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Abstract  
Techniques of optical performance monitoring in optical 
phase-modulated transmission systems are presented. 
The monitoring requirements are listed and, through 
comparison of recently developed approaches, it is 
shown that the sampling-based monitoring offers the 
highest functionality.  
 
Introduction 
In recent years, optical communication systems have 
evolved towards transparent transmission, leading to 
end-to-end provisioning of high capacity optical 
channels. This trend has been accompanied by the 
introduction of high-spectral efficiency (SE) modulation 
formats [1]. In particular, the differential (quadrature) 
phase-shift keying (D(Q)PSK) formats have gained 
attention due to their resilience to nonlinear transmission 
impairments as well as reduced influence of chromatic 
dispersion (CD) and polarization mode dispersion 
(PMD). Despite the excellent transmission properties, 
unregenerated D(Q)PSK signals propagated exclusively 
in the optical domain are affected by accumulated optical 
impairments. Linear impairments such as the accumu-
lation of amplified spontaneous emission (ASE) noise, 
CD and PMD and the influence of nonlinear phenomena 
are expected to limit the transmission reach. Moreover, 
both CD and PMD fluctuate in time due to temperature 
changes and vibration. Finally, in a dynamic, wave-
length-routed network, signal path will change due to 
switching upon a connection request and so will the 
accumulated impairments. In order to ensure the quality 
of offered service in the network despite the influence of 
the optical impairments, it is necessary to monitor the 
quality of transmitted channels. Optical performance 
monitoring (OPM) can fulfill this role as OPM 

equipment will be deployed along the transmission path 
of the signal (Fig. 1) [2]. Several OPM techniques have 
been proposed in the literature [3]. Although the 
techniques take different approaches to analyzing the 
performance, few address monitoring of multiple 
impairments in phase-modulated systems. In this paper 
we give an outline of the OPM techniques that have been 
proved effective in monitoring the phase modulated 
transmission systems. We present a comparison of the 
existing approaches and draw conclusions about the 
development directions of future OPM techniques. 
 
Monitoring requirements and techniques 
In order to realize the monitoring functionality, the OPM 
equipment must fulfill a number of requirements. The 
desired characteristics of an OPM system are: 
• Transparency 
• Asynchronous operation 
• Multi-impairment monitoring 
• Sensitivity 
• Wide dynamic range 
• Repeatability 
• Affordable design 
The basic OPM techniques are the power monitoring and 
the monitoring of optical spectrum. Although they have 
not been demonstrated specifically for the DPSK signals, 
these methods are used as a general reference. However, 
measuring of OSNR through optical spectrum is not 
suited to high SE networks [4] as the noise level between 
the channels cannot be observed. Furthermore, optical 
filters distort the spectrum of noise. Therefore, signal 
properties must be measured directly within the 
bandwidth of the optical channel. 
The method, which has been proposed for monitoring of 
signal parameters on a per-channel basis is the pilot-tone 
method [5]. This method requires a modification to the 
transmitter as a low frequency RF-modulated tone is 
added to the bias of the laser diode. At the receiver, the 
tone can be filtered from the signal using a bandpass 
filter after the photodiode (PD) and analyzed using an 
RF spectrum analyzer. The pilot-tone technique allows 
monitoring of signal power, wavelength and path for 
DPSK signals; however, monitoring of transmission 
impairments has not been realized due to the low 
frequency of the tone. Another technique for monitoring 
of DPSK signals analyzes the RF clock power at the 
outputs of an unbalanced delay interferometer (DI). The 
clock components are used to independently analyze CD  

Fig. 1. Deployment of OPM equipment in transparent network.



and PMD. Although flexible, this method is limited to 
the NRZ-DPSK format and is fixed in terms of bit rate 
due to the use of a DI. Clock tone monitoring has also 
been demonstrated for evaluation of CD in NRZ-DPSK 
and RZ-DPSK signals [7]. The same study used the state 
of polarization (SOP) for measuring the impairment due 
to PMD. Finally, the RF signal spectrum has been 
employed to evaluate the level of OSNR [8].  
A more flexible monitoring approach is provided by the 
techniques which sample the signal using an independent 
clock and employ digital signal processing (DSP) to 
evaluate signal degradation, as shown in Fig. 2 (a). 
Samples can be acquired using a high-speed PD and 
electronic sampling or optical gating and a slow PD. 
Sample values correspond to the instantaneous intensity 
of signal waveform. An example of the technique based 
on sampling is the asynchronous amplitude histogram 
(AAH) [9,10]. The histogram is created by sorting the 
samples by their value and counting the number of 
amplitude samples falling into each value bin (Fig. 2 (b)). 
Statistical parameters of the histogram reflect the 
properties of signal waveform and enable the evaluation 
of the level of impairments affecting the optical signal. 
AAH OPM technique enables monitoring of 
impairments due to CD, PMD and reduced OSNR for 
both RZ- and NRZ-DPSK signals. This technique also 
enables monitoring of DQPSK signals. 
Another OPM technique developed for DPSK and 
DQPSK signals is delay-tap sampling (DTS). It is an 
asynchronous method employing pairs of signal samples 
(E(X), E(Y)) separated by a fixed delay t (Fig. 2. (c)) to 
analyze transmission impairments [11]. The samples can 
be obtained using two PDs and an optical delay (the 
lower branch in Fig 2. (a)) followed by two samplers. 
Alternatively an electrical delay line can be used. The 
exact choice of delay depends on which property of the 
signal is analyzed. The sample pairs serve as Cartesian 
coordinates which are overlapped to construct the delay-
tap plot (DTP) (Fig. 2 (d)). The DTP allows graphically 
decomposing the waveform. The shape of the plot 
depends on the delay Δt and is influenced by the changes 
of signal waveform due to transmission impairments. 
Subsequent analysis of the DTP allows evaluating the 

level of signal degradation due to residual CD, PMD and 
reduced OSNR [12]. 
Table 1 summarizes the monitoring techniques deve-
loped for D(Q)PSK signals. It considers the evaluation 
ranges for three impairments: OSNR, CD and PMD, 
equivalent to monitoring of a 10 Gsymbol/s signal. 
Clearly, the former techniques cannot realize the multi-
impairment monitoring, whereas the asynchronous 
sampling-based techniques in the form of AAH and DTS 
have been shown to provide flexibility in terms of both 
monitored impairment and modulation format. 
The presented methods have been verified for systems 
with symbol rates of up to 20 Gsymbol/s. The techniques 
will require adaptation and verification as the symbol 
rates per channel increase and new modulation formats, 
like optical frequency-division multiplexing (OFDM) or 
8PSK/16PSK find their way into the commercial 
systems. Also new techniques relying on coherent 
detection and digital signal processing are likely to play 
a role in monitoring of future optical networks [13]. 
 
Conclusions 
In this contribution we compared the OPM techniques 
for supervision of phase-modulated transmission systems. 
Among the time-averaged and time-resolved monitoring 
methods, those based upon asynchronous sampling have 
been shown to provide the highest flexibility of 
monitoring parameters for currently deployed systems.  
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Fig. 2.Asynchronous sampling monitoring: a) monitor compo-
nents; b) AAH and histogram parameters; c) waveform
sampling with delay t; d) DTP with 1 symbol delay for
monitoring CD. 

 OSNR CD 
(ps/nm) 

PMD 
(ps) 

Spectral monitoring Reference n/a n/a 
Pilot tone n/a n/a n/a 
Partial-delay clock n/a 0~600 0~50 
Clock tone 

NRZ-DPSK
RZ-DPSK

 
n/a 
n/a 

 
0~600 
0~900 

 
n/a 
n/a 

SOP n/a n/a 0~100 
RF spectrum 15~35 n/a n/a 
AAH 17~38 0~600 0~50 
DTS 9~32 0~600 0~50 
Tab. 1. Comparison of OPM techniques for D(Q)PSK signals 
 (values corresponding to 10 Gsymbol/s signals). 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /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.)
  >>
  /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 [612.000 792.000]
>> setpagedevice


