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AHHOTALUA

Ipeamer uccaenoBanus. [IpeacTaBieHs! pe3yabTaThl SKCIIEPUMEHTAIBHOTO HCCIEA0BAHNUS 3aBUCUMOCTH YPOBHS COOCTBEHHBIX
ITyMOB MacCHBa BOJIOKOHHO-ONTHYECKUX HHTEP(HEPOMETPHIECKUX JaTIUKOB OT KOA(D(PHUINCHTOB YCHICHUS ONEPAlHOHHBIX
yCcHInTeNel, pacloIoKeHHBIX Ha Iu1aTe 00padoTKKM MHTEep(EePEeHINOHHBIX CUTHAJIOB U 00beIMHEHHBIX MOCIEI0BATEILHO B
equHBIH Kackax. MeToa. MaccHB BOJOKOHHO-ONTHYECKUX JaTYNKOB ITOCTPOCH Ha JIBYXJIy4eBBIX BOJIOKOHHBIX HHTEp(epoMeTpax
MaiikenbcoHa, 0ObEJUHEHHBIX B MACCUB C MYJIBTUIIIEKCUPOBAaHHUEM 110 BpeMeHH. Kackas onepalliOHHBIX YCHIIUTEIEH COCTOUT
13 YCHJIMTEIIsI C TOKOBOW 00OpaTHOM CBS3bIO (TPaHCUMIICIAHCHBIN YCHIIUTENb), KOTOPBIi peodpasyeT GoTOTOK ¢ poTomnpueM-
HHKa B HAalIPsHKCHHE, M IPOrPaMMHUPYEMOTr0 ONEPALMOHHOTO yCHINTeNs. B mporiecce paboThl cXeMbl CUTHAIN ¢ GOTOPHEMHOTO
YCTPOHCTBA MOMAJaeT Ha TPAHCHMIICAAHCHBIH yCHIINTENb, KOTOPBIN paboTaeT B ABYX PeXMUMaX ¢ KOA(POUINCHTAMHU yCUICHUS
0 u 6 1b, 1 3aTeM Ha IPOrPaMMHPYEMBbIH OTIePAIINOHHBIN YCHIINTEITh, KOTOPBIi JOTIOTHUTEIBHO YCHINBACT MPUXOSIINHN dIeK-
Tpudeckuid curHan B auanazoHe 0—40 nb. Jlanee ycuieHHbIE CUTHANBI ¢ KacKajia TONAI0TCs Ha aHAIoro-IudpoBoil mpeodpa-
30BaTelb, OCIIE Yero AeMOIYINPYIOTCs. B Xo1e skcriepiuMenTa neeiexyeMblii MacCUB BOJIOKOHHO-ONITHYECKUX TaTINKOB OBLI
H30JIMPOBaH OT BHEIIHUX BHOPOAKYCTHYECKUX BO3AeUCTBUIL. CHTHAIIBI C YETHIPEX BOJIOKOHHO-ONTHYECKHX JIATYUKOB IOCIIE
JEMOYISILIMU TP Pa3JIMYHbIX 3HAUYCHUSIX KOA(DOUINEHTOB YCHIICHHS KacKaa OIepallMOHHbBIX YCHIMTENIeH 3allChIBAINCh B
(aiiibl TaHHBIX, TIOCIIE YETO OLCHUBAJICA YPOBEHb COOCTBEHHBIX LITYMOB JIaTYMKOB C MOMOIIBIO METOA MOAU(HUIIMPOBAHHBIX
MIEPUOIOTPAMM B 3aBHCHUMOCTH OT KOI(Q(HUIIHEHTOB YCHICHUS KACKa/la ONEePAMOHHBIX ycuuTeneid. OCHOBHbIE Pe3yJIbTaThl.
MuHIManbHBIE CPEIHUE 3HAYCHHS YPOBHS COOCTBEHHBIX IIIyMOB BOJIOKOHHO-ONTHYECKUX HHTEP(HEPOMETPUIECKHX AATIUKOB B
pexkmuMe ¢ ycruneHreM 6 1b oneparoHHOTO YCHINTEN C TOKOBOM 00paTHOM CBA3BIO 1 ycuineHneM 12 n1b mporpammupyemMoro
OIEPAIMOHHOTO yCHIHTeNs cocTapuin 65 mMxpay/I'n’> va wacrore 1000 Iy, a B pexume ¢ yeunenuem 0 nb (6e3 ycunenmus)
OIEPAIMOHHOTO YCHINTEIS C TOKOBOM 00paTHO! CBS3BIO M YCHIICHHEM IIPOrPaMMHUPYEMOTo OnepannoHHoro yeuamTens — 20 nb
80 mMkpam/T'i™> Ha wactore 1000 I'n. MipakTHYecKast 3HAYUMOCTh. BELTO IPOIEMOHCTPHPOBAHO HATIYHE ONTHMAIBHOH Pato-
4ell 00acTi B pexxumMe ¢ ycuiieHneM 6 1b TpaHCUMIIEJaHCHOTO YCUIIUTENS B Juarna3one koddduimentoB ycuienuid 5-20 nb
MIPOrpaMMHPYEMOr0 ONEPallMOHHOTO YCUINTENS, IPU KOTOPOH HaOMI0AaI0TCsl HAUMEHBIINE CPeIHIE 3HAUEHUs] ypOBHEH co0-
CTBEHHBIX IITyMOB HCCIIEyeMOr0 MacCHBa BOJTOKOHHO-ONTHUCCKUX JATIHKOB Ha ypoHe 65—70 Mxpan/Tu®>. [laHHbIi MeTO C
HCTIONB30BAaHUEM OTIEPALOHHBIX YCUIUTENIECH MOKHO IPHMEHATh B MACCUBE BOJIOKOHHO-ONTHYECKUX HHTEP(HEPOMETPHIECKIX
JATINKOB JUISl yCHIICHHS ONTHYECKNX HMITYIIECOB, TIPUXOISIINX Ha (OTONPHEMHUK, O3 CYIIECTBEHHOTO YXYALICHNS UX IITyMO-
BBEIX XapaKTEPUCTHUK IIPU YCIOBHHU BEIOOPA ONTHMaIIBHON paboueil o6macTy.

KiroueBble cj1oBa
BOJIOKOHHO-ONTHYCCKHUU IATYHK, ONICPAIIOHHBIA YCHUITUTENb, KOO(Q(UIIMEHT YCHIICHUS, YPOBEHb COOCTBECHHBIX IIIYMOB
Baaronapuoctu

Pabora Bemonnena B Yausepcurere UTMO npu ¢punancoBoi moaepskke MuHucTepcTBa 00pazoBanus 1 Hayku Poccniickoit
Denepanuu (mpoekt Ne 03.G25.31.0245).

Hay4yHO-TEXHNYECKNIN BECTHUK MHDOPMALMOHHbBIX TEXHOAOMMIA, MEXAHUKN U ONTUKMN,
2019, Tom 19, Ne 6 987



MWUHNMN3AUMA YPOBHA COBCTBEHHbLIX LLYMOB MACCUBA...

doi: 10.17586/2226-1494-2019-19-6-987-993

MINIMIZATION OF NOISE FLOOR LEVEL OF FIBER-OPTIC
INTERFEROMETRIC SENSOR ARRAY BY ADJUSTMENT OF OPERATIONAL
AMPLIFIER CASCADE PARAMETERS

M.V. Bykadorov, M.Yu. Plotnikov, A.Yu. Kireenkov, A.A. Makarenko
ITMO University, Saint Petersburg, 197101, Russian Federation
Corresponding author: 2kydepsta2@gmail.com
Article info

Received 19.07.19, accepted 11.09.19
Article in Russian

For citation: Bykadorov M.V., Plotnikov M.Yu., Kireenkov A.Yu., Makarenko A.A. Minimization of noise floor level of fiber-optic
interferometric sensor array by adjustment of operational amplifier cascade parameters. Scientific and Technical Journal of Information
Technologies, Mechanics and Optics, 2019, vol. 19, no. 6, pp. 987-993 (in Russian). doi: 10.17586/2226-1494-2019-19-6-987-993
Abstract

Subject of Research. The paper presents results of the experimental study on the dependence of the noise floor level of a
fiber-optic interferometric sensor array on the gain factor of operational amplifiers located on the signal processing board
and connected in series into a single cascade. Method. The fiber-optic interferometric sensor array is based on Michelson
interferometers, arrayed with time division multiplexing. Operational amplifier cascade consists of a variable operational
amplifier and a current feedback operational amplifier (transimpedance amplifier), which converts the photocurrent from the
photodiode to voltage. A signal from the photodetector is transmitted to transimpedance amplifier, which has two operating
modes with gain factors equal to 0 and 6 dB, and then to programmed operational amplifier, which additionally amplifies the
incoming electric signal in the range from 0 to 40 dB. Further, enhanced signals from the amplifier cascade are fed to analog-to-
digital converter and then they are demodulated. During the experiment the fiber-optic sensor array under research was closed
off from external vibroacoustic impacts on the sensor. Noise signals from four sensors were recorded after demodulation into
data files at the various values of gain factors of operational amplifiers. Spectral estimations of noise floor levels of the fiber-
optic interferometric sensors were performed by the averaged modified periodogram method depending on the gain factors of
operational amplifiers. Main Results. The following minimal average noise floor levels were obtained: 65 urad/Hz%> at 1000 Hz
with the gain factor of the current feedback operational amplifier equal to 6 dB and the gain factor of the variable operational
amplifier equal to 12 dB, and 80 urad/Hz"-> at 1000 Hz with the gain factor of the current feedback operational amplifier equal
to 0 dB and the gain factor of the variable operational amplifier equal to 20 dB. Practical Relevance. The study has shown that
optimal operating conditions are achieved with the gain factor of the current feedback operational amplifier equal to 6 dB and
in the range of the gain factor of the variable operational amplifier from 5 dB to 20 dB, which provided the minimal average
noise floor level of the fiber-optic interferometric sensors at the level of 65-70 urad/Hz%. The proposed method of applying
operational amplifiers is usable for the amplification of optical signals from the fiber-optic multiplexed sensor array without
significant deterioration of their noise performance in case of the optimal operating domain selection.
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BBenenue

BomoxonHo-onTHdeckue uaTephepomerpraeckue narauku (BOM/I) ucmomb3yroTest Ui TOYHBIX H3MEPEHUHA
MIMPOKOTO PAZA Pa3IUIHbBIX (PU3MUECKNX BEIWINH, TAKUX KaK CKOPOCTh BPAIIEHHS, THAPOAKYyCTHUECKOE TABJICHHE,
ycKopeHue U T. 4. [1, 2]. [loMrMo cBOMX MPEeNMYIIECTB Mepe. IpyTUMH H3MEPUTEIEHBIMU CHCTEMAMH, TAKAX KaK
HEBOCIPUHUMYHBOCTD K JIEKTPOMAarHUTHBIM BO3/ICHCTBHUAM U BBICOKAsl UyBCTBUTEIBHOCTS [3, 4], BOU/I obnanaror
BO3MOXXHOCTBIO MYJIbTUINICKCUPOBAHUA, YTO JACJIACT UX NPHUBJIICKATCIIbHBIMU IJIA pAda THAPOAKYCTHUYCCKUX ITPU-
MEHEHUH — reo(u3nuecKoil pa3BeaKH IOJEe3HbIX CKoMaeMbIX [5—10] 1 criennaibHbIX CUCTEM OXPaHbl aKBATOPUIA
Mopckux noprtos [11-14].

Mynsrumiekcuposanre BOW/] Hen30e:xHO MPUBOANT K POCTY ONTHYECKUX MTOTEPh B ONTHYECKOI cxeme
MacCHBa BOJIOKOHHO-ONTHYECKUX JJATYMKOB. JTO BIICUET 32 COO0I HEOOXOANMOCTD YCUIICHNS! HHTEP(EPEHIIMOHHBIX
CHTHAJIOB, IPUXOJSIINX HA (DOTONPUEMHOE YCTPOICTBO, /ISl KOMIIEHCALMH ONTHYECKUX TIOTEPh U YIYUIICHUs CO-
OTHOIIECHHUS CUTHAJI/IITYM MHTEP(EPEHIIMOHHBIX CUTHAIOB. [IOMHMO ONTHYECKUX YCUIUTEINCH, TSl PEIICHUS 9TOH
3aJ[a4i MOTYT HCIIOB30BaThCsl U PA3IMYHbIE HAcTpanBaeMble orepanuonnsle ycmmtenan (OY), ycTaHOBICHHBIC
Ha 11ate 00pabOTKH CUTHAJIOB.

Lenpto HacTOsIIIEH PabOTHI ABISETCS HKCIIEPUMEHTAIBHOE HCCIIEI0BAHIE BIUAHUS KO3(D(HUINEHTOB yCH-
JICHHS KacKa/la ONEepariOHHBIX YCUINTENeH Ha COOCTBeHHBIE IITyMbl MacciBa BOWI.

B paGore paccmarpuBaeTcst paboTa OmeparmoHHOTO YCHIIUTENS ¢ TOKOBOM 0OpaTHO# CBsI3bI0 (TpaHCHUMITE-
naHcHbI yermuTens, OY TOC) OPA857IRGT! npouseonctaa komnanun Texas Instruments ¥ IporpaMMHpyeMOro

1 OPA857 Ultralow-Noise, Wideband, Selectable-Feedback Resistance Transimpedance Amplifier [nexrponnbiit
pecypc]. Pexxum noctymna: http://www.ti.com/product/OPA857. 53. aHr.
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oneparmonHoro ycumutens (IIOY) HMC960LP4E! npouseoacrsa komnanun Analog devices, 06beIMHEHHBIX B
SIIMHBINA KacKaJl Ha I1aTe 00paboTKH HHTep(EPCHIIMOHHBIX CUTHAIOB. [IpeamnoureHue, OTaBacMoe UCTIONh30BaHUIO
OV TOC OPA8S57IRGT, 00yci0oBIEHO €0 HU3KMMH IIIyMaMH, BHICOKMM OBICTPOJCHCTBUEM M BHICOKMM JTHHAMUYE-
CKUM JanazoHoM. B mmpokom auanazone yactor [I0Y HMC960LP4E no3BosseT ycuauBaTh NPUXOISAIIMNA CUTHAI
ot 0 1o 40 b c marom 0,5 1b u, kpome TOTO, TaKKE 00JIATACT HU3KIMHU COOCTBEHHBIMH IITYMaMH.

MonesupoBanue npouecca J1eMOAYJIsIHA HHTep¢epeHIHOHHbIX CHTHAJIOB

Jist MOHMMaHMS TOTO, KaK U3MEHEHUE OTHONICHUS] CUTHAN/IIYM UHTEP()EPEHIIMOHHBIX CUTHAJIOB Oy/leT
BJIMSITH Ha YPOBEHb COOCTBEHHBIX LIIYMOB BOJIOKOHHO-OITHYECKUX JATYUKOB, HEOOXOAMMO YUUTHIBATH, YTO UHTEP-
(bepeHIIMOHHBIE CUTHAIIBI C ITATYNKOB TOJIBEPIalOTCs MPOLECCY JEMOIYIISIIHN JJIsl BOCCTAHOBJICHHS U3MEPSIEMBIX
(azoBbIx curHanoB. CaM mporecc AeMOIYISIIH AeTallbHO ONHcaH B padorax [15-20].

Jst oripezieneHys 3aBUCMMOCTH YPOBHSI IIIyMOB B BBIXOJJHBIX CHTHAJIaX HHTEPHEPOMETPUUECKUX JaTINKOB
OT YpPOBHS IIIyMOB MHTEP(PEPEHIIMOHHBIX CUTHAJIOB OBLIO IPOBEICHO MaTeMaTHYECKOEe MOJICINPOBAHNUE, B XOJC
KOTOPOTO K HHTEp(EepEeHIMOHHOMY (a30MOIYIMPOBAaHHOMY CUTHAITY JOOABIISUTHCH JUTATUBHBIC IIYMbI Pa3TMYHON
BEJINYHMHBI, IPH ATOM CUMTACTCS MHTEP(PEPESHIMOHHBIII CUI'HAII, YTO OIMCBIBACTCS BhIpaxkeHHeM (1):

1(t) = A + Bcos(Ccos(wot) + ©o) + Nadds )

rae A 1 B — moCTOsSHHBIE, OMpeAesieMble MOITHOCTHIO ONITHYECKOTO M3NYUCHHS W BHIHOCTHIO HHTEP(hEpeHIH-
OHHOTO CUTHAJIa, MPUXOAAIIETO Ha POTONPUEMHHUK, €. MIL. pa3p.; C — 3HaueHHe IITyOUHBI (Ha30BOH MOAYISAINH,
pan; Nygg — alVIMTHBHBIN LIyM, €. MJI. pa3p.; ™y — IHUKIMYEeCKasi 4acTOTa CUI'Hala OIIOPHOTo T'eHepaTopa, paj/c,
pan; @o — mosiokeHue padodel Touku HHTEphepoMeTpa, pai.

JHanee 3amyMicHHbIH HHTEPPEPCHIUOHHBINA cUrHaiM oOpadarkiBasics cxemoit aemoayisiinuu PGC-Atan
[15-20], u B pe3ynbTraTe MaTeMaTHYeCKOro MoneupoBanus B cpene MATLAB oreHuBaicst ypoBeHb COOCTBEHHBIX
IIYMOB BBIXOAHOTO curHaia Ha yactore 1000 ' B 3aBUCHMOCTH OT YPOBHS aJIUTUBHOTO 1yMa N,q4. B xone mo-
JICITUPOBAHUS BEJTMYUHA JTOOABISIEMBIX K HHTEP()EPCHIIMOHHOMY CHTHANY aJUIUTUBHBIX ITYMOB U3MCHsIIAch OT ()
10 1000 exr. mut. pa3p. (OTH. €1I.), IIPH ATOM CaM CHTHAJI CYATAIICS OIH(PPOBAHHBIM | 6-OMTHBIM aHATOTO-IIH(PPOBEIM
mpeobpazopareneM (AL u uven ammumtyny B = 30000 exn. mit. pa3p. Pe3ymsrarel MomennpoBaHUs PEICTaBICHBI
Ha puc. 1.
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Puc. 1. YpoBeHb COOCTBEHHBIX LIIyMOB BOJIOKOHHO-OIITHYECKOTO HHTEP(HEPOMETPUUCCKOTO JaTYHKa
B 3aBHCHMOCTH OT BXOAZHOTO aJANTUBHOTO IITyMa

CornacHo puc. 1, nuHelHOe yBeIIMUeHNE YPOBHS IIYMOB B HHTEP()EPEHINOHHOM CUTHAJIe IPUBOIUT K JIU-
HEHHOMY yBEIMYEHHIO ITyMOB B BBIXOJHOM CHTHaJIE rocie AeMonyssinui. [lomydennas 3aBUCHMOCTB TIO3BOJISIET
MIePEHTH K 3KCIEPUMEHTAIBHBIM NCCIIEOBAHNAM M POAHATN3HPOBATh, KAK MEHAETCSI OTHOIICHNE CHTHAI/IIyM
nHTEP()EPEHIINOHHOTO CUTHAJIA [TPU Pa3JIMYHBIX PEeXKUMax paboThl KaCKa/la ONEPAMOHHBIX YCUIUTENCH, a TakKe
OLICHNUTb, HE BHOCSAT JIM PacCMaTpuBacMble B pa0OTE ONEpaI[iOHHbIEC YCHIUTENIHN JOMOTHUTEIbHBIX IIyMOB.

Pe3y.]'ll>TaTl>l IKCIIEpUMEHTa

Jnist osrydeHus SKCIepruMEeHTaIbHON 3aBUCHMOCTH YPOBHSI COOCTBEHHBIX IIyMOB MaccuBa BOW/] ot ko-
s¢duireHTOB ycmieHuns kackaga OY ucronb3oBajcs MaccuB 3 yeTbipex BOW /I, mocTpoeHHBIN Ha IBYXITy4eBbIX
BOJIOKOHHBIX HHTep(hepomerpax MalikerbcoHa, 00bEIMHEHHBIX B MACCHB C MYJIBTHIIIICKCHPOBAHNEM 10 BPEMEHH.

' HMC960LP4E [Dnextponnsrii pecype]. Pesxum moctyma: https://www.analog.com/en/products/hmc960.html#prod-
uct-overview. S3. aHri.
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Kackaj orepaliioOHHBIX YCHIIMTENEH ObUT PacloNokeH Ha Iuiare 00paboTKK CUTHAJIOB HETIOCPEICTBEHHO
mociie pOTONMPUEMHOTO YCTPOUCTBA U BKIIFOYAN B ce0st TpaHcumIteaancHbii yeuutens (OY TOC) [21, 22], koto-
pHlit peoOpasyeT (POTOTOK B HANPSDKEHUE, ¥ IPOrpaMMUpYeMBblid oniepaiionHblil yenutens (I10Y) [23]. Curnan
¢ otonpuemHoro ycrpoiictBa nomnaman HenocpencteeHHo Ha OY TOC, koTopsiid paboTall B ABYX peKHMax —
¢ kod(punmentamu ycunenus 0 u 6 nb, u 3arem Ha [1OY, KOTOPHI AOMOIHATEIHHO YCUIUBAT MPUXOMSIIAN
anekTpuyeckuid curnan B quanasone 0—40 ab. anee ycuieHnHble curtaisl ¢ kackaga OY nopasanucek Ha ALIL.
OundpoBaHHBINH CUTHAT AEMOIYINPOBAIICS CXEMOH 00pabOTKH, peaTn30BaHHON Ha IPOrPaMMHUPYEMOH JTOTHIECKOH
HHTEeTrpajbHOU cxeme [15-20].

B xoxe sxcniepumMenTa uccnenyeMslii MmaccuB BOW /I 6pU1 H30IMPOBaH OT BHEIITHUX BHOPOAKYCTHUECKHX
BoznercTBuil. OY TOC pabotan B 1ByX peskumMax ¢ kodddunmenramu yeunenus 0 u 6 1b, koo HUIUEHT yCHITeHUS
I1OY wmensiics B quanaszone 0—40 nb ¢ marom 2 nb. K mare 06paboTKu ObLT TaK)Ke MOAKIIOUEH OCIIIorpad, ¢
MIOMOIIIBIO KOTOPOTO OL[EHUBAJIACh AMILTUTY/1a HHTEP(PEPEHIIMOHHBIX CUTHAJIOB M KOHTPOJIMPOBAJIOCH HACKILIICHUE
(doTonpuemMHoro ycrpoiictsa (puc. 2).

C 3anyckom

| = HUMITYJIbC C CUHXPOHU3alun

2 UMIIYJIBChI C 1aTYUKOB

2.50G8h6/C
10k Touex

Puc. 2. OcummniorpamMma MociIe0BaTeIbHOCTH ONTHIECKUX HMITYTbCOB C MACCHBA BOJIOKOHHO-ONTHIECKUX
HHTEPHEPOMETPHUIECKIX TATINKOB

JleMonyIMpoBaHHBIE CUTHAJIBI C YEThIPEX BOJIOKOHHO-ONTHYECKUX JaTYMKOB MIPH Pa3IUYHBIX 3HAYEHUSIX
ko3¢ ¢unrenToB ycuienus OY 3amucbiBaluch B (pailiibl JaHHBIX HA IIEPCOHAIBLHOM KOMITBIOTEPE, TI0 KOTOPBIM
BITOCJIE/ICTBUY OLICHUBAJICS YPOBEHb COOCTBEHHBIX HIYMOB AATYMKOB C ITOMOIIBIO METO/Ia MOAM(DUIIMPOBAHHBIX
nepuogorpamm [24, 25].

YcpenHeHHBIE pe3yNbTaThl H3MEPEHUH YPOBHs cOOCTBEHHBIX IITyMoB MaccuBa BOW/I Ha wactore 1000 I'a
TIPH Pa3TUYHBIX 3HAYCHUAX KodpdunueHnToB ycmieHus OY mpencrasneHs! Ha puc. 3. Beidbop gactorer 1000 '
JUIS TPOBEZICHUSI aHaIN3a ObLT IIPOU3BECH JUI MUHIMHU3AINH BINSHNAS HU3KOUYaCTOTHBIX aKyCTHYECKUX U BUOpa-
IIUOHHBIX [TOMEX, MPUCYTCTBOBABIIUX B TAOOPATOPHH, HAa PE3YABTATHl SKCIICPUMEHTA.

CormnacHo pe3yapTaTraM 3KCIIepUMEHTa, MPEICTaBICHHBIM Ha PUC. 3, MUHUMaJIbHbIC CPEIHUE 3HAYCHUS
YPOBHSI COGCTBEHHBIX ITyMoB MaccuBa BO ]I cocrasumu oxono 65 Mxpan/ I'n’> na wactore 1000 'y B pexume OY
TOC c ycunenuem 6 n1b u ycunenuem [1OY 12 nb. MunnmanbHble cpeiHIE 3HAUCHHSI YPOBHSI COOCTBEHHBIX IITy-
MoB Maccusa BOUJ] B pesxume OY TOC ¢ yeunennem 0 1b (6e3 yeunenus) coctasunu B cpegnem 80 mxpay/Tu’>
Ha yactote 1000 'y mpu xoapuumente ycunenus [10Y 20 nb.

[ToBeIIeHNE CpeaHEero ypOBHS COOCTBEHHBIX LIIyMOB IPH 3Ha4eHHAX Kodddunnenra ycuienuns [10Y Bbie
25 nb OBLIO CBSA3aHO C HACKHIIICHHEM (DOTOIPHEMHOTO YCTPOWCTBA U TIepernoTHeHHeM pa3psaaHoi cetku AL u,
Kak CIIe/ICTBHE, HEKOPPEKTHOW paboTe anropuTMa JAeMOTYIISIIHH.

U3 rpadukoB, peCcTaBICHHBIX HA PHC. 3, BUIHO, 9TO B peskume ¢ yerneHneM 6 1b OY TOC u ¢ ko3 punu-
earoM ycunenus [I0OY ot 5 mo 20 gb gocturaercss MUHIMYM COOCTBEHHBIX IITYMOB HccieayeMoro maccusa BOW/I.
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T I I I I I I T T
o ycunernue 0 1b TpaHcHMIIETaHCHOTO ycHIUTENS (M3MEPEHN) bk

ycwiienue 0 1b TpancuMIieIaHCHOTO yCHIUTENs (AlmpOKCHMAITHS ) il
140 H-- ycunenue 6 1b TpaHCUMIEIAHCHOTO YCHIUTENS (ANIIPOKCUMALIUS) ,
v ycuieHue 6 1b TpaHCHMIIETAaHCHOTO YCHIIUTEINS (M3MEPEHHSA) ‘

100

IIyms1 Ha yactore 1000 ', pagy/T'n’?>

(o))
(==}

Il

40

Kospduunent ycunenns, nb

Puc. 3. YcpenHeHHBIIT ypOBEeHb COOCTBEHHBIX IIIYMOB BOJIOKOHHO-OITHYECKHX HHTEP(HEPOMETPHYECKHIX AATUUKOB
B 3aBUCUMOCTH OT KOA()(DUIIMCHTOB YCHIICHUS IIPOrPaMMUPYEMOT0 ONIEPALIOHHOTO YCHIINTEIIS U TPAHCUMIIEAaHCHOTO
yCUIIUTENs

Crenyer Takke OTMETUTb, YTO XapakTep 3aBUCUMOCTH YPOBHs cOOCTBEHHBIX ITyMoB MaccuBa BOW/I ot
kod(dunmeHToB ycuieHus kackagaa OY HeNMHEeeH, YTo, C YYETOM Pe3yJIbTaToB MPOBEICHHOTO MaTeMaTHYECKOro
MOJIEITMPOBAHHUS TOBOPUT O BHeceHHH OY JTONOIHUTENBHBIX IIYMOB B HHTep(epeHIHOHHbIN curHail. Takum oOpa-
30M, BBIOOD pesknMa paboTsl Kackama OV oka3pIBaeT CyIIECTBEHHOE BIMSHHE Ha YPOBEHB IITyMOB MaccuBa BOW/I.

3akJjoueHne

Hacrosiast pabora rocssiieHa SKCIepuMeHTaIbHOMY HCCIIEJOBAHUIO BIUSHNS KOI(PQHUIIEHTOB YCHUIICHUS
OIICPAIIMOHHBIX YCHJIMTEINICH Ha COOCTBEHHBIC IIYMbl MacCHBA BOJOKOHHO-ONTHYECKUX MHTEPHEPOMETPUIECCKIX
JIaTYNKOB.

B xone skcrniepuMeHTaNbHBIX NCCIIEJOBAaHNH OBIIH MTOTy4YeHbl MUHUMAJIbHBIC CPETHUE 3HAYCHUS YPOBHEH
COBCTBEHHBIX IITyMOB BOJIOKOHHO-ONTHYECKUX JaTYNKOB Ha ypoBHe 65 Mkpan/Tu®> (vactora 1000 I'ni, ycnnenne
OTIEPAI[IOHHOTO YCHJIMTEINS C TOKOBOH 0OpaTHOW cBA3bIO 6 1b, ycnieHne mporpaMMHpPyEeMOro OTIepaHOHHOTO
yeummurens 12 a1b). IIpu BEIKITIOYCHHOM OTIEpalliOHHOM YCHIINTEIE C TOKOBOI oOparHoi cBs3bio (ycunenue 0 1b)
MHHHMAJIbHbIC CPEJHNE 3HAYCHUS] YPOBHEH COOCTBEHHBIX IIyMOB BOJIOKOHHO-ONTHYECKUX JATIUKOB COCTABUIIN
80 mxpan/T'u®> (wactora 1000 I'ni, ycHiIeHHE IPOrpaMMHUPYEMOTO OIepaoHHOro yeumutens 20 1b). Takum 06-
pa3oM, ONITUMAJIbHBIM PEKUMOM paGOTI)I OICpaMOHHbIX yCI/IHHTeHeﬁ, OGeCHe‘IHBaIOH_II/IM MUHUMAJIbHBIN YPOBEHb
COOCTBEHHBIX IIYMOB MaCCHUBa BOJIOKOHHO-OINITHYCCKUX TATYUKOB, ABJIACTCA BKIIFOUCHUE ONICPALTMOHHOTO YCUITUTCIIA
C TOKOBOM 00paTHOM CBsI3bIO € ycHiieHneM 6 b ¥ BKIIIOYEHUE TPOrPaMMHPYEMOTO ONEPalMOHHOTO YCUIINTENIS B
nuanazone koadduimentos ycunenuit ot 5 1o 20 1b.

CHIDKeHNE YPOBHSI COOCTBEHHBIX IITYMOB MacCHBa BOJOKOHHO-ONTHYECKUX HHTEPPEPOMETPUIECKUX JaT-
YHKOB B PEXKHMME C YCHIICHHEM 6 b ONepalioHHOTO YCHIIUTENS ¢ TOKOBOM 0OpaTHOH CBSI3bIO MPEIIOIOKHUTEILHO
CBSI3aHO C TEM, YTO, COTJIACHO €r0 JIOKyMEHTAINH, CPEIHEKBaIPATHYHBII TOKOBBIN IITyM B peKUMe ycuieHus 6 1b
OTIEPAIIMOHHOTO YCHIIUTEIIS C TOKOBOI 00paTHOM CBsI3bI0 paBeH 15 HA, a B pexkume 0 nb (6e3 ycunenus) — 25 HA.
Kak ciencrBue, HaMMEHBIINH BKJIAJ] TPAHCHUMIIEAHCHOTO YCHIIMTENS B COOCTBEHHbIE IITyMbl MacCHBa BOJIOKOH-
HO-ONTHYECKUX HHTEP(HEPOMETPHUECKHIX JaTINKOB IOCTUTACTCS MIPH ycuiieHnu 6 1b.

[IporpaMMupyeMbIii OTIepalliOHHBIN YCUINTEb, HATPOTUB, pH Kodddunnente ycumrnenus 0 1b nmeer, co-
IIacHO JOKyMeHTaimH, mymsl 9 HB/I'u’>, a mpu kospduimente ycunenus 40 ab urymsl jocturator 125 aB/Tn’>.

HOJ’[y‘-IeHHBIe PE3YNbTAThl CBUACTEILCTBYIOT O TOM, YTO, OCYIICCTBIIAA HaCTpOﬁKy KacCKaJia ornepaunoOHHBIX
yCHJ’IHTeJ’Ieﬁ, MOXHO }106I/ITI)CH CHUXXCHUSA YPOBHS COOCTBEHHBIX ITYMOB MacCHBa BOJIOKOHHO-OIITUYCCKUX UHTECP-
(epoMeTpHYECKHX TaTUUKOB.
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