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Unsustainable energy demand for computing

9,000 terawatt hours (TWh) Solutions:

—  ENERGY FORECAST 20.9% of projected”
Widely cited forecasts suggest that the electricity demand
total electricity demand of information and
communications technology (ICT) will
accelerate in the 2020s, and that data
centres will take a larger slice.
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Analog data deluge at the edge
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FPAA is needed for analog circuits

0.5 year weeks
for one iteration

2-3 iterations
typically needed
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How to quickly prototype digital circuits?
Field-Programmable Gate Arrays

(FPGAS)

How to quickly prototype Analog circuits?
Field-Programmable Analog Arrays

(FPAAs)

Faster prototyping
* Design integration
* Improved component matching
* General purpose analog applications
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Field-Programmable Analog Arrays (FPAAs)

* Configurable analog blocks (CABs)
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Our studies of memristors for computing

Improved speed-energy efficiency

Conductance at cycle1 ~1g*
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Memristor FPAA
(Mixed-frequency Signal Classifier - experiments)
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What do we need for large-scale FPAA?

1.Large cross-bar arrays R s

g y \: = :|ﬁ fl%

2.Low current and analog — : .
memristors '

:' Local :
3.Many conductance Ievels/:iii o

Global

Y. Li,... J. Joshua Yang, “Memristive Field-Programmable Analog Arrays for Analog Computing.” Advanced Materials, 2206648 (2022).
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1. Large cross-bar arrays (previous demos, 128 x 64)

Memristor

a b € Transistor

Memristor
Transistor

natare )
electronics

Memristors move analogue
7 _u__m'puting closer.to the edge
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Latest arrays: 256 x 256 integrated on CMOS

150 250
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M. Rao,...,J. Joshua Yang “Thousands of conductance levels in memristors integrated on CMOS”, Nature 615, 823-829 (2023).
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2. Low current and analog devices
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Oxide type insensitive
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Evidence of Ru conduction channel: ex-situ TEM
Collaborator: Yuzi Liu, ANL
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Evidence of Ru conduction channel: in-situ TEM

Collaborator: Yuzi Liu, ANL
Pris_tine (HRS)
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3. 2048 resistance levels in one device
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Other oxides: TaOx

a 26.4y b
13.0p After denoise
26.0p 12.8y _mjhj WqWMWMHFM
< < 126u-
= 256y =
a 3 124y
252y ] Lm
12.2p u ’
BN
As programmed
24 8y T T T T T T T T T 12.00 ‘ T y T ‘ T
0.0 200.0 400.0 600.0 800.0 1.0k 0.0 5.0 10.0 15.0 20.0
Time (s) Time (s)

USCWtCI‘bi J. Joshua Yang University of Southern California

ine:



RTN or not?

RTN or not? Confirmed RTN
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Mechanisms: experimental observations

b Collaborator: Han Wang, USC
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Mechanism: theoretical rationalization
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Mechanism of denoising
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A Dynamical Compact Model of
Diffusive and Drift Memristors for
Neuromorphic Computing

Ye Zhuo, Rivu Midya, Wenhao Song,
Zhongrui Wang, Shiva Asapu, Mingyi
Rao, Peng Lin, Hao Jiang, Qiangfei Xia,
R Stanley Williams, J Joshua Yang
Advanced Electronic Materials 8,
2100696 (2022)

Different from memaory application where only the static ending states are used, neuromorphic
computing with memristors utilizes their dynamical switching process itself, which calls for

a comprehensive dynamical memristor model. Such a model shown here can reproduce the
long-term memory of drift memristors and the short-term plasticity of diffusive memristors.

It captures quasi-static and dynamic characteristics of these devices, demonstrating a good
agreement with the experimental data. More details can be found in article number 2100696
by ). Joshua Yang and co-workers.
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Summary:

« FPAAs may provide a great boost to analog circuits, which are
increasingly more important.

« memFPAA has been demonstrated with memristors playing
three critical roles: routing network (binary), analog components
(analog) and neural networks (low-current and gradual).

« Revealed the origin of RTN noise, devised a protocol to eliminate
it and obtained thousands of conductance levels.

« Demonstrated chips with 256x256 arrays fully integrated on
CMOQOS circuitry.
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Testing setup

Level shifter

SELDAC

256 Copies of TIA
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Denoising cost
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