AHOTANIA

Jlonsa P.C. IlnanapHi JI€JEKTPUYHI PE30HATOPU B PEXKHUMI 30YKEHHS MO/

menouydoi rayiepei. - Kpamidikariiina HaykoBa mparis Ha mpaBax PyKOTHCY.

Huceprariiss Ha 3100yTTS HAyKOBOTO CTymHeHs JokTopa (imocodii 3a
cnemianbHicTioO 104 — ®i3uka Ta actpoHoMis (10 — Ilpupoguuui Haykm). [HCTUTYT

paniodizuku Ta enekrpoHiku iM. O. 5. YcukoBa HAH Ykpainu, Xapkis, 2021.

PoGoTy mnpucBsYeHO MOCHIIIKEHHIO MOJI LIENOo4yy4yoi Trajepei B HAATOHKUX,
MOPIBHSIHO 3 JTOBXKMHOIO XBUJI1, pe3oHaropax. JlucepTaiiiitHa poboTa BKIIIO4YaE B cede
JOCTIPKEHHSI CIOCOOIB MiABUIICHHS €(EKTUBHOCTI 30YyMKEHHS MOJ MIeTOYy4oi
raiepei B IUIAHAPHUX JIIEJIEKTPUYHUX PE3OHATOpax Ta TMOKPAIICHHIO IX
CJIEKTPOIMHAMIYHUX XapaKTEPHUCTHK, a caMe, PO3PIIKEHHIO CIEKTPY 30yIKyBaHUX
KOJIMBaHb 1 MiJABHUILEHHIO BIAacHOI M0OpoTHOCTI. B poOOTI mpeacTtaBieHO aKTHBHI
NPUCTPOI MULIIMETPOBUX XBWJIb, MOOYJOBaHI Ha IUTAHAPHUX JICICKTPUUYHUX

pe3oHaTopax.

B Po3jiai 1 nmpoBeaeHO OIS pe3ysibTaTiB paHille MPOBEICHUX JOCTIHKEHb 3a
JAHUMU JIiTepaTypHuX pkepen. [lokazaHo, MmO HaWOIBIT TPUBAOIMBUMU IS
BUKOPUCTAHHS B TEXHII[l MM XBHWJIb 3aBJSIKA BHCOKIHA TOOPOTHOCTI 1 PO3PIIKEHOMY
CIIEKTPY € BIAKPUTI JTUCKOBI JICJIEKTPUYHI PE30HATOPH B PEXKUMI 30yKEHHS MOJT
menouyy4oi ranepei. OnHak, HaliMEHIA BUCOTAa TaKUX PE30HATOPIB € OOMEKEHOIO
BUKOHAHHHSM YMOBH TOBHOTO BHYTPIITHBOTO BiIOWTTS XBWJIb BiJ TUIOCKUX OCHOB
TEJIEKTPUIHOTO AuCKa - H > Ay/2 (Ag — MOBKUHA XBUJIl B JICIEKTPUYHOMY MaTepiami
pe3onaropa). Ilepexing A0 HAaATOHKMX I[UJIAHAPHUX CTPYKTYp, OOMEXKEHHX B
aKCiaJTbHOMY HaNpSMKY BiJIOMBAalOUMMH METAJICBUMH TIOBEPXHIMH, PO3IIHPIOE
YSIBJICHHS MPO MOKJIMBOCTI peajizalili pexumMy MOJ HICTOYydoi Trajepei B Takux

pe3oHaTopax.

B Po3aini 2 po3rnsiHyTO Ta po3B’s3aHO 334ady 30yIKEHHS MOJ HIETOYyYoi

rajiepei B HaATOHKOMY (TOPOIJIACTOBOMY JUCKY HUISIXOM HMOT0 €JIeKTPOMAarHiTHOro

3B’S3KY 3 JIOKAJIbHUM €JIEMEHTOM 30YKeHHS — IIIJIMHOIO 3B’S3KYy B METAJIEBOMY



J3epKai IJIaHAPHOTO TEJIEKTPUIHOTO pe3oHaTopa. [TpoBenennmu
EKCIIEPUMEHTATLHUMU Ta PO3PAXyHKOBUMHU JOCIIPKCHHSIMH BCTAHOBJICHO, 1110, HA
BIIMIHY BiJl BIJKPUTHX JUCKOBHUX JICJIEKTPUYHUX PE30HATOPIB, B IIJIAHAPHUX
pe30oHaTOpax, YTBOPEHHX TOHKUM JICTEKTPUYHUM JIUCKOM, PO3TAIIOBAHUM
IUIOCKHMH OCHOBaMH MiX JIBOMa TIPOBIJIHUMH TIOBEPXHAMH (A3epKajaMu),
JOCSTAETHCS PEXUM 30yDKSHHSI MOJI IIerovydoi ranepei. Jims miaBuIeHHsT BIacHO1
JO0OPOTHOCTI MJIAHAPHUX JTIEIEKTPUYHUX PE3OHATOPIB 3aIPONOHOBAHO BUKOPUCTAHHS

KiJII)I_ICBOFO MCTAJICBOT'O CKpaHy.

B Po3aini 3 Ha mpukiazi TOHKOTO JielokcanipoBOro AUCKY, BUCOTA SKOTO

cknamae H = \y/4, po3B’si3aHO 3a7ady CYTTEBOTO MiABUIICHHS BJIACHOI JOOPOTHOCTI
IUTAHAPHUX  JIIEJICKTPUYHUX pe3oHaTopiB. BcraHoBieHo, 110 BBeIEHHS B
KOHCTPYKIIII0O pe30HaToOpa OJHOr0 a00 JBOX IMOBITPSHUX 3a30piB MK IIJIOCKUMH
OCHOBaMH TOHKOTO [I€JIEKTPUYHOTO JHMCKA Ta METAJICBUMH A3EpPKATaMH JO3BOJISIE
3HAYHO 3MEHILIUTH J1€JICKTPUYHI i1 OMIYHI BTpATH €HEprii Ta, TAM CAMHUM, T1BUIIUTH
BJIACHY JOOPOTHICTh pe30HATOpA OLIBII HIXK B 4 pa3u.

JIOCTIIPKEHO CIEKTpaibHI XapaKTePUCTUKUA IUIAHAPHOTO J1EJIEKTPUYHOTO
pe3onaropa. BcraHoBieHo e(ekT mepeTBOpEeHHS MOIOBOTO CKJaay MOro CHeKTpa
IUISTXOM 3MIHM BHCOTH TIOBITPSHOTO 3a30py IPH BHKOPUCTaHHI PyXOMOTO Y3IOBXK
aKCHANbHOI KOOPAMHATH METAJIeBOrO J3epkana. Jlias po3piiKeHHS CIeKTpa
IUTAHAPHOTO  JIIEJICKTPUYHOTO pe30HaTOpa 3alpONOHOBAHO BHUKOPUCTAaHHS HOTO
PO3MOMUIEHOTO 3B'SI3KY 3 HEBUIIPOMIHIOIOUHMM €JIEMEHTOM 30Y/KEHHS Yy BUIJISIII
JETIEKTPUIHOTO XBUJIEBO/IA.

B Po3aini 4 3anponoHOBaHO BUKOPUCTaHHS IJIAHAPHOTO MA1€JIEKTPUYHOTO

pe3oHaTOpa B AKTHBHUX NPHUCTPOSX MM [lala30Hy ITOBXKHUH XBWUJIb, a4 CaMe, B
CyMaTopi MOTY>KHOCTI Ta B cXeMi cTabii3allli 4acCTOTH TBEPAOTUIBHOTO TeHepaTopa
XBUJIEBIJHO-KOAKCIAJIbHOTO THUMY. BHBYEHO BHXIJHI XapaKTEPUCTUKH TaKUX
IIPUCTPOIB.

HaykoBa HOBHU3HA

Bnepme CKCIICPUMCHTAJIbLHO Ta MCTO/J0M KOMH'IOTepHOl"O MOACIIIOBAHHA

JOCTIKEHO eJIEKTPOAMHAMIYHI XapaKTePUCTUKU TOHKUX IUIAHAPHUX M1eTIEKTPUUHUX



pPE30HATOPIB y pexuMi 30y/KEHHS MoJ menouyy4oi ranepei. [Ipu oMy otpumano
TakKi HOB1 Pe3yJIbTaTH:

1. BcraHoBieHO, 10 B Mi€NEKTPUYHUX JUCKaX, BUCOTA SKUX 3HAYHO MEHIIE 3a
JOBKMHY XBWJII Ta PO3TALIOBAHUX B IJIOCKO-NApajelbHOMY €KpaHi, JOCATAETHCS
peXuM 30yKEHHST MOJ IIEMO0Yy4oi rajiepei MUISIXOM iX eeKTPOMAarHiTHOTO 3B'SI3KY,
SK 3 JIOKaJJbHUM JDKEpPEJIOM, TaK i MPU PO3MOIIICHOMY 3B'SI3KY 3 i€ICKTPUIHUM
xBuiIeBOJOM. [loka3aHo icHyBaHHS MOJ IETIOYYYOi rajgepei B HAATOHKHUX MJIaHAPHUX
CTPYKTypax, BUCOTA SIKAX Ha JBa TIOPSAKH MEHIIIE 32 poO0YY JOBKUHY XBHUJI.

2. EdextuBHicTh 30y/KEHHS MOJ  LIEMO4Yy4yoi raiepei B  IUJIaHAPHUX
JIENEKTPUYHUX PE30HAaTOpax y TMOPIBHSAHHI 3 MOAIOHMMM KJIACUYHUMU, KPUTEPIEM
OIIIHKK $KOi € TapaMeTp 3B'SA3Ky, € BHCOKOI. BcCTaHOBIEHO, IO 3 TaKUMHU
pEe30HATOpaMH JOCATAETHCA PEKUM CHIIBHOTO 3aKPUTHYHOTO 3B'A3KYy, SK TMpH
BUKOPHCTAHHI JIOKAJILHOTO €JIeMEHTa 30y IKEHHSI, TaK 1 PU PO3MOAIIICHOMY 3B'SI3KY 3
TETeKTPUIHUM XBUIICBOJIOM.

3.Ilpu po3MmilieHHI TOHKOTO [I€JIeKTPUYHOTO JUCKAa B METaJIeBOMY €KpaHi
KUTBIIEBOT (pOpMH 3 TIOBITPSHUM 3a30pOM IEBHOI TOBIIUHU MK HUMH JOCSATAETHCS
30umpIeHHs HA 40% BIIacHOT JOOPOTHOCTI TUTAHAPHUX J1EICKTPUYHUX PE30HATOPIB.

4. I1pu BBeeHHI B KOHCTPYKIIIFO pe30HATOPA MOBITPSHOTO 3a30Py MiXK IJIOCKUMHU
OCHOBaMH TOHKOTO JICIEKTPUYHOTO JWUCKA 1 OJHUM 3 METAleBUX J3€pKall, IO
MOKPUBAIOTh HOTO IIJIOCKI OCHOBHW, BHA€THCA MIABUIIUTH BJIACHY JOOPOTHICTH
pe3oHaTopa Okl HIK B 2 pas3u. [Ipu BBeIEHHI ABOX CUMETPUYHHUX 3a30piB BllaCHA
JOOPOTHICTh TUITAHAPHUX IEJIEKTPUYHUX PE3OHATOPIB MOXKE OyTH 301blIeHa OB
HiX 4,5 pa3u.

5. 3anmpomnoHOBaHO BUKOPUCTAHHS IJIAHAPHOTO MIICJIEKTPUYHOTO pe3oHaTopa B
cxemi ctabimizaiii 4acTOTH TBEPAOTUIBHOTO T'€HEpaTopa XBUJIEBITHO-KOAKCIadbHOT
KOHCTPYKIIii. 3aBIsSKH BHKOPUCTAHHIO IIJIAHAPHOTO [IC€JICKTPUYHOTO PE30HATOpA
BJIA€THCS 3MEHIIIMTH O1IBII HIXK B 3 pa3u Jilana3oH eJeKTPOHHOI epe0ya0BH YaCTOTH
1, TAM CaMUM, TIABUIIUTH CTAOUTbHICTh YACTOTH BUX1THOTO CUTHATY TIO BiJTHOIIICHHIO

0 BUMAJKOBOI 3MIHM HamNpyrd OKUBJICHHs Jiojga [aHa. BcraHoBieHo, 1110



KOpPOTKOYAacCHa HECTaOLIbHICTh T'eHepaTopa, CTaOli30BaHOrO JieHKocangipoBUM
TUIAHAPHHUM JieIeKTPHYHIM Pe30HaTOpoM BrcoToro 0,7 MM, He Tipe, Hix 107,

6. CTBOpeHO  fito4y MoOAeNb MajorabapuTHOTO JBOJMIOAHOTO Cymaropa
MOTY>KHOCTI Ha OCHOBI JIeKocardipoBOro MIaHAPHOTO IEIEKTPUIHOTO PE30HATOPA.
[TokazaHo, 110 MIISIXOM HOTO BUKOPUCTAHHS IOCSATAETHCS PEKUM B3aEMHOI YaCTOTHOT
CUHXpPOHI3aIlll KOJHMBaHb, IO TEHEPYIOThCA JI0JaMHU, SKE CYIPOBOIKYETHCS
CKIIQJJaHHSAM TIOTYXXHOCTEW 1 TWIJABUIIEHHSAM CTaOUTBPHOCTI YacTOTH BUXIJAHOTO
curHany. Ilpu BUKOpHUCTaHHI CXEeMH I1HJIMUBIAYaJIbHOTO >KUBJICHHS aiofiB ['aHa
J0CATAEThCST Koe(iLIeHT MiAcyMOoBYBaHHs, piBHUI 0,91. 3a paxyHOK CHHXpOHi3aLii
KOJIMBaHb BiJ IBOX JIO/IB Jiana30oH €JIEKTPOHHOI Mepe0yI0BU YaCTOTH 3MEHITY€EThCS
B 2,5 pa3u B MOPIBHIHHI 3 OJTHOI0HOIO T€HEPAITI€IO.

IlpakTHuyHe 3HAYECHHSA

OTpumaHi pe3ynbTaTh JIOCHIHKCHb EJICKTPOJAMHAMIYHUX  XapaKTEPUCTUK
IUTAHAPHOTO JTIENIEKTPUYHOTO PE30HATOpAa B PEKMMI 30YDKEHHS MOJ MIETOYyYOoi
rajiepei € MepeayMOBOIO I iX BUKOPHCTAHHS B PSAl aKTHBHUX NPHUCTPOIB MM
Jiana3oHy MOBXHH XBHJIb 3 TOKPAIEHUMH TEXHIYHUMH Ta Maco-rabapuTHUMH
XapaKTepucTUKaMu. BUCOKI 3HaUeHHS MapameTpa 3B'A3KYy PE30HAHCHHUX MOJIIB MOJ
HIeTIOYy4oi Tajepei B MIaHApHUX MICJEKTPUYHHX pE30HATOpax 13 JIOKATbHUMU
eJIeMEeHTaMU 30y/KEHHSI € TOJIOBHOIO MPUYMHOI0 BUKOPUCTAHHS TaKUX PE30HATOPIB
y:

1. Manoecabapumnux cymamopax nomyxcnocmi. IIpoBefeH1 IOCTITKEHHS
MOKa3aJId TEPCIIEKTUBHICTh BUKOPHCTAHHS TOHKUX JICJICKTPUYHUX PE30OHAHCHUX
CTPYKTYp, PO3TAIIOBAaHUX B IUIOCKO-TIApANETbHOMY €KpaHi, Ui MiJICyMOBYBaHHS
MOTY)KHOCTEM OKPEeMHX TBEPJOTIIbHUX AaKTUBHUX €JEMEHTIB 3 KOe(DII[IEHTOM
nigcymoByBanHs 0,91.

2. Cxemax cmabinizayii yacmomu TBEPAOTIILHUX TEHEPATOPIB XBUJIEBIIHO-
KOakcialbHOro Tumy. B po0oTi moka3zaHo, 10 HUBIXOM  €(EeKTUBHOIO
eJIEKTPOMArHiTHOTO 3B'A3KY T€HepaTopa XBHJIEBITHO-KOAKCIAIbHOTO THIY Ha 1011

["ana 3 muIaHaApHUM MICJIEKTPUYHUM PE30HATOPOM BJAETHCS MiABUIIUTH CTAOLIbHICTh



YacTOTH WOTO BHUXIJHOTO CUTHANy MO BIJHOLIEHHIO 10 BHUIIAJKOBOI 3MIHM HAmpyrH
KUBJICHHA Jio1a ["aHa.

KJ1040Bi_cj10Ba: TUIaHApHI J1€JIEKTPUYHI PE30HATOPH, MOAM IIENOYydOi Tajepei,

reHepaTop MUTIMETPOBHX JOBKUH XBUIIb, CYMaTOP MOTY>KHOCTEH.

SUMMARY
Dolia R.S. Planar dielectric resonators in the mode of excitation of the
whispering gallery modes. - Qualifying scientific work on the rights of the
manuscript.

Thesis for the scientific degree of Doctor of Philosophy on speciality
104 - Physics and astronomy (10 - Natural Sciences). O. Ya. Usikov Institute for
Radiophysics and Electronics of the National Academy of Sciences of Ukraine,

Kharkiv, 2021.

The work is devoted to the study of the excitation of the whispering gallery
modes in ultrathin (compared to the wavelength) dielectric resonators. The
dissertation also includes research on ways to increase the -electrodynamic
characteristics of such resonators - rarefying the spectrum of forced oscillations,
increasing the quality factor, increasing the coupling parameter. The paper presents a
millimeter wave active devices based on the planar dilelectric resonators.

Part 1 reviews the results of previous research based on literature sources. It is
shown that the most attractive, due to the high quality factor and sparse spectrum, for
use in the technique of mm waves are open disk dielectric resonator in the mode of
excitation of the operating modes of whispering gallery modes. However, the
smallest height of such resonators is limited by the condition of complete internal
reflection of waves from the flat bases of the dielectric disk - H > A4 / 2 (A4 is the
wavelength in the dielectric material of the resonator). The transition to thin planar
dielectric structures bounded in the axial direction by reflective metal surfaces
expands the idea of the possibility of implementing the mode of whispering gallery

modes in such resonators.



Part 2 considers and solves the problem of excitation of whispering gallery
modes in a thin fluoroplastic disk by its electromagnetic coupling with a local
excitation element - a coupling gap in a metal mirror of a planar dielectric resonator.
Experimental and computational studies have shown that in contrast to open disk
dielectric resonators, in planar resonators formed by a thin dielectric disk located on
flat bases between two conductive surfaces (mirrors), the excitation mode of
whispering gallery modes is achieved. To increase the intrinsic quality factor of
planar dielectric resonators the use of a ring metal screen is proposed.

In Part 3, the problem of a significant increase in the Q-factor is solved on the
example of a thin leyoxapphyry planar dielectric resonator, the height of which is H =
Aq / 4. It was found that the introduction into the structure of one or two air gaps
between the flat bases of a thin dielectric disk and metal mirrors can significantly
reduce the dielectric and ohmic energy losses.

The spectral characteristics of planar dielectric resonator are investigated. The
effect of transforming the mode composition of the planar dielectric resonator
spectrum by changing the height of the air gap when using a metal mirror moving
along the axial coordinate is shown.

To dilute the spectrum of planar dielectric resonator, it is proposed to use its
distributionelectromagnetic connection with the dielectric waveguide, which provides
high efficiency of excitation of the operating modes of the whispering gallery modes
in the resonator.

Part 4 proposes the use of planar dielectric resonator in active devices of the
mm wavelength range, namely, in the power adder and in the frequency stabilization
circuit of a solid-state generator of waveguide-coaxial type. The initial characteristics
of such devices are studied.

Scientific novelty:

For the first time, the electrodynamic characteristics of thin planar dielectric
resonators in the mode of excitation of whispering gallery modes were investigated
experimentally and by the method of computer modeling. The following new results

were obtained:



1. It is established that in dielectric disks, the height of which is much less than the
wavelength, and located in a flat-parallel screen, the mode of excitation of whispering
gallery modes is achieved by their electromagnetic connection, both with a local
source and with a distributed connection. with a dielectric waveguide. The existence
of whispering gallery modes in ultrathin planar structures, the height of which is two
orders of magnitude less than the working wavelength, is shown.

2. The efficiency of excitation of whispering gallery modes in planar dielectric
resonators in comparison with similar classical dielectric resonators, the evaluation
criterion of which is the coupling parameter, is high. It is established that a mode of
strong supercritical connection is achieved with such resonators, both when using a
local excitation element and when distributed communication with a dielectric
waveguide.

3. When placing a thin dielectric disk in a metal screen of annular shape with an air
gap of a certain thickness between them, an increase of 40% of the intrinsic quality
factor of planar dielectric resonator is achieved.

4. When introducing into the design of the resonator a certain height of the air gap
between the flat bases of a thin dielectric disk and one of the metal mirrors covering
its flat bases, it is possible to increase the quality factor of the resonator more than 2
times. With the introduction of two symmetrical gaps, the intrinsic quality factor of
planar dielectric resonator can be increased more than 4 times.

5. The use of planar dielectric resonator in the frequency stabilization circuit of a
solid-state generator of a waveguide-coaxial structure is proposed. Due to the use of
planar dielectric resonator it is possible to reduce more than 3 times the range of
electronic frequency tuning and, thus, increase the stability of the frequency of the
output signal with respect to random changes in the supply voltage of the Ghana
diode. It is established that the short-term instability of the generator stabilized by
leukosapphire planar dielectric resonator with a height of 0.7 mm is not worse than
10°.

7. The current model of small-sized two-diode power adder based on leukosapphire

planar dielectric resonator is created. It is shown that by its use the mode of mutual



frequency synchronization of oscillations generated by diodes is achieved, which is
accompanied by power addition and increase of frequency stability of the output
signal. When using the circuit of individual power supply of Ghanaian diodes the
summation factor equal to 0,91 is reached. Due to the synchronization of oscillations
from the two diodes, the range of electronic frequency tuning is reduced by 2.5 times
compared to single-diode generation.

Practical significance:

The obtained results of researches of electrodynamic characteristics of planar
dielectric resonator in the mode of excitation of whispering gallery modes are a
precondition for their use in a number of active devices of mm of a range of
wavelengths with the improved technical and mass-dimensional characteristics. High
values of the parameter of the connection of the resonant fields of the whispering
gallery modes in planar dielectric resonator with local excitation elements are the
main reason for the use of such resonators in:

1. Small power adders. Studies have shown the prospects for the use of thin dielectric
resonant structures in a flat-parallel screen to sum up the capacities of individual
solid-state active elements. Due to the use of planar dielectric resonators in summing
the powers of two Ghanaian diodes, the mode of mutual synchronization of the
oscillations generated by them is achieved.

2. Frequency stabilization schemes of solid-state generators of waveguide-coaxial
type. It is shown that by effective electromagnetic coupling of a waveguide-coaxial
generator on a Ghana diode with a planar dielectric resonator it is possible to increase
the stability of the frequency of its output signal with respect to a random change in
the supply voltage of the Ghana diode.

Keywords: planar dielectric resonators, whispering gallery modes, millimeter wave

oscillator, power combiner.
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