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Analysisof ScalablePMD Compensatorsising FIR
Filters and Wavelength-Depender@ptical Pover
Measurements

PeterOswald Christi K. MadsenRobertL. Konsbruck

Abstract— We investigatethe potential of optical -stageFIR
Iter architecturesfor PMD compensationbasedon frequency-
dependent optical power monitoring. The measuement infor-
mation is usedto partially estimatethe channel's Jones matrix

, and the lter parametersare adjusted basedon solving a
nonlinear least-squaes problem which mimics the approximate
inversion of by the Iter . Numerical studies of the opti-
mization method and outage probability simulations shov the
robustnessand scalability of the proposedconcept.

Index Terms— Polarization mode dispersion compensation,
optical Iters, FIR lter design,numerical simulation

I. INTRODUCTION

PolarizationmodedispersionPMD) is considered poten-
tially performance-limitingfactor for optical communication
systemsoperatingat higher bit rates,especially when used
over legag/ ber links. A recentoverview aboutPMD theory
and modelingis givenin [1]. From a practicalpoint of view,
the designand control issuesrelatedto PMD compensation
(PMDC) are of particular importancefor a range of ap-
plications (widebandPMD mitigation, intra-channelPMDC,
higherorderPMD impairmentsgtc.). PMDC efforts are typi-
cally basedon recever feedbackinformation,andmaybene t
from other recent signal processingand coding-theoretical
adwances.On the other hand, integrated all-optical PMDC
solutionsfor usein variouspartsof the network are needed,
too.

The existing PMDC proposalamostly neglect polarization-
dependentossesand can be differentiatedby a) PMDC ar-
chitecture b) monitoringinformationand measuremergetup,
c) feedbackcontrol method, and d) application range. As
to architecturesmost PMDC are basedon combinationsof
polarizationcontrollers(or equivalentcombinationsof phase
shifters,Mach-Zehndemterferometersyaveplatesanddirec-
tional couplerslanddelaylineswith a few tunableparameters.
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Seel[2], [3], [4], [5] for exampleswith up to degreesof
freedom.The use of -stage nite impulse response(FIR)
Iter architecturesvas adwcatedin, e.g., [6], [7], [8], [9],

in particular for broadbandPMDC. As a basis for optical
Iter design, -stageFIR lters have awell-establishedheory
see[10], [11], and are scalablewhich makes them capable
of dealingwith higherorder PMD. A few paperstreat more
generalarchitecturedy including variabledelaylines (seethe
discussionin [3], [6], [12] and [13]) or using allpass lters

basedon tunablering resonatorg14].

PMD monitoring is often basedon corverting the optical
signal into the radio-frequeng domain at the recever and
directly assessinghe bit error rate (BER) or eye-opening
penalty but may be too slow for use at high bit-rates, see
[15] for researchon this issue.As to the measuremenof
PMD-inducedrransmissiordegradationin the opticaldomain,
several approacheshave been pursuedsuch as degree of
polarization (DOP) [2], [16], arrival times of polarization-
scrambledlight [17], [4], differential group delay [18], and
frequeng-dependen PMD vector monitoring [19]. Only a
few of the above mentionedpapersgive details about the
potentialcontrolalgorithmsandtheir real-timebehaior. Since
it is generallyanticipatedhat practicalPMDCsareadjustable
in a time period of a few milliseconds,and commercially
available rst- andsecond-ordePMDC are only approaching
this demandingrequirementmuch work on this issueis still
ahead especiallyfor higherorderPMD mitigation.

The focus of this work is to further assesshe potential
of -stagetwo-port povercomplementanpoptical FIR lter
architecturedor intra-channePMD compensationynderthe
assumptiorthat a PMD monitoringschemesuchas proposed
in [20], [21] provides us with accurateapproximationsto
the channels Jones matrix for the frequeny band
of interest.Basedon this information, the roughly free
parameter®f the PMDC which arerealizedin phaseshifters
arethenadjustedsuchthat the PMDC's Jonesmatrix
approximatelyinverts , possiblyup to a remainderchro-
matic dispersion.The optimal parametervalues are found
by numerically solving an associatedhonlinearleast-squares
minimizationproblem,in a way that avoids sub-optimaloper
ation. We reportperformancestudiesfor the optimizationand
outageprobabilitysimulationghatdemonstrateobustnesand
scalability and demonstratehe potential and current speed
limitations of this approachto higherorder PMD mitigation.
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Il. PMD COMPENSATOR AND MONITOR ARCHITECTURES

The PMDC architectureconsideredin this paperusesa
polarizationbeam splitter (PBS) with a polarization rotator
in onearmto separataéwo orthogonalpolarizationswhich we
call -polarization (depictedin Fig. 1 as the upperarm or

-arm) resp. -polarization.The PBS is followed by an -
stagecascadeof symmetricalMach-Zehndeiinterferometers
(sM2), tunablephaseshifters(PS)in the -arm,andconstant
delay lines (DL) for the -polarization. Dependingon the
application,a polarizationbeam combiner(PBC) is usedto
combine the two polarizations,or only one polarizationis
further transmitted Figure 1 shaws the two architecturedor

The constantdelay is the samefor all stagesand is
tied to the free spectralrange (FSR,in GHz) of the PMDC.
As a default value, the FSR is chosenabout times the
optical Iter bandwidth  of therecever. In the normalized
frequeng variable (in radians),the FSR correspondgo a
full period of and . It is assumedhat
correspondsto the center frequeny of the channelunder
considerationFrom now on, is always normalizedin this
fashion.The sSMZ consistof a tunablePSembeddedyetween
two power splitters. Thus, all tunable componentsare
implementedas phaseshifters.

To describethe transfermatricesof thesecomponentsand
the whole PMDC, we introducethe following basicnotation.
The transfer matrix of a losslesstransmissionlink will be
denotedby , Where is the
associatedonesmatrix. The commonphasefactorin front of

representshe chromaticdispersionof the transmission
link. Let

)

denotethe Jonesmatrix of a birefringentsectionwith arbitrary
frequeng-dependetphasedelay . We set ,
, and denoteby

)

the Jonesmatricesassociatedvith waveplatesand directional
couplers(DC), respectiely. Thus,a PSthat realizesa phase
shift by thescalarfactor  in the -armhasatransfermatrix
while the transfermatrix of a DL in the

-arm is (recall that after
normalization).Thus,the transfermatrix of a sSMZ, wherethe
phaseshift by the scalarfactor is in the -arm,is given

by
3)

An obvious alternatve to using a sMZ is the tunable DC,
where

With this notationat hand,we seethatthe transferfunction

of an -stagePMDC asin Fig. 1 (b) is given by

To simplify the notation, we set

, and replace , by ,
respectiely. Then
(4)
where is the Jonesmatrix
(5)
A similar representationvith the replacedoy  holdsif a

DC replaceghe sMZ. Equations(4-5) reveal that the PMDC

architecturefrom Fig. 1 (b) is equivalentto a -stagetwo-

port pover-complementanyIR lter (seeAppendix|). The

common phasefactor of is given by a linear phase
function which resultsin a constantdelay of the signal, and
doesnot impactthe recever detection.

In caseof Fig. 1 (a), where a PBC combinesthe two
polarizationsbefore the recever, the last sMZ and PS can
be dropped from the PMDC since they correspondto a
constanunitarytransformatiorof the polarizationvector, with
no impact on the square-lav power detectionusedin the
recever. Since the Jonesmatrix (5) of the PMDC is -
periodic whereasthe channels Jonesmatrix is not, a
good compensatiorresult cannotbe expectedon a band of
lengthcloseto or largerthan . This partly explainswhy we
have taken the FSR sufciently larger thanthe actualoptical
Iter bandwidth

The principal structureof the PMD monitor [20], [21] is
shavn in Fig. 2, it can be placedbefore the PMDC (after
the PBS) or afterthe PMDC (beforethe PBC)in Fig. 1. The
co-polarizedsignalson the two arms are passedthrough a
tunable narrav-band Iter (NBF), and power measurements

, are tappedoff from both arms.The remaindersignal
is split and passedhrough DCs (with ), where
in one casea PSin the -arm (with ) is applied
before the DC, and two more power measurements ,
aretaken. The tuning of the NBF canbe achieved by shifting
the lter' s centerfrequeng acrossa certainset of sampling
frequencies . Altogether for eachsamplingfrequeny

, , four power measurementwill be recorded.
Onemeasuremertycle consistsof a completesweepthrough
all  samplingfrequenciesAs will be shavn in Appendix
II, this enablesthe detectionof the magnitudesof the two
polarizationsand alsothe differenceof their phasesat a set

(6)

of control frequencieswhere . We call the intenal

control band, for practical purposes(see Sec-
tions Il and IV) it is reasonabldo assumethat it roughly
covers the passbandof the optical lter. By applying the
inverseof thetransferfunction whichis known from the
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currentPMDC settingswe candeterminesimilar information
aboutthe polarizationvectors at PMDC input.

The accurag of this information will dependon mary
factors,includingthe modulationformatandthe measurement
tolerancesA rst experimentalvalidation of the above de-
scribedPMD monitor is given in [21]. Measuremenspeeds
of msfor asinglesweepacrossa modulatedspectrumhave
beendemonstratedPreliminary DGD measurementasing a
periodically modulatedinput arein excellentagreementvith
a standardPMD measurementind the applicationto data
modulatedinputs and higherorder PMD is in progress.For
the purposeof this paper we will assumethat the PMD
monitoring processprovides us with good approximationgor
the normalizedmagnitudesndphasalifferenceof
This allows us to partially recover the channels Jonesmatrlx

at the control frequencies , andis called the partial
measuementcase.To benchmarkthe optimizationapproach
andthe simulationswe alsohave consideredhe full measue-
mentcase wherecompleteinformationabout is given.
For a further discussionof theseissues seeAppendix|l and
the following two sections.

I1l1. OPTIMIZATION CRITERIA

The monitoringof PMDC quality andparameteadjustment
is basedon the heuristicthat underideal circumstanceshe
PMDC transfermatrix shouldundothe distortionof the chan-
nel'stransfermatrixin thefrequeng bandof interest.Roughly
speakingwhatwe wantto aim at is the approximateinversion
of by for . Since
correspondsto an arbitrary two-port powvercomplementary
FIR Iter, asthe numberof stages goesto in nity we can
achieve corvergence

for any continuousJonesmatrix , aslong as is

x ed. The corvergencespeedto the limit obviously depends
on the smoothnespropertiesof in a neighborhoodof

the control band; it is expectedto degradewith an increase
in bit rate,the amountof root-mean-squardifferentialgroup

delay (DGD), and higherorderPMD contentsof the channel.
The control band is determinedmainly by the

optical Iter bandwidth  of therecever andthe FSRof the

PMDC.

Sincein practicewe have to x a maximal , we cannot
hopefor perfectinversionof arbitrary by thePMDC,and
needto introducea quantitatve measureof PMD distortion
thatcanbe exploredin optimization/controklgorithms.What
we use in this paperis a modi ed nonlinearleast-squares
(NLSQ) formulationin the tuning parametersvhich incorpo-
ratesthe PMD monitor informationin a straightforvard way.
Similar functionalshave often beenusedfor FIR Iter design
and in adaptve FIR Iter control. Alternative formulations,
which we do not pursuehere,are basedon weightedNLSQ
resp. minmax functionalsor involve the minimization of in-
stantaneouBGD [8] resp.DOR More precisely givena setof
unit input vectors  correspondingdo the control frequencies

, We try to determinethe parameters
, and suchthat

()
where is given as a function of by the formula
(5), and is a short-handnotation for the

unknown variables. The input vectors  represent
approximationso ata x edsetof controlfrequencies
. Here isthe x edlaunchpolarizationvectordetermined
by the transmittersetup,and can be interpretedas
a normalizationof the polarization vector at the
PMDC input, averagedover mary bit periods.The optimiza-
tion methodfor solving the NLSQ minimization problem(7)
is briey describedn AppendixIIl.

Note that if

1) is sufciently densein the control band,
2) the input vectors are good approximationsto
, and

3) thevalue of the NLSQ functionalis small,

thentuningthe PMDC in accordancevith the parameters
givenby leadsto a polarizationvectorat the PMDC output
with almost all power concentratedn the -arm, and the
only additionalsignaldegradationcomesfrom the pre-&isting
chromaticdispersion(thereis anadditionallinear phasefactor
with slope dependingon the parameter and the PMDC
settings).In other words, if the Jonesmatrix of the system
includingthe PMDC is denotedby then
this should lead to an approximatelyconstantPMD vector

of the form in the control band,
where is somereal constant.

To illustratesomeof the above statementsye give a couple
of numericalexamples(more detailsaboutthe algorithm can
be found in Appendixlll). As input, we use

(8)

where is a x ed unit vector wherethe  are uniformly
spacedat distance GHz in a control band of
GHz length. The channels PMD Jonesmatrix is
generatedby a standarddiscreterandom waveplate (DRW)
modelwith  sectionsanda prescribecamountof root-mean-
square(rms) DGD , seethe next sectionfor details.
We will characterizehe impact of the PMDC optimization
and its dependencen various parametersby shawing the
components , , of the PMD vector resp.
DGD values beforeandafter PMDC with
the numericallyobtainedparametersThe datafor the graphs
is obtainedby numericaldifferentiationfrom the de nition of
the PMD vectorin termsof the correspondinglonesmatrix
[1]. To make the graphseasierto compare,we have
eliminatedthein uence of theremainingarbitrarylinearphase
factor after the PMDC is appliedby replacing by the
deviation of from its meanvalueoverthecontrolbandin
the de nition of DGD. This modi ed DGD quantityis called
essentiaDGD below.
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To illustrate some featuresof our method basedon the
NLSQ formulation (7), we have chosenan example of a
channelwith relatively high DGD levels, seeFig. 3. It was
generatedy a DRW with sectionsand

ps. The actual DGD ps of this synthetic
channelis slightly higher Fig. 4 shavs the reduction of
essentiaDGD with the numberof PMDC stages increasing.
In Fig. 5, somemore detailsaboutthe magnitudesare shavn
for and

Note that for channelPMD contentthis high, we needed
stageso reducethe DGD to acceptabldevels (this is
not surprisingas, with an FSR of GHz, eachstageof the
PMDC cancompensatéor only up to ps channelDGD).
A furtherincreaseof shaws no visible furtherimprovement
since the number  of control frequenciesand the channel
PMD are x ed. Table| gives somepreliminary performance
measuref our Matlab implementationon a laptop with a
1 GHz Pentiumlll processorWe shav the nal valueof the
NLSQ functional, iteration count, and overall cpu-times(in
milliseconds).Although about ms per optimizationrun
looks prohibitive comparedto expectedresponseimes of a
few milliseconddor practicalPMDC, thereis enoughroomfor
improvementsince the presentimplementationhas not been
optimized towards a control algorithm, and correspondsto
a cold-startsituation.Also, application-dependente-tuning
of the PMDC design parametersand tolerancesusedin the
optimizationroutine might lead to further improvements(the
outlierin thecase shavs oneof therareinstanceswhere
the solver stagnatedeforereachingthe stoppingtolerance).

Functional(7)
Iterations | time (ms)
3 [[ 2.1193 20 230
4 || 1.2921 11 190
5 || 0.2967 19 251
6 || 0.0085 11 210
7 || 0.0030 10 220
8 || 0.0028 101 972
TABLE |

PERFORMANCE OF THE OPTIMIZATION METHOD: FUNCTIONAL VALUE,
ITERATION COUNT, AND CPU-TIME (IN MILLISECONDS)

Finally, in Fig. 6 we illustrate the in uence of the set

of controlfrequenciegc.f.). In this experimentwe have taken
different numbers of control frequencies

symmetricallylocatedw.r.t. a control band of GHz and
uniformly spacedat =~ GHz distance.ln all caseswe have
usedthe sameFSR of GHz and . Obviously, for
small , thereare no c.f. nearthe endpointsof the  GHz
band,andthe compensatioquality degradeghere.For ,
the whole control bandis coveredby c.f., and the DGD is
uniformly reduced,at a slight PMDC degradationnear the
centralfrequeng. With theexceptionof suchboundaryeffects,
extensve testswith variouschoicesfor indicatethat good
quality of PMDC is achievable in a robust way with the
proposedNLSQ formulationandrelatively few control points.
The boundaryeffect canberemediedn variousways,e.g.,by

introducingweight factorsinto (7) or by replacingthe least-
squaredunctional by a minmax formulation (see,e.qg., [8]).

IV. OUTAGE PROBABILITY SIMULATIONS

This sectionreportssimulationresultsof the performance
and parametedependencef the proposed®MDC for signal
transmissioratarateof  Gb/s.At thetransmittera pseudo-
random bit pattern of length is launchedin carrier
suppressedeturn-to-zero(CSRZ) modulation format with

% duty cycle. Without lossof generality we have assumed
thatall optical power is launchedin the -arm.

The channelwas synthesizedby a DRW model with
sectionsj.e., given by a Jonesmatrix of the form

where areuniformly distributedrandomnumbersand
is Gaussiandistributed with expectation o
and a small variance.This DRW modelis standard12] for
simulatingPMD effectsin long losslessber links, andleads
to a statistically correct distribution of instantaneou®GD
with rms DGD givenby thereal parameter
overawidefrequeng rangeif  is sufciently large.We have
usedvaluesof between psand ps,and
No otherchanneldistortionis usedin the simulations.

The recever model takes into accountoptical preampli -
cation, optical ltering ( -th order superGaussianlter with
double-sided -dB bandwidthof =~ GHz), a photodiode fol-
lowedby electricalampli cation, low-passltering ( -th order
Bessellter with single-sided -dB bandwidthof GHz),and
bit detectioncircuit. For the assessmerdf BER and outage
probabilities,a quasi-analytianethodbasedon a secondorder
Gaussiarapproximatiorto the statisticsof the photocurrents
used.This methodallows usto computethe optical signal-to-
noiseratio (OSNR,in dB) necessaryo achiere a given BER
in a deterministicway, without actually generatingampli er
noise.See[22] for a more detaileddescription.

Below, we have x edthe BER to , and recordedthe
OSNR penalty i.e., the differencebetweenthe OSNR of the
PMD-impairedchannelwith or without PMDC) andtheback-
to-back OSNR, for eachof randomchannelswith rms
DGD . The back-to-backOSNR for the described
transmitter/receer settings was computedby feeding the
transmittedsignal directly into the recever model; its level
was dB. The graphsshov outage probabilities (the
probability that the OSNR penalty exceedsa threshold)as
functions of this OSNR threshold,and allow us to judge
the impact of a given PMDC architecture both in absolute
and relative terms (when comparingwith the uncompensated
situation). Given that the overall ensembleconsistsof only

channels,results for outage probabilities below
shouldbe interpretedwith caution.

It is clearfrom the previous sectionghat PMDC simulation
resultscritically dependon the parametersf the PMD chan-
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nel, the PMDC architectureandthe optimizationframework.
Generallyin whatis presentedbelor we have useda uniform
GHz spacingfor the set of control frequenciesover the
controlband.Stoppingtolerancegor the optimizationroutines
weresetto amoderatevalueof . Thenumberof iterations
allowedwassetto  , whichin practicemeantno limitations
atall. If not mentionedotherwise we have chosenan FSR of
GHzanda GHz wide controlband,anddropped
the secondpolarizationbeforethe recever (the small power
penalty associatedwith this will be discussedbelon). The
approximate ratio betweenFSRand aswell astying
thecontrolbandwidthto theoptical Iter bandwidth
appearto be soundchoices.When varying theseparameters,
we found only small differences,which suggestthat other
choicesarenotlikely to leadto substantiaimprovementsFig.
7 shavstheoutageprobability curvesfor variouscombinations
of FSRand for ps and . Note that
reducing FSR resp. control bandwidth slightly belov their
GHz default values generallyimproves the PMDC
resultfor someof thechannelsvith higheractualDGD values,
whereasa small distortion of the PMDC result appearsfor
all channels.The latter obviously comesfrom the slightly
increasedportion of the optical Iter bandwidthwhere the
PMDC responses uncontrolledand may be arbitrary For
GHz, this boundaryeffect becomesdominating,
while for GHz, resultsdeterioratein the rangeof
outageprobabilitiesbelov

The setof graphsin Fig. 8 shavs the effect of PMDC as
a function of and . We shav outage probability
curvesfor rms DGD valuesof ps, ps,and ps(from
top to bottom), and various . The graphsdemonstratehat,
in orderfor the outageprobability to remainunder for
a given OSNR penalty thresholdof, say dB, the number
of stages shouldgrow aboutlinearly with . They
also show that the proposedalgorithmsscalewell, and that
more stagesare neededfor handlinglarger DGD amounts.
Finally, the resultsseemto indicate that one- and two-stage
compensatorsvill probablyreachtheir practicallimits if the
rms DGD exceedsthe  pslevel.

The impactof including a linear phaseterm into the
optimizationfunctionalas well as only feedingone polariza-
tion into the recever is illustratedin Fig. 9, againfor
and ps. The additional degree of freedom
de nitely helpsto improvetheresultsfor the high-DGDcases.
The furtherimprovementwe get by droppingthe contritution
of the second polarization needs some commentary The
graphin Fig. 9 doesnot include the penalty due to signal
power reduction associatedwith dropping one polarization.
However, a monitoringof the power lossfactor i.e., the ratio
of signal power receved from one polarizationversusboth
polarizationscombinedvia a PBC,revealedthattheworstcase
power penaltyaborewas  dB, whereaghe averagepenalty
amountedo dB. Note thatthesenumbersare similar for
all casesshawvn in the previous graphs,with the exceptionof
very small , wherethe worst casepower penalty (not the
averagepenalty!)reached dB in oneoutlier case.However,
for thesevaluesof , the PMDC resultwould not have been

consideredsatishctory anyway.

In Fig. 10, we shav the detoriationdueto variouslevels of
noisein the power measurementdviore precisely insteadof
using (8) directly, we have computedinput information from
setsof power measurement&@sexplainedin Appendixll) for
two non-collinearinput polarizations.To simulatenoise,we
addedrandom Gaussiannoise with variance to the exact
power values, independentlyfor each sampling frequeng

. The plot shavs the ps, case,
and demonstratesufciently robust behaior with respectto
moderatemeasuremergrrors.

For all of the above graphswe have used(8) asinput data
for the optimization. Theseresultsfor the full measurement
casegive a baselinefor what could theoreticallybe achieved,
and should be contrastedwith what can be expectedif only
partial measurementare assumedAs will be worked out in
Appendix Il, with the input polarization x ed the proposed
monitoringprocesseco/ersgoodapproximationso
only up to a generallyunknovn common phasefactor and
leavesus after optimizationwith anadditionalPMDC-induced
chromaticdispersionThe penaltyassociatedvith this remain-
derdispersions visualizedin the graphsof Fig. 11. We showv
only the psrmsDGD case.

V. CONCLUSIONS

We have describeda scalablePMD compensatiorstratgy
for single channelapplicationsbasedon a standard -stage
FIR lIter architectureand frequeng-dependat power mea-
surementsfor PMD monitoring. The tunable parametersof
the PMDC are found by solving a nonlinear least-squares
problemwhosepracticalsolutionis detailed Parametestudies
and systemsimulationsshawv the feasibility of the approach,
and provide hints at possible improvements (dropping of
the second polarization, remainderlinear phase,sampling
densities FSR/controlbandwidth)but also de cienciesin the
partial measurementase. Among the challengesaheadis
the experimentalvalidation and hardware integration of the
PMD monitoring and PMDC tuning process,and the real-
time implementationof a PMDC control algorithm basedon
the currently pursuedoptimization methods.We anticipate
that a combinationof improvementsin several areas( ber
designmodulationformats,codingschemesegtc.)with current
PMDC effortswill benecessaryo provide acceptabl@ractical
solutionsfor ratesbeyond  Gbl/s.
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APPENDIX |
FACTORIZATION OF JONES MATRICES

The PMDC lter architecturesinderconsideratiorareinti-
matelyconnectedvith well-known factorizatiortechniquegor
polynomialJoneamatriceq11], [10]. Sincewe make use
of thesefactorizationsn theoptimizationschemewe will give
somedetails(the notationis slightly adaptedo our needs) A
matrix function will be called (polynomial)Jones

matrix of degree if it is of the form

9)

where , are comple
polynomialsthat satisfythe pover-complementarityPC) con-
dition

(10)

Jonegmatricesof degree arejustthe constantlonesmatrices,
andJonesmatricesof degree canalternatively be writtenin
the form , Where are constantJones
matrices Note that (9) describeanarbitrarytwo-port PC-FIR
Iter sinceit can be rewritten in matrix-polynomialform as
follows:

(11)

Any Jonesmatrix of degree canbe factoredinto Jones
matricesof degree by an elementaryrecursve procedure
(see[11]),

(12)
where the are constantJonesmatrices.For the basic
factorizatiorstep,i.e.,to nd afactor of suchthat

, all oneneedsis a vector such

that (that aswellas aresingularfollowsfrom
the PC condition (10), see[11] for details).Finally, note that
ary constantlonesmatrix canbefurtherfactoredin various
ways. Since we proposeto use symmetricalMach-Zehnder
interferometersand phaseshiftersin our PMDC architecture,
our choiceof parametrizations given by

(13)

which holds for ary  with some . Thus, two phase
shiftersandonewaveplate(or oneMach-Zehndemterferome-
ter) areneededo implementanarbitraryconstantlonesnatrix

. Substituting(13) into (12), we seethat an arbitrary Jones
matrix of degree canbe written as

(14)

i.e., parametrized by parameters ,

. In practicalapplicationsthe last phaseshifter rep-
resentedy canbedropped(it contritutesa frequeng-
independentonstaniphaseshift to eachof the polarizations),
andwe arrive atthe -parametemodel(5) for the Jones
matrix of the -stageFIR Iter PMDC architecture
adoptedin this paper

The factorizationprocedureprovides a simple switch be-
tween the polynomial expressionsin (9) and (11), which
allows us to adaptthe Iter transferfunctionto the measured
channel responseby meansof polynomial approximation,
on the one hand, and the tunable parametersof the PMDC
implementation,on the other However, in practice,even if
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the detectecchannelransfermatrix hasbeennormalizedsuch
thatit is representedby a Jonesmatrix, standardpolynomial
approximationmethodswill not guaranteghe PC condition
(10).In this situation we proposeanapproximatefactorization
methodbasedon the following heuristics.Let be of
the form (11), and assumethat the PC condition holds only
approximatelyIn this case,the matrix is not necessarily
singular and may not have a null vector . Thus, an exact
factorizationdoesnot hold. However, since

it is reasonabldéo assumethat is closeto singular;in

particular that one of its singularvaluesis closeto . Let

be the singular value decompositionof ,
where is suchthat . If we now
set then,following the sameprocedureasin

the casewhen(10) holds,we can nd a Jonesmatrix
of degree suchthatthedeviation

is boundedby , andthussmallaslongas is small.

After this we can repeatthe procedurewith , and
by inductionwe will arrive at an approximatdactorizationof
into Jonesmatrices of degree suchthat

Although, dueto the recursve natureof the constructionthis
is notan ef cient error estimate(the valuestendto grow
exponentiallywith ), andwe do not considerthis a robust
procedurefor larger resp. large deviations from the PC
condition,we have successfullysedit for thesimulationswith
reportedn this paper To simplify the abose described
algorithm further, we have avoided computing SVDs, and
chosertheunitvector suchthatit is orthogonato therow of
with the larger Euclideannorm. This leadsto qualitatively
the samefactorizationerror for . For larger , spectral
factorizationtechniquesare usually recommended11], [10],
[8], but therewasno needin pursuingthemfor the parameter
rangespresentlyconsidered.

APPENDIX |1
MATHEMATICAL MODEL OF THE PMD MONITOR

Our PMDC approachassumeshatatinput of the optimiza-
tion procedureapproximations to the normalizedpolariza-
tion vectorat PMDC input are given for a sufciently dense
setof controlfrequencies , . In the simulations
reportedon in SectionlV, we have mostly addressedhe full
measuremertasewhere is givenby (8). Herewe wantto
give moredetailsonthe PMD monitorintroducedn Sectionll,
anddiscusshow closewe cancometo this somevhatidealistic
assumptionby relying on frequeng-dependethpover mea-
surementsWith one x edinput polarizationvector the PMD
monitoring processcorrespondgo the partial measurement
casebrie y presentedn SectionlV.

Throughoutthe derivation, we assumehat the PMD mon-
itor comesafter the PMDC. Let
denotethe transfemmatrix of the systemandassumehatatthe
inputto the ber link, the polarizationvectoris givenby
where the scalar function containsthe signal

information,and  is a constantunit vector Consequently

where . Denotethe componentsf

by and A
closelook at the monitor architectureoutlined in Sectionll
revealsthatastheresultof the measuremenirocessve obtain

vectors the componentsof which contain
approximateinformationabout asfollows:
where , (we have assumedhat

for simplicity only). Since

and , we
seefrom this that the PMD monitor can samplethe mag-
nitudes of the two componentsof and their phase
difference but not the individual phasevalues
, (in other words, we know the Stokes space
representatioof ). For short,we will saythat
is determinedip to a commorphasefactor, i.e., upto ascalar
factorof the form with unknown function to be
appliedto both component®of the vector

Sincewe know from the currentPMDC parameter
settings,we can nd approximatesamplinginformation for
the polarizationvector

atPMDC input, againup to acommonphasdactor Assuming
thatthe signal power (averagedover mary bit periods)is not
negligible in the control frequeny band, we can normalize
to . If we denotethe component®f this normalized
vector by and , then our derivation
tells us that we have samplesof the magnitudes , ,

where by normalization,and againof the
phasedifference . Thus, we can
de ne

(15)
where is a phasefactorat our disposawhich we will  x

later Obviously, coincideswith the normalized
up to an unknonvn phasefactor

From (15), we computethe input data for
the minimization problem (7). Supposehat the optimization
terminatesata solution to (7) with smallvalue
of the NLSQ functional . Then, after tuning to the new
PMDC parametersye have a new Jonesmatrix for
which in the controlband.Since
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and arethe sameup to the commonfactor
andanothercommonphasefactordependingon the choicewe
malke for , we nally arrive at the following approximate
expressionfor the compensategolarizationvectorat PMDC
output:

(16)
The generally nonlinear phasefunction containsthe
existing chromatic dispersionrepresentecby the common
factor in , and an additional contritution due to
the incomplete phasedetectionresp. the choice of in
(15). We call the latter PMDC-inducedchromatic dispesion
Currentlywe determinethe unknowvn suchthatthe input
vectors , while having the prescribedmagnitudes
and phasedifferencesfor their entries,changeas smoothly
as possiblebetweenneighboringsampling frequenciesThis
seemsa more rational guessfor than ad hoc choices
suchas can provide. Note that (16) holds for ary
constantinput polarizationvector , i.e., independentlyof
the distribution of power betweenthe two arms, so that the
outputpower will alwaysbe concentrateéhto the -arm.This
malkes dropping the secondpolarization before detectiona
viable option. The price to pay for improved detectionquality
is a usuallyvery small power penalty

The simulationresultsfor the above outlined partial mea-
surementcase(see,e.g.,Fig. 11 in SectionlV) revealedthat
the penalty due to the PMDC-inducedchromaticdispersion
is not neglible. Without taking into accountalternatve PMD
penalty measuressuch as DOP or BER indicators at the
recever, apossibleway to overcomethis limitation is to obtain
more complete phase information by switching the input
polarization vector periodically betweentwo non-collinear
statesln principle, this would allow usto completelyrecover

, avoid PMDC-inducedchromaticdispersionto a large
extent, and come closeto the compensationresultsreproted
for the full measurementase.Thesealternatves as well as
a moredetailed,experimentallysupportednvestigationof the
monitoring processare currently underinvestigation.

APPENDIX 1]
OPTIMIZATION: ALGORITHM DETAILS

We have testedseveral algorithmicapproaches the NLSQ
minimization problem (7) where the PMDC is represented
by the Jonesmatrix givenin (5). For simplicity, we
considerthe full measurementase(8) and set
As the preferredalgorithm for solving (7), we have settled
for the Levenbeg-Marquard (LM) algorithmimplementedn
Matlab's Isgnonlin ~ for our tests.The main reasonfor this
choiceis its supposedef ciency and robustnessin the pre-
asymptoticrange,i.e., in the rst iterations,which we
con rmed experimentally for our applicationby comparing
it againstGauss-Neton-type methodsin a large numberof
cases.Roughly speaking,in the LM algorithm,to nd the

-th approximation to the solutionof (7) from the
-th approximation , a new searchdirection is produced

by solving the linear system
(17)

followed by a line search.The searchdirection depends
on the parameter , and generallyrepresentsa compromise
betweenthe direction chosenin the Gauss-Neton method
( ) and a steepestescentdirection ( ). Thus,
choosing appropriatelyin eachiteration can enhancethe
decayof the functional value comparedto both the Gauss-
Newton and steepestiecentmethods.

The notationusedin (17) is as follows. The real vector
function (a columnvector of length ) is composed
of the expressiondor the real andimaginarypartsof the two
comple entriesof the  vectors

and leadsto the standardrepresentatiorof the NLSQ func-

tional - . The computationof for a
particularset of parameters essentiallyrequires
complex exponentialsand the equivalent of comple

is the Jacobianmatrix
associatedwith . A close look at the matrix product
representing reveals that derivatives with respectto
and can be obtained by replacing exactly one of
the matricesin the productat eachtime. This allows us to
computethewhole Jacobian by the equialentof another
complex multiplications, provided that intermediate
resultsof the recursve computatiorfor canbestored.In
practicewe obsenedthatin our currentimplementationa full
evaluationtakes approximatelythe sametime as
evaluations.We optedthereforefor providing an-

multiplications.

three

alytically computedJacobiango Isqgnonlin  , which overall
leadto a speedupTheline searchalong , ,
to nd the next requiresadditional evaluations.

The determinatiorof —andsolutionof the linear system(17)
seeminglyaccountfor only a small portion of the cpu-time
per iteration step.

At input, a startingpoint  needsto be provided which
accordingto previous experiencewith choosingrandomstart-
ing pointsseemscrucial for the succes®f Isgnonlin~ when
appliedto (7) for , aswell asfor avoiding sub-optimal
solutions.Our currentapproacho the startingpoint problem
is asfollows:

a) First, we assume , and determinepoly-
nomials , of degree and the associated
matrix in (9) by solving two linear least-squares

polynomialapproximationproblemssuchthat

for all . In practice,we have simply used
the Matlab routine polyfit , and generallyassumed
that . Recallthat are the entriesof
i.e., the rst row in . Thus, in
the control band. Sincethe control frequencies are
not evenly spreadover , afew additionalcontrol
points(e.g., ) areadded,andarti cial datafor
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b)

<)

themare createdby extrapolationof the available data
in a periodic and unitary fashion.It turnedout that

this simpletrick usuallyleadsto polynomials

with a smaller deviation from the PC condition (10)

outside the actual control region, and enhancesthe

robustnesf Stepb) below.

Sincethe from Stepa) doesnot satisfy (10), we

usethe approximateactorizationtechniqueoutlinedin

Appendix|. This givesa Jonesmatrix of degree in

the factorizedform (14) which is hopefully still close

to the obtainedin Step a), and thus close to
in thecontrolband too. By neglectingthematrix
factor , we nd asin (5), and acceptits

parametesetasthe initial settings
In the last step, we compute the numbers

, , and nd valuesfor
suchthat . This canbe doneby solving
anothersmall NLSQ problem,or (as was adoptedfor
the simulationruns) by a linear t for the unwrapped
vector of phaseanglescorrespondindo the

Finally, we note that (7) can be parametrizedalso in terms
of the coefcients of the polynomials which leadsto a
simple quadraticexpessionof the target functional in these
new variablesbut requiresadding quadratic constraintsto

ensurethe PC condition. Although Matlab's fmincon [23]

handlesthis formulation well, we did not pursueit further
sincethe numberof variablesis roughly doubledwhich lead
to lessfavorablerunningtimes.
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