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Introduction

Pulse shaping and chromatic dispersion compemsatio
Sub-ps pulse all-order PMD compensation experiment
Extending to DWDM via hyperfine-resolution spetttspersers

Wavelength-parallel polarization sensor (parakzising at under 1 ms)
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Polarization Mode Dispersion (PMD)
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First-Order PMD vs. A-Order PML

Optical Signal (Arb.)
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* Narrowband approximatior
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(compared to pulse width)
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« Series expansion rapidly
breaks down for large
bandwidth or DGD larger
than pulse width
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PMD Compensato

Mainstream approach: first-order PMD compensation
(applies only to small PMD or narrow bandwidth; already difficult!)

Polarization Polarization
Distorted % splitter combiner
input .
o, / > > — Split into PSPs, delay,
7 7 Compensated and recompine!
Polarization A output
controller . ,
N\ / 7
7
Adjustable
delay

All-order approaches beginning to receive attention:
A.M. Weiner, U.S. Patent 20020060760 (pending) [Purdue]

M. Akbulut et al, Opt. Lett. 29, 1129 (2004); Opt. Lett. 30, 2691 (2005) [Purdue]
P.B. Phua, et al, JLT 22, 1280 (2004) [MIT]

C.K. Madsen, et al, JLT 22, 1041 (2004) [Lucent]

This work: first demonstration of all-order compensation!
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An All-Order Compensation Scheme
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(1) Distorted pulse:

Epwip (W) = Ein (W){ a(w)a + b w)b}

(2) Sense and correct full spectrally dependent stagpelafization

E(w) =Ejin(n)exp{ Y (w} §

(3) Sense and compensate full spectral phase (gemeralmwomatic dispersion)

E(w) =En(W) Y
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Femtosecond Pulse Shaping

MODULATOR
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LENS

A.M. Weiner, Rev. Sci. InstiZ1, 1929 (2000) Pixilated Electrodes

(ITO)

» Fourier synthesis via parallel spatial/spectral modulation

 Diverse applications: fiber communications and dispersion compensation,
coherent quantum control, few femtosecond pulse compression, ...

e Liquid crystal modulator (LCM) arrays:
» Typically 128 pixels (up to 640), millisecond response
* Functionalities: phase-only, independent phase and intensity, now polarization
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Programmable Fiber Dispersion Compensation
Using a Pulse Shaper: Subpicosecond Pulses

Spectral phase equalizer

» Coarse dispersion compensation using matched lengtlof SMF and DCF

* Fine-tuning and higher-order dispersion compensatio using a pulse shaper as a
programmable spectral phase equalizer

« Similar ideas apply to DWDM tunable dispersion comensation and
few femtosecond pulse compression.
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Higher-Order Phase Equalization Using LCM

Input and output pulses from 3-km SMF-DCF-DSF link

Input pulse

/

Output pulse
(with quadratic &
cubic correction)

Chang, Sardesai, and Weiner,
Opt. Lett.23, 283 (1998)

Output pulse
(without phase

Aﬂrection)

already compressed
several hundred times

N

Applied phase

* No remaining distortion!
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Z. Jiang, Leaird, and Weiner,
Opt. Lett.30, 1449 (2005).



All-Order PMD-Compensator Implementation

(16-piece PM fiber) (Cross correlation with)
(72 fs reference pulse)

(1542-1556nm)
(~576 fs pulse width)

NeW /
Sensor

configuration

(7.6 dB insertion loss) (4.5 dB insertion |oss)

» Concatenated polarization and phase pulse shapers

» Wavelength-parallel polarimeter for control of polarization pulse shaper

 Ultrashort pulse measurement approach for control of phase shaper

M. Akbulut, et al, Opt. Lett29, 1129 (2004); Opt. LetBO, 2691 (2005); OFC 2005 (post-deadline)



State-of-polarization (SOP) Pulse Shaper

2-layer liquid crystal design
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M. Akbulut, et al, Opt. Lett29, 1129 (2004)



Spectral Phase Retrie

» Various ultrafast measurement techniques available

 We chose Gerchberg-Saxton algorithm
« Uses I(t), measured via cross-correlation, and power spectrum

: Use initial guess - 1

: FFT :
Lo senlooriom | TG i - |E@)| €0

intensity data

‘ TYplcaIIy 70-250 |terat|ons \ Apply
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‘ .......................................................... l

Measure new | Improved pulse Apply phase
Intensity profile to shaper




All-Order Compensation Experiment (1)

PMD Distorted SOP Spectrum

600 fs input pulse

through PMD emulatoy
(16 section PM fiber,
mean DGD ~1.3 ps)

— Input Pulse (575.7 fs
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M. Akbulut, et al, Opt. Lett29, 1129 (2004); Opt. LetBO, 2691 (2005); OFC 2005 (post-deadline)
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All-Order Compensation Experiment (2)

PMD Distorted SOP Spectrum

800 fs input
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filber, mean
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M. Akbulut, et al, Opt. Lett29, 1129 (2004); Opt. LetBO, 2691 (2005); OFC 2005 (post-deadline)
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Potential Applicablility for DWDM




Hyperfine Resolution Wavelength Demux

Virtually Imaged Phased Array (VIPA) Eight-channel demux with ~ 700 MHz

linewidth and 50 GHz free-spectral-range

1

2
3

Fiber
Collimator cyiindrical ~ VIPA
Lens

 Large spectral dispersion via multiple beam inter-
ference (introduced by Shirasaki, Opt. Lett., 1996)

* At Purdue: Hyperfine WDM (3 GHz spacing!)

Filters with 1000 dB/nm skirts, etc.

Grating-VIPA spectral disperserin 2D geometry:
potential for >1000 channels in the C band

VIPA spectral disperser
(Parts donated by Avanex Corp.)

Xiao et al, IEEE JQBO, 420 (2004); JLD3, 1456 (2005); PTIL7, 372 (2005); Opt. Expred®, 2895 (2004)



Programmable Hyperfine Resolution VIPA Pulse Shaper

Tunable Dispersion Compensation at 10 Gb/s ovelkbh2GMF
(now 240 km!)

Circulator —
ﬂ CYL VIPA CYL SLM + Mirror
Uncompensated Compensated

» TDC from 0 to >2000
ps/nm (120 km SMF)

* Colorless
* Polarization independent

* Not yet near the limit!

G.-H. Lee, S. Xiao, and A.M. Weiner, OFC 20@&per OTHEDS)



Wavelength-Parallel Sensing

Requirement to sense frequency-dependent polanedata
In milliseconds!




Current Practice: Single-Channel Polarimetry

adjustable
wave-plates
detector
Source ---------------------------- @ I ------------------------------------ .
polarizer

To achieve frequency (wavelength) resolutign:
Multiple polarimeters (expensive)
or

Frequency-swept measurements (slow)




The Wavelength-Parallel Polarization Sensor

y-/
Broadband : I
optical source

e Polarizer  gpaciral InGasAs
Fast switching (fixed) disperser detector

FLC retarders i
(grating/lens) array ELC controller

State 1 State 2 State 1 State 2

0.1ms  KLC switching tim¢

Configured for:

« 256 channels + 0.053ms damera line time for 256 pixels @ ~1\&/pixel)

* 0.4 nm (50 GHz) spacing 0.153ms
» < 3°polarization error
* <1 ms read-out time x4 four different polarization components

0.612msg(total measurement time for 256 wavelengths

S. X. Wang, A. M. Weiner, Opt. Let29, 923 (2004)



High Resolution Spectral Polarimeter
Now able to resolve polarization variations withi Gb/s channel

00
* ~1GHz / pixel spacing t\1NDM|
» ~1GHz 3dB resolution channe ,
» <1 ms read-out time
. ° izati olarizer , :
< 3°polarization error e P ens  InGaAs line-
switching VIPA SCan camera
Il /4 retarder pair
Live 10 Gb/s
SOP string Laboratory tests raffic in AT&T
investigating :
~. correlation central office

between SOP
string length
¥Y~—spectral SOP and PMD-

. points induced power
penalty

|l«—10 GHz —»

Wang, Weiner, Boroditsky and Brodsky, OFC 20(@aper OFL6)



2D Fast Wavelength Parallel Polarization Se

Application to PMD sensing and compensatidduitiple//’s in single instrument!

\

J

\

2D wavelength demux

VIPA direction

v

Grating dispersion direction

"

50 GHz

|._

High resolution 2D configuration:
» 32.8 nm span
» 1500 channels
» 2.8 GHz channel spacing (<20 dB crosstalk)
* 5 ms read-out time (potential)

»
»

<
«

1520 nm

(Wang, Xiao, Weiner, Opt. Expre$8,2005)

1552.8 nm



Summary

* First reported all-order PMD compensation expentr{sub-ps pulses)
 Wavelength-parallel polarization sensor (paratsing at under 1 ms)

 Progress towards DWDM compatible implementations
« 1D tunable dispersion compensator and spectralss@8or (10 Gb/s)
« 2D spectral disperser geometry with potentialandie multiple DWDM
channels within a single box

* Future challenges and opportunities:
 Improved phase sensing compatible with robusttres operation
 Endless all-order compensation
e PMD emulation
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