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Introduction

A CMOS downscaling became more and more difficult
due to various technological hurdles.

QSpin Wave (SW) based technology stands apart as a
promising alternative avenue because:

dWavelength: down to nm.
dFrequency: up to THz.
dEnergy: E, << KgT.

[ Acceptable delay.
dIntrinsic data parallelism.



Accurate vs Approximate SW Computing

 Accurate computing give us accurate results while consuming
large power, delay and area, but many applications is error
tolerant such as:

d Multimedia processing.

O Machine learning.

d Signal processing.

Q Scientific computing, etc. Google is using this approach in their Tensor

processing units (TPU, a custom ASIC).

A Therefore, approximate computing can be used instead of the
accurate computing which will result in saving power, delay and

area.
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SW Approximate Full Adder
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Parameters

d Saturation magnetization: 1.1 MA/m.
O Damping constant: 0.004.
 Exchange constant: 18.5 pJ/m3.
 Thickness: 1 nm.

a Width =50nm.

d Frequency=10GHz.

 No external field is applied as the shape anisotropy is strong
enough to push the magnetization in the plane along the
waveguide length. This configuration allows the propagation of

backward volume spin waves.
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Proposed Approximate FA Simulation Results

O Red presents {X,Y,Cin}={0,0,0}->Co=0 Y

logic 1, which
presents a {X,Y,Cin}={0,0,1}->Co=0 Y
phase of n, {X,Y,Cin}={0,1,0}->C0=0 v

blue presents

logic 0 which {X,Y,Cin}={0,1,1}->Co=1 ¥
presents |

{X,Y,Cin}={1,0,0}->Co=0 |
phase 0.

{X,Y,Cin}={1,0,1}->Co=1 v

{X,Y,Cin}={1,1,0}->Co=1

{X,Y,Cin}={1,1,1}->Co=1




Performance Evaluation

Technology Type Error Rate (%) Energy (fJ) Delay (ns) Device No.
CMOS [1] Accurate 0 0.066 0.005 28
Accurate 0 0.14 0.12 24

Approximate 25 0.077 0.1 14

MTJ-based [3] Accurate 0 5685 3.02 29

Approximate 50 5109 3.02 25

Approximate 50 2471 3.15 29

SHE-based [5] Accurate 0 4970 7 26

DWM [6] Accurate 0 74.5 0.877 26
Accurate 0 166.7 3 34

Approximate 25 58 2 34
Accurate 0 0.1 2.86 7

Approximate 25 0.062 1.84 5

CMOS [2]

MTJ-based [4]

Spin-CMOS [7]

Spin Wave

OAFA saves 35% and 6% energy when compared with the state-of-the-art SW and 7nm CMQOS,
respectively, and 56% and 20% in comparison with accurate and approximate 45nm CMQOS, respectively,
and saves more than 2 orders of magnitude when compared with accurate SHE, and accurate and
approximate DWM, MT]J], and Spin-CMOS FAs. Moreover, it achieves the same error rate as approximate
45nm CMOS and Spin-CMOS FA whereas it exhibits 50% less error rate than approximate DWM FA, and
requires at least 29% less chip real-estate in comparison with the other state-of-the-art designs.
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SW Approximate multiplier

0 Q0=Q1=AND(XO0,YO0).

0 Q2=AND(X1,Y1).

0 Q3=AND(X0,X1,Y1).

O SWs have
constructive
interference if SWs in-
phase.

O SWs have destructive
interference if SWs
out-of-phase.

O Outputs are detected

based on threshold.



SW Approximate Multiplier Outputs Magnetization
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Performance Evaluation

Designs Type EﬁlﬁraRgie Energy Delay Device
(%) (al) (ns) No.
Accurate [1] 0 959 0.1 52
CMOS :
Approximate [2] 38 300 0.06 30
_ Accurate 0 320 21 22
Spin Wave :
Approximate 25 115 3.6 8

d AMUL energy consumption is at least 2.5x smaller the one of state-of-the-art
accurate SW designs and 16nm CMOS accurate and approximate designs.
Moreover, AMUL exhibits an error rate of 25%, while the approximate CMOS
MUL one of 38%.

[1] T. F. Canan, S. Kaya, A. Karanth and A. Louri, "Ultracompact and Low-Power Logic Circuits via Workfunction
Engineering," in IEEE Journal on Exploratory Solid-State Computational Devices and Circuits, vol. 5, no. 2, pp. 94-102, Dec.
2019, doi: 10.1109/JXCDC.2019.2962494.

[2] V. Gupta, D. Mohapatra, A. Raghunathan, and K. Roy, “Low-power digital signal processing using approximate adders,”
IEEE Transactions on Computer-Aided Design of Integrated Circuits and Systems, vol. 32, no. 1, pp. 124-137, 2013.



O We developed SW approximate energy efficient spin-wave based Full Adder (AFA) and a 2-bit
inputs multiplier (AMUL).

O Both designs were validated by means of MuMax simulations.

O AFA saves 35% and 6% energy when compared with the state-of-the-art SW and 7nm CMQOS,
respectively, and 56% and 20% in comparison with accurate and approximate 45nm CMQOS,
respectively, and saves more than 2 orders of magnitude when compared with accurate SHE,
and accurate and approximate DWM, MTJ], and Spin-CMOS FAs. Moreover, it achieves the
same error rate as approximate 45nm CMOS and Spin-CMOS FA whereas it exhibits 50% less
error rate than approximate DWM FA, and requires at least 29% less chip real-estate in

comparison with the other state-of-the-art designs.

O At its turn, AMUL energy consumption is at least 2.5x smaller the one of state-of-the-art
accurate SW designs and 16nm CMOS accurate and approximate designs. Moreover, AMUL

exhibits an error rate of 25%, while the approximate CMOS MUL one of 38%.
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