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Stochastic computing (SC) is a probabilistic computing method that benefits from high noise resiliency and can perform complex
arithmetic functions with a small number of logic gates, thus making it a promising solution for next generation neuromorphic systems.
However, generating random bit-streams using CMOS based technologies requires a large number of transistors, thus drastically
increasing the total computation delay and energy consumption. In our previous work, we presented a solution where stochastic
computation and stochastic bit generation were embedded within the same memory cell using a spintronic based in-memory computing
architecture called computational random access memory, which we called SC-CRAM. In this work, we evaluate and compare the
performance of SC-CRAM between spin transfer torque (STT) and spin orbit torque (SOT) switching mechanisms using key parameters
of magnetic tunnel junctions from the research labs, the current industry standards, and the project performance metrics. Our
calculations showed that, based on current trends, the performance of SC-CRAM can be further optimized by utilizing the SOT switching
mechanism when the tunneling magnetoresistance ratio of the magnetic tunnel junction pillars increases and the resistance-area product
of the pillars is minimized. SC-CRAM benefits from high noise resilience and small array sizes and our results demonstrate that the its

performance metrics can be enhanced.

Index Terms—In-memory computing, magnetic tunnel junctions, spin orbit torque, spin transfer torque, stochastic computing.

|. INTRODUCTION

H ARDWARE REALIZATION of Dbiologically plausible
neuromorphic computing algorithms is very difficult, and
in some cases impossible, on modern computing platforms.
This is due to the large number of transistors required to
perform neuronal and synaptic tasks as well as the large
latencies and energy dissipation caused by the Von-Neumann
bottleneck [1]. There are certain neuromorphic tasks, such as
recognition, classification, and prediction, that do not require
high mathematical precision, but rather, require extracting key
information and approximations from large data sets. Therefore,
recent studies have examined beyond CMOS technologies and
information encoding schemes as alternatives to the current
CMOS based computing platforms for various neuromorphic
applications [2-4]. In particular, various probabilistic
computing schemes have been attractive solutions for these
types of tasks since these methods are highly resilient to noise
and small variations in the input data [5]. Spintronics is a branch
of beyond CMOS technologies [6-7] that are promising
solutions for probabilistic computing schemes and have been
proposed as random number generators [8-11].

One particular probabilistic computing scheme that has
shown to be promising for neuromorphic computing
applications is stochastic computing (SC) [12]. In SC, each real-
valued number x (0 < x < 1) is represented by a sequence of
random bits, each of which has probability x of being one and
probability 1 — x of being zero. These bits can either be serial
streaming on a single wire or in parallel on a bundle of wires.
When serially streaming, the signals are probabilistic in time;
when in parallel, they are probabilistic in space. Consider the
operation of multiplication implemented in SC. It consists of
but a single AND gate. The inputs are two independent input

stochastic bit streams A and B. The number represented by the
output stochastic bit stream C is
c=P(C=1)=P(A=1landB =1) D
=PA=1DPB=1)=a-b
The probability of getting a one at the output, P(C = 1), is
equal to the probability of simultaneously getting ones at the
inputs, namely, P(A = 1) times P(B = 1). So the AND gate
multiplies the two values represented by the stochastic bit
streams. Consider the operation of addition implemented in SC.
It is not feasible to add two probability values directly; this
could result in a value greater than one, which cannot be
represented as a probability value. However, we can perform
scaled addition with a multiplexer (MUX), a digital construct
that selects one of its two input values to be the output value,
based on a third “select” input value. Call the select input S and
the two data inputs A and B. When S = 1, the output C = A.
Otherwise, when S = 0, the output C = B. With the assumption
that the three input stochastic bit streams A, B, and S are
independent, the number represented by the output stochastic
bit stream C is
c=P(C=1)
=P =1landA=1)+P(S=1landB =1) 2
=PS=1DPA=1)+P(S=0PB=1)
=sa+(1—-s)b
Not only can SC perform arithmetic functions with a small
number of gates, but it is also very noise resilient [17-19]. Some
studies have shown that it can perform image filtering tasks
even under conditions with 30% bit flips [17]. One of the key
disadvantages of SC using CMOS based random number
generators is the large number of transistors required to
generate high quality random numbers. In some cases, random
number generation can account for 80% of the total circuit area
and total energy consumption [17]. One possible solution is to
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Fig. 1. Diagram for (a) STT CRAM cell, (b) STT CRAM array, (¢) SOT CRAM cell, and (d) SOT CRAM array.

TABLE 1
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Rapr) = MTJ resistance in the AP(P) state. Ro = MTJ resistance of preset state of output MTJ. Rsue = resistance of the spin Hall channel. VST = STT critical

switching voltage. V™" = SOT critical switching voltage.

replace CMOS based random number generators with
spintronic based ones. Previous studies have exploited the
intrinsic stochasticity of magnetic tunnel junctions (MTJs) in
order to generate stochastic bit-streams using a single nano-
device [20-21] rather than using a large number of transistors
required for CMOS based random number generators. While
these solutions significantly reduce the area cost of generating
stochastic bits, external circuitry and additional computation
steps are still required.

To avoid this short-coming, SC was implemented using the
computational random access memory (CRAM) architecture,
which is a spintronics based memory platform capable of
performing logic operation directly within the memory cell [22-
23]. CRAM was first proposed in refs. [22-23] and
demonstrated based on the STT-RAM array recently [24].
Performing SC operations via CRAM using a process called
SC-CRAM has two key benefits over SC using CMOS based
technologies. One is that the MTJ, which is a key component of
the CRAM cell, has intrinsic stochasticity, which is an
advantage for any MTJ based stochastic bit-generator. The
second is that stochastic computation and random bit generation

can be done within the same memory cell in CRAM, thus
eliminating the additional area cost and computation delay
needed for CMOS based SC. In our previous work, we
demonstrated that SC-CRAM outperformed conventional
computing in CRAM in Local image thresholding, Bayesian
inference, Bayesian belief network, and kernel density
estimation in terms of computation delay, total circuit area, and
noise margin [25].

While our previous results in SC-CRAM were promising, the
overall performance could be improved. In particular, the
energy consumption of SC-CRAM was higher than in
conventional CRAM for all four neuromorphic applications
examined. In this study, we investigate how the intrinsic
properties of the MTJs affect the total energy consumption in
SC-CRAM for various arithmetic functions and neuromorphic
applications. Additionally, we compare the performance of SC-
CRAM between the spin transfer torque (STT) and spin orbit
torque (SOT) switching mechanisms. STT-RAM [26] has been
developed for decades and now commercially available from
industry [27-30]. SOT-RAM has been proposed and developed
in past ten years [31]. Promising aspects of SOT-RAM over
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Fig. 2. (a) Illustration of task scheduling for the SC-CRAM process (read step not shown). (b) Example of switching probability distribution
curves for projected STT MTJs at various pulse widths. Note that the switching probability distribution data is used to determine the proper pulse

amplitude for the perturb step.

STT-RAM have been presented by many research groups, e.g.
speed, endurance, reliability, and potential ultra-low writing
energy [32-35]. Our calculations use key performance metrics
from the experimental results from research labs, the current
industry standards, and metrics for projected future MTJ
devices for both STT and SOT switching. While this work
focuses on the usage of MTJs for SC-CRAM with two different
switching mechanisms, it should be noted that MTJs can be also
tuned into the building blocks for probabilistic computing to
address optimization problems [36-39]. This article is organized
as follows. The background information on the CRAM
architecture, the working principles of SC-CRAM, and the four
neuromorphic computing applications tested are explained in
section II. The calculations and benchmarking methods are
explained in section III. The results of our calculations are
presented in section IV and an analysis of the results obtained
is discussed in section V. The article is then summarized in
section V1.

11.BACKGROUND

A. SOT vs STT CRAM

Diagram for an STT- and SOT- CRAM cell is shown in Fig.
1(a) and 1(c), respectively. The configuration of these two cells
have several similarities. Both use a 2-transistor/1 MTJ
structure, which allows for separate logic and memory paths.
This enables true in-memory computing capability in CRAM,
where memory read and write operations are performed using

the memory word line (WL) and logic operations are performed
within the CRAM cell by enabling the logic bit line (LBL). The
difference between these two cells is that the write operations
are done via the STT mechanism in Fig. 1(a) whereas the write
operations are done via the SOT mechanism in Fig. 1(c).
During the logic operation, LBL is high, which allows for
CRAM cells in the same row to be connected electrically
through the logic line (LL). The examples illustrated in Fig. 1(b)
and 1(d) show an array of 3 cells in STT-CRAM and SOT-
CRAM, respectively. In both cases, two cells operate as input
cells and one operates as the output cell. Voltage pulses (Vgsr)
are applied to the bit select lines (BSL) of the input cells, which
generates a current through the output MTJ (Iour), which is
dependent on the resistance states of the input MTJs. The output
MT]J will switch states if the voltage at the output MTJ exceeds
the critical switching voltage (V) of the output MTJ. For STT-
CRAM, the voltage of the output MTJ is Iour™*Rwmry, where Rty
is the resistance of the output MTJ and switching is done via
STT. For SOT-CRAM, the Iour is applied to the spin Hall
channel of the output cell, and the output voltage is lour*Rsue,
where Rgsue is the resistance of the spin Hall channel. The
criteria for Vggr and the initial state of the output MTJ (output
preset state) for various logic operations are shown in Table I.

B. Working principles of SC-CRAM

The process for implementing stochastic computing in
CRAM is called SC-CRAM. This process is unique to other
stochastic computing schemes as it allows for stochastic bit
generation and computation to be performed directly within the
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TABLE II
CRITERIA FOR KEY ARITHMETIC FUNCTIONS IN SC-CRAM

Number of Number of Computation

Function CRAM cells ® steps Equation Logic gates used
Multiplication 3 769 Y~A+*B AND
Scaled Addition 9 1027 Y~S+«xA+(1—-S)*B MUX (1 NOT, 2 AND, 1 OR)
A
Scaled division 8 1027 Y =~ Y] JK Flip Flop (1 NOT, 1 BUFFER, 4 NAND)
Absolute valued 8 1282 Y ~|A—-B| XOR (1 NAND, 1 OR, 1 AND)
subtraction
Square root 11 1538 Y = VX 1 AND +2 OR
Exponential 19 3331 Y = exp (—4X) 3 NAND, 2 AND + 4 cascading AND

@ Number of cells indicate the number of CRAM columns used in the sub-array. All functions only require a single row of CRAM cells.

® Assumes 8 bit resolution (256 length bit streams).
© Assumes maximum correlation between input bit-streams

same CRAM cells, therefore, external circuitry is not required
for random number generation. The full process of SC-CRAM
consist of synchronized reset, perturb, logic, and read cycles.

To illustrate how multiplication of two bit-streams, A and B,
is done using AND logic in SC-CRAM, consider the example
shown in Fig. 2(a). This figure outlines all the four cycles of
SC-CRAM. During the reset step, voltage pulses, Vgrgs, are
applied along the memory bit-lines of each cell, which
initializes the input MTJs to the P-state and the output MTIJ, Y,
to the AP-state. Note that the initial state of the MTJ depends
on the function of the cell. Any cells that undergo the perturb
step will be initialized to the P-state whereas any cells that serve
as output cells during logic operations will be set to the proper
preset state for the desired logic function (recall table I). Since
the example in Fig. 2(a) is performing AND logic, the output
MT] is set to the AP-state.

During the perturb step, voltage pulses Vp» and Vp® are
applied along the memory bit lines of input cells A and B.
Unlike the reset and logic steps, the voltage pulses during the
perturb step cause the MTJs to switch probabilistically rather
than deterministically. The amplitude and duration of Vp® and
Vp® determine the switching probability of A and B, which can
be obtained through switching probability distribution data
from the MTlJs, an example of which is shown in Fig. 2(b).
There are three ways of determining the desired switching
probability of A and B. One is through machine learning
algorithms, however, this is only applicable in neural networks
where the input cell being used sets a synaptic weight. The
second is when performing functions involving a fixed constant,
in which case, the switching probability needs to be equal to the
desired value of the constant. The third method of determining
the desired switching probabilities is when these values are
dependent on the input data. For example, in image processing
applications, the switching probability of A would be dependent
on the intensity of the corresponding pixel.

The logic step in SC-CRAM follows the same criteria that is
listed in table I. Since the example shown in Fig. 2(a) is
illustrating AND logic, Vg should be set so that Y switches to
the P-state when A, B, or both are in the P-state, but Y should
remain in the AP-state if both A and B are in the AP-state. Note
that the resistance state of A and B are probabistic, however,
switching during the logic step is still deterministic.

During the read step, the final state of Y is measured using a

voltage pulse Vg, which should be small enough so that it does
not affect the resistance state of Y. It should be noted that some
functions require multiple logic steps. For these functions, the
read step is replaced by the proceeding logic operation. In this
case, the output cell for the first logic function serves as the
input cell for the second logic function. The read step for each
function only needs to be performed at the output of the final
logic operation.

C. Arithmetic Functions in SC-CRAM

Figure 2(a) outlines the process for computing the
multiplication of bit-streams A and B using AND logic.
However, SC-CRAM is capable of performing a wide variety
of arithmetic functions. In this study, we will investigate the
performance of five additional functions, which are outlined in
table II. These functions are scaled addition, scaled division,
absolute valued subtraction, square root, and exponential. Note
that these functions were chosen because they are important
functions in the four applications being analyzed, which are
described in further detail in section II. C. Also note that the SC-
CRAM process for these functions are also described in our
previous work [25].

Scaled addition can be accomplished using MUX, which can
be implemented using 2 AND gates, 1 NOT gate, and 1 OR gate.
Note that in SC-CRAM, it is more feasible to perform NOT
logic using a NAND gate, where 1 of the inputs is set to a
constant value of ’1’. Furthermore, OR logic should be
performed using 2 NOT gates and a NAND gate (see ref. [25]).
The total circuit in SC-CRAM consists of 3 input cells (A, B,
and S), 5 intermediate cells (S, My, My, M;, and M, ), and 1
output cell (Y). First, perturb pulses are applied to A, B, and S,
where the switching probabilities of A and B are input
dependent and the switching probability of S is 0.5. This is
followed by one NOT logic step on S to obtain S and two AND
logic steps on A, S and B, S to obtain M; and M, respectively.
Two additional NOT logic steps are applied to M; and M, to
obtain M, and M, and finally, NAND logic is applied to obtain
Y. The final output bit-stream should produce the function Y =
S*A+(1-S)*B or Y = 0.5*%(A+B).

Scaled division of stochastic bit-streams A and B can be
calculated using the logic for a JK flip-flop. Note that inputs A
and B correspond to the J and K terminals, respectively. The JK
flip-flop is implemented using 1 NOT gate, 4 NAND gates, and
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1 BUFFER. It should be noted that BUFFER logic in SC-
CRAM is the more feasible using an AND gate, where one of
the inputs is set to a constant value of ’1’. The total circuit in
SC-CRAM consists of 2 input cells (A and B), 5 intermediate
cells (Q, Q, J, Ky, K»), and 1 output MTJ (Y). Perturb pulses are
applied to A and B, which are input dependent. This is followed
by one NOT step on Q to obtain Q, one NAND step on Q and A
to determine J, one NAND step on Q and B to determine K;,
and one NAND step on Q and K, to obtain K,. The final steps
are one NAND step on K, and J to determine Y followed by one
BUFFER operation on Y to obtain Q for the next cycle. Note Q
is set to “0’, or the P-state, for the first cycle. The bit-stream for
Y should produce the function Y = A/(A+B).

Absolute valued subtraction of stochastic bit-streams A and
B can be done using XOR logic. In CRAM, an XOR gate can
be implemented using 1 NAND gate, 1 AND gate, and one OR
gate, which consists of 2 NOT gates and 1 NAND gate. The
total circuit in SC-CRAM consists of 2 input cells (A and B), 4
intermediate cells (M, M,, A, and B), and 1 output cell (Y).
Perturb pulses are applied to A and B, which are input
dependent, however, unlike the other functions, the bit-streams
for A and B need maximum correlation. The process for
achieving maximum correlation will be explained further in
section II. C. The perturb step is followed by two NOT steps on
A and B to obtain A and B, one NAND step on A and B to
obtain M;, one NAND step on A and B to obtain M,, and one
AND logic step on M; and M to obtain Y. The final output bit-
stream should produce the function Y = |A — Bj.

The square root of stochastic bit-stream X can be calculated
using AND logic followed by two layers of OR logic. Note that
the two OR gates both consist of two NOT gates and one NAND
gate. The total SC-CRAM circuit consists of 4 input cells (X,
X, Cy, and C,), 6 intermediate cells (X5, M;, Ma, M;, M,, and
C,) and 1 output MTJ (Y). Perturb pulses are applied to X;, Xa,
Cj, and C,, where the switching probabilities of X; and X, are
equal and input dependent and the switching probabilities of C,
and C; are fixed at 67% and 18%, respectively. Note that even
though the switching probabilities of X; and X, are equal, the
bit-streams should be generated independently, meaning they
are decorrelated. This is followed by one AND step on X, and
C; to obtain M;, two NOT logic steps on M; and X» to obtain
M, and X,, one NAND step on M; and X, to obtain M,, two
NOT steps on M, and C; to obtain M, and C,, and one NAND
step on M, and C, to obtain Y. The final output bit-stream
should produce the function Y = V(X)).

The method of solving an exponential function for our
analysis was the same as the one described in ref. [15]. In our
case, our desired function was Y = exp(-4x). Note that this
function can be re-written as Y =~ exp[(-4/5x)5]. The first step is
to solve exp(-4/5x) using the 3" order Maclaurin expansion.
This can be implemented in SC-CRAM using 3 NAND gates
and 2 AND gates. The total SC-CRAM circuit for this first step
consists of 6 input cells (X;, X,, X3, Aj, Az, and Aj), 4
intermediate cells (M, M,, M3, and My), and 1 output cell (By).
Perturb pulses are applied to all the input cells, where the
switching probabilities of X, X,, and X3 are all equal,
decorrelated, and input dependent and the switching
probabilities of Aj, As, and Az are fixed at 80%, 40%, and

26.7%, respectively. NAND logic is used on X; and A3 to obtain
M, AND logic is used on M; and A; to obtain M>, NAND logic
is used on M, and X, to obtain M3, AND logic is used on M3
and A to obtain My, and NAND logic is used on M4 and X3 to
obtain By. Note that the bit-stream for B is approximately exp(-
4/5x). In order to calculate exp(-4x) from By, 4 additional
cascading AND gates are used on the bit-stream for By, where
By is buffered at each gate.

D. Neuromorphic computing applications

In this section, we describe the four applications that were
analyzed in this study. These applications are Local image
thresholding for character recognition, Bayesian inference for
object location, Bayesian belief network for heart disaster
prediction, and Kernel density estimation for object
recognition. For each application, we compare the energy
consumption and noise margin between each category of MTJs.
It should be noted that the applications were also analyzed in
our previous work [25], where we compared the performance
metrics of SC-CRAM to conventional CRAM. Our results
showed that SC-CRAM required significantly less CRAM cells
than conventional CRAM, which leads to improved noise
margin. Additionally, SC-CRAM requires less computation
steps to perform these tasks, which can be attributed to the large
number of logic gates required for conventional CRAM.
Furthermore, the perturb and reset steps can be performed in
parallel with the logic steps in separate cells, meaning that the
computation speed of SC-CRAM does not increase as
drastically with network size as it does with conventional
CRAM. In this study, we are comparing the performance
metrics of different MTJ technologies.

Image thresholding is a very important step for optical
character recognition. M. Najafi and M. Salehi applied SC to a
local image threshold technique called the Sauvola method
[19]. In this method, a window of 9 x 9 pixels is defined within
a sub-section of a degraded input image. At each sub-section, a
threshold (T) is calculated using (1a), where A(x,y) is the pixel
intensity at point (x,y) and A and cA are the mean and standard
deviation of all the pixels within the window and cA is
calculated using (1b). The circuit for calculating (1a) is shown
in Fig. 3(a). Note that XOR logic is used to find |42 — (4)2].
In this example, maximum correlation between the bit-streams
for A2 and (A)? can be ensured since the bit-streams for A are
used to generate bitstreams for A2.

re) =dey) - (PEPH) o
oACy) = 1A - (A (15)

In the second application, a Bayesian inference system is
used to determine the location of an object using distance (D)
and bearing (B) data from three noisy sensors. The Bayesian
inference mechanism, which is described in further detail in ref
[36], produces a distribution of object locations by calculating
the product series of conditional probabilities. The models for
the probabilities for D and B for sensor j at position (x,y) can
be described the Gaussian distributions in (2a) and (2b), where
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Kernel density estimation (KDE). Images extracted from ref. [25].

lg is the Euclidean distance between sensor j and position (X,y),
0q; is equal to 5 + pgi/ 10, L is the viewing angle of sensor j, and
Op; 1s set to 14.0626°. This data is used to calculate the object
location probability at position (X.,y), p(x,y), using (2c). The
problem described in [40] and used for our analysis p(x,y) data
on a 64 x 64 2D grid and the sensors are located at positions
(0,0), (0,32), and (32,0). The circuit to solve (2¢) is shown in
Fig. 3(b). Each grid location uses 5 AND gates to calculate
p(x,y). When implemented in SC-CRAM 11 cells are needed at
each location (3 at the input AND gate and 2 for the remaining
4 layers).

p(Djlx,y) = N(taj» 04j) (2a)
p(Bjlx,¥) = N(upj, 0p) (2b)
p(x,y) =I1;p(B;|x,y) * p(D;lx,¥) (20)

The third application is a Bayesian belief network (BBN) for
heart disaster (HD) prediction, which is a probabilistic
graphical model that represents a set of random variables and
their conditional dependencies via a directed acyclic graph. The
parent nodes in this network are exercise (E) and diet (D) and
the child nodes are high blood pressure (BP) and chest pain
(CP). The conditional probability tables for each node are
shown in refs [40]. The probability of a heart disaster, P(HD),
is shown in (3a), where Pup®P is the heart disaster probability
when only considering E and D, Pgp and Pcp are the heart
disaster probabilities for cases of high blood pressure and chest
pain, respectively. The expression for Pyp®P is shown in (3b),

where Pp, Pg, and Pg p represent the heart disaster probabilities
for cases of regular exercise, a good diet, and both, respectively.
The circuit for calculating (3a) is shown in Fig. 3(c). Note that
the final value for P(HD) is calculated using a JK flip-flop,
which was implemented in SC-CRAM using the process
described in the previous section.

ED
Pgp * Pcp * Byp

p(HD) = ED ., p—,.p _, pED
Pgp * Pcp * Byp” + Pgp * Pep * Py

(3a)

iy = [PepPo + Pe5P5|Pe + [PepPo + Pe5P5|Pe (3D)

The fourth application examined is Kernel Density
Estimation (KDE) which is an image segmentation algorithm
for object recognition, surveillance, and tracking [18]. The
KDE algorithm is based on recent information that is
continuously updating. Sample values of pixel intensity, X, are
captured from recent iterations (X, Xt.1, ..., X.N), Which can be
used to determine the probability density function (PDF), as
described in (4). The circuit for calculating (4) is shown in Fig.
3(d), where X represents the pixel intensity at time t and Xy
represents the pixel intensity at the i previous cycle.

N
1
PDF(X,) = NZ e~ HXe=Xe—l @)
i=1

I1l.  CALCULATIONS AND BENCHMARKING

For our analysis, we considered the performance of SC-
CRAM for six different categories of MTJs. These are the top
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STT and SOT performing MTJs from research groups, STT and
SOT from industry, and projected performance of STT and
SOT MTlJs. For research MTJs, the parameters for STT-
CRAM, were obtained from refs. [41-44] and the parameters
for SOT-CRAM were obtained from [34, 48-51]. For industry
MTlJs, the parameters for STT-CRAM and SOT-CRAM were
obtained from those recently reported by IBM [45] and IMEC
[52-53], respectively. For projected MTJs in STT-CRAM, we
used the parameters that were predicted in refs [46-47].
However, since SOT-MRAM is not as well established for
industrial purposes as STT-MRAM, accurate projected
parameters for SOT MTJs are not yet reported. Therefore, for
projected MTJs in SOT-CRAM, we used the best reported
parameters from various different studies [35, 54].

For each -category, we calculated the total energy
consumption for six different arithmetic functions. These are
multiplication, scaled addition, scaled division, absolute valued
subtraction, square root, and exponential function. Recall that
the logic gates used for each of these calculations were
described in section II. B and are shown in table II. Total energy
consumption was also calculated for each of the four
neuromorphic computing applications described in section II.
C. Lastly, our analysis considered the influence of variations in
device dimensions and determined which category of MTJs
was the most resilient to these random variations in SC-
CRAM. Details of which parameters we considered, how
energy consumption was determined, and how the effect of
device variations were implemented in our calculations are
described in more detail in the following sub-sections.

A. Parameters for analysis

There are six key MTJ properties that were considered for
our analysis. These properties are the resistance-area (RA)
product, the tunneling magnetoresistance (TMR) ratio, the
thermal stability factor (A), the intrinsic critical switching
current density (Jco), the switching time (tsw), and the
precessional switching coefficient (Avy). For all of our
calculations, we assumed that the MTJ pillars were patterned
into circular nanopillars with a diameter of 20 nm, meaning that
the area is approximately 314 nm?. Therefore, the resistances in
the AP and P-state (Rap and Rp, respectively) can be calculated
from the RA product and the TMR ratio, where Rp = RA/area
and TMR = 100*[(Rap-Rp)/Rp]. It should be noted that the
lowest value recorded of JCO for SOT switching is

In our calculations, tsw is determined to be the perturb pulse
width where the switching energy is minimized, which will be
explained in further detail in the next section. When operating
in the precessional switching regime (tsw < 5 ns), Ay
determines the relation between pulse width and pulse
amplitude, where tsw' = Av*(V-Vo). In some studies, the
values for Ay were explicitly reported and for other studies, we
had to determine Av based on the data provided. In either case,
values provided for Ay assume a switching probability of 50%.
This is an accurate assumption when determining tsw for the
perturb step, however, the actual value for Ay may be different
for the reset and logic steps since the desired switching

TABLE III
PARAMETERS USED FOR ANALYSIS

STT-CRAM
Parameter Research Industry Projected
Rf‘g‘_’;‘;‘f;;“ 5037] 3.68 [41] 1 [42]
TMR ratio 133 [38] 82 [41] 200

A 60 [39] 45 [41] 75 [43]
Jeo (MA/em?) 3.1[37] 1.25 [41] 1[37]
Tsw(ns) 1.25 0.75 0.75
Ay 5V 21x10°[40]  L5x10°[41]  1.5x10"[41]
SOT-CRAM
Rﬁgﬁgt 12.3 [44] 17.5 [48] 1[42]
TMR ratio 94 [45] 110 [49] 200
A 45 [45] 48 [49] 60 [50]
Jeo (MA/em?) 75 [46] 100 [48] 1[35]
Tsw (ns) 2 0.75 0.25
Ay (sTV) 476x 10°[48]  1.46x 10"°[48]  1.46x 100 [48]
SCP)T(E;E?;‘V Ta/ 190 [34] W/160[49]  BiSe/2150 [50]
Os -0.25 [34] -0.32 [48] 2.88 [50]
tsor (nm) 5147 3.5 [49] 8 [50]

probability is close to 100%. Therefore, for the STT MTJs and
research SOT MT]Js, pulse widths of 5 ns were used for the reset
and logic steps since the calculated energy consumption was
minimized at this pulse width.

There are three additional parameters that we considered for
our SOT-CRAM calculations. These are the resistivity of the
spin Hall channel (p), the spin Hall angle (0su), and the
thickness of the spin Hall channel (tsor). The values for p were
determined based on the material used for the spin Hall channel
for each category. These materials were Ta, W, and BiSe for
resecarch MTJs, industrial MTJs, and projected MTIJs,
respectively. BiSe was chosen for projected MTJs since it has
the largest Osu reported [54]. The values for tsor were chosen
based on the spin Hall channel thickness that provided the
maximum Osy for each material. For our calculations in SOT-
CRAM, we assumed a spin Hall channel width and length of 40
nm and 120 nm, respectively. From these values, we determined
the resistance of the spin Hall channel (Rspg) using the
calculation Rspg = (p*length)/(tsor*width) = 3p/tsor.

B. Voltage and energy consumption calculations

For each category of MT1Js, the total energy consumption was
calculated for each arithmetic function described in table II. The
energy consumed from a single voltage pulse is calculated from
(5), where Rwmry is the MTJ resistance, V is voltage pulse
amplitude and tp is the pulse width. Note that Ry is either Rap
or Rp, depending on the state of the initial state of the MTJ and
for SOT switching, Rty is replaced by Rsue. The total energy
consumption (Eror) is determined by (6), where N is the total
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Fig. 4. Plot for (a) switching energy vs pulse width and (b) pulse
amplitude vs. pulse width for the perturb operation in research MTJs.

number of bits and Epgrr, ELocic, and Eggs are the energies
during the perturb, logic, and reset step respectively. For our
calculations, we assumed 8-bit resolution, therefore, Ng = 256.

gVt (5)
Ry
Eror = N * (Epgrr + ELocic + Egres) (6)

For all six categories of MTlJs, three different combinations
of V and tp were determined, one for perturb, another for logic,
and a third for reset operations. To calculate these values, we
first considered the desired switching probability (Psw), as
defined in (7), where 7 is the characteristic switching time. For
thermal activation switching (tp > 5 ns), T is defined by (8)
where 1 is the inverse attempt frequency, which we assumed to
be 1 ns [55] and V¢ is the intrinsic switching voltage, which
was directly calculated from Jco using Vo = (Jeo/area)*Ruy.

Psyy =1 —exp (— %P) (7
T =Tyexp [A (1 - %)] (8)

It should be noted that (8) cannot be used for precessional
switching (tp < 5 ns). For the perturb step, we assumed Psw =
0.5, which means that tp = 1. This means that V could be
calculated directly from tp using tp! = Av*(V-Vo). However,
for the reset and logic steps, we assumed Psw = 0.99, so this
calculation needs to be modified. From (5), we can determine
that tp/t =~ 4.6 when Psw = 0.99, meaning that t can be used to
determine V. This means that AV should be modified

0.8 4
z
% 0.6 1
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©
b
,g" 04 4 - - -Expected
% YCA[,C - YI-iXP_. o— (0% variations
S 029 —0— 20% variations
0 ? T r T r T r T T 1
0 0.2 0.4 0.6 0.8 1
Input Probability

Fig. 5. Output probability vs input probability for 0% and 20%
variations in MTJ diameter. This example shows multiplication of two
input bit-streams via AND logic in SC-CRAM for research STT MTJs.

accordingly for cases when Psw = 0.99. Note that this
modification of Ay was only done for the logic and reset steps
but was not necessary for perturb steps.

We calculated V from tp values ranging between 0.25 ns to
20 ns for perturb, reset, and logic operations and calculated the
switching energy at each point using (5). The combination of V
and tp that provided the lowest switching energy was the one
that was chosen in our calculations. The example provided in
Fig. 4(a) shows a plot of the switching energy vs. tp for the
perturb operation in the research STT MTJs. Here we see that
the switching energy is minimized when tp = 1.25 ns, which
corresponds to V = 544 mV, as shown in Fig. 4(b). This
calculation was repeated for logic and reset operations as well
as for all operations for the remaining 5 MTJ categories.

C. Device variations

Our calculations also considered the effect of device
variations to see which category of MTJs were the most
resilient to noise and imperfections in SC-CRAM operations. In
our analysis, device variations were measured in terms of a
percent change in MTJ diameter from the nominal 20 nm. For
SOT-CRAM, we also had to account for percent change in spin
Hall channel width from the nominal 40 nm. Note that a percent
change in MTJ diameter directly correlates to an equal percent
change in Rp and Rap (oRp and oRap, respectively).
Furthermore, since A and V¢ are proportional to the free layer
volume, we assumed that 6A = -cRyry and 6V = 0.1*cRwry.

The SC-CRAM process for the six arithmetic functions listed
in table II were simulated in MATLAB for bit-stream
probabilities ranging from 10% to 90% for all six MTJ
categories. Each simulation was repeated 100 times and the
final calculation was averaged among all trials. To quantify the
accuracy of the output, the mean square error (MSE) was
calculated from these simulations for all six categories of MTJs
considered. Expression for MSE is shown in (9), where Nprs is
the total number of points plotted and Ycarc and Yexp are the
calculated and expected outputs, respectively. In our study we
repeated each calculation for cRvry = 0 — 30%, assuming a
linear distribution. Note that Ryry was recalculated for each trial
for each value of oRwmr; tested. Figure 5 provides an example
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Fig. 6. MSE vs MTJ dimension variation for (a) multiplication, (b) scaled addition, (c) scaled division, (d) absolute valued subtraction, (e) square
root, and (f) exponential function in SC-CRAM. The results for the STT and SOT MTJs are shown as solid and dotted lines, respectively. The lines
for the research, industrial, and projected MTJs are shown with blue circles, red triangles, and black squares, respectively.

for output probability vs input probability for multiplication via
AND logic in SC-CRAM using research STT MTIJs for 0%

noise and 20% noise, which illustrates how MSE was calculated.

Nprs

Z (Yexp,; — yCALC,i)Z C)]

i=1

MSE =

PTS

IV. RESULTS

A. Influence of device variations

Figures 6(a) — 6(f) show the results for MSE calculations for
MT]J device variations (6Rumry) between 0% to 30%. MSE for
multiplication via AND logic is shown in Fig. 6(a). These
results show that the projected SOT and STT MTJs are the most
resilient to MTJ variations, where MSE < 10 even when 6Ryry
= 30%. Research SOT and STT MTJs will maintain an
acceptable MSE < 103 when oRwmry < 20%. However, the
industry STT MTJs had the worst performance at both low and
high oRury. Recall that the projected SOT and STT MTJs both
have a TMR ratio of 200% whereas the industry STT MTlJs
have a TMR ratio of 84%. These results show that the accuracy
and resiliency to device variations for multiplication using the
AND logic are highly dependent on the TMR ratio.

The MSE calculations for scaled addition via MUX are
shown in Fig. 6(b). These results show that the MSE is low
when oRumry is low, but increases rapidly as oRyry increases.

This means that the results for scaled addition are more
susceptible to variations than for multiplication. One possible
explanation is that the output accuracy is dependent on the
accuracy of the bit-stream generated from the selector (S) MTJ.
The accuracy of the output will vary if output probability of S
deviates from 50%. However, the MSE is still lowest for
projected SOT and STT MTlJs, where MSE < 107 for Ryt up
to 20%.

Figure 6(c) shows that for scaled division via a JK flip flop,
the MSE < 10 for 6Rws up to 10% or 15% for all categories
except for industry STT MTJs. Furthermore, the research and
projected STT MTlJs show that most resiliency for 6Rmry < 20%.
However, the MSE spikes above 10 for Ryt = 20%. These
results illustrate that device variations have a much stronger
impact on accuracy as the number of consecutive NAND gates
increases.

Figure 6(d) shows that the behavior of MSE with Rty for
absolute valued subtraction via XOR logic is similar to that of
scaled division. These results show that industry and research
STT MTlJs are the most susceptible to device variations. For the
other 4 categories are less than 107 for oRwmry < 25%.
Furthermore, the projected STT MTJs were the most resilient
to device variations.

The MSE calculations for the square root function are shown
in Fig. 6(e). These results show that the MSE values are higher
for the square root function than any other functions. This can
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Fig. 7. Energy consumption for the six arithmetic functions analyzed for all MTJ categories.

be attributed to the fact that the square root function relies on
two MTJs that generate constant bit-streams, C; and C,, with
probabilities of 18% and 67%, respectively. As with the scaled
addition function, the accuracy of the output will vary when the
output probabilities of C; and C;, deviate from their desired
values. At low oRwry, the research STT MTJs have the lowest
MSE, however, the projected STT and SOT MTJs are the most
resilient to MTJ variations where MSE < 1073 for 6Rwry = 15%.

Figure 6(f) shows the results of MSE with oRwry for the
exponential function. For most of the MTJ categories, MSE
increased steadily with 6Ryry from 107 for 6Ryvr < 10% to
MSE = 10 for cRmty = 30%. The two exceptions are the STT
research MTJs and the projected SOT MTlJs. The research STT
MTJs showed the highest MSE for all oRwmry values.
Alternatively, the projected SOT MTJs showed the best
resiliency to device variations, where MSE = 10 at Ry =
30%. It should be noted that the exponential function has more
perturb steps than the other five functions analyzed. Therefore,
these results indicate that calculations in SC-CRAM have the
best resiliency to variations in switching probability when using
the projected SOT MT1Js and the worst resiliency when using
the research STT MTJs

B. Comparison of energy consumption

The bar plots in Fig. 7 show the energy consumption for each
function in each MTJ category. These plots show that for all
categories, multiplication consumes the least amount of energy
and the exponential function consumes the most energy at
around 10X more than multiplication. Scaled addition, scaled
division and absolute valued subtraction functions all consume
more energy than multiplication but less than the exponential
function. This trend does not differ significantly between each
MT]J category because it reflects the number of CRAM cells
used and the number of logic steps required for each function.

The energy consumption for STT research MTJs is about one
order of magnitude larger than for STT industrial and projected
MT]Js for all functions. This can be attributed to both larger Jco

and larger RA product for research STT MTJs when compared
to industrial and projected STT MTJs. Both of these factors lead
to larger voltages required for the perturb, logic, and reset steps.
Additionally, the energy consumption for the industrial and
projected STT MTJs is reduced further in comparison to the
research STT MTJs by the fact that their switching energy is
minimized at shorter pulses (recall table III).

The results in Fig. 7 also shows that the energy consumption
for research SOT MTIJs is approximately 3X larger than for
industrial SOT MTJs. This may seem counterintuitive since Jco
is larger for the industrial SOT MTJs. However, there are two
factors that cause the energy consumption in research SOT
MTIs to increase when compared to industrial SOT MTJs. One
is that the industrial SOT MTJs use shorter pulse widths for
switching (recall table III) and the second is the smaller RA
product in the MTJ pillars for the industrial MTJs. The
projected SOT MTIJs had the lowest energy consumption of the
SOT categories, where the energy consumption was over one
order of magnitude lower than the industrial SOT MTJs over
two orders of magnitude lower than the research SOT MTJs.

One key observation is that the energy consumption in the
STT MTIs is significantly lower than the research and industrial
SOT MTlIs. There are two factors that cause this increase in
energy consumption for the research and industrial SOT MTlJs.
One is the larger Jco values, which leads to larger voltages for
the perturb and reset steps. The second, and much more
significant factor is the large RA products of the MTJ pillars for
the research and industrial SOT MTlJs. This increases the
voltage required for the logic step since the resistance of the
pillars is much larger than the resistance of the spin Hall
channel. However, the energy consumption in the projected
SOT MTlJs is lower than any of the STT MTJ categories. This
is because the logic voltages are reduced significantly for
projected SOT MTIJs because the RA product is much lower and
the resistance of the BiSe spin Hall channel is much larger when
compared to the research and projected SOT MTJs. For optimal
performance of SOT-based SC-CRAM, the resistance of the
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Fig. 8. Energy consumption for the four neuromorphic computing applications analyzed for all MTJ categories.

spin Hall channel should be equivalent to the resistance of the
MT] pillar. Furthermore, low RA product of the MTJ pillars is
desired.

C. Performance metrics in neuromorphic applications

Figure 8 shows the total energy consumption for local image
thresholding, object location, heart disaster prediction, and
kernel density estimation for all MTJ categories. It should be
noted that the analysis for number of CRAM cells and
computation steps in SC-CRAM was done in our previous work
[25] and will not change between the MTJ categories. The bar
plots in Fig. 8 show that for each MTJ category, local image
thresholding has the highest energy consumption followed by
kernel density estimation, heart disaster prediction, and object
location. This is simply a reflection on the number of CRAM
cells required for each task. Furthermore, the trends observed
in Fig. 8 follow similar trends to those observed in Fig. 7, where
the research and industrial SOT MTJs have the largest energy
consumption among the MTJ categories and the projected SOT
MTIs have the lowest.

One of the key observations from the results in Fig. 8 is that
relative energy consumption for local image thresholding and
kernel density estimation between SOT and STT MTJs is lower
than the results in Fig. 7. In Fig. 7, the energy consumption for
the projected SOT MTIJs is approximately 1.05 — 1.3 X lower
than for projected STT MTJs. However, in Fig. 8, the energy
consumption for projected SOT MTJs is approximately 1.5 —
1.6X lower than for projected STT MTJs for local image
thresholding and kernel density estimation. This is because both

of these tasks require a large number of NAND logic operations.

For SOT MTlJs, the energy consumption for NAND logic is the
same for AND logic. However, for STT MTIJs, the energy
consumption for NAND logic is larger than for AND logic. The
energy consumption is similar between STT and SOT MT]Js for
most arithmetic functions. However, these results show that the
energy consumption in projected SOT MTJs decreases relative

to the projected STT MTJs for larger scale tasks, particularly
those involving NAND logic.

V.DISCUSSION

A. Explanation of key results

The two sources of error that contribute to the increase in
MSE with oRumry shown in Fig. 6(a-f) are errors in the logic
operation and inaccurate switching probabilities during the
perturb step. With no MTJ variations, the MSE should be
minimal (<107) since the only source of error are small changes
in switching probability. Note that this can be improved by
increasing the bit-stream length. However, MTJ variations will
change their properties, meaning that Vg may fall outside the
range of values outlined in table I. This will lead to logic errors
since Vg will either be too small and fail to switch the output
MT]J for the proper input configuration or too large and will
switch the MTJ for incorrect input configurations. The range of
Vg values for proper logic operations in CRAM increases as the
TMR ratio of the MTJs increases. This explains why the
projected SOT and STT MTIJs were the most resilient to MTJ
variations for most of the functions in Figs. 6(a) — 6(f) and the
industry MTJs were the most sensitive to these variations.

Perturb errors are relatively insignificant compared to logic
errors, however, there are a few functions where perturb errors
have a larger impact. Namely, scaled addition and square root
function are more influenced by perturb errors. This is because
these two functions rely on bit-streams that are generated
separately from the input bit-streams with a constant, pre-
determined probability. Not only does this add additional
sources of perturb errors, but it also changes the function being
processed. For example, the square root function uses constant
probabilities of 18% and 67% to process the function Y ~ X%,
Changing the constant probabilities will change the function
being processes.

Another key result shown in the data in Fig. 6(a-f) is that
variations had a larger influence on SOT MTIJs than STT MTlJs.
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Fig. 9. Breakdown of energy consumption between the reset, perturb, and logic steps for multiplication via AND logic for all MTJ categories.

Note that projected SOT MTJs have more resilience to
variations than industry MTJs, they do not have more resilience
to projected STT MTJs for most functions. In some cases, the
research STT MTJs had better resilience to variations than the
projected SOT MTIJs. This is because, for SOT MTlJs, device
variations influence the diameter of the MTJ pillar as well as
the width of the spin Hall channel whereas for STT MTJs,
device variations only influence the diameter of the MT]J pillar.
This additional source of variation for SOT MTJs means that
Vo changes more with device variations for SOT MTJs than
for STT MT1Js. This is because when the width of the spin Hall
channel changes, Rsur changes accordingly. While Jco remains
the same, Vo changes with Rsye which will drastically affect
the SOT switching properties.

There are 3 components that contribute to the total energy
consumption in Fig. 7 and Fig. 8. These are the energy for the
perturb step, reset step, and logic step. For the perturb and reset
steps, the biggest contributing factors for the energy
consumption are Jco and switching speed. Having a low Jco
along with a low RA product means that V¢ is low, therefore,
the voltage pulse amplitudes for the perturb and reset steps.
However, for the logic step, the resistance of the input MTJs
relative to the resistance of the output is another factor that
contributes to the energy consumption. If the resistance of the
output is low relative to the resistance of the input MTJs, then

the amplitude of the voltage pulse needs to increase accordingly.

Figure 9 shows the breakdown of the total energy
consumption for AND multiplication for all six MTJ categories.
These results show that the breakdown is very similar between
research, industrial, and projected STT MTJs, where the reset
and logic steps each consume approximately 35-45% of the
total energy consumption and the perturb step consumes around

15-20%. This means that for STT MT]Js, the reduction in total
energy consumption almost entirely depends on reducing Jco
and the RA product, which is confirmed by the results in Fig. 7.
However, there are a few more factors to consider when
analyzing the total energy consumption for SOT MTlJs. Figure
9 shows that the logic step consumes 95% of the total energy
consumption for industry and research SOT MTlJs. On the other
hand, the logic step only consumes 44% of the total energy
consumption for projected SOT MTIJs. This is because the
resistance of the MTJ pillars for the research and industry MTJs
are approximately 40 kQ to 100 kQ, which is very high
compared to the resistance of the SOT channel, which is around
1.1 kQ to 1.3 kQ. Alternatively, for the projected SOT MTIs,
the resistance of the MT]J pillars was around 3 kQ in the P-state
and 9 kQ in the AP-state, which is on the same order of
magnitude as the resistance of the SOT channel, which was ~8
kQ. The lower Jco value and faster switching speed for
projected SOT MTIJs relative to research and industry SOT
MTIJs certainly are factors in reducing the total energy
consumption. However, the results in Fig. 9 show that the
biggest factor in reducing the total energy consumption in SOT
CRAM is reducing the energy during the logic step. By
reducing the RA product of the pillars while maintaining high
SOT efficiency in the SOT channel, the total energy
consumption can be significantly reduced.

B. Outlook

Our previous results showed that the energy consumption in
SC-CRAM is on the same order of magnitude as that of
conventional CRAM [25]. This is quite promising, considering
the fact that the energy consumption in conventional CRAM is
around 40X lower than for modern near memory processors
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[41]. In this study, we demonstrated that the energy
consumption in SC-CRAM can be reduced even further by
optimizing the intrinsic properties of the MTJ, including
reducing Jco and RA product of the pillar. Furthermore, utilizing
the SOT switching mechanism in SC-CRAM may reduce the
energy consumption even more, especially for large scale
applications with large number of NAND operations. Another
factor that was not focused on in this study but should be
considered is that SC-CRAM benefits from the noise resiliency
and robustness to variations associated with stochastic
computing, however, in SC-CRAM, there is minimal sacrifice
in computation delay and energy for stochastic bit generation
since this process is embedded within the computation process.

One of the potential challenges in achieving CRAM cells that
utilize the SOT switching mechanism is to create SOT channels
with high sy (low Jco) along with pillars with low RA products.
This is because the SOT materials with the largest Osy values
are topological insulators, which typically have large
resistivities. This creates potential problems when combining
these channels with low RA pillars, since the SOT write current
may be shunted into the MT]J pillar rather than contributing to
SOT switching. It should be noted that despite this challenge,
SOT switching is still preferred over STT switching for two
reasons. One is that STT switching has limitations on switching
speed and Jco. The second is that is less susceptible to
breakdown from the write pulse the current direction is adjacent
to the free layer rather than across the tunnel junction.

Furthermore, there could be a few solutions to the potential
for SOT current shunting. One is that a thin oxide layer could
be inserted between the SOT channel and the free layer, which
would drastically reduce shunting [56]. However, this would
increase the RA product of the pillar, thus increasing the energy
consumption during the logic step. Another option is to
combine the STT and SOT mechanisms for each step. In
previous studies, significant reduction in both switching energy
and switching speed has been achieved with this strategy [52].
One method to combine STT and SOT is to use two bias
terminals on a three-terminal device. However, this is not an
attractive method for the purposes of SC-CRAM since an
additional transistor will need to be added to every cell, thus
increasing the total circuit area. Another method is to use a two
terminal SOT device, which was done in ref. [48]. This strategy
allows for the same reduction in switching energy and speed as
the three terminal devices, but without adding any transistors to
each CRAM cell.

Lastly, another way that the performance of SC-CRAM could
be improved is to use new switching mechanisms, e.g. utilizing
the voltage controlled magnetic anisotropy (VCMA) [57] and
the voltage controlled exchange coupling (VCEC) mechanism
and its integration with SOT [58-59]. Previous studies have
shown that VCEC switching can be achieved at current
densities one order of magnitude lower than for STT switching
[59]. Furthermore, our previous studies have shown that VCEC
switching can be achieved at current densities as low as 103
A/cm? when combined with an SOT current [60]. This strategy
was not investigated in this study since there are currently no

experimental demonstrations that test the switching speed of the
VCEC mechanism. However, SC-CRAM based on VCMA and
VCEC switching should be investigated in future studies.

VI. CONCLUSION

SC-CRAM has the same advantages as any other stochastic
computing scheme, which is noise resiliency and low number
of logic gates. However, SC-CRAM has additional advantages
since stochastic bit-stream generation and computation are
performed in parallel. In this study, we analyzed the
performance of SC-CRAM for both STT and SOT switching
using metrics from data obtained from academic studies,
current industrial standards, and projected metrics. Our
calculations found that the accuracy of the output is dependent
on the TMR ratio of the MTJ pillar for both STT and SOT
switching. Additionally, we determined that SC-CRAM cells
based on STT switching consume significantly less energy than
cells based on SOT switching for MTJs with the current
academic and industrial properties. This is primarily due to the
large RA product of the MTJ pillars for SOT switching,
therefore, large voltages are required to perform logic
operations in SOT based SC-CRAM. Based on the projected
performance metrics, the energy consumption for SOT CRAM
cells can be reduced to levels below STT CRAM cells if the RA
product of the MTJ pillar is minimized.

ACKNOWLEDGEMENT

This work was supported in part by the Center for
Probabilistic Spin Logic for Low-Energy Boolean and Non-
Boolean Computing (CAPSL), one of the Nanoelectronic
Computing Research (nCORE) centers as task 2759.001, and in
part by a Semiconductor Research Corporation (SRC) Program
sponsored by the National Science Foundation (NSF) under
Grant 1739635. This work was also supported in part by the
Applications and Systems Driven Center for Energy-Efficient
Integrated Technologies (ASCENT), which is sponsored by the
NSF under Grant 2230963. This work was also supported in
part by SMART, one of the seven centers of nCORE, a
Semiconductor Research Corporation program, sponsored by
the National Institute of Standards and Technology (NIST) and
by the UMN MRSEC program under Award No. DMR-
1420013. This work was also supported by ASCENT, one of six
centers of JUMP, a Semiconductor Research Corporation
program that is sponsored by MARCO and DARPA. This work
was also supported in part by DARPA via No.
HRO001117S0056-FP-042 “Advanced MTJs for computation in
and near random access memory” and by the NIST. This work
was also supported by DARPA Non-Volatile Logic program,
NSF SPX grant no. 1725420.

REFERENCES

[1] J. Gomez-Luna et al, “Benchmarking a New Paradigm: Experimental
Analysis and Characterization of a Real Processing-In-Memory System”,
IEEE Access, vol. 10, pp. 52565 — 52608, May 2022.

[2] J. Wang and F. Zhuge, “Memristive Synapses for Brain-Inspired
Computing”, Adv. Mater. Technol., 4, 1800544, Jan. 2019.

[3] J. Grollier et al, “Neuromorphic spintronics”, Nat. Electronics, vol. 3, pp.
360 — 370, July 2020.

13



(4]

(5]

(6]

[7]

(8]

[]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]
[24]

[25]

[26]

K. Byun et al, “Recent Advances in Synaptic Nonvolatile Memory
Devices and Compensating Architectural and Algorithmic Methods
Toward Fully Integrated Neuromorphic Chips”, Adv. Mater. Technol.,
2200884, Oct. 2022.

Z.-X.Li, X.-Y. Geng, J. Wang, and F. Zhuge, “Emerging Artificial Neuron
Devices for Probabilistic Computing”, Front. Neurosci., vol. 15, 717947,
Aug. 2021.

J.-P. Wang et al, “A Pathway to Enable Exponential Scaling for the
Beyond-CMOS Era: Invited”, Proc. Des. Autom. Conf. (DAC), New York,
NY, vol. 16, pp. 1-6, June 16, 2017.

J.-P. Wang, “Special Topic on Spintronic Devices for Energy-Efficient
Computing”, IEEE J. Explor. Solid-State Computational Devices and
Circuits, vol. 8, no. 2, pp. ii — iii, Dec. 2022.

W. H. Choi ef al, “A Magnetic Tunnel Junction Based True Random
Number Generator with Conditional Perturb and Real-Time Output
Probability Tracking”, I[EEE Int. Electron Devices Meeting, San Francisco,
CA, pp. 12.5.1 - 12.5.4, Dec. 2014.

A. Fukushima et a/, “Spin dice: A scalable truly random number generator
based on spintronics”, Appl. Phys. Express, vol. 7, 083001, July 2014.

D. Vodenicarevic et al, “Low-Energy Truly Random Number Generation
with  Superparamagnetic Tunnel Junctions for Unconventional
Computing”, Phys. Rev. Appl., vol. 8, 054045, Nov. 2017.

Z. Fu et al, “An Overview of Spintronic True Random Number
Generator”, Front. Phys., vol. 9, 638207, Apr. 2021.

W. Gross, N. Onizawa, K. Matsumiya, and T. Hanyu, “Applications of
stochastic computing in brainware”, Nonlinear Theory and lIts
Applications IEICE, vol. 9, no. 4, pp. 406 — 422, Oct. 2018.

P. Li, W. Qian, D. J. Lilja, K. Bazargan, and M. D. Riedel, “Case Studies
of Logical Computation on Stochastic Bit Streams”, Integrated Circuit
and System Design. Power and Timing Modeling, Optimization and
Simulation. PATMOS 2012. Lecture Notes in Computer Science, vol. 7606,
pp. 235 —244,2013.

P. Li, P. J. Lilja, W. Qian, K. Bazargan, and M. D. Riedel “Computation
on Stochastic Bit Streams Digital Image Processing Case Studies”, [EEE
Trans. VLSI Syst., vol. 22, no. 3, pp. 449 — 462, Mar. 2014.

Y. Liu and K. K. Parhi, “Computing hyperbolic tangent and sigmoid
functions using stochastic logic”, 2016 50" Asilomar Conf. Signals, Syst.,
and Computers, pp. 1580 — 1585, Mar. 2017.

A. Alaghi, W. Qian, and J. P. Hayes, “The Promise and Challenge of
Stochastic Computing” [EEE Trans. Computer-Aided Design of
Integrated Circuits and Systems, vol. 37, no. 8, pp. 1515 — 1531, Aug.
2018.

W. Qian, X. Li, M. D. Riedel, K. Bazargan, and D. J. Lilja, “An
Architecture for Fault-Tolerant Computation with Stochastic Logic”,
IEEE Trans. Comput., vol. 60, no. 1, pp. 93 — 105, Jan. 2011.

P.Liand D. J. Lilja, “A low power fault-tolerant architecture for the kernel
density estimation based image segmentation algorithm”, Proc. IEEE Int.
Conf. Appl.-Specific Syst. Archit. Process, pp. 161 — 168, Sept. 2011.

M. H. Najafi and M. E. Salehi, “A Fast Fault-Tolerant Architecture for
Sauvola Local Image Thresholding Algorithm Using Stochastic
Computing”, [EEE Trans. VLSI Syst., vol. 24, no. 2, pp. 808 — 812, Feb.
2016.

M. W. Daniels et al, “Energy-Efficient Stochastic Computing with
Superparamagnetic Tunnel Junctions”, Phys. Rev. Appl., vol. 13, p.
034016, Mar. 2020.

Y. Shao et al, “Implementations of Artificial Neural Networks Using
Magnetoresistive Random-Access Memory-Based Stochastic Computing
Units”, IEEE Magn. Lett., vol. 12, Art. No. 4501005, Apr. 2021.

J.-P. Wang and J. D. Harms, “General structure for computational random
access memory”, U.S. Patent 9,224,447, B2, Dec. 29, 2015.

Z. Chowdhury et al, “Efficient In-Memory Processing Using Spintronics”,
IEEE Comput. Archit. Lett., vol. 17, no. 1, pp. 42 — 46, Jan.-Jun. 2018.

Y. Lv, B. R. Zink et al, “Experimental demonstration of magnetic tunnel
junction-based computational random-access memory”,, Under Revision.
B. R. Zink et al, “A Stochastic Computing Scheme of Embedded Random
Bit Generation and Processing in Computational Random Access
Memory (SC-CRAM)”, IEEE J. Explor. Solid-State Computational
Devices and Circuits, vol. 9, no. 1, pp. 29 — 37, June 2023.

D. C. Worledge, “Spin-Transfer Torque MRAM: the Next Revolution in
Memory”, 2022 IEEE Int. Memory Workshop (IMW), Dresden, Germany,
May 15-18, 2022.

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]
[36]
[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

J. M. Slaughter et al, “Technology for reliable spin-torque MRAM
products” IEEE Int. Electron Devices Meeting, San Francisco, CA, pp.
21.5.1-21.5.4, Dec. 2016.

J. G. Alzate et al, “2 MB Array-Level Demonstration of STT-MRAM
Process and Performance Towards L4 Cache Applications”, IEEE Int.
Electron Devices Meeting, San Francisco, CA, pp. 2.4.1 — 2.4.4, Dec.
2019.

C.-H. Chen et al, “Reliability and magnetic immunity of reflow-capable
embedded STT-MRAM in 16nm FinFET CMOS process”, 2021 Symp.
VLSI Technol., Kyoto, Japan, pp. 1-2, June 2021.

T. Y. Lee et al, “World-most energy-efficient MRAM technology for non-
volatile RAM applications”, IEEE Int. Electron Devices Meeting, San
Francisco, CA, pp. 10.7.1 — 10.7.4, Dec. 2022.

1. Mihai Miron et al, “Perpendicular switching of a single ferromagnetic
layer induced by in-plane current injection”, Nature, vol. 476, pp. 189 —
194, Aug. 2011.

1. Ahmed et al, “A Comparative Study Between Spin-Transfer-Torque and
Spin-Hall-Effect Switching Mechanisms in PMTJ Using SPICE”, [EEE J.
Explor. Solid-State Comput. Devices and Circuits, vol. 3, pp. 74 — 82, Nov.
2017.

C. Bi, N. Sato, S. X. Wang, “Spin-orbit torque magnetoresistive random-
access memory (SOT-MRAM)”, Advances in Non-Volatile Memory and
Storage Technology, Woodhead publishing series in electronic and optical
materials, pp. 203 — 235, June 2019.

X. Han, X. Wang, C. Wan, G. Yu, and X. Lv, “Spin-orbit torques:
Materials, physics, and devices”, Appl. Phys. Lett., vol. 118, 120502, Feb.
2021.

Q. Shao et al, “Roadmap of Spin-Orbit Torques”, IEEE Trans. Magnetics,
vol. 57, no. 7, 800439, July 2021.

K. Y. Camsari et al, “Stochastic p-Bits for Invertible Logic”, Phys. Rev. X,
vol. 7,031014, Jul. 2017.

W. A. Borders e al, “Integer factorization using stochastic magnetic
tunnel junctions”, Nature, vol. 573, pp. 390 — 393, Sept. 2019.

Y. Lv et al, “Experimental Demonstration of Probabilistic Spin Logic by
Magnetic Tunnel Juncitons”, [EEE Magn. Lett., vol. 10, 4510905, Dec.
2019.

O. Hassan et al, “Quantitative Evaluation of Hardware Binary Stochastic
Neurons”, Phys. Rev. Appl., vol. 15, 064046, Jun. 2021

X. Jia, J. Yang, Z. Wang, Y. Chen, H. Li, and W. Zhao, “Spintronics based
stochastic computing for efficient Bayesian inference system”, 2018 23"
Asia and South Pacific Design Automat. Conf. (ASP-DAC), pp. 580 — 585,
Feb. 2018.

M. Zabihi et al, “In-Memory Processing on the Spintronic CRAM: From
Hardware Design to Application Mapping”, IEEE Trans. Computers, vol.
68, no. 8, pp. 1159 — 1173, Aug. 2019.

G. Jan et al, “Demonstration of fully functional 8Mb perpendicular STT-
MRAM chips with sub-5ns writing for non-volatile embedded memories”
Proc. IEEE Int. Symp. VLSI Technol., Honolulu, HI, June 9-12, 2014.

J. Z. Sun, “Spin-transfer torque switched magnetic tunnel junction for
memory technologies”, J. Magnetism and Magnetic Materials, vol. 559,
169479, May 2022.

H. Zhao et al, “Low writing and sub nanosecond spin torque transfer
switching of in-plane magnetic tunnel junction for spin torque transfer
random access memory”, J. Appl. Phys., vol. 109, 07C720, 2011.

C. Safranski et al, “Reliable Sub-Nanosecond Switching in Magnetic
Tunnel Junctions for MRAM Applications”, IEEE Trans. Electron
Devices, vol. 69, no. 12, 7180 — 7183, Dec. 2022.

H. Maehara et al, “Tunnel magnetoresistance above 170% and resistance-
area product of 1Q(um?) attained by in situ annealing of ultra-thin MgO
tunnel barrier”, Appl. Phys. Express, vol. 4, 03300, 2011.

K. Chul Chun et al, “A Scaling Roadmap and Performance Evaluation of
In-Plane and Perpendicular MTJ Based STT-MRAM for High-Density
Cache Memory”, IEEE J. Solid-State Circuits, vol. 48, pp. 598 — 610, Feb.
2013.

N. Sato, F. Xue, R. M. White, C. Bi, and S. X. Wang, “Two-terminal spin-
orbit torque magnetoresistive random access memory” Nat. Electronics,
vol. 1, pp. 508 — 511, Sept. 2018.

S. Fukami et al, “A spin-orbit torque switching scheme with collinear
magnetic easy axis and current configuration”, Nat. Nanotech., vol. 11,
pp. 621 — 625, Mar. 2016.

M. Cubukcu et al, “Ultra-Fast Perpendicular Spin-Orbit Torque MRAM?”,
IEEE Trans. Magnetics, vol. 54, 9300204, Apr. 2018.

Z. Zhao et al, “External-Field-Free Spin Hall Switching of Perpendicular

14



[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

Magnetic Nanopillar with a Diple-Coupled Composite Structure”, Adv.
Electron. Mater., vol. 6, 1901368, 2020.

E. Grimaldi et al, “Single-shot dynamics of spin-orbit torque and spin
transfer torque switching in three-terminal magnetic tunnel junctions”,
Nat. Nanotech., vol. 15, pp. 111 — 117, Feb. 2020.

K. Garello et al, “Manufacturable 300mm platform solution for Field-Free
Switching SOT-MRAM?”, 2019 Symposium on VLSI Technology, Kyoto,
Japan, pp. T194 —T195, 2019.

P. Kumar and A. Naeemi, “Benchmarking of spin-orbit torque vs spin-
transfer torque devices”, Appl. Phys. Lett., vol. 121, 112406, Sept. 2022.

L. Lopez-Diaz, L. Torres, and E. Moro, “Transition from ferromagnetism
to superparamagnetism on the nanosecond time scale”, Phys. Rev. B,
Condens. Matter., vol. 65, no. 22, Jun. 2002.

H. H. Huy et al, “Integration of BiSb topological insulator and
CoFeB/MgO with perpendicular magnetic anisotropy using an oxide
interfacial layer for ultralow power SOT-MRAM cache memory”, IEEE
Trans. Magnetics, doi: 10.1109/TMAG.2023.3275171.

J. Song et al, ,,Evaluation of Operating Margin and Switching Probability
of Voltage-Controlled Magnetic Anisotropy Magnetic Tunnel Junctions”,
IEEFE J. Explor. Solid-State Comput. Devices and Circuits, vol. 4, no. 2,
pp. 76 — 84, Dec. 2018.

D. Lyu et al, “Ferromagnetic resonance and magnetization switching
characteristics of perpendicular magnetic tunnel junctions with synthetic
antiferromagnetic free layers”, Appl. Phys. Lett., vol 120, 012404, Jan.
2022.

D. Zhang et al, “Bipolar Electric-Field Switching of Perpendicular
Magnetic Tunnel Junctions through Voltage-Controlled Exchange
Coupling”, Nano Lett., vol. 22, pp. 622 — 629, Jan. 2022.

B. R. Zink et al, “Ultralow Current Switching of Synthetic-
Antiferromagnetic Magnetic Tunnel Junctions Via Electric-Field Assisted
by Spin-Orbit Torque”, Adv. Electron. Mater., 2200382, July 2022.

15


https://ieeexplore.ieee.org/document/10123095

