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MNOBBIINEHUE 3P®EKTUBHOCTHU I'MAPOAKYCTHUUYECKUX
CPEJICTB OBHAPYXXEHUSI HA NPUBPEXKHOI AKBATOPUU
3A CYET NIPUMEHEHUA HEJIUHEWHON AKYCTUKHU

[Mpeanoxeno obecrneunBaTh 0€30MACHOCTH MPUOPEKHBIX COOPYKEHHUH 3a CUET NMPOBEACHHS MHOTONO3UIIMOHHOTO
MOHHUTOPHUHTA BOJHOTO 00beMa aKBaTOPHH OXPAHHOM 30HBI C IOMOIIBIO THIPOAKYCTUYECKUX CPEJCTB, MPHU MPOCK-
TUPOBAHUM aHTEHH KOTOPBIX HCHOJIB3YIOT d(PPEKThI HEIMHEHHOI aKyCTHKH, B YaCTHOCTH CAMOBO3/ICHCTBUE U B3au-
MOJEHCTBHE yIbTPa3ByKOBbIX (Y3) BoH Hakauku. [IpoBeneH aHAIN3 TPHUMEHEHUS THAPOAKYCTHIECKUX CHCTEM aK-
THBHOW JIOKAI[MH C MPHUEMOM3ITyUYalOIIMMU aHTEHHBIMH YCTPOICTBAMU OPUTHHANBHON KOHCTPYKLIUHU, KOTOPBIE pa3-
MEIIAIOT Ha JHE MEJIKOBOIAHOW aKBaTOPHH M MCIIONBL3YIOT JUIs OOHAPY>KCHMSI HAaJABOAHBIX M IOJBOJHBIX 00BEKTOB,
a TaKKe yJaJICHHOTO TOJTydeHUs] HHPOpMan O THAPOYCIOBHUAX B PA3JIMUHBIX TOYKaX akBaTopuu. [IpencraBieHs
pacueTHbIE Pe3yNbTaThl OLIEHKU YHEPIeTUUECKOM 1anbHOCTU JEUCTBUS THAPOAKYCTHUECKOM CHCTEMBI aKTHBHOMH JIO-
Kalluu B PEeXHME NapaMeTpUUEeCKOro M3JIyuYeHHs U aHaJIN3 MPOCTPAHCTBEHHBIX XapaKTEPUCTHK MaKeTa pacCMOTPEH-
HOT'0 aHTEHHOTO yCTPOHCTBA, KOTOPBIE NOATBEPKIAI0T BO3ZMOKHOCTh MOJIyUEHHs 3asBJIEMOI0O pe3yJibTara.

Kn. ca.: ynpTpa3sByKOBOH MOHUTOPHHT MEIKOBOAHOTO 00beMa, OXpaHHAast 30Ha aKBATOPHH, ITapaMeTpUIecKast

H3JIyJaromas aHTCHHa

BBEAEHUE

B HacTosimiee BpeMsi opraHuzalnMs OXpaHbl pas-
JUYHBIX 00BEKTOB, HAIPUMEDP MOCTOBBIX COOPYKECHUI
CTPaTEernYecKoro Ha3HAYEeHHUsI, CO CTOPOHBI aKBATOPUH
BKIIIOYaeT B ce0sl MPUMEHEHHE THAPOAKYCTUYECKUX
cpencTB OOHapyXeHHs TOABOTHBIX/HAIBOMHBIX 00B-
ekToB [1-3]. OOmue TexHruYeCKue TPEOOBAaHUS U Me-
TOJBI UCHBITAHUA OXPaHHBIX THIPOAKYCTUICCKUX
CHCTEM JJIsl 3aIIUTBHl 00BEKTOB MOPCKOTO (PEYHOTIO)
U TpUOPEKHOTO 0a3WpOBaHUS CO CTOPOHBI TPHIIE-
rarouieii akBaToOpuU U3JI0KEHBI B [4].

PaccmoTpuM mmeromuecss cooOIIeHUs MO 00CyX-
nmaemoir mpobieme. M3Becten cmoco® oOHapyKeHHUs
MOJIBOJIHBIX OOBEKTOB [5] B MEJIKOM MOpE, 3aKIIko-
YalOUIUICA B pa3MEIlIEHUH Ha JIOHHOM IMOBEPXHOCTU
B BHJIEe OapbepHOW JMHHUU C M3BECTHBIMH KOOpAWHA-
TaMH — MOPCKOTO py0eska u3 N nprueMOU3ITyqaroninX
MHTEepPEPEHIUOHHBIX AHTEHH C COOCTBEHHOH pe30-

HAHCHOM 4acCTOTOM fN , — 4TO o0ecreynBaeT Kak Mo-

HOCTAaTHYECKYIO, TaK W OMCTATUYECKYIO CXEMBI JXO-
noucka B o0beMe 00iaydaeMoW NHpPOCTPaHCTBEHHOU
moJiockl. JlOCTOBEPHOCTh M HEMPEPBIBHOCTh KOHTPOJIS
00ydaemMoii BOIHON 1OJIOCHl 0€3 30H HEYBEPEHHOTO
npueMa obecreynBaeT MpUMEHEHHe Kak 'pa3Hodac-
TOTHON OKpacku" cocemHUX oOiacTell MOJIOCHI, Tak
U MOHOCTATHYECKHI/OMCTATHYECKHH TpUEM YIbTpa-
3BYKOBBIX (¥Y3) 3X0-CHTHAJIOB C Pa3iIMYHBIMH YacTO-
TaMH C TIOMOLIBIO TPYII U3 TPEX COCEAHUX MHTepde-
peHLMOHHBIX aHTeHH. K Hemocratkam crocoba ciie-
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IyeT OTHECTH OTCYTCTBHE NMACCUBHOI'O PEKHMa LIy-
MOIICJICHTOBAHNUS, HEHANPABICHHBI PEXUM KaK H3-
Jy4eHus, TaKk U IpremMa HHTep(EpEeHIIMOHHBIX aHTEHH
npu 0030pe MOJIOCHI OXpaHseMON akBaTopuu. B nman-
HOM ciy4yae pexum paboTsl ("m3mydeHue-puem’ —
oOcyiefoBaHHbIA "KBaHT" BOJHOTO MOJYIPOCTPAHCT-
Ba) 0OyCIIOBIMBAaeT Kak OTCYTCTBHE YTJIOBBIX JIIe-
MEHTOB pa3pelieHus] B 00€uX IUIOCKOCTSX, TaK U He-
3 PEKTUBHOCTh HWCHONB30BAaHHUA Y 3-dHEPTUU IIPH
n3nydeHud. [Ipobrnemoil Takxke sBISETCS HaIU4IHE
30H HEYBEPCHHOI'0 OOHapyXeHUs OOBEKTOB BOJIHM3U
TpaHUIl pa3jiena, MpudeM 3ajada orepaTUBHOTO 0OHa-
PYXXCHHUS U OINPEIeNICHNUsT MECTOIOJIOKEHHUSI OAHOBpE-
MEHHO HECKOJIbKHX TOJIBOJIHBIX Ieel B BOJHOM 00b-
eMe HE peaTi30BaHa.

Meton oOHapyXeHHUsI ¥ ONpPEeIIEHUs] MECTOIIONO-
JKEHHs TMOJBOJHBIX HapylIUTeNned B HPUOPEKHBIX
MOPCKHX 00IacTsX, pyciax peK, KaHajuax, o3epax Mpu
OCYILECTBIICHHH OXpPaHbl IOABOJIHBIX COOPYXEHUH,
HalmpyMep OINOp MOCTOB, CyJOB Ha CTOSIHKE, IIaT-
dbopm u T.11.,, paccMoTpeH B [6]. OCOOEHHOCTRIO CIIO-
coba siBisieTcs (OPMUPOBAHKE 30HBI KOHTPOJS IIH-
punoit 100-200 M Ha METKOBOIHOW aKBaTOPHUU MpPH
BXOZI€ B OPT WM OYXTy 3a CUET UCIOJIb30BaHUS HOJ-
BOJIHOM MPOCTPaHCTBEHHO-PACIIPE/ICIIEHHON HHTEp-
(bepeHunoHHON aHTeHHBI. B TaHHOM cilyyae aHTeHHOE
YCTPOHCTBO JOJDKHO OOecreyrBaTh B a3UMYyTaJbHOM
MJIOCKOCTH 30HBI BOJHOTO 00beMa — CEKTOpPHOE 00-
nydeHue (OIMH H3Jy4yareib) — M HEHalpaBJICHHBIH
MPUEM 3XO-CHUTHAJIOB ISl ONpeAeNeHUs KOOpAMHAT
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MeJICHryeMoro o0bekTa (Tpu NpUeMHuKa). st cHu-
JKEHHUsl YpOBHEH peBepOepalroHHBIX TTOMEX OT BOJI-
HOH TOBEPXHOCTH W [HA HpeAIojaraercs, 4ro B yrI-
JIOMECTHON TIJIOCKOCTH aHTEHHOE YCTPOWCTBO OyJeT
obecnieunBaTh Y 3-M3MydeHHE/IPUEM Yy3KHM OCHOB-
HBIM JICTIECTKOM XapaKTePUCTUKH HaIpaBIEHHOCTH
(XH). D10 mocturaercst 3a cueT OOJBIIOTO BEpPTH-
KaJbHOTO pa3Mepa amnepTyp HU3IydaTreseil/mprueMHu-
KOB, OJJHAKO HE penIaeT MmpodjeMy Halu4dusi 30H He-
YBEPEHHOTO OOHApYXKEHHS O0OBEKTOB BOJIU3W T'PAHMIL
pazznena. Pacmmpenue 30HBI KOHTPOJISL MpeIaraercst
OCYILECTBIISITh 332 CUET YBEIWYCHHUS KOJMUYECTBA KaK
NPUEMHUKOB, TaK W W3JIy4aTeneil, uto OyneTr compo-
BOXKJATHCS BO3HHKHOBCHHEM IOMEX B3aHMHOTO
BJIMSAHUS, TOTpeOyeT pa3aMyHOM '"JaCTOTHOM OKpa-
CKH'" 30HIUPYIOIINX CUTHAJIOB, T.€. HAJTHMYHS HA0OPOB,
OTIMYAIOLIUXCS APYT OT Apyra KOHCTPYKLHUEH H3IIy-
yaresnei/npueMHukoB. B [6] 3amaua omepaTuBHOTO
oOHapy>KeHHsI ¥ ONPEAEICHUS MECTOIOJOXKEHHUS Of-
HOBPEMEHHO HECKOJBbKHX IMOJBOJHBIX LIENed B BOJ-
HOM 00BEME TaKKe HE 00CYKIaeTCsl.

OTMeTHM, 4YTO TaKTMYECKUM MPEUMYLIECTBOM
THJIPOJIOKAIIMOHHBIX CHCTEM TOPU30HTAIBLHOTO JIEHCT-
BUS SIBJISETCS HaJIW4yue OOLIMPHOM 30HBI 0030pa, 4TO
MO3BOJIICT TOJNy4YaTh OoJiblIe WHPOPMAUH O TOJ-
BOIHOH oOcraHoBke. OnHaKo, Kak cilegyeT U3 pac-
CMOTPEHHOTO BBHIIIE, BO3HUKAIOT peBepOepaIioOHHbIC
MOMEXH 3a CcYeT WU3IydeHHus/pruemMa Y 3-3HEepruu
B HalpaBJCHUSAX OOKOBBIX JienecTkoB XH aHTEHH.
HenocratkoM aHTeHH, (QYHKIMOHUpPOBAaHWUE U MPO-
CTpPaHCTBEHHAs M30MPATEIbHOCTh KOTOPBIX OMNpenes-
ercsl SIBIICHUEM WHTep(EpeHIINH, SBISETCS OTpaHUYCH-
Has Pe30HaHCHasl [0JIOCa MPOIYCKaHHs, T.€. HEOOJIBILON
nuamma3oH pabounx Y 3-30HAUPYIONINX CUTHAIOB.

I'nJPOJIOKAIIMOHHBIE CUCTEMBI
C PEXXUMOM NAPAMETPUYECKOI'O
N3JYUYEHUA (PTIN) HU3KOYACTOTHBIX
CIHHEKTPAJIBHBIX KOMIIOHEHT

OnHuM U3 MEpPCHEeKTUBHBIX HAMPABICHUNA MPOEK-
TUPOBAHUSI AHTEHH THAPOJIOKAIMOHHBIX CHCTEM s
pacimupeHus Jauana3oHa pabouuX CUTHAIOB TIpU
YMCEHBIIICHUN KaK OOKOBOTO TIOJISI W3IYYEHHUS TIpH
JIOCTAaTOYHO Y3KOM OCHOBHOM JIETIECTKE, TAK U MacCO-
rabapUTHBIX BEIMYUH SIBJSICTCS yYeT HEJIMHEHHOCTH
YIPYruX CBOMCTB BOABI. B naHHOM ciyuyae mpoucxo-
JIUT TeHepaluus B BOJHOW cpelle TONOJHUTENbHBIX
HY- u BY-cnekTpalbHbIX KOMIOHEHT HpPH pPacipo-
CTPAaHEHHM MOIIHOIO 30HAMPYIOLIETO CHUTHaja, U3ILy-
YEHHOI'0 aHTEHHBIM YCTPOMCTBOM, HAIIpUMEpP CUTHAJIa

pasHoctHoi yactotel (CPY) F =| |- f2| MpH JIBYX-
YaCTOTHOM CHUTHAJIe HaKayku fi, f,. Pexxum mapamer-
puueckoro m3nyuenus (PIIM) somampyrommx curha-
noB pasHoctHoit (CPY) F_ =|f1 - f,|, nim cymmap-

HOH

(CCY) f. =f,+ f, 4acTOT, MM BBICIIUX rap-

MOHHMK 7nf,,nf, TO3BOJAET NPUMEHATH Ul pealn3a-

UM aHTeHH Majora0apuTHbIC PE30HAHCHBIE 3JIEK-
TpoakycTuueckue npeodpazoBarenu (DAIl), B monocy
MPOIYCKaHHsI KOTOPBIX BXOJST YaCTOTHI 1, (fio > F.)
BOJTH HAaKa4KH.

O6cyaum nmeroniuecs coodmenus. Cucrema Tu-
poJIoKanuK it OOHApYKEHUsI, OTpEIeNIeHUs] MECTO-
MOJIOKEHUST U MapaMeTPOB JIBMIKECHUS eNTH B 3aJlaH-
HOM ceKkTope (TOAXOJHbIE KaHalbl OyXT, MOPTOB, aK-
BaTOPHHU THJIPO- U ATOMHBIX CTAHIIMI), MPHUYEM C pea-
nu3anreil MOJBOJHOTO 3BYKOBHJICHHMS, MpPEIJIOKEHA
B [7]. llpenmoaraeTcs, 9TO MPU MPOIAOIHLHOM 30HIU-
pOBaHMM BOAHOrO O0BEMa AaHTEHHOE YCTPOMCTBO,
B KOTOPOM pEaJH30BaH PEXUM IMapaMeTPUIECKOro
nanydenus (PIIM), obecrieunt coBMenIeHne JalbHEro

oOHapyxenus oobekra (CPY F_ = | |- f2| =50 xI'm)

1pY Tocyeaytomei OnmxHel HIeHTU(UKAINY 32 CYET
noydeHuss  Y3-m300pakeHuss (CHTHAJIBl HAKAYKH
fi» /,=400 u 450 xI'n). ITo MEeHUIO aBTOpA, JIOKALU-

OHHasl CHCTeMa, MMesl aHTEHHOE YCTpPOMCTBO U3 TpeX
9JIEMEHTOB — H3ITy4YalolINi CUTHAJIbl HAKAYKU U J[Ba
MPUEMHBIX 11 3X0-curHanos Ha HY u BY, — Moxer
OBITH HCITOJIB30BaHA TPU OXpaHe OEPETOBBIX 0OHEKTOB
WIN CTOAILIMX HAaJBOAHBIX CYOB Ha MEIKOBOJbE, T.C.
MpH HAJMYUU PA3TUYHBIX TPAaHUI] pa3fesia B THIPO-
aKyCTHYECKOM KaHaje JourpoBaHus. OIHAKO ydeT ux
MacCKHUPYIOIIETo BIUSHUS, HAIIPUMEpP, B KOHCTPYKLIHUU
AQHTEHH HE OTPaKEH: TO, 4YTO Ul oOecleueHus Ha-
MpaBiieHHOTO Mpuema oTpaxeHHbix CPY ee aneprypa
JOJDKHA OBITH HA TOPSIOK OOJIBITE, YeM IS IprueMa
CHUTHAJIOB HaKayKH.

i oOHapy)eHHs 1eTei, MeJUIEHHO TBUKYITHXCS
B TOPU3OHTAIFHO NPOTSHKEHHOM BOJHOM 0OBEME
Ha 1IenbQe, npeaiokeHa [§] onyckaemas ¢ BepTosiera
MasiorabapuTHas MIPUEMOU3Iydarolas aHTeHHa JUIS
MOOHMIIEHON THAPOAKYCTUYECKOW CUCTEMBI C MOHOCTA-
TUYECKUM/ONCTATUYECKUM ILArOBBIM 3XOIIOUCKOM Kak
B a3UMYTalbHOH, TaKk W YIJIOMECTHOW IJIOCKOCTSX,
mpudeM st popmupoBanus HY 3oHAMpyrommx uM-
nynbcoB ucnoabsdyercss PIIM. B kadecTBe mpueMHBIX
3JIEMEHTOB MPUMEHSIOTCS BEPTUKAIBHO WU TOPU30H-
TaJbHO PACIHOJIOKEHHBIE IPUEMHBIE JIMHEHHBIE aH-
TEHHBI, Hal[pUMep, JTOKAJIN30BaHHbIE B 00JIACTH U3ITY-
4yeHus (MOHOCTaTH4ecKas CXeMa) WIN YJaJeHHbIE
(OucraTnueckast cxema), KOTOPbIMU CHa0>KEHBI pac-
MOJIO’KEHHBIE TTOOJIM30CTH PaIUOTHAPOAKYCTHIECKHE
Ooyn. K Hemocrarkam pAaHHOM THIPOAKyCTHUECKON
CHCTEMBI CIIeyeT OTHECTH BBICOKHWN yPOBEHb MACKH-
pyIoIel IIyMOBOH MOMEXH, 00YCIOBICHHBIN HUCIIONb-
30BaHHEM MOOMJIBHOTO HOcuTelsi — BepTonera. [Ipu
MOHOCTaTHYECKOW CXEME 3XO-TOHCKA CIIOKHOCTH
C KOHCTpyKuMeW npueMHoi aHTeHHsl Ha HY He pe-
IICHEI.

I'mpopoakycTudeckass cucTeMa aKTUBHOM JIOKAIMU
JUTSI MOHOCTATHIECKOT0/OMCTATHYECKOTO Y3 DXO-TIONCKA
B BOJHOM HOJIYNPOCTPAHCTBE HaJ HUMH, COZepKalas
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Kak MHUHHUMYM JBa IPHUIOHHBIX MPUEMOM3ITYYAIOIINX
aHTeHHbIX yctpoiictBa (IIAY), npennoxena B [9]. Us-
Jy4Yarolye ¥ NPUEMHBIN 3JIEMEHThI KQKI0TO aHTEHHOTO
yCTpOICTBa pacnpeseneHbl CBepXy BHH3 10 BEPTHUKAIN
BIOJIb €€ HOPMAIbHO YCTaHOBJIEHHOH OTHOCHTEIHHO
JIHA CTOMKH, BKJIIOYasi B €051 COOTBETCTBEHHO:

1) BeicokouacrotHei (BY) "BBepxcmorpsmmi"
U3Iy4aTellb, PacloiIOkKeHHE aKyCTUYECKOW OCH KOTO-
pOTO0 MOXET CTYNEHYaTO HW3MEHATHCS OIepaToOpoM
B JBYX IIJIOCKOCTSIX, YTO IIO3BOJISIET OOJydaTh INPH
9XO0-TIOUCKE BOJHBIM 00BEM KaK CHHU3Y, TaK M CBEPXY
3a CcYeT OTpPaXEHHs OT TpaHMIBI pa3zgena "Boma —
BO3IYX";

2) TmapaMeTpHUYeCKyl0 W3IyYaloNIyl0 aHTCHHY
(ITMA), ucnonp3oBaHUe KOTOPOW OOECIICYMBACT M-
MyJBCHBIA peXuM oO0mydeHuss BogHou cpeasl CPY
B nuanaszoHe 2—6 kI'n, mpuueMm 3a cueT "maroBoro"
CKaHHUPOBAHUS OCHOBHBIM JIETIECTKOM C YTJIOBOH IIIH-
pUHOM 6° B a3UMYTalIbHOU MJIOCKOCTH;

3) BepTHKaIBHO PACHOJNIOXKEHHYIO HNPUEMHYIO JIHU-
HeliHyto aHTeHHy, kommyTarus DAIl koTopoit o3Bo-
JISIET HAIpPaBJIEHHO MPUHUMATh XO-CUTHAJIBI IPH BbI-
00ope MaKCHMaJIbHOTO OTHOIIEHHS CUTHAJI/IITYM.

K coxanenuto, B [9] OTCYTCTBYIOT CBEIEHHUS
0 TPOMO3JIKON KOHCTpYKUMHU npupoHHoro ITAY, mo-
3BOJIIOLIETO PEaM30BaTh NPEAJIOKEHHBIH CIOCO0.
[MMA mpuMeHEeHa TONBKO B pexkuMe (OpPMUPOBAHHMS
sopaupyromux CPY, B To Bpems kak 6onee addek-
TUBHO TreHepupyeMble BY-koMIOHEHTBI — curHal

cymMmapHo# yactotsl (CCY) f, = ( fi+ f,) u BBICIIKE

TapMOHMKH 7f, , nf, CUTHAJIOB HaKauyku — A7 OIHXK-
HEeW JIOKAIMKU HE UCTIOIb3YIOTCS.

AHTEHHOE YCTPOMCTBO
JJI51 KBAHTOBAHHOI'O OBCJIEJJOBAHUSA
BOJHOI'O OFbEMA MEJIKOBOJHOM
AKBATOPUM

Jns  oOHapyXeHHsS TPHUTOILICHHBIX OOBEKTOB
Ha B3JeTHO-nocagouHoit monoce (BIIII) mepen BbvI-
MTOJTHEHWEM B3JI€Ta WM MMPUBOTHEHHS THAPOCAMOIIETA
npeyIokeH crocoO [10] MOHUTOpUHTA, I KOTOPOTO
pa3paboTaHo cCHenHuaaIbHOE TOHHOE MPHEMOM3ITYJaro-
miee anteHHoe ycTpoiictBo (IIAY) [11] rugpoakyctu-
yeckoil anmapatypsl (puc. 1). Heobxonumoe xommue-
ctBo [IAY ycTaHOBIIEHO Ha JHE aKBAaTOPUU JIETHOTO
Oacceitna (pasmepsr BIIIL: mmuaa ~2500 M, mmpuHa
~200 M, rryOuna oT ~3 110 6 M), UTO B COBOKYITHOCTH
o0pa3yeT MHOTOINO3UIMOHHYIO CHCTEMY IOJBOJAHOTO
HaOmoneansi. Bee ITAY BBIMOTHEHB U3 M TIOPIITHE-
BbiXx DAII ogHOro tumopasMepa U KOHCTPYKLUH, UX
AKyCTMUYECKHE OCH PaBHOMEPHO PACIpPEENIEHBl B T10-
JYTIPOCTPAHCTBE W BHIXOJAT M3 OJHOM TOUYKH, SIBIISIO-
miefics reoMeTpuuecKHM/(pazoBBIM LIEHTPOM  Kak
ITAY, tak u Bcex DAIL
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Puc. 1. Koncrpykuus gonuoro [TAY [10]

onycdepuueckas aneprypa [TAY (puc. 1) obpa-
30BaHa IJIOCKOCTAMM anepTyp nopurHeBsix DAIL ko-
Topble 00pa3yloT Ha Hel ymopsAodYeHHbIe 'mapaiie-
mu"/"mepuananbl". IlpocTpaHCTBEeHHOE pa3MelieHHe
cocennux DAIl Ha momycdepe MO3BONAET Pa3HECTH
aKyCTHUYECKHE OCH Ha yToJI, 00eCreunBaromnii mepe-
KpBIBaHHE Ha 3aaHHOM ypoBHe (Hampumep, 0.7) oc-
HOBHBIX JieniecTkoB ux XH. Dto no3Bosser hopmupo-
BaThb HECKOJIBKO E€CTECTBEHHBIX (HEKOMIICHCHPOBaH-
HBIX) pe3yapTHpylommx XH uid KOonbLEBBIX pPsIOB
ITAY, y KOTOpBIX OCHOBHBIC JIEIECTKH Y3KH U '"pa3z-
HOYaCTOTHBI" MO YTy MECTa, HO BCEHAIpPaBICHBI
0 a3UMYTY, @ HEPaBHOMEPHOCTH I10 JaBIICHUIO OTIpe-
nensiercs BeIOpaHHBIM 3HaueHHeM yposae# (0.9; 0.8;
0.7 u T.1.) mepeKphIBaHMS TIIaBHBIX MakcHMyMoB XH
cocennux nopuHeBbix JAIL [Ipumenenue I[IAY no-
3BOJIUT OCYILIECTBIATh HAaCTOTHO OKPAIIEHHBIH 3XO-
MOWCK, KBAaHTOBAHHBIM O m TEJECHBIM CEKTOpaM
B noiycgepe 3a cueT BbIOOpa OmepaTopoM 3aJaHHON
CXEMBI pacrpesesieHus pabodnx IUKIOB "u3ydeHue-
npueM" HeoOxoaumbeIx DAIl m MHOrOKaHATBFHOTO TIO-
CTPOCHUS M3IyYarOIUX/IPUEMHBIX TPAKTOB THIPO-
aKyCTH4eCcKO#l ammapaTypsl. Mcnosib30BaHME MHOIO-
KaHaJIbHOTO KOMMYTaropa JaeT BO3MOXKHOCThH IIpO-
CTPAaHCTBEHHOTO TIEpEMEIEHUs] HaIlpaBIEHUS 35XO-
MIONMCKAa KaK B a3MMYTAIbHOW, TaK W YIJIOMECTHOH
TUIOCKOCTAX (3JIEKTPOHHOE CKaHUPOBAHHE 3a CUET Ie-
pexiouenust DAII). [lpemnoxeHHBIA CITOCOO MOHH-
topuHra [10] obecrieunBaeT BHITIOIHEHUE CIICTYFOIIUX
3amay:

— ocmotp BogHoro oObema BIIII, mpuuem amns
OTEepaTUBHOTO OOHAapyXeHUs OOBEKTOB HEOOXOaMMa
MHorouactotHas "Y3-mmoacserka' M3 HECKOIBKUX TO-
YeK OJIHOBPEMEHHO C MOMOIIbI0 cocennux [1AY, o6-
pazoBaHHbIX ogHOoTUIIHEIMU DAII B PIIN;

— aKTHBHBIH/MIACCUBHBIH PEXHUM HAOIIOACHUS
Ha TIepUMeTpe JIETHOTO OacceifHa, a TaKkke B IMEIb(o-
BOI1 30HE, MPUMBIKAIOLIEH K aKBaTOPHH;

— PEXHUMBI yJIAJIEHHOTO M3MEpPEHUs B Pa3TUIHBIX
TOYKAX aKBaTOPUH I'TyOMH, HAIPABICHUH U CKOPOCTH
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TEUCHUSI BOJHBIX Macc, aMIUIUTY[l, CKOPOCTH M Ha-
npaiieHus Oera BeTpoBoi BoiHbI [12, 13].

OTMeTHM, YTO OCOOCHHOCTH KOHCTPYKLHMH JTOHHO-
ro [TAY nis cnydas MCIONBb30BaHUS B KayeCTBE U3-
JyYaloMuX 3JIEMEHTOB KPYTJIBIX TUIOCKUX MOPIITHEBHIX
OAII onucansl B [13], npudyeM y4YTeHbl HENMHEHHbBIE
SBIIEHUS, BOHUKAIOINE B BOAHOM cpexe. Hampumep,
3P ¢eKT caMOBO3ICHCTBHS BO3HUKAET B pE3yJbTaTe
HEJIMHEMHOr0 M3MEHEHUsS! YNPYTUX CBOMCTB BOJHOMI
cpebl B MPHOCEBOI OOJIACTH ITy4Ka MOIIHOW BOJIHBI
HaKayK{ C 4acTOTOH f U HposBIsieTcs B TeHepalyuu
BBICIITUX TAPMOHHYECKUX COCTABISIONINX C KPATHBIMHU
gactotamu 2 f,3f,...,nf TpU pacupoCTpaHCHUU
K paccenBarolIel MOBEPXHOCTU. bosbluero pacumpe-
Husl pabodero nuama3oHa 4actoT Y3-curHanoB [TAY
MOJKHO JIOCTUTHYTh, €CIIM HCIIOJIb30BaTh HEJMHEIHOe
B3aMMOJICHCTBUE HECKOJIBKMX MOIIHBIX BOJH Hakad-
ku. Taxk, "Tpaguunonssiii” pexum PIIN npennonara-
eT Bo30OyxneHne kaxaoro i-ro JAII, rae i:(1+m),
"UHIUBUILYaTbHBIM" OUTaPMOHMYECKHM JJIEKTpUYC-
CKHMM CUTHAJIOM C 4aCTOTaMH f,;, f,,, HaXOAAIIUMUCS
B €ro Iojoce NpomyckaHus. Torma s Kaxaoro
W3 m HampaBjieHuH 3xo-noucka oo DAIl B PITU
OyIeT TeHepupoBaTh 30HANPYIONINE TOTUTrapMOHIYIe-
CKHE€ CHUTHAJIbI, BKIIOYAIOIINE "OPUIHMHAIBHO OKpa-
menHbie Mo vactoraM" Haboper HY crekTpanbHBIX

COCTaBJIAIOIINX PA3HOCTHOW F', = | Joi — fh| u BY
S =L+ s
2502yt nfy (1 =2,3,...) , koTOpBIE (hopMH-
pyloTcsi B BOJAHOH cpeie IpU pacrpoCTpaHEHUH
MOIIHBIX CUI'HAJIOB HAKAYKHU C YaCTOTaMHU f,;, f; .

CyMMapHOH M BBICIIMX TapMOHHK

SKCHEPUMEHTAJIBHBIE NUCIIBITAHUSA
MAKETA YYACTKA KOJIBIHEBOI'O PAJIA
AHTEHHBIX YCTPOUCTB

B ycnoBusix rumpoaxkycTuueckoro dacceiina ObLIH
MIPOBEZICHBI 3KCIIEPUMEHTAJIbHbIE HCIBITAHUA MakKeTa
ydacTka KonblieBoro psana [IAY. Maker ydactka BbI-
MOJTHEH U3 "KyCOYHO M30THYTOH" MEeTallIM4ecKoi mo-
JIOCBI — OCHOBHI (paguyc kpuBm3HBEI (.55 M) ¢ ae-
MEHTOM JKECTKOCTH, KOTOPBIH IO3BOJIET 3aKPEHUTh
KOHCTPYKIIMIO Ha INTaHTE IOBOPOTHO-BBIABHIKHOTO
YCTpO#CTBa ruapoakycTruueckoro Oacceitna. [lo mim-
HE TI0JIOCHI-OCHOBAHMS PACIIPENIEICHbI MATh OJMHAKO-
BBIX IJIOMIANOK [UIS pa3MEIEHHs OJHOTUIIHBIX MOPII-
HeBbIXx DAIl 1-5 ¢ mmockoil amepTypoil amameTpom
65 mMm. Ilnomaaky B BEpTUKAIBHOM IJIOCKOCTH CMeE-
HIEHBbI APYT OTHOCUTENIBHO JApYra, Tak 4TO yroJ pas-
HeceHHs akyctmdeckux oceit DAIl 1-5 B ropusoH-
TaJbHOM IJIOCKOCTH cocTaBifgeT o =6°. KoHCTpyk-
U MakeTa Mo3BoiAeT mnepekmoueHuem OAIl 1-5

MMPOBOJAUTH HaA CIICKTPAJIbHBIX COCTAaBJIAOLIUX jbafza

E. B. BOJIOIIEHKO

)54

F—i=|f2i_f1i| fo=tutfis 205020
nfy;, nfy; (n =2,3, ) JIUCKPETHOE CKaHUPOBAHUE CO-
oreercTByromux XH I[INA c marom 6° B cextope 30°.
ITomoca mpomyckanuss DAIl 1-5 cocraBmser 10%
OT UX PE30HAHCHOH YacToThl f,= 250 kl'm, T.e. Af=
=25 xl'm, Torma B mpepenax 4acTOTHOTO JIuamna3oOHa
{(fo—Af/2)=2375xlu~+(fy + Af/2)=262.5xI'n)}
ObpITH chopMUPOBaHEI ¢ maroM 2 Kl 3HAYEeHHS CHT-
HAJIOB HAKAYKU: _fl(l) = 238 xI'L, fl(z) = 240 xI'm,

f1(3) =242 k'L, f](4) =244 xI'n, f](s) =246 xI'n.

CunxponHoe "pa3zHouyacToTHOE" BO30YKIeHHE He-
ckonbkux DAIIl 1-5 makera mo3BoisieT GOpMUPOBATH
3a cueT 3G (HEeKTOB CaMOBO3ICHCTBUS U B3aUMOJICHCT-
BUs HeoOxoquMmble cekTopHbie XH B asumyTtanmbHOU
mockocta (puc. 2 u 3). Ha puc. 2 B nexapToBoii cuc-
TeMe KOOpJWHAT "aMIUINTyla — HalpaBleHHE 3XO-
moucka" mpeacTaBlieHbl HOPMHUPOBAHHBIE pacmpesie-
JIEHWsI YpPOBHEW aMIUIMTYJ 3BYKOBOTO JIABJICHHUS
Ha CUTHaJlaX HaKauKu fl(l_s) (crutonrHast TUHHS) U UX

JIBYX BBICHIMX TapMOHHKaX 2 f1(1-5) = 476, 480, 484,
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6° 12° Hanpasneuue

IX0-TMOHCKa

~12°-6° 0°

Puc. 2. Pe3ynpTupyromue OCHOBHBIE JIENIECTKA CEKTOP-
HbeIXx XH Makera y4acTka konbuesoro psjga ITAY B azumy-
TaJIbHOH IJIOCKOCTH.

Jns curHanoB HaKadyKH f](l_s) = 238,

240, 242, 244, 246 xI'n;

e UL UX 2-X TapMOHHUK 2f1(175) = 476,
480, 484, 488, 492 xI'm;
________ Ui UX 3-X TapMOHHK 3f|(1_5) = 714,

720, 726, 732, 738 xI'ny
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488, 492 k[’ (myHkTUpHAs TUHUA) U 3 f](H) = 714,

720, 726, 732, 738 k'l (mTpuxoBasi TUHHS) COOTBET-
CTBEHHO.

CooTHoleHusI ypOBHEH HOPMHUPOBAHHBIX pactipe-
JICJICHUH COOTBETCTBYIOT YCIIOBHSIM IPOBEICHHSI IKC-
MepUMEHTa, B YaCTHOCTH Pa3MEIICHUI0 M3MEPHUTEIh-
HOro ruapodona Ha pacctosuuu 4 M ot DAIl 1-5
Makera. B skcnepuMeHTe ObLIO 3a7aHO IMOCIIEA0BaA-
TEIhHOE YBEJIMYEHUE YACTOT 30HINPYIONINX CUTHAIOB

HaKa4YKH: fl(1) = 238 klm, fl(z)z 240 kI'm, f1(3) =
=242 xI'm, f(4)= 244 xI'n, fl(s) =246 xI'nu npu ns3-

1
MEHEHMH HaIpaBJIEHHUs 3XO-MOMCKA cJeBa HAaIpaso,
T.€. TApUUAIbHbIE OCHOBHBIE JIETIECTKH B CEKTOPHBIX
XH "pasHowacTOTHBI", NpHUYEM DOTO K€ Kacaercs
U JABYX BBICHINX TAPMOHUK 2f1(1-5) u 3fl(1_5). Tak, ec-

JIU TIPUHATH 3a Hadajo koopauHat (0°) B ceKTOpHOU
XH makera ywacTka kosbleBoro pspga IIAY uneHn-
TpaneHbld DAII 3, BUAHO, YTO, HanIpUMep, I Kpail-
HuX JeBoro (—12°) m mpaBoro (+12°) mampaBmeHuit
9XO-TIOMCKAa B BOJHOM cCpelle MOXHO CHHXPOHHO
cthopMHupoBaTH UMITYJIHCHOE OOyYCHHUE C Pa3IMIHOMN

"qacTOTHOH OKpackomn': f1(1) 238 kIm, 2 f](])
=476 xl'n, 3f1(1) = 714 xI'q n fl(s): 246 xI'w,
2fys) = 492 xl'm, 3f5 = 738 xl'm. Kak cnenyer

W3 puc. 2, TapIUalbHBIE OCHOBHBIE JIETIECTKU IS
CUTHAJIOB KpPaTHBIX YaCTOT COOCHBI, HO UMEIOT OTJIH-
Yalomuecs Kak YTJIOBYIO IIHUPHUHY MaKCHMYMOB IS
OJIMHAKOBBIX YPOBHEH amruTy[, Harpumep (-3 nb):

Oy = 58% Opziapy = 38% Oy = 2.6° — TaK
W yposenb Gokosoro moms: Py o= —11 1B,
P6n(2fl) = —20 nb, P6n(2f1) =-43 n1b.

W3 puc. 2 BUAHO, YTO B a3UMYyTaILHOU TIOCKOCTH
GiyKkTyalnuu ypoBHEH NMapiuaabHbIX OCHOBHBIX JIETIe-
CTKOB B 00JIaCTH PE3yIBTUPYIOIIETO MAKCUMyMa CEK-
topHbix XH juia curHanos f,2f,3f cocraBmsanu He

oomnee 3, 7, 9 1b COOTBETCTBEHHO, YTO BHI3BAHO BbI-
0opoM BenMUYMHBI yrila pasHeceHus: (6°) axkycrtuue-
ckux oceir DAIl makera ydacTka KOJBIIEBOTO psjia
ITAY. VYrnoBas mupuHa 1o ypoBHIo —3 1b pe3yibTu-
PYIOIIUX OCHOBHBIX JIETIECTKOB CEKTOpHbIXx XH
B a3MMYTaJbHON/yTIIOMECTHON IIOCKOCTH AJIsl CUTHA-
moB f,2f,3f cocraBmaer =~ 30° / 6°, 28° / 3.8°

27.7° / 2.6° COOTBETCTBEHHO, IPUYEM OYEBHIHO, YTO
BO3MOXKHA peanu3alusi KaKk pa3HO-, TAK U MOHOYAcC-
TOTHBIX PE3YIBTHPYIOMNX OCHOBHBIX JIETIECTKOB 00-
Jiee CJIOKHON (hOPMBL.

Ha puc. 3 B gexapToBoii cucteme KOOpJAUHAT "aM-
IUINTYJa — HalpaBJIeHWEe 3XO-TMOHMCKA" MPEICTaBICHO
HOPMHUPOBAHHOE PACIIPEACIECHUE YPOBHS aMIUIATYbI
3BYKOBOTO JIaBJICHWSI Ha CHUTHAJIE Pa3HOCTHOW YacTo-

ol (CPY) F, =| fr — f1,~| = 25 kI'u, xoropoe anao-

HAVYYHOE I[TPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2

10 1b /

Jm"lj \// N

-12%6° 0° 6° 12 Hanpasnenue
HX0-TIOHCKA

Puc. 3. Pe3ynbTupyIOmuil OCHOBHOW JENECTOK CEKTOp-
Hoit XH B asumyranbHoi mnockoctu s CPY

F, :|f2i_f1i| =25 kI

TUYHO PACCMOTPEHHBIM BBINIC. YTIIOBas IMIMPUHA
o ypoBHIO —3 1b pe3yiabTHPYIONIETO0 OCHOBHOTO JIe-
necTka cekTopHoil XH B a3uMyTamsHON/yTIIOMECTHON
mrockoctu s CPU Takke cocrasiaster = 30°/ 6°,
MpUYeM B JaHHOM cliydae OOKOBOE M3ITydeHHE Ipak-
TUYECKU OTCYTCTBYET.

Ho mnactosmero Bpemenn I[IMA wcmonp3oBamm
B CHCTEMaX JajJbHEro 3XO0-MOMCKAa KaK KOMIAKTHBIN
HCTOYHUK ToNIbko HY-curHama, o0namaromero Maibl-
MU 3HAYCHHSIMH KaK YpPOBHS OOKOBOTO H3IYy4YCHHS,
TaK W YIJIOBOM HIUPUHBI OCHOBHOTO JICTIECTKA, BEIIH-

9HUHA KOTOPOTO 90'7( r) TO YPOBHIO 0.7 ompenensiercs

mupuHONH ocHOBHOTO Jsernectka JAIl Ha wacroTax
fi» f,. VI3BeCTHBI M HEOOCTaTKH AAHHOTO PEXHUMa

W3JTy4eHUs 30HIUPYIOIIEr0 CUrHalla Pa3HOCTHOW Yac-
totel (CPY) — mansrii KIIJ, crabonarpaBieHHBIN
MpPUEM 3XO-CHI'HAJIOB, 3HAYUTEIIbHBIH YPOBEHb aKy-
CTHYECKHX IIYMOB B paboueM auamna3oHe, KOTOphIC
OTCYTCTBYIOT JJsl (POPMHUPYIOIIUXCS BBICOKOYACTOT-
HeIX f, =f,+f, 2f,,2f CHEKTpalgbHBIX COCTaB-

JSIIOIUX, MCIOJNB30BaHUE KOTOPBIX MOXET obecrie-
YUTh TIOJIy4YeHHWE JIOTIONHUTENBHON HMH(pOpManuu
Ha MEJIKOBOJIHOW aKBaTOPUHU.

OIHEHKA YBEJINMYEHUSA SOPEKTUBHOCTHU
INPUMEHEHUSA PEXKUMA
HAPAMETPUYECKOI'O U3JIYUYEHUS (PIIN)

[IpoBenemM comocTaBUTENbHBIH pacdeT Ui THUIIO-
Boro DAIl B pexume PIIM na ¢opmupyromuxcs
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B BoJgHOM cpene HY n BY komIioHeHTax — cUrHaiax
pasnoctHoit (CPY) m cymmaprour (CCY) wactor,
a TaKXKe OLICHUM DSHEPreTHUYECKHE XapaKTEPUCTUKHU
CHUCTEM aKTHUBHOM JIOKAllMM, B KOTOPBIX MCHOJIb3YIOT-
CsI TaHHBIE CUTHAIIBI.

3BykoBoe nasienue P, (r)mis CCY Ha ocu TTHA

.
MOXeET OBbITh ONpenesieHO 13 (GOpMyJIbL:

P.(r)=

+

&0, PPy, 0.25In’ (1 +2z2 ) +arctg’ z,

3 2 e, (D)
2, 1+ z,

rae o, =2rxf, =27r(f1 +f,)=4nf,, [Tu] — wakmm-
yeckas yacrora CCY; P, P, — aMIUIUTyabl 3ByKO-
BOr'O JaBJICHUS CUT'HAJIOB OMIapMOHMYECKOH HaKauKH
y nosepxHoct DAl [Ila]; p,, ¢, — 3Ha4YeHHA pas-
HOBECHBIX IUIOTHOCTH M CKOPOCTH PacIpOCTPAHCHUS
3ByKa B BOJIC COOTBETCTBEHHO; [, = a’w, / 2¢, — pac-
CTOSIHME IU(PaKINK HA LEHTPaJIbHOM YacTOTe HaKad-
ku fy=c,/ A =(fi+/,)/2, [M]; & =3.5 — nemn-
HEHHBIA IMapameTrp BOIbl; @ — pPagUyC amneprypsl
OAIl, [Mm]; z, =r/l; — HOPMUPOBAHHOE PACCTOSHUE
r; B, — xodbduuuent 3aryxanus CCY, [Hn/m].

OTMeTHM, 9TO HeMMHEHHBIe YPPEKTHI CAaMOBO3ICHCT-
BHS U B3aMMOJIEMCTBHSA BO3HMKAIOT MPHU PaCIpOCTpa-
HEHUU B BOJHOH cpele MHTECHCUBHBIX Y3-BOJH Ha-
Ka4yKH C 4acTOTaMu f,, f, . DTO 3amaeT UHTEpBaj 3Ha-

YeHuil BONHOBBIX pasmepoB D/A ot 10 go 15.1 %
x10° / /P, nns obparumoro DAII napameTpuueckoii

n3mydaroniei anteHusl ([TNMA).

Ha paccrosuusx r>2[; 3ByKOBOE [aBJICHHE

P (r) st CPY onuceiBaeTcs BelpaxeHueM [14]:

L 2
In*| 2z + 7
p ()= f2PuPuln | ") 4 o)
- 3 2.2 © >
2P, 1+(Ly /1) 2z,

rne Q=2nF = 27r(fl —fz), [To] — nukmryeckas
vacrora CPU; L, =a’Q/4c, — paccrosiuue -
¢paxmum st CPY, [Mm]; B — koaddumment 3aryxa-
aus s CPY.

Ha puc. 4 npencrasiensl pacueTHsle rpaduku 3a-
BHCHUMOCTEH pacnpeleieHUuil aMIUIUTY][ 3BYKOBOTO
nasieHuss P P nnga  curHamoB cyMMapHOU

(f. =550 xI'u) u pasHoctHolt (F_ =50 k') wacror,
TEHEPUPYEMBIX Ha aKyCTHUECKON ocu ogHuM u3 DAIIL

ITAY. Kak BugHO U3 puc. 4, TaHHBIE CUTHAIBI IMEIOT
OJIMHAKOBYIO aMIUTUTYIy Ha paccTosHUU ~340 M,

P.I1a
AN
\
10°*
\|P.!
\\
3| LA TN
s
\\\ i
10 \\{
Ny
\
\
1.0 10 100 Z, M

Puc. 4. T'padpukn 3aBucuMOCTEll pacrpeneneHui
aMITIMTY/]] 3BYKOBOTO JaBieHus P., P_ Ha cUTHanax
CYMMapHO# f; ¥ pa3HOCTHOM F_ 9acToT JuIs aKyCTH-
geckor ocu DAITIL

a Ha MEHBIIUX JUCTaHIMAX ypoBeHb CCY uacToTh! BbI-
me ammmmtyasl CPY, mampumep, Ha mucranmmsx 10
n 100 metpoB — Ha 26 1b u 18 ab cooTBeTcTBEHHO.

[IpoBenem cpaBHEHHE JHEPTETHYECKHX XapaKTe-
puctuxk mna storo DAIl, ucnons3dyemoro B PIIN
Ha CPY u CCUY, xotopbie MOTYT OBITh UCIOIB30BAHbI
B KauecTBe pabouux JIOKALMOHHBIX CHUTHaioB. M3-
BECTHO, YTO OJHEpPreThdeckas IalbHOCTh JAEHCTBUS
THIPOAKyCTHUECKOW  ammapaTypsl  OIpeeNseTcs
13 ypaBHEHUs ruaposokanuu [15]

Pczéex’ (3)

rae P, — 3ByKOBOE JaBJICHHME 3XO-CUTHAJA B TOYKE
npuema, [Ila]; P, — 3ByKOBO€ HaBICHUE IIOMEXH,
[[a]; 6 = V2K s | NAFT — xo3(pduuueHT pacrnosHa-
BaHUsA, B KOTOpoM K; — K03((HULUEHT HAJIEKHOCTU

npreMa, T.e. MUHHUMAJbHO JIOITyCTUMOE OTHOILEHHE
HanpsOKEHWsl CHTHaJa K HANpsDKEHUIO  [TOMEXH
Ha BXOJe MHIWKaTopa; AF — mojoca MpOIyCKaHUs
npuemMHoro Tpakta, [I'u]; 7 — BpeMsl ycpeaHeHUs
CUTHajla, IPUHUMAaeMOe Ha NPaKTHKE PaBHBIM MJIH-
TETFHOCTH 30HIUPYIONIETO UMITYJIbca T, [c].
AKycTHYeCKHe IIyMbl BOJOEMOB Ha 4YacToTax
ceeimie 100-200 kI'1p ompenensroTcs TEIUIOBBIM HIy-
MOM, CBSI3aHHBIM C JBIDKEHHEM MOJIEKYJ BOIBI.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2
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HVHTEeHCHBHOCTh TEMJIOBOTO IIyMa B ONpPEAEICHHON
MOJIOCE YacTOT, BOCHPHUHUMAaeMasl HaIpaBICHHBIM
obparumbiM DAL, ompenensercss W3 BBIpaKEHUS

N _pLIsAF

/4 Y
HOCTh TUIOCKUX aKyCTHYECKHUX BOJH, MPHXOJSIIHXCS
Ha €IUHMITY [TOJIOCHI YacTOT W BBI3bIBAIOIINX 3((EKT,
SKBUBAJICHTHBIM TEIJIOBOMY BO30YXXJICHHIO HEHa-
MPaBJIEHHOTO TUAPOPOHA OKPYNKAIOIICH Cpeao;
a, =16nk;T, /c*, T, =273.18+T, tae T, — abco-
moTHas temmnepatypa, [K]; k;, [Ax/K] — nocrosn-
Has bonbnmana; Af, AF — mrymoBasl mosioca U 1o-

JI0Ca TIPOITYCKaHUS MPUEMHOT'O TPaKTa COOTBETCTBEH-
Ho, [['11]; ¥ — ko3 dunmeHT OCeBOl KOHIICHTpAIIUU

obparumoro DAIIL

Torma nns PIIM va CCY npu KOPOTKUX JIUTEINb-
HOCTSIX 30HAMPYIOIIEro CUrHaja AaBJ€HUE IIyMOBOM
noMexu P MOXHO ONpPEAEINTh U3 BBIPAKCHUS

P = P’(Af/;/)”2 , e P'=(I'pyc, )1/2, [Ta]. JleBas
YyacTh ypaBHeHUs (3), mpeacTaBisiomnias coo0on 3ByKO-
BO€ JlaBjieHUE 3Xo-currana Ha CCY B Touke npuema,
OTIpesieTIsieTCsT C Y4eTOM OCOOEHHOCTEH paccMaTpH-
Baemoro PIIN, T.k. pacnpenencHue 3ByKOBOTO JaBile-
Hust CCY 1o HampaBleHUIO K eI U 00paTHO OIKCHI-
BaeTCA Pa3HBIMH 3aBUCUMOCTSIMHU. B cooTBercTBHM
C 3THUM YpOBEHb 3BYKOBOI'O JaBJIEHUS 3XO-CHTHasa
Ha CCY B Touke mpuemMa OINpeAeNseTcs U3 BbIpaxke-
HUS

’ 2
I, e I'~a,f° — WHTEHCHB-

P.(r)R, .,
R —_+ El e B ,
2r
rae P, (r) — YypoBeHb 3ByKoBoro pnamienus CCY
B TOUKE » B OCEBOM Hampasienuw, [Ila]; » — pac-

cTostHue 110 uenu, [M]; R, — addexTuBHbIi paanyc
ueny, rugpoiokaunonHoro oowsekra (I'J10), yciaoBHO
3aMEHIEMOTO SKBUBAJICHTHON oTpakaromeid Y3 cde-
poii, [M].

[Tocne moxcraHoBKH B (3) pacCMOTPEHHBIX BHIIIE
BBIpaXKEHUH 11t 6, P, u P 1is ypaBHEHHUs THIPO-

JJOKaIl UMCCM:

ALY 2k, P'«/I.ISAF. @
2r JrAF \/;

VYpaBHEHHE TUIPOIOKALNH, MTPEJICTABICHHOE B BU-
ne (4), mo3BoJIsIeT MPOBECTH aHAJIM3 YHEPrETHUECKUX
XapaKTePUCTUK CHCTEM AaKTUBHOW JIOKAIlMU, B KOTO-
PBIX HCHONB3YIOTCS B KadecTBe 30HmUpyrommx CCY
n CPY. C sToii nenpto HEOOXOOUMO PacCUUTATh MaK-
CHMaJbHBIC AUCTAHIIMA OOHAPYKEHHS F I OOBEK-
TOB C 33JJaHHBIMH (P QEKTUBHBIMH PafycaMHu R, mpu

HUMCIOIHNXCSA YPOBHAX 3BYKOBLIX HaBHCHHﬁZ IIOMECXU
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B TOuke npuema P, , paboyux CUTHAJIOB CyMMapHOH
W Pa3HOCTHOM 4YacTOT Pi(r) B TOUKE 7. YKa3aHHBIH

pacueT MpoBeJeM Jis JIoKaTopa ¢ TUHOBBIM ODAII
B PIIM npu cnenyromux XapakTepUCTUKAX.
CPU: F =50 kI, YaCTOTHI

f, =250 xI'n, f, =300 xI'm; yrnoBas IIupuHA OC-

HoBHOrO Jenectka XH DAIl — B pexxume U3nydeHUs
6°, B pexume mnpuema 40° (muamerp JDAIl pasen
2a=65MM); JJIUTEIBHOCTH UMITYyJIbCA MOCBUIKU
7 =1 Mc; ypoBenb npuseneHHbIX nomex P =0.1 Ila

HaKa4YKn

U KOdQQUIUEHT HanexHocTH K; =2; aMIumrynaa
3BYKOBOI'O [IaBJIEHUs CUTHAJIOB HAKAUKU Yy IIOBEPXHO-
ctu antennbl P =P, B, =2.52x10° Ila.

01>

CCY: f, =550 x['m; yrnoBast mimprHa OCHOBHOTO
nenectka XH — B pexume uznyuyenus 3.5°, B pexu-
Me mpuema 2.5° (mmamerp DAIl 2a =65 mm); ypo-
BEHb JIABJICHHS TEIUIOBOrO Mmiyma P'= 2x10* Tla
B TIOJIOCE TIPONYCKaHUS TMPHEMHOro Tpakta AF =
=1 x['O.

Ha puc. 5 npencraBiensl pacueTHbIE 3aBUCUMOCTH
¢ nepecueToM 3(h(HEeKTUBHOTO paguyca R, B CHIIy Lienu
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Puc. 5. PacueTHble 3aBUCHUMOCTH MaKCHUMAJIBbHBIX JHUCTAH-
Ui OOHAPYXKCHUS 7 i1 OOBEKTOB C 3aaHHBIMU BEJIU-
ypHaMu cuiel nenn T ans nokaropa ¢ DAIL B PIIN

Ha CCY f =550xl'mnna CPY F =50kl
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Ha CCY f, =550 xI'n, a 3HakomM (—) npsamas s PIINA
Ha CPU F =50xl'm. Kaxpgas 3aBUCUMOCTb IEIUT

HoJie puc. 5 Ha J1Be 00J1acTH — BEPXHIOKO (B KOTOPOH
nokatop ¢ DAIl B PIIN sddexTruBeH mist oOHapyxe-
HUS) W HIDKHIOIO (B KoTopoit mokarop c¢ OAIl
B PIIN He s dexTuBen).

BBbIBO/IbI

W3 anHanm3a mpencTaBICHHBIX KPUBBIX CIEIYET,
yro PIIM na CCY wnenecoobpasHee HCIOJIB30BATh
(uem Ha CPY) mpu oOHapyXeHHH OOBEKTOB C CHIIOH
uenu I, 1o —18 nb Ha aucranmumsx no 460 m. B [16,

Tabn. 1.3] mpeacraBieHbl pe3yNbTaThl SKCIEPUMEH-
TaJIbHBIX U3MEpEeHUH () (EKTUBHOI TUIOMAaN pacces-
HUSI OAMHOYHBIX OOBEKTOB, B YACTHOCTH pacueTHBIC
BeNIMUUHBI 3()(EKTUBHOTO paauyca R, W CUIIBl Lenu

T, oOHapy)XeHHE KOTOPBIX B OXpaHHOIl 30HE aKBa-

TOpHH SIBJISIETCS aKTyaidbHBIM. Hampumep, cuna menu
T, nnsa OpeBHa, BEPTUKAIBHO CTOSIIETO B BOJE, AUA-

MeTpoM 15 cm u anmuHOU 150 cMm cocTaBiseT oKoyo
—34 nb, mg mecTta MEpeBIHHOTO BEPTHKAIBHOTO —
(=42 nb), ans MIIOBIA B BEPTUKAIEHOM TOJIOKEHUU —
(—22 nb), ana monol pe3wHOBOH chepsl AMaMETPOM
12 cM ¢ TommmHOM cTeHKu 2 MM — (—38 1b). OtMme-
THM, 9TO BCE JAHHBIC OOBEKTHI UMEIOT BEIIMYUHY CH-
T 1IeTH MeHbIne, 4eM (—18 nb), uro monxrBepkaaer
CIIpaBeJIMBOCTh MEPBOTO BBIBOAA. Tak, A IUIOBIA
¢ (22 nb) mpoBoAMM TOPU3OHTAIBHYIO JUHHIO
ot 3HadyeHus (—22 1b) BepTuKanbHOU ocu T, 110 me-

pecedeHus ¢ pacdeTHBIMHU 3aBHCUMOCTAMU (1) U (—),
3aTeM MpOoelUpyeM TOUKH NEpecedyeHUuil Ha TOPU30H-
TaJIbHYIO OCh 7 JAIBHOCTH U Moy4yaeMm okono 420 m
u 300 M COOTBETCTBEHHO. BBIUIpHIII B 3HEpreTuye-
cKoi nanpHOoCcTH OoOHapyxeHust Ha CCU (Ha gucras-
musax, MeHpmmx 460 M) 00yclOBIEH NOBBIIIEHHEM
HaNpaBJICHHOCTU MO U3TYYEeHUIO/TIPUEMY, CHU)KEHHEM
YPOBHS aKyCTHYECKHX CHTHAJIOB B ITOJIOCE MPOITyCKa-
HUSI TIPUEMHOTO TPAaKTa, a Takke 3(P(PEKTHBHOCTHIO
redepanuu 3ouaupytomux CCY.

Kak ormeueno B [4], ayid 30HaIbHOM TUAPOAKY-
ctuueckoit craniuu (3AC) npu riiyOuHE OXpaHse-
MOH akBaTtopuu oT 2 10 60 M, NIPUBEJCHHOM YpPOBHE
nIyMoBbIX momex Ha yactore 1 kI'm B momoce 1 I'm
1o 0.04 I1a u ypoBHE M3TyYCHUS CUTHAJIOB HE MCHEE
160 nb:

— MakCHMMallbHasl JaJIbHOCTh OOHApYKEHHs Hapy-
muTeNs MOJbKHA ObITh BBIOpaHa w3 psma 100, 200,
300, 400, 500 m u ganee ¢ marom 100 m;

— CeKTOp 0030pa OXpaHsAEeMOW 30HBI aKBATOPHUHU
B azuMyTalbHOM Miockoctu st oanoit 3I'AC mon-
eH ObITh He MeHee 60° u BIOpaH m3 psmga: 60°, 90°,
180°, 270°, 360°;

— cexrop 0630pa 3['AC B yriaoMecTHOH MIIOCKOCTH
JIOJKEH OBITE OT 2° 110 30°;

— KOJMYECTBO OJHOBPEMEHHO COMPOBOXKIAEMBIX
ruapoakycTuueckux meneid oxHou 3['AC momkHO
OLITH HE MEHeE 2.

Kak cnenyeT U3 npencTaBleHHBIX BBILIE MaTepHa-
JIOB, IPUMEHEHNE aHTEHHBIX YCTPOWCTB C MCIOJB30-
BaHHEM 3()()EeKTOB HEMTMHEHHON aKyCTUKW Ui KBaH-
TOBAaHHOTO OOCJICIOBAHUS BOJHOTO 00beMa C peryJiu-
pyeMoil  yTrIIoBOW paspelmaromieil  CrocoOHOCTHIO
n "4acTOTHOM OKpacKkoi" 3aJaHHBIX HalpaBIEHUH
9XO-IIONCKA B a3UMYTaJbHOI/YIJIOMECTHOM IUIOCKO-
CTH MOXET OBITh NEPCIEKTUBHBIM IS TOBBILICHUS
3¢ (HeKTHBHOCTH THAPOAKYCTHYECKUX CPEJCTB HA MIPH-
OpeXHOH MEJIKOBOIHOW aKBaTOPHUH.

CITUCOK JIMTEPATYPBI

1. Cxema opranuzanuu oxpaHsl ropoaka VIP-mepcon co
CTOPOHBI akBaTOpuu. [OnekTpoHHbld pecypc]. URL:
http://www .bnti.ru/dbtexts/ipks/old/analmat/1_2002/tepr/1
0.htm (mara obpamenus 27.11. 2023 r.).

2. CxemMa OpraHu3allMd OXpaHbl He()TCHAIMBHOIO TaHKepa
CO CTOpPOHBI akBaTopuu. [DnexTponHsiid pecypc]. URL:
http://www .bnti.ru/dbtexts/ipks/old/analmat/1_2002/tepr/7
.htm (mata obpamenus 27.11. 2023 1.).

3. Cxema OpraHM3aluy OXpaHbl MOCTa CTPATETHYECKOro Ha-
3HAYeHHs] CO CTOPOHBI AKBATOPHUH. [DJIEKTPOHHEIN pe-
cypc]. URL:
http://www .bnti.ru/dbtexts/ipks/old/analmat/1_2002/tepr/6
.htm (mata obpamenus 27.11.2023 r.).

4. TOCT P 57557-2017 CpenctBa u CHCTEMBI OXpaHHBIC
rugpoakycriuueckue. OOmMe TeXHU4ecKkue TpeOoBaHuUs
u Metonsl ucneitanuii. Beex. 27.07.2017; denepansaoe
areHTCTBO MO TEXHHYECKOMY. PETYJIUPOBAHUIO U METPO-
noruu. Mocksa: ®I'VIT "CTAHAAPTUH®OPM", 2017.
23 c.

5. Conosves B.I'., Agppymrun I'H., Cmpenxoe U.M u op.
Crioco0® 0OHapy>KeHHs MOJBOHBIX 00BEKTOB HA MOPCKOM
pybexxe B wmenkom wmope. I[larenr P® N 2161319.
21.12.2000.

6. Kaovixos U.&. Meton u cuctema oOHapyX eHHs Ieleit
npu ruaponokauuu. [larent PO N 2383899. 10.03.10.

7. Cuoopos B.B. Cucrema mnapaMeTpHuecKod THIpPOJIOKa-
MK ¢ (QYHKIHEH MOTy4eHHs aKyCTHUECKOTo H300pake-
Hus nenei. [Tarent PO N 2488845. 27.07.12.

8. Platform  carried Dbistatic  sonar. Patent USA
N US005237541A. GTE Government Systems Corpora-
tion. 17.08.93.

9. Bistatic/monostatic =~ sonar  fence.  Patent
N US5305286A. Sonetech Corporation. 19.04.94.

10. Borowenxo B.FO., Bonowenxo A.Il, Jlu B.I. Cnocod
MOJIrOTOBKH JIETHOTO OacceliHa rMapoa’poapoMa JJis Bbl-
MOJIHEHHsT B3JIeTa W MPHUBOJHEHHs Tuapocamonera. [la-
TeHT PO N 2464205. 20.10.2012.

USA

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2



ISSN 0868-5886

11.

12.

13.

14.
15.

16.

Bonowenxo B.IO., Bonowenxo A.Il. MHorodactoTHOE
THIIPOAKyCTHUECKOE MPUEMOM3ITydaloliee aHTEHHOE YCT-
poiictBo. [Tarent PO N 104732. 20.05.2011.

Tapacos C.II, Bonoweuxo E.B. u Op. Axycruueckuit
CHoco0 M YCTPOWCTBO M3MEpPEHHs ITapaMeTpOB MOPCKOTO
BonHeHus. [larent PO N 2721307. 18.05.2020.
Bonowenko E.B., Tapacos C.II. VI3mepeHune xapakrepu-
CTHK MOPCKOTO BOJIHCHHS Ha OCHOBE NPUMEHEHHS dPPek-
TOB HENWHEWHOM aKyCTHKH // AKyCTHKa Cpelbl OOUTaHHS
(ACO-2021): marepuansl Illectoii Beepoccuiickoi KoH).
MOJIOIBIX yueHbIX U crier. M.: MI'TY um. baymana, 2021.
C. 70-75.

Hosuxos Bb.K., Pyodenxo O.B., Tumowenxo B.U. Henu-
HelHas ruapoakycrtuka. JI.: Cynocrpoenue, 1981. 264 c.
Twopun A.M., Cmawxkesuu A.Il, Tapanos 3.C. OCHOBBI
runpoakyctuku. JI.: Cygoctpoenue, 1968. 296 c.
Hroenee A.H., Kabnog I'Il. Tunponokaropbl OIMXKHETO
neiictust. JI.: Cynoctpoenue, 1983. 200 c.

NAUCHNOE PRIBOROSTROENIE, 2024, Vol. 34, No. 2, pp. 67-76

FOscnviit gheoepanvuuiit ynusepcumem, Tacanpoz

Kontaktel: Borowenxo Enuzasema Baoumosua,
voloshchenko.liza@mail.ru

Marepuan noctynun B penakuuto 06.12.2023

THE NONLINEAR ACOUSTICS APPLICATION
FOR INCREASING SONAR’S EFFICIENCY ON SHELF

E. V. Voloshchenko

Southern Federal University, Taganrog, Russia

It is proposed to ensure the safety of seaboard structures by conducting the water volume’s multi-position
monitoring of the coastal protective zone using hydroacoustic means with antennas that employ the effects of
nonlinear acoustics, in particular, self-action and interaction of ultrasonic pump waves. An analysis has been
made of the use of hydroacoustic active location systems with receiver-emitting antenna devices of an original
design, which are placed on the bottom of a shallow water area and used to detect surface and underwater ob-
jects, as well as remotely obtain information about hydro conditions at various points in the shelf’s water area.
Calculated results of assessing the energy range of an active location hydroacoustic system in the parametric
radiation mode and an analysis of the spatial characteristics of the considered antenna device’s model are pre-
sented, which confirm the possibility of obtaining the claimed result.

Keywords: ultrasonic monitoring of shallow water volume, coastal protective zone, parametric transmitting array
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INTRODUCTION

Currently, the organization of protection of various
objects, for example, strategic bridges, from the water
area, includes the use of hydro-acoustic means of de-
tecting underwater/surface objects [1-3]. General
technical requirements and test methods for security
hydroacoustic systems for the protection of marine
(river) and coastal basing from the adjacent water area
are described in [4].

Let us consider the available messages on the dis-
cussed problem. There is a known method for detect-
ing underwater objects [5] in shallow seas, which in-
cludes placing a barrier line with known coordinates
on the bottom surface. A barrier line is a sea boundary
of N receiving-emitting interference antennas with

their own resonant frequency f,, that provides both

monostatic and bi-static echo search schemes in the
volume of the irradiated spatial band. Reliability and
continuity of control of the irradiated water strip with-
out areas of uncertain reception are ensured by the use
of both "different-frequency coloring” of adjacent
areas of the band, as well as monostatic/bistatic recep-
tion of ultrasonic (US) echo signals in various fre-
quencies using groups of three adjacent interference
antennas. The disadvantages of the method include the
lack of a passive mode of noise-finding, non-
directional mode of both radiation and reception by
interference antennas when detecting a strip of pro-
tected water area. In this case, the operating mode
("emission-reception" — the examined "quantum" of
the water half-space) determines both the absence of
angular resolution elements in both planes and the
ineffectiveness of using ultrasonic energy during
emission. Another problem is the zones of uncertain
detection of objects near the interface boundaries, and
the task of prompt detecting and determining the loca-
tion of several underwater targets simultaneously in a
volume of water has not been implemented.

The method of detecting and determining the loca-
tion of underwater intruders in coastal marine areas,
river beds, canals, and lakes when protecting under-
water structures, for example, bridge supports, anc-
hored ships, platforms, etc., is considered in [6].
A feature of the method is the formation of a control
zone 100-200 m wide in a shallow water area at the
entrance to a port or bay through the use of an under-
water spatially distributed interference antenna. In this
case, the antenna device must provide sectoral irradia-
tion (one emitter) and non-directional reception of
echo signals to determine the coordinates of the direc-
tion-finding object (three receivers) in the azimuthal
plane of the water volume. To reduce the levels of
reverberation interference from the water surface and
bottom, it is assumed that the antenna device will pro-
vide ultrasonic radiation/reception with the directional
characteristic (DC) of a narrow main lobe in the ele-
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vation plane. This is achieved due to the large vertical
size of the emitter/receiver apertures but it does not
solve the problem of the presence of zones of uncer-
tain detection of objects near the interfaces. It is pro-
posed to expand the monitoring zone by increasing the
number of both receivers and emitters, which will be
accompanied by interference from mutual influence
and will require different "frequency colors" of the
probing signals, i.e., setups must differ from each oth-
er in the design of emitters/receivers. In [6], the prob-
lem of operational detection and determination of the
location of several underwater targets simultaneously
in a body of water is also not discussed.

Note that the tactical advantage of horizontal sonar
systems is a wide viewing area, which allows one to
obtain more information about the underwater situa-
tion. However, as follows from what was discussed
above, reverberation interference occurs due to the
emission/reception of ultrasonic energy in the direc-
tions of the side lobes of the antenna DC. The disad-
vantage of antennas, which functioning and spatial
selectivity are determined by the phenomenon of in-
terference, is the limited resonant passband, i.e., the
small range of working ultrasonic probing signals.

SONAR SYSTEMS
WITH A MODE OF PARAMETRIC
RADIATION (PRM) OF LOW FREQUENCY
SPECTRAL COMPONENTS

One of the promising directions of designing an-
tennas of sonar systems to expand the range of operat-
ing signals while reducing both the lateral radiation
field with a fairly narrow main lobe and mass-
dimensional values is taking into account the nonli-
nearity of the elastic properties of water. In this case,
additional LF and HF spectral components are gener-
ated in the aquatic environment during the propaga-
tion of a powerful probing signal emitted by an anten-
na device, for example, a difference frequency signal

(DES) F. =| Si— f2| in the case of a dual-frequency

pump signal f;, f5. The mode of parametric radiation
(PRM) of probing signals of difference (DFS)

F =|f1 —f2| or sum (SFS) f, =1, + f, frequencies,
or higher harmonics nf, , nf,, allows the use of small-

sized resonant electro-acoustic converters (EACs) for
the implementation of antennas, the passband of
which includes frequencies fi, (fi» > F.) of pump
waves.

Let's discuss the available messages. A sonar sys-
tem for detecting, determining the location and para-
meters of target movement in a given sector (approach
channels of bays, ports, water areas of hydro and nuc-
lear power plants) with underwater sound vision is
proposed in [7]. It is assumed that the antenna device
in which the parametric radiation mode (RP) is im-
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plemented will ensure the combination of long-range
detection of an object (DFS F. =| Si— f2| = 50 kHz)

with subsequent short-range identification due to ob-
taining an ultrasonic image (pump signals f,, f, =

=400 and 450 kHz) during longitudinal probing of
a water volume.

According to the author, the location system,
which has an antenna device made of three elements
— one emitting pump signals and two receiving sig-
nals for echo signals at LF and HF — can be used to
protect coastal objects or surface ships in shallow wa-
ters, i.e., in the presence of different interfaces in the
hydroacoustic locating channel. However, their mask-
ing influence is not taken into account, for example, in
the antenna design: the antenna aperture must be an
order of magnitude larger than for receiving pump
signals to ensure directional reception of reflected
DFS.

To detect targets moving slowly in a horizontally
extended volume of water on the shelf, a small-sized,
lowered from a helicopter receiving-radiating antenna
set was proposed for a mobile hydroacoustic system
with monostatic/bistatic step echo search in both azi-
muthal and elevation planes. PRM is used to generate
low-frequency probing pulses [8]. As receiving ele-
ments, vertically or horizontally located linear receiv-
ing antennas are used, for example, localized in the
radiation region (monostatic scheme) or remote (bi-
static scheme), on nearby radio sonobuoys. The dis-
advantage of this hydroacoustic system is the high
level of masking noise interference caused by the use
of a mobile carrier — a helicopter. With a monostatic
echo search scheme, difficulties with the design of the
receiving antenna at LF are not resolved.

A hydroacoustic active locating system for monos-
tatic/bistatic ultrasonic echo search in the water half-
space above them, containing at least two bottom re-
ceiving-emitting antenna devices (RAD), was pro-
posed in [9]. The radiating and receiving elements of
each antenna device are distributed vertically from top
to bottom along its post, normally installed relative to
the bottom. The device includes:

1) high-frequency (HF) oriented up emitter, the lo-
cation of the acoustic axis of which can be changed
stepwise in two planes by the operator, which allows
irradiating the water volume both from below and
from above during echo search due to reflection from
the water-air interface;

2) a parametric emitting antenna (PEA), the use of
which provides a pulsed mode of irradiation of the
aquatic environment with the DFS in the range of 2—-6
kHz, due to "step" scanning with the main lobe with
an angular width of 6° in the azimuthal plane;

3) a vertically located linear receiving antenna, the
EAC switching of which allows one to directionally
receive echo signals when choosing the maximum
signal-to-noise ratio.

Unfortunately, in [9] there is no information about
the cumbersome design of the bottom RAD, which
makes it possible to implement the proposed method.
PEA is used only in the mode of generating probing
DFS, while the more efficiently generated HF-
components — the sum frequency signal (SFS)

f. = (f1 + f2) and higher harmonics nf,, nf, of pump
signals — are not used for near location.

ANTENNA DEVICE
FOR QUANTIZED SURVEY
OF WATER VOLUME OF SHALLOW WATERS

To detect submerged objects on the runway, before
taking off or splashing down a seaplane, a monitoring
method [10] has been proposed, for which a special
bottom receiving antenna device (RAD) [11] has been
developed (Fig. 1). The required amount of PAD was
installed at the bottom of the flight water area (runway
dimensions: length ~2500 m, width ~200 m, depth
from ~3 to 6 m), which together forms a multi-
position underwater surveillance system. All PAD are
made of m piston EACs of the same standard size
and design, their acoustic axes are evenly distributed
in the half-space and emerge from one point, which is
the geometric/phase center of both the RAD and all
EAC.

Fig. 1. Design of bottom RAD

The hemispherical aperture of the RAD (Fig. 1) is
formed by the planes of the apertures of the piston
EAC, which form ordered "parallels"/"meridians" on
it. The placement of neighboring EAC on a hemis-
phere allows the acoustic axes to be spaced apart at an
angle that ensures overlap at a given level (for exam-
ple, 0.7) of the main lobes of their DC. This allows the
formation of several natural (uncompensated) result-
ing CNs for the RAD ring rows, in which the main
lobes are narrow and "different-frequency"” in eleva-
tion angle, but omnidirectional in azimuth. The un-
evenness in pressure is determined by the selected
value of the levels (0.9; 0.8; 0.7, etc.) of overlap of the
main maxima of the DCs of neighboring piston EACs.
The use of RAD allows for frequency-colored echo
search, quantized by m solid sectors in the hemis-
phere, due to the operator’s choice of a given scheme
for distributing the '"emitting-receiving" operating
cycles of the necessary EACs and the multi-channel
construction of emitting/receiving paths of hydroac-
oustic equipment. The use of a multi-channel switch
makes it possible to spatially move the echo search
direction in both the azimuth and elevation planes
(electronic scanning due to EAC switching).
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The proposed monitoring method [10] ensures the
following tasks:

— inspection of the water volume of the runway.
The rapid detection of objects is enabled by multi-
frequency '"ultrasonic illumination" from several
points simultaneously by means of the neighboring
RAD formed by the same type EAC in the PRM;

— active/passive surveillance mode on the perime-
ter of the flight basin, as well as in the shelf zone ad-
jacent to the water area;

— modes of remote measurement of depths, direc-
tions, and speed of flow of water masses, amplitudes,
speed, and direction of running of wind waves at vari-
ous points of the water area [12, 13].

Note that the design features of the bottom PAD
for using round flat piston EAC as radiating elements
are described in [13], and nonlinear phenomena that
arise in the aquatic environment are taken into ac-
count. For example, the self-action effect arises as
a result of a nonlinear change in the elastic properties
of the aqueous medium in the paraxial region of the
beam of a powerful pump wave with frequency f and

manifests itself in the generation of higher harmonic
components with multiple frequencies 2 f,3f,..., nf
during propagation to the scattering surface. A greater
expansion of the operating frequency range of PAH
ultrasonic signals can be achieved by using the nonli-
near interaction of several powerful pump waves.
Thus, the "traditional" PRM involves the excitation of
each i-th EAC, where i=(1+m), by an "individual"
biharmonic electrical signal with frequencies f;, f,,

located in its passband. Then, for each of the m echo
search directions, any EAC in the PRM will generate
probing poly-harmonic signals, including "originally
frequency-colored" sets of LF spectral components of
the difference F =| foi — fh| and HF total and higher

harmonics f,, = fy, + f1.2f5, 2frioe ol 1 (n1=2,3,..)

which are formed in the aquatic environment during
the propagation of powerful pump signals with fre-

quencies f,., f;-

EXPERIMENTAL TESTS OF MODEL
OF THE RING ROW SECTION
OF ANTENNA DEVICES

Experimental tests of the model site of a ring row
of RAD were carried out under the conditions of
a hydroacoustic pool. The model of the site is made of
a "piecewise curved"+ metal strip — the base (radius
of curvature 0.55 m) with a rigidity element that al-
lows you to fix the structure on the rod of the rotary-
retractable device of the hydroacoustic pool. Five
identical areas are spaced along the length of the base
strip to accommodate the same type of piston EAC 1—
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5 with a flat aperture of 65 mm in diameter. The areas
in the vertical plane are shifted relative to each other,
so that the separation angle of the acoustic axes of
EAC 1-5 in the horizontal plane is a = 6°. The design
allows discrete to carry out scanning of the corres-
ponding PEA DC with a step of 6° in a sector of 30°

on spectral components f, f,;, F_,.=|f21—fu|

u f+i :fzi +f1i9 2f2i’ 2f1i""’ nfzi’ ;i (” 22’3"")
by switching EAC 1-5. The passband of EAC 1-5 is
10% of their resonant frequency f,= 250 kHz, i.e.
Af=25 kHz, then within the frequency range

((fo— Af/2) = 237.5 kHz = (fy + Af/2) = 262.5 kHz)}

the pump signal values were generated with a step of
2kHz: f,,=238kHz, f,,=240kHz, f, =242kHz,

1 1
Sy =244 KHz, f,, =246 kiz.

Synchronous «multi-frequency” excitation of sev-
eral EAPs 1-5 of the model makes it possible to form,
due to the effects of self-action and interaction, the
necessary sectoral DC in the azimuthal plane (Figs. 2
and 3). In Fig. 2 in the Cartesian coordinate system
"amplitude — direction of echo search", normalized
distributions of sound pressure amplitude levels for
the pump signals (solid line) and their two higher
harmonics 2]‘1(175)= 476, 480, 484, 488, 492 kHz

(dashed line) and 3/’](175)= 714, 720, 726, 732,
738 kHz (dashed line) are presented.

Fig. 2. The resulting main lobes of the sectoral DC of
the model of the section of the ring row of RAD in
the azimuthal plane.

For pump signals f|(1-5)= 238, 240,
242,244, 246 kHz;
_______________ for their 2 harmonics 2f1(175): 476,
480, 484, 488, 492 kHz;
________ for their 3 harmonics 3 f](1_5)=

720, 726, 732, 738 kHz

714,

Fig. 3. The resulting main lobe of the sectoral DC in
the azimuthal plane for DFS F = | Joi — f1i|= 25 kHz

The ratios of the levels of normalized distributions
correspond to the conditions of the experiment, in par-
ticular the placement of the measuring hydrophone at
a distance of 4 m from the EAP 1-5 model. In the ex-
periment, a sequential increase in the frequencies of
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the probing pump signals was specified: fl(l) =238 kHz,
fl(z) = 240 kHz, f1(3) = 242 kHz, f1(4) = 244 kHz,
fl(s) =246 kHz when changing the echo search direc-

tion from left to right, i.e., the partial main lobes in
sectoral DC are "different frequencies", and the same

applies to two higher harmonics 2f,, 5 and 37, ;. If

we take the central EAC 3 as the origin of coordinates
(0°) in the sectoral DC of the model of the site of the
ring row of RAD, it is clear that, for example, for the
extreme left (—12°) and right (+12°) directions of the
echo search in the aquatic environment, it is possible
to synchronously generate pulsed irradiation with dif-
ferent "frequency colors": f,, = 238 kHz, 2f, =

1
=476 kHz, 3f1(1)= 714 kHz and f1(5)=246 kHz,
2]‘1(5)= 492 kHz, 3]‘1(5)= 738 kHz. As follows from

Fig. 2, partial main lobes for signals of multiple fre-
quencies are coaxial, but differ in both the angular
width of the maxima for the same amplitude levels,

for example (-3 dB): 90‘7(1.1) =5.8°% 007(2].1) =3.8%
007(3].1) =2.6°, and side field level: Pﬁn(fl) =-11 dB,
Pﬁn(zﬂ) =-20dB, Pﬁn(zﬂ)= —43 dB.

In Fig. 2, it can be seen that the fluctuations of the
levels of the partial main lobes in the azimuthal plane
in the region of the resulting maximum of sectoral DC
for signals f,2f,3f were no more than 3, 7, 9 dB,

respectively, which is caused by the choice of the se-
paration angle (6°) of the acoustic axes of the EAC
model of the section of the ring row of RAD. The an-
gular width at the —3 dB level of the resulting main
lobes of sectoral DC in the azimuth/elevation plane
for signals f,2f,3f is = 30° / 6°; 28° / 3.8%
27.7° / 2.6°, respectively, and it is obvious that both
multi- and mono-frequency resulting main lobes of
a more complex shape can be implemented.

In Fig. 3, the normalized 'distribution of the sound
pressure amplitude level for the difference frequency

signal (DFS) F, =|f2i —f1[|= 25 kHz is presented in

the Cartesian coordinate system "amplitude — direc-
tion of echo search" and is similar to that discussed
above.

The angular width of the resulting main lobe of the
sectoral DC in the azimuthal/elevation plane for the
DES is also = 30°/6 at the —3 dB level, and in this case
there is practically no lateral radiation.

Until now, PEA has been used in long-range echo
search systems as a compact source of only a low-
frequency signal, which has small values of both the
level of lateral radiation and the angular width of the

main lobe, the value of which 6, (r) At level 0.7 is

F
determined by the width of the main lobe of the EAC
at frequencies f,, f,. There are also known disadvan-
tages of this mode of emission of a probing signal of
a difference frequency (DFS): low efficiency, weakly
directional reception of echo signals, a significant lev-
el of acoustic noise in the operating range
(it is absent for the emerging high-frequency
f.=f+1, 2f,,2f spectral components, the use
of which can provide additional information in shal-
low waters).

ASSESSMENT OF INCREASING
EFFECTIVENESS OF PARAMETRIC RADIATION
MODE (PRM) APPLICATION

Let us carry out a comparative calculation for
a typical EAC in the PRM using LF and HF compo-
nents emerging in the aquatic environment — signals
of the difference (DFS) and sum (SFS) frequencies.
We will also evaluate the energy characteristics of
active location systems that use these signals.

The sound pressure P, (r) for the SFS on the PEA
axis can be determined from the formula:

P (r)=
2 2 2
_ ew, Py Pyl 0.25In (1 +z; ) +arctg” z, e (1)
2p,c 1+2z;

where o, =27 f, =2x(/, +f2):47zf0, [Ta] is the
cyclic frequency of the SFS; P,,, P,, — amplitudes of
sound pressure of biharmonic pumping signals at the
EAC surface, [Pa]; p,, ¢, — the values of the equili-
brium density and speed of sound propagation in wa-
ter, respectively; [, =a’w,/2c, — diffraction dis-
tance at the central pump frequency
fo=cy/ 2 =(f;+1,)/2, [m]; £=3.5 — nonlinear
water parameter, a — radius of the EAC aperture,
[m]; z,=r/l; — normalized distance r; f,— at-

tenuation coefficient of the SFS, [Np/m]. Note that
nonlinear effects of self-action and interaction arise
when intense ultrasonic pump waves with frequencies
f,» /> propagate in an aquatic environment. This sets
the range of wave sizes D/A from 10 to
15.1x10°/ \/P_O for a reversible EAC of a parametric
emitting antenna (PEA).

At distances r > 2/ . the sound pressure P_ (r) for
DFS is described by the expression [14]:

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 2



INOBBIIIEHUE 3®PEKTUBHOCTU THMAPOAKYCTHUYECKNX CPEACTB OBHAPYXXEHUA

L 2
In® (HZH] + 7
_ QP P, L, Iy 4

e’ 2
2p,¢. 1+ (Ly /1) 2, @

P.(r)

where Q=2zF =2x(f,—f,), [Tu] is the cyclic
frequency of the DFS; L, = a’Q/4c, — diffraction

distance for DFS, [m]; B_ — attenuation coefficient
for DFS.

Fig. 4 shows calculated graphs of the distributions
of sound pressure amplitudes P,, P for signals of

the (f. =550 kHz)

(Ff =50 kHz) frequencies generated on the acoustic

axis by one of the RAD EAC. As can be seen from
Fig. 4, these signals have the same amplitude at a dis-
tance of =340 m. At shorter distances, the level of the
SFS frequency is higher than the amplitude of the
DFS, for example, at distances of 10 and 100 meters
— by 26 dB and 18 dB, respectively.

sum and difference

Fig. 4. Graphs of the distributions of sound pressure
amplitudes P,, P_ VS the signals of the sum f; and
difference F_ frequencies for the acoustic axis of the
EAC

Let us compare the energy characteristics of this
EAC used in the PRM for DFS and SFS, which can be
used as working location signals. It is known that the
energy range of hydroacoustic equipment is deter-
mined by the sonar equation [15]

P, =0k, 3)

where P, is the sound pressure of the echo signal at
the reception point, [Pa]; P, — sound pressure of in-

terference, [Pa]; & =\2K s | NAFT — the recogni-
tion coefficient, in which Kj is the reception reliabili-
ty coefficient, i.e., minimum permissible ratio of sig-
nal voltage to noise voltage at the indicator input;
AF — passband of the receiving path, [Hz]; 7 —
signal averaging time, taken in practice to be equal to
the duration of the probing pulse 7, [s].

Acoustic noise in reservoirs at frequencies above
100-200 kHz is determined by thermal noise asso-
ciated with the movement of water molecules. The
intensity of thermal noise in a certain frequency band,
received by a directional reversible EAC, is deter-

mined from the expression
A 1.15AF . .

Imzl'—le' > ,where I'~a,f” is the inten-
I4 Y

sity of plane acoustic waves per frequency band unit
causing an effect equivalent to thermal excitation of
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a non-directional hydrophone by the environment;
a, =16rnk,T, /c*, T, =273.18+T, where T, is the
absolute temperature, [K]; k;, [J/K] — Boltzmann
constant; Af, AF— noise band and passband of the
receiving path, respectively, [Hz]; ¥y — coefficient of
axial concentration of reversible EAC.

Then, for PRM using the SFS with short durations
of the probing signal, the noise interference pressure
P can be determined from the expression
P =P'(Af/ 7/)”2 ,where P'=(I'pyc, )1/2 , [Pa]. The
left side of equation (3), which represents the sound
pressure of the echo signal of the SFS at the reception
point, is determined taking into account the characte-
ristics of the PRM under consideration, since the dis-
tribution of sound pressure of the SFS towards the
target and back is described by different dependen-
cies. Accordingly, the echo sound pressure for the
SFS at the reception point is determined from the ex-
pression

3 P, (V)R3 o

¢ 2r

b

where P (r) is the sound pressure level of the SFS at

a point r in the axial direction, [Pa]; » — distance to
target, [m]; R,— effective radius of the target, sonar
object (SO), conditionally replaced by an equivalent
reflective ultrasonic sphere, [m].

After substituting the expressions discussed above
for 6, P and P. for the sonar equation into (3), we
have:

P, (r)R, S 2k, P'1/1.15AF‘
2r NTAF \/;

The sonar equation, presented in the form (4),
makes it possible to analyze the energy characteristics
of active location systems, which use sounding SFS
and DFS. For this purpose, it is necessary to calculate
the maximum detection distances » for objects with
given effective radii R, for existing sound pressure

“4)

levels: interference at the receiving point P, operat-
ing signals of the sum and difference frequencies
P, (r) at the point r. We will carry out the indicated
calculation for a locator with a standard EAC in the
PRM with the following characteristics.

DFS:  pumping frequencies F =50 kHz,
f, =300 kHz; the angular width of the main lobe of

the EAC DC is 6° in the emission mode, 40° in the
receiving mode (the diameter of the EAC is
2a = 65mm ); emitting pulse duration 7 =1 ms; level
of normalized interference P, =0.1 and reliability
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coefficient K; =2; amplitude of sound pressure of
pump signals at  the antenna surface
P,=P,, B, =2.52x10’Pa.

01> 702

SFS: f. =550 kHz; angular width of the DC main
lobe — 3.5° in the emission mode, 2.5° in the receiv-
ing mode (diameter of the EAP is 2a = 65 mm); ther-
mal noise pressure level P'=2x10*Pa in the receiv-
ing pathband AF = 1 kHz.

Fig. 5 shows the calculated dependencies with re-
calculation of the effective radius R, due to the target

T, =20lg(R,/2) for a locator with a standard EAC

made of RAD, where the sign (+) denotes the curve
for PRM at SFS f, =550 kHz, and the sign (—) marks
the straight line for PRM at DFS F_=50kHz. Each
dependence divides the field in Fig. 5 into two areas
— the upper (in which the locator with the EAC in
PRM is effective for detection) and the lower (in
which the locator with the EAC not effective in
PRM).

Fig. 5. Calculated dependences of the maximum de-
tection distances » for objects with given values of
target strength 7' for a locator with EAC in the PRM

for the SFS f =550kHz and for the
DFS F =50kHz

CONCLUSIONS

From the analysis of the presented curves it fol-
lows that it is more expedient to use PRM for the SFS
(than for the DFS) when detecting objects with a tar-
get strength of up to —18 dB at distances up to
460 m. [16, Tab. 1.3] presents the results of experi-
mental measurements of the effective scattering area
of single objects, in particular the calculated values of
the effective radius R, and target strength 7', the
detection of which in the security zone of the water
area is relevant. For example, the target force 7, for

a log standing vertically in water, with a diameter of
15 cm and a length of 150 cm, is about —34 dB, for
a vertical wooden pole — (—42 dB), for a swimmer in
a vertical position — (-22 dB), for a hollow rubber
sphere with a diameter of 12 cm and a wall thickness
of 2 mm — (—38 dB). Note that all these objects have
a target strength value less than (-18 dB), which con-
firms the validity of the first conclusion. For example,
for a swimmer (22 dB) we draw a horizontal line
from the value (—22 dB) on the vertical axis 7, to the

intersection with the calculated dependencies (+) and
(-), then we project the intersection points onto the
horizontal axis of distance » and obtain about 420 m
and 300 m, respectively. The gain in energy detection
range for the SFS (at distances less than 460 m) is due
to an increase in the emission/reception directivity,
a decrease in the level of acoustic signals in the pass-
band of the receiving path, as well as the efficiency of
generating probing SFS.

As noted in [4], for a zonal hydroacoustic station
(ZHAS) with a depth of protected water area of 2 to
60 m, the normalized level of noise interference at
a frequency of 1 kHz in a band of 1 Hz up to 0.04 Pa
and a signal emission level of at least 160 dB:

— the maximum detection range of the intruder
must be selected from the range 100, 200, 300, 400,
500 m and then in increments of 100 m;

— viewing sector of the protected water area in the
azimuthal plane for one ZHAS must be at least 60°
and selected from the range: 60°, 90°, 180°, 270°,
360°;

— the field of view of the ZHAS in the elevation
plane should be from 2° to 30°;

— the number of simultaneously tracked hydroac-
oustic targets of one ZHAS must be at least 2.

As follows from the materials presented above, the
use of antenna devices using the effects of nonlinear
acoustics for quantized examination of a water vo-
lume with adjustable angular resolution and "frequen-
cy coloring" of given directions of echo search in the
azimuthal/elevation plane may be promising for in-
creasing the efficiency of hydroacoustic means in
coastal shallow waters.
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