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Computer simulation of distortions in optical fiber  
for CATV systems 

Kalin L. Dimitrov, Lidia T. Jordanova, Tsvetan A. Mitsev  

 

A general overview of most problems appearing when signals are transmitted in the fiber optic 
part of a CATV system is made. Some basic theoretical dependencies, as well as numerical methods 
suitable for computer simulation, are studied. A general classification is made of the numerical 
methods based on finite differences and the methods based on dividing fiber length into parts. Methods 
with division are used because of their speed and acceptable accuracy. For the non-linear dispersion 
medium a method based on division into parts and application of Fourier transformation is used. The 
paper presents simulations with different input parameters. The models are created in MatlabTM 
environment. The non-linear Schrodinger equation is solved with acceptable accuracy. Many of the 
results are presented in the form of graphics.      
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Introduction 
The contemporary world demands the combination 

of radio-frequency engineering experience with 
overall high-speed digital design, as well as an overall 
understanding of system performance. With the 
correct design, high performance is possible. 

An essential understanding of linear and nonlinear 
phenomena is important in order to achieve the 
desired performance levels.  

Nowadays, the transmission of more data at greater 
distances is a constant task. It is necessary to conduct 
continuous theoretical and experimental studies. 
Various examples can be given, such as dispersion 
management, amplification, different sources, 
receivers, multiplexors, etc. Basically, the study of 
more complex systems can be done gradually, starting 
with the analysis of propagation in one single fiber.   

Each optical fiber represents a frequency 
dependent transmission system. A pulse propagation 
inside this transmission system can be described by 
the nonlinear Schrödinger equation [1]. From the 

equation we can obtain effects in optical fibers and we 
can classify them as: linear (which are wavelength 
dependent) and nonlinear effects (which are power 
dependent). 

Linear effects cause the major losses in the optical 
fibers. These linear effects are dispersion and optical 
attenuation. Two kinds of dispersion occur in the 
optical fibers: modal and chromatic. Here we consider 
single mode fibers and therefore the modal dispersion 
is not examined. The chromatic dispersion is caused 
by the different travelling speed through the fiber for 
different wavelengths and it depends on the spectral 
width of the pulse. The broadening and phase shifting 
occurs in optical fibers due to the chromatic 
dispersion. 

Nonlinear effects are essential in the transmission 
of optical pulses through optical fiber. Kerr 
nonlinearities are among the basic nonlinear effects. 
This is a self-induced effect in which the phase 
velocity of the wave depends on the wave’s own 
intensity. The Kerr effect describes change in the 
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refractive index of the fiber due to electrical 
perturbation. Due to the Kerr effect, we are able to 
describe the following effects:  

-  Self-phase  Modulation  (SPM)  - the effect  that  
changes  the  refractive  index  of  the transmission 
medium caused by the intensity of the pulse;  

-  Four Wave Mixing  (FWM)  - the effect in which 
the mixing of optical waves causes a fourth wave, 
which can influence other used waves; 

- Cross-phase  modulation  (XPM)  is  the effect 
where  the wave of light can  change the phase of 
another  wave of light with different wavelength. This 
effect causes spectral broadening.   

The effects mentioned here are due to elastic 
interactions without any energy transfer. 

Other nonlinearities are the scattering 
nonlinearities, which occur due to the inelastic 
scattering of a photon to a lower energy photon.  We  
can  say  that  the  energy  of  the light  wave  is  
transferred  to  another  wave  with a different 
wavelength. Two effects appear in the optical fiber:  

- Stimulated Brillouin Scattering (SBS) and 
Stimulated Raman Scattering (SRS) – the effects that 
change the variance of the light wave into different 
waves when the intensity reaches a certain threshold. 
They are due to the non-elastic interaction between 
the pump wave with wavelength λp and the fiber core 
that transfers most of the pump energy into a Stokes 
light with wavelength λs > λp . 

The wavelength division multiplexing technology 
(WDM) allows increasing the transport capacity of 
CATV systems with the number of wavelengths used. 
A wavelength in this technology has the meaning of 
an optical carrier modulated with either an analogue 
or a digital signal. The most challenging in WDM 
systems is to achieve simultaneously smaller channel 
separation as well as higher modulation rates of the 
optical carrier in order to increase the transmission 
capacity. In many cases this is contradictory with 
dispersion and nonlinear effects. 

Dispersion 
In the contemporary CATV systems single mode 

fiber is established as a basis. Estimation of the 
chromatic dispersion is performed through the pulse 
spread chr  that is given by  

(1)      2 2 ( )chr out in chr sD l       , 

where in and out are optical pulse width in the input 
and the output of the fiber, respectively; Dchr – 
chromatic mode dispersion coefficient; ()s – 
spectral width of the laser; and l – the length of the 

fiber. The relation between the coefficient Dchr and the 
wavelength for the fibers frequently used in the 
CATV system is shown in [2]. 

At present, the Dense WDM (DWDM) is used and 
a fiber with zero dispersion for working wavelengths 
is unsuitable because of the great non-linear effects. 
This imposes the usage of the so-called Non-Zero 
Dispersion-Shifted Fiber (NZ-DSF). The chromatic 
dispersion coefficient Dchr is zero in the outside of the 
1550 nm range.  

The polarization mode dispersion is caused by the 
property of the fiber to divide the ray in two mutually 
perpendicular rays. The fiber is not perfectly round 
and it is exposed to various mechanical forces and 
climatic conditions. Therefore, the two rays travel in 
the fiber with distinct velocities and have different 
delays at the fiber end. The phenomenon described 
above is the reason for the polarization mode 
dispersion. 

The polarization mode dispersion is estimated by 
the difference between the delays of the two 
orthogonal components of the optical pulse at the fiber 
end or so-called polarization mode dispersion pulse 
spread pol. The pulse spread pol is determined by the 
following expression: 

(2)  2 2
out inpol polD l     , 

where by Dpol is denoted the polarization dispersion 
coefficient of the fiber in ps/km.  

SRS, SBS, XPM, SPM, FWM 
Though very similar in origin, SRS and SBS differ 

due to the fact that optical phonons participate in SRS 
while acoustic phonons participate in SBS. А 
fundamental difference is that in optic fibers SBS 
occurs only in the backward direction (with respect to 
the pump) whereas SRS dominates in the forward 
direction. The growth of the Stokes power due to SRS 
is characterized by the relation [3] 

(3)       ( ) (0)exp (0)s s R s p e eP l P g P l A l      ,     

where Ps(l) is the Stokes power at the fiber output, 
Pp(0) is the input pump power, gR(ωs) is the value of 
the Raman-gain coefficient at a Stokes frequency ωs 
that is downshifted from the pump frequency by about 
13.2 THz, l is the actual length of the fiber, le is its 
effective length, α is the fiber attenuation coefficient 
and Ae is the effective core area. 

The magnitude gR(ωs) corresponds to the Raman 
gain peak. The following formulae are used to 
calculate Le and Ae : 
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(4)       21 , 2l
e el e A MFD     ,   

where MFD is the mode field diameter of the fiber to 
be found in the manufacturer’s data sheet. 

In a similar way to SRS, the Stokes power grows 
exponentially in the backward direction because of the 
Brillouin amplification due to SBS. Тhat growth can 
be described by the same relation as (3) if gR(ωs) is 
replaced with the peak value of the Brillouin-gain 
coefficient gB(ωs).  

Both types of scattering effects reveal a threshold-
like behaviour, i.e. significant conversion of pump 
energy into Stokes energy occurs only when pump 
power exceeds a certain threshold level. The Raman 
threshold is defined as the input pump power at which 
Stokes power at the fiber output becomes equal to that 
of the pump, i.e. 

(5)         ( ) ( ) (0)exps p pP l P l P l   .   

The same formula applies to determine the 
Brillouin threshold if Ps(l) is replaced with Stokes 
power at the fiber input Ps(0). 

The critical pump power required to reach the 
Raman threshold PRT in a single mode fiber with 
α l >> 1 can be calculated by the following formula: 

(6)   16RT e R s eP A g l .   

The SBS power threshold PBT is given by the 
equation 

(7)   21BT e B s eP A g l .  

The typical value of the SBS threshold is less than 
10 mW, while the SRS threshold is higher by about 
two orders and can reach 1 W. 

The Raman-gain spectrum being very broad, SRS 
can cause problems in WDM systems and does not 
affect the parameters of the single-channel systems. 
Due to SRS an energy transfer from lower channels 
(shorter wavelengths) to higher channels (longer 
wavelengths) is observed [2, 3]. This results in 
worsening the CNR in lower channels and limiting the 
transport capacity of CATV systems. The power 
penalty due to SRS is characterized by 

(8)   10lg 1SRS kPP P   ,   

where Pk is the fraction of the power coupled from 
channel k to all other channels. 

SPM refers to the self-induced phase shift 
experienced by an optical field during its propagation 
along optical fibers. Its magnitude can be defined on 
the basis of the optical field’s phase Φ according to 

the formula 

(9)        0 00 1 1 e en n P A k l     ,   

where n0 is the refractive index, n1 is the nonlinear 
index coefficient, P/Ae is the optical intensity inside 
the fiber, k0 = 2π/λ and λ is the optical wavelength. 
SPM is responsible for broadening the pulses’ 
spectrum and for producing the optical solitons in the 
fibers’ anomalous-dispersion regime. 

If the effect of group-velocity dispersion (GVD) on 
SPM is negligible then the intensity-dependent 
nonlinear phase shift at a point z arbitrarily chosen 
along the fiber at a moment t can be described by 

(10)                 0
2

1 , 0, ez t U t P l  ,   

where U(0,t) is the normalized optical field amplitude 
at z = 0, P0 is the peak power and  = 2πn1/λ Ae is the 
nonlinear propagation coefficient. Parameter  can be 
calculated by the formula 

(11)                     12 en A   ,   

where n1  3.2 x 10−20 m2/W. 
Since Φ1 is proportional to |U(0,t)|2 its temporal 

variation is identical to that of the pulse intensity. The 
maximum phase shift occurs at the pulse center 
located at t = 0 and is given by 

(12)                     
01max eP l  .  

In order to avoid inadmissible intra-symbol distortion 
in NRZ digital systems the requirement Φ1max  π/2 
must be fulfilled. 

The SPM-induced spectral broadening is a 
consequence of the time dependence of Φ1 . A 
temporally varying phase implies that the 
instantaneous optical frequency differ across the pulse 
from its central value ω0 . The difference δω(t) is given 
by 

(13)        0

21( ) 0,et P l U t
t t

       . 

The time dependence of δω can be viewed as a 
frequency chirp increasing in magnitude with the 
distance propagated. In other words, new frequency 
components are continuously generated as the pulse 
propagates down the fiber. These SPM-generated 
frequency components broaden the spectrum over its 
initial width at z = 0. 

As shown through analysis, the temporal variation 
of the induced chirp δω is negative near the leading 
edge of the pulse (red shift) and becomes positive near 
the trailing edge (blue shift). In other words, the result 
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is a shift towards longer wavelengths at the leading 
edge of the pulse along with a shift to shorter 
wavelengths at the trailing edge [3].  

Cross-phase modulation appears when two or more 
waves propagate inside the fiber and interact between 
them in result of the nonlinearity of the refractive 
index produced by the total power inside the fiber. 
This effect is similar to SPM but the phase shift of one 
channel depends on the power of other channels. The 
XPM phase shift Φi associated with each channel 
(i = 1,2, …, N) can be estimated by adapting the 
formula used for SPM phase shift as follows  

(14)           2
N

i e i n
n i

l P P


       .   

As seen from (14), XPM is always accompanied by 
SPM. If the optical fields are of equal intensity the 
XPM contribution to the nonlinear phase shift is twice 
as big as that of SPM. Like SPM, the XPM phase shift 
in a NRZ digital system becomes significant when 
Φi > π/2. 

In WDM systems both SPM and XPM can cause 
significant phase changes. When information is 
transmitted through amplitude modulation and is then 
incoherently demodulated, nonlinear phase changes 
are of little consequence. However, if coherent 
demodulation techniques are employed, such phase 
changes can limit the system performance. 

 Four-wave mixing is the interaction between three 
transmitted channels of different frequencies fi , fj and 
fk , producing a fourth product frequency 

(15)                 ijk i j kf f f f   .   

There are a number of ways in which channels can 
combine to form a new channel according to the 
formula above. With N-channel system the number M 
of unwanted signals known as ghost channels can be 
calculated by 

(16)                 3 20.5M N N  .  

FWM products reduce the energy in the 
transmitted channels, thus causing the carrier-to-noise 
ratio (CNR) to go down at the receiver input. In 
addition, if the resulting frequency product is within 
the bandwidth of the transmitted channel it will cause 
crosstalk at the receiver. Тhe equation (15) indicates 
the position of the potential FWM products it provides 
no information as to whether the product will be 
viable, i.e. if the process will be efficient enough for 
the product to have significant power. The effect of 
FWM depends on the phase relationship between the 

interacting signals. That’s why the efficiency of the 
FWM process is determined by the phase matching 
condition. Phase matching depends on the frequencies 
of the incident and resultant signals and the chromatic 
dispersion of the fiber. 

Numerical methods 
Generally, the numerical methods [4-6] used for 

the solving of problems for CATV fiber networks are 
shown in the Fig. 1.  

 
 
 
 
 
 

 
 

 
Fig. 1. Classification of the numerical methods used in 

CATV fiber networks. 

We will consider the simulation of a single channel 
as basic for simulations of WDM systems. With one 
single channel the general classification is based on 
methods with finite differences and methods with 
splitting into parts. The methods with splitting into 
parts are used because of the quickness and the 
acceptable accuracy. In particular, for a non-linear 
dispersive medium the Split Step Fourier Method is 
used [7-9].  

We use the equation for light propagation in an 
optic fiber  

(17)                
2 2

02 2 2

1
.

E P
E

c t t
       

For the wavelength interval 0.5 - 2 μm it is 
necessary and possible to define the relations between 
P and E: 
(18)       trPtrPtrP

NLL
,,,     

(19)                    1
0, ' , ' 'LP r t t t E r t dt 
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Taking into account (17), (18) and 

(21)      EE 2   

we derive the following dependence: 

Numerical methods 

For one Wavelength 

Split Step 

For WDM 

Finite Differences 
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Normally, PNL changes much less than PL and the 
pulse envelope (we denote it by A) changes slowly 
compared to the carrier frequency.  

 The carrier frequency ω0 meets the condition 
Δω << ω0. For pulses with length under 5 ps, we can 
use the simplification 

(23)        
2 3

32
2 3

2
2 2

0

2 2 6
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iA A A
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z T T
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i A A A A T A

T T



 

       
       

   

where T = t – 1z. 
  In (23) can be made a description about 1 – third 

order dispersion which appears with very short pulses 
and it is represented as  

(24)                     AND
z

A  
  ,    

where 

D  and 


N  are respectively: 

(25)              
262 3
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(26)   
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The optical fiber is split into small lengths h . For 
its part, h  is split into two parts: in the first part 

functions 

N , and 0

D , while in the second part 

functions 

D , and 0

N  

(27)        TzANhDhThzA ,expexp,
   

(28)        TzBFiDhFTzBDh TT ,exp,exp 1 


 


 
     

(29)             
   hzNzN

h
dzzN

hz

z 2
''  .  

The results after the last transformations are now 
appropriate for use in simulation products such as 
MatlabTM [10].  

Simulation results 
We have created a simulation in the program 

environment MatlabTM. In order to illustrate the 
effects, we have chosen suitable values for the initial - 
Fig. 2, Fig. 3, Fig. 4 and Fig. 5. 

 
Fig.2. Simulation with two pulses and  = 1. 

 
Fig.3. Simulation with two pulses and  = 2. 

 
Fig.4. Simulation with four pulses and  = 1.  
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Fig.5. Simulation with four pulses and  = 2. 

The derived results can be interpreted as a 
continuation and building upon the results from [1] - 
Chapters 3 and 4. 

Conclusions 

The derived results clearly show the impact of the 
non-linearities in the optic fiber. As it was to be 
expected, the impact on lower frequency signals (the 
case with the two pulses) is weaker. 
     These results can be used for the correct choice of 
fiber depending on the specific requirements of CATV 
systems. 
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