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IIpencrasiens! pe3yabrarbl SKCIEPUMEHTAIBHOIO UCCIEA0BAHUS JIByIIEPUOANYECKON PEIIETKU U3
METaJUINYEeCKUX TONOCKOBBIX C-00pa3HbIX »iaeMeHToB. OnucaHa METOJMKa W3MEPEeHUH, MPOBEICHO
CpaBHEHHE Pe3yJIbTaTOB U3MEPEHUH C TeopeTHUeCKUMH pacueTamu. [Ipeninoxkeno ¢pusznieckoe oObsic-
HeHue Haubolsiee SPKO BBIPAXKEHHBIX PE30HAHCOB NMPOXOXKIAEHHS 3JIEKTPOMArHUTHOM BOJIHBI CKBO3b

peIIeTKY.

[IpencraBieHo pe3yabTaTH €KCIEPUMEHTAIBLHOTO JOCIiIKEHHS ABONEPIOAMYHOI IPaTKH 3 MeTa-
JICBUX CTPIYKOIMOMIOHUX eleMeHTIB y BUNIsial Jiitepu C. OnucaHo METOUKY BUMIPIOBaHb, IIPOBE/Ie-
HO MOPiBHSIHHS pe3yJbTaTiB BUMIPIOBAaHb 3 pe3y/bTaTaMi TEOPETHYHUX 00UHCIIeHb. 3apOIOHOBAHO
(izuvHE MOSCHEHHS HAOLIBII SICKPABO BUPAKCHUX PE30HAHCIB MPOXOKEHHS eJIEKTPOMArHiTHOT XBHJI1

Kpi3b Tparky.

YacTUYHO MPO3pauHbIe MMOJOCKOBBIE ITEPUOIH-
YECKHUE CTPYKTYPHI HIUPOKO UCIIONIL3YIOTCSA B MUK-
POBOJIHOBOM TEXHUKE B KAUE€CTBE YACTOTHO- U T1O-
JIIPU3ALMOHHO-CEJIEKTUBHBIX IIOBEPXHOCTEM, a TaK
e A7t GOPMUPOBAHUSI OTACIBHBIX CIIOEB, U3 KOTO-
PbIX Ha6I/IpaIOTC}I HCKYCCTBCHHBIC CpE/Ibl, B 4aCT-
HOCTH, UMEIOIIME CBOMCTBA 3JIE€KTPOMATHUTHBIX
KpucTasuioB. [10J10CKOBBIE TIEPUOAUYECKUE CTPYK-
TYPbI MOXKHO Pa3JICIIUTh Ha JiBa OOJIBIINX KJIacca B
3aBUCHUMOCTH OT THIIA 3JICMEHTOB, U3 KOTOPLIX OHU
COCTOSIT: CTPYKTYpPBI M3 2JIEMEHTOB IIPOCTOH (op-
MBI (JJUCKH, IPSIMOYTOJILHUKH U T. T1.) U CTPYKTYPBI
U3 Y3KUX TIOJIOCOK CIIOKHOM (popMBbI. DTH J1Ba Ki1ac-
Ca pEelIETOK CYLIECTBEHHO OTINYAIOTCS, B TIEPBYIO
04UCpPEC/ib, XapaKTECPHBIMU IJId HUX PE30HAHCHBIMU
yactoraMu. [IepBbIil Kjlacc pereTok UMEET Pe30-

HAHCHI B YaCTOTHBIX 3aBUCHUMOCTSIX KOS PUIIHECH-
TOB OTPa)XEHHS U MPOXOXKICHUS Ha JJIMHE BOJIHBI
OPUMEPHO B JiBa pa3a MPEBHIIAIONICH AUAMETP
9JIEMEHTA, T. €. Ha JUINHE BOJHBI TOTO XKe MOPSIJIKa,
4YTO U pa3sMepsl IEpUOANUECKON ssuekiku. Bropoit
MOXKET UMETh PE30HAHCHI HAa 3HAYUTEIBHO OOJb-
1IeH JUTMHE BOJIHBI 33 CYET TOTO, YTO JUTMHA Y3KO-
IO TOJOCKOBOTO AIIEMEHTa CIOKHOW (OPMBI MO-
JKeT OBITh CYIIECTBEHHO OOJIbIIIE Pa3MEPOB SUEH-
KU CTPYKTypbl. IMeHHO Onaromapst 3ToMy CBOW-
CTBY MEPUOJUYECKUE CTPYKTYPBI M3 IMOJIOCOK
CIIOKHOW (DOPMBI, B YACTHOCTH, NEPHOJHUUECKHE
pemietkn u3 C-00pa3HBIX AIEMEHTOB, SBISIFOTCS
NEePCTIEKTUBHBIMY JIJISI HCTIONIb30BAHHS B KAUECTBE
9JIEMEHTOB HOBBIX HCKYCCTBEHHBIX MAaTEPHUAIIOB B
MHUKPOBOJHOBOH 00JIacTH.
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CaoiicTBa JBYNepHoAnYecKuX pemeTok u3 C-
00pa3HbIX AIEMEHTOB HCCIICAOBAHBI YHCICHHO, 1
pe3ynbrathl npeacTasieHsl B [1, 2]. Mccnenoa-
HUE BBITIOJHEHO C TIOMOILBIO METO/1a, TIPe/II0KEeH-
HOTO B [3]. ET0 CyTh COCTOUT B YHCICEHHOM pe-
IIEHUU METOJIOM MOMEHTOB HHTETPAILHOTO YpaB-
HEHHsI OTHOCUTEIBHO MJIOTHOCTH MTOBEPXHOCTHO-
IO TOKa Ha 3JIEMEHTE MEPUOINYECKOI CTPYKTYPBI
U B OIpe/IeJIeHNH aMIUIUTY/ TPOCTPAHCTBEHHBIX
TapMOHHK OTPaKEHHOTO U MPOIIEAIIETo MO 110
HaWeHHOHN MIOTHOCTH TOKA.

MHorocioitHast cTpykTypa u3 pemetok C-00-
Pa3HBIX 2JIEMEHTOB HMEET YaCTOTHBIE 3aBUCUMO-
CTH KO3(QPHUIMEHTOB OTPaKEHHS 110 TBYM OpTO-
TOHAJBHBIM MOJIAPU3ALIUSAM TOJIS, TUITHYHBIE [T
UCKYCCTBEHHBIX CTPYKTYp (OTOHHKH. B 3THX
3aBUCUMOCTSIX, O1aroiapst pe30HaHcaM B 4acTOT-
HBIX XapaKTepHUCTUKAX OTAEIbHBIX CIIOEB U WH-
TephepeHIIMOHHBIM PE30HAHCAM B TPOMEKYTKAX
MEXJly CIOSIMH, UMEIOTCS TIOJIOCHI MPAKTUUECKH
MIOJTHOTO OTPa)kKeHUs C Pe3KUMU rpaHunamu. Pe-
3yJNbTaThl TEOPETUUYECKOTO HCCIIEJOBAHUS Xa-
PaKTepUCTHUK MHOTOCIOMNHBIX CHCTEM U3 MOJIOC-
KOBBIX C-3JI€MEHTOB KaK CTPYKTYp (OTOHUKH
npenctasieHsl B [1, 2]. B [4] npuBeneHs! gaH-
HbIE, MOJyYEeHHBIE B X0/ KCTIEPUMEHTaIbHO-
ro UCCJENOBaHUA CBOMCTB YETBIPEXCIOMHOMN
CTPYKTYPHI.

J1st npoeKkTupoBaHUs MHOTOCIIOWHBIX CTPYK-
TYyp C 3aJlaHHBIMH XapaKTepUCTHUKAMHU BaKHO
UMETh HaJIe)KHbIE OL[EHKH JIJIsl TOUHOCTH, C KOTO-
PO pe30HaHCHBIE YAaCTOTHI peajbHON JIByIIepHO-
JUYECKON pelieTky M3 HeWAealbHBIX MaTepua-
JIOB ¥ C HEKOTOPBIM TUITHYHBIM IS IPOCTOM TeX-
HOJIOTMH M3TOTOBJICHUS pa3dpocoM mapameTpoB
COOTBETCTBYIOT pacdyeTHbIM 3HadeHUsM. [1oaTo-
MY HEJIbI0 HAcTOsNIe pa0oThl SBISIETCS DKCIIe-
PpUMEHTaJIbHOE HCCIIeI0OBAHUE CBOMCTB PELIETKH
n3 C-00pa3HbIX 3JIEMEHTOB M UX COMOCTABJICHNE
C JJaHHBIMHU pacyera.

W3mepeHust BIOJIIHEHB! B XapbKOBCKOM Ha-
uoHaJIbHOM yHUBepcutere uM. B. H. Kapa3zuna,
Ha Kadeape TeOpeTHIEeCKOW paganoPpu3uKH.

Hccenenyemslii ciioi mpecTasiisiyi co00i pe-
metky u3 C-00pa3HbIX MOJOCKOBBIX 3JIEMEHTOB,
OpPHEHTHUPOBAHHBIX B OJHOM HaIlpaBJIEHUH,
(cM. puc. 1, a). Takoit Be1OOp GopMBI dNIEMEH-
Ta peuIeTKu 00yCIOBIEH TEM, YTO B 3TOM CIy-
qyae Mpu MajioM, IO CPaBHEHUIO C JITIMHOM BOJI-
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HBI, IEPUOJIE PEIIETKH HA DIEMEHTE BO3MOXKHO
CyIIeCTBOBAHME HECKOJIIBKUX HIKHUX PE30HaH-
COB TOKa. DIIEMEHTHI PEIIETKN — U3 MEU — pa3-
MEIIEHBI Ha cioe audnekTpuka FR-4 (nuanex-
Tpuueckas mpoHuiaeMoctb €=4.3, TaHTeHC
yria nmorepb tgd = 0.01). TonunHa MOMAI0KKH
cocTaBiseT | MM, TONIIMHA 3JIEMEHTOB —
0.05 mMm. Paguyc cpenHeld TUHUM dIEMEHTA
a=1.8 mwm, mupuna moaocku 2W=0.4mm,
yrinoBoi pasmep mpopesu ¢ =40°. Tlepuoast
no ocsiM OX u OY olMHAKOBBI ¥ PaBHBI 5 MM.
Pa3mepsr uccnenyemoii pemrerku 150x 150vm.
PaccmarpuBasics ciydait HOpMaIbHOTO TaICHUS

a)
'8 CCCCCCCCCCCCeeeeeCBeeeeecee «
GEeSEoegacteasnc anerecte
cccgu CECECCEECCCCCO0008e0 |
| BECEEEEEEEEcSCEecceeese q§gg
Secccsdscescseecsssececce
gec CRERERREEEEEEERE %éggg-
Sl
BeeeiR e e eceec
SeRCeReRE e eseeosracsiesce
CC chgCCSCCCCCSCCCCCCCCCC%%E
CCCCCCCCC CCngcgggggGnggccc
goceeeasReckreceeceRateszace
e
ggggccgggggccccccccccccgccccc
CCCCC QCCCCCCCCS%CCCCC%gCCgC
Goeeececisosianscsenee
Soceecse ke craeceecs
SCCCCCCECCCCCCCCCCCCCCCCCCCCC
ccecccCecCcceccCcccceceCecccececCccel
- CCCCCCCCCCcCcCcccrecceeececcecee.

5)

Puc. 1. l'eomempus sxcnepumenmanvHo2o obpasya.
a) onemenm peuiemxu, 0) HeUHUL U0 UCCTLeOYeMOU
pewemxu
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BOJIHBI Ha pemeTky. VM3MepeHus: mpoBOIUINCH
JUTSL ABYX BOJIH, OPTOTOHAIBHBIX JINHEHHO OIS~
pr3oBaHHBIX BAodbk oceit OX u OY. Ilockonbky
AJIEMEHTHI PEIIeTKH CUMMETPUYHBI, TO B OTpa-
JKEHHOM W TPOIIEANIEM Toje nmpeoOpa3oBaHus
NOJISIPU3AIMH HE TPOUCXOTUT.

Ha puc. 2 u 3 npuBeneHsl pacueTHbIE yac-
TOTHBIC 3aBUCUMOCTH MOAYJs Ko3ddumueHTa
OPOXOXKJICHHUS PEHICTOK C YKa3aHHBIMH BBILIE
napamerpamu. ['paduku Ha puc. 2 TOCTPOCHBI
JUTSL pEIIeTKH, Haxo/siercs B CBOOOJHOM TIPo-
CTpPaHCTBE, a Ha PUC. 3 — ISl PEIICTKH, JexKa-
el Ha cioe JUAJICKTPUKA ¢ MmapaMeTpamMu
marepuana FR-4. Pucynku (a) u (6) coorBer-
CTBYIOT ABYM OPTOTOHAJBHBIM TOJSIPU3ALUSIM
najarwomeil BonHel. Ha pucyHkax yka3zaHo Ha-
IpaBlieHUE BEKTOPOB HAMPSKEHHOCTH DJIEKTPH-

50 £ITn

Puc. 2. Yacmomuoie 3asucumocmu mooyis Kodgpu-
YUueHma nPoxoNcOeHUs: 08YNePUOOUHEeCKOlU PeulemKi,
Haxoosiuyelicst 8 c860O0OHOM NPOCMPAHcmee, OJist O8YX
OPMOCOHANLHBIX NOIAPUIAYULL
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gyeckoro nois. Pesonancer 1-3 Ha puc. 2 00bsic-
HSIOTCSI TEM, UYTO Ha ITHUX YacTOTax Ha JJIMHE
C-anemMeHTa yKJIaJbpIBaeTcsl MPUMEPHO IIeI0e
YUCJIO0 JUIMH MOJayBoJH. HexoTopoe cMemnienne
OPOUCXOMNUT U3-32 BIMSHHS JIOTOTHUTEIHHON
WHIYKTUBHOCTH, TOCKOJBKY 3JIEMEHTBI KPHBO-
nuHelHsl. [Ipu pa3MeneHny pemeTKy Ha cioe
JIM3JEKTPHUKA 3TH PE30HAHCHI MEPEXOAT COOT-
BETCTBEHHO B pe3oHaHchl 1-3 Ha puc. 3. [loss-
JICHUE OCTAJIbHBIX PE30HAHCOB Ha YaCTOTHBIX
3aBUCHMOCTSIX pUC. 3 BBI3BAHO TE€M, UTO B CJIOE
IUAIeKTpuKa Ha yactorax Beime 30 I'T' Hauu-
HAIOT PachpoCTPaHsIThCS BBICIINE MPOCTpPaH-
CTBCHHBIC T'apMOHUKH, HE H3JIy4YarolIuecs,
BIIPOYEM, 32 MPEACIIBI 3TOTO CIOS.
OKcrnepuMeHTaIbHOE UCCIIeJOBaHUE TIPOBOIH-
JIOCh Ha JIBYXITO3UIIMOHHON YCTaHOBKE KBa3HOII-
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Puc. 3. Yacmomnuoie 3asucumocmu mooyis Kosgpu-
YUeHMAa NPoxoNcOeHUst 08YNnepuoOUecKoll peutemKi,
PACNONOJICEHHOU HA CI0e OUAIEKMPUKA, OISl O8YX Op-
MOCOHANLHBIX NONAPUZAYULL
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TUYECKOTO THUIIA C PA3HECCHHBIMH IEpeIarolei
U NpueMHON aHTeHHaMu (cM. puc. 4). HacToT-
HBIW JIMana3oH ObUT pa30UT Ha J[Ba MOJIMAIIA30-
Ha: 25.5+ 37.5TTu 36.7+ 55.1TT. B kaue-
CTBE IIepeAarouiel U IPUEMHON aHTEHH UCIIOJIb-
30BaJIMCh MPSIMOYTOJIbHBIC MUPAMUIATBHBIE PY-
MOPbl C pa3MepaMH H3JIy4arlleld anepTypsl
80x 80 MM u 60x 60 MM COOTBETCTBEHHO I
MIEPBOTO U BTOPOTO MOJJIMANIA30HOB.

Pynopst koMIuiekToBaiuch (ha3zoKoppeKTupy-
IOHIMMU TUH3aMH. Mccaenyemast CTpyKTypa pac-
nojarajach Ha CIeUaTbHOM MMOBOPOTHO-IOCTH-
POBOYHOM YCTPOMCTBE M HAXOJMJIACh B JAJIbHEN
30HE OTHOCHUTEIILHO KaK MPUEMHOM, TaK U Tepe-
Jlatonledl aHTEHHBI.

JIyis MCKITIOUCHHUS BIIMSTHUSL TTIOBOPOTHOTO YCT-
Ppo¥icTBa, Ha KOTOPOM pacIioaraiach CTpyKTypa, Ha
XapaKTEPUCTUKU PACCESIHHOTO TOJIS MCIIONb30Ba-
JIMCH TUIOCKUE SKPAHBI U3 TIOIVIOIIAIOIIEr0 MaTepH-
ana toymmuHoi 50 MM u mmoraapio 600x 600um.
B reomeTprueckoM HEHTpe Ka)0r0 MOMIOMIAI0-
IIET0 KpaHa BBIMOJHEHO KBAJIPaTHOE OTBEPCTHUE,
Ppa3Mepbl KOTOPOTO st TIEPBOTO M BTOPOTO YacTOT-
Horo nojuana3oHoB coctapsuim 100x 10Qum u
61x 61mm coorBeTcTBeHHO. [TOMTOMIAIONIHIA IKpAH
pacrofiarasics nepe UcCieayeMoil CTPYKTypoi co
CTOPOHBI MAJIAOIICH 3JIEKTPOMATHUTHON BOJIHBI.

YcTaHOBKa IOCTHPOBANaCh TakKUM 00pa3oM,
4TOOBI €€ ITaBHasl OCh MPOXOJIHIIA Yepe3 TeoMeT-
pUYECKHUE IICHTPBI AllePTYP M3JIYUArOIIEro PyIo-
pa, OTBEpCTHS B MOTIOLIAIONIEM DKpaHe, uccle-
JIyeMO# CTPYKTYpBbI, IPUEMHOTO pyIopa 1 ObLia
NEPIICHIUKYISIPHA BCEM 3TUM amepTrypam. Mo-
Iy b KO3 GUITUCHTA TPOXOKICHUS OIPEICIIsLI-

3 4

Puc. 4. brox-cxema saxcnepumenmanvHou yCmano8Ku.:
1 — eenepamop CBY-ouanazona, 2 — uznyuarowas am-
menna, 3 — dKpan uz no2rowaroujeco mamepuaid,
4 — uccnedyemas cmpykmypa, 5 — npuemHas, aHmeHHd,
6 — npuemmwll 60K

Csl KaK OTHOIICHUE aMILTUTYAbI YIEKTPOMarHuT-
HOW BOJIHBI B MaKCHMyMeE JIMarpaMMbl Harpas-
JICHHOCTH MOJIs, MPOUIEAIIEr0 Yepe3 CUCTEMY
“OTBEpCTHE B DKpaHe — CTPYKTypa”, K aMILJIUTY-
Jie BOJTHBI B MAKCUMYM€ AHarpaMMbl HallpaBJIeH-
HOCTH TIOJIsI, MPOLICAIIETO TOJILKO Yepe3 OTBep-
cTue B 9kpaHe. [lorpeniHocTs U3MepeHus 4acTo-
ThI He npeBbimana +0.1 %, monyns ko3 dunu-
enTa npoxoxaeHus 3.0 %.

Ha puc. 5 u 6 npeacTaBieHbl 4aCTOTHBIE 3a-
BHCUMOCTHU MOJYJIs KO3 QUITUEHTA TPOXOXKIC-
HUS JJIA JIBYX OPTOTOHAJIBHBIX MOJSPU3AIIHIA.

IZ.|
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Puc. 5. Yacmomnvie 3asucumocmu mooyis kos@pu-
yuenma npoxoxcoenus 0 X-nonsapuso8anHol 60IHbL:
1 — meopus, 2 — sxcnepumenm
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Puc. 6. Yacmomnvie 3asucumocmu mooyisi Kosggu-
yuenma npoxosicoenus 0 Y-noasapuzoeantou 601Hbl:
1 — meopus, 2 — sxcnepumenm
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Ha o6oux pucyHkax HoMepoM | o0Oo3HaueHa
pacueTHas 3aBUCHUMOCTh, @ HOMEPOM 2 — JKC-
nepuMeHTajdbHad. BuaHo, 4TO 4acToThl pe3o-
HAHCOB OTpa)X€HUs, HaliJleHHbIE B HKCIIEPUMEH-
T€, XOpOIIO COBMAAAIOT C PacueTHBIMHU 3Haye-
HUAMHU. 3HaueHus: Moayined kod(hduueHToB
MPOXOXK/JEHHS TaKkKe KaUeCTBEHHO COTJIacyIoT-
Csl C pacyeTHBIMU BeNMYnHaMu. Menkas “psOp”
Ha DKCIEPUMEHTAIBHOM KPUBOW — pe3ysbTaT
NepeoTpaXeHNl B OTCYTCTBUE 0€39X0BOM Ka-
Mepbl. Takum 00pa3zom, MOXKHO TOBOPHUTB O TOM,
YTO pacyeTHbIE XapaKTEPUCTUKH COOTBETCTBY-
0T UCTUHHBIM.

Pe3ynbraTel pacueToB, aHaJIOTUYHBIE TPHBE-
JIEHHBIM B HACTOAILIEH CTaThe, UCIOIb30BAIUCH
B KayecTBE OTIHPABHBIX IS OIMpeneNeHus auc-
NEPCUOHHBIX XapaKTEPUCTUK U KOA(HHUITUESHTOB
OTpPaKeHUS CIOMCTBIX KOMIIO3UTHBIX CTPYKTYD,
COCTaBIIEHHBIX U3 PEIIETOK, MOJ0OHBIX HccIe-
JIOBAaHHOM B HaIlleM 3KCIepUMEeHTe. DKCIepH-
MEHTaJIbHOE MOATBEPKICHHE UCXOAHBIX JAHHBIX
KOCBEHHO CBHUJIETEIbCTBYET 00 IKCIIEPUMECH-
TaJbHON BOCHPOU3BOJMMOCTH pPE3YyJbTATOB,
npeACcTaBleHHBIX B [5]. B ganpHelimeM miaHu-
pyeTcsi IPOBECTH IKCIIEPUMEHTHI 110 HCCIIE0-
BaHUIO XapaKTEPUCTUK CIOUCTBIX KOMITO3UTHBIX
CTPYKTYp, OIIMCAHHBIX B [5].

ABTOpBI BRIpakaroT Onarogapaocts C. A. 11u-
JI0, OKa3aBIIEMY MTOMOIIb MPHU MOJATOTOBKE IK-
CIIEpUMEHTA.
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Experimental Investigation
of Frequency Dependence
of Module of Transmission Coefficients
of C-Shaped Metal Strip Array

D. D. Ivanchenko, N. N. Kolchigin,
S. L. Prosvirnin, D. O. Tyrnov

In the paper, the results of experimental investi-
gation of C-shaped metal strip array are presented.
The measuring technique is described, comparison
of measured and theoretical results is carried out.
The physical interpretation of the most prominent
transmission resonances is suggested.
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