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Technical Group at a Glance

e Focus

« This group’s interests are in the field of semiconductor lasers, amplifiers, LEDs and
super luminescent diodes.

e Over 4,500 members within OSA

e Mission
* To benefit YOU
 Webinars, e-Presence, publications, technical events, business events, outreach

* Interested in presenting your research? Have ideas for TG events? Contact
winnie.ye@carleton.ca

e FInd us here

 Website: www.osa.org/Optoelectronics TG
e LinkedIn: www.linkedin.com/groups/8297718/
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Today’s Webinar

Brillouin Integrated Photonics

Prof. Benjamin J. Eggleton
University of Sydney, Australia

Benjamin Eggleton is the Director of The University of Sydney Nano Institute.
He also currently serves as co-Director of the NSW Smart Sensing Network
(NSSN). Eggleton was the founding Director of the Institute of Photonics and
Optical Science at the University of Sydney and served as Director from 2009-
2018. He was previously an ARC Laureate Fellow and an ARC Federation
Fellow twice and was founding Director of the ARC Centre of Excellence for
Ultrahigh bandwidth Devices for Optical Systems from 2003-2017. Eggleton
obtained the Bachelor's degree in Science in 1992 and Ph.D. degree in Physics
from the University of Sydney in 1996. Eggleton is the author or coauthor of
more than 480 journal publications, including Nature Photonics, Nature
Physics, Nature Communications, Physical Review Letters and Optica and
over 200 invited presentations. Eggleton is a Fellow of the Australian Academy
of Science, the Australian Academy of Technology and Engineering, The
Optical Society and IEEE.
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_ Sydney Nano Institute (a multidisciplinary initiative)

We aim to discover and harness new science at the nanoscale
Programs include: nanorobotics, hanomedicine, neural interface, quantum matter, nanocatalyst,
nanomaterials and nanophotonics

Q

Noise Free Laboratories
Temperature and humidity control
Isolation from all sources of mechanical
vibration and electromagnetic

gl

\

L Cleanroom
T M The SNH clean room contain ISO Class 5 and
el e Class 7 spaces (

Major tools

i-line stepper (365nm)
Mask writer

electron beam

Thin film deposition
ICP-RIE Etching
Packaging and prototyping




Photonic Integration: Bandwidth, size, weight, power, stability, latency..

Laboratory Size:
setup 3m?
Traditional bulk “optical jungle”
Research ST CTN o S SI2622
prototype v ' % T 0.2m
Photonic Size:
chip 0.0001 m?
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'wBo SYDNEY Integrated silicon - photonics

7.2 billion of transistors (Commercially available) Ve A TA. ‘

30 billion transistors (largest up to date)
. A4 [ 4
Based on the 14nm core architecture phaéﬁ,cg

AMERICAN INSTITUTE for MANUFACTURING INTEGRATED FHOTOMCS

http://techfrag.com/2016/04/0 1/inte|-|aunches-14nm-broadwelI-ep-famiIy-fastest-22-core-chip-servers/
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INTEL" SILICON PHOTONICS

Enhancing data centers
Intel PSM4 silicon photonics module
100 gigabits/s ->2 Km

Modulators Photodeggctors

Polymer waveguide

SOl waveguide
inverted taper

BCB bonding layer

Pure’
Gemanum o S04 Subavcle
J. Michel, et al..

Nat. Phot. 4, 527-534 (2010).

G. Roelkens, et al.. . G. T.Reed et al. Nat. Phot. 4, 518-526 (2010).
Opt. Expr 14, 8154-8159 (2006). . David J. T. IEEE PTL 24, 234-236 (2012)



Integrated Microwave Photonics (IMWP)

Manipulate RF signals using compact photonic circuits
Generation and Modulation  Signal Filtering « Programmable processing

Gain Phase Loop mirror
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Zhuang et al., Optica. 2 (2016)
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Fandino et al., Nat. Photon.11 (2016)
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Pérez et al., Nature Comm. 8 (2017)

Marpaung et al., Optica 2 (2015)

C. Haffner, Nature Photon. 9 (2015)



THE UNIVERSITY OF

‘wfiy SYDNEY The integration circuit revolution
Yesterday Electronics
Microelectronic integration 1980 -
Delivered unprecedented
computational power
Today Photonics
Optoelectronic integration 2010 -
Revolutionising communications, R
data processing, lighting... Phononics
(Sound)

The Future
Phonon physics (hyper sound) integrated on chips

Phonons bridge optical and microwaves
(microwave photonics)

2020 -
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wgmw SYDNEY  phononics (acoustics) bridge microwaves and optical waves

Phonon — the elemental unit of mechanical vibration
The sound wave analog to the photon of light

Hypersonic sound waves — GHz phonons (phonon wavelength ~ optical wavelength)

Discover new ways to control and harness hypersonic waves — Phonons — at
the nanoscale in symphony with light and electrons.

Creating nanowires for sound Integrating sound with optoelectronic circuits
U § Micron-scale motion
% =\ e

¢ 100 microns =—————p "B, I(QWO) (Qunym)
mnml\/VW

—




- leLBNW]'E\Y[ Familiar example of acoustic waves in technology:

Surface Acoustic Waves (SAW) filters

INPUT 1DT QUTPUT 1DT

N

PIEZOELECTRIC CRYSTAL SUBSTRATE

RF - acoustic waves via transducer (IDT) Surface Acoustic
Wave Devices

for Mobile and Wireless
Communications

v Compact

v High resolution

x Low frequency (1-2 GHz)
x Not tunable

Cofin K.Campbell
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‘'afm’ SYDNEY Phonons couple to the world
Low Frequency High Frequency
Ultrasound Heat
THz
Human-scale vibrations Micron-scale motion Collective motion Vibrations of
of atoms molecules
)
> nanoscale
o Pin (Qoswo) _(Qmswm)
— ImnmI\/\/\/\/ y,
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THE UNIVERSITY O} .
RF SEANET What we are doing?

Optical and acoustic
properties of
Fundamental physics materials Device design and
and modeling fabrication

Stimulated Brillouin
scattering (SBS)

P N

On-chip SBS & SBS in CMOS

Radiation pressure

Functionalized SBS
circuit

* CMOS: Complementary Metal-Oxide-Semiconductor — Cheap because it’s made of silicon

its applications Compatible circuits



x
‘% THE UNIVERSITY OF

ago SYDNEY Basic principle of SBS

SBS: nonlinear interaction of a pump wave w, with an acoustic wave 2 generating a
backscattered Stokes wave w, = 0, - Q

Intensity Waveguide
compresses material /

AN
f

JU
JRRARAAA

Pump 1 o, ‘ _ —>
Pump reflected, Excites acoustic wave

down-shifted to o, frequency Q

SBS has a narrowband frequency response that is dependent on the pump power
«——11GHz gOLeffP

30 MHz G um
SBS galn e j& F’hase shift Aao pump
Brillouin gain
purr||.| w
Phase Shif Brillouin loss SBS IOSS:

Phonon lifetime (t) ~ 9 ns e
Gain linewidth = 1/(nt) ~ 35 MHz

1. Robert Boyd, “Nonlinear optics,” 3" Ed. USA: Academic Press, 2008
2. Benjamin Eggleton, et al., “Inducing and harnessing stimulated Brillouin scattering in photonic integrated circuits,” Adv. Opt. and Photon. 5 (2013)




First theoretical predictions!-2

First demonstration

of SBS3

SBS historical perspective

As,S, waveguide

—
©a

k. S 2
i

SBS in liquids* o
y SBS? SBS in silicon1ZA%
SBS in gases® /
Invention @) / O
of the laser O b ® O O O¢
Q) /Y /ﬂ o
Year of
1920 1960 1970 1980 2000 2010 discovery

1. Brillouin, Annals of Physics 17, 88, (1922) /
2. Mandelstahm, Rus. J. Phys. Chem (1926)
3. Maiman, Nature 187 (1960) [BeEmn]  oericac reen
4. Chiao et al. Phys. Rev. Lett. 12, 592 (1964). Puve m
5. Brewer et al. Phys. Rev. Lett. 13, 334 (1964). i
6. Hagenlocker et al. Appl. Phys. Lett. 7, 236 (1965) "FMIFOg[[ moracatrae
7. Ippen etal. Appl. Phys. Lett. 21, 539 (1972) eaon
8. Dainese et al. Nature Physics 2, 388 (2006) DETEETOR
9. Pantetal. Opt.Exp. 19, 8285 (2011) P15, 1, Expariosotal nresagerspet fo the cbsseration of hee .
10. Lee et al. Nat. Photon. 6, 369 (2012) = sinicied Bl sstaring (55 SBS in WGM SBS in Wedge

11. Grudinin et al. Phys. Rev. Lett. 102, (2009)

12.. Shin et al. Nature Comm. 4, (2013). SBS in PCFS I’esonatorslo
13. Van Laer, Nature Photonics (2014)

14. Casas-Bedoya et al., Optics Letters (2015)

SBS on chip-scale devices

SBS in optical fibres®  First Brillouin laser’ resonatorst!

Waveguides with large Brillouin gain
High-Q resonators

B. J. Eggleton, C. G. Poulton, and R. Pant, "Inducing and harnessing stimulated Brillouin scattering in photonic integrated circuits," Adv. Opt. Photonics 5, 131 (2013).

M. Merklein et al., "Stimulated Brillouin Scattering in Photonic Integrated Circuits: Novel Applications and Devices," in IEEE Journal of Selected Topics in Quantum Electronics, vol. 22, no. 2, pp. 336-
346, 2016.



WOMBAT

Workshop on Optomechanics and Brillouin
Scattering: Fundamentals,
Applications and Technologis

e I
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WOMBAT - Workshop on Optemeéchanics and Brillouin Scattering

WOMBAT 3

Workshop on Optomechanics and Brillouin Scattering:

Fundamentals, Applications and Technologies

3-5JULY 2017

BESANCON, FRANCE

J¥

<

THE 3* WORKSHOP ON:

Fundamentals, Applications and
Technologies (WOMBAT)




Vision: Integrated Brillouin Processor
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“wgo SYDNEY SBS on chip

On-chip SBS is challenging because the waveguides are very short.

Thegainis ™ g, = Brillouin gain coefficient

G goPjLeg) ) P, = Pump power
 Aup L.+ = Waveguide length
e _ A = optical mode area go =

167 \ }712

C)\gpQFB 77

How to get enough gain in a chip scale device?

1) Material with high refractive index

2) Small mode area cladding

3) Low loss optical waveguides
4) Good opto-acoustic overlap

Guiding/confinement of acoustic mode > *(
Determined by acoustic velocity in materials X z

Pant et al., Opt. Express 19 (2011)
Poulton et al. JOSA B 30 (2013)
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e KEVIEW ARTICLE

Chalcogenide photonics

Benjamin J. Eggleton", Barry Luther-Davies® and Kathleen Richardson®

SBS in chalcogenide waveguide

Chalcogenide waveguide:

« High index material As,S; (n~2.45, gy~P)
« Small mode area (A ~ 2.3 pm?)

« Low propagation loss (~0.2 dB/cm)

« Large overlap of acoustic and optical modes
Eggleton et al., Nature Photonics, (2011)

: . : : IPG 4pm Vipg ~ 1500 m/s
:> =~ 500 times higher Brillouin — " s /
gain than silica SMF ~2.3 um? JAS;S;s Yazons Vonac ~ 2600 m/s
Silica Vsiica ~ 6000 m/s
Photonic chip
Chalcogens fs; i y |
0 . N900/0 . ‘
J:qu“ : —
1=
| Optical mod -
L prica r.n.o © Acousticmode o Jemonstration of on-chip SBS:
Benjamin Eggleton, et al., “Inducing and harnessing stimulated Brillouin scattering in photonic Silica ~ 6km/s R. Pant et al. Optics Express 19,

integrated circuits,” Adv. Opt. and Photon. 5 (2013) As,S; ~ 3km/s 8285-8290 (2011)
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Giant Enhancement of Stimulated Brillouwin Scattering in the Subwavelength Limit == Elctrosttion and radatioe pressure

Peter T Rakich, ™" Charles Reinke,! Ryse Camacho," Paul Davids ' and Zheng \\'.mc‘“’
"Sandin Natuwal Libomtries, PO Bax 5800 Alfwguergur, New Mevice S7TI5-1082. USA
Massaclusenss fngiate of Tee fedogy, 77 Massachue ity Avesse, Comwidye, Muoaohsnein 02739, USA
"Deparnmers of Elecrrical and Compuarer Engineering. Microelecronis Researck Cenver. The Universiny of Texas o Asatin,
Anstiv, Texar 7A75Y USA
(Rectsved 22 August 2001; publdiad 30 Janary 2012)

SBS gain (' W)

1295 130 1308 1875 188 1885
Ceagy (GHZ)

Acoustic confinement and stimulated Brillouin
scattering in integrated optical waveguides

Christopher G. Poulton,'*** Ravi Pant.** and Benjamin J. Eggleton™*

Vol. 30, No. 10 / October 2013 / .J. Opt. Soc. Am. B

ARTICLE

Facumed & fam 2010 | Saoapingd 20 Apr S0 Fubhdwe B Jun 2013 T e e T ———— DPEN
Tailorable stimulated Brillouin scattering

in nanoscale silicon waveguides

Fausaliark Thin!, Whenjun Gined, Rusbort L kil Jonaihan &, Gz, Rog B Qs 117, e Slarka!
Trwrgs Weryd i Puter T Rakich®

prvereey [ o v s T G s .
i ARTICLES

photonics

T 915 925
Ezﬂ 100 3

s §
Interaction E{Etwe?r_‘ light and h_'ghll" cnn.flned Tunable narrowband microwave photonic filter i

hypersound in a silicon photonic nanowire created by stimulated Brillouin scattering

Hxphall War Laoe™™™, Bart Kugkon'®, Deies Van Thourhout'™ and Rocl Baets® from a silicon nanowire

Awvaro Casas-Bepova,* BLAR MorRison, MaTmia Pacani, Davio MARPAUNG, AND BENJAMIN J. EGGLETON

Frequency spacing 35 (GHz)

photonics FUSISHED OULE B s o 5dB Bri”OUin amplification (5mW)
Large Brillouin amplification in silicon 3 pm a

Eric A. Kittlaus", Heedeuk Shin'?' and Peter T. Rakich'™

(b)
Compact Brillouin devices through hybrid

integration on silicon S ) Max ga in 22. 5 d B
Optica — 20 1 7 BLAIR MORRISON'>", ALvARO CAsAS-BEDOYA!Z, GUANGHUI REN®, KHU VU, 4 ﬁ(

Yana L2, ATIYEH ZARIFI'2, THACH G. NGUYEN?, DUK-YONG CHol*, DAVID
MARPAUNG'2, STEPHEN J. MADDEN*, ARNAN MITCHELL®, AND
BENJAMIN J. EGGLETON!?
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photonics

Interaction between light and highly confined S B S I n S I I I CO n 7
n

hypersound in a silicon photonic nanowirs

Raphabl Wan Lasc?e, Bart Kovkae'?, Driss Van Thaursoul® ad linel Bk

ARTICLES

'Optlcsl_etters How to get SBS in Silicon?

Tunable narrowband microwave photonic filter SOI Wavegl_,” de

created by stimulated Brillouin scattering

from a silicon nanowire
Awaro Casas-Beooya,* BLar Morrison, MATTIA Pagani, Davio MARPAUNG, AND BeENuAMIN J. EGGLETON -
(n =3.48) (v, ~ 8000 m/s)

(n =1.45) g (v, ~ 6000 m/s)

Hybrid Integration Post Processing

Phonon leakage
Slot Waveguide / i \ Suspended Waveguide

Si Si « HF Acid removes silica
« Minimal change to loss
 Forward SBS

Phonon Trapped

Acoustic Mode ' I

Acoustic confinement and stimulated Brillouin
scattering in integrated optical waveguides

LETTERS

nature :
photonics P e 1 ot 0001 ¢

Large Brillouin amplification in silicon

Eric A, Kittlaus", Heedeuk Shin'' and Peter T. Rakich'

Plus two-photon absorption —
limits SBS gain to about 5-6dB

Christopher G. Poulton,*** Ravi Pant,*® and Benjamin J. Eggleton®?

JOSA B (2013)
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2011 Today
-6 cm Hybrid

Integration

/Spiral up to 6 cm
_Area < 0.5 mm?

Resonator

4 mm

/

Straight Waveguide épiral up to 24 cm
~15dB gain Area ~10 mm?
~50 dB gain

Pant et al., OE 19 8285 2011 Choudhary et al., JLT 33 846 2017 Morrison et al., Optica, 4 (2017)
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Ry ALUNET Brillouin Scattering in Integrated Waveguides
As,S, Silicon
T Tum
Soft =» Embedded Stiff = Suspended
© mbeade Up to 7 dB amplification?
>50dB amplificationl Nonlinear losses
No Active optical components Mature library components

" 4

Hybrid Integration

1. Choudhary, JLT 33 846 2017 2. Kittlaus, Nat. Phot. 10 463 2016

)~



Research Article Vol. 4, No. 8/ August 2017 / Optica 847

Compact Brillouin devices through hybrid
integration on silicon

BLaR MoRRison,?* @ ALvaro Casas-Bepova,"? GuancHul Ren,® KHu Vu,* Yang Liu,"? Aniyen ZaRiF,™?
ThacH G. Nauyen,® Duk-Yona CHol,* Davip MARPAUNG,"? STEPHEN J. MADDEN,*
ARNAN MiTcHELL,® AND BENJAMIN J. EGGLETON™?

® IMEC-ePIXfab shuttle service

¢ Silicon nanowires tapered to 150 nm

Si
Si0,
As,S,

680nm of AsZS3

® 5.7 cm nanowire

® 780 nm silica layer

EBL mark

aligner
Not at scale
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-

1um

0.9

0.8 1.9 x 0.68 um

0.7

o 0.7 dB/cm loss
s 5.7 cm long spiral

0.2

o1 0.4 mm2 footprint

I SiO,: Sputtered
As,S,
SiO,: Buried Oxide

% 10 - 7.6 GHz
- — 20 —
g sk o)
o 2 )
o Loss = =)
© 0 - B AL . © e
© Pump Gain O ‘% -
= - 10
O 5 5 ©
£ o
0
1551.10  1551.15  1551.20  1551.25 20 100 180 7.2 74 76 7.8 8.0
Wavelength (nm) Coupled Power (mW) Frequency (GHz)

Shift ~7.6 GHz Gegs= 750 /m/W Max gain 22.5 dB
> 20x improvement in amplification over pure Si device



Pairing on-chip linear and nonlinear optics
(Yang Liuv et al. MWP Conference)

\ /" Resonator SBS Waveguide \
Functional Brillouin s )\
Photonic Photonic IRWA! \
Devices Processor ) |l |\ '
High-Performance IMWP Processor ( ngh Performance IMWP Filter \
« ‘Linear’ device library offers ring resonator,
coupler, splitter... —
+ ‘Nonlinear’ devices bring advances insignal .~
amplification, filtering, generation... /
« Combination unleashes the full potentials. = 5

bend radius

* On-chip circuit means more functions, less
interconnection losses and compactness.




_ Brillouin Integrated Photonics

Brllloum sensin
Microwave filter / phase shifter / ’

sources

N
©

u T 78 SBS frequency comb
L.Ea 204 wn 77 - —qumrvoomb |I
E ) N E.T? %j ,'\IJ f
: 76 S f ViV \
£ ] Zw YA
£ 0 10 20 30 40 50 el A ”U%’c_

T e T R Y position [mm] -

Frequency deviation (MHz)
Wizrvalengih [nm]

Zarifi, Stiller et al., APL Photonics (2018) s
; Bittner et al., Scientific Reports 4 (2014)
Bittner et al., Optica, 1(5), 311 (2014)
Merklein et al., Nature Communications 6:6396 (2015)

Byrnes et al., Optics Express, 20 (2012)
Morrison et al., Optics Comm, 313 (2014)
Pagani et al., Optics Letters (2014)
Marpaung et al., Optica 2 (2015)

Casas Bedoya et al., Optics Letters 40 (2015)
Merklein et al., Optics Letters 41, 4633 (2016)

On-chip SBS laser

Carrier recovery

in coherent optical communications Kabakova et al., Optics Letters 38 (2013)

54 4£=0.1MHz : :2:0;25 *U
‘ug‘, 10 \ __zé

& A155 MK .
ll' A *1 / pet M

a \'&‘S " I N I P.I1 T N M 26‘"].:-8‘" P.-DP.‘; T -1000 PSU SUU F:::uer?cy[kz:lz] SUU PSU 1000

. . tiller et al., Nonlinear Photonics
Giacoumidis et al. Optica 5, (2018 o ' ; ; :
P (2018) Merklein et al., Nat. Comm. (2017). Morrison et al., Optica 4 (2017)

Stiller et al., Optics Letters (2018)



Microwave photonics (MWP): manipulation of RF signals using
photonic techniques/components

Signal transport Signal processing

 Radio over fiber
 Antennaremoting

« Filtering
 Phase shifter, beamforming

£ sl Advantage
Signal generation % *  Wide bandwidth
 Low loss

« Ultra-wideband (UWB)" ° reawencvictin EMI immunity
« Low phase noise synthesizer Reconfigurable




Microwave photonics provides bandwidth

Microwave signal processing uses photonics to overcome limitations of RF
Electronics [11

Antenna

Optical Optical
[% input output
signal signal
RF input |,
signal RF output
K signal
Optical :’ 4 - ¥ Optical ,
C.W. source \_‘>7 FI I t er receiver
Modulator

Why a Microwave Photonics?
Tunability over broad range of frequencies (>10s of GHz)
Electrical isolation
Immunity to EMI

[1] J. Capmany & D. Novak, “Microwave Photonics Combines Two Worlds”, Nature Photonics 1, 319 - 330 (2007)

[2] D. Marpaung and B. J. Eggleton, “Nonlinear integrated microwave photonics,” Journal of Lightwave Technology (2014)



Normalized RF transmission (dB)

-104

2204

-30 4

40

-50

3-dB
g Bandwidth
S
S
=
S5
= =
2

RF Frequency

Microwave notch filters

Power

Unwantedg ..t jammer
ammer)

F filter
N

Signal
AR

Radio frequency

Desired properties

High peak attenuation (>50 dB)
High Q (FWHM << 1 GHz)

Large frequency tuning (tens GHz)
Reconfigurable response

Small footprint

Bandwidth reconfigurability



Photonic chip based tunable and reconfigurable
narrowband microwave photonic filter using
stimulated Brillouin scattering

Adam Byrnes,l Ravi Pant,’ Enbang Li,' Duk-Yong Choi,’ Christopher G. Poulton,’
Shanhui Fan,' Steve Madden,’ Barry Luther-Davies,” and Benjamin J. Eggleton”

13 August 2012 / Vol. 20, No. 17/ OPTICS EXPRESS 18845

Signal

= - /ﬁ@

Carrier Pump
¢ €))] >
2
=B
Upper
Lower Sideband Sideband

Principle of Operation

RFA ‘

Pump ‘ ON




o cac
4 1 GHz
: === o]
U5 b bubveay 215w | i -60 |
; Optics Letters o ]
Tailoring of the Brillouin gain for on-chip widely ‘A\‘TS GHz
tunable and reconfigurable broadband microwave a
~ photonic filters =
. - g 3 N . Ao Griouowars, ' agas Arvanean,' Suarax Swiaseas,’ Buain Monnson' Kims Vi.* STereen Maooes* = o o=
Low-power, chip-based stimulated Brillouin S G S 2 I 106k
scattering microwave photonic filter with H'igh-refolytio?, on-chip RF £ 60
. .. photonic signal processor using a
ultrahlgh se'eCt“"ty Brillouin gain shaping and RF £ 1o
Davio Marpaung,'* Buur Morrison,! Matria Pacany,' Raw Pant,’” Duk-Yons Cros*  interference B
Basry Lumser-Davies,® Steve J. Maopen,” ano Bensamin J. EccLeron’ Seephen Modden’, Oovid Marpounghs & Bengemin 5. Sggiotomts T = -62 —
g 20 GHz
| 7: 5932 | DOI:10.1038/541598-017-06270-4 S
< .60
- N o -
Performance highlight [z
-60
- - o 4
- 30 GHz
 Ultra-high suppression !
-60

« 100x lower energy consumption o = 0 s w = w

Frequency (GHz)

« 15x wider tuning vs. electronic RF filter o —gwe  g{

— 0 M2

140 M2 O >

- Highest Q at 30 GHz for on chip filter 8 = - 0
» Reconfigurable bandpass & multiple bandpass filters <" . mnnmni
" Frequenc::y (MHz) = o Fref}ousency(zéilz) e

b v iibEcom))

US.ARMY

Prototype



Second generation prototype

Micro-EDFA USB comm. Power supplies

5 ARMY

B3 v diEcon)
,,

‘ e )
, Polarlzatlon controllers |

fw

Optical ports. e o [ B

Dimension of 28¢cm x 30cm x 10cm.

ITLA 1



_The Vision: three pillars that underpin MWP

Microwave Photonics

Functionality

g _
5 = = Fundamental
o
i =
g .
.30 4 g | ' IMD3
- = 2/3
& ; fractional i SFDR =116 dB.Hz
.40 ===~ Gain, 32 MHz =
BW %‘ - Measured noise
.50 4 O _ (-153 _dBmle) _
60 T T T T T T ! ' J ' y
1185 1190 11.95 1200 1205 1210 1215 1220 - -80 I-40tRF -20 (dg ) 20 40
npu power (dBm
Frequency (GHz)

D. Marpaung et al., Optica (2015) J. Fandifio et al., Nature Photonics (2016) Y. Liu et al., Optics Letters (2017)

IEEE Journal of Quantum Electronics (2018) IEEE Journal of Selected Topics in Quantum Electronics (2018) Journal of Lightwave Tehnology (2018)
Chip-Based Brillouin Processing tfor On-chip Brillouin filtering of RF and Optical Link Performance Optimization of Chip-based
Phase Control of RF Signals Signals Si3N4 Microwave Photonic Filters

o F 9 i arpg ® . iami ® r y 'EE Yang Liu, David Marpaung, Member, OSA, Amol Choudhary, Member, OSA, Jason Hotten, and
Yang Liu™, Amol Choudhary, David Marpaung™, and Benjamin J. Eggleton™, Fellow, IEEE Amol Choudhary, Yang Liu, David Marpaung, and Benjamin J. Eggleton & Tpaung: Bengarnin 1. Eggleton, Fei.'aw?)"EEE



_Performance gap hinders IMWP’s real-world applications
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State-of-the-art IMWP filters
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Why?
« Photonic circuits and processing add losses

 Link performance optimization techniques
need to be explored.



Achieving high-performance requires efficient SBS

gain: SBS for monitoring micro-scale waveguides

Distributed SBS measurement with high spatial resolution is required to

confirm the consistency and high SBS gain in photonic waveguides.
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Highly localized distributed Brillouin scattering response
in a photonic integrated circuit
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Duk-Yong Choi,? Pan Ma,? Stephen J. Madden,® and Benjamin J. Eggleton?:2
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