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Å Demands for computation 
power are higher than ever 
before

Å CMOS performance is 
struggling to keep up

1) Low-dissipation materials

2) Alternative computing 
schemes

source:  S. Roloff et al., Modeling and Simulation of Invasive Applications and 
Architectures, Springer (2019)
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Å Demands for computation 
power are higher than ever 
before

Å CMOS performance is 
struggling to keep up

Å Need two-pronged approach:

1) Alternative computing schemes

2) Low-dissipation materials

ǎƻǳǊŎŜΥ  άwŜōƻƻǘƛƴƎ ǘƘŜ L¢ wŜǾƻƭǳǘƛƻƴΥ ! /ŀƭƭ ǘƻ !ŎǘƛƻƴΣέ {ŜƳƛŎƻƴŘǳŎǘƻǊ LƴŘǳǎǘǊȅ 
Association and Semiconductor Research Corporation (2015)

1020

1016

1012

108

2010 2020 2030 2040

world energy production

Jo
u

le
s
/y

e
a

r

year

energy limit



Alternative scheme: spiking neural networks
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ÅThe brain is power-efficient, highly parallel, and communicates using 
spikes

ÅMemory and processing elements are together in a single cell (neuron)

(a) Von Neumann architecture (b) Neurological architecture

access time



ÅSpiking neural networks are a promising platform for low-power 
computing and machine learning

ÅHardware approaches in magnetic materials1, CMOS2, and 
memristors3 struggle with power consumption
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1S. Li et al., Nanotechnology(2017)
2I. Sourikopouloset al., Front. Neurosci. (2017)
3A. Thomas,  J. Phys. Appl. Phys.(2013)
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Alternative scheme: spiking neural networks

Need: low-power, naturally spiking hardware
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ÅNanowires can drive large voltages while maintaining low power

ÅNo static power dissipation in their interconnects

ÅApplications: photon detection, amplification, memory
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Superconducting nanowires: a simplified 
model
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ÅSuperconducting transition Ą resistor in parallel with a switch

ÅNanowires have intrinsic inductance, scales with length
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Å Nonlinear switching of nanowire coupled with shunt resistor1

ÅGet sustained relaxation oscillations when  L/R ~ 1-10 ns
1Toomey, E. et al., Phys. Rev. Appl. (2018)
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Generating spiking: nonlinear dynamics
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Nonlinear behavior: neuron

ω voltage-gated ion channels control action potential
ω serves as token of information in neural communication

(a) (b)

(a) Na+ ions in

inside

(b) K+ ions out

inside

outside

outside
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Na+

K+

ÅTwo nanowire oscillators act analogously to the two ion channels1 of a biological 
neuron

ÅCircuit simulations use electrothermal model of nanowire in LTSpice2

1P. Crotty, D. Schult, and K. Segall, Phys. Rev. E (2010)
2Berggren, K. K. et al., SUST (2018)
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The soma: simulating bio-realistic 
characteristics

ɲǘ Ґ п ƴǎ

ɲǘ Ґ н ƴǎ

Threshold response Refractory period



AC drive (slow variable)

Parabolic bursting

ÅBursting: alternating between a 
firing state and a resting state

ÅIn neurons, occurs when a slow 
variable (Ca2+) controls its fast 
dynamics (K+ conductance)

ÅParabolic bursting: the 
frequency of spiking changes 
over the bursting state

ÅOtherbehaviors:ClassI
response,axondelayline
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Inductive synapse

Å Normally, a slow chemical response to a rapid electrical pulse (action potential)
Å Here we use the charging and discharging of a large inductor to control target
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Inductive synapse

Å Bias condition of main neuron determines type of control

Excitatory control Inhibitory control

main

target

synapse inductor
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