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3AT'AJIbHA XAPAKTEPUCTHUKA POBOTHU

AKTyaJbHicTh TeMu. OJHUM 3 HAWBAXKIIMBIIINX KOMIIOHEHTIB MIKPOXBHJIBOBUX
inTerpanpaux cxeM (IC) e JiHIT mepeaadi IaHAPHOTO THITY, IO MPU3HAYCHI JIJIS T1e-
penadi CUrHaily Ta peani3allii YucIeHHUX (yHKIIM NpUCTPOiB MIKPOXBHIIBOBOTO Jlia-
na3oHy 4acToT (Tpancopmaropis, pi3HUX BUAIB QLIBTPIB, BIATATYXKYBadiB, MYJIbTHII-
JeKcepiB Ta OaraTo iHmmx). [TiIBUIIEHHS BUMOT 3a pO3MipaMH, Barolo, HaIiiHICTIO Ta
(YHKIIIOHAIBHICTIO, 1110 MPE ABJISAIOTHCA 10 Cy4acHUX NpUcTpoiB Ha 0a3i IC, npusso-
JUTH 710 HEOOX1THOCTI HE TUIbKU PO3pOOIIATH X HOB1 KOHCTPYKIIii, ajie i CTBOPIOBATH
HOBI Ta YJJOCKOHAQJIFOBATH ICHYOUl METO/IM iX aHaJi3y.

[Tpotsrom octannix 40-ka pokiB Oyiu po3poOJIeHi pi3HI aHATITUYHI Ta TiBaHai-
TUYHI METOJIM PO3PaXyHKy 0a30BHUX XapaKTEPUCTHUK IJAHAPHUX JIHIN mepenayi, Me-
TOIM, B SIKUX 3aBXK]M 30€pIira€ThCsi KOMIPOMIC MK TOUHICTIO 1 YUCENBHOIO €PEKTUB-
HicTIO. [IJ1s1 aHai3y MmIaHapHUX CXEM Y YaCTOTHIM 00J1acTi Oysiu po3po0IieHi 1 yCHIIIHO
BUKOPUCTOBYIOTHCA TaKl MIBaHATITUYHI METOAM aHaI3y, SIK YHI(PIKOBaHUN METOJ T10-
PUIHUX MOJI, METOJ CUHTYJISIPHUX IHTETPAJIbHUX PIBHSAHb, METO/J| Y3TOJIKEHHSI MOJ| B
paMkax ¢opmaizMy y3araJdbHEHUX MaTPUIb PO3CISIHHS Ta METO/ IIOMIEPEYHOTO PE30-
HaHcy. [lapanenbHO MeTOIaM PO3PaXyHKY NUCHEPCIHHUX XapaKTEPUCTUK OA30BUX JIi-
HIl Tepeaayl MIaHAPHOTO THUITY, PO3BUBAIMUCS TAKOXK 1 METOJU PO3PAXYHKY XapakTe-
PHUCTHUK PO3CISIHHS HA PI3HUX TUIAX HEOJHOPIAHOCTEHN y HUX.

I3 30uTBbIIEHHSIM TOTPEOH B CTPOrOMY aHalli3l 1 MPOEKTYBaHHI KOMIIOHEHTIB 1C
MIKPOXBHJIBOBOT'O Ta MUIIMETPOBOIO J1aNa3oHiB, pO3pOOIIsIIUCS TAKOXK 1 MPsiMi YuCe-
JbHI METO/IM 1X aHai3y: Pi3HI MoaU]iKallli METOy CKIHUEHHUX €JIEMEHTIB Ta aHaTI3y
IUTAHAPHKX CTPYKTYp y dacosiit oouacti (finite-difference time domain methods) i 3a-
CHOBaHI Ha HUX KOMEPIIIHHI MPOrpaMH, 3a IKUMU PO3PAXOBYIOTHCS T4 ONMTUMIZYIOThCS
cxemu BY 1 MIKpOXBHUIIBOBOTO JT1alTa30HIB.

Ornsin HaykoBHX MyOJiKalliid 3a OCTaHHI POKH JEMOHCTPYE, 0 HANMOIIMpEHi-
IIMMHU METOJAAMU aHaII3y CKIaJHUX po3ranyxkeHux [C 3anumarorecs KoMepLiiiHi mpo-
rpamu-cumyssitopu tamy Ansys HFSS, MWO Ta metonu moOy0BU €KBiBATCHTHUX
cxeMm. OHaK 111 METO/IM MPU BUKOPUCTAHHI MatOTh CBOi 0OMEKEHHSI, TOTPeOyIOTh 3HA-
YHUX OOYMCIIIOBAIbHUX PECYPCIB Ta HE 3aBXKIU JAIOTh YSIBIEHHS PO XBUJIbOBI MPO-
1[ECH, 1110 MPOTIKAIOTh Y IJIAHAPHUX CXEMaX.

Ha mizcraBi BUBUEHHS Cy4acHOTO CTaHy 1 TEHAEHIIM PO3BUTKY I'aly31 MOYXHa 3po-
OUTH BUCHOBOK PO aKTYaJIbHICTh TEMH JOCIIIKEHHS JUcepTaliitHoi poO0TH, a came
PO3BUTKY aHATITUYHUX Ta MIBAHATITUYHUX METOJIB aHAJ13y TPUBUMIPHUX IJIAHAPHUX
cxeM, oOyJI0BU JIOCTaTHhO CTPOTHUX, ajie MPO30PUX JUIsl aHATI3y pe3ysbTaTiB po3pa-
XYHKIB METO/IIB JIJIsl BABUCHHS XBUJILOBUX MPOIIECIB, 110 MPOTIKAIOTh Y PO3Taly>KEeHUX
MJIaHapHUX cxemax. Po3poOka mux MeTo/1B Ma€ BEIWKE 3HAUEHHS SK JJI TEopii, Tak 1
JUTSl TIPAKTUKKU MOOYIOBH MPUCTPOIB MIKPOXBHIIBOBOTO 1 MUIIMETPOBOTO JI1ara30HIB
4acToT, a caMe JJis1 CTBOPEHHSI HOBUX KOHCTPYKIIIM MPUCTPOIB, 110 BIAMOBIIAIOTH BU-
MOram KOMMaKTHOCTI, (PYHKI[IOHAJTbHOCTI Ta MaJINX BTPAT.

V nauiif qucepTaiiiitiii poO0TI pO3BUHEH1 MIBAHAIITUYHI METOH aHAJ13y PI3HOTO
TUITY HEOJHOPIAHOCTEHN y ABO- Ta TPUIIAPOBUX IUIAHAPHUX CTPYKTypax. PoboTa mpu-
CBSIUCHA PO3B’SI3aHHIO aKTyalbHOI MPo0JeMu pagiopi3uku Ta MPUKIATHOI €IEKTPO-
JTUHAMIKA — PO3pOOKM Teopii Ta YJOCKOHAJICHHS METOIB aHalli3y pPO3MOAUICHUX
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HEOJHOPITHOCTEN Yy JIIHISX Mepeaayl IulaHapHoTo THITY, [0 pO3TalloBaHi y Oararoria-
POBUX IJIAHAPHUX CTPYKTYypax, y MIKPOXBHIILOBOMY Jiama3oHi 4acToT. TepMiH «po3-
Mo/iJieHa HEOJHOPIHICTH» BUKOPUCTOBYETHCS Y TOMY CEHCI, 1110 HEOTHOPIHICTh Ma€e
MO3/IOBXKHIM po3Mip, Ha BIIMIHY BiJ 30CEPEAKEHOT HEOJTHOPIHOCTI.

3B's130k Ppo0OTH 3 HAYKOBHMH NMpoOrpamMamMu, mjiaHamm i remamu. [lucepra-
11iiHa poO0Ta BUKOHAHA B paMKaX MPIOPUTETHUX HAIMPSIMIB HAYKOBO-TEXHIYHOT A151b-
HOCTI MiHicTepcTBa OCBITH 1 HAyKU YKpaiHu: iHQopMalliitHi Ta KOMyHIKaI[1iHI TEXHO-
aorii (3rigHo 3 3akoHoM Ykpainu Big 12.10.2010 Ne 2519-17). Ha3Ba npiopuTETHOrO
TeMAaTHUYHOTr0 HanpsaMmy: HoBi anapaTHi pillieHHs 1Ji1 NEePCHEKTUBHUX 3aC001B 004uC-
JTOBAIBLHOT TEXHIKH, 1HGOPMAIIMHUX Ta KOMYHIKAIITHUX TEXHOJOT1H, cekiis 5: Ene-
KTPOHIKA, paJlOTEXHIKA Ta TeJeKOoMYHiKallli. JIoChiPKeHHs] MPOBOAMINCS Y paMKax
BUKOHAHHS 11/0 TeM, Ha sikux mpamoBaB aBTop: 2011-2012 poxu — «Po3poOka BUCOKO-
e(heKTUBHUX MIJCUIIOBAYIB MOTYKHOCTI Ha 0a31 CXeM 13 MaHIMyJIAI1€10 TAPMOHIK», HO-
Mep nepxkpeectparii 0111U000405, 2013-2014 poku «Po3pobka mpocTopoBO-pO3BH-
HEHUX CXEM MiJACWICHHS Ta MEPETBOPEHHS CUTHAIIB Ha 0a3i BUCOKOE()EKTUBHUX
aktuBHEX mpucTtpoiB» 0113U001534, 2015-2016 poku «Po3pobka BuCOKOe(EeKTHUB-
HUX TepeaBayiB TEJIEKOMYHIKAIIMHOI anapaTypu Ha 0a3i MiJCUIIOBAYIB 3 BUCOKUM
KK/] 3a iHTerpaabHOIO0 TEXHOJIOTIEI0 Ta EHEpropecypco30epekeHHs Py BUPOOHUIITBI
ctaui B arperari kiBm-iiw» 0115U000089, 2017-2018 poku «BucokoedekTrBHI By31u
pajzionepeaaBaJbHUX CUCTEM Ha 0a3i MiICHIIOBaYiB Ta aBToreHepaTopiB kiaciB E Ta
00’emHuX iHTEerpasbHUX cxemax» 0117U002363.

Merta i 3aaa4i nocaixxenns. Mera po00TH NoJiArae y 10CHIIKEHHI XapaKTepu-
CTUK PO3CISIHHS Ha PO3MOJAUICHHX Ta 0araToIJIOMIMHHUX HEOJHOPIAHOCTSX Y JHISIX
nepeaayi IiaHapHoOro TUIY y O0aratoniapoBuX MIIAHAPHUX CTPYKTYypax, a TAaKOX y BU-
BUCHHI 3aKOHOMIPHOCTEHN MOBEAIHKH XapaKTEPUCTUK PO3CISTHHS HA HUX, 1y po3poOiii
Ha X OCHOB1 HOBUX KOHCTPYKIIiil MIKPOXBUJILOBUX MPUCTPOIB 13 MOJINIIEHUMHU BJac-
THUBOCTSIMU 32 €JIEKTPOJUHAMIYHUMU XapaKTePUCTHUKAMH, po3MipaMu 1 (PyHKIIOHATb-
HUMH MOKJIUBOCTSIMHU.

06’ ekmom 00cnioxHcenHs € KOJTUBAHHS Ta XBUWII, @ TAKOX MPOLIECH PO3CISIHHS HA
PO3MOAIIEHUX HEOJHOPIAHOCTIX y OaraToliapoBHX IUIaHAPHUX CTPYKTypax Ha 0asi
JHINA nepeayl MIaHapHOTO THUITY.

Ilpeomemom OocniddcenHss € METOU aHaAJI3y PO3MOAUICHUX Ta OAaraTOIUIONIMUH-
HUX HEOJHOPIAHOCTEH y JIHIAX Mepeiadl TIaHAPHOTO TUITY Y MIKPOXBHIIBOBOMY Jia-
Ma30H1 4acCTOT, a TAKOX 3aKOHOMIPHOCTI XBUJILOBHX IMPOIIECIB Ta PE30HAHCHOTO PO3-
CISIHHSI HA HEOJHOPITHOCTAX y OaraTolapoBUX IUIaHAPHUX CTPYKTYypax.

OcHoeHi 3a0ayi 00CTIOHCEHHS:

1. PO3BUTOK METOAY Y3TOJKEHHS MOJ 3 BUKOPUCTAHHIM (PopMalli3My y3arajb-
HEHUX MATPUIb PO3CISHHS JJIsl aHAJI3Yy CX1JYacTHX Ta METalIeBO-AIEICKTPUUHUX HeE-
OJTHOPITHOCTEN y XBUJICBITHO-IIUIMHHIN JIHIT Iepeaayi.

2. PO3BUTOK y3araJbrHEHOTO METOTy MTOTIEPEYHOTO PE30HAHCY JIJIsl aHAITI3y 2-T10-
PTOBUX CXEM 3 PO3MOJAUICHUMHU 0araTOTUIONMHHUMH HEOJAHOPITHOCTAMHU Yy JIIHISAX Tie-
penadi IaHapHOTO THUITY.

3. OTpuMaHHS YMOBH MOIMEPEYHOTO PE30HAHCY Ta PO3B’SI30K 3a71a4i PO3CISTHHS
OCHOBHUX XBWJIb MIKPOCMY>KOBOI Ta IIUIMHHOI JIiHIM mepeaadi Ha 4-mOpTOBOMY
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BEPTUKATBHOMY MEPEXOJl MK MIKPOCMY>KKOBOIO Ta IIUIMHHOIO JiHISIMH, SIK1 pO3Ta-
IIIOBaH1 B3a€EMHO-TIEPIICHANKYIISIPHO MO Pi3HI OOKH MIIKIIAJIKH, 38 METOJIOM IMOIepey-
HOT'O PE30HAaHCA.

4. Po3pobka crnoco0iB ainredpaizallii kpalloBUX 3a/iad, 3a SKUMH OYIYIOThCS
e(heKTUBHI AJITOPUTMH aHaII3y HEOJHOPITHOCTEN Yy BUTJISIII IIUTMHHUX PE30HATOPIB 13
MPSMOKYTHHUMHU KOOPAMHATHUMH TPAHUISIMU Y 3a3€MIIIOIOUIM TUIONIMHI MIKPOCMYXK-
KOBOI JIIHI1 Ta TOBOPOTY HIUTMHHOI JIiHIT Nlepeiayl Ha MPSIMHUI KyT.

5. Po3pobka cniocoOy anrebOpaizariii kpailoBUX 3ajay JJIsl aHaMi3y CX1T4acTUX
HEOJHOPITHOCTEN Yy MIKPOCMY>KKOBIH JIiHIT Iepeaadl KIHIIEBO1 JOBXUHHU.

6. Y1ockoHaIEHHS METOy TIOTIEPEYHOTO PE30HAHCY JIJISl PO3PAXyHKY XapaKTe-
PUCTHK PO3CISIHHS Ha PO3MOAUICHUX 2-TUIONMHHUX HEOJHOPIAHOCTSAX 3a JaHUMH I10-
MepPeHBOr0 PO3PaXyHKY CIEKTPIB BIACHUX YaCTOT 00’ €MHOIO pe30HATOPY.

Metoau nmocaimxenns. [Ipu BupilieHHI MOCTAaBICHUX 3a/a4 BUKOPUCTOBYBa-
JUCs: MaTEMAaTUYHUM anapat piBHSIHb MakcBelia, METOU PO3B’A3aHHS KpalloBUX 3a-
Jad MPUKJIAJTHOT eJISKTPOIUHAMIKN (METOJI YaCTKOBUX 00JacTeH, METO y3TrOKCHHS
MOJI, METOJI y3araJbHCHUX MATPHIIb PO3CISHHS, METOJ MOIMEPEYHOTO PE30HAHCA), MO0
0a3yl0ThCsl BEKTOPHIN anre0pi Ta MeToAaxX po3B’si3aHHS KpalOBHX 3ajlady MaTeMaTHUy-
Hoi (pi3uku (30Kkpema Ha MeToli ['ambopKiHa), METOAM PO3B’I3aHHS JIHIHHUX Ta TPaH-
CIIEHJICHTHHUX PIBHSHb Ta CUCTEM 3 IIUX PIBHSIHB, a TAKOK MaTeMaTUYHUH anapart Teopii
JIOBT'UX JI1HIMH.

HaykoBa HOBU3HA OTPUMAaHUX PE3YJIbTATIB MOJSATAE Y HACTYITHOMY:

1. Brnepiiie po3pobiiennii MeTo1 po3paxyHKy AUCHEPCIHHUX XapaKTEPUCTUK
XBHJIEBITHO-IITUTHHHOT JTiHIT iepenadi (XILJI) 3 MeTaneBo-aieIeKTpUIHUM BKITIOUYCH-
HSAM KIHIIEBOI JIOBXMHH, 3a JIOMOMOTOI0 SIKOrOo MojentoeTbes 3anepTuit PIN-gion y
XIIJI. Ha 6a3i po3po0ieHUX alrOpuTMIB 32 METOJIOM Yy3araJlbHEHUX MATpUIlb PO3CI-
SIHHS OYJIM 3MO/JIeJIbOBAaH1 BTPATH MOTYKHOCTI TP BiAOUTTI ocHOBHOT XBuiIl XIJI Bix
3amepToro 10y, a TaKOX 3alpoNOHOBAHA 1 ONTHUMI30BaHA CXE€Ma Y3TOJKEHHS IBOX
3aneptux kpemHieBux PIN-mionis 3 ocHoBHOI0 XII[JI. TlopiBHSIHHS pe3ysbTaTiB BUMI-
pIOBaHHS eKcrepuMeHTabHOro Maketa (y miamaszoni yactot 11-15 I'T') i3 ganumwu
aHanizy cxemu Ha 6a3i XIIJI mokazanu, 1o 3ampornoHOBaHa €JIEKTPOJIUHAMIYHA MO-
JIeNb 3aMepToro 10y 3 BUCOKOIO TOYHICTIO MOAeNtoe oro noseainky y XIIJI 1 mo-
3BOJISIE MPOEKTYBATH y3TO/IXKYIOUl JIAHKH 13 33JITaHUMU XapaKTEPUCTUKAMU.

2. Brnepiiie po3BUHYTO METO]T TOMEPEUHOTO PE30OHAHCY ISl aHAI3y pO3MO-
TUICHUX HEOTHOPITHOCTEH Yy JHISAX TIepeadi MIaHapHOTO THITY JJIs 2-TIOPTOBOI CXEeMU
13 CUMETPIEI0 Y MOMEpeYHOMY HanpsMKy. OTpUMaHO TPOCT1 BUPA3U [Tl PO3PAXYHKY
€JIEMEHTIB MaTPHUI[l PO3CISIHHS HA CUMETPUYHUX HEOJHOPITHOCTSIX Ta 3aIIPOINOHOBAHO
METOJMKY MOIMEPEIHhOTO aHaJI3y CXEMH 3a JTAaHHUMHU PO3PAXYHKY CIEKTPIB BIACHUX
YaCcTOT PE30HATOPIB i3 PI3HUMHU YMOBaMH Ha TO3JIOBXKHIX TpaHUIsX (YMOBaMH y BU-
TS0 1caIbHUX CIEKTPHYHUX Ta MArHiTHUX CTIHOK). TOYKH pe30HAHCHOI B3a€MOJIii
HEOTHOPIHOCTI 13 OCHOBHOIO JIiHI€I0 Tiepeaadi (MiHIMyMH KOe(iIlieHTIB BIIOUTTS a00
nepeavi) BU3HAYAIOTHCS TOYKAMH MIEPETUHY CHEKTPAIbHUX KPUBHUX, 10 OTPUMAaHI 3
pPO3paxyHKiB KpalOBUX 3a/1a4 JIJIsl 00’ €MHOTO pe30HATOPY 13 CUMETPUYHOIO Yy MoIepe-
YHOMY HANpPSIMKY HEOJHOPIAHICTIO.
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3. MeTon monepeyHoro pe3oHaHCy PO3BUHYTHM g aHami3dy 4-mopToBOi
CXEMH, 1110 SIBJIsI€ COO0I0 BEPTUKATBLHUM MEPEeX1i]] MK MIKPOCMYKKOBOIO Ta HIIJTUHHOIO
JHISIMU Tiepeiadl, Kl po3TalloBaHi B3a€MHO-TIEPHIEHAUKYJIISIPHO MO Pi3HI OOKU MiAK-
naaku. Boepie oTpuMaHo yMOBY ONEPEYHOI0 PE30HAHCY ISl TAKOi HEOJHOPITHOCTI,
Ta BU3HAYEHI TPAaHUYHI YMOBH JJIs KpalOBHX 3ajlay 100 CIIEKTPIB BJIACHUX YACTOT,
10 MAIOTh PO3B’SI3yBATHUCS JJISI PO3PAXYHKY €JIEMEHTIB MAaTPUIIl PO3CISIHHS IEPEXOTY.

4. VY 10CcKOHaNEeHO METOAM PO3B’SI3aHHS KpalOBHX 3a4a4 JJI1 HEOIHOPIIHO-
CT1 y BUIJISAI BY3bKUX MPSIMOKYTHUX HIUTMHHUX pe3oHatopi (LIP) y 3azemutrorouiii
IUTOIIMHI MiKpocMyxkkoBoi siHiT epenadi (MCJI). Moaudikaltis METOIIB, Ha BIAMIHY
B1JI IONEPEHIX, MMOJISITae y BpaXyBaHHI y PYHKIISAX PO3MOALTY €IEKTPUYHOIO MO Ha
LIUIMHI Ta TYCTHHH CTPYMY Ha CMYXII1, IO BUKOPUCTOBYIOThCA AJIs anredpaizanii Kkpa-
HOBHUX 3a71a4 JIJIsl Pe30HATOPY, BUIIUX MO3J0BXHIX rapMoHik. Taka Mmoaudikaris g0-
3BOJIMJIA BUBYUTH SIBUIIE B3a€EMHOTO 3B'SI3KYy MiX HEOJHOPIIHOCTSIMH, HANPUKIAI, Y
MEPIOANYHUX CTPYKTypax. Pe3ynbTratu po3paxyHKIB €J€MEHTIB MATPUIll PO3CISTHHS
MOKa3aJv, 10 B3a€MOJIisl HEOAHOPIAHOCTEN BIIOYBAETHCS 32 PaXyHOK BHUILHMX rapMo-
HIK T0JIS Y TJIOIIMHI NUTMHHUX PE30HATOPIB Ta MPU3BOAUTH 0 3CYBY 4acTOT pe30Ha-
HCHOro B3aemoii mix HUMU Ta MCJI, a Takox 70 MOSIBH JOAATKOBUX obJyacteit abo
JOIATKOBUX YaCTOT 3 BUCOKUM PIBHEM 3racaHHs OCHOBHOI XBUJII MIKPOCMY>KKOBOI JIi-
HIi Iepeayl y MIKpOXBHJIbOBOMY J11al1a30H1 4aCTOT.

5. Metoa nonepeuyHoro pe3oHancy yA0CKOHAICHUH JJI aHalli3y pO3Mo/Iijie-
HUX HEOJTHOPIAHOCTEN Y BUMIISIAI IIUTMHHUX PE30HATOPIB CKIATHOT (OPMH Y 3a3EMITIO-
toulid ionuHi MCJI. ¥V 1ockoHaneHHs nossrae y Tomy, o uis onucy nois Ha H, 11-
ta O-moniouux P y perymspniit MCJI Oy oOpani 6a3ucHi GyHkIii (TooTo 0a3ucHi
(GyHKLI, 110 BAKOPUCTOBYIOThCS U1l anreOpaizauii kpailoBoi 3a1adl 3a metogom [a-
JHOPKiHA) y BUTIIAI PO3KJIaIaHb IX Y PSIM 32 BIIACHUMU (DYHKITISIMHA XBHJICBOJIIB CKJIa-
aroro niepepisy (TE- ta TH-Tumy). [TopiBHSHHS XapaKTEpUCTUK, OTPUMAHKX 32 JOIO0-
MOT'OI0 YHCEIIbHUX PO3PaXyHKIB, 13 pe3yiabTaTaMHi €KCIIEPUMEHTAIbHUX BUMIPIOBAHb
JEMOHCTPYIOTH iX y3rOJKE€HICTh 13 HUMU Ta OOIPYHTOBAaHICTh BUOOPY OazucHuX QyH-
KIi¥ aist aHanizy sk okpemux P, Tak 1 mepioguyHuX CTPYKTYp Ha X OCHOBI.

6. 3a J0MOMOroK YJOCKOHAJIEHOIO0 METOy IONEPEYHOI0 PE30HAHCYy BIIe-
puie BctaHoBlieHo, mo P cknaanoi popmu y 3azemimrorouiit miomunai MCJI npu ix
MOCJT1ZIOBHOMY BKJIFOUEHHI Y JIIHIIO TIepeadl B3a€EMOIIIOTh OJIUH 3 OHUM HE TUIbKU Ha
MaJIuX BIJCTaHSX, ajie 1 Ha BIJICTaHAX, MOPIBHSAHHUX 3 iXHIM IO3/I0BXHIM PO3MipOM.
B3aeMHwMit 3B'5130K Mi’K HUMU MPU3BOAUTH JO TOTO, 110, HAPUKIAJ, CTPYKTYpa 3 TBOX
onnakoBux I[P cknaanoi popmu GiabTpye OCHOBHUI CUTHAN B OLIBII MIUPOKINA CMY3i
qacToT, HiXK okpemuid I[P, ockiibku MICTUTH IOAATKOBY 4acTOTY PE30HAHCHOI B3ae-
mozaii Mmixk MCJI 1 nocniOBHO BKJIFOYEHUMH Y ii 3a3eMittorouy rionuny HIP-mu.

7. MeTo/10M ONEPEYHOr0 PE30HAHCY BIEPILE MPOAaHAII30BAaHO HEOIHOPI -
HicTh y mimmHHIM JTiHIT nepenadi (IJI) y Burisai moBoporty ii Ha mpsMuit KyT. AHai3
2-TIOPTOBOT CXeMHU 0a3y€eThCS HAa PO3PaXyHKY BJIIACHHX YACTOT BIiPTYadbHOTO 00’ €M-
HOT'O PE30HATOPY 3 KOPOTKUM 3aMUKAHHSIM Ha MOPTAaX 1 MPEICTABICHHSIM TOJISI Ha are-
PTYpl WUIMHA y BUDJISIAL PSAAIB 3a BIacHUMU TE-xBuwisiMu L-mogiOHOTrO XBUIIEBONY.
UucenbH1 po3paxyHKH MOKa3aiH, 0 y pa3i noBopoTy Ha npsmuit kyT LIJI 13 pizHOIO
IIMPUHOIO IIUIMH HAa TIOPTaX 3BOPOTHI BTpaTH (KOSPIIiEHT BiIOUTTS) € 3HAYHO OiJThb-
IIMMH, HIK Y BUNaaKy noBopoty HIJI 13 oaHaKOBOK HIMPHUHOIO LIIJIMHU HAa MOPTax.
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Kpim toro, moBopot Ha IIIJI npsimMuii KyT 3 0JTHAKOBOIO HMIMPUHOIO IIUIMH HA MOPTaX
no0pe y3roJiKeHui 3a BTpaTaMu, a HaOIr a3u koedimieHTy nepeaadi Ha noBopoti [1[JI
Ma€ HEMOHOTOHHY 3aJICKHICTh BiJl YaCTOTH 3 MAKCUMYMOM, 110 JOPiBHIOE T /2, Ha Ya-
CTOTI, sIKa 3aJI€KUTh BiJ 11 IHUPUHH.

8. Brnepiie noOyaoBaHO ABOBUMIPHI BJIaCH1 (DYHKIIIT MarHiTHOTO 1 €1EKTPU-
YHOTO BEKTOPHUX MOTEHIIANIB Y BUTTIS I PO3KIIAIaHHS iX B PSAIU 32 OPTOTOHATbHUMU
nojiHomamu Yebumosa 1-ro Ta 2-ro poay A OMUCY TYCTUHU CTPYMY y CMYKKOBIi
JiHIT Iepegayl 13 cX114acTO0 HEOJHOPIAHICTIO Vv Hill. [lepeBaroro BUKOpUCTaHHS Ja-
HUX (QYHKI[IH € MaJTui MOPSIIOK CUCTEM PIBHSIHB, 110 PO3B’SA3Y€ETHCS, Ta MIBUIKA 301%K-
HICTh aJITOPUTMY TP YUCEIbHUX PO3paxyHKax: JJisi 3a0€3MeUeHHs] TOUHOCTI PO3paxy-
HKy BIacHUX uucen nopsaky 10° mm?, mocuts BpaxyBaTu TpU-UOTUPH UYJIEHH PSTY
(M=3..4) y po3kiIalaHHsAX €JICKTPUYHOTO i MArHITHOTO BEKTOPHUX MOTEHITIAIB Y PAIH
32 OPTOrOHAJIBLHUMM MOJIHOMaMU. BHACTIIOK IILOTO aITOPUTMU PO3B'sI3aHHS 3a]1a4 Ha
PE30HAHCHI YaCTOTH MIKPOCMYKKOBOTO PE€30HATOPY 13 CX1I4aCTO HEOJHOPIIHICTIO
Ta Pi3HUMH YMOBAaMH Ha MO3J0BXKHIX IPaHHIX (MPH 3aCTOCYBaHHI MOOY10BaHUX (Y-
HKIIIH y Tporieypi anreopaizariii) Takox 30iraroThCs MIBUIKO: TS 3a0€3MEYCHHS TO-
YHOCTI PO3PaxXyHKY BJIACHUX 9acTOT y 2 % mOpsA0K 3pi3aHHs PsIiB 32 BIACHUMH QY-
HKINSIMU  JTOpiBHIOE P=3+5 mpu CHiBBIJHOMICHHI WMIMPUH CMYXKH J0 3HAYCHHS
a=w1/wy=4 (3a yMOBH W1>W>).

9. VY 10CKOHANIEHO METOJ MONEePEYHOro0 PEe30HAHCY I PO3paxyHKY Xapak-
TEPUCTHUK PO3CISTHHS HA PO3MOJIJICHUX 2-TUIONIMHHNX HEOTHOPIMHOCTSX Y JIIHISIX TIe-
penadi IiaHapHOTO TUIY 33 JaHUMHU OTEPEIHHOTO PO3PAXYHKY CIIEKTPIB BJIACHUX Ya-
CTOT 00’eMHOr0 pe3oHaTopy. Moaudikaiiss METOAYy MOJSIra€ y BUKOPUCTaHHI
MPOIIEAYPH alpoKCUMAaIlii CIIEKTPaTbHUX KPUBHUX a00 iX AUISTHOK palioHadIbHUMU Y-
HKLiAMH BULY f(x)=1/Q, , Ae Q, — IMOJIHOM M-ro nopAaKy. B pesynbrari Takoi onru-

Mi3allii ICTOTHO CKOPOYYETHCS Yac, 0 BUTPAYAETHCS HA YHCEIIbHUN aHaJI13 HEOTHOPI-
JTHOCTI B OJHIN YaCTOTHIN TOYL, & TOMY 1y JI1alla30H1 4acToT B IIIOMY.

10. 3a pe3yJbTaTaMu YHCEIIbHUX PO3PaxXyHKIB XapaKTePUCTUK PO3CISHHS HA
PO3MOIINIEHUX 2-TUIONUHHUX HeoqHOpinHOCTAX Y MCJI, 1110 CKIIagaroThes 13 cXimgdyac-
TO1 HeoAHOPIAHOCTI KiHeBoi aoBxuHU y MCJI Ta P y ii 3a3emuirorouiii MIOMINHI,
BIIEpIlIE NOKa3aHo, 1m0 aoxaBaHHA a0 I[P iHgykTHMBHOrO ab0 €MHICHOTO BIJIPI3KY
MCIJI npu3BOaUTH 10 MOSBHU JOJATKOBUX YaCTOT PE30HAHCHOTO BIIOUTTS 1 MPOITyC-
KaHHS, Y MOPIBHAHHI XapaKTEPUCTUKAMU PO3CISIHHSI OKPEMOT HEOJHOPIIHOCTI y pery-
nsipuid MCJL. 1le no3BoJise po3mupuTy GyHKIIOHATBHI MOKJIMBOCTI MiKPOXBUIBOBUX
JIAHOK, TII0 MPOEKTYIOTHCS HAa OCHOBI PO3MOIIICHUX 2-TUTOIIIMHHUX HEOHOPITHOCTEH,
Mpu 30epiraHHi MaJlux po3MipiB CXeMH B LIIJIOMY. ByJo rmokaszaHo, 1110 J1iana3oH CMyro-
3anupaibHUX (QUIBTPIB 1 PUIBTPIB rAPMOHIK MOXKHA PO3IMIUPUTH BUKOpUcTaHHsM [1[P
ckianHoi Gopmu, Hanpukiaa, H-moniOHUX 13 monepeyHuM po3TallyBaHHIM «TaHTe-
nei» moao MCJI abo, B3araii, rpe6iHYaCTUX.

IIpakTH4He 3HAYEHHS PE3YJIHTATIB POOOTH MOJATAE Y HACTYITHOMY
1. Po3po6ieHi Ta y1OCKOHAJIEHI METOIU aHali3y PO3MOALIEHUX HEOAHOPITHOC-
Tel y OaraTomapoBUX IUIAaHAPHUX CTPYKTYpax TO3BOJSIOTH MPOBOJAUTH PO3PAXYHKHU
XapaKTEPUCTUK PO3CISIHHS Ta ONTUMI3AI[iI0 CXEM P13HUX MPUCTPOIB MIKPOXBUILOBOTO
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Jlana3oHy 4acToT: (PUIBTPIB, pO3rally’KyBauiB, Y3rOKYIOUHX JaHOK aKTUBHUX Ta Ma-
CHUBHHUX MPUCTPOIB TOLIO.
2. OTpuMaHO HOBI 3HAHHS TPO BJIACTUBOCTI Ta XapaKTEPUCTUKH OKPEMUX TIa-

HapHUX CTPYKTYp, a came:
— CHEKTPaJIbHUI MiJIX1]] 10 BUBUYCHHSI PE30HAHCHUX BIIACTUBOCTEN HEOIHOPIAHO-
cTel y OaraToliapoBHX IJIaHAPHUX CTPYKTypax, Ta MOB’sA3aHl 13 HUM METOAU po3pa-
XYHKY XapaKTepUCTUKU PO3CISTHHS Ha HUX, JO3BOJISIE BUBYUTU HNPUPOIY €IEKTpOoMar-
HITHHX SIBUII] Ta XBUJIBOBUX MPOIIECIB Y TAKUX CTPYKTYpax;
— MPUKJIAJIHE 3HAYEHHS PO3BUHYTUX METOIB MOJSTa€E Y MOXIUBOCTI MPOEKTY-
BaHHS Ha OCHOBI TAKUX CTPYKTYp KOMIIAKTHUX Ta 6araroyHKI10HATbHUX IPUCTPOIB,
10 BUKOHYIOCh OJTHOYACHO AEKIIbKA (PYHKIIN y pI3HUX MiJAlana30Hax 4yacToT.

Amnpobanis pe3yJbTaTiB aucepraunii. MaTtepianu auceprarlii BUKIaJeHl Ha BHY-
TpimHiX KoHpepeHmisax JonHY Ta nomoBiganucs Ha TakuX MIKHAPOAHUX KOH(DEpEH-
isx 1 cummosiymax | 9-it Mixkaapoaniit Kpumcrkiii kond. «<HBY-TexHika i Tenekomy-
Hikamiitai Texnonorii» Ceacrononb 13-16 Bepecus 1999 r.; International Conference
on Mathematical Methods in Electromagnetic Theory (MMET) Kiev, Ukraine,
September 10-13, 2002; 13-t Mixxnapozaniit Kpumcrkiit kond. «HBU-texHika i Tee-
KOMYHiKarliiiHi TexHojorii», CeBactononbs 8-12 Bepecus 2003 r.; The Fifth
International Kharkov Symposium “Physics and Engineering of Millimeter and Sub-
Millimeter Waves” (MSMW’2004.), Kharkov, Ukraine, June 21-26, 2004.; «15-i
Mixuapoaniit Kpumcbkiii kond. «HBU-TexHika 1 TenekoMyHikalliiHi TexHonorii» Ce-
Bactomnoyb, 12-16 Bepecus 2005 p.; 11 International Conference on Mathematical
Methods in Electromagnetic Theory" MMET*06, June 26-29, 2006. Kharkiv, Ukraine,
2006.; 16-it Mixuapoaniit Kpumcoekiii koH(]. « HBU-TexHiKa 1 TeIeKOMYHIKaIliliHI Te-
xHoJorii» CeBacronomns, 10-14 Bepecust 2006 r.; 17-it Misxkaaponriit Kpumchbkiii kKoHD.
«HBY-texnika i TerexoMmyHikamiiai TexHomorii» CeBactonons,10-14 Bepecus 2007
p.; 12 International Conference on Mathematical Methods in Electromagnetic Theory™
MMET*08, June 29- July 02, 2008. Odessa, Ukraine, 2008.; 19-ii MixxHapoaHiii
Kpumcekiit koud. «<HBU-TexHika 1 TeiekoMyHikaiiiiHi TexHosorii» CeBactomnons, 14-
18 Bepecus 2009 p.; 2010 International Kharkov Symposium on Physics and
Engineering of Microwaves, Millimeter and Submillimeter Waves. Kharkov, Ukraine,
June 21-26, 2010.; 20-it Mixxnaponriit Kpumcekiit koud. «HBU-TexHika i Tenekomy-
HikaIiHi TexHonorii» Ceactomonb, 13-17 Bepecus 2010 r.; 21-ii MixuapoaHiit
Kpumcrkiit kord. «HBU-TexHika i TenekoMyHikariiHi Texaonorii» CeBactomnoins, 12-
16 Bepecus 2011 r.; International Conference on Antenna Theory and Techniques, 20-
23 September, 2011, Kyiv, Ukraine.; 14th International Conference on Mathematical
Methods In Electromagnetic Theory (MMET2012). Kharkiv, Ukraine, August 28-30,
2012.; 22-i1 Mixuapoanit Kpumcopkiii koH]. « HBU-TexHiKa 1 TeIeKOMYHIKaIliliHI Te-
xHojorii» CeBactomonb, 10-14 Bepecus 2012 p.; 23-it Mixnaponnit Kpumchkiii
koH}. «HBU-Texnika i TenekoMyHikaiiHi Texnonorii» CeBactonons, 9-13 BepecHs
2013 p.; 14th International Symposium on Microwave and Optical Technology Pro-
ceedings, KL, MALAYSIA, October 28-31, 2013.; “Modern Problems of Radio Engi-
neering, Telecommunications, and Computer Science” International Conference
TCSET’2014. Lviv-Slavske, Ukraine February 25 — March 1, 2014.; MIKON 2014,
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20th International Conference on Microwaves, Radar and Wireless Communications,
June 16-18, Gdansk, Poland.; MiskaapoHiii HayKOBO-TeXHIUHIM KOH(pepeHItii 3 iHdop-
MaIliHO-TEJICKOMYHIKAIlIHHUX TEXHOJOTI Ta pamioenekTpoHikn YkpMiKo’2016.
Kuis 11-15 Bepecust 2016 p.; 2017 International Conference on Information and Tele-
communication Technologies and Radio Electronics (UkrMiCo), Year: 2017.; 2018
14th International Conference on Advanced Trends in Radioelecrtronics, Telecommu-
nications and Computer Engineering (TCSET) — Year: 2018.; 2018 International Con-
ference on Information and Telecommunication Technologies and Radio Electronics
(UkrMiCo), Year: 2018.; 2019 International Conference on Information and Telecom-
munication Technologies and Radio Electronics (UkrMiCo), Year: 2019; 2020 23rd
International Microwave and Radar Conference (MIKON), Warsaw, Poland, 2020.

Iy6aikamii. OCHOBHI pe3yibTaTh AOCIIIKEeHb onmyOJikoBaHi B 1-if MoHorpadii,
1-my po3aim mMoHorpadii, 22 cTarTax y npoiIbHUX Ta MEPIOJUIHIX HAYKOBHUX BU-
naHHAX, BuAaHux B Ykpaini tTa CIHA (21 3 Hux BXoasaTh 10 nepeniky BAK Vkpainn);
y 3 maTeHTax YKpaiHu Ha KOPUCHY MOJIeTb; Y 29 30ipkax Te3 Ta JOMOBiaei Ha MiXKHA-
POJHUX HAYKOBO-TEXHIYHUX KOH(EPEHIIIX.

OcobOucrnii BHecok. Y cuiipHuX podorax [1, 2, 3, 4, 8, 9, 15, 16, 18, 19, 20, 21,
24] ocobucTuii BHECOK 3700yBava MOJsrae B y4acTi y po3poOii MeTOy pPO3B'sI3aHHS
KpalloBHX 3a/1a4 Ta MapaMeTpiB PO3CISTHHSI, po3pOoOIIi BIMOBIIHUX aJTOPUTMIB 1 Hala-
rOJKEHHI KOMIT' FOTEPHUX MPOTpaM, MPOBEACHHI YUCEIbHOTO MOJEIIOBAHHS, a TAKOXK
B 00TOBOpEHHI OTPUMAHHX PE3yJIBTATIB 1 HAMMCAHHI cTaTel; y cTarTax [5, 6, 7, 11, 12]
0CcOOMCTHI BHECOK 3700yBaua Mojisrae B yJAOCKOHAJIEHHI METOJY PO3B'sA3aHHS 3a7a4
PO3CISIHHS, HAalMMCAHHI BIAMOBIIHUX AJITOPUTMIB Ta KOMI IOTEPHUX Iporpam, MmpoBe-
JICHH1 YKCJIOBOTO MOJICJIIOBAHHS, a TAaKOX B OOTOBOPEHHI OTPUMAHMX PE3yJIbTaTIB 1
HanKMCaHHi ctaTel; y podorax [10, 13, 14, 17, 22] aBTOpy HaJICKUTH BUOIp HAIIPSIMKIB
JIOCIIIJI)KEHHS Ta y4acTh B OOTOBOPEHHI pe3yJIbTaTiB 1 HanucaHH1 ctateil. Pobotu Oynu
BHUKOHAaH1 y crmiBaBTOpPCTBI 3 Kpmxkanoscbkum B.T7, Kpmxkanoscskum B.B., UepHoBum
J.B., Pynakosoro I'.M., Makaposum /[.I'., Komaposum B.®., Koanenko B.O., Ko-
sma"nToHuo I1.

Ctpykrypa i o6car podoru. [{uceprallis CKIagaeTbes 3 aHOTallli, BCTYIy, BO-
ChMU PO3[IJTiB, BUCHOBKIB, CIICKY IIMTOBAHOI1 JitepaTypu. PoboTta mictuth 268 cTopi-
HOK, 131 pucynok, 14 ta6muis. CIMCOK BUKOPUCTAHHUX JKEPEN MICTUTh 172 HaiiMme-
HyBaHHS Ha 19 cTopiHkax.

OCHOBHHM 3MICT POBOTH

¥ Berymi gucepTaniinoi poOoTH OOrpyHTOBAHO aKTyadbHICTh MPOOJIEMHU, 1110 BU-
pitryerbesi, chopMyIbOBAaHO METY 1 3a7a4l JOCIHII)KEHHS, HAaBEJIEHO OCHOBH1 HayKOBI1
pe3yabTaTH Ta 1X MPAKTUYHY 3HAYYIIICTh, MICTSThHCSA 1HILI HEOOX1HI XapaKTePUCTUKHU
JTUCcepTaIIiHOI pOOOTH.

Y nepumomy po3aiai quceprallii HaBeIEHO ICTOPUYHUN OIS MyOTiKaliii 3a Te-
MOIO JOCIIJIP)KEHHSI Ta y3arajlbHeHO CBITOBHUH JOCBIJl pO3pOOKU aHATITUYHUX, MIBaHA-
JTITAYHUX Ta CITKOBUX METOMAIB PO3PaXyHKY NUCHEPCIHHUX XapaKTEPUCTHUK JIHIN Tie-
penayi IUIAaHAPHOTO THUIYy 1 XapaKTEPUCTUK PO3CISTHHA Ha PI3HUX BHJAX
HEOJTHOPITHOCTEN Y HHX.
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JIinii mepegayl MIaHAPHOTO TUITY BKJIIOYAIOTH B ceOe 0€3114 CTPYKTYp, 110 Mic-
TATh OAHY 200 JAEKUIbKa IT'PaHUIlb TUITY TTOBITPS — A1EJIEKTPUK a00 JIENIEKTPUK — Jielie-
KTPUK 3 METaJIEBUMHU CMY>KKaMH, [0 HAJAPYKOBaH1 Ha IUX rpaHuisax. Haloiibem mo-
NIMPEHUMH  JIIHIAMH ~Tiepejavi  IIaHapHOTO THIy € cMyxkkoBa  (Stripline),
MmikpocmyskkoBa (microstrip line), a Takox xsuneBigHo-miuaHa (finline), mrinuaHa
(slotline) ta korranapna Jinii mepemadi. Y 70-80 poku Oyiu po3poOIieHi pi3Hi aHAi-
TUYHI Ta MIBaHATITAYHI METOAN PO3PAXYHKY TUCIEPCIMHUX XapaKTePUCTHUK ILIaHap-
HUX JIiHIN nepenadi (cTanoi nomupeHHs abo KpuTHyHOi yactoTh). Lle MeTo 1 yacTko-
BHUX 00nacTel 13 MPOEKI[IHHOI0 CXEeMOI0 OTPUMAaHHS IUCIEPCIHHOTO PIBHSHHS, METO]]
IHTErpaJIbHUX PIBHSHD 13 PO3B’sI3KaMU X 3a METOJIOM ["anbopkiHa Ta METO/]I mornepey-
HOTO PE30HAHCYy. Y BCIX IIUX METOJIaX IpH iX IMIJIEMEHTAIlll 3aBXau 30epiraeTbes
KOMIIPOMIC M1k TOUYHICTIO 1 YUCETHbHOI €()EeKTUBHICTIO.

[lapanenbHO pO3BUBAIMCS 1 METOAM aHAI3y CKJIQJHMX IUIaHApHUX cxeM. [lns
aHaIi3y IUIAHAPHUX CXEM Y YacTOTHIN 00aacTi Oysu po3po0IieHi 1 yCIIIHO BUKOPHUC-
TOBYIOTHCSI IOBHOXBHJILOBI METOAM aHANI3y, a caMe YHi(piKOBaHUN METO.1 T10pUIHUX
MO/, METO/JI CUHTYJIIPHUX 1HTErpalibHUX PIBHSIHB, METO]T Y3TOJI)KEHHS MOJI, METO]T y3a-
raJlbHCHUX MATPHIb PO3CISSHHS Ta METOJ IOMEepPEYHOro pe3oHaHcy (transverse
resonance technique, TRT). Pe3ynpTatu po3po0ok ux MeToAiB Oyiin omyOiKoBaHi y
po6otax Ito, Mittpu, Coppentino, bopuemanna, Banpaika, 11IBada, Mensens, 3 Bue-
HUX MOCTPAISTHCLKOTO ITpocTOpy — y podoTax Becenosa, Jlepepa, 3aprano Ta iH.

I3 30UTBbLIEHHSIM NTOTPEOH B CTPOrOMY aHalli3l 1 MPOEKTYBaHHI KOMIIOHEHTIB 1C
MIKPOXBHJILOBOTO Ta MUTIMETPOBOTO JIiana30H1B, TAKOX PO3POOISAIUCS 1 IPSAMI Urce-
JBbHI METOHM iX aHaIi3y: pi3Hi Moaudikaii Mmeromxy MomeHTiB (moments method), me-
TOJIY aHaNi3y CTPYKTYp y 4acosiit oonacrti (finite-difference time domain methods) Ta
MeTOJ MOOYA0BU €KBIBAJEHTHUX CXE€M. AHaII3y 1 CUHTE3Y IJIAaHAPHUX CXEM IPHUCBS-
YyeHa OLIblIa YaCTUHA KOMEPIIMHUX TporpaM, 3a SKUMU PO3paxOBYIOThCS Ta ONTHUMI-
3y10Thcs cxemu BY 1 MiKpOXBUIILOBOIO Jiana3oHiB. Y CBIii 4ac yAOCKOHAJIEHHS Mpsi-
MHUX YHCEJIbHUX METOJIB JO3BOJWJIO MPUCKOPUTH aHANI3 CKIAJAHOI MIKPOXBUIHOBOI
CXEMH BIJ THXKHIB JI0 ACKIILKOX AHIB a00 roauH. [ 3a0e3neueHHs He0OX1THOT TOU-
HOCTI PO3B’sI3aHHS 3a7a4 11 METOIM BUMAararTh 3HAYHUX OOUMCIIOBAILHUX PECYPCIB
Ta MarOTh CBOi OOMEKEHHS.

3 po3risily PO3BUTKY 1 Cy4aCHOTO CTaHy MpoOJeMH aHali3y IJIaHapHUX CXEM Mi-
KPOXBHJIBOBOTI'O Jllalla30HY MOKHA 3pOOMTH HACTYITHI BUCHOBKHU:

— Ornsin poOIT MO BUKOPUCTAHHIO 0araTOIIAPOBUX IJIAHAPHUX CTPYKTYP
JUTSl IPOEKTYBaHHS PI3HUX BUJIIB MPUCTPOIB MIKPOXBUIHLOBOTO Jlala30HY 4acToT Je-
MOHCTpYE, III0 OCHOBHUMH METOJJAMH aHaJ13y CKJIAIHUX Ta PO3TalyKeHUX MJIaHAPHUX
CXeM 3alMIIAIOTBCA KOMEpINiiiHI mporpamu-cumynstopu tumy Ansys HFSS,
Microwave Office ta meToau moOynOBU €KBIBAJICHTHUX CXEM Ha 30CEPEIDKCHHX elle-
MeHTax. L1 MeToan noTpeOyoTh 3HAYHUX OOUYUCITIOBAIBHUX PECYPCIB 1 HE 3aBXK/IH J1a-
I0Th YSIBJIGHHS ITPO (D13UYHI SIBUINA, 1110 MPOTIKAIOTh Y PO3BUHYTHUX IJIAHAPHUX CXEMaX,

— ToMmy aKkTyallbHUM 3aJTUIIAETHCA HAMPSAM JOCIIIKEHHSI TAKUX CXEM aHa-
JTITUYHUMU Ta MIBaHAJITUYHUMH METOJIaMH. 1€ MoOyJ0Ba JOCTATHHO CTPOTHX, aje
MPO30pUX JJISl aHaJi3y pe3yJbTaTiB PO3pPaxyHKIB METOJIB, IO JI03BOJIATH BUBUYUTH
XBUJILOBI MIPOIIECH, 10 MPOTIKAIOTH Y CKJIQJHUX TUIAHAPHUX CXEeMax, Ta Jal0Th 3MOTY
nepea0aYnTH MOBEAIHKY XapaKTepPUCTUK PO3CISTHHS HA TAKUX CXEMax B LLJIOMY.
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Jlpyruii po3aiji IpucCBSIY€HO pO3pOOIIl METO/IIB PO3PAXYHKY CTAIMX MOIIMPEHHS
(koediIieHTIB YITOBIIPHEHHS) OCHOBHOI Ta BUIIUX THITIB XBHJIb JIJIs1 0a30BUX JIHIH ITe-
penavi IIaHapHOTo TUITY: eKpaHoBaHoi MikpocMyxkoBoi (MCJI), mrinmuunoi (LJT) -
HIi mepeiayi Ta iX pi3HOBHIB. Anredpaizailisi KpalloBUX 3aja4 Jjisl pO3paxyHKy JHC-
MEepPCIMHUX XapaKTePUCTHUK IUX JiHIA BUKOHAHA 3a JIOMOMOTOI0 PAJIB 32 0a3UCOM 13
OpPTOTOHAJIBHUX MOJIIHOMIB, 110 BPaXOBYIOTh OCOOJIMBOCTI MOBOXKEHHS TOJIIB Ta T'yC-
TUHU CTPYMIB Ha TOHKOMY peOpi Ta 3a0€3Meuyr0Th MBUAKY 301KHICTh aITOPUTMIB IIPU
iX 4rceNbHOMY PO3B’s3aHHI. 3a pO3pOOJICHUMHU AITOPUTMAMU PO3PAXOBAHO TAKOXK Xa-
pPaKTepUCTUYHUH ormip Zg, YACTOTH BIACIYEHHS Ta YSIBHI CTajll MOUIMPEHHS XBUJIb BU-
IIOT0 THUITY, IO IIBUIKO 3racaroTh, ajie iICHYIOTh MOOJIN3Y HEOAHOPITHOCTI MPU PO3Ci-
SIHH1 Ha H1 XBWIb PETYJISIPHOI JIHII nepeaayi.

Takox po3TIIIHYTO 3a/1a4ul PO3CISIHHS HA HEOAHOPITHOCTAX Y XBUJIEBIHO-IIILINH-
Hiit miHil nepexadi (XIIJI), o po3B’S3yr0THCS METOA0M y3arajbHeHHX MATPHUIb
po3cisiHHA. A came:

1) CnpoekToBaHUN CX1T4acTUU TMepexis 3 MPSIMOKYTHOI'O XBWJIEBOAY Ha
XTI na 6a31 uBepTh-xBUNb0OBUX BiJipi3kiB XIJI. Ile npukian nianapHoi CTpyKTypH,
y AKId MOXJIHMBO PO30WUTH BUXIJHY OOJACTh HA YAaCTKOBI MiA00JACTI TAKUM YUHOM,
1100 OMMCaTH IMOJie B KOXKHIN 3 HUX B TEPMIHAX BJIACHUX XBUJIb, & MOJICIIIOBaHHS (Di3U-
YHUX MPOLECIB PO3CISIHHS XBUJIb HA HEOAHOPITHOCTI 3BECTU JI0 PO3CISIHHS XBUJIb Ha
MJIACKO-TIONEPEYHUX CTUKAX PETYJIIPHUX BIAPI3KIB JiHII mepenadi.

2) Po3paxoBano nucnepciitni xapaktepuctuku XIIJI i3 metano-nienexTpu-
YHUM BKJIIOUEHHSM, 110 Mojentoe 3anepTtuii PIN-mion, 11 oCHOBHOI XBUIII Ta XBUJIb
BHUIIOTO TUITY, IO HE MOIIMPIOIOTHCS, Y Aiama3oHni yactoT 12 — 15 I'T'r (Puc. 1, ne &,
I=1,2 — mieneKTpHYHI MPOHUKHOCTI MiTKIAJAKH Ta KPEMHIEBOTO BKJIIOYCHHS BiJIIO-
BiJTHO).
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Puc. 1. XIIJI 13 MmeTaneBo-11eIeKTPUYHUM BKIFOUCHHSIM Y HIUIUHI, 110 MOJIEIIOE
3anepTuil Aioj, 1 AUCHEPCIiiHI XapaKTepUCTUKU OCHOBHOI Ta mepiiux 4-X XBWIb BU-
mioro tuiy. [Tapamerpu s po3paxysky JiHii (y mm): A=16.0, b=4.0, s=0.8 (h=0.4),
t=0.5, &1=2.6, w=0.7, &»=11.6

3) Ha 6a3i nux ajroputmiB 3a METOJIOM y3arajibHEHUX MaTPHUIb PO3CISTHHS
OyJii 3MOJIeJIbOBAaH1 BTPATH MOTYKHOCTI mpH BiAOUTTI ocHoBHOI xBuii XIIIJI Bix 3a-
neproro gioxy (Puc. 2), a Takox 3amporoHOBaHa, ONTHMi30BaHA Ta €KCIIEPHMEHTA-
JBLHO TIEPEBIPEHA CXeMa y3TOKeHHS NBOX 3anepTux kpemHieBux PIN-miozaiB 13 ocHO-
BHoo XIIJI ta mnpsmokytHuMm xBmieBogoM (Puc. 3). Brpatu moTyxHOCTI Yy
JEJIEKTPUKY HE BPaXOBYIOThHCS.



10

A A

0 4 I i

1} AN 13 f,GHZM 15 16 |g i |1 Iz Id |3 Id Iz Il i Ig
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5

XUPIL X2 XY XIYI2 XYL
Puc. 2. Brpatu Ha BinOuTTS Puc. 3. Cxema atenroatopa 3 asoma PIN-mio-

Ha ausaml XIJI 13 metaneBo- mamu D: aBa 4BEepTh-XBHUJIBOBUX TpaHC(opma-
JEJEKTPUYHUM BKJIIOYEHHSM, TOPU 1 CX€Ma Y3TO/KEHHS AI0JIIB 13 OCHOBHOIO
mo wmojentoe 3aneptuit mion, XIUIJI. JloBkuHM BiApi3KiB B Y3TrOJKYyBaJIbHUX
TOBXHUHOI0 6.0 MM mankax  (mm): |, =1,/2, 11=4.177, 1,=0.41,

15=0.7955, 15=5.8 (miox), (%, /4=5.1285).

Y TpeThoMYy PO31IiJIi HaBEJCHO TEOPIiI0 METOIY MmonepedHoro pesonancy (MIIP)
Ta MOro po3BUHEHHS JJIsSI aHAJ13y CUMETPUYHHUX PO3MOIIJICHUX HEOJHOPIAHOCTEH y Oa-
raToIapoBUX TUIAHAPHUX CTPYKTypax s 2- Ta 4-OPTOBUX TUTAHAPHUX CXEM.

Jns 2-moptoBoi cxemu y3aranbHeHnid MIIP cxemaTH4HO omuCyeThCS TAKUM YH-
HOM:

1) CTBOpPIOETHCS pe30HAHCHA 00J1aCTh, KA BKJIIOYAE B ceOe HEOTHOPIAHICTD, 3 JIOTIO-
MIKHUMH PEaKTUBHUMH CTIHKaMHU (SJICKTPUIHHMH a00 MarHiTHUMH), IO po3Ta-
[IOBaH1 y MOMEPEYHOMY /10 HEOJAHOPITHOCTI HAMPSIMKY, IOCUTH BIIJIAJIECHUMH BiJ
Hei (Puc. 4).

2) Amnani3 mos, mo 0a3yerbess Ha MIIP, BUKOHYETBCS 3a TOTIOMOTOI0 PO3PaXYHKY
PE30HAHCHUX YacTOT PE30HAHCHOI 001aCTl 1 BIAMOBIHOTO il PO3MOLITY MOJIS.

3) Marpuune npeAcTaBIeHHs (MATPHIS PO3CISTHHS, MATPHIIS iIMITEJJAHCIB Ta 1H.) He-
OJTHOPITHOCTI BUXOJUTh 3 PE3yJIbTATIB PO3PAXYHKIB PE30HAHCHUX YacCTOT abo po-
3MOUTY TOJISL.

Kpim Toro, aHami3 2-mopToBUX CXeM Ha OCHOBI JIiHIH Tiepenadi MiIaHapHOTO TUITY
3a3BHYal IPYHTYETHCA HAa HACTYHUX T1MOTE3aX:

1) Timbku OCHOBHA MOJA MOJKE MOIIMPIOBATUCS B KOXKHIN 3 IBOX CEKIIIHM OTHOPITHUX
JiHIM nepenayi. BigcTani Bij HeoqHOPIAHOCTI (TUTOIIMHM BIIJTIKY) IO €JIEKTPOIU-
HaMIYHOT I'PaHHMIll Pe30HATOPY (EIEKTPUYIHOI a00 MarHiTHOI CTIHKM) TaKi, IO BUIII
MOJIH, B1JIOWTI BiJl HEOJHOPIAHOCTI, HA HUX B¥KE 3racaroTh.

2) TlpucTtpiii B3aeMHUH 1 6e3 BTpaT. 3a TaKOi YMOBU HEBIJIOMHUMH € TPU KOMILICKCHI
BEJIMUMHY (TP MapaMeTPH XapaKTEPUCTHYHOT MATPHIII).

3) i minmuHEEX a00 CMYKKOBHX JIiHIH mepenavi Moxke OyTH MOCTaBlIeHa yMOBa He-
CKIHYEHHO TOHKOI MeTaji3alii CMy»XOK 1 MiAKIaIKH.

JIist CUMETPUYHOI y TMONEPEYHOMY HAMPSIMKY PO3MOAIICHOI HEOJHOPIAHOCTI
OyJi OTpHIMaHi POCTI BUPA3H IS CIIEMEHTIB 2-IIOPTOBOT MaTpwili po3cissHus (Puc. 5),
1 MOKa3aHo, 110 TOYKU MEPETUHY CHEKTPaIbHUX KPUBUX, OTPUMAHUX 3 PO3B’SI3aHHS
JIBOX, «EJIEKTPUYIHOI» 1 «MArHITHOI» ab00 «MarHiTHO-€JIeKTPHUYHOI», KpalOBUX 3a/1a4
BI/IMOBIAAIOTh MiHIMYMaM KoOe(]illi€eHTIB MponyckaHHs abo BinOuTTs. TyT 1 Hagami
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TEPMIHU «EJIEKTpUYHa» ab0 «MarHiTHa» KpaloBl 3a7adyl BiANOBIAAIOTh TPAHUYHUM
yMOBaM Yy IUIOIIMHI CUMETPIi Ta Ha MO3A0BXKHIN I'PaHUIll PE30HATOPY. A TEPMIH «PO3-
MoJIeHa» 03Havae, 110 HEOJHOPIIHICTh MAa€ TO3/IOBXKHIM po3Mip, Ha BIAMIHY Bij 30-
cepeIKeHO01 HEOJTHOPIHOCTI, 1[0 Ma€ HYJIbOBHUM MO3A0BKHINA PO3MIp.

ioni UTMHHAN HaT
In. gionixy e.W. a6o m.W. 1 peso al op
<’<'<""‘"‘"""":‘"‘""""""fl:"‘"‘"‘""i"<"<"<'<'<-"< | (y 3a3EMJIIOFOY1N
N N D e R P T S T T i
Pttt T Vabnn CLne [geas ‘Z{ +2 %% % | TUTOIIMHI)
V! i/ Po3nodinena gt 2\ _’Z CMy>1<1<a ; LTI
— ST e—— . 7 T R VIS ERERERERERE AN SV
L R & |-"’e”()’L“’p")"’-,-,< ﬁ{R{ T BOOOOOLOE ew. (mw.)
R I I L PR L
e I oL e et 1! z
(Or maw.) [l il bbbt e D b b b b b bl (Or MWL) T ‘
: ¥ . LB R L
> X  — B RN o |
it PITTRNTTRNTR
il [S] I2 i . ITigkmanka
|1(2) X
Puc. 4. Pe3onatop 13 po3MOJILJIEHOIO Puc. 5. Pe3onarop 13 cMUMETpUYHOIO

HEOTHOPITHICTIO Yy JIiHIi mepemadi, 2-mo- PO3MOAUICHO0 HEOAHOPIAHICTIO y JTiHi1
pToBa cxeMa. BkazaHo rutommHM BiJUTIKY Tepenadi, 2-mopToBa cxema
Ta MO3/I0BKHI TPaHUIll pe30HATOPY

Jliist 00’ €eMHOTO PEe30HATOPY, IO OOMEKECHUN SJICKTPUIHUMH CTiHKamMu (.W.) 1o
0OM/IBI CTOPOHU BiJl PO3MOIITICHOT HEOJHOPIAHOCTI y CUTHAIBHUX JIiHIsX 1Ta 2, 1 moc-
JIOBHO €JIEKTPUYHOIO Ta MarHiTHOIO CTIHKaMU y mutomuHi cumetpii (Puc. 5), eneme-

HTU MaTpUIIl PO3CISTHHS
R'") [Su S|V
VII SZJ_ 822 RII

——E 8, =8, =2, (1)
2

MAarOTb BUTJIAA.

S11 = Szz =

ne Ty =exp(2j:B,hye ), B, — cTana mommpenHs ocHoBHOI XxBui perymspaoi MCJL, I,

— PO3MIpHU PE30HATOPY, OTPUMAHI 3 PO3B’SI3KIB ABOX KPalOBUX 3a/1a4, KEIEKTPUUHOI»
Ta KMarHiTHO-EJIEKTPUYHOI». TOUKHU NEpPEeTUHY CEKTpaIbHUX KpuBUX I, =T, BIAMOBI-
Jar0Th MiHIMyMaM Koe(iIlieHTy MPOIyCKaHHS So1.

VY BUManKy, KOJIU PO3A3yIOThCS «EIIEKTPUYHA» 1 «KMarHiTHa» KpaioBl 3a1aui, eje-
MEHTH MaTpPHUIIl PO3CISIHHS HA CUMETPUYHIN PO3MOIIEHI HEOJHOPIAHOCT] MAlOTh BU-
IS

.+
=-2 1, 312:—12 2,

(2)
a TOYKH MEePETUHY CINEKTPATbHUX KPUBUX BIIMOBIAAIOTh MiHIMyMaM KOE(IIIEHTY Bij-
ouTTA S11.

Hanani, y po6oti Briepiiie 0yj0 OTpUMaHO YMOBY MOIMEPEYHOTO PE30HAHCY, PO3-
pobJsieHO Ta MOOyAOBaHO METOJ PO3PAXYHKY MATPHUIll PO3CISIHHS 1Jisi 4-TOPTOBOTO
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Nepexoay MK MIKPOCMY>KKOBOIO 1 IIIJIMHHOIO JIIHISIMU NIepeiayl, 1110 B3aEMHO-TIEpIie-
HIVKYJISIPHO PO3TaIloBaHi MO Pi3HI OOKM MieneKTpudHOi migkinaaku, Puc. 6. Tpuma-
poBa MIaHapHa CTPYKTypa CUMETPHUYHA OO0 INIOMHUH X =0, z=0.

AY
B
2
— h :
L &r o s H1JI y meTanizoBaHoMy
> X > €—_  mapi miakiaanaku

Puc. 6. 4-noptoBa cxema cxpereHHs (CrossSing) cMy»KOBOi 1 IIUTMHHOT JIiHIN
repeayi, Mo po3TaIloBaHi MO Pi3HI OOKHU J1EIEKTPUYHOI MM AKIAIKN
Martputisg po3cisiHHs 4-MOPTOBOI CXEMU ISl CUMETPUYHOI PO3MOJILIIEHOT HEOTHO-
PIAHOCTI y TUIOIIMHAX BIAIIKY Z=+5/2, X=1W/2 3aIUCY€THCS Yy BUTIISAIIL:

R' Su Sp Si3 Si3 V!
S21 S22 _813 _813 R"
R" S13 _813 S33 S34 v
S13 _813 S43 S44 R"

1 Mae y IiJICYMKY S HEBIIOMUX €JIEMEHTIB. AiredpaiuHe piBHSIHHS, 10 € YMOBOIO I10-
MEPEYHOr0 PE30HAHCY, Y TEPMIHAX MATPUIll PO3CISIHHS HA0yBa€ BUTIISAIY:

[(Fl ST 812)(F3 + S5 + 834)_48123]'(F1 +S;, + 812)'(F3 + 54 = S34) =0, (3)

ne T =exp(2jB,l), I;=exp(2jB,a), a= A-w/2, I=L-s/2, B,, B, — cTani mMOmMUpeHHS
XBUJIb peryasipHux ekpanoBanux MCJI 1 IIJI BinmoBiaHO, 110 pO3paxoBYIOTHCS 32 aj-
ropuTMamu, po3podsennmu y Po3mini 2.

Jlist oO4YuCIEHHST HEBIJOMUX €JIEMEHTIB MaTPUIll PO3CISIHHS BUKOPUCTOBYIOTHCS
5 map po3B'a3KiB 11 pe3oHaropa i3 5-1o mapamum pesonancuux poswmipis (1,,a,),i=1.5,
1 BLANOBIIHO 5 nap (pa30BUX MHOKHUKIB (Fl,i N ) . J171s1 iX BU3HAUEHHS PO3B’SA3yIOThCS

TpHU KpaloBi 3a/1ayi 13 pI3HUM yMOBaM y IUIOLIMHAX CUMETPIi IIOAO0 BIACHUX YACTOT
CMY>KKOBO-IIIUTMHHOTO PE30HATOPY, 10 BPaXOBYIOTh BC1 MOXJIMBI BUAM B3a€MOJII 1
nepeaayi eHeprii MiXk IBoMa JIiHISIMU Tiepeaadl. A came, NIl pO3paxyHKY €JIEMEHTIB
MaTpPHII PO3CISTHHS 4-TIOPTOBOTO TIEPEX0Ty 3HAXOIATHCS 3 PO3B’A3KM KparoBoi 3a1a4i
13 yMOBaMH MariTHoi cTinku (M.W.) y mioniuai X=0 Ta eJeKTpu4dHOoi cTiHkH (e.W.) y
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wiomumHi Z=0, po3B’s130K 3a1a4i 32 ymMmoBH M.W. y monuHax X=0 Ta z=0 Ta po3B’s130K
3amadvi 3a yMoBH €.W. y muomuHax X=0 ta z=0.

Meron OyB mpoTecTOBaHMM 3a BIIOMUMM xapakTtepuctrukamu nepexony MCJII —
urinnHHul pesonatop — MCJI 13 uBepTh-XBHIIbOBUMU HuIeamu. Ha ocHOBI oTpuMa-
HOT S-matpurli BepTukaimpHOTO mepexony MCJI — HIJI moOynoBaHa cxema 3 JTBOX
MCIJI, 3B's13aHKX yepe3 UIIITMHHUN pe30HaTop, siKka 3a0e3neuye QpiabTpallito BUIIOI ra-
PMOHIKM OCHOBHOTO curHaiy, Puc. 7.

1,0 —=~a |511| 1,0
S - N —=—— 52|
0‘& I _’1;_ ds \\ g IR |S31|:|S41| - 0,8
[ e s g \ / ~
* ); 2\
0‘6-|:35- Le— \\ // : N 0,6
04 ¥ A ==
X ’ 0,2
/ N )
0,2 o |
47 0,0 ;
) Il 1 | i | ;
1 2 3 4 5 6 7 8 9 1 2 3 4 5 6 7 8 9
f, GHz f, GHz
4 6

Puc 7. Xapakrepuctuka nsox MCJI, 3B's13aHuX uepe3 MUIMHHUN PEe30HATOp Y 3a-
3eMJTtor0Uil miontuHi. [Tapamerpu miniit (y MMm): mienekTpudHa ctana £=9.8, ToBIIMHA
migknanku h=1.0, mmpunra cmyxku W=1.0 Ta miawan $=0.5, ds=4.41, L.=8.82

YerBepTHii PO3AL IPUCBAUCHUN PO3POOII METOIY PO3PAXYHKY XapaKTEPUCTUK
PO3CISIHHSI Ha BY3bKUX MPSIMOKYTHUX IIUIMHHUX pe3onaropax (LIP) y 3a3zemirorouiii
rromuHai MCJIL. Po3risinatoTbes Takok NEPIOANYHI CTPYKTYPH Ha iX OCHOBI Ta e(heKTH
B3a€EMHOTIO 3B’ 513Ky MK OIu3bK0 po3ramoanumu LP.

3a po3po0IeHUMU aITOPUTMAMH OTPUMAaH1 XapaKTEPUCTUKHU PO3CISTHHI OCHOBHOL
xBuwi1i MCJI Ha By3pkomy npsiMokyTHoMy I[P y 1i 3a3emimrorouiil muiomuHi. Po3paxy-
HOK MPOBEICHO JIBOMa CIOCOOaMU: CTPOrUM aHalli30M 4-TIOPTOBOI CXEMH MEPEXOy
MCJI — IJI 3 HacTymHUM TepepaxyHKOM MaTpHIll PO3CiSHHS y 2-TIOPTOBY CXEMY 3a
TEOPIEI0 JAOBTUX JIiHIH 1 6e3nmocepeaHiM cTporuM aHaiizoM P y 3azemitorouiii mio-
a1 MCJI MeTo10M MOMEepeYyHOro pe30HaAHCY.

Jlns anreOpaizaiiii kpaiioBoi 3amaui Ay 06’eMHoro pe3onaropy mnose Ha I[P 3a-
MUCYBAJIOCS Y BUIJISIAL MOJABIMHUX PSAAIB 32 Oa3UCHUMHU (PYHKIIISIMU 3 OPTOTOHATBHUX
MOJIIHOMIB 1 TPUTOHOMETPUYHUX (YHKIIN. 3 MOPIBHSIHHS PE3yJIbTaTiB PO3PaxXyHKIB
(pi3HuIA y yacTOTax pe3oHaHCHOro BimOuTTs ckiana 200 MI') BUIUIHBAE, 110 Y MiK-
POXBWJIHLOBOMY Jl1alla30H1 HEOOX1THO BPaXOBYBAaTH 1HAYKTUBHUI XapaKTep KOPOTKOTO
samukauHs LIJI, ToOTO po3B’s3yBaTH KpaitoBy 3aaqy CTpOruMm crocodbom, Puc. 8.
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Puc. 8. Tonomoris P y 3a3emutrorouiit momuai MCJI Ta pukiaa po3paxyHKy
KoediIieHTy nepeaadi qsoma criocodamu. [lapamerpu cTpykrypu: (y MM): MiAKIIaIKa
h=1.0, &=9.8, mupunra MCJI w=1.0 (Zo=50 Om), po3mipu ekpany A=16.0, b1=b,=15.0,
po3mipu IIIP s=0.5, L,=9.75

Puc. 9a nemMoHCTpy€e THUMOBHIA CIIEKTP BIACHUX YaCTOT 00’ €MHOTO PE30HATOPY 3
HeoaHopiHicTIO y Burisial P, mo OyB oTpuManuii 3 po3B’si3aHHS TPhOX KpailloBUX
3amad, a Ha puc. Puc. 96 — BIAMOBIIHI HOMY XapaKTepUCTUKH PO3CISTHHS, pO3paxoBaHi
3a popmymnamu (2). JlomaTkoBa «MarHiTHO-EJIEKTPHYHAY 3a/iada po3B’A3yBajach 3 Me-
TOI0 HAOYHOI JIEMOHCTpAIIii YaCTOTH pe30HaHCHOT B3aemoii ocHoBHOI xBuii MCIJI 3
HEOTHOPIIHICTIO, Ha SKIiH CIIOCTEepIra€ThCs MiHIMyM KoedilieHTy nepenaui Sy (1).

/  ——s11(dB)

\ 1
. \\ [ ==s218)
f

-30 l w
-40
Ls (mm) f(GHz)

a 0
Puc. 9. (a) — CnexTp BIacCHHX 4YacTOT fres EKPAHOBAHOTO PE30HATOPY 13 BY3bKUM
npssmokyTHUM P y 3a3emumtorouiid mionuai MCJI Ta (0) — XapakTepUCTUKH PO3Ci-
sSHHS Ha HboMY ocHOBHOI xBuiIl MCJI, po3paxosani 3a MIIP. IlapameTpu cTpyKkTypH:
(v mm): migknanka h=1.0, BiqHOCHA mienekTpudHa ctana &=9.8, mmpura MCJI w=1.0
(Zo=50 Om), po3mipu expany A=15.0, b1=b,=7.0, po3amipu IIIP $=0.5, L,=9.25

Takosx OyTu BUBYCHO aMILTITYAHI 1 a30Bi XapaKTepucTuku 1-, 2- i 3-CTyIeHeBUX
nepioJguyHuX cTpykTyp Ha 6a3i LIP y 3azemmmrorouiii mommnai MCJI 3a gonomorozo
MOHATTA  3CyBY (a3  mpoCTOPOBOI  TapMOHIKM  MEPIOJIMYHOI  CTPYKTYypH
I'=jo=j(B—jo)d=jyd, me y=p—- jo € cranoro mommpenns momu doKe 3 TEOPIi YNOBi-

fres (GHz)
S11(dB)

npHIOIOUMX cucteM. [lokazaHo, 10 Taki NepioAMYHI CTPYKTYPU MOXKYTh BUKOPUCTO-
BYBAaTHUCS JUISl POEKTYBaHHS MIMPOKOCMYTOBUX 3aropO/IKyBaJIbHUX (PUIBTPIB 1 PLIBT-
piB TapMOHIK 3 pI3HUIEID (a3 MK CHEKTPAIbHUMHU CKJIaJOBUMH, IO JOCATAE
3HaueHHs 7. [Ipuknan anamizy l-ctyneHneBoi nepioguyHoi cTpyktypu 3 LIP y 3a3em-
motouiit momuHi MCJI mokazanuit Ha Puc. 10.
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Puc. 10. CkinuennoBumipHa 1-D mepiognuna ctpykrypa Ha ocHOBi I[P, HECMe-
TPUYHO PO3TAIIOBAHUX Yy 3a3eMitotouiii trormai MCJI, 3 mapamerpamu(y mm) $=2.0,
2L=10, 3cyB IP mo g0 MCJI X¢=0.5, 1=6.0, mmpuna MCJI w=1.0, napameTpu ImiIK-
nanku h=1.0, €=9.8, mapamerpu ekpany A=16.0 B=8.5, b;=7.5. (a) — xapakrepuctuka
KoediIieHTy Tepeaadi Ha N=6 KkoMipkax cTpykTypH; (0) — ¢a3oBwuii 3cys yd

Frequency (GHz)

J1yist BUBUEHHSI (PI3MUHOTO SIBUIIA B3a€EMO/I1i HEOJHOPIAHOCTEH Y BUTIISIAL BY3bKUX
npsmokyTHUX LIP y 3azemmrorouiii miomuni MCJI Oynu MoarQiKoBaHi aarOpuTMu Ta
METOJIOM TOINEPEYHOTO PE30HAHCY MPOBEICHUI aHalli3 HEOJHOPIAHOCTI y BUIJISIIL
nBOX Onm3bko postamoBaHux I[P mpsMokyTHOi GopMu y 3a3eMIIO0OUiil TIOMIUHL
MCIJI. Moaudikaiiis alropuTmiB, Ha BIIMIHY Bij ONEPEAHBO PO3POOICHUX, TOJISATa€e
y BpaxyBaHHI y (PyHKIISX, [0 ONKCYIOTH MOJI€ Ha NIUIMHI Ta TYCTUHY CTPyMY Ha CMYy-
K11, MO30BXHIX rapMoHik nosist Ha I[P p=1..P Ta mo3A0BXkHIX rapMOHIK T'YCTHHHU

ctpymy Ha emyxui =1..Q (t=2(z-z,)/s):

ZP: f Z—i_l)x(l_tz)_mz FoTi (1)

p=1 k=0

Eox (X, 2) i\/?sm xﬂngk (3)

p=1

cosk z
1-3 {s.nkmz}w
sink,,z X
15 e Zon () @

¢%ﬁ=%ﬂ”n(ﬁm} o[y (e )

Jlnst 1BOX oiHAaKOBUX Ta OJM3bKO0 po3TtamoBanux LIIP 181 kpaifoBi 3a1a4l Ha Bia-
CH1 4aCTOTU 00’ €MHOT'0 PE30HATOPY PO3B’A3yBaIUCA AJISI CTPYKTYP BIAMOBIAHO 13 yMO-
BaMU €JEKTPUYHOI Ta MarHiTHOI CTIHKH y TJIOIMIMHI cuMeTpii. Taka >k cama MeTo/IuKa
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BUKOPHUCTOBYBAJACs 1 ISl aHAITI3y NMEePIOAUYHUX CTPYKTYP CKIHUEHHOTO pO3MIpY 13 CH-
METpi€r0 y monepeyHoMy HanpsaMmky, Puc. 1la.

VY yncenbHUX po3paxyHKax MiJICYMOBYBaHHS B OJABIHHUX psiagax Dyp'e Oyio 06-
mesxeHo 10 N=M=300 uieHiB psiay, B ONUCI TOJIA HA MIUTMHHHUX pe3oHatopax (3) i
HIUTBHOCTI CTPYMY Y CMY’KKOBI# JTiHIT (4) BpaXOBYBaJIUCS 110 TPH HMPOCTOPOBI TapMo-
Hikn (P=Q=3), a migcyMoByBaHHS B psiiax 32 OPTOTOHAJLHUMH 3 Baroro MOJiHOMAaMHU
oOMexeHo 710 T'sSTH WieHiB psaay (K=5). AHami3 criekTpiB BIaCHUX YaCTOT PE30HATOPIB
i3 po3noaiieHnMu HeogHopimHOCTsIME (Prc. 110) 1 maHi BUMIprOBaHb €KCIIEPHUMEHTA-
JBHUX MAaKeTIB Moka3zanu, 1o B3aemojis Mix I[P BinOyBaeThcsi 3a paXyHOK BHUIIUX
rapMoHik noJjs y mioiuHi H[P. BctanoBneHo, 1o B3aeMHUM 3B'30K M1>K HEOJTHOP1A-
HOCTSIMHU MPU3BOJUTH JI0 3CYBY YacTOT PE30HAHCHOrO B3aemoii Mix Humu 1 MCJI, a
TaKOX JI0 MOSIBU JIOJATKOBUX OOJAcTe 3 BHUCOKHM PIBHEM IMOAABJICHHS OCHOBHOI
xBuii MCJI y MIKpOXBUJIBOBOMY Jiana3oHi yactot, Puc. 11B.

ew.
(m.w.)

Frequency (GHz)
$21(dB)

-30 4

; . ; -40 [ ; ; ; ;
0 5 10 15 20 25 1 2 3 4 5 6
I (mm) Frequency (GHz)

§) B

Puc. 11. (a) — INepiognuna ctpykrypa 3 IIIP, Tomosoris 060’eMHOTO pe3oHATOPY,
(0) — criekTp BIACHUX YaCTOT PE30HATOPY i3 CHMETPUYHOKO PO3IOIIICHOIO HEOHOPI-
JHICTIO Ta (B) — BIAMIOBIHA HOMY XapaKTepUCTUKA KOe(IIlIEHTY mepenadi 2-TaHKOBOT
2-CTyNIeHEeBOT CUMETPUYHOI CTpyKTypu. [lapamerpu ctpykrypu (y MM): ImiIKIaaKa
h=0.635, &1=10.2; mmpuna MCJI w=0.58 (Z,=50 Om), b;=8.0, b,=5.0, A=16.0, I1IP-u:
$1=5,=0.3, L1=13.7, L»=8.0; BincraHui: Im=6.7, In=5.4 (I=l, I, =1,/2 — dikcoBaHo)

Y n’saTomy po3aiji po3riasinyTo 3aaa4i po3cistHas Ha I[P cknagnoi popmu 13 mpsi-
MOKYTHUMH KOOPJAMHATHUMHU TPaHULISIMU Y 3a3eMittorouiit momuai MCJI: a came po-
3cisitnug Ha [P I1-, H- ta O-noniOHoi dhopmu, sIK HA OKPEMHUX, TaK 1 HA MEPIOTUYHUX
CTPYKTYpax CKIHYEHHOT'O PO3Mipy Ha iX OCHOBI.

Po3B's3yBanucs kpaioBi 3a1adi MO0 BIACHUX YACTOT JUISI CUCTEMH 3 IBOX (15
H-noaionux) Ta TphoX (it O-moaiOHUX) IITHHHAX PE30HATOPIB 13 PI3HUMH YMOBaMHU
y IUIOIIMHI CHUMETpPii Ta Ha TMO3J0BXHINA rpaHulll pe3oHaropy. Kpaitosi 3amaui
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po3B'sI3yBasivcs 3a MeToi0oM ["anibopkiHa, A yoro noje Ha aneptypi [P 3anucysa-
JI0Cs Yepe3 PO3KIAJaHHs y PAAU 33 BIACHUMM QyHKUisMuU T, TE- 1 TH-xBumb xBu-

JIEBOJY CKJIAJHOTO Mepepizy:
Eo = zvhk (VtThy,k xe, ) + ZvekVtTey,k ,
k=1 k=1

Hm = z IhkvtThy,k _z Iek (VtTey,k ><ey)1
k k

)i (S Vh(e),k — HEB1JIOM1 Koe(]illieHTH PO3KIagaHHS.

()

B3aemHuii 38'130K MK JBOMa OJJHAKOBUMH HEOAHOPIAHOCTSIMHU OyB BUBYEHUI HA
npukial nsox I[P H-noniOHoi dhopmu 13 MO3I0BKHIM pO3TAllyBaHHSIM «TaHTENEn»
o0 MCJI, Puc. 12-14. [TapameTpu a1 po3paxyHKy Pe30HAHCHOT CTPYKTYpH (Y MM):
MCIJI (Zo=50 Om) h=1.0, ¢ =9.8, w=1.0, po3mipu ekpany A=24.0, b =b, =5.0 mis
«EJEKTPUYHOI» 1 b =b, =9.0 juIsi «MarHiTHOI» KpaloBoi 3ajaul; H-moniOuuil pe3ona-
Top 13 po3Mipamu a=50, b=3.0, s=2.0, s,=0.25. Biacraup mix P nopiBntoe
dn=5.5 mm. Byno mokasano, 1o I[P ckinagHoi hopMu MpH MOCTITIOBHOMY BKITFOUCHHI
ix y 3azemimorouy riomuHy MCJI B3aeMO1t0Th OJITMH 3 OJIHUM Ha BIJCTaHSX, MOPiB-
HSHHUX 3 1XHIM TO3JI0BXHIM po3MipoM. B3aeMHMil 3B'S1I30K MI>K HUMU MPU3BOAUTH 110
TOrO, IO CTPYKTypa 3 ABox cuMerpuuHux II[P-iB cknaaHoi popmu PpiabTpye OCHOB-
HUW CUTHAN y OLIBII IIUPOKIA cMy3i 4acToT, Hik okpemuid I[P, ockiabku MICTUTH
J0IATKOBY YacTOTY pe30HaHCHOro B3aemoii Mk MCJI 1 1BoMa MOCIiIOBHO BKJIIOYE-
Humu [P-Mu. ¥V Bcix mpukiagax IaHOro po3JUTy XapaKTEepPUCTUKHU PO3CISIHHS BUMi-
PIOBAJIKMCH 3a JIOTIOMOT 010 BekTopHOoro aHamizaropy Agilent N5230A.

3a Takor X METOAMKOIO OyJia MpoaHaji30BaHa i 3-JIAHKOBA TEPiOANYHA CTPYK-
Typa 3 O-noAiOHUX HUIITMHHUX PE30HATOPIB, JaHI PO3PAXYHKIB SIKOi TAKOXK J100pe y3-
TOJKEHI 13 TaHUMU BUMIPIOBAHHS MakeTy. TakuMm 4YMHOM, MTOPIBHAHHS OTPUMAHUX 3a
MIIP xapakTepuCTUK PO3CISIHHS 13 pe3yJibTaTaMy BUMIPIOBaHb €KCIIEPUMEHTAIBHUX
MaKeTIB MOKa3aldM iX Y3rOJKEHICTh 13 HUMHU Ta OOTPYHTOBaHICTh BHOOPY 0a3HCHUX
(GyHKIIIH, 10 BAKOPUCTOBYIOTHCS ISl anre0paizaii kpailoBux 3aay.

] e.w.,
A [T BEOOE AT 10+
BOsTE Il Sosse W,
R R N < BN
L R R R R R R R R R, BN EaE >
T R, B > BONIE
EREE PP A P SN EaE >
A <d N \ 4 NN BN
CEIE ms BB R ERETE 84
BEna T < N e A
IR N P N P A el 2y
I TP ‘<> R AP LN < Bt | LN I
- . b LR RN el &2l L 1 L
CNEERE B |>>>>>>>|_I>>>>> L " N
ety O OO drete Ty SZ < T 6
L : —4————' ————— 1
> ; 2 E
> 7 . - 1" ¥
T . T ] N ENEN I e
BEEERE <<<0 BEHEENSOOE o ket et . &
et Ml Yot e NARA! IR LS B 4
><><><l ____________ |<rr<>|'_'_'_'_'_'_'|><>< ?:‘L I{}{:‘< <:“‘:“I I} "
R e e T I P W e e e e PP BN | N
I NN NN BN
s R R R R L R R R R, m RSN . RSN
I A A I AN OG0 T OO 7
L L R R R L R R R, ye.w 2
I A A I AN T » C.VW.,
s R R R R L R R R R,

Y 2 -A lw/2 6 A x MW. 10 15 20 5 30

L, mm

Puc. 12. (a) — EnexrpomarnitHo 3B’s3aHi H-moxi6ui 1P y 3a3emuttorodiid 1mio-
mHi MCJI Ta (6) — TomoJIorist pe30HaTOpY, IS SKOi pO3B’sI3yIOThCS KpaloBi 3a1aui,
1 OTpHIMaHi CIIEKTPH BJIACHUX 4YacToT, BiacTanb Mix I[P dn=5.5 mm
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ail. \ s

st —cw.eW. | -104
- TLWeLW. |

—— Calc. by TRT
|- - - - Measurement

P
(=]

fres, GHz

3,5

12 13 14 N RS LS BB BERE
L, mm f.GHz
Puc. 13. YacTtuHa CHeKTpy BIIACHUX Puc. 14. Xapakrepuctuka Koediiri-
9acTOT  pPE30HATOpPY, OTPUMAHOTO 3 eHTY mepedadi, 1O BiAMOBIIAE CHIEKTPa-

PO3B SI3KIB «CJICKTPUHHOI» Td CMATHITHO"  yp gy kpuBum Ha Puc. 12-13, otpumana
eJIEKTPUYHOI» 3a1a4

3a MIIP 1 ekcriepuMeHTaIbHO BUMIpsIHA

VY po3aini Takoxk OyB pO3TJSHYTUN aHaNi3 NEPIOUYHUX CTPYKTYyp Ha Oasi LI[P
ckiagHoi popmu y 3azemintorouiit momuHi MCJI. SIkiio B3aeMHMI 3B'SI30K M1k OKpe-
MUMH HEOJTHOPIAHOCTSIMUA HEXTOBHO MaJIi, CyMapHa MaTpULsS PO3CIsTHHS CKIHYEHHO-
BUMIPHOI MEPIOJUYHOI CTPYKTYpPU PO3PaXOBY€EThCS 3a (popMynaMu KacKagHOTO 3’€]l-
HaHHSI MATPUIIb KOKHOI OKPEMOi HEOAHOPITHOCTI, IO CKJIaJIa€ €JIEMEHTAPHY KOMIPKY.
3a TakoI METOJIMKOI OyB BUKOHAHUU aHaJI3 MEPIOAMYHUX CTPYKTYp Ha Oa3i [1-moxi-
onux I[P 13 pizHOtO OpienTaniero ix moao MCII. [lpukian po3paxyHKy XapaKTepuc-
TUK PO3CISIHHS S-TaHKOBOI nepioguyHoi cTpykTypH 3 [I-moaionux 1P y 3a3emmrorouiit
wromuH1l MCJI mokasanuii Ha Puc. 15.

10

S S - D
- == - Calculation X\,
- Mesuarement, ;
- ' 4
: =D
230 - dd- =504 MU e b
g =, | ;

=10 4

S21.dB

6

fres, GHz

T
-50

60 b

o -70

J
e
i

Puc. 15. (a) — CriekTp BIacHHX 4acTOT, OTPUMaHHK 3 PO3B’S3KIB KpaOBUX 3a/1a4
IUIsl 00’ €MHOTO pe3oHaTopy; (0) — mpsiMi BTpaTH S-JIAHKOBOI MEPIOIUYHOI CTPYKTYPH.
[TapameTtpu pe3onaropy (y MMm): po3Mipu ekpany b1=0b,=12.0, A=24.0; po3mipu I1]P:
2a=4.4, b=2.2, 51=5,=0.5. [TapameTpu MCJI Ta migKIaaKu Ti % cami, o i st Puc. 12

IlocTuii po3aia NpUCBSYEHHUI aHaII3y METOJOM MONEPEYHOr0 PE30HAHCY JBOX
TUMOBHUX HEOJAHOPIAHOCTEH y IJIAHAPHUX JIHIAX Mepeaadi: MOBOPOTY HIIIMHHOI JTiHIT
Ha IPsIMUI KyT Ta CX1{4aCTOi HEOJAHOPIAHOCTI KiHLEBOi JoBxuHN Yy MCIJL.

[ToBopot IIIJI came Ha npsiMuil KyT JJaB MOKJIMBICTh ITpOaHaIi3yBaTH TaKy HEO/I-
HOPIJIHICTh METOZOM MONEPEYHOr0 PE30HAHCY, OCKUIBKH Y BIpTyaJIbHOMY PE30HATOPI
3 KOPOTKUM 3aMHKaHHSIM Ha 000x noptax noBopot JI yrBoproe xBuneBin L-nmogioHo1
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dopmu, Puc. 16. To6To mone Ha mpsiMokyTHOMY moBopoTi y HIIJI nocuts mpocTo omnwu-
caTu 100pe BIIOMUMHU (YHKIIISIMU, 1110 BUKOPUCTOBYIOTHCS JJIsl OUCY PO3MOJLTY TO-
JB y XBUJIEBOJIaX CKJIAHUX Tepepi3iB.
{311 S12}
S Sa
> Portl

Port2
IZI:
_ﬁ TwoPort 1

— > Short Short

e
NN,
o

Puc. 16. Pe3onatop 3 HeomHOpiaHICTIO Y BUMIIsiAi moBopoty LIIJI Ha mpsimuii KyT 1
il mpeACTaBICHHS Y BUTIISAAI 2-TTIOPTOBOI €KBIBaJICHTHOT CXEMU

AHai3 0a3yeTbcsi Ha PO3pPaXyHKY BJIIACHUX YACTOT BIPTYaJbHOIO PE30HATOPY 3
KOPOTKUM 3aMUKaHHSIM Ha MOPTaxX 1 MpeACTaBIEHHI MOJIsl HAa anepTypl MUIUHA Y BU-
TSIl psAAiB 3a BiacHUMU TE-xBuisimu L-nofi0Horo xpuiieBoay. st By3bKUX IIUTHH
S, S,, IK IOKa3aJIl PO3PaXyHKH, JOCUThH BpaxyBaTH TUILKH BEKTOPHI MOTEHIIATU IS

TE-xwib (TH-xBwii L-11o1i0HOT0 XBHIIEBOIY MAlOTh HEXTOBHO MaJli aMILTITY/IH).

UucenbH1 po3paxyHKU MoKaszald, 1o y pasi noopory LIJI 3 pizHOWO mmpuHOIO
IIUTMH Ha MOPTax 3BOPOTHI BTpaTH (KoeDIliEHT BiIOUTTS) € 3HAYHO OUTBIIIMMH, HIXK Y
BUIIAKY TOBOPOTY IIUIMHY 3 OJJHAKOBOIO IIUPUHOIO MIUTKMH Ha opTax (Puc. 17). Kpim
Toro, npsAMokyTHui moBopoT IIIJI 3 o1HAKOBOIO MIMPUHOK MIUIMH HA MOpTax qo0pe
y3roKeHuM 3a BTpatamu, a HaOir ¢a3u koedimienTa nepenayi Ha nmoopoti LIJI mae
HEMOHOTOHHY 3aJIS)KHICTh BiJl YaCTOTH 3 MaKCHMyMOM, IIIO JIOPIBHIOE 7/2, HA NesAKii
YaCTOTI, SKa 3aJIeKUTh B/l IIUPUHU IIIJTHHH.

— T 0,15
2040 :
L k020
304\

T

(@)

5=0.5 (mm) _:.’é\ =
& o () ! S~
i [eeneeann 20 el
| ----2.8

B E—

) I —

%
=

Puc. 17. ExemeHnTn MaTpuIli po3CissHHS Ha psMOKyTHoMy moBopoti HIIJI: (a) —
MOJTyJIb KOe(ilieHTY BIAOUTTS y 3aICKHOCTI Bi IMUPUHM IUTHHY pu S, =S, =S i (0)
— XapakTepucTuku po3cisuus noBopoty HJI 3 mmpunoto minuau $1=0.5 Ha mmpuny
$2=1.0 mm. [TapameTpu miakmaaku ta ekpany (y mm): h=1.0, £=9.8, B=16.0, b,=15.0
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VY 11poMy K pO3/1iJii TAKOK yAOCKOHAJICH] AJITOPUTMU aHaI13y HEOAHOPITHOCTEN Y
BUTJISAI CTpUOKa MUpUHU KiHIeBoi qoxuan y MCJI (iHIyKTHBHOT a00 €MHICHOT He-
OJTHOPIAHOCTEH y Hil) 32 METOIOM TIOTIEPEYHOTO PE30HAHCY.

e.w.(m.w.) X e.w.(m.w.)
e.w.(mw.)

1£21, L

L, A

2,
ref. plane

a §)

Puc. 18. (a) — Tomosorist cMy»KKOBOT JIiHIT ITepenadi 3i CTpHOKOM IITHPUHU W1>Wo
KiHIIEBO1 IOBXHHH, (0) — MOJIOBMHA CUMETPUIHOT CTPYKTYpH (CMY»KKOBO1 JIiHiT) i3 Tpa-
HUYHAMH YMOBaMH €JIEKTPUIHOT (€.W.) 1 MarHiTHO1 (M.W.) CTIHOK Ha IMO3JOBXKHIX I'pa-
HUIX (YMOBH TOIEPEUYHOTO PE30HAHCY), IS K0T PO3B’A3YIOThCS KpaloBi 3a1a4i

> TA
—

Ha BinmMiHy BiJ momnepeaHix poOiT, s anredpaizallii kpalioBoi 3a7a4i BUKOPHC-
TaHi BUpa3y I TyCTHHHU cTpymy J, (X,2)=(J, (X 2),J,(X,2)) y HeoTHOPimHill cMyXkKO-
Biif JIiHIT Yepe3 MarHiTHUM Jh 1 €eKTpUYHUHN Je BEKTOPHI OTEHIIAIN:

P 1 P
3 =X [Vi..(x2)xe, |C,, ——— ” V3. (%2)C,, (6)
n=1 J 0 n=1
nie Ky =®,/C, @, — KOJI0Ba 4acToTa, C — IMBUJKICTh CBIiTIIA y BaKyyMi, J, . (X, z) — BIacHi
(YHKIIIT MAarHITHOTO Ta €JIEKTPUYHOTO BEKTOPHUX MOTEHI[IAJIB JJid TYCTUHU CTPyMY,
Ch(e),n — HeB1JIOM1 Koe(iIlieHT po3KiIaganHs, P — mopsmok 3pi3aHHs PsIiB.

BekTopHi OTeHIIiaM, Y CBOIO Yepry, SBISIOTh COOOK0 XBUIICBIIHI (YHKIIIT (Op-
TOTOHAJILHUH 0a3uc), sIKi BUXOASTH 3 PO3B'SI3KiB TBOBUMIPHOT KPaiioBO1 3a/1a4i Ha BJia-
cH1 (PyHKIIi 1 BIACHI 3HaY€HHS B 00JIacTi, 110 3aiiMae HeperyJsapHa CMY>KKOBa JIiHis, 1
3a/I0BOJILHAIOTH PIBHSHHIO

dZ
L(‘]h(e),n (X, Z))+F‘]h(e),n (X1 Z)+Xﬁ(e),n “Jhien (X1 Z) =0, (7)

ne L — audepeHniaibHU onepaTop NoJiHOMIaIbHOT PYHKIII], xﬁ(e),n — BJIACHI YHCIA,
11O BiANOBIAAIOTH BiacHUM QyHKUisM Jy), (X, 2), N=1,2....

KpaiioBa 3amaua jyisi KOKHOTO BEKTOPHOTO MOTEHIATy PO3B’SI3Y€ETHCS 32 METO-
JIOM 4acTKOBHX oOsactei. JIBoBUMIpHI BiiacHI (DYHKIli MAarHiTHOTO 1 €JIEKTPUYHOIO
BEKTOPHOTO MOTEHI[IaIiB MO0YI0BAaHO Y BUTJIAII X PO3KIIAJJaHHS Y PSIU 32 OPTOTrOHA-

neHuME ToniHoMamu YeGumosa nepmoro T,(X) i apyroro U, (X) pomy, siki MaroTs

BaroBi Gyukmii 1/vV1-x* Ta V1-X°, 10 BiAMOBiAalOTH OCOOIMBOCTSM TOBOKCHHS
y

moJisi Ha TOHKoMYy peOpi. Hanpuknana, nsoBumipHa (yHKINS AJisI MarHITHOTO BEKTOP-
HOTO TIOTEHITIATy Y YaCTKOBUX 001acTsaX 1 Ta 2 3anuimeTses y BUTIISII



[ 0, w2, o<z,

J 2 |4-2-9 X
th(X,z)sz::‘)Ath /W_Z / : kOTZk[WZ/szhZVk(Z), MSV\Q/Z, lL<z<L, (8)
2
. o [ . |
e Ky =Ynn— w2)’ Ay« — HEBIIOMI KoedilieHTH po3knaganus, M — mopsiox 3pi-
i

3aHHS HECKIHUEHOTO psly, a TPUroHoMeTpuuHi GyHKii F ), (z) BU3HAYAIOTHCS yMO-

BaMH Ha [O3/I0BXKHIX TPaHUIAX PE30HATOPY. Y XapaKTEPUCTUYHOMY PIBHSHHI
2
detHakn(xh'm) =0,m=12... 1010 BIACHUX YUCCI X, MaTPHUIA Hocan € CUMETPHUYHOIO, a

MaTpHUIL IHTETPAIIIB 3B SI3KY MK 0a3MCHUMH (DYHKIISIMU Y YaCTKOBHX OOJIACTSIX Mae
TPUKYTHUI BUIIIsA. Bee e ckopouye yac Ha po3paxyHOK BJIACHHUX (DYHKIIH I'yCTUHH
CTPyMY HEOJHOPIJHOT CMY>KKOBOI1 JIIHII.

AJTOPUTMH IIBUJIKO 301TAlOTHCS 1 JUIsl 3a0€3MeUeHHs TOYHOCTI PO3PAXyHKY Bia-
cHux uncen nopsaaky 103 mm, nocurs BpaxysaTtu Tpu-uotupu uinenu pagy (M=3..4)
Y PO3KJIAJITaHHAX SIEKTPUIHOTO 1 MArHITHOTO BEKTOPHHX IMOTCHINAIIB Y psiau BUy (8),
NPUKIIAJ] PO3PAXYHKY Yhn Ta Yen [UISI EMHICHOTO BiIpi3Ky HaBeAeHuid Ha Puc. 19.

554

2,5
5,0

ew-ew
T T T T mMw-mwg

2,0
4,5

—— ew-ew
- o - MwW-mw

4,0

0,5

0,0

wl—l.SU. \4-_,—0.58. il—l‘23 (mm)

Xe (mm-1)

3,51

3,0-

2,54

2,0

w, =1.80, w =0.58, / =1.23 (mm)

25
L (mm)

L (mm)

Puc. 19. BiacHi uncna yhn Ta yen 0a3ucHUX QYyHKIINH MarHiTHOTO Jh(X,2) Ta eek-
TpUYHOTO Je(X,Z) BEKTOPHHUX MOTEHINAIIB I TYCTHHH CTPYMY CMY>KKOBOTO pe30Ha-
TOPY 13 EMHICHUM Bipi3KOM, OTPUMAaHHI 13 PO3B’SI3KIB «EJIEKTPUYHOI» 1 KMArHITHOI»
KpaiioBux 3ama4 (mapametp a=Wo/w;=1/3)

JlocniipkeHHs Ha 301KHICTh allTOPUTMIB aHaJI3y CX114aCTO1 HEOJHOPITHOCTI KiH-
1IeBO1 TOBXHMHH (€MHICHOT a00 iHayKTHBHOT) y MCJI mokasaiy, 1o y YuceIbHuX po3-
paxyHKax pe30HaHCHMX 4acToT i3 TounicTio 0 102 (y I'T) nopsmok 3pizaHHs psiB
(6) mae mopiBHIOBaTH P=3+5, y 3aJI€)KHOCTI Bij CITiBBITHOIICHHS IITHPUH W2/ W1.

Ha Puc. 20 npencraBieHi XxapaKTepUCTUKH KOS(IIli€HTIB BiIOUTTS 1 mepeaadi oc-
HOBHOI XBuJI1 MCJI Ha 1HIyKTUBHUX HEOJIHOPITHOCTSX JJI1 TPhOX 3HAUEHb CITIBBIHO-
mieHHs a=W,/W, . OCHOBHA JIiHisI iepeiadi Ma€e mupuHy W1=2.62 MM, a JOBXKHHH iHIY-

KTUBHUX BIJPi3KiB JOPIBHIOIOTH A/16 Ha 4dacToTi 3.0 I'T1 (Bimpi3ku Takoi JOBXKHHH
BUKOPHCTOBYIOTBCS JIJIS TPOSKTYBaHHS CKOPOUCHUX MEPEXOIiB 1 (PiIBTPIB).
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: : : 5
——w,=0.24, /=1.226 | 2
---- w,=0.58, /=1.1951| -4
- w,=1.38, /,=1.1442 6

fres (GHz)

w =262 12116

SRl . ~" [——511(dB), a=0.0816
-14 dreeaii $21(dB)
-16 Hii 2 ---- 511(dB), a=0.221
v $21(dB)
: : : : o " g -~ - 811(dB), a=0.5267
el : : - : 20 (L -- - §21(dB)

I1S11], |S21] (dB)
o

5 10 15 20 25 30 35 40 1 2 3 4 5 6 7
1 (mm) f(GHz)

a §)

Puc. 20. (a) — CekTp BIIaCHHUX YaCTOT, OTPHUMAHHIA 3 PO3B'SA3KIB IBOX KPaHOBUX
3a7a4 JUId Pe30HATOPY 13 iHAYKTHBHUM Biapizkom MCJI; (0) — XapakTepUCTUKH PO3-
CisSTHHS Ha 1HAYKTUBHINA HeomHopinHocti y MCJI (a=wo/w). [Tapamerpu migknaaku (y
mm): h=0.635, &=10.2, A=15.0, b;=7.0

Po3ain chomMuii mpucBsTYCHMA aHATIZY 2-TUIONTUHHUX PO3MOAUICHUX HEOTHOPI-
HOCTEH METOJIOM MOMNEPEUYHOr0 PE30HAHCY Ta BUBUCHHIO €()EKTIB B3AEMHOTO 3B'SI3KY
MDK KOMIIOHEHTaMH HEOJAHOPITHOCTI. PO3rIsIHYyTO HEOAHOPITHOCTI, 110 CKIaAal0ThCs
3 1IHAYKTHUBHOrO 200 emHicHOro Bipizky MCJI ta IIP npsimokyTHOI Ta ckiIaaHoi ¢o-
pMU Y i 3a3eMITIOOYIH IUTOIIHHI.

Burnsg cnexktpanbHUX KpUBHX 00’€MHHX PE30HATOPIB 3 2-TUTOMIUHHUMH HEOJI-
HOPIHOCTSIMU BUSBUBCS TaKUM, IO JJO3BOJISIE aTPOKCUMYBATH iX pallioHAIbHUMU (Y-
HKUisMu BUIY f(X)=1/Q,(x), me Q,(X)=8,+ax+a,X’ +..+a,X" — IOIIHOM MOPSAKY M.
BukopucrtanHs Takoi anpoKcUMallii i CIeKTPaIbHUX XapaKTEPUCTUK JI03BOJIMUIIO iC-
TOTHO CKOPOTUTHU Yac Ha PO3PaxyHOK €JIEMEHTIB MaTpHIll PO3CISIHHS [l OJIHIET yac-
TOTHOI TOYKH 32 METOJOM IIOIIEPEYHOT0 PE3OHAHCY.

Criovatky OyJv pO3TISHYTI CHMETPUYHI PO3MOAICHI 2-TUTONIMHAIT HEOTHOPITHO-
CTl, IO MICTATh 1HAYKTUBHUN a00 €MHICHHMI BiIPI30K CMYXKOBOI JIiHIi mepenayl ta
3BUYAHUN By3bKui psaMokyTHH LLP y ii 3a3emumrorouiii muomuHi, Puc. 21.
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Puc. 21. IngykruBHumii Ta emHicHuiA Bigpizku MCJI i3 By3pkum npsiMmokyTHuM L1[P
y 3a3eMJTIOI0Y1H TJIOMIHHI

Pe3ynbratl po3paxyHKy XapakTEpUCTUK PO3CISIHHS Ha CX114aCTUX HEOJAHOPITHO-
ctax y MCJI noka3zanu, mio nogasanHs 10 Hux [P npu3BoauTh 10 MOSIBU JOAATKOBUX
YacTOT PE30HAHCHOTO BIAOWUTTS 1 MPOIMYCKAHHS, Y MOPIBHSIHHI 13 XapaKTepUCTUKAMU
PO3CISIHHS TPAIUIIMHUX CXiTq9acTUX HeogHopiaHocTer, Puc. 22. Ile no3Bosse mosim-
IIUTH XAPAKTEPUCTUKU 1 PO3MUPUTH (YHKIIOHATBHI MOXJIMBOCTI (PUIBTPIB Ta
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Y3TrOXKYIOUMX JaHOK, 1110 TPOEKTYIOTHCS Ha IX OCHOBI, TOOTO MPOEKTYBATH KOMIAKTHI
Ta 6araToQyHKIIIOHAJIbHI TPUCTPOI MIKPOXBUIILOBOTIO J11alla30HYy YacTOT.
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Puc. 22. (a) — CriekTp BIIACHUX YaCTOT PE30HATOPY, OTPUMAHUI 3 PO3B'SI3KIB «elie-
KTPUYHOI» 1 «KMarHiTHOI» KpaloOBHX 3aad, i3 2-TUIONMHHOIO HEOJHOPITHICTIO IS Pi-
3HHX 3HAYeHb MTUPUHU EMHICHOTO BiIPi3Ky Wi (W2 | Iz, |1, a Tako po3mip BYy3bKOTO
npsimokyTHoro I[P L,=8.05, s=0.4 — ¢dikcoBano); (0) — XxapakTepHCTUKH PO3CISTHHS HA
HEOJ/IHOPITHOCTI Y 3aJIS)KHOCTI BiJ CIiBBITHOIICHHS a=W, /W, .

Takox Oynu po3poOJIeHi aarOPUTMH PO3B'sA3aHHS KpallOBUX ISl PE30HATOPIB 13
PO3MOIITICHOIO 2-TUTONTUHHOIO HEOJMHOPITHICTIO, IO MICTUTH IIUJIMHHI PE30HATOPH
ckianHoi opmu. PesonancHa yactota mpomyckaHHs CTPYKTypH Ha Puc. 23 cTaHOBUTH
2.85 I'T'm1, 1Bi 4acTOTH pe30HAHCHOIO 3anupanHs JopiBHIOOTH 4.85 12 5.85 I'T'H, a mo-
noca 3anmupanHsa B nitoMy ckimagae 30 % (Puc. 24, mapametrpu cTpykTypH (y MM):
w1=0.3, w»=1.0, nomxwuna iHgykTUBHOrO Bimpi3ky 1=2.4 (1:=1.2), po3mipu H-momio-
Horo I[P as=7.6, bs=4.6, 51=0.6, 5,=0.4).
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Puc. 23. TpumapoBa miaHapHa
CTPYKTYpa 13 CUMETPUYHOIO PO3MOJLIe-
Ho1o HeonHopiaHicTio y MCJI, mo ckna-
naeTbes 3 1HAYKTUBHOrO Biapizky MCJI
ta H-momiOnoro IIP y 3azemumtorouiii
IUIOMIMHI 13 TONEPEYHUM PpO3TalllyBaH-
HSAM «TaHTEeJIen»

Puc. 24. CrnexkTpu BIacCHUX YacTOT
pe30HaTOpa 13 2-ITOMHUHHOO PO3IOIiIe-
HOIO HEOJHOPIMHICTIO, o Ha Puc. 23,
OTpUMaHI 3 PO3B'sI3aHHS TPHOX KPaoOBUX
3a7a4. «EJEeKTPUYHOI», «MarHiTHOI» 1
«MarHITHO-EJICKTPUYHOI» 1 BIMIOBIAHI IM
XapaKTEPUCTUKHU PO3CISTHHS
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3 Puc. 25, 26 BuTikae, M0 OPHUCTPiK 3 HEOAHOPITHICTIO 3 TPHOX 3B'SI3aHUX Yepe3
mrimHy npssMokyTHuX I[P (rpebindacTa cTpykTypa) 3a0e3reuye 3aracaHHs CUTHAITY
y mUpoKii cMy3i gactoT Bix 4.5 10 8.8 I'T'x (66 % mono cepeannoi yacrotu 6.5 I'T'r)
1 Mmae cMmyry niponyckanss Bix 3.3 10 3.6 I'T'x (8 %).

X
e. w;_[(.;n; w.) wall

=14 e.w.

E L - [‘\E(r:m-t:)

IR R

Puc. 25. Tonosoris maaHapHOT CTPYKTYPH 13 CAMETPUIHOTO 2-TUIONTUHHOIO HEO/T-
HOPIAHICTIO, 110 CKIIagaeTbes 3 rpedinyactoro P ta emnicHoro Biapizky MCJI
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Puc. 26. (2) — CriexTp BJIaCHHUX 4acTOT 00’ €MHOTO PE30HATOPY 3 2-TUIOIIUHHOIO
PO3MOICHOI0 HEOJHOPIIHICTIO, 1110 Ha Puc. 25, Ta (0) — BiAMOBIIHI iOMY XapaKTepH-
CTHKH po3cisHHA. [lapamerpu ctpykrypu (y Mm): miakiagka h=0.635, g =102, po3-
Mipu ekpa"Hy A=15.0, b =b,=7.0, MCJI w,=2.7, w,=1.2, |,=12, rpebinuactuii I[P
l,=9.151,=51, b,=36, s=0.3,5,=5,=04

3a pe3yapTaTaMu aHali3y, PO3TIITHYTI PO3MOIIIEH] 2-TIOMWHHAI HEOHOPITHOCTI
MarTh XapaKTEPUCTUKHU PO3CISTHHS, 110 MICTATh OJHOYACHO SK CMYTH MPOIMYCKAHHS,
TaK i CMyTM 3aIMpaHHs y Pi3HUX AiaMa30HAX 4acToT. IX IMpPHUHA i B3aEMHE PO3TAIly-
BaHHS OJIHA IIOJI0 OJJHOT HAJIAIITOBYIOTHCS BapilOBAaHHSIM IF€OMETPUYHHUX MapaMeTpiB

Bocbmuii po3ais npucBsiYeHUN MPOEKTYBAHHIO MMPUCTPOIB HA OCHOBI PO3MO/IijIe-
HUX HEOJJHOPIAHOCTEN y TPUIIAPOBUX TUIAHAPHUX CTPYKTYpaX, a caMe po3po0JIeHO Me-
TOAUKHU TPOEKTYBaHHS Ta EKCIEPUMEHTAIBHO IMEPEBIPEHO XAPAKTEPUCTUKHU TaKUX
IIPUCTPOIB!
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1) IMincunroBauy noTyHOCTI iHBepcHOro knacy F (F1) 3 Bukopucranuam Bysb-
kux npsamokyTHux [P y 3azemmtorouiit mnomuHi MCJI nns peanizaiiii cxemMu 13 MaH1-
MYJISIIEI0 BUITUMU FTaPMOHIKAMU BUX1JTHOTO CUTHAIY.

2) KoMnakTHOro CMyTro-IpoIyCcKHOro (iIbTPy Ha OCHOBI CXiA4acTUX HEOTHOPI-
nuocteit y MCJI 13 II[P-mu B 11 3a3eMiTt0r04iil IUIONINHI, 1110 BUKOPUCTOBYIOTHCS ISt
peanizanii IHIYKTUBHUX €JIEMEHTIB y CXEMl Ta MOJABJIEHHS CUTHANY 11032 CMYIOIO
nponycKkaHHs ()1 IOCHUJICHHSI 3aTacaHHs» Y CMY31 3aTrOPOJKCHHS).

3) KommnaktHOTO cMyro-3anupaibHoro ¢purbTpy Ha H-mogionomy P i3 po3mu-
PEHOIO0 CMYTOI0 YaCTOT 3alUpPaHHS.

@iapTp TapMOHIK Y BHUXIJHIM y3rO/pKyHOUid JaHIl MiJCUI0BaYa MOTY>KHOCTI
(ITIT) O6yB peaizoBaHwMii 3a JOOMOT00 1BOX map I[P pisHUX po3MipiB y 3a3eMITIOFO-
yiit miomunai MCJI. Po3mipu asox P, L1 1 Ly, po3paxoByBasincst 32 METOJIOM IOTIE-
PEYHOr0 PE30HAHCY Ta Pa30M 3 IHIIMMU T€OMETPUYHUMU MapaMeTpaMu CXEMH ONTH-
MI3yBaJIUCA JUIsl 3a0€3Me4YeHHs] BIANOBIAHMX HABAaHTAaXyBaJIbHUX IMIIEJAHCIB Ha
94acTOTax JAPYroi Ta TPEThOI TapMOHIK OcHOBHOI YacToTH fo=1.7 I'TmI.

Tomnomnorist cipoeKTOBaHOI APYKOBAHOI I1aTH Ta poTorpadisi BATOTOBIEHOT'O Ma-
kery I1II knacy F! mokasana na Puc. 27. [[pykoBaHa IuIaTa BMIllly€ThCS HA OCHOBY, B
K1 BUKOHAHA MOPOXHUHA JJIsl 3a0e3neueHHs poootu LI[P-iB. ¥ manomy BUKOHaHHI
(buTbTp TapMOHIK Ha OCHOBI NpsAMOKYyTHHX [I[PiB po3TamoBaHuii y MOpOKHHUHI ILJI0-
mero 30x38 Mm? rnubuHO0 7 MM. Ha Puc. 28 nokasaHi 4acTOTHI XapaKTePUCTUKH KO-
edillieHTy nepenadi CIPOEKTOBAHOTO (PUILTPY TapMOHIK.

—IPR)]

-20

S(2.1) (1B)

-50

-60 i i ; i i i

Puc. 27. Tononoris ITI1 knacy F? 3 Puc. 28. KoedimieHT nepemadi cupo-
P y 3a3emuitorouiil MIONIMHI Ta MOr0 €KTOBAHOTO (UIBTPY TapMOHIK Ha 0asi
EKCIIEpUMEHTAIbHUN MaKeT 1P nnsa Buxignoi nanku 11 knacy FL

PeanizoBanmii I1I1 OyB mocnimxenuil B pexxumi OKy4doi XBuIIl. BuxigHa nmoTyx-
HicTh [T B pexumi Hacudenns ckiana 35 nbm (3.9 Bt), mpu isomy KK/ mincuro-
Baua focsrae 60 %. [yt BUXigHOT MOTY>KHOCTI CTIOCTEPITaeThCs HEBETMKA BiIMIHHICTD
MDXK pe3yJbTaTaMUu MOJIEIIOBaHHS 1 BUMIPIOBAaHb, sIKA MOSCHIOETHCSA MOXUOKaMU KOMe-
PUIAHOI MOJIEN1, ONTUMI30BaHO1 3a3BUYail 1 pexxumy kiacy B ado AB.
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Jaii 6ynu po3riasiHyTI CMyTro-IpoItycKHi GiabTpu 3 UeOHIIEBChKOIO XapaKTepuc-
TUKOIO, SIKI MOKHA YSIBUTH K JBa JA3€PKAJIbHO-CUMETPUUYHO 3'€THAHUX TpaHchopma-
TOpH OomnopiB. st iX MPOEKTYBaHHS BUKOPUCTOBYBAIACs TEOPisi CKOPOUCHUX (PLIbTPIB
Ha OCHOBI BIJIPI3KIB JiHINA miepeaayl JOBXKUHOIO A /16 . [lonepenHiit po3paxyHOK CKO-
poueHux (UIbTPIB OyB BUKOHAHUM 32 PO3POOJICHOIO CIPOIIEHOI0 METOAUKOI0 Ha OC-
HOBI Teopii AOBTrHX JiHiKi 3 BukopuctaHHIM ABCD-marpunp. /[ ii miarBepukeHHS
OyB IIpOBEeACHUN PO3paXyHOK (PUIHTPIB YMCEIBHUMHU METOJAMHU 32 JIOMIOMOTOI0 KOMe-
PUIAHOI POTpaMH aHaTI3y MIKPOXBHJIHOBUX CXEM.

[Tpu peanizamii GpiabTpiB HA IHAYKTUBHHUX Ta eMHICHUX Biapizkax y MCJI na xa-
pPaKTepUCTUKAX MPUCYTHI Mapa3uTHI CMYTU MPOMYCKAHHS, 110 MOB'SI3aH1 3 Meploany-
HICTIO XapaKTePUCTHUK TpaHchOpMaTOpa OMOPIB, Ta HEJOCTATHINA PIBEHb 3aracaHHs Cu-
rHajxy mosa cmyroro. Jljisi iX momaBieHHs, a TaKOX JJiS TOro, 100 JOMOTTUCS st
IHIYKTUBHUX €JEMEHTIB (QUIbTpa (P13UYHOT MOMKIMBOCTI OyTH peanizoBaHUMU, OyJH
BukopuctaHi I[P npsimokyTHOT GopMu y 3a3eMITIOI0UIN TUIONIUHI, 110 PO3TAIlIOBaH1
i HalBY)KYMMH, TOOTO iHAYKTUBHUMH (y TipoToTHiii), Bigpizkamu MCJI. B mpormeci
YUCEeIBHOTO aHai3y, micisa gonasanus P y cxemy ¢dinbtpa, Oyino npoBeneHo aoaa-
TKOBE HACTPOIOBAHHSA HOT0 €JIEMEHTIB Il OTPUMaHHS ONTUMAaJIbHOI YaCTOTHOI Xapa-
krepuctuku. [Ipukian GiabTpy HA CKOPOUEHUX Bifpi3kax HaBeneHui Ha Puc. 29.

Microstrip Flter with B ‘v;
Slot Resonator,. ... - y

30 4
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Puc. 29. Tomosnorist Ta XapakTepUCTHKH PO3CISIHHS 2-TaHKOBOTO (N=2) hibTpy
Ha Bigpizkax MCJI noBxunoro A/16 i3 II[P-mu y MeTai3oBaHii 1miaKIa i

Hami O0yB posrnsanytuid I[P H-nmoxi6Ho1 dhopmu 13 MO3T0BKHIM pO3TaIlyBaHHAM
BiJIp13Ka HIUTMHH, 1110 3'€JHY€E KTaHTEN1» PE30HATOPA, 1, BIAMOBIAHO, 3 TONEPEYHUM PO-
3ranryBaHHAM «raHTenei» moao MCJI (Puc. 30). Taka HeOTHOPITHICTH MOYKE PO3TIIS-
natucs sk aBa npsamokyTHux I[P, 6e3nmocepenHbo 3B's13aHUX MikK COOOIO Bipi3KOM
[11JT i3 cumeTpi€to Mo y HhOMY, IO Bi/IMOBiIa€ HEMAPHI MOJIi BUIIOTO TUITY (YyMOBa
MarHiTHOI CTiHKH y monuHi X=0 Binnosinae HenapHiid xpuii tuy TMo y LLJT).

Bupasu (1) aist MOAyITiB micist TepeTBOPEHHS 3aMCYIOTHCS Y BUTIISIIL

1S,,] =|cosB, (I, -1, )Hexp( iB, (I, + Iz))‘ =|cosp, (I, -1,)|, (9)

[85,] =[sin B, (I =1, )|-|exp (B, (I, +1,))| =[sin B, (1 - 1) . (10)

3 (9)-(10) BumHO, 110 MO YT KOe(DIili€HTIB BIIOUTTS 1 IIepenadi 3aiexaTs Bij pi-
3HMII PO3MIpIB «EJTEKTPUYHOTO» 1 «MArHITHO-€NEKTPUYHOro» pezoHaropis (I,-1,) Ha

KOXKHIM 3aiaHiii yacTtoTi. UMM MeHIa I PI3HUIS — THUM MEHIINM € 3HA4YCHHS
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KoedillieHTy nepezadi |S,|=|S,|, To6TO GiTbINM € piBeHb 3aracaHHs, 0 CTBOPIOETHCS

HEOTHOP1THICTIO.

Puc. 30. Tomonoris H-moxi6uoro I[P y 3a3emmtorouiil miomuHi eKpaHOBaHOI
MCIJI ta pe3oHaTopy AJis pO3B'si3aHHA KpallOBUX 3a/1au

3 orpumanux A AianazoHy dactoT 1.5-6.0 [T crekTpanbHUX XapaKTEpPUCTUK
BUJIHO, 11O JaHa IJIaHapHA CTPYKTYpa MICTUTH JIB1 YACTOTH PE30HAHCHOTO 3aTyXaHHS
ocaoBHOi xBwiIi MCJI Ha H-noxi6nomy I[P, Puc. 31. lle mosSCHIOETHCS TEOMETPIETO
I[P, 3a K010 BUXOIUTH TapajeiibHe 3'€JHAHHS ABOX BIJIPI3KIB AUCIICPCHUX JiHIH TIe-
penadi, 0 CTAHOBUTH CKJIAJHUN PE30HAHCHUHN BY30JL.

fres (GHz)
(4,1
S11 (dB)
N
{en

-30 41

.40 4

-50

f (GHz)
a §)

Puc. 31. (a) — CriekTpH BJIACHUX YacTOT PE30HATOPY 3 HEOAHOPIIHICTIO Y BH-
sl H-nogi6uoro 1P 13 nonepeunum po3srairyBanHsIM «rantenei» moao MCJI 1
(6) — po3paxoBaHi 3a HUMH XapaKTepHCTUKH po3cisHHA. [lapameTpu 1P (y mm):
s1=1.2, 5,=0.4, a;=11.4, bs=4.2

3anexHo Bij reomeTpii H-noniounoro LIP npu npoexkTyBaHH1 MOKHA OTPUMYBATH
K IIUPOKOCMYTOB1 CMYTO-3aMupalbHi PUIBTPH, TaK 1 JBOYACTOTHY PE30HAHCHY Xapa-
KTepuctuky. [Ipu 1pboMy onTuUMaIbHI XapaKTEPUCTUKHU MPUCTPOIO BUXOJATH Bapiro-
BaHHSIM CIIIBBIIHOIICHHS MO30BXHLOTO Ds 1 momepeyHoro as po3MipiB pe3oHaTopa, a
TaKO BapilOBaHHSM IIMPUHU MOMEPEYHOI IILTUHH S.

3a JaHUMM JOCIIKEHb 3aJIEKHOCTI XapaKTePUCTUK PO3CISTHHA BiJl T€OMETpUY-
Hux napametpiB I[P Oyna po3pobnena mpocta npoueaypa NpoeKTyBaHHS IUPOKOC-
MYTOBOTO CMYTo0-3anupaibHoro ¢GuibTpy. OCHOBHUMU MEepeBaraMu Takux CTPYKTYp €
iXHS KOMITAKTHICTh Ta BUCOKHM PIBEHB 3arOpOJKEHHS y cMy3i yacToT. [Ipuctpiii Bu-
XOJIUTh O1NIbIII KOMIMAKTHUM Y MOPIBHSHHI HaBITh 3 MEPIOJUYHUMHU CTPYKTYpaMH Ha
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npssMokyTHux P, mo posrisiayTti y Po3aini 4. Jlist 301IbIIIEHHS piBHS 3racaHHs TaKl
CTPYKTYPHU TaKOXX MOKHA KacKayBaTH.

VYci po3poOieHi MpUcTpoi 3a CBOIMU XapaKTEPUCTUKAMU TIEPEBUILYIOThH CBOT aHa-
noru 3a 0a30BUMH XapaKTEPUCTUKAMH. IMIUPUHOK CMYTH, PIBHEM 3racaHHs, po3Mi-
pamu, BTpaTaMHu Ta iH.

OCHOBHI PE3YJBbBTATHU I BUCHOBKH

B nucepraiii BupinieHa aktyaibHa npotJemMa paaiodi3uku — po3poOKu Teopii Ta
YAOCKOHAJEHHS METO/IB aHaI13y PO3MOJIIEHUX HEOJIHOPIAHOCTEN Y JIIHIAX Mepeaadl
IJIAaHAPHOTO THUITY, 110 PO3TAIIOBaHI y OaraTolmapoBUX IJIAHAPHUX CTPYKTypax, y Mi-
KPOXBUJILOBOMY J1ana3oHi 4acToT. ¥ poOOTi TOCHIAKEHO PO3CITHHA OCHOBHUX XBUWJIb
MJIaHAPHUX JIIHIN nepefad Ha pO3MOAUICHUX HEOJHOPIAHOCTSX Y HUX, B TOMY YHCI1
0araToIIONIMHHUX Ta nepioandHuX. JlocmikeHHs 0yJio BUKOHAHO 3a JIONIOMOT'00 PO-
3BUHYTOTO METOJy MONEPEUHOr0 PE30HAHCY HA OCHOBI CTPOTUX PO3B’SA3KIB KpalloBUX
3a/1a4 i1l 00’ €MHHUX PE30HATOPIB MIOA0 IXHIX CHEKTPIB PE30HAHCHUX YACTOT, TOOTO
Ha OCHOBI PO3B’SI3KiB XBUJIbOBOT'O PIBHSHHS MaKPOCKOMIYHOT €JIE€KTPOIUHAMIKHU.

VY po6oTi OTpUMaHO HACTYIIHI HOBI HAYKOBI Ta IPAKTUYHI pe3yJIbTaTH:

1. Po3po6iieHo Ta nocaixeHo Ha 301KHICTh YHI()IKOBaHI aIrOpUTMHU po3pa-
XYHKY cTajoi nmomupeHHs (KoedillieHTy YIOBIIBHEHHS) OCHOBHOI Ta BHINWX THIIIB
XBUJIb JIJIs1 0a30BUX JIIHIN Mepeayl MIIaHapHOTO THITY: €KPaHOBAHOI MIKPOCMYKKOBOT
1 IIIJTMHHOT JIIHIN Mepenayi Ta JeIKuX iX pi3HoBU1B, a came MCJI Ha miaBimeH i mia-
kiaui ta XIJI. JloBenena epekTUBHICTh BUKOPUCTAHHS JUIs alire0paizallii KpaloBUx
3a/1a4 Ha BJIACHI XBWJII PSAiB 3a 0a3UCOM 13 OPTOTOHAIBHUX 3 Baroto noixiHomis. Hage-
JICHO PE3yJIbTaTU PO3PaXyHKIB YACTOT BIJICIYEHHS Ta CTAJUX YIOBUILHEHHS XBUJIb BU-
I[OT0 TUITY, 1110 HE MOUIUPIOIOTHCS, alieé MalOTh BPaXOBYBATUCS MPU aHa131 HEOJHOPI-
JTHOCTEH y IUX JIHISIX Mepeiayi.

Ile no3BONMIIO BHEpiiie MOOYAYBaTH AJITOPUTMU JJI PO3PAXYHKY JAUCHEPCIHHUX
xapaktepucTuk XII[JI 13 mMeTaneBo-/IieIeKTPUYHOK BCTAaBKOIO, 3a JOMOMOI'0IO SKOi
OyB 3MozenboBaHui 3aneptuil aioa y XIIJI, a Takox 3anponoHyBaTH, ONTHUMI3YBaTH
1 eKCIIEPUMEHTAIIBHO IEPEBIPUTU CXEMY Y3TOJIKEHHS JIBOX 3anepTux kpemHieBux PIN-
nioniB 3 ocHoBHO XIIJI Ta mepexin 3 NpsIMOKYTHOTO XBUJI€BOAY Ha ocHOBHY XIIJI.

2. Po3BuHEHNI Ta yAOCKOHAIEHUI METO/T ITIOIIEPEYHOTO PE30OHAHCY JIJIsl aHA-
T3y PO3MOJAUICHUX HEOJAHOPITHOCTEH y JiHISIX Nepeaadl MIaHapHOTO TUITY 13 CUMET-
pi€ro y orepeyHoMy HampsMKY. 11t 2-TopTOBOi CXeMH OTPUMAHO MPOCTi BUPA3H IS
PO3paxyHKy €JIEMEHTIB MaTpHIll PO3CISTHHA HA CUMETPUYHUX HEOJHOPIAHOCTSIX Ta 3a-
MIPOMOHOBAHO METOJIUKY MOMEPEIHHOTO aHaANI3y IUIaHAPHUX CXEM 3a JaHUMHU po3pa-
XYHKIB CHEKTPIB BJACHUX YacTOT, OTPUMAHMX 3 PO3B’SI3KIB KpaloBUX 3ajau Jist
00’€MHHX pe30HATOPIB 13 PI3HUMHU YMOBAMU Ha MO3/IOBXKHIX TPAHUIIAX Ta y TJIOMIHUHI
CUMETPII.

Ha 6a31 po3BHHYTOr0 METOAY MONEPEYHOTO PE30HAHCY OTPUMAHO YMOBY TOTEpe-
YHOTO pEe30HAaHCa y TepMiHaX MATPUIll PO3CISHHS IJis IJIaHApHO1 4-MOPTOBOI CXEMH,
10 OIMKCYE B3aEMO/III0 MIXK CMY>KKOBOIO 1 IIUIMHHOIO JIIHISIMU Tiepeiadi, ikl po3Taiiio-
BaH1 B3a€EMHO NEPIEHIUKYISPHO MO Pi3HI 00kM minkiaaku. [loOygoBano meton pos-
PaxyHKy MaTpHIll PO3CISIHHS JIs1 4-TIOPTOBOTO MEPEXOAY MK MIKPOCMYKKOBOIO 1 II1i-
JMHHOIO JIIHISIMU Tepejiadl, M0 0a3y€eThbcsl Ha CTPOrOMY PO3B'sI3aHHI KpalOBUX 3aj1au
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s 00’ €MHOr0 CMY>KKOBO-LIIJIMHHOTO PE30HATOPY 3 ypaxyBaHHSAM CHUMETPIi CTPYK-
TYpH 1 yCIX MOXJIMBUX BUIB CTOSIYMX XBWIIb Y HIH.

3. [ToObynoBaHO MeTO pO3B’sI3aHHS KPAaMOBUX 3a/1a4 JJIsl PO3PaXyHKY 3a Me-
TOJOM TOINEPEYHOTO PE30HAHCY XapaKTePUCTHUK po3cisiHHS ocHOBHOI xBwii MCJI Ha
By3bkoMy I[P mpsimokyTHOi popMu B ii 3azemirrorouiil miommHi. Moaudikamisa me-
TOY, SIKa MOJISATa€E Y BpaXyBaHH1 BUILUX MO3JOBXKHIX TapMOHIK Y (PYHKIIISX PO3MOILITY
noJig Ha WuMHI Eg Ta rycTuHu cTpymy Ha cMy:XIl J, 103BOJIMJIA TAaKOXK 33 JTaHUMH
PO3paxyHKIB CIIEKTPIB BIACHUX YAaCTOT 00’ €MHOr'0 pe30HATOPY BUBUUTH (Pi3UUHI ede-
KTH, 1110 TTOB’513aH] 13 B3aEMHUM 3B'A3KOM MK IIUIMHHUMU PE30HATOPaMHU, B TOMY YH-
CJIl 1 y NEPIOJUYHUX CTPYKTYypax.

Ha ocHOBI 1IUX anropuTMiB JTOCIIJIKEHO MOBEAIHKY aMIUNITYJHUX 1 (pa30BUX Xa-
pakTepucTuK 1-, 2- i 3-CTyneHeBUX MEePiOJUIHUX CTPYKTYp Ha 6a3i I[P y 3azemimioro-
yiit ommHi MCJIL. JocmiakeHHsl mokasao, o NepiogudHi CTPYKTYPH 3 HIUTHHHUX
PE30HATOPIB MOXKYTh BUKOPUCTOBYBATHUCS JJIsl MPOEKTYBAHHS IIIMPOKOCMYTOBHX 3aro-
POKYBAIBHUX (PIIBTPIB 1 (DUIBTPIB TAPMOHIK 3 PI3HUIICIO (Pa3 MK CIEKTPATIbHUMU
CKJIAJIOBUMH, 1110 JOCSTA€ 3HAUYCHHS TT.

4, VY nockoHaneHu METOJ MOMEPEYHOTO PE30HAHCY MJis PO3PaxyHKYy Mart-
PUIIL PO3CISTHHS Ha IUIMHHUX PE30HATOPaX CKIAAHOI (POPMU Y 3a3eMITIOI0Yii ITOMINHI
MCIJI. Y nockoHaneHHs OJIIrae y BUKOPUCTaHH1 y poLieypi anredpaizailii kKpailoBux
3a/1a4 JIsl OMKCY TOJISl Ha UIITMHI PSAAIB 3a BIACHUMH XBUISIMU XBUJIEBOIB CKJIATHOTO
nepepizy. Kpim Toro, 3anmpornoHOBaHO METOAMKY PO3PaXyHKY XapaKTEPUCTUK PO3Ci-
SIHHSI Ha JIBOX 1 OLNIbllle MOCIIIOBHO BKJIIOYEHHUX Y JiHit0 nepenadi [1[P-iB ckimagHoi
(dbopmu 13 BpaxyBaHHSM B3a€EMHOTO 3B'SI3Ky MK HUMH, 110 MOJISITA€ Y PO3B'sI3aHH1 IBOX
KpallOBHX 3aJlay JJii CAMETPUYHOI CTPYKTYPH, 110 BKJIIOYAE HEOAHOPIIHICTh ILIJIKOM,
13 IBOMa Pi3HUMH T'PAHUYHUMH YMOBaMU y TUIOLMHI CUMETPIi PE30HATOPY.

byno noxazano, mo I[P cknagnoi dpopmu y 3azemumrorouiii miomuHi MCJI npu
MIOCJIITOBHOMY BKJIFOUEHHI iX y JIIHIIO NIepeadl B3a€EMOAIIOTh OJUH 3 OJHUM Ha BIJC-
TaHsIX, TOPIBHSHHUX 13 IXHIM MO3/I0BKHIM po3MipoM. Bzaemuuii 38'a30k mix [P mipu-
3BOJUTH JI0 MOSIBU JI0JJATKOBUX YaCcTOT P€30HAHCHOTO B3aemMoAli Mk Humu 1 MCJI, 3a
PaxyHOK 4OTr0 pO3LIMPIOETHCA CMyTa 3anvupanHs ocHOBHOI xBuid MCJL.

5. Brnepuie noOynosanuii Metoz ananizy nosopoty LIJI Ha npsimuii KyT me-
TOJOM TONEPEYHOT0 PE30HAHCY Ta BUBYEHO 3aKOHOMIPHOCTI MOBEAIHKH XapaKTepHUC-
TUKU PO3CISIHHS B1J] TEOMETPUYHUX MapaMeTpiB MOBOPOTY. AHaii3 0a3yeThCs Ha PO3-
PaxyHKy BJIACHHUX YacCTOT BIPTYyaJlbHOTO PE30HATOPY 3 KOPOTKUM 3aMUKAHHSIM Ha
noprax. KpaitoBa 3agaya juist 00’€MHOTO PE30HATOPY PO3B’A3YETHCS YEPE3 MPEJICTAB-
JICHHS TOJISl Ha anepTypl HEOJHOPIAHOT IILTUHY Y BUTIISIL PSAIB 3a BIACHUMU TE-XBU-
nsimu L-xBuneBony.

Ile mo3Bommino 3’scyBary, 1o y pasi moBopoty Ha 90° IIJI 3 pi3HOIO MIMPUHOIO
IIUTMH Ha MOPTax 3BOPOTHI BTpaTH (KoeDIliEHT BiIOUTTS) € 3HAYHO OUTBIIIMMH, HIXK Y
BUIAJIKy IMOBOPOTY LIUIMHM 3 OJHAKOBOI IIMPUHOI IIUIMH Ha moptax. Kpim Toro,
MPSIMOKYTHHI TOBOPOT IIUIMHHOI JIiHIT Mepeiadi 3 piBHOIO MIMPUHOKO HIUIUH JTI00pe
y3roKeHUM 3a BTpatamu, a HaOir ¢a3u koedimienTa nepenayi Ha nmoopoti LIJI mae
HEMOHOTOHHY 3aJIEKHICTh BlJ 4aCTOTH 3 MAaKCUMYMOM Ha JESKiil 4acToTi, 10 3aje-
KUTh BIJl IIUPUHM ITITUHH.
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6. [ToObynoBaHo ABOBUMIpPHI BJIACHI (PYHKIIIM JJIsi MarHiTHOTO 1 €JIEKTpUY-
HOT'0 BEKTOPHHUX MOTEHIIAIIB JIJIsl ONUCY PO3NOALTY I'YCTUHU CTPYMY Y CMY>KKOBIH J1i-
HIi mepenayl i3 ¢X114aCTOI0 HEOJHOPIAHICTIO Y HINM yepe3 pO3KJIalaHHs iX B pSIU 3a
OpTOTOHATBPHUMH ToNTiIHOMaMu YebwumoBa 1-ro Tta 2-ro poxay. IlepeBaroro BuKopuc-
TaHHS TaHUX (PYHKIIIHA € CKOPOUCHHS Yacy, 0 BUTPAYAETHCS HA PO3PAXYHOK MaTPUIlh
3B'SI3Ky Ha CTHKY JBOX CMY>XKOBHX JIIHIM PI3HOI IIUPUHU, MAIHI TOPSIIOK CUCTEMHU
PIBHSIHB, 110 PO3B’S3YIOThCS, Ta MBHUIKA 301KHICTh aITOPUTMIB.

[TobynoBaHo Ta noCHIAXKEHO HA 301KHICTh AITOPUTMHU PO3B'sI3aHHS KpallOBUX 3a-
Jla4 Ha PE30HAaHCHI YaCTOTU MIKPOCMY>KKOBOT'O PE€30HATOPY 13 IHAYKTUBHUM a00 €MHi-
CHUM BiJIp13KaMH KiHIIEBO1 IOBKUHHU. [loBe/ieHO O1blily e(heKTUBHICTH 0a3UCy 3 OpTO-
TOHAJbHUX TOJIHOMIB JJii ONHUCY PO3MNOAULY TYCTHHH CTPyMYy Y HEOJHOPIIHIN
CMY’KKOBIH JiHI1, Y TOPIBHSAHHI 3 TPUTOHOMETPUYHUM Oa3UCOM.

1. [ToOynoBanuit MeTO aHATI3y PO3MOIICHUX CUMETPUYHUAX 2-TUTOITMHHX
HEOJHOPITHOCTEN y BUTIISI IHAYKTUBHOTO a00 eMHicHOro BiapizkiB y MCJI 13 nona-
BaHHAM Yy 3a3emuntorouy riomuny [P, 3Buuaiitnoro npsiMokyTHOro abo ckinaaHoi ¢o-
pMU.

3a pesynbpTaTamMu po3paxyHKiB, XapaKTEPUCTUKHA PO3CISTHHS HA CUMETPUYHUX 2-
IUIOMMHHUX PO3NoALIeHUX HeoaHopinHocTsax y MCJI maroTh 101aTKOBI YaCTOTH pe-
30HAHCHOTO BIJOUTTS 1 MPOIMYCKAHHS, Y TOPIBHSHHI 3 XapaKTEPUCTUKAMU TPaUIIiNi-
HUX CXI4acTUX a00 HMIITMHHUX HeoqHopiaHocTel. [lokazaHo, 1110 NOSIBY JOAaTKOBUX
9acTOT PE30HAHCHOI B3aEMO/IIT OB’ A3aHO 13 THM, IO CKJIAJOB1 2-TUTONTUHHOT HEOTHO-
PIIHOCTI B3a€EMOJIIIOTH OJIHA 3 OJIHOIO, 1110 BIUIMBA€E HA CaMy KUIBKICTh PE30HAHCHUX
Y4acTOT 1 Ha B3a€EMHE PO3TalllyBaHHS CMYT MPOMYCKAHHS Ta 3alHUpPaHHs 33 4YaCTOTOIO.
Ile mo3BoJIsSIE MOMIMIIUTH XapaKTEPUCTUKHU 1 POSMMUPUTH (DYHKI[IOHATBHI MOKIIUBOCTI
(GUIBTPYIOUHX CXEM Ta Y3TO/KYHUHMX JAHOK, TOOTO MPOEKTyBaTU OaraTopyHKIIIOHA-
JIbHI CXE€MHU MIKPOXBUJILOBOTIO JI1alla30HY YacTOT.

8. JloBeqieHe MpUKIIaJHE 3HAYCHHSI HABEJECHOTO HAYKOBOTO JOCIIXKEHHS, a
came:

— Po3poOnenuil Ta npoMoOAETBOBAHUM MIACHIIOBAY TMOTYXKHOCTI 1HBEPCHOTO
kiacy F Ha ocHoBi GaN tpanszucropa NPTB00004 3a cxemoro i3 KOHTpoJeM piBHS 2-i
ta 3-1 rapmoHik (IXHiX aMILTITYu 1 (a3u) y BUIJISAI 2-TAHKOBOI MEePiOIUIHOI CTPYK-
TypH Ha OCHOBI1 By3bKHX NpAMOKYTHUX LI[P y 3azemmtorouiii mnomuni MCJI. Pe3ynsb-
TaTH POOOTH TMOKA3aH MEPCIEKTUBHICTh BUKOPUCTAHHS 2-TUIOMIMHHUX TUIAHAPHUX
cTpykTyp 13 I[P y 3a3emitorouiii mioniuH1 Ajig TPOEKTYBaHHS CXEM BUCOKOE(EKTHUB-
HUX M1ICWJIFOBAaYiB MOTYKHOCTI MIKPOXBUJILOBOTO Jliana3oHy. Takui miaxia 103BOJIUB
MaHIIYyJIIOBATH aMIUIITYI00 1 (pa3aMy BHUINMX TapMOHIK JUIsI OTPUMaHHS BHCOKOI'O
KK/, mo 3a6e3neunio BUCOKUM piBEHb MOAABICHHS BUIIIMX TaPMOHIK OCHOBHOTO CH-
rHaJTy, a TAKOK KOMIAKTHICTh CXEMU B IIJIOMY.

— Jlns mepeBipku 3amporoHoBaHoi criBaBTopoM (KpmxanoBcbkum B.I'.) HaOmm-
KEHOI METOAMKH NMPOEKTYBAaHHS KOMIIAKTHUX CMYTO-TIPOIYCKHUX (PUIBTPIB HA OCHOBI
Biapizkie MCJI nomxuuoro A/16 i3 momaBiIeHHSAM MapasUTHUX CMYT MPOITYCKaHHS
Oynu po3poOJieHi, MpoaHaai30BaHi Ta EKCIEPUMEHTAILHO BUMIPSIHI KOHCTPYKIIlT KOM-
nakTHUX GuIbTpiB 3 BUKOpUcTaHHaM I[P y 3a3emumtorouiit miomunai MCJI. 3a pe3yinsb-
TaTaMH JOCIIPKEHb OyJU CIPOEKTOBaHI MIKPOCMYKKOBI CMYTO-TIPOMYCKHI (PIIbTPU
Ha 0asi MPOTOTHUIIIB i3 YHCIOM JIAHOK N=2 Ta N=4, MMPUHOIO CMYTU MPOITYCKaHHS
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BinmoBigHO 30 % 1 50 % Ta piBHEM 3racaHHs OCHOBHOT'O CHTHAJTY 1103a CMYTOIO BiJl —
20 mo —40 nb. IllinvHaHI pe3oHaTOPH y 3a3EeMITIOIOUIN TIOMKHI 3a0€3MeYrn, To-TIe-
puie, Gi3uYHy peanizallito 1HIYKTUBHUX €JIEMEHTIB QLIbTPY, 1, HO-JIpyre, BACOKUMN Pi-
BEHb 3alUPAHHS CUTHAITY 11032 CMYTOI TIPOITYCKaHHS.

— MeTto10M ONEPEUHOT0 PE30HAHCY AOCIIIKEHO XapaKTEPUCTUKH PO3CISIHHS OC-
HoBHOI XxBwI1 MCJI Ha H-noai6nomy I1IP B ii 3a3eMit0r04iii IJIOMIKHI 13 MONEPEYHUM
Ta CHMETPUYHUM PO3TalIyBaHHSIM «TaHTEJIEH» II0JI0 Hel y 3aJIeKHOCTI Bl T€OMETpHU-
yHux napametpiB IIIP. 3a pesynbpTaTamu IOCHIAKEHHS 3aIpONOHOBAaHA MpoLEIypa
MPOEKTYBaHHS IUPOKOCMYTOBOTO CMYTO-3aMUPaIbHOTO (DUIBTPY HA Oa31 TaKOi HEOI-
HOpiAHOCTI. OCHOBHUMH Ie€peBaraMu Takux (DUIbTPIB € iXHA KOMIAKTHICTh Ta BUCO-
KUl piBEHb 3aTOPOIXKEHHS Y CMY31 4acTOT.

3arasioM, HAyKOBUI BHECOK JAUCEPTaHTa Ma€ PyHAAMEHTaIbHY 1 MPUKIIAJIHY CTO-
poHu. @yHIAaMEHTAJbHA CTOPOHA HAYKOBOI'O BHECKY MOJIATAE Y PO3POOILI METO/IIB
PO3B’s3aHHS 3a]]a4 PO PO3CISHHS XBWIb HA PO3MOIJICHUX HEOJTHOPIAHOCTAX Y JIHIAX
nepeaayi y 6araromapoBux IJIAaHAPHUX CTPYKTypax. B mporieci qociiakeHHs y1I0CKO-
HaJIEHO METOJ MOMEePEUYHOr0 PE30HAHCY, MOOYA0BAHO [Ty HU3KY METOIB Ta peajizo-
BAaHHUX 32 HUMH aJTOPUTMIB PO3B’sI3aHHS TPUBUMIPHUX KpallOBUX 3ajad, 3aIPOIOHO-
BaHUI CHEKTPabHUM MIJIX1J 1O BUBUEHHS XapaKTEPUCTUK PO3CISHHS 33 JaHUMU
PO3paxyHKiB CIEKTPIB BJACHUX YaCTOT 00’ €MHOI'O PE30HATOPY.

IpukiagHa cTOPOHA BU3HAYAETHCS MOXIIMBICTIO BUBYATH XBUJIHOBI MPOIECH Y
IJIaHAPHUX CXEMax, CTBOPIOBATH KOMMAKTHI Ta 6araTopyHKI1OHAJIbHI MPUCTPOI 13 TO-
JIIMIIEHUMH XapaKTepUCTUKaMU Ha 06a31 OHO- Ta ABOIUIONIMHHUX HEOJAHOPITHOCTEH y
OaraTolapoBUX TUIAHAPHUX CTPYKTYpax.

Takum umHOM, Y 8 po3miyax mucepTarii BUpIMIeHi BCi TOCTABIICHI 3a/1adi TOCITi-
JOKEHHS.
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AHOTALIS

Paccoxina IO. B. Meroau aHa/1izy HeOAHOpiAHOCTel y 0araromapoBux Iia-
HApHHUX cTPYKTypax. — KpajijikaniiiHa HaykoBa npaus Ha MPpaBax pyKoIucy.

JHucepTaiiis Ha 3100yTTS HayKOBOTO CTYIEHsI JOKTOpa (hi3MKO-MaTeMaTUYHUX
Hayk 3a crienianbHicTio 01.04.03 «Pamiodizuka». — JloHEeIbKHI HAITIOHAIBHUN YHIBEP-
cuteT imeHi Bacuns Ctyca MOH VYkpaian, Binaurg, 2021.

VY aucepTaiii po3B’sA3y€e€ThCsl akTyajlbHa MpoGjaeMa paaiodi3uku Ta MPUKIATHOT
€JIEKTPOAMHAMIKH — PO3POOKH TEOPii Ta YOCKOHAJIEHHS METOAIB aHali3y po3Moiie-
HUX HEOJHOPITHOCTEH Y JIIHISX Nepeaayl INIaHapHOTro TUITY, 110 pO3TallloBaHi y Oara-
TOIIAPOBUX IJIAHAPHUX CTPYKTYpaX, y MIKPOXBUIILOBOMY Jliania3oHi yacToT. MeTa po-
00TH MoJsiTae 'y JOCIHIJPKEHHI XapaKTepUCTUK PO3CISSHHA Ha pPO3MOAUICHUX Ta
0araToOIUIONIMHHUX HEOJHOPIAHOCTAX Yy JIHISAX Mepeaadl MJIaHapHOro TUIly y OaraTo-
[IapOBUX IJIJAHAPHUX CTPYKTYypax, a TAKOK Yy BUBUEHHI 3aKOHOMIPHOCTEH MOBEIIHKH
XapaKTEPUCTUK PO3CISIHHS HA HUX, 1 Y po3poOI1li Ha 1X OCHOBI HOBUX KOHCTPYKIIIH Mi-
KPOXBUJILOBUX MPUCTPOIB 13 MOJIMIIEHUMHU BIACTUBOCTAMHU 32 €JIEKTPOAMHAMIYHUMU
XapaKTEPUCTUKAMHU, PO3MipaMH 1 QPYHKIIOHAIBHUMU MOXIuBOCTSIMU. HaykoBa Ho-
BU3HA PE3yJIbTaTiB, OTPUMAHUX Y AUCEPTAIliliHIA POOOTI, OJISITa€ y pO3BUTKY Ta Y10~
CKOHAJICHHI METO/Y MOIMEPEYHOr0 PE30HAHCY JUIsl aHaJi3y pO3MOAUIEHUX 0araToruio-
IIMHHUX HEOJHOPITHOCTENW y IUIaHApHUX JIHIAX Tepeaadi, y PO3BUTKY METO/IIB
PO3paxyHKY CIIEKTPIB PE30HAHCHUX YaCTOT 00’ €MHUX PE30HATOPIB HA JIIHISAX Mepeaayl
13 HEOJTHOPIIHOCTSIMU Ha 0a3i CTPOroro po3B’s3Ky KpaloBHX 3a/iad 13 BIAMNOBITHUMHU
IPAaHUYHUMHU YMOBAaMH, PO3poOLl METOJAUKHA BU3HAYEHHSI TOYOK PE30HAHCHOI B3a€MO-
111 HEOAHOPITHOCTEH 13 JTIHI€I0 TIepeaadl I CHMETPUYHUX 0araTomapoBuX CTPYKTYp
Ha TIPHUKJIAAl 2-TIOPTOBUX CXEM, a TAKOX Yy BUSBIICHHI Ta BUBYCHHI HOBHX (DI3MIHUX
aBUI] 1 €(DEKTIB, MOB'SI3aHUX 13 B3AEMOJIEI0 IIMX HEOJHOPITHOCTEM.

JIoCIiIKEHO XapaKTEPUCTUKHU PO3CISTHHS XBUJIEBITHO-IIIUIMHHO] JIIHIT Iepeaayl i3
METaJIeBO-A1CJIEKTPUYHUM BKIFOUEHHSM, 1110 Mojaentoe 3anepTtuit PIN miox; 4-mopto-
BOT IJTaHAPHOT CXEMH BEPTUKAIBHOTO TIEPEeX0y MiXK MikpocMyskkoBoro (MCJI) Ta -
muaHOK0 (IIJI) miHissMU Tepesadi, siKi po3TalloBaHi B3a€MHO-TIEPIICHIUKYIISPHO 110
pi3HI OOKM NIAKIAAKW; MNEPIOAUYHUX CTPYKTYp Ha 0a3l BY3BKHUX MPAMOKYTHUX
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mrimHENX pesonartopis (IIIP) y 3a3emutrorouiid tromumHi peryisipaoi MCJI. BuBueHo
edextu B3aemHoro 3B’s3ky I[P mpsiMokyTHOi Ta ckiagHOi (JOpMH, IO MOCTITOBHO
BKJIIOUEHI y 3a3emuntorouy miomuny MCJI ta nokasano, mo P ckiagHoi ¢popmu B3a-
€MOJIIFOTh OJIMH 3 OJTHUM Ha BIJICTaHSIX, TOPIBHIHHUX 13 IXHIM MTO3I0BXXHIM PO3MIpPOM,
a XapaKTEpUCTUKA PO3CISIHHS HAa HUX MICTUTH JOJATKOBI YACTOTU PE30HAHCHOI B3ae-
MOJI11 MK CUTHAJIBHOIO JIIHIEI0 TIepeaadl 1 pO3MOAIEHOI0 HEOJHOPIAHICTIO. 32 METO-
JIOM TOTMEPEYHOr0 PE30HAHCY BUBUYEHO XAPAKTEPUCTUKH po3CisiHHS moBopoTy LIJI Ha
NPSIMHAIA KyT; CX19aCTOT HEOMHOPITHOCTI KIHIICBOI JOBXHHM (1HIYKTUBHOT Ta €MHIC-
Ho1) y MCJI; 2-MIOMMHHUX CUMETPUYHUX HEOAHOPITHOCTEH, IO CKIAJAIOThCS 13
cximuacroi HeogHopiaHocTi y MCJI ta I[P mpsiMokyTHOI Ta ckianHoi ¢hopmu y ii 3a-
3emuttorouii mioniuHi. Ha 6a3i po3po0i1eHnx MeTo/I1B aHali3y HEOTHOPIAHOCTEN Y TPH-
IaPOBUX IJIAHAPHUX CTPYKTYypax po3poOJIEHO CXeMYy BUCOKOE(EKTUBHOTO MiICHIIIO-
Baua MOTYXHOCTI 13 KOHTPOJEM pPIBHS BHUIIUX TapMOHIK CUTHaIy, 3alpPONOHOBAHO
METOJIUKY NMPOEKTYBAaHHS CMYTO-IIPOIYCKHUX (PUIBTPIB 13 MOJIMIIEHUMH XapaKTEPHUC-
TUKaMU 3racaHHsl CUTHAITy 1032 CMYTOI0 Ta METOJMKY MPOEKTYBaHHS CMYyTo-3anupa-
npHUX QIbTpiB Ha 6a31 H-nogionux P. Onepxani pe3ynbTaTH MalOTh BEJIUKY MPaK-
TUYHY I[IHHICTH B Taly31 pafio(i3uKu Ta MIKPOEIEKTPOHIKH.

KurouoBi ciioBa: mianapHa CTpyKTypa, MIKPOCMY>KKOBA JIiHisl, I[IJTMHHA JIiHIA,
UIUIMHHUN pe3oHaTop, 00’€MHUI pe30HaTOp, PO3MOJALIEHAa HEOMAHOPIIHICTh, BJIAcHA
4acToTa, MepioJInyHa CTPYKTypa, METO OMEPEUHOI0 PE30HAHCY.

AHHOTALIMSA

Paccoxuna FO. B. MeToabl aHa/in3a HEOAHOPOIHOCTEH B MHOTOCJIOMHBIX
IUIAHAPHBIX CTPYKTYypax. — Kpanudukannonnasi HaydyHasi pa6ora Ha npaBax py-
KOTMCH.

Jluccepranus Ha COMCKaHUE YYCHOU CTENEHU JOKTOpa (DU3UKO-MaTeMaTHICCKUX
Hayk 1o criernanbHocTH 01.04.03 «Pagnodusuka». — JloHeknid HAMOHATHHBIA YHU-
BepcuteT umMeHu Bacuns Ctyca MOH Ykpaunsl, Bunnania, 2021.

Jluccepranys MOCBSIIEHA PEUICHUIO aKTyaldbHOU MpoOJeMbl paguodU3UKud U
MIPUKJIATHON AICKTPOIMHAMHKH — pa3paO0OTKU TEOPUH M YCOBEPIICHCTBOBAHUS METO-
JIOB aHaIW3a paclpeeICHHBIX HEOTHOPOAHOCTEH B JMHUSAX TMEpeaadd IIaHAPHOTO
THUIIA, PACTIOIOKEHHBIX B MHOTOCIIOWHBIX IIAHAPHBIX CTPYKTYpaxX, B MUKPOBOJIHOBOM
nuana3oHe 9actoT. Llesib padoThI 3aKTI09aeTCs B HCCIICIOBAHUN XapaKTEPUCTUK pac-
CEesTHUS Ha pacIpeIeICHHBIX M MHOTOIIJIOCKOCTHBIX HEOHOPOTHOCTSX B JTMHUSIX TIEpe-
7la9d TUTAHAPHOTO THITA B MHOTOCJIOWHBIX TJIAHAPHBIX CTPYKTYpaX, a TaKXKe B U3yde-
HUUW 3aKOHOMEPHOCTEH MOBEJICHUS XapaKTePUCTUK PACCESHUS Ha HUX, U B pa3paboTKe
HAa WX OCHOBE HOBBIX KOHCTPYKIIHA MHKPOBOJHOBBIX YCTPOWCTB C YIYUIICHHBIMH
CBOMCTBAMU I10 3JEKTPOJMHAMHYCCKUMH XapPaKTEPUCTUKAMHU, pa3MepaM U (DyHKITHO-
HaJIBHBIM BO3MOKHOCTSIM. HayuHasi HOBM3HA pe3yiIbTaTOB, MOTYYEHHBIX B JUCCEP-
TaIMOHHOW paboTe, 3aKIF0YACTCS B PAa3BUTHU U YCOBEPIICHCTBOBAaHMM METOJa TOTIe-
pPEYHOTO  pe30HaHca I  aHaiM3a  PACTIPEACTICHHBIX  MHOTOIIOCKOCTHBIC
HEOJTHOPOJHOCTEH B IUIAHAPHBIX JMHHUSAX TEpeadd, B Pa3BUTHH METOJIOB pacdeTra
CIEKTPOB PE30HAHCHBIX YaCTOT 0OBEMHBIX PE30HATOPOB HA JIMHUAX TIepeIad ¢ HEO-
HOPOJHOCTSMH Ha 0a3e CTPOTOro pEIIeHHs KPaeBhIX 3ajad C COOTBETCTBYIOIUMHU
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IPAaHUYHBIMU YCIOBUSIMH, Pa3pad0TKe METOJIMKHU OMNpE/IeSIeHHUs] TOUEK PE30HAHCHOTO
B3aUMOJICMCTBUSI HEOAHOPOIHOCTEN C TMHUEN MEPEAAYN NJIsI CHMMETPUYHBIX MHOTO-
CJIOWHBIX CTPYKTYp Ha IIpUMeEpe 2-TIOPTOBBIX CXEM, a TAK)KE B BBISIBICHUU M U3yUEHUN
HOBBIX (pu3nuecKkux siBIeHUN U 3(PEKTOB, CBA3AHHBIX C B3aUMOJICHCTBUEM ITHUX He-
OJHOPOJHOCTEM.

HccnenoBanbl XapaKTEPUCTUKU PACCESAHUS BOJHOBOJHO-IIEIECBON JIMHUU MEpPe-
a4l ¢ METAJIOAUAIIEKTPUYECKOW BCTAaBKOM, KoTopass MojenupyeT 3akpbiThiii PIN
1oJ; 4-nopTOBOM MIIAHAPHON CXEMbI BEPTUKAIBHOTO MEePEX0/1a MEXKAY MUKPOIOJIOC-
koBoit (MILJI) m menesoi (IIIJI) muHUSAME Tepenay, KOTOPBIE PACIOIOKEHBI B3a-
MMHO-TIEPIEHUKYIISIPHO 10 Pa3HbIE CTOPOHBI MOJI0KKH; TEPUOJUUECKUX CTPYKTYP
Ha OCHOBE Y3KHX MPSIMOYTOJIBHBIX IeNieBbIX pe3oHaTopoB (II[P) B 3a3emursromeit
iockocTu peryssipaoit MITJIL. M3ydenst 3 dpexTs B3auMuou cesizu I[P npsimoyrosnb-
HOU U CIOKHOU (DOPMBI, TOCIIEIOBATEIHHO BKIFOUEHHBIX B 3a3€MIISIOIIYIO IOCKOCTh
MIUI, u nokaszano, uto I[P croxuoit Gpopmbl B3aUMOJEUCTBYIOT APYT C APYroM Ha
PacCTOSIHUAX, CPABHUMBIX C UX MPOAOJIBHBIM Pa3MEPOM, a XapaKTEPUCTHUKA PACCESIHUSA
Ha HUX COJICPKUT JOMOJHUTEIbHBIE YACTOTHI PE30HAHCHOTO B3AaUMOAEUCTBUS MEXIY
CUTHAJIbHOW JIMHUEH Mepenayu U pacipeesICHHON HEOJHOPOAHOCThIO. MeTogom mo-
MEPEYHOr0 PE30HAHCA U3YUYEHO XAPAKTEPUCTUKH paccessHus noBopota LJI Ha npsimoin
YTOJI; CTYTNICHYATOW HEOHOPOTHOCTH KOHSUHOH JUTUHBI (MHIYKTUBHON U €MKOCTHOH)
B MIIJI; 2-I0CKOCTHBIX CHMMETPUYIHBIX HEOTHOPOIHOCTEH, COCTOSAIINE U3 CTYTICH-
yaToil HeogHOopoaHocTd B MILJI u 1P npsiMmoyronbsHO#M U croxHOM (GopMbI B €€ 3a-
3emusitoliel miockoctu. Ha 6a3e pa3paOoTaHHBIX METOJOB aHaIM3a HEOIHOPOHO-
CTEl B TPEXCIOWHBIX IUJIAHAPHBIX CTPYKTypax pa3padoTaHa cXeMa BBICOKO-
3 PEKTUBHOTO YCUIIUTEISI MOIIHOCTH C KOHTPOJIEM YPOBHSI BBICIIUX TApPMOHUK CHUT-
HaJja, IpeaiokeHa METOANKA MPOEKTUPOBAHUS MOJOCHO-IIPONYCKAOIINX (PUIBTPOB C
YIYUYIIEHHBIMU XapaKTEPUCTUKAMU 3aTyXaHUE CUTHAJA BHE MOJIOCHI U METOJHMKY ITPO-
EeKTUPOBAHMS MMOJOCHO-3anuparmux GuiabtpoB Ha 6aze H-o6pazubix LIP. [Tonyden-
HBIE Pe3yJIbTaThl UMEIOT OOJBIITYIO MPAKTUUECKYIO IIEHHOCTh B 00JIaCTH pagnoU3uKu
Y MUKPOSJIEKTPOHUKHU.

KuroueBble cjioBa: miiaHapHas CTPYKTypa, MUKPOIIOJIOCKOBAs JIUHUS, IETIeBast
JUHUSA, WIEJIEBOM pe30HATOpP, OOBEMHBIN PE30HATOp, paclpeaesieHHass HEOTHOPO-
HOCTh, COOCTBEHHAs 4acTOTa, MEPUOJUYECKast CTPYKTYpa, METOJ MOMEPEYHOTO Pe30-
HaHca.

ABSTRACT

Rassokhina Yu. V. Analysis methods of a discontinuities in multilayer planar
structures. — Manuscript of qualifying scientific work.

Thesis for doctor of science degree in physics and mathematics by specialty
01.04.03 “Radiophysics”. — Vasyl’ Stus Donetsk National University of the Ministry
of Education and Science of Ukraine, Vinnitsa, 2021.

This dissertation presents the solution for the actual problem of radiophysics and
applied electrodynamics — the development and improvement of analysis methods of
multiplane distributed discontinuities in planar transmission lines located in multilayer
planar structures in microwave frequency band. The objective of this work is to study
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the scattering characteristics by distribution and multiplane discontinuities in planar
transmission lines in multilayer planar structures, investigation of new physics phe-
nomena and wave processes regularities in such structures, and development of new
microwave devices constructions with improved capabilities in both scattering charac-
teristics and dimensions and functional. The dissertation novelty lies in development
and improvement of transverse-resonance method for distributed multilayer disconti-
nuities in planar transmission lines analysis, development of eigen frequency spectrum
calculation methods for volume resonators based on transmission lines with disconti-
nuities using rigorous solution of boundary problems with corresponding boundary
conditions, development of determining technique of resonant interaction points be-
tween discontinuities and fed transmission line for symmetrical multilayer structures,
and revelation and study of new physics phenomena and effects, related with disconti-
nuities interaction.

Scattering characteristics are investigated for the finline with metal-dielectric in-
sertion modeling the opened PIN-diode; four-port planar circuit contained vertical tran-
sition between microstrip line (MSL) and slot line (SL) located transversely spaced by
different sides of substrate; periodical structures on the base of narrow rectangular slot
resonators (SR) in regular MSL ground plane. The mutual coupling effects between
complex-shaped SR’s by series located in ground plane of MSL are investigated. Scat-
tering characteristics of the SL 90° bend; finite length step discontinuity (inductive and
capacitive) in MSL; two-plane symmetrical discontinuities formed by the step discon-
tinuity in MSL and the rectangular and complex form SR in ground plane are investi-
gated by the transverse resonance method. The circuit of high efficiency amplifier with
higher harmonics level control is designed using the developed methods of multilayer
planar structures analysis; the design technique for the band-pass filters with improved
attenuation characteristics beyond the pass-band and for the stop-band filters on the
base of H-shaped SR is proposed. The obtained results have large practical value in the
radiophysics and microelectronics area.

Keywords: planar structure, microstrip line, slot line, slot resonator, volume res-
onator, discontinuity, eigen frequency, periodic structure, transverse resonance method
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