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Abstract—Magnetic Quantum-dot Cellular Automata (MQCA)
based computation started emerging as the Moore’s law ap-
proaching towards its end. Number of nanomagnets and the
area occupancy are major constraints in materializing this
MQCA based digital arithmetic circuit design. In this letter,
we propose a design methodology and demonstrate the hybrid
approach of using slant edged input and 45 degree aligned
nanomagnets for optimized binary full adder design. Asymmetric
shape anisotropy nanomagnets pave the way for standalone
inputs, whereas positional anisotropy reduces the signal loss in
transmission of data and enables lossless information propaga-
tion. This complementary property of both shape and positional
anisotropy lead to exploiting the energy minimization nature of
nanomagnets, reducing the design footprint. Further, to enable
the multipurpose scaling, horizontal and vertical layouts of the
nanomagnetic computing design of full adder has been proposed.
Our proposed nanomagnetic adder architecture leads to 28%
reduction in the total number of nanomagnets compared to the
state of the art design, leading to an area efficient architectural
design.

Index Terms—Adder, Area efficient, Magnetic Quantum-dot
Cellular Automata (MQCA), Nanomagnetic computing, Opti-
mization, Positional anisotropy (P), Shape anisotropy (S)

I. INTRODUCTION

ELLULAR Automata (CA) controls information flow
through the interaction of cell between the nearest-
neighbors. The information is stored in the cell’s state, in
contrast to the approach of traditional computing paradigm.
Physical realization of these cells is achieved by field cou-
pled ferromagnetic single domain dots using magnetic dipolar
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Digital Object Identifier:

interactions [1]. Computing with magnetic dots (nanomagnets)
would be so efficient, that they would consume the least
amount of energy allowed by the second law of thermody-
namics demonstrating the Landauer limit. They also retain
their magnetic states (non-volatile property) when powered
off. This energy efficient NanoMagnetic Computing paradigm
has started emerging after the room temperature realization of
Magnetic Quantum-dot Cellular Automata (MQCA) [2]-[4].

Logic functionalities have been demonstrated by the imple-
mentation of universal logic gates using MQCA based major-
ity logic with ferromagnetic dots [5]. Thereafter, researchers
started realizing interconnects using the dipole-coupled single
domain nanomagnets [6]-[8] leading to ultra-low power, non-
volatile irradiated device [9], [10]. The on-chip implementa-
tion of MQCA was shown by Alam et al., by replacing the
driver magnets with the copper wire [11] to reduce the area
overhead. Researchers realized the digital arithmetic circuits
using these MQCA based universal logic gates [12]. Yang et
al., [13] designed MQCA adder using NWS (North, West and
South)-direction-input gate (M1), two NWE (North, West and
East)-direction-input gates (M2 and M3), and two inverters.
Gradually shape engineering [14]-[18] of the nano-structured
magnets started evolving for optimizing the MQCA based
circuit design. Varga et al., [19] proposed the concept of
slanted edge magnets as part of the shape engineering and
implemented adder using this to optimally utilize the number
of nanomagnets. Very recently, positional anisotropy [20]-
[22] of the nanomagnets began to originate for minimizing
the signal attenuation and clocking field misalignment in the
MQCA circuits. Zheng Li et al., [23] for the first time proposed
MQCA based adder implementation using inclined clocking
field with 45 degree alignment minimizing the operational
error rate.

Motivated by the aforementioned facts, we propose a design
methodology for implementing the binary full adder with a
hybrid approach of utilizing shape and positional anisotropy
of the nanomagnets leading to the optimized number of
nanomagnets resulting in the reduction of area overhead. This
letter is organized as follows: section II contains the proposed
methodology, section III briefs the results and discussion and
section IV concludes this letter.

II. PROPOSED METHODOLOGY

State of the art MQCA based adder circuits are built
utilizing the shape (S) [19] and positional (P) [23] anisotropy
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of the single domain nanomagnets independently. Till date,
the combined dependence of the shape and position of nano-
magnets in the circuit design has not been investigated. We
envisage here that the self-dependency of S and P will have
its impact on design optimization. Motivated by the aforemen-
tioned facts, here we propose a design methodology of using
S P hybrid field coupled nanomagnets for the binary full adder
implementation.

The full adder [24] is designed using the logic functionalities
expressed as in equation (1) and equation (2) where the inputs
- A, B are the operands and C; is the carry in and the outputs
- C, is the carry out and S is the sum of the full adder.

C, = AB + BC; + AC; 1)
S = ABC; + A'B'C; + A'BC! + AB'C] 2)

The architectural design of the full adder based on the majority
logic of the inputs A, B, C; is shown in Fig.1(a). To enable two
input logic operations, C; is used as a handle to set constant
values of 0 and 1 performing two different logic operations
[(N)AND/(N)OR]. We propose the hybrid approach of slant
edged input nanomagnets (as part of the shape anisotropy)
and 45 degree aligned information propagation nanomagnets
of varying length (as part of the positional anisotropy) to
optimize the required number of nanomagnets in the design.
This combined effect of slant edged input magnet and 45
degree inclined magnet helps us to achieve the standalone
inputs (without the driver magnet) and signal propagation
with less attenuation in comparison to the state of art. We

MI-Majority Gate |

M2-Majority Gate2
M3-Majority Gate3
I 1C -Interconnect |
IC -Interconnect 2

(a) (b)

A (@) A) (b A N0

Fig. 1. a) Binary full adder circuit design b) Proposed horizontal layout of the
nanomagnetic computing adder architecture (c) - (j) Proposed vertical layout
of the nanomagnetic computing adder architecture to test the all 8 possible
combinations (Blue accent Color 5 - Majority gatel; Green accent color 6 -
Majority gate2; Orange accent color 2 - Majority gate3; Gold accent color 4
- Interconnect] and Black - Interconnect2)

introduce here, two different layouts of MQCA design method-

ology namely Horizontal layout [23] (row based design as
shown in Fig.1(b)) and Vertical layout [19] (column based
design as shown in Fig.1(c-j)) enabling the multi-dimensional
scalability. M1 (Blue), M2 (Green) and M3 (Orange) are
the three majority gate functions required for the full adder
implementation as represented in Fig.1(a). In the horizontal
layout design as shown in Fig.1(b), majority gate (M3) is
sandwiched between the majority gates (M1) and (M2). The
design requires two 45 degree inclined magnets propagating
the signal in North-East (NE) and South-East direction (SE)
for antiferromagnetic coupling, representing the NOT function.
To design the column based layout, the inputs of majority gates
(M1, M2) are constituted by the slanted edge standalone input
magnets. The majority gate (M3) has one standalone input
magnet and two oval input magnets which are driven by the
output of M1 and M2 as shown in Fig.1(c-j). This design
also requires North-East and South-East positioned 45 degree
inclined magnets for the signal propagation from M1 and M2
to act upon M3. Out of these two, the magnet (IC;) is coupled
antiferromagnetically (C, => C’;) and the magnet (IC3) by
ferromagnetic means (ABC; => ABC;) to satisfy the logic
functionalities as given in equations (1) and (2). Fig.1(c-j)
illustrates all the possible combinations of the proposed adder
design. The logic functionalities of equations (1) and (2) has
been depicted in the Table I.

TABLE 1
TRUTH TABLE FOR THE BINARY FULL ADDER
Input Output

A B | Carry In (C;) | Carry out (C,) | Sum (S)
00 0 0

0 1 0 1
10 0 0 1
11 1 0
00 0 1

0 1 1 1 0
10 1 0
11 1 1

We used Object Oriented MicroMagnetic Framework
(OOMMF) [25] developed at ITL by NIST for the
computational architecture study on full adder. Few
commercialized micromagnetic simulation tools do exist,
however with the plethora of available literatures [4]-[14],
[16]-[19], [22], [26]-[28], we opted for the open source
tool OOMMEF. OOMMF uses Finite Difference method to
solve the Landau-Lifshitz Gilbert (LLG) equations. 4th order
Runge Kutta evolver is used as a time evolver to solve this
ordinary differential equation. The value of maximum torque
is set to 107° A/m in lieu of time. Stoner Wohlfarth model
has been selected to solve the rotation of magnetization
in the single-domain behavior of nanomagnets. Magnetic
anisotropic energy originates with the interaction referred as
spin orbit coupling. Magnetic dot used throughout this study
is of Permalloy (Py) comprising 78.5% nickel, 21.5% iron
[29]-[32] which is a pronounced soft ferromagnetic material
with low coercive field by nature. As its exchange energy
is larger than the magnetocrystalline anisotropy and low
magnetic anisotropy energy (MAE), the exchange interaction
dominates the magnetic anisotropy. Permalloy possess zero
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(0) uniaxial anisotropy constant, in line with this magnetic
anisotropy greatly depends on the shape of the dot and it tends
to align to its easy axis. The exchange Hamiltonian on this
single domain nanomagnets requires high axial symmetry to
maintain the magnetic anisotropy. We have used an exchange
stiffness constant of 13x107'2 J/m, damping coefficient of
0.25 and saturation magnetization of 800x103A/m [33]. All
the architectural designs has been modeled using CleWin [34]
a hierarchical layout editor developed by WieWeb software.
We have used 10 nmx30 nm area; 10 nm thickness and 10
nm — 15 nm wall separation for oval magnets, 15x30x10
nm® dimensions for slant edged magnets and 50 nm, 70
nm varying length signal propagation nanomagnets inclined
at 45 degree. Our proposed design methodology retains the
potential to be fabricated experimentally as confirmed by
[35], thus motivating this simulation study reported here
on the sub 50nm design. The results obtained based on this
OOMMF micromagnetic simulations are discussed in the
next section.

III. RESULTS AND DISCUSSION
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Fig. 2. a) OOMMEF output for the horizontal layout of the nanomagnetic
computing adder architecture with 0.5 Tesla of applied magnetic flux density
(B) which demonstrates 000—00. b)OOMMEF output for the horizontal layout
of the nanomagnetic computing adder architecture output for -0.5 Tesla which
demonstrates 111—11; Sign convention for all inputs and outputs Down as
1; Up as 0 and for input B Down as 0 and Up as 1. (c) - (j) Output for
vertical layout of the nanomagnetic computing adder architecture design with
B=0.5T; sign convention is Down as 0 and Up as 1.

The OOMMEF simulation outputs of the horizontal layout
of the nanomagnetic computing adder architecture is given in
Fig. 2(a,b) for the applied flux density of 0.5 Tesla and - 0.5
Tesla respectively. The logic operations with input patterns
000 and 111 are given as a test structure. Fig.2(c-j) gives
the output for the vertical layout of the nanomagnetic adder
architecture. Slant edged magnets play a major role in acting
as a standalone input magnet and the signal transmission takes

place effectively without error using 45 degree inclined mag-
nets. All the possible combination of the logic functionalities
has been shown to verify its successful operation. Fig.2(c-
f) and Fig.2(g-j) shows the operation with C; = 1 and 0
respectively. To the best of our knowledge, this is the first of
its kind of study which leads to 28% reduction in the number
of nanomagnets for full adder implementation. The proposed
design has been compared with the state of the art [12], [23]
proposed adder designs with respect to the number of nano-
magnets and majority gates utilized. The results are tabulated
in Table II. Existing benchmark magnetic adder circuit design
consists of 21 nanomagnets using 3 majority gate operations.
The proposed horizontal and vertical layouts of the adder
architecture lead to 16 (as in Fig.1(b)) and 14/15 (as in Fig.1(c-
j)) nanomagnets respectively with 3 majority gate operations.
Area occupancy of the proposed adder design is compared
with the state of the art designs as tabulated in Table II. Adder
designed by Varga et al., [19] utilizing the shape anisotropy
of the nanomagnets occupies 0.77015 um? area which is lesser
than the design proposed by Zheng Li et al., [23] utilizing
the positional anisotropy of the nanomagnets leading to 1.96
um? of area occupancy. The proposed horizontal and vertical
architectural designs are found to be occupying 0.032175 and
0.031875 um? area respectively. Both the proposed layouts
(horizontal and vertical) are equally comparable in terms of
area occupancy. However the different layouts play a major
role in System on Chip (SoC) applications where the scalable
layouts are applicable for optimal placement (area utilization).
The design proposed in [12] focus towards the footprint
reduction however it faces issues while propagating data from
majority gate 1 and 2 to majority gate 3 via interconnect
magnets and the design in [23] focus on the clocking field mis-
alignment however its area footprint could have been reduced
further. The proposed hybrid approach of using shape and
positional anisotropy of the nanomagnets put-forth a solution
to bridge this gap between footprint reduction and low signal
attenuation. The proposed optimization in the design enables
the multi-dimensional scalability for applications in core areas
of space exploration, communication devices, etc.

The usage of slant edged magnets [37] and the 45 de-
gree alignment [21] are proved to maintain highly reliable
structures independently. Intrinsic angular sensitivity in the
hard axis, aids in increased tolerance against misalignment of
the field and slanted edges helps in reliability when the dots
are of modest size and requires smaller clocking field. Thus
area reduction achieved by incorporating these designs possess
inherent reliability. And moreover, our design requires only
two clock cycles which also adds to the reliability. With the
repeated simulations we found that the proposed design after
space reduction is found to be error free and possess reliability.
Thus our proposed area efficient adder design methodology is
claimed to be reliable. Fig.3(a) presents the test loop design to
verify the functionalities of shape and positional (SP) hybrid
approach. Fig.3(b) exhibits the output state of the test loop
design with applied magnetization of 0.5 Tesla in positive x-
direction. Fig.3(c) shows the state of the output magnets with
applied magnetization of 0.5 Tesla and reverse magnetization
[38] of -0.15 Tesla. The outputs of O2 and O4 (as shown
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TABLE II
COMPARISON OF SELECTED NANOMAGNETIC ARCHITECTURES
IMPLEMENTING FULL ADDERS WITH THE OPTIMIZED PROPOSED DESIGN

Design Design Design Strategy Area Occu-
Requirements pancy
[12] 21 nanomagnets,  Full adder with slant and 0.77015
regular oval-shaped mag- um?
nets
[23] 21 nanomagnets,  Full adder with 45 degree 1.96 um?
and different aspect ratio in-
put magnets
Proposed; 16 nanomagnets, Using 45 degree and slant 0.032175
(Horizontal edged magnets — horizon- um?
Layout) tal layout design (Fig.1(b))
Proposeda 14/15 Using 45 degree and slant 0.031875
(Vertical nanomagnets, edged magnets — vertical um?
Layout) layout design (Fig.1(c-j))

a using 3 majority gates for sum and carry implementation together;

1 Proposed Horizontal layout (Fig.1(b)) of the nanomagnetic computing
adder architecture;

2 Proposed Vertical layout (Fig.1(c-j)) of the nanomagnetic computing
adder architecture

(a) (b) 0.5 Tesla (c) 0.5 Tesla
01 -0.15 Tesla
11
Fan Out
"Ml
S1
L2
Fan Out 03
12 ‘
S2
04

Fig. 3. a) Test loop design to demonstrate the advantages of the proposed
hybrid approach of shape and positional anisotropy b) The output magnets
(O1, O3) connected to longer (L1, L2) signal propagation magnets respectively
and the output magnets (02, O4) connected to shorter (S1, S2) signal
propagation magnets respectively gives 1,0 and 1,0 on all outputs for 0.5
T c) With applied -0.15 T preceded by 0.5 T the received signal from S1 and
S2 is flipped on the O2, 04 (1 => 0 and 0 => 1) while O1, O3 connected
to L1, L2 remains same (1 => 1 and 0 => 0). This phenomenon occurs
due to the nanomagnets inherent natural property of energy minimization [36]
and different switching time of the magnetic states.

in Fig.3(c)) are flipped due to varying aspect ratios leading
to different magnetic switching time. The role of 45 degree
inclined signal propagation magnet ensures that the signal
is not attenuated throughout the propagation. Fig.4 captures
the flux density and normalized magnetization values for the
horizontal (Fig.1(b)) and vertical layout (Fig.1(c-j)) of the
nanomagnetic computing adder architectures. The exchange
energy and demagnetization energy has been plotted against
the applied flux density to study the energy minimization
nature of the nanomagnets pertaining to low energy and ultra-
low power switching. Fig.4(a) shows the energetics study
along with the normalized magnetization against the applied
magnetic flux. From this it is evident that the energy varia-
tions are negligible for the operation of both the horizontal
(Fig.1(b)) and vertical layout design (Fig.1(c-j)). These two
proposed design layouts, play a major role in design scalability
as both have their different form factors. Fig.4b illustrates
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Fig. 4. a) BM curve for the horizontal layout of the nanomagnetic computing
adder architecture and vertical layout of the nanomagnetic computing adder
architecture with the coupled nanomagnetic energy difference for both the
design b) Energetics study of the test loop design in applied magnetic flux
and reversed magnetic flux. [TE, DE, EE = (Total, Demag, Exchange) Energy,
RM - Reverse Magnetization, M=My/Ms]

the energy information of the test loop design. This helps
us to confirm that the aspect ratio of the nanomagnets play
a major role in signal propagation without attenuation. It has
been observed that on applying -0.15 Tesla flips the state of
the output magnet connected to the short signal propagation
magnet, keeping the rest unchanged. Slant edged magnets
plays a pivotal role in generating standalone inputs with the 45-
degree inclination, further aiding in good signal propagation.

IV. CONCLUSION

28% reduction in the number of nanomagnets is achieved
with the proposed hybrid design methodology leading to the
area occupancy of 0.032175um?. The proposed adder design
has been tested successfully for all the 8 possible logic
combinations using OOMMF based micromagnetic study. In
spite of its proven earlier experimental realization, fabrication
of the slant edged magnets (due to its sharp position at the
edges) and positioning of 45 degree aligned magnets (+/-
5 degree tolerability) will possess challenges. This arising
experimental challenges could be handled with more precision
and using high resolution state of the art lithographic tools.
We envisage that the further optimization could be achieved
on focusing towards the circuit level optimization and ma-
terialistic approach (2d materials [39]). We believe that the
design methodology presented here possess the potential to
be extended using Single Molecule Magnets (SMM) called as
molecular nanomagnets and Molecular QCA (silicon phthalo-
cyanine dimer) as part of molecular electronics. Quantum ther-
modynamic and resonant tunnelling will play a major role in
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designing such systems [40]. SP hybrid area efficient MQCA
design methodology introduced in this letter paves the path
towards building higher dimensional nanomagnetic computing
architectures like multipliers, filters etc and favorable to be
deployed in low power portable design applications.
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