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BBenenune

B Hacrosimee BpeMsi caMbIM pacripoCTpaHEHHBIM CPEJICTBOM BEICHUS aKyCTHYECKOW Pa3BEIKU
(IMCTaHIMOHHOTO HECAaHKIIMOHUPOBAHHOTO CheMa aKyCTHYeCKOW MH(OpPMAINH) SBISIOTCS y3KOHA-
MPaBJICHHbIE MHUKPO(MOHBI, BBHIMOJTHCHHBIC B BUIC CIMHUYHBIX AKYCTHUYECKUX PUEMHUKOB HITH
B BUJie MUKpodoHHbIX pewmeTok (MP). K cpeactBaM AMCTaHIIMOHHOTO CheMa aKyCTUYECKOW WH-
(dbopmany MOKHO OTHECTH TaKXKe JTa3epHYI0 CUCTEMY aKyCTUYEeCKOH pa3BeIKH, KOTOpas B TaHHOH
craThe He paccmarpuBaetcs [1 — 2].

PazBuTne M COBEpIICHCTBOBAHHE Y3KOHAINPABJICHHBIX MUKPO(OHOB YCIOBHO MOKHO pasje-
JUTh HA TPH dTala: «aKyCTO-MEXaHUYECKHUI) ITall, dTal aHAIOTOBBIH 00pabOTKH ayIMOCUTHAJIOB H
sTan 1udpoBoit 00pabOTKH ayAHMOCUTHAJIOB B CPEICTBAX JUCTAHIIMOHHOTO CheMa uHpopmarmu [2].

[lepBBle cpeacTBa aKyCTHYECKOW pa3BEIKH, IPEICTABISBIINE COOOH TPOMO3JIKHE aKyCTO-
MEXaHMYECKUE CHCTEMBI, ObUIH pa3paboTaHbl B Hadase XX B. U MPUMEHSUTUCH ISl OOHAPYKEHHS
JIeTaTeNbHBIX aIlllapaToOB W OTPENENICHUS TOJ0KEHUS apTHIUICPUICKIX OaTapei, yCTylmuB MecTO
CpelcTBaM paauosioKaruu nepen Bropoit MupoBoit BoitHOM [2].

VY3koHampaBjaeHHbIE MUKPO(OHBI C aHAIOTOBOM 00paOOTKOM ayTMOCUTHAIOB MOXHO OTHECTH
KO BTOPOMY JTaIly WX pa3BUTHI. MHKPO(QOHBI 3TOW TPYNIBI pa3JessioT Ha: KOMOMHHPOBAaHHBIE,
pedIieKTOpHBIE U TPYNIOBBIE, BKIIOYAOIIUE B ceOsl JIMHEHHYIO TPYIIY MUKPO(POHOB, IMIOCKYIO
petieTky MUKpO(OHOB U TpyOUaThie Mukpodousi [1 — 2].

OCHOBHbBIE CPaBHUTENIbHBIE XapAaKTEPUCTUKH U MapaMeTphbl ATHX Y3KOHAIPaBICHHBIX MUKPO-
¢onoB (YHM) nipencrarnens! B [1] 1 cBeneHbl B TaOIHITy, B KOTOPOH MPUBENEHBI (OPMYIBI IS
pacuera XxapakTepuCTHK HanpasieHHocTH R(6) MUKpodOHOB, 3HaUCHME X MHAEKCA HAIPaBJICH-
Hoctu (Q) mpu OAMHAKOBBIX TabApUTHBIX pa3Mepax akycTHdyeckux cucreM. [lapamerper YHM
CHJIBHO 3aBUCST OT OTHOILIEHUS UX rabapUTHBIX pa3MepOB K JJIMHE 3BYKOBOM BOJIHBI U, KaK IIPaBU-
710, UMEIOT HEBBICOKUE 3HAYEHHS IPOCTPAHCTBEHHOM U30UpaTEeIbHOCTH Ha HU3KUX YacToTax. B 00-
JIACTH BBICOKMX YaCTOT HAWIy4dlIed MPOCTPAHCTBEHHON M30MPATEIbHOCTHIO O0NanaeT peduekTop-
HBII MUKPO(OH, KOTOPBII HE UMEET OTpaHHUYEHUS IO MAKCUMAaJIbHO MPUMEHUMOM paboyeil yactoTe
(Fmax). Ha uuskoii yacToTe MHACKC HampasieHHocTH YHM Tumna JuHEHRHON IpyIisl MUKPO()OHOB
HECKOJIbKO MPEBBIIIAET UHACKC HAMpaBICHHOCTH pedIeKTOPHOTO MUKPO(GOHA, HO €ro 3HAUECHUS
HeBbICOKHM (emuHuIlel 1b) [1].

B 3710 e BpeMst Ha OCHOBE aHTEHHBIX PElIeTOK ObUTH pa3paboTaHbl epBbie aHanorossie MP ¢
npocreiiieir 06paboTKOM MEKTPUUECKUX CUTHAIOB EAMHUYHBIX MUKPO(OHOB pemnieTkH [2].

Pa3BuTue U coBepleHCTBOBaAHHE Y3KOHANIPABJIEHHBIX MUKPO(OHOB
¢ uu¢posoii odpadorkoii curuanos (LHOC)

TpeTbuM 3TanoM pa3BUTHUS U COBEPIICHCTBOBAHHUS Y3KOHAMPABIECHHBIX MUKPO(YOHOB (HauMHAas
¢ 90-x rogoB XX B.) CTaJlo UCHOJIB30BAHUE CPENICTB HMUPPOBOI 00pabOTKM ayIHOCUTHATIOB B MUK-
POdOHHBIX pemieTkax [2].

C pa3zButuem LJOC MP cranu npuMeHATbCS AJi pELIeHUs MUPOKOro Kpyra 3a/iay, CBSI3aHHbBIX
¢ 00paboOTKOI peueBbIX CUTHAJIOB: BBIJECIICHHUE PEUd 1I€JIEBOTO MCTOYHUKA B IIymMaX (MOBBIIICHUE
pa30opUYMBOCTH); JUCTAHIIMOHHOE paclo3HaBaHWE peud (HampuMep, IS TOJIOCOBOTO YIPaBIICHUS
YCTPOMCTBAMHU; ONPENEICHUE U TPACCUPOBKA MOJIOKEHHUSI UCTOUHUKOB 3BYKa; CUCTEMbl aBTOMAaTH-
YECKOT'0 paclo3HaBAHUS PEYU U PEUEBOIO YIIPABIICHUS; CIIyXOBBIE alapatsl U JIp.
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CpaBHHTENBHBIE XapaKTEPUCTHKHN Y3KOHAIIPaBICHHBIX MUKpodoHoB (YHM)

Tun 1.ITapamerpsr YMH O6obmaromas
Y3KOHAIpaBJIeH- (DOpMyJ'Ia JUIA pacucTa XapaKTCpUCTUKU 2 3HaquHe XapaKTI]éIpHCIfHKa
HOTO MHKPO(O- nanpasientoctn R(6) HHJIeKCa VHM

Ha (YHM) HarpasJeHHOCTH Q
C=1 Q=4,8 nb Huzkoe 3HaueHne
R(#) =1-C+Cxcos(¥) C=0,75 Q=6 1b HPOCTPaHCTBEHHOM
K0M6HHHP(£33H‘ c E C=0,63 Q=5,7 nb N30MPATEITLHOCTH:
HBIE MUKPOQOHBI | rre C = 2% C=0,5 =4.8 nb _
(E() + EZ()U ) C:0 8:0 HB Qmax - 6 )IB

sin [nX;iXd x (1- cos(@))j

[Ipu ogrHaKOBBIX
rabapHUTHBIX pa3Mepax
YCTYMaeT JIMHEHHOM

R(H ) = d S i §3é o rpynne mo BCEM Iapa-
TpyOuarsie nxsin Tx x (1 _ COS(@)) ’ MEeTpaM; OrpaHUYECHHE
MUKpPO(OHBI F <<
Q=16 n1b 10 Fax =2d
N — 4ueno TpyoGoK, Ha vacrore 4 k'
d — paccrosiHue mpupanieHus TpyooK,
L — mmHa Hanbombmen TpyoKku
d WNHnekc HanpaBieHHO-
sin [ n ZX % Sin (9)) it L= 90 e, ctu Q Ha BBICOKO# Jac-
R(H) _ n=21 TOTE HUXKE, 4YeM Y ped-
Jluneiinas (zxd ] d= 4’3’CM sekropHoro YHM;
rpymnmna nxsin x Sin (9) OrpaHuYEeHne
MHKPOpOHOB Q=251b o Fmax < 1,5% ;
N — YUCII0 MUKPO(OHOB, Ha yactote 4 KkT'1t BO3MOIKHOCTE
d — paccTosiHHe MEKIY MUKPO(DOHAMH,
L — obusas wimma MP npumenenus L{OC
2] ( ) Oo0uamaer H&I/IHY‘IHIGﬁ
xJ _ HPOCTPAHCTBEHHOH 13-
R(H ) =— d=90cwm. OMPATENEHOCTBIO HA
) 4 Q=305 BBICOKOI1 4acToTe, HO
X IT ) Ha HU3KOH yacToTe
Pednexropueie | o v = X g X SiN (0) Ha gactore 4 Kt yerymaer YHM
MHKPODOHEI THIIA JIMHEHHOM TPyIIIe

g — AuaMeTp napabosbl OTpaXkaTens,

J1 (@) — pynxupst Beceenst 1-ro nopsiaka

MUKpPO(OHOB; OTpaHH-
YEHUS 110 Fmax HE
UMeeT

MoIIHBIM JOTOJIHUTEIBHBIM UMIYJIBCOM K paciiupeHuto chepsl npuMmenenuss MP cranu pas-
paboTKa M CepUIHBIN BBITYCK ITU(POBBIX MUKPOAIEKTpoMexaHndeckux cucteM MOMC mukpodo-
HOB (B anrimiickoi Tpanckpuniun MEMS — Microelectromechanical systems). MOMC mukpodo-
HBI TPe0OPa3yIOT aHAIOTOBBINA CUTHAN B IU(POBOH, O3BOJIAL Hcnob30BaTh LIOC, uTo moBbIIaet
kauecTBO MP U cTaOMIBHOCTH €€ XapakTepuCTUK. Masbie pasMepbl MUKPO(QOHOB JArOT BO3MOXK-
HOCTbH NPU HEOOXOAUMOCTH MOBBICUTH MAKCUMAaJIbHO MPUMEHUMYIO pad0UyI0 YaCTOTY PEeIIETKH.

Bce texHonmoruu usBiedeHus peueBoil uHpopmanru B MP Hepa3pblBHO CBS3aHBI C alrOpUT-
Mamu [1OC, koTopble 3HAUUTEIHHO PACHIUPSIOT (PYHKIIMOHAIBHBIE BO3MOXHOCTH Y3KOHAIIPaBJICH-
HbIX MUKpohoHOB. B MP Hanbonee yacto ucnons3yrores cneayromniue anroputMel LIOC: anroputm
3aJIep>KKH ¥ CYMMHPOBaHUS (MOKET HCIIOJIB30BAThCS CAMOCTOSITENIFHO MIIM B TIOJIPEIIETKAX), aro-
PUTM CBEpXHAIPABJICHHOCTH, QJITOPUTM TMOJABIEHUS OOKOBBIX JIEMECTKOB, AITOPUTM TOCT-
¢unprpanuu Bunepa [2, 4].

CrpykrypHas cxema MP, ucnions3yroias alropuT™ 3aep>KKU 1 CyMMUPOBAHMUsI, TIPEICTaBIIs-
eT co00il TMHEHHYIO SKBUIMCTAHTHYIO TPYIIY MUKPO(GOHOB, BHIXOIbI KOTOPHIX COSIMHEHBI C CYyM-
MaTOpOM Yepe3 SJIEMEHTHI, OCYIIECTBISIONINE 33JePKKY CUTHAJIOB Ha BpeMsl, HEOOXOIUMOE s
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COBMEIICHHUS CUTHAJIOB 1O (haze OT BceX MUKPO(GOHOB PELIETKH. DTOT AITOPUTM TAKKE MO3BOJISET
OCYIIECTBUTH KauaHue jdyda MP 3a cuer m3meHeHus: (pa3oBoro pacrpeneneHusi BJIOJIb PacKpbiBa
peuieTky. boapmIMM HEAOCTaTKOM TAaKMX PELIETOK SBJISETCS UX Y3KOIOJOCHOCTb, YTO NPUBOIUT K
CUJIBHOM 3aBHCHUMOCTH OT 4acTOThI TaKUX IapaMeTpoB MP, kak mupuHa IJIaBHOTIO JIENECTKa JHa-
rpaMMbl HalpaBJIEHHOCTH U YPOBEHb OOKOBBIX JICTIECTKOB.

Jlnst ycTpaHeHHsI 9TOM 4YaCTOTHOW 3aBUCUMOCTH M IIOJYYEHHUS MAJIOW BapUaluy BEJIMYUHBI
IIPOCTPAHCTBEHHON M30MPATEIbHOCTU B IIMPOKOM JHAla30HE YacTOT MUCIOJIB3YIOT MOJPEUIETKH C
OJIMHAKOBBIM KOJIMYECTBOM MUKPO(OHOB B KaXI0H MOJAPENIETKE, HO C Pa3IMYHBIMH PACCTOSTHUSAMU
MEXKy HUMH. 151 KaKJI0r0 4aCTOTHOIO Y4aCcTKa MCIOJIB3YETCs PElIeTKa, KOTOpas yAOBJIETBOPSIET
3aJlaHHBIM TapaMeTpaMm I0 LIMPUHE IJIaBHOTO JIENECTKAa U YPOBHIO OOKOBBIX jenecTkoB. Ha puc. 1
n3o00pakeHa CTpyKTypHas cxema MP, peannsylomieil JaHHBIH aaroOpuT™M C MPUMEHEHHEM I0JI0CO-
BbIX puinbTpoB (IID1-11D4) amst kaxaoro YacTOTHOTO AMana3zoHa. Kak BUAHO M3 pUCYHKA, MHKPO-
(hOHBI UCTIOJIB3YIOTCS CPa3y B HECKOJIBKUX MOJIPEIIETKAX, YTO YBEINUUBAET UX d3PPEKTUBHOCTD [4].

cymMmartop cymMmartop cymmartop cymmarop
noapeLueTkn 2 noapeweTku 4| | nogpeweTku 3| |nogpeweTkn 1

N®2 o4 003 o1
L0 f L__[1f L[ f L0__f

cyMmarop

Puc. 1. CrpykrypHas cxema MP, ucnonp3yromias alroputM 3aJep>KKH H CYMMHUPOBaHUS
B IIOJpEIIeTKaxX

MP, ucnosp3yromias alropuTM CBEPXHAIPABIEHHOCTH, UMEET CTPYKTYPY, OObEIMHSIONIYIO B
cebe nuddepennumanbayo MUKpooHHYIO pemeTky 1 MP Ha ocHOBe anroputMma 3aIep>KKU U CyM-
MHUPOBaHHSL.

HuddepenunanbHas MUKpo(OHHAs perieTka COCTOUT U3 ABYX HEHANpPaBICHHBIX MUKPO(OHOB,
pasHeceHHbIX Ha paccrostaue 0. CUTHAI O BTOPOro MHUKpO(OHA 3aJepKUBACTCS M BBIYUTACTCS U3
cUrHana mnepBoro Mukpodona (puc. 2). I[locpenctBoM Bapuanuu BEIHYUHBI 33JI€PKKH T MOKHO
W3MEHSTh JUarpaMmy HalpaBJIEHHOCTH MUKPO(OHHOH pemieTku [3].

|
-Q}Xl > + —>

Puc. 2 CrpykrypHas cxema quddepeHnanbsHoil MUKPOGOHHON PEeIeTKH
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Henocrarkom mauddepenumanbnoil MUKpOo)OHHOM pelieTku sBIseTCs chaja ee MHJIEKca Ha-
MPaBICHHOCTH C yBEJIMUYEHHEM 4acTOTHl. [0 MHIEKCY HampaBICHHOCTH Ju(QepeHnrnanbHas MUK-
podoHHas pemierka Ha Oojee BBICOKHX YacToTax ycrymaeT MP, mOCTpOEHHOM Mo alropuIMy 3a-
JIEPKKH ¥ CyMMHUpoBaHMs. ONTUMaTbHONH CTPYKTYpOH MHUKPO(GOHHOHW pPEHIeTKH YIS TOJTYy4SHHS
MaKCHUMaJIbHOTO MHJIEKCA HAMPABICHHOCTHU SIBJISIETCA QITOPUTM CBEPXHAIPABIEHHOCTU. AJITOPUTM
CBEPXHAIPABICHHOCTH OOBEAMHSET MPEUMYIIECTBA ABYX aIrOPUTMOB U PEepeHIINATIHLHOTO U 3a-
JEePKKH B cyMMEpoBaHus. Ha HU3KKX yacToTax mcnoibs3yercs 6oiee ¢ hexTuBHbIN quddepeHn-
anpHbIi anroput™ DIF(@ ), a Ha GoJiee BBICOKO# 4acTOTE — alrOPUTM 33/ICPIKKU U CYMMHPOBAHHS

Q(@) (puc. 3).
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Puc. 3. YactoTHast 3aBUCHMOCTD MHIEKCA HANIPABICHHOCTH UG PepeHTnaIbHON MUKPOGOHHON pEIIeTKH
1 MP ¢ anroputMom 3aepKKH U CyMMUPOBAHUS

CTpyKTypHas cxeMma, peajln3yrolias alrOPUTM CBEPXHAIPABICHHOCTH, [TOKa3aHa Ha puc. 4.

X Y Y
® 1 Xos T s 4 s

A

X = Yo
Puc. 4. CtpykrypHas cxema cBepXHaIpaBiIeHHOH perneTkn Mukpodonos (CHPM)

CurHan Ys sBIS€TCSA CyMMOM CHTHAJOB OT JIByX MHUKpPO(MOHOB ¢ 3aaepkoil. CurHai Yo
SIBJIIETCS PA3HOCTBIO CUTHAIOB OT JIBYX MUKpodoHOB. U3 dopmynsl (1) MOXKHO MOTY4YUTH THa-
rpaMMy HaIlpaBJICHHOCTH aJlTOPUTMA 3aJIeP>KKU U CyMMHpOBaHus [3]:

HS(@,0)=exp(— j-k-d-2)xcos(k-d-2-(1-cos(d))) (1)
Jluarpamma HampasieHHOCTH auddepenimansHoii MP MokeT ObITh pacCUMTaHa U3 CICIyO-
et popmynsl [3]:

HY(w,0)= j-exp(— j ~%)xsin(% : (1—cos(6'))j (2)

J71s TOrO 4TOOBI MOTYYUTHh ONTUMANIBHBIN cUTHAN Y sp, CUTHAT YD(') JOJDKEH MPONTH (DUIBTP
Wosp 1 3aTeM OBbITh BBIYTEH U3 curHana Ys. OnTuManbHbeiM GuabTpoM Oynet peuieHue Bunepa [3]:

W, () == j-sinc(w-7,)xsin(w-7,)

~ 1-sinc(w-z,)xcos(w-7,)

(3)
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3aBUCUMOCTb UHCKCA HAMIPABICHHOCTH OT YaCTOTHI MOKHO PacCUUTATh 10 PopMyIie

1-sinc(2-o-7,)
Dl =2- 2
(@) 1-sinc?(w-7, )

(4)

ANropuTM CBEpPXHAIIPABJIEHHOCTH I103BOJISIET IOJIYYUTh MaKCUMYM 3HAau€HHUs MHJEKCAa Ha-
MPaBJICHHOCTH JIBYX aJrOPUTMOB (puc. 5).
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Puc. 5. YactoTHast 3aBUCMMOCTb WHJIEKCa HalpaBieHHOCTH MP
C QJITOPUTMOM CBEPXHAIIPaBICHHOCTU

IlocTpoenue y3xoHANpaBJIeHHOI pellIeTKH ¢ UCNOJIb30BaHUEM MOAPelIeTOK
10 AJITOPUTMY CBEPXHANPABJIEHHOCTH

AJNTOPUTM CBEPXHAMPABICHHOCTH MPUMEHSIETCS JUTSI PEIICTKHA U3 JIBYX MUKPO(OHOB U TIOITO-
MY HEBO3MOKHO JIOCTHYb OOJIBIIOrO MHJEKCAa HANpPaBJIEHHOCTU U OOJIbIION pabodeil moiockl st
MP npu HEeM3MEHHBIX pa3Mepax BCEH PEIIETKH.

Ecou B nuHelHO#W rpynme MUKpohOHOB HCIOIB30BaTh B KayeCTBE 3JeMeHTa rpymmbsl MP,
MMOCTPOEHHYIO TI0 anroputMy cBepxHanpasicHaoctu (CHMP) (puc. 6), MOXKHO JOCTHYD CYIIECT-
BEHHOTO IMOBBIIICHUS UHAEKCA HANPABICHHOCTH B HIMPOKOI MOJIOCE YaCTOT U OCOOEHHO Ha HU3KHUX
4acToTax.

Ha puc. 7 uzo0OpakeHbl 4aCTOTHBIE 3aBUCUMOCTH MHJIEKCOB HAIPaBICHHOCTHU JIBYX JIMHEHHBIX
IpyII MUKPO(OHOB:

- 1-a knmaccuueckas MP ¢ skBHAMCTaHTHBIM pactionokenneMm MukpodoHoB (LGM) ¢ mapamer-
pamu d =4.3cm, N =21, L =90 cMm;

- 2-1 MP ¢ ucronp30BaHMEM B Ka4eCTBE AIEMEHTa I'pyIIibl, 1ByX Mukpodonos ¢ I{OC mo an-

roputMmy cBepxHanpasienHoctd (CHMP) (mo cxeme Ha puc. 6) ¢ TemMu K€ IapaMeTpaMu
d=43cm,n=21,L=90cm.

K’F'ﬂﬁ'ﬂﬁf Cx”—f
'Y 'Y TS '
i i HE o« e o )
N ..’ .. ..’

CHMP CHMP| |CHMP CHMP

cymMmmMmartop

Puc. 6. MP B Buze inHelHOH Tpynisl MUKPO(OHOB € HCIIOIb30BAHUEM B KAUECTBE AJIEMEHTA IPYIIIIHL,
nByx MukpogoHos ¢ LIOC no anroputmy cBepxHanpasieHHoctd (CHMP)
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Puc. 7. 3aBHCHMOCTB MH/IEKCA HATIPABIIEHHOCTH OT 4acTOTHI Kiaccudeckoir MP (LGM)
u MP ¢ LIOC B mozpenierkax mo anroputmy cBepxHanpasieHHoctd (IN)

BriBOabI

CpencTBa aKyCTHYECKON pa3BEIKHA Pa3BUBAIMCH BMECTE C PA3BUTHEM TEXHOJIOTHUH 00pabOTKH
curHayioB. bombIoe BIMsHME HA Pa3BUTHE y3KOHAMPaBJICHHBIX MHUKpodoHOoB okazana [[OC. Uc-
IMOJIb30BAaHWEC PCUICTOK, NPUMCHAIOINX AJITOPUTM CBCPXHAIIPABICHHOCTH, IMO3BOJIACT MMOAHATH WH-
JIEKC HAMpaBJICHHOCTH HAa HU3KOW YacTOTe, MPUMEHSSA MX B Ka4eCTBE MOJPEIIETOK B 00JI€€ CIIOXK-
HbIX cTpyKTypax MP. [TomydenHoe npeumyiectBo B 6 1b Mo3BOJISET NOJYYUTh YBEIIMYECHUE J1allb-
HOCTH Pa3BebIBATEIHLHOIO KOHTAKTa B JIBa pa3a. AJTOPUTM IOJaBlIeHUSI OOKOBBIX JIEIECTKOB, IO-
3BOJIICT TIOJaBUTh MOIINHYI TMOMEXY, YBEJIMYHBAs OTHOIICHHE CUTHAN/MIyM. AJTOPUTM MOCT-
¢unbTpanuu BuHepa mo3BossieT KOMIIEHCUPOBAaTh HEKOTEPEHTHBIE TIOMEXH, a TaKXKe CHU3UThH YpO-
BEHb [IOMEX OT KOI€PEHTHBIX HCTOYHHUKOB, IPUHUMAEMBIX OOKOBBIMU JIETIECTKAMHU.
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