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BBEJEHUWE

Illupokoe mpuUMeHeHHEe B MUPOBOIM MpPaKTUKE
MUKPOMOHHBIX PEIISTOK IS BU3yaIu3allu UCTOU-
HUKOB IIIyMa pa3JIMYHoro xapakrepa [1—3] o6ycnoB-
JIEHO pgaoM NpudrH. OTHUMMU U3 NNIABHBIX PEUMY-
IIECTB MCMOJIb30BaHUSI MHOTOKAHAJIbHBIX PEIIETOK
SIBJISIETCSI BO3MOXHOCTh ITPOBEICHUSI OCCKOHTAKT-
HOM TMArHOCTUKM aKyCTUYECKOTO U3JTyUYECHHUS B 1M~
pOKOM NMamna3oHe 4YacTOT, IPOCTOTa ITOCTAHOBKU
SKCIIEPMMEHTA B PA3JIMUHBIX YCIOBUSIX €TO TIPOBEIe-
HUS (HAIlpUMEpP, B OTKPBITOM WJIM OTPaHUYECHHOM
IMPOCTPAHCTBE), a TAKXKe BapUATUBHOCTh MHTEPIIPE-
TallMA pPE3yJIbTATOB U3MEPEHUIl B 3aBUCUMOCTU OT
MPUMEHSIEMBIX TPOrPAaMMHBIX KOJOB ITOCT-00paboT-
KU, COIepXalluX TMPUOPUTETHYIO MHGOPMALIUIO O
MOJIE]IV U3JTyYEeHUST ICKOMbBIX 3BYKOBBIX UICTOUHUKOB
1 00 mx KorepeHTHOCTH. CyIIecTBYeT MHOXECTBO
Pa3IMYHBIX TUIIOB MUKPO(MOHHBIX PEIIeTOK, Mpei-
Ha3HAYEHHBIX [JIsI PEIIeHUsI KOHKPETHBIX aKyCTU4Ye-
ckux 3agad. lllupoko pacrnpocTpaHeHBI CKJIagHbIE
JIydeBble TUIOCKHE PEIIeTKU, coueTalolue B cebe
GOJBIIYI0O WU3MEPUTENbHYIO IUIOIIAAb W TPOCTOTY
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TPaHCIIOPTUPOBKHU, KOTOPbIE IIPUMEHSTIOTCS JIJIsI U3-
MEpEHUSI MCTOYHUKOB IIIyMa KpYyITHOrabapUTHBIX
O0BEKTOB (HampuMep, Bo3ayxo3abopHUKa [4] wam
CTPYU aBHALIMOHHOTO IBUTaTeNIs [5]).

ITocT-006paboTKka MaTpullbl CUTHAJIOB 3BYKOBOTO
JIaBJIEHUs1, CHHXPOHHO PErucTpupyeMbiXx MUKPOdO-
HaMU B pellieTKe, BBITTOJHSIETCS C TTOMOILIbIO pa3iny-
HBIX TIpoueayp 6umdopmunra [6—10], B pe3yibTaTe
paboThl KOTOPBIX CTAHOBUTCS BO3MOXHBIM ITPOBECTHU
MOJIEJIbHYI0O PEKOHCTPYKIIMIO 3BYKOBOTO TIOJNS B
TUIOCKOCTU CKaHUPOBAaHUSsI, yIaJeHHON OT pelIeTKu
Ha 3aBeIOMO M3BecTHOe paccrosiHue. Kiaccuue-
CKUI aJIropuTM ILI0cKoro oumMpopmunra (Conven-
tional Beamforming) penraer maHHyio 3agady IIyTeM
pa30MeHusT MCClIeayeMo o0JacTh MpPOCTpaHCTBA
NIUCKPETHOM CEeTKOM, B y3JlaXx KOTOPOW HaXOISTCs
HeKOppeIUupOBaHHbBIE TOUEYHbIE MOHOITOJIbHbIE UC-
TOYHUKU C HEU3BECTHOW aMIUIMTYOOM, ToaJiexa-
el manbHeiimei oueHke [6]. [TyTeM BBITIOTHEHUS
psaa MatreMaTUYeCKUX orepaluii, MUHUMU3UPYIO-
IIMX HEBSI3KY 9KCIEPUMEHTAILHO MOJyYeHHON ca-
MOCOMPSI)KEHHOW MaTpullbl B3aMMHBIX Map KOM-
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Maccus miikpodoHa
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Puc. 1. Cxematnueckoe mpencTaBieHue METoAa TUIOCKOTO OuMGbOpMUHTa.

TUIEKCHBIX CUTHAJIOB C €€ MOJAEILHBIM IIpeacTaBie-
HUEM, OIpeAeasiIoTCS 3HA4YeHUs aMIUTATYH IJIst
KaXXIOM TOYKU TUCKPETHOM CeTKHN, Ha OCHOBE KOTO-
pPBIX hopMHUpYyeTCss KOHETHAsT KapTa BU3yaIM3allnu.
CxeMaTuyeckoe npencTaBieHue JaHHOTO aJIT0puTMa
MIpeacTaBIeHo Ha puc. 1.

3BYKOBOE MaBJICHHE MOHOIIOJNS B YACTOTHOM 00-
JlacTi B OOIIEM BHMIE MOXHO 3amvcaTh Kak
p(x, 0) = a(W)g(X, W), rae a(w) — aMIUIUTYAa JaBJIeHUS;
g(x,m) — mepenaroyHasi (byHKUMSI, CBSI3bIBAIOLIAS
KOOPIWHATHI Y3JI0B CETKU C MO3UIIMSIMU MUKPOGhO-
HOB B peIIeTKe; X — BEKTOpP ¢ KOOpAMHATAMM TEKY-
1LIeTO y3J1a CETKU U MOo3uLueil MUKpo(dOHa; O — Kpy-
roBas yacTtoTa. Jlaiee opMupyeTcst HA60p 3BYKOBBIX
MaBJICHWI B 9aCTOTHOM OOJIACTU C TTIOMOIIBIO OBICT-
poro mnpeobpaszoBaHuss Pypbe B BuUge N-MEpHOIo

T
BEKTOpA p = (pl(co) -+ py(®)", 1€ P, () — CUTHAT B
qacToTHOIT ob0imacT; n = 1...N — nHIEeKCc MUKpodoHa
B Mara3oHe oO0Iero yucia MUKpodoHoB N B pe-
wetke; (...)7 — onepauusa TpaHCIIOHUpOBaHUS. 3a-
TeM ¢opMHUpyeTCs MaTpulla B3aMHBIX CIIEKTPOB
C= pp*/ 2 W TIPOBOAUTCS MWHHUMM3ALIUS METOIOM
HauMEHBIINX KBaJpaTOB HEBI3KU 3KCIIEPUMEHTAJIb-
HO TIOJIyY€HHOM camMocoIpspkeHHOM Matpuibl C ¢ ee
MOJIEJIbHBIM MPEICTABICHUEM, YTO MOXHO 3aInucaTh

2 T
Kak J = ,rae g = (g (w) -+ gy(w)) . AHanmn-
TMYECKOE PellleHNE HAGOPa KOMILIEKCHBIX AMITIUTYIL

BbIpaXkaeTcsl B BUIE a = , HA OCHOBE KOTOPO-
o MOXHO 3arnucaTh ypaBHeHUe (1) 1711 BBIYMCIEHUS
pacyeTHOI MOIITHOCTY CUTHAJIOB B KaXKIOM Yy3Jie TUC-
KpeTHo ceTku [11]:
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MoHOMOJIBHOU MOJe 00PadOTKHU 3a4aCTyIO ObI-
BaeT BIOJIHE JOCTATOYHO IJIS pPellleHUs IIHUPOKOIO
Kpyra 3amad. OgHaKo B a3p0aKyCTUKe YacTO MPUXO-
JIUTCS BCTPEYaThCS C UICTOYHMKAMU HEMOHOIIOJILHOTO
TUIIA, HAIIPUMEDP, LIYM OOTeKaHUs UMeeT JUIOIbHBIA
xapaktep [12]. CyliecTBytolye METoabl HACTPOMKU
MUKPO(MOHHBIX aHTEHH TAaKXKe OCHOBAaHbI HA MOHO-
MOJILHOM TPENCTaBJIeHUN MCTOYHUKA 3ByKa. Oue-
BUJHO, YTO JIJISI ICTOYHUKOB 3ByKa, UMEIOIIUX IPY-
roii XxapakTep, TpeOYIOTCSI CIIeLIMAJIbHbIE aJITOPUTMBbI
HACTPOMKM, CO3MaHNIO KOTOPBIX U ITOCBSIIIIEHA TaH-
Has pabora.

B MupoBoii mpakTuKe peaaud3alivs aJrOpUTMOB
JIOKANMM3ally aKyCTUYECKHUX JUTONCH OblTa MpOBe-
JleHa pasIuYHbIMKU uccrnenoBarensimu [13—16]. Cy-
IIECTBYET IBa OCHOBHBIX MOIX0/a, TIEPBBI U3 KOTO-
PBIX 3aKJIIOYaeTCsd B KOPPEKIMUM HEMOCPEACTBEHHO
caMMX aKyCTMYECKUX CUTHAIOB, (POPMUPYIOIINX Ca-
MOCOIpsKeHHYI0 MaTpuiry C, mocie yero oopaboTka
MIPOU3BOAUTCS TPAAUIITMOHHBIM CITIOCOOOM, COTTIACHO
ypaBHeHwuIo (1) [17]. OnHaKo maHHEBII ITOAX0I TPeOy-
eT HaJU4usl CYIIECTBEHHBIX BBIYMCIUTEILHBIX pe-
CYpCOB M3-3a HEUAECAJTbHOIO COBMEIIEHUS (Pa3 CHUT-
HAJIOB M OTPaHUYUBAETCSI PACCMOTPEHUEM TOJIBKO
omHOro (YPMKCUpPOBAHHOIO AUTOJs. BTopoit momxon
3aKJII0YAETCI B KOPPEKIIUM CaMOTO aJlTOPUTMa OUM-
¢dbopMUHT myTeM MOAU(MUKALINI HATIPABIISIOIINX T1e-
AKYCTUYECKUM >KYPHAJ
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penaTouyHbIX (yHKIUNA C YYETOM OpUEHTALIUM JU-
MOJILHOTO MOMEHTa OTHOCUTEILHO TUIOCKOCTU pa3-
MmemieHust pemetku [13, 15]. MMmeHHO maHHBIA
crioco6 ObLT peain30BaH B HACTOSIIIEH padoTe.

KitroueBbIM MOMEHTOM B peau3aluy JUITOJIbLHO-
To aJiropuTMa oOpabOTKM SIBJISIETCS BBEIOOp HAIlpaB-
JsmonuXx GpyHKUIMA g. B oTiMune oT MOHOITOJILHOTO
MCTOYHUKA, aKyCTUUECKMI OUIIOJb UMEET CBOMCTBO
HamnpaBJIECHHOCTU — KOCHMHYCOMIAJIbHOI 3aBUCUMO-
CTU BEJIUYMHBI aMIUIUTYIbI OT yrja MaaeHUsI 3BYKO-
BOI BOJIHBI OTHOCHUTEIbHO Ha0onaTelsl (B JaHHOM
cliyyae, OTHOCUTEIBHO IIOCKOCTU pa3MelleHHUs pe-
meTkn). C ydeToM gaHHOTO (aKTa, HallpaBIsSIOLIe
BEKTOPHI IS TIPOAOJIbHBIX U MOMEPEYHBIX (X U V) MU~
MOoJIel COOTBETCTBEHHO MOXKHO 3aMucaTh B BUIE CU-
cTeMBbl ypaBHeHU1 [ 14, 18]:

—ik|r,—r;

d
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e X, U y,, — IPOEKIINN KOOPANHAT MUKPOGOHOB Ha
ocu Ox 1 Oy COOTBETCTBEHHO; X; M y; — IPOEKLIUHU KO-
OpAVHAT CKaHUPYEeMBIX TOUEK CeTKU Ha ocu Ox u Oy
COOTBETCTBEHHO; COS ¢ U cOS O — KOCHMHYCHI YTJIOB
a3MMyTa M MeCTa COOTBeTCcTBeHHO. s ymoOcTBa
MIPOBEICHUS BHIYMCIICHUI, aJrOPUTMUYECKYIO ITO-
CJIe0BATEIbHOCTh MOXKHO BBIPAa3UTh B MATPUYHOI
¢dopmMe, o aHajoruu ¢ ypaBHeHuem (1).

Ha creneHb TOCTOBEPHOCTH M MOAPOOHOCTH KO-
HEYHOI KapThl BHM3yaJU3allud HAIPSIMYIO BIUSIOT
nBa ¢paKkTOopa: BEIOOP TUTIAa MUKPOMOHHOM peImeTKN 1
rmapamMeTpoB ee HACTPOMKH, a TaKXKe cIiocoda MmocT-
00pabOTKN perucTpupyeMbix curHanoB. C ILIebiO
MOBBIIIEHUS O0IIIeTO KauyeCcTBa JIOKAIU3allui, aKTUB-
HO Pa3BUBAIOTCS METOIbI HACTPOMKHU PEIIETOK ITyTeEM
MMOMCKa ONTUMAJIbHOIO pa3MelleHNsT MUKPOMOHOB,
GbopMUPYIOIINX IBYMEPHYI0O KOOPIMHATHYIO CXEMY
aKkyctudeckoro MaccuBa [19—21]. Beibop mosummii
MUKPOMOHOB IPU COXPAaHEHU U MX OOIIETO YMCIIa Ha-
MPSIMYIO BIIUSIET HA AETAIM3UPOBAHHOCTh (DMHAJb-
HOM KapThl BU3yaJU3alu 3a CUET UX IIPSIMOTO BO3-
JIeficTBUSI HA YPOBHU IMKOB Mapa3sUTHBIX OOKOBBIX
JIETIECTKOB, KOTOpbIE B OMPEACICHHBIX CIy4assx MO-
TYT TIPOSIBISATHCS B KAadeCTBE IICEBIOUCTOYHUKOB,
OIIMOOYHO TPUHUMAEMBIX 3a peajJbHOE aKyCTU4e-
ckoe manydeHue. Kpome Toro, Heodbxonmumo obdecrie-
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YUTHh BBICOKOE pa3pellleHhe CUCTEMBbI JIOKAIN3alluy
IJIST Ka4eCTBEHHOTO paslelieH!s] OJIM3KOpacIiono-
JKEHHBIX 3BYKOBBIX MCTOYHHUKOB MeXITy coOoif. Ta-
KIM 00pa3oM, OCHOBHas 3amada IpOBEACHMST OTITH-
MU3alUU — TOOUTHCST ONTUMATIBHOTO COYETAHUS BBI-
COKMX 3HAUYeHWIl ITWHAMWYECKOTO IHalta3oHa B
COBOKYITHOCTH C BBICOKOM paspelraromnieii crocoo-
HOCTBIO PEIIETKH.

1T DOCTUKeHUSI MAaHHOW 1IeJW MHPUMEHSIIOTCS
pa3IUYHbIE CIIOCOOBI ONTUMU3ALIMU, C YYETOM ONTH-
MaJjIbHBIX 3aTpaT BBIYUCIUTEIbHBIX MOIIHOCTEM,
CKOPOCTU CXOAMMOCTHU, CITOCOOHOCTU aJITOPUTMa K
MPEONOJIEHUIO JIOKAJTbHBIX MWHUMYMOB II€JICBOMA
dyHKIMM U T.0. [TpuMeHSIIoTC Takrue METOObI, KakK
MUHUMAaKCHas1 ontumuzauus [19], meton mudde-
pPEeHLIMaTBbHOU 3BoONMHA [21], SABASIOMINICS OMHUM
W3 BapUaHTOB T'€HETUYECKOTo aiaroputMma [22, 23],
BBITIyKJ1asi onTUMU3anus [24], YucIeHHbIE METOIbI
mI00anbHOW ONMTUMU3ALUM, HAaNpUMEpP, aJTOPUTM
uMmuTauumn orxura (Simulated Annealing) B KoMOu-
Hallud C TIPUMEHEHWEM BHYTPUOJOYHOTO METOaa
Mounte-Kapno (Intra-Block Monte Carlo) [25], a
Takke MHOTHe Apyrue [26, 27]. OmHaKo B 3TUX pabo-
TaX paccMaTpUBAIOTCS TOJBKO METOAbl HAaCTPOUKU
pELIeTOK Ha ONTUMAaJIbHOE KAa4eCTBO JIOKaTU3alUu
WCTOYHUKOB MOHOIIOJILHOTO THUMA, U HE YAEISIETCS
BHMMaHUWE WX aJanTalluv K UICTOYHUKAM ITUTIOJIbHO-
ro Xapakrepa.

B nanHOI1 paboTe TIpemraraeTcs ITOAXOM IJTS aaari-
TaIM PEeIIeTKN K TUTTOJIBHOM MOIETN U3TYICHUS, B
OCHOBE KOTOPOTO JIEXKHUT MOA(HUKAIIHS TTepeaaTod-
HBIX (HampaBJISIIOMNX) (QYHKLIWN, YYUTHIBAIOIINX
BJIMSTHUE HATIPaBICHHOCTH TTalleHUS 3BYKOBBIX BOJIH.
Bropast yacth pabOTHI TTOCBSIIEHA TTPOBEACHUIO Ce-
pHH KCITepUMEHTATbHBIX MCCICIOBAaHUM, pe3yIbTa-
THI KOTOPBIX TEMOHCTPUPYIOT MOBHITIIEHE TMHAMU-
YeCKOT0o Irarna3oHa perieTK MPU UCITOIb30BaHHOM
OINITUMAJTBHOM pa3MeleHNN MUKPO(DOHOB.

HACTPOWMKA PELLIETKH HA 3BYKOBBIE
NCTOYHUKHN OUITOJIBHOI'O TUITIA

Mg agantaiyy MUKpOGOHHOM pelIeTKr K -
MOJIbHOMY 3BYKOBOMY ITOJIIO OBIJIO PEIIEHO UCITOIb-
30BaTh MPSIMOI pacyeT JOKaIU3allui TOYCUHOTO A1~
MOJISI, HAXOOSIIErocss Ha M3BECTHOM KOHEUYHOM pac-
CTOSSHUM OTHOCHUTEIBHO IUIOCKOCTU pa3MelleHUs
peuleTku. JlaHHOE pellleHre ObUIO MPUHITO VCXOMIS
U3 CIEOYIOIINX COOOpakeHMIi: TIpU pacCMOTPEHUN
paguaibHOro TIPOMUIII MAKCUMAJIbHOTO YPOBHS 00-
KOBBIX JIETIECTKOB Ha pa3IMYHBIX YACTOTAX OBIJIO BbI-
SIBJICHO, YTO MPHU TTOBBILIEHUN YaCTOTHI TPOUCXOIUT
cxxatue npodus 1o ocy adCIMCC B CTOPOHY INIaBHO-
ro JIeTrecTka, omHakKo dopMa MNpoduiIst ocTaercs
MPaKTUYECKU HEM3MEHHOI. BbIJIO yCTaHOBIEHO TaK-
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K€, YTO C pOCTOM YaCTOTHI HAGIIOAAIOTCS KOJIeOaHMsT
JIETIECTKOB TI0 YPOBHIO 3BYKOBOTO ITABJICHMS, YTO B
TambHEeNIIeM HeoOX0IMMO UCCIIeNoBaTh OoJjiee TIia-
TEJIbHO TSI MUHUMHU3AaIIUN BO3MOXHBIX TTOTPEITHO-
creit. TakuM 06pa3oM, GBUTO TPUHSTO pellleHIE Olle-
HUBaTh paavaibHBIN TTPOMWIH TOJIBKO Ha BepxXHeEit
IPaHUIHOM YaCTOTE ONTUMU3AIINH.

Jnas obecrnedeHUsT BBICOKOM BBIUMCIUTEIILHOMN
CKOPOCTH, BMECTO BBIMOJIHEHMSI TTOJIHOTO aJirOpUTMa
JIOKaJIu3alluy, BKIIOYAIOIIETo B Ce0sl BBIUMCICHUE
MAaTpUIIbl B3aUMHBIX cTIieKTpoB C, Obl1a MCITOJIh30Ba-
Ha ¢yHKuMs paccesHust Touku (Point Spread Func-
tion, unu PSF). [lanHast (pyHKIMS ONTMChIBAeT OTKINK
MUKPOMOHHON aHTEHHBI Ha €OUHWYHBINA TOYEUHBIN
ncroyHuk. Kak Obu10 onmcaHo B MpeabImylInX Ivia-
Bax, aHAJIMTUYECKOE pelIeHUe IJIST HaXOXICHUS He-
M3BECTHBIX MOIIIHOCTE CUTHAJIOB JUISI KAXKI0U TOUKU
CETKHU j Ha OMpeaeJeHHOM 4YacTOTe (O MOXHO 3aIlu-
caTb B Buie BbIpaxeHus (1). MaTpuily B3auMHBIX
CIIEKTPOB, MHAYLIUPYEMYIO TOUEUYHBIM UCTOUHUKOM C
€IMHUYHON aMIUIMTYyIOM B TOYKE C MHIECKCOM J,

S
MOXHO 3anucath Kak C; =g;g;. CrenoBarenbHo,
aHAJINTUYECKOE pellleHUe IS HaXOXISHUST aMILI-
Ty, OCHOBaHHOe Ha mpuMeHeHun PSF, 3anuiiercs B
BUE:

Ay = wkéjwk = W, |:gjgjj|wka

e w, = gk/"gk”2 — BECOBOIl BEKTOpP C pa3MepHO-
cThio [N X 1];/, kK — MHOEKCHI TOYEK TUCKPETHOI ceT-
ku. [1o onpenenenuio Mbl umeeM A, = 1 puj =k, a
B UI€AJIbHOM CJly4yae aMIUIMTy1a JOJIXKHA BbIpaXKaThb-
ca Kak Ay = 0 mpuj # k. OnHAKO NPU UCTIONBL30BAHUU
KOHEYHOTO 4Yucjia MUKPOGhOHOB BBHITTOJIHEHUE aH-
HOTO YCJIOBUSI CTAHOBUTCSI HEBO3MOXHBIM. [To3TOMY
pelieTKa AOKHA ObITh CIIPOEKTUPOBAHA TAKUM 00-
pasoM, 4ToObl Ay Npu j # k ObLIO MUHUMAJIbHBIM B
HEOOXOAMMOM /uana3oHe 4acToT. B KoHe4HOM UTO-
re, o1 IpUMEHEeHMUsT (DYHKLUU paccessHUsl TOUKU
(PSF) ¢ monpaBKoii Ha TUMIOJIbHBIIA UCTOYHUK, HE-
00XOMMO 3aMEHUTh HaIpPaBJSIOIIME BEKTOPHI Ha
COOTBETCTBYIOIIME MPOJOILHOMY WY MONEPEYHOMY
aKyCTUUYECKOMY QUIIOJIO, COINIACHO ypaBHEHUIO (2):

Xk x _x%¥ X
g« | 8,8 (8«
A = L | x| x x¥F | x
kT . 4 =W, gjgj Wi,
8k - -
DL I T
8 |88 |8
y o _ L i — w?*| oYV |
Ay = o =W, | 8,8 |Wk
le!] -

TakuMm o6pa3oM, B HacTOsIIIEH paboTe Tpemiara-
€TCs IPOBOIUTH OLIEHKY ITapaMeTPOB HACTpauBaeMOIi
MUKpOGOHHOM pEILIeTKM Ha OCHOBE IIOCTPOCHMUS

GYHKIIMT MaKCUMAJIbHOTO YPOBHSI OOKOBBIX JIETIECT-
KOB, U3BJIeKacMOI HAIIPSIMYIO C KapThl JIOKATU3aIlu1
TOYEYHOTO TUTIONS, C(DOPMUPOBAHHOTO C TTOMOIIBIO
byHKIIMY paccessTHUs TOYKM Ha BepXHEH YacTOTe MH-
TepecyIOIIero YaCTOTHOTO Ihalta3oHa, IyTeM OIeH-
KW pagvuaIbHOTO MPOdIIIsa GOKOBBIX JIETIECTKOB B IC-
cJIeIyeMOoi 06JIaCTH IIPOCTPAHCTBA.

I1pu npoBeaeHUM HACTPONKU MUKPO(POHHOI pe-
IIETKW Ha ONITUMAIbHOE KAaUeCTBO JIOKATU3aluy O~
MoJieii ObLUIO PEIIeHO MCITOIb30BaTh JIMHENHbBIC pa3-
MepHBI, aHAJIOTUYHBIE 54-KaHaabHOU MUKPO(GOHHOMN
antenHe “bpionp u Kbep”. KoHCcTpykKuuyst maHHOI
aHTEHHBI COCTOUT 13 9 Jydeil paBHOM IIMHBI, 3a-
KpEIUICHHBIX Ha [IEHTPaJIbHOM TeJIe TMaMeTPOM OKO-
70 0.3 M, pa3MeIlleHHBIX MO OKPY>XKHOCTU C paBHO-
MEPHBLIM YIJIOBBIM ImaroMm (40°) u dopMUPYIOIINX
BUPTYaJIbHYIO OMUCAHHYIO OKPYKHOCTh JUaMETPOM
2.5 M; Ha KaXIOM JIy4de pacroaraeTcs 1o 6 ToueK Iist
YCTAaHOBKU MUKPOGOHOB, TOJOXEHUS KOTOPBIX
WIESHTUYHBI Ha KaXXI0oM Jiyde. JlaHHOe pellreHre ObUIo
MIPUHSITO, BO-IIEPBBIX, IS 00SCIIEYeHUST COITOCTABU-
MO BeJTMUMHBI pa3pellicHUs], HAIIPSIMYIO 3aBUCSIIIETO
OT JMaMeTpa OINMMCAHHOI HauboJjiee yOaJeHHBIMU OT
LIEHTpa MUKPO(POHAMH OKPYKHOCTH; BO-BTOPBIX, IS
JIEMOHCTpalluM ITOCTHKeHUST Oosee 3(PdeKTUBHOIM
JIOKaNMM3ally aKyCTUIECKHUX TUTIOJIEeH ITyTeM MpOBe-
JIeHUsI HACTPOMKMN aHTEHHBI MPU COOMIOIEHUY TIPO-
YMX paBHBIX YCIOBUIA — 006IIEro Yncia MUKpO(OHOB,
JIMHEWHBIX pa3MepoB JIy4eBOM aHTEHHBI M COOTBET-
CTBUSI €€ OCHOBHBIX T€OMETPUYECKUX ITAPAMETPOB.

IMTocraHoBKa 3a1a4u yCIIOBHOI ONTUMU3ALINU BhI-
MOJIHSAJIACh B MATEMAaTUYECKOM IaKeTe MPUKIaTHbIX
nporpamm MATLAB. Ha 3HaueHus apryMeHTOB Ha-
KJIaJBIBAJIUCh CICAYIOIINEe OTpaHWYCHUS: OTKIIOHE-
HUE KOOPAWHATHI HanboJjee yIaJleHHOro OT LeHTpa
mukpodoHa: +0.05 M m1g obecrieueHUsT BapuaTHUB-
HOCTH TIOJTydaeMbIX KOOPAWHAT TMPU COXpPaHECHUU
LIV PUHBI TIOJI0CHI TJTABHOTO JIETIECTKA B TOYKE MOJIO-
BUHHOI MOIIHOCTU IPUMEPHO B OTHUX U TEX XKe
Mpeaeiax; BepXHss 4acToTa U3JIyYeHUs, UCITONIb3Y-
eMas 11t mpoBeneHus onrumu3anuu: 5000 I pac-
CTOSTHME MEXAY KaxXIoil Imapoil cocemHUX MUKPO-
¢oHoB Ha nyde: He MeHee 0.04 M 11 oOecIieyeHUs
JIOCTAaTOYHOTO MPOCTPAHCTBA MPU (UKCALTUN MUK-
pO(dOHOB; PacCTOSTHUE OT ILIOCKOCTU ITOJIOXKEHUS
AHTEHHBI 10 BUPTYaIbHOTO UCTOYHUKA: 2.5 M, COOT-
BETCTBYIOILIIEE OOHOMY AHWAaMETpPy BooOpaxkaeMoii
OIMMCAHHOI OKPYKHOCTU aHTeHHBI;, paguyc 00JacTu
CKaHMPOBAHMSI IJIsI MOCTPOeHMs ceTKu: 1.45 M, pac-
CUMTAHHBINA 10 cooTHoimeHuio L = 1.15z (tme L —
JIMAMETpP OXBAaTBIBAEMOI 001aCTH, Z — PACCTOSIHUE IO
pelIeTKN), YTO COOTBETCTBYET paIuyCy OXBaThIBac-
MOIi aHTEHHOI 00JIacTU MpU yrjiae packpbiTust 30°.
3HaYeHWe JAHHOTO yIyla OmpelesisieTcs MCXOOs M3
OLICHKY BEJIMUYMHEI paspeluicHus R(0) B oblieM Buae
AKYCTUYECKHWH XYPHAI Ne 2
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— AHTeHHa HacTpOEHHast
- AntenHa “bpronbs u Kbep”
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Puc. 2. (a) — Habop koopauHaT MUKpOGhOHOB IS JTOKAIM3ALMK aKyCTUIEeCKUX aAunosieit u (0) — cpaBHeHMe (DYHKIIUIT MaK-
CUMAaJIbHOTO YPOBHSI OOKOBBIX JIEIIECTKOB AUIIOJbHO-HACTPOSHHOM MUKPOMOHHOM pelIeTKu ¢ peiieTkoi “bpiojab u Kbep”.

B 3aBUCMMOCTH OT yIJIa TTaJIcHUsI BOJTHOBOTO (ppOHTA
OTHOCUTEJILHO OCH, HAIlpaBJICHHOM IO HOPMayiu K
IUIOCKOCTH pa3MellleHUsI aHTEHHBI, HO Ha MPaKTUKe
YTOJI paCKpBITUS YaCTO OrPaHUYMBAETCS 3HAYCHUEM
30° [6].

PelieHue onTMMU3aMOHHOM 3aJadyv MPOU3BO-
JINJIOCH C TIOMOIIBIO METO/1a MUHUMAKCHOM ONITUMMU -
3anuu. Yuciao HabopoB KOOPAWHAT MUKPOMOHOB,
KCIIOJIb3YEMbIX B KaUeCTBE HayaJbHBIX YCIOBUIA, CO-
crapisuio 6onee 100 Toic. [Tocne BIYMCACHUST KaX-
JIOl UTepaluu, MyTeM OLIEHKU IeJeBoii (yHKIIUU,
onpenensicss TMHAMUYECKU Auara3oH, COOTBET-
CTBYIOLLIUI TeKyllIeMy Habopy KoopauHar. J1jist odec-
TMEYECHUsI COMOCTAaBMMOIO C peunieTkoil “bpronb u
Kbep” paspelieHus1, JONOIHUTEIBHO KOHTPOIUPO-
BaJlaCh IIMPUHA TIOJIOCHI IJIABHOTO JieTlecTKa, omnpe-
nensieMasi B Touke —3 ab, 1151 MoTydeHuUs IPOCTpaH-
CTBEHHOII KOOPAMHATBI KOTOPOI MPUMEHSLIACh OJ-
HOMepHasi JUHeitHast UHTEPIIOISILIUSI.

Ha xaxnoit urepalium oueHUBaICSd paadabHbIN
npoduib KapThl JIOKATU3ALUK 1J151 BBISIBJIEHUST MaK-
CUMaJILHOTO YPOBHSI OOKOBBIX JIETIECTKOB B 3a/laH-
HoI1 KpyroBoii ooiactu L. Illar usMeHeHus paguyca
OBUI paBeH ImMpuHe omHoit sueitku cetku (0.01 m).
JlJ1s1 BBIMIOJTHEHUST TIPOLIEYPhl MOJYKOJIbIEBON BbI-
OOpPKM U3 KOOPAMHAT TOYEK TPSIMOYTOJIbHOU CEeTKU
MPUMEHSUIMCh OTepaluu OKpPYIJIeHUsI A0 OavKaii-
mux styeek. st HaxoXaeHusl TepBOro MUHMUMyMa
¢YHKIIMM TIOC]Ie TJIAaBHOTO JIeNecTKa, MpeAcTaBIso-
1ero codoit Havajio oTcyeTa quara3oHa U3MEHEHUS
YPOBHEU OOKOBBIX JIEMECTKOB, MPOBOAMIOCH YHC-
JIeHHoe nuddepeHupoBaHe ¢ MpUMEHEHUEM Me-
TOJia MIPaBOCTOPOHHEI Pa3HOCTH.

ITocne IIPpOBCOCHNA BbIYMCINTCIbHbBIX onepauﬂﬁ
ObLIa HalileHa ONTUMAaJIbHAS AByMEpHasd KOOpIMn-

AKYCTUYECKUM KYPHATT TomM 69 Ne2 2023

HaTHas cxeMa yCTaHOBKW MUKPOMOHOB, YIOBIETBO-
psmwolas 3agaHHbIM TnapameTtpam. [Ipu conocraBu-
MOM 3HaYeHMU pas3pelleHus, TPUPOCT JUHAMUYC-
CKOTo Iuana3zoHa JaHHOTO Habopa COCTaBWJI OKOJIO
2 n1b B mmpuHe nojockl 1o 5000 I'u. HalinenHoe pac-
MnpenesieHue KOOpAWHAT MPEACTaBIE€HO Ha pucC. 2.
CpaBHeHUEe (YHKIUN MaKCUMaJIbHOTO YPOBHS 00-
KOBBIX JIETIECTKOB, COOTBETCTBYIOIIIMX ONTUMAJbHO-
My Habopy KoopAuHAT U Habopy KoopAauHaT “bproiab
u Kbep”, ipencrasiieHo Ha puc. 3.

[Ang TpoBeAeHMST TOCIEHYIOIMNX SKCIEPUMEH-
TaJbHBIX MCCJIeNOBAaHMI OBLIM pa3paboTaHbl COO-
CTBEHHBIE TPOrpaMMHBIC W alllapaTHble CpeacTBa
BU3YyaIM3allMd MCTOYHUKOB IITyMa, ITO3BOJISIONINE
00OMNTU OrpaHUUYCHUSI KOMMEPUYECKUX CUCTEM JIOKa-
JIN3aluu, He TIpeaycMaTpUBaIOIINX BHECEHUS TPeOy-
€MbIX U3BMEHEHUI B KOHCTPYKIIMIO U B METOABI OCT-
00paboTKu u3MepeHuit. s aTux uesneit Oblia BhI-
MOJIHeHA pa3paboTKa U U3rOTOBJIEHUE PETYIUPYyeMOit
KOHCTPYKIIUM JIydeBOM MUKPOMOHHOI aHTeHHBI
[28—30], HeoOxomuUMOI i1 TIPOBEACHUS JaJIbHEi-
LIUX UCCIEA0BAHUM 1O OLIEHKE 3aBUCUMOCTU Kaye-
CTBa JIOKAJU3alMU UCTOYHUKOB IIIyMa OT MO3UIIUI
pa3MeIeHus MUKpO(OHOB. DJIeMeHTHI pa3paboTaH-
HO#1 aHTeHHBI U3TOTOBJICHBI U3 ATIOMUHUEBBIX CITIa-
BOB, CTAJIBHBIX KOHCTPYKIIMU ¥ TTOJTMMEPHBIX MaTe-
pHAJTOB, BCJICACTBHE YETO 0OSCIIEYNBACTCST ONTHMAITh-
Hasl Macca Bceil COOpKM, COMOCTaBMMasl C Maccoit
aHTeHHHI “bpioiab u Kbep”, B COBOKYITHOCTH C HEO0-
XOOUMOM JKEeCTKOCThIO KOHCTpyKImH. CosmaHHas
KOHCTPYKIIVSI IMeeT BOSMOXKXHOCTh N3MEHEHUS YHClia
JTy4deif 1 grciia MUKpoOHOB Ha JIyJax, a TAKKe ITOJI0-
JKeHUS MUKPO(POHOB ¢ BO3MOXHOCTBIO TOYHOTO TTO-
3ULMOHUPOBAHUS TI0 YIVIOBOH (¢ 1m1aroM 1°) u mmo pa-
IrabHOM (C 1rarom 1 MM) KoopauHate.
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Puc. 3. OpI/IeHTaL[I/IH MHKqu)OHHbIX AHTCHH OTHOCUTECJIbHO METAJVIMYECKOTO CTCP>KHA.

st 06paboTKM pe3ynIbTaToB OBLIO pa3paboTaHO
IIporpaMMHOe oOecrneuyeHrne B MaTeMaTUIeCKOM I1a-
KeTe MpUKIagHbIX mporpamMmM MathWorks MATLAB.
bruta peann3oBaHa TOHKAass HaCTpoOliKa ImapaMeTpOB
MOCJIeyIoNIeil MocT-o0padboTKM, B TOM YUCe: IIN-
HBI CUTHAaJIa; 9YaCTOTHOTO aHaim3a (Yy3KOIIOJOCHOTIO
WIA OKTaBHOTO M IPOOHO-OKTaBHOIO); TPeOyeMOii
IIMPUHBI IOJOCH B Tepliax; YMcia JUHEHHBIX YCPEI-
HEHMIi; THIIa OKOHHOM (PYHKIIMW; HACTPONKM dYa-
CTOTHOTIO Oualla30Ha; HaCTPOMKM MapaMEeTpOB pac-
YEeTHOM CeTKW; HACTPOWKM ITOJOXEHUS (DOHOBOTO
N300pakKeHUS.

BKCITEPUMEHTAJIBHBIE UCCIITEJOBAHUA
11O JIOKAJIM3ALIMUN JUITOJIbHBIX
NCTOYHMKOB IIYMA

SKCHCDI/IMCHTEU[BHLIC nCcCiacaoBaHuA JIOKaJIn3a-
I MCTOYHMKOB IIIyMa JUITIOJIbHOI'O THUIIA ITPOBOAN -

JINCHh B aKyCTHYECKOM 3amTylieHHO Kamepe LleHnTpa
akyctuueckux ucciaegosanuii ITHUITY. s npose-
JIEHUSI TIOCIEOYIOIIEro0 CPaBHUTEIBHOTO aHAM3a B
M3MEPEHUSIX ObUIN 3a4eiCTBOBAHBI 00€ MUKPOMOH-
HBIX aHTeHHBI (COOCTBEHHASI TUIOIbHO-HACTPOCH-
Hast u S54-kaHanbHas penietka “bproap u Keep”).
B xkayecTBe MexaHu3Ma I TeHepalMKU aKyCcThde-
CKUX OUIIOJIEM paccMaTpMBAJIOCh B3anMMOEIICTBHE
BO3AYIIHOI TYpOYJIEHTHOM CTPYU C TBEPABLIM TEJIOM,
B YaCTHOCTU — 00TeKaHWE TOHKOIO METaJIZIMIECKOTO
CTEPXKHSI HWIMHAPUYECCKOM (DOPMEI, a TakKe B3al-
MOAEHCTBHE TYpOYJIEHTHOTO MOTOKA C TOHKOM ILIa-
ctuHoi. O0e aHTEeHHBI pacroJjiarajJuch Ha paccTos-
HUU 2.5 M (OmHOTO AUaMeTpa CBOCH OIMMCAaHHOM
OKPYXHOCTH) TapajijieJibHO OCH CTpyu. B mpoaosib-
HOM HampaBJIECHUM aHTEHHA yCTaHAB/IMBalIach TAKIM
o0pa3oM, 4TOOBI MOJOXKEHNE MIACHTU(PUIIMPYEMOTO
aKyCTUYECKOI0 UCTOYHMKA HAXOOWIOCh KaK MOXHO
OJ1rKe K LIEHTPY KapThl JIOKAJIM3alInH.
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Puc. 4. [ToaroroBieHHbIE K aKyCTUIECKMM U3MEPEHUSIM MUKpPOGhOHHbBIE aHTeHHHI: (a) — “bprons 1 Kbep” u (0) — paspabo-

TaHHas J1ydyeBasd aHTCHHa.

Ha nepBom 3Tamne skcnepuMeHTaJIbHbIX UCCISI0-
BaHUi1 MPOBOAWIACH JJOKAIU3AIUSI UICTOYHUKOB 11Ty~
Ma oOTekaHUsl UMAWHApA. JJaHHBI 3KCHEPUMEHT
SIBJISIETCS  KJIACCMYECKUMM CIOCOOOM  TreHepaluu
a’pOoAMHAMUYECKOTO IlIyMa OOTeKaHUs, UMECIOIIETO
JIUTIOJIbHO-OPUEHTUPOBAHHBIN XapakTep. DKCIepu-
MEHT OBbIJT BBITIOJIHEH IJIsl ABYX CJIy4aeB MPOCTpaH-
CTBEHHOI OpUEHTAIlUM LIWJIMHpA: B IEPBOM Cllydyae
MPOA0JIbHASI OCh LIMJIMH/pA TiepeceKana IeHTP MUK~
podOHHOIT aHTEHHBI, BO BTOPOM cJTyyae Oblia mapaJ-
JIeJIbHA TIJIOCKOCTH aHTEHHBI 1 TUIOCKOCTH Cpe3a COTl-
Ja. Ecu B mepBoM cilydae paccMaTpuBaiach KJaccu-
yecKasl TeHepalusl TOMNEepeyHOro y-aumossi, TO
BTOPOIi cilydaii ObLJ BBIMOJHEH 151 TPOBEPKU KOP-
PEKTHOCTHU OTIpelieJIeHUsI YPOBHSI 3BYKOBOTO JaBJic-
HUSI TEHEPUPYEMOTo IUIIOJS pa3paboTaHHBIM ajiro-
PUTMOM JIOKaJIM3allMU: B JAHHO MPOCTpaHCTBEH-
HOIi OopHeHTauuu OO0JacThb cKayka as3bl cUrHaja
HalpapjieHa TIpSIMO Ha aHTEHHY, U JIOKaJU3yeMblit
MOHOMOJBHBIM aJITOPUTMOM YPOBEHb 3BYKOBOTO
JlaBJIeHUsI B TIMKE U3IYyYEeHUSI COMTOCTABUM C YpPOBHEM
3BYKOBOTO JABJICHUSI UICXOAHOTO aKyCTUYECKOTO -
o [15]. TakuMm o6pa3oM, ¢ TIOMOIIbIO MOHOMOJb-
Horo MeTtona Conventional Beamforming Bo3aMoxxHO
MPOBECTU OTJIAAKY peaan3yeMOoro ajroputMa JoKa-
JIu3aluu auriojieil. BapuaHThI pacIioyioKeHUsT 1u-
JIMHAPaA OTHOCUTEIbHO MJIOCKOCTHU PEIIeTKH MoKa3a-
HBI Ha cxeMe Ha puc. 3.

B cucteme reHepanyuy BO3myLIHOM TypOyJIeHTHO
ctpyu [31] “ICIOTB30BAIOCH METAIUIMYECKOE KOHINYE-
ckoe coruio amameTpom 50 mMM. JlmaMeTp TOHKOTO
METaJUIMYECKOrO CTEPXKHS OB paBeH 5 MM, pPaccTo-

AKYCTUYECKUN XYPHAJ Ne 2
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STHHME OT cpe3a Collia J0 [MUJIMHIPA COCTaBIsIIo 6.25
Kanmu6poB (312.5 mm). CtepxKeHb ObLT 3aKperlieH Ha
METaJlJINYeCKOl cToliKe. 3anmuch aKyCTUYSCKUX CUT-
HaJIOB 3BYKOBOTO JaBJICHUsI TIPOU3BOAUIACH B MPO-
MpUeTapHOM MTPOrpaMMHOM obecriedyeHuHn “bpioib 1
Kbep”, mocne yero BeIMOAHSIIACh 00pabOTKa B COO-
CTBEHHOM MpuJioKeHUU. [ToAroToBIeHHBIE K U3Me-
peHUsIM MUKPO(MOHHBIC PELIeTKU MPeaCTaBIeHbl Ha
puc. 4.

g TToCTpOoeHWSI YaCTOTHOTO CITEKTpa KOMITO-
HEHT TIPOIOJIBHOTO M TOIIEPEYHOTO IUTIONeHt ¢ 11e-
JIBIO OTIpEIeJICHMST YaCTOTHI TTMKA M3JIydeHUS TTOTIe-
pPEYHOTO y-IHIIONS OBIIIO PEIIeHO IMPOBECTH peTh-
CTPaIMIO 3ByKOBOTO HaBJICHUS TOITOJTHUTEIHHO eIIle
B 6 Toukax (mo 2 MUKpodoHa B 3 mapaJieJIbHBIX
TUTOCKOCTSIX) IUTSI TIPUMEHEHMST YIIPOIIEHHOTO a3u-
MYTaJILHOTO Pa3JIOKeHUsI 3ByKOBOTO TTOJISI, TIO aHa-
jorum ¢ padoroit [15]. Kaxmas mapa MukpodoHOB
ObUTa ymajieHa TEPIEeHINKYISIPHO OCH ITIOTOKa Ha
paccrostHue 0.75 M, mepBasi INIOCKOCTh HAXOINJIACh B
TUTOCKOCTH PACTIOIOKEHMS LIVUIMHIPA, BTOpasi U Tpe-
ThSI IJIOCKOCTY OBUTY yIaJIeHBI OT IepBoii Ha (0.5 1 Ha
1 M cooTBeTcTBeHHO. CxeMa yCTaHOBKM MUKPO(MOHOB
noka3zaHa Ha puc. 5. CUTHaJIbI, COOTBETCTBYIOIIIME IIPO-
JOJIBHOMY (MOJa a,) U NonepeyHoMy (MoJia a,) AUTO-
JISIM, ObLUIY BbIYMCIICHBI 110 (hopmyiam [15]:

(21 (x,1) + pa (x,1))/2,
= (p(x.1) = Py (x.1)/2,

e p,(x, ) u p,(x, ) — CUTHAJbI, PETUCTPUPYEMbIE
paBHOyHAJIECHHOII mapoii MUKpO(OHOB BO BpeMEH-

U

ay (x,1)

a, (x,1) 3
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Puc. 5. Cxema nipoBeeHUST U3MEPEHMA IUTTOJIBHBIX COCTABJISIONINX ITyMa O0TeKaHUs IAJIMHIPA C TIOMOIIbBIO 2-MUKPO(hOH-
HOI pelIeTKN B TPEX IUTOCKOCTSIX.

«wsss. Moza ag

— Mona a,

CnekTpajbHas JIOTHOCTb MOIITHOCTH, 1B

i 4 —

100 1000 10000 100000
Yacrora, 11

Puc. 6. CriekTpasibHbIe XapaKTePUCTUKU MPOIOIbHOIO (MOJIA a(y) Y MOMEPEYHOro (MOJa a) IUIOoJEH, MoTyYeHHBIE C TTOMO-
LLBIO a3UMYTAJILHOTO Pa3JI0KEHMsI 3ByKOBOTO I10JI51 B TVIOCKOCTH pa3MeLLeHUs] LWJIMHAPA.

AKYCTUYECKHWM XKYPHATT Tom 69 Ne2 2023
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Puc. 7. Pe3yJ'ILTaTBI CPaBHUTEJIbHOI'O aHaJIu3a paclipeacjiCHusA CIIM MonenbHOro IumoJisi ¢ SKCNEPUMEHTAJIbHBIMU TOYKaMU

JJ1A aHTMCMMMCTpM‘iHOﬁ MOJIbI a;.

HOIi 061acTU. BhIuMClIEeHHBIE CIIEKTPbl CUTHAJIOB d U
a, IoKa3aHbl Ha puc. 6.

MakcuManbHbI YPOBEHDb CIIEKTPAJIBHOM IIJIOT-
Hoctu MorutHocTH (CIIM) mist monepeyHoro y-auro-
J1s1 coctaBui 66 1b Ha yactore okojio 3200 Iir. Jlo-
MOJIHUTEIBLHO ObLJIa CMOAEINPOBaHa KpUBas pacipe-
nenennst CITM MmomerbHOTO TUTIONS, pacCUYnTaHHAasT
B 3aBHCHUMOCTU OT M3MEHEHUS MapasiebHO OCHU
CTpYyH MPOAOJILHOI KOOPAMHATEHI, C LIEJIbIO TTPOBEe-
HUSI CPaBHUTEJIBHOIO aHajIM3a C BKCIIEPUMEHTAJIb-
HBIMHU TOYKaMU IJIsI TOMUHUPYIOLIEH B 001aCTH pa3-
MeIIeHUST IIMUTMHIPA MOIHI a;. MomeabHass KpuBast
OTIMCHIBAETCS BhIpaxkeHUeM [32]:

1710-10 2
PSD(x) = 410 R, (4)

Yo (R (o)

rae PSD(x) — cnekTpanbHasi JIOTHOCTh MOILIHOCTH;
X — IIPOAOJbHAsI KOOpAMHATa OTHOCUTEIILHO cpe3a
coma; L — ypoBeHb 3ByKOBOTO JaBJIeHUs; Af — -
pUHa 4YaCTOTHOTO Iuana3oHa; R, — pacCcTOsiHHUE OT
KaXX10ro MUKpodoHa 10 UCTOYHMKA IIIyMa.

YpoBeHb 3BYKOBOTO JIaBJIEHUSI, COOTBETCTBYIO-
muii mpencrasieHHo KpuBoit CITM, a Takke 1moio-

AKYCTUYECKUM KYPHATT TomM 69 Ne2 2023

XKEeHUe AUMOJSI MO OCH, TMapajjieIbHON OCU CTpYH,
MoAOUPAJIOCh ITyTEM HAWJIYUIIEro COOTBETCTBUS C
SKCIIepUMEHTAIbHBIMU TOYKaMU. Paguyc BUpTyaib-
HOM OKPYXXHOCTH 2-MUKPOMOHHOI pemneTKu co-
ctapiasi 1.5 m. IlupuHa 1OIOCH! IJjIsI BEIYUCICHUS
CIIM cocrabisna 256 I, B pesyinbraTe 66U IOTY-
YeH MOJIEJIbHBIN AUMOIb, HAXOMSIIUICS B TOUKE X =
= (0.1 M (OTHOCHUTEJILHO Cpe3a coIlia B Touke x = 0 M)
U U3JIyYaloluii ¢ ypOBHEM 3ByKOBOTO AABJICHUS, DK~
BuBaJiIeHTHBIM 88 nb. Pe3ynbraThl CpaBHUTEIHLHOTO
aHanm3a pacrnpeaencHus CITM MoneabHOro TUITOs
C DKCIIEPUMEHTAJIbHBIMU TOYKAMU IS MOIBI @,
npeacTaBleHbl Ha puc. 7. Busyanuzanus iryma ooTte-
KaHUs LUMJIMHIpPA MoKa3aHa Ha puc. 8. JlmHamuue-
CKUI1 Ouamna3oH IUNOJBHBIX KapT 7 n1b, MOHOIIONb-
HBIX KapT 5 nb.

ITo pe3ynbTaTam JOKaaIU3alMU IIyMa 0OTeKaHUS
CTEP>KHS MOXKHO 3aKIIFOYUTh, YTO AUITOJIBHO-HACTPO-
eHHasl aHTeHHa JaeT MEHee 3alllyMJIEHHYIO KapTy,
yeM aHTeHHa “bproins n Knep”. Ha puc. 8a—86 ripen-
CTaBJICH TPAIWIIMOHHBIM MOHOIIOJBHBIN aJrOpPUTM
JIOKANM3alliy; MsITHA pachpeaeyieHUsT NCTOYHUKOB
MMPaKTUYECKU WUACHTUYHBI B obomx ciydasx. Ha
puc. 88B—8T TIpencTaBiieHa 00pabOTKa peam30BaH-
HBIM JTUIIOJBHBIM ajJropuTMoM. Kak MOXHO yBU-
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Puc. 8. Jlokanu3zanusi 1iryma o6TeKaHUsI IIWJIMHIPA C TIOMOIIBIO IBYX MUKPOGhOHHBIX aHTeHH: (a), (0) — MOHOITOJIbHBIN ajro-
PUTM, aHTeHHbI B mo3uLiuu /; (B), (I) — AUIOJbHBIIA aJITOPUTM, AaHTEHHBI B MO3ULIMU [; (1), (€) — MOHOITOJIbHbII aJITOPUTM,

AHTEHHBI B TTO3UIUU 2.

IeTh, HACTPOEHHAsl aHTEHHA TaeT MOBBIIIICHNE TUHA -
MHUUYecKOoro auarazoHa a0 2 n1b mo cpaBHEHUIO CO
CBOUM (PUPMEHHBIM aHAJIOTOM IIPU COMOCTaBUMOM
paspelieHny — MMPUHA OCHOBHOTO MTMKA MTpaKTUye-
cku uneHtuaHa. Ha puc. 81—8e rpeacrasiiena oopa-

60TKa MOHOMOJIBLHBIM aJITOPUTMOM TIPU OPUEHTAIIN
HUWIVMHApPA B Iapajule]IbHON OTHOCUTEIBHO pa3Me-
IIEHUSI aHTeHHBI TUIOCKOCTU. JlaHHbIE KapThl ObLIA
MMOCTPOCHBI JJISI KOHTPOJISI YPOBHEM 3BYKOBOTO JIaB-
JIEHUsI, oNpeaesisieMbIX IMTOC/E BbITTOTHEHUS TUTIONb-

AKYCTUYECKUM KYPHATT ToM 69 Ne2 2023



IMOBBIINEHWE TOYHOCTHA JIOKAJTU3ALIN 201

ITotoxk U= 0.4M
T

0.75m

0.1575 m

=
v
<
o

ITnactuHa

Coruto d =0.05™m

MuxkpodoHEI

1.5Mm

Puc. 9. Cxema YCTaHOBKU MHKqu)OHOB OTHOCHUTEJIIbHO TIJIACTUHBI IJId pean3allu YIIPpOIICHHOIo MeToaa asuMyTaJlbHOTO

PasIoAKEHUSA 3ByKOBOI'O I10JIA.

HOTO aJITOpUTMA: TTyTeM OLIEHKU YPOBHeEll B 00J1acCTU
cKayka (a3bl, HaIIpaBJICHHOTO Ha aHTEHHY, BBITIOJ-
HSIETCS CPaBHUTEIbHBIN aHAN3 C YPOBHIMU 3BYKO-
BOTO JaBJICHUS JIOKAJTU3yeMOTOo HUTOJsS. Makcu-
MaJIbHOE PaCcXOXKICHHE TI0 YPOBHSIM BO BCEX CITydasx
He TipeBbIaet 3 n1b. CpenHee 3HAYCHNE YPOBHS 3BY-
KOBOTO JTaBJICHUS JTOKATN3YEMOTO JTUTIOJNS COCTAaBISI-
eT oKoJIo 88 b, YTO COOTBETCTBYET 3HAYCHUIO, TTOJTY-
YeHHOMY C MTOMOIIBIO a3UMYTaIbHOTO Pa3JIOKEHUS;
OIMHAKO CYIIECTBYET pa3jIMuie B OMpPEIcIEHUN TI0JI0-
XeHus1 MoneibHoro aumois (312.5 npotuB 100 MMm).
JaHHBIH (GAaKT MOXET OOBSICHITHCS HETOCTATOYHBIM
KOJIMYECTBOM 3KCITEpUMEHTATbHBIX U3MEPHUTEITBHBIX
TOYEK, UCTTIOJTb3YEMBIX B a3UMYTaTBHOM Pa3IOKeHUH —
DTS TIOJYYeHUsT TOYHOTO pe3yiabTaTa HeOoOXOTUMO
yBeJIMYEHNE YHCiia pacCMaTpUBAEMBIX CEUESHUI OT-
HOCHUTEIHLHO TIOJIOKEHMST CTEPXHsI. B meiom MoxxHO
3aKJTIOYNTh, YTO SKCIIEPUMEHT TOCTaBIIEH KOPPEKT-
HO 1 coITacyeTcs ¢ TaHHBIMU, TIOJIYIeHHBIMU IPYTH-
MU UCCIIEIOBATEIISIMM.

AKYCTUYECKUM KYPHATT TomM 69 Ne2 2023

B xauecTBe ele OMHOro ciayvyasi TeHepaluu 3BY-
KOBOTO MOJIsI, OJIM3KOTO K MOJI0 U3TyUYeHUSsT aKyCTH-
YEeCKOTO JUIIOJISI, paccMaTpuBajioCh B3aWMOAEH-
CTBUE BO3AYIIHOIW TypOYJEHTHOW CTpyu M 3aaHEH
KPOMKU TOHKOM TiacTuHbl. JlaHHOe B3auMoneii-
CTBUE OOBSICHSIETCSI TUTTOJbHBIM XapaKTepoOM JTOMU-
HUpYIOIIero B 00KOBOM HallpaBJIeHUU 3ByKOBOTO MC-
TOYHMKA, CBS3aHHOTO C paccesiHueM IyJabcaluii
OJIMKHETO TIOJISI CTPYM Ha 3aJHeit KpOMKe TITaCTUHBI
[33]. IMnactTuHa ObLIa U3roTOBJIEHA U3 (paHEPHOTO
qmcta ¢ pazmepamu 450 X 900 x 6 mm. [1pu reHepa-
LIMM BO3AYUITHOM CTPYU UCTIOIb30BAJIOCh MeTaJInye-
cKoe KoHudeckoe coruio guameTpoM 50 mMm. Cko-
pocTb UcTeueHus cTpyu coctanisiia 0.4M. ITnacTuHa
yCTaHaBJIMBaJlach Ha KapKacHYK METaNIMYECKYIO
cuctemy. PaccrosiHue OT cpesda coruia 10 KpPOMKM
TUIACTUHBI B TIPOJIOJIbHOM HaIlpaBJIeHUU COCTaBJISIIIO
3.15 xanmu6pa (157.5 mm). Paccrossaue ot ocu cTtpyu
JI0 KPOMKM TIJTACTMHBI B TIOTNIEPEYHOM HaIpaBIeHUN
ObUIO paBHBIM 1 KammbOpy (50 Mm).
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Puc. 10. ®ororpadun npoBeneHust SKCIIEPUMEHTATbHBIX UCCIETOBAHUIA.

70

Cl'[eKTpa.J'[bHaﬂ MJOTHOCTb MOLIIHOCTU, 1 b

35+

30

«wsss. MoOga ag

- Mona a;

100

1000 100000

Yacrora, I'11

Puc. 11. CriekTpbl TPOIOJILHOTO (MOZIA d()) ¥ TIONIEPEYHOTO (MOZA @) AUTIOJIEH, TIOTYYEHHBIE C TIOMOILBIO a3UMYTaIbHOTO Pa3-
JIOXKEHUSI 3ByKOBOTO MOJIsI B IJIOCKOCTU 3aIHEl KPOMKU TJIACTUHBI.

g mpoBeneHusI CpaBHUTEIIBHOTO aHaIM3a pac-
npeneaeHuss CITM aHTUCMMMETPUIHOM MOJIBI C pac-
npeneseHrieM CITM u3imydeH1st MOIEITHEHOTO Ao (4),
Kak U B MIpedblaylleM cliydae, ObUIO pean30BaHO
MPUMEHEHNEe YIIPOIIEHHOTO METOAA a3UMYyTaIbHOTO
pa3lIoXeHUsT IyTeM YCTAHOBKU 6 MUKPO(MOHOB IO
TpPEM CEUEHMSIM BIOJIb OCH CTPYHU, COOTBETCTBYIO-

muM KoopauHaTtam {x = 0.1575; x = 1.1575; x =
= 2.1575} M OTHOCUTEJILHO ITJIOCKOCTH Cpe3a coIlia B
Touke x = 0. CxeMa yCTaHOBKHU TIJIACTUHBI OTHOCH-
TEJIBHO COTlIa U MUKPOGOHOB ITPEACTaBIeHa Ha puC. 9.
doTtorpadum MpoBeAeHUsT IKCIIEPUMEHTa B 3ariTy-
IIEHHOU KamMmepe TmokaszaHbl Ha puc. 10. CnekrTpsl
MPOIOJIBLHOTO W TIOTIEPEYHOTO HTUTIONEH, IOTyJdeH-
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Puc. 12. PC3yJ'leaTI)I CpaBHUTECJIbHOI'O aHaJIM3a paclipeacjacHus CIIM MonensHOTO TUTIOJNS C OKCIMEPUMEHTAJIbHBIMU TOYKaMU

1A aHTPICPIMMeTpH‘-IHOﬁ MOJIbI a;.

HBIE€ C ITOMOIIbIO BhIpaxeHUs (3) B INIOCKOCTH 3aj-
Hell KpOMKM IUTACTUHBI, TIpeACcTaBIeHbI Ha puc. 11.

ITyrem cpaBHUTEIBHOTO aHalNU3a, KaK U B TIPEIbI-
JIyIIEM cJiydae, ObLJI IOJIyYeH MOACIBHBINA AUIOb (4),
HaxoAsuiics B Touke X = 0 M OTHOCUTEIBHO TI0JI0-
KEeHUs cpesa coria (¢ KoopauHatoil x = 0) ¥ usjyya-
IOIIUI C YPpOBHEM 3BYKOBOTO MaBJICHUSI, 9KBUBa-
JieHTHBIM 88.2 n1b. PesynbTaThl cpaBHUTEIBHOTO aHA-
ym3a pacnpeneineHuss CIIM MoIelIbHOIo JUITONSI C
9KCMEPUMEHTAIBHBIMU TOUKAMU VIS MOJIbL @; TIpe-
CTaBJIeHBI Ha puc. 12.

Pesynbrarhl JOKaJM3alluM MCTOYHMKOB IIIyMa
B3aMMOJICMCTBUS TYpPOYJISHTHOIO ITIOTOKA W TOHKOM
IUIACTUHBI, TIOJIy4YeHHBbIE C MOMOIIBIO IBYX MUKPO-
GOHHBIX aHTEHH, TITpeacTaBiieHbl Ha puc. 13. upu-
Ha 4YaCTOTHOM I10JIOCHI /I pacyeTa KapT BU3yajiu3a-
IIMK cocTaBmia 256 Tl OTHOCUTEIBHO LIEHTPATBLHOM
yactotel 600 I, COOTBETCTBYIOIIEN YacTOTE MUKA.
Ha pwuc. 13a—130 npencraBieH TpaguIIMOHHBINA MO-
HOTIOJILHBIM aJITOPUTM JIOKaJdu3allii, Ha puc. 13B—
13r — MonudULIIIPOBaHHBIN AUTTOJBHBIN aJITOPUTM.

ITo pe3yjabTaTaM aKyCTUYCCKHNX I/I3MCDCHI/II71 aryma
B3aMMONICUCTBUS CTPYHU U TNTACTUHbLI MO>XXHO 3aKJIIO-

AKYCTUYECKUM KYPHATT TomM 69 Ne2 2023

YUTh, YTO PE3YJBTAThI JIOKATU3ALNU XOPOIIO COIMO-
craBuMbl. Ha HU3KMX 4acToTax, B AUAIla30HE KOTO-
PBIX HaXOOUTCI IMUK AOMWHUPYIOIIETO MCTOYHUKA
(oko0 600 I'x), M9THA TOKATM3aluK, KaK U OXUAa-
JIOCh, JOBOJIBHO 0OOJIbIIINE, M HA TAKUX YACTOTaX, KaK
IIPaBUIO, HE IPOSIBIISIIOTCS SIPKO BBIpaK€HHBbIE 0O-
KOBBIE JIETIECTKU, KAK 3TO ObLIO B IIPEABIAYILIEM CITy-
Yyae ¢ META/UIMYECKUM CTEPXKHEM, YTO OOBIYHO CBsI3a-
HO C 3aMellleHMeM 3HaYyUTeIbHOI 00JIacTU TIOCKO-
CTH HaOJIIOAEHUSI OMHUM IVIAaBHBIM JIEITIECTKOM.

MaxkcruMabHOE PacXoXIeHHE TT0 YPOBHSIM MeX-
Iy JTOKaJIM3YeMBIMI 00EMMU aHTEHHAMU ITUTIOJISTMH
He ripeBbIaet 1.5 1b. CpenHee 3HaueHUE OITpenesi-
€MOTO YPOBHsI 3BYKOBOTO NAaBJICHWST IUIOJNEH CO-
cTaBisieT okoJjio 88.9 nb, 4TO XOPOIIIO COOTBETCTBYET
3HAYEHUSIM, TIOJlyUeHHBIM C MOMOIIBIO a3UMyTajlb-
HOTO pasioxkeHus1 3syKoBoro nosst (88.2 1b). Mak-
CUMYM MHUKa U3JIyYeHUSI MOMEIbHOIO ITMUIIOJSI COOT-
BETCTBYET KoopauHaTe cpe3a coruia (x = (), 4To co-
OTBETCTBYET KapTaM JIOKaJIM3allui, TTIOKa3aHHBIM Ha
puc. 13. B menoM Takske MOXXHO 3aKITIOUHTh, YTO 9KC-
TMIEPUMEHT TOCTaBJIeH KOPPEKTHO M COIIIACYeTCs C
TMAHHBIMU, TIOJTYIeHHBIMU APYTUMU HCCIICTOBATEIISIMIU.
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Puc. 13. Jlokanu3saiust MICTOYHUKOB IIIyMa B3aMMOIEUCTBUS TTOTOKA U 3aJHEeil KPOMKHM TOHKOM IJIACTUHBI C TIOMOIIBIO IBYX
MUKPOGMOHHBIX aHTEeHH: (a), (0) — MOHOMNOJIbHBIN aITOPUTM; (B), (I) — AUIOJbHbII aJITOPUTM.

3AKJIIOYEHHME

VYcoBepllieHCTBOBaHa MaTeMaTuueckass MoJieb
JUJTSI TIOMCKA ONITUMAJIbHBIX CXEM YCTAaHOBKM MUKPO-
(¢OHOB B aHTEHHY 11 BHICOKO3((DEKTUBHOM JIOKA-
JIN3allMU aKyCTUUYECKUX nunosieid. Jlexaiiiee B OCHOBe
MOJIEJIN MCIIOJIb30BaHUe (DYHKIIMU paccesiHUS TOUKU
(PSF) mnst oeHKM OOKOBBIX JICTIECTKOB, ITOJIyYeH-
HBIX HaMpPSMYIO C KapThl JJOKAJIU3allUA TOUEYHOTO
JIIUTOJIsI, MO3BOJISIET MPOU3BOAUTH ONTUMAIBHYIO
JIUIIOIBHYIO HACTPOMKY MUKPO(OHHOIT aHTEHHBI C
MUHUMAaJbHBIM KOJUYECTBOM HEOOXOAMMBIX BbI-
YUCIEHUM, 9TO oOecrmedynBaeTCs 3a CUET CBOIMCTBA
MPOAOJIbHOTO MaCIITAOUPOBAHMS PAAUAILHOTO ITPO-
¢uns PSF npu nuamMeHeHnM 4acTOThI B (DPUKCUPOBAH-
Holt ob6actu. IIpoBeneHHbIN B 1a00PaTOPHBIX YCIIO-
BUSIX CPAaBHUTEIbHBIN aHAIN3 KapT JIOKATM3alU1 T~
noJjieit, MoJIy9eHHBIX ¢ IIOMOIIBIO aHTeHHHI “Bproib
u Kbep” 1 HOBOII aHTEHHBI, HACTPOSHHOM IIJIST 3TUX
Hejei cnelalbHbIM 00pa3oM, TTOATBEPXKAAET MPU-
pOCT ITMHAMMYECKOTo auana3oHa okoJjio 2 1b. B kaue-

CTBE MeXaHM3Ma ISl TeHepalluu AUTIOJIei paccMaTpuy-
BaJIOCh B3aMMOJAECUCTBUE BO3MYIITHOW TYpOYyJIeHTHOM
CTPYU C TBEPIABIM TEJIOM, B YACTHOCTU — OOTEKaHUeE
TOHKOTO METAJUTMYECKOTO CTEPXKHSI IUJIMHIPUYECKOM
¢dopMBI, a Takke B3auMOJEHCTBUE TYpOYJEHTHOTO
MOTOKa C TOHKOM macTuHoi. B pesynbTare OBLIO
MOJIyYeHO BU3YyaJIbHOE TTOATBEPXKICHUE SKBUBAJICHT-
HoCcTU objacteil pacrnpeaeieHUs] UCTOYHUKOB Ha
KapTax JoKaJu3alliu, YTO CBUAETEIbCTBYET 00 0bOec-
MEeYEeHUN COMOCTaBUMOIO paspellieHus1 ¢ pupMeH-
HOIf aHTeHHOI MOI0OHOTO KJiacca.

HccnemoBanme mnpoBeneHo Iipu (UHAHCOBOIL
nomaepxke MuHoopHaykn Poccun B paMkax peasnm-
3aIlM TIPOTpaMMBI IesITeTbHOCTH HaydHO-00pa3oBa-
TEJILHOTO IIEHTpa MUPOBOIO YpPOBHs “PammoHanbHOE
Hexporioib3oBaHne”. McciienoBaHmnst BBIOIHEHB HA
YHUKAJIbHOI Hay4YHOM yCTaHOBKe ‘“‘AKycTHYecKas
3arylIeHHass KamMepa ¢ a3pomMHaMHUYeCKUMU HC-
TOYHUKAMHM IyMa”, PerucTpaliioOHHBIN HOMeEp
500617. Yacth paboTHI, CBsI3aHHAsI C HACTPOMKOI
AKYCTUYECKUM >KYPHAJ Ne 2
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