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Technical Group at a Glance

e Focus

* “Physics of nonlinear optical materials, processes, devices, & applications”
e 3800 members (largest in OIS, 3 largest in 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 us at
TGNonlinearOptics@osa.org.

e Find us here

e Website: www.osa.org/NonlinearOptics TG
 Facebook: www.facebook.com/osanonlinearoptics
e LinkedIn: www.linkedin.com/groups/8302249
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Speaker’s Short Bio:

David received his Ph.D in electrical engineering from the
University of Twente, Netherlands. He then did post-docs at the
University of Twente, and the University of Sydney as an Australian
Research Council DECRA Fellow. He is now an Associate
Professor (Vidi Laureate) at the Laser Physics and Nonlinear
Optics group, University of Twente.
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The wireless revolution

' E 4 .
10 billion internet devices in 2016 Sourck: NBC News

Exponential growth in wireless data consumption



J. Hecht, Nature 536, 2016

[HE BANDWIDTH BOTTLENECK

Researchers are scrambling to repair and expand data pipes worldwide
— and to keep the information revolution from grinding to a halt.

BY JEFF HECHT

MOBILE EVERYTHING
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Mobile phones
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Personal devices

Hard-wired networks



Qutline

Fundamentals of microwave photonics

Nonlinear integrated microwave photonics

Recent advances

Challenges and roadmap



Microwave photonics

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

Capmany and Novak, Nat. Photon 1 (2007) Yao, J. Lightwave Technol. 27 (2009)
Seeds and Williams, J. Lightwave Technol.24 (2006) Marpaung et al., Laser Photon. Rev. 7 (2013)

 Heavy (copper, 567 kg/km) * Lightweight
* High loss(190 dB/km @ 6 GHz) e Low loss(0.25 dB/km)
 Rigid and large cross section » Very flexible



Microwave photonics

MWP applied in the generation, distribution, processing, measurement of RF signals

Next generation wireless

Arbitrary waveform generator

Reconfigurable processor

True time delay | |
Integrator and differentiator

Antenna remotin : :
J Optical beamforming

Radio over fiber Phase shifter

RF spectrum analyzer Qptoelectronic oscillator

Instantaneous frequency Tunable filteri ng

measurement

Satellite communication Defense




Microwave photonics

Microwave photonic link

Optlcal Fiber \

/\/W "WMM "‘W'”"‘W'I Wh | m

!
Microwave signal .“' Microwave signal
Modulated optical signal

lrmmﬂ‘

 Modulation device: CW laser+ external modulator or directly modulated laser
« Modulation: phase, intensity, complex



Microwave photonics

Microwave photonic link
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Modulated optical signal

Source of signal degradation: E/O and O/E losses, noise, and nonlinear distortion

Noise source: laser relative intensity noise, shot noise, thermal noise



Two-tone test

Input spectrum

RF power (dBm)

0 0.5 1 1.5
Frequency (GHz)

2

25

RF power (dBm)

Output spectrum

Added noise

0.5 1 1.5
Frequency (GHz)
IMD: Intermodulation distortion
HD: Harmonic distortion

2

25



Link gain

Input RF spectrum Output RF spectrum

RF power

> Frequency
Link Gain (dB) = Output signal power(dBm) — Input signal power (dBm)

= Mostly <1 (loss) 2 “bad” design: -40 dB; state of the art > 20 dB
= Depends on efficiency of E/O and O/E conversions
= Square dependence on optical loss = effect of loss is severe



Noise figure

Input RF spectrum Output RF spectrum

RF power

A

Input SNR olljfout SNR

b
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> Frequency

Noise figure (dB) = Input SNR (dB) — Output SNR (dB)
= “Bad” design: > 50 dB; state of the art <10 dB

= Depends on link gain and link noise RALRCLEI ISR (el=10 Vi FARNCR (e )L W2E

= Depends on many parameters: optical power, RIN, bias point etc.



Spurious-free dynamic range (SFDR)
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RF power (dBm)

Input power (dBm)

SFDR : SNR @ IMD power = noise power

RF power (dBm)

= The strongest signal that can be
filtered out without distortion

Important figure of merit (!)

IMD2-SFDR

1 1.5 2
Frequency (GHz)

1 1.5 2
Frequency (GHz)
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Integrated microwave photonics

MWP link: low loss signal transport/distribution

MWP system: wideband, reconfigurable RF signal processing
Functionalities
* delay
e freg. u
conv

Integrated MWP: PICs for advantage in size, weight and power

Optical Fiber

Photonic circuit

13



Three pillars of integrated MWP

Fast beamsteering High link gain

Low noise oscillator Low noise figure

Agile filters High dynamic range

Wideband converters Wide bandwidth

Low footprint
Energy efficient
Light weight

Electronic-photonic



Why beyond silicon: stringent requirements

Low loss Standard silicon

— High power
handling

2l

é‘ i \ . mom  fem
| \ Compact 200

Lasers e Loss ~ 1-3 dB/cm
 Tens of micron bend radius
Linear modulation « Carrier depletion modulator
& detection * Nonlinear loss for high intensity
Optical CMOS (TPA and FCA)

nonlinearities compatible



Material platforms

Silicon Indium phosphide

Universal signal processor
(UPV, Nat. Comm. 2017)

All integrated filter
( UPV, Nat. Photon. 2017)

Thick SOI Hydex

| |

200 pom

Instantaneous frequency
measurement
( Sydney, Optica 2016)

Comb-based RF photonics
( Swinburne, JSTQE 2018)

Silicon nitride

Chalcogenide

SBS tunable filter
( Sydney, Optica 2015)

Channelizer, processor
( LioniX, JSTQE 2018)

Emerging materials

Sputtered SiO,

Sputtered Ta, 0

Ta,05 (UCSB, Optica 2017) LNOI (Harvard, Optica 2017)



ARTICLES

PUBLISHED ONLINE: 5 DECEMBER 2016 | DOI: 10.1038/NPHOTON.2016.233

nawre :
photonics

A monolithic integrated photonic microwave filter

Javier S. Fandifo', Pascual Mufioz'?, David Doménech? and José Capmany™
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Optical filter

Platform: indium phosphide
100% integration (laser, modulator, rings, PD)
But relatively low performance

~ -40 i
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m Vol. 42, No. 22 / November 15 2017 / Optics Letters 4631 J
Optics Lett
S —————

All-optimized integrated RF photonic notch filter

Yana Liu,"? ® Jason HotTeN,'” AmoL CHoupHARY,'? ® BensamiN J. EGGLETON,"?
AND Davip MarpaunGg'**

Laser High power Intensity  Low noise Programmable
EDFA modulator EDFA silicon nitride circuit

DC bias RF in photodetector

* For the first time, advanced filtering and high performance
are achieved simultaneously

* The filter exhibits record-low noise figure (15.6 dB) and
high dynamic range (116 dB.Hz), amplification in the
passband (8 dB) and ultrahigh stopband rejection (55 dB)

Output RF power (dBm)

0 2 4 6 8 10 12
Frequency (GHz)

SFDR at 12 GHz

Fundamental

IMD3
SFDR = 116 dB.Hz2?

Measured noise
(-153 dBm/Hz)

80 -60 -40 20 O 20

Input RF power (dBm)

40



Vol. 2, No. 10 / October 2015 / Optica 854 I (a) mesh network
ll:-l—’l C—

Programmable photonic signal processor chip . '_'_l_

for radiofrequency applications < B |

Leimeng ZHUANG,"* CHris G. H. RoeLorrzen,”? MarceL Hoekman,® Kraus-J. BoLLer,* anD " &

ARTHUR J. Lowery'® ﬂl ' ] _____
_______________ * R ————

. o iStructure p

+ Platform: silicon nitride e

« Key component: Mach-Zehnder interferometers e i Th

» Reconfigurable processor jrouprer  Bar ¥

« Loss0.1dB/cm = (_\_ —

0 R iy
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Waveguide 2D

Phase tuning element




B
natre

COMMUNICATIONS

ARTICLE
OPEN

Multipurpose silicon photonics signal
processor core

Daniel Pérez!, lvana Gasulla', Lee Crudgington?, David J. Thomson?, Ali Z. KhokharZ, Ke Li¢, W

‘;' Tunable basic unit Las
TBUY ]

Goran Z. Mashanovich®? & José Capmany' = e g
« Platform: silicon - n B
H — '*'f { \ Tunable CCI;J ler g
« Hexagonal waveguide mesh o N\ %/ IR Frace sier 2
e . . ouT1 <IN 1580.05 1580.10 1580.15
« Can exhibit more than 20 functionalities
« Application beyond MWP, including oo T
. AV —TC < -5 17 |
quantum photonics &) i ‘\ mﬂ //\ ﬁ
€ 25 | . ' ' -
i > & % xK.t OUT1 % 30 | | N N -
/N fourz N out2 § -3 |
N \J OU‘T1 I Tunable coupler z -40

1579.75 1579.85 1579.95 1580.05 1580.15 1580.



Why nonlinear integrated MWP

Nonlinear optics leads to generation of new optical frequencies

Can be used for unique MWP signal processing, for example:

Multiwavelength optical source Ultra-high resolution filtering

Optical
Acoustic wave wave 2

M Narrowband
Optical \ , amplification

wave 1

|"|"||"|I||||"'||||'|||'I|'::':;:E::ll":'”"'|||||||||||||'||||||||||' W i

N Pump
Ultra-narrow

optical filter 10GHz

~MHz width

T Kippenberg et al, Science (2018) Frequency



Acousto-optic interactions

Photo-elastic effect: acoustic wave (“sound”) influences light
Stress variation induces refractive index change

Acoustic wave Travelling Bragg grating

VAVAVAW
S. Minarzy, PhD thesis, UTS, 2018

Electrostriction: electric field (“light”) induces displacement/material compression

Optical

P Light influences sound
e

Atomic
lattice

E-field I
gradient

Animation by Prof. Chris Poulton (UTS)




Stimulated Brillouin scattering

Pump o, Probe
W =W, =

/\ A /\f mc
r N

Interference pattern

Pump m,
moving index gratlng compresses material
< / \ / \ [ \\ — m
})/ \/ fl\/t 4 [Photoelasticity / [Electrostriction/
U STRCC e moving boundaries] radiation pressure]

down-shifted to w,

™ S

Acoustic wave
Eggleton et al,. Adv. Of frequency Q




Strength of SBS: Brillouin gain coefficient

Pump

Acoustic wave (Pp [W]) .
\ o out
Stokes
wave
Length L
I:)in =X [W]
Elasto-optic
/ coefficient
3,.8 2
16 7°n° ( Py, )
g —
0 3
CA p QI

Eggleton et al,. Adv. Opt. Photon 5 (2013)

= e®x [W] G

Brillouin peak gain
[m/W]

/ Opto-acoustic
/ overlap
— 1] P Leff

/ A\%ff

SBS gain \

Brillouin gain coefficient
(Gp) [mtwW]

Recipe for high gain in short (chip) devices :

1) High index material

2) High elasto-optic coefficient

3) Small mode area

4) Low loss, long interaction length
5) High opto-acoustic overlap



Role of overlap and mode confinement

Large overlap requires confinement of optical and acoustic modes
Acoustic confinement is determined by acoustic impedance (velocity) of materials

2
go ~ ‘/ HEIIZP*dwdy‘

_,./\ b Acoustic field

n . . .
Optical - 3 Optical intensity
roperties Strong SBS response
n Vadding == V )
2 cladding core Well-confined . :
;; L
o 1l
(U
Acoustic vs % -
p - J— Large overlap . .
roperties - == == —
2 AfIGHz
SBS reduced
Veladding Ya Veore ] —_ ' ' r’\n '
Poorly confined 3 3
— |
£ | ”1
O Ed
W)
m -
w
-8 -7.8 -7.6 -7.4
AT/ GHz

Small overlap

Poulton et al. JOSA B 30 (2013)



Example of on-chip Brillouin device: chalcogenide

» High index material As,S; (n~2.45)

« Small mode area (A, ~ 2.3 pm2) Vsiiica ~ 6000 /S FSiliea ===
Vonaic ~ 2600 m/s 5293 aTonn S v ~
~ 6000 m/s e .

« Low propagation loss (~0.2 dB/cm)

Acoustic mode

. Vo

* Low nonlinear loss silica Photonic chip Optical mode
« Large elasto-optic coefficient

« Large overlap of acoustic and optical modes

50 T
O —~~
— p B 40 -
R 401" 23 cmwaveguide g g7 g 40 |
- - 48 dB gain
c 30 - @ .’ E 30
E "". U
O 20 0o .- + 20
E 2 d <
Sl e® cm waveguide % 10
‘,.' O
0 | | . |

0 100 200 300 —400 —-200 0 200 400
Coupled Power (mW) Frequency Normalised (MHz)

B. Morrison, PhD thesis (2018)



Silicon Brillouin device

High index and small mode area

Relatively high propagation loss (1-2 dB/cm)

Nonlinear loss (Two-photon and free-carrier absorption)
Small elasto-optic coefficient (200x lower than ChG)
Acoustic leakage (small overlap)

Silicon nanowire Si f0nm

e e » 19
'

Stokes power (a.u.)

9.15 9.2
Frequency spacing (GHz)

R. Van Laer et al., Nat. Photon. (2015)

SOl waveguide

(n =3.48) (v, ~ 8000 m/s)

v, ~ 6000 m/s)

(n =1.45)

Phonon leakage

Silicon rib-waveguide

m  Gain experiment
6 4 —— Gain theory
1 —— Total loss
~ 5+ === Linearloss
o
=
2 44
=)
< J
€ 34
V) ]
24
14
O I 1

Pump power (mW)

E. Kittlaus et al., Nat. Photon. (2016)

0O 10 20 30 40 50 60



Py ——
o Tunable notch filter

Low-power, chip-based stimulated Brillouin
scattering microwave photonic filter with
ultrahigh selectivity

Davip MarpPAUNG,"* BLaIR MoRrrison,' MaTTia Pacani,' Ravi Pant,® Duk-Yonag CHol,
Barry LutHER-DAviEs,? Steve J. Mappen,? anp Bensamin J. EcGLETON!

2

-10 -
PRF

Narrow width, ultra-high

suppression -20 4

301—AV, . 88 MHz
a0~ AV, . 32 MHz

Normalized RF transmission (dB)

:?»é’%{@
%Qtz-c"é -50 -
. -60 T T T T T T
Cancellation 11.85 11.90 11.95 12.00 12.05 12.10 12.15 12.20
filter

Frequency (GHz)

« High Q RF filter

» Ultra-high suppression

* Energy efficiency (low gain)
 Tens of GHz tuning range



Pump tailoring

)
- 2
1“_>f RF signal %
EO . : Gai =
ain » —
modulator - tailoring g—
Probe SBS medium Pump <
Stokes gain :‘é -------------------------- Single
| Pump
]
|| > a)
Stokes gain Gain
tailoring
I HHHHHHHHH
l"‘ 0

W
e

N
o

10-

— 30 MHz
— 50 MHz
— 140 MHz
200 MHz
— 440 MHz

!t L |

TN f".

°W.m.m-l l Mﬂlﬁh

400 200 O 200 400
Frequency (MHz)

1
b

e Tunable bandwidth bandpass filter
(30 MHz-440 MHZz)

* Low passband ripple (< 1.9 dB)

o 25 dB selectivity

* Achieved from approx. 44 dB
equivalent gain

Choudhary et al., Opt. Letters 41 (2015)



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 36, NO. 13, JULY 1. 2018

2803

RF-Photonic Filters via On-Chip Photonic—Phononic

Emit—Receive Operations

Eric A. Kittlaus —, Student Member, IEEE, Prashanta Kharel ~, Nils T. Otterstrom —, Zheng Wang, Member, IEEE,

and Peter T. Rakich

PPER Device
_ @ Emit ©)
ntensity
Laser s Mod.
Phonon
Laser
R @) Receive (pM) @ Out
(a)
i RF ii Optical iii Acoustic iv Optical
] o o O
: : : :
o éE a o
> >
Frequency Frequency Frequency Frequency

(b)

i =
C—

Normalized Signal (dB)

0- H 5 MHz @-3 dB
-10 -
-20 -
-30 4
42 43 44

Modulation Frequency (GHz)




Frequency

Combs for MWP

filter

(Weighted RF modulated )
optical signals

Time o A4 ANeq A

\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

Multi-wavelength

source

Microheater

SiN microresonator
combs

Optical
modulator

s N
Delayed and weighted
RF modulated
optical signals

e
: Wi

InP AWG and SOAs

Delayed and weighted
RF signals

Photodetector

GalnP photonic
crystal waveguide



JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 32, NO. 20, OCTOBER 15, 2014 3557

Programmable Single-Bandpass Photonic RF Filter
Based on Kerr Comb from a Microring

Xiaoxiao Xue, Y1 Xuan, Hyoung-Jun Kim, Jian Wang, Daniel E. Leaird, Minghao Qi, and Andrew M. Weiner
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Vision: Integrated Brillouin Processor




The way forward: hybrid/heterogeneous integration

|||N-Si3N4 hybrid integration I1/V-Si heterogeneous integration Hybrld silicon-chalcogenide

As,S; ring

. Resonators
Reflector | Tunable Laser Gain o Silicon taper

— +

Monitor

UCSB, JLT 2016

U. Sydney, Optica 2017

Silicon VGC
U. Twente/LioniX, JSTQE 2018

Vision: multi-materials integration for best performance

NIST, arXiV 2017



New direction: hybrid integration

Deposit 680nm As,S;
IMEC Silicon, ePIXfab shuttle service Lithography and Etching

nm Si0O, Cladding

Si Taper

Si Grating
Coupler



Norm Optical Power (dB)
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New direction: hybrid integration

~ —

1um

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

7.6 GHz

Pump Gain

| | I

1551.10

1551.15 1551.20 1551.25
Wavelength (nm)

Shift =7.6 GHz

Peak Gain (dB)

N
o

—_
o

Coupled Power (mW)

Net Gain = 18.5 dB

A
& v ‘
P o
QQQ
| | |
100 180

20 Width
15 MHz
10 |-
o L— | |
72 74 76 78 80

Frequency (GHz)

Max gain 22.5 dB

> 20x improvement in amplification over purely silicon device

B. Morrison et al., Optica 4(8), 847-854 (2017)




Conclusions

* Microwave photonics is promising, but requires high performance

 Nonlinear optics bring new dimension to microwave photonics

» Light sound interactions via Brillouin scattering useful for high spectral
resolution processing

» Frequency combs can be versatile light sources for MWP

Hybrid integration opens the path to all-integrated nonlinear MWP processor
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