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MICROSTRIP DISCONTINUITY ANALYSIS
USINGFINITE-DIFFERENCE TIME-DOMAIN METHOD

The finite-difference time-domain method with Mur's first-
order absorbing boundary conditions is applied to the analysis
of a microstrip open end and a microstrip gap. Based on Max-
well's equation discretization, computational algorithms are
developed to simulate Gaussian pulse diffraction by the dis-
continuities. Qualitative time-domain data are obtained to
illustrate scattering process evolution. Frequency-domain
results in terms of -matrix elements are calculated and com-
pared with other available data.

1 INTRODUCTION

Microstrip discontinuities serve as basic building ele-
ments of microwave printed circuits. Based on the knowl-
edge of frequency-dependent parameters of discontinuities
involved in a circuit, complex microwave devices can be
easily analyzed from interconnects of microstrip disconti-
nuities and microstrip line segments. That is why accurate
modeling microstrip discontinuities in terms of S-matrix
elements is a problem of great importance for modern
microwave printed circuit design. To meet the require-
ments of microwave integrated circuit technology, one
should apply sophisticated computer-aided design (CAD)
tools for the accurate simulation of electromagnetic field
scattering by circuit components.

Various techniques have been used for recent years to
solve microstrip discontinuity problems. A full-wave spec-
tral-domain approach has been applied to the analysis of
arbitrary shaped open microstrip discontinuities in [1].
The full-wave analysis of shielded passive microstrip com-
ponents has been provided in [2] using the method of
moments. In [3], the mode matching technique has been
presented for the analysis of a shielded microstrip step dis-
continuity. The method of integral equations for overlap-
ping regions along with the planar dispersive waveguide
model has been proposed in [4] for microstrip discontinu-
ity analysis.

Presently, the finite-difference time-domain method
(FDTD) is widely used for solving various problems of

electromagnetic theory including the analysis of printed
circuit components. The method has been firstly presented
in [5] to solve three-dimensional electromagnetic scatter-
ing problems and applied to microstrip discontinuity anal-
ysis by many authors [6], [7]. The main advantage of the
FDTD method is its great flexibility in the analysis of a
variety of microwave printed circuit configurations. More-
over, the ability of field simulation both in time and fre-
quency domains allows us to get an insight into a time-
dependent process of signal scattering by circuit disconti-
nuities and to obtain the frequency-dependent characteris-
tics of circuit elements in terms of S-matrices.

In this paper, the FDTD method with Mur's first-order
absorbing boundary conditions (ABC) is applied to the
analysis of a microstrip open end and a microstrip gap.
Qualitative results are obtained in time domain to illus-
trate the electromagnetic field propagation and scattering.
S-matrix elements are derived from the time-domain data
using the Fourier transform. Frequency-dependent results
are compared with other available data showing good
agreement.

2 METHOD OF ANALYSIS

The finite-difference time-domain method is based on
dividing a limited computational domain with an analyzed
structure inside into unit cubic cells and calculating field
values at nodal points of the space mesh at successive
instants of time. An approximate solution of the electro-
magnetic problem can be obtained solving Maxwell's equa-
tions:

> OH
VXE = u=,
ot
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with appropriate initial, source and boundary conditions
imposed on conductors, interface surfaces and the compu-
tational domain walls. The discretization of Maxwell's
equations using the centered difference approximation
leads to a set of algebraic equations providing an explicit
computational algorithm for the simulation of electromag-

9
netic field scattering. Each component of H field can be

9
derived from certain components of E field at four sur-
%
rounding nodal points. Similarly, £ field components are

N
calculated through H field values at four surrounding
nodal points. To achieve the centered differences for time

derivatives, ?? and 7{ field components should be alterna-
tively calculated one through another at all nodal points at
successive instants of time.

The ground plane and strip conductors are assumed to
be perfect electric conductors of zero thickness and
involved in the analysis by setting tangential electric field
components on the conductors to zero. Field components
on the dielectric-air interface are calculated using the aver-
age permittivity (g, +¢€,€,) /2. For tangential field com-
ponents on the computational domain walls (except the
ground plane) special treatment must be done. These field
components cannot be calculated using field values at the
nodal points outside the computational domain and should
simulate outgoing waves with no reflection. To this end,
Mur's first-order approximate absorbing boundary condi-

%
tions [8] are imposed on tangential £ field components on
the domain walls.
The initial conditions force all field components to be

zero at ¢ = 0 throughout the computational domain. At

t = 1 Gaussian pulse is excited on the front wall with the

vertical electric field component

(1—1)?
E (1) = exp{— T20 :|

(@)

The other electric field components on the source wall
of the computational domain are forced to be zero. To
avoid undesired return wave reflection by the front wall,
the electric source wall conditions should be switched on
the absorbing boundary conditions when Gaussian pulse
reaches a discontinuity.

3 MICROSTRIP OPEN END

The microstrip open end is a microstrip discontinuity
that is widely used in microwave printed circuits. The
computational model of a microstrip open end is shown in
Fig.1. The structural parameters used for calculation are

Ax=Ay=Az= 0,06 mm, Af =kAz/cl, a = =100,
b=50,71=50,h=w=10,¢, =96, where Ax,

Ay and Az are the space discretization intervals in x, y,
and z directions, respectively; A¢ is the time discretiza-

interval; k& is the stability criterion constant
(k = 0,514) and c1 is the velocity of light in air. Time-

domain results shown in Fig.2 illustrate the field distribu-

tion

tion calculated for £ component on the plane just under-

neath the strip surface at the moment when Gaussian pulse
has been reflected by the discontinuity.
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Figure 1 - Computational domain for microstrip open
end
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Figure 2 - Field distribution for microstrip open end

In the figure, one can also see a surface wave travelling
from the discontinuity to the far end of the computational
domain. It can be seen that the time-domain results explic-
itly illustrate Gaussian pulse scattering by the microstrip
discontinuity. But for CAD purposes frequency-dependent
data are required in terms of §-matrix elements. The scat-
tering matrix of the microstrip open end consists of only
one element that corresponds to the reflection coefficient.
It can be obtained from the time-domain data as
ECGz=2 M) a1y

~— (3)
EYV(f,z=1Ay)

SN =

where E;ef is the Fourier-transformed reflected electric

field component calculated underneath the strip at the ref-
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erence plane z = 7\.1Az, E;”c is the Fourier-transformed
incident electric field component at the same point. The
incident field is obtained as a result of the FDTD model-
ing of the regular microstrip line and the reflected field is
calculated as the difference between the total scattered
field and the incident field. The dispersion characteristic of
the reflection coefficient is shown in Fig.3 together with
the results provided in [6]. Tt can be seen that both results
agree well with a discrepancy less then 4 %.

4 MICROSTRIP GAP

The computational model of a microstrip gap is shown
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Figure 3 - Reflection coefficient of microstrip open end
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Figure 5 - Field distribution for microstrip gap

in Fig.4. The structural parameters are as follows:
Ax=Ay =Az=0,06 mm, a = 60c, ¢ = 100, b = 50,
L=5, h=w=10, €,=9,6. Fig.5 demonstrates time-
domain results for £ component distribution on the plane

just underneath the strip surface after Gaussian pulse scat-
tering by the gap. It can be observed that the pulse has
been partly reflected into incident port 1 and partly trans-
mitted into port 2. Frequency-dependent characteristics of
the microstrip gap obtained from the time-domain data are
shown in Fig.6. Calculated results for the scattering
matrix elements are compared with data of [6] revealing
good agreement with maximum discrepancy of 3%.
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Figure 4 - Computational domain for microstrip gap
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Figure 6 - Scattering matrix elements of microstrip gap
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5 CONCLUSION

The finite-difference time-domain method with Mur's
first-order absorbing boundary conditions has been applied
to the analysis of a microstrip open end and a microstrip
gap. Both time-domain and frequency-domain numerical
results have been obtained and discussed for the microstrip
discontinuities under consideration. Frequency-dependent
characteristics for scattering matrix elements have been
compared with other available data showing good agree-
ment.
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Hagpiitmma 16.10.2003
IIpedcmasien anarus omkpuimozo KoHud U pa3pbied MUKpo-
NOJIOCK060T LUHUU MeMOJOM KOHEUHLLX PAIHOCMEl 60 EpeMeH-
noti obracmu ¢ nozrowalowumu yciosusmu Mypa nepsozo
nopsadka. Ha ocnose ouckpemusayuu ypaeuenuti Makceenna
nOCMPOEHbl GHIUUCIUMENbHDLE AN20PUMMbL 05 MOOeSUPOEANUS]
Juppaxyuu zayccosa umnyavca na neodnopodnocmsax. Iony-
uenvl pe3yibmamot 60 epeMeniol 001acmu, Kauecmeenno uiio-
cmpupyrowue npoueccol. Jugppaxuyuu. IIposedeno cpasHenue
QUCNePCUONIBIX XAPAKMEPUCTRUK IJIeMEHIN0E MAMPUY, PACCes.-
HUsL ¢ OAHHbLIMU OPY2UX ABMOPOS.

IIposedeno ananis 6idkpumozo Kinys ma po3pusy MiKpo-
CMYKKOB0T NIHIT Memodom CKiHUeHHUX PI3HUUb Y UACOGil
obracmi 3 nozrunaruumu ymosamu Mypa nepuiozo nopaodxy.
Ha nidcmasi Ouckpemusauii pisusmuv Maxceera nobyoosano
obuuca0eanrvni  arcopummu 01 modenioganus —Ouppaxuii
zaycosa imnyavcy ua neoonopionocmsax. Odepxano AKicui
pesyavmamu Yy uacogiti ob6aacmi, wo iA0OCMPYIOML NPOUECU
Jugpaxuii. 3pobaeno nopienanus ducnepcitinux xapaxmepuc-
MUK eleMenmi6 Mampullb POICIAHHIL 3 THUWUMU OAHUMU.

M.B. AHapeeB, B.®. bopyabko, 0.0. ApobaxiH, A.HO. CarTukoB

CNPOLLEHI NIAX0AN APOb0BO-PALIOHAJIbHOIO NPEACTABJIEHHA
B CNEKTPAJIbHO-CMONYYEHIA OBNIACTI
ANA BUIHAYEHHA NAPAMETPIB BIABHBAJIbHUX CTPYRTYP

Poszeasnyma moxausicmv 3acmocyeanns AIHIUHUX Nidx00is
05l ANpoOKCUMAUTT CREKMPANLHUX OAHUX 00HONONIOCHOI0 (DYHK-
yicwo i euxopucmanns 0po006o-payionarvinoi inmepnoasyii
CNeKmMpPAnbHUX OAHUX 3 MEemOw NPUCKOPEHHA npouedypu
BUIHAYCHNS NAPAMEMPI8 AOUMUBHOT eKCNOHenYidAbHOT Modenl.
IIpoananizoeani mounicHi XaApaxmepucmuxu 3anponoHoO8aAHUX
Mmemodie i npogedene IXHE NOPIGHANHSA 3 AHALOZTUHUMU
XaApaxmepuCmuxamu iHuux memooie 0anozo Kaacy.

BCTY11

B Gararbox 3amavax mpukiIagHoi pagiodisuku BHHHKae
npo6jieMa BU3HAUEHHS T1apaMeTpiB aJUTHUBHOI EKCIIOHEH-
niagpHOi Mozesi. SK TOKasye MOCBiJi MPAKTUYHOTO BUKO-
AJIMTUBHOI  e€KCIIOHEHIliaJbHO1

pucTansa, 3aCTOCYBaHHA

MOJIeJIi Jlae 3MOTy iMiTyBaTH Pi3Hi BJIaCTUBOCTI Bi1OUBAJIb-

Hux o6'ektiB [1-3]. 3okpema, Taka Mojesib Moxke OyTH
BUKOPHCTAHA /IS PO3TJISIAY BiAGHTTS B 6araro-mrapoBHX
JIieJIEKTPUYHUX CTPYKTypax [4].
Ha monepexnbomy erari
CTPYKTYp TO3WTHBHI pE3yJIbTaTH BUMipIOBaHb GyJIN JOCST-

JOCTII/PKEHDb  BiIOMBaJbHIIX

HyTi 3a PaXyHOK BHKOPUCTAHHS MeTOJiB IU(POBOro crie-
KTPaJbHOTO aHaTi3y pe3yJbTaTiB BUMipIOBaHb B YaCTOTHil
obmacti [3]. Takmil miaxiz norpeGye posrismy MojeJieit
BHCOKOTO TOPS/IKY, 1[0 Bejie /10 HECTIHKOCTi pe3yJbTarTiB.
HeoOxifHicTh BUKOPUCTAHHSI MOjIEJIeil BUCOKOTO TOPSI/IKY
00yMOBJIeHO THM (DaKTOM, IO B €KCIIEPUMEHTAJbHUX JIaHUX,
OTPpUMAHUX, HATPUKJAJ, MPHU JOCJi/PKEHHI AieJeKTPHIHUX
CTPYKTYp, TpucytHsi iHdopmallis mpo Bci poscitoBaui, sKi
GyJI OIIPOMiHEHI 30H/IOM, & He TiJIbKU TIPO HEOIHOPIHOCTI
CTPYKTYpH, IO O0€3IMOCEPEAHbO JOCTIKYIOTbCS. AJbTEp-
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HATUBHUM €  BHUKODHUCTaHHA  APOOGOBO-110JIiHOMiaJIbHOT
anpoxcumarii pparMenTy 4acoBOTO CHTHAJY, SIKHil Ge3rnoce-
pPeHbO ONUCYE CTPYKTYPY, Ky Tpe6a BUBUMTH. Po3risn
parmenty, 110 6e3mocepeHbO OMUCYE [OCTIKYBAHY CTPY-
KTYypY, /103BOJIIE CYTTEBO NMOHU3UTH BUMipHICTh MaTeMaTHY-
HOI 3a/au4i.

Aute 1po6oBO-paIlioHATbHA AIPOKCUMAILST B CIIEKTPAJIBHO
CTOJIy4eHiil o6JiacTi TpUITycKae MiHiMizalilo HeJiHiiiHOT
iJb0BOT (DYHKINT, 10 SBJSE CcO60I0 CKJIAJAHY HeJiHiHHY
06YHCJTIOBAJIbHY 33/1a4y i 10 BIMAra€ 3HAYHUX OGUMCJIIOBA-
JpHEX pecypciB. Tomy, O6axkaHo O6ysno 6 3BecTH 3agady
BU3HAUCHHSA  IIapaMeTpiB  aJUTUBHOI  €KCIIOHEHILiaJbHOL
MOZieTi 0 TOCJIiZIOBHOTO PO3B'S3Ky HAGOpPY INPOCTUX, IO
MOJKJIMBOCTI, JIIHIIIHUX 3a/ad.

MOCTAHOBKA 3ATAYI
Buxopucranus aguTuBHOI eKClIOHeHIliaabHOI MojesIi aHa-

%
sigoBaHoro curnanry R = [RO’RP ""RN—i]T’ o 3aja-
HUil y BHUXifgHill 4yacTOTHill o6JacTi Ha AMCKpeTHIN ciTui

0, = 0y+tnAo (n=0,1,2,...,N-1), y suraazi

M
R(@n) =Ry = D imeP(=j @n7m) | )

m=1

per i7T

m m KOMILJIEKCHI ITapaMe€Tpu Mo/eJ1, [Ja€ 3MOory y

CIEKTPAJIbHO-CIPSKEHi i t = kAt

(At =2n/NAw; k=0,1,2, ..., N—1) Bupasuru 1ei cur-

HaJI 32 JIOTIOMOTOI0 IpOGOBO-PAIliOHATIBHOTO TIPE/ICTABIEHHS

obmacti  Ha  ciTIi

G(tk) =Gk =

a

. 2r . . “ -~

ne Z=@<F{JW} Sm=expljAwT); o =exrljadtm)={mawi Z0=2.

Y wMarpuuniit ¢opMi MozesSb CIEKTPAIbHO CIOJYYEHOTO
CHTHAJY MOKe OYyTHU 3aIicaHa siK

G =[Gg,Gy,.... Gk 1] =27 (3)

ne r = [rl, [PYIN o ]T , a (km) -uit enement Matpuli Z Mae

emlc -1 |
BUIIAS Zym = K . AnpokcuMalisg B CleKTpaJb-
N;Om[z —gm)
HO crosryyeHiit o6Jsacti 3a gornoMororo MiHiMisanii 11iab0BoT
Pynkuii

o - oo ©

JI03BOJIIE BU3HAYaTU IlapaMeTpU eKCIIOHeHIiaJbHOI MogeJi
(1) Ha ocHOBI KoHIleNii KBa3ipo3s's3Ky [3].
OckiJbKKM eHepris curHagy HepiBHOMIPHO PpO3MO/ijeHa

Ha citui ¢, = kAt | To € ceHc BUKOPHCTOBYBaTU B 1OGY/I0BI

uisboBoi (yukuii (4) He Bci N BiaIikiB, a TiJbKH 06MexKe-
He iX ywucyao, TOOTO TiJBKHU Ti, MO MAlOTh MAaKCHMAaJbHY
amrumityy. CyGonTuMaJbHUIT MeTOJ ONTHMi3allii 1Mo dvac-
TUHI CIIEKTPAJbHUX TOYOK IOBHUHHUIN [O3BOJUTH 3HAYHO
3MEHIINTH BUTPATH 4Yacy Ha OJep:KaHHS KBa3ipo3B'sasky [3]
IIPY HE3HAYHOMY IOTipIIeHH] IOTPilHOCTI.

BBeieMO B pO3IUisi]] MHOKUHY 1HIEKCIB 1={ko, k1, .

!

ana K BifsikiB, y SKUX aMILTITy[a CIEKTPAJIbHO CIIOJIyue-

Horo curany G, MakcumajbHa. Bukopucranus TimbKu 1ux

Bi/UTIKiB BU3HA4ae, MO B WiaboBid ¢yuxuii (4) cramapuumit
= 1 *

IOOYTOK Ma€e BUTJISI] (X,Y)| =E E XkYk , a cama mispoBa

kel
dyHKILis MOKe OyTH 3alucaHa siK

SR el? HA = 2

p =[G -z =G| -2relz"G,F) + 27}
Minimym 1iei 1minboBoi GyHKINT 32 BekTOpOoM KoedillieHTiB
I 3a6e3meuyioTh ONTHMAJbHI 3HAYEHHS [ , O/lepXKyBaHi 3

1 ~ _
pO3B'aA3Ky JiHiiiHOT 3azaui T = (ZHZT zHG Y10 ,

Jle MaTpUIld CUCTEMN JIiHINHUX PiBHSHD Ma€ BUTJIS:

Co]Cm(C;V_ 1)(@,;,1\/_ 1) »

Y =27Hz= 5
KN COmcl

1
2 z-k—c#)(zk—cm)} ’

kel 1=1,2, .. M;m=1,2, ... M

a BEKTOD IIpaBUX YaCTUH CUCTEMU BU3HAYAETHCA AK

[TizcTanoBka ONTUMAJBHUX 3HAUYEHb § , OTPUMAHUX TIPH
pO3B'si3aHHi JIiHIHHOT 3aa4i, y 1iJbOBY (DYHKIIIO 03BOJISIE
3HU3UTH PO3MipHiCTb I1igboBOI (yHKIT i 3amucarn ii gk

2 e
p = "G"| —Re(U,r)l . OckinbKu 1sl 1iJboBa (DYHKIS €

MIPUHIIMIIOBO HEYHIMOAAIBHOIO i MOoNaJanus B i rJ06aJbHIi
MiHIMyM P BUKODHUCTAaHHI CTaHJAPTHUX METO/IB JIOKaJb-
HOi MiHiMi3amii TapaHTyeTbCs yCHIITHIM BHOGOPOM IIOYATKO-
BOro HaGJIIDKEHHSI, TO Hal6iibIl eEeKTUBHUM /IS HMOIMIYKY
KBa3ipo3B'A3Ky € aJAropuTM I10CJi/[OBHOTO HAPOILYBaHHS 110~
PAAKY MoJieli 3 BUKOPUCTaHHAM OI[iHOK IOIEPEeJIHbOro eTa-
my sIK novatkoBoro Habsmmxkenus [4]. To6ro B sikocti mo-
YaTKOBOTO HAOJIDKEHHS Ha KOXHIM eTalli aJropuTMy
BUKOPUCTOBYIOTHCS ONTUMAJIbHI 3HaYeHHS ITapaMeTpiB Mo/ie-
Jii, 3HalijieHi Ha IONEPeJHbOMY €Tami, a /s PO3MipHOCTi,
IO TOJJA€ThCS, TOYaTKOBe HAGIKEHHST BU3HAYAETHCS 32 JI0-
TIOMOTOI0 AITPOKCHUMAIii CIIEKTPATbHUX [JAHUX OJ[HOITOJIIOC-

HOo (yHKIi€I0 32 pisHUIEeBUM curHajsoM G —Zr . Baxkano
6y10 6 PO3IJIAHYTU HiAXOAM, 10 6 JO3BOIUIN BUKOHYBATH

1[I0 alIPOKCUMAIlil0 JiHIHHUMU METO/AMU.
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ANMMPOKCHMAILIIT CIEKTPAJIBHHX TAHHX
OTHOMNOJIOCHOI ®YHKIIE IO

PosriissneMo MOKJIMBICTD alpOKCUMAallii ClIeKTpaIbHUX
JIAHUX OJIHOTIOIOCHOIO (DYHKIIi€I0 3a JONOMOroio JiHiHHUX
MmeroniB. Hexaii BuKopucToByBaHa [ amlpokcuMalii crie-
KTpaJbHUX JaHuX (3a/laHUX Y CHEKTPAJIbHO CIIOJyYeHii
06J1acTi) MOJIesib Ma€ BUTJISIL

b AalkN -
Gy = = , k=01..K-1, (5)
CEL NGl g

r1§1(g N 1)
NG,

ingexcis | ={kg,Kq,....Kk }, v sIkux ammmiTyga crnekrpaibHo

ne by =

. Byznemo BukopucTOBYBaTH MHOKHHY

CIIOJTYYeHOTO CUTHAIY Gk MakcuMasibHa. Ilapamerp C1
BXO/IUTb Yy MOJIeJIb HEJiHIHHUM 06pa3oM, IO 3aTpy/HSE
BUKOPUCTAHHS JIiHITHUX METOMiB JIJIg HOTO OIiHKU.

o6 onmep:kaTn MOXKJIMBICTD BHUKOPUCTOBYBATH JIiHiiHI
MeToau s OLiHKM mHapamerpis mogenti (5), HeoOXizHO
obnamTyBatn BUKOpHcTanus Mogenai (5) mig imBeproBami
criekTpaJsibHi mani. Hexail iHBeproBaHa Moje/ib Ma€ BUTJIS:

o b dG KOk ©
NE,
fepy = b7l = o
! ! C1(C1_N_1)71
NE,
=, /b, = —m—F— = ZH _1ZHG.
Py $1/by (‘;TN_“rl (272

3uatoun KoedilieHTn py, p(, B3aBKAM MOXKHA 3HAlTH

G=-po/Pr , z=In(- po/p) jde 1 1 =N /-GN .

V Matpuuniii ¢popmi cucremy piBHsaHDb (6) MokHa 3ammcaTn
Y BUTJISA/L:

) )]

ou

Ip=

Jle  MaTpuilsd ]=(71,fo) CKJIAIA€ThCA 3 JBOX BEKTOPiB-

= [ZkL=0,1,...,K—1 . To=ltk—oz..k1, a

BUKOPHUCTOBYBaHi BEKTOPH MAalOTb BUTJIA! p:[Pl, Po] )

CTOBIILiB

G= [(351, 2061 L. 28 ot Jr . Koedimientn p,, p,
3HAXO/ATbCS 3 PO3B'A3KY JiHiNHOI 3a1ayi IHIE) =11G a6o

Yp=U, €))
K-1
K K
v —H= CICRCAT) N k=0 {K 0]
ne AIAT K—lk 0 K|
z K

k=0

K-1
(S
(1—1He —| k=0
U=1'G= K1
K~-1
D %C
k=0
B Bupasax gns  eneMeHTiB Y  BpaxoBaHO, IO
K-1 K
K= 1-z =0 . Po3s'a3ok (8) nae:
1-z
k=0

Ane Bukopucranus (9) A8 BUBHAUEHHS NIyKaHUX Tapa-
MeTpiB Mozesi € mpobiemarnynnM. Hepesuxwii mym y Gy
Gye TIPU3BOJANTH [0 3HAYHUX 3MiH 3BOPOTHOI BEJUUYNHH, A,
3HAYUTD, i 0 BEJIUKUX MOTPIITHOCTEH BU3HAYEHHS MTYKAHIX
xoedilieHTiB.

[MTo6 BUKIIOYATH BUKOPHUCTAHHS 3BOPOTHUX BEJIUYUH
CIIEKTPa, MOXKHA /JIs1 allpOKCcUMallii 3aMicTb cucTeMu PiB-
nanp (6), W0 BignOBigac iHBEPTOBAHOI MOEI, BUKOPUCTO-
ByBaTn MOMM(IKOBAHY CHCTEMY PiBHSHb HACTYIHOTO BUT-
asiny (nepiua cryninb MoaudiKyBaHHS MOJEI):

Pz G2 + pozg Gk =1,  k=0L..K-1.  (10)

YV Matpmuniii ¢opmi cucrema piBusaab (10) Moxke 6yTH
3ammucana y BUTJISI:

11)

111

ol
Il
m

Jie Marpuns &= (gl,ao) CKJIQJIAETHCS 3 JIBOX BEKTOPiB-CTOBII-

: _ |-k k - —k
L[iB E"l_[zo sz L:O,:l.,...,K—].y &OZIZO GkL=0,1,...,K—1’

a BEKTOP E:[l,l,...,l]T e opuanyanM. Koedinienrn Py Py

3HAXO/ATbCS 3 PO3B'SAI3KY JIiHINHOI 3aaui EHEE) ==HE abo

Sp=V (12)
. |G| (cXpra
e S:EHE=[§{|§1 §1§0j= k20 k=0 :
&g &le) |G o K S
Dl e
k=0 k=0
K-1
ZzléGf;z_k
T _=HE =
V=z"E=| K0 *
266
k=0



PAITODI3NKA

HJISI 1IIbOTrOo MOJXHa BI/IKOpI/ICTOByBaTI/I BI/IpB.SI/I BI/I[[y
Ny — Sy V- —SyMj + Sy V-
b= SV~ S1oV2 o= Spvh + SV 10 s03B0MSE
S1152 - S12S1 1152 - S12S1
3aImcaTH MIyKaHUil PO3B'SI30K B HACTYITHOMY BUTJISI/I:
k = K~* _—k & k
St 3 - Sl Y
k 0 k=0
s & K K S kK K -
Sy e el S
k=0 k=0 -

Takox MOXHA BHKOPHCTOBYBATH iHIITY MOJM(iKOBaHYy
cucremy piBHsiHb (apyra cryminb MoaudiKyBaHHS MOJeJIi)
JUI  allPOKCHMalii CIIeKTpaabHUX JaHUX OJHOIIOJIOCHOIO
dyHKITiETO:

—k —k —
Mz, sz + Poz, Gk Gk, k=0l..,K-1. (14)
V wmarpuuniii  ¢opmi cucrema piBusHb (14) Moxe Gytu
3ammucana y HaCTyITHOMY BWTJISAJI:

0p=G, 15)

1€ MaTpulsd Z(Z_%_,Z_’So) CKJIQZIa€ETbCA 3 [ABOX BeKTOpiB-

o 5 |, ka2
CTOBIILiB 191=[20kGEZkL:0‘L___’K_1, 190_l20 GkL:O,L...,K—l’

a  BEKTOp
=[Go,Gy,. Gkl

3 po3B'sisky ainiiinof sazaui @Hep=HG ado

IIpaBuX YaCTUuH BU3HAYAETbCA CIIEKTPOM

. Koediuientu py, p, sHaxomsarbes

XﬁZ\T\/ ) (16)
KL KL
Yladt etz
H = =
ne X=0Me=| K0 . k=0 | a
e Y led
k=0 k=0
K-1
Y o Peidsz
~ HA =
=076 =Y, -
D le ez
k=0
Jlng 1mporo MokHa BHKOPUCTOBYBATH BUPAa3W BUIY
_ KoM — X W _ XM+ XiWo o sosso-

X11X22 = X12X21 X11X22 — X12X21

JISIIOTH 3allcaTy HIyKaHUH pO3B'SI30K B HACTYIIHOMY BUJLi:

K- K-1
Zieki“ kZmz k- |Gk|4z|ek|ze;zg

= (S0k=0

K-1
ZIGkI ZIGI G797 ZIGKI4 kZIGKI Gz

.(17)
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IIpu umcenbHill peanisauii poss'ssky pisugaHa (16)
HeoOXi/JHO BpaxyBaTH BHIIQJOK, KOJM MaTpuig X CTae
BUPOJ/)KEHOIO Yepe3 JIHIlHY 3aJIe’KHICTh CTOBIMINB MaTpPHII

@ 1pum 'momasaHHi TMOJI0Ca HA JUCKPET', MO BiATOBimae
CUTHAJY Y CIHEKTPAJbHO CIOJy4eHill 06JacTi HACTYITHOTO

BUTJIALY:

qz{rl’ k=1, (18)

Q k=l | =1n(g)/ jaart, G =2 -

Ile ¢ BigHOCHTBCA i N0 posB'asky pisuauua (12) mag
Matpuni S. dkmo npu poss'sasky (16) BugBmgeTbCA, 1O

det (X)< £, e g - JesiKe MaJjie 4HCJO, TO TOJi TpuiiMa-
€TBbCS, 1O NTYKAHUN TapaMeTp BU3HAYAETHCS K = 2.

[lns  BuOGOpY Kpamoro BapiaHta JiHIHHOTO MeTO/y
BU3HAYECHHS MapaMeTpiB oguomnomiocHoi (ymkmii (5) 6ym
BU3HAYCHI X TOYHOCTHI XapaKTEPUCTUKU Ha OCHOBI 4KCEJIb-
HOTO eKcIlepuMeHTy. BiH ckJazaBcs 3 6araTopasoBoro OIfi-
HroBauHs (2500 icrmMriB) mapaMerpiB aAUTHBHOI €KCIIOHEH-
miaJpHOI  MOJlesi, 10 o6uuciaioBanacs 3a  (HOPMYJIOI0

Ry :@(p{— j27r(n— N _1}}“5”; N =100, Je BHKOPHCTO-
BYBAJIICS TPU Pi3Hi 3HAYEHHS mapamerpa mogeai T: a) 0.25
("momaganna nomoca Ha guckper'); 6) 0.255 ("mouoc
paBHOBiIanenuit Big cycianix auckperis”); B) 0.25-0.001;
("BizcyTHicTh TOMIOCY TIpM TomazaHHi Ha auckper”). 3a
pesyJjbTaraMu ouiHIoBaHHS [ 2500 pi3HUX IIyMOBUX
peasizaniit o6uucaoBaguCcs cepeiHe 3HavyeHHs, 3cyB i CKB
oninok mapamerpis mogeni (5). Ha puc. 1 npencrasieni

sanesxHocti CKB OIHKM 4acoBOTO MicleposTalyBaHHsa G

Bi/l BiJJHOIIEHHS CUTHAJ/UIYM [UIS PO3TJIAHYTUX BHIIE
BapiaHTiB MeToay. {7151 MOPiBHAHHS OTPUMAHUX PE3yJIbTATiB
3 TEOPETHYHO JIOCSKHOIO TOYHICTIO OIiHIOBaHHS Ha puc. 16
JOJIaTKOBO ~ HaBeJeHI  IpaHulli MiHiMaJabHOI  Jucnepcii
Kpamepa-Pao, pospaxosani 3a popmyamu 3 [S].
Otpumani pesysnbTaTH JAEMOHCTPYIOTb, IO Kpalli ToY-
HiCHI XapaKTepUCTUKHW Ma€ JiHIITHWI MeTo[ BU3HAYEHHS
IapaMeTpiB OZHONOTIOCHO! (DYHKIII 10 iHBEPTOBAHWM CcIIe-
KTPaJTbHUM [aHUM i3 [ApPyruM cTryneHeM MoanikyBaHHS
MOZIesli, 1O BU3HAvaeThes cucremoro pisusub (14). Tpm
I[bOMY, SIK BHJHO 3 puc. 16, oTpuMaHi TOYHICHi Xapakre-
PUCTHKH IIbOTO MiAXOLY NPaKTHYHO 30iraloTbCcsl 3 Teope-
TUYHO JIOCSKHOIO TOYHiCTIO omintoBanns. IIpsama anpokcu-
Mallisi iHBepTOBAaHMX CIEKTPAJbHUX JAHUX OGEpHEHOIO II0-
JIOCHOIO (DYHKITi€I0 He J[03BOJISIE O/epKyBAaTH 3a/0BiJIbHI
pe3yJbTaTH. BUKOPHUCTaHHS IEpIIOro CTyleHs MoAudikyBa-
HHA MOJeJi [03BOJIAE€ 3HAYHO 3HU3UTU IIOBHY CEpPeIHbO-

KBQJIPATUUHY TOMHJKY OIIHKH  MiCIIepO3TalllyBaHHsS i
HaOJM3UTHCS /10 TEOPETHYHO JIOCSIKHOI TOYHOCTI OINiHIO-
BaHHSI, & BUKOPHUCTAHHSI [[PYTOTO CTyHeHs MOAU(iKyBaHHS

MOJIeJli 103BOJISE TIPAKTUYHO BUNUTH Ha Hel.

Ne 2, 2003



M.B. Andpees, B.®@. Bopyavko, O.0. [Apobaxin, [.FO. Carmuros: CIIPOIIEHI IIIAXO/AUN JPOBOBO-
PAIIIOHAJIBHOTO IIPEJICTABJIEHHS B CIIEKTPAJIBHO-CIIOJIVUEHIN OBJIACTI /I/Id BUSHAUEHHA

EER I N T + .
g z * :
0 AR = :
wlfe, :
- : Lk : i
1 10 f TR |
i ) e
. \o\ *
-10 : . . i
10 G
.................................................... . B N
300 0 50 100 150 0 50 100 150
o/, 1B c/mr, b o/, 1B
a) z=0.25 6) £=10.255 B) £=0.25-0.001

Pucynox 1 - 3anexnicmo CKB ouinku micyepo3mawysanus 6i0 ¢i0HOWEHHS CUZHAL/WYM OAsl PI3HUX 8ApiaAHMIs
JHEUH020 MeMody 6usHauenns napamempie oononomocnoi gynxuii (0 - 6es modugixyeanns modeni; 1 - 3 nepwum
cmynenem modupixyeanns modeai; 2 - i3 Opyeum cmynenem moduixysanns modeni; 3 - epanuys Kpamepa-Pao)

JAPOBOBO-PAIIIOHAJIBHA IHTEPIOJIAL IS
AAHHX Y CHEKTPAJBHO CIIOJYYEHIH
OBJIACTI

Posragnytuit Bume migxijg 103BoJIsIE 3HAXOJUTH Iapa-
METpHU MOJIeJIi TIepUIoro MOPS/IKY, 10 3BY3KYE 06JIaCTb HOTO
BUKOpHUCTaHHs. Baxano OyJsio 6u Martu MeToJ|, IO OJHO-
YacHO Ma€ TaKy K IPOCTOTY Ta Jlae 3MOTYy 3HAXOJUTH Iapa-
MeTpu Mojiesi Gy/ib-sikoro nopsaky. Llpboro MoskHa goMorTu-
Cs HAa OCHOBi BUKOPHUCTAHHS ApPOGOBO-PAIliOHAIBHOI iHTEp-
MOJIALT JAHUX Y CIIEKTPAJIbHO CHOJIyYeHiil 06/1acTi.

[l iboro mpesicTaBUMO JIaHi B CHEKTPaJbHO CIOJIyYeHii
o6Jiacti y BUIJISL, 1O JI03BOJISIE PO3IJISAATH IX SK BiJHO-

IIEHHS TOJIIHOMiB BiJ zk:

M M
Z rmde(Zk -4 )
m=1 =1

M
K dn K I#m
Gk—zozrmzk_gm—zo M o (19)
-1 H(Zk ¢l
m=1
ae d —m Hanpuknan, nnd Bunaiky aBoX-
m= . 3y

NCom
KoMmmoHeHTHOT Mozeni (M = 2) fgaHi B CIIEKTpaJbHO CIIOJIY-
4eHilt 061acTi MOKYTb OYTH 3amucaHi sk

G =2 (rdy tzrzijZ)Zk - (rldfz + 1,058
2 -G+ G)Z + 48,

(20)
i IIPeACTaBAAI0TbCS SIK Bi/[HOIIEHHS /IBOX I10JIIHOMIB:
M-1 m
( k) 2 am?"
G =6[)- P(Zk): =0 @1
Q\z m
> i
m=0

e nosBoJisie BUKOPUCTOBYBATH JOCUTb IIPOCTi IiAXoau

JJI BU3HAUeHHS LIyKaHUX IlapaMeTpiB {gm}m:l...,M , 3a
SIKAUMU TI0TIM BU3HAYAIOTbCS 3HAUCHHS MicCllepO3TallyBaHHS

Tm= In({m)/jAa) (M=1...,M), OGUHCIIOIOTbCS 3HAUECHHS

CIIEKTPaJIbHO-CIIOJIYY€HOTO CHUTI'HAJIY G(é,m) I [UX Micle-

po3sTaiiryBab 3a (GOpPMYJIO0 G(Z)——

PO3B'A3y€ThCS JIiHiliHA 3a7la4a MO iHTEPHOJAIi OTpUMaHUX
3HAYeHb CHEKTPAJIbHO-CIIOYYE€HOTO CHUTHAJLY (HOPMYJIOI0

G =ZF uLIIXOM BH3HAueHHS T =713 . Sk BHIUIMBae 3
(19), 3nauenns {é’m}m=l...,M € KOPEHsIMU TOJIiHOMA Q(zk),

110 JIPOGOBO-TI0JIi HOMiaTbHOTO
NPE/ICTABJIEHHS CIIEKTPATBHO-CIIONyYeHoro curnaty (21).

BUKODUCTOBYETbCS  JIJIST

[lns  onmepkanHs JpOOOBO-TIOJIIHOMIAIBHOTO TIPEJCTaB-
JIEHHSI CIEKTPaJbHO-CIIOIYyYeHOTO CHUTHAJIy BHKOPHUCTOBY-
Cursau,

BaJjacs IHTEpIOJSIlisd JIAHI[IOTOBUMU JPOOAMHU.

3aflannit y L Toukax Z{,Z9 ..y Zp , MOXKE OyTH TIpe/ICTaB-

JIeHUl y BUTJISA/L JIAHITIOTOBOTO P06y HACTYIHOTO BUILY:

V(z)=w + 2—2212 : (22)
-2
V2 + 7 ZL_]_
Vg +... b=
VL
Jle TTapaMeTpH JIAHIIOTOBOTO POy {vl, Vo, ... ,V,_}
BII3HAUATOTHCS 3BOPOTHAMHU PISHUIAME W, (Zy, Z,,...,2 ) ¢
vi=V(z1)=wi(z);
-4 -4 -4 .
Vp = = = =Wy (21, 22);
V(z)-V(z) V(z)-w wi(z)-w(z)
- B2 - B2 —wi(z1 75 20):
ST mm  moa wmawam 02

Vie) Ma) Viz)-Via)
N 4-44

v= =W(2,2...4.24-24).
W22, ..424)-WA22...4.27.1)




PAITODI3NKA

3a 3Hali/IeHUM 3HAYEHHSM aPAMETPIB JIAHIIOrOBOTO JIPO-
Gy MLV2, VL) Moskia mmaxoM Heckaammx IePETBOPEHD
CUCTINCIVEL

{bo, by,....bom } JIPOOOBO-TI0JIIHOMIATBHOTO
(21). TlorimM, BUKOPUCTOBYIOUM CTaHAAPTHI METOAM BU3HA-
YeHHsI KOMILJIEKCHUX KOPEHIB ITOJIiHOMa 3 KOMILIEKCHUMUI
koedimienramMu, 3a KoedillieHTaMU TIOJIiHOMA 3HAMEHHUKA

BU3HAUUTU KoedillieHTH I0JIiHOMIB

TIpe/ICTaBIEHHS

lbo.by,....bp | Busnauaorses smavennsa {€1,¢2,..-,¢m }, mo
JI03BOJIAE BU3HAYUTU IIapaMETpu a[[I/ITI/IBHOI EKCIIOHEH-
miaapHoi Mogeni (1).

Bubip crekTpaabHUX TOYOK /ISl iHTEPIIOJIAIIT JIaHIIO-
TOBUMHU ApO0OaMu  3iHCHIOBABCS IIJSIXOM — TTOCTYIIOBOTO
HAPOIIYBAHHS TOPSIAKY MOJEJi: CIeKTpaJbHa TOYKA, IO

JIOJIa€ThCA Ha KOKHOMY e€Talli, BiJANOBijaja MaKCUMyMOBi

L-1 L

= m m

pisnuuesoro curnary G — E amzk E mek l<sL<Mm,
m=0 m=0

Jle BUKOPHUCTOBYIOTbCSI KOeillieHTH MOJIiHOMIB {ao,al,...,aL_]}
1a {bg,by,...,b } » 3Haitneni na nonepeaboMy L-omy etari.

[lng posrasinyroro miaxomy OyJu OTpUMaHi TOYHICHI
XapaKTepUCTHKK i TpoBeJeHe iXHe NOPIBHAHHA 3 aHaJIO-
TiYHVMI XapaKTepUCTUKAMU IHIMUX METO/iB JaHOTO KJIaCy.
TounicHi XapaKTepuUCTHKN aHAJi30BaHNX AJTOPUTMIB BU3HA-
YaJucs 3a pesyJabTaTaMU OIiHIOBAaHHSA MapaMeTpiB aJuTH-
BHOI eKcIoHeHIianbHoi Mogesi ayist 2500 icrmuTiB TecTOBOTO
MPHUKJIALY, yV IKOMY 0OpoO6JIoBaHi [aHi OGYHMC/IOBAJNCS 3a

dopmy.io0

R, =006 exp(-j2n-n-1)+0.4-exp(=j2n-n-1,) + &,
n=0%...,100 (23)
ne BUKOPUCTOBYBAJINCS napamMeTpu MoJeti
T, = (0.2-0.001/), T, = (0.3 -0.0003)), a , - ue
He3aJIe’)KHI BUIIAQJKOBI TayCiBCbKi BEJMYMHU 3 JUCIEPCIEI0

niticHol Ta ysaBHOI YacTHH 62 i HyJbOBUM cepenniM. Taka
MOJleJTb  BifIOBiZla€ HaWmpocTimiiit mapyBaTiii CTPyKTypi
(oquu map) a6o aBom Heomnopigmoctam B HBU Tpakri. 3a
pe3yJbTaTaMu OIiHIOBaHHA A7 2500 pi3HUX NIyMOBHX pea-

Jisaniit 06YrcaIoBaIMC CcepeiHi 3HAYEHHS {2'1,2'2} i puc-

nepcii {0'3 ,0'12 } OLIHOK MicLepo3TalllyBaHHs ‘?={71,Z'2}4
1 T2

[ng  anamisy
cepeIHbOKBA/[PATUYHA TIOMUJIKA OIIHOK MiCIIepO3TalllyBaHHS

AJITOPUTMIB  OOYHCJIIOBAJacs  IIOBHA

2
€= 12(0'2 +|T —;rrlz) OtrpuMaHi 3Ha4E€HHH CEPELHbO-
2 1 Tm m : p pea

m=

KBaQ/IpaTUYHOI I[IOMWJIKM OLIHOK Micllepo3TallyBaHHd B
3aJIE;KHOCTI BiJ BiJJHOIIIEHHS CUTHAJ / IITyM TJIST
pO3rJIIHyTOrO  MeToAy U aHajoriuHux Homy  iHmIUX

QJITOPUTMIB TIPeJICTaBJIeH]i Ha puc. 2.

70
¢/, b

Pucynox 2 - Cepednvoksadpamuuna noMuika oyinox
MICUEPO3IMAWYEAHHS 6 3ALeKHOCMI 810 6I0HOULCHHS.
cuznan/wymn (1 - memod dpoboso-payionarvnoi inmep-
noASUIl 8 CNEKMPAILHO CROAYUeHit o0adacmi, 2 - memod
IIponi, 3 - memod nyuxa nampuyv [2], 4 - memoo
nowyxy xKeasipose'asxy [3-4])

BHCHOBKH

OtpumMani pe3ysbTaTH [AEMOHCTPYIOTb, 1[0 METOJ /pPO-
60BO-PaIliOHATIBHOT iHTEPHOJIALIT B CIEKTPAJIbHO CIIOJIyYe-
Hill o6Jacti [103BOJISE OJEP)KyBaTH CTilKi OLIHKM 1pH
6ibIKMX PiBHSAX IIyMy B jJaHux, HiXk meron IIponi, ognak
HOro TOYHICHI XapaKTePUCTUKU MOCTYHAIOTbCSl aHAJIOTiUHUM
XapaKTepUCTUKaM MeTO/y IIyuKa MaTpUIlb i MeTO/y HOUIYKY
KBa3ipo3B'A3Ky y BuxizHiit o6macri. Ilpu npomy uyacosarpa-
THi XapaKTEePUCTHKU METOLy JApO6GOBO-pallioHAJbHOI iHTep-
MOJIAIT B CHEKTPAJIBbHO CIOJYyYeHilt 06sacTi JocuTh 6JM3bKi
JI0 4aco3aTpaTHUX XapaKTepucTUK Meroay IIponi i 3HauHO
Kpallle 3a3HAUeHUX XapaKTepUCTUK MeTOJiB IIyuKa MaTpUIlb
i momyKy KBa3ipo3B's3Ky y Buxianiii ob6nacri. s posris-
HYTOTO BHUIIe YNCEeJIbHOIO €KCIIePUMEHTY 4YacoBi BUTpaTH Ha
Horo MpoBe/ieHHs [/I1 BUKOPUCTOBYBAaHOI KOHKPETHOI Mojie-
JIi KoMII'foTepa ckJasu: ajs meroxy IIponi - 7 cexk., mus Me-
TOAY IPOGOBO-PAIIOHATBHOI IHTEPIIONALIi B CIIEKTPAIBHO-
crioaydyenii obsacti - 21 cek., aag METOAY IIOUIYKY
KBa3ipo3B'A3Ky y Buxifniit obsacti - 339 cek., A1 MeToxy
myyka marpuilb - 1047 cex.
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B.®. bopyavro: IOINEPEYHO-EJIEKTPUYHI XBUJIT Y IBOBUMIPHOMY BPEIIBCbKOMY PE3OHATOPI 3
HEIIEPIOIMMYHNM PAATIAJIbHUM 3BYPEHHAM JIEJIEKTPUYHOI ITPOHNKHOCTI

Paccmompena 603MOKHOCIY NPUMEHEHUS JUHETUHBIX NO0XO0-
006 01151 ANNPOKCUMAUUU CREKMPALLHBIX OAHHBIX 0OHONOLIOCHOU
GPynxyued u ucnoavzosanue OpPoOHO-PAYUOHANLHOT UHMEPNOLS-
YUY CNeKMPANLHLIX OAHHLIX C UYEAbIO YCKOPeHUs: npouedypuL
onpedesenus napamempog ad0umueHol 3KCNOHEHYUAILHOT MO-
deau. IIpoananusuposanvi mMouHOCMHbIE —XAPAKMEPUCTRUKU
npeodsoKennbix Memodos U nposedeno UX CpasHenue ¢ andio-
ZUMHDIMU XAPAKMEPUCTRUKAMU OPY2UX Mem0008 OAHHOZ0 KAACCd.

YAK 537.86

An opportunity of use of the linear approaches for approxi-
mation of the spectral data by unipolar function and use of
rational in-terpolation of the spectral data with the purpose of
acceleration of a procedure of parameter determination of the
additive exponential model has been considered. The proper-
ties of these methods and their comparison with analogous
properties of other methods of the given class are presented.

B.®. bopyAbKko

NMONEPEYHO-EJNIERTPUYHI XBHJI 'Y ABOBUMIPHOMY BPEFIBCbHOMY
PE3OHATOPI 3 HENEPIOAUWYHUM PAQIANIbHUM 3BYPEHHAM
RIENEKTPHYHOI NPOHUKHOCTI

Posznanymo Gpeziecoke 6i06umms nonepeuno-eseKmpusHux
XBUNL, WO NOWUPIOIOMBCS 6 Cepedosulyi 3 MAA0I0 PadidibHol0
Keasinepioduunoio neodnopionicmio Oierexmpuunoi nPOHUKHO-
cmi. 3 euxopucmanusam komniexcrnoi gopmu memody Kpunoea-
Bozonwbosa-Mumpononvckozo ompumani eupasu xoepiyicnmis
36'a3Ky  x6uUML, wWo nowupomecs. Jocnidxeni pe3oHamncui
61ACMUBOCIT 05l PISHUX KYMOGUX HOMEDLS.

BCTynn

YBara 10 6peTiBCbKUX CTPYKTYP 06yMOBJIeHA GAaraTCTBOM
pamiodiznunux edekTiB, 10 MOXKYTb CHOCTEPIraTUCS B HUX
[1]: BinmGuTTs XBWJIb, TEPETBOPEHHSI MOJI, 3B'SI30K TIOBEP-
XHEBUX i IPOCTOpoBUX XBHJb. /lomaTkoBa po3MaiTicTdb ede-
KTiB Moxke OyTH peasi3oBaHa, SKIIO 30ypeHHS HapaMeTpiB
crae HemnepiogumyHuM [2]. OcraHHIM YacoM NIPHBEPTAIOTH
yBary BiCeCMMETPUYHI XBWJIEBi/{HI CTPYKTypU 3 Iepioany-
HUM 30ypEeHHSM IapaMeTpiB Y3[0BX pajiaJbHOI KOOp/HHA-
T [3-6]. Haii6iabin nonyaspri MeTogu, 3BUYAIHO BHKOPU-
CTOBYBaHi [UI8 JIOCTi/PKeHHST OperiBCbKOI B3aeMomii - 1ie
METOJl, 3acCHOBaHMI Ha poskaaganHi dmoke [1], i Habmu-
JKEeHHS 3B'si3aHMX XBWJIb [1]. ¥ mpomonoBaniit po6oTi pos-
IJISI/IA€ThCS IBOBUMIpHA XBWJIEBi/IHA CTPYKTypa, Herepio-
JIMYHO HEeOHOpi/Ha Mo pajiaabHill KoopauHati p . Y 1boMy
Bunagky Meron @Diuoxe [1] He mnpupartHuii uyepes Herie-
PIOAMYHICTD CTPYKTYPHU, a TPAAULIHHUN MeTOoJ| 3B'S3aHUX
xBuiib [1] wme BiJICiYEeHHST
(panaiycis noBopory).

npugatHuil 6l pamiycis

NIOCTAHOBKA 3AJA4YI TA
ACHMIITOTHYHHH METOJ IT PO3B’SI3AHHS

Posrisinemo HeopHopijiHe cepejoBullle, B SIKOMY [ieJie-
KTPMYHA IPOHMUKHICTb IIPeJCTaB/]eHa Yy BULJAAL CyMU CU-
HyCOIJIa/IbHUX IIPOCTOPOBO OCLIJIIOIOYNX TapMOHIK 36ypeH-
HA. AMILTiTy1Q g i XBUJIbOBE YUCJIO X; KOJXHOI FapMOHIKHI

MJIABHO 3MiHIOETHCS y300BK paﬂiaﬂbHO.l. KOOp/IuHATH p

8=8(p)=83+Bzej(ﬁp)exp[iwj(p)], (1)

ne \yj(p) = J-xj(Bp)dp— HNOMOBXKHA ~ (pa3a TapMOHIKH

30ypenHs. [Ipumyckaemo, mo MaJicTb aMIUTTY] 36ypeHHS i
IJIABHOCTI 3MiHM T1IapaMeTpiB BH3HAYAETbCS TUM CaMUM

Masium napamerpom [ [7]. OaHouacHo 3 pajiabHOIO KOOP-

JMHATOI0 P MU BBefeMo "TraBHy” sminny { = Bp.

Y paniil crarti po3TJASAAOTLC XBWJII 3 KOMIOHEHTAMU

’ Hq)

IIOBUHHA 3a/I0BOJIbHATH piBHF[HHIO

’ H

z

E

, Y BHUIIAAKY KOJI i =0 . Oyukuis E
P 0z z

[A+Kk3(p) JE,=0. (2)
3 ypaxyBaHHSIM CHMeTpil CTDYKTypH MM BBe/eMO
MOTEHIITHY Pynkiito II(p) CITiBBi/THOIIEHHSM

E, = p‘j/zn(p)exp(in(p) . g TI(p) omepskyeMo piBHSAHHA

2 2
I [ kze(p)-"=Y 4 -0 3)
dp P
IIpu B = 0 poss'sisok He36ypeHoi KpaitoBoi 3amadi
OJIEPKYEMO Yy  BUIJSIAI  cymMu PO3GIKHUX 1 36iKHUX
T HAPUYHUX XBUJTH
11(p) = ap”*H P (kep) + ap*H I (kep) =
= a expli6(p)]+ a, expl-i6°(p)] @

ae H,(p) - ymnxuii Xankens:, §(p) - KommrexcHa mpocro-

posa aza, i kg = Ky4/€q

cepeoBuiia.

- XBUJIbOBE YHCJIO He30YPEHOTO
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Ha sBiaminy Big Tpaauiiiinoi GperiBCbKOi CTPYKTYpHU
[1,2], y posraauyTiii 3aia4i He36ypeHe pajliaibHe XBHJIbOBE
YHUCJAO /2 He € KOHCTAHTOIO i BU3HAUYAETHCS 32 JIOMOMOTOIO
¢yuxkmiit Beccens B Takmii croci6:

nl/k) = ks < b2 P
~icfi S il 0]+ 2w 0] -

= k(@) + [, 03,0+ 7 OO/ MZ 0)+ 2/|rem2 ()]}

ne t - moroMizkHa 6e3po3MipHa 3MiHHA. [[/s XBHJIb, IO
CXOJATHCS, MIMCHI YacTMHU 7 MAIOTh TPOTHJIEKHHUN 3HaK.

(6))

Hnst obuuciennss h(pP) [JOCHTD MaTH MiANPOTPAMU JIJIst
¢yuxkmiit Beccesst mepmmoro i gpyroro poxy. [las skicaoro
aHasTizy GaXkaHo 3HATH MOBEAIHKY A(P) MPU BEJUKHUX i Ma-
JINX 3HAYEHHAX P . [y ofiep:KaHHS BiAOBIMHUX HAGJMKe-

HHUX (pOpMy]I CKOPHUCTAEMOCA BiJIOMUMH ACUMITOTUYHUMU

2
300pPKEHHSIMU TSI Mn(t) [8]. TIpu BeqMKNX 3HAUEHHSX
P crupaBeiIMBi HACTYIIHI aCUMITOTUYHI BUPa3u:

o 2[ 1(an?-1)  3(an? -1)an? - o)
tMn(t)~—{1+§ @7 t3 @7 +}

Can®-1 (an® —1fan? - 25)

Re[ h(t/ks)/ks ] =1

8t2 128t*
4n?% -1 1
IHI[ h(t/ks)/ks ]z_ 8t [1_1:_2} ’

ITpu mamniit BesuuuHi P OTpUMaHi HAcTyNHI HaGJMKeHi

dopmyu:

T 2

w222

Relh(t/k )/ks] = m2%72"[(n - 1) 2>,
tmlh(t/ks )k, ] = [; _ j /t

[pu ¢ikcosaniii BesmuuHi Majgoro mapamerpa 3 € Take
3HaueHHs pajianbHoi KoopauHatn Py = Po(B, ), mo ansa

p>p, semuuunu A i k_f - (nz _]/4)/p2 MO’KHA BBaKaTh
IJIABHO MiHJIMBUMHE Y3/IOBX P .
Po3B's130K piBHsHHS (3) PO3NUIYKY€EThCS Y BUTJISAMI aCHM-

IITOTHYHOTO PSIALY 110 CTYIEHsIX napamerpa B
M(p) = a exp(i6)+ a, exp(— i0° )+
+Buy(a,6,v,¢)+ B%u,(a,6,y,0)+ ... | (6)

e u, (g=1, 2,...) e mykanuMn QyHKIiAMH, ay - ammi-

Tyna po30iKHOT NMJIiHAPUYHOT XBUJ, i a, - amirtyja

xButi, mo cxoautbes. Dynknii exp(iO) i exp(-i6*)
CTPOro 3a/[0BOJIBHSIOTh He30YPEHOMY DIiBHSHHIO i BU3HAYa-
1otbest popmyioio (4).

[Migcrassioun poskaagands (6) y pisaguni (3) 3 o6.i-
kom (1) i (4) i popiBHIOIOYM MOJAHKHM 3 OJHAKOBUMU
CTYIEHsAMU TapaMeTpa |3, oflepKyeMo TOCai0BHICTD Jude-
PEHIiaJIbHUX PiBHSAHD I QYHKILN U g

Y nepmomy HabmmwkeHHi mo [ Maemo HacTymHe

HeoJHopiiHe Audepeniianbhe PIBHAHHA 111 QyHKIT 2

d? Z-1/4
Fuzl+[1<§—%]ul+
+la1exp(—i9)+ azexp(ie*)JZejkoz exp(iluj)zo. (7

I

Buxonsun 3 Bumy 30ypeHHst, PO3B'A30K Mg QyHKIL 4
OyzeMo mykatu y (opmi

U = Z{Clj exp[i(—6+\|1]-)]+ Cy; exp[i(e* +\|J]-) . (8)

J

€))
KoedirienTin C1j i C2j

IligcraBasiroun 3HAXOJMMO 3HAYeHHS

y (D),

Cyj = Kge; /b - 2n)l. €5 = késj/[xj(x,- o).

IcaytoTp Taki 3HAUeHHS kO, p, i, p, AaIA AKX

sesmunnn Xp — 20 i X-p * 2h" craiore ManmMu i OTpHU-
MaHUN PO3B'SI30K BUSBJISIETHCS HEMPUIATHUM, TOOTO MepIiie
HaGJIMKEHHS He € MaJHMM B IOPiBHSHHI 3 HYJIbOBUM HalJu-
skeHHaM. lle 3B'g3aHO 3 THM, IO XBHJIbOBI YMCJIa JAEIKUX
MPOCTOPOBUX TapMOHiK 30ypents piBHsaHHA (7) GIU3bKi 10
XBUJIbOBUX YHCEJ FapMOHIK HYJbOBOro Hab/mskeHHs [1].
bperiscbka XBUJIb KOJII

B3aEMO/1ig Bi/IGYyBa€eTHCH,

piSHI/IHSI XBUJIbOBUX 4YHCeJ XBUJb, IO IOMIMUPIOIOTHCA,

6M3bKa 10 XBUJIBOBOTO YMCJIA OJ[Hi€] 3 MPOCTOPOBUX Tap-
MoHiK 36ypenns (M = 2Re(h)—xp - PO3CTPOMKA XBHJIbO-
Boro uncJa). Po3s'si30k, npuaatHuii mo6In3y mpocTopoOBOro
TTapaMeTPUYHOTO PE30HAHCY BiJIIYKYETHCSA 3a [IOMOMOIOI0
koMILIekcHoi dopmu [2] acummroTryHOTO MeTony Kpmiosa,
Boroao6osa i Murponosibcbkoro (KBM) [7]. Ilepea6a-
YAETbCS 110, KOMIUIEKCHI aMIUITyan aq i a, HuIiHApuY-
HUX XBUJIb € (OYHKIISMH P i 3aJ0BOJIBHSIOTH HACTYITHUM

piBusHHAM [2]:

da, o p(m) 26(m)

o BB (ag0)+B BV (ag0) ... (m=12). (10)
Je o=-0-0"— Y, = —2Re(0) - v, - asosi poscrpoii-
KU BiJi pe3oHaHcy,

B(gm) (g=1,2,...) - pyuKuii, mo migéuparTbCcs 3 yMOBI
npu

BiJICYTHOCTI HECKiHUYEHHO 3POCTAlOYUX 4YJIEHIB Yy U g

p—>o in—>0.
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[Migcragasioun poskiaganus (6) y pisagaag (3) 3
BpaxyBanusiM (10), i 3piBHIOIOUM UYJIEHU 3 OJHAKOBHM IO-
PALKOM MaJIOCTi, OJEPXKY€EMO IIOCJi/IOBHICTb PIiBHSAHDb 5

Uy - Y KOXHIM TOPSAAKY MaJIOCTI MU IIYKAEMO PO3B'S30K

npu "samopoxkenux" a, i { . Bonu nosunHi GyTH TIpUaATHI
K JUIS MaJUX BEJIMYMH 1), Tak i He Maaux. Y IeprHioMmy

HaGJIMoKeHHI 1o [3 MaeMo HacTymHe HeogHOpinHe audepe-
HIliaIbHe PiBHSAHHS UL U

:;l;l + [k~ (02 - va)/ p? u, +

+expli0) (— 2ihBl(l) + ;7881(1)/805)+

+ exp(— i0" ) (2ih* B£1)+ naBél)/aa)+

+ [al exp(i9)+ a, exp(— ie*)] Zkgej exp(iz//j ) =0. an
j

Ilpu N = 0 dyuxuii Bé’”) 3HaXOAATbCA 3 YMOBM BiJl-

cyTHOCTI y (PYHKILisSIX U, PE3OHAHCHNX 4YJICHIB, IIPOIOP-

nifiaux exp(i0) i exp(-i0 *). IIpu HeMannX 3HAYECHHAX T
BEJIMYUHA B((I’”) BU3HAYAIOTHCS HEOJHO3HauHO. Y jAaHill po-
60Ti 11 yCYHEHHSI HEOJHO3HAUHOCTi BU3HaueHHS (yHKIii

Bém) JIOIATKOBO BUMATaeMoO BifcyTHOCTI "moOTeHIiitHO"

PE30HAHCHUX JIOlaHKiB, mponopiiiinux exp(i 0 +io) i
exp(-i0 *-ia).

[pu G8)) o
dh/dp BimHeceHO 0 HyJabBOBOTO HAGJNMKEHHS, He3BasKa-
104U Ha Te, IO /7 BBa)KA€TbCs IIaBHO MiHJAMBHM. lle 3B'a-
3aHO 3 THM, IO SK HYJbOBe HAOGJIKEHHS BHKOPHCTOBY-
I0TbCST He eKCIIOHeHTH, a GyHKIII Beccens, mpenacrasieHi B
€KCIIOHEHTOTIOIiIOHOMY BUTJISIII .

BUBO/Ii  PiBHSHHA nepe6avaeTbes,

[Tpuiimatoun 1o yBaru, 1o  — 0 —o=0+ Yo,

0 +to=-0 -y, =-0+Vy_, snaxonumo Bg’”) . Y nep-
moMy HaGIWKeHHI 1o [ oTpuMamo cucTeMy JHHIHHIX
nudepeHIiaTbHIX PiBHSIHD /115 KOMIIEKCHUX aMILTITY/L aq

i ay. s cucrema onucye 3B'A30K pPO36iKHUX 1 36iKHUX

]_[I/IJIiHleI/I‘{HI/IX XBWJIb 3 iICHTUYHOIO KYTOBOIO 3AJIEKHICTIO

da .\ da, _
d_pl = Ba,G, explia) W

BaleZ eXp(_ i(X), (12)

ne Gy =—ikoe_p/(2h—m)=—ikee_, /P, + 2 Im(h)] -
G, = ikeep /(20" =) = ikoep /x p — 21 Tm(h)}

Po3B'A30K 11 4 He MiCTHTD PE3OHAHCHMX NOJAHKIB i Mae

hopmy

u, = ZC” exp(i9+ i\uj)+ Z Cy;j exp(—ie* +\y]-), (13)
izp i=-p

ne Cpy (M=12) wae Toit xe Burasa, mo it y Bupasi (9).

BaxxmBo10 0COOJMBICTIO OTPUMAHOTO PO3B'SI3KY € Te, IO

BEJIMYUHU |Cn1 /8j| i |Gm/€p| TIPOTIOPIIiliHi MepIioMy cTy-
meHio P Hpu Maaux 3HaueHHAX P . Ile migbaaboproiounit
(akt i3 MOTISALY MPUAATHOCTI OTPUMAHOTO ACHMIITOTHYHOTO
PO3B'A3KYy He TiJIbKU IIPU BEJUKUX 3HAUCHHAX P, ajle TaKOX

cepe/iHixX i HaBiThb MaJux P .

PE30HAHCHI BJIACTHBOCTI PALIAJIBHO
HEOOQHOPIAHHX CTPYKTYP

Cucrema y dopmi (12) npu nocriiinnx Bemmunnax G, i
7| Mae aHaJiTUYHUU PO3B'A30K y BUIJIAJI CyMHU ITOKA30BUX
dynkuiit [2]. el po3B'si30k € OCHOBOIO /IS METOAY YH-
cesbroro interpysamisa (12) mpu mrasmiit smini G, i 1.

[l 4acTKOBOTO BHIA/KY KYCOUHO HOCTilfHOI BeJIMYMHM Ji-
€JIEeKTPUYHOI IIPOHUKHOCTI aCUMIITOTUYHUN PO3B'SI30K MOPiB-
HIOBABCS 31 CTPOrMM, OTPUMAHMM METO/IOM MaTpHIlb lepeja-
uyi. Ha puc. 1 HaBezmeHi pe3yJsbTaTul [/ /IBOX 3HaueHb ce-
pesHboi aMIuIiTy i 30y peHHs (a—%:1 =0,15, 6-g¢, =0,05; 1, 2
- ACUMNTOTUYHUHN PO3B'A30K; 3, 4 - cTporuii po3s'si3ok; 1, 3-
n=0; 2, 4-n = 16). BpaxkaeMo, 1m0 aMILIiTy1a 30yPeHHs He
€ TIOCTilfHOIO B pajiiabHOMYy HAIPSIMKY, a 3MiHIOETbCS 32
3aKOoHOM "KocmHyc y kKBazapari'. Ha puc. 2 moxaszaHo sk

pe3oHaHCHe  OperiBcbKe — BiIGUTTS — TIpH
KyTOBOIO HOMepa MaJlalovyoi [UJIiHAPUYHOI
XBUJIi TIpu 36iJIbleHHI KyTOBOro HOoMepa Big n = 0 g0 n =
16. ABure 3poctaHHsA aMILTITYy/iN €JEKTPOMArHiTHUX XBHJIb

3MiHIOIOTbCS
361IbIIeHH]

B cepeinHi OPETiBCBKOTO pPe30HATOpa TPOiJIOCTPOBAHO HA
puc. 3 (mpn po = 3m /2 i pisHuX KyTOBHX HOMepax) Ta Ha

puc. 4 (pu n = 0 i pisHUX MOYATKOBUX pajiycax).

BHCHOBKH

AcUMITOTHYHUIT METOJ [J03BOJISIE OTPUMATH PE3yJIbTaTH
6JM3BbKI 0 TOYHUX MPH MaJuX aMIUITyAaX 30ypeHHs
3aB/ISIK BUKOPHCTAHHIO B HYJbOBOMY HaG/MKeHHI (yHKILiIT
Beccestst 3amMicTb eKcroHeHniaIbHiX. Bukopucranus amoan-
30BAHOTO HETNEPIOAMYHOTO 30YPEHHSI 3HAYHO 3HIKYE PiBEHD
OperiBcbKOro
KYTOBOTO HOMepa Maai0unx

OIYHMX TEeJIOCTOK YaCTOTHOI  3aJIesKHOCTI

Big6urtsa. Ilpm 3pocranhi
HWTIHAPUYHAX XBWJIb CMyTa OperiBCbKOTO BiZOWTTS AJIs
TIOTIePEYHO-eTEKTPUYHIX XBIJIb 3CYBA€Tbcsl B Oik  Oisbmr
BHMCOKHUX 4acToT. Pe3oHaHCHI BJacTMBOCTI pajianbHo 36ype-
HOTO OpeTiBChKOTO PE30HATOPA CYTTEBO 3aJeXKaThb He TiTbKH
BiJl MOYATKOBOrO pajiyca 30ypeHHs, aje i Bifl KyTOBOTO
HoMepa. /{/11 XBHJIb 3 OZIHAKOBOIO MAPHICTIO JOOGPOTHOCTI Ta
PE30HAHCHI YaCTOTH BiJIPi3HAIOTbCA HE CUJIBHO, a IIPU 3MiHi
KYTOBOIO HOMepa Ha OJMHUIIO PE30HAHCHI BJIACTUBOCTI
3MIHIOIOTbCS Mail>ke Ha MPOTHJIEKHI.

Posrasanyti pagiodisnmuni edextn MOXYyTb OYTH KOPHUCHI
IIpH TIPOEKTYBaHHI BifIONBAIOUNX, PE30HATOPHUX Ta TeHepa-
TOPDHHUX  €JIEMEHTIB

CyOMiJTIMETPOBUX Ta MiJiIMETPOBUX

Jiana30oHiB XBUJb.
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Pucynox 1 - Yacmomni 3arexnocmi xoepiyiecumy 6¢iobummst 6i0 nenepioduunoi 6peziscokoi cmpyxmypu 0as
a3umMymarvHux nomepie n =0 ma n = 16

Pucynox 2 - Yacmomna 3anrexnicmo xoepiyienmy ¢iobumms 6id nenepioduunoi opeziscokoi cmpyxmypu 0as
asumymanvnux nomepie n =0, 4, 8, 12, 16
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Pucynox 3 - Yacmomna 3anexuicmov xoepiyicnmy nepedaui 6 yenmpi nenepioduunoi 6peziecokol cmpyxmypu 01
asumymanvrnux womepie n =10, 1, 2, 3

Pucynok 4 - Yacmomua 3arexunicmo xoepiyicnmy nepedaui 6 yenmpi nenepioduunoi 6peziecvoKoi cmpyxmypu
025 Pi3HUX NOUaAMKOBUX padiycie pp=0, ®/2, ~, 31 /2
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Paccmompeno 6pazzoscoe ompaxenue noONepeunHo-3Aexmpu-
4eCKUX 8O, PACNPOCMPANAIOUUXCA 8 Cpede C MANO0l padudib-
1Ol K6a3UNEPUOOUUECKOl HeOOHOPOOHOCDIO OUINEKMPUUECKOT

YAK 621. 372

nponuyaemocmu. C uUCNOIb306aAHUEM KOMNAEKCHOU (PopMbL Me-
moda Kpoiroea-Bozoato606a-Mumponoinsckozo noayueHs euipa-
KeHUus KOIPHuuyuenmos C€813u  PacnpoCmpansiouuxcs G0IH.
Hccenedosanvr pesonanchvie ceoicmea 04 pA3IUHbLY Y2T06bIX
undexcoa.

Bragg reflection of transverse electric wave propagating in
medium with small two-dimensional quasi-periodic inhomoge-
neity of permittivity is theoretically considered. Using com-
plex form of the asymptotic method of Krylov, Bogoliubov and
Mitropolsky, expressions for coupling coefficients of propagat-
ing waves are derived. Resonance properties for different
angular numbers are investigated.

0.0. ApobaxuH, E.B. KoHapaTbeB, B.I. KopoTkas, A.A. OUAUHCKUNI

JHCNEPUMEHTANBHOE UCCJIEAOBAHUE OTPAHREHUA
JNIEKTPOMATHUTHbLIX BOJIH CBY-ANAMA30HA (8 - 12 ITL)
OT NEHHLIX CTPYKTYP HA OCHOBE BO[HbIX PACTBOPOB

IIpedcmasnenvt sKcnepumenmaivivle pe3yiomamol usmepe-
HUS OMPAKEHUS U NOZAOWeHUs dLeKmpomdzHumnoly eoan CBY
OQuanazona (8 - 12 I'Ty) om pasmewennvix 6 c60600HOM NPO-
cmpancmee 00pasyos nemvi HA 0CHOGe GOOHLIX PACMBOPOS &
saeucumocmu om moauunve (npedenvt usmenenus om 110 do 2
MM) U 8PEMEHU CYULECTNE0BAHUS NEHYL.

BBEIEHHE

B nocneanee Bpems (paxTasbHble CTPYKTYPbI IIpUBJIE-
KAIOT 3HAYUTeJbHOE BHUMaHUE HccieqoBareseit. OnuuM u3
npuMepoB  (PPaKTAJIbHBIX CTPYKTYP €CTECTBEHHOTO IIPO-
WCXOKJEHUST SBJISAIOTCSI IIeHHBble OOpa30BaHMsSI, HAIpUMeD,
ry6uatbie o6pasoBanust [1]. Tpy6Goit Maremaruveckoii
MOJIEJIBIO TAaKUX OOPA30BaHMIl MOXET CJYKHUTb "IbIPSIBbIi"
Ky6 ¢ xaycmopdoBoil pa3MepHOCTHIO, IPUHHUMAIOIIEH
3HAUYEHNEe B JHAlla3oHe OT JABYX [0 TpeX. MHorume 6moJio-
THYeCKHe TKAHU SIBJISIOTCS 10 CBOEH MpHpoJe IyGYaThIMH.
Wcnosnb3oBanne 371eKTPOMAarHUTHBIX BOJIH B CBSI3U, TEJIECBU-
JIeHUH, TPOMBIIIJIEHHOCTH, MEAMIUHE IIPUBOAUT K IOCTO-
STHHOMY B3aMMOJEHCTBHIO GHOJIOTHYECKUX OOBEKTOB C 3JIe-
KTPOMAarHUTHBIME BOJIHAMH, TI09TOMY HCCJIEJOBAHHE TAKOTO
B3aMMOZIEICTBYS SIBJISIETCS] BaXKHBIM.

[IpoBeseHNe HATYPHBIX OKCIEPHMEHTOB IIPEJCTABJISIET
co60ii U3BECTHYIO TPYAHOCTb, GoJjiee OUEBHHBIM SIBJISIETCS
IpoBe/ieHNe HCCIeOBaHUN Ha Mozessax. IlenHble cTpyKTy-
PBI Ha OCHOBE BOJHBIX PACTBOPOB MOTYT OBITH JIETKO 06pa-
30BaHbI, IIPH 9TOM CYIIECTBYET BO3MOXKHOCTb BapbHpOBAThb
UX TapaMeTpbl B IIUPOKUX IIpejesax. TpyAHOCTb aKCIepu-
MEHTAJIbHOTO HCCIEOBAHUS 3aKII0YAETCS B JANHAMIYECKOM
XapaxkTepe 00beKTa M MAJIOM BPEMEHH €TO CyIIeCTBOBAHUS.
WccmenoBannst OTPasKAIONIIX 1 MOTJIOMAONINX CBOHCTB yKa-
3aHHBIX CcTPYKTYp Ha CBY HocaT yHIaMeHTaIbHBIH Xapak-
tep. Ilpu aTOoM BeiencTBHE JUHAMHYECKOTO IOBE/ICHHUS

20 ISSN 1607-3274 “Panioenexrtponika. Indopmaruka. Yupasiinns”

nccJjeyeMbIX 06pas3IoB IpUMeHeHNe TPAJANITHOHHBIX BOJHO-
BOJIHO-PE30HATOPHBIX MeTo/I0B u3Mepenmnii na CBU [2]
6y/leT TPUBOJNTL K IOJYyYeHUIO HEKOPPEKTHBIX De3yJIbTa-
TOB. /111 TIeHHBIX 06PA30BaHMIl IIPUHITUIINAIBHBIM SBJISIETCS
IIPOBe/IeHNe U3MEPEHUil B CBOOOJHOM IIPOCTPAHCTBE.

esp maHHOl cTaThU - NPOJEMOHCTPUPOBATH allapaTyp-
Hble BO3MOJKHOCTH 3KCIEPUMEHTAJIBHOTO  MCCJIE0BAHUS
CTPYKTYP YKA3aHHOTO KJlacCa Ha OCHOBE HIMPOKOIIOJIOCHBIX
MHOTOYACTOTHBIX Pe(IeKTOMETPOB PeaJbHOro BpeMeHu [3]
U TOJYYUTb KOPPEKTHbIE PE3YJabTaThl 00 OTPAKAIONINX U

TIOTJIONIAIOIINX CBOWCTBAX TIEHHBIX 06PAa30BaHUII.

OIMMTHCAHHE 3KCIIEPHMEHTAJIbHOH
YCTAHOBKH

Jlng  usmepenuii  ObL1  MCIOJB30BAH U3MEPUTEHHO-
BBIYMCJIUTEJIBHBII KOMILIEKC /I U3MepeHus: KoadduimeHTa
orpaxkenus (KO) ma wmuorux wacrorax [3] na Gase
CTaHJAPTHOTO M3MepuTes KoaduUIMeHTa CTosYeid BOJIHDI
(KCB) P2-61 (puc.1). W3smepenusa ObLiM HpPOBEAEHBI B
nosioce 4yacror or 8 go 12 ITu. B uamepuresnbhyio ycra-
HOBKY BXOJAIT: TeHeparop Kadvaiomieiicss wacrorsr (TKU)
tuna P2-61, Beixog koroporo uyepe3 CBUY koakcuasibHbII
KabeJsb 1 KOAKCUATbHO-BOJTHOBOHBIIN TTE€PEXO/l COEUHEH CO
BXO/IOM peJIeKTOMEeTpa, KOTOPbIl COCTOUT M3 [[ByX Hallpa-
BJIEHHBIX BOJTHOBO/JHBIX [IETEKTOPOB, BKJIOYEHHBIX [IJISI
usMepenust "Ha orpaxkenue”, uuaukarop A2P-67, [I9BM c
uHTepdeiicHbIM 6JI0KOM, 11(PPO-aHATOTOBBIM TPeo6pa3oBa-
tetem (ITATI) u amagoro-uudpoBbiM NpeoGpasoBaTeeM
(AIIM) g yupasienus u BBoga B II9BM pesyabraton
uaMepenuii. OcOGEHHOCTBIO HCIIONb30BAHUST  YKA3AHHOTO
MH/IMKATOPA SBJISIETCS OCYIECTBJEHNE CUHXPOHHOTO JIeTeK-
TUPOBAHMS, YTO IIO3BOJIET CYIIECTBEHHO MOBBICUTH OTHO-
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NCCIEJOBAHUE OTPAYKEHUA SJIEKTPOMATHUTHBIX BOJIH CBY-INAIIA30HA (8 - 12 ITII) OT

menne curHai/mym. Wsmayuenne CBY curnana m mpuem
OTPQKEHHOW BOJIHBI IPOU3BOAUTCS PYIOPHOU AaHTEHHOI

nmuaoit 300 MM W pasMepaMU amepTypbl 80x80 MM . s
yCcTpaHeHUsI HEOOXOJAMMOCTH TI€PEKTIOUeHNsT Uarna30HoB
U3MepeHns IpU U3MEHEHUN YPOBHEH OTPa’kKeHHOTrO CHrHasa
ObLJI yCTAaHOBJIEH JOTapU(MUUECKUil MaciTad M3MepeHHid.
[Ipu aToMm, ecTecTBEHHO, PEXUMY "KOPOTKOTO 3aMBIKAHUS'
cooTBercTBOBasIo 3HaueHue 0 1B, a pexxumy oTpaskeHHs OT
COTJIACOBAHHOW Harpysku - sHavenue -35 nb. [I9BM npu
nomoun  IAIl ycranmaBimBaeT 4acToTy B TeHeparope.
AHTeHHA CJYXUT U1 OOJIy4eHHs MCCJeLyeMOi CTPYKTYPbI
1 1pueMa OTpakeHHOro curhaJja. CurHajpl najamoonieil u
OTPaKEHHOW BOJIHDI BBIJEJAIOTCS  PedIeKTOMETPUYECKOMH
CXEeMOH M C JIETEKTOPOB MOCTYHAIOT HAa MHAMKATOP, I/ie BbI-
YHCJISIETCS] MX OTHOIIEHUE, T. €. BHECEHHbIH KoadduIneHT
OTpa’KeHHUS.

Hamnpsixenne, mponoprponanbHoe Jorapudmy MOy
KO, mnpeo6pasyercst AIIIl u nocrynaer B [I9BM. Takue
M3MepeHNusT MTPOBOANJINCH B BBIODAHHOM [MAIA30HE YaCTOT.
[l1s1 M3MepeHusl MCIOJIb30BATACh CIIEIHAJbHO Pa3paboTaH-
Hag nporpamma. VsMmepeHuss XapaKTEPHCTHK OTPasKeHus
npoBounch B Ananazone 8-12 I'Ti B pexxnme cBUTIMPOBA-
nus ¢ nepuojom 0,08 ¢ 1 HakoIIeHneM pe3yJbTaToB, TAKUM
00pa3oM, N3MepeHne 3aHUMaJIO TTOPSIJIKA OHON CEeKYyH/bI.
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1 - reneparop kavawomeiics yactorst (TKY); 2 - CBU kaGeab; 3, 4 -
HalpaBJIeHHbIE OTBETBUTEJNHU; 5 - aHTeHHA; 6 - o6paselr; 7 - MOAJOXKA; 8§ -
9 - II9BM; - 1udpo-

npeo6pasoBaTeJib araoro-undpoBoit

10 - wunrepdeiicuniii Gaox; 11
(IAID; 12 -

WHUKATOD;
AHAJIOTOBDII
npeoGpazosaresib (AIIT)

Pucynox 1 - Cmpyxmypnas cxema uamepumeronol
ycmanosxu

[lennbie 06p33111>1 TFOTOBUJIMCb B BHU/I€ TIJIOCKUX CTPYKTYD
IIeOéXOﬂI/IMOﬁ TOJIIIUHDI B TI€HOIIJIACTOBOM JIOTKE pa3Me€poOM

270x290x110mMM3 ,  Ha
MeTaJIJInYeCKNi

JHE ~ KOTOPOTrO  pa3MelaJcs
[lna  1poBesieHHS  KaJMOPOBKHU
MeTaJIJIMYECKH JINCT TakXKe IOMelaJn Ha YPOBHE BepXHei
rpaHuipl MeHHOTO o6pasna. /[lud  1mosydyeHus IHeHHBIX
06pa3IoB TI0JIb30BAJIHCH JMCIIEPCUOHHBIM CIIOCOOOM, CYTh

JIMCT.

KOTOPOTO COCTOUT B TOM, YTO IIPH IIPOXOXK/IEHUU CTPYH
BO3/yXa uepe3 opolaeMoit
eHoo6pasyloniell KUAKOCTbIO, Ha €ro BbIXoJe 06pasyeTcs
Kparnoctp mennr - IIpe/ICTaBIIAIONIast
co6oit oTHOIIeHHe o6beMa IEHbI K 00beMy KMIKOCTH, U3

regoreneparop ¢ CeTKOfI,

TeHa. BeJIMYHHA,
KOTOPOil OHAa IPHUTOTOBJIEHA - 3aBUCHT OT YCTAHOBJIEHHBIX
3HAUEHWI pacxoja Ta3a M JKHAKOCTH. Vcrmosb3oBaiach
KPaTHOCTH B Auamnasone 28 - 535, cpequsis aucrepcHocts 0,1-
1 M. OG6pasipl MEHHBIX CTPYKTYP TOTOBWJNCHD U3 6 %
BOJHOTO  pacTBOpa [1O-02-I1 1npm
KOMHATHOU TeMIeparype.

[annpre n3Mepennit GopMupyiorcs B BHE MaccHBa Ha

HeHOOépaSOBaTe]ISI

JIICKPETHON CeTKe YacTOT, P 9TOM MOXKET ObITh ITPOBEIEHO
M3MEHEHNe Tara YacTOTHOH CceTKH. AHAJN3 JaHHBIX MTPOBO-
JIATCST BO BPEMEHHOI 06J1acTH MOCJIe ANCKPETHOTO IMTpeobpa-
soBanusi Myppe. Coxpanenue (aszoBoii uHPOpPMAIMU OCY-
IIECTBJISIETCSl 34 CYET WCMOJIb30BaHus mpuHImIa Dypbe-
rosiorpadun. Pymop dopmupyer JBa OMOPHBIX CHUTHATA 3a
cueT OTpPaKEHWIl B TOPJIOBUHE U areprype pymopa [4]. drto
MIPUBOIUT K (OPMHUPOBAHUIO ABYX (PParMeHTOB BPEMEHHOTO
CUTHAJIA, COOTBETCTBYIONINX B3aMMOKOPPEJSIUI BpeMeH-
HOTO CHUTHAJIa OTPA’KEHUs OT OOBEKTa M ONOPHBIX CUTHAJIOB.
It ¢GparMeHTbl 1O CTPYKType COBIAAAIOT C HCTHHHBIM
BpPEMEHHBIM CHUTHAJIOM OTPAXEHUs OT CTPYKTYPhI. Ileperop-
MEPOBKa OCH aGCINCC MO3BOJSIET TTOMYYUTh IIPOCTPAHCTBEH-
pacripesiesieHue CTPYKTYpPBI B
3aBHCHMOCTH OT IPOJOJBHON KoopAuMHATHL. VIMeHHO Takas

HOe HEOHOPOTHOCTEH
3aBUCUMOCTb W Habuioaercss Ha Mouutope [I9BM. Hanu-
e METAJTMIECKOTO JIMCTA Ha [He IMEeHOIJIACTOBOTO JIOTKA
MIO3BOJISICT OIIEHHUTH IIOTJIONIEHNWE B CTPYKTYpPE IO YPOBHIO
YMEHbBUIEHNST aMIJINTY/IbI MIKA, COOTBETCTBYIONIETO OTpasKe-
HHIO OT METAJJINYeCKOT0 JIMCTa MOCPEACTBOM CPABHEHHUS
CJIy4aeB OTCYTCTBUSI U HAJIMUUS TIEHHBIX 0OPA3II0B.

PE3YJIbTATbl 9KCIIEPHMEHTAJIbHBIX
HCCJAEIOBAHHH

ToumuHa MEHHBIX 06Pa3I0B MeHsIach B Auarnasone ot 11
cM g0 2 mMMm. OGpasel; TOJIIUHOH B 2 MM COOTBETCTBYET
MoHoc010 (CJI0il TOMITMHON B OJUH IIy3bIpeK, JuaMeTp IeH-
HOTO My3bIpbKa 1-2 MM) TI€HbBI HA BOJIHOIi TIOBEPXHOCTH, KO-
Topasi 06pa3yercst B pe3yJbTaTe paspylleHust mneHbl. Bpemst
Haboienust o6pasiia 1menbl mpeBbiano 30 MuH.

B rta6bmunax 1 m 2 mpuBeneH psji 9KCIEPUMEHTATbHBIX
JIAHHDBIX [IJIS1 CJIydas aHajansa (parMeHTOB CHHTE3MPOBAHHO-
rO BPEMEHHOTO CHI'HAJIA, COOTBETCTBYIONINX B3aNMOKOPPEJIs-
MU BPEMEHHOTO OTKJIMKA MCCJeyeMOl CTPYKTYPbI U OIOp-
HBIX CHUTHAJIOB, 06PA30BAaHHBIX OTPAKEHUSMU OT HEOHOPO-
JTHOCTEH B arepType M TOPJIOBHHE PyIOpa, COOTBETCTBEHHO.
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PAITODISNKA

Tabauua 1 - xcnepumenmanvuovie dannvie, NOAYUEHHBIE 8 PE3YAbMAME AHAAUIA 83AUMOKOPPENAUUU
8peMEeHH020 OMKAUKA UCCAEDYEMOU CMPYKMYPbL U OROPHOZ0 CUHAAd, 00PA308AHH020 OMPaXKeHUeM

om HeoOdHOPOOHOCIMU 6 anepmype

AMiarya
YcaoBus lFeomeTpuyeckas AMmartya HUKa
MHUKA OTPaXKEHUs . OcJa6JieHue curHaJa
CYIIIECTBOBAHI TOJIIIIUHA . OTpakeHus 3ajiHeil
nepesiHell TPaHUIIbI B CJIOoe, Pa3bl

00beKTa o6pasia,Mm obpasiia rpaHuipl 06pasia

t =1 mun 110 0,0004 0,0007 11,43

t =6MunH 90 0,0004 0,00108 7,41

t =11mun 70 0,0004 0,00125 6,40

t =26mMun 50 0,0033 0,00115 6,96

t> 30mun 10 - 0,00175 4,57

MOHOCJION 2 - 0,0034 2,35

Ta6.auua 2 - xcnepumenmavhioie daHHvle, NOAYUEHHbIE 8 pe3Yyabmame AdHAAU3Ad 83AUMOKOPPENAUUU
8PEMEHHO20 OMKAUKA UCCACOYeMOU CIMPYKMYPbL U ONOPHOZO CUZHAAA, 00PA308AHHOZ0 OMPAXKeHUeM Om

HeoOHOPOOHOCMU 8 20PI08UHE PYNOPA

YcaoBus Feomerpuueckas KO ot mepeueii AMILIUTYy/1a TTUKa Ocnabiienue
CYIIIECTBOBAHS TOJIIIITHA pea OTPaKEHUST 3aHEM aMILIUTYIBI B CJIOE,
IpaHuIBl 06pasia
00beKTa o6pasia,Mm rpaHuipl 06pasia (pas)
t =1 mun 110 0,00011 0,00055 10,91
t =6mun 90 0,00037 0,0008 7,50
t =11mMun 70 0,00049 0,00088 6,81
t =26mMuH 50 0,00047 0,0008 7,50
t> 30mun 10 - 0,00105 5,71
MOHOCJION 2 - 0,0034 1,76

[lnst o6pasia TouuHoit 11 ¢cM BHeceHHbI Ko dunmenT
OTpaskeHUs OT TepegHell rparn nmpuHUMaeT 3Hadenne 0,0004
(Ta6muma 1). YuntbiBas, 4To 3HaYeHHE BHECEHHOTO KO3(-
(ymmenTa orpaskeHHs OT METAJUIMYECKOTO JICTA, Pac-
TIOJIOXKEHHOTO B IIJIOCKOCTH TIepeHell rpaHu o6pasiia, coc-
taasier 0,01 - mosyumm, 4TO, TepefHssI TPAHWIA MEHHON
CTPYKTYPBI UMeeT COOCTBEHHBIH K09 UIMEHT OTpaKeHUs
0,04 (-28 1B). DTO COOTBETCTBYET OTPAYKEHMIO OT I'PAHMUIIBI
BO3yX-MaTepuasl CO 3HAUYCHUEM [UAJIEKTPUYECKOI ITPOHH-
maemoctn 1,17. AMImTyAa THKA, COOTBETCTBYIONAs OTpa-
SKEHUIO OT METAJITMYECKON TOAJOKKU TIPU HAJTMYUK TIEHDI,
nmeet 3Hauenue 0,0007, T. e. cuoit TommmHON 11 cM mpu-
BOJIUT K OCJIAGJICHUIO aMILJTUTY/ (bl 3JIEKTPOMATHUTHOM BOJIHBI
B 11,5 pa3 ¢ yueToM POX0OK/IeHUsI B 06€ CTOPOHDI.

[Ipn aHamm3e B3aMMOKOPPEJSINOHHON (DYHKIINU CHUTHA-
JIOB OTPAKEHUs CTPYKTYPbI U HEOJHOPOJHOCTU B TOPJIOBUHE
pymopa (Ta6mumna 2) co6ersennniii KO nepeaneil rpanmibt
pasnena menHoit crpykrypsl coctasun 0,014 (-37 1B). 9to
COOTBETCTBYET 3HAYEHUIO [IMAJIEKTPHUYECKON MTPOHUIIAEMOCTH
1,03, YTO CTPYKTypa TIpeICTaBJIsSeT
co60ii OiNH CJI0i ¢ yKa3aHHBIMHU 3HAYeHHAMHU 3(pdeKTHBHOM

€CJinm  IIpearioJararb,

JI2JIEKTPIYECKOil NPOHUIaeMocTH U KoadduinenTa orpa-
skeHnss DpeHesst. 3HaueHue 3GQPEKTHBHON AUdIeKTpUyec-
KO TIPOHUI[AEMOCTH, KOTOPOE TOJIy4€HO U3 OTHOIIEHUS 3Ha-
YeHWH 3JIeKTPIMYeCKONl M TeoMeTpUYecKoil TOJIIUHBI, TIpa-
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KTUYECKM COBIIAQJAeT ¢ 3TUM 3HaueHHeM. 3HadeHue BHECEH-
HOTO K0a(h@UINEHTa OTPASKEHHUS OT METAJJIIMIECKOTO JINCTA,
PACIIOJIOXKEHHOTO B IIJIOCKOCTH IepefiHell TpaHu o0pasia,
cocrasuo 0,007.

Jlnsg MoHoCI0s TleHbl Ha BoAgHol mosepxnoctn (Ta6-
qutpl 1,2) ammumryga nuka cocraBuiaa 0,0034. o mpu-
MepHo B 2-3 pasa MeHbIE 4eM OTpa)KeHHE OT MeTaslaudec-
KOW TJIACTUHDBI, Pa3MelleHHON Ha 3a/iHell TpaHuile o6pasia.
Takum 06pa3oM, OJMH MOHOCJION TEHbI OCJA0JSIeT OTpaske-
HUEe OT MeTaJTMIecKOl MIacTUHBI B 2-3 pasa.

HawuboJsiee BEpOSTHBIM 3HAUEHHEM [TUIJIEKTPUYECKON TTPO-
HUI[AEMOCTH YKA3aHHBIX MEHHBIX 06Pa3ilOB MOXKHO CYUTATD
1,17-1,21, 4t0 10BOJIBHO GJM3KO K 3HAYEHMSIM, MPUCYIIUM
neHoriactaM. Takoil pe3yJsibTaT IpeCTaBJsieT UHTepeC, T0-
CKOJIBKY CJIOW BOJIbI MMEET OTpaskarollie CBOWCTBA, CPaBHU-
Mble C OTPaKAIOU[MMHU CBOHCTBaMHM MeTa/lla, a 3HavYeHHe
JINAJIEKTPUYUECKON TIPOHUIIAEMOCTH cOcTaBJisieT mopsiaka 80.

PesysbraThl, TOJIydeHHbIE TIpU aHajdu3de OGOUX BHOB
B3aUMOKOPPEJISIITMOHHON (DYHKITMH, HAXOAATCS B XOPOIIEM
COOTBETCTBUY C YYETOM MAJIbIX YPOBHEH OTpaskeHus.

BbIBO/ bl

Pa3p360TaHHO€ N3MEPUTEJIbHOE 060py110BaHMe II03BOJIN-
JIO TIPOBECTU KOPPEKTHbIEC M3MEPEHUA AUCHEPCHDBIX IMEHHBIX
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JI.M. Kapnyxos, B.O. Puiburn: KBASUJMHAMUYECKAS AIIIIPOKCUMAIIA BXOIHOTI'O UMIIEJAHCA

MUKPOIIOJIOCKOBOW JINHNU

CTPYKTYP, HOJIyYUTb OIeHKH 3(h@PEKTUBHON AMdJIeKTpUYec-
KOIl mpoHuIaeMoct, xKoadduimenra ocaabaeHus 3JeKTpo-
MAarHUTHBIX BOJIH B 3aBHCHUMOCTH OT TOJIIMHBI CJIOS TIEHBI U
BpEMEHH ee CyIeCTBOBAHNUS.
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Hasedeno excnepumenmanvui pesyivmamu  UMiploganis
6id6umms i noerunanns eaexmpomaznimnux xeusv HBY
dianasony (8 - 12 I'Ty) 610 po3amawosanux y 6ilbHOMY NPOCMO-

pi 3pasxie ninu na 6a3i 600SHUX PO3UUHIE 6 3AJEeKHOCMI 610

mosuuni (epanuyi 6i0 110 do 2 mm) wacy icnyeanns ninu.

Experimental results of measurements of electromagnetic
wave reflection and absorption for some specimens of water
foam in free space for frequency band 8 - 12 GHz as function
of specimen thickness in range 2 -110 mm and time of foam
existence are presented.

A.M. KapnykoB, B.O. PblbuH

HBASUAWHAMMWYECKAA ANNPOKCUMALHA BXOAHOI0 HMNEAAHCA
MHKPOMNONOCKOBOMN JINHMH

IIpednoxenvt npocmoie coomnowenus 014 pacuema oucnep-
CUOHHBIX 3A8UCUMOCTEN 8X00H020 UMNEOAHCA MUKPONOIOCKOBO
aunuu.  [as anaausa  AunUU - UCNOLIOBAHO  UHMEZPATbHOe
ypasuenue, cocmasgiennoe ¢ nomowro Gyuxyuu I'puna, onpede-
JEHHOU 8 KEA3UOUHAMULECKOM NPUOIUNKEHUU.

3ajavya cOrjaacoBaHMs BXO/JHDBIX HMMIIEAHCOB (PYHKIIHO-
HAJIbHBIX 3JIEMEHTOB SBJSETCS O/IHONW W3 OCHOBHBIX IIPU
MPOEKTHPOBAHNH MUKPOTIOJIOCKOBBIX ycTpoiictB CBUY u
TpeGyeT JJIsI CBOETO PENIeHWs JAHHBIX O BOJHOBBIX COIIPO-
TUBJICHUAX COYJICHSIEMbIX MHUKPOIIOJIOCKOBBIX JIMHUH Iepe-
Jfayn. TpaguiiioHHO BOJIHOBOE COIPOTUBJICHIE BBIYUC/ISETCS
B IIpoIlecce PEIIeHHs JBYMEPHOH KpaeBOH 3a/ayil 10 HaXo-
SKJIEHUIO TTOCTOSHHON PacIpoCTpaHeHus BOJIHBI B HCCJIELye-
Mol smHUM. ['MOpHIHBII XapakTep BOJIHBI, PACIPOCTPAHI-
Tomelicss B Mukpomnosiockopoit muamm (MILJI), nemaer He-
BO3MOXKHBIM ~ OJJHO3HAQYHOE OIIPE/ICJCHIEe €€ BOJHOBOTO
conporuBienusa. [loatomy B ciydae ABYMEpHOTO aHaJIn3a
MILJI pisa olileHKH ee BOJIHOBOTO CONPOTHBJICHHS OJHOBpPE-
MEHHO WCIIOJIb3YIOTCS B pacyerax jBa omnpenesnenust [1-4].
O/IHO U3 HUX CBSI3bIBAET MOIIHOCTD, MTE€PEIABAEMYIO JHHUEIT,
¢ TOKOM B Heil. Bropoe - apeKTHBHYIO AM3JIEKTPIYECKYIO
nponunaemoctb MILJI n BosmoBoe compoTuB/IeHNE ITOH Jn-
HUM B CJlyyae ee BO3JYIIHOrO 3amnoJiHenusi. Ha HyJseBoii
YacTOTe 9TU OIpPe/eIEHUs Al0T OJJMHAKOBbBIE PE3YJIbTATBI, C
POCTOM YaCTOTBI JIAHHBIE PACYETOB PACXOJSTCS.

OJHO3HAYHO BOJIHOBOE COIPOTUBJIEHHE HCCJIEeLyeMOi
JIMHUM TIepe/ladd MOKeT ObITb PACCUUTAHO 4Yepe3 BXOHOI
umnefanc Z, - muHud. BxopHON mMnenaHc BbruMCIseTcs

IIyTEeM pelIeHusl TPEeXMEPHOH KpaeBOil 3a/lauM, OINMCHIBAIO-
meil  BO30OYXK/eHWe UCCJIeIyeMOil JUHUM — OeCKOHEYHO
JUTUHBI CTOPOHHUM 3JIEKTpUYecKuM mosieM. B [5,6] Bbimos-
HEeH 4YuCJeHHbI pacueT BXojHoro ummnenanca MILJI. Ienbio

HACTOsIIIEN PabOThI SIBJISIETCST HAXOXKIEHUE TIPOCTBIX AHAJH-
THYECKUX 3aBUCHMOCTEN /IS OIIEHKU BXO/HOTO WMMIIEIaHCa
MILJI. Pemenne TOCTaBJIEHHONH 3aJaYll OCYIIECTBJISETCS
BapHAIMOHHBIM METO/IOM, NPHMEHEHHBIM K HHTErPAJbHOMY
ypaBHEeHUIO ¢ sAApoM B Buae yHkimm I'puHa, KOTOpas
COCTaBJISIETCST B KBA3UIMHAMITYECKOM TTPHOJIVKEHUT.

IIOCTAHOBKA 3AJAYH H METO/Zl PEIIEHHA

Ha pnc.1 nokasaHo mnomepeyHoe ceueHHUe MCCJELyeMOi
MIIJI Ha OAJIOKKE € TOJMIIUHON h 1 oTHOCUTEbHON ausJIe-
KTPHYECKO NPOHUI[AEMOCTBIO €, .

2 A
-w/2 w/2
h, &
X 0 ;y

Pucynox 1 - Ilonepeunoe ceuenue MIIJI

ByueM CYyuTaTb, 4YTO IlOBerHOCTHbIﬁ TOK Ha IIOJIOCKE,
LHI/IPI/IHOfI W, UMeET TOJIbKO IIPO/JIOJIbHYIO COCTaBJIAIOUIYIO N
OoIpeaeJiAeTCA BbIpaKeHUEM

ix = 1mely) f(x) (1

rjae - aMIVIUTY/THO€ 3HAU€HHE TOKaA.

I m

23



PAITODI3NKA

3aBUCUMOCTb TOKA OT KOOPAMHATBI y MPeACTaBUM (PyHK-
e

oly)=————

2
L |1- <y
w
COOTBETCTBYIOIIEN KBA3UCTATHYECKOMY PACIPEIEJEHIIO 1
ycaoBuio Ha peGpe [1].
[Tostarasi MPOBOAHUKY M/IEAJTbHO MPOBOASIINMH, MOTPE-

6yeM BbBIIIOJIHEHUE Ha TIOBEPXHOCTU S mosocka TpaHU4YHOTO
ycaoBus

Ex(xaix)+ E)im(x)=0 : ()

311er EX - HaIIPpAKEHHOCTDb JJIEKTPUYECKOTO II0JIA OT I10-

BEPXHOCTHOTO TOKAa Ha IOJIOCKE, EX" ussecrnas dynx-
IVs1, XapaKTepH3yIolas CTOPOHHEE dJIEKTPUUECKOe TOJIe.
BBIPA3UM
yepes ¢yukimio I'puna, cocrapiennyio aias MILJI B kBasu-
JIMHAMIYeCKOM nipubskenun [6-8]:

HOJIE, HaBE€JCHHOEC ITOBEPXHOCTHBIM TOKOM,

W2 o
. z .
Ex(xylx)=jk0%” f .[G»((vavXO'YO)'x(XOvYO)dXOdYO,(3)
—W/2—c0
rmae

[ ij e—ijn + 1]
I )

Rn+1

Q
=
=
Il
[« NS}
/N
Q
< | <
L
~
|
Q
.
L
=
:
;/
i M

R, =r2+Qnh)?, r=m)z, r=(-e)(1+e),

kO— BOJIHOBOE 4HCJIO, Zg=1207 - BOJIHOBOE CONPOTHUBJIEHUE

CBOOO/THOTO IIPOCTPAHCTBA, j - MHuUMas eaunHuna. durypu-
pyioiiee B (HopMyJie BOJTHOBOE YHCIO R OJHO3HAYHO HE OII-

pellesIeHo U MOXKeT ObITb B3SITO M3 MHTEpBasa lko,km/gl [6].

Veaouto (2) COOTBETCTBYET WHTErPATbHOE ypPaBHEHHE
OTHOCHUTEJIBHO TOBEPXHOCTHOTO TOKa. [l  HaXOMKACHUS
NPUOIMKEHHOTO PEIICHHUs] YPABHEHUS BOCTIONb3YeMCS BAPU-
ALMOHHBIM METOJIOM HA OCHOBE CTAIMOHAPHOTO (DYHKIHO-

HaJa caexyroniero suja [9]:

J.ipE(x,iq)ds
-—S . (4)

Ii pEf{”ds quEf,’”ds

S S

Zpg=

[Ipu ycnoBun ip =i, coornomenue (4) MO3BOMSAET paccun-

q
TaTh BXO/JHOH UMIIelaHC UCCeyeMoil JUHIH.

TEOPETHYECKHE PE3YJIbTATbI

3ajazum TPUOIDKEHHOE BHIPaXKEHHE NS TOKOB 1, , i,
ompesegeMbIX 3aBucuMoctbio (1), B Bume BOJH
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—jk|x—x|

ix =Imel(y)e , )

pacxonsumxcs u3 cedenust X=X , Tjle PacHoOXUM TO-

YeyHblll UCTOYHHK CTOPOHHETO 3IE€KTPUYECKOTrO II0JIS, OIIU-
CbIBAEMbIi JlesbTa-(PyHKIMEN:

cm _

Ey" =

S(x=x) . (6)

Ioacranoska (5), (6) B (4) u UHTErpUpPOBaHUE 110 KOOP-
JIMHATE X TPUBOJUT K CJEAYIONIEMY BBIPAKEHUIO JJIsI BXOJI-
noro umnezganca MILJI:

6x =_E - Bn+1] 7
rie
w/2 w2
0 [ gty) ffo-rer? o) - k) € M) ey
—W/Z -w2
V\(Z w2
o [ty Jericnd] ) +amin) T et sy
—V\IZ -w2
jt
Ei(x)=— Iert,
(= yo)? +(2nh)?
WHrerpaibHyIo TIOKa3aTeJbHY0 (PYHKIHMIO — 1pubIn3uM
BoipakenueM [10]:
Ei(x)=y+jZ+In(x)- x—X—2
=y+] 5 j 2 ¥

rjie Y - NOCTOsSIHHAs Jiisepa.

Wurerpuposanne Koadduimentos dopmynt (7) ¢ yue-
ToM npubmkenns (8) maer ciaeayionme COOTHOMEHUS:

Ch=Pn- Aw+1—k0{(an ans1)- kz[y+j§—1+ln(k)+

(9)

+(20HPan —(2n+ D0Paeq by -t |

k .
Dn=Bn—Bna 26{2(‘% —an41)+ kz[?"“ J%— 2+In(k)+

+ (2nhPay — (2 +D02ansg + by bz |- 41k(e — cne) | (100

, 2
2nh w).
rae a,=In [ > j+— J.In 1+ 1+[ﬁsn( )] dx , ag=l Z],

bn -1 W2+3(Znh
12 w2

st o 0 g Ly (1)

Jln[w +(2nh)? ] (2n2)4ln(2nh)—
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JI.M. Kapnyxos, B.O. Puiburn: KBASUJMHAMUYECKAS AIIIIPOKCUMAIIA BXOIHOTI'O UMIIEJAHCA

MUKPOIIOJIOCKOBOW JINHNU

2 2 3
o wl(yemP) [P emP
3 1 W2 W2 W3
2 2
+3m In| 1+ 1+m —In 2nh ’ W
w? w? w C()—E
Ilpu Haxoxzennu koadduumentos b, , ¢, NpUHIMA-

JIoch pactipesesienre 1o y B (5) paBHOMEPHBIM.

BousHoBoe unciio k onpezpennM B GopMyJaX U3 YCJIOBHS
COBIAJICHNST PE3YJIbTATOB pacdera 1Mo cooTHomeHusM (7)-
(10) s HyJsIeBO# YACTOTBI € JJAHHBIMH KBA3HCTATHYECKOTO
anammsza MILJI. DTo ycioBHE € JOCTaTOYHO BBICOKOI
TOYHOCTBIO BBITIOJIHAETCA IIPpU

k/kO :V(1+Sr)/2 :\/870;) .

B pesyabrare Bei6opa uncaa k mo (11) coornomenue (7) na

(11)

HYJIEBOI1 4acToTe PUOGPETAET CJACAYIONNI BU/I:

29 N n
Loy =——F—| 99— + E r - 12)
8Xg 4”\/% a—a (a-n a-n+1)

n=0

Ha puc.2 ans pasauynbix 3HaveHuii €, NPUBEIEHBI

pe3yJIbTaThl pacyeta KBa3UCTATUYECKOTO 3HAUEHHUST BOJHOBO-
ro conporusyienus MILJI, momxydennbie mo dopmy.ie

Z
o (13)

PO =—

¢ momompio cootHomernus (12). IIpeacTaBieHHbIe 3aBHUCH-
MOCTH € TIOTPEIIHOCTBIO, He MPEBBIMaioNiei 2 %, COBIAIN C
JMaHubiMu U3 [11], OTMEUeHHBIME HA PUCYHKE CUMBOJIOM O .

Ha pwnc.3 mnpuBeneHbl [AUCIEPCUOHHBIE 3aBUCUMOCTU
BosiHOBOTO  comporusyiennst  MILJI, paccunTtamable 1O
dopmyne (7) ¢ mcmoapzosanmem (9), (10), (13). Pacuer

BBINOJIHEH s nojiocok tmmpunoit w = 0,4, 1,0, 2, 0 mm

IpU TOJIMHE MOMAMOXKKM A = 1 MM ¥ 3HaueHuWii OTHOCH-
TeJTbHOW [MAJEKTPUIECKON TPOHWIIAEMOCTH MaTepHasa
noanoxku €, = 9,8, 16 . Kpusbie 1 na pucynkax coorser-
CTBYIOT MOJYJIIO, a KpUBbIE 2 - PEAJIbHOIl 4acTH BOJHOBOTO
conporuBienust MIIJI. CumBoioM o OTMe4YeHbl JaHHbIE U3
[12], nosyyeHHble IyTeM CTPOrOro YHCJEHHOTO 3JIEKTPO-
JIMHAMUYECKOTO pacyeTa BOJHOBOTO cotmpotuBienuss MILJI
JUISL IBYX €r0O OIpe/e/IeHMI:

2P
£0 15)

MZE.

3nech P - MOITHOCTD, Tiepe/laBaeMas JuHuel, [ - TOTHbII
TOK B JIMHUH, aa(p - a(ppexTHBHAS MATEKTPUYECKAS TIPO-

HUIa€MOCTb JIMHUU, pO - BOJTHOBOE€ COIIPOTUBJIEHUE JUHUN

C BO31yIIHbIM 3allOJTHEHUEM.

Hanubie u3 [12] mnag onpexgenenus (14) momedeHbl Ha
pucynkax nudpoii 1, g (15) - uudpoii 2.

Kak cieayer u3 mpeicTaBJIeHHDBIX pe3yJbTaTOB, OIIpe-
nenenne (14) cOOTBETCTBYeT pacuery MOJIYJst, a oOIpeje-
senne (15) - peanbHON wacTu BXoaHOro ummemanca MILJI.
Vmeer MeCTO COOTBETCTBHE MEXK/Y XapaKTepoM H3MEHEHUS
JIUCTIEPCUOHHBIX 3aBUCUMOCTEH, CJEYIOIMNX U3 CTPOroro
YICJEHHOTO aHaIM3a M W3 pacyera I0 IIpe/JlaraeMbIM
MIPOCTBIM cooTHolIeHusM. Ha HayaabHOM ydyacTKe 4acTor-
HOIl ocu, rae nucnepcus napamerpoB MILJI Beipaskena cia-
60, Pe3yJIbTAThl PACYETOB COBIAAIOT C BBICOKOH TOYHOCTBIO.

Po, Om
120 L&
\ §=3,7
% Q
\"\49\9\
o L\ .
£=98" \9\9\9‘9*
£=16 S —8—g—5—¢
10 1 1 1 1
0 1 2 3 wh

Pucymnox 2 - 3asucumocmu xK6a3ucmamuyecxkozo
3Havenus 60106020 conpomusaenus MIIJI om
OMHOWEHUS WUPUHBL NOJOCKA W K MOJUUHE NOOJIOKKU
h; cumeonom 0 ommeuenvt dannvie us [11]

pYC)M
0 w504 o —o———8712 °
/o
2
w=1,( i
50 o——o 8 o
T
w=2/( N2 /O/j(
3) © © :g::[ Q ¢
/ —
2
T T T
0 4 8 v H
a)
p, Om
70 2
WfO,4 . : &\ | —0
50 - i o \el\(l o}
w=1( 1~ Al =%
o roy —
0 WfZ,( e _4_? — 3
AR R
10 1 1 1 1 1 2 1 [
f, I
0 4 8 1 i
6)

Pucynox 3 - Yacmommuovie 3asucumnocmu modyas (xpusvie
1) u peasvnoi uacmu (kpusvie 2) 604106020
conpomugaenus MIIJI 0as paziruunvix
Juanexmpuueckux nponuyaemocme n0OI0KKU

monuwgunoti h = 1mm: a—¢,. = 9,8, 6-¢ =16;
CUMBOLOM © OomMmeuenvl dannvie us [12]
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BbIBO/] bl

IIpeasnoxenpl MpocTble COOTHOIIEHUS [JISI BBIYHUCJIEHUS
JIUCTIEPCUOHHBIX 3aBUCUMOCTEH BxomHOTO nmienanca MILJI.
CoOTHOIIIEHHS € BBICOKOI TOYHOCTBIO 06ECIIEeYNBAIOT pacyer
BXO/IHOTO MMIleJlaHCa Ha HAYaJbHOM yYacTKe JacTOTHOH ocu
B obJiactu ciaboii aucnepcun napamerpoB MILJI u Bocmpo-
M3BOJSAT TEH/EIMI0 M3MEHEHUS JMCIHEePCUOHHBIX KPHUBBIX C
POCTOM YacTOTBHI.

[lasnbHelilee pa3BUTHE PACCMOTPEHHON METOJMKHU pacu-
eTta BxojiHoro umnesanca MIIJI ¢ 1esbio OBBINIEHNST TOYHO-
CTH MOJIEJTMPOBAHUS U OCJIA0JIEHNST OTPAHIMYEHUI 110 4acTOTe
BO3MOJKHO IIyTeM HCIOIb30BaHUs A5 aHanusza MILI dbysk-
nun I'puHa, cocTaBleHHOH B CTPOTOi 3JIEKTPO-AMHAMUYEC-
KO TIOCTaHOBKE.
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Banpononosano npocmi cniesionouenns 01 Po3IPAXYHKY
Jducnepcitinux 3anexnocmeti 6xi0H0z0 imMnedancy MiKponoso-
cko6oi ninii. /[na ananisy aiMii UKOpuUCmMAano inmezpdivhe
pisnanns, ckaadene 3a donomozor ¢pyukyii I'pina, axa eusna-
uenda @ K6a3i0UHAMIUHOMY HAONUKEHHI.

Simple ratios for dispersive dependence calculation for
entrance impedance of microwave line are offered. The inte-
grated equation composed with the help of Green's function
with is defined in quasidynamical approximation are used for
line analysis.

A.M. NoraveBa, B.ll. bBoHAapeB

3KBHBAJIEHTHbIH NOBEPXHOCTHbIA HMNEQAHC
RPYIJI0r0 OTBEPCTHA B Y3KOH CTEHKE
NMPAMOYTO0JIbHOI0 BOJIHOBOJA

Hcxods us dHepeemudecKux coomHoweHuﬁ, noayyena urme-
panvnds xapaxmepucmuxd, onucovledlow,dsi umnedancuovle Ceol-
cmea Kpyzaiozo omeepcmusi 6 _1/316011 cmenKe npAmoYyzoaviozo
8011106004 U cbusuuecxu npeacmaefl}zfouga}z IKEUBANEHMHBLIUL
umnedanc. Hpoee@eu AHAAU3 NOAYUCHHBLX Pe3YyYabmamoes.

BBEJIEHHE

PasButne cpencTB CBS3M U PAJMOJIOKAIIMOHHON TEXHUKN
OpuBeo K OOJBIION Ieperpys3Kke HCIOIb3YeMOrO CIIEKTPa
CBEPXBBICOKMX YaCTOT. IJIEKTPOMArHUTHAS COBMECTUMOCTD
Pa3JIMYHbIX PAJNO0ITCKTPOHHBIX CHUCTEM IIPEBPATHJIACh B
CEpbE3HYI0 M CJOXKHYIO Tpo6JeMy. [JIaBHBIM HMCTOYHUKOM
HoMeX [JIS Pa3JMYHbIX PAHOCIYKO SBJISETCS TapMOHUKH
OCHOBHOH 4aCTOTbI 1I€PEJATYNKOB CBEPXBBICOKMX YaCTOT.

IOPdeKkTHBHBIM MyTEM pelleHus] IPOOIEeMbI  3JEKTPO-
MarHUTHOH COBMECTUMOCTH SIBJIETCS IIO/IaBJIEHUE 3TOTO
[apa3uTHOTO M3JydeHHs. Bo MHOrux ciydasx ato ocyle-

CTBJISIETCST € TTIOMOIIBIO TOTJIONIAIONNX (DUIBTPOB TAPMOHUK.
Kak mpaBuyio, aTo CJIOKHbBIE COEIMHEHUS MPSIMOYTOJBHBIX
BOJIHOBO/IOB, JINGO MPSIMOYTOJIbHBIX U KPYTJIBIX BOJHOBOJIOB
yepe3 OTBEPCTHUSI CBSI3M PA3JUYHONU KOHQUTYpaluu: Iee-
BbIE - NPSMOYTOJIbHOM (DOPMBI, KPYTJIble, AJITUIITHYECKUE W
npyrue. Haubosblliee TpakTHYeCKOe MPUMEHEHUE HAlILIH
IIeJIEBbIE OTBEPCTHUSI CBSI3N.

[ITenieBble OTBEPCTUST CBSI3M PA3JEISIOTCS HA JKCIIOHEH-
IMAJbHbIE Y3KUE IIeJH, y3KHe IIeJu, W IIHMPOKUEe OTBep-
CTHSI, COM3MepHUMble ¢ AJWHON BoJHBI. VccienoBannio cod-
JIEHEHUH TPSIMOYTOJBHBIX BOJHOBOJIOB, CBSI3aHHBIX Y3KUMU
HIEJSIMU TIOCBSIIEHO JOCTATOYHO GOJIbINOE YuCI0 paboT, B
KOTOPBIX aBTOPBI TOJIH30BAJIICH MPUOJIIKEHHBIMI METOIAMU
anekTpoauHamuku [1-5]. K orpannuenusiM atux paGot MOX-
HO OTHECTH TO, YTO Pe3yJIbTaThl GBIIN MOJYIEHBI B OJHOMO-
JTOBOM TIPUOJMKEHUN U HEe PACCMATPUBAJICS MHOTOMO/IOBBII
PEKIM.

26 ISSN 1607-3274 “Panioenexrponika. Indopmaruka. Yupasminus” Ne 2, 2003



J.M. Jlozauesa, B.Il. Bondapes: DKBUBAJIEHTHDBIV [IOBEPXHOCTHbBIV UMIIEJAHC KPYTJIOTO
OTBEPCTUA B Y3KOW CTEHKE ITPIMOYTOJBHOI'O BOJHOBO/IA

[lenieBble OTBEPCTUS K HACTOSIIIEMY BPEMEHU XOPOIIO
M3YYEeHbI, Yero HeJb3s CKa3aTb O IIUPOKUX OTBEPCTHIX
CBS3M MIPSIMOYTOJBHON W KPYTJIOH (DOPMBI.

IToaToMy TpezcTaBJIsieT MHTEpeC 3aada 06 2JeKTpoMar-
HUTHOI CBSI3M MPSIMOYTOJBHOTO M KPYTJIOTO BOJHOBOJ/IOB Ue-
pe3 OTBepCTHE CBS3U, KOTOPOE SBJISETCS alepTypoil KpyrT-
JIOTO BOJIHOBOJA. [IpWHIMMIIMANbHBIE TPYAHOCTH BO3HUKAIOT
B CBSI3M C OCOGEHHOCTHIO TEOMETPUY [AHHOTO COEIMHEHUSI.
['paHWYHbIE YCJIOBUS B 9TOM CJIyYae JOJKHBI GYIYT BBIIOJ-
HSTBCS HAa TTOBEPXHOCTH JOCTATOYHO CJIOKHOU (POPMBI.

B cBsa3u ¢ aTuM TpebGyeTcs padyMHOe YIpolleHue obIei
MIOCTAHOBKH 331241, YTO MOXKHO OCYIIECTBUTD, NPHMEHUB K
paccMaTpuBaeMoil CTPYKTYpe MeTOJ MMITEIaHCHBIX TPaHUY-
HBIX YCJIOBUII, KOTODBIH [JIsI JaHHOW 3amauyn Oyaer Gouee
(D @PEKTUBHBIM 110 CPABHEHWIO C AHAJUTHYECKUMH METO/a-
Mu. VIMIlegaHCHBI MeTOJ TpHMEHSeTCS B TeX CJIydasx,
KOTZIAa W3 KaKuX-TU60 TIPEeJBAPUTENBbHBIX COOOpaKeHUi
MOKHO 3apaHee HalTH NPHUOJMKEHHOEe BbIpasKeHHe [ TO-
BEPXHOCTHOTO MMIIE/IaHca, YTO ObLIO c/enano B pabote [6],
rze OBl PACCMOTPEH METOJ pacyéra MOBEPXHOCTHOTO HMIIe-
JIaHCca, KOTOPbI OBLI IpeJcTaBjeH B BHU/e JABOWHOTO psia
Dypoe. [Ipruém mpeammonarajgoch, 4YTo 3HAUECHNE UMITEIAHCA
Ha TIOBEPXHOCTH OTBEPCTHS M3BeCTHO. OJHAKO 3TOT BOIPOC
TpebyeT Gosiee MOJPOOHOTO aHAIN3a U 0OOCHOBAHMS.

IIOCTAHOBKA 3AJAYH

PaccMorpuM  GeCKOHEUHBIN MPSIMOYTOJILHBIH BOJHOBOJ
ceyeHNeM aXb, B Y3KOU CTEHKM KOTOPOTO HMEETCs OTBep-
CTHEe, KOTOpOe SBJSETCS alepTypoil KPYIJIOro BOJIHOBOJA
paauyca R, Harpy»eHHOTO Ha COTJIACOBAHHYIO HarpysKy.
PaccmaTpuBaemast cTpyKkTypa n3oOpakeHa Ha puc. 1.

Pucynox 1 - Cucmenma xoopounam xpyznozo 604106004

CBoiicTBa OTBepCTHil yZOOHO ONUCHIBATH MHTETPAJIbHOM
XapaKTEePUCTUKOI - HKBUBAJEHTHBIM HOBEPXHOCTHBIM HMIIE-
naHcoM Z,, [7]. DKBUBATEHTHBII TOBEPXHOCTHBII MMITEIAHC
zZ

COOTHOIIIEHUII:

sk MOJKET OBITH BBe,ZIéH, ucxoasda M3 IOHEPreTUICCKUX

- 1
P:—23
> €))

[SYI—

2n 2
[IH2]"pdode,
0

rie P - cpeaHAs MOIIHOCTh  MPOXO/ISIIAS

norepeyHoe ceyeHue Kpyryaoro oTBepcTus paaunyca R;

qepe3

H1 - KOMILIEKCHbIE TOTepeyHble COCTABJISIONINE BEKTOPA
MArHUTHOTO TI0JIS1 HA OBEPXHOCTU KPYTJIOTO OTBEPCTHSI.

CpenHee 3HavyeHWE KOMIIJIEKCHOW MOITHOCTU, TIE€PEHO-
CUMON BIOJIb IUJINHAPUYECKOTO BOJHOBOJA OIPEIESIeTCs

BbIpaKeHUEM

1R2n .
P:EJJ E,H" |[(Zy)pdpdo, (2)

rae £ - KOMILIEKCHAS aMILIUTYAa HAIPSIKeHHOCTH 3JIeKTPU-
YEeCKOTO I0JII Ha TIOBEPXHOCTH OTBEPCTHS;

*

H® - KOMILICKCHO - CONPSKEHHAs aMILINTY/a MartuT-
HOTO II0JIS1 HA HOBEPXHOCTH OTBEPCTUSL.

[Tpupasuusas cooruomenus (1) u (2), momxydnm Bbipa-
SKEHHe I Pacyéra MCKOMOIO SKBUBAJEHTHOIO IIOBEPXHO-
CTHOTO MMIIEIAHCA KPYTJIOTO OTBEPCTHSL:

R2n .
j E,H" |(Zp)pdpde
0

_ 0
Z,= R2n

[ fIF] oo
00

2

3)

PEIIEHHE

[TepeiieM K pacMOTPEHIO UHTEIPAJIOB, CTOSIINX B YNCJIU-
Tesie U 3HaMeHarese B (opmye (3), onpeensonmx 5KBU-
BaJIeHTHOE COIIPOTHBJIEHUE.

Bynem cuutarh, 4YTO IO OCHOBHOMY BOJIHOBOJY MOLYT
pacnpocrpanAaTbca Boanbl tuna I'E,,,. Torpa, ucxoaa us

reoMeTpun 3aJa4u CJIEAYET, YTO Ha OTBEPCTUMN TOIKE B036y-
JKIAAIOTCA BOJIHBI THUIIA TEmn MUWJINHAPUYIECKOTO BOJIHOBO/A.

Ecom BBECTH MUMJINHAPUYECKY IO CHUCTEMY KoopAnuHaT

(p,9,z'), tme ocb Z' cOBIAfaeT ¢ OCbI KPYIJIOrO BOJHO-
BO/Ia, TO COOTBETCTBYIOIIME BEKTOPBI

3anuuryTes Kak [8]:

II0JIsA 9THUX BOJIH

He = i [H o[ (¥ 1mnP) cos(mp)e P2,

mn

: — jougm ) i

Ep = IZL|Homn|‘]m(’YJ_m,np)51n(m(P)e JBZ:
mn YJ-f'ﬁ,ﬂ
= i ‘ N

Eo = Z Jﬁ|Hon’Ln|‘]m(’YJ_m,np)Cos(m(p)e JBZ: (4)
mn ’Yim,n

- JBﬂ|Homn|‘Jrl‘n('YJ_m,np) COS(mP)e_jBZy

mn YLmn

. o m -
Ho = Z : ZBm,n |Hom,n|3m(hmynp)sin(mtp)e‘JBZ,
Y
mn [imn
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PAITODI3NKA

rae |H0m,n| - ammmryga TE,, BOJHBI BO30yskJaeMoil Ha

KPYTJIOM OTBEPCTHU GOKOBOTO BOJHOBOJIA;

1
Vmny2
— (1) - nocrosHHAsA pacHpOCTPaHEHUS

Bm,n = k2 R

MUIXHAPUYECKOTO BOJTHOBO/IA;

an

’YJ_m,n = —— - IIlonepevyHoe BOJIHOBOE YHUCJIO,

1 (T} o
V', n~ 1 - 1 KOPEHD IPOM3BO/IHOI ynkun Beccens m -
TO TIOPSI/IKA.

PaccmoTrpum mHTErpaJi, CTOSANMI B 4HMCJIUTEJEe BbIpake-

Hus (3), KOTOPbIH MOXKHO 3aIicaTh Kak

{E, H *1(Zo)pdpd(p =
00

:%?J{EL, 1(Zo)pdpd(p
00

Ipeo6pasyem unterpas (5) k Gosee ymoGHOMY BHIY.
[Ls1s1 3TOTO BOCIIOJIb3yeEMCSI CBOMCTBOM CMEIIaHHOTO IIPOU3Be-

(6))

JIeHUST a[b cl= [C al=c[a b] B pesysbraTte nmeem:

{El,Hj}(zo){Hj,zolEL{zo,E;}H'j. 6)

Tornma ¢ yaerom (6) ans Born tuna TE,,, uarerpant B (5)

3aIMIIETCS:
1 R 2n ) .
P=2] J.{?o, EL} H . pdpdo. 7
00
Boimosmus  BextopHoe mpoussenenune B (7), a 3arem
YMHOXKUB €ro CKaJgpHO Ha Hj_, Hal1éM:
1 R 2m
P= > I I[Ep Ho— Eo H ]pdpd(p, (8)
00

*

rie Ho u Hp - BEJIMYMHDI COIIPSIKEHHDBIE € H(p u Hp B (4).

HOZICTaB]IHH B HaIlMCAHHOE€ BbIPpAKE€HUE (8), 3HaYCHUA

.
#
COOTBETCTBYIOIIUX BEKTOPOB HANPSKEHHOCTH I0JIS H(p, Hp

u Ep, ELP u3 (4), mosyuum

5 R21n o m2
P:EJ' OLM By, |H0mn| J2 ylmnp)sm (mp)pdpdep —
2 ( 2 )
oomn YimnP
R21 o
_EJ‘ Zmuom er]|HOmn| J YLmnp)COS (mp)pdpde. (9)
2 0 0mn Yim,n
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.2
IIpunumaa Bo BHUMaHUe, YTO MHTErPUpPOBaHUE SiN Mm@

2
U COS M@ 1O KOOPAWHATE @ JaeT MHOXHUTETb T, T0 B (9)
HepBoe M BTOPOE CJIaraeMoe COOTBETCTBEHHO GYIYT PaBHBI:

|2 ?J%(yzlmnp)n odo—

- M?Brn(L—80)
P=—0)Ho Z mn 0 |H0mn

YLmn 0 1mn

n(@—3:0)
-—muonz Prun® =200 JJ (Y mnP)Pdp. (10)

Imn

Wou pas sosn tuna TE,, (m2>1)

-~ 1 p
P=—- ﬁ)uoﬂz o |H0mn| X
mn imn
R
m’J;? (YLmnp) (11)

+ J5 (Y LmnP) pdp.
0 (Ylm,np)

[lajiee, WCIOJIb3Ysi U3BECTHBIE COOTHOIICHUS U3 TEOPHU
dynxunit Beccenst [9] u, unTerpupys Boipaskenue (11) no

koopaunare p B upegenax or 0 1o R, nomyunm:

~ i 2
P:_ ougnR? Y = Py Homnl| X
mn 'YJ_mn
2y, mR| 1= — T
x| ISy mpR| 1- . (12)
my{1lmn ('YJ_m,nR)z

Ilepeiiném x pacuéTy HHTerpasa, CTOSIIEro B 3HaMe-
Haresne Bbipaxkenusa (3). OH ompejenser CPeaHION MOLI-
HOCTD, MPOXOJAINLYI0 Yepe3 MOMEePeYHoe CeueHrne KPYTrIoro
OTBepCTHA pajuyca R. ITOT UHTErpa, Mocje MOJACTAHOBKU
B Hero u3 (4), MOKHO 3alucaTh B PA3BEPHYTOM BHJIE

1 R2n 1 R 2n 2
P:EJ‘HHJ pdpd(p,—zf [H(p +[H, 1pdpd(p:
00 00
R2n 202
1 mB 2 .
= E j le ﬁ Homn J%(Yimnp)mnz(m@) pdpdq)"’
oo0mn| Yimn
(13)
1 R27 o ” )
EI Z omn ‘]m(YJ_m,np)Cos (me) pdpde.
0 0 mn 'YJ_mn

Wurerpan no koopaunare @ B (13) pasen nocrosuoit

pesimuuHe T . Torma

o 2 2
~ T mn 2
P=—- -——|H X
2 Zn YJz_mn e
R 2
m
X f In(VimaP) + In (YimnP) [P (14)
(rimap)
0 Y imnP
Ne 2, 2003



J.M. Jlozauesa, B.Il. Bondapes: DKBUBAJIEHTHDBIV [IOBEPXHOCTHbBIV UMIIEJAHC KPYTJIOTO
OTBEPCTUA B Y3KOW CTEHKE ITPIMOYTOJBHOI'O BOJHOBO/IA

B cBoio ouepesp unrerpuposatue (13) no xkoopauxare p

MaéT:

= TR ¢ Brznn 2
P=— ———[Homn| X
4 ; i mn
2(Y 1 maR) m’
XInWimnR) (1= —— (15)
mermn (’Yj_m,nR)2

Tak kax Ha oTBepcTUU BO30YXKIAIOTCSI BOJHBI BBICIIMX
ISt
HKBUBAJIEHTHOTO MOBEPXHOCTHOTO MMIIefaHca cortacho (3),

TUIIOB, TO, HCHOJb3yd MPUHIUII CYIIEePIIO3NlNN,

MO/ICTAaBUB Ty/la Hali/leHHble BBIPAKEHUSI JJIsI MOIIHOCTEH
(12) u (15), mosyunm crienytmoinee BbIPpasKeHUe:

2
- : kB ' m2
mn 2
Z Homn| - V2 InOmn) | 1= V2
Z,=27,m" oo D2 (16)
2 oo . 2 [_))2 2
mn q2¢, m
z HOm,n Ty ‘Jm(Vm,n) 11- 2
mn Vimn Vimn
rae ZO = 1207 - BOJIHOBOE CONPOTHBJEHHE CBOOOIHOTO
IIPOCTPAHCTBA;
‘Homn - MoayJb  aMmiauTy[  BoaH  tuma  TEy ,

BO36YIKIaEMbIX HA KPYTJIOM OTBEPCTHUH.
Kaxk crenyer us sorpaxkenus (16), Ha 4acTOTaX MEHBIIUX

KPUTUYECKOTO 3Ha4Y€eHUdA BCe CJaraemMble B YHUCJIUTEJIE

MHHUMbIE, a B 3HaMe€HaTeJie OTpUuliaTe/IbHbIE. 3HaueHus Za

IIPY 3TOM HMeEeT EeMKOCTHOH XapakTep, a €ero BeJHYuHA

onpesiensiercss  cootHomenuem  ammutya  Hop,  Boum,
BO36YsKIaeMbIX Ha oTBepcTud. [Ipm KpuTHYECKOM 3HAYEHUH
4yacToTbl /s BOJHBL TE;; LUUIMHAPUYECKOTO BOJHOBOJA
TOJIBKO IIepBblE cJjaraeMble B UYNCIWTE]Ee U 3HAMEHaTeJe
PaBHBI HY.JIIO,

IH/IC]II/ITGJIE), 60 OTpullaTeJIbHbIE (B SHaMeHaTeJIe), npu

oCcTajIbHbIE CJlaraeMble JU60 MHIMbIE (B

9TOM 23 OCTa€TCA €MKOCTHDIM.
C yBeJM4YE€HUEM HYaCTOTbI an JJIA OCHOBHOW BOJIHBI
TEM IMUJINHAPUYECKOIO0 BOJHOBOJAa INPUHUMAET IIefICTBH-

TEJIbTHOE MOJIOKUTENbHOE 3HAYeHWe, IS OCTaJbHBIX BOJIH
sHavenus [, MHEMbIe. 3HaMeHaTelb B 3TOM CJydae

JOJIJKEH OBITD ITOJIOKUTEJbHDIM, qTo IIpUBOAUT K

KOMIIJIEKCHOMY Xapaktepy Z, € IIOJOKHUTEJIbHON JeicTBU-
TEJIBHOH YacTbio. IJTO COOTBETCTBYET TEOpPEME EIMHCTBEH-
HOCTHU [IJIST 337124 C MMIIEAHCHBIMU TPAHNYHBIMU yCJIOBUSME
[9]. Torma MHMMAasT 4acTh TaK:Ke OCTAETCSI IOJIOKHUTENbHOIM,
TO €CTb MMeeT WHYKTUBHBII XapaKTep.

B mpesesbHOM cjydae, KOT[a B KDPYIJIOM BOJIHOBO/IE
MOKET BO36YXK/IATbCsl TOJIBKO OJUH THII BOJIHbBI, Z, IIpH-

numaer Buj [8]

7 Wl g

’ Bm,n .

ITO OJTHOMOJIOBOE MPUOMIKEHHOE JIJisI PACCMAaTPUBAEMOI

17)

CTPYKTYPbI MOKHO 3allucCaTb

(18)

Kak crexyer ms (18) ma wactotaX, mpH KOTOPBIX

GOKOBOH  IMJIMHPUYECKUII BOJHOBOJ| SIBJISIETCS  3alipe-

J€JIbHBIM, [1JId BCEX THIIOB BOJIH ( k < an < F) BeJIM4YnHa
Y4

CTOTBI Kk YBEJ/JIMYNUBAECTCA W IIPU HEKOTOPOM KPUTHYECKOM

, HOCHT PeaKTHBHbIA eMKOCTHOI Xxapakrep. C poctoM 4a-

3HaY€HNN YaCTOTbI (O] BbITIOJIHAETCA ycJao-Bue

Kp’

kk_p =vy; /R Ana Bomubl TE;; 9KBHBAJCHTHDBII IOBEp-

XHOCTHBII numite/JaHc 23 IIpuHUMaET 0ECKOHEYHOE 3HAYCHIE.

HpI/I [[aJIbHefILHeM yBEeaIMYEHNN YaCTOTbI 23 CTAaHOBUTCA

AKTHUBHDBIM.

Bosee Tounble snauenus Z, MOXKHO TONy4HTb U3 16),

€cJi 3HAThb AMIUIUTY/bl BOJIH HOm’n, BO30Y3K/acMble Ha
OTBEPCTUH BOJIHOW, PACIPOCTPAHSIONIENCS B MEPBUYHOM
MPSIMOYTOJIBHOM BOJIHOBOJIE. BBIUMCINUTD 3TU  aMILTIUTY/IbI
MOKHO TIpH pellieHnu Au(pakiuoHHON 3aJauu, 4YTO JIJIsI
3a/laHHON T€OMETPHUH, TIPU MPOU3BOJIBHBIX 3HAYEHUSAX PaJU-
YCOB BTOPHYHBIX BOJIHOBOJIOB SIBJISIETCSI BECbMa CJIOXKHOI
3a/laveii.

YHCJEHHBIE PE3YJbTATbI

ITo ¢popmysre (17) 6bLIM paccUMTaHbI 3HAYEHWUs SKBUBA-
JIEHTHOTO TIOBEDXHOCTHOTO WMIIEJIAHCA B 3aBHCHMOCTH OT
JUTHHBI BOJIHBI JJISI OTBEPCTHH PA3JMYHBIX PAJNYCOB IIPH
rnapamMerpax MpsIMOYTOJIBHOTO BOJHOBOJA aXb = 48X24 mMM.
PesyspraThl pacuyera cBefeHbl B Tabsmiry 1.

W3 tabamipl 1 BUAHO, YTO € POCTOM YaCTOTBI PEAKTHBHAS

qacCTb Zs yBe/JIMINUBACTCA U TIpU HEKOTOPbLIX 3HAYCHUAX

a/\ (st oTBEpCTHI ¢ PA3MMYHBIMU PagUycaMu) TPUHA-
MaeT KoMILlekcHoe 3Hadenue. IlosBienue aeicTBUTENbHON

JacTu Z3 CBU/IETECJBCTBYET O TOM, YTO B CUCTEME BO3HUKAIOT

mnorepu, a 3TO 3HAYUT, 4YTO 4YEpe3 OTBEPCTUE HaYUMHAET

[IPOHUKATH 3JIEKTPOMArHUTHAS BOJIHA M PACIPOCTPAHATHCS
10 GOKOBOMY BOJIHOBO/IY .
ITo pmauubiM Tabuuibl 1 moctpoenbr TpadbuKu 3aBUCH-

MOCTH HOPMHMDPOBAaHHbIX Besuuun ImZ_/Zg or oTHOmEHH

a/ N (puc.2) upu eMKOCTHOM XapaKTepe Zg u rpaduru

3aBUCUMOCTU HOPMUPOBAHHbBIX BEJUYNH peaHbHOﬁ vactu Re

ZO/ Zy 1 MHUMO}1 yactu Im Zg /Zy ot oTHOueHust a/ A

(puc.3) Upu KOMILIEKCHOM Xapakrepe ZO

Ha pucynke 3 crmommmoii ymmnmeil n3o6paskeHa peatbHas
YacThb KOMIIEKCHOTO Z_, TMyHKTUDHOW JWHMEH - MHUMas

4acTb Z , UMEIOLIAs MHYKTHBHbIL XapaKrep.
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PAITODISNKA

BbIBO/ bl
Ta6auua 1
AHasnu3, TPOBe/leHHbIII B JaHHOI paboTe TOKa3aJ, 4To
a/ A Z3 UHTErpaJibHad XapaKTepPUCTUKA, OIMCHIBAIONIAA NMIIEJAHC-
Hble CBOHCTBa KPYIJIOTO OTBepCTHS B Y3KOW CTeHKe
R=7,5mm R=9,5mm R=11,5mm IIPSIMOYTOJIBHOTO BOJIHOBOJIA - 3KBUBAJEHTHBIN MOBEPXHO-
0,80 -j0,45 -j0,608 -j0,807 CTHBIIl UMIIE[IAHC 3aBUCUT, OT 4aCTOTbI BO3OYKIEHUS OCHO-
- - - BHOTO TPAMOYTOJIbBHOTO BOJHOBOJA U MOJKET IIPUHUMATH
0,83 0,47 5j0,637 530,854 pAMoy HoBoA P
€MKOCTHOII M KOMILIEKCHBbIH Xapakrep (IIpu II0JOMKH-
0,88 -j0,512 -j0,706 -j0,973 TEeJbHBIX JIeHiCTBUTENbHO M MHUMBIX dYacTsax). Bennmumna
0,96 -j0,565 -j0,796 -j1,141 UMITe[IaHCa 3aBUCUT OT COOTHOIIEHUSI aMILIUTY[ BO30YsK/a-
- - - eMbIX Ha orBepcTuu BoJiH. [lonydennas dopmysa MOKeT
1,04 50,633 50,918 1,41 P Y (bopyry
: OBITh KCIIOJIb30BaHA MPU pacyere Pa3JUYHbIX BOJTHOBOIHBIX
1,09 -j0,674 -j0,999 -j1,622 CHUCTEM CO CBSI3bIO Yepe3 KPYyIJIble OTBEPCTUA.
1,14 -j0,722 -j1,099 -j1,934
1,20 -j0,78 -j1,23 -j3,96 HNEPEYEHb CChIJOK
— — T
1,26 j0.85 i 6,006 + j0,33 1. ®eabp A.H. OCHOBbI TEOPWUM LLEAEBbIX aHTEHH. - M.: CoB.
1,33 -j0,933 -j1,677 3,59 + j0,328 Paavo, 1948.- 160 c. .
; 2. OAEKTpOMarHuWTHasi CBsi3b ABYX OOBLEMOB u4epes3 Yy3Kylo
i 4 4 weAb./ AeBUHCOH WN.B., ®puabepr M.. // PapnoTexHuka u
1,50 j1,19 9,36 +j0,321 | 1,91 + j0,096 aAEKTPOHUKA, 1965. T.10, Ne 2. C. 260-265
1.60 -j1,41 4,0 + j0,309 1,65 + j0,065 3. LleneBble COEAMHEHUS MPSIMOYTOAbHbIX OAHOMOAOBBIX BOA-
’ ’ ’ ’ ’ ’ HOBOAOB. QKBMBAAEHTHbIE CXEMbI U COCPEAOTOYEHHbIE Napa-
1.84 Zi4 1.825 + i 1 4 2 meTpbl./ AeBuHCcOH U.B., ®puabepr M.LU.// Paano-TexHUKaA
8 14,35 825 + 0,086 | 1,36 +j 0,029 W 9AeKTPOHNKa, 1966. T.11, Ne5. C. 831-838
218 2929 + 1,39 + j0,034 1,21 + j0,0046 4.  Wccaep0BaHWUS SAEKTPOMArHUTHOW CBSA3U ABYX MPSIMOYrOAb-
’ - ’ ’ ’ ’ HbIX BOAHOBOAOB 4Yepe3 LUMPOKOE OTBEPCTME C KOOPAMHA-
J0,145 THbIMW  rpaHuuamn./ Aaxosckun A.®., TleHknH .M.,
. . Auyk A.M. PaanoTexHuKka. Pecnyb. MexBeA. ayyH. - TEXH.
240 | 1,8+]0,08 | 1,28+ j0,0015 | 1,15+ j0,0033 coopik. 1686 Ban. 17.C. 1521 a o
5. CBsi3b ABYX BOAHOBOAOB MO LUMPOKON CTEHKE Yepe3 OAHO-
POAHBIA BOAHOBOAHbBIN wWwiAeind./ AosaHon B. UN.// daekTpo-
Tm AVHaMuKa u umsmnka CBY. AH - ck, 1976. Bbin. 5. C. 23-28
R=115mm R=0Jmm F=T,5mm 6. PacuyeT NOBEPXHOCTHOTO MMMeAaHca B BOAHOBOAE C Hepery-
4 P{ // AApHOW cTeHKon. / Aoravesa A.M., BoHpapes B.M. // Pa-
a5 AioeneKTpoHika. |HdopmaTika. YnpaBAiHHA, 1999. - Nel. -
j / €.18-20
3 7. Bo036yxAeHME OAMHOYHOW KaHaBKU U 3KBUBAAEHTHbIV MoBe-
25 )'f j PXHOCTHbIR MMNepaHc pebpucTbix cTpykTyp. / LlaaneB T.A.,
' ){ / // YepeHkoB. B.C.//PaavoTexHUKa W 9AeKTpPOHMKa, 1985.
2 T.30, N2 9. C.1689-1694.

8. MumeHos H0.B., BoabMaH B.W., MypaBuoB A.A. TexHu4eckas
15 3AEKTPOAMHAMMKa. - M.: Ceasb, 2002. - 538 c.
9. O eAWHCTBEHHOCTW pelleHuUst YpPOBHEHW MakcBeara B

— T obAacTM C  UMMEAaHCHBIMW  FPaHUYHBIMWU  YCAOBUSIMU./
05 YananH A.®.// W3B. By3oB CCCP - PaAMO3AeKTpOHUKa,
1967, 10, N2 12. C. 1213-1214
0 10. AHke E., 9mae @., Aéw @. CneunanbHble GYHKUUN.
08 08 4 11 42 43 14 15 16 17 13 ajd DopMyAbl, rpatmku, Tabauubl.- M.: Hayka, 1964. - 344 c.
Hagiitmra 20.09.2003
Hicna mopo6xn 24.10.2003
Pucynox 2 o .
Buxodsuu 3 enepzemuynux cnigeionowens, OmpumMana inme-
2PANLHA XAPAKMEPUCTNUKA, AKA ONUCYE IMNEOANCHT BACTNUBOC-
Mmi KpYesi0zo omeopy y 8Y3vKill CMinYyi NPAMOKYMHOZO XE8ULEEO-
Fe s T L 2 i ] ;
|. r 1'. [R5l \\\ R= 7,570 dy, ma aKa ¢isuuno € €K616’d]l6'HmHuM imnedancom. Ilposedeno
9 : v 0,37 aAHANi3 OMPUMAHUX Pe3YTbmamis.
L R X 07
I £)
7 ]l ) \\ ! ¥ 021 Based on energetic relationship the integral characteristic
& \q 1 . : o1z describing impedance properties of a round hole in a narrow
5 \ 1\ 1 \"\ 015 wall of a rectangular waveguide was received and it phisi-
a . \ Y \ D,IE cally represents an equivalent surface impedance. The analysis
5 ; *. . : of the received results was done.
~ < —— 0.09
2 N h 0,06
R=1135mm |—Fp—o— [~ | ’
! SN — == % 0,03
a | | ks ey SR B P Y

1z 12 14 15 16 17 18 19 2 21 22 I3 ﬂfﬁ

Pucynox 3
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B.U. Mazpo, B.M. Moposos, O.0. Puxmep: [JUDOPAKINA SJIEKTPOMATHUTHBIX BOJIH HA IIVJTIOCKOM

30HNPOBAHHOM 3EPKAJIE

YAK 621.396.677.831

B.U. Marpo, B.M. Mopo3oB, 0.0. Puxtep

AUOPARLHA INNERTPOMATHUTHDLIX BOJIH
HA NJIOCKOM 30HHPOBAHHOM 3EPRAE

Paccmompen obuuii nodxod x anarusy seienus oudpaxyuu
HA NAOCKOM 30HUPOGAHHOM 3epKaie. AHAIUSUPYIOMCS PoKycu-
pyouue ceolicmea O0AHHOU CMPYKMYpbl. IKCNEPUMEHMATLLHO
uccaedosana cmpykmypa OUppazuposannozo noas.

BBEJEHHE

B mocnennee BpeMmMsi BO3pOC WMHTEpPEC K AaHTEHHAM C
IJIOCKO# paboueil moBepxHocThIO [1, 2]. /lamHuble aHTEeHHbI
MIOJIYYNJIM PACIIPOCTPAHEHNE B MPHEMHBIX YCTAHOBKAX CHC-
TEM CIyTHUKOBOTO TeJIeBU/IeHHS. B HEKOTOPBIX CilyyasX OHU
MOTYT KOHKYPHPOBATh C TPAJAUIIMOHHBIMU MapaboJInuecKuMu
aHTeHHamMH. VIHTepec K TakuM aHTeHHaM OOYCJIOBJICH MX
OTIPE/IeJICHHBIMU KOHCTPYKTUBHBIMU U 3KCILJIYaTAI[HOHHBIMU
[IPEUMYIIECTBAMH, HEBBICOKOW CTOUMOCTDIO.

[enbio mannoit paboThl SIBJISETCS MCCJE0BAHNE XapaKTe-
PUCTUK QHTEHHbI C IIJIOCKMM 30HUPOBAHHBIM 3€PKAJIOM.
Takyto aHTeHHY HasbiBalOT aHTeHHOU MDpenens (puc.1).

r3

r2

I‘lt F

b
,.,,

Pucynox 1

IIOCTAHOBKA 3AJAYH H AHAJIHTHYECKOE
PEITEHHE

PaccmotpuMm  3azauy  au@pakinu  3JEKTPOMArHUTHBIX
BOJIH Ha IJIOCKOI KOJIBLIEBOIl CTPYKType MeTOJ0M WHTe-
IpaJIbHBIX ypaBHeHMii. B ofiieM cayvae 3aia4ya qudpakiymu
3JICKTPOMArHUTHBIX BOJH Ha M/CAJIBbHO MPOBOJMAIICH He-
3aMKHYTOIl II0BEPXHOCTH S MOXXeT paccMaTpUBaTbCsl Kak
KpaeBas 3ajaya ypasHeHus l'enbmrosbia. IIpu atom ucko-
Mast pyHKust (BEKTOp BTOPUYHOTO mosist A m ) mOJKHA y10-
BJIETBOPATH YpPaBHEHMIO [€/IbMroJiblia, IPAHUYHBIM YCJOBHU-
SIM, YCJIOBUIO M3JIy4eHHs U yCJOBUIO Ha pedpe.

Boamosken u apyroil mojxo/ K peleHuIo sToi 3ajzaun, a

HNMEHHO,- CBe€JeHue €€ K MHTErpaJbHbIM WJIX HWHTETPO-

muddepeHnnaTbHbIM YPABHEHISIM IS IJIOTHOCTH TOKa

HaBeJIeHHOTO Ha ToBepxHOoCcTH S [3].

Ilycts noBepxHOCTH S}, Sp,... S, NPEACTABIAIOT COOOIL
ILTOCKUE KOJIbIIa aqusbq, 0<p<2r, z=124. O60o3HaYNIM
depes Ty, Py Zq U Pps Ypr Sp WHIMHIPHYECKHE KOOP-
mumate Togek MoeSy, 9=12..n, u MeS, p=12..n

Cocrasysomue Jyg M Jyq BEKTOpa IUIOTHOCTH TOKOB,
HABE/JEHHBIX HA TOBEPXHOCTH Sy, Q=12,..n, pasnoxnmM B

panbt Dypbe

oo

)= Y i (p)Mv=x,y.
ME=—oo
Takx kak BTOPUYHDBIM BEKTOPHBLIN TMOTeHIMAJ A B TOUKe

Me Sy B paccMaTpuBaeMOM CJIy4ae CO3AETCH TOKaMH, TEKY-

HHMMH KaK I10 Sq, TaK M II0 OCTaJIbHbIM IIOBEPXHOCTAM, TO
UMEIOT MECTO COOTHOIIEHUA

iou p=ns Z”e—ikqu
HZ Ij§?)(pp)ppdpp .[ 3 cos(mp) df=
leap 0 pg

Rl )
+C§g’) Nm(qu)_gi?)(rq”g%)’ "
3 <Tq<by.

iou p=n® . 2n ik

At Z _[Jyp (pp)ppdpp -[L_ cos(mB) dp =

P=la o pa

=~ AR (r) —idf™ 3, (kr)

— 5 Npy(hrg) +igig” (1),

Ay <rq<hby, 2

e qu :\/rqz+pF2,—2rqppcos/J’+(zp—zq) ;

o(m)
Aq (rq) n
TOBBIX COCTABJISIONIUX [I€PBUYHOIO BEKTOPHOI'O IIOTEHIIUAA,
Sy. Dyuxuun

A%m)(rq) - m-e KoMnoHenTbl Mypbe geKap-

BbIUUCJICHHOIO B TOYKaX IIOBEPXHOCTU

g{&n)(rq) u ggg)(rq) onpezeasaoTes GopMyiaMu

1
(m_ 1| m-1 my, g ()
e e R U0 el
M fq
m+D)
m 1 m—lp(m_l)( dF1‘q (rq)
%o’ =3 I N |
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by
A =2 m(kg) [1§™ (o) N(kpq) pgdog +

Tq

fq
+Nin(kig) [1§™ (o) Im(kpa) pq dpah-
a

DOynaknus fq(m) npeacTaBisgeT co6oit  Koa(dumeHTH

fq(r.@) pasnoxenns dpynkuun B psig Dypbe Buga

fq(r, @)= Zf(m)(r)eim‘/’.
M=—co

ITocrostHHBIE cl((;n) ng‘), d(m), dé’(’;‘) BBIPAJKAIOTCS Yepe3 Mo-

1q
crosmbie p(MD ¢ bgnil). ITocrosnmbie bg”’) u bg’”) OJLHO-

3HAYHO ONIpeACJIAITCA U3 yC]IOBI/Iﬁ

{5 (ag)= i{g) (bg)=0, )

rae jr(an)—m—ﬂ rapMonnka Aypbe pauaabHOIl COCTABIIAIONIEH

BEKTOpa IIJIOTHOCTU TOKOB, HaBEAEHHbBIX Ha IOBEPXHOCTU S;'

YucieHHOe BbIYUC/IEHNE [BOMHBIX uHTErpanos Buga (1),
(2) or 6bicTpoocUAIUPYOIIX  (DYHKIUH COMPSIKEHO ¢
HEKOTOPBIMHU TPY/JHOCTsIMU. JIUIIb B YACTHOM CJIydae, KOTa
IJIOCKAst BOJIHA MAJAeT 10 HOPMAJIU K IJIOCKOCTH, T/e Pac-
HOJIOJKEHDBI KOJIBIA, Y/IAeTCsl TPUBECTH UHTErPAJbl, MOA0G-
uoie (1) u (2), k ogHokparHOMY. IT03TOMY B GOJIBIIMHCTBE
NPAKTHYECKUX ~ CJAyYaeB  I1€7eCO00PasHO  PaccMaTPUBAThH
[aHHYIO 33/1a4y B IPUGTIKEHNH F€OMETPUIECKOI ONTHKY.

Bynem paccmarpusath 3oHasibHyl0 anTenny Opemness.
JlaHHas aHTEHHA CTPOUTCS MyTEM 3aKPBITHSI TOJOBHHOK 30H

Dpenesns, paonmx nporuBodasHblil BKIaL. Torga ycioBue
KOTEPEHTHOTO CJIOJKEHUsI M3JaydeHuit B okyce f Gymer

f+M:f2+rk2,
4

rae k=1 3,..N, oTKyZa pagnychl yepeIyIouxcs Ipo3pay-

HbIX 1 HENIPO3PAYHbIX 30H

doxycHOe paccTosHUE 30HAJIbHOI aHTEeHHbI U3MEHsIeTCs 10
3aKOHY

2
foN N4

: (4)
k1 2

Taxkum 06pa30M, KaK IIpu M3MEHEHUUN [AJIMHDbI BOJIHBI, TaK 1

Ipyu HN3MEHCHUMN dYHCJIa KOJIEI, Ha6]IIOJIaeTCH n3MeHeHue

(I)OKyCHOI‘O paccToaHuA f Poub BTOPOTO CJlara€éMoro BO3-

pacTaeT ¢ yBeJn4eHneM JAJNHbI BOJIHbI, KOT/1a HepBbeI 4JeH
YMEHDbIIAETCA, a BTOpOﬁ yBEJINYNBAETCA. Ecmm BTOpOfI 4Jj1eH
BbIpa’KeHUA (3) CTAHOBUTCS GOJIbIIIE IepBoro, TO aHTEHHa

npeBpaiaercs B paccenBaolryio. MOKyCHOe pacCcTosiHUe
PaBHO HyJIO, KOTAQ A :rﬂ' T.e Ipu A > Ay JaHHAS aHTEH-
N

Ha ABJIAETCA pacceHBanmeﬁ. HpI/I BbBIIIOJIHEHUUN  YCJIOBUA

A>Ag 3oHanbHag aHTeHHa dABagerca cobupawomein. C
YU4ETOM BBEJEHHBIX 0603HaYeHMH Bbipaxkenne (3) MOKHO
MEpeNucaTh B CJACAYIONEM BHAE

2
sz—/1 [@j +1|.
214

CyIIecTBeHHY0 POJIb B YACTOTHOW XapaKTEPUCTHKE AHTEH-
Hbl DpeHesst urpaer BeJUYMHA OTHOCUTEJbHON anepTypbl

D/A, tne D=rN. Kak mokasano B [4] ycioBue Hecesek-
TUBHOCTU aHTeHHbI DpeHesisi uMeer BUJ

D _1856
f_%/%'

PE3YJIbTATbl 3KCIIEPHMEHTOB

IKCIEePUMEHTAIbHO UCCJIEJI0BAHA CTPYKTYpa Audparupo-
BAHHOTO 1MOJIs1 Ha aHTenHe Dpeness ¢ uncjaoM Kojeir N=3,
5, 7, 10. Anutenna paccumrana Ha auamnaszon dacror 10.7 ...
11.7 ITu. UccrnemoBaHo paciipejiesieHie MHTEHCUBHOCTH
MOJIST BAOJIb OCH CTPYKTYPBI. Y CTAHOBJIEHO, YTO TMOJIOXKEHHUEe
MaKCUMyMa WHTEHCUBHOCTH HA TPOJOJBHON OCH 3aBUCUT OT
aounbl Boabl (puc 2). UccnemoBanue CTpyKTypbl audpa-
THPOBAHHOTO TIOJISI TIOKA3aJ0, YTO HAGJIOAETCS HEKOTOPOe
cMemtenue Goraaproil Toukn ("ucturHOro okyca"). Boi-
MOJHEHO  HCCJIe0BAHUE

[ONIEPEYHOTO  PACIIpe/eIeHNS

AMILJIUTYBI TOJIS B TI0CKOCTH (hokyca (puc. 3).

—2—f=10TTn —a—f=10,251T1 ——f=10,75TT1
—o—f=11TTu ——f=11,25TTy ——f=1151Tny
| 7\
09 F
08 F
07 F
06 F ?< .
105 F f N
04 F
03 F
o A
02 F ) \
; %
01 § 1 -
O 1 11 - e | ) 11 - |
. © ~ @ 52 — - N ¢4
o o o o o — — —
Z, M

Pucynox 2 - Hopmuposanmnoe pacnpedeenue
amnaumyodol dughpazuposanmnozo noas I 6001v ocu
anmennot Z npu =10 I'Ty; 10,25. I'Ty; 10,5 I'Ty 10,75
Teuy; 11 I'Ty; 11,25 Ty
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ITOBEPXOHb

—4—f=10,251Ty -o—f=111Tuy —e—f=1151Tu
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L,m

Pucynox - 3 - Hopmuposannoe pacnpedesenue
amnaumyovt noas I 6 naockocmu, nepnenouKyaaprou K
ocu anmennvt na paccmosuuu Z = 0,75 m, npu f = 10,25

I'Tuy; 11 I'Ty; 11,5 I'Ty

VsMepena pamarpamMma HampaBJI€HHOCTH CTPYKTYDBI C
N=3, 5, 7, 10. Pe3ysbraTbl nu3mMepeHuii COBNAAAIOT C JAHHDI-
Mu pa6ot [5, 6]. YcraHoBjeHO, YTO MIUPHHA AUATPAMMbI
HaIpaBJeHHOCTH aHTeHHbI DpeHess JeXUT B Ipeesax
8-10°. M3aMepenus 1poBeeHbl /i Pa3IMYHbIX THUIOB 06-
gydatesieit. MakcuMasbHbIN KO3(h@PUITHEHT HAIPABJIEHHOTO
netictBust cocraBysaa 19.6.

YAK 537.813

BbIBO/ bl

UccrenoBanms mokaszanay, 4TO MPU YBEJIWYEHWH YHCJIA
aseMenToB N B anteHHe @peHesss IMUPUHA IUATPAMMBI
HaIPaBJEHHOCTH M3MeHsieTcsl He cymiectBeHHo (He Gouiee
yeMm Ha 20 %), OAHAKO IIPU HTOM CYILECTBEHHO BO3PACTAET
BemuuHa K02 UIMeHTa HAIPABIEHHOTO JIeHCTBII.

YBeaundenue uyucaa ajeMeHToB N B aHTeHHe DpeHess
MPUBO/IUT K HEKOTOPOMY CY3KEHHIO paGoveil TOJI0ChI YacTOT.
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Posensnymo 3azanvnuti nioxid do ananrisy seuwa ouppaxuii
HA NJOCKOMY 30HO8AHOMY 03epKani. AHANi3yomvcs Goxycyoui
eaacmueocmi danoi cmpyxmypu. Excnepumenmanvruo 0docaio-
Kena cmpyxmypa Ouppazoedanozo noas.

The general approach to analysis of diffraction problems on
sounded Fresnel antenna is considered. The frequency charac-
teristics of Fresnel antenna arve analyzed. The radiation char-
acteristics of Fresnel antenna are considered.

B.M. OHydpieHKO

CHEJJIIHTOBI BJIACTHBOCTI PO3NOALNIB 3APANIB
Y HAHONORPHUTTAX NOBEPXOHD

Pospobaena modenv 1neodnopionoi nosepxui hppaxkmanvrozo
HAHONOKPUMMSL  3ACTNOCOBYEMbC 05 36edenus 3adaui npo
p03n00din 3apsdie Ha CKAAOHUX 2e0MEMPUYHUX HOCIAX 00 3a0ay
npo O -po3nodin npoexuyiti na 00HOPIOHY NOGEPXNI0 MOHKUX
NAIBOK 3 2e0MEeMPUUHUMU PPAKMATOHUMU  CUHZYLAPHOCTAMU.
V3azanoneno moderv 0as eusnauwenns Mmysomuppaxmanrvnol
Mipu 3apsdy y 6uzasidi MOMeHmMYy 3 Gi0N0GIOHUM NOKAZHUKOM
ppaxmanvrnocmi  ma nopsadKoM, WO BUIHAUAIOMBCA  Uepe3
noxasnux F'onvdepa. Pesyavmamu pobomu MOKYmMb 6UKOPUCTIO-
8Y6AMUCH 0151 PO3G'A3YBANHS 3A0AU NPO YNPAGIIHHI CAEKMPUL-
HUM NOJEM 3d PAXYHOK GAPTIOBANNS CKEUNIHZ08020 NOKAIHUKA Y
XBUNEBOOHUX CUCTNEMAX 3 NOBEPXHEGUM HAHOROKPUMINIM.

BCTYIl

Bigomi pocuiiykeHHs1 eHepreTUYHUX CIEeKTPiB eJeKTPOHIB
HA OJHOPIJHUX MOBEPXHAX TOHKUX IUIBOK (auB., HAmpu-
kaan,[1]) meMoHCTPYIOTH Wily ramy pO3MipHiCHUX —eJie-
KTPOHHUX e(EeKTiB, KOJM BJIACTHUBOCTI OG'€KTiB NOYMHAIOTDH

3aJleXaTu  Bif pAAYy XapaKTepUCTUYHUX PO3MipiB  Ipu
HaOIMKEeHHI po3MipiB 06'€KTiB 10 J0BKUHEM XBuji /[le
Bpoiina (kBanToBi maiBKM, HMTKHM, To4kM i T.1.). OpHak,
KJAcU4Hi PO3MipHi e(eKTH BUABJAITbCA i Y BUIAIKAX
3HAYHO OiJBIINX PO3MipiB 00'€KTIB TMOKPUTTS i3 3acTocy-
BaHHSM BUCOKOJUCIEPCHUX YACTUHOK, CTPYKTypa KOTPUX
YTBOPIOETHCS 32 PaXyHOK BUKOPHCTAHHS IOPOIIKOBUX TeX-
HOJIOTill BUTOTOBJIEHHS KOHCTPYKI[IHHUX Ta MarHiTHUX
MarepiaJjiB, KepaMiYHUX KOMMO3UIlliil i T.1. MaJsi yacTuHKI
MalOTb PO3BUHYTI IpaHulli pPO3Aily Ta BHUCOKY KPUBU3HY
AncopOrtiitai
MOBEPXHAX MOXKYTb CHJbHO BIUIMBATH Ha pajiodizuyni

BiJIbBHUX IOBEPXOHb. mpolecu Ha TaKUX
BJIACTUBOCTI TaKUX 00'€KTiB.

Pagiodisnyna Hayka BuMarae Ha CydyacHOMY erami
PO3BHUTKY yce OiJbIIOl TOYHOCTI y IIOCTAaHOBKAaX 3ajad IIPo

BUKOPUCTAaHHA B3aEMO/Ii1 eJIeKTpOMal'HiTHOI‘O 110JIA 3 reoMeT-
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PUYHO Ta CTPYKTYPHO HEOJHOPiTHUMU ITOBEPXHSIMH, reTepo-
TEHHICTh SIKUX OGYMOBJIIOETBCS BHUXOJOM HAa MOBEPXHIO
rpaHell KpUCTATiB 3 HEOAHAKOBOIO XiMiUYHOIO AKTHBHICTIO Y
BiZ{HOILIIEHHi /10 30BHIIHBOTO cepesoBUlla. Taky HeoqHOPiA-
HICTb YTBOPIOIOTb TAaKOK BUXOAM JAUCJIOKALii Ta iHIINX
MaKpPOCKOMIYHUX JiedeKTiB, 0 BUHUKAIOTH Y TIPOIleci BUHU-
KHEHHsI TIOBepXHi a60 3a IHIINX AaKTUBHUX BILIUBIiB
(crymiHuaTuii pict, OpH, MiKPOTPIIMHM Ta iH.).

Posyminng peasibHOI MOBepXHi 3a3BUYail MOB'S3YETHCS 3
MOJIEJUIIO IIAPYBATOi CTPYKTYpH TBepAoro Tiga (Meramny)
a60 HaIiBIPOBIZHIKA, TIOKPUTOTO IUIIBKOIO BJACHOTO OKHC-
Iy - AieexTpuka. ATOMHI, iOHHI Ta eJIeKTPOHHI TIpoIlecH,
Mo BifOyBalOThCS TIPU  30BHINIHIX [isX - gedopmariii,
HAKJIQJJaHHS €JIeKTPOMArHiTHUX TOJiB, ajacopOIiii Ta iH., y
6araTbOX BUITQJKAX BU3HAYAIOTh (DYHKI[IOHYBaHHS Iepepa-
XOBaHUX CTPYKTYp Yy Pi3HOMaHITHUX cHCTeMaX MiKpo-,
OITO- Ta aKyCToeJeKTpoHiku. Bubip ¢isuunoi mogeni mo-
BepXHi Biflirpae 3HaUHy poJIb y CydYacHiif HAaHO- Ta MOJIEKY-
JISIpHiN  eNeKTPOHilli, KoJau (pidMKa TaKUX CHCTEM CTae
HeaJleKBaTHOIO (Di3uIli MAaCMBHUX TBEPAMX TiJ, a MPOOJIeMH
MOBEPXHEBUX SIBUII HAOYBAIOTh BCe GiJIbINOI aKTyaJbHOCT.

Haiinpocrinoio Mo/iesio onucy BJIACTUBOCTEH MOBEPXHi
B3a€MO/lii NOJIA 3 PEYOBMHOIO €, 3BMYAIlHO, MOJE/b OJHO-
pizHoi ToBepxHi. 3a Mi€fo MOJEJITIO MOKJIAJAETHCS OTHOPII-
HicTh 1 ycix (i3sUYHUX BJIACTUBOCTEN Y TJIONIMHI TOBEPXHI
(x,y). Taka TOBEpXHA XapaKTEPU3YETHCA CEPENHIMH
e(EeKTUBHUMH 3HAYECHHSAMM €JEKTPUYHOTO I0JIsI, MOBEpPXHe-
BOTO 3apsay, noreHmiamy i 1. 1. Posrismaerbes Tijgbku
3MiHa 1UX (Pi3MYHUX MMapaMeTpiB Mo HOPMaJi /10 MOBEPXHI,
3a PaXyHOK 4YOTO 33/Jlaya 3 TPUBHUMIipHOI IepeTBOPIOETHCA B
onnoBuMipHy. llepexin mo cuctem 3i 3HIKEHOIO pPO3MipHi-
crio (KacTepw pevoBMHM, HUTKOMOMIGHI CTPYKTYPH, TOHKI
MJIiBKU: HYJIb-, OJHO- Ta JABOBUMIipHi CTPYKTypH MiKpO- Ta
HAHOEJEKTPOHIKM), KOJM PO3MipH HEOJHOPIAHHX 06'€KTiB
HaOJIIDKAIOTBCS. 10 XapaKTepUCTHYHUX JIOBJKUH TIOJIS B3a-
emozii (JIOBKMHA XBUJI, TOBIIMHA CKiH-ITapy Ta iH.) AeMOH-
CTPY€E HACKIJIbKU TPyOMM MOke OyTH y psi/li BUIAJKIB
HaOJMDKEHHST OZHOPiZHOI TTOBEepXHi, y 3B'SI3Ky 3 UMM BHHU-
Ka€ MATaHHA IPO IIPABOMipHICTh 3aCTOCYBaHHA TaKOTO ITiJI-
xony. Crae 3po3yMiJnM, 10 FOBOPSYN TIPO MOBEPXHIO, CJIiJL
pO3TIAfaTH ii He K reoMerpruny momuny (x,y), a Ik O -
BUMipHY moBepxHeBy a3y, psn (isUUHUX BJIACTUBOCTEN
SKOT BiZIMiHHUIT BiJl 06'eMHUX. Y 3B'SI3KY 3 IIUM aKTyaJi3ye-
TbCS 3aCTOCYBaHHSA ClHeliaJbHUX MaTeMaTHYHUX METO/iB
[2;3] 3 BUKOpHCTAHHAM NPHUHOMIB (PPaKTAIbHOTO TEOMET-
puuHoro anamiizy [4] Ta amapary apo6GoBoro iHTerpomu-
depentiianbroro yncaeHus [5].

3ampononoBana y po6orax (amB., Hampukmian,[6]) mo-
JleJIb  HEeOAHOPiHOI TOBEPXHi 3aCTOCOBYETbCA Jali [AJA
3BEJICHHA CKJIQIHOI 3aZjadi PO PO3IMOALN 3aps/liB i cTpyMiB
Ha (paKkTaJbHUX TeOMETPHMYHUX HOCISX [0 3374 mpo O -
POS3IIOIiJT TPOEKIIil Ha OJHOPi/IHY MOBEPXHIO TOHKUX ILJIiBOK
3 TeOMETPUYHUME (PPAKTATHHUMHU CHHTYJISIPHOCTSIMU.

IIOCTAHOBKA 3A1AYI

3 IOCTiPKeHHSM eJIeKTPOMAarHiTHOTO TOJIsT y MaTepiasib-
HOMY CEepPEeJIOBUIIi Y BUTJISII HAHOIIAPiB MOKJIMBUI PO3TJIST
JIBOX OCHOBHHMX 33Jla4y. 3 OJHOTO OOKY, MOKJHMBA IPIMa

B32a€MOJlisl MMOJSA 3 MarepiaJoM, HACTiJIBKU CUJbHA, MO Yy
MarepiaJi BHHUKAIOTb 3aJUIIKOBi 3MiHN a60 TONTKOKEHHS.
3 iHmoro 60Ky, B3aeMoist MOXKe OYTH IOCTaTHBO CJIAOKOIO i
BUKJIMKATH TiJbKH OGODOTHI 3MiHM, 32 SKHUX BCTaHOBJIO-
IOTbCSI HOBi TMMYACOBi yMOBU PiBHOBarm y MiKpOCKOMIYHIill
CTPYKTYpi Marepianxy. B ocranmpoMmy Bumazaky BinOyBa-
I0TbCA 3MiHa ycepeJHeHWX eJeKTPOMArHiTHUX TIOJIiB BCe-
peauHi Ta 30BHI Tijla, BUMipIOBaHHSA KOTPUX [03BOJIIE 3PO-
O6UTH BHCHOBKM IIPO MAaKPOCKOIIIYHI eJIEKTPUYHI Xapakre-
PUCTHKH MaTepiaJbHOTrO cepefoBUIIA.

MacmTabé MiKpOCKONIYHOI CTPYKTYPH BH3HAYMMO JESTKOIO

JosskuHoo (fiameTpoM) d ., 10 XapakTepusye MpOCTOpPO-

c ’
BUIl PO3MNO/IJ YaCTUHOK, MOJEJ/II0 SIKUX BUCTYIIAE€ TOUKOBA
MHOXUHA. Bubip umcia0Boro 3HaueHHs Iiel MOBXUHE Y
3HayHil Mipi 3aJeXuTb BiJ TUIy Ta CTPYKTYPHU PpO3IJsi-

JlyBAHOTO MaTepiady. ¥ TBepAux Ta PiAKUX JiesleKTpUKax
d . MOXKe IIPE3eHTYBaTH MDKATOMHI Ta MIXKMOJEKYJIIDHI
Biscrani. /s MarepiasiB, y KOTPUX Cepe/lHS [OBXKUHA
BiJIBHOTO ITPOGITY BU3HAYAE IIPOIIEC IIPOBIAHOCTI, TOOTO /1S
MeTasiB, rasis i miasmu, d ¢ [PE3CHTYE CEPEIHIO [[OBXUHY
BiJIbHOTO NpOG6iTy. Y KJACHMYHOMY HiZXO/i /I BUMiplOBa-
HHSI TIPOTSDKHOCTI MiKPOCKOIIIYHOI CTPYKTYpH OOHMPAIOTh

MacmTaboM foBxuHy d, = 4 - 10~10 M. Pospinenns BHy-
TPimHbOI 06JacTi TBEPAOTO aGo PiJKOTO CepeoBHINA Ha
KyOiuHi KOMIPKH 31 CTOPOHOIO d; YTBOPIOE HOKPUTTs 06.1a-

cri Komipkamu, mo mictarh y co6i N; = (a’l./a’c)3 qacTu-
HOK. MOJKHA TaKOK PO3JIJIUTH TOHKUIT IIap Ha MEXKi 0JJHOTO

i3 CEepeIOBUIIL Ha IIOBEPXHEBI KOMipKH 06'eMoM
— 72 . - 2

AV, = d#d,, y sxomy mictutbes N = (d;/d,)* wacru-

HOK. [ljist TBepAuX Tij i piguH 4 - 10-3 > dl.Z 4-108m, a

[UIst Gy/Ib SIKOTO Ta3y 3a HOPMAJbHOTO THUCKY i TEMIEpaTypH

d;z4- 1076 M. TakiM umHOM, 3a HOPMATBHIX 3HAUCHD

TEMIEepaTypu Ta TUCKY KOMipKa JJd ra3iB 3Ha4HO Oijblia,
HIXK y piAuH i TBepAUX TiJ, aje BCe K MaJja IOPiBHAHO 3
Makpockomniyaumu Bigcranamu. OAHAK [ PO3PIiJIKEHUX
rasis a6o po3pi/pKeHol nJasMu, HanpukJaazL, 3a Tucky B 0,01
MM PT. CT. JOBKMHA BiJIbHOro 1IpoGiry aopiBHIoe 1 cM i €
[IOPiBHIOBAHOIO 3 MAaKPOCKOIIYHUMU BiJCTaHAMMU.

[ITo6 crnpocTuTH BHU3HAYEHHS MAKPOCKOIIYHUX TOYHMX
XapaKTepUCTUK eJEeKTPUYHUX Ta MeXaHiuHUX BJIACTUBOCTEl
cepe/loBUINA JIOIiJbHO MaTeMaTUYHO MOJIEJIOBATH HOTO BiJl-
MOBi/IHI MiKPOCKOTiYHi XapakTepucTuku. [IpakTuuHo KOKHA
CTPYKTYPHA OJUHUIA 3aMiHIOETbCA CYIIEepIo3ulicio ii eJe-
MEHTapHUX XapaKTepUCTUK, JOKAJIi30BaHUX Yy TOUIli, IO
NIpe3eHTy€E CTAaTUCTUYHE II0JIOKEHHS CIOKoo. Jlo Takux Xa-
PaKTepUCTUK BiJHOCATBCS Maca, 3apsji, €JeKTPUYHMI 1u-
NIOJIbHUI MOMEHT, MarHiTHUN JUIOJbHUN MOMEHT, eJIeKTPU-
YHMIT KBQ/IPYNOJbHUN MOMeHT Ta iH. Habip XapakrepucTuk,
10 BXOJATb y IPEJCTaBJICHHSI CTPYKTYPHOI OAMHUIN KOXK-
HOI'O BHAY, 3aJIeKUThb BiJ I MIKDOCKOIIYHOI CTPYKTYpU Ta
HEeoO6Xi/IHOT TOYHOCTI MaKPOCKOIIYHOTO ONKCY CEPEJOBHUIIA.

Ha Bigminy Bix Mikpockomiunoi Teopii cepejosuina, je
PO3IJIAJAIOTHCS BEJIUKI 4HCIa JUCKPETHUX aTOMiB Ta MoJe-
KyJl pi3HOI CTPYKTYypU 1 PisHUX XapaKTePUCTUK, MaKpO-
CKOIliYyHa Teopid Mae cupaBy TilbKU i3 cepegHiMU
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3HaueHHAMHN Ta edekramu. KO MiKpockomiuHi XapakTe-
PUCTHKH c€Ja60 3MIiHIOIOTbCS Ha BiJCTAHAX, BEJHMKHX Y
HOPIBHSIHHI i3 CEPEAHbOIO JOBKUHOIO BijibHOrO mpobiry (3a
BHUKJIIOUEHHAM BHIIQJIKiB IIepexojy 4Yepe3 MexXy MiX pi3-
HUMU MaTepiaJjamu, Jie Ma€ Miclie IBHUAKA 3MiHa), TO BijIo-
Bi/IHI ycepelHeHi MaKPOCKOIIYHi XapaKTePUCTUKUA MO>KHA
NIpEeJICTABJIATH JBOMA CHCTEMaMW IIOBiJIbHO 3MiHIOBAaHUX
dyukuiii miapHocTi: oxHa (cucreMa 06'€éMHUX T'YCTHH)
XapakTepu3ye BHYTPIllIHI TOYKM 3alOBHEHOI Marepiajiom
o6uacti, a apyra (cucreMa MOBEPXHEBUX TYCTHH) BPAaXOBYE
0co6/IUBi YMOBHU IIBUJIKUX 3MiH y MEPEX0/ax 4yepe3 TOHKY
MeKy Ha MOBEpXHi cepeoBHUIna abo Yepe3 MeXKOBUIl Imap.
Heo6xinne reoMeTpuyHe 3IJAJKYBaHHS KOHTYPIB Ta
MMOBEPXOHb, 10 BUHUKAE y KJACUYHOMY IiAXOJi 10 BUMipIo-
BaHHS MPOTSKHOCTI TVIAAKUX 260 KYCKOBO-TJIAIKUX JIHIH Ta
MIOBEPXOHD, IPU3BOANTD 0 aITe6paiyHOro BU3HAYEHHS Ipa-
HUIb OBXKUH BIUCAHWX Y KOHTYP TMPAMOJIHINHUX Biapis-
KiB, 1[0 /la€ MOKJIMBICTh BU3HAYaTH AudepeHtian raajgkoi
qiniil Ta if gOBXUHY 3acTocyBaHHSAM (OPMYJ iHTETpyBaHHSI.
Cripo6u 3ampoBa/PKEHHSI TAKOTO THAXOAY Y 3a/a4aX BHM-
iploBaHHS TPOTSKHOCTI TOYKOBUX MHOXKHWH, "TIOPCTKUX',
CUJIBHO TTOPi3aHMX, MOPUCTUX KOHTYPiB NMPU3BOAUTD 0 HaC-
TYTIHOTO: JIOB’KMHA TaKNX TOIOJIOTiYHO OJHOBUMipHUX MHO-
SKUH JIOPiBHIOE HECKIHYEHHOCTi, a IIONa - HyJIO, A4 iH-
MIMX MHOXKUH TIJIONA JOPiBHIOE HECKIHYEHHOCTi, a 06'eM -
HyJI0. 3BUYaiiHo, I Mpo6JjeMa BUHHUKAE i y crpo6ax 3acTo-
CyBaHHA KJACUYHOTO aHAMI3y AJId BU3HAUYEHHS MPOTKHOCTI
MHOKHMH 3aps/iiB i CTPyMiB y CHJIBHO CTPYKTYPOBAaHUX
CepeIoBUINAX, BKJIIOYEHHS SKUX MaloThb BEJIHKi KiJbKOCTi
YaCTUHOK PEYOBUHU, PO3JAiJIEHUX IPOCTOPOBO Ha BijICTaHi,
MOPiBHIOBaHI 3 JiaMeTPOM BH/IiJIEHOI HEOJHOPiAHOCTI.
IMousTrst dpakraabuoi poamipuocti D i ¢paxranpHoi Mi-

pu H® 6asyiorbcsa Ha osHavenni Xaycaopda - Besnkopmya,
IleHTpaJbHe MicIle y SIKOMYy 3aiiMa€ TMOHATTS BifCTaHi Mix
TOUYKaMHU y TpocTopi. [yl BU3HaueHHS po3MipHOCTI ¢pax-
TA/JIbHOI CUJIbHO CTPYKTYPOBAHOI IIIBKM 3 Pi3HUM ITOTOYKO-
BUM DO3IOJALJIOM 3apsAay INOKPHUEMO Ii MPOCTUMHU KOMIIAKTa-
vMu (MpAMOJTIHIRHUMY BigpisKaMu, KBaJpaTaMu, MPSMOKYT-
HUKaMK, KPyraMu) 3 IOAaJbUIMM BUMiPIOBAHHSIM BijcTaHi
Mi’K HUMMU.

MYJbTH®PAKTAJIbBHA MIPA 3APAIB

OG'ennanns dpaxramiis pisuux posmipuocreit (Mymabru-
(bpaxrasiis) MaiOTh HETPUBiaNbHI BIACTUBOCTI Y TOPiBHAHHI
3 (pakranmamu. BusHaunMo Tax 3BaHY MYyJbTU(MPAKTAIbHY
Mipy posmnoijiB 3apsiiB i crpyMiB Ha (paKTaIbHOMY
TeOMETPUYHOMY HOCII0 Y BUIJISIZI HAHOTIOKPUTTS IJIOIUHH.

3acTocyBaHHs PO30UTTS Ha Tinepky6u 3 pe6poM & 3 mo-
JAMBIIAM TigpaxyBaHHsaM uncaa N(8) Ky6iB, Mo MicTATh B
yCsiKoMy pasi ogHy Touky MHOXHHE () fae rpyly OIHKY

Mipu MHOXHUHM, a uucio N(O) mHe mHece y cobi HisiKoi
ingopmarttii npo CTPyKTYpHi 0COOJIMBOCTI Takoi MHOXXHHU.
Buxin 3 Takoi curyanii 3anponoHOBaHO |y  BUIJISAI
3aCTOCYBaHHS 3TOPTaHHS MipH Ta PO3TJSLY HEoJHaKOBOI
MacmrabuocTi Muoxkuun (auB., Hampukaan, [7]).

Hexaii ¢pakranpHa mMHOXKHHA 3apsiay (O, IO CKiajiae-

TbCs 3 N TOYKOBUX 3apsifiiB, Ma€ B I -Tiii KOMipIi po36UTTsI

Ni TOYKOBUX 3aps/iB, MO Biflo6pakaioTh PO3IO/IiJI MipH Ha
muoxuti. [l i-Toi KOMipKu BBeAEMO BiIHOCHY TIyCTHHY
q; = N,/ N i nobymyemo Mipy 3apsyty y BUTJISUIi MOMEHTY

3 MoKasHUKoM d Ta nopsakom [ :

0, d>1(P);

N
4B,8) =) gPs? =
QB ;q o, d< ().

Taka Mipa xapaxrepusyeTbcsi nokasHukoMm d = t(B)
TaKUM, 10 BOHA HE IIEPETBOPIOETHCA B HYJ/b i HECKiHYEH-
HiCTb, KO § — () -

3BakeHe YNCJIO KOMipOK TIOKPHUTTS JOPiBHIOE
NGO =D qf -5
i

3Bi/IKM 3HAXOJUTHCA TTOKA3HUK

InN(B, 8) .
Ind

(@) =-lim (€))

8—-0

Hypose snauennsa moMenty sapsany mac N(B=08) = N(S)
- YKCJI0 KOMIPOK, 10 yTBOpIotoTh okputtsi, a T(0) - dpak-
Ta/IbHa PO3MIPHICTb MHOKMHU 3apsALy.

Bu6ip Benukux snauenb y supasi T(P) cnpusie ypaxy-
BaHHIO T'YCTUHU 3apsAAy 3 BiJHOCHO GLIbLIMMU 3HAYECHHSIMU

q; (st B>>1 ta q >> a. qu >> q[js) Hapraxu, Bu6ip

B << 1 niasBuiye ypaxyBaHHS BKJIaAy KOMiPOK 3 BiIHOCHO
MaJIUMU 3HaYeHHSAMU Mipu () .

[l rpaHTYHUX 3HAYEHD B:

@| —_1i Ing. _
ap P Ind ma?
dr(®) _ Inq,
“gp 1 =TI
a y 3arajJpbHOMy BuUNaAKy nokasHuk Jlinmunga-Toabgepa
d
= —% (nmB., manpukaan, [7]).

[TocaigoBHicTp NOKa3HUKIB [ 3B'A3y€Tbcad 3 KPHUBOIO

3HAUYEHb IIOKA3HUKA O 3arajbHOI0 (PYHKIIOHATHHOIO 3aJ€X-
wicrio f(o) . it ppakraibHUX MiAMHOXKUH 3 (DpaKTaib-

HOIO PO3MipHicTIO f(Ol) YHCIO BiApisKiB AOBKUHOIO O, He-

obxinHe st nokputtst MHOXkuHEH Q% 3 iHmekcoM O B

intepsasi (0, o + d0L ) gopiBHIOE

N(o, 8) = o(o)da -5 7,

. d .
pe o(a) - wmcao mmosxun sigx Q% g0 Q**. Mipa
MHOKUHU 3aPS/IiB

—f(a)
QB = IG(OL)dOLﬁ 5839 = Jc(a)doc-S“B‘f(“)+d~
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Inrerpan y npasiil yacTuHi MaskOPYETbCS iHTErpajioM 3
3aMiHOIO Mi/[iIHTErpaJbHOIO BUPA3y MaKCUMaJIbHUM 3HA4eH-
HAM, TaKuM, JUIS SKOTO

d
< 10B = T (@l =0 )

. . d
Ortxe, interpanbuuii Bupas ana Q°(B,8) Busnauaerbcs
ACUMITOTHYHOIO (POPMYTIOI0

Qd (B 8) - SBOL(B)— f (Ot(B))+d )

Mipa QY(B,8) samimacTbes CKiHUEHHOO y TPaHUIi IpH

6 — 0, xoym

d =B = f(alB)) - PouP) - 3)

ne of) - poss'aszok pisuguusa (2). TakuM 4uHOM, MOKa-
3HUK d (DPAKTAJIbHOCTI 3apsily BU3HAYAETHCS YepPe3 IOKa3-
mnk Jlimmmma-Tompaepa oB) i dpaktaabay posMmipHicTb
f(o(B)) MHOKHMHHI HOCisI IBOTO TIOKA3HIKA.
Buxopucrannsa (2) rta (3) a1a BigoMoro noxasHuka
T(P) wamae MokauBicTD BU3HAYMTH TOKasHWK JIimmmiis-

Tombzepa ta f(o(B)) :

d
aB) = —d—Bt(B),

f(@(B)) = B- oB) + (B). @

®opmanbao piBHAHHA (4) 3amaoTh meperBopenHs Jle-
JKaHapa Bijl Hesasexuux sMminnnx (T, B) 10 HesanexHux
sminnux (f, 0) . BoHu Bu3HAYaOTHL MMapaMeTpUYHE IIPE/-

cTaBJeHHS KpuBoi (f, O) - dpakTasbHOI PO3MIPHOCTI HOCis
CUHTYJIIpHOCTeH 3apsaay 3 nokasHukoM Jlinmmurg-Tonbaepa.

Jng ysaranbHenHsi Mojeti dpakrtanbHoro sapsagy QO
po3rigHeMo HOro KOHCTPYKII0 Ha MHOKHHI 3 IlepeTBope-
nusaM  nogi6uocti @, Qy,...,Q, TakuM, mo Mae Micie

npeacrapaenns Q = Q4(0)yO0y(Q)...uOn(0)

napuum neneperutom Q,(Q). Bubepemo rake mane nosatue

3 II0-

YUCJIO 80, H_[06 II0OITIapHO HE IIE€PETUHAJINCDH JAJTaTarii

QQ+eg, Q(Q+gy, ..., Qu(Q +eg,.
dxmo N(Q, €) - KiIbKicTh KyJb 3 pamiycoM €, HeoOXi-
AHUX JIIS TIOKPUTTST 3apsity @, TO A1l € < €; MaeMo
N(Q e) = N(Q(Q),e) + N(Q,(Q),e) +...+ N(Qy(Q),e) -
3a [101omMoroio Qi_1 € -nokpurts muokunu Q(Q) nepe-
TBOPIOETHCS B r—S - mokputTss Q 3 KoedimienTamu moIi6-
i
mocri fi . OTxe,
1
N(Q (Q),e) = N(Q’r_E)’
i

N(Q,8) = N(Q, L&) + N(Q S &) + ...+ N(O ~¢) ,
I I 'n

C
110 3 ypaXyBaHHAM N(Q €) ~ — MOXXHA IIePeTBOPHUTH B
o
€

e =crfe+ere * +...+orge ™ ato
e+ +.4rg =1

erQ2r--'vQN

Hasexarb intepBaay (0;1), To PO3B'SI30K OCTAHHBOTO PiB-

Axmo yci I1,p,...,Iy  TneperBopeHb

HSIHHS HA3UBAIOTh PO3MipHIiCTIO TOmiGHOCTI MHOKUHE () .

[Ipu 1bOMy 3HIMA€THCST BUMOTa NPo HereperuHHicTh Q; «Q
i NUTaHHA 1IPO PO3MIPHICTb (PPAKTAJbHOI MHOXHHU 3
PO36UTTIM HA CYMiXKHi MiIMHOKMHU 3 TOUKOBUMH 3apsIaMy
Ha CIIJIbHIN TPaHUIl MiIMHOXKUH 3a PaXxyHOK TOro, IO O -
mipa Xayczopda yciX I10MapHO TEPEeTHMHHUX MHOXKUH
JIOPiBHIOE HYJIIO.

BusnaunMo BJIACTHBOCTI PO3HOALNLY MyJbTU(PAKTAIbHOL

Mipu Qd JIOJIATHUX TOYKOBUX 3aps/liB, PO3IO/iJEHUX Ha
Hocito L y BUTJIsIli KAaHTOPOBOT MHOKWHM, MOOYJIOBAHOI 3a

HACTyIHUM aaroputMoM. ¥ n + 1 - My nokosinHi KoxkHuit 3
Bi/IPi3KiB [i/JIUTbCA HA [ABi YaCTUHU - MEHIY, 3 BiIHOCHOIO

NOBAKUHOIO [(y, Ta Ginbuly - 3 BiAHOCHOIO JOBXUHOIO [y, a
cepe/iHs YacTHHA - Bupi3aerbcs. MeHnIiil YacTuHi CTaBUTbCA
Y BIAIOBI/IHICTD 4aCTKY QO MipH IIONEPEeHbOIO 7-TO ITOKO-

JIiHHS, a GiJIbIIiif YacTHHI - 4acTKy QO i€l xk Mipu.
. . n . . .
YV n-nomy noxominni Mmaemo (k) BiJPi3KiB 3 JOBXKUHOIO

kin-k . — .
loli ™ i sapsmom Q =Q(IJ(Q1n K a mipa QY BusHa-
YaeTbes K

n

QYB3 =D (O@BIH @QIH™ = @I +QPiH",
k=0

s mipa € ckinyennolo 3 & =1{, N — e y ToMy i

TiIBKK TOMY BHIaAKy, skuio su6upatu d = ©(B) , ze T(B)
- PO3B'A30K PiBHSHHS

QBIg® +QfIf P =1.

Jna rtoukoBoro dpaxrambnoro sapagy Q= Qp —Q,

QA ([ .
1=—=—| =-1)) a6o Bix'emHOro
Q [Q J :

poparroro (Q > Q,,

( Q <Q, 6 - & —11), socepemkenoro na pax-

TaJbHill MHOXHUHI TOYOK BiJpi3Ky Yy PpO3IJIALyBaHOMY

MyJIbTUILIIKQTUBHOMY — OiHOMiaJIbHOMY  IIpOLeCi,  YHCJIO

BiApisKiB mokpurTa 3 goBxkunor  (auB., Hanpukaax, [7])
BU3HAYAETHCS Y BUIJISI

n Bk Bn—k)
Q Q
NG, - <z>[_ Q)
Z Q Q

k=0

(&) (-2
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3 ypaxysantam (1) maeMo

p p
&)
Q Q

In2

Q
(=.p) =
TQB

YHCEJIbHI PE3YJIbTATH

Ha pwuc.1 mokaszana po3paxoBaHa 3aJeXKHICTb IificHOT

Re T(&’B) Ta ysaBHOI Im 1(&,[3) YACTHH MOKa3HUKa 3a-

Q

psany sk GyHKIT BiHOIIEHHSI —= GiHOMiaJbHOTO MYJIbTH-
IIIKaTUBHOI'O IIPOLECY.

Oma 0< % <1, 0<P<1 yci 3HaueHHS MOKA3HUKA

3apsiy Hasexxarb inrepsaiy [0;1] (pesyabrar 36iraetbes 3
panumu [7]), agg iHIOMX BiAMi4a€MO MOMKJMBICTD yIIpa-

. . =1
BJIHHA UM ITOKAa3HUKOM 3a PAaXyHOK BaplIOBaHHA Q Ta B .

Q

Jlns imrepsany O < Q <1 0<B<1 ygpua uwacruna

MIOKA3HUKA 3aps/Ly JL0OPiBHIOE HY.JIIO.

Q
Rer =
E‘I:( 5 P)j

10

___________ D _-'"_ ecemmmma==o
0 T N S
Z3 o
=05 .
F=
ig Q
-1 0 1 2 Q
a)

6)

Pucynox 1 - Jiticna (a) ma yaena (6) vacmunu
noKAsHUKA 3apady Y MYyAbMUNIIKAMUESHOMY NPOUEC

6)

Pucymnox 2 - Banexnicmo 0iiicnoi wacmunu noxasnuxa

sapady 6id B (a) ma O/ Q, (6)

Ha puc.2 a) nokasaHa po3paxoBaHa 3ajIeKHICTb AilicHOT

Re T(%,B) YaCTUHM TTOKA3HUKA 3apsiay AK (PyHKIIT nops-
Ky B MomeHTy GiHOMiaJbHOrO MYyJIBTHILIIKATUBHOIO ITPO-
necy. 3uadenns posmipuocti nociga T(0) = 1 (ogunnunoro
Bizpiska) oxepskyemo, koma B = 0, a B = 1 signosizac

nokasuuky 3apsiay T(1) = 0, uo ysromkyersest 3 BioMn-
mMu gaaumu [7]. Puc.2 6) AeMOHCTPYE HASBHICTb €KCTpe-
MaJIbHUX 3HauyeHb /ifiCHOI YacTHMHM IOKasHuka Jlimmmigs-

lFosbgepa o0 B inTepBati Q < % <1 (ysBHa wacTuHa o y

[IbOMY iHTEpBaJi BiACYTHS).

BHCHOBKH

Y ksacuuniil Teopii micsas BBOAY CTPYKTypH Marepii y
BUIJISII CYKYIHOCTI eJeKTpUYHUX 3apsifiB (eJeKTpOHIiB i
[POTOHIB) CTABHUTHCSI MHUTAHHS MPO Te, YN MOKE CHCTEMA
TaKUX 3apsiB 3HAXOAUTHCH Y CTiHKiil cTaTHuHiN piBHOBa3i,
Yyl B aroMax i MoOJIeKyJaxX yCiX TiJ Iii 3apaju HOBUHHI
3HAXOJUTHUCh y CTaHi HemepepBHOTO pyXy. Y pyc/ai pos-
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[JISHYTOTO MUTAHHA 1PO MyJbTH(PAKTaJbHE MOJETIOBAHHS
CYKYITHOCTEll /I0/laTHUX Ta Bi/l'eMHUX 3aps/iB Ha (paKTab-
HUX Ta JOoQpaKTaJbHUX HOCIIX y BHUIVIAAI HAHOIOKPHUTTS
HOBEPXOHb Npo6JeMa MOXKJIUBOCTENl KOHCTPYIOBAHHS CTili-
KUX KOHbirypamniii 3apsiiB HabyBa€ 0COOJIUBOTO 3HAUEHHS.

Hocaimxena Mozietb 3apsAliB i CTPyMiB Y HEOJHOPiTHOMY
cepe/IoBUII, KA I'PYHTY€ETbCSA HA yPaXyBaHHI CKeiJiHrOBUX
CIIiBBiIHOLIEHb Yy BUMipIOBaHHI IIPOTSI>KHOCTI HEOJAHOPiAHOI
MHOKWHU TOYOK Ta BUSIBJIEHI CKeHTiHTOBI BiacTuBOCTI dpa-
KTaJIbHOCTI IOBEPXHEBOI HEOJHOPiZAHOCTI [103BOJIAIOTH YCBi-
JIOMHUTH TIOCTAaHOBKY PsAAY TEXHOJOTIYHUX 33/1a4 MPO KOH-
CTPYIOBaHHSI KEPOBAHOIO IOKPUTTSI 32 PaXyHOK CTBOPEHHS
AKTUBHUX Ta PEAKTUBHUX (PPAKTAIbHUX JIJISTHOK 3 MYJbTHU-
(¢pakrasbHOIO MipOIO.

Peaynbratn po6OTH MOKYTb BHKOPUCTOBYBATHCH JLJISI
PO3B's3yBaHHsA aKTYaJbHUX 33/l [1PO YIPABJIiHHS €JEeKTpU-
YHUM IT0JIeM y XBHUJIEBOJHUX CHCTEMaX 3 IIOBEPXHEBUM Ha-
HOIIOKPHUTTSIM 32 PaxyHOK BapiloBaHHS CKeHJiHroBOro mno-
KasHUKa, 10 XapaKTepusye CTyMmiHb (PaKTaJIbHOCTI
MOKPUTTS.
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Paspabomannas modenv 1eodnopodnoi nosepxnocmu ppax-
MANLHOLY HAHONOKDLIMUT RPUMEHAeMCs 015 c6edenus 3a0auu o
pacnpedenenuu 3apsadoe Ha CAOKHIX 2e0MeMPUUECKUX HOCUMEe-
a8x Kk 3adauam o6 O -pacnpedeseHusx npoexyuil Ha 00HOpPOO-
HYI0 NOBEPXHOCMb MOHKUX NIAEHOK C 2e0MEMPUUECKUMU PPaK-
manvnomu  cunzyraprnocmanu. O6obwena modery 0as onpe-
denenus Myabmu@ppaxmarvrnoi mepovl 3apsda é sude MOMEHMA ¢
COOMBEMCMEEHHDIM NOKAZAMENeM GPAKMANGHOCINU U NOPAO-
KoM, Komopbvie onpedeisiomcs uepe3 nokasamenv Iervdepa.
Pesyrvmamol pabomol mozym 6vimv UCNOIL3I08AHL 015 PEULEHUS,
3a0au 006 ynpasienuu d1eKMpUdecKuUM nojem 3d cuem 6apbii-
poeanus CKeliuHz06020 NOKA3AMENS 6 60JIHOEOOHBIY CUCTEMAX
€ NOBEPXHOCINHOIM HAHONOKPLIIMUCM.

The designed model of the heterogeneous surface with frac-
tal nano-cover is applied for reduction problems about support
of charges to the composite geometrical supporter to problems
about OL -allocations of projections to the homogeneous surface
thin skin with geometrical fractal singularity. The model for
definition multifractal measure of a charge as the moment
with a corresponding fractal exponent and the order which are
defined through exponent Helder is extended. Effects of oper-
ation may be used for the solution of problems on guidance of
an electric field due to a variation an scaling exponent in
wave propagation systems with the surface nanocover.

B.M. OHydpieHko, T.0. LUtedaH

IHTETPOAMMEPEHLIANILHE MOJIENHOBAHHA NPOCTOPOBOI
®PAKTAJIbHOI HEOQHOPIAHOCTI NJIA3MOIAIB

IIpononyemuvca moderv 3apsadie ma O, -NOJbHUX MOMEH-
mie 0151 JOCAI0KEeHHsT NPOCOPOSUX BAACTMUBOCEN Nd-
3moidie (1eodnopionozo Qpakmaiviozo 3anoeHenns 0esKoi
o6aacmi 3zycmxamu 00nopionoi naasmu). 3a donomozoino
inmezpodugepenyiarviozo uucienis 3a0auda 3600Umucs 00
KAACUUH0Z20 PO32/i5i0Y  OOHOPIOH0Z0 3ANOGHEHHS 00AACMIE
peuosunorw (naazmnow), aire y mepminax o - xapaxmepu-
cmux  padiyc-6exmopa noaoKeHHs 04k 00HOPIOHOT MHO-
KUHU. Busenemo eniue HezoMozeMHOI CMpPYKmMypu nid-
3moida ma eenuuuny Oiesekmpuunoi nPoHuKHocmi ma
MOKAUBICNY YNPABIIHHA.

BCTYI1

OCHOBHOIO TIPO6JIEMOIO 3aCTOCYBAHHS €JI€KTPOMAarHiTHOL
Teopii /10 3alOBHEHUX MaTepiabHUM CEPEIOBUIINEM TiJT Ta
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o6macTeil BUCTyIIa€ po3poOKa MeTOAY /IS IMPOTHO3YBAHHS
pe3yJ/IbTaTiB eKCIIePUMEHTAIbHUX CIIOCTEPEKEHb Ta BUMipIO-
Banb. /lJI1 1IbOro Ha OCHOBi TeOpeTHUHOI MoJesi CKJIajia-
€ThCd MaTeMaTU4Ha MOJe/Ib CepefoBUIa, L0 JOCTOBIpHO
OIACY€E YCi CHOCTepeXKyBaHi €JEeKTPUYHI Ta MexXaHivyHi
XapaKTepUCTUKHU, aJjie, BOJHOYAC, IIPOCTIlA Bij Tiei, 110
Haslae atoMHa Teopis. HeoOXigHy MoJesb MOKHA O/lepsKaTh
MIJISIXOM TIPUHHATTS JIOMYCTUMHUX CIIPOIIEHb aTOMHOI Kap-
THUHU CEPeIOBUINA, IO CKJIAJAETHCA 3 aTOMIB i MOJIEKY.JI, TI0-
6y/I0BaHUX 3 €JeKTPOHIB, MPOTOHIB i HelTpoHiB. [l 6isb-
IOCTi MAKPOCKOIIIYHUX SIBUII TT0APoOHIll opMu Ta Gy10BH
IIX eJeMEeHTAapHUX YaCTMHOK He MAlOTh BayKJIMBOTO 3HAYEH-
HS 1 MOXKHA OOMEXYBATHCD YSIBJEHHSM IIPO HUX y BUIJISAL
HEBEJIMKUX Mac i 3apsAuiB, 110 30CEPE/KYIOTbCA Y JEAKUX
(dismunaMx anMCKpeTHHX ToukaxX (reoMeTpmYHO-(DpaKTalb-
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nux) (quB., Hanpukiazg, [1]).

Heo6xinne reoMerpuyHe 3rJaJKyBaHHS KOHTYPIB Ta
NMOBEPXOHb, IO BUHUKAE y KJACUYHOMY IIiAXOAI 0 BHMi-
PIOBAHHS MPOTSKHOCTI TJIAAKUX 260 KYyCKOBO-TJIAIKUX JIiHIii
Ta TOBEPXOHb, MPU3BOJMUTDH [0 AAre6paiYHOro BU3HAUEHHS
IPAHUIDb JIOBXKUH BIIMCAHUX y KOHTYP HPSMOJIIHIHHUX BiJ-
pi3KiB, 1O Ja€ MOXKJIMBICTb BU3HAUYATH AuepeHtians riaai-
koi Jinil Ta 1i AOBXWHY 3acTOCyBaHHSIM (OpPMYyJ iHTErpy-
BanHs. Crpo6u 3armpoBa/IPKEHHST TAKOTO IMAXOMY y 3ajadax
BUMipIOBaHHS IIPOTSKHOCTI TOYKOBMX MHOXUH, "IOPCT-
KuXx", CHJbHO IOPi3aHUX, HMOPUCTUX KOHTYPIiB IPU3BOIUTDH
JI0 HACTYITHOTO: JIOB’KMHA TaKMX TOINOJIOTiYHO OHOBUMipHUX
MHOKMH JIOPiBHIOE HECKiHUYEHHOCTi, a ILJIola - HyJIO, JJs
IHIIUX MHOKUH ITLIOIA JOPiBHIOE HECKiHYEHHOCTI, a 06'eM -
HYJIIO.

3BHYaitHo, 1151 mpobJjeMa BUHHUKAE i y crpobax 3acTocy-
BaHHS KJIaCHYHOTO aHAJIi3y JUIA BU3HAYEHHS MPOTSXKHOCTI
MHOKHMH 3apsAliB i CTPYMiB y CHJIBHO CTPYKTYPOBaHHUX cepe-
JIOBUIIAX, TAKHUX, SIK IJIa3Ma y HECKiHUEHHOMY TpPOCcTopi a6o
y o6JacTsX 3ryiieHHs - muasmoifax. Taki Heromoremi
CTPYKTYPH MAIOTb BKJIIOUEHHS y BUTJISA/I BEJIMKOI KiJIBKOCTI
YAaCTUHOK PEYOBUHU, PO3JiJIEHUX IPOCTOPOBO Ha BijCTaHi,
MOPiBHIOBaHI 3 JiaMeTPOM BH/IiJIEHOI HEOJHOPiZAHOCTI.

Bigomy MeTOoaNKy HaGJIDKEHHS HEKOODAMHATHUX MESK
o6sracTeil BU3HAYEHHS TIOJIS 32 JOIOMOTOIO MOKPUTTS IIPO-
cTuMu KoMmmakTamu ([IPAMOKYTHHKAMM, KPyraMu, eJTilcamMmu
i T.imm.) [2] GyaeMo BUKOPHCTOBYBaTH Aaji MM TOCJIiJ-
JKEHHs OJIHOTO 3 OCHOBHMX MaTeMaTHYHHX AacIleKTiB Teopii
dpakraniB, SKUM € THUTaHHS PO 361KHICTD 0 (pakTady
YTBOPEHOT TOCJiIOBHOCTI MHOXKHUH. [[Jis1 11bOrO HEoOXiHe
BUMIpIOBaHHSA BiJCTaHi Mi)X KOMIAKTHUMU MHOXUHAMHU,
TOOTO BBEJIEHHS BiJIMIOBi/THOI METPHKHU.

Posrasa ¢gpakraabHuxX MHOKHH y Merpuili Xaycmopda
JI03BOJISIE TIOPiBHIOBATH BEJUMUNHY XaycAopdoBoi po3MipHO-
cri dy =1im InN(r)

r-o0 |n(1/ r)
- KizpKicTp Ky6iB, [0 SIKMX IMOTPAILIsie Xoua 6 OfHA TOUKA

(7 - cropona xy6a mokputrs, N(r)

(bpaxTasbHOi MHOKUHK) 3 MOKAZHUKOM TIOPSAKY O APOGO-
BOTO iHTerpo-audepeniiana

« 1 5 f®
(alx f)(X)_ F(a)g(x_t)l_adt

KOHCTPYKLiA AKOr0 BHUHUKAE Yy 3ajayi IIPO BU3HAYEHHA
MIPOTSKHOCTI (PpaKTaibHOT MHOXKUHM, IO € MOJEJIIO [JIS
OILUCY IIPOCTOPOBOI HEOAHOPIAHOCTI.

BusiBneni TakuM YMHOM 3B'SI3KM  JJalOTb MOXKJIMBICTD
O3HAUUTH TOHSTTS iHTerpo-audepeniiasbioi O - (opmu
possxuan (mmomi Ta 06'eMy)

dB1-a)=pP(-ayul -5 (| ;ﬁ_ldl -
—a

1 1 d
=—=__ < d, a=2-8, 0<fB<1
F(a) (I _a)l—a
Ta BHUSBUTU CIEKTP Ii 3acCTOCyBaHHS /JIs1 PO3B'S3yBaHHS
3aza4 pakTaabHOI Teopii moJist Ta esexTpoauHamikm [3].

ITOCTAHOBKA 3AJAYI

PosrasimemMo oxpemuil BUIa/ ok HeOHOPI/THOTO 3aIIOBHEH-
Hs 00J1aCTi TIPOCTOPY PEYOBUHOIO Y BUTJIS/I CHCTEMU 3apsi/l-
JKEHUX YacTMHOK (eJIeKTPOHiB, iOHiB Ta HeHTpasbHAUX aro-
MiB) - mmazmMu (4acTKOBO a60 TOBHICTIO iOHI30BAHOTO Tasy
32 HAsBHOCTI €JEKTPOMArHiTHOrO IOJIg, W0 TapMOHIYHO
KOJIMBAETHCA ).

Bigomo (nuB., nanpukmaz., [4]), AKIMO 30BHiNIHE mHOJIE
[IPUKJIAJAETbCA 0 Marepialy, IO CKJIALAETbCA 3 MOJNAPHUX
MHOXXMH 3 BHUIIAQJKOBOIO OPi€HTAli€l0, TO HA MHOKUHU i€
MEXaHiYHUII MOMEHT, 1[0 MparHe HalpaBUTU OCi MOJSpU3a-
mii MHOKUHM IIapaJleJIbHO 3aCTOCOBHOMY  €JIEKTPUYHOMY
nosmo. Cusu, MO NOBEPTAIOTb MHOXKUHM /IO BHIIQJKOBUX
opieHTalliil, y nepiry 4epry € TerJoBOrO MOXO/PKeHHs i To-
My CHJIBHO 3aJIeKaTb BiJ| TeMIepaTypH.

OCHOBHOI0 MiKPOCKOIIIYHOI0 XapaKTEPUCTHKOI IIOJISIPH-
30BaHOI MHOMKUHU He3aJIe)KHO BiJl MeXaHi3My IOJIApHU3alil
(nongpusanist moctiiina, 06yMOBJIEHA BHYTPIlIHbOIO GYI0-
BO10, a60 THMYacoBa, iH/IyKOBaHa 30BHIllIHIM €JIEKTPUYHUM
nojieM) € O -TOJIbHUIi MOMEHT, 10 BUHHUKAE BHACJIOK
MiKPOCKOITIYHOTO PO3/IiJIEeHHS IIeHTPiB JA0JaTHUX i BiJl'eMHUX
3aps/liB i PO3MilllEeHHAM iX B3/I0BXK JI€SIKOI OCi.

MaremMaTUyHO O -IIOJIBHUIT MOMEHT IIOJIIPU30BaHOi Heli-
TPaJIbHOT MHOXXUHYM BU3HAYUMO (POPMYJION0

N -
p7(F) =X " -T5=d?, (1)

i=1
Jle MiJICyMOBYBaHHA IIPOBOAUTHCA 110 BCiX 3apgajax y MHO-
. =a .
skUHi, a I~ - BeKTOpH, 1110 NMPOBE/ICHI 3 IIEHTPAa MHOXKUHU /10

. Ja . .
3apsaniB. Uaen Qd clipaBa - 1i¢ Ol -ITOJIbHUIT MOMEHT €KBi-
BaJICHTHOI'O O -110JIg, 10 CKJAJAETbCA 3 YCiX, 10 BXOAATD Y
CKJIaJ] MHOKWHU, JOJATHUX i BiJl'€eMHUX 3aps/iiB, CKOHIICH-

. . . Jo
TPOBAaHMUX y CBOIX I[EHTPax, IO PO3/iJIeHI BEKTOPOM d“

TPOBEIEHOTO 3 IleHTpa Bif'€eMHWX 3aps/iB [0 IIeHTpa
NOJIATHUX 3apsliB.

CriocTepeXeHHSI 3a THUM, IO BifGyBaeTbcs 3 3apsiiaMu
(cTpymamm) Ta eeKTpuuHnME (MarHiTHUMU) MOMEHTaMH 3a
MaJUX TepeMillleHb CTiHOK KOMIipOK TP PO3OUTTSIX Ha
komipkn (amB.[5]),

iCHyBaHHA JeAKUX iHBapiaHTHUX

MoBepxHeBi Ta 00'eMHi HaIal0Th
MOJKJINBICTb BUABUTHU
BeJMYMH, II0 He 3aJexkaTb Bil cIoco0y pO3JiTeHHS Ha
KOMIpKH, SKIO CEPEJOBUINE CKIAJAETbCA 3 HEHTPAJbHUX
MHOKHH 3 CHJIbHO 3B'si3aHUME 3apsAgaMu (KpyTOBUMH CTPY-
Mamu). It Hamioi Mojesi ormucy (hpakTagbHOI HEOTHOPI/-

HOCTI TIJIa3MOI/IiB TAKUME BEJUYHHAME €: B cepeHi 06'eMy
- rycruna 3apagis pg (F) = —divP? (F) ra crpymis
JE(F)+rotM  (7); )

Ha moBepxmi - rycruma sapsais g (F)+h-PY(F) Ta

CTpyMiB

3
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PAITODI3NKA

ge N - 30BHiNIHA HOPMAaJIb /10 IJIa/IKOT TOBepXHi o6Jacti Ha
.
AKy TPOEKTYIOThCs BeKTopHu esiektpuunoro P“ () Tta mar-

HiTHOTO M“(F) Ol -TIOJIbBHUX MOMEHTIB.

SAxmo Bci 3apsayM 3aJUIIAIOTBCS Yy CTAaTUCTUYHOMY I10JI0-
SKEHHI CIIOKOIO, SIK B €JIEKTPOCTATUIl, a60 6epyTb y4acTb y
pPiBHOMipHOMY yTOPSIIKOBAHOMY pYCi IMOCTIiHHUX CTPyMiB,
yci TYCTUHUM He 3ajexkarb Biff 4acy i € Tibku QyHKIisSIMU
koopauHar. HecramiomapHi yMOBM BHHHMKAOTH B 00JACTi
IJIa3MOi/Jla, KOJIM TYCTHHM € (PYyHKIiIMH He TiJbKH KOOp-
JIUHAT, aJjie i yacy: BHYTPillHI TOYKM o6JacTi Xapakre-
pusyiorb 06'eMHi rycrunu (2), a NMOBEPXHIO i Mexi omucy-
10T (pyHKuii moBepxHesux rycrud (3). [l BUKOHaHHS
YMOBH 36€peKeHHSI eJIEKTPHYHOTO 3apsifly y CTPYKTYpOBa-
HOMY HEOJHOpPiHOMY cepegoBuili (0 XapaKTepu3yeTbest
CKEIiJIIHTOBUM TTIOKa3HUKOM O )

S dp” (Tt
d|vJ“(r,t)+—p (.9 =0, (4)
ot
HeoOXi/[HO y3araJIbHUTH 3a/le’KHY BiJf yacy 00'€éMHY T'yCTUHY

ycboro 3apany, 1o PyXa€TrbcAd, A0JaBaHHAM  YJieHa

alsa(F,t)/at (4K i y KJacM4HOMY BHUNAAKY, AuB. [5]).
Tonai B ycix BHYTpIlHIX TOYKax 06JacTi iHBapiaHTHi rycTu-
Hu 3apaaiB (CTpyMiB) 3alMCyIOThCS y BUTJIALL

pE(F.t) = p%(F, 1) — divP¥ (F 1),

FU(F.t) = J%(F,t) + rotM “ (F 1) + 9P (7 1) / ot

Buxopucraemo pgasi BBeAeni Mogmesi 3apsaiB Tta O -
IIOJIBHUX MOMEHTIB [ JOCJIiIYKEHHsI IIPOCTOPOBUX BJIACTU-
BOCTEll IJIa3MOIfiB, IO MAlOTb BUIJISAJ HEO[HOPITHOTO
(paxTaspbHOTO 3aMOBHEHHS AeAKOi 06JaCTi 3TYCTKAMU OHO-
pignoi muaasmu. Ak 3asHavasoch panilie, 1ell BUIALOK 32
JIOTIOMOTOI0 iHTErpoANQePEHITiaJbHOTO YNCIEHHS 3BOANTHCS
J10 PO3IVIALY KJIACHMYHOI 3ajiayi IIPO OJHOPiJHE 3allOBHEHHS
obacti pevosmHOlO (mmasMow), axe y TepMiHax O -
XapaKTePUCTUK Ppajiyc-BeKTOpa IIOJOKEHHSA  OJHOPIAHOL
MHOKMHU (3TyCTKYy 3 CYIIJBHEM PO3IOIiTOM 3apsmy).
Takuil migxXiz /[03BOJIMTH BUSABUTH BIUIMB HETOMOTEHHOL
CTPYKTYPH IJIA3MOi/la Ha BEJUYNHY [Ai€JEKTPUYHOI ITPOHUK-
HOCTi Ta ysIcHUTH (i3WdHi BIACTUBOCTI y3araabHeHOI Moze
Yy BUIIQAKy NOIJIMHAHHA eHeprii y Iasmi 3a PpPaxyHOK
3iTKHEHHA 3apAAiB 3 BAKKUMU YaCTHHKAMU.

MPOCTOPOBA ®PAKTAJIBHA
HEOIHOPIZHICTh IIJIA3MOI/IB

Pyx y mia3Mmoizii KOKHOTO 3rycTKy 3apsigy Q i Macu  m

mig gieto exexrpuanoro nomst E = E cos(at +¢) omucy-
€ThCA PIBHAHHAM

Q d’

- (@)
EEmcos(a)H(p)_dt—z( , DE @), (5)
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Po3B'g430K 11bOr0 PiBHAHHA 3HAXO/ANUMO Yy TepMiHaxX Ol -Xapa-
KTEPUCTUK Pa/liyC-BEKTOPA IOJIOKEHHS 3apsiLy

E,, cos(wt +
roDra(r(a)_réa)):V(()a)t_Qm s(wt+¢)

ma? J (6)
a( (@) () _ /(@)
npudoMy QyHKIS o D (r™ —rg™) =vg t XapaKTepHu3ye

nosioskenHss 3ryctky ("tocroi' (pakrasbHoi TOYKHM) y
IJ1a3MOI/ll 32 BiJICYTHICTIO I1OJIA.

3 ypaxyBaHHSAM BJAacTHUBOCTEN iHTerpoandepenmiatis 3
(6) 3naxoanMo

En, cos(wt +
(g = {vé”)t—Q m mz(;) (P)}(r(a)_réa))a,

i BIATBOPIOEMO O -XapaKTEPUCTUKY PaliyC-BEKTOpaA

1
p(@) _ réa) = ;(V(a)t _ QE,, cos(wt + ¢)J 1—/1. N

T(l+a)| O 2
(tra) maw

ITomivaemo, 10 3HA4YeHHS CKEWJiHrOBOTO IIapamerpa
o = 0 BigmoBijgae KJIacWuHiil Mozesi OZHOPIAHOI MJIa3Mu

o
I’O( ) = lo, Tama-pyHKITIS

o
(nuB.,manp., [4]), xomm r@ =r,
Eitnepa I'(1) = 1.
[lia srycTKiB m1asMoizfa y BUTVIA/I HeHTpasbHOI cucTeMu
3apsiB (yuciuo €JIEKTPOHIB Ta BiJl'eMHUX iOHIB [OPiBHIOE
upcay mosutuBHUX ioHiB) 3a (1) 3 ypaxysamusam (7) o6-

YUCII0EMO eJeKTPHYHMHA MOMEHT JOBiJIbHOIO —eJeMeHTa
06'emy AV @ J1a3MOoi1a

1

(av®) T

@)\ @) = 1 (@) Q En cos(wt +¢)
P av@ = Z Q| T Vo t- 2 :
I

maw

Jie injieke { o3Hadvae MiJICyMOBYBaHHS 10 BCiX 4aCTHHKAX 3

o,
sapsgamu Q AV@)
KOMILJICKCHUX aMILIiTy/l 3 paXyBaHHAM TOTO, IO BCi 3apsu

BCepeuHi Ilicns nepexony n0

O/IHAKOBi 32 aGCOJIIOTHOIO BEJMYUHOIO i JOPIBHIOIOTH 3apsiLy

Q , a ioHHM - OJIHOBAJIEHTHI), MaEMO

1
2-a - Ta
Q NAv(ll) Em

p(a)
mo °T'(1+ &)

mAv (@) =

Aximo He 6paTH [0 yBaru BILIUB iOHIB, 3 iX Macamu, 1110
Jly’Ke BeJIUKi y TIOPiBHSHHI 3 Macolo eJIeKTpOHAa, TO s

naasMoijga 3 3apAaa0oM Q i Macolo m MaeMO

_[Q**NE, |
me *T(1+ o)

p@, (8)

rie NA - YUCJIO eJIeKTPOHIB B 06'eMi AV @

v (@)
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panuubumM niepexojioMm B (8) BUBHAYAETHCS KOMILJIEKCHA
aMILIITy/la BEKTOpa IoJIsIpU3allii cepe/loBuINa 11J1a3Moita

1

_[ CQ*NE, |

p@ 3
me T+ )

9

(N - yKc/I0 eIEKTPOHIB y BiHOMIEHH] 10 OAMHKL 06'eMy).
Ognepskanuii pe3yJbTaT Haa€ MOKJIUBICTH XapaKTepH-
3yBaTH TLTA3MOI/l 3a JONOMOTrOI0 €JeKTPUYHO! CHpuitHATIN-

BOCT1 Z Ta MIEJIEKTPUYHOl IIPOHUKHOCT1 E , SKI1
BBOJATbCS 3a 3arajbHoio cxemolo (jus., Hamp., [4]) i

o6uncooTbest 3 ypaxysauusaM (9) 3a dopmyJion

QN )

sa) (@)Y —
Y =g+ ) =€y -
0 0 ma?’T 1+ )

3BiJIKM BiTHOCHA IIPOHUKHICTb

.-
gL QTN
£ | Mo’T(L+ )

3a aHaJsIoTielo 3 KJIACHYHUM BUIIQJKOM CYIiJbHOI IJIa3-
MU, OJIePKYEMO JUIA TJIa3MOila, HEOAHOPiAHICTh AKOTO Xa-
PAKTEPHU3Y€ETbCS CKEHJIHTOBUM IOKa3HUKOM O, (opMy.1y
JIJ1 BiIHOCHOI /1i€JIEKTPUYHOI ITPOHUKHOCTI

G \ie
wpz) 2 1 (_Q)z_aN '

L2a TP T | Ty )

’

£ =1-

2 o
a IapaMeTp a)p MO’KHa Ha3WBaTH IJIa3MO1HOIO YaCTOTOIO.

YHCEJIbHI PE3YJIBTATH

Ha pwuc.1 mpezacraBieHo 3aeskHICTb BiJl 4aCTOTH  paji-
YC-BEKTOpa, MIO0 BHM3HAYa€ IPOCTOPOBY HEOJHOPiTHICTH
mrasMoia i o6umcmoerbest 3a dopmysoo (7). CymiabHa
kpuBa 1 BiANOBi/ja€c 3HAYEHHIO CKEHJIHTOBOTO MOKAa3HUKA
o = 0 i s36iraeTbcs 3 pesysbTaTaMi PO3PaxyHKIB paiyc-
BEKTOPA 3a KJIACUYHOIO MOJEJIIIO CYIiJBHOI ILTa3Mu.

r (o, )

i} [a)

Pucynox 1-Padiyc-eexmop xapaxmepucmuxu
npocmopogoi HeoOHoPiOHOCMI NAA3MOI0d
Y 3anexnocmi 6i0 wacmomu

Buzano, 110 BapiloBaHHS CKEHJIIHTOBOro MOKa3HUKA HA/la€e
MOJKJIMBOCTI  YIIPaBJIiHHSA IIPOCTOPOBOIO  HEOAHOPIAHICTIO
mrasmoina (kpmBa 2 BiATOBiZae 3HAYEHHIO (¢ = 0,1

KkpuBa 3 - 3HavenHio O = —U, 1; xpuBa 4 - 3HAYEHHIO
=-0,6).

MosksuBicTb ~ BapiloBaHHS ~y  HIMPOKUX  MeXKax

IIPOCTOPOBOI HEOAHOPIAHOCTI pajiyc-BeKTopa 3a JO0IIOMOrO0
3MiHU CKellTIHroOBOro MOKa3HUKa O TOKa3aHa Ha puc.2.

o, o)

00y <100 | < 0Dy < 0Dy

0.5 i} 0.5 o

Pucynox 2 - Cxeininzoei eracmueocmi padiyc-eexmopa
npocmoposoi neodnopionocmi naasmoioa

&0, @)

Pucynox 3- Banexnicmo 0iticnoi uacmunu
dienexmpuynoi npoHUKHOCMI hpaxmanivnozo niazmoioa
w 610 yacmomu  04s PI3HUX 3HAUEHb CKEUNIHZ06020
noxasnuxa o (kpusa 1 - das oo = —0,5; 2—o = 0 -

(xnacuuna modeav naasmu); 3—o = 0,2 ;

4—a=10,332; 5-a =0,334; 6-0 = 0,5.

Puc.3 Tta Puc.4 peMoHCTPYIOTb BiAIIOBiZHO BILINB

IIPOCTOPOBOI HEOAHOPIAHOCTI IIa3Moifa Ha BEJIUYUHY Bij-

HOCHOI JieJIEKTPUYHOI ITPOHUKHOCT] gr@’) (0(, a)) Yy 3aJiex-
HOCTi BiJl BeIMYMHN YAaCTOTH (J Ta CKEHJIIHTOBOTO TIOKAa3-
Huka O . IlomiTHa 3MiHa 3HaKy BiJHOCHOI JieJeKTpUYHOL
aa oo =1/3
3aJIeXKHICTI0O Takoi 3MiHM Bijl HPOCTOPOBOi (paKTaJbHOI
HEO/THOPiAHOCTI I1J1a3Moija.

HpOHI/IKHOCTi 3 I10JaJiblliOl0  CHJIbHOIO
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sio, 00)

05 =
oy < )

Pucynox 4 - 3nauenns xomnaexcnoi diesekmpuunoi
NPOHUKHOCME PPAKMANLHO20 NAA3MOT0A Y 3ALeKHOCII
610 GeAUNUHU CKEUNINZ08020 NOKAZHUKA ONsL 080X

wacmom @1 <@

BHCHOBKH

g cTpyKTypOBaHUX IJIa3MOI[iB,
I0TbCSI MACHITAGHOIO Ta TPAHCJSINIITHOIO iHBapiaHTHICTIO 3a

1o  XapakTepusy-

JIOTIOMOT0I0 CKEHJITHTOBOTO MMOKa3HUKa O, HAsBHICTb CHHTY-
SAPHUX HEOJHOPiZHOCTEH MOKe BIIMBATH HA YMOBM iCHyBaH-
HSI 3apS/IiB Y TOHKUX MEKOBHMX HIapax i BcepeauHi o0JacTi.
Ileit TeopernyHuii pesysabTaT HiATBEPIKYETbCS BiJJOMUM
(haxTOM CTBOpEHHS NITYYHOTO CEPEJOBHIIA 3 HEMATHITHHX
BUXiZHUX MaTepianiB (3 MarHiTHOIO MPOHMKHICTIO BiJIBHOTO
npocTopy M ), y gKuX o6'eMHa MaTHITHA TPOHUKHICTH
Bi/IPi3HAETBCA Bifl [6].

BBesenns O -NOJIBHUX MOMEHTIB /IS JIOCJIi/IKEHHS
MIPOCTOPOBUX BJIACTHBOCTEN T1JIa3MOI/iB 32 JI0IIOMOTOIO iHTe-
rposndepenItiaJbHOr0 YUCJIEHHS 3BOJAUTBCS 10 PO3TJIALY
KJACWYHOT 3a/layi TPO OJHOpijiHe 3amoBHEHHS 006JacTi
peuoBnHO© (MTa3MOI0), aje y TepMiHaX O -XapaKTepPUCTHUK
pazliyc-BeKTOpa MOJOKEHHST OAHOPiAHOT MHOKMHK (3TYCTKY
3 CYI[LIIBHUM PO3TOIIJIOM 3apsiy). 3a PaxyHOK I[bOTO BUSIB-
JIAIETHCS BIINB HETOMOTEHHOI CTPYKTYpH ILIa3Moifa Ha Be-
JIMYUHY  AiC€JIEKTPUYHOI ITPOHUKHOCTI.
MOJKJIUBICTD YSICHUTH (Di3U4HI BJIACTUBOCTI T1J1a3MOBOI CTPY-

Taka wmozmenp ae

YAK 621.6.677.49 - 472.2

KTypH Yy BUIAJKY TOTJIMHAHHS €Heprii 3a paXyHOK 3iTKHEH-
HA 3aps/liB 3 BOXKKUMH YaCTHHKAMH.

PesysabraTi HaBeJleHOro JOCTI/IPKEHHS Moziesli ppaKTasib-
HO CTPYKTYPOBAHOTO ILJIA3MOIZy MOXYTb OyTH BHKOPHUCTA-
HUMHJ JIJI1 TIOCTAHOBKM Ta PO3B'SA3yBaHHS AKTyaJbHHUX TeX-
HOJIOT{YHUX 33Jjad PO YIPaBJiHHA eJeKTPOMArHiTHUM
HoJieM Y XBHJEBOJHUX cucteMaX (3a paXyHOK BapilOBaHHS
CKENIIHrOBOrO TIOKA3HKKA).
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Hagiitmra 09.10.2003

Ipedrazaemcs modenv 3apsdoe u O, -NOSLGHUX MOMEHMOE 015
uccaedosanus NPOCMPAHCMBEHHVIX C8olcms nia3moudos (He-
00HOPO0HO20 (PPAKMANLHOZO 3ANOAHEHUS HEKOMOPOU 06.aacmu
czycmranu 00nopoonoi naazmul). C nomouspio urnmezpoougpdge-
PeHUUATLHO20 UCUUCEHUS 3A0aud CEOOUMCS K KAACCUHECKOMY
paccmompenuio 00HOPOOHOZO 3ANOIHEHUS 00AACTU BEULLCMEOM
(naasmoii), no 6 mepmunax OL-Xapaxmepucmux paouyc-eex-
mopa nosoxenust 01 00HOPOOHOZO MHOXecmed. Buisieaeno enu-
SAHUE HeZOMOZEHHOU CIMPYKMYPbL NAAIMOUIA HA GEAUUUNY OUIe-
KINPUUECKOU NPOHUYAEMOCTRU U BO3ZMOKHOCTNL YNPAGIEHUS.

The model of charges and O.-pole moments for study of spa-
tial properties of plasmoids (the nonuniform fractal filling of
some area by clots of the homogeneous plasma) is proposed.
The problem is reduced by use of integro-differential calculus
to classical viewing the homogeneous filling area by substance
(plasma), but in terms O -characteristics of a position vector
of a standing for the homogeneous set. Influence of not homo-
geneous structure of a plasmoid on quantity of an inductivity
and an opportunity of operation is detected.

B.B. OpnoB

OBHAPYHEHUE MECTONOJIOHEHNA NCTOYHUKA H3NNVYEHHA
HA OCHOBE KOPPE/NALUWOHHOA NPOCTPAHCTBEHHON OBPABOTHM

s cucmemu npocmoposo po3nHecenux nNpuiimMadie 3 Kopess-
UitiHo1 00POOKOI0 CUZHANIE 6UIHAUCHT 6UMOZU 00 AKOCMI 6ULG-
AeHHs BUNAOK0BOZO CUZHANY 8 3dJeXHOCmi 610 po3mipy 06pos6-

2106410l 6ubipKu. 3anponoHosano nPocmull ArzopumM po3pa-
XYHKY KOOpOUHAmM 0Kepena sUnpoMiHIO8AHH HA OCHOBT MUMUA-
COBUX 3AMPUMOK GUAGLCHUX CUZHANLLE.
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B.B. Opaos: OBHAPYKEHUE MECTOIIOJIOKEHUA NCTOUHNKA U3JIYUEHUSA HA OCHOBE
KOPPEJIAIIMOHHON IIPOCTPAHCTBEHHO! OBPABOTKU

B Hacrostiee BpeMs [/l aBTOMATU3WPOBAHHBIX CHCTEM
MOHHMTOPHHTA M3Jy4Y€HUsI B KOHTPOJUPYEMON 30HE IIUPOKO
IIPUMEHSIOTCSI PA3HOCTHO-/IaJbHOMEDPHBIE AJTOPUTMBI OIpe-
nemennst koopaunat [1,2,3] ncrounnka usmyueHust Ha 6ase
KOPPEJSAMOHHOI (MyJIbTHILIUKATUBHON) 06paGOTKH CUTHA-
JIOB OT MPOCTPAHCTBEHHO pA3HECEHHBIX JaTdynkoB. [Ipu
3TOM, /I OGHAPY’KEHUS] CUTHAJOB W pacyeTa MeCTOI0JIO-
JKEHUST He0OXOIIMO PEIIUTD 3a/Ia4H:

1. Bpruncsienne B3anMHO KOPPEJSIUOHHBIX (DYHKIUH OT
JATYMKOB [IJIS1 BCEX BO3MOKHBIX BPEMEHHBIX 3aJlep:KeK IpH-
XOIAINX curHaIoB; 2. O6HApy:KeHNe CUTHAJIOB Ha OCHOBE
BBI6OpPA MAKCUMAJIBHBIX 3HAYEHHI MUKOB KOPPEJSIINOHHBIX
¢yHKIWIT 1 cpaBHEHNE WX C MTOPOTOBBIM ypoBHeM; 3. Pacuer
KOOP/IMHAT MCTOYHUKA U3Jy4eHUs] HA OCHOBE pEIIeHHs CHC-
TEMbl THUMEPOOJMIECKUX YPAaBHEHUi, COCTABJEHHBIX IO
BPEMEHHBIM 3a/JepXKKaM OOHAPY’KEHHBIX CHTHAJIOB OT He-
CKOJIbKUX MYJIbTUIIIMKATHBHBIX aHTEHH.

3aMeTHM, 4TO B CJIyYae aHAJIM3a HECKOJBKUX UCTOUHIKOB
B YCJIOBHSX IIYMOB, a TaKkXe IIPH YHCJE JATYNKOB GoJee
TpeX, pellleHne KKIOH W3 3a/ad He SIBJSETCS OJHO3HA-
YHBIM. DTO CBSI3AHO C HEOIPE/EJEHHOCTSIMA U C OMUOKaMH,
KaK BBIYHCJIUTENBHOTO, TAK M CTATUCTHYECKOTO XapaKTepa.
Kpome Toro, paspa6oTka TaKWX CHCTEM YCJOXKHSETCS, Tak
Kak ucciaegoBanre 3¢p@eKTUBHOCTH OGHAPY)KEHHUS Ha BBI-
X0/Ie KOPPEJOMETPOB OCYIIECTBJISIETCST TIPUOJIKEHHBIME Me-
TOZAMH, ITIyTeM AaNPOKCHMAIIMN BBIXOJHOTO CHTHAJA HOP-
MaJbHBIM 3aKkoHOM pacnpenenennss [1,2]. Koopannater
MCTOYHNKA M3JYYEeHHsI CUTHATIA ONPEAEJSIIOTCS TakyKe IpHU-
6JITKEHHO, € WCTIOJIb30BAHUEM HTTEPAI[IOHHBIX AITOPHTMOB
JUISL PeTlieHusT THIepOOINIeCKUX YPAaBHEHHI.

B cBs3u ¢ aTHM, TIpe/CTaB/IsieT MHTEpeC IOJTyYeHUe aHa-
JINTUYECKUX BBIPAKEHWH /IS 33Jau OOHApY’KEeHWs W OIpe-
JleTeHNsT KOOPJMHAT OJHOTO MCTOYHUKA B YCJIOBHSX IIyMOB
IIPH UCTIOJIb30BAHNY MUHUMAJBHOTO YHCJIA JATYNKOB, 00pa-
3YIONUX /IBE€ MyJbTUILINKATHBHBIE AHTEHHbBIE PEIIETKH.

Hacrosmas pa6oTa MOCBSIIEHA TOUHBIM AHAJIATHICCKUAM
MeToaM HccaegoBaHus 3P dEeKTUBHOCTH OGHAPY KEHHUS CTa-
IIMOHAPHOTO CJIyYaifHOTO CHTHAJa IO0CJIe KOPPEJSINOHHOM
00paGoOTKM ¥ pacyeTa KOOPAMHAT HCTOYHNKA W3JIyUeHUS
CUTHAJA TIPU TIPOM3BOJILHOM PACIIOJIOKEHNN 3 JIATYNKOB B
KOHTpOJIpYyeMoil 30He. /[y 3TOro cHavasa ONpelessioTCs
TUTIOBBIE MOJIEJTM CUTHAJIOB U IIIyMOB, & 3aT€M UCCJIEYeTCs
apdexTHBHOCTD
QJITOPUTM pacdeTa ero KOOp/ANHAT.

OOHApy:KeHUs] CUTHaJa U IPUBOJUTCS

OBHAPY)KXEHHE CHTHAJIOB

IIpn uCIIOJIb30BAHUN AJNTOPUTMOB OGHAPY’KEHUS CHTHA-
JoB 10 kputeputo Heitmana-ITupcona Heo6Xo[uMO 3a/aBaTh
BEPOSTHOCTb JIOXKHOU TPEBOIM, KOTOpas OIpejeJisieTcs IIo-
POTOBBIM YPOBHEM IIPEBBLINIEHUS CPEAHEKBAPATUYECKOrO
3HavyeHus mrymMoB. B m3BecTHbix padorax [1,2] momyuens
BBIPA’KEHUS [IJII IOPOTOBOTO YPOBHS JIMIIb B CJIyYae acuM-
HNTOTHYECKOIl aIIIPOKCUMAIMU IIpPOIlecca Ha BBIXOJE Koppe-
JIIIMOHHOU 06paGOTKM B BUJie HOPMAJIBHOTO 3aKOHA pacIpe-
JieJIeHVsT BePOSITHOCTel. B CBA3M ¢ 3TUM IIpe/ICTaBJIgeT MHTe-
pec HCCJeZ0BAHME TOYHBIX BbIpaKEHMII [ aHamusa ad-
(pexTHBHOCTH O6HAPY:KEHUS B CJydae NPHUX0/a HA JATYUKU
CHTHAJIOB PAa3/IMYHOM MOIIHOCTH NPU KOHEYHOH IIaMATH
yCpeaHsAIomero puibTpa.

PaccvorpuM 3amauy OOGHApY:KEHUS] CHUTHAJA, MPHUXO[-
1Iero Ha aHTEHHYIO PENIeTKY, COCTOSIYI0 M3 JBYX JaTdu-
koB. Curnasn npunumaercss Ha (oHe M30TPOIHBIX IIYMOB U
nMeeT 3a7epKKy T Ha OIHOM M3 JZATYNKOB, O6YCJIOBIEHHYIO
MIPOCTPAHCTBEHHBIM PACIIOJNIOKEHNEM MCTOYHUKA WM3JIy4YeHUs

u 6a3bl gataukoB. Ilosmaraercst, 4To curHasi S(f) ¥ IIyMbI

x(¢) mpencraBiAiOT co60il HEKOPPEJIMPOBAHHbIE CJTydaiiHbIe

NpoIlecchl, MNOJUUHSIONINECSI TayCCOBOMY 3aKOHY paclpe-
JleJIeHUsT BepOSITHOCTell ¢ HyJIeBbIM CpeJlHUM U KOBapua-
MOHHBIMU MaTpPMIIaMU BpPEMEHHbIX OTCYEeTOB IIepPBOTO U

BTOPOT'O KaHaAJIOB

_ o2 — 22 _ 2 _ 2
Ric = 6¢lo, Ry = 0clo, Ry = 6114, Ry = 6315, (1D

rae [0 -eIMHNYHasA MaTpula, o - aMH]IHTyIIHbeI

MHOXUTEJb, onpe/:[eﬂmoumﬁ pasjinyne aMIJINTY/l CUTHAJIOB,

CHUMAEMbIX C JAaTUYUKOB; Gf - MOIIIHOCTH CHTHaJIa, G% n

O‘% - MOIIHOCTHU IIYMOB B IIEPBOM U BTOPOM KaHaJlaX.

HpOBepHeTCH THUIIOTE3a H1 O HaJIMYHUKN CUTHaJIa

Hi: vy =oast-T)+x@); y,(®) =st) + x,(t) (2)

IIPOTUB TUIIOTE3bI HO 06 OTCYTCTBUM CHUTHAJIA:

Ho: v =x@); y,(1) =x,(1) . (3)

[Ipu aTOM MOITHOCTH CMECHU CUTHAJIA C TOMEXOi Ha BbI-

2

2 c
X0/[aX MepBOro. Gy, ¥ BTOPOro O2cin KaHA/OB, a TaKxkKe
CpelHeKBapaTHUecKoe 3HaUeHNe Ha BBIXO/le KOppeJoMeTpa

O¢ypn OIPEACIIIIOTCS BbIpAKCHUAMMN:

6Zein = YT (O = (0¢%cZ +67) ;

Gg,c+n = y22(t) = (Gg + Gg);

Gc2:+r1 = m = OCZG(Z:. (4)

PaccmorpuM [ucKpeTHy0 (hOpMY TIpeCTaBJIEHUs] KOPpe-
JISIIUOHHON 06paboOTKM TIpH KOHeuHoM pasmepe N  ycpe-
nustonero uubrpa. Ilosarast, 4To [UIsi CUTHAJMA € BePXHel

fTu

At = 1 /(2f) BbiGpan B coorBeTcTBUU ¢ Teopemoit Korenb-

4acToTon CIIEKTpa HUHTEPBAJI JUCKPETU3alumn

HUKOBa U 3ajlepKKa coctaBiaser 1 = MAt omnpenennm

petamimyo CTaTUCTUKY

| = Ziilyl(iAt)yz((i + M)At =ZiK: z, M=0,.L,(5)

1

rae Z,Zj NpW | # j CTaTHCTHYECKH He3aBuCHMBbL. B oT-

cyTcTBumM curHasta (oM mpm BpeMeHHOH paccrpoiike M >0
2

cnaboro curnana ( o /6,0, >0) Z pacupeneneHo Kak

IIpou3Be/iecHne  HOPMaJIbHbIX  HE3aBUCUMbIX CI[y‘{&fIHbIX

BeamunH [1]

p(z | Ho) = (n6,6,) Wil z | / 040,) , (6)
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a IpY HAJIWYUU CHUTHAJTA C KOMIIEHCHPOBAHHOI BPEMEHHOI
sagepxkoit (M =0) - Kak npousBefeHNe HOPMAJbHBIX 3aBU-
CHMBIX CJYYailHBIX BEJIUYNH

p(z | Hy) = (o) 21— p?) ™ 2 x
x¥oll 2 | / o1 p"}expi-pz / ol-p?)},

)

e (5=[((xc +<51)(<5 +<52)]1/ ;op= 0((52/(5

Wo{*} - OccceneBa yHKUMA 1epBOro poja HyJIeBOro
HOPSI/IKA OT MHUMOTO apryMmeHTa [4].

ILnortaocts pacupenenenuss sepoarnocrein (ITPB) (3)
nosiyyena B [1], ee rayccosa arnnpoxcuMaiusi o6CysKIaeTCs
B [2] ans anamoroBoro KoppessTopa sl 0OHApY>KEHUs
CUTHAJAa C O/IMHAKOBBIM OTHOILIEHWEM CUTHaJ ,/ IIyM Ha
BXOJax akycruuecknx gatuukos (o =10, =0, ), a B [3]
paccmarpuBaercss IIPB  BbI6OpOYHOIT CYyMMBI CHUTHAJIOB
KOppeJIsITopa ¢ OrpaHMYeHHOH T10JI0COH MPOIyCKaHM.

PaccmoTpuM  1I0THOCTD  paciipefiesieHusT BepOSITHOCTei

)

N = (2K + 1) orcueroB BbIGOPKH, MOJTyYeHHYIO B [3]

K+0.5
o) = [" 'j 1 y

CYMMbI HpOI/ISBe[[eHI/II‘/JI JJIA YeTHOI'O YHucJjia

20 (2K + DoK ! n(1- p?)
Ip I
X exp Sl o? Kkios S p?)l (8)
05 K :
K+i) i
e KK+O.5(X)=(%j expf- X}Zﬁ(ZX) (9
i !

- MomuduimpoBanHas cdepuyeckas QyHkuus beccens
Tpetbero poxa [4, ¢.10.2.15]. Iloacrasasaa (9) B (8), u
UHTErPUPYsI MO 00JIACTH 3HAYEHUIT, [TPEBBIIIAIOIIIX TOPOTO-
BBIl YPOBEHb C, MOJYYHM BBIPAKEHHE [[JISI BEPOSITHOCTH
[PABIJIBHOTO OGHAPY KEHHUsT CHTHATA

D= J.p(|c+n)d|c+n =

Wcnonb3yst taGyupoBaHHbI uHTerpaa [5, ¢.2.321-2]
npu ¢ >0, IPUXOANM K CJIELYIONIEMY BBIPAKEHUIO:

— K+1
D = 051+ p)"* exp{— 5t} x
K K—i
XY D e a-plle/c@epll (D)

0

=0 j

[l 1oJyvyeHus BEpPOSITHOCTH JIOXKHOW TpeBorn F u3
(11), monaraem o, =0, uro npuBout Kk P =0 U MouHOCTH

oMexXu G, =0 = 0,0,

K—i
_(K+D!
2K+| 1 'K'
j=0

K
F = 05exp{-c/0,}>. (/)

i=0

(12)

Ha pI/IC1 NIpuBEACHDbI 3aBUCUMOCTU BEPOATHOCTU JIOKHOT

TpeBOTU F or TIOpOTOBOTO YPOBHA OTHOCHUTEJIbHO YPOBHA

nomMexu ¢,/ G, Ha BbIXOJE KOPPENATOPA NPU Pa3JUYHOM

yucie N = 2(K+ 1) nHakanamBaeMbIX OTCUETOB. AHaIN3
3aBucumocteit F(c, K) T1oKazaj, 4Tto yBeJIMYEHHE YHUCJA
00pabaThIBaEMBIX OTCYETOB B 4 pasa TPUBOAWT K
TOBBINIEHUIO TIOPOTOBOTO YPOBHS TPUOIU3UTETBHO B 2 pasa
TIPU COXPaHEHWN HEM3MEHHOW BEPOATHOCTH JIOXKHOI TPEBO-
. XapaKTepUCTUKN OOHAPY/KEHUS TOJIE€3HOTO CUTHAJIA TTPH

F<107

, paccuMTaHHbIe [JI OJIMHAKOBBIX JaHHBIX YPOBHS

nmomexu (= Gg / 010, mpencTaBJeHbI Ha PUC.2 75 paB-
HBIX MOIHOCTEN CUTHAJIOB O=1 m Ha puc.3 I OTIH-
yatomuxcs 1mo Momuoctn (00 =0,5). V3 rpadmMKoB HETPYIHO
3aMeTuTh, uTo npu D=0,5 ociabyeHne OHOTO U3 CUTHAJIOB
Mo MOIMHOCTH Ha 3 nb TmpuBOANT, MPUMEpPHO, K TaKWUM 3Ke
MOTEPSIM B OTHOIIEHUH CUTHAJ / TIIYM.

BoiGop yncsia HAKAIJIMBAEMbIX HMITYJIbCOB TIPOU3BOUT-
Cs1 COTJIACHO TPeGOBAHUSIM K YHCJY JIOKHBIX BBIOPOCOB IPH

o63ope Bcex L2 sueek B ciyuae KOHTPOJMPYEMOH 30HbI
npsiMoyrosibHOi  (opMbl. Tak, /711 BEPOSTHOCTH JIOKHOIA
TpeBoru F', ecyiu 4UCIO JIOKHBIX BBIOPOCOB HE MPEBBIIIAET

OJIHOTO TIpH 0630pe KOHTPOJUPYEMON 30HbBI IBYMSI KOPPEJIs-

OaK + |), i—1-K 27i .
_zmﬁtm Q-p°)' x topami, 2L2F <1, 10 mpun L > 102, neo6xommmo, uToGbI
| TK!
—4 .
- ) F<10 . Torga o6ecneuenne HeoOXOAUMON BEPOATHOCTU
% J‘| e |K—i exp{—' lein |- psgr(l“”)]}dlcm. (10) [IPaBUJIBHOTO OOGHAPY>KEHUS OCYIECTBJSETCS BbIGOPOM YHC-
: G n@- pz) Jla HaKaIlJIMBaeMbIX OTCYETOB COTJIACHO puc.2,3.
IgF D T D
K= 250 K=500
4 A ]
\\\% \,_'-‘W 0.75 0.75
_ 1000
2 1000 =
. 1500 \
-3 05| o5}
2000
VAN | | e NY
_4 _\
\ \ \ \ 0.25 h, | 0,25
-5
\ \ \ \ )/
\ p /
100 200 Cla, 5 a0 5 qdE BT 10 5 q.db
Pucynox 1 Pucymnox 2 Pucymnox 3
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B.B. Opaos: OBHAPYKEHUE MECTOIIOJIOKEHMA NCTOUWHUKA N3JIYUYEHNA HA OCHOBE
KOPPEJIIIMOHHON TTPOCTPAHCTBEHHOUW OBPABOTKIU

PACYET KOOPIQHHAT HCTOYHHKA
H3JIYYEHHS ITPH IIPOH3BOJIbHOM
PACIIOJIO)KEHHH TATYHKOB

TpaauimoHHO NPUHATO, YTO pacdyeT KOOPJAWHAT UCTOUHU-
Ka M3JIy4€eHHs] PA3HOCTHO-/IaJIbHOMEPHBIM METO/IOM TIPH IPO-
M3BOJIbHO PACIIOJIOKEHHBIX IMPUEMHbBIX [JaTYUKOB ocyme—
CTBJISIETCSI, KaK [PABUJIO, HA OCHOBE UTTEPAIMOHHOTO peliie-
HUSL CHCTEMbl TUHEpOOJMYECKUX ypaBHeHWi. Tak Kak s
Han6oJiee IPOCTOI peasn3aluy aJropuTMa JJ0OCTAaTOYHO JIBYX
MyJIbTI/IHJII/IKaTI/IBHbIX AQHTEHH Ha OCHOBEC 3 AaTYUKOB (OL[I/IH
Jartuuk o6mmii 1y 06enX aHTeHH), TO B 9TOM CJydYae BO3-
MOJKeH TIOUCK 6oJiee MPOCThIX CIIOCOO0B pacdyera KOOPAMHAT.

[Tonaraercst, 4TO Ha HPEABIIYIMX TANaX KOPPEJSIIOH-
HOIl 006paGOTKU IPOBEJAEHO OOHAPY’KEHUE IMKOB KOPpeJIs-
IIUOHHBIX (PYHKIUH, COOTBETCTBYIOIUX BPEMEHHBIM 3a/ePXK-
KaM MOCTYIJIEHUsI CUTHAJOB Ha KaXK/blil M3 JaTuukoB. B
cJlyyae IPOU3BOJIHOTO PACIOJIOKEHUS [aTYMKOB Haiigem
AQHAIUTUYECKOE pelleHne JJis1 OTpeeIeHs] MeCTOTO0JIOMKe-

Hug  (x,y)  WCTOUHWKA M3JIyYeHHST B JIeKapTOBBIX
KOOp/IMHATax

(%) = £O, Y1, %9, Y2, X, Y3, T12: T3p) (13)
10 W3BECTHBIM KOOPAWHATAM [aTYNKOB Xi,yi,i =1,2,3 u

OGHAPYKEHHBIM BPEMEHHBIM 33/I€P3KKaM leyTs,z Kavk /10
U3 aHTEHH, CBA3aHHbBIX C paccToAHuAMU I1,l5,I3 OT TOUYKHU
U3JIyYeHUs 10 J1aTYNKOB

Fgp =Tg- T =V* Ty, Ty =1-1, =V*Ty, (14)

rjie V - CKOpOCTb PacIpOCTPaHEeHUs 3BYKOBOH BOJIHBI.
Bocmosb3oBasumich teopemoii ITudaropa, cocraBum cuc-

TeMy M3 /JBYyX TUNepOOJMYECKUX YypaBHEHHil ¢ HensBecT-
ubimu (x, y)

x/(x1 -+ (y —y)? = \/(xz =2+ (Y, =Y 1y,

JOG =302 +(y3 = y)? =0 =02 + (v, - )% + 15 (15)

[l1s1 n36aByIeHNS OT PAINKAJIOB BO3BE/IEM B KBAPAT KaxK/10€
u3 ypasnenuit cucremsr (15)

2 _
—ho =

X2+ Y2+ 2%y — %)+ 2Y(Y, — V1) — X5 — y3
= 2r12\/(x2 -7 +(y, — y)?
st‘ + Y§ +2X(Xy — Xg) + 2y(y, — ¥3) — Xg - yg - r322 =

= 2r32\/(x2 %7 +(y, - y)°.

16)

Jloymuoxas nepsoe ypashenue (16) na r3 5, a BTopoe Ha

}"1 2 IIpUpaBHAB UX JIEBblE YaCTH, C YUYETOM 3aM€Hbl II€pe-

MEHHbBIX Z; = Xiz + yiz, i =1,2,3, noayuum

ro(z —2, - r122) + 25X (X = X)) + 215 y(y, — yp) =

= 112(23 = 2, = 1) + 2,X(%p — Xg) + 2r, (Y, — ¥g). (17)

HpI/IBOﬂI/IM 9TO ypaBHEHHE K JIHHeﬁHOMy BULy

X(rgp(Xy — %) = 115 (X, — X3)) =

=(rp(z3 -2, - r322) —r15(z ~ 2, - r122))/2 +

+ Y(rp (Y, = Y3) = 1(y, = 1)) (18)
nm, X=ay+b, rae
b = —0,5(!‘12(23 - Zz - r322) -
—13(2 = 2, = 15)) / (115 (X = Xg) = T3 (Xy = %))
b = _0,5(r12(23 - Zz - I‘322) -
I’32(Zl - Zz - r122))/(r12(X2 - X3) - r32(X2 - Xl))
Bossoag B kBagpar nepsoe ypasuenue cucrembl (16)
(zy— 2, + 2X(%p — %) + 2Y(y, — yy) —13)% =
19)

= 4r2(X5 + y3 + X2 + y? — 2%, — 2Y,)

n rpynmmpys B (20) caraeMble OTHOCHTETHHO MHOKUTEEN

y u y%, IPUXOZUM K KBaJPATHOMY YPABHEHWIO OTHOCHTE-
abHO y. IloacraBisis B Hero 3HaueHuss X = ay+b u

x2=a2y? + 2ab + b2 u3 (20), onpexemm KoadbUIEEHTH

KBa/[paTHOTO ypaBHEHUA

Ay? +2By+C =0 (20)

rae

A= 4aZ(X2 —%)% + Ay, — Y1) +

+8a(X, —X,)(¥ — Y1) — 4r3a” — 4r), -

B =4ab(x, —%)* + 2z - 2, — rH)[alx, - x) + (¥, - y) I+
+400% — %) (y, = yy) — drx(@b+ y, + %)

C=(z -2 —-15)%+40%(x, — %)° +

+4(z) — 2, —15)b(x, — %) — 4525 — 4r5b? + 8r3%,b,

C yueroM BO3BEIEHUS B KBaJPaT CHCTEM THIEPGOIH-
yeckux ypasaenuii (15) u (16), B pesyJibrare mosiyunM jBa

pemenusa ( X, ¥4 ),( X5, Y5 ) B BUZE

V1o =—-B+(AC-BH)Y'? X2 =ay,+b, Q1)
HeoOX0IMMOe U3 KOTOPbIX 06 UCTUHHOMI KOOp/inHaTe TOYKHU
WU3JTy4YeHUs] BLIOMPAETCS COTJIACHO alpUOPHON MH(pOPMAIIK
O TPAaHMYHBIX TIPe/ieJiaX KOHTPOJIHUPYEMOI 30HBI 0630pa.

BbIBO/ bl

[Tosryuennble aHAJIMTHYECKWE BBIPAKEHUS /g OOHApY-
JKEHMs VCTOYHMKA W3JIyYEHUS M pacyera €ro KOODPJAWHAT
MTO3BOJIAIOT CIIEJIATh CJEAYIONNE BbIBO/bI:

1. Paspaborana Mero[uKa pacyera HeOOXOAMMOTO YUCJIA
HaKaIlJINBAeMbIX OTCYETOB B 3aBHCHUMOCTH OT BEPOSTHOCTH
MIPABUJIBHOTO OGHAPYKEHUS W Pa3MEPOB KOHTPOJIMPYEMOit
30HDI;
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PAIIODISUKA

2. PaccunTanpl 3aBUCHUMOCTH /IS ONpPE/eJeHUs TOPOro-
BOTO YPOBHsI, O0O0€CIIEUMBAIONIETO 3aJAaHHYI0 BEPOSTHOCTDH
JIOKHOHM TPEBOTH /Il NTPOU3BOJIbHOIO YUCJA HaKallInBae-
MbBIX OTCYETOB;

3. IIpeasnoxxennl GopMyJibl 171 PAa3HOCTHO-/[AIbHOMEPHO-
MIO3BOJIAIONINE  BBIYUCJIUTD KOODPIUHATDI
UCTOYHUKA W3JIyYeHUsT B SBHOM BHIe, 0e3 IpPHMeHEHUs

o aJropurma,

UTTEPAIIMOHHBIX METO/IOB.

[IpeyoKeHHbIE AJTOPUTMBI MO3BOJISIIOT PEIIUTH 3a/1a4y
OOHApPYKEHUsT U ONPeeseHIs] KOOPANHAT UCTOYHUKA WU3JTy-
YeHUsI B 3a/la4aX IACCUBHOIO MOHUTOPHHIA KOHTPOJIUPYeE-
MOIi 30HBI.
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Ans cucmemvl npocmMpancmeeHHo PA3HECEHHBIX NPUCMHUKOS

¢ KOppersuyuonnoi o6pabomxoi cuznanos onpedenerv mpebo-

6anus K Kauecmey o6HApYKenus CAYLAUHOZO CUZHALA 8 3A6U-

cumocmu om pasmepa obpabamuviéaenoti evibopru. Ipednoxen

npocmotl arzopumm pacuema Koopounam UcCmouHUKd U3iyieHus
HA 0CHOGE BPEMEHHBLY 3A0ePIKEK 0OHAPYKEHHBIX CUZHALOB.

For the system of spatially spread receivers with correla-
tional processing of signals the requirements to the quality of
detection of a casual signal are determined depending on the
size of processable sample. The simple algorithm of calculation
of coordinates of the source of radiation on the basis of time
delays of the detected signals is suggested.
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PAIMOTEXHUKE U JIEKTPOCBA3N

PAJIOEJTEKTPOHIKA
TA TEJEKOMYHIKAIIII

PA/ITMOEJIEKTPOHHKA
U TEJJEKOMMYHHKAIIUHA

RADIO ELECTRONICS
AND TELECOMMUNICATIONS

YAK 621.37:519.2

b.H. boHaapeB, A.M. n3a

HCNOJIb30OBAHHE NPEOBPA30BAHHA MEJUIUHA
B CTATHCTHYECKOH PARMOTEXHUKE W 3NEKTPOCBA3M

IIposeden cpasnumenvnviti anaius 06yx memodos GvluucLe-
HUSL NAOMHOCIU BEPOAMHOCIEN U MOMEHMOE NPOU3GEOeHUS U
4ACMHO20 HE3ABUCUMBIX CAYUAUHLIX eequuun. Iloxasano, umo
npeobpaszosanue Menriunda 6 Cayude MHOZUX CAYULAUHBIX nNepe-
MEHHBIX ynpowaem npoyedypy GuIUUCACHUT NO CPAGHEHUIO C
OpyeumMu U3BECMHLLMU MEMOOAMU.

BBEJEHHE

B cratuctudeckoil painioTeXHUKE W TEOPUU CBSI3U OYEHD
YacTO BO3HMKAET 3a/la4a KOMIIO3UIUM U IIPe0Opa30BaHUs
3aKOHOB pACIpe/IeIeHust CIyvaiinbix Beauuns (Iporeccos).
IIpm 3TOM UIMPOKO M3BECTHO WCIIOJIb30BAHUE HHTErpaja
Dypbe (xapakrepuctuueckoil GyHKINI) KaK MOI[HOTO aHa-
JINTUYECKOTO CPEJICTBA JIJIS HAXOX/CHUS MJIOTHOCTH pacIpe-
JIeJICHUs CyMMbl HE3aBUCHMBIX CJYYailHbIX BEJUYNH U B
KauecTBe IPOU3BOJSAIICH (PYHKIMH MOMEHTOB. VI3BecTHbI
TaK)Ke ¥ NIMPOKO IPUMEHSIOTCSA (POPMYJIbl THUIIA MHTErpasa
CBEPTKU /IS OIIpe/iesIeHnsl IJIOTHOCTell BeposaTHOCTEH CyM-
Mbl U PA3HOCTHU [IBYX CJYYailHbBIX BEJUYHH.

B coBpeMeHHbBIX PAJMOTEXHUYECKUX CHUCTEMaX M CHUCTe-
Max 3JIeKTPOCBA3U BcE GoJiblliee TIPUMEHEHNE HAaXOJAT KOp-
PEJISIMOHHbBIC AJTOPUTMBI ITpHEMa 1 06PAGOTKN CUTHAJIOB, B
YaCTHOCTH, TIPU OINTHMHU3AIUN 33Ja4u NPUEMA B CJOKHOI
IIOMeXO0BOIl 06cTaHoOBKe. B aToM ciydyae HEOOXOAMMO 3HAHUE
3aKOHOB paCIIpe/IesieHUs] U YUCJIOBBIX XapPaKTEPUCTHK IPO-
M3Be/IeHUI 1 YaCTHBIX CJIyYalHbIX BEJUYUH.

IIOCTAHOBKA 3AAYH

Ecuau iBe HesaBuCHMBlE cydaiiHble epeMeHHble X1 U X
umetor mrotHoctn BeposttHocteit fi(X) o f,(X), T0o A

o — *
IJIOTHOCTU BEPOATHOCTEU IIpou3BefeHuda YV = Xp~ Xy U 4acT-
HOro 3 =¥, / Xy MOKHO MCHOJIb30BaTh COOTHOIIEHUS [1]:

o
| x|’

)= [a0eC) M

f(u)= D]’fl(x) fo(ux) | X | dx. (2)

3ajiayy oIpe/ieJieHUs 3aKOHA PACIpeesIeHUs] MPOou3Be-
JIeHUS HeCKOJIbKUX CJIy4YallHbIX He3aBHCHUMBIX BeJUYUH
X= Xl* X5...X;; MOKHO DEIIUTb B HECKOJIbKO I1OCJIe/I0BATE/Ib-
HbBIX ITAIIOB WJIM CBECTH K 3ajlavye OIlpe/e/IeHns 3aKOHa pac-

npejieJieHUsl cJay4yaiiHO IlepeMeHHOM y:Iogx:Zlogx,

[OCJEe Yero CTAHOBUTCS — BO3MOJKHBIM — HCIIOJIb30BAHUE
npeo6pasoBanusi Dypbe.

O/iHaKO, BO MHOIMX CJIy4yasiX [IJisi PeIleHUs] I1OCTABJIEH-
HOIi 3asauu GOJiee eCTECTBEHHBIM SIBJISIETCSI UCIIOJIb30BAHUE
CPABHUTEJIBHO MaJIO M3BECTHOTO MHTErPAJBHOIO 11peobpaso-
BaHusi Mesiuna. HerocpeCcTBEHHOE KCIIOJIb30BAHKUE €ro
MOJKET B HEKOTODPBIX CJy4Yasix [arb GoJiee MPOCTOil crocol
pelreHusI.

Huske mokazaHa BO3MOKHOCTb HCIOJIb30BaHUSI mpeoGpa-

30BaHusg MeJsnHa A5 peniennda YIOMAHYTBIX 3a/iav.

47



PAJIIOEJIEKTPOHIKA TA TEJTEKOMYHIKAIIIT

CBOHCTBA NIPEOBPA30OBAHHSI MEJIJTHHA

Memwmuaa  F(s),
dysxuuu f(x), aas 3HaueHuit x > () ONPEUESIETCS BbIpa-

skenueM [2,3]

IIpeo6pasoBanue COOTBETCTBYIOIIECE

F(9) = J’ £(x)- x5 Tdx . 3)
0

[Ipu HexoTOPBIX OrpaHuueHusix Ha f(x) ¢yukmus F(s),
paccMarpuBaeMasl Kak (DYHKIMST KOMILJIEKCHOU MepeMeHHOM
S, sBJAETCS (PYHKIUEH SKCIOHEHIIMAJIbHOIO THIIA, AHAJH-
TUYHOH B TOJ0ce, TapasenbHoll MHuUMoN ocu. Ilupuna
nosiockl onpezesiercst Bugom dynkumu f(x) . Ecam f(x)
OpU X —> °° YMEHbBIIAETCS HKCIIOHEHIINATIBHO, TO I0JIOCA
AHAJIMTUYIHOCTU OKA3bIBAETCS MOJIYILIOCKOCThIO. Crestyioree
BBIpKEHUE  SIBJIsIeTCST  OOPAaTHBIM B TIPe06Pa3s0OBaHIH
MessmmHa ¥ TIO3BOJISIET HANTH (DYHKIWIO pacrpeeseHus
f(x) mo mpeobpasoBanuio F(s):

Ct oo
f(x) = %2 j XS - F(9)ds

C-jeo

(4)

®opmyspl MessiiHA MOKHO TIOJyYUTb M3 TNPeoGpaso-

Banuss Dypoe, ccmm B (3) monoxuth y=€* n S=C+it.

Toraa dyHKIMN @ecx f(e*) u F(c+it) 6ymyr tpanc-
opmarusamu Dypbe oHA OT APYTOLL.

B uactHOM ciryuae npu f(x) = e npeobpasoBarue MeJ-
JIMHA JJaeT M3BECTHOE MHTEeTPaJbHOE IPE/CTABJICHUE raMMa-
Pynkimu.

Koraapckwuii [4, 5] BBes cjerka Bujou3MeHEHHOE OIIpe-
nenenue, samenuB B (3) s-1 ma s. OxgHako, B HauboJiee
pacripocTpaHeHHbIX TabJuiax map npeobpaszosanuii Meu-
Ha [2, 3] ucnoansyerca onpenenenne (3).

B ¢dopme, 06bruHON U1 MaTeMaTHYECKOW CTATHCTHKH,
npeo6pasoBanre MeJunHa —TOJOMXKUTETbHON — CJOYIalHOMN
[IEPEMEHHOI X € HernpepbIBHON (yHKIMEN pacrpee/ieHns
f(x) moxuO mpeacraButh corsacHo (3) B Buge MareMaTH-

YECKOI'o OXugaHusda

F(s)=x°t. ()

3ameyaeM, 4TO OHO MOKeT ObITb HCIIOJIb30BaHO B Kaue-
CTBe Ipou3BOAsANIeH (yHKIMEH MOMEHTOB, €CJIU ITIOJIOXKUTD
s = k+1:

m, = x€ = F(k+1). )

HpI/IBelIeM HECKOJIbKO BaXHbIX /JJIA HalluX Heneﬁ

CBOICTB Npeo6pasoBanus MeJnHa.
1.Eciu dyurius f(x) umeer npeobpasoBaHue MesuinHa,

TO Tapoii npeoGpasoBanusi MeJlTMHA SIBJSIOTCS CJIEYIONINE

Jynkimm

1. -2 stb

—a

t° f(at") u h F(T), (7)

rae a, b, h - nmpousBosbHbie K03 duIMEHTBI. ITO CBOH-
CTBO TIO3BOJISIET 3HAYUTEBHO COKPATUTHh TaGJUIBI TIpeobpa-
30BaHUs U OOJIETYUTH TOJIb30BAHIE TTOCIETHUMU.

2.Ecau nosioxuTeIbHas cilydyaiiHas IlepeMeHHast X UMeeT
mpeo6pasoBanne Memmna F(s), To 1 ciaydaitnoit mepe-
MeHHOU ¥y = ax, a >0 umeem

Gy(s)=(@)° " =a"F,(9) . (®)

G(s)

cayyaitHoOil TIepeMeHHOiT y = x? paBHO

3.1Ipeo6paszoBanne Memiuna MTOJIOXKUTETHHON

Gy(9) =x""" = Fy(as—a+1) , (9)

oTkya just yactioro y = 1 /x (o0 = —1) monyunm

Gy(s)=F( -s+2). (10)

4.Ecmu X{ M Xy - HE3aBUCHMbIE TIOJIOKMTENbHbIE CJIy-
JaifHble epeMenHble ¢ peobpazoBanusamu Memwmuna F(s)

u Fy(s), coorBercTBenHO, TO npeoGpasosanue Mesnna ot

IpOM3BE/ICHUA )y = x1x2 €CTb

Gy (9) = (X%,) " =Fy(S)F,(9) - (11)

5.B Gosee obuiem caydae npeo6paszoBanue MessmHa OT

o o o a a. a,
cydaiiHoil mepeMeHHON Y = X' X5 <. X" paBHO

Gy(s) = Fy(as—og +D)x..xFy(a,s—a, +1) ,  (12)

OTKy/Za [AJisI  49aCTHOI'o JABYX HE3aBHUCUMbIX

y=x/x,
CJYYAIHBIX BEJMYUH MOJyYaeM
Gy(s) = Fi(s)Fp(-s+2) . (13)

CpoiictBo (12) nokxasbpIBaeT Ha BO3MOYKHOCTb HCIIOJIb30-
BaHus npeoGpasoBanust MeJiinHa JIJIST HAXOK/IEHUSI T1JI0THO-
CTH paclpejiesieHus] TIPOU3BEJEHUsT UJIU YACTHOTO HECKOJIb-
KUX HE3AaBHUCUMBIX TIOJIOKUTEIbHBIX CJIYYAHHBIX TI€peMeH-
HbIX. IIJIOTHOCTD paclpejieJieHnust MPU 3TOM OIPe/IEISIETCS
no ¢dopmyse (4) ¢ ucnonbzoBanuem Tabui [3] win we-
MOCPE/ICTBEHHBIM BbIUMCJIEHHEM WHTETPaJa ¢ MOMOIIbIO TEO-
pPEMBI O BbIYETAX.

Kak u B ciyyae XapaKrepuCTHYeCKUX (PYHKIIMIA, MOXKHO
[IOKA3aTb, YTO WMEETCS] OJIHO3HAYHOE COOTBETCTBUE MEXKILY
dyukimeit pacrnpenenenus u ee npeoGpaszoBanneM Mesin-
Ha. CuaemoBaTesnbHO, BbluucaenHass no (11) TJI0THOCTD
BEPOSITHOCTU TIPOU3BE/IEHMST JIBYX CJIYyYAilHBIX BeJUYHH
JIOJKHA COBIIAJATh € TOJayYeHHOU u3 Bbipaxkenus (1), a
IIOTHOCTD BepositHocTed (13) 4acTHOTO [BYX HE3aBUCHMBIX
CJIyYaiiHbIX BEJIMYUH - C PE3YJbTATOM U3 BhipaskeHus (2).

Beiiiie 112 pevb TOJBKO O MOJIOMKHUTETBHBIX CJIYIARHBIX
IepeMEeHHbBIX, TIOCKOJIbKY Teopus IpeobpasoBanust MeJsinHa
naercs it PYHKIUi, ONpesieJeHHbIX TOJBKO IS TIOJOXKU-
TeJbHBIX 3HAYeHWH aprymeHTta. Jmmrtein [6] man crocob
UCIIOJIb30BaHUsT TTpeo6pa3oBanust MesiuHa sl CIydaitHbIX
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PAIMOTEXHUKE U JIEKTPOCBA3N

IIEPEMEHHBbIX C JBYCTOPOHHUMM (YHKIUSAMEI pacipejeJie-
HUSA. ITOT Crocob 3aKiIoyaercss B Pa3GUEHUM IJIOTHOCTEl
pacrpe/iesieHust CJIy4ailHbIX IIePEMEHHBIX X M X, Ha /Be

f1(x) :f“(x) +f12(x)7f2(x) :f21(x) +f22(x), (14)
rae

S1u(x) =0, x<0; fo (x) =0, x>0

f21(x) =0, x<0; f22(X) =0, x>0.

u fanphefiniem obpamenuu ¢ napamu (14, f91), (f11,/92),

(122 S21)s 1

SITHOCTH CJIy4YalHOH IepeMeHHON y=x / Xy OyJZieT paBHa

(f12:/92) ), mo ornenprocTH. I110THOCTD BEpo-

cymMMe

h(y) = hy(y) +hy(y) + h3(v) + hy (), (15)

rae Ay (y) m hy(y) GyayT OTHOCUTBCA K MOJOKUTENbHBIM
3HAYEeHUsAM aprymenta y, a hy(y) m hg(y) - x orpunaresb-
ueiM. [Ipn atom

W)= [t ta ™ y>0 16)

u K HeMy mnpeoGpasoBanie MeJinHa MOXKET ObITb IpHMe-
HeHo HerocpesicTsenHo. IIpu Borunciaennn fy(y) npeo6pa-

3oBarue Mesnna (yCJIOBHOE) MOXKET ObITh NMPUMEHEHO K
BBIPAYKEHUIO

. y dx
hz(y)=6[f11(%) fzz(—x)7’ y>0. an

Torma
hy(y) =ha(-y) .

AnanornyHo mnpeo6GpazoBanre MesinHa TTPUMEHSIETCS

(18)

nas onpenenenns hy(y) u hy(y), rne hs(y) = h§(—y).

HeTpyaHo BUETb, YTO B CJIydYae JABYCTOPOHHUX CHUMMET-
PUYHBIX pacipe/esienuii mpeobpasoBanre MeimHa HEOGXO-
MO BBIYUCJIATD JIUINIb OAWH pa3. [lanee, ucmonb3ys dhop-
MyJiy OGpallieHus] U yABauBas TMOJTyYEeHHBI De3yJabTar, Mo-
JIYIMM UCKOMBIN 3aKOH paclpe/iesieHns TPOU3BeIeHUsT YaCT-
HOTO HE3aBUCHMbBIX CJIYYAHHbIX BeJauduH. Takas mporeaypa
COOTBETCTBYET PACIPOCTPAHEHHIO MpeobpasoBanust MeJsuin-
Ha HA CJOydYail CUMMETPUYHBIX JBYXCTODOHHUX pacipesee-
uuii B Buje (4, S]:

C+]°°

J'|x1 F()ds . (19)

C]m

F(s) = J'|x|s‘1f(x)dx L fX) =

Borpaxenust (11, 12, 13) CIIPABE/IJIUBbI JIJIS1 HE3aBUCU-
MBIX CJIyYaifHbIX BeqnynH. HamoMHUM, 9TO XapaKTepHCTH-
yeckass (PYHKIUSI CYMMbBI 3aBHCHUMBIX CJIyYallHBIX IEepeMeH-
HBIX OIpefiesiseTcss Kak MaTeMaTHiecKoe OKH/IaHWe BeJUIH-

VX +.4X,)

HBI @ 110 MHOTOMEDHOMY 3aKOHY paclpejeJe-

nus. Kotsapckum [5] BBezeHO MHOroMepHOe TIpeo6pasoBa-
Hue MesummHa. C HCHOJIb30BAHUEM MOCJEIHErO Mpeo6paso-

o o & a,
BaHus MeJulMHA CJIydailHO# BeJMYUHBL Y = X0 * X..Xp™ * X
GylleT ONpeIeAThCST BbIpasKeHHEM

o a,,\s-1
G(9) = [or OG- X )T (X ) D, B, (20)
0 O
rae f(xq,...,x,) - QyHKIMA pacnpe/iesieHus 3aBUCHMBIX
[IOJIOKUTEJIBHBIX CJYYaiHbIX IIEPEMEHHBIX X1, X9, «ovs X .

PEHNIEHHE 3A0AY

PaccMoTpuM Terepb HECKOJBKO NPHMEPOB HA OIpejie-
JIeHNEe 3aKOHOB PpacIpe/leleHNs NPOU3BEJeHUs] W YacTHOTO
cayyaiiHpix BeawmyuH. IIpm atom OyleM HCIOJB30BATh
npeo6paszoBanne Meamuna u usBectHble dopmyant (1) n
(2). 3710 1O3BOMT CyAUTb O BO3MOXKHOCTH M  IIeJie-
€006pa3HOCTN HCIIOIb30BAaHMS peo6pa3oBanus MesumHa.

[Ipumep 1. Hailitu 3akoH pacrpeenennus BeJTUYNHBI
Y = XXy, TAE X{ W X, - HE3aBUCHMbIE CJydailHbIe mepe-

MEHHDbIE C IIJIOTHOCTAMU pacCIIpEe/JICHUA

1

f1(X)=fz(X)=Ee o< X< oo (1)

1-it cnoco6 pemenusi. Pas6uBaeM ILUIOTHOCTD pacrpejie-
nenns  f;(x) cornacuo (14) ma ase. ITockosbKy pacrpe-

JleJieHe CUMMETPUYHOE, TO

=)

F1a(S) = Frp(8) = Fpp(8) = Fy (9) = J.XH fi(x)dx=

0
_i 7(*) S . (22)
—x/;22 F(Z), Re(s) >0
Torma
253
Gi(9=G5(9)=G3(9=Cy(9) ="—T°() . (23)

IIpeo6pasoBanusi MeJsinHa COOTBETCTBEHHO —OyayT

paBHbI

hy(y) = o () =ha(y) =hy(¥) =
e g
= |V,

C— joo

y>0, (24)

rae Ky(y) - dynxnmsa Beccenst BToporo pojga MHUMOTO
apryMeHTa HyJeBoro mnopsiika. IlocKosbpKy mocjaenHsas -

HeCMMMeTpUYHa, To coracHo (18) umeem

(3) = hs(y) = Kol y<0 25)
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1 OKOHYaTeJIbHO

1
h(y)=;Ko(|y|), oo < Y <00 (26)

2-ii coco6 penieHus.

oo 1 y
h(y)__[fl(x)fz( )|| j o

X2

_ a0
3ameHoi IepeMeHHbIX =e noJjiygyaeM

h(y) = 1 .[e_yChZOdG = 1 KO(|y|) , —o< Y<oo. (27)
TC_DO T

AnasiornyHas 3ajada st oOUIero cJydasi HelleHTPUpPO-
BAHHBIX ¥ KOPPEJUPOBAHHBIX BEJUYUH TaKUM CHOCOOOM
pemrena B [11].

3ameuaeM, uto pesyabrat (24) ¢ UCTIOIB30BAHUEM PEO-
6pasoBanust MesmHa jgocturaercs 6oJjiee CJIOKHBIM IIyTeM,
yem (27). Opnako, Bbipaxcenue (23) 1 BbIMUCIEHUS MO-
MEHTOB PACIpeIeJIEHUsT TONyYaeTcst JOBOJIBHO MPOCTO.

IIpumep 2. Haiitn 3akoH pacnpejesieHus1 IIPOU3BE/IEHNS
ABYX HE3ABUCHMbIX PEJEEBCKUX BEIMYUH ) = X X,. B

9TOM CJiy4dae

X :
fi()=—5e ",
2

a ee mpeo6pasoBanne MeJlTHA PABHO

=1 s+l
Fi(9=(207) 2 TC)

[lns  mpeoGpaszoBanusi MesimHa OT — TIPOM3BEIEHUS
110JIy9YM
s s+1
2.2 2
G(s)=(40703) 2 T (—2 ) -

Oo6pamnienuem ¢opmyapt Mesmna 1o tabmauiam |3,
¢opm.10.5 u 10.60] pns pacrpenesenusi TPOU3BEAEHUS
HaXOIUM

KO(L) , (28)

0'1_20'22 0,0,

h(y) =

2-ii cnoco6 peumreHusi. BbruncieHnsAMU, aHAJOTUYHBIME
BBIUMCJIEHUSIMU B 1-M TIpuMepe, TOJIydyaeM pe3yJibTaT, COB-
nagatonmii ¢ (28).

[Ipumep 3. HaiiTu 3akoH pacnpejeeHus YaCTHOTO
Y = Xx{/Xy HABYX HE3aBUCHMBIX DEJIECBCKUX BEJMYMH C
OJINHAKOBBIMU CPEHEKBA/[PATUYHBIMU 3HAYEHUSIMH.

1-ii cnoco6 pemenus. [l peleeBCKOro pacupeneneHus
npeo6pa3oBanne MeJliiHA TIPUBEJEHO BO 2-M IIPUMEpeE.
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[lns wacrroro aByx Besmuuu u3 (13) mosydaem

69 =rHre-= -

OGpaienvem  (opmyabt Memnuna [2, crp.253] mias

TIIJIOTHOCTU BEPOATHOCTU HAXO/IUM

h(y)=i22, y>0. (29)
@+y%)
2-it cioco6 pemenns. Vcnonbsys (13), Haxoaum
. - Xzyz x2(1+y2)
h(y)——4J' e L
o
2y °

0+ y2)2 » y>0 (30)
IIpumep 4. Hailitn 3axkoH pacnpejeseHUsI YacTHOTO

Y = XXy, TAE Xy W X5 HUMCIOT QYHKIMH Pacnpe/ieeHus

(%2 - pacnpesenenie)

E_l 727)(2 g—l _sz
2 o Xs e <o
f(x)=—=—© (0= - (31)
— 5, N
(202)2 r(g) (26°%)2 rc,)

3ameTuM, YTO TaKOe paclpejlejieHne uMeeT CJydaiiHas
BesnunHa Z = 2212

rje Z;- HoOpMalbHble CiydaiiHbie

BEJIMYUHBI C HYJIEBBIMU CPEIHUMU 3HAYEHUSIMU.
1-if cnoco6 pemenus. IIpeoGpazosanne Memuna s
MIPUBE/IEHHON TIOTHOCTH PACIIPE/IETEHIS] UMEEeT BH[T

(202)*1r(s+ g _1)

Fi(s) =
2)
[l 4acTHOTO ABYX CJlyyallHbIX NE€PEMEHHDIX IOJIYyYHM

F(s+m—1)1“(—s+ n +1)
G(s)=—2 2

r(g)r(g)

ITo rtabuuiam orpejesisieM WCKOMBIN 3aKOH pacipejie-
nenus [1, cTp.253]

m+n m
I e
h(y) = e —, y>0. (32)
F(E)F(E) (]_+ y) 2
2-ii cnoco6 pemenus. Vcnonssys dopmyny (2),

HaXO0JuM
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n X

_ X

-1

X 2 e 20
n

m
Iy -5

xdx =

h(y)= |
(202)5r(§) (202>5r(§>

m men o —X(y+1)
yzil waile 20'2
-— J' ——dx. (33)
F(E)F(E) 0 (202) 2

OTKYy/Ia TI0JIy4aeM UCKOMBIH pesyJbrar (30).
[Ipumepsr 2, 3, 4 MO3BOJIAIOT C/leJaTh BBIBOJBI, AHAJO-
THYHbBIE BBIBOJIY TIO Tipumepy 1.

BbIBO/ bl

Wcnonb3zoBanne mpeoGpasoBannss  MeJmHa — BMECTO
M3BECTHBIX METOJOB CTATUCTUKU TIPU OTPEAETEHUN 3aKOHOB
pacrpesie/ieHusi MPOU3BEJACHUSA WM YACTHOTO JBYX CJIy-
YaiiHbIX MEPEMEHHBIX HE JaeT HUKAKUX mpenmytiects. OHo
MOSKET OKa3aThCsl TOJIE3HBIM IS MaHHBIX IeJell B ciayuae
MHOTHX CJAYYaWHBIX TIEPEMEHHBIX, TaK KaK H36aBJsgeT OT
HEo6XOAMMOCTH  OCYIECTBJEHUsT HECKOJbKUX IOCJe10Ba-
tenbubix oneparuil Tuma (12) wim (13). Tpeo6pasosanue
MeiMHa OKa3blBaeTCsl BECbMa IOJIE3HbIM TaKKe JIJIsl Olpe-
JleJIeHUs] MOMEHTOB NMPOM3BEEHNUs MM YACTHOTO JBYX WJIM
HECKOJIBKMX CJIydaiiHbIX BEJMYMH B CJydae, KOTJa MCKOMast
IJIOTHOCTh He MOXKET ObITb ONpEJeNeHa HUKAKUM U3

METOJ0B H3-3a CJIOXHOCTHU BBIYMCJIEHUI .
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I posedeno nopisnsnvnuil anaiiz 06ox memodie 00uUCIeHHS

winvHocmi UmosipHocmet i MoMenmie 006ymKy ma wacmKu

He3daneKHUX sunadkosux seauuut. I1okazano, wo 6uKopucman-

ns. nepemeopenns Meanina y eunadky 6azamvox 6uUnNAOKOGUX

3MiMHUX  Cnpowye npouedypy oOuUCIeHb 6 NOPIGHAHHI 3
Opyeumu 6idomumu memooamu.

Comparable analysis of two calculation methods of proba-
bility densities and moments of product and quotient of inde-
pendent casual values is accomplished. It is shown, that the
Mellin transformation in the case of many casual variables
simplifies the calculation procedure in comparison with other
known methods.

B.U. TocTten, C.A. Maraton, B.H. ApemeHko

CHHTE3 ®A33U-CHCTEMbI CTABHJIN3ALIUH
BAJNNUCTHYECKON PAKETBI MO VINY TAHTAKA

Poseasnymi pesyiomamu cunmesa newimxozo (npayionuozo
na 6a3i neuimxoi aozuxu) pezyasmopa OAs cucmemu cmadini-
3ayii OGanicmuunoi paxemu no xymy mauezaxda. Memodom
MAMEMAMUUHOZ0 MOOENI0EAHNA BUIHAUEHT NPOUECCU 6 CUCTNEMT |
NOKA3AHO, W0 HA OCHOBL GUKOPUCMAHHA HeUIMK0z0 pezylamopa
MOKAUBO OYiKe 3HAUHE NONINWEHHS SKOCME CUCmeMU, sKe
6uU3HAUACMbCS NOXUCKOI PA3Y3200KEHHS NPU GIONPAUIOBAHH
npozpamHoi mpacKmopii.

BBEJEHHE

banmuctnyeckas pakeTa, B KOTOpOﬁ HCIIOJIb3YyETCA 60J1b-
110€ YUCJIO JIOKAJIbHBIX CHUCTEM aBTOMATUYE€CKOTO YIIpaBJie-

HISA, ABJSAETCS CYMIECTBEHHO HECTAI[MOHAPHBIM OOGDHEKTOM
ynpasienus. Ilepegarodrnbie (yHKINNM, KOTOPBIMH OIMCDI-
BalOT GaJJIMCTHYECKYI0 PaKeTy KaK OOBEKT YIpaBICHHUA,
dynxmii
JIeTaTeIbHbIX alllapaToB TEM, 4YTO HMMEIOT HEYCTONYMBbIC

OTJIMYAIOTCS  OT  TIEPEAATOUHBIX KPBLTATBIX
3BEHBS, TMOITOMY [BIJKEHUE HEYMPaBJIIeMON paKeThl 10
MPOTpaMMHON TpaekTopuu 6bl1o 6bI HeycToitumBbiM. Hinke
paccMaTpUBAETCST CHUCTEMa CTaOWJIM3AIi  GaJIHCTHIECKON
pakeTpl To yroy Tamraxka (Mo KaHaay MpPOAOJBHOTO
JBWJKEHNUs), KoTopas ommcana B pa6ore [1]. Cucrema
COCTOUT W3 CJIEAYIOMNX QYHKIIMOHATBHO HEOOXOUMBIX 3JIe-

MEHTOB: JJIEMEHTAa CpaBHEHUA (CBOéOJIHOFO TUPOCKOIla C
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HOTEHI[HOMETPUYECKUM [[ATYNKOM, XapaKTePH3yeMbIM K03bh-
dburmentom K, ), yeumurens ¢ KoadduiuenToM ycunenus

Ky , u rujipaBiuueckoro pyJieBoro Mexanusma. B paGorax
[1-3] cucrema crabuymsanun GaJJIMCTUYECKONW PAKEThI BbI-
HOJIHSJIACH € HCIIOJIb30BAHHEM AHAIOTOBLIX KOPPEKTHPY-
IOIMMUX YCTPOMCTB M aJalTUBHOTO peryJstopa. B manHoil
paboTe PAcCMOTPEHBI Pe3yJbTaTbl CHHTE3a IH(POBOTO
Heuetkoro (paGoraroniero Ha 6a3e HEYETKOI JIOTUKH) pery-
JATOpa M METOJOM MAaTeMaTH4YeCKOro MOJEJHPOBAHUS
orpesieJieHbl TPOIECChl B cHCTeMe crabuiu3anun 6ajiu-
CTHYECKOH PaKeTbl 10 yIJIy TaHraka. llokasaHo, 4to Ha
OCHOBE TIPUMEHEHHsI HEYETKOTO PEryJsiTopa BO3MOXKHO
Be€CbMa 3HAUYUTEJIbHOE YJYy4YIIECHUE KaueCTBa CUCTEMbI, Xapa-
KTE€PU3yeMOoe BEJMYUHOH TeKylleid OmMOKM 1pu OTpaGoTKe
IIPOTPaMMHOIl TPAeKTOPHH.

CHHTE3 HH®POBOIO HEYETKOTI O
PETYJSATOPA.

[IpungaB 3a BBIXOAHYIO KOOPAMHATY PaKeTbl YroJ TaH-

raxa x(t) = 9,(t) , a 32 BXOAHYIO KOOPJMHATY YroJI [OBO-

pora pyns my(t) = 8(t) , onpenesnm nepearouryio GyHK-
1uio paketbl B Buje [1-3]

_0y(9) KS(Ts+1)

= = , (D
3(s)  (T?s? + 2cTs+D(1,5+1D)

Gp(s)

rze koaddunmenT mpeoOpa3oBaHUS — PAKETHI,

o
Ks —
T,Tl, T, — HOCTOSHHbIC BPEMEHU COOTBETCTBEHHO KoJe6a-
TEJBHOTO M HEeMUHUMaabHO-(a3oBoro ( To — oTpuIaTeib-

Hasl BeJm4nHa) (POPCUPYIONIEro 3BeHbeB, G— Koa(dImeHT
JneMiupoBaHus. 3aBUCUMOCTH YKA3aHHBIX MTapaMeTpoB pa-
KeTbl OT BPeMeHH ee TI0JIeTa IpUBeJeHbI B padore [1].

[l yuporieHuss pacdyeToB PYyJIeBOH MeXaHU3M OIHIIEeM
nepefaTouHoil  (QYHKIMEHl ~ WHTETPHPYIONIETO  3BeHA:

Gpu (s) = Kem /5=1/s" B aTom caydae BXon cuCTEMBI
ut) = 0,(t) - samammbIil yrosm TaHraxka, BBIXOJ CHCTEMBI

X(t) = 0,(t) - orpaborammbiii paxeToil yroj TaHraxa,

m(t) - ynpapJsionmii curHaJg Ha BBIXOJIE PeEryJisAToOpa, a
OOBEKT YIpPaBJCHUSA OIMUChIBAaETCA OOMIEH IepeaaToaHoi
ynkimeii:

_ 909 _ o(s+r)
m(s)  s(s® +bs+a)(s+c)

G(s) 2)

(B 06beKT yrpaBIeHUs BKJIIOUEHBI aHAJOTOBbBIE PYJIEBOIL
MeXaHU3M U paxera). IlapameTpsl nepefaTouHol (GpyHKIUN

G(s) ompeaensioTcs:
b=2c_',/T;a=1/T2; r=1/T;
- o o Tl
o = KHKVKPM KS ac/l' = KPM KS 2_
T1,
[Ipu sroM mapamerpbl nepepatoutoil (yuxuuu G(s),
OyayT (YHKIMAME, 3aBUCSIIMMH  OT

TaK>XKe BpeEMEHU.

MaremaTniyecku HX MOXKHO onpeae/uTb  CJaeAyIoInuMNu

IIOJIMHOMaMM :

b(t) = 1,386 — 02375t + 2,025-102t? — 6869-1074t% +
+9988-107°t* — 5245.1075¢5;

a(t) = —2958 + 11,274t — 1,484t +88-107%t% - 237-107%t* +
+291.107%t°5 -133.107t5;

a(t) =1132 - 045t + 386-107%t2 = 245-1073t% + 7,7-1075t* -
-108-10"%t° +547-107°t5;

r(t) = 0,3688— 380311072t + 21216-103t2 —
—39037-1075t + 2,2437-107"t4;

c(t) = -0317+322-1072t —1455-1073t? + 3318-107%t% -
—-3693-107"t* +1,592-107°t°.

3aBUCUMOCTHU MAPAMeTPOB HepenaTounoit pyuximu G(s)
OT BpeMeHH II0JieTa pakeTbl IpuBejeHbl Ha puc.l. Bpemsa
roJieTa paketbl cocrasisieT npumepHo 60 c. Illecras cekyH-
Jla T0JIeTa PAaKeTbl MPHUHATA 32 HAYaJ0 OTCYETA BpPEMEHU
oJieTa.

MatemaTHyeckasi MOJIeJIb HECTAIlMOHAPHOTO KoJie6aTesb-
HOTO 3BeHa onmchbiBaercs AuddepeHImansbHbIM ypaBHEHUEM

2,2
CRAONIRAS. L)

i Lo a0x O = a®Om® .

3)

MareMaTHdeckass MoJe/b HeCTallUOHAPHOrO (OpCUpylo-
IIero 3BeHa onuchbiBaeTcs AuddepeHnualbHbIM ypaBHEeHUEM

x(t)

X0 L oxp) = 1O
dt

+r()x (b . (4)

CocraByienHas B uHTepaktuBHOU cucreme MATLAB
CTPYKTYpHasI CXeMa CHUCTEMbI yIIPABJICHUS PAKETOH 10 yruy
TaHTa)ka ¢ UQPOBBIM HEYETKHM PEryJISATOPOM Ipe/ICTaBIIe-
Ha Ha puC.2.

Ommbka paccoryacoBanusi Err, mocrynaioomass Ha BXO[
neuerkoro perysaropa (Controller), npeacrasiser coGoi
TpeGyeMbIM

Pa3HOCTb MEXAY 3aJaHHbIM HaIIPAKEHUEM

yraom tanraska ¥y (t) 1 npeoGpasoBaHHBIM B HANPSKEHHE

0oTpaboTaHHBIM TaHraxxa Y, (O

8(t) = 0,(t) — D,() = u(t) - x(t)

pakeToif  yrjom

[ a r
04 alg[ 501[0.35 4 0!5
00271 55 0.8

40 03
- 0.7

-0.06 1

45| 301025 g
VA 2F o0l g2} 08
-2.5 04

-0.14 10 } 0.15
-3 0.3
-0.18 L-3.5 0 01l02

Pucynox 1
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Dot Product

Integrator

Frodu

.

Dot Product2

|:| - polinoms
{ t
m ™ J_LL
+ -
" “h 1 Zero-Order
Sl = e
] [ Gaint =
h Unit Delay
Zero-Order
Holdd ‘J
— +
1
— —_
Controller . o z +
Gain2 Sine Mave
Unit Delay2
Pucynox 2
[IpeanonosKUM, 4YTO 3aKOH  M3MEHEHUs  BXOJHOTO KM HOPMUPOBKM BXOoAHbIX (normin) u Bbixoguoro (nor-out)
BoselictBuss  (I[porpaMMHast  TPAEKTOPHA)  CJICAYIONMH:  CUTHAJIOB IIPUBEIEHBI COOTBETCTBEHHO Ha PHC.5,6 u 7.

u(t) =1+ 05sin(nt / 30).

MaremaTnveckasi MOJ€NIb PpaKeTbl B HHTEPAKTUBHOI
cucreme MATLAB cocraBiena takum o6pasom. Ha Bxon
Moziesm moctymaer curian my(t) ¢ seixoga 6ioka Intega-
tor. Ha Bxom Gsoka Polinoms (cM. puc.3) mocrymaer

TeKky1ee BpeMs ¢ ¢ Bbixoga 6soka Ramp. Ha Bbixoze 6710ka
Polinoms ¢dopmupyiotcs curnamst o(t), a(t), b(t), c(1),

r(t), xotopeie B Oaokax mepemuoxenusi Dot Product
YMHOKAIOTCSI Ha COOTBETCTBYIOIIIE CHUTHAJBI COTJIACHO 3alli-
CaHHBIM BbIle AuddepeHnnatbHbIM YPaBHEHUSIM HECTAIIO-
HapHBIX K0JIe6ATETBHOTO 1 (DOPCUPYIONIETO 3BEHDER.
OmmbKa paccorIacoBaHusi B CHCTEME YIIPABJICHUSI C He-
YETKUM pery isitopoM (cM. puc.2) KBaHTYeTCsT aHAJIOTO-Ind-
poBbeiM mpeoGpasoBatenem ALl (Zero-Order Hold) ¢
maroM KBaHTOBaHHsl (WIarOM TIOCTYILJIEHWS [JaHHBIX B
neuerknit perymsrop) h = 0,01 c¢. Oumbrka na BbBIXOHE

AT O(k), ee nepsas O(k) =[0(k) —0(k-1D]/h u
sropas O(k) = [6(k) —8(k—1],/h pasnoctn monaworcs

Ha Bxoja meuerkoro peryaaropa (Controller). Curnman c
OAIT  (duxcarop
uyJseBoro topsiika Zero-Order Hold1 ¢ mnepenatounoii

BbIXO/la peEryJasdaTopa IIOCTyIla€T Ha

ynximeit H(s) = (1—e™™) /s) u nanee na Bxox o6bekra
YIIPABJICHHS.

DyHKINOHAJIbHAS CXEMbI HEYETKOTO PEryJisiTopa ¢ MHO-
rOKaHaJbHOI HACTpOUKON npuBeneHa Ha puc.4. buoku nHa-
crpoiiku peryasrtopa (adjustment of fuzzy-controller), 6mo-

(.
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o
Fend :l
o o e
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=
a
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alf
Fend
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Baok macrpotiku perymsropa (adjustment of fuzzy-con-
troller) wumeer ¢ukcarop (Zero-older hold) ¢ marom
kBanroBanusa 0,01c, xkBantoBaresb mo yposuio (Quantizer)
¢ marom kpauToBahusi 20c, ycuimreabp (Gain) ¢ koad-
¢ummentom 0,05 m uyerbipe nepexJroyaress KaHasioB. llpu
MOCTYIJICHUU TEKYIero BpeMeHu f ¢ Bbixoga 6si0ka Ramp
Ha BXO7l 6JIOKA HACTPONKU PEryJIATOpa /10 JAEeCATOH CeKyH/Ib
BpEMEHHU T[I0JIeTa PaKeTbl pabOTaeT MNepBbIl KaHam, OT
JIeCATOH JI0 TPUALATON CEeKyH/IbI paboTaeT BTOPO KaHAJ, OT
TPUALATON /10 TATUAECATONH CeKyH/Jbl paboTaeT TpeTuii
KaHaJ U TOCJe TMATHIECATON CeKyH/bl paGoTaeT 4eTBEPThIi
kaHas. CurHaupl ¢ BbIXOf0B 1-4 6JI0Ka HACTPOWKHM pery-
JIITOPA TIOCTYIAIOT HA COOTBETCTBYIOMIME BXObI 4,5,6 60K
HOPMUPOBKU BXOAHBIX (normin) u Ha BX0a 2 6JOKa HOP-
MHUPOBKM BbixogHoro (normout) curnanos (cMm. puc.5-7).
Ha 1-3 Bxo/bl 6JI0Ka HODMUPOBKM BXO/IHBIX CHUTHAJIOB TOC-

Tynator auckpernsie Tekymme snaderns 0(K), 0(k), 8(k).

54

C Bbixoga 1 O6J0Ka HOPMUPOBKHM BBIXOAHOTO CHUTHAJA
MOCTYTIAIOT
yrpasaenust m(K).

CuHTE3 KayKI0ro
HsieM 1o dopmysiam
YTOJbHBIX (QYHKITHI

Jlns yrpomenuss HopMupoBkn (mepecyera 3HaYeHWH CHT-
HaJIOB B 3HAYEHUsS 3JIEMEHTOB €UHOTO

JIUCKPETHbIE TEKylue 3Ha4YeHUA CUrHaJjia

KaHaJla HEYETKOI'O PEryJsATopa BbIIIOJI-

(3.12)-(3.27) us pa6otsr [4] mna Tpe-
MPUHAIJIEKHOCTH.

YHUBEPCAJIbHOI'O
MHO}KeCTBa) JAnalla3OHbl U3MEHEHNA BXO/I[HbIX M BbBIXO/IHOTO
CHUTHAJIOB (HapaMeTpOB KasKI0Tr0 KaHaJla HEYETKOI'O peryJida-
Topa) IIPUHUMAEM CUMMETPUYHDBIMUA

D

-

- _emin )

~Myin .

eIIlZlX

Myax =

max min?

max — _emin )

Torpa dopmyasl aasg HOpMUPOBKE (mepecdyera) MpUHU-

MAalOT BHJ

Ulﬂz = —(e* - eInin ) /(zemln)’
Uz* = —(6>< - émin)/(ZQmin); (5)
U3* = _(9* - émin ) /(Zemln)’

m' =m,, (1-2u7).

IlepBblit Kanaj HacTpawBaeTCs HA MapaMeTpbl 0ObeKTa,
COOTBETCTBYIOIINE IIecToil cekyH/e Iojera pakeTbl. [[uama-

[emin ’ emax] s

[0min: Omax ], [Omin,Omax ] » TOCTE HacTpoiikm aToro Kama-
aa caepytomue: [-0,2, 0,2], [-0,3, 0,3], [-0,5, 0,5].
Bropoii kamaa HacTpamBaeTCs Ha TapaMeTphl 00bheKTa,

30Hbl M3MEHEHUA BXO/JAHbIX ITI€PEMEHHDbIX

COOTBETCTBYIOIME jIBa,ZIIIaTOﬁ CEKYH/I€ TI0JIETA PAKETDI. ZII/IB.-

IIa30HbI M3MEHEHUSA BXOJAHbBIX II€EPEMEHHDIX [emin?emax],

[0min: Omax ], [OminsOmax] TOCIHE HACTpOIKH 3TOTO KaHAa-
aa caepytomue: [-0,15, 0,15], [-0,3, 0,3], [-1, 1].

Tpetnit KaHan HacTpamBaeTcs Ha MapaMeTPBl 06DHEKTa,
COOTBETCTBYIONTIE COPOKOBOIT CeKyH/e TosleTa pakeTsl. Jlua-

NA30Hbl M3MEHEHUs] BXOAHBIX TepeMeHHbIX [0, 0,..1,

[émm,émax] , [émm,émax] ocjie HaCTPOWKM 3TOTO KaHa-
aa caemyiomue: [-0,07, 0,07], [-0,5, 0,5], [-1, 1].
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B.U. I'ocmes, C.A. Maemwoi, B.H. Apemnenxo: CUHTE3 ®A33N-CUICTEMbI CTABNJIN3AIINN

BAJJIMCTUYECKOW PAKETBI 110 YIJIY TAHTAMKA

UeTBepTblil KaHAJ HACTPAMBAETCSl Ha MapaMeTpbl o6be-
CeKyH/1e
N3MEHEHUS BXO/HBIX I€PEMEHHBIX

KTa, COOTBETCTBYyIOIINE HJECTI/IHGCSITOﬁ I10JieTa

PAKETDI. III/I&HE{SOHI)I

[emin’elnax], [émin,émax] , [émin,émax] mocJjie HaCTPONKH

aToro Kanaja ciaemyiomue: [-0,05, 0,05], [-0,3, 0,3], [-0,3,

0,3].
Jlnamasonbl U3MEHEeHUs

BbIXO/IHOTI'O ITapaMeTpa

[Myi Myad BBIOPaHBI 111 Beex kanasoB pasubiMu [-70, 70].
Hacrpoiika perynaropoB NpousBefieHa C LeJbl0 IOJIYy-
YeHUs] MUHUMAJIbHOHU TeKylleil OIIMOKU PAcCOINACOBAHUS U
anepuoInYecKoro Iepexo/iHOro MpoLecca.
OrMeTuM, YTO IPU HAcTPOiiKe HEYeTKOro PeryJ/siTopa B

Hpoueccm B CUCTEME YIIpaBJCHUA
C MHOI'OKaHaJbHBIM HEYETKUM DPEryJIATOPOM

nHTepaktuBHOil cucreme MATLAB 1esiecoo6pa3Ho UCIHOJIb-
soBatb 610k NCD (Nonlinear Control Design), Kotopbiii
peasusyeT  MeToJl JAMHAMHYECKOW  ONTHMHU3AIUU LIS
MIPOEKTUPOBAHUSA CHUCTEM YIIPABJIEHHUSA. ITOT HHCTPYMEHT,
paspaboraHublil st ucmosb3oBanusi ¢ Simulink, aBroma-
THYECKH HACTPAMBAET CHCTEMHbIE TTapamMerpbl (B cucreMe Ha
pUC.2 HACTPaMBAIOTCS MapaMeTPbl PEryJsitopa), OCHOBbI-
BasChb Ha OIPEIEJEHHbIX OrPAHUYEHUSAX HA BpEMEHHbIE
XapaxrepucTiku (HApuMep, BPeMsi PETYJIUPOBAHUS U Mepe-
peryJimpoBanue /I peakiuy Ha CTyHeH4YaToe BO3/elCTBHE
WJIU TIPEJIeSIbl JJIs1 TeKyIiell OmMOKI PaCcCOTIACOBAHNST).

Hpoueccm B CUCTEME ylIpaBJICHUA
C O/THOKaHaJbHBIM HEYETKUM PETYJIATOPOM

1.6 1.6
1.4 14
1.2 12 u(t
- u(t) 1A (t)
0.8 0.8
el X oal| X© \_/
0.4 0.4
02 . .t 02y . &e
0 10 20 30 40 50 60 0 10 20 30 40 50 60
a)
" Omax = 0.015 12 Omax = 0.02
N\ 0.8
0.6 i
L O(t
0.4t 6(t) 0.4160)
n?2 nnl\l«v..v
a . 0 -UUUV
0.2 t,C 04 {,C
10 20 30 40 50 60 10 20 30 40 50 60
6)
5 20
’ HCEEEV) 10
- 0 !;- /V\'.L.
-10 —~J
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PE3YJIBTATBI MOAEJHPOBAHHS

Ha puc.8, cneBa, mpejcraB/ieHBI IIpOIleCChl B cHCTeMe
yipaByieHusA C HAaCTPOECHHBIM LII/Iq)pOBbIM MHOTI'OKaHaJIbHBIM
HEYETKUM PEryJISSTOPOM.

AHanm3upysi 1mpoIecchl B CHCTEME YIPABJICHUS PAKETOMH
MOJKHO 3aKJIOYUTb, YTO IMUQPOBOIl MHOTOKAHAJIHHBIN He-
YeTKHil peryJssaTop obecriednBaeT ObICTPYIO OTPAGOTKY CTY-
MEHYaTOTO BO3/eiicTBUSL 6e3 TepeperyJnpoBaHusi, ¢ BpeMe-
HEM peryJupoBaHus He 6oJiee SC M YCTOHUMBOE CJIEKEHUE
10 3a/IaHHOMY YTJIy TaHTaXka C JOCTATOYHO MaJIoi OMIMOKOI

paccorsacoBarus (9 He GoJiee 3 % OT aMILIUTY/IbI BXO-

max
aHoro Bosgeiictsust). Ere 60JIbIIEro yMEHbINEHHsST OMHOKH
paccoriacoBaHusi MOJKHO [JOGUTBCS IyTe€M yBeJHYEeHHUsI
YHCJIA KaHAJTOB B HEYETKOM PETYJISITOPE W IIyTeM BbIGOpa
BPEMEHHBIX HMHTEPBAJIOB [UUIsI TMOAKJIIOYEHHs KaXKI0ro Ka-
Hasa. [Ipw 3TOM He3HAYMTEJBHO YCJIOXKHSETCsT GJIOK HacT-
poiiku perymsaropa (adjustment of fuzzy-controller) -cm.
puc.JS.

[Ipn MCIOJIB30BAaHUM TOJBKO OJHOTO KaHata (06BIMHOTO
HEYETKOTO PETYJIATOPa) B CHCTEME yIIPaBJeHUS PAKeTOH Mo
YIJIy TaHTa)ka B TEYEHHU BCETO IOJIETA PAKETBI HE YIAeTCsi
HOJIyYUTb TAKOTO KaYecTBAa CHCTEMDI, KaK IIPH HCII0JIb30Ba-
HIM MHOTOKAQHAJIBHOTO peryJsiropa. B kadecrBe mpumepa Ha
puc.8, cmpaBa, MPEACTABJIEHDbI IIPOIECCHI B CHCTEME YIIpa-
BJIEHHSI C HACTPOEHHBIM IU(POBBIM  OIAHOKAHAJIDHBIM
HEYETKUM PETYJISITOPOM. XOTs yCTOWYMBOE CJIEKEHUE M0
3a[aHHOMY YIJIy TaHTa)XKa 3TOT PETYJSTOP 06ecrevunBaeT

( emax

BUSL), HO IEPEXOAHOI IMPOLECC - KOoJIe6aTeIbHblil, ¢ mepepe-

cocTaBJiseT 4 % OT aMIJIUTY/ZbI BXO/IHOT'O BOSIIeﬁCT-

ryaupoBanueM Ooxee 50 %, BpEMEHEM PpETyINPOBAHUS

6osiee 20c ¥ Me/IJIEHHBIM 3aTyXaHHEM.

YAK 539.2

BbIBO/J

Hasmane MHOTOKQHAJBHOTO HEYETKOTO PEryJsiTopa Io-
3BOJISIET MPOEKTUPOBATD CUCTEMY YIPABJICHUS TaKUM CyIIle-
CTBEHHO HECTAI[MOHAPHBIM OOBEKTOM KaK OaJIUCTUYECKast

pakeTa C Be€CbMa  BbICOKMM  Kaie€CTBOM  YyIIpaBJICHUSA

(xapakTepusyeMoe arepHOJANYECKUM TEPEXOIHBIM MPOIIEC-
COM C MaJIbIM BPEMEHEM PEryJIMPOBAaHUS U MaJION OIIHOKOi
PACCOTJIACOBAHMS TP OTPABGOTKE MPOrPAMMHOII TPAECKTOPUH
nosera pakerbl). [109TOMy TPUMEHEHHE HEYETKOTO PETyJIs-
TOpa /ISl TAaKOrO OOBEKTA YIPABJCHUS SBJISICTCS 11€JIeCO0-
Opa3HbIM U TIEPCIIEKTUBHBIM.
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Paccmompenvr pesyiomamuvt cunmesa newemrozo ( pabomaio-
uezo na 6(!36 neuemxou Jl()ZuKu) pezy/mmopa afl}l cucmemuvl
cma6uﬂu3auuu 6afmucmuuemcml deembt no yYyeay mamnedasxda.

Memodom mamemamuueckozo MOOAUPOSAHUSL OnpedeseHbl NpPo-

Uueccol 6 cucmeme u nOKA3dHo, 4mMo HA OCHOBE npumeuenuﬂ He-

YyemrKoeo pezy/mmopa BO3MOIKHO 6eCoMd 3HAYUMETbHOE YaYdule-

HUe Kauecmead cucmembul, xapmcmepusyemoe GeNUYUHOTU owuék‘u

paccoziacoeanus npu ompadomKe npoepamMMHOl mpaexmopuu.

The outcomes of synthesis of a fuzzy-controller for the sys-
tem of stabilization of a ballistic rocket on a pitch angle. The
method of mathematical simulation defines processes in the
system and is shown, that on the basis of application of a
fuzzy-controller the rather considerable improvement of qual-
ity of the system characterized by the value of an errov of a
mismatch is possible at improvement of a program trajectory.

B.N. 'paayH, B.I. LLanoBanaoB

BO3AEACTBHE ATOMAPHOI0 BOJOPOJIA HA 3HEPTHIO CBA3M
B MOBEPXHOCTHbIX GJIOAX FEPMAHMA

Paccmampusaemcs mexanuxo-moneKyAsapHoe MOOeIUPosanue
nogedenus AmMoMapnozo 6000p00d 6 KPUCMAIIUUECKOM 2epMd-
nuu memodom MM+. Iloryuena zeomempuuecku OnmMuMuUUPO-
6AHHAA CMPYKMYPA U HAUDEHbl MUHUMALLHDLE 3HAYEHUS NOMEH-
uuana ean dep Baanvca 6-12 das neé. Keanmosuvie snepzemu-
yecKkue CeoUCMed Mooesu PACCUUmMbL8AIOmcs U AHAIUSUPYIOMCS
6 PAMKAX NOJLYIMNUPULECKO20 PACUWUPEHH020 Memoda XioKes.

BBEJIEHHE

CoBpeMeHHOe COCTOSIHUE Pa3BUTHUS MUKPO3JIEKTPOHUKN
XapaKTepu3yeTcs aKTUBHBIM BXOX/EHUEM B HAHO3JIEKTPO-

HUKY, YTO XapaKTepu3yeTcs yMEHbIIEHUEM Pa3MepoB aJie-

MEHTHO! 6a3bl U TOBBIIIEHWEM CTENEHN WHTETPAI[N WHTe-
IPAJIBHBIX CXEM. IJTO IIPELyCMaTPUBACT HMOUCK (DU3MUYECKUX
SIBJIEHWH, KOTOpble OBl 00eCIeunBAIN OJHOJIEKTPOHHBIE
IIpoIlecchbl HA MOHOATOMHOM ypoBHe. CkazanHoe TpeGyeT co-
BEPIIEHCTBOBAHMS W Pa3pabOTKH HOBBIX CIIOCOGOB yIIPABJIS-
€MOTO BOCIIPOM3BOINMOTO BJIMSIHUSI HA MMOBEPXHOCTHBIE CJION
MOJIyIPOBOAHMKOBBIX KpuctaanoB. OZHUM N3 TaKUX MeTO-
JIOB SIBJISIETCSI BO3JEHCTBHE aTOMAapHBIM BOJOPOJOM Ha IIO-
BEPXHOCTb W IPHIIOBEPXHOCTHBIE CJIOW TBEPABIX TeaT C
I[eJIBI0 UCCJIEJIOBAHNUS MX XapPaKTePUCTHK M MOJM(UKAIIN
anekTpodusndeckux mapamerpos [1]. Panee nccienosaaich
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B.U. I'psdynu, B.II. Illanosanos: BO3IEVICTBUE ATOMAPHOTO BOJIOPO/IA HA SHEPIMIO CBSI3U B

ITOBEPXHOCTHDBIX CJIOAX 'TEPMAHUA

TaK)Ke PEeKOMOWHAIIMOHHBIE CBOICTBA aTOMOB BOJOPOJA HA
MIOBEPXHOCTHU IOJIYIIPOBOJAHUKOB [2], amcobiuonnble u Jio-
MUHeCIeHTHbIe [3], IMeITCsT MHOTOUNC/IEeHHbIE MyOINKAIIUIH
1 O APYTUM HANPaBJIEHUSIM UCCJIeOBaHMi, Hampumep [4].
O/1HaKo, Ha HAIl B3IJIA/, HEJOCTaTOYHO M3YYEHHBIMU SBJIS-
I0TCS BOIIPOCHI BO3/IEHICTBUS aTOMOB BOJ/IOPO/la HA KPUCTAJI-
JINYECKYIO CTPYKTYPY U 3HEPTHUIO CBS3U B ITOBEPXHOCTHOM
00JTaCT! KPUCTAJLIA.

1 IOCTAHOBKA 3AHA9YH

[l BBISICHEHUSI BJAMSHUS aTOMOB BOJOPO/ia HAa CBONCTBA
KPHUCTAJIINYECKOH CTPYKTYPbI
METOJIOM MeXaHUKO-MOJIEKYJISIPDHOTO MojeJupoBanus MM+

repMaHus BOCIOJIb3YEMCS

[5,6], cyTb KOTOPOTO COCTOUT B BO3MOXKHOCTH IIOCTPOCHUS
MOJIEKYJI U3 y>Ke HMEIOIUXCS aTOMOB 60 6e3 HUX IIyTéM
MIPUCOEITHEHUS .

Mertonq MM+ BbiGpan HaMu JJIsI PelieHus MOCTABJIEHHOI
3a/la4M Ha OCHOBE TOTO, 4YTO B HEM YUYUTBIBACTCS IIEPUO-
JINYECKast CTPYKTYpa pPeIIeTKH KPUCTAJJla TepMaHus |
HeJIMHEIHbII Xapakrep cuJl pactsbkerus. OH 6a3upyercs: Ha
noTennuasax B3aumojeiicreus 6-12 Ban nep Baasbca

o= | Au By
vir = 2 RI2 RS
i<jLy ij

B wnamem ciaydae mnaHupyercss IOCTPOEHUE MOJIEKYJI
GeH4 B xpucrammmyeckoit pemérke repMmanusi. C aroii
LIeJIbI0  PaCCMOTPUM €ro U/JEANbHYIO IIPOCTPAHCTBEHHYIO
SYEKy M3 BOCbMU aTOMOB KakK 0a3y /sl MOJEJMPOBAHUS
MeTojioM MM+, Daily, onuchIBAOMNNI KPUCTALIMUECKYIO
s4eliky ¢ pasMepaMH BEKTOPOB PelIéTKM U KOOpAMHATaMu
aTOMOB TepMaHUs uMeeT CJeLyIouuil Buj
Forcefield mm+
sys001
view 40 0,22446 551510001000 1-0,70712
-0,70712 -55,707
box 5,657 5,657 5,657
seed -1111
mol 1
atom 1 GE1 Ge ** - 0-1,41425-1,41425 -1,41425 0
endmol 1
mol 2
atom 1 GE2 Ge ** -0 1,41425-1,41425 1,41425 0
endmol 2
mol 3
atom 1 GE3 Ge ** -0 1,41425 1,41425-1,41425 0
endmol 3
mol 4
atom 1 GE4 Ge ** -0 -1,41425 1,41425 1,41425 0
endmol 4
mol 5
atom 1 GE5 Ge **-00000
endmol 5
mol 6
atom 1 GE6 Ge ** -0 0 2,8285 2,8285 0
endmol 6
mol 7
atom 1 GE7 Ge ** - 02,8285 0 2,8285 0
endmol 7

mol 8
atom 1 GE8 Ge ** - 02,8285 2,8285 0 0
endmol 8
END

3aech pasmepnt pemerkun (box) M KOOpAMHATBI aTOMOB
3a/laHbl B aHrcTpéMax. Kak BUAMM, Kakaasg M3 BOCHMHA
MOJIEKYJI COCTOUT U3 OJHOTO aTOMa TEPMAHUS M MOKET GbITh
MOAM(UIITPOBAHA s
MOJIEJIMPOBAHUS TaKUX TIPOLECCOB KaK aAcopOuus, XeMo-

MHOTOYUCJICHHBIMH ~ CIIOCOOAMH.
copbiss uim auddysuss aToMOB BOJAOPOJA B TepPMaHUH
J06aBUM B paccMaTpUBaeMylo MoOJesb TPHIIATh [Ba aToMa
BO/IOPO/Ia B pacuére M0 OHOMY Ha BaJIEHTHYIO CBA3b aTOMOB
repMaHus, XOTS MeTO/ 3Ty IHU(dPYy I03BOJSET H3MEHSTD.
Hosblil ¢aitn ¢ y4éToM aTOMOB BOJOPOJA IPEJACTABJATh He
6yzsieM, Tak KaK CTPYKTypa OOpPa30BaBIICHCS MOJICKYJbI He
ontumMusuposana. Ho mpezpcraButh reoMeTpuio ofHOTO u3 eé
BapHaHTOB MeToj no3BoJiser. Ha puc. 1 ona npeacrasiena.
BusuM, 4TO BOZOPO/ 3aHMMAET MEXK/0Y3€JbHOE ITPOCTPaH-
CTBO peIIETKH, 3aI0JIHSAS BCE BAJICHTHBIC CBSI3M aTOMOB
repMaHus.

Pucynox 1

2 TEOMETPHYECKASA OIITHMH3ALIHA
JOKAJH3AIIHH ATOMOB BOZOPOZTA
B TEPMAHHH

s pacdéToB XapaKTepuUCTHK MOJIEKyJ MeTogoM MM+
UMEIOTCS [IBE 3JIEKTpoCcTaTndeckne ommu (CBA3aHHBIX -
moJiedl W ATOMHBIX 3apsiioB), W TPH OIIMH 06pe3aHust
MIOTEeHITHAIA (BBIKTIOUEHHOE,
BKJIIOUEHHOE M CMelleHHoe). B c¢Basu ¢ stum B obimem

B3aUMOJICHCTBUS ~ aTOMOB
cJyvyae MMeeM IIeCTb BapUAHTOB pacuéra IPOM3BOJIBHOIM
3agaun. Kpome TOro, [/1s OCyIIeCTBJIEHHS HEMNOCPE/ICTBEH-
HOTO pacuéTa TeOMeTPHYECKOH ONTUMHU3ANNNA KOHKPETHON
MOJIEKYJISIPHO# CTPYKTYPbI HMMEIOTCS 4YeTbIpe ajroputMa -
Crunecra [lecuienta, @raeruepa Pusca, Ilonaka-Pubbepa n
6s0k-nuaronann Hprorona-Padcona. Takum o6Gpasom, pe-
[IeHNe OJIHOIl TMOCTABJIEHHON 3a/lauyil UMEEeT [ABA/IATh de-
TBIPE BapHaHTA pelleHuil, KOTOpble HEOOXOUMO AHAJIU3NU-
poBaTh /IS BbIGOpa HanboJiee MOIXOISIINX.

[TpoBesieHHDbIE PACUYETBI TEOMETPUYECKOW OTTUMU3AINU
mosiekybl GegHszy (puc. 1) mokasaiam, 4to HauMeHblee
3HAYEHUE JHEPTUU ONTHMU3UPOBAHHON CTPYKTYPBI, PaBHOE
304 KKaJ,/MOJIb, TIOJYYEHO TIPU HJIEKTPOCTATUYECKON OMITIH
ATOMHBIX 3aps/I0B, CMENEHHOM 0OpE3aHUU ATOMHOTO TIOTEH-
uata B3aUMOJEHCTBUS M Pacuére MO OJOK-AHArOHAJIbHOMY
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amroputmy Hpiorona-Padcona. 3nauenme 596,08 xkam/
MOJIb TOJIy4€eHO TPHU [ePexojie Ha BKJIOYEHHOe obpe3aHue
MOTEHIINAIA B3aUMOJIENCTBUS JIJisI TIEPUOJIMNYECKUX TPaHWY-
HBIX YCJOBHUI C TIOJOBUHHBIM BHEITHUM PaJyCOM PEIETKH
repMaHusi, coctaBjsionuM 2,83 A U HyJIEBbIM BHYTPEHHUM
paJinycoM, a Ha PUC. 2 TPECTaBJeHa TEOMETPUUYECKH OIITHU-
MU3UpPOBaHHAA CTPYKTypa Mosekyanl GegHszy ama aToro
cayvas. Creayer 3aMeTHTh, YTO IMPHU BBIKJIIOYEHUN 06pe3a-
HUS TIOTEHIMAa, PAacuyéTHAsl HEPTHs IOCJEe ONTUMU3AINH
pe3ko Bozpactaer mo 1808 xkas,/MoJsb, UTO CBUAETEJND-
CTBYET O HEJIONYCTUMOCTH TPeHeGPEsKEHUsST MePUOINIECKOi
CTPYKTYPOIi KpUCTa/JIa B JIAaHHOM cJaydvae. [Ipu uaMeHeHUH
9JIEKTPOCTATHYECKON OIIMKA ATOMHBIX 3apsi/IoB Ha CBsI3aH-
HbIe WO UMEEM TaKXKe HEeCKOJbKO 3HAUYEHWIl SHEPruu
reoMeTpPUYeCKH OTTUMU3UPOBAHHOII MOJIEKYJIbI, TIPEICTaB-
JeHHoi Ha puc.1.

Pacuér ontummsanmu mo anroputmam Crunecra-/lec-
nenrta u Hplorona-Padcona mnpu BrJOUEHHH OOpe3aHust
MOTEHIINAMA Ha 33JaHHOM PACCTOSIHUM AT, COOTBETCTBEH-
Ho, 601 u 663 KKaJ,/MOJIb, a TPU CMEMEHHOM OGpe3aHNH
notenimasa u aaropurme Hpiorona-Padcona momyuaem 304
KKas,/Mob. Takum 06pa3oM, BHIMM, UYTO CMelleHHue
o0pe3aHusl MOTEHINAMA B3aUMOJIEHCTBUSI ATOMOB 3aHUKAET
PACUETHYIO SHEPTUIO ONITUMU3UPOBAHHON MOJIEKYJIbI.

Pucymnox 2

Pacuér sHeprum nepBoHAayaJbHOTO KJAcTepa M3 BOCbMHU
aTOMOB Te€pMaHMs TaKXe 3aBUCUT OT Omiuil Meroga MM+,
OJTHAKO 3/IeCh PEIAIoNIyl0 pOJIb WIPAET TOJDBKO OIS
o0pe3aHusl TIOTEHIHAJA - TPU OOBIYHOM BKJIIOUEHUH 06pe3a-
HUS TOTeHIMaJa 1oay4yaeM 142, a 1npu cMenéHHOM uMeeM
56 KKaJi,/MOJIb.

Takum o6pasom, pacuéTHas SHEPTUS OTTAJKUBAHUS BaH
nep Baasbca npu HaaM4YuKM aToMOB BOJOPOJA B KPHUCTAJLIN-
YECKOIl pelleTKe TepMaHUsl YBEJUYUBACTCS M MUHUMAJIBHO
cocrapyiger 248 KKaja,/MOJb TPU CMENIEHHOM OO6pe3aHun
HnoTeHlMa a B3aumogeiictBuss aromoB. Ilpu  BKIIOYeHUM
0ObIYHOTO O6pe3aHusl IOTeHIMaJa Ha 33JaHHOM pajiryce
uMeeM IIPUMEPHO B JiBa pa3a GoJibline 3HadeHus: 454, 459 u
521 KKaj,/MOJb B 3aBUCUMOCTHU OT OIIIIMIA U aJTOPUTMA Pac-
yéra. CuesyerT NOJUEPKHYTD, YTO TPU 3TH 3HAUYEHUS Halize-

HBI TIpH HamboJiee MOAXOJAIIEM ISl KPHCTalaa oOpe3aHun
MOTEHIMAJa B3aUMOJEHWCTBUSI aTOMOB, IOITOMY, YCPeIHsIS
TOJIBKO WX, TIOJyYUM CPEHIOI0 SHEPIHIO OTTAJKUBAHUS PaB-
Hylo 478 kkan,/Moub B Mosekyie GegHsy. ITo cocraBiser
B cpeaneM 2,6 aB na mosexyny GeH,. Takum o6pasom, mpu
ob6paszoBannu onHOil cBsa3u Ge-H B cpemanem mpeojoseBa-
eTcsl aHepreTmueckuii 6apbep Besumumnoil 0,647 3B Ha ogun
/100aBJIEHHDII aTOM BOJIOPO/IA.

U3 pucyHka NoBEPHYTON ONTUMU3UPOBAHHOW CTPYKTYPBI
(puc.3) Bugum, uto Bogopoaubie cBsi3u Ge-H He coBmazaor

II0 HallpaBJIEHUSAM C FI/IépI/IﬂHI)IMI/I CBA3AMU Sp3, KOTOpbIE
CBA3bIBAIOT aTOMbl TI'€pMaHUA B HNCXOJAHOM KpHUCTaJJIE, M
ABJIAIOTCA TIOIApHO TapaJljeJIbHbIMU. Tunuynoe 3HavyeHUE
yrjia OTKJIOHEHHUA CBA3U Ge-H ot COOTBGTCTByIOH.[efI CBA3U

Sp° MesK/Iy aTOMaMH TepMaHisi cocTaBisieT Besmanmy 70,5°
O/IHAKO, B TPEX CJydyasdX M3 JBEHAALATH YTOJ COCTaBJSET

BesmuuHy 35,2° .

Pucynox 3

ATOMBI BOJIOPOJIa B MOJIETUPYEMON CTPYKTYpe TIOMapHO
commkarorcs (puc. 4), Tak uro 1D moTeHmWas, paccuWTaH-
Hplii MetooM Monte Kapsio, MUHUMHU3UPYETCS Ha PaccTo-
aumn 0,259 uM (puc. 5) mwm 0,313 HM Mexay HAMH. ITO
MO3BOJISIET TIPE/IIOJNOKUTD 00 YCTAHOBJEHUU IONEPETHOM
O -CBSI3M MEK/Y MapaMu aTOMOB BOJIOPOJIA.

Pucynox 4 - Ilonapnoe corusxenue amomos 600opoda 6
zepmanuu
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1D Potential I

1000

800

jow;/eo

700+

600 1 1 1 1 |
10 15 2.0 2.5 3.0 35

Pucynox 5 - 3asucumocmov nomenyuasvroil snepeuu
mozrexyave GegH 35 om paccmoanus mexoy amomamu

6000poda

3 BIHAHHE ATOMAPHOI'O BOJIOPO/JIA HA
IHEPIHIO KPHCTAJIJIHYECKOH ASYEHKH
TEPMAHHSA

Jlns yuéra KBAaHTOBBIX CBOWCTB aTOMOB TepMaHUsl U
BOJ/IOPO/Ia, KOTOPbIE OTBETCTBEHHDI 32 YHEPTHUIO CBSI3U, BOC-
MOJIb3YEMCST  TIOJIYIMITUPUYECKUM PACHIMPEHHBIM METOIOM
Xiwokenss [7]. Pacuér sueprmm mosexyanl GegHgy mocie
ONTUMU3AIMKN MEXaHUKO-MOJIEKYJISIpHBIM ~ MeTojjoM MM+
aéT B 3aBHCHMOCTH OT ONIMI MeToja XIOKeJs HECKOJbKO
[Ipn eauHWMYHON CHIHOBOI
MyJbTUILIETHOCTH ¢ yuétom d-opbutaneit mosydaeMm -
23018,21 u -23184,56 KKaJ,/MOJb JJsI TPOCTOM KOHCTAHTBI
Xiokenst (paBHoit 1,75) M IJIs KOHCTaHTBI, YYHTBIBAIOIIEH

OT/IMYaloIuecsa BEJINYUHDI.

BECOBYIO op6utasibhuyio aud@ysHocTb, COOTBETCTBEHHO. A
TIpU CTIMHOBOH MYJbTUILIETHOCTH PAaBHON TPEM, MMeeM s
COOTBETCTBYIONMX KOHCTAHT BeJUYMHBI -22756,44 u -
22910,66 Kxas,/MOJb.

AHaTOTHYHBIE PACYETHl IHEPTUU OJHOU sTUelikm U3
BOCBMH aTOMOB KPHCTAJjIa TEePMaHWUS COCTaBUJIM B COOT-
BETCTBUU C OMNIUSIMUA MYJbTUIJIETHOCTA M KOHCTAHTBI METO-
na Xiokead takue Beamuynubl: -9790,06; -9827,90; -9789,00
u -9827,58 kkan,/ MoJIb.

DHepPrus aToMa BOJOPO/Ia COCTABUJIA OJNHAKOBYIO BEJIH-
YUHY A1 06eMX KOHCTAHT MeToAa M JyOJeTHOW CIHMHOBOI
MYJIbTUILIETHOCTH, paBHYyIO -313,63 KKaJ,/ MOJIb.
9HEPrHi0 CBSI3M  aTOMOB  BOJOPOJA U
repMaHus B ONTUMU3UPOBaHHOI MoJiekyJe GegHgy kax pas-

PaccuntpiBag

HOCTb MEXAY e aHeprueill M CyMMOH HEpPTruil sueiiku rep-
MaHMs U TPUALATH JBYX aTOMOB BOJIOPOJA, IOJY4YUM, B
3aBUCHUMOCTH OT ONIMil MeTofa XIOKess, CJexylomue
Besimunubl: -3192, -3320, -2939 u -3047 kkaa,/Moab. It
cpe/iHUe BeJUYUHBbI B Iiepecuére Ha oany mosekyay GeHy
cocrapJstioT anepruu -17,31; -18,01; -15,90 u -16,52 3B, T0
ectb, -4,33; -4,50; -3,97 u -4,13 3B na oany csa3p Ge-H.
Kak Buaum u3 pacuéroB, pa3bpoc pe3yJibTaToB MeTo/a XIo-
KeJid B 3aBMCHUMOCTH OT €ro OIIUI COCTABWJI [UUIS 3HEPruu
CBSI3W ATOMOB BOJOPO/JA B repMaHuu npuMepHo 11%.
Paccunraem sHepruio orpbiBa OJHOW U3 JABYX MOJIEKY.JI

GeH,, xotopble CBsSI3aHbBI JIMIIb OJHOW CBSI3bIO B TE€OMETPH-
"4ecKH ONTHMU3MpoBaHHOi Mosekyine GegHszy (puc.2). drto
MTO3BOJIUT OIIEHUTb COOTBETCTBYIONIYIO OTPBIBY 9HEPTHUIO
necopbru  Mostekysasl GeH; ¢ TOBepXHOCTH KpHUCTAJLIA.
[lns aToro paccumrtaeM MeTo/loM XIOKeJs 3HEPTHI0 OCTaB-
meticss Mosekysbl Ge;Hog (puc. 6) u smepruwo necop6u-
poBanHoii Mosiekynbl GeHy.

Pucynox 6 - Ocmamox Ge;H yg nocie ompuviea mosexyivt
G€H4

Oueprun Mosexyabl Ge;Hog, KoTopas ocramercs mocie
orpbiBa MoJslekyanl GeHy, cocraBisior cienyoniue Beaudu-
vbl: -20149,28; -20295,15; -19884,87 u -20017,32 xkamx,/
MOJIb JIJISI COOTBETCTBYIONIUX OMNIMH MeToga XIoKess. AHa-
JloruyHble pacuérel Ay Mosekyabl GeHy cocrasisior Benu-
ynHbI -2936,78; -2958,96; -2562,34 u -2566,89 kKaa,/ MOJIb.

[Tonyuyennble 3HaueHUsT SHePruil MO3BOJIAIOT PACCUUTATDH
9HEpruio, HeoOXOAUMYIO /I OTpbiBa MoJiekysbl GeH, kxak
Q = Egeh4 + Ege7h28 - Ege8h32. Ilpu ommun eanHUIHON
CIIMTHOBON MyJIbTUTIJIETHOCTH sHeprust Q pasHsietcs -70,46 n
-72,29 kkan,/Moab mus npoctoil u aud@ys3HO KOHCTAHT
XI0KKeJIsI, COOTBETCTBEHHO, 4TO cocrasister -3,057 u -3,136
2B na mosexyny GeHy. Ilpn tpumsiernoil cnunoBoil MyJib-
TUIJIETHOCTH TIOJIy4aeM /i sHeprun Q IOJIOKUTEIbHbIE
pesmunnbl: 308,17 u 325,23 KKaja,/MOJb, YTO COCTABJSET
13,369 u 14,109 5B HeoOXOAMMBIX [JIS OTPbIBA OJHOI
mouiekyabl GeH,. BuamMm, 4To B CHHIJIETHOM COCTOSTHUM
orpbiB MoJiekybl GeH, aHeprermuecku BBITOJIEH, TO-€CTb
mousiekyna GegHsy pacnmamaercs na mosekyny GeHy u

ocraTtok Ge;Hyg. B TpummerHoM e COCTOSHUH, TIpH
HAJIMYUHE CIMHOBOI IJIOTHOCTH B MoJsekyae (puc. 7), st
orpbiBa MoJiekyJbl GeH, HyskHa GoJibllast AOIIOJHUTeIbHAS

sHeprus nopgzaka 14 sB.
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Pucynox 7 - Cnunosas niomuocms 6 2eoMempuuecku
onmumusupoeannoi morexyae GegH 3,
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BbIBO/] bl

MogenupoBanue mpoiiecca 100aBJeHUsT ATOMOB BOZOPO/Ia
B KPUCTAJIMUECKUI TepMaHWil MeXaHUKO-MOJIEKYJISIPHBIM
MeToIoM MM+ ToKasbIBaeT, YTO 3TOT MPOIECC TTPOTEKAET C
MIPEO/I0JIEHNEM CHUJ OTTaJKUBaHUA BaH Jep Baanbca. Ilpu
9TOM JIOCTUTAETCSI TeOMETPUYECKU ONTHMAJIbHAS TePUOJIH-
yecKkasi CTpyKTypa.

KBanTOBO-MexaHUYeCKHil pacuéT paccMaTpuBaeMoil Mo/ie-
U TOJYySMINPUYECKHMM MeToJoM  XIOKess  II03BOJISEeT
3aKJIIOYUTH, YTO, B Cpe/iHeM, [06aBJeHre aTOMOB BOIOPO/A
B MEK/I0y3€JbHOEe TPOCTPAHCTBO T€PMAHUS SIBJISCTCS JHEP-
TeTUYCCKU BBITOJHDbIM. HpI/I 9TOM, IIOBEPXHOCTHbBIC MOJIeKy-
apl GeHy, KoTopble CBs3aHBI C PeUIETKONH OAHOH CBS3bBIO,
MOTYT MOKHHYTb KPUCTAJJIMYECKYIO CTPYKTYPY €CJIU aTOM
repMaHuAa HaXO/[UTCA B CUHIJIETHOM CIIMHOBOM COCTOAHUU.

yMeHbH_[eHI/Ie SHEPTUn CBA3U Me>1</:[y IIOBEPXHOCTHBIMU
aTOMaMy B KPHUCTAJLJIaX FepMaHus [PH XeMOCOPOIMN aTOMOB
BO/IOPOZIa B PEAJIbHbIX 3SKCHEPUMEHTaX J[IOJIJKHO IIPUBOJAUTH
K pany
CJIe[[yIOH_II/IX SABJICHUAX:

CJC/ICTBUI, KOTOpPbIE MOTYT HPOSBJIATHCS B

1) yBeJMYEHUN CKOPOCTU PEAKIMi XUMUYECKOTO TPaBJIe-
HUS TIOBEPXHOCTH KPUCTAJLIIOB;

2) yBeIMYEHHH CKOPOCTH PACIbLICHUS KPUCTAJIA TIPU
HOHHOU 60MOAPAUPOBKE;

3) tepmo- u poroaecopbunu monexyn GeH4;

4) PpacUbLIEHUN ATOMOB TEPMAHUs [PU PEKOMOUHAIN
ATOMOB BO/IOPO/Ia HA TIOBEPXHOCTH KPUCTAJLIA;

5) U3MEHEHUU CUMMETPHU PEKOHCTPYUPOBAHHON MOBEPX-
HOCTH KPHCTAJLIA;

6) usMeHeHUU 3JIEKTPOMUBNIECCKUX CBOWCTB 3JEKTPOH-
HOTO ra3za B 06J1acTi XeMOCOPOOBAHHBIX aTOMOB BOJOPO/IA;

7) usMeHeHHH HapaMeTpoB Koabduimentos auddysun
MIPUMECHBIX aTOMOB.

B 3aksoueHuwe ciexyer 3aMeTHTb, YTO KPOME MeETO/a
MM+ pa3paboTaHbl M JpPYyrue MeTO/bl MEeXaHHUKO-MOJIEKY-
meropl AMBER,

JIAPHOTO MOJICJIMPOBAHUS, HaNpUMeED,

YAK: 621.373.001.24:681.3.72

BIO+ u OPLS [6], nosToMy mpe/cTaBisieT HHTEPEC K J1a/Ib-
HEWINM MCCJIeJOBAaHUSM MOAOOHBIX 3a/1a4 U 3TUMHU METO/a-
Mu. UYTo KacaeTcsl MOJIySMIIUPUYECKOTO MeTo/a XIOKKeJIs
IUI  pacyéTa KBAHTOBBIX CBOWCTB ITOJIYITPOBOIHUKOBBIX
CTPYKTYP, TO, TIPH HAJIUYUH OGbICTPOAENCTBYIONIEH BBIYNCIHI-
TEJIbHOI TEXHUKH, €r0 MOXKHO 3aMEHUTb MOIIHBIM METOOM
ab initio.

INIEPEYEHb CCbIJIOK

1. Tpyabl TpeTbein MexayHapoAHOW KOHdepeHunn BOM-2001
"BoaopoaHas obpaboTka maTepumanoB". - AoHeuk, 2001. -
4.1, 500 c.

2. NaBpeHko B.A. PekombuHaLMa aToOMOB BOAOPOAA Ha Mo-
BEPXHOCTM TBEPAbIX TeA. - KueB: HaykoBa Aymka, 1973. -
204 c.

3. CokonoB B.A., lTopbaHb A.H. AloMUHecLEeHUUs 1 aacopbums.
- MockBa: Hayka, 1969. - 188 c.

4. TartapuHoB B.WU., MaTiowunH B.M. BansiHne atomapHoro Bo-
AOPOA@ Ha CTPYKTYPY MOAUKPUCTAAAMYECKUX TOHKMX MAEHOK.
// U3BecTtus PAH. Cep. dusnyeckas. - 2000.- T. 64, Ne4., -
C. 743 - 746.

5. Allinger N.L. Molecular Mechanic Method MM2. // J. Am.
Chem. Soc. - 1977. - Vol. 99. - P. 8127-8134.

6. Berkert U., Allinger N.L. Molecular Mechanics. - Washing-
ton, D.C.: American Chemical Society, 1982. - 664 p.

7. Clark T.A. Handbook of Computational Chemistry. - New
York: John Wiley and Sons, 1985. - 352 p.

Hagiiimna 06.06.2003

ITicas popo6ku 03.07.2003

Posensdaemocs mMexanixo-monexyisapHe Mo0en08anHs nose-

OiHKU AMOMAPHO20 00HIO 8 KPUCTALTUHOMY 2epMAnii Memodom

MM+. Ompumana zeomempuuno ONMUMI308AHA CMPYKMYPA i

Hatideni MiniMaNLHT 3HAUenHs nomenyiary ean dep Baanvca 6-

12 Ona wmei. Keanmoei enepeemuuni eaacmugocmi modeni

PO3PAX0BYOMbCA | AHANIZYIOMBCS 6 PAMKAX HANIEEMNIPUUHOZO
poswupenozo memoda Xioxers.

Mechanical-molecular modelling behaviour of atomic
hydrogen in crystal germanium is considered by method MM+.
Geometry optimized structure is received and the minimal val-
ues of potential 6-12 of van der Waals for it are found. Quan-
tum energy properties of model are calculated and analyzed
within the bounds of the semi-empirical expanded Hukel's
method.

C.M. I'yanH

ANTOPHTM MOAENMPOBAHUA ONTOINNIEKTPOHHLIX
ROMNOHEHTHEINHENHBIX MHEPLHOHHBIX LLENEN
B PEXHUME bOJIbLLUOIO CUTHANA

IIpednosxen anzopumm MOOeAUPOSAHUSL ONMOINEKMPOHHBLY
KOMNOHENMOE 6 pesxume 60AbU0z0 cuznald, d0anmupoSanolii K
memodan anaruza Borvmeppor - ITuxapa. Dopma onucanus
Mmodenell  ynpouaem npouedypy Xapaxmepusauuu, MuUHUMU-
3upyem owubKy annpoxcuMayuu Npu UMeHeHuu cnekmpd, Hop-
Mol 8030eticmeus U,/ uiu HoMepa Umepayull, CHUXdaem GblUUcau-
menvHbie 3ampamol anaiu3d 006exmos 0annozo KaAAccd.

BBEJIEHHE

[ITupokoe uCIOJIB30BAHUE OINTOAIEKTPOHHBIX ITPUOOPOB
cuep:kuBaercs orcyTerBueM utxxenepubix CAIIP, opuenrn-
POBAaHHBIX Ha WX Pa3paboOTKy U TIpUMeHeHue. AHAIN3
[IPOIIECCOB B HEJIMHEHHBIX IendX, COJAepKaliuX OIITO-

JJIEKTPOHHbIE KOMIIOHEHTDI, 06BIYHO IIPOU3BOJAT IIPU MaJIOM
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C.II. T'yaun: AJTOPUTM MOJIEJIMPOBAHMA OIITO3JIEKTPOHHBIX KOMIIOHEHTHEJIMHENHBIX
MHEPIIMOHHBIX IIEIIEN B PEXKVMME BOJIBIIIOTO CUTHAJIA

rapMOHMYECKOM  BO3JlelicTBUM, TipeHeOperas JuGo WX
HeJTMHEIHbIMU, NGO WHEPIMOHHBIME cBoiicTBaMu [1-2], 4yro
MIPUBO/IUT K CHUKEHUIO TOYHOCTH MOJYYEHHBIX PE3YJIbTATOB
U yMeHbIIaeT HuX OOGIIHOCTh. MareMaTnueckue MOJENH,
KOTOpble Obl YYHTBIBAJM YKa3aHHbIe CBOWCTBA ONTPOHOB
O/IHOBPEMEHHO, B JinTeparype oTcyTcTBYIOT. Ocolblil uHTe-
PecC TIPEICTABJISIOT BOPOCHI Pa3paGoOTKU MOJieJieil, OpueHTH-
POBAHHBIX HA KOMITBIOTEPHBIN aHAJN3 CTAIIMOHAPHBIX PEXKU-
MOB HEJMHEHHBIX OITO3JEKTPOHHBIX CXeM MpH HerapMmo-
HUYECKOM BO3/IEHCTBUU GOJIBITION HOPMBI.

IIOCTAHOBKA 3AJAYH

W3 Bcero pasHoo6pasusi HANPABJIEHUN WCCIEIOBAHUS
HeJuHelHbIX uHepiuonubix ueneil (HUIID) B Hacrosimee
BpEMST BBIJEJISIETCS NHTEHCHBHO PA3BUBAIONINICS MOJXO/ HA
ocHoBe (PYHKIMOHAABHBIX psanoB Bosabreppsr (DPB) [3-
10].

Maremarudeckass Moziesb craimonapuoro pexknma HUIL
B Tepmunax MPB B yacTtoTHOI o6JacTH Ha OCHOBE METO/A
reHepaTopoB McKaxkenwii [3 -4] umeer Buj

[FIL(Go) =1Y (j@)]-[H.(jo)],
[FIT(jog )l =1Y (i @) [H.(jog) (D

[FIT, (@) =Y (i Z o)1 -[H (-],

rze [HH(J “@:-)] - BeKTOp HeHHEIHBIX IepeaTOUHbIX
byt (HIID) 7 -ro mopsaaka; [Y(-)] - marpuna mpo-

BOAUMOCTENl  JUHeliHoro MHoromosgiocHnka HMIL Ha

CyMMapHO}l 4acToTe CIEeKTpa BO3/elicTBUS; [F[ln()]] -
BEKTOp M300pakeHuil HeJUHEHHBIX MCTOYHUKOB ToKa Hop-
tona (HUTH), onpenensembie xoapuIMeHTAMI ANIIpo-
KcuManyu pszioB Teitsopa uX QyHKIMI OTHOCUTEJIBHO Pabo-

quX TOYEK MO moctossHHoMy ToKy u HII®D k-ro mopsiaka,
k= m; mm = (04, 0y, ...,con).

Uz (1) caenyer, uro Qopmuposanne momeau HUIL B
tepMuHax @PB npeanosaraer pelienue Tpex 3ajad: pa3pa-
60TKM MeTo/10B pacyera HIIMD, pa3paGoTKU MpUEMJIEMbIX
METO/IOB AIIPOKCUMALINN XapPaKTEePUCTHK HEJIMHEIHbIX 3J1e-
meutoB (HO) u GopMupOBaHUSA BEKTOPOB HU306PaKeHUi
HUTH u pacuera Marpuiibl MNPOBOAUMOCTEN JIMHEHHOTO
mHoronosocHuka HUII,.

OcHoBHoi#i nnpo6semoit anaiusa HUIL u cucrem Ha ocHo-
Be ammapata MDPB sBisercs cXoauMocTb psjia IpU PocTe
HOPMbI BXO/iHOTO BozjeiictBus [3-8]. [dus ymyunienust cxo-
numoctu MDPB npuMeHsoT pasjnyHble METO/Ibl: 3KOHOMU3A-
nuu [3], yBeanueHus yucsa y4yuTbIBaeMbIX 4JeHOB psija [3-
6], necrarmonapupix HIID [7], urepanuii [3, 5, 8].

Anamus ycranosusiuxcs nponeccos HUIL knacca Boub-
teppbi-Ilukapa B peskume 6osibmoro curuana [3, 5, 8] Tpe-
Oyet pacuera napamerpos HVUTH na xax ot urepamuu, 4ro
IIpe/IoJIaraeT OPraHu3alfio PEKYPPEHTHOTO IIpolecca Bbl-
yucJaeHus Koa(p@UIMEHTOB ps/I0B MHOTHUX IIePEMEHHDIX,
KOTOPBIMH, B O0IIEM CJydae, Xapakrepusyiorcs HI.

[Tockosbky psin Teityopa 1711 9KCIOHEHIIMATBHBIX (DYHK-
1Uif, XapakTepHbIX Ayt HO GHIIONSPHBIX MUKPOIJIEKTPOH-
HBIX TEXHOJIOTUII, SIBJSETCS MEIJIEHHO CXOJSIINMCS M pac-
XOISAIMMCS 1T 60Jiee CIOKHBIX M PA3pPBIBHBIX (DYHKIIHIA,
HEo6X0IMMO TIPUMEHUTH GoJiee MOIIHBII METO/] alllpOKCHMa-
UM, KOTOPbI ObI YCTPAHSJ IepeYrCIeHHble HEIOCTATKH H
MO3BOJIHJI CHSITH PsIJI BOIIPOCOB IOCTABJIEHHOH MpobJjeMaTn-
KU Kak Ha artane QopmupoBanus cuctembl (1), Tak u Ha
JTare ee PEIIeHNsI.

C 3r0ii 11es1b10 060061IeHHbIE Psifbl Dypbe-AKroOu Ha MpH-
mMepe HI p-n mepexoga (xapakTepHoro Jijisi cBeto- u (HoTo-
CTPYKTYDP OITO3JEKTPOHHBIX MpeoGpasoBareieii) MpuMeHs-
IOTCST [T PelIeHusT 3a/Ja4: alllPOKCHMAIINT XapaKTePUCTHK
HEJIMHETHOTO MCTOYHMKA TOKA, YIPABJISIEMOTO HANPSIKEHHEM
(HUTYH) 6osbimoii HOpMBI B BHJE TapMOHHYECKOTO WM
MOJINTAPMOHWYECKOTO CHTHAJIOB, CIIEKTPAJbHOTO aHAJIHN3a
€ro OTKJIMKA Ha MepevncJeHHble BU/bI BO3/EICTBIS; paspa-
6otk mogen HUTYH, o6nanaiomeii pekyppeHTHBIMU
cBOiicTBaMHU; pa3paGOTKHM  AHAJOTHMYHBIX ~Mojeseil s
peaktuBHBIX HI p-n mepexona.

PEINNIEHHE

[IpensaraeMblit MOAXO/ K aATOPUTMU3AIUU TTPOIlEcca MO-
JIeJTUPOBAHUS OINTO3JIEKTPOHHBIX KOMIIOHEHTOB PACCMOTPUM
Ha npumepe HUTYH, xoTopslil ABJsIeTCST OCHOBOI Mojiesieit
AKTUBHBIX KOMIIOHEHTOB:

J = J{exp([U1) / (mop)] - 1)}, )

rae Jg - TEMIOBO# TOK HachiuieHust p-n mepexozpa; U(t) -
BXOJ[HOE BO3JIEIICTBIE; QO - TEIJIOBOM IOTEHIHAI; M - KOH-
CTaHTa, 3aBUCALIAS OT TEXHOJIOTHYECKUX [apaMETPOB.

B coorBeTcTBUM € MOCTAaHOBKOI 3ajayil HailleM OTKJIUK
HS (2) na BoszeiicTBue Bua:

U(t) = Uy, + U, cos(wt + ), (3)

rae U, - nanpsokenue cmemenust; U, ,

@ U @ - COOTBET-
CTBEHHO aMILIMTYy/la, YIJoBas 4acToTa M HadajbHas (asza
(npu BBIBOJIE COOTHONIEHWH, HE yMeHbIas WX OGNIHOCTH,
Gyzaem mostaratb @ = 0).

Hopmupys Bxoauoit curnam, (2) ¢ yuerom (3) sammmem
B CJIE/IyIOIEM BUJIE:

J =Js{exp( by ) exp(b,-V,)-1, (4)

T]Ie bdczudc/(m'(oT) )

Vn :[U (t)_Udc]/UN ’
b,=U/(m-¢:),Uy -nopma V, .
Dynximsa exp(b - V, ) orHocutes K Kaccy nepuojmyec-

KUX HEMPEPBIBHBIX OJHO3HAYHBIX AU depPEHITPYEMbIX
yHKIMIA, K KOTOPbIM TPHUMEHUMBI TEOPEMBI, [OKAa3bIBAIO-
e BO3MOYKHOCTD M €IMHCTBEHHOCTh UX PA3JIOKEHUS B PSIJT
Dypoe. Paznoxkum ee B 060011eHHbIi psiji Dypbe MO cucTe-

Me OPTOTOHAJBHBIX TOJUHOMOB Skobu-Jlexxanapa apry-
menrta V, [11].

expl by V,]= Y. AR(V,), )
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rzie K09OUIMEHTDI arpOKCUMAIUH:
1
A =(2:i+1)/2: fexp[b-V,]-P(V,)-dV, (6
-1

a P;(-)- nominom Jlexxanapa i-ro TOPS/KA, OMpeies-

eMbIll COOTHOIIIEHNEM

R(V,) = (2 i)' /dV, (V2 1),

[lnsa onpenenenust koapdunuenta A; HaiijieM MpousBo/i-

()]

HYIO i-TO TOpsIIKA OWHOMA (Vﬁ +1). [lns aroro, ucnoJb-

sys dopmyny 0,432 (3) [11] u mpumensas x Helt Meron
JIOKA3aTeJbCTBA 110 WHAYKIUM C YYeTOM YCJIOBHU a=-1,

p=n=i; x=V, u ¢opmyapl bunoma  HbioToHa,
HOJTy4aeM:

_ _ _ i/ _
d'/dV,) (V21" =it2" {3 i i - 2- j)L2% ]

j=0
i .

x> (=D MK = K)1 -V, 7, (8

k=0

rae [i/2] - menmag yacth 4ucJa.

Ioacrasus (8) B (7) W IPUMEHNB METOZ MHTErPHPOBA-
HUSL 10 YacTsM, noJydaeM (opmyay i-ro koadduimenra
o6o6mienHoro psiga Dypee (5)

(2| +1) [i712] j i-2k (_1)k+m
A=— K{i,J,k,m}'m—sz
b1 j=0 k=0 m=0 b1 -2

x[expb, — (-1)"7*™ - exp(-b,)]/ 2, (9

e Ky jom = [0 = 2- K/ jEKEG = 2)0(] - k)

X (i —2k —m)!] - monmHOMEATBHBIN KO3 DHUIHEHT.
YunrpiBas dopmysbl  Jitaepa expb, =chb, +shb, u

exp(-b,) =chb, —shb, B kBagparmbix cxobxax (9) mpu

VCJIOBUH, YTO CyMMa WHIEKCOB I —2k—m - 4eTHOE YHCJIO

Wi Hyab, Tomydaem 2chby, B mnporusHOM ciydae -

2s5hb, . Buipaxenue (9) m03BOJISET paccUMTATh MOJIHbIIL

crektp orkauka HI (2) ma Bosaeiicteme (3). [laa atoro,
noacrasus Beipaskenus (7), (8) u (9) B (4), mocse cooTset-
CTBYIOIUX YIPOIICHUIT TTOTydaeM

w  [i/2] ]
Jpn =‘]S'{eXp(bdc)'ZA 'ZZ(_l)kx
i=0  j=0k=0

XM =2 )220 - KE(j — k)M 2K ]

_ (10)
x[U ,, - cos(@-t + )] 2K -1

YunrbiBas ¢opmysnt 1.320.5 u 1.320.7 [11] ansa yetHbIX
M HEYETHBIX CTeleHell KOCHHYCA,

Vy=U

m’

a TaKKe€ PpaBeHCTBO
ClipaBe/lyIMBOE [JId TapMOHHUYECKOTO CUTHaJa,

oJjgy4ya€eM COOTHOUICHUA, ONpeAC/IAIINE CIIEKTP OTKJMKa

H9 (2) na Bxoanoii curnan (3)
- JLUISI TIOCTOSTHHOI COCTaBJSAONIEH crieKTpa

‘]pnO:‘]S'(eXpbdc/bl'AO_l)- (1)

- 14 TapDMOHUYECKUX KOMIIOHEHT HEYETHOTO IOPAIKa

[i72] i
J pn(i+1) = ‘]S '{eXpbdc /bl : Ai+1 ' ZZ(_l)k X
j=0 k=0
X[ KL = 2- )M —k)L21 72K 2 ]
[i/2]-k
x{ Z(i—2k+1)!/[p!-(i—2k—p+1)!]><
p=0

wcost[i — 2- (k+ p) +1] - at}}, (12)

- AJId TapPMOHHUYECKUX KOMIIOHEHT YE€THOI'O IOpAAKa

li/2] j

Jongy =Js{expby /by - A - ZZ(—l)k X
j=0 k=0
XL LK = 2 )L — k)L2I72K 21 ]

i/2-k-1

x{ Z2-(i —2- K[ pH(i — 2-k— p)]x
p=0

xcos{[i—2:(k+ p)]- et} + B}, (13)
rae B = (i —2K)!/[(i /2—k)!]2 - Koa(duimenT, yynTbiBa-
IOMUI BJIMSHUE KOMIIOHEHT YETHOTO ITOPSKA HA BEJUYUHY
MTOCTOSTHHOM COCTABJIAIONIEN crieKTpa OTKJnKa HI.

[lnsa pazpaGotku Mozenu, 06JaJaonell peKyppeHTHbBIMI

CBOICTBAMHU, UCIIOJb3yeM COOTHOIIIEHNE, KOTOPOE CBSI3bIBAET
TPH TOCJeI0BaTeIbHBIX ToauHOMa Jlexxanapa [11]

PLa(Va)=(2:1+D-(+D 7'

XV B (V) =i (i +D) 7 Ry (V). (14)

[ moJydeHnsT peKyppeHTHOH MOJeJ paccMaTpuBae-
Moro HO 1ocTaTouHO ¥MMETh COOTHOINEHWE, CBS3bIBAlOIee
TPU TOCJIEIOBATENbHBIX KOI(UINEHTA ANPOKCHMAINN -
Ajvyy A; m Ay Toncrasuss (7), (8) B (14) u Bblaenss
KkoaddunenTsr A; U A; 4, TOCTE COOTBETCTBYIONINX YIIPO-
IIEHUH TOJyIaeM UCKOMOE BBIPAKEHUE

A=+ +D[A-i/(21-1)-A4+Cl, (15

rae  (16)
li/2] _
C=(2i+1-shb- Zi!/[j!-(i —2j)!-221]><
=0

i _ _
xZ[(i — 2k + D)L= 2 [KE( — k)M PR (16)
k=0
Ha ocnose IpeJIOJKEHHOTO aJroOpuTMa COrJlaCHO I10CTa-

HOBKe 3ajaun npuctynuM K xapakrepusannn HUTYH pna
TTOJTUTAPMOHUYECKOTO BXO/HOTO CUTHAJIA.
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C.II. T'yaun: AJTOPUTM MOJIEJIMPOBAHMA OIITO3JIEKTPOHHBIX KOMIIOHEHTHEJIMHENHBIX
MHEPIIMOHHBIX IIEIIEN B PEXKVMME BOJIBIIIOTO CUTHAJIA

N
U(t)=Ud0+ZUmi -cos(@; -t+ @) =U4 +
i=0

N
U+ Y Ui /2-xp(ja 1) +U 1 2-exp(= @ 1)),

i=0 A7)

rne U

mi> @W;¥ @; - COOTBETCTBEHHO, aMILIUTY/la, KPyroBasi

yacToTa M HavyajdbHasg asza i-To TapMOHWYECKOW KOMITO-
HEHTBI CHEKTPA;

Ui =U i -expg U -exp(-,), @, = @ = 0.

[To amasormm c npeAblAyInuM OCHOBHOI1 3a11a'{ei/'1 ABJIA-
€TCs alllIpOKCUMaliA SKCIIOHEHTBI

N
explb- Y Uy -cos(@; -t+¢,) /Uy ] =

i=0
b & . _ . _

=expl—— [Upi -exp( @) Ups -expjat)]}, )
2Un 13

rze i=]71,b=UN /(m-¢@7),Uy - HOpMa curnaja [U(t)-

Boipaskenune (18) - caoxnas nepuoanueckas pynkiusa N
nepementbix U, (¢) u npunamiesxut, Kak u (4), k knaccy
rosomopdubix  [3]. B BpeMs,
paccMarpuBaThbCsl Kak (DYHKIMS €[MHCTBEHHOU MepeMEeHHON
V, = [U(t)-Uu]/Uy. B sTOM ciiydae CHEKTp OTKJIMKA
HUTYH ma Bxomuoit curaan (17) MokeT GbITH IOJIydeH
nocsie ToACTaHOBKK ero B (4), BO3BeleHMS B CTElEHb
CyMMBI COCTABJISTIONINX u
COOTBETCTBYIONHUX MPe06pa3oBaHuil

TOXKeE OHa MOJKET

IKCITIOHEHIINAJIbHBIX

o [i12] j
Jon =Jsfexply DA D D (=D Ikt i - 2127 x
i=0  j=0k=0
-2k
KL =M FTT- D (= 2- k) mix
m=0
i—2k i—2k i—2ki—2k-mi-2k-m  i-2k-m
XD DD D2k
ql=0g2=0 @gN=0 r1=0 r2=0 rN=0

N
{[JIU% U112 -qglrg!}x
S=1

N
xexplj ) (ds —rs)ast] -1, (19)
=1
rae gg u rg - neabie yncaa (6o Hymu), Ha KOTOPbIE MPO-
MCXOQUT pasbWeHne TMoKas3aTesell CTENeHn, COOTBETCTBEHHO,
(i+2k) u (i+2k—m) na N uacreit. Coornomenue (19)
MO3BOJIIET PACCYUTATH BEJIUYMHY MOCTOSHHOW COCTaBJIS-
01I€eH, i-10 TADMOHUKY KaxkK/10il U3 COCTABJISIONIMX BXOAHOTO

NOJHMIADMOHUYECKOTO CHTHAJA W BeJWYUHY Ji060il U3
KOMOUHAIIMOHHBIX YaCTOT CIIEKTPa OTKJUKA. TOYHbIH pacuer
AMILINTY/] KaK/I0H M3 COCTABJIAIONMX CIIEKTPa paccMaTpu-
BaeMoro HO aBuisiercst npe/IMETOM OT/IEJIbHOI ITyOJIMKAIINY.

[lo cux mop paccmarpuBaiaca HUTYH p-n nepexona.
IKBUBAJEHTHAs cXeMa P-N Mepexo/a, KaKk U3BECTHO, CoJep-
SKUT Takke Muddy3noHHYIO Caud)' 1 6apbepHYIO Cgap' eM-

KOCTHU
Coup =77(Ipn +3s) = ydsexp{[U_(t) +Uo]/(mer)}, (20)

Cﬁap :C¢k'[1+u(t)/¢K]7}/v 21)

rae Y- xoaddunment, xapakTepusyIlonuil THII P-N1 HIepexo-
J1a; T- BpeMs KU3HU HEe OCHOBHBIX HOCHTEJICH; C(pk - eM-

KOCTb TIIpHU HalIpAKE€HUU, PaBHOM KOHTaKTHOM PA3HOCTU
IIOTEHI[MaJI0B (.pk.

[Moayunum BbipaskeHusi, anasnorndnbie (11-13) mas Ga-
pbepHoii eMkocTH. HopMupyst BXOAHOW CUTHAJ U BBITIOJIHSS
Heo6xoaumble TpeoGpazoBanus, mpeacrasum (20) B cie-
JyIOIIEM BUJIE:

Cﬁap =C¢k '[1+U(t)/(0K]_y =

=Cy [1+D-U,,-cos(w-t+¢)/U\]7, (22)
_ UdC - _ UN
e Cu = Cull ) P ey

O6Go6uiennntii psag @ypoe-Jlexxauapa aasg (24) umeer
BU/I

Céap = ZCI ’ I%(Vn)’ (23)
i=0

rae C; - xoaddrmment pasnoxenus ynxmmm [1+D V77,

ompeiesisieMbIil BbIpaskeHeM

oo

C =(2:i+1)-Cy- Y (-D?-(2-d+DN/(2-d)!Dx
d=0
d [i/2]

XD (D M- 2))427 %)
j=0 k=0

xkh(j —K)H(d +i—2-k+1)]. (24)

Ormyckast TpOMEXKyTOUYHbIE TIPeO6PA30BAHMS, AHAJOTHY-
Hble TeM, KoTopble Oblu npogesanbl aasg HUTYH, nosyya-
€M COOTHOLIEHMSI, OIIPe/E/ISIONNe CIIeKTp pasioxkenus (23)

- JIJISI YeTHBIX MH/IEKCOB,

i/2] j
Coap(y =Ci ~ZZJ:(—1)k Al jhx
j=0 k=0
xkL(i—2- )H(j—Kk)L2'2K+21 %
i/2-k-1
x{ 22‘(i—2-k)!/[p!-(i—2— p)!]x
p=0

xcos{[i —2- (k+ p)]- (@ t+ @)} + B;}- (25)
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- AJId HEeYETHbIX MHAEKCOB.

[i72] j
Coupiiry =Ci - D D (=D it jhx
j=0 k=0
x K@i —2- j)H(j — k)L2'72+ 21 %
i/2-k-1
x{ Y 2:(i—2k+D! [ ph(i — 2k — p+1)!]x
p=0

xcos{[i—2-(k+ p)+1 (@ t+¢)} . (26)

Boipaxkenue, onpezensioniee crektp psaga (23) s cur-

Hazna (17), npuHEMaer BU/

li/2

o 1 i -
Cop =226 3.3 (D)1 7K
i=0 j=0 k=0
il jr(i—2j)+22) K (j—K)
-2k
xU 2110 5 (-2 k) mix
m=0

i-2ki-2k  i-2ki-2k-mi-2k-m  i-2k-m
53030 31 T S g (N1
q1=0g2=0 gN=0 r1=0 r2=0 rN=0

N
{[JIUm U120 - qghrs!}x
S=1

N
xexplj- Y (qs —Ts) @s 1] -1 QN

AHaJIOrMyHOE COOTHOIEHHE MOJydyeHO U st nuddy-
3MOHHOU €MKOCTH OTKPBITOrO pP-I IIEPeX0/ia, COCTABJISIONIAs
1-TO TOPsiIKa KOTOPOii omnpenesnsieTcs (GopMyJaMu, I101006-
uoiMu (11-13) ¢ koadpduruertom sz(p = ytJ, u uckmo-

yeHHeM MOCTOSIHHON cocrasisomein B (10). Takum o6pa-
30M, y4YeT HEeJMHEWHBIX 3aBHCHUMOCTENl 711 6apbepHOil W
b dy3HOHHOI eMKOCTell TT03BOJISIeT MOJeJNpPOBaTh HHEp-
[HOHHBIE CBOWCTBA CBETO- M (DOTO- CTPYKTYP ONTOJIEKTPOH-
HBIX ITpeo6pas3oBaTeJeil.

[TpeaIoXKEHHDBIN AJTOPUTM MOKET OBITh PACIPOCTPAHEH U
Ha Jpyrue BUABI GYHKINI, KOTOpPblEe TIPHUMEHSIOTCS ST MO-
nenupoBanus xapakrepuctuk H3, ogaako nmoayuenne A; (B
PA/le CyYaeB) COMPSAKEHO € TPYAHOCTSME WHTETPUPOBAHUST
[11], xoTOpbIE HE SBISIOTCS HENPEOJOJIMBIMH.

B 3axuiouenue, nepexojs OT XapaKTepHU3aIlUl H30JIHPO-
BaHHBIX HEJMHEHHDBIX /[ByX- W YETBIPEXIIOJIOCHUKOB K Xapa-
krepusanun HO B coctaBe HUII kmacca Boabreppor-Ilnka-
pa U OIycCKas IPOMEKYyTOUHbIe BBIKJIAQJKN, IPUBE/IEM BbIpa-
sKeHme, onpesessonee crekTp otkanka HUTYH suga (2),
KOTOPBIN SIBJISIETCST HATPY3KOH HEJWHEHHOTO MHEPINMOHHOTO
BO36Y>KIAEMOTO
BXO/IHBIM CHUTHAJIOM GOJIBIIONH HOPMBbI

MHOT'OITIOJIIOCHUKA, IIOJIMTapMOHUYECKUM

-~

[i

In=Js{emy D A D > (D) x

. 2]
i=0 =0 k=0

i—2k
X[t —2j)r22 k() — k)M AT Z(i —2-K)!/ mix
m=0

i—2k i—2k i—2ki—2k—-mi-2k-m  i-2k-m
DIDIED DI IR N (e
q1=0g2=0 gN=0 r1=0 r2=0 rN=0

N
X{H[U m 'Urrnsi] /[Z(qws) “Qgtrgl}x
S

XH(fy,ee, fifor, T fyoees T
—_— | M ——
ql q2 aN
S LTl PRl PRI PRI RS PN N S
rl r2 rN

N
xexp[j- Y (ds —Ts)- o5 -1]-1, (28)

rae g, u g - nenpie uncaa (6o my/im), Ha KOTOPbIE IIPO-
UCXOAUT pa3bueHue ToKazaTeIell COOTBETCTBEHHO CTENeHN
(i—2k) m (i—2k—m) na N yacreit; 4; - koadpdumments:
o6o6uennoro psaga Dypoe-Jlesxanapa (5); H () - HII® no-
psaaka g; + r; anamusupyemoii HUIL, y koropoii g; - uncio

4acToT f; B34ATbIX CO 3HAKOM IIJIIOC, a I"l- - YUCJIO 4aCTOT i

B3ATbIX CO 3HAKOM MHUHYC.

YHCJEHHBIE PE3YJIbTATbI

IIpoBepka feiicTBEHHOCTHU TIPEJIAraeMOTo aJropuTMa Obl-
Jla TIPOBE/ICHA Ha IpPHMEpe aHa/n3a PEeKUMOB KOHBepTepa
TPEYTOIbHOTO HampsukeHust B cunycougaabHoe (KTC) ¢
npuMeHenneM Mozesun Bosictpona 30/[101A B ympasisiemom
UCTOYHMKE cTabuibHoro toka (puc. 1).

[lna mopenupoBanust tpansuctopoB T1 um T2 wucnosb3o-
Baslach pa3paboTaHHas PEKyPPEHTHAs MO/IeJb repeHoca 6u-

MOJIIPHOTO TpaH3ucTopa ¢ mapamerpamu: B = 10 - 40, Tkr =
3E-6mA, 13T = 71E-8mA, Ckb = 10 n®, Cso (0) = 20 nd,
TH =135 Hc, 15 = 3,7 OM, m@ T = 0,036 B. KTC ananmu3u-
po-BaJics TIpU HampsKeHun nurtanus En=+,/-5B, npu atom
TOK CBETO/INO/Ia BOJICTPOHA BapbupoBasics ot 0,8 mo 25 MA.

[pocTpancTBenHbiii  pembed 3aBucnmoctn Ky ()
(puc.2), momydeHHBI ¢ moMompblo mporpaMmbl MADC-II
[12] m momosnmuTebHO Pa3paGOTAHHBIX ITIpe- M IHOCTIPO-
I[eCCOPOB, MO3BOJINJI BBIABUTH 06JACTD MUHUMYMa JaHHOTO
KpUTEPHUS JIJIsl AMILTUTY/bl TPEYTOJIBHOTO HANPSIKEHUS, TTPU-
6JIM3UTEJBHO PABHON 2 T, YTO MOATBEPIKAAETCS Pe3yJbTa-
tTamu aKcrepumentTa [11].

IIpu atom BbIUTpHII 110 BpeMenu aHaauza pexxumo KTC
[IPU BapUAIUU aAMILIUTY/[bl BXOMHOTO HAIPSIKEHUs] B Mpe-
nenax 30-800 MB kosebancs B npegenax 3,5 - 6 % 3a cyer
HKOHOMHHM YHCJA OlepaIyii Ha srame (GopMUpOBAHUS MaTe-
matudyeckoii Mozesn KTC. Pacxoxjenue pesysbTaToB Ma-
IIMHHOTO ¥ HATYPHOTO 9KCIIEPHMEHTOB
peBbImano 4,2 %.

IIpU  3TOM He
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C.II. T'yaun: AJTOPUTM MOJIEJIMPOBAHMA OIITO3JIEKTPOHHBIX KOMIIOHEHTHEJIMHENHBIX
MHEPIIMOHHBIX IIEIIEN B PEXKVMME BOJIBIIIOTO CUTHAJIA

Pucynox 1 - Ynpowennas cxemmnas modeav KTC:
Usx (t) - ucmounux 6xo0H020 cuznara; Iem -
ynpasasemoill zenepamop cmabuibHoz0 MoxKd

BbIBO/ bl

IIpeasioskeH aJarOpUTM MOJEJINPOBAHUS  OINTOJIEKTPOH-
HBIX KOMIIOHEHTOB, A/AIITUPOBAHHBIN K AHAJUTHYECKUM H
MTEPAIMOHHBIM MeTOJaM aHaJu3a Iieneil kJacca Bosbrep-
poi-Ilukapa.
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Pucynox 2 - [Ipocmpancmeennviii peaveqh 3asucumocmu
Koeppuyuenma eapmonux om wacmomut - K, (F):

F= NAf, 20e Af =72,27 Iy

MaremaTtndeckassi opMa ONMUCAHUS MOJYIEHHBIX MOjie-
Jieil yIpolraeT polielypy Xapakrepusanun HO B TepMuHax
@OPB u npuronna Kak B peskKMMe Majoro, Tak U B peKnuMe
6ospiroro curHaga. OGecrieynBasi MUHIMAJIBHYIO ONIHOKY
arpoKCUMAIMK TIPH U3MEHEHUH CIIEKTPa M HOPMBI BO3/IEii-
CTBUSI, OHA TI03BOJISIET TOJYYUTb HEOOXOAMMDINH PE3yJbTaT
Jaxke B TeX CJaydasx, Koraa psa Teiijopa, COOTBETCTBY-

fomuilt pynkuun HI, okasbiBaercss MeJIEHHO CXOSIINMCH,
am60 pacxopsammmes. [IpefyoskeHHbIil aIropuT™ JI0ITyCKAEeT
o6o61enne xapakrepusanuun HO, mpencraBieHHoro Jo6oi
3aJJaHHOI (PYHKIIMEl, BO3SMOKHOCTb Pa3pabOTKU PEKYPPEHT-
HBIX MOjieJiell OJIyITPOBOIHNKOBBIX IIPUOOPOB M MHTEIPAJIb-
HBIX CXeM, 00eCITeunBaeT KOHTPOJb U €CTECTBEHHYIO KOp-
PEKIINIO BBIYUCJIUTENBHOTO IIpoliecca 0 Mepe poCTa HOPMbI
BO3/IeHiCTBUA U,/ UM HOMEPA UTEepaIiH.
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3anpononosano arzopumm Mo0eNI06AHH ONMOENEKMPOHHUX
KOMNOHEHMIB 6 PexUMi eAUK0z0 CuzHAly, adanmosanuti 0o
memodie ananizy Boavmeppu-Ilikapa. @opma onucy modenei
cnpowye  npouedypy xapaxmepusayii, MIHIMI3YE NOMUIKY
anpoxcumMayii npu 3mini cnexmpy, nopmu enausy i,/ abo nomepy
imepayii, smenwy€e 06UUCAI08ANIT GUMPAMU ANAAI3Y 06 €KMiE
danozo xaacy.

Algorithm of modeling opto-electronics components in
regime of large sig*nal, which adapted to methods of analysis
Volterra-Picar's is presented. The form of model discription
simplifies a procedure of characterizing, provided minimum
mistake of approximation for variable of specters or norms of
input signal and /or a number of iteration, decreases a compu-
tation time of analysis of object this class.
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PAJIIOEJIEKTPOHIKA TA TEJTEKOMYHIKAIIIT

YAK 621.372.852.001.11

B.H. Kpnuwyk, A.10. ®apacdoHoB, C.H. PomaHeHKO

HCCJIEAOBAHWE METO0B PEAJIU3ALHH
MUKPONOJIOCKOBLIX MUJIbTPOB HUHHHUX HACTOT

Hccnedyomes memodvt peanruzayuu u 803MOKHOCMU ONIMU-
MUBAUUU KOHCMPYKUUTE MUKPONOLOCKOBHIX (PULLMPOS HUKHUX
uacmom. IIpedcmasnen memod nosviuenus mMouHOCMu MoOeu
MUKPONOIOCKOB020 (PUNLMPA HUKHUX UACNOM U CROCOO YMeHb-
wenus pasmepos Guibmpd, 0CHOBAHHIU HA ONMUMUIAUUU KOH-
CMPYKUUU  UHOYKINUBHDLX NeMENMOs  purompd. Anarusupy-
emcesi 3A6UCUMOCING GHIXOOHBIX NAPAMEMPOs Guibmpd om usme-
HeHUll KOHCMPYKMUSHLIX PAIMEPOs  uivmpa npu onmumu-
sayuu. Ipusodamcs pe3yivbmamv. ONMUMUIAUUU MUKPONOJIOC-
K068020 PUILMPA HUKHUX UACTNOM.

BBEJIEHHE

IIpu nmpoussopctee CBU anmnaparypbl, Hapsay € yMeHb-
HIEHNEM Pa3MepOB KOHCTPYKIIMH, CTOUT IpobJeMa obecrieye-
HUSL TOYHOCTH KOHCTPYKTHBHBIX I1apaMeTPOB YCTPOICTB,
KOTOpasi TECHO CBS3aHA C TOYHOCTBIO U3TOTOBJIEHUS OT/EJIb-
HBIX 2JieMeHTOB ycTpoiictB CBY u 3aBHCUT OT TeXHOJIOTU-
YeCKUX OrpaHUYeHUl M CBOHCTB MCIOJb3yEeMbIX MaTe-
pHAaJIoB.

CoBepIIeHCTBOBAHNE TEXHOJOTHYECKUX MPOIECCOB U T0S-
BJIEHHE HOBBIX MATEPHAJIOB IPEIbSBJISIOT MOBbIIIECHHbIE
Tpe6OBaHUS K TOYHOCTH MaTeMaTHYeCKNX MojeJeil yc-
tpoiictB CBY, a TeHJeHInsS MUHUATIOPU3ALUY AlIapaTypbl
CBY paumamasona TpeGyer pa3paGOTKM HOBBIX IOAXO/0B K
KOHCTPYKTHBHOMY MCIIOJIHEHUIO €€ 3JIeMEHTOB.

B npannoit pa6orte paccMaTpuBAEeTCs METOJ TOBBIIEHUS
TOYHOCTH MOJIEJIN MUKPOIIOJIOCKOBOTO (PUJILTPA, TPOBOIUTCS
CPaBHUTe/bHBIH aHa/JM3 CYLIeCTBYIOIIUX  Mojeseil, U
HCCJEAYIOTCS BO3MOXKHOCTU — ONTUMU3AIMU  KOHCTPYKIMH
¢unbrpa.

Cy1ecTByIo1ye MeTobl pacuéra GUIbTPOB HUKHUX Yac-
tor (OHY) CBU auanasona He y4YUTHIBAIOT IIPU CHHTE3E
HEKOTOPbIE 3JIEMEHTbI CXEM 3aMelleHHs] Y4aCTKOB MHKPO-
[TOJIOCKOBBIX JIMHUI U HE MO3BOJIAIOT HE3aBUCUMO U3MEHSATD
B IIMPOKUX TIpe/ieJiaX KOHCTPYKTHUBHBIE IapaMeTpbl yuya-
CTKOB JIMHUIA.

Tak, meroguka pacyéra (pUJIbTPOB HIXKHUX YACTOT, OCHO-
BaHHas Ha UCIIOJIb30BAaHUU YEPEAYIONINXCS OTPE3KOB JIJIHH-
Hoit smuuu [1], comepskut HEOGOCHOBAHHDIE [OIYIIEHUS
npu y4ére MHIYKTHBHBIX CBOICTB YYaCTKOB MHKPOIIOJIOC-
KOBBIX JIMHUII, KOTOPbIE BBINOJHAIOT (PYHKIUU EMKOCTHDBIX
3JieMeHTOB. KpoMe TOro, TOYHOCTb HCIIOJIb3yeMOW MOJIEeJIH
OKa3bIBAETCS 3aBUCHMOI OT COOTHOILIEHHUS BOJIHOBBIX COIPO-
TUBJICHUH, a, CJIE/J0BATEJIbHO, ¥ Ie€OMETPUYECKUX Pa3MepOB
YYaCTKOB JIMHUI, BBINOJHAIOMMUX (YHKIUN EMKOCTHBIX U
WHYKTUBHBIX 3JIEMEHTOB.

B npyroit metoauke pacuéra u cunreda ¢puabrpos CBY,
OCHOBAHHOI Ha IPe/ICTaBJIEHNN EMKOCTHBIX 3JIeMEHTOB (u-
JbTPA  PAa30MKHYTBIMH  OTPE3KaMH  MHUKPOIIOJIOCKOBOTO
BOJTHOBO/A [2], He yuUTBIBAIOTCSI EMKOCTHBIE CBOIICTBA y4a-
CTKOB JIMHUH, KOTOPbIE BBIIOIHAIOT (DYHKIIMU WHAYKTUBHBIX

9JIEMEHTOB. JTO TPUBOAMT K CHIDKEHUIO TOYHOCTH MOJEJH
GuIbTPOB.

OrMeueHHbIe HEOCTATKN MoJeJiell 3HAYNTEJbHO CHIDKA-
10T BO3MOKHOCTH TOYHOTO pacyéTa HOMHHAJIbHBIX Pa3MepOB
¢urbTpa U, KaKk cjeCcTBUe, Ha3HAYEHUS] HAUOOJIBIIETO MOJIS
JIONyCKa Ha TapaMeTpbl (UIbTPa Ha JTale IPOEKTHPO-
BaHMUS.

[l ycTpaHeHHs YKa3aHHBIX HeJOCTAaTKOB B padore Ipe-
nuaraercss Mero] pacuéra MHY B MUKDOIIOJIOCKOBOM HCIIO-
JIHEHUH, KOTOPBIH YYHTBIBAET BCE DJIEMEHTBI CXeM 3aMellle-
HUSI yYaCTKOB (PIIIBTPA.

1 DPEQJIATAEMBIH METOJ PACYETA ®HY

B Ipeyrara€MomM MeETO/1€ KOJIUYECTBO YYaCTKOB (bl/IJIpra
1 X HOPMHPOBAHHBIEC ITPOBOANMOCTH gi OIIpEeNeJIAI0TCA 110

MeToznKe, KoTopas npusoautcs B [3] (puc. 1). CBssb Mex-
[y TlapaMeTpaMi pPeaKTHUBHBIX 2JIEMEHTOB U HOPMHPOBAH-
HBIMH TTapaMeTpaMi (UIbTPa-IIPOTOTHIIA UMEET BI:

82i-1

Z; (€))

822y = O Ly;; = 0.Cy_y,

rjae ®, = 27f, - KpyroBag TpPaHMYHad 4HacTOTa MOJIOCDI

IIPOITYy CKaHNd;

L ;u C ; - MHIYKTUBHOCTb U EMKOCTb;

ZO - BOJIHOBO€ COIIpOTUBJIEHUE JIMHUIT rnepegavn.

82 84 &n
e Y TY T\

ZO = £ Ig3 — &n-1 Zo

Pucynox 1 - Cxema dpurvmpa-npomomuna

le/l MHKpOHOHOCKOBOﬁ peann3anuun  CoCpeJOTOYECHHbIC
3JIEMEHTBI JIECTHUYHON CXEMBbI Cl)I/I]Ipra-HpOTOTI/IHa 3aMEHA-
I0TCA y4aCTKaMH MHUKPOIIOJIOCKOBOTO BOJIHOBOJA (pI/IC 2)
PaSOMKHyTbIe IIonepevYHbi€ yIaCTKH BbIIIOJHAIOT (byHK]_II/II/I
éMKOCTHBIX 3JIEMEHTOB C BXO/JIHBIM COIIPOTUBJICHUEM [4]

Zyi1 = Zy (g 1)(thyy, 41y, )7 <k, (2)

rje Zx Qi—1) | 121._1 - BOJIHOBOE COIIPOTUBJIEHHE W [IJTMHA

DA30MKHYTBIX Y4aCTKOB BOJIHOBOJIA;
Y = o+jB - koadduiment pacnpocTpaHeHus 3JE€KTPO-
MarHUTHBIX BOJIH;
O - Koa(pduImeHT 3aTyXaHUs;
B - dasosas nmocrosuHas;
A - AnWHA BOJHBI B MUKPOIIOJOCKOBOW JIMHU.
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Pucynox 2 - Scxus mokonecyueil yvacmu
Muxponosockoeozo GHY

WHAYKTUBHBIM 3JIEMEHTaM COOTBETCTBYIOT IIPOJIOJIbHBIE
YYaCTKH MHUKPOIIOJIOCKOBOTO (PUJIbTPA, B KayecTBE CXeM
3aMeIeHNsT KOTOPBbIX OObIMHO ucnosb3yorcs T- wmm II-
ob6pasnple cxembpl. Hawubosiee yao6HOW 11 peasu3aliiu
npejaraeMoro Mertozaa sisasercsi [I-o6pasHas cxema 3ame-
IIEHUs] 3THUX YYacTKOB. B aToM ciyyae moJsiHas cxema 3ame-
HIEHNs] MMKPOIOJIOCKOBOrO (pusibTpa npuobperaer BHI, KO-
Topoil npeacrasiaen Ha puc. 3. Conporussenus II-o6pas-
HBIX CX€M 3aMelleHUs IPOIOJbHBIX YYacTKOB (UIbTPA
OTIPE/IEIAIOTCST BhIpaxkeHusiMmu [4]:

Py = 7 yshitnday, 2%, = 2, (h?2220) 7 @)

2i x2i8M2itoir 279 = £, o, D '
C yuérom 3amMenbl saeMenToB uabrpa-nporotuna (1) Ha
anementsl (2), (3) cxeMm 3aMeleHUs] YIACTKOB MUKPOIIOJIO-
CKOBOH JIMHUM OIPEJENAIOTCS COIPOTUBJIEHUS IIPOAOIbHBIX

Zy;

; unonepeunbix Zy, Zy. 4, Z, y4acTkoB (puibTpa:

N Ao
1 thY2(1—1) 20i-1)

Lthyz;zz) . (6)
Zx 2i 2

[IpuBeséHHEbBIE COOTHONIEHUSI CIIPABE/MBBI /ST HEYETHO-
IO YHMc/Ia 3BEHbEB (PUIBTPA.

W3 coornomennii (1) u (4) - (6) onpexnenstiorcss xapa-
KTEPUCTUYECKUE COMPOTUBJIEHNST YYACTKOB MHUKPOIOJOCKO-
BbIX JUHMHA. IIpM 9TOM, € /b0 YIPOMIEHHs, MPENoJa-
raercs, 4o motepu B muHuAX orcyterByior (o0 = 0 ). TIpo-
JIOMBHBIM ~ YY9ACTKAM  COOTBETCTBYET —XapaKTEePUCTUYECKOE
COTIPOTUBJICHUE:

. u)C
Zy g = Zogl.(smv 121)’ ()
® 2i

rae Vg - (asoBast cKOpPOCTb pacIpOCTPAHEHHS 3JIEKTPO-

MArHUTHOHN BOJIHBI B JIMHUU.

XapaKkTepuCTUvIeCKne COMPOTUBIEHNST PA30MKHYTBIX yda-
CTKOB MUKPOIIOJOCKOBBIX JIHHUI, KOTOpPbIE MOIEIUPYIOT
€MKOCTHBIE 3JIEMEHTDI, ONPEESIIOTCS U3 COOTHOIEHU [S]:

. o/ -1 ol
AN Q{é—Ltg( ¢ 2)} fgetd )
Zo Zyog N\2Vg, Vg 1
82i-1 1 oly;_y)
2o = [t i)
x (2i-1) Zy  Zyoi—ty N2V (-1
1 (wclz,-) - ( T )
Z, Zitg 2Vg 2 } 8 2V 2i-1y @

dopmupoBanue MojeJell 3aBepliaercs olpe/eeHneM
HOMHUHAJbHBIX Pa3MEPOB YYACTKOB MHUKPOIIOJOCKOBBIX JIU-
HUIl 1 (Ha30BBIX CKOPOCTEll PACIPOCTPAHEHUS 3JIEKTPOMAr-

= - (2 hv, ] +L hy2_12 _1. HUTHBIX BOJIH.
Z1 - Zn “\z thy/y 7 t 2 ’ ) .
x 1 x 2 JUTMHBI y9ACTKOB ONPEE/SIIOTCS M3 YCIOBHSL:
L«
Zyi = Ly 28hYyily; )
pomimines e pimmes SR
i Zz 1 i Z 4 :
1 | 1 1 | H
i T i i . i
b 2o i i | Z4 ]
1 . 1 1 - i
| [Ji]* zilhillzead ] * 2 L) () es: 2
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PuCyHOK 3 - Cxema 3aAMeueHUsl MUKpPOno10CKko068020 ¢uﬂbmpa
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LHI/IpI/IHI)I yY4aCTKOB JTMHUI HaXoJATCA 110 M3BECTHbIM

XapaKTePUCTHYECKUM COIIPOTUBJEHUSIM YYaCTKOB, JH3Je-
KTPUYECKOH IIPOHHMIAEMOCTH MaTepuaja U  TOJIIUHE
MTOZLJIOKKN [6]:
8h
_— k<2, 1);
ek —2ek ( )
2(ky=1) 2In(2k;—1)
- +
b, = T T (10)
(e~ 1)(In(k;~ 1) +0, 203 - 2217)
+ <
vy (k<2 1).
0,12
e—1)(0, 226 + 1)
( ) . ) 60m2

§k1

kzé e+1, =
604 2 Ze

rae bi - IMUPpUHa y4aCTKa MHKpOHOJIOCKOBOﬁ JINHUW;

e+1

eEuh
HOIJIOKKH.

- AUDJIEKTPpUYECKAA IMMPOHUIAEMOCTb U TOJIIUHA

ITpu pacuére y4uTbIBaIOCDh, YTO:

11)

rie ¢ - CKOPOCTb PACHPOCTPAHEHUS 3JIEKTPOMArHUTHBIX
BOJIH B BaKyyMe;

€, - ahdexTBHAA JUAJIEKTPUYECKAS MTPOHUIAEMOCTD

y4UacTKa;
Z. -

ei XAPAKTEPUCTUYECKUE COIPOTUBJICHUA Y4YaCTKOB

MUKPOIIOJIOCKOBOW JIMHUY Tipu € = 1.

2 HCCJEQOBAHHE PA3JIHYHbIX METO4OB
PACYETA ®HJIBTPOB

CpaBHeHNe Pa3JMYHbIX METO/IOB pacyéra (UIbTPOB IIPO-
BOJUJIOCh HA OCHOBE MUKPOIIOJOCKOBOTO (DUJIBTPA HIDKHUX
YacTOT C YACTOTHOH XapaKTEPHCTUKOM MaKCHMAJIbHO IJIOC-
koro tuna (anmnpoxcuMaist BarrepBopra) U mapamerpamu:

- TPaHMYHas 4acToTa mosockl npormyckanus f=700 MT;

- saryxanue ag 2 30 1B na vacrore f =1150MI;

- BOJIHOBOE COTIPOTHBJIEHUE TTOJBOSIIIX MHKPOIOJOCKO-
BpIx smnnil nepegaun Zg = 50 Om.

ITUM TapaMeTpaM COOTBETCTBYET ~MHKPOMOJOCKOBBIi
DHY u3 7 yuactko. DUIbTp peaausyercss Ha IOIJIOKKE C
JIAJIEKTPUYECKON mponuiaeMocTbio € = 9,6 u tommuunoit
h = 1MM. B 3aBHCHMOCTH OT METOAWKH MPOEKTHPOBAHUS
ObLIM  ONpe/ieJIeHbl  HOMUHAJIbHBIE YYaCTKOB
duaprpa (tabn.1).

Pacuér 4acTOTHBIX XapaKTEPHCTUK (UJIBTPOB ITPOBOIMI-

pa3Mepbl

csl ¢ WCIOJIb30BaHueM makera mporpamm Microwave Office
(puc.4).

Anam3 rpaduKoB, NPUBEIEHHBIX HA PUC. 4, TTOKA3bIBa-
€T, YTO YAaCTOTHAsI XapaKTEePUCTHKA (UIbTPaA, pacCUNTAHHO-
ro IO TPEJJIOKEHHON BBINIE METOAWKE, Hambojee TOYHO
coBmajiaer ¢ xapakrepuctukoit LC-npororumna. Takum o6pa-
30M, NpEIJIOXKEHHAs MeToAWKa pacuéra nMeeT OGOJBIIYIO
TOYHOCTD, YeM aHAJOTMUHble MeToAukn u3 [1,2].

B Tta6ume 2 mpuBeleHbl 3HAYEHHWS YACTOTBI Cpe3a U
3aryxXaHus GUIbTPA HA YACTOTE 3aTPAKIEHU, MOJyIeHHbIe
[I0 M3BECTHBIM METOJHMKAM, C HOMOIIbI0 (POPMYJ M pacuéra
MOJIy9eHHBIX TOMOJIOTHH TIPM IIOMOIIM HporpaMMel Micro-
wave Office.

PesysbTaThl BBIUNCJEHUII, MpHUBEAEHHbIE B Tabimie 2,
[IOKa3bIBAIOT, YTO TIpeJJiaraeMasl MeTOANKA 06eCHednBaeT
6OJBIIYI0 TOYHOCTb PAcyéTa OCHOBHBIX IapaMeTpoB (DHJIb-
TPa TI0 CPABHEHUIO C CYIIECTBYIOIIMHI METOANKAMH.

Tab6auya 1 -Homunanvnvie pasmepot yuacmxos guivmpa

Yuact
Meroauka pacuéra | Pasz>_ ku 1 2 3 4 5 6 7
MepbI
Uepemytomuecst bi , MM 4,321 0,066 18,193 0,066 18,193 0,066 4,321
OTPE3KU JJIMHHON
JIMHUK li , MM 1,207 12,028 1,207 | 21,687 1,207 12,028 1,207
C ncrnonmb3oBannem bi , MM 1,846 0,113 1,495 0,057 1,495 0,113 1,846
PA30MKHYTBIX
YYACTKOB
MUKPOIIOJOCKOBOTO li , MM 4,040 17,771 | 16,486 | 26,829 | 16,486 | 17,771 4,040
BOJTHOBO/[A
TpennaraeMii bi’ MM 0,840 0,113 0,983 0,057 0,983 0,113 0,840
METO/ ll. , MM 4,257 17,771 | 16,911 | 26,829 | 16,911 | 17,771 4,257
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B.H. Kpuwyx, A.JO. @apagonos, C.H. Pomanenxo: NCCIEJOBAHUNE METOJOB PEAJIN3AIINU
MUKPOITIOJIOCKOBBIX ®UMJIBTPOB HMKHUNX YACTOT

10 ab
a /|
9
//
8 ;
N
5 7 A
4 — e
3 pd 4 e
2 -] 2 | "
== =
| 7 -+
L . - S f
O A

600 620 640 660 680 700 720 740 760 780 800 820 840 860 880 900 920 940 MI'

1 - LC-upororum; 2 -

depeayoluecs: OTPe3KH JJIMHHON JuHum; 3 -

C HCIIOJIb30BaHUEM PA3OMKHYTBIX

Y4aCTKOB MUKPOIIOJIOCKOBOTO BOJIHOBO/1A; 4 - npeaﬂaraeMbIﬁ METO/I.

Pucynox 4 - Yacmomnvie xapaxmepucmuxu Guivmpos ¢ 001dcmu 4acmomol cpesd

Ta6.auua 2- CpasHumeavHovle 0dHHbIE PACUEMOE

‘IapanmeTpbi 3aTtyxanue Ha
Yacrora qacToTe
cpesa 3arpaJeHust
fC,MI‘u f3:1150
Metoauka MTI a,, nb
LC-niporotun 700,00 30,188
Pacuér nipu nomoru 700,00 31,465
(hopmyn
Pacuér 1o m3BeCTHBIM METONKAM
Uepeaytonmecs 700,00 27,344
OTPE3KU JIJTUHHOM
JIMHIN
C 1CIoJb30BaHNEM
PA30OMKHYTBIX
YYaCTKOB 700,00 32,266
MUKPOITOJIOCKOBOTO
BOJIHOBO/IA
Pacuér B mporpamme Microwave Office
UYepenytomuecs
OTpe3KHU JJTMHHOI 914,26 10,855
JIMHIN
C mcmoJb30BaHNEM
PA3OMKHYTBIX
YUaCTKOB 651,00 35,624
MHUKPOIOJOCKOBOTO
BOJIHOBO/IA
[Tpenyaraembrit MeTO/ 709,98 30,35

3 CIIOCOb OIITUHMH3AILIHH KOHCTPYKIIHH
DPHJIBTPOB

[Tpemyaraercs cnoco6 yMmeHbllieHUs TaOApUTHBIX pa3Me-
poB ¢uiabTpa IyTEM M3MEHEHHS TOIOJIOTMU HMHIYKTUBHBIX
ajeMeHTOB uabTpa. Ilpezasaraercs, B 4acTHOCTH, OTPE3KH
MUKPOIIOJIOCKOBO# JIMHIH, BBINOJHSAONMNE (DYHKINN MH/YK-
TUBHDBIX 3JIEMEHTOB, IIPE/CTABJATD B BH/JE CTPYKTYP, IOKa-
3aHHBIX Ha pUC. J.

Pacuér mapameTpoB BU/OU3MEHEHHBIX YYacTKOB IIPOBO-
JUJICS C WCIOJIb30BaHMEM IakeTa mporpamm Microwave
Office.

B pesysbraTe aHasusa pasJUYHBIX KOHCTPYKIMI 3THUX
YYaCTKOB Oblja IOJIyuyeHa 3aBUCHMOCTb 4acTOTbI cpe3a ¢u-
JbTpa OT paccTostuust S (puc. 5) MeKAy y4acTKaMu CBsI3aH-
nbix Junuii (puc. 6).

Pucynox 5 - Hnoyxmuenovlii 31eMenm MUKpPOnoi0ck080z0
Gurvmpa

11 , 12 - JUINHA YYaCTKOB;

VV - HIUpUHA MI/IKPO]’[OJTOCKOBOIUT JIMHUN
S - paccrosiHEe MesK/ly MHKPOIIOJIOCKOBBIMH JIMHUSIMU;
R - paamyc usru6a.
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S/ A
h
34+
24
14
0 . . . . . >
700 720 740 760 780 800 /., MI'u

Pucymnox 6 - 3asucumocmv wacmomol cpesa urvmpa om
coomnowenus S,/ h

[Tapamerpsl puibTpa ¢ MHAYKTUBHBIMU 3JIEMEHTAMH, BbI-
MOJIHEHHBIMU B BH/E "3Ur3aroo0pasHbiX” y4acTKOB MHKPO-
nosockoBoit yatun (puc. 6) npu S/h = 2,89 coorser-
CTBYIOT TIapaMerpaM (UIbTpa € WHIAYKTHBHBIMH 3JIEeMEH-
TaMH, BBITOJHEHHBIME B BUJE TPSMOJMHEHHBIX YYaCTKOB
MHKPOIIOJI0CKOBON JyiHun (1abu. 3).

AHanM3 3aBUCHMOCTH YacTOTBI cpe3a (UJIbTPA OT pac-
croanus S (puc. 6) u napamerpos ¢unbrpos (rabi. 3)
CBUJETENBCTBYET O HEOOXOAMMOCTH BBITTOJHEHUS YCJIOBUS
S/h = 3 npu onruMusanuu KOHCTPYKImu (uabtpa. [Ipu
BBITTOJIHEHUH JIAHHOTO YCJOBHUS OTKJIOHEHHE YacTOTHOW
XapaKTepUCTuk GuiabTpa ¢ "3uraarooGpasHbiMu” ydact-
KaM# MUKDOIIOJOCKOBOI JInHUY He mipeBbimaer 1 % oT ero
aHaJora ¢ WHAYKTUBHOCTSIMH, BBIOJHEHHBIMU B BHJE Hps-
MOJIMHEHBIX OTPE3KOB MHKPOIOJOCKOBOH JMHUH. YMeHb-
mrenne mapamerpa S,/h Bemér K yBeJHYEHUIO 3JIEKTpOMAr-
HUTHOH CBSI3W MEXK/Iy TapasulelbHbIMH YYaCcTKaMU "3UT3aro-
0o6pa3Hoil” CTPYKTYPBI M, KaK CJEACTBHE, K IOBBINIEHIIO
JacTOTBI cpe3a (HUIbTpa.

B pesysbraTe MpoBeNEHHON ONTHMHU3AINH KOHCTPYKIHH
WHIYKTUBHBIX 2JIeMEHTOB (UJIbTPa ILIONA/Ib, 3aHUMAaeMast
TOKOHecyIell dYacTbio MukpomosockoBoro MHY, ymens-
mmaachk B 1,933 pasa.

Ta6.auua 3 - Tannvie pacuéma puarvmpos 6
npoepamme Microwave Office

[TapameTpnt 3aryxaHue Ha
Yacrora 4acrore
cpesa 3arpaxieHus
f., MI'y S, =1150 MT.
Bugpsr punsrpon a,, 1B
DuapTp
WHAYKTUBHOCTSIMH B BU/IC
MPSIMOJITHEHBIX 709.98 30.35
OTPE3KOB ’ ’
MHKPOITIO0JIOCKOBOI
JIMHUH
DunbTp
C MHLyKTUBHOCTSIMU
B BH/e "3WUr3aro-
A 710,25 30,40
006pa3HbIX" OTPE3KOB
MHKPOITIO0JIOCKOBOI
auanu (S /h= 2,89)

BbIBO/J bl

B pa6ore npezsiokeHa MeTOAMKA pacyéra reoMeTpuvec-
kux napamerpoB DHY, o6ramaromniasi TMOBBINIEHHOW TOY-
HOCTbio. Boinmosnnen pacuér cemusBenHoro MHY B mMuxpo-
TIOJIOCKOBOM HCIIOJIHEHUU U IIPOBEJEH CPAaBHUTEJbHBIN aHa-
Ju3 pasandHbIX MeToauk. Ilokasano, uto nmpejsaraemMast Me-
TOJAMKA O6GecreynBaeT HAMJIYYlIne XapaKTepUCTUKH (HHIIb-
Tpa 10 CPaBHEHUIO C CYIIECTBYIOUUMEI METOAUKAMU.

[Ipensoxken Takxe cnoco6 yMEHbIIECHHUS TLIONIA/M, 3aHU-
MaeMoii TonoJiorueil (puIbTpa, OCHOBAHHBIW Ha 3aMeHe Hpsi-
MoJinHelHbIX oTpe3koB MILJI, Mozpe upyIONUX UHAYKTUB-
HbIE 3JIEMEHTDBI, 3UT3aroo6pa3HbIMU CTPYKTypaMu. BbimoJ-
HeHa ONTHMHU3AIUsS NapaMeTpOB TaKUX CTPYKTYp U MOJyde-
Hbl OIPDAHMYEHUS HA TEOMETPUYECKUE XaPaKTePUCTUKU
3JIEMEHTOB.

Hampassienne pganbpHelmux wuccae0BaHUN CBSI3aHO C
U3y4YEeHUEM METO/MK NPOEKTHUPOBAHUS JPYIMX THUIOB (DUJIb-
TPOB U BbIPAGOTKE IPAKTUYECKUX PEKOMEHJAIMH [Isg MX
CUHTE3a M KOHCTPYKTUBHOW peasu3aluy Ha 6a3e COBpPEMEH-
HBIX TEXHOJOTHII.
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Jocnidxyomvcs Memoou peani3ayii i MOKAUBOCMT ONMUMI-
3auii KOHCMPYKYI MIKPOCMYXKKOBUX (DIAbMPIE HUKHIX YAC-
mom. 3anpononosano memod nidGuwenmns MOYHOCMi MoJei

MIKPOCMYKKOB020 DiNoMPA HUKHIX 4aACMOM i CNOCI6 3MEHULEeH-

s PO3MIpi6 (invmpa, AKull 3aCHOBAHO HA ONMUMI3AYLIT KOHCM-

pyKryii indyxmuenux enemenmise irompa. Ananrizyemvcs 3da-

AEKHICMb UXIONUX napamempie irompa 6i0 3min KOHCMPYK-

muenux po3mipie girempa npu onmunmizayii. Hadaomovcs

pe3yivmamu OnMuMi3ayii MIKPOCMYKKOB020 Dilvmpa HUKNHIX
wacmom.

The methods of realization and possibilities of optimization
of the microstrip low-pass filter constructions are investigated.
The method of increase in accuracy of the microstrip low-pass
filter model and the way of the filter sizes reduction based on
optimization of the filter construction inductive elements are
presented. The dependence of output filter parameters from
variations of the design sizes during optimization is analyzed.
The results of optimization of the microstrip low-pass filter are
listed.
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A.M. ITusa, 6.T. Condamos, A.Il. 3aresecxuii: OCOBEHHOCTU AJAIITAIIMN TTOJIAPU3AIIMIOHHBIX
DOUJIBTPOB ITPU OTPAHNUEHNNM BECOBbBIX KOSDODUIIMEHTOB

YAK 621.396.96

A.M. MNMunsa, 6.T. CoapaTos., A.ll. 3areBCcKUn

OCOBEHHOCTH ARANTALMW NONAPHU3ALHOHHLIX ®UNLTPOB
NMPH OTPAHUYEHHH BECOBLIX KOIMMULUEHTOB

ITpogeden anarusz sppexmusnocmu npumenenus aemoma-
MUUECKUX NONAPUSIAUUOHHDLY CENeKMOPOE C YUemOM 0zZpaHuUe-
HUs 6eC06blx K0a(ppuyuenmos. IToxazano, 4mo 6 pearvHvlx yc-
N0BUAX (PYHKUUOHUPOBANUS CeLeKMOpa Cywecmeyem 06.1dcmoy
63AUMHBLY  NOLAPUSAUUOHHBLY 0A3UCO8, NPU KOMOPBLY 0CAAO-
aenue nomex cywecmeenno yxyowaemcs. Ilpusedenvt pesynv-
mamut pacuemos.

BBEJEHHE

AJlanTUBHDBIE TIOJIIPU3AIMOHHDBIE (DUIBTPBI, HapsSAy C
NIPOCTPAHCTBEHHBIMU, UCIIOJIb3YIOTCS JIJIs1 OBBIIIEHUS TTI0Me-
Iloren-

nuaJabHbI€ BO3MOXHOCTHU nonapmaunonﬁoﬁ CeJIeKIuu o1ipe-

XO3alUIIEHHOCTN  PAUOJOKAIITUOHHBIX  CUCTEM.

JIEJISTIOTCST CTETIeHbIO MOJISIpU3aliy BHelHero 1moJist [1]

m= =, (1

rne [, 1

,» 1, - MHTEHCUBHOCTDb MOJIAPU30BAHHOIO KOMIIOHEHTA
1 0611asi MHTEHCUBHOCTD MOJIS.

OG6bIuHO, B KavecTBe 3JeMEHTA aJalTalluu MOJSIPU3a-
UOHHBIX GuabTpoB (cM.puc.1) UCHOAB3YIOT ABTOKOMIIECH-
catopbl nomex [1], BecoBble K03(HUIMEHTBI KOTOPBIX MO-
TYT BBIYUCJATBCS KaK II0 METOJy IIPSIMOTO CYeTa, TaK U C
UCIIOJIb30BAHUEM KOPPEJSAIUOHHON o6paTHOil cBsizu [2].
O/1HAaKO, HUCIIOJIb30BaHUE KOPPEJISIUMOHHBIX CBS3€il MEXIy
ITIOMEXOBBIMU CUTHAJIAMHU B OPTOTOHAJIBHBIX MO [TOJISIPU3AIIH
KaHasIaX, BMECTO CTeleHM IIOJISIPU3AlUN 7, HaKJA/bIBAeT
6oJiee JKECTKUE OTPAHMYEHUS HA KAueCTBEHHbIC MOKA3aTesIH
MOJITPU3AIMOHHDIX CEJIEKTOPOB. AHAJIN3 3TUX OTPAHUYEHUI
U UX KOJMYeCTBEHHasl OIlEHKa BBINOJHEHBI B pabore [3].
[lanbHeiinye uccaefoBaHUSA IOKAas3ald, 4YTO B PpeaJbHBIX
ycJIoBUSX (DYHKIIMOHUPOBAHNUSI HA KauyeCTBEHHbIE TIOKa3aTe-
JIN QJJANITUBHBIX TI0JISIPU3AIMOHHBIX CEJIEKTOPOB 3HAUUTEJIb-
HOE BJIMSTHME OKa3bIBaeT OrPaHUYEeHUE BECOBBIX K03 duiiu-
€HTOB aBTOKOMIIEHCATOPA. B ¢BSA3M ¢ aTUM, aHA/IN3 M KOJIU-
YyecTBeHHas olleHKa 3(P(EKTUBHOCTH AJAIITUBHBIX MOJISIPU3a-
IIMOHHBIX CEJIEKTOPOB C YYeTOM OIPAHWYEHHiIl BECOBBIX
K03(pDUIMEHTOB ABJISAETCA aKTyaJ bHOH 3a/1a4eil.

ITOCTAHOBKA 3A0AYH

[Tpu BozzeiicTBUN cTallMOHAPHON IOJISPU30BAHHOII 1TOMe-
XU U yCTAaHOBUBIIEMCS 3HAYEHNU KBAJPATYPHBIX COCTaBJIAIO-

muX BecoBoro koadpduiuenta W u W, nucnepcus cym-
MapHOTO TTIOMEXOBOTO HAINPSIKEHUSI Ha BBIXOJ/IE a/IallTUBHOTO

¢urbTpa, B COOTBETCTBHNU ¢ puc.l, MOXKET ObITh OIpeeIeHa
KakK

2 2
oy = M(X>2:) =0, + W26§ +Wic2+ 2)
+ 20006(Wp +Wip,),

2 = 2 2 = 2
rie 65 = M(X7), 65 = M(X3) - nucniepcusi oMexoBoro
CHUTHAJIa B OCHOBHOM U BCIIOMOTIaTeJbHOM KaHaJaX IpUeMa,

(X1X5) (X1X5))
COOTBETCTBEHHO; P = M———, p| = M———— - kBa-
c O [e3N¢)
0 8 0 g
JIpaTypHble COCTABJISAIONINE HOPMUPOBAHHOTO KoadduImeH-

Ta KOPppeadAnun 1moMexoBOoro CuriaJja B KaHa/laX CEJIEKTOpa.

Ay
OCHOBHOH
KaHan
TIpHeMa

A 5 | Beromaratensrbii
KaHan
npHema

Pucynox 1 - Cmpyxmypnas cxema adanmuenozo
NOASAPUIAUUOHN020 PULLbMPa

Boipaskenne (2) gocturaer MUHUMYMa [PH BBITOJHEHUH
CJICIYIOIIUX YCJIOBUIL:

2
doy" 5 _
A 2Wo; +2po,0, = 0,
2 3
doy" )
W = 2W,6;+2p, 6,0, = 0.
Pemenne ypasuenns (3) pmaer caepymomme 3HAYECHUS
OIITUMaJIbHbIX BECOBbBIX KO3¢)C1)I/IL[I/I€HTOBI
c
W= —p=,
06
(4)
c
w, = —p =.
L Pig
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V3 ypasuenuii (4) ciaemyer, uto BecoBble Ko3(hduim-
€HTbI MOJIIPU3AIMOHHOTO CeJeKTOpa B 06JIACTH CUJIBHOKOP-
PEJIMPOBAHHBIX TIOMEXOBBIX CHTHAJIOB OIIPE/EJISIOTCS OTHO-
IeHneM WX CPeJHEKBAPATHYECKNX 3HAYeHWH B KaHAJIaX.
JMHAMUYeCKUIl [UATTa30H M3MEHEHMs] OTHOIIEHUS] MOIIHO-
cTeil IOMeXW B KaHAJAX IpUeMa, B 3aBUCUMOCTU OT CTENEHU
PACCOTJIACOBAHUST  TIOJISIPU3AIIOHHBIX 6Aa3WCOB  BHEITHETO
HOJIST ¥ TIOJISIPU3AIINY TIPUEMHOI aHTeHHbI, BecbMa GOJIBITION.
TakuM ke sBJisieTCsS TpeOyeMblil AMHAMHUYECKHUN IUANa3oH
opmupyembix BecoBbix koaddunuentoB. Tak, B coorser-
crBun ¢ (4), B ciydae TONEPEMEHHOTO HYJIEBOTO MpUEMa 1o
OJTHOMY U3 OPTOB KOMILJIEKCHOTO TIpreMHoro Gasuca (Makcu-
MaJIbHO PaccoryacoBaubiil 6asuc [4]) TpeGyemblie koaddu-
[IEHTbI Tepefaull BCHOMOTATeJIbHOTO KaHaJa COCTABJISIOT
HyJib © 6ecKOHeUHOCTb. OMHAKO, MPH MPAKTUYECKOI peasn-
3aIUH CXEeM TOJISIPU3AINOHHBIX CEJIEKTOPOB, KBAJPATypHbIE
COCTaBJIAIONINE KOMILIEKCHOTO KoadduimenTa mnepemayn
BCIIOMOTaTeIbHOTO KaHaJa JOCTUTAIOT HEKOTOPOil KOHEYHOI
BEJIMYUHBI P, T.€. BCEra OTPAHNYEHBI

W<p,W <p, . )

Orpannvenne BeCOBbIX K03(M@UIMEHTOB, B 3aBUCUMOCTI
OT KOHKPETHOH peau3anuu QUIbTpa, 00yCIOBJIEHO PSIIOM
npuuuH. Tak, HampuMmep, IIpU AHAJOTOBOW peau3aliu
MOJIAPU3AIMOHHOTO (UIbTPA /AMANA30H OIPAHUYEH HeJu-
HEITHOCTBIO YMHOXKAIOUIMX CXeM, a NpHu 1udpoBoii - pasps-
HOI ceTKolf BbrumcsuTess. IloaToMy HEOOXOAMMO YCTaHO-
BUTH aHAJUTHYECKYIO CBSI3b MeXAy a(PdeKTUBHOCTBIO pabdo-
TBI MOJISIPU3AIMOHHOTO CEJIEKTOPA M CTENEHbIO OTPaHUYeHNUs
€T0 BEeCOBBIX KOI(DPUIINEHTOB.

AJITOPHTM PEIHNIEHHA

2 "
Z[I/ICHepCI/IH BbIXO/THOI'O HAITPpSAKEHUA O'Z B JIMHEMHOM

peskuMe paGoThl IMOJISPU3AIMOHHOTO (PHUIBTPA, B COOTBET-
cTBUM ¢ BbIpakeHWeM (2), sIBJsIeTCA KBaJpaTUIHON (yHK-
nueil BecoBbIX KoaddumuenToB. CiemoBaresbHO, MOBEPX-

2
HOCTDb, HOJIydaeMasd IPpU BblY€PUUBAHUN 3aBUCHUMOCTH GZ

oT BecoBbix Koa(pduimentos W u W, , umeer BbIIYKIYIO

dopmy [5]. 3 BeimyKIOCTH 0'% (W, W) cnenyer, uro pe-

menue ypasuenus (2) Npu KOHEYHBIX 3HAUYEHUAX K0a(hdu-
IIMEHTA TIepeJauyd  BCIOMOTAaTelbHOTO KaHAMA  SABJIAETCS
YCTOHYUBBIM, a KO3(D(UIMEHT TOAABIEHUS HOJISAPUALUOH-

HOT'O OlIpe/IeIAE€TCA BbIpaKE€HUEM

o2 02
K, =10 1g=2= = —10 1g(1-1p|%).
Oy

(6)

[loceiHee HEMOCPEACTBEHHO CIEAyeT TOCTe TOCTaHOB-
KM 3Ha4eHNH BecoBbIX Koadduumentos (4) B ypaBHenue
(2). OrHOmeHWe AMCHEPCHU TIOMEXOBOTO CHUTHaja, JAedcT-

BYIOLIETO B OCHOBHOM KaHase IIpHeMa, Gg K OCTaTOYHOM

2
Jucrepcun GZ , ABJAETCA OAHUM K3 OCHOBHDBIX ITapaMe€T-

POB ceJieKTOpa M XapakTepusyeT 3(h@eKTUBHOCTb €ro Ipu-
MeHEHHS.

MosxHO IIOKa3aTb, 4YTO IpU KOHEYHOM 3HAYECHUU MO/YJIA

Koa(uINeHTa YCUIEeHUsT BCIIOMOTraTeJbHOTO KaHasa |W|,

BbIpakeHue 1 koaduuuenTa noJaBIeHus IOMeXU UMeeT
BUL

11+120, . (523
K, = —10 1g| 1 —2[M]p| (—5-+]W1-2— : )

o O o

B ciyuae, xorga TpefyeMble, MCXO[AS M3 YCJOBUSI KOM-
TeHCAllNN, 3HAYeHUs BecoBbIX Koaddurmentos W u W
He TIIPEeBBIAIOT YPOBEeHb OrpanndeHuss p, t.e. W<p,
W, <p,, (7) upuBogurca k soipaxkenmio (6). JleiicTsu-

TEJIbHO, €CJIM BbINOMHAIOTCA ycaouss (4), TO BbIpaXkeHue
(7) MokHO MPeo6pas3oBaTh K BUY:

2 9 263 2) 2 Gg
K, =—101g|1-2|p|" /w SO+ =5 | =

0 0

2

2 (¢)
+(p2+p)=5| =

60

2
~10 1g(1 -2[p|").

C 1esblo y4yera BO3MOXKHBIX OIDAHUYEHWH IIPEICTaBUM

MOyJib KO3 PUIMEeHTa Mepejayn BCIIOMOTATEeIbHOTO KaHa-
JIa CJIe/Iy oM 06pa3oM:

/0
M = 1ol(Ze) ®)
P (o}
o p
06
rae (_) - OTHOUIIEHUE CpEeAHCKBaApPaTUYCCKUX 3Ha‘IeHI/HL/'I

o' p
MOMEXOBBIX CUTHAJIOB MPUEMHBIX KAHAJOB, TEPECUUTAHHOE €
yueToM peasbHO (opmMupyemoro kKoadduimenra mnepepayn
BCIIOMOTaTENbHOr0 KaHaJja Ipu orpannueHusax (5).
Vpasuenue (7), ¢ yuerom Boipaxkenus (8), MOxKeT ObITh

3allucaHo:
2/0 (&) 2 62 ()'2
r, =-tongl1-2l(Z) ()« 3] | 5] | =
¢p o9 G4 P P!
.21 .21
= —101g1-2]p| = +[p5 |, 9
o
2
66
rae —2 - ﬂeﬁCTBYIOHlee B KaHaJlaX OTHOLIE€HHE Cpe/iHe-
(0)
)

KBa/I[paTUYECKUX 3HAYEHUU IIoMexu, a 1nmapaMeTp
- (%) (%

Yo = c / c

6 p o

[Monyuennoe Beipaxkerne (9) MO3BOJIAET YUUTHIBATH -

. (10)
d

¢exTbl OrpaHNUYeHUsT BECOBBIX KO3(M@UIMEHTOB Yepe3 Tmapa-
metp Y, . llpudem, B smHeiiHOM pexume paboThI CeJIEKTOPA,
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A.M. ITusa, 6.T. Condamos, A.Il. 3aresecxuii: OCOBEHHOCTU AJAIITAIIMN TTOJIAPU3AIIMIOHHBIX
DOUJIBTPOB ITPU OTPAHNUEHNNM BECOBbBIX KOSDODUIIMEHTOB

G0 66’
Korja (-—) = (—) s Y, =1 n BbIpaxenue (9) cosnamaer
(¢ Go P

C U3BeCTHDBIM BhIpakenueM (6).

PE3YJIBTATbBI PACYETOB

ITo Boipaskennio (9) ObLIM BBHIIOJHEHBI PacyeTbl Koad-
¢ureHTa NOJABJIEHUS Kn B 3aBHUCUMOCTH OT OTHO-

CUTEJbHONH MHTEHCUBHOCTU IIOMEX B KaHAJIaX II0JsIpH3a-
IIIOHHOTO CeJIeKTopa, KOTopasl, B CBOIO OYepelb, OIpeeIs-
€TCs CTENEeHbI0 PACCOrIACOBAHMS B3aUMHOTO TOJISIPU3AINOH-
Horo Gasmca. Pacuer BBINOJIHEH /S OTHOIIEHHS TOMeXa,/
myM B TpueMHBbIX Kanasax pasHoM 30, 40 u 50 aB (upwu
COTJTacOBaHHOM ~ Gasuce). 3aBUCHMOCTH  TPEICTABJIEHBI,
COOTBETCTBEHHO, KpuBbiMH 1, 2 u 3 Ha puc.2. Pacuer BbI-
NOJHEH 10 BbIpakenuio (9), mpudyeM pacder JEBbIX BETBEH

BBIIIOJIHEH 11pU Y, =1, a pacuer HPaBbIX BETBEil BBIIOJIHEH

(6}
upu Y, , onpesensgemMom spipaxernem (10) npu (6—0) =1.
6 p

Kn: nb

/5], nb

-30 -20 -10 0 10 20 30

Pucynox 2 - 3asucumocmv Kosgppuyuenma noodasenus
adanmuenozo gurvmpa om OMHOCUMENLHOU
UHMEHCUBHOCTRU NOMEXU 8 KAHALAX C YUeTOM
ozpanuienus 6ecos

W3 puc.2 criemyer, 4TO TIPU OrPAHUYEHUH BECOBBIX
ko3 dunnentoB apPEeKTUBHOCTD aJANTHBHOTO II0JISIPH3a-
IIHOHHOTO (PUJIBTPA CYIIECTBEHHO CHIKaercs. [Ipu atoM, 1mo
Mepe YBeJMYeHUsT PACCOTIACOBAHMS MOJSIPU3AIUU TPUEM-
HOW aHTEHHBI Pa/IMOJIOKATOPA C TOJISIPU3AIMOHHBIMU T1apa-
METpaMu MOJis TIOMeX0BOro curiasia (110 Mepe yBeuyeHust
S
66
aJIalITUBHOTO (PUJIbTPA 3HAUUTEJNBHO BO3pacTaer. ITO MOJ-

OTHONLIEHHUA ) OCTaTO4YHadA JUCHEPCUA IOMEXU Ha BbIXO/IE

TBEP>K/IACTCS Pe3yJbTaTaMM pacueTa 3aBUCHUMOCTH OCTATOY-
HOIi, HOpDMHPOBAHHOI MO COOGCTBEHHBIM IIIyMaM, JAUCIEPCHH
Ha BBIXOJIE aJANTHUBHOTO (DUIbTPA, NPUBEJEHHBIMU HA
puc.3. Ilpm atom kpuBble 1 W 2 XapakTepH3yIOT CJydai,

KOrla HOpMUPOBAHHAaA JUCIIEPCUA IIOMEXU B KaHaJlaX IIpue-

(¢}
Ma TIpH COTJIACOBaHHOM Gasuce (6‘2)=0 nb, coorBercTBeH-
6

Ho, pasua 30 u 40 ab.

o/, nb

2

40
1

30 -

20

10

- o;/c; , b
230 -20  -10 0 10 20 30

Pucynox 3 - 3asucumocmo 0cmamounol HOpMUPOEAHHOU
ducnepcuu na évixode adanmuenozo guivmpa om
OMHOCUMENbHOU UHMEHCUGHOCTNU NOMEeXU 6 KANALAX C
YUemoM 0ZpanuteHus 6eco8bix K03 duyuenmos

BbIBO/ bl

ITosmyyeHo aHanUTHYECKOE BBIPA’KEHHE, KOTOPOE I03BO-
JiseT oueHuTb 3(PGEeKTUBHOCTD aJAlTUBHOIO HOJISIPU3AIIUOH-
HOTO CEJIEKTOpA C y4YeTOM OTpaHMYeHUs BeCcOBBIX K0ahdu-
LUEHTOB IIPH IIPOM3BOJIbHBIX IapaMeTpax nomex. Pesyibra-
Tbl PACueTOB JAJU OCHOBaHME CUUTATh, UYTO [ajbHeiiliee
noBbliieHe 3(MEGEKTUBHOCTH TOJISPU3AIMOHHON CeJIeKITNN
[IOJIE3HBIX CHTHAJIOB Ha (poHe 1oMeX MoxKeT ObIThb obecrie-
YeHO IIyTeM OllepaTUBHON aJalTUBHOIN MO/ICTPOUKU IOJISIPU-
3aI[UU TIPUEMHON aHTEHHBI PaanoJoKaTopa B 6asuc, 6Jm3-
KU K COTJIaCOBAaHHOMY.
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Hpoeeaeuo ananris eqbexmueuocmi 3acmocyeanns aemoma-

MUYHUX NOAPUAUTUNUX CELCKMOPIB 3 PAXYSANNUAM 00MeKeH-

ns eazoeux xoepiyucnumis. Ilokazano, wo 6 pearbHux ymoeax

Gynxuionyeanns cerexmopa icHye 061acCMb G3AEMHUX NOASIPU-

3auitinux 6a3ucig, npu AKUX 0CAAbLeHHs 348A0 CYMMeso Nozip-
wyemvcs. Hagedeni pesyivmamu po3paxynxis.

In the article the analysis of efficiency application auto-
matic polarization selectors, taking into account of limitation
weight coefficients. It is show that in the real condition func-
tional of celektor there is area of reciprocal polarization bases,
in which weaken one's noise thet makes its worse. The results
of account is quoting.
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PAJIIOEJIEKTPOHIKA TA TEJTEKOMYHIKAIIIT

YAK 621.391.828

H.M. YepHobopoaoBa, M.I. YepHobopoaoB

MOAENHPOBAHHE UH®POBOH CUCTEMbI KOMMEHCALMH
HECHHXPOHHBIX HMNYJIbCHLIX NMOMEX

Memodomn mamemamuueckozo MOOeAUPOSAHUS NPOAHANUIU-
posan anzopumm ob6pabomxu paduoao-KayuonHou ungopmayuu,
nocmynawwetl Ha  6x00  Kozepenmuo-umnyivcroiu  PJC,
KOMOPbLIl N0360.15€Mm NPOUISECU O0HAPYKeHUue U KOMNEeHCAUUIO
Hecunxpounoil. umnyavcrnon nomexu (HHII) no pesyivmaman
anaiusza dannoix 00nozo (ocnoenozo) xananra npuema PJIC ¢
odnom anemenme paspewenus no OJaavnocmu. Iloxasana
svicoKas appexmusnocmov YuGpPosol cucmemvl. KOMNEHCAUUU
HHUII, pearusoseannoi na smom aizopumme.

BBEJIEHHE

CoBpeMeHHble  paanosiokaionnbie  cranun  (PJIC)
IpefHA3HAUEHBl /I pPeIleHnsT 3aady OOHAPY)KEeHWs CHT-
HAJIOB OT TIleJiell TpH  BO3/EHCTBUU €CTECTBEHHBIX W
MCKYCCTBEHHBIX NOMeX. VIMIyJIbCHbIE TTOMEXHU MPOU3BOJIST-
csl caMbIMH Pa3HOOOPA3HBIMU MCTOYHHKAMH U MOTYT MMETb
Kak ectecTBeHHOe (Hampumep, MOJHWHM), TaK U UCKYCCTBEH-
HOe mpoucxoskaenne (HanpuMmep, 30HAMPYIONUH CUTHAJ
apyroii PJIC). IlosroMy 3alura OT MMIIYJIbCHBIX IIOMEX -
BAXKHBIII 9JIEMEHT KOMILJIEKCHOW ITOMEXO3AlUIIEHHOCTH
PJIC.

ITOCTAHOBKA 3AJAYH

Anroput™M (DYHKIIMOHUPOBAHUS TIEPCIIEKTUBHON 1 po-
Boii cuctembl komneHcanun (IICK) HECHHXPOHHBIX MMITYJIib-
cupix nomex (HWMII) Ha ocHOBe aHaiM3a BPEMEHHDIX,
SHEPreTUYeCKUX U CIeKTpaJbHbIX Xapaktepuctuk HUII,
BO3/IEHCTBYIOIUX Ha KorepeHTHO-uUMIy/bcHylo PJIC, 1o
pesysabTataM 06pabGOTKH PAJANOJOKAIMOHHON uHGOpMAIUI
Tobko oxHoro (ocHoBHOro) Kawanma npuema PJIC u B
OJIHOM 3JIEMEHTe paspelleHus o gajbHoctu (auckpere)
nopo6ro ussoken B [1]. Ho B [1] He mpousBeseHa omeHKa
adextuBHocTn anroputma komnencaruu HUIL. B gannoii
CTaTbe METO/IOM MaTeMaTHMYECKOrO MO/IeJIMPOBAHUS WJLIIO-
cTpupyercs paboTa ajaroputMa M IIPOU3BOJMTCS OIEHKA
3 PeKTUBHOCTH ONMCAHHOI CUCTEMBI.

CTPYKTYpPHO, QJTOPUTM KOMIIEHCAIIMM OJMHOYHOH HM-
IyJIbCHOI IIOMeXH, JIeXXallluili B OCHOBe paccMaTpuBaeMoil
ICK HUII, moxer 6ObIThb peasn3oBaH KaK BO BPEMEHHOI
o6J1acTH, Tak U B yacToTHOM [1].

YcrpolicTBa KOMIIEHCAIMM, OCHOBAHHBbIE HA peau3alnu
aJrOpUTMa BO BPEMEHHON 006JIACTH, MOTYT NPHUMEHSITbCS B
JIOObIX  IU(MPOBBIX  CHUCTEMaX IepBUYHOH  06paGOTKH
(IICTIO) PJIC 6e3 orpaHuyeHuil, T.K. B 9TOM CJIy4ae CTpPy-
KTypa BXOJIHOTO CUTHAJa He Oy/eT M3MeHeHa YCTPOHCTBOM
KOMIIEHCAIINM WUMITYJIbCHOW IIOMEXHU. Y CTPOWCTBA KOMIIEH-
calli, OCHOBAHHDIE HAa PEATH3AIMH AJTOPUTMA B YACTOTHOM
06J1acTH, MOTYT IIPUMEHATHCS TOJBKO B T€X CHCTeMax o6pa-

6OTKH, B KOTOPBIX BBITIOJTHSIETCSI CIIEKTPAJIbHbII aHAJIN3 Ha
ocHoBe TIpeo6pasoBanus Dypbe, TMOCKOJIBKY B 9TOM cJydae
CTPYKTypa BXO/HOTO CHUTHAJIA YCTPOWCTBOM KOMIEHCAI[NH
UMITYJIbCHOH TIOMEXN M3MEHSIeTCs TTOJTHOCTBIO.

AJITOPHTM PABOTBHI IICK

BemenctBue  GoJiblliell  YHUBEPCATBHOCTH, PacCMOTPUM
crpykrypuyio cxemy IICK HMUII, ocroBamnyio Ha peann-
3allMU aJTOpPUTMa BO BpeMeHHoM obaactu [1] (cm. puc. 1).

Ha BXozx ycTpoiicTBa HOCTYIIAIOT KBaJpaTypHbIE COCTaB-

astiorine S(/) , COOTBETCTBYIOIIME JAHHBIM OJIHON YaCTOTHOIL

MIAYKU TIPUHATON PAJUOJOKAIMOHHON wuH@opManuu. 3ITa
BxoaHas WHGOPMAIUS 337€PKUBAETCS JHHUEH 3a1ePiKKH
O3Y Ha Bpems, HEOOXOAMMOE /I NIPOBEIEHUST KOMIIEHCA-
UM BO3MOYKHO TIPHCYTCTBYIOIIEH HECUHXPOHHON HUMITYJIbC-
Hoil moMexu. (OJIHOBPEMEHHO, 3TH K€ KBaJpaTypHbIe
COCTABJISIIONIIE TIOCTYMAIOT HA BXOJ TIEPBOTO YCTPOWCTBA

BBIYUCJICHUS TUCKPETHOrO npeobpasosanus Dypoe (JI1D)

[T HOJMyd4eHHs — CIeKTpa BXoJAHOro curHama. Jlus
olpe/ieJieHUs] MOMEHTa IIOCTYILJIEHHS Ha BXOJ IIPUEMHOM
antennol  PJIC  uMmmyJsbcHOIl  1mOMexu — CHEKTPaJibHbIE

COCTABJISAIONINE TIOCTYIIAIOT Ha BXOJ| BTOPOrO YyCTPOICTBA
[II®D. B ciyyae WCHOJb30BAHUS BECOBOH 00PaGOTKU C
1[eJIbI0 MUHUMU3AIMKM YPOBHSI OOKOBBIX JICIIECTKOB COCEHUX
(nepexpoiBaonuxcs) GuabTpoB npeoGpazoBanuss Dypbe
ycrpoiictBa [[IID BxojHble [gaHHbIE [JOMHOXKAIOTCS Ha

KO PUIMEHTDI TPUMEHAEMOTO BECOBOTO OKHa K| .

TToBTOpPHO 00paGOTaHHbIE CIIEKTPAJbHBIE COCTABJISIONIIE
BXOJ/IHOTO CHTHAJIA 110 aJaroputMy npeoGpasoBanus Dypbe

IOCTYTIAIOT Ha BXOJ YyCTPOICTBa |X(l)|max, B KOTOPOM
MIPOU3BONTCS TIOUCK HaMOOJIbIIell COCTABJSIONIEN Cpean
3HAUeHUH aMIIUTyZ (QUIbTPoB 1peobpasoBanus Dypbe u
repejiaya HOMepa 3TOW COCTaBJIAIONIE Ha BXOJ yCTPOicTBa
BBIUMCJICHUSI  [ITapaMeTpOB  HUMIIyJIbCHOII  moMexu Y B.
Haiinennag cocrasigionass ¢ HauGoJblIeld aMIJIUTYI0H ¢

BBIXO/Ia YCTPOWCTBA |X (! )|max TOCTyMaeT Ha BXOJ] TTOPOTO-

Boro ycrpoiictBa IIY, rme mpomwsBommTcs cpaBHeHWE 3TOI
aAMILTUTY/IbI C TIOPOTOM OOGHAPY’KEHUsST MMIYJbCHOIN TOMEXH

P, . B cayuae nmpunaTus pemtenus o6 oGHapy>KEHUH HM-

MyJIbCHAST TIOMeXa TOCTyIaeT Ha BXO/J yCTPOICTBA BBIUMCIIE-
musg YB mapamerpoB mMmysibcHOW momexu  (HadaabHON
¢a3bpl, aMIUTUTY/IbI U HOMEpa 30HAUPYIONIEr0 MMITYJIbCa 7,
cpeid OTKJIWKOB OT KOTOPOTO MPHUCYTCTBYET OJAMHOYHAS

MMITYJIbCHAS] TIOMEXA. )
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HECMHXPOHHDIX NMITYJIbCHbBIX IIOMEX

03y - S(7)-Si(m)
K] Kl PH
SOL[ AT x AT XD s ny— VB

\ i

X - YMHOXUTEJIb; Kl - koa(pduiuenTsl nMpuMeHsieMoro BecoBoro okua; JIIMD - ycrpoiicTBo, peanusyoliee ajJropuTM Ipeo6PasoBaHUsL

Dypbe; O3Y - omnepaTuBHOe 3allOMUHAONlEe YCTPOICTBO; |X(l)|max - YCTPOHCTBO BbIUMCJIEHUS MaKCHUMaJbHOI CHeKTpaJbHOIl

cocTaBJIgomei |AX(I)|MAXy

IIoMexu; - - yC'rpOﬁC'I‘BO BbIUYUMTaHUA

ITY - noporoBoe yctpoiictBo; ¥YB - ycTpoiicTBO BBIYMCJIEHNUS TapaMeTPOB HECUHXPOHHOI HUMITYJIbCHOM

Pucynox 1 - Cmpyxmypnas cxema yugposoii cucmemor xomnencayuu HHUII ¢o epemennoi obracmu

ITo m3BecTHBIM ITapamMeTpaM HECMHXPOHHON MMITYJIbCHOMN
IIOMEXH B YCTPOWCTBE BBIUYUTAHUSA IPOU3BOAUTCS €€ KOMIICH-
camus BO BPEMEHHOI 00JacTh: M3 KBaJPATYPHBIX COCTaB-

asiommx  S(I)  3aCPKAHHOTO BXOAHOTO CHrHANA JIHHUCH
3aziep:kkn O3Y  BblUMTAaeTCS  KOMILIEKCHAs —aMILIUTY/1a
UMILyJIbCHOHl IlOMeXHU, BbIYMCJEHHAsA B ycrpoiictBe Y B.
CKOMIICHCHPOBAHHbBIN TAaKUM 00PAa30M CUTHAJ TOCTYIIAeT B
JabHeHny0 o6paboTKy.

B o6mem ciyuae, Ha PJIC pefictByer ajiuTuBHasi CMeCh

St)=S,)+S,,0)+S,0)+S,, )

Heﬂeﬁ, AKTUBHBIX U [TaCCUBHBIX TMMOMEX, INMPUHATBIX aHTEeHHOI

CUTHAJIOB oT

pajsuonokaropa, rae S,(f) - HeCHHXPOHHAA MMILYJIbCHAS

momexa; Sy (1) aKTHBHAA IIyMoBasg momexa; Sy(f) -

OTpasKeHHbII OT 1eu curHan; Sy ,(f) - maccuBHas moMexa.

[punsitast cvech S(f) mpeacTaBisieT co60H OTKIHKH OT
noceoBatebHOCTH N 30HAMPYIONAX MMITYIbcoB (CTpy-
KTypa H3Jy4aeMOTO CUTHAJa MpeJCTaBJIeHa Ha pHC. 2, a)
ouepesIHOIl YaCTOTHON MavKHu.

C 1espio mimocTpaiuu padorer anropurma [TCK HUII,
OTPAaHMINMCSI pacCMOTpeHneM ciydas Boazetictsust Ha PJIC,
M3JIyvaomeil 4acTOTHble NMauykW U3 8 MPOCTBIX 30HANPY-
fomux umnyabcoB (N=8 st puc. 2, a), TOJIbKO HECHHX-
POHHOI nMIyTbcHOI ToMexH, T. e. S(¢) = S,(¢) . B [1] na
napamerpsl HUII Hamo)keHBI Takwe YCJIOBHsI, 4TOOLI OHA
IIPUCYTCTBOBAJA CPEAM OTKJHUKOB TOJBKO OfHOTO U3 N
30HUPYIONIMX MMITYJbCOB YACTOTHOW TAYKW, T.€. JJUTEJb-
HOCTb TIOMeXU T ,,,,;, VAOBIETBOPsLIa Obl HEPABEHCTBY

€))

rae T; - mepuoJ TIOBTOPEHMs 30HAMPYIONINX HMITYJTbCOB
(eMm. puc. 2, a)). Takasg UMIyJIbCHAS TIOMEXA, IPUCYTCTBYIO-
@ast Cpeiu OTKJIMKOB OT 30HAMpYoniero umiryabca Ne m (m
€ [0, N-1]) paccmarpuBaeMoii 4aCTOTHON HAYKH, IIPEJCTaB-
jgeHa Ha puc. 2, 6. Takum o6GpaszoM, B 06paGaTbiBaeMOM
JIUCKpeTe 1aJbHOCTU IIPUCYTCTBYeT ToJbko ogHa HUII.

TEK}(II[EH HACTOTHAA MAYKa 30HIHPYIOMIHX HMITY/TECOR C,'IC,D.}"H)LU.EIE YACTOTHAA Navka

| 1 | 101
TEI 4 t

| mT i[m*l)-Td (N=2)-T, (N-1)T,

=)

i
i

: "
1] T, mT, | (m+ 1T,
B Tawn
m - HOMEp 30HAUPYIOUIETO WMITYJbCa OZ[IIOﬁ YaCcTOTHOM mavyKku, cpeau

OTKJINKOB KoToporo npucytcreyer HUII a) - somanpyomue curnaust; 6) -
UMITyJIbCHasA IoMeXa

Pucynox 2 - Cmpyxmypa 8xXx00HbLX CUZHALO8

PE3YJIBTATbI MOAEJTHPOBAHHS

IIycts Ha Bxox LICK (cm. puc. 1) mocrymaer HUII co
CJIeyIOMUMH MTapaMeTpaMi: aMILIUTyAa - 5 paspsaos ALl
HavasmbHasgs ¢asza - 15°; HUII npucyrcTByeT B KavecTBe
OTKJIMKA TOJBKO OT 3OHAWpYIOUIero wuMmyJabca Ne 3
YACTOTHON TAYKU PacCMaTPHBAEMOTO MHCKPETa JAJbHOCTH
(HyMepanmio 30HIMPYIOIMX MMITYJIbCOB Oy/eM HAYMHATD C
0, a e ¢ 1), 1. e. m=3 (cM. puc. 2). Kpome HaJIOKEHHBIX
orpaHMyeHuil  Ha  JeHCTByIOIMIA  CUTHAJA B BUJje
S(t) = Su(f), npeHe6pexéM BHYTPEHHUMH IIyMAMH IIPH-
émuoro tpakra u mymamu AIlIl. Torza mMomymm aMIInTy/ b
u (aspl CUTHATOB PACCMATPUBAEMOTO MCKPETA AJBHOCTH
TeKylleil 4acTOTHOH mauku Ha Bxoje ycrpoiictBa [IIIMD B
3aBUCHMOCTH OT HOMepa 30HIUPYIONEro uMmyJbca |
COOTBETCTBYIOT puUC. 3 M 4, M3 KOTOPBIX CJIELyeT, 4YTO
UMITYJIbCHAST TTOMeXa TPHUCYTCTBYET B KAueCTBE OTKJHMKA OT
30HAMpYyIoNlero umiryjabca Ne 3, a CHUTHAJbHO-IIOMEXOBBIE
OTKJIUKH OT OCTQJIbHBIX 30HIUPYIONIUX HUMIYJbCOB -
OTCYTCTBYIOT.

ITpuBenennbie Ha puc.3 U 4 gaHHbIE, 0OpaGOTaHHBIE IO
anaropurmy 8-toueunoro JIIIMD Ge3 BecoBOro OKHA, Mpe/-
cTaBjieHbl puc.> n 6 B 3aBUCMMOCTH OT HOMepa (haszoBOro

¢unbrpa Dypne n. HUII, nocae pachuabTpoBKu, TPUCYT-

CTBYeT BO BceX (PHUJIbTPaX € MOAYJEM aMILIUTY/bl |Gmm|

(cm. puc.5), pasubiM MoxyJio amiTyasl HATT Ha BXOAE

ycrpoiictea 1D Smm\ (cm. pue.3). Casur das MexIy

criekTpasibHbiMu - coctassiionumMu - HUIT cocennunx  ¢uib-
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tpoB [JIII® (cM. puc.6) - MOCTOSIHEH M, COIJIACHO BBHILIE
3a/laHHbIM  [TapaMeTpaM paBeH  @;—@Q, =

=Qy— @ ... 97— = —135°, me ¢, dasza
ammutyzast i-pumbrpa. T.o., HUII umeer paBHOMepHBII
(azosbrii

IIOMEeXH,

aMILIUTYHBIE ¥ JIMHEHHO  M3MeHAIoUMicA
cuexTpbl. Ilockosbky muckperHoe npeo6pasoBanue Dypbe
MPOU3BO/IUT KOTEPEHTHOE HaKOILIeHne 06pabaThiBaeMbIX
BXO/IHBIX JIAHHBIX C OJMHAKOBBIMU MOJYJISIMU aMILIUTY[ W
muHeliHO uaMeHsomuMuCcS (HapacTalomuMu Uin  yObIBao-
MIAMH) ¢azamu, TO cnekrpasibHble cocraBisomue HIIT
MOryT ObITb 06pPaGOTaHbI IO AJTOPUTMY ITIPe0OPA30BAHUS
Dypbe ¢ 1HEJbI0 KOTePEeHTHOTO HAKOIJICHUS aMILIUTYbI
noMexu B OJHOM u3 (UIABTPOB. B ciyyae KOTE€pEeHTHOTO
HAKOILJICHUS] MMITYJIbCHOH TIOMEXHM B OJHOM M3 (PUJIBTPOB
CTAHOBUTCSI BO3MOXKHBIM €€ 0OHapyKeHue.

Ha puc. 7 n 8 npexacrasiennl ammmtyga u dpaza HUIT

mocJie MoBTOPHOU 06paborku no ajnroputmy /JIID B 3aBu-

CHMOCTH OT HOMepa 30HAupylomiero umiyJbca [: HUII
KOTePEeHTHO Hakormach B ¢azoBom ¢uibrpe JIID, coor-
BETCTBYIOILIEMY 30HAMpPYIOLleMy HMIIyJjbcy Ne 3, cpeau OT-
KJIUKOB OT KOTOPOTO IPHCYTCTBOBaJa IIOMEXa Ha BXOJe
IICTO (cm. puc.3 u 4). Tpu 9TOM aMILIATY/Ia KOTEPEHTHO

nakorennoil. HUTT |X | (em.puc.7) ¢ Tounocrbio 10
K03 (puLIIeHTa KOrepEeHTHOr0 HaKoILIeHus: N COOTBETCTBYeT
ammmaryae HUTI, npucyrcrsoBasimeit na sxoge IICK (cm.
puc.3): |SH| :|X(3)| /N=248 /8=31, rae |X(i) - moxyns
aMmTyapl i-puabtpa Broporo /IIM. dasza korepeHTHO

nakortennoin HUII (cum. puc.8) coorserctByer dase HUII,
npucyTctBoBaBmeil Ha Bxoge IICK (cm. puc.4).

.
|S , abc. exn
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Pucynox
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Pucynox 4 - ®@asa HUII na eéxode JI1D

, abc. en.

1 2 3 4 3 G 7

Pucynox 5 - Modyau amnaumyovr HUII nocre
obpabomxu no arzopummy 1D

o
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Pucymnox 6 - @asa cnexmpa HHUII nocae o6pabomru no
anezopummy L[CK

.
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Pucynox 7 - Modyau amnaumyov. HUII nocae
noemopuot o6pabomru no arzopummy /11D

)
:

g
2]

Pucynox 8 - @asa HUII nocae nosmopnoti obpabomxu
no anzopummy 11D

C mnemplo obnapyxenus HIUII, BosMoXHO TIpUCYT-
CTBYIOIIE Cpe/yl OTKJIMKOB B PACCMATPUBAEMOM JUCKDETe

JIAJIbHOCTH, HEOOXOJUMO HAWTU COCTABJISAIONIYIO C HAanO0JIb-
IIUM 3HAYEHUEM MOJIYJISI aMILIUTY bl |X (1 )| MAX CPenn Bcex

|X(l)| W CPaBHUTD HalileHHOE 3HAYEHWE |X(l)|MAX= |X(3)|

C BEJWYMHON mopora oGHApy>KeHHs HMITYJbCHOH IOMeXH

Py . Ilpu BbIOJIHEHUU YCJIOBUS |X(3)| 2 Py, cranosuTcst

BO3MOJKHBIM OTIPE/IeIEHIEe MOMEHTa TOCTYIUIEHHs OJMHOY-
HOU MMITYJIbCHON omexu [1].
Taknm o6pa3oM, 06paGOTKa CIEKTPAJBHBIX COCTABJISIO-

mux G(n) KBaJpaTypHBIX CHTHAJIOB 110 ANTOPUTMY MPeos-
pasosanust Dypbe M03BOJSIET IPOU3BECTH OOGHAPY KEHIE
HUII, onpeaesnTh MOMEHT ee MOCTYIJIEHWS Ha BXOM 1U(-
poBoii cucrempl 06pa6oTkn PJIC u BbUnCIUTh €€ mapamer-
pbr (MOZyJIb aMILIMTY/IBI M HAYAMbHYTO (asy).
s onenkn addexTuBHOCTH  ITHQPPOBOIL
xommencarmu (IICK HUII) 6buto IIPOBEJEHO MaTeMaTH-
4yeckoe MojiesimpoBanne 1MQPoBOil cucteMbl 06paGOTKH

CHUCTEMbI

paguosokanuonubix curianos (IICO), npuseneHHOH Ha
puc.10. C BbIxoga ycTpoiicTBa (OPMUPOBAHUST KBAAPATYP-
Hpix cocrapasiomux DK Ha BxoA 1MdpOBOIl cHCTEMBI
KOMITeHCAIMN TocTynaja aaantuBHas cmecb HUIIL, mry-
MOBO#1 TIOMEXH, OTPA’KEHHOTO OT TIeJIM CUTHAJIA U MTACCUBHOI
MOMEXH CO CJEAYIOIUME MTapaMeTpaMu Ui paccMaTpuBae-
MOTO JIUCKPETa JaJbHOCTH:

- HUII: ammmarynaa - 7 paspsagos AL (80 a6c.ex.); Ha-
yasnbHas ¢aza - 10°; uMIryIbcHas oMexa MpUCyTCTBYET cpe-
[N OTKJHMKOB TOJIbKO OT 30HAMPYIOIIero umiyabca Ne 3
YACTOTHOU MAYKH;
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H.II. Yepnobopodosa, M.II. Yepnobopodos: MOJIEJITMPOBAHUNE [IMDPOBOW CMCTEMbI KOMIIEHCAIIM

HECMHXPOHHDIX NMITYJIbCHbBIX IIOMEX

- qucriepcusi cO6CTBEHHbBIX 1yMoB - 3 paspsiga AL npu
HYJIEBOM MaTeMaTHYeCKOM OXKH/IaHUM;

- mesb: aMIMTyAa - 4 paspsaa AT (S'u(l)=10a6c.e/:[.),

HauasbHas dasa - ()°, pomiaeposckuii casur dasor - 180°;
- IaccMBHag ToMexa: aMmiummrtyzaa - 4 paspsga AL

(Sp(t) =10 a6e.ex.), mavamsnas dasa - 0°, gomrepos-

o o o}
CKHM CABUT (1)3.3])1 ITaCCUBHOMU IIOMEXH - S .

SO g s

A LICK HATI [

o

DK - ycrpoiictBo (HopMUpPOBaHUS KBaJPATyPHBIX COCTABJISAIONINX,
ICK HMUIT -
UMITyIbcHBIX TIoMeX, [IIMD - ycTpoiicTBO BBIYHCIEHUS AHCKPETHOTO

]_IH(prB'dﬂ cucTeMa KOMIleHCAllun HECUHXPOHHDBIX

npeo6pasosanust Oypbe

Pucynox 9 - Hugposas cucmema obpabomxu
PAOUONOKAUUOHHBLY CUZHANIOB8

Cdopmuposannbie ycrpoiictBom MK kBagpatypublie coc-
TaBJIAIONINE a/UIUTUBHON cMecH mojaBaiauch Ha Bxoj IICK
HUII ¢ nenpio KoMIeHCAINN TTPUCYTCTBYIONIENH MMITYJIbCHON
nmomexu. [lasee CKOMIEHCHPOBaHHbIE KBaJpaTypHBIE COC-
TABJISIONINE TIOCTYNAJN HAa BXOJ YCTPOMCTBA BBIUYMCJEHUS

JIID. Ilpm Berumcaenun I1dD BecoBoe oOkHO He
MIPUMEHSJIOCH.
Ha puc. 10...13 mnpexacraBienbl pe3yJbTaTbl  pabOThI

IICK HMUII, nossoJstioniue oieHuTb 3¢ HEeKTUBHOCTD ee pa-
6otbl. Ha puc. 10 npezcTaBieHbl MOAYJIH aMILJTATY/IbI CIIEK-
Tpa BXO/JHOTO CUTHasa 6e3 KOMIIEHCAIMH, YTO COOTBETCTBYET
pesyJbTrataM 06paGOTKU PAJAMOJOKAIMOHHON nH(pOpManun B
IHCO ¢ BBIKJIOYEHHON CHCTEMOI IIOMEXO3all[UThl OT HM-
MyJbCHBIX TMOMeX. Ecim He yuYuTBIBATH IIYMOBYIO COCTaB-
JISTIONIYIO BXOJ/IHOTO CHUTHAJIA, TO COTJIACHO 3a/IAaHHBIM TTapa-
MeTpaM, MOJYJIM aMILIATY/] OTKJUKOB OT TIeJIU M MACCUBHOM
MMOMEXH MOKHO PACCUYUTATh MCXOJS U3 CJEAYIONUX coobpa-
skennit. [lnsg mpumensemoro 8-todeunoro 11D, otkanku c

IIOCTOAHHBIM MOAYJIEM aMIIJIUTY /bl |A| n J10IVIEPOBCKUMU

caBuramu (aser, kpatabiMu 360° /8=45°, 6yayT momamaTh
crporo B 1entp ¢uaprpa D U KOTepeHTHO HAKAILINBA-

TbCSI B HEM € aMILIUTY/IOH, PaBHOI ’A’ - N, roe N - kommue-
ctBo (uabrpo AIID. IlockosbKy [IOMJIEPOBCKUI CIBUT

daser e 3amaBajcss 180°, TO OTKJIMK OT TEJN JAOJDKEH
HakonuTbesl B ¢uabtpe JIID Ne 4 ¢ aMImTynoil, paBHOI

Su((l) - N)=10-8=80 a6c.ea. OTKIUK OT MaCCUBHOM MOMEXH

nosked Hakonutbes B puabrpe AIID Ne 0 ¢ ammnmrynoit,
(M3-3a He HEMOABIKHOCTH MECTHOTO
aspr

HyJIEBBIM)  PaBHOM

IpUOIU3NUTETHHO

IIpeaMeETa, IIOCKOJIbKY jIOl'lJTepOBCKHﬁ CABUT

IMAaCCUBHON  IOMEXN
Sy((1) - N)=10-8=80 atc. ex.

Beaencreue npucyrersus HUII mMoaynb crnexkTpasbHOI
COCTABJISAIONIEH MACCUBHOW TIOMEXM YBEJIUYMJICS B /IBA pasa
(1o 160 a6c. en.), a MOY/Ib CHEKTPANBHON cocTaBJsioNIelt
neau ymenbimmics B 4 pasa (mo 20 a6e. ex.). Peskoe
yBeJIMYeHUEe aMILTUTY/[bl TACCUBHOW TIOMEXHU MOKET BbI3BATb
MOSIBJIEHNE JIOKHOTO OOHAPY:KeHUsl, OCOGEHHO B CJydae
npuMeHeHuss B ycTpoiictBax obHapyxenus (YO), Bxons-
mux B coctaB LICITO PJIC, anroputMoB BbISIBJIEHUS i€,

3a/laBaJiCad  HE

JBIDKYITUXCST € HYJIEBOH PaJWaJbHOIl CKOPOCTBIO OTHOCH-
tenbHO PJIC, HampuMmep, ajJrOpPUTMOB C HCIIOJIb30BAHHEM
KapThl MECTHBIX TIpeaMeToB [3]. YMeHbleHne KOrepeHTHO
HAKOIUIEHHON aMmauTyapl 1mean go 20 abc. en. m3-3a
npucytctBug HUII mpuBoguT K cyiecTBeHHOMY ycJIO-
SKHEHUIO OOHAPY KEHUS 1IeJIM M3-32 TOTO, YTO eé aMILTHTYa
CTaJa COIOCTAaBUMOW € MOJYJISIMH aMILIUTY[ CIIEKTPa
HIYMOBOIi cocrasiisioneil Bxoauoro curtasa (cM. puc. 11).
ITpu aToM o6Hapy:KeHUe He BO3MOXKHO HU IS IPOCTENIIEro
MTOPOTOBOTO OGHAPYSKUTEJIS, JJIsI KOTOPOTO 3HAYEHHe 1TOpora
onpenesnsiercss yposHem 1ymoB (wamnpumep, [3]), wu mas
CHCTeM CTaOMJIN3allM  JIOXKHBIX TPEeBOr ¢ OOydalollei
BeIGOpKO# (mampumep, [4]).

CymiecTBeHHOE BO3pacTaHne YPOBHSI IIYMOB BCJIE/ICTBHE
npucyrcteuss HUIL (cM. puc.10) 1o cpaBHEHWIO ¢ WX JAei-
cTBUTEJBHBIM ypoBHEM (cM. puc.11), NpUBENET K TOMY, 4TO
MeTeoKaHaa craHiuy, Bxoxsaumii B coctaB L[CIIO cospe-
MeHHbIX PJIC, 0GBSBHUT COOTBETCTBYIONLYIO O6JACTbh MPO-
CTPaHCTBa ONMACHON A/ TOJIETOB (B 3aBHMCUMOCTH OT aJro-
puT™Ma, Ha 3-5 060pPOTOB AHTEHHBI B CJydYae OJHOKPATHOTO
TIOSIBJIEHUS HUIIL B paccMaTpuBaeMoM yJacTke
IIPOCTPAHCTBA).

Ha puc. 12 mpeacraBieHbl MOAYJIN aMIIUTYABI CIIEKTPA

curHaja S(I) = Sm,,‘(t) +S, ('[) + S,,An.('[) C YKa3aHHBIMU BbI-
me mapamerpamu (B orcyrctBume HUII, 4To sKBHBaJEHTHO
CJlydaro naeaJbHON KOMIIEHCAIN) KaK STaJOHHBIE AJIS Cpa-
BHEHHUS C TIPEACTABJICHHBIMA Ha puc. 13 MOmymsMu aMminm-

0)+s,0)+

(410 COOTBETCTBYET CJIyUAIO

TYyABl CIIEKTPa CHUTHaJa S(t) = SH (t) +S

ui.n.
+Sn'nA(t) ¢ Boixoga IICK
peabHON KOMIICHCALIMM) .

Iy MbI

Pucynox 10 - Modyae amniumydv cuznara S(t) 6es
xomnencayuu HHUII

Pucynox 11 - Modyav anniumyosvl uymosoi

cocmasastoweti cuznanra S(t)

|(.3|, abc. e

T13C . TIOMeXa!

|
v | |

Pucynox 12 - Modyav amnaumyodw. cmecu S(t) npu
udeanvnoi xomnencavuu HHII.
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PAJIIOEJIEKTPOHIKA TA TEJTEKOMYHIKAIIIT

IG3I, abe. en.
&0

Pucynox 13 - Modyav amnaumyodwn S(t) na evixode
uuposoil cucmemvl komnencayuu HUIT (npu pearvioi
rxomnencavuu HHUIT)

IIpencrasyennble Ha puc. 13 MoOay/IM aMILIUTY/Ibl CUTHA-

ma S(f) CBUAETENBCTBYIOT O BBICOKOH abdexTuBHOCTH pa-
6otbr [ICK HUII: uMmyibcHas moMexa MOJaBJeHa MOJHO-
CTDBIO, & 3HAYEHUST KOTEPEHTHO HAKOIJIEHHBIX aMILIUTY/ T1ac-
CHBHOW IIOMEXW ¥ IIeJH B COOTBETCTBYIOINX (UIbTPAxX
JIID moce KOMIEHCAIIMM BXOJHOTO CUTHAJIA M3MEHHJINCDH
BechbMa HesHauntesbHo (Menee 1%). YpoBeHb IIyMOB B
dumprpax Ne 3, 5 u 7 HecylecTBeHHO BO3poc, a B (uJib-
tpax Ne 2, 3 u 6 - HecyIiecTBEHHO YMEHBIITIJIC.

BbIBO/ bl

Marematuueckoe MojeaupoBanue mokazano, uro I[ICK
HUII [1] nosBossier BecbMa ycHenHo GOPOTHCS € OJMHOY-
voiit HUII B ogHoM muckpere pambHocTu. Ho B peasibHOU
CUTHAJIbHO-TIOMEXOBOII 0OCTAHOBKE HE HCKJ/IYEHA BO3MOIK-
HOCTD TIOI/IaHUS UMITYJIbCHBIX ITIOMEX B OJIMH 3JIEMEHT Pa3-
pelleHns 1o JAJbHOCTH HECKOJIbKO pa3 3a IMayKy, II03TOMY
JlaJbHeiime paboThl 10 yBEJUYEHUIO ITOMEXO3alHIEH-

YAK 621.396.6.004 : 004.942

Hoctu PJIC ot HUMITYJIbCHBIX TIOMEX HeOéXOL[I/IMO BECTH B Ha-
IIpaBJIEHUN CO3JaHUuA CPEJCTB 3alllUTbI /JIA CJaydad IPUCYT-
crBug Heckoabkux HUII B ognom JIUCKPETE /JaJIbHOCTH.
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Memodomn mamemamuunozo modenioeanius nPoaAHAAI306dHO
anzopumm 06pobru padiorokayiunoi ingopmauii, wo naoxo-

Jumo na 6xid KozepeHmHo-IMNYIbCHOT PAdioNOKAYIUHOT cmanyii

(PJIC), saxuii do3eonsc npoeecmu 6UAGLEHH U KOMNEHCAULI0

necunxponnoi imnyavcuoi 3aeadu (HI3) 3a nidcymxamnu

ananizy Oanux o0nozo (ocnoenozo) xanary npuiiomy PJAC e

odnomy enemenmi pospisnwenuss 3a Oarvuicmio. Iloxasano

sucoKy epexmusnicmov yupposoi cucmemu xomneucayii HI3,

peanizosanol Ha YboMy AlZ0PUMMI.

An algorithm of processing the radar data arriving at an
input of the coherent pulse radar has been analyzed by a
method of mathematic modelling. This algorithm allows to
detect and compensate asyn-chronous pulse jumming upon
results of the data analysis of one (main) receive channel of
the radar in the one range bin. High efficiency of the digital
system of asynchronous pulse jamming compensation realized
upon this algorithm is also shown.

.M. Wwnao, 0.10. Boponan, M.I1. FanoHeHKO

IHTEPBAJIbHI METOAH NPU3HAYEHHA
EKCIUIVATALIHHUX ONYCKIB

Banpononosano memod cumnmesy i onmumizauii excniya-
mayiinux Jonyckie 3 GUKOPUCMAMHAM CRPOU,CHUX THMEPEALb-
nux modesei. Pospobieno imepayitinuii anzopumm npusnd-
uennss Jonyckie 3 nocmynosum ymounennam modeni. Ipogedeno
mecmyeanus po3pobienozo MAMEMAMUUHOZO 1 NPOZPAMHOZO
3abe3neuenus na peaibHUxX NPUKIAOAX.

BCTyYIl

Texnousorii npoekTyBaHHs i BUPOOGHUIITBA €JIEKTPOHHUX
3ac06iB HA Cy4acHOMY eTali iX PO3BUTKY CTAIOThb BCe GiJbIil
HACMYCHUMM HOBUMU MeTOJaMM  3a6e3Ie4YEHHST  SKOCTi.
Cepesl BaXJMBHUX 33/la4, sKi IIPU 1[bOMY BUPIlIyIOTbCS, €
3ajlaya 3abe3reuyeHHs HEOOXiJHOI TOYHOCTI TNPU MaKCH-

MaJIbHO MOJXXJMBUX [OIIyCKaX Ha IlapaMeTpu eJleMEeHTiB.
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OOGrpyHTYBaHHIO METO/iB TPU3HAYEHHS JIONMYCKiB MpH-
CBsYeHa 3HayHa Kijgpkicts myOmikamin [1-5]. Opnak
icHyloui MeTomu aGo He I03BOJISIIOTb BPAXOBYBATU CYTTEBI
HeJsliHiITHOCT] BUXiZHUX (PYHKIIN eeKTPOHHUX amapatiB a6o
moTpebyIoTh Garato pecypciB. Y 3B'SI3Ky 3 IIUM B Cy4acHUX
CAIIP esieKTpOHHHX amapaTiB BificyTHI 3aco6u JOIyCKOBOTO
rapamMeTpuyHoro cunresy [6,7].

OmganM i3 MIIAXiB  TMOAOJAHHS WX TPYAHOIIB €
BUKOPHUCTaHHS iHTepBasbHOTO aHamidy [8,9]. IntepBanbhuii
MAXiJ [03BOJIIE BPaxXOBYBATH HETiHIHHOCTI BUXiJHUX
yHKI1Iil i yTBOPIOBATH CIIPOIIEHi iHTepBaJbHI MOJeJ:

n n
y =ag+ Y al - |x;+ 3 dual(a| - Ix), (1
i=1 i =1
0 0

Al

1
a;

VAL
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I' .M. Hlunro, O.FO. Boponaii, M.Il. I'anonenxo: IHTEPBAJIBHI METO/M ITPU3HAUYEHHA

EKCIIIYATAIIMHUX JOITY CKIB

ne y = [yi¥l, a, = [g;a;], x; = [x;x;] - inreppam

3HAUYeHb BUXigHOI yHKIIIT, MoJesli  Ta

rnapameTpiB eJeMeHTiB;
)_Cl‘: Ql’ }_/’ Xl’ al’ J_}
napaMeTpiB esieMeHTiB, KoedilieHTiB Mozesi Ta BUXiJHOT
byukuii;
| - | - omepaTop KoMyTamifiHOr0 MHOKEHHS iHTepBATiB;

KoeditienTiB

HIDKHI Ta BepXHiI Mexxi iHTepBaJiB

dual x = [x;x] - ayanbumii inrepsan.

IcHytoui MeToaM TIpU3HAYEHHS JIOMYCKiB HE BPaXOBYIOTbH
ycix ocobuuBoCcTell Takux Mojeneii. Meroio po6oTu € pos-
po6Ka MeTO[iB TNPHU3HAYEHHS ONTHMAJIBHUX [OIYCKiB Ha
IapaMeTpH eJIEMEHTIB eJIEKTPOHHUX alapatiB 3 BUKOPHCTAH-
HSIM CIIPOLIEHHX iHTEPBAJIBHUX MOJeJel.

ONTHMI3AIIA MONYCKIB

OO6sacTb mpare31aTHOCTI IPUCTPOI0 OOMEXKYETBCS [IBOMA

HEPiBHSIHHSAMM, $Ki YTBOPIOIOTbCS WiCJasT  BifoOGpaskeHHs

intepBasbnoro pisusung (1) y mpocrip gificnux uuncen:

n n
Q0+ Z Qt)—ci+ z al)_clz-)_/’ (2)
i=1 i=
a;>0 a;<0
n n
agt Y ax+ Y ax<y 3)

Ipadiunoio inTepnperamnicio HepiBuaub (2) i (3) € mapa
rimeprutomus 3 p 1 Sb (puc.1), mepmia 3 AKUX 06MEKY€E BU-
XigHy ¢yHKIi0 3HU3Y, a Apyra - 3Bepxy. limepriomuHu
YTBODIOIOTh He3aMKHeHy o0jacTh npanesfariocti € . TIpu

IIPU3HAYEHH] JIOIyCKiB OyneMO HaMaraTHCh 3a6e3leuynTH
Haiibisble 1oJie Po3ciloBaHHS JomycKiB. Biacrusocti Ta-
KOTO T10JIs1 MOXKYTb GyTH OIliHEHi 3a JI0IIOMOTOI0 MYJIbTHILIi-

KaTWBHOTO KPUTEPilo, SKUH MOKe PpO3IJISIaTHCh — SK
BiHOCHU#T 06'€M JOTYCKiB:
n n
_ w, _ 1
= Tt = = T @
w w n Xi
) 0i B ;
i=1 x0 =1
Jle N - KiJIbKiCTb I1apaMeTpiB €JIeMEeHTiB;
w; = W; = X;—x,;, a0 w; = w; = X,,; =X, - WHpHIa

iHTepBasly, SKHWil BU3HAYa€ BepxXHill ab0 HMKHIN IOIyCK
6)cO ’

W(; - IIMPHUHA iHTEPBAJTY IPH OJHAKOBUX JIOMYCKaX 5x0
Ha yci ITapaMeTpu €JIEMEHTIB;

Xui - HOMiHATbHE 3HAYEHHS TTapaMeTpy.
[omyck Sxo BU3HAYAECTbCA 3a JOIOMOIOI0 CIIiBBi/THO-

IIEeHHA:

Wi _ Sy Y

8)60 = -

MHi

()

n n
ax,;= Y ax,;
i=1

i=1
a;>0 a;<0
3HaueHHs JIOMYCKiB, o6uucieHux 3a jgomnomoroin (5),
BinoBifaloTh BigHOCHOMY o6'emy V= 1 i me saGesme-
4YylOTh Hal6isblIoro moJss poscitoBanHsd. Ha puc.l im
BIZIIOBi/la€ TineprnapaJiesenimnes QO .

le

Pucynox 1 - Obaacmv npayesdamuocmi ma
MaKcumaronux 06'emie Jonyckie

306inblIieHHs 06'eMy JOIYCKiB MOKHA JOCSITHYTH IOGY/I0-

BOIO JIBOX TillepHapaJsiesenine/iB MakcuMaabHoro o6'emy €2,

i @, (puc.1) MK TOYKOIO HOMiHAJbHUX 3HAYEHD
(X1, X9 +++1%,,,) 1 TOUKOIO HA TiMEPIIOMMHAX ‘Sb i 5,

[l Bu3HaueHHsi po3Mipy pebep TaKkuX rimeprapase-
Jienine/iB mepeTBopuMo Hepisusanusa (2) 10 Bupy:

n n n n
_z aw;+ z “iwzzl’_go_z 4 Xy z AiXiy (6)
i=1 i=1 i=1 i=1
a;>0 a;<0 a;>0 a;<0
BBenennsa mosnaueHnb
n n
b :)_}_QO_Z Qixin_z AiXiyy = Y= Vus
i=1 i=1
a;>0 a;<0
—a,w;, a;>0
u, = _ _
aw;, a;<0

JA03BOJIAE 3alluCaThu piBHHHHH AJIA MeX obmacri Ipane-
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3[IaTHOCTI Y BUIJISI/L:

7

SAxmo yrBopuTH TineprapaJesernine/;, ojHa i3 BepUIMH
O6yne JiexkaTd B TOYIli HOMiHAJbHUX 3HAYCHD
rapaMeTrpiB x a Jpyra Ha nosepxHi rinepiomman (7),

SIKOTO
in’
To BiH OyAe MaTH MaKCUMaJIbHUN 06'€eM KOJIU CTaHe
rinepky6om [10] 3 noBsxkuHOW0 pe6pa:

u =

S IS

Toni nossxkuna pebep rinepnapasiesenineny 2, 3 Makcu-

MaJIbHUM 00'€éMOM BU3HAYAETHCS CIIIBBi{HOIIEHHSIM:

w; = _C_ll-, C_ll'>0
®)
_ u _
w, ==, a,<0
a

Anasorivni CriBBiHONIEHHS BUTiKaOTh i3 piBHAnHA (3)

ISl BU3HAUYEHHS JOBXUHU pebep rinepuapasesnerineny

u
V_Vl' = -, Ql’<0

4;

_ 9
_ u
w, = =, al.>0

a

Cyma pebep rinepnapaJesiernimne/iis 9t i Q, BU3HAUE-

HUX 3a J0IoMoroio chisBigHomenb (8) ta (9), BU3HAuUaIOTH
peGpa Tinepraparesenineny £, 3 MaKCHUMaJbHUMH 06'eMa-

MM JIOIYCKiB /I BEPXHIX Ta HIKHIX BiJIXUJIEHb

rapamerTpis.

AJITOPHTM ITPH3HAYEHHS ONYCKIB

Oco6auBictio intepsasbuux mogenei (1) e 3abesmneden-
HS TOYHOIO 3HAYEHHS BUXiAHOI (QYHKUI] 0pH 3amaHuX
B mporeci
[PU3HAYEHHS JIOIYCKiB MaKCHUMaJbHOTO 0G'€My BH3Haua-

MEKOBUX 3HAUEHHSX I[apaMeTpiB eJIeMEeHTIB.

I0TbCS iHIII MEXKOBi 3HAUEHHS IapaMeTpPiB eJeMeHTIiB, [JIs
SKUX MOKe 6yTu moGymoBana GiJblll TOUYHA CIIPOIIEHA iHTep-
BaJIbHA MOJeJb. SIKINO 1IPOBECTH IPOLEAYPY NPU3HAYECHHS
OIITUMAJIBHUX JIOIIYCKiB 3 I[UMM NOHOBJICHUMU MOJEJSIMU, TO
TaKUM YMHOM YTBOPIOETbCS iTepalliiiHa Ipoleaypa Ipu3Ha-
YeHHs JIOIYCKiB 3 NOCTYIIOBUM YTOUHEHHSIM MOJeJIi.

Ax xkpurepiii BuXoay 3 itepaiiitHoi npouexypu MoXxe BU-
KOPHUCTOBYBATUCH CIIiBBi/THOIIEHHS:

L _ =1

(10)
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(n) (n-1)

ae x; 7, Tax; ; - 3HAUEHHS IapaMeTpiB €JIEMEHTIB Ha
n-it Ta n-1-i iTepamisax;

& - TouHicTb O6YMCIEHHS JOMYCKiB.

306iKHICTD iTepaliiiHOro MPoIleCy 3aeKUTh BiJl IOYATKO-
BOTO HaGJIMIKEHHS, SIKi MOXYTb IPU3HAYATHCh 32 YMOBOIO
OZIHAKOBUX 3HA4YCHb BiJAXW/EHb IapaMeTPiB €JEeMEHTIB Ta

BuxizHOI dyHKIIT:

L 4y

Y xiH Vi

I><|

(11)

X.
il 2
Xin
a0 3a yMOBHM 3MEHIICHHS BiJIXHJIEHb €JIEMEHTIB y BiJmo-
BIJIHICTIO 3 iX KiJIBKiCTIO:

5o =1Ly, LI L2 ).
xiH nyH 'xiH nyH

VYmosu (11) BUKOPHCTOBYIOTBCS, KO MOK/IMBA B3a€MHA
KOMIleHcallis Bigxuaenb i koedimientn pisusup (1) MaoTh
pisHi sHakn. YmoBu (12) Kpame 3acTOCOBYBaTH, KOJIM MEpe-
BaskHa GiJibIIicTh KoedillieHTiB MalOTh OJJHAKOBUI 3HAK.

Pospobiiene matematnyne 3a6e3liedyeHHsT 103BOJIsIE cPop-
MyBaTH QJITOPUTM IIPU3HAYEHHS eKCILTyaTalliiiHuX JOIYCKiB.
Bxignumu januMu npu npusHaveHHi eKCIUTyaTallifHuX [10-
IIyCKiB €:

-3HAUEHHA BiJIXWJIeHb 1 HOMiHaJIbHE 3HAYEHHS BUXIJAHUX
rnapaMerpis;

- IIOYATKOBi 3Ha4YeHHs Bi/IXWJEHb i HOMiHAJbHI 3HAYEHHA

(12)

BXi/IHUX I1apaMeTpiB;

- TOYHICTb onTuMizailii abo KiJbKicTb iTepariiii;

- PIBHAHHA, SKi ONUCYIOTH 3aJIe’KHICTh BUXiJHOIO mapa-
MeTpa BiJi BXi/JHUX;

- BaroBi koedilieHTn.

Buxignnmm ganumu 71 Tpoliecy ONTHMi3arii € 3HaueH-
HA BiIXWJIeHb BXifnux napamerpis. IIponeaypa npusnaven-
HA JI0IYCKiB € iTepariiinolo. Koskna iteparist ckiagaerbes 3
eTalliB:

Etamn 1. Ilo6ynoBa crpolneHoi iHTepBaJbHOI MOJeNi CHC-
TeMH, 1[0 MPOEKTYETHCH,

Eran 2. Bnumcysanns rineprapasesierninesy MakcUMaJib-
HOro 06'eMy 710 06J1acTi Tpale31aTHOCTi;

Eran 3. KourpoJsb yMOB BUXO/y 3 IIPOIECY ONTHMi3arii.

SIKIo yMOBH TPUNMHEHHS POGOTH IIPOIEAYPHU He BUKO-
HaHi, SK TOYATKOBi BiJIXWJIEHHS BXiJHUX MapaMeTpiB Oe-
PYTbCsI OOUNCJIeHI 3HAYeHHs JIOMYCKiB, i po6oTa mpomeaypu
IIOBTOPIOETbCA 3 mepuioro etamy. IIpum Bukonanni ymoB
BUXOAY IIpolie/lypa IPU3HAYEHHA JOIYCKIB 3aKiHUy€ CBOIO
po6orty.

AsropuTM MoKe OYTH 3aCTOCOBAHUII i [T OTPUMAaHHS
6i/IbII TOYHWUX 3HA4YEHDb JOMYCKiB, OGUMCIEHUX 3a BUPA30M
(5). Po3po6ieHnii aITOPUTM CHHTE3Y JOIYCKiB GYB BHKO-
pHUCTaHUIl HpU PO3pOOI HPOTPaMHOTO 3abe3NeYeHHs [0
IIPOTPAMHOTO KOMILJIEKCY aBTOMATH30BAHOTO OOUMCJICHHS
poryckiB "INTOL", saxkuii BUKOpPHCTOBYBaBCA y HaBEIECHUX
HIDKYe TIPUKJIaLaX OGUHCICHHS JOMYCKiB.
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EKCIIIYATAIIMHUX JOITY CKIB

3 MPUKJITAIODH 3ACTOCYBAHHA

3allpOIIOHOBaHI MeTOAU BUKOPHCTOBYBAJINCh IPU IIpU-
3HAUYEHHI JOIYCKiB AJI1 XBUJIbOBOI'O OLIOPY MiKPOCMY>KKOBOL
Jainii Ta koedinieHTy mepeznaui (inbTpa HIDKHIX YacToOT.
Ilpu yTBOpeHHi iHTepBaJbHUX Mojesell XBUJIbOBUI OIip
MiKPOCMY’KKOBOI JTiHii (puc. 2) o6uucaoBaBess 3a JOMOMO-
roio cuissijHomenns [11]:

;o 120 (ln-8-ﬁ+ woo1g—1
T2 1)

w 32h2_28r+1
X ln(T—E+ —1-111%)),
2 ¢

r

X

e Zx - XBUJIbOBHI OTIiD;

€. - Bi/THOCHA JlieJIeKTpUYHA ITPOHUKHICTD IiIKJIA/KU;

h - TOBImMHA ITiAKIAJKHY,
W - IIUPHUHA MiKPOCMY’KKOBOI JiHii.

Pucynox 2 - Cnpowena cmpyxmypa MikpOCMYKKOGOL
ATHTT

OO6umc/ieHHs TIPOBOJNJINCH JUJISi HOMiHAJbHUX ITapaMer-
pis: €,,=9.6, h, =1 MM, w, =0.997 MM, sKuM BijOBizATO
HOMiHAJIbHE 3HAYEHHS XBUJILOBOTO Omopy Z, , =50 Om.

[HTepBasbHA MOJIEJIb YTBOPIOBAJIACH TIPH BiJIXUJIEHHI KOH-

CTPYKTHBHUX Tlapametpis 0,; = +3%. IliarpumyBanach

TouHicTh o6umcenb & =0.001. /lonmycTuMe BiXUIEHHS XBU-
JIbOBOTO OTOPY 3aj1aBanoch 8, = +3%.

PesysbpraTit po60TH iTEpAIiiTHOTO AJTOPUTMY HAIAIOTHCS
y ta6a. 1 dAx BuaHO i3 TabsuUI, A/ XBHJIBOBOTO ONODY
MiKPOCMY3KKOBOT JIiHiT aJropuT™M OGYHCJIEHHS JOIYCKiB Mae
BHCOKY 36i3KHICTb.

Cxema ¢isbTpa HMKHIX YaCTOT, JJISL SIKOTO OGYHCJIIOBA-
JIUCh JIOIYCKM, HAJA€ThbCs Ha puc. 3. napamerpu ¢igbrpa
Maiau HopMmoBani 3Hauvenns [12]: RO0=R4=1, C1=C3=
=0.368557, 1L.2=0.737714.

OGuncsienns koedillieHTy mepefadi TPOBOJAUIOCH HA
HopmoBaHiil wacrori Q=3. [lonycrume Bigxusenus koedi-
IieHTy Tepejadi 3a/aBajoch Sh = 15 %. IliarpuMmyBanach

tounicth o6uncnens &=0.001. Pesysbratn obuncienb jo-

MyckiB Ha napameTpu (ijbTpa HaJAOTbCS B Ta0. 2.
IIpy OmHAKOBUX J[ONMyCKaX HA MapaMeTPU eJEeMEHTIB

O6YNCIeHHS A€ §x0:1.7628, Sx0:1.6446. 3acToCcyBaHH:A

aJropuT™My ontumizamii 36iJbHIMIO0 BifHOCHUE 06'eM 110

v, =2.0749, V,,=1.8936.

Taé6.auua 1- O6uucaenns 0OnNYcKie HA napamempu MiKPOCMYNKK0OBOL ATHIT

Honycku Ha mapamerpu, %
Itepauis N _ -
S O 0 A S, Oy
0 2.0619 2.2079 2.0243 2.0679 2.0069 2.0861
1 2.0774 2.1925 2.0386 2.0543 2.0128 2.0809
2 2.0773 2.1925 2.0384 2.0541 2.0127 2.0808
3 2.0773 2.1925 2.0384 2.0541 2.0127 2.0808
RO L2
o I_II YT TY
Usx _— —_— C3 D R4
O

Pucynox 3 - Cxema ¢irompy nuxnix uwacmom
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Ta6.auua 2- Jlonycku na napamempu gpirompa
HUKHIX yacmom

Biaxu ITapamerpu

JICHHA | Ro R4 C1 C3 L2
§8 3.6327 | 1.4051 | 2.9020 | 2.6589 | 0.8821
88 3.1958 | 1.4282 | 2.3959 | 2.5746 | 0.8225

BHCHOBKH

Po3po6Jieno itepaiiiiHuil aaropuT™M MPU3HAYEHHS €KC-
IJIyaTaliifHuX JOIyCKiB 3 IOCTYIIOBUM YTOYHEHHSAM MOJIEJII.
BukopucTaHHsI aJroOpuTMy /J03BOJISIE YHHKHYTH OOMEKEHD,
10 HAKJAJAE 3aCTOCYBaHHA JIHIHHMX MOJesel Mpu ampo-
KCUMaIiil HeTiHITHIX (YHKIIIOHAJbHAX 3aJe3KHOCTe BUXi/l-
nux (Qynkuiii esexrponnux amaparis. Ilpukaanm Bukopu-
CTaHHS aJTOPUTMY MHiATBEP/KYIOTb MOSKJUBICTb 3HAYHOTO
36iJpIeHHsT 06'€eMy JIOTYCKiB.

AJITODUTM MO’KE BUKOPUCTOBYBATHUCH [JIs1 OGUMCJIEHHS
JIOTTYCKiB MOHOTOHHUX BUXigHUX (QyHKIi#. B 1bomy Bu-
MaJIKy BiH Ma€ BHCOKHUIl cTyninb 36izknocti. [Ias GyHKILH,
IO MAIOTh €KCTPeMyM B 06JIacTi Tpale3faTHOCTi HeOOXiAHO
HEePEerJITHyTH MEeTOJI YTBOPEHHS iHTEPBAJbHUX MOJIEJIEH.
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IIpednoxen memod cummesa u ONMUMUIAUUU IKCNAYAMA-
UYUOHHBLY DONYCKOB C UCTOLLI0BAHUEM YNPOWEHHBLY UHMEPEATb-
noix modeneil. Paspaboman umepayuonnoiii aizopumm Ha3naye-
HUsi 0ONYCKO8 ¢ Nowazosuim ymounenuem modeau. lIposedeno
mecmupoganue paspabomaniozo MameMamuteckozo u npozpa-
MHOZO 00ecneuenuss Ha PedaibHbiX NPUMePdx.

The method of synthesis and optimization of operational
tolerances using the simplified interval models is offered. The
iterative algorithm of assigning the tolerances with step-by-
step refined model is developed. The software has been devel-
oped on the based of this mathematical manipulation. The
actual data have been used for testing the software.
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MATEMATHYHE
TA KOMII'IOTEPHE MOJEJIIOBAHHAA

MATEMATHYECKOE
U KOMIIBIOTEPHOE
MOAEJINPOBAHHE

MATHEMATICAL
AND COMPUTER MODELLING

YAK 004

M. Candik

DISCRETE ORTHOGONAL TRANSFORMS
IN DIGITAL IMAGE WATERMARKING

Basic principles of digital image watermarking based on
discrete orthogonal transforms are in this paper presented.
Digital image watermarking based on using of Karhunen-
Loeve Transform (KLT) and Discrete Cosine Transform
(DCT) is in the paper presented in more details. Experimental
verification of both methods was realized on static grayscale
images Einstein and Samuel.

1 INTRODUCTION

Digital watermarking represents a viable solution to the
ever-increasing demand for copyright protection mecha-
nisms [1]. A watermark is hidden information within a
digital signal [2]. For image watermarking several tech-
niques have been developed. Watermarking techniques can
be divided into three main groups:

- spatial space watermarking,

- frequency space watermarking,

- parametric space watermarking.

Watermarking in spatial space uses the spatial image
space for embedding of hiding information. Frequency
space watermarking uses the selected discrete orthogonal
transforms (DCT, DWT) for embedding of the hiding
information into the spectral coefficients or into the
sequence coefficients, space
watermarking includes algorithms, where a watermark is

in generally. Parametric

embedded into the image in its parametric space (typically
in digital image watermarking techniques established on
fractal image coding, where a watermark is inserted into

the parameters of block's similarity or into the parameters
of block's positions) [3]. To achieve maximum protection
of intellectual property with watermarked media, several
requirements must be satisfied. Embedded watermarks
must be[3]:

- imperceptible - the watermark should be impercepti-
ble, not to affect the viewing experience of the image or
the quality of signal

- undeletable - the watermark must be difficult or even
impossible to remove by a hacker, at least without obvi-
ously degrading the host signal.

- statistically undetectable - A pirate should not be
able to detect the watermark by comparing several water-
marked signals belonging to the same author

- robustness - The watermark should be survived by the
using of the loss compression techniques and signal
processing operations (signal enhancement, geometric
image operations, noise, filtering, etc.)

Proposed requirements that are imposed on watermark-
ing methods are contradictory. It is technically viable and
easy to embed a watermark into an image by its invisibil-
ity, but requirements of its undetectability, undeletability
and its robust create technical problems. Thus, a water-
marking technique for watermark embedding is a compro-
mise between some contradictory requirements. It is an
argument why properties of watermarking methods must
be analyzed.

In this paper a basic analysis that must be realized after
process of watermark implementation is presented. Com-
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paring of two digital watermarking methods, both based
on discrete orthogonal transforms, is described. In gener-
ally, discrete orthogonal transforms (mainly DCT) is a
base for loss image compression. It is possible to assume
that information which may be lost during lossy compres-
sion, the same information may be modified during water-
mark embedding. Thus, a question is satisfying of
remaining watermark requirements.

2 GENERAL ALGORITHM FOR WATERMARK
EMBEDDING

Digital image watermarking algorithms based on using
of discrete orthogonal transforms may be described accord-
ing to generally algorithm for watermark embedding
depicted in Fig.1.

A frequently case of watermarks are binary images,
dimension of watermark is in generally smaller then
dimension of original image. Input parameters in process of
watermark embedding are original image, watermark and
user's key (style of watermark permutation). The original
image is processed by discrete orthogonal transform. After
image transformation we obtain a set of spectral or
sequence coefficients. The set dimension of transformation
(spectral) coefficients equals to the original image dimen-
sion. A first operation with the watermark is reordering of
its pixels by using pseudorandom permutation. The algo-
rithm of watermark permutation must be pseudorandom
because watermark must be reconstructed. A type of used
pseudorandom watermark's pixels permutation is arbitrary
and makes a user's key. A watermark is a binary image.
Thus, values of its brightness are 0 - black point (black
pixel) and 1-white point (white pixel). For satisfying of
robust requirements are these values multiplied in a multi-
plying unit, the multiplication is realized with some con-
stant value. A multiplying unit doesn't need to use, in
generally. Then each pixel is added to some spectral coeffi-
cients of original image. Number of used spectral coeffi-
cients equals to number of watermark's pixels.

ORIGINAL
IMAGE

WATERMARK

PSEUDORANDOM

TRANSFORMATION l PERMUTATION

SPECTRAL
(SEQUENCE)
COEFFICIENTS

PERMUTED
WATERMARK

'
'
i UNIT

INVERSE
TRANSFORMATION

WATERMARKED
IMAGE

Figure 1 - The basic algorithm of watermark embedding

into an image. As a transformation is reasoning some

discrete orthogonal transform. The multiplying must be
not strictly used

A choosing of spectral coefficients depends on their
properties. We expect that embedded watermark will be
invisible and immune during operation with watermarked
image. From point of view of human visual system are
good spectral coefficients with the relationship in spatial
space of image to highest image frequencies (details in
images), but mostly operation with an image is its filtering
and embedded data may be lost. Thus, a way for this
requirements are spectral coefficients corresponded to cen-
tral part of frequency space. After modification of spectral
coefficients we compute inverse transform (of modified fre-
quency space) and obtain watermarked image.

2.1 BASIC MATHEMATICAL DESCRIBING OF
WATERMARK EMBEDDIN G

Let original image I is defined according to relation-
ship (1)

i = {1(i,/);0 <i <N;;0<j<N,}, M

where i(i,j) € {0,1, ... ,2L — 11} is a brightness value of
pixel iy(7,/);i,j, terminates position of pixel and L
denotes number of bits used do describing brightness value
in each picture element. The original image dimension is
(Ny xNy).
Watermark W is a binary image (L =7) defined accord-
ing to relationship (2).
W= {w(i,j),0<i<M;0<j<M,}, )
where W(i:/) = {0:1} describes a brightness value of a
watermark. The dimension of watermark W is (M, XM,),

M SN, M,<M,.

Let watermarked image is denoted as /. Then process
of inserting of watermark W into the original image I may
be described according to relationship (3).

O IXW—I; I, =1+yW, 3)
where @ is embedding procedure, Yy is a two-dimensional

inserting mask, that includes operations of superposition,
permutation etc.

3 A GENERAL ALGORITHM FOR WATERMARK
EXTRACTION

Analogue, we describe a general algorithm of watermark
extraction. Input parameters in process of watermark ext-
raction are original image, watermarked image and user's
key (algorithm of watermark permutation). A general
algorithm for watermark extraction is depicted in Fig.2.

For the original image we compute discrete orthogonal
transformation; on the original image we compute discrete
orthogonal transformation too. We compare used spectral
coefficients in both images. Because watermarked image
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may be modified (noise corruption, attack of data, etc.),
may be also changed coefficients, that weren't modified in
process of watermark embedding. In this case is an advan-
tage to use a threshold unit which provides selection of
modified spectral coefficients. A next step of watermark
extraction is reordering of used spectral coefficients. After
this manner we obtain extracted watermark.

WATERMARKED
IMAGE

ORIGINAL
IMAGE

TRANSFORMATIONI lTRANSFORMATION

SPECTRAL SPECTRAL
(SEQUENCE) (SEQUENCE)
COEFFICIENTS COEFFICIENTS
r__,_ffttf{{___w
f THRESHOLD ]

' UNIT |
e a4

INVERSE
PERMUTATION
EXTRACTED
IMAGE

Figure 2 - The basic algorithm of watermark extraction
from watermarked image. The threshold unit must be
not strictly used

3.1 BASIC MATHEMATICAL DESCRIBING OF
WATERMARK EXTRACTION

A process of watermark extraction may be described
according to follow relationship (4)

S:IxI, > W, W = v(Ww°), (4)

where & is extraction procedure, v (.) describes inverse
permutation of reordered watermark W°, which is

obtained after comparing of spectral spaces both input

images I and /,. Because watermarked image may be pro-

cessed, embedded watermark W may be, in generally,

L]
corru W .

4 THE ALGORITHM OF DCT WATERMARKING

The algorithm of digital image watermarking based on
two-dimensional discrete cosine transform (DCT) is a
basic and the most processed watermarking method. Its
large distribution is given by large using of digital images,
mainly in JPEG format, which uses this orthogonal trans-
formation.

The algorithm of digital watermarking based on DCT is
follow:

1. Original image is divided to non-overlapped blocks,

that cover all image. The dimension of each block is 8 8.

2. For each block we compute DCT transform defined
in equation (5)

7 7
F(u,v) = _______________________C(u)4C(v) >N U /’c)cos[(---*1----------------—2 :é)un}x
j=0k=0
2k+1)vrm
X cos[————Té——-J, (5)
where

F(.,.) denotes DCT coefficients,
f(.,.) are values of brightness (pixel's values) in current

block,

C(u) =1/ 2 for u=0;

C(u)=1 for u=1,2...7,

C(v) = 1/ 2 for v=0;

C(v)=1 for v=1,2...7.

3. For obtained spectral coefficients we use its reorder-
ing according to ZIG-ZAG algorithm, depicted in Fig.3.

(8x8) ;l

Lt []]eee [ 11111 1[1]
{(1x64)

Figure 3 - Reordering of spectral coefficients according
to Zig-zag algorithm

Zig-zag algorithm provides a transposition of spectral
coefficients of a two-dimensional block into one-dimen-
Obtained spectral coefficients sequence
includes elements that are equivalent to decreasing fre-
quency parts in actual image block. Thus, the first element
depends on mean brightness value of block, the second ele-
ment depends on low-frequency properties of image blocks,
etc., the last coefficient depends on high-frequency proper-
ties of image blocks (details in image).

4.Because dimensions of image I and watermark W are
different, it is necessary to compute, how many water-
mark's pixels are used in current DCT block.

Let h1 =N /8 and hy = N, /8 describes number of

DCT blocks in horizontal and vertical direction of image I,

sional vector.

respectively. Thus, original image I contains 4, X h, DCT
blocks. In will  be
(M / hy) X (My/ hy) pixels for each DCT block. The

process of pixel's selection in watermark W is free, only

watermark w strikes

number of pixels depends on dimension of watermark W
and on dimension of original image I, too.
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D C T Mean position

of vector
ZIG jZA l

{I Modification

Figure 4 - Example of a possibility of spectral coeffi-
cients modification based on Zig-zag algorith.
One of way is watermark dividing into /2y X hy water-

mark sub-blocks, each sub-block to convert into one-
dimensional vector and this vector add to selected spectral
coefficients in Zig-zag vector (see Fig.4).

5.Watermark will be permuted, i.e. pixels of watermark
W will be reordered. A watermark with reordered pixels is

denoted Wg.
6.For satisfying of robust requirements will be per-

muted watermark WI(J) multiplied with a constant

k(k>0), i.e.

W= kwo.

= kI ©)

Thus, we obtain binary image Wp (permuted water-

mark), its brightness values are 0 - black picture elements,

k - white picture elements.
7.Selected pixels of watermark Wp is superposed into

selected DCT spectral coefficients of image block. Super-

position is the addition of value 0 or k to values of
selected spectral coefficients.

8.Inserting of watermark pixels will be realized for each
DCT image block.

9.After inserting watermark to (DCT) frequency space
of original image we acquire modified DCT spectrum of
original image, its dimension is (Ny X N, ).

10.We realize the same dividing of this spectrum into
non-overlapped blocks, that cover all image, and that was
used in step 1. For each block we compute inverse DCT
transform according to follow relationship:

7 7
F(i,j):i Y Clu)- C(V)F(u,v)cos[ 2’2; ”"Jx
u=0v=0
2+ 1
xcos[ 4;6 Vn] (7)

where describing of parameters is the same as in equa-
tion (5).
11.After computation we obtain watermarked image 7, .

4.1 EXTRACTION OF WATERMARK
We retry that input parameters in process of watermark

extraction are original image I, watermarked image I,

and user's key (algorithm of pseudo-random watermark
permutation). A process of watermark extraction may be
described in follow steps:

1.Original image I is divided to non-overlapped blocks,
which cover all image. The dimension of each block is
8x8.

2.For each block we compute DCT transform defined in
(5).

3.Watermarked image /, is divided to non-overlapped
blocks, that cover all image. The dimension of each block
is 8x8.

4.For each block we compute DCT transform according
to relationship (5).

5.In both image spectral spaces we retrieve spectral
coefficients that were modified in process of watermark
embedding. Thus, we compare spectral spaces of both
images (we compute difference of values of these spectral
coefficients).

6.We redistribute computed differences into two-dimen-
sional space that is corresponded with pixel's distribution
of permuted watermark. Output of this computational step
is a matrix, which corresponds with permuted watermark,
dimension of this matrix equals to dimension of water-
mark, or permuted watermark, respectively.

7.0btained matrix is processed by inverse permutation,
i.e. reordering of values in its space.

8.Because watermarked image could be modified, we
use thresholding of values. The level of threshold is from
interval < 0;k>. Thresholding makes a comparing of pro-
posed matrix values with some constant value (threshold).
Matrix values that are smaller then threshold value are
interpreted as a black pixel (0-value) and matrix values
that are greater than threshold value are interpreted as

white pixel (value 1, or value k).

9.After thresholding we obtain watermark W, Its qual-
ity depends on threshold value and on type of processing
with watermarked image.

5 THE ALGORITHM OF THE KLT WATER-
MARKING

The algorithm is in generally, the same, as algorithm
based on DCT transform.
(KLT) is the optimal transform among all orthogonal

Karhunen-Loeve transform

transforms. It is also known as Hotteling or principal com-
ponents transform [4]. This transform has the best energy
compaction property, and it de-correlates the image data
most efficiently. Moreover, the mean square error distor-
tion due to discarding transform coefficients is the last.
The realization of Karhunen-Loeve transform can be
described by following steps:

1.Dividing of original image I into non-overlapped
blocks that cover all image. The blocks havedimensions

K xK,.
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2.Each block is transformed into vector u of dimension
1xK 1K2 ‘
3.For each block we compute covariance matrix

C, = E{lu—E@)[u-E@)]"}, (8)

where operation E[.] represents a mean value.

4.We compute eigenvalues and eigenvectors ¢ of cov-
ariance matrix C, . The base vectors of Karhunen-Loeve

transform are given by the orthonormalized eigenvectors of
the covariance matrix C w that is,

C0p = M0y

9
0<k< (K Ky—1),

where Kk is corresponding eigenvalue of the eigenvector
¢, . Eigenvalues of the covariance matrix, which are all
non-negative, can be ordered according their magnitude.
The larger is the magnitude, the more energy the eigen-
value contains. We create matrix U, where a first column
contains eigenvector of maximal eigenvalue, second col-
umn contains eigenvector with a second largest eigenvalue,
etc. After reordering of columns it is necessary to save,
how columns were reordered.

5.The Karhunen-Loeve transform is defined according to
relationship (10):

Y="Uu. (10)

6.Inverse transformation is defined according to rela-
tionship (11),

u=UTYy, an

where parameter T describes a matrix transpose.
7.We create two-dimensional block of dimensions

K, x K, from the vector u of dimension 1 X (K,K) .

Thus, after theoretical description we focus on practical
aspects of its implementation into watermarking process.
Dimensions of non-overlapped blocks of divided image I
must be not strictly 8 x8, but this dimension is a good
way to properties compare of both approaches in digital
watermarking. Increasing of its dimensions gives more dif-
ficult computing and long time for KLT transform compu-
tation. Selection of spectral coefficients modifying is the
same, as in DCT watermarking method.

6 EXPERIMENTAL PART

Our experiments we are realized on static grayscale
images EINSTEIN and SAMUEL in pgm (portable gray-
map) format. Their dimensions were N ;=N =256, resolu-

tions of images were 8 bits/pixel, i.e 28=256 levels of
brightness. Used images are depicted in Fig.5.

Figure 5 - Used original images for digital watermark-
ing: a) EINSTEIN; b) SAMUEL

As watermarks we use for our experiments binary
images Wmarkl and Wmark2, both of dimensions
M =M »=64, resolution of watermarks was 1bit/pixel.

Used watermarks are depicted in Fig. 6.

Figure 6 - Used watermarks: a) Wmark1; b)Wmark2

Embedding of watermarks into original images was real-

ized by multiplying factor k=4, i.e. black pixels in water-
mark are represented by zero brightness level and white

pixels in watermark are described by brightness level k.

6.1 SELECTED PROPERTIES OF BOTH METH-
ODS

Quality of extracted watermark and watermarked
images were analyzed with objective and subjective crite-
ria of image quality. As objective criteria of image quality
were used MAE (Mean Absolute Error) and MSE (Mean
Square Error). Mean Absolute Error is defined in (12)

N, N,
MAE = T S e =l p), G2
x=1y=1
and Mean Square Error is defined in (13):
N, N,
MSE = ]ﬁx§1y§1 [I(x,y) _[W(x’y)]z ) (13)
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A practical criterion for describing of watermark modifi-
cation is the number of detected errors (number of changes
in pixel's values) in extracted watermark. Amount of
extracted modified watermark's pixels is denoted as €.
Relative amount €. of modified watermark's pixel is

defined according to relation (14).

— €
oMM,

€ 100 %. (14)

Next objective criteria of image quality used for water-
marked images was Peak-Signal-to-Noise-Ratio defined
according to relationship (15)

2552
Ny N

1
NN, L X [1Gx, y) = 1,(x, 1)1
10 x = 1);:1

PSNR = 10log (15)

Quality of watermarked image depends mainly on used
multiplying factor k. Higher values of multiplying factor
generate smaller quality of watermarked images, across
they improve robustness of embedded watermark. Second
parameter with relation to duality of watermarked image is
used watermark. Modifying of spectral coefficients (and
image pixels) depends on amount of white pixels in water-
mark, because only white pixels create changes in image
by embedding of watermark.

Obtained quality of watermarked images is described in
Tab.1, effect of thresholding to quality of extracted water-

Ta6auua 1-Quality of watermarked images

mark is described in Tab.2. Threshold levels are denoted
with "[". Because we had not analyzed effect of lossy oper-
ations with watermarked images (i.e. robust analysis), we
were focused to lower thresholding levels and survey speed
of errors elimination in extracted watermarks. We retry
that threshold levels are defined in interval (0;k). Modi-
fications of watermarks which are produced by process of
embedding and extracting of watermarks are accrued
mainly in rounding of computed values and in produced
error during computation.

Experimental comparing of both approaches of digital
watermarking shows that higher objective quality of
watermarked images (smaller errors MAE, MSE and
higher PSNR) produces using of Karhunen-Loeve trans-
form in watermark embedding, only one case - embedding
of watermark Wmark1 with the multiplying factor k=2
gives in DCT approach higher watermarked image quality
(by using another original images and another watermarks
presented effect was not notable).

Analogous, as objective watermarked image quality,
subjective image quality criteria to qualification of embed-
ding process are used. Examples of unwatermarked (origi-
nal) image and watermarked images in Fig. 7 are depicted.
For our examples we choose watermark Wmark2, because
this watermark produces more errors by its embedding into
an image - watermark Wmark2 contains more white pixels
(than watermark Wmark1) which cause them. The multi-

plying factor k=4 was used by embedding of watermarks.

QUALITY OF WATERMARKED IMAGES
MAE MSE PSNR
DCT KLT DCT KLT DCT KLT
method method method method method method
k=2 0,0022 0,0065 0,0022 0,0115 74,682 67,510
Wmark1 k=4 0,0700 0,0147 0,0702 0,0459 59,665 61,508
k=6 0,1011 0,0224 0,1059 0,0985 57,883 58,196
EINSTEIN
k=2 0,1888 0,0923 0,1888 0,1624 55,371 56,026
Wmark?2 k=4 0,5827 0