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Outline

Analog Synaptic Devices for Neuromorphic Computing
Why Unconventional Computing?

Oscillation Neuron for Oscillatory Neural Network
-NbO, Threshold Switch Oscillator
-Dynamics of Coupled Oscillators
Probabilistic Bit (p-Bit) for Probabilistic Computing
-Leveraging Instability of SiO, Threshold Switch
-Complex Optimization Problems

-TRNG & Cryptography Accelerators for Security
* Qutlook and Summary




Data Is Everywhere

v A minute on the internet in 2023

10S & Android
app downloads

694,000

video hours viewed

347,222

3.47M

snaps created

total Zoom 11.035 10.4M
meeting minutes E) viewing
fake accounts minutes

v’ 2 zettabyte (ZB=102!) in 2010 - 47 ZB in 2020 - 2,142 ZB in 2035
. v' Memory-centric computing systems
eDiscovery Today . . . . .
Waymo —> Data processing in an efficient manner from power and latency perspectives



Brain Inspired Neuromorphic Technology

v’ Deep neural network v' Neuromorphic system

Input Hidden Output
neurons  neurons neurons

Input

Input

Input

m, n

L Synaptic weight (w)

v' Emulating the brain that processes data
-Transfer data from one neuron to the other through synapses in parallel
v’ Analog synaptic elements speed up the computation efficiency in hardware

J. Woo et al., IEEE Nanotechnology Magazine, 2018



Resistive Memories for Analog Synapse

Filamentary

Binary oxides
(HfO,)

Electrode
O
Oxygen 32)

vacancy
o

L S

+ Scalability
+ Fast speed

- Stochasticity

Interfacial
barrier

Metal/Ternary
oxide
(Al/PrCaMnO,)

Electrode

Oxygen deficient
Oxygen rich

Electrode

+ Analogue

- Slow speed

J. Woo et al., Advanced Intelligence Systems, 2020

Phase transition

Chalcogenides
(Ge,Sb,Te:)

Electrode

+ Maturity

- Asymmetry

Polarization

Doped HfO,
(HfzZrO,)

IVIetaI/ChanneI

+ Symmetry

- Domain wall
controllability

Electrochemical
reaction

Li-ternary oxide
(LiCoO,)

Electrolyte
'S | Channel | D |

+ Symmetry
+ Linearity

- Slow speed
- Scalability
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v Fully parallel weight update in 8-inch wafer-level synapse array

In collaboration with Prof. Seyoung Kim (POSTECH)
S. Jeon et al., Scientific Reports, 2023



New Applications Beyond Classification
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2Ud / hou

Can wait ull tommorrow

OptaPlanner
MathGifs

Depot

Optional N

Time window

Deliver between ="
8 AM and 10 AM

Armored vehicle

Expensive delivery

Delivel .:(.

locations

Capacily
< 20 ton

NEQUVET
2 i

b7
—t L
North /\ 2
fl Dako s
& £ I
; )

i sshingtog
Minnesota =
i

isconsin ! T e
| Michigan I'; oroq_,nto
i . Meg

O ol
Vel U Te > .
P— L e S\
e ales e -’ w ¥
Utah y
Colorado Kansas T d“»_-‘_ =L i \onnecli
] ¢ New Je
b Delaware
oy o ' Maryland
: District of
San Diego o —— 2 Celumbia
CG[‘-"}’(C"I- X Flarida
[ L
alifornia Mongelrey S Gulfaf 49 872
Mexico
Havanklap data @2014 Gooale. INEGI

Mexico

v" Al technology plays an important role in future business
v’ Assign delivery order of vehicles more efficiently to reduce time/fuel consumption

v Demands for solving complex optimization problems (COPs)



Unconventional Computing

v" Neural network

‘Back-propagation

A . 0—0 *0 — 0
by adusting weights /|~ /| ~ by simulated annealing
5 5 O
c c
Ll Ll
(‘BIQbaI
Barrier to .
local search > >
: Learning : :
Back-propagation Algorithms Simulated Annealing
: Optimization o
Gradient Descent Energy Minimization
Process
Stuck-at-local Minimum Cost Landscape Lack of Cost Stability
Pattern Recognition Applications Optimization Solver (COP)

J. Kim et al., IEEE IRPS 2025
J. Kim et al., IEEE Access, 2025



Metronome
: Oscillation neuron

A Neuron Al B et s C Spike-triggered D Predicted coupling-based
1

& preferred LFP phase coupling hlci o
MHCY network Nearon Al
o I !

spikes

i N

s 1/ ‘A_,J\j\'\/\
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N///1111/

time —» time —»
Neuron G
Al LFP phase coupling network and
coupling-based rate for

Cell Assembly A

Neuron
@ " AT E:> Mﬁm
Neuron
A3
% Cell Assembly A
Il A mbly B

| Assembly A
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v’ Higher-level functions based on synchronization of these oscillations
v’ Brain networks mediated by oscillatory neural coupling

Spike-triggered LFP
phase coupling networks

[

Distinct phase coupling networks

spike rate
modulation

frequency —»

R. T. Canolty et al., PNAS, 2010
https.//www.youtube.com/watch?v=T58/GKREubo
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v’ Thermally driven Metal-Insulator transition (MIT) in VO, and NbO,

v’ Voltage begins to be applied to the threshold switch = Charging

v’ Charged voltage at V,,, discharges due to lowered R, of threshold switch - Discharging
v’ Back and forth of the charging and discharging - Voltage oscillation

H. W. Kim et al., IEEE TED, 2023



Coupled Oscillator Dynamics in Simulation
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v Voltage oscillations begin to synchronize
-Strong coupling (=lower R;) - In-phase synchronization - White

-Weak coupling (=higher R.) - Out-of-phase synchronization - Black

v Two distinguishable synchronizations can be used to encode binary information
in the phase domain

H. W. Kim et al., IEEE TED, 2023



Coupled Oscillator Dynamics in Experiment

v' Experimental set-up v" Uncoupled system

Pulse generator
(Agilent 81110A)

f\.r=3.15MHz

3-2 1 1 L
4000 41.0py 42.0p  43.0p  44.0p

(b) Time [s]

Waveform analyzer
- ch1| (Keysight CX3300)

v’ Independent voltage oscillations observed at each node before coupling

In collaboration with ETRI
H. W. Kim et al., IEEE TED, 2023



Coupled Oscillator Dynamics in Experiment

v' Experimental set-up v' Coupled system
T E:0.04 -——ON, f
(a) Pulse generator B —ON, f.n=3 88MH£ )
; (Agilent 81110A) 2002 v
£0.0
< 33 _ 36 39 _ 42 45
Frequency [MHz]
S36r (D (d)
© 3.5
(=]
S 3.4
S 33 . .
50p 51p 52p 53p
S 3.6 @ (e)
© 3.5
(=)
| J 34
Waveform analyzer O 33
chi| (Keysight CX3300) > : :
| 260p 261p 262y 263p

: Time [s]

v’ Robust out-of-phase synchronization due to weak coupling

In collaboration with ETRI
H. W. Kim et al., IEEE TED, 2023



Pattern Retrieval in Coupled Oscillators

by
o

Out-of-phase (0°, 180°)
v
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_ Input patterns

-

_ Output patterns

1

3x5 ONN

| Coupled by R,
@® Small R =2
Strong coupling

@ Large R¢ =
Weak coupling

—> White

@ Strong coupling >
In -phase synchronization

KUJ —> . Black

@ Weak coupling >
Out-of-phase synchronization

v’ Experimental demonstration of robust synchronization in two-coupled system

In collaboration with ETRI
H. W. Kim et al., IEEE TED, 2023

- “Let physics compute”




Hopfield Networks

. = p y 2 S M . d INPUT PATTERN
ne I\l (@) l/”.nff“' [ P rizein r h vsics Z0 24 emories are store 1 When the trained network is 0000 >000C¢
T R A TR R SNl e e S . fed with a distorted or 00
ina landscape incomplete pattern, it can :

be likened to dropping a

ball down a slope in this

landscape.

John Hopfield's associative memory stores

information in a manner similar to shaping a
» landscape. When the network is trained, it
J O h n H (@) pfl € | d creates a valley in a virtual energy landscape

for every saved pattern.

“for foundational discoveries and inventions
that enable machine learning with artificial

neural networks” /‘\/‘

A

ENERGY LEVEL

2 The ball rolls until it reaches a place

where it is surrounded by uphills. In the
same way, the network makes its way
towards lower energy and finds the
closest saved pattern.

John Hopfield. Ill. Niklas Elmehed © Nobel Prize
Outreach © Johan Jarnestad/The Royal Swedish Academy of Sciences

v’ Collection of interconnected neurons (Each neuron has +1 and -1)
v Hopfield network is energy function
- The network reaches a stable state corresponding to stored patterns
The Royal Swedish Academy of Sciences
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v' Demonstration of pattern recognition using 98 oscillation neurons



p-Bit for Probabilistic Computing

v’ Oscillation failures v' p-Bit vs. qubit
S | (b) Measurement | S Conventional study: Quantum computing
Operating region Simulation [« ]
w2} 12
=y (Ry>23kQ) g i i ‘
= - [ °
o 4
21t ( N r {15
3 Fail region =3 | | |
3 (Ry<23k0) 5
T o > 0©
. © N!easur?ment_ ) E Qubit based on spin utilizing superposition
= | Operating region Simulation v R Vo ™\ This study: Probabilistic computing
3 | (Rhoia=1k02) 13 & A |
8 — % P,(=Probability of data ‘1°’)=60% |
S 2t M F;"' reg‘;’; 12 > Threshold switching < >
>t (Rioia>2kQ) 5 (TS) device i
3_1 : {1 & P, P, P, bees
£t S Ly
° 0 16p ' 26p ' 36p ' 46p ' 50p ° \0% 100%) 1’ ‘0’ 1’ 4’ ‘0’
Time [s] P-bit based on TS utilizing instability

v’ In previous work, the challenge was unstable oscillations due to device variability
v How about leveraging device instability for probabilistic bit (p-Bit)?

H. W. Kim et al., IEEE TED, 2023
H. Choi et al., IEEE ESSERC 2024



Probabilistic Oscillation in Ti/SiO,/Ti TS

6r VvV, =44V 13.5
< 5 I:,1 = I:,reaIIPa\.rail = 0.361 13.0
Rl oy 4 | “"'_— - .
= S Sﬂhargmg error lass
o 10° . c 3 -
= Large > 3
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, 1l ° 1.5
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v’ Ti scavenging layer induces variations in the TS distribution
v’ Charging error generate random oscillatory behavior
v' The number of spikes: probability (P,)

J. Kim et al., IEEE IRPS 2025



Highly Controllable Ti/SiO,/Ti p-bit
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v’ Probability inversely proportional to V.,
v Sigmoid probabilistic behavior within the V,, range of 3.6 Vto 5V

H. Choi et al., IEEE ESSERC 2024
H. Choi et al., IEEE TED, 2025



Vehicle Routing Problems

SA using p-Bit in VRP

Solution : minimum sum of d . 1) ) 3)
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v’ Accelerate simulated annealing algorithm for finding the optimal path
J. Kim et al., IEEE IRPS 2025



Hardware Security Applications

Telsa
Wireless car

Automotive

Cyber Security

v Connected/wireless cars and shared mobility
v’ Real-time actionable intelligence

— Increased vehicle utilization
(D Device randomness for TRNG in encryption
@ Invertible logic gates for accurate decryption



p-Bit Entropy Source for TRNG

Oscillation process Sampling process Random number
R, TS 1Ty v
DL Ve vy Vo []7 veelo Q1 10100011
Vosci = - I _ ....110111
AETAWAVISWAWA G v!: CLK“‘|‘AH‘|‘| H' CF> Q__L_ 01011000

Comparator D Flip-Flop
NIST SP 800-22 test results

Before and after XOR post processing

Statistical test p-value r:;s;‘ Result Statistical test p-value Test result Result
o ) Post- 1) Frequency 0883171 98/100 P
Entropy Dlgltlzatlon _ = — 1) Frequency 0904483 n Pass 2) Block Frequency 0514124 99/100 P
- = -'I_ proceSSIng 2) Block Frequency 0977287 1/1 Pass
source cu"cu |t I . . 1 3) Cumulative Sums 0.066882* 98/100 P
1 circu |t | 3) Cumulative Sums 0.444425* 11 Pass 2 Runs 0798139 96/100 P
I F
: I| | 4) Runs 0.000000 on @l 5) Longest Run 0678686 98/100 P
| II I 5) Longest Run 0.000116 0/1 Fail 6) Rank 0213200 100/100 P
| : 1 I 6) Rank 0157454 1/1 Pass 7) FFT 0236810 |  97/100 P
7) FFT 0 1 il
R D Elio-El h I ) 0.000000 o 2 8 Non-Overlapping | o 15717+ | 14646/14800 [
[AYE Ip-Flop |I | 8) Non-Overlapping 129/148 Fail Template : 98.95%
Template - 87.16%
| Vatt | ! 9) Overlapping 0699313 |  98/100 P
9) Overlapping Template
1 D Q 1 Template 0.156657 1/1 Pass
10) Universal 0.181557 97/100 P
: Comparator I| ! 19 Uniersa) . - 11) Approximate
. 0.171867 100/100 P
| Vv _ II : é:\irég;lroxwmats 0.000000 0/1 Fail Entropy
I Vier > - . .| s29/536
: == :I — Q I| : 12) Random Excorsions N ) N 12) Random Excursions | 0.289667 98.69% P
V, I| 13) Random Excursions 13) Random Excursions 1187/1206
clk - - - "
| i || ! Variant Variant 0002758 98.42% P
_____ [ e e e e T R | 14) Serial 0.000000 0/ Fail 14) Serial 0.798139* 99/100 P
15) Linear Complexity 0.543677 171 Pass 15) Linear Complexity 0.102526 99/100 P

v’ Intrinsic device instability for physical entropy source
v NIST SP 800-22 test (15/15) pass

In preparation



p-Bit for Cryptography Accelerator

(a) (b) Encryption process

nA p-Bit Full-Adder unit (pFA)
p-XOR
InB A:Di E%p-J(OR} Sum o / y

InC L

AY
o

AY
w:

In to Sum : pFA
Sum to In : i- pFA

Encrypted
image

\\\\\\
Y

(c) Decryption process

e AOPE MEW KeyS using sigmoid
Repeat decryption until Ap =0
Kf’)i","

P L

 Ap=Py-P, ?jj T

Ki1 = Ke + 17 -(Ap) // | : a ML

i Pinned new keys to find In A Decrypted Final
image

v Newly designed full-adder unit using p-Bit gates for encryption/decryption
v 99.7% accurate decryption of 8-bit image

In preparation



Outlook and Summary

v’ Today: Neuromorphic computing for energy-efficient real-time pattern

recognition

v'The next phase: In-cryostat neural processing for quantum computing or
complex optimization problems solvers for logistics and delivery applications

v’ Long-term vision: Security in mainstream autonomous vehicles

Interaction of two oscillators
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Leveraging instability of oscillator

Conventional study: Quantum computing

$0999

Qubit based on spin utilizing superposition

R, V. This study: Probabilistic computing
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