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ABSTRACT Spintronic-based computing-in-memory (CiM) architecture has emerged as one of the efficient
solutions to counter the latency/bandwidth bottleneck of conventional von-Neumann architecture. However,
computation within a small area while achieving low power consumption still remains a challenge. Multi-
bit spintronic storage device is a suitable solution to improve the integration density of such architectures.
This paper focuses on using spin-transfer torque (STT)/spin-orbit torque (SOT) based hybrid three-level cell
(TLC) in CiM application for implementing logic circuits such as AND, XOR, and magnetic full adder
(MFA). Moreover, the performance of the STT/SOT-TLC-based MFA is compared with other full adder
designs. The results show that the proposed MFA is 75% more area-efficient in comparison to two-bit STT
and SOT-based designs, and 50% more area-efficient in comparison to differential spin hall effect (DSHE)

based designs

INDEX TERMS Compute-in-memory, magnetic memory, multi-level cell, magnetic full adder, triple-level

cell.

I. INTRODUCTION

The main setback with traditional von Neumann architecture
is that it consumes significant energy for communicating be-
tween memory and processing unit. This separation causes
high data traffic and processing time which has become a per-
formance limitation. New architectures such as near-memory
computation and CiM are capable of overcoming this short-
coming [1]-[3]. At present, the CiM architecture needs to
be explored more since it has higher scope than any other
architecture because it is faster and requires the least amount
of energy for data computation [4], [5].

Spintronics based non-volatile memories are potential can-
didates to realize CiM architecture due to zero static power,
compact structure, and high compatibility with CMOS tech-
nology. The popular spin device that made an impact com-
mercially is the STT-magnetic tunnel junction (MTJ). The
MT]J is a fundamental storage element that consists of a non-
magnetic material sandwiched between two ferromagnetic
(FM) layers. The magnetization in one of the FM layers is

pinned to a particular direction and the other is configured
in either parallel (P) or antiparallel (AP) to it. This results
in two resistive states that help in storing logic states. The
device has high endurance, high access speed, and low static
power but faces reliability challenges such as oxide break-
down and erroneous read/write operation due to the same
read-write path [6]. Furthermore, SOT-MTJ is explored that
overcomes the issues associated with STT-MT]J device. It uses
the spin hall effect (SHE) and provides high write speed along
with high reliability because of the separated read-write path
[7]. The value of switching current and write energy can
be reduced further by the mechanism of voltage-controlled
magnetic anisotropy (VCMA) [8]. However, perpendicular
magnetic anisotropy SOT-MTJ devices require an external
magnetic field for magnetization reversal that degrades the
performance of the device. It is possible to switch the magne-
tization without applying any external field with the interplay
of both STT and SOT [9]. All the aforementioned devices
are capable of storing only a single bit per device. These are

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

VOLUME 3, 2022

45


https://orcid.org/0000-0001-6427-1035
https://orcid.org/0000-0002-3977-4690
https://orcid.org/0000-0002-6414-0032

DHULL ET AL.: AREA EFFICIENT COMPUTING-IN-MEMORY ARCHITECTURE USING STT/SOT HYBRID THREE LEVEL CELL

not sufficient for high-density memory applications due to the
large footprint of access transistors [10], [11]. It increases the
scope for multi-level devices that can store more than one
bit per device and reduce cost per bit. A typical multilevel
cell (MLC) can be built by connecting two or more MTJs in
series or parallel [12]. However, it comes with several hurdles
such as write speed and sensing margin. A dual-bit cell (DLC)
requires two steps for the write operation leading to higher
latency [13]. Moreover, its capability of 2-bit storage per cell
does not solve the storage density issue [14]. One solution
is to build an MLC with more than 2 bits while maintaining
considerable latency and energy consumption. Generally, a
regular 3-bit MLC requires three steps to complete a single
write operation making the latency worse. Besides, the di-
vision of resistance states into eight distinct levels reduces
the sensing margin to distinguish two states while reading
the device [15]. STT/SOT hybrid TLC is a device that stores
3-bits per cell and solves the aforementioned issues of 3-bit
MLC [16]. It requires only 2 steps to complete a single write
operation and provides an improved sensing margin for better
readability. Moreover, these aforementioned spin devices are
capable of performing both memory and logic operations alto-
gether. Hence, spintronics-based magnetic memories are po-
tential candidates for CiM applications owing to their remark-
able aforementioned features [17], [18]. This work focuses
on the implementation of logic circuits in a memory array
of TLC. Making use of the TLC device in CiM comes with
the aforementioned advantages of the device along with the
reduction in the overall area utilization. The key contributions
of the proposed work are as follow:
® The three-bit MLC is used for the implementation of
CiM based logic gates and magnetic full adder (MFA).
The TLC based MFA in CiM architecture achieves 75%,
75% and 50% improvement in area efficiency when
compared to STT-DLC, SOT-DLC, and DSHE based
circuits, respectively.
® The combination of SOT and STT switching scheme is
used to achieve optimal latency and energy consump-
tion in TLC device. The complete write operation is
performed using only 2 steps and provides an improved
sensing margin using self-referencing read operation.
The rest of the paper is organized as: Section II presents the
structure of the TLC. Section III presents the design of logic
gates and MFA using TLC. It also presents the performance
analysis of these circuits. Finally, Section IV concludes the

paper.

Il. STT/SOT HYBRID TRIPLE LEVEL CELL

The STT/SOT TLC structure is comprised of three MTJs
stacked one upon another and the free layer of base MTJ
resting on heavy metal layer as shown in Fig. 1(a). Here, PL
and FL stand for pinned layer and free layer of MTJ, respec-
tively. HM is the heavy metal attached to the free layer of
MTJ3 which is responsible for the SOT switching mechanism.
The MTJ, and MTJ3; are equal in dimension and larger as
compared to MTJ;. This equality in dimension results in only
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FIGURE 1. (a) Structure of three level cell (b) Statistical distribution of
operating STT currents.
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FIGURE 2. State transition diagram for the write operation of TLC.

six distinct resistance states instead of eight. The magnetiza-
tion state of each MTJ can be switched by passing a current
through the TLC and thus logical bits can be stored in each of
them by configuring the magnetization state either in parallel
or antiparallel. Magnetization switching of MTJ; and MTJ;
is achieved with the help of the STT mechanism and MTJ53 is
switched with the assistance of the SOT mechanism. Hence,
there are two currents i.e., Is7r and Isor controlling the write
operation of the cell where Igrr flows from 7; to T3 and Isor
flows from 7> to T3. Isyr has three current values i.e., I ow,
Iyvip, and Iyjch. Here, Iyyp is sufficient to switch the magne-
tization of only MTJ, Iyjgy can switch the magnetization of
all the MTJs, and I7ow alone cannot switch any of the MTJs
but it can be used to switch MTJ3 along with the assistance
of Isor. Fig. 1(b) shows the statistical distribution of all STT
currents. Fig. 2 shows the state transition diagram for the write
operation. The simulation parameters for the device are shown
in Table I. The dynamics of magnetization of the free layer
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TABLE | Simulation Parameters Of STT/SOT-TLC

Parameter Value
Diameter 34nm (MTIJ)),
40nm (MTJ/ MTJ5)
Heavy Metal Size (1 x w x d) 60nm x 40nm x 3nm
Saturation Magnetization 1.25 x 10° A/m
Magnetic Anisotropy 163000 A/m (MTJ,),
143000 A/m (MTJ,/MTJ;)
Free Layer Thickness Inm
Damping Constant 0.03
Spin Hall Angle 0.3
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FIGURE 3. Statistical distribution of sensing voltages of all states of TLC.

is governed by Landau—Lifshitz—Gilbert (LLG)—Slonczewski
equation and is represented as [19]:

on L — L om R
i —Yion X Hepp + ami x o — &PJsrrni

x (it x imiy) — Endsperii x (1 X GsnE) )

Where, terms on the right-hand side represents torques on
free layer magnetization (i) due precession, Gilbert damping,
STT and spin hall effect. 71z, represents the magnetization
of reference layer and I-_Ie—f_} is the effective magnetic field.
Jsrr and Jsyp are STT and SHE write current densities,
respectively. asgz is the polarization of pure current injected
into the free layer. y represents the gyromagnetic ratio and o
is the damping factor. The effective magnetic field (Iff}) is
mainly composed of perpendicular magnetic anisotropy field

- .= .
(Hppa), exchange field bias (Hgyx), and thermal noise field
(I_-I—TZ). A special self-referencing read scheme has been used
to distinguish the overlapping resistance levels [16]. Fig. 3
shows the statistical distribution of sense voltages of all the
states and three reference voltages that are used to differenti-
ate the states. In addition, the TLC has a significant reduction
in latency and energy consumption.
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1ll. COMPUTE-IN-MEMORY USING TLC

In the proposed CiM architecture, as shown in Fig. 4, the
STT/SOT TLC memory device performs the functions of both
the data storage and the computation. The two operations can
be achieved by selecting either memory mode or compute
mode. In memory mode, the data is written to or read from
memory. The data is written by hybrid STT and SOT switch-
ing techniques as discussed in Section II. The read operation
is performed by passing a low read current through the TLC
memory and the data is detected by using a sense amplifier.
The computation mode is activated to perform any Boolean or
non-Boolean operation.

A. LOGIC GATES IMPLEMENTATION

In Fig. 5, the TLC is configured as a logic gate. MTJ; is used
to store the output whereas MTJ, and MTJ3 are for inputs.
Depending upon the initial state of the input data, the current
encoding scheme is used to switch the magnetization of the
output MTJ device. The logic operations NAND, AND, OR,
NOR, XOR, and XNOR are performed within the same TLC
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FIGURE 7. Transient analysis of the TLC based XOR operation.
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FIGURE 8. Transient analysis of magnetic full adder for input combinations of (a) 010 (b) 111..

device. The implementation of logic operations is expressed the transient analysis of AND operation. Table II shows the
by the following equations: encoding currents for AND logic implementation.

AND/OR = A.B+A.C+BC @) NAND/NOR = A.B+A.C+B.C 3)

where C acts as a control signal and is represented by the ini-
tial state of the MTJ;. When C=0, AND operation is executed where C acts as a control signal and is represented by the
whereas when C=1, OR operation is performed. Fig. 6 shows initial state of the MTJ;. When C=0, NAND operation is
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TABLE Il Current Encoding for 2-Bit AND Operation
A B ILOGIC (]J.A) AND
0 0 10 AP
0 1 25 AP
1 0 25 AP
1 1 40 P

executed whereas when C=1, NOR operation is performed.
XOR/XNOR = ABC+ABC+ABC +ABC (4

where C acts as a control signal and is represented by the
initial state of the MTJ;. When C=0, XOR operation is
executed whereas, when C=1, XNOR operation is performed.

VOLUME 3, 2022

TABLE 111 Current Encoding For 2-Bit Xor Operation

Input State Isrrs Isrr2 XOR
(48) (u4) (u4)
00 10 25 AP
01 -10 62 P
10 10 62 P
11 -10 25 AP

TABLE IV Stepwise Operation Of Proposed TLC Based MFA

Steps Stackl Stack2 Stack3

S1 Input (4, B, Ci)

S2 Copy Cin to MTIy Copy Ci, to MTJ;
S3 Compute Cour Compute Sum

Fig. 7 shows the transient analysis of XOR operation. Ta-
ble IIT shows the encoding currents for XOR logic imple-
mentation.

B. MAGNESTIC FULL ADDER

To implement the full adder operation within the CiM ar-
ray, the input data A, B, and Cj, are stored in one TLC
stack while the computation and storage of Sum and Carry
(Cyur) results are performed in the second and third TLC
stack as shown in Fig. 4. The input data C;, is first copied
from the TLC stackl and stored to the MTJ4 of TLC stack2.
Depending upon the initial state of MTl4, C,,; and Sum
operations are computed and stored in MTJ4 of the TLC
stack2 and MTJ; of the TLC stack3, respectively. The Sum
is computed using the XOR and XNOR operation whereas
the C,,; is computed AND and OR operations as described
by the equations (2) and (4), respectively. The steps for full
adder operation as shown in Table IV, are represented by
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TABLE V Area Consumption Of Various Cells

Parameter STT-SLC STT-DLC SOT-DLC DSHE STT/SOT TLC
Area (F) 34.5 48 69 105 69
Density (F*/bit) 345 24 345 52.5 23
Write energy (fJ/bit) 480 520 236 240 27.8
Write Latency (ns/bit) 5 5 3.5 0.93 7.8
TABLE VI Area Comparison Of Various Full Adders
Parameters CMOS based STT-SLC MFA SOT-SLC MFA DSHE-MFA  STT-DLC SOT-DLC  Proposed STT/SOT-
FA [23] [21] [22] [20] MFA MFA TLC MFA
No. of transistors 46 18 18 12 24 24 6
No. of MTJs 0 9 9 8 12 12 9
Total area(F’) 1587 621 621 414 828 828 207

S1: Read Cj,, S2: Write C;;, to MTJ4 of Stack2 and MTJy
Stack3, $3: Sum and C,, computation. Fig. 8 shows the
transient analysis of MFA for input combinations “010 and
“111”.

The performance of STT/SOT TLC has compared with
other STT and SOT based MLCs at device and circuit level.
Fig. 9 shows the schematic of various STT and SOT based
MLCs and their layout. The device level area assessment
shows that the total area consumed by the SOT/STT TLC cell
is 69F2. Therefore, the area consumed per bit is 23F2, It is
34%, 4.1%, 33.3%, and 54% more area efficient as compare
to STT-SLC, STT-DLC, SOT-DLC and DSHE, respectively as
shown in Table V. Owing to the area efficiency of STT/SOT-
TLC, the area of the proposed MFA design is significantly
reduced by 75% in comparison to STT-DLC and SOT-DLC
based designs, and 50% in comparison to DSHE based design
[20]. Moreover, the proposed MFA is 66.6% more area ef-
ficient when compared to STT-SLC [21] and SOT-SLC [22].
The performance comparison of STT/SOT-TLC based MFA
with other MLC based designs is presented in Table VI. The
usage of a multilevel cell plays huge role in area reduction
and achieving high integration density. Along with the perfor-
mance analysis, this work also focuses on exploring the effect
of parametric variation on the MFA operation. 1000 Monte
Carlo simulations with 3% variation in TLC device param-
eters namely oxide layer thickness, free layer thickness and
TMR and 10% variation in CMOS transistor length and width
have been performed for all the write currents, logic currents
as well as sensing resistances. The statistical distribution of
write currents, sensing voltages, and logic currents are shown
in Fig. 1(b), Fig. 3, and Fig. 10, respectively. It is evident that
there are enough margins between the different currents and
sensing voltages that enable reliable write and read operations,
respectively.

IV. CONCLUSION

The proposed work presents an implementation of area effi-
cient STT/SOT based TLC MRAM based CiM architecture
for logic circuits. The STT/SOT TLC based MFA shows a sig-
nificant reduction in area consumption by 66.6%, 75%, 75%,
and 50%, as compared to STT-SLC, STT-DLC, SOT-DLC,
and DSHE based MFA, respectively. The future scope of
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this work could include image processing and neural network
applications using STT/SOT-TLC arrays.
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