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Abstract

We design a novel receiver based on the theoretical finding that the linear phase noise is

uncorrelated with the nonlinear phase noise. The implementation of the proposed receiver is straightfor-
ward and it performs almost equally to the optimal detector at a much lower complexity.

Introduction

The Kerr nonlinearity results in intra- and inter-
channel distortions, whose effects can be miti-
gated via a variety of techniques'~. In single-
channel transmission, the nonlinear phase noise
(NLPN) or self-phase modulation is a dominant
nonlinear impairment®=—. Hence, the quest for
efficient methods of compensating the effect of
NLPN has spurred a great deal of research. It
has been shown that the received signal power
can be used to compensate for the NLPN, since
these are correlated. Such compensation can be
done optically® or electronically .

Most previous works on nonlinearity mitiga-
tion for zero-dispersion fiber links have assumed
ideal distributed amplification, for which the exact
Maximum-likelihood (ML) decision regions have
been derived®. ML detection and optimal decision
regions for distributed amplified systems and mul-
tilevel PSK modulation were investigated in®. For
lumped amplification, a learning-based approach
was proposed in”, however little work has been
performed on ML detection in this more practical
scenario.

In this paper, we design a suboptimal per-
sample detector for coherent fiber-optic links,
where the NLPN is the dominant system impair-
ment. The per-sample model with zero dispersion
has been widely studied before’:* We con-
sider long-haul transmission with multiple spans
of lumped amplification. We find a low-complexity
detector which performs close to the ML detector.

Channel Model

The most common zero-dispersion model for
fiber links with lumped amplification is Mecozzi’s
model ">, The block diagram of this channel is
shown in Fig. 1. Here, we consider a fiber-optic
link with N spans of length L and attenuation co-
efficient of «. At the end of each span an optical

spans.

amplifier (e.g., EDFA) with power gain G = e*F
perfectly compensates for the attenuation of the
single mode fiber (SMF)~. In Fig. 1, in each span,
the input—output relationship is

Uk1=Us exp(jyLegt|Ux|* Wi, 1 <k < N, (1)

where k is the span index, Uy is the sig-
nal samples at the input of the kth span,
Leg = (1 - eiO‘L) /o, and Wy, ~ CN(0, 2ng, (G —
1)hvB) is the noise added by the kth am-

plifier. The parameters are given in Tab. 1.
Let X £ U, Y £ UN+11 and Z; £
Sy Weexp (—j7Lor $iy [U%). The input-

output relationship of the overall channel is
Y = (X + Zn)ed e, (2

where ®xp, 2 yLeg {\X\? +yN X Zi|2} i
the NLPN. The linear phase noise is &,
Yarg(X + Zn) — arg(X)), where (z)
(x mod 27) — 7, and x mod 27 is a modulo op-
erator, which returns the remainder of = divided
by 2.

~

(]

> 11>

Existing Detectors

Here we describe two previously considered de-
tectors: the modified two-stage (MTS) detector,
and the back-rotation (BR) detector.

MTS detector: The MTS detector is a modi-
fied variant of the two-stage detector proposed
in'”. It comprises two successive stages. Let
x = rexp(j¢) be the transmitted symbol. First,
MAP detection is performed to estimate r from |y|
and X. Let # be the estimation of ». A phase ro-



Tab. 1: System parameters and their descriptions

Symbol Value Meaning
Ngp 1.41 Emission factor
hv 1.28-1071J Photon energy
QgB 0.2 dB/km Fiber attenuation
5y 1.27 (Wkm)~!  Nonlinear coefficient
B 32 GHz Noise bandwidth

tation is applied to the received sample y. This
phase rotation is calculated based on’-° as

¢1s = YLest (N;_ 2 1)

Lo y*. (3)
The second stage of the detection is a minimum
distance detector # = arg min, |2 — ye ~I97s|.

BR detector: In this approach, only the de-
terministic part of the channel is considered’-°.
The phase shift for the BR scheme is ¢pr =
NvyLeg|y|?. This leads to the minimum distance
detector & = arg min ¢ » !az — yeIoBR |,

Proposed Detector
The optimal detector based on the observation of
Y = y is the ML detector

& = argmax fy|x (y|x), (4)
reX

where fy|x (-|) is the conditional probability den-
sity function (pdf) and X is the constellation set.
The exact ML decision boundaries are unknown
for systems with lumped inline amplifiers. To de-
sign the proposed detector, we first require the
following theorem whose proof is omitted due to
the lack of space

Theorem 1. The linear phase noise ¥y, is uncor-
related with both the received power and ..

Accordingly, we developed our near-optimal de-
tector outlined in Algorithm 1. The detector is de-
rived based on a Gaussian approximation of the
phase statistics and the assumption of indepen-
dency between the received power |y|? and the
modified phase 6, for a given X = z. Steps 2—
4 can be precomputed and stored offline before
any transmission takes place. Only Steps 5-9
are computed for every received sample y. The
set of modified phases is defined and computed
in Step 5. In Step 6, the set of exact pdfs of the
received power is computed. In Step 7, the set
of approximate pdfs of the modified phases are
computed. Finally, in Step 9, by the assumption
of independency between the received power and
the modified phase, an approximate ML detector
is implemented.

Numerical Results

We evaluate the performance of the proposed de-
tector in simulations using (1) and the parame-
ters in Tab. 1, and we compare the symbol error

Algorithm 1 Proposed Detector

Inputs: y: received sample; X': constellation set;
N: number of spans; L: length of each span; «:
fiber attenuation; ~: nonlinear coefficient; 02 =
nsp(eaL — D)hvB; Leg = (1 - efaL) /.

Output: z: detected symbol.

1: for x € X do
2 {,u9| }<_»yLeff(N+1)(3|x\4+(4N—1)02\x\2+2N(N—1)a4)

6(Jz[*+No?)
+ arg (r)
2
N(N2=1)(yLegro)? (|o|“4+2No Yz |2+ 2 FL %)
. 2 ( ) Y Letf 3
3: {0}t 32+ No?)
2
+ 15

|z
—yLegr (N—=1)[| 2|2+ 2N =1 52
4: {Cz}g 2(|-T\2E,-N02) 3 ]

S

A Op—pig12)°
7: {fé‘m}<— 1 exp _{ 20%9‘ )

O'B\a:\/ﬂ&?l‘f(ﬁ) |@
8: end for

9: T4-argmax, ¢y fpl:z:fé\x

rate (SER) of the proposed detector with the BR,
MTS, and ML detectors. We consider a single-
polarization multi-span zero-dispersion fiber-optic
link with a standard square 16-QAM constellation.
The transmission system operates at 32 Gbaud
corresponding to a data rate of 128 Gbit/s.

For the ML detector, we numerically find the de-
cision regions using a histogram-based pdf es-
timation for each transmission power. First, we
consider two-dimensional grid coordinates for the
received sample space. The dimensions are the
radius |Y'| and the phase arg(Y"). Then, we gener-
ate a large number of samples for each 16-QAM
symbols. These samples are transmitted through
the channel. After that, we locate the received
samples in the cells of the defined grid, and we
count the number of samples in each cell. Finally,
we allocate each cell to the symbol with the high-
est number of samples in it. Using finer grids and
higher number of samples, these decision regions
converge to the exact ML decision regions.

To show the effectiveness of the proposed de-
tector, in Fig. 2, we compare the decision regions
of the ML detector with the other schemes. We
generate 1.2 x 10'2 samples for each 16-QAM
symbols to draw the ML decision regions. We
consider a grid resolution of 500 x 500 for all
schemes. In Fig. 2(a), there is an almost per-
fect match between the ML regions and those of
the proposed detector. Fig. 3 represents the SER
for various transmission power levels and different



(a) 1072
Fig. 2: Comparison of 16 decision regions of the ML detector (blue) with the ones of (a) proposed detector, (b)
MTS, and (c) BR on a link with N = 20 spans of length L = 100 km at 32 Gbaud with a 16-QAM constellation and

(b) 1072 (©) 1072

10°

1071

102

Symbol Error Rate
Lol

1073
—e— BR Detector
—— MTS Detector

- +- Proposed Detector
- ML ‘Detectgr

-15 —-10 -5 0 5 10 15 20

104

Fig. 3: SER of the proposed detector and other
schemes.

detectors. It can be seen that the SER of our pro-
posed scheme is very close to that of the ML de-
tector, and it is better than the BR and MTS detec-
tors. In comparison to the proposed detector, the
implementation of the ML detector is very com-
plex. The proposed detector achieves the same
performance with much lower complexity.

Conclusions

In this paper, we rigorously showed that the lin-
ear phase noise and the NLPN are uncorrelated,
which enables the design of a new type of low-
complexity detector for zero-dispersion links. Our
Monte Carlo simulations indicate that the pro-
posed receiver outperforms state-of-the-art low-
complexity detectors, including the MTS and the
BR detectors, and its SER is almost equal to
that of the ML detector. Derivation of this de-
tector should only be regarded as a first step to-
wards new near-optimal detectors for more realis-
tic long-haul scenarios, including both dispersion
and nonlinearity. A natural next step would there-
fore be to extend these promising results to dis-
persive fiber links.

Acknowledgements

This work was supported by the European Com-
mission under grant MSCA-ITN-EID-676448 and
the Swedish Research Council under grant 2013-
5271. The simulations were carried out on the
resources provided by the Swedish National In-
frastructure for Computing (SNIC) at C3SE.

References

[1] R. Dar, M. Feder, A. Mecozzi, and M. Shtaif, “Inter-channel
nonlinear interference noise in WDM systems: Modeling
and mitigation,” J. Lightwave Technol., Vol. 33, no. 5, pp.
1044-1053 (2015).

[2] K. Keykhosravi, M. Tavana, E. Agrell, and G. Durisi, “De-
modulation and detection schemes for a memoryless op-
tical WDM channel,” to appear in IEEE Trans. Commun.,
(2018).

[3] J. P. Gordon and L. F. Mollenauer, “Phase noise in pho-
tonic communications systems using linear amplifiers”,
Opt. Lett., Vol. 15, no. 23, pp. 1351-1353 (1990).

[4] G. P. Agrawal, Nonlinear Fiber Optics, Academic Press,
fourth edition (2006).

[5] K.-P. Ho, Phase-Modulated Optical Communication Sys-
tems, Springer (2005).

[6] X. Liu, X. Wei, R. E. Slusher, and C. J. McKinstrie, “Im-
proving transmission performance in differential phase-
shift-keyed systems by use of lumped nonlinear phase-
shift compensation,” Opt. Lett., Vol. 27, no. 18, pp. 1616—
1618 (2002).

[7] K.-P. Ho and J. M. Kahn, “Electronic compensation tech-
nique to mitigate nonlinear phase noise,” J. Lightwave
Technol., Vol. 22, no. 3, pp. 779-783 (2004).

[8] A. P. Tao Lau and J. M. Kahn, “Signal design and detec-
tion in presence of nonlinear phase noise,” J. Lightwave
Technol., Vol. 25, no. 10, pp. 3008-3016 (2007).

[9] A.S. Tan, H. Wymeersch, P. Johannisson, E. Agrell, P. A.
Andrekson, and M. Karlsson, “An ML-based detector for
optical communication in the presence of nonlinear phase
noise,” In IEEE International Conference on Communica-
tions (ICC) (2011).

[10] C. Hager, A. Graell i Amat, A. Alvarado, and E. Agrell,
“Design of APSK constellations for coherent optical chan-
nels with nonlinear phase noise,” IEEE Trans. Commun.,
Vol. 61, no. 8, pp. 3362—-3373 (2013).

[11] A. Mecozzi, “Limits to long-haul coherent transmission
set by the Kerr nonlinearity and noise of the in-line am-
plifiers,” J. Lightwave Technol., Vol. 12, no. 11, pp. 1993—
2000 (1994).




<<
  /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


