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Abstract— Energy-harvesting internet-of-things devices must
deal with unstable power input. Nonvolatile processors (NVPs)
can offer an effective solution. Compact and low-energy arith-
metic circuits that can efficiently switch between computation
and backup operations are highly desirable for NVP design.
This paper introduces a nonvolatile ferroelectric field-effect
transistors (FeFET)-based sequential multiplier with the ability
to do continued calculation after a power outage, thus achieving
zero backup overhead. We exploit the unique characteristics of
FeFETs to construct key components of a sequential multiplier.
The multiplier relies on a FeFET-based adder and a new FeFET-
based latch to achieve compact area and low operating energy.
Moreover, it uses the hysteretic characteristic of FeFETs to
realize the storage capability, and hence is able to store, at no
extra cost, the intermediate data of an operation in a nonvolatile
manner. This property provides support for continued computa-
tion when power supplies may be intermittent. Simulation results
show that, assuming the same technology node, the proposed
FeFET-based multiplier saves up to 21% and 19% area than a
conventional CMOS-based sequential multiplier of 4-bits and 8-
bits, respectively. It also saves 32% and 73% less area compared
with a CMOS-based array multiplier. Furthermore, the proposed
design can offer up to 32%/23% energy saving per operation
compared with a 4/8-bit CMOS-based sequential multiplier.

I. INTRODUCTION

With the rapid growth of Internet of Things (IoT) devices

[1], [2], energy-harvesting (EH) systems are gaining much

attention due to their advantages over battery-powered sys-

tems in many power-constrained environments such as body-

area devices. EH IoT devices hold high promise to perform

essential tasks in the huge IoT market. However, some issues

including the low conversion efficiency of energy sources and

the unstable input power to EH systems still severely limit

their deployment. Nonvolatile processors (NVPs) are a very

promising alternative to address these challenges, and have

gained significant attention in recent years. As a cross-layer

approach, a NVP needs progress from multiple aspects includ-

ing the architecture and circuit level. Although architecture-

level work has been studied in prior work [3], [4], circuit-level

work that enables the NVP system to execute more efficiently

and support continued execution is rather insufficient.

The unique properties of EH systems put new demands on

the circuit-level design of NVP. On the one hand, the NVPs

should be energy efficient under the tight resource constraints

of EH systems. On the other hand, the ability to backup

1The work was done while the author was in Zhejiang University.

data and then continue execution before and after a power

outage respectively is highly desirable due to the existence

of intermittent power. These demands motivate the design of

novel circuits that seamlessly merge computation and backup

operations.

In this paper, we focus on a nonvolatile (NV) arithmetic

component, multiplier, that can naturally support continued

calculation. Various NV adders based on different emerging

devices have been studied and proposed [5], [6], [7], but there

are few studies on NV multiplier which is an essential part

of the arithmetic unit. The design of a NV multiplier is more

challenging due to its more complex operation than addition.

Our NV multiplier is based on the ferroelectric field-effect

transistor (FeFET) [8], [9], and leverages the unique charac-

teristics and inherent non-volatility of FeFETs. FeFET is a NV

device with a ferroelectric (FE) layer integrated on the gate

stack of a MOSFET. Due to the hysteretic behavior, FeFET

can work as both a NV storage element and a switch. This

three-terminal device exhibits (i) compatibility with CMOS

technology [10], and (ii) high ION /IOFF ratio with hysteresis

[11]. The unique properties of FeFET enable its combination

with the conventional CMOS to offer a promising solution to

achieve both energy efficiency and non-volatility.

We propose a compact and energy-efficient FeFET-based

NV multiplier by exploiting the characteristics of FeFETs. The

major contributions of the work are summarized as below:

• We analyze different multiplier design structures and

propose a FeFET-based sequential multiplier which com-

bines the advantages of both FeFET and CMOS to

achieve non-volatility without performance degradation.

• We introduce a new FeFET-based latch with only six

transistors, and enable intermediate data preservation on

demand by utilizing the storage property of FeFETs.

• A NV full adder (FA) is redesigned based on the FeFET-

based FA proposed in [5] to offer support for the frequent

shift-and-add operation in the proposed multiplication

scheme because the design in [5] lacks support for writing

FeFET during operation.

• We develop multiple NV circuit structures in the pro-

posed multiplier design to ensure its non-volatility, which

is particularly beneficial to edge devices with intermittent

power supply.

The proposed multiplier is evaluated via detailed SPICE

simulations for various combinations of input widths and

architecture. The simulation results show that for 8-bit mul-

tiplication, our proposed FeFET-based multiplier can save

19%/73% area overhead and 23%/46% energy consumption

978-1-7281-4123-7/20/$31.00 c© 2020 IEEE
562

8B-4



(a)

(b)

(c)
� � � FE layer thickness

−7e9 m/F 3.3e10m5/F/coul2 −0.2e10m9/F/coul4 5.� nm

Fig. 1. (a) Equivalent circuit and physical structure of a FeFET. (b) FeFET
Ids × Vgs curves showing hysteresis behavior. Ids current varies according
to Vds [5]. (c) FE material parameters.

compared with the conventional CMOS-based sequential and

array multipliers, respectively.

II. BACKGROUND AND RELATED WORKS

This section briefly reviews the FeFET basics, the simula-

tion model used in this work, and related circuit design efforts.

A. FeFET Device

With the discovery of the FE behavior in the thin films

of SiO2 doped hafnium oxide (HZO), research in integrating

HZO in the gate stack of a MOSFET is becoming ever vibrant.

Fig. 1(a) depicts a possible device with such a gate stack

as well as its equivalent circuit. Depending on the thickness

of the FE layer, the device structure can exhibit one of two

operating modes: (i) steep switching mode promising sub

60 mV/decade switching, where the corresponding device

is referred to as negative capacitance field-effect transistors

(NCFET), (ii) hysteretic switching mode offering NV storage

property, where the corresponding device is referred to as

FeFET. The coupling between the FE capacitance (CFE)

and the underlying transistor capacitance (CMOS) causes the

different behaviors .

In this paper, we are interested in exploiting the hysteretic

switching mode, i.e., FeFETs. The hysteresis behavior arises

from the polarization phenomenon of FE in which one of the

two states (logic ’0’ or logic ’1’) is preserved in the device

even without the power supply, and the device state can be

switched by different suitable Vgs. Fig. 1(b) [5] shows the

device characteristics of Ids vs. Vgs, and the hysteresis loops

are clearly seen.

B. Simulation Model

The simulations in this paper use a physics-based circuit-

compatible SPICE model for FeFETs based on the time-

dependent Laudau Khalatnikov (LK) equations [12]. The

model enabling efficient design and analysis has been widely

employed in the circuit design using FeFETs [13], [14], [15],

[16]. It supports either 45 nm, 22 nm or 10 nm predictive

technology models (PTMs) [17] for the baseline transistor.

The coefficients parameters such as α, β and γ for the FE

layer in the LK equations [12] are summarized in Fig. 1(c),

and are calibrated to the experimental data on HZO material.

(a) (b)

Scenarios Operations

Vdd=‘1’; CLK=‘1’ Q follows D

Vdd=‘1’; CLK=‘0’ Q holds

Vdd=‘0’; Q=0

Vdd=‘0’� 1 ; CLK=‘0’ Q restores to store 
state(NV-Latch)

Function Table of Latch

Fig. 2. (a) Schematic of a FeFET-based latch and (b) its function table [13].

C. Related Work

Recent years have witnessed growing interests in using Fe-

FETs to design a variety of NV memory cells (e.g., [18], [19],

[11], [20], [21]). Moreover, lots of work have investigated

memory-based logic circuit design in which the FeFET serves

as both a switch and a NV storage element (e.g., [5], [14],

[16], [22], [23]). Since the focus of this paper is closely related

to arithmetic, logic and latch designs, we review these works

in more detail.

Due to the inherent storage capability of FeFETs, NV

latch and flip-flop (FF) designs are possible. Reference [13]

proposes a FeFET-based NV latch by adding a few transistors

to the conventional CMOS-based latch, as shown in Fig. 2(a)

with its function table in Fig. 2(b). The circuit operates as a

normal latch when power is on, yet retains the state in the

FeFETs if the supply is removed.

Though FeFETs can be used as a drop-in replacement

of MOSFETs in arithmetic/logic circuits, doing so generally

is not beneficial in terms of performance, energy and area.

Careful exploitation of FeFET’s unique properties can offer

advantages that are costly to obtain with MOSFETs alone.

In [5], [14], the authors introduce logic-in-memory (LiM)

based design of Boolean logic gates as well as FAs following

the dynamic logic (DL) and dynamic current mode logic

(DyCML) styles, as shown in Fig. 3. This work demonstrates

the advantages of FeFETs in building NV logic circuits over

other emerging devices such as MTJ and FTJ.

III. FEFET-BASED MULTIPLIER

This section discusses the details of our FeFET-based

multiplier design. We first present the overall structure of

the multiplier, and then elaborate the design of the key

components.

A. Overview of Multiplier Architecture

An appropriate multiplier struture is crucial to satisfy the

demands of the circuit-level design of NVP. Many research

efforts [24], [25], [26] have been devoted to improving per-

formance and power efficiency of CMOS-based multipliers.

Parallel multipliers with tree structures [24] are widely used

Fig. 3. Schematics of FeFET-based FA using (a) DL; (b) DyCML styles.
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Fig. 4. Overview of the proposed FeFET-based multiplier.

in high speed applications but incur substantial area overhead.

A radix multiplier [25] consumes less area but at the cost

of higher power consumption. Unlike the two, sequential

multipliers [26], e.g., the shift-and-add multiplier, target less

area and energy while operate at moderate speed. The shift

registers in a sequential multiplier provide the possibility to

be implemented with NV devices to achieve low-cost or even

implicit backup operation. Thus, we propose a new FeFET-

based NV multiplier using the sequential architecture and

exploit the unique features of FeFETs to achieve less area

overhead and higher energy efficiency than traditional CMOS-

based designs.

The proposed sequential multiplier design aims to meet the

following requirements: (i) ensuring non-volatility throughout

the entire design, and (ii) optimizing for energy efficiency

and design compactness. To support continued operation under

intermittent power supply without the need for explicit backup,

we leverage the NV property of FeFETs to design a NV

adder and a NV latch. By utilizing the adder and the latch,

the proposed multiplier realizes the accumulation and shift

operations with less transistors compared with a CMOS-

based design. The details of the accumulation and the shift

operations will be discussed in Sec. III-B and Sec. III-C.

Fig. 4 depicts the architecture of the proposed multiplier

and its data flow for the case N = M = 4. For an (N ×M )-

bit multiplication, one operand (N -bit) is fed in parallel while

the other one (M -bit) sequentially. Thus we need N AND

gates, one N -bit adder (N -1 one-bit FA and 1 one-bit half

adder (HA)), and a shift unit to complete the operation. The

operation has three stages: partial product (PP) generation, PP

accumulation, and intermediate sum (IS) shift. According to

the data flow, at a particular clock cycle i:

• PP Generation stage relies on the AND gates to produce

the partial product of X and yi (where X represents the

multiplicand and yi is the i-th bit of multiplier Y );

• PP Accumulation stage then uses the N-bit PP as one

operand for an N-bit FeFET-based FA to add up with

the intermediate sum preserved from the previous cycle.

RST ADD Shift ADD Shift ADD Shift ADD

Clock

Work Flow

Adder Status

(P: Precharge E: Evaluation)

P E P E P E P E

Fig. 5. Operation of FeFET-based multiplier.

Fig. 6. Simulation waveforms of the proposed FeFET-based multiplier. The
top five bits are shown in the waveforms.

When clock is high, the new intermediate sum ((N+1)-

bit) is generated;

• IS Shift stage shifts the sum of each 1-bit FA to the B
input of the adder on the right while the B input of the

left most (most significant bit) FA gets the its own carry-

out. The sum of the right most (least significant bit) HA

is shifted to the register. The new B values will be one

of the operands in the next cycle.

The complete operation flow for the procedure above is

also illustrated in Fig. 5. The circuit is initialized by the RST
signal. When RST is asserted to ’1’ and CLK is at low, logic

’0’ is written into the FeFETs in the FAs. When CLK goes

high, the FAs are at the evaluation stage and the multiplier

conducts accumulation. After that, when CLK is low again,

the multiplier shifts the PP and repeats the aforementioned

procedure. Fig. 6 shows the simulation waveforms of the

proposed multiplier design with a (4 × 4)-bit example. Here

Sk denotes the sum S for the k-th adder, and Co,IV denotes

Co for FA-IV, as shown in Fig. 4. Two input cases are shown

in Fig. 6: one is with more non-zero carry-ins (1111×1111)

while the other with very few carry-ins (1010×0101). It can

be readily seen that the multiplier operates correctly. In the

next subsection, we present the details of the key components

in the architecture.

B. Circuits for Partial Product Accumulation

This subsection discusses the detailed circuit design for the

PP accumulation stage, which relies on a FeFET-based FA for

accumulation and a write module for frequent writing. A reset

module is also introduced to reset the FeFETs at the beginning

of computing.

1) FeFET-based NV-FA: References [5], [14] introduce two

FeFET-based FA designs for compute-in-memory operations,

as shown in Fig.3. However, direct adoption of the existing FA

designs is not feasible because of the following three issues: (i)

Different FA designs impact the performance of the proposed

multiplier and require detailed comparison. (ii) The topology

in Fig. 3(b) may induce short circuit during writing and incur

substantial leakage power, as shown in Fig. 7(a). (iii) In the

multiplier design, both operands to the adder may change from

one cycle to the next. But in the previous work, the data is

written in FeFET in advance which lacks support to write

FeFETs during operations. Thus, we need a robust scheme to

write FeFETs during operations.
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Regarding the first issue, for the sequential multiplier de-

sign, the clock speed is determined by the latency of the

combinatorial logic as well as the time to write FeFETs. The

FA design may easily affect the performance of the proposed

multiplier. Due to the FeFET’s physical characteristics, sub-

stantial time is needed to write data into the FeFETs (500ps
to completely change the polarization state of the FE layer

for the model used in this work and [14]). Therefore. the

DL adder cannot stabilize its output signal till the FeFETs’

polarization status is fully changed, which penalizes circuit

performance. Fig. 7(b) depicts the simulated waveform for

the DL FA in [5], where the third waveform shows DL FA

output when the clock cycle is shorter than required, resulting

in incomplete polarization and incorrect result. To achieve fast

operation and energy efficiency, we choose the DyCML adder

with two complementary branches and redesign it to address

the aforementioned concerns.

Fig. 8 depicts the proposed FeFET-based DyCML NV-FA.

Similar to the original DyCML design in Fig. 3, it consists of

a clocked pull-up network, a logic network for accumulation

function and a pair of FeFETs distributed in the pull-down

network for preserving complementary input data. The NV-

FA operates in two phases: precharge and evaluation. In the

precharge phase, CLK is pulled low and the outputs are pulled

up to Vdd. In the evaluation phase, with CLK set to high, the

branch with lower resistance is quickly pulled down to ground,

thereby pulling the other branch up to logic ’1’.

Compared with DL based FA in Fig. 3(a), the proposed

DyCML FA can stabilize the output much faster by differen-

tiating the signal strengths of the two branches. The bottom

waveforms of Fig. 7(b) demonstrate the faster polarization of

the proposed NV-FA. Since the FeFETs are written during the

precharge phase, the four clocked transistors (the transistors

in red on top of the FeFETs in Fig. 8) are inserted to the

pull-down path to mitigate the short circuit current. Fig. 7(a)

shows the reduction in leakage for the proposed design.

2) Write Module: The redesigned NV-FA only partially

solves the aforementioned problem of writing FeFETs. In or-

der to ensure fast and stable write-in, we propose an additional

write module for the NV-FA and combine the write module

with the pull-down path to support frequent writing of the

FeFETs. The write circuit, highlighted by the blue dotted box

in Fig. 8, consists of two NOR gates. The inputs are a pair

��� ���

Fig. 7. (a) Leakage current of the FeFET-based DyCML FA [5] (left) and the
proposed NV-FA (right); (b) Waveforms for FeFET-based DL FA (middle) [5]
and the proposed NV-FA (bottom) with incomplete polarization.

of complementary values and the clock signal. The outputs

are connected to the gate and source terminals of each FeFET

to write either the value itself or its complimentary. Table. I

shows the function of the circuit. When CLK is ’0’ with NV-

FA in the precharge phase, the write circuit outputs a pair of

complementary values to write the FeFETs. When CLK is ’1’

with NV-FA in the evaluation stage, both of the outputs are

pulled down to ground. Such a write module is crucial to our

multiplier design which needs to frequently write the FeFETs.

On the one hand, the design keeps the Vgs of the FeFETs to

be ’0’ and ensures the FeFETs to retain their stored data. On

the other hand, it serves as a part of the pull-down path during

the evaluation stage.

TABLE I
FUNCTION TABLE OF THE PROPOSED WRITE MODULE

Input Input b CLK Y Y b Operation FA status

0 1 0 0 1 Write ’0’ Precharge

0 1 1 0 0 Retain Evaluation

1 0 0 1 0 Write ’1’ Precharge

1 0 1 0 0 Retain Evaluation

3) Reset Module: Due to the NV property of FeFETs, the

devices preserve the last value written after each multiplica-

tion. It is necessary to initialize the FeFETs before a new

multiplication starts. We add a reset module in series with the

write module. It is a NOR gate consisting of four transistors,

controlled by the reset signal, RST . The module outputs logic

’0’ at the beginning of a multiplication.

C. Circuit for IS Shift

As we alluded to above, the latch in the proposed multiplier

replaces the shift register in the traditional CMOS-based

design to assist the shift operation. A CMOS-based latch can

save the data temporarily but would lose the data without

power supply. Though there exist several FeFET-based NV

latch designs, they are for general purpose usage. In this work,

we introduce a special FeFET-based latch design that takes

advantage of the hysteresis characteristic of the FeFET and

the output scheme of the DyCML NV-FA. The new latch not

only preserves the data in a NV fashion but also requires fewer

transistors (only six transistors compared to twelve transistors

in the latch design of [13]).

The schematic of our proposed latch is shown in Fig. 9(a).

The module consists of an n-type MOSFET and an n-type

FeFET. The gate and source terminal of the FeFET are

connected to inverted S b and S from the DyCML NV-

FA, respectively. The FeFET is connected in series with the

Fig. 8. Schematic of the redesigned FeFET-based NV-FA.
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Fig. 9. (a) Schematic of the proposed latch and (b) its function table.

MOSFET to drive the output node to the appropriate value

depending on the data stored in the FeFET. Recall that the

state of FeFET is controlled by Vgs, which in this cases equals

the relative value of S and S b.

In the evaluation phase, S and S b are complementary.

Depending on the actual sum value, the following scenarios

can occur. (i) If S = 1, the gate voltage of the FeFET (Vg)

is driven to Vdd and the source voltage is ’0’. Hence, the

polarization state of the FeFET is positive, which leads to the

low resistance state of FeFET. (ii) Conversely, if S = 0, the

FeFET goes into the high resistance state. (iii) When the adder

goes into the precharge phase, both S and S b are pulled up

to Vdd. Thus, the FeFET retains its polarization because the

Vgs is ’0’. If S = 1 in the previous stage and the FeFET is

at low resistance state, S out is pulled down to GND. If the

FeFET is at high resistance state, the node is driven close to

Vdd due to the physical characteristic that the high resistance

of the FeFET is higher than the resistance of the closed NMOS

transistor. Thus, the data stored in the FeFET can be sensed

at the output node.

Note that the NMOS transistor in the proposed latch is

used to sense the data stored in the FeFET with its gate

terminal connected to the CRL signal. In normal operations,

CRL is ’0’ making the NMOS closed, which ensures a large

resistance between the power supply and the FeFET to avoid

large leakage current during sensing. Upon power restoration,

a pulse is applied to CRL to recover the data stored in the

FeFET. As for the two inverters in Fig. 9(a), during sensing,

the inverted signal of S is ’0’ providing a path to ground

to ensure the latch functionality. Also, the inverters work as

buffers to drive the latch and isolate the possible leakage

current between the NV-FA and the proposed latch.

The simulation waveforms in Fig. 10 illustrate the op-

erations of the proposed latch under both conditions, i.e.,

normal operation and sudden power failure. During a normal

operation, the circuit behaves as a typical latch. However, if

there is a power failure, indicated by the shaded regions in

Fig. 10, the output drops down while the polarization of the

FeFET retains. As demonstrated in the waveforms, the output

is recovered when power comes back.

Compared with the traditional CMOS-based designs, such

as the transmission gate based latch, the proposed latch has

lower clock loads and provides non-volatility. Compared with

the FeFET-based latch in [13], which also supports NV com-

puting, our design has only half of the number of transistors

(6 vs. 12) and saves almost 40% energy. When used in

the proposed 4-bit multiplier as a NV latch, the energy per

operation is reduced from 36.50μW to 20.23μW .
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Fig. 10. Simulation waveforms of the proposed latch. The waveform of ’P’
indicates ”polarization” of the FeFET in the latch.

D. Non-volatility

We now discuss the circuit-level NV support of the multi-

plier under intermittent power. As described in Sec. III-A, the

unique structure and operation allow the intermediate values to

be stored in the FeFETs in a NV fashion, which benefits from

the FeFET-based NV adders and NV latches. Specifically,

when CLK is high, the multiplier performs the accumulation

operation. If the supply is removed at this time, it is guaranteed

that the intermediate sum of the previous cycle is preserved

in the FeFETs of the adder. If the power failure happens

when CLK is low, the NV latches store the intermediate sum.

Therefore, the design ensures that the temporary data is never

lost regardless when a power outage occurs. The NV multiplier

can work with unreliable power supply with the ability to

preserve the state of the multiplier upon power failure and to

resume the operation from where it has stopped.

IV. EXPERIMENTAL RESULTS

In this section, we investigate the performance and energy

efficiency of the proposed FeFET-based multiplier design and

compare with two multipliers with different design prefer-

ences: (i) A CMOS sequential multiplier using dynamic cur-

rent mode logic (SM-DyCML); (ii) A CMOS array (parallel)

multiplier using static complimentary logic (AM-SCL) which

is a widely used array multiplier [25]. Both 4-bit and 8-

bit implementations are considered. We use the 45nm ASU

PTMs [17] for both CMOS and FeFET based designs with

1V nominal supply. The device parameters for the FeFET are

the same as in Fig. 1(c). The simulations were conducted with

HSPICE. The metrics for comparison include transistor count,

maximum frequency, time per operation, average power and

total energy consumption. Maximum frequency is determined

by the critical path length. Time per operation is the total

latency for one multiplication. We collect the average power

from the SPICE simulation and then calculate the total energy

consumed for one multiplication.

Table. II presents comparisons for different multiplier archi-

tectures and configurations. For a 4-bit multiplier, the proposed

multiplier reduces transistor count by 21% and 32%, and

consumes 32% and 15% less energy consumption compared

with CMOS SM-DyCML and AM-SCL, respectively. For

an 8-bit case, the proposed design obtains 19% and 73%

saving in transistor count, and 23% and 46% saving in energy

consumption, respectively.
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TABLE II
COMPARISON OF THE PROPOSED MULTIPLIER WITH CMOS BASED SM-DYCML AND AM-SCL MULTIPLIERS

Device #Bit Architecture #Transistor Max freq (MHz) Time per op. (ns) Ptotal (μW ) Energy (fJ)

FeFET 4 SM-DyCML 222MOS+20FeFETs 3300 1.2 20.23 24.28

CMOS 4 SM-DyCML 306MOS 3300 1.2 29.49 35.39

CMOS 4 AM-SCL 356MOS 2000 0.5 56.85 28.43

FeFET 8 SM-DyCML 458MOS+40FeFETs 3300 2.4 39.43 94.63

CMOS 8 SM-DyCML 610MOS 3300 2.4 50.60 121.44

CMOS 8 AM-SCL 1840MOS 500 2.0 86.67 173.34

Comparing the FeFET-based proposed multiplier with the

CMOS-based SM-DyCML, one can see that the proposed

multiplier has a reduction in transistor count as well as

energy consumption. The advantages are due to the fact that

FeFETs are used as both storage elements and switches in the

proposed design, thus the reset module and the FeFET-based

shift module employ less transistors than those in the classic

CMOS-based sequential multiplier.

We also compare our proposed design with the most com-

monly used CMOS-based AM-SCL. As shown in Table. II,

the proposed design has smaller transistor count and energy

consumption. It can be concluded that the sequential structure

naturally outperforms the array multiplier in terms of transistor

count and energy consumption while it is much slower. Since

the EH scenario is less delay sensitive but requires higher

energy efficiency, the results further support our choice of the

sequential structure rather than the array structure in the EH

scenario.

��� ���

Fig. 11. Energy consumption and average power of the proposed multiplier
at different clock frequency for (a) 4-bit (b) 8-bit.

As discussed in Sec. III-B, the use of DyCML logic

style helps speed up execution operation. It is valuable to

explore the relationship between energy consumption, power

and operating frequency, as shown in Fig. 11 (a) and (b) for

4-bit and 8-bit, respectively. Apparently the average power

increases with the clock frequency, while the total energy

consumption decreases. Though the dynamic power is the

main source contributing to the total energy, we notice that

static power consumption is not negligible during operation.

So it is essential to reduce the cycle time for energy efficiency.

V. CONCLUSIONS

In view of EH systems with restricted energy, area as well

as intermittent power supply, we propose an energy-efficient

FeFET-based NV multiplier in this paper. The FeFET device

with the hysteretic characteristic is exploited to construct key

components in the multiplier to achieve a more compact

structure and support NV computational operations at the

circuit level. The proposed design consumes less area and

energy than conventional sequential and array multipliers.
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