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YUCEJBHE MOJEJIOBAHHSA PO3CIIOBAHHS EJIEKTPOMAT'HITHUX XBUJIb HA PEIIITKAX
3 OTHOBUMIPHOIO KBA3I®PAKTAJIBHOIO CTPYKTYPOIO ITIEPIOY

ITpoBeneHO YNCceNbHE MOICNIOBAHHS BIACTHBOCTEH E — MONPH30BaHUX Ta H — HOJISIPU30BAHUX XBHIb, IO OyJIM PO3CIsSHI HAa NEPiOJUYHHX €KPaHO-
BaHMX KBasipakranpHUX pemriTkax. Ha KOXHOMY mepiozi po3TallyBaHHs CHCTEMH CMYT BH3HAYA€THCS 3a HMPHMHIIMIIOM HOOYIOBH y3arajlbHEHOI CH-
METPUYHOI KAHTOPOBOT MHOKMHHU Ha HEBHOMY KpOLi aaroput™my. Jjist IpoBeieHHs JOCIiUKEHHS OyJla BUKOPUCTaHA MaTeMaTH4Ha MOJEIb 3a/1a4, SKa
6a3yeThCs HA CHCTEMaxX IPAHMYHHUX CHHTYJSIPHHX IHTErpalbHUX PIBHSHB Iepuoro poxy. Li cucremu piBHSIHB Oyii0 OTPUMAHO 3a JOIIOMOTO0 METOXY
HapaMeTPUYHUX MOJaHb CHHIYJIAPHUX Ta FIEPCUHTYISPHUX iHTErpalbHUX onepaTopiB. UncelabHe po3B’sA3aHHS CUCTEM CHHIYJISIPHHX iHTEIPalIbHHX
PIBHSHB BUKOHY€ETBCS 32 JOIOMOTOI0 OOYHCIIIOBAIIBHIX CXEM METOJY AUCKPETHHX ocobimBocTeil. Uepes po3B’si3KM X PiBHSIHb BUPAXKAIOTHCS OC-
HOBHI XapaKTePUCTUKH EIEKTPHIHOIO Ta MArHITHOTO MoJsl. EKCIIepUMEHT I0BIB MOXK/IMBICTh BUKOPUCTAaHHS 00uncioBanbHoil cxemu (MJIO) no aHa-
3y chcTeM, IO MICTATh Ha nepioni 8 — 16 cMyr, 10 3HaXOIATHCS Ha Pi3Hiil BifcTaHi ogHa Bix ogHoi. OTpEMaHO rpadiky 3aIeKHOCTI MOYIIIB aMII-
JITY]l TAPMOHIK BiJl XBUJIBOBOTO YMCIIA, TOYKOBI rpadiky aOCOMIOTHUX 3HAUEHb yCiX HEHYJIbOBUX TAPMOHIK IPH PE30OHAHCHUX 3HAYEHHSAX XBHJIBOBOTO
YHCJIa Ta Malld KOMIIOHEHT eJIeKTPHYHHX Ta MarHiTHUX IIOJIB B 00JIaCTi HaJ pemmiTkor. IlinTBeppkeHo, o Ha 3arajlbHy CTPYKTYpPY NOJIS y BUIAJIKY
HOPMAJIBHOTO HaJ{iHHS MAIOTh CYTTEBUII BIUIUB yCi TapMOHiKH 3 abcontoTHuMH HoMepamu Bi 0 1o 50. ['apMOHIKH Maiu BENUKY KUIBKICTh PE30HAHCIB,
SIKi CIIOCTEPIrajIiCh PH Pi3HUX 3HAYEHHSIX XBHIBOBOTO 4YHcia. L{e 00yMOBMIIO CKIIaHY CTPYKTYpY 130iHiH aOCOTIOTHUX 3HAYSHBb aMILTITYIH PO3Cis-
HOT'O €JIEKTPUYHOTO T4 MAarHiTHOTO TOJIIB y 00JIaCTi HaJ CTPYKTYPOIO, 3HAYHMI Mepenaj 3HaueHb aMILTITY TPYU HEBEJIMKUX 3MiHaX KOOpAUHAT. Y 110-
JIAJIBIIOMY IUIAHYEThCS IIPOBEICHHS KOMIT FOTEPHOTO MOJISIIOBaHHS U HEilealbHO POBITHUX CTPYKTYP i IOPIBHAHHS PE3yJIbTATIB 3 YUCIOBHMH pe-
3yJIbTaTaMM JUIA 11€aJIbHOTO BUIAJIKY, 110 OYJIO PO3IJIAHYTO Y Iii CTATTi. 3aponoHOBaHa CTPYKTYpa MOKE MPEICTABIATH LIKaBiCTh JUIs IIPOSKTYBaH-
Hs 6araTOMOJIOBUX IIMPOKOIIOJIOCHUX aHTEH.

Kuro4dosi ciioBa: kBasidpakranbHa aHTEHA, y3arajJbHEHa CHMETPUYHA KAHTOPOBA MHOJKHMHA, MOJCIIOBAHHS PO3CIIOBAHHS XBHIIb, METOJ JIHC-
KPETHHX OCOOIMBOCTEH, CHHI'YJSIPHI IHTErpalibHi PiBHSHHS, METO IapaMETPUYHUX MMOAAaHb CHHIY/SIPHUX IHTErpaJbHUX ONEePaTOpiB.

B. 1. AYIIIKHH, C. B. KYYEHKO
YUCJEHHOE MOJAEJMPOBAHUE PACCEAHUA JIEKTPOMATHUTHBIX BOJIH HA
PEHIETKAX C OJHOMEPHOU KBABU®PAKTAJIBHOU CTPYKTYPOU IIEPUOJA

ITpoBenieHO YHCIEHHOE MOJEIUPOBAHHE CBOMCTB E — NOJSIPU30BAHHBIX M H — IOJSIPH30BAaHHBIX BOJH, PACCESHHBIX Ha IEPHOIMYECKHX dKPAHHPO-
BaHHBIX KBa3H(PaKTaIBHBIX penreTkax. Ha kaxmoM meproje pacronokKeHue CHCTEMBI OJIOC ONpeiesieTcsl I0 IPHHIUITY IOCTPOSHHUS 0000IeHHOr0
CHMMETPHUYHOTO KAaHTOPOBOTO MHOXECTBA Ha ONpEJIEIICHHOM Iiare ainroputma. Jjist mpoBeieHus HcclieIoBaHMs Oblla HCIIOIb30BaHa MaTeMaTHYECKast
MOJIeNb 3a]1a4, OCHOBaHHAsI HA CHCTEMaX I'PaHUYHBIX CHHIYJISIPHBIX HHTETPaJbHBIX YPaBHEHUH NEPBOro poja. DTH CHCTEMBI YpaBHEHUH OBLIM MOITY-
YEHBI C MOMOII[BIO0 METO/A MapaMETPUYECKUX MPEACTABICHUH CHHIYJIIPHBIX U THIIEPCHHTYIISPHBIX MHTEIPAIbHBIX ONMEepaTopoB. UHCIEHHOE pelieHne
CHCTEM CHHTYJIIPHBIX HHTETPAJIbHBIX YPAaBHCHUH BBIIOJIHAECTCS ¢ IIOMOIIBIO BEIYUCIUTENIBHBIX CXEM METOJa JUCKPeTHEIX ocobenHoctel (M/10). Ye-
pe3 pelLICHHs 3THX YPABHEHUIl BBIPA)KAIOTCS OCHOBHBIC XapaKTEPHCTHKHU JICKTPHYECKOr0 X MArHUTHOTO MOJISL. DKCIEPUMEHT J0Ka3all BO3MOXXHOCTh
UCIOJIL30BAaHMS BEIYUCIUTENEHOH cxeMbl MJIO k aHamu3y cucTeM, colepiKalux Ha nepuozne 8 — 16 monoc, HaXOIAIMUXCsl HA Pa3HOM PACCTOSHHU
apyr ot apyra. Ilomydensl rpaduky 3aBUCHMOCTH MOJyJICii aMIUTUTY/{ FAPMOHHK OT BOJHOBOTO YHCIa, TOYCUHbIC rpa)uKi aOCOMIOTHBIX 3HAUCHUIT
BCEX HEHYJICBBIX FAPMOHHUK IIPU PE30HAHCHBIX 3HAYEHMSIX BOJHOBOTO YHCJIA U KAPTHI KOMIIOHEHT 3JIEKTPHYECKUX M MarHUTHBIX MOJICH B 001acTH HaJ
pemretkoii. [TonTBep kAEHO, YTO HA OOIIYIO CTPYKTYpPY IO B CIydae HOPMAIbHOTO MaJeHHs HMEIOT CYIECTBEHHOE BIMSHUE BCe TApMOHUKH C abco-
JMOTHBIMM HOMepamu oT 0 10 50. ['apMOHMKM MMenH 00JIbLIOE KOJIMYECTBO PE30OHAHCOB, KOTOPBIE HAOJIOAIUCEH NIPU Pa3HBIX 3HAYEHHUSIX BOJIHOBOI'O
qrcia. 9To 00YCIOBHIIO CIOXKHYIO CTPYKTYPY H30JIMHHN aOCONIOTHBIX 3HAYEHUI aMILIUTYIBI PACCESIHHOIO JJIEKTPHYECKOT0 ¥ MAarHUTHOTO IoJei B
00J1aCTH HaJl CTPYKTYPO#, 3HAUMTEJIbHbIN Nepenajl 3HaueHUi aMIUTUTY/] IPU HeOOJIbIINX H3MEHEHUAX KOOPAMHAT. B nanbHeieM miaHupyercs mpo-
BEJICHHE KOMIIBIOTEPHOIO MOJEIUPOBAHHS I HEUASaIbHO IPOBOJIINX CTPYKTYp U CPaBHEHHE PE3yIbTaTOB C YHCIOBBIMU Pe3yJIbTaTaMH JUIS HIe-
AJIBHOTO Clyuasi, KOTOPBIit ObLT PacCMOTPEH B 3TOH cTaThe. IIpe/uiokeHHas CTPyKTypa MOXKET NPECTABIAT HHTEPEC Ul HPOCKTUPOBAHUS MHOTOMO-
JIOBBIX IIMPOKOIMOJIOCHBIX aHTCHH.

KuodeBble c10Ba: kBa3su(ppakTalbHasi aHTCHHA, 000OLICHHOE CUMMETPUYHOE KaHTOPOBO MHOXKECTBO, MOJECIMPOBAHUE PACCEHBAHHsS BOJH,
METOJ IUCKPETHBIX 0COOCHHOCTEH, CHHTYJISIPHBIC HHTETPabHbIe YPABHEHMUS, METO/ apaMeTPHIECKUX IPEACTABICHUN CHHIYJIIPHBIX HHTETPaIbHBIX
OIIepaTopoB.

V. D. DUSHKIN, S. V. ZHUCHENKO
NUMERICAL MODELLING OF ELECTROMAGNETIC WAVE SCATTERING ON GRATINGS WITH
ONE-DIMENSIONAL QUASI-FRACTAL PERIOD STRUCTURE

Numerical modelling of the properties of E — polarised and H — polarised waves scattered on periodic screened quasi-fractal gratings is carried out.
The location of the band system at each period is determined by the principle of constructing a generalized symmetric Cantor set at a certain step of the
algorithm. A mathematical model of the problems based on systems of boundary singular integral equations of the first kind was used in the study.
These systems of equations were obtained using the method of parametric representations of singular and hypersingular integral operators. The sys-
tems of singular integral equations were solved numerically using the computational schemes of the method of discrete singularities. The solutions of
these equations are used to obtain the main characteristics of the electric and magnetic fields. This experiment proved the possibility of using the MDS
computational scheme to analyse systems containing 8 — 16 bands at different distances from each other. Graphs of the dependence of harmonic ampli-
tudes on the wavenumber, point plots of absolute values of all non-zero harmonics at resonant wavenumber values, and maps of electric and magnetic
field components in the region above the grating were obtained. It is confirmed that the overall field structure in the case of normal incidence is sig-
nificantly influenced by all harmonics with absolute numbers from 0 to 50. The harmonics had a large number of resonances that were observed at dif-
ferent values of the wavenumber. This led to a complex structure of the isolines of absolute values of the scattered electric and magnetic field ampli-
tudes in the region above the structure, and a significant difference in amplitude values with small changes in coordinates. In the future, it is planned to
carry out computer simulations for imperfectly conducting structures and compare the results with the numerical results for the ideal case considered in
this paper. The proposed structure may be of interest for the design of multimode broadband antennas.

Key words: quasi-fractal antenna, generalized symmetric Cantor set, wave scattering modeling, method of discrete singularities, singular inte-
gral equations, method of parametric representations of singular integral operators.
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Beryn. @pakmanvii anmenu MAPOKO BUKOPHCTOBYIOTHCSL Y MOOUIBHOMY 3B’SI3KY, TeneOadeHHi, cucTeMax CyIyT-
HUKOBOTO TO3MIIIOHYBaHHS Ta pamiodacToTHOi ineHTrdikamii [1 — 3]. [ATepec no mporo Kiacy aHTEH BHUKJIMKAHUH iX
VHIKaQIIEHUMH BIIACTHBOCTSIMH, & CAM€ — WUUPOKONONIOCHICmI0 Ta baeamoodianasonnicmio. 1lelt kac aHTeH BUKOPHCTOBY-
€ThCS 1 Y BIMCBKOBIH cdepi A7 BUPIMIEHHS 3a0au padioeieKmpoHHOI 60pombouU, eleKmpOHHO20 MACKYBAHHSA Ta 30ilic-
HeHHsl 3a8a003axueno2o padiozs’s3ky [4 — 6]. Takoxk CyTTeBOO mepeBaroi (pakTalbHUX aHTEH € X MIHIATIOPHICTD,
oo mepenbadae K Maii T€OMETPHYHI po3Mipu, Tak i Bary. Came mi BIACTUBOCTI € BaYUIMBUMH UIS BUKOPHUCTAHHS
OKPEMHUMH BIHCHKOBOCITYKOOBIIIMU. AHTEHH, SIKi BAKOPUCTOBYIOTHCSI HIMH, TOBUHHI OyTH TOHKHMH, JIETKUMH 1 Jerie-
BUMH y BUTOTOBJICHHI, X po0OTa HE MOBHUHHA 3aJIC)KATH BiJl aKTUBHOCTI KOPUCTYBaya. 30KpeMa iX poOoTa He MOBUHHA
3aJIe)aTH BiJl 3MiHM F€OMETPUYHOI (POPMU OJIATY, Y SIKUI IHTerpOBaHa aHTEHa.

VY pi3HUX MPaKTUYHUX 3aCTOCYBAaHHSIX, 3 MOMEHTY iX CTBOpEHHS, 3a3BUYall BUKOPUCTOBYBaIUCh 2D Ta 3D npeo-
¢paxmanvuui Ta xkeazigppaxmanvui aumenu. OIHAK, CXOXKI BIACTUBOCTI 6araToMOIOBOCTI 1 IIMPOKOTOIOCHOCTI MAarOTh 1
OJTHOBHMMIpHI HamiBIPO30pi NEPIOANTHI K8azighpakmanvHi pewimxky. TOMy aKTyaldbHOIO 3a/1a4€l0 € JOCHIHKEHHS BIac-
TUBOCTEU eKPAHOBANUX NEPIOOUYHUX KBA3IPPAKMATLHUX PEUTMOK.

AHaJTi3 OCTaHHIX AOCTiTKeHb. /[606uUMipHi cmpyKmypu, O CKIIANAIOTHCS 31 CTPIYOK Ta €KpaHiB, JOCIIIKYBAINCH
y BeNHKIiH KimbkocTi poOiT [7 — 11]. V Ginbuiocti BUNIaAKIB Y HUX PO3MIISAAINCE CTPYKTYPH, IO MICTHIIM HEBEJIUKY KiJIb-
KIiCTh eJIeMeHTiB Ha nepioai. CTpyKTypH, 0 PO3TILIIAOTECS Y il poOOTi, MICTATH OUIBIIE IECSITH SIEMEHTIB Ha Mepioi,
PO3MIpH ENEMEHTIB Ta BiICTaHI MiXK HUIMH MOXKYTh BIIPI3HATHCE Y 0ararto pasiB. ToMy U JOCTIKEHHS TaKUX CTPYKTYP
BapTO BUKOPUCTOBYBATH IiIXOIH, IO JO3BOJIIIOTH HE BUKOHYBATH JOJATKOBOI aHATITUYHOT pOOOTH IIPH 3MiHi KiJIKOC-
Ti €IEMEHTIB Ha MEePio/i, 3MiHi IX B3a€MHOTO PO3TAIIyBaHHA, a TAKOXK OyTH HECYTTE€BO YyTIMBHMH J0 AOBXHHU CTPIYOK
Ta MUPUHY TIITHH.

[um BuMoram 3a0BOJBHSE MiAXiA, M0 OYyJIO 3amponoHOBaHO y pobomax FO. B. ['andena [12 — 14], sxuii noBiB
CBOIO e(heKTHBHICTh IPH PO3B’sI3aHHI 0arathox 3aday eiexmpoounamiku [15 — 22]. Bin 6a3yeThcsi Ha 3HAXOJKCHHI Xa-
PaKTEPUCTHK €IeKTPOMArHiTHUX I0JIiB, 32 JIOTIOMOTOIO YHCIIOBOTO PO3B’SI3aHHS CUCIEM CUHZYTIAPHUX THMESPATbHUX Pi-
ensanb (CIP) memooom ouckpemuux ocoonusocmeui (M/[0) [12, 23 — 25]. CucreMH rpaHUYHUX IHTETPATBHUX PIBHIHb
OTpHMaHi 3a JOIIOMOTOI0 Memody NapamMempuyHux no0aHs iHmespaibHux onepamopis. IcHyBaHHS MaTeMaTHYHOTO 00-
IPYHTYBaHHs 301KHOCTI ITporecy HaOIkeHUX po3B’si3KiB cucteM CIP 1o TouHMX € 111e O/iHI€r0 3 IepeBar Hboro MeToIy
[26].

Y poborax [26 — 28] 3a JONOMOTOFO I[LOTO METOY JOCIiIKYBaJIMCh BIACTHBOCTI HAIBIPO30PHX MpenpaKTaib-
HUX Ta KBa3ippakTanpHUX pemriTok. OMHaK, YUCENFHOTO MOCTIHKEHHS eKPAaHOBAHUX KBa3i(paKTalbHUX PEIIiTOK METO-
JIOM JMCKPETHUX OCOOJIMBOCTEH MPOBEACHO He OyIIo.

Merta cTaTTi — IOCTIIHKCHHS MOXKIMBOCTEH BUKOPHUCTaHHS 00YHCIIOBaIbHOT cxemMud MJIO miist 9MciaoBOro po3s’s-
3aHHS 3a7a49 PO3CIFOBAHHS €JIEKTPOMArHITHIX XBWJIb HAa €KPAaHOBAHUX MEPIOIUYHUX KBa3i(hpaKkTATbHUX PEITiTKaX.

IMocTaHoBKa 3ama4i. Y poOOTi PO3IISAAIOTECS (0edibHO NPOGIOHI 6i0OU8aroui cmpykmypu, MO CKIaTalThCs 3
2] — nepionn4HOI B37I0BXK oci OY cucTeMu CMyT, IO JIKUTH y miiomuHi XOY , Ta ekpaHa, sIKMi po3TalIoOBaHUil Ha Bi-
ncrani d' mig cucremoro emyr. Ilepepis eMyr miomuHO0 YOZ € CHCTeMOIO BiIpi3KiB, JOBXKHHA SKUX Ta PO3TAIIYBaH-
HS Ha IIepioji BH3HAYAIOTHCS HACTYNMHUM anropuTMoM. Ha HymTbOBOMY KpOIli CHMETPHYHO BiIHOCHO KiHIIB Bipi3Ky
3HAXOAUTHCS cMyra JoBxkuHU 2/6,, 0 < 6§, <1. Ha HacTynHUX KpOKaX aIropuTMy i3 KOKHOI CMyTH, 110 OyJla OTpUMaHa

Ha TIOIepeHbOMY €Talll, BUJIAJISETHCS LIEHTPAJIbHUN 1HTEpBaJ BIIHOCHOI MIMpHHU ¢ . Ha n— oMy erani anroputmy mu
. . . . . n - . .
maemo 2" cTpiuok Ta 2" wiinuH. JIoBKHHA KOKHOI CTPIUKK JOPIBHIOE (l—q) -27".216, , BiTHOCHE 3aIlOBHEHHS TIepi-
. n . . n . . .
oy meranom nopisrioe (1—g)" -6, cymapha goBxuHa ycix crpidok (1—¢)" -2/6),. llupuan winue pisHi, 10BKUHA
IIIJIMHY, YTBOPEHOI HA HYJIHOBOMY KpOIli, TOPIBHIOE (l —90)~21 . lnpuHN iHIMMX IUTMH MOXKYTh MPUHAMATH 3HAYCHHS

k=1 A1- . S .
(1 —q) Ik 2196, , ne k =1, ..., n. 3miHIOI04U NapaMeTpu ¢ Ta O, MOKHA OTpUMATU Oa’kaHi CIIBBIAHOIIEHHS MIX

IIMPHUHOIO IIUIMH Ta BIJTHOCHUM 3alIOBHEHHSM IEPi0y METaJIOM.
I3 BepxXHBOTO MBIIPOCTOPY HA PEUIITKY Mala€ INIOCKA JIHIIHO MOIIpHU30BaHa SIEKTPOMATHITHA XBUJIS:

plinitial) E, -exp (ik(n . r)) -exp(—ior), ptiniial) _ H,-exp (ik (n- r)) exp(—iot),
Jie 7 — paaiyc-BeKTOp TOYKH CIIOCTEPEKEHHS; N = (0, n,, nz) — HOpMallb 710 GPOHTY XBHII, IpudoMy 1, < 0.
Bimomo, 1o moBHE moJie MO>KHA TIOJATH y BUTIIAA cyMH E — monsipu3oBaHoi Ta H — mONspu30BaHOl XBUJIb, i 3ara-

JbHA IPOCTOPOBA 3ajlada 3BOAUTHCS J0 ABOX CKAJLIPHUX 337a4 3HAXO/DKCHHS KOMIOHeHT £, Ta H . . Ili KOMIIOHEHTH

MOBUHHI OyTH pO3B’sI3KaMu pisHsiHHs [ envmeonbys B 00NacTi HaJl €KpaHOM 1 30BHI BiOMBAadYiB, IO 33/I0BOJIGHSIOTH
yMOBaM kgaszinepioouunocmi Diaoxe, ymogam sunpominoeanns, ymosam Maiixcuepa. OKpiM IIBOTO, Y BUNANIKY i1€alThb-
HOTIPOBiZHOT CTPYKTYpH, Ha TOBEPXHi CTPIYOK Ta eKpaHa KOMIIOHEHTA IO F, TOBUHHA 3aJOBONBHATH 2PAHUUHUM

ymoeam [ipuxnie, a KOMIOHEHTa 0N /1, TIOBHHHA 3a0BOJBHATH epanuyHum ymosam Hevimana.

Bunagoxk H — moasipu3anii. Y BUNanKy HamiHHA Ha CTPYKTYpPY H — HMOISIPU30BAHOI TUTOCKOI €IeKTPOMarHiTHOI

xsumi H,(y',z')= exp(ik(y' -sing—z'cos ¢))) , TIOBHE T0JIe MOKHA IIYKATH y BUTIISI:
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Puc. 1 — I'padixu 3a1e:KHOCTI MOAYJIIB aMILTITY ] TAPMOHIK BiJl XBHJIBOBOTO YHCIIa
( H — nonspuzauis, ¢ =0.25; 6,=0.999; d =0.251).

3 pesynbrariB pobotu [22] BUIUIMBaE, 10 y BUIAAKy CTPYKTYPH, IO MICTHUTH M CTpPIidOK [aq,bq:'ﬂ-l_l ,

q=1,..., M Ha nepiomui, koepiyicumu @yp’c MaIOTh BUTIISI;

/4 (r)dr
ay, =8, - exp(~ip, g ;
' 1721".1 2 )\/1 7
_p -1 T o _by—a,  b,—a, _
K—l-k-(;[) , 7n_7/n.l(7r) , Pp=k-sinp+zn, neZ, gq(r)— 5 T+ 5 ,(q—l,...,M),
ne Gyukuii W, (z’) 3aJJOBOJIBHSAIOTH CHCTEMI IHTErpabHUX PIBHSIHb:
1! 1 M w,(z)dr _ixsing.
— (&7)-2L elix-g,(&)-sing), |&<1;
s ) R e A
1 W, (z)dr 14 ¢ w,(r)dr .
—|Injr—¢ | =+ — K §, £ =—explik-g, (&, )-sing), (¢=1,... M),
7[:"1 | q| m ”;:“1 Lg,p \>q ) 12 ( q( q) )
y SKii
o
K & 1)=-Rg, (&), g,(7))-6,, - Injr=&|, K E1)=R, (g, (&), g, (7)) -——L2L——;
l,q,P( ) 1( q( ) p( )) P4 | 2,q,p( ) 2( q( ) p( )) gq(r)—gq(é)
. yt . —
R (y.1)=0(y, t)+i/<sin(p-e’ksm¢(y_’) J In|2-sin2{ds — *5"0) 1n|2.sin 2 ;
0
o y—t ixsing(y—t) _
R, (y’ ) 5R1(§JJ}/, )=%Q(J’,t)+(lcsin§0)2€msm¢(yt) }[ In|2-sin~| ds +< 2 -ctg(t 2yj;
T | L eth(yhd') & [1+cth(7,',d') 2( , 1}}
Oy, t)= . + —————>——|l-xsingp-— | |-exp(in(y—t¢
=75 Vo n;w 2 ] n (inr=1)
n#0
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Jnst 3HaXOKEHHS HAOMIDKEHUX 3HAYCHb aMILTITY PO3CISHOTO MOJisi BAKOPHCTOBYBAIach OOUHCITIOBATbHA CXEeMa
MeTOJa TUCKPETHUX ocobmmBocTelt. Ha puc. 1 300pakeHi rpadiku 3aJeXHOCTI aMILTITY, TApMOHIK 3 JOAATHUME HOMeE-
paMu y BHTIAIKy HOPMAJIBFHOTO MAAiHHA H — MOJSApHU30BaHO] XBIJI Ha BiIOMBAIOUY CTPYKTYpY, IO CKJIAIaIach i3 IIicT-
HaJISATH eJleMeHTiB. HaBeneHi pe3ynbTaTd miATBEpIKYIOTh, IO Ha 3arajbHy CTPYKTYPY HOJIS y BUIAAKY HOPMAIBEHOTO
MaJiHHS, MAlOTh CYTTEBHH BIUIMB TapMOHIKM 3 aOCOJIOTHUMH HOMepaMmy Oifibllie IBAJAILTH, 1 IX BHECKOM Y 3aralibHy
CTPYKTYpY TOJISI HE MOKHA HEXTYBaTH. 3HaYHA KiJIbKICTh TAPMOHIK MaJia BEJIMKY KUIbKICTh PE30HAHCIB Y HMIMPOKOMY Mi-
amna3oHi 3Ha4YeHb XBUJILOBOTO uKcia. B MeBHUX iHTepBaax 3HaueHb XBHJIHOBOTO YHCIIA Bifipa3y AEKiJbKa rapMOHIK Ma-
JI1 MaKCUMYMH aMILTITy i (puc. 2).
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Puc. 2 — I'pachixu 3anexxHOCTI MOIYIIiB aMIUTITYy [ TApPMOHIK BiJ{ XBHJIIOBOTO YHCIa TOOIN3Y MakcuMyMiB 21 Ta 35 rapMoHik
(H — nonspusauis, ¢ =0.25; 6,=0.999; d =0.251): a — makcumyM 21 rapMOHIKH; 6 — MAKCUMYM 35 rapMOHIKH.

Puc. 3 — 3anexHnicts BennuuH |a, | Bin HoMepy rapMoniku ( E — momspusauist, ¢ =0.25; 6, =0.999; d =0.51):

a— k=21.081;6—- k=41.18.

Puc. 4 — Kapru posnoziny B o6nacri [0, 2/]x[0, 2/] aGconoTHIX 3HaYeHb PO3CIAHOro MOt
( E — nmomsapusauis, ¢ =0.25; 6,=0999; d=0.51):a— x=21.081;6—- x=41.18.

Bunagok E — noaspu3zanii. UrcnoBuil eKCIIEPHIMEHT IMPOBOANBCS 32 OOUHCITIOBATIFHOIO CXEMOI0, BUKIAJCHOIO Y
MoHorpadii [22]. BinacTuBocTi 0araToMoZ0BOCTI Ta ITUPOKOCMYTOBOCTI, SIKi CIIOCTEPITaIuCh Y BUMAAKy H — nmojsipusa-
il Ha OIiCTHAAUATHEIEMEHTHIH CTPYKTYpi, Y BUNIAaAKy E — moJsipusanii CIOCTepirajanch Ha CTPYKTYpi 3 BOCBMH eJie-
MeHTIB. J[yis ux cTpykTyp Oyna XapakTepHOIO BellKa Bapiallisi aMILTITY I TapMOHIK MO0JIHM3y TOUOK pe3oHaHcy. CTpyk-
TYpy MOJIA y bOMY BUIIaJKy BU3HAYAIA BEJIHMKA KUIbKICTh TAPMOHIK 3 JBO3HAYHUMHU HOMepamu (puc. 3). Lle 06ymoBmIiIo
CKJIaZIHy CTPYKTYpPY i30J1iHil aOCOMFOTHUX 3HAYEHb aMILTITYAH PO3CISIHOTO EIEKTPUYHOTO Ta MarHiTHOTO MOJIB y obac-
Ti HaJl CTPYKTYPOIO, 3HAYHUIT Mepena]] 3HaYeHb aMIUTITYy ] IPH HEBEJIMKUX 3MiHaX KoopauHar (puc. 4). Takox xapakrep-
HO0 OyJia HasIBHICTh HEBEJIMKUX 33 PO3MIipaMH 001acTel 31 3HAUHUM 30UTBIIEHHSM aMILIITY 11 PO3CISTHOTO MOJISL.

BucHoBku Ta NEePCeKTUBU NMOJAAJBIIHX Z[OCJ'IiI[)KeH]:. I[OBCI[CHO MO>KITHBICTD 3aCTOCYBaHHs 00YHCITIOBAIBHOT
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CXEMH METOJy JUCKPETHHX OCOONMBOCTEW IUIsi KOMIT IOTEPHOTO MOJIEIIOBAHHS PO3CISHHS €JIEKTPOMArHiTHUX XBHJIb Ha
BinOMBaroUiil mepioAnvHIN KBa3ipaKTaabHIA CTPYKTYpi, MO MICTHTE 16 cMyT Ha mepioni. OTpuMaHi YHCENbHI Pe3yilb-
TaTH JOBOJTH, IO CTPYKTYPA, siKa 00y 10BaHa 33 3alPOIIOHOBAHUM ITPUHIIMIIOM, MA€ BIACTHBOCTI HIMPOKOCMYTOBOCTI
Ta 0araTOMOJOBOCTI IS AOCIHIIKyBaHAX 3HAUECHb ITapaMeTpiB CTPYKTypH. [linTBepIkeHOo, Mo Ha 3arajdbHy CTPYKTYpY
NOJIsL Y BUNAJKy HOPMAaJbHOTO MaJiHHS MalOTh CyTTEBHH BIUIMB TapMOHIKM 3 aOcoimoTHUMH HoMepamu Bin 0 mo 50.
Oxkpemi TapMOHIKH MaJId BEJIMKY KUTbKICTh PE30HAHCIB, SKi CIIOCTEPITralICh MPH Pi3HUX 3HAYCHHSX XBIIBOBOTO YHCHA.
I{e 00yMOBIIIO CKJIAIHY CTPYKTYPY 130J1iHIH aOCOMIOTHUX 3HAYCHD aMILTITYIA PO3CITHOTO EIEKTPHYHOTO Ta MATHITHOTO
MoJIiB y 001acTi HaL CTPYKTYPOIO, 3HAUHUI Tepenas] 3Ha4eHb aMILTITy I IPH HeBEITMKUX 3MiHaX KOOPAWHAT. Y TIOHalh-
IIOMY TUIAHYETHCS TIPOBEACHHS KOMII IOTEPHOTO MOJEIOBAHHS JUIsl HElleallbHO MPOBITHUX CTPYKTYP 1 HOPIBHSIHHS pe-
3yNBTATIB 3 YUCIOBUMHU PE3YyIbTaTaMH Ul 1I€ANBHOTO BHUITAIKY, IO OYJI0 PO3TIIAHYTO y Wil CTaTTi. 3alporlOHOBaHA
CTPYKTypa MOKe TPEJICTABIATH LIKaBICTh I IPOEKTYBaHHS 0araTOMOJOBHX HIMPOKOIIOJIOCHUX aHTEH.

Cnucok jgireparypu

1. Cohen N. Fractal antenna applications in wireless telecommunications. // In Professional Program Proceedings. Electronic Industries Forum of

New England. —1997. — P. 43 — 49. https://doi.org/10.1109/EIF.1997.605374.

Werner D., Ganguly S. An overview of fractal antenna engineering // Antennas and Propagation Magazine, IEEE. — 2003. — vol. 45. — P. 38 — 57.

Cohen N. Fractals’ New Era in Military Antenna Design // RF Design. — 2005. —P. 12 - 17.

Reddy B., Prasad N. Wearable Circularly Polarized Fractal-Shaped Antenna for Wireless and Defence Applications // Proceedings of International

Conference on Wireless Communication. — 2020. — P. 103 — 111. http://dx.doi.org/10.1007/978-981-15-1002-1_12.

5. Chitra R. J., Nagarajan V., Mukesh D. Design of Wearable Pentagonal Fractal Antenna for Soldier Location Tracking // 2020 International Con-
ference on Communication and Signal Processing (ICCSP). — Chennai, India, 2020. — P. 1638 — 1642. http://dx.doi.org/10.1109/ICCSP 48568.
2020.9182179.

6. Sawant V., Gharat N., Gopale B., Gujar T., Mohan A. Design of Textile Antenna for Military Applications // 2nd Asian Conference on Innovation
in Technology (ASIANCON). — Ravet, India, 2022. — pp. 1 — 5. https://doi.org/10.1109/ASIANCONS55314.2022.9908866.

7. Llecmonanos B. I1., Jlumeunenxo JI. H., Macanos C. A., Conoey6 B. I'. [lndpakuust BoJIH Ha pererkax. — Xapbkos : M3narenscteo XI'Y, 1973. — 287 c.

8. Ilanaciok B. B., Caspyk M. I1., Hazapuyx 3. T. MeTO/1 CHHIYJISIPHBIX HHTETPAIBHBIX ypaBHEHHUIT B AByMEpHBIX 3a1adax audpakiuu. — Kues : Ha-
VK. IyMKa, 1984. — 344 c.

9. Zinenko T. L., Nosich A. 1., Okuno Y. Plane wave scattering and absorption by resistive-strip and dielectric-strip periodic gratings. // In IEEE
Transactions on Antennas and Propagation. — 1998. — vol. 46. —no. 10. — P. 1498 — 1505.

10. Lytvynenko L. M., Prosvirnin S. L. Wave Diffraction by Periodic Multilayer Structures: Kharkov Series in Physics and Mathematics. — Cambridge
: Cambridge Scientific Publishers, 2012. — 158 p.

11. Jlumeunenxo JI. H., [Ipoceupnun C. JI., [Tocapcxuii C. A., Karubepoa M. E. Jludpakims BoJH HA IePUOJATISCKIX MHOTOCIOHHBIX CTPYKTypax. —
X.: XHY umenu B. H. Kapasuna, 2017. — 268 c.

12. I'anoens FO. B. MeTos IMCKPETHBIX OCOOCHHOCTEW B 3a7a4ax »IEKTpouHaMUKH // Borpockl kubepHernku. — 1986. — Ne. 124. — C. 166 — 183.

13. Gandel Yu. V. Parametric representations of integral and pseudo-differential operators in diffraction problems // 10th International Conference on
Mathematical Methods in Electromagnetic Theory, 2004. — Dniepropetrovsk, Ukraine, 2004. — pp. 57 — 62.

14. Gandel Yu. V. Boundary-Value Problems for the Helmholtz Equation and their Discrete Mathematical Models // Journal of Mathematical Sci-
ences. —2010. —vol. 171(1). 2010. — P. 74 — 88.

15. Gandel Y. V., Dushkin V. D., Zaginaylov G. I. New numerical-analytical approach in the theory of excitation of superdimensional electrodynami-
cal structures // Telecommunications and Radio Engineering (English translation of Elektrosvyaz and Radiotekhnika). — 2000. — vol. 54. —no. 7. —
P.36 —48.

16. Gandel Y. V., Zaginaylov G. L, Steshenko S. A. Rigorous electrodynamic analysis of resonator systems of coaxial gyrotrons // Tech. Phys. — 2004.
—vol. 49 (2004). — P. 887 — 894. https://doi.org/10.1134/1.1778864.

17. Kononenko O. S., Gandel Y. V. Singular and Hypersingular Integral Equations Techniques for Gyrotron Coaxial Resonators with a Corrugated In-
sert // Int J Infrared Milli Waves. —2007. — vol. 28 (2007). — P. 267-274. http://dx.doi.org/10.1007/s10762-007-9198-8.

18. Nosich A. A., Gandel Y. V. Numerical Analysis of Quasioptical Multireflector Antennas in 2-D With the Method of Discrete Singularities: E-Wave
Case // In IEEE Transactions on Antennas and Propagation. —2007. — vol. 55. —no. 2. — P. 399 — 406. http://dx.doi.org/10.1109/TAP.2006.889811.

19. Bulygin V. S., Nosich A. I., Gandel Y. V. Nystrom-Type Method in Three-Dimensional Electromagnetic Diffraction by a Finite PEC Rotationally
Symmetric Surface // In IEEE Transactions on Antennas and Propagation. — 2012. — vol. 60. — no. 10. — pp. 4710 — 4718. http://dx.doi.org/ 10.
1109/TAP. 2012.2209194.

20. Gandel Yu. V., Dushkin V. D. Mathematical Model of Scattering of Polarized Waves on Impedance Strips Located on a Screened Dielectric Layer
// Journal of Mathematical Sciences. —2016. — vol. 212. —no. 2. — P. 156 — 166. https://doi.org/10.1007/s10958-015-2656-2.

21. Dukhopelnykov S. V. Control of backscattering of H-polarized plane wave by a circular dielectric rod with partial graphene cover. // Proc.
Int. Seminar/Workshop on Direct and Inverse Problems of Electromagnetic and Acoustic Wave Theory (DIPED-2018). — Tbilisi, 2018. — P.
51 — 54. https://doi.org/10.1109/DIPED.2018.8543283.

22. Tanoens FO. B., Jywxun B. /]. MatemaTnueckne MOJEIN ABYMEPHBIX 3a[1a4 AN(PaKIHK: CHHTYISIPHBIC HHTETPAJIbHBIC YPABHCHHS U YHCICHHBIC
METO/IBI JUCKPETHBIX 0coOeHHOCTeH : MoHOrpadus. — X. : Akag. BB MB/] Ykpauusl, 2012. — 544 c.

23. Belotserkovsky S. M., Lifanov I. K. Method of Discrete Vortices. — CRC Press, New York, 1993. — 464 p.

24. Lifanov I. K. “Singular integral equations and discrete vortices”. — Utrecht (the Netherlands) : VSP VB, 1996. — 475 p.

25. Hoseuii C. A., Jlupanos U. K., Yepnuii /J{. . MeTo CUHTYJISAPHBIX HHTETPAIBHBIX YPaBHEHHUI U BbIYMCIHTEIbHBIC TexHOMoruu. — K. : M3narens-
ctBO «IOctnon», 2016. — 380 c.

26. Gandel' Yu. V., Polyanskaya T. S. Justification of a Numerical Method for Solving Systems of Singular Integral Equations in Diffraction Grating
Problems // Differential Equations. — 2003. — vol. 39 (2003). — P. 1295 — 1307. https://doi.org/10.1023/B:DIEQ.0000012697.36651.0d.

27. Nesvit K. V. Discrete mathematical model of diffraction on pre-Cantor set of slits in impedance plane and numerical experiment // International
Journal of Mathematical Models and Methods in Applied Sciences. —2013. —Issue 11. — Vol. 7. — P. 897 — 906.

28. Dushkin V. D., Zhuchenko S. V., Kostenko O. V. Computational Simulation of E-Waves Diffraction on Periodic Multielement System of Imped-
ance Strips // 2020 IEEE Ukrainian Microwave Week (UkrMW). — Kharkiv, Ukraine, 2020. — pp. 625 — 629.

29. Dushkin V. D., Kostenko O. V., Zhuchenko S. V. Modeling Wave Scattering by GC-liked Periodic Structures // 2021 IEEE 26th International Semi-
nar/Workshop on Direct and Inverse Problems of Electromagnetic and Acoustic Wave Theory (DIPED). — Tbilisi, Georgia, 2021. — pp. 59 — 63.
https://doi.org/10.1109/DIPED53165.2021.9552304.

Ealioadl o

References (transliterated)

1. Cohen N. Fractal antenna applications in wireless telecommunications. In Professional Program Proceedings. Electronic Industries Forum of
New England. 1997. pp. 43—49. https://doi.org/10.1109/EIF.1997.605374.

Werner D., Ganguly S. An overview of fractal antenna engineering. Antennas and Propagation Magazine, IEEE. 2003, vol. 45, pp. 38-57.

Cohen N. Fractals’ New Era in Military Antenna Design. RF Design. 2005. pp. 12-17.

Reddy B., Prasad N. Wearable Circularly Polarized Fractal-Shaped Antenna for Wireless and Defence Applications. Proceedings of International

Ealadl o

Bicnuk Hayionanvnoeo mexuiynozo ynisepcumemy «XIl». Cepisn: Mamemamuune
114 MoOentosants 6 mexiyi ma mexnonoeiax, Ne 1'2023.



ISSN 2222-0631 (print)

Conference on Wireless Communication. 2020, pp. 103—111. http://dx.doi.org/10.1007/978-981-15-1002-1_12.

5. Chitra R. J., Nagarajan V., Mukesh D. Design of Wearable Pentagonal Fractal Antenna for Soldier Location Tracking. 2020 International Conference
on Communication and Signal Processing (ICCSP). Chennai, India, 2020. pp. 1638—1642. http://dx.doi.org/10.1109/ICCSP48568.2020.9182179.

6. Sawant V., Gharat N., Gopale B., Gujar T., Mohan A. Design of Textile Antenna for Military Applications. 2nd Asian Conference on Innovation
in Technology (ASIANCON). Ravet, India, 2022. pp. 1-5. https://doi.org/10.1109/ASIANCON55314.2022.9908866.

7. Shestopalov V. P., Litvinenko L. N., Maslov S. A., Sologub V. G. Difraktsiva voln na reshetkakh [Wave diffraction on gratings. Kharkov,
Izdatel'stvo KhGU Publ., 1973. 287 p.

8. Panasyuk V. V., Savruk M. P., Nazarchuk Z. T. Metod syngulyarnykh integral'nykh uravneniy v dvumernykh zadachakh difraktsii [Methods of
singular integral equations fort two-dimensional diffraction problem]. Kyiv, Naukova dumka Publ., 1984. 344 p.

9. Zinenko T. L., Nosich A. 1., Okuno Y. Plane wave scattering and absorption by resistive-strip and dielectric-strip periodic gratings. /n IEEE
Transactions on Antennas and Propagation. 1998, vol. 46, no. 10, pp. 1498-1505.

10. Lytvynenko L. M., Prosvirnin S. L. Wave Diffraction by Periodic Multilayer Structures: Kharkov Series in Physics and Mathematics. Cambridge,
Cambridge Scientific Publishers, 2012. 158 p.

11. Litvinenko L. N., Prosvirnin S. L., Pogarskiy S. A., Kaliberda M. E. Difraktsiya voln na periodicheskikh mnogosloynykh strukturakh [Wave dif-
fraction on periodic multilayered structures]. Kharkov, KhNU imeni V. N. Karazina Publ., 2017. 268 p.

12. Gandel' Yu. V. Metod dyskretnykh osobennostey v zadachakh elektrodinamiki [Method of discrete singularities in the problems of electrodynam-
ics]. Voprosy kibernetiki [Problems of Cybernetics]. 1986, no. 124, pp. 166-183.

13. Gandel Yu. V. Parametric representations of integral and pseudo-differential operators in diffraction problems. /0th International Conference on
Mathematical Methods in Electromagnetic Theory, 2004. Dniepropetrovsk, Ukraine, 2004. pp. 57-62.

14. Gandel Yu. V. Parametric representations of integral and pseudo-differential operators in diffraction problems. 10th International Conference on
Mathematical Methods in Electromagnetic Theory, 2004. Dniepropetrovsk, Ukraine, 2004. pp. 57-62.

15. Gandel Y. V., Dushkin V. D., Zaginaylov G. I. New numerical-analytical approach in the theory of excitation of superdimensional electrodynamical
structures. Telecommunications and Radio Engineering (English translation of Elektrosvyaz and Radiotekhnika). 2000, vol. 54, no. 7, pp. 36-48.

16. Gandel Y. V., Zaginaylov G. L, Steshenko S. A. Rigorous electrodynamic analysis of resonator systems of coaxial gyrotrons. Tech. Phys. 2004,
vol. 49 (2004), pp. 887-894. https://doi.org/10.1134/1.1778864.

17. Kononenko O. S., Gandel Y. V. Singular and Hypersingular Integral Equations Techniques for Gyrotron Coaxial Resonators with a Corrugated
Insert. Int J Infrared Milli Waves. 2007, vol. 28 (2007), pp. 267-274. http://dx.doi.org/10.1007/s10762-007-9198-8.

18. Nosich A. A., Gandel Y. V. Numerical Analysis of Quasioptical Multireflector Antennas in 2-D With the Method of Discrete Singularities: E-
Wave Case. In IEEE Transactions on Antennas and Propagation. 2007, vol. 55, no. 2, pp. 399-406. http://dx.doi.org/10.1109/TAP.2006.889811.

19. Bulygin V. S., Nosich A. L., Gandel Y. V. Nystrom-Type Method in Three-Dimensional Electromagnetic Diffraction by a Finite PEC Rotationally
Symmetric Surface. /n IEEE Transactions on Antennas and Propagation. 2012, vol. 60, no. 10, pp. 4710—4718. http://dx.doi.org/10.1109/TAP.
2012.2209194.

20. Gandel Yu. V., Dushkin V. D. Mathematical Model of Scattering of Polarized Waves on Impedance Strips Located on a Screened Dielectric
Layer. Journal of Mathematical Sciences. 2016, vol. 212, no. 2, pp. 156-166. https://doi.org/10.1007/s10958-015-2656-2.

21. Dukhopelnykov S. V. Control of backscattering of H-polarized plane wave by a circular dielectric rod with partial graphene cover. Proc. Int.
Seminar/Workshop on Direct and Inverse Problems of Electromagnetic and Acoustic Wave Theory (DIPED-2018). Thilisi, 2018. pp. 51-54.
https://doi.org/10.1109/DIPED.2018.8543283.

22. Gandel' Yu. V., Dushkin V. D. Matematicheskie modeli dvukhmernykh zadach difraktsii : singulyarnye integral'nye uravneniya I chislennye me-
tody diskretnykh osobennostey : monografiya [Mathematical models of two-dimensional problems of diffraction : singular integral equations and
numerical methods of discrete singularities : monograph]. Kharkov, Akad. VV MVD Ukrainy Publ., 2012. 544 p.

23. Belotserkovsky S. M., Lifanov 1. K. Method of Discrete Vortices. CRC Press, New York, 1993. 464 p.

24. Lifanov L. K. “Singular integral equations and discrete vortices”. Utrecht (the Netherlands), VSP VB, 1996. 475 p.

25. Dovgyy S. A., Lifanov 1. K., Cherniy D. I. Metod singulyarnykh integral'nykh uravneniy i vychislitel'tel'nye tekhnologii [Method of singular inte-
gral equations and computing technologies]. Kyiv, Izdatel'stvo «Yustinion», 2016. 380 p.

26. Gandel' Yu. V., Polyanskaya T. S. Justification of a Numerical Method for Solving Systems of Singular Integral Equations in Diffraction Grating
Problems. Differential Equations. 2003, vol. 39 (2003), pp. 1295-1307. https://doi.org/10.1023/B:DIEQ.0000012697.36651.0d.

27. Nesvit K. V. Discrete mathematical model of diffraction on pre-Cantor set of slits in impedance plane and numerical experiment. International
Journal of Mathematical Models and Methods in Applied Sciences. 2013, issue 11, vol. 7, pp. 897-906.

28. Dushkin V. D., Zhuchenko S. V., Kostenko O. V. Computational Simulation of E-Waves Diffraction on Periodic Multielement System of Imped-
ance Strips. 2020 IEEE Ukrainian Microwave Week (UkrMW). Kharkiv, Ukraine, 2020. pp. 625-629.

29. Dushkin V. D., Kostenko O. V., Zhuchenko S. V. Modeling Wave Scattering by GC-liked Periodic Structures. 202/ IEEE 26th International Semi-
nar/Workshop on Direct and Inverse Problems of Electromagnetic and Acoustic Wave Theory (DIPED). Tbilisi, Georgia, 2021. pp. 59-63.
https://doi.org/10.1109/DIPED53165.2021.9552304.

Haoitiwna (received) 11.04.2023
Bigomocrti nipo aBTopiB / Cenenust 00 aBropax / Information about authors

Jlywkin Bonooumup /laeudosuy — xanmunat HisMKo-MaTeMaTHIHUX HAyK, JOLIEHT, TONeHT, HamioHanpHa akasme-
mist HarionasneHol rBapii Ykpainu, M. XapkiB; tein.: (097) 386-64-59; e-mail: dushkinvdv@gmail.com.

Jywkun Bnaoumup /lagudosuu — xanmunat GU3NKO-MaTeMaTHYECKUX HAyK, IIOLEHT, JOLEHT, HaruoHanbHas
akasiemus HanmoHanbHO#M rBapaun YKpauHsl, r. Xapbkos; Tel1.: (097) 386-64-59; e-mail: dushkinvdv@gmail.com.

Dushkin Volodymyr Davidovich — Candidate of Physical and Mathematical Sciences, Associate Professor, Associ-
ate Professor, National Academy of National Guard of Ukraine, Kharkiv; tel.: (097) 386-64-59; e-mail: dushkinvdv(@
gmail.com.

Kyuenko Cmanicnae Bonooumuposuu — xangunar $isuko-MaTeMaTHIHUAX HAYK, CTApIIU HAYKOBUI CIIBPOOIT-
HUK Kadeapu NpHKIaIHOI MaTeMaTHKH, XapKiBChbKHW HalioHanpHMW yHiBepcureT imeHi B. H. Kapaszina, m. Xapkis;
tei.: (050) 685-25-20; e-mail: stanislavzhuchenko@ukr.net.

Kyuenko Cmanucnagé Bnaoumupoeuu — xanmunar Gpusnko-MareMaTHUeCKUX HayK, CTApIIMKA Hay4HBIH COTPYI-
HUK Kadeapsl MpUKIIaJHON MaTeMaTnky, XapbKOBCKUIM HalMOHAIBHBIM yHUBepcuTeT nMeHu B. H. Kapasuna, r. Xaps-
koB; Tel.: (050) 685-25-20; e-mail: stanislavzhuchenko@ukr.net.

Zhuchenko Stanislav Vladimirovich — Candidate of Physical and Mathematical Sciences, Senior Researcher in the
Department of Applied Mathematics, V. N. Karazin Kharkiv National University, Kharkiv; tel.: (050) 685-25-20;
e-mail: stanislavzhuchenko@ukr.net.

Bicnux Hayionanvrno2o mexuiynozo ynisepcumemy «XIl». Cepis: Mamemamuune
MoOQentosanms 6 mexmiyi ma mexnonociax, Ne 1'2023. 115



