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Motivation -Goal

 To develop an arbitrary waveform generator
by spectrally synthesizing a time domain
waveform using dynamic Fourier technigues.

 |dentify a path for full chip-scale integration
— Coherent combs from modelocked lasers
— Use modelocked semiconductor lasers

— Passive, low loss semiconductor based
filter technology
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Arbitrary Optical Waveform Generation

Agile analog and digital signal generator

WDM-Dmux WDM-Dmux

Mod.

AM&PM Mod. Array
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Concept of Photonic Arbitrary Waveform Generation
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Concept of Photonic Arbitrary Waveform Generation

Static Fourier Analysis

F(0)=2+Y 4, cos(key +a)
k=1

k . periodic frequency components
A,: amplitude of the k™" frequency component
a, phase of the k" frequency component

Performance Characteristics
Limited to Periodic Signals
Minimum Periodicity ~ Mode Spacing/Filter Spacing
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Concept of Photonic Arbitrary Waveform Generation

Dynamic Fourier Analysis

Modulator Array
WDM DeMux Maximum Modulation Rate F~Av WDM Mux

Modelocked
Optical Comb Generator
N Combs

Comb Spacing Av

Ultra-Pure CW channels Modulated CW Channels

Arbitrary Waveform
Instantaneous Bandwidth NxAv
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Concept of Photonic Arbitrary Waveform Generation

Dynamic Fourier Analysis

STFT(w,f) = % [/ (D)@ -0 exp(-jan)dr

Performance Characteristics
Benefits- Dynamic; More Arbitrariness
Imaging Radar — Signal Synthesis/Analysis based on Ambiguity Distribution
(Special Case of STFT)

_ 1 M, (6,1) M., (6,7) = j j| STFT (w,1) |? exp(j & + jTe)dtdw
J@)=—= exp(— ;6 12)do s
27+ 40 = 4,(6,1)4,(-6,7)

where

A.(8,1) = (t——r)s(t+ r)exp(jér)dt
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Photonic Arbitrary Waveform Generator

Frequency Shifted Architecture

Optical Amplifier/

Frequency Shifter Baseband Signal

Comb Generator

WDM
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Photonic Arbitrary Waveform Generator

Direct Sequence Spread Spectrum

Added Data Channels/
Interference Decoder Coherent

Modulator / Receiver
Frequency 1 l ' '

Stabilized Coding
MLLD
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Photonic Arbitrary Waveform Generator

Matched Filtering

Coherent Receiver

Data & Interference
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2x2 Combiners Detectors
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WDM DeMux Detectors

WDM DeMux

Phase decoder

Frequency Stabilized MLLD
or
Local Oscillator
Via
Clock Recovery
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Clock Technology

Coherent Comb Generator
School of Optics — CREOL & Sarnoff Corp
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Two-section Bent Waveguide Device

Compact 10 GHz Modelocked External
Linear Cavity Semiconductor Laser

gain
section
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Low-Noise Modelocked Semiconductor Diode Laser

Experimental Setup

Fiber Launch

¥

Free-space
Optical Path

Electronic Path
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Low-Noise Modelocked Semiconductor Diode Laser

Output Characteristics

Autocorrelation Output Spectra
w/Etalon: 13 ps w/Etalon: 0.47 nm
Compressed: 1.2 ps Compressed: 5.1 nm
107 107 Etalon
Compressed
0817 Etalon 087
Compressed
0.6 -
0.4
k 0.2
0.0
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Delay (ps) Wavelength (nm)
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Low-Noise Modelocked Semiconductor Diode Laser

AM & PM Noise Measurements

AM Noise Spectrum Residual PM Noise Spectra

(0.12% ; 10 Hz-10MHz) (43 fsec; 10 Hz -10 MHz)
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Low Noise Actively Modelocked Semiconductor Optical Clock

AM & PM Noise Spectra
Harmonic Modelocking Fundamental Modelocking
«‘305 — Residual PMNoise spurs -80-§ — Residua PM Noise (b)
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The Trade-Off:
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(good) (bad) (bad) (good)
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Supermode Noise Suppression

Intracavity Filtering

Cavity Mode Spectrum & Etalon Transmission Function
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Low Noise Modelocked Semiconductor Optical Clock

Experimental Set-up

3-ring PC 10 GHz FFP

; (supermode z
Synthesizer —-{}— suppression) (superque
MZM suppression)

S

- — COC——
OSA Cavity Fundamentals:
Propagation 19 MHz w/etalon
58 MHz w/o etalon
N2 N2 i N2  N2MN4
F.1. SOA

H@H ....... =0} @H ........ HH
Detected
e P gD B0,

SOA

Incorporation a mode suppression filter
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Low Noise Actively Modelocked Semiconductor Optical Clock

Harmonic Modelocking w/ Supermode Noise Suppression

AM & PM Noise Optical Characteristics
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Timing Stabilization of Modelocked Diode Laser

Voltage Controlled Phase Shifter

Laser RPM Noise @ 2 GHz: PLL Off
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Low — Noise Frequency Oscillator

SSB Phase Noise dBc/Hz

Poseidon Oscillator

Typical Phase Noise of PSI SLCO and SBO at 10.240 GHz
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Filter Technology

Hyperfine WDM DeMux
Essex Corporation
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DWDM Filter Characteristics

Essex Corporation

Wavelength Response Uniformity

* Nissnnaannaang
\ oo

\ LA

S

T T T T

EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

3



Coherent Comb Generator

dBm

6.25GHz Cavity Hybridly Modelocked

| | |
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Demux Filter Characteristics

dBm

-10
_20:
_30:
_40:
-50.
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-70

Essex Corp. Demux
Single Channel Throughput

— EDFA ASE
—— EDFA ASE thru demux
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* 6.25GHz channel spacing
* 12 channels
» foldover at 75GHz periodicity
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12.5GHz Fundamentally
Modelocked Optical Spectrum
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wavelength (nm)

~40 longitudinal modes
within 3dB bandwidth
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Dispersion Compensator/Pre-filter

Before and After
Dispersion Compensation
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High Contrast Amplified Modelocked Diode Laser

"""" Post-Amplifier
— Post-Compressof/
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Worst-Case ASE
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Peak-normalized optical spectra of
modelocked pulsetrain before and after ASE

spectral filtering.
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Optical Spectra After Filtering
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il M‘ 10—,

-90

12.5GHz Fundamental Modelocking

Single Demux Channel
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Stabilized Modelocked Optical Clock

PDH Technique

Modelocked Semiconductor Optical Clock

10 MHz Phase Modulation

Low Noise
Oscillator
—>

10 GHz \a ........................ .

PBS

» Output
Reference cavity

Flltered
Optical Output

Control Loop 1 locks the average optical frequency to reference cavity via Pound-Drever Hall

Control Loop 2 locks the mode spacing to the reference cavity PREG)

3
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PAWG Modulator Technology

Semiconductor Electro-absorption ~ Mach-Zehnder LINbO,

1
L
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LOJ j L32J LOJ J

Potential for full scale integration Readily available

Linearity of EA modulation
Choose absorption edge to be Lorentzian
Absorption edge varies as applied voltage squared

Transmittance goes as exp(-alL)
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Modulator Technology

Electro-absorption & Electro-refractive Modulators
Sarnoff Corporation

APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLMITED



Preliminary Results

* Photonic arbitrary waveform generator (PAWG) setup
* 6.25 GHz channel spacing demultiplexer

* Photonic RF sine wave synthesis

e Arbitrary waveform generation

e Conclusions
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Photonic Arbitrary Waveform Generator

Our photonic arbitrary waveform generator (PAWG) builds on our low timing jitter
performance of modelocked semiconductor diode lasers

The PAWG is capable of the following performance:

Photonically synthesized, low noise RF tones, from 12.5 GHz to 100 GHz, with a
dynamic range of 50 dB at a resolution bandwidth of 100 Hz.

The generation of complex arbitrarily generated modulation on optical carriers
(converted to arbitrary RF waveforms via photodetection) with instantaneous
bandwidths up to 100 GHz (total comb bandwidth: 625 GHz), using low frequency
drive electronics at 12.5 GHz and lower.

The complex waveforms can be updated every 80 ps (12.5 GHz)

The capability of transform limited, ultralow timing jitter (~ 35 fs, 10 Hz-10 MHz),
1 ps pulse trains at 12.5 GHz repetition rate.
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Photonic Arbitrary Waveform Generator

Experimental Setup
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Photonic Synthesizer
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dBm

2-Channel-Beat RF Spectra

04 span: 20 kHz RF synthesizer -50- span: 20 kHz
10 RBW: 100Hz at 12.5GHz, 0. RBW: 100 Hz
20 65dB ]
201 dyn. range 101
40 g 807
] m 1
.50 T -90-
.60 beat tone ]
70.] at 12.5GHz,
0. 60dB 9]
' - l dyn. range -120 . , :
12499.99 12500.00 12500.01 12399.60 12399.61 12399.6-
frequency (MHz) frequency (MHz)
-30 -504 span: 20 kHz
{ span: 20 kHz beat tone | Rew: 100 Fiz
504 60dB 70,
-60 dyn. range ]
] e -804
-704 m 1
J o] -904
-80- beat tone 1
-90- at 37GHz, -100—_
100 52dB  -110-
110] dyn. range _;,q , l ,
24804.30 24804.31 24804.32 3720640 37206.41 37206.¢

frequency (MHz)

frequency (MHz) CREOL
APPROVED FOR PUBLIC RELEASE - DISTRIBUTION UNLMITED



Photonic Synthesizer

signal voltage (mV)

2-Channel-Beat Time Domain Traces
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Photonic Arbitrary Waveform Generator

signal voltage (mV)

signal voltage (mV)

Modulated 2-Channel-Beat
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Summary

e Extending low noise performance of modelocked diode laser
to produce a comb of orthogonal Fourier components

«Control intensity and phase using electro-absorption & electro-
refractive modulators - chip scale integration

 Modelocked laser longitudinal mode filtering with 40dB SNR

e Photonic RF sine wave synthesis with low noise (60 dB
w/ 100 Hz RBW - > 80 dBc/Hz)

e Arbitrary waveform generation using intensity modulation
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