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Programmable Photonics

Designed to carry only a given functionality

~eature some degree of flexibility enabled tuning some of its internal
parameters by means of appropriate control signals.

~i1xed physical topology.

A considerable amount of circuits reported in the literature (SOI, InP, SIN)
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Signal Processors & Beamformers
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IMWP ASICS

Comprehensive Reviews

LASER & PHOTONICS

REVI EWS Laser Photonics Rev. 7, No. 4, 506-538 (2013)/DOI 10.1002/Ipor.201200032

Ah Mi '

ics (MWP) is an emerging field in
which radio frequency (RF) signals are generated, distributed,
pi d and analyzed using the gth of photonic tech-
niques. It is a technology that enables various functionalities
which are not feasible to achieve only in the microwave domain.
A particular aspect that recently gains significant interests is
the use of photonic integrated circuit (PIC) technology in the
MWP field for enhanced functionalities and robustness as well

as the reduction of size, weight, cost and power consumption.

ging field

Key inte-

the field is discussed.

REVIEW
ARTICLE

This article revi the recent ady in this
which is dubbed as integrated mi p i
grated MWP technologies are reviewed and the p

pective of

Integrated microwave photonics

David Marpaung'**, Chris Roeloffzen', René Heideman?, Arne Leinse?, Salvador Sales?,

and José Capmany?®

REVIEW ARTICLE nguee
htips: {/dol.org,/10.1038,/541566-018-0310-5 phOtonlcs

Integrated microwave photonics

David Marpaung =, Jianping Yao"'? and José Capmany?

MATURE PHOTONICS | VOL 12 | FEBRUARY 2019 | 80-30 | warei.nature.comynaturephotonics

2019



ASPIC Limitations
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European Research Council

Established by the European Commission

ERC-ADG-2016 UMWP-Chip Project IPRON
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The main objective of UMWP-CHIP is the design, implementation and validation
of a universal integrated microwave photonics programmable signal processor,

capable of performing the most important MWP functionalities featuring unigue
broadband and performance metrics,
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European Research Council

ERC-ADG-2016 UMWP-Chip Project 1PRONICS

Programmable Photonics
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Programmable Photonics

e QUtsourcing special blocks outside the core
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Reusability in ITC systems

Re-usability / versatility / flexibility / Programmability are key features
in past and future revolutions

SpaceX believes a fully and rapidly reusable rocket is the pivotal breakthrough
needed to substantially reduce the cost and reduced development times of
sSpace access:

“60 000 000 $ total project cost, used 1000 times, becomes
three-order magnitude reduction in space missions' costs. ”

* In . FPGAs instead of ASICs
* Innetworks: SDN instead of ad-hoc topologies and configurations
* Inradio: Software radio instead of specific RF receivers




....By the end of the sixties, Noyce was worried about the rapid
proliferation of different integrated circuits, each designed for its own
special purpose

...Looking ahead, Noyce saw that the solution to proliferation of special-
purpose integrated circuits would be the development of general-purpose
chips that could be manufactured in huge quantities and adapted
(‘programmed?”) for specific applications.

T.R. Reid “The Chip: How Two Americans Invented the Microchip and
Launched a Revolution”
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Why FPGAS In Electronics?

Electronic Integrated Circuit second revolution:
reconfigurable ICs.
Currently, programmable and multipurpose EICs

represent more than 50% of the market.

Electronics
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Electronics/Photonics: a parallel evolution?

A 50 years
i ASPIC-

AWGs & related only Era Reconfigurable

First simple PICS
10 proposal &  OEICs s

First standalone
Devices

40 years ASIC + FPGA Era

2\

IC proposal

Transistor & Patents ASIC-only + microprocessors
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Discrete
Circuits FPGA
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1950s 1980s 1990s




Are we In front of another observational law In semiconductor
technologies?

1E+10
- General-
100000000 purpose

1000000
10000

100 D
1 o » Transistors

1970 1990 2010
Year

- Multiport
Interferometers

5 0
s
.

-
;)
L P

(q o}
© =
— o




Inp.

Reconfigurable
ASPICS

1
2
3
4

Evolution steps in Programmable Photonics

PR

-
U
Al
O
S Lo

13
0
©
o
3
=)
@
o=

FPPGA

Programmable
Multifunctional PICs

Multiport

Interferometers

FEW-FUNCTIONAL
ASPICS

Semiconductor Optical Amplifier (SOA)

Out. 1

1
p@ Inp. 1

= Phase shifter

xau‘i:!.!
"

a anEa L
''''''
YU UVRUP UV RUY RUY
g o, €3
1 »R,
B, A
3 3
. e
% 3
EF

— Tunable Coupler

==



2271

Some Relevant Literature in Programmable <BrRoNI
PhOtOf"CS Programvmagle F!hotonics

[1] M. Reck, A. Zeilinger, H.J. Bernstein, P. Bertani. Experimental realization of any discrete unitary operator. Phys Rev Lett 1994, 73,
58-61.

[2] W.R. Clements, et al. Optimal design for universal multiport interferometers. Optica 2016, 3, 1460-5.

[3] D.A.B. Miller. Self-aligning universal beam coupler. Optics Express 2013, 21, 6360-70.

[4] D.A.B. Miller. Self-configuring universal linear optical component. Photonics Research 2013, 1, 1-15.

[5] J. Carolan, et al. Universal linear optics. Science 2015, 349, 711.

[6] D.A.B. Miller. Perfect optics with imperfect components. Optica 2015, 2, 747-50.

[7] O. Graydon. Birth of the programmable optical chip. Nat Photonics 2016, 10

[8] D. Pérez , I. Gasulla , J. Capmany J, R.A. Soref. Reconfigurable lattice mesh designs for programmable photonic processors. Opt
Express 2016, 24, 12093-106.

[9] J. Capmany, I. Gasulla, D. Pérez. Microwave photonics: The programmable processor. Nat Photonics 2016, 10, 6-8

[10] N.C. Harris, et al. Quantum transport simulations in a programmable nanophotonic processor. Nat Photonics 2017, 11, 447-52.
[11] L. Zhuang et al. Programmable photonic signal processor chip for radiofrequency applications. Optica 2015, 2, 854-9.

[12] D. Pérez, et al. Multipurpose silicon photonics signal processor core, Nat Communications 2017, 8, 636.

[13] D. Pérez et al. Silicon Photonics Rectangular Universal Interferometer. Lasers and Photon Rev 2017, 11, 1700219.

[14] Y. Shen et al. Deep learning with coherent nanophotonic circuits. Nat Photonics 2017, 11, 441-6.

[15] A.Ribeiro, A. Ruocco, L. Vanacker, W. Bogaerts. Demonstration of a 4 x 4-port universal linear circuit. Optica 2016, 3, 1348-57.
[16] A. Anoni et al. Unscrambling light—automatically undoing strong mixing between modes. Light Science and Applications 2017, 6,
el7110.

[17] A. Politi et al. Silica-on-silicon waveguide quantum circuits. Science 2008, 320, 646-9.



=
o]
—
o]
=
A
wr

FPPGA Programmable
iy Photonics

The Field Programmable Photonics Gate Array

. - =
) 7 Ao
= =
T ESaeat
2
ke SN 5
: G
e G .
() | ‘.‘.
= ‘ \
’ et |
4 & \
N s ’)
/
\
i
Z )
7z Z

il




The basics

FPPGAs are built using a 2D mesh of
interconnected
implementing unitary analog transformations

FPPGAs work with and unitary

Programmable Photonics
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The basics

Reversible gates are built by transforming the
known in quantum information

The required transformations are known as Rotations

- which are well



The basics
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The basics

Rotations are key because any unitary 2x2 matrix transformation can be obtained using the following
cascade of rotation matrices:

U=eR (a)Ry(b)RZ (g)

y=c& (a)r, (&)1, o)

The former prescriptions (others are possible) allow two options for the compact photonic implementation of any
unitary 2x2 matrix




Example: ZYZ implementation
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TBUs can also be activated by carrier injection modulation



The basics 1

Feedforward signal processing architectures

Any unitary nxn transformation can be implemented by means of n(n-1)/2 two dimensional unitaries
(Hurwitz, 1897).

Ueber die Erzeugung der Invarianten die orthogonale Substitution
durch Integration. x, = cosg.z +sing.a2 ,
Von (15) x, = ~sinq:.x;+cosqo.m;+l,
A. Hurwitz in Ziirich,

Zy = :1:Jg
correspondirendem Mitgliede der Gesellschaft.
Vorgelegt von dem vorsitzenden Secretdir in der Sitzung am 6. Marz 1897.

Nun nehme man ﬂ%:-!-)- Winkel

« Triangular (Reck et al, 1994)
* Rectangular (Clements et al, 2016)

Feedbackward signal Processing archtectures

lIR & FIR+IIR structures can be implemented by cascading full 2x2 unitary transformations and partial 1x1 and
1x2 transformations (Pérez et al 2017).
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Nature Communications 8, 636, 2017
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Programmable Photonics

Tier # 2 Control, Monitoring and Driving Electronics
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Waveguide

Mesh HPBs 1/0
- NxN programmable - Photodetectors - Chip-chip couplers
Linear mode - Optical sources - Chip-fiber couplers
transformers - Tunable filters
- Tunable filers - Switches
- Switches - Modulators

Delay lines

- Delay lines

- Spiralled nanowire
SFWM single Photon
sources
- CROW single photon
SFWM sources
- Integrated Bragg+ Ring
cavity SFWM single
Photon sources
- Integrated Single
photon detectors
-Ancilla gbit readers






I\O Power consumption

l. Accumulated optical loss

@ Optical monitoring points.

Some of them can be mitigated by a smart software layer and thanks to the %:D

massively interconnected nature of the FPPGA core.

G

—©

Hardware Scalability challenges 1PRONICS

Electrical Interfacing

System integration

Optical crosstalk

Tuning crosstalk




Software Challenges

© Control and operation based on global algorithms and presets

Requires the pre-characterization of the FPPGA core.

Includes preset configurations, auto-routing algorithms, user-defined configurations.

@@ Control and operation based on computational optimization

algorithms

Enables self-configuring, self-healing, black-box optimizations and mitigates non-ideal operation

of photonic components.

g High Level Description and specification language

To enable the high-level programming of the FPPGA resources.



Control and operation based on global algorithms and presets

Develop / compute control vectors for each configuration:

Predefined pre-sets.

C, =[HO1,, HO1,, HO2, HOZ,, ..., H30y] A. Lépez et al., presented at ECOC
2019.
Cz = [ HOlu, H01D, HOZU, HOZD, ceey H30D] J. Capmany, D. Pérez, “Programmable
Integrated Photonics”, in press Oxford
C, = [ HOL, HO1p, HO2,, HO2,, ..., H30p)] University Press (2019)
(a) Config. 1 Config. 2 Config. 3
H14 H14 H14
H8 H18
H24 p15
H1 H27 H1
H2 H20 H28 H2
H25
H3 H29 H3
7 b7 H4 2 p15
4 H22  H3e
\\, H2e 12
» B
AI—f:RR —12 pE;UL AL =4 BUL ALorg 12 BUL

o TC
»===¢ Cross State »=—= Not used (available)  »*—>=¢ Bar State = »*==¢ Tunable Coupler (TC) & Phase Shifter



Transmission (dB)
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Applications 1PRON

SG\\ 5G and Beyond M|' Bio instruments

= .
I o T Internet of Things
&

\\ a Neurocomputing

-ﬁ- ﬁ and A

HW acceleration ‘
__ Transport - Quantum
- -0 Information

a@

S




More Information?, stay tuned IPRONICS
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Summary and Conclusions

MWP is becoming a key enabling technology in a variety of application scenarios
For efficient penetration into these photonic integration is key

A considerable number of Application Specific Photonic Integrated Circuits
(ASPICs) have been reported with a limited degree of functionality
Functionality and cost efficiency can be improved by means of reconfigurability. A
general purpose programmable chip for MWP applications is under current R&D
Programmable chips with the incorporation of extra elements (IP blocks, control
electronics and specialized software) enable the equivalent of the electronic
FPGA

The FPPGA relies on different basic operations (analog vs digital) compared to
electronics, but these are required to handle lightwave signals

FPPGA applications span a myriad of fields other than MWP



Take Away Messages

Programmable Photonics Is going to happen, YES or YES.

It shares commonalities with integrated Electronics

Yet it Is completely different
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Landmarks in programmable electronics

1948 1957 1972

Transistor Fairchild INTEL XilinX

Shockley Brattain, Fairchild, Noyce, Moore.Integrated Hoff, Faggin, Shima, Mazor, Freeman &
Bardeen circuit, Moore’s Law 8080 microprocessor Vonderschmitt, FPGA

R )

/ /

1956 1968 1974

Shockley INTEL Zilog

Semiconductors Noyce & Moore Faggin

Shockley, Bob 4004 Memory Freeman & Vonderschmitt,
Noyce and chips Z80 microprocessor
Gordon Moore
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Electronics Photonics

Age of Invention
- Cost containment
- Maximize efficiency in cost & functionality
(1984-1991) -  Eliminate waste in logic blocks (2015-2022)
- Design efficient 2D interconnection
- Manual design, placement & routing
- Multi-Chip partitioning

(1992-1999)

(2000-2007)
50




Number of Devices/Chip

Is the right time for FPPAS?

Photon Wavelength

Electron Wavelength

»10° P

Photonic Integration density/surface unit

Electronic Integration density/surface unit
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1970 1980 1990 2000 2010
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number of components / chip
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Integration density when
FPGA was proposed 106

Equivalent Integration density when
FPPGA have been proposed 106x10-3=103
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Analog vs Digital Bit Processing PRONI
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Digital Electronics Quantum Optics | t >z
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In digital electronics, bits 0 and 1 are digitally Qubits are analog processed (amplitudes), using the
processed using the rules of Boolean Algebra rules of 2x2 unitary Matrix Algebra

y = f(a,b) [ a
q,b=1{0,1) # o

V(u ow ) g
o o 5

(
(



Example 1: Heralded CNOT Quantum Gate implementatmn—*’PRr\p‘uhQ
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CROW based
SFWM source

Example 2: Switched quantum circuits
(Boson Sampler & Hadamard gate)

Boson sampler

Linear Transformation:

SFWM single photon
(Random walk)

filtering using two ring
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Filtered SFWM
sources

CROW based
SFWM source
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SFWM single photon
filtering using two ring
cavities

Photon
counters

Example 3: Simultaneous quantum circuits
(Rotation cascade and Hadamard Gate)

Photon counter
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Hadamard gate
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F’rogrammable Photonics

Rotation Z, Rotation Y, Rotation Z cascade
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Input state
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Example 4: Quantum Fourier Tranformer

Unitary matrix for QFT
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Example 5: Simultaneous quantum

& classical circuits E o;ﬁ'lshcs
(ROtation cascade and SCISSOR) rogrammable Photonics

Rotation Z, Rotation Y, Rotation Z cascade

Filtered SFWM
sources

Photon counter —_— RZ ( a) I Ry ( 6) Rz ( V) I
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- Photon counter

DFB laser
source

Modulato

3 cavity scissor
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