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100-Gb/s Modulator(s)

MUX (electrical = optical)

*Use single wavelength (can be
multi-level)

* Needs 100 G (or 2x50G)
electronics

* Better spectral efficiency but
more sensitive to dispersion and
PMD
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100G parallel transport (OTN VCAT)

f.-'—._
10 x 10-Gb/s Modulators
uelectrical - optical) _‘)

* Use multiple wavelengths &
modulators

* Needs 10 G electronics with
possible synchronization

* Manageable dispersion and
PMD but poorer spectral
efficiency
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Bandwidth-Scalable
THz Rate Optical Arbitrary Waveform
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Spectral Spectral
Demultiplexer Multiplexer
* Fourier Synthesis of Arbitrary Waveforms scaling to Terahertz BW

* Optical arbitrary waveform generation with high-speed modulation
» Tradeoff between wide-optical-bandwidth and electrical-bandwidth

* High-resolution AWGSs can offer high-capacity signal processing
systems based on low bandwidth electronics (< 10GHz)

s Monolithic InP construction in support of high-speed modulation
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(10 Ch AM+ 10 Ch PM) x 10 GHz
AM-PM modulation board
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EA pitch=150um

BCB opening =
3um

Waveguide
mesa = 11um

Active
20um

*EA Length = 300um

*TL: sig-gnd-gap: 6-20-15um UCDAVIS
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Measured transmission spectrum
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OAWG Waveform Shaper Transmission
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spread waveforms

Similar waveform shaping errors result in a larger G’ for

UCDAVIS

Department of Electrical & Computer Engineerinﬁ‘




Phase
Target

Intensity X
14 Target
_—
=
> 0kes [y
206 F %*%
= X
2
< 0.4
0.2-

R

-200

DEFENSE SCIENCES OFFICE

0
Frequency (GHz)

200

Phase (rads)

* Super Gaussian is of the form:
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24 Radians over 500 GHz
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Generated Waveforms from InP OAWG encoder

Fig.c 5V '
’1 $ Fig.d 7.5V Time 20 ps/div
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Reflective OAWG
device with Reflective
AWG

Reflective OAWG
device with Full AWG

mode filters
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Best polish: 3 fringe center to edge
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* Low loss optical
pump coupling

* Independent
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phase control
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» Short optical
active device (<1

24 mm) to achieve > 10
| RF wave GHz bandwidth
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Fabricated 100ch x 10 GHz OAWG encoder device

Mask Layout Photograph of Fabricated Device

(after metalization)
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Frequency Response

HY5640
(TEC)
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gurrent-drive

Frequency Response (dB)

0 1 2 3 4 5 & 7 8 9 10
Frequency (GHz)
100 ch x 10 GHz OAWG with Optical-interconnect
» 40~60 lasers (4~6 boards) drivers with 10 GHz response

27 _ * Third vendor analog drivers

* PRBS Port Duplicator x 3  UCDAVIS
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Transmission Results
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400 Gb/s NRZ-OOK PRBS generation (40-bit-length) (a) Spectral domain (blue) intensity
and (red) phase targets indicated by ‘x’. (b) Time-domain optical field (blue) intensity and
(red) phase. Target packet indicated by lighter shades. (c) Target and (d) measured eye
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Optical Arbitrary Waveform Measurements

_Optical Arbitrary Waveform Generation Optical Arbitrary Waveform Measurement
F S o F ‘:
T 00 T g § ' g T 000 T :
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b 8 ' b (]
5] L 5] .
Waveform 2 = : 2 Post. ;
Control %) : 12 || Processing :

""" [solated Line  Modulated Line . Modulations  Spectral Slice  isolated LO Line

« Spectral slices of the signal (S) are coherently detected using a 90°
optical hybrid circuit (OHC) and a single mode from the LO OFC

» Fast photodiodes (bandwidth>spectral slice width) measure the four
OHC outputs

» Post processing reconstructs signal from measured outputs

33
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Optical Arbitrary Waveform Measurement

Optical Arbitrary Waveform Generation Single-Shot Optical Arbitrary Waveform Measurement
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N. K. Fontaine, R. P. Scott, C. Yang, J. P. Heritage, and S. J. B. Yoo, "Near Quantum-Limited
Single-Shot Full-Field Measurements of Arbitrarily Shaped Optical Waveforms," accepted
for publication in Conference on Lasers and Electro-Optics (CLEO 2009), Paper CThDD?7,
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At least Y2 of noise

For comparison, records

for repetitive waveforms:

Statistics for 200 shots (acquired at 20 Hz)
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Modulation Formats
e THz scale Trx and Rcv
— Serial modulation schemes will be limited in capacity

— WDM combination will limit spectral efficiency

— OAWG/OAWM schemes will allow THz and beyond
scaleability with full support of any modulation format of any
sha)lpe & any multiplexing schemes (e.g. CO-OFDM, CO-WDM,
etc

« OAWG/OAWM

— Energy-efficient low frequency electronics (e.g. 10 GHz)
— Coherent optical synthesis to scale up to THz and beyond

— Supports any format/protocol incl. OFDM, CO-OFDM, CO-
WDM,

— Resiliency against failures of modulators or drivers.
— Monolithic and Hybrid integration possible
— Benefits from quantum limited detection in amplitude/phase

UCDAVIS
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Statistics for 200 shots (acquired at 20 Hz)

Department of Electrical & Computer Engineering




Intensity (a.u.)

Terascale

OAWG
— Intensity —emeee Phase [}
1. — Target
0.81
0.61
0.4-
021 !
& ;
0l : : : i
-20 -10 0 10 20
Time (ps)

DEFENSE SCIENCES OFFICE

--10

--15

Intensity (a.u.)

LIDAR applications

Intensity memems Phase |}
| — Target — Target
i
[ [
L] |
-20 -10 10 20
Time (ps)

- N

o

DhAanAa (radA)

Intensity (a.u.)

©
~

o
©

o
o

,,,,,.-;;.H Gaussian is of the forrexp{— (s5)°)

Q
mmunication

Intensity

| — Target

S
\) —
N—

meme Phase
— Target

4

0

10

Time (ps)

UCDAVIS

Department of Electrical & Computer Engineering

Phase (rads)




» Correctly retrieves 180 Gb/s bit-sequence with >20 dB variation in spectrum

« Signal spectrum has a strong peak (20,000 photons/10 GHz, f = 0 GHz) which
IS greater than R(w) (9,000 photons/10 GHz), yet weaker than R(w) across the
rest of the bandwidth (1,000 photons/10 GHz)
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Spectral Domain

Propagation over 25 km SMF
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Speciral Domain

Various single-shot FQSI measured Waveforms
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using four-quadrature spectral interferometry (FQSI) with a 20 Hz update

rate

* 500 GHz optical bandwidth (2 ps resolution), 200 ps record length
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ptica itrary Waveform Generation ncoder
Intensity Spectral AM PM Spectral Phase
Aphase Demultiplexy Nuuipkgxer
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Time Input | I — Output ~ Time
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Frequency \——"——-’/ Frequency
AWG wavelength AWG

Channels

* Fourier Synthesis of Arbitrary Waveforms scaling to Terahertz BW
« Optical arbitrary waveform generation with high-speed modulation
» Tradeoff between wide-optical-bandwidth and electrical-bandwidth

* High-resolution AWGs can offer high-capacity signal processing
systems based on low bandwidth electronics (< 10GHz)

* Monolithic InP construction in support of high-speed modulation

SO UCDAVIS
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* Photonic crystal-like segmented taper used for loss reduction

* High optical resolution to accommodate lower speed electronic

with better power efficiency UCDAVIS
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Generation and Measurement

Optical Arbitrary Waveform Generation Arbitrary Waveform Optical Arbitrary Waveform Measurement
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Frequency
Comb

Optical
Frequency
Comb

Time Domain

(a) Optical arbitrary waveform generation

(b) Nested Mach-Zehnder modulator for modulating the real and imaginary part
(I and Q) of the field

(c) Optical arbitrary waveform measurement
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RF driving signals (500mVpp)

65 GHz DCA
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OAWM PLC and Fan-In PLC
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