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IpoBeneHo rccienoBaHWe YYBCTBUTENBLHOCTH MHTepdepomeTpa CaHbsiKa MPU pa3IMIHBIX KOOpAUHATAX
aKyCTMYeCcKOro BozaeiicTBus. [ToaydyeHbl M SKCIIEpUMEHTAIBHO MTOATBEPXKASHBI MPUHIUIBI (HOPMUPOBA-
HUSI MEPTBOIT 30HBI B aKyCTUYECKOM pacIipelieIeHHOM BOJJOKOHHO-OINITUYECKOM JTaTYMKe Ha OCHOBE UH-
tepdepomerpa Canbsika. MccienoBaH OTKIMK MHTephEepoMeTpa MpU pa3HbIX TUIIaX aKyCTUUECKOIo BO3-
NeiCTBYS HAa KOHTYpP: B BUIE TIPSIMOYTOJIbHOTO UMITYJIbCa, CUHYCOUIAJIILHOTO M B BUIE MEPUOINUECKOI
TPEeyrojabHOM (MYHKIIMM; M3YYEH XapaKTep U3MEHEHUs pa3HOCTH (a3 Ha Bbeixoae uHTepdepomerpa CaHbsI-
Ka [Uls KaX1oro u3 Hux. I1py HailieHHOM 3HaY€HUU TUIIOBOM 4acToThl f;1; = 10.8 K[l 1 minHe KoHTypa
20 KM mpoBeIeHbl YUCICHHOE MOIEIUPOBAaHUE U IKCIIEPUMEHTATIbHOE HCClieOBaHMe pa3Maxa pa3HOCTH
(a3 mpu aKycTMYeCKOM BO3IEHCTBUHY Yepe3 Kaxkablil 1 kKM retiu B nramnasone oT 0 no 10 kM. IpemtoxkeH
METOJI YCTpaHEHUsI MEPTBOM 30HBI 151 UHTErpaliuu nHTepdepomeTpa CaHbsiKa B COCTaB KOMIUIEKCHOM CH-
CTeMbl MOHUTOPUHTA C MCITOJIb30BaHUEM (ha30uyBCTBUTEIBHOIO ONTUYECKOTO pedieKToMeTpa BpeMeH-

Hoi1 obnacTu.
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1. BBEAEHHUE

Ha cerogusiiiiamii neHb paciipeacaeHHbIe aKyCTH -
YyecKhe BOJOKOHHO-onTuyeckue matdyuku (ABO/I)
IIMPOKO PpacpOCTPaHEHEBI, TAK KaK OHU ITO3BOJISTIOT
pelIaTh 3aga4y yIaJIeHHOIO MOHUTOPMHTA 1 00ecCIIe-
yeHUs1 6e30MacHOCTU TPYOOIIPOBOJOB, XKEIE3HOI0-
POXHBIX yTE, TPaHUL IPEAIPUSTUI U APYTUX IIPO-
TSDKEHHBIX 00BeKTOB [1]. B oTimume OT TOYEYHBIX
JIaTYMKOB pacrpeaesieHHbIE TT03BOJSIIOT U3MEPSITh
MHTEHCUBHOCTb M YAaCTOTY BHEIIHUX aKyCTUYECKUX
BO3IEHCTBUIA HA BOJIOKOHHO-OINITUYECKUI Kabeab Ha
BCEM €TI0 ITPOTSKEHUU U OTIPEESITh MECTOIIOIOKEHNE
WCTOYHUKA 3TUX BO3IEUCTBUIA C BHICOKOM TOYHOCTBIO
[2]. Pactipenenernbsie ABOJI MoXXHO pa3nemTh Ha IBa
OCHOBHBIX BUJIA: TaTYMKN HA OCHOBE peIeKTOMETPOB
U JAaTYMKM Ha OCHOBe uHTepdepomeTpoB (Maxa—
Ilennepa, Maiikenscona u Canbsika). llIupoko mpu-
MEHsIEMbIE Ha CETOIHSILIHUMI JeHb paclpeae/ieHHbIS
ABO]JI Ha ocHOBe (Pa304yBCTBUTEIBHOIO ONTHYE-
ckoro peduekromerpa (@-OTDR) nozsonstioT oT-

1 MexxnyHaponHasi KoHdepeHuus: “OnTtuyeckasi pehJeKTOMeT-
pusi, MeTposiorusi U ceHcopuka 2023”, Poccus, [1epmb, 24—26
mas 2023 r. (International conference “Optical Reflectometry,
Metrology & Sensing 2023”, Russia, Perm, 24—26, May 2023).
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JIeJIbLHO PErucTpUpPOBaTh BO3ACUCTBUS C BBICOKUM
paspemieHreM (oT 10 M) M KOHTPOJIUPOBATH OOBEKTHI
mmHoM 1o 80 KM 0e3 yCuImTeNneld curHajia B JIMHUU
[3]. OmHako 1 TaKoO¥ OJIWHBI TPACCHI U TIPU Jalb-
HelIeM ee YBeJIUUCeHUH, YTO 3a4acTylo TpedyeTcst Ha
MpakTUKe, CHIXKAIOTCS IIPOCTPAHCTBEHHOE pas3pe-
mrenue [4] ¥ 9yBCTBUTEIBHOCTSD [5, 6] Ha KOHIIE M-
HUU, UTO SIBJSIETCS CYIIECTBEHHBIM HEIOCTATKOM.
bmaromapsti TomMy, 4ro B HHTep(epOMETPpUYECKUX
ABO/JI curnan ¢popMupyercss He 0OpaTHO-paCCesTH-
HBIM, a IPOXOASIIINM B IIPSIMOM HaIlpaBJICHUU U3y~
YyeHHEM, B HUX B OTJINYHE OT pehIeKTOMETPOB MOXET
OBITH JIETKO peajr30BaHO CEHCOPHOE BOJIOKHO M-
Hoii cBeiie 100 kM 6e3 MoTepu YYyBCTBUTEIBHOCTU
npu o0ecHeYeHUN MOrPEIIHOCTU OIIpeAcIeHUsI KO-
OpIMHATHl BO3ACUCTBUSI MOPSIAKA TECITKOB METPOB
[7]. ABOJ Ha ocHoBe mHTepdepoMeTpa CaHbsKa
00JIaIaloT CYIIECTBEHHBIMHM IIPEUMYIISCTBAMU IIO
cpaBHeHuio ¢ ABO/I Ha ocHOBe MHTEpHEPOMETPOB
MaiikenbcoHa u Maxa—Ilangepa, TO3TOMY OHU
MIPUBJIEKAIOT BBICOKMI MHTepec. [Ipexme Bcero, K
MCTOYHUKY U3MydeHUs B nHTepdepoMeTpe CaHbsIKa
He MPEabsIBISIETCS CTPOrMX TpeOOBaHUIA IO IIMPUHE
crekTpa [8—13] mo cpaBHeHUIO KaK ¢ MHTepdhEepOo-
MmeTpamMu MaiikenscoHa u Maxa—Illannepa, Tak u ¢
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¢-OTDR. IlpumMeHeHUE Na3epHBIX JUOAOB C LIIUPO-
KUM CIIEKTPOM B KadeCTBE MCTOUYHMKA M3Iy4YEeHUS
IO3BOJISIET 3HAYUTEJILHO CHU3UTH cTouMocTb ABO/I,
a TaKKe YBEJIMIUTH JOMYCTUMYIO IUIMHY CEHCOPHOTO
BOJIOKHA, ITOCKOJIBKY C YBEJIMYEHUEM IIIUPUHBI CIIEK-
Tpa U3JIy4YeHHsI UCTOYHMKA YBEJIIMYMBACTCSI ITOPOIO-
Basi MOIIHOCTh BO3HMKHOBEHUSI HEJIMHEUHBIX 23(¢-
¢$eKTOB, B YACTHOCTU BBIHYKIECHHOIO pacCesHUs
Mannensintama—bpuiiiosHa [14], 4yTo Mo3BojsIET
HampaBJISITh B JIMHUIO OoOJiee MOIIHOE H3JIyYeHHUE.
B pesyibraTe B JaTyMkKax co CXeMOId Ha OCHOBE MH-
tepdepomerpa CaHbsiKa JIMHA CEHCOPHOTO SJIEMEH-
Ta Mo3keT gocturath 150 kM [12] 6e3 moBTOpUTEIIEi M
YCWINTEJIEN CUTHajla Ha TIPOTSKEHUU BOJIOKHA, U
IIpU TaKOM IPOTSKEHHOCTU TPACChl ITOTPEIIHOCTh
omnpeneneHNsI KOOPANHATHI BO3ASHUCTBUI COCTABIISICT
+30 M, T.e. MmeHee 0.02% oT ykazaHHOM WIMHBI. CHT-
HaJl Ha BbIxoge uHTepdepomMeTpa CaHbska Oosee
CTaOMWJIEH IO CpaBHEHUIO C MHTepdepomeTpom Ma-
xa—IleHnepa, 1 OH MajJ0O 3aBUCUT OT U3MEHEHMIA
TeMIIepaTyphl U JaBJICHUS OKPYXKAIOIIE Cpeabl, UYTO
MO3BOJISIET 3HAYMTENIFHO MPOIe OOHAPYKMBATh BO3-
JeiicTBUe ¢ BBICOKOI TouyHOCTEIO. [Tpn 3TOM MHTEpdhE-
pometp CaHbsIKa UMeeT 00Jjiee BHICOKYIO YyBCTBUTEIb-
HOCTb K BBICOKOYACTOTHBIM aKyCTUYECKUM BO3ICH-
CTBUSIM TI0 CpaBHEHUIO C UHTepdepoMeTpoM Maxa—
Hangepa [15].

BBuay cBouMx IIpeMMyIIECTB paclpeaesieHHbIS
ABO/I Ha ocHoBe mHTepdepomerpa CaHbsIKa SIBIISI-
I0TCSI BeChbMa MEePCNeKTUBHBIMU U OBICTPO pa3BUBa-
1oTcst. Ha cerogusimamii neHb pacripocTpaHeHBl TPU
OCHOBHBI€E I'PYIIITHI CXeM Ha OCHOBE pacHpeaeIeHHbBIX
ABO]JI Ha ocHoBe uHTepdepomerpa CaHbsKa: a)
OOWH WM HECKOJIbKO COHAIIPaBJICHHBIX KOHTYPOB
nHTepdepoMeTrpa CaHbsIKA OAMHAKOBOM IIMHBI C
OIPOCOM 10 aJITOPUTMY HYJIEBBIX YaCTOT, KOTOPbIit
3aKJII0YAEeTCs B aHAJIM3€ CIIEKTpa MHTepdepeHIINMOH-
Horo curHana [16]; 6) uHTepdepomerp CaHbsiKa C
JIBYMsI COHAIlpaBJeHHbIMU KOHTYpaMUu OJIWHAKOBOI
JUIMHBL 1 OIIPOCOM II0 aJITOPUTMY BHECEHUSI BpEMEH -
Ho#t 3aaepxkku (time delay estimation, TDE), koTo-
pBIii OCHOBaH Ha aHaJiu3€¢ BOCCTAHOBJEHHBIX a3
curHaJjoB [12]; B) n1Ba BCTpe4HO HapaBJIeHHbIX KOH-
Typa mHTepdepomerpa CaHbsIKA C BEHIYMCICHUEM KO-
OpAVHATBHI BO3AEUCTBUSI MO BPEMEHHOM 3amaepxkkKe
Mexnay curHanamu [9, 17]. TTomumo ucnonb3oBaHUs
ABO/I Ha ocHoBe nHTepdepomMeTpa CaHbsIKa B Kaue-
CTBE CaMOCTOSITEJIbHOTO YCTpOHCTBA MOHUTOPUHTA
MIEPCIIEKTUBHBIM SIBJISIETCSI €70 IPUMEHEHHUE B COCTa-
B€ KOMIIJIEKCHOI CUCTEMbI B KAUE€CTBE TOTIOJTHEHUS K
¢-OTDR [18]. Takoii moaxo/ MO3BOJUT OOBEIUHUTh
MIPEeMMYIIECTBA 3TUX IBYX TUIIOB JATYMKOB M MOJIY-
YUTh BBICOKOTOUHYIO W YYBCTBUTEIBHYIO CUCTEMY C
0010 MPOTSKEHHOCTHIO KOHTPOJIMPYEMOM Tpac-
cel. OpHako niss ABO/IL Ha ocHOBe nHTepdepoMeTpa
Canbsika xapakTepeH HEOOCTaTOK, OTCYTCTBYIOILIMIA
IS UHTep(hepoMeTpUIeCKUX AaTYNKOB APYTUX TU-
noB. B cuy ocobeHHocTeit (hopMUpOBaHUS CUTHAJIA
B KOHType mHTepdepoMeTpa CaHbsIKa BO3ZHUKAIOT
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Y49aCTKHU, B IIpeAeiaXx KOTOPbIX BO3IEMCTBHE HE MO-
KET OBITh 3apEerMCTPUPOBAHO, — TaK Ha3bIBacMbIe
MepTBBIE 30HHEI [19]. MepTBBIe 30HBI MOTYT IIPUBO-
JIUTh K BOBHUKHOBEHUIO OIIMOOK IIPY OIIPEeACTICHUN
MECTOITOJIOXKEHMSI MICTOYHMKA BO3AEHCTBUSI, UTO He-
JIOITyCTUMO IJISI OXpaHHBIX cucteM. st paciuipe-
a1 Bo3MoxHocTeit ABOJl Ha ocHOBe mHTEpdEpO-
MeTpa CaHbsKa M JJIs YCIEIIHOM ero MHTEerpaLum ¢
¢-OTDR pj1s1 co3naHusi BBICOKOTOYHOM KOMIUIEKCHOM
CHCTEMBI HEOOXOIMMO YCTPAHUTH 3TOT HEAOCTATOK.
IToaToMy aKTyanbHOI ocTaeTcs IpobaeMa pa3padoTKuU
METOIOB YCTPaHEHMSI MEPTBLIX 30H B UHTEp(epoMeTpe
CaHbsIKka WM YMEHBIICHUS UX BJIUSHUS Ha TOYHOCTD
ornpeaeieHUsl KOOpAUHATHI Bo3aeicTBus. st aToro
HeoOX0AUMO ITPOBECTU UCCIIENOBAaHNUE YYBCTBUTEIb-
Hoctu uHTepdepoMeTpa CaHbsIKa, YTO ITO3BOJIUT
ONpEIeNUTb IPUYUHBI BO3HUMKHOBEHUS MEPTBBIX
30H, UX HPOTSLKEHHOCTh Y MECTOIIOJIOXEHUE BIOJIb
KOHTYpa MpU Pa3IUuIHBbIX aKyCTUYECKMX BO3Ieii-
CTBUSIX.

2. TIPUHLIUITIBI ®OPMHWPOBAHHWA
MEPTBbLIX 30H B JATYUKE
HA OCHOBE MHTEP®EPOMETPA CAHbBAKA

Hutepdepomerp CaHbsika, cxeMa KOTOPOTO TIpH-
BeJieHa Ha puc. 1, mpeacTaBisieT COO0i KOHTYP ONTH -
YeCKOTO BOJIOKHA, 3aMKHYTBII Ha BBIXOJBI X-00pa3-
HOTO pa3BeTBUTENA P. B metiie manmydyeHMe MCTOYHM-
Ka pacIpocTpaHsIeTcs Mo OOIleMy MyTH B IBYX
HaIpaBJIeHUsIX: 110 yacoBoii cTpenke (CW) 1 MpoTuB
qacoBoii crpenku (CCW), u uHtepdepeHIMOHHBIN
CUTHaQJI PETMCTPUPYETCS TPUEMHUKOM W3TydyeHUs.
BHelrHee akycTudyeckoe BO3neiicTBUE B TOUKE, yaa-
JICHHOU OT HavaJyia TIeTJIM IJTMHOM L Ha HEKOTOpoe
paccTosiHue d, TOKaJIbHO U3MEHSIET ImoKa3aTelb Ipe-
JIOMJICHUS Y JUTMHY ONITUYECKOTO BOJOKHA, YTO TTPU-
BOJINT K BOSHUKHOBEHUIO JOITOTHHUTEIIFHOTO Habera
daser ¢(7). Msnydenue B HanpaBaeHusix CW u CCW
MMproOpeTaeT ONMHAKOBEII HabeT ha3kl, HO B pa3HbIE
MOMEHTHI BpEMEHU UX Pa3HUIIA Af OTIpeIeIsIeTCs Kak
pa3HM1Ia BpeMEHHU X0a U3JIyYeHUS OT TOUYKU BO3IEH -
CTBUS IO pa3BeTBUTENS P B ABYyX HaIIpaBIeHUSIX, TTO-
3TOMY Pe3yJIbTUpPYIONIasi pa3HOCTb (pa3 Ha BBHIXOJE
netim AQ(t,d) ¥, caenoBaTenbHO, NHTEPPEPEHIIN-
OHHBI CUTHAJ, 3aBUCIT OT KoopauHaThl d. [Tpuem-
HUK U3JIyIeHUS pEeTUCTPUPYET U3MeHeHNe MHTepde-
PEHILIMOHHOIO CUTHaJIa B TeYeHUE BpeMeHu [(7,d) «
x cos(A@(t,d)) v 1o u3BeCTHbIM asiroput™Mam [20, 21]
BUJ pa3HOCTU (a3 Ha BBIXOHE IETJIM MOXET ObITh
BOCCTaHOBJICH.

YyscTBUTENBHOCTE HHTepdepomerpa CaHbska
OyaeM OLIEHUBATh O (DOPMUPYEMOI Ha BBIXOJIE MET-
mm pasHoctu da3. Ecnmm dopMmupyemas Ha BbIXOIe
METJIM Pa3HOCTh (Pa3 MeHbIIIe TOPOTOBOI, TO MHTEP-
depomerp CaHbsIKa HEUYBCTBUTEJICH, I BO3JCIICTBIE
He MOXKeT OBITh 3apeructpupoBano. [loporosas pas-
HOCTB (pa3 — 3TO MUHUMAJIbHAS Pa3HOCTH (pa3 Ha BBI-
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WcToyHuk

U3JTyYEHUsI
L/2
IMpuémuuk — = A
U3JTydeHUs @
AKycTrieckoe
BO3/ICICTBUE

M¢éptBas 30Ha

I'PULEHKO u np.

Pasznocts a3, pan
1.5

(6)

Apy

1.0

0.5

-1.0

_1.5 1 1 1 1 1 1 1 1 1 1
5.00 5.04 5.08 5.12 x104

Bpewmsi, Mkc

Puc. 1. Kondurypauuu cxeMbl pacrpeieeHHOTo BOJJOKOHHO-ONTHYeCKOro MukpodoHa Ha ocHoBe @-OTDR 6e3 ycunenus
U3JTy4eHus (a), C yCUJIeHUeM 0O0paTHO-PaCCesSTHHOTO U3TyYeHUs! peaycunTesneM (0), ¢ ycuIeHUeM HaIpaBisieMOro B JIMHUIO
u3Iy4eHus1 0ycTtepoM (B), C yCHJICHHUEM U3JIydeHHUsl OyCTepOM U MPEayCUINTEIeM COBMECTHO (T).

xope neTiau nHTepdepomeTpa CaHbsIKa IIPU HAJTUUUU
aKyCTUYECKOTO BO3IEUCTBUSI, KOTOpasi MPUBOAUT K
¢opMupoBaHUIO HHTEePPEPESHIMOHHOTO CHUTHAJIA,
KOTOPBI MOXKET OBITh 3apErMCTPUPOBAH IIPU OIpe-
JIeJICHHOM OTHOIIIEHUU CUTHAJ/IIyM Ha MPUEeMHUKE
n3nydyeHus. Ecnu Bo3meiicTBre HAXOAUTCSI OKOJIO Ce-
pEeIUHBI IIETIM, TO Pa3HOCTD (ha3 HA €€ BHIXOIE MaJia,
MO3TOMY M3-3a OCOOEHHOCTEM (hOPMUPOBAHUS CUT-
Hajla MepTBas 30HA BO3HUKAET BOJIM3M CEepPEOUHBI
netnn nHTepPepometp Canbgka [22], Kak TOKa3aHO
Ha puc. la. To, HackoabKO OobIlasi pa3HOCTh ¢a3
copMHUpPOBAJIaCh HA BBIXOAE IIETIU, OIIPEAeIsieT
YyBCTBUTENBHOCTh MHTEepPepomeTpa CaHbsKa, 1 ee
MOXKHO OLIEHUBATh M0 aMIUIUTY/e KoJieOaHUs pa3HO-
ctu a3 ¢, (puc. 10), KOTOpyIO MBI OyZieM Ha3bIBaTh
pa3MaxoM pa3HoCTHU ¢a3:
0, = max{A@(r,Ar)} — min{A¢(z,Ar)}. (1)
Takum o6pazom, pazMax pa3HOCTH (ha3 Ha BBIXOJE
METJIM 3aBUCUT OT KOOPIWHATHI BO3IEIICTBYS, TIO3TOMY
YyBCTBUTEJIbBHOCTD IaTUYMKAa TaKKe 3aBUCUT OT KOOPAH-
Hatbl d. KpoMe Toro, Ha BeIMYUHY pe3yJIbTUPYIOIICH
pa3HocTH (ha3 BIUSIOT ITapaMeTPhl aKyCTUIECKOTO BO3-
JEMCTBUS, TaK KaK OT YaCTOThl U aMILIMTYAbl BO3ICI-
CTBUSI 3aBUCUT YacTOTa MOAYJSILIMU pa3HOCTU a3.
DdyHKMOHATbHAS 3aBUCUMOCTb pa3sHOCTU ¢a3 Ha
BeIXoAe MHTepdepomerpa CaHbsIKa OT KOOPAUHATHI
U YaCTOThI BO3ACUCTBUS OTIPEEIISIeTCS] BhIpaXkKeHEeM

©(/.d) =A-sin(1tf,@j.

-cos(2nf,[ (L- 2d) D,

d<

(2

MNPUBOPHI U TEXHUKA BKCITEPUMEHTA  Ne 5

rme A — Ko3(pGUIIMEHT, 3aBUCSIIINI OT aMIUTUTYIbI
BO3MEICTBUS, f, —yacToTa KojiebaHus Habera dassl,
3aBHUCSIIAs OT YAaCTOTHI BO3OEHCTBUS, n — MOKa3a-
TEJIb NPEIOMIICHHUS] CEpALEBUHBI BOJIOKHA, ¢ — CKO-
pPOCTh CBETA.

Kak cnenyet 3 aHanuM3a BTOPOTO MHOXKWUTENS B
MOJYYEHHOM BbIpaXXEHUU, Pa3HOCTb (a3 Ha BBIXOJIE
neTiu uHrepdepomerpa CaHbsiKa IIPEACTaBIsIeT CO-
001 QYHKIMIO ABYX NIEPEMEHHBIX: YACTOTHL f, KOJIEe-
O0aHus Habera (a3bl U KOOpAWHATHI BO3neicTBUS d.
MuHUMYMBI f, ., 1 MAKCUMYMBI f, .. pa3Maxa pas-
HOCTHU (pa3 pacripeesieHbl COIJIaCHO ypaBHEHUIO T~
epOOJIb:

cN

L
min — 5 Z, dS—, 3
S n(L - 2d) 2 ©
Fro = SN H1/2) ez, a<kt (@
: n(L—2d) 2

Ilpu koopnuHate Bo3aeilicTtBus d = L/2 cuHyc
oOpaiaeTcs B HyJIb IIPU JIIOOOI YyacToTe KojaedaHUs
Habera ¢asbl, B pe3y/lbTaTe Yero B cepeauHe MeTiau
BCeraa MpUCyTCTBYET MepTBasl 30Ha.

3. UCCIIEJOBAHUME OTKJ/IMKA

MHTEP®EPOMETPA CAHbBAKA

IMPU PA3HBIX BO3JEMCTBUAX
HA KOHTYP

ITockomsKy mponecc (GOPMHUPOBAHUST MEPTBBIX
30H 3aBHUCHUT OT YaCTOThI KoJjiebaHUsI pa3HOCTU a3
Ha BeIXOne MHTepdepoMeTpa CaHbsIKa IIPU aKyCTU-
YeCKMX BO3IECTBUSIX HA CEHCOPHOE BOJIOKHO, HE00-
XOOUMO MpOoaHaIU3UPOBaTh, KAKOM OTKJIUK (POPMU-
pyetcs B uHTepdepomerpe CaHbsIKa IIPU Pa3IMIHBIX
TUTIaX BO3IEMCTBUI. BBUIM TIpOBeIeHBI 3KCIIEpU-

2023
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Ta6mmma 1. Pe3ynbTaThl U3MeHEeHUsT OTKJIMKA UHTepdhepoMeTrpa CaHbsIKa TTPU PA3TIMIHBIX 3TaJTOHHBIX BO3AEHCTBUSX

Tur Bo3neiicTBuUs ITapameTpsbl BO3aeiiCTBUS ITapameTpsl OTKJIMKA
Yacrora Yacrora KosebaHus Pazmax pasHoctu
JIInTeIbHOCTh, MKC
noBTopeHwus, [11 pasHocTtu a3, kI das, pan
0.167 60 10.8 1
u 0.500 10.8 1.5
MITYJTbC
2 10.8 7
5 10.8 23
10 10.8 35
400 10.8 40
N YacroTa KojebaHus Pa3max pazHocTHn
Twun Bo3neiicTBUS Yacrora, KI11
pasHocTtu a3, KI11 da3, pax
4 kI 4.0 12
Cunycouna
8 xIx 8.0 50
TpeyronvHast pyHKIIMS 4 xIx 4.0 25

MEHTAaJIbHEIC MCCIICIOBaHUS, B XOJ¢ KOTOPBIX B MET-
mo nauHoi 20 KM B TOUKE C KOOpAWMHATON d = 8 KM
ObLI BKJIIOUEH IbEe303JICKTpUUECKUII TIpeobpa3oBa-
TeJIb C HAMOTAaHHBIMM Ha Hero 20 MeTpaMu BOJIOKHA.
Ha nibe3031eKTpuK NogaBaIuCh 3JICKTPUUECKUE CUT-
HaJIbl TeHEpaTopa, TaKuM 00pa30M, OCYILIECTBIISIUCh
STaJIOHHBbIE BO3ACUCTBUS C pa3HbIMU MMapaMeTpaMMu.
Ha Brixone netiu nHtepdepeHIIMOHHBINA CUTHAJ pe-
TUCTPUPOBAJICS JIBYMS NPUEMHUKAMU U3JTy4eHUS
IIJISI BOCCTAaHOBJIeHMsI €ro (pa3bl. Beuin rcciemoBaHbl
TPU TUIIA BO3ACUCTBUIA: B BUIE IIPSIMOYTOJILHOTO M-
IMyJIbCa, CHHYCOMTAIbHOE, a TAKKe B BUIIE TIEPUOIT-
YeCKOM TpeyrojibHOi (byHKILIMM, Y HUX BapbUpOBa-
JINCh OCHOBHBIE TTAPaMETPHI: IS UMITYJIbCa U3MEHSI -
JIMCh JJIUTEIBHOCTh M 4YacTOTa IOBTOPEHMS, a IJIs
CUHYCOMUIAIBHOIO M MEPUOANIECKOTO TPEYTOJHHOIO
curHaja — yacroTa. Bo Bcex akcIieprMeHTax aMILIM-
Tyda SJCKTPUYECKOro CHMTrHaja, II0JaBaeMoro Ha
ITbE303JIEKTPUUECKMI TpeoOpa3oBaTesib, COCTaBJIsIa
4 B, a yacrora nuckperudauuu AT, perucrpupyio-
ILIETO CUTHAJI C IPUEMHUKOB U3JTyYeHUS U HAITpaBJIsI-
fomero nx Ha 1K mra pameHeiinreit oopaboTku n
aHanuza, — 25 MIu. Ilpu oTnpaBke Ha Mbe303JIeK-
TPUK CUTHAaJIa B BUIE UMITyJIbca (hOPMUPYETCS ITa-
JIOHHOE BO3JEICTBUE, IO CBOEMY XapaKTepy Haubo-
Jiee TIpUOJIMKEeHHOE K peajbHbIM yIapaM IO BOJIOK-
HY, KOTOpbIE MOTYT BO3HMKAThb NpHU KoOJieOaHUU
KOHCTPYKIINM, Ha KOTOPOI YCTAaHOBJIEH CEHCOP, WIN
IIpU HEITOCPEACTBEHHOM KacaHuM BoJioOKHA. CHHY-
COMIAJIbHBIN CUTHAJ IIPUMEHSIJICS I OIIpeaeICHUS
oTKJIMKa nHTepPepomMeTpa CaHbsIKa Ha OQHOYACTOT-
HbIE BO3ICHCTBUS, a TIEPUOOUYECKUI TPEYTOJIbHBIA —
Ha JUIMTEJIbHBIE BO3IEHCTBUSI CO CJIOXKHBIM CIIEK-
TpaJbHBIM COCTaBOM. bblin BEIOpaHEI 1IECTh 3HAYE-
HU JJTUTEILHOCTH UMITYJIbCA B AUAaria3oHe ot 167 He
1o 400 Mkc mpu (pUKCUPOBAHHOIT 9aCTOTE TTOBTOPE-
Hug 60 Iy 1 ABa 3HAaUEHUS YaCTOTHI KOJIeOaHUsI CU-
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HYCOUOAJIBHOM U TIEPUOAMYECKON TPEYroJibHOMU
¢yukumit (4 1 8 xIr). [Ipu paznuuHbIX mapaMeTpax
BO3JICCTBUS OBLIIM U3MEPEHBI pa3Max pa3HOCTH (a3
Ha BBIXOJe KOHTYypa uHTepdepomerpa CaHbsIKA M Ya-
CTOTa ee KoJyicOoaHus1. Pe3yiapTaThl IIpeacTaBiIcHBI B
taba. 1. IIpumep pasHoctu a3, popMUpyeMoil Ha
BBIXO/IE TIET/IN IIPX BO3IEHCTBUM UMITYJIbCAMU C IV~
TeJIbHOCTBIO 10 MKC 1 yacToTtoii moBropeHus 60 I,
MpencTaBlieH Ha puc. 2a, a Mpu BO3ACUCTBUU CUHY-
conpoit ¢ yacroroit 8 kI — Ha puc. 26. Ha o6oux
rpadrkax OTMEUYEH TaKKe pa3zMax MOJy4eHHOM pa3-

HocTH a3 @ 4.

W3 pesynpraTtoB, IpeacTaBIeHHBIX B Ta0u. 1 1 B
BUIEe IpacMKOB Ha pUC. 2, BUAHO, YTO TIPU yaapax
(KOTOpPbIM SKBUBAJIEHTHO BO3ACHCTBME Ha IbhE30-
2JIEKTPUK B BUJIE MPSIMOYTOJIbHOTO UMIYJIbCa) pa3-
HOCTh (ha3z Ha BbIxoge uHTepdepoMeTpa CaHbsiKa
MOXHO OTNKCATh FAapMOHMYECKOU (hyHKIMel c ya-
croroit f;p; = 10.8 It u orubaroreit, 3aTyxarouiei
0 SKCIMOHEHTE B 3aBUCUMOCTH OT >KECTKOCTH BOJIO-
KOHHO-ONTHUYECKOTO KabeJst U crocoda ero ycTaHOB-
KU Ha nepumerpe. Yacrora f;,; He 3aBUCUT OT [T~
TEJIbHOCTU HMITYJIbCA, ONHAKO YEM [JIMHHEEe WHM-
MyJibCc, TeM OoJiblluii pa3Max pasHocTu a3
¢dopmupyeTcs Ha Bbixozie KOHTYpa. [1pu rapmoHuue-
CKOM BO3IEHCTBUM YacToTa KOJeOaHWsI Pa3HOCTHU
®a3 f am COBNALAET C YACTOTOW CaMOro BO3ZEH-
CTBUSI, U C YBEJMYEHUEM YAaCTOTHI pa3Max pa3HOCTU
¢a3 TakKe yBeJIMYMBAETCS.

4. UCCJIEJOBAHUME PACITPEAEJIEHWA
YYBCTBUTEJIBbHOCTU UHTEP®EPOMETPA
CAHbAKA BAOJIb KOHTYPA

g nccnenoBaHus pacpeneIeHUs 9yBCTBUTEb-
Hoctu uHTepdepomerpa CaHbsiKa BIOJb KOHTYpA,
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Puc. 2. I'pacduku pazHocTu a3 Ha BbIxoAe KOHTypa uHTepdepomeTp CaHbsKa MPU BO3AECUCTBUU MTbE303JIEKTPUKOM, Ha KOTO-
phIii TTOmaBaJICs JIEKTPUIECKUI CUTHAI B BUIIE UMITYJIbCa TUTEIbHOCTBIO 10 MKC (a), cuHycounbl ¢ yacTotoit 8 KIr (0).

Pasmax pasHoctu a3z, pan
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Puc. 3. 3aBucuMOCTb pasHOCTH (a3 OT KOOPAUHATHI BO3AEUCTBUSI € YaCTOTOM f; pyir = 10.8 KI'11; cpaBHEHME KPUBBIX, MOJTyYeH-
HBIX B pe3yJIbTaTe YUCIEHHOTO MOACIUPOBAHUS U UBMEPEHHBIX SKCIIEPUMEHTAIBHO.

T.6. B 3aBUCUMOCTU OT KOOPOWHATHI BO3ACHCTBUS,
ObUIM TIPOBEACHBI TEOpPETUYECKME U DKCHEePUMEH-
TaJlbHBIE MCCIeNOBaHMsI. bhIIo MpoBeaeHO YMCIIeH-
HOe MOJCINpOBaHMe IIpoliecca popMUPOBAHUS CUT-
Haia B uHTeppepomMeTpe CaHbsIKa ¢ y4eTOM HalIeH-
HOI (PyHKIIMOHAILHOM 3aBUCHUMOCTU pa3HOCTHU (a3
Ha BbIXoJe nHTepdepomMeTpa CaHbsIKA OT KOOpONHA-
Thl 1 YACTOThI BO3ACUCTBUS, ONPEACIAIEMOM BbIpaXKe-
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HueM (2). Ilpu 3amaHHOM TUIIOBOM 4YacTtoTe f; . =
= 10.8 xI'1 1 nmuHe KoHTYypa 20 KM ObLI paccyuTaH
pa3Max pa3HOCTHU (a3 IIpu BO3ACICTBUU, OKa3bIBac-
MOM Ha KOHTYp B aImuaria3oHe ot Hyas 1o 10 kv gepe3
Kaxaplit 1 kM. Pe3ynbTat nmpencraBieH Ha puc. 3.

MakcuManbHBIN pa3zMax pa3HOCTH (a3 hopMupy-
eTCd MPU BO3IEUCTBUM C KOOpAMHATAMU d = 5 KM U1
d = 6 KM, IIOCKOJIBKY B OTHUX CJIydasx Haberu ¢assl B
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» PZT

Puc. 4. Cxema yCTaHOBKM [UTsI SKCIIEPUMEHTAIBHOTO UCCIISOBAHMSI PACTIPEIe/IeHUsT YyBCTBUTEILHOCTU B KOHTYpe uHTepdhe-
pometp Canbsika (PZT — npeobpaszosarens, ['C — reHepaToOp CUTHAJIOB).

HanpaBiaeHUsIX CW u CCW caBuUHYTHI APYT OTHOCH-
TEJILHO Jpyra Ha HauOoJbliee Bpems. [1pu Bo3neii-
CTBMU Ha KoopauHaTax d = 9 km u d = 10 kM opmu-
pyeMasl pa3HOCTh (pa3 nmMmeeT pazMmax MeHee 20 pan.
JJ1s1 cCTeMBI ¢ CEHCOPHBIM 3JIEMEHTOM YKa3aHHOM
JJIHBI B TAOOPATOPHBIX U MOJIEBBIX YCIIOBUSIX XapaK-
TEPHBIN YPOBEHD IIIyMa ITPUBOIUT K TOMY, YTO ITOPO-
roBasi pa3HOCTh (pa3 Ha BbIXO/E JaTYMKa, KaK IpaBu-
JIO, BBIIIIE YKAa3aHHOTO 3HAYEHUSI, TTO3TOMY MOXHO
TOBOPUTH O (GOPMUPOBAHUMU B 3TOI 00JIaCTH MEPTBOIA
30HHI.

st 3KCnepuMEHTaJIbHOTO MCCIEIOBaHUS pac-
MpeaesIeHUsI YyBCTBUTEILHOCTU B KOHTYpe MHTepde-
pomMeTtpa CaHbgKa OblIa pa3padoTaHa U peain3oBaHa
SKCIIEpUMEHTAJIbHAs YCTaHOBKA, CXeMa KOTOpOii
npuBelneHa Ha puc. 4. OHa BKIIOYAeT B ce0s MeTI0
uHTepdepoMerpa Canbsika JMHON Loy = 20 KM.
IlepBas 1moJioBMHA METIM peajii30BaHa B BUAE Ka-
TYIIKY JjauHoK 10 KM, a BTopasl MOJI0BMHA pa3ouTa
Ha [IEeCITh y9aCTKOB, KaXIblil 13 KOTOPBIX UMEJT I~

Hy [, = 1 kM, i =1, 10. B kauecTBe UCTOUHUKA U3JIY-
YeHUs TIPUMEHSIJICS TUOAHBIN Jla3ep ¢ pe30HATOPOM
Ha ocHoBe nHTepdhepomeTpa Pad6pu—Ilepo u ¢ 1ieH-
TpaJIbHOM UIMHOM BOJMHBI A = 1550 uM. Ha BeIXOIE
METAN WHTePEepPEHLMOHHBIII CUTHAI PEruCTpUpPO-
BaJICS IBYMsI IpMEMHUKAMU U3JIYyYEeHMsI, TI0CIIE YeTO
oH 11peoOpa3oBwiBaics ALIIT ¢ yacToToil AUCKpeTH-
3auu 25 MTI u nepengasaics Ha I[1K, roe ocyiiecTs-
JISUINCh BOCCTAHOBJIeHHE (a3bl CUTHaja M pacueT
pa3Maxa MOJIydeHHOM pa3HOCTH (a3 mist KaxXOIoro
3HAYCHMSI KOOPAUHATHI.

IMPUBOPHI U TEXHUKA DKCIIEPUMEHTA  Ne 5

BosneiicTBue Ha e T/IIO0 OCYIIECTBISUIOCH IIPU IO~
MOIIIY MHE303JIEKTPUIECKOTO IIpeoOpa3oBaTesist, Ha
KOTOPBII IMOAABaJIMCh UMITYJIBCHI C TeHepaTopa CUTr-
HaJIOB ¢ aMIuIuTynoii 4 B, naurensHocThIO 10 MKC M
yacToToii moBropenus 60 I'u. g co3ganus akyCTH-
YECKOT'0 BO3AEHCTBUS ¢ KOOPIMHATOM d; Ibe303JIEK-
TPUYECKUII MpeoOdpa3oBaTe/lb YCTAHABIMBAJICS TI0-
OYepeHO B OAVMHHAMILATH TOYEK: MEXIy pa3BeTBUTE-

JIEeM U TIepBOM KarylIKOd [;, MeXIy COCEOHUMU

KaTylmkamu BKoHType L, 1 L;,i = 3, 10, a Takke Mex-
Ly ocyieiHel KaTymkoil L, u Katymkoit Lrqr/2, T.€.

rnocepearHe netiau. st Kaxkmoit KoopaAuHaThl BO3-
JNEUCTBUST d; ObUIU TMOJIydYeHbI AECATh UBMEPEHUI U

onpenejeH pasmax pasHoctd a3 @,;. Pesynbrars
U3MEepEeHUs Pa3HOCTU (a3 B 3aBUCUMOCTU OT KOOP-
JUHATHl TOYKW BO3IEMCTBUSI BOOJb KOHTYpa UHTEP-
depomerp CaHbsIKA IJIST KaXKIOTO M3 IECITHU LIMKIOB
M3MEpEeHUIi, a TaKXKe KpUBasi yCpeAHESHHOTO T10 BCeM
U3MEPEeHUSM B LIUKJIe 3HAYEHUsI pa3HOCTU (a3 Tpe/-
cTaBJieHbl Ha puc. 3. Ha puc. 3 BUIIHO COOTBETCTBUE
3aBUCUMOCTH YYBCTBUTEIBHOCTU WHTepdepoOMeTpa
CaHbgKa OT KOOPAWHATHI BO3AEUCTBUS, TIOJIy4eHHOMN
SKCIIEPUMEHTAIbHO, TpadUKy 3HAYEHUIA, paccuyu-
TaHHBIX B pe3yJibTaTe YMCICHHOTO MOJIEIMPOBAHUSI.
B pesynbraTe 3KCIEpMMEHTOB MaKCUMAallbHAsI YyB-
CTBUTEJILHOCTb MPOAECMOHCTPUPOBAHA IIJIsI KOOPA-
HATBI BO3ICUCTBUS B 00JIACTH OKOJIO YSTBEPTHU METIN

(ds = Lor/4 = 5 KM), B TO BpeMd KaK B CepeluHe

neTnu npu d,; = Lror/2 pa3max pasHoctu a3 co-
CTaBJISIET MEeHee S5 pajl, U MOCKOJIbLKY ITOpPOroBasi pas-
HOCTh (pa3 cocraBisger 20 pam, B cepeauHe IIETINA
¢dbopmupyetcs MepTBasi 3oHa. Mcxost U3 3Toro, Mox-
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HO TIPEIJIOKUTH METOJ, yCTPAaHEHUSI MEPTBOI 30HBI B
cepearHe KOHTYpa, KOTOPbIH 3aKJIIOYAeTCS B TOM,

YTO HA PaCCTOAHUU Lo /2 OTHOCUTENIBHO Pa3BETBU-
TeJIs yCTaHABJIMBAETCsl KOMIIEHCAllMOHHAsT KaTyIllKa
mmHoM 3 kM. Takoii JIMHBI KaTyIIKX OyaeT JocTa-
TOYHO JIJIs1 KOHTYpa 10001 TIPOTSIKEHHOCTH JJIsI pe-
TUCTpallMM BO3IEMCTBUII IIPU CPEOAHEM M BHEICOKOM
YPOBHSIX IilyMa. B TakoMm ciiyyae MepTBasi 30Ha Ha
pacctodHUU *1.5 KM OKOJIO CepedWHBbI METJIN OKa-
JKEeTCsSI BHYTPU KaTYIIKHU, a BAOJb BCETO CEHCOPHOIO
BOJIOKHA pa3Max pa3HOCTU (a3 OyIeT COCTaBIsATh HE
MeHee 20 pa.

5. 3BAKJIIOYEHHUE

B pabote mpoBeneHO ucclieqoBaHUE YYBCTBU-
TeJlbHOCTU MHTephepoMeTpa CaHbSIKAa B 3aBUCHUMO-
CTM OT KOOPAMHATHI aKyCTMYECKOIO BO3IEMCTBUS
BIOJb KOHTypa. [lpencraBiieHHas MaTeMaTUYeCKast
3aBMCUMOCTb, OITMChIBAIOLIAsI IIPUHLIAITBI (DOPMUPO-
BaH1sI MepTBBIX 30H B ABOJ/I Ha ocHOBe mHTEphEpO-
MeTpa CaHbsIKa, IT03BOJINJIA TEOPETUUECKH OIpee-
JINTh TPAaHUIBI MEPTBOM 30HBI, IPOTSKEHHOCThH KO-
TOpPOIi B KOHTYpe nHTeppepomMeTpa CaHbsIKa JJTMHOMK
20 xm coctaBmia 3 KM. JIag sKCIIepMMEHTaJIbHOTO
MOATBEPKACHMS Pe3yJbTaTOB, ITOJIY4EeHHBIX 10 UTO-
raM 4YMCJIEHHOTO MOJEIMPOBaHUsI, ObLIa pa3padboTa-
Ha U peajM30BaHa yCTaHOBKA, BKJIIOYaoIas B ce0s
KoHTYp MHTepdepomerpa CaHbgka mmaHON 20 KM,
Ha KOTOpBIA B TOUKaxX C pa3HLIMU KOOpIWHATaAMU
OKa3bIBAJIOCh TAJIOHHOE aKYCTUUECKOE BO3ICHCTBUE
IMbE303JIEKTPUKOM. DTO MO3BOJIWIO U3MEPUTh pa3-
HOCTB (ha3 Ha BBIXOE METIUN MPU aKyCTUUIECKOM BO3-
neiictBum ¢ ¢ukcupoBaHHoU dactoToit 10.8 xIir B
pa3HBIX TOUKAX, a TaKXKe DKCIIEPUMEHTAIBLHO TTOJTy-
YUTh 3aBUCUMOCTh UYBCTBUTEIILHOCTU MHTEPDEPO-
MeTpa CaHbsKa OT KOOpAWHATHI BO3IACUCTBUS, Xa-
PaKTEPUCTUKN KOTOPOM COBHAHAIOT C PACUETHBIMU
3HAaYCHUSIMU. 3HAUYEHHE TUIIOBOM 4aCcTOThI KoJieba-
HUS pa3HOCTH (a3 IMpH yaapax Mo CEHCOPHOMY BO-
JokHy uHTepdepomerpa Canbsika f;, ~ 10.8 kI,
HalileHHOe B pe3yJibTaTe IPOBEIEHHBIX 3KCIIepH-
MEHTOB TI0 uccliemoBaHuio oTkiauka MC Ha pasHBIe
aKyCTHUYEeCKMEe BO3JIEHCTBHUS, a TaKXKe XapakTep W3-
MEHEHUSI pa3HOCTH (a3 MPU IJIUTEIbHBIX TEPUOIH-
YeCKMX BO3JEUCTBUSIX ITO3BOJISIOT OIPEASINTh Orpa-
HUYEHHSI 3TOro MHTepdepoMeTpa Mpu IMOCTPOSHUN
Ha €ro OCHOBE BOJIOKOHHO-OIITMYECKMX ITaTYMKOB
aKyCTUYECKHX BO3ACUCTBUI, KPOME TOTO, OHU MOTYT
OBITb MCITOJIb30BAHBI JUIST YJIYYIIEHUS CYIISCTBYIO-
IIUX aJITOPUTMOB PACIIO3HABAHUSI PA3HBLIX TUIIOB
aKyCTUUYECKMX BO3JIEMCTBUIT Ha KOHTYp U pa3paboT-
KW HOBOM METOIMKHU Ki1acCU(UKALIUU yIAPOB, IIIar0B
u nap. IlomydeHHBIE pe3yabTaThl OEMOHCTPUPYIOT
MNEePCOEKTUBHOCTD JAJIbHEHAIIINX UCCIIEAOBAHUA.
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