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Abstract. In this paper we consider the problem of the
dominant mode scattering by a layered circular cylindrical post
in a rectangular waveguide. Both waveguide filter synthesis
procedures and measurements of complex dielectric permittivity
of materials require a solution to the inverse scattering problem.
Since the computation time of an algorithm for solving the
inverse scattering problem depends directly upon computation
time of an algorithm for the forward scattering problem, our goal
is to find an approach that provides both sufficient accuracy of
results and rapid convergence. Over the last several decades, a
number of approaches have appeared proposed by various
authors for solving problems of scattering by a cylindrical post in
a rectangular waveguide. The approach presented in this paper is
a modified version of one of those approaches that provides
sufficiently rapid convergence and results with a reasonable
degree of accuracy. This modification allows a solution to the
problem of scattering by a layered post. The approach divides the
waveguide into separate regions by introducing imaginary
cylindrical surface. In the outer regions the electromagnetic field
is represented in terms of infinite series of rectangular waveguide
modes. In the central region as well as in the layers of post, the
field is represented in terms of cylindrical waves. By applying the
point-matching method at the imaginary cylindrical surface and
truncation of infinite series, a system of linear algebraic
equations is obtained.

Keywords: Scattering, layered post, composite, numerical study.

I. INTRODUCTION

The goal of this research is to discover the most appropriate
approach for finding the reflection and transmission
coefficients of the dominant mode scattered by a circular
cylindrical post in a rectangular waveguide and to generalize
this approach so that it can be applied to the case of the
layered posts as well. This problem is of interest because the
microwave waveguide post filters are still in use, and the
procedure of filter synthesis requires a solution to the inverse
scattering problem. Typically, an algorithm for solving the
inverse problem requires a lot of computation time, because in
each iteration it has to solve a number of forward problems.
To speed up a process of a solution of the inverse problem we
need to find an approach that provides the small computation
time. Also the algorithm for solution of the inverse scattering
problem may be used for measurements of the complex
dielectric permittivity, since the plastic tube filled with liquid
with the complex dielectric represents a two-layered post.

Of course, the problem can be solved by using some
flexible methods, such as finite element method, finite
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difference method and finite difference method in the time
domain [1] or software based on these methods such as HFSS
or Ansys. Despite great flexibility of these methods, they,
however, require a great amount of computation time. It is
caused by the fact that these methods do not take into account
some advantageous properties of geometry, such as capability
of being divided into regions with simple geometry, such as
cylindrical, spherical, elliptical, spheroidal and so on. These
geometrical properties reduce computational effort by solving
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a part of problem by analytical means or at least by converting
a problem to its simpler equivalent that requires less numerical
effort.

The first work devoted to discontinuities in waveguide was
the Notes on Lectures by J. Schwinger [2]. This work presents
solutions to a number of waveguide discontinuity problems,
among which there is a solution to a problem of scattering by
a circular post in rectangular waveguide obtained by using the
variational method. The process of solving the problem begins
with the construction of a functional to be minimized in terms
of parameters of an equivalent network. Once the functional is
found, a solution to the problem may be obtained by finding a
function that minimizes the functional. A number of numerical
experiments have showed that the solution is more accurate
when the sought function is represented in terms of series of
eigenfunctions of Laplace operator in coordinate system
corresponding to geometry of the obstacle. This approach is
applicable in case of shifted post, but, unfortunately, not
applicable in case of layered post. Results presented in [3]
have been obtained by using a first-order approximation, that
is, series expansion of the sought function with only first two
terms retained. Numerical experiments show that the approach
gives accurate results only for posts of small radius and small
permittivity. Also the greatest discrepancy with measured
results is observed near resonance. Araneta [4] improved
Schwinger’s variational solution by retaining two more
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cylindrical terms in series expansions, thereby obtaining the
so-called second order approximation. Although the approach
provides more accurate results, it is found that in case of a
second-order approximation, expressions become quite
tedious, that leads to inconvenience of using them in practice.

A multifilament moment solution proposed in [5] allows
finding the reflection and transmission coefficients of the
dominant mode scattered by a metallic post. The scattered
field produced by a post is simulated by a set of filamentary
current sources with amplitudes to be determined. These
sources are positioned on a closed surface enclosing the post.
Numerical study shows that the most accurate results may be
obtained when the closed surface has a similar shape to that of
the cross section of the post. This approach was subsequently
generalized to cases of dielectric post [6] and composite post
[7]. Other authors have developed an approach that allows a
solution to the scattering problem for structures consisting of a
number of posts in the waveguide [8]. The total field inside
the post is represented as a superposition of an incident wave
and an unknown scattered field produced by the polarization
current inside the post. Then by applying the waveguide
Green’s function, the inhomogeneous wave equation is
converted to a Fredholm integral equation of the second kind
that contains unknown function both under integral sign and
explicitly outside it. In turn, this integral equation can be
solved using volume discretization procedure, that is, by
dividing cross section of the posts into a number of elements
of simple shape and applying numerical integration (humerical
quadrate) [9]. Despite the flexibility of the approach, it
requires a lot of computation time in case of a post with large
enough value of the dielectric permittivity, because the length
of the greatest side of elements (simplex) should be at least ten
times shorter than the wavelength of the electromagnetic wave
in the post’s material. Also latter two approaches involve
waveguide Green’s function that is represented in terms of
infinite series of waveguide modes. For computation of each
entry of the generalized impedance matrix the waveguide
Green’s function must be truncated and summed up that leads
to a considerable increase in computation time.

The first approach based on division of the geometry of a
problem into regions of simple geometry was proposed by
Nielsen in [10]. Since the fields in regular regions are
expressed in terms of series of eigenfunctions of the Laplace
operator, it allows solving a boundary problem on the
interfaces between layers of the post analytically, that in turn
considerably reduces computational burden and provides
sufficiently high resolution of field distribution. The last step
of the approach is the derivation of a system of linear
equations by application of the point matching procedure and
truncation of infinite series. This approach is applicable only
to the centered posts, namely, the posts with its axis placed at
equal distances from the walls of the waveguide. Experiments
showed that this approach gives accurate results only for posts
of sufficiently small radius. This latter limitation can be
overcome by introducing a small modification, namely, by
replacing the rectangular interaction region with the circular
one as proposed in [11]. The center of the circular interaction
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region coincides with the axis of the post and its radius equal
to half the width of the broad wall of the waveguide. It has
been found that the modified approach works fine even in case
when values of the radius of the post and the complex
dielectric permittivity are large. Also this approach is faster
than aforementioned approaches in terms of the computation
time and provides a sufficiently high degree of accuracy of
results.

The major advantage is that the boundary problem on
interfaces between layers of the posts can be solved
analytically. This allows us to apply this approach also for the
case of the layered post with an arbitrary number of layers by
introducing modification only in its analytical part. Such a
modification is discussed in this paper.

Il. FORMULATION
A X

v

Fig. 2. Geometry of the problem.

Consider the dominant mode TE,, propagating in a
rectangular waveguide in direction of z axis. The width of the
broad wall of the waveguide a is chosen so that only the
dominant mode of the waveguide can propagate. Since higher
order modes decay exponentially with distance from the post,
the reflected and transmitted waves consist only of dominant
modes. Nerveless, solving the boundary problem on the
surface of the post, all existing higher order modes have to be
taken into account, since they essentially affect the field
distribution in immediate vicinity of the post. Since the
geometry of the problem as well as the distribution of fields
are uniform along the y axis, the problem can be reduced to an
equivalent  two-dimensional one, thus considerably
simplifying the solution.

Throughout this paper we use the notation shown in Fig. 2.
Total field in region I can be expressed as the superposition of
incident and reflected dominant modes as well as higher order
modes that exponentially decay in the negative z direction.

The incident wave is represented as follows:

is the waveguide wavenumber
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waveguide filling material; ™ s the complex dielectric
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permittivity of the waveguide filling material; ;:* is the
complex permeability of the waveguide filling material.

Due to linear dependence of the reflection and transmission
coefficients upon amplitude of the incident wave, the
normalization can be accomplished so that unknown
coefficients A; and B; are identical to the reflection and
transmission coefficients, respectively. The reflected part of
the dominant mode together with higher order modes can be

expressed as follows:

El= %
o |It.|

"
o R
he- .

)

Ay cos (v x

e :|' is the waveguide wavenumber
i

where [, = ,l;.' k2 |[ "
for different modes; v — a positive integer; -.,, — bkl
r
Let us now consider expressions for fields in region Ill. In
this region summary field is made up of transmitted wave and
higher order modes that exponentially decay in z direction:
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Since the distribution of the electric field of incident wave
and geometry of the problem is symmetric about x = 0 plane,
the distribution of electric component of scattered field must
also have the same symmetry. In other words, only higher
order modes, which have the symmetric distribution of electric
field about x = 0 plane, are present in the waveguide, that is,
the scattered wave consists only of modes with odd values of
the index m=1,3,5...

In all cylindrical regions, except for the innermost layer, the
electrical fields are expressed in terms of superposition of all
possible solution of Laplace equation in cylindrical coordinate
system, satisfying azimuthal periodicity condition. Cylindrical
waves can be subdivided into two categories, namely, waves
which have even distribution of electrical field about x=0
plane and those, which have odd distribution of the electrical
field. Due to the symmetry of our problem, only even waves
can propagate.

Expression for the electrical field component in region I1:

=D

STACUT, (kgr) + DUY (hor) ) cos (nB). - (4)
re=Il1

Expression for the electrical field component in the k-th
layer of the post:

Ell =

Ef =5 (ORI, (kyr) + DEY, (kr)) cos (n8). - (5)

=0

where n is a positive integer;
is the wavenumber of material of k-th

ki = "L Vv ige]
layer; =* is the complex dielectric permittivity of the material
of k-th layer; ;% - the complex permeability of the material of
k-th layer; k — the index of layer.
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Let us now consider representation of fields in the
innermost layer of the post. In contrast to the previous case,
where dependence on the radial coordinate was represented by
both cylindrical functions, in this case the coefficient in front
of the Neumann function must be equal to zero. That is
because the value of the Neumann function tends to minus
infinity as the value of the argument approaches zero.
However, field intensities cannot be infinitely great, in
accordance with the energy conservation law. As a result, in
the innermost layer of the post, distribution of electrical field
is represented by the following expression:

f;‘_,rl' = :'-_? (e !.f.'r,r':- Jons (=, (6)
where £, = . W/ ey is the wavenumber of material of the
-

post; -+ is the complex permittivity of the innermost layer of
the post; u7 is the complex permeability of the innermost
layer of the post; 3 is index value for the innermost layer.

Components of the magnetic field may be found by using
expressions (1) through (6) and the second Maxwell’s
equation. After some mathematical manipulations, we obtain
the following expressions for the azimuthal component of the
magnetic field in different regions.

Expression for the incident wave:
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Expression for the reflected wave:
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Expression for the transmitted wave:
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Expression for region II:
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Expression for the kth layer of the post:
H: =
— 'J.

- S ky (CFT! (kpr) + DY (kr)) cos (n8),
Wit
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(11)
Expression for the innermost layer of the post:
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By enforcing boundary conditions on the interface between
the innermost layer of the post and the next layer as well as
taking the advantage of the mutual orthogonality of cylindrical
waves with respect to coordinate 9, the 7}:~' constants may
be expressed through corresponding (™:~' constants. The
relation between constants for the layer next to the innermost
one may be expressed as follows:

T L S (13)
where
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ll!'.'l T '] 'Alf'_ ¥ I i !
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Here, the prime denotes the derivative with respect to the
radial coordinate. By iteratively applying boundary conditions
for each interface between layers of the post we obtain the
following expression for every k value, from 0 trougth p-2:
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Expression for the coefficient :»;: is similar to that in [11]
except that in our case the constant .. is expressed through
the constant ., not otherwise. Numerical experiments show
that our choice is more appropriate, because it gives a
significant decrease in condition number of the resultant
matrix that in turn leads to more accurate results. Also it is
found that the further decrease in the condition number of the
matrix may be achieved by dividing the second and the fourth
equations of the system (18) by wavenumber ¥-..

Since the value of .+ coefficient is dependent only on the
radial component, it follows that its value does not have to be
recalculated for every point on the surface of interaction
region when applying point matching procedure for fixed
values of frequency and the complex dielectric permittivity
that in turn results in the reduction of the computation time.
Therefore, it is advantageous to use the cylindrical surface not
only because it ensures convergence of the approach, but also
because of smaller amount of the computation time.
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By inserting expression for coefficient -, into expressions
(4) and (10), we obtain the following compact representations
of fields in region 1l.

For the component of the electric field:

f;‘_,':" = :}__ {Ir::{s';l" {heor | oos (). (15)
e=I{1
For the component of the magnetic field:
HU = 4 S 00", (kyr) cos (n©), (16)
" ..-.'J.'.;.J'r:- "=l
where €2, {kyr} = A, Ukgr) +ab - ¥, (kar,

X (kar) = A (hpr) 4+ al) - Y (kgr).

By enforcing boundary conditions on surface S, we obtain
the set of four equations (17). As it can be seen, this set
contains infinite series of cylindrical waves and waveguide
modes. Since cylindrical waves and waveguide modes are not
mutually orthogonal, it means that it is impossible to solve this
system by some analytical manipulations. The only way to
solve this system is to convert it into the system of linear
algebraic equations. This can be accomplished by means of the
so-called series truncation procedure that retains only first M
terms in series of waveguide modes and only N first terms in
series of cylindrical waves. Once truncation procedure has
been applied, the next step is to apply another method, which
is referred to as a point matching method. The pre-requisite of
this method is to meet boundary conditions only at a set of the
selected points on the boundary surface.

By performing the above-mentioned procedures, we obtain

a system of linear algebraic equations (18) with respect to
unknown expansion coefficients.4,, 7. and ™. Values of
these coefficients can be found by applying some of the
commonly used methods for solving a system of linear
algebraic equations, such as Gaussian elimination method. It is
possible to reduce by half the computation time by using block
decomposition methods, but we plan to consider it in a detail
in forthcoming works.
There is a problem that arises when the post is metallic or
there is a post with a metallic layer that has a high value of
conductivity, namely, the value of the Bessel function
becomes so large that it causes an overflow of double
precision floating point number used in MATLAB. This
problem may be avoided in either of two ways. One way is to
enforce approximate boundary conditions on the surface of the
metallic layer of the post, such as those presented in [12].
However, this approximation is valid only when the
wavelength in the metal is much smaller than the thickness of
the layer. Another way to avoid this problem is to employ
approximations for the modified Bessel functions for large
argument values. For more information on these
approximations the interested reader may refer to [13].
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To exanimate the convergence of the approach we may use
the point where S surface touches the wall of the waveguide,
namely, the point, which has the following coordinates (r=a/2,
8 = n/2). Since we consider that the walls of the waveguide are
made of a perfect electric conductor, the value of the intensity
of the electric field must vanish at this point. Let us now
examine the convergence of the approach, with the following
values of parameters: ¢ = 2, Aa =14, f = 9.373828 GHz,
r/a=0.05 and provided that 14 — % and i™ — . The results
of this examination are presented in the data table below.
Another way to verify the convergence of the algorithm,
although valid only for the case of a lossless material, is to
estimate the value of the absorption coefficient. The value of
the absorption coefficient may be obtained by the following
expression:

NUMERICAL RESULTS

A=y1-|R T (19)
where R is the reflection coefficient; T - the transmission
coefficient.

As it can be seen from the table, the error decreases as the N
value increases, where N is number of retained terms in
cylindrical series expansion of field. It is seen that initially as
the value of N increases, the deference between results
decreases monotonically. However, as a value of N becomes
very large there is no more monotonic decrease in the value of
the error. At small values of N, the major source of error is
caused by the insufficient number of terms that leads to the
inaccurate representation of fields. In turn, at high N values
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error arises due to the round-off error that is caused by the ill-
conditioned matrix.

TABLE |
EXAMINATION OF THE CONVERGENCE OF THE ALGORITHM
N Errorin ipter?sity of Abso!ute valug c_>f the| Z??;;i%?he
the electric field reflection coefficient coefficient
4 6.117604e-001 0.50243539072841 118.8327
6 6.751014e-003 0.05274591850723 93.0655
8 6.570297e-004 0.04924808825854 92.8592
10 9.613224e-005 0.04952066532204 92.8748
12 2.311151e-005 0.04949766995303 92.8735
14 6.105177e-006 0.04949324542010 92.8732
16 1.881289¢-006 0.04949227904848 92.8732
18 7.769263e-007 0.04949204975343 92.8732
20 3.362675e-007 0.04949195921715 92.8732
22 1.350975e-007 0.04949191917442 92.8732
24 4.691545e-008 0.04949190226793 92.8732
26 1.584562¢-008 0.04949189660296 92.8732
28 5.535497e-009 0.04949189478046 92.8732
30 2.265794e-009 0.04949189421693 92.8732
32 1.088017e-009 0.04949189400668 92.8732
34 6.339962e-010 0.04949189392193 92.8732

The point matching procedure ensures that field intensities
are equal only at the set of selected points on the surface of
interaction region, but it does not necessarily mean that the
intensities given by different expansions will be the same at
other points of this surface. Absolute values of errors in
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electric and magnetic field intensities may be obtained by the X10
following formulae similar to those proposed in [7]. 28
For the S surface part connecting regions Il and I:
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0 Fig. 6 Modulus of the trransmission coefficient as a function of dielectric
0 20 40 60 80 30 120 140 160 180 200 permittivity (WVa =1.4, f = 10 GHz, N = 12, r1/a=0.05, 12/a=0.03, 13/a=0.02, £

Fig. 3. Modulus of reflection coefficient as a function of dielectric permittivity
(Ma =14, f=10 GHz, N = 12, r1/a=0.05, 12/a=0.03, r3/a=0.02, €1 = 1 — 200
with step size 0.1, £2=4, £3=5-j0.05).
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Fig. 4 Phase angle of the reflection coefficient as a function of dielectric
permittivity (Aa =1.4, f = 10 GHz, N = 12, r1/a=0.05, 12/a=0.03, r3/a=0.02,
el=1- 200 with step size 0.1, £2=4, £3=5-j0.05).
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=1-200 with step size 0.1, €2=4, £3=5-j0.05).
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Fig. 7 Phase angle of the transmission coefficient as a function of dielectric
permittivity (Ma =1.4, f= 10 GHz, N = 12, r1/a=0.05, r2/a=0.03, r3/a=0.02, €1
=1-200 with step size 0.1, e2=4, £3=5-j0.05).
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Romans Ku$nins, Janis Semenako. Difrakcija uz slanaina cilindra taisnstara vilnvada

Saja darba tiek apskatits pamattipa vilpa difrakcijas uz slanaina cilindra taisnstiira vilpvada. Gan mikrovilpu filtru sintézes procediira, gan kompleksas
dielektriskas caurlaidibas mérisana prasa inversa difrakcijas uzdevuma atrisinaSanu, tade] ka inversa uzdevuma algoritma skaitloSanas laiks it tiesi atkarigs no
atbilstosa tieSa uzdevuma algoritma skaitlosanas laika, un misu mérkis ir atrast tadu tie$a uzdevuma risinasanas metodi, kura nodrosina augstu rezultatu
precizitati un strauju konvergenci. Dazu péd&jo desmitgadu laikda paradijas dazadu autoru piedavatas metodes difrakcijas uz cilindra taisnstira vilpvada
uzdevuma risina$anai. Saja darba apskatita metode ir viena no §im piedavatajam metodém, proti, tis metodes, kura nodrogina strauju konvergenci un pietickami
augstu rezultatu precizitati, modifikacija. ST modifikacija lauj risinat uzdevumu slanaina cilindra gadijuma. Metodes princips balstds uz vilpvada sadalidanu
atseviskos apgabalos ar vienkars$u geometriju, ar iedomatas cilindriskas virsmas palidzibu. Argjos apgabalos lauks tiek aprakstits bezgaligu vilnvada vilpu tipu
rindu forma. Vidéja apgabala lauks tiek aprakstits bezgaligu cilindrisku vilpu rindu forma. Pielietojot kolokaciju metodi uz iedomatas virsmas un ari atmetot
augtakas kartas rindu loceklus, rezultata iegiistam linedru algebrisku vienadojumu sistému, kura raksturojas ar lielu nosacitibas skaitli. So nosacitibas skaitli var
samazinat ar vienkar$u matematisku manipulaciju palidzibu. Algoritma konvergences parbaudiSanai $aja darba tiek izmantoti divi kritériji. Pirmais kriterijs ir
absorbcijas koefcienta vertiba, kurai ir jabut vienadai ar nulli gadijumos, kad slapains cilindrs ir izveidots no materialiem bez zudumiem. Otrais kritérijs ir
elektriska lauka veértiba punkta, kura cilindriska virsma pieskaras pie vilnvada sienas. Otrais kritgrijs ir speka arT gadijumos, kad cilindrs sastav no materialiem ar
zudumiem.

Poman Kyuinun, flnuc Cemensiko. Iudpakumusi Ha MHOroc/JI10iHOM IMJIMH/IPE B IPSIMOYT0JILHOM BOJIHOBOJIE.

B paGote paccMoTpeHHa 3aJada paccessHHs OCHOBHOM MOJBI HAa MHOTOCIOHHOM IMJIMHAPE B NPSIMOYTOJNbHOM BOMHOBoAE. Kak mpomenypa cuHTe3a (UIBTPOB,
TaK ¥ HM3MEPEHHE KOMIUICKCHOM [UAIEKTPHYECKOH HPOHMIIAEMOCTH TpeOyloT pemieHus oOpaTHOIl 3amadum paccesHHs. Tak Kak BpeMs, 3aTpadMBaeMoe
ITOPUTMOM Ha pelleHHe oOpaTHOW 3aJadul, HAIpSAMYIO 3aBHCHUT OT BPEMEHH, 3aTPayMBacMOro alIrOPHTMOM, JUIS PEIICHHs NPSMON 3ajadyd, Hallel Lebio
SIBIICTCSL OTUCKAHUE TaKOTO METOJa, KOTOPBIA 00ecIeunBaeT JOCTATOYHO BBICOKYIO TOYHOCTH PAcueTOB M 00OIamaeT OBICTPOH CXOAMMOCTBIO. 3a MOCICIHUE
HECKOJIBKO JECATWICTHH pa3IMYHBIMU aBTOPaMH ObLI HPEATOXKEH Ps METOAOB pELICHHS 3aadd PAcCesHHs Ha NUIHHAPE B HPSMOYTOJILHOM BOIHOBOJE.
Meropa, paccMOTpPEHHbIH B JaHHOH pabote, sBisAeTCS MOAM(pHKAILMEH OJHOTO U3 STUX METOJOB, @ UMEHHO TOT0, KOTOPBIi 0OecHeurBaeT JOCTaTOUHbIH yPOBEHb
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TOYHOCTH PE3yNbTAaTOB, a TAKXKe OBICTPYIO0 CXOAMMOCTh. Momu(UIPOBAHHBII METO/ IIO3BOJIIET PEIIaTh 3aa4l paccesHUs Ha MHOrocIoiHoM munuaape. CyTh
MEeTo/ia 3aK/II0UaeTcsl B pa3jielIeHMU BOJHOBOJA HAa OTAENIbHBIE 00JACTH, IOCPEICTBOM MHUMON LHIMHIPHYECKOH IOBEepXHOCTH. Bo BHeIHMX oOnacTiax moie
NPEJICTAaBICHHO B BHJE Pa3lOXKeHHS B OSCKOHEUHBIM Ps IO BOIHOBOIHBIM MoJaM. B cBoio ouepenp, B cpenHeil 00macTH Imoie MPEACTAaBICHO B BHJE
pa3nokeHHss B OECKOHEUHBIH pAi MO IWINHAPHYECKUM BonHaM. IIpuMeHss MeTon KOJUIOKAIWH HAa MHHMOH IHIMHIPHYECKOH IOBEPXHOCTH, a TaKoKe
oTOpachiBas WWICHBI BBICIIMX IIOPSIKOB OECKOHEYHBIX PsJOB, B pE3y/lbTaTe IIOIy4aeM CHCTEMY JIMHEHHBIX aireOpamyecKnx YypaBHEHHH, KOTOpas
XapaKkTepu3yeTcsl OONBIIMM 3HAadeHHEM YHCla OOYCIOBIEHHOCTH. UHCIO OOYCIIOBICHHOCTH MOXKHO YMEHBIIHTH C IOMOIIBIO NIPOCTBIX MaTeMaTHYECKUX
MaHUMysnui. 1 NMpOBepKH CXOAUMOCTH B JaHHOW pabOTe HCIONB30BaHBI 1Ba KpUTepHs. IlepBbIM KpHTepueM sBIsIeTCs 3HadeHHne Kod(hduuueHTa
HOIJIOLIEHHUs, KOTOPOE JODKHO PaBHATHCS HYNIO B Cllydae, KOIJa LIJIMHAP COCTOMT U3 MaTepuanoB 0Oe3 morepb. BTopbIM KpuTepueM sBISeTCS 3HAuCHHE
JJIETPUYECKOr0 MOJsl B TOYKE, B KOTOPOM LMIMHApUYECKAs IOBEPXHOCTh CONPHUKACAETCS CO CTEHKOW BOJIHOBOAA. BTOpoil kpuTepuii NpUMEHHM Takke M B
cily4ae, KOraa IMIMHIP COCTOUT U3 MATEPUAIIOB C OTEPSIMU.
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