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* Part 1: Introduction
— Artifical Neural Network
— Integrated photonics
— Overview on neuromorphic photonics
— Focus on non-linear microresonator dynamics

* Part 2: recent experimental results
— Optical reservoir network based on uring

— Optical complex perceptron
— All optical signal recovery (ALPI project)
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Artificial neural network
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Picture Credit: Stanford University /

IRIS project: grid of 1000 resonators equipped with fully integrated CMOS eletronics (flip chip)
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https://cordis.europa.eu/project/id/619194/it

Artificial neural network

« Neurons
— activation function

« Connections and weights
— what is trained

» Propagation function
— weigthed sum

« Organization
— Network topology

« Learning
— Network adaptation to a specific task

— Neural networks learn by processing
examples
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ANN: Perceptron
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De Lima, Thomas Ferreira, et al. "Machine learning with neuromorphic

photonics." Journal of Lightwave Technology 37.5 (2019): 1515-1534.
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ANN: Perceptron

Linear binary problem: AND gate
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Artificial neural network

Artificial Neural Network

Von Neumann architecture
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Neuromorphic photonics

107 Neuromorphic /
| Photonics /

——— =

®
Silicon photonics
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Shastri. Neuromorphic photonics. CRC
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Neuromorphic photonics

Adapt the paradigm developed on software-based ANN to the law of optics
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Why photonics?

* Ligthis fast! Factor of 109!!
— Biological neuron timescale ms

— Optical neurons timescale ps
— Information processing at TBit/s

* Power efficient (hopefully)

e Parallelism (WDM)

* Passive interconnect BW 4 THz
* Fast optoelectronic devices

[/-— - N
Brain learning process 15 years Artificial optical brain 0.5 seconds
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Integration is the key!

* Brain capabilities is related to Gerstral corte newons (tors) 109
neurons humber

e Even a mouse has milions of
neurons

* Alot of optical components are ...
required to mimic biology

Bulk optics Integrated optics
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More than 1k optical components
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Devices example

* Main building blocks of an optical integrated circuit
— Grating coupler
— Crossing
— Power splitters (direction coupler, MMI)
— Mach Zhender
— Microresonator
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Ligth interference
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Wave, = blu Wave,=green \\\\\\\\\\
Thin film interference Uy(r,t) = A, (r)ei@1(-wb) X
U,(r,t) = A, (r)el(P2(r)-wd)
activation

U(r,t) = U(r, t) + Uy(r,t) /

I1(r) =JU(r,t) U*(r, t)dt

I(r) = L(r) + L(r) + 2y, (r)cos(¢1<r> — $2(1))
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Optical waveguide principle

* Index contrast N ;e > Neigd
 Total internal reflection

™ Greenlaserin
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Optical waveguide: fiber vs wire

Top clading .
(air, Si0,) S

High index
core
Total |r_1tema| optical
reflection fiber
Low index Individual fiber
coating

CROSS-SECTION OF AN OPTICAL FIBER

125 um
, SEBACKUP
72 UNIVERSITY s ;ﬁg{g;r;g;phlc
A0 OF TRENTO - Italy < N4 and the brain

Department of Physics



Ire

fiber vs wi

Q
O
>
QL
D
>
(O
=
(©
S
e
{_
O

F TRENTO - Italy
Department of Physics




Optical waveguide performance
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Fiber coupled setup for chip testing

SEBACKUP
o neuromorphic
o -mm photonics s
= =4 and the brain




Grating coupler

Coupling into and out-of the chip
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Crossin

-

* Cross of two Waveguides

67.6%

* Waveguide matrix

3x7 pum T [ ]
98.8%
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Power splitter: MMI

* Multimode Interference Waveguides
* Symmetric spatial interference (self-imaging)
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TE mode TM mode

A = 1500 nm A = 1500 nm l

Straigth-Straigth

Straigth-bent
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Mach Zehnder Interferometer

* Variable Optical Attenuator
e Unitary trasformation
e Signal mixing
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Micro-resonator

* Resonant fenomena
e Constructive interference for MmAg =Nerr (A, T) p with p = 2R + 2C;
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Micro-resonator: Enhancement factor

%x10°® ! L

1
B o~ o BN D = NOW s UM
rF r T 1T 1T 1T 71T "1 1 1T 1T "1 1 1T 1T 1T 1

w1 1 1 1 1 1 | 1 1 1 1 1 1 1 | 1 1 |

-1,5 =
S8 SEBACKUP
= UNIVERSITY S 88 orotonics i
S OF TRENTO - Italy S photonics

Department of Physics



Micro-resonator tuning

* Thermal tuning may = ng¢r(4, T)p 12 ' ' T
* Carriers injection
.. . . —~ 0.8+ .
e Strain induced by piezoelectric £
material = (- _
. 0 Intercept: —(1 + 1.6)x107% nm
* Phase change material ] Slope: 0.2194 + 0.0007 nm/mW
0.0 Linear Fit &
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Multiple micro-resonators

\

- Parallel
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Integrated photodiode

* Si-Ge photodiode
 Optical to electrical conversion = |+|? (non linearity)
e Directily on chip, fast, TIA close to detector

Silicon Photonics

Modulator

Photodetector

https://www.readkong.com/page/silicon-photonics-8907971
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Packaging examples
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Packaging examples
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Chip + metal layer example
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__ IRISproject(2017)

Full integration of optics and electronics
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IRIS project (2017)
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IRIS project
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Photonics neural network

Feed Forward Recurrent Neural
Network (FFN) Network (RNN)

Convolution Neural

Network (CCN) Reservoir computing

Network (RCN)

e Output determined by actual input Time dependent signal

* Classifier: Speech, image recognition .... * Non linear time series prediction
* Deep learning: back propagation *  Memory of the past inputs
* All the weigths can be trained * Hard to be fully trained

* RC: only the readout is trained

Input Hidden Oupnt
layer layer layer

5

hidden layer 1 hidden layer 2 hidden layer 3

input layer
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Photonics neural network

FFN input
Input encoding
ty t; t3

xl Digital Signal (coded as bits) AnalogSignal

- . hidden layer 1 hidden layer 2 hidden layer 3
input layer

L}
NN S —— -

time time

Hybrid Signal (coded as events)

® O
FFN output classes

time
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Photonics neural network

FFN RCN

input layer

hidden layer 1 hidden layer 2 hidden layer 3 Ijl'?) D‘_.—-—'—

x(t)
Ix:ﬂf?)
* Fully trained Only readout is trained
* Backrpopagation Linear regression
» Stochastic gradient
5 RCN states out

descent
—
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Optoelectronic neural network

Conf. LAN, USB, GPIB
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De Lima, Thomas Ferreira, et al. "Machine learning with neuromorphic photonics." Journal of Lightwave Technology 37.5 (2019): 1515-1534.
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Photonic FFN

M) Gheck for updates

ARTICLE

An optical neural chip for implementing complex-
valued neural network

H. Zhang', M. Gu® 223%™, X. D. Jiang® '™ J. Thompson® 3, H. Cai?, S. Paesani®, R. Santagati® >, A. Laing® °,
Y. Zhang® "®, M. H. Yung’8, Y. Z. Shi® ", F. K. Muhammad', G. Q. Lo®, X. S. Luo® ?, B. Dong®, D. L. Kwong?,
L. C. Kwek® 310% g A Q. Liup '™

OPEN

(a) The architecture of optical neural networks
A single hidden layer
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(b) Complex-valued neural network chip

Electrical control

ig Detector

Network input preparation (W) Weight multiplication & accumulation (W)

(<) External ML
model

Coherent detection

nature .
photomcs

ARTICLES

PUBLISHED ONLINE: 12 JUNE 2017 | DOI: 10.1038/NPHOTON.2017.93

Deep learning with coherent nanophotonic circuits

Yichen Shen', Nicholas C. Harris'*%, Scott Skirlo', Mihika Prabhu', Tom Baehr-Jones?,
Michael Hochberg?, Xin Sun3, Shijie Zhao?, Hugo Larochelle, Dirk Englund’ and Marin Soljacic
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Photonic integrated circuit
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Photonic FFN

Photonic Perceptron Based on a Kerr Microcomb for

High-Speed, Scalable, Optical Neural Networks Exploits WDM

Fiber dispersion as delay line
Xingyuan Xu, Mengxi Tan, Bill Corcoran, Jiayang Wu, Thach G. Nguyen, Andreas Boes,

Sai T. Chu, Brent E. Little, Roberto Morandotti, Arnan Mitchell, Damien G. Hicks, Fiber based
and David ]. Moss*
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Photonic FFN: phase change material

a Kernel matrix Input Output Photonic implementaion
XA Si;N, waveguides
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Photonic FFN

All-optical machine learning using ggft)“rvlf:teejffatsf nné

diffractive deep neural networks Detection based non-linearity

N I . o . Fr
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Yi Luo™*?, Mona Jarrahi'-*, Aydogan Ozcan"*>*t Neurons number 0.4 - 10
g
e @
Coherent Light \)\9\’6‘\ Q.
A B B c 0%y -~ 3
""""""""""" Q\“Q'Q“o«t w2 2
Input Plane @ TSRS oo condary ! > 8
Waves ~ A2 N =
2 5]
€ 2 @ x:> g
| ) S 2
@ > e 5 X¥ss Q\ =
3 s QW ® RNy Zr =
5 g e =g
3 i < b 4
© = .
. 5 q :
g/ =
8 R 0 53 108 B0 o
5 SN <
o A 3 N
Output Plane ommeseren Imaging ™
D T ———— L — '
YA =W (VeB) Vi=Xe? Weight Bias X*1 = F(WLX'+ B') Weight Bias
Diff. Layer crgrrmgrrrmgmm B 28 W Y & m_— Xi-t X/t w X B
(r-1) RN L T 0 b—1) )
~Y~7 i BI wl—-l
Diff. }.ayer ﬂ'ﬂ S T T §7 =< >e{i tO ; La‘er 6] - O D X! = ol +
i RS, RS
\/ P |
D'f(f,' +L1a)yer ———— B {*+—> Complex Value Matrix > {+ - Rectifier
Diffractive Optical Neural Network Electronic Neural Network
3 = UNIVERSITY 2 gﬁg{gmg;phlc
" OF TRENTO - Italy B} and the brain

Department of Physics



Photonic RCN

High-performance photonic reservoir computer
based on a coherently driven passive cavity

QuENTIN VINCKIER,"* FrANCOIS DuPoRT,' ANTEO SMERIERI,' KRISTOF VANDOORNE,?
Peter Bienstman,?2 MARC HAELTERMAN,' AND SERGE MassaRr®

Delay based virtual nodes: time multiplexing
MZM to apply weigths

Detection based non-linearity

Fiber based
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Input layer
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Photonic RCN
SCIENTIFIC REPQRTS

OPEN Photonic machine learning Delay based wrtugl nodes: time multiplexing
‘implementation for signal recovery MZM to apply weigths
_in optical communications Laser non linearity
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Photonic RCN

A

COMMUNICATIONS

Delay based nodes: spatial
sz-refal_ig 2013 | Accepted 4 Mar 2014 | Published 24 Mar 2014 OPEN Random ConnEtlonS
Experimental demonstration of reservoir computing Detection based non-linearity
on a silicon photonics chip Linear readout
Kristof Vandoorne2, Pauline Mechet'2, Thomas Van Vaerenbergh'2, Martin Fiers'2, Geert Morthier':2, Integ rated photon ics

David Verstraeten3, Benjamin Schrauwen3, Joni Dambre3 & Peter Bienstman'2

neuromorphic
-mm photonics
=4 and the brai

UNIVERSITY
0% OF TRENTO - Italy

Department of Physics

é HBACKUP




Photonic RCN

\ l.) Research Article Vol. 26, No. 7 | 2 Apr 2018 | OPTICS EXPRESS 7955
Gy Optics EXPRESS

Numerical demonstration of neuromorphic
computing with photonic crystal cavities
FLORIS LAPORTE,!:" ANDREW KATUMBA,! JONI DAMBRE,2 AND
PETER BIENSTMAN!

! Photonics Research Group, UGent-imec, Technologiepark-Zwijnaarde 15, 9052 Ghent, Belgium

ZIDLab, UGent-imec, Technologiepark-Zwijnaarde 15, 9052 Ghent, Belgium

*floris.laporte @ugent.be

Delay based nodes: multiple reflections
Random connetions

Detection based non-linearity

Linear readout

Integrated photonics
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Photonic RCN

Micro ring resonators as building blocks for an
all-optical high-speed reservoir-computing
bit-pattern-recognition system

Charis Mesaritakis,* Vassilis Papataxiarhis, and Dimitris Syvridis

National and Kapodistrian University of Athens, Department of Informatics & Telecommunications,
Panepistimiopolis Ilisia 15345, Athens, Greece
*Corresponding author: emesar@di.uoa.gr
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Silicon platform non linearities

TOE: Thermo-optic effect An > 0 Red shift, timescale ps
FCD: Free carrier dispersion An < 0 Blue shift, timescale ns
TPA: change in the cavity decay rate, almost instantaneous
Kerr: An > 0 Red shift, almost instantaneous

- Thermalization
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=+ Thermal
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~*Surface *

Valence band

Resonace shift

4 degrees of freedom = | —Jjl@p— i (1 +Aw (AT (1)) + Aw (AN;(1))| -

a;(t)
Ti(a;(1 ))w
-I-J\/_ _|_ Ph f)) Decay time variations
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dt — _thAT +Pabs1,|ai|
dAN; (t
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Microrings non-linearity

Input laser
> wavelength
)
=
c
v -
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o ]
o
o -
S e BN
' T - T - |
Wavelength
Kerr red shift
¥
| : !
1 FCD blue shift . ’ j 1| TOE red shift n
5 [ | Si
2 | Adrog = Acota - T AT
; | dT
g 1 Mo | .
g M | "Cold cavity" dNe:
= .' ﬁ}_"_‘ Original Si
i . resonance AAFCD = )lcold - T ANe,h
1 \ position dNe,h
_— _— FCD : Free Carrier Dispersion
Wavelengt .
TOE : Thermo Optic Effect
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System dynamics: optical bistabilit

Pd-........(z.).

(3)
| 1 System dynamics spans over 3-4 order
(1) T 1 .y | of magnitude

fo o f
DS us N,T phase space
1 T T T T 1T lll T T T 012 T T T T T T T
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. T SN~——
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Self induced intensity modulation

Competing resonance shifts act as springs that pull the resonance in the opposite directions

Transmission
1.0

Input wavelength A,

FCD i TOE _
| 0.8 |-
E 0.6
Ap eak (t) 04 L
e oz |
FCD TOE ————// Wavelength(nm)
Tpe = 4ns Detuning ( nm)
p.6F
04
TOE shift
o, FCD shift
FCD TOE r Total shift = FDC+TOE
L 3.22 3.24 3.26 3.28
Try = 120ns —oz2]
_ﬁ,4:

Detuning = A,0qk (£) — Apumyp
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System dynamics: stable points

Self induced intensity modulation

folp f

N,T phase space
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S

elf induced intensity modulation
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Time (us)
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0.8

Pump scheme Input Input power
wavelength (in wg)

1 1550 nm 2.3 mW
2 1550 nm 49 mW
3 1550 nm 6.0 mW

Low power resonance peak (1) : 1549.66nm
Q factor = 10°

Mechanical equivalent

Force (wp) ‘

w(t) < wy;
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 Coupledresonators

= 3

Force (wp)

Side Coupled Integrated Spaced Sequence Of Resonators (SCISSOR) geometry

Drop
, L=22 um
- ,'"\.7" R=6.75 um K.Z ~ 12%
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Coupled resonators dynamics

15 F

P =14.5mW
A =1543.990 nm
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Coupled resonators dynamics

lal?

Phase space

la|? 1

g
P S YA AN &

v

»

2"

v
~

v

é%BAC KUP
a‘. ‘ UNIVERSITY -._ 2 nguromorphl

BN photonics
0% OF TRENTO - Italy < A and the brai
Department of Physics




Coupled cavities dynamics

Reconstructed phase space

» 8 cavities for a total of 32 degree of

freedom
 Complex field of 8 cavities: 16 degrees

* Resonator temperature: 8
* Resonator free-carrier-density: 8

A
y higher
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