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rmpockonbl Ha ocHoBe
pe3oHaToOpoB Mo
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OnTu4Yeckmne rupockorbl, Takne Kak KosbL,eBble
NlasepHble U BOJIOKOHHO-ONTHUYecKue,

CTanu ocHoBoOW ANns 6ecnnatopMeHHbIX
VMHepLMabHbIX HABUFALMUOHHbIX CUCTEM
6narogaps pagy npevMyLLecTs: 60/1bwLOMY
AvanasoHy usMepseMbiX Yr/1I0BbIX CKOpPOCTeW,
BbICOKOM CTabU/IbHOCTM MaclITAa6HOro
Ko3dPULMEHTa, HEYYBCTBUTE/IbHOCTHU

K YCKOPEHWUIO U neperpyske, MeHbLLIEMY BpeMeHMU
rOoTOBHOCTU U T. A. HecmoTps Ha ycnex B Ux
paspaboTke, TakMe rupoCcKonbl HENPUTOAHbI

A1 UCNOJ/Ib30BAHMS B CUCTEMAX YNpaBieHUs
He60/1bLUIMMU NOPTATUBHbIMU YCTPOMCTBAMMU
13-3a CBOMX 60/1bLINX pa3mepoB 1 Beca. Mo3Tomy
MWHUATIOpU3aLUSA ONTUYECKUX TMPOCKOMNOB
cenyac sBnseTcs aktyasnbHou 3agayeit. CtaTbs
nocesuieHa pa3paboTke U NCCcnef0BaHUIO
MWKPOOMNTUYECKOIO FrMpocKona.

KntoyeBble cnoBa: MUKPOONTUYECKME TMPOCKOMbI,
pe3oHaTopbl ranepen wenyvyyuwmnx Mo, 4at4ymkK
\/I')'IOBOVI cKopocTun, B3aVMHbIM CABUT 4aCTOThI
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TeyeHMe II0C/IeSHEero OeCSATH/IeTHs OCHOBHAas
IesiTeIbHOCTh B 00J1IacTH Pa3paboTKy MHKPO-
ONITHYECKUX TUPOCKOIIOB OBIIA COCPeLOTOUeHa

Ha CXeMe YCTPOMCTBAa, OCHOBAaHHOM Ha HCIIO/Ib30Ba-

HHUM IIACCHMBHBIX KOJIBLI€BbIX OJHOMOIOBBIX pe30Ha-

TOPOB, KOTOpBIe OOBIYHO H3TOTABIKMBAIOTCS C UCIIONB-

30BaHHEM IUIAHAPHBIX HWHTEIPAJIBHBIX ONTHYECKHUX

TeXHOJIOTHH.

Taxoke B KadecTBe YYBCTBUTEIBHOIO 3T€MeHTa

TUPOCKOIIA BMeCTO IUIAHAPHOTO OZHOMOZOBOIO Pe30-

26 ®OTOHUKA TOM 17/ N21 2023

LECEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e
| m ONTUKO-3JIEKTPOHHbIE CUCTEMbI M KOMNJIEKCbHI Il
LECEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

Microoptical Gyros
Based on Whispering
Gallery Mode
Resonators
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Optical gyros, such as ring laser gyros and
fiber optical gyros, have become a basis for
strapdown inertial navigation systems due to
a number of advantages (larger dynamic range
of the measured velocities; high stability of
scale factor, insensitivity to linear acceleration
and G-stress; smaller readiness time, etc.).
Despite success in its development, ring laser
and fiber optic gyros are unsuitable for using
in control systems of small portable devices
because of its large size and weight. Now the
actual task is miniaturization of optical gyros,
or development and research of microoptical

gyros.
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uring the last decade main activities in the

area of developing the microoptical gyro were

concentrated on the scheme of device based on
the use of passive ring single-mode cavities, which
are usually produced with the use of planar integral
optical technologies.

Whispering gallery modes resonators can be also
used as the gyro sensitive element instead of planar
single-mode resonator. This is due to their following
properties: highest optical quality factors, small
eigenmodes volume, compactness and relative ease
of fabrication. In this work we consider effects arising
in the whispering gallery modes resonator during
its rotation and possible ways of their application as
sensing element of microoptical gyro.



OPTICAL ELECTRONIC SYSTEMS & COMPLEXES m

HaTOpa MOTYT OBITh HCII0JIb30BAHBI PE30HATOPBL MO
IIer4yymiell rajueped. JTo 0OyCIOBIEHO HX IIOJe3-
HBIMH CBOMCTBAMH: BBICOYAMIIEN HOOPOTHOCTHIO,
MaJIBIM 00beMOM COOCTBEHHBIX MO, KOMIIAKTHOCTBIO
Y OTHOCUTE/IBHOU IIPOCTOTOM U3TOTOBIEHHUS.

B nmaHHOI paboTe MBI paccMaTpuBaeM 3QQeKTHI,
BO3HUKAOIIMe B pe30oHaTope MOJ, IIeluyllell raje-
PeH IpHU ero BpallleHHH, U BO3MOXKHBIE CIIOCOOBI MX
NpUMeHEeHHs B KaueCTBe YyBCTBUTEIBHOIO 3/IeMeHTa
MHUKPOOIITUYEeCKOro THPOCKOIIA.

1. BBEAEHUE

MuHHaTIOpHU3aLMs — OOHUH K3 BKHEHIIHX IIpoLiec-
COB, OIpeNensdrIINX COBpeMeHHbIe TeXHOJIIOTHH,
YCTPOMCTBA U Jaxke obpa3 >KM3HHM. ECIM MBI B3I/ISI-
HeM Ha HMCTOPHUIO Pa3BUTHSA TMPOCKOIIOB, TO YBUIUM,
YTO MeXaHHYeCcKHe THPOCKOIB ObIIM H306peTeHBI
paHbllle OINTHYECKUX, U UX MUHHATIOPU3ALIHS TAKKE
OpIa mpom3BefeHa paHbile. MOMC-THPOCKOIIBL ysKe
IIKPOKO PACIPOCTPAHEHBI M OXBATHIBAIOT OTPOMHYIO
YaCcTh PBIHKA JATUMKOB O/arofgaps HMX HCIIOIb30Ba-
Huio B BIIJIA, po60T0TeXHHI<e U Jake CMapTooHax.
CeromgHsa IpeMMYIIeCTBa, KOTOPhIE IO3BOJIM/IM OIITH-
YeCKHMM THPOCKOIIaM 3aHATEH CBOE

MeCTO, IIPOABHMTAIOT HIEI0 pa3s-

Syl 4

1. INTRODUCTION

Miniaturization is one of the crucial processes that
determines modern technologies, devices and even
the lifestyle. If we have a glance at the history of
gyroscope evolution, we can see that mechanical
gyros were invented prior to the optical ones and their
miniaturization was performed earlier as well. MEMS
gyros are already widespread and cover the huge part of
the sensors market owing to its usage in UAVs, robotics,
and even smartphones. However, advantages that
made optical gyros to take its place are pushing forward
the idea of designing a microoptical gyro (MOG).

The sensing element of most MOGs is a passive ring
resonator (PRR). Its type determines the manufacturing
technology of the entire instrument, the potential
sensitivity, the minimum possible dimensions and
many other characteristics of the gyroscope. Therefore,
MOGs are conveniently classified based on the type of
PRR used (see Fig. 1).

Usually waveguide PRRs are used as a sensitive
element. Most often they are made of planar
waveguides. They can also be made of fibre or photonic
crystals. In this case, only single-mode waveguides

paboTku MUKPOOIITUYECKOIO
rupockomna (MOT).
YyBCTBUTENBHEIM 37€MeHTOM
GonpmuHcTBA MOT  gBisgercs
IIaCCMBHBIM KOJIBLIEBOU Pe30Ha-
TOp (IIKP). Ero Tum oIpefnessieT
TEXHOJIOTHIO HM3TOTOBJIEHHS BCETO
npubopa, MNOTEHIUAIBHYIO YYB-

Waveguide
resonator

{ Passive ring resonator }

Three-dimensional
resonator

CTBUTEIPHOCTh, MUHHUMAaJIbHO BO3-
MOKHBI€ pa3sMepel U MHOI'HE Ipy-
IrMe XapaKTepUCTHUKU T'HPOCKOIIA.
Takum obpasom, MOT ynobhHo
K/IaCCUPHUIIMPOBATh B 3aBHCHUMO-
CTH OT THIIA HCIIOJb3yemoro IIKP
(puc. 1).

O6BIYHO B KadecTBe YYBCTBH-

Fibre

resonator

«e @

Planar
resonator

Photonic
crystal

Whispering
gallery
mod
resonator

Ring
confocal
resonator

TEJIBHOTO 37eMeHTa HCIIO0Nb3Y-
10TCa BosiHOBonHEBIe TIKP [1]. Yame
BCero OHHU H3TOTAaBIMBAIOTCSI W3
IUIOCKMX BOJIHOBOLOB. OHU TaKKe
MOTyT OBITb H3rOTOBJIEHBI U3
BOJIOKHA MU GOTOHHBIX KPHUCTA-
J70B. B 3TOM c/ly4dae HCIIONB3YIOTCS
TOJIBKO OZHOMOZOBbIE BOJIHOBOZIBIL.

Single-ring

resonator

Spiral
resonator

Multiple-ring

resonator

Kak ¥ BO BCeX OIITHUYECKHUX THPO-
CKOIIUYEeCKUX CHCTeMaX, MCIIOJIb-
30BaHHE MHOTOMOAOBBIX BOJIHOBO-
JI0B HeBO3MOXKHO M3-3a JUCIIEPCUU

Puc. 1. Tunbl naccusHblX KOAbUEBbIX pe30HAMopos, paccmMampusaembix 8 Ka4e-
cmae yyscmeumenbHblx 3nemeHmos MO
Fig. 1. Types of passive ring resonators, considered as sensitive elements of MOGs
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Moz, ITo TOM >Re IPUYKHE HeJb3s
HCIIONB30BaTh OOBIUHBIE OTKPBI-
Thle Pe30HATOPBl. XOTSI BO3MOYKHO
MCII0/NIb30BaHMEe OLHOI0 M3 CIIell-
nbUYEeCKUX IIOABHIOB - KOH}O-
KJIHBIX KOJIBIIEBBIX PE30HATOPOB
[2]. OTmenbHOE MECTO 3aHMMAIOT
TUPOCKOIIBI, IIOCTPOEHHBble Ha
OCHOBe DPe30HATOpPOB MOZ, LIeryy-
me raseper (MIIT). C HeJaBHUX
0P OHU CTaJIH PACCMATPHUBATHCS
KaK I1epCIIeKTUBHBIE UyBCTBUTEIb
Hble 3meMeHThl 411 MOI. Paccmo-
TpUM UuX bosiee moxpobHO.
deHOMeH IIeIYyIIeH rajiepeu
H3BeCTeH Y>Ke HeCKOJIbKO CTO-
neTuyl OGnaromaps PasTUYHBIM
APXHUTEKTYPHBIM IaMSATHHKaM.
Hampumep, «CTeHa 3Ixa», KOTO-
pasi OKpyskaeT BHYTPeHHHI [IBOP
HiMmnepatopckoro Xpama Hebec
B IlexuHe (puc. 2). CreHa cHe-
JIaHA M3 CHeLHaJTBHOI0 KHpIHYa
U3 ropoia JIMHBIUH, TPOBUHLIUS

Puc. 2. CmeHa 3xa 8okpyz VimMnepamopckozo Xpama Heba 8 MexuHe (cresa)

U 2anepes wenoma cobopa Cessmozo Masaa e J/loHdoHe (cnpasa)

Fig. 2. The EchoWall around the Temple of Heavent in Beijing (left) and the whis-
pering gallery of St. Paul's Cathedral in London (right)

MaHpAyH. DTH KHUPIKUYKU XOPOLIO

06paboTaHbl U UMET OLWHAKOBYIO CTPYKTYpy. Eciu
pa3buTh TAKOM KHUPIIMY, TO MOKHO YBHIETb, YTO
B HeM IIpaKTHYeCKH HeT Iop. Takue KHUPIHYMU IIpe-
KpacCHO OTPasKal0T aKyCTHUYECKYI0 BOJHY U IIpaKTHYe-
CKH He IIOIJIOIIAIOT ee SHEePruio. SIBjieHHe 3aKIya-
eTcs B TOM, UTO 3BYK (ILIENOT) PacIpOCTPaHSeTCsl Io
BOI'HYTOM ITI0BEPXHOCTH CTeHBI, a He I10 KpaTyaKIleMy
IIyTH.

ITomobHBble siBIeHUS HAOMIOMAIOTCS 107 KYIIOJaMU
HeKOTOPhIX cobopoB. Hampumep, B cobope CBsiTOro
[1aBna B JloHmoHe (pucC. 2), IZe 3TO SIBIeHHe 6BLII0
KMCCIIeNO0BAHO M HAy4YHO OIIMCAaHO JIOPAOM Pajeem
B XIX Beke. JI1 ero ONMCAaHUS yYeHBIM BBel Tep-
MHH - MOAQ ILlemyyimed ramsepeu (MIID) [3]. ITo3ke
OBIIM TakKe OTKPBITHI onThdeckue MIIT u paspabo-
TaHBl COOTBETCTBYIOIIME pe30HAaTOphl. OOBIYHO 3TO
OU3IeKTPUYeCKUe OCeCHMMEeTPHUYHBIe Pe30HATOPHI
C [VIAOKKMMU KpasMHU, KOTOphIe moamepskubaroT MIIT
3a CYeT I10JIHOTO BHYTPeHHEro OTpaskeHH s Ha II0BepX-
HOCTH pe3oHaTopa (KalW/UISIpHBle, chepHUecKue,
TOpPOUJA/IbHbIE, THUCKOBBIE, KOJIbLI@BbIe 1 Pe30HATOPEI
TUna «OyTBUIOYHOE TOpPJBIIIKO») [4]. OITHYecKHe
pesoHatopsl MIIT XapaKTepHU3YIOTCSI CBePXBBICOKOH
nobporHocThO (Mo 10° u 6osee), KOMIAKTHBIMHU Pas-
MepaMH (OT HEeCKOJIBKUX CAHTHUMEeTPOB JJ0 HECKOJIBKHUX
MHKPOH) M OIPaHHYEHHBIM YHCIOM COOCTBEHHBIX
YacTOT. B CBA3M C 3TMM OHHM PaCcCMaTPHUBAIOTCS KakK
IIePCIIeKTHBHEBIE UYBCTBUTEIBHEIE 3JIeMEHTHI [JIs pas-
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are used. As in all optical gyroscopic systems, the use
of multimode waveguides is impossible because of the
mode dispersion. For the same reason, conventional
open resonators cannot be used. Although it is possible
to use one of the specific subspecies - confocal ring
resonators. MOGs based on waveguide resonators are
well described in [1] and on ring confocal resonators
in [2]. The resonators of the whispering gallery modes
stand apart. They have recently been considered as
promising sensitive MOG elements. Let us consider
them in more details.

The whispering gallery phenomenon has been
known for several centuries due to various architectural
monuments. For example, the “Echo Wall” that
encircles the courtyard of the Temple of the Imperial
Heavens in Beijing (Fig. 2). The wall is made of special
bricks from Linqging City, Shandong Province. These
bricks are well processed and have the same structure.
If you break such a brick, you can see that there are
practically no pores in it. Such bricks reflect the acoustic
wave perfectly and absorb almost none of its energy.
The phenomenon is that the sound (whisper) travels
along the concave surface of the wall, and not along the
shortest path.

Similar phenomena is found under the domes of
some cathedrals. For example, at St. Paul’s Cathedral
in London (Fig. 2), where this phenomenon was
investigated and scientifically described by Lord
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JIMYHBIX KOMIIAKTHBIX YCTpOI:ICTB U cucrtem. B yacrt-
HOCTH, TaKHe Pe30HaTOPhl MOT'YT OBITh MCIT0TIb30BaAHEI
UL U3MEPEHH I YI'J'[OBOI;I CKOPOCTH.

M3MEPEHME YI/TIOBOW CKOPOCTHU
no BBAMMHOMY CABUTY YHACTOTDI
MO/, LWEMYYLLEN FAJIEPEU
PaccmoTpuM IIOIlepeYHOe ceyeHHe pe3oHaTopa MIIL
(puc. 3). IIpeAmonoXKHM, UTO H3/yuyeHHe BBOAMTCS
B Pe30HATOP M BBIXOAUT U3 HEro uyepe3 BCIIOMOTaTe b
HBII BOJIHOBO/I, COeIMHEHHBIN C pe30HaTOpoM, 6r1aro-
naps 3pdexTy ONTHYECKOro TyHHeIHpoBaHHs. Kak
M3BeCTHO, LIeHTPoOe>KHble CUIIbI, BbI3BAaHHBIE Bpallle-
HHeM MaTepHa/bHbIX O0OBeKTOB, MOIYT IIPUBOAHUTH
K UX MeXaHH4ecKol JedopMalluU. ITO TaKKe BePHO
IUIS. Pe30HaTOpPOB MoJ, LIeMuylleHr rajgeped. Bpalie-
HHe pe3oHaTopoB MIII OTHOCHTENBHO HHEPLHAIb-
HOIO IIPOCTPAaHCTBA BBI3bIBAET H3MeEHeHHe pajuyca
pabouero ceueHHs pe3oHaTopa, paBHoe AR. YacTOThI
MIIT 06paTHO IIPOIOPIIMOHAIBHEL PAIHYCY IIOIIepey-
HOI'O CeYeHMs Pe30HaTopa, T.e. YMEeHbIIAITCI C yBe-
nuyeHHeM panuyca [3]. Takum obpasom, Iox mew-
CTBHEM IIeHTPOOeKHBIX CHJI BO3HHKAeT B3aHMMHBIN
(0OmMHAKOBBIK 1151 IIPOTHUBOIIONIOKHBIX HaIlpaBleHUHN
obxona pe3onatopa) caBur MIIT Af (puc. 4).
B3aMMHBIM COBHMI 4YacTOTBI, BBI3BAHHBIM Bpallle-
HHUeM cdepuyeckoro pesoHartopa MIII BOKpYyr oOcCH,
MepIeHJUKY/JIIPHON ero IIOIlepedHOMY CedeHHIO
U IIPOXOJsIler dyepe3 ero LeHTP (BOKPYT IIABHOM OCH
YyBCTBUTEIbHOCTH), OIMCBIBAETCS CIeIyIOIIUM YypaB-
HeHHeM [5]:

2.

Afc = fm - fm,cw = fm - fm,ccw =
fo- AR fp(17+(6-50))

R,  © " 30G(l+v)(7+5v)

oy

rze focw ¥ frcow — 4acToThl MIIT BOJH, ITPOXOSIIMX
4yepes Pe30HATOop I10 YaCOBOM CTpesiKe M IIPOTHUB Yaco-
BOM CTPEJIKU COOTBETCTBEHHO; f, - yactora MIIT cTa-
LIMOHAPHOIO pe30HaTopa; R, — pamuyc paboueil cek-
LM CTAaLlMOHAPHOIO pe3oHaTopa; K. - MacmTabHbIi
Ko3dULIMeHT 3¢dpeKTa; p — IUIOTHOCTb pe30HaTOopa;
v - RKo3pdunireHTt [Iyaccona; G - moaysb FOHTa.

[IoHATHO, YTO MacwmTabHBH Ko3ddunmeHT K
ompefeNnseTcsl He TOJbKO CBOMCTBAMU MaTepHania
pe3oHaTopa M ero pasmMepoM, HO H 3aBHCUT OT €ro
dopmbel. IIpu HcIIonb30BaHUK pe3oHaTopoB MIIT npy-
rox opMbl (HallpuMep TOPOHJAIbHBIX) ypaBHeHHe (1)
HECKOJIBKO M3MEHSeTCS, HO COXPaHseTCs KBaApaTH4-
Hasl 3aBUCUMOCTb CIBUTA Afc OT YITIOBOM CKOPOCTH ()
U paguyca pabouero ceueHus R;.

il 4

I0 s . Il
Auxiliary waveguide

—
-«
Io

CwW

ccw @

- Whispering gallery

modes resonator

Puc. 3. [NonepeyHoe ceveHue pesoHamopa MLUT, coeduHeH-
H020 € 8C1OM02aMeAbHbIM B0AHOB000M

Fig. 3. Cross-section of the WGM resonator connected with
an auxiliary waveguide

Rayleigh in the 19th century. For its description,
the scientist has introduced the term - Whispering
Callery Mode (WGM) [3]. Later, optical WGMs were
also discovered and corresponding resonators were
developed. Usually these are dielectric axially symmetric

senserrsssssssiilll

Intensities, I, and I,

Afe=fa~ fmcw

fon

Frequency, f

Puc. 4. iumexcusHocmu ceaema I; u I, Ha 8bixode pe3o-
Hamopa, K020a 80AHA 06x00UM €20 N0 4acos8ol cmpeAke

U npomue 4acosoli cmpeaku coomaemcmeeHHo (CnAoLWHas
AuHUs = I; u I, HenodsuXKHO20 pe3oHamopa, NyHKMupHas
AuHus = I, u I, pawatouwie2ocs pesoHamopa)

Fig. 4. Intensities of light I, and I, at the output of the reso-
nator when the wave goes around it clockwise and counter-
clockwise, respectively (solid line - I, and I, of the stationary
resonator, dashed line - I, and I, of the rotating resonator)
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OnucaHHBIN 3QPeKT MOKeT ObITh KCII0/Ib30BaH /IS
H3MepeHHUsI YIJIOBOM CKOPOCTH. IIOHSITHO, YTO 4eM
TsDKelee M MsArde Pe3soHaTop, TeM 3aMeTHee 3eKT.
IIpy HMCIIO/IB30BAHHH PE30HATOPOB, M3TOTOBIEHHBIX
U3 MSTKHUX IIOIMMEPOB, OMHCAHHBIN 3PPeKT MOKET
npeobnagaTe Hanx IPYTUMH 3PPeKTaMU, BbI3bIBAKO-
IMMMM cABUT dacToTsl MIND [6]. Hampumep, pac-
CMOTpPHUM cdepuUeckHuMr pe3oHaTop MIIT, H3roToB-
JIeHHBIM W3 MOMHAHMMETH/ICHIOKCaHa C 1/60 JacThio
otBepauTens (60:1 IIIMC) co cnenyoUIMMHK IIapaMe-
Tpamu: Ry=0,5 MM; p=960 kr/m3; v=0,49; G=1000IIa.
[1peAIIONIOKUM, YTO CBET YaCTOTA f,, COCTAB/ISIET OKOJIO
2:10% I'1y (4TO COOTBETCTBYET [/IMHE BOTHEL B BaKyyMe
oKkos10 1,5 MKM). CoracHo ypaBHeHHUIO (1), B3aUMHBIH
COBUT 4acTOTHI Af 6yZeT cCoOTBeTCTBOBATh IPadUKy Ha
pucyHke 5. TakuM o06pa3om, ec/id 4acToTa f,, U3BeCTHA,
TO, CKAaHHPYS Pe30HATOP I10 YACTOTEe, MOKHO OIIpee-
JIUTh B3aUMHBIA cOBUT MIIT Af. U BBIYHCIUTH COOT-
BETCTBYIOIYIO YIJIOBYI CKOPOCTh.

3. TMPOBJIEMbI, CBA3AHHDbIE

C U3MEPEHUEM YI/IOBOW CKOPOCTU

no BBAMMHOMY CABUTY YHACTOTDI

MO/ LWWEMYYLEN FAJIEPEMN,

N NX PELLEHUE
3.1. BausHue ¢paKkToOpOB BHELUHEN cpeabl
CymiecTByeT HECKOIBKO ITpobeM, KOTOpBIE YCIOXK-
HSIOT M3MepeHHe yITOBOM CKOPOCTH II0 B3aHMHOMY
cmelneHro MIIL. HampuMep, BAHSHHE Pa3IMYHBIX
BHelIHUX $aKTOpoB (TeMIlepaTypa, AaBjleHHe U T.[I.)
Ha pazuyc pabodero cedeHHs pe3oHaTopa. JTO IpH-
BOOMT K [apasUTHOMY B3aMMHOMY CABHUIY YaCTOTHI,
KOTOPBIM TPYAHO OTIMYHUTh OT Afe. ITa mpobirema
MO3KeT OBITh pellleHa ITyTeM IIepexofa K HU3MepeHHIO
YIJIOBOM CKOPOCTH I10 PACIIeIl/IeHHI0 YacTOT COCeTHUX
MIIT ¢ pa3sHBIMM a3MMYTa/JbHBIMH HHAEKCaMH [7].
H3BeCcTHO, YTO IIPH BpallleHHH pe3oHaTopoB MIIT
M3MeHseTCs He TOJIBKO pafilyc UX pabodero ceueHus,
HO U UX GopMa. Hampumep, cheprdecKuil pe3oHATOP
MIIT mpu BpalleHUH IIPUHUMAaEeT GOpMY S/UTUIICOMIA
BpaeHus [6]. O6BIYHO MOIBI CHEPHUUECKOrO Pe3oHa-
TOpPa C pasHbIMU a3sMMYTaJIbHBIMH HHJEKCAMH M, HO
OJMHAKOBBIMHU IIOJISPHBIMHU M SBJISIOTCS BBIPOXKIEH-
HBIMM II0 4acToTe [3]. IIpu BpallleHHH OTKJIOHEHHe
dopMEI pe3oHaTOpa OT CHepHUUecKo YCTpPaHsSeT 3TO
BBIPOKIEHHe. [T 3/UTUIICOMAA C HeOOMBITUM 3KCIeH-
TPUCUTETOM BEPHO CJleflylolliee BhIpaskeHHUe [3]:

foa = fm[1—§[2+3m;§”2 H @

0

rae Aa - OTKJIOHEHHe MeHbIIek II0JIyOCH 3JUIMIICOM/IA
oT pazuyca mapa. OCHOBBIBASIC Ha ypaBHeHHUHU (2),
Pa3HOCTD YaCTOT MeXKay cocefHUMU MIII ¢ pa3HBEIMU
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resonators with smooth edges that support WCM due
to total internal reflection on the resonator surface
(capillary, sphere, toroid, disk, ring, racetrack, and
bottleneck resonators) [4]. Optical WGM resonators are
characterized by ultra-high Q-factor (up to 10° and
more), compact dimensions (from several centimeters
to several microns), and a limited number of natural
frequencies. In this regard, they are considered as
promising sensitive elements for various compact
devices and systems. In particular, such resonators can
be used to measure angular velocity.

2. MEASURING THE ANGULAR VELOCITY
FROM THE RECIPROCAL FREQUENCY
SHIFT OF THE WHISPERING GALLERY
MODES

Consider the cross-section of a WCM resonator (Fig. 3).

Let us assume that radiation is introduced into and

out of the resonator through an auxiliary waveguide

connected to the resonator due to the effect of optical
tunneling. As known, centrifugal forces caused by the
rotation of material objects can lead to their mechanical
deformation. This is also true for the resonators of the
whispering gallery modes. Rotation of WGM resonators
relative to the inertial space causes changes in the
radius of the working section of the resonator equal to

AR. The WGM frequencies are inversely proportional

to the radius of the cross-section of the resonator, i.e.

decrease with increasing radius [3]. Thus, under the

action of centrifugal forces, a reciprocal (the same for
opposite directions of the resonator bypass) shift WCM

Afc arises (Figure 4).

The reciprocal frequency shift caused by the rotation
of the spherical WGM resonator around the axis
perpendicular to its cross-section and passing through
its center (around the main axis of sensitivity) is
described by the following equation [5]:

Afc :fm _fm,cw = fm _fm,ccw =

_fndR ) Réfmp(17+(6—5v)v)QZ

R, =300y 7e5y) @

where f,ow ¥ fncow are the frequencies of the
WGCM waves bypassing the resonator clockwise
and counterclockwise, respectively; f,, is the WCM
frequency of the stationary resonator; R, is the radius
of the working section of the stationary resonator; K. is
the scale factor of the effect; p is the resonator density;
v is Poisson’s ratio; G is shear modulus.

It is clear that the scale factor K. is determined not
only by the properties of the resonator material and its
size but also depends on its shape. When using WCM
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A3HMMYTAJIBHBIMU HHAOEKCAMH (OTHI/I‘IaIOH_II/IMI/ICH

HHOEeKCOM 11 Ha E,ELI/IHI/ILIY)I

AfE = fm,n+1 _fm,n = 3fm

Aa(2n-1)
Rm*

3)

OTK/JIOHeHHe MeHbIIeH II0JIyOCH 3JUIMIICOMZAA OT
pamuyca cdeprl Aa IIPOIOPLIMOHAIBPHO H3MEHEHHIO
panuyca pabodert cekuuu AR pesoHaTtopa MIIT. Coot-
HOIlIeHKe CTOPOH 3aBHCHUT OT MaTepHajia pe3oHaTopa.
s pacCMOTPEHHOro Bhllle CHEepUYeCKOro pe3oHa-
Topa MIIT (m3roTtoBieHHOro u3 60:1 IIIMC c v=0,49)
Aa=2AR. V4uThIBasl BBIIIeCKa3aHHOe, ITpeobpasyem
ypaBHeHHUe (3) cyiefyoIM obpasom:

AfE = fm,n+1 _fm,n =
(2n-1)Rgp(17+(6-5v)v) ,
M SG(Lev)(7e5y) @

=fa

Takum obpas3om, B pe3synbTaTe IeHCTBHS LIEHTPO-
Ge>KHBIX CUJL IIPOMCXOOUT pasfeneHre 4dactor MIIL
C PasHBIMH 3HAYeHHSIMH a3MMYTAJIBHBIX HHJIEKCOB.
PerucTtpupys pasHOCTh YaCTOT MEKIAY COCeTHUMHU
MIITI', MOKHO OIIpefeIuTh CKOPOCTh BpallleHH Pe30-
HaTopa. HM3MeHeHHe IIapaMeTpPOB OKpY>KaIOIlen
Cpenbl IIPHUBOOUT K M30TPOIIHOMY HM3MEHEHHIO pajH-
yca pe3oHaTopa M IIOSIBJIGHUIO COOTBETCTBYIOIIEIrO
B3aMMHOro caBura vacrotel MIIL, HO dopma peso-
HaTopa coxpaHsercs. CyiemoBaTebHO, IIPU H3Mepe-
HHH YIJIOBOK CKOPOCTH IO PacCIleIVIeHHI0 COCeJHHX
Moz, cPeprUyecKoro pe3oHaTopa C pPasHBIMH a3HUMYy-
TAJIPHBIMH HHJIEKCAMH HeT HeoOXOAMMOCTH CTabuIu-
3UpOBaTh IIapaMeTPhl OKpysKalomiel cpefbl. OZHAKO
OITMCAHHBIN CII0COO HM3MepeHMs YITIOBOM CKOPOCTHU
TakKe KHMeeT Cepbe3HBIM HenocTaTok. CpaBHHBAas
ypaBHeHus (1) u (4), 1erko yBUIETb, UTO pacllerlie-
HUe 4acToT MIIL Afy, BEI3BaHHOE LIeHTPOOEKHBIMU
CHUJIaMH, BCerfa MeHbIlle, YeM B3aUMHBIH CABUT
Y4acToTHl Af¢, T.e. IIPH U3MEPeHHUH YITIOBOM CKOPOCTH
10 paculernieHuo cocemfHHX MIIT 49yBCTBUTEIBHOCTD
CHMKAeTCsl B pa3el M:

1 5m’

m
M_ﬁ‘(Zn—l)NE'

(5)

[lis  pacCMOTpPeHHOro BhllIe pe3oHaTopa MIIT
n~m=2930 u M~244. Hcrione3ys ypaBHeHHe (4), MBI
MOXKeM OIIpefe/JuTh PpaclierjieHyue 4YacTtoTel MIIT
Afp, HabnromaeMoe mipu Q=50 pag/c. 910 bymeT oKolo
22 MIn. Tem He MeHee, IKMpHHA MHHUKa chepuUye-
CKoro pesoHartopa MIII MOKeT COCTAB/IATh HECKOJIBKO
coTeH K[1[ WJIKM MeHbIIe [3], 4TO IIO3BOJISIET pas3ju-
YaTh OTAe/IbHbIe CIeKTpaJibHble THHUK MIII ¢ pas-

Syl 4

resonators of a different shape (for example, toroidal),
equation 1 changes somewhat, but the quadratic
dependence of the shift Af. on the angular velocity Q
and the radius of the working section R is preserved.

This effect can be used to measure angular velocity.
It is clear that the heavier and softer the resonator, the
more noticeable the effect. When using resonators
made of soft polymers, the described effect can prevail
over other effects causing the frequency shift of WGCM
[6]. For example, consider a WCM spherical resonator
made of polydimethylsiloxane with 1/60 part of
a hardener (60:1 PDMS) with the following parameters:
Ry=0.5 mm; p=960 kg/m?’; v=0.49; G=1000 Pa. In
this case, let us assume that light with a frequency f,,
of about 2-10™ Hz (corresponding to a wavelength in
a vacuum of about 1.5 pm). Based on equation 1, the
reciprocal frequency shift Af. will correspond to the
graph in figure 5. Thus, if the frequency f,,, is known
(measured in advance), then by scanning the resonator
by frequency, it is possible to determine the reciprocal
shift Af WCM and calculate the corresponding angular
velocity.

3. PROBLEMS ASSOCIATED WITH
MEASURING THE ANGULAR VELOCITY
FROM THE RECIPROCAL FREQUENCY
SHIFT OF THE WHISPERING GALLERY
MODES AND THEIR SOLUTION

3.1. Influence of Environmental Factors

There are several problems that complicate the
measurement of the angular velocity from the
reciprocal displacement of the WCM. For example,
the influence of various external factors (temperature,
pressure, etc.) on the radius of the working section
of the resonator. This results in a parasitic reciprocal
frequency shift that is difficult to distinguish from
Afc. This problem can be solved by passing to the
measurement of the angular velocity by the splitting
of the frequencies of neighboring WGMs with different
azimuthal indices [7]. It is known that when WGM
resonators rotate, not only the radius of their working
section changes but also their shape. For example,
when a spherical WCM resonator rotates, it is deformed
into an ellipsoid of revolution [6]. Usually, the modes of
a spherical resonator with different azimuthal indices
n, but the same polar m are degenerate in frequency
[3]. When rotating, the deviation of the resonator
shape from the spherical removes this degeneracy. For
an ellipsoid with a small eccentricity, the following
expression is correct [3]:

Aa m? —n?
fm,n =fm |:1_R_(2+3 mz ]:|, (2)

0
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JTUYHBIMU A3UMYTAIPHBIMH HHJEKCAMU B CIIeKTpe
Pe30HaTOpa M U3MePSTh YITIOBYI0 CKOPOCTH I10 Aff.

3.2. lNepekpecTHada YyBCTBUTE/IbHOCTb

Jpyror mpobiemor, CBI3aHHOM C U3MepeHHEeM YITIO-
BOI CKOPOCTH II0 B3aMHOMY cMelleHuo MIIT, sBis-
eTcs Ha/IM4Hhe I[1apasUTHOM I1epeKpPeCcTHOH 4yBCTBH-
TeJIBHOCTH (BIOJIb OPTOTOHA/IBHBIX OCel). IT0CKOIBKY
OpHeHTallMsl OCH BpallleHHsI B oOIleM clydae Hems-
BeCTHA, YyBCTBHUTEIBHOCTb K KOMIIOHEHTE YIJIOBOH
CKOPOCTH, MepIeHJUKYIIPHOH IJTaBHOU OCH YyBCTBH-
TeJIbHOCTH, MOJKeT IIPHUBeCTH K HeoIpeleleHHOCTH
pe3y/lbTaTOB H3MepeHHU. HCIonb3ys pe3yabTaThl
pacueToB KOMIIBIOTEPHBIX Mojesel, II0/ydeHHble
MeTOJOM KOHEYHBIX 3/IeMeHTOB, Oblla MpOaHaIH-
3UpOBaHa IIepeKpecTHasl YyBCTBUTEIBHOCTb pa3/Ivy-
HBIX THIIOB pe3oHaTtopoB MIII: cdepuyeckux, TOPO-
WIANTBHBIX, NUCKOOOPAa3HBIX U THIIA «OYTBIIOYHOE
ropiasimko» [9-11].

BelIO ompeneneHo, YTO BeJIMYMHA M 3HAK Ilepe-
KPeCTHOM YYBCTBUTEIBHOCTH 3aBUCAT OT (QOPMBI
KCIIob3yeMoro pesonaropa MIII. Korma cdepuue-
CKHI Pe30HaTOp BpalllaeTCsl BOKPYI IAapa3sHTHOM OCH
YyBCTBUTEJIBPHOCTH, IIepIeHIHKYISIPHON OCHOBHOU
OCH 4yBCTBUTEIBHOCTH, ero pabouee ceueHue gedop-
MHUPYeTCsl U3 OKPY>KHOCTHU B 3JUIMIIC. B 3ToMm ciydae
MaJasi oChb JUIMIICA COOTBETCTBYeT ITapa3HMTHOM OCH
YyBCTBUTEIbHOCTH. UeM BbILIe yII0Basi CKOPOCTh, TeM
6omplre 3KCLIEHTPUCUTET 3JUIMIICA. MopenupoBaHUe
[I0Ka3aJI0, YTO B 3TOM CJlydyae IyTh, IIPOMJEHHBIN
BOJIHAMH 32 OfIH 060POT pe30HaTOpa TyAa U 06paTHO,
yMeHbIIaeTcs. YacToTra cpepryueckoro pes3oHaTopa
MIII cMmelleHa B HaIIPaB/JIeHUH, [IPOTHBOIIOI0XKHOM
C/Iy4alo BpallleHHs BOKPYT IJIABHOM OCH YyBCTBUTEJIb-
HocTH [9]. [Ipu aHAJIOTUYHOM BpallleHUU TOPOUIAIb
HBIX HJIM JHCKOOOpa3HBIX pe30HaTOpoB paboduee cede-
HHe TakoKe AePOpMHUPYeTCs U3 OKPY>KHOCTH B 3JIIMIIC.
B 3TOM ciy4ae, B OTJIMYHe OT CPepHUecKoro pesoHa-
TOpa, IyTh, IPOHAEHHBIN BOJTHAMH, YBeIHYHUBaeTCs
3a olH 060pOT pe3oHaTopa. YacToTa TOpOoOOPa3HOro
U auckoobpasHoro pesoHaTopoB MIIL cMmemjaercs
B HaIlpaBJIeHHH, COBHAJaloIleM C HaIpaBleHHeM
COBUTa, Hab/NIOAaeMOM IIPU BpaIleHHU BOKPYI IJIaB-
HOM OCH UyBCTBHUTeJIbHOCTH [10]. Pe3oHaTOpHI THIIA
«ByTBIIOUHOE TOPJIBIIIKO» OTAMYAIOTCS OT APYLHX.
OHM 3aMeyaTe/IbHBl TeM, YTO 3HaK HX IIePeKPecTHOM
YyBCTBUTEIBPHOCTH MOKET MEHSThCS IIPU U3MeHeHUU
HUX reoMeTpHUUecKUX ItapameTpos [11]. Takue pe3oHa-
TOpbl MIIT MpPeACTaBsSIOT CO60M LIMIMHAPUYECKUN
CTep>kKeHb C yTOJIIEHMeM, UIPAIOUKM POJIb pe3oHa-
Topa (puc. 6). B aToM ciydae obe yacTH pe3oHATOpa
MOryT GBITP HM3rOTOBJIEHHI JTHM60 M3 ONHHX U TeX 3Ke,
nubo M3 pa3sHBIX MaTepHaloB. ['eoMeTpUs pPe30HaTO-
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where Aa is the deviation of the smallest semi-axis
of the ellipsoid from the radius of the ball. Based on
equation 2, the frequency difference between adjacent
WCMs with different azimuthal indices (differing by
the index n by one):

AfE = fm,n+1 - fm,n = 3fm % . (3)

The deviation of the smallest semi-axis of the
ellipsoid from the sphere radius Aa is proportional
to the change in the radius of the WCM resonator
working section AR. The aspect ratio depends on
the resonator material. For the WCM spherical
resonator considered above (made of 60:1 PDMS with
v=0.49) Aa=2AR. Considering this, we transform
equation 3:

Afe = frpr = fn =
(2n-1)Rip(17+(6-5v)v)

=l sC ) 5v) @

Thus, as a result of the action of centrifugal forces,
the WCM frequencies with different values of the
azimuthalindicesare split. By registering the frequency
difference between adjacent WGMs, the rotation speed
of the resonator can be determined. A change in
the environmental parameters leads to an isotropic
change in the resonator radius and the appearance
of a corresponding reciprocal frequency shift of the
WGM, but the shape of the resonator is preserved.
Therefore, when measuring the angular velocity from
the splitting of adjacent modes of a spherical resonator
with different azimuthal indices, it is not necessary to
stabilize the environmental parameters. However, the
described method of measuring the angular velocity
also has a serious drawback. By comparing equations
1 and 4, it is easy to see that the splitting of WCM
frequencies Af; caused by centrifugal forces is always
less than the reciprocal frequency shift Afc, i.e. when
measuring the angular velocity from the splitting
of neighboring WGMs, the sensitivity is reduced by
a factor of M:

1 5m* m
M_%'—(Zn—l)zﬁ‘ (5

For the WGM resonator considered above, n~m=2930
and M~244. Using equation 4, we can determine the
WGM frequency splitting Af; observed at Q=50 rad/s.
It will be around 22 MHz. Nevertheless, the width of
the peak of a spherical WCM resonator can be several
hundred kHz or less [3], which makes it possible
to distinguish individual WCM spectral lines with
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POB THUIIA «OYTBUIOUHOE TOPJIBIIIKO» MOXKET OBITh OITH-
CaHa JJOBOJIbHO TOYHO C HMCIIOJb30BaHHEM I1apaMeTPoB
r, Ry ¥ ry;, yKa3aHHBIX Ha PUCYHKe 6 [12].

Bonee Toro, mpu ompenereHHBIX 3HAUYEHHSX Ieo-
MeTPHYeCKHX IlapaMeTPOB TOPJIBIIIKA pe30HaTopa
(KOHKpeTHble 3HaueHMs 3aBHCST OT HKCIIO/NIb3yeMBIX
MaTepHa/IOB) ero IlepeKpecTHasi UyBCTBUTEIbHOCTD
CTAaHOBUTCS He3HA4YHTeJIbHOM II0 CPaBHEHHIO C YyB-
CTBUTE/IBHOCTBIO K BPAILlleHHIO BOKPYI IJIaBHOHU OCH.
Hanpumep, 3To HabniofaeTcs B pe3oHaTOpe, IOJI-
HOCTBIO M3TOTOBJIEHHOM K3 IUIABJIEHOrO KBaplia
cr=250 MkM, Ry=600 MKM H ;=108 MKM.

Taxke BO3MOKHO PeIIMTh IIpobieMy, CBSI3aHHYIO
C Mapa3sUTHOM IlepeKPeCcTHOH YYyBCTBUTE/IbHOCTBIO,
HCII0ab3ys Tpuagy MIIT pe3oHaToOpoB 10b0ro THIA,
pabounie ceyeHHSI KOTOPBIX B3aMMHO OPTOTOHAJIbHBI

ApYyT ApyTy.

3.3. HeogHO3HAYHOCTb N3MEepeHUNn
U HeIMHEMHOCTb BbIXO4HOM
XapaKTepuctuku

JIpyroil cymecTBeHHOH IpobaeMOi SIBISETCS B3aHM-
HBIM XapaKTep CIBUIA YacTOThl (CM. ypaBHeHHe (1)
U pHUC. 5), KOTOPBIM He I103BOJISeT OIIpefe/llTh 3HAK
YIJIOBOM CKOPOCTH (HaIlpaBjleHHe BpallleHUs), U Hellu-
HeMHOCTb MaclTabHoro Ko3pduireHTa (KBafgpaTHy-
Has 3aBUCHMOCTb 3pdeKTa OT yII0BOM CKOPOCTH), UTO
IIPUBOAUT K CHHUKEHHIO YYBCTBUTETBHOCTH B 0671aCTH
HU3KHUX YIJIOBBIX CKOpOCTeH (puc. 5). [js pelLleHHs
3TUX IpobieM 6bUT paspaboTaH MeTOf, OCHOBAHHBIL
Ha NpPUMEHeHUH Ha4a/JlbHOIO CMelleHHus pabouert
TOYKH BBIXOJHOM XapaKTepUCTHKM [13]. Beuin pac-
CMOTpeHBI IepCIeKTHBBl HCIIO0Ib30BAHHS KakK I10CTO-
SHHBIX, TaK M IIePeMeHHbBIX Ha4aJbHBIX CMeIleHHH.
Hcrionb30BaHHe MOCTOSIHHOIO CMellleHUs OIpaBaHo,
KOoIfa H3MepseMas YIJIOBasi CKOPOCTb (), HaMHOIO
MeHblle cMelleHUs (. Takoe cMellleHHe MOXKeT ObITh
peann30BaHO, HallpUMep, IIyTeM pa3MelleHHUs pe3o-
HaTopa MIIT Ha ocu aBUratess. IIpeAIIoiosKUM, UTO
IIpY BKJIIOYEHHM JBUIATeNs Pe30HATOp HauHHAeT
BpalllaThCsl BOKPYT IJIaBHOK OCH UyBCTBHUTEIBHOCTH
B II0JIOKUTE/IbHOM HAIlpaB/leHUH (IPOTUB 4YaCOBOM
CTpeJIKH) C OIlpelle/leHHOMN IOCTOSIHHOM YIJIOBOK CKO-
pocTeio (). B pe3ynbTaTe TaKoro BpallleHHS pe30Ha-
TOp MedOpPMHPYeTCs, paguyc ero pabodero cedeHus
YBEJIMYMBAETCSI, A YACTOTA €ro MOJBI f,, YMeHbIIAeTCs
Ha HEeKOTOPYIO BeIMYMHY Af, U CTAHOBUTCSI PABHOH fj.
(puc. 7).

Korza omnmcaHHasl cucTeMa (ABUTraTe/lb C Pe30HATO-
poM MIIT) BpamaeTcsi OTHOCUTEIBHO HHEPIIHAIBHOI0
IIPOCTPaHCTBA C YIJIOBOM CKOPOCTBIO (), MoJa pe3o-
HaTopa 6ymeT HCIIBITHIBATH HOIIOTHHUTENBHBIN CABHUT
YacToTHI Af,:

il 4

Af., GHz

-50 -40 -30 -20 -10 0 10 20 30 40 50
Q,rad/s

Puc. 5. 3agucumocmbp 83aumMH020 c08U2a YACMombl 0m
yanoeoli ckopocmu

Fig. 5. Dependence of the reciprocal frequency shift on the
angular velocity

different azimuthal indices in the resonator spectrum
and to measure the angular velocity by Af.

3.2. Cross Sensitivity

Another problem associated with measuring the
angular velocity from the reciprocal displacement of
the WGCM is the presence of parasitic cross-sensitivity
(side axes of sensitivity). Since the orientation of the
rotation axis is generally unknown, the sensitivity to
the component of the angular velocity perpendicular
to the main axis of sensitivity can lead to uncertainty
in the measurement results. Using computer
models set by the finite element method, the cross-
sensitivity of various types of WGM resonators was

Ry
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Afx = fb - fm,cw = fb - fm,ccw =
= fm - Afb - fm,CCW' (6)

Ecy nckoMast CKOpOCTh BpallleHus (), COBIIAAET I10
3HAKy C YIJIOBOM CKOPOCTBIO CMeIleHHs (), To obmas
yrinoBasgs ckopocte WGM pe3oHaTOpa yBeIUYMBAETCH.
B 3TOM C/Ty4ae YacTOThl MOJ fy, cw M fy cowy CTAHOBSITCS
HIDKe, YeM fj (Ha PHC. 7 COOTBETCTBYET f, ), H JOMON-
HUTEJIBHBIN CIBUT YacTOTHI Af, 6yZeT IIOI0KUTENbHBIM .
Ecmu ncKoMast CKOPOCTh BpalleHHs (), MMeeT 3HaK,
IIPOTHBOIIO/IOKHBIK YITIOBOM CKOPOCTH CMeIleHHs (),
TO 0obIIast yIioBast CKOPOCTb pe3oHaTopa MIIL yMeHb-
IIMTCS. B 3TOM C/lydae 4acTOThl PeXKUMA [y cw U frcow
CTaHYT BBIIIE, YeM f,, KU JOIOJHHUTEIbHBIN CIOBHUT
4yacToThl Af, 6yZeT oTpULIATeIBHBIM. YUHTHIBASI, YTO
fn~fncow=Kc(Qy+ Q)2 1 Af,=K())?, MBI MOXKeM I1peob-
Pa3oBaTh ypaBHeHHe (6) cIeAyIOIKUM 06pa3om:

Af, =2KQ,Q, +K.Q2. ?)

[TOCKONIBKY CKOPOCTh BpalleHHs (), M 4acToTa f,
M3BeCTHBI, TO IyTeM CKaHUPOBAaHHUS Pe30HATOpa II0
YacToTe MOXKHO OIpelenuTh Af, U BBIYMCIUTb COOT-
BETCTBYIOIIYI0 UCKOMYIO YIJIOBYIO CKOPOCTb BpallleHHs
BCel cucTeMEl (). Kak BUIHO U3 ypaBHeHU (7), 01
|| >>|Q)| coBur Af, siBNsleTCs HeB3aMMHBIM (MeHSeT
3HaK IIPYU U3MeHeHUH HallpaB/leHHs BPallleHus).

B pesynbTaTte MCI0/NIb30BaHHE IIOCTOSIHHOIO CMellle-
HUS T103BOJISIET CYJUTh He TOJIBKO O BeJTUYHHE YTTI0BOM
CKOPOCTH (), HO U 0 ee 3HaKe. I[Ipu ycnoBUH || >>[Q]
BK/IaJl BTOPOTO YileHa B ypaBHeHUH (7) He3HAUUTesIeH,
M BBIXOJHAs XapaKTePHCTHKA CTAaHOBUTCS OIM3KOH
K JIMHeHMHOM. [IJI1 HaI/ISIAHOCTH Ha PHUCYyHKe 8 IOKa-
3aHBl BBIXOJIHbIe XapaKTePHUCTUKHU [JIS PacCMOTpPeH-
HOTO BhIlIe pe3oHaTopa MIII, COOTBETCTBYIOIIME pa3-
JTUYHBIM 3HAY€HHUSIM IIOCTOSTHHOTO CMeIlleHHUs (.

OCHOBBIBasICh Ha IrpaduKax Ha PUC. 8 U ypaBHe-
HUU (7), MOXKHO CAenaTh BBIBOJ, YTO HeJOIYCTHMO
HCII0/Ib30BaTh IIOCTOSIHHOE CMeIleHHe IIPU OIIpefie-
JIeHUU 3Ha4YeHHUH YIJIOBBIX CKOpocTer [Q),]=0,5/(),
IIOCKOJIbKY B 3TOM C/ydae BO3HHKAeT IIOIPeNIHOCTb
usMepeHus (). Takoke JIerKO BUAETh, UTO YeM BBIIIE
3HaueHHe CMelleHUs (), TeM 6osblle UyBCTBUTENb-
HOCTb K HM3MEPEeHHOH YITIOBOM CKOPOCTH (), U TeM
HIDKe HeJMHEMHOCTb BBIXOAHOM XapaKTepHUCTHKH.
Hcrnonb3ys ypaBHeHUs (1) 1 (7), MBI MOSKEM OLIEHUTD,
BO CKOJIBKO Pa3 yBeJIHYHBAETCS YyBCTBUTEIBbHOCTDb
K YIJIOBOM CKOPOCTH IIPHU HCIIONIb30BAHHUM IIOCTOSIH-
HOTO CMeIlleHHUsI:

_2KQ,Q, +K.Q2 20, ®)
K2 Q

Qp>>Qy X
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Intensities, I

Af,

fm,CCW1 fb fm,CCWZ fm
fm,CWl fm,CWZ

Frequency, f

Puc. 7. B3aumHbili 08Uz 4acmombl npu UCN0Ab308AHUU
NOCMOSIHHO20 CMelieHUs!
Fig. 7. Reciprocal frequency shift when using constant bias

analyzed: spherical, toroidal, disk-shaped, and
bottleneck [9-11].

It has been determined that the magnitude and the
sign of this cross-sensitivity depend on the shape of
the WCM resonator used. When the spherical WCM
resonator rotates around the side axis perpendicular to
the main sensitivity, its working section is deformed
from a circle to an ellipse. In this case, the minor axis
of the ellipse corresponds to the side axis. The higher
the angular velocity, the greater the eccentricity of the
ellipse. In this case, modeling showed that the path

Af,, 108 Hz

Q, rad/s

Puc. 8. Bbixo0Hbie xapakmepucmuku 0amyuka npu ucnonb-
308aHUU NocMosiHHO20 cmewerus (I-c Q=0 pad/c

(6e3 cmewienus), Il - ¢ Qy=5pad/c, Ill - c Q=20 pad/c,

IV -c Q=50 pad/c)

Fig. 8. Output characteristics of the sensor when

using a constant bias (I - with Q=0 rad/s (without

bias), Il - with Qy=5rad/s, Ill - with Q,=20rad/s,

IV - with Q,=50rad/s)
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CnenyeT OTMETHTb, YTO MCIIO/NIb30BAHUE I10CTO-
SHHOTO CMeIleHHs MOXKeT IIPUBECTH K IIOSIBJIEHHIO
JOTIONTHUTEIbHOU IIOIPeIIHOCTH HM3MepeHHs H3-3a
HeCTabrIbHOCTU (). ITO IperbsBISIET BBHICOKKE Tpe-
OOBaHMS K IBUTATENIIO, UCIIOIb3YeMOMY /ISl CO3IaHUS
IIOCTOSSHHOTO CMeIlleHMsI, U CHMKaeT MHTepec K ero
[IpaKTH4ecKOk peanH3alltu.

ITpy MCIT10/Ib30BAaHUH [I€PEMEHHOr0 CMeIleHU s [
H3MepeHHUs YIJIOBOM CKOPOCTH I10 B3aUMHOMY CIBUTY
vyacTtoTel MIIT TpeboBaHMS K XapaKTePUCTUKaM IpH-
Boja Ooyee Msrkue. Takoe CMelleHHe MOXKeT OBITh
peanur3oBaHO, HaIlpUMep, IIyTeM KpeIlJIeHUS pe3o-
HaTopa MIINI Ha Mbe30KepaMHYeCKOM CTep>KHe HIH
uunuHape. Korma mepuoguyecKUH 371eKTpHYecKHUH
CUTHa/I IIOJAEeTCS Ha 3JIEKTPOAbI, OIIpele/IeHHBIM
0bpa3oM pasmelleHHbIe Ha ITOBEPXHOCTH IThe30Kepa-
MUKH [14, 15], B OCHOBAaHUH U 3aKpeIlJIeHHOM Ha HeM
pe3oHaTope MIIT MoryT Bo36yskKOAThCSI TOPCHOHHBIE
KonebaHHs. B 3TOM cilydae yrjaoBas CKOPOCTb Ilepe-
MEeHHOro0 cCMelleHUs 6yeT orpeenaThCs CIefAyIUM
ypaBHEHHEM:

Q,=Q,,sin(2nv,t), 9)

roe aMIUIMTYyAa IIepeMeHHOro CMeIleHMs;
Vjo — 9acTOThHI KojebaHUM IIepeMeHHOIO CMeIleHHSs;
t - BpeMs. ONIHCaHHBIM CIIOCOBOM, HCIIONB3Ys IIbe-
30KepaMHYecKHe CTep)KHHM W LWJIHMHIPBI, MOKHO
BO36Y>KZATh TOPCHOHHBIE KOJeDaHHUS YacTOTOM OT
coteH I'll ;o equHUL [T M aMIIIUTYA0M fo 1000 pan/c
u bornee [14].

Temepb fmaBaliTe MNpoaHaIH3HUpPyeM, KaK H3MeHS-
IOTCS YacCTOTBl PAaCCMOTPEHHOIO BhIIIe CHepHUYecKoro
pe3oHaTtopa MIIT ¢ mepeMeHHBIM CMeIlleHHeM. 3aaa-
OUM [JIg Hero Caefymouire IIapaMeTpbl: aMIUIMTyAd
(=40 pan/c, yactoTa Bubpauuu v,,=100 k1. Ecau
[Ibe30KepaMHKa C 3aKpeIUIeHHBIM Ha HeH pe30HaTo-
pom MIII HemoaBH)KHA OTHOCHTEIbHO HHepLHab-
HOTO IIPOCTPAHCTBAa, TO, KCXOHS K3 ypaBHeHHH (1)
u (9), HaIU4YHe IIepeMeHHOIo CMelleHHus (), NPHUBO-
JUT K IOSIBJIEHUI0 TAPMOHHYECKOIO COBHUIA YaCTOThI
MIIT. Bosiee TOro, 0O4YeBUAHO, YTO YacTOTa 3TOTO
TapMOHHYECKOro CABUTa OyneT paBHa yIBOEHHOM
YaCcTOTe [IepeMeHHOI0 CMelleHHUS (2vy,), a aMIUIUTYIa
paBHA Kyy2.

Terepp IIpeAIlONOKMM, YTO OIIMCAaHHAs CHUCTeMa
Hadvaja BpallaTkCa C OIpelesleHHOU YIJIOBOK CKOPO-
CTBIO (), OTHOCHUTE/IPHO HHePLIMa/IbHOTO IIPOCTPAHCTBA.
B 3ToM ciiyuae 11 IPOCTOTHI 6ymeM CUMTaTh, UTO 3HA-
yeHHe (), B Te4eHHUe IIeproja KonebaHHUs CMelleHHs
(t=1/vy,) 61H3KO K IOCTOSIHHOMY (M3MeHeHHs (), 3a
BpeMs T Ha [TOPSIOK MeHbIIle TeKyIlero 3HaueHus Q,).
Torma obmas yrioBasi CKOPOCTb pe30HaToOpa IIpeCTaB-

Syl 4

traveled by the waves in one round trip of the resonator
decreases. The resonator frequency of the spherical
WGCM resonator is shifted in the opposite direction to
the shear direction corresponding to rotation around
the main axis of sensitivity [9]. With a similar rotation
of toroidal or disc-shaped resonators, the working
section is also deformed from a circle into an ellipse.
In this case, in contrast to the spherical resonator, the
path traveled by the waves increases in one round of
the resonator. The frequency of the WCM of a torus-
shaped and disk-shaped resonators is shifted in the
direction coinciding with the shear direction observed
when rotating around the main axis of sensitivity [10].
Bottleneck resonators are different from others. They
are remarkable in that the sign of their cross-sensitivity
can change when their geometrical parameters change
[11]. Such WCM resonators represent a cylindrical stem
with a thickening that plays the role of a resonator
(Figure 6). In this case, both parts of the resonator
can be made either from the same or from different
materials. The geometry of bottleneck resonators can
be described quite accurately using the parameters r,
R, u ry, indicated in figure 6 [12].

Moreover, at certain values of the geometric
parameters (specific values depend on the materials
used) bottleneck resonators, their cross-sensitivity
becomes negligible compared to the sensitivity to
rotation around the main axis. For example, this
is observed in a bottleneck resonator made entirely
of fused silica with r=250 pm, Ry=600 pm, and
ry=108 pm.

It is also possible to solve the problem associated
with parasitic cross-sensitivity by using a triad of
WGCM resonators of any type, the working sections of
which are mutually orthogonal to each other.

3.3. Measurement Uncertainty and
Nonlinearity of the Output
Characteristic

Other significant problems are the reciprocal nature

of the frequency shift (see equation 1 and fig. 5),

which does not allow to determine the sign of the

angular velocity (the object rotates clockwise or
counterclockwise), and the nonlinearity of the scale
factor (the square-law dependence of the effect on
the angular velocity), which leads to a decrease in
sensitivity to low angular velocities (fig. 5). To solve
these problems, a method was developed to reduce
the nonlinearity of the scale factor, based on the
application of the initial offset of the operating point
of the output characteristic [13]. The prospects of using
both constant and alternating initial displacements
(bias) were considered. The use of a constant bias is
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nsieT cobol CyMMY YC/IOBHO ITOCTOSIHHOM (Me[JIeHHO
HM3MeHSOLeCsl) BeTUYUHBl (), U IepHOAHUYecKOro
IepeMeHHOro cmelneHus (), (puc. 9). B pesynbraTe
M3MEHSIeTCS aMIUIUTYJa CABHUra 4yactorsl MIIL. 23Kc-
TpPeMYMBI CABMIa 4acTtoThl MIUII mepuoguvecKu CTa-
HOBSITCSL paBHBIMHU 1160 Af;, 1u6o Af, (puc. 9). Bonee
TOr0, MX Pa3’HHUIA 3aBUCHUT OT 3HA4YeHHUs] HCKOMOL
YIJIOBOL CKOPOCTH

Afx:Afl_Afz:

e foven(z)oa]-{e om0

=4K.Q,,Q,. (10)

TakuM obpa3om, eclnu IIPU HCIOIb30BAHUU IIepe-
MEeHHOT0 CMeIlleHHUsI OTCIeAUTh BeTUYUHY COBUTA Af¢

justified when the measured angular velocity Q, is
much less than the bias Q. Such a bias can be realized,
for example, by placing a WGM resonator on the motor
axis. Suppose, when the engine is turned on, the
resonator begins to rotate around the main axis of
sensitivity in the positive direction (counterclockwise)
with a certain constant angular velocity Q,. As a result
of such rotation, the WGM resonator is deformed,
the radius of its working section increases and the
frequency of its mode f,, decreases by some value Af;
and becomes equal to f,. (fig. 7).

When the described system (engine with a WCM
resonator) rotates relative to inertial space with
a certain desired velocity Q,, the resonator mode will
experience an additional frequency shift Af,:

Afx = fb - fm,CW = fb - fm,CCW =

= fm - Afb - fm,ccw . 6)

6
N
o)
(&}
w2
<
-50 -40 -30 -20 -10 0 10 20 30 40 50
| |
| Q, rad/s |
|
l ‘
0
0,5 F
7]
S 1,0
of
1,5
2,0 !
—%O -40 -30 -20 -10 0 10 20 30 40 50
Q, rad/s

6
5,
Af, = Af - A,
4_
Y A E
o
Uk3—Af2 col\lpecccococco/ ecogleoo -\ ------
—
<
2,
1,
0
0 0,5 1,0 1,5 2,0
t,105s

Puc. 9. lMonHas yz2noeas ckopocms pe3oHamopa
(BHU3Y), 3a8UCUMOCMb 06pAMHO20 cA8U2a YaCcMOMmbl
MLUT om yznoeoli ckopocmu pe3oHamopa (esepxy
cAesa) U 83aumHbili cdguz yacmomsl MLUT npu Haau-
YuU nepemMeHH020 CMelseHUs! U 8palieHus cucmembl
0MHOCUMeNbHO UHepUUanbHO20 NPOCMPAHCM8a Co
ckopocmbto Q, (cnpaea)

Fig. 9. The total angular velocity of the resonator (bot-
tom), the dependence of the reciprocal WGM frequency
shift on the angular velocity of the resonator (top left)
and the reciprocal WGM frequency shift in the presence
of an alternating bias and rotation of the system rela-
tive to inertial space with a velocity Q, (right)
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1,0
0,8
0,6 |-

Afe, Of,,108 Hz

Q,, rad/s

Puc. 10. Bbix00Hbie xapakmepucmuku damyuka y2no-

8oli ckopocmu (I - npu usmMepeHuU y2A080Li ckopocmu

6e3 ucnonb3osaxus cmewieHusl, I1 - ¢ nepemeHHbim
cmeweHuem ¢ Qpy =5 pad/c, 111 - ¢ Qpy =40 pad/c,

IV = ¢ ,=1000 pad/c)

Fig. 10. Output characteristics of the angular velocity sen-
sor (I- when measuring the angular velocity without using
a bias, I - with an alternating bias with Qu,=5 rad/s,

11l = with Q0 =40 rad/s, IV = with Q,,=1000 rad/s)

M BBIYUCJIUTD 3HA4YeHHe Af,, TO C IIOMOIIBIO ypaBHe-
HUA 10 MOXKHO OIIpefe/NTh HMCKOMYIO YIJIOBYIO CKO-
pocthb Q. TakKe, KCIOIb3Ys IlepeMeHHOoe CMelleHue,
MO>KHO M3MEPHUTH yITIOBYIO CKOPOCTh B CJy4yae, KOrja
3HayeHue (), TMHAMHYECKH H3MEHSeTCS B TeYeHHe
nepuoga t. OgHako HM3MeHeHHs (), YyCpeSHAITCA 3a
nepuoz KonebaHUs CMeIleHUs T.

PaccMOTpUM IIpeMMYIIECTBA KCII0/b30BaAHHUS IIepe-
MEHHOIo CMelleHus. IS HarasgHOCTU Ha puc. 10
[I0Ka3aHbl BBIXOAHbIE XaPaKTePUCTHUKHU, COOTBETCTBY-
IOI[He Pa3/JIMYHBIM 3HAYeHUAM aAMIUIMTYAbl Iepe-
MEHHOI0 CMeleHH (.

Kak BuAHO U3 puc. 10 u ypaBHeHHUs (10), HCIIONDb-
30BaHMeE [I€PEeMEeHHOr0 CMeIeHHs I103BOJIsIeT CyIUTh
He TOJIBKO O BeJTMYHHe YIJIOBOU CKOPOCTH (), HO U O ee
3Hake. KpoMe TOro, B 3TOM C/iy4ae BBIXOJAHAs Xapak-
TePHUCTHKA SIBJISIeTC IMHeMHOM. Takoke JIerKo BUIETb,
YTO YeM BbIlIe aMIUIUTYZAA [IepeMeHHOr0 CMelleHH s
Qy, Tem 6osbllle YyBCTBUTEIBHOCTh K HM3MEPEHHO
yI710BOM cKopocTH Q). Hcrionp3ys ypaBHeHus (1) u (10),
MO>KHO OLIeHUTD, BO CKOJIBKO Pa3 yBeJIHYMBAETCS YyB-
CTBUTE/IBHOCTD K YIJIOBOM CKOPOCTH ITPH HMCII0/Ib30Ba-
HUH [IepeMeHHOr0 CMelleHH

4KQ,Q, 4Q,,

M=—5S00x = b0 1
K2 Q ()

M3 ypaBHeHHus (11) o4eBHIHO, YUTO HCII0/Ib30Ba-
HHe IlepeMeHHOI0 YacTOTHOIO CMeIIeHHUs I103BOJIseT

il 4

If the sought rotation velocity Q, coincides in sign
with the angular velocity of the bias Q, then the
total angular velocity of the WCM resonator increases.
In this case, the frequencies of the mode f, ~y and
fm.cow become lower than f, (in figure 7 corresponds to
fmcw) and the additional frequency shift Af, will be
positive. If the desired rotation speed Q, has a sign
opposite to the angular velocity of the bias Q, then
the total angular velocity of the WCM resonator will
decrease. In this case, the frequencies of the mode f, o
u [y, cow Will become higher than f, and the additional
frequency shift Af, will be negative. Considering that
fn~ fncow=K(Qp+Q)* 1 Afy,=K(Q)?, we can transform
equation 6:

Af, =2K0,Q, +K Q2. )

Since the rotation speed of the bias Q, and the
frequency f, are known, then by scanning the
resonator by frequency, it is possible to determine Af,
and calculate the corresponding angular rotation speed
of the entire system (Q,. As can be seen from equation
7, for |(|>>|Q,| the shift Af, is nonreciprocal (changes
sign when the direction of rotation is changed).

As a result, the use of a constant bias makes it
possible to judge not only about the magnitude of
the angular velocity Q, but also about its sign (the
system rotates clockwise or counterclockwise). Under
the condition || >>|Q,| the contribution of the second
member in equation 7 is insignificant and the output
characteristic becomes close to linear. For clarity,
figure 8 shows the output characteristics for the above-
considered WGM resonator, corresponding to different
values of the constant bias Q.

Based on the graphs in figure 8 and equation 7, we
can conclude that it is inadmissible to use a constant
bias when determining the values of angular
velocities [Q),|>0.5|()|, since in this case there is the
measurement uncertainty Q),. It is also easy to see that
the higher the bias value (), the greater the sensitivity
to the measured angular velocity . and the lower
the nonlinearity of the output characteristic. Using
equations 1 and 7, we can estimate how many times
the sensitivity to angular velocity increases when
using a constant bias:

_2KQQ +KQ} 20, ®)
- K.Q? Q-

Qp>>Q, X

M

It should be noted that the use of constant bias can
lead to the appearance of an additional measurement
error due to the unevenness of . This places high
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MIOBBICUTb UYBCTBUTENIBHOCTb K YIJIOBOM CKOPOCTH,
KOT/ZIA BBIIIOJIHSIETCS yCioBHe (Qp,>0,25Q,. Tpebyembirt
OHaIa3oH HM3MepeHUM JATYMKOB yIa PefKo IPeBbI-
maet +100 pazg/c, B To BpeMsl Kak 3HA4eHHUsI aMIUIH-
Ty[bl II€PeMEeHHOro cMeleHUs (Qy, 6omee 1000 pan/c
OOCTHKUMBI. TakuM 06pa3oM, HCIIOTb30BaHHUE IIepe-
MEHHOTO0 YaCTOTHOI'O CMeIlleHH s I1I03B0JIsIeT [IOBBICUTD
YyBCTBHUTEIBHOCTH BO BceM paboueM guaria3oHe JaT-
YMKOB yTTI0BOI CKOPOCTH. TakoKe CTOUT OTMETUTb, YTO
3TO IO3BOJISET pellaTh APYyrye OlHMCAHHbIe BBIIIe IIPO-
61eMBl, CBSI3aHHBIE C M3MepeHHEeM YIJIOBOM CKOPOCTH
10 B3aMMHOMY cMmemlennio MIIT. BiusgHue pasind-
HBIX BHEIIHUX (aKTOpOB (TeMIlepaTypa, HaBJeHHe
U T.[A.) U [apasuTHas IepeKpecTHas 4yBCTBUTE/Ib-
HOCTbh MOIYT IIPUBECTH K B3aUMHOMY CABHUIY YacTOT
MIIT Af. BenrWuyMHA 3TOr0 IMapasUTHOrO cABHUTa Af
IIOCTOSIHHA OTHOCHTEJIBPHO HMCKOMOM YIJIOBOM CKOPO-
cTd (), U YIJIOBOI CKOPOCTH CMellleHus (), (T.e. yIjo-
BOM CKOPOCTH IIPU BpallleHHUH BOKPYI IJIABHOM OCH
YYBCTBHUTENIBHOCTH). TaKUM o06pa3oM, IpPHU BBIUMC-
JIeHHUU Pa3HOCTH Af;—Af, mapasuTHAsT COCTABISIOMIAS
Af mcxmodaercst (ypaBHeHue (10) u puc. 10). CoBur
YacTOTHl Af He BIUSET Ha BRIYUCIEHHOe 3HaYeHue Af,,
KOTOpOe IIPOIIOPLIMOHA/IBHO HCKOMOM YIIOBOK CKOPO-
CTH Q.

4. W3MEPEHWUE YITOBOW CKOPOCTU

C NCMNOJIb3AOBAHUNEM SPDEKTA

CAHDbSAKA
Onrtudeckrde pe3oHaTopbl MIII Takke MOIYT OBITH
KCIIO/Ib30BaHbl B Ka4yeCTBe YYBCTBUTE/IbHBIX 3JI€MeH-
TOB MHUKPOOITHUYECKHUX T'MPOCKOIIOB PE30HATOPHOIO
Tuna [16]. B 3ToM c/ydyae HeB3aHMMHOe CMellleHHe
vactoT MIIT, BeI3BaHHOE 3ddekToM CaHBsIKA, CIYKUT
MepOM YITIOBOM CKOPOCTH. PacCMOTPHM IIOIIepevYHoe
ceueHHe pe3oHaTopa MIIIL (puc. 3). Kak oTMedasnoch
BBIIIE, €CJIM Pe30HATOP HeIOJBMKeH OTHOCHTEILHO
MHePUHUAJIBHOIO IIPOCTPAHCTBA, TO 4YacToThl MIIT
IJ1s1 TIPOTHBOIIOJNIOKHBIX HAIlPaBJIeHUH ero obxozma
(IT10 4acoBOM CTpelKe M IIPOTUB Hee) paBHHI. Korma
pesoHaTtop Bpamaercs, Hu3-3a 3¢dpexTa CaHBIKA
vactorel MIII cMmelramTcss B MPOTHBOIIOIOSKHBIX
HaIlpaB/IeHUAX (puc. 11).

IIpeAIloIoO>KUM, YTO B3aKMMHBIM CIBHMI, BBI3BaH-
HBIM 1eHTPOOeXKHBIMHU CHIaMH, He3HauHuTeJleH II0
CPaBHEHHIO C HEB3aMMHBIM CABHUIOM d4acTtoT MIIT,
BbI3BaHHBIM 3ddexkToM CaHbsIKA (3TO CIIPaBeIINBO
B (Jly4yae, KOTJa Pe30HATOpP M3TOTOBJIEH M3 SKeCTKOIO
MaTepHasa). Torga BeIMYMHA CIBHUIA YacTOTHL OIIpe-
JeJseTcsl ClefyoIUM ypaBHeHHeM [17]:

Afs = fm,CW - fm,ccw = %Q, (12)
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demands on the motor used to create the constant bias
and reduces interest in its practical implementation.

When using an alternating bias to measure the
angular velocity from the reciprocal WGM frequency
shift, the requirements for the characteristics of the
drive are softer. Such a bias can be realized, for example,
by fixing the WGM resonator on a piezoceramic rod or
cylinder. When a periodic electrical signal is applied
to electrodes placed in a certain way on the surface
of piezoceramics [14, 15], torsional vibrations can
be excited in the piezoceramic base and the WCM
resonator fixed on it. In this case, the angular velocity
of the alternating bias will be determined by the
following equation:

Q, =9, sin(vabt) , 9)

where y, is the amplitude of the alternating bias;
vy, are the oscillation frequency of the alternating bias;
t is time. By the described method, using piezoceramic
rods and cylinders, it is possible to excite torsional
vibrations with a frequency from hundreds of Hz to
units of CHz and amplitude of up to 1000 rad/s and
more [14].

Now let us analyze how the resonator frequencies of
the spherical WGM resonator considered above change
with an alternating bias. Let us set the following
parameters of the alternating bias: amplitude
O,,=40 rad/s, vibration frequency v,,=100 kHz. If
a piezoceramic with a WCM resonator fixed on it is
motionless relative to the inertial space, then, based
on equations 1 and 9, the presence of an alternating
bias Q) leads to the appearance of a harmonic shift of
the WGM frequency. Moreover, it is obvious that the
frequency of this harmonic shift will be equal to the
doubled frequency of the alternating bias (2v,,), and
the amplitude is equal to K%

Now, suppose that the described system
(piezoceramics with a WGM resonator) began to rotate
with a certain required speed Q, relative to inertial
space. In this case, for simplicity, we assume that
the value of Q, during the period of oscillation of the
bias (t=1/v) is close to a constant (changes in Q, for t
are an order of magnitude less than the current value
of O,). Then the total angular velocity of the resonator
is the sum of a conditionally constant (slowly varying)
value O, and a periodic alternating bias Q, (see figure 9).
As a result, the amplitude of the frequency shift of the
whispering gallery mode changes. The extrema of
the frequency shift of the whispering gallery mode
become periodically equal to either Af;, or Af, (Figure 9).
Moreover, their difference depends on the value of the
sought angular velocity:
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5/3

Afs = Afm,CCW _Afm,cw

Intensities, I, and I,

Frequency, f

Puc. 1. VihmeHcusHoCMb c8ema Ha 8bix0dax pe3oHamopa
(cnnowHas aurus 1- 1, u I, HenodsuXKHo20 pe3oHamopa,
nyHKmupHele AuHuu 2 u 3 - I, u I, spawarouiezocs npomus
yacosoll cmpeAKu pe3oHamopa coomaemcmeeHHo)

Fig. 1. Intensity of light at the outputs of the resonator (solid
line1-1I, and I, of the stationary resonator, dashed lines 2
and 3 - respectively I, and I, of the counterclockwise rotating
resonator)

r7ie fu.cw Y fmcow ~ 9acToThl MIIT BOMTH, IMPOXOASIIHX
4yepe3 Pe30HATOp II0 YAaCOBOM CTpe/iKe W IPOTHUB Hee
COOTBETCTBEHHO; f,, - 4actora MIIT cTalMOHApHOrO
pe3oHaTopa; R - pafguyc IOIepPeYHOro CeYeHUs pes3o-
Hatopa; C - CKOPOCTh CBeTa B BaKyyme, () - yIrjoBas
CKOPOCTb.

TakuM 06pa3oM, CKAHUPYs pe30HATOP II0 YacToTe,
MOSKHO OIpefle/IUTh HeB3aHMMHBIM COBUT YaCTOTHI Afg
Y BBIYMCIMTD IIPOIIOPLIMOHABHYIO €My YIJIOBYIO CKO-
pocTh. Kak BUunHO U3 ypaBHeHHUs (12), 3pdPexT CaHbsIKA
JIMHEeeH I10 OTHOIIEHHUIO K YIJIOBOM CKOPOCTH M I103BO-
JIdeT OIpezeaTh HallpaBjieHHe BpalleHus. Hessa-
MMHOCTb 3¢ deKTa I103B0JIsAeT UCKIIOYUTL B3aUMHBIE
caBuUry 4yacrtor MIID mpu pacyeTe pasHOCTH YacCTOT
Pe30HaTopoB Af;, B TOM YHC/Ie BbI3BAaHHbIE H3MeHeHMU-
SMH [1apaMeTpOB BHEIIHeH Cpelbl, a TaKKe BbI3BaH-
Hble LIeHTPObeKHBIMU CHIIAMHU Afc.

OfHaKO COrJacHO ypaBHeHHIO (1) LieHTpoOesKHBIe
CHJIBI TaKKe BBI3BIBAIOT M3MeHeHHe pafinyca pabouero
cedeHHUs pe3oHaTopa MIIT, KOTOPBIM BXOAUT B Mac-
mTabHEIM Ko3bduumeHT 3Ppdexra CaHbsIKA (YpaBHe-
Hue (12)). B pesynbTaTe MOXKHO IlepelHcaTh BbIpasKe-
HUe, OoIlpefesiollee HeB3aUMHOE CMeIlleHHe YacToT
MIIT, ¢ yueToM BIMSHHUS LeHTPOOEKHBIX CHUIL:

_ZROfm Rgfmp(17+(6_5V)V) 3
T C 15G(1+v)(7+5v)C = (13)

[
Afx :Afl _Afz =
2 2
{KC [Qbo sin(%}gx} }— {KC {Qbo sin(%nj+gx} }
=4K.Q, Q.. (10)

Thus, if, when using an alternating bias, we track
the magnitude of the shift Af. and calculate the
value of Af,, then using equation 10 it is possible to
determine the desired angular velocity Q,. Also, using
a variable bias, it is possible to measure the angular
velocity in the case when the value of Q, dynamically
changes over the period t. However, the changes in Q,
are averaged over the period of the bias oscillation t.

Let us consider the advantages of using an
alternating bias. For clarity, figure 10 shows the output
characteristics corresponding to different values of the
amplitude of the alternating bias Q.

As seen from figure 10 and equation 10, the use of
alternating bias allows one to judge not only about the
magnitude of the angular velocity Q, but also about its
sign. In this case, the output characteristic is linear. It
is also easy to see that the higher the amplitude of the
alternating bias Q,, the greater the sensitivity to the
measured angular velocity Q,. Using equations 1 and
10, one can estimate how many times the sensitivity to
angular velocity increases when using an alternating
bias:

LAKQ, Q40

e (11)

M
K2 Q

x

From equation 11 it is obvious that the use of an
alternating frequency bias makes it possible to increase
the sensitivity to the angular velocity when the
condition Qy,>0,25Q, is satisfied. The required range
of operation of angle sensors rarely exceeds +100 rad/s,
while values of the amplitude of the alternating bias
Qy, over 1000 rad/s are achievable. Thus, the use of an
alternating frequency bias makes it possible to increase
the sensitivity in the entire operating range of the
angular velocity sensors. It is also worth noting that
this allows to solve other problems described above
related to the measurement of the angular velocity
from the reciprocal shift of the WCM. The influence of
various external factors (temperature, pressure, etc.)
and parasitic cross-sensitivity can lead to a reciprocal
shift of the WGM frequencies Af. The magnitude of
this parasitic shift Af is constant relative to the sought
angular velocity Q, and the angular velocity of the bias
Q, (i.e., the angular velocity when rotating around
the main axis of sensitivity). Thus, when calculating
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Fig. 12. The angular velocity corresponding to the equality of the shifts Afc and Afs, at different radius of curvature R, and reso-
nator materials (curves |, Il and 1l correspond to resonators made of fused silica, calcium fluoride, and PDMS 60 :1 polymer)

Q,,107* rad/s

TakuM obpa3oM, MacmTabHBIA KOIQOUIMEHT
3bdexTa CaHbsIKA CTAHOBUTCS HeIMHEMHBIM. EC/TH He
YUYUTBIBATh 3aBUCUMOCTD PaZiiiyca OT CKOPOCTH Bpalle-
HUS (M3-3a IeHCTBUS LIeHTPOOESKHBIX CHUI), TO IIOSIBIISI-
€TCsI TOIIOJTHUTEJIbHASI CHCTeMaTHYecKast OmK6Ka.

IIpyu HU3MepeHUHU YIJIOBOM CKOPOCTH C HKCIIOIb30-
BaHHeM 3¢¢eKTa CaHBSIKA OOBIYHO HKCIIONB3YIOTCS
>KeCTKHe (IIaBJIeHBIHM KBapl, WIH QTOPHJ Kajb-
uus) pesoHatopsl MIIL. B sTom ciydae BeJHYHHA
CUCTEMATHUYEeCKOM OIIMOKH, BBI3BAHHOM OEHCTBHEM
LIeHTPOOesKHOM CHJIBI, HeBeJIHMKa M CTAaHOBUTCS
CYIIeCTBeHHOM TOJBKO IIPU BBICOKMX YTJTIOBBIX CKO-
poctsix (bomee 103 pan/c). IIpu HeobXOAHMMOCTH
MOKHO YCTPAaHHUTb 3Ty CHCTEMATHYeCKyI0 OLIMOKY.
JJ1s1 3TOro, KCIONB3ys BelpaxkeHHe (1), BBIYHC/ISIETCS
IIOIIpaBKa K pafinycy pabodero ceueHus pe3oHaToOpa:
AR=(f,~fm cw)Ro/frn. Takoke 3TOT MeTOA I103BOJISET
HCKIIOYUTh CHCTeMaTH4eCcKylo OMMOKYy, BBI3BAHHYIO
HM3MeHeHHeM paJhyca pe3oHaTopa H3-3a U3MeHeHHUs
I1apaMeTpOB OKPY>KaIOILIEek Cpefibl.

IIpenenbHasi 4YyBCTBUTEIbHOCTh PE30HATOPHBIX
MOT npornopiroHalbHA ZO6POTHOCTH HCII0Ib3yeMOTr0
B HUX pe3oHaropa. J06pOTHOCTh JyULIHUX BOJIHOBOJ-
HbIX [IKP, 06BI9YHO pacCMaTpHUBaeMbIX B KaueCcTBe JyB-
CTBUTEIBHOTO 371eMeHTa MOT, mocturaet 100-107 [16],
B TO BpeMs KakK B pe3oHaTopax MIII oHa AocTHUraeT
6onee 10° [18]. OmHaKO M3-3a crielUPUIeCKON GOPMBL

40 DPOTOHMKA TOM 17 N2l 2023

the difference Af,-Af,, the parasitic component Af is
excluded (see equation 10 and figure 10). Frequency
shift Af does not affect the calculated value Af,, which
is proportional to the sought angular velocity Q,.

4. MEASURING ANGULAR VELOCITY
USING THE SAGNAC EFFECT

Optical WGM resonators can also be used as
sensing elements of resonator type micro-optical
gyroscopes [16]. In this case, the nonreciprocal shift
of the WGM frequencies, caused by the Sagnac effect,
serves as a measure of the angular velocity. Consider
the cross-section of a WGM resonator (Figure 3). As
noted above, if the resonator is stationary relative
to the inertial space, then the WCM frequencies for
the opposite directions of its bypass (clockwise and
counterclockwise) are equal. When the resonator
rotates, due to the Sagnac effect, the WGM frequencies
are shifted in opposite directions (Figure 11).

Let us assume that the reciprocal shift caused
by centrifugal forces is negligible compared to the
nonreciprocal shift of the WCM frequencies caused
by the Sagnac effect (the resonator is made of a stiff
material). Then the magnitude of the frequency shift
is determined by the following equation [17]:
2Rf,

@

Afs = fm,CW - fm,ccw = (12)
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HeKOTOPBhIX THUIIOB pe3oHaTopoB MIITI (cdepuueckux,
THIA «OyTBIIOYHOE TOPJIBIIKO» U T.HA.) HX TPYAHO
WHTErpUPOBaTh C APYTHMMHU 31eMeHTaMu MOT. [py-
rue, 6oree TeXHOJIOTMYeCKU IIPOABUHYTBIE pe30Ha-
Topsl MIIT (ToporaanbHble, AHCKOOOpa3HbIe) 0OBIYHO
XapaKTepU3yIoTcs bonee HU3KOM JOOPOTHOCTBIO HIIU
BbIpa’KeHHBIMU HeJIMHEeHHbBIMU CBOMCTBAMHU.
CpaBHUM BeJIUYMHB COABUroB MIII, BBI3BAHHBIX
3pdexTom CaHBSIKA K BIHSHUEM LIeHTPOOeXKHBIX
CHJI. MBI OTpaHHUYMBAEMCSI PACCMOTPeHHEeM CIBUIOB
TOJIBKO B ChepuvecKkux pe3oHaTtopax MIII'. Hcrione3ys
ypaBHeHus (1) u (12), MBI MOKeM IIOJIy4YUTb ypaBHe-
HHe, OINMCBIBalolllee BeJIMUYMHY YIJIOBOK CKOPOCTH,
IIPY KOTOPOM 3TU cABUTK MINT paBHBL:
60G(1+v)(7+5v)

2= RpC(17+(6-5v)v) s

I['paduku Ha puc. 12 UITIOCTPUPYIOT 3aBUCUMOCTD
YIJIOBOK CKOPOCTH (), OT pafiniyca pe3oHaTopa R,. Cpas-
HUBAIOTCA chepruyecKkre pe3oHaTopbl MIIL, M3roTOB-
JIeHHBIe M3 IIJIaBJICHOTO KpeMHe3eMa HIH QTopHuaa
KaJIBLIMSI, MSTKOIO ONTHYeCKoro monumepa (60:1
IIOIMC). B 06/1acTH on, OTMEYEeHHBIMU TUHHUSAMU (CM.
puc. 12) nomuHupyeT 3pdexT CaHbSIKA, a B 0b1acTH
HaJ HUMHU (@ TaKKe B yBeJIMUYeHHUH Ha OTHEIbHOM
PHCYHKe) TOMUHHUPYeT BIAUSIHHE LIeHTPOOeKHBIX CHII.
YeMm MATde U TsDKelee MaTepHal U 4eM OoJblie pe3o-
HaTop MIII', Tem HHXe yI/IOBasi CKOPOCTh, IIPU KOTO-
po¥i caBUTH Afc U Afg CTAHOBSITCS PAaBHBIMH.

B cBsA3M C BBIIIECKA3aHHBIM Hes OAHOBpPeMeH-
HOI'0 MCII0/Ib30BaHUSA OBYX 3QeKTOB IJIs U3MePeHHUs
YIJIOBOM CKOPOCTH IIPeACTaBIsieTCsl O4YeHb IIPHUBJIeKa-
TEeJIPHOM. DTO MOXKET OBITh PeaJii30BaHO I10-PAa3HOMY.
Bo-miepBBIX, IIPH AOCTUKEHHUH OIIPelle/IeHHOIO 3Haye-
HMUSL YIJIOBOH CKOPOCTH (IIpH JOCTHXKeHUHU (),) MOXKHO
IIPOCTO IIePeKII0YaAThCA MeXAy 3bdeKTaMu, HCIIOb-
3YeMBIMH [/ U3MepeHuUs. IIpor3BOAHUTL U3MEPeHHS
C ucmons3oBaHueM s3pdexra CaHbsIKA IIPU HU3KHUX
YIJIOBBIX CKOPOCTSIX (MeHee (),), a IIPH BBICOKHUX YIJIO-
BBIX CKOPOCTSIX (6oiee (),) M3MepsITh YIIOBYIO CKOPOCTb
10 COBUIY YaCTOTHI, BBI3BAHHOMY LIEHTPOOEKHBIMU
crlaMM. Takke BO3MOKHO peaIn30BaTh OMHOBpPeMeH-
HOe H3MepeHHe YTTI0BOK CKOPOCTH C UCII0Ib30BAHKEM
oboux 3pHeKToB, HCIIONB3YSI TOT GPAKT, YTO OAHH H3
5@ deKToB SIBISETCS B3aUMHBIM, a JPYroi — HeB3aUM-
HBIM. OmpenensaTh CABUI YacTOThl MIIT, BBI3BAHHBIN
3bdexToM CaHbSIKA, HA OCHOBE Pa3HOCTHU YacToT MIIT
BOJIH, IIPOXOASINHX Yepe3 Pe30HATOpP B IIPOTHUBOIIO-
NIOKHBIX HampaBneHusx: Afs=fy cw™fmcow. [IPH 3TOM
OHOBPEMEHHO BBIYHC/IAETCS COBHUI YactoT MIIT,
BBI3BAHHBIM LIeHTPOOESKHBIMU CH/IAMHM, HCIIOIb3YsI
CyMMy Tex ke yacToT MIIT: Afe=0,502f,~ (fr, cw+ fm.cow)]-
B pesynbraTe mBa YCTPOMCTBA PaboTaroT ogHOBpe-
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where f, ow ¥ fncow are the WGM frequencies
of waves bypassing the resonator clockwise and
counterclockwise, respectively; f, is the WGCM
frequency of the stationary resonator; R is the radius
of the cross-section of the resonator; C is the speed of
light in vacuum and Q is the angular speed.

Thus, by scanning the resonator in frequency, it is
possible to determine the nonreciprocal frequency shift
Afs and calculate the angular velocity proportional to
it. As can be seen from equation 12, the Sagnac effect is
linear with respect to the angular velocity and allows to
determine the direction of rotation. The nonreciprocity
of the effect makes it possible to exclude the mutual
shifts of the WCM frequencies when calculating the
difference in resonator frequencies Afs. Including
those caused by changes in the parameters of the
external environment (temperature, pressure, etc.), as
well as caused by centrifugal forces Afe.

However, centrifugal forces also cause a change in
the radius of the working section of the WCM resonator
(see equation 1), which is included in the scale factor of
the Sagnac effect (see equation 12). As a result, it is
possible to rewrite the expression that determines the
nonreciprocal shift of the WCM frequencies, taking
into account the influence of centrifugal forces:

Afs = %Q =
— 2ROfm Rgfmp(17+(6_5V)V) 3
e 15G(1+v)(7+5v)C 1)

Thus, the scale factor of the Sagnac effect becomes
nonlinear. If we do not take into account the
dependence of the radius on the speed of rotation (due
to the action of centrifugal forces), then an additional
systematic error appears. When measuring the
angular velocity using the Sagnac effect, stiff (fused
silica or calcium fluoride) WCM resonators are usually
used. In this case, the magnitude of the systematic
error caused by the action of the centrifugal force is
small and becomes significant only at high angular
velocities (more than 103 rad/s). If necessary, you
can eliminate this systematic error. For this, starting
from expression 1, the correction to the radius of the
working section of the WCGM resonator is calculated:
AR=(f,~fm cw) Ro/fm- Also, this technique allows you to
exclude a systematic error caused by a change in the
resonator radius due to a change in environmental
parameters.

The limiting sensitivity of MOGs resonator is
proportional to the Q-factor of the resonator used in
them. The Q-factor of the best waveguide PRRs, usually
considered as sensitive elements of MOGs, reaches
106-107 [16], while in WGM resonators it reaches above
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MEHHO U HCIIOJIb3YIOT pa3Hble pusrueckre 3P eKTsl,
HO Ha OJHOM M TOM >Ke pe3oHaTope. JTO JOJIKHO
[I03BOJIUTh MCIIOJIb30BaTh IIPpEHMMYIIecTBa 000HX
3$PeKTOB U MOBBICUTb TOUHOCThH OIpeJe/leHUs yIJIo-
BOI CKOPOCTH 3a CYeT KOMIIEKCHPOBAHHUS pe3ysbTa-
TOB M3MePeHHUH.

5. 3AK/TIOYEHUE

B cTaThe pacCMOTpeH MeTO[, U3MePeHHs YITIOBOH CKO-
POCTH 110 B3aHMHOMY CABUTY 4yacToThl MIII, BhI3BaH-
HOMY BO3eMCTBHEM LIeHTPOOeXHBIX CHI. IIpu
KCII0/Ib30BAHUK PEe30HATOPOB, KM3TOTOBJIEHHBIX M3
MSITKHUX [TI0JIMMEPOB, 3TOT 3¢ deKT MOXKeT ITpeobasaTh
Haj OpyrUMH 3QQPeKTaMM, BBI3BIBAIOIIMMU CABUT
yacToTel MIIIT. TeM He MeHee, HeCKOJIbKO IIpobeM Ha
MIPaKTHKe YCIOKHSIOT M3MepeHHe YITIOBOKM CKOPOCTHU
I10 B3aMHOMY CMelleHHo MIIT .

OpHOI U3 IpobeMm SIB/IsSIeTCs BAHSHUE PAa3THYHBIX
BHelIHMX $aKTOpoB (TeMIlepaTypa, AaBjleHHe U T.[I.)
Ha paauyc pabodero cedeHHs pe3oHaTopa. ITO MpH-
BOOMT K [IapasUTHOMY B3aMMHOMY CABMIY YaCTOTHI,
KOTOPBIH TPYAHO OTIHYHUTh OT CABHUTA Afe, C IOMO-
IIIbI0 KOTOPOI'O OIIPeMe/IsieTCs YIIoBass CKOPOCTh. Bbuto
IIPOIeMOHCTPUPOBAHO, YTO 9Ta IIpobiemMa MOKeT
OBITh pellleHa IyTeM Ilepexofa K H3MepeHHIO YIJIO-
BOM CKOPOCTH IyTeM pasfie/leHHsl COCeJHHX 4acTOT
MIII' ¢ pasIUYHBIMH a3MMYTQIbPHBIMH HHIEKCAMHU.
B 5TOM C/1y4ae CHMKAeTCS YYBCTBUTEIBHOCTH K YIJIO-
BOI CKOPOCTH.

Jpyrom mpobremMor SBIsSeTCS HalW4Me IIapasuT-
HOI IIepeKpPeCTHON YyBCTBUTEIBHOCTH. IIOCKOIBKY
OpHeHTallUsl OCH BpallleHHsI B oOIleM clydae Hems-
BeCTHAa, YYBCTBHUTEIBHOCTh K COCTABJISIOIIEH YIJIO-
BOM CKOpPOCTH, MepHeHAUKYISPHOH ITaBHOH OCH
YYBCTBUTEIBHOCTH, MOXKET IIPUBECTH K IIOTPEIIHOCTH
B pesyjibTaTaX KM3MepeHHs. BbIIO0 OIlpefesieHo, YTO
BeJIMUKMHA K 3HaK 3TOM IIepeKPecTHOM 4yBCTBHUTeE/Ib-
HOCTH 3aBHCAT OT GOPMBI MCII0/Ib3yeMOI0 Pe30HaTopa
MIINI'. Bonee Toro, mpu OHpeAeIeHHBIX 3HaYeHHSIX
reoMeTpUYeCcKHX IapaMeTpoB (KOHKPeTHble 3Haue-
HUS 3aBUCST OT HCIIOJIb3yeMbIX MaTepHaloB) pe3oHa-
TOPOB THIIA «OYTHIIOYHOE TOPJIBIIIKO» HX II€PEeKpPecT-
Hasl YyBCTBUTE/IIBHOCTb CTAHOBUTCS He3HAYHUTe/IbHOMU
II0 CPaBHEHMIO C YYBCTBUTEIBHOCTBIO K BpalIEeHHUIO
BOKPYI [JIaBHOM ocd. Hampumep, 3To Habmrona-
eTCs /I Pe30HaTopa, IIOJIHOCThIO H3IOTOBJIEHHOIO
M3 IUIaBJIEHOTO KBapla ¢ r=250 mMKM, R,=600 MKM
U ry=108 mkm. Takke sta mpobreMa MosKeT OBITh
pelieHa C IIOMOIIbIO TpHaAbl pe3oHaTopoB MIIT
nroboro Tuma, paboune ceueHHs KOTOPBIX B3aHUMHO
OPTOTOHAJIBHBI IPYT OPYTY.

Kpome ToOro, CymiecTBeHHBIMU IPobIeMaMH SIBJISI-
IOTCSI B3aHMHBIN XapaKTep CABUTIA YaCTOThI, KOTOPBIL
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10° [18]. However, due to the specific shape of some
types of WCM resonators (spherical, bottle-shaped,
etc.), they are difficult to integrate with other MOG
elements. Other, more technologically advanced
WCM resonators (toroidal, disc-shaped), are usually
characterized by a lower Q-factor or pronounced
nonlinear properties.

Let us compare the magnitudes of the WCM shifts
caused by the Sagnac effect and the influence of
centrifugal forces. We restrict ourselves to considering
shifts only in spherical WCM resonators. Using
equations 1 and 12, we can obtain equation describing
the magnitude of the angular velocity at which these
WCM shifts are equal:

60G(1+v)(7+5v)

2= RypC(17+(6-5v)v) a4

The graphs in figure 12 illustrate the dependence
of the angular velocity Q, on the resonator radius R,.
At the same time, spherical WGM resonators made of
fused silica, or calcium fluoride, a soft optical polymer
(60:1 PDMS) are considered. Under the curves shown
in figure 12 is dominated by the Sagnac effect, and
above the influence of centrifugal forces. The softer
and heavier the material and the larger the WCM
resonator, the lower the angular velocity, the shifts
Afc and Afg become equal.

In connection with the above, the idea of
simultaneous use of two effects to measure the
angular velocity seems to be very attractive. It can
be implemented in different ways. First, when
reaching a certain value of the angular velocity (when
reaching Q,), you can simply switch between the effects
used for measurement. Those make measurements
using the Sagnac effect at low angular velocities (less
than Q,). At high angular velocities (more than Q,),
measure the angular velocity from the frequency shift
caused by centrifugal forces. It is also possible to
realize the simultaneous measurement of angular
velocity using both effects, using the fact that one of
the effects is reciprocal and the other is nonreciprocal.
To determine the WGCM frequency shift caused by
the Sagnac effect, based on the difference of the
WGCM frequencies bypassing the resonator in opposite
directions: Afg=f,, cw=fmcow- Simultaneously, calculate
the shift of WCM frequencies caused by centrifugal
forces using the sum of the same WGM frequencies:
Afe=0,502f = (fr.cw* fmcow)]. The result is two devices
operating simultaneously and using different physical
effects but on the same resonator. This should make
it possible to use the advantages of both effects and
to increase the accuracy of determining the angular
velocity by complexing the measurement results.
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He II03BOJIsleT CYAUTb O 3HaKe YIJIOBOM CKOPOCTH,
Y HeJIMHEMHOCTb MacIITabHoro Ko3pdulireHTa, uTo
IIPUBOJUT K CHHIKE@HHIO YyBCTBUTEIBHOCTH K MaJIbIM
YIJIOBBIM CKOPOCTSM. [I/Isl pelleHHUs STHX Ipobiem
OBIJIO IIpe[IO>KeHO HCIIONBb30BaTh HAadalIbHOE CMe-
meHHe pabouell TOYKU BBIXOJHOM XapaKTePHUCTHKHU.
BBUIM pacCMOTpeHBI IIepCIIeKTHBBl KCIIOIb30BaHH S
KaK IIOCTOSHHBIX, TaK M IIepeMeHHbIX Haya/IbHBIX
CMeIlleHUM. bBojee IIepCIIeKTHBHO HCIIOJIb30BaTh
IepeMeHHOe CMelleHHe. B 3TOM caydyae BBIXOLHAs
XapaKTepUCTUKA CTAaHOBUTCA JIMHEHMHOM, a 4YyB-
CTBUTE/IBHOCTh BO BCeM pabodeM [AHaIla3oHe AAT-
YKMKOB YIJIOBOKM CKOPOCTH YyBelIH4YHBaeTcsi B 4 pasa,
YTO PaBHO YeThIpeXKPAaTHOMY OTHOLIEHHIO YITIOBOH
CKOPOCTH CMeIlleHHSI K H3MepeHHOH YIJIOBOH CKO-
POCTH. DTO TaksKe II03BOJIsSeT pellaTh Apyrue OIlH-
CaHHBIe BbINIe ITPobIeMbI, CBSI3aHHBIE C H3MepeHHeM
YIJIOBOM CKOPOCTH OT BO3BPaTHO-IIOCTYIIATeIbHOIO
nepemeltnexuss MIIT .

B pabote paccmatpuBaics 3¢dekT CaHbsSIKa B pe3o-
HaTopax MIIT ¥ 0coOEHHOCTH ero IIpUMeHeHHs IJIsl
HM3MepeHHMs YIJIOBOM CKOPOCTH TaKHUX DPe30HATOPOB.
B "wacTHOCTH, 6BUIO IPOLEMOHCTPUPOBAHO, UTO U3-32
BIIMSIHUS LIeHTPOOESKHBIX CHJI MACIITAOHBIN K03hdu-
uHeHT 3pdexTa CaHbsIKA CTAHOBUTCS HEJIHHEHHBIM.
9TO MOKET IIPUBECTH K JOIIOJHUTEIbHOU CUCTeMaTH-
yecKkoH omrbke n3MepeHusi. OQHAKO, TOCKOIBbKY IIPH
HM3MepeHHHU YITIOBOM CKOPOCTH C IIOMOILBI0 3ddeKTa
CaHbsSIKa OOBIYHO HCIIOJNB3YIOTCSI SKECTKHE Pe30Ha-
TOPBI, BeJMYMHA 3TOM CHCTEMAaTHYeCKOH OUIMO6KHU
HeBeJIMKa U CTAaHOBHUTCS CYIIeCTBEHHOKM TOJBKO IIPU
BBICOKHX YIJIOBBIX CKOpocTsix (6omee 103 pan/c). Bein
OMMCaH Crocob KOMIIeHCAllMK 3TOM OWIMOKM, KOTO-
PBIM TaIoKe I103BOJIsIeT YCTPAaHUTh CHCTeMAaTHYeCKYIo
ommubKy, BRI3BAHHYI0 H3MeHEHHEM Pafiuyca pe3oHa-
TOpa M3-32 M3MeHEeHHS I1apaMeTpOB OKpYKalolleH
Cpenbl.

Kpome Toro, B paboTe CpaBHUBAIOTCSI 3HAUeHHS
caBuros MIIT, BeI3BaHHBIX 3¢ PpekToM CaHbsIKA U BJIU-
SIHHUEeM 1IeHTPOOeXKHBIX CHJI, K PACCMaTPUBAETCS Hes
OJHOBPEMEHHOI'0 MCII0/Ib30BAHUS 3TUX 3PPEKTOB )15
HM3MepeHHUS YIJIOBOK CKOPOCTH.
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5. CONCLUSION

The paper considered a method for measuring the
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the angular velocity sensors increases by a factor of four
equal to the quadruple ratio of the angular velocity of
the bias to the measured angular velocity. It also allows
you to solve other problems described above related
to the measurement of the angular velocity from the
WCM reciprocal displacement.

The work considered the Sagnac effect in resonators
of whispering gallery modes and the features of its
application for measuring the angular velocity of such
resonators. In particular, it was demonstrated that
due to the influence of centrifugal forces, the scale
factor of the Sagnac effect becomes nonlinear. This
can lead to an additional systematic measurement
error. However, since when measuring the angular
velocity by the Sagnac effect, hard WCM resonators
are usually used, the magnitude of this systematic
error is small and becomes significant only at high
angular velocities (more than 10° rad/s). A method for
compensating this error was described, which also
makes it possible to eliminate the systematic error
caused by a change in the resonator radius due to
a change in the environmental parameters.

In addition, the work compares the values of the
WGM shifts caused by the Sagnac effect and the
influence of centrifugal forces and considers the idea
of simultaneous use of these effects for measuring the
angular velocity.
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