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Abstract—In optical transmission systems due to Non Linearity Distortion we have a ceiling on the range of transmission range and  
the amount of information that can be sent through  the channel. In this work the authors have tried to do an experiment which has its 
underlying focus on Non linearity mitigation for which they use 1400km Standard Single Mode Fiber.  The authors have clearly tried to 
present the principles of alleviation of Non Linearity of the conjugated data repetition scheme in PDM WDM scenario and the analysis 
is done using the 1st order perturbation. The Kerr effects which are caused due to self phase nodulation & inter and intra channel XPM 
are also duly taken care off in this experiment. The final result of the experiment shows that the conjugated repetition data has the same 
performance which is shown by the phase conjugated twin waves. In the process of introducing the Conjugated repetition data , the bit 
error rate known as BER was reduced from 1.92x10-2 to 1.76x10-3 but it also meant that the rate of data was also compromised and it 
came to half of its initial value.  
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I. INTRODUCTION  
In the modern optical systems that are 
wavelength division multiplexed the dominant 
source that puts a limit on the amount of data 
that we can transmit is the Kerr non linearity 
[1-4]. 
In fiber optics , in a simple WDM optical 
system  a large number of the carrier optical 
signal are simply brought onto ( known as 
multiplexed) a single fiber .WDM simply 
enables duplex communications over the 
optical fiber, also it results in multiplication of 
capacity of the optical fiber. The Kerr effect 
occurs when intense light propagates in 
crystals , glasses and also in gases and it is also 
a non linear optical effect. 
To Mitigate Non linearity, the following 
methods can be used: 

1) Digital Back Propagation (DBP) 
2) 1st order perturbation based 

compensation 

All of the above methods require us to know 
properties and characteristics of the signal 
that’s being transmitted. Now knowing these 
details require high bandwidth which results in 
increasing the cost of the WDM optical 
communication systems. Also the local 

receiver is not authorized to detect signals in 
the neighboring channels to it. Now due to 
these factors cross-phase modulation  
(XPM) from the neighboring channels i.e. from 
adjacent channels hinders the performance of 
the optical fiber communication systems. In 
Cross phase modulation through the Kerr effect 
the different wavelength which the light signal 
contains can alter the phase of one of the other 
wavelength of the light signal. Also XPM is a 
non linear optical effect. The various studies 
done recently shows that the effect of cross 
phase modulation can be alleviated by use of 
linear filter that varies with time based on the 
RLS based filtering algorithm [5-8]. 

 
Fig.1 Recursive least squares filter 
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To alleviate the Kerr non linearity , a technique 
of phase conjugated twin waves (PCTW) is 
proposed .Phase conjugated twin wave method 
does not require any other kind of signal 
processing thereby it really requires very 
minimal extra hardware components to 
implement.  
The PCTW method is a very effective and a 
simple solution to compensate for the 
alleviation of non linearity in any kind of fiber 
(optical). As the transmission of conjugated 
copy adds in as an overhead to the PCTW 
method, and due to which it does reduces the 
spectral efficiency to half of its original value. 
In the fig.1 and fig.2 PCTW concept are 
shown, here the waveform of the signal that is 
complex in nature and the phase conjugated 
copy of the same signal is transmitted in the 
polarization states (which are x and y 
polarization states) at the same time that is both 
the signal and its conjugated copy in phase 
conjugated twin waves method are transmitted 
synchronously. 

 
 

Fig.2 Illustration of Phase Conjugated Twin 
Wave (PCTW) 

 
In OFDM (Orthogonal Frequency Division 
Multiplexing Systems non linear interference is 
mitigated using pre dispersed phase conjugated 
symbols. Also the distortion caused by the data 
symbols and dummy symbols is shown to be 
mitigated using superimposing. In single 
channel simulation this scheme is very 
effective. Every signal which is in the time 
domain, which contains information also gets 
along with it’s conjugated repetition, this is 
known as CDR (Conjugated Repetition Data ) . 
The Non linearity generated by CDR data can 
be removed using superimposing, as in 

channels which are highly dispersed the 
coefficients of non linearity changes in values 
very slowly. 
In this research work the main focus is on 
mitigation of cross phase modulation, self 
phase modulation in Nyquist WDM system 
which has high baud rate and the modulation 
format is also high. 

II. THE BASIC PRINCIPLE AND THE 
FUNDAMENTALS OF THE NON LINEARITY 

MITIGATION 
 

In this research paper the authors had tried to 
focus on  Kerr nonlinear interference , also 
including inter and intra channel cross phase 
modulation effects and the study also focuses on 
self phase modulation (SPM). The analysis is done 
with two  channels only the reason being : Inter 
channel Cross phase modulation  involves 
interactions of two channels and also the non 
linear interference that is contributed through the 
multiple wavelength division multiplexed  
channels which  can be added  up  without being 
concerned of the effects that can be caused by 
other channels . 
Now at the transmitter side of the system , the 
following equation holds for the vector of 
polarization of the electric field : 
an , bn are column vectors and contains 2 of the 
elements that corresponds to X and Y polarization 
, also these represents the data that is being 
transmitted in the nth time slot of the target & 
interference channel. 
 g(0,t) : represents the kind of the form of the 
wave that the    symbol being transmitted has 
 g(z,t) : represents the dispersed waveform along 
the fiber 
Now also at the side of  receiver in the system ,  
the  received signal of the target channel is 
represented by the below equation: 
And it is also assumed that the chromatic 
dispersion (which is due to the  different 
wavelengths of the light arriving  at the receiver at 
different values of time ) is compensated by the 
use of a finite impulse response filter(FIR). 
The analysis is done using the 1st order 
Perturbation method ,we have: 
Here : 
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In the above equations the symbols used are as 
follows: 
γ  : fiber non linearity coefficient  
I : 2*2 Identity matrix  
L : length of fiber link 
f(z) : this represents the loss or the gain profile 
h,n,m : slot indices of the data time 
Sn,h,m : coefficient of non linearity in the intra 
channel case 
Xn,h,m : inter channel cross phase modulation 
coefficient 
To Mitigate Fiber Non Linearity we can use two 
ways  : 
One way is to estimate the parameter Hh

(n)  , we 
can estimate it self adaptively by using  recursive 
least squares algorithm and we can then mitigate 
the non linear interference by implementing a  
corresponding  finite impulse response filter. 
The main problem or the reason that limits us from 
using RLS algorithm is that in practical 
applications ASE noise will lead to deviation in 
the estimation of Hh

(n)   and due to which the 
performance of the  Recursive least squares 
algorithm is way less. 
Other way to removal of non linearity in optical 
fibers  is to use Conjugated Repetition Data 
scheme . By using this method , we can have the 
following effects that can help us in the non 
linearity removal. 

self cancels with its conjugated repetition 
through the superimposing of data . 
 

 
 

Fig.3 organization of the data in the Conjugated 
repetition data scheme 

For the CDR data that is shown in fig.3, when 
there is large accumulated dispersion   

H2h
(2k+1)  ≈ H2h

(2k) 
Now when we superimpose the CDR data the non 
linear residues can be observed. Now if in 
equation (e) the corresponding distortion in data 
self cancels out the non linearity residues will be 
very small. In general there will be no non linear 
effects on the amplitude of the signal i.e the non 
linear effects will be neglegible. As we have seen 
in the above non linearity mitigation methods the 
Conjugation Repetition Data Scheme can only  
partially mitigate the non linear interference , but it 
does so only when the rate if data is also reduced 
to half and the other mitigation method which use 
Recursive Least Squares filtering , the ASE noise 
can cause in estimation deviation of the non 
linearity coeffecients which in turn also disgrace 
the optimum  performance of the Recursive least 
squares method. 

III. RESULTS 
Non-linearity mitigation in 32 Gbaud 16 QAM 

Nyquist-WDM System. 
 

Nyquist criteria of Sampling 
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Nyquist pulse shaping can be used to Improve the 
spectral efficiency by narrowing the signal 
spectrum without introducing interference in the 
WDM System. 
 
Sampling theorem 
 
According to the Nyquist theorem the rate of the 
sampling must be equal or greater than twice of 
minimum frequency component of message signal 
to avoid ISI  i.e Ws>2Wm 
 
    Oversampling        Nyquist Rate      Under 
Sampling 
            fs>fm                  Ts=1/2fm  
 fs<2fm 
 

Setup of 16 QAM Nyquist WDM System 
 
In this experiment we basically study the results of 
the existent nonlinear mitigation methods in 32 
Gbaud 16 quadrature amplitude modulated 
Nyquist Wavelength division multiplexed system. 
Here we use 2 of the transmitter sets  and the 
experiment is carried out using 11X32 Gbaud 
Nyquist pulse density modulated 16 quadrature 
amplitude modulated Signals. 

 
  
 Fig.4 experimental setup of the Nyquist WDM 
system 
Here the system that is used has the number of 
channels as eleven, which are closely packed at 

38GHZ with  the even and odd wavelengths inter 
leaving with each other . the sytem also makes use 
of a RRC filter with one of its property known as 
roll off factor that has been assigned the value of 
0.1 . The transmission link consists of exactly 14 
spans each of which is 100km which essentially 
makes the total fiber link length as 1400km ,also at 
the transmitter a layer of an external cavity is used 
which also has a linewidth of approximately 
25Khz which is very narrow and also in our 
system no compensation method for inline 
chromatic dispersion is used. The training 
sequence of channel estimation consists of types of 
time multiplexers. At the receiving side of the 
system to choose a target channel a receiver filter 
is used which is optical band pass filter , also a real 
time oscilloscope stores the electrical signals for 
offline processing of the digital signals , in the 
below figure the red line indicates the spectrum 
after 1400km SSMF transmission and the black 
line indicates the spectrum after 1400km 
transmission along with optical filtering. In the 
below given graph fig.4 the line in red shows us 
the spectrum after the signal has been transmitted 
through the 1400Km Standard Single Mode Fiber 
(SSMF). Also in same graph the line in black 
shows us the spectrum  after the  Signal has been 
transmitted through the 1400Km SSMF and along 
after we perform the method of optical filtering. 
 
 
 

 
 

Fig.5 Measured Power vs Wavelength 
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An another graph in fig.5 is plotted , which shows 
us the B2B bit error rate(BER) performance of the 
wavelength division multiplexed signal as it varies 
with  the OSNR at 0.1nm resolution wherein  B2B 
BER stands for back to back bit error rate and 
osnr stands for Optical SNR.  
Also in the graph orange line indicates the 
performance when there is only one single 
channel and  blue line indicates the performance 
of the Wavelength Division Multiplexed  system. 
 

 
 

Fig.6 log(BER) vs OSNR 
 

As it can be inferred from  the fig.6 OSNR in  
case  of Wavelength Division Multiplexed system 
at Bit Error Rate of  0.024 is around 18.443 
decibels and this is nearly very close to the OSNR 
in case of the single channel and we can infer from 
it that there is very little penalty for the 
aggregation of channels. 

   

 
Fig.6 

 

Fig.7 and fig.8 are shown  Q2 factor as it varies 
with the optical launch power per channel  of the 
Wavelength Division Multiplexed system of the 
1400Km Standard Single Mode Fiber for the 
various methods that have been discussed in this 
work .  
Now the Q2 factor is plotted using the below 
formula: 

  
So now the different schemes and methods like 
Conjuated repetition data , Phase conjugated twin 
waves , Digital back propagation algorithm and 
Recursive least squares based filtering are applied 
to mitigate the non linear interference. The below 
plot shows the different schemes and their 
performances. 
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Fig.8 Q2  factor vs Transmission length 

 
When two of the frames of the signals are 
superimposed  with identical data which is taken 
from the sampled waveforms which are different , 
before the  carrier phase recovery , double 
reception is then realized. The shift in the value of 
the  Q2  factor  for the  double reception method 
indicates us  the advantage  of the signal to noise 
ratio gain that we got from superimposing of the 
data. The difference between the Q2  factor for the 
CDR/PCTW schemes and double reception shows 
us the contribution that is coming from the non 
linear mitigation which at the optimal launch 
power is 1.5dB.  

IV. CONCLUSION 
 

In this paper, the authors have demonstrated an 
experiment of 1400 km Standard Single Mode 
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fiber transmission of Nyquist wavelength division 
multiplexed , pulse density modulation -16 
Quadrature Amplitude Modulated signals. In the 
experiment a various number of ways for the 
mitigation of non linearity were compared and 
experimented on Nyquist-Wavelength Division 
Multiplexing systems which had high baud rate. 
The improvement shown by the Conjugated 
Repetition Data scheme  on Q2 factor was closely 
around 3 decibels. But the main problem that 
remains with the CDR and PCTW is that both of 
them reduces the rate of the data ,that is it reduces 
it to 1.286 Tb/s , essentially it just reduces the data 
rate by half. Now by making use of the digital 
back propagation algorithm , the recursive least 
squares filtering that we apply shows us an 
improvement on Q2 factor which is about a 
decibel. So eventually the experiments that were 
performed here tells us that in wavelength 
division multiplexed systems which also have 
lumped amplification the recursive least squares 
based filtering has helped in removing both the 
inter channel and the intra channel nonlinearity. 
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