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Abstract We propose a perturbation-based receiver-side machine-learning equalizer for inter- and
intra-channel nonlinearity compensation in WDM systems. We show 1.6 dB and 0.6 dB Q2-factor
improvement compared with linear equalization and DBP respectively for 1000km transmission of
3x128Gbit/s DP-16QAM signal.

Introduction

Nonlinear transmission impairments are one of
the key factors limiting further improvements of
the modern optical-fibre communication systems
to operate at higher information transmission
rates and larger reach. To tackle this problem,
a number of techniques have been proposed.
Among them, digital back-propagation1 (DBP),
Volterra function based methods2, perturbation-
based pre-distortion and perturbation-based
post-equalization techniques3,4 (PPD/PPE).
However, practical implementation of these
methods is still facing a number of challenges.
The inter-channel nonlinearity compensation is
especially important in the wavelength-division
multiplexing (WDM) coherent transmission sys-
tems. The application of compensation methods
in real-time mode potentially can be achieved
with the help of machine learning techniques, fast
developing in the field of optical communications
the past few years5.

In the paper6 authors reviewed the modeling
of inter-channel nonlinear interference noise con-
sidering the interaction of two channels with two
polarizations. To estimate these interactions one
need to calculate thousands of the perturbation
coefficients given by multidimensional overlap-
ping integrals, the number of which increases pro-
portionally to the number of channels.

As was proposed in7, instead of numerical inte-
gration, one can employ robust regression meth-
ods to identify perturbation coefficients in one
step. This approach has been used in single- and
multi-channel space-division multiplexed systems
and enabled high efficiency with relaxed complex-
ity7.

In this paper we apply this method for
wavelength-division-multiplexed (WDM) channels
for compensating intra- and inter-channel non-
linear effects, using information from neighbour
channels to restore original signal. The method
enables 1.6 dB and 0.6 dB improvement in Q2-
factor compared to linear equalization and ideal
one-channel DBP, respectively.

Perturbation-based nonlinear compensation
A first order perturbation analysis of the Man-
akov equations yields an expression for nonlin-
ear three-pulse interactions of different polariza-
tions and channels, which can be written as Xs

k =

xs
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k are complex ampli-
tudes in time slot k in x-polarization in channel
s in transmitter and receiver, respectively. Then
nonlinear distortions in channel s in time slot k is
given by Eq. (1)
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where Cm,n and Dc
m,n are the symbol triplet per-

turbation coefficients. In trivial cases there are
analytic expressions to calculate these coeffi-
cients, however in general it requires a numeri-
cal and timeconsuming integration. Nonlinear in-
teractions for y-polarization amplitudes ysk can be
obtained form Eq. (1) by replacing x symbols with
y symbols and vice versa.



Fig. 1: Principle scheme of transmission line

The main idea of the proposed method is iden-
tifying of perturbation coefficients Cm,n and Dc

m,n,
applying machine learning methods to the training
set of known transmitted xs

k and received Xs
k sym-

bols. After learning defined coefficients are used
to compensate for nonlinearity, applying it to the
test set of received symbols Xs

k using expression

xs
k = Xs

k −Δxs
k. (2)

The major obstacle to direct utilization of Eq.
(2) on receiver-side is the need to know trans-
mitted amplitudes xs

k and ysk in advance in order
to calculate Δxs

k. Here we propose to take re-
ceived symbols Xs

k after linear phase-shift equal-
izer (PSE) as approximation of transmitted sym-
bols xs

k so that it is possible to use PPE. Another
approach is to perform hard-decision detection of
the received symbols Xs

k and use it as approxi-
mation of transmitted symbols xs

k. These two ap-
proaches we called PPE(PSE) and PPE(HD), re-
spectively.

Transmission system model
To measure performance of proposed method nu-
merical experiments were performed. Principle
scheme of transmission line is shown on Fig. 1
and all parameters summarised in Tab. 1. Under
consideration was 1-channel and 3-channel 1000
km transmissions of dual-polarisation 16QAM sig-
nal. The transmission consisted of RRC pulses at
32 GBaud and channel spacing of 35 GHz. Num-
ber of transmitted symbols for training and test
run for each polarization was 214. Lumped am-
plification scheme was used with span length 100
km and EDFA noise figure 4.5 dB. At the receiver
after demultiplexing channels we perform ideal
chromatic dispersion compensation, matched fil-
ter sampling and digital signal processing. Addi-
tionally we assumed ideal carrier phase and fre-
quency estimation.

Signal propagation in our model governed by
Manakov equations:
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where Ax,y is the complex field envelopes for x

and y polarizations, α is the attenuation coeffi-

Tab. 1: Numerical model parameters

Distance 10 × 100 km
Bandwidth 32 GBaud
RRC roll-off 0.01
Wavelength 1550 nm
Noise Figure 4.5 dB
Attenuation 0.2 dB/km
Dispersion 17 ps/nm/km

Nonlinearity 1.4 1/W/km

Fig. 2: One channel transmission

cient, β2 and γ are dispersion and Kerr coeffi-
cients, respectively. Numerical simulation was
performed with a typical symmetrized split-step
Fourier method with 16 oversampling factor.

Numerical results
To evaluate the effectiveness of the proposed
scheme, it was compared with the linear equalizer
PSE, that only recovers the phase of the received
signal, and with the digital back-propagation algo-
rithm with a different number of steps per span.

Fig. 2 shows the Q2-factor as a function of ini-
tial average power for single channel transmis-
sion with different nonlinear impairments com-
pensation schemes. It can be noted that the
proposed methods provide performance at DBP-
1 (1 step per span) and DBP-2 level. Moreover
the PPE(HD) method shows the Q2-factor higher
than PPE(PSE), based on linear phase recov-
ery method. This can be explained by the fact
that the HD approach can approximate the trans-
mitted signal better then PSE. It should also be
noted that the obtained results are consistent with



Fig. 3: Three channel transmission

the single-mode transmission case of results pre-
sented recently7.

We also tested the proposed scheme in the
case of 3-channel WDM transmission. Fig. 3
shows the Q2-factor of central channel as a func-
tion of initial power per channel. Here to compen-
sate for nonlinear impairments we use informa-
tion only from the central channel. In this case at
an optimum power the approach based on hard-
decision now shows the Q2-factor only slightly
less than the converged DBP-5 (i.e. the further
increase in the number of steps per span does
not lead to an increase in the Q2-factor). It should
also be noted that with the same performance the
proposed method requires much less computa-
tional operations than the DBP with 5 steps per
span.

Finally we considered the case when informa-
tion from all channels is used for nonlinear equal-
ization (see Fig. 4). As expected, PPE(HD) us-
ing three channels provides better performance

Fig. 4: Three channel transmission

improvement then PPE(HD) for only one chan-
nel. Moreover, in this case the proposed method
shows the Q2-factor improvement of 1.6 dB in
comparison with PSE and surpasses full-loaded
DBP with 14 steps per span. Note that observed
1.6 dB Q2-factor improvement for 3 WDM chan-
nels is comparable with corresponding improve-
ment for 3 SDM channels in7. It should also be
noted that PPE(HD) shows 0.6 dB performance
improvement compared with ideal one-channel
DBP.

Conclusions
In this work we investigated a receiver-side
perturbation-based method for intra- and inter-
channel nonlinear effects compensation. We
compared performance of the proposed tech-
nique with both a linear phase equalizer and dig-
ital back propagation. In case of multichannel
transmission we show 1.6 dB and 0.6 dB perfor-
mance improvement compared with linear equal-
ization and ideal one-channel DBP.

Acknowledgements
The work was supported by the Russian Science
Foundation (Grant No. 17-72-30006).

References
[1] E. Ip, “Nonlinear Compensation Using Backpropagation

for Polarization-Multiplexed Transmission,“ J. Lightwave

Technol., Vol. 28, no. 6, pp. 939-951, (2010).

[2] L. Liu et al., “Intrachannel Nonlinearity Compensation by

Inverse Volterra Series Transfer Function,“ J. Lightwave

Technol., Vol. 30, no. 3, pp. 310-316 (2012).

[3] T. Oyama et al., “Robust and efficient receiver-side com-

pensation method for intra-channel nonlinear effects,“

OFC, Tu3A.3, San Francisco (2014).

[4] Z. Tao et al., “Multiplier-Free Intrachannel Nonlinearity

Compensating Algorithm Operating at Symbol Rate,“ J.

Lightwave Technol., Vol. 29, no. 17, pp. 2570-2576 (2011).

[5] D. Zibar et al., “Machine Learning Techniques in Optical

Communication,“ J Lightwave Technol, Vol. 34, no. 6, pp.

1442-1452 (2016).

[6] R. Dar et al., “Inter-Channel Nonlinear Interference Noise

in WDM Systems: Modeling and Mitigation,“ J. Lightwave

Technol, Vol. 33, no. 5, pp. 1044-1053 (2015).

[7] M. Sorokina et al., “Sparse identification for nonlinear op-

tical communication systems: SINO method,“ Opt. Ex-

press, Vol. 24, pp. 30433-30443 (2016).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /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
  /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 true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /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 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /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 <<
    /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 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


