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Microwave photonics

Microwave photonics (MWP): manipulation of RF signals 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) * Low loss(0.25 dB/km)
 Rigid and large cross section  Very flexible



The need for broadband signal reception and processing

J. Hecht, Nature 536, 2016 m
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( Hard-wired networks

Next generation wireless Communications with
ultra-high frequencies and data rates

Atacam Large Millimeter-wave Array
(66 dishes operating at 30-1,000 GHz)

High throughput satellite with multiple beams
operating at Ka band (30 GHz)

Navy ships with ntenns
operating at 50 MHz- 50 GHz



A closer look at the RF front-ends
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The beginning of microwave photonics: antenna remoting
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Adapted from: E. Ackerman, Analog Photonic Systems: Features &
Techniques to Optimize Performance, IEEE MTT-S Distinguished Lecture 4




The beginning of microwave photonics: antenna remoting
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Adapted from: E. Ackerman, Analog Photonic Systems: Features & Techniques to Optimize Performance, IEEE MTT-S Distinguished Lecture



Microwave photonic link
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Microwave photonic signal processing
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Microwave photonic signal processing
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Material platforms

Low loss

>

.-?/é’ g
> \ \\ Compact

— High power
handling

Lasers

Linear modulation

, & detection
Optical CMOS

nonlinearities compatible

Standard silicon

Loss ~ 1-3 dB/cm
Tens of micron bend radius
Carrier depletion modulator

Nonlinear loss for high intensity
(TPA and FCA)



Material platforms

Silicon Indium phosphide

fEpE=S=—===
< )

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

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

Thick SOI

Hydex

P |
200-pmm

Instantaneous frequency
measurement
( Sydney, Optica 2016)

Comb-based RF photonics
( Swinburne, JSTQE 2018)

Silicon nitride

Chalcogenide

SBS tunabile filter
( Sydney, Optica 2015)

Channelizer, processor
( LioniX, JSTQE 2018)

Emerging materials

SputteredSiO,

I——
Sputtered Ta,04

Thermal SiO,

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



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



Optical power vs. RF power

Laser, modulator

RE in ——> MOSUI?tiO" Optical loss G S E—> RF out
evice ( L) T ’\
]\ Idet PRF
I'ep oC oC
Popt ropP 2
PD™ opt (14et)* RL
L

P, : optical power - 2

l4e¢ - detected photocurrent Pt

rep : Photodetector responsivity Pre OC L

Prr : RF power ~ -

R, : Load resistance (50 ohm)

Minimizing optical loss is very important!
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Link noise

= Thermal noise

= Shot noise = proportional to optical power (P, )

= Relative intensity noise (RIN) = proportional to (Popt)2

Noise modeled as current sources

ith,s(t) irin(t) ishot(t) ith,d(t) RMatch

21916168 (] w|ln
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Spurious-free dynamic range (SFDR)

Output power (dBm)

RF spectrum

Fundamental

RF power

Input power (dBm)

Fundamental

Noise (1 Hz)

\\) Frequency
SFDR

IMD3
IMD : intermodulation distortion

SFDR : spurious-free dynamic range



Material: silicon nitride Lion: X(

INTERNATIONAL

= Cross section: ~1 um x 1.5 um

= Propagation loss: ~ 0.1 dB/cm (ring Q ~ 1 Million)

= Bend radius ~ 75-100 um

= Coupling loss ~1 dB/facet (spot-size converter to SMF)
. " = TPA and FCA free

=i S =S = Thermo —optic tuning, or PZT actuators

= High-complexity circuits, assembly, and packaging Phl'K
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Microwave Photonic functionalities
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M. Khan et al., Nat. Photon., 2010

1,548

— —
Optical pulse Frvicrowave < 20 GHz
fep <20 GHz

Signal processing

Tunable delay line
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J. Wang et al., Sci. Rep., 2016

Filtering
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Beamforming

Phased-array antenna

Wavefront

Antenna
elements

Beam _
former

Combiner




Cascaded ring resonators for broadband delay

* Single ORR provides tunable delay, but it is band limited
* Trade-off between maximum delay and delay bandwidth

* Solution=> cascade more than one ORRs

ORR 2

* More ORRs cascaded = more bandwidth but more ripple
* Trade-off between bandwidth , the number of ORR and the delay ripple
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Components for integrated optical beamformer
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» 8-channel beamformer with integrated MZMs, switched delays,

PDs Silicon integrated microwave photonic beamformer
. . CHEN ZHu, LIANGJUN Lu,* ©® WENSHENG SHAN, WEIHAN Xu, ©® GANGQIANG ZHOU,
* 10 GHz instantaneous bandwidth (8-18 GHz) LINJIE ZHoU, AND JIANPING CHEN

* Total insertion loss 35 dB
» Noise figure 70 dB
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LA - Multibeam phased array antenna

PHOTONICS

* Multi-band and multi-beam operation

» Operation the millimeter-wave (27 GHz)
* Noise figure 7 dB

* Power consumption: 100 W
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U Delaware, Dennis Prather’s group Optically Upconverted, Spatially Coherent Phased-Array-Antenna Feed Networks for Beam-Space MIMO in 5G



Microwave photonic filters

Radar Strong interferers saturate receiver
(should be removed)

/N

Clutter/ Target

interferer ﬂ
Noise }[.1 . m”\/\jb-v

0 Doppler shift FRF
Av=-(2/")(dR/dt)

J. Capmany et al, JLT, 24, 201, 2006

Requires: RF filters with high selectivity, widely tunable frequency,
dynamically reconfigurable



Optical filter-based MWP filter

« Simplest way to make a filter: use single sideband modulation

Integrated Optical Filter

Optical responses
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High resolution bandpass filter

Loss ~ 1.4 dB/m
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C. Taddei, et al “High-selectivity on-chip optical bandpass filter with sub-100- o ' 05 0 ' 05 ' 1
MHz flat-top and under-2 shape factor,” IEEE Photonics Technol. Lett. 31 (2019) ' '
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Bias angle (¢g/n)

Noise Figure (dB)

Low biasing + cancellation filter
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High performance MWP filter  woonpomen
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Ultrahigh dynamic range and low noise
figure programmable integrated microwave
photonic filter

Double-injection ring resonator (DI-RR)
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Switchable integrated microwave photonic circuit

g 2
g N—— —I— 3 SFDR
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Program 1 .
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Program 2

» Multifunction circuit: switchable notch filter and the phase shifter
» High dynamic range for each function

G. Liu, K. Ye, et al, Linearized integrated microwave photonic circuit for filtering and phase shifting, APL Photonics (2023)
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Linearized notch filter/phase shifter

Linearized notch filter

— Notch filter with linearization — Notch filter without linearization
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« Over 120 dB-Hz*® spurious-free dynamic range in both the notch filter and the phase shifter
* High-extinction notch filtering over 6-16 GHz and 21 continuously tunable phase shifting over
12-20 GHz frequencies

G. Liu, K. Ye, et al, Linearized integrated microwave photonic circuit for filtering and phase shifting, APL Photonics (2023)
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Simultaneous-cascaded functionalities
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» Two functions performed simultaneously: filter + phase shifter, filter + tunable delay

« Each function has high performance
K. Ye, et al, CLEO 2023
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Simultaneous notch filtering with phase shifting
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« Optimized noise figure of 24 dB and a SFDR of 105 dB-Hz??
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K. Ye, et al, CLEO 2023




Simultaneous notch filtering with true time delay
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» 50 dB notch filtering tunable from 5 to 9 GHz and tunable time delay (143 ps to 514 ps) from 14 to 16 GHz



Emerging technologies in integrated MWP

 Programmable photonics (meshes, general purpose processor)

 Enhancing spectral resolution: ultra-high Q rings, Brillouin optomechanics

* Frequency combs for microwave signal generation, frequency conversion, filtering

« High performance modulators and detectors (thin-film lithium niobate, plasmonics)
 Low noise (RIN, phase), high power on-chip lasers

« Optical amplifier on chip (erbium on silicon nitride)

« High level of integration (electronic-photonic, passive, laser, modulator, detector)

« System experiments (real wireless signals, blind source separation)



P rogram m able photon ics W. Bogaerts et al. Nature (2021)
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Applications:
« Quantum computing

« Microwave photonics
« Neuromorphic computing

Photonic equivalent of FPGA



Stimulated Brillouin scattering filter
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Further references:
- Eggleton et al., Brillouin Integrated Photonics, Nat. Photon. 13 (2019)
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Comb-hased MWP filter
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Microcomb-driven silicon photonicsystems
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Integration of high-performance modulator

Optics Lettas‘;

Subvolt electro-optical modulator on thin-film
lithium niobate and silicon nitride hybrid platform

ABu Naim R. AHMEeD,"* @ SEAN NELAN," SHOUuYUAN SHI,' PENG YA0,? ANDREW MERCANTE,?
anp DEnnis W. PRATHER'?

"School of Electrical and Computer Engineering, University of Dalaware, Newark, Dalaware 19716, USA
?Phase Sensitive Innovations, Nawark, Delaware 19711, USA
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Integrated lithium niobate electro-optic modulators
operating at CMOS-compatible voltages

Cheng Wang"%®, Mian Zhang"®, Xi Chen®, Maxime Bertrand"#, Amirhassan Shams-Ansari"?, Sethumadhavan Chandrasekhar’,
Peter Winzer® & Marko Loncar'*
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