechanism. Therefore,
regardless of the clock level at which the power supply is
disconnected, the data will be adequately restored as soon as
the power supply is connected.

IV. PERFORMANCE EVALUATION

In this section, we examine the performance functionality
of the proposed TNVFF through comprehensive simulations.
The Synopsis HSPICE tool has been utilized for circuit
simulation.

A. ANALYSIS OF THE FUNCTIONALITY OF THE
PROPOSED DESIGN

Fig. [T0] shows the transient response of the NC-CNTFET-
based Schmitt trigger STI gate fed with a noisy input signal.
It can be observed that if the input signal strongly affected
by high-amplitude and durable noises, the proposed 2T STI
performance would not be violated thanks to the superior
noise margin characteristic. On the contrary, the conventional
6T STI malfunctions under this noisy input due to the limited
noise margin. In this regard, the NC-CNTFET-based Schmitt
trigger lay the foundations for designing low-voltage, high-
performance, and ultra-compact ternary memory elements
with a similar number of transistors to a conventional binary
inverter.

The transient response of the proposed TNVFF is shown
in Fig. [T} A 500MHz clock frequency is applied to the
proposed TNVFF during the active mode. Moreover, the rise
times and fall times for activating and deactivating the supply
voltage (Vpp) are taken to be 30ps each. According to the
polarization switching of the output nodes, it can be observed
that the proposed design has successfully performed auto-
backup and auto-restore operations during power active and

Time(ns)

Fig. 10. The transient response of the proposed NC-CNTFET-based TNVFF.
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Fig. 11. The transient response of the proposed TNVFF.

sleep modes. Based on the analyses and the simulation re-
sults, it can be concluded that the proposed TN VFF can auto-
matically perform backup and restore operations without any
additional peripheral circuitries, control signals, and latency.
Another advantage of the proposed design is to operate as a
ternary nonvolatile FF with an identical transistor count and
general structure with a conventional binary volatile FF.

In designing memory elements such as flip-flops, the static
noise margin (SNM) is the most critical parameter that en-
sures data retention under experiencing extraneous signals.
The latch SNM for each logic is defined as the length of
the largest square side, which can be inscribed within its
corresponding lobe in the butterfly curve of the back-to-back
latch [22]]. The minimum noise margin obtained for all logics
is reported as the noise margin of the latch. To benchmark
the data retention ability, we have performed a comparison
between the SNMs of the proposed TNVFF (SNM=224mV)
and the conventional ternary (SNM=112mV) and binary
(SNM=208mV) DFFs. The Schmitt trigger behavior of the
proposed TNVFF surpasses the fundamental noise margin
limitation of the ternary DFF (Vpp /4=150mV). Moreover,
the proposed ternary NVFF shows a higher SNM even com-
pared to the conventional volatile binary DFF with a similar
transistor count, which breaks the limits in ternary logic.

B. ASSESSING THE IMPACTS OF PROCESS AND
SUPPLY VOLTAGE VARIATIONS

In advanced nanoscale technologies, physical parameters and
supply voltage variations can critically influence the device
and circuit performance characteristics. To capture the im-
pact of physical parameters variations, 1000 runs of Monte
Carlo simulations have been conducted considering Gaussian

8
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Fig. 12. The impact of process variations on the clock-to-Q delay, power,
and PDP of the proposed TNVFFE.

distribution and 10% variations for the baseline CNTFET
physical parameters and 5% variations for the ferroelectric
thickness at the 30 level [38]], [39].

According to the Monte Carlo simulation results portrayed
in Fig. the coefficient of variation (o /) of the power-
delay product (PDP) of the proposed TNVFF is lower than
9%. Therefore, the proposed TNVFF is completely func-
tional and operates robustly under major physical parameters
fluctuations.

Annealing temperature can significantly affect the P-V
hysteresis loop, which should be taken into consideration,
especially in ferroelectric-based nonvolatile memory circuits.
Table [2] illustrates a comparison between the performance
metrics of the proposed TNVFF under 650 °C and 800
°C annealing temperatures. It is worth mentioning that the
results have been obtained based on the 10nm Si-doped
HfO4 ferroelectric capacitors fabricated with 650 °C and
800 °C annealing temperatures [31]]. Reducing the annealing
temperature from 800 °C to 650 °C decreases the remnant
polarization from 134C/cm? to 8C/cm?. Although it leads
to a relatively lower power-delay product (125aJ vs. 148al),
it considerably reduces the SNM of the TNVFF (147mV vs.
224mV). However, it is worth mentioning that the SNM of
the proposed TNVFF for the 650 °C annealing temperature is
still higher than that of a conventional ternary DFF (147mV
vs. 112mV) and is comparable to the ideal noise margin in
ternary logic (150mV).

In digital integrated circuits, the supply voltage fluctua-
tions may lead to performance degradation and functional
failure. Accordingly, it is necessary to assess the impact
of power supply variations on the overall performance of
the designed circuits. A 10% supply voltage variation is

TABLE 2. Performance comparison of the proposed TNVFF under different
ferroelectric annealing temperatures (Vpp=0.6V).

Annealing temperature

Performance metrics 650 °C 800 °C
Clock-to-Q delay (tcq) 34 ps 39 ps
Average power 3.67 uW 3.80 uW
PDP (Average power X tcq) 125 aJ 148 aJ
Static noise margin 147 mV 224 mV
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Fig. 13. The impact of power supply variations on the VTC of the NC-
CNTFET-based hysteretic STI gate.

usually expected in digital integrated circuits [40]]. However,
in a more conservative scenario, we have considered +20%
supply voltage variations in our design.

Fig. [13] portrays the impact of the supply voltage fluctua-
tions on the VTC and transient response of the NC-CNTFET-
based hysteretic STI gate used in the proposed TNVFF.
According to the results, +20% variations in the supply
voltage change the noise margin from 237 mV (see Fig. [5b)
to 209 mV (Fig. [[3a) and 275 mV (Fig. [I3b). Moreover,
as indicated in Figs. and [13d} the NC-CNTFET-based
hysteretic STI gate operates correctly with no functional

failure under noisy conditions in the presence of major supply
voltage fluctuations.

C. CIRCUIT-LEVEL PERFORMANCE COMPARISON

A comparative analysis between the proposed TNVFF and
some state-of-art binary and ternary TNVFFs is depicted in
Table [3] The proposed TNVFF demonstrate a reasonable
clock-to-Q fan-out-of-four (FO4) delay (30ps) due to the
small inherent capacitors and the high current delivery of
NC-CNTFETs. However, it is higher than the delays of the
TNVFFs presented in [37] and [45]. The restore time and
energy dissipation of the proposed TNVFF are measured
between the power supply’s activation (when its amplitude
reaches to 0.5Vpp) and the moment that the voltage of the
node Q reaches to Vpp /4 for logic "1" and Vpp /2 for logic
"2" and "0", respectively. It is worth mentioning that there
is no backup energy dissipation in the proposed design as
the Schmitt trigger-based slave ternary latch automatically
performs backup operation during the power gating or even
sudden power outage.

The restore energy has been calculated as the multiplica-
tion of the power consumption during the restore period and
the restore time. According to the results given in Table. [3]
the proposed TNVFF presents a short restore time (7.5ps)
and a significantly low restore energy (68.7aJ). The superior
reductions in the restore time and restore energy are mainly
due to the elimination of the peripheral restore circuit and
its corresponding control signals and the small parasitic
capacitors of the CNTFET device.

In addition to the low supply voltage (0.6V), elimination
of the backup and restore peripheral circuits and their related
control signals, and the low number of devices, which reduce
the dynamic power dissipation, the proposed TNVFF has
a reasonable average static power consumption. It is worth
mentioning that when the power supply is gated, the proposed
TNVFF dissipates no static power regardless of its last logic
state. Moreover, the proposed TNVFF has a reasonable aver-
age static power consumption (113nW) considering all of the
existing operational and sleep cycles.

The main achievements of the proposed design can be
summarized based on the results given in Table[3]as follows:

e In the ternary NVFFs, further reducing the supply volt-
age is not practical due to the limited noise margin [37]], [45].
With the ability to reduce the supply voltage to less than
0.5V, the proposed TNVFF has overcome this limitation of
the ternary logic.

e Considerably higher noise margin (SNM=224mV) than
the other more complex ternary NVTFFs and even its binary
volatile counterpart (SNM=208mV) with a similar number of
transistors, a far-fetched goal for the other NVFFs.

e The well-designed structure of the proposed TNVFF
provides 39% total average improvement in device count
compared to the other counterparts.

e The proposed TNVFF does not need any peripheral
circuitry and control signals (opposing extra control circuits
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TABLE 3. A performance comparison between the proposed TNVFF and some of the recent state-of-the-art works.

[41] [42] [43] |44] 137 [37] 145] This work
Power Supply (Vpp) 0.5V 0.8V 0.8V 0.7V 0.9v 0.9V 0.8V 0.6V
Transistor count and NV elements 23T 20T 19T 19T 41T+2MTJ 41T+2MTJ 44T+2MTJ 16T
Need Peripheral backup/restore circuitry? YES YES YES YES YES YES YES NO
Clock-to-Q delay >50ps >40ps >50ps 59.82ps 29ps 20ps 12ps 39ps
Power consumption >50pW >10puW >100pW 39.45uW 12uW 4.4uW 4.9uW 3.8uW
Device overhead 7 extra FETs 4 extra FETs 3 extra FETs 3extra FETs 25 extra FETs+2MTJ 25 extra FETs+2MTJ 28 extra FETs+2MTJ NO
Backup delay 1.4ns Ins - N/A 3ns 2.8ns 1.49ns -
Backup energy 711 1.3f] - N/A 95.11) 33.711 11.5] -
Restore delay 75ps 56ps ~10ps 28ps 13.2ps 12.4ps Slps 7.5ps
Restore energy ofJ 1.11J ~fJ 1.90£J 14.1£] 4.3f1 365al 68.7a)
Supporting sudden power outage NO YES YES YES NO NO YES YES
Output logic level Binary Binary Binary Binary Ternary Ternary Ternary Ternary
NV element FeFET FeFET FeFET FeFET MTIJ MTJ MTIJ FeFET
Technology 10nm FinFET ~ 10nm FinFET ~ 10nm FinFET ~ 10nm FinFET 7nm FinFET 10nm CNTFET 10nm CNTFET 10nm CNTFET
and wirings to the system) to perform backup and restore ACKNOWLEDGEMENT

operations.

e The proposed design presents zero device overhead.

e The proposed TNVFF shows significant power-saving
(64% average improvement).

e Zero backup energy dissipation because of eliminating
additional transistors and control signals for the backup pro-
cess.

e The proposed design’s automatic restore capability en-
sures extraordinary restore energy saving (higher than 98%
on average improvement) than the previous state-of-the-art
NVFFs.

e Support the sudden power supply outage, which is not
considered in the designs presented in [37], [41].

The comparison results envision that the proposed NC-
CNTFET-based TNVFF opens up a new era in designing
ultra-compact and high-performance nonvolatile neuromor-
phic circuits and systems.

V. CONCLUSION

By employing the NDR effect and hysteretic behavior of
the NC-CNTFETs, this work proposed a novel design strat-
egy for demonstrating an ultra-efficient high noise margin
TNVFFE. The structure of the proposed ternary nonvolatile
design is similar to a conventional volatile binary FF. The pri-
mary advantage of the proposed TNVFF is the auto-backup
and auto-restore capability during power gating or power out-
age without imposing any extra transistors, memory devices,
and control signals. On the other hand, the Schmitt trigger
nature of the ternary latches provides an excellently high
noise margin, surpassing conventional binary and ternary
FFs. After performing comprehensive simulations and anal-
ysis, we have indicated that the proposed design can tolerate
high-amplitude and durable noises due to the breathtaking
noise margin characteristic. The proposed TNVFF operates
robustly under experiencing significant process variations
and presents outstanding improvements in terms of transistor
count (39%), power (64%), and energy dissipation (98%)
thanks to the eliminating peripheral backup and restore cir-
cuitries, additional wiring, and control signals. Our investi-
gations establish a new paradigm for designing ultra-efficient
MVL nonvolatile memory circuits beyond conventional bi-
nary counterparts for neuromorphic applications.

10

This research was supported by the Basic Science Research
Program through the National Research Foundation of Korea
(NRF), funded by the Ministry of Education, Science and
Technology (NRF-2019R1F1A1056937).

REFERENCES

[1] M. H. Lankhorst, B. W. Ketelaars, and R. A. Wolters, "Low-cost and
nanoscale nonvolatile memory concept for future silicon chips," Nature
materials, vol. 4, no. 4, pp. 347-352, 2005.

[2] F. Razi, M. H. Moaiyeri, R. Rajaei, and S. Mohammadi, "A variation-aware
ternary spin-Hall assisted STT-RAM based on hybrid MTJ/GAA-CNTFET
logic," IEEE Transactions on Nanotechnology, vol. 18, pp. 598-605, 2019.

[3] S. Chakrabartty, S. Acharjee, A. Al-Shidaifat, M. Biswas, and H. Song,
"Gd-Doped HfO5 Memristor Device, Evaluation Robustness by Image
Noise Cancellation and Edge Detection Filter for Neuromorphic Comput-
ing," IEEE Access, vol. 7, pp. 157922-157932, 2019.

[4] X.Lietal., "Enabling energy-efficient nonvolatile computing with negative
capacitance FET," IEEE Transactions on Electron Devices, vol. 64, no. 8,
pp. 3452-3458, 2017.

[5] G. H. Choi and T. Na, "Novel MTJ-Based Sensing Inverter Variation
Tolerant Nonvolatile Flip-Flop in the Near-Threshold Voltage Region,"
IEEE Access, vol. 8, pp. 191057-191066, 2020.

[6] Park, Hyun Kook, Hong Keun Ahn, and Seong-Ook Jung , "A Novel Match-
line Scheduling Method for Low-Power and Reliable Search Operation in
Cross-Point-Array Nonvolatile Ternary CAM," IEEE Transactions on Very
Large Scale Integration (VLSI) Systems, vol. 28, no. 12, pp. 2650-2657,
2020.

[71 T. Na, "Robust offset-cancellation sensing-circuit-based spin-transfer-
torque nonvolatile flip-flop," IEEE Access, vol. 8, pp. 159806-159815, 2020.

[8] M. R. Khezeli, M. H. Moaiyeri, and A. Jalali, "Comparative analysis of
simultaneous switching noise effects in MWCNT bundle and Cu power
interconnects in CNTFET-based ternary circuits," IEEE Transactions on
Very Large Scale Integration (VLSI) Systems, vol. 27, no. 1, pp. 37-46, 2018.

[9] B. Song, S. Choi, S. H. Kang, and S.-O. Jung, "Offset-cancellation sensing-
circuit-based nonvolatile flip-flop operating in near-threshold voltage re-
gion," IEEE Transactions on Circuits and Systems I: Regular Papers, vol.
66, no. 8, pp. 2963-2972, 2019.

[10] A. Jaiswal, R. Andrawis, and K. Roy, "Area-efficient nonvolatile flip-flop
based on spin hall effect," IEEE Magnetics Letters, vol. 9, pp. 1-4, 2018.

[11] F. Razi, M. H. Moaiyeri, and R. Rajaei, "Design of an energy-efficient
radiation-hardened nonvolatile magnetic latch," IEEE Transactions on Mag-
netics, vol. 57, no. 1, pp. 1-10, 2020.

[12] K. Tamersit, M. K. Q. Jooq, and M. H. Moaiyeri, "Computational Inves-
tigation of Negative Capacitance Coaxially Gated Carbon Nanotube Field-
Effect Transistors," IEEE Transactions on Electron Devices, vol. 68, no. 1,
pp. 376-384, 2020.

[13] S. Gupta, M. Steiner, A. Aziz, V. Narayanan, S. Datta, and S. K. Gupta,
"Device-circuit analysis of ferroelectric FETs for low-power logic," IEEE
Transactions on Electron Devices, vol. 64, no. 8, pp. 3092-3100, 2017.

[14] Fang, Yan, Jorge Gomez, Zheng Wang, Suman Datta, Asif I. Khan, and Ar-
ijit Raychowdhury, "Neuro-mimetic dynamics of a ferroelectric FET-based
spiking neuron," IEEE Electron Device Letters, vol. 40, no. 7, pp. 1213-
1216, 2019.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

10.1109/ACCESS.2021.3114408, IEEE Access

IEEE Access

[15] T. Liu,J. Luo, X. Wei, Q. Huang, and R. Huang, "A Novel Leaky-FeFET
Based True Random Number Generator with Ultralow Hardware Cost
for Neuromorphic Application," 5th IEEE Electron Devices Technology &
Manufacturing Conference (EDTM) , pp. 1-3, 2021.

[16] W. Cao and K. Banerjee, "Is negative capacitance FET a steep-slope logic
switch?," Nature communications, vol. 11, no. 1, pp. 1-8, 2020.

[17] H. Ilatikhameneh, T. Ameen, B. Novakovic, Y. Tan, G. Klimeck, and R.
Rahman, "Saving Moore’s law down to 1 nm channels with anisotropic
effective mass," Scientific reports, vol. 6, no. 1, pp. 1-6, 2016.

[18] M. D. Bishop et al., "Fabrication of carbon nanotube field-effect transistors
in commercial silicon manufacturing facilities," Nature Electronics, vol. 3,
no. 8, pp. 492-501, 2020.

[191 M. K. Q.Jooq, A. Mir, S. Mirzakuchaki, and A. Farmani, "Semi-analytical
modeling of high performance nanoscale complementary logic gates uti-
lizing ballistic carbon nanotube transistors," Physica E: Low-dimensional
Systems and Nanostructures, vol. 104, pp. 286-296, 2018.

[20] R. A. Jaber, A. Kassem, A. M. El-Hajj, L. A. El-Nimri, and A. M. Haidar,
"High-performance and energy-efficient CNFET-based designs for ternary
logic circuits," IEEE Access, vol. 7, pp. 93871-93886, 2019.

[21] J. M. Aljaam, R. A. Jaber, and S. A. Al-Maadeed, "Novel Ternary Adder
and Multiplier Designs Without Using Decoders or Encoders," IEEE Ac-
cess, vol. 9, pp. 56726-56735, 2021.

[22] C. Vudadha, S. Rajagopalan, A. Dusi, P. S. Phaneendra, and M. Srini-
vas, "Encoder-based optimization of CNFET-based ternary logic circuits,"
IEEE Transactions on Nanotechnology, vol. 17, no. 2, pp. 299-310, 2018.

[23] R. A. Jaber, A. M. El-Hajj, A. Kassem, L. A. Nimri, and A. M. Haidar,
"CNFET-based designs of Ternary Half-Adder using a novel decoder-less
ternary multiplexer based on unary operators," Microelectronics Journal,
vol. 96, p. 104698, 2020.

[24] B. Srinivasu and K. Sridharan, "A synthesis methodology for ternary logic
circuits in emerging device technologies," IEEE Transactions on Circuits
and Systems I: Regular Papers, vol. 64, no. 8, pp. 2146-2159, 2017.

[25] M. Takbiri, R. F. Mirzaee, and K. Navi, "Analytical review of noise margin
in MVL: clarification of a deceptive matter," Circuits, Systems, and Signal
Processing, vol. 38, no. 9, pp. 4280-4301, 2019.

[26] M. K. Q. Jooq, M. H. Moaiyeri, and K. Tamersit, "Ultra-Compact Ternary
Logic Gates Based on Negative Capacitance Carbon Nanotube FETSs," IEEE
Transactions on Circuits and Systems 1I: Express Briefs, 2020.

[27] W.-X. You, P. Su, and C. Hu, "A new 8T hybrid nonvolatile SRAM with
ferroelectric FET," IEEE Journal of the Electron Devices Society, vol. 8, pp.
171-175, 2020.

[28] M. H. Park, Y. H. Lee, T. Mikolajick, U. Schroeder, and C. S. Hwang,
"Review and perspective on ferroelectric HfO,-based thin films for mem-
ory applications," MRS Communications, vol. 8, no. 3, pp. 795-808, 2018.

[29] M. H. Park et al., "Ferroelectricity and antiferroelectricity of doped thin
HfO5-based films," Advanced Materials, vol. 27, no. 11, pp. 1811-1831,
2015.

[30] M. Fan, P. Chang, G. Du, J. Kang, and X. Liu, "Impacts of Radius on the
Characteristics of Cylindrical Ferroelectric Capacitors," IEEE Transactions
on Electron Devices, vol. 67, no. 12, pp. 5810-5814, 2020.

[31] S. Mueller, J. Muller, U. Schroeder, and T. Mikolajick, "Reliability Char-
acteristics of Ferroelectric Si: HfO2 Thin Films for Memory Applications,"
IEEE Transactions on Device and Materials Reliability, vol. 13, no. 1, pp.
93-97, 2012.

[32] T. Srimani et al., "Negative capacitance carbon nanotube FETs," IEEE
Electron Device Letters, vol. 39, no. 2, pp. 304-307, 2017.

[33] "Virtual-source carbon nanotube field-effect transistors model," https://
nano.stanford.edu/stanford-cnfet2-model, version 1.0.1, 2015.

[34] A. D. Franklin and Z. Chen, "Length scaling of carbon nanotube transis-
tors,"Nature nanotechnology, vol. 5, no. 12, pp. 858-862, 2010.

[35] Z. Dong and J. Guo, "A simple model of negative capacitance FET with
electrostatic short channel effects," IEEE Transactions on Electron Devices,
vol. 64, no. 7, pp. 2927-2934, 2017.

[36] A. Aziz, S. Ghosh, S. Datta, and S. K. Gupta, "Physics-based circuit-
compatible SPICE model for ferroelectric transistors," IEEE Electron De-
vice Letters, vol. 37, no. 6, pp. 805-808, 2016.

[37] A. A.Javadi, M. Morsali, and M. H. Moaiyeri, "Magnetic nonvolatile flip-
flops with spin-Hall assistance for power gating in ternary systems," Journal
of Computational Electronics, vol. 19, pp. 1175-1186, 2020.

[38] S. Banerjee, A. Chaudhuri, and K. Chakrabarty, "Analysis of the Impact
of Process Variations and Manufacturing Defects on the Performance of
Carbon-Nanotube FETSs," IEEE Transactions on Very Large Scale Integra-
tion (VLSI) Systems, vol. 28, no. 6, pp. 1513-1526, 2020.

[39] C.-I. Lin, A.I. Khan, S. Salahuddin, and C. Hu, "Effects of the variation of
ferroelectric properties on negative capacitance FET characteristics," IEEE
transactions on electron devices, vol. 63, no. 5, pp. 2197-2199, 2016.

[40] N. H. Weste and D. Harris, CMOS VLSI design: a circuits and systems
perspective, Pearson Education India, 2015.

[41] X. Li et al., "Advancing nonvolatile computing with nonvolatile NCFET
latches and flip-flops," IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 64, no. 11, pp. 2907-2919, 2017.

[42] X. Li et al., "Lowering area overheads for FeFET-based energy-efficient
nonvolatile flip-flops," IEEE Transactions on Electron Devices, vol. 65, no.
6, pp. 2670-2674, 2018.

[43] A. Saki, S. H. Lin, M. Alam, S. K. Thirumala, S. K. Gupta, and S. Ghosh,
"A family of compact nonvolatile flip-flops with ferroelectric FET," IEEE
Transactions on Circuits and Systems I: Regular Papers, vol. 66, no. 11, pp.
4219-4229, 2019.

[44] S.K.Kim, T. W. Oh, S. Lim, D. H. Ko, and S.-O. Jung, "High-performance
and Area-efficient Ferroelectric FET-based Nonvolatile Flip-Flops,", IEEE
Access, 2021.

[45] A. Amirany, K. Jafari, and M. H. Moaiyeri, "High-Performance Spintronic
Nonvolatile Ternary Flip-Flop and Universal Shift Register ", IEEE Trans-
actions on Very Large Scale Integration (VLSI) Systems, 2021.

MOHAMMAD HOSSEIN MOAIYERI (Senior
Member, IEEE) received the Ph.D. degree in com-
puter engineering from Shahid Beheshti Univer-
sity, Tehran, Iran in 2012. He is currently an
Assistant Professor in the Faculty of Electrical
Engineering, Shahid Beheshti University. He has
also served as an Associate Editor of IEEE Access
and Circuits, Systems, and Signal Processing Jour-
nals. His research interests include VLSI design
for beyond-CMOS emerging devices, low-power
VLSI design, and mixed-signal integrated circuits.

MOHAMMAD KHALEQI QALEH JOOQ re-
ceived his Ph.D. degree in electrical engineering
from Lorestan university, Khorram-abad, Iran. He
is currently with the Nanothechnology & Quan-
tum Computing Lab of Shahid Beheshti Univer-
sity, Tehran, Iran. His main research interest in-
clude carbon nanotube electronics, VLSI design,
nanoscale device modeling, emerging device be-
yond CMOS technology, approximate computing,
and fuzzy logic.

ALAADDIN AL-SHIDAIFAT received the B.S.
degree in software engineering from Al-Hussein
Bin Talal University, Jordan, in 2011 and the
M.Eng. degree in computer engineering from Inje
University, Korea, in 2015. He has recently done
his PhD degree from department of nanoscience
and engineering, Inje University, Korea. Currently,
he is working as research professor in nanoscience
and engineering department of Inje University,

v Korea, joining Nano Circuit Design Laboratory
(NCDL). His research interests are medical image processing, computer
vision, integrated circuits, computational sensors, smart structures, and
neuromorphic applications.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://nano.stanford.edu/stanford-cnfet2-model
https://nano.stanford.edu/stanford-cnfet2-model

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI

. 10.1109/ACCESS.2021.3114408, IEEE Access
IEEE Access

HANJUNG SONG was born in south Korea. He
received his B.S, M.S and PhD degree in Electron-
ics Engineering from Hanyang university, Korea
in the year of 1986, 1988 and 2000 respectively.
He joined Nano design circuit laboratory, Inje uni-
versity, South Korea in 2004 where he is currently
as a Head and Professor in the department of
Nanoscience engineering. He has published sev-
eral research papers in referred International Jour-
nals. He is carrying out three sponsored research
projects as Principal Investigator. His research interest includes power IC
circuit design, analog VLSI design of silicon neuron system and chaotic
circuit, Semiconductor device modelling and reliability.

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



