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Temperature-Insensitive and Two-Sided
Endless Polarization Control

Benjamin Koch, Reinhold No€, Senior Member, IEEE, Vitali Mirvoda,

and David Sandel, Member, IEEE

Abstract— Endless input polarization tracking is demonstrated
at 60 krad/s over a temperature ramp from 0 °C to 60 °C and
at 15 krad/s with simultaneous endless variations at 200 rad/s of
the analyzed output polarization.

Index Terms— Optical fiber communication, optical fiber
polarization, quadrature phase shift keying.

I. INTRODUCTION

NDLESS optical polarization control is a key enabler for

benefitting from polarization multiplex in transmission
systems with direct detection [1]-[3]. Using optical polariza-
tion demultiplex, PDM-DQPSK receivers save power and cost
compared to coherent receivers. In this case, the polarization
controller transforms the variable input polarization of a chan-
nel into a fixed eigenstate of a polarization beam splitter. The
outputs of the splitters deliver the two separated polarization
channel signals. Feedback for the controller is provided by
analyzing cross channel interference [3], [4]. For the 200 Gb/s
experiment [3], PMF was used between controller and beam
splitter to fix the output polarization of the controller. This
allowed the use of a single Soleil-Babinet compensator (SBC)
with a maximum retardation of = for control [5]. One-sided
polarization control has become very fast, reaching 100 krad/s
[6] or even 140 krad/s [7].

When working with SMF at the output (without PMF), be
it for cost or coupler size or other practical reasons, both
input and output polarization changes have to be tracked
simultaneously. Addressing this scenario we have enhanced
our polarization algorithm for two-sided control. The modified
system is capable of tracking polarization changes caused by
manual fiber handling at the output side, while maintaining
krad/s-tracking speed at the input side. We also show, for the
first time, that control is stable while the ambient temperature
follows a ramp from 0 °C to +60 °C.
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Fig. 1. Only when input polarization reaches sought output polarization
(red dot P on Poincaré sphere) does the retardation of the Soleil-Babinet
compensator reach 2z. To prevent overflow, SBC eigenmodes (green x) are
then reoriented to the opposite position (from positions 1 to 9). Corresponding
polarization transformations (blue circles, with encircled numbers 1 to 9) are
full circles around eigenmode axes. All these circles start and end at point
P. Circles 1 and 9 are identical except for the rotation sense. Retardation
overflow is thereby prevented, or by more tentative eigenmode orientation
changes.

II. CONTROL PRINCIPLE

A single SBC can transform any input polarization into any
output polarization [8]. Only orientation and retardation have
to be varied by a gradient search on an error signal. This
is normal control which is executed at almost all times. The
SBC orientation can vary arbitrarily but the retardation will
stay between 0 and 2z . Only if input and output polarizations
happen to become identical the retardation can reach the
value 27z, i.e. its permitted maximum. Overflow must now be
prevented. Upon detection of this status and retardation value,
by analysis of LiNbOs3 electrode voltages, the SBC orientation
is changed to opposite, at constant retardation of 2z. The
reorientation must be completed while the two polarizations,
denoted by the red dot P on the Poincaré sphere (Fig. 1)
remain identical. During this process the linear SBC eigen-
modes subsequently assume various positions 1 to 9, denoted
by green x on the equator. The corresponding polarization
transformations, all of them with 2z of retardation, are full
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Fig. 2.
10 minutes with 60 krad/s input scrambling and output scrambler halted.

circles, drawn in blue and also marked by encircled numbers
1 to 9. Each of these transforms the input polarization into the
output polarization, which coincides with the former. Circles
1 and 9 are identical, except that they turn with opposite
senses, because they originate from eigenmodes 1 and 9, which
are orthogonal polarizations. If input and output polarizations
continue changing in the same directions as before, when
they approached the retardation limit 27z, then the controller
will subsequently be able reduce the retardation below 27,
rather than being forced to increase it. Retardation overflow
is thereby prevented. If polarizations change during or after
eigenmode reorientation in other directions then the eigen-
modes have to be reoriented again until it is indeed possible
to decrease retardation.

III. SETUP

Fig. 2(a) shows the setup for two-sided endless polarization
control. A 10 Mrad/s endless polarization scrambler (Novoptel
EPS1000) is placed behind an unmodulated laser source. The
scrambler is configured as a rotatable halfwave plate (HWP)
between two trios of rotatable quarterwave plates (QWPs).
The HWP rotates at high speed, generating circles on the
Poincaré sphere. The QWPs rotate at lower, incommensurate
rates in order to change sizes and orientations of the circles.
At 60 krad/s scrambling rate the scrambler output polariza-
tions are spread randomly over the whole Poincaré sphere
[see Fig. 2(b)].

The polarization controller transforms the scrambled input
polarization into an eigenstate of the polarization beam splitter
(PBS), while the polarization transformations of a second
polarization scrambler placed just before the PBS are addition-
ally compensated. All this is done by minimizing the optical
power at one of the PBS outputs, while the other output carries
the re-polarized signal.

Our realized two-sided endless polarization controller is
functionally equivalent to the principle described in Section II.
However, for ease of implementation, eight SBCs with smaller
retardations are made to work similarly to the single one
with 2z retardation. A commercial LiNbO3 polarization trans-
former with X cut and Z propagation is used for this pur-
pose. Electrode structure is shown in Fig. 2(a), driving and
calibration are detailed in [9]. The difference with respect

(a) Two-sided polarization control using two endless polarization scramblers. Polarimeter screenshot (b) without polarization control and (c) after
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relative intensity error at 60 krad/s input polarization scrambling and 60 °C
temperature changes over 60 h.

to our earlier experiments [3], [7], [9], [10], where only a
single polarization was tracked endlessly, is that the overall
SBC retardation is limited to a maximum of 27, not just x.
SBC reorientation prevents total retardation from an overflow
beyond 2z and subsequently leads to a retardation decrease.

IV. EXPERIMENTAL RESULTS

At first, the output polarization scrambler is halted. Under
control, the output polarization of the controller is constant
while all input polarization changes are compensated. Fig. 2(c)
shows a screenshot of the polarimeter after 10 minutes of
60 krad/s input polarization scrambling. The accumulated
polarization states form a nicely confined spot, indicating
accurate polarization control. The spot radius is about 0.08 rad.

Next, the whole polarization controller module card is
placed in a climate chamber. During a measurement time of
60 hours, the temperature in the chamber is increased from
initially 0 °C to finally 460 °C. In order to get an accurate
measure of all polarization errors during the measurement
time, samples of the relative intensity error (RIE) are accumu-
lated into a histogram, roughly every 140 ns. Fig. 3 shows the
complementary cumulative distribution function of the RIE,
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Fig. 4. Polarimeter screenshot during tracking of 15 krad/s input polarization
changes and additional 5 rad/s output polarization changes.
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Fig. 5. Complementary cumulative distribution function 1—F(R/E) of relative
intensity error at 15 krad/s input polarization scrambling and 200 rad/s output
polarization scrambling over 16.5 h.

which represents the probability that a given RIE is surpassed.
The maximum RIE of 0.95% corresponds to a polarization
error of 0.195 rad. Mean RIE and polarization error were
0.216% and 0.093 rad, respectively. Note that parts of the
measured mean error are caused by a temperature-induced
drift of the point of RIE = 0 which is determined by a short
measurement only before the experiment (left curve).

Compared to earlier experiments with temperature changes
[10], the tracking speed is now significantly higher. The
present experiment includes temperature changes of the whole
board, not just of the LiNbO3 element. Furthermore, not
only specific temperatures but a whole temperature range
is covered by uninterrupted tracking during a continuous
temperature ramp.

Back at room temperature and with input polarization
scrambling at 15 krad/s, the output polarization scrambler is
switched on. At output scrambling speeds of up to 5 rad/s,
the output polarization changes are accurately tracked by the
polarimeter. Fig. 4 show the output polarization trajectory,
which follows and compensates the transformations of the
output polarization scrambler. The shown trajectory is clean
and solid, without glitches. This indicates accurate tracking of
both input and output polarization.
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Finally the output scrambler is set to a scrambling speed
of 200 rad/s, which is in the same order of magnitude as the
fastest expected polarization changes caused by manual fiber
handling. For accurate error measurement, another histogram
is recorded during a measurement time of 16.5 hours. The
complementary cumulative distribution function is shown in
Fig. 5. Mean and maximum RIEs are 0.072% and 0.526%,
respectively (right curve). Corresponding mean and maximum
polarization errors are just 0.054 rad and 0.145 rad, respec-
tively. This control quality easily suffices even for demanding
applications.

V. CONCLUSION

We have demonstrated, for the first time, endless polariza-
tion control at krad/s speed over an ambient temperature ramp
from 0 °C to 60 °C. At polarization changes of up to 60 krad/s,
a polarization trajectory of >10 Gigarad length was thereby
tracked during 60 hours. Mean and maximum polarization
errors were of 0.093 rad and 0.195 rad, respectively.

Our simultaneous tracking of 15 krad/s input and 200 rad/s
output polarization changes has demonstrated two-sided
endless polarization control, for the first time with multi-
krad/s tracking speed (at one side). Tracked trajectory
length in a 16.5-hour measurement was 700 Mrad. Mean
and maximum polarization errors were only 0.054 rad and
0.145 rad, respectively.

Two-sided polarization control makes automatic polariza-
tion demultiplexers much more versatile and cheaper because
no PMF is needed between polarization transformer and
beam splitter or receiver. Furthermore, this allows the polar-
ization tracking of single- or dual-polarization signals with
user-supplied error signals.

REFERENCES

[1]1 S. Yunfeng, et al., “Design of polarization de-multiplexer and PMD
compensator for 112 Gb/s direct-detect PDM RZ-DQPSK systems,” J.
Lightw. Technol., vol. 28, no. 22, pp. 3282-3293, Nov. 15, 2010.

[2] J.Zhang, et al., “Transmission of 112 Gb/s PM-RZ-DQPSK over 960 km
with adaptive polarization tracking based on power difference,” in Proc.
ECOC 2010, pp. 1-2, paper P2.09.

[3] B. Koch, R. Noé, V. Mirvoda, D. Sandel, V. Filsinger, and K. Puntsri,
“40-krad/s polarization tracking in 200-Gb/s PDM-RZ-DQPSK trans-
mission over 430 km,” IEEE Photon. Technol. Lett., vol. 22, no. 9, pp.
613-615, May 1, 2010.

[4] S. Bhandare, et al., “5.94-Tb/s 1.49-b/s/Hz (40x2x2x40 Gb/s)
RZ-DQPSK polarization-division multiplex C-band transmission over
324 km,” IEEE Photon. Technol. Lett., vol. 17, no. 4, pp. 914-916, Apr.
2005.

[5] R.NOoé, et al., “Endless polarization control systems for coherent optics,”
J. Lightw. Technol., vol. 6, no. 7, pp. 1199-1207, Jul. 1988.

[6] Commercial Polarization Control Up to 100 krad/s. (2012,
Jun. 25) [Online].  Available:  http://www.novoptel.de/Control/
Control_EPC1000_en.php

[7]1 B. Koch, et al., “140 krad/s, 254-Gigaradian endless optical polarization
tracking, independent of analyzed output polarization,” in Proc. OFC
2012, pp. 1-3, paper OTulG.

[8] N. G. Walker and G. R. Walker, “Polarization control for coherent
communications, J. Lightw. Technol., vol. 8, no. 3, pp. 438-458, Mar.
1990.

[9]1 A. Hidayat, et al., “High-speed endless optical polarization stabilization

using calibrated waveplates and field-programmable gate array-based

digital controller,” Opt. Express, vol. 16, no. 23, pp. 18984-18991, 2008.

B. Koch, et al., “Robust, wavelength- and temperature-insensitive

14 krad/s endless polarization tracking over 2.5 Grad,” in Proc.

OFC/NFOEC 2009, San Diego, CA, Mar., pp. 1-3, paper JThA63.

(10]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




