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OINIPEJEJIEHUE ITAPAMETPOB ®OJIbTUPOBAHHBIX JTUJJEKTPUKOB
C IOMOUBIO NIEYATHBIX CTPYKTYP

Pocm mpebosanuii nonvzoeameneii k ckopocmu 06MeHa OAHHLIMU 8 MENeKOMMYHUKAYUOHHBIX CUC-
memax npusen K akmugHoMy 0C8OEHUI0 MM-OUANA30HA ONUH U UHMEHCUBHOMY PA3GUMUIO WUPOKONONIOC-
Hulx cucmem ceasu. Ilpoexmuposanue ycmpoiicmé CBY mm-ouanasona éonn ¢ nomowwvro CAIIP mpebyem
MOYHO20 ONUCAHUS YACHMOMHOU 3ABUCUMOCTNU OUINEKMPUYECKOU NPOHUYAEMOCIU UCNOb3YeMOl N00-
JOXHCKU 01 COKpaujenus epemenu paspabomxu ycmpoticmea. Llenvio 0annoil cmamvu A61s1emcs onpeode-
JleHue OMHOCUMENbHOU OUINEKMPUYECKOU NPOHUYAEMOCIU  PONbEUPOBAHHO20 OudeKmpuka Rogers
3003G2 ¢ mm-Ouanazone OnuH 60H. [Nl HAXOHCOEHUS OUINEKMPULECKOU NPOHUYAEMOCTU ObLL UCTONb-
306aH KAK HEPEe30HAHCHbIL, MAK U PE3OHAHCHBII Memoobl. Aemomamuzayuu npoyecca oopabomru 0aH-
HbIX U3MepeHUll Oblla OCMUSHYmMa ¢ NOMowbio paspabomannozo ckpunma 6 naxeme MATLAB. Ilpume-
HUE MemOoO pasHOCMU (a3, 3aKNIOHAIOWUIICS 6 NPUMEHEHUU 08YX MUKDONOJIOCKOBbIX TUHUL PASHOU ONUHbL,
bvina onpedenena OMHOCUMENbHAA OUINEKMPULECKAS NPOHUYAEMOCTb (POIbEUPOBAHHO20 OUIIEKMPUKA 8
nonoce 142 I'Ty. [{na omxasa om ucnonvb308anus 30HO060U CMAHYUU C XPYNKUMU 30HOAMU 05 U3Mepe-
Hull S—napamempog 6 Mm-ouanazoune OauH oviau paspabomansvl SIW—pezonamopuvl ¢ 01HOB0OHBIM 803-
Oyorcoenuem. Ilpumenus mpu npomomuna MHo20M0008bix SIW—pesonamopos, Oviia HallOeHa OMHOCU-
MenbHas OUDIEKMPULECKAsi NPOHUYAEMOCHb UCCLedyeMo20 Oudiekmpuka 6 ouanazone 60-170 ITy.
Bo uzbexcanue HeoOnozHaunocmu npu onpeoeneruu Homepa npoodoabHoU Moovl 6 SIW—pezonamopax 6win
paspabomar HA60p 00HOMOO08bIx SIW — pe3oHamopos ¢ pa3nuuHOU 6eIUUUHOL CE53U C B030YAHCOAIOUUM
601H08000M. Bapvupys onuny 6036yscoarowux weneil ¢ SIW — pezonamopax, 6viiu nomyueHvl HACPYHCeH-
Hble PE30HAHCHbIE YACHOMbL, NO KOMOPLIM Oblla ONpedeNeHd HEHAZSPYHCEHHAA Pe3OHAHCHASA YaCcmoma,
UCNONL30BAHHAA OISl HAXOHCOCHUSL OMHOCUMENbHOU OUINEKMPULECKOU NPOHUYAeMOCMU (OIbeUPOBAHHO-
20 Ouanekmpuka. B 3axniouenuu pabomoel oamsl pekomendayuu no paspabomke SIW-pesonamopoé ons
onpeoenenust c60liCM8 OUINIEKMPUKOS.

Ommnocumenvhas ousnexmpuyeckas nporuyaemocms; S|\W-pezonamopwl,; nenazpysicennas peso-
HAHCHAA Yacmoma.

M.M. Migalin, V.A.Obukhovets
PCB SUBSTRATES CHARATERISATION USING PRINTED STRUCTURES

Growing user requirements for data exchange rates in telecommunication systems have resulted in
the active adoption of mm-band wavelengths and the intensive development of broadband communication
systems. Designing mm-wave microwave devices using CAD requires accurate frequency-dependent rela-
tive permittivity data for the used substrate to reduce the device design time. This paper focuses on deter-
mining the relative dielectric constant of the Rogers 3003G2 substrate in the mm-wavelength range. Both
non-resonant and resonant methods were used to find the dielectric permittivity. The automation of the
measurement data processing was achieved by using the developed script in MATLAB. The relative per-
mittivity of the substrate in the band 1-42 GHz was determined by applying the phase difference method,
using two microstrip lines of different lengths. SIW resonators with waveguide excitation were developed
to avoid using a probe station with fragile probes for S-parameter measurements in the mm-length range.
The relative permittivity of the studied substrate in the 60-170 GHz range was found using three prototype
multi-mode SIW resonators. A set of single-mode SIW resonators with different waveguide excitation cou-
pling was produced to avoid ambiguity in longitudinal mode number determination in multi-mode SIW
resonators. Several loaded resonant frequencies were obtained by varying the length of SIW-resonators'
excitation slots to calculate the unloaded resonant frequency used to find the relative dielectric permittiv-
ity of the substrate. Recommendations for developing SIW resonators for the determination of dielectric
properties of the substrates are given in the conclusion section.

Relative dielectric permittivity; SIW — resonators; unloaded resonant frequency.

BBengenne. OnpeaeneHue AUAIEKTPUUECKUX CBOMCTB MaTepHalOB UTPAET BaXKHYIO POJb B
MPOMBIIIJIEHHOCTH U B CEIIbCKOM XO03stiicTBe. 10 MaHHBIM O KOMIUIEKCHOM HUB3JIEKTPUUYECKOU
MIPOHHUIIAEMOCTH BO3MOXHO ONpEACICHHE OOBEMHBIX JOJICH XUIKOCTEH M TBEPABIX YACTHII
[1, 2], BeIsBIICHME 3arpsIBHAIONINX BEMIeCTB B mouBe [3], pa3paboTKa yCTPONCTB HAKOIUICHHUS
sHeprud [4]. TouHble 3HaUEHUS TUAIEKTPUYECKON MPOHUIIAEMOCTH Ha pa3HbIX YacToTax Urpa-
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10T 0cO0YI0 poib mpu npoekTupoBannu TexHukn CBU. IIpu u3BeCTHBIX MapameTpax IUdJIeK-
TpHKa Bo3MokHO Moaenmupoarne CBY — ycrpoticts B CAIIP, uTo cymiecTBEeHHO COKpamaeT ux
BpeMsi pa3paborku. Passurue cucrteMm cBsizu 5SG n 6G noBeicuino TpeboBaHUs K (POJIBIHPOBAH-
HBIM IU3JIEKTPHUKAM, YTO NPHUBEJIO K MOSBICHUIO KaK HOBBIX MAaTEPHAJIOB [5], TaK M HOBBIX MO
XOJIOB K U3MEPEHHIO THAIICKTpHUIecKoii mporuiiaemoct CBY — marepuanos [6—7].

O030p MeTO10B U3MepeHNs AMJIEKTPHYecKoi MpoHunaeMocTH. Bece MeToas! onpene-
JICHUA JAMINIEKTPUYECKON NPOHUIIAEMOCTH B YAaCTOTHOMW 00JACTM MOXHO pa3feiuTh Ha JIBE
IpYIIBL: PE30HAHCHBIE M Hepe3oHaHCHBIE [8]. Pe3oHaHCHBIE MeTO/BI 00JIaIal0T BBICOKOI TOY-
HOCTBIO, 324aCTYI0 IPUMEHSIOTCS AJIsl pabOThI ¢ TMAJIEKTPUKAMHU, 00JIaIal0IIMMK HU3KUMHU T10-
TEPSIMH, HO TTO3BOJIIOT ONPENENATh CBOWCTBA AUAIICKTPHKA B Y3KOI MOJIOCE YaCTOT, B TO BPEMS
KaK HEpPE30HAHCHBIE METOBI MO3BOJITIOT M3MEPUTh AMNIICKTPUUCCKYIO MPOHHIIAEMOCTh B IIIH-
POKOM YaCTOTHOM JMAna3oHe, HO MX TOYHOCTh HIXKE.

Pe3onancHble MeToAbl. JlaHHAS TpyNIa METOAOB OCHOBaHA MO0 HAa M3MEPEHUH PE30-
HAHCHOHM 9aCTOTHI PE30HATOPA MPH HAIMYHH M OTCYTCTBHH H3MEPSIEMOr0 MaTepHana, 1100 Ha
OTIpEJICTICHUN COOCTBEHHOH YacTOTHI PE30HATOpa, 3allOJHEHHOTO HCCIEAYEMBIM MaTEpPHAJIOM.
B kauecTBe 00BbEMHBIX PE30HATOPOB MOTYT BBICTYIATh Pa3JIMYHbIe KOH(DUTYpALMU WIHHIPHU-
4ecKuX pe3oHaTtopoB [9—11], BepxHss pabodas yactoTa KOTOPHIX OTpaHHYEHa pa3Mepamu (u-
JepHBIX cucteM. K 3Toii rpymme oTHOCSTCS U OTKpBIThIE pe3oHaTopsl ®adpu — Ilepo [12], au-
aJIeKTpudecKkue pe3oHaTopsl [13], koakcuanbHble pe3oHaTopsl [14] U Kilacc mevaTHBIX pe30Ha-
TOpoB [15], B KOTOPOM MO>KHO BBIACIUTH OJHOMOJIOBBIE U MHOTOMOJIOBBIE SIW — pe3oHaTOphI
[16] u konbLEeBBIE pe3oHATOPHI [17], IpuUMeHseMble B MM-AHaNa30He AJUH BOJIH.

Hepe3oHaHcHBIE MeTOABI. METOBI 3TOM IPYNIBI UCHONB3YIOT H3MEHEHHE (Pa3oBOH CKoO-
POCTH B JIMHWH ITI€peayull, 3all0OJHEHHON MOJHOCTBIO MJIM YaCTHYHO HCCIIETYEMBIM IHIJICKTPH-
KOM. BBIIensioT oTpaskaTenbHBIE METOIBI M METOIbI, OCHOBAHHBIE HA TPOXOXICHHH 3JIEKTPO-
MarautHoro nomst (OMII) gepes uccnenayemsrii obpasen. s mpuUMEHEHHS OZHOTO U3 METOIIOB
MIPOXO’KICHNS, HEOOXOJMMO PAa3MECTUTh AaHATN3MPYEMBIH MaTepHaT MEKITY IBYMS HCTOUHHKAMH
OMII. qudnexTpuk MOKET ObITh PacrloioKeH Mexay anTeHHamu [18], BHyTpu BomHOBOAA [19]
WJIM BBICTYIATh B Ka4eCTBE MOJUIOKKH AJs1 MUKponoiockoBoi gunun (MILT) [20]. Otpaxkatens-
HBIE METOJIBI MCIOJIB3YIOT OTPE3KH JIMHUM Iepesiad, Harpy KeHHbIE Ha MCCIIeyeMBbIil MaTepHall.
PacnpocTpaHeHne MONyYnMIM KOaKCHAlbHBIE M BOJHOBOJHBIC JHHUU Iepefad Al OLEHKH
CBOMCTB AmaiexTpuka [21]. B xadecTBe anbTepHATHBHI 3aKPBITHIM HANPaBJISIONINM CHCTEMaM
BBICTYIIaI0T MOHOCTATMYECKHUil M OMCTATHYECKHI METO/IbI B OTKPBITOM IPOCTpaHCTBe [8].

B nacTosimee BpeMs IevaTHbIE pe30HATOPH! NMOJIYYWIN HIMPOKOE pacipocTpaHeHHe H3-3a
BO3MOXKHOCTH OTpeiesieHNs] 3P (GEKTUBHONH OTHOCUTENBFHON JUAJICKTPUUECKON MPOHUIIAEMOCTH
(«effective dielectric constanty), KOTOpast YYUTHIBACT TOIOJIOTHIO ITEYATHOW TJIATHI U IIEPOXO-
BarocTb Meau [22]. MHoromonoBeie SIW — pe3oHaTOphl MO3BOJISIIOT ONPEACTUTh OTHOCUTEb-
HYIO JIMJICKTPUUECKYIO IPOHUIAEMOCTh B IMIMPOKOH II0JIOCE YaCTOT C BBICOKOI TOUYHOCTBIO, HO
JUISL UX TIPUMEHEHHs TpeOyeTcsl HadalbHOE MPUOIMKEHUE Ul BEIMYMHBI OTHOCHTEJILHOM JTU-
ANEKTPUUYECKON MPOHHUIaeMOCTH [23], 9TO orpaHNYMBaeT NPUMEHUMOCTh 3TOT0 MeTona. B pa-
6ote [23] Takke HE ONMUCAHO BIMSHHS BO30YXKAAIOIIEH I11e)IH, BHICTYNAIOIIEH B POJIM HATPY3KH,
Ha CMEIEHHE PE30HAHCHBIX 9acTOT. KoJbIEBBIE Pe30HATOPHI TOXKE MO3BOJISIOT OMPEAETHTH
mapaMeTpsl AUIEKTPUKAa B IIUPOKON ITOJIOCE YacTOT, HO B MM-IMalla30HE TaKHe M3MEpeHHs
TpeOyI0T NMPUMEHEHHs 30HIO0BBIX YCTAaHOBOK, a 0€3 yueTa M3JIydeHHs BO30YXIAIONIUX IIeei
CHUXAeTCS TOYHOCTh ONPE/IEICHNUS TAaHTeHCa JUDIEKTPHUECKUX oTeph [17].

2. CpaBHUTEJBbHBIN aHAJH3 METOI0B ONpeAeJeHUs] OTHOCHTEIbHON IHIJIEeKTpUYe-
CKoli MpoHnIaeMocTH. B HacTosIelH cTaThe paccMaTpuBaeTcst IPUMEHEHHE Habopa Ie4aTHbIX
CTPYKTYp, U ONpENeNICHUST OTHOCHUTEIbHOW IUIJIEKTPUYECKON MPOHUIAEMOCTH (osbrupo-
BaHHoro audnekTpuka RO3003G2 B nuanazone 1-170 I'T'w.

2.1. Memoo pasnocmu ¢ha3s. JlaHHBIH METO/ 3aKIIIOUACTCS B onpeeneHnd 3 dexTHBHON
JMJICKTPUUECKOM MPOHHUIIAEMOCTH T10 pe3ysbTaTaM u3MepeHHil ¢asoBoro Habera B 1Byx MITJI
pa3HOW JUIMHBI, PACIOJIOKEHHBIX HA OJUHAKOBOW IOAJIOKKE. DTOT METOA OBIT PacCMOTPEH B
[21] mnst ompeneneHnss OTHOCUTEIBHON JUANIEKTPUIECKOW MPOHUIIAEMOCTH (HOTBIHPOBAHHOTO
nudniekTpuka B quanasone 1—4 I'T ¢ Tounocteio 0,5—1%. ABTOpBI paObOTHI MOKa3alu, 9TO TOY-
HOCTh METOJIa BO3PACTaeT C yBENWYEeHHEM pasHHIbl ¢usndeckux mmH MILJL. B mHactosmei
paboTe gaHHBINA MeTO OyAET HCIIOIB30BAH AJIS TIOYYECHUS HAYaIbHOTO IPUOIIDKEHUS & .
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[IycTs Ha TUAIEKTPUIECKON TOMTOKKE TOMIHHOM h, pacmonoxkenst nse MITJI mmmpuHoi
W ¢ ATMHaMU |1 u |2, cornacoBaHHble ¢ Bo30yxaatomuM CBY — coequnutenem. ®a3oBblil Ha-

6er s kaxaoid MITJI MoxxeT OBITH OnpesieNneH Kak:

2 2
(I)lzTﬂl 594)4), (I)Z:Tﬂz“,ggd’d” (1)

rae f — wacrora, £, — orHocHTenbHas SDPEKTHBHAS AMIICKTPHYCCKas NMPOHMLACMOCTD,

C — CKOpOCTb CBeTa B BakyyMe. 3Hast JiuuHbl MIIJI, MOXXHO ONpenenuTs OTHOCHTENbHYIO (-
(DEKTHBHYIO TUAIIEKTPUIECKYIO IPOHUIIAEMOCTB!

(c@,-,) Y 2
53¢4)(f)—(2”f(|1_|2)J : @)

Jis ompeneneHns XapakTepuCcTUK GoibrupoBanHoro nudiekTpruka Rogers 3003G2 OputH
usrotosneHs!l ase MITJI ¢ pazauneit amun 29 mM. Koaddunuent nepenauu Sy, ObUT onpesencH
C TIOMOIIBIO OTKAIMOPOBAHHOTO BEKTOpHOTO aHaim3aropa merneit (BALL). [Ipumenus Beipaxe-
HUS JJIS1 BBEIYUCICHUS] OTHOCHTENBHON NUAIEKTPUYECKON NMPOHMUIIAEMOCTH IO M3BECTHOH 3(-
(DEeKTHBHON OTHOCHTENILHOM TUAJIEKTPUUECKON MPOHUIIaeMOCTH [24], mpefcTaBuM 3HauYeHHus &
B nuana3one 1-45 I'T'u Ha puc. 1:

0 5 10 15 20 25 30 35 40 45
Yacrora [T

Puc. 1. Omnocumenvras ousnekmpuueckasn npornuyaemocms Rogers 3003G2 ¢ duanaszone
1-451Ty

CornacHo TeXHHUYECKOH JokyMmeHTalu Rogers [25], oTHOCHTeNbHAS TUAIEKTpUIECKas mpo-
HunaeMocts € Hayactote 10 [T cocraBnser 3+0,04 uro cornacyercs ¢ pe3yJIbTaToM Ha pHuc. 1.

2.2. Muozomoooevie SI\N-pezonamopur. SIW—pe3oHaTop npeactaBisieT co00i HEH3ITydaro-
mryio CBU-CTpyKTypy, KOTOPYIO MOXKHO BO30OYKHaTh Kak IIENbI0, Tak B ¢ momorsio MITJI, xak
MoKa3aHo Ha puc. 2. Pe3onancHast vactota SIW—pe3oHaTopa MOXKET ObITh onpeienieHa Kak [23]:

Ty (Ly2

c
1:u = (
e Wb N Lso

)%, 3)

rae m, N, K — 4rcio Bapuamnuii mojst mo ocsiM X, y U Z, WS(MJ, ha(M) , |3(M)7 s dexTrBHBIE 3HAYE-

HUS HIUMPUHBI, BBICOTHI U JJIMHBI 9KBUBAJICHTHOI'O IIPAMOYTOJIbHOT'O BOJTHOBOAA.
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Puc. 2. SIW-pezonamopor: a — 601H0800H0€e 8036Y2iCOCHUE OOHOMOO0B020 PE30HAMOPA,
6 — MUKPONOJIOCKOBOE 8030YdHcOeHIEe OOHOMOO08020 Pe30HAMOPA, 6 — BOIHOBOOHOE
6030)2icOeHUEe MHO2OMOO008020 Pe30HAMOpA.

CoryacHo [26], pa3Mepbl SKBUBAJICHTHOTO MPSMOYTOJIBHOTO BOJIHOBOJA MOTYT OBITH OTI-
pEleNeHbI KaK:

S
i+§l+§2_§3
d 53_51

561 :1’0198+w’§2 =—0,1183— 1! 2729 ’ 663 =1’ 0082 — 0,9163 ,

W _1 0684 W 12010 W 02152
S S S

Wer = W- (& + ), @

rae d — muaMeTp METaUTH3UPOBAHHOTO MEKCIOWHOTO OTBEPCTHS, S — PACCTOSIHHE MEXIY
[CHTpaMH OJM3JIeXKAINX MPOXOMHBIX oTBepcTuid, W, |, h — mmpuna, amMHA W BBICOTA
SIW — pe3onaropa.

C ucronbp30BaHUEM 3HAYCHHUH & , MOJY4YEeHHBIX METOJIOM pasHocTh (a3, ObLIH paspado-
TaHbl ¥ U3TOTOBJICHBI TPU MHOTOMOJIOBEIX SIW—pe3oHaropa, pe3oHaHCHBIE 4aCTOTHI KOTOPBIX
HaxoJsTcs B auanazone 65-170 I'Tu. B cooTBeTCTBUM € TEXHOJIOTMYECKUMHU BO3MOXHOCTSIMU
IIPOU3BOJICTBA M YCJIOBHEM MHHHMMU3AIMH MOTEPh HAa M3Iy4YECHHE 4Yepe3 MEKCIIOMHBIE OTBEep-
CTHSI, PACCTOSTHHE MEX/ly METAUTU3UPOBAHHBIMU MEPEXOJHBIMU OTBEPCTUSMH S OBIJIO MIPUHATO
paBubiM 250 MKM, auameTp mepexomHbix oTBepctuit d = 150 MKM, BBICOTAa PE30HATOPOB
h =0,127 mMm. Pazmeps! 1 mostoxeHre BO30YKAAIONIMX MIeneil ObUTH BRIOPAHBI TAKKMM 00pa3oMm,
4TOOBI MUHMMHU3HUPOBATh WX BIMSHUC HAa PEe30HAHCHBbIC Muku. Makpodororpadus Bo30yxaaro-
meit wenu pezonaropa 75—110 I'T'u npuBenexa Ha puc. 3, a Ha puc. 4 PeACTaBIEHO CPaBHEHUE
K03(h(pUIMEHTOB nepenayn, HorydeHHbIX B Xoae Mozenuposanus B CAIIP CST Studio u B xo-
JIe U3MEPEHUH.

Bout pazpaboran ckpunt B cpeie MATLAB, KOTOPBI aBTOMaTHYECKH OIPEAEIIET Pe3o-
HaHCHBIE YacTOTHI, a TI0 HUM BBIYUCISIET 3HAYCHUSI £ . ATperupoBaHHbIE PE3yJIbTAaThl PAOOTHI
CKpHIITa AT TPEX PE30HATOPOB MPECTaBICHb! HA puc. 5. CHUKEHUE BEIMUUHB! & B JMana3oHe
85-110 ITm, a 3arem e€ poct B quanazode 110—170 I'T MoxeT ObITH OOBSICHEH KaK OTKIIOHE-
HHEM T€OMETPHUYECKHX Pa3MepoB IIPOU3BEACHHBIX PE30HATOPOB OT TpeOyeMbIX, TaK U HEBep-
HBIM OTIpeIeJIeHIEM HOMEpa MPOI0IbHOM MosI K.
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Parallol

S, (ab)

DKCTIEpHMEHT
MopenupoBanne

-60 L I I I I I
75 80 85 90 95 100 105 110

Yacrora [I'T]

Puc. 4. Cpasnenue pacuemnozo kos@uyuenma nepedayu u IKCHePUMEHMATbHO
onpedenennozo ons SIW-pezonamopa 6 nonoce 75—110 I'Ty

3,08 ; .
3,06 F -
3,04 1
3,021 1

So3f 1
298 J
2,96 F ]

2,94 1

2,92 I I | 1 |
60 80 100 120 140 160 180

Yacrora [[Tu]

Puc. 5. Dxcnepumenmanvio onpedeneHnoe 3HaueHue OmHOCUMENbHOU OUINEKMPULECKOU
NPOHUYAEMOCIU C NOMOWBIO MPEX MHO20M0008bix SIW—pezonamopog

2.3. Oonomooosvie SIW-pezonamopel. Vicrions3oBaHne OJHOMOJOBBIX PE30HATOPOB HC-
KJIFOYaeT HEOJHO3HAYHOCTD IIPH ONpPEJIeNICHNH HoMepa MOJIbl, TpeOyeMoi At onpeneseHus &
¢ MOMOIIBIO PE30HATOPOB, PACCMOTPEHHBIX BhIlIE. [Ipy BapbHpOBaHMH Pa3MepOB BO30OYKAA0-
LIMX IIeliell ObUI0 3aMEYEHO, YTO U3-3a CBSI3HM MEXIy (DUAEpHOU JUHUEH U Pe30HATOPOM Pe30-

HaHCHbBIE YacTOThI cMelatoTest. Kak nokaszano B padote [27], cBs3b MEX/1y HArpyKEHHOM fL u

HCHaI‘py)KeHHOﬁ fU PE30HAHCHBIMHU YaCTOTAMU MOKET OBITH 3aIlMCaHa KaK:

A
fL = fu '(1+Q_:l): )

rae Qe — BHELIHSISI JOOPOTHOCTH, & U A — IPOU3BOJIBHBIC KOA(PPHUIIUEHTHI.
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HeobOxoanMmo pemmts cucteMy U3 Tpex U Oojiee ypaBHEHHUH (5) i ompeneneHus cooct-
BEHHOH PE30HAHCHOW YaCTOTBI, TAK KAK BHEWIHAS TOOPOTHOCTH Q, MOXKET OBITH OMpesereHa

UCXOJsI 3 ANaMeTpa PE30HAHCHOW OKPYKHOCTH Ha auarpaMme Bompnepra-Cmura mo MeToau-
Ke, onrcaHHo B [28]. [ momyuerns Habopa HarpyKeHHBIX 9acTOT OBLIO IPEII0KEeHO Baph-
MpOBATh MIMPUHY BO30Y’KAAIOIIEH e, 9TO MPUBOJUT K U3MEHEHHIO Ko durmenTa cBs3u ¢
¢bunepHOit TMHKEH, a, CTIeIOBATENbHO, U K M3MCHEHUIO PE30HAHCHOW 9aCTOTHI.

B kauecTBe mprMepa pacCMOTPHUM PE30HATOP Ha MOIIOkKKe TommuHoi h = 0,127 MM, BEI-
nonHeHHo u3 Marepuana RO3003G2 ¢ OTHOCUTENBHOM AUAIEKTPUUYECKON MPOHUIIAEMOCTHIO
£=3. IlycTp mar MexcJOHHBIX METaUIM3UPOBAaHHBIX OTBepcTHH S = 0,25 MM, HX anamerp
d = 0,15 mm, a mmpuHa pesonatopa W = 4,2 mM u mnmuna | = 4,3 mm. CornacHo pesyibraTam
MojenupoBanus ganHoro pezonatopa B CAIIP CST Studio MeTo0M cOOCTBEHHBIX MO, pe30-
HaHCHas 4acTOTa TaKoil CTPYKTYpsI cocTaBuT 29,56 ['T1. Pe3ynpraTsr mapaMerpru3anuyl MupH-
HBI BO30Y>KAAOMIEH IIenn TpencTaBlieHsl Ha puc. 6. Uem Oomble ameptypa Bo30yXkIaromien
meny, TeM OoJbIlle BIMSHHE MUTAIOIIETO BOJHOBOAA HA PE30HAHCHBIE cBoiicTBa SIW 1 Tem
HIDKE Harpy’>KeHHasi pe30HaHCHAs 4acToTa.

0 \ [ \/
|/ || U —1=1,2 Mmm
\\‘ | —1=1,4Mm
sl \“ ” 1=1,6 Mm
m ‘ —1=1,8 Mm
& !
2100 ‘
-15 I | I )
26 27 28 29 30

Yacrora [I'Tu]

Puc. 6. Bausnue wiupunst 8036ysicoaroueti wenu na kodgp@uyuenm ompasicenust Siq

Hcnonb3ysi pe30HaHCHbIE YaCTOTHI, OMPEAEINM HEHArpyKCHHYIO PE30HAHCHYIO 4acTOTY
IIPUMEHHB BhIpaxxeHue (5) U MpUBeIeM pacCUNTaHHBIE 3HAUEHHS Ha puC. 7.

30 T T T T

281 cal 711 (anpokcumarst) ||

fL (13MepeHus)

- .fU (pacuer)

0 2000 4000 6000 8000 10000
Q

e

Puc. 7. 3agucumocms pesonancrou uacmomsl om énewneti 0oopomnocmu, f, =29,52 I'Ty

Jnst onpesneneHnsl OTHOCUTENBHON ANIIEKTPHYESCKON MPOHUIIAeMOCTH ObLIH pa3padora-
HBI ¥ N3rOTOBJICHBI 36 TIap Pe30HATOPOB, MOKPBIBAIONIKE 12 YacTOT C TpeMsl pa3HbIMU I10 JUTNHE
BO30Y’K/IAIOIUMH MIENsIMU. VI3roTOBIICHHBIE PE30HATOPBI N300paKEHBI Ha PHC. 8, a M3MEpH-
TeNbHAas YCTAHOBKA Ha pHC. 9.
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Puc. 9. Hzmepumenvnuiii cmeno: BAL ¢ wacmomuvim pacuwiupumenem 0ns usmeperust Siy
0OHOMOO0BbIX PE30HAMOPO8

0.2 T T T

S, [b]

—06 = L L L 1 1 L
26 28 30 32 34 36 38 40

Yacrora [T

Puc. 10. Kosppuyuenm ompadsicenus om éxooa pezonamopa ¢ f =282 I'Ty

N3-3a manoii cBsi3u BAILL ¢ pezonaropamu (puc. 10), metoauka, onvicannas B [28], mpu-
MEHHMa TOJIBKO YISl OT/IENIbHBIX IIPOTOTHIIOB, IIPUBEACHHBIX B TAOJIHIIE.

Ilo MOJYYCHHBIM YaCTOTaM fU ObLIN OIPCACJICHBI 3HAUCHUS OTHOCHTEJIbHOMI JAUDJICKTPU-

YeCKOH TIPOHUIIAEMOCTH, KOTOPBIE COTJIACYIOTCSA C pE3ylibTaTaMM, INOJTYYEHHBIMH C ITOMOLIBIO
MHOTOMOJOBBIX PE30HATOPOB.
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Obpaszer — 1 Obpaszer — 2
1‘eigen (I'T) I 1o (M) f, (TTw)
foary | Q, f (T Q.
0,3 130,92 2662 130,72 2980
129,55 0,4 129,99 1063 129,33 1132 133,32
0,5 128,39 354 127,21 412,9
0,6 125,81 161,5 125,08 169
0,3 140,89 6300 142,15 1940
140,407 04 140,34 857,1 139,46 995 140,899
0,5 137,28 305,2 138,04 3447
0,3 150,46 1988 150,59 1616
149,96 04 148,58 516 148,49 547 152,556
0,5 147 255 146,22 280

3akuouenue. B pabote GbLTO MPOBENCHO HCCICAOBAHHE PA3MHIHBIX METOJOB OMperese-

HHA YaCTOTHOW 3aBUCHUMOCTH OTHOCHUTEIBHOW JUAJIEKTPUUYECKOW MPOHUUIAEMOCTH MOJJIOKKH
Rogers 3003G2. HeogHo3HAa4HOCTHh HOMEpA MPOJOJIBHON MOJBI TIPU OMPENETICHUH OTHOCUTENb-
HOW JIMAJICKTPUYCCKOM MPOHUI[AEMOCTH ObLIa TPEONOJCHA MPUMEHEHHEM OTHOMOOBBIX
SIW-pe30HaTOpOB U pacueToM HAYaIbHOTO 3HAYCHUS AUAICKTPUUCCKON MPOHUIIAEMOCTH, MOY-
YEHHOTO C IMOMOIIBI0 MeToAa pa3sHocTH (pa3. IIperMyiecTBO JaHHOTO ITOX0/1a COCTOHT B OTCYT-
CTBHH HEOOXOIMMOCTH HCIIOIH30BaTh 30HIOBYIO CTAHIIHIO JUIS ONpEACICHH S-TIapaMeTpoB pe-
30HaTOpOB. Mcmonp3oBanne Habopa Pe30HATOPOB C PA3IIMYHON MIMPHHON BO30YKAAIOIICH MIeTH
MIO3BOJISIET ONPEJEIIUTh HEHArPY>KEHHYIO PE30HAHCHYIO YacTOTY, C MOMOLIbI0 KOTOPOH BO3MOXK-
HO OIpEJIEIIeHNE OTHOCUTENILHOMN TUAIEKTPUIECKON MPOHULIAEMOCTH.

10.

11.

BUBJIMOI'PAGHMYECKUIA CITMCOK

Wang C., Liu X., Huang Z., Yu S., et al. A Sensor for Characterisation of Liquid Materials with High
Permittivity and High Dielectric Loss // Sensors. — 2022. — 22, 1764. — DOI: 10.3390/s22051764.
Shiheng H., Huang J. A Novel Substrate Integrated Waveguide Shorted Coaxial Resonator for Charac-
terizing Complex Permittivity of Liquids and Solid Content of Water-based Ferrofluid // IEEE Sensors
Journal. — 1 July, 2024. — Vol. 24, No. 13. — P. 20549-20558. — DOI: 10.1109/JSEN.2024.3399323.
Vergnano A., Godio A., Raffa CM., et al. Open-Ended Coaxial Probe Measurements of Complex Di-
electric Permittivity in Diesel-Contaminated Soil during Bioremediation // Sensors. — 2020.
—20 (22):6677. — DOI: 10.3390/s20226677.

Zha J.W., et al. Polymer-based dielectrics with high permittivity for electric energy storage: A review
/I Nano Energy. — 2021. — 89. — 106438.

Takenori K., et al. Material design and high frequency characterization of novel ultra-low loss dielec-
tric material for 5G and 6G applications // 2021 IEEE 71st Electronic Components and Technology
Conference (ECTC). — IEEE, 2021. — P. 538-543.

Krupka J., Pacewicz A., Kopyt P., Salski P. Measurements of the complex permittivity of low loss
ferrites at millimeter wave frequencies // Materials Research Bulletin. — 2024. — Vol. 179. — P. 112994.
— DOI: 10.1016/j.materresbull.2024.112994.

Mosavirik T., Hashemi M., Soleimani M., et al. Accuracy-Improved and Low-Cost Material Charac-
terization Using Power Measurement and Artificial Neural Network // IEEE Transactions on Instru-
mentation and Measurement. — VVol. 70. — P. 1-9, 202. — DOI: 10.1109/TIM.2021.3126011.

Chen L.F., Ong C.K., Neo C.P., Varadan V.V., Varadan V.K. Microwave electronics. Measurements
and materials characterization. — John Wiley & Sons, 2004. — 552 p.

benos FO.I"., Kyaxcenesa A.A., Hegpeoves U .A. LlnnmnHapuIecKHi pe30HATOP AT H3MEPEHHS ITapaMeT-
POB IUANIEKTPHIECKHX IUTacTHH // IH(opMmarronnsie cucteMs! n TexHonoru - 2019: C6. matepuanos
XXV MexnyHapoaHoit HayuHO-TexHH4ecKoi koHpepenuynn. — 2019. — C. 199-204.

Krupka J. Measurements of the Complex Permittivity of Low Loss Polymers at Frequency Range
From 5 GHz to 50 GHz // IEEE Microwave and Wireless Components Letters. — 2016. — Vol. 26,
No. 6. — P. 464-466.

Marqués-Villarroya D., et al. Enhanced Full-Wave Circuit Analysis for Modeling of a Split Cylinder Reso-
nator // IEEE Transactions on Microwave Theory and Techniques. — 2017. — Vol. 65, No. 4. — P. 1191-1202.

264




Pazmen IV. HaHOTEXHONIOTHH, DIEKTPOHUKA M PAIHOTEXHUKA

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

217.

28.

Possenti L. et al. Improved Fabry-Pérot electromagnetic material characterization: Application and
results // Radio Science. — Nov. 2020. — Vol. 55, No. 11. - P. 1-15. — DOI 10.1029/2020RS007164.
Naoki H., et al. Measurement technique for interface and surface conductivities at millimeter-wave
frequencies using dielectric rod resonator excited by nonradiative dielectric waveguide // IEEE Trans-
actions on Microwave Theory and Techniques. — 2022. — 70.5. — P. 2750-2761.

Walia G., Laforge P. D., Azam S., Paranthaman R. Dielectric Characterization Using Reflected Group
Delay of a Partially Filled Coaxial Resonator // IEEE Access. — 2024. — Vol. 12. — P. 123581-123594.
— DOI: 10.1109/ACCESS.2024.3453658.

Alahnomi R.A., Zakaria, Z., Yussof Z.M., et al. Review of Recent Microwave Planar Resonator-Based
Sensors: Techniques of Complex Permittivity Extraction, Applications, Open Challenges and Future
Research Directions // Sensors. —2021. — 21, 2267. — DOI: 10.3390/s21072267.

Khair N.S, Yusof N.A.T, Wahab Y.A., et al. Substrate-integrated waveguide (SIW) microwave sensor
theory and model in characterising dielectric material: A review // Sensors International. — 2023.
—Vol. 4. - P. 100244. — DOI: 10.1016/j.sintl.2023.100244.

Nahid A.A., et al. Characterization of alumina ribbon ceramic substrates for 5G and mm-wave applica-
tions // IEEE Transactions on Components, Packaging and Manufacturing Technology. — 2022. — 12.9.
—P. 1432-1445.

Liu X., Gan L., Yang B. Millimeter-wave free-space dielectric characterization // Measurement.
—2021. - Vol. 179. — P. 109472. — DOI: 10.1016/j.measurement.2021.109472.

Kok Yeow Y., Goudos Sotirios K. Materials characterization using microwave waveguide system //
Microwave systems and applications. — 2017. — P. 341-358.

Das N.K., Voda S.M., Pozar D.M. Two Methods for the Measurement of Substrate Dielectric Constant //
IEEE Transactions on Microwave Theory and Techniques. — July 1987. — Vol. 35, No. 7. — P. 636-642.
T'yces FO.A. OCHOBBI JUAJICKTPUUECKON CHEKTPOCKOMUK: y4eb. mocobue. — Kaszann: Kasan. roc. yH-T,
2008. - 112 c.

Dmitriev-Zdorov V., Simonovich B., Kochikov I. A causal conductor roughness model and its effect on
transmission line characteristics // Proc. DesignCon. — 2018. — P. 1-31.

Wang H. B., Cheng Y. J. Broadband Printed-Circuit-Board Characterization Using Multimode Sub-
strate-Integrated-Waveguide Resonator // IEEE Transactions on Microwave Theory and Techniques.
—June 2017. — Vol. 65, No. 6. — P. 2145-2152.

Garg R., Bahl I., Bozzi M. Microstrip lines and slotlines. — Norwood: Artech house, 2013. — 560 p.
RO3003G2 Laminates. RO3003G2 Laminates Data Sheet. — URL: https://www.rogerscorp.com/
advanced-electronics-solutions/ro3000-series-laminates/ro3003g2-laminates ~ (mata  oGparueHust:
30.09.2024).

Yan L., Hong W., Hua G., et al. Simulation and experiment on SIW slot array antennas // IEEE Mi-
crowave and Wireless Components Letters. — Sept. 2004. — Vol. 14, No. 9. — P. 446-448. — DOI:
10.1109/LMWC.2004.832081.

Cands, A.J., Catald-Civera, J.M., Penaranda-Foix F.L., Reyes-Davo E. A novel technique for
deembedding the unloaded resonance frequency from measurements of microwave cavities // IEEE
transactions on microwave theory and techniques. — 2006. — 54 (8). — P. 3407-3416.

Kajfez D. Q Factor Measurements Using MATLAB. — Norwood: Artech house, 2011. — 189 p.

REFERENCES

Wang C,, Liu X., Huang Z., Yu S., et al. A Sensor for Characterisation of Liquid Materials with High
Permittivity and High Dielectric Loss, Sensors, 2022, 22, 1764. DOI: 10.3390/s22051764.

Shiheng H., Huang J. A Novel Substrate Integrated Waveguide Shorted Coaxial Resonator for Charac-
terizing Complex Permittivity of Liquids and Solid Content of Water-based Ferrofluid, IEEE Sensors
Journal, 1 July, 2024, Vol. 24, No. 13, pp. 20549-20558. DOI: 10.1109/JSEN.2024.3399323.
Vergnano A., Godio A., Raffa CM., et al. Open-Ended Coaxial Probe Measurements of Complex Di-
electric Permittivity in Diesel-Contaminated Soil during Bioremediation, Sensors, 2020, 20 (22):6677.
DOI: 10.3390/520226677.

Zha J.W., et al. Polymer-based dielectrics with high permittivity for electric energy storage: A review,
Nano Energy, 2021, 89, 106438.

Takenori K., et al. Material design and high frequency characterization of novel ultra-low loss dielec-
tric material for 5G and 6G applications, 2021 IEEE 71st Electronic Components and Technology
Conference (ECTC). IEEE, 2021, pp. 538-543.

Krupka J., Pacewicz A., Kopyt P., Salski P. Measurements of the complex permittivity of low loss
ferrites at millimeter wave frequencies, Materials Research Bulletin, 2024, Vol. 179, pp. 112994,
DOI: 10.1016/j.materresbull.2024.112994.

Mosavirik T., Hashemi M., Soleimani M., et al. Accuracy-Improved and Low-Cost Material Charac-
terization Using Power Measurement and Artificial Neural Network, IEEE Transactions on Instru-
mentation and Measurement, \Vol. 70, pp. 1-9, 202. DOI: 10.1109/T1M.2021.3126011.

265


https://www.rogerscorp.com/

Uszectust IO®Y. Texuuueckue HayKu Izvestiya SFedU. Engineering Sciences

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

Chen L.F., Ong C.K., Neo C.P., Varadan V.V., Varadan V.K. Microwave electronics. Measurements
and materials characterization. John Wiley & Sons, 2004, 552 p.

Belov Yu.G., Kuzheleva A.A., Nefed'ev I.A. Tsilindricheskiy rezonator dlya izmereniya parametrov dielek-
tricheskikh plastin [Cylindric resonator for dielectric slabs characterisation], Informacionnye sistemy i
tehnologii [Information systems and technologies], Sbornik materialov XXV Mezhdunarodnoy nauchno-
tekhnicheskoy konferentsii [Proceedings of the XXV international conference], 2019, pp. 199-204.
Krupka J. Measurements of the Complex Permittivity of Low Loss Polymers at Frequency Range From 5
GHz to 50 GHz, IEEE Microwave and Wireless Components Letters, 2016, Vol. 26, No. 6, pp. 464-466.
Marqués-Villarroya D., et al. Enhanced Full-Wave Circuit Analysis for Modeling of a Split Cylinder Reso-
nator, IEEE Transactions on Microwave Theory and Techniques, 2017, Vol. 65, No. 4, pp. 1191-1202.
Possenti L. et al. Improved Fabry-Pérot electromagnetic material characterization: Application and
results, Radio Science, Nov. 2020, Vol. 55, No. 11, pp. 1-15. DOI 10.1029/2020RS007164.

Naoki H., et al. Measurement technique for interface and surface conductivities at millimeter-wave
frequencies using dielectric rod resonator excited by nonradiative dielectric waveguide, IEEE Trans-
actions on Microwave Theory and Techniques, 2022, 70.5, pp. 2750-2761.

Walia G., Laforge P. D., Azam S., Paranthaman R. Dielectric Characterization Using Reflected Group
Delay of a Partially Filled Coaxial Resonator, IEEE Access, 2024, Vol. 12, pp. 123581-123594. DOI:
10.1109/ACCESS.2024.3453658.

Alahnomi R.A., Zakaria, Z., Yussof Z.M., et al. Review of Recent Microwave Planar Resonator-Based
Sensors: Techniques of Complex Permittivity Extraction, Applications, Open Challenges and Future
Research Directions, Sensors, 2021, 21, 2267. DOI: 10.3390/s21072267.

Khair N.S, Yusof N.A.T, Wahab Y.A., et al. Substrate-integrated waveguide (SIW) microwave sensor
theory and model in characterising dielectric material: A review, Sensors International, 2023, Vol. 4,
pp. 100244. DOI: 10.1016/j.sintl.2023.100244.

Nahid A.A,, et al. Characterization of alumina ribbon ceramic substrates for 5G and mm-wave applica-
tions, IEEE Transactions on Components, Packaging and Manufacturing Technology, 2022, 12.9,
pp. 1432-1445.

Liu X., Gan L., Yang B. Millimeter-wave free-space dielectric characterization, Measurement, 2021,
Vol. 179, pp. 109472. DOI: 10.1016/j.measurement.2021.109472.

Kok Yeow Y., Goudos Sotirios K. Materials characterization using microwave waveguide system, Mi-
crowave systems and applications, 2017, pp. 341-358.

Das N.K., Voda S.M., Pozar D.M. Two Methods for the Measurement of Substrate Dielectric Constant,
IEEE Transactions on Microwave Theory and Techniques, July 1987, VVol. 35, No. 7, pp. 636-642.

Gusev Yu. A. Osnovy dielektricheskoy spektroskopii: ucheb. posobie [Foundations of dielectric spec-
troscopy: textbook]. Kazan': Kazan. gos. un-t, 2008, 112 p.

Dmitriev-Zdorov V., Simonovich B., Kochikov I. A causal conductor roughness model and its effect on
transmission line characteristics, Proc. DesignCon., 2018, pp. 1-31.

Wang H. B., Cheng Y. J. Broadband Printed-Circuit-Board Characterization Using Multimode Sub-
strate-Integrated-Waveguide Resonator, IEEE Transactions on Microwave Theory and Techniques,
June 2017, Vol. 65, No. 6, pp. 2145-2152.

Garg R., Bahl 1., Bozzi M. Microstrip lines and slotlines. Norwood: Artech house, 2013, 560 p.
RO3003G2 Laminates. RO3003G2 Laminates Data Sheet. Awvailable at: https://www.rogerscorp.com/
advanced-electronics-solutions/ro3000-series-laminates/ro3003g2-laminates (accessed 30 September 2024).
Yan L., Hong W., Hua G., et al. Simulation and experiment on SIW slot array antennas, IEEE Mi-
crowave and Wireless Components Letters, Sept. 2004, Vol. 14, No. 9, pp. 446-448. DOI:
10.1109/LMWC.2004.832081.

Cands, A.J., Catald-Civera, J.M., Penaranda-Foix F.L., Reyes-Davo E. A novel technique for
deembedding the unloaded resonance frequency from measurements of microwave cavities, IEEE
transactions on microwave theory and techniques, 2006, 54 (8), pp. 3407-3416.

Kajfez D. Q Factor Measurements Using MATLAB. Norwood: Artech house, 2011, 189 p.

Muranun Muxaun MuxaiinoBuu — FOxublii denepanbublii yHuBepcuTeT; e-mail: migalin@sfedu.ru;
r. Taranpor, Poccus; ten.: +78634371733; xadenpa aHTeHH U paHoINepeJalOINX YCTPOWCTB; aCIMPAHT.

ObyxoBenr Bukrop AnexcanapoBuu — €-mail: vaobuhovec@sfedu.ru; xadenpa anrenn n paguonepe-
JAIOLIMX YCTPOiicTB; mpodeccop; A.T.H.; mpodeccop.

Migalin Mikhail Mikhaylovich — Southern Federal University; e-mail: migalin@sfedu.ru; Taganrog,
Russia; phone: +78634371733; the Department of Antennas and Radio Transmitters; postgraduate.

Obukhovets Viktor Alexandrovich — e-mail: vaobuhovec@sfedu.ru; the Department of Antennas and
Radio Transmitters; professor; dr. of eng. sc.; professor.

266


https://www.rogerscorp.com/



