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JucepTalliifHy poOOTy MPUCBSIYEHO PO3p0o0Ill HOBUX METOI1B MOJIEIIOBAHHS
€JIEKTPOMArHITHOTO PO3CISHHA Ha 00’€KTaxX CKJIaaHOi (OpMHU, BU3HAYEHHIO
Paal0JOKaLIMHOI TOMITHOCTI TaKUX 00’ €KTIB, SIKI MOXYTh OyTH OCHAILIEHI PI3HUMU
PaIIONONIMHAIOYMMHU  TOKPUTTSAMU, MATH TIE€BHI TeOMETpUYHI Mojudikarii,
pO3TAIlIOBYBATHCh HA PI3HUX IMMJACTUIBHUAX TIOBEPXHAX. AJTOPUTMH, IO
pO3po0JIeHi i Yac JUCEPTAIiitHOI pOoOOTH J03BOJIAIOTH €(PEKTUBHO OTPUMYBATU
iHpopMarlito MO0  PaaioJOKaIlfHOT IMOMITHOCTI O00’€KTa Ta  IIBUIKO
nepepaxoByBaTH pO3CISIHE TMoJie 0e3 TMPOBEICHHS TOBHOTO MOJEIIOBaHHS
CJIEKTPOMArHiTHOTO po3CisiHHA. Jlms po3B’si3aHHS 3amady  Oyiud BUKOPHCTaHI
CydacHi MeToau paaiodi3uku, 00UUCITIOBAIBHOT €IEKTPOAUHAMIKY 1 MATEMATUYHOT
Gb13UKH, MOJIETTIOBaHHS.

B nepmomy po3aim gucepraiiii MpoOBEAHO OIS JIITEPATypH, MOKA3HO IO
CTBOPEHHSI MAJIONOMITHOI BIICBKOBOI TEXHIKH € aKTyaJlbHUM BIIPOJIOBXK Oaratbox
pokiB. Cy4yacHl CUCTEMHU BUSIBICHHS BIMNCHKOBOI TEXHIKH O€pyTh JI0 yBaru Oaratro
PI3HOMAHITHUX MPOSIBIB TMPOLIECY PO3CISIHHS €JIEKTPOMArHiTHUX XBUJIb Ha
CKIagHuX o0’ekTtax. [ns Toro, mob po3paxyBaTu JuUpaKiiio €IeKTPOMArHITHUX
XBUJIb Ha 00’€KTax HEOOXITHO PO3B’sA3aTH BIANOBIAHY nudpakiiiiHy 3amxaqdy. s
PO3B’sI3aHHS TaKUX 3aj]ia4y 1ICHY€E JCKUIbKa KJIAciB METOJIB: CTPOri, HaOJMKEHI Ta
gucioBi. OgHaK OTpUMATH TOYHI PIMICHHS MOXJIWBO TUIBKH JUIsI TIJT MPOCTOT
reomeTpuyHoi Qopmu, Takux sk cdepa, chepoin, Top, Tomo. Jlms OGararbox
peadpbHUX 3aBlaHb MOXJIMBO JIMIIE BHKOPHUCTOBYBATH HAOIMKCHI METOIU
MOJICITFOBAHHS PO3CISIHHSI €JICKTPOMArHiTHUX XBWIb. [IpOBEEHO OTJIsi7 OCHOBHHUX

METO/IIB, 110 BUKOPUCTOBYIOTHCS JJI PO3PAXYHKY AUPPAKIi €IeKTPOMArHiTHUX



XBWIb Ha PI3HOMAaHITHUX 00’€KTaX, B TOMY YHCJ Ha 00’€KTax CKIaaHOI (HOPMHU.
Posrnsnyto metonuku po3paxyHky EIIP 00’ekTiB B KOMEpLIWHUX Mporpamax,
takux gk CST Microwave Studio , FEKO ta Ansys Savant.

B poOoTi po3rnsgaerbcs akTHUBHUM MeToi pafionokarii. Ha BennuunHy
B1I0MTOrO BijJ OO'€KTa IMOJS BIUIMBA€E OUIBIIOI MIPOIO 30BHIIIHSA KOHQIryparlis
o0'ekTa Ta Marepiai, 3 SKOTO BIH BUTOTOBJICHUN, TAKOX 3HAYHUI BIUIMB CTBOPIOE
MOKPUTTS, SKE 3aCTOCOBYIOTH [IJISl 3HIDKEHHS MOMITHOCTI 00’€kTy. OCHOBHOIO
BEJIMYMHOIO, SIKY BUMIPIOIOTH MiJ] Yac paaioJIOKaIliiHUX JOCIIKEeHb € e(eKTHBHA
NOBEPXHA po3CisiHHA 00’ekTa. Came 3HMKEHHSI €(DeKTHUBHOI MOBEPXHI 00’€KTa 1 €
OCHOBHOIO 3a/Iau€l0 paJlojoKalifHOro MackyBaHHsA. Hapasi HaituacTime s
po3paxyHKy audpakiii eJIeKTPOMArHITHUX XBWJIb Ha 00’€KTI CKJIaAHOI (GopMu
BUKOPUCTOBYETHhCSI METOJ NaJarouux Ta BIIOMTHX npoMeHiB (Shooting and
Bouncing Rays — SBR), 1110 0a3yeTbcsi Ha alropuT™Max TpacyBaHHS IPOMCHIB Ta
Ha METO/Il FEOMETPUYHOI Ta (PI3UYHOT ONITUKH.

B npyromy pozaini nucepraiiii 0yj0 po3po0JIEHO aJrOpuTM CTBOPEHHS Ta
00poOKHM MOl BETMKOrabapuTHOTO 00’ €KTY CKIIATHOT (DOPMH MJIsi OIIHKH HOTO
paaioNoKaliifHOi MOMITHOCTI. Taki 00’€KTH MOXyTh OyTH pO3TallOBaHI Ha
MIJCTHUIBHIN TTOBEPXHI, 0 00’ €KTYy MOKHA 3aCTOCOBYBATH PI3HI BUIU MOKPUTTIB,
30KpeMa KUJIUMOBOrO THIly. Mojenb CTBOPIOEThCA ISl MOJAIBIIOT  OIIHKU
paaiooKalIMHOT TOMITHOCTI 00’ €KTa. PO3IIsHyTO MOXKIIMBICTH BUKOPUCTOBYBATH
kd-nepesa, o6 npuckoputu anroput™ SBR. Ile 103B0HI0 ONTUMI3yBaTH MOIIYK
NEPETUHIB MPOMEHIB 1 (paieTiB 00'exkTa SK JJIs MEPBUHHOIO TaK 1 «BTOPUHHOIO»
BUIIPOMIHIOBaHHS, MPU LIOMY BUAMMI I'paHi 30epiratoTbCs AJis1 BCIX HEOOXITHUX
KyTiB. Takum 4uWHOM, MOXHa €(EKTHUBHO PO3paxXyBaTH PO3CIIOBaHHS XBWJIb Ha
00’€KTi, KOJM JAesKI HOro eJeKTpOJAWHAMIYHI TapamMeTpu 3MIHIOIOTHCS, aje
TEOMETPIsS 3aMIIAEThCS HE3MIHHOW. [lOpIBHSHHS JBOX HAWIMOIIMPEHIMINAX
MeToaiB moOymoBu kd-mepeBa mokasye, MO AUICHHS 3a MeAiaHHUM (areTom
mpaioe ABa pa3ud WIBUIUIE, HDK JUIEHHS MO UEHTpY Ookca. Takox y poOoTi

PO3rIIAa€ThCA MOJKJIMBICTB IIOBTOPHOTO BUKOPUCTAHHA ACAKHX JaHUX Y



MalOyTHIX MOJENIOBaHHSAX MpU 3MiHI THX YU IHIIMX MapaMmeTpiB Mozenl abo
Ma1ar0401 XBUJIL.

Y TperboMy poO31UIi BUKOPUCTAHO PO3POOJIEHUN METOA MOICIIOBAHHS
mudpakiii  eJIeKTPOMArHiTHOTO TOJs Ha CKIAAHOMY OO0'€KTi, MOKPUTOMY
HaIIBIPO30PUM HAMETOM, SIKUA € MOJCIUTIO PajJlloNOTJIMHAI0U0ro Marepiany. Y
3aMpPONOHOBAHOMY QJITOPUTMI MM MPUITYCKAEMO, IO aMIUTITy1a MPoMeHIo (Y pasi
HOro MpOXOJUKCHHS 4Yepe3 HaMeT) 3MEHIIYeThcs Ha neskui koedirient (T), mo
BU3HAYAETHCSI BIACTUBOCTSIMU Martepialy 3 SKOTO BHUIOTOBJIEHO HaMeT. Takox
BpPaXOBYEThCA I0JI€, BIAOUTE BiJ MOBEPXHI HAMETy. 3alpONOHOBAHUN aJrOPUTM
Mal BHUCOKY YHCJIOBY €(EKTUBHICTb: BIH [I03BOJISIE CIIOYATKYy 3a0€3MEeUnTH
MOJICTIOBaHHsl Au(pakiii XBWIb Uil «roJioro» o0'ekta 0e3 MacKyBaHHsS (IO
3aiiMae OUIbIIY YAacTUHY Yacy pO3pPaxyHKy), a MOTIM IIBUAKO IEpepaxyBaTH
OTpUMaHI pE3yNbTaTH [JJisi HAMETIB 3 PI3HUMU T'€OMETPUYHUMHU GdopMamMH 1
PI3HUMHU €JIEKTPOMArHiTHUMHU BJIACTUBOCTAMHU. TakoX MOMIYEHO, IO JUIS IEIKHX
HaIpsAMKIB crioctepiranocs aeske miasuiieHHs EITP o6'exta, konu iloro BKpuBaiu
noKpUTTAM. lle moB’s13aHO 3 TUM, L0 PO3CISIHE MOJIE€ OTPUMYETHCS SIK BEKTOpHA
CyMa MOJiB, BIAOUTHUX B1J (aleTiB, 1 A ASSKUX BUIAIKIB MO 3 PI3HUX TpaHeu
paHilie MiICyMOBYBAJIUCS 3 MPOTWICKHUMH (a3amu, aje TMICAs HaKpUBaHHSA
MOJIeNII TIOKPUTTSM, BOHHM 3MIHIOBaJ M CBOi a3y 1 MiJCYMOBYIOTHCS 3 1HIITUMHU
¢dazamu. biibil TOTO, 3aCTOCYBaHHS HAMETIB 3 BEJIUKUM KOEQIIIEHTOM BIAOUTTS
(R) mpusBoauTh 10 30iJbIICHHS peajbHOI IUIOIIM pO3CifoBava, a OTXKE 1 JI0
soutbimienHst EITP. Iloka3ano, mo cepeane 3nadends EIIP mis moxpeni mokpurtoi
MOKPUTTSM MEHIIE, HIXK JUIsl MoJienl 0e3 mokputTs, koiau cyma R 1 T menma 3a 0.9.

VY  yerBepTOMYy pO3IUTI 3a3HAYAETHCS, MIO pE3yNbTaTd Oyab-SIKOTO
MOJICJIFOBAHHS Pai0JOKAIHHUX XapaKTEPUCTUK CKIaJHOI (DOPMU € HAOTMKEHUMHU
MOJI0 1X peadbHUX XapaKTepUCTHUK. Tomy s iAeHTHdIKAil PO3CIIOBAITBHUX
BJIACTUBOCTEHN PI3HUX OO0 €KTIB MOIIILHO BUKOPHUCTOBYBATH METOJU CTATUYHOTO
aHamizy. Y po0OoTi po3cisiHe mojie Bifl 00 €KTYy PO3IVISAAETHCSA SK BUMAIKOBHIA
CUTHaJ IO BIJHOLIEHHIO JI0 KyTa CIOCTEpEKeHHs, 00 HaBiTh Hpu (iKCOBaHIN

MO3HUIIIT pajiapiB KyT HNaJiHHA HA 00’ €KT CHUJIBLHO 3aJICXKHUTh Bl 0aratbox (pakTopis.



[TopiBHIOIOTBECS Pi3HI crocoOM ampokcuMalii QyHKIT po3noAuTy IJisi TiCTOrpam
pe3ynbpTaTiB BuMiptoBanHa EIIP: HopmanmpHUI po3moais; po3mOAlT Xi-KBaJpar;
posnoain Penes; jmorHopMallbHMM pO3ILIA Ta anpoKCHUMallisl 3a JOMNOMOTOIO
crulaiiHiB. [{nsi Bu3HAa4YeHHS MapaMeTpiB PO3MOAUTY BUKOPHCTOBYETHCS METO
HaliMeHIMX kBajipatis (MHK).

HaykoBa HOBH3HA pe3ysIbTaTiB JOCIHIKEHHS MOJISITa€ y HACTYITHOMY:

- Brmepme Oyno po3po0ieHO anropuTM CTBOpPEHHS Ta OOpOOKM Mojedni
BEJIMKOTa0apUTHOTO 00’ €KTY CKJIaJHOI (hOpMH ISl OLIIHKK MOTO paIiofIoKaIiinHOT
noMiTHOCTI. OO’€KT Moke OyTH pO3TAlllOBAHO HA MiACTUIBHIA IMOBEPXHI, [0
00’€KTYy MOHAa 3aCTOCOBYBATH Pi3H1 BUJH MOKPUTTIB B TOMY YHCIII i KHJIMMOBOTO
TUIYy. MOJCIbh CTBOPIOETHCS VISl TIOAANBIIOL OIIHKK PaIioJIOKAIIiHOT TTOMITHOCTI
00’€KTa Ha OCHOB1 KOHCTPYKTOPCHKOT MOJIeJl 00’ €KTYy a00 MOro KpecaeHb.

- Briepiie cTBOpeHO Ta ONTHMI30BAHO AJITOPUTM OOPOOKH 11i€1 MOJIEINI Tepe/]
0e3rmocepeIHbO PO3PAXYHKOM ITOBHOT'O BIAOWTOTO MOJIS.

- Brnepiiie onucaHi OCHOBHI €Tamu MOJIEIIOBaHHS Ta 3a3HAYCHO, SIK1 JaHl
MOKHa 30epiraTv JyUisl MOAAJIBIIOTO BUKOPUCTAHHS Y MalOyTHIX MOJICITIOBAHHSX,
KOJIM 3MIHIOIOTHCS T1 UM 1HII MapaMeTpu MoJiesi a00 Magaroyoi XBHIIL.

- Briepire mpoBeneHo MOPIBHSHHS PI3HUX MIAXOMAIB A0 CTBOPEHHS MOJeei
00’€KTa, TPOBENECHA OIlIHKa I1X €QEKTUBHOCTI. Y SKOCTI TECTOBUX OO €KTIB
BUKOPHCTOBYBAIKCH SIK BITHOCHO MPOCTI 00’ €KTHU, TAK 1 MOJIENb PEATBHO 1CHYIOUOT
TEXHIKH.

- Bniepiie nokazano, mo Bukopuctanus KJ[-nepeB 13 moaijoM 3a MeaiaHHUM
dareroM 3HAYHO NPHINBUANIYE AJITOPUTM IONIYKY BHAWMHX (GaleTiB sSK IS
MEPBUHHOTO BUIIPOMIHIOBAHHS, TaK 1 11 BTOPUHHOTO (TIEPEBIIOUTTS).

- Briepiie 3anponoHOBaHO Ta J0BENEHO €()EeKTUBHICTh 30€pEKEeHHs NEBHOT
iHpopMarlii Ha pI3HUX eTamax MOICITIOBAHHS JUIS ITJBUINCHHS €(PEKTHBHOCTI
NepepaxyHKy PO3CISTHOTO MOt 00’ €KTOM CKIATHOI (POPMHU.

- Bmepmie po3pobiieHO MeToauKy 30epiraHHs  iHGoOpMallii 1100

Tr€OMETPUYHUX Ta EJIEKTPOJAUHAMIYHUX MapaMeTpiB 00’ €KTY, 1110 aHANII3Y€EThCSI.



- Brnepmie mokazano, 1o st TOBIIBHOT MiICTUIBHOT MOBEPXHI 3 3aJaHUM
KOe(III€EHTOM BIIOUTTS MOXHa OTPUMATU PO3CISTHE MOJIE Y BUIJISII CTYIIEHEBOTO
pany 3a koedimieHTOM BiIOUTTS, Je KoediieHTH OIS pi3HUX JIOJAHKIB
(aMILTITyIM  HAOpPY>KEHOCT! EJIEKTPUYHHUX TIOJIB MEpPeBIAOUTUXIIONIB) MOXKHA
BUpPA3UTH Yepe3 HaOlp aMIUITyJ Hampy>KEHOCTI EJICKTPUYHUX TIOMIB JIJIs
JEKUIBKOX MJCTUIHLHUX MTOBEPXOHb.

- Bmepme Oyno 3amporoHOBaHO METOAM ONTHMI3aIlli Mojaeni 00’€KTy
CKJIaJIHO1 (hOpMU JJIs1 3MEHIIICHHS HOTO PajioIoKaIlifHOT TOMITHOCTI.

KurouoBi cioBa:  enekTpoMarHeTusM, €JIEKTPOMArHITHE  PO3CISAHHS,
pajaioniokanis, epeKTUBHA TOBEPXHS PO3CIAHHS, AlarpaMa po3CISHHS, TPaCyBaHHA
MIPOMEHIB, MOJICTIOBaHHS €JIEKTPOMArHiTHOro po3cisHHs, kd-tree, reomerpuuHa
Teopis audpaxiiii, paaionoriInHaydl TOKPUTTS, MiACTUIbLHA MOBEPXHS, BUSBICHHS

00'eKTiB.



ABSTRACT

Khrychov V.S. Radar visibility of complex shape objects with and without
coating. Qualification scholarly paper. a manuscript. Thesis submitted for
obtaining the Doctor of Philosophy degree in Natural Sciences, Speciality 105 —
Applied Physics and Nanomaterials. V. N. Karazin Kharkiv National University,
Ministry of Education and Science of Ukraine, Kharkiv, 2023.

The dissertation work is devoted to the development of new methods of
modeling electromagnetic scattering on complex shape objects, determining the
radar visibility of such objects, which can be equipped with various radio-
absorbing coatings, have certain geometric modifications, and be located on
different subsurface surfaces. Algorithms developed during the dissertation work
make it possible to effectively obtain information on the object's radar visibility
and quickly calculate the scattered field without carrying out a full modeling of
electromagnetic scattering. Modern methods of radiophysics, computational
electrodynamics and mathematical physics, modeling were used to solve the
problems.

In the first chapter of the dissertation, the conducted review of the literature
shows that the creation of inconspicuous military equipment has been relevant for
many years. Modern military equipment detection systems take into account many
different manifestations of the process of scattering electromagnetic waves on
complex objects. In order to calculate the diffraction of electromagnetic waves on
objects, it is necessary to solve the corresponding diffraction problem. There are
several classes of methods for solving such problems: strict, approximate, and
numerical. However, it is possible to obtain accurate solutions only for bodies of a
simple geometric shape, such as a sphere, spheroid, torus, etc. For many real tasks,
it is only possible to use approximate methods of modeling the scattering of
electromagnetic waves. An overview of the main methods used to calculate the
diffraction of electromagnetic waves on various objects, including complex shape

objects, was considered. Methods of RCS calculation of objects via commercial



programs such as CST Microwave Studio, FEKO and Ansys Savant are
considered.

The work deals with the active method of radar location. The magnitude of
the field reflected from the object is influenced to a greater extent by the external
configuration of the object and the material from which it is made, also a
significant effect is created by the coating used to reduce the visibility of the
object. The main quantity measured during radar research is the effective scattering
surface of the object. Reducing the effective surface of the object is the main task
of radar masking. Currently, the method of shooting and bouncing rays (SBR) is
most often used to calculate the diffraction of electromagnetic waves on an object
of complex shape, which is based on ray tracing algorithms and the method of
geometric and physical optics.

In the second chapter of the dissertation an algorithm for creating and
processing a model of a large object of a complex shape to assess its radar
visibility was developed. Such objects can be located on the underlying surface,
various types of coverings can be applied to the object, in particular carpet type.
The model is created for further evaluation of the object's radar visibility. The
possibility of using kd-trees to speed up the SBR algorithm is considered. This
made it possible to optimize the search for intersections of rays and facets of the
object for both primary and "secondary" radiation, while visible faces are
preserved for all necessary angles. Thus, it is possible to efficiently calculate the
scattering of waves on an object when some of its electrodynamic parameters
change, but the geometry remains unchanged. A comparison of the two most
common kd-tree construction methods shows that splitting by the median facet
works twice as fast as splitting by the center of the box. The possibility of reusing
some data in future simulations when certain parameters of the model or incident
wave are changed was considered.

In the third chapter the developed method of modeling the electromagnetic
field diffraction on a complex object covered with a translucent tent, which is a

model of a radio-absorbing material was used. In the proposed algorithm, we



assume that the amplitude of the beam (if it passes through the tent) is reduced by a
certain factor (T), which is determined by the properties of the material from which
the tent is made. The field reflected from the surface of the tent is also taken into
account. The proposed algorithm has high numerical efficiency: it allows first to
provide simulation of wave diffraction for a "naked" object without masking
(which takes most of the calculation time), and then to quickly recalculate the
obtained results for tents with different geometric shapes and different
electromagnetic properties. For some directions a certain increase in RCS of the
object was observed when it was covered with a coating. The scattered field is
obtained as a vector sum of the fields reflected from the facets, and for some cases
the fields from different faces previously summed with opposite phases, but after
covering the model with a coating, they changed their phases and summed with
other phases. Moreover, the use of tents with a large reflection coefficient (R) leads
to an increase in the real area of the diffuser, and therefore to an increase in RCS. It
is shown that the average EPR value for the coated model is smaller than for the
uncoated model when the sum of R and T is less than 0.9.

In the fourth chapter it is noted that the results of any modeling of radar
characteristics of a complex shape are approximate with respect to their real
characteristics. Therefore, it is advisable to use static analysis methods to identify
the scattering properties of various objects. In the work, the scattered field from the
object is considered as a random signal in relation to the observation angle,
because even with a fixed position of the radars, the angle of incidence on the
object strongly depends on many factors. Different methods of approximating the
distribution function for histograms of RCS measurement results are compared:
normal distribution; chi-square distribution; Rayleigh distribution; lognormal
breeding and approximation using splines. The method of least squares is used to
determine the distribution parameters.

The scientific novelty of the research results is as follows:

- For the first time, an algorithm for creating and processing a model of a large

object of complex shape was developed to assess its radar visibility. The object can



be located on a sub-floor surface, various types of coverings, including carpet type,
can be applied to the object. The model is created for further assessment of the
object's radar visibility based on the design model of the object or its drawings.
- For the first time, the algorithm for processing this model was created and
optimized before directly calculating the full reflected field.
- For the first time, the main stages of modeling are described and what data can be
saved for further use in future simulations when certain parameters of the model or
the incident wave change.
- For the first time, a comparison of different approaches to creating object models
was made, and their effectiveness was evaluated. As test objects, both relatively
simple objects and a model of actually existing equipment were used.
- - For the first time it is shown that the use of kd-trees with division by the median
facet significantly speeds up the algorithm for finding visible facets both for
primary radiation and for secondary (re-reflection).
- For the first time, the effectiveness of saving certain information at different
stages of modeling was proposed and proven to increase the efficiency of
calculating the scattered field by an object of complex shape.
- For the first time, a method of storing information on the geometric and
electrodynamic parameters of the object under analysis was developed.
- For the first time it is shown that for an arbitrary underlying surface with a given
reflection coefficient, a scattered field can be obtained in the form of a power
series of the reflection coefficient, where the coefficients near different terms
(amplitudes of electric field strengths of overreflected fields) can be expressed
through a set of electric field strength amplitudes for several underlying surfaces.
- For the first time, methods for optimizing the model of a complex-shaped object
to reduce its radar visibility were proposed.

Key words: electromagnetism, electromagnetic scattering, radar, RCS,
scattering diagram, ray tracing, electromagnetic scattering modeling, kd-tree,
geometric theory of diffraction, radio absorbing coatings, subsurface, object

detection.



