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PROGRAMMABLE PHOTONICS: WHAT IS IN A NAME?

Programmable Photonics

We manipulate functionality in software We manipulate light on a small scale
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PROGRAMMABLE PHOTONICS: WHAT IS IN A NAME?

Programmable Photonics

We manipulate light in software on a small scale

Why? Because light contains information
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MANIPULATING BEAMS OF LIGHT

Beams of light contain information
Total power
Intensity profile
Phase profile
Wavelength

Polarization
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MANIPULATING BEAMS OF LIGHT

Beams of light contain information

Total power
Intensity profile
Phase profile
Wavelength

Polarization

Can we process this information?

yes, as the beam propagates
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MANIPULATING BEAMS OF LIGHT
A lens performs a Fourier transform

Using optical elements

E(Xy, 2,) = FIE(x',y’,0)]

e Lenses
e Mirrors

 Polarizers

« Shutters
« Spatial filters
« Wavelength filters

* Phase plates

« Spatial light modulators

N
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MANIPULATING BEAMS OF LIGHT IN FREE SPACE

Using optical elements

e Lenses

. Mirrors Still quite coarse

« Polarizers

« Shutters

« Spatial filters

« Wavelength filters

* Phase plates

N
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MANIPULATING BEAMS OF LIGHT

Active, granular manipulation
« Spatial light modulators
« amplitude
e phase

 polarization

« Micromirror arrays

« Grating light valves

« Deformable mirrors

= Can be controlled in Software

GHENT
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DISCRETIZED LINEAR OPERATIONS

Discretized linear operation
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DISCRETIZED LINEAR OPERATIONS (RECK 1994)

Processing with

Mirror

« tunable phase shifters

* tunable beam splitters

B universitat Reck et al. Phys. Rev. Lett. 1994
' Innsbruck 14



UNIVERSAL LINEAR OPTICS (MILLER 2013)

Processing with

« tunable phase shifters
* tunable beam splitters
+ monitor detectors

+ control algorithms

Stanford University

Input beams

|

14

13

Detectors s D13 || D12 || D11
(nearly \ ,e - ”1
transparent) "\ .~ .
D22 (| D21

Detectors —

Output
beam 1

Output
beam 2
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CONTRUCTING AN ARBITRARY T-MATRIX

Singular Value Decomposition: A general m X n matrix

can be decomposed into:

- A unitary m X m matrix

- Adiagonal m X n matrix

- A unitary n X n matrix M — U Z V*

mxn mxm mxXn nxn

(this Is not the only way ~ ~ N
to construct this matrix) HL;&.—! N Ry ‘ | “&_3};‘ W,
N N _!: il ';,\“ v 2’ N 1 4 , v
5 . .‘; 1 7 N1 y P P
A X . ‘2\
y “a,““ 7 " \lmﬁ
mi [N S \ <
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MANIPULATING BEAMS OF LIGHT IN FREE SPACE

Using optical elements eany, ) Sl N
 Lenses

e Mirrors

* Polarizers

« Shutters

« Spatial filters

« Wavelength filters

* Phase plates

. Spatial light modulators

i Does not scale very well
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BRINGING BEAMS OF LIGHT TO THE CHIP

Complexity Power consumption

Overall Performance Ecological Footprint

Reliability Cost
Ergonomy

goes down
goes up

onversty | LIMEC
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PHOTONIC INTEGRATED CIRCUITS: WHAT'S IN A NAME?

Probably something to

do with light...

Photonic Integrated Circuit

signals travel around from
one element to another

Combining stuff together
into something coherent

onversty | LIMEC
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PHOTONIC INTEGRATED CIRCUITS (PIC)

Integration of (many) optical functions on a chip

P L I—
ST CW laser -
Box 3

#= Nitride

-

Tungsten vias il

%> for Photonics to

CMOS 3D integration

GHENT
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WHAT IS SILICON PHOTONICS?

The implementation of high density photonic integrated circuits by

means of CMOS process technology in a CMOS fab
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Complex functionality, compact chip, low cost, high volumes
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WHY SILICON PHOTONICS?

Large scale manufacturing

Scale

Submicron-scale waveguides

GHENT

onversy  LIME@C



MORE THAN JUST PHOTONS

Silicon photonics goes beyond the optical chip

@ 1000s electronic
_ driver circuits

B %
——— Os electrical IOs
== —
7 r—— 100s optical I10s
= e : - ——
- ; o — W g
- =~ 10s RF signals »_ 10000s optical elements
i = =S = -
GHENT % o= - = i
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SILICON PHOTONIC CIRCUITS TODAY

Rapidly growing integration

* 0O(1000) components on a chip 105 | — Doubling every 18 months
—  Doubling every 12 months
 photonics + electronic drivers = Transceiver data points .
18] ™ Mon-transceiver data points

 different applications

(still mostly communication) g 10° 4

* Relatively small chip volumes : 2
(compared to electronics) 27
10 4

number of components/chip

All photonic circuits are ASICs D
%2002 2004

2006 2008 2010 2012 2014 2016 2018 2020

Year
N

GHENT

. Khanna et al. 2016
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TODAY'S PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

modulators

4 fibers out

PSM4: works with 4 parallel

Tx

=

&
laser in

N
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What if you want to change/upgrade the link?
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TODAY'S PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

fiber in

detectors

laser in

N
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What if you want to change/upgrade the link?
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TODAY'S PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

fiberin

PSM4: works with 4 parallel fibers wavelength o

QAM16: coherent

WDM4: wavelength
channels

detectors
4 MZI

modulators

4 |asers in

N

i
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What if you want to change/upgrade the link?
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FLEXIBLE OPTICAL COMMUNICATION

Today: if you want to change protocol...

you need to make a new chip

fiber in

detectors

modulators

GHENT

onversty | LIMEC
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PROTOTYPING A NEW (SILICON) PHOTONIC IC

Ew p
- N
Design (4M) Do g~n ~~~~~~ I C CHT
Fabrication (6M) h’;’GSk Seet'" hoypg ~T7--o
afelﬁs .......... 1eek
Package (1M) Fap o toeel Tt 1562
'DaCk 't;_e’"a T 9k$

Test (2M)

Then you discover the bugs...

Repeat!

onversty | LIMEC 32



PROTOTYPING A NEW ELECTRONIC CIRCUIT

Select a suitable programmable IC: FPGA, DSP, uC (1d)
Program and test the chip (1-4w)

Only then, if needed: Anysilicon

. Design ASIC Time to Market
NRE

Design Flow

Unit Cost

Performance

Power Consumption

Unit Size

I
GHENT

onversty | LIMEC 33



WHERE ARE THE PHOTONIC FPGAS?

or programmable photonics
reconfigurable photonics
photonic processors

universal photonic circuits ...

Photonic Integrated Circuits

that can be reconfigured

using software
to perform different functions.

N
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PROGRAMMABLE PHOTONIC CHIP

Can processes signals in the optical domain RF signals

« balancing

* filtering

« transformations optical Photonic optical

§ignals Processor signals
in

Both on Optical and RF

N

GHENT
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RF signals
out
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GENERIC PROGRAMMABLE PHOTONIC CIRCUIT

Optical signals in and out

RF inputs: modulators ghspeed ¥ Y % Y OOY

photodetector

RF outputs: balanced PDs
Long delays for filters _J

Optical inputs and outputs

S|gnals

;J Programmable High-speed pn modulators '

J i e -

RF
signals
out

f‘tfﬁ

Optical delay lines
Connected by a programmable

linear optical circuit

"""

vvvvvvvvvvv

GHENT S L,
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OPTICAL LINEAR PROCESSING

Linear optical circuits
can be described by an

S-matrix
out, = Spq. ing

- Frequency domain
- Complex numbers

-  Wavelength

dependent —

. S
- Includes reflection 11

- Reciprocal

- IFNOLOSS = § is unitary

onversty | LIMEC
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OPTICAL LINEAR PROCESSING (TRANSMISSIVE)

Transmissive linear optical circuits
can be described by an
T-matrix

outp = lpq- N4

- Frequency domain
- Complex numbers

- Wavelength
dependent

- NO REFLECTION
- IFNO LOSS = T is unitary

onversty | LIMEC
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IMPLEMENTING T-MATRICES ON A CHIP

Network of phase shifters and tunable 2x2 couplers (beamsplitters)

Input beams

!

14 13 12

Detectors D13 || D12

D11

(nearly /\\ o -

transparent)

D22

Detectors —

D21

Stanford University

Output
beam 1

Output
beam 2

DA2

DAS3
MB2

DA4

\_mmm /S
DBI1
MC1
DCI1
DB2

Miller, OpEx 2013 4



FIRST PROGRAMMABLE T-MATRIX CIRCUIT

First implementation in silica (low contrast): 2015

6x6 T-matrix

Application: linear optical quantum operations:

i CNOT gate, boson sampling, random walks, etc.
= |4 University of
BRISTOL Carolan et al. Science 2015 41



FIRST T-MATRIX CIRCUIT IN SILICON

4Ax4 circuit; 2.5 x 0.4 mm?

A

1/0 couplers

Electrical
Wiring

Inl
In2

In3

in4

N

GHENT
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UNIVERSAL LINEAR CIRCUIT IN SILICON

Tunable couplers = MZI with thermo-optic phase shifters

v =
S Dﬁ@&g K ZoL €3
2 :
8 =]
0 B> Te ] >KZz_ ] : K of <]
>~ 2 ] [ *al \ K32 A <0
Phase shifters: Power monitors:
|O channels: Simple Heaters Directional coupler tap

grating couplers

N

ﬁanNETRsnY - nmec Ribeiro et al, Optica 2016
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Comparison between feedback stabilized and non-stabilized

performances
ADAPTIVE BEAM COUPLER 2
. . o T\ & Feadbackon =
Circuit adapts itself to maximize “\ .
. . — 1 (/_'A\ 29
output to a single mode waveguide £ . D 5
% , q/:\ee\dbaCk Off A —W?thout Feedback| - 27%
Local feedback loops stabilize t- \’\,a\/\\
the entire circuit. . VAN
as | " Temperature A2
0 10 20 Tim:([)min] 40 50 60
- o I

— . .

N

GHENT g
university LM C Ribeiro et al, Optica 2016 44

Input Stage 1 Stage 2 Stage 3 Output



LARGE-SCALE T-MATRIX CIRCUIT
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WHERE ARE MATRIX MULTIPLICATIONS USEFUL?

Pattern Recognition

Linear Quantum Optics

=}

[ =
(=
[ =

10010

Artificial Neural Networks

0101

11110

~
4)

1100110111

0

0111

7
A
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Research Article Vol. 2, No. 6 / June 2015 / Optica 523

QUANTUM PHOTONICS CIRCUITS

3x3 Unitary

Experimental access to higher-dimensional

entangled quantum systems using integrated optics
CHRISTOPH ScHAEFF,'® RoBERT PoLsTER,' Marcus Huser,>® Sven RAMELOW,' AND ANTON ZEILINGER™**
& 3

A whole string of demonstrations

hawre ARTICLES
phOtOnlCS PUBLISHED ONLINE: 19 JUNE 2017 | DOI: 10.1038/NPHOTON.2017.95
x3 Unitary
Vol. 5, No. 9 / September 2018 / Optica 1087
Quantum transport simulations in a programmable vgh

nanophotonic processor

Nicholas C. Harris', Gregory R. Steinbrecher!, Mihika Prabhu', Yoav Lahini?, Jacob Mower’,

Darius Bunandar’, Changchen Chen?, Franco N. C. Wong?, Tom Baehr-Jones?, Michael Hochbergs, Modular linear Optical circuits
Seth Lloyds and Dirk Englund'

PaoLo L. Mennea,' WiLLiam R. CLemenTs,? Devin H. Smith,' James C. Gates,' © Bensamin J. MeTCALR?
b [ ¢ /\ Rex H. S. Bannerman,' @ RoeL BurawaL,? JELMER J. RENEmA,> W. STEVEN KOLTHAMMER,>
p S\ Ian A. WALMSLEY,? AND PeTER G. R. SmitH™*
nature i

«ﬁ‘-i COMMUNICATIONS

g 51 1 ARTICLE
[} «S— 10-8 ~ Received 27 Jul 2015 | Accepted 14 Dec 2015 | Published 4 Feb 2016 OPEN
0 25 50 75 100 25 50 75 .
Bis ) Bis () Suppression law of quantum states

@ in a 3D photonic fast Fourier transform chip

Andrea Crespi'?, Roberto Osellame'?, Roberta Ramponi™2, Marco Bentivegna?, Fulvio Flamini?,
Nicolo SpagnDIuS, Niko Vigg\anielloQ, Luca Innocenti*4, Paolo Mataloni® & Fabio Sciarrino®

Glass PIC

Te—e5 | i [ 11 5
2e—e6,7: 12 Iz I 6% ™2 | B \e
3e—e7 (8:7/213 41 7I {6:7/4
| 8

do—e3) ia; 3n/4§3§.. \78

240-channel

hiscinm cuctam

Microcontroller

Vol. 3, No. 12 / December 2016 / Optica 1460 I

Optimal design for universal multiport
interferometers

iz
e
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Sum—
m—
D’
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Cm—
e
rem—
am—
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Bemst
—_——
=
s
S

T

WiLLiam R. CLemeNnTs,* PeTer C. HumpPHREYS, BENJAMIN J. METCALF, W. STEVEN KOLTHAMMER, AND
Ian A. WALMSLEY
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PHOTONIC ACCELERATORS FOR Al

Neural networks need fast multiplications of large matrices

b Optical input Optical output

X ...... ‘r;

Optical interference unit

i 0 o
Kin Viom 3in) 1) fraL —_—j’t Kout
- 0o\ 0o NS

Waveg ||de Optical interference unit  Optical n«mr1||r1ear|ty..r unit

J\_-W N e el VA A
A AT AT a VeV o V] A o o S o 2V eV oV VoV
A
“ I . WW
r} ) b e i e b can eGP o db o aib @il c am o G e Gl e
A AN AT T A TTNA TN A AT AT A
LK AR A KX A A O O A XK A AR
x
hube dib’'e diib s e e duls e diuls o Qb e aluin s diuls s G o diuls o aliuls o e
ME = O F 0 M -1 )
Photonic integrated circuit

L omr

LIGHTELLIG D
' PRINCETON &

UNIVERSITY een’s NIST
&8 LIGHTMATTER Queens
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OPTICAL T-MATRIX HAS LIMITS

Strict separation of inputs and outputs

Difficult to implement flexible delays (e.qg. filters) IS .
m
m

s =T, =5 e L
e v LIMeC b mpatmd L 4



MORE GENERIC: FULL S-MATRIX PROCESSING

Adding feedback (loops)
« Zhuang 2015: Square Meshes

« Capmany 2016: Triangular/Hexagonal meshes

tunable
coupler

N

I
GHENT
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-re;;?"‘ii Photonics

HEXAGONAL MESH CIRCUIT .-;e;ig}ggResearch

<% Labs

* 7 hexagonal cores

« 30 tunable couplers
(2 heaters per coupler)

« >100 possible circuits

UNIVERSITAT
POLITECNICA |
DE VALENCIA ~7

D. Pérez, et al., Nature Comms. 8, 636, 2017
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(RE) ROUTING LIGHT

Light can be arbitrarily routed

bar

Cross

m LUCEDA

GHENT
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(RE) ROUTING LIGHT

Light can be arbitrarily routed

bar

Cross

N

I
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(RE)ROUTING LIGHT

Light can be arbitrarily routed

bar

Cross

N

I
GHENT
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(RE)ROUTING LIGHT

Light can be arbitrarily routed

Multiple routes in the same mesh

bar

Cross

N

i
GHENT
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(RE)ROUTING LIGHT

Light can be arbitrarily routed
Multiple routes in the same mesh

Edges can be shared

bar

Cross

N

i
GHENT

onversty | LIMEC

This coupler is used
by both routes
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(RE)ROUTING LIGHT

Light can be arbitrarily routed
Multiple routes in the same mesh
Edges can be shared

Crossings are not a problem

bar

Cross

N

i
GHENT

onversty | LIMEC

This coupler acts
as a crossing
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SPLITTING LIGHT

Couplers control arbitrary splitting ratios

Power distribution networks

VAR
Multicasting A

bar l']-/

= 4‘

e :z: partial This coupler acts

i as a splitter
GHENT
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SPLITTING AND COMBINING LIGHT

Couplers control arbitrary splitting ratios

Phase shifters keep everything in phase

bar

=

I
GHENT

onversty | LIMEC
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MACH-ZEHNDER INTERFEROMETERS

Basic building block for FIR filters

Delay can be adjusted per unit lengths

Transmission (dB)
S
o

—25

~30

-35

40—+ 02 0.0 0.2 0.4
TI]]T Wavelength (1550 +/- nm)

GHENT

onversty | LIMEC

This coupler is
used twice
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RING RESONATORS

Loop light in itself

Coupler ring resonators together

0.9

0.8

0.7 1

transmission
=
(=]

=
=
1

0.3

N

I
GHENT

— 2 ? pl ccw

I
Ln
I

T

ﬂﬂﬂﬂ

I I I I
1.550 1.552 1.554 1.556

wavelength

onversty | LIMEC
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Fabrication errors

RESONANCES CAN BE A PAIN Control errors
Digital driving
What if the couplings are not perfect? Temperature gradients

Perfect route Coupling error Parasitic resonances

N

EJ}I:IIEVNETRSITY “umec . Zand, in preparation 65



PARASITIC OUTPUTS...

Light goes everywhere it can...

=20} \m/\,\ Imf/\“ 'J\LH /h\/\\ \ Wf-.f/ '|| M J"/\ql"vﬂ, N

| | AN
III.||II'|| I| II II" | |,|" !

—60 1} /\1 //_\ /!\‘x r//\/ ]
VAY "\ N \JJKJ \j

_Bﬂm m\/\/\\f

~100 =73 N\ ) 0.0 0.2 0.4

—-0.2 . .
Wavelength (1550 +/- nm)

Transmission (dB)

N

GHENT
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ROUTING A PATH

1% random Variations on the nominal coupling

0.7
: i : — [Pass
06N | [ Y VW — plcow |
ARRA | r | (1YY" | — p6 ccw
I | ' — in_ccw
0.5¢
resonance because
- of weak ring resonators
S 04}
4
g 0.3}
=]
0.2
01}
UM AL ANV
LA A A s A AN A A A
1.540 1.545 1.550 1.555 1.560 1.565
— wavelength

EJI;IIEVNETRSITY “umec . Zand, in preparation 69



ROUTING A PATH

3% random Variations on the nominal coupling

0.7

— pass
pl_ccw ||
p6 ccw

in_ccw

transmission

03T more pronounced variations

1.550 1.555 1.560 1.565
NN
[T wavelength

EJ}I:IIEVNETRSITY “umec . Zand, in preparation 70




OPTIMIZING THE ‘UNUSED’ COUPLERS

3% random Variations on the nominal coupling

0.7
- out
0.6 — wrongl
— Wrong2
e — Dear n
05}
S 0.4 . . g .
2 0ar coupling variations still
8L .
£ introduce losses
v
E 0.3}
No more strong parasitic resonances
02}
01}
T 1.540 1.545 1.550 1.555 1.560 1.565
(ENT wavelength

university  L1IME€C |. Zand, in preparation 74



SCALING UP THE HEXAGONAL MESH

* 7x7 Mesh—49 hexagonal cells |
168 MZIs
- * 336 Phase Shifters/heaters

—
—

GHENT e
university . L1MeC Ribeiro et al., in preparation 77




LARGE-SCALE OPTICAL MESHES

Scaling up? - __ %% ~— = ___ Scaling up? :: e e L
We need good bU|Id|ng blocks %% — We need many building blocks :@}
w:% Compact o é% :: %% —e EIectncaI actuators %% f: §§
wj Short optlcal length = %% — (couplers and phase shifters) %z
:: Low optlcwal 0SS ;%;% — é% s Monltonng =k %;% — %%;
= sw eIectncaI powzr — =<« Control for the bundlng blocks —

N

]
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LARGE-SCALE OPTICAL MESHES

Scaling up? - __ %% — = ___ Scaling up? :: o [ —
We need good bqumg ) blocks %% — We need many building blocks
W Compact - %% :: — actuators %% b
ii Short optlcal length - ;; %% — @Hpmmﬁmuﬁiew)
:: Low optlzwal 0SS ;%;% — é% P Momtormg i %:% e
< Low eIecfmrlcaI BOWZT —a = fi . Control for the bUIIdlng blocks

N

]
GHENT

onversty | LIMEC
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i
GHENT

THE ESSENTIAL ACTUATOR BLOCKS

Phase Shifters

i

Ve

Tunable Couplers

=
Ap (V) K(Ve)
sm» ?Out = 5;,. /AP »

onversty | LIMEC

Sout1 = Sinl(l — k) + Sin2K

80



In2 AD out2

THERMAL MZI SwiITCH > = 3
e O = = —
U .
— -

'
ae——an
 Symmetric MZI with phase shifter in both

arms

« Directional coupler as splitter/combiners

« Side-strip heater with integrated diode as
phase shifter

GHENT

onversty | LIMEC 81



Use two coupler stages

N

GHENT
UNIVERSITY

MAKING THE TUNABLE COUPLER BROADBAND AND TOLERANT

“umec

In2

V'3

In2 A
}_ DC1 ._C]_.i DC2
= =
In1 - N\ N\
AD1 AD2
.. = . —(— 1}
= =
—e{— 1}

out2

>
outl
>
out2
DC3 :>
=
outl
>

82



MAKING THE TUNABLE COUPLER BROADBAND AND TOLERANT

In2 AD1 AD2 out?2
Broadband coupling over 50nm >

Inl
Tolerant to fabrication variations >

In the directional couplers

v 100
S’ — coupling=0% =
E 80 — coupling =10% -
Y — coupling = 20% |_
8_ 60 — coupling =30% _
£ — coupling = 40% .. .
_E’ 40 — coup:?ng = zgzz I Gratin g
a — coupling =
g 20 — coupling = 70% I cou p I er .
3 — coupling = 80% | wire bond
m . -
g — coupling = 90% |
1g30 1535 1540 1545 1550 1555 1560 1565 | — coupling = 100% 575
= wavelength (nm)
JLitiny
GHENT

onversty | LIMEC



PHOTONIC PHASE SHIFTERS: REDUCE POWER CONSUMPTION?

g Vo
® 4

Birefrigence (ms)
® Liquid crystals
Thermal (us)

® Heaters
Carriers (ns)

Magnitude of the effect

® Diodes, capacitors

Pockels %(2) (fs)

Speed of the effect ® Polymers, perovskites

Tuning Modulation

N

nm Switching
GHENT

onversty | LIMEC 84



MOVABLE WAVEGUIDE APPROACHES IN SILICON PHOTONICS
Multi-Layer

O I ————

Out-of-Plane

Berkeley

UNIVERSITY OF CALIFORNIA

Han et al.,
Optica, 2018

Buried Oxide

i

MEMS tunable
!

S i n I e - L a e r grating coupler o S,
J y N ¥ KTH %

u.?‘deretched QA @
Vot
Errando-Herranz, C., Colangelo,
N opening in silicon M., Ahmed, S., Bjork,
J., Gylfason, K B., [EEE MEMS 2017

lightin
from waveguide L1opm

Out-ofsPIane

Buried Oxide

Electrostatic comb actuator

Bulgan, E.; Kanamori, Y., Z{/’(\';:;g\\

<->
in-Plane @ s MR Hone, K. 3 gy
Buried Oxide B ST oo Phys. Lett. 2008, %« 7
Csswwme Tl > 101110 e S
Movwable elliptical l_i&‘ T O H o K U

~waveguide
UNIVERSITY

Courtesy: Niels Quack 85



@orphic
MORPHIC: PHOTONIC MEMS FOR PROGRAMMABLE CIRCUITS

MEMS enable low (zero) power reprogramming of generic
silicon photonics circuitry.

ohotonic MEMS
iSiPP50G

actuators
programmable )
‘7 -
silicon Photonics il / /\
\k\ 4,:, A ,/X’\ 3

<
ee-standing
waveguides

onversty | LIMEC - ' 86



@orphic

Mems-based zerO-power Reconfigurable PHotonic ICs

‘umec

COMMSCOPE
V L E © s - Z b
= PHBETENICS /o~ 777 — (
GHelT Horizon 2020

onversty | LIMEC
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SILICON PHOTONICS MEMS PROCESS DEVELOPMENT

Silicon Photonic MEMS process.
Extend IMEC’s wafer-level iISIPP50G process on a die

e opening

passivation

underetch (release)

level (EPFL, KTH)

sealing

AlCu pads
: : 2-layer metal

interconnect

tungsten plu

z
I
I
I
I
I
I
I
I
I
I
l—

: window opening
g

|

|

|

|

sidewall

passivation
g M o I

@orphic

MMS releﬁ
process (underetch)

doping

N

i
GHENT

silicon substrate

“umec

UNIVERSITY




@orphic

DEVICE EXAMPLE: FREESTANDING ADIABATIC COUPLER

| L .

Power [dB]

i
" — — -Drop (simulation) \
S0 T 7 - Through (simulation) 1

Drop (measurement)

Through (measurement)

-60 L— :

1520 1530 1540 1550 1560 1570 158
Wavelength [nm]

Experimental Data:

» Insertion Loss: <0.5dB

» 1dB Bandwidth: 35nm
(@1560nm)

Sattari et al. (i on) o6




MEMS-BASED PHASE SHIFTER

In-plane actuation with Comb drive

Comb-drive  \ A\ \ " Fixed WG
\Suspended beam

e

R T -
E%EKTH%%? h dinger et al. Low-loss MEMS phase shifter for | le reconfigurabl

OCH KONST Edinger et al. Low-loss MEM phase shifter for large scale reconfigurable
Ry orp IC silicon photonics. 32nd IEEE MEMS conference (2019) 91

a% _&o



MEMS-BASED PHASE SHIFTER

In-plane actuation with Comb drive

>

n phase shift at < 20V

-
(8]

o
Phase shift ()
o
)]

Phase shift ()

O
o

0

N

20V
18v

-

17v

e —

| ———

0
1520 1530 1540 1550 1560 1570
Wavelength (nm)

12
@m@ %,
FKTHS

VETENSKAP
58 OCH KONST &%

Bt

— % * A=1550 nm
14 16 18 20
Voltage (V)

@orphic

Transmission (dB)
o

1
(@)

Comb-drive

1.2n-phase shift

1548 1550 1552 1554
Wavelength (nm)

Folded springs

Waveguide

Edinger et al. Low-loss MEMS phase shifter for large scale reconfigurable

silicon photonics. 32nd IEEE MEMS conference (2019)
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LARGE-SCALE OPTICAL MESHES

Scaling up?ay, et T Les . Scaling up? e e
We néed good bqumg ) blocks — - We need many building blocks
W Compact = é% :: — =« Electrical actuators %% a
ji Short optlcal length = %% — . (couplers amid phase shifters)
:: Low optlzwal 0SS ;%;% — é% o Momtormg i %E p—

< Low electwrlcal 5OWZT = %% - ® mwﬂm mﬁﬁw

N

]
GHENT

onversty | LIMEC



MORE THAN JUST PHOTONS

It is not just the optical chip

« Packaged interfaces

1000s electronic
feedback loops

\J jm 4
T +#-1000s electrical 10s
— : = = 100 uators and ==
— — 7 ’ < e == ;. B A R e £ S

itors ==

—
V-
” o

== a A 7 - /‘:--"‘ P - ,,' = ’/" ’, =
' — 27 - . —— 7 -2 ;* - 5 //_/‘ ‘_‘ ,i: >
\ S R TR = 00s optical 10s
o~ = T S =22 e

-~ A =< = e
10000s optical elements

 Driver electronics j

8]

\\_

—
;\

— —
'-’

e

<

= 10s RF signals

— -
- E
ol -
- -y
e -
- -
il -
- -

i =y
GHENT g
UNVERsTY  LNTEC
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CONTROLLING MANY ELECTRO-OPTICAL ELEMENTS

Flip-chip / 3D stacking
« Many connections

e Custom ASIC

Wire-bonding

* flexible

* |imited connections

Monolithic:

* Very powerful

N

I} « Complex process/design
GHENT

onversty | LIMEC 100



MATRIX ADDRESSING OF HEATERS WITH DIODES

Diodes enable Matrix addressing

 Only N+ M pads needed
iInstead of N x M

heater

)
i
Data 0
e
e OV =off
* 5V=0on [/
=
D)

NN
AN
AN
AN

N

i
GHENT

onversty | LIMEC
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MATRIX ADDRESSING OF HEATERS WITH DIODES

Time-multiplexing the control

Driving channels
L]
bl

"= Cha Chp Chys

Diode hﬁater ' ' '
Ctr1 .*:ﬁ ﬁs?{x )!xx?@‘
Ctr2 ' «"XX# Jf J’ﬁjg

Ctrp

Ctrs

Ch,
| |
| |
| |
’#}@i Jsﬁ )ﬁ\zﬁg Ch,
Ctrn .
k
NN Y
@ . Control Lines Ch,
GHENT

onversty | LIMEC 105



MORE THAN JUST PHOTONS

It is not just the optical chip software configuration

« Packaged interfaces

* Driver electronics .
1000s electronic

\J back loops
x
B3] ) )

#~#22=1000s electrical I0s

F ¢

 Software

— —
'-’

> ¥ - : = 2 e < s - 7
. - % /‘: > - v‘ = ‘ > g 2 e - ,(
- z e Poadll T -7, d - g
' = ~ 2 -  ~ > % o -‘ - - D
-V kA ~ - —
- — P p— = ) , p - b .
o o D : e <

, 105‘Opti al elements

.

e

100s optical I0s

. "= 10s RFsignals
T -
GHENT —
UNVERsTY  LNTEC

-

— -
B <y
- -
Bl Ay
e -
- -
e <
- -

106



INTERFACES AND PROGRAMMING TOOLS

Programmable circuits are part of a system

Photonics
Electronics
Software

Optical interfaces

Electrical and RF interfaces

Develop packaging
and programming tools

—_
[T}

GHENT

UNIVERSITY

“umec

user

iiad

photonics

software
digital

electronics

analog
electronics

110



@orphic

PROGRAMMABLE CIRCUITS: THE LOGIC STACK

Control system ‘ )
functional programming A
» Electronic driver / readout ) I ’
. . i rogramming strate b
* Dlgltal ContrOI | (define zbjgctives fogrfeedbagz'k loops) | > software
set objective | report success/fail/malfunction
« Local feedback loops | setoblective port success/fal/malfuncs

local feedback loop

° Software COntI‘O| . (digitaI/FPGA/s‘cLthware) ) " igita

Y

analog or PWM

( ) electronics
* High-level programming os ot 1[ ADC }[ ADC t

driver circuit
.

v analog

analog driver analog analog electronics
(high voltage) readout readout
—r: switch / multlplexer \'
: MEMS and
— photonic analog MEMS monitor monitor hotoni
JIIIT payload actuator detector detector photonics
GHENT - 111

university  LIMEC



FROM IDEA TO PROGRAMMABLE CIRCUIT

How to program functionality?

 translate specifications to programming code for control circuit Programming code
g
« sequential programming strategies for K in range(N): ©
set_current(k, I)
- trade-off for different metrics (loss, phase errors, balance) o ok 2)

set_current(k+1l, ©.9*I)
set_current(k-1, 1.1*I)
read_monitor(k-1, 1)
read_monitor(k+1, 2)

Connectivity Matrix

Device concept

e)
100%
Equivalent circuit
=
7N\ |H

100%

—_

LN

GHENT "

university  L1IME€C 113



USING GRAPH ALGORITHMS TO ROUTE IN PROGRAMMABLE MESHES
Translate circuit into “photonic graph”

m P
— WG

— =

In2 Out2

PS =

X
Inl Outl

N e —

EJHFvNETRsnY - iMmecC X. Chen, in preparation 114



EMBEDDING PHOTONIC RULES IS NOT TRIVIAL

UNPHYSICAL

INn2 Out?2

Inl © Outl

In2 . Out2
\

INnl Outl
I

Out2 |
Outl
OutZ\ ,
Outl

GHEI

UNIV X. Chen, in preparation 115
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GRAPH MAPPING

Directed or undirected

Weighted or unweighted

Introduce artificial nodes

Compatible with existing
algorithms?

N

GHENT

onversty | LIMEC
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DIFFERENT ALGORITHMS Example: Multi-path routing

with congestion negotiation

0

Many routing problems are NP

A

7
’
AN
N,

Y 74
AN

Different algorithms :

X
X
AL

K
7
I
24N
N 4
W

- Integer Linear Programming

(small systems) . 4/ \ /

- Multi-commodity flow algorithms / ' "; //)‘z NN
- Heuristics = o =
4\ ' />b

B, A
Y
S

im  History 4/

SHF\II\IETRSITY “umec X. Chen, in preparation 117



DISTRIBUTION PROBLEMS

<

T.,
% O
S 0
- O
S
R
> =
3 2
S %
= o

i

Y
A
m \ X

X. Chen, in preparation 118
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MORE THAN JUST PHOTONS

It is not just the optical chip

software
configuration

Packaged interfaces

Driver electronics
Software

DesSign-teols.

GHENT

UNIVERSITY

00s optical 10s
A o g

e

“="_7" 10s RF signals

'ﬁ‘icé
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LARGE-SCALE OPTICAL MESHES

Scaling up? Scaling up?

We need good building blocks We need many building blocks
«  Compact » Electrical actuators

«~ Short optical length (couplers and phase shifters)
« Low optical loss * Monitoring

» Control for the building blocks

Low electrical power

N

I
GHENT

onversty | LIMEC 120



GENERIC PROGRAMMABLE OPTICAL PROCESSOR

Optical signals in and out

— — — — —
— —— — —— —

Add optical functionality to

the linear circuit high-speed
photodetector
 Fast modulation and -
photodetectors for ‘ — S|gnals
RF input/output . ‘ = Programmable High-speed pn modulators «
. signals — linear processor
osouces 4 : T
« Amplifiers
* Fiber input/output ‘
. ical delay li
. Long delay ||neS Optical delay lines
T e
GHENT Cmmmme e e 121

university LM C



GENERIC PROGRAMMABLE OPTICAL PROCESSOR

Optical signals in and out

Add optical functionality to .v .'.V .' "

the linear circuit high-speed

photodetectors \_—

 Fast modulation and -‘ i i ﬁ i ﬁu
photodetectors for ‘ = A == 4 = =2 A === = A s.gna.s
RF input/output N « =/ U” bl u u” High-speed pr modulators
- Light sources Signoaﬁ‘ _J,n:: network Hi ﬁll
. Amplifiers ..i.f.i ﬁ ili..
‘ III__III__III__ - II__III

Optical delay lines

* Fiber input/output

* Long delay lines

N

I
GHENT

onversty | LIMEC 122




HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC

49-core hexagonal mesh

16 optical 10s (fiber array)

336 tuners

GHENT

onversty | LIMEC
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HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC

49-core hexagonal mesh 4 RF phase modulators

16 optical IOs (fiber arrav)

10 RF detectors

336 tuners disd 4 4
= | DiEE [Q0EAREL-

e =l
P !
oo S8 =

Pl

S0t P

e |fe |

s = ]
*ﬁﬁgﬁﬁﬁﬁﬁrﬁﬁww ﬁ T ﬁﬁ

IREREVTURUETER I cET]

—_
[
124
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HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC

49-core hexagonal mesh

16 optical 10s (fiber arrav)

336 tuners
Fr 51?%?%%;5? ﬁ ﬂﬁgﬁ ' 1 | TETT
WENBUBURURETR I r P rdacpppprr
i
GHENT - 125

university LM C



HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC
Fabricated in IMEC High Speed Modulators and Photodetectors

’

B2 gREENEEERREEEN o B EENR RN AN ERENEEREERERE
eluml: S/724x29/79
! MPLFLN1OMDSX SEN e =

SERENRERER

=
=3
&
2
L 4
=
-
[
&
-
B
=
[ 5]
i
e
=3
(8
L 3
i
)
=

I b | -
AR B ENEEEERENEEH HUNRGHUNRBENUIRNENNENENRERDENN

Illlllllllllllll:‘llllllll!ﬂ!llllllll!"'

Optical 10

GHENT

. Electrical 10
university LM C 126
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HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC

Partially wire-bonded (miniBee)

6 hex cells

2 address
matrices of 3x10

il

LT T T

|
!

It iR i
i

é 2 | x
i M i
L AN LY LNRTN £ ,
r " * . TR T
L ’ » ftoisn
1 Had m 3
' P g e
M ’ ’ ) \ .
= (M G a4
- ) ‘ rrn
v DR L
KRR o)
WU S

M B
el [ 11 e JETTE TN

N

NVErsy LM EC
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HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC

Adding electrical control: starting small

FPGA Board PIC ¢
‘ Hive/MiniBee 4
PhotonicSwarm
Fanout PCB FReT= Uoent

Booster Board

3,5cm

o
-
(=1
~
I
o
=
=
£
&
<
!
-i
[~
>

—_
[T}

UNVERsmy LM EC
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HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC

Wire bond
/
‘ PIC

Booster Board Fanout PCB
]
FPGA Board

controlled by FPGA with current booster

Ethernet Cable

[ oos St IERGA
- i Boards
NVErsy LM EC S
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HIVE: OUR NEXT-GENERATION PROGRAMMABLE PIC

What is next?

Errreen |
L rrreen lIl'll.llll..l..l.l.
L

* Programming simple wavelength filters - O

» Connecting all 336 phase shifters 2 | =

 Interfacing the RF elements E W!
(packaging with Tyndall) EEEFEEE

* Application demonstrations =3 ié' § _;5? o B

* microwave processing
- filtering
* spectrometers

* transceivers
QR0 RRRRRRRRRYS

—_
[T}

NVErsy LM EC
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PROGRAMMABLE TRANSCEIVER

Example: A 100Gbps transceiver

133

\

&
o
/ RO
OO
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X e
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7 .......x: \
X ////////
YR

laser in
"
4 fibers out

\

.09
000

/

4@»--“Zl:fibers in
detectors

“umec

PSM4: works with 4 parallel fibers
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PROGRAMMABLE TRANSCEIVER

134

‘
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~balanced

Example: A 100Gbps transceiver
PSM4: works with 4 parallel fibers

QAM16: coherent
iMmecC
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4 MZI
modulators

4 |lasers in
«

TODAY'S PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

n
S
)
—
Y
@
[
®
o
4
=
=
0
4
S
o
=
.A“
=
p)
al

]
-
()
S
(D)

<
@)
o

&

—

=

<

@

Example: A 100Gbps transceiver
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PROGRAMMABLE TRANSCEIVERS
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@orphic

EXAMPLE. SWITCH MATRIX

\

¢
6
0
XX
RO
R0
QRN
R0

00000000%00%000 e
VOVOOON 80\
OVOOOXEX O

OOOOOCOEEINEN)

QOO o))
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E LI XVOOVIONOOK XS
= QUOOOQOOONNXX)
5 \ TG RRERRBLXON
2 ) SO
AN Q

..."./ N
3, ' .“.“.“.".“0“// \
¢ ..“."%//// ////

Multicasting and broadcasting
“umec

 Different switch architectures possible

Switching network

°
GHENT
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@orphic

EXAMPLE:. OPTICAL BEAM FORMING

forming network

Fast beam-

« distribution network (phase and amplitude)

fast modulation

138
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@orphic

EXAMPLE: MICROWAVE PHOTONICS
multi-channel programmable microwave filter

« photodetector input

balanced

=

/

tectors

de

 optical filter bank

modulator output

oo////////

SR

GHENT

—_
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CHANGING THE ECOSYSTEM

Larger chip manufacturing volumes New role for chip suppliers
Smaller end-user purchase volumes Specialized Packaging
Faster Prototyping Cycle | Programming services and IP creation

L T T rrrryyy

’ electrical input/output
’ % % and drivers circuits

programming
service

N
5
y % optical input/output
Wafer-scalefab - %
ITTTTIT arer-scalefta . D
[T} ead time: Chip Supplier

wvat (lead timé: Packaging
. in high volume Service
universiTy  LIME

(complete lots) Lweek 140

programming IP

6 months



SUMMARY: PROGRAMMABLE PICS

Programmable PICs can become a game-changer:
« Rapid prototyping and development

« High performance

 Different applications

Scaling exposes new challenges
* power consumption

« accumulated loss/parasitics

« control

« packaging

e programming algorithms

i
GHENT

onversty | LIMEC
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