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Abstract We apply well established concepts of adaptive wave front shaping used in imaging through 
turbid medium to detect detrimental phase modulated sequences in multi-carrier optical communications 
that can cause extreme power fluctuations due to dispersion enhanced interference of information 
symbols.  

Introduction 
Optical signal carrying information is 
characterised by statistical distributions that are 
changing with distance, as signal propagates 
along the optical fiber. Signal properties are 
affected by fiber communication channel 
loss/gain, dispersion and nonlinear effects. 
Statistical fluctuations in telecommunication data 
streams occur both due to information content of 
optical signal and overlapping of many symbols 
that occurs due to dispersive broadening of 
carriers. Exploitation of optical phase and multi-
level data coding in coherent communications 
systems leads to very irregular waveforms with 
substantial statistical variance of power (high 
peak-to-average-power ratio, PAPR)1 that can 
bring about completely new challenges 
compared to previous system designs. Extreme 
value fluctuations of signal power being rare 
events still can have major detrimental 
consequences.   
Here we focus on identifying dangerous phase-
coded sequences that lead to those rare events. 
Rather than dealing with the probabilistic 
approach to PAPR statistics we concentrate on 
calculating analytically the initial phase patterns 
that generate extreme peak power outage at a 
given point of the fiber. To achieve that goal we 
have transferred here some well-known methods 
of diffraction optics to the field of optical 
communications. Knowledge of such patterns 
leading to large power fluctuations at the non-
desirable points (nonlinear elements, amplifiers, 
and so on) can be used in signal pre-processing 
or coding2, effectively removing the most 
dangerous combinations. 

Theoretical model 
We have used standard nonlinear Schrödinger 
equation model as the basic path-averaged 
model: 
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where the standard telecom parameters are 
assumed for the second order dispersion and 
nonlinearity coefficients: 2 20.4  ps2/km, 

1.23  (W km)-1. Here we have also assumed 
either path-averaged description or the ideal 
distributed Raman amplification with the amplifier 
spontaneous emission term N . 
We considered initial signals using the 
orthogonal frequency division multiplexing format 
(OFDM)1: 
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where exp
n n n
c c i  are the set of the 

modulation symbols, 1/
s
T  is a symbol rate, s t  

is the rectangular shape of the envelope carrier 
and the subcarrier spacing is chosen to be 

1
1

s
f f T  to ensure orthogonality. No 

cyclic prefix is assumed here for simplicity, but 
results can be easily generalised to include it. 
We consider here as an example of the general 
theory M-PSK modulation and ring constellation 
format, where 

n
c  are uniformly distributed on a 

series of given circles of fixed radii.  

Theoretical results  

Traditionally PAPR studies concentrate on the 
statistical analysis of the sum of different 
subcarriers inside a single slot n. However, fiber 
channel has important difference from its  
wireless counterpart which makes PAPR 
analysis different. First, fiber channels are 
subjected to distributed Kerr nonlinearity. 
Second, during the signal propagation due to 
fiber dispersion different slots overlap which 
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provides additional degrees of freedom leading to 
strong power fluctuations. For single carrier 
transmission this effect was studied in Ref3. A 
typical extreme event has an appearance of a 
sharp peak in the ,z t  plane appearing “out of 

nowhere” and disappearing “without a trace” – a 
typical example is given by the right column in 
Fig. 1. This makes an interesting analogy with an 
actively discussed topic of ``freak’’ (or ``rogue’’) 
waves in optical fiber systems4 that in turn were 
studied in analogy to the giant waves in the 
ocean. Of course, such giant power fluctuations 
are undesirable, especially when they occur at 
the points of amplification. The simulated power 
fluctuations like the ones given in the right column 
of Fig.1 occur for a non-trivial, specific and rare 
combinations of the initial phases in the OFDM 
signal (2). To determine (aiming to prevent them) 
such dangerous combinations, it would require a 
multidimensional optimization of the field power 

2
P E at a given space-time point *,L t over 

the phases of the subcarriers at each symbol in 
(2). Generally it is extremely computationally 
expensive. However when the nonlinearity can 
be neglected the linear input-output relation 
make analytical solution possible. In this case the 
target instantaneous power can be written as a 
quadratic function of the individual symbols: 
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where 
n
T  have the meaning of transmission 

coefficients. This provides a cross-disciplinary  
connection to the problem of adaptive wave-front 

shaping in diffraction optics where similar 
optimization of field transferred through 
disordered media is obtained by optimizing the 
phases of the pixels of spatial light modulator5. 
Regardless of the physical system the 
“dangerous” phases leading to coherent addition 
of the contribution from different slots and 
subcarriers are obtained by phase conjugation of 

the transmission coefficient: Argn
n
T . 

In the case of dispersion-affected linear 
propagation of pulses the transmission 
coefficients are available analytically which 
provides us with full analytical description of the 
problem. Omitting the details we present the main 
results for the continuous initial phases and the 
resulting PAPR for the generated power outage: 
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where 
n
s
n
s
n

is the Fourier transform of the carrier 
shape evaluated at the argument 

2( ) / (2 )f t nTs L  and we have 
introduced an important symbol overlap 
parameter 2

2 s
L T  and for 

uncompensated transmission 1. The 
resulting PAPR is proportional to this overlap 
parameter but also contains an additional form-
factor  that takes into account the finite number 

 
Fig. 1: Dependence of signal phase (left column) and power (center column) on distance for target point t∗=0, spatio-temporal 
dynamics of the RW (right column) single subcarrier average input power  -11 dBm (top) and -1 dBm (bottom).  



of symbols and subcarriers. We have derived a 
closed form analytical expression for this factor in 
most cases of interest which are not presented 
here due to space considerations. It is also 
possible to obtain a closed from expression for 
the spatio-temporal shape of the resulting “freak 
wave”. Eq. (4) provides analytical solution for the 
case of continuous field modulation. For the M-
PSK transmission one simply selects the closest 
constellation point.  
  
When the power grows to higher levels the 
nonlinear effects are triggered making 
fluctuations irreversible. To examine the impact 
of nonlinearity on such fluctuations we have 
undertook a series of additional simulations with 
progressively increasing signal power (in other 
words, level of nonlinearity) – Fig.1. In all the 
cases the initial phases were selected according 
to Eq. (4) for target point 2000L  km, * 0t . 
Fig. 1 shows dependence of signal phase on 
distance at the target time point *t t  (left 
column), dependence of the power at the same 
point on the distance (center column) and spatio-
temporal dynamics of the “freak wave” (right 
column). One can see that at moderate powers 
the linear result (4), (5) successfully holds and 
predicts a correct power outage at a given spatio-
temporal location. At higher signal power an 
additional phase shift occurs as shown by read 
curves in the left column. This additional 
nonlinear phase shift leads to shift in spatial 
position of the flucuation from expected distance

2000L . Thus, we conclude that the fiber 
nonlinearity makes high power fluctuations 
irreversible and leads to substantial signal 
distortion.  
 
Impact on system performance 
To estimate the impact of such extreme events 
on the system performance we performed a set 
of numerical simulations. We considered a 
25x100 km transmission link with an ideal 
distributed Raman amplification.  As an input we 
consider QPSK-OFDM signal with 16 
subcarriers, OFDM base 100

s
T  ps and the 

two types of initial bit stream: random binary 
sequence and predefined binary sequence. The 
former is determined by pseudorandom process, 
whereas the second one is determined by (2) and 
(4) and leads to high power fluctuation at 
preselected intermediate distance of 2000 km. At 
the receiver the chromatic dispersion was fully 
compensated and for phase estimation, an 
algorithm based on the 4th-power Viterbi-Viterbi 
method was used. To evaluate the system 
performance we use the Q-factor evaluated via 

error vector magnitude. Fig 2 shows the system 
performance for both random and predefined bit 
streams. It can be seen that the optimal power 
difference reaches the value of 5 dB. 
Furthermore, occurrence and dissipation of high 

power rogue wave during signal transmission 
results in 6 dB Q2-factor penalty due to added 
nonlinear signal distortion.  
   
Conclusions 
In this work we have identified a straightforward 
procedure for finding “dangerous” sequences of 
phase-coded symbols that lead to occurrence of 
localized high power fluctuations at certain 
propagation distances. Knowledge of such 
extreme high-PAPR fluctuations is important for 
their prevention. 
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Fig. 2: System performance as a function of the signal 
input power for random binary sequence (red) and 
predefined binary sequence (green). 



<<
  /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


