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1 INTRODUCTION

In-memory computing (IMC) enhances efficiency in internet of
things (IoT) and artificial intelligence (AI) applications by enabling
computations directly within memory. This approach minimizes
processor load and alleviates bus congestion, resulting in faster and
more energy-efficient processing [8]. However, it faces key chal-
lenges, including weight reloading and activation buffering during
Al inference, which become more critical in intermittent computing
environments with unstable power supplies [4]. A substantial por-
tion of the area and power consumption in system-on-chip (SoC)
devices is attributed to SRAM cells. However, the volatile nature
of SRAM makes weight data highly susceptible to power failures
[3]. To tackle this challenge, research on nonvolatile SRAM cells
has investigated technologies such as ReRAM, magneto-electric
FETs (MEFETs), and magnetic tunnel junctions (MTJs). MT]Js pro-
vide long retention times and low write energy but have reliability
issues due to their low ON/OFF ratios and current-driven switch-
ing. ReRAM offers better ON/OFF ratios and larger sense margins
but faces slower write operations, higher power consumption, and
lower endurance than MTJs. The MEFET, based on the antiferromag-
netic (AFM) magneto-electric (ME) effect, offers faster-switching
speeds and a larger ON/OFF ratio compared to traditional spin-
tronic devices. It achieves ultra-fast switching (<20 ps) and low
energy consumption (<20 aJ) by using a coherent rotation mech-
anism for domain switching, without relying on ferromagnetic
switching or domain wall movement [6]. This paper presents a
novel non-volatile SRAM cell, ME-SRAM, designed for IMC using
MEFETs. The presented platform enables efficient bulk bit-wise
X(N)OR logic for Al interfaces. By optimizing the Verilog-A MEFET
model and employing power-saving techniques, we reduce static
power consumption during idle periods. Furthermore, we introduce
a novel SRAM cell with improved stability, achieved through an
innovative write and single-ended read operation. This work is a
summary of our published paper in [2].

2 NON-VOLATILE MEFET DEVICE

The MEFET shares structural similarities with the CMOS-FET de-
vice. Fig. 1 illustrates the basic single-source version of the MEFET,
which is a four-terminal device comprising gate (T1), source (T2),
drain (T3), and back gate (T4) terminals, along with the simplified
three-terminal design schematic used in this work. The MEFET
functions by biasing the spin-orbit coupling (SOC) channel through
the T1 and T4 terminals, similar to CMOS gate biasing, with current
applied from T2 to T3. A low voltage of £100 mV across the gate (T1)
and back gate (T4) charges the ME capacitor, creating an electric
field that induces changes in the paraelectric polarization and AFM
order within the ME insulator layer. This leads to the reorientation
of spin vectors in Chromia, facilitated by exchange interactions
and SOC. Subsequently, the high boundary polarization of the ME
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Figure 1: MEFET device and the circuit scheme.
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layer polarizes the spins of carriers within the semiconductor chan-
nel. This polarization creates a preferred conduction path along a
specific axis, leading to a significant change in resistance in that
direction [2]. The Verilog-A model of the MEFET used in this design
consists of two modules: 1) the write process, which controls and
induces polarization through ME dynamics in the semiconductor
channel, enabling source-to-drain spin injection, and 2) the read
process, which reads out the FET resistance.

3 PRESENTED ME-SRAM ARCHITECTURE

The ME-SRAM design is a nonvolatile SRAM cell optimized for
IMC. Its nonvolatile characteristic ensures that, in the event of a
power loss during computation, intermediate data is retained in
the nonvolatile section of the cell, enabling the system to resume
from the point of disruption rather than restarting from scratch
[9]. The design is divided into two main modes: memory mode and
computing mode, which are explained in the following sections.

3.1 Memory Mode

The ME-SRAM bit-cell, shown in Fig. 2(a), consists of two main
components: the volatile component, which includes the presented
8T-SRAM cell (M1-M7 and MR), and the non-volatile component
(highlighted in green), responsible for data storage and retrieval.
The non-volatile component includes one MEFET and five transis-
tors (M8-M12). This mode consists of two sub-modes: the normal
mode and the store/restore mode.

3.1.1  Normal mode. In this mode, the ME-SRAM cell operates as
standard memory, performing hold, read, and write operations. The
non-volatile component is deactivated through specific transistors
(M8, M9, M12). During reading, the RBL is precharged, and the RWL
is grounded, with the RBL’s state depending on the data stored in
the memory nodes (Q/QB). In the write operation, SPL and SPR
signals are grounded, and M7 connects the Q and QB nodes to
VDTD. The nodes equalize, and the data is applied to SPL and SPR,
triggering positive feedback in the inverters that set the data to ‘0’
or ‘1",
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Figure 2: (a) presented ME-SRAM (b) Block diagram (c) Equiv-
alent circuit while data is read from cells and Timing diagram
(d) presented SA in [2].

3.1.2  Store/Restore mode. In the store mode, the presented write
circuitry stores data in the MEFET by applying the appropriate
write voltage (Vpst or Vyst) to the MEFET’s gate based on the Q
and QB values, which alters the MEFET s resistance and retains the
data in the non-volatile element. To restore data from the MEFET
to the SRAM cell, the SPL and SPR are grounded, and the PSE
signal is activated. The restore signal (RSTR) turns on the Mg and
My transistors, enabling the ME-SRAM to compare the MEFET
resistance (RME) with a reference resistance (Rgef). The difference
in resistances causes either Q or QB to discharge, storing the desired
data in the SRAM cell.

3.2 Computing Mode

The ME-SRAM can perform parallel X(N)OR logic by activating two
ME-SRAM cells holding operands (An and Bn) in the same memory
sub-array column(Fig 2 (b)). For efficient bit line computing, RWL,
is tied to Vpp, RWL; to ground, and RBL is pre-charged to VDTD. If
QBj1 = OBy, RBL stays at its initial value. If QB #QB;, RBL is tied
to either VDD or ground. The computing operation is shown in Fig.
2(c). We propose a sense amplifier (SA) to detect the voltage states
by using two comparators to sense the difference between RBL
and reference voltages. An OR gate connected to the comparators’
output enables the extraction of the X(N)OR logic result. Depending
on the configuration bits, the SA can perform both basic memory
and X(N)OR functions by selecting different reference voltages (Fig.
2(d)). For the X(N)OR operation, Vrefl and Vref; are set such that
Vref1<Vref3<Vref2-

4 EVALUATION

The presented nonvolatile cell is evaluated in terms of delay, power,
and PDP(Power Delay Product) during the store and restore op-
erations, and its performance is compared to that of SOT, STT,
and SOT/STT-based novel MTJ nonvolatile SRAM cells. As shown
in Table 1, the presented design outperforms the compared non-
volatile designs. To further assess the practical performance of the
ME-SRAM, we conducted 1000 Monte Carlo simulations in HSPICE,
focusing on critical transistor parameters (width, length, and thresh-
old voltage) of the bit-cell and sense amplifier, with process varia-
tions ranging from (30 = 0% — 70%). The results demonstrate that
no failures occur under process variation across all operations. Ad-
ditionally, to evaluate the effectiveness of the presented nonvolatile
IMC design, we implemented AlexNet as a case study and com-
pared the delay and energy consumption of the presented design

Table 1: STORE/ RESTORE PERFORMANCE COMPARISON

5 Store Restore
DSEEMIDeSiens Delay(ns) | Power(uW) | PDP (f]J) | Delay(ns) | Power(uW) PDP (f])
STT-MT]J [1] 5.58 19.12 106.68 0.37 0.86 0.32
SOT-MT]J [5] © 186 2.39 4.44 0.38 0.64 ©0.23
STT/SOT -MT]J [7] 134 3.02 4.04 0.06 4 0.24
presented (MEFET) 0.11 8.1 0.89 0.05 3.25 0.16

with other architectures. The efficiency of ME-SRAM is assessed
through the execution of Binarized AlexNet, a DNN architecture
with five convolutional layers, where each multiply-accumulate
(MAC) operation is performed using XNOR. The execution time and
energy consumption of ME-SRAM are compared to state-of-the-art
in-SRAM processing accelerators in Fig. 3. ME-SRAM processes
the five convolutional layers of AlexNet in approximately 0.28y],
achieving energy savings of 7x, 6.1, and 3X compared to XSRAM,
ComputeCache, and NS-LBP, respectively. In the event of a power
failure during neural network computation, traditional IMC ar-
chitectures like XSRAM require a restart, whereas the presented
ME-SRAM design resumes from the point of failure. ME-SRAM re-
quires only 30% of the time for memory access and data restoration,
ensuring high resource utilization, while XSRAM and Compute-
Cache accelerators spend over 54% of their time waiting for data.
In conclusion, ME-SRAM is a nonvolatile SRAM that reduces static
power during idle periods by quickly backing up and restoring data.
When integrated into a processing-SRAM architecture, it supports
normally-off computing with optimized bit-line operations, offer-
ing robust performance and significant energy and time savings
compared to existing solutions. Moreover, the design can back up
the intermediate data processed in DNN layers in the event of a
power failure.

&

0.25 T o x10
@ 5
g(120 ‘g.l.s
~0.15 2
5 g 1
=0 o
80 10 S
20.05 305
3
0 w O

N @ @ of ah
P AR AP P

Figure 3: (a) Execution time (b) Encérgy of binarized AlexNet.
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