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Motivation: Ultra-wideband (UWB) RF Systems
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GOAL.: Arbitrary transmit waveforms  and corresponding receivers
for improved performance & new systems concepts
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Contents

« Photonically-assisted RF arbitrary waveform generation
» Optical waveform synthesis background
 Examples: mm-wave (10s of GHz), UWB band
 UWB spectral engineering
* Antenna dispersion compensation

» Photonically-assisted RF amplitude and phase filtering (2-20 GHz)
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Photonic-RF Arbitrary Waveform Generation
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Exploitation of optical pulse shaping technology for cycle-by-cycle synthesis
of arbitrary RF waveforms (commercial technology limited to <2 GHz)
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Femtosecond Waveform Synthesis

Fs data sequence

Fs noise burst
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» Fourier synthesis via parallel spatial/spectral modulation

» Diverse applications: optical communications, RF photonics,
coherent quantum control, few femtosecond pulse compression, nonlinear
microscopy...

A.M. Weiner, Rev. Sci. InstiZ1, 1929 (200D
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Spatial Light Modulator Technologies

MEMS

Ford et al, J. Lightwave Techz, 904 (1999)

Weiner et al, IEEE JQES, 908 (1992)

o Liquid crystals: phase and/or intensity control, response time to milliseconds,
typically 128 pixels on 100 micron centers, up to 640 pixels available

« MEMS: typically intensity control, response time to (sub?)microseconds




Reflective Pulse Shaper
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« Reduced size & component count

e Insertion loss as low as ~4 dB (including circafit

R.D. Nelson, D.E. Leaird, and A.M. Weiner, OptiogEess (2003)




Experimental Setup for Shaped Millimeter
Wave Generation

300 fs @ 40 MHz
or
1ps @ 10 GHz

>100 ps time window

60 GHz
Eiber Photodiode
Laser > — |Pulse Shapert— C—— RF Output
Fiber Amp Fiber Amp

* Direct space-to-time shaper

 Modelocked pulses converted into optical pulse seges via pulse shaper

 RF waveforms generated via fast O/E, and measuréd) GHz sampling scope




Example: 48 GHz Phase Modulated Bursts

MM-Waveforms Driving Optical Sequences
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*Millimeter-wave phase shifts induced by timingfshin
the driving optical pulse seguence.

McKinney, Leaird and Weiner, Optics Lett&dd 1345 (2002)



Equalization of Millimeter-wave Signals
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McKinney, Leaird and Weiner, Optics Lett&dd 1345 (2002)



Stretching to the GHz Range

Shaped optical spectrum | Generated RF waveform
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» Grating pulse shaper time apertures typically limited to ~100 ps
* (insufficient for generation of RF signals in the low GHz range)

* Dispersive stretching in few km of fiber yields nanosecond optical waveforms

Chou, Han, and Jalali, IEEE Photon. Technol. Lt581 (2003);
Lin, McKinney, and Weiner, IEEE Microwave & Wiree€omponents Letl5, 226 (2005)



Spectral Engineering WUltrabroadban RF Waveform

(e.g., to conform to spectral occupancy constrainks

Optical Spectrum RF Impulse Optical Spectrum RF Impulse
| Apodization
RF Spectrum RF Spectrum
4 GHz ~7.5 GHz
Bandwidth BW
. -
* RF spectral engineering via Conforms to FCC  specified
ultrafast optical pulse shaping, ultrawideband  (UWB)  frequency
optical frequency-to-time range of 3.1 — 10.6 GHz.

conversion, and O/E conversion

McKinney and WeinenEEE Trans. Microwave Theory. Tecm press)




Spectral Engineering Using Chirped Waveforms

~115 % BW

~8 dB

Spectral engineering — now exploiting spectral phase as a degree of freedom!

Impulses  extremely flat RF power spectra.

Chirped Waveforms increased energy and power spectral density.

Spreading in both frequency and time — high covertness potential

McKinney and WeinenEEE Trans. Microwave Theory. Tecm press)




Experiments with Broadband Antenna Pairs

Many antennas are highly dispersive!

Transmitter — Log-Periodic Receiver — Ridged-Horn

~1-2m

I |

Laser generated
excitation pulse

— +«— ~5.7ns

» — ~20 ps

McKinney and WeinelEEE Trans. Microwave Theory. Ted&#, 1681 (2006)



Waveform Shaping for Compensation of Antenna Digins
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- various transmit constraints
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Optimized Receive
Waveform

- peak voltage
- sharpness
- peak to sidelobe ratio

Similar to dispersion (pre)compensation in optics

Theoretical study:

D.M. Pozar, “Waveform Optimizations for Radio Systems,”
IEEE Trans. Antennas and Propagation 51, 2335 (2003)

Experiments: Purdue 2005-6




Precompensating the Dispersion via RF-AWG!

Output: chirped
~2.17 ns

Input: pulsed
~195 ps

_ Output: compressefl
Input: predistorted ~264 ps




Compression Data: Plotted vs. Power

15 sidelobes

~2.17 ns

~17x increase in P

2 sidelobes

~264 ps

~88% decrease in duration

Significant decrease in secondary oscillations (sid elobes)




Time-Domain Reciprocity

Input Excitation T, R Received Signal

* Link has same dispersive properties in eitherctima.
e Same compensation waveform works in either dioatt




Programmable RF Filters via Hyperfine Optical Pigsaper

Enables Receivers for Arbitrary UWB Waveforms

Scales optical pulse shaping to realize programmable hyperfine optical filters
Converted back to RF via heterodyning with carrier

Fully coherent in optical domain

Amplitude and phase

Arbitrarily programmable with sub-GHz resolution over tens of GHz




Programmable Hyperfine Optical Pulse Shaper

Hyperfine demux response
using fiber ribbon

0.75 GHz linewidth,
3 channel GHz spacing

VIPA spectral disperser

Polarization
Controller

Polarizer
Clrculator (( )
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VIPA CYL SLM + Mirror

Spectral dispersion + programmable spatial light modulator

— Parallel control in the frequency domain




Optical Filter Microwave Filte

Optical Electrical (VNA data)
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Xiao and Weiner, Journal of Lightwave Technol@fy 2523 (2006)



Programmable Microwave Amplitude Filt

Vector network analyzer data

Structured Bandpass Responses Stepped UWB Bandpass Res ponse

Programmability with sub-GHz resolution demonstrate d!

Xiao and Weiner, Journal of Lightwave Technoldyly 2523 (2006)



Unique Capabillity for Broadband ProgrammablefREseFilters

VNA data: Electrical pulse input:
linear spectral phase True-time delay
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» Quadratic phase is equivalent to linear
frequency-dependent time delay

T

» More general time delay vs. RF frequency
characteristics are also achievable

* First generally programmable UWB RF phase filters

» Potential for UWB matched filter receivers

Xiao and Weiner, Optics Expre$d, 3073 (2006); IEEE Trans. MTT (in press)



Summary

* RF photonics as enabling technology for UWB systems
» Photonics-implemented RF-AWG
 applications to spectral engineering, antenna compensation
* Photonics-implemented RF filters
« arbitrary amplitude and phase response over an ultra-wide band
 applications to UWB pulse compression receivers, true-time delay
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