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PROGRAMMABLE PHOTONICS: WHAT IS IN A NAME?

Programmable Photonics

We manipulatefunctionality in software We manipulatelight on a small scale
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PROGRAMMABLE PHOTONICS: WHAT IS IN A NAME?

Programmable Photonics

We manipulatelight in software on a small scale

Why? Because light contains information
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MANIPULATING BEAMS OF LIGHT

Beams of light contain information

A Total power

A Intensity profile
A Phase profile
A Wavelength

A Polarization
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MANIPULATING BEAMS OF LIGHT

A(cfufr )
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Beams of light contain information Oolvia T

A Total power

A Intensity profile
A Phase profile
A Wavelength

A Polarization

Can we process this information?

yes, as thdeampropagates
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MANIPULATING BEAMS OF LIGHT |
A lens performs a Fourier transform

Using optical elements
A Lenses

A Mirrors

A Polarizers

A Shutters

A Spatial filters

A Wavelength filters
A Phase plates

A Spatial light modulators
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MANIPULATING BEAMS OF LIGHT IN FREE SPACE

Using optical elements

A Lenses

R Mirrors Stil guite coarse

|
|-

A Polarizers

A Shutters

A Spatial filters

A Wavelength filters

A Phase plates
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MANIPULATING BEAMS OF LIGHT

Active, granular manipulation
A Spatial light modulators
A amplitude
A phase

A polarization
A Micromirror arrays

A Grating light valves

A Deformable mirrors

. Can be controlled in Software
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DISCRETIZED LINEAR OPERATIONS

Discretized linear operation
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DISCRETIZED LINEAR OPERATIONS (RECK 1994)

Processing with

Mirror

A tunable phase shifters

A tunable beam splitters

B universitat Recket al. Phys. Rev. Lett. 1994
Innsbruck 14



UNIVERSAL LINEAR OPTICS (MILLER 2013)

Processing with

A tunable phase shifters
A tunable beam splitters
+ monitor detectors

+ control algorithms

Stanford University

Input beams
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Detectors —

Output
beam 1

Output
beam 2
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CONTRUCTING AN ARBITRARY T-MATRIX

Singular Value Decomposition: Ageneral @ € matrix

can be decomposed into:

- Aunitary @ a matrix

- Adiagonal @ & matrix

- Aunitary € € 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 \ <

GHENT

onversty | LIMNEC 16



MANIPULATING BEAMS OF LIGHT IN FREE SPACE

Using optical elements &5 sty %) T & N
A Lenses

A Mirrors

A Polarizers

A Shutters

A Spatial filters

A Wavelength filters

A Phase plates

A Spatial light modulators

T 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
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PHOTONIC INTEGRATED CIRCUITS: WHAT® IN A NAME?

Probably something to
R2 6A0K £ A

PhotoniclntegratedCircuit

Combining stuff together
into something coherent

signals travel around from
one element to another
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PHOTONIC INTEGRATED CIRCUITS (PIC)

Integration of (many) optical functions on a chip

IS CW laser T
Box - rm—
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%> for Photonics to

CMOS 3D integration
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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

Submicrorscale waveguides
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MORE THAN JUST PHOTONS

Silicon photonics goes beyond the optical chip

j 1000s electronic
driver circuits
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SILICON PHOTONIC CIRCUITS TODAY

Rapidly growing integration

A O(lOOO) ComponentS ona Chlp 105 { — Doubling every 18 months
—  Doubling every 12 months
A photonics + electronic drivers = Transceiver data points. .
18] ™ Mon-transceiver data points

A different applications

(still mostly communication) g 10° 4

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

number of components/chip

All photonic circuits are ASICs

1[]':' T T T T T T T T
2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Year
N
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TODAY® PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

modulators

4 fibers out

PSM4: works with 4 parallel

Tx

=

Vo _
laser In
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TODAY® PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

fiber out

90-degree fiber in

detectors

laser In
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TODAY® PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

fiberin

PSM4: works with 4 parallel fibers wavelength s

QAM16: coherent

WDM4: wavelength
channels

r
2 M7ZI detectors

modulators

4 lasers In
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FLEXIBLE OPTICAL COMMUNICATION

Today: 1 f you want t
you need to make a new chip
fiber out PSM4
1Q P
modulator £-

Rx

0

change

modulators

protocol é

detectors
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PROTOTYPING A NEW (SILICON) PHOTONIC IC

Ew p
. X HOT
Design (4M) De:\ ~~~~~ ONIc CHT
S T~o
L 8gn -
Fabrication (6M) Mas Seet'" hoypg ~T7--o
Fwafens ............. 160/ ¢
Package (1M) P:b Oper:a.l:. -------- 150k ¢
Ckao . 1o T,
Test (2M) TD,,l. Veiglcn. ns ..... 2563kl;$
est hOuhlSPCU_ZtS * e, . 229k$
......... 9k$
Then you discover fthe by =" © O6kg

Repeat!
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PROTOTYPING A NEW ELECTRONIC CIRCUIT

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

Only then, if needed: Anysilicon

AS| C Time to Market
NRE

ADesign

Design Flow

Unit Cost

Performance

Power Consumption

Unit Size

I
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WHERE ARE THE PHOTONIC FPGAS?

or programmable photonics
reconfigurable photonics

photonic processors
uni ver sal photonic circuits &

Photonic Integrated Circuits

that can be reconfigured

using software
to perform different functions.
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PROGRAMMABLE PHOTONIC CHIP

Can processes signals in the optical domain RF signals

A balancing

A filtering

A transformations optical ~hotonic optical
signals Processor signals

N

Both on Optical and RF

RF signals

N
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GENERIC PROGRAMMABLE PHOTONIC CIRCUIT

Optical signals in and out

RF inputs: modulators ghspeed ¥ Y % Y OOY

photodetector

vy

Optical inputs and outputs

RF outputs: balanced PDs

—

Long delays for filters

S|gnals
RE Programmable High-speed pn modulators
RO «
out

Tt R
I Wy (W

Optical delay lines
Connected by a programmable

linear optical circuit

"""
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OPTICAL LINEAR PROCESSING

Linear optical circuits
can be described by an

S-matrix
c0 Y 8@

- Frequency domain
- Complex numbers

-  Wavelength
dependent

- Includes reflection

- 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

eEo0 Y 8e

- Frequency domain
- Complex numbers

- Wavelength
dependent

- NO REFLECTION
- IFNO LOSS't J|| IS unitary
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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, OpEx2013 4



FIRST PROGRAMMABLE T-MATRIX CIRCUIT

First implementation in silica (low contrast): 2015

6x6 T-matrix

Application: linear optical quantum operations:
CNOT gate, boson sampling, random walks, etc.

Carolan et al. Science 2015



