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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 along the fiber optical cable. These phenomena lead

to dispersion of signals, and as the result — to loss

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 4} and 5% 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

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 n,, surrounded by a cladding of radius b
and the refractive index n,.

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. n; > n,,.
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

Step-index fiber Graded-index fiber

Jacket

b b
Cladding
a a
Core
ny n
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B Fig. 1. Difference between the refractive index pro-
files for step-index and graded-index fibers

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]:

N.A.=n;sin0, =sinf,,

where Gfu” =20, 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 cos?0 = 1 — sin20, we finally get
N.A.= (n12 - ng )1/2 .

Sometimes, in fiber optic physics, designers use
the parameter, called the relative refractive index
difference [1-9]:

(nf -n3) (A

A=
2n12 an

Using the above formulas, we can find relations
between these two engineering parameters:

N.A.=2n; (A)Y2.

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-

Core ny

\

Cladding ng —

B Fig. 2. A view of the fiber optic inner structure
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B Fig. 3. Presentation of fiber optic structure in the cy-
lindrical coordinate system
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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

u.=1:

ViE )t —pe—=. (1)

+
r? 0p? 022 ot?

=li(ran 10°E °E_ °E
“ror

We can (as in [12—14]) present the solution by us-
ing the separation of variables:

E = E, (" E(9)E, (¢).

From well-known physics [10-14], we immedi-
ately take E,(t)E,(t) = exp{i(Bz — ot)}. This allows us
to rewrite the wave equation (1) in the form

li[rw}

ror or

?(E.E 2,2
+%%—ﬁ2£“rﬁl¢ +%<E,.E(p):0.

We now suggest that function E(p is periodic and

can be presented in the form

E, =exp(+imo),

where m is an integer. Now we can reduce the above
equation as follows:

2 2 2
0°E, , 10E, J{nz@__BZ _m—]Er =0. (2

or? ror c? r?

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(gr) and K(pr), via wave parameters g and p as prop-
agation parameters inside the core and cladding, re-
spectively. This finally gives at the core (r< a)

aZEr +16Er+ q2 _m_2 E. =0
or2 r or d

and at the cladding (r > a)

2 2
OE, +18E’" +(p2 +m—JEr:0.
r

or: r or

Solutions of these equations, respectively, are
E. =E.J,(qr);
E. =E Kp(qr),

where J, (qr) and K, (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 J, (¢r)=J,,(v), n=0, 1, 2, ...,
are shown in Fig. 4.

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

E=E.J, (qr)exp{—j(cot - Bz)} exp(+£jme)
and a similar full solution for the cladding
E=EK,, (qr)exp{—j((;)t - Bz)} exp(+jmo),

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 B, by imposing the
boundary conditions at »=a. The result is a rela-
tionship which provides the 3 versus & or dispersion
curves shown in Fig. 5.
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B Fig. 4. Bessel function of the first kind and n order
vs. variable v
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B Fig. 5. Dispersion diagram of optical modes in a fiber
optic structure
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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 £,
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 n, ~ n, 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 (n, — n,)/ny = 0/01 than the “weakly guiding”
approximation is valid.

There are two possible LP optical fiber modes:
LPy; m=0,n=0)and LP;; (m=1, n=1)[1, 2, 4].
For cylindrical geometry, the single-mode condition
is[12, 14]

2%“(7112 ~n3)'/2 < 2.404.

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 (1) per unit
of length of fiber (I) is given by [12, 14]

AGJ ——MAL,

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 ym in
units of picoseconds per nanometer per kilometer
[ps/(nm-km)] of length of fiber.

It is clearly seen that M = 0 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:

My, 25
M= 4{ x3} ®)

where M,;~—-0/095 ps/(nm-km) and A,~ 1300 nm
(wavelength where M =0). At 1500 nm, M~
~ —20 ps/(nm-km).

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

AG) = —MA. @)

110

M, ps/nm-km

B Fig. 6. Dependence of dispersion properties of fib-
er-optic materials vs the length of optical waves A, 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:

A(%}:JWAK:—020y20:400pykm.

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:

A(Ej =L (ny —ng)="LA. 5)
l) cny c

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

A(EJZM
l c

e
l 2cnmy

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 t of
set of pulses along the fiber with the length I, A(t/l)

or

(6)
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7

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

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
AT :lﬂA oc lﬂA.
Cny Cng

(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

,_ 035
A/

Cprz x

Whereas, for NRZ pulses we get

0.7

C l=——-.
NRZ X At/ 1)

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

a)
ny, ny (given)

Length
of the fiber

CN RZ

b)

From graph
or mathematical estimation
formula (given)

Length
of the fiber

Crz

CN RZ

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 [ of the optical cable
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obtain the empirical formulas for computation of
the capacity of fiber optic channels along the length
[ for two types of pulses, that is,

Cngrz x1=1.75 (Mbit/s)-km
and
Cgrz x1=0.875 (Mbit/s)-km.

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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B Fig.8. The factor of material dispersion along the op-
tic fiber vs wavelength
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B Fig. 9. The delay along the fiber-optic channel vs
wavelength along this fiber
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B Fig. 10. The capacity (a) and the spectral efficiency
(b) of the type RZ, of the fiber communication link with
the length of 1 km for material dispersion vs the wave-
length along this fiber
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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 n,; = 1.45 [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
n, = 1.45 [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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B 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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B Fig. 12. The delay of the fiber communication link with the length of 1 km vs the FRID of the cladding and core of the

optical cable for n; = 1.45: a — formula (5); b — formula (6)
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25 x10~7 for n;=1.45, for multimode dispersion [formula

()], is illustrated.
9 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
1 channel is decreased exponentially. Thus, the max-
imum rate of data passing through such a channel
0.5 also decreases exponentially.
In Fig. 15, a and b the dependence of the capac-
0 ity and the spectral efficiency of the signal codes
0 0.005 0.01 0.015 0.02 0.025 of type NRZ, for multimode dispersion, of the fib-
FRID er-optic channel versus the FRID of the inner and
B Fig. 13. The broadening of the pulses of information outer cables along the length of a cable of 1 km and

along the fiber with a length of 1 km vs the FRID of the for n;=1.45, for multimode dispersion [formula
cladding and core of the optical cable for n, =1.45 A)].
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B 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 n; = 1.45
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B Fig. 15. The capacity (a) and the spectral efficiency (b) of the type NRZ, of the fiber communication link with alength
of 1 km for multimode dispersion vs FRID of the cladding and core of the optical cable for n, = 1.45
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B 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 n; = 1.45
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B 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 n; = 1.45

From Fig. 15 it is clearly seen that with an in- signal codes, for multimode dispersion (6, of such
crease of the difference between the refraction in- a fiber optic channel is decreased exponentially.
dexes of the inner and outer parts of the fiber, the Thus, the maximum rate of data passing through
capacity and the spectral efficiency of the NRZ-type such a channel also decreases exponentially.
signal codes, for multimode dispersion (5), of such In Fig. 17, a and b the dependence of the capacity
a fiber optic channel is decreased exponentially. and of the spectral efficiency of the type NRZ, for
Thus, the maximum rate of data passing through multimode dispersion, of the fiber-optic channel
such a channel also decreases exponentially. versus the FRID of the inner and outer cables along

In Fig. 16, a and b the dependence of the capacity the length of the cable of 1 km and for n; = 1.45,
and the spectral efficiency of the type RZ, for mul- for multimode dispersion [(formula (6)], is illustra-
timode dispersion, of the fiber-optic channel versus ted.
the fractional refractive indexes difference FRID From Fig. 17 it is clearly seen that with an in-
of the inner and outer cables along the length of a crease of the difference between the refraction in-
cable of 1 km and for n; = 1.45, for multimode dis- dexes of the inner and outer parts of the fiber, the
persion [(formula (6)], is illustrated. capacity and the spectral efficiency of the NRZ-type

From Fig. 16 it is clearly seen that with an in- signal codes, for multimode dispersion (6), of such
crease of the difference between the refraction in- a fiber optic channel is decreased exponentially.
dexes of the inner and outer parts of the fiber, the Thus, the maximum rate of data passing through
capacity and the spectral efficiency of the RZ-type such a channel also decreases exponentially.
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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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BBEI[EHI/IBZ HucciiegoBaHUe IIapaMeTPOB CUI'HAJIOB B OIITOBOJIOKOHHBIX KaHaJIaX CBA3U U JUCIIEPCUOHHBIX CBOMCTB OIITUYECKHUX CUIHA-
JIOB, O0YCJIOBJIEHHBIX HEOJHOPOJHOCTHIO MaTepHaia U MHOTOMOJOBBIM XapPaKTEPOM PACIPOCTPAHEHUA ONTHYECKUX CUTHAJIOB B JAHHBIX
TUMAX MIPOBOJHOM CBA3U, ABJISAETCA aKTYyaJIbHOM IPO6JEMON AJs CO3MaHUsS COBPEMEHHBIX CHCTEM IIPOBOAHON CBABU 4-T0 M 5-TO MOKO-
JIeHU1, TOABEPIKEeHHBIX (DEIUHTY, BBISBAHHOMY BBHIIIEYIIOMAHYTHIM BbIIIEe (DAKTOPOM, ¢ OOJIBIIION CKOPOCTHIO B YCJIOBUAX MHOTOUUCIIEH-
HOTO KOHTWHTeHTa noJb3oBaresneil. Ilenb: uccienoBanue xapakrepa MHOTOMOJOBOM JUCIEPCHY HA OCHOBE aHAJIM3a PACIPOCTPAHEHUSA
BOJTHOBOJHBIX ONTHUUYECKUX BOJH BJOJIb ONTOBOJIOKHA C PA3JIUUHBIM IpoduieM MmoKasaTeas pe@pakiiuy BHYTPEHHETO OITUYECKOI0 Ka-
6eJis OTHOCUTEJILHO BHEIITHEH 000JI0UKHU, a TaKsKe JUCIIEPCUOHHBIX CBOMCTB OIITOBOJIOKHA 3a CUET HEOAHOPOJHOCTU MaTepuaia 000JI0UKNI
BJOJIb UIMHBI Ka0esid JJIA ABYX TUIOB CUTHAJIOB B IIOCJIEOBATEILHOCTH KOJOB, IIepeaBaeMbIX Yepe3 ONTUYECKUI Kabeab: BOSBPATHBIX
M HEBO3BPATHBIX K HYJIO KOJ0B. MeToabl: JUCIePCUOHHBIE CBOMCTBA MHOTOMOJOBOI'O PACIIPOCTPAHEHUSI BHYTPHU OIITOBOJIOKOHHOTO Kabe-
JIsl IPOAaHaJN3NPOBAHEI BBEJEHUEM TPEeXMEPHOII MOJeJ I PACIIPOCTPAHEHUs OITUUYECKON BOJHBI B 3aJJaHHOI HAIIPaBJIAIOIIEI CTPYKTYDE.
A dHeKTH MHOIOMOJOBOM JUCIIEPCUU U MATEPUATbHON AUCIIEPCUH, BEI3BIBAIOIINX «YIINPEHNE» BPEeMEHU 3aI1a3bIBAHUS OITUUECKUX CUT-
HAJIOB BIOJIb KabeJisi, NCCIe[OBAINCH AHAJIUTUYECKN U YNCJIEHHO. Pe3yabTaThl: IOJYUYEHBI U IPOUJIJIIOCTPUPOBAHBI CBOMICTBA BPEMEHHOM
IUCIIEPCUU ABYX BUAOB OINTOBOJOKOHHBIX CTPYKTYP: C IIOIIATOBBIM U CTEIIEHHBIM IIPO(UIEeM IOKa3aTess IPEeJIOMIeHNs, — BBI3SBAHHOU
MHOT'OMOJIOBBIM (MHOT'OJIyYeBBIM) PACIIPOCTPAHEHUEM U HEOJHOPOIZHOCTHIO MaTeprajia BIOJb Kabess, a UMeHHO uHTepdepeHIueir Mo/,
PaCIPOCTPAHAIONMXCS 0 ONITUUYECKOMY Kabes, U HapyIIeHNeM 3€PKaJbHOI'0 OTPaKeHUs MOJ OT CTEHOK KabeJssi Ha HeOLHOPOJHOCTAX
MaTepuaJia CTeHOK. VX BO3[eiicTBHe Ha €MKOCTb U CIeKTPaJbHYI0 3G (HEeKTUBHOCTS MOTOKA CUTHAJIOB C JAHHBIMU, IIPOIIYCKAaeMOI'o I10-
IOOHOM HAIPABJIAIOIIEN CTPYKTYPOI, IPOUJLIIOCTPUPOBAHO AJISI IPOU3BOJIBHBIX UHAEKCOB pedpaKIuy BHYTPEHHEro (CTePKeHb) U BHEIII-
Hero (000JI0YKa) 3JIEMEHTOB ONITUYECKOro Kabess. [IpuMeHeH HOBBII MeTO/| HAXOK/IeHUA U OlleHKY 3()(HeKTOB BpeMEeHHOM JUCIIEPCUN O~
TUYECKUX CUTHAJIOB, PACIPOCTPAHAIONINXCA B PA3JIUUYHBIX BU/JaX OITOBOJOKOHHBIX CTPYKTYD. IIpefIosKeH ajJropuTM OIEeHKHU II0TePh B
CIeKTPaJbHOU 3(PPEKTUBHOCTH, M3MEePAEMOU B 6UTaX HA CEKYHAY Ha Iepll Ha OJUH KUJIOMETD, BAOJb JJINHBI Ka0ess AJIs IPOU3BOJILHOTO
IpeACcTaBJIeHUs KOJOBBIX CUT'HAJIOB B IIOTOKE JaHHBIX, HEBO3BPATHBIX K HYJIIO ¥ BO3BPATHHIX K HYJII0. Bce MIpaKTHUeCKMe TPOBEPKY ObLIN
TIPOUJLIIOCTPUPOBAHBI ¢ UcIioab3oBaHueM nporpamMmmbl MATLAB.

KaroueBbie c10Ba — €MKOCTh, 000JI0UKA, CTEPIKEHD, YIIUPEHNe 3aJePIKKU ONITUUYECKUX IIYJIBCOB, AUCIIEPCUOHHBIE KPUBBIE, TUCIIED-
CHOHHBIE [UarpaMMbI ONITUYECKUX MOJ, OIITOBOJIOKHO, Ka0esb CO CTeIeHHbIM mpoduieM pedpaKIuyu, MHOTOMOAOBAS JUCIEPCUS, IUHE-
HO-TIOJIAPUBAIMOHHEBIE MOIbI, (haKTOP MaTepuaabHON AUCIEPCHUU, MHOTOMO/JOBAsS BpeMEeHHAas AUCIEPCUs, HeBO3BPATHBIN K HYJIIO KO,
YuCJIeHHAA allepTypa, ONTUYEeCKUe MObI Kabesisd, NHAEeKC ped)paKIIU, BOSBPATHBIN K HYJIIO KO, YCIOBUE CYIIeCTBOBAHUA € IUHCTBEHHOMN
MOJIbI, CIIEKTpaIbHasA 3(pHeKTUBHOCTE, KabeJsb ¢ MONIaroBbIM npoduieM pepariiuu.
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