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The vision

HYBRID ARTIFICIAL-BIOLOGICAL NETWORK

BIOLOGICAL COLTURE PHOTONIC INTEGRATED CIRCUIT
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Outline

ÅPhotonics for artificialneuralnetworks
ïThe opticalneuron

ïHow to addmemoryto the neuron

ïFewneuronalnetworks at work

ÅPhotonics to form biologicalnetworks
ïLight to sculptneuronalcircuits

ïLight to induce memories

ïSoftware emulationof neuronalcircuits

ÅHybridartificialnetworks
ïThe first steps
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ArtificialNeuralNetworks

Image from https://syncedreview.com/2017/04/08/the-future-of-computing-neuromorphic/
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ArtificialNeuralNetowrks

VERY 
COMPLEX!!!

VGain insight on behaviour
VImitate brain throughANN

https://biorender.com/
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Photonics-basedANN

Light is fast!

Power efficient (no Joule effect)

Parallelism(WDM)

15 yearsBrain learning process Artificialoptical brain 0.5 seconds

Factorof 109!!

Biologicalneurontimescalems(10-3   s)
Optical neuronstimescale ps (10-12 s)

14
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The basicbuilding blocksof photonics 
ANN

Thermal phaseshifter
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The basicbuilding blocks

Microringresonator

TOE: Thermo-optic effectɝὲ πRed shift

FCD: Free carrier dispersionɝὲ π.ƭǳŜǎƘƛŦǘ

TPA

FCA FCD

thermalization

NIR light

defects

ὲὖ ὲ ЎὝ Ўὔ

ά‗ ς“ὲ Ὑ

†ͯτὲί † ͯρππὲί

M. Borghi, et al.  Optics Express 29, 4363-4377 (2021).
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Neurons
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[ŜǘΩǎstart with one neuron: the perceptron

McCulloch, W., Pitts, W., Bulletinof Math. Biophys. 5:115-133 (1943).

VEasilytrained(ML)
VCan do classificationtasks

ï It hasno memory
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The optical neuron, aka the optical 
perceptron

Optical coupler Photodetector

Wesum fields, i.e. complexquantities
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Delayedcomplexperceptron

Detection

Currentdrivenphaseshifters
Delay lines
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Delayedcomplexperceptron

Detection

Currentdrivenphaseshifters

Mattia Mancinelli et al., Scientific Reports (2022) - arXiv:2106.11050

Delay lines

100 ps

Pseudo-
random (0,1)
Input signal 
@ 10 GHz

ɲǘ Ґ мрл Ǉǎ

ɲǘ Ґ млл Ǉǎ

ɲǘ Ґ рл Ǉǎ

ɲǘ Ґ 0 ps

The role of the delay lines
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Delayedcomplexperceptron
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Detection

Dk=50 ps

Currentdrivenphaseshifters

Mattia Mancinelli et al., Scientific Reports (2022) - arXiv:2106.11050
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Propagation-related distortions

Optical 
input

Distorted 
signal

Fiber 
span

Intersymbol interference

Chromatic dispersion: frequency 
dependence of the refractive indexὲ‫

ὲ‫ induces ὲ ‫ (group index)

ὲ ‫
ὧ

ὺ ‫

Pulse broadening:

ɝὝ
ὨὝ

Ὠ‫
ɝ‫

Ὠ

Ὠ‫

ὒ

ὺ
ɝ‫ ὒ‍ɝ‫

Effect 
on 
single 
bit

Effect on a 
sequence 
of bits
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Data processing

1)

3)

Signal acquisition and target construction Set expected values for each output bit

Histogram of the distributions of expected 0s and 1s

2)
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Results
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Trained perceptron
10 Gbps, 100 km NRZ

40 Gbps, PAM-4

40 Gbps, NRZ
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With perceptronswe can make a network

A

C D

B

28
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Feed Forward Network

Input layer Hiddenlayers Output layer

ὼ

ὼ

ὼ

έ

έ
Input samples Outputs

●
▫ █ ◌ȟ●

Trainablesynapses ὅ◌ ▫◌ȟ● ▫

Min ὅ◌
◌

Target outputs
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Feedforward network asa 
universalfunction

approximator

arXiv:2101.01664
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FeedForwardNeuralNetwork
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MZI Phaseshifter

Nonlinearityby microring resonator

Optical neuron
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FeedForwardNeuralNetwork

2 input neurons 1 output neuron2 neuronsin the
hiddenlayer

Simple deep learningnetwork 
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FeedForwardNeuralNetwork

FFNN:

f

fɆ
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fɆ

Input layer
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FeedForwardNeuralNetwork

FFNN:

f

fɆ

Ɇ

fɆ

ɆɆ fɆ f
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Input layer Hiddenlayer Output layer
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A feed-forward neural network

Free parameters for the 
training process:

3 rings

9 heaterfor the phases

12

x
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A feed-forward neural network

Example a 6x6 pixel square shape 

P(5) are our base for the square shape Execution time = 25 min 
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A feed-forward neural network: 
other tasks

ά½έ  ǎƘŀǇŜ

Mean(ɲύ Ґ 0.045±0.01Mean(ɲύ Ґ 0.034±0.02 Mean(ɲύ Ґ 0.021±0.02

ά[έ ǎƘŀǇŜ ά/έ ǎƘŀǇŜ
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A feed-forward neural network: 
other tasks

6 x 6 Hole shape 

Execution time = 30 min 
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RecurrentNeuralNetwork

ïHarderto train

VIt hasmemory!!! 

41
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Reservoir computing

NONLINEAR COMPLEX SYSTEM

Hassparse connectivity

Hasfading memory

Ishighlysensitive to intial conditions

IsUntrained

Input nodes Output nodes◐

έ ύ ώ ύ

ὅ◌ ▫◌ȟ● ▫ ‗◌

Min ὅ◌
◌

TRAINING THE OUTPUT LAYER

Linear combination+ Ridge regression
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Reservoir computing based 
on a silicon microring and 

time multiplexing for binary
and analogoperations

Massimo Borghi et al, Scientific Reports 11, 15642 (2021)
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Input pump

wavelength

valenceband

conductionband
Free carrier generation

by
Two PhotonAbsorption

ὲᴼὲ ὲὖ‏ Free Carrier Dispersion

wavelength
probe

Pumpand probe technique

Massimo Borghi et al, Scientific Reports 11, 15642 (2021)
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Inter-nodecouplingand fading 
memory

Probe powerat the drop

Quadraticin the pumppower
TPA providesnonlinearityFading memoryon a time scale of the FC lifetime

Non linear couplingbetweenvirtual nodesAdjacentnodescoupingstrength

Output dependson the past

Recursive 
virtual
node
relation

Massimo Borghi et al, Scientific Reports 11, 15642 (2021)
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Experiment: digital inputs

Pump in

Pump out

Probe out

Massimo Borghi et al, Scientific Reports 11, 15642 (2021)
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Experiment: 1 bit delayed XOR 

Free carrier lifetimeḐτυὲί
Decay rate: ςςὓὌᾀ

Speed limited by free carrier lifetime Free carrier dynamics activation @ Ḑ ▀║□

ὼὸὼὸ ρ

έὸ

TASK

Massimo Borghi et al, Scientific Reports 11, 15642 (2021)
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Analoginput: Iris speciesrecognition

Not
linearly
separable
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Experiment: Iris species recognition

Ḑσψππππflower classifiedper second

ωωȢσ πȢςaccuracy 

Free carrier 

Thermal

Chaos

2 dBm 9 dBm

Optimal
performance
(maximum input
separability)

Massimo Borghi et al, Scientific Reports 11, 15642 (2021)
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Single node reservoir with longer 
memory

Siliconmicroring resonator coupled to an external feedback :

Light
signal 

Å–Ą echolight strength
Å‰ Ą echolight phase

input output

50

Echostate network
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Experimental implementation

Hybrid approach: 
microring resonator on chip

+
External optical feedback

51
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Single node reservoir with longer 
memory

52

Å Consistency
Å Separation property
Å Approximation property
Å Fading memory



NanoScienceLaboratory

Time delay Reservoir Computing
53
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Digital tasks

ACTUAL BIT (Xi) DELAYED BIT(Xi-j)
MC
(Yi)

AND
(Yi)

XOR
(Yi)

OR
(Yi)

NAND
(Yi)

0 0 0 0 0 0 1

0 1 1 0 1 1 1

1 0 0 0 1 1 1

1 1 1 1 0 1 0

TASKS (target)

0

1
Not 
linearly 
separable 
!

XO
R

Input 1 Input 2

Xi

Xi-1
Xi-2

Offline PC 
processing

0 1

54
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Narma 10 benchmark task

ὼ: input series, uniformely distributed in [0,0.5]

ὶ πȢσὶ πȢπυὶ ώ ρȢυὼὼ πȢρ

9

Target
:

This task needs 10 bit of memory to be solved.
ὼ

ὶ

Time seriesforecasting
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Narma 10 benchmark task

Time seriesforecasting

LINEAR

ÅMRR in linear regime 
and strong feedback 
allow the largest linear 
memory capacity

ÅMemory exploited: 
optical (feedback).

Å Nonlinearity exploited: 
photodetection square 
law.
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The experimentalplatform
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Beatrice Vignoli Clara Zaccaria Ilya Auslender

AsiyeMalkoc YasamanHeydari

Exploring NeuronalCircuits

Francesca Pischedda

Paolo Brunelli

The experimentalplatform


