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Dual-directional CIM-based non-
volatile SRAM for instant-on/off
energy-constrained edge Al devices

Seyed Parsa Hemmasi', Mohammad Hossein Moaiyeri2*“, Nima Eslami? & Behzad Ebrahimi?

Compute-in-Memory (CIM) offers an efficient approach for accelerating DNNs by performing matrix—
vector multiplications directly within memory. However, its adoption in edge devices is limited

by unstable power supplies and the performance overhead of conventional row- or column-wise
computing. This paper presents a two-directional CIM-based nvSRAM cell that performs both row- and
column-wise operations, enabling faster and more efficient matrix-vector multiplication. The proposed
design stores the CIM outputs within the same computation cycle, referred to as Simultaneous
Compute and Write (SCW), thereby reducing latency during complex neural network inference. By
integrating a single I-MTJ into each SRAM cell, it also provides reliable data retention and restoration
during power failures, making it well-suited for low-power, energy-constrained edge applications.
Post-layout simulations were conducted to evaluate the proposed architecture. The detailed post-
layout simulation results demonstrate a 31% improvement in write margin, a 40% reduction in PDP

in memory mode, and an 85% reduction in energy in backup scenarios, compared to state-of-the-art
designs. Furthermore, the proposed design achieves a 39.2% EDP reduction during neural network
inference operation under power instability, highlighting its suitability for low-power edge computing.

Keywords NvSRAM, Compute-in-memory, Dual-direction computing, Intermittent computing, Edge
devices

The combination of Internet of Things (IoT) and Artificial Intelligence (AI) has opened the door to many smart
applications, such as health monitoring, autonomous systems, and speech recognition'2. These systems often
rely on deep neural networks (DNNs), which require constant operation under strict power constraints. This
poses challenges for both energy efficiency and system flexibility®.

Compute-in-Memory (CIM) offers a promising solution by performing matrix—vector multiplications
(MVMs) directly within memory, significantly reducing the energy consumption of data movement®. As a result,
CIM is emerging as a key enabler of low-power smart IoT applications, particularly in edge devices that operate
under constrained or unstable power conditions®. Most CIM designs today are based on either SRAM or non-
volatile memory (NVM) technologies.

Although SRAM-based CIM architectures demonstrate promising performance, for example,® achieves
high-throughput CIM,” implements 1-bit multiplication using an 8T transistor, and® attains 274 TOPS/W
with an SRAM-based macro, they are inherently volatile and require restarting from the first network layer
after a power failure®. Moreover, static power consumption in SRAM cells becomes a significant contributor to
overall power dissipation, especially in deep nanoscale nodes!®!!. To overcome power constraints in energy-
limited environments, NVM-based CIM architectures have been investigated for their inherent state retention
and reliable operation under intermittent power conditions. However, these designs face a critical challenge in
memory write operations, which are dominated by frequent weight reloading and activation buffering during Al
inference, causing a significant performance bottleneck!?. For instance, in 130 nm technology, the write energy
for implementing TinyML using NVM is approximately 13 x higher than that of SRAM for 8-bit data and nearly
151 x greater than the energy required for a single multiply-accumulate (MAC) operation, underscoring the
significant energy overhead of NVM writes'.

To overcome these challenges, non-volatile SRAM (nvSRAM) cell architectures have attracted significant
attention by combining the high-speed operation and dynamic energy efficiency of SRAM with a non-volatile
element. This integration enables near-zero static power consumption while retaining intermediate data during
power interruptions.
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In', two 9T-2MT]J and 10T-2MT] nvSRAM cells were proposed to improve hold and write margins while
reducing power. In'®, two nvSRAM designs using different MT] types are presented. The I-MTJ-based design
reduces cell area by avoiding transistor upsizing, leveraging efficient switching via spin Hall effect (SHE) currents.
In'¢, two novel 8T-2MTJ and 9T-2MT]J nvSRAM cells were proposed, in which the store operation is performed
using SHE-assisted write in both MTTs.

Although previous designs have aimed to enhance nvSRAM performance, they rely on the conventional
6T SRAM structure, whose stability becomes increasingly limited in submicron technologies, particularly in
FinFETs, due to quantized fin dimensions!”. Furthermore, none of the prior designs effectively support CIM, as
the 6T structure’s shared read/write path constrains CIM performance.

To improve nvSRAM stability,'® presented a 9TIR cell that leverages the Schmitt-trigger behavior during
read operations to enhance read robustness. Similarly,!* presented an 8T1IR RRAM-based nvSRAM cell
with CIM capability. However, the 6T SRAM core used in the design remains constrained by stability issues
arising from the intrinsic conflict between read and write operations, as well as read-disturbance problems in
submicron technologies!®. This issue is especially critical in Al inference applications, where intermittent read/
write operations in the absence of sufficient cell stability can lead to inaccurate outputs.

To the best of our knowledge, all previously proposed nvSRAM cells supporting CIM can perform operations
in only one direction. This limitation introduces additional overhead when implementing MVM, which is
essential for DNN computations®.

To this end, we propose a novel nvSRAM cell that not only enhances the stability of the SRAM core but
also supports CIM operations in both horizontal and vertical directions. This dual-direction capability enables
complex matrix transposition via simple write and read operations in opposite directions. Moreover, the
proposed design employs a single I-MT]J to store and restore SRAM data during power failures, ensuring non-
volatility with minimal area overhead.

The key contributions of the proposed design are as follows:

+ A novel SRAM structure that significantly enhances stability parameters, including read and write margins.

« Utilization of a single I-MT]J for efficient data storage and restoration during power failures.

« Support for CIM operations in both horizontal and vertical directions, enabling full MVM functionality es-
sential for DNN applications.

« In-situ storage of CIM results within the same computation cycle, termed Simultaneous Compute and Write
(SCW), for both horizontal and vertical directions, enhancing overall computational efficiency.

o Support for content-addressable memory (CAM) operations, enabled by the innovative read path design.

The remainder of this paper is organized as follows: “Preliminaries” section provides an overview of I-MT]
fundamentals and offers a detailed review of existing nvSRAM cell designs. “Proposed architecture” section
introduces the proposed nvSRAM structure and describes its operation in different modes. “Evaluation
results” section evaluates the proposed design, compares it with existing counterparts, and demonstrates its
effectiveness in real-world applications. Finally, “Conclusion” section concludes the paper by summarizing the
key contributions.

Preliminaries

Magnetic tunnel junction

Magnetic Tunnel Junctions (MT]s) are spintronic devices with a multilayer structure, where an ultra-thin
insulating barrier is sandwiched between two ferromagnetic layers®!. The MT] comprises a fixed layer with
a constant magnetic orientation and a free layer that can switch between parallel (P) and anti-parallel (AP)
orientations relative to the fixed layer. The MT] shows lower resistance (R,) in the parallel state and higher
resistance (R, ;) in the anti-parallel state?’,

MTJs are categorized by the orientation of their magnetic layers: perpendicular to the substrate, called
perpendicular MTJs (P-MT]Js), or parallel to the substrate, called in-plane MT]Js (I-MT]Js)?.

We have utilized I-MT] due to its advantages over the P-MT]J, including the mitigation of read disturbance, a
higher tunnel magnetoresistance (TMR) ratio for improved data stability, and enhanced reliability and thermal
robustness*>?. The TMR reflecting the difference between the R, , and R, resistances of an I-MTJ is quantified
as shown in (1)%. Notably, MTJs with TMR values exceeding 600% have been successfully fabricated at room
temperature?”~%,

Rap — Rp
L x
P

TMR = 100 (1)

To switch the resistance of the I-MT] from R, , to R,,, or vice versa, a specific current must pass through the heavy
metal, flipping the free-layer orientation. Notably, this current must exceed the critical current (I,) to write data
to the I-MT] successfully®’. The I. current is dependent on the nanomagnet’s volume and its material-specific
properties. The critical current can be mathematically calculated using (2).
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where g represents the electron charge, « is the magnetic damping coeflicient, V), is the volume of the free
layer, and M, H,, and h denote the saturation magnetization, anisotropy field, and reduced PlancK’s constant,
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respectively’. As illustrated in Fig. 1, the current flow direction between T, and T, determines whether the
I-MT] is switched to a P or AP state.

When the current flows from T, to T, the device is programmed into the P state (Fig. 1a); conversely, when
the current flows from T, to T,, the device is programmed into the AP state (Fig. 1b).

Apart from the switching current and TMR, one of the key parameters of the I-MT]J is its thermal stability
factor (A), which determines the data retention of magnetic memory arrays®2. The retention time can be
mathematically calculated using (3).

_ Hp x Mg xV

Thermal stability factor(A) = 2%k X T (3)

where V is the volume of the free layer, T is the operating temperature, Hy is the anisotropy field, and M, is the
saturation magnetization.

Moreover, the integration of MTJs with FET transistors has been successfully demonstrated and
commercialized within a single-chip platform®***, Demonstrations by leading institutions, such as ITRI and
TSMGC, highlight the practical feasibility of this hybrid integration, representing a significant milestone in the
advancement of spintronic-FET technology™.

Previous work

The rising demand for energy-efficient systems, particularly in intermittently powered edge AIoT applications,
has spurred extensive research into low-power memory and Al accelerators®. In this context, several nvSRAM
cell designs have been proposed to address these challenges.

In', two nvSRAM designs are presented, each incorporating two P-MTJs per cell and using SHE-assisted
writing. Although SHE-assisted current improves performance and reliability over STT alone, the reliance on a
conventional 6T SRAM for the volatile part results in challenges at advanced technology nodes!'®. Furthermore,
the requirement for two separate voltage levels during store-and-restore operations increases circuit complexity.

In'> two nvSRAM designs with a shared topology are proposed, differing in the type of MTJ employed. The
first design uses two P-MTJs programmed by SHE-assisted STT currents but suffers from high area overhead in
advanced technology nodes. The second design adopts two I-MT7Js, switchable via SHE current, enabling smaller
transistors and improved TMR for enhanced stability and robustness against process variations. However,
its coupled read/write path in the SRAM core section increases susceptibility to data corruption, limiting its
suitability for in-memory computing applications.

In'6, two nvSRAM cells, 8T-2MT]J and 9T-2MT], using dual MTJs are proposed. By leveraging SHE-assisted
STT currents to write SRAM data into MT7s, the design eliminates the need for external write circuitry, thereby
reducing bit-cell complexity. Array-level evaluations show a 32% improvement in power efficiency. While
the cells offer high-speed operation and low dynamic power, the 6T SRAM core limits stability at nanoscale
technologies, and the dual-MT] storage increases power consumption during store operations.

To reduce power consumption during store mode,*” proposes a cost-efficient nvSRAM cell that uses a
single P-MT] combined with a 1T-1MT] shadow structure for dynamic reconfiguration. However, the store
operation involves an additional read step, transferring data from the MTJ to the bit-lines before writing it to the
storage nodes, which further decreases efficiency. Furthermore,'? presents a novel 8T1R nvSRAM cell capable
of supporting CIM operations. The proposed design incorporates neural-architecture-aware and sparsity-aware
backup mechanisms, enabling flexible data retention strategies and efficient in-memory multiplication. The
design utilizes a conventional 6T SRAM cell as its core volatile storage element.

To improve the scalability and performance of the nvSRAM cell design,'® proposes a novel architecture that
exploits Schmitt-trigger behavior during read operations to enhance overall cell stability. Furthermore, the
design performs both store and restore operations using a single RRAM device.

Except for'8, the reviewed works rely on conventional 6T SRAM cells as volatile storage, which face
performance limitations at nanoscale nodes due to shared read/write paths. Also, most designs use two
non-volatile elements (MT] or RRAM) for storing and restoring data, which substantially increases power
consumption due to their high write energy.
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Fig. 1. The structure of I-MTJ (a) parallel (P), (b) anti-parallel (AP).
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Fig. 2. The proposed dual-directional nvSRAM architecture.

-I- VBL

M3 |o- -o| M4

HWWL
p | QB Ts
S Ll p LT M "
0 T
M1 |— HCWL VCWL -'| M2
- - Tl
HRS—||M12
vwwi-{(2 a
HRWL
fm——m——m——————— 1
| Tramsistor | Fiiyus | Tramsistor Model! IM10! b
| MyMg | 1 SLVT |
|
MyMs | 1 RVT |

| ﬂ M9
| MsMy 1 SLVT :
I M), 3 SLVT | —
| My | 3| s ! = M1 VRwWL
HBL

Fig. 3. Schematic of the proposed dual-directional NVSRAM.

Proposed architecture

The proposed nvSRAM architecture is presented in Fig. 2. This architecture supports both row- and column-
based read/write operations, as well as bidirectional in-memory computing. The architecture enables in-situ
storage of computation results (SCW) within the same cycle in any selected cell along the row or column where
the operation occurs. The array comprises a Row Decoder (RD), a Column Decoder (CD), a Vertical Sense
Amplifier (VSA), and a Horizontal Sense Amplifier (HSA).

Figure 3 illustrates the schematic of the proposed non-volatile SRAM cell. As depicted in the figure, transistors
M;-M,, together with M, and M, are configured to form the cross-coupled inverters, where M, and M serve as
the horizontal and vertical feedback-cutting transistors, respectively. Transistors M, and My, controlled by the
write word lines, establish horizontal and vertical access paths. The gates of M, and M, transistors are driven
by the horizontal and vertical read word lines, respectively. The Q node is coupled to transistor M, to complete
the read/compute operation. Finally, transistor M, , is governed by the horizontal restore signal. An integrated
I-MT] device serves as the non-volatile element in this design. The proposed dual-direction, single-ended non-
volatile SRAM, featuring decoupled read and write paths, operates in two primary modes: memory mode and
computing mode. A detailed explanation of these modes is provided in the following subsections.
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Memory mode
The proposed cell combines the advantages of SRAM, offering energy- and time-efficient read/write operations,
with those of NVM, enabling data retention during power-off. As a result, it can perform the standard hold, read,
and write operations of an SRAM cell, as well as store and restore data to and from the I-MT] connected to the
storage node. Table 1 summarizes the overall signaling of the proposed cell across different memory operation
modes.

The following sections provide a detailed discussion of each of its five memory operations:

(1) Hold mode During the hold operation, only the VCWL and HCWL signals are activated, which turn on M
and M and complete the feedback loop that forms the cross-coupled inverters. Simultaneously, all other
signals are deactivated (grounded), thereby isolating the Q and QB nodes and, consequently, the stored data
from the bit lines.

(2) Read operation The read operation can be performed either row-wise or column-wise, depending on the
appropriate control signals. During the row-wise read operation, activating the horizontal read word line
(HRWL) turns on access transistor M, . Subsequently, depending on the logic level stored at node Q, tran-
sistor M, is either activated or remains off. As a result, the pre-charged vertical bit-line (VBL) is either
discharged or remains unaffected, corresponding to the stored value at Q. The column-wise read operation
follows a similar mechanism, wherein the vertical read word line (VRWL) is asserted instead of the hori-
zontal read word line (HRWL).

(3) Write operation In the row-wise write operation, asserting the horizontal write word line (HWWL) turns on
transistor M, while setting the vertical control word line (VCWL) to ground disables the feedback loop of
the cross-coupled inverters, effectively floating the Q node. This condition permits the data applied to the
vertical bit-line (VBL) to be reliably written into the Q node without contention.

The column-wise write operation employs the same mechanism, except that the vertical write word line
(VWWL) is activated instead of HWWL, and the horizontal control word line (HCWL) is driven low in place
of VCWL. It is noteworthy that, to mitigate the half-select issue, the transistors involved in the write operation
are activated through both vertical and horizontal control signals.

(4) Store operation In the event of power loss or intermittent power supply, data from the volatile section can
be stored in an I-MT] within the non-volatile section. In this mode, the VBL is set to Vip/3s and only the
HWWL is activated. If Q="1; current flows from Q to VBL and then from T} to T, of the I-MT], setting its
resistance to the R Ap State. Conversely, if Q = ‘0; current flows from VBL to Q and then from T, to T}, setting
its resistance to the R, state, as illustrated in Fig. 4.

It is worth noting that the current required to switch the I-MT] resistance (per Eq. 2) exceeds 6 pA. During the
SRAM write operation, however, the current is limited to ~ 200 nA due to the M6 transistor being deactivated,
preventing any change in the I-MT] state.

(5) Restore operation The restore operation transfers data from the non-volatile section to the volatile section
when power is restored or stabilized. The operation is based on a voltage divider formed between a reference
resistor shared among cells in the same column and the I-MT]J. The value of the reference resistor is chosen
to lie between the resistances of the MTJ’s R, , and R;, states. During the restore operation, activating the
HRS turns on transistor M12, while the horizontal bit-line restore signal HBLRS enables the voltage-divider
path. Simultaneously, HWWL is set to ‘1’ and HCWL to ‘0, allowing the voltage divider output to drive the
Q node. If the I-MTJ is in the R, , state, the Q node is driven to a higher voltage (restoring a ‘1’), while the
R,, state drives it to a lower voltage (restoring a ‘0"). Notably, transistor M, features three fins to minimize its
RON impact on the voltage division, as shown in Fig. 5. Notably, this design is the first to use a single I-MT]

Read Write

Operations | Hold | Row-wise Column-wise | Row-wise Column-wise | Store | Restore
HWWL  |GND | GND GND Voo GND Voo | Voo
HRWL GND |V, GND GND GND GND | GND
VCWL Voo | Voo Voo GND Voo Voo | Vb
VBL GND | Pre-Charged | GND Data (‘0’or ‘') | GND Vpp/3 | Float
VWWL GND | GND GND GND Voo GND | GND
VRWL GND | GND Vib GND GND GND | GND
HCWL Voo | Voo Voo Voo GND Voo | GND
HBL GND | GND Pre-Charged | GND Data (‘0’or ‘') | GND | Float
HRS GND | GND GND GND GND GND |V,

Table 1. Signaling of the proposed design in the memory mode.
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Fig. 4. Store operation in the proposed nvSRAM.
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Fig. 5. Restore operation in the proposed nvSRAM.

per cell for both storing and restoring data, whereas previous designs typically use two MTJs per cell. By
employing a shared reference resistor rather than a second MT]J, this approach offers a more cost-effective
solution than earlier nvSRAM cells.

Computing mode

The proposed cell supports bidirectional Boolean logic operations (both row- and column-based), enabling
efficient matrix-vector multiplication with lower latency and power consumption compared to conventional
unidirectional (primarily column-based) in-memory computing architectures. In addition, the design facilitates
content-addressable memory (CAM) functionality.

(1) Boolean Logic Operations The proposed cell can perform NOR/OR and NAND/AND operations in both
row- and column-wise directions. Figure 6 illustrates the implementation of a 2-input column-wise and
row-wise NOR/OR operation in the proposed design.

During this operation, the horizontal read word lines (HRWLs) corresponding to the operand cells are activated,
and the VBL is pre-charged. Depending on the data stored in the columns, if the cells contain a logic ‘0, the
corresponding M9 transistors in the nvSRAM cells remain off, allowing VBL to retain its pre-charged value. If
one or more cells store a logic 1} the associated M, transistors are activated, leading to the discharge of VBL.
The sense amplifier connected to the end of VBL then detects the resulting voltage level, thereby completing the
NOR/OR operation. The row-wise NOR/OR operation functions similarly but utilizes VRWL and HBL to target
data within the same row.
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Fig. 6. Implementation of row- and column-wise NOR/OR operations in the proposed nvSRAM array.

The NAND/AND operations closely resemble the NOR/OR operations; however, in this case, the read word
lines (VRWLs and HRWLs) are activated for a shorter duration. This limited activation time prevents the bit-
line from fully discharging unless both operands are logic ‘1> Consequently, the cases “01”, “10”, and “11” can be
distinguished, and the resulting bit-line voltage accurately reflects the NAND/AND output for the two selected
rows or columns.

It is worth noting that the proposed design fully supports in-situ storage of computation results within the
target cell during the same cycle as the logic operation (SCW). This is achieved by configuring the target row or
column in write mode concurrently with the logic operation. As a result, there is no need for a separate write-
back, and the overhead associated with additional decoders and control signals is eliminated.

Consequently, the proposed design's SCW capability greatly enhances energy and time efficiency for
intermediate computations, such as those in neural network hidden layers, compared to prior architectures.

(2) CAM Operation The proposed architecture supports both row- and column-wise CAM operations. In
column-wise CAM implementation, the search data and its complement are applied to the HWWL and
HRWL, respectively. Meanwhile, the VBL functions as the match line (ML), delivering the output corre-
sponding to the match results. In this operation, the ML is pre-charged to the supply voltage. If the search
data matches the stored data, the ML retains its pre-charged level; otherwise, it is discharged, indicating a
mismatch (Fig. 7a). The row-wise CAM operation follows a similar principle; however, the VWWL, VRWL,
and HBL are used to apply the search data, its complement, and serve as the ML, respectively, enabling data
processing within the same row (Fig. 7b).

It is worth noting that, during parallel CAM searches, data corruption may occur if the VBL or HBL drops too
rapidly. The worst-case scenario arises when all search data bits are logic ‘1’ (e.g., 111...1), but only a single
stored bit is logic ‘1 (e.g., 100...0). To mitigate this issue, the proposed cell employs deliberately weakened access
transistors with reduced threshold voltages, thereby limiting their drive strength and preventing abrupt voltage
drops on the bit lines. Additionally, during CAM operations, these transistors can be biased at a lower voltage
than the supply voltage to further suppress the risk of data corruption.

Evaluation results

To evaluate the proposed nvSRAM architecture, the design was simulated in Cadence Virtuoso using the 7nm
FinFET technology developed by the Arizona State University in cooperation with ARM*%, along with an
experimentally approved Verilog-A compact model of an in-plane (I-MT])**4.. The post-layout results were
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Parameter ‘ Value
I-MTJ
Free layer thickness (T}) 1.4 nm

The thickness of the MgO barrier layer (T,) | 1.2 nm
The elliptical surface of the free layer (S) 110X 60x Z nm?

Dimensions of the metal strip (I, w, d) 120x70% 1.8 nm?

MT]J Resistance-Area product (RAP) 10 Q pm?

Tunnel magnetoresistance (TMR) 500%

Parallel (P) resistance (LRS) 1.98 kQ

Potential barrier height of MgO oxide (¢) | 0.4V

The saturation magnetization (M,) 10.8x10° Am!

Anisotropy field (H,) 3.17x10* A m™!

Spin-hall angle (1) 0.3

Thermal stability 37.96

Retention time ~One year
FinFET 7nm

Fin thickness (T, ) 6.5 nm

Fin height (H ) 34 nm

Fin pitch (P; ) 27 nm

Gate length (L) 21 nm

Oxide thickness (T, ) 2.1nm

Equivalent oxide thickness (EOT) 1nm

Table 2. The key parameters of I-MT] and FinFET technologies.

(b

Mismatch

extracted for a 4 Kb array configuration. Table 2 summarizes the key parameters of both the I-MTJ and the 7nm

FinFET technology used in this work.

Notably, 2 TMR of 500% is assumed for the I-MT]Js. It is supported by*’~%°, which reported the fabrication
of I-MTJs with TMRs exceeding 600% at room temperature, whereas the value considered in this work is lower.
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To provide a comprehensive performance evaluation, comparisons were conducted with state-of-the-art
nonvolatile SRAM cells, including the 10T-2MT] architecture reported in'%, the I-MTJ- and P-MT]J-based
designs from'®, and the 8T-1R design from!?. All designs were post-layout simulated using Cadence under the
same 7nm technology node and array size to ensure a fair comparison. Additionally, the parameters of all I-MT]
and P-MTJ devices were carefully calibrated to achieve equivalent retention times across the evaluated designs'>.
Furthermore, Fig. 8 presents the layout of the proposed cell within a 64 x 64 array, along with an individual-cell
view, implemented in 7nm FinFET technology.

Memory mode analysis
This section evaluates the proposed nvSRAM cell under Memory Mode operation.

(1) Transient waveform analysis To assess the functionality of the proposed design operating in memory mode,
a transient waveform was obtained from post-layout simulations, as illustrated in Fig. 9. The operation
sequence begins with a hold phase, followed by a write operation to the SRAM cell.

Subsequently, the stored data is read to verify the integrity of the write operation. Before power-down, the SRAM
content is backed up in situ to the I-MT]. Upon power restoration, the stored data in the I-MTJ is successfully
recovered and restored to the SRAM cell.

(2) SRAM mode analysis To benchmark the proposed nvSRAM against existing designs in SRAM mode, the
cell’s stability is assessed using the static noise margin (SNM), while its delay, power, and energy consump-
tion are evaluated within a 4 Kb memory array. The corresponding post-layout simulation results are sum-
marized in Table 3. Notably, since the proposed nvSRAM cell supports memory-mode operations in both

= -

W=522 nm
(b)

Fig. 8. Layout of the proposed NVSRAM (a) 4 Kb array (b) cell.
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Fig. 9. Transient waveform of the proposed design in different operational modes.

1-MTJ | P-MTJ

Parameters Lt L L L Proposed
HSNM (mV) 217 221 219 219 222
Half-select (mV) 54 57 51 56 110
RSNM (mV) 54 57 51 56 222
WSNM (mV) 208 217 224 225 372
Read delay (ps) 109 | 10.5 10.7 104 |38.2
Read power (uW) 572.7 | 76.4 500.3 |150.0 | 36.4
Read PDP (f]) 6.2 0.8 5.4 1.6 1.4
Write delay (ps) 11.9 | 109 11.6 8.8 31.8
Write power (WW) 333.8 | 44.6 2925 919 |11.0
Write PDP (f]) 4.0 0.5 3.4 0.8 0.3
Leakage power (uW) | 813.4 | 105.6 | 668.4 |214.1 | 164.2
Bit cell area (um?) 0.218 | 0.141 | 0.260 | 0.076 | 0.186

Table 3. The post-layout simulation results of different nvSRAM cells in the 4 Kb memory array.
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row- and column-wise directions, the reported parameters represent the worst-case values obtained from
evaluations in both directions.

As shown, the proposed design exhibits higher stability parameters (HSNM, RSNM, WSNM, Half-selected
SNM) than the referenced cells. This improvement is attributed to the separation of read and write paths and
to the application of the feedback-cutting technique during the write process. The proposed design exhibits
approximately 74.3% and 39.5% improvements in overall RSNM and WSNM, respectively, compared to the
existing designs. The proposed design shows a slightly higher read delay than its counterpart, primarily due to
the use of a minimum-size read transistor and a single-ended read operation.

However, the overall PDP of the read operation in the proposed design is lower than that of the compared
cells, attributed to reduced power consumption. A similar pattern is observed during the write operation. The
proposed design incurs a higher write delay, primarily due to its non-differential structure and relatively weak
access transistors. However, it demonstrates significantly lower write power. During the write process, the
feedback-cutting transistors isolate node Q, leaving it floating; as a result, the access transistor does not contend
with the cross-coupled inverter transistors. This mechanism leads to the lowest write power consumption among
all evaluated designs, thereby achieving the minimum write PDP. The proposed design achieves an overall PDP
approximately 40% lower than that of the compared cells.

In terms of static power during the hold mode, the proposed design achieves the second-lowest leakage power
among the evaluated cells. The analysis confirms that the proposed nvSRAM cell offers robust performance and
reliability, positioning it as a promising solution for low-power, resource-constrained edge applications.

Moreover, as shown in Table 3, the per-bit area overhead of the proposed design and the compared designs
has been evaluated and extracted using Cadence. It is worth noting that the MT]J is fabricated on top of the
transistors using a back-end-of-line (BEOL) process and, therefore, does not contribute to the overall circuit
area®?. The results indicate that the proposed design has a larger area compared to the designs in'> and'>. However,
despite its higher per-bit area, the proposed design’s bidirectional IMC capability enables matrix transposition by
simply reading data in the reverse direction, without requiring additional memory. Consequently, although the
proposed design occupies more area at the cell level, it achieves a lower overall area at the system level.

(3) In-situ store and restore analysis The proposed design enables the storage and restoration of volatile data
within the I-MT7, offering significant power savings, particularly beneficial for edge devices operating un-
der limited or unstable power conditions. Table 4 summarizes the non-volatile characteristics, namely, the
store and restore operations, of the evaluated nvSRAM cells.

As shown in the table, the proposed design exhibits the lowest store power, attributed to the use of a single I-MT]
rather than a pair, coupled with a circuit topology optimized using minimum-sized transistors. Moreover, the
proposed design achieves approximately 85.7% lower PDP during the store operation compared to the other
evaluated designs.

Moreover, during the restore operation, although the proposed design ranks second in PDP after the!?
design, it achieves a 48% faster restore time compared to this design. In addition, the RRAM-based design in'?
requires erasing the RRAM cell before each store operation, implying that storing a logic ‘1’ must be preceded
by a logic ‘0 store cycle.

Computing mode analysis

The NOR/OR and NAND/AND operations are performed by activating two rows or two columns of cells,
enabling bidirectional computing. Figure 10 shows the delay and energy consumption for these operations at
different supply voltages.

The evaluation involves executing the logic operation alongside writing the computed CIM data into the
memory cell within the same cycle, enabling seamless data.

reuse in subsequent CIM operations. As illustrated in the figure, the proposed design reliably performs logic
operations over a wide supply voltage range.

The optimal operating point is observed to be approximately 0.6 V. However, it is worth noting that to ensure
sufficient current for the store and restore operations in the I-MT] with minimum-sized transistors, a supply
voltage of 0.7 V is selected. This voltage level provides the required current while maintaining compact transistor
dimensions and remains close to the optimal point for efficient CIM computation.

I-MTJ | P-MTJ
Desings e B B L Proposed
Delay (ns) 6.3 4.0 2.8 2.6 |34
Store Power (uW) | 193.0 46.9 | 49.9 147.4 | 5.9
PDP (p]) 1.21 0.19 0.14 0.38 | 0.02
Delay (ps) 2008 1002 17.2 88.5 | 46
Restore | Power (W) | 556.8 65.5 | 406.3 2.8 |91.6
PDP (f]) 11180 | 656 | 698 | 025|421

Table 4. The post-layout simulation results of the store and restore operations in the 4 Kb memory array.
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Fig. 11. Post-Layout yield results under SRAM mode operation for a 4 Kb memory array (a) RSNM (b)
WSNM.

(1) Variation analysis To assess the practical performance of the proposed design, 1000 Monte-Carlo simula-
tions were conducted, targeting its functional behavior under variations in critical and sensitive parameters.
In the context of FinFET technology, a 10% variation was applied to key process parameters, including fin
height (Hy, ), silicon fin thickness (T,), gate length (Lg) and oxide thickness (T )43 Furthermore, param-
eter Varlatlons of 10%, 5%, 15%, 5%, 15%, and 15% were applied to the TMR, barrler thickness (t,), resist-
ance-area product (RAP), free layer thickness (Ty), and the length and width of the free layer in the I-MT]s,
respectively***°. Figure 11 presents the yield of the proposed design under SRAM mode operation (stability
analysis) for a 4 Kb array configuration, confirming the practical robustness of the design. Moreover, the
store and restore operations of the proposed design were thoroughly evaluated, and no failures were found
during these processes. Figure 12 presents the transient waveforms of the proposed design during various
memory operations, taking process variations into account.

Application

As previously discussed, a significant advantage of the proposed design is its ability to perform bidirectional
CIM operations while concurrently storing the computation data within the same cycle. This integration enables
efficient MVM execution without requiring additional memory management or internal data transfers. Moreover,
because the cell can store intermediate data in its non-volatile component, the system can effectively resume
operation after a power failure in edge devices running DNNs once power is restored and stabilized. To assess
the effectiveness of the proposed design in real-world scenarios, AlexNet is implemented as a representative
neural network.
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Fig. 13. Comparison of the backup scheme in the proposed design and volatile CIM under power failure
scenarios in the implementation of AlexNet.

In this evaluation, we compare the proposed design with existing SRAM-based CIM architectures under a
power-failure condition during network execution. To this end, the delay and power consumption associated
with the full adder, multiplier, and read/write operations of both the proposed and baseline designs are simulated
in Cadence, and post-layout results are extracted. These extracted circuit-level parameters are then incorporated
into a Python-based implementation of the full AlexNet architecture to estimate the required MAC operations
and overall system behavior. For instance, in the scenario where a failure occurs in Layer 4 of the network,
as illustrated in Fig. 13, the SRAM-based CIM counterparts must reload all weights and restart computation
from the first layer due to the loss of intermediate results. In contrast, the proposed design preserves critical
and intermediate data in its non-volatile memory subsystem. Consequently, the system can resume operation

Scientific Reports|  (2026) 16:4706 | https://doi.org/10.1038/s41598-025-34924-1 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Designs | Delay (ms) | Power (mW) | EDP (uJ s)
47 100.7 1.17 117.82
48 98.7 1.32 130.28
49 100.4 1.31 131.52
Proposed | 108.4 0.66 71.54

Table 5. Post-layout evaluation of the designs for implementing sAlexNet under power failure conditions on
layer 4.

30U
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—e— [47] —e— [48] --@---[49] —@— Proposed

Fig. 14. EDP of the proposed design in different power failure layers of the AlexNet.

directly from the layer at which the power failure occurred, significantly improving energy efficiency and
reducing recovery latency.

Table 5 summarizes the results of the AlexNet implementation with 8-bit network precision for the proposed
design and its existing counterparts under a power-failure scenario in Layer 4. As shown, the proposed design
outperforms the compared architecture by supporting bidirectional computation, enabling intermediate data
writes within the same computation cycle, and retaining critical data during power failures. Together, these
capabilities prevent unnecessary re-computation of previous layers and significantly improve the overall
efficiency of the system. The proposed design achieves approximately 39.2% lower Energy Delay Product (EDP)
consumption compared to the design presented in?’.

Moreover, we evaluate power failures occurring at different layers of the network to assess the performance
of the proposed design across various scenarios, as illustrated in Fig. 14. As shown, when the failure occurs
within the first two layers, the required re-computation of weights and intermediate data in the SRAM-based
design?~* is comparable to the power and delay overhead of the store-and-restore process in the proposed
design. Consequently, the proposed architecture’s performance improvement in these early layers is negligible.
However, when the power failure occurs in deeper layers, the amount of re-computation required by the SRAM-
based design increases substantially. In such cases, the proposed design clearly outperforms the compared
designs, as it preserves and restores all critical data, allowing the network to resume from the failure point rather
than recomputing from scratch.

Conclusion

This paper introduces a novel two-directional nvSRAM cell with integrated CIM functionality, tailored for
edge devices with unstable power supplies. Unlike conventional CIM designs that require additional cycles for
intermediate data storage, the proposed architecture enables direct storage of CIM outputs within the same
computation cycle. Supporting both horizontal and vertical CIM operations facilitates efficient matrix-vector
multiplication without data movement or extra storage overhead, addressing key limitations of one-directional
CIM in DNN execution. The integration of an I-MT] element ensures reliable data retention and restoration
during power-off periods, significantly reducing power consumption. Detailed post-layout simulations
demonstrate a 31% improvement in write margin, a 40% reduction in PDP in memory mode, and an 85%
reduction in energy in backup scenarios compared to baseline designs. Notably, the proposed design achieves a
39.2% EDP reduction during neural network operation under power instability, underscoring its effectiveness
for low-power edge computing.
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