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TEOPETUYECKASA OLLEHKA
CTABMJIbHOCTU YACTOTDI
CUTHANA UHADPOBOIO
TEPMOKOMIEHCHUPOBAHHOIO
KBAPLEBOIO rEHEPATOPA

C TEPMOAATYMKOM

HA OCHOBE ABYX

BCMOMOT ATEJIbHbIX
KBAPLLEBbIX TEHEPATOPOB

B cTaThe aHa TeopeTHUYecKas npefenbHasl OLeHKa CTaBMNLHOCTH LM(PPOBOro Tep-
MOKOMMNEHCMPOBAHHOIO KBapLLEBOro reHepartopa C TEPMOJATYMKOM Ha OCHOBe
ABYX BCMOMOraTesibHbIX KBapLeBbIX reHepaTopoB. Mony4yeHbl pesynbrathl: 7,5 ppb
(ans HecnokoitHoM cpeabl) u 0,75 ppb (ans cnokoiHon cpepbl). UccnepoBaHbl
TeXHHYEeCKME peLleHMs MOoNnyYeHMs NMHENHOM OHO3HAYHOM 3aBMCMMOCTH 3HAYEHHS
[Pa3HOCTHOM YaCTOTbl OT TeMNepPaTypbl M YBeNMYEHUSI KPYTH3HbI 3TOM 3aBUCMMOCTH,
No3BONSIOLME NMOJy4YaTh paspelleHne No MsmepeHuio Temneparypsl go 0,001 °C.

KnioyeBble cnoga: TepMofaTumK, KBale,eBblﬁ reHepatop, TepMOKOMMNeHcalus,
TemneparypHasa CTabMNbLHOCTb, CNOKOMHas cpena, HeCNnoKOMHas cpepa.

AKTyaABHOCTB. B cOBpeMeHHOM pa3BUTHU CH-
CcTeM TeAeKOMMYHHMKalul, Teol03UIIMOHUPOBAHUS,
TeAeyIIPaBACHUSI U U3MEPUTEABHON TEeXHUKHU OAHY
U3 F'AABHBIX POAEU UI'PAET UCTOUYHUK CTAOMABHOU OIOP-
HOM 4aCTOTBI, KOTOPLIM BO MHOT'OM OIIPEAEAsIeT Xapak-
TEPUCTUKU IIePEeUYUCAEHHBIX CHCTeM. B OOABIIMHCTBe
CAydaeB TaKUM HMCTOYHUKOM SBASETCS TePMOKOMIIeH-
cupoBaHHBIN KBapleBwili reHeparop (TKKI). B To ke
BpeMsi COBpEMEHHO€e Pa3BUTHE MUKpPOCXeM IU(PPOBOMU
00paboTKU CUTHAAOB 3(PPEKTUBHO CIIOCOOCTBYET pas-
BUTHIO IU(PPOBEIX METOAOB TEPMOKOMIIEHCAIIUH KBap-
IIeBBIX TeHePaTOpPOB, CIIOCOOHBIX YUUTHIBATH TEPMOAM-
HaMHU4ecKre 0COOEHHOCTU UX (DyHKIMOHUPOBAHUA [1,
2]. TakuM 06pa3oM, BEICOKUE XapaKTEePUCTUKU IUPPO-
Boro TKKI' (UTKKI), Takre Kak IpPOU3BOAUTEABHOCTH
CUETHO-PEIIAOIer0  YCTPOUCTBA (MUKPOKOHTPOAAE-
pa umau ITAMC), TOYHOCTE HU3MEpPEHHs TeMIIepaTyphl
¥ 93(P(PEeKTUBHOCTL aATOpUTMa (POPMUPOBAHUST KOM-
NeHCUpyoIed (QYHKIUU SABASIOTCA  peNIalolIUMU
B oOecrneyeHUU BbICOKOU crabuabHOCTH LITKKI. Oa-
HOM M3 3TUX XapaKTEePUCTUK SBASETCS TOUHOCTDL M3Me-
peHus TeMmieparypsel TepmopaTdyukom (TA), uro Oyaer
BCerpa SIBASTBCS aKTYaAbHOM 3apadel AAS MCCAEAOBa-
TeAen.

Beepenue. TepMOKOMIIEHCAIIUM KBapIeBHIX TeHe-
paTopoB TOCBSIIEHO MHOTO TPYAOB. OTAEABHBIM Ha-
npaBAeHUEM IIoMcCKa 3(PPEKTUBHBIX METOAOB TEpMO-
KOMIIEHCAIIUU CTAAO UCIIOAB30BAHUE CAMUX KBAPIIEBBIX

reHepaTOpPOB B KaueCTBe TEPMOAATUYUKOB CXeM TepMO-
KOMIIeHcanuy. B Ha3BaHHOM KadyeCTBe MCIIOAB30BaHUe
KBapIeBOTO TeHepaTopa HAIIAO ABa ITOAXOAQ.

[lepBBIli — HCIIOAB30BaHUE TEPMOUYBCTBUTEABHOU
MeXaHHM4eCKOM MOABI KBapIeBOTO pe30HaTopa, BO3-
Oy’KAaeMOro OAHOBPEMEHHO Ha ABYX Mopax [3—6].
OpHa MOAA@ (OCHOBHAS) SIBASIETCS IIOAE3HBIM IIPOAYK-
TOM paboTBI reHepaTropa, 4acTOTy KOTOPOM HEOOXOAU-
MO KOPPEKTUPOBATh B Pe3yALTATe BAUSHUS N3MEHEHUS
TeMIlepaTypel, @ BTOpasg MOAA — TEepPMOUYyBCTBUTEAB-
Has, ABAsIeTCd HOCUTeAeM MH@OpMalluU B BHUAEe 3aBU-
CUMOCTHU YaCTOTHI BTOPOM MOABI OT TeMIepaTyphI.

Bropoit moaxop, WCIIOAB30BaHHE OTAEABHO-
ro KBaplLleBOrO reHepaTropa (UAW ABYX) B KaudecTBe
TepMopaTunka. Hambonree OAU3KUMU aHAAOTaMM UC-
CcAepAyeMBIM B HAcCTOAINEM CTaTbe TeXHUYeCKUM pe-
HIeHuAM SIBASIOTCA [6] u [7], TAe OBIA IIPEAAOSKEHBI
CIIoco6bl TEPMOKOMIIEHCAIIUU MCIOAB30BAaHUEM ABYX
reHepaToOPOB, UMEIOIINX B CBOEM COCTaBe Pe30HATOPEI
¢ pasanuHbIMU Tunamu cpe3os (AT u Y uau AT u BT).
OOpaboTKa CUTHAAOB (MeaHAPOB) ABYX TIeHepaTOpPOB
IIPOMCXOAUT BO BPEMEHHON OOAACTH OllepUpPOBaHUEM
3aBUCHUMBIMU OT TeMIlepaTypbl IepUOAAMHU ABYX HM-
IIYABCHBIX IIOCAEAOBATEABHOCTEM (MeaHApPOB) OT Ha-
3BaHHLIX 'eHepaToOpOB, OAMH N3 KOTOPHIX B pe3yAbTa-
Te aATOpUTMa OOpPabOTKU 3TUX IIOCAEAOBATEABHOCTEU
ITIOACTPaMBaETCSI AASI KOMIIEHCAIIMM COOCTBEHHOI'O TEeM-
repaTypHOro Aperida.
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Puc. 1. CTpyKTypHasi cxeMa TepMOAAQTYMKa Ha OCHOBE ABYX
BCIIOMOTaTEeAbHBIX T€HEPATOPOB

MaxkcuMarbHOe KOHIIeNITyaAbHOe CXOACTBO C HC-
CAeAyEMBIMU B HACTOAIIEN paboTe pelleHUsAMU OTMe-
yaeTcd B paborax [8] u [9], HO B yKa3aHHBIX paboTax
TIPEAAATAIOTCS CAOJKHBIE CIIOCOOBI BHIUMCAEHUS 3Haue-
HHUSI TeMIepaTypbl, UCIOABL3YIOIUe CUTHAAbHBIE IIPO-
1Ieccophl U NUMPOBYIO 0OPAOOTKY CUTHAAOB.

B oTAmume OT OmMCaHHBIX BHIIIE CIIOCOOOB — [7],
[10], [8] m [11], B HacTOsALIEN CTAaTbe UCCAEAYETCS pe-
IIeHVe C UCIIOAB30BAHUEM B TEPMOAATUYNKE ABYX BCIIO-
MOTaTeAbHBIX KBaplleBbIX reHepaTopoB, Kak B [12].

IIeap paboOTBI — OIPEAEAUTH TEOPETUUEeCKUU Ipe-
A€A BO3MOJKHOTO MOBBIINIEHUSI CTAOMABHOCTH YaCTOTEHI
MST  TePMOKOMIIEHCHPOBAHHOTO KBapIlleBOro reHepa-
TOpa. AASI AOCTUJKEHUS IIeAW B CTaThbe IIOAPOOHO HC-
CAEAyeTCs CIOCOO IIOBBIINIEHUS pa3pellarolell CIo-
COOHOCTH HM3MepeHHUs TepPMOAATYMKA Ha OCHOBE ABYX
BCIIOMOTATeAbHBIX KBaplleBBIX I'eHePaTOPOB; CTPYKTY-
pa TKKT ¢ nudpoBoit TepMOKOMIIEHCALUEH; OIIUCaHKe
CAEAQHHBIX AONIYIIEHUU.

HoBbIM B mpeararaeMoii paboTe SIBASETCS IIOMCK
TEOPeTUYeCKOro Ipeperd AOCTU’KEHMSI CTaOUABHOCTHU
YacTOTHl TEPMOKOMIIEHCHPOBAHHOI'O KBapIleBOTO reHe-
paropa C TepMOAAQTYMKOM Ha OCHOBE ABYX BCIIOMOra-
TEABHBIX KBapIIEeBBIX reHEPATOPOB C YUYETOM ONUCHIBA-
eMBIX B CTaThe AOIyIIeHUMU.

TepMopAaTYK Ha OCHOBE ABYX BCIOMOTaTEABHBIX
reHepaTropoB. CTPpyKTypHasl cCXxeMa paccMaTpHUBaeMOro
TEPMOAATUYUKA, UCIOAB3YIOIEro CBOUCTBO CTPOrOM 3a-
BHUCHMOCTH OTKAOHEHWSI 9aCTOTHI KBapIleBOTO reHepa-
TOpa OT TeMIlepaTyphl, U300pa’keHa Ha puc. 1.

Kak wu3BecTHO, BUA TeMIepaTypHO-4aCTOTHOU Xa-
pakTepuctuku (TUX) pesonaropa AT-cpesa 3aBUCUT
OT 3HaueHUs yraa cpesa [13]. Ha puc. 2 uzobpaxe-
HO ceMericTBo TUX pesonaropoB AT aag yraoOB cpesa
+ 35 °, ucnoar3yeMbIxX B paccMarpuBaeMoM TA.

Ha puc. 2: TUX BI'l (yroan AT-cpesa: +35 °+16')
u TUX BI'2 (yroa AT-cpesa: +35°—4") — THUX nepso-
ro BCIIOMOTAaTeABHOTO TeHepaTopa M BTOPOTO BCIIOMO-
raTeAbHOTO reHepaTopa COOTBeTCTBeHHO (puc. 1), TUX
IM" (yroa AT-cpesa: +35 °+4" — HaumboAee HIKPOKO
HUCHOAB3yeMBIU cpe3) — TUX moapcTpamBaeMoOro reHe-
paropa ([1I'), koTopyto HEOOXOAUMO TEPMOKOMIIEHCH-
poBatk. TeMIepaTypa TOYKHU Ieperuda AAS IPUBEAEH-
upix TUX opmnakosas: T, = 25 °C.

Bripaskenue, onuckiBatoiiee TUX AT-cpesa, usme-
psifoleecss B OTHOCUTEABLHBIX €AMHHUIAX Ha MHUAAMOH
(1:107°), uam ppm [14]:

3(T) = [a,(T—T,) + b, (T—T,)* + c,(T—T)%10° (1)
TA€ Qy by, €,y — TemIeparypHbie KO3(PUIUEHTEL CO-
OTBETCTBEHHO II€PBOT0, BTOPOTO U TPETHLETO IMOPSIAKOB,
YUCAOBBIE 3HAUEHUSI KOTOPLIX 3aBUCST OT CBOMCTB IIAA-
CTHHBI KBaplia pe3oHarTopa.

OYHKIIMOHUPOBAHUE HCCAEAYEMOTO TEPMOAATYUKA
OCYIIEeCTBASIETCS CAeAyIomuM obpasoM. [Ipu Temmnepa-
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Puc. 3. I3MeHeHne OTHOCUTEABHOM Pa3HOCTHOM 4acCTOThI OT TeMIlepaTypbl
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Puc. 4. I'papmuku CKOPOCTH M3MeHeHus! (KPyTU3HbI)
OTHOCHUTEABHOM PAa3HOCTHOM YaCTOThI OT TeMIlepaTypbl
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Puc. 5. I'papuk TUX BI'l (Hecmemennsiit), TUX BI'2 (cMemieHHbI)

Type T = T, 25 °C (TeMmeparypa, COOTBETCTBYIO-
mag Touke neperu6a) BI'l u BI'2 rerepupyroT CUTHAABL
C OAMHAKOBBIMU PabOYMMM YaCTOTaMHM, IIPU NepeMHO-
JKeHUM 5TUX CUTHAAOB pas3HOCTHasg udactora Af = 0.
IMpu temneparype T=T, = 25 °C, B pe3yAbTaTe Tepe-
MHOJKEHMSI CHUTHAAOB (MAM OAMHAKOBLIX TapMOHHK
YacTOT CHUTHAAOB) BCIIOMOTaTEALHBEIX KBapIeBHIX Te-
HepatopoB BI'l m BI2 (puc. 1) oOpasyercss curxHaa
C pa3HoOCTHOU TepMmozaBucumou yactorort Af(T). HeoO-
XOAUMBIe TAPMOHUKM 4acTOT curHaroB BI'l u BI2 BbI-
AEASIIOTCST TOAOCOBBIMU (buAbTpaMu [1D 13 CIeKTpoB
BI'l u BI'2. ®HY noaaBAsieT IPOAYKTEL IIEPEMHOKEHUS
BBICOKHX TIOPSIAKOB U IIPOITyCKaeT Pa3HOCTHYIO YacTo-
Ty Af(T), KOTOpag NIpu HEeOOXOAMMOCTU MOJKET OBITh
ycuaeHa. ONpepeA€HHOM TeMIlepaType COOTBETCTBYeT
onpepeAréHHOe 3HaueHue 4acTOThl Af(T), 4TO MOXKeT
OBITH HCIIOAB30BAHO B CHCTeMaxX TepMOKOMIIeHCAIUn
KBapLeBOro reHeparopa.

AAsT BAATOCTpanuy TpauKOB HM3MEHEHUsS OTHO-
CUTEeABHOU pAa3HOCTHOM YacCTOTBl OT TeMIepaTyphl
Ha puc. 3 BEIOpPaHbl (HEKOTOPBIE U3 BO3MOJKHO UCIIOAB-
3yeMbIX) FTapMOHUKH YaCTOThl CUTHAAOB BCIIOMOTATeAb-
HBIX TeHepaTopoB BI'l u BI'2: uAu 1-e rapMOHUKHU, UAU
5-e rapmMoHuKY, UAM 10-e rapMOHUKH.

XapaKkTeprUCTUKNA  3aBUCHUMOCTH,
Ha puc. 3, CAepyrolIne:

1) AmHeMHOCTE: KO3 duimeHT Koppeasanuu [lup-
cona 0,999 (makcuMarbHOe 3HaueHMe 1 — Haauuue
TOAHOM ITOAOKUTEABHOW AMHEMHOU CBSA3M);

2) KpyTHM3Ha TIOAyYEeHHOM 3aBHUCHMOCTU OIIpepe-
ASIETCSI HOMEPOM HCIOAB3YeMBIX IIpU IIepeMHOKe-
HUU TapMOHUK CHUTHAAOB, BBIAGASEMBIX ITOAOCOBHI-
mu urbrpamu 1O u3 cnekrpa BI'l u cmekrpa BI2
(puc. 1). AAs MAAIOCTpanUu Ha puc. 4 rpauku cko-
pOCTU HU3MeHeHUs (KPYTHU3HBI) PA3HOCTHOM YaCTOTBL
OT TeMIepaTyphl — IIlepBasi IIPOU3BOAHAS Pa3HOCTHU
TUX BI'2 m TUX BI'l, BEIOpaHbl HEKOTOPBIE HCIIOAB-
3yeMble TapMOHUKHU 4aCTOTHI curHaroB BI'l u BI'2: uan

n300pa’KEHHOMN

1-e, uam 2-e, uam 3-4, UAU S-e, UAu 7-e, uau 10-e rap-
MOHUKU;

3) 3aBUCHUMOCTbL HMeeT HEeOAHO3HAauHOCThL (Kaue-
CTBEHHYIO): OAHOMY 3HaueHHUIO Pa3HOCTHOU YaCTOTHI
COOTBETCTBYIOT ABa 3HAUeHHUs TeMIlepaTyphl (3a uC-
KAIOUEeHHeM TeMIieparypsl T,).

HeopHO3HAaUHOCTH XapaKTEPUCTUKU  (HAIIPUMeED,
B AmManasoHe TemmepaTryp oT mMuHyc 80 °C po 120 °C)
YCTPaHSIETCs CMellleHueM 3HaueHusd OAHOM u3 paboumnx
YaCTOT BCIIOMOTATEAbHBIX F'eHepaTOPOB Ha BEAUUYUHY

A = [(ag, = @y )(T=T) + (by, — by )(T— To)2 +
+ (" — ¢, ) (T—T,)%]'10°, (2)
TAC Ay, ()i Doy (Byp,) ¥ Cppy (Cyp,) — KOB(DDUIMEHTHL

IIOAMHOMOB, oOIUCBIBaOmuX THUX CcOOTBETCTBYIOIIUX
AT-cpe3oB pesonatopos BI'l u BI'2;

T — TemmepaTypa, Ipu KOTOPOH 3HAUEHUST BeAUUNH
Ha3BaHHLIX ITOAWHOMOB PaBHBI APYT APYTY (Ha puc. 5
— 3T0 TeMneparypa MuHyc 80 °C AAS CIAOIIHOM AM-
Hun — 3to TUX BI'l, u cpepHell MyHKTUPHOM AMHUHY,
obo3HaueHHOU Kak «TUX BI2+ 164ppm»).

[Tpu 3TOM XapaKTEepPUCTUKU BBITASAAT TaK, Kak U30-
Opa’kKeHO Ha PHUC. 5, 'Ae CPeAHdd IIyHKTUPHAsA Xapak-
TEepUCTHKa CMeIlleHa AAST paboThI AATYMKa OT MUHYC
80 °C, a HuykH4g NyHKTUpPHag — oT munyc 40 °C. Tor
Ke 3(@eKT MOKHO TIOAYYUTb CMeIlleHHneM 3HadeHuU
o6enx yacror BI'l m BI'2: opHOM Ha +A/2, Apyrou
Ha —A/2 nAu Hao60OPOT.

[MoayueHHasI cMelleHUeM OAHO3HauvHasl XapaKTepH-
CcTHUKa n3obpakeHa Ha puc. 6.

CroaomiHol rpaduk Ha puc. 6 — ycTpaHeHue He-
OAHO3HAQUHOCTU AAS TeMmeparypbl oT muHyc 80 °C
U BbIIIe, TYHKTUPHBIN — oT MuHyc 40 °C u Brie. [1pu
3TOM HeoOXxoAMMEBIM caBuUr TUX BI'2 cocTaBUA OKOAO
164 ppm u 105 ppm COOTBETCTBEHHO (TOT >Xe 3(hdeKT
AOCTHUTAeTCsI IIPU CABHUTEe O0EMX YacTOT Ha IIOAOBUHY
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Puc. 6. I3MeHeHHe OTHOCUTEABHOW Pa3HOCTHOH YaCTOTHI CUTHAAOB
BCIIOMOTraTeAbHBIX reHepaTopos BI'l u BI'2 oT TemmiepaTypbl IpM MCIIOAB30BaHUU
1-x rapMOHUK (cniAomHas AMHuUS — cMenieHue BI'2 Ha +164 ppm)
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Puc. 7. I'papuk TUX BI'l u TUX BI'2 (aGCOAIOTHBIE 3HAYEHUSI YaCTOT)
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Puc. 8. I'pauk n3meHeHus: pa3HOCTHOM YaCTOThI

yKa3aHHBIX CABUTOB, TO eCTb Ha =82 ppm u +52,5 ppm
COOTBETCTBEHHO). Takke cmelleHue A MOXeT OBITh
BLIOPAHO C TaKMM YCAOBHEM, YTOOBI IIPY MUHHMAaAb-
HOM TeMIepaType pabodero aAuana3zoHa TeMIlepaTyp
3HaueHHe PAa3HOCTHOM YaCTOTHI UMeAO 3HaueHUe 00-
Aee HyAsl (IITPUX-ITyHKTUPHBIY I'paUK IpU CMelleHUun
+200 ppm mpu TemnepaType muHyc 80 °C umeer
3HaueHHe OKOAO 36 ppm) C IIeABI0O UCKAIOUEHHsS He-
CTaOUABHOM pPaAOOTEI IIOPOTOBBIX YCTPOUCTB (THUCTe-
pesuc Tpurrepa llImuara) U U@POBEIX MUKPOCXEM,
ucnoabpdyembix B cxeme LITKKI. BosmoskHOCTH cMe-
LIeHUsI YaCTOTHI KBaplleBEIX TeHepaTOPOB Ha BEAUUYNHY
=100 ppm uccaepoBato B [15].

AAst UAnTOCTpan U aOCOAIOTHBIX 3HAQYEHUN 3a pado-
uyto yactory BI'l u BI'2 mpunaro 100 MI'm npu Tem-
nepatype T, = 25 °C: Ha puc. 7 n3o0pakeHnl rpaguk
TUX BI't m TUX BI'2 (npu cMmelleHUH, COOTBETCTBY-
I0IIeM pHC. 5) B aOCOAIOTHBIX 3HAUYEHMSAX YaCTOTHI,
Ha puc. 8 — rpaduK U3MeHeHHs Pa3HOCTHON YaCTOTHI
OT U3MEeHEeHUs TeMIlepaTyphl IPU UCIOAB30BaHUM HUAU
1-x, uau 5-x, uam 10-X rapMOHUK 4acTOT curHaros BI'l
u BI'2 B aOCOAIOTHBIX 3HAQUEHUSIX YaCTOTHL.

CrpykrypHas cxema LITKKI, ucnoas3yromas tep-
MOAATYMK Ha OCHOBe ABYX BCIIOMOTaTeAbHBIX reHepa-
TopoB. CTpykTypHas cxema LITKKI', ucnoassytomiero
paccMmaTpuBaeMbiti TA, mpuBepeHa Ha puc. 9. Ipea-
IOAQraeTcs, YTO BCE IJAEMEHTBl CTPYKTYPHOM CXEMBI
UTKKI B paBHOM Mepe IOABEPTAIOTCA AEWCTBUIO
OKPY’KAIoIleN 3TU SA€MEHThl HOCUTEAIO TeMIIepaTyphl,
U BBIAeAsieMas IIpu paboTe CXeMBl TelIAOBAas 3HEepPTUs
He BAUsET Ha ee pabOTOCIIOCOOHOCT.

[Tpu mekoropou Temmeparype T (B IIpeperax Aua-
nasoHa pabouux TeMIlepaTyp) BCIOMOIATEABHBIE TIe-
Hepatopsl BI'l m BI2 reHepupyrOT CUTHaAbl OTAM-
varouuxcst yacror fi (T) u £ (T). Aprst AOCTHXREHUSt
MaKCHUMaAbHOM TeMIIepaTypHOM CTaOWABHOCTH Tep-
MOKOMIIEHCHUPYEeMOT0o  IIOACTpauBaeMoro TeHepaTopa
(II')  11erecooOpa3HO UCIOAB30BaThH TAPMOHUKM Ya-
CTOT CUI'HAAOB BCIIOMOTATEABHBIX TreHeparopos n'f (T)
u nf,(T), purbTpyemMBIe MOAOCOBBIME (huAbTpamu ([1D)
u3 obuiero crekrpa BI'l u BI'2. Cur"aabl rapMOHUK 4a-
CTOT BCIIOMOTaTeABHBIX TeHepaTOpPOB MOCTYIAIOT Ha Ile-
PEeMHOJKUTEAb (CMeCHuTeAb). B pesyabTaTe IepeMHOMKe-
HUS 94aCTOT BO3HUKAET Pa3HOCTHas YyacToTa (puc. 9):
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Puc. 9. CrpykrypHas cxema ITKKT

AH(T) = |n'fBr2(T) = n £y (T) | : (3)

[Tocae mopaBrenmss OHY mpopAyKTOB CMeleHUs
wgactor n'fy. (T) u n'f,,(T) pasnoctHas 4yacrora Af(T),
dopMa HAUPSKEHUs KOTOPOU ABASIETCSI CUHYCOUAOU,
ycunausaercg OY u ¢ nomoupio Tpurrepa lImuara npe-
obOpasyercss B (hopMy IHMPPOBOTO CUTHAAA (MEaHAD).
[ToAryueHHBIN IIU(PPOBOM CUTHAA (MeaHAP), UMEIOIUN
yacToTy Af(T), mOAQETCsT B 4aCTOTOMED, M3MepsIoIun
YacTOTy MOCPEACTBOM CUETa 4YHMCAA IEePHUOAOB 3a M3-
BeCTHBI HHTepBaa BpeMeHm |[16]. PesyabraT cuéta
YrCAa IIEPHOAOB CO CUETIMKA — KOA JaCTOTHI, ITOAQ-
ércss B MUKpPOKOHTpoAarep MK (uau ITAVIC), KOoTOpBIA
Ha OCHOBAHMU KOAA YaCTOTHI (COOTBETCTBYIOIETO TEeM-
neparype) OCYIIeCTBASIET CHUHTe3 KOMIIeHCUPYIOLlen
dyHKOUK. B COOTBETCTBUM C AATOPUTMOM (DYHKIJUOHU-
posanusa MK (uau TIAVIC), bopMupyiommM KOMIIEH-
CUPYIOIIYIO (DYHKIIUIO, reHepupyeTcs KOpA ara LIAIT,
KOTOPBIY (DOPMUPYET HallpsyKeHUe yIIPaBACHUS Uper(T)
AAS TIOACTPOUMKU KBapliieBoro reieparopa (I1I°) ¢ meabto
TepMOKOMIIEHCAlIUW yXOAa dYacTOoThl. HeoOxopuMble
KOABI B mamsaTu MK dopmupyioTcss KaAuOpoBKOUN Bce-
ro yCTPOMCTBA C IOMOIIbI0 KAMMATUYECKOU KaMepbl
B pelepHLIX TOYKaX. [IpoMesKyTouHble 3HAUEHUS TeM-
epaTypel, KOTOphle He OBIAN YYTEHBI IIPY KaAMOPOB-
Ke, BBIUYMCASIOTCSI UHTEPIIOAMPOBAHUEM IIPU BHIITOAHE-
HUU aATOPUTMa CUHTe3a KOMIIeHCUpPYIoIed (PyHKIUU.
Tak>ke B aATOPUTM CHHTe3a KOMIIEHCUDPYIOLIel (PyHK-
WU BO3MOJKHO BKAIOUEHHE IIPOIEAYPHI aAaQNTHUBHOMN
AMHAMHYECKOM KOMIIEHCAIIUM yXOAOB YacCTOTHI KBap-
IIeBBIX TI'e€HepaToOpOB B CIOKOMHOM U HECIOKOWHOU
cpeae [1].

KaanOpoBKOI TakKe AOCTUTaeTCsl HUBEAMpPOBaHUE
HEAMHEWHOCTH BOABT-UaCTOTHOU XapaKTePUCTHUKU IIOA-
cTpauBaeMoro Ksapiesoro reneparopa (I1I).

TeopeTrnueckasi omeHKa CTaOUABHOCTH YaCTOTHI
IIT'. C 11eABl0 MOAYYEHUSI TeOPeTUYeCKOU OLIeHKHU CTa-
ouabHocTu I1I" B cxeme LITKKI, mpu mcrnoab3oBaHuu
TA Ha OCHOBe ABYX BCIIOMOTraTeAbBHBIX TeHepaTOpPOB,
B IIOCAEAYIOILIeM aHaAu3e IPHUMeHeHBI CAeAYyIoIle yC-
AOBHOCTH:

1) coBpemMeHHBIe MUKPOKOHTPOAAEPE! (mAu [TAKVC)
u LIATT mO3BOAFIOT IOAYYUTE TOYHOCTH (DOPMHPOBA-
HHUS KOMIIEHCHUDYIOIeld (DyHKIHH, COOTBETCTBYIOIIYIO
crabuapHOoCcTH A0 0,01 ppm, Ipu paspelieHuu TepMO-
AaTuMKa 1o uaMepeHuio temnepatypst 0,01 °C [17];

2) amamnasoH pabounx Temmeparyp LITKKI ot mu-
Hyc 40 °C po +85 °C (MHAYCTPHAABHBIU AUAIIA30H);

3) KUCHOAB3YEMBIN METOA M3MEPEHUs 4YaCTOTBl —
CUéT 4YmMCAa TIEPUOAOB 3a W3BECTHBIM WHTEPBaA Bpe-
MeHU [16]. MeTop u3MepeHHS 4YAaCTOTHI IO TEPUOAY
noBTOpeHus: [16] He BBIOpaH MO HpUYMHE OOABIIOTO
3HaYeHMs YaCTOThI CYETHBIX UMIYABCOB (3aIIOAHSIONINAX
nepuop): Ard pocTmKeHusa cradbuapHoctu 0,001 ppm
HeoOXOoAMMasi 4YacTOTa CUETHBIX MMITYABCOB AOAJKHA
OBITHL OKOAO 226 MI'm;

4) oTHOCHUTeAbHasA IpeAeAbHasg MOTPEITHOCTh U3Me-
penus 4acToTel f[16] onmpeaeaseTcs BhIpakKeHueM:

8 =96 + 1/(f-T ), (4)
0.1 o.nf. X U3M
rae 8, = 107° — mpepeAbHOe 3HaYeHHE HeCTaGUAL-
HOCTH 4YaCTOTBI KBaplleBOTO TeHepaTopa, B cxeme

Ha puc. 10 sto III, omopHasi yacToTa KOTOPOIO MC-
oAb3yeTcst AAd yacToroMepa cxembl LITKKIT (puc.
9). 3HaueHUe BBEIOPAHO U3 PACIPOCTPAHEHHBIX 3HAye-
HUY METPOAOTMYECKUX XapaKTePHUCTHUK M3MEepPUTEeAb-
HBIX 4acTOTOMepoB. B mccaepyemoinn moperu LITKKI
IIpepeAbHOe  3HaueHUWe  HeCTaOWABHOCTHM — 4aCTOTHI
KBaplleBOTO reHepaTopa, KOTOPLIM siBageTcs I, ume-
IOT 3HaueHWsi Ooaee CTaGuAbHBIE (MeHee 107°), KoTO-
pBle U mMeeT IIeALIO OIPEAEAUTH HacTosIas padoTa;
T, .. — BpPeMs M3MepeHUsT 4aCTOTHI, KOTOPOe BHIGPAHO
u3 [1] AAd BO3MOKHOCTH HCIIOAB30BAaHUSA aAAIITUBHOU
AMHAMHYeCKOM KOMIIeHCAIIUM yXOAOB YaCTOTHI KBaplie-
BBIX reHEepaTOPOB B CIIOKOMHOM M HECIIOKOMHOM Cpeae.
B [1] mpuBeaeHBI 3aBUCHMOCTH IOTPENIHOCTHA U3Mepe-
HUS CKOPOCTH M3MeHEeHHUs TeMIlepaTypbl OT BpeMeHU
cuéTa AASI CIOKOMHOM U HECIIOKOWHOM CpEeABbl, U Bpe-
MeHa usdMepeHui T = 2 ¢ (AAS CIIOKOMHOM CpeABI)

M3M.CI

uTlT = 02c (A HECIIOKOWHOU CPEABI) ABASIFOTCS
IPUOAVIKEHHBIMY 3HAYEHUSIMU MUHUMYMa Ha3BaHHBIX
B HACTOSIIEM ITyHKTE 3aBUCUMOCTEH;

5) abCOAIOTHAA MIOIPENIHOCTh U3MEPEHUs 4YaCTOTHL
f [18] ompeaeasieTcsi BEIpa)KeHUEM:

= x5, L (5)

Hnu3M o.m.

6) AN TIOAYUEHUSI AOBEPUTEABHOU BEpPOSITHOCTHU
0,997 opHOro (CAeApyrolero) musmMepeHus abCOAIOTHAA
MOTIPEIIHOCTh M3MEPEHUS AOAKHA OBITH B TPU pasa
MeHbIlle AONYCTHUMOI'O OTKAOHEHHS OT Hu3MepsaeMOU
BeAnuuHHl [9]. B peanbHO paboTarolell cucreMe aHa-
ansupyemoro LITKKI' naMepenus npoucxopaT MHOTO-
KpaTHO U HeNpPephIBHO, IIO3TOMY AOBepUTeAbHas Be-
POATHOCTb MHOT'OKPATHBIX U3MEPEHUN CTPEMUTCA K 1;
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OMCKUWI HAYYHbBIV BECTHUK N2 4 (192) 2024

SAEKTPOHUKA, ®OTOHUKA, NMPUBOPOCTPOEHUE U CBS3b

m Oyurnuonmposanne MK (man [TAMC) B cooTBeTCTBUM

C

Ha AAS CY€Ta HUMIYABCOB 3a BpeMs u3MepeHus T
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Puc. 10. I';pacduk nepBoi npousBopHoi oT TUX III' — CKOPOCTh U3MEHEHUsI
OTKAOHEHHS 4aCTOThI OT U3MeHeHHs TeMmneparypsl; rpaduxk TUX IIT

6017.561
3987.043

=

Fi 5936528

=

5 n(F_BTATHAR_AD-aF_BTI(T)

o e

5 .

S 5926.01

5
5895.4
S 09 393 307 396 305 -4 —393 -2 -1 -39

b ¥
Temmneparypa, rpamyc
Puc. 11. VIaMeHeHHne pPa3HOCTHOM 4aCTOTHI (MIPHU MCIIOAB30BAHUM IT€PBBIX
rapMoOHHK 4acToThl curHaaoB BI'l u BI'2) B Amana3oHe TemMmeparyp
ot muHyc 40 °C po munyc 39 °C
8.974

= 8.7123

5 8572

; sppm III(T)

Z o—

= 8422

2

2

= 8271

B

212

-40 -399 -308

-307

Puc. 12. I'paduk oTkAoHeHHs 4acToThl IIT' B Anana3oHe TeMieparyp
ot munyc 40 °C po munyc 39 °C

60173.608

39870.

59565 285
n.(F_BMYT)+AR_Al)-nF BT(T)

59260123

TagroTa, ['n

38934.962

33649'140 -309 -308 -307 -306 -393

T

Z394 303 -302 —391 -39
Temmeparypa, Tpanyc

Puc. 13. i3MeHeHHe Pa3HOCTHOM YaCTOTHI (IPU MCIOAB30BAHUM AECATBHIX
rapMOHMK 4YacCTOThI CUrHaAoB BI'l u BI'2) B Anama3oHe Temieparyp
ot MuHyc 40 °C po munyc 39 °C

7) PaspsiAHOCTBL CUETYMKA JacToTOMepa AOCTaTO4-  (MYHKIIMM CIOCOOHO OoOpabaThiBaTh KOA (Pas3psiAHOCTE)
YacTOTHI YaCTOTOMEpA.
AomyieHuss, IpU KOTOPBIX AAQHA TeOpeTHYeCcKas

OIIeHKa CTaOUABHOCTHU YaCTOTHI I[U(PPOBOTO TEPMOKOM-

u3m’

AATOPUTMOM  (DOPMHUPOBAHUSA KOMIIEHCUPYIOIeN



TaGaumna 1

Xapakrtepuctuku LITKKI npu MCIIOAB30BaHUM MEPBBIX FAPMOHUK 4YacTOThI curHaAoB BI'l u BI'2

TeOpeTI/I‘IeCKI/I AOCTH>XUMast

CTaOUABHOCTD

)

AN HECIIOKOMHOMN

ANSI HECIIOKOMHON

¥ CIIOKOVMHOU CPEABI

0,75 ppm (

)

¥ CIIOKOWHOU CPEABI

0,075 ppm (

MHON

CpeAbl)

0,0075 ppm (AAST CITOKO!

crabuabocTs 0,00075 ppm
HEAOCTIDKAMA

AGCOAIOTHAST TIOTPEITHOCTh U3MEPEeHUs 4acTOTEI [17]

0,00855865 ', = 50,0 I,
(TpoekpaTHO He mpeBbIiaeT ndmMenenre PY? 152 I'n)

50 Iy

0,00085:5865 I,
(TpoekpaTHO He mpeBbIaeT n3MeHenve PY 15,2 I'm)

0,5 T

0,000085'5865 T,
(TpoekpaTHO He IpeBbIaeT udmenenue PY 1,52 I'm)

0,5 Tt

0,000085'5865 T,
(nmpesBbiaer namenenue PY 0,152 I'm)
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IMpumevanus:

0,2 C) HCIIOAB30BAaHO B pacqéTe, 9TOOKI TTOKa3aTh MUHUMAaAbHOE AOCTATOYHOE BpeMA AN U3MEPEHUs 4aCTOThI IIPU AOCTHUIKEHUN CTaOUABHO-

30BaHUU 1-X rapMOHUK);

u3

T,

0,02 ¢ — (Bpemst uamepenus B 10 kpar MeHbliee

T =
Ham

1)

XyAlieu B HpI/IBeAéHHLIX BBIUUCACHUAX IIPU UCIT

ctu 0,75 ppm (

2) PY — pa3HOCTHas 4acToTa.

IIeHCMPOBAHHOTO KBaplleBOTO TeHepaTopa C TepMOAAT-
YUKOM Ha OCHOBE ABYX BCIIOMOTaTEeABHBIX KBaplleBBIX
reHepaTopPOB:

— B KOHCTDYKIIUU TeHepaTopa HMAeaAbHasg TeIAO-
Basl CBSI3b MEJKAY DAEMEHTaMU AQTYMKa TeMIlepaTypbl
U ONOPHBIM pPEe30HATOPOM reHeparopa C OTCYTCTBHEM
IrpaprieHTa TeMIepaTyp MeKAy HUMU;

— TOYHO M3BECTHBI 3HaUEHUs] TeMIepaTypPHBIX KO-
3(hdunreHTOB NIEPBOro, BTOPOrO U TPETHErO MOPIAKOB
cratudeckux TUX pe30oHATOpPOB, 3HaueHus Koadpdu-
IIUEeHTOB AMHaMuueckoro rnmosopora TUX, caura THUX,
BpeMeHM 3alla3AblBaHMsS ITOKA3aHUU TePMOAATIMKA.

OueBUAHO, 4YTO MaKCHMaAbHas IOTPEIIHOCTb
TEPMOKOMITEHCAIIMN  («XYAIIasi» TOYKA) BO3HHUKAET
Ha yyacTkax THUX ¢ MaKCHUMaAbHOU CKOPOCTBIO H3Me-
HEHUsI XapaKTepUCTUKU OT U3MEHEHUs TeMIIepaTyph.
B3sgB mepByro Npom3BOAHYIO OT (yHKOun TUX moA-
cTpamBaeMoro reteparopa (puc. 2 TUX I1I'), onpepe-
AUAU MaKCHMaAbHYIO CKOPOCTb HM3MEHEHMS YaCTOTEI
[NI' npyu wHU3MeHeHUU TeMIIepaTypbl, 4YTO COCTABUAO
He Ooaee 0,75 ppm (npu Temueparype muuyc 40 °C)
Ha OAWH I'PaAyC U3MEHeHUd TeMiepaTypsl (puc. 10).

C 11eABIO NTOAYYEeHUs] MaKCUMaAbHOU KPYTHU3HBI M3-
MeHeHUs] Pa3HOCTHOM YacCTOTHI NPU M3MEeHEeHUHU TeM-
IepaTypsl leAecoo0pa3HoO UCIOAB30BATh MAKCUMAABHO
BO3MOJKHBIE YAaCTOTBEI BCIIOMOTATEABHBIX IeHepaTOPOB.
B mHacrosien crarbe B pacuyéTax OyAeT UCIOAB30BATh-
cqa paboyasg YacTOTa BCIIOMOTATEABHBIX TI'eHepaTOpPOB
100 MI't ipu Temmeparype T,

AHaAu3UPys B COBOKYIIHOCTU ABE€ XapaKTePUCTUKU:

— XapaKTepUCTHUKY Pa3HOCTHOM YaCTOTHI B abCO-
AIOTHOM 3HauyeHuu (puc. 11) B AuanaszoHe U3MeHEHUs
Temieparypel: oT MuHyc 40 °C po munyc 39 °C, npn
HUCIIOAB30BAaHUY NepPBbIX TAPMOHUK YaCTOTHEI CHUTHAAOB
BI'l u BI'2;

— xapakTepuctuky THUX II' (IpakTU4ecKu AUHeN-
HyI0 B apuamnaszoHe oT muHyc 40 °C po munyc 39 °C,
rge cywecmsByem MAKCUMQAbHQs CKOPOCMb U3MeHeHUs
TYX), n300pa’k€HHYIO Ha puc. 12;

— OIIpeAeAeHO  COOTBETCTBUE  (TOKAECTBEHHas
NIPOIIOPIUS) M3MEHEHHs Pa3HOCTHOM 4YaCTOThI B ao-
COAIOTHOM 3HaueHuH uzMmeHenuto THX I1I', uto Gyaer
COOTBETCTBOBATH TEOPETUYECKU AOCTUKUMOMN CTaOUAb-
voctu LITKKT (pacuéTwl B Taba. 1).

AHANOTMYHBIN aHAAU3 IIPOBOAUTCS NPU HCIIOAB3O-
BaHuM 10-X rapMOHMK BCIIOMOTaTEeAbHBIX T€HepaTOPOB:
QHAAM3UPYIOTCS B COBOKYIIHOCTH ABE XapaKTEPUCTUKH,
n3o0pa’kéHHble Ha puc. 12 u 13. Pe3yAbpTaThl IpuBepe-
HEBI B TaOA. 2.

3akaloueHue. B craTbe NIpoBepeHa TeopeTUdecKast
OLleHKAa CTaOUABHOCTH LM@PPOBOr0O TEPMOKOMIIEHCHU-
POBAHHOTO KBapIIeBOrO TeHepaTopa C TePMOAATYMKOM
Ha OCHOBE ABYX BCIIOMOTaTeABHBIX KBapIeBLIX TeHepa-
TOPOB. AHaAW3 MaTeMaTH4ecKou MopeAu T/, mmokazan
BO3MOJKHOCTb AOCTIJKEHMSI pa3pellleHds II0 H3Mepe-
Huto TemiepaTtypsl 0,001 °C npu UCIOAB30BaHUU AECS-
TBIX TAQPMOHUK YaCTOTHI CUTHAAOB BCIIOMOTATEeABHBIX Te-
HepaTopoB. AAS OIIEHKU BO3MOXXHOCTU HUCIIOAb30BaHUSA
0OoAee BBICOKMX TapMOHMK BCIIOMOTaTeABHBIX I'eHepaTo-
POB C IIeABIO AOCTHKeHHsI OOAee BEICOKOT'O pa3pelleHus
II0 U3MEPEeHUI0 TeMIepaTyphl AAST UCCAEAYEeMOU CTPYK-
Typhl TEPMOAATUMKA HEOOXOAMMO IIPOBEACHUE HCCAEAO-
BaHUA CBOMCTB TapMOHMK C HOMepamu 11 u Goaee.

Anann3 martematudeckom MopeAu cxembl L[TKKID
C TEpPMOAQTUYMKOM Ha OCHOBE ABYX BCIOMOTaTEABLHBIX
reHepaTopoB IIPU YKa3aHHBIX BHIIIe AOIYINEHUAX II0-
Ka3aA BO3MOJKHOCTb AOCTH>KEHUSI CTaOMABHOCTHU:

— 0,075 ppm (Ara HecmokoMHOM cpeabl) u 0,0075
ppm (AT CIOKOMHOM CPEABI) IIPU UCIIOAB30BAHUM IIEP-
BBIX TapMOHUK BCIIOMOTaTEABHBIX TeHepaTOPOB;
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— 0,0075 ppm (ars HecrmoKoMHOM cpeabt) u 0,00075
PpPm (AAST CHOKOMHOM CpeABl) IIPU KMCIIOAB30BAHUU Ae-
CSITBIX TAPMOHUK BCIIOMOTATEABHBIX FeHepaTOPOB.
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THEORETICAL ASSESSMENT

OF THE STABILITY OF A DIGITAL
THERMOCOMPENSATED QUARTZ
OSCILLATOR WITH TEMPERATURE
SENSOR BASED ON TWO AUXILIARY
QUARTZ OSCILLATORS

The article provides a theoretical limit assessment of the stability of a digital
thermocompensated quartz oscillator with a temperature sensor based on two
auxiliary quartz oscillators. The results are 7,5 ppb (for a restless environment) and
0,75 ppb (for a calm environment). Technical solutions are considered for obtaining
a linear one-to-one dependence of the difference frequency value on temperature
and increasing the steepness of this dependence. The proposed solutions allow
obtaining a temperature measurement resolution of up to 0,001 °C.

Keywords: temperature sensor, quartz oscillator, thermocompensation, temperature
stability, calm environment, restless environment.
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