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Abstract
This paper devises a novel energy-aware Non-Volatile Static Random Access Memory (NV-SRAM) framework for sleep
power critical mobile applications. The beyond-Complementary Metal Oxide Semiconductor (CMOS) hardware architecture has
been designed to minimize the overall static and leakage energy consumption while providing fast back-up and restore operations.
Differential Spin-Hall Effect Magnetic Random Access Memory devices are utilized to realize the proposed framework called
Bit-Grained Instant-on Memory Cell (BGIM). Our results indicate that the proposed BGIM consumes 121.51fJ on average
for each back-up operation and 1.56fJ on average for each restore operation. Furthermore, the proposed BGIM can perform
rapid back-up operations in 1ns and fast restore operations in 13.2ps. Moreover, the proposed BGIM cell incurs 0.4µm2 area
overhead compared to the traditional 6T SRAM cell, however it eliminates the need for data transmission and a separate
non-volatile memory macro.
Index Terms
Non-Volatile SRAM; Sleep Power Critical; Normally-off Computing; Beyond-CMOS devices; Spin-Hall Effect Magnetic
Random Access Memory; Power Gating.

I. I NTRODUCTION
Spin-based devices have been extensively researched as promising companions to Complementary Metal on Oxide
Semiconductor (CMOS) devices. As CMOS scaling trends continue, the need to identify viable approaches for reducing
leakage power increases [1]. In recent studies, researchers have exploited the use of emerging devices, such as Resistive RAM
(RRAM), Phase Change Memory (PCM), Spin Transfer Torque Magnetic RAM (STT-MRAM), and Spin-Hall Effect Magnetic RAM (SHE-MRAM), for Non-Volatile Static Random Access Memory (NV-SRAM) applications [2]–[10]. However,
approaches using PCM and RRAM face challenges such as high programming voltages/currents and high back-up/restore
delays, which will exacerbate in scaled technology nodes. With attributes of non-volatility, zero stand-by energy consumption,
high endurance, and high density, the Magnetic Tunnel Junction (MTJ) has emerged as a promising alternative post-CMOS
technology for embedded memory applications [11], [12]. Many of the recently proposed NV-SRAM designs utilize STTMRAM devices. However, due to the large incubation delay of write operations in the STT approach, SHE-MRAM is recently
proposed as a viable alternative for improved performance and energy profiles [12], [13]. Since SHE-MRAM reduces the
incubation delay and offers separate read and write paths, a faster, more energy-efficient, and reliable write operation can
be achieved.
The basic concept of spin-based devices is to control the spin of electrons in a ferromagnetic solid-state nano-device. The
non-volatile MTJ consists of two ferromagnetic layers, called the fixed-layer and the free-layer, a tunneling oxide layer in
between, and a heavy metal to realize Spin-Hall assisted switching. Ferromagnetic layers can be aligned in two different
magnetization configurations, according to the orientation of the free-layer compared to the fixed-layer, to represent Parallel
(P) and Anti-Parallel (AP) states. Accordingly, the MTJ exhibits low resistance or high resistance states, respectively. The P
or AP state of the SHE-MRAM device is configured by means of the bidirectional current that passes through the Spin-Hall
Heavy Metal (SHM). The main reason for using SHE-MRAM devices is due to slow and high energy switching of STT
switching approach alone. Utilizing SHE approach will help reduce the write energy consumption. It has been practically
shown in recent studies that SHE-MRAM devices offer significantly lower energy consumption, faster, and more reliable
switching [12], [13]. The spin current, ISpin , generated due to the charge current applied through the SHM, ISHE , can be
described using the following equations:
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Fig. 1: DSH-MRAM device in AP (top) and P (bottom) states.

Fig. 2: The proposed BGIM bit-cell leveraging DSH-MRAM.
where, LF L and WF L are the length and width of the SHE-MTJ free-layer, WSHM and tSHM are the width and thickness
of the SHM, θSHM is the spin-Hall angle, and λsf is the spin flip length. Furthermore, Differential SHE-MRAM (DSHMRAM) bit-cell was proposed in [14] to store both the bit value and its complimentary value with a single write operation.
Using DSH-MRAM can reduce the write operation’s energy and delay compared to two SHE-MRAM devices [14]. The
write and read operations for DSH-MRAM are similar to SHE-MRAM, as shown in Fig. 1. During the write operation for
the DSH-MRAM devices, the charge current, ISHE , is applied through the T2 and T4 terminals, and a strong spin-orbit
coupling is generated, which results in generation of spin currents, ISpin−P and ISpin−N , perpendicular to the charge
current, ISHE , and along the positive and negative directions of z-axis of the Cartesian coordinate system, respectively [14].
The generated complimentary spin currents, ISpin−P and ISpin−N , will result in differential data being stored in top and
bottom MTJs, shown in Fig. 1, by changing the magnetization orientation of their free-layer simultaneously. Terminals T1
and T4 are used during the read operation for the top MTJ and terminals T3 and T4 are used during the read operation for
the bottom MTJ.
II. PROPOSED BGIM CELL
Our proposed one-macro BGIM bit-cell leveraging DSH-MRAM devices is shown in Fig. 2. The proposed BGIM cell is
capable of energy-efficient and rapid back-up and restore operations compared to the conventional two-macro architecture
due to the elimination of data transfer between the SRAM and Non-Volatile Memory (NVM) macros. As shown in Fig. 2,
two control signals, namely Write Enable (WE) and Read Enable (RE), are included in our bit-cell to control the back-up,
stand-by, and restore operations. The proposed BGIM cell consists of a 6-Transistor (6T) SRAM cell accompanied by a
NVM. As shown in Fig. 2, the DSH-MRAM device consists of 5 access transistors, N4-N8, to control back-up, stand-by,
and restore operations, and 2 MTJ devices, MTJ0 and MTJ1, used for holding the SRAM data. One major benefit of the
proposed BGIM cell is that unlike STT-MRAM design, it doesn’t require high current densities for the write operation.
Another major benefit is that unlike other NV-SRAM cells, the proposed BGIM doesn’t require an additional sensing step to
read the value stored in the SRAM cell before the back-up operation. Furthermore, the proposed BGIM cell is area-efficient
compared to other emerging NV-SRAM approaches.
During the normal operation of the BGIM cell, WE and RE signals are set to 0 and the SRAM cell is separated from
the NVM cell, as shown in Fig. 3(a). When the SRAM cell is in the normal operation mode, N4, N5, N6, N7, and N8
transistors are turned off and P0, P1, N2, and N3 transistors are turned on to hold the value stored in the SRAM cell. In
the normal operation mode, if data is ready to be written in the SRAM cell, WL signal will turn N0 and N1 transistors on,
which connect the BL and BL to OUT and OUT, respectively, and the data will be stored in the SRAM cell as a result.
When the stand-by mode is activated, the device will go into back-up and power gating state. During the back-up operation,
WE is set to 1 while RE is set to 0, which causes N5 and N6 transistors to turn on and store the SRAM data into the NVM,
as shown in Fig. 3(b). According to the data stored in the SRAM cell, if OUT holds a value of 1 (0), and OUT holds a value
of 0 (1), a charge current, ISHE , will be applied in the positive (negative) direction of x-axis of the Cartesian coordinate
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Fig. 3: The proposed one-macro BGIM bit-cell in (a) normal, (b) back-up, and (c) restore operation modes.
system, shown as a red (purple) dashed line in Fig. 3(b). In this case, ISHE will lead to two spin currents, ISpin−P in the
positive direction of the z-axis of the Cartesian coordinate system, and ISpin−N in the negative direction of the z-axis of the
Cartesian coordinate system, which will change the magnetic orientation of the MTJ0 and MTJ1 free-layers simultaneously,
and this results in the storage of 1 (0) in MTJ0 and 0 (1) in MTJ1. Since there is no need to read the data from the SRAM
cell before storing it in the NVM cell, this will result in a significant reduction in the energy and delay of the back-up
operation.
During the restore operation, WE is set to 0, which causes N5 and N6 transistors to turn off, as shown in Fig. 3(c). In
order to read the values stored in MTJ0 and MTJ1, first WL, BL, and BL are set to 1. As a result, N0 and N1 are turned
on to pre-charge the output nodes OUT and OUT to VDD. Then, RE is set to 1, which causes N4, N7, and N8 transistors to
turn on and provide discharging paths from OUT and OUT to the GND. As a result, based on the difference between MTJ0
and MTJ1 resistances, one of the two output nodes, OUT and OUT, begins to discharge more rapidly to the GND, leading
either P0 to turn on and charge OUT to VDD, or P1 to turn on and charge OUT to VDD. Consequently, if OUT node is
charged to VDD, this will cause the N3 transistor to turn on more rapidly than the N2 transistor and discharge OUT to GND.
Additionally, if OUT node is charged to VDD, this will cause the N2 transistor to turn on more rapidly than the N3 transistor
and discharge OUT to GND. After completion of the data restoration phase, SRAM will return to its normal operation and
NVM cell will turn off until the next back-up and stand-by operations.
III. SIMULATION RESULTS AND ANALYSIS
In order to verify and analyze the behavior of the DSH-MRAM BGIM cell proposed herein, SPICE simulation is conducted
utilizing the parameters listed in Table I as well as 22nm Predictive Technology Model (PTM) [15]. To accurately model
the behavior of the DSH-MRAM BGIM devices proposed herein, the modeling approaches introduced in [12] and [14] are
utilized.
Based on the simulation results of the proposed BGIM cell using DSH-MRAM device, the energy consumption of each
back-up operation is 121.51fJ, and the energy consumption of each restore operation is 1.56fJ. Furthermore, each back-up
operation only requires 1ns and the restore operation can be done in 13.2ps. Circuit operation waveforms of the proposed
TABLE I: Circuit parameters and constants with their corresponding values for the DSHE-MRAM device model. (Parameters are taken
from [12], [14])
Parameter
Ms
α
tox
RA
(L × W × t)F L
(L × W × t)SHM
ρSHM
θSHM
T M RAP
λsf
P
λsf
Hk
µ0
e
h̄
γ
φ

Description

Default Value

Saturation Magnetization
6.8 × 105 A/m
Gilbert Damping Factor
0.007
Oxide-layer Thickness
1.2nm
MTJ Resistance Area Product
10.6Ωµm2
MTJ Free-Layer Dimensions
40 × 20 × 2nm3
SHM dimensions
100 × 40 × 2.8nm3
Resistivity of SHM (W)
200µΩcm2
Initial Spin-Hall angle
0.3
Tunnel Magneto Resistance
172%
Spin Flip Length
1.5nm
Electron Polarization Percentage
0.52
Spin Flip Length
1.5nm
Anisotropy Field
80Oe
Permeability of Free Space
1.25663 × 106 T.m/A
Electric charge
1.602 × 10−19 C
Reduced Planck’s Constant
6.626 × 10−34 /2πJ.s
Gyromagnetic Ratio
1.76 × 107 (Oe.s)−1
Potential Barrier Height
0.4V

Fig. 4: Sample simulation waveforms for the proposed BGIM cell using DSH-MRAM device in the presence of parasitic capacitances
extracted from the layout.

BGIM cell using DSH-MRAM device is shown in Fig. 4. A comparison of the proposed BGIM cell design and other NVSRAM cells using various NVM technologies is provided in Table II. As it can be observed, among the most energy-efficient
NV-SRAM designs listed in Table II, the proposed BGIM cell using DSH-MRAM devices provides ∼ 36% reduction in the
energy consumption compared to the lowest energy consuming design, which utilizes SHE-MRAM devices [9]. Furthermore,
the proposed BGIM cell using DSH-MRAM devices can perform the back-up or store operation ∼ 2-fold faster than the
fastest design listed in Table II, which uses SHE-MRAM devices [9].
The energy-efficiency and high performance of the proposed BGIM are due to the fact that it can perform the back-up
and store operation with a single write operation on both MTJ devices utilizing a single SHM. However, the proposed
SHE-MRAM-based designs in [9] and [10] require separate write operations on two MTJ devices using two different SHMs,
which can incur extra energy consumption. Moreover, the restore operation is highly reliable because MTJ0 and MTJ1 hold
differential values, the sense margin is large and as a result the data stored in the NVM cell can be restored rapidly, reliably,
and with high energy-efficiency.
Additionally, the proposed BGIM cell only incurs ∼ 0.4µm2 area overhead compared to conventional 6T SRAM cell, due
to the addition of 5 access transistors for realizing the one-macro NV-SRAM cell, as shown in the Fig. 5. The DSH-MRAM
devices can be fabricated on top of the baseline CMOS process. It is worth noting that the area overhead can be considered
negligible since the need for an extra NVM macro is eliminated. Furthermore, in order to analyze the reliability of the
back-up and restore operations of the proposed BGIM cell, Monte Carlo (MC) simulation is performed to cover a wide
range of Process Variation (PV) cases that may occur in the fabricated device. The MC simulation is performed considering
the effects of PV on CMOS peripheral circuit, the SHM, and the MTJ devices. In particular, maximum variation of 10% for
the MTJs’ resistance levels, which is mainly due to the oxide thickness fluctuations during the fabrication process, along
with 10% variation on the threshold voltage and 1% variation on width and length of the CMOS transistors are assessed
via MC simulation in agreement with [11]. According to the MC simulation results, the proposed BGIM device provides
reliable performance by only incurring 0.14% back-up failure errors. However, increasing the back-up duration by 0.1ns
will result in elimination of the back-up failure errors. Additionally, since the states of the MTJs are differential, a large
sense margin is achieved, and as a result there are no restore errors. Fig. 6(a) depicts the distribution of the back-up time
TABLE II: Comparison of the Proposed BGIM cell with other NV-SRAM designs. (*The values are taken from [9])
NV-SRAM
Design

NVM
Technology

VDD
(V)

Back-up
Energy

Back-up
Delay

[2]
[3]?
[4]?
[5]?
[6]?
[7]?
[8]?
[9]?
[10]
BGIM

RRAM
STT-MRAM
STT-MRAM
STT-MRAM
STT-MRAM
STT-MRAM
STT-MRAM
SHE-MRAM
SHE-MRAM
DSH-MRAM

1.8
2.4
1.6
1.0
1.7
2.5
1.8
1.2
N/A
1.2

836.2 fJ
10.5 pJ
7.71 pJ
4.78 pJ
8.43 pJ
12.5 pJ
12.7 pJ
189.7 fJ
492.8 fJ
121.51 fJ

10.0 ns
32.7 ns
30.0 ns
35.7 ns
36.0 ns
5.0 ns
25.0 ns
2.0 ns
6.43 ns
1.0 ns

Fig. 5: (a) Layout of the proposed BGIM cell, (b) Layout of a traditional 6T SRAM cell, and (c) Layout legend.
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(b)

Fig. 6: Simulation Results of 10,000 MC instances for (a) Back-up Time and (b) RAP and RP states of DSH-MRAM.
and Fig. 6(b) illustrates the distribution of MTJ resistances in P and AP states for the 10,000 MC instances.
IV. C ONCLUSION
To advance energy-sparing and fast NV-SRAM designs, a novel framework for sleep power critical mobile applications is
proposed. The proposed framework, called BGIM, is designed to minimize the overall static and leakage energy consumption
while providing rapid back-up and instant-on restore operations through the integration of DSH-MRAM devices with SRAM
cells. The proposed BGIM cell performs back-up and restore operations within 1ns and 13.2ps, respectively, while consuming
121.51fJ and 1.56fJ, respectively. According to the results, BGIM outperforms similar NV-SRAM cells that utilize emerging
devices in their designs. Additionally, BGIM only incurs 0.4µm2 area overhead compared to the traditional 6T SRAM cell,
while eliminating the need for data transmission and a separate NVM macro.
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