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Silicon Photenics, the technology where optical devices are fabricated by the mainstream
microelectronic processing technology, was proposed almost 30 years ago. | joined this
research field at its start. Initially, | concentrated on the main issue of the lack of a silicon
laser. Room temperature wvisible emission from porous silicon first, and from silicon
nanccrystals then, showed that optical gain is possible in low-dimensional silicon, but
it is severely counterbalanced by nonlinear losses due to free camiers. Then, most of my

resear.ch focus was on sys.terllws where photons show novel felatures lsuch asl Zen.er
https://www.frontiersin.org/articles/10.3389/fphy.2021.786028/fulNanoScienckaboratory @
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Outline

A Photonics foiartificial neuralnetworks
I Theopticalneuron
I How toadd memoryto the neuron
I Fewneuronalnetworksat work
A Photonics tdorm biologicalnetworks
I Lght to sculptneuronalcircuits
I Light to inducanemories
I Softwareemulationof neuronalcircuits
A Hybridartificial networks
I The firststeps
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A Photonics forartificial neuralnetworks
I Theopticalneuron
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Photonicaneuralnetworks
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Artificial NeuralNetworks

Brain is a model for power efficiency and performance
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Artificial NeuralNetowrks

V' Gain insight on behaviour
V Imitate brainthroughANN
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* PhotonicsbasedANN

Lightis fast! Biologicaheurontimescalems (103 s)
Powerefficient (no Jouleeffect) Opticalneuronstimescale ps (1012s)

Parallelism{WDM)

Factorof 1°!!
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Brain learning process 15years Artificial optical brain 0.5 seconds
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Thebasicbuildingblocksof photonics

ANN
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Thebasicbuildingblocks
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Neurons

Sending Neuron
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S 8t&tawith oneneurorn the perceptron
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The optical neuron, aka the optical

perceptron

weighted activation
sum function

Optical coupler Photodetector
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Delayeacomplexperceptron

Currentdriven phaseshifters
Delaylines l

Detection
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Delayeacomplexperceptron

Currentdriven phaseshifters
Delaylines l

Detection

Therole of the delaylines
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Delayeacomplexperceptron

Currentdriven phaseshifters

l Detection
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Propagationrelated distortions
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Data processing

1) Signal acquisition and target construction 2) Set expected values for each output bit
8 ‘ 5 |npml Target‘ § 1 ‘+Output ® Expected1 ® ExpectedO Target‘
3 e} — S— — 4
= 1/ — — =
P oY % 2 o =1
£ \ |7 /(/ \ f\ f\ \ % \ [ \

i | | | \ “ . '\ G s\ ¢\ s\

o \ ' ' w \ 3 \ fA $ | e ] |

gos SRR gospl e et e

E J WAl YR N s B

£ \ \ I | | £

o} }9- \(k; V \Q/ \; [®]

(ZD ol ! W/\G/ L] L | pr oL ‘ I L Ii L]
0 0.5 1 1.5 0 0.5 1 1.5

Time [ns] Time [ns]

3) . 2Ijlistogram of the distributions of expected Os and 1s

0.15

0.1

0.05

Neormalized frequency

0 0.2 0.4 0.6 0.8 1
Normalized amplitude

NanoScienckaboratory



Results
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Trained perceptron
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* With perceptronswe can make a networl
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Feed Forward Network
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Feedforward network asa
universalfunction
approximator

@5*4‘13",3, N N
5”%‘% UNIVERSITA = = . = . = _ = _ = _ (N2,
e DI TRENTO NanoScienckaboratory




FeedForwardNeuralNetwork

Opticalneuron
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FeedForwardNeuralNetwork

weighted activation
suIn function

Simpledeep learningnetwork

2 neuronsin the
hiddenlayer

2 inputneurons 1 outputneuron
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FeedForwardNeuralNetwork
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FeedForwardNeuralNetwork

Input layer Hiddenlayer

\ O
»*
£
=

K \,;N\%@Q

UNIVERSITA — — — — = = — — — — —
DI TRENTO NanoScienckaboratory

Vo




FeedForwardNeuralNetwork
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FeedForwardNeuralNetwork
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A feedforward neural network
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A feedforward neural network

Example a 6x6 pixel square shape
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A feedforward neural network:
other tasks
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A feedforward neural network:
other tasks

6 X 6 Hole shape
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RecurrentNeuralNetwork




Reservoir computing

\ TRAINING THE OUTPUT LAYER
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Reservoir computing based
-~ onaslilicon microringand
time multiplexing for binary
andanalogoperations
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Pumpand probetechnique
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Inter-node couplingand fading
memory
Quadraticin the pump power

Fadingmemoryon a time scale of the Hifetime TPAprovidesnonlinearity
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Experiment: digital inputs
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xperiment:; 1 bit delayed XOR
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Analoginput: Irisspeciegecognition

setosa iris versicolor iris virginica

petal sepal petal sepal petal sepal

o setosa /
o]

O
<00
s 3
.a_
g8

Not
00 linearly
separable

Sepal width

o oo Qe <>E|¢<> 000 ¢

oo ooofo O

Qo¢  O0QeQo o ¢ Q¢
oQ o G0
O oo £ &
oo¢ Q )
[u]
[u] o
Qo
2 o
NIVERSI-[!\ — — — — 4 4.5 5 5.5 6 6.5 7 7.5 8
| TRENTO Sepal length

-.... 3cienckaboratory



Experiment: Iris species recognition
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Single node reservowith longer
memory

Siliconmicroring resonator coupled to an external feedback :
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Experimental implementation

_experimental implementation

Hybrid approach:

microring resonator on chip
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Drop (V)

Single node reservowith longer
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Time delay Reservoir Computing
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Digital tasks
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Timeseriesforecastine

Narma 10 benchmark task
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Timeseriesforecastine

Narma 10 benchmark task

a)
1t 06
. 05
Tk N w A MRR in linear regime
< 05 042 and strong feedback
< [ allow the largest linear
LINEAR : 03 memory capacity
ol T, .
0 05 1 A Memory exploited:
b) Ne optical (feedback).
2
1r K“=0.01 : : .
12 A Nonlinearity exploited:
N 10 photodetection square
g 05l ; law.
Q
=
6
Alg
0 40 0 4
AX (pm | | s W
(pm) 0 0.5 1
(3
? o %’3@ UNIVERSITY éBACKUP
IFISC T8 % ormento

8 and the b
NanoScienckaboratory @



Thevision

Ol |o
ol llo lo

Olo

PHOTONIC INTEGRATED CIRCL

ARTIFICIAL NETWORK

§$§ UNIVERSITA == - - . . . . _ _ _ _ (NI,
DI TRENTO NanoScienckaboratory




Thevision

BIOLOGICAL COLTURE

NanoScienckaboratory



Outline

A Photonics tdorm biologicalnetworks
I Lght to sculptneuronalcircuits
I Light to inducanemories
I Softwareemulationof neuronalcircuits
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Theexperimentalplatform
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Theexperimentalplatform
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