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CTAHOBHIE
BBPXY AUCCPTAILOHCH TPYJ 3a HpH}IOﬁI/IBaHe Ha o0pa3oBaTenHa U HaydHa CTeiﬁeﬁ
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,»IOKTOp” W

ABTOp Ha AMCEPTANMOHHHSA TPYA: Mar. uix. Anekcanasp [lerkos Pajes
Tema Ha AucepTanHOHHHUS TPYA: M3cienBaHe ¥ pa3BUTHE Ha METOAU U ITOAXOIH 32 TPOEKTHUPAHE
Ha CMOS HHTETpATHA CXEMH, PEATM3UPAHH IO JBIO00KH CyOMUKPOHHH TEXHOIOTHH

UjreH HA HAYYHOTO KypH: 1pod. 1-p Anaromuii Tpudoros Anexcannpos — TY-I'aGposo

1. AkTyanHocT Ha pa3paoTBaHHs B JMCEPTALMOHHMS TPyl HpodieM B HAYYHO H
HAYYHO-NIPHJIOKHO OTHOIIECHME,

HamansBaHeTo Ha OBIDKAHATA Ha KaHajia Ha TPAH3UCTOPHTC € Hal-XapakKTepHara 4depra B
pasBuTHETO Ha chBpeMennure CMOS Texronoruu. TernneHnus € qudpoBuTe CXEMH J1a 33€Mar BCE
HO-TONSMA HacT OT IUIONITA HA HHTETPATHUTE cXeMU. Moxe Ja ce Kaxke, Y¢ ChbBPEMCHHUTE YHIIOBE
ca NPEeTMMHO CHCTEMH ChC CMECEHHM CHTHAIM, KOHTO C€ CBhCTOAT OT rojisMa LudpoBa 4acT U
aHanorosa nepudepus. C Ipyru LyMH, aHATOTOBUTE CXeMH Tp:AOBa na ObAaT peanu3upaHy B €1HA U
ChIIa MOMIOXKKA ¢ MU(PPOBOTO AApo U Aa ciexsar pasBuTHero Ha CMOS TeXHONOTHMHTE TaKMBa,
KakBuTO IM(bpoBUTE cXeMu T aukryBar. C mosBata Ha JbaGokuTe CcyOmukporHn CMOS
TEXHONOTHH (C MUHMMAJIHA JBJDKHHA Ha KaHaa nox 100 nm) IpoeKTaHTHTE Ha aHATOTOBH CXEMU CE
CONBCKBAT C MHOIO HOBM IIPEIM3BHKATEICTBA HA pPasIMYHH €Tand OT IPOCKTHPAHETO.
Ipoextupanero u npousBoactBoro Ha CMOS aHanoroBd HHTEIPATHH CXEMHM € CIOXKCH H
TPOIBIDKUTENIEH IPOIieC, KOUTO BKII0OYBAa MHOXKECTBO €Tally.

Temara Ha AUCEPTALMOHHHUSA TPYA ONPEAEIEHO € aKTyallHa M BasKHA U € CBbp3aHa C IPOy4BaHe,
U3CIIEBAHE, AHAIU3UPAHE U YCHBBPIICHCTBAHE HA OCHOBHUTE METOH ¥ IIOIXOH 33 IBPBOHAYATHO
NPOEKTHPAaHE W OpasMepsiBaHe (aHAIMTUYHO H3YMCIIABAHE) HA AHAIOTOBH HHTETPalHM CXEMH,
peanusupany Ha 6asara Ha XbI00KH CyOMUKpOHHH CMOS TeXHOJIOrHYHH IPOLIECH.

2. CTeneH HAa MO3HABaHEe CLCTOSIHMETO HA MpolJjeMa M TBOPYECKAa MHTEpPIpeTalus HA
JIMTEPATYPHHUS MaTePHAI.

JIucepTAMOHHUAT TPYA ChIAbPa 172 CTpaHMIH, KOMTO BKJIIOYBAT CIUCHK Ha urypure,
CIUCHK Ha TaONMIMTE, CIUCHK HA M3IOJ3BAHUTE O3HAYEHUA, 4 IJIaBM, NPUHOCH, HU3MOJ3BaHA
JUTEpaTypa U CIMCHK HA Mybnukanuure 1o mucepranuara. I{utupanu ca obwo 84 nurepaTypHH
M3TOYHMKA, KaTo 71 OT TAX ca Ha JIATHHHUIIA U 5 - Ha KUPWINIA, 8 OCTaHAJIUTE Ca MHTEPHET alpecH.
JIuTepaTypHNTe H3TOYHHMIM OT IMOCIEQHHUTE JeceT roguHu ca 29. Paborara BKIIOYBa o0mo 65
¢urypu u 29 tabnauuu. Homepara Ha Gurypurte u TabIHUIMTE B aBTOpedepaTa ChbOTBETCTBAT Ha TE3U
B AHCEPTALIMOHHUA TPY.

B npuiioxxeHue ca mpeJoCTaBeH! AOIBIHUTEIHHN IPMMEPH 33 aHAIIM3 U IPOEKTHUPaHe, KOUTO
IOTBBPKIAaBAT HAIIPABEHHUTE B AUCEPTALMOHHUSA TPYJ M3BOJM, KAKTO M M3IIOI3BaHUTE MOJCIH Ha
texnonoruy 45 nm, 180 nm u 16 nm. Ipunoxenuero ce ckcTou OT 30 CTpaHMIM U BKIIOYBA 8
¢burypu u 5 Tabmuny.

B rnasa 1 ca pasriiefaHy TeHACHIMUTE IPH IPOCKTUPAHETO HA aHAJIOTOBH HHTCTPATHU CXEMH.
IMoka3aHu ca €TAUTE Ha IPOEKTUPAHE Ha aHAJIOTOBUTE HHTErPaIHK cXeMU. POpMyIIHpaHH ca LeNTa
Y 3a/1aYdTe Ha JucepTanroHHus Tpy. [IpencraBeHa e OpraHu3alyaTa Ha UCEPTAIIMOHHUA TPy,

JlutepaTrypHuST 00G30p € HAcO4YeH KOHKPETHO KbM M3CIEJBaHAaTa TeMaTHKa W II0OKa3Ba
HCJIBYCMHMCIICHO, Ye Mar. HHK. AJleKCanabp PazieB mo3HaBa MHOTO I0Ope CHCTOSHUETO Ha mpoliema
B TEOPETUYHO M MPAKTHYECKO OTHOIIECHHE.

3. ChoTBeTCTBHE HA M30paHATA METOAMKA HA M3CJeBAaHE H NMOCTABEHATA LeJl U 32121
HA UCEPTANHOHHNS TPYA ¢ MOCTUTHATHTEe MPHHOCH.

B JUCEPTAlMOHHUA TPyA € HaIULE CBOTBETCTBHE MCXKAY [MOCTaBEHATa LEa W 3aJaurd H
TIOCTUTHATUTC PC3YJITATH.
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[maBa 2 OT MAUCEPTALMOHHMA TpPYH I[I0Ka3Ba KiIacHQUKAlMsI Ha MOJEIH
TPaH3MCTOPUTE M DA3TNeXkJa OCHOBHUTE YPABHCHHS HA KOMIIAKTHMTC MOJCIH ,.3 31
IIParoBOTO HATIPEXKEHUE M 0asMpaHU HA MHBEPCHUS 3aps/ U OBEPXHOCTHUS [IOTCHIHATT),
TIPOM3XO0KJAT ONPOCTEHHTE MOJENH, U3ION3BAHU NP AHATUTHIHU W3THCICHHA. TIpenese
ApeiHOBUAT TOK 4pe3 paBa i o0paTHa ChCTaBKa B KOMIIAKTHATE MOJIEIH, Oa3upaHd HA MHBEP
3apsa. OcobeHo BHMMaHHe € 0OBPHATO U Ha eEeKTHTe Ha KBCH KaHAN, KOUTO €a XapaKTCPHH 33
IBI6OKUTE CyOMUKPOHHH TEXHOIOTHH ¥ KOMTO OKa3BaT 3HAYHTEIHO BIMAHME BHPXY TOYHOCTTA Ha
[pUIAraHUTE MOJEIIH.

B riaBa 3 OT JUCEPTALMOHHMS TPYA Ca M3CIEIBaHH MOIMYJIAPHH METOZA 32 NPOCKTHPAHE Ha
apaiorosd CMOS uHTerpaanu cxemu. IIpecTaBeHO € NPUIOKEHHETO Ha aHATUTHYHHA MOACI,
GasupaH Ha TIParoBOTO HANpPEXEHHEe, C HErOBAUTE HEJOCTaTBIM TIPH H3IION3BAHCTO My B
CyOMUKPOHHH ¥ TbJIOOKH CyOMUKPOHHH TEXHOJNOTMH. PasrieaHy ca U HOBH ChbBPEMECHHH IOAXOAH
32 IPOEKTHpaHe: MOJEN 3a AHAIMTHYHM H3YHCIIeHHs, OasMpaH Ha MHBEPCHUA 3apsf, IpH
IIPOEKTHPAHE C KOMTO KaTO OCHOBEH NApaMEThp Ha TPAH3KMCTOPA CE U3MOJ3Ba HOPMATH3UPAHUAT
IPEHHOB TOK; T. Hap. gM/Ip METOJONOrHs, KOATO € rpadoaHaTUTHIEH MOJXO/ C M3NOI3BAHETO HA
e(eKTHBHOCTTA Ha CTPBMHOCTTA KaTO OCHOBEH IIApaMeThP NPU NPOEKTHPaHeTo. [IpUIokeHneTo Ha
TpHTE pa3riIeqaHy METO/A 3a IPOEKTHPAHE Ha aHAJIOTOBY MHTErPATHA CXEMU € IEMOHCTPHPAHO pe3
TIPOEKTUPAHE Ha yCHIBATEIHO CTHIIAI0 001 copc. I3BBPINCH € CPABHUTEIICH aHAIN3 Ha HOITYHCHUTE
PE3yJITATUTE ¥ Ca HAIIPABEHHU MPEMOPHKYU KbM [IPOCKTAHTHTE.

B rmaBa 4 oT JUCEPTAI[MOHHMA TPYA € M3BBPIIEH 0030p Ha IOAXOJUTE 33 ONpEACIIHEe Ha
TPaH3UCTOPHUTE IIAPAMETPH, KATO 33 HAKOM OT TAX Ca IPCACTAaBEHM IOBEYE OT eAUH METOA 32
H3BIMYAHETO MM. 3a BCEKH OT [PEICTaBeHNTEe METO/IM 3a POEKTUPAHE MM METO/H 32 U3BIHIaHE Ha
IapaMeTpH Ca M3ThKHATH NPEAMMCTBA, HEJOCTATBIM, OTPAaHHYCHHA M BB3MOXHHU IPHUIIOKCHUA.
Onpezienenn ca HampexeHneTo Ha bpmu, crenuduaHuAT TOK, PakTOpbT HA HAKIOHA, IPATOBOTO
HANpPEXCHUE, TPAH3UTHATA YECTOTA, e(PEKTUBHOCTTA HA CTPBMHOCTTA M TEXHOJOTMYHHUAT TOK.
OnpeneneHy ca ¥ TeMIEPaTypHUTE KOE(HIMEHTH Ha IPAroBOTO HANPEXEHHE U ¢bakTopbT Ha
CTPBMHOCTTA, KaTo Ca H3MOJI3BAHM AHAJIUTHYCH W  CKCIICPUMCHTANICH IOIXOM U € HAlpaBeHO
CpaBHEHUE MEXIY TAX.

B T. 4.11 ca u36pOeHH M3MI0I3BaHUTE B UCEPTAIMOHHHUS TPy MOJCIU U TEXHUTE apaMeTPH:
mozen Ha NMOS tpamsucrop BSIM nuso 3, peanusupas Ha TexHosorus 1 pm; monenu na NMOS
PMOS Tpansucropu BSIM4 HuBo 54, peanusupaHu Ha TeXHOIorus 45 nm; MOJCIH HA NMOS u
PMOS tpansucropu BSIM3v3 muso 49, peanuzupanu Ha TexHonorus 180 nm; monemn na NMOS "
PMOS tpansucropr BSIM3v3 HuBo 54, peanusupany Ha TexHonorus 16 nm; nmapamerpu Ha NMOS
1 PMOS Tpansucropu, peamusupany Ha 110 nm X-FAB texnonorus XT011.

B mera riaBa ca M3BBPIIEHH AaHAIM3 ¥ IPOCKTHPAaHE HA aHANOroBH cxemu. Ypes
€/IHOBPEMEHHOTO M3MOJI3BAHE HAa TPUTE NPEACTaBEHH 110/X0/1a (Ipe3 Mojiel, 6asupaH Ha ParoBOTO
HAIPEKEHHe; Upe3 Mojie, 6asupaH Ha HHBEPCHHUSA 3apsj; Ype3 gm/Ip METONOIOrHS) € aHATU3HPAHO
TOKOBO OIJIEad0. AHAIM3MPAHO € M YaCTHYHO € Opa3MEPEeHO KacKaJHO TOKOBO Oriaeaano.
OTpesieNieHo € M3XOHOTO ChIipoTuBieHNe Rout, opasMepeH ¢ u Tpansucrop MS. Ilomyuenure
PE3yITAaTH ca aHATM3UPAHU U CPABHEHHU.

ITo TpuTe moaxo/a ca MPOESKTHPAHH U aHANM3UPAHU: AU(EePEHIMAICH YCHIBATE); M3TOIHHK HA
ToK Ha Gasara Ha GeTa-yMHOMKHTEN; M3TOYHMK HA HalpexeHue, M3rpajeH Ha Gasara na MOS
TPaH3MCTOPH B c1aba HHBEPCHS; OICPALIOHHH YCHJIBATE/IM HA MPOBOAUMOCT C TOKOBM OrjIe/aja u
cxema Ha Munep Ha TexHosoruu 180 nm, 16 nm, 110 nm.

4. Hay4ynu, HAYYHO-IPUIOKHH ¥ NPHIOKHH NPHHOCH HA JMCEPTANMOHHHA TPYA

[IpuHOCHTE B AWCEPTALMOHHHUA TPYJ MMAT HayYHO-NPHIOKCH XapaKTep W Ca CBBP3aHH C
IpOy4YBaHe, U3CIeBaHe, aHATU3HPAHE M YChBBPIIEHCTBAHE HA OCHOBHUTE METOMH U IOAXOIH 33
I'PBOHAYAIHO [IPOEKTHUPaHE M Opa3MepsBaHE HA aHAJIOTOBH WHTETPAHM CXEMH, PEAlH3HPAHU HA
6asaTa Ha OBI00KM cyoMukpoHHH CMOS TE€XHOJIOTHYHH IIPOLEecH. Te ce OTHACAT KbM JI0Ka3BaHe C
HOBH CPEJICTRA HA CHICCTBCHH HOBH CTPAaHM B CHIICCTBYBAIM HAYYHH IPOOICMH U NOTyYaBaHe Ha
NOTBBPIUTENHY (HAKTH.



Hay4Ho-IPUI0KHH IPUHOCH

o TlpoBeleHM ca IHMTEPAaTYpHO MPOydYBAHE M KIACHUKAUMA Ha MOJCIHTE \Ha\ />
TPaH3HUCTOPHUTE ¢ HOKYC BEPXY NPHIOKCHHACTO UM MPH HAYATHUTE (aHAINTHIHH) ngt‘;@bﬁww ?\f’;\/
Ha aHAJIOTOBHM MHTErPalHM CXeMH. AKIEHTHPaHO € BBpPXY NPEeANMCTBaTa Ha KOMnaﬁqifg@él;//

MOJIETIH IIPH Opa3MEPABAHETO Ha aHAJIOTOBH CXEMHU. AHaJII/I3I/IpaHO € BJIUAHHCTO HA e(bCKTI/ITe
Ha KbCHUA KaHall IIpr Il’BJI6OKI/ITC CYGMI/IKPOHHI/I TCXHOJIOTHHU.

e Hampasen e aHanu3 Ha TPUTE OCHOBHU METO/IA 3@ aHAIMTUYHO OPA3MEPABAHE HA aHAIOrOBU
MHTETpAlHU CXeMH (4pe3 Mojiel, GaskpaH Ha IIparoBoTO HalpPEXEHHUE; pe3 Mozie, 6asupan
Ha HHBepcHMA 3apan; upes gm/Ip meromonorus). CucTeMaTH3HpaHH Ca YpPaBHEHMATA,
M3II0/I3BaHH TIPH BCEKH OT TPHUTE METO/ia, U Ha TAXHA OCHOBA Ca MPEUIOKEHH IIPOLCYPH 32
AHAIMTHYHO OpasMepABAHE Ha TPAH3UCTOPH, paboTely B caba, yMepeHa ¥ CHITHA MHBEPCHAL.
HanpaBenn ca OIEHKa M CPaBHEHHE H4 TOYHOCTTa Ha PasTIe]aHMTe METOAM M Ca
dopMymMpaHH NpPENOpBKM 3a INPHUIOKECHMETO UM IPH MPOCKTHPAHE HA AaHAJIOTOBH
HHTETPATHU CXEMH.

e 3BBpIICHH ca MpOy4YBaHe, AHATH3 U CHCTEMATH3MpPaHe Ha METOJUTE 32 CKCICPHMCHTAITHO
OIpeleNsHe HA OCHOBHUTE TPAH3UCTOPHH IapaMeTpPH M Ca IpPEIJIOKEHU MPOLCAYpH 34
TPUIIOKEHNETO UM. IIpe/yIoNKEHHUTE IIPOIIEyPH 38 U3BIMIaHE HA TPAH3UCTOPHH HapaMeTpH
ca TIPHIIOKEHH TIPH OTIPEAENSHETO Ha [IapaMeTpHuTe 3a Jise CyOomukponuH (1 10 nm u 180 nm)
¥ [iBe IBI00KH CyOMuKkpoHHH (16 nm ¥ 45 nm) TEXHOIOTUH.

e Ha Gasara HAa METOAWTE 33 AHAIUTHYHO Opa3MepsBaHE ca paspabOTeHM NpOLEAYPH 32
TNIPOEKTUPAHE Ha OCHOBHHUTE KIAaCOBE (QYHKIMOHAIHY CIEMEHTH HAa aHAOrOBU MHTCIPAIHH
CXeMHU IIpH TPHTE HHMBa Ha WHBEPCHsA Ha TpaH3uCTOpuTe. lIponeaypure ca IPHIOKEHH C
MOJIeTH Ha pasiuunu TexHonorny (16 nm, 45 nm, 110 nm u 180 nm), KoeTo e rokasaTen 3a
TAXHATA YHUBEPCAJIHOCT. IlONMydeHHTE pe3yNTaTd Ca CpPaBHEHH IO OTHOLICHHC Ha
CII0’HOCTTa ¥ GPOS Ha CTHIIKUTE IIPU CHOTBETHUTE IPOLECAYPH U TOCTUIHATATA TOYHOCT.

o TIpeanoxeH € MOAXOX 33 MPOEKTHPaHe upes gm/Ip METONONOrKs HA TEMIEPATYPHO CTaGHIICH
M3TOYHHK Ha Hampexenue Ha Gasata na MOS Tpansucropu B cnaba uHepcws. Ilogxonst €
TIPHIOKCH IIPH IIPOSKTHPAHE Ha M3TOYHHK Ha HALIPEKEHHUE, paGoTell B TEMIICpaTypHHA AHala3oH
[-50; 150] °C.

e OopMyIMpaHH Ca NPEMOPHKU 3a POEKTHPAHE HA aHAJIOTOBHM MHTETPANIHY CXEMH, PEATM3NPaHi
110 CyOMUKPOHHH ¥ JBIOGOKH CyOMMKPOHHH TEXHOJIOTHH.

5. [Ipenenka Ha MyOJIMKANMNATE N0 JHCEPTANMOHHHS TPYHX

BBB BpB3Ka C AMCEPTALMOHHHS TPYA Ca NMPEACTAaBEHM 5 MyOnuKaluu - YETHPH JOKIana B
Hayunu KoH(peperuuu, pedepupanu B Scopus (,,ELECTRONICA 2022, ,Electronics 2023 u 1
cratus B cnucanne "E+E". Beuuky myGnmkamuy ca CaMOCTOATENHH M €4 HAa AHIVIMACKHA e3WK.
IIpeacraBeH € CIUCHK HA 5 HUTUPAHHUIL.

KaHaumaThT W3ITBJIHABA MUHMMAIHUTC M3MCKBAHHUS 3a MPUI0OHBaHE Ha oOpasoBaTeiHaTa U
HAay4Ha CTeNeH ,,oKTop“. O6muaT 6poii Ha TOYKMTe Ha KaHmuaaTa mo mokasaren I' e 180 mpu
M3KCKBaH MHHMMaJeH Opoi# ot 30 T.

[Ipuemam, 4e OCHOBHUTE PE3yNTaTH OT AMCEpTAluATa ca MyONMKYBaHM M M3BCCTHM Ha
HayuHata oOmmocr. Cuwmram, de NyONMKaNUMMTE OTPa3sBAaT IONYYCHHATC pE3YNTard B
JUCEPTAIMOHHUA TPY.

6. Muenus, MpenopbKu 1 0eJ1exKKH.

B aucepTaioOHHUS TPYA HE OTKPHX CHIIECCTBEHH IIPOITYCKH.
CuuTaM, e npuHOcHTE Morar Ja Obmar o6obmenn. JlomycHaTé ca M HAKOHM TEXHHYCCKH,
TEPMUHOJIOTUYHY ¥ CTUIMCTHYHHU TPEIIKH.
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7.3aKioueHne i

MIPAKTUYECKH yMemm 3a M3ClelBaHe ¥ YCIEIIHO PelllaBaHe Ha pasriieJaHus HHKEHEPEH npo ]
IIpeacTaBeHy ca 3HAYUTEIHH 110 00CM EKCIICPUMCHTAIHH PE3YITaTH.

[TocTurHaTure pe3yaTaTH MH aaBaT OCHOBaHHE Ja IpeyIoka jga Opre HpuaoOHMTa
0Gpa3oBaTeNHATA U HAYYHA CTEIICH ,,JOKTOP™ OT Mar. HiK. AJlCKcaHasp Panes B o0nacT Ha BHUCILIE
obpazoBanme — 5. TexHumd4eckd HayKu, IPO(ECHMOHAIHO HANpPaBICHHE — 5.2 EnexTpOoTexXHuKa,
CIICKTPOHHKA M aBTOMATHKA, CIICIMAIHOCT — ,, TeOopHA Ha EICKTPOHHUTC BEPHIH M CIICKTPOHHA
CXeMOTEXHHKA”.

Jlata: 15.08.2025 © YJIEH HA XKYPUTO: (/Vl )
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OPINION \
on a dissertation for the acquisition of the educational and scientific degree
"Doctor"

ril/V IV

Author of the dissertation: M. Eng. Aleksandar Petkov Radev
Thesis topic: Research and Development of Methods and Approaches for Designing CMOS
Integrated Circuits, Implemented in Deep Submicron Technologies

Member of the scientific jury: Prof. Dr. Anatoliy Trifonov Aleksandrov — TU-Gabrovo

1. Relevance of the problem addressed in the dissertation from a scientific and applied-
scientific perspective.

The reduction of the transistor channel length is the most characteristic feature in the
development of modern CMOS technologies. The trend is for digital circuits to occupy an
increasingly larger part of the area of the integrated circuits. It can be said that modern chips are
predominantly mixed-signal systems, which consist of a large digital part and an analog periphery.
In other words, analog circuits must be implemented on the same substrate as the digital core and
follow the development of CMOS technologies as dictated by the digital circuits. With the emergence
of deep submicron CMOS technologics (with a minimum channel length below 100 nm), analog
design engineers face many new challenges at various stages of the design. The design and production
of CMOS analog integrated circuits is a complex and time-consuming process that includes multiple
stages.

The topic of the dissertation is undoubtedly relevant and important, as it is related to study,
research, analysis, and improvement of fundamental methods and approaches to the initial design and
sizing (analytical calculation) of analog integrated circuits, realized in deep submicron CMOS
processes.

2. Degree of familiarity with the state of the problem and creative interpretation of the
literature.

The dissertation consists of 172 pages, including a list of figures, tables, used notation, four
chapters, contributions, references, and a list of publications on the dissertation. A total of 84 literature
sources are cited—71 in Latin script and 5 in Cyrillic, while the remaining are web addresses. Of
these sources, 29 are from the last ten years. The work includes a total of 65 figures and 29 tables.
The numbers of figures and tables in the author’s abstract correspond to those in the dissertation.

The appendix provides additional examples for analysis and design that confirm the conclusions
made in the dissertation, as well as technology models for 45 nm, 180 nm, and 16 nm. The appendix
comprises 30 pages and includes 8 figures and 5 tables.

Chapter 1 reviews trends in the design of analog integrated circuits. The stages of analog
integrated circuit design are shown. The goals and objectives of the dissertation are formulated, and
the structure of the dissertation is presented.

The literature review is specifically focused on the research topic and clearly shows that M.
Eng. Aleksandar Radev is very well acquainted with the state of the problem in theoretical and
practical terms.

3. Correspondence of the chosen research methodology and the stated goals and objectives
of the dissertation with the achieved contributions.

There is a correspondence between the set goals and tasks and the achieved results in the
dissertation.

Chapter 2 of the dissertation shows a classification of MOS transistor models and examines the
basic equations of the compact models (based on threshold voltage and based on inversion charge
and surface potential), from which the simplified models used in analytical calculations are derived.
The drain current is presented through forward and reverse components in the compact models based
on the inversion charge. Special attention is paid to the short-channel effects, which are characteristic
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of deep submicron technologies and which have a significant impact on the accuracy o t;l; ppliedr A 7)<}
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In Chapter 3 of the dissertation, popular methods for designing analog CMOS integrated oireuits.~7.>/
are investigated. The application of the analytical model based on the threshold voltage is presented 7
with its shortcomings when used in submicron and deep submicron technologies. New modern design
approaches are also examined: a model for analytical calculations based on the inversion charge,
where the normalized drain current is used as the main transistor parameter; the so-called gm/Ip
methodology, which is a grapho-analytical approach using the transconductance efficiency as the
main design parameter. The application of the three considered methods for designing analog
integrated circuits is demonstrated by designing a common-source amplifier stage. A comparative
analysis of the obtained results is performed and recommendations for designers are made.

In Chapter 4 of the dissertation, a review of the approaches for determining transistor
parameters is carried out, with more than one extraction method presented for some of them. For each
of the presented design methods or parameter extraction methods, the advantages, disadvantages,
limitations, and possible applications are highlighted. The Early voltage, the specific current, the
slope factor, the threshold voltage, the transit frequency, the transconductance efficiency, and the
technology current are determined. The temperature coefficients of the threshold voltage and the
slope factor are also determined, using analytical and experimental approaches, and a comparison is
made between them.

Chapter 4.11 lists the models and their parameters used in the dissertation: a model of an NMOS
transistor BSIM level 3, implemented in 1 um technology; models of NMOS and PMOS transistors
BSIM4 level 54, implemented in 45 nm technology; models of NMOS and PMOS transistors
BSIM3v3 level 49, implemented in 180 nm technology; models of NMOS and PMOS transistors
BSIM3v3 level 54, implemented in 16 nm technology; parameters of NMOS and PMOS transistors
implemented in XT011: 110 nm technology by X-FAB Silicon Foundries.

In the fifth chapter, analysis and design of analog circuits are performed. A current mirror is
analyzed using the simultaneous application of the three presented approaches (via a model based on
threshold voltage; via a model based on inversion charge; via the gm/Ip methodology). A cascode
current mirror is analyzed and partially sized. The output resistance Rour is determined, and transistor
MS is sized. The obtained results are analyzed and compared.

Using the three design approaches, the following circuits were designed and analyzed: a
differential amplifier; a current source based on a beta-multiplier; a voltage source based on MOS
transistors in weak inversion; operational transconductance amplifiers with current mirrors and an
operational transconductance amplifiers with Miller compensation in 180 nm, 16 nm, and 110 nm
technologies.
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4. Scientific, applied-scientific, and applied contributions of the thesis

The contributions in the dissertation are of an applied-scientific nature and are related to the
study, research, analysis, and improvement of the main methods and approaches for the initial design
and sizing of analog integrated circuits, realized in deep submicron CMOS technological processes.
They relate to proving with new means essential new aspects of existing scientific problems and
obtaining confirmatory facts.

Applied-Scientific Contributions

e A literature review and classification of MOS transistor models have been conducted with a
focus on their application in the initial (analytical) calculations of analog integrated circuits.
Emphasis is placed on the advantages of compact models in the sizing of analog circuits. The
influence of short-channel effects in deep submicron technologies is analyzed.

e An analysis of the three main methods for analytical sizing of analog integrated circuits (via
a model based on threshold voltage; via a model based on inversion charge; via the gm/ID
methodology) has been made. The equations used in each of the three methods are
systematized, and based on them, procedures for the analytical sizing of transistors operating
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in weak, moderate, and strong inversion are proposed. An assessment and com
accuracy of the considered imethods have been made and recommendati
application in the design of analog integrated circuits have been formulated.

o Methods for the experimental determination of basic transistor parameters haves
researched, analyzed, and systematized, and procedures for their application are proposed
The proposed procedures for parameter extraction are applied in determining the parameters
for two submicron (110nm and 180nm) and two deep submicron (16nm and 45nm)
technologies.

e Based on the methods for analytical sizing, procedures for designing the main classes of
functional elements of analog integrated circuits at the three levels of transistor inversion have
been developed. The procedures are applied with models of different technologies (16 nm, 45
nm, 110 nm, and 180 nm), which is an indicator of their universality. The obtained results are
compared in terms of complexity and number of steps in the respective procedures and the
achieved accuracy.

e An approach for designing a temperature-stable voltage source based on MOS transistors in
weak inversion using the gm/ID methodology is proposed. The approach is applied in the
design of a voltage source operating in the temperature range [-50; 150] °C.

e Recommendations for the design of analog integrated circuits implemented in submicron and
deep submicron technologies have been formulated.

5. Assessment of the publications related to the dissertation

In connection with the dissertation, five publications have been presented—four conference
papers referenced in Scopus (“ELECTRONICA 2022”, “Electronics 2023”) and one article in the
journal "E+E". All publications are individual and in English. A list of 5 citations is provided.

The candidate fulfills the minimum requirements for the acquisition of the doctoral degree. The
total number of points under indicator D is 180, with a minimum required of 30 points.

I assume that the main results of the dissertation are published and known to the scientific
community. I consider that the publications reflect the results achieved in the dissertation.

6. Opinions, recommendations, and notes.
I did not find any significant omissions in the dissertation.

I believe that the contributions could be summarized. Some technical, terminological, and
stylistic errors have also been made.

7. Conclusion

In conclusion, I can give a positive assessment of the obtained results and the usefulness of the
dissertation. The doctoral candidate has demonstrated in-depth theoretical knowledge and practical
skills for researching and successfully solving the engineering problem addressed. A significant
volume of experimental results is presented.

The results obtained provide sufficient basis for me to propose that the educational and
scientific degree of "Doctor" be awarded to M. Eng. Aleksandar Radev in the field of higher education
— 5. Technical Sciences, professional field — 5.2 Electrical Engineering, Electronics and Automation,
specialty — "Theory of Electronic Circuits and Electronic Circuitry".
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