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HNPUMEHEHME NPUBOPOB IJ PETPAHCJIALUU CUI'HAJIOB
IIPU THAPOAKYCTUUYECKUX U3MEPEHUAX

Hcnonp30BaHne PETPAHCIATOPOB MPH MPOBEICHIH THAPOAKYCTHUECKIX IKCIEPUMEHTOB MO3BOJISIET MMOBBICUTH TOY-
HOCTh U3MEPCHHS TaKUX MapaMeTpPOB, KaK CKOPOCTh JBIKCHUS O0BEKTa, €T0 CHIIA PACCESHUS, MTOTEPH Ha PaCIpO-
cTpaHeHHe. B paboTe paccMOTpEeHO MPUMEHEHHE PETPAHCIATOPA CO CMEIMICHHEM YaCTOTHI MPH U3IYYCHUU THUAPO-
aKyCTHYCCKHX CHTHAJIOB B HEMPEPHIBHOM pekuMme. OnpoOoBaHa METOMUKA OMPEICICHUS CKOPOCTH JIBHXKYIIETOCS
00BeKTa MpH MOMOIIHM PETPAHCIATOPA HA OCHOBE KOMIIAKTHOT'O HU3KOYAaCTOTHOTO TMAPOAKYCTHYECKOTO Mpeo0paso-
BaTelIs MPOIOJIbHO-U3MMOHOIO THIA CO CIIOKHOU (hopMoOi m3nmydarorieii 000s10uku. [TokasaHo, 4To MpeaIoKeHHas
METOAUKA oOecreunBaeT MOIYJIAIINIO CUTHAJIA MMOACBETKU B PEAJIBHOM BPEMCHU, a TAKKC UMUTAlIUIO CUTHAJIOB, OT-
pakaeMBIX KpPYNMHBIMH ABIDKYIIMMHCS OOBEKTaMHU. Pe3ynbTaThl MPOBEICHHOTO SKCIIEPUMEHTa COOTBETCTBYIOT
MIpeIBApUTEIFHBIM pacdeTaM M MOJITBEPKAAIOT B PaMKax MPeI0KEHHONH METOIUKH BO3MOKHOCTh MCIIOJIB30BAHMUS
CHUTHAJIOB OOJBIIOW JUIUTEIFHOCTH (B TOM YHWCIIC U HEMPEPHIBHBIX) IS aKyCTUYCCKON IHATHOCTUKH aHOMAJHN

B MOPCKOH cpeJie.

K. cn.: THAPOAKYCTHKA, pETPAHCIISIMS CUTHANA, Cuila paccesiHus, a¢ ekt Jlomepa, mepeHoc crnekTpa,
MBE30AJIEKTPHUYECKUI TPeo0pa3oBaTelib, akyCTHYECKasi MOITHOCTh

BBEJEHUE

OcBoenne MupoBOro okeaHa SBISETCS OIHHUM
13 BOXHEHIINX HAINpPaBJICHUN pa3BUTHA 4EJIOBEUECT-
Ba. Jnsa Poccuiickoit @enepanuu OCBOEHUE MOpEi
Y OKEaHOB CBSI3aHO IJIABHBIM 00pPa30M € PacCIINpPEHH-
€M HalpaBJI€HUM HCIONb30BAHUS CEBEPHBIX PETHO-
HOB, BKIouas aksaropuio CesepHoro Jlemosurtoro
okeana [1]. C yyeTom CII0KHO# JieZI0BOM 0OCTaHOBKH,
yBennueHusT MepeBo3ok 1o CeBepHOMY MOPCKOMY
MYTH, UHTCHCU(PHUKALIUU TOOBIYH MOJIE3HBIX HUCKOIae-
MBIX M OCBOCHHS APYTUX OOraTcTB ApPKTHYECKOTO
menbga [2] mepcreKTUBHBIM CIIOCOOOM BBITIOIHEHUS
MHOTHX OTepaluii B 3TOM PErHOHE SIBIISIETCS TpUMe-
HEHHE HEOOMTAEMBIX ITOJIBOTHBIX AlapaToB.

I'unpoakycTudeckue cpeicTBa SIBISIOTCS MPAKTH-
YECKH €JIMHCTBEHHBIM HAJICKHBIM CIIOCOOOM JUISl Ha-
BUTallMM TOJ BOJOM M ITUCTaHIMOHHOTO OOCIICIOBaHUS
MOPCKOTO [1Ha. B CBSI3M C 3THM THIPOaKyCTHYECKHE
CTaHIMH TOT'O WJIM MHOTO Ha3HAYCHUS! MPUCYTCTBYIOT
B cocTaBe OOOpYJOBaHHMS KaK HEOOHMTaeMbIX, TaK
1 00MTaeMbIX HOABOAHBIX amIlapaToB, a TAaKXKe Hayd-
HO-HCCJIEZIOBATENbCKUX cyA0B. [IpoBenenue uccrieno-
BaHUH 110 PACHPOCTPAHEHHIO M PACCESIHUIO 3BYKa
B MOPCKOH Cpeie MrpaeT BaXHYIO pOjb B MHUPOBOU
HayKe B 1esiom [3, 4].

[Ipy mpoBeaeHNMH MOPCKUX THUAPOAKYCTUUECKUX
WCCJICJIOBAHUN HamOOJIee 4acTo TPeOYIOTCS H3Mepe-
HUS CIIEAYIOUINX BEJIMYMH:

— ocyiabJIeHus CUTHAJIA MPU MPOXOXKJIECHUH OT TOU-
K1 A 710 ToukH b;
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— MONEPEYHOI0 CEYCHHS PACCESHHUS YEAUHECHHOTO
00BEKTa;

— YJICJIbHOW BEJIUYMHBI MOMEPEUHOr0 CCYCHUS ISt
CKOIUJICHUS paccenBaTesICH.

[ToBbIlIeHHE TOYHOCTH TAKUX M3MEPCHUI B 3HAYH-
TEJIBHON CTCICHU BIIMSET HA WTOTOBBIA pE3yJIbTaT.
IIpu mpoBeneHUH HATYPHBIX TMIPOAKYCTHUECKHX HC-
CJICJIOBAHUH, B OTIMYHE OT J1A0OPATOPHBIX IKCIEPH-
MCHTOB, OIICHKa HOFpeIIIHOCTH ABIISICTCA OTJICJ'IBHOfI
3afgaueil. Hanpumep, u3-3a ciaObIX HECTAIMOHAPHBIX
HEOJTHOPOJIHOCTEH CpeJibl MPHU PACIIPOCTPAHECHUH 3BY-
Ka Ha OOJIBIINE TUCTAHIIMHA BO3MOXKHA CyIECTBEHHAS
MoTpaBKa U3MEPSIeMOT0 YpOBHs paccestHus. Kak mpa-
BUJIO, JTF00Ast MPUPOIHAS AKBATOPHUS COACPIKUT 3HAUH-
TEJbHBIE AaHOMAIIMU, CTPAaTU(UKANNIO [0 TIIyOWHE
¥ pa3HOMACIITa0HBIC HEOJMHOPOTHOCTH. DTO O3HAUYa-
€T, YTO JUIs KOHTPOJSl YCIOBUI DKCIEPUMEHTA B UC-
cieayeMoit obnactu (Hampumep, B paiioHe oOjaka
My3bIPEKOB) HEOOXOJMMO UMETh OOBEKT C 3aBEJOMO
HU3BCCTHBIMHU U JOBOJIBHO BBICOKHMMH OTpa)KaTCHI)HBI-
MU CBOMCTBaMu. B ciydae ABMXKEHMSI UCCIIELYEMOIO
00BbEeKTa, HAIPUMED, O] BIMSHUEM BETpa WU Te4de-
HUA XKCJIAaTCIIBHO, I-ITO6BI 3TaHOHHI)II\/’I 06TJCKT JOBHUTAJICA
BMecTe ¢ HUM. CHHXPOHHOE JBH)KCHHE STAIOHHOTO
00BbEKTa BMECTE€ C HCCICAYEMBbIM IO3BOJIIET OoJjice
TOYHO OPUCHTHUPOBATH MPUEMHYIO CHCTEMY MO YLy
M, BO3MOXKHO, 3aJICPIKKE, a TaKKE MPOBECTH KajauoO-
POBKY YPOBHS 3XOCHUTHaJIA.

B kauectBe 3TaJOHHOTO O00BEKTA BO3MOXKHO TPH-
MEHEHHE PEeTpaHcIsATopa Win Maska-orBeTdynka. Cre-
IU(PUIECKHE YCIOBUS 3KCIIEPUMEHTOB, B KOTOPBIX
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UCCIIElyeTCsl paccesHUue HENpephIBHBIX W KBa3WHE-
MPEPHIBHBIX CHUTHAIOB, HE IO3BOJSIOT 3(PQEKTUBHO
UCIIOJIb30BaTh CTAHJAPTHBIC TUITBI OTBETYHKOB, U I10-
3TOMY OBUI pa3pa0OTaH HOBBIA THII PETPAHCIATOPA,
BBITIOJTHSIOIINI 9acTOTHOE CMellleHHe curHana. B Ha-
CTOSIIEH cTaTbe OMUCAaH JadOPaTOPHBIM SKCHEpH-
MEHT, TPOBEICHHBIH C PETPAHCIATOPOM, paboTaro-
IIUM C YacTOTHBIM CJABHIOM, TaKXe pPacCMOTpEHa
METO/IMKa OLEHKH IOTPEHIHOCTH TapaMeTpoB JIBH-
XKYIIESHCS LIeNIU ¢ TIPIMEHEHHEM TaKOTO OTBETYHKA.

INPUMEHEHHUWE MASIKOB-OTBETUYUKOB
B I'NIPOAKYCTHYECKHUX NCCJIIEJOBAHUAX

MexaHW4ecKie pelIeHns, aHAIOTUYHBIE MpHMe-
HSEMBIM B PAUOJIOKAIIMU YTOJKOBBIM OTpa)kKaTeysiM,
HEpaIroHaILHO (a MHOTJAa U HEBO3MOKHO) MCIIOIB30-
BaTh B HHU3KOYACTOTHOW THIPOAKyCTHKe. |'aGapuTh
3¢ (EKTUBHO OTPAXKAIOIIET0 AKyCTHUYECKOro aHajiora
YTOJIKOBOTO OTpakaTeys Uil Juama3oHa 9acToT 1—
2 kl'm B cuity TpeOyeMoro BOJHOBOTO pa3Mepa cCo3-
JTAIOT 3HAYHUTEIHbHBIE CIOKHOCTH B KOHCTPYKTHBHOM
UCIIOJIHEHUU M, 4YTO Ooyee BakHO, 0ONagaloT He-
OOBIITNM paTuyCcoM JEHCTBUA. B 1ensx KoMnakTHOTO
WCTIOJHEHHU HanOoJee I1elecO00pa3HbIM  SIBIIAETCS
WCIIOJIb30BaHUE AIIEKTPOHHBIX YCTPOMCTB, cofepka-
IIUX TPUEMHBIN U TIePearonii aKyCTHYECKHE TPAKTHI.

OnHuM H3 CrIOCOOOB, MO3BOJSIOMINX ITOBBICHTH
TOYHOCTH MPOBOJUMBIX U3MEPEHUH, a TAaK)KEe OICHUTH
MOTPEIIHOCTH, SIBISIETCS NPHUMEHEHUE PETPaHCISTO-
poB. I'mapoakycTHdecKuii peTpaHciIsaTop — MIpuoOoD,
KOTOPBIN TOCTIE PErHCTPAINY aKyCTHYECKOTO CHTHAlA
00 TOBTOpPSAET ero 0e3 M3MEHEHHsS OCHOBHBIX Xa-
paKTepucTHK, THUO0 M3IMydaeT ¢ HEKOTOpPOW 3apaHee
3aJlaHHOM KOPPEKTHpPOBKOM. B mpocreimem ciyyae
mpuOOp TepenaeT 3BYKOBOW CHTHAJI YCTAaHOBJICHHOTO
TUIA B OTBET HA NMPHUILEAMNN UMITYJIbC APYroro ycra-
HOBJIEHHOTO THTIA M HAa3bIBAETCS MaSKOM-OTBETYHKOM.
MasiKu-OTBETYMKH HCIIONB3YIOTCA JIJIs HaBUTAlUU
MOIBOJIHBIX aIMapaToB [5] Wiu AT MapKUPOBKH TIOJI-
BOJIHOTO 00OpyMOBaHUS AJs OOJIErdeHMs] TTIOUCKOBBIX
paboT B ciyuae norepu wiu aBapuu [6]. bonee ciox-
HBIE CHCTEMBI aKTUBHO TPHUMEHSIOTCS IIPH CO3/IaHUHU
JIMHUHA CBSI3W U ympaBieHus [7, 8], a Takxe B KauecT-
BE€ MMHTATOPOB IENH TPU HccIaenoBaHUH 3P (PEeKTHB-
HocTu ruaponokaropoB [9, 10]. CoBpeMeHHbIE
PETPaHCIATOPHI, OCHAIICHHBIE HUPPOBBIMU CUTHAIIb-
HBIMH TIPOIIECCOPAaMU, CIIOCOOHBI HE TOJBKO Tepen3-
Jy4yaTh NPHUHSATHIM CHUTHAJ, HO M aHAJIU3MPOBATH €ro
MapaMeTphl, TPOBOJANTH PETHCTPAINIO JAaHHBIX, Iepe-
JaBaTh CHTHAJ C BHIOPAHHOM 3a7iep>KKOH 10 BpeMeHH
Y C 3a/IaHHBIM CMEIIIEHNEM I10 YacTOTe.

K npubopam Takoro tuma TpaauIHOHHO NPEIbsB-
JSIOTCS B3aMMONPOTHUBOpEUaIue TpeOOBaHHS O TIO-
BBIIIEHUH [UTUTEIFHOCTH aBTOHOMHOW pa0OTHI U yBe-
JIMYEHUHN aKyCTHYECKON MOIIHOCTH M3Ty4YaeMbIX CHUT-
HaoB. [l yoOBIETBOpPEHHsSI TakuxX TpeOOBaHWH
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B COCTaB NpHOOpa T0HKEH BXOAUTH H3IIydaTesb C BbI-
cokoit uyBcTtBHTENbHOCTRIO 1 KIIJ[ [11, 12] B™mecTe
¢ 2HEProdPPEeKTUBHHIM TPAKTOM €ro BO30YKICHUSI.
Kax npasuiio, ocHOBHOM mpoOaemMoii pu pa3paboTke
TaKOTO MasKa-OTBETYHKA SBJSETCS CO3JaHHE KOM-
MaKTHBIX HU3KOYACTOTHBIX TUAPOAKYCTUUYECKUX H3-
mydarenedt (HYUYM) BBICOKOW yIOENbHOW MOITHOCTH
[13].

IIpyn mpoBeneHUM Hay4HBIX HMCCIEAOBAHMM K OT-
BETUYHKY IPEIBSIBISIOTCS HECKOJBKO HHBIE TpeOoBa-
HUSI, TOCKOJIKY OCHOBHAsI 3a/1a4a IpuOopa — TOYHOE
BOCTIpOM3BeIeHHE (OPMBI  MPHIIEAIIETO CHTHAla
u obecrnieyeHue 3aJaHHOTO KOA((PUIMEHTA YCUIICHHS
Mo aMIUIUTye. Pa3menienne Takoil CHCTEMBI BOJIHM3U
o0beKkTa HcciaeqoBaHUS (WIM  HEMOCPEICTBEHHO
Ha HEM) TO3BOJISIET M3MEPSTHh OTEPH Ha PaclpocTpa-
HEHHE C 33JaHHOI TOYHOCTHIO, B TOM YHCIIE C YUETOM
¢ dekra MHOTOJYYEBOCTH U MYJIBTUILUIMKATUBHBIX
(peBepOepannonHbix) moMex. Ha ocHoBe anammza
MPUHATOTO PETPAHCIATOPOM IPSIMOIO CHUTHANA, CUU-
Tasg CHTHAJI DPETPAHCIATOPA ATAJOHHBIM, BO3MOXHO
MIPOBOJIUTH OIIEHKY U3MEHUMBOCTHU CPENbl 1 TOUHOCTH
M3MEpEeHHs ypOBHEW paccesHus, Hampumep, MOBEpX-
HOCTHOW peBepOeparuu [14].

O4eBHHO, YTO B yCTPOWCTBE, BHIMOIHSIIOMIEM O
HOBPEMEHHO Iepe/lady W NMpPHEeM CHUTHAJIOB, HE00XO-
JUMO UCKIIIOYaTh caMoB030yxaeHue. Jns obecrneue-
HUSl YCTOMYUBOTO PEXHMMa KIACCHYECKHA peTpaHCIs-
TOp MOBTOPSET NPHUILEALINH CHTHAJI C HEOOJBIION
3aJIeP)KKOM, P ATOM OTMpeAemss Mo 3apaHee ycra-
HOBJICHHOMY TIOPOTY MOMEHT BpPEMEHHM, HauuHas
C KOTOPOTO HAYMHAETCS 3alKCh MOCTYMAIOIIETO CHUT-
Hama B Oydep U 3amyckaercss OTCUeT Ha U3JIydYCeHHE.
Bo BpeMst paboTBI TaKOTO pETpaHCIATOPa B PEKHME
M3Iy4YeHUs IPHEM CHUTHAJIOB MTPHOCTAHABIIUBACTCS.

Crenyer OTMETHTD, YTO AJISl MMIYJIHCOB OOJBILION
JUTATETPHOCTH WIJIM HETIPEPHIBHBIX CHUTHAIOB HX IEpe-
Jlaga peTpaHCIATOPOM Ha YaCTOTE NPUHSTOrO CUTHAIA
C 3a/IepPKKOW MPAKTHUECKH HCKJIIOYEHa, T.K. IpUOOp
HE CMOXKET HadaTh M3Ty4YCHHE 0 OKOHYAHHS MCXOJI-
HOM MOCBUIKK. TeM HEe MEHEE HMCIOJIb30BAHUE TaKHX
CUTHAJIOB HE SBIsIeTCs dk30THKOM. Tak, B padote [15]
Mpe/UIoKEeHa METOJIMKa U3MEpPEHHs] CEeUeHUsl pacces-
HUS CIIOKHBIX TEJ IO/ BOAOH B PeKUME HETIPEPhIBHO-
ro manyueHus. B paborax [16, 17] nns AMarHOCTUKH
MMOBEPXHOCTHOTO BOJHEHHS M TOABOIHBIX TEUYECHUH
MPUMEHSIOTCS. HU3KOYaCTOTHBIE TOHAIBHBIE WMITYIIb-
CBI JUTUTEJIBHOCTBIO OT 2 110 & C.

PemenneM, KoTOpoe TMO3BONISET MPHUMEHSTH
PETPAHCIATOPH! B CIIEHAPHSIX, CBA3AHHBIX C KBa3HUHe-
MIPEPBIBHBIM H3IYYCHUEM, SIBISIETCA TEpEeHu3ITydeHne
CUTHaJa CO CJIBUTOM 4acTOThl. B Takom ciydae ogHO-
BPEMEHHO C IPHEMOM OCYIIECTBIISIETCS HM3Iy4YEeHHE
B COCEIHEM YacCTOTHOM JHara3oHe OTHOCHUTEIHHO
MOJIOCHI TPUHUMAEeMOIo CHUTHaja, 4YTO I03BOJIIET
0o0ecneunTs HENpPephIBHBIA pekuM padoThl. YacToT-
HBIE TOJIOCHI TpHEMa W TMepeAadyd JOJDKHBI OBITh
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pasHeceHbl, 4TOOBl M3IYYalOIIUH TpPaKT HE BIHSI
Ha MPHEMHBIH, HO MPU 3TOM HAXOAMJICS JAOCTAaTOYHO
05u3K0, 4TOOB! (hU3MYECKHE MPOLIECCHl paclpocTpa-
HEHHsI 3ByKa B ITUX JHMANa3oHaX MOXHO OBLIO CUH-
TaTh UJICHTHIHBIMHU.

PETPAHCJIATOP C BPEMEHHOM 3AIEP)KKOM

Krnaccuueckue peTpaHCIATOpbI, HCHOIb3YOIINE
BPEMEHHYIO 3aJIepXKKy, XOpomio paboTaloT MpH 30H-
JIUPOBAHUM KOPOTKUMHU HMIyJbcaMu. PeTpancustop
C BPEMEHHOH 3a/Iep KKO¥ TIpeIHa3HauCH IS peTpaHC-
JSIUUW CUTHAJIOB, MPUXOASIIUX OT BHEIIHUX CHCTEM.
Ha puc. 1, a, npencrasneHa ocruuiorpamMmma THIPO-
aKyCTHYECKOTO CHUTHAJIA, PETUCTPUPYEMOTO TPHEMHBIM
3JIEMEHTOM TaKOTO PETPAHCIIATOPA, BKIFOUAIOIIAst TaKeT
W3 TPeX MMITYJIbCOB [UTUTEINBHOCTRIO 110 3 MC € TIEpHO-
JoM 600 Mc M Tpex Nepeu3IydeHHbIX HMIIYJIbCOB
¢ 3amepxkor 250 Mc s Kakzmoro, a Ha puc. 1, 6, —
COHOTpaMMa MPUHUMAEMOTO U PETPAHCIUPYEMOTO
HMITYJIBCOB.

Hcnonp3yemblii B dKCIIEpUMEHTaxX MPHOOp HMeeT
HECKOJIbKO PEXHMOB PabOTHI: MasK, MasK-OTBETUHK,
peTpaHciIiATOp ¢ BpeMeHHOM 3amepkkoil. Yacrora
nuckperusanuu BxoaHoro AIIIl perpancnsropa co-
craBiusier 24414 I'n. YnopaBineHue OCYILIECTBISIETCS
¢ HoyrOyka nmo LAN-kabento ¢ HCIONB30BaHUEM
npotokoia Ethernet yepes BHemHee ycTaHOBIEHHOE

a
3anpoc 1.3
OTser
: 4 1.35
0.5 1.4

4o

-0.5 1.5

J. A. KOCTEEB, A. K. BPUTEHKOB, H. E. 3EMHIOKOB u ap.

nporpaMmHoe obecrieueHne. @opmMupoBanue U obpa-
6OTKa TUAPOAKYCTUYCCKUX CUTHAJIOB BBIITOJJIHAIOTCA
BO BHYTPEHHEM amlapaTHOM OJIOKE peTpaHciiTopa,
a oOpaboTka pgaHHBIX, (OPMHUPOBAHHE CHIHAJIOB
1 (QYHKIIUN YTIpaBJIEHUS TPOU3BOASTCSA MPH TOMOIIN
moxayist NUCLEO-H743Z1.

PETPAHCJIATOP C YACTOTHBIM CMEIIEHUEM

Jia ipoBeZieHHs OTIMCaHHBIX BO BBEIIEHUH JKCIIE-
PUMEHTOB C HETIPEPHIBHBIMU CUTHAJIaMH Ha 0asze cur-
HajgpHOTO Tpormeccopa ADAU1701  paspaboran
pPETPaHCIATOP C YacTOTHON mnepecTpoikoil. CTpyk-
TypHasi cxema ajropuTMa, peaJu30BaHHOTO B CHUT-
HaJIBHOM IIPOLIECCOpE, NMPENCTaBICHA Ha pUC. 2.

[Mpunumaemplii THAPOYOHOM CHUTHAN IOCTE TreTe-
POOVHUPOBAHUS M NPOXOXKACHUS MOJIOCOBOTO (DUIIBT-
pa B mojoce fo £ Af mocrynaer Ha OJIOK OBICTPOTO
npeobpazoBanust Pypee (BIID), mocme wero ero
CHEKTp CIBUTaeTci Ha BenuuuHy Df U ¢ 3aJaHHBIM
kod(ummenrom k mpeodpazoBanmst emxwami AL
B enuHuIpl [{AIl nepenaercs Ha U3NTydaroLUil TPAKT.
Taxol peTpaHcisTOp OBUT HACTPOCH Ha PadOTy B ABYX
qacTOTHRIX auanasoHax: 1800 m 2000 +£25 T'im s
npuauMaemoro u 1600 u 2200 £25 I'm nns uzmydae-
MOTO CHTHaJIOB COOTBeTCTBeHHO. IIpnbop paboraer
B HENPEPBIBHOM pEXHME, T.€. MEPEenu3ydyaeT CUrHal
000N aMITTUTYABl B BEIOPAHHOM JHara3oHe ¢ Mpo-
MOPLHMOHAIBHBIM ycHiIeHHEeM (0cablieHneM) Mo MOLI-

HOCTH.

1-20

4 , X ! 1.55 -25
1.5 2 25 3
Bpewms, ¢
1.6 -30
1000 1500 2000 2500 3000
YacroTa, 'y

Puc. 1. OcuwmorpaMMa CHUT'HAJIOB, PCTUCTPUPYCMBIX IMPUEMHBIM 3JIEMCHTOM PETPAHCIIATOpPA, (a) U CcoHOrpamMma

MPUHUMACMOTO M PETPAHCIHPYEMOTO UMITYJILCOB (0)

HAVYYHOE ITPUBOPOCTPOEHMUE, 2024, Tom 34, Ne 3



IMPUMEHEHUWE ITPMBOPOB JUUIA PETPAHCIIIINNU CUTHAJIOB

% Re

Beixox ma LHAII

57

Bxon ¢ ALII
O OHY
Tetepoaun gt Af
Jo
TetepoauH g2npre
Df

Puc. 2. CTpykTypHas cxema alropuTMa paboThl peTpaHCIsITOpa

K HemocTatkaMm Takoro ycTpoHCTBa MOKHO OTHE-
CTH KIUNIUPOBaHKUE NPH TOCTYIUIEHHH ¢ TUApodoHa
CUTHAJa C aMIUIUTYJOMH, MPEBBIIAONEN! MaKCUMallb-
HO JOTTyCTUMBIH BXoHOH ypoBeHb ALIII.

CxeMa dKCIIepuMeHTa pa3paboTaHa ¢ YIETOM BO3-
MOKHOCTU TIPUMEHEHUSI PETPAHCIATOpa TaKOro TUIA
Ha JBIKYIIUXCSA OOBEKTaX M pa3MepoB aKyCTHIECKO-
ro Oacceitra 3 x 4 X 3 M ¢ 3ariylIeHHBIMU CTEHKaMHU
(puc. 3).

Ha ynanenuu ot crenku Oaccelina u riryoune 1 M
pa3Mmernanach Inpuemo-nepeparomas cucrema [l
(ITpunoxxenue, puc. 11, a), Ha MPOTUBOIIOIOKHON CTEH-
K€ y MOBEPXHOCTH BOABI — LU(PPOBOH KOHTPOJIBbHBIN
ruapodon I' (puc. 3). Perpancnsatop P (Ilpunoxenue,
puc. I, 6) ycranaBnuBaics Ha HIDKHEH OKOHEUHOCTH
HITaHTH C HIAPHUPHO 3aKPETUIEHHBIM BEPXHHUM KOH-

I'my6una, m

-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1

T'opuzoHTanbHOE NONTOXKEHNE, M

Puc. 3. Bux cOoKy cXeMbl pacIioyIoKEeHUs] PETPAHCISATO-
pa ¥ KOHTPOJBHON ammaparypsl B THIPOaKyCTHYECKOM
Oacceiine.

P — mnorpyxHoii mMonynb perpaHcisaTopa; IT — KOH-
TpOdbHEIA THApodoH; [l — KOHTpOIBHAS TPHEMO-
Nepearomasl CUCTEMA: M3JTydarenb, THAPO(OH, KOMMY-
TATOP M anmapaTypHbIi OJI0K
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oM. PerpaHcnsaTop, Kak MAasSTHUK, IepeMernancs
Mo Jyre OKPY)XHOCTH C pajuycoM 3 M, Haxo[IsCh
B CTapTOBOM IMIOJIOKEHHH PSIOM ¢ ruapodoHom I
(ITpunoxenue, puc. I1, B).

Bo Bpems mpoBeneHHs OSKCIEpUMEHTa MPHUEMO-
nepejaromas cucreMa M3lyvyala HENpephIBHBIN TO-
HaJNBHBIA curHaN Ha 9actoTe 2.0 k['1, mpuHUMaeMbIit
PETPAHCIATOPOM C IEPEHU3IIyUYCHHEM €ro Ha 4acToTe
2.2 x['n. [Tpu nomomm nudpoBoro rugpodoHa CUTHAT
(buKCUpOBaCS PETUCTPATOPOM NPHEMO-TIEpeAaroIeh
CUCTEeMBbI. AHaJIOTHYHAs MPOLEAYypa MPOBOAUIIACH IS
curHaga Ha dactote 1.8 kI'm c mepemsmydenunem
Ha yactote 1.6 x['1. B xaduecTBe nzmyuarens perpanc-
JATOpa HWCIOJB30BAJICS KOMITAKTHBIM HHU3KOYaCTOT-
HBI T'HIPOAKyCTHYECKMH M3Jy4arenb MpPOJOJbHO-
M3rUOHOTO THIA CO CJIOKHOW (POpMOM u3Iydaroiien
obomoukn 3D HUMU [18], 3akperieHHbI B 3i1acTHY-
HOM TI0J[BECE Ha TOJIMIPONUICHOBOM (epme. YacTora
ocHOBHOro pe3oHanca Takoro 3D HUM cocraBmser
npuMepHo 1.7 k'l pu OTHOCHUTENBHOHN MIMPHHE pa-
60ueit momock! gacToT 15%.

OcruuiorpaMMBbl CUTHAJIOB, MPUHATHIX B Touke I’
KOHTPOJIBHBIM THAPOGOHOM, JUIS O0CHX 4acTOT Mpel-
CTaBJICHBI HA pHC. 4, a, U 4, B, a CIEKTPhI 3TUX CUTHa-
JIOB, HOPMHPOBAHHBIC O YPOBHIO BO30YKIAIOIIETO
curHaia, — Ha puc. 4,0, u 4, 1.

B wacrotHom amanazone 1.6 xI'nm perpancistop
MpUHUMAI CUTHAITBI Ha 9actoTe 1.8 kI’ ¢ mepeHocom
CHEKTpa BHU3 U NepeusnydeHrneM Ha yactore 1.6 kI,
a B nuamnasone 2.2 k[l mpuHAThIE CUTHAIBI HA 9acTO-
Te 2.0 xI'y nepeHocunuch Mo CHeKTPy BBEPX U Mepe-
U3Iy4YeHHe ocymecTBusanoch Ha yactore 2.2 kI'u. Co-
HOI'paMMBbI HNPUHSTHIX CUTHAJIOB CO CMEIIEHHEM Yac-
totel (f £ Df, rae Df cocraBnsna 0.2 k') B Toukax I
u IT npuBeneHs! Ha puc. 5.

YepHbIM IMYHKTHPOM Ha rpadukax IokazaHa 4dac-
TOTa C Y4E€TOM JOIJICPOBCKOTO CMEIIEHUS, OMpeie-
JICHHasl 10 MakKCHUMyMYy IOJY4YE€HHOH CIEKTpajIbHOM
IJIOTHOCTH MOIIHOCTH, OeI0oH JIMHHEH — YacTOTHOE
CMEIIEHNE B NPEAINOI0KECHUH MPSIMOJIMHEHHOTO IBH-
skeHusl. ['Opu30HTaNbHBIC JIMHUM Ha puc. 5,0, u 5, T,
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Puc. 4. OCHI/IJ'[J'[OFpaMMI)I CUT'HAJIOB, IPUHATBIX KOHTPOJIbHBIM FI/I)IpOd)OHOM, B HaCTOTHBLIX JAHalia3doHax
1.6 x['m (a) u 2.2 x['m (B) M uX HOPpMHPOBaHHBIE CHEKTPHI It auamazoHoB 1.6 k[ (6) m 2.2 kI’ (1).
Hudpamu Ha ciekTpax (B) u (T) 0003HaYeHBI: 1 — cHUTHAN BO30YKIEHHS, 2 — CHTHAJ pEeTPAHCIATOpa

a YacTtoTHbll auamna3oH 1.6 kI'1g 0

Puc. 5. CoHorpammbl nepeusinyuae-
MBIX  PETPaHCIATOPOM  CHUTHAJIOB
20 Ha CMeIIeHHOU vactore [ — Df s

yacTOTHOro mmamaszona 1.6 kI
<0 B Toukax I' (a) m I (6) m HA cMme-
IIeHHOH YacTote f + Df mis 4acToT-

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 -2 -1.5 -1 -0.5 ) 07 0.5 1 15 2 HOI'0 AMana3oHa 2_2 KFH B TOUYKaX F
Yactora, Tt Yacrora, ' (B) ull (F)

B YacToTHEI quamna3oH 2.2 kI T

2 45 1 05 0 05 | 15 2 2 45 4 05 0 05 1 15 2
Yacrora, I'n Yacrora, '
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0003HAYaIOT METKH, COOTBETCTBYIOIIHE HAYaIly ¥ KOH-
Iy JBWXKEHHSA peTpaHcisaTopa. JlomaHbIM Xapaktep
MyHKTUPHBIX KPHUBBIX OOBICHAETCS KPHUBOJIWHEHHBIM
XapaKTepOM JIBIDKEHHSI PETPAHCIATOPa, a MPEepPHIBH-
CTOCTb CHEKTpPa MEPEU3TyYEHHOTO0 CUIHajla — BBICO-
KOH 4yBCTBUTEIHHOCTHIO THAPO(OHA pETpaHCIATOPA,
MEPEXO/AIIEr0 B PEXKUM NEPErpy3KH H3-3a TUAPOAH-
HaMHYECKOTO IIyMa IpH JBHKECHUU.

METPOJIOTUYECKHUE ACITEKTBI
INPUMEHEHUSA PETPAHCJIAATOPA

[Tockosbky Kaxnplidi U3 pa3paboTaHHBIX TPUOOPOB
(BBITIONMHSIONINA BpPEMEHHYIO 3alepXKy M peain-
3YIOIIMI YaCTOTHBIN CABHT) COACPXKUT JBa DIIEKTPO-
aKyCTUYECKUX TMpeoOpa3oBaTeNsi W JBa TpakTa —
BXOJHOW ¥ BBIXOJHOM, nepes IMpoBeleHHEM
M3MEpEeHUH HeoOXoAmMa KaauOpOBKa  CHCTEMBL.
['maBHOU BENMMUWHOM, KOTOpast XapakTepu3yeT padoTy
peTpaHciaTopa, SBIAETCS KOIPPHULIMEHT YCHIICHUS
(KVY), BeIpaskaeMbIii 4epe3 COOTHOIIEHNE

_P
Ky=~—, (1)

D
rae p; — aMIUIUTyJa aKyCTHUYCCKOI'O HaBJICHUA IIPpU-
HIGI[HICf?I BOJIHBI, p2 — aMHHI/ITyHa aKyCTI/IquKOFO

JTaBJICHUS M3Iy4EHHOH BOJIHBI, IPUBEIEHHOTO K 1 M.
Tpebyemoe 3Hauenne KY gocturaercs: peryinpoBKOM
B aHAJIOTOBOI YacTH CXeMbI (BO BXOJHOM MpeaBapHh-
TEJILHOM yCHJIMTENIE THAPO(QOHA W YCHIHUTEIE MOIL-
HOCTH CHCTEMBI BO3OYKICHHS W3IIydaTels), a TaKkkKe
3aJaHHEM YHUCIIOBOTO MapaMeTpa, KOTOPBIH CBA3BIBACT
equaniel ALl ¢ emuammamu IJAIT B mporpamme
cuTHajbpHOTO Tporeccopa. Kamnbposka KY perpanc-
JATOpa BBINOJHAETCA C MOMOIIBIO TEXHOJIOTHYECKON
YCTaHOBKH, CXeéMa KOTOPO IpHBeieHa Ha pHcC. 6.
Cxema BKJIIOUAeT 3ajarouiuil namyuarens U,, kon-
TpOJbHBIN THIAPOGOH [y W YacTH HCHBITYEMOTO
perpaHciaropa: usnyuarens W, u rugpodon I',. Bee
MOTPYKHBIE YacTH PACIMOJIOKEHBI B BEpIIMHAX KBaJ-
pata co CTOpOHOH 1 M, y4duThIBas, 4TO KanuOpOBKa

DNeKTPOHHBIN OJIOK
[}
perpaHcAaTopa v

MPOBOJUTCS B aKyCTHYECKOM OacceiiHe MM JlocTa-
TOYHO TIIyOOKOM Bojpoeme. Bo Bpemsi KaimOpOBKH
3aaloMid U3JTy4aTellb TeHEpUPYeT CHI'HAJIBI B pabo-
4yeM Juana3oHe 4acToT. Ecim kammOpyercs: peTpaHc-
JISATOP C BPEMEHHOU 3aJIeP>KKOM, TO UMITYJIbCHI JOIK-
HBI OBITH HUTENbHOCTHIO MeHee 0.5 Mc. Bo Bpems
KaTMOPOBKH PETPAHCIATOPA C YACTOTHBIM CIBUTOM
BO3MOYHO MMPUMEHEHUE HETPEPHIBHBIX CHHYCOUIAb-
HBIX CHTHAJIOB. BBHIly paBHBIX pacCTOSHHIA B TIpH-
OJIMKEHUHU CBOOOJHOTO TPOCTPAHCTBA MOXKHO CUH-
TaTh, YTO aMIUIUTYyAa u3lydaemoro W, curHama p;,
OpuUHUMaeMoro rujapodoHom I, paBHa aMIUIUTYyxe
CUTHaja p;’, TOCTYMAIOIETO OT TOTO K€ MCTOYHHKA
Ha ruapodon [, Torga ¢ MOMOIIBID HMEIOIIMXCS
CPEICTB PETYIMPOBKH aMIUIUTYJa HM3Iy4aeMOTO
PETPAHCIATOPOM CUTHANIa B TOuke [y ycTaHaBiuBaeT-
Csl Ha ypOBHE

p,=KY"-p|, 2

rae KY' — TpeGyemblii Ko3(QHUIHEHT YCUTCHHS.

B nmanHO# cxeme p;’ M p; H3MEPAIOTCS OJHUM
U TEM XK€ KOHTPOJBHBIM T'HIPOPOHOM M3 TEXHOJOTH-
4eCKOH yCTaHOBKHM. [TOCKOJBKY NpH TakoM MeToje
u3MepeHuid Ui rupodoHa (BMecTe ¢ TPaKTOM YCH-
JICHUSI W CPEJICTBOM HHJMKAIMH) JIOCTATOYHO BO3-
MOYKHOCTH HM3MEPEHUs] OTHOCUTEIBHBIX BEIWYHMH, TO
K HEMY HE MPEIbsBISIFOTCS TPeOOBAHUS MOBEPKU WITH
9TajoHa AaBJEHUS. DTO 3HAUYMTEIHHO YNPOLIAET MET-
postoruueckoe odecreueHne paboT ¢ peTPaHCIATOPOM
B II€JIOM ¥ €0 KaJInOpPOBKY B YaCTHOCTH.

OBCY)XKJIEHHME PE3YJIBTATOB

OKCHEpUMEHT TMOKa3aJl, 4YTO pa3pabOTaHHBIN
PETPaHCIATOP JEHCTBUTEIBHO MOXKET pabdoTaTh B He-
NPEPBIBHOM DPEXHME U OTpadaThiBaTh MOIYJISLUIO
CHT'HaJIa TIOJICBETKH B pEalbHOM BpeMeHH. Bo-BTo-
PBIX, TAaKOH pETPaHCIATOp O0ECIeUYnBAET UMHTALMIO
CUTHaJIa, KOTOPBIH MOT OBl OTpaXKaThbCsi OT KPYITHOTO
JBIDKYILIETocs 00bEKTa.

: JSPLLIN
P
Puc. 6. Cxema kaauOpOBKY pETPaHCIATOpA
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Yacrora [omnepa oTpaKE€HHOTO CUTHajla 3aBUCHUT
KaK OT IPOEKLMH CKOPOCTH Ha HallpaBieHUE Najaro-
el BOJIHBI, TaK M OT MPOEKIUU Ha HaNpaBlIeHHE OT-
pakeHHOW BoJIHBL. [Iprem ocyllecTBiISIETCS BO MHO-
JKECTBE TOYEK, M KaXkJas U3 HUX XapaKTepu3yercs
CBOMM HAaIlpaBJIEHUE PaCCEIHHUs U CBOEM YacTOTOMN
Homnnepa mnpunsToro curHana. IlogBwkHBIM Mask-
OTBETYMK MOT OBl MMHUTHPOBATH IONPAaBKy 3a CUET
saddexra [omnepa mist oOpaTHOTO paccesHusi, HO He
HEJNIUKOM ISl TPEXMEpPHOro ciydas, Kak B clydae
ONHMCAaHHBIX SKcnepuMeHToB. CpaBHHUBas puc. 5, a,
¢ puc. 5, 0 (a Takke puc. 5, B, C puc. 5, r'), MOXKHO
yoemuthes, 9To B Toukax [ m Il gacToTrHas mMomys-
U PETPAHCIMPOBAHHOTO CHUTHAJIA pa3jindaeTrcs.
B cootBercTBHME C BBIOpaHHOW TakMM 00pa3oM reo-
MeTpuel skcriepuMeHTa, B Touke I (pme. 3, a) Ha-
oimosaeTest BeizBaHHOE 3 dexrom [lormnepa aBoitHOE
CMEIIIeHNE YacTOThl, yObIBas B TOUKe |’ mpakTHyecKu
no Hyns. IlomyuyenHsle 3HadeHHsa yacToThl Jlomuepa
C YYETOM KPHUBOJHMHEMHOCTH JABUKEHHUS U allliapaTHOM
TOYHOCTH MOBTOPSIOT pacueTHBIE.

3AKJIIOYEHUE

[Ipencrarnennast B paboTe METOAMKA TTPUMECHCHISI
THIPOAKYCTHUECKUX PETPAHCIATOPOB B  HAYYHBIX
9KCIEPUMEHTaX MOJXKET HCIIONb30BaThCA B 3aJadax
W3YYEHHs CJIOEB paccesiHus 3ByKa B okeaHe. Paccmar-
pUBaeMbI TPUHIMI TOCTPOCHHUS PETPAHCISATOPOB
CHTHaJa TIO3BOJISIET N30eKaTh HEXEJIaTeIbHON 00pat-
HOW CBsI3H, 00ECIICUnBasi YCTOMYUBOCTh TaKOW CHCTE-
MBI TIEPEHOCOM CIIEKTpa JJIsl Teper3IydaeMoro CHr-
Haja Ha Jpyroil yacrtore. IlpennoskeHHBI MeTOn
C MEepecTpauBacMOM 4acTOTOM IO3BOJISIET HCIIOJIB30-
BaTh CUTHAJBI Pa3IUYHON (QOpPMBI, B TOM 4YHCIE HE-
MIPEPBIBHBIE, YTO C YCIIEXOM MOXET IMPUMEHITHCS A
aKyCTHYECKOW TUArHOCTUKH PAa3HOMACIITAOHBIX TIPH-
POJHBIX aHOMAIUNA B MOPCKOM Cpelie, TAaKHX KakK Iy-
3BIPHKOBBIE CTPYH, ME30MacIITaOHBIE HEOTHOPOTHO-
CTH TEYCHHS W BOJHCHHS. B paMkax pa3BuTHs OINH-
CaHHOW METOJIMKH BO3MOKHO pacIIMpeHHe Juara3oHa
CKOPOCTEH JBWXEHHS OOBEKTa C YCTAaHOBIECHHBIM
PETPAHCIATOPOM TPU HCIHOIB30BAHUHM METOJOB IIO-
JTABJICHUS TUAPOJNHAMHYECKHAX NOMEX Ha NPUEMHOM
JJIEMEHTE.

NPUJIOKEHHUE

W

Kommymamop *

Puc. II. AnmmapaTypa SKCIepuMeHTa.
a — KOHTpPOJIbHas TIPHEMO-TIepe-
Jafolias CUCTEMa: W3ITydaTelib, T'HA-
pohoH, KOMMYTaTOp | armapaTypHbId
6nok (IT Ha puc. 3); 6 — morpy>xHo¥#
MOJZyJb peTpaHcisTopa P; B — KoH-
TpOJIBHBIHA TUApOodoH I’
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dosamemo  P.B. Tpasuny.  Asmopvl  npusnamenvhsi
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APPLICATION OF DEVICES FOR RELAYING SIGNALS
DURING HYDROACOUSTIC MEASUREMENTS
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The use of repeaters in hydroacoustic experiments makes it possible to increase the accuracy of measured pa-
rameters such as the speed of an object, its scattering force, and propagation losses. The paper discusses the use
of a frequency-shifted repeater when emitting hydroacoustic signals in continuous and pulsed modes. A tech-
nique has been tested for determining the speed of a moving object using a repeater based on
a compact 3D LF — a low-frequency hydroacoustic transducer of the longitudinal-bending type with a complex
shape of the radiating shell. It is shown that the proposed technique provides modulation of the backlight signal
in real time as well as simulation of signals reflected by large moving objects. The results of the experiments are
consistent with preliminary calculations and confirm, within the framework of the proposed methodology, the
possibility of using signals (including continuous signals) of various shapes for the acoustic diagnosis of anoma-
lies in the marine environment.

Keywords: hydroacoustics, signal relay, hydroacoustic emitter, scattering force, Doppler effect, piezoelectric transducer,
acoustic power
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INTRODUCTION

The development of the oceans is one of the most
important areas of human development. For the Rus-
sian Federation, development of the seas and oceans
is mainly associated with the expansion of the areas
of use in the northern regions, including the Arctic
Ocean [1]. Taking into account the difficult ice situa-
tion, the increase in transportation along the North-
ern Sea Route, the intensification of mining, and the
development of other resources on the Arctic shelf
[2], the use of unmanned underwater vehicles is
a promising way to carry out many operations in this
region.

Sonar is practically the only reliable way to navi-
gate underwater and remotely survey the seabed. In
this regard, hydroacoustic stations of one purpose or
another are present in the equipment of both un-
manned and inhabited underwater vehicles, as well
as research vessels. Carrying out research on the
propagation and scattering of sound in the marine
environment plays an important role in world
science as a whole [3, 4].

Measurements of the following values are most
often required in marine sonar surveys:

— signal attenuation when passing from point A to
point B;

— cross-section of the dispersion of a secluded ob-
ject;

— specific value of the cross-section for a cluster
of diffusers.

Improving the accuracy of such measurements
significantly affects the final result. When conduct-
ing full-scale hydroacoustic studies, in contrast to
laboratory experiments, the assessment of error is
a separate task. For example, due to the weak non-
stationary inhomogeneities of the medium, a signifi-
cant correction of the measured scattering level is
possible when sound propagates over long distances.
As a rule, any natural water area contains significant
anomalies, stratification by depth and multi-scale
heterogeneities. This means that in order to control
the conditions of the experiment in the area under
study (for example, in the region of a bubble cloud),
it is necessary to have an object with known and ra-
ther high reflective properties. In the case of the
movement of the object under study, for example,
under the influence of wind or current, it is desirable
that the reference object moves along with it. Syn-
chronous movement of the reference object together
with the subject allows for more accurate orientation
of the receiving system along the angle and possibly
delay, as well as the calibration of the echo signal
level.

A repeater or transponder beacon can be used as
a reference object. The specific experimental condi-
tions in which the scattering of continuous and qua-

si-continuous signals is investigated do not allow the
effective use of standard types of transponders, and
therefore a new type of repeater has been developed
to perform a frequency shift of the signal. This ar-
ticle describes a laboratory experiment conducted
with a frequency shift repeater, and also describes
a method for estimating the error of parameters of
a moving target using such a repeater.

USE OF TRANSPONDER BEACONS
IN HYDROACOUSTIC STUDIES

Mechanical solutions similar to angle reflectors
used in radar are irrational (and sometimes impossi-
ble) to use in low-frequency sonar. The dimensions
of the effectively reflecting acoustic analogue of the
angle reflector for the frequency range of 1-2 kHz,
due to the required wave size, create significant dif-
ficulties in design and, more importantly, have
a small range. For the purpose of compact design, it
is most expedient to use electronic devices contain-
ing receiving and transmitting acoustic paths.

One of the ways to improve the accuracy of mea-
surements, as well as to assess errors, is through the
use of repeaters. A sonar repeater is a device that,
after recording an acoustic signal, either repeats it
without changing the main characteristics, or emits it
with some predetermined correction. In the simplest
case, the device transmits a sound signal of a set type
in response to an incoming pulse of another set type
and is called a transponder-beacon. Transponder
beacons are used for navigation of underwater ve-
hicles [5] or for marking underwater equipment to
facilitate search operations in the event of loss or
accident [6]. More complex systems are actively
used in the creation of communication and control
lines [7, 8], as well as target simulators in the study
of the effectiveness of sonars [9, 10]. Modern repea-
ters equipped with digital signal processors, can not
only re-emit a received signal but also analyze its
parameters, record data, transmit a signal with a se-
lected time delay and a predetermined frequency
offset.

Devices of this type traditionally have conflicting
requirements for increasing the battery life and in-
creasing the acoustic power of the emitted signals.
To meet such requirements, the device must include
an emitter with high sensitivity and efficiency [11,
12] together with an energy-efficient excitation path.
As a rule, the main problem in the development of
such a transponder beacon is the creation of compact
low-frequency hydroacoustic emitters (LFI) of high
specific power [13].

When conducting scientific research, the trans-
ponder has slightly different requirements, since the
main task of the device is to accurately reproduce the
form of the received signal while providing a prede-
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termined amplitude gain. Placement of such a sys-
tem near the object of study (or directly on it) allows
you to measure propagation losses with a given ac-
curacy, including taking into account the effect of
multipath and multiplicative (reverberation) interfe-
rence. Based on the analysis of the direct signal re-
ceived by the repeater, considering the repeater sig-
nal as a reference, it is possible to assess the variabil-
ity of the medium and the accuracy of measuring
scattering levels, for example, surface reverberation
[14].

Obviously, in a device that simultaneously trans-
mits and receives signals, it is necessary to exclude
self-excitation. To ensure a stable mode, the classic
repeater repeats the incoming signal with
a slight delay, while determining the moment of time
(using a predetermined threshold), starting from
which the recording of the incoming signal into the
buffer begins and the emission count starts. While
such a repeater is operating in emission mode, signal
reception is suspended.

It should be noted that for pulses of long duration
or continuous signals, their transmission by the re-
peater at the frequency of the received signal with
a delay is practically excluded, since the device is
not able to start radiation until the end of the initial
transmission. However, the use of such signals is not
exotic. Thus, the paper [15] proposes a technique for
measuring the scattering cross section of complex
bodies under water in the continuous radiation mode.
In the works [16, 17], low-frequency tone pulses
with a duration of 2 to 8 s are used to diagnose sur-
face waves and underwater currents.

A solution that allows the use of repeaters in qua-
si-continuous radiation scenarios is a re-emission of
the frequency-shifted signal. In this case, radiation is
carried out simultaneously with reception in the ad-
jacent frequency range relative to the band of the
received signal, which allows for continuous opera-
tion. The receiving and transmitting frequency bands
must be sufficiently separated so that the transmit-
ting path does not affect the receiving path, but at the
same time, they must be close enough so that the
physical processes of sound propagation in these
ranges can be considered identical.

TIME DELAY REPEATER

Classical repeaters using time delay work well
when probing with short pulses. A time-delay repea-
ter is designed to relay signals coming from external
systems. Fig. 1, a, shows the oscillogram of the hy-
droacoustic signal recorded by the receiving element
of a repeater, including a packet of three pulses with
a duration of 3 ms with a period of 600 ms and three
re-emitted pulses with a delay of 250 ms for each.

Fig. 1, 6, shows a sonogram of the received and re-
emitted pulses.

Fig. 1. Oscillogram of signals recorded by the re-
ceiving element of the repeater (a) and sonogram of
received and retransmitted pulses (0)

The device used in the experiments has several
operating modes: a beacon, a transponder beacon,
a time-delay repeater. The sampling frequency of the
input ADC repeater is 24414 Hz. The device is ma-
naged from the laptop via a LAN cable using the
Ethernet protocol and externally installed software.
The generation and processing of hydroacoustic sig-
nals are performed in the internal repeater hardware
unit. Data processing, signal generation and control
are performed using the NUCLEO-H743ZI module.

FREQUENCY SHIFT REPEATER

A frequency tuning repeater was created in order
to conduct the continuous signal experiments out-
lined in the introduction using a signal processor
ADAUI1701. A block diagram of the algorithm im-
plemented in the signal processor is shown in Fig. 2.

Fig. 2. Block diagram of the repeater operation algo-
rithm

The signal received by the hydrophone after hete-
rodyning and passing through the bandpass filter in
the fo + Af band is supplied to the fast Fourier trans-
form (FFT) unit, after which its spectrum is shifted
by Df and, with a given conversion factor £ of ADC
units into DAC units, transmitted to the emission
path. Such a repeater was configured to operate in
two frequency ranges: 1800 and 2000 + 25 Hz for
the receiving and 1600 and 2200 + 25 Hz for the
emitting signals, respectively. The device works in
continuous mode, i.e., re-emits a signal of any am-
plitude in the selected range with proportional power
gain (attenuation).

The disadvantages of such a device include clip-
ping when a signal with an amplitude exceeding the
maximum permissible input level of the ADC comes
from the hydrophone.

The design of the experiment was developed tak-
ing into account the possibility of using a repeater of
this type on moving objects and the dimensions of
the acoustic pool 3 x 4 x 3 m with damped walls
(Fig. 3).

The transceiver system IT was located at a dis-
tance from the pool wall and a depth of
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1 m, (Appendix, Fig. I1, a), the digital reference hy-
drophone I was placed at the water surface on the
opposite wall (Fig. 3).

Fig. 3. Side view of repeater and control equipment
location in hydroacoustic pool.

P — repeater submersible module; I' — a reference
hydrophone; IT — control transceiver system: emit-
ter, hydrophone, commutator and hardware unit

Hingedly fixed repeater P (Appendix, Fig. 11, 0)
was installed on the lower end of the rod. The repea-
ter moved like a pendulum along the arc of a circle
with a radius of 3 m, being in the starting position
near the hydrophone I' (Appendix, Fig. I1, B).

During the experiment, the transceiver system
emitted a continuous tone signal at 2.0 kHz, which
was received by the repeater and re-emitted at
2.2 kHz. Using a digital hydrophone, the signal was
recorded by the transceiver system. A similar proce-
dure was carried out for a signal at a frequency of
1.8 kHz with re-emission at 1.6 kHz. A compact
low-frequency hydroacoustic transmitter of the lon-
gitudinal-bending type with a complex shape of the
radiating shell — 3D LFHE [18], fixed in an elastic
suspension on a polypropylene truss, was used as
a repeater emitter. The fundamental resonance fre-
quency of such a 3D LFHE is about 1.7 kHz with
a relative bandwidth of 15%.

The oscillograms of the signals received at point
I by the reference hydrophone are shown in Figs. 4,
a, and 4, B, for both frequencies. The spectra of these
signals, normalized according to the level of the ex-
citation signal, are shown in Figs. 4, 6, and 4, 1.

Fig. 4. Oscillograms of signals received by the refer-
ence hydrophone in the frequency ranges of 1.6 kHz
(a) and 2.2 kHz (B) and their normalized spectra for
the ranges of 1.6 kHz (6) and 2.2 kHz (r). The num-
bers on the spectra (B) and (r) indicate: 1 — excita-
tion signal, 2 — repeater signal

In the frequency range of 1.6 kHz, the repeater
received signals at a frequency of 1.8 kHz with spec-
trum transfer down, and re-emission at a frequency
of 1.6 kHz. In the range of 2.2 kHz, the received sig-
nals at a frequency of 2.0 kHz were transferred up
the spectrum, and re-emission was carried out at a
frequency of 2.2 kHz. Sonograms of received signals
with frequency shift (f £ Df, where Df was 0.2 kHz)
at points I" and IT are shown in Fig. 5.

The black dotted line on the graphs shows the
frequency, taking into account the Doppler shift de-
termined by the maximum of the obtained spectral
power density, the white line shows the frequency

shift under the assumption of rectilinear motion. The
horizontal lines in Figs. 5, 0, and 5, r, indicate the
marks corresponding to the beginning and end of the
repeater movement.

Fig. 5. Sonograms of signals re-emitted by the repea-
ter at a shifted frequency f'— Df for frequency range
1.6 kHz at points I' (a) and IT (0) and at a shifted
frequency f+ Df for the frequency range of 2.2 kHz
at points I' (B) and I (r)

The broken nature of the dashed curves is ex-
plained by the curvilinearity of the movement of the
repeater, and the discontinuity of the spectrum of the
re-emitted signal is explained by the high sensitivity
of the repeater hydrophone, overloaded due to hy-
drodynamic noise during movement.

METROLOGICAL ASPECTS OF REPEATER
APPLICATIONS

Since each of the developed devices (performing
time delay and using frequency shift) contains two
electroacoustic transducers and two paths — input
and output — a system calibration is required before
measurements. The main value that characterizes the
operation of the repeater is the gain (KVY), expressed
in terms of the ratio

Ky=£2, (1)
D

where p, is the amplitude of the acoustic pressure of
the incoming wave, p, is the amplitude of the acous-
tic pressure of the emitted wave reduced to 1 m. The
required KV value is achieved by adjusting the ana-
log part of the circuit (in the input hydrophone
preamplifier and power amplifier of the emitter exci-
tation system), as well as by setting a numerical pa-
rameter that connects the ADC units with the DAC
units in the signal processor program. Calibration of
the repeater KV is performed using the process unit,
the diagram of which is shown in Fig. 6.

Fig. 6. Repeater calibration diagram

The circuit includes master radiator U,, reference
hydrophone I'; and parts of the tested repeater: radia-
tor U, and hydrophone I',. All submerged parts are
located at the tops of a square with a side of 1 m,
taking into account that calibration is carried out in
an acoustic pool or a sufficiently deep reservoir.
During the calibration, the master emitter generates
signals in the operating frequency range. If the time-
delayed repeater is calibrated, the pulses must be less



. A. KOCTEEB, A. K. BPUTEHKOB, H. E. 3EMHIOKOB u np.

than 0.5 ms. Continuous sinusoidal signals may be
used during the calibration of the frequency shifted
repeater. In view of the equal distances in the free
space approximation, it can be considered that the
amplitude of the signal p, emitted by the U, and re-
ceived by the hydrophone I', is equal to the ampli-
tude of the signal p,' coming from the same source
to the hydrophone I'y. Then, using the available
means of adjustment, the amplitude of the signal
emitted by the repeater at the point Iy is set at the
level

p,=KY"-p|, 2)

where KV is the required gain factor.

In this scheme, p," and p, are measured by the
same reference hydrophone in the process unit. Since
this method of measurement provides sufficient abil-
ity to measure relative values for the hydrophone
(together with the amplification path and the display
means), there are no requirements for verification or
pressure standard. This greatly simplifies the metro-
logical support of the repeater operation in general
and its calibration in particular.

DISCUSSION OF RESULTS

The experiment showed that the developed repea-
ter can operate in continuous mode and work out the
modulation of the backlight signal in real time. Se-
condly, such a repeater provides a simulation of
a signal that could be reflected from a large moving
object.

The Doppler frequency of the reflected signal de-
pends both on the velocity projection in the direction
of the incident wave and in the projection on the di-
rection of the reflected wave. Reception is carried
out at a plurality of points, and each of them is cha-
racterized by its scattering direction and the Doppler
frequency of the received signal. A mobile trans-
ponder beacon could simulate correction for back-
scattering due to the Doppler effect, but not entirely

for the three-dimensional event, as in the case of the
experiments described. Comparing Figs. 5, a, with
Fig. 5, 6, (as well as Fig. 5, B, Fig. 5, 1), one can re-
veal that the frequency modulation of the repeated
signal differs at points I and II. According to the
geometry of the experiment, at point IT (Fig. 3, a),
the double frequency shift caused by the Doppler
effect is observed, decreasing at point I' to almost
zero. Obtained Doppler frequency values were re-
peated by calculated ones taking into account motion
curvilinearity and hardware accuracy.

CONCLUSION

The method of using hydroacoustic repeaters in
scientific experiments presented in this work can be
used for studying sound scattering layers in the
ocean. The principle of designing signal repeaters
lets us avoid unwanted feedback and provide stabili-
ty for such a system by transferring the spectrum for
the re-emitted signal at another frequency. The pro-
posed method with tunable frequency makes it poss-
ible to use signals of various shapes, including con-
tinuous ones, which can be successfully used for
acoustic diagnostics of different-scale natural ano-
malies in marine environments, such as bubble jets,
mesoscale inhomogeneities of current and waves. As
part of the development of the described technique,
it is possible to expand the range of speeds of
movement of an object with a repeater installed us-
ing methods of suppressing hydrodynamic interfe-
rence at the receiving element.

APPENDIX

Fig. I1. Experimental equipment.

a — control transceiver system: emitter, hydro-
phone, commutator and hardware unit (I in Fig. 3);
6 — submersible repeater module P; 8 — reference
hydrophone I




