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Abstract—Compute-in-memory (CiM) is a promising solution
for addressing the challenges of artificial intelligence (AI) and
the Internet of Things (IoT) hardware such as memory wall”
issue. Specifically, CiM employing nonvolatile memory (NVM)
devices in a crossbar structure can efficiently accelerate multiply-
accumulation (MAC) computation, a crucial operator in neural
networks among various AI models. Low power CiM designs are
thus highly desired for further energy efficiency optimization on
Al models. Ferroelectric FET (FeFET), an emerging device, is
attractive for building ultra-low power CiM array due to CMOS
compatibility, high Ion/Iorr ratio, etc. Recent studies have
explored FeFET based CiM designs that achieve low power con-
sumption. Nevertheless, subthreshold-operated FeFETs, where
the operating voltages are scaled down to the subthreshold
region to reduce array power consumption, are particularly
vulnerable to temperature drift, leading to accuracy degradation.
To address this challenge, we propose a temperature-resilient
2T-1FeFET CiM design that performs MAC operations reliably
at subthreahold region from 0°C to 85°C, while consuming
ultra-low power. Benchmarked against the VGG neural network
architecture running the CIFAR-10 dataset, the proposed 2T-
1FeFET CiM design achieves 89.45% CIFAR-10 test accuracy.
Compared to previous FeFET based CiM designs, it exhibits
immunity to temperature drift at an 8-bit wordlength scale, and
achieves better energy efficiency with 2866 TOPS/W.

I. INTRODUCTION

With the rapid development of artificial intelligence (AI)
and Internet of things (IoT), there is an increasing demand for
processing massive amount of data, thus calling for computing
devices with low power consumption and read/write latencies
[1]. Unfortunately, data-intensive applications are challenging
to address with von Neumann architectures because of the
“memory wall” problem [2], where frequent data transfers lead
to high power consumption. To overcome such challenges,
computing-in-memory (CiM) has been proposed as a potential
solution for energy-efficient Al and IoT hardware designs [3—
7], as it allows highly parallel arithmetic or logical calculations
within the memory, which greatly increases the computing
efficiency by eliminating the data transfers [8—13].

A number of non-volatile memory (NVM) devices have
been considered for CiM designs, such as resistive random ac-
cess memeory (ReRAM) [14], phase-change memory (PCM)
[15], ferroelectric FET (FeFET) [16-22], etc. Among these
NVMs, FeFET offers advantages such as CMOS compatibility,

ultra-low leakage current, high Ion/Iopp ratio and low
write/read power. Prior works have reported FeFET based CiM
designs for multiply-accumulation (MAC) operation, the core
operator in Al models. Various FeFET based cells have been
proposed to optimize the power consumption, speed, area and
robustness [17, 19, 23], most of which operate in the saturation
region of FeFETs. That said, continuous optimizations on the
energy efficiency of CiM solutions are still desirable, given the
billion level number of MAC operations required for neural
network processing. This is where subthreshold computing
comes into play. By scaling the operating voltage of FeFET to
the subthreshold region (subthreshold-FeFET), FeFET based
CiM array can achieve further reductions in power consump-
tion compared to those operating in the saturation region.

On the other hand, the increased computation density in a
compact area leads to higher power density and temperature
elevation [24]. Also, the operating temperature will be affected
by environmental conditions. The varying temperatures that
may change the circuit operation states are normally neglected
by FeFET based CiM designers, assuming a thermostatic
condition. Unfortunately, FeFET is a highly temperature-
sensitive device, and even more sensitive in the subthreshold
region [25]. As temperature changes, the output of FeFET
will change significantly, resulting in the error of circuits.
Therefore, merely scaling the operating voltage to the sub-
threshold region is not sufficient, necessitating temperature-
resilient FeFET based design.

In this paper, to further scale down the power consumption
of FeFET based CiM design, and to solve the temperature drift
problem associated with the FeFET operating conditions, for
the first time, we propose a 2T-1FeFET cell design that almost
eliminates the impact of temperature ranging from 0°C to 85°C
on the subthreshold-FeFET based CiM array, while achieving
ultra-low power consumption. The operation and the tempera-
ture resilience of the proposed design have been illustrated and
validated at both cell and array levels. Evaluation results of the
proposed design on VGG nerual network for Cifar-10 datasets
demonstrate evident power consumption improvements with
great resilience to temperature drift compared to other FeFET
based CiM designs.

The paper is organized as follows: Sec. II provides a review
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of FeFET and subthreshold computation, and points out the
design challenges. Sec. III analyzes impacts of temperature
drift and proposes a temperature-resilient 2T-1FeFET cell. Sec.
IV evaluates the performance of our design. Sec. V concludes.

II. BACKGROUND

In this section, we review the FeFET device and the model
capturing the temperature dependency of FeFET, introduce the
subthreshold CiM design, and analyze the design challenges
of temperature-resilient subthreshold-FeFET based CiM.

A. FeFET Basics

FeFETs, which utilize H fOs as the ferroelectric dielectric,
have emerged as a competitive option for embedded NVM
due to their ultra-low leakage current, high IpyN/IorF ratio,
voltage driven mechanisms and CMOS compatibility [26].
FeFETs allow for the switching of ferroelectric polarization
within the gate layer by applying positive or negative gate
pulses, which sets FeFET to the low-Vp g /high-V g state [27],
as shown in Fig. 1. The stored data (i.e., ’1” and ’0’) can then
be read through the drain current (i.e., Iony and Ippr) by
applying a gate voltage between the low-Vr g and high-Vrpy.
Compared with other NVM devices, i.e., ReRAM [14], PCM
[15], which require high power during the write due to large
current, FeFETSs provide superior energy efficiency due to the
electric field driven write scheme [28].

Various models have been proposed to simulate FeFET
devices in circuit designs, such as the negative capacitance
FET (NCFET) based model [29], the multi-domain Preisach
model [30], and the comprehensive Monte Carlo model [31].
However, these models lack consideration for temperature
effects on devices, hindering the validation of functions and
performance evaluation of FeFET based circuits in practical
edge devices. While some studies have explored the impact
of temperature on FeFET devices [25, 32] and vulnerability
of CiM architectures to device variations [7], this work goes
further by investigating and addressing the temperature effects
on subthreshold-FeFET based CiM structures. To analyze the
collective temperature effects on CiM at the circuit level, we
utilize the experimentally calibrated Preisach FEFET compact
model [30] in conjunction with the Intel FinFET model.

B. Subthreshold Computing Design

Scaling the operating voltage to subthreshold region rather
than saturation region is a promising way to optimize the
energy efficiency, as the energy consumption is typically pro-
portional to the conducting current and the voltage. That said,
subthreshold computation has only been studied in mature
devices such as CMOS [33]. These designs consume large
area overhead and high power consumption, sacrificing the
advantages of voltage scaling, and yet CiM designs based on
subthreshold devices have not been studied so far.

To address the challenges faced by CMOS based sub-
threshold circuit design, in this work, for the first time, we
propose a subthreshold-FeFET based CiM design for MAC
operations. By leveraging the FeFET characteristics that are
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Fig. 1. FeFET structure and characteristic line at different temperatures and at
two states (low-Vgr/high-Vr ). FeFETs working under the chosen Vi.eqq =
0.35V in our design are fully lying in the subthreshold region.

similar to MOSFET devices as shown in Fig. 1, subthreshold-
FeFETs are acquired by applying scaled read voltage V,cqq
between the programmed memory window as shown in Fig.
1. As a result, the current Ip of FeFETs is lowered down,
achieving significant power reduction. However, similar to
the CMOS based subthreshold computing, the subthreshold-
FeFET is highly influenced by the temperature, as illustrated
in Fig. 1. It can be seen that temperature changes have a
stronger impact on the high-Vry state compared to the low-
Vry state. The detailed impact of the temperature drift on the
subthreshold-FeFET based CiM design is analyzed in Sec. III

C. Subthreshold Operation vs. Temperature Resilience

Subthreshold-FeFET offers the advantage of reduced power
consumption, while scaling voltages also makes the devices
more susceptible to temperature drift, which deteriorates their
performance or even functionality due to the exponential [-V
relationship of FeFETs in the subthreshold region. Previous
studies on CiM designs for MAC have already highlighted
the challenges of achieving temperature-resilient design and
subthreshold MAC operations. Combining both aspects further
exacerbates the difficulty. Therefore, the challenge lies in
finding an appropriate balance point between lower operating
voltage and better resilience to temperature drift.

III. PROPOSED TEMPERATURE-RESILIENT 2T-1FEFET
CIM DESIGN

In this section, we study the impacts of temperature drift
on existing FeFET CiM designs operating in the subthreshold
region, and propose a novel cell structure that aims at im-
proving temperature resilience and energy efficiency based on
subthreshold-FeFET.

A. Temperature Drift on Existing Designs

To assess the significance of our proposed design, we first
analyze traditional FeFET based CiM designs under different
temperature conditions. As an example, we consider the basic
1FeFET-1R structure proposed in [17]. Fig. 2 illustrates the
basic 1FeFET-1R array structure. For our analysis, we main-
tain all given parameters, e.g., write voltage and latency, and
adjust the read voltage to investigate both the saturation region
(Vieada = 1.3V) and the subthreshold region (V,.cqq = 0.35V).

First we analyze the output current of a single 1FeFET-
IR cell. Fig. 3(a) and (b) illustrate the output current and the
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Fig. 2. The traditional 8-bit wordlength 1FeFET-1R structure [17].

0 II |

0 20 27 65 85
Operating temperature (°C)

(@) Vieaq=1.3V (Saturation region)

o
o

N

3]
t=]

N
S

g

(o]

w
S

N
S

=}

~

>
o
N

Normalized value of output current
o
o

o
o

0.9 1.3
Read voltage V,ggq (V)

(b) V,¢ag=0.35V (Subthreshold region)

Output current of 1FeFET-1R cell Igy7 (UA)

3
T_ 15 z
8 0°C ] 1.2
= 20°C 3 4
8 27°C 5
o
CO 65°C Sos
E 85°C %5
[ © 0.6
w ©
= 05 >
5 ° 0.4
e 5 0.2
e < 0.
£
5 0 ‘ 1200
% 0.15 0.25 0.35 0 20 27 65 85
[e] Read voltage Vgaq (V) Operating temperature (°C)

Fig. 3. Output current of 1FeFET-1R cell at temperatures from 0°C to 85°C
under the same input voltages and normalized output current with reference
temperature at 27°C. (a) Vyeqq = 1.3V (saturation region, which is the
operating voltage of [17]). (b) V,.eqq = 0.35V (subthreshold region). Current
fluctuation is measured by the difference of nominal output current to 1.

normalized output current to show current fluctuations (over
the reference current at 27°C) at different temperatures with
the same input voltages upon read when cells are operating
in the saturation region and subthreshold region, respectively.
When temperature rises from 0°C to 85°C, the fluctuation of
the output currents reaches up to 20.6% (saturation region) and
52.1% (subthreshold region), respectively. These large current
fluctuations in output current pose challenges in constructing
larger-scale CiM arrays, where different MAC outputs may
have overlapped output currents due to temperature drift, thus
causing computation inaccuracies. Fig. 4 displays the range of
output results obtained from an 1FeFET-1R CiM array with
8 cells per row, with a read voltage V,.cqq of 0.35V, under
varying temperatures. It can be seen that problems arise when
two distinct MAC outputs overlap with each other due to the
impact of temperature drift.

We extend our analysis to several other FeFET based struc-
tures, specifically those operating in the subthreshold region,
such as the one proposed in [23]. Upon examining these
works, we observe that FeFET devices operating in or near the
subthreshold region demonstrate expected performance within
specific temperature conditions. However, these devices ex-
hibit erroneous results when temperature changes, highlighting
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Fig. 5. Schematic of the proposed 2T-1FeFET cell design for CiM array, with
the feedback loop for temperature drift compensation.

the need for robust temperature compensation techniques.

B. Proposed 2T-1FeFET Design

To achieve temperature resilience, we propose a FeFET
based cell as shown in Fig. 5. In this structure, two n-
MOSFETs (M1 and M2) are connected in a ring configuration.
Both M1 and M2 operate in the subthreshold region. The
cell parameters, such as the W/L (width/length) ratio, read
latencies, and write latencies, are tuned to improve the tem-
perature resilience of the cell. As the temperature increases
and the FeFET drain current Ip rises, the gate voltage of
M1 also increases due to the presence of M2. By keeping
voltages on BL and SL lines constant, the drain current
of MI increases as a result of the increasing gate voltage.
This increased drain current of M1, i.e., the output current,
subsequently raises the voltage at the gate of M2. This leads
to a decrease in Vi, (gate-source voltage of M1), limiting
and reducing the drain current of M1, which is the output
current of cell, and then leads to the voltage drop on Vg
(gate-source voltage of M2). Ultimately, the drain current of
M2 and the FeFET is reduced. Similarly, the current drop of
FeFET due to decreasing temperature will also rise back per
the feedback loop. By employing this feedback mechanism,
the drain currents of both M1 and M2 experience a drop/rise
as temperature increases/decreases, effectively mitigating the
impact of temperature drift on the cell output.
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The overall structure of the CiM array is built as shown
in Fig. 6. Each row performs one MAC operation. In this
design, we build a CiM array with 8 2T-1FeFET cells per row,
with each cell associating with a small capacitor that converts
current signals to stable voltage signals. The sensing circuit
of array illustrated in Fig. 6 consists of a switch controlled by
signal EN, and an accumulation capacitor C,.. to obtain the
output of MAC operations.

During the write operation of the 2T-1FeFET CiM array,
we apply a -4V pulse for 200ns to WLs to program FeFETs
to high-Vrp state (logic ‘0’). On the other hand, to set the
FeFETs to the low-Vrpy state (logic ’1°), a +4V pulse for
115ns is applied. During the MAC operation, BL is set to 1.2V
and SL is set to 0.2V. Within a row, each cell is controlled by
an input WL line. When the input is ’1°, WL is set to 0.35V to
activate subthreshold-FeFETs with low-Vr state, i.e., storing
’1’. Conversely, when the input is ’0’, WL disables FeFETs,
conducting no currents. If a FeFET stores high-Vrp state, the
multiplication result of the cell remains O regardless of input
on WL. Each cell performs the multiplication operation based
on the input voltage and the stored state, and multiplication
currents are drawn from the SL lines, charging all the cell
capacitance C,s. After the charging, the EN signal is set to a
high level, and switches are opened simultaneously to charge
the accumulation capacitance C,... The stored voltage of C\..
can be calculated using equation (1):

> Vo
i=1

Co

Vace = ———5— 1
nCo + Cace M

where 7 is the number of cells connected to C.., and Vp; is
the voltage level of each C,. The array demonstrates resilience
to temperature drift due to the temperature-resilient nature of
its cells. Furthermore, the array exhibits enhanced performance
as the effects of temperature drift on both the cells and the
sensing circuit align in the same direction.

IV. VALIDATION AND EVALUATION

In this section, we first evaluate the performance of our
proposed 2T-1FeFET CiM structure, including the resilience to
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2T-1FeFET cell V,,,=0.35V

o

0.8
0.6
05+~ 0.4

0.2

Normalized value of output current

0

Output current of 1FeFET-1R cell lgy1 (UA)

0 20 27 65 85
Operating temperature (°C)

0

0.175
Read voltage Vigaq (V)

0.35

Fig. 7. Normalized output current of proposed 2T-1FeFET cell under the same
input voltages with varying temperature, the reference temperature is 27°C.
The 2T-1FeFET cell maintains similar temperature resilience to 1FeFET-1R
structures that operate in the saturation region, and performs even better at
temperatures above 20°C.

temperature drift from 0°C to 85°C and process variation, and
apply our design to VGG network with Cifar-10 dataset. In the
end, we compare the the proposed 2T-1FeFET CiM structure
with other emerging designs.The evaluations are performed on
Cadence Virtuoso Spectre simulator.

A. Temperature Resilience Validation

Fig. 7 shows the temperature impact on our proposed cell
design. The results are tested with the same input voltages and
the reference temperature is 27°C (RT). The largest current
fluctuation over the reference temperature of 2T-1FeFET cell
is 26.6% at 0°C, which is close to the 20.6% fluctuation
of 1FeFET-1R cell that operates in the saturation region
(as revealed in Sec. III), and much better than subthreshold
1FeFET-1R cell, whose current fluctuation reaches 52.1%.
Moreover, when temperature exceeds 20°C, our design outper-
forms the saturated 1FeFET-1R design, with the largest current
fluctuation reduced to 12.4%.

We further perform simulation on 2T-1FeFET CiM array
with 8 cells per row to measure the different outputs of
MAC operation under different temperatures. Fig. 8 illustrates
different MAC outputs and respective energy consumption of
our proposed 2T-1FeFET CiM array with 8 cells per row. The
different MAC outputs under different temperatures do not
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overlap, indicating stable CiM computation. Fig. 8(b) shows
the energy consumption corresponding to different MAC out-
puts. With each MAC operation consisting of 8 multiplications
and 1 accumulation, the average energy per operation is about
3.141], and the energy efficiency reaches 2866 TOPS/W.

To better evaluate our 2T-1FeFET array, we define Noise
Margin Rate (N M R) whose numerical expression is (2):
LVii, — HY,

HV; — LV,

In this expression, HV; and LV, are the highest and lowest
output voltages for M AC = i within 0°C to 85°C. NMR;
values the ratio of the gap distance between two different
MAC outputs to the width of the M AC' = i output range.
N M R also signifies the probability of two different outcomes
overlapping with each other. We further define NMR,,;,
expressed by equation (3):

NMR; = 2

NMRppin = min{ NMR;},i=0,1,...,8 3)

to show the worst performance of the array from M AC = 0
to MAC = 8. A higher and positive value of NMR,,;,
indicates better performance of the CiM array, while a negative
value suggests that the array may output overlaps and induce
errors. As far as we have studied, all existing FeFET based
CiM designs with 8 cells per row, whether operating in the
saturation region or subthreshold region, exhibit NMR,,;,
values below 0 within 0°C to 85°C. Our array exhibits an
NMR,;, value of NMR,,;, = NMRy = 0.22. When
only considering the temperature range of 20°C to 85°C,
the NMR value increases to NMR,,;, = NMR; = 2.3,
indicating a significant improvement in sense margin. It is
evident that our design has better optimization for the range
of 20°C to 85°C than the range of 0°C to 20°C. Despite this,
our design outperforms other related designs upon temperature
drift, maintaining superior overall performance.

To further assess the impact of process variations on FeFET
based CiM design, we run 100 Monte Carlo simulations of the
2T-1FeFET CiM array with an experimental FeFET Gaussian
variability of oy, = 54mV. The simulation results, shown
in a histogram (Fig. 9), reveal that the highest error caused
by process variation is approximately 25%, which is not
significantly higher than other emerging CiM designs, such
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Fig. 9. The impact of process variation with oy, = 54mV at 27°C on CiM
output via 100 Monte Carlo simulations.

TABLE I
THE STRUCTURE OF VGG EXECUTED ON CIFAR-10 DATASET

Layer Input Map Output Map Non Linearity

64 3x 3 Convl 32x32x3 32x32x64 | ReLU,dropout(0.3)
64 3x 3 Conv2 32x32x64 32x32x64 ReLU

[2, 2] MaxPooll 32x32x64 16x16%x64 —

128 3x 3 Conv3 16x16x64 16x16x128 | ReLU,dropout(0.4)
128 3x 3 Conv4 | 16x16x128 | 16x16x128 ReLU

[2,2] MaxPool2 | 16x16x128 8x8x 128 —
256 3x 3 Conv5 8x8x 128 8x8x256 ReLU,dropout(0.4)
256 3x 3 Conv6 8x8x256 8x8x256 ReLU,dropout(0.4)
256 3x 3 Conv7 8x8x256 8x8x256 ReLU

[2, 2] MaxPool3 8% 8x256 4x4x256 —
4096x4096 FC1 1x1x4096 1x1x4096 | ReLU,dropout(0.5)
4096 x4096 FC2 1x1x4096 1x1x4096 | ReLU,dropout(0.5)
409610 FC3 1x1x4096 1x1x10 —

as the 6T SRAM CiM [34] that has a maximum error of 50%
caused by process variation. Our proposed CiM array exhibits
an error below 10% when reduced to 4 cells per row, which
is comparable to the 1FeFET-1R design [17].

B. Performance Evaluation of CiM Array

In this section, we evaluate the performance of the proposed
design in the context of convolutional neural network (CNN)
layers. Here we use the same CNNs and datasets as in [34],
i.e., VGG and Cifar-10 dataset. The executed VGG network
is summarized in Table I, and the performance of the 2T-
1FeFET cell applied in the VGG layers is illustrated in Table
II. Monte Carlo simulations of executing VGG on Cifar-10
using the proposed hardware suggest an average classification
accuracy of 89.45%.

we compare our subthreshold-FeFET based CiM design
with other existing CiM designs, which are SRAM CiM
designs [34, 35], ReRAM CiM designs [14] and MTJ CiM
designs [36]. As shown in Table II, we list several perfor-
mance metrics of our design and other types of existing CiM
designs. The 2T-1FeFET design demonstrates significantly
lower power consumption compared to other energy-efficient
designs, thanks to its high Iox/IppF ratio, and subthreshold
computing mode. Other designs such as ReRAM and MTJ
consume 64.6x and 445.9x more operation energy than 2T-
1FeFET CiM array. This highlights the advantage on power
consumption of subthreshold-FeFET based CiM designs over
other designs. The proposed design has a latency of 6.9 ns
for each MAC operation. While it may not be as fast as some
other devices like the 1FeFET-1R, it remains competitively
efficient. The lower operating voltage and accumulative ca-
pacitors contribute to the slightly higher latency.

From all these comparisons, we conclude that our 2T-
1FeFET design has significant advantages on power consump-



TABLE II
PERFORMANCE SUMMARY

Related Cell Network Energy
Work Device Process Structure Dataset | Architecture | Accuracy Energy Efficiency
Cifar-10 VGG 88.83% NA
[34] CMOS 65nm 6T SRAM MNIST LeNet-5 99.05% 158.203nJ (/inference) NA
[35] CMOS 65nm 12T SRAM | Cifar-10 BNN 85.7% 2.48-7.191] (/operation) 403 TOPS/W
[17] FeFET 28nm 1FeFET-1R / / / NA 13714 TOPS/W
[19] FeFET 28nm 1FeFET-1T | MNIST MLP 97.6% 17.6uJ (/inference) NA
[14] ReRAM 22nm 1T-1R Cifar-10 VGG 91.72% ~5.5u] (/inference) 26.66 TOPS/W
[36] MT] 28nm IT-IMTJ / / / 1.4pJ (/operation) 32 TOPS/W
85.08nJ (/inference)
This Work FeFET 14nm 2T-1FeFET | Cifar-10 VGG 89.45% 3.14fJ (/operation) 2866 TOPS/W

tion while being resilient to temperature variations, and the
accuracy of our design applied in VGG network is relatively
high. Notably, We are the first to realize the temperature-
resilient subthreshold-FeFET based CiM array with 8 cells per
row within 0°C to 85°C range, especially at temperature above
20°C, whose property other existing designs do not possess.

V. CONCLUSION

In this paper, to build an ultra-low power CiM design for
practical edge scenarios, we investigate the computation failure
caused by thermal variations of FeFET based CiM structures,
and propose a novel subthreshold 2T-1FeFET cell design and
an ultra-low power CiM array with 8 cells per row that are
immune to output overlap induced operation failure at temper-
atures ranging from 0°C to 85°C. The developed subthreshold-
FeFET based CiM design has a remarkable reduction on
power consumption compared to other emerging designs, and
a remarkable energy efficiency of averaging 2866 TOPS/W
for the CiM array with 8 cells per row. Evaluation also shows
89.45% accuracy of the proposed design on the VGG neural
network architectures running the Cifar-10 dataset. Overall,
our proposed CiM structure offers a promising solution to
mitigate the impact of temperature variations, reduce power
consumption, and deliver reliable MAC operations for neural
networks deployed in edges.
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