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Introduction: This article is based on the recent research work in the field of two subjects: signal data parameters in fiber 
optic communication links, and dispersive properties of optical signals caused by non-homogeneous material phenomena and 
multimode propagation of optical signals in such kinds of wired links. Purpose: Studying multimode dispersion by analyzing the 
propagation of guiding optical waves along a fiber optic cable with various refractive index profiles of the inner optical cable (core) 
relative to the outer cladding, as well as dispersion properties of a fiber optic cable due to inhomogeneous nature of the cladding 
along the cable, for two types of signal code sequences transmitted via the cable: return-to-zero and non-return-to-zero ones. 
Methods: Dispersion properties of multimode propagation inside a fiber optic cable are analyzed with an advanced 3D model of 
optical wave propagation in a given guiding structure. The effects of multimodal dispersion and material dispersion causing the 
optical signal delay spread along the cable were investigated analytically and numerically. Results: Time dispersion properties were 
obtained and graphically illustrated for two kinds of fiber optic structures with different refractive index profiles. The dispersion was 
caused by multimode (e.g. multi-ray) propagation and by the inhomogeneous nature of the material along the cable. Their effect 
on the capacity and spectral efficiency of a data signal stream passing through such a guiding optical structure is illustrated for 
arbitrary refractive indices of the inner (core) and outer (cladding) elements of the optical cable. A new methodology is introduced 
for finding and evaluating the effects of time dispersion of optical signals propagating in fiber optic structures of various kinds. An 
algorithm is proposed  for estimating the spectral efficiency loss measured in bits per second per Hertz per each kilometer along 
the cable, for arbitrary presentation of the code signals in the data stream, non-return-to zero or return-to-zero ones. All practical 
tests are illustrated by MATLAB utility.
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Introduction

In recent years there observed huge development 
of complex communication systems, including both 
radio and optical wired and wireless communica-
tion, mostly in the modern 4th and 5th generations 
of communication networks. This first of all related 
to growth demands to increase of the rate of infor-
mation transfer, its density during transmission, as 
well as to exponential grow of number of subscrib-
ers — users of wired and wireless communication. 
In this case increases the role of wired optical com-
munication — fiber optic guiding systems — optical 
cables. However, practice showed that such “wired” 
channels are affected by fading caused by multi-
mode interference of modes propagating within the 
channel, which has stochastic character, as well as 
by inhomogeneous and roughness structure of cable 
walls, leading to deviations of propagating modes 
from specular reflection. Cumulatively, these phe-
nomena lead to “spreading” of time delay of signals 

along the fiber optical cable. These phenomena lead 
to dispersion of signals, and as the result — to loss 
of information transferred along the cable.

How much these phenomena lead to loss of infor-
mation — nobody did not investigate systematically 
until nowadays. In the modern literature, only break 
empirical data were presented based on experimen-
tal observed data. However, was not developed uni-
fied unique approach to resolve the problem, which 
stimulated beginning of the problems investiga-
tions by the authors. Therefore, in the work from 
the beginning were introduced the optical cables 
that more been used in practice, with step-index and 
graded-index profiles of refraction indexes, ana-
lytically had considered character of propagation 
of optical waves (modes) inside the optical guid-
ing structure, from which inhomogeneous struc-
ture of optical cable walls. As the result, spread of 
time delay of optical signals is shown depending on 
the type of coding of information inside them –re-
turn-to-zero or non-return-to-zero. 
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Types of optical fibers 

The first commonly used kind of fiber optic 
structure is the step-index fiber (Fig. 1).

The inner structure of each kind of fiber optic is 
schematically presented in Fig. 2. 

As it is clearly seen from Fig. 2, such kind of fib-
er consists of a central core of radius a and refrac-
tive index n1, surrounded by a cladding of radius b 
and the refractive index n2. 

According to the definition of total intrinsic re-
flection (see definition in [1–3]), to obtain the total 
reflection from the cladding, its refractive index 
should be lower than that of the core, i. e. n1 > n2. 
Fig. 3 shows geometry of optical ray propagation 
within the core under the assumption that the clad-
ding width is thick enough to exclude the evanescent 
field decay inside the cladding depth. So, from the 
beginning we can suppose that the effects of a finite 
cladding thickness are negligible, and a ray field 
is small enough to penetrate the outer edges of the 
cladding. As will be described below, in a multi-mode 
step-index fiber, a large modal distortion occurs. 

To avoid such drawbacks of this kind of fiber, a 
new type, called graded-index fiber was developed 
[1–6] that has the same configuration as the previ-
ous fiber (shown in Fig. 1). The difference between 
both kinds of fiber is defined by differences in pro-
files of refractive indexes of core and cladding, as 

illustrated in Fig. 1. Thus, as clearly seen from il-
lustrations, in the step-index fiber the index change 
at the core-cladding interface is abrupt, whereas in 
the graded-index fiber the refractive index decreas-
es gradually inside the core.

In fiber optics, there is an important parameter 
that is usually used, called the numerical aperture of 
fiber optic guiding structure, denoted as N.A. [1–9]: 

1. . sin sin ,c aN A n     

where full2a is so-called in the literature as the 
angle of minimum light energy spread outside the 
cladding, or of full communication [10–14], when total 
internal reflection occurs in fiber optic structures. 
Accounting for cos21 – sin2, we finally get

 1 22 2
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/
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Sometimes, in fiber optic physics, designers use 
the parameter, called the relative refractive index 
difference [1–9]:
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Using the above formulas, we can find relations 
between these two engineering parameters:

1 2
12 /. . ( ) .N A n 

 

To understand the effects of optical wave propa-
gation in both kinds of fibers, let us consider a sim-
ilar 3D problem of ray propagation in a cylindrical 
waveguide, but now having more complicated geom-
etry by having an inner core and an outer cladding.

Propagation of optical waves 
inside the fiber-optic structure

Let us now consider the cylindrical dielectric 
structure as shown in Fig. 3. This is just the geom-
etry of the optical fiber, where the central region is 
known as the core and the outer region as the clad-
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ding. In this case, the same basic principles exist as 
for the dielectric slab, but the circular rather than 
planar symmetry changes the mathematics. We use 
the solution of Maxwell’s equation in the cylindrical 
coordinates for both the coaxial cable and the circu-
lar waveguide, where we deal mostly with guiding 
modes rather than the ray concept [1–9, 13]. 

The wave equation that describes such propaga-
tion of light within cylindrical waveguides can be 
presented in cylindrical coordinates as follows for 
r1:

 

2 2 2
2

2 2 2 2
1 1

.
E E E E

E r
r r r r z t

                
  (1) 

We can (as in [12–14]) present the solution by us-
ing the separation of variables: 
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From well-known physics [10–14], we immedi-
ately take Et(t)Ez(t)exp{i(z – t)}. This allows us 
to rewrite the wave equation (1) in the form

 

   
2 2 2

2
2 2 2

1

1
0.

r

r
r r

E E
r

r r r

E E n
E E E E

r c




 

    
  
 

 
   

  

We now suggest that function E is periodic and 
can be presented in the form

 exp ,E im   
 

where m is an integer. Now we can reduce the above 
equation as follows:
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Equation (2) is a form of Bessel’s equation and its 
solutions are Bessel functions [14]. We finally can ob-
tain solutions for the field of rays through the mod-
ified Bessel functions of the first and second order, 
J(qr) and K(pr), via wave parameters q and p as prop-
agation parameters inside the core and cladding, re-
spectively. This finally gives at the core (r a)
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and at the cladding (r  > a) 
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Solutions of these equations, respectively, are

( );r c mE E J qr  

1 ( ),r c mE E K qr  

where Jm(qr) and Km(qr) are the first kinds of the 
Bessel function; and the modified Hankel function 
(e. g., Bessel function of the second kind) [14], 
respectively. Roots of Jm(qr) Jm(v), m 0, 1, 2, …, 
are shown in Fig. 4.

As for information of Km(qr), the reader can find 
it, for example, in [8, 9]. Finally, the full solution at 
the core is

 
    ( )exp expc mE E J qr j t z jm     

 

and a similar full solution for the cladding

    1 ( )exp exp ,c mE E K qr j t z jm     
 

where m is the azimuth integer.
Now, as in the case of the 3D cylindrical empty 

waveguide, described in [7], we can determine for 
an optical fiber the corresponding values for given 
propagation parameters k and , by imposing the 
boundary conditions at ra. The result is a rela-
tionship which provides the  versus k or dispersion 
curves shown in Fig. 5.
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It is clearly seen that the modes with numbers from 
0 to 3 (the same property occurring for modes with 
numbers n > 3) propagate between the core and clad-
ding of the fiber optic with wavelengths depending 
on refractive properties of these two fiber structures, 
and with an increase of wave propagation number k, 
propagate inside the inner (core) structure. 

The full mathematical approach is very compli-
cated, and we use the so-called “weakly guiding” 
approximation [12, 14]. This makes use of the fact 
that if n1n2 the ray’s angle of incidence at the 
boundary “core-cladding” must be very large, if 
total internal reflection is to occur. The ray must 
bounce down the core almost at grazing incidence. 
This means that the wave is almost a transverse 
wave, with very small z-components. 

Since the wave within the fiber is considered 
transverse, the solution can be resolved convenient-
ly into two linearly polarized components, just as 
for free-space propagation. The modes are called 
linearly polarized (LP) [1, 2, 4]. All solutions ob-
tained above relate directly to the optical fiber 
guiding structures. The latter has just the cylin-
drical geometry, and if for a typical fiber, we have 
that (n1 – n2)/n10/01 than the “weakly guiding” 
approximation is valid. 

There are two possible LP optical fiber modes: 
LP01 (m0, n0) and LP11 (m1, n1) [1, 2, 4]. 
For cylindrical geometry, the single-mode condition 
is [12, 14]

2 2 1 2
1 2

2
2 404/( ) . .

a
n n


 

  

As follows from presented illustrations, de-
pending on the shape of the intrinsic refractive in-
dex distribution, the corresponding LP-modes can 
propagate asymmetrically and inhomogeneously. 
This phenomenon is called the modal dispersion [1–
9, 12 14] and will be discussed in the next section.

Dispersion effects of signals occurring 
in fiber optic communication link

As was discussed in the previous paragraph, in 
fiber optic channels fading of optical signals occurs 
due to two factors: 1) multimode phenomena lead-
ing to the inter-ray interference and 2) dispersive 
properties of the material at the inner and outer 
coating of the fiber guide caused by inhomogene-
ous structure of the wire communication channel. 
Dispersion of these two types was discussed brief-
ly in [9, 12, 14] and below in our description of the 
matter, we will follow on some of the formulas pre-
sented there. 

A problem of transmission of pulses via fiber 
optic structure occurs because of two factors. One 

is that the source of light is not emitted at a single 
wavelength, but exists over a range of wavelengths 
called the source spectral width [1–10]. The second 
factor is that the index of refraction is not the same 
at all wavelengths. The property of when the light 
velocity is dependent on the wavelength is called 
dispersion. 

Material Dispersion (MD). We can observe that 
the material dispersion is dependent on the prop-
erties of the material from which fiber structures 
are developed. Such a kind of dispersion caused the 
spread of the light wavelength as it travels along 
the fiber. 

This is because each component wavelength (also 
called wave harmonic) travels at a different speed, 
each arriving with a slight delay with respect to the 
others. The amount of pulse spreading () per unit 
of length of fiber (l) is given by [12, 14]

,M
l
     

   

where M is the material dispersion factor, and it is 
plotted in Fig. 6, according to [6, 7], for pure silica 
glass versus wavelength varied from 0.7 m in 
units of picoseconds per nanometer per kilometer 
[ps/(nmkm)] of length of fiber.

It is clearly seen that M0 near 1300 nm, that 
is, here the pulse has a minimum spreading factor. 
In the range 1200 to 1600 nm, the material disper-
sion factor can be approximated by:

 

4
0 0

34
,

M
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  (3)

where M0–0/095 ps/(nmkm) and 01300 nm 
(wavelength where M0). At 1500 nm, M
–20 ps/(nmkm). 

For the case of material dispersion caused by ca-
ble material inhomogeneity along the fiber we can 
use the following formula (see [12, 14]): 

 

.M
l
     

 
  (4)
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  Fig. 6. Dependence of dispersion properties of fib-
er-optic materials vs the length of optical waves , ex-
tracted from [4, 6]
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For example, using an optical detector of type 
LED with spectral width of 20 nm (see [4]), yields 
a pulse spread per unit length of the transmission 
path inside the fiber: 

20 20 400 ps/km.( )M
l
          

   

Multimode Dispersion (MMD). Now we will dis-
cuss the modal dispersion caused by non-symmet-
rical distribution of the refractive index within 
the asymmetric fiber structure. In the case of the 
step-index fiber, as described above, we, following 
[12, 14], can obtain a pulse spread per unit length 
along the fiber: 

 

1 1
1 2

2
( ) .

n n
n n

l cn c
      

 
  (5)

If we account now for the fractional refractive 
index, we finally get that the modal pulse spread 
can be expressed as

1n
l c

   
   

or

 

2 2
1 2

12
.

n n
l cn

   
 

  (6)

Here, as above, c is the speed of light. The prob-
lem with pulse spreading is that it limits the in-
formation carrying capacity of the fiber. This as-
pect we will discuss below, where the data stream 
parameters of information passing the fiber optic 
channel will be considered.

This means that the time delay dispersion  of 
set of pulses along the fiber with the length l, (/l) 

can be estimated by knowledge of refraction index-
es of the inner and outer cables, n1 and n2.

In the case of modal dispersion caused by multi-
mode propagation inside the optic fiber, a spread of 
information pulses at the length of an optical cable 
in time is given by (see [12])

 

2
1 1

2 2
.

ln ln
T

cn cn
       (7)

Data stream parameters 
in fiber optic communication links 

The problem with optical data signal spreading 
is that it limits the information carrying capacity 
of the channel [9, 10, 12, 14]. Pulses that spread, 
eventually overlap with neighboring pulses, cre-
ating inter-symbol interference [9–11]. This leads 
to transmission errors and must be avoided. The 
direct way to avoid this is to place pulses further 
apart from the transmitter. This means lowering 
the data rate.

Then limitations in capacity of data flow inside 
the fiber depend on the type of pulses, either re-
turn-to-zero (RZ) or non-return-to-zero (NRZ) (see 
[14]). Thus, for RZ pulses, we get 

0 35.
.

( / )RZC l
l

 
   

Whereas, for NRZ pulses we get

0 7.
.

( / )NRZC l
l

 
   

Using numerical data regarding material dis-
persion parameter M, presented above, we can also 
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a) b)

  Fig. 7. Diagram of the algorithm of the computation of fiber optic channel capacity in the case of multimode disper-
sion (a) and material dispersion M (b) along the length l of the optical cable
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obtain the empirical formulas for computation of 
the capacity of fiber optic channels along the length 
l for two types of pulses, that is, 

1 75 (Mbit/s km . )NRZC l    

and

0 875 Mbit/s km. ( )  .RZC l    

In Fig. 7, a and b the corresponding diagrams 
show the algorithm of computation of the capac-
ity of the fiber optic communication links with 
time dispersion caused by multimode interference 
and by material inhomogeneity along the optical 
cable.

Results of numerical simulation 

In Fig. 8, the dependence of the factor of materi-
al dispersion versus the wavelength along the optic 
fiber [according to formula (3)] is illustrated.

From Fig. 8 it is seen that with an increase of 
wavelength, the factor of material dispersion is 
decreased exponentially, when for a wavelength of 
1300 nm this factor is zero. 

In Fig. 9 the dependence of the delay along the 
fiber-optic channel versus the wavelength along 
this fiber [according to formula (4)], is illustrated.

From Fig. 9 it is seen that with an increase of wave-
length, the delay is also increased almost linearly, 
when for a wavelength of 1300 nm this delay is zero.

In Fig. 10, a and b the dependence of the capaci-
ty and the spectral efficiency of the type RZ, of the 
fiber-optic channel versus the wavelength along 
this fiber with a length of 1 km, for material dis-
persion is illustrated.

From Fig. 10 it is clearly seen that with an in-
crease of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, the 
capacity and the spectral efficiency of the type RZ, 
for material dispersion, of such a fiber optic chan-
nel is decreased exponentially. Thus, the maximum 
rate of data passing through such a channel also de-
creases exponentially. 
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In Fig. 11, a and b the dependence of the capac-
ity and the spectral efficiency of the type NRZ, of 
the fiber-optic channel versus the wavelength along 
this fiber with a length of 1 km, respectively, for 
material dispersion is illustrated.

From Fig. 11 it is clearly seen that with an in-
crease of the wavelength of an optical signal with 
data, propagating inside the optical cable, the ca-
pacity and the spectral efficiency of the type NRZ, 
for material dispersion, of such a fiber optic chan-
nel is decreased exponentially. Thus, the maximum 
rate of data passing through such a channel also de-
creases exponentially. 

In Fig. 12, a and b the dependence of the capacity 
of the fiber-optic channel versus the fractional re-
fractive indexes difference (FRID) of the inner and 
outer cables along the length of a cable of 1 km and 
for n11.45 [according to formulas (5), (6)], is illus-
trated.

From Fig. 12, a and b it is clearly seen that with 
an increase of the FRID of the inner and outer parts 
of the fiber, the broadening of pulses of such a fib-
er-optic channel is increased linearly. 

In Fig. 13 the dependence of the broadening of 
the pulses of information data signals along the fib-
er-optic channel versus the FRID of the inner and 
outer cables along the length of a cable of 1 km for 
n11.45 [according to formula (7)], is illustrated.

From Fig. 13 it is seen that with an increase of 
the difference between the refraction indexes of the 
inner and outer parts of the fiber, the broadening 
of pulses of such a fiber-optic channel is increased 
linearly. 

In Fig. 14, a and b, the dependence of the capac-
ity and the spectral efficiency of the signal code of 
type of RZ, for multimode dispersion, of the fib-
er-optic channel versus the FRID of the inner and 
outer cables along the length of a cable of 1 km and 
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  Fig. 11. The capacity (a) and the spectral efficiency (b) of the type NRZ, of the fiber communication link with the 
length of 1 km for material dispersion vs the wavelength along this fiber
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  Fig. 13. The broadening of the pulses of information 
along the fiber with a length of 1 km vs the FRID of the 
cladding and core of the optical cable for n11.45

for n11.45, for multimode dispersion [formula 
(5)], is illustrated.

From Fig. 14 it is clearly seen that with an in-
crease of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, the 
capacity and the spectral efficiency of the RZ-type, 
for multimode dispersion (5), of such a fiber optic 
channel is decreased exponentially. Thus, the max-
imum rate of data passing through such a channel 
also decreases exponentially. 

In Fig. 15, a and b the dependence of the capac-
ity and the spectral efficiency of the signal codes 
of type NRZ, for multimode dispersion, of the fib-
er-optic channel versus the FRID of the inner and 
outer cables along the length of a cable of 1 km and 
for n11.45, for multimode dispersion [formula 
(5)].
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  Fig. 14. The capacity (a) and the spectral efficiency (b) of the type RZ, of the fiber communication link with the length 
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n11.45
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  Fig. 15. The capacity (a) and the spectral efficiency (b) of the type NRZ, of the fiber communication link with a length 
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n11.45 
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From Fig. 15 it is clearly seen that with an in-
crease of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, the 
capacity and the spectral efficiency of the NRZ-type 
signal codes, for multimode dispersion (5), of such 
a fiber optic channel is decreased exponentially. 
Thus, the maximum rate of data passing through 
such a channel also decreases exponentially. 

In Fig. 16, a and b the dependence of the capacity 
and the spectral efficiency of the type RZ, for mul-
timode dispersion, of the fiber-optic channel versus 
the fractional refractive indexes difference FRID 
of the inner and outer cables along the length of a 
cable of 1 km and for n11.45, for multimode dis-
persion [(formula (6)], is illustrated. 

From Fig. 16 it is clearly seen that with an in-
crease of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, the 
capacity and the spectral efficiency of the RZ-type 

signal codes, for multimode dispersion (6, of such 
a fiber optic channel is decreased exponentially. 
Thus, the maximum rate of data passing through 
such a channel also decreases exponentially. 

In Fig. 17, a and b the dependence of the capacity 
and of the spectral efficiency of the type NRZ, for 
multimode dispersion, of the fiber-optic channel 
versus the FRID of the inner and outer cables along 
the length of the cable of 1 km and for n11.45, 
for multimode dispersion [(formula (6)], is illustra-
ted.

From Fig. 17 it is clearly seen that with an in-
crease of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, the 
capacity and the spectral efficiency of the NRZ-type 
signal codes, for multimode dispersion (6), of such 
a fiber optic channel is decreased exponentially. 
Thus, the maximum rate of data passing through 
such a channel also decreases exponentially.
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  Fig. 16. The capacity (a) and the spectral efficiency (b) of the type RZ, of the fiber communication link with a length 
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n11.45
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  Fig. 17. The capacity (a) and the spectral efficiency (b) of the type NRZ, of the fiber communication link with a length 
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n11.45
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Summary

Theoretical analysis and the corresponding com-
puter simulation using the MATLAB utility have 
shown that:

1. Depending on the wavelength of optical signal 
propagating inside the fiber-optic communication 
channel, the material dispersion index is decreased 
exponentially with an increase of the signal wave-
length. 

2. At the same time, with an increase of the 
wavelength of optical signal passing through the 
fiber optic channel, the delay spread (e. g., widen-
ing) of the resulting optical signal inside the cable 
increases linearly.

3. The material time-dispersion parameter 
along the fiber optic cable increases linearly with an 

increase of the difference between the refraction in-
dexes of the inner and outer parts of the fiber, called 
fractional refractive indexes difference (FRID). 

4. The exponential decrease of the signal data flow 
of fiber-optic channels is observed with FRID both for 
NRZ- and RZ-types of codes inside the data flow.

5. The multimode time dispersion depends sig-
nificantly on the difference between the refraction 
indexes of the inner and outer parts of the fiber, 
and with an increase of FRID, it increases linearly.

6. For both types of signal codes, NRZ and RZ, 
exponential decrease of the channel capacity and 
spectral efficiency is observed — the multimode 
dispersion — depends on the difference between 
the refraction indexes of the inner and outer parts 
of the fiber and on the increase of the length of the 
channel (e. g., fiber cable).
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Введение: исследование параметров сигналов в оптоволоконных каналах связи и дисперсионных свойств оптических сигна-
лов, обусловленных неоднородностью материала и многомодовым характером распространения оптических сигналов в данных 
типах проводной связи, является актуальной проблемой для создания современных систем проводной связи 4-го и 5-го поко-
лений, подверженных федингу, вызванному вышеупомянутым выше фактором, с большой скоростью в условиях многочислен-
ного контингента пользователей. Цель: исследование характера многомодовой дисперсии на основе анализа распространения 
волноводных оптических волн вдоль оптоволокна с различным профилем показателя рефракции внутреннего оптического ка-
беля относительно внешней оболочки, а также дисперсионных свойств оптоволокна за счет неоднородности материала оболочки 
вдоль длины кабеля для двух типов сигналов в последовательности кодов, передаваемых через оптический кабель: возвратных 
и невозвратных к нулю кодов. Методы: дисперсионные свойства многомодового распространения внутри оптоволоконного кабе-
ля проанализированы введением трехмерной модели распространения оптической волны в заданной направляющей структуре. 
Эффекты многомодовой дисперсии и материальной дисперсии, вызывающих «уширение» времени запаздывания оптических сиг-
налов вдоль кабеля, исследовались аналитически и численно. Результаты: получены и проиллюстрированы свойства временной 
дисперсии двух видов оптоволоконных структур: с пошаговым и степенным профилем показателя преломления, — вызванной 
многомодовым (многолучевым) распространением и неоднородностью материала вдоль кабеля, а именно интерференцией мод, 
распространяющихся по оптическому кабелю, и нарушением зеркального отражения мод от стенок кабеля на неоднородностях 
материала стенок. Их воздействие на емкость и спектральную эффективность потока сигналов с данными, пропускаемого по-
добной направляющей структурой, проиллюстрировано для произвольных индексов рефракции внутреннего (стержень) и внеш-
него (оболочка) элементов оптического кабеля. Применен новый метод нахождения и оценки эффектов временной дисперсии оп-
тических сигналов, распространяющихся в различных видах оптоволоконных структур. Предложен алгоритм оценки потерь в 
спектральной эффективности, измеряемой в битах на секунду на герц на один километр, вдоль длины кабеля для произвольного 
представления кодовых сигналов в потоке данных, невозвратных к нулю и возвратных к нулю. Все практические проверки были 
проиллюстрированы с использованием программы MATLAB. 

Ключевые слова — емкость, оболочка, стержень, уширение задержки оптических пульсов, дисперсионные кривые, диспер-
сионные диаграммы оптических мод, оптоволокно, кабель со степенным профилем рефракции, многомодовая дисперсия, линей-
но-поляризационные моды, фактор материальной дисперсии, многомодовая временная дисперсия, невозвратный к нулю код, 
численная апертура, оптические моды кабеля, индекс рефракции, возвратный к нулю код, условие существования единственной 
моды, спектральная эффективность, кабель с пошаговым профилем рефракции. 
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