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PROGRAMMABLE PHOTONICS: WHAT IS IN A NAME?

Programmable Photonics
We manipulate lightfunctionality in software on a small scaleWe manipulate
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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

ÅTotal power

ÅIntensity profile

ÅPhase profile

ÅWavelength

ÅPolarization
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yes, as the beampropagates

MANIPULATING BEAMS OF LIGHT

Beams of light contain information

ÅTotal power

ÅIntensity profile

ÅPhase profile

ÅWavelength

ÅPolarization

Can we process this information?
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MANIPULATING BEAMS OF LIGHT

Using optical elements

ÅLenses

ÅMirrors

ÅPolarizers

ÅShutters

ÅSpatial filters

ÅWavelength filters

ÅPhase plates

ÅSpatial light modulators

y

z

x

f

A lens performs a Fourier transform

Ὁὼȟώȟᾀ ꞈὉὼȟώȟπ

f



8

MANIPULATING BEAMS OF LIGHT IN FREE SPACE

Still quite coarse

Using optical elements

ÅLenses

ÅMirrors

ÅPolarizers

ÅShutters

ÅSpatial filters

ÅWavelength filters

ÅPhase plates
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MANIPULATING BEAMS OF LIGHT

Active, granular manipulation

ÅSpatial light modulators

Åamplitude

Åphase

Åpolarization

ÅMicromirror arrays

ÅGrating light valves

ÅDeformable mirrors

Can be controlled in Software
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DISCRETIZED LINEAR OPERATIONS

Discretized linear operation

Matrix is unitary if

Åno reflection

Åno loss

T-Matrix
1

2

n Ὕn

1

2

έόὸ Ὕ ȢὭὲ
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DISCRETIZED LINEAR OPERATIONS (RECK 1994)

Processing with 

Åtunable phase shifters

Åtunable beam splitters

Recket al. Phys. Rev. Lett. 1994
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UNIVERSAL LINEAR OPTICS (MILLER 2013)

Processing with 

Åtunable phase shifters

Åtunable beam splitters

+ monitor detectors

+ control algorithms
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CONTRUCTING AN ARBITRARY T-MATRIX

Singular Value Decomposition: A general ά ὲmatrix  

can be decomposed into:

- A unitary ά άmatrix

- A diagonal ά ὲmatrix

- A unitary ὲ ὲmatrix

(this is not the only way

to construct this matrix)
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MANIPULATING BEAMS OF LIGHT IN FREE SPACE

Does not scale very well

Using optical elements

ÅLenses

ÅMirrors

ÅPolarizers

ÅShutters

ÅSpatial filters

ÅWavelength filters

ÅPhase plates

ÅSpatial light modulators
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BRINGING BEAMS OF LIGHT TO THE CHIP

Complexity

Overall Performance

Reliability

Ergonomy

goes up

Power consumption

Ecological Footprint

Cost

goes down
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PHOTONIC INTEGRATED CIRCUITS: WHATôS IN A NAME?

PhotonicIntegratedCircuit

Probably something to 
Řƻ ǿƛǘƘ ƭƛƎƘǘΧ

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

Source: EECS Berkeley
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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

Complex functionality, compact chip, low cost, high volumes
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WHY SILICON PHOTONICS?

Scale
Large scale manufacturing

Submicron-scale waveguides
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MORE THAN JUST PHOTONS

Silicon photonics goes beyond the optical chip

100s optical IOs

1000s electronic
driver circuits

10s RF signals

1000s electrical IOs

10000s optical elements
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SILICON PHOTONIC CIRCUITS TODAY

Khanna et al. 2016

Rapidly growing integration

ÅO(1000) components on a chip

Åphotonics + electronic drivers

Ådifferent applications

(still mostly communication)

ÅRelatively small chip volumes

(compared to electronics)

All photonic circuits are ASICs

number of components/chip
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TODAYôS PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

PSM4: works with 4 parallel fibers

4 MZI 
modulators

laser in

4 fibers out

4 fibers in

Tx

Rx

detectors

What if youwant to change/upgrade the link? 
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laser in

balanced 
detectors

IQ
modulator

90-degree
hybrid

Tx

Rx

fiber out

fiber in

TODAYôS PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

PSM4: works with 4 parallel fibers

QAM16: coherent 

What if youwant to change/upgrade the link? 
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4 lasers in

4 MZI 
modulators

wavelength
mux

wavelength
demux

detectors

fiber out

fiber in

Tx

Rx

TODAYôS PHOTONIC CHIP: DESIGNED FOR ONE PURPOSE

Example: A 100Gbps transceiver

PSM4: works with 4 parallel fibers

QAM16: coherent 

WDM4: wavelength

channels

What if youwant to change/upgrade the link? 
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FLEXIBLE OPTICAL COMMUNICATION

Today: if you want to change protocolé

you need to make a new chip

PSM4
QAM16

WDM4



32

PROTOTYPING A NEW (SILICON) PHOTONIC IC

Design (4M)

Fabrication (6M)

Package (1M)

Test (2M)

Then you discover the bugsé

Repeat!
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PROTOTYPING A NEW ELECTRONIC CIRCUIT

Select a suitable programmable IC: FPGA, DSP, ɛC (1d)

Program and test the chip (1-4w)

Only then, if needed:

ÅDesign ASIC é
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WHERE ARE THE PHOTONIC FPGAS?
or programmable photonics

reconfigurable photonics

photonic processors

universal photonic circuits é

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

Åbalancing

Åfiltering

Åtransformations

Both on Optical and RF

Photonic
Processor

optical
signals
in

optical
signals
out

RF signals
in

RF signals
out
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GENERIC PROGRAMMABLE PHOTONIC CIRCUIT

Optical inputs and outputs

RF inputs: modulators

RF outputs: balanced PDs

Long delays for filters

Connected by a programmable

linear optical circuit

Programmable
linear processor
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OPTICAL LINEAR PROCESSING

Linear optical circuits

can be described by an

S-matrix

- Frequency domain

- Complex numbers

- Wavelength

dependent

- Includes reflection

- Reciprocal

- IF NO LOSS ᵼ╢is unitary

S-Matrix
1

2

m

n

qw

Ὓ

Ὓ

Ὓ

Ὓ

έόὸ Ὓ ȢὭὲ
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OPTICAL LINEAR PROCESSING (TRANSMISSIVE)

Transmissive linear optical circuits

can be described by an

T-matrix

- Frequency domain

- Complex numbers

- Wavelength

dependent

- NO REFLECTION

- IF NO LOSS ᵼ╣is unitary

T-Matrix
1

2

n Ὕέόὸ Ὕ ȢὭὲ n

1

2
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IMPLEMENTING T-MATRICES ON A CHIP

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

Miller, OpEx2013



41

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


