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Abstract In this paper, we describe the impact of
quadrature imbalance (QI) in the presence of frequency
offset in an optical coherent offset quadrature phase shift
keying (OQPSK) receiver. Arbitrary conjugate misalign-
ment was realized in a 2�4 90° optical hybrid, and the
ellipse correction (EC) method of quadrature imbalance
was applied in our simulation. In the case of transmission,
the EC method can significantly improve the system
performance.

Keywords offset quadrature phase shift keying
(OQPSK), quadrature imbalance (QI), ellipse fitting,
frequency offset

1 Introduction

In recent years, there has been renewed interest in the
research community in coherent optical communication
systems [1–4]. The most promising detection technique for
achieving high spectral efficiency is coherent detection
with polarization multiplexing, as symbol decisions are
made using the in-phase (I) and quadrature (Q) signals in
the two fields polarizations, allowing information to be
encoded in all available degrees of freedom. Offset
quadrature phase shift keying (OQPSK) is one of the
modulation formats that has attracted attention lately
because of its superior transmission characteristics.
Ideally, the I and Q channels of a quadrature commu-

nication system are orthogonal to each other. However,
implementation imperfections (e.g., incorrect bias points
settings for the I-, Q-, and phase ports, imperfect splitting
ratio of couplers, photodiodes sensitivity mismatch, and
misadjustment of the polarization controllers) can create

amplitude and phase imbalances that destroy the ortho-
gonality between the two received channels and degrade
performance of the OQPSK system. Also, in practice,
phase diversity receivers are vulnerable to imperfections in
the optical 90° hybrid, which result in direct current (DC)
offsets and both amplitude and phase errors in the received
signals. These effects give rise to quadrature imbalance
(QI) in a communication system [5,6].
In the paper, we first show the simulated optical coherent

OQPSK system. Then, the principle of ellipse correction
(EC) method is introduced in detail. In the time domain, QI
tilts and squeezes the square constellation into a diamond
shape. What’s more, frequency offset continuously rotates
the constellation. In the presence of both QI and frequency
offset, the constellation becomes elliptical. Finally, we find
that, in the case of transmission, the EC method can
significantly improve the system performance.

2 System configuration

The impact of nonorthogonality between the I and the Q
channels was investigated by simulating the optical
OQPSK coherent system shown in Fig. 1. The transmitter
was driven with two 50-Gb/s NRZ data streams to provide
the OQPSK modulation with two bits encoded in each
symbol using the phase of the optical field. The transmit
laser and the local oscillator (LO) linewidths were set to 0.
An optical 90° hybrid at the receiver side was modeled to
mix the transmitted signal and the LO signal before the in-
phase and quadrature signals were detected with square-
law photodiodes.

3 Principle of EC method

Taking advantage of balanced photo-detection, the output
signals of the optical hybrid were converted to electrical
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signals. If we assume phase-shift-keying modulated
incoming signal and ac-coupled photodiode, two received
signals can be written as

Ix ¼ A cos �,

Iy ¼ B sin �þ fð Þ, (1)

where θ represents all the phase contributions same for the
two signals, including bit information, laser linewidth-
related phase noise, and frequency and phase offsets
originated from LO. A and B are constants. f is the
conjugate misalignment which is an offset from 90°. Ix and
Iy are the I and Q signals, respectively. Their relationship
can be expressed as [4]

I2x
A2 –

2IxIy sinf

AB
þ I2y

B2 – cos
2f ¼ 0: (2)

In other words, the constellation diagram of the digitized
received signals forms an ellipse in general. It becomes a
perfect circle when A = B and f¼ 0 that implies
normalized signals and 0° conjugate misalignment. In
our simulation, f was determined by fitting the constella-
tion of the received signals with Eq. (2).
At first, the two sample sequences were normalized to

have the same amplitudes, and then they were combined to
be a complex received signal. In order to compensate the
conjugate misalignment, the EC method, which is
described in Fig. 2, was used in the signal processing.
Ellipse fitting finds the least square ellipse that is best fitted
to the constellation of the digitized received signal [5,6].

We can obtain the ellipse with major axis of 2a, minor axis
of 2b, and the rotation angle of ρ respect to Ix-axis as
described in Fig. 2(a). Simple transformation given by [4]

Iíx ¼ Ix cos �þ Iy sin �

a
,

Iíy ¼ – Ix sin �þ Iy cos �

b
,

(3)

reshapes the ellipse shown in Fig. 2(a) into a perfect circle
shown in Fig. 2(b).

4 Analysis and discussion

The impact of QI and frequency offset on received
constellation diagrams can be visualized separately, using
simulation. In Fig. 3(a), the ideal constellation, when no
impairments are present, is shown. In the frequency
domain, the presence of QI contaminates the single
sideband intermediate frequency (IF) spectrum produced
by the phase-diversity receiver with an attenuated image of
the unwanted sideband, which leads to a degradation of the
system performance [7]. In the time domain, QI tilts and
squeezes the square constellation into a diamond shape
(Fig. 3(b)) [8]. Further more, frequency offset continuously
rotates the constellation (Fig. 3(c)). In the presence of both
QI and frequency offset, the constellation becomes
elliptical (Fig. 3(d)).
Figure 4 shows an example where the QI correction

algorithm has been applied to a received signal with QI.
Figure 4(a) shows the constellation diagram when
frequency offset between the received optical signal and
LO was 200MHz. Conjugate misalignment was obtained
by fitting the constellation with Eq. (2). In the case of
Fig. 4(a), f was set to 20°, which was adjustable. Fiber
transmission inevitably introduces chromatic dispersion
(CD), which was compensated with a time domain method
in our simulation (Fig. 4(b)) [9]. The black solid line
shown in Fig. 4(c) is the fitted ellipse curve, and the EC
method of Eq. (3) transformed the constellation to that
shown in Fig. 4(d). The frequency offset between the

Fig. 1 Simulated optical coherent OQPSK system

Fig. 2 EC method by transformation of Eq. (3)
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Fig. 3 (a) Ideal constellation; (b) impact of QI; (c) impact of frequency offset; (d) impact of QI in presence of frequency offset

Fig. 4 (a) Received constellation; (b) after CD compensation; (c) fit constellation into ellipse; (d) transform ellipse into circle; (e) after
frequency error correction; (f) after phase error correction
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received optical signal and LO was estimated by the phase
increment estimation algorithm (Fig. 4(e)) [10]. What
remains after the frequency offset between the laser of the
transmitter and the LO laser of the receiver has been
compensated for is the phase difference between the lasers.
We adopted a method, introduced in Ref. [11] in detail, to
estimate and correct carrier phase in our simulation
(Fig. 4(f)).
Figure 5 shows the corresponding example without

applying the QI correction algorithm. The same system
configuration, CD compensation algorithm, frequency
offset compensation algorithm and carrier phase estimation
algorithm were adopted in the corresponding example.
Compared to Fig. 5, the finally obtained constellation
points in Fig. 4 are apparently smaller. Therefore, we can
easily conclude that the EC method can significantly
improve system performance.

5 Conclusion

EC method firstly finds the least square ellipse that best
fitted to the constellation of the digitized received signal,
and then reshapes the ellipse into a perfect circle by means
of a simple transformation. Subsequently, the frequency
offset between the received optical and LO signals, which
is 200MHz in our simulation, has been estimated and
corrected by the phase increment estimation algorithm. In
the case of transmission, the EC method can significantly
improve the system performance.
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Fig. 5 (a) Received constellation; (b) after CD compensation; (c) after frequency error correction; (d) after phase error correction

Xinying LI et al. Compensation of quadrature imbalance in an optical coherent OQPSK receiver 291


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11



<<
  /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
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /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 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 150
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /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 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /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

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. 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 Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /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 /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


