
On the Polarization Analysis of Optical Beams
for Use in Quantum Communications between

Earth and Space

Alberto Dall’Arche1, Andrea Tomaello1,
Cristian Bonato1,2, and Paolo Villoresi1

1 Department of Information Engineering, University of Padova, and CNR-INFM
LUXOR Laboratory for Ultraviolet and X-ray Optical Research Via Gradenigo, 6/B,

35131 Padova, Italy
dallarch@dei.unipd.it, tomaello@dei.unipd.it, paolo.villoresi@unipd.it

2 Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden,
The Netherlands

bonato@molphys.leidenuniv.nl

Abstract. In this work we will address the transformation of the po-
larization state of single photons during the transmission along a Space
channel and the measures to correct them in order to accomplish Quan-
tum Communication (QC) between Space and Earth.

An open issue in space scale QC is the preservation of polarization
states by the telescope and all the involved moving optical components,
as well as ensuring the alignment of the polarization basis between the
orbiting sender and receiver on Earth. In the following, we will treat
in detail this crucial aspect, by modelling the measurement of the po-
larization properties of the quantum channel, expressed by its Mueller
matrix, in the experimental conditions of Ref. [12] with the addition of
the control of the outbound state of the photons and the measure of the
polarization state of the inbound beam.

Keywords: Satellite quantum communication, polarization analysis,
quantum key distribution.

1 Introduction

About a decade ago, several groups endeavored the porting of QC in general and
Quantum Keys Distribution (QKD) as first example, outside the cradle of the
lab, where QC was initially tested [2], [3].

The final step of this extension of the tract covered with QC is naturally Space,
due to the restrictions imposed on the Earth surface by the Earth curvature
as well as atmospheric turbulence. Several studies of satellite QC addressed
the various aspects involved by the long leg length, the relative motion, the
diffraction losses, the background radiation and the error rate ([4,5,6,7,8,9,10]).

The experimental demonstration of the feasibility of single photon exchange
between Space and a ground receiver has been also demonstrated in our group
recently [12].
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The demonstration of the control of the polarization state along the Space
channel is important to pave the way to further steps in Space QC. We believe
that the most suitable infrastructure to investigate this topic is the Satellite
Laser Ranging System for Geodynamics.

2 Problems in the Transmission

Polarization analysis for an Earth-Space link as first, start with the problem
of modeling a real quantum link on space. Physically, we have to deal with a
free-space dynamic optical link that crosses the atmosphere. Dynamic means the
fact that transmitter and receiver are in relative motion between them.

We can identify the following main issues, that have to be addressed:

– Effects due to atmospheric turbulence that causes attenuation and fluctua-
tions in the signal received.

– Background noise: due to sunlight, moonlight and every source of photons
that can be collected by the receiver.

– The relative motions beetween transmitter and receiver, that is the main
source of misalignment in the polarization references of transmitter and re-
ceiver.

– Non ideal optics that can cause depolarization, attenuation and distortion.

The "Radar Link Equation" given by Degnan [11], is the common representa-
tion used to define the noise and attenuation due to atmosphere and non ideal
experimental setup, and so the link budget.

Is not trivial the problem of states choosing to optimize the experimental
results. Infact, the effects of noise and attenuation on measurements are related
to the transmitted states.

An accurate model of the link is the winning key to desing a successfull ex-
periment of polarization analysis.

3 Channel Polarization Analysis

The polarization properties of an optical system can be generally described
through the use of the Mueller matrix and the Stokes formalism. The inter-
action between a polarized beam and a polarizing device can be described by:

S = MS′ (1)

where S′ and S are respectively the Stokes vectors of incident beam and of the
emerging beam. M is the 4x4 Mueller matrix of the optical system. A tipical
way for retrieving the Mueller matrix of an optical device is to test the device
with n different polarized beam (with n ≥ 4) and measure the outcoming beam.
The input state can be generated through the rotation of a quarter-wave plate
at determinated angle θ:



On the Polarization Analysis of Optical Beams 293

J =

⎡
⎢⎢⎣

1
cos2(2θ)

cos(2θ)sin(2θ)
sin(2θ)

⎤
⎥⎥⎦ (2)

For n different input states the equation (1) can be rewrited in matricial form:

S = MA (3)

where S is the matrix of output Stokes vectors:

S =
[
S(0)S(1) · · ·S(n)

]
(4)

and A is the matrix of input state vectors:

A =
[
J (0)J (1) · · · J (n)

]
(5)

Inverting equation (3) is possible to retrieve the Mueller matrix M:

M = SA+ (6)

where A+ is the pseudo-inverse matrix of A.
An easy way to see the effects of an optical system on a polarized beam is to

plot its related Poincaré sphere. Knowing the Mueller matrix of the system we
can use the relation (1) to obtain the associated Poincaré sphere. In figure (1) is

(a) Input states (b) Output states

Fig. 1. Poincaré spheres
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plotted the Poincaré sphere before and after the trasformation of a collimator-
radiometer system described by the Mueller matrix in the eq. (7) measured by
Howell in [17]:

M =

⎡
⎢⎢⎣

1.0000 0.0338 0.1587 0.0758
0.0490 0.6955 0.0001 −0.0653
0.1590 −0.0001 0.8138 0.2527

−0.0729 −0.0753 −0.2361 0.6346

⎤
⎥⎥⎦ (7)

As we can see the output states sphere is rotated and also smaller than the
input states one. By modelling the trasformation along the space channel and
measuring the Stokes parameters with a suitable polarimeter under development
in our group, we will correct for the transformation induced.

4 Feedback Control in Quantum Communication System

An important feature of a quantum communication system is the polarization
preservation. This is in general not realized in present systems, due to the non-
idealities of a real channel. It’s however possible to study the polarization prop-
erties of the channel by the use of Mueller matrices formalism and use it to
compensate the distortion of the channel. In fact knowing the Mueller matrix
of the channel it’s possible to prepare an input state so that is received in the
desired polarization state. Using the cascade of an half-wave plate and a quarter-
wave plate is possible to choose anykind of polarization states in the Poincaré
sphere. In figure (2) is represented an example of a quantum trasmission system.
In Mueller formalism the matrix of the rotated quarter-wave retarder is:

Q(θ) =

⎡
⎢⎢⎣
1 0 0 0
0 cos2 2θ sin 2θcos2θ − sin 2θ
0 sin 2θcos2θ sin2 2θ cos 2θ
0 sin 2θ − cos 2θ 0

⎤
⎥⎥⎦ (8)

and the rotated half-wave retarder matrix is:

H(θ) =

⎡
⎢⎢⎣
1 0 0 0
0 cos 4θ sin 4θ 0
0 sin 4θ − cos 4θ 0
0 0 0 −1

⎤
⎥⎥⎦ (9)

In practice, starting from a vertically polarized state we can choose the appro-
priated rotation angles to send the desired state. Considering all the trasmitting
system together with the channel the equation (1) become:

S = MQ(θQ)H(θH)V (10)

where V is the Stokes vector of the input vertical polarized state. A simple way
to find the two rotation angles is to minimize the norm of the difference between
the sent state and the expected received state:

(θQ, θH) = min
θQ,θH

‖ S − MQ(θQ)H(θH)V ‖F (11)
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Fig. 2. Scheme of a quantum transmission system

In this way, knowing the Mueller matrix of the channel we can pre-compensate
any retardation effect introduced by the channel. In a typical trasmitting system
channel probing and information exchange share the same medium, this implies
that Mueller matrix measure should not affect the single-photon exchange in the
quantum channel. Two possible solution are time-multiplexing and wavelenght-
multiplexing proposed by [9].

With the model here proposed and the undergoing experimental measure-
ments, the necessary knowledge of the channel transformations will be available
for the first time. With these we can predict the evolution of a time-varing chan-
nel and compensate it for changes in the polarization by means of a feedback
control.

5 Conclusions

In conclusion, these analysis are aimed to ascertain the causes of incorrect align-
ment of the polarization reference of an orbiting quantum transmitter and a
quantum receiver on Earth. The findings will be used to envisage the feedback
system that will correct for these transformations and that will allow the demon-
stration of the Space QC.

The ability to analize and compensate the polarization state of photons will
give us the tools and the basis for quantum communication on free-space on
space scale. What we are doing, can be seen like a creation of a communication
medium, in wich photons can be used to transfer informations. The problem can
be compared, as were invented fiber optics. At that time the problem was the
development of a media allowing the propagation of light over long distance. Now
our problem is the "development" of a media in wich the photons can propagate
preserving their polarization state, and the media is formed by: free-space link,
polarization analyzer and compensator.



296 A. Dall’Arche et al.

References

1. Villoresi, P., et al.: Experimental verification of the feasibility of a quantum channel
between space and earth. New J. Phys. 10, 033038 (2008)

2. Buttler, W.T., et al.: Practical free-space quantum key distribution over 1 km.
Phys. Rev. Lett. 81, 3283 (1998)

3. Kurtsiefer, C., Zarda, P., Halder, M., Weinfurter, H., Gorman, P.M., Tapster, P.R.,
Rarity, J.: GA step towards global key distribution. Nature 419, 450 (2002)

4. Aspelmeyer, M., Jennewein, T., Pfennigbauer, M., Leeb, W.R., Zeilinger, A.: Long
distance quantum communication with entangled photons using satellites. IEEE J.
Sel. Top. Quantum Electron. 9, 1541 (2003)

5. Villoresi, P., et al.: Space-to-ground quantum communication using an optical
ground station: a feasibility study. In: Quantum Communications and Quantum
Imaging II Proc. SPIE, vol. 5551, p. 113 (2004) quantph/0408067v1

6. Peng, C.Z., et al.: Experimental free-space distribution of entangled photon pairs
over 13 km: Towards satellite- based global quantum communication. Phys. Rev.
Lett. 94, 150501 (2005)

7. Bonato, C., et al.: Influence of satellite motion on polarization qubits in a space-
Earth quantum communication link. Opt. Express 14, 10050 (2006)

8. Bonato, C., Pernechele, C., Villoresi, P.: Influence of all-reflective optical systems
in the transmission of polarization-encoded qubits. J. Opt. A: Pure Appl. Opt.
9899 (2007)

9. Bonato, C., Tomaello, A., Deppo, V.D., Naletto, G., Villoresi, P.: Feasibility of
satellite quantum key distribution. New J. Phys. 11 (2009), 45017

10. Ursin, R., et al.: Space-quest: experiments with quantum entanglement in space.
In: Int. Aeronautical Congress Proc. A2.1.3 (2008), arXiv:0806.0945

11. Degnan, J.J.: Millimiter accuracy satellite laser ranging: A review. Contributions
of Space Geodesy to Geodynamics Technology. In: Smith, D.E., Turcotte, D.L.
(eds.). AGU Geodynamics Series, vol. 25, p. 133 (1993)

12. Aiello, A., Puentes, G., Voigt, D., Woerdman, J.P.: Maximum-likelihood estimation
of Mueller matrices. Optics letters 31, 6 (2006)

13. Bouwmeester, D., Ekert, A.K., Zeilinger, A.: Physics of Quantum Information.
Springer, Heidelberg (2000)

14. Goldstein, D.: Polarized Light, 2nd edn. Marcel Dekker, New York (2003)
15. Ahmad, J.E., Takakura, Y.: Estimation of physically realizable Mueller matrices

from experiments using global constrained optimization. Optics express (August
28, 2008)

16. Toyoshima, M., Takenaka, H., Shoji, Y., Takayama, Y., Koyama, Y., Kunimori,
H.: Polarization measurements through space-to- ground atmospheric propagation
paths by using a highly polarized laser source in space. Optics express (November
23, 2009)

17. Howell, B.J.: Measurement of the polarization effects of an instrument using par-
tially polarized light. App. Opt. 18(6) (1979)


	On the Polarization Analysis of Optical Beams for Use in Quantum Communications between Earth and Space
	Introduction
	Problems in the Transmission
	Channel Polarization Analysis
	Feedback Control in Quantum Communication System
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /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 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




