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ABSTRACT

Context. UHF transmission systems make extensive use of transmission line segments, the characteristics of which have a sig-
nificant impact on the performance of various information technologies. One of the problems of production of transmission lines is to
obtain a given wave impedance, which significantly affects the electrical and information characteristics of the entire set of equip-
ment. Currently, there is a burning issue of estimating the influence of disturbing factors on various electrical characteristics of long
line segments. To date, the most fully developed methods for assessing the effect of disturbing factors on the wave impedance of a
homogeneous line (the wave impedance is constant) under regular perturbations. In this case, the influence of perturbations on the
reflection coefficient of matched lines was mainly considered. The effect of perturbations on the other characteristics of homogene-
ous and, especially, inhomogeneous lines has not been sufficiently studied.

Objective. The purpose of this paper is to determine the effect of wave impedance perturbations on the transmission line imped-
ance matrix. Knowing the perturbed impedance matrix, it is possible to determine the distortion of the characteristics of any device
built on transmission line segments.

Method. The paper uses the method of perturbation theory of linear differential operators applied to equations describing proc-
esses in inhomogeneous long lines.

Results. The obtained results make it possible to estimate the influence of regular and irregular perturbations of the wave resis-
tance (wave conductance) on the transmission line matrix considered as a quadrupole. Such matrix can be any quadrupole matrix:
resistance matrix, conductance matrix, circuit matrix. This makes it possible, according to the desired function of the circuit (gain,
input impedance, reflection coefficient), to determine the allowable deviation of the wave impedance from the nominal value in order
to select a tolerance for reproducing the wave impedance.

Conclusions. The proposed criterion for estimating line parameter deviations using the norm of the four-pole matrix is inherently
an integral criterion and can be used to preliminarily estimate the frequency domain of the strongest distortions, regardless of the
functional purpose of the transmission line segment. The developed approach is applicable to both homogeneous and heterogeneous
transmission lines and covers both regular and irregular wave impedance perturbations.

KEYWORDS: transmission line, wave impedance, disturbance, impedance matrix, quadrupole, inhomogeneous line, reflection
coefficient.

ABBREVIATIONS T — current delay time;
UHF — ultrahigh frequencies. t,— line delay time;
I"— line reflection coefficient;
NOMENCLATURE
W — impedance,
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I — the reflection coefficient of a line with perturbed
impedance;

u, i —respectively, the Laplace image of voltage and
current in the line;

z,,, V;, — respectively, the input resistance and con-

ductivity;
p — complex frequency variable;
Yy(t) — wave conductivity;

A, B — constant integrations;
AYy(t), AWy(t) —respectively, a technological error

in the implementation of wave conductivity and imped-
ance;

[z],[Z] — matrices of line resistances in accordance
with the nominal and perturbed impedance;

HO — the relative change in the norm of the matrix of
the system of parameters of the quadrupole.

INTRODUCTION

In line production, due to imperfections in measuring
tools and all kinds of technological inaccuracies, there is
always an error in the realization of the wave impedance.
W(t) (t — current delay time, ¢, — line delay time). In
addition, for a number of designs the wave impedance has
been determined with some error. Thus, errors in repro-
ducing the required wave impedance, affecting the elec-
trical parameters of the transmission line: input imped-
ance, transfer functions, reflection coefficient, etc., inevi-
tably occur during line fabrication. Obviously, the pertur-
bation can be estimated from the change in parameters
specific to the problem to be solved. For example, when
considering negotiated transitions, the perturbation crite-

rion could be HIN“‘—|F , where ‘IN“‘, |F| — the modulus of

the reflection coefficient of the line with perturbed and
undisturbed impedance, respectively. When considering
the range resonators, we can compare the overlap coeffi-
cient in frequency and load. When designing filters, it is
of interest to change the characteristics of the filter in the
bandwidth and barrier, as well as the magnitude and di-
rection of displacement of parasitic resonances. Thus, the
choice of the criterion for assessing the impact of pertur-
bation depends on the type of problem to be solved. Such
criteria are partial.

A line is a linear system, the processes in it are de-
scribed by a linear operator. Therefore, the question of the
effect of small changes in impedance can be solved with
the help of modern perturbation theory of linear operators.
However, it is inconvenient to directly use the methods of
this theory in solving problems of perturbed lines. This is
due to the fact that the same segment of the line is usually
used to solve a number of problems: to match how the
resonators, filter elements and so on. Each of the above
problems can be matched by one or more linear operators
and for them to consider the perturbation problem. For
example, if you take a filter containing three cascaded
lines of line, then each of these segments on both sides
will be loaded with different loads. Therefore, even with

the same perturbations of the wave resistance of all three
line segments, each of the segments will clearly corre-
spond to its linear operator, since the boundary conditions
for each of the three lines are different. Thus, in our ex-
ample, one filter corresponds to three perturbation prob-
lems. You can describe the filter as a whole as a linear
operator, but then the operator is quite complex and solve
the problem of perturbation becomes almost impossible.
From the above considerations, it is clear that in the gen-
eral case, the direct use of methods of perturbation theory
is unacceptable. From a practical point of view, it is nec-
essary to have a method of accounting for perturbations,
which would immediately answer the question of how
much the parameters of the line will change when pertur-
bation of the impedance, regardless of the type of problem
(whether filtering, matching, etc.).

For this criterion, the article proposes to choose any
matrix of four-pole, for example, a matrix of resistances.
It is obvious that at perturbation of impedance the matrix
of a line will change and then it is possible to define
change of any characteristic of a line.

The aim of the article is to determine the effect of
wave resistance perturbation on the resistance matrix of
the transmission line. Knowing the perturbed resistance
matrix, we can determine the distortion of an arbitrary
line function as a quadrupole.

1 PROBLEM STATEMENT
Let an inhomogeneous line with a nominal character-
istic impedance ¥ (7) have a resistance matrix [z]. Due

to technological inaccuracies in the manufacture of the
line, the characteristic impedance W(r) =W(t)+AW (1),
where AW(7) is the error (disturbance) in the implemen-

tation of the wave impedance. It is required to determine
the resistance matrix [Z] of the line with the disturbed

characteristic impedance VIN/(r) from the wave imped-

ance AW(t), the matrix [z], and the perturbation
AW (7).

2 REVIEW OF THE LITERATURE

The question of influence of design parameter varia-
tion on electrical characteristics of transmission lines has
become especially urgent at development of high-speed
information transmission systems, for which it is neces-
sary to develop new methods of calibration taking into
account deviations of wave resistance from nominal value
[1-7], statistical modelling W [8—11].

In particular, in the publication [9] the issues of the in-
fluence of regular and irregular deviations of the elements
of line structures from the nominal values on the wave
resistance are considered.

In the publication [10] the questions of methodology
of calculation of electric parameters of lines of printed
circuit boards of high-performance computing devices are
considered. In these works, various methods of influenc-
ing existing technological processes on the parameters of
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the dielectric and the geometry of line conductors with a
nominal constant wave resistance (homogeneous line) are
considered. The influence of structural scatter on the re-
flection coefficient of transmission lines is analyzed.

The publication [11] considers the influence of tech-
nological errors on the output of suitable high-frequency
devices on printed circuit boards. The method of calcula-
tion of tolerances on parameters of interconnections of
printed circuit boards of high-speed units of digital infor-
mation processing, forecasting of technological defect,
algorithm of calculation of errors of impedance taking
into account a scatter of geometrical sizes of conductors is
offered. It is shown that with modern technologies for the
manufacture of microstrip transmission lines, the devia-
tions of the impedance within one layer of the multilayer
substrate do not exceed 8%, and the total tolerance of the
impedance as a whole is + 10%.

The question of the influence of statistical perturba-
tion on the wave resistance of an inhomogeneous line is
devoted to works [12, 13], in which the authors propose to
use the theory of Markov processes to estimate the statis-
tical characteristics of wave resistance on the basis of
which the probability density of wave resistance is deter-
mined W, the probability of not leaving the process W
outside the given limits at a given standard deviation W
(the percentage of suitable products).

3 MATERIALS AND METHODS
Consider the equation of inhomogeneous lines [14]

’
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Similarly, you can write an expression for input con-
ductivity
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Let (1) — partial solution (1). Then the second par-
tial solution can be represented as [15]

exp( ,drj
ity (5) = iy (1) | — 2. @
(1)
Let’s convert the exponential coefficient
PO x| [4 _
exp( o drj—exp(jdtan(r)dtj— -

=exp ( _f dan(r)) =exp (an(T)) =Mr).

We assume that the beginning of the line is at a point
1=0, and the edge is at a point t=¢,. Then a partial

solution u, (1) taking into account (5) can be written as a
definite integral

(0 =i (0] 2 g ©)

o (s

Therefore, the general solution of equation (1)

(1) = Aity (v) + Bity (v)| _Wzﬂds. )
o (s)

Let us replace the wave resistance in the equation (1)
with respect to the current with the wave conductivity
W(t) =1/Yy(t). Then

W'D ()

8
WD T ®)
and the equation for the current will take the form
lTn_ YO(T) ZT,—pZZTZO. (9)
Yo (1)

Equation (9) in appearance coincides with the equa-
tion for voltage (1). Therefore, its overall solution (7 (t)—

partial solution (9))
i(t) = Aiy(v) + B (r)jz/g—(s)ds. (10)
0l ()

Express the input resistance of the open line through
the partial solution #(t) , which satisfies the boundary
conditions

i1(0)=1, {(0)=0. (11)

From (10) it follows i(0) = 4. So, the first derivative

(1) = Azl(r)+le(r)jﬂd + Biy (1)~ O(T), (12)
ol (s (1)
where do we find 7'(0) = BY,,(0) .
Input line conductivity at points t=0:
_io _ 0 __ 4
Vex(0) = 70) Y (0)= 7o) "B (13)

Because when 7 =, the line is open, then i(t,)=0.

Therefore, according to (10)
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i(t,)=0=4(t,) A+B'[wd (14)

ol (S)

Execution of equality #(z,)=0 and conditions (11)

are possible only at certain values p2 , which are eigen-

values of the boundary value problem under boundary
conditions

§(0)=1, §(0)=0, i(t;)=0. (15)
Therefore
A+B j YOZ—(S)d =0, (16)
oh~(s)
where
t3
A Ay, (17)
B 0 (s)
therefore,
a0 = —p = p [ Yoy (18)
0 (S)

The input resistance of the open line is an element z;;
resistance matrix

1 1
HERON Yo (19)
112 (S)

The current equation (9) coincides in appearance with
the voltage equation (1). Therefore, if we proceed from
equation (1), we can immediately write the input resis-
tance of the line closed at the point t=+¢,:

ul0)=-p = p (LR 20)
0”1 5)
where uj(t)— partial solution (1):2(0)=1, u{(0)=0.

The element of the conductivity matrix of a closed line is
equal to

=

Zgx (0) B W(S)

(S)

e2))

In deriving (20) it is taken into account that for a
closed line the common solution satisfies the condition
u(t,)=0.

Let Yy(t), Wy(t) — nominal (calculated) values of
1/Wy (7). Sup-
pose that during the technological implementation of the
line there was an error, as a result of which instead of the
nominal wave conductivity Y,(z) realized wave conduc-

tivity Yo(t) = Yo(t)+AYy(T), where AY,(t)— techno-

logical error. Obviously, there is an error AW, (1) in the

wave conductivity and impedance Yj(t) =

implementation of impedance

WO(T)IWO(T)+AW0(T)=%~ 22)
From (22) we find
Wo (1) = Wo(1) + AW, (1) =
i) ) 23)
_ 1 _ Wo(1)
CYo(D)+AYy(r) 1+ W (DAY(1)
From here we find the impedance error
gAY, (1)
A = = o (DAY, () @9

Let’s estimate influence of an error of wave conduc-
tivity AY,(t) on the elements of the resistance matrix.

We believe that the disturbance AY((t) quite a few and,
according to perturbation theory, an outraged decision
E% fl(r), ﬁl(r) ~ui(t) . Then the elements of the per-
turbed matrix

~ 1 1
m= = = >
‘3 Yoo, IYO(S) - J'AYO(S) 25)
04 () i (s) i (s)
~ 1
Zy) :—,s:t3—r,
f Yo(s) 4 (26)
0 (5)
S ALC YN L CPER Jf-AW@ PR
o) ) 0
where z,, — resistance of undisturbed closed line, fi(t) —

solving the equation
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" Yy (13—
P G P PP Y
Yo(13-1)
under extreme conditions f;(0) =1, fll(O) =0.
Enter the notation
L.
1Y, (s) Y(s)
oy = p[=2ds, By j —rd (29)
0 i ()
Then
- 1 1 —
1= = P 2211“11—[311 .
ap +Bir oqr oqg(ayr+Pry) ap +Pir (30)

We find similarly
~ 1 (s ) (S)
= »00)=P % f % (1)
LoPa 5] oS )
Marking
B
Azyy=1zy4 , Azpy )
1+B11 o +Pan
(32)
W(s)
Az, =p j
U (s)
we will receive
2 o~ e~
2 =231~ Z) = (200 + Mgz + A2y — 2,y — Ac,). (33)
Opening the brackets, write
~2 - ~
I =209 (Azyy = Az, )+ Azgy ()1 - Zy). (34)

Thus, the matrix of line resistances with perturbed im-
pedance can be represented as

I~ =~ 2 2
[Z]z{zll 212} _| antAzn Azip+ Az,
2 iy +Azhy
4 EXPERIMENTS

When designing high-speed digital signal transmission
systems with a frequency above 1 GHz due to technologi-
cal errors in the production process there is a problem of
their distortion when passing along the conductors of a
homogeneous transmission line on a printed circuit board.
In this case, as follows from the requirements of interna-

tional standards IPC-2221A [16] instability in obtaining a
constant wave resistance can be described with a suffi-

(3%5)
Zyp +Azp)

cient degree of accuracy by the perturbation of the wave
conductivity AYy(t)= asin(BrJrO), where a,f3,0 con-
stant numbers that characterize the technological process.

5 RESULTS
According to the above formulas for a particular case
of perturbation of the impedance of a homogeneous line,
the dependence of the relative change in the norm was
constructed (HO) chain matrix [A] = [Al 1,A12,A21,A22]

from the electric length of Fig. 1

20 T

HO

30
N
Figure 1 — Graph of the relative change in the norm HO of the
chain matrix from the electric length of the line with perturbed
wave conductivity
6 DISCUSSION
From Fig. 1 it follows that this perturbation most
strongly affects the frequency characteristics of the line in
certain frequency bands, where there is a surge of HO.
This conclusion is valid regardless of the functional pur-
pose of the segment of the transmission line. The analysis
of the dependences (Fig. 1) for various values of a,f3,0

showed:
1. The oscillation frequencies of the wave conduc-
tance error AY(t) depend on the parameter B and deter-

mine the frequency region of the strongest disturbance of
the electrical parameters of the line. Outside this region,
the perturbation of the parameters is small. The maximum
distortion is observed at electrical lengths nz / 2,
n =1,2.3,.... The higher the oscillation frequency of the
wave impedance disturbance, the higher the frequency
range in which the electrical parameters of the line are
disturbed.

2. For lines operating in the frequency range up to the
second harmonic open at both ends of the line, the most
dangerous disturbances are monotonic deviations of wave
conductivity.

3. The location of the disturbance AY(t) a well as the

initial phase of the disturbance 0 does not affect the fre-
quency domain of distortions, but only affects the nature
of distortions in this domain.

4. An increase in the magnitude of the error of wave
conductivity a leads to an increase in the deviation of
electrical parameters from the nominal in the entire fre-
quency range.

5. Existing methods for assessing the impact of tech-
nological inaccuracies in the manufacture of lines make it
possible to determine the deterministic and statistical
characteristics of the wave impedance of transmission
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lines [5-9, 11-14]. At the same time, the degree of distor-
tion of the functional electrical characteristics (input im-
pedance, reflection coefficient, various transfer character-
istics) is difficult or impossible to determine using known
methods. The approach developed in the work made it
possible to estimate the influence of inaccuracies in the
implementation of the wave impedance on the resistance
matrix of the line, considered as a four-terminal network.
The obtained relations (34, 35), in contrast to the known
solutions, allow us to evaluate the influence of errors in
the implementation of wave resistance on the deviation of
an arbitrary functional parameter of the transmission line.

CONCLUSIONS

In this work, the problem of determining the influence
of the deviation of the wave impedance of a transmission
line from the nominal value on its elements of the resis-
tance matrix is solved.

The scientific novelty of the results obtained lies in
the fact that for the first time it was proposed to evaluate
the results of the influence of production technological
errors in the implementation of the line on the norm of the
resistance matrix, which makes it possible to reasonably
choose the accuracy of the reproduction of the wave resis-
tance based on the functional purpose of the line.

The practical value of the results obtained is to sub-
stantiate the accuracy of the functioning of technological
processes for the implementation of the wave impedance
of the line, in which the functional parameters of the line
are within acceptable limits. The results obtained make it
possible to determine the minimum accuracy of produc-
tion processes, which ensures the minimum cost of the
production process.

The obtained results allow to estimate the influence of
the perturbation of the wave resistance (wave conductiv-
ity) on the matrix of the transmission line, which is con-
sidered as a quadrupole. As such a matrix can be any ma-
trix of four-pole: a matrix of resistances, conductivities, a
chain matrix. This makes it possible for the required func-
tion of the circuit (transmission factor, input resistance,
reflection coefficient, etc.) and its permissible deviation
from the nominal value, it is reasonable to choose the
tolerance for the accuracy of the reproduction of the im-
pedance. The proposed criterion for estimating deviations
of line parameters using the norm of the quadrupole ma-
trix is essentially an integral criterion and can be used to
pre-estimate the frequency range of the strongest distor-
tions, regardless of the functional purpose of the segment
of the transmission line. The developed approach is appli-
cable to both homogeneous and inhomogeneous transmis-
sion lines and covers both regular and irregular perturba-
tions of the impedance.

Prospects for further research are related to the sub-
stantiation of the accuracy characteristics of various tech-
nologies for the production of microwave equipment in
order to ensure the minimum cost.
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AHOTAULIA

AxtyansHicts. Y HBY cucremax nepenadi inopmanii mMmupoko BUKOPHCTOBYIOTECS BiAPI3KM JIIHINA Hepenadi, XapaKTepUCTUKI
SIKMX 3HAQYHO BIUTMBAIOTH Ha IPOXYKTUBHICT Pi3HUX iH(opMamiiHuxX TexHosmorid. OnHiero 3 mpobiaeM BHPOOHUITBA JiHil mepenadi
€ OTPHMAaHHS 33JJaHOTO XBIJILOBOT'O OIIOPY, IO 3HAYHO BIUIMBAE HA €JIEKTPUYHI Ta iH(OpMaLiiiHi XapaKTEePUCTHKU BCHOT'O KOMILIEK-
cy obmanHaHHs. B nanHumit yac mocrae roctpe IMUTaHHS OLHKM BIUIUBY 30yprolounx (akTopiB Ha pi3HI eNEKTPUYHI XapaKTepPUCTUKU
BiIpi3KiB JOBrux JiHid. Ha ceoroquiniHiil JeHs HaOIBII TOBHO pO3pO0IIEHI METOM OLIHKH BILIMBY 30ypIolounx (akTopiB Ha XBHU-
JILOBHH OIip OAHOPIAHOT JIiHIi (XBUJILOBHHU OIip IOCTIHHO) IPH PEryISIpHUX 30ypeHHsIX. Y [bOMY BHIIAJKy B OCHOBHOMY BPaxoOBYy-
BaBCs BIUTHB 30ypeHb Ha KOe]illieHT BiZOUTTS y3ropkeHuX JdiHii. [lutanHs BBy 30ypeHb Ha PELITY XapaKTePHCTHK OJHOPIIHUX
i, 0COOJIMBO, HEOJHOPITHUX JTiHii BUBYCHI HEJOCTATHBO.

Meta. MeTot0 cTaTTi € BU3HAUYEHHA BIUIMBY 30ypEeHb XBHJIBOBOTO OTNOPY Ha MATPHUIIO OMOpY JIiHII nepenadi. 3HAIOUH MATPHUIIIO
30ypeHuX OMopiB, MOYKHA BU3HAYNTHU CIIOTBOPEHHS Oy Ib-SIKOTO MPHUCTPOIO, TOOYIOBAHOTO HA BiApi3Kax JiHIN mepeaadi.

Mertoa. Y cTaTTi BUKOPUCTaHO METOJ Teopii 30ypeHb JiHIHHUX Au(epeHLialbHIX ONepaTopiB, 3aCTOCOBAHUM 10 PiBHSIHB, IO
OMHCYIOTH MPOIECH B HEOJHOPITHAX JOBTUX JIHISX.

PesyabraTu. OTpuMaHi pe3ysibTaTd al0Th MOMKIIHBICTh OL[HHTH BIUIMB PErYJSIPHHUX Ta HEPEryJSpHHX 30YpeHb XBHIBOBOI'O
oropy (XBHIBOBOI MPOBIAHOCTI) HA MATPHIO JIiHII Iepeaadi, o pO3rILIAETHCS SIK YOTHPUIIOMIOCHUK. Taka MaTpHIs Moxe OyTu
OyIb-SIKOI0 KBAJIPYIOJBHOK MATPHUIICIO: MATPHUICIO OIMOPIB, MPOBITHOCTEH, JaHIOrOBoW. [le poOUTh MOXKIUBHM, BiIIOBIIHO 10
HeoOXiHOT GyHKINT cxeMu (KoedillieHT mepeaadi, BXiMHHIA omip, KOe(ilieHT BiAOUTTS) BU3HAYUTHU ii JOMYCTUME BiIXHUJICHHS Bia
HOMIHAJIEHOTO 3Ha4YeHHs, 00 BUOpATH JOITyCK IS BIATBOPEHHS XBHILOBOTO OIOPY.

BucHoBKH. 3anponoHoBaHUN KPUTEPii OLIHKK BiAXMICHb IapaMeTpiB JiHil 3 BAKOPUCTAHHIM HOPMH KBaJPYIOJbHOI MAaTPHLI
3a CBOEIO CYTTIO € IHTErPaJbHUM KPUTEPIEM i MOXe OyTH BUKOPUCTAHM [UIs TONIEPEAHBOI OL[IHKM YaCTOTHOI 00JacTi HAWCHIIBHIIINX
CIIOTBOPEHb, HE3aJICKHO Bil (yHKLIOHAIBHOrO MPU3HAYCHHS BiApi3ka jiHil nepenadi. Po3pobieHuii miaxin 3acTOCOBYEThCS SIK 0
OJTHOPIIHUX, TaK 1 JO HEOTHOPITHUX JIHIN Iepenadi Ta OXOIUTIOE K PETYISAPHI, TaK 1 HepeTryIApHi 30ypeHHS XBIIBOBOTO OIOPY.

KJIFOYOBI CJIOBA: ninis nepemadi, XBHIbOBHHA OMip, 30ypEHHS, MATPHUIIA OIIOPiB, YOTHPHUIIOIIOCHHUK, HEOAHOPIHA JIiHis, KO-
eQIlieHT BiTOUTTS.
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OIPEJEJIEHAE MATPHIIBI COMMPOTATBJIEHNM JIUHUM IMTEPEJAYM ITPA OTKJIOHEHUAX
KOHCTPYKTUBHBIX IAPAMETPOB OT HOMUHAJIBHBIX
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AHHOTANUS

AktyaiabsHocTh. B CBY cucremax nepenaun nHGOPMAINH ITHPOKO UCTIONB3YIOTCS OTPE3KH JIMHUN Mepeaadn, XapaKTePHCTHKHI
KOTOPBIX 3HAYUTEIHHO BIUIOT HA TPOU3BOJUTEIBHOCTD PA3INYHBIX HH(OPMAIMOHHBIX TeXHONIOTHH. OqHON 13 MpoOIeM IPOU3BOA-
CTBA JIMHUH Mepefadn SBIIETCS MOTydeHNE 3aJlaHHOTO BOJHOBOTO CONPOTHBIICHHMS, YTO 3HAYNTEIBHO BIHMAET HA 3JIEKTPUUECKUE U
nH(pOpPMAIMOHHBIE XapaKTePHUCTUKH BCETO KOMIUIEKCa 000pyaoBaHus. B HacTosIee BpeMs: BOZHHKAET OCTPBIN BOIPOC OLICHKHU BIIHSI-
HUSI BO3MYIIAIONMMX (DAaKTOPOB HA Pa3iIMYHBIC IEKTPHUECKUE XapaKTEPUCTHKH OTPE3KOB UIMHHBIX JMHUHA. Ha cerommsmamii nens
HanboJiee TOJTHO pa3paboTaHbl METOABI OIEHKH BIIMSHHS BO3MYIIAIONIMX ()AaKTOPOB HA BOJHOBOE CONPOTHBICHHE OJHOPOIHOMN JIH-
HUM (BOJIHOBOE CONPOTHUBIICHUE MOCTOSIHHO) MPH PETYISIPHBIX BO3MYIICHHSX. B 3TOM ciyuae B OCHOBHOM YYHTHIBAJIOCH BIMSTHHE
BO3MYIIECHHUH Ha KOA(QQUIMEHT OTpakeHHsI COTTIACOBAHHBIX JIMHUHA. Bompoc BIHMsSHMS BO3MYILECHUH HA OCTaJbHBIC XapaKTEPUCTUKH
OJTHOPOJIHBIX ¥, 0OCOOCHHO, HEOHOPOIHBIX JIMHUH M3y4eHbl HEJJOCTAaTOYHO.

Hensw. Llenpio cTaTbu SBISIETCA ONpEAENICHUE BIMSHHS BO3MYIIEHHH BOJHOBOTO CONPOTHUBICHUS HA MAaTPHILy CONPOTHBICHHS
JIMHUM Nepefadyn. 3Has MaTPUIly BO3MYILEHHBIX COMPOTHUBIEHUH, MOXKHO ONPEAEIUTh UCKAXKEHHSI XapaKTePUCTUK KaKoro-JInbo ycT-
poiicTBa, NOCTPOEHHOTO HAa OTPE3KaxX JIMHUM Nepesayn.

Metoa. B cratbe UCTIONB30BaH METOA TEOPHH BO3MYILEHHH JMHEHHBIX NU(QPEpEeHINANBHBIX OIEepPaTOPOB, MPUMEHEHHBIA K
YPaBHEHHUSIM, OTMCHIBAIOIINX MTPOLECCH B HEOAHOPOJHBIX JITHHHBIX JIMHUSX.

PesyabTatsl. IloryueHHbIe pe3yIbTaThl AaOT BO3MOKHOCTD OLICHUTD BIMSHUE PETYJISIPHBIX U HEPErYJIAPHBIX BOSMYILICHUIN BOJI-
HOBOT'O COIIPOTHUBIICHUS (BOJHOBOI MPOBOJMMOCTH) Ha MATpPUILy JIMHHUU IIEpelady, pacCMaTpUBaeMOM KaK YeTBIPEXMOMIOCHUK. Ta-
KO MaTpuIiedl MoXeT OBITh Kakas-JMOO MaTpHIa YEeTHIPEXMOIIOCHUKA: MaTpPHIa CONPOTHUBIICHUH, IIPOBOJUMOCTEH, IEMHOH. DTO
JieJIaeT BO3MOXKHBIM, B COOTBETCTBHH C TpeOyemoii ¢pyHKimer nemy (ko duuueHT nepenayn, BXOJIHOE CONPOTUBIICHNE, KO duim-
CHT OTPAXCHUS) ONPEAEIUTH JOIMYCTUMOE OTKJIOHEHHE BOJHOBOTO CONPOTHBIECHHS OT HOMHHAJIBHOIO 3HAuYeHUs, YTOOBI BHIOPATH
JIOIYCK JJIs1 BOCIIPOU3BE/ICHHSI BOTHOBOI'O COIIPOTUBIICHUS.

BoiBoabl. [IpennokeHHbIN KPUTEPUI OLEHKH OTKJIOHEHMH NapaMeTpoOB JIMHUM C MCIIOJIb30BAHUEM HOPMBI YETHIPEXIIOIIOCHON
MaTpUIBI IO CBOEH CYTHU SIBISETCS MHTETPAIbHBIM KPUTEPHEM U MOXKET OBbITh HCIIONB30BaH ATl MPEIBAPUTEIBHON OLEHKH YacTOT-
HOI o0nacTi HanboJiee CHIIbHBIX MCKAKEHHH, He3aBUCUMO OT (YHKIIMOHAJIBHOTO Ha3HAYeHWs OTPEe3Ka JIMHUM nepenauu. Paspabo-
TaHHBIA TOAXO0J MPUMEHUM KaK K OJHOPOIHBIM, TaK M K HEOJHOPOJHBIM JIMHHAM II€peladl ¥ OXBATHIBACT KaK PEryJspHbIC, TaK U
HEPETYISPHBIC BO3MYIIECHHS BOJIHOBOTO COMPOTHBICHHS.

KJIFOUEBBIE CJIOBA: nunus mepenadyl, BOJHOBOE CONPOTHBICHUE, BOSMYILIEHHS, MAaTPHUIA COMPOTHBICHHH, YETHIPEXIIO-
JIIOCHYK, HEOJHOPOAHAS JINHHUS, KOIPPUIIMEHT OTPAXKESHUS.
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