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AnHoTanus. [IpuBoaATCS pe3yapTaThl YUCIEHHOTO MOJECIUPOBAHUS JUHEHHON PEHIETKH PaMOYHBIX aHTEHH C
JUIMHOW TepuMeTpa, paBHOW IBYM JJIMHAM BOJIH Ha cpeaHed vacTore. PaMKu W30THYTHI B 3JEKTPUYECKOU
IJIOCKOCTY [UIsl MOJIyYE€HHUsI KBA3UM3OTPOIHOM IUarpaMMbl HAaIIPABJICHHOCTH B 3TOH IJIOCKOCTU U COCIUHEHBI
MEXAy cO00H MociIeI0BaTeNbHO.

Kurouesvie cnosa: paMoOYHass aHTCHHA, IMOCJICAOBATCIILHOC COCAMHEHNE, KBAa3UU3O0TPOIIHAd JUarpaMma
HaIpaBJICHHOCTH.

Abstract. The results of numerical modeling of linear array of loop antennas with perimeter length equal to two
wavelengths on a central frequency are given. Frames are bent in the electric plane to produce electrical quasi-
isotropic directivity pattern in this plane and are serial interconnected.
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Linear array of loop antennas with serial excitation and quasi-isotropic radiation pattern
in the electric plane

T.N. Parfenovich, O.A. Yurtsev

BBenenune

PaMouHbIe aHTEHHBI y>K€ MHOTO JIET UCTOIb3YIOTCA B Pa3UYHbIX paanocucremax. OOBIYHO
WCIIONIb3yeTCS paMOYHasi aHT€HHA C JIByMs MapalljielIbHO COeAMHEHHBIMU paMKaMu. B kaxmoit u3 Hux
JJMHA TepuMeTpa paBHa [UIMHE BOJHBI Ha CpeAHel uactoTe (OJHOBOJHOBas pamka) [l, 2].
JIByxBONMHOBAsI paMKa mMeeT kKod(dunuent HanpaeineHHoro aevictBus (KH/I) mpumepno Ha 3 nb
Ooublie, 4eM OIHOBOJHOBAsh pamMka. Ho ee BXOJHOE CONMpPOTHUBJICHHUE BBICOKOE, YTO 3aTpPYyIHSET
coryacoBanue. OJHAKO CcOeAMHEHHE JABYXBOJHOBBIX PaMOK B JIMHEHHYIO PpEIIETKYy ¢
[OCJIe10BaTeIbHBIM BO30YKIEHUEM MOHIKAET BXOIHOE conpoTusieHne. Kpome Toro, 3To mpuBoIuT
k yBenmueHnto KHJI. Takas pemerka kpatko ommcaHa B paborax [3, 4]. B Hacrosmell crathbe
MPUBOJISATCST PE3yNbTaThl 0ojiee IMOAPOOHOTO YHCIEHHOTO MOJICIIMPOBAHUS JTUHEWHOW pEIIeTKH
IBYXBOJIHOBBIX PAMOK C IIOCIEIOBATENbHBIM COCAMHEHHEM. PaMku W30rHyTHl (CIIOMaHbI) B
AIIEKTPUYECKOH MIOCKOCTH JUIS MOMYYESHHUs! UarpaMMbl HAPaBJIEHHOCTH, OJM3KOW K U30TPOITHOH B
3JIEKTPUUECKOM TIIOCKOCTH.

KoHcTpyknms aHTeHH

CxeMaTHUYECKH HCClIeyeMasl aHTeHHas peleTka JBYXBOJIHOBBIX paMOK MOKa3aHa Ha puc. 1.
Bozoyxmaroras 3/1C moakirogaeTcsi MEXIy TOUKAMH «a» W «0», 9TO Moka3aHo Ha puc.l, a, 6. Ha
pucyHke o0o3HayeHo: L — mmHa ctopoHsl pamky; D — mmHa 3a30pa Bo30yxaenus; o (Alfa) — yron
MeXIy ABYMSI CTOpoHaMu pamku (puc.l, 6); B (betta) — yron npu BepmmHe pamok. Ha puc. 1, a, 6



MOKa3aHbl aHTeHHH ¢ yrioM o = 180°. Ot »Toro yrima 3aBUCHT CTENEHb PaBHOMEPHOCTH
(m30TpomHOCTH) auarpaMmbl HampasiieHHocTH (/JIH) B ropm3oHTanbHOW ImIockocTH XZ. DOTa
IDIOCKOCTB SIBIISIETCS DIIEKTPUIECKOi. JIt006as BepTHUKaIbHAasI ITOCKOCTh, COAepIKaIIas ochb Z, SBISETCS
MarHuTHOM. [laynee uncino paMok B aHTeHHe o0o3Hauaercs cumBoioM Nz. Ha puc. 1, a, 6 — Nz = 4, na
puc. 1, 6 — Nz = 3. Uncno pamMoOK CHH3Y OT TO4YeK BO30yKIeHHs 0003HadaeTcs Hrvke cuMBOJoM Na,
cBepxy OT To4yek Bo30yxmenuns — cumBoiioM Nd (Nz = Na+Nd).

Ha puc. 1, 6 moka3aH BO3MOXHBIH BapuUaHT BO30YXKICHHS C TOMOIIBIO JABYXIIPOBOHOM
nuaun. Ha puc. 1, 6 Touku BO30Yy»KACHHUS HE MOKa3aHbI. [Ipy 4HCICHHOM MOJICTMPOBAHUN aHTCHHBI
Bo3Oyxmaromast 3JIC BBOOUTCS B LEHTP MPOBOJHHUKA, COSTUHSIONIETO JIEBYIO U MPABYIO ITOJIOBHUHBI
PaMoK | pacroioxeHHoro mo ocu Y (puc. 1, 6).

Bce pacuetsl cnenansl ¢ nomouisio nporpaMMbel MMANA [5] v opurvHanbHON TPOrpaMMBl.
B obenx mporpamMMax HWCHONB3YyeTCS METOJ HMHTETPAIBHBIX YPaBHEHHHA B TOHKOIPOBOJIOYHOM
IpUOIIIKEeHNH [6].

a o 6
Puc. 1. KoHCTpyKIIMS aHTEHHBI

Pe3y.]'leaTbI YUCJIECHHOT0 MOACTUPOBAHUS

Ha puc. 2, a mokazana 3aBucuMOoCTh HepaBHOMepHOCTH JIH B rOpH30HTAILHON IIIOCKOCTH OT
yrna a. Ilog HepaBHOMEpHOCTBIO MOHMMaeTcs BennynHa NR, paBHas OTHOIIEHHWIO MaKCHMAIBHOTO
3HAYEHHS aMIUIUTYIbl 3JIEKTPHUUECKOTO IMOJ K MUHUMAJIbHOMY 3HAU€HHUIO B 3aBHCHMOCTH TOJS OT
asumyTanbHoro yria @ B ruockoctd XY. Ilpu NR=1 (0 nb) JIH B ropu3oHTalbHON IUIOCKOCTH
mpencTaBisieT co00il OKpyKHOCTH (M30TpornHa). Kak BugHO, Hanbonee nzotponnas /IH dopmupyercs
npu o = 70° J{ns tpex yrnos o JJH B ropusoHTansHON miockocTy st pemeTkd ¢ Nz = 4 moka3aHa Ha
puc. 2, 6—e Ha cpefHel yacToTe (JyuMHa CTOpoHBI pamku L = 0,5\, A — juyimHa BosiHbI). UuCIeHHBIN
aHaIM3 MOKAa3bIBaET, YTO HepaBHOMEPHOCTh NR MpakTHYecKH He 3aBUCHUT OT YMCIIa paMOK B aHTEHHE,
IUIMHBL L W 9acTOTHl, HO 3aBUCHT cCyllecTBEHHO oT yria . [IpuBeneHHbIe Ha puC. 2 Pe3yNbTaThl
coorBercTBYIOT [ =70°. OT yrma [ 3aBUCAT TaKke W JApPYrHe XapakTEPHUCTUKH U TapaMeTpsbl
anteHHsl — JIH, KH/I, BxonHOe conpoTuBiIeHUE. 3aBUCUMOCTh BXOJHOTO COMPOTHUBICHUS HA CPEeIHEN
94acToOTe OT yria B Jjst psaa 3Ha4YeHWi o mpuBeieHa Ha puc. 3 it anteHHbl ¢ Nz =4 (puc. 1, a).
Pamuyc npoBoma pamok paseH A, = 2,5 mm (0,0083 cpenteii ayiMHbI BOJIHBI). Bee HUXeE MPUBEACHHBIC
pe3yapTaThl TOJyYEHBl I Choydas, Korma cpemuss dwacrora fo=1000 MI'm. Ilpmuem  Bce
reOMETPHYECKUE TIapaMeTphl aHTEHHBI BBHIOMpAMCh Tak, 4TOOBI Ha cpeaneld yactote JH B
TOPU30HTATHHOM TNIOCKOCTH ObliTa Hambosiee paBHOMepHOU. M3 puc. 3 cineayer, 9To ¢ pOCTOM YIJia o
BxoiHOe conporuBieHre (R u X) ymenpmaercs, a ¢ pocrom yrina  — pacter. [Ipuuem Bennumnaa R
JIOCTUTAET MaKCUMyMa TP HEKOTOPOM 3HAYCHUH f3.
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Puc. 3. 3aBucumocts aktuBHOI (R) 1 peakTHBHOH (X) YacTeil BXOAHOTO CONPOTHBIICHUS OT yriia f3
s permetkrn ¢ N =4: 1 —a =60° 2 — o =80°, 3— a = 100°

Betta, deg.

PacdeTsl moKa3bIBalOT, YTO MPH U3MEHEHUH yria B Koa(HIueHT HalIpaBICHHOTO JACHCTBHS
JOCTHraeT MakCMMyMa IpH 3HaueHuu [ = 65°—75° npu Bcex 3HaueHHsX o U3 wHTepBana 60°-—100°.
Taxum obpasom, aist obecnieueHnss Hanbonee paBHoMepHOH [IH B ropu30HTaIBHON MIIOCKOCTH YTJIbI
o u [ HeoOxomuMo BBHIOMpaTh paBHBIMH 65°—75°. Bce panee mnpuBeNeHHBIE PE3yJbTATHI
MOJICTTUPOBaHUS caesanbl i o, = § = 70°.

[IpoBenenHbIil aHanu3 Mokasai, yTo s pasHoro umncna pamok (Nz) KH/ nocturaer makcumyma
MpY HEKOTOPOH ONTHUMAIILHOW JUTMHE CTOPOHBI pamku L. [Ipudem 310 3HaueHHe pasHoe MpU Pa3IndaHOM
yrcne pamok. [Ipn m3menenun Nz ot 6 o 18 ontumansras BenmmanHa L mensercs ot 0,497A, 1o 0,512
(Ao — cpennsist ytuHA BomHB). I'paduk 3aBucumoctu KH/I ot yncna pamMok rpu ontuManbHON Bennause L
nokasaH Ha puc. 4, a. Ha puc. 4, 6 nokazaHa 3aBUCHMOCTb BXOJIHOTO CONPOTHBIICHHS OT YHC/IA pAMOK Ha
cpenneii wactore 1000 MI'm ipu ontumansroii mo KH/L anvae ctopons! pamkw L.
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Puc. 4. 3aBucuMocCTb OT uncia pamok 3Hadenuss KHJI (a) 1 BXOIHOTO COMPOTHBIECHNS (0)
Ha cpenHelt yactore 1000 MI'n npu onTUMalIbHOM IMHE CTOPOHBI PAMKH

IIpy w3MEHEHMM  YacTOThl  HM3MEHSIOTCS  BXOJHOE  CONPOTHBIEHHUE, JAMarpamma
HanpaenedHoctd u KHJI. [lpuuem w3menenume [IH B miockoctd £ (3MEKTPUYECKOW WU
TOPU30HTAIBHON) He3HaunTenbHO. Ho B tutockoctn H (MarHUTHOW Wi BEPTUKATHHOW) M3MEHEHHE
CYIIECTBEHHO. JTO CBS3aHO C TEM, YTO KakIas Mpeaplaylnas < pamMka (HauuHAs OT TOYEK
BO30YXJeHHUs1) sBIsieTcsl (pUAepHON JHMHUEH A MOcenyroled paMKd Ha CpefHel 4YacToTe HpHU
TreOMEeTPHYECKUX TapamMeTpax, odecneunBaronnx makcumyM KHJI. da30Bbril Haber Ha OHOW paMKe
omuzok k 360°. Ilpu 3TOM BCce pamku Bo30YXImaroTcsi cWH(A3HO, MHUPHUHA TIIABHOTO JIETIECTKA U
ypoBeHb 00KOBBIX JienecTkoB (YBJI) MunuManbHbel. [Ipy OTKIIOHEHUH YACTOTBI OT CPEIHEH YaCTOTHI
pacter (azoBas pasHMLA BO30YXKIEHHS MEXOy pamkamu (pacdasuposka). [Ipu 3ToM rinaBHBII
nenectok JIH pacmmpsiercs (uam naxke pasasauBaercs), YbJI pacrer, KH/| ymenbmaercs. Otu
BBIBO/JIbI WILIIOCTPUPYIOTCSI PHC. 5, HA KOTOPOM IIOKa3aHbl B MOJLIPHBIX KoopauHaTtax J{H Ha cpeaneit
gactote f,=1000 MI'u Ha yacrore 900 MI'ry mpu Nz = 10.

'-lac:TclTa='|DEIEID.EI blu Yacrora= 300.0 MMy
1]

150
A= 1420 Om 180 H= 783 Om F= 245.0 Om 180 #= 44 Om

Puc. 5. JIH B BepTHKabHOH 110cKOCTH penietku ¢ napamerpamu: Nz = 10, L = 150 mm, o = B = 70°

Ha cpenneit yacrote YBJI < —13 nb. 310 3HaYMT, YTO aMIIUTyZa TOKOB B CTOPOHAX PaMKH
YMEHBIIAETCS ¢ POCTOM HOMEpa paMKH (C yJaJeHHEM paMKu OT LeHTpa aHTeHHsI). [Ipu yBenndenuu
Yrcia paMOK YMEHBIIAETCs 10JI0ca 4acToT, B Kotopoir JIH coxpanser npuemnemyro ¢popmy no YBJI
u dopme riaBHoro senectka. OtHocurenbHyro nosiocy uyacror DF =(f_ —f. )/ f, ynooHo
OLICHUTHh 10 BenuuuHe yMmeHbineHnss KHJI npu oTkioHeHus 4acToTel OT cpeaHeit yactorsl f . Ha
rpaduke puc. 6 MokasaHa 3aBUCUMOCTb OTHOCUTENBHOI nojockl yactor DF ot uncna pamok Nz. 3a
CpenHIol0 4acToTel f, ymoOHO B3ATh 4acTOTy, COOTBeTCTBYyomyto Makcumymy KHJI. Dta wactora
0JM3Ka, KaK paHee yKa3bIBaJOCh, K 3HaYEHUIO, IIPY KOTOPOM JUIMHA CTOPOHbI paMKHU PaBHA IIOJOBUHE
amuHbl BonHBL ['paduk coorBerctByer f,=1000 MI'n, pagnyc mpoBOJHUKOB paMok A, = 2,5 MM.
JrHa cTOpoHBI paMKH Ui Kaxaoro 3HadeHust Nz Opanacek coorBeTcTBytomie Mmakcumymy KHJI.
I'pannunsle actotel f ;. u f_ . coorsercrByror ymensmennto KH/I Ha 3 nb mo cpaBHeHHIO C ero
3HaYeHHWeM Ha cpeaHed uactote. Ha puc. 6,6 moka3zaHa 3aBUCHMOCTb JUIMHBI CTOPOHBI PaMKH,
HOPMHPOBaHHOH K cpenHeii anmuHe BoiHbI (L'= L/Ag) oT uncia pamok Nz.
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Puc. 6. 3aBHCHMOCTb OTHOCHUTEIBHOM MOJIOCHI YaCTOT (@) ¥ 3aBUCUMOCTD JUTHMHBI CTOPOHBI PaMKH (60),
HOPMHPOBAHHOMU K CpEIHEH UTMHE BOJIHBI 1 ontuManbHO# mo KH/, oT urcna pamok Nz

W3 puc. 6, a cnenyer, 4To ¢ yBEJIWYEHHUEM YHCIa PAMOK IOJIOCA YaCTOT. yMEHBINAETCA. DTOT
pe3yibTaT OXKHUIAEMBIA: C YBEIMYCHHEM 4YHCIa PaMOK pacTeT HMX pacha3upoBKa C OTKIOHEHHEM
4acTOThl OT CpeAHed 4acToTel. BMmecte ¢ TeM, HEOOXOAMMO OTMETUTh, YTO C POCTOM HHCIA PaMOK
YMEHBIIAeTCsl aMIUIMTY/a TOKOB B paMKe IpU YAAJCHUM €€ OT IEHTPaJbHOW paMKu. DTO BEIET K
YMEHBIIICHUIO YpOBHS OOKOBBIX JjeniecTkoB JIH. B peieTtke M3 ABYX paMOK STOT YpOBEHb PaBEH
—13 n1b — cOOTBETCTBYET PaBHOMEPHOMY aMILIUTYIHOMY paclpelesieHHI0 BO30YKIECHHS U3TydaTesei
B pemietke. B pemeTke ¢ 18 pamkamMu ypoBeHb OOKOBBIX JienecTKoB paBeH —18 nb. C ymeHbeHuEM
YPOBHS BO30YXJICHUs KpallHUX PaMOK BO3pacTaeT IIMpUHa TJaBHOro Jienectka JIH, uto Bemer k
yMmenbmieHuro KHJI. Ilosromy ¢ yBenuyeHHMEM uuciaa paMOK B aHTEHHE Ha LIMPHUHY TJIaBHOTO
nenectka JIH u KHJI metictByrot nBa ¢akropa. [lepBrrii: yBennueHre BOJTHOBOW JITUHBI JTUHEHHOM
pelIeTKH pPaMOYHBIX AaHTEHH MPHUBOJUT K YMEHBIIEHHIO MIMPHUHBI INaBHOro Jjemnectka JH w,
cienoBatenbHo, K pocty KHJI. Bropoii: B TO e BpeMsi yMEHbIIIEHHE YPOBHsI BO30YyKAeHUE KpaHUX
pPaMOK IPHUBOIUT K YBEIMYCHHIO IIMPUHBI InaBHoro jemnectka JH u k ymensmenutro KH/I.
BcnencrBue BnusHUS yKa3aHHBIX (PaKTOPOB IPHU YBEJIMYEHUH YHCIIAa PAMOK CKOPOCTh YMEHBIICHUS
mupuHbl raaBHoro jemnectka JJH u pocra KH/ 3amemnsiercs. Puc. 4, a wumocTpupyer 3T0 IO
orHomreHnto k KHJI. DT 3aKOHOMEPHOCTH MOKHO MPOWJLIIOCTPUPOBATH TAaKXKe C IOMOIIBIO
W3BECTHBIX M3 OOIIeH Teopun aHTeHH Qopmyn. PaccmoTpum 3T0. PemieTka paMOYHBIX aHTEHH C
MOCJICZI0BATEIbHBIM BO30YKICHUEM SIBJISICTCS TMHEHHOM 3KBUIMCTAHTHON PEIISTKON n3ydatenei. B
JUHEHHBIX AHTEHHBIX pEIIETKaX C PAaBHOMEPHBIM AaMIUIMTYIHBIM M (Pa3oBBIM pacipenesieHueM

BO3OYyx/eHus u3nydateneil juig onerkn KHJL (D) u mupuner rmasroro nenectka JIH (20, 5) npu

quclie M3nydarenei, OoipireM 10, 9acTO HUCHONB3YIOTCS (DOPMYIBI, TONYYEHHBIE TIPHU aHAIIN3E
MHOHTEIIS CUCTEMBI [7]:

D=A;;%%=Bt.

3aBucuMocTH K03pduimeHToB A U B 0T uucia paMOK, MOJydYeHHbIE B PE3yJIbTaTe
YHCIEHHOTO MOJISITMPOBAHUS PEIIETKH PAMOYHBIX aHTEHH, MTOKa3aHbI Ha puC. 7.
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Puc. 7. 3aBucumoctn koadduieHToB 4 1 B 0T uncia paMox



[Ipu paBHOMEpHOM aMIUIMTYIHOM ¥ (Pa30BOM pacIIpeleiICHUN BO30YXKICHUS M3NydyaTeneil B
nuHelHo# pemetke 4 =2 u B = 51°. PaccmaTpuBaemas pemieTka paMOYHBIX aHTGHH COTJIACOBaHA B
NIHPOKOM JHANa3oHe YacTOT. UMCICHHBIM aHAIW3 IMOKa3all, 4To KOI(D(UIMEHT CTOsSueH BOJHBI B
JIMHHUU C BOJHOBBIM conpotuBienneM 150 Om menee aByx B ananasone yactor f, +40% mnpu uncie

paMok o1 6 1o 18.

3akiaouenne

IIpoBenieHHBIN 4YMCIEHHBIM AaHANU3 pPELIEeTKH pPAMOYHBIX aHTEHH C I10CJIEOBATEIbHBIM
BO30Y)KJCHHEM IMOKa3all, YTO aHTEHHA SBIISETCS IIUPOKOMOIOCHOH, 0COOEHHO MO MMIIECAAHCHOMY
COrjJacoBaHuIO. H310M paMOK B JJIEKTPUYECKOM IUIOCKOCTH Mo3BoisieT mnoayuuTs [H c
HepaBHOMepHOCTEI0 NR B 3T0M miockocTu He Gonee 2-3 nb. YBennueHue yrciaa paMOK MO3BOJISIET
noctrnub KHJ[ mo 12-13 nb. Oto cooTBercTByeT uncity pamok Nz = 14—18. Bonblee 4uciao paMok
MPUMEHSIThH HelelecooopasHo, Tak kak npu Nz > 18 poct KH/I ¢ yBennyeHneM 4ncina paMoK CHIBHO
3ameuisiercs. [Ipy ykazaHHOM 4mcIIe paMOK IIMPHHA TJIABHOTO JIeTIeCTKa yMeHbmaeTesa 1o 12°-10° B
MarHMTHOM 1uiockoctu. IIpuBeneHHBIE BBIIIE pe3yNbTaThl MOACIMPOBAHMS COOTBETCTBYIOT CIIydalo,
KOTJIa YHCJI0O PaMOK CBEPXY M CHH3Y OT TOUYeK BO30OYxaeHus (¢ u 6 Ha puc. 1) oguHaxkoso (Na = Nd).
Ecmm Na=Nd, To makcumyMm JIH OTKJIOHSETCS OT HOPMalnW K JIMHUW PAacloNOXEHHS pPaMOK B
CTOpOHY OoJbllero yuciaa pamok. IIpyu yBenndeHUM acUMMETPUHU B YHCJIE PaMOK CBEPXY M CHH3Y
aKTHBHAS 4aCTh BXOAHOTO CONPOTHUBIICHUS yMEHBILIACTCS, PEAKTUBHAS — PACTET MO MOIYIIO.

PaccMOTpeHHYI0 pelIeTKy paMOYHBIX AaHTEHH IEeNecO00pa3HO TPUMEHATh B CHCTEMax
HAa3¢MHOM CBSI3U KAaK BEPTUKAIbHYIO AHTEHHY C KBa3UM30TponHOW IH B TOPHU30HTAIILHOM IIIOCKOCTH.
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