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BBEAEHHNE

NurepdepeHnimonHasi aHTeHHa — y3Kasl TpyOka
MOCTOSTHHOTO ceyeHusI ¢ nepdopauusaMu (OTBEPCTU-
sIMW) Ha OOKOBOI MOBEPXHOCTHU MO BCEI CBOEH TN~
He. Takue aHTEHHbI UCMOJB3YIOTCSI B OCTpOHANpaB-
JIEHHbIX MUKpO(hOHaX UHTeP(PEePEHIIMOHHOTO THIIA.
OJHMM KOHIIOM aHTE€HHY MOJICOEIUHSIIOT K MUKPO-
(borHHOMY Karicromo (HarpaBJIeHHOMY WJIM HEHArpaB-
JICHHOMY), a IpYroii KOHEell 0CTaeTCsl OTKPHIT. LIeHTphI
OOKOBBIX OTBEPCTHUII OOBIYHO PACIOJIOXKEHBI Ha OIM-
HaKOBOM PAacCTOAHUU APYT OT Apyra, HO UX TUAMETP
MOXET YMEHBIIAThCS TT0 Mepe MPUOJIVKEHUST K MUKPO-
(orHOMY Karicioito. OTBEpCTUS TaKKe 3aTATUBAIOTCS
TKaHblO (Kak mpaBujio, mejakoM). OcTpoHarnpaBieH-
HbIe MHTep(PEePEeHINOHHBIE MUKPOMOHDI (T.H. MUKPO-
(boH-mymIKa ot aHMI. shotgun microphone) B OCHOBHOM
MIPUMEHSIOTCS IJTISI 3BYKO3aMmMCH TIPEUMYIIEeCTBEH -
HO B c(pepe TejaeBUIeHUS, Takxke B [1] yka3sIiBaeTcst
O TIPUMEHEHUU TMPY aKyCTUYECKUX U3MEPEHUSIX B 00-
JIACTU apXUTEKTYPHO-CTPOUTEJIbHOMN aKyCTUKU JJIsI U3-
MEepEeHUsI HallpaBJIeHUsI MPUX0/a 3ByKOBBIX OTPaXKeHU
B KOHLIEPTHBIX 3aj1ax (T.H. XapaKTepUCTUKA “eXUK”).
WNurtepdepeHIMOHHBII MUKPOMOH TaKKe Ha3bIBAIOT
MUKpPO(OHOM Oeryieil BoiaHbl. TexHn4YecKuii aHaIu3

nHTEepdEePEHIMOHHBIX MUKPO(POHOB, UCTOPUIO pa3BU-
TUS X KOHCTPYKLIMU U 0030p COBPEMEHHBIX ITPOMBIIII-
JIEHHBIX 00pa3110B MOKHO HaliTH B padore [2].

B 0000meHHOM Buae nHTep(GEepEeHINOHHYIO aH-
TEHHY MOXHO TIpeICTaBUTh, KAK BOJHOBOI CIT€LIM-
duyeckoit KoHPUrypauuu — ys3kass HUJIUHApUYE-
cKasl TpyOa KOHEYHOH JUIMHBI ¢ a0COIIOTHO XXEeCTKIMU
CTEHKaMU, HaTpy>KeHHAas C IByX CTOPOH Ha HEKOTOPLIE
umiienaHchl. ITo Bceii cBoeil 1jiMHe BOJHOBOA UMEET
MMIIeTaHCHbIE BKJIIOYEHHUSI, peaJIM30BaHHbBIE B BUJIE
OTBEPCTUIA, KOTOPbIE TAKXKE MOTYT ObITh HATPYKEHbI
JOTIOJTHUTEIbHBIM UMMeaaHcoM. [loMuMo uHTEp-
depeHIMOHHBIX MUKPOMOHOB, BOJTHOBOILI C UMIIE-
JaHCHBIMU BKJIIOUEHUSIMU MPUMEHSIIOTCSI B pa3HBIX
00JIaCTSIX TEXHUKHM, B YACTHOCTH, ITPU PEIIcHUN 3a1a4
mwymoraymeHusi. [ToaToMy pacnpocTpaHeHUE BOJH
B MMOJOOHBIX BOJTHOBOJAX PAa3IMYHON KOH(MUTYypaLuu
M3y4yaeTcs JaBHO U JOCTAaTOYHO IoapoOHOo. B pabo-
Tax [3—6] paccMaTpuBaeTCsl paclIpoCTpaHEHUE 3BY-
Ka B BOJITHOBOJIAaX, UMEIOIINX OTBETBJIICHUS WJIU TIPU-
COeIMHEHHBIE K CTEHKAM Pe30HATOPHI [ eJIbMIoJIblia.
B paGorax [7—9] paccMaTpuBaeTcsl U3JiydeHUE 3ByKa
13 BOJIHOBOJOB C OTBEPCTUSIMU U ntepdopanusamu. He-
CMOTpsI Ha IIMPOKOE TTPUMEHEHNE TaKUX BOJTHOBOIOB
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AHAIJIN3 KOJEBATEJIBHOTO ITPOLECCA

¥ OOJIBIIION MCCIIeN0BaTEeILCKII NHTEpEC K HUM, pa-
00T, MOCBSAIIEHHbBIX U3YYEHUIO 3BYKOBOTO I0JIsI B BOJI-
HOBOJAaX TUIIA “MHTepdepeHIMOHHAs aHTeHHa ™, Hali-
TH TaK W HE YIaJoCh.

IlepBolit TEOPETUYSCKUIT aHAIN3 TTOXOXKUX UHTEP-
(bepeHIIMOHHBIX MUKPO(MOHOB OBLIT MPEANPUHSIT OKO-
1o 80 net Hazaz [10] u 6e3 0coOBbIX U3MEHEHMI JOIIEeT
JIO HallluX JHel yepe3 paboThl OTEUECTBEHHbBIX U 3a-
pyoexHbIx aBTopoB [11—18]. C coBpeMeHHOI1 Teopu-
el ocTpoHamnpaBJIeHHbIX MUKPO(MOHOB MOXXKHO O3Ha-
komuThes B [19, 20]. Teopust naet mpocreiiiiee Kaue-
CTBEHHOE OIucaHue (prU3nUecKOoro NpUHIKUMNA PabOThI
MUKpO(OHa, TpencTaBsis pe3yJbTUPYIOIIee 3ByKOBOE
JaBjieHUue Ha MeMOpaHe MUKpo(dOHa KaK CyMMY J1aB-
JICHUI Ha KaxXJ0M OOKOBOM OTBEPCTHUM C JOMOJIHU-
TeJbHON 3aepPXXKOii Ha TeOMETPUUYECKYIO0 Pa3HOCTh
X0/Ia OT 3TOT0 OTBEPCTHSI 10 MeMOpaHbl MUKPO(]OHa.
Takoe npeacraBieHre MOAO0OHO JMHEHHOM aKyCTUYEe-
CKOi1 MHTep(DEepEeHLIMOHHOM aHTeHHE, COCTOSIIEH 13
OTIEJIbHBIX TPUEMHUKOB, B CUTHAJI KOTOPBIX BHOCUTCS
BpeMeHHas 3aaepxkKa. OnvcaHHas B TEOpUU MaTeMa-
TUYECKask MOZIeJIb UHTEP(PEPEHIIMOHHOI aHTEHHBI T10-
Jiyania Ha3zBaHMe “delay-and-sum model” [21]. B aToit
MOJIeJIM HE YUYUTBHIBAIOTCS TMPOLIECC MEPEOTPAXKEHUIA
3BYKOBBIX BOJIH BHYTPU aHTE€HHBI, TOTOJHUTEIbHbBII
BHOCHUMBIN aKyCTUYECKUI MMIIEAAHC OTBEPCTUIA, BOJI-
HOBbIE€ CBOMCTBAa aHTEHHBbI. Bce 3TO He maeT BO3MOX-
HOCTU pacCcuMTaTh aMIJIUTYAHO-YaCTOTHYIO XapaKTe-
PUCTUKY MHTePDEPEHIIMOHHO aHTEHHbI U MOJIYyYUTh
clienylolye u3 Hee ypaBHEHUSI OCHOBHBIX 3JIEKTpOa-
KyCTUUECKUX XapaKTepuCcTUK MUKpodoHa. TeM He Me-
Hee, U3BeCTHOEe YpaBHEHUE XapaKTepUCTUKU HaIpaB-
JICHHOCTH JJIs1 UHTepOEepEeHIIUOHHOTO MUKPOdOHa
C HeHarpaBJEHHBIM KarclojieM XOpoIllo COBIaaaeT
C 9KCIIEpMMEHTaIbHBIMU JaHHbIMU. B padoTax [20, 22]
MOJIy4eHO ypaBHEHUE JJIsl XapaKTepPUCTUKU HampaB-
JIEHHOCTU MHTeP(hEePEHIIMOHHOTO MUKPOGhOHA C Of-
HOHampaBJIeHHbIM KarctoyieM. 31eCh CTOUT OTMETHUTD,
YTO paccuyMTaHHasl Mo cyllecTBywlleit Teopuu [19,
20, 22] xapakTepucTUKa HanpaBJIeHHOCTU UHTepde-
PEHIMOHHOTO MUKPO(OHA COBNagaeT ¢ U3MEPEHHOM
TOJIKO B CJly4yae, €Ciu OOKOBBIM OTBEPCTUSIM aHTEHHBI
JAHO JOTIOJTHUTEJIbHOE aKYCTUYECKOE COMPOTUBIIEHUE
OIpENeIEHHOMN BETUYMHBI (OHU 3aKPBIThl TKAHBIO WA
CETKOM), XOTS1 HUKAKUX AOTOJHUTENIbHBIX YKa3aHU
Ha 3TO HET. DTa 0OCOOEHHOCTD BbISIBJIEHA B IIpolecce
paboOThI HAll CTaThei, 1 OOBSICHEHUE TOMY SIBJICHUIO
OyneT naHo B 3aK/ItoueHUU cTaTbu. I1pu 3TOM yTBEpK-
JIeHue, mpencraBjieHHoe B [23], o ToM, 4YTO mpuMe-
HEHHeEe JAOTOJHUTEbHOTO aKyCTUYECKOTO COMPOTUB-
JIEHUSI HamnpaBJIeHO Ha CIIa)kMBaHUE PE30HAHCHOM
CTPYKTYPbl aMIUIMTYIHO-YACTOTHOM XapaKTepUCTUKU
MUKpodOHa, He aeT MpeacTaBIeHus 0 (hU3NIECKOM
SIBJICHUM, KOTOPbIM OOYCJIOBJIEHO TaKO€ MHXEHEPHOe
pelieHue.

B pa6orax [21, 27—31] 3ByKoBOE€ I10JI€ B MHTEP-
(bepeHIIMOHHOW aHTeHHE aHAJIU3UPYETCS C TIO-
MOIIIbIO METOJa 3JIEKTPOAKyCTUUECKUX aHaJTOTUK
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(B OTeUeCTBEHHOM JIMTepaType Yalle MCIOIb3yeTcs
METOJ dJIeKTpoMexaHuueckux aHagoruii [18]). Mu-
TepdepeHIIMOHHAasI aHTEHHA pa3fessieTcsl Ha CerMeH-
ThI MEXIY OTBEPCTUSIMHU, TIPEACTABSIOIIMMHU COOO
OUIMHIPUYECKYI0 TPyOKYy. CerMeHThl 3aMellaloT-
csl 9JeKTprUUeckuM verbipexmnontocHukom (I1- niau
T-o00pasHbiM). OTBEpCTUSI MPEACTABISIOTCSI B BUIE
KOMIUIEKCHOTO UMIIENAaHCa, COCTOSIIETO U3 aKTUBHO-
TO COTIPOTUBIICHUS M3TYICHUIO M PEaKTUBHOTO MHEP-
LIMOHHOTO conmpoTuBIeHUs1. Bo3aelicTBylolliee Ha OT-
BEpPCTUS 3BYKOBOE JaBJICHUE MPEACTABISICTCS B BUIE
HWCTOYHMKOB 3JIEKTPOIBUXKYILEH CUIIBL.

[IpennoxeHHOE B HACTOSILLIEH CTaTbe TEOPETUYE-
CKOe MCcClIeloBaHue mpoliecca GOpMUPOBAHUS 3BYKO-
BOTO MOJIsI B UHTEp(PEPEeHIMOHHOI aHTeHHE MOTHBU-
pPOBaHO aHaMMU30M (DU3UYECKOTO MPUHIMNA PAOOTHI
OCTpOHAIpPaBJIEHHOTO MHTEP(HEPEHIIMOHHOTO MUKPO-
(bona. OgHOIt 3 3amaq pabOTHI SIBIIIETCS ONPeIeIcHIe
3BYKOBOT'O JIaBJIEHUSI, BO3IEMCTBYIOIIET0 HA MEMOpaHy
MUKpOGhOHA BHYTPU aHTEHHbI. AHAIM3 3ByKOBOTO TIOJISI
BHYTPU MHTepDEPEHIIMOHHONW aHTEHHBI TTPOBOIUTCS
C TIOMOIIBI0 MATPUYHOTO METONA, CXOXKETO ¢ METOIOM
peBepOepallMOHHON MaTPULIbl, U3JTOXKEHHBIM B [24].
Pemenue comepXuT B cebe dJieMeHTHI MeTona [25]
1 popMajbHO IpeacTaniseTcs B Buae psaa IHBapii-
mtbaa [26]. B cpaBHeHMY ¢ BhIIEIIEpEUYNCIEHHBIMU
METOIaMM aHaJIu3a 3ByKOBOTO IMOJISI TPeaIOXKEHHbII
METOI SIBJISIETCS OoJiee cofepKaTebHbIM ¢ (hU3UYeCKOi
TOYKM 3peHUs, AaeT Ooyiee ynoOHOe oIucaHue Iepe-
XOIHBIX MPOIIECCOB B MHTep(hEepEeHIIMOHHO aHTEHHE
U SIBJISIETCS] OMTUMAJbHBIM JIJIs pellieHUsI HEKOTOPBIX
3a/1ay, HaIpuMep, [UIs1 UCCJIENOBAHUS PaClIpOCTPaHe-
HUS UMITYJICOB B aHTeHHE. OTMETUM, YTO pacueT 3BY-
KOBOTO IIaBJIeHUS Ha MeMOpaHe MHTep(hepeHIIMOHHOTO
MUKpOGOHa ¢ HeHampaBJeHHbIM KaIlCroJieM I0 Mpe-
JIO)KEHHOMY B paboTe METO/IY COBIIAAaeT C paCUeTOM IO
METOMY JIEKTPOAKYCTUUECKUX aHATOTHIA.

1. TIOCTAHOBKA 3ATAY 1

Paccmotpum mHTEPQEPEHIIMOHHYIO AaHTEHHY 11~
HoMl L ¢ n 6okoBbeIMu oTBepcTusiMu. CiieBa aHTeHHaA
OTKpHITa, a CIipaBa 3aKpbiTa MeMOpaHOit MUKpPO(DO-
Ha. BokoBbIe OTBEpCTUSI TPOHYMEpPYEM ClieBa Harmpa-
BO — OJTMKaifIree OTBEPCTUE K OTKPHITOMY TOPITY OyIeT
WMeTb HoMep i = 1, a OimKaiiiee K KOHILY, 3aKPBITOMY
MeMOpaHoii MukpodoHa, i = n. [1lycTh LHeHTpaM 60-
KOBBIX OTBEPCTUI COOTBETCTBYIOT KOOPAUHATHI X, ...,
X, «.., X,. OTKPBITBIN TOPELl AHTEHHBI MBI 0003HAYUM
i =0, OH PacrnoioXeH B X, @ 3aKPbIThIl TOpel, — | =
= (n + 1), OH pacroJiOXeH B X,,.,. BHyTpeHHuUi1 paau-
yC aHTEHHbI 0003HAYUM 7}y, & TOJILLMHY CTEHKU aHTEH-
Hbl — A. Kaxgoe 60KoBoe OTBEpCTUE UMEET PATNUYC 7,
a IIEHTPHI OTBEPCTUIT HAXOIATCS HA PACCTOSTHUM d IPYT
oT npyra. OTKpPBIThII TOpell U O0KOBOE OTBEPCTHE Ha-
XOIATCA Ha PACCTOAHUM d APYT OT Apyra, Tak Xe, Kak
1 OOKOBOE OTBEpPCTUE [ = 1 OT MeMOpaHbl MUKPO(DO-
Ha. Ha puc. 1 mokaszaHo MomerbHOE MpeacTaBIeHNe
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UHTep(epeHLIMOHHOI aHTeHHBI. TpeOyeTcsl MOJIydnTh
AHAIMTUIECKYIO 3aITCh PE3YIBTUPYIOIIETO 3BYKOBO-
ro TIO0JISl BHYTPU MHTep(hEePEeHIIMOHHON aHTeHHBbI Ha
MOPIIHEBOI (HyJIeBOIi) MozIe.

[TycTh aHTEHHA HAXOMMUTCS B T10JI€ TNIOCKOM rap-
MOHMYECKO# BOJIHBI, Majalolieii moa yrjioMm 0 K ocu
aHTEHHBI, TOIIAa Ha TOPLIEBOE U Kaxa0e OOKOBOE OT-
BEPCTHE AaHTEHHBI i IEVICTBYeT 3BYKOBOE JABJIEHHUE D,
KOTOPO€ MOXHO 3aIlicaTh B BUE:
e—jikd cos 0 , (1)
rae p,, — aMILUIMTYAa 3BYKOBOro nasieHus, I1a; o —
KpyroBasi 4yacToTa, pan/c; t — Bpems, C; k = ®/c, —
BOJIHOBOE YMCJIO, Paj/M; ¢, — CKOPOCTb 3ByKa B Cpelle,
M/C; i — HOMep OOKOBOTO OTBEPCTUSI; d — PACCTOSTHUE
MeXay OOKOBBIMU OTBEPCTUSIMU, M; O — yros najie-
HUSI 3ByKOBOI BOJIHBI, pal. B manbHeiiiux maremMaTu-
YeCKUX BBIKJIAIKAX MHOXUTEID €/ OyIeM OIyCKaTh.
AHTeHHa HaXOAUTCs B Ta3000pa3HOM (MJIM XUIKOIA)
cpelne, BHYTPU aHTEHHA 3ar0IHeHAa TOH XKe Cpenoid.

D = pue’”

BosHa 3ByKOBOTO 1aB/i€HUs p; YACTUUHO paccerBa-
€TCSl Ha OTBEPCTUH I (B BUAE BOJHBI p,) U BO30yXaa-
€T B aHTeHHEe KoJiebaTesibHbIi npoiiecc. OT OTBepCTUSI
B IBYX MPOTHUBOITOJIOXKHBIX HAMIPABJICHUSIX HAYUHAIOT
PacIpOCTPaHATHCS IBE BOJHBI — BOJIHA MPSIMOTO XOna

(0]
Ay (%),
Bepctus (i + 1), u BojiHa oOpaTHOro xoaa

KOTOpasi pacpoCTPaHSETCS B CTOPOHY OT-
B([ ] 1)i (x),
KOTOpasi pacnpoCTpaHsSeTCs B CTOPOHY OTBEPCTUS
(i — 1). byneMm Ha3bIBaTh 3TU BOJIHBI 3JIeMEHTAPHOM
MpsIMOit M 0OOpaTHOI BOJTHAMM HYJIEBOTO TM(PDPAKIIMOH -
Horo nopsiaka. CeueHue HEHTPOB OOKOBBIX OTBEPCTUIA
JIeNISIT aHTeHHY Ha (n + 1) cermeHTOB. B 3amucu BoIHBI
HWKHUI MHIEKC MOKA3bIBAET CETMEHT, B KOTOPOM pac-
MPOCTPAHSETCS JaHHAas BOJIHA (3TO MHAEKCHl KOOP/IM-
HAaT JIEBOI1 ¥ MpaBOil rpaHMUIIbI CETMEHTA), a BEpXHUIA
WHJEKC NoKa3biBaeT AU(pPaKIIMOHHBIN MTOPSIIOK.

Takum oOpa3oM, BCIIEACTBUE BO3AEHCTBIS Ha aH-
TEHHY 3BYKOBOII BOJIHBI B KaXKIIOM CETMEHTE TPYyObl
oOpasyeTcd Mmapa 3JIeMEHTapHBIX IIPSIMBbIX 1 00OpaTHBIX
BOJIH HYyJIeBOTro JudpakiimoHHoro nopsiaka. Mckioue-
HUEM SIBJISIETCS CETMEHT, OTPaHUYEHHBII KOOpIMHATA-
MHU X, ¥ X,,1), B KOTOPOM H€HCTBYyIOIIAst Ha GOKOBOE

OTBEPCTHE i, BOJIHA 00Pa3yeT TOJIBKO MPSIMYIO BOJIHY

0
A[(l]’l+1)

MeHTapHbIe 00paTHBIE BOJHBI TOJBKO 00JIee BHICOKMX
I paKIIMOHHBIX TTOPSIIKOB, HAYMHAS C TIopsaka 1.

(x). B aTOM cermMeHTe GyIyT CYIIECTBOBATD DJIe-

[Mpssmyto 1 06GpaTHYIO BOJIHBI HYJIEBOTO TU(paKIIn-
OHHOTO TOPSIAKA, PACMIPOCTPAHSIOIIKECS 10 aHTEHHE
OT OOKOBOTO OTBEPCTHSI i, MOXKHO 3amucarh B BUJE:

i(i

By () =

A[O]Jr])(x) = aie_”(x_xj) }?Hl)’
| (2)

b e/y(x X; )6(out )i

CYBBOTKHWH

TAe a; U b; — HEKOTOpbIe HaYaJIbHbIE aMIUIUTYIHO-(a-
30BbI€ KO3 PULIMEHTHI 3JIeMEHTapHOI TIPsIMOit U 00-
paTHOIi BOJIHBI HYJIEBOTO z[mi)paKuMOHHoro nopsiiKa;
Y — MOCTOSIHHAs PacHpOCTPAHEHUS; 13 190”
¢dyskuu XaBucaiiaa, OFpaHI/I‘{I/IBaIOLL[I/Ie FpaHI/IleI
CYILIECTBOBAHUS JIEMEHTAPHOI MPSIMOIl U 0OpaTHOM
BOJIHBI TAHHOTO AU(PAKIIMOHHOIO MOPsaKa, pacipo-
CTpaHsitolleiicsl OT Bxona ¢ HoMepoM i. OHU UMEIOT
CJIeAYIOIUIA BUL:

ﬁl(z+l) ﬁ(x - x,-)ﬂ(x(Hl) - X),

Oy =

3)
ﬁ(x X(i- 1))1_‘}(x,~ —x).

DJeMeHTapHbIe BOJIHBI HYJIEBOIO IM(PPaKIIMOHHO-
ro rnopsiaka A[(z]+1) u B([I.O_]l)l. pacceuBaroTCcsl, MPOXOost

yepes TpaHMIIbl CBOMX CETMEHTOB (CeueHue LIEHTPOB
00KOBbIX oTBepcTuil (i + 1) u (i — 1) COOTBETCTBEH-
HO), — BOJIHBI YACTUYHO MPOXOMAST B CJICAYIOIIUIA cer-
MEHT, YaCTMYHO OTpaxkaroTcsl OT CEYEeHUsI U pacipo-
CTPAHSIIOTCS B OOpaTHYIO CTOPOHY, a TakXKe 4acTUY-
HO YXOJSIT U3 aHTEHHBbI B OTBEPCTUE (T.€. B KaXJI0M
CEUYEHUM IS 3BYKOBOTO JaBJECHUST U TOTOKA CPElbl
crpaBemnuBbl yciaoBus Kupxrodga). I[Ipomeninme
U OTpaXeHHbBIE OT CEYEHMUSI BOJHBI 00Pa3yloT MpsiMble
1 0OpaTHbIE IeMEHTapHbIE BOJHBI CJIEAYIONIETO AUD-
pakunoHHoro nopsaka m = 1. [IpoxoxaeHue BOJHBI
yepe3 ceuyeHre BHYTPU aHTEHHbI OMUChIBaeTCs KOddh-
(puunreHToMm npoxoxaeHus 7T;, a OTpaxXeHUe OT ceve-
HUS — KO3 PUUUEHTOM OTpaKeHUs R,.

Hampumep, B cerMeHTe MEXIY OTBEPCTUEM i U OT-
BepctueM (i + 1) (orpaHMYEHHBIM KOOpAMHATaMU

X; < X < X(;11)) 2JIEMEHTApHast TpsiMasi BOJIHA Al[(l] ) (x)

00pasyeTrcst BCIEACTBHUE MPOXOXKICHMS Yepe3 CeUeHHE
[0]
i—1)i

OT CEeYEHUST OTBEPCTHS i 06paTHo[171] BOJIHBI B[( z]+1)( ).

AHaJ0OrMYyHO 0OpaTHasa BOJIHA B(l +])(x) ob6pasyercd

OTBEPCTHUS i MPSIMO BOJIHBI (x) m oTpaxkeHwUsI

BCJICAICTBHUE OTPAKEHUS OT ceueHmsT oTBepcTus (i + 1)

[0]

MPAMOii BOJTHBEI A! i) (x) ¥ mpoxoXIeHust yepes ceye-
Hue orBepcTus (i + 1) 0OpaTHOIT BOJHEI B([ ]

TakuM 06pa3oM, BOJTHbBI A[(:]+1)( ) u B[(,]+1

ChIBAalOTCA C MIOMOIIIbIO PEKYPPEHTHLBIX BpraX@HHﬁZ

Al () = A o +
+BI )Ry e oln

Hie2) ()
)( X) 3anm-

1(z+1
[ [0] C))
Bi(i+l)(x) = (Ai(i+1)(x(i+l))R(i+1) +
0 (X=XGa1)
+B([ijl)(i+2)(x(i+1))7Zi+l)) TRl gt
e T, Ty v R, Riyp) — KOO(OOUUMEHTBI POXOX-

JCHUA N OTpaXC€HUWA BOJIHbBI BHYTPU aHTCHHBI IIPpU
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AHAIJIN3 KOJEBATEJIBHOTO ITPOLECCA

MMPOXOXICHUH Yyepe3 ceueHre GOKOBOTO OTBEPCTHS i
u (i + 1). PackpbiBast BOJIHBI HY/I€BOTO IM(PPaAKIIMOH-
HOro nopsiaka mo ¢popmyie (2), ypaBHeHUe (4) MOKXHO
3anucarhb B CJEAYIOIIEM BUIIE:

Al

l(l+])( )— (a;T; +bR)e Yd —Y(x— x)ﬁ

)= (a; Ry +

(=,
+0,1;,1))e” et ) 19?(%1) .

i(i+1)>

)

Bl'[ 1l']+1 (x

Taxkoii mpoliecc mepeoTpaxkKeHUil MPoaoIKaAeTCs
oeckoHeuHo. Kaxnast u3 BoiH nu@pakiimoHHOTO 110-
psiaka m obOpasyeT 10 IBE BOJIHBI JU(MPAKIIMOHHOTO
nopsinka (m + 1). Pesynbrupyoliee noje B KaxkaoM
cerMeHTe MHTep(hepeHIMOHHON aHTEHHBI MOXHO
MPENCTAaBUTD CIEAYIOIIEH CYMMOM

pi(i+l)(x) = Ai(i+1)( x)+ B(z+1)( x)=
- 2 1(1+1)(x) + zm 0 1(1+1)(x)

pe3yabTUpYIOLLIEi MPSIMOI 1 0OpaTHOI BOJIH, KaxKaasi
U3 KOTOPBIX COCTOUT U3 CYMM 3JIeMEHTapHBIX BOJIH
BceX TMGPaKIMOHHBIX MOPSIKOB. YpaBHeHUe (6)
SBJIsIeTCS TUPPaKIMOHHBIM psaaoM IIBapuinmib-
na [26]. Peiienue aToro ypaBHeHHUs OYAET IOKA3aHO
B pazueie 2.

Teniepb omnpeneauM HayaJdbHbIC aMILIUTYIHO-(da-
30BbIe KOO(M@MULUEHTHI a; U b; 3IEMEHTapHON MPAMOii
U1 00paTHOI1 BOJIH HYJIEBOIO AU(MPaKLIMOHHOTO ITOPsII-

Ka A[(,]+1)

1 oTpaxkeHUs1 R; IpU MPOXOXKIEHUHN 3BYKOBOI BOJIHBI
yepe3 ceyeHre 00KOBOTO OTBEPCTHS i, a TaKxkKe KO3(-
(uuyeHT oTpaxeHusa R, oO6paTHOH dj1eMeHTapHOM
BOJIHBI OT OTKPBLITOTO KOHIIa AHTCHHBL.

KoadduruneHntst a; u b; 6ynyT paBHBI MEXIY COOOM
B CUJIy paBEHCTBA IUIOIIAAU CEYEHUI CETMEHTOB TPY-
Obl 1 OynyT onpenessiTecs Kak a; = b, = p,T',. B atom
COOTHOIIIEHUH 3aITMCaHO, YTO 3ByKOBas BOJIHA C TaB-
JIEHUEM p;, BO3AEUCTBYSI HA MPUEMHBIE OTBEPCTHUSI aH-
TEHHBI i, IPOXOAUT B MHTep(hEePEHIIMOHHYIO aHTEH-
HY TOJIBKO YaCTMYHO C HEKOTOPBIM KO DUIIMEHTOM
npoxoxaeHus T';. KoaddruumeHTs mpoXoXIeHNUs 1T
TOpLEBOTro oTBepcTUsi i = 0 U OOKOBBIX OTBEPCTUI i
UMEIOT BU/L:

(6)

2 B([,-O_]l),-, K03 duLMeHTh IpoxoxaeHus 7;

c_paSy o Z;

T Zy+peS, T 2°
0T Pe20 2Z,-+pcS0S—’2
)

(7

r11e S, — TUIOIIAIb CeYeHHUsI aHTEHHBI, M2; S; — TUTOIIA/Ib
cedeHust i-ro GOKOBOTO OTBEPCTHSI, M%; Z, — BBIXOJI-
HOI UMIIEAaHC TOPLIEBOTO OTBEPCTUS, paj Kr/c; Z;, —
BBIXOTHOI MMITIeTaHC 6OKOBOTO OTBEPCTHS, pal KT/c;
p — 06beMHasI TIOTHOCTD CPEIbI, KI/M>; ¢ — CKOPOCTb
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3ByKa B cpeze, M/c. Beipaxkenust (7) JIeTKo MOIYyYUTh
C IOMOUIbIO METOAA 3JEKTPOAKYCTUYECKUX AHATOT U
(IpeacTaBUB 3KBUBAJIEHTHYIO 3JIEKTPUUYECKYIO CXEMY
Moly6eCKOHEYHOU TPYObl C OTKPBITBIM KOHIIOM C CO-
MPOTUBJIEHUEM U3NYyYeHUI0 Z, s T', 1 y4acTok bec-
KOHEYHOU TpyObl ¢ OOKOBBIM OTBEPCTHEM C COMPO-
TUBJIEHUEM u3NlydyeHuto Z; st T';) Kak OTHOLLEHUE
HalpsDKEHMsT Ha 3J1eMEHTe, 3aMellatonieM nojayoec-
KOHEuHy10 Tpyoy, K D/C.

KoadduumenTs! npoxoxneHus T; 1 oTpaxeHus R,
MpU MPOXOXKIEHUU 3BYKOBOI BOJIHBI UYEpe3 ceueHue
OOKOBOIro OTBepCTHUS I, cCorlacHo padoram [5, 32],
ornpenesitorcs GopmynaMu:

1 Sype )7
];=1+§02 5

)

rIe 000O3HAaYeHUS BEJIMYUH COBMAIaeT ¢ 0003HAYEHU -
aMu 1151 BeipaxkeHust (7).

KoaddunmeHt otpaxenus R, oOpaTHOI 31eMeH-
TapHO# BOJIHBI OT OTKPBITOTO KOHIIA aHTEHHBI OTIpe-
JENISIETCSl COOTHOIIIEHUEM

Ry = 20— S0P ©)
ZO + S()pc
IMpu 3TOM BeaMYMHA KOHILIEBOM MOMPABKN OTKPbI-
TOro TOpPLA AHTEHHBI, T.€. BBIXOAHOW MMMenaHc Z;,
oIpenessics: comtacHo padoram [33, 34] mo dopmyie,
nonyyeHHoi Kocce 1 ero coaBTopamu:

Zy = pcSOZ; i ka < 1,5, rne

Zy = jk 0.6133 1y — j(ka)*[0.036 -

— 0.034In(ka) + 0.0187(ka)?] + K&~ ) (10)

+ (ka)*[0.0127 - 0.082 In(ka) + O.O23(ka)2].

Bo MHOrMx oreyecTBeHHBIX pabOTaX BHIXOAHON MMIIE-
JAHC OTKPBITOTO TOPLA OMPEENSIETCS 110 (hopMyJie

4052
pTp @
C

Aan

cornacHo pab6ore JI.f. I'ytuna [35], ogHako ¢popmy-
na (10) maer 6osee TOUHBINA pe3ynbrar. BennunHa Z;
B hopmyaax (7)—(8) onpenensyiach aHaJTOTMYHO BEJIU-
4YMHE Z; C MOnpaBKoii Ha (GopMy OOKOBOTO OTBEPCTHS.

BosBpaiasice K BeIpaxkeHU1o (2), pacKpoeM 3Ha-
YeHHWe MOCTOSIHHOM pacmnpocTpaHeHust y = B + jo.

Zy = + j2(;)pr03
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r \P\l P}_, \P\z D2, {3 Pg, <n P,Z,
N[ A Ay ) Arri 1
B By By By
Po
1 1 I 1 ) ) 1 1 —
Xo x| X X3 00X, Xp+1) X

Puc. 1. MonenbHOe TipencTaBieHe NHTepGhEePEeHIIMOHHOM aHTEHHBI.

ITocTosiHHasg y cocTouT U3 KoadduiimeHTa 3atyxa-
HUs B, XapaKTepH3yOIIeTo 0CaabJIeHne aMILIATYIbI
BOJIHBI Ha €AWHUILY JJIMHBI IIyTU, U (Pa30BOii ITOCTO-
STHHOM jO, UMEIOLLEN CMBICI BOJHOBOIO YHUCA IIPU
HEKOTOPOI CKOPOCTH ¢;, OTIUYHON OT CKOPOCTH 3BY-
Ka B cBOOOIHOI cpene. BenuunHbI onpeneastjiuch 1o
clenytonuM popMmynam comtacHo [32]:

1+ 41+ 492 .

o = k|-———1;

2

2

T ((12)
J1+ 1+ 4>

e @ = r,,/20p; r =./(2puo) / ry — KoaddumreHT
TpeHus; L= 2 X 10~* — k02 PULMEHT BA3KOCTH, Iyas;
¥, — BHYTPEHHU I pafinyc aHTEHHBI.

B 3aBepiieHue pasaena CTOUT OTMETUTh, UTO MOPII -
HeBast MojIa MOXKET CYILIeCTBOBATh HE Ha BCEil MPOTSI-
JKEHHOCTHU aHTEHHBI, a 3HAUMUT, CTPOTO rOBOPsI, Mpel-
JlaraeMasi MaTeMaTruyeckasi MOJieJib OIMChIBAET 3ByKO-
BO€ T0JIe He B KaXIOi TOYKe aHTeHHbI. B yacTHocTH,
MBI HE MOXeM MpPeACTaBIsITh (POHT BOJHBI INIOCKUM
Ha yyacTKe aHTeHHBI ¢ OOKOBBIM OTBEpPCTHEM i, T.€.
B KOOPIMHATAX X(;_,) 2> X 2 X(;1,y- ONKCaTh 3ByKOBOE
MoJie B 3TOI 30HE Mbl HE MOXEM, TTIO3TOMY OTPaHUYU -
BaeMcsl TOJIbKO OIMMCAaHMEM TTPOX0/ia 3ByKOBOI1 BOJIHBI
yepe3 3Ty 30HY ¢ IIOMOIIbI0O KOAMDPUIITMEHTOB MPOXOXK-
nenus T, n otpaxeHud R;. Kpome Toro, npu rnpoxox-
JIEHUU 4yepe3 30HY OTBEPCTUSI QPOHT BOJIHBI 1edop-
MUpPYETCs U MepecTaeT ObITh MJIOCKUM. Bo3BpallieHue
K TJIOCKOMY (PpOHTY (BbIIpsIMIIEHUE (PpOHTA) TIPOKC-
XOIUT TOJBKO Ha HEKOTOPOM PAaCCTOSIHUM OT OTBEp-
ctusi. OgHAKO pe3yJbTaThl aKyCTUYECKUX U3MEPEHUIA
(paznen 3 u 4) moKasbIBaIOT, UTO JIJis peajibHOI reoMe-
TPUM UHTEP(PEPEHIMOHHON aHTEHHBI Pe3yJIbTaThl 13-
MEpEeHUI XOPOIIO COBMAIAIOT C pe3yIbTaTaMU pacyeTa.

B=ko

2. MATPUYHBI ®OPMATN3M

Hnsg onrcaHus 3BYKOBOTO TIOJISI B MHTep(depeH-
IMUOHHON aHTeHHE TpeOyeTcs OIMpeneuTh CyMMY
BCEX 2JIEMEHTAPHBIX TIPSIMBIX U CYMMY BCEX 3JIEMEH-
TapHBIX OOPATHBIX BOJIH JII0OOOTO 3aJaHHOTO MOPSIIKa

Iudpakiuy m Ha KaXXJIOM ydyacTKe aHTeHHBI. I3BecT-
HO, YTO MOAOOHBIE 3aaUl MOXHO PEIIUTh C TTOMOIIbIO
CUCTeMbl MaTPUYHBIX ypaBHeHU# [25]. B yacTHOCTH,
oxoxasl 3ajada IMPOXOXIACHUST BOJIH Yyepe3 MHOTO-
CJIOiHYIO cpeny ObL1a pelieHa B [24] MeTonoM, KOTO-
PBIii MOJIyYnJ1 Ha3BaHKWE METOoJa peBepOepallMOHHOM
MaTpulibl. Pelium rnocraBieHHY0 HAMU 3a/1auy B Tep-
MUHaX, TPeIIOXKEHHbBIX IS METONA peBepOepallioH-
HOI MaTpUIIbI, U TIPEACTaBUM OTBET B BUJIE MaTpUU-
HOTO YpaBHEHUSI.

B mensix HarmIsMHOCTY CHavasa MpoaeMOHCTPUPYeM
pelIeHue 11 YaCTHOTO Ciiydast MHTep(epeHIIMOHHOM
AHTEHHBI ¢ # = 2 OOKOBBIMU OTBEPCTUSMU, & TIOTOM
pacnpocTpaHuM €ro Ha MPOU3BOJILHO B3SITOE KOJUYE-
CTBO OTBepcTuit 1. MiumocTpaluio 3Toro ciydast Jierko
MIpeacTaBuTh U3 puc. 1.

AHTeHHa pazaenieHa Ha (n + 1) = 3 cermeHTa. B ka-
KIOM CErMEHTe 00pasyeTcsl 1Mo Tape 3JIeMeHTapHbIX
BOJIH, a B TIOCJIEAHEM CeTMEHTe (B KOOpIMHATAX X,—

X(,+1)) OOpa3yeTcst TONBKO MpsiMasi BOJIHA A}E?,]l +1)(x) s
00paTHYIO BOJHY IIPUMEM Br[l(()r]l +1)(x) =0 . Temneps 3a-

MUIIIEM BCE BOJIHBI TIEPBOTO AM(MPAKIIMOHHOTO TTOPsIIKa
B KOOpIMHATAX Hayajaa CBOEro paclpoCcTpaHeHUs B CBO-
X CerMEHTax B BUE CICAYIOIIEH CUCTeMbl YpaBHEHUIA:

Aj1y(x0) = By (x))e M Ry,

Al (x1) = Ay (x)e T + Bllyy(xy)e R,
A%(3)(X2) = Alo(z)(xl )e T, + 33(3)(x3)e‘7dR2, .
Biy(x1) = Ay (x0)e Y Ry + Bllyy(xy)e T,
Bi3)(x,) = Aipy) (x)e ™ Ry + Byz) (x3)e T,

| 0 —d
By3)(x3) = Ay3)(xp)e 1 Rs.

Ecnu B Kaxxmoe M3 ypaBHEHUI 3amucaTb OTCYTCTBY-
IOIlIMe B HEM BOJIHBI C HYJIEBBIM MHOXHUTEIEM, TO HE-
TPYAHO mepenucartb cucremy (13) B BUIe MaTpUYHOTO
YpaBHEHMUST:
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A(%(l)(xo)
0 0 0
All(z)(xl) Ro
1 T; 0 0 R
A2(3)(x2) 07, 0 0 0 R
= X
R 0 0 0 T 0
33(1)(361) ! !
0 R 0 0 0 T
Biy)(x,)
1(2)\72 0 0 R, 0 0 0
By3(x3)
e 0 0 0 0 0
0 e 0 0 0 0
0 0 e 0o 0 0
X X (14)
0 0 0 e o0 0
0 0 0 0 e o
0 0 0 0 o0 ™
Ag(l)(xo)
A&Z)(xl)
A§(3)(x2)
X
38(1)(x1)
Bﬁz)(%)
33(3)("3)

[TonyueHnHoe ypaBHeHue (14) MOXHO MpPeaCTaBUTD
B Buze X!l = SPX rne .S — maTpuua paccesiHus;
P — dazosag marpuua; X u X' — BekropbI-cTON6-
LBl C BOJJTHAMM HYJIEBOTO M MEPBOTO AM(MPAKLIMOHHOTO
MOpsZIKA.

BoJIHBI KaXJ0TO CJIEAYIOIEro AUGpakIMOHHO-
ro nopsiaka X" sanuceIBaloTCsl aHAIOTMYHBIM pe-
KYPPEHTHBIM 00Pa30M — YMHOXEHUEM BEKTOPA BOJIH
npenbiayero tudpakuuoHHoro nopsaka X! na ma-
TpUILy paccessHus 1 pa3oByro MaTpuily. [1pu aToMm, Kak
BUIHO U3 ypaBHeHUs1 (14), maTpuubl S u P He 3aBU-
CAT OT AU PAKIIMOHHOTO MOPSIIKA 71, a CTAJIO OBITh,
BOJIHBI IIPOU3BOJIBHOTO nopsanka X"+ 6ynyr cega3anbl
¢ X% crenyrommm ypaBHeHUEM:

xtml = gpylml = (spym X101 = grx101 - (15)
rne R = SP — peBepOepallMoOHHas MaTpulia.
AKYCTUYECKUN XYPHAI Ne 1
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Pesynprupytoiiee 3ByKoBOe ToJIe B KaXKIOM Cer-
MEHTE aHTEHHBI OTIPENeIsIeTCsI CyMMOM 2JIeMeHTap-
HBIX TIPSIMBIX M OOpaTHBIX BOJH BeeX TUGPPaKIIMOHHBIX
MOPSIIKOB MPU OECKOHEUHOM Ipoliecce MepeoTpaxke-
HU, T.e. Ipu m = . CyMMa TakKoro 6€CKOHEYHOTO
psina (Mpu YCJIOBUM €ro CXOAUMOCTH) OMpeAesieTCs
BbIpaXXeHUEM

X = -

_ (16)
- (Z:;:R’”)X[O] = (1 - Ry X1,

rne / — emuHWYHasA Matpuia. Beipaxkenue (16) u sB-
JIsieTcsl peuieHueM MocTaBlieHHOM 3agayu. Bompoc
0 CXOIMMOCTH PsiJia 1Mo CTeTeHsIM peBepOepallMOHHOM
MAaTpULIbI HUTIE He paccMatpuBaiicsd [36], u oH SBIs-
€TCcsl TOCTAaTOYHO TOHKUM. MBI OyieM 1oJjiarath, 4To
psii alipUOPU CXOAUTCS, KPUTEPUEM UETO IS JAHHO-
rO ciyyas SIBJISIETCS CpPaBHEHME MOJYYeHHBIX B padoTe
PACUETHBIX U BKCIEPUMEHTATbHBIX TaHHbIX.

YpaBHeHnue (16) onmuchIBaeT MPsIMbIE U OOpaTHBIE
BOJIHBI B TOYKaX LIEHTPOB OOKOBBIX OTBEPCTUI U MO-
3BOJISIET PACCUUTATh IM0JIe 3BYKOBOTO JaBJIEHUS B JIIO-
001 TOYKe KaxKI0ro U3 CerMEHTOB aHTEeHHBI. B yacT-
HOCTHU, 3BYKOBOE€ NaBjieHHE Ha MeMOpaHe MHUKPO-
GboHa B TOUKE X4y, YIUTBIBAs, UTO A, 1)(X(,4+1)) =
= A,,41)(x,) 7, OnpenenseTcs ypaBHEHNEM

P(x(n+1)) = An(n+l)(xn)e_Yd + (7
+Bn(n+1)(x(n+1))'

[MTonyyeHHOE pelIeHUe paclpoCTpaHsSeTCsS Ha
J1000€ TTPOM3BOJILHO B3ITOE KOJMYECTBO OOKOBBIX
OTBEPCTHUI n. JIETKO BUIETh, YTO pa3Mep BEKTOPOB
U MaTpull B ypaBHeHUHU (14) 3aBUCUT OT yMcClia Cer-
MeHTOB (n + 1). Pa3zmep BOJIHOBBIX BEKTOPOB-CTOJIO-
1I0B X ompeaesieTcsl KOJMYeCcTBOM Tap dJeMeHTap-
HBIX BOJIH B KaXXJIOM CEeTMEHTe aHTeHHBI U paBeH
2(n + 1), a pazaMep Kaxkmoii U3 MaTpUILL COOTBETCTBEH -
HO 2(n + 2) X 2(n + 2).

BosiHOBbBIE BEKTOPBI-CTOIOLIBI X 111 MPOU3BOJIBHO-
ro 1 OyIyT 3aIMUCHIBATHCS B BUIC

Ay (x0)

An(n+1)(xn)

, (18)
By (x1)

B (11 (x(n+1))

a ¢pazoBast maTpuuia P B BuIe
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e 0 0 0
p_| O e 0 o | 19
0 e
0 .. 0 0 ..e™

W3 ypaBHeHus (14) BUIHO, 4TO MaTpulia paccessHust S
COCTOUT U3 4-X OJIOKOB C TUaroHaJIbHOM 3aM1ChIO KO-
3(hGUIMEHTOB OTPaXXeHUS W TIPOXOXICHUS, TIPITIeM
3anmuch KO3 PUITMEHTOB TTPOXOXKIECHUS TTPONUCXOIUT
co cMmernieHueM. [t TIpon3BOJILHOTO # MaTpHIIA pac-
cestHU S OyeT MUMeThb BUJ

00..0 0 RO 0
T 0 .0 0O R .. 0 0
00..0 0 00..R,p 0
00..7T, 0 00 0 R,

S = .(20)
RO..O O 0T .. 0 0
OR..0 0 0O0.. 0 0

R, 0 0 T,
00 ..0 Rypy 00 0

3. ODKCITEPUMEHT

BbLU10 M3roTOBAEHO HECKOJIBKO J1a00OpaTOPHBIX 00-
pa3uoB UHTEP(PEepeHIIMOHHBIX aHTEHH U MPOBEIESHbI
aKyCTUYeCKHe M3MEPEeHUs B MOJy3ariaylieHHOH Ka-
mepe HUU CrpoutenpHoit ®usukun PAACH. Llens
U3MEPEHUI — OIPENCIUTb YACTOTHBIN OTKJIUK UHTEP-
(bepeHILIMOHHBIX aHTEHH pa3HbIX KOH(UTypauii npu
pa3HbBIX yIiax MajJeHus 3ByKOBOI BOJIHBI.

bbuiu moaroToBieHbl TpU oOpa3slia: oopasell K-
JIMHIPUYECKON TpyOKU 0€3 OOKOBBIX OTBEPCTUM 1 00-
paszel AByxX MHTepdepeHIMOHHBIX aHTeHH. [Tpomnob-
Hble U TToTepevyHble pa3pe3bl 00pa3loB MoKa3aHbl Ha
puc. 2, a Bun — Ha puc. 3. O6pa3siibl HaleyaTaHbl Ha
3D-npuHTepe u3 orononumepa (6eblil) U CTeKJI0-
HaIOJIHEHHOTO aKpUJIOHUTPUJI OyTalueH CTUpoJia
(4epHbIE).

OOpasel HageBaeTcsd Ha 1/2 n0WMOBbBII U3MEpU-
TeJIbHBII HeHanpaBJIEHHBIN 3JIEKTPETHBIN MUKPO(DOH
cBobonHoro mnoJist PCB 378B02. Ilpumbikanue gud-
PaKIMOHHOM pelieTku MUKPO(OHa K CTeHKaM 00pas-
LIOB YIUTOTHSIJIOCH JUTSI UCKJTFOUCHUS 1eei.

Takum oOpa3om, 3KCIiepMMeHTaIbHbIN 00Opa3sell
MpencTaBiIsieT co00it HeHaTpaBIeHHBIT MUKPODOH

CYBBOTKHWH

C NPUCOCAVMHEHHON K HEMYy TPYyOKOM WJIMU MHTEp-
¢depeHumoHHoOIt aHTeHHOU AnuHHOK 180 MM. [aB-
HBIM ¥ BaXXHBIM OTJIMYMEM HaIlX 00pa3lioB OT MH-
TepdepeHIMOHHBIX MUKPODOHOB SIBISIOTCSI OOKO-
BbI€ OTBEPCTUSI, KOTOPbIE HE 3aKPBITHl TKAHbIO MU
cneuaabHBIMU ceToYKaMu. B mHTepdepeHIIMOHHbBIX
MUKpO(MOHaX OOKOBBIE OTBEPCTHS 3aKpbIBAIOT MaTe-
puajaMM ¢ aKTUBHBIM aKyCTUYECKUM CONPOTUBIIE-
HueM. Kak mokaxyT pe3yabraTbl 9KCIIEpUMEHTa, 3TO
WUTPaeT OMpPEHSISIOIIYI0O POJib B (OPMUPOBAHUU Xa-
PaKTEPUCTUKM HaIIPaBJICHHOCTH.

CxeMa 9KCrepuMEeHTIbHOTO CTeH1a MokKa3aHa Ha
puc. 4. Uccnenyemble 0Opa3libl yCTaHABIMBAIUCh Ha
LITaTUB C MUKPO(OHHBIM JepxKaTeseM, KOTOPbIi cTa-
BUJICSI HA TIOBOPOTHBIN CTOJI TAKUM 00pa3oM, YTOObI
MeMOpaHa MUKpOo(dOoHa HaXOAWJIACh HA JIMHUU BEPTU-
KaJIbHOI OCU TTOBOpOTa cToja. B KauecTBe n3nyyare-
JIS UICTIONTB30BajIach 16-caHTUMETpOBAasI SJIEKTPOIHA-
Mu4deckas rojioBka rpoMmkorooputeass Harman REF
6530cx, CMOHTHPOBaHHas B CIICLIMAJIbHBIN (haHePHBIIA
U3MEPUTEIbHBIN IIUT (IIUT COOTBETCTBYET TpeboBa-
ausim FOCT P 53575—2009 (IEC 60268—5:2003)).

M3nayuyarenb HaXooujICcd Ha PacCTOSSHUU 3.6 M OT
uccienyeMmoro MukpogoHa. Ha yyactok nosia kamepbl
MEXIy M3TydaTesieM U MUKpodoHoM (pazmepamu 3600
Ha 3600 MM) B HECKOJIBKO PSIIOB ObUIM YJIOXKEHBI MH-
HepaJIOBaTHbIE IJIUTHI TOIIIMHOI 50 MM 1 00BbEMHOI
IIOTHOCTBIO Topsaka 40—80 kr/m>. Inst CHYKEHUS
BJIMSTHUSI HA U3MEPEHUsT AU parupyoiiei BOJHbI, 13-
JIYYEHHOM C THUJIBHOM CTOPOHBI U3JTydaTesis, o0paTHas
CTOpOHA IIXTa ObLIA 3aKPhITA EPETOPOAKAMU U3 MU-
HEepaJIOBATHBIX TUIUT TOJIIIMHOMI 150 MM.

AKyCTIYECKIE U3MEPEHUSI TIPOBOMIINCH IS TPEX
ob6pasuoB 1 mukpodona PCB 378B02 6e3 obpasia.
M3MepeHus xapakTeprUCTUKH HAIIPaBJIEHHOCTU TIPO-
BOOWJIMCH B THMAIIa30HE YIJIOB MOBOPOTa MUKpOdOHa
oT 0° mo 345° ¢ maroM 15° oTaenbHO 11 KaXKIoTo yria
noBopoTa Mukpodona. Illtatus ¢ MUKpODOHOM OBbLI
YCTaHOBJIEH Ha IMMOBOPOTHHIM cTon Mmapku RFT.

CxeMa M3MepUTEIBHOTO TpaKTa IToKa3aHa Ha
puc. 5. AKycTuuecKue u3MepeHusi TpoOBOAUIIUCH C T10-
Moibio DAQ cuctembl Dewesoft SIRIUSI, pabdoraro-
1Iei TTo yIpaBJIeHUeM YCTaHOBIEHHOIO Ha HOYTOYK
I1O DewesoftX. C momoIbio (pyHKIIUM BOCIIPOU3BE-
JIeHWs TT0Ib30BaTeIbCKUX CUTHAJIOB Ha BhIxom DAQ
cuctembl (/) mogaBajach paHee CreHepUpOBaHHAs
MOCJIeN0BaTEeIbHOCTh MAaKCUMaJIbHOU IJIMHBI 18-T0
nopsiaka (maximum-length sequence, MLS). Curnan
rnomaBajcsl Ha yCUJIMTENb 3ByKOBOU MOIITHOCTU (4),
a 3aTeM Ha KJIeMMBbI TOJIOBKM TpoMkoroBoputesst (I'T)
(3) ¥ DOIOJHUTEIBHO Ha aHaNIOTOBLII BXxon DAQ cu-
creMbl (/) u 3anmuceiBajcsad. MukpodoH (2) IoaKiIo-
yaJjicst K aHajoroBomy Bxoay st ICP natunkos DAQ
cuctemsbl (/). CurHan ¢ MUKpohOHa 3aruCchiBaICS.

C nomouipio DAQ cucreMbl CHHXPOHHO ObUIM 3a-
MMMCaHbl CUTHAIBI C MUKPOMOHA U CUTHAJIBI C KIIEMM
unanyuateias. [locaenyomass odpaboTka CUTHANIOB

AKYCTUYECKUM XYPHAJT Tom70 Nel 2024
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Puc. 2. lpononbHbIe U MOTIEpedHbIe pa3pe3nl: (a, T) — oOpasiia MIIMHAPUIECKOW TPYyOKU 06e3 OOKOBBIX OTBEPCTUI,
(6, 1) — 06pas3oB MHTEPDEPEHIIMOHHOI AaHTEHHBI C IByMSI OOKOBBIMU OTBEPCTUSIMHU, (B, 1) — CEMHAIATbI0O OOKOBBIMU

OTBEPCTUAMMU.

npoBoamiack B Matlab. Cxema 00pabOTKM CUTHAJIOB
Ioka3aHa Ha puc. 6. 3anMcaHHbIe CUTHAJIBI 0Ope3a-
JINCH TI0 BPEMEHU TaKUM 00pa3oM, YTOObI AJIUTEIb-
HOCTb 3allMCU COOTBETCTBOBAIA PACIPOCTPAHEHUIO
3BYKOBOM BOJIHBI Ha pacctosiHue 10 m.

[anee mpoBogmIach KOppelsiiuoHHasI 00padoTKa
curHajoB. OTaenbHO A1 MUKpodoHa 6e3 odpasia
1 MUKpPO(OHA ¢ 06pa3lioM oIpeaessiach B3auMHast
KOppesILivs CUTHaja MUKpOGOHa (TaBJIEHUS) U CUT-
Hajla Ha KJIeMMaX I'POMKOTOBOPUTEJIST (HATIPSIKEHMUST ).

AKYCTUYECKUN XYPHAI Ne 1

TOoM 70 2024

Hanee npoBoaunack @ypbe 06paboTKa 1 puabTpa-
1M CIIEKTPOB B3aMMHOI Koppensuuu. s B3auMHBbIX
CIIEKTPOB JIeJaI0OCh 00paTHOE ObICTPOE MTpeodpa3oBa-
Hue Dypbe, 3aTeM MolydeHHasT GYHKINS B3aUMHOM
KoppeJsiiuu 1isi MUKpodoHa ¢ 00pas3ioM aenuaach
Ha MOJyYeHHYI0 (PyHKIIMIO B3aUMHOMN KOppessuu
MukpodoHa 6e3 oOpaslia M1 yMHOXKajJach Ha paHee
MOATOTOBJIEHHYIO (hUIbTpallMOHHYIO MacKy. ITomy-
YEeHHOE 3HaueHUe SIBJSIJIOCh YaCTOTHBIM OTKJIMKOM
oOpasna.
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Puc. 3. (a) — Bun o6pasioB u (0) — Bua oopasiia, HaAeTOro Ha MUKpO(OH.
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DOCOOXXXX

Puc. 4. CxeMa sKCIepUMEHTAIBHOTO CTEHIIA.

D}f4 ™

Bx.

Puc. 5. Cxema u3MepuTeIbHOTO TpakTa: I — U3Me-
pUTENbHBIN OJIOK cucTeMbl cOopa gaHHbIX Dewesoft
SIRIUSI, 2 — pabGouunit uaMepuTeIbHbIII MUKPODOH
PCB 378B02, 3 — rosnoska I'T' Harman REF 6530cx,
4 — ycunutenab 3ByKoBoii MomHoctu Crown XLi
1500, 5 — koMmImbOTEp ¢ MpenycTaHoOBIeHHBIM [10
DewesoftX.

OtrMmeTuM, 4TO M-TI0C/IeIOBaTEeIbHOCTh pPaHee He-
OIHOKPATHO MPUMEHSJIACH IS OKCIIEPUMEHTATbHBIX
ucciaenoBaHmii B akyctuke. B padorax [37—43] MoxHO
03HAKOMUThCS C IMOJIyYeHHBIMU pe3ybTaTaMUu U TeX-
HUKOI 9KCIIEPUMEHTOB.

4. PACYET METOIOM PEBEPBEEPALIMOHHON
MATPU LBl U CPABHEHUE
PE3VIJIBTATOB C SKCITEPUMEHTOM

[TpoaHanu3upyeM BO3MOXHOCTb MPUMEHEHUS
pa3paboTaHHOI MaTeMaTUUeCKOM MOaeIU IJisl pacue-
Ta 3BYKOBOTO MOJIsI B MHTEP(EPEHIMOHHON aHTeHHE
K DKCIEPUMEHTAJIbHBIM 00pa3iiaM.

[IpennmoxeHHass MoaeIb pacyeTa 3ByKOBOTO TTOJISI
MpUMEHUMa TITPY PacIpoOCTPaHEHUU 3BYKOBBIX BOJIH Ha
HyJneBoii Mmoae. Kak u3BectHo (Hampumep, [18, 32]),
B TpyOKe IUJIMHAPUYECKOTO CeUEHMS Ha HYJEBOI Mofie
BOJTHA MOXET PaCIpOCTPaHIThLCS TOJBKO B HEKOTOPOM
IHrarra3oHe YacTOT, KOTOPBIM 3aBUCUT OT OIUaMeTpa
TPYOKHU U OoTpenessieTcsi COOTHOILLIEHUEM

L > 1.7,
2"0

(21)
rae A = ¢,/f— IUIMHa BOJIHBI, M; f — yacToTa, ['1. BHy-
TPEHHUI TUuaMeTp BCeX SKCIIEPUMEHTAIbHBIX 00pas-
1IOB COCTaBJsu1 14 MM, TaKuM 00pa3oM, OMTHOMEPHOE
pacrpocTpaHeHe 3ByKOBOI BOJTHBI B HUX MOXET MPO-
UCXOIUTD 0 YacToThbl 14 KkITI.

[Tpu mpoxoxaeHUU 3ByKOBOM BOJTHBI BHYTPU aH-
TEHHBI Yepe3 30HY OOKOBOTO OTBEpCTHUSI €€ (PPOHT
IedopMupyeTcs U IepecTaeT ObITh INIOCKUM, “BbI-
paBHMBasICh” Ha HEKOTOPOM PACCTOSIHUU OT OTBEP-
CTUSI, COMIOCTABUMOM C AMaMeTpOM OTBepcTus. s
J1abopaTOpHOTO 00pas3la aHTEHHBI C # = 2 OOKOBBIX
OTBEPCTUI IJINHA CErMEeHTa 3HAYUTEJIbHO MPEBhIIIACT
AKYCTUYECKUN XYPHAI No 1

ToM 70 2024
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Puc. 6. Cxema 00pabOTKM CUTHAJIOB.

JMaMeTp OTBEPCTHUSI, a BOT JIJIs aHTeHHBI ¢ n = 17 au-
aMeTp OTBEPCTHST COCTABIISIET MOJIOBUHY JUTUHBI CET-
meHTa. [1pubamKeHHOCTh (DpOHTA BOJIHBI K IJIOCKOMY
BHYTPM aHTEHHBI B 9TOM CJlyyae OIIeHUTb 3aTPyIHM -
TenbHO. TakuM 06pa3oM, pacyeT 3ByKOBOTO MOJISI 1O
MPENJIOKEHHONW MOJIESIA AOJIKEH XOPOLIO COOTHOCUTD-
csl ¢ pe3yJbTaTaMU U3MepeHUii B OOJIbIIel cTeneHn
IJIs1 TPYOKM 0e3 OOKOBBIX OTBEPCTUIA U IJISI aHTCHHBI
Ccn = 2, U B MEHbIIIEH CTeNeH! 1JI1 aHTeHHBI ¢ 1 = 17.
Tem He MeHee, B peaJbHbIX KOHCTPYKIIUSIX MHTEepde-
PEHIIMOHHBIX aHTEHH PacCTOsIHUE d MEeXIy OOKOBBI-
MU OTBEPCTUSMU CTPEMSITCS cAesiaTh HEOOIbIITUM IS
pacimpeHus BepXHeil TpaHHUIIBI paboyero 4aCTOTHOTO
nrarna3oHa MUKpodoHa, a UMEHHO — COTIOCTaBUMBIM
C JUIMHOM BOJIHBI BEpXHEW rpaHn4YHOM yacTtoTsl [20].

MMeHHO 3TUMHU 00CTOSITeIbCTBAMU OBLIT 00YCI0OB-
JIeH BbIOOD JBYX BapMaHTOB J1a00OpaTOPHbBIX 0Opa3IoB
AHTEHHBI — C OOJIBIINM U MaJIECHbKUM PACCTOSTHUEM d
OTHOCUTEJIbHO pamuyca 60okoBoro orBepctus. Co-
MOCTaBJIEeHUE PE3yJIbTaTOB U3MEPEHUIT ¢ pacueTaMu
MO3BOJIUT OLIEHUTh KaK TOYHOCTh MEeTOIA JJIsI OIHO-
MEPHOI0 paclpoCTpPaHEHMsI BOJHbI B aHTEHHE, TakK
U IPUMEHUMOCTb METO/Ia K PeabHbIM KOHCTPYKIIMSIM
AHTEHH C MHOTOMOIOBBIM PaCIIPOCTPAHEHUEM.

C noMo1ipio MeToAa peBepoepalliOHHON MaTPULIbI
ObLIM MPOBEACHBI PacUeThl 3BYKOBOTO JABJICHUS B 00-
pasiie Ha MeMOpaHe HeHampaBJIEeHHOrO KarcroJjisl Mpu
Pa3HbIX yIiax NajeHusi 3ByKOBOW BOJIHBI B YaCTOTHOM
nuanasone 1o 10 k. TMosrydeHHBIE pe3ynbTaThl COMO-
CTaBJISUTUCH C pe3yJIbTaTaM1 U3MEPEHMI IUTsI BceX o0pas-
1oB. st AByx 00pa3oB MHTepPEPEeHIIMOHHO aHTeH -
HbI COMOCTABISUIMCH PE3YJIBTAThI PACUETOB M UBMEPEHUIA
XapaKTePUCTUKU HaMpaBJIeHHOCTH Ha JABYX 4acTOTaXx.
XapakTepucTrKa HalpaBJIeHHOCTH oOpasiia Tpyoku 6e3

AKYCTUYECKWM XYPHAI Tom70 Nel 2024

OOKOBBIX OTBEPCTUI OJIM3KA K HEHANPAaBJIEHHOM, TTO3TO-
My CTICIIMATBHBIN aHAIN3 €€ He TIPOBOIMIICS.

Ha puc. 7 npencraBieHbl pe3yJbTaThl U3MEPEHUN
YPOBHSI 3ByKOBOTI'O IaBJIeHUsI HA MeMOpaHe HeHarpas-
JICHHOT'O KarlCIoJIsl il TpyOKu 0e3 orBepcTuii (n = 0)
pu (POHTATHLHOM TTaIeHUH 3BYKOBOIT BOJHBI B CpaB-
HEHWU ¢ pe3ybraTaMM pacyeTa TIpU yueTe KOHIICBOM
nornpaBku 1o popmyie Kocce (10) u o popmyne I'y-
tuHa (11). BugHo, 4To 00a BbIpaxkeHUs Aal0T OAMHA-
KOBbI€ 3HAUYEHMUSI PE30HAHCHBIX YaCTOT (COOTBETCTBY-
[olIe YETBEPTHBOJHOBOMY PE30HAHCY), HO HauMHast
¢ 3—4 kI ¢ yBeJMyeHHEeM 4acTOThl pacCUMTaHHBIN
YPOBEHb 3BYKOBOTO AaBJICHUS C UCIIOIb30BaHueM (11)
CTAHOBUTCSI TPOTIOPIIMOHAIIBHO MEHBIIIE PE3YIbTaTOB
usmepeHuii. Pacuets ¢ ¢popmynoit Kocce (10) yuiie
COOTHOCSITCSI € pe3y/ibTaTaMu usmepeHuii. OmHako Bce
K€ MMeEeT MEeCTO pacxoxaeHue 2—5 nb B amrutyze.
BeposiTHee Bcero, pacxoxmneHue 00yCIOBIeHO MEHb-
MU pacYeTHBIMU 3HAYEHUSIMH aKTUBHOM COCTABIISI -
IoIIel MMITegaHca (COMPOTUBIIEHUS UJIYYEHUIO), YEM
9TO MMEJIO MECTO Ha DKCIEPUMEHTaJbHOM CTEHJE,
a TakkKe MEHBIIMMHU pacYeTHBIMU 3HAUYEHUSIMU KO-
(bumenTa 3aryxanusi. Takoe pacxoxaeHue OyaeM cum-
TaTh HECYLIECTBEHHBIM ISl 3a/1a4 HALLErO UCCIeq0Ba-
HUS, T.K. B IEPBYIO OYepeIb Mbl CTPEMUMCS OLIEHUTD
MPUTOTHOCTh pa3paboTaHHOM MOIEIN K pacyeTaM MH-
TephepeHIIMOHHOI aHTEHHBI, & HE YTOYHUTb 3HAYCHUS
COITPOTHUBJIEHUS U3JTYYEHUSI U 3aTyXaHUsl B TpyOax, 4To
ABJISIETCS OTAEIIbHON 3amadeil. Bo Bcex manbHeHmmx
pacueTax ucnoiab3oBanack ¢popmyna Kocce (10).

Ha puc. 8 mpencraBieHbl pe3yJbTaThl pacyeTa
YPOBHSI 3ByKOBOTO JIaBJIeHUsI HA MeMOpaHe HeHanpas-
JICHHOTO KarlCIoJIsl i1 MHTep(epeHIIMOHHBIX aHTEHH
C KOJIMYeCTBOM OoTBepcTuit (a) n =2 u (6) n = 17 nipu
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Puc. 7. Pe3ynbraThl U3MepeHUl YPOBHS 3ByKOBOT'O JaBJI€HUSI HA MeMOpaHe HeHamnpaBJIeHHOIO KarlCros ajist TpyOku 6e3
oTBepcTuit (1 = 0) mpu HPOHTATBLHOM IMaJIeHUM 3ByKOBOI BOJHBI B CPABHEHUU C pe3yJbTaTaMU pacueTa Mpu yyeTe KOHIIe-
Boii nmomnpaBku: (a) — 1o ¢opmyiie Kocce (10), (6) — o popmysnie I'yruna (11).
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Puc. 8. Pe3synbraThl pacuera ypoBHSI 3ByKOBOTO JaBjJeHUs Ha MeMOpaHe HeHaIlpaBJIeHHOIO KarlCloJisl 1isi MHTephepeH-
LIMOHHBIX AaHTEHH C KOJUYECTBOM OTBEepCTUil (a) —n =2 u (0) — n = 17 npu PpoHTaTLHOM MalEHUU 3BYKOBOI BOJHbI

B CPAaBHEHWH C Pe3ylbTaTaMy U3MepPEeHUiA.

(bpoHTaIBLHOM TaJeHUM 3ByKOBOU BOJIHBI B CpaBHE-
HUU C pe3yJbraTaMu U3MepeHuil. BuagHo, 4yto mis

= 2 pe3yabTaThl pacyeTa XOpOIIO COOTHOCSATCS
C pe3yJibTaTaMu u3MepeHuid. [IpuunHbl OTKIIOHEHUS
2—5 n1b mpexnae Bcero B paliloHe pe30HAHCOB CBSI3aHbI
C OTKJIOHEHUEM PaCUETHbIX 3HAYEHU I COMTPOTUBIIEHUS
U3ydyeHust 60KOBBIX OTBEPCTHUI OT pealbHOTO COMpO-
TUBJIEHUSI, UMEIOIIIMM MECTO Ha AKCIePUMEHTaIbHOM
crenne. st n = 17 hopma pacueTHOIt KpUBOit ypOBHS
3BYKOBOTO JaBJIEHUSI XOPOILIO MOBTOPSIET (DOPMY OTH-
Oaronieil U3MEPEHHbBIX 3HAYEHW, OMHAKO pacyeTHas
KpHBasi He TIOBTOPSIET BCeX “TMPOBajiOB” M3MEPEHHOM
KpuBoii. [IpuumnHOil 3TOTrO, BEpOsITHEE BCETO, SIBJISI-
€TCSI HECOOTBETCTBUE peajibHOM (hopMbI (DPOHTA 3BY-
KOBOI1 BOJIHBI TIJIOCKOMY BHYTPU UHTEep(PEPEHIIMOH-
HOIf aHTEHHBI, a TaKXXe OTIIMYME MEXIY paCUYEeTHBIMU

U peajbHbIMU 3HAYEHUSIMUA COTIPOTUBJICHUS U3JIyde-
HMS 00KOBOTO OTBepCcTHUs. Tem He MeHee, KaK U paHb-
1IIe, JUTI LieJIei HaIllero UCCIeIOBaHUsI TAKOe COOTHO-
IIEHWE PacYeTHBIX M M3MEPEHHBIX 3HaYEeHUI OyaeM
CUYUTATh YIOBJIECTBOPUTEIbHBIM.

Ha puc. 9 mpencraBieHsl pe3yabTaThl pacyeTra
(a, B) 1 pe3yabTaThl U3MepeHus (0, T) YPOBHS 3BY-
KOBOTO JaBJeHUs HA MeMOpaHe HeHaIpaBJIeHHOTO
Karcojis i MHTepdepeHIIMOHHBIX aHTEHH C KOJIM -
YyecTBOM OTBepcTuii (a, 6) n =2 u (B, ) n = 17 nipu
¢ponTanpHoM (0 = 0°), 6okoBOM (6 = 90°) U ThHLIO-
BoM (0 = 180°) mageHuM 3ByKOBOIt BOJHEL. s n = 2
HabJrIomaeTcsT Xopollee coBnageHue (hopMbl KPUBBIX
JIJISI pacuyeToB U U3MEPEHUI MpU Bcex yriaax naaeHust
3BYKOBOI1 BOJIHBIL. 1151 n = 17 coBIlageHue HOCUT 00-
Jilee KaueCTBEHHBIN XxapakTep. Hiaga ob6omx o6pas3iion
AKYCTUYECKUN XYPHAI

ToM70  Nel 2024
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Puc. 9. (a, B) — PesynbraThl pacueTa u (0, I') — pe3y/ibTaThl U3BMEPEHUI YPOBHS 3BYKOBOTO JaBJAEHMSI HA MEMOpaHe HeHa-
MPaBJIEHHOIO KaIlCloJis U1l UHTepGhEePEHIIMOHHBIX AHTEHH C KOJIMYECTBOM OTBEpCTHii (a, 0) —n=2u (B, ) —n = 17 ipu
¢poHTaTLHOM, GOKOBOM U THUIOBOM MaAeHUU 3BYKOBOIl BOJTHBI.
H3MCpCHHBII71 YPOBEHDb 3BYKOBOI'O JaBJICHUSA ITPU ThbI- p(f e)
JIOBOM TIaJi€HUU BOJIHBI Ha 2.5 1B BbIllIe pacyeTHOTO, R(f,0) = —F————, (22)
P(f> Omax)

a Ha 4yacToTaxX HYKE TIEpBOr0 pe30HaHCa MPEeBBIIIAeT
KPUBYIO 711 (DpOHTAJIBHOTIO MaIeHNST 3BYKOBOI BOJIHBI
(Ta 0COOEHHOCTH OTMevanach B padore [21]).

W3 B3aMHOT0 pacIiooXKeH!sI KPUBBIX IIPU Pa3HBIX
yIJlax IafieHus 3ByKOBOU BOJIHBLI BUAHO, YTO aHTEHHA
c n = 2 He OyneT UMeTh OQHOHAIIPAaBJICHHBIX CBOICTB,
a aHTeHHa ¢ n = 17 Takue CBOIICTBa MMeeT.

Ha puc. 10 npencraBieHbI pe3yJbraThl pacyeTa Xa-
pakTepucTUKU HanpaBiaeHHOCcTH (XH) 1abopaTopHbIX
00pa3LoB ¢ KOJIUIECTBOM OTBepCcTuii n =2 un = 17
B CPAaBHEHMM C pe3yJbTaTaMi U3MEepPEeHUI Ha YacTOTax
4220 n 6040 I'm. XapakTeprcTHKa HAIIPABICHHOCTH
IJIsT Kaxkaoi yactoTel R(0) ompenensuiach Kak 3aBU-
CUMOCTb OT yIJla TMajJeHUs1 3ByKOBOU BOJIHBI O OTHO-
LLIEHUST 3BYKOBOTO AaBiieHUsI p(f, 0) K 3HAaUEHUIO 3BY-
KoBoro aasieHud p(f, 0,,,,) Tpu yrie MaKCUMaJIbHOMI
YYBCTBUTEIBHOCTA MUKpPOdOHa 0., U pacCUYUTHIBA-
Jlach o hopmyiie

AKYCTUYECKUN XYPHAI

ToMm70 Nel 2024

rae p(f, ©) — 3ByKOBO€ AaBjieHUEe Ha MeMOpaHe MUKPO-
(¢boHa Ha yacToTe f Ipu MaAeHUU 3BYKOBOI BOJIHBI IO
yroM 0; 0., — YroJ nageHust 3ByKOBOI BOJIHBI, ITPU
KOTOPOM Ha MeMOpaHe MUKPO(OHa perucTpupyeTcst
HaunOoJIbIIIee 3BYKOBOE IaBJIeHNE Ha YacToTe f.

BunHo, 4To aHTeHHa ¢ n = 2 HEe UMeeT OJHOHAa-
MpaBJeHHbIX CBOMCTB, B OTVIMYME OT aHTEHHBI ¢ 1 = 17.
OnHako y aHTeHHBI ¢ # = 17 mIpUCyTCTBYET IIpOBaJl IIpU
0ceBOM ((hpOHTAILHOM) MaJACHUU 3BYKOBOU BOJIHBI,
a MaKCUMYMbl YYBCTBUTEJIbHOCTU CUMMETPUYHO Ha-
XomaTcs B yrax ot £60° mo £30°, “cxomscs” K HEHTPY
C POCTOM 4acTOThl. [IpUuMHOI 2TOTO SABIASETCS AUC-
nepcus B KaHaje MHTep(GepeHIIMOHHON aHTeHHBI. Ya-
CTOTBI JJTSI TIOCTPOCHMS XapaKTePUCTUKN HAIIPaBIICH-
HOCTHU BbIOpaHbI U3 COOOpaXeHUM y100CcTBa 1eMOH-
CTpallMU BbISIBIEHHOTO 3(peKTa: BHyTpU YaCTOTHOTO
Jrara3oHa, B KOTOpOM HaOJIoAaeTCsl MpoBaJl OCEBOM
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(a)
Cpasuenue XH g n = 2 (accumerpus 0°)

90
120 60

150

%10

240
270

fealc =4220 Tt
——— fmeas = 4220 I'x

(8)

Cpasuaenne XH mig n = 2 (accumerpus 0°)

90
120 60
0.6
150 30
0.4
180 0
210 s 330
240 300
270

—— fcale=4220 Iy
—— fmeas = 4220 Tg
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(6)
Cpasuenne XH mnsg n = 2 (accumerpus 0°)

90
120 60

150

180

210

240 300

270

fcale = 6040 I'x
— fmeas = 6040 Iy

(r)

Cpasuenne XH mnsa n = 2 (accumerpus 0°)

90
120 60

150

180

210

240

300

270

— fcalc = 6040 I'n
—— fmeas = 6040 Tix

Puc. 10. Pe3ynsraTsl pacueTa XapakKTepUCTUKY HAIPABIEHHOCTA MHTEP(MEPEHUIMOHHBIX aHTEHH C KOJIMYECTBOM OTBEPCTUI
(a,06) —n=2wu (B, ) — n =17 c HeHaTIpaBJIEHHBIM MUKPOGMOHHBIM KaTICIOJIeM B CDABHEHWU C pe3yIbTaTaMyu N3MepeHU

Ha yactoTax 4220 u 6040 ItI.

YyBCTBUTEJIbHOCTU 0Opa3ua n = 17, ObLIM BHIOpaHbI
YacTOTbl, COOTBETCTBYIOLIME PE30HAHCHBIM MJISI 00-
pa3uan = 2.

SAKJIIOYEHUE

B paboTte npencraBieH MaTpUYHbBIM METOM pacueTra
aMIUIUTYIHO-YaCTOTHOM XapaKTepUCTUKHU aKyCTUYe-
CKOIf mHTep(EpEeHLUIMOHHO aHTeHHBI, Pa3BUTHIN Ha
OCHOBE paHee U3BECTHOTO MeTo/la peBepOepalluOHHOM
MaTpulibl. Pe3ynbrarsl pacyera 1o pa3paboTaHHOMY
METO/Y XOPOIIIO CXOAATCS C pe3yJabratamu Jjaboparop-
HbIX UBMEPEHUIA.

Ha paccuutaHHOI1 1 UBMEPEHHOI XapaKTepUCTUKE
HaIpaBJICHHOCTH BUIHBI TIPOBAJIbI YYBCTBUTEILHOCTH

npu (ppoHTaATbHOM (OCEBOM) MafAeHUN 3ByKOBOI1 BOJI-
HBI. DTO HexapaKTepHO IJisI MHTep(hepPEeHIIMOHHOTO
MUKpodOHa, KOTOPbIi, HAIIPOTUB, MOJKEH 00eceyn-
BaTh MpreM B GDPOHTATBLHOM HaIPaBICHUM C BBICOKUM
K03 GULIKMEHTOM HampaBlieHHOCTU. [IpuuunHoil 3TOr0
SIBJISIETCSI OTCYTCTBUE IOTIOJHUTEbHOTO aKyCTUYECKO-
TO COMPOTHUBIIEHMS HAa OOKOBBIX OTBEPCTHUSAX, UTO OBIIO
MPEeayCMOTPEHO CIeLMaIbHO IS IEMOHCTPAIIUM pa-
Hee He 00cyk/IaeMoil B TuTepaType 0COOeHHOCTH UH-
TepdepeHIIMOHHOM aHTeHHbl. MHTepdepeHIIMoHHas
aHTEHHA SIBJISIETCS BOJTHOBOIOM CO CITEIIM(PUICCKIMU
TPAaHUYHBIMM YCJTOBUSIMU B 30HE OOKOBBIX OTBEPCTHUI.
Ha yyacTkax aHTeHHBI ¢ OOKOBBIMU OTBEPCTUSIMU
MPOUCXOIUT CKAUOK MMIIeaHca paHUIbl BOJTHOBO/A,
YTO SIBJISIETCS] MPUYMHON BOBHUKHOBEHMUS TUCIIEPCUU
AKYCTUYECKUN XYPHAI Ne 1
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AHAIJIN3 KOJEBATEJIBHOTO ITPOLECCA

B MHTep(depeHIIMOHHO aHTeHHe. BHeceHne moroli-
HUTEJTLHOTO aKTUBHOTO COTIPOTUBJICHUS (B BUIEC TKAHU
WJIN CTICIIMAJIBHBIX CETOYEK) Ha OOKOBBIE OTBEPCTHS
MO3BOJINT CHU3WTh BIWSHUE TUCTIEPCUM Ha XapaKTe-
PUCTHUKY HaIIpaBICeHHOCTH aHTeHHBI. TakuM o6pasom,
HCCIIeNOBaHNe TUCIIEPCUN B BOJJHOBONIE TAKOTO THIIA
WMEET CYIIeCTBEHHOE ITPUKJIATHOE 3HAYCHNE 1 TPeOy-
€T OTIETHLHOTO PACCMOTPEHUSI.

ABTOp BbIpaxKaeT 0;1arofapHOCTb JOLEHTY Kadeaphl

aKycTUKU (puzndeckoro gakynsrera MI'Y n.p-M.H.
Anpnpero BragumupoBuuy IllaHuHy 3a MposiBI€HHBIM
WHTEepeC K paboTe M HaAyYHYIO KOHCYJIbTAIIHIIO.
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