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ABSTRACT

An analytical approach is developed to evaluate the bit 
error rate (BER) performance degradation of an optical 
direct detection CPFSK system caused by signal phase 
distortion due to polarization mode dispersion (PMD) in a 
single mode fiber. The average BER performance results 
are evaluated at a bit rate of 10 Gb/s considering 
Maxwellian distribution for the differential group delay 
(DGD). The results show that the performance of optical 
direct detection system suffers power penalty of 0.15 dB, 
1.0 dB, 3.40 dB and 6.40 dB corresponding to mean DGD 
of 20 ps, 40 ps, 60 ps and 80 ps respectively at a BER of 
10-9  operating at 10 Gb/s and modulation index of 0.5. 
Furthermore, at increased values of the mean DGD there 
occur BER floors above 10-9, which cannot be lowered by 
further increasing the signal power. It is noticed that BER 
floors occur at about 10-4  and 10-8   for modulation index 
of 0.50 and 1.0 respectively to a corresponding mean 
DGD of 90 ps. The effect of PMD is found to be more 
detrimental at higher modulation index. 

1. INTRODUCTION 

Optical continuous-phase FSK (CPFSK) is an attractive 
modulation format as it allows generation of compact 
spectra that allows for receiver envelop detection by 
properly selecting the modulation index. However, with 
the advent of long distance high bit rate optical systems, 
PMD is one of the serious degradation factors limiting bit 
rate and the transmission distance, becomes especially 
important as the bit rate increases higher than 10 Gb/s. 
The PMD induces the differential group delay (DGD) 
between two principal polarization axes of the 
transmission media and distorts the signal waveform that 
results bit pattern corruption and higher bandwidth 
requirement, and eventually contributes to BER 
deterioration, performance variation or system fading 
even at moderate bit rate [1]. 

The effect of PMD has been the focus of research in 
fiber communications for more than a decade and the 

developed ideas are briefly described in a series of 
publication [1]-[8]. The effect for PMD induced 
degradation for several modulation formats in high-speed 
long haul optical transmission system is given for both 
compensated and uncompensated system [3]. An 
analytical analysis of PMD impairment of optical 
multilevel DPSK system in terms of outage probability as 
function of mean DGD and its mitigation at 40 Gb/s has 
been presented  [4]. The simulation results on the effects 
of PMD on an amplified IM-DD system is reported in 
Ref. [5] as a function of the DGD. The effect of PMD on 
the bit error rate performance of heterodyne FSK system 
is also reported [7]. Recently, the performance of optical 
DPSK system with direct detection receiver is reported in 
presence of PMD [8]. 

In this paper, we provide an analytical approach to 
evaluate the BER performance limitations of an optical 
direct detection CPFSK system impaired by PMD. Here, 
we take the whole statistical picture into account by 
investigating the corresponding power penalty in terms of 
BER degradation, which is a very relevant measure of 
system performance. This method is based on the linear 
approximation of the output phase of a linearly filtered 
angle-modulated signal such as the CPFSK signal. The 
probability density function (pdf) of the random phase 
fluctuation due to PMD and group velocity dispersion 
(GVD) at the output of the receiver is determined 
analytically. Based on the pdf of the random phase 
fluctuation, a conditional BER expression is derived.  The 
temporal behaviors of the fiber PMD are of statistical in 
nature due to randomness of the birefringence variations 
along the fiber structure. Therefore to assess accurately 
the optical transmission impairment due to PMD, we 
determine the average BER and power penalty for 
different mean values of DGD, considering Maxwellian 
probability density function for the DGD, at the receiver 
output in the presence of receiver noise. The bit error rate 
performance and power penalty suffered by the system 
due to PMD at a BER of 10-9 are evaluated at a bit rate of 
10 Gb/s.
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II.  SYSTEM MODEL 

The block diagram of an optical CPFSK transmission 
system with direct detection model is shown in fig.1. 
Fig.2 shows the low pass equivalent CPFSK system 
model considering PMD and chromatic dispersion. The 
signal components in the two output PSPs propagate 
independently through the entire system from the 
modulator to the balanced receiver.  In the transmitter, 
non-return to zero (NRZ) data at 10 Gb/s is used to 
directly modulate a laser to generate the CPFSK signal 
that is transmitted through a single mode fiber. At the 
receiving end, MZI based direct detection receiver detects 
the received optical signal. The fields corresponding to 
the two PSPs are separately detected and the resulting 
photocurrents are summed. We decompose the entire 
system into a pair of subsystems, each corresponding to 
one PSP. We sum the outputs of the two subsystems to 
obtain sampled decision variables )()()( 21 tititi mmm .
The output photocurrent is filtered by a low pass filter and 
fed to a sampler followed by a comparator. The threshold 

voltage of the comparator is set to zero value. If the output 
voltage is greater than zero a binary ‘1’ is detected, 
otherwise a binary ‘0’ is detected.  

      III. THEORETICAL ANALYSIS 

The complex electric field at the output of the CPFSK 
transmitter and input to the fiber is represented as: 
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Where cf  is the carrier frequency, TP  is the transmitted 

optical power and the CPFSK modulating phase )(ts  is 
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Fig.1: Block diagram of an optical CPFSK transmission system with MZI based direct detection receiver
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Fig.2:  Low pass equivalent direct detection CPFSK system model considering PMD and chromatic dispersion 
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Where ka  is the random NRZ bit, f  is the peak frequency 

deviation, )(tp  is the elementary pulse shape and )(tn  is 

the phase noise of the transmitting laser. Here 21 , cc
represent unit vectors and 21 , ee  represent the two principal 
states of polarization respectively. The electric field at the 
output of the fiber is then given by: 
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Where  denotes convolution, )(1 th  and )(2 th  are the 
inverse Fourier transform of the low pass equivalent 
transfer function of a non-dispersion shifted lossless fiber 

)(1 fH  and )(2 fH  respectively, which include the effect 
of polarization mode dispersion (PMD) and group 
velocity dispersion (GVD) and given by [14],   
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Where  represents the differential group delay (DGD) 
between the two principal states of polarization (PSP),    is 
the  PMD power-splitting ration and  is the chromatic 
dispersion index. Here we assume that there is negligible 
polarization-dependent loss   
Assuming linear phase approximation the output electric 
fields for the two polarization states can be written as  
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In the FSK direct detection receiver with Mach-
Zehnder interferometer (MZI), the MZI act as an optical 
discriminator and differentially detect the ‘mark’ and 
‘space’ of the received FSK signal, which are then 
directly fed to a pair of photo-detectors. The 
transmittances of the two branches of the MZI are TI(f)
and  TII(f),  and  is the time delay between the two 
branches.
For a ‘mark’ transmission, the current at the output of the 
photo-detectors can be expressed as: 
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 For a ‘mark’ transmission and ideal CPFSK 
demodulation condition (assuming NRZ data), we have 
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. Thus, the currents at the output of 

photodetector can be expressed as, 
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Where )(t
LP

h  represents the impulse response of the 

electrical low pass filter, which is assumed to be fifth-
order Bessel function type. The transfer function of the 
low pass filter is given by, 
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Where eBfF /43.2  and eB  is the 3-db cutoff 
frequency. 

The output phase distortion due to PMD and GVD is 
given by, 

),,(1 t )(102
)(122

kTtq
k katq

                     = ),(1),(1 tts                            (19) 

)(202
)(222

).,(
2

kTtq
k katqt

                  = ),(2),(2 tts                            (20 ) 

Where  ),(1 ts  and ),(2 ts  are mean output 

phase error; ),(1 t  and ),(2 t  are the random output 
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phase fluctuation due to ISI bit pattern caused by PMD 
and GVD. 
The total signal current at the output of LPF 
corresponding to a ‘mark’ is given by, 

)(2)(1)( txsPdRtxsPdRtmi                        (21) 

Where, )(1 tx  and )(1 tx  describe the phase noise 
induced by the interferometer intensity due to random 
phase fluctuation and   can be expressed as, 
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The low-pass filter output for ‘mark’ transmission, at a 
sampling time t is, 
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 If we consider the mean phase distortion only then the 
conditional bit error rate can be expressed as, 
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The contribution of the term (random phase fluctuation) 
),(1 t  of  (19) and ),(2 t of (20) can be evaluated by 

finding the probability density function (pdf). Assuming 
{ ka } are independent and identically distributed (IID) 

random variables, the characteristic function of 1 and 2
is given by, 
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Where, )(1)(1 iTtqtiq , )(2)(2 iTtqtiq , iM 2
and iM 2 are the even order moments of the characteristic 

function of random variable 1  and 2 respectively.  By 

using the above two equations the pdf )(P   of 

and  the pdf )(P  of  can be evaluated 

following Ref. [7]. 
For a given value of differential group delay (DGD) ,
the conditional BER can be expressed as: 

The statistical properties of PMD have been 
experimentally and theoretically studied and found that 
the evolution of DGD at particular frequency over time 
yields a Maxwellian probability density function given by, 
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Where    is the quadratic mean of   instantaneous 
DGD, . The average bit error probability can now be 
evaluated as, 

)()()( dPBERBER                    (35)

IV. RESULTS AND DISCUSSION 

Following the analytical approach outlined above, we 
evaluated the bit error rate performance result of an 
optical heterodyne CPFSK transmission system with delay 
demodulation for several values mean DGD at a bit rate of 
10 Gb/s. The plots of average BER versus received 
power, Ps   are shown in Fig. 3  and  Fig.4 at modulation 
index of 0.50 and 1.0 respectively for different values of 
mean DGD at a bit rate of 10 Gb/s. The results show that 
the BER performance is more affected at higher values of 
mean DGD and at higher modulation index. 

The penalty due to PMD suffered by the direct detection 
CPFSK system at BER 10-9 is plotted in Fig.5 as a 
function of DGD normalized by bit duration. It is 
observed from Fig.3 that the penalty at BER = 10-9 is 

Fig. 3: Plots of average BER versus received power, Ps for direct 
detection CPFSK receiver impaired by PMD   (modulation index h = 
0.50) 
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increasing with increasing values of the mean DGD. The 
amount of penalty is found to be approximately 0.15 db, 
1.0 db, 3.40 db and 6.40 db corresponding to mean DGD 
of 20 ps, 40 ps, 60 ps and 80 ps respectively. Further 
increase of DGD leads to a BER floor above 10-9  which 
can not be lowered by further increasing the signal power. 
It is observed from Fig. 3 and Fig.4 that BER floors occur 
at about   10-4  and 10-8 for modulation index of 0.50 and 
1.0 respectively to a corresponding mean DGD of 90 ps.  

The plots of penalty due to other modulation schemes 
as reported in [8] are also shown in Fig. 5 for comparison. 
It is further noticed that penalty suffered by direct 
detection CPFSK with modulation index 0.50 and 1.0 is 
higher than that of NRZ-OOK system, but lower than RZ-
OOK and NRZ-OOK system.  For example, the penalty is 
1.30 db and 2.70 db corresponding to DGD/bit duration 
ratio ( T ) are 0.40 and 0.50 respectively for direct 
detection CPFSK system at modulation index 1.0.  The 

corresponding penalty values are 2.30 db, 1.70 db and 
2.90 db, 3.80 db for NRZ-OOK and RZ-OOK 
respectively.

V. CONCLUSION 
An analytical approach is presented to evaluate the impact 
of polarization mode dispersion on the BER performance 
of a direct detection CPFSK system. The results show that 
the penalty due to PMD suffered by the direct detection 
CPFSK system is 4.0 db corresponding to a mean DGD of 
60 ps at modulation index of 1.0. Thus the amount of 
power penalty is higher at higher values of modulation 
index and higher values of the differential group delay 
between the two polarization axes. Also a direct-detection 
CPFSK system with modulation index of 0.50 suffers 
slightly higher amount of power penalty than a direct 
detection NRZ-DPSK system. 

REFERENCES

 [1] H. Sunnerud, M. Karlsson, and p. A. Anderson, “A 
comparison between NRZ and RZ data format with respect 
to PMD-induced system degradation,” IEEE photon. 
Technol. Lett., vol.13, pp.448-450, May 2001 

[2]  H. Sunnerud, C. Xie, M. Karlsson, and P. A. Anderson, “A 
comparison between different PMD compensation 
techniques,” J. Lightwave Technol., vol. 20, pp.368-378, 
March 2002. 

[3]  C. Xie, L. Moller and H. Haunstein, “Comparison of system 
tolerance to polarization-mode dispersion between different 
modulation formats”, IEEE Photon. Technol.  Lett., vol. 15 
no. 8, pp. 1168-1170, August 2003 

[4] H. Yoon, N. Y. Kim and N. Park, “ Study on PMD 
impairment of optical multilevel DPSK system and its 
mitigation methods”, IEEE Photon. Technol. Lett., vol. 17, 
no. 12, pp. 2577-2579, December 2005 

[5] C. D. Angelis, A. Galtarossa, C. Campanile and F. Matera, “ 
Performance evaluation of ASK and DPSK optical coherent 
systems affected by chromatic dispersion and polarization 
mode dispersion”, Journal of optical communications,
vol.16, no. 5, 1995, pp.173-178. 

    [6]   B.W. Hakki, “ Polarization mode dispersion in a single 
mode fiber,” J. of Lightwave Technology, vol. 14, no. 10, 
pp. 2202-2208, 1996 

   [7]  S. P. Majumder, M. Z. Yusoff, A. F. Muhammad and H.T. 
Chuah, “ Effect of  polarization mode dispersion on optical 
heterodyne CPFSK system”, Conference proceedings, 
Telecommunication global conference 2000,
GLOBECOM’00, vol.2, pp. 1233-1236 

[8] Jin Wang, Joseph M. Kahn, “Impact of chromatic and 
polarization mode dispersion on DPSK system using 
interferometric demodulation and direct detection”, J. of 
Lightwave Technology, vol. 22, no. 2, February 2004. 

Fig.5: PMD-induced power penalty as a function of DGD/bit duration
( T/ ) for  NRZ- and RZ-OOK, NRZ-DPSK and direct detection
NRZ-CPFSK system. 

Fig. 4: Plots of average BER versus received power, Ps for direct
detection CPFSK receiver impaired by PMD   (modulation index, h = 1.0)



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /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 true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /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 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /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 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /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 /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


