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AnHoTanusi. B nokmane mpencraBieH HOBBIM ABYXIapaMETPUUECKHH JaTUYMK Ha OCHOBE IapajljielIbHBIX
unreppepomerpoB Dabpu-Ilepo, Kaxkablii M3 KOTOpHIX cQopMHpOBaH Ha 0a3e IBYX CBEPXKOPOTKHX
BOJIOKOHHBIX OpAITOBCKHMX pEHIETOK C pPa3HOM W3MEpHUTENIbHOM 0a30i, uIsl CcO3laHMsi ONOPHOIO H
M3MEPUTEIBHOTO KaHAIOB KOHTPOJIS JaBleHuUs. B Kax/pIit HHTEphEepOMeTp JOMOIHUTEIBHO BCTPOCHA aJpecHast
BOJIOKOHHASI OpAITOBCKAsl CTPYKTYpa Ul KOHTPOJISI M KOMIICHCAlMM TEeMIepaTypbl. YHUKaJIbHOCTh JAaTYMKA
3aKJIFOYAETCsl B TOM, YTO MPUMCHEHHE aJJPECHBIX BOJIOKOHHBIX OPATTOBCKHX CTPYKTYp IyaslbHO, e¢ (pyHKIHUS B
oboux KaHamax (OPMHUPOBAHUE 30HAMPYIOIIETO M3IyYEHHS C ABYMsS M TPEMsl KOMIIOHEHTAMH ISl OIpoca
nHTEep()EpOMETPOB, a NMPHUIAHUS M3MEPEHHSAM INpH3HAKa aapecHbIX. [IpeanmaraeMblil TaTUMK XapaKTEpPH3YETCs
HHU3KOH CTOMMOCTBIO M IPOCTOTOH M3rOTOBJIEHHS HHTEP()EpOMETPOB, MMEET KOHCTPYKTHBHYIO LEJIOCTHOCTS,
MIOCKOJIbKY Op3ITOBCKHE PELIETKH M CTPYKTYPBI 3alHCBHIBAIOTCS BHYTPHBOJIOKOHHO, MO3BOJIIET PabOTaTh B
Jrara3oHe W3MEPeHUs BRICOKOTO AaBneHns 10 5 Mlla u Beicokoit Temmeparypsl 10 525 °C, MOCKOIBKY BOJIOKHO
UCIIONB3yeTCs 0e3 BHELIHEero MOJIUMEPHOT0 MOKPHITHS. BBICOKYIO YyBCTBUTEIBHOCTD H3MEPEHHH 00ecreunBaeT
CIIEKTpajbHasg XapaKTEepUCTHKa ceHcopa, (opmupyemas >(¢dexroM BepHbe mnpu B3aUMOIEHCTBHH JABYX
napajuleNIbHbIX MHTePPEpPOMETPOB, a TaKKe NpPUMEHEeHHe paanodoToHHOro ompoca orubaromeil BepHbe Ha
4acTOTaX OMEHMI KOMIOHEHT aJIPECHBIX CTPYKTYP.

KiioueBble cioBa: maBineHme; Temreparypa; uHTepdepomerp Dabpu-llepo; »dpdext Bepnpe; ampecHas
BOJIOKOHHAsI OpATTOBCKasi CTPYKTYpa; paiuo(OTOHHBIH OIpoc

PARALLEL FABRY-PEROT INTERFEROMETERS WITH BUILT-IN
ADDRESSABLE FIBER BRAGG STRUCTURE FOR TEMPERATURE AND
PRESSURE MONITORING

A.N. Leont’ev, L.I. Nureev, E.V. Belov, V.I. Artem’ev, O.G. Morozov, N.D. Smirnov

Abstract. The report presents a new two-parameter sensor based on parallel Fabry-Perot interferometers, each of
which is formed on the basis of two ultra-short fiber Bragg gratings with different measuring bases, to create a
reference and measuring channels for pressure control. Each interferometer has an additional built-in addressable
fiber Bragg structure for temperature control and compensation. The uniqueness of the sensor lies in the fact that
the use of addressable fiber Bragg structures is dual, its function in both channels is to form probing radiation
with two and three components for interrogating interferometers, and to impart an addressable feature to
measurements. The proposed sensor is characterized by low cost and ease of manufacture of interferometers, has
structural integrity, since the Bragg gratings and structures are recorded in-fiber, allows operation in the range of
high pressure measurement up to 5 MPa and high temperature up to 500 °C, since the fiber is used without an
external polymer coating. High sensitivity of measurements is ensured by the spectral characteristic of the
sensor, formed by the Vernier effect during the interaction of two parallel interferometers, as well as the use of
microwave photonic interrogation of the Vernier envelope at the beat frequencies of the address structures’
components.

Keywords: pressure; temperature; Fabry-Perot interferometer; Vernier effect; addressable fiber Bragg structure;
microwave photonic interrogation

BBenenne
C pa3BUTHEM COBPEMEHHOW a’pOKOCMHUYECKOW TEXHHUKH TECTUPOBAHUE €€ Y3JIOB M arperatoB B
SKCTpEMaJbHBIX YCJIOBHSIX, TaKMX KaK BBICOKAas TEMIIepaTypa U BBICOKOE aBJICHHUE, CTaJlo
CBEpPXBaXHON TeXHHMUYECKOW 3amadedl. BomokonHo-ontuueckue mpatumku (BOJ) mnpemnmararor
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U3MEpPEHHsI C BBICOKOH MPOU3BOIUTEIBHOCTHIO (C TOYKH 3pEHHS UYBCTBHTEIBHOCTH, TOYHOCTH M
HA/IeKHOCTH), C BBICOKOW YCTOHYMBOCTBHIO K BHEIIHUM TIOMeXaM (HampuMep, dJIEKTPOMAarHUTHOMY
HIyMy WIH 3JEKTPOCTATUYECKUM pa3psAaaM) M JAPYyTHUM YCIOBUSAM OKpY’Karolled cpeabl U UrparoT
KJIFOUEBYIO POJIb B COBPEMEHHBIX HH)KCHEPHBIX MPOEKTaX U UccienoBaHusx [1].

Bcemn ykazaHHBIMH BhIIIe TpenMylnecTBamMu oOmaror BOJl Ha OCHOBE BOJOKOHHBIX
OporroBcknx pemerok (BBP) [2], koTopple MNOAXOAAT 11 MOHHUTOPHHTAa MHOTOYHCICHHBIX
TEXHUYECKHX XapaKTepUCTHK KaK B CTATHUYECKHUX, TaK M B JAMHAMUYECKHX pexumax. OHH MOTyT
3aMEHUTh DPA3JIMYHbIE CTAHAAPTHBIE JATYUKU B CaMOJIETAX, BKJIIOYAsi CTPYKTYPHBI MOHMTOPHHT,
yIpaBlicHHE TEMIIEpaTypoil U ee KOMIICHCAIIUIO MPH WU3MEPEHHH JAPYTHX (PU3NYECKHUX MapaMeTpoB,
HampuMep, AasieHuss. OHU TakKe TOJE3HBl A KOCMHUYECKMX TNPWIOKEHHH H3-3a LIUPOKOTO
pabodero TemMrepaTypHOro Juana3oHa U BO3MOXXHOCTH CHIKEHHS Beca T0JIe3HOW HArpy3KH.

Bropas mmpoko mnpumeHseMas KOH(HUTypalus TIpeacTaBisseT coboit kackamaeie BOJ|
TeMmrepatypsl U AaBieHus Ha uHTepdepomerpax Pabpu-Ilepo (UDII) [3], npu stom omun UDIT
YYBCTBHUTEJIEH K JaBJIEHUIO, a Jpyrol — K TeMmmeparype. borjee Toro, mnpuMeHSIOTCS U
KOMOWHHPOBaHHBIE CTPYKTYpbl, B KoTOopeix mnepen W®DII B BomokHo BerpamBaercss BBP  mms
KOMIICHCAIIU TeMIepaTypsl, eciu 00a U®DII uzmepsroT naBieHne, a yiIydlleHHe WX XapaKTePUCTHK
JIOCTUTAETCs UCTIONIb30BaHueM 3 dekra Bepube [4].

B sTOM nmoknazne Mbl mpeAcTaBiIsieM JBYXMapaMeTpUUECKUI NaT4MK TeMIepaTyphl U JaBJICHUs
IUIsL cpell C BBICOKOM TeMmImepaTypoil M BBICOKMM JaBJICHHEM, HCIOJIb3YIOMIMN KacKagHyro
koHcTpyKItuio VDIl m agpecHOl BOJIOKOHHOUW OparroBckoit cTpykTypsl (ABBC [5]) ¢ addexrom
Bepure. BOJl cocrour u3 omopuoro M®DII ¢ ycranoBiennoit mepex HuMm 2n-ABBC [5] u
U3MEpUTEIBHOTO ¢ ycTaHoBieHHON mnepen HuM 3n-ABBC [6]. JlaBneHue wu3MmepsieTcs MyTeM
MOHHUTOPUHIA OIPEAEIECHHOIO CABUIA JUIMHBI BOJHBI, IOJIArasicb Ha MPUHIMI, YTO MOKa3aTelb
MIPETIOMIICHHS Ta3a U3MEHSIETCS JIMHEHHO ¢ TIPUIIOKEHHBIM JIaBICHUEM.

Copnepaxanue 1oKJIa1a
B noxiage mosTamHO IpENCTaBJIEHBL: OMNMCAHUWE CTPYKTYpHOM cxembl HoBoro BOJ,
MaTeMaTh4ecKas MoJesb (GOpMUPOBAHUS OTKIMKA OTAENbHBIX MDII 1 00beAMHEHHOTO OTKIMKA OBYX
napaiensHbix DI, ocHoBannblil Ha 3ddekre Bepube, ananus npumenenns ABBC npu nzmenennun
JIaBJICHUS U TEMIIEPATYPBI, KPATKUE PE3YJIBTAThl SKCIIEPUMEHTAIBHBIX HCCIIEJOBAHNI.

CTpyKTypHasi cxeMa AaTYUKA ¥ NPUHLUI AeHCTBUA
CucreMa UCTIBITAHUN TeMIepaTyphl U AaBieHus Ha 6aze VDI Obuta co3mana aiis CCleOBaHUS
X OTKJIMKAa Ha M3MEHEHHE JaBJICHHs B 30HE KOHTpOJS (IIEYW) MPH Pa3IHyYHBIX TeMIepaTypax, Kak
ITOKa3aHo Ha puc. 1.

OnopHBIit wna
norn PassetBuTeNnL
30b
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KoHTponnep N3meputenbHbIn
aaBnenns V' non
Bosagyx h 4
KoHTponnep
Temneparypbl Meus

Puc. 1. CtpykTypHas cxema cucTeMbl KOHTPOJIS IaBJICHUS U TeMIIepaTyphl

TemnepaTypa meun TOYHO KOHTPOJHPYETCS KOHTPOJUIEPOM TEMIIEpaTypbl, B TO BpeMs Kak
JIaBJIeHHEe Ta3a BHYTPHU I€YM TOYHO PEryJHpyercss KOHTpOJuIepoM JaBieHus. lloaroToBieHHBIH
m3MmeputenbHplid  MUDII  paTymk MHKanCyaupyeTrcs B KOPIYC U3 HEpXkKaBeIolled CcTand U
TEPMETH3UPYETCS B KaMmepe IeYd. BBIXOZHOW CBET MIMPOKOIIOJIOCHOTO JiazepHoro awoma (IIIJIJT)
paszmensieTcss Ha JABa KaHama ¢ momomiplo pasBerButTens (3 nb). OauH KaHam MOOAKIIOYEH K
U3MEpUTENBHOMY, @ APYroil — k onopuomy MOIIL.
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Mexnay nazepHsiM auonoM U cobctBeHHO M®II Berpoenst nse ABBC: 2n-ABBC B omopHoM
kanane (puc. 2) u 3n-ABBC B m3mepurensHom kanaie (puc. 3).
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Puc. 2. NnntoctpatuBHas cxema UDII ¢ Bctpoenusimu ABBC

Oba oTpakeHHBIX Jyd4a 3aTeM IepenarTcs B paaunodoToHHBIH aHamu3atop (PDA) wepes
pasBeTBuUTENb, I'ie POA 3axBaThlBaeT U KOHTPOJIUPYET creKTp Kaxxaoro MADII no nsyM B OIIOPHOM U
[0 TPEM COCTaBISIOUIMM DPELIETOK B H3MEpPUTEIbHOM KaHase. BbIXOAHBIE JaHHbIE MOCTYMAlOT Ha
koMmbroTep [1K.

M3MepeHHas oTpaykeHHasi MHTEHCUBHOCTh TopTa PO A onuckiBaercs kak [4]:

out

I,,=1,-24B 005(27:%)—1—005[27:%) +Bzcos(2n%), )

rae [in — WHTEHCUBHOCTh Ha BXone B Kaxknbelii m3 UDIL, 4 u B — xkodhOUIHUEHTHI, CBSI3aHHBIC C
ko3 dumenTaMm oTpakeHUSIMH Ha Kakaoil u3 kopotkux BBP-pemerox U®II, A — muna BonHbl, d)
U d> — AMHBI ONTHYECKUX MyTel onopHoro u uamepurensnoro UMII cooTBeTcTBEeHHO, paccTpoiika &
MeX]Ty KOTOPBIMU paBHA 0=di—d>.

BaxxHO#l BeNMUYMHOM, MCTIONB3YeMOH IS XapakTepu3auuu ontudeckoro sddexra BepHbe s
nByx U®II sBrnsercs kKodpPUUUEHT yBETMUYCHHS UyBCTBUTENbHOCTH (M-dakrop). DTa BennuuHa
yCTaHABJIMBAET CpaBHEHUE MEKIy ormoOaromieii BepHbe (env) m MHTEpGEPEHIIMOHHBIM CUTHAJIOM OT
nsmeputenpHoro MOII [4]:

v FSRew _ FSR_ L, 2
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IIpu mapamenbHOM TOIKIIOUYEHUH OMOpHOTO W ceHcopHoro UDII m mposnenun >ddexra
BepHbe 4yBCTBUTENBHOCTD JAaTYUKA K JABICHUIO COCTABUT:
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I‘IYBCTBI/ITC.]'IBHOCTI: AaT4HUKa II0 TEMIICpaType Sr 6y,£[€T OMpeaACIATbECA YYBCTBUTCIBHOCTBIO
ABBC.

Kpartkue pe3yjbTaThl 3KCHepUMEHTATbHBIX HCCJIe10BAHMIA

[Tocne pacueTHBIX Mpoleayp OBUIO TPOBEJCHO HCCICIOBAHUE JAaTUYNKa B YCIOBHSX BBICOKON
TEeMIEepaTypsl U BBICOKOIO JaBieHus. Temmeparypa nocreneHHo noseimanack oT 0 °C go 525 °C ¢
uaTepBaiamu B 75 °C ¢ mepuomom crabmmm3anuu B 30 MUH MIPU KaKIOM MTOBBIINICHUN TEMIIEPATYPHIL.
OpnHoBpeMeHHO JaBjieHue noBbimainock oT 0 go 5 MIla ¢ marom 0,5 MlIla. Ilocne crabunuzanuu
JaT4vKa Ha KaXKZ0M YPOBHE JIaBJICHUS] pETUCTPUPOBAIMCH IaHHbIE O JUIMHE BOJIHBL.

CooTHOILIEHNE MEXIY CABUIOM AJIMHBI BOJIHBI ormbarouield BepHbe u M3MeHEeHHEM AaBIEHUS U
CABHUT'OM JUTMHBI BOJIHBI OT TEMIIEPATypPhl MOKAa3aHO HA pHC. 3,a U puc. 3,6 COOTBETCTBEHHO.

OCHOBHBIM OTJIMYHMEM NPEATIOKEHHOIO IAaTYMKA SBISIETCS BBIYMCICHUE AJIMHBI BOJHBI CIOBUra
kaxmaoro M®OII mo pa3pekeHHBIM HaHHBIM, ToMydeHHBIM ¢ ABBC, B mpemenax OIHOTO Ieprojaa
orubaromieit Bepune. J{na usmepurensaoro U®II sto 3n-ABBC (moxazano Ha puc. 4), Ui ONOPHOTO —
2n-ABBC, s o01ieit orubaroieii UCIoinb3yTCs 5 KOMIIOHEHT.

Kaxk mokasano Ha puc. 3 xapakrep 3aBUCUMOCTEN JTUHEHHBIA. OHU MOIYYEeHBI IPU OMPEACICHHBIX
anpecHbIX yactotax Nn-ABBC, koTopsie B 001IeM ciaydae MOTYT OBITh peann3oBaHsl mpu N > 3 [7].
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Puc. 3. 3aBUCHMOCTH CIBUTA JUTMHBI BOJIHEI OTHOAOIIEeH BepHbe OT M3MEHEHUs JaBIcHU (a)
¢ KOMIEHcaluel o remmneparype u caBur JuinHbl BoiaHbl ABBC mo temneparype (6)

CNEeKTp M3Ny4eHua.
chopmHpoBaHHbIA DM

AmnauTyaa, ycn.eq,

CneKTp U3Ny4YeHus,
chOpMHUPOBaHHbIA ABBC

JAnHa BONHLI, yCn.ea.
Puc. 4. Pannodotonsnslii onpoc orubdaromieii Bepuse n1Byx napamuiensusix UOIT
mydernemM, copmupoBarabM B 31-ABBC

3akiouenne

Pa3paboran m mpoBepeH Ha MakeTe HOBBIM mapayuiensHbii DIl ¢ BcTpoeHHO#H ampecHOi
BOJIOKOHHOH OP3ITOBCKOM CTPYKTYpO# MUl KOHTPOJIS BBICOKOTO JaBJICHUSI M BBICOKOW TeMIIEPaTypbl
rasa, 9To BaXKHO IPH HMCIIBITAHUU aBUAITMOHHON TeXHHUKH. [laTumk oOwmenwusieT na VDI, B kaxmapIit
u3 Kotopeix BcTpoeHsl Nm-ABBC. Bpicokass 4yBCTBUTENBHOCTDh K JABJIEHUIO JOCTUTAETCS 3a CUET
s¢pdexra Beprbe. OCHOBHBIM OTIMYHEM NPEAJIOKECHHOIO AATUYMKA SIBISCTCS BBIYMCICHHE JTUHBI
BOJIHBI c/iBura napamiensHoro MOII no pa3peskeHHBIM JaHHBIM, MOIY4YeHHBIM ¢ ABYX Nmn-ABBC, B
npejesiax OJHOro mnepuoaa orubarorield BepHbe, 1Mo orudaroiieii OMEHUN €€ KOMIIOHEHT. JTO
MO3BOJISIET 3aMEHUTH B CXEME HKCIIEPUMEHTa ONTHYECKUI aHATM3aTOP CIEKTpa Ha paguo(OTOHHBIMH.
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