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Why photonics?

e Ligth is fast!
— Biological neuron timescale ms
— Optical neurons timescale ps
— Information processing at TBit/s

e Power efficient

Factor of 10°!!

Brain learning process 15 years Artificial optical brain 0.5 seconds
473x108 seconds
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The experimental platform
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The experimental platform
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Neurons

The Neuron is the basic unit of computation in the brain, it receives and integrates chemical
signals from other neurons and depending on a nhumber of factors it either does nothing or
generates an electrical signal or Action Potential which in turn signals other connected
neurons via synapses.
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Memory and Engrams

Memory resides in specific “cell assemblies” (engrams) formed by
the strengthening of neuronal connections

Before learning Encoding

‘ Non Engram Cell
‘ Engram Cell
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How do we influence neuron activit

Optogenetics:
Karl Desseiroth, Stanford University, 2005

.. and insert the DMNA into

A light-sensitive Chlamydomonas reinhardtii
specific neurons in the brain

protein fmm algae Take the gene for
*\ I:-. this pmtel

// \ Meurons communicate by “firing.” This is an electrical

This protein is an ion channel that signal created by opening & closing ion channels.
opens in response to blue light

+
-LL‘+ + So now you can cause
neurons to fire just by

flashing blue light! VA /

https://www.hhmi.org/scientists/karl-deisseroth

With the right combination of neurons, you can activate an
entire brain circuit to control specific behaviors (like movement)

‘ LIGHT CAN ACTIVATE NEURONS
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_ \Writinganengram

Patterned illumination activates a group of
interconnected neurons
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Writing an engram

Top illumination > pLp
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Writing an engram:
patterned illumination

Photonic Chip

Digital Light Processing (DLP)
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Writing an engram:
patterned illumination

16 mW/mm?2

Digital nght Processmg (DLP)
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Writing an engram:
patterned illumination
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Writing an engram:
patterned illumination
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Writing an engram:
patterned illumination
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Light on - Back

Writing an engram:

patterned illumination
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Photonic chip

* Design of the structures in the visible range of the
spectrum

* Design of scattering structures

: : , mwW
* Respect biological constrains: 10 —

on 10 um diameter body

ChR2
transfected
neurons
— Polylysine
e —— Optical waveguide
ightin o
——— Silica
Reflector Grating
based based*
unversy (N é HBACKUP
OF TRENTO - Italy | [~ ¢ oo 0 .

pepsrmentolPhyses * Clara Zaccaria et. al., «Transfer matrix for grating design»



Scattering grating
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Selective turn on of specific gratings
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The final system
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The vision
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Neuromorphic Photonics

L Y /)7

2%~ UNIVERSITY N

Department of Physics



Photonic circuits
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A first example

THE FEED-FORWARD NEURAL
NETWORK
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Optical neuron

W

weighted activation
sum function
_ Microring resonator
Optical coupler .
drop o add
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Feed Forward Neural Network

weighted activation
SuIm function

Simple deep learning network

2 neurons in the

1 output neuron
hidden layer

2 input neurons
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Feed Forward Neural Network

e 2 input neurons, 2 neurons in the hidden layer, 1 output
neuron

e 2+1 microresonators
e 15 heaters in total:

- 6 weights, 2 for each Mach-Zehnder Interferometer (12)
o 3 tunable rings (3), nonlinear node
e Serial execution of layers

 Network training via a gradient-free method (particle swarm
technique)
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Feed Forward (FF) Neural Network

* Applications to a TLC problem

— Nonlinear distortion of optical signal along an
optical fiber

— Signal recovery
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Feed Forward FF Neural Network

1.5
Tx sequence
Deformed sequence
Corrected sequence
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Time (ps)

238 km fibre, 10 Gbps

10 input neurons, 5 hidden neurons,
1 output neuron

One-bit inter-symbol interference

pre-FEC BER threshold of 2x10-3
typical of 100G systems

BER

OSNR (dB)

—>—— Corrected 0 dBm
— — — Reference
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A second example

THE RESERVOIR COMPUTING
NETWORK
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Reservoir computing based on a silicon
microring and time multiplexing for
binary
and analog operations

. > MAX —»#

CLASSIFIER

Virtual nodes

arXiv.org > physics > arXiv:2101.01664
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Reservoir time scale

*  Optical field dynamics, free carrier dynamics , temperature dynamics
* Possibility to have short and long term memory (time scale varying by 5
order of magnitude

ps Optical ns FC Us
1 — — — — — —

Optical field
N

T \— 7

100 10" 102 108

Time (ns) \ R
fo fo f
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Reservoir computing with silicon
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The experimental setup
a)

AWG
TLS Pump éﬂ‘—’r\-s
* RF out \"'. \\
o =5
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TLS Probe [ET5 @

b)

B MAX —>#

Ridge regression

Virtual node
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Analog input: Iris species recognition

iris setosa iris versicolor iris virginica

petal sepal petal sepal petal sepal
4.5
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Classification results

¥ Reservoir ¥ Inputpump = = Linear classifier boundary

100 — - — 100
x
- LI | [ ] T =
S 95| | 95! x -
; i g X E s "
© 90 90 |
) [ ]
2 [] iy E N gy ] [ ]
20 |V|bpS 80 L. | 50 ns H | 80 L | 25 ns H | 40 |V|bpS
2 4 6 8 2 4 6 8
Input power (dBm) Input power (dBm)

~ 380000 flowers classified each second

with (99_3 + 2)% accuracy Categories are assigned by
training multiple linear

classifiers, one for each
subspecies, and decisions are
mode on the basis of a winner
takes all scheme
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Conclusion

Olo 0

O O |O

BIOLOGICAL COLTURE PHOTONIC INTEGRATED CIRCUIT

G A
% OF TRENTO - Italy
Department of Physics




Acknowledgments

NE

G A
% OF TRENTO - Italy
Department of Physics



http://nanolab.physics.unitn.it/

Acknowledgements

* Quantum science and technologies

QRA
x @ E%S NGE

Quantum Science and Technology in Trento

Horizan 2020
European Union funding
for Research & Innovation

European
ITpa r H Commission

Neuromorphic photonics

Py neuromorphic
photonlcs

PES gz
N éﬁ% é HBACKUP

| 1 F, e
BRANDY - = ALPI X and the brain g
Brain Network Dynamics P Signal recovery
-mm DY photonic ;
-} neural network R

[ree,
5~/ UNIVERSITY
& OF TRENTO - Italy
Department of Physics

é BACKUP




