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A B S T R A C T

In order to reduce static energy consumption, emerging Non-Volatile Memory (NVM) technologies such as Spin
Transfer Torque Magnetic RAM (STT-MRAM), Spin-Hall Eﬀect Magnetic RAM (SHE-MRAM), Phase Change Memory (PCM), and Resistive RAM (RRAM) are under intense research. Additionally, there is a demand for more
reliable circuits as the technology scales due to increased error rates caused by the increased impact of Process Variation (PV). In order to combat PV-induced reliability problems, a novel approach is proposed herein
that improves the reliability of read and write operations in emerging NVMs. In the proposed design, which
is called the Self-Organized Sub-bank (SOS) approach, two Sense Ampliﬁers (SAs) have been adopted, one with
improved reliability and one with improved energy eﬃciency proﬁles, in order to increase the performance of
the read operation. In particular, based on the result of a Power-On Self-Test (POST), which detects PV-impact
on sub-banks, SOS chooses between a reliable and an energy-eﬃcient SA and assigns a preferred SA to each
sub-bank. Furthermore, in order to increase the performance of the write operation, SHE-MRAM is replaced with
STT-MRAM to provide better write energy proﬁle. Additionally, SOS design is once implemented with a reliable
write scheme and once with an energy-eﬃcient write scheme and results are compared and analyzed. Based on
the preliminary observation in our case study, 21.5% of read operations are extremely vulnerable to PV impacts.
Our results indicate that the proposed SOS approach reduces the vulnerability of the read operation by 40% on
average, hence reducing the fault propagation. In particular, the SOS alleviates Vulnerable False Data Sensing
(VFDS) by 82% on average, while enhancing True Data Sensing (TDS) from 72.5% to 95% across all workloads studied herein compared to LLC with conventional STT-MRAM. Additionally, SOS using the reliable write
circuit provides 161% improved Energy Delay Product (EDP) on average compared to SOS with conventional
STT-MRAM, while providing less than 8% write current variation. On the other hand, SOS using energy-eﬃcient
write circuit oﬀers 39% improved EDP on average compared to the SOS using reliable write circuit and 62%
EDP improvement over conventional STT-MRAM.

1. Introduction
In recent years, emerging Non-Volatile Memory (NVM) technologies
have been explored as an alternative to CMOS technology for embedded and data storage applications due to their non-volatility, near-zero
standby energy, and high density. These emerging NVMs, such as Resistive RAM (RRAM), Phase Change Memory (PCM), Spin Transfer Torque
Magnetic RAM (STT-MRAM), and Spin-Hall Eﬀect Magnetic RAM (SHEMRAM), have been the focus of the research in recent years [1–10].
Using NVM can increase energy eﬃciency via a signiﬁcant reduction
in leakage energy. However, eﬀects of Process Variation (PV) still put

a limit on the scalability and applicability of NVM devices. PV mainly
impacts the CMOS peripheral circuits [11] and emerging technology
NVM elements such as Magnetic Tunnel Junction (MTJ) devices [12].
Eﬀects of PV on MTJ devices manifests itself as variation in oxide thickness and MTJ geometry, which in turn results in deviations of MTJ
resistance and severe ﬂuctuations of the sense margin, resulting in possible false detection scenarios and increased bit error rates [13,14].
Furthermore, PV negatively impacts the performance consistency of
memory operation, since the threshold voltage, Vth , and gate length,
Leﬀ , of CMOS peripheral circuit ﬂuctuates in presence of PV, which
result in read and write delays, driving current variations, and increased
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energy consumption [15]. Additionally, a survey of reliability challenges and mitigation techniques for emerging NVM elements is presented in Ref. [12]. As a result of PV impacts and the performance
limitation it dictates on NVMs, there exists an increased demand for
advanced reliable and energy-eﬃcient read and write circuits, which
can be integrated into PV-resilient system architectures to provide high
performance NVMs with reliable read and write operations. In order to
increase the robustness of the read operation, Motaman, et al. have
introduced a novel slope detection technique that provides reliable
sensing for STT-MRAM devices [16]. Additionally, in order to improve
the performance of the write operation, Motaman, et al. have proposed
a novel and adaptive write current boosting technique to address the
issue of performance degradation of STT-MRAM cache due to PV [17].
The work herein proposes a novel approach for read and write operations of emerging NVMs used as Last Level Cache (LLC). The ﬁrst
contribution of this work focuses on increasing the energy eﬃciency
and reliability of the read operation in STT-/SHE-MRAM and is motivated by the observation that in the PARSEC suite [18] using STT-/SHEMRAM-based LLC and in the presence of PV, approximately 27.5% of
the sensed data has the potential to be read incorrectly. However, out
of 27.5% roughly 21% of the incorrectly sensed data requires to be
handeld since up to 6% of the incorrectly sensed data on average will
be overwritten prior to being used by the processor or to be committed to the main memory. Additionally, such a signiﬁcant percentage
of incorrect data sensing requires close attention before they cause
wrong outputs, application crashes, or prolonged program executions
[19]. In order to improve the reliability of the read operation based
on the aforementioned observations, we propose a circuit-architecture
cross-layer solution suitable for multi-core processors as well as IoT
devices. Our proposed technique, referred to as Self-Organized Sub-bank
(SOS), partitions STT-/SHE-MRAM data arrays into several sub-banks
to directly access the requested data while introducing individualized
sensing resolution. In our proposed approach, two Sense Ampliﬁers
(SAs) are assigned to sub-banks, one energy-eﬃcient SA, such as PCSA
[20], and one high-resilient SA, such as SPCSA [21]. Initially during an
evaluation phase each sub-banks is evaluated using a Power-On Self-Test
(POST) and then a preferred SA will be assigned to each sub-bank based
on the results of the POST. Our results indicate that SOS increases reliability of read operations, which in turn reduces fault propagation, as
well as reducing the risk of contaminating the application’s data structure.
The second contribution of this work focuses on increasing energy
eﬃciency and reliability of write operations in STT-MRAM and is
motivated by the observation that the STT switching technique suffers from high dynamic energy consumption [22]. SHE-MTJ has been
recently studied as an energy-eﬃcient alternative for STT-MTJ due
to its improved performance. Several write circuits have been studied in recent years in order to achieve optimum energy while maintaining high reliability. Herein, we explore SHE-MTJ write circuits and
compared those with conventional STT-MTJ write circuits in terms of
performance and reliability. Furthermore, a high-resilient write circuit
as well as an energy-eﬃcient write circuit are selected in order to
be utilized in the SOS approach for further performance and reliability improvements of SHE-MRAM. In particular, the SOS approach is
implemented once with the high-resilient write circuit and once with
the energy-eﬃcient write circuit. Our results indicate that the energyeﬃcient write circuit provides signiﬁcant energy and delay improvements over the conventional STT-MTJ write circuit and high-resilient
SHE-MTJ write circuit. On the other hand, the high-resilient write
circuit for SHE-MTJ oﬀers reliability improvement over the energyeﬃcient SHE-MTJ write circuit.
The remainder of the paper is organized as follows: First, a background on cache partitioning methods and switching mechanisms of
MTJs is provided in Section 2 along with the PV parameter extraction
approach and description of fault model associated with sensed data. A
demonstration of the SOS approach is presented in Section 3 as well as

write circuit design and analysis for STT-MRAM and SHE-MRAM, followed by circuit-level simulation results and analysis. Section 4 presents
the architecture-level experimental results and the paper concludes in
Section 5.
2. Background
2.1. Cache partitioning techniques for energy reduction
In order to reduce the energy consumption of cache designs, Cache
Partitioning is explored in the literature [23–26]. Two mostly used
cache partitioning approaches are introduced in Ref. [24], namely,
Vertical Cache Partitioning (VCP) and Horizontal Cache Partitioning
(HCP). In VCP the main goal is to increase the cache hierarchy in
order to optimize the capacitance of each access. Block buﬀered cache
is an example for VCP presented in Ref. [27] where the cache will
be accessed only if there is a cache miss, otherwise the data will be
accessed from the block buﬀer which acts as a cache closer to the processor. One of the drawbacks of this approach is that the magnitude
of energy saving is highly correlated to the spatial locality of applications and the size of the block. Furthermore, the main goal of HCP is
to provide ﬁne granularity for accessing data via dividing each cache
segment into smaller sub-segments. This will provide ﬂexibility in gating the power to only sub-segments that are being accessed, which will
result in energy saving. Cache sub-banking proposed in Ref. [23] is an
example of HCP where each bank is divided to smaller sub-banks. In
this approach, only the sub-bank that holds the data that is currently
being accessed is active and all other sub-banks within the bank are
inactive. This helps saving unnecessary energy consumed due to accessing the entire bank. As shown in Ref. [23], cache sub-banking provides
energy savings for instruction and data caches, however block buﬀering approach is more eﬀective for instruction cache. In particular, more
sub-banks can result in more energy saving. Overall, due to the fact
that HCP oﬀers more energy saving compared to VCP, herein we have
adopted HCP and modiﬁed it to ﬁt our approach.
2.2. Magnetic Tunnel Junction devices
Magnetic Tunnel Junction (MTJ) devices are constructed with layered pillars of ferromagnetic and insulating layers to leverage magnetic
orientations that can be controlled and sensed in terms of electrical
signal levels. Four switching schemes have been used by researchers in
order to write into MTJ cells [28]. The four switching schemes are: Field
Induced Magnetization Switching (FIMS), Thermally Assisted Switching (TAS), Current Induced Magnetic Switching (CIMS), which is also
called Spin Torque Transfer (STT), and Spin-Hall Assisted STT (SHASTT). Herein, we have focused on the STT and SHA-STT switching
approaches.
2.2.1. STT approach
The STT switching method is based on applying a spin polarized current through the MTJ junction which will cause the magnetization of
the free layer to change if the current magnitude passes a certain value
known as critical current. As illustrated in Fig. 1b, STT-MRAM utilizes
an MTJ device as the storage element in which a thin oxide layer, e.g.
MgO, is sandwiched by two ferromagnetic layers [21]. Moreover, the
upper ferromagnetic layer is usually known as the free layer, which has
a polarity of magnetic ﬁeld that can be ﬂipped during a write operation. Meanwhile, the lower ferromagnetic layer usually referred to as
the ﬁxed layer, is designed to have its magnetization ﬁxed. Thus, MTJs
have a low (high) resistance distribution if the magnetization of the
free layer and the ﬁxed layer are parallel P (anti-parallel AP). For a
read operation, a small current is required to be driven from bit-line
to source line. On the other hand, a successful write operation requires
a current ﬂow drive either from bit-line to source-line or vice versa,
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Fig. 1. (a) 1T-1R STT-MRAM cell structure, (b) Right: Antiparallel (high resistance), Left: Parallel (low resistance).

Fig. 2. (a) 2T-1R SHE-MRAM cell structure, (b) Right: Anti-parallel (high resistance), Left: Parallel (low resistance). A positive current along the +x axis induces a spin injection current
along the +z axis. The injected spin current produces the required spin torque for aligning the magnetic direction of the free layer along the +y axis, and vice versa.

depending on the diﬀerential voltage between these two lines. Although
STT-MRAM provides a high write endurance, the advent of long write
latency and high energy consumption exacerbate the energy and reliability implications of STT-MRAM. STT switching is one of the most
promising alternatives for data storage since it doesn’t require external
wires and magnetic ﬁelds, requires lower current density for switching operation, and consumes less power compared to other methods
introduced herein [28]. Fig. 1a shows an STT-MRAM cell, which has
an access transistor. This STT-MRAM cell structure is known as “onetransistor-one-MTJ (1T-1R)” structure [12].

icant incubation delay due to the pre-switching oscillation [30] incurs
high switching energy. Recently, the Spin-Hall Eﬀect MTJ (SHE-MTJ) is
introduced as an alternative for 2-terminal MTJs, which provides separate paths for read and write operations, while expending signiﬁcantly
less switching energy [31], as shown in Fig. 2b.

2.2.2. SHA-STT approach
Due to the large incubation delay of write operation in the STT
approach, which makes STT-MRAM not a perfect candidate for LLC,
Spin-Hall-Assisted-STT (SHA-STT) is recently proposed [3,32,33]. Since
SHA-STT reduces the incubation delay and due to the fact that SHE-MTJ
oﬀers separate read and write paths, SHE-MRAM provides a faster and
more reliable write operation compared to STT-MRAM. Furthermore,
there is no need for an external magnetic ﬁeld in order to switch the
magnetization direction of the free layer. As shown in Fig. 2b, in a SHEMRAM Cell a Heavy Metal (HM) stripe is placed next to the free layer.
In order to write into the MTJ using SHA-STT, a charge current should
be applied between write terminals B and C, as shown in Fig. 2b, which
will produce SHE. Due to the SHE, a pure spin current will be produce
in an upward or downward direction perpendicular to the charge current in the HM, which determines the magnetization orientation of the
free layer of the MTJ. Reading the SHE-MTJ uses the same operation
as STT-MTJ. Fig. 2a depicts a cell structure for SHE-MRAM bit-cell.
This SHE-MRAM cell structure is known as “two-transistor-one-MTJ
(2T-1R)” structure [34].

2.2.1.1. Fundamentals and modeling of STT-MRAM. Based on the STT
approach, a bidirectional spin-polarized current (IMTJ ) is required for
switching the MTJ nanomagnet conﬁguration, which can be readily
generated through simple MOS-based circuits. STT switching behavior
can be categorized into precessional region (IMTJ > IC ), and thermal
activation region (IMTJ < IC ). To achieve higher switching speed, STTMRAM should operate in the precessional region, which is described by
the Sun model [29] as shown below:
[
]
𝜇B P
1
2
=
− IC )
(1)
(I
⟨𝜏STT ⟩
C + ln(𝜋 2 Δ) em(1 + P2 ) MTJ
where 𝜏STT is the mean duration for precessional switching region,
C = 0.577 is the Euler’s constant, Δ = 4kE T is the thermal stability facB

tor, and m is the free layer magnetic moment. While the STT approach
oﬀers signiﬁcant advantages in terms of read energy and speed, a signif295
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Table 1
Summary of NVM Bit-Cells using Diﬀerent MTJ Switching Approaches.
Memory Bit-Cell

Bit-Cell Area






FIMS-MRAM
TAS-MRAM
STT-MRAM
SHE-MRAM

External Magnetic Field

Energy Consumption

Reliability

Scalibility

YES

−
−

−
−

−
−

YES




NO
NO







Table 2
Circuit parameters.

PMOS
NMOS
MTJ

Parameter

Value (std. Dev. 𝜎 )

Vth (Threshold Voltage)
Width/Length (W ∕L)P
Vth (Threshold Voltage)
Width/Length (W ∕L)N
STT-MTJ Area
main MTJ (MTJ0)
reference MTJ (MTJ1)
SHE-MTJ Area
main MTJ (MTJ0)
reference MTJ (MTJ1)
Heavy Metal (HM) Volume (HMl × HMw × HMthick )
tox (Oxide Thickness)
TMR (Tunnel Magneto Resistance)
R × A (Resistance Area Product)
𝜙 (Potential Barrier Height)
𝛼 (Damping Factor)
𝜇 B (Bohr Magneton)
Ms (Saturation Magnetization)
P (Spin Polarization)
𝛾 (Gyromagnetic Ratio
Hk (Anisotropy Field)
𝜇0 (Permeability of Free Space)
𝜃SHE (Spin Hall Angle)
𝜌HM (Heavy Metal Resistivity)
𝛬sf (Spin Flip Length)
e (Electric Charge)
h (Reduced Planck’s Constant)
IC−SHE (SHE-MTJ Critical Current)
IP−AP (STT-MTJ Critical Current (P to AP))
IAP−P (STT-MTJ Critical Current (AP to P))

460 mV (𝜎 = 10%)
2 & 4 (𝜎 = 1%)
500 mV (𝜎 = 10%)
1 & 2 (𝜎 = 1%)
( 𝜋4 ) × 40 × 40 nm2
( 𝜋4 ) × 30 × 30 nm2
( 𝜋4 ) × 30 × 60 nm2
( 𝜋4 ) × 25 × 50 nm2
100 × 60 × 3 nm3 (𝜎 = 10%)
0.85 nm
100% (𝜎 = 1% & 10%)
5 Ω.μm2
0.4 V
0.007
9.27e-24 J.T−1
7.8e5 A.m−1
0.52
1.76e7 (Oe.s)−1
80 Oe
1.25663e-6 T.m/A
0.3
200 μΩ.cm
1.5 nm
1.602e-19 C
6.626e-34/2𝜋 J.s
108 μA
37 μA
18 μA

Nominal Voltage (Vdd)

1.0 V

SEN Signal Period (T)

0.5 ns

2.2.2.1. Fundamentals and modeling of SHE-MRAM. In Ref. [35], it is
shown that the SHE can be leveraged to generate spin current in nanomagnetic devices. This can be utilized to produce the torque required
for switching the free layer magnetization direction. The physical equations required for describing the SHE-MTJ device behavior are provided
by Manipatruni et al. in Ref. [31]. Ratio of the injected spin current to
the applied charge current, called Spin Hall Injection Eﬃciency (SHIE),
is deﬁned below:
[
)]
(
𝜋.MTJwidth
Isz
HMthick
1 − sech
=
𝜃
SHIE =
Icx
4HMthick SHE
𝜆sf

is shown in (4), in which the Critical Voltage (vc ) is given by (5) [31].

𝜏SHE =

( )
v
vc

{
vc = 8𝜌Ic

(4)

−1
[

𝜃SHE 1 − sech

(

HMthick

𝜆sf

)]

}−1

𝜋 HMlength

(5)

√
where, 𝜃0 = (kB ∕2Eb ) is the eﬀect of stochastic variation, Eb is the
thermal barrier of the magnet of volume V, HMlength is the length of the
HM, and IC is the critical charge current for spin-torque induced switching. In order to model the SHE-MTJ, the HM resistance is also required,
which is expressed by Equation (6), where 𝜌HM is the electrical resistivity of HM.

(2)

where MTJwidth is the width of the MTJ, HMthick is the thickness of the
HM, 𝜆sf is the spin ﬂip length of the HM, and 𝜃SHE is the SHE angle.
This equation is valid for SHE-MTJ devices in which the length of the
MTJ equals the width of the HM. The critical spin current required for
switching the free layer magnetization orientation is expressed by (3)
[36].
IS,critical = 2q𝛼 MS VMTJ (Hk + 2𝜋 MS ) ∕h

𝜏0 ln (𝜋∕2𝜃0 )

(
)
RHM = 𝜌HM .HMlength ∕HMwidth × HMthick

(6)

In this paper, we have utilized the approach proposed in Ref. [32]
to model the behavior of SHE-MTJ and STT-MTJ devices, in which a
Verilog-AMS model is developed using the aforementioned equations.
Then, the model is leveraged in SPICE circuist simulator to validate
the functionality of the designed circuits using experimental parameters
listed in Table 2. A qualitative summary and comparison for all of the
MTJ bit-cells described in this Subsection is listed in Table 1.

(3)

where VMTJ is the MTJ free layer volume. Thus, the SHE-MTJ critical
charge current can be calculated using (2) and (3). The relation between
SHE-MTJ switching time and the voltage applied to the HM terminals
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Fig. 3. (a) PV map of a 4-core CMP die, (b) Determining
the preferred SA circuit based on post-fabrication sub-bank
resiliency assessment to PV.

of maps generated by VARIUS with resolution of 1000 × 1000 sample
points. As depicted in Fig. 3, diﬀerent colors on each point in the map
present diﬀerent degrees of PV on the die. Furthermore, according to
the placement of LLC components, the degree of PV is calculated within
the ﬂoorplan.

2.3. Extracting the Process Variation parameters
The imprecise fabrication process in nano-scale technology results
in PV. The impact of PV on CMOS-based logic circuits and memory
storage is a combination of systematic variations which are mostly caused
by lithographic aberrations [37,38] and random variations induced by
random doping ﬂuctuations [38,39]. The eﬀect of systematic variations
is spatially correlated among the eﬀective gate length, Leﬀ , while the
threshold voltage, Vth , is inﬂuenced by random variations. The MTJ
resistance is primarily changed due to PV impact on MgO thickness and
MTJ shape [14]. In our PV model, we assume that the cache tag and
peripherals (e.g., row decoder, column decoder, row buﬀer and SAs) are
fabricated at the CMOS layer while memory cells are realized through
MTJ devices. Since the MTJs are vertically stacked on top of the CMOS
layer and these components are tightly coupled to realize the function
of STT-MRAM, the read sensing margin varies based on the eﬀect of PV
on that particular region of the die. Accordingly, PV parameters listed
in Table 2 are adopted from the previous measurements reported in
Refs. [32,40,41] to model both CMOS and MTJ variations in VARIUS
[42] which is based on statistical analysis tool R [43] and geoR package
[44].
In order to model PV eﬀects on each sub-bank data array as accurate as possible, we randomly select one PV map among a large pool

2.4. Fault model associated with sensed data
As shown in Fig. 3a, the cache bank ﬂoorplan of the STT-/SHEMRAM layer is superimposed on the map. In our SOS approach, each
cache bank is partitioned into 16 sub-banks. The size of each sub-bank
is matched with the word size, which is 32-bit in our case study, to minimize the tag energy consumption. Additionally, an extra bit is considered for each sub-bank, which will identify the appropriate SA for each
sub-bank. In order to appropriately assert the aforementioned extra bit
for each sub-bank, a POST is required. Similar to MARCH Test [45],
POST will be used to ﬁnd the PV-induced faults across each sub-bank.
Due to the fact that the STT-/SHE-MRAM peripheral circuit as well as
the tag can be placed in the CMOS layer, the SRAM March Test can be
used as POST. Independent of alternative fault models that can impact
the stored value in STT-MRAM cells [46], overlooking PV eﬀects during SA design may result in the sensed data being diﬀerent from the
actual stored data value while the read operation is taking place. This

Table 3
Related architecture designs comparison table.
Design

Device Tech./LLC Capacity

Cache Partitioning

Adaptation

Contribution

MOSAIC [47]

eDRAM/1MB

N/A

Partial

PVA-NUCA [48]

STT-MRAM/8MB

N/A

Partial

SOS

STT-MRAM/4MB

Horizontal

Partial

Split the eDRAM unit into tiles tiles and proﬁle the retention time
of each tile, program the refresh mechanism via embedding small
counters in the cache controller.
Propose Process Variation Aware Non-Uniform Cache Access (PVANUCA) technique for large STT-MRAM cache design.
SOS chooses between a reliable and an energy-eﬃcient SA and
assigns a preferred SA to each sub-bank to maximize energyeﬃciency and reliability.
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Fig. 4. (a) Pre-Charge Sense Ampliﬁer and (b) Separated Pre-Charge Sense Ampliﬁer. MRAM Data is the STT-MTJ or SHE-MTJ that is used to store the data and MRAM Ref. is the
reference STT-MTJ or SHE-MTJ that is used for the read operation. During the read operation the resistance of the MRAM Data cell will be compared against the MRAM Ref. cell.

work concentrates on the faults that are caused by incorrectly sensed
data. To be speciﬁc, we classify the outcomes of SA operation to the
following categories for broad adaption:

• True Data Sensing (TDS): The sensed data value is identical to the
value stored in the STT-MRAM cell.

• False Data Sensing (FDS): The sensed data value diﬀers from the
value stored in the STT-MRAM cell. FDS can be further classiﬁed to
vulnerable FDS (VFDS) and non-vulnerable FDS (NVFDS).
– Vulnerable FDS (VFDS): The sensed false data propagates out
of cache, either consumed by the process or committed to other
levels of memory [19].
– Non-Vulnerable FDS (NVFDS): The replica copy of the sensed
false data in the upper levels of cache will be overwritten by a
write operation prior to being consumed. During a block eviction,
replica data is written back to the lower levels of cache if it is a
dirty victim block. Thus, this benign fault does not threaten the
semantic correctness.

Fig. 5. The proposed MSA-SOS architecture.

erature [12]. In order to beneﬁt from the positive features of each of
these SAs, we propose the Merged Sense Ampliﬁer (MSA), which utilizes each device’s properties to increase the performance and reliability
of the memory. The proposed MSA architecture schematic is illustrated
in Fig. 5.
The process of assigning preferred SA to each sub-bank in MSA is
shown in Algorithm 1. In MSA design, for every line in the LLC and
for each sub-bank a POST will be performed. The POST determines
the number of errors, which in our case will be the number of output
values that are not matching the expected output value. After the POST
process, based on the number of incorrect outputs for each sub-bank in
every line of LLC, the preferred SA for each sub-bank will be selected
and assigned. The preferred SA is assigned to each sub-bank using a
select input in the circuit called MODE that chooses between the two
SAs based on assigned bit set value as shown in Fig. 5.
The proposed MSA further improves the energy consumption by
gating the SEN signal while the PCSA or SPCSA is not being used. In
other words, when one SA turns on the other SA’s SEN signal will be
connected to GND, which results in OUT and OUT to be 1 at all times
as shown in Fig. 5. Since PCSA consists of fewer CMOS transistors,
it oﬀers enhanced performance in terms of sensing delay and Energy
Delay Product (EDP) compared to SPCSA.
As shown in Fig. 4a, in PCSA, during the pre-charge stage, SEN signal is low, turning MN2 oﬀ while turning MP0 and MP3 on. This will
pre-charge the output nodes OUT and OUT to VDD. As a result, MN0 and
MN1 will turn on while MP1 and MP2 are still oﬀ. As soon as the sensing stage begins, MP0 and MP3 turn oﬀ and MN2 turns on. As a result,

As discussed earlier, due to the eﬀects of PV on both conventional and emerging semiconductor technologies, the sense margin can
severely ﬂuctuate, resulting in possible false detection scenario and
increased bit error rate [13]. This issue has increased the demand for
designing advanced low-power and reliable sensing circuits which can
be integrated into PV-resilient system architectures while providing
required sensing margin. Our proposed circuit-architecture cross-layer
technique, referred to as SOS, partitions STT-/SHE-MRAM data arrays
into several sub-banks to directly access requested data while introducing individualized sensing resolution. Sub-banks are evaluated and
tagged during an initial POST phase to identify the preferred SA for
that particular sub-bank. Hence, SOS reduces the risk of contaminating
the application’s data structure by fault propagation. Table 3 compares
the contribution of our proposed technique with two most recent works
from the architecture design point of view.
3. Proposed SOS design
3.1. Self-Organized Sub-banks (SOS)
An overview of the SA operations, as well as SAs energy, latency,
and reliability analysis is provided in Ref. [12]. PCSA, as shown in
Fig. 4a, and SPCSA, as shown in Fig. 4b, are two of the most commonlyused SAs for resistive memories that exhibit improved energy-eﬃciency
and reliability, respectively, compared to other SAs proposed in the lit298
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based on the diﬀerence between MTJ0 and MTJ1 resistance, which is
determined by the magnetization orientation of their free layer compared to their ﬁxed layer, one of the two output nodes begins to discharge more rapidly to GND, leading either MP1 or MP2 to turn on and
charge the other output to VDD.

paths in SPCSA. SPCSA oﬀers a more reliable design, which is less vulnerable to PV, due to the fact that in the discharge paths where MTJ0
and MTJ1 are placed, SPCSA has fewer active transistors during the
sensing stage compared to PCSA as depicted in Fig. 4a and b. This

Algorithm 1 SOS Approach to Assign Preferred SA to Sub-bank.

As shown in Fig. 4b, in SPCSA, during the pre-charge stage, SEN
signal is low, turning MN4 oﬀ while turning MP0, MP1, MP4, and MP5
on. This will pre-charge the output nodes OUT, OUT, Node0, and Node1
to VDD. As a result, MN0 and MN1 will turn on while MP2, MP3, MN2,
and MN3 are still oﬀ. As soon as the sensing stage begins, MP0, MP1,
MP4, and MP5 turn oﬀ and MN4 turns on. As a result, in the secondary
discharge path, based on the diﬀerence between MTJ0 and MTJ1 resistance, which is determined by the magnetization orientation of their
free layer compared to their ﬁxed layer, one of the two intermediary
output nodes Node0 or Node1 begins to discharge more rapidly to the
GND. This will lead one of the INV0 or INV1 output to turn on MN2 or
MN3, respectively, which will then cause the primary discharge path to
activate and discharge one of the output nodes OUT or OUT more rapidly
to the GND, resulting in either MP2 or MP3 to turn on and charge the
other output to VDD.
SPCSA and PCSA functionality follow the same approach. However,
the main diﬀerence between SPCSA and PCSA is the separate discharge

redesign of the SA introduces an elevated sense margin, which in turn
results in a decreased Bit Error Rate (BER). Nonetheless, the reduced
BER comes with the cost of utilizing a greater number of transistors in
the SPCSA design which incurs higher energy consumption.
Using the POST enables us to ﬁnd the appropriate MODE signal assignment within the time complexity of SRAM March Test,
which is O(n) [45]. If the input MODE is asserted then the circuit will operate in PCSA mode. On the other hand, if MODE is deasserted, it will change the operation of the circuit to SPCSA mode.
In order to further reduce the PV eﬀect on the reference cell, we use
(MTJP + MTJAP )‖(MTJP + MTJAP ) conﬁguration for MTJ1 that will
result in increased sense margin which is (MTJP + MTJAP )/2 and
increases the PV immunity of the SA [49]. The transition waveforms
of the output of all designs are provided in Fig. 6 in which the two
operations of the proposed SOS designs are shown. Furthermore, Fig. 7
shows the detailed operation waveform of the MSA in PCSA and SPCSA
modes.
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the fabricated device. In particular, based on the modeling approach
introduced in Section 2, variation of 1% and 10% for the MTJs’ TMR is
assessed via MC simulation. TMR variation is mainly caused by the ﬂuctuations in oxide thickness of MRAM device during the fabrication process. In Ref. [51], authors have ﬁtted the experimental data measured in
Ref. [52] to an exponential curve to obtain the eﬀect of oxide thickness
(tOX ) variation on TMR values. The relation between the tOX and TMR is
(1 − e(−K3.tOX ) ), where
expressed by following equation, TMR = K1 − K2
K3
K1 = −8109.436, K2 = −37145, and K3 = 4.45 are ﬁtting parameters.
In this manuscript, we have considered a speculative variation of 1%
for oxide thickness, which can result in a range of 1%–10% TMR variations. This can cover the full range of possible variations enabling a
comprehensive PV analysis.
As introduced in this paper, Bit Error Rate (BER) is calculated based
on the number of wrong output bits divided by all the input bits applied
in both P and AP states. The results for the MC simulations listed in
Tables 5 and 6 indicate that MSA operating in SPCSA mode oﬀers
improved performance in terms of reliability and PV immunity compared to MSA operating in PCSA mode due to its reduced BER. The
values provided in Tables 5 and 6 are the average BER values of P
and AP states’ sensed output obtained from simulating a 1-bit memory cell. The results listed in Table 4 indicate that MSA operating in
PCSA mode attains 5-fold improvement over MSA operating in SPCSA
mode on average in terms of EDP. This is due to a reduction of 1.57μW
in power dissipation and an improvement of 9ps in delay, on average,
oﬀered in PCSA. On the contrary, as the results listed in Table 5 indicate, MSA operating in SPCSA mode increases the reliability by having
4.5% reduced BER considering TMR = 100% on average due to PV,
compared to MSA operating in PCSA mode. Furthermore, based on the
results listed in Table 6, by optimizing the reference MTJ and using
(MTJP + MTJAP )‖(MTJP + MTJAP ), which oﬀers a better sense margin
by providing (MTJP + MTJAP )/2, the BER can be reduced by 6% on
average considering TMR = 100%. Based on the results of the MC simulation, it is clear that larger TMR values, can improve the sense margin
and reduce the impact of variation on sensing output.
The values provided in Figs. 8, 9 and 10 are the average BER
values of P and AP states’ sensed output obtained from simulating
a single bit cell Figs. 8a, 9a, and 10a. show the 10,000 MC simulation results, where MTJP = 3.2 KΩ, MTJref = 5.7 KΩ, and MTJAP =
6.4 KΩ for TMR = 100% Figs. 8b, 9b and 10b. show similar results for
MTJref = (MTJP + MTJAP )/2. Considering 1% and 10% variations on
TMR, 10% variation on the threshold voltage of the transistors, 1%
variation on Width (W) and Length (L) of the transistors, (W∕L)P ratio
of 2 and 4, and (W∕L)N ratio of 1 and 2, the results show that in
TMR of 100% on average SA designs with increased transistor sizes

Fig. 6. Transition waveforms of MSA.

In order to extract the read operation simulation results and calculate the power and performance of a 1-bit MSA, the 22 nm Predictive
Technology Model (PTM) [50] is used along with SPICE. All PMOS and
NMOS transistors are considered minimum size except transistors used
in INV0 and INV1. Since INV0 and INV1 are vital to the reliability of
the circuit, we have optimized the size of their transistors to maintain
width to length ratio of 4 to provide reliable functionality. The design
parameters values and their standard deviation, used in PV analysis, are
listed in Table 2. Each design is analyzed in an ideal case where no PV
is taken into consideration, as well as Monte Carlo (MC) simulation in
the presence of PV. The results for the analysis of ideal case are listed in
Table 4. Results listed in Table 4 indicate that MSA operating in PCSA
mode, outperforms MSA operating in SPCSA mode, however, suﬀers
more from PV, which will be discussed later in this Section. Additionally, as listed in Table 4, STT-based and SHE-based MTJ read operations
oﬀer similar performance. According to our results, considering TMR
100%, the sense margin of the MSA in PCSA mode is 587 mV and in
SPCSA mode is 625 mV. Furthermore, in order to ensure that the current passing through the MTJ during the read operation do not change
its state, we have measured the average MTJ read current, IMTJ , for
proposed SA circuits. The obtained results exhibited an IMTJ of 0.05 μA
that is signiﬁcantly smaller than the switching critical current. Thus,
the current passing through the MTJ during the read operation is not
suﬃcient for changing the magnetic orientation of the free layer.
Furthermore, reliability analysis is performed using 10,000 MC simulation samples considering PV for CMOS peripheral circuit as well as
MTJ devices in order to cover the range of cases that may occur in

Fig. 7. Simulation waveform of MSA in (a) PCSA mode and (b) SPCSA mode.
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Table 4
Simulation Results with no PV considering TMR = 100%.
Design

Area (Device Count)

Anti-Parallel

PMOS

NMOS

MTJ

Delay(ps)

Power (μW)

EDP (fJ*ps)

Delay (ps)

Prallel
Power (μW)

EDP (fJ*ps)

STT

MSA-PCSA
MSA-SPCSA

4
8

3
5

2
2

17.79
27.26

0.7267
2.2960

12.93
62.59

16.86
25.44

0.7026
2.2690

11.85
57.72

SHE

MSA-PCSA
MSA-SPCSA

4
8

3
5

2 + HM
2 + HM

17.98
27.37

0.7275
2.3040

13.08
63.05

14.02
23.37

0.7049
2.2520

9.883
52.63

Table 5
BER MC simulation results for 10,000 samples for conventional MTJref .
Design

BER(%)(𝜎 TMR = 1%, 𝜎 Vth = 10%)

MSA-PCSA
MSA-SPCSA

TMR = 100%
25.19
20.76

TMR = 150%
14.395
8.415

Design

BER(%)(𝜎 TMR = 10%, 𝜎 Vth = 10%)

MSA-PCSA
MSA-SPCSA

TMR = 100%
25.475
20.955

TMR = 150%
14.74
8.78

TMR = 200%
8.895
4.325

TMR = 250%
6.835
3.645

TMR = 300%
6.225
3.595

TMR = 350%
6.125
3.59

TMR = 200%
9.11
4.445

TMR = 250%
7.095
3.745

TMR = 300%
6.505
3.67

TMR = 350%
6.35
3.66

provide 8.9% and 13.6% reduced BER for MTJref = 5.7 KΩ as shown in
Fig. 8a and MTJref = (MTJP + MTJAP )/2 as shown in Fig. 8b, respectively, compared to minimum size transistors. The results also exhibit
further reliability improvement considering TMR of 150% where SAs
with increased transistor sizes provide 9.3% and 9.4% reduced BER for
MTJref = 5.7 KΩ as shown in Fig. 9a and MTJref = (MTJP + MTJAP )/2
as shown in Fig. 9b, respectively, compared to SAs with minimum transistor sizes. Additionally, considering TMR of 200% further improvements in reliability is observed. The BER for SAs with increased transistor sizes is reduced by 5.9% and 5.4% on average for MTJref = 5.7 KΩ
as shown in Fig. 10a and MTJref = (MTJP + MTJAP )/2 as shown in
Fig. 10b, respectively, compared to SAs with minimum transistor sizes.

3.2. Write circuit design and analysis
In this section, various write schemes are investigated for switching
the states of the STT-MTJ and SHE-MTJ devices. Herein, we have simulated the write circuits using SPICE circuit simulator in 22 nm PTM
library [50] using 1.0 V nominal voltage. To provide a fair comparison,
the size of the write transistors are enlarged six fold to produce a write
current greater than the critical current for all of the investigated bit
cells. Herein, we have utilized a chain of four inverters to drive Bit Line
(BL), Source Line (SL), and Word Line (WL). Each successive inverter is
twice as large as the previous one.

Table 6
BER MC simulation results for 10,000 samples for MTJref = (MTJP + MTJAP )/2.
Design

BER(%)(𝜎 TMR = 1%, 𝜎 Vth = 10%)

MSA-PCSA
MSA-SPCSA

TMR = 100%
23.65
17.545

TMR = 150%
14.455
8.325

Design

BER(%)(𝜎 TMR = 10%, 𝜎 Vth = 10%)

MSA-PCSA
MSA-SPCSA

TMR = 100%
23.755
17.65

TMR = 150%
14.705
8.695

TMR = 200%
8.415
3.38

TMR = 250%
4.885
1.18

TMR = 300%
2.53
0.385

TMR = 350%
1.405
0.1

TMR = 200%
8.805
3.585

TMR = 250%
5.08
1.325

TMR = 300%
2.68
0.49

TMR = 350%
1.46
0.175

Fig. 8. Average BER for TMR = 100%, 𝜎 TMR = 1% & 10%, 𝜎 Vth = 10%, W/L(PMOS) = 2 & 4, W/L(NMOS) = 1 & 2, MTJP = 3.2 KΩ, (a) MTJref = 5.7 KΩ, and (b)
MTJref = (MTJP + MTJAP )/2.
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Fig. 9. Average BER for TMR = 150%, 𝜎 TMR = 1% & 10%, 𝜎 Vth = 10%, W/L(PMOS) = 2 & 4, W/L(NMOS) = 1 & 2, MTJP = 3.2 KΩ, (a) MTJref = 5.7 KΩ, and (b)
MTJref = (MTJP + MTJAP )/2.

Fig. 10. Average BER for TMR = 200%, 𝜎 TMR = 1% & 10%, 𝜎 Vth = 10%, W/L(PMOS) = 2 & 4, W/L(NMOS) = 1 & 2, MTJP = 3.2 KΩ, (a) MTJref = 5.7 KΩ, and (b)
MTJref = (MTJP + MTJAP )/2.

which includes one TG for write and one transistor for read operation.
The results provided in Table 8 shows that 1TG-1T-1R bit cell is the
most energy-eﬃcient design with signiﬁcantly improved EDP values.
According to the results, 1TG-1T-1R oﬀers 1.6-fold improved EDP compared to 2T-1R and roughly 1.7-fold improved EDP compared to 7T-1R
design.
We have also examined the performance of the introduced SHEMRAM bit cells in presence of variations in HM dimensions (𝜎 HM) and
transistors’ threshold voltage (𝜎 Vth ). These two types of PVs have the
most impact on the produced write current. Fig. 13 shows the produced
write current ﬂuctuations versus 𝜎 HM and 𝜎 Vth . The results exhibit
that the 7T-1R bit cell is the most variation-resilient design with less
than 8% variation for the worst case scenario investigated herein, i.e.
𝜎 HM = 10% and 𝜎 Vth = 10%. In 7T-1R bit cell, the size of the transistors should be tripled to generate a write current greater than switching
critical current. Although this leads to a signiﬁcant area overhead, it
can enhance the PV-tolerance since increasing the size of the transistors
is one of the most commonly-used methods to improve the variation
resistance [54].

3.2.1. STT-MRAM write schemes
Fig. 11(a) and (b) show energy-aware STT-MRAM bit cell circuits
inspired by the designs proposed by Ben-Romdhane et al. [53] and Zand
et al. [34], respectively. The transmission gate (TG)-based write circuit
leverages the near-optimal full-swing switching behavior of TGs to provide a high amplitude write current, which leads to a high speed switching. The simulation results listed in Table 7 indicate the advantage of
TG-based STT-MRAM bit cell circuit (1TG-1R) compared to conventional 1T-1R circuit and the write scheme proposed by Ben-Romdhane
et al. [53]. According to the results listed in Table 7, 1TG-1R design
provides roughly 1.7-fold improved EDP compared to 1T-1R design and
1.5-fold improved EDP compared to the design proposed in Ref. [53].
3.2.2. SHE-MRAM write schemes
Despite the advantages of conventional STT switching approaches,
their main challenge is relatively high switching delay and energy
consumption. SHE-assisted STT switching mechanism have been introduced as an alternative for conventional STT switching enabling signiﬁcantly reduced switching energy. Herein, we have leveraged two
bit cells proposed by authors in Ref. [34] for switching the SHE-MTJ
devices. Fig. 12a shows a 7T-1R bit cell requiring two read transistors
and ﬁve write transistors. The 7T-1R bit cell has a completed current
path from VDD to GND via the transistors and the HM. Since the BL and
the SL are electrically isolated from the current path, the strengths of
the BL and SL drivers do not need to be considered for the write operation. This makes 7T-1R an energy-eﬃcient design, however it incurs
signiﬁcant area overhead. A 1TG-1T-1R bit cell is shown in Fig. 12b

4. Architecture-level simulation results
In order to fully evaluate the SOS approach’s eﬃcacy, both circuitlevel and architectural-level analysis are necessary. In Sections 3.1 and
3.2, circuit-level analysis is provided for the read and write operations, respectively. The evaluation parameters used in order to model
and extract the simulation results for circuit-level analysis are listed in
302

S. Salehi et al.

Integration, the VLSI Journal 65 (2019) 293–307
Fig. 11. (a) 7T-1R [53] STT-MRAM Bit-cell, (b) 1TG-1R STTMRAM Bit-cell.

Table 7
Write characteristics for various STT-MRAM bit-cells.
Features
Parallel (P) to Anti-Parallel (AP)

Anti-Parallel (AP) to Parallel (P)

Current (μA)
Delay (ns)
Power (μW)
Current (μA)
Delay (ns)
Power (μW)

Average Energy (fJ)
Energy Delay Product (EDP) (fJ × ns)
Average EDP Improvement

7T-1R
2T-1R

1T-1R

7T-1R [53]

1TG-1R

136.3
3.67
137
81.36
5.73
82.13

118.1
4.5
119.1
110.2
3.95
111.2

172.3
2.7
181.5
134.3
3.1
143.46

486.7

487.6

467.4

2270.9
–
–

2073.4
–
8.7%

1350.9
34.8%
40.5%

4.1. Energy Delay Product (EDP)

Table 2 and for the architectural-level, the analysis parameters listed in
Table 9 are utilized. In our analysis method, ﬁrst the circuit-level simulation is performed in order to extract the required parameters for a
single bit-cell and then these parameters are forwarded to architecturelevel simulators, GEM5 [55] and NVSim [56], to extract system-level
results.
In this Section, the EDP is calculated for read and write memory
operations in each cache access based on the results from Sections
3.1 and 3.2. PARSEC benchmarks suite [18] executed on modiﬁed
MARSSx86 which supports asymmetric cache read and write from distinct cache banks to extract the evaluation parameters of diﬀerent cache
designs during program execution. We model a Chip Multi-Processor
(CMP) with four single-threaded × 86 cores. Each core consists of private L1 cache, and shared LLC among all the cores. Eleven workloads
are executed for 500 million instructions starting at the Region Of Interest (ROI) after warming up the cache for 5 million instructions. The
simsmall input sets are used for all PARSEC workloads [18].

In order to clarify the advantage of using SOS equipped with SHE
devices for read and write operations, four LLC designs are compared
in terms of EDP. The conventional STT-MRAM based LLC utilizes PCSA
in its organization to maintain the consumed power as low as possible.
On the other hand, SOS improves the sense margin of high-PV impacted
regions of LLC through SPCSA employment. Even though SPCSA sacriﬁces energy eﬃciency to oﬀer higher reliability, the amount of additional consumed energy due to the utilization of SPCSA can be alleviated by SOS technique. To be speciﬁc, SOS neutralizes the high energy
consumption of SPCSA via assigning low-power PCSA array to the LLC
regions that are impacted by PV negligibly. The eﬀect of this compensation has been shown in Fig. 14 whereby the EDP of SOS technique and
the design that beneﬁt exclusive SPCA is approximately even across all
benchmarks.

Fig. 12. (a) 7T-1R SHE-MRAM Bit-cell, (b) 1TG-1T-1R SHEMRAM Bit-cell.
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Table 8
Write characteristics for various SHE-MRAM bit-cells.
Features
Parallel (P) to Anti-Parallel (AP)

Anti-Parallel (AP) to Parallel (P)

Current (μA)
Delay (ns)
Power (μW)
Current (μA)
Delay (ns)
Power (μW)

Average Energy (fJ)
Energy Delay Product (EDP) (fJ × ns)
Average EDP Improvement

7T-1R
2T-1R

Normalized Area Compared to 2T-1R

2T-1R

7T-1R

1TG-1T-1R

138.7
2.25
139.4
112.4
2.85
113.1

119.8
2.63
120.9
119.8
2.63
120.9

181.7
1.61
190.8
176.9
1.66
186.1

317

318

308

812.18
–
–

836.25
–
8.7%

503.7
34.8%
40.5%

1

10.1

2.88

incident is conspicuous for write-intensive workloads such as facesim,
ferret, and vips where the ratio of write accesses to the LLC is significantly more than read accesses. On average, SOS-1TG1T1R decreases
the EDP by 39% compared to SOS-7T1R, leading to the considerable
performance improvement and energy consumption reduction.
4.2. Empirical analysis of fault model associated with sensed data
The memory accesses to the LLC blocks has unprecedented pattern
for each class of workloads. This means that some cache lines in the
banks may experience a large number of read operations while others
may be accessed by frequent write operations. This non-uniform access
can be problematic when the read-intensive cache lines are placed into
a high PV-impacted region of a bank, which results in increasing the
ratio of VFDS for that particular workload. SOS reduces the ratio of
VFDS by assigning high-reliable SA to the high-PV impacted sub-banks
while substantially reducing the energy consumption overhead associated with read operations through low-power SA assignment to low-PV
impacted sub-banks.
Fig. 15 illustrates the comparison of distribution of read operation
reliability between LLC equipped with conventional STT-MRAM, SOS
circuit strategy, and diﬀerent SHE devices. We assume that the PV
map for each cache bank is similar to the ﬂoorplan shown in Fig. 3.
Based on the position of accessed sub-bank in the ﬂoorplan, diﬀerent
PV ratios are applied during fault analysis of the workloads. To be
speciﬁc, if a sub-bank experiences a high amount of PV, the probability that the data will be sensed incorrectly is high. Our experimental results indicate that the PV eﬀect may incur around 27.5% of the

Fig. 13. Write current variations versus 𝜎 Vth for 𝜎 HM = 10%.

The high write energy overhead for storing a value into STT-MRAM
cell incurs signiﬁcant energy overhead in both conventional STT-MRAM
and SOS while SHE devices utilized in SOS-7T1R and SOS-1TG1T1R
signiﬁcantly reduce the required write energy. In particular, the EDP
of each memory cell in SOS-1TG1T1R is less than SOS-7T1R according to the basis presented in Section 3.2. Thus, the EDP of LLC entailing
1TG1T1R in its arrangement is signiﬁcantly less than other designs. This

Table 9
Architecture parameters.

RL: Read Latency, WL: Write Latency, RE: Read Energy, WE: Write Energy, LP: Leakage
Power.
Area using the MSA)
∗: Area overhead reﬂects the overhead of SA and calculated as: ((Area
using the PCSA)

∗∗: Since STT-MTJ and SHE-MTJ are fabricated on top of the CMOS circuitry, the area of
the STT-based and SHE-based SOS are identical.
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Fig. 14. EDP comparison for STT-MRAM, SOS, SOS-7T1R, and SOS-1TG1T1R.

Fig. 15. Distribution of read operation reliability. The rightmost bars for each workload show the SOS equipped with SHE (7T1R) and SHE (1TG1T1R), respectively.

sensed data to be read incorrectly from which 21.5% are extremely vulnerable which implies that about one ﬁfth of the overall sensing operations have the potential to contaminate the application’s data structure. If this rate of sensed data is not accommodated, it may induce
application crashes or prolong the program execution. Based on the PV

map and the access pattern shown in diﬀerent class of benchmarks, we
observed that the proportion of read operations and dirty victim blocks
residing in LLC in blackscholes and canneal workloads, are more
than write operations which results in the increased VFDS. Furthermore, the streamcluster workload is a read-intensive application in

Fig. 16. (a) PCSA Layout, (b) SPCSA Layout, (c) MSA Layout, and (d) Layout Legend.
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which more than 85% of memory operations are read accesses which
increases the chance for enduring higher VFDS.
The probability of sensing incorrect data is addressed through leveraging PV-resilient SAs array (SPCSA) in the SOS approach whenever
the sub-bank’s PV ratio is more than a predeﬁned threshold. Namely,
the VFDS in the SOS design is reduced by 82% on average compared to
LLC with conventional STT-MRAM. The VFDS of write-intensive benchmarks such as ferret and vips is 15.87% and 14.35%, respectively
which is substantially less than the VFDS of read-intensive benchmarks
such as streamcluster (34.93%).
Additionally, SOS considerably improves the TDS of readintensive benchmarks. In particular, we observed that the TDS of
streamcluster can improve by 32.43% using SOS. However, this
improvement is not signiﬁcant for write-intensive benchmarks. For
example, SOS improves the TDS of vips workload by 17.87% which is
almost half of the improvement observed in read-intensive workloads.
In overall, the mean TDS is improved from 72.5% to 95% across all
workloads via SOS utilization. MSA oﬀers improved reliability and performance, while maintaining a small footprint of 1.7 μm2 as depicted
in Fig. 16c. Additionally, MSA incurs about 7.5-fold and 2.2-fold area
overhead compared to PCSA and SPCSA, respectively, as shown in
Fig. 16.
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5. Conclusion
In conclusion, in order to elevate the reliability and energy eﬃciency of emerging NVMs a novel a circuit-architecture cross-layer
approach called SOS is developed and evaluated. SOS organizes the
NVM banks into sub-banks and utilizes two diﬀerent SAs for read operation. An algorithm is designed to assign appropriate SA to each subbank based on the PV-based reliability measures of each sub-bank so
that a high-resilient SA will be assigned to the sub-banks with high
BER and an energy-eﬃcient SA will be assigned to those sub-banks that
are adequately reliable based on the results acquired from the POST.
Additionally, since STT-MRAM suﬀers from high dynamic energy consumption mostly due to the write operation, SHE-MRAM is used as
a replacement, which oﬀers better write operation performance compared to STT. Furthermore, several diﬀerent write schemes for SHEMRAM is explored and among those, a high-resilient design, 7T1R,
and an energy-eﬃcient design, 1TG1T1R, are chosen to be combined
with SOS approach for further improvements of reliability and energy
eﬃciency. In particular, SOS-1TG1T1R outperforms SOS-7T1R in terms
of EDP by 1.7-fold, however SOS-7T1R provides increased reliability
by providing less than 8% variation in the worst case scenario. Moreover, in order to analyze the impact of the sensed data on the execution
ﬂow of the workload, a classiﬁcation is provided, which determines the
eﬃciency of SOS approach to accommodate critical read operations.
According to our benchmark application, SOS signiﬁcantly reduces the
VFDS, while maintaining similar energy consumption proﬁle compared
to LLC with conventional SAs. Proposed SOS approach reduces the vulnerability of the read operation by 40% on average, which signiﬁcantly
reduces the fault propagation. As a result, overall reliability of the system will be improved by leveraging PV attributes to match with data
usage characteristics.
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