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

Programmable Photonics

Why?
Because light contains information
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MANIPULATING BEAMS OF LIGHT ORIVERSITY

Beams of light contain information

12

Total power
Intensity profile
Phase profile
Wavelength

Polarization
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MANIPULATING BEAMS OF LIGHT

Using optical elements

Lenses
Mirrors
Polarizers

Shutters

Does not scale very well

30/05/2021

Spatial filters
Wavelength filters
Phase plates

SLM

13
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MANIPULATING LIGHT ON CHIPS UNIVERSITY
Complexity Power consumption
Overall Performance Ecological Footprint
Reliability Cost
Ergonomy goes down
goes up
The benefits of scale
14
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PHOTONIC INTEGRATION: MANY FUNCTIONS ON A CHIP UNIVERSITY
light wavelength Sig.nal
transport filtering modulation

light
source

%detection

N

\l’
W

Circuits connect elements together with waveguides

15
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PHOTONIC INTEGRATION: MANY FUNCTIONS ON A CHIP GHENT

UNIVERSITY

Complexity of the circuits depends on
* number of functional blocks

i i i Modul:
° dens”:y Of Integratlon odulator

Wavelength Fiber‘Coupler
waveguide

Fiber:Coupler

Circuits connect elements together with waveguides

16
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THE EVOLUTION OF ON-CHIP INTEGRATION ORIVERSITY
Transistors  Integrated  Microprocessors DSP FPGA SOC with FPGA

P S Circuits

Fiber Optic — e

links . il
Waveguide Won

circuits
Opto-electronic
circuits
Photonic
Integrated . .
Circuits Silicon Photonics
17
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SILICON PHOTONICS ivERsiTY
The implementation of high density photonic integrated circuits by
means of CMOS process technology in a CMOS fab
Complex functionality, compact chips, low cost, high volumes
19
19
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THE IMEC 1SIPP50G SILICON PHOTONICS PLATFORM ORIVERSITY

Passive submicron silicon waveguides

modulators and germanium photodiodes

2 layers of metals

fiber interfaces

\O IR |

'40nm Foundry CMOS Chip O C‘.‘
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BARE SILICON-ON-INSULATOR WAFER UNIVERSITY
Silicon (220nm)
Silicon substrate
21
21
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GHENT

PHOTOLITHOGRAPHY UNIVERSITY

1. Spin-coat Photoresist + pre-bake

2. Mask is projected in the resist
(UV light at 248nm or 193nm)

3. Post-Exposure bake

4. Resist is developed

]
Silicon (220nm) \l’/

25
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SILICON ETCHING

1. Plasma etches the exposed silicon

2. Remaining resist is stripped

27

27
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PARTIAL SILICON ETCHING

1. Lithography of second layer
2. Plasma etching
3. Resist Stripping

28
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DOPED REGIONS FOR MODULATORS AND HEATERS UNIVERSITY

1. Lithography of windows
2. lon implantation

3. Resist Stripping

29
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GHENT

GERMANIUM PHOTODETECTORS UNIVERSITY

1.

o & 0D

Oxide cladding
Planarization (CMP)
Opening of window
Epitaxial Growth of Ge
Planarization (CMP)

\’Jﬁbhotodetec’tor

34
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ELECTRICAL CONTACTS: DAMASCENE PROCESS UNIVERSITY

35

1.

2. Lithography and Etching holes
3.
4. Planarization (CMP)

Depositing dielectric layers

Filling with Tungsten (W)

N S
ba 1= B

2 N
HTungsten'contactss, |

( =5y
N 7 = )
- - 3 7
N S
) ( h /4
N\ p 7

35
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METAL INTERCONNECTS: DAMASCENE PROCESS UNIVERSITY

1.
2.
3.
4.

Repeat for more layers

36

Depositing dielectric layers

Lithography and Etching tracks
Filling with Copper (Cu)
Planarization (CMP)

36
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SILICON PHOTONICS CHIPS UNIVERSITY

1. Passive circuits with multiple etch layers
2. Modulators and Photodetectors Grating Coupler

3. Metal wiring

38

Modulator

38
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ExAMPLE: IMEC’s ISIPP50G PLATFORM ORIVERSITY
optical
AlCu bondpads waveguide

2 Cu-damascene
iSiPPS0G Germanium interconnect layers High-efficiency ~ High-speed p-n
photodetectors grating couplers modulators

Low-loss rib and strip waveguides
Multiple types of Integrated heaters
p(i)n junction modulators

Germanium photodetectors
Pantouvaki, JLT 2017 39
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WHY SILICON PHOTONICS? ivERsiTY
Large scale manufacturing
Submicron-scale waveguides
40
40
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DIFFERENT TYPES OF ON-CHIP WAVEGUIDES

.
.
.
s

Glass\waveguide

41
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SILICON PHOTONIC CIRCUIT SCALING

Rapidly growing integration

+ 0O(1000) components on a chip

« photonics + electronic drivers

+ different applications (mostly comms)

* Relatively small chip volumes
(compared to electronics)

42

Number of compenents

30/05/2021

S lmec

UNIVERSITY

11I-V semiconductors

Higher index contrast
Smaller waveguides

lpm

-

silicon wire:
index contrast ~ 200%

41
_
I mec
GHENT
UNIVERSITY
105 { = Doubling every 18 months
Doubling every 12 months
m  Transceiver data points
10¢] = Non-transceiver data points " ]
u u
10° 5 . [
L}
u
107 " u
u
n
u
10! 4
number of components/chip
10° . : . , : , : ,
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Year

All photonic circuits are ASICs

Khanna et al. 2016 42

12
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ExAMPLE: OPTICAL TRANSCEIVERS FOR DATACENTER LINKS ORIVERSITY

43
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LET’S MAKE A TRANSCEIVER ivERsiTY
Example: A 100Gbps transceiver .
PSM4: 4 parallel fibers 4 MZI modulators 4 fibers out
/// ’\‘\
4 fibers in
I
laser in
P e
What if you want to
// change/upgrade the link?
%hotodetectors "
44
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LET'S MAKE A TRANSCEIVER UNIVERSITY
Example: A 100Gbps transceiver il

. " Tx
PSM4: 4 parallel fibers Q modulator//
A .
QAM16: coherent o+ fiber out
fiberin
L Rx
/eﬁent
. receiver
laserin
{ ,/
ol afier // What if you want to

= ink?
- change/upgrade the link?

%alanced photodetectors 45

45
OFC 2021 — TUTORIAL PROGRAMMABLE PHOTONICS ﬁ .
, sy LMeEC
LET'S MAKE A TRANSCEIVER UNIVERSITY
Example: A 100Gbps transceiver )
, 7 Tx
PSM4: 4 parallel fibers 4 Mzl modulatoLsmvelength
QAM16: coherent v ultiplexer
WDM4: wavelength
channels
4 lasers in rd
%hotodetectors 46
46
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PROTOTYPING A NEW (SILICON) PHOTONIC IC CNIVER
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Design (4M)
Fabrication (6M)
Package (1M)
Test (2M)
Then you discover the bugs...

Repeat!

a7

47
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PROTOTYPING A NEW ELECTRONIC CIRCUIT input-output blocks FUh

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

* Design ASIC ...

programmable
interconnects

nysilicon
i logic

blocks

Time to Market
NRE
Design Flow
Unit Cost
Performance
Power Consumption
Unit Size

48

48
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THE PHOTONIC FPGAS? G oy

or programmable photonics
reconfigurable photonics
photonic processors

universal photonic circuits ...

Photonic Integrated Circuits
that can be reconfigured

using software
to perform different functions.

49
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PROGRAMMABLE PHOTONIC CHIP ivERsiTY

] ] _ ) Optical signals in and out
Can process signals in the optical domain
» balancing ‘ f
« filtering .

. RF signals Photonic
» transformations out Processor RF signals in

Both on Optical and RF signals «

50
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GENERIC PROGRAMMABLE PHOTONIC CIRCUIT

Optical inputs and outputs

30/05/2021
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UNIVERSITY

@]

@

RF inputs: modulators

RF outputs: balanced PDs

photodetectors
Specialized high performance blocks
Connected by a programmable
linear optical circuit Programmable
All-to-All

Scatter matrix

i optical input/output
fiber interfaces)

phase modulators

high-speed

c [leng celzyalines

C ) amplifies
sNattenuators

51
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OPTICAL LINEAR PROCESSING

Linear optical circuits

can be described by an
S-matrix — :
out, = z Spq-ing
q

- Frequency domain

Programmable
All-to-All
Scatter matrix

- Complex numbers

- Wavelength dependent

<=

- Includes reflection

- Reciprocal S11

W |
Sq1

IF NO LOSS = § is unitary

52

51
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UNIVERSITY
n
‘ Snl
52
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OPTICAL LINEAR PROCESSING (FORWARD ONLY) ORIVERSITY

forward-only (left-to-right) linear optical circuits

is easier to describe by an

Transmission matrix
out, = Z qu. ing
q

- Frequency domain

Programmable

- C | b
omplex humboers Input-to-Output

- Wavelength independent Scatter matrix
- NO REFLECTION

IF NO LOSS = T is unitary

53

53
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DISCRETIZED LINEAR OPERATIONS (RECK 1994) W innsbruck

Processing with
+ tunable phase shifters

+ tunable beam splitters

Reck et al. Phys. Rev. Lett. 1994
54

54
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UNIVERSAL LINEAR OPTICS (MILLER 2013)
Processing with
+ tunable phase shifters
Input beams

+ tunable beam splitters wl

+ monitor detectors

L

, 14 13 12 1
+ control algorithms \ \ =3 Output
' i beam 1

Detectors Pz D13 || D12 || D11
(nearly \ 23 ” ) )
transparent) - - < Output
d g beam 2

D22 | | D21

Detectors —

Miller. OpEx. 2013 >
55
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UNIVERSAL INTERFEROMETRIC CIRCUIT ON A CHIP

Stanford University

Feed-Forward Network of Unitary 2x2 gates

» tunable 2x2 couplers (beamsplitters)
Input beams

&
14N 12 11 —> Output
beam 1 e

Detectors /| p13[| pa2| p11
(nearly " Y %
transparent) - < S — Qutput
| ' beam 2
Detectors — m D21
—_—

56

« optical phase shifters
optical gate

—
—

Miller. OpEx. 2013 56
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THE BASIC UNIT CELL: 2%2 UNITARY GATE ONIVERSITY

aq (t) = Al(t) ej“’t"'d’(t) g 7]
- ‘\[ [Bl] 3 COS2 ]Slnz [614)1 ][ ]
lightwave |, \ﬁ B, | .8 6 el®2
in a waveguide 7‘ ]Slni COSE

TR
input i \
wavéundes

2x2
optical.gate

Unitary transformatlon

/

waveguides

\ﬁ

v \ﬁ
O

Phase delay A¢p

: ;\ Power coupling Kk

b, (t) = B,(t). ef@t+$2(D)

bl(t) B Bl(t)_ejwt+¢1(t)

Review: Bogaerts et al, Nature 2020 57
57
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THE BASIC UNIT CELL: 2%x2 UNITARY GATE

On-chip implementations:
at least 2 control points needed

Control of the phase

* Phase shifter + Tunable Coupler

* Mach-Zehnder interferometer

—_
1

= "unec

UNIVERSITY

Control of the coupling

|

|

Control of the coupling

Control of the phase 58

58
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FEEDBACK CONTROL WITH MONITORS: 2%x2 FORWARD GATE ORIVERSITY

Coupling all light to output 2
Use monitor to tune the phase

Use monitor to balance the coupling

minimize the power in the detector

detector

2x2 optical gate

Stanford University miller, OpEx 2013 61
61
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FEEDBACK CONTROL WITH MONITORS: CASCADED 2%2 GATES iy

Cascading gates

Couple all light to output 4

Sequentially optimize 2x2 gates

Stanford University Miller, OpEx 2013 ©5
65
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FEEDBACK CONTROL WITH MONITORS: MESH OF 2x2 GATES (i

ROW 1 /\wg

transparent
detector

‘ \Cag/ 4
ading gates

Couple all light to output 4
Sequentially optimize 2x2 gates
Use ‘transparent’ monitors
Cascade in multiple layers

Stanford University miller, OpEx 2013 ©8
68
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FIRST PROGRAMMABLE FORWARD-ONLY MATRIX CIRCUIT

First implementation in silica (low contrast): 2015
6x6 Matrix

Application: linear optical quantum operations:

CNOT gate, boson sampling, random walks, etc.
Elic University of
BRISTOL

Carolan et al. Science 2015 69
69
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FIRST FORWARD-ONLY MATRIX CIRCUIT IN SILICON ORIVERSITY

4x4 circuit: 2.5 x 0.4 mm?

<

1/0 couplers

70
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ADAPTIVE BEAM COUPLER

Circuit adapts itself to maximize
output to a single mode waveguide

Local feedback loops stabilize
the entire circuit.

Ribeiro et al, Optica 2016 70

0s »I_IJH“'l_‘I!IA
‘ .
° = [mec
Feedback controlon GHENT
o5 UNIVERSITY
_ o) "
b3 « 2]
5" Feedback ) 5
- control off {
g . g
E 2.5 pe )5§
E 3 K
£

Ambient
Temperature

0 10 o 30 a0 50 60
Time [min]

71

ROW1 ROW2 ROW3 Output

Ribeiro et al, Optica 2016 '*

23
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ADAPTIVE MODE UNSCRAMBLER

30/05/2021

Input ‘states’ can AN _ModeA sum /% e
_,—Lm'm_ Mode B / ModeB
be orthogonal modes -/ {omz
. . J'U_LJ_\J'LM/I ﬂﬂ_.l_\.ﬂ. Mode C
(e.g. multimode fiber) AU, Mode D / outs \
ﬂn—"ﬂ"— Mode A
leGbiTJs Out, e v =
lata streams

72
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LARGE-SCALE FORWARD-ONLY MATRIX CIRCUIT

¢l|dd|l‘w"¢u00n\.’* ’Juuwu»u'quuuwu

T L T R A Tty
I ' 'i“biH X H’l ""Lul'r.."fm‘-r-'n.h
'|‘ L] "
=

i

i dbsnm wmi v
l LRI T TN R T
l '

SR

Annoni et al, Light Sci. App. 2017 72

Shen, Harrls et al, Nature Photonics 2017
Harris et al, Optica 2018

73
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FORWARD-ONLY WAVEGUIDE MESHES ORIVERSITY

‘layered’ meshes: generalized interferometers
Clements et al. Optica 2016 Miller. OpEx. 2013

—

RO

L L]
LT

74
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APPLICATIONS OF FORWARD-ONLY MESHES UNIVERSITY
Linear circuit performs real-time matrix-vector product (MAC operation)
b=M-a
_al —bl_
a; bz
a
3 b3
a
Koy by, ]
75
75
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APPLICATIONS OF FORWARD-ONLY MESHES ORIVERSITY

Linear circuit performs real-time matrix-vector product (MAC operation)

Basic operation in

b=M-a

» Pattern Recognition
» Linear Quantum Optics

« Artificial Neural Networks

76
76
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QUANTUM PHOTONICS CIRCUITS

|

. . PR
A Wh 0 I e Strl n g Of d emon Stratl ons *’ Experimental access to higher-dimensional

— using optics
(AL 047 Comaron Scusr* s Pocsen; Mances Hosen S o a0 oo Zumocn's®
e ARTICLES '*‘
photonics A v ok m A PTH RO ]
Quantum transport simulations in a programmable il 1 t-
nanophotonic processor Op 1C8
Nicholas C. Harris'*, Gregory R. Steinbrecher!, Mihika Prabhu', Yoav Lahin?, Jacab Mower', & = -

Darius Bunandar’, Changehen Chen’, Franco N. C. Wong?, Tom Bachr-Jones®, Michael Hachberg?, Modular linear
Seth Lioyd" and Dirk Er ind"

Paouo L. M Luaw R. Cuesents,? Devas H. Swani,' Jawes C. Gares,' © Beawn J. Mercacs?
N Rex H. S. ! © Row. BurawaL,® Jewen J. Rentma? W, Stevin Kournawmen,™
natire I A. Watmstey,t ano Peren G. R, Swimi'™

COMMUNICATIONS

ARTICLE

Received 21 3 207 Accrpind 14 O 205 | Pulobed 4 eh 206 [Ty
Suppression law of quantum states

in a 3D photonic fast Fourier transform chip

Andrea CrespilZ, Robertn Oselame!?, Roberta Rampeni', Maren Bentivegna®, Fulvio Flamin?,
Nicols Spagnolc?, Hiko Viggiarie

Resoarch Article Vel 3, Mo 12/ Doceer

optica

Optimal design for universal multiport
interferometers

Witiam R. Crements,* Peten C. Humerneys, Benuamn J. MeTcaLs, W, STEVEN KOLTHAMMER, AND
Ian A, WaLmsLey

One module

Directional coupler Phase

7

77
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B i Suakmaner
PHOTONIC ACCELERATORS FOR Al ueen's NIST |||' B
il

Neural networks need fast multiplications of large matrices

LIGHTELLI

b Optical input Optical output

{ S s £ !

T rh 01
N

=, Optical computing is here - and focused on Al
P s e . L Mars chip h ics for l for activation and 1/O
Wa Optical interf t O “ i ol L
d piicatinterierance un! p'_!-. @ 3D king brings weights and activati closer to the pute core
D e oy —_— m Freedom in power budget allows larger devices and more SRAM

78
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OPTICAL FORWARD-ONLY MATRIX HAS ITS LIMITS

They are programmable

But not generic

10 5527 Programmable
I35 r LT Input-to-Output
SR Scatter matrix

Strict separation of inputs and outputs

Difficult to implement flexible delays (e.g. filters)

80

80
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OPTICAL FORWARD-ONLY MATRIX HAS ITS LIMITS UNIVERSITY

What is missing?

* Programmable delays

Optical feedback

Programmable
Input-to-Output

» Wavelength filtering

 Dispersion engineering Scatter matrix

Processing of time signals
Integration / differentiation

Programmable analog signal processing
81

81
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OPTICAL FORWARD-ONLY MATRIX HAS ITS LIMITS S I UNIVERSITY
ml
m

Programmable Programmable

All-to-All
Scatter matrix

Input-to-Output
Scatter matrix

w
fsql

Strict separation of inputs and outputs

Difficult to implement flexible delays (e.g. filters)
82

82
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RECIRCULATING MESHES: PROGRAMMABLE S-MATRIX

Adding feedback (loops)
» Zhuang 2015: Square Meshes
« Capmany 2016: Triangular/Hexagonal meshes

Tt 3 *

. =
UNIVERSITAT
POLITECNICA

Bﬁ%‘;@s DE VALENCIA o
83
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(RE)ROUTING LIGHT CNIVERSITY
Light can be arbitrarily routed
: . DN X
Multiple routes in the same mesh \_ f
Edges can be shared
e e
bar f
= = N
/
This coupler is used
by both routes
88
88
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SPLITTING LIGHT

Couplers control arbitrary splitting ratios
Power distribution networks

Multicasting

90
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MACH-ZEHNDER INTERFEROMETERS
Basic building block for FIR filters

Delay can be adjusted per unit lengths

Transmission (dB)
8

-0.4 -0.2 0.0 0.2

Wavelength (1550 +/- nm)

0.4

92
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—

m -
CHENT mmec
UNIVERSITY
N/
No—
V P20 N
-
This coupler acts
as a splitter
90
This coupler is T e
used twice GHENT tmec
UNIVERSITY

L f —
-
AL

\ WY 4

r—d
\ N 4

92

30



30/05/2021

OFC 2021 — TUTORIAL PROGRAMMABLE PHOTONICS -

transmission

93
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HEXAGONAL MESH CIRCUIT DEMONSTRATION

94

0.9

0.8

0.7 4

0.6

0.5 4

0.4 4

0.3

= “mmec

RING RESONATORS ORIVERSITY

Loop light in itself
. N =
Coupler ring resonators together \_ f

ﬂﬂﬂpppﬂﬂﬂﬁqqmpﬂq

T T T T T T
1.550 1.552 1.554 1.556 1.558 1.560
wavelength

93

7 hexagonal cores

30 tunable couplers
(2 heaters per coupler)

>100 possible circuits

=

Perez et al, Nature Comm. 2017 94
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EXPERIMENTAL DISCRETE DELAY LINES

Programmable delay lines with discrete steps

67.5ps (5L, 121.5ps (9L,) Time Delay
1 T T T
§ Ao=135ps(1L,)
Qost >
[}
o
E!
S 06 ]
E
<C
._./_\_ g% 7
[}
o
/ \ / \ E 0zl 1
in outl in outl E ’ j
p——ma (5 s BS = 0 - _ . :
e AV e TC 0.0 200 40.0 60.0 80.0 1000 1200 1400 1600 180.0

Time Delay (ps)

Basic Time Delay: o=(n, L )/ c=13.5 ps

UNIVERSITAT
POLITECNICA
DE VALENCIA 95

Perez et al, JLT 2018
95
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FORWARD-ONLY INTERFEROMETERS

Linear optics MxM Unitary
matrix transformers

s A=1571 nm

—— B5 ]

o AV pme—me TC é) _1 u —l—
» I

4x4 CNOT transformer & 2 |1 0002
- 3 lloroof,
S —]lo o1 0off—
©
£ 4 |looo 1] 4
2

4
Ouputs © 1 o ) BT

Perez et al, LPR 2017 DE VALENCIA 96

96
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EXPERIMENTAL FILTERS: FINITE IMPULSE RESPONSE (FIR)

Multi-MZI interferometers

2-Cascaded Unbalanced Mach- g i Lattice-Filter: C = 1570.13 nm ‘
Zehnder Interferometer s W
(AL=2 L) outl é B \/ /\ |
ky k, ks out1 § 20
-@-@-: in o2 3
in ou N g FSR=36.8
3 GHz
- 5 -40 . : ' : ' L .
z -30 -20 -10 0 10 20 30

Relative Optical Frequency (GHz)

Transversal Filter
(AL=41))

Trans-Filter: C = 1570.07 nm

IAVAWa

-30

o

out2

Norm. Optical Transmission (dB)

-20 -10 0 10 20
Relative Optical Frequency (GHz)
UNIVERSITAT

POLITECNICA
DE VALENCIA 97

in outl

Perez et al, Nature Comm. 2017
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EXPERIMENTAL FILTERS: INFINITE IMPULSE RESPONSE (lIR)

Ring resonators Tuning the coupling Tuning the phase

.-—-¢c5—=-qss|

reammmeg AV p-ammo—g TC ORR6 ORR6
s ° ‘
2 s
o
2 -10
€
2 -15
% -20
S
£
s -30
out2 2 utl
. 1 ;?5579.75 1,679.85 1,579.95 1,580.05 1,580.15 1,580.25 1,580.07 1,580.09 1,580.11 1,580.13 1,580.15
L out A (nm) A (nm)
Time Response ORRG-HZZD =135 mA.
10 ; ORR6 i
out2 g ,\/\,/\_/\_/\_— Ac g
gou > §20
I 6L, £l e
2 © -40
E 1570.5 1571 1571.5°
in outl Fal A (nm)
.(_E
I Tunable Coupler £
771 Phase Shifter Z
1,679.75 1,579.85 1,679.95 1,580.05 1,580.15 1,580.25
\ (hm) 32 3.4 36 3.8 4
Optical Ring Resonator imy
’ (Lj“) Q factor = 6.9-10* &R ERrsITAT
u Finesse = 4.3 POLITECNICA
) Perez et al, Nature Comm. 2017 DE VALENCIA 98
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FILTERS IN A HEXAGONAL MESH 12 ONIVERSITY
_ 0
Mach-Zehnder filters: FSR = n.. AL
gl
only discrete delay increments
AL =n.L, (n=246,..)
— limits the FSR
99
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FILTERS IN A HEXAGONAL MESH 12 ONNERsITY

100

Ring Filters:

only discrete roundtrip lengths
AL=n.L, (n=6,10,12,..)

— limits the FSR

ring = 6.Ly

100
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FILTERS WITH LARGE FREE SPECTRAL RANGE INIVERSITY
Large FSR requires short edge L, Finite impulse response:

» Sharp bends 22
_ 0
 Short phase shifters FSR = ng.AL

« Compact splitters AL=n.L, (n=246,..)
» Dense packing

Infinite impulse response

2

]
FSR =
ng-Lring
Lying =n.Ly, (n=6,10,12,...)

101
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SCALING*UP,PROGRAMMABLE\WAVEGUIDE-MESHES )

102
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SCALING UP. PROGRAMMABLE WAVEGUIDE MESHES ﬁﬁgnsm}“‘ec
(Scaling up? ) Scaling up?
We need good 2 x 2 gates We need many 2 x 2 gates
« Compact * Optical and electrical interfaces

Short optical length Electrical driving circuits

* Low optical loss e On-chip Monitoring
* Low electrical power » Control for the building blocks
\_ J
103
103
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THE BASIC OPTICAL PHASE SHIFTER: A HEATER ivERsiTY
Waveguides are thermally sensitive:
A~ Angpp ~T ~ Poroc ~ V2 ~ I?
Integrate resistor close to the waveguide
efficiency: B, ~ 5 — 30mW
(for silicon waveguides)
phase|shift
voltage
104
104
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HEATERS IN THE IMEC’s ISIPP50G PLATFORM ORFOERSITY

Doped silicon
AlCu bondpads heaters
;ungsten 2 Cu-damascene
iSiPP50G Germanium eaters interconnect layers High-efficiency  High-speed p-n
photodetectors grating couplers modulators

Doped Silicon Heaters

Tungsten overhead heaters

Pantouvaki, JLT 2017 105

105
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& mmec
HEATERS HAVE A PROBLEM... ONNERsITY
Power consumption
Thermal crosstalk
Need better phase shifters
and tunable couplers
106
106
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EFFECT MAGNITUDE VS. SPEED

Mechanical (ms-us)

o MEMS, NEMS

Birefrigence (ms)
° Liquims

Thermal (us)

o Heaters

| metal resistor

Carriers (ns)

° -capacitors

Pock“) (fs)

§Wlﬁeﬁ‘gy of the effect  ® Polymers, perovskites

Tuning Modulation
~— /
Switching 107
107
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LIQUID CRYSTAL ACTUATION WITH TOP ELECTRODE SNIVERSITY
Vertical actuation of a liquid crystal cladding
Top
electrode
silicon
substrate
108

108
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LIQUID CRYSTALS IN IMEC’s ISIPP50G PROCESS g LTNEC

UNIVERSITY

AlICu bondpads
2 Cu-damascene
iSiPP50G Germanium interconnect layers High-efficiency ~ High-speed p-n
photodetectors grating couplers modulators

/

Liquid
Crystals

Open metal/dielectric stack
Expose waveguides

Infiltrate liquid crystals

Van Iseghem, ECIO 2020 109
109
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ZL“nmec
LIQUID CRYSTAL TUNING GHENT

UNIVERSITY

Reorienting molecules

Electrostatic actuation (high voltage)

Van Iseghem, ECIO 2020 110
110
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=1kHz p—
LiIQuID CRYSTAL TUNER /2 - ONIERSITY
0 v =PrL
A @orphic

0.8m for 50um

Measured Transmissions

Transmission (dB)

3
Wavelengths (nm) +1.581e3

1L

111
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MEMS IN PHOTONICS

(b)

‘mmec

10pum

= —

Mechanical effect: very strong

—

Electrostatic actuation: low-power o

Mechanical latching: non-volatile operation

MEMS tunable
grating coupler

underetched \  Moving teeth driven by microactu:

silicon \

opening in silicon

W

lightin
from waveguide [

10 um

112
112
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MECHANICAL TUNABLE WAVEGUIDE COUPLERS p

Sinl» 5%
S»ﬁ -

Horizontal
Displacement

) S, I ‘
in2 out2
Soutl = Sinl(l - K) + SinZK Slngle Layer
Soutz = Sinlk + Sinz(1 - K) et
Vertical

Displacement

|

Errando-Herranz, JSTQE 2019 113

113
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MECHANICAL OPTICAL PHASE SHIFTERS p

V.

Horizontal

Sin Sout Displacement

= =

I

Sout = Sin G

Single Layer Stacked Layers

Vertical

\ Displacement '

Errando-Herranz, JSTQE 2019 114

114
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MORPHIC

Mems-based zerO-power Reconfigurable PHotonic ICs

Extend Silicon Photonics with MEMS E P F L

@orphic

T =

Non-volatile actuations (zero-power consumption)

* Programmable circuit topologies and control

€ Tyndall 4

+ Demonstrate different applications

“mmec

COMMSCGOPE ’
VLE

PHETENICS

Duration: 01/2018 — 12/2021 115
115
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cer mec
MEMS INTEGRATED WITH ISIPP50G ENIERSITY
AlOx protection E P F L
for HF vapour etchAlCu bondpads Freestanding photonic
MEMS membranes 2 Cu-damascene
iSiPP50G Germanium interconnect layers High-efficiency ~ High-speed p-n
grating couplers modulators

photodetectors

Ty

| /

I

/

0oooooo

\_,J
/

7
HF vapour removal

of buried oxide Open metal/dielectric stack

Expose waveguides
AlOx protection layer

Vapout HF underetching

117

117
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@orphic

©pti€al suspension

anchor

strain relief
S-bend

suspension
119
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GHENT
MEMS PHASE SHIFTER GHENT
——
i
Edinger, CLEO 2021120
120
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MEMS PHASE SHIFTER UNIVERSITY
1.5 T
159_|.1m
] +
m T~ 20V “||++H:Ft|+1+H+FH-

E 1 -IJT-H' -7 -

E= =

= ++++F'- -

$ M .7 m~30V

@ easurement .

g + ol

a + s ’

8 + " Design
o 7 05f # J 1
S, © + e

) + .
5- = -+ e
kel + s
% + .7
£, -
2 ‘t+ .
B ORpf !
= =304 1 1 1 i 1 1

1548 1549 1550 1551 1552 0 5 10 15 20 25 30 35
Wavelength [nm] Voltage [V]

Edinger, CLEO 2021121
121

BREESTANDINGIBROADBAND

Experimental Data:
Insertion Loss: <0.5dB

1dB Bandwidth:
35nm (@1560nm)

Sattari et al. Optics Letters 45 (11), 2997-3000 (2020)

122
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VERTICALLY ACTUATED MEMS SwITCH s UNIVERSITY

n B 22" EPFL

Volt
3 broadband couplers orage

Electrostatic attraction to substrate

Soft springs: low voltage (<5V)

Sattari. MEMS2021 124

124
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VERTICALLY ACTUATED MEMS SwiITCH ONIVERSITY

7 - Weak springs: low voltage (<5V) =PrL

=)
as)
.
1o
5}
z 4
o
[
: : A ;
L3 — oo SN W LA = Drop0V .
i | : ® Through 0V
i dy A Drop3.75V
=30k ; s i v Through 3.75 V|

1500 1510 1520 1530 1540 1550 1560 1570 1580 1590

Wavelength [nm]
Sattari. MEMS2021 126

126
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PROTECTING THE MEMS Capping for ivERsiTY

hermetic sealing

AlCu sealing rings

silicon lid

/

Freestanding photonic ’
MEMS membranes

Need for hermetic sealing

Wafer-level silicon capping

G. Jo, SPIE Phot. West. 2021 127

127
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VACUUM PACKAGING OF ISIPP50G FOUNDRY WAFER NERsITY
Before packaging After packaging
G. Jo, SPIE Phot. West. 2021 128
128
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MEMS HERMETIC SEALING UNIVERS Ty

Large Al sealing frame (single cavity)
Small Al sealing frame (single cavity)

Transferred and sealed large / extra-large / small thin Si caps

Extré—larga.A gﬁﬁéfrémé "\ PR B /

) (mu!tlplg_gawn? ‘ Detached Si cap with 3 um-

wide Si/Au sealing ring

100 A8
wafer-scale sealing yield % & “\* el
after two month period % w
94 /
% 92 - .
% 8o ! . ] 1
£ g | Sealingyield: 96%-100% |
(% 86 -‘:
84 L |
1 Y S E—
3 6 9 12 15 18 21 24 27
Width of the SifAu sealing ring (um)
X. Wang, J. MEMS 2019 129
129
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GHENT imec
SCALING UP. PROGRAMMABLE WAVEGUIDE MESHES UNIVERSITY
4 N\
Scaling up? Scaling up?
We need good 2 x 2 gates We need many 2 x 2 gates

Compact Optical and electrical interfaces

Short optical length

Electrical driving circuits

Low optical loss On-chip Monitoring

Low electrical power

Control for the building blocks
\_ J

130
130
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ELECTRONIC DRIVERS

Analog controls needed
for photonic actuators

Digital Controller

————

A 4

digital signals

A 4

Digital — to —analog

converter (DAC)

—

N

g%

c

PrR—

analog
driving
voltage

30/05/2021

—

= “umec

UNIVERSITY

Important questions

Supply voltage
Driving schemes
Time constants
Power consumption
Heat generation

connections between
photonics and electronics

e
WS
phase tunable Sca
shifter coupler 131

131
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FEEDBACK CONTROL LOOPS

Monitoring optical signals

—_

software control loop

= "unec

e ..
digital o
* amplitude Digital Controller Digital readout
1 (ADC)
. phase . J oop . - Y,
« direction digital signals
- A\ 4 v N )
feedback to the actuators analog
Analog driver circuit m Analog Readout
) loop

r

i

!

UNIVERSITY

\_+_)

driving : h
A voltage A P otocurrent
l |
1
1
I [
s
phase tunable monitor
shifter coupler detectors 132

132
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= imec
CONTROL IN A RECIRCULATING MESH INIVERSITY
More complicated Where to insert ‘transparent’ monitors?

* bidirectional flow of light

* resonances

Mesh Design
7 [/

134
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I "mec
SOFTWARE AND CONTROL LAYERS e

UNIVERSITY

Software algorithms will be a defining feature for programmable photonics

‘:c:):> *

Adaptlve Control

Error detection, redundancy
self-optimization, healing
drift/aging compensation

Defining logical connectivity
Routing, distribution
Filter synthesis

Circuit Conflguratlon
¥

Actuation curves, calibration
Local Control monitor readout, local feedback

Defining the hardware

MeSh Desngn connectivity and topology

135
135

49



30/05/2021

OFC 2021 — TUTORIAL PROGRAMMABLE PHOTONICS =

= ‘mmec
A NEW WAY OF DESIGNING FUNCTIONALITY ORIVERSITY

Full Custom design PDK-based Circuit Design Programming a Mesh

geometry design

standard
phase standard 2x2

shifter

standard 2x2

Custom circuit design with
standard tunable couplers Software
and phase shifters defined

functionality

136
136
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programming GHENT
NEW TYPES OF IP algorithms UNIVERSITY

Programming routines

Circuit synthesis \
. sqntrol
| '
Control strategies extrdct cliguit st?}e
synthesis

Pluggable design IP fu70na|itv
* linear cores o
« electronic controls /?}

ASPIC
programmable
core blocks fef
AS‘FV(
PIC

programmable
programmabl
ASPICs /

electronic
control
loops

Bogaerts, JSTQE 2020 137
137
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GRAPH ALGORITHMS TO ROUTE IN PROGRAMMABLE MESHES S oy
IDLab

Translate circuit into “photonic graph”

X
®
LN

X

In2 Out2
'4 >' 4 \\)’
' N\ 4
X o=
Inl1  Outl 4/ \\>'
4
Chen et al, JLT 2020 138
138
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G cmr LMeEC
RAPH MAPPING A& UNIVERSITY
Directed or undirected '
Weighted or unweighted -
Introduce artificial nodes . k
Compatible with existing algorithms? - :
Respect the physics of waveguides
139
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140

GRAPH-BASED ROUTING ALGORITHMS

Routing multiple routes at the same time

* congestion negotiation

* path balancing
Distribution trees

Avoiding defective elements

Spreading load and wear

OFC 2021 — TUTORIAL PROGRAMMABLE PHOTONICS

141

DISTRIBUTION PROBLEMS

Without congestion cost

I

RS ST S
9!
a2
@
IANIPAN

—

N
Y
R

30/05/2021

e
Il

= “mmec

GHENT
UNIVERSITY

IDLab

Chen et al, JLT 2020 140

—_
1

=T mec

GHENT
UNIVERSITY

IDLab

With congestion cost

(e.g. nonlinear losses, TPA)
Chen et al, JLT 2020 141
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IMPERFECT CONTROL IS A PROBLEM UNIVERSITY

What if the couplings are not perfect.’

\ ! $
7 N

Parasitic
resonances

Perfect route Coupling error

Fabrication errors
Control errors

Digital driving
Temperature gradients

|. Zand, Photon.Res. 2020 142

142
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ROUTING A PATH DN ERsITY
1% random Variations on the nominal coupling
07
resonance because
§ oa of weak ring resonators —_— N
E
g _ /
0.2+ \
01 | | \
T T T I"I NIy
o AL ML MM
1.540 1.545 1.550 1.555 1.560 1.565

wavelength
I. Zand, Photon.Res. 2020 143

143
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OPTIMIZING THE ‘UNUSED’ COUPLERS (CROSS STATE)

3% random Variations on the nominal coupling

0.7

0.6

0.5

o
E

coupling variations still
introduce losses

transmission
o
w

No more strong parasitic resonances

0.2

0.1

out

wrong2
near_in

wrongl |

LW

L & 2

1.550 155
wavelength

145
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INTERFACES AND PROGRAMMING TOOLS

Programmabile circuits are part of a system

+ Photonics

» Electronics

+ Software

* Optical interfaces

» Electrical and RF interfaces

146

1565

AW

L W

30/05/2021

= “umec

UNIVERSITY

8N
8 N
P

QPN
N

|. Zand, Photon.Res. 2020 145

= "unec

UNIVERSITY

software

digital
electronics

analog
electronics

I
>
|

photbnics

146
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PHYSICAL INTERFACES programmable UNIVERSITY
_ driver PIC
Need for Packaging fiber array electronics
+ Optical assembly

» Electrical enclosure
. RF thermal, hermetic, EMC)
e Thermal

+ Light source

electronics

light source
RF packaging and ‘
connectorizing control logic

147
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LOGICAL INTERFACES AND SOFTWARE

Software layers
* Feedback loops

» Configuration algorithms

* Routing and Filter Synthesis

» Development and Debug tools

Bogaerts, JSTQE 2020, Nature 2020148
148
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A COMPLETE TECHNOLO

developer kit

programming

control strategies

packaging

digital electronics
(microcontroller, FPGA)

analog electronics

programmable PIC chip

149
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GENERIC PROGRAMMABLE OPTICAL PROCESSOR

Add optical functionality to
the linear circuit

Light sources

30/05/2021

_—

= “umec

UNIVERSITY

GY STACK

development

programming environment board

software interface to the
individual elements

reusable programming
blocks (IP)

routing and filter
synthesis algorithms

global control model generation and

local control strategies

algorithms parameter extraction
1000s of DC connections RF waveguides fiber array
(flip-chip / 3D stacking / interposer) and connectors interface
high-level PWM or DAC ADC RF self-test
control loops functions
RF drivers
fast current or read.o'ut trans-impedance
control loops voltage drivers amplifiers amplifier (TIA)
actuators: RF: A
i optical 10:
mesh topologies = phase shifters momtdor.; modulators fib:r couplers
tunable couplers power and phase detectors

_—

= "unec

optical input/output  UNIVERSITY

| mmvvvyny ¥ Voo

high-speed

RFoutputs /
« Fast modulation and LIE ' ' ' '
photodetectors for RF 1O ﬁ} ' ' ' " = RF inputs
- ll» —
=

?, . ')- ,
«  Amplifiers *‘ <"h {. f )‘ ' "()_ Phgse adulator
. . H B }A'(';. ~ X )= 3\
 Fiber input/output : *.H R %
) . s\ *'*1 '}. v ‘
Long delay lines « \ X 4' S ' </
At 3,
k*'-’** ‘*% *.H 'M( >~.(). T
(balanced) /s " \, 4 \ S </ \ )8 v .
photodetector I /s ' ' s
E M a 8 1')‘ g ' y s S
specialized "o~ oZVlings ) ,("(')\ ) 1' )8
functional “s“tunable-resoni )8 X( N e
blocks « o‘;t?cal?afl&llﬁer A 'Q('!i'x% %
; AW ““\ 150

150
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PROGRAMMABLE TRANSCEIVER 4 Mzl modulators

\
VE

PSM4: 4 parallel fibers laser in

4 fibers out

151
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PROGRAMMABLE TRANSCEIVER IQ modulat@rr

PSM4: 4 parallel fibers
QAM16: coherent

laserin

fiber out

=

:

~ %
P

- 90-dég hybd

-
&7 I~ % E.
\\l "o B Wy
2 balanced > 1‘«*‘ *.’
photodetectors " >

152

57



30/05/2021

OFC 2021 — TUTORIAL PROGRAMMABLE PHOTONICS =

= ‘mmec
PROGRAMMABLE TRANSCEIVER 4 Mzl modulators -

PSM4: 4 parallel fibers 4 lasers {\,

QAM16: coherent
fiber out

double ring
resonator

153
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I "mec
EXAMPLE: SWITCH MATRIX SRIVERSITY

Switching network 8 fibers out

+ Different switch architectures mg,

3L
S5

1 1
2 2
3 3
4 4
5 5
6 6
7 7
8 8
154

154
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EXAMPLE: OPTICAL BEAM FORMING ORIVERSITY

Fast beam-forming network
8 fibers ou

» distribution network

>

(phase and amplitude) : g
configurationwi

» fast modulation

laser in

IS S
@ ZQ*. % !’. W in
mab’lé ‘ Q.!

<>‘ . S_splitter free >

72

7 X (:bg’é'msha pmg,
1 ,Xf"’k "i 155
155
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EXAMPLE: MICROWAVE PHOTONICS I8 UNIVERSITY
by
Programmable microwave filter /-9» RF modulation
I i .
* modulator input as{:n - /,///’}%
« optical filter bank .*.Q» o '{//‘/‘
+ photodetector output e 1.»‘:*..4‘:‘:»‘:*‘«% /;//j ,
05Gillatore” =< e ‘.Y» _# = 1‘:% & </
IO O

Ring-loaded
Mach-Zehnder Interferometer

156

156
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PROGRAMMABLE PHOTONICS CAN BE USED IN MANY PLACES  (HN

&
Top-of-rack . |]E,;”‘ ?
[ i »

Optical Communications
L  Transceivers
‘/‘:\J'{f * Switches

Datacenters and Telecom [

A
V—=
L]

- ~ . ‘ i
Al d
Programmable ~
Transceivers
Bogaerts, JSTQF 2020, Nature 2020157
157
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PROGRAMMABLE PHOTONICS CAN BE USED IN MANY PLACES  (iiesity
1 5G antenna:
mlcrowave beamforming O
£y
(s;i liﬁ )']‘
~ Optical Communications
LIRS * Fiber-to-the-home
fi Ber-fﬁ)-the-hom el
stseger » xDSL over fiber
» Radio over Fiber (5G)
FrJjL- P
' routing & .
_multiplexing ’
’fiber optic
link
Bogaerts, JSTQE 2020, Nature 2020158
158
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PROGRAMMABLE PHOTONICS CAN BE USED IN MANY PLACES  (HN

O A LB microwave
1‘1 “radar
fiber Brag‘\\

grating’sensors

Sensor Systems

bu iblxd\i‘ﬁgsgn sor

_processors.. - ,
* Fiber Sensor Readouts

+ Optical Beam scanners

~ + LIDAR and RADAR

ranging enéine

; LTy
multi-sensor N
readout
“ Bogaerts, JSTQF 2020, Nature 2020159
159
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PROGRAMMABLE PHOTONICS CAN BE USED IN MANY PLACES sy
prs
Blomedlcal Applications
+ Biosensors and analysis
* Optical Coherence Tomography P
- dental OCT
 Laser Doppler Vibrometry blood.
analysis
. Ireadout

* Spectroscopy

e
"m\“" este’ <
WOL T estet e

- 0Bagaerts, JSTQE 2020, Nature 2020160
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PROGRAMMABLE PHOTONICS CAN BE USED IN MANY PLACES (s

Quantum Key
Distribution (=4

...... -
Security applications
» Optical hashing functlon
- Proof of work / blockchains v (4!9
% % Quantum Key Distribution {
Bogaerts, JSTQE 2020, Nature 2020161
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ONE CHIP TO RULE THEM ALL? UNIVERSITY
Can handle many functions Large chip = expensive
Can combine RF and Optical Many elements = high loss
Flexible to program Power consumption

162
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~PHOTONIC CHIP COST MODEL UNIVERSITY
¢ Photonics Packaging
ﬂ&s Assembly
% = Testing
Customer

Wafer-Scale
=rProduction

= bW Custom ASPIC:
Electronic
Driver Chips all costs for the customer

Bogaerts, JSTQE 2020 164
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GENERAL-PURPOSE PHOTONIC CHIP COST MODEL ORIVERSITY
Photonics Packaging
%%%%MS Assembly
e Chipset

Testin
’ Customers &

== Eéasuppher

~__ 7/;/
Wafer-Scale
=wProduction

Y

Ve~ a7,
P{ogrammable PIC:

chip cost shared over many customers
Bogaerts, JSTQE 2020 166

Driver Chips
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WHERE ARE THE COSTS?
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UNIVERSITY

Driver Electronics ASIC

Silicon Photonics Chip
* Chip Design
* Wafer-scale fabrication

Optical 10: T

* Fiber array
* Fiber attachment

Large NRE cost

167
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THREE SCENARIOS
I

No-RF (passive) Few-RF

» 8 fiber ports

» 8 fiber ports

* 4 RF inputs

* 4 RF outputs

Cost Model:

» Testing

168

Package development

* Custom chip design
¢ Chip fabrication
e Testing

High-speed RF 10

¢ Connectors

* High-speed substrates
* Stripline design

* Electronic amplifiers

Interfaces

e Support electronics

¢ Circuit boards

* Flip-chip and Wirebonding
* Packaging

Large
Proportional
Fabrication Cost

Bogaerts, JSTQF 2020 167

1]

vy

» 32 fiber ports
* 16 RF inputs
* 16 RF outputs

PIC design + fabrication

Driver EIC design + fabrication

Bogaerts, JSTQE 2020 168
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PROGRAMMABLE PICSs cAN BE CHEAPER! Y

Yy

Programmable PICs are fabricated in larger volumes

—— aspic | [ ]

* Shared design cost % g

programmable PIC

¢ Shared mask costs

. 5 programmable PIC
» Shared processing g_ 1000 production volume
of full wafer lots £ S i s i I
¥ N
5 100 \\MMT——- -------
g \__ -----------------------
o No-RF T———|

10

0 2 4 6 8 10 12 14 16 80 100 120 800 1000 1200
Volume (1000 units)

Bogaerts, JSTQF 2020 171
171
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PROGRAMMABLE PICS cAN BE CHEAPER!

i
Yy Yy

Especially for prototyping and smaller volumes

6000

. — ASPIC
+shorter development time | - | /\\}

programmable PIC
2 5000 ~
Many-RE- /

o
o
=
8
8 4000
[ -
k=] -
S 3000 -
Q '
+ -
€
ﬂ)
£ 2000
S Few-RF |
@ pmmp s — |
° i |
= 1000 o —
Q I e L e
I e Sy paa No-RF
0 ==
0 2 4 6 8 10 12 14 16
Volume (1000 units) Bogaerts, JSTQE 2020 172
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SHORTENING THE LEAD TIME
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Lead time for custom designed PIC: >1 year Programming

Services

Lead time for off-the-shelf PICs: <1 week

Supply of Packaging
programmable Services
PICs

|
| Routing and
| Synthesis IP

175
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PROGRAMMABLE PICS CAN MAKE PHOTONICS SMART ORIVERSITY

Programmable PICs can become a game-
changer:

+ Rapid prototyping and development
» Different applications

Scaling challenges

loss and power: couplers and phase shifters

control electronics and packaging
* programming algorithms

Economic benefits

» Faster prototyping

+ Lower adoption threshold

* Lower cost for low-volume specialty products176
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FURTHER READING

Review
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nature

Wim Bogaerts, Daniel Pérez, José Capmany
David A.B. Miller, Joyce Poon, Dirk Englund

Programmable photonic circuits

Daniel Péraz” *, David A. 8. Miller”, Joyes Poon™,

Francesco Morichetti, Andrea Melloni
Programmable Photonic Circuits
Nature 586, DOI: 10.1038/s41586-020-2764-0

PROGRAMMABLE
INTEGRATED

Photonic

Dirk Englund’, Francesco Morichottl* 8 Andrea Mellonl

Sortware

PHOTONICS

José Capmany & Daniel Pérez
Programmable Integrated Photonics
ISBN: 978-0-19-884440-2 - 2020

fiber array
assembly

Wim Bogaerts & Abdul Rahim

| Programmable Photonics: An Opportunity for
an Accessible Large-Volume PIC Ecosystem

J. Sel. Top. Quantum Electron. 26(5) - 2020

David AB Miller

Silicon photonics: Meshing optics with applications

Nature Photonics 11(7) - 2017
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RF amplifier
electronics

RF packaging and
connectorizing.

Electronics, microwaves and packaging

-

driver
ctronics  PrOgramming

connector
(U8, ethernet)

enclosure
(thermal, hermetic, EMC)

control logic
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PHOTONICS RESEARCH GROUP

Wim Bogaerts .
Professor in Silicon Photonics orphlc
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