AHOTANIA

KoctepoB O.0. YaockoHaneHHs Ta JOCHIIKEHHS JEPKABHOTO MEPBUHHOTO
€TaJl0OHa OJIMHMII 3ByKOBOT'O THCKY B MOBITpsIHOMY cepenoBuiii. — KBamidikariiina
HAyKOBa Ipalls Ha MpaBaxX PYKOIIUCY.

Hucepranisi Ha 3700yTTS HAyKOBOTO CTymeHs JokTopa (inocodii 3a
criemianpHicTIO 152 Metposoris Ta 1HGOpMaIlIMHO-BUMIPIOBAIbHA TEXHIKa».
Hamionanenuit yaiBepcuteT «JIpBiBchKa nosnitexHika» MOH Ykpainu, m. JIbBIB, —
[HCTUTYT KOMIT FOTEPHUX HAYK, aBTOMATUKU Ta METpoJiorii, M. JIbBiB, 2021.

Jlucepraiiito TPUCBSIUEHO PO3B SI3yBAaHHIO AaKTyalbHOI HayKOBO-TE€XHIUHOI
npobsieMd — TOJIMIIYBAaHHIO METPOJIOTIYHUX XapaKTEPUCTUK JIEP>KaBHOTO
NEPBUHHOTO €TAJOHYy YKpaiHM OJWHHMIN 3BYKOBOTO THCKY B TOBITPSHOMY
CEpeNOBHINI Yepe3 YIOCKOHANIOBAHHA €TajOHa, KOMIUIEKCHE aHalli3yBaHHs
CKJIaJIOBUX HEIMEBHOCTI Il 4Yac KajiOpyBaHHS MiKpO(OHIB, BUSBIISIHHIO Ta
JOCTIDKYBAaHHIO ~ HAMOUIBII ~ BIUIMBOBUX  CKJIQJIOBUX  HEMEBHOCTI  JJIS
BJOCKOHAJIOBaHHS METOAIB 1 3aco0iB BHUMIPIOBaHHS, SKI JalOTh 3MOTY
3MEHIITYBaTH HETIEBHICTh BiITBOPEHHS Ta MEPEAaHHS OJMHHUII 3ByKOBOTO TUCKY.

3a pe3ynbTaTaMu MPOBEICHUX JIOCIIKEHb, HAlIPaBICHUX Ha PO3POOICHHS Ta
BJIOCKOHAJICHHSI €TaJIOHA OJIMHUII 3BYKOBOT'O THCKY Y IMOBITPSHOMY CEPEIOBUII],
OTPUMAHO HACTYITHI PE3yJIbTaTH:

1. Bnepwe, 3a pe3yiabTaTaMH aHali3y Ta IOCHIIKEHHS MaTeMaTHYHOI MoJei
nporiecy KaniOpyBaHHS MiKpO(OHIB, BCTAHOBJICHO, 1110 OCHOBHMMHU UYHWHHHKaMH,
SK1 BU3HAYAIOTh METPOJIOTIYHI XapaKTEPUCTUKH JAEPKABHOTO MEPBUHHOTO €TaJIOHA
OJIMHUIIl 3BYKOBOTO THCKY B TOBITPSHOMY CEPEIOBHIIl € OIIHKU EJIEKTPUYHOTO
nepeaBajibHOro0 1MIIeIaHCy, MapaMeTpiB JOBKULISA, MapaMeTpiB MIKpPOQOHIB Ta
pPO3MIpiB KaMepH MaJIOTO 00’ EMY;

2. Bnepwe, 3a pesynapTaraMu TPOBEACHHUX OCHITKEHh MaTEMaTHYHOT MO
nporiecy  KamiOpyBaHHS — MIKpO(OHIB, 3alpONOHOBAHO Ta  BIPOBAIKEHO
YIOCKOHAJIEHY CTPYKTYpY JAEpKaBHOTO MEPBUHHOTO €TaJOHA OJMHUII 3BYKOBOTO

THUCKY B TIOBITPSIHOMY CEPEIOBHIIII, 110 JI03BOJIHIIO:



—  nus mikpodoniB tuny LS1:3MeHmmTH HeneBHICTh iX kamiOpyBanna Ha 0.01
b — 0.04xb;

— 1y MikpodoHiB Tuiy LS2: po3mmpuTi 4acTOTHUHN Jlianma30H BUMIPIOBAHb 3
mianaszony (31 I'm — 20 k') mo mianmaszony (2 I'm — 25 x['m), kpim TOTO,
3MEHIIUTH HETIeBHICTH iX kamoOpyBanHus Ha 0.021b — 0.051b;

3. Bnepuie BCTaHOBJICHO YaCTOTHI 3aJie’KHOCTI BIUIMBY IIYMIB 3 HOPMaJbHUM

pPO3MOIIJIOM y BUMIPIOBAJbHUX KaHalaX Ha CTaHAAPTHUHA BIIXWJI pPe3yibTaTiB

KamiOpyBaHHsT MIKpO(OHIB 13 BUKOPHUCTAHHSM MOJIETIOBAHHSI METOoIoM MoHTe-

Kapiio Ta mokazaHo cyTTeBe 3pOCTaHHS iX BIUIMBY Ha iHQPAHU3bKUX YaCTOTAX;

4. Bnepuwie, mij 4ac yBEeJICHHS IMONPABKU Ha TEIIONPOBIAHICTH, 3alPOIIOHOBAHO

METOA JUIsl OIlIHEHHS 3HAYEHHS YaCTOTH CHOPSHKEHHS Ta  3ampONOHOBAHO

BUKOPHCTaHHA B 4YaCTOTHIA CMy3i HIKYE BiJl IIbOTO 3HAYCHHSA - 3a3HAUYCHY

HU3bKOYACTOTHY MOJ€lb TMOMPaBKH, a y BUCOKOYACTOTHIM oOmacti —

IIMPOKOCMYTOBY MOJIEJNb, IO 3a0e3meuye 3MEHIICHHs HEMEBHOCTI y poOouomy

niarma3oHl 4acToT.

[IpakTuHe 3HaYEHHS OTPUMAHHX PE3YJIbTATIB!

BUKOHAHO TMOPIBHsUTbHUHN aHaJII3 HasIBHUX METOJIIB Ta 3aC001B BIATBOPIOBAHHS
OJIMHUIIl 3BYKOBOTO THCKY B MPOBIJHHUX aKyCTHYHHUX Ja0OpaTopisix CBITY Ta
BHU3HAUEHO TEOPETUYHI 3acaau BIOCKOHAJIOBAHHS JI€P’KaBHOTO MEPBUHHOTO
eTaJIOHY YKpaiH! OJAMHHMII 3ByKOBOT'O TUCKY B IMOBITPSTHOMY CEpPEOBHIIL;

BU3HAYCHO CTPYKTYpY TMOOYIOBH IS BIOCKOHAIIOBAHHS JEP)KAaBHOTO
NEPBUHHOTO €TAJOHYy YKpaiHM OJWHHMIN 3BYKOBOTO THCKY B TOBITPSHOMY
CEPEIOBHIII];

CTBOPEHO Ta BBEJCHO B EKCIUIyaTallll0 BJOCKOHAJCHY €TAJIOHHY YCTAaHOBKY
JUIs KamOpyBaHHS 3a TUCKOM JIaOOpaTOPHUX €TaJOHHMX MIKpO(OHIB y Jiana3oHi
gactoT Big 2['m nmo 25kl Ha nepkaBHOMY MEpPBUHHOMY €TallOHI YKpaiHH
OJIMHUIII 3BYKOBOT'O THCKY B IOBITPSTHOMY CEPEIOBHIIII,

pPO3pO0OJICHO Ta BNPOBAKEHO TaKi METOAUKH KajmiOpyBaHHA. «JlepkaBHMIA
NEPBUHHUN €TaJIOH OJMHHULI 3BYKOBOTO THUCKY B MOBITpsiHOMY cepenoBuili JETY

10-01-11. Meroauka kamiOpyBaHHsi eTajoHHOi yctaHoBku YE-2I1Y» JIIIIBK



407539.00IMK (IIT HAI «Cucrema», M. JIpBiB);, «Metonuka kamiOpyBaHHS 3a
THUCKOM BUMIPIOBaJIbHUX MIKpPO(OHIB Ha JIep>KaBHOMY NepBUHHOMY etanoni JJETY
10-01-118 giama3owni yactot Big 2 'y mo 25 x['u» JIIIIBK 407629.00IMK (/111
HI «Cuctema», M. JIbBIB);

BUKOHAHO MDKHapoaHi kiwoudoBi 3BipeHHs COOMET.AUV.A-K5, 3a
pe3yJibTaTaMu SIKUX OHOBJICHO 15 psJKiB BUMIPIOBAIBHUX 1 KajdiOpyBaJIbHUX
moxxmBocteld (CMC) VYkpainum B mapusi akyctuku B bas3i JaHHX KITIOYOBUX
3BipeHb MixkHapoaHoro 0ropo 3 mip ta Bar (KCDB BIPM).

[lepumuit po3ain nucepraiii NPUCBSIYEHO MOPIBHAJILHOMY aHaji3y HasBHUX
METO/IB Ta 3aco0iB BIATBOPIOBAHHS OJWHUII 3BYKOBOTO THUCKY. Po3risHyTo
NEepBUHHUN MeTOa KamOpyBaHHS MIKpo(OHIB 3a THCKOM. 3a3HA4y€HO, IO
peastizailisi OAMHMII 3BYKOBOTO THCKY B IMOBITPSIHOMY CEpENOBHUIII BiIOyBa€eThCA
yepe3 KajaiOpyBaHHS JIaOOpPaTOPHUX €TaJOHHUX MIKPO(OHIB, K1 3aBISIKU CBOIM
XapaKTePUCTHKAM € MPEIHU3iHHIME ITePETBOPIOBAYAMH.

3a3HayeHo, MO HaTemnep KamiOpyBaHHA MIKPO(OHIB METOIOM B3aEMHOCTI €
(GakTUYHO €IWHUM TEPBUHHUM METOJIOM KaliOpyBaHHS MIKpO(OHIB, SKUN
BUKOPHUCTOBYIOTh BCl MPOBIAHI aKyCTUYHI J1abopaTopii CBITY Ui BIATBOPIOBAHHS
OJIMHUIIl 3BYKOBOI'O THUCKY, a KajiOpyBaHHS MIKPO(OHIB 3a THUCKOM Ja€ 3MOTY
JOCATaTH HAWBHIIOTO PIBHS TOYHOCTI.

PosrnsiHyTOo icTOpit0 BHHUKHEHHA Ta CyYaCHHW CTaH BHMIPIOBaHb 3a
BUKOPHCTOBYBAHHSI TMEPBUHHOTO METOAY KaliOpyBaHHs (METOAY B3a€MHOCTI) Ta
3a3HA4YEHO, M0 peami3alilo IHOT0 METOMY TMOCTIHHO BIOCKOHATIOIOTH Yepes3
ypaxoByBaHHS BIUIMBY TUX YMHHUKIB, IO iX paHIIIe HEXTYBAJIH.

[IpoananizoBaHO 3HAYMHM HEMEBHOCTEH BHUMIPIB IiJ Yac KaiaiOpyBaHHs
eTAJIOHHUX MIKpPOQOHIB y TMPOBITHUX aKyCTUYHHX JabopaTtopisix CBITY Ta
3a3HAYEHO, IO I JJabopaTopli MOCTIHHO CIIJKYIOTh 3a 3MiHAMU B peai3allii
METO/y KaJiOpyBaHHS Ta BiJMOBIHO BJIOCKOHAIIOIOTH CBOT aKYCTUYHI €TAJIOHH.

[TpoananizoBaHO METPOJIOTIYHI XapaKTEPUCTUKH AepkaBHOro eramona JETY
10-01-00 ta 3a3HaueHo, IO BOHU BXKE€ HE BIAMNOBIIAIOTH CYYaCHOMY CTaHy

BUMIPIOBaHb. 3a pe3yJbTaTaMH aHaTI3yBaHHS BH3HAUYEHO TEOPETHUYHI 3acaau



BJIOCKOHAJIIOBaHHS €TajJOHAa OJWHHII 3BYKOBOTO THCKYy B TOBITPSHOMY
CEpeloBHINI, a caMme. 3MEHIICHHS HENEBHOCTI BU3HAYEHHS EJIEKTPUYHOTO
nepeIaBaibHOrO IMIIEJAHCY; 3MEHIIECHHS HENEBHOCTI BU3HAYEHHS IapaMeTpiB
JOBKLUISA, MapaMeTpiB MIKpOQOHIB 1 T€OMETPUYHUX pPO3MIpiB MIKpOQOHIB Ta
aKyCTUYHHUX KaMep MaJioro 00’ eMy, a TaKo 3MEHIICHHS CTaHJapTHOI HEMEBHOCTI
BHMIpIB 3a TUIIOM A (CepeIHbOr0 KBaJAPaTHUHOTO BIAXUIY BUMIPIB).

Jpyruii po3ait gucepTarii IpUCBsYeHO BU3HAYAHHIO Ta OL[IHIOBAHHIO BILUIUBY
JOKEpes HEMEeBHOCTEH BUMIPIB Mif 4yac KajliOpyBaHHs €TaJIOHHUX MIiKpO(]OHIB.
30kpema, MpeCTaBICHO JIeTalbHy MaTeMaTH4YHy MOJEIb MpoLecy KaliOpyBaHHs
MIKpO(OHIB METOAOM B3aeMHOCTI. [lojaHO MaTeMaTH4YHy MOJIEb Ta €KBIBaJICHTHY
cxeMy MIKpooHa, EKBIBAJICHTHY CXE€MY BHUMIPIOBAHHs i Yac BHU3HAYaHHS
YYTJIMBOCTI MiKPO(OHIB 32 TUCKOM, a TaKOXK (POpMyiTy 0OUMCIIOBAaHHS YYTIMBOCTI
MiKpo)oHa 3a THCKOM Yy pa3l BHUKOPHUCTOBYBAHHS TPhOX Iap MiKpOQOHiB,
aKyCTUYHO 3’ €THAHUX MK CO0OI0 3a JIOTIOMOI'0I0 KaMep Majoro o0’ eMy.

PosrisanyTto AKyCTHUYHHUMI nepenaBaIbHUN IMIeIaHe CUCTEMU
«MiKpo(hOHH—KaMepa Majoro 00’ eMy», KOJIU JOBXKHHA aKyCTUYHOI XBHJII 3HAYHO
OlnIbIIIe 32 pO3MIpH i€l KamepH, TOOTO, KOJIU ra3 B Kamepi MOBOAUTH cebe MpOCTO
K THY4YKicTh. Ha BHCOKHMX 4YacTOTax, KOJM PO3MIPH KaMEpu MaJloro 00 eMmy €
CYMIpHUMH 3 JOBXKHHOI XBWIJI, II0 CHCTEMY pO3IJISJAIOTh SK OJHOPIAHY
nepenaBajibHy JIIHIIO 33 YMOBH, IIO Kamepa Majoro 00'eMy Mae HUIIHAPUYHY
dbopmy Ta AiaMeTp, KUK JOPIBHIOE AiaMeTpy aiadparmMu MikpodoHa, a TaKOX 3a
YMOBH IJIOCKOXBHJILOBOTO TIOIIUPIOBAHHS CUTHAY M a/11a0aTUYHOTO CTUCKAHHS Ta
PO3IIMPIOBAHHS Ta3y.

[Togano aBI MojeNl BpaxOBYBaHHsI BTpaT Ha TEIUIONPOBIIHICTh, ONMHKCAHI B
mixHapoaHomy crangapti |[EC 61094-2:2009,rak 3BaHI HHM3BKOYACTOTHY Ta
HIMPOKOCMYTOBY MOJIEIII.

3a3HaueHo, 0 Ha YYTJMBICTh MIKPO(OHIB TaKOXK BILUIMBAIOTh BEJIMYMHH, SIKI
OTMHCYIOTh BJIACTUBOCTI Ta3y, Mo mepebyBae B Kamepi manoro o0’emy i dac

BUMIpIOBaHHs (3a3BuYaii 116 — moBiTps). LI BenuumHM 3aimexaTh BiJ yMOB



JOBKLJUISA, TOOTO TeMIEpaTypH, CTATUYHOTO THUCKY Ta BIJHOCHOT BOJIOTOCTI MiJ] 4ac
BUMIPIOBAHHS.

PosrnsiHyTo cxeMy BUMIpIOBaHHS TIiJI dYac KauiOpyBaHHS €TaJOHHHUX
MIKpO(OHIB 1 3a3HA4YE€HO, IO I Ii€l CXeMH BHUMIPIOBAHHS TOJOBHUMU
JKepeIaMu HEeTIEBHOCTI €: IITyMH BUMIPIOBAJIbBHMX KaHAJIIB, 4acOBa HECTAO1IbHICTh
BUMIPIOBIbHUX  KaHAJIB, HEJIHIMHICT, BHUMIPIOBAJIBHUX KaHAIIB, Mala
pO3psIHICTL aHajoro-nudpoux mneperoproBadiB (ALIl) y BuMiproBaIbHUX
KaHallax; BeJMKa BIJCTaHb MDK MIKpO(QOHOM-TIEpeaBayeM Ta ETaJIOHHUM
IMITETAaHCOM, IO MPHU3BOAUTH 1O TOSBA TAPa3WTHOTO IMIEAAHCY; TMepeXpecHi
3aBaJli MK KaHaJIlaMU.

OI111HEHO BIUIMB IIYMIB BUMIPIOBAJIbHUX KaHAJIIB Ha HEMEBHICTh PE3YJIbTaTIB
KaniopyBaHHs MikpogoHiB. OCKIJIbKM PIBEHb CUTHAJIIB Y BUMIPIOBAJIbHUX KaHajax
CYTTEBO 3aJICKHUTh BiJ] YaCTOTH Ta TUITY MIKpO(DOHIB, IO iX KaIiOpYyIOTh, TO IJIs
OIIIHIOBAaHHS  BIUIMBY IIIyMiB HAa TOYHICTb BH3HAYaHHS  EJIEKTPUYHOTO
NepeIaBaIbHOTO IMIIEIAHCY TMapu MIKPOQOHIB OyJI0 3aCTOCOBAHO AaHATITHYHI
MeToau MoentoBanHs (Metoa MouTe-Kapio).

Or1iHeHO BIUTUB 4acOBO1 HECTAaOUIBHOCTI, HETIHIHHOCTI, po3psaHocTi ALIII,
NMapa3suTHOTO IMIENAaHCy Ta TMEPEXPEeCHHX 3aBajJ y BUMIPIOBAJIBHUX KaHANAX i
pO3po0JIeHO pEeKOMEHJAIlii MO0 CTPYKTYpH TOOYAOBH  BIOCKOHAJIEHOTO
JIEP’)KaBHOTO TEPBUHHOTO €TaJlOHA OJWHUIN 3BYKOBOTO THCKY B TIOBITPSHOMY
CepeIOBUIIII.

[IpoanamizoBaHo  BIUIMB  MapaMeTpiB  JOBKUUIA  HA  aKyCTUYHUUN
nepenaBajIbHUM IMIEAAHC CUCTEMH «MIKpo(poHu—Kamepa Majoro o0’ emy» 1
3a3HAYEHO, 110 HAWOUIBIIMKA BIUIMB HAa HEMEBHICTh PE3YyJbTATIB KaliOpyBaHHS
MIKpO(OHIB Ma€ HEMEBHICTh BU3HAYAHHS TeMIIEpaTypu MOBITPS B Kamepl Majoro
00’ emy.

[IpoananizoBaHO BIJIMB HEMEBHOCTI BHU3HAYAHHS TEOMETPUYHHX PO3MIPIB
(rmubuaM Ta miamMeTrpy (GPOHTAIBHOI MOPOXHWHU MIKPO(OHIB 1 JOBXKWHH Ta
JiaMeTpy Kamepu Majioro o0'emy), i mapameTpiB MiKpO(oOHIB (€KBiBaJIEHTHOTO i

¢poHTANBHOTO 00’ €MIB, PE30HAHCHOI YacTOTH Ta KoedillieHTa BTpaT) Ha



HETEBHICTh OIIHKK aKyCTUYHOTO MepeaaBaIbHOTO IMITEIaHCy TTapyu MIKpO(hOHIB Ta
3a3HAau€HO, 110 iXHii BIUIUB CyTTEBO 3POCTAE 31 3POCTAHHSAM YaCTOTH.

3a3HaueHo, 110 HAa HEMEBHICTh BUMIPIB IIiJl Yac KaliOpyBaHHsS MIKpPOQOHIB
TaKOX BIUIMBAIOTH. HETIEBHICTh BCTAHOBJICHHS HAMPYTW MOJSpHU3alili MIKpO(OHIB,
HETIEeBHICTh BU3HAYaHHS MapaMeTpPiB MOBITPs, MOsSBA PadialIbHO-XBUIBOBOTO PYXY
Ha BUCOKMX YacTOTaX Ta CXEMH BKJIIOYCHHs 3a3eMJICHHS MIiKpo(]OHIB Mmij dYac
BUMIPIOBAHHS.

Y TperboMy pO3IUII JMCEpTallii IPOAHATI30BaHO Ta OIIHEHO BIUJIMB
HEMEBHOCTI BHW3HAYaHHS TOIMPAaBKM HA TEIUIOMPOBITHICT HAa pPeE3yJbTaTu
KamiOpyBaHHS. 3a3HA4€HO, MO JIBI MOJEIl pPO3paxyHKy 1€l TOIMpaBKu
(HM3PKOYACTOTHA Ta MIUPOKOCMYTOBa) JAIOTh PE3YJIbTaTH, SIKI 3HAYHOK MIipOIO
PI3HATHCS MK c00010. ['0OJTOBHUMHU, ajie He €MHUMU, YAHHIUKAMH, 110 BU3HAYAIOTh
PI3HHUIIIO MDK 3alpOIOHOBAaHUMHU MOJIEISIMHU TEIUIONPOBIIHOCTI B JIiala3oHi
HU3BKHX YacTOT, €. CIPOIICHUI BapiaHT OOYMCIICHHS 000X MOjeNel; HEKOPEKTHE
OOYHCIICHHSI BTPAT Ha TOPIEBUX MOBEPXHSAX Kamepu Majioro ob’ emy (miadparmax
MIKpO(OHIB) B IIMPOKOCMYrOBOMY PpillleHHI, III0 HPHU3BOAUTH [0 IMOPYIICHHS
OPUHLUIY 30€peKeHHsI €Heprii; HEKOPEeKTHEe BpaxyBaHHSA BIUIMBY Hapi3l y
bpoHTaNbHIA MOpOoXHUHI MiKpodoHa (Ha HHU3BKHUX YacTOTaX PO3MIPH Hapi3i €
MEHIIIUMH 32 PO3MIpH 130TePMAIILHOTO TPAHMYHOTO IIAPY MOBITPSI).

PosrnsiHyTo  anpTepHAaTHBHY MOJAENh  OOYMCIIOBAaHHSA TIONPAaBKH  Ha
TEIUIONPOBITHICTh, SKa TaKOX IPYHTYETbCS Ha MOJEN TEIJIONPOBIIHOCTI B
3aKpUTIH IIIiHAPUYHIA mopokHuHI (Moxeni ['epbOepa), anme 3a 30ymxkyBada 3
HYJBOBUM IMIIETaHCOM.

3po0IeHO BHCHOBKM CTOCOBHO METOAHMKH OOYMCIIOBAHHS UYyTIUBOCTI
MIKpO(OHIB 32 TUCKOM Ha JIeP>KaBHOMY IE€PBUHHOMY €TaJIOHI.

VY gyeTBepTOMY PO3ALTI AUCEPTAIlil MOIaHO CTPYKTYPHY CXEMY BIOCKOHAICHOT
€TaJIOHHO1 YCTAHOBKH JIJIsSI KaiOpyBaHHSI MIKpO(OHIB 32 TUCKOM, Ky PO3pPOOJICHO
Ha OCHOBI aHajii3y YMHHUKIB, 110 BIUIMBAIOTh HAa HEMEBHICTb BUMIPY IMiJ 4ac

Ka1iOpyBaHHS MIKPO(OHIB.



[lomano pe3yabTaTH EKCHEPUMEHTAIBHUX JIOCTIPKEHb METPOJIOTIYHUX
XapaKTEPUCTUK  YAOCKOHAJIICHOT €TaJOHHOI YCTAaHOBKHM JUIA KajdiOpyBaHHS
MIKpO)OHIB 3a THCKOM, 30KpeMa, OIIIHEHO BIUIMB HEMEBHOCTI BH3HAYaHHS
eJIEKTPUYHOTO TEpeaBajlbHOIO IMIEAAHCY, MapaMEeTpiB TOBKLUIA, MapaMeTpiB
MIKpO(OHIB, TEOMETPUUYHUX PO3MIPIB MIKpPO(OHIB 1 Kamep Majoro o0’eMy Ta
JESAKUX IHIINX BEJIWYMH HAa CTAaHJAPTHY HEMNEBHICTh KaliOpyBaHHS MiKpO(]OHIB.
CkiazieHo OrOJKET HEMEeBHOCTI BUMIPIB MiA yac KamiOpyBaHHS MIKpOQOHIB 3a
THUCKOM.

[Tonano anami3z pe3ynapTaTiB ABOCTOPOHHIX KIIOUOBUX PETIOHAIBHUX 3BIPEHb
13 HamioHanbHUM MeTposioriyauM incturytom I[lomemi (Gtowny Urzd Miar,
GUM), sikuii 6paB yuactsb y 3BipeHHsIXx CCAUV.A-K5, i axuii BUKOHAB (pYHKIIiIO
naboparopii, sika Jana 3MOTy MpPUEIHATH OTPUMAaHI PE3yJbTaTH O OMOPHOI
3HauynHu KimouoBoro 3BipeHHs (KCRV) Ta omiHMTH CTyIiHb €KBIBaJEHTHOCTI
pe3yJbTariB, SKI OTPUMAHO Ha BJOCKOHAJEHIM €TAJIOHHIM YCTAHOBIN IS
kaniOpyBanHsi MikpodoniB 3a THCKOM (pesymbratu [II HJII «Cucrema»),
BiIHOCHO 1HIMX y4acHUKiB 3BipeHh CCAUV.A-K5. BianoBigHO 10 TEXHIYHOTO
IPOTOKOJNY 3BIPEHb KOKEH 13 yYaCHHUKIB MPOKamiOpyBaB OJAUH MIKPO(QOH THILY
LS1PwMeronom B3aeMHOCTI 3T1IHO 3 MiXKHapoaHuM ctanaaptoM |[EC 61094-2:2009
Ta BU3HAYMB PIBEHB 1 a3y MOro UyTIMBOCTI 32 TUCKOM HIOJ0 TPETHHOOKTABHOTO
psanay dactoT y miama3oHi Binm 21'm mo 10k[m. IlimoTHOrO maGopatopi€ro B IuX
3BIPEHHSIX BUCTyNHUJa akycTuuHa jadoparopis GUM.

3a pesynpTaTamMi, L0 iX MOJAIM YYAaCHUKH 3BIPEHb, OYyJIO0 OOYHUCIECHO
OJTHOCTOPOHHI ~ CTYINEHI €KBIBAJICHTHOCTI, BHW3HA4Y€HI SK PI3HHUIST MK
nepetBopennmu pesyibratamu JI1 HJI «Cucrema» Ta KCRV, Ha K0kHIN 9acTOTI
SIK TI0JI0 MOAYJISl YyTIMBOCTI MiKpOoQOHa, TaK 1 Mmoo ii ¢a3u, a TaKOX BIAMOBITHY
pPO3IIMPEHY HEMEBHICTh Pe3yibTaTiB. 3a3Ha4yeHo, 10 al0cooTHa 3HaumHa DOE
pesyabrariB JIT HJI «Cucrema» BimHocHo KCRYV Ha BCix yacToTax € MEHIIOO 3a
po3iMpeHy HemneBHICTh ux DOE, mo cBiguuth mpo e, mo pesyasrata JI1 HII
«Cucrema» € exBiBaieHTHUMH BilHOCHO KCRYV, orpumanux B8 CCAUV.A-K5, B

yChOMY Jlialia3oHi 4acToT.



3a orpuMaHuMH pe3yiabraramMu Oyino 3asBieHo oHOBieHI CMC VYkpaiau B
napuHi akyctuku (15 CMC-psinkiB), siki Oyno omy6mikosano B KCDB BIPM. Kpim
TOTO, PE3yJbTaTH MPOBEACHUX 3BIPEHb Jalld 3MOTY TMOPIBHATU 3asBIICHI
HENEeBHOCTI KamiOpyBaHHA JnabopaTopHux MikpodoniB tunmy LS1 B AT HAI
«Cucrema» 3 iHmMu yuyacHukamu 3BipeHr CCAUV.A-K5.

Knrouosi cnosa: nabopamoprnuiti emanonnuti Mikpog)oH, memoo 63aEMHOCHI,
HEeNnesHiCMmo, KIloY08e 36IpeHHs, OOUHUYS 38YKOBO2O MUCKY 6 NOGIMPAHOMY
cepeoosuwi, NepeuHHULL Memoo KaliOpy6aHHs 3a MUCKOM, YYMIAUBICMb

MiKpogona.
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problem — the refining of metrological charactecsibf the State primary standard
of Ukraine of the unit of sound pressure in thebgiimprovement of the standard,
to the complex analysis of sources of uncertainityng) microphone calibration, to
the identification and exploration of the most urghtial components of uncertainty
in order to improve the methods and the measunsiguments that will reduce the
uncertainty of reproduction and transference ofuthieé of sound pressure.

The scientific noveltyf the obtained results is as follows:

According to the results of research aimed at agmefy and improving the
standard unit of sound pressure in the air, tHeviahg results were obtained:

1. For the first time, according to the resultsamfalysis and research of

mathematical model of microphone calibration precessis established that the



main factors determining metrological characterssof the state primary standard
of sound pressure unit in the air are: estimateselectrical transmission
impedance, environmental parameters, microphonanpgters and small volume
camera size;

2. For the first time, based on the results of aede of the mathematical
model of the microphone calibration process, anrawgd structure of the state
primary standard of the sound pressure unit in #ire was proposed and
implemented, which allowed:

- for LS1 type microphones: reduce the uncertaoftyheir calibration by
0.01 dB - 0.04 dB;

- for LS2 type microphones: expand the frequenaygeaof measurements
from the range (31 Hz - 20 kHz) to the range (2-125 kHz), in addition, reduce
the uncertainty of their calibration by 0.02 dB.0®dB,;

3. For the first time, the frequency dependencesi@$e influence with
normal distribution in measuring channels on tla@dard deviation of microphone
calibration results using Monte Carlo simulatiorrevestablished and a significant
increase in their influence at infra-low frequesoras shown;

4. For the first time, when introducing the therrmahductivity correction, a
method for estimating the coupling frequency vatuproposed and the use in the
frequency band below this value is proposed - thecified low-frequency
correction model, and in the high-frequency regiothe broadband model to
reduce uncertainty in the operating frequency range

The practical significance of the obtained resigltzs follows:

the comparative analysis of the existing methods raeans of reproduction
of the unit of sound pressure in the air in theldisrleading acoustic laboratories
has been performed and the theoretical basis ofomement of the standard has
been defined,

the structural scheme of the improved nationaldstesh of the unit of sound

pressure in the air has been defined;



an improved standard unit for pressure calibratbnaboratory standard
microphones in the frequency range from 2 Hz tokPfz of the State primary
standard of the sound pressure unit in the air b@en created and put into
operation;

the following calibration procedures have been tged and implemented:
“Calibration procedure of the standard unit UE-26fuhe State primary standard
DETU 10-01-11", "Procedure for pressure calibratiaf the measuring
microphones against the State primary standard DEJ401-11 in the frequency
range from 2 Hz to 25 kHz";

international key comparison COOMET.AUV.A-K5 hasheconducted and,
as a result, 15 lines of measuring and calibratiapabilities in the field of
acoustics of Ukraine were updated in KCDB BIPM.

The first chapter of the thesis is devoted to amanative analysis of existing
methods and means of reproducing the unit of squesisure (USP). The primary
method of the calibration of microphones is revidwédt is noted that the
realization of the USP in the air is carried outthg calibration of laboratory
standard microphones, which, due to their chanzties, are precision
transducers.

It is noted that, as for today, calibration of mighones by reciprocity is in
fact the only primary method of microphone calilmat which is used by all
world’s leading acoustic laboratories for reprodgcthe USP, and the pressure
microphone calibration allows achieving the highesgel of accuracy.

The history and the current state of measuremerighware using the
primary method of reciprocity are considered and igt noted that the
implementation of this method is constantly impmb\®y taking into account the
influence of those factors that were previouslyleetgd.

The values of measurement uncertainty of the edldm of reference
microphones in the world's leading acoustic lalmras are analyzed and it is

noted that these laboratories are constantly mamgo changes in the



implementation of the calibration method and imgrdteir acoustic standards
accordingly.

The metrological characteristics of the State steshdDETU 10-01-00 are
analyzed and it is noted that they no longer cpoed to the current state of
measurements. According to the results of the arslthe theoretical principles of
improving the standard of the USP in the air artemeined, namely: reducing the
uncertainty of determining the electrical transfapedance; reducing uncertainty
of determining environmental parameters; parametafrsmicrophones and
geometric dimensions of microphones and small velagoustic couplers; as well
as - reducing of the type A standard uncertaintjmeésurements.

The second chapter of the thesis is devoted tordetimg and evaluating the
influence of measurement uncertainty sources dugabjpration of standard
microphones. In particular, a detailed mathematitadel of the process of
microphone calibration by the reciprocity methogiesented. Also, presented are:
mathematical model and equivalent microphone schamequivalent scheme of
measurement for determining the pressure sengitioft microphones and a
formula for calculating the pressure sensitivitydsyng three pairs of microphones
that are acoustically connected to each other lansef coupler.

The acoustic transfer impedance of a system “miwwops-acoustical
coupler” has been considered when the acoustic legy# is much larger than
the size of this coupler, i.e. when the gas in ¢bapler behaves as a simple
compliance. At high frequencies, when the dimersiaf the coupler is
proportional to the wavelength, this system carcdresidered as a homogeneous
transmission line, provided that the coupler hagliadrical shape and its diameter
equals to that of the microphone diaphragm, andnagBons about the plane-wave
signal propagation and adiabatic gas compressidregmansion are valid.

Two models of heat conduction losses presentetidynternational standard
IEC 61094-2:2009 are reviewed — the so-called lmgtiency and broadband

solutions.



It is noted that the sensitivity of microphonesalso affected by values that
describe the properties of the gas in the coupleng the measurements (usually
it is air). These values depend on the environnhexmaditions, i.e. temperature,
static pressure and relative humidity during thesaeements.

The scheme of measurements during calibrationasfdstrd microphones is
considered and it is noted that for a such schemmeasurements the main
sources of uncertainty are: noise, time instabgibd nonlinearity of measuring
channels; low resolution of analog-to-digital corges in measuring channels;
large distance between the transmitter microphartkthe reference impedance,
that leads to the appearance of a parasitic impedacross-talk interference
between channels.

The influence of noise of measuring channels oredamty of results of
microphone calibration has been estimated. Sireesitinal level in the measuring
channels significantly depends on the frequency &ype of the calibrated
microphones, analytical simulation methods (Montl&€ method) were used to
assess the effect of noise on the accuracy of rdetierg the electrical transfer
impedance of a pair of microphones.

Further on, the influence of time instability, nioearity, ADC resolution,
parasitic impedance and cross-talk in the measuwirannels was evaluated and
recommendations about the structure of the impronaiwnal standard of the USP
in the air had been developed.

In addition, the influence of environmental paraengton the acoustic transfer
impedance of the system “microphones-coupler” waayaed, and it was noted
that the greatest influence on the uncertainty lod tesults of microphone
calibration has the uncertainty of determiningairedemperature in the coupler.

The influence of uncertainty of determining the metric dimensions (depth
and diameter of the microphone front cavity andgtenand diameter of the
coupler) and of microphone parameters (equivaladtfeontal volumes, resonant

frequency and loss factor) on the uncertainty tifveding of the acoustic transfer



impedance of each pair of microphones was congidamd it was noted that their
effect increases significantly with increase ofjfrency.

In the third chapter of the thesis the effect & tincertainty of determining
the thermal conduction correction on the calibratiesults has been analysed and
evaluated. It is noted that the two calculation sledof this correction (low-
frequency and broadband) give results that diffgniBcantly from each other.
The main, but not the only, factors that determine difference between the
proposed models of thermal conduction in the lowqgfiency range are: a
simplified version of the calculation of both mastahcorrect calculation of losses
on the end surfaces of the coupler (microphonehdagms) in the broadband
solution, that leads to a violation of the prineigf energy conservation; incorrect
accounting of the influence of the notch in thenfroavity of the microphone (at
low frequencies, the size of the thread is smdhan the size of the isothermal
boundary layer of air).

An alternative model of calculating the correctfon thermal conduction is
considered, which is also based on the model ofrthleconduction in a closed
cylindrical cavity (Gerber model), but for the dng source with zero impedance.

Conclusions are made regarding the method of adlogl the pressure
sensitivity of microphones on the state primarydead.

The fourth chapter of the thesis presents a blaagrdm of an improved
standard unit for pressure calibration of microg®mvhich is developed on the
basis of the analysis of factors influencing theartainty of measurements during
the calibration of microphones.

The results of experimental researches of metrcddgiharacteristics of the
improved standard unit for pressure calibratiormaérophones are presented, in
particular, the influence of assessing the unadres is estimated: of electric
transfer impedance; of environmental parameteranicfophone parameters; of
geometric dimensions of microphones and coupler ainsbme other values for
standard microphone calibration uncertainty. A leidgor measurement

uncertainty during pressure microphone calibralias been prepared.



An analysis of the results of bilateral key regiosamparison with the
National Metrological Institute of Poland (GUM), wh participated in the
CCAUV.A-K5 comparison and which could serve ashkmtatory that will link the
obtained results to the KCRV and assess the dedrequivalence of the results
obtained on the improved standard unit for pressaidration of microphones
(results of DP NDI “Systema”) to other participanfsCCAUV.A-K5 comparisons
Is presented. According to the technical protodot@mparison, each participant
had to calibrate one microphone type LS1p by thegny method of reciprocity
according to the international standard IEC 61092e6®9 and determine the level
and phase of its pressure sensitivity for thircaeetfrequency range from 2 Hz to
10 kHz . The acoustic laboratory GUM acted as a&tpiaboratory in this
comparison.

Based on the results presented by the participamisateral equivalence
degrees (DoE) were calculated, which were defireetha difference between the
converted results of DP NDI “Systema” and KCRV atle frequency, both for the
microphone sensitivity module and for its phasel #re corresponding expanded
uncertainty of measurement was calculated. It tedchdhat the absolute value of
DoE of the results of DP NDI “Systema” in relatitmKCRYV at all frequencies is
less than the expanded uncertainty of these DokEhwhdicates that the results of
DP NDI “Systema” are equivalent to values of KCRVQCAUV. A-K5 in the
entire frequency range.

The obtained results allowed DP NDI “Systema” tesent in CCAUV the
updated SMS capabilities of Ukraine in the field amfoustic measurements (15
SMS lines), which were published in KCDB BIPM. Iddition, the results of the
comparison made it possible to compare the statedrtainties of calibration of
laboratory microphones of the LS1 type in the DPIN®ystema” with other
participants in the CCAUV.A-K5 comparison.

Key words: key comparison, laboratory standard microphone, microphone
sengitivity, primary method for pressure calibration, reciprocity technique, unit of

sound pressurein the air, uncertainty.
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