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OBIIASA XAPAKTEPUCTUKA PABOTHBI

AKTyalbHOCTh _TeMbl. OpHONH U3 BaXHEHMMX 3a4ad MPOEKTUPOBAHHA U
9KCIUTyaTalluy cBepXOonpmnX nHTErpanbHbIX cxeM (CBUC) sBiseTcsa npoBeneHrne B HUX
TOYHBIX M3MepeHuil. Llenpio 3TUX u3MepeHuit apisieTcs nposepka mapamerpos CBUC, a
TaKXKe OLEHKa paboTocrnocoOHOCTH cxeMbl. M3mepenus napamerpoB CBUC mpoBoasTes
Ha BCeX JKM3HEHHBIX JTallax YCTPOHCTB — IpPU INPOSKTUPOBAHMM JUIS YIydIICHUS
napamerpoB CBHC u npuBeneHus NpoekTa B COOTBETCTBUE C TEXHUYECKOH 3a1auell; Ipu
NIPOM3BOJCTBE JUIi HpOBepkH paboTsl paszpaborannoii CBUC mepexn cepuifHBIM
TIPOM3BOJICTBOM; IIPH KCILTYaTAINH C IIEBI0 PETYIUPOBAHUS PaOOTHI CXEMBI.

VYuuteiBast TpeOOBaHMS K COBPEMEHHBIM IOJIYMPOBOIHUKOBBIM KpHCTaIIaM,
TEXHOJIOTHU MOCTOSIHHO MO/BEPraroTCsl MaCIITaOUPOBAHMIO, 32 CUET YETO YMEHBIIAIOTCS
abcomoTHbIe 3HaueHus mnapamerpoB CBHC. Dto nemaeT BO3MOXKHBIM obecredeHue
HU3KOTO SHEPronoTPeOSICHUsST W BBICOKOTO OBICTPOAEHCTBUS NPH 3aHUMAEMOH MaJoi
wromanad. OgHAaKO yMEHBIIEHHE 3HAUeHHH IapaMeTpoB MPUBOAUT TOMY, 4YTO
MIOTPELIHOCTH C MAJIBIM a0COJIFOTHBIM 3HAUCHHUEM CHCTeM u3MepeHus napamerpoB CBUC
MOTYT UMETh OOJIBIIIOE BIMSHUE HA PE3yNbTaThl H3MEPEHHs U IIPUBECTH K YMEHBIICHHIO
HX TOYHOCTHU. V3MepeHus, He UMEIOLHe JOCTaTOYHYIO TOYHOCTD, BBI3BIBAIOT PSIII APYTHX
mpo0JeM, BIUIOTH JI0 POU3BOICTBa HepaboTocmocobHoit CBUC.

C 1enbi0 YMEHBIIEHHS HOTPEIIHOCTY H3MEPEHHUH, B HACTOSIIEe BPEMS IPOBOAATCS
3HAUUTENbHBIE PabOTBI CO CTOPOHBI TEXHOJNOTMYECKHX 3aBOJOB M OpPTaHHU3AINH,
MIPOCKTUPYIOIIUX CHUCTEeMBI u3MepeHus mapamerpoB CBUC. Jlnsg yBenwmdyeHHs TOYHOCTH
HM3MEPEHHH MOCTOSHHO MOBBIMIAECTCS TOYHOCTH AITOPUTMOB CPEICTB MOAEIHUPOBAHUS U
pa3pabaTeiBaeMBIX MoJIeJed, a TakkKe NPUHUMAIOTCS BO BHHMaHUE TaKUe SBICHUS,
KOTOpBIE BIUSIIOT HA pabOTy M XapaKTepH3yIOT MapaMeTphl TPAH3UCTOPOB.

VYuuteiBast BaxHocTh cdep npumeHenus CBHC, ocoboe BHMMaHue ynenseTcs
H3MEPEHHIO XapaKTepU3YIOIINX HaAeKHOCTh YCTPOHCTB mapaMeTpoB. OTCIo/1a BO3HUKAET
HEOOXOIMMOCTh PAaCCMOTPEHUSI SIBICHMH, BIUSIOMNX HAa HAAEXKHOCTb. HekoppektHas
OIIEHKA BJIMSIHUH MOJOOHBIX SIBICHUH MOXKET CTaTh NMPUYMHON yBEIMUCHUS! KOJIMIECTBA
cOoeB, Bo3HHKaOMUX B paspadoranHoii CBUC. B HacTosmee BpeMs: O0JIbIIOe BHUMAaHUE
yaenseTcs BO3MOXKHBIM HM3MEHEHHSM MapaMeTpoB IIPH CTapeHHH TPaH3HCTOPOB,
00yCIIOBIIEHHOW MacIITaOMpOBAaHWEM TEXHOJOTHH, TaKk Kak BIMSHUE CTapeHus Ha
TPaH3UCTOPHI C MajbIM KaHajloM Benuko. C TedeHHEeM BpeMeHH yXy/maeTrcs paboTta
TPaH3UCTOPOB, 4YTO IPUBOIUT K COKpalleHUIo ku3HeHHoro umukina CBUC.
CrenoBatenbHO, ISl OOECIeueHns] HaIeKHOCTH YCTPOHCTBA HEOOXOANMO MOBBICHUTH
TOYHOCTb NU3MEPEHHS C YI€TOM TOUHOH OLCHKHU MOCIIEICTBUI CTapeHNsI.

Tlockombky mns obecriedenust 6ompioil ¢pyHkimoHansHOCTH B CBUC HaunmHaroT
HCTIONB30BAThCS MHOTOCHHXPOCHTHAIBHBIE Y37bI, APYTUM Ba)KHEHIINM SIBICHHEM,
BIIMSIIONIM Ha HaJeKHOCTb, CTAHOBSITCS METaCTAOMIBHBIE COCTOSHHUS, BO3HHUKAIONINE B
cuHXpoHn3aTopax. CrenoBaTenbHO, Ha ATale NPOSKTUPOBAHUS HEOOXOAUMO MPOBOIUTH
TOYHBIE M3MEPEHHs IMapaMeTPOB, XapaKTePH3YIOLIMX METacTaOMIbHBIE COCTOSHUS.
Kpome u3Mepenuii, mpoBoauMbIX Ha 3Tame npoektupoBanus, B CBUC HeoOxoaumMo
UHTETPUPOBATh TaKHE CXEMbl, KOTOpBIE MNpPU H3MEPEHHH B pa3pabOTaHHOH cxeme
MO3BOJISIT ~ BBIIBHTH  CYHIECTBYIONIME COOM M, TEM CaMbIM, HCKIIOYHTh WX
pacnpocTpaHeHue cO0eB WM yCTPAaHUTh IPHIUHBI HX BOSHHUKHOBEHHSI.

IIpn mpoBeneHum wu3MepeHHH BPYYHYIO C HCHONB30BAHHEM IIPOTPAMMHBIX

yCTpOﬁCTB HE BCCTAa yAacTCA obecreunTs BBICOKYIO TOUHOCTb (HOCKOJ’II)Ky A OCTOBEPHBIE
aHaJIM3bl, IPOBOJUMBIE BO BPpEMS Msmepeﬂnﬁ, MOT'YT 3aHATH JOBOJIBHO 00JIBIIIOE BpeMA Y
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MIPOEKTHPOBINKKa). Kpome TOro, Ttamke IODKHA OBITh BO3MOXKHOCTH BHEIPCHUS
pa3paboTaHHBIX H3MEPHUTEIBHBIX CHCTEM B IIporenypy npoekruposanus CBHC.

VYuuteiBasi HpHBeAEHHBIE (AKThl, MOXKHO IPUHTH K BBIBOJY, YTO pa3paboTka
aBTOMATU3UPOBAHHONW CHCTEMBI OJISI M3MEPEHHUs C BBICOKOM TOYHOCTBIO MapaMeTpoB
CBUC siBnsieTcst akTyanpHOU 3a1a4eil.

HuccepranuonHas paboTa MOCBAIIEHa HCCIIEJOBAaHUIO CYIIECTBYIOIIUX BapUAHTOB U
MeTon0B m3MepeHus mapamerpoB CBHUC, a rtakke pa3paboTKe aBTOMaTH3MPOBAHHOM
CHCTEMBl TOYHBIX HM3MEPEHUH ITOCPEACTBOM PAaCCMOTPEHHMS SIBICHHMI, BIMSIOIINX Ha
HaJIeKHOCTH CXEM.

Oo0bekT uccaenosanus. Ilposonumble usmepenus B CBHC, mnosslmieHue ux
TOYHOCTH C YYeTOM SIBICHUH, BIUAIOIIMX HA IapaMeTpbl CXeMbI, M IIOAXOJOB
PaccMOTPEHHs 3THX SIBIEHUIL.

Ilesib padoThl. PazpaboTka 0000IMIEHHOTO METOJa U ABTOMATU3UPOBAHHON CHCTEMBI
IUIL W3MEPEHHs C BBICOKOH TouHOCThI0 mapameTpoB CBUC, cmocoOcTByrommx
npoektupoBannto  CBUC, ymOBIETBOPAIOUIMX COBPEMEHHBIM TPEOOBaHMAM, C
IIPUMEHEHHEM COBPEMEHHBIX ITPOU3BOJICTBEHHBIX MPOIIECCOB.

Metonnl wmccaenoBanus. B mpomecce mHcciemoBaHHS HCIHOJIB30BAHBI  METOMBI
Mo ienupoBanus uaMepeHuii mapametpoB CBMC u cmocoObl mporpaMMHOT0 00eCTIeUeHHS
9THUX METOJIOB.

Hayuynas HoBH3HA.

1. [TpeanoxeHsl ctocoObI U3MEPEHUS ¢ BBICOKOI TOYHOCTHIO TapameTpoB CBUC:

- KOTOpBIE YYUTHIBAIOT BIUSHUE (Da30BBIX CABUTOB BXOIHBIX CHTHAJIOB
CTaHJapTHBIX SUCEK, IPU CTAPEHUH, HA TAPAMETPhI STUYEHKH;

- KOTOpbIE OCHOBAaHBI Ha MPOBOJIMMBIX M3MEPEHHSX 3HAYCHUH IpPEI0KEHHOTO
ko3 duieHTa, xapakrepusymoomero Hapabotky Ha otkaz (HHO), oOycnorneHHO#
MeTacTaOHIBHBIMH COCTOSIHUSIMH TPUTTEPOB OUONIMOTEK CTaHIAPTHBIX STYCEK.

2. IlpenioxkeH cnoco® MOBBIMIEHUsST HAJIGKHOCTH YCTPOWCTBA, MyTeM HM3MEpEHUs C
BBICOKOH TO4HOCTRIO mapameTpoB CBUC, s peammsanmmu KOTOporo paspaboraH
CHHXPOHH3aTOP, OOHAPYKUBAIOIHI METACTa0MIHLHOCTb.

3.Ha ocHOBe TpemoKeHHBIX CHOCO00B pa3paboTaHbl OOOOIICHHBI METO.
W3MEpEeHHs C BBICOKOI TOYHOCTHIO mapameTpoB CBUC u anroputm ero peanu3anud I
MIPOEKTHPOBAHUSI aBTOMAaTH3UPOBAHHOMN CHCTEMBI.

4. PazpaboraHa aBTOMAaTU3UpPOBaHHAs CUCTeMa JUIsi M3MEPEHUsT C  BBICOKOH
ToyHocThI0 napamerpoB CBUC Ha ocHOBe 0000IIEHHOTO METOA.

IpakTHyeckass LEHHOCTh padoThl. Ilporpammublii uHCTpyMeHT "Accurate
Measurement of Reliability" (AMR) co3maH ¢ ucnosibp30BaHHeM 00OOIEHHOTO METOAA,
pa3pabOTaHHOTO B AWCCEPTAIMH M IPEAOCTABIAET BO3MOXKHOCTH MPOBEACHHS TOUHBIX
n3mepernid napametpoB CBUC myTeM meTanbHOTO pacCMOTPEHUsS SBJICHUH, BIHSIOMIIAX
Ha HagexHocts CBHUC. bmarogapst BHeApPEHHOH aBTOMAaTH3MPOBAHHOW CHCTEME,
UHCTPYMEHT I1I03BOJIACT BbIABJIATE MAKCUMAJIbHOC, MUHUMAJIBHOE U CPEAHEE BOSﬂeﬁCTBHﬂ
CTapeHHs, BO3HUKAIOUINX BCICACTBHIE Pa3HbIX (ha30BbIX CABUIOB Ha MapaMeTPhl SYCHKH U
U3MEPATH 3aICPKKHU ITPU ITHUX YCIIOBUAX. C IMMOMOIIIBIO TOYHBIX H3MepeHHI>’I OH ITIO3BOJISIET
TaKXE BbIABJIIATH MAKCHMAJIBHO COOTBCTCTBy}OLLII/Iﬁ CUHXPOHHU3ATOPY TPUITEP U Ha
OCHOBE 3TOTO TPHUITEpa HPOSKTUPOBATH HAIEKHBI CHHXPOHHM3ATOp, KOTOPBIH ITyTeM
MIPOBEACHUST M3MEPEHHH B KpUCTaule OOHAPYKMBAaeT METACTAOMIBHBIE COCTOSHHS.
Hcnonp3oBanne AMR Ha 3Tame NpOEKTHPOBAHMS IPENOCTAaBISET NPOEKTHPOBIIUKY
BO3MOJKHOCTh CYIIECTBEHHO IOBBICHTH HAJISKHOCTh pa3pabaTeiBaeMOi B JajbHEHIIEM
CBUC 3a cuet BBINOIHEHUS H3MEPEHHUH C BBICOKOH TOYHOCTBIO.
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JlocTOBEPHOCThL HAYYHBIX MOJO:KeHWil. HaydHble IOJIOXKEHHS MOATBEPKIACHB
TEOPETHYECKHMH  HCCIICOBAaHUSMH, COOTBETCTBUEM  pE3yJbTaTOB  pPacueToB M
MOJETUPOBAHUS, a TakKe COBMAAECHHEM pe3y/IbTaTOB, IOIYYEHHBIX METOJaMH,
pa3pabOTaHHBIMHU B AUCCEPTAILMOHHOM paboTe U APYTHMH aBTOPaMHU.

Bueapenue. Pa3paboTaHHBIl mporpaMMmHblii HHCTpyMeHT AMR yTBepkaeH ams
BHezpeHus B 3A0 “Cunoncuc Apmenus”. OH NPeAyCMOTPEH Ui U3MEPEHHUS C BBICOKOM
ToyHoCThI0 nMapameTpoB CBUC u moBbimenus nx HagexHocTH. OOOCHOBaHAa Ba)KHOCTh
pa3paboTaHHOTO IPOrPaMMHOT0 HHCTpYMeHTa B Iponecce nzmepenuit CBUC.

OcHOBHBIE M0JI0KeHNST, BLIHOCHMbIE HA 3aIIUTY:

- 0000IIEHHBII METOJ] H3MEPEHHS C BEICOKOH TOYHOCThIO TapamerpoB CBUC;

-cnoco6  m3Mepenus mapamerpoB  CBUC, mocpeactBoM — koddduuueHTa,
xapakrepusyromero HHO, 00ycnoBieHHOT0 MeTacTaOUIbHBIMU COCTOSTHUSIMH;

-CXeMa HaJeKHOTO CHHXPOHH3aTOpa, OOHApY)KHBAIOIIEH  MeTacTaOHIbHBIE
COCTOSIHUS, Ha OCHOBE M3MepeHuil mapamerpoB CBHUC, BEIOTHIEMBIX B KPHCTAIUIE;

- IporpaMMHbIl  MHCTpyMeHT AMR s npoBeaeHuss aBTOMAaTHU3MPOBAHHBIX
HU3MEpEHHI ¢ BBICOKOH TouHOCThIO TapameTpoB CBUC;

- aBTOMaTU3UPOBAHHBIE CPEJICTBA IPOBEJCHUS C BBICOKOH TOYHOCTBIO H3MEPEHUH
napamerpoB CBHC mnpu MakcuManbHOM, MUHHMAJbHOM M CPEIHEM BO3JCHCTBHSX
SIBJIGHUH CTapeHHs, BOSHUKAIONIUX BCIEICTBIE Pa3HbIX ()a30BBIX CIIBUTOB.

Anpodanusi  pa6orbl. OCHOBHBIC Hay4YHbIC M IPAKTHUYECKHE PE3yIbTaThl
JUccepTanuy OBUIM TPEACTaBICHBI U OOCYXKIEHbl Ha: MeXIyHapOoJHOW HaydHO-
TEXHUYECKOW KoH(pepeHuuu: "16-ii CUMIIO3MyM O MPOEKTHPOBAHHIO U TECTUPOBAHHUIO
IEEE Boctok — 3aman" (EWDTS’18, Ka3zanp, Poccus, 2018); "39-oift MexnyHaponHoi
koH(pepeHiuu nektponukd W HanotexHonoruid IEEE" (ELNANO, Kues, YkpawuHa,
2019); exeroguoii kxoudepenmmn HITYA (2017-2018, EpeBan, ApmeHus), Hay4HO-
TexHH4Yeckux cemuHapax kadenpsl "UT u npuxinagnoii maremaruku" EVY (2017-2018,
EpeBan, Apmenus).

Hy6ankanuu. OCHOBHBIE TOJIOXKEHHS JUCCEPTAlUH OTPAXKEHBI B BOCBMH HAYJHBIX
paboTax, CIMCOK KOTOPHIX IPUBE/IEH B KOHIIE aBTOpedepara.

CTpykTypa M 00beM padorThl. Jluccepramms COCTOMT W3 BBEACHUS, TPEX TIJIaB,
OCHOBHBIX BBIBOJIOB, CIICKAa HCIIOJNB30BAHHON JMTEpATyphl, BKIIOUYaromero 98
HaMMEHOBAHUH, U IecTH NpuiIokeHuiH. OCHOBHON 00beM AuccepTanuy cocTaBisier 148
CTpaHuIll, BKIouyas 64 pucyHok u 28 Ttabmum. OOmmic 00beM paboOThI, BKIHOYAs
MpUI0XKeHUs, cocTaBigeT 187 crpanun. [luccepranus HanycaHa Ha apMSHCKOM SI3BIKE.

OCHOBHOE COJAEPXAHUE PABOTbI

Bo BBegennn 000CHOBaHa aKTyalbHOCTh TEMBI IHCCEPTAlUH, CHOPMYIHPOBAHEI
el W OCHOBHBIC 33/layd WCCICAOBAHHS, TIPEICTABICHH HAy4Has HOBH3HA U
MPaKTUYECKas [IEHHOCTh MOJNYYEHHBIX PEe3yJIbTaTOB, M3JIOKECHBI OCHOBHBIC ITOJIOKCHUS,
BBEIHOCHMBIC HA 3AIHTY.

B mnepBoii _riaBe aHaIM3UpOBaHBl BUABI H3MepeHHid, npoBeaeHHbIx B CBUC.
O6ocHOBaHA HEOOXOAUMOCTh BBIMOJIHCHUS M3MEPEHUH ¢ BBICOKON TOYHOCTHIO, a TAKXKe
HEOOXOAMMOCTh W3y4YEeHHUS sIBICHUH, BiaMsAomMX Ha HaaexHocTs CBUC. YuurtsiBas
Ba)XHOCTh XapakTepu3alun cpoka JKA3HU CXEMBI u pPUMEHEHHS
MHOTOCHHXPOCUTHAITBHBIX y37I0B B coBpeMeHHbIX CBUC, BBIIETICHBI SBICHUS CTapeHHS
CXeM M MeTacTabWIbHOCTH. V3ydeHbl MPHYMHBI BO3HUKHOBEHUS YKAa3aHHBIX SBJICHUHN H
METOJBI U3MEPEHHUS X BO3JCHCTBHIA.
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PaccMoTpensl MeTOabl yBENMYEHHsI TOYHOCTH M3MepeHuil, npoBoaumbix B CBUC.
[Toka3aHo, YTO CYHICCTBYIOIIHME MOJXOIBI MPOBEICHUS H3MEpeHHH B OMONIHOTEKaX
CTaHIAPTHBIX SYEEK MMEIOT HEAOCTATOYHYIO TOYHOCThH (UTO MPHUBOAUT K YMEHBIICHHIO
TouHOCTH u3MepeHudt B 1udpoBeix CBUC), 4ro oO0BscHAETCI HE IeTalbHBIM
paccMOTpeHHEM SBICHHUH, BIMAIOUIMX Ha HAASKHOCTh CXeMbl. B wacTtHOCTH, B
CYLIECTBYIOIIMX MOAX0/aX HE pacCMaTpUBacTCs HapabOTKa Ha OTKa3, XapaKTepU3YIOIast
BIIMSIHHE METAacTaOMIIBbHBIX cocTOsHUM Ha HajexxkHocTh CBUC. Taxke wucciemnoBaHbI
CYILIECTBYIOIIUE MOJIXObI B CIIydae yueTa CTapeHHUs sIYeeK U MPECTaBIeHbl HEJOCTATKU
KaXI0ro mojxonaa. B HEKOTOpPHIX MOAXoJaX HE PacCMaTpUBAIOTCS SIBICHHUS CTapeHUs
MOJIOXKUTENFHON HecTabmIpHOCTH Temiepatypsl cMmerneHust (HTC) u sBneHns HHbEKIHH
ropsiuero Hocutens (MI'H), a B HeKOTOpPBIX - 00a 3Tu siBeHus. [lokazaHo Takxke BIMSIHUE
(ha30BBIX CIBUTOB MEXKAY BXOJHBIMH CUTHAJIAMH s[UYEEK Ha JETPATallui0 XapaKTEPUCTHKU
IpU CTapeHHH, KOTOPOE HE YYHUTHIBaeTCS B CYIIECTBYIOIIMX Moxaxoaax. JlokaszaHa
HEOOXOJMMOCTh MIPUMEHEHHS aBTOMATH3MPOBAHHON CHCTEMBI ISl TPOBEACHUS TOYHBIX
u3MepeHHd ©  cHOpMYIHMpOBaHBI BaKHEWIIWE 3aJaud, BBIABHTAEMBIC IEpes
H3MepUTENbHON cucteMoil u npoextuposukom CBUC.

Bo BTOpOii riaBe NpoBeneHO [ETalbHOE MCCIICNOBAHUE IPUBEIEHHBIX B NEPBOI
IJIaBe SIBJICHWH, BiUsOMUX Ha HaaexkHocth CBUC. Paspaboran 000OIIEHHBIH METOJ
TOYHBIX u3MepeHuil nmapamerpoB CBUC Ha ocHOBe m3MepeHuil BO3ACHCTBUS SIBICHUN
CTapeHHsl U METacTaOMIBHOCTH, Ha 06a3e KOTOPOTO MOCTPOEHA AITOPUTMHYECKas OCHOBA
aBTOMATHU3WPOBAHHOW CHCTEMBI.

TouHble H3MepeHHsI € Y4YeTOM sIBJeHHUsl cTapeHusi. lccienoBaHO BIHSHUE
(ha30BBIX CABHTOB MEKAY BXOJHBIMU CHTHAJIAMH SUEEK Ha ITapaMeTPhl TPAH3UCTOPOB MPH
spineHusix  crapenuss HTC wu  WI'H. Paccmorpensl Haxonsmecs B LEMsIX
MOCJIEJ0BAaTEIbHO COCIUHEHHBIC OJHOTHUIIHBIE TPAH3UCTOPHL. YCTAHOBIEHO, YTO
Jerpajanys STHX TPAH3UCTOPOB 3aBHCHT OT (ha30BBIX CIBHIOB MEXIY BXOJHBIMHU
curHanamu sdeek. [loka3aHo, 4TO MOPOroBOE HANpPsDKEHHE TOrO K€ TPAH3UCTOpa IpHU
pa3HBIX (a30BBIX CIBUTaX MOXKET MEHATHCS B 22 W 66 pa3 COOTBETCTBEHHO LIS METaJll-
okcua-monynpoBogauka p tuma (p-MOII) mw n Tmma (n-MOII) TpaH3UCTOPOB.
PaccMmoTpeHo W3BECTHOE B IUTEpaType YpaBHEHHE 3aJiepiKeK sSdeeK M IO0Ka3aHO, YTO
JeTpagalys 3a0ep>KKH TICHKN TIPU CTApEHUN TAK)KE 3aBHCHUT OT (Da30BOTO CIIBHTA MEXKIY
BXOJHBIMU CHTHAJaMU SYeHKH, cJeJOBaTeIbHO, €0 WIHOPHPOBAaHHE MPUBOJIUT K
MOTPEIIHOCTAM B M3MepeHusx. C Ienbro WIIoCcTpanuu ykasanHoro BiusiHus HSPICE
HWHCTPYMEHTOM MPOU3BEACHO MojenupoBanue s sueiiku "HMckmouarommid-UJIN" npu
pasHbIX (Ja30BBIX CIBUrAX BXOJHBIX CHrHAIOB (Tabm. 1, ff/125°C/1.1B).

Tabn. 1
Pesyromamol usmepenusi npu pasHoix pazoevix cosu2ax ¢ meyeHue CmapeHust
3anepxka i %?OBHH C]I:;OI/};F 2700 Paznwuia makc./mMuH. (%)
rise_fall_a (1ic) 7,88 7,07 5,14 7,25 53,5
fall_rise_a (1ic) 4,48 4,80 5,65 4,79 26,1
rise_fall_b (mic) 7,78 6,88 6,65 6,83 17
fall_rise_b (mic) 2,97 491 5,69 5,06 91,8

Tak kax yka3aHHble Bbllie ()a30BbIe C/ABUTH BIMSIOT Ha T€ SYCHKH, B KOTOPBIX
BXOJHBIE CHUTHAJBl TOAK/IIOYAIOTCA K BEHTWIAM IIOCIEI0BATEIbHO COEAMHEHHBIX
TPaH3UCTOPOB, BIHsHKE (ha30BOrO CIIBUIa PACCMATPHUBAETCS HA JIOTHUECKHX 3JIEMEHTaX.

6
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KonmiaecTBo BapHaHTOB XapaKTepH3aIiy, T0OABISIEMBIX UL pPAaCCMOTPEHUS (ha30BBIX
CBUTOB, JUIS TYEHKH C 71 BXOJAMH PaBHO.
Pq) =m" ! 5 ( 1 )
e /M — KOJTMYECTBO IEMEHTOB MHOXECTBA PACCMATPUBAEMBbIX (Da30BBIX CIBHIOB.
KonndecTBo BapraHTOB XapakTepu3anuu oomeid 6nbarnoTeku ¢ yuetom (1) paBHo

k
Py 4= Z s l-dmn @
i=1

riae s, [ 1 d — COOTBETCTBEHHO KOJIMYECTBO 3JIEMEHTOB MHOXECTBA PAacCMaTPUBAEMbIX
JUTUTENBHOCTENH ()POHTOB BXOAHBIX CHTHAJIOB, MHOXKECTBA BBIXOJHBIX EMKOCTHBIX IPY30B
U MHOYKECTBa KO (PHIMESHTOB 3aIIOTHEHHMs, a Kk — KOJIMYECTBO sueek OMOIHOTEKH.

VYauteBas, 4TO NpPH CTapeHUH BIUSHHE (A30BBIX CIBUTOB MEXIY BXOJHBIMU
CHTHaNaMH sTeHKH Ha ee IapaMeTpsl UMeeT HEMOHOTOHHBIH XapakTep, XapaKTepu3amnus
MIOBE/ICHUS STUYCIKH, B 3aBUCHMOCTH OT (ha30BOTO CIBHIA, C MAJIBIM KOJMYECTBOM IIaroB
Oyzner Hepeanusyema. M3 BelpaxkeHus (2) ciemyer, 4To BBIOOpP OOJBIIOrO KOJMYECTBA
IIar0B MOJKET MPHUBECTH K PE3KOMY YBEIHUYECHHIO 00beMa MH(opMarmu, XpaHsmeics B
O6ubmmorexe.

Ha ocHOBe BBINIEH3IOKEHHOTO, B 3aBUCUMOCTH OT BIMSHHS (DAa30BBIX CIBUIOB
BXOJHBIX CHUTHAJOB SYEIKH, B AUCCEPTALHOHHON paboTe MPEIIoKEeHO XapaKTepHU30BaTh
OMOIMOTEKH, YIUTHIBAIOIIHE BIMSIHUE CTAPSHUS ISl TPEX CITydaes:

- HaMXyIWHWH cioydail — korma BiusHHME (DA30BOro CIBHTa Ha 3aJEpXKKH SUCHKH
MaKCHUMaJbHO;

- HaWIy4YmHM{ ciaydad — Korjma BiusHUE ()a30BOTO CABUTA Ha 3aNEPXKKH SUCHKH
MHHUMAIIBHO;

- CpemHMH cIoydail — KOT/Ia pacCMaTPHBACTCs CpefHee 3HAUCHHE BIUSIHUS (Ha30BOrO
C/BUTa Ha 33IePXKKH STICHKH.

B mucceprammonHoid  paboTe  00OCHOBaHA ~ HEOOXOAWMOCTh  MPHUMEHEHUS
BBIIICTIEPEUNCICHHBIX CITy4aeB W3MEpEHHs 3a7epXKeK Ha JTare MPOEKTHPOBAHUS, YTO
00yCIIOBIIEHO HApYIICHUSIMUA BPEMEH YCTAaHOBOK U YIIep)KaHHUIl, a TaKkKe OLEHKOH TaKuX
y4acTKOB Hepe0oeB, B KOTOPHIX (a3oBble CABUTH CHTHAJIIOB BO BXOJax s4eeKk OyayT
HUMeTh pa3Hble 3HaYEeHHs B TeUeHHUE )KU3HEHHOTo 1HKia pabotel CBUC.

H3mepenns nus ouenkun HHO. Bo Bropoii rmase mccnenoBano Takke HHO, dro
00ycIIoBIIEHO BIHSIHUEM MeTacTaOmIbHBIX cocTosiHu Ha CBUC. [IpeanoxeHo u3MepuTh
HHO B Tpurrepax OHONMOTEKH CTaHIAPTHBIX SYEEK, YTO MO3BOJUT BBIOPATH TPUTTEP C
JIyYIINMH TapaMeTpaMH B KadeCTBE CHHXPOHM3ATOpa, B PE3yNbTaTe Uero IOBBICHUTCS
HazexHocTs MC. [lnsg 3TOro paccMOTpEH MCCIIEAOBAHHBINA B IEpBOH IlaBe MEXaHU3M
n3Mepenus HHO npu coznepaxaiuxces B TpUrrepe AByX 3alienkax (n=2):

o y
n-l Ei“:l% in=l—[;+
HHO=T,T, nrje Y Y . 3)

j=1

rae T, — nepuon curnana gartel; T, — nepuos CHHXpOCUTHANA; T — Bpems YTBEPKIACHUS

paccmatpuBaemoii 3amenknm; TOM — OKHO MeTacTaBHIBHOCTH —paccMaTpHBAaeMoii
3al1elIKK; a T — BpeMEHHasi KOHCTaHTa paccMaTpUBaeMOH 3alleIKH.

Pemenue BoipaxkeHus (3) npuseznet k pacuery HHO nis tpurrepa, HO yuuThiBas, 4To

B IOTYYCHHOM BBIPQXEHHH CYIIECTBYIOT II€PEMEHHBIC, XapaKTePH3YIOIIHECs

napamerpamu pabotst UC (T, T.), Ha sTane xapakTepu3zannu OHOIHOTEK H3MEpEHUE
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3nauenust HHO Tpurrepos oka3biBaeTcst HeBO3MOKHBIM. [1o 3TON mpuurHe MpeniokKeHo
HU3MEpUTH KodddurenT, xapakrepusyromuit HHO tpurrepos:

(Tc-zTﬁc T2y -2Tc3>
e

Ty Ty

“

k =
O™ Ty ) (TY+ T

rae T,° u T,’° — COOTBETCTBEHHO BpeMs YCTAHOBKM YIPABJIOMIEH M MOJYMHEHHON

samenkn; Ty m T,” — cooTBeTCTBGHHO BpeMs yHepKAHUA YHpaBIsomed u

HOIYUHEHHON 3aILENKH; Ty H T, — COOTBETCTBEHHO BPEMEHHAs KOHCTaHTA yIpPaBJIAIoNIeH

U TIOJUMHEHHOH 3aIenky, a Tep — 3aJepKKa OT CHHXPOCHUTHAJIA 10 BBIXOJA.

B Bripaxenun (4) 3nauenue T, 3amaeTcsd MPOEKTUPOBIIMKOM IIPU XapaKTEPHU3aLUH
OuOmMoTeKH, a U1 M3MEPEHHs 3HaueHHil Ty, T,, T,", T, T,", T, n Tcp paspaboTana
aBTOMATHU3UPOBAaHHAs CUCTEMA, TTO3BOJISIONIAs C MOMOIIBIO MPOTPAMMHOTO MHCTPYMEHTA
HSPICE o0HapyXuTh 3Ha4eHHs YKa3aHHBIX IapaMeTpoOB Ha OCHOBAaHHM METOJIOB,
HCCIIEIOBaHHBIX B IIEPBOH IJIaBe.

Pa3zpabotan MeTOX MPOEKTHPOBAHHS HAASKHOTO CHHXPOHH3AaTOPa IOCPEACTBOM
BBIIEJICHHSI TpHUITepa ¢ HaubonpmuM 3HadeHueM wu3MepenHoii HHO, B kotopom
MIPEIIOKEHO JOOABUTH CXEMY, OOHAPYKHBAIOLTYIO METACTAOMIBHOCTb.

PazpaboranHas cxema mpuBeaeHa Ha pUC. 1, Tae BBIACICHHBIH OTPE30K - 3TO CXeMa,
oOHapyXHUBaroIas MeTacTaOMIbHOE COCTOSHHE, a OCTalbHAs JacTh — CXEMa 3alIlelIKi
CHHXPOHH3ATOpA.

Beixon!

Puc. 1. Cxema 3awenku mpueeepa, 06Hapycusaioujeco memacmaduibHoe cocmosmue

Cxema paboTaer 1o cieyIomeMy NpHHIUILY:

- ¢ nomopto 3neMmeHra "Hckmouaromero-UJINM" paccmaTrpuBaroTCsi CHTHajabl BO
BXOZHBIX M BBIXOAHBIX y3Jax 3amenkd — "D1" u "D3" (curHansl cpaBHUBAIOTCSA);

- Tak Kak MOJy4eHHbBIH pe3ynbrar (y3en "X'") He Bcerma HaxOOUTCA HAa OTHOM H3
JIOTHYECKHX YPOBHEH, TO €ro CpaBHUBAIOT C HANpsDKEHHEM cMemeHns. Ecmm
MONYyYeHHBIH  pe3ynbTaT  OoNbIle  HANPSDKEHHS  CMEMIEHWs, TO  (HKCHPYeTCs
MeTacTabMIbHOE WM HENpPaBHIBHO IMPOYTEHHOE COCTOSHHE, B IPOTHBHOM cCilydae -
(bukcupyeTcs, 4To cxema padoTaia npaBmIbHO (y3en "Boixon").

[Tocne nmoGaBieHHss cCXeMbl B CHHXPOHH3aTOpPE CMOJCIMPOBAHO MeTacTaOHIbHOE
COCTOSIHUE, KOTOpOe 0OHapYKEeHO cxeMo# (puc. 2).

HecmoTps Ha TO, uTO mocie O00aBIEHUS CXEMbl B TPUITEPE YBEIUUYMUIIUCH
notpebisieMble TOKM W IUIOMIAfb CXEMBI, Hamo Yy4ecTb, 4YTO BO BCeH cucTeMe
CHHXPOHM3ATOPHl BCTPEYAlOTCsl B HeOoibmoM KoiwdecTBe. ClenoBaTenbHO, IIpU
TIPEUTOKEHHOM II0JIXO0/Ie TUTOMIANb BCeH CHCTEMBI U MOTpedisieMast MOIITHOCTD BBIPACTYT
Ha He3HaYUTeJbHbIE POLeHTHI (Tuomans — Ha 0,009%, momHocTs — Ha 0,016%).

HccnenoBaHbl cXeMbl CYIIECTBYIOIIETO U pa3pabOTaHHOIO TPUITEPOB (Tall. 2).

Hcnons30Banue pa3pabOTaHHONW CXEMbI JaeT BO3MOXKHOCTb W30CTaHUS JIMKBUIAIIUH
MpUYMHbBl BOSHUKHOBCHUS METAaCTA0UIBLHOIO COCTOSHHS HIIH pacnnpoCTpaHCHUA JIOKHOI'O
CHUTHaa.
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Puc. 2. Pe3ynvmamul mooenuposanus pabomul cxemvl, 0OHApysHcUsarowell

MemacmabuibHOCmb
Tabn. 2
Ilapamempul cywecmsyrowel u pazpabomanHol cxem
JuH. TOK, Onenka HHO, OOHapyKxeHHe
CxeMma Tpurrepa P
MKA IUTOIIA/IN, MKM o] METacTaOMIBHOCTH
CyluecTBYIOLIUH TPUITEP 13,1 7,7 7,2%10% -
PaspaGoraHHblii TpUITEp 46,8 11,9 1,3*%10% +

O0o0meHHbIli MeTox TOYHBIX M3MepeHuii mapamerpoB CBUC. Ha ocHoBanuun
MPEIVIOKCHHBIX PEIICHNH IPOBENCHUS H3MEpEeHHH pa3paboTaH OOOOIIEHHBIH METO[
TOYHBIX HU3MEPEHMil ImapaMeTpoB B OMONMMOTEKaxX CTAHAAPTHBIX SUEEK, IIard KOTOPOTO
HMEIOT CIIEIYIONIYI0 04ePeTHOCTS:

1. BBo1 MHOKECTBA 3JIEMEHTOB OMOIMOTEKH CTAHIAPTHBIX A4eek A [Aj, Ay, ..., Ayl
2. BBo MHOKECTBA JUTUTEILHOCTEH (POHTOB BXOIHBIX CHTHANOB S [Sy, S,, ..., S,].
3. BBoJ MHOXECTBA BBIXOJHBIX €MKOCTHBIX Ipy30B L [Ly, L,, ..., L].

4. Beox MHOKeCTBa K03 dunmentos 3anoadenus D [Dy, D,, ..., Dj].

5. Beibop nmeifcTBHUSI CO CTOPOHBI MPOCKTUPOBIIMKA (XapaKkTepu3alys OHOINOTEKH C
YYETOM SIBJICHHI CTapeHus MpHU pPas3HBIX BO3ACHUCTBUSIX (a30BOr0 cCIOBUTA - JUIS
HAKMXy/IIeTr0/HAUTYYIIero/CPEeIHEr0 CIIyHasi IIH XapaKTepHu3alys CHHXPOHU3AaTOPa).

6. Peanmzamust omHOTO (MM HECKOJNIBKHX) W3 CIEIYIONIMX STAallOB HA OCHOBAHUH
BBEIOpPaHHOTO BapHaHTa:

- I3MEPEHHUE 3aIepKeK B OMOIMOTEKAX, YUUTHIBAIOIIMX SBJICHUS CTApPCHHS B
cllydae MaKCHMaJIbHOTO BO3JICHCTRUS,
- IBMEPCHUEC 3aJCPIKEK B 6H6HI/IOTCK3.X, y‘-lI/ITbIBa}OLLLI/IX ABJICHHUA CTapC€HUA B

C.]'ly'-lae MUHUMAJIBHOT'O BO3}161>’ICTBI/I$[;

- U3MepeHHe 3a/iep)KeK B OMOIMOTEKaX, yYWTHIBAIOIINX SIBICHUS CTAPEHUS B

Cilydae CpeHero BO3AeHCTBYS;

-mmepearne  HHO s

CHHXPOHH3ATOpA.

7. Bo3BpaT k MyHKTY 5 M IOBTOPEHHE LIAroB WM 3aBeplieHre (yHKIMOHUPOBAHHUS
MEeTOa.

O000ImEeHHBbIi MeTOA NPH MAKCHMAJLHOM Bo3JeiicTBuU. [l wu3MepeHus
3amepxeK, CHOPMHUPOBAHHBIX B PE3yJIbTaTe MAKCHMAaJbHOTO BO3JICHUCTBHUS (ha30BBIX

9
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CABUTOB MEXIy BXONHBIMH CHTHAJIAMH S9€CK IIPH CTapeHHH, IPOBENeHO Ooiee
JIeTaJIbHOE PacCMOTPEHHE STOTO BO3EHCTBHS. B pesynbrare HccieqoBaHUH PeI0KeHb
LIeCTh MO3UIMi (ha30BBIX CABHIOB, IPH KOTOPbIX Bo3aeictBus sBnennit HTC nu UTH
CTapeHHUs Ha 33IeP’KKHU TYEeK MOTYT OBITh MAaKCHMAJIBHBIMU (pHC. 3).

S0 e N e ey N e s B

i — - - 4+ -
b 1 1 1 b 1 3 1 b 15 1 |
_|_.?\,i LJ_I_ LJ_i_.gL L_I_ |_

o Sl st ran SN i s

Puc. 3. Hozuyuu muodxcecmea (hazosuix cO8U208 05t 6bIAGNEHUS MAKCUMANLHO20
6030eticmaus

JInst moTydeHus! O3, TIPUBEICHHBIX Ha pHC. 3, JUIs ()a30BBIX CIBHIOB IOIyYEHO
CIIEYIOIIee MHOKECTBO:

C=["-8",%6", “Tydyz; - 8”7, “Tydiz1 + 67, “Ty— Tydizz - 87, “Tyy = Tyrdiezr + 871, (5)
rae T, — nepuon curnana; dys; — K03((OUIUESHT 3aoJHEHNs CUTHANA, 110 OTHOIICHUIO K
KOTOPOMY TpOM3BOANTCS CHBHUT; dyg3; — KOIPOUIMEHT 3allOJIHEHHS CIIBUTaeMOTro
CHTHama; 0 — CHBHUT MEXAy curHajgamu (Oepercs paBHBIM JUIMTENBHOCTH (poHTa
BXOJIHOTO CHTHAJa).

J1s OLICHKH HOTPELIHOCTH H3MEPEHHH, TPOM3BOAUMBIX IIPEIOKEHHBIM METOJIOM,
00YCIIOBJICHHOI BHYTPCHHHMH 3aJepXKKaMH S4€eK, IPOBEACHBI HCCICNOBAHUS, B
KOTOPBIX 3aJICP)KKM H3MEPEHbI NMPU 3HAYCHHSAX CIBHra J B HPOMEXYTKE +X, TAE X
XapaKTepu3yeT BHYTPCHHUE 3aJICP)KKM sYCHKM. Pe3ynbTaThl NMPUBEACHBI UL SYCHKU
"Uckmovaromeit-UJIN", s dyero paccumTaHo cpefHee KBaJpaTHUYECKOe OTKIJIOHEHHE
(CKO) mpu 100 m3mepenusx B mpomexyTke +5 nc. B pesynprare CKO nomyudunnocs
o=14.7 ¢c.

IMoka3zaHo, 4YTO KOJIMYECTBO HEOOXOAWUMBIX CHUMYJUSIIMH  JUIL  BBISBICHHS
MaKCHMAaJBHOTO BIMSHHUS CTApCHHs, BBI3BAHHOTO BCIIEACTBHE (a30BOrO CHIBHra Ha
3aJep)KKax SAUeiiKki, He MOXKeT ObITh ompeneneHo BeipaxkeHneMm (1). C momomnipro
MaTeMaTH4ecKOl MHIYKIHM [0Ka3aHO, YTO U SYCHKH C 7 BXOJAMH KOJHYECTBO
HEOOXOUMBIX CUMYIIALIUH ITPU MHOXKECTBE, IPHBEICHHOM B (5), paBHO

p,=| [6i=6"-c1). ©)
i=1

Ha ocHoBe MeToza BBISIBICHUS] MAaKCHMAJIBHOTO BO3ACIHCTBHS, pa3paboTaH alropuTM
aBTOMATH3UPOBAHHOTO CpEJCTBA JUI pealNHW3aly IepBOro MyHKTa 6-To miara
0000IIEHHOTO METO/1a TPOBEAEHNST H3MEPEHHUH.

[MocnenoBaTebHOCTS MIATOB AITOPUTMA NPH M3MEPEHHH 3ajepKek B OmbnmoTekax,
YUYHUTHIBAIONINX SBJICHUS CTAPEHHUS, B CIIydae MAKCHMAIFHOTO BO3JICHCTBYS:

1. BBIZIENICHNE JIOTHIECKHUX JJIEMEHTOB BO MHOXECTBE F;

2. pekypcuBHOe  ompezeneHue  (a3oBOro  CABMIa  BXOJHBIX ~ CHTHAJIOB
COOTBETCTBEHHO  KOJMYECTBY BXOJOB BBIACIEHHBIX 3JEMEHTOB C  YYE€TOM
OpUBEEHHOr0 B (5) MHOXECTBa W perucrpauus B pa3HbIX MHOxecTBax C B
3aBUCHMOCTH OT KOJINYECTBA BXOJIOB;

3. BBIOOp CTaHAAPTHOMU STYCHKH U3 MHOXecTBa F;
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4. co3nanue HSPICE onucasuii, c(hOPMHUPOBAHHBIX 9JIEMEHTaMH

COOTBETCTBYIOILEr0 MHOXKeCTBa C;

5. ocymectBnenne HSPICE cumymsuuii;
6. aHanM3 Pe3yNbTaTOB M BBIIBICHHE 3JIEMEHTOB MaKCUMAaIbHOTO BO3AEHCTBHSA

mHoxkecTBa C;

7. cosnpanne HSPICE omnwcanmii, A BBIIBICHHBIX MO3HIMH MaKCHMAaJIbHBIX

BO3JICHCTBHUI1, C KOMOMHAIMSMHY >JIEMEHTOB BBEICHHBIX MHOXeCTB S, L 11 D;

8.BO3BpaT K IyHKTY 3 W IOBTOPEHHE IIAaroB JO 3aBEPHICHHS DIIEMEHTOB

MHOXecTBa F

9. ocymecrBinenue cumyisauii HSPICE;
10. co3nanne OUOIMOTEKN TPH MAKCHMAIbHOM BO3JICHCTBHUH.

OGo0meHHbI MeTOA NpPH MHHHMAaJAbHOM Bo3jeiictBuuM. 11 u3MepeHHs
3amepxeK, CHOPMHUPOBAHHBIX B pe3yiabTaTe MHUHHMMAJIBHOTO BO3AEHCTBUS (Da30OBBIX
CABUTOB MEXIy BXOAHBIMU CHT'HAJIAMU ST9€EK NPH CTApPEHUH, IPOBEAEHBI HCCICIOBaHNS,
0 pe3yibTaTaM KOTOPBIX MPEIT0KEHBI TPU MO3ULHUH, B KOTOPBIX BO3AEHCTBUE CTAPEHHS
MOJET OBITh MUHUMAJIBHBIM (pHC. 4).

2| L] 2] L] 2 L
b | [ b | Y |

Puc. 4. Ilozuyus mHodcecmea MUHUMATLHO20 8030elicmEust (haz08020 cosuza

Jnst mosydeHus IIO3WLMH, HPUBEICHHBIX Ha pUC. 4, TONY4YEeHO CIeaylollee

MHOKECTBO (pa30BBIX CABUIOB:
C=10, “Tydgs”, “Ty - Ty dies2 ] Q)

COOTBETCTBEHHO  HPEIBIAYHNIEro  METOJa, UL  BBUIBICHUS  MHHHMAJILHOTO
BO3IEHCTBUS Tarke IpoBelneHbl uccienoBaHus i pacdera CKO, o0ycioBieHHOTO
BHYTpEeHHHMH 3anepkkamu sgeek. [Ipm 100 m3mepeHmsx B mpomexytke +5 mc CKO
MONYYHIIOCh 6=72.2 ¢hc.

Jlis BBIABICHUS MO3WLMH MHHHMAJIbHOTO BO3ACHCTBUS CTApeHHs J/OKA3aHO, 4TO
KOJIMYECTBO HEOOXOIUMBIX CUMYJISILIUNA PaBHO

n-1
. n-1
P¢=1_[31=3 (n-1)!. ®)
i=1

Ha ocHoBe MeTOna BBISBIICHHS MUHHMAIBHOTO BO3ICHUCTBHS pa3paboTaH alrOpPHTM
aBTOMATH3UPOBAHHOTO CPEJCTBA Ul pealu3allud BTOPOro IyHKTa 6-ro mara
0000I1IeHHOTO MeTO/1a MpoBeneHHs u3Mepenuit. [llaru coBmagaroT ¢ maraMu ajaropurMa
JUIS cTydasi MaKCUMaJIbHOTO BO3ACUCTBUS. B JaHHOM ciydae B MyHKTe 2 HUCHOJBb3YETCs
MHOXX€CTBO (7), a B IIyHKTE 6 BBIABIAIOTCS 3JIEMEHTHl MUHUMAJIBHOTO BIMSHUSL.

O000meHHBIH MeTOA NPH cpelHeM Bo3aeicTBUU. [IpoBeneHb! HccaenoBaHus s
W3MEpEeHHsI CPeIHUX 3HAYCHUH 3ajiepiKeK, BO3HUKAIOUIMX BCIEICTBUEC CTAPCHUS SUEEK,
MpH HaJTH4YHH (a30BHIX CIABHIOB MEXAY BXOIHBIMH CHUTHaNaMH. Tak Kak BEpOSATHOCTH
BO3HHKHOBEHHUS ()a30BBIX CABHI'OB MEXIY BXOJAMH SYEEK BO BCEX CIydasX CUMTACTCS
OJIMHAKOBOM, [UTS BBIABJICHHUS CPEIHETO BO3ACHCTBHS HEOOXOAMMO PacCMOTPETh (ha30BbIe
CHABUIM IIpU paBHBIX miarax. CremoBaTenbHO, 3a7ada CBOXUTCA K BBIOOPY MHOXKECTBA
¢azoBbix capuros C:

T, T, T,
c=lo. —,24—,...,(m-1>-—] , ©)
m m m
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rzie m — KOJIWYECTBO TOUYEK AUCKpeTH3anuu ¢azoBoro capura. OUeBUIHO, YTO TOYHOCTH
pe3yJIbTaTOB 3aBUCHT OT KOJIMYECTBA 3JIEMEHTOB MHOXecTBa C, OT KOTOPOTO 3aBUCST
TaKXKe KOJMYECTBO CHUMYJSIMKA (PacCUMTBHIBAeTCS € MOMOIIBIO BbIpaxkeHus (1)) u
JUTTENBHOCTh  XapakTepusanuu. CrenoBaTenbHO, ONPEAENCHHUE Cilydas CpEIHEero
Bo3JeiicTBUS (PAa30BOTO CIBMIra Ha HapaMeTphbl SUYCHKH BBIIONHIETCS MWHTEPAKTHBHBIM
€roco0oM (771 BBOAUTCS MTPOSKTUPOBILIUKOM).

Jnst  OIEHKW TOTPelIHOCTH HW3MEpPEeHHH TpH  CpelIHeM  BO3ACcTBHH B
JIMCCEePTAallMOHHOW paboTe HCCIIeoBaHO paclpeneneHne 3aaepikek "Mckmodaromeii-
WJIN" npu pasHbIX (a3oBEIX CIBHTrax, W IOKa3aHO, YTO YCPETHEHHBIH pe3yibTaT HpH
U3MEpPEeHUs X B 4YeThIpeX TodYkax (ha30BOTO CIBHTA, paA3NUYaeTcs OT YCPEIHEHHOTO
pe3yibTaTa, MOJyYeHHOro NPH U3MEPEHUIX B cTa Toukax B 0.26c (rae o sBmsercs CKO
M3MEpEeHHH B cTa TOYKax (pa3oBOrO CIBHUIaA).

Ha ocHOBe Merona BBIBIEHHS CPEJHETO BO3JICHCTBUS pa3paboTaH alrOpPUTM
aBTOMATH3UPOBAaHHOTO CPEACTBAa JUIi pealM3aldd TPEeThero IyHKTa 6-ro mmara
000011IeHHOTO METO1a TPOBEACHUS U3MEPEHHH.

[ocnenoBarenbHOCTS  IIAroB IPW  HM3MEPEHUH  3aJepkeKk B OMONIMOTeKax,
YUHUTBIBAIOIINX SIBICHUS CTApPEHHUS B CIIydae CPeHEro BO3IeHCTBU:

1. BBOJI KOJIMUECTBA TOUEK JUCKPETH3anuy (ha30BOTO CABUTA;

2. onpenencaue MHOXecTBa C B COOTBETCTBUH C (9);

3. BBIJETICHHE JIOTHIECKHUX 3JIEMEHTOB BO MHOXeCTBE [}

3. BBIOOp CTaHAAPTHOHU STYCHKH U3 MHOXeCTBa F;

4. co3nanne HSPICE omucanmii KOMOWHAIMsAMH 3JIEMEHTOB BBEICHHBIX

MHOeCTB S, L 1 D u onpeneneHHoro MHoxecTBa C;

5.BO3BpaT K HYHKTy 4 W TIOBTOPEHHE IAroB IO 3aBEpIICHUS SJIEMEHTOB
MHOXecTBa F

6. ocymiectinenre HSPICE cumynsunii;

7.aHaNM3 pe3yNbTaTOB M CO3/laHHMEe OWOJMOTEKHM sl CiIydas CpeIHero

BO3JIEHCTBHUS.

O0o0mennsiii  Meron aas u3Mepenus HHO wu  npoektupoBanms
cuHXpoHu3aTopa. Ha ocHoBe mpemtoxenHoro mnoaxoma mns m3mepenuss HHO B
TpUITEepax OWONMOTEKH CTAaHAAPTHBIX SYEeK pa3pabdoTaH aJIropuT™M, C IOMOIIBIO
KOTOpPOTO HM3MEPSIOTCSI BPEMEHHBIE ITapaMeTphl, IPHBEICHHBIE B BBIpaXeHHU (2), U
paccuuteiBaetcs  KodpduimeHT kypo. I[locme dero  craHOBUTCS  BO3MOXKHBIM
MIPOEKTHPOBAHUE HaJIe)KHOTO CHHXPOHH3aTOpa. Pazpaboran ANTOPUTM
aBTOMAaTH3UPOBAaHHOTO CpEJCTBA Ul pealM3allid 4YeTBEpPTOro IyHKTa O6-ro miara
00001IeHHOTO METO/1a TIPOBEACHUS N3MEPEHHH.

[locnenoBarensHOCT, mmaroB mpu w3MepeHmn HHO pmns  tpurrepoB u
MIPOEKTHPOBAHNH HAAEKHOTO CHHXPOHH3ATOpa:

1. BBOA 9acTOTHI CHHXPOCHTHANA A1 u3MepeHus koddpunuenta HHO;
. BBIICJICHUEC TPUTTCPOB U3 OUOIHOTEKH CTaHJAAPTHBIX AYCCK BO MHOXECTBO T,
. BBIOOp Tpurrepa u3 MHoxectsa 7'
. I3MepeHne BpeMeHHbIX mapamerpos TS, T, T,”, T, 1y, 1, 1 Tcp;
. pacuer ko3 dunnenta kyyo ¢ IOMOMLIBIO BeIpakeHus (4);
.BO3BpPaT K IYHKTy 3 W IOBTOPEHHE INAroB A0 3aBEPIICHUS SJIEMEHTOB
MHoOKecTBa T

7. IPOSKTUPOBaHHE HAJEKHOIO CHHXPOHH3aTOpa Ha OCHOBE TPHITEpa,

MMEIOIIIEer0 HanboIbIlee 3HaueHHe K03 durmenta Kyyo.

AN N AW
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B Tpetneii riaBe Ha OCHOBE aJITOPUTMOB 00OOIIEHHOTO METOAA, IPUBEAEHHOTO BO
BTOPOi I1aBe, pa3paboTaHa aBTOMATH3MPOBAHHAS CHCTEMa 1 M3MEPEHHUsS C BBICOKOM
TouHOCThIO TapameTpoB CBUC, MapmpyT KOTOpOHW COCTOMT M3 HYETBHIPEX OCHOBHBIX
TIpoLEexyp:

- BBOJI M aHAJIN3 yXe CYLIECTBYIONEH OHOINOTEKN CTaHAAPTHBIX SUEEK WIH CO3JaHHe
HOBOH OMOJIMOTEKH;

- 00BSIBIIEHHE BXOIHBIX NTapaMeTPOB, HEOOXOIMMBIX JUIS IIPOBEIICHUS U3MEPEHHMI;

- TOYHOE H3MEpEHHE 3aJCpiKEK SUeeK B 3aBUCHUMOCTU OT CTapeHHs sueiku u
CO3JIaHHEe TOYHBIX OMOINOTEK;

- I3MEpeHNe IapaMeTpoB TPHUITEPOB KaK CHHXPOHH3ATOPOB M IPOEKTHPOBAHHE
HaJIe)KHOTO CHHXPOHH3aTOpA.
Pazpabortano mporpamMmmHoe obecrieyeHrne 0000IEHHOTO0 METO/Ia TOUHBIX H3MEPEHUH

napamerpoB CBUC, mns peamusanuu KOTOporo co3znaH MHCTpyMeHT AMR, nHambonee
BaKHBIC OKHA KOTOPOTO MPUBE/ICHBI Ha PHC. 5.

Aging-Aware Library (on am0dmsemtaso)

Lintary chaachimcaton dectory

I o

% Masimuum mpact Measrament

7 Wi iminct Messurement

 wesnge oot Memurement

waing s 10 =] Mumber o courses [ 1 El

fle Aging MTBF Help Nutier of ghase shet discratiaaton perts [7 »
Cell st Cell Description ¥ inpat sgoal Oty Cycle T~ Qutpuit Capaciue toad T input Signal Siope

by exele ¢
OR3X1 |
OR3X4 [ s || T e I R |
OR2X2 o 7
AND2X4 o8 5
NANDAX2 e
OR2X1
AND2XL
OR2X4
AND2X2
XNOR3X2
XNOR3X1
NAND3XA
AO21X1 -
NAND3X2 A Cancal
NAND3XL
NANDAXL 6
XNOR2X2 )
NAND2X4 =
ey MTBF-Aware Library (on am04msemt030)
NAND2X2
g Simulation Directory
QHAX2 fremote/am04home2/zaven/AMR_test/mtbf_env m
NANDZXL > I = = [ormce |

Synchronizer Clock Frequency [2000 MHz
a ) [V iMetastabiiity detector adding |
Number of recourses 1 =
oK | Cancel |
6

Puc. 5. Ocnosnvie oxna npoepammnoeo uncmpymenma AMR: a — anasnoe oxno
uncmpymenma AMR nocne 8600a bubnuomexu, 6 — 0KHO, NPeOYCMOMPEHHOe 015l 8bINOIHEHUS.
usMepenull npu yueme A6leHUA CMAPEHUS, 8 — OKHO, NPeOYCMOMPeHHOe 0I5l 6bINOJIHEH U USMEPEHUTl
npu yueme MemacmabunbHulX A61eHUl

Kpome Toro, mpuBeAeHBI TakXkKe JeTalbHbIC OMUCAHHUSA U OJOK-CXEMbI IPOTPaMMHBIX
peau3anuii, Co3JaHHBIX Ha OCHOBE pa3pabOTaHHOrO BO BTOPOIl riiaBe 00OOIIEHHOTO
MeTo/ia ¥ BHEIPEHHBIX B HEM anroputMoB. Ha puc. 6 u 7 mpuBeneHbl HEKOTOPbIE U3
HUMEIOIINXCS B TUCCEPTAIIMOHHOM paboTe OJIOK-CXEM.

C nomomplo  pa3pabOTaHHOW  aBTOMAaTU3UPOBAaHHOW  CHUCTEMBI  MPOBEACHBI
HCCII€A0BaHUA METOM0B, NPEIAJIOKEHHBIX BO BTOpOI>’I rjiaBe. HeKOTOpble nu3 pe3yanaTOB
Opu  ydere sBJIEHMH CTapeHus npuBeneHsl Ha puc. 8. IlpoBeneHsl cpaBHeHMA
MaKCHUMAaJbHOTO M MHHHMAIbHOTO BO3ZACHCTBHI (a3oBOro capura, IMOJY4EHHOTO
MPOrpaMMHBIM HUHCTpyMeHTOM AMR, ¢ pesyibTaTamu NpuH MTHOPUPOBaHHH (Da30BOTO
C/IBHTa, a TAKKe cpaBHEHHs 3(GPEKTHBHOCTH aIrOPHUTMOB IPOTPAMMHOIO HHCTPYMEHTA
AMR ¢ MakCHMalbHBIMH W MHHHMAIbHBIMH BO3JCHCTBHSMH, BBISBICHHBIMH IpH
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paccMoTpeHHH (a30BBIX COBHIOB C IpOCTeHmmMMHK Imaramu. Kpome Toro, mpuBeneHb
BpeMeHa, HeOOXOAUMBIe U M3MEPeHNsT MaKCHUMaJIbHONH M MUHHMAaJBHON 3aJiepiKeK Kak
MPOrpaMMHBIM HHCTpyMeHTOM AMR, Tak W mOpocTeWIIMMH IIaraM, HpPH PasHBIX
KOJINYECTBAX BXOJO0B TOH XKe AUCHKH.

CpaBHEHHS W3MEPEHHUH, MPOBEICHHBIX NPOTPaMMHBIM HHCTpyMeHTOM AMR,
paboTaloIuM Ha OCHOBE pa3pabOTaHHOM aBTOMATU3HPOBAHHON  CHCTEMBI, C
HU3MEPEHUAMH, [IPOBEICHHBIMU Ha OCHOBE U3BECTHBIX IOAXOA0B XapaKTepHU3allUu sSueeK
(xorma (a3oBBIN CIBUT UTHOPHPYETCS), MPUBEIEHB! s OMONMMOTEKH, copepikamei 72
sgeiiki. B Tabm. 3 mpuBeneHBl pe3yibTaThl CPaBHEHWH C TOYHBIMH HM3MEPCHUSIMU
(dazoBsie caBury, paccMorpennsie 100 maros).

‘ BhIEICHHE TOTHYECKHX ‘
3IIeMEHTOB
| BriGop
TOTHYECKHX
< PaccMOTpeHHe KONHYECTBA BXOZ0B 3TEMEHTOB
JIOTHYECKHX 371eMEHTOB 2...1
BhIGOp COOTBETCTBYEOLIETO
¥ MHOKkecTBa C B
P —— \ 3aBHCHMOCTH OT I
> KOJTHYECTBA BXOIOB

IIECTH MO3HIHEH Pacnpenenenne

| o nonyuenssx HSPICE
1~ Onpepenerme (asoBorocasura mapsr 1 BeiGop sneneToB ONHCAHHI MeKIY
| TIpeae] P H MHOzkecTBa C
i BXOTHBIX CHTHATOBIUIA \ pecypeaMH I
i '

| _COOTBETCTByOMell BHIOPAHHON O3HIHH_ | PeaNH3aIHA CHMY/IALHIT

Cosnanne HSPICE

ONHCAHMH H CHMYILAIHH TI3MepeHHA Pe3yIbTaToB

T H cO37JaHHe OHOMHOTEKH

AHaTH3 Pe3yIbTaToOB H
BEIAB/ICHHE [O3HITHI

MAKCHMAIBHOTO BIHAHHS
MHOKECTBA

BEIGOD 311eMEHTOB

MHOKeeTB S, L u D

Cosnanne HSPICE
OIHCAHHH B BBIABICHHBIX
TIO3HITHAX

OsKHuTaHHe
TIOCTIEAHETO
CHIrHaIa

Perncrpanmt
HO3HIHIT CHTHATOB
BO MHOKecTBE C

|

BriGop
CHIHANOB 0T 0
10 TEKYINETO

Omnpeenerre (a30BOro ¢ABHIa Napbl BXOTHBIX
CHTHATOBIIA COOTBETCTBYIOMEH BH6POHHO H TO3HITHH

Puc. 6. brok-cxema peaiuzayuu aieopumma usmepeHuss MaKkCumailbHoco 8030eticmeust
s61eHUll cmapenust
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BBOA KOMHHLCTRA TOHEK / BBOJI YACTOTEI CHEXPOCHTHATA /
JIHCKPETH3aIHH (a30BOro c/IBAra
Bhizienenne TPHITEPOR

BriGop TpHITepa

Coanne HSPICE ommcannit ang

Onpejenenne MHEOKecTBa C

In 5, Tn 1. Tn
[0' w2 ey

BRUIE/IEHHE TOTHUECKHX & 1IMepernii BpEMeHHEEX TapAMETPOR B
IMeMeHTOR Pacnipenenenie noayueHHEX oo CHHXPOHH3ATOPA
HSPICE omnca s
HSPICE cHMynammi

BHenpeHHe CXeMEL,
ofnapyxnsalomedt
MeTacTafiIsHOCTh

n BPEMEHHRIX

— Tamepenne 1 T
BriGop a7eMeHTOR MHOKECTB /CpeINente PeIyILTATOR
S.L.puc Yeped PEVILTE Pacuer v
(Te=2T}E Te=2Ty 2Ty
,,.cl e =)
Ko STes
B BLLTETHIIE MAKCHMATHHOTO K
|
a) 7

Puc. 7. Bnok-cxemvl peanuzayuu ancopummos: a — usmepeHus cpeoHezo 6030elicmeus
aenenull cmaperust; 6 — usmepenus HHO u npoekmuposanus cuHxponusamopa

Tabn. 3
Oyenka 3¢pgpexmusnocmu uncmpymenma AMR ¢ yuemom aenenuli cmaperust
MaxkcumanbHoe MunnmansHOE Cpennee
CriocoOb1 U3MepeHus o - °
BO3ICUCTBUEC BO3CUCTBUC BO3CUCTBUC
Tonxoxabt Makcumasnbmas
AXOAET, 97,2 54,9 67,9
HUTHOpUpYIOLINE HOTPEeIIHOCTE, %
(ha30BBIi CBHUT JlnuTenbHOCTB, Yac 11,6
MakcumasnbHas
0,8 0,8 3,6
AMR TIOTPEIIHOCTb, %
JInuTensHOCTD, Yac 16,4 12,3 93
JUINTENBEHOCTh TOUHBIX M3MEPEHU, uac 443

IMpuBenennble B TaOnuie 3HAa4YeHHsS BPEMEHHBIX MapaMETPOB COOTBETCTBYIOT
BPEMEHH BBITIOIHEHHS M3MEPEHUH C OJHUM PEeCypcoM. YUHTHIBas, 4TO pa3paboTaHHas
aBTOMAaTH3WpOBaHHAs cucTeMa ocHoBaHa Ha cuMmyisimusix HSPICE, kotopeie mMoxHO
pa3enuTh MeXIy pa3sHbBIMH pecypcamu, AMR zmaeT BO3MOXXHOCTh IPOEKTHPOBIIUKY
KOHTPOJIMPOBaTh KOJHUYECTBO PECYpPCOB. YUHThIBas CKa3aHHOE, OOJbLIME 3HAYCHHS
BPEMEHH BBINONHAEMBIX H3MEPEHMII COKPAIIAIOTCs, UCIONB3ys Ooliee OJHOTO pecypca
(mpu ucnonp3oBannK 100 pecypcoB n3MepeHus1, MPOBOJNMEIE HHCTpYMeHTOM AMR st
CITy9asi CPEHETO BO3JECHCTBHUS MOKHO BBITOJTHATH MEHEE UeM 3a OJJHH vac).

IMocpenctBom AMR mnpoBeneHEI U3MepeHHs, HEOOXOIMMBIC UIS XapaKTepH3alluu
HHO 0606menHoro merona. Takke Mpou3BeieH BEIOOP CHHXPOHU3ATOPA, BHIIIOIHEHHBIN
OporpamMmoil, M  NpeACTaBIE€HBl  pe3ylbTaTbl  IPOEKTUPOBAHUS  (BBLIBICHHE
METacTabUIIBHOTO COCTOSHHS 3a CUET yBEIMYEHHUS 3aHMMaeMoW Iutomany Ha 65%), s
HPOBEPKU PabOThl KOTOPOTO B HEM OBLIO CMOJEIMPOBAHO METaCTaOMIBHOE COCTOSHHE.
[MpuBeneHs! pe3yabTaTel MOJETUPOBAHMS, O KOTOPHIM BHIHO, YTO CHPOSKTHPOBAHHAS
cXeMa MOBTOpSET IIOBEAEHHE, NpHUBEJCHHOe Ha puc. 2. J[Id OXHOTO W3 TPHUITEPOB
OMONMMOTEKN CTAaHJAPTHBIX SUCEK IIOCPEACTBOM pPYUYHBIX CHUMYJSIOUA IPOBEICHO
n3MepeHne xapakrepusyromux mapamerpos HHO, n nmomrydeHHbIe pe3ynbTaThl CPaBHEHEI
¢ pesynpTaTaMu u3MepeHHi, nposeieHHbIX AMR s Toro sxe tpurrepa (tadm. 4).
[Toka3aHo, uTO MakcHMajbHass MOTPENIHOCTh pPe3yJabTaToB, NomydeHHBIX AMR,
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coctaBisieT 1,9%. JTUTeNbHOCTD BBITOJIHEHNS H3MEPEHNUH, IPOBOJUMBIX HHCTPYMEHTOM
AMR, B 7 pa3 MeHbIlIe BpeMEHU U3MEPEHHA, IPOBOJAUMBIX BPYyUYHYIO.

JmutenbHocTh n3Mepenus kodhouimenra HHO nmeeT nuHelHY0 3aBUCHMOCTD OT
KOJIMYECTBAa NPHUCYTCTBYIOUIMX B OUOIMOTEKE TPUITEPOB. 3aBUCHMOCTh H3MEPEHUS
ko3¢ ¢puurenra HHO u BpeMeHH MPOSKTUPOBaHUSI CHHXPOHHU3aTOpa ¢ momoiibio AMR
OT KOJIMYECTBA IIPUCYTCTBYIOIIUX B OMOIMOTEKE TPUITEPOB NPUBECHA Ha pHC. 9.

MakcHmaibiioe BAHsHNE MakcumanbHoe BIHANHE
~*-Hruopuposanue casnros & AMR Tounsie uzmepenns -+ AMR -6 mar. 2620 mar.
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o 16 ‘A"‘kak_‘ o 16 ”," T
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~ s ye 5 ~ 15
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™M 12 8 125
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~

& PN D ar
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Koy puument 3anonxennn Kospdpuumenr 3anonnenns
MunHMaILHoE BAHSATHE MuHunMansHoe BIANAHHE
-s-Hruopupopanne caipnrop & AMR “%Tounble wimepenus ¥ - AMR-=-10 war. 44 war.
8 8.5
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KosinuecTBo BXo10B A4eiiKu KouuecTBO BXO/IOB SIUEHKH

Puc. 8. Hccneoosanue pesynomamos, nonyueHnvix npoepammusim uncmpymenmom AMR
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Puc. 9. Bpemsa uzmepenus napamempog ¢ nomowyvio AMR npu memacmabunoHocmu
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Tabn. 4
Oyenka s3¢hpexmusnocmu uncmpymenma AMR ¢ yuemom senenutl memacmaouibHOCmu

Pyunbie W3mepenus, TorpemHocts
BpemenHbIe mapamMeTpsl u3Mepenust | nposojaumbeie AMR AMR, %

Bpems Vipaisiroast 3auesnka 14,7 14,7 0
YCTaHOBKH, TIC TMoaurHeHHas 3aleKa 7,81 7,81 0
Bpewms VYnpasisonias 3amenKa 3 3 0
YTBEPXKICHUS, TIC TMogurHeHHas 3alienKa 5.2 5.2 0

BpemenHas Vnpasisiomas 3auiesnka 6,87 7 1,9
KOHCTaHTa, I1C TMogurHeHHas 3alienKa 11,97 12,1 1,1
CHHXP.-BBIXOJL 3a1ePXKKa, IIC 87 87 0

OCHOBHBIE BBIBO/IbI 1O JUCCEPTALIMOHHOM PABOTE

1. ObocHOBaHa HEOOXOAMMOCTH Pa3pabOTKH  aBTOMAaTU3UPOBAHHOW  CHUCTEMBI
W3MEpEeHHsi C BBICOKOH TouHOCThIO mapamerpoB CBUC [1, 7, 8] um mpemnoxeHsl
TIPUHIMIIBL, YIOBJIETBOPSIONINE COBPEMEHHBIM TPeOOBaHUSIM, OCHOBaHHBIE Ha:

- paccMOTpeHnH ()a30BOTO CIBHTA MEXIY BXOAHBIMU CHTHAJAMHU SY€eK, IPH
onnoBpemenHoM Bo3zeiictBuu HTC u UT'H siBnenuit crapenus [3, 4];

- U3MEPEHMSIX 3HAYCHUH MPEeUIOKEHHOT0 KOo3()(HUIMEHTa, XapaKTepU3YIOIIEro
HHO, mnoka3pIBaromero BEpOSATHOCTE cOOEB, OOYCIOBICHHBIX BO3HHKHOBCHHEM
METaCTaOMIBHBIX COCTOSIHUN TPUTTEPOB OMOIMOTEK CTaHAAPTHBIX S4eeK [5].

2. Ha ocHOBe mpeioskeHHBIX METOAOB pa3paboTaH 000OIMIEHHBIH METO U3MEpPEHHS
¢ BbBICOKOH To4HOCTBIO mapamerpoB CBUC u co3maH anmropuT™ ero peaan3anum,
IIPUMEHEHHE KOTOPBIX B pe3ysibTaTe IPOBEICHUS TOYHBIX HW3MEpPEHHMH Ha JTare
MIPOCKTUPOBAHUS IPEIOCTABIIIET BO3MOXKHOCTh NTOBBICUTH HasexkHocTs CBUC [3-5].

3. PazpaboTanbl aBTOMAaTH3HPOBAHHBIE CPEACTBAa C LEJBIO IMPOBEIACHHUS TOYHBIX
n3Mepenuit napamerpos CBUC, npenycMoTpeHHbIe A

- BBISIBJICHUSI TIO3UIMH, COOTBETCTBYIOIMINX MAaKCHMaIbHOMY W MHHHMATbHOMY
BO3JIEHCTBUAM (ha30BOTO CABHTA MEXIY BXOAAMH SUCEK MPH CTAPEHHU C TOMOIIBIO
BBIMOTHEHUSI HM3MEPeHHI B MIECTH M TPEeX pa3HBIX MO3UIMAX CHBUTOB, W
XapakTepHu3alny OHOIHOTEK, COAEPIKANINX YHOMSIHYTHIE BO3/ICHCTBUS B BBISIBICHHBIX
no3uuusx [4];

- U3MEpEHMs] CPEIHUX BO3/AEHCTBHN (DA30BBIX CIBHUIOB MEXIY BXOJHBIMU
CHTHANaMH SIYSHKU NPH CTApeHUH U XapaKTepH3aluu OUOIMOTEK, COJepKalliX 3TH
BO3/EHCTBUS, OCHOBAHHBII Ha YCPEIHCHUU 3HaYeHUH n3MepeHuit [4];

- OLICHKU BEPOSITHOCTH COOEB, 00YCIOBICHHBIX METACTAOMIEHBIMU COCTOSHUSIMH,
MOCPEICTBOM KOTOPOTO BBIMONHSIOTCS M3MEPEHUs TPEIoKeHHOTo Kodddurmenta,
xapakrepmsytomero HHO  tpurrepoB OHONMOTEKM CTaHZAPTHBIX SUEEK U
MIPOEKTHPOBAHUST HAAEKHOTO CHHXPOHH3AaTOPa, Ha OCHOBE TPUITEPA, MMEIONIETO
MaKCUMaNbHYI0 BEIHIMHY Kod(durmenrta. [lms oOHapykeHHs MeTacTaOMIbHBIX
COCTOSIHUI B TPOCKTHPYEMOH cxeMe pa3paboraHna HoBas cxema [2, 5, 6].

4. Pa3zpaboTaHa aBTOMaTU3WPOBAaHHAsI CUCTEMA JUIsl BBITOJHEHHUS TOYHBIX U3MEPEHHIM
napamerpoB CBUC u co3man mnporpammublii  uHCTpyMeHT AMR Ha ocHoBe
pa3paboTaHHOr0 OOOOIIEHHOTO MeToJa W  airOpuTMa €ro peanu3aldd, YTo
MIPEOCTABISET BO3MOXHOCTh MPOEKTHPOBIINKY MHTEPAKTUBHBIM METOIOM BBINOIHATH
H3MEpEeHHs C BBICOKOH TOYHOCTBIO B OMOIMOTEKaxX CTaHIapTHBIX siaeek [3].

5. Ucneitan pa3pabOTaHHBIA MPOTpaMMHBI HHCTPYMEHT M MOKAa3aHO, 4YTO JUIS
££/125°C/1.1B TIHT cny4as sueitkn "HMckmodatomtmii-MJIN" mporpaMMHBIH HHCTPYMEHT
AMR yBenuuuBaeT TOYHOCTh M3MEPEHUH MPU MaKCHMMaIbHOM BO3ICHUCTBUM (Da30BBIX
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caBUroB Ha 97% 3a cueT BpeMeHHBIX 0Tepb 41%, pu MUHUMAIbHOM BO3JEHCTBUHU - HA
54% 3a cueT BpeMEHHBIX NOTepb 6% M NpH cpenHeM Bo3ielcTBUM Ha 57% 3a cuer
BPEMEHHBIX MOTEPh B 8 pa3, MO CPABHEHUIO C METOAAMHU, UTHOPHUPYIOIIUMHU (a30BbIe
CABUTH BXOJIHBIX CHIHaNOB stueek. [Ipu mpoBeneHHMH M3MepeHH pa3pabOTaHHBIMH B
IporpaMMHOM HHCTpyMeHTe AMR anroputmamu, MakCHMalbHbIE MOTPELUTHOCTH IO
OTHOIIEHHIO K TOYHBIM H3MEPEHMSM, IPOBEICHHBIM MPU PACCMOTPEHHH OOJNBIIOrO
KOJHMYeCcTBa TOYeK caBUro, cocrasisior 0.8%, 0.8% wu 3.6% nns usMmepeHus
MaKCHMaJIbHOTO, MHHIMAJIBHOTO M CPEAHET0 PEe3yNIbTaTOB, B TO BPeMs, KaK N3MEpeHHs
mpoBojsTes B 27, 36 u 4.7 pasa Obictpee [4].

6. UcnbiTan pa3paboTaHHBIN NTPOrpaMMHBIH HHCTPYMEHT JUIS OIMCaHUS OHOJIHOTEK,
COJIepKAIINX BIMSHHUE SIBICHUS METACTaOMIBHOCTM M TOKAa3aHO, YTO OHO COKpalaeT
BpeMsI TIPOBEJICHHS U3MepeHHil B 7 pa3 3a cueT morpemHocteil B 1.9% u mpoextupyer
CHHXPOHM3ATOp, OOHAPYXMUBAIOLIUH METacTaOMIIbHBIE COCTOSHHMS, 33 CUET yBEIHUCHUS
IJIonaau cxemsl Ha 65% [5].
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uveneughr

Qbtpdtsd hunbigpw| ufubdwubph (FUPU) twjuwgddwu U owhwgnpddwu
Yuplnpwgnyu hhduwhwpgtiphg £ npwugnd Yuwwwpynn 6ogphn swihnuwiubph
hpwlwuwgnip' ufubdwih wotuwwnniuwyniegniup guwhwwnbnt bW woluwwnwuph
pupwgpnd  Ywpgwynpnuwiubp  uwwnpbine hwdwp: - SUDU-ubph pwpép
wpwgwgnpénipiniup b gwdp Fubipquuwwnnuip gpuntignwd thnpp dwybipbup
wwydwuubipnwd wwwhnybint hwdwp  wwppbpwpwp  dwupnwpwynpynud Gu
Yhuwhwnnpnswiht  wbluuninghwubpp:  Uwugnwpwynpdwu — wpryntupnud
thnppwunw U upubdwubph punewaphs Wwpwdbwpbph wpdbpubpp, L Geb
swihdwu hwdwlwpgbph ufuwjwuph pwgwpdwy wpdtipp dunwd £ wuthnihnfu,
npw  wgnbgnigyniup dedwunwd £ U nwnund wupunnbih: Udbwund Gu
ufubdwubiph Ypw wgnnn wwpwghnwihu Gplnypubph wagnbgnieniuttpp, W
npwug dwupwynpyhn  nhwnwpynwdp  swihnwiubp  Ywwwpbihu  nunund |
wnwuwihtu fuunhp: YUhU-utiph Yhpwnnigjwu ninpunutiph Yuplnpnieniup
hwogh wnubny, swipnwiubp Ywuwwpbhu wuhpwdbon £ nhwnwpybp uwpph
hnwwhnpwt  Jpw  wgnnn  Gpunypubpp:  Spwughuwmnputph  hnupninnt
thnppwgnuwip unhynw £ twhuwgddwu thnynd pwpdp dounnipjudp swihb)
uwnph wwpwdbwnpbph thnihnfunieyniup tipwgdwu Gplinypubtiph wgnbgniejwu
ubppn: bul pwpdp pniuyghnuwnput wwywhnddwt  hwdwp  Yhpwnynn
pwquiwuhuppnwgnwuowtuwiht  hwugnygubpp  unhwynwd  Gu hwodh  wnub)
uwnppnd  wnwowgnn Udbnwlwjniunypjut  Gpunypubiph  wgnbignigyniutbpp:
Uwnbuwfununipyniup udhpqwd £t FUPU-ubph wwpwdbwpbph swihdwt wnlw
Gnwuwlyutiph hGunwgnndwup b ufubdwubiph  hnwwihnipwt  Jpw  wagnnn
Gpunypubph  dwupwypypwn nhunwpydwu  dhongny Gogphwn  swithnwiubph
wywnndwwnwgywd hwdwlwpgh dowldwup:

1. <hduwynpyb £ SUPU-ubph wwpwdbitnpbiph pwpép éonngejwdp swthdwu
wyunndwwnwgywd hwdwlwnpgh dowldwu wuhpwdbipninegniup bW wnwowpyyby
bU dwdwuwlwyhg wwhwugubpht pwjwpwpnn uljgpniupubp hhdudwé'

- pohoubinh dtipwgdwtu htuwlwiht sbpdwuwmhbwuwht wulwniunyejwu
U wuwp hgpwyph ubipwpldwu plnyputiph dhwdwdwuwljw wgnbgniyejwu
wwpwgwjnud  dnunpwiht - wgnwuwuubph  dholt  Gnwd  thnywhu
obinjwdnipniuttiph nhunwnpldwu ypw,

-unwunwpu  pohoubiph  gpwnwpwuutiph  wnphgbpubph  dGnwlwniu
ypbwyubpny  wwjdwuwynpywsd  wufuwthwtu  wofuwwmwuph  dhohu
dwdwuwwhwwndwdp (UUUD) punipwgpnn wnwownlyywsd gnpdwlgh
swithnuwiubiph Yypw:

2. Uwyyby bt SUPU-ubph wwpwdbnpbph pwpép Goniniejudp  swihdwu
punhwupwgywsd dJdbpnn’  wnwowpywsd btnwuwyubph hpdwu  Jpw, nph
ognwgnpdnwip  Uwjuwgdnnht  pny  Yuw  pwpdpwgulp  FUPU-h
hnwwihnye)niup, U unbindyb) £ npw hpwlwuwgdwt wignphpedp:
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3. Uowlyyt Gu FUPU-ubiph wwpwdbwpbiph pwpép ounnigyudp swhdwu
wyunndwunwgywsd dhongubip, uwfuwwnmbudwd'

- pohoutiph dnunpbiph dholt Gnwd hnywjhu otinwdnipyniuubiph ybg L
Gpbp wwppbp nhppbipnd  swihnwubp Yuuwpbine dhongny  dtpwgdwu
wnwybjugnytu L ujwquagnyu wgnbignigniiubpht hwdwwwwnwufuwunn
nhpptiph  hwjwnuwpbpdwu W wn nhppbipnud updwé  wagnbignipniuubpp
wwnniuwynn gpunuwpwuubpp punipwagpdwu hwdwnp,

-Stipwgdwu pupwgpnwd  pohoutiph  dnunpbiph dholt Gnwd  thniwjhtu
oinwonieniuubiph dhohtu wagnbignipjniuubpp swihbnt b wyn
wgnbgnyeyniuubipp wwpnwwlnn gpwnwpwuubph punypwgpdwu hwdwp'
hhdujwd swihdwu wpryntupubiph dhohtuwgdwu Ypw,

-unwunwpn  pohoubiph gpwnwpwuph  wphgbpubph UWUUG-u
punipwgnpnn wnwownpyywsd gnpdwlgh swihnwiubiph dhongny dbnwlwyniu
yhbwyubipny  wwydwuwdnpjwsd  fuwthwunwubph  hwjwuwywunieniup
quwhwuwnbiint b gnpdwlgh wnwybjwagnyu wpdbp niutignn wnphgtiph hhdwu
ypw hnwwih hwdwdwdwuwynn uubdwh twhuwgddwu hwdwp, npnu
dbnwlwjniu ypdwubiph hwjntuwpbpdwu hwdwp dwyyb) £ unp ufubdw:

4. Ugwyyty £ QUhU-ubph wwpwdbnpbph pwpédp Gonniejudp  swihdwu
wyunndwwnwgywsd hwdwywpg W unbnddb, £ AMR  Sdpwgpwihu  gnpdhpp'
punhwupwgywd dbpnnh b nphw hpwywiwgdwu wignphpdh hhdwu Ypw, npp
Uwfuwgdnnhu huwpwynpnieiniu £ wnwihu hunbipwynhy Gnuuwyny Yuwnwnb
pwndap doannipjwdp swihnwiubip unwunwnun pohotbinh gpwnwpwuubpnid:

5. Pnpéwpyyby £ dowlyws Spwgpwihtu gnpdhpp Stipwgdwtu Gpunypubiph
wanbignigyniup ubipwnnn gpwnwpwuttph punypwgpdwt hwdwp W gnyg L
wnpdb, np «Pwgwnnn WUU» pooh UU/125°C/A.1U ML nbiwph hwdwp wju
pwndpwgunwd £ swihnwubph  Gonneniup thnywght - gbnquwidnigynitubph
wnwybjugnyt wgnbgnyejwu ntwpnud 97%-nY’ 41% dwdwuwlwiht Ynpuwnh
hwoyhu, ujwquagnyu wgnbignipjwu nbwpnd 54%-ny’ 6% dwdwuwlwihu
Ynpuwh hwodhu b 57%-ny’ dhohtu wgnbgnipjwu nbwpnd niubuwiny 8 wuqwd
dwdwuwlwihtu Ynpnwwn  pohoubiph  dnunpwiht  wgnwuowuubph  thnywhtu
obinjwédnipniuubph wuwmbudwu  Gnwuwyubph hbn  hwdbdwwn:  <wwuwp
pwjpny Ywuwwpdws bogphin swihnwubph  uuwndwdp AMR - Spwgpujhu
gnpdhpnud ubipnpywé wignphpdutipny juwnwnpywd swihnuiubph wnwybjwgnyu
ufuwjwupubpp Ywqgdnud Gu 0.8%, 0.8% L 3.6% hwiwwwwmwufuwuwpwp
wnwybjwgnyu, ujuqugnyu W dhohu wpryniupubiph swihdwu hwdwp, dhusnbn
swithnwubipp Ywwnwpynud Gu 27, 36 U 4.7 wuqwd wybh wpwg:

6. Pnpdwnplybty b dowlqwd Spwgpwiht  gnpdhpp  dbnwlwyniunypjwu
Gpunyph wanbgnipniup ubpwnnn gpwnwpwuubph punypwgpiwu hwdwp W
gnyg £ wipdb, np wjt futwind £ swihndubph winnnugniup 7 wuqud' 1.9%
ufuwjwuph hwodht b twjuwgdnu b dbwnwlwiniu yhbwyubp hwjnuwpbipnn
hwdwdwdwuwynn ujubdwt' gpunbgpwd dwybpbiuh 65% wéh hwaypu:
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ZAVEN MAKAR AVETISYAN
DEVELOPMENT AND INVESTIGATION OF AN AUTOMATED SYSTEM FOR
MESAURENMENT OF PARAMETERS WITH HIGH ACCURACY FOR
CIRCUITS WITH VERY LARGE SCALE INTEGRATION

SUMMARY

One of the most important points of design and exploitation of integrated circuits (IC)
with very large scale integration (VLSI) is the implementation of accurate measurements.
The measurements are necessary to make verifications in VLSI circuits, which will help
to estimate the performance of the circuits. Modern requirements of VLSI circuits usage
make vital for technological factories to scale semiconductor technologies, which makes
possible to provide high performance and low power consumption for the same circuit
area.

As a result of semiconductor technology scaling the values of circuits’ parameters
decrease. If the absolute value of the measuring system’s error remains unchanged, its
impact on the measurement inaccuracy increases and becomes unacceptable. As a result
of technology scaling the impacts of the several parasitic effects on the ICs are being
increased, and detailed monitoring of those impacts during measurement process
becomes a high priority issue.

Taking into account the importance of VLSI circuits usage spheres, during
measurement process it is necessary to observe such parameters and effects that
characterize reliability of the circuit and have large impact on it. The decrease of the
transistors’ channel length makes it necessary to measure the degradation of the circuit
parameters, caused by the aging effects, with high accuracy in the design process.
Multi-clock domains, which are used to provide greater functionality, make it necessary
to consider impacts of metastability phenomena occurring in the circuit.

The dissertation is devoted to the investigation of existing methods and approaches of
measuring VLSI parameters and development of an automated system for accurate
measurements by precise monitoring of phenomena, which influence reliability of the
schemes.

1. The necessity of an automated system development of VLSI parameters
measurement with high accuracy is substantiated, and principles that meet modern
requirements are proposed, based on:

- the observation of phase shifts between input signals of cells in the case of
simultaneous influence of bias temperature instability and hot-carrier injection aging
mechanisms;

- the measurements of the proposed coefficient describing mean time between
failures (MTBF) of standard cell libraries’ flip-flops, which characterizes the
probability of metastable states.

2. A generalized method of high-accuracy measurement of VLSI parameters is
developed based on the proposed approaches, and its implementation algorithm is
created, the usage of which allows the designer to increase the reliability of the developed
ICs.

3. Automated techniques for measurements of VLSI parameters with high accuracy
are developed, intended to be used for:
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- revealing states corresponding to maximum and minimum impacts of input
signals’ phase shifts during aging, by implementing measurements on six and three
different positions of shifts, and for characterization of libraries containing mentioned
impacts of aging phenomenon in the revealed positions;

- measurements of the average impact of cells’ input signals’ phase shift during
aging and for characterization of libraries taking into account those impacts, by
averaging the measurements results;

- estimation of failures probability caused by metastable states via measurements
of the proposed coefficient, which characterizes MTBF of sequential cells of standard
cell library, and for reliable synchronizer design based on the flip-flop having higher
value of the coefficient. The new circuit is developed for detection of metastable
states in the designed synchronizer.

4. An automated system and the AMR software tool are developed to measure VLSI
parameters with high accuracy, based on generalized method and its implementation
algorithm, which allows the designer to implement high-accuracy measurements in
standard cell libraries on interactive mode.

5. The developed software tool is verified and is shown that for XOR cell in
ff/125°C/1.1V PVT corner, compared to approaches that ignore the cells’ input signals’
phase shifts, in the case of maximum impact of phase shifts, AMR software tool increases
the accuracy of measurements by 97% with 41% loss in time. In the case of minimum
impact of phase shifts, the accuracy of measurement increases by 54% with 6% loss in
time. In the case of average impact of phase shifts, the accuracy of measurement
increases by 57% with 8 times loss in time. Over accurate measurements implemented by
equal-steps, maximum errors of measurements implemented by the developed algorithms
in AMR software tool are 0.8%, 0.8% and 3.6% for measuring maximum, minimum and
average results, while measurements are made 27, 36 and 4.7 times faster.

6. The developed software tool is verified by characterizing libraries that take into
account the impact of metastability phenomenon and it is shown that it economizes the
duration of measurements 7 times on account of 1.9% error and designs a synchronizer,
which detects metastable states and has a 65% increase in circuit’s occupied area.
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