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IMAPAMETPUYECKASA U3JYYAIOLIASA AHTEHHA
C MHOI'OKOMIIOHEHTHBIM CHUI'HAJIOM HAKAYKH
JJIA THAPOAKYCTUUYECKOI'O MOHUTOPHUHI' A
MEJIKOBOJIHbBIX BOJOEMOB

B crathe paccMOTpeHa BO3MOKHOCTh U3MEHCHHS SKCILTYATAIIMOHHBIX XapaKTEPUCTHK MapaMETPHUCCKON H3ITydaro-
IJ_[Cﬁ AHTCHHBI (HI/IA) C MHOTOKOMIIOHCHTHBIM CHUTHAJIOM HAaKa4YKHW, B HaCTHOCTHU IJIA MOBBIHICHUA DHEPICTUICCKOT'O
IIOTCHIIMAJ1a Ha (l)OpMI/IpyIOHII/IXCH HU3KOYACTOTHBIX CUI'HAJIaX KPATHBIX YaCTOT IIPH HEU3MEHHOM IIUPHUHE OCHOBHO-
rO JICTIECTKA XapaKTePUCTUKH HAIPABICHHOCTH. DTO JOCTUTACTCS 32 CUET MCIOJIb30BaHUS B KQUECTBE CHUTHAJIA Ha-
Ka4yky (Ha3UPOBAHHBIX CIEKTPAIBHBIX COCTABIISIONIMX, HAXOSIIMXCS B TOJNIOCE MPOMYCKAHHS U3ITYYaroIero dJeK-
TPOaKyCTHIECKOTO IpeoOpa3oBaTelisi, pa3HOCTh YaCTOT KOTOPBIX U ONPEEISIET COCTAB MOJUTAPMOHUYECKOTO HI3-
KOYaCTOTHOTO CHUTHAJA, TeHEPUPYIOIIETOCs B BOAHOM cpene. [Jannbnii criocod GopmupoBanus [TMA no3Bosnser yBe-
JUYUTH 3PPEKTUBHOCTh TEHEPAIUHM 30HIUPYIOIIUX CHTHAJIOB UMECHHO B JJIMHHOBOJIHOBOM JMAIla30HE, YTO aKTy-
aJBHO MPH OCYIICCTBICHUU M3MEPCHHUI MapaMeTPOB JBIDKCHHS CIOUCTON MOpCKO# cpembl. OcobeHHOCTH PopMu-
POBaHUS NIMPOKOIOIOCHOTO U3IYYCHHUS BOJIH Pa3HOCTHOM YaCTOTHI MTO3BOJISICT MCIIOIB30BaTh "OecTenecuyro" [TMA
B HOBOM Ka4Y€CTBC€ — KaK MHCTPYMCHT JJId KOCBEHHOM OIICHKU CTCIICHU HECPOBHOCTU MMOBECPXHOCTH MOPS IIPU ITPO-

BEJICHUY M3MEPEHII THAPOYCIOBUI Ha MPHOPEKHON aKBATOPHH.

Kn. cn.: napaMeTpuicCKasd nu3irydaroniasd aHTCHHaA, FI/IL[poaKYCTI/I‘ICCKI/Iﬁ MOHHUTOPUHT

BBEJIEHUE

OmHMM W3 BaXXKHBIX WH)KEHEPHBIX HAlpaBJICHUH,
CBS3aHHBIX C pa3BUTHEM METOAOB WCCIIEIOBaHUN
U pa3palOTKU ammapaTypbl Uil OCBOCHHUSI MPHOpex-
HO-IIeNH(OBOK 30HBI, SBISIETCS PAcCMOTPEHHE BO-
MPOCOB paccesiHusl yJIbTpa3ByKoBbIX (Y3) curHaioB
MOPCKOI1 TOBEPXHOCTBIO. AKTYaJbHBIM aclieKTOM HC-
CJIeTOBAaHMUN B 3TOW 00JacTh SABISETCS M3ydeHHE BO3-
MOXKHOCTEH peleHus] 00paTHOM 3a1auu pacCcesHUsT —
OTIpejieTIeHre B IIUPOKOH IMOJIOCE YacTOT MapaMeTpoB
MOPCKOI MOBEPXHOCTH IO XapaKTEpUCTHKaM pacce-
SHHBIX €10 CUTHaJIOB. ClleZlyeT OTMETHTb, YTO THAPO-
aKyCTHYeCKHEe HWHTep(epeHINOHHbIE AHTEHHBI JUIS
OCYIIIECTBJICHNS HAIPABJICHHOTO M3IY4YeHHUS B HU3KO-
YaCTOTHOM JIMana30He WMEIOT 3HAYMTENbHBIE Becora-
OapuTHBIE XapaKTEPUCTUKH, YTO OCJIOKHSAET UX TPHU-
MEHEHHe Ha MpaKTHKe. BO3MOXXHBIM HaIpaBIIEHUEM
peleHns] JaHHOW TEXHHYECKOH MpOOJIeMBbl SIBISETCS
nmpuMeHeHne "OecTenecHON" mapaMeTpUIecKol H3Iry-
varouiei anteHnsl (IIMA), pyHKIMOHMpOBaHHE KOTO-
poii OCHOBaHO Ha HEJIUHEWHOM B3aMMOJEUCTBUU
MOIIHBIX ¥Y3-BOJH C 4aCTOTaMu f,, f, , KOTOpbIE, pac-
MPOCTPaHSSACh B BOAHOH cpezne, GOpMUPYIOT THIPO-
JUHAMUYECKUE BO3MYIICHHS KOMOWHAIIMOHHBIX 4ac-
TOT, B YaCTHOCTH W BOJIHY Pa3HOCTHOH 4YacTOTHI

(BPY) F =|f, - f3].

KPATKWI OB30P TEXHUYECKUX PEIIEHUAN

O01Me moJoKeHus

OTMeueHHOE BBIIIE HEJIMHEHHOE B3aMMOJIEHCTBUE
apnsiercss 3((EeKToM BTOPOro TMOpsAAKAa MallOCTH,
BCJIE/ICTBHE YETO 33/1a4a MOBHIMEHUs 3P(PEKTUBHOCTH
npeoOpa3oBaHus SHEPTUU BoJH Hakauku B BPY akry-
anbHa. [IpocTpaHCTBEHHOE pacIpenesieHue aMIUIUTY
BPY 3aBuCHT OT XapakTEpHCTUK BOJIHOH cpeabl —
HEJIMHEHHOTO MapaMeTpa &, INOTHOCTH P, CKOPOCTH

3ByKa ¢,, — KOX((QULUECHTOB 3aTyXaHUs BOJH Ha-

Kadku «,, 1 BPYU «a_, a Taxke aMIIMTYy 3ByKOBOTO

IaBJIEHUS p,,, P,, BOIH HAKaukH C 4acCTOTaMH f,, f,

y HOBEPXHOCTH 3JEKTPOAKYCTUUECKOTO Ipeodpas3oBa-
tenst (DAIL), ero monocsl MponycKaHus, T.€. 3SHAYCHUS

muknmyeckoi BPY Q=27r|f]—f2|, U PacCTOSIHUS
mudpakIun l21 JUIsl BOJTH Hakadku. [loseimenue 3¢-

¢dextuBHOCTH M3Mydatomed [TMA moxer ObITh moc-
TUTHYTO HECKOJIBKUMU Ty TSIMHU:

1) n3MeHeHne TeOMETPUYECKUX TTapaMeTPOB 30HBI
B3aumonerictBus 1WA nns yBenndeHus aMIUIATY]
3BYKOBOTO JIaBJICHUS BOJH Hakadku [1, ¢. 36-55, 111-
217];

2) 3amoJHEHUE 30HBI HEJIMHEWHOTO B3aMMOICHCT-
BUsI MOILIHBIX ¥Y3-BOJH TBEPAON WIM KUIKON IpoMe-
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JKYTOYHOM Cpenoi, 00aaroniell NOBBIIICHHOW BEJIH-
YUHOM B CPaBHEHUH C BOJIOW HEJIMHEMHOro napamerpa
B COUETAaHUU ¢ Aucnepcuei [2];

3) BBIOOp BHAAa MOIYJSIUA U COOTBETCTBYIOIINX
cxeM (OpMHPOBAHUS DICKTPHUECKUX CUTHAJIOB B W3-
Jy4aromieM TpakTe ais Bo30yxaenus DAIL, dhazupos-
Ka BOJH HAaKaykd W TPUMEHEHHE (POKYCHpPOBAHHBIX
VY 3-1my4KkoB B 30HE B3aUMOJEHCTBUA [3, 4].

[Ipobnema yBenmuueHust 3PPEKTUBHOCTH COHAPOB
C MapaMeTpUYECKUMU H3ITyYarollUMK TPaKTaMu pac-
cMotpena B [5, 6]. Paccmorpum Gonee moapooHo [S].

Kpuruueckuii aHaJIu3 NpeaI0KeHHOro B [5]
pelieHust

Lenpto nateHTa 3asBJIeHO yBenu4yeHHe 3(h(PeKTHBHO-
CTH JIOKAIIMOHHOW CHCTEMBI C HECKOJBKIMH (HE MEHee
JBYX) MapaMeTPHYECKHMHU H3IyYalOMIMMH TPaKTaMH,
B K&XIOM M3 KOTOPBIX TOCIIEIOBATEIHHO COCTUHEHBI
reHepaTop, YCHIHMTENb MOIIHOCTH, pPE30HAHCHBIN
OAIl nakauku. Kaxaeli mapaMeTpuyecKuil TpakT
U3JIy4aeT B BOAHYIO cpeay Y3-3HEpruio Ha HECKOJIb-
KHMX YacTOTaxX HakKaukW (IBe, TPH, YEThIpE, MATh), YTO
NPUBOIUT K HEIMHEHHOHN reHepaunu HabOpa CUTHa-
JIOB PA3HOCTHBIX YacTOT M, MO0 MHEHHMIO aBTOPOB,
K yBENMYECHHIO 2(PPEKTUBHOCTH COHapa. JTOH ke Ie-
JIU CITy’)KUT TIPUMEHEHHE OAHON WIJIM HECKOJBKHX HH-
TepQepeHIIOHHBIX MPUEMHBIX aHTEHH, O0COOEHHO-
CTBIO KOTOPBIX SIBJISICTCS MX BBIIIOJHEHUE B BUE MPsi-
MO¥ JTMHHUU, Ha KOTOPOW 3aJJaHHBIM 00pa3oM pacrpe-
neneHsl ruapodoHsl. O6CyAUM HEKOTOPBIE MOMEHTHI.
Kak cnenyer u3 [5, ¢ur. 1-4], B kaxxqoM napameTpu-
YECKOM M3IIyJaroIeM TpakTe — ""CBOM" pe30HaHCHBIN
OAIl nakaukm (acoustic projector, AP), pasmemen-
HEI B "CBOe#" TOUKe MPOCTpPaHCTBA, MPUYEM H3IY-
qaromui "cBoi", OTIMYAIOIIHMICS 10 YacTOTE CHTHAJ
Hakadyku. Hampumep, u3 [5, ¢ur. 4] — curnanos Ha-
kauku maTh: 1 (80 kI'm), 2 (83 xI'm), 3 (86 xIm),
4 (89 kI'm), 5 (92 kI'), KoTOpBIE "KOMOMHHUPYIOT TIO-
mapHo" BOJNHBI paszHOCTHRIX dactoT (BPY): 1 — 2
B xlm), 1 -3 B «xlu), 1 -4 3 xlm), 1 -5 (3 ),
2-3(@®«xln),2—-4(©6«xln),2-5(6«lm),3 -4
(9 k'), 3 -5 (9 k'), 4 — 5 (12 l'w).

Bri3biBaeT comHeHHEe 3QPEKTUBHOCTH HETMHEHHOI
reHepauuu otaenbHblx BPY, Hampumep 1 —4u 1 -5,
st kotopsix DAIL (AP) pa3necensl B mpocTpaHCTBE,
T.K. "MapaMeTpuyecKiii NCTOYHHK 3BYKa IPEICTaBIIS-
eT co0oil 00bEeMHYIO aHTEHHY, M3JIy4alollylo BIOJb
OCH W 3aHMMAIOIIYI0 YacTh MPOCTPAHCTBA HEMOCPE.-
ctBeHHO mepen DAII" [7]. MatepecHo mpoaHain3u-
pOBaTh yTBEPKICHUE aBTOPOB mareHrta [5] "pocT Ko-
JMYEeCTBa B3aUMOJEHUCTBUNA BOJH HAKAuKH JIMHEHHO
yBeNUUnBaeT dPPEKTUBHOCTh MapaMEeTPHIECKOTO CO-
Hapa", mpuueM 00OCHOBaHHWE 3TOro cienyromiee. Tak,
ecnu curHajgoB Hakadku nBa — 80 xI'm, 83 kI, —
To BPY omra — 3 I’ ¢ a3ddekTuBHOCTRIO TeHEpa-
i 1%. [lanee, eciu CUrHaJOB HAaKauyku TpH —
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80 kI'u, 83 kI'u, 86 x['y, — 10 BPY Tpu — 3 [0,
3 k['n u 6 k['m ¢ spdexTuBHOCTHIO TeHepaun 1%
Kaxaas, T.e. B 11eJioM 3% ¥ T.4. A IS IISITH CUTHAJIOB
Hakadku (cM. [5, ¢ur. 4], Habop YACTOT BhILIE) dP-
¢extuBHOCTh TeHepanmu 12%! Takum o0pazowm,
NpeasIoKeH "HPUHLIMI HHEPreTHYECKOTO CIIOKEHHUS
CUTHAJIOB", T.e. MPEBAJMPYET KOPITyCKYJSPHBIN MOJ-
X0x, 0 BoHOBOM mpupoae BPY, B wactHocTH O cda-
3MpoBaHHOM (constructive interference — ycuiIeHUN)
wim npotuBodaszHom (destructive interference — oc-
nalJieHNH) CJIO0KEHHUH KOTEPEHTHBIX CHTHAJlOB —
koMroHeHT BPY ¢ kpaTHeIMM 4YacToTaMu — HET
U peun.

Kputnueckuii anaju3 npenyio:keHHoro B [8]
pemeHust

Hcnonp3oBaHne TPEXKOMIIOHEHTHOW (aMIUIATYI-
HO-MOZYJHPOBAaHHOM) BOJIHBI HaKauykW JUIS IHOBBIIIE-
Hust d¢dexruBaoctu [TMA npeanoxeno B [8]. Uziy-
YAOUUA TPAaKT YCTPOWMCTBA, PpEATU3YIOLIET0 3TOT
CHoco0, COAEPIKUT TeHEPATOPHI AIIEKTPUIECKUX KOJe-
OaHMii BHICOKON YacCTOTHI f M 4acTOTHl F MOZIYJISIINH,
BBIXO/IbI KOTOPBIX Y€pe3 aMIUIUTYAHBI MOAYJISTOD,
COEIUHEHBI C UMITYJIBCHBIM MOIYJISTOPOM, KOTOPBIH
yHOpaBiisieTcss HMMITYJbCHBIM reHepatopoM. [lanee
IEKTPUYECKUN CHUTHal IOJAETCS 4epe3 YCUIIMUTENb
MOIITHOCTH, peXeKTOpHbIN QribTp Ha DAIl Hakaukw,
IBE30UIEMEHT KOTOPOro KoyebjeTcs Ha OCHOBHOM
TOJNIIUHHON MoJe (pe3oHaHCHas dacTtoTa f,) B pe-

KUME OJIHOCTOPOHHETO TIOPIIHEBOTO H3ITyYeHUs
B BOJHYIO cpeny. B pesynprare obecredeH s mbe-
303JIEMEHTa PEKUM OAHOCTOPOHHEH Iepemadn Koie-
OaHuil B cpemy JOUMPOBAHUS, YTO BBI3BIBACT PACIPO-
cTpaHeHHe Y3-BOJH HAaKaukd C IUKIMYECKUMHU dYac-
TOTaMH

o, =27 (fy - F)<w,=2nf,<w,=2x(f,+F)

(HecyIast 4acToTa U B¢ GOKOBBIC CIEKTPaIbHBIC CO-
craBisiolye) u BonHoBbIME BekTopamu K, K, K,.

Takum o0pa3om, B cpezie JoIupoBaHus chopMupoBa-
Ha 001Ias MPOCTPAHCTBEHHAS 00JIaCTh KOJUTMHEAPHO-
0 pacnpoCTPaHECHUS W HEIMHEHMHOTO B3aUMOJEHUCT-
BHSI MHTCHCUBHBIX Y 3-BOJIH HAKAaYKH KaK ¢ HeCyIei
YaCTOTOH, TaK U C KaxI0i 13 OOKOBBIX CIIEKTPAIBHBIX
COCTAaBJIAIONINX, BKIIOYAIONMas B ce0sl KaK OJIMXKHIOIO,
TaK ¥ JaJbHIO 30HBI 0Opa3osasieiics [IMA. Curnan
rapMOHUYECKOW OAHOTOHHOW aMIUIUTYJHOH MOMIYJIf-
LIUY UMEET BT

U=U, cos27rft+%Um cos2z (f +F)t+

+%UmcosZﬂ(f—F)t, (1)
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rae U u U, — MIHOBEHHOE U aMILUIUTYZHOE 3Haye-
HUE DIIEKTPHYECKOTO CHUTHAma, m — KO3(QQPHUIHEHT

MOAYyJIALU, TPUYICM MAKCUMAJIbHO BO3MOXXHOC 3Ha-
yeHHe OOKOBBIX CHICKTPAJIbHBIX COCTaBJIAIOUINX IIPU

0<m<1 paBHo U, /2, a $ha3pl CHMMETPHYHbI OTHO-
cuTenpHO (a3bl Hecylero kojebaHus, f — Hecymas
4acToTa, F'— 9acToTa MOIYJIALNH, (f1 + £, ) 12=f,.

Pexum napamerpuueckoro nznyuenus (PIIN) npu
TakoM MeTone (OPMUPOBAHUS TO3BOJISIET TEHEPHPO-
BaTh BEJIMYMHY AaMIUIUTYIbl 3BYKOBOTO JaBJICHUS
nepBoit HU — rapmonuky BPY nma 3 b Gompmryto,
4yeM MpH J1000it apyroii cxeme GOPMHUPOBAHHUS.

OnHaKo paccMOTPEHHBIH CHOCOO MOBBILICHUS (-
¢dexruBHOCTH [ A 06mamaer psioM HEAOCTATKOB:

1) momoca mWpOMyCKaHHS OAJIEKTPOHHOTO TpakTa
n DAIl momxHa OBITH paBHA yIBOSHHON YacTOTE MO-
OyJIUPYIOUIEro KojeOaHus, 4TO CO3JaeT TPYAHOCTH
TP peau3alfy AEKTPOHHBIX cXeM (HOpMUPOBaHUS
Y KOHCTPYKIIUM aHTEHHOM CHUCTEMBI;

2) adpdexruBHOCTs [IMA cHIKeHa 3a cueT "mapa-
3uTHOU" renepanuu Bropot HY rapmonuku BPY
¢ vactoToil 2F, aMIUIUTyJa KOTOPOM TPH CTOIPO-
HEeHTHOH Monynsiuu (m =1) Bcero B m /2 pa3, OTJIH-
4aeTcsl OT aMILIUTY bl epBoi rapmMoHuku BPY;

3) ocHoBHoii nemectok [IMA B pexnme "Hachimie-
HUA" 3HAYUTENBHO pacIIupsieTcss U ucKakaeTcs:: hopma
XapaKTepUCTUKKU HampasieHHocTH (XH) cranoBurcs

E. B. BOJIOIIEHKO

aAMIUIUTYJHO-3aBUCUMOM, MOSBISETCS MPOBAl B yPOB-
He U3JIy4eHus Ha akycTuueckoil ocu [THA.

INOCTAHOBKA 3AJAYHN

AKTYyaJIbHOCTb OCYIIECTBIICHUSI UCCIEIOBAHUN Xa-
paktepuctuk [IMA ¢ MOBBIIEHHBIM SHEPTETUICCKUM
MOTEHIIMAIOM O0YCIIOBMIIa HEOOXOAMMOCTh BhIOOpa
MPUEMJIEMON CXeMbl (POPMHUPOBAHUS AIEKTPHUUSCKOTO
CUTHAJIa HAKa4KH, COAEpIKaIIero 3aaHHoe yncio da-
30CBSI3aHHBIX KOMIIOHEHT, YTO OBLIO OCYIIECTBICHO
C UCTIOIB30BaHueM [9].

Manygaromuit tpakt [IMA ¢ N-KOMIOHEHTHBIM
curHanom Hakadku [10] (puc. 1) coaepkuUT onoOpHBIH
rereparop 1, mepBbIil BEIXOA KOTOPOTO depe3 popMu-
poBarelb 3a7epyKaHHbBIX UMITYJIECOB 2 COSAMHEH CO BTO-
pBIMU BXOAAMM CXeM coBmaaeHusi 3. BrIxonwl cxeMm
COBHaJCHUS 3 U BTOPOM BBIXOJ OMOPHOTO TIE€HEpaTo-
pa 1 gepe3 menuTeny 4acTOTH 4 COSMUHEHBI ¢ N CHTr-
HaJIBHBIMA BXonmamu (puc. 1) aHaioroBoro Kiroda 5.
[locnenoBaTenbHO COEOUHEHHBIE CXEMBl COBIAJE-
HUAA 3 W JENATENTN YacTOTHl 4 ¢ OMWHAKOBBIM KOA(-
¢umentom nenenns obpasyroT (N — 1) mapamnnens-
HO BKJIIOUCHHBIX 3BeHbEeB. COCIUHEHUS MEPBBIX BXO-
JIOB CXEM COBIIAJICHUS 3 B MapalICIbHO BKIIOYCHHBIX
3BEHBSAX OCYLIECTBJICHBI MUCXOMS U3 TOTO, YTO B KaX-
JIOM 3BEHE JOJDKHO OCYIIECTBHTHCS TTOHIDKCHUE dac-
TOTBI OLIOPHOTO TeHepaTopa 1.

U4 |
4 11
Ul U3
s 1 2 ™3 4 8
——
U2 2
eee | 5 6 7 Y 10 |775
L 3 4 : Us
I u
I [ X N ] X N ]
i
Loy
s 3 4

Puc. 1. CtpykrypHas cxema ycTpoiicTBa 1s peanuzanun cnocoba [10]

1 — omnopHbIit reHeparop; 2 — (GOpMHUpPOBATENb 3a/IePKAHHBIX UMITYJIBCOB; 3 — CXeMa COB-
magerus, (N - 1) en.; 4 — menurens 4acToThl, N €1.; 5 — aHAJIOTOBBIN K0T, 6 — CyMMa-
TOp; 7 — aMIUTUTYJHBIH MOJYIATOP; 8§ — MUMITYJIbCHBIN T€HEPATOp; 9 — yCHINTENh MOIIHO-
ctr; 10 — Bxoxg DAII; 11 — 670K ynpaBiieHHs ¥ PETYJINPOBOK.

Ul, U2, U5 — snextpudeckue curnansl; U3 — (N - 1) curnanbeix aunuil; U4 — N cur-

HaJIBHBIX JIMHHAI
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CdopmupoBannsie konebanust U4 (rpymma uz N
CHT'HAJIOB) C OAIMHAKOBBIMHU KaK aMIUTUTYJIOH, Tak M Ha-
yanbHO# (azoit (B MoMeHT Bpemenu f=() mocTyrma-

10T Ha N CHTHaJBbHBIX BXOJIOB @HAJIOTOBOIO KJtoua 5.
Yapasisiomuii BX01 aHAJIOTOBOTO KJI04Ya 5 COEIMHEH
CO BTOPBIM BBIXOJIOM OJiOKa ympasieHus 11, mepBbrit
U TPETHH BBIXOJIbl MOCIEIHEr0 COENMHEHB! C yIpaB-
JSIONIMMA BXOJaMH KaK OTIOPHOTO reHepaTtopa 1, Tak
U UMITYJIbCHOTO TeHepaTopa 8. AHaJOroBbId KItOY 5
yepe3 CyMMaTop 6, aMIUTUTYIHBIH MOAYJISATOp 7, yCH-
JINTENIL MOIIHOCTA 9 coequHeH co Bxomom DAII 10.
PexxuM paboThl aMITUTYAHOTO MOAYJISITOpa 7 3a1aeT-
Csl UMITYJICHBIM T€HEpaTopoM §. YIpaBISOLINE BbI-
X0/bI OJI0Ka ynpaBlieHHsI U PETYIUPOBOK 11 coennHe-
HBI CO BXOJIaMH YIIPaBJICHUS aHAJIOTOBOTO Kifo4Ya 35,
OIOPHOTO reHeparopa 1 M MMITyJIbCHOTO reHeparopa 8,
YTO TO3BOJISIET BHIOpaTh WMIYJBCHBIA WM HEMpe-
PBIBHBIH peskuM padoTtel [TUA.

QOYHKIMOHUPOBAHUE YCTPOMCTBA IS peaau3aluu
criocoba ympaBieHUs] APPEKTUBHOCTHIO TeHEepaluu
BPY [10] 3a cder uznydeHus B BOJHYIO CPEIy MHOTO-
KOMIIOHEHTHOTO ()a30CBA3aHHOTO CHTHalla HAKaYKH
MPOUCXOAUT clieAyrommuM obpaszom. s dopmuposa-
HUSI He0OXOJMMOT0 KOJMYECTBAa KOMITOHEHT CHTHaja
HaKauykyd omeparop uepe3 ONOK ymnpaBieHUs M Ha-
ctpoiiku 11 3amyckaer omopHbIil TeHeparop 1, BbIpa-
OarpIBatommii Anektpudeckuii curHan Ul B Bune He-
MIPEPBIBHOI MOCIEN0BATEILHOCTH MMITYJIBCOB C 4Yac-
TOTOH f, NpH 3aJlaHHON MOJIAPHOCTU U (PA30BBIX CO-

otHomreHusix. CurHan Ul mocrymaer Hemocpesict-
BEHHO Ha BXOJBI Kak (pOpMHUpOBATENs 3P KaHHBIX
HMITYJIBCOB 2, TaK U JCTUTENS 9acTOTHI 4, a C BBIXOJa
MoCJIeAHEro Kak curHain U4 Ha oJuH U3 BXOJOB aHa-
JIOTOBOTO Kiroua 5. Dnekrpuueckuit curan Ul mo-
CTyHaeT Ha MEPBEIN BXOJ CXEMbl COBIAACHUS 3, B TO
BpeMs KaK Ha BTOPOM BXOJl CXEMbI COBHNAJAEHUA 3 Mo-
crymnaer annekrpudeckuii curan U2 ¢ Beixoga dop-
MHUPOBATENS 3aIepKAaHHBIX UMITYIbCOB 2. Ha mepBrie
BXOJIbl BCEX OCTAJIbHBIX CXEM COBMNAJCHHUS 3 MOJAIOT-
cs curHaisl U3 ¢ mpeapiayiiel mo vuepapxuu mnapai-
nenpHOU muHuU (cM. puc. 1). Ha BbIxome cxembl COB-
najieHus: 3 o0pasyeTcs MoCIeI0BaTeIbHOCTh HMITYJIb-
COB C BBIPE3aHHBIMU TEpHOJaMHU (OT OJHOTO JO He-
CKOJIBKMX Ha BBIXOJ]aX PA3HBIX CXEM COBIAJCHUS 3).
Ecnmu 0603HaYNTH KOJMYECTBO MMITYIHCOB OTIOPHOTO
reHeparopa 1, MOMEIIAOIIUXCS B MNEPUOAE BbIpE3a-
HUSI, YUCIIOM 7, @ KOJIMYECTBO BHIPEC3AHHBIX UMITYIIb-
COB YHCIIOM k, TO YacTOTa MCKOMOTO CHeKTpa Oymer
COOTHOCHUTBCS CICAYIONIMM 00pa3oM:

F, =[(m~k)/m)-F,

npu 3ToM F, = f, /2", rae f, — 4YacToTa OHOPHOTO

renepatopa, 2" — k03QHUIHEHT AeTeHus, B — YHUC-
JI0 JeneHud Ha ABa. B naHHOM cxeme mar cnekrpa
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MHOTOKOMIIOHEHTHOT'O CHTHaja HaKaukKu WM "pa3Ho-
cTHas" yacToTa onpeznensercsa kKak F =F;/m.

[Ipu cooTBercTByIOMmIEH KOMaHE oleparopa, IMo-
cTymaromiei yepe3 OJ0K ynpaBieHus: u HacTpouku 11
Ha YTPaBJIAIONIUI BXOJ aHAJIOrOBOrO Kioua 5, ycra-
HABJIMBAETCS KOJWUYECTBO CIEKTPAJIBHBIX COCTaB-
JSIOIUX, HeoOxoauMoe i1 (hOpMHUPOBaHUS 3a1aHHO-
T0 BapraHTa MHOTOKOMIIOHEHTHOTO CHTHaJia BO30YyXK-
JIeHHsl. DJIEeKTPUIECKU MHOTOKOMIIOHEHTHBIM CUTHAI
BO30YKICHUS, 00pa3yIOIINICs HA BBIXOAE CyMMaTopa
6, IpencTaBiseT co0oi cymmy N KoilebaHUM U nMe-
eT BU]

N-1 .
S(6)=>  sin(o+vQ)r=

= Nl g NQ% ' Q% -

= N[sm( 5 N sin 5] |sin o,t, ()
rae @, =, +(N—1)Q/2 — sBnsercs cpeanei dac-
ToTOM. B MOMeHT Bpemenu ¢ =0 Bce KoieOaHUs Ha-
XOJIATCS B OAHOM (haze, C TEUEHHEM BPEMEHH BCIIE-
CTBHE Pa3NIMYUs UX YaCTOT O0pa3yeTcs MPH CIOKESHUN

CHCTEMa MAaKCUMYMOB U IIEpBBIM HyJb IOIYYaeTCs
B MOMEHT BPEMEHHM f, OIpPEAEISAEMBI U3 PABEHCTBA

(NQt/2)=r, oTkyma (= 27:/(NQ) =1/(NF_).

Hynu 3HaMeHatenst onpeaessitoT IIIaBHBIH MaKCUMYM,
nepros OMeHui omnpeaenseTcs YMCIOM TIaBHBIX Mak-
CUMYMOB B €IJMHUILY BPEMEHH, T.C. HYJICBBIMH 3Haue-
Husmu 3Hamenarens (Qt/2)=n-n, rae n=0,1,2,....
Otkyna t=n/F_ ; At=1/F_.

Ha puc. 2 cxematn4ano n300paxeH CeKTp MHOTO-
KOMITOHEHTHOTO CHUTHaa Hakauku (mpu N = 5), u3 ko-
TOPOTO BHUIHO, YTO B ITOJIOCE MPOIYCKAHHUS ITHE303JIe-
MmeHTa (mrpuxoBas nuHus) DAIl 10 pacnosnoxeHs!
MSTh CIEKTPaJIbHBIX KOMIIOHEHT CHTHaJla HaKadKH
(CIUTOIIHBIE JIMHHHM) C YacTOTaMU @, o + O,
wo + 2Q, wy + 3Q, o + 4Q, Kaxmgas U3 KOTOPHIX
pa3HeceHa Ha YaCTOTHOW OCH Ha BEIMYMHY IHKJINYe-
ckoiit BPY Q. C Beixoga cymmaropa 6 (puc. 1) MHOTO-
KOMITOHEHTHBI CHTHAJl HaKadK{ IOCTYMaeT Ha UM-
IIyJIbCHBIA MOAYISATOP 7, yIPABISIOIIMNA BXOJ KOTO-
pOTO COEIWHEH C JIOTOJHUTENBbHBIM BBIXOJAOM HM-
MyJbCHOrO TreHepatopa §. Jlajgee curHai mocnie ycu-
JUTENS MOILIHOCTH 9 TMoCTymaeT Ha MbEe303JEMEHT
DAIl 10. IIpezonamemMeHT MOXET WMETh (QopMy, Ha-
npumep, CTEPHKHS PE30HAHCHOTO pasMepa
ler =Ccp / 2f ,THE Cop — CKOPOCTB 3BYKa B CTEPIKHE,
f — pe3onancHas dacrora ero Konebanuii [11], npu-
YeM TOJTyBOJIHOBBIN ITE303JIEMEHT B CHITY MbE303JIEK-
TPUYECKHUX CBOWMCTB COBEpIIACT KoyieOaHUs. JTH KO-
Jie0aHus EPEIaloTCs B BOJHYIO Cpeiy, 001a/1atoNlyto
HEJIMHENHOCTBIO YIPYIHMX CBOICTB, M PacIpOCTpaHs-
I0TCSI B BUJe UMIYJIbCcOB U5, copeprKalux CryIeHns
Y pa3psKeHUs CPEJIbL.
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Puc. 2. Cnextp MHOTOKOMHOHEHTHOTO (N = 5)
CHUTHAJIa HAKAYKH B TIOJIOCE TMPOITYCKAHUS IHE30-
anementa DAII [10]

B npoTspkeHHOM yuacTKe Cpejibl, BKIIOYAIOIEM
OommxHIOI U nanbHIO0 30HBI DAIL 10, dopmupyercs
MIPOCTPAaHCTBEHHAss 00JacTh KOJJIMHEAPHOIO pacIipo-
CTpPaHEHMSI U HEJIMHEHHOTO B3aUMOJEUCTBUSI MHTEH-
CUBHBIX KOMIIOHEHT HaKauykM C 4YacTOTaMH @,
wo + Q, wg + 2Q, wy + 3Q, wq + 4Q2. MHOroOKoMIIO-
HEHTHBIH curHaj Hakauku US mnpexacraBisier coOoi
CyMMy c($a3UpOBaHHBIX CIIEKTPaJbHBIX COCTaBIISIO-
HIMX, YaCTOTHI KOTOPBIX OTIMYAIOTCS MEXIy COOOH Ha
Maldylo BenuuuHy nukiaundeckodn BPU Q. 3a cuer
KBaJpaTUYHON HEJTMHEWHOCTU CPEAbl paclpoCTpaHe-
HUS W TpU  BBIIOJHEHUM  IPOCTPAHCTBEHHO-
BPEMEHHOT'O COTJIaCOBAHUS MHTEHCUBHBIX KOMITOHEHT
Hakayku B [IMA reHepupyloTcsi crieKTpajabHbIE KOM-
MOHEHTHl KoMOMHaMOHHbIX BPY — rapmonuku BPY
Q, 2Q, 3Q, 4Q. IlepByto rapmonnky BPY Q renepu-
PYIOT HamOosblIee KOJUYECTBO CIEKTPAJIbHBIX CO-
CTaBJIAIONIMX M3 MHOTOKOMIIOHEHTHOTO CHTHajla Ha-
kauku. Hanmpumep, npu MATUKOMIIOHEHTHON HaKadke
ee MCTOYHMKHM 00pa3yloTCs 3a cyUeT 4YeThlpex map He-
JIMHEHHBIX B3aMMOJCHCTBUM KOMIOHEHT 1 — 2, 2 — 3,
3 — 4,4 - 5; nna sropoit rapmonukun BPY 2Q —
3a CUET TPeX Map HEJIMHEWHBIX B3aUMOJIEUCTBUNA KOM-
moreHT 1 —3,3 —5,2 —4 ut.a. Takum ob6pazom, ais
I[MUA yBenuyenne >pQGEKTHBHOCTH T'C€HEPALUH CIIEK-
TpallbHBIX KOMIIOHEHT KOMOWHanmoHHbIX BPY, T.e.
rapmonuk BPU Q, 2Q, 3Q, 4Q), ..., naubosiee cyuie-
CTBEHHO TSI HU3KOYACTOTHOU (2, T.e. TIEpBOU TapMo-
HUKH. OnepaTop 1Mo KoMaHe uepe3 00K ynpaBieHHs
Y HacTpoMku 11 KOMMyTUpyeT aHaJIOrOBBIM KO 5,
oOecrieunBasi MOCTYIJICHWE HA BXOJ cymmaropa 6 He-
00X0JMMOT0 KOJH4YecTBa N HCIONb3YEMBIX CIEK-
TpPalbHBIX COCTaBIAIONIMX B 3aJaHHOW pealHu3aluu
MHOTOKOMITOHEHTHOT'O CUTHAaJIa HAKAYKH.

E. B. BOJIOIIEHKO

PEAJIN3ANUA MPEJJIOXKEHHOTI'O IOAXOJA

3KCHepHMeHTaJ’[LHBIe XapaKTEePUCTUKHA

[IpenmymiecTBa mpemmaraemMoro crocoba (opmu-
poBanust [IMA moxnTBepkIeHbBl MOJETBHBIMH JKCIIe-
PUMEHTAIBLHBIMH HUCCIICIOBAHUSIMH, BBITIOJHEHHBIMH
B J1a0opaTopHbIX ycioBusx. Mcnons3oBancsa DAIL 10
C KpPYIJbIM IUIOCKUM IIbE303JIEMEHTOM IHAMETPOM
20 MM c pe3oHaHcHoW yactoToi 1.98 MI'n (mnmmHa
OymkHed 30Hb1 [ ~ 0.15 M) ¥ T10J10COH NpoITyCKaHust

200 [, 9TO TO3BOJIMIIO WCITOJNB30BaTh OT JBYX
70 LIECTH CHEKTPaJbHBIX COCTaBIAIONIMX (TOCIeno-
BaTEJIbHO OTCTOSIIME APYT OT Apyra Ha F = 16.5 k'

(hazocBsizaHHBIE KOMIIOHEHTHI, pUC. 2) Tipu (hopmupo-
BaHWW MHOTOKOMIIOHEHTHOTO CHTHaia Hakadku [12].
Kak u oxwunmanocs, yBennuenune konudectsa N (or 2
10 6) UCTOJIb3yeMbIX (Pa30CBI3aHHBIX CIIEKTPAIBHBIX
COCTaBJISIIOIINX B MHOTOKOMIIOHEHTHOM CHIHaje Ha-
Kayki 0OyCIIOBIHMBAET ITUHAMUYHBIA TPUPOCT TeHe-
pam BPY (mpu N = 3 u 4), B TO BpeMs Kak J1ajib-
Helllee yBeIndeHNe Yrciia COCTAaRIAoNHX (10 5 u 6
B CHUTHAJIC HAKauK{) BBI3BAJIO HACHIIICHHWE AMHAMHKH
npupocra. Tak, ypoBeHb 3BYKOBOro nasiieHus BPY
F = 16.5 kI'm va ocu DAIl 10 misg mIeCTUKOMIIO-

HEHTHOTO CHrHayia Ha ~ 5 nb Oorble ypoBHS 3BYKO-
Boro gaBieHus BPY mns "TpamunnoHHOTO" MBYXKOM-
MOHEHTHOro. Pe3ynbTaThl HM3MEPEHUH MO3BOJISIIOT
cienarhb BBIBOJ 00 yBenmueHUH 3¢ (HEKTUBHOCTH TIpe-
00pa30BaHUsl PHEPTUM BOJH HAKAYKU TPH MPUMEHE-
HUU MHOTOKOMITOHEHTHOTO CHUTHAJa C XKeCcTKOH (pazo-
BOH CBSI3BI0 MEXKIy YaCTOTHBIMH COCTaBIISIOIINMU.
OTO MOXHO OOBICHUTH TEM, YTO MHOI'OKOMIIOHEHT-
HBIM CHTHAJ, NpEeACTaBIAIOMMNA co00i mocienoBa-
TEJIBHOCTh CHEKTPAIbHBIX COCTABISIIOUINX, KOTOPBIE
OTIIMYAIOTCS MEXTy cO00 Ha OYeHb MATYIO BEJIIMUU-
Hy mukindeckoir BPY B Ommxnedt 3onHe DAITL 10,
MOXXHO paccMaTpuBaTh Kak CHH(pA3HO pacmpocTpa-
HSFoIHMecs Kosebanus npu yciosuu Q/ o, << 1.

CuH}a3HOCTh PacIpPOCTPaHEHUs] B3aUMOICHUCT-
BYIOIIMX BOJIH HaKaykK{ >3KBHUBAJIEHTHA TPHUPOCTY
IUIOTHOCTH SHEPruu B 00JAaCTH KOJUIMHEApHOI'O pac-
MPOCTpaHEHMs, CJIEeIOBATENbHO, MPUBOAUT K POCTY
ammuty el BPY, mpudeM NponopuuoHAIBHO YHUCITY
CHEKTpPaJIbHBIX KOMIIOHEHT. B obmacTu O6imkHEro 1o-
a1 DAII 10 ocHOBHas mepekadyka SHEPTHM MPOUCXO-
IUT Ha HIOKHIOIO YactoTy F = 16.5 kI’ (anmuHa BoOII-

Hel B BogHOU cpexe A = 0.091 m). B To xe Bpems
B CHEKTpPE PAa3HOCTHOTO CHUTHAIa WPUCYTCTBYIOT
COCTaBJISIIOIIME C YacTOTaMH, KpaTHbIMH F =

=16.5 kI', T.K. UIET OTHOBPEMEHHO B3aUMOJCHUCTBHE
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Puc. 3. lannsie g Y3-noneit BPU F = 16.5 xI'1; (0.091 m),

2F =33 x['u (0.045 m), 3F =49.5 k' (0.03 m), 4F =66 k['11 (0.023 m),

SF =82.5kI'u (0.018 m) B nampHeii 30He [THA.

JleBast BepTUKanbHasi OCb — YIVIOBas LIMpPHHA JienecTka u3irydeHuss XH Ha ypoBHe
0.7; mpaBast BepTUKaJIbHAsI OCh — yYPOBEHB 3BYKOBOTO JIABJICHHS

JMHUM U coceaHuX BY-crnekTpanabHBIX COCTaBJIsIO-
IIMX CUTHAjJa HaKadkW, T.e. (POPMUPYIOTCS TapMOHH-
ki BPY ¢ gacrotamu (aymHamMu BOJH B Boje) 2F =

=33 kI’ (0.045 M), 3F = 49.5 x['m (0.03 M), 4F =
=66 xI'm (0.023 m) u 5F = 82.5 xI'r (0.018 m) mms

IIECTUKOMIIOHEHTHOTO CHUTHajla Hakadku. Pacrpene-
JICHUS! aMIUIATY] 3BYKOBOT'O JIaBJICHHs BBICLIMX rap-
MoHMK BPY Ha akyctuueckoit ocu DAIIl 10 mmeror
BUJ, aHAJIOTUYHBIN ApyT Apyry. X ocoGeHHOCTh —
JIOCTUKEHHE TPAKTUYECKH OJUHAKOBBIX YPOBHEH
B nmanbHer 30He DAII 10 (puc. 3). YcranoBieHo, 9To
B nanbheil 3one DAIT 10 (mansHOCTH OKOJNO 7/ )

YPOBHM aMIUIMTYJ ISl BceX KoMmoHeHT BPY-

HAVYYHOE [TPUBOPOCTPOEHMUE, 2014, Tom 24, Ne 2

TaPMOHUK TMPAKTUICCKHA PAaBHBI M COCTABIISIOT OKOJIO
30 gb ornocurensHo 1 Ila. D10 sBIIETCS OCOOEHHO-
cteio popmupoBanusi [TMA ¢ MHOTOKOMIOHEHTHOU
HaKauKoW, T.K. I "TpaJuUMOHHOHU" JBYXKOMIIO-
HeHTHOUW [IMA oTMedaroT CHIKEHHME YPOBHS T€HEpa-
LUUM HU3KOYACTOTHOM KOMIIOHEHTHI C YMEHBIICHHUEM
3HAYEHUS €€ 4YacTOThl (YBEIMUYCHHEM 3HAUYCHHS €¢
JUTMHBI BOJIHBI). Tak, ypOBEHb 3BYKOBOTO NaBIICHUS
nepBoit rapmonrkn BPY F = 16.5 x['u mHOrOKOMMIO-

HEHTHOT'O CUTHaja npesblmaeT ypoeHb BPU "tpanu-
nuonHoro" Ha 12—15 b B OmmkHel 30He U npuOIH-
’)Kaercss K 6 1b B JanbHEW NpH MOCTOSTHHOM cpenHeil
MOIITHOCTH HAKa4yKW. YTJIOBBIE pACIpEACICHUS aM-
IUTUTYJ 3BYKOBBIX JABJICHUH [J1 BCEX KOMIIOHEHT
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BPY-rapMOHMK WAEHTHYHBI IpYr Apyry — OOKOBOE
W3Iy4YeHHE MPAKTUYECKH OTCYTCTBYET, a YIiloBas IIH-
puna 1o yposao 0.7 oxono 2° (~ 1.8° mia 16.5 k[’
u 2.3° ana 82.5 k['1y). Takum o0pa3zom, B pe3ysbrare
HEJIMHEMHOT0 B3aUMOJIEMCTBUSI MHOTOKOMIIOHEHTHO-
rO CUTHajla HaKayKu (OPMUPYETCS LIMPOKOTIONIOCHBIN
MHOTOKOMITIOHEHTHbIA curHan BPY. Vrmoseie pac-
MIpEJIJIEHUs] YPOBHEW 3BYKOBBIX IaBJICHUH AJsl JaH-
HBIX CHEKTPAJBHBIX COCTABIISIIOIINX COOTBETCTBYIOT
W3BECTHBIM 3aBUCUMOCTSM — Y3KUH OCHOBHOII Jieme-
ctok XH 6e3 OOKOBOTrO I0Jisi B IIIMPOKOM MOJIOCE Yac-
TOT (AMara3oHe JUIMH BOJIH B BOJHOU Cpee).

BKCHepI/IMeHTBI C MOoJaeJIsIMH

Mopckasi TOBEpXHOCTh SIBJIAETCS IOJBHUYKHOM, He-
POBHOHM M "aKyCTHUYECKH MSTKOH" IpaHHLEH pasjena
JBYX CpeJl, JJIsl KOTOPBIX IJIOTHOCTH p H CKOPOCTH C
pacmipocTpaneHust Y3 HU3MEHSAIOTCS CKayKooOpasHo.
OtnenbHbIe 31€MEHTapHble Y 3-BOJIHBI, OTPa’KCHHBIE
OT TOYEK HEPOBHOH TOBEPXHOCTH, CYMMHPYSCh
B TOYKE CIJIOKCHHS, 00pa3yloT OTpakeHHoe Y3-moie,
XapakTep KOTOporo OyJeT 3aBUCETh OT pa3HOCTH (a3
Ap=4r(h/A)sin y sneMeHTapHBIX BOJIH, OJJHOBpE-

MEHHO MpHUIIEAMNX B TOUKY HaOmonaeHus (A — BBI-
COTa HEPOBHOCTEH Ha 3TOH MOBEPXHOCTH, A — AIH-
Ha BPY B BomHOU cpene, y — Yyroa CKOJIbKEHUS,

OTCUUTHIBAEMBIH OT TIOBEPXHOCTH). B 3T0i cBs3M mMe-
pen3inyyaeMoe HEpOBHOW IMOBEPXHOCTHIO BOABI Y 3-
MOJIE COCTOUT U3 JBYX KOMIIOHEHT — pETyJIApHON
(xorepenTHOM), (opmupyromeii orpaxkeHnyro BPY
(BONMM3M 3epKaJbHOTO HaNpaBlieHHs), W CIydalHOU
(HEeKOTepeHTHOH), 00pa3yromell paccesHHOe ToJie
BPY (B Hwmwxueil monmycgepe). CooTHOLIEHHE pery-
JSIPHOW M CIy4allHON KOMIIOHEHT IE€pEU3y4YE€HHOIO
MOJISL 3aBUCHUT OT CTENEHH HEPOBHOCTH NMOBEPXHOCTH
MOpsi, IPUYEM JaHHBIM MMapaMeTp HEPOBHOM MOBEpPX-
HOCTH XapaKTepHU3yeTCsl COpPa3MEpHOCTHIO JIJTMHBI
BPY A wu paccrosiaust h< A /4 or "BepmuH" U "mo-
nmomB" Oeryliell IMOBEPXHOCTHOW BOJHBL. Y CIIOBHE,
MIPU KOTOPOM OTpakaroliasi MOBEPXHOCTh MOXET CUH-
TaTbCs aKyCTHUYECKH POBHOH, T.€. OTpaKkalollel 3ep-
KaJIbHO, BRIpaXkaeTcs cooTHomeHueM [13]:

h/A<1/(8sin y). 3)

PaccmoTrpennast BbIlie 0COOCHHOCTH C(HOPMEPO-
BaHHOI'O LIMPOKOIOJIOCHOro u3nydeHuss BPY no3eo-
JISIET caejaTh BaKHBIA BBIBOA: "OecremecuHag" ITMA
MOJKET OBITh UCTIOh30BaHA KaK WHCTPYMEHT TSI KOC-
BCHHON OIICHKM CTEMEHW HEPOBHOCTU IMOBEPXHOCTHU
Mops. Tak, Hanpumep, JJIs 3aJJaHHOU BEJIMYMHBI yTIia
CKOJBKCHHS Y MOXKHO H3MCHSTH 3HAYCHHUE JTHHBI

BPY A mnpm oOmyueHWHM HEPOBHOW MOBEPXHOCTH
BIUIOTH JI0 PETHCTPAlliM TPEBATMPOBAHUS B IXO-
CUTHAJIC PETyJIpHOU (KOTEpEeHTHOM) oTpaskeHHON BPU
BOJIM3M 3€PKaIbHOTO HANPABIEHUS, YTO M TO3BOIUT

E. B. BOJIOIIEHKO

KOCBEHHO OLICHUTh BBICOTY / HEPOBHOCTEH Ha 3TOMU
TpaHulIe pa3zena.

B xauectBe peamuzanuu IIMMA ¢ mHOrokommo-
HEHTHON HAaKadKOW B JAaHHOM H3MEpPHUTEILHOM PEXH-
M€ MOYKHO HCIIOJIb30BaTh 00bIION Mo3anyuubiid DAII,
uMeromui nuametrp 182 cm u coctosimuit u3 364 nee-
303JIEMEHTOB MPSIMOYTONIbHON opmel (4.8 X 6.4) cMm,
KOTOPBIE PACIPEACIICHBI 10 €ro IIOCKOW MOBEPXHO-
ctd B Buae 13 koHmeHtpuyeckux koinen [14]. dus
napameTpuueckod reHepauuu BPY B nguanaszone
(0.5+5) xI'n mozanunsrii DALl n3mydgaer Y3-BoiHBI
HaKauKd CPEeIHEH MOITHOCTHA B YACTOTHOM JUAIIa30HE
(11+16) x['m. M3mepeHns NpoW3BOAMINCH Ha pac-
crostHUsIX 0 150 M, mmmHa OvbKHEH 30HBI / R 254 M

(3bdexTHBHBIE paaMyCchl OJHOPOAHBIX MOPIIHEBBIX
ucrounnkos: a, =0.87 mua f, =16 k', @, =0.83 m
Ha f,=11 xI'm). B [13] mpencraBinensl oceBbie
W YIJIOBBIE paclpeieieHus (OpMUPYIOIIUXCS aM-
IUINTYJ, 3BYKOBOTO JaBJICHHS CHUTHAJIOB CyMMAapHOM
(f.,= 27 xI'm) n pasnoctho#i (F = 5kl'm) wacror,
HOPMHUPOBAaHHBIX K BenuuuHe (P x P, xA xA,).
3necy: P, x P, ~2.513817x10° Tla’ Tpou3-
BEJICHHE aMIUINTYJl 3BYKOBOTO JaBJIEHUS HCXOJIHBIX
CUTHAJIOB HAaKaykl Yy IIOBEPXHOCTH IOPIIHEBOIO
DAII, A, — IIOWAIM U3IYyYaAIOUIUX TIOBEPXHOCTEH
DAII Ha kax70il U3 UcXoaHbIX yacTtoT f,= 16 I,
f,= 11 xI'u. Ormerum, uto s paccrostHuii 100 M
aMIUTUTYbl 3BYKOBOTO JaBJCHUS Ha CyMMAapHOMW
(f,= 27 xI'n) u paznoctHo#t (F = 5 x['m) wactorax
cocTaBisIIOT ~ 8% u 0.6% OT aMIIUTy bl 3ByKOBOTO
JaBJICHUS MCXOJHOW BOJIHBI HAKAYKH COOTBETCTBEH-
HO.

PaccmoTpuM npuMeHeHHe ONMUCAaHHOTO BBIIIE MOJI-
xonma ansi moaepHm3anuu pexuma [IMA MHOTOKOM-
MOHEHTHOW HAaKadK{ IPU HCIIOIb30BAHUHM OOJIBIIOTO
mo3zanuHoro DAII [14]. Ecnu npuHATE HEHTPAIbHYIO
gactoty Hakauku 13.5 k['m = (11 k[’ + 16 xI'mm)/2
W BEJMYHMHY LIara W3MEHEHHUS! 3Ha4eHUS! Pa3sHOCTHOM

gactoTel F_ = 0.25 xI'1, MOXXHO cpOpMHPOBATE CEMBb

(ha30CBS3aHHBIX KOMIIOHEHT HAaKadYKH C YacTOTAMHU
12.75, 13, 13.25, 13.5, 13.75, 14, 14.25 x['u. anubii
pexnM ¢yHKmonupoBanus [IMA mo3BosmT B BOTHON
cpene re”HepupoBaTh rapmonuku BPY c uvacroramu
(mmuaamu BonH B Boae) £ = 0.25 k[ (6 m), 2F =

=0.5 x['m 3 M), 3F =0.75 x['1 2 m), 4F =1 kI’
(1.5m), SF=125xu (1.2m)u 6F =1.5xI'g (1 m).
[IpoBenem olLieHOUHBIN pacueT BBICOTBI /i HEPOBHO-
CTEl Ha TpaHUIE pa3ielia B COOTBETCTBHH C (3) s
JBYX KpaWHUX 3HAaY€HUH [MANa30HOB — VYIJIOB
ckompxeans y = 10° m 40° u rapmonmk F =
=0.25 kI (6 M) m 6F = 1.5 k' (1 m). Utak, kpure-
pUii aKyCTHMYECKOW pPOBHOCTH B3BOJIHOBAaHHOW MOBEPX-
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HOCTH MopA (3) JaeT ciedyrounpe UUQpBl: U3MEpEHUs
Ha miepBoii rapmonmke BPY F = 0.25 xI'm (6 m)
mpu yriax ckoimkxkeHus y = 10° m 40° obecredar

OTICHKY BBICOT HepoBHOcTel 4 < 4.3 mu 1.2 M cooT-
BETCTBEHHO, a U3MEPEHUs Ha 1iecToil rapmonuke BPYU
6F =1.5«I'u (1 M) npu yriax ckonpxerus y = 10°

n 40° — oneHky BbICOT HepoBHOCTeM /4 < 0.72 M
1 0.2 M COOTBETCTBEHHO.
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THE MULTI-COMPONENT PUMP SIGNAL’S PARAMETRIC
TRANSMITTING ANTENNA FOR SHALLOW WATER
HYDROACOUSTIC MONITORING

E. V. Voloshchenko

Southern Federal University, Taganrog, Russia

The possibility of the operational characteristics changing for the multicomponent pump signal’s parametric
transmitting array (PTA), in particular, to increase the energy potential of the emerging low-frequency signals of
multiple frequencies with a constant width of the main lobe of the directivity pattern (DP), is considered. This is
achieved by using phased spectral components located in the passband of the emitting electroacoustic transducer
as a pumping signal, and the difference in their frequencies determines the composition of the polyharmonic
low-frequency signal generated in the aquatic medium. This method of generating PTA makes it possible to
increase the efficiency of generating probe signals, specifically in the long-wavelength range, which is
important when measuring the parameters of the movement of a layered marine medium. Features of the
formation for the difference frequency wave’s (DFW) broadband radiation allow the use of "virtual" PTA in
a new ability — as a tool for indirect estimation of the sea surface’s roughness degree for the sea surface when
measuring hydroconditions in coastal waters.

Keywords: parametric transmitting array, hydroacoustic monitoring
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INTRODUCTION

One of the important engineering areas related to
the progress of research methods and equipment for
the development of the coastal shelf zone, is to con-
sider the issue of the scattering of ultrasonic (US) sig-
nals by the sea surface. A current aspect of research in
this area is the study of the possibilities of solving the
inverse scattering problem — determining the para-
meters of the sea surface in a wide frequency band
from the characteristics of the signals scattered by it.
It should be noted that hydroacoustic interference an-
tennas for directional radiation in the low-frequency
range have significant weight and size characteristics,
which complicate their use in practice. A possible so-
lution for this technical problem is the use of a "vir-
tual" parametric transmitting array (PTA), which op-
eration is based on the nonlinear interaction of power-
ful ultrasonic waves with frequencies f,f, that,

propagating in the aquatic environment, form hydro-
dynamic disturbances of combination frequencies, in
particular the difference frequency wave (DFW)

F=|f- 1.

BRIEF OVERVIEW OF TECHNICAL SOLUTIONS

General provisions

The nonlinear interaction noted above is a second-
order effect of smallness, as a result of which the task
of increasing the efficiency of converting the energy
of pump waves into DFW is relevant. The spatial dis-
tribution of the DFW amplitudes depends on the cha-
racteristics of the aqueous medium — the nonlinear
parameter ¢, density p,, the sound speed c,, — the

attenuation coefficients of the pump waves «,, and
the DFW «_, as well as the sound pressure ampli-
tudes p,,, p, of the pump waves with frequencies
11, /> of the electroacoustic transducer (EAT) near the
surface, the EAT passband, i.e., values of the cyclic
DFW Q= 27r| |- f2| and the diffraction distance /;

for pump waves. Increasing the efficiency of radiating
PTA can be achieved in several ways:

1) changing the geometric parameters of the PTA
interaction zone to increase the amplitudes of the
sound pressure of the pump waves [1, pp. 36-55, 111—
217];

2) filling the zone of nonlinear interaction of po-
werful ultrasonic waves with a solid or liquid inter-
mediate medium, which has an increased value of the
nonlinear parameter in combination with dispersion
[2] in comparison with water;

3) selection of the type of modulation and the cor-
responding schemes for generating electrical signals
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in the radiating path to excite the EAT, phasing of
pump waves, and the use of focused ultrasonic beams
in the interaction zone [3, 4].

The problem of increasing the efficiency of sonars
with parametric radiating paths is highlighted in [5, 6].
Let us consider it in more detail [5].

Critical analysis of the solution proposed in [5]

The purpose of the patent is to increase the effi-
ciency of a location system with several (at least two)
parametric emitting paths, in each of which a genera-
tor, a power amplifier, and a resonant pump EAT are
connected in series. Each parametric path emits ultra-
sonic energy into the aquatic environment at several
pump frequencies (two, three, four, five), which leads
to the nonlinear generation of a set of difference fre-
quency signals and, according to the authors, an in-
crease in sonar efficiency. The same purpose is served
by the use of one or more interference receiving an-
tennas, the peculiarity of which is their execution in
the form of a straight line on which hydrophones are
located in a given manner. Let's discuss some points.
As follows from [5, Figs. 1-4], each parametric emit-
ting path has its "own" resonant pumping EAT
(acoustic projector, AP), located at its "own" point in
space, emitting its "own" pump signal, which differs
in frequency. For example, from [5, Fig. 4], there are
five pump signals: 1 (80 kHz), 2 (83 kHz), 3 (86 kHz),
4 (89 kHz), 5 (92 kHz), they "combine in pairs" the
difference frequency waves (DFW): 1 —2 (3 kHz), 1 —
3 (3kHz), 1 -4 (3 kHz), 1 -5 (3 kHz), 2 - 3 (6 kHz),
2 -4 (6 kHz),2-5(6kHz),3 -4 (9 kHz),3 -5
(9 kHz), 4 — 5 (12 kHz).

The effectiveness of the nonlinear generation of
individual DFW, for example 1 — 4 and 1 — 5, for
which the EAT (AP) are spaced apart, is questlonable
because “a parametric sound source is a volumetric
antenna that radiates along the axis and occupies part
of the space directly in front of the EAT” [7]. It is in-
teresting to analyze the statement of the authors of the
patent [5] that “an increase in the number of interac-
tions of pump waves linearly increases the efficiency
of a parametric sonar,” and the rationale for this is as
follows. If there are two pump signals at 80 kHz,
83 kHz, then there is only one DFW 3 kHz with
a generation efficiency of 1%. Further, if there are
three pump signals 80 kHz, 83 kHz, 86 kHz, then we
have three DFW 3 kHz, 3 kHz and 6 kHz with a gen-
eration efficiency of 1% each, i.e., in general 3%, etc.
And for five pump signals (see [5, Fig. 4], the set of
higher frequencies), the generation efficiency is 12%!
Thus, the "principle of energy addition of signals" has
been proposed i.e., the corpuscular approach prevails,
considering the Wave nature of the DFW. The phased
(constructive interference — amplification) or anti-
phase (destructive interference — attenuation) addi-
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tion of coherent signals — DFW components with
multiple frequencies is not considered.

Critical analysis of the solution proposed in [8]

The use of a three-component (amplitude-
modulated) pump wave to increase the PTA efficiency
was proposed in [8]. The radiating path of the device
implementing this method contains generators of elec-
trical oscillations of high frequency f and modulation
frequency F, the outputs of which are connected
through an amplitude modulator to a pulse modulator,
controlled by a pulse generator. Next, the electrical
signal is fed through a power amplifier, a notch filter
to the EAT pump, the piezoelectric element of which
oscillates at the main thickness mode (resonant fre-
quency f,) as one-sided piston radiation into the aq-
uatic environment. As a result, the piezoelectric ele-
ment is provided with a mode of one-way transmis-
sion of vibrations into the location medium. This
causes the propagation of ultrasonic pump waves with
cyclic frequencies

o, =2r(fy—F)<w,=2nf,<w, =2x(f,+F)

(carrier frequency and two side spectral components)
and wave vectors K, K,,K,. Thus, in the location

environment, a general spatial region of collinear
propagation and nonlinear interaction of intense ultra-
sonic pump waves with both the carrier frequency and
each of the side spectral components is formed, in-
cluding both near and far zones of the formed PTA.
The harmonic one-tone amplitude modulation signal
has the form

U=U, cos27rﬁ+%Um cos2z(f+F)t+

+%UmcosZﬂ(f—F)t, (1)

where U and U, are the instantaneous and amplitude

values of the electrical signal, m is the modulation
coefficient, the maximum possible value of the side
spectral components at 0<m <1 is equal to U, /2,

and the phases are symmetrical relative to the phase of
the carrier oscillation, f is the carrier frequency, F is

modulation frequency, (f, + f,)/2= f,.

The parametric radiation mode (RPM) in the event
of such a generating method allows one to form the
amplitude of the sound pressure of the first low fre-
quency—the DFW harmonic that is 3 dB larger than
due to the use of any other generating scheme.

However, the considered method for increasing the
efficiency of PTA has a number of disadvantages:

1) the passband of the electronic path and the EAT
must be equal to twice the frequency of the modulat-
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ing oscillation. This obstacle complicates the imple-
mentation of electronic generating circuits and design-
ing the antenna system,;

2) the efficiency of the PTA is reduced due to the
“parasitic” generation of the second low-frequency
harmonic of the DFW with a frequency 2F, which
amplitude differs only by a factor m /2 from the am-
plitude of the first harmonic of the DFW at one hun-
dred percent modulation (m = 1),

3) the main lobe of the PTA in the "saturation"
mode significantly expands and distorts: the shape of
the directivity pattern (DP) becomes amplitude-
dependent, and a dip appears in the radiation level on
the acoustic axis of the PTA.

FORMULATION OF THE PROBLEM

The relevance of research on the characteristics of
PTA with increased energy potential necessitated the
selection of an acceptable scheme for generating an
electrical pump signal containing a given number of
phase-related components, which was carried out us-
ing [9].

The emitting path of the PTA with an N-
component pump signal [10] (Fig. 1) contains a refer-
ence oscillator 1, the first output of which is con-
nected through the delayed pulse generator 2 to the
second inputs of coincidence circuits 3. The outputs of
coincidence circuits 3 and the second output of refer-
ence oscillator 1 through frequency dividers 4 are
connected to the N signal inputs (Fig. 1) of analog
switch 5.

Series-connected coincidence circuits 3 and fre-
quency dividers 4 with the same division coefficient
form (N — 1) parallel-connected links. The connec-
tions of the first inputs of coincidence circuits 3 in
parallel-connected links are made based on the fact
that in each link the frequency of the reference oscilla-
tor 1 should be reduced.

Fig. 1. Block diagram of the device for implementing
the method [10]

1 — reference oscillator; 2 — delayed pulse genera-
tor; 3 — coincidence circuit, (N — 1) units; 4 — fre-
quency divider, N units; 5 — analog switch; 6 —
adder; 7 — amplitude modulator; 8 — pulse genera-
tor; 9 — power amplifier; 10 — EAT input; 11 —
control and adjustment unit.

Ul, U2, U5 — electrical signals; U3 — (N - 1) signal
lines; U4 — N signal lines

The generated oscillations U4 (a group of N sig-
nals) with the same amplitude and initial phase (at the
moment of time ¢=0) arrive at the signal inputs of

the analog switch 5. The control input of the analog
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key 5 is connected to the second output of the control
unit 11, the first and third outputs of the latter are
connected to the control inputs of both the reference
generator 1 and the pulse generator 8. Analog switch 5
through the adder 6, amplitude modulator 7, power
amplifier 9 is connected to the input of the EAT 10.
The amplitude modulator 7 operating mode is set by
pulse generator 8. The control outputs of the control
and adjustment unit 11 are connected to the control
inputs of analog switch 5, reference generator 1 and
pulse generator 8, allowing one to select a pulse or
continuous operating mode of the PTA.

The operation of the device implementing a me-
thod for controlling the efficiency of DFW generation
[10] due to the radiation of a multicomponent phase-
related pump signal into the aquatic environment oc-
curs as follows. To generate the required number of
pump signal components, the operator, through the
control and adjustment unit 11, starts the reference
oscillator 1, which produces an electrical signal U1 in
the form of a continuous sequence of pulses with
a frequency f, at a given polarity and phase relation-

ships. The signal Ul is supplied directly to the inputs
of both the delayed pulse generator 2 and the frequen-
cy divider 4, and from the output of the latter as a sig-
nal U4 to one of the inputs of the analog switch 5.
The electrical signal is supplied to the first input of
coincidence circuit 3, while the second input of coin-
cidence circuit 3 receives an electrical signal U2
from the output of delayed pulse generator 2. The first
inputs of all other coincidence circuits 3 receive U3
signals from the previous in the hierarchy parallel line
(see Fig. 1). At the output of coincidence circuit 3,
a sequence of pulses with cut periods (from one to
several at the outputs of different coincidence circuits
3) is formed. If we denote the number of pulses of the
reference oscillator 1, that can fit in the cutting period,
by the number m, and the number of cut out pulses —
by the number £, then the frequency of the desired
spectrum will be related as follows:

F,=[(m~k)/m]-F,,

F,=f,/2", where f, is the frequency of the refer-

ence oscillator, 2" is the division coefficient, n is the
number of divisions by 2. In this scheme, the spec-
trum step of the multicomponent pump signal, or "dif-
ference" frequency, is defined as F =F, /m.

With the appropriate operator command received
through the control and adjustment unit 11 to the con-
trol input of the analog switch 5, the number of spec-
tral components required to form a given version of
the multicomponent excitation signal is set. The elec-
trical multicomponent excitation signal generated at
the output of adder 6 is the sum N of oscillations and
has the form

S(t) = Ziv;olsin(a)l +vQ)t =
= N[sin(NQ%)/Nsin(Q%ﬂsin w,t, 2

where o, = o, + (N —-1)Q/2 is the average frequen-

cy. At the moment of time ¢ =0 all oscillations are in
the same phase; over time, due to the difference in
their frequencies, and addition, a system of maxima is
formed, and the first zero is obtained at time ¢, deter-
mined from the equality (NQt/2)=mn,s0

t=2n/ (NQ) =1/ (NF_) . The zeros of the denomina-

tor set the main maximum, the beat period is deter-
mined by the number of main maxima per unit time,
i.e., zero values of the denominator (Q¢/2)=rx-n,
where n=0,1,2,....So t=n/F ; At=1/F .

Fig. 2 schematically shows the spectrum of a mul-
ticomponent pump signal (at N = 5). It can be seen
that, in the passband of the piezoelectric element
(dashed line) of EAT 10, there are five spectral com-
ponents of the pump signal (solid lines) with frequen-
cies wg, wy + Q, wg + 2Q, wy + 3Q, wy + 4Q, each is
spaced on the frequency axis by the value of the cyclic
DFW Q. From the output of the adder 6 (Fig. 1), the
multicomponent pump signal is supplied to the pulse
modulator 7, the control input of which is connected
to the additional output of the pulse generator 8. Next,
the signal after the power amplifier 9 is supplied to the
piezoelectric element EAT 10. The piezoelement can
have the form of, for example, a rod of resonant size

ley =cor /2f, where ¢ is the speed of sound in the
rod, f is the resonant frequency of its oscillations
[11], the half-wave piezoelectric element oscillates
due to its piezoelectric properties. These vibrations are
transmitted to the aqueous medium, which has nonli-
near elastic properties, and propagate as pulses U5

containing condensations and rarefactions of the me-
dium.

Fig. 2. Spectrum of a multicomponent (N = 5) pump
signal in the passband of the EAT piezoelectric ele-
ment [10]

In an extended section of the medium, including
the near and far zones of EAT 10, a spatial region of
collinear propagation and nonlinear interaction of in-
tense pump components with frequencies s,
wo + Q, wy + 2Q, wy + 3Q, wy + 4Q is formed. A
multicomponent pump signal U5 is a sum of phased
spectral components, the frequencies of which differ
from each other by a small amount of cyclic DFW Q.
Due to the quadratic nonlinearity of the propagation
medium and when performing spatio-temporal
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matching of intense pump components, in the PTA,
spectral components of the combinational DFW are
generated — DFW harmonics Q, 2Q, 3Q, 4Q. The
first harmonic of the DFW Q is generated by the larg-
est number of spectral components from the multi-
component pump signal. For example, with five-
component pumping, its sources are formed from four
pairs of nonlinear interactions of components 1 — 2, 2
— 3,3 -4, 4 -5; for the second harmonic of the DFW
2Q) — from three pairs of nonlinear interactions of
components 1 — 3,3 — 5,2 — 4, etc. Thus, for PTA, an
increase in the efficiency of generation of spectral
components of combinational DFW, i.e., DFW har-
monics Q, 2Q, 3Q, 4Q), ..., is the most significant for
low-frequency €, i.e., the first harmonica. The opera-
tor, using a command through the control and settings
unit 11, commutes the analog switch 5, ensuring that
the required number of used spectral components in
a given implementation of the multicomponent pump
signal arrives at the input of the adder 6.

IMPLEMENTATION OF THE PROPOSED
APPROACH

Experimental characteristics

The advantages of the proposed method for form-
ing PTA are confirmed by model experimental studies
performed in laboratory conditions. We used EAT 10
with a round flat piezoelectric element, a diameter of
20 mm, a resonant frequency of 1.98 MHz (near zone
length ~ 0.15 m) and a passband of 200 kHz, which
made it possible to use from two up to six spectral
components (phase-related components sequentially
spaced from each other by F = 16.5 kHz, Fig. 2)

when forming a multicomponent pump signal [12]. As
expected, an increase in the number N (from 2 to 6) of
phase-related spectral components used in a multi-
component pump signal causes a dynamic increase in
DFW generation (at N = 3 and 4), while a further in-
crease in the number of components (to 5 and 6 in the
pump signal) causes saturation of the growth dynam-
ics. The DFW sound pressure level F = 16.5 kHz on

the EAT 10 axis for a six-component signal is ~ 5 dB
higher than the DFW sound pressure level for a "tradi-
tional" two-component signal. The measurement re-
sults allow us to conclude that the efficiency of con-
version of pump waves’ energy increases when using
a multicomponent signal with a rigid phase coupling
between the frequency components. This can be ex-
plained by the fact that a multicomponent signal,
which is a sequence of spectral components that differ
from each other by a very small amount of cyclic
DFW in the near zone of the EAT 10, can be consi-
dered an in-phase propagating oscillations under the
condition O/ w, << 1.
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The in-phase propagation of interacting pump
waves is equivalent to an increase in energy density in
the region of collinear propagation; therefore, it leads
to an increase in the DFW amplitude, which is propor-
tional to the number of spectral components. In the
near-field region of EAT 10, the main energy transfer
occurs at the lower frequency F~ = 16.5 kHz (wave-
length in the aquatic environment A = 0.091 m).
Meanwhile, the spectrum of the difference signal con-
tains components with frequencies that are multiples
of I = 16.5 kHz, because there is a simultaneous inte-

raction of lines and neighboring HF-spectral compo-
nents of the pump signal, i.e., DFW harmonics with
frequencies (wavelengths in water) are formed: 2F =

=33 kHz (0.045 m), 3F_=49.5 kHz (0.03 m), 4F =
=66 kHz (0.023 m) and 5F = 82.5 kHz (0.018 m) for

a six-component pump signal. The distributions of the
sound pressure amplitudes of the higher harmonics of
the DFW on the acoustic axis of the EAT 10 have
a form similar to each other. Their peculiarity is the
achievement of almost identical levels in the far zone
of EAT 10 (Fig. 3).

Fig. 3 Data for ultrasonic fields of DFW F_
=16.5kHz (0.091 m), 2F =33 kHz (0.045 m), 3F
=49.5 kHz (0.03 m), 4F = 66 kHz (0.023 m), 5F
= 82.5 kHz (0.018 m) in the far zone of the PTA.
The left vertical axis is the angular width of the DP
radiation lobe at a level of 0.7; right vertical axis —
sound pressure level

It has been established that in the far zone of EAT
10 (range about 7/ ) the amplitude levels for all com-

ponents of the DFW harmonics are almost equal and
amount to about 30 dB relative to 1 Pa. This is a fea-
ture of the formation of PTA with multicomponent
pumping, because for the "traditional" two-component
PTA, a decrease in the level of generation of the low-
frequency component is noted in the event of a de-
crease in the value of its frequency (increase in the
value of its wavelength). Thus, the sound pressure
level of the first harmonic of the DFW F = 16.5 kHz

of a multicomponent signal exceeds the level of the
"traditional" DFW by 12-15 dB in the near zone and
approaches 6 dB in the far zone at
a constant average pump power. The angular distribu-
tions of sound pressure amplitudes for all components
of DFW harmonics are identical to each other: there is
practically no lateral radiation, and the angular width
at level 0.7 is about 2° (~ 1.8° for 16.5 kHz and 2.3°
for 82.5 kHz). Thus, as a result of the nonlinear inte-
raction of the multicomponent pump signal, a wide-
band multicomponent DFW signal forms. The angular
distributions of sound pressure levels for these spec-



E. B. BOJIOIIEHKO

tral components correspond to the known dependen-
cies — a narrow main lobe of DP without a side field
in a wide frequency band (wavelength range in an aq-
uatic environment).

Experimenting with models

The sea surface is a moving, uneven, and “acousti-
cally soft” interface between two media, for which the
densities p and the speed ¢ of ultrasound propagation
change abruptly. Individual elementary ultrasonic
waves reflected from points on an uneven surface and
summed up at the point of addition, form a reflected
ultrasonic field, the nature of which depends on the
phase difference Ap=4n(h/A)siny of the elemen-

tary waves that simultaneously arrived at the observa-
tion point (% is the height of the irregularities on this
surface, A is the length of the DFW in the aquatic
environment, y is the grazing angle measured from

the surface). In this regard, the ultrasonic field re-
emitted by an uneven surface of water consists of two
components — regular (coherent), forming a reflected
DFW (near the mirror direction), and random (incohe-
rent), forming a scattered DFW field (in the lower
hemisphere). The ratio of the regular and random
components of the re-emitted field depends on the
degree of unevenness of the sea surface, and this pa-
rameter of the uneven surface is characterized by the
proportionality of the length of the DFW A and the
distance #< A /4 from the "tops" and "bottoms" of
the traveling surface wave. The condition under which
a reflective surface can be considered acoustically
smooth, i.e., reflecting specularly, is expressed by the
relation [13]:

h/A<1/(8sin y). 3)

The above-considered feature of the generated
broadband DFW radiation allows us to draw an im-
portant conclusion: "virtual" PTA can be used as a
tool for indirectly assessing the degree of roughness of
the sea surface. So, for example, for a given value of
the grazing angle y, you can change the value of the

length of the DFW A when irradiating an uneven sur-
face until the echo signal indicates the prevalence of
the regular (coherent) reflected DFW near the mirror
direction. It allows one to indirectly estimate the
height / of asperities at this interface.

As an example of the implementation of PTA with
multicomponent pumping in this measuring mode,
one can use a large mosaic EAT with a diameter of
182 cm and consisting of 364 rectangular piezoele-
ments (4.8 X 6.4) cm, they are distributed over its flat
surface in the form of 13 concentric rings [14]. For
parametric generation of DFW in the range (0.5+
5) kHz, the mosaic EAT emits ultrasonic pump waves
of average power in the frequency range (11+

16) kHz. Measurements were made at distances of up
to 150 m, the length of the near zone was /; ~25.4 m

(effective radii of homogeneous piston sources:
a,=0.87 m at f, =16 kHz, 0.83 m at 11 kHz). [13]
presents axial and angular distributions of the result-
ing amplitudes of sound pressure signals at the total
(f. =27 kHz) and difference (F =5 kHz) frequen-

cies, normalized to the value (P, xPj,xA xA,).
Here: P, x P, ~2.513817 x10° Pa’ is the product of

the sound pressure amplitudes of the initial pumping
signals at the surface of the piston EAT; A , — areas

of the EAT radiating surfaces at each of the initial
frequencies f,= 16 kHz, f,= 11 kHz. Note that for
distances of 100 m, the sound pressure amplitudes at
the total ( f, = 27 kHz) and difference (F = 5 kHz)
frequencies are ~ 8% and 0.6% of the sound pressure
amplitude of the initial pump wave, respectively.

Let us consider the application of the approach de-
scribed above to modernize the PTA mode of multi-
component pumping using a large mosaic EAT [14].
If we take the central pump frequency of 13.5 kHz =
= (11 kHz + 16 kHz)/2 and the value step for chang-
ing the difference frequency F = 0.25 kHz, it is poss-
ible to form seven phase-related pump components
with frequencies of 12.75, 13, 13.25, 13.5, 13.75, 14,
14.25 kHz. In the aquatic environment, this mode of
operation of the PTA allows generating DFW har-
monics with frequencies (wavelengths in water) F =
=0.25 kHz (6 m), 2F = 0.5 kHz (3 m), 3F = 0.75
kHz (2 m), 4F =1 kHz (1.5 m) ), 5F = 1.25 kHz
(1.2 m) and 6F = 1.5 kHz (1 m). Let us carry out an
estimate calculation of the height / of irregularities at
the interface in accordance with (3) for two extreme
values of the ranges — grazing angles y = 10° and
40° and harmonics F = 0.25 kHz (6 m) and 6F =

= 1.5 kHz (1 m). So, the criterion for the acoustic flat-
ness of the rough sea surface (3) gives the following
figures: measurements at the first DFW harmonic

F =0.25 kHz (6 m) with grazing angles y = 10° and
40° provide an estimate of the roughness heights /4 <
<4.3 m and 1.2 m, respectively, and measurements at
the sixth DFW harmonic 6F = 1.5 kHz (1 m) with
grazing angles y = 10° and 40° provide an estimate of
the roughness heights 42 < 0.72 m and 0.2 m respec-
tively.

CONCLUSIONS

Hydroacoustic equipment with PTA in multicom-
ponent pumping mode is used for solving "traditional"
problems of hydroacoustic monitoring of water bo-
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dies, in particular for profiling and echo sounding the
bottom and near-bottom layers, delineating sewage
sludge from enterprises and determining the thickness
of its layers, etc. Meanwhile, the peculiarities of the
formation of broadband DFW radiation allow the use
of "virtual" PTA in a new capacity as a tool for indi-
rectly assessing the degree of roughness of the sea
surface when measuring hydroconditions in coastal
waters. In these cases, it is relevant to use hydroacous-
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tic signals in the range of tens to hundreds of hertz,
generated by PTA with increased efficiency of DFW
generation. It should be noted that the application of
the principles of nonlinear acoustics makes it possible
to simplify measurement techniques; in particular, the
invariance of the directional properties of the main
lobe in a wide DFW band ensures increased accuracy
and quality of measurements [15-17].



