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25 years of Multidisciplinary photonics@ PoliMi

WDM up to 200 Gb/s
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PHOTONICS

Photonics

A Key Enabling Technology
for Europe

The European Technology Platform Photonics21
represents the photonics community of industry and
research organisations. Jointly with the European
Commission our members develop and implement a
common photonics strategy in a Horizon2020 Public
Private Partnership (PPP) to spur growth and jobs in
Europe.

Photonics21 — Photonics PPP

Annual Activity Report 2017
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urope’s age

ohotonics will power
h and innovation

Download from:

https://www.photonics21.org
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Photonics is pervasive
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2. Photonics Research and Innovation Challenges 18
| - Photonics
2.1 Information & Communication .
A Key Enabling Technology for
2.2 Industrial Manufacturing & Quality Europe

2.3 Life Science & Health

The European Technology Platform Photonics21 represents the

2.4 Emerging Lighting, Electronics & Displays photonics community of industry and research organisations.
Jointly with the European Commission our members develop
25 Securitm Metrglogy & Sensors and implement a common photonics strategy in a Horizon2020
Public Private Partnership (PPP) to spur growth and jobs in
2.6 Design and Manufacturing of Components & Systems Europe.

2.7 Education, Training & Disruptive Research

) European Photonics
Industry Consortium

Loe
PHOTONICS®

Switch
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POLIFAB MISSION polifab

POLITECNICO DI MILANO

Polifab is the micro and nano technology center of the
Politecnico di Milano created to provide the highest
technological standards for a wide range of applications
and processes involving all the Key Enabling
Technologies: photonics, micro and nanoelectronics,
biotechnologies, advanced materials and

nanotechnology

Polifab: aggregating and enabling open infrastructure

Basic

science

Polifab works with:

e Academic research groups

polifab

POLITECNICO DI MILANO

e External research institutions
* Startups

* Companies

www.polifab.polimi.it
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http://www.polifab.polimi.it/
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Polifab Clean Room - 620 m? polifab

POLITECNICO DI MILANO

FROM NANO TO MILLI
Lithography

Photolithography Deposition
Maskless
photolitho Electron beam
E|ectr0n beam evaporation
lithograph
H & Ip Y ) Thermal Reactive ion Characterization
erma Scannlng eva oration t h m—
lithography pore etehing D. Ielmini, DEIB
Sputtering lon beam etching Optical microscopy
Chemical vapor Plasma ashing Stylus profilometry
deposition Wet etching A li
i i nnealing ovens
Electrodeposition Optical profilometry . g
SEM, AFM Rapid thermal
Ellipsometry annealing
Electrical Wire bonding
: : measurements Dicing
Available in near future: ) . )
X-ray diffraction Pick & Place
. Ali t
Two-photon polymerization tool EDX to'oglr;emen ° E. Bianchi, DCMIC
Sputtering for metals and oxides

Electron beam lithography
Micro-Raman spectroscopy

http://www.polifab.polimi.it
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(very short) Overview on integrated photonics

The photonic chip as system
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Actuators
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1969: 54 years of integrated optics ...

E THE BELL SYSTEM

TECHNICAL JOURNAL Bends in Optical Dielectric Guides
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WAVEGUIDE

CORE

Substrate
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Waveguides...
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Good for sensing !
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Materials for Photonic circuits
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Technologies and Waveguides

Ge:SiO, SiON Si;N, InP As,S, Siicon AN
05.3% 2..8%  38% 3/70 % 60...100 %  140%

¢ ‘
Mach-Zehnder
Dir. Couplers, Y, MMI, Star couplers
¢ | ‘
Ring Resonators ===
¢ ‘

Gratings
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Integrated Photonics
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The need of Integrated Photonics

1994 1998 2018 Transceiver
High Resolution Electronic M Ashe2%2: OXC b Science—A. M- 4-), 2x2 OXC 24Tb/$, 12000km




Integration

Coaxial
Interconnect

0C-192 TOA

Tunable-CMZ

Tunable Tx Assembly

Tunable SFP+ TOSA
Tunable-XFP

T-SFP+ TOSA has full TOA functionality plus wavelength tunability & control

High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni 19



Photonic Integration: Motivation

* Greatly reduced component cost
— Monolithic interconnection of device elements
— Simpler packaging and assembly, standard processes

* High reliability
— Less interfaces

* High functionality
— Many more functional elements per chip, higher creativity in design

* High phase stability, excellent device matching
— Permits interferometric structures

e Robust

— Single chip designs with minimal optical interfaces are ideal for demanding
environments

* Higher power efficiency
— Minimize optical power loss at interfaces between device elements

20
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Optical Interconnects = Datacenters

Cisco reports total bit rate for internet traffic > 320 Tb/s

Datacenters....

Sales of 100GbE Optics

B Cloud Datacenters

® Telecom
| LIGHTCOUNTING
et Resaarch
e N I

2010 2011 2012 2013 2014 2015 2016 2017
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o Researchers Develop Novel Analog Processor for fl%’%";?@
I IP( High Performance Computing e

August 30, 2021

Since 1987 - Covering the Fastest Computers
in the World and the People Who Run Them

Aug. 30, 2021 — Analog photonic solutions offer unique opportunities to
address complex computational tasks with unprecedented performance in

© Home terms of energy dissipation and speeds, overcoming current limitations of

© Technologies modern computing architectures based on electron flows and digital
approaches.

® Sectors pp

S.Pai, ... A.Melloni, Science 380, 398-404, 2023
High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni W. Bogaerts, ... A. Melloni, Nature 586, 207-216, 2020 23
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Silicon Photonics: roadmap and markets

2021-2027 SILICON PHOTONIC DIE FORECAST BY APPLICATION

Source: Silicon Photonics 2022 Report, Yole Intelligence, 2022

$0.4M
CAGR 194%

® Data center transceivers @ Fiber-optic gyroscope
® Long haul transceivers

® 5G transceivers ® Photonic processing
® Co-packaged engines ® Optical interconnects
® Immunoassay $468M
® Consumer health CAGR 22% $244M
2027 ~ CAGR142%
2021 $972M

""""" o $151M
LY $240M

CAGR 30%

CAGR;;1.27: 36%

Emerging markets:

@ YQLE B medical & biosensing

SRS "™ . disaggregated data centers
Datacom is main market - high-performance computing (HPC)
(20% transceiver = 30% by 2027) - analog artificial intelligence (Al)

- automotive (LIDAR and gyroscopes)

- Co-Packaged Optics engines
High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni _



How Much Electronics in Photonics?

Ge

Si0, SiO;
Si

Metal Contact 0.5um Metal Contact SEI 50KV X20,00(

—>
O.meI 1.5um

©) Photodetector Drivers (microwave)

0.60 um 0.60 um

Box

Modulator/Switch - a VDD

n-contact lblt
VIN ~~ { E driver

CMEM:—L—
= heater

light = P—Xr-x—i =)
> <

Control Layer

Laser
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How Much Electronics in Photonics?

Dithering, analog Bang_bang’ dlgltal 15 bits Tuning (peak search, analog) + locking
. . (bang-bang, digital) HP 2016
Columbia Univ. 2014 Oracle 2014
Optical Optical
Input  _ ____ e e , Output CLK
Th'r‘iii'o ; Receiver IC
__________ oni olr output | TIA Jedtiooe) ; rThE"“a' % = =
ﬁ Monitor PD output /> J_ p T._" o";?cg Rx&mg mg in in

I

SMF |- £ e~

Vb Ba / . o ==t (m) (a2) () (M) (as

= () N = SN LV A 7 O N O -9

Low-Pass |- -|— f DN DAC - C = = = = = =
Filter i

l___j ; Metal heat v . 5
elal heater i ¥ Drop Filters & Waveguide PDs

Menitor PD

K. Yu, et al., JSSC, 51(09) 2016

X. Zheng, Opt. Express, 22(10) 2014

K. Padmaraju, et al, JLT 32(3), 2014

Integrating photonics with silicon nanoelectronics
. Nature, 19 April 2018

artical grating -~
nnumer//

e .. \
WDM chiplet Single To/Rx channel macro

TeraPHY: A High-density Electronic-

High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni Photonic Chiplet, OFC 2019 - Ayar Labs, Inc. )¢



How Much Photonics in Electronics?

Electronic Photonic

:

. g R S - Waveguide
— Processor Chip | .
s o
E‘:“"i——i 70 million transistors

Waveguide Diffraction grating

- More than the Pentium 4 (55M)

850 photonic devices / \

-

- Modulators, Filters, Photodetectors, Couplers :
Waveguide taper

Sun, C. et al. Single-chip microprocessor that communicates directly using SiGe photodetector Waveguide taper
light. Nature 528, 534-538 (2015). https://doi.org/10.1038/nature16454 \ \

Modulator micro-ring Drop waveguide Waveguide

L1 iy o Frre L el e i T L el (T L e 1 P e sl (TR g el | IO LI

lide Integrated heater Output waveguide
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https://doi.org/10.1038/nature16454

How Much Photonics in Electronics?

https://www.slideshare.net/oraccha/flowcentric-computing-
a-datacenter-architecture-in-the-post-moore-era

Flow OS

P

D@
Big data - Optical Network -

Storage class memory

NTTDaTa

Trusted Global Innovator

14, January 2020

What comes after electronics?

https://ro.nttdata.com/News/The-future-of-photonics-presented-at-the-
recent-NTT-Research-and-Development-Forum

High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni 28



Energy per bit

Operation Energy per bit

Wireless data 10-30W -6 1 Transmit a signal (bit) across a chip
Internet: access 40 - 80n) requires charging/discharging the
Internet: routing 20n) capacity of the electrical link
Internet: optical WDM links 3nJ 9 C = 1 pF/cm
Reading DRAM 5p)
Communicating off chip 1-20p) Average length of the link
Data link multiplexing and timing circuits ~2pJ 1012 1mm-1cm
Communicating across chip 600 f) C~0.1— 1pF
Floating point operation 100f)
Energy in DRAM cell 101 1015 J Energy per bit (1V)
Switching CMOS gate ~50aJ - 3fJ A Ex CV?2

=0.1-1p!

—> Energy required to transmit data across electronic chips has not scaled down much in the last years

- Energy consumption of (super)computers is mainly due to short-distance signal transmission inside
electrical chips

David A. B. Miller, “Attojoule Optoelectronics for Low-Energy Information Processing and Communications», J. of Lightwave Technology 35(3), Feb. 2017
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Energy consumption of hyperscale computing

“u N\
I N
g

a Computing power demands

Supercomputers can achieve hundreds of peta FLOPS

5t ® GPT-3
(floating point operations per second) in processing data * Language AlphaGoZeroe
‘ \(Qsmn AlphaZero © I' Megatron-
ames . BERT
# FLOP/S =10%7 FLOP/S (# FLOP/day = 1022 ) 10 Speoch Neural machine ® 7
translation ®/ @ gpTo
iy none © 4 gerr
Energy per FLOP & Communication EFLOP =1-10 p] f 100 / 2D(rj;lck)arllitnhgse\tery
. @]
Total power consumption >1 MW T ol/@ResNets
g 102 AlexNet  §
0] @ @
3 o
= ; Doubling every
. . .pe . IS 3.4 th
New computing technologies (= «Silicon» Photonics) I ¢ SAMOMES
2 10 Deep belief networks 4
o @
£
=  Remove (or reduce) energy consumption g PR LR o
. . .. . 6 oore’s law, _ -
associated with data trasmission and processing g ID-Ganmom v2.i = MLP-based
: ] . LeNet-5 _ -~ BILSTM neural network breaks
in digital electronics ot for speech
=  Transmit and compute in the optical domains 107 T -
e e RNN for speech
ALVINN Pre-GPU computing
10-10 1 1 I 1 1 ] ! ]
1985 1990 1995 2000 2005 2010 2015 2020 2025

JOURNAL OF LIGHTWAVE TECHNOLOGY. VOL. 35, NO. 3, FEBRUARY 1, 2017

Attojoule Optoelectronics for Low-Energy
Information Processing and Communications

David A. B. Miller, Fellow, [EEE, Fellow, OSA

[13], [14]. But, now we are facing a need to have optics help
at shorter distances, and not just to enable higher interconnect
densities. Now a key question is whether optics can reduce en-
ergy in interconnects inside cabinets, racks, and circuit boards,
down at least to t . slins g |

even on the chipd This question is critical: if we cannot solve
these problems with optics, it is not clear that we have any other

way of tackling thelll.,

D.A.B. Miller, “Attojoule Optoelectronics for Low-Energy Information Processing and Communications», J. of Lightwave Technology 35(3), Feb. 2017

High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni
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What can we do (easily & conveniently) in photonics?

Function Electronics Photonics
In neural networks,
MAC & MVM Easy the convolutional part
o CV2 Energy Cost O (N=?) based on MVM
Communication Free occupies > 80% of the
Gain Easy Easy (but off-chip) total processing time
Nonlinearity Easy (Transistor)
O(N)
Memory Easy (DRAM, SRAM)

Matrix-vector multiplication (MVM) & multiplications & accumulation (MAC) is everywhere in data processing:
- convolution, factorization, linear equalization, filtering, Fourier transform...
- neuro-inspired computing (weighted interconnections between adjacent photonic neurons)

Advantages of - high speed (THz) & low latency (< ns) in solving linear mathematical operations
photonic computing - low energy/bit consumption (<< plJ/bit)

—> optical computing is a competitive candidate for artificial intelligence accelerators
- acceleration is achieved by matching math operations and photonic hardware

High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni



Photonics Integration — Optical interconnect (&)

%2,

s : r-"lgl--._ [
el r

JUE ﬁ; ) e L N o = -
Photonic network-layer— -z
| Memory layer --

Processor layer

IBM, 2008

Gy i=:= @ i’;) Al Google

cisco.
amazon
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Patented

:&X nature .
natire L — photonics
COMMUNICATIONS

Actuation
command

Working point
estimation

monitors
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Light in
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(Non Perturbative)
Probes

Monitor to detect light level in waveguides
and provide feedback (test pin)
Hitless (transparent), small, low power...

36



Light monitors: Ge, InP, hybrid, monolithic...

Ge on Silicon IlI-V compounds

® 814 sbskate : _so0pm

SiGecap

e T ST it
' &

Cathode R o

Si waveguide

4
£3 sio,
— Ry T FTH P VR T Fyy S
FDTD 3D £ 2 ARETINETIN ) T U
100 e o 1 21 i aee ot w4 B
SR _/,/_' 0
g8 108 o 1 2 3 4 5 & 7
g ] t § Propagation direction {(um)
g 60 , 10,6 3 .
s b/ g 95% absorption length < 4um
gaopf [ 4 Jo4 =
2 i 2
o i \ ] o
< 20 | 02
r VAN
AR . TR % e 0, . . .
0 s e e il 4.2% Ge-Si Lattice mismatch

Photodetector length (um) = specific growth strategies required

= growth on thin SiGe buffers

= multi step growth process

= thermal annealing (reduce dislocation dgnsity)
7

Butt coupling
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Light-waveguide interaction

= Surface State Absorption

= Surface states are located PR O%.a-
typically within the first two/three e ‘3?“ O “?’“‘ &
silicon atomic layers (= 1 nm) D,:} » %0

w% Interface
» |ntra-gap energy states create a ""‘-" -a
free carrier and a corresponding t t
recombination center
A pr :
A
surface | SC region. Bulk
cCBM
>
> . - E
GCJ - 1
~E 2 E
L e — VBM
® ev =0.31 eV
Valence band > 7
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The CLIPP concept

Contacless Integrated Photonic Probe (CLIPP)

Contactless capacitive
metal [ metal

access to the waveguide

Measuring the SSA
induced waveguide
conductance change AG
through an
ultrasensitive electric
detection circuit

Light Light

longitudinal view i

Light dependent conductance variation

---------- Free carriers
e A A .---.  generated on the
AG = Aga—_q M€S+Mh3 AN\ surface by SSA
I~__¢ L 2 ) L \N-_” ——————
. . P -
ﬁ]l di()cr;%ugtl\ﬂtyhfhange \ A Si waveguide cross section
yig Carrier mobility is typically L CLIPP length
lower on the surface AN, surface free-carrier density

High Resolution Electronic Measurement(s;lqmlg?)% ger!:c(g D%epou”( ﬂs carrier mObIIIty 39



The CLIPP concept

Contacless Integrated Photonic Probe (CLIPP) Contactless capacitive
metal metal e, ACCESS to the waveguide

1 umI_s,:r T_

Measuring the SSA
induced waveguide
conductance change AG

:ht Light through an
ing . out ultrasensitive electric
>0, longitudinal view detection circuit

_\ _Be [ng]

Patented

A\

IM[Y g

Transimpedance
Amplifier (TIA)

Lock-In Amplifier

research highlights

Silicon Photonics: Stalking Light,” Nature Photonics 8, 2014 nature %/\

photonics e sy 490
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The CLIPP readout system

— Realization:
Gl 4 g . AMS 0.35pm CMOS
4{’%* "‘{'%F ] «  Vsupply 3.3V
; Lo  Crosstalk < -60dB
* Modular motherboard
« >50MHz bandwidth
 Low current noise 100fA//Hz

@ 1MHz
!
90° 5
100 kQ i @
—A— —@ _\ _Be[ng] %
I —\-
. IM[Y gl
Transimpedance
Amplifier (TIA)

Lock-In Amplifier

F. Morichetti et. al, J. Selected Topics in Quantum Electronics, July 2014
High Resolution Electronic Measurements in Nano-Bio§tlgngﬁ1g€\.| [ng,nNatu re PhOtOﬂiCS, Vol. 8 Apr“ 2014 441



S10]

Performance match monitoring requirements:

O Single-mode and multimode waveguides

L Compact size: L down to 25 um
O Both TE/TM polarizations

O Sensitivity down to -30 dBm

O 40 dB dynamic range

U Speed down to 20 ps

U No loss, no backreflection,
no amplitude/phase perturbation

High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni
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S10]

100 pm

Performance match monitoring requirements:
O Single-mode and multimode waveguides

L Compact size: L down to 25 um

O Both TE/TM polarizations

O Sensitivity down to -30 dBm

O 40 dB dynamic range

U Speed down to 20 ps

U No loss, no backreflection,

no amplitude/phase perturbation
High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni

Light intensity inside a ring

Estimated Optical Power [LWV]
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tuators

Low Power Electronic, "“ﬁﬂzf“' rategies for
trimming, tuning, locking, adaptive .
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Actuators

Phase / Amplitude

Thermal actuators, mature
technology, power hungry

M. R. Watts, et al. Opt. Lett. 38, (2013)

Si channel waveguide with embedded Si
heater (n-doped) Melloni

High Re

Fast (MHz for tuning and reconfiguration)

Compact (10-100 um)

Low Power consumption (< mW)

Permanent, self holding to avoid to continuous feed

Analog / Digital

Thermal field induced
by heater

heater

-

waveguide

cladding

Silicon substrate

4545



Integrated optical actuators

Thermal actuators

M. R. Watts, et al. Opt. Lett. 38, (2013)

Si channel waveguide with embedded Si
heater (n-doped)

Phase-change
materials

C. Rdos et al, Nature Photonics 6 (2015)
A. Joushaghani et al, APL, 102, 061101 (2013)

p-n junctions
Carrier injection/depletion

7 s

P

n+
A
N

Ay
b

\
LY

5
-

2201
nm ,

550nm _ 135nm

200 nm

W.M. Green et al., Opt. Express 15 (2007)

Plasmonic memristor

SiO; !
|
|

t
C. Hoessbacher et al., Optica 1 (2014)

High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni

S. Han et al., Berkeley, (2015)

Graphene, MoTe,, ITO modulators

R. Amin et al., arxiv (2018)
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Integrated optical actuators

Thermal field
induced by heater

p-n junctions
Carrier injection/depletion

:
A B N NN N - (% @ e e e e @
, :

DAL AEAA A JEReTeTe e ¢ 8 &
\ waveguide b it 1
cladding l 1 l
ilicon Poping (em?-3 Piezoelectric force Electrostatic force
o 7.463e+19
sseres A. Fiore, TU/e
S50
Phase-change AAOBEPNOS
materials % ® 2088, Plasmonic memristor Graphene, MoTe,, ITO modulators
(%]
4 . - ) oC Pt (80nm) Pt (80nm)
@ v
Nonvolatile LiNbO, ~
N. Farmakidis et al. phase transition =
Sci Adv 2019; 5 AR, An ~N
‘\ 4 42 nm O
. a
I 2
. LiNbO, L
(o Pt (50nm) Pt (50nm)
on Crystalline
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>k and con

Low Power Electronic, W ategies for

trimming, tuning, locking, adap ive .
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Electronics at service of photonics

Ly e PhotoNiC | | pgtherboard FPGA
Board
- 20fF

8 - ﬁ\ QD :w:'::::
O

cLIPP Wz
uuuuuuuuu
ADD | CLIPP Forcing

signal Generator

BRAIN — Central Control Unit

HUAWEI
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Feedback and control

Local feedback loop v. 2
¢ CLIPP1 § ’ ‘ Domoctairs 2 Feedback loop ON
\ v \ i || =
5 St - R
o I " X 1 g 0.5
& / | / | CcyPp2 o
—n— . N \ ) 02 AR "(%‘
e o Feedback loop OFF
‘P ‘Q " g ot
L L E 0 02 04 06 08
Set point —> | Controller}< integral i
e pOln controller (k) T|me [S]
- Multi tone —
Initial e Gradient Direction and Actuators
; g and
opergtlng ;- ! Hessian step sige voltage
w point ac(alljjigil’fion estimation estimation change
@)
aQ
= ==

Control many degrees-of-freedom (DOFs) using a
single monitoring point

Several DOFs simultaneously dithered at orthogonal
frequencies generated from a discrete-multi-tone generator
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The simplest Programmable Optical Processor (2 input apertures)

Photonic Analog Combiner

input output OO
/b\
&
‘\O
’bc’
M
N
N

Mach-Zehnder Sln(Agb/Z) e—j@ COS(Aqb/Q) 0
Interferometer (MZI) H —
EEE Phase shifters B det (H)=1

—cos(A¢/2) e 70sin(Ag/2)
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The simplest Programmable Optical Processor (2 input apertures)

Photonic Analog Combiner

s, elf

Mach-Zehnder Sln(Agb/Z) e—j@ COS(Aqb/Q)

Interferometer (MZI)

B Phase shifters

—cos(A¢/2) e 7sin(A¢/2)
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The simplest Programmable Optical Processor (2 input apertures)

Photonic Analog Combiner

Mach-Zehnder sm(Aqﬁ/Z) e—j@ COS(Aqb/Q)

Interferometer (MZI)

B Phase shifters

—cos(Ag/2) e 7?sin(A¢/2)

“ I POLITECNICO DI MILANO

F. Morichetti - Huawei High Frequency Technologies 2022




Control electronics for self-configuring MZI

Si mp =)
2 2
|5 +] SjI . Automatic (dithering-based) self-configuration of a MZI from
any initial condition
*  Track input signal changes (amplitude/phase
S mp = put sig ges (amp /phase)
P -0 *  Compensate thermal fluctuation & fabrication variability
1 1 - out™
| Driving | [ Driving | *  Control in parallel of N MZIs (not sequential)
¥ T Sensor e e .
Processing | readout . Full processor stabilization in ms scale

Electronic Controller

~+V

— M
[N [N N R NN Gy
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Stage A StageB Stage C A. Annoni et al, JSTQE, 22(6 )2016
I, _:_ [ [ [ I - \
12 _:_ x x I I x
Is J'_ 1 X1
ls X X L X
Is J'_ I I
le ':— x x e ; x
| | |
b1 1
lp +— X HH : X gg—:—:— X
: A,: | B, L
I I
2 x 12 CLIPPs
12 heaters

Controller

signals
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Feedback control

8x8 Si photonic switch matrix

Stage A Stage B Stage C

X X X
X

hermal crosstalk

Optical
crosstalk
Input Output
channel channel
Lo | O ! ! ! ! !
5 Circuit reconfigurations (switching of nearby switches)
= -10¢
5 | |-
v
o
b -20 i ML-’_
©
2
8 -30}-
O 1

0 50 100 150 200 250 300

. . . _Time [s] .
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Feedback control

8x8 Si photonic switch matrix

Stage A Stage B Stage C
X X X
X

hermal crosstalk

Optical

crosstalk
Input Output
channel channel
0

10} Feedback OFF

Optical crosstalk [dB]

Feedchk ON .

0 50 100 150 200 250 300

. . . _Time [s] .
High Resolution Electronic Measurements in Nano-Bio Science — A. Melloni
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-

Controller

He

Set pomt

Feedback on every switch
CLIPP monitors

i CLIPP

signals
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Free Space Optical (FSO) Link

Receiver - RX
Alignment/stability
Collimating Optics
Geometrical aperture
Position/Beam Diversity
Direct/Coherent Detection
Sensitivity

Adaptive Optics
Turbulence compensation

Transmitter - TX
Alignment/stability
Collimating Optics
Divergence

Launch power
Modulation format
Multichannel

Free Space Channel
* Attenuation

* Multipath .
* Time varying channel 320 m FSO link
* Turbulence (scintillation & wander) 100 fps

¢ Polarization

A. Trichili et al., Roadmap to Free Space Optics, JOSA B, July 2020
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The Optical Analog Processor based receiver

B @
Programmable Optical Processor

M apertures (optical antennas)

|

NA /\/f/}}/\/\/\/ =

U
&

Il
gt
e
™~

» - : W A©O
: S N\':(o\ 00®”
M ! N\\dn\p’ \OO Slow monitor
"LQ‘\]\ Fast receiver v

A device capable of coupling an arbitrary free-space beam (non-spatially coherent 2 “multimode”)

(12l

into a specific output beam (spatially coherent 2 “’single-mode®)

3.2 mm

-

Silicon 2 e

OPA Programmable optical

processor W. Bogaerts, ... F. Morichetti, A. Melloni

Programmable photonic circuits, Nature 586, 207-216 (2020)
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Reconfigurable hitless filter

Filter characteristics:

® Hitless tuning

e 1 THz (8 nm) of Free Spectral Range (FSR)
Cho — [~ ® 40 GHz of 3 dB bandwidth
Chlin — 3 ® 20 dB in band isolation

WDM In
- | O Heater
FPGA e ——=—= Metal trace
=3 Waveguide

2= W

Ch
\HUA WEI

ladd -
CTIOTIIIIOIITIIT

WDM Out

Drop

m———Sc——t——p

CLIPP at the Drop port to read Mach-Zehnder Modulators (MZM) in
optical label the add port to apply optical label
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Filter Reconfigurability

Transmission (dB)

Wavelength (nm)

Aguiar, Douglas, et al. "Automatic Tuning of Microring-Based Hitless Reconfigurable Add-Drop Filters." 2018 OFC. IEEE, 2018.
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Mach-Zehnder interferometer (Filter)

Finite Impulse Response filter, FIR

C

F =
SH ngAL

—=3g S 2
21 %neffAL = 2Mm

BH o %y | e s [T

& |

0.00

-5.00 4
-10.00
-1:5.00 1
-20.00 1
-25.00 1

Power [dB]

-30.00 -
-35.00 4

1.5400

I NTIOVIULIVIT LITULIVILITIIC IVITAOUICTITHITIHIWL 111

13500
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Infinite Impulse Response filter, IIR

K

Normalized power

)\OaneffLr J =

FSR: ¢ Q:

Mg Ly
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Ring resonators = Fabry-Perot
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Biosensing and integrated photonics

Evanescent field detection
Negligible absorbtion Phase-intensity conversion with an
Phase change of the light “interferometer” (ring resonator)
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Input

Qutput

Power Output (a.u.)

AWa\;elerigth (nm)‘
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Biosensing and integrated photonics
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What does non-invasive mean?

No amplitude perturbation, tiny phase modulation

= 4 g
© 2
e > c
— 7] 9
§° P
© e =
g a £
E 2 el T 8
o "" )
3 . I
© 1 .,’ 10.5-=
/ Typical CLIPP [0))

o
.@-é driving voltage %
’ ‘ ‘ ‘ ‘ @
2 4 & 8 10 T

Voltage V, [V]
v’ tiny resonant wavelength shift (55 fm or 7 MHz @ 1V)
v’ effective index perturbation < 0.5 ppm (comparable to 3 mK fluctuations)
v" negligible for resonators with Q up to 108

v’ perturbation due to the electro-optic coefficient of non-intentionally stressed SOI
waveguides % (2)~5 pm/V
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Feedback controlled photonics

* * * \ “Interferometers” are key building blocks for optical links

(modulators, switches, WDM filters...), however
MA, A,

suffer form strong temperature drifts

and fabrication tolerances
AW

A A,
A,

Photonics needs feedback control

- automated tuning process

- thermal stabilization & wavelength locking Aw=1nm =2 A\ = 100 GHz
Direction of the A-shift?

Small dither signal applied to the ring Unamblguou§ location of the
(Padmaraju et al., J. Lightw. Techn. 32(3), 2014) resonance shift, yet...

Microring embedded in an interferometer (dither-free) ....photon tapping from the

(Cox et al., CLEO: 2013) waveguide required
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