My, TEXHAYECKH YHUBEPCHUTET - CO®US
»

Copn® Kareapa ,, TEOPETUYHA EJIEKTPOTEXHUKA”

&

®axkyarer ABTOMATHUKA

<eXHu
43,928

Ipo¢. n1-p Banepu Mapkos MuiageHoB

YCBBBPIIEHCTBAHO MOJIEJIUPAHE
HA MEMPUCTOPH

ABTOPE®D®EPAT

Ha JUCEPTALMOHECH TPY/ 3a IPUCHKAAHE HA HAYyYHATa CTEIICH
»JIOKTOP HA HAYKHUTE”

O6mnact: 5. TexHu4eckn HaAyKH
[Tpodecnonanno Hanpasnenue: 5.2. EnexrporexHuka, €IeKTpOHUKA U aBTOMAaTHKA

Hay‘IHa CIICIIMAJIHOCT: TCOpCTI/I‘IHa CIICKTPOTCXHUKA

Penenzentu:

1. mpod. a-p mmx. EnncaBera lumutpona ['amxesa
2. npod. ntH urx. ['anuna [letkoBa YepHeBa

3. mpod. ntH K. Pymena JlumutpoBa Ctandyena

Codwus, 2019 1.



2 Ycewvevpuencmsano mooenupane na mempucmopu

JlvcepTallMOHHUAT TPy € 0OCHAEH Ha 3acelaHue Ha pas3lIUpEeH KaTeApeH ChBET
Ha Karezpa ,,IeopeTuuHa enekTporexHuka’ oT PakynreT ABTomaruka Ha TexHU-
yeckusi yausepcuteT — Codus, Ha 10-tu rouu 2019 r.

Odurmanuara 3amura Ha AUCEPTAMOHHUS TPy e ce cheror Ha 01.10.2019 1.
ot 15.00 4. yaca B Kondepentnara 3ana na BUL] Ha Texnudyecku yHUBEpPCHUTET —
Codust Ha OTKPUTO 3aceaHKe HAa HAYyYHOTO XKypH, ompejeiacHo c¢be 3amoBes OX-
5.2-73/14.06.2019 na Pektopa na Texuuueckus yauBepcuret — Cousi B ChCTaB:

. WL.-Kop. mpod. aTH uHXK. ['eopru CnaBueB MuxoB — npencenaresn

. wL.-kop. npod. aTH uHxk. [letko Xpuctos [leTkoB — Hay4eH cekpeTap
. ipod. n-p naxk. EnucaBera Jlumutpona ["amkeBa — dieH

. ipod. ntH unwx. ['anuna [lerkoBa YepHeBa — wiieH

. mpod. atH unxk. Pymena Jlumurposa CtaHueBa — uiieH

. ipod. nTH uHx. Tuxomup bopucor Takos — uneH

~N N 0 BN

. ipod. 1-p urx. Kocra [TerpoB bormHakoB — wiex

Marepuanute no 3ammurara ce Hamupar B [lekanata na dakynrera no ABToma-
Tuka, ctas 2350 Ha Texaudeckus yaHuBepcuteT — Codusi.

JucepTanTsbT € pelloBeH npodecop B KaTeapa ,, [ eopeTuuHa eNeKTpOTEXHUKA Ha
daxynTera no ABTomMartuka rnpu Texuudeckusi yausepcuteT — Codusi.

Penenzentu:

1. mpo¢. a-p umx. Enncasera lumutpona ['ampxena
2. npod. nrH urx. I'anuna [letkoBa YepHeBa

3. mpod. ntH uwK. Pymena JlumutpoBa Ctandyena

Agtop: npod. 1-p unxk. Banepu MapkoB MinaneHoB

3arnaBue: Y CbBbPUIEHCTBAHO MOAEJIMPAaHe HA MEMPUCTOPH

Tupax: 30 Op.
Otneuarano B UIIK na Texaudecku yauBepcutet — Codus
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I. OBIIIA XAPAKTEPUCTUKA HA JTMUCEPTALITMOHHUA TPY J{

AKTyaJIHOCT Ha mpobJemMa

Cnen teopernunoTto npeackasBane oT Leon Chua npe3 1971 r. Ha chuiecTByBa-
HETO HAa YETBHPTH OCHOBEH JBYIOJIIOCEH €JIEMEHT — Mmempucmop (CbKpaTeHO OT
memory + resistor), HapeJl ¢ pe3ucTopa, boOuHaTa 1 KOHAECH3aTOpa, U CIlIe]] Ch3AaBa-
HE Ha MbpBUA TpoTOTUIl HA MeMpucTop oT Williams npe3 2008 r., HenpeKbCHATO Ha-
pacTBa UHTEPECHT KbM MEMPHUCTOPUTE, MEMPUCTOPHUTE BEPUTH U MOJECIUPAHETO HA
MEMpPHUCTOPU. MeMPUCTOPHT MMa U3KIIIOUUTETHO BAKHOTO U IOJIE3HO CBOWMCTBO /1A
3alaMeTsIBa CBOETO CHIPOTHBIICHHE U CHhXPAHEHUS B HETO 3apsij, KOETO ONpeiens
HErOBUTE IMOTEHUUATHU TPHUIOKEHUS B €HEPro-He3aBUCUMHU HHTETpajHU MaMETH,
HEBPOHHU MPEKH, aHAJIOTOBU M HU(POBHU MPOTPaAMUPYEMH CXEMH U B MHOMXKECTBO
JPYTH BaXXHU 00JIACTH HA €JIEKTPOHHUKATA.

Mooenupanemo na mempucmopu € 0T 0cOO€Ha BaXKHOCT C OTJIe]l MPOBEXKIaHE HA
NPEIU3HU MPEBAPUTEIHN aHAIU3U U CUMYJIAlUM Ha MEMPUCTOPHU CXEMH U YCT-
poiictBa. BB Bpb3Ka ¢ M3ClIEIBAHETO HA MEMPUCTOPH, Oa3upaHu HA PA3NUYHU Ma-
Tepuanu (OKCUJIHU, TIOJIMMEPHHU, HEepOeNIEKTPUUECKH U Jp.), B TUTEpaTypaTa Chliec-
TBYBaT MHO>XECTBO MEMPUCTOPHU Mojeiu. Becekn Moaen chabpixa Hal-MalKo JBE
OCHOBHU YPaBHEHHUS: MbPBOTO OMUCBA 3aBUCUMOCTTa MEKY TOKa U HaIPEXKEHUETO,
a BTOPOTO M3pa3siBa Bpb3KaTa MEXIAy IPOM3BOJHATA HA MPOMEHINBATA HAa ChCTOSHU-
€TO Ha MEMPUCTOpa CIPSMO BpeMeTO U Toka. OCHOBHHUTE KJIACMYECKH MojeNu (Ha
Williams u Strukov, Joglekar, Biolek, Ascoli-Corinto, Lehtonen-Laiho) u3non3sar
npo3opeyHa QYHKIUs B YPABHEHUETO HA CHCTOSHUETO 3a OTpa3siBaHE HA HEJIMHEH-
HOTO TOHHO OTMECTBaHE U TPaHUYHUTE €()EKTH.

3a aKkTyaJHOCTTa Ha MPOOJIEMUTE, CBbP3aHU C MEMPHUCTOPUTE U MOJIETUPAHETO
Ha MEMPHUCTOPH, MEMPHUCTOPHHU BEPUTH U YCTPOMCTBA, CBUACTEICTBA U OBP30OMO HA-
pacmeane Ha Opos HA HAYYHUmMeE NYOIUKAYUU 8 OCHOBHUME C8eMOBHU OA3U OAHHU —
Scopus, Web of Science, IEEE Xplore. 3a npumep, Ha ®ur. 1 e naneHo pasnpenene-
HUETO O FOJAMHU Ha CTaTUUTE B 0a3zara JaHHU Scopus, HAMEPEHU MPHU U3IMOJI3BAHE
Ha KJIr4oBaTa ayma ,,memristor” 3a nepuoaa 2008 — 2018 r. Ha ®wur. 2 e noka3aHo
rpa@u4HO pasnpenereHueTo Ha cTaTuUTe B OazaTa JaHHM Scopus, HAMEpPEHU MpU
M3M0JI3BaHE Ha KIItoUoBaTa aAyma ,,memristor modeling” 3a 2008-2018 r.
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@ur. 1. bpoi myOnauKanyuy, HHIEKCUPAHU B
I'BJIHOTEKCTOBATA 0a3a OT JaHHH Scopus,
HaMepeHU MpH U3IMO0JI3BaHe Ha KI0YoBaTa

Iyma ,,memristor’ 3a mepuojia
2008 — 2018 r.

@ur. 2. bpoi myOauKanyuy, NHIEKCUPAHU B
IBJIHOTEKCTOBATA 0a3a OT JaHHH Scopus,
HaMEPEHHU IIPY U3I0JI3BaHE Ha KII0YOBATa

nyma ,,memristor modeling” 3a nepuozna
2008-2018 r.
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Ilesq Ha aucepTALIMOHHMS TPYA, OCHOBHM 3aJ1a4M U MeTOH 32 U3CjeBaHe

Heara Ha HacTOAIIMTE M3CJeIBAHUS € pa3pabOTBaHEe W MpUJIaraHe Ha HOBa
YCHBBPIIIEHCTBAHA METOOJIOTHS 32 MOJICIUPAHEe Ha TUTAHOBO-TUOKCHIHH U Xa(pHU-
€BO-IMOKCUJIHU MEMPUCTOPH C U3MOJI3BaHE HA MPO30PEUHU (PYHKIUHU, MPU KOSATO CE
OTYUTAT MO-PEATHUCTHYHO MPOTUYAIINTE (PU3UIECKU MPOIECH B MOJICIUPAHUTE MEM-
PUCTOPH, U U3CIEJBAaHE HA PA3NUYHU €(eKTH (OCHOBHO M3MEHEHHMETO HAa KOHIEHT-
panusTa Ha KUCJIOPOJHUTE BaKaHIIMK B 00eMa Ha MEMPHUCTOPA), CBbP3aHU C BIHSHU-
€TO Ha Temrmeparypara u 1udy3usta Bbpxy GU3MUECKUTE MPOLECH B MEMPUCTOPA, U
Ha Mapa3suTHUTE UHAYKTUBHOCTHU U KaNallMTETH B MEMPUCTOPHUTE MATPUIIH.

3apaunTe, CBHP3aHU C PEATM3UPAHETO HA IIENITa HA TUCEPTAIMATA, MOTaT Ja Ob-
naT 0000IIEHN, KaKTO CJIEBA:

1. Pa3paboTBane Ha METOOJIOTHA 3a MO-PEATUCTUYHO MOJEIUpPAHE Ha (pU3NYEC-
KUTE SIBJICHUS B MEMPUCTOPUTE Upe3 M3MO0JI3BaHE HAa MOAUGUIIMPAHU MPO30PEUHU
(GYHKIIMM 1 HaCTPOWKa Ha TEXHUTE MapaMeTpu;

2. IIpunokeHne Ha MIpeIoKeHaTa METOAOJIOTUS 32 MOJEIUPAHE HA TUTAHOBO-
JUOKCUAHU U Xa(HUEBO-IUOKCUIHU MEMPHUCTOPU M 3a pa3padOTBaHE HA HOBU IIO-
NOOpPEHU MOJENHN Ha PA3IIIEKIAHUTE MEMPUCTOPH;

3. Pa3paborBane Ha PSpice OuOMMOTEYHM MOJENM HAa TUTAHOBO-IUOKCHIHH U
Xxa(hHUEBO-TMOKCUIHU MEMPHUCTOPH;

4. [lpunoxenne Ha pa3pabOTEHUTE MOJENU MPHU H3CIEABAHE HA MEMPHCTOPHH
aHaJIOrOBU U IIU(POBU CXEMU, BEPUTU U YCTPOUCTBA;

5. CbnocTaBKa U CpaBHEHUE Ha MPEIJIOKEHUTE MEMPUCTOPHU MOJIENH;

6. U3cnenBane Ha pa3nuyHu €PEKTHU, CBbP3AHU C GIUAHUENMO HA MeMnepamypa-
ma u ougy3usama BbpXy IpOTHYAIIUTE (HU3HUECKH MPOIIECH B MEMPHUCTOPA (U3MEHE-
HUE Ha CHIPOTHUBJIICHUETO, MPOMSIHA HAa KOHIEHTpaIUsATa Ha KUCIOPOJHUTE BaKaH-
1My B 00eMa Ha eJIEMEHTa) U Ha Tapa3uTHUTE HHAYKTUBHOCTH U KAaMaIlluTETH B MEM-
PUCTOPHM MATpPULM M WMHTETPAJIHU CXEMH C YATparojiiMa CTENEH Ha WHTErparus
(ULSD).

[Tpu mpoBekJaHETO HA aHATU3UTE B IUCEPTAIUATA Ca U3MOJ3BAaHH METOANTE HA
mMamemamuyeckomo mMooenupane, aHaltumudtHy U3Ccie08anus 1 cumyiayuu B mpor-
pamuuTte cpeau PSpice u MATLAB.

Hay4Hna HoBOCT

HepocraTbk Ha OCHOBHMTE MOJENM HAa THUTAHOBO-JUOKCUIAHHUTE U Xa(HUEBO-
JUOKCUIHUTE MEMPHUCTOPH € HEBB3MOXKHOCTTA UM J1a OTPa3sABaT PEAUIUCTUYHO MPO-
LIECUTE HA NPEBKIIOYBAHE B MEMPHUCTOPA IIPU HAIPEKECHUS C HUBO, II0-BUCOKO OT 1
V u npu Bucoku yectotu (Hag 100 MHz). MoaensT Ha Pickett e cunHo HenvHeeH
MEMpPUCTOPEH Mojiel. Toil ce OCHOBaBa Ha (PU3UYHM U3MEPBAHUS U BbPXY MEXAHU3-
Ma Ha MPOTHYAHE Ha TOK IMpe3 TyHenHa Oapuepa. Toil oTpassiBa Hail-peanncTUYHO
IIPOLIECUTE B MEMpPHUCTOPA. MHOro 4ecTO TOM C€ M3MOJI3Ba KaTO €TaJIOHEH MEMPHUC-
TOPEH MOJEJI 32 HACTPOMKA HA IPYTHM MEMPUCTOPHHU MoAenu. HeroBusaT oCHOBEH He-
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JIOCTATHK € U3KIFOUYUTEIHO TOJIIMATa MYy CIIO)KHOCT U HEIPUTOJHOCTTA MY 34 U3BBP-
[IBaHE HAa CUMYJAIMU NMOPaJAu Bb3HUKBAHE HA MHOKECTBO U3YUCIUTEIHH MPOOIeMH,
CBBP3aHU ChC CXOAMMOCTTA HA UTEPALMOHHUTE Npoueaypu. HemnHenHusaT moaen Ha
Lehtonen-Laiho € enuH OT 4ecTO W3MOJ3BAaHUTE MOJEIU. 10 MMa 3aJ0BOJIMTEIIHA
TOYHOCT ¥ CXOJIUMOCTTA HA U3YMCIUTEITHUTE MIPOIIECH TIPU HETO € MO-A00pa OT Tas3|
npu mozena Ha [luker. Equn 00111 He1oCTaThK HAa OMKUCAHUTE MO-TOPE MOJENH, 3a0e-
Js3aH B Hay4YHaTa JUTEpaTypa, € (PUKCHpaHaTa CTOWHOCT Ha IIEJIOYHCIICHHS CTEIe-
HEH TOKa3aTesl B M3MOJI3BaHUTE MPO30peyHU (yHKIMH. TO3U CTENEHEH IMOKa3aTenl
OTpa3siBa HEJIMHEWHOCTTAa HA MOHHOTO OTMECTBAHE HA 3apSAUTE U KOJKOTO HETOBaTa
CTOMHOCT HApacTBa, TOJIKOBA OBEYE HEJIMHENHOCTTa HA HOHHOTO OTMECTBAaHE HaMa-
asiBa. Henunetinocmma na tionnomo ommecmeane ooave 3a8Ucu 0m NPUiLOHCeHOMO
KbM Mempucmopa Hanpedcenue. lIpu no-eucoxku Huea Ha HANpedceHuemo HeauHeu-
HOCMMA HAa UOHHOMO OMMeCMEaHe ce y8eaudasa.

Tosa e ocnoenama npuuuHa 3a npediazaHume 8 OUCEPMAYUAMa MOOUPUKA-
yuu Ha bazosume MuUmMaHo80-OUOKCUOHU U XADHUEB0-OUOKCUOHU MEMPUCTNOPHU MO-
oeliu upe3 BvBeNCOaHe HA XUnepooiuyHO-n000OHA OPOOHO-TUHEUHA 3A8UCUMOCH
MedHcO0y cmenenHusi nokazamei 6 Usno36aHama Npo3opeyHa QYHKYus u Hanpexice-
Huemo. 3a 3acuneéare Ha HeluHeuHocmma Ha moodena Ha Biolek, ce npednaea u 0oba-
gsiHe Ha npeme2nena CUHYCOUOATHA KOMHOHEHMA KbM U3NO0J36AHAMA NPO30PeyHa
@yHuryus. Caen NpoBeICHUTE MHOXKECTBO aHAIHM3U Ca YCTAHOBEHU 6Bb3IMOMCHOCHU-
me Ha moouuyupanume mooeau HA MUMAHOB0-OUOKCUOHU U XaApHUesO-
OUOKCUOHUME MEMPUCMOPU 34 (PYHKUUOHUPAHE NPU 6UCOKU HUGA HA CUZHAIUME,
U npu 6UCOKU 4ecmomu, pealucmuyHOmo noeedeHue 6 eleKmpuyecko noje u
noooopaeane Ha nPeoCMAgAHEMO Ha edep-KyJ10H08ama XapaKmepucmuka Ha
MEMPUCIOPA RPU PEHCUM HA MEKO NPEEKIIOUEAHE.

BbB Bpb3Ka C MPOBEACHUTE aHATIU3H ca cb30adeHu Hosu oubnuomeunu PSpice
MEMPUCMOPHU MOOeNU, YUuemo nogedeHue e CpasHeHo npu QYHKYuoHupauwe 6 pas-
JIUYHU @epueyu — aHAIIOTOBU BEpUTHU (ITOCIEAOBATEIHN U MApajeiIHu BEpUTH, Te€HEpa-
TOpH, UHTETpUpAILH YCTPONCTBA U Jp.) U HU(POBU MEMPUCTOPHH BEpUTH (TTAMETH U
HEBpOHHM Mpexun). Crel HallpaBeH aHaAJIW3 B IUCEPTALUATA € YCIMAHOBEHO, Ye 6 eKC-
NI0AMAYUOHHUS MEMNEPAMYPEH U YeCmomeHr OUana3on Ha eleKmpoHHama anapa-
mypa e1usHuUemo Ha memnepamypama, ougysusama u napazumuume napamempu Ha
MUMarHo80-0UOKCUOHUME MEMPUCTNOPU (COOCMBEHU U 83AUMHU KANAYUMEmUY U UH-
OYKMUBHOCMU) 8bPXY HOPMATHOMO (DYHKYUOHUPAHE HA MEMPUCMOPHUME MAMPUyu
U UHMeSPAIHU CXeMU e NPeHebpeHcUMo c1abo u mesu OONbIHUMENHU PAKMopU MO-
eam 0a He OvOam pazeneddcoaHu npu Mooeaupanemo Ha MEMPUCTOPH U MEMPUCTOP-
HU MaTpPHUIIN.

IIpakTHyecka NPUI0KHUMOCT

[Tpu pa3paboTBaHeTO Ha AMCEpTaIMATa ca ch3nanaeHu PSpice OubamoredHn mo-
TN Ha TIPEIJIOKEHUTE TUTAHOBO-TUOKCHIHA U Xa(HUEBO-THOKCUIHU MEMPHUCTOP-
HU MOJICNIM, KaKTO ¥ Ha Hal-IO0OpHUTE KiIacuuecku Moneiu. Te ca u3cienBanu B cpe-
na Ha PSpice npu pexxumMu Ha MEKO U TBHPJIO NpeBKiItouBaHe. [loTBbpaeHa e TsaxHaTa
paboTOCIIOCOOHOCT MPHU CHHYCOWIAJICH U UMIYJICEH pexuM. Pa3zpaborenure 6uOIm-
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OTE€YHU MOJIEIM Ca HM3MOJI3BAHM NPHU HU3CJIECIABAHE HAa MEMPUCTOPHU aAHAJIOTOBU M
nudpoBU yCTpoicTBa (MHTErpHUpalld YCTPOWCTBA, T€HEPATOPH, HEBPOHHU MPEXKH,
MaMeTH), IPU KOETO Ca YCTAaHOBEHH TEXHUTE OCHOBHU MPEUMYIIECTBA MO OTHOIIIE-
HUE€ Ha KJIIACUYECKUTE MEMPUCTOPHHU MOJENH — MIOJyYaBAHE HA €IHO3HAYHA XapaKTe-
PUCTHUKA CHCTOSIHUE-TIOTOK MPHU CHCTOSIHME HA MEKO MPEBKIIOUBAHE, OTpa3siBaHe Ha
IrpaHUYHUTE €(EKTH MO OTHOIICHUE Ha KJIACUUYECKUTE MeMpucTopHu moaenu K1, K2
u K5, pabota npu BUCOKU HAINPEKEHUS] U YECTOTH HA MEMPHUCTOPHUTE Mozenu A1,
A2, A4, A5, A6, A7, A8, o OTHOIICHUE HA KJIIACUYECKUTE MEMPUCTOPHU Mojenu K1,
K2, K3, K5, K6, K7.

Anpodauust

JlucepTalluOHHUAT TpyA € HamucaH B TexHuuecku yHusepcuteT — Codus, Pa-
KynreT ABromartuka, Karenpa TeopeTnuHa e1€eKTpOTEXHHUKA.

OnoOpsiBane Ha padoraTa

HucepranmoHHara paboTa € J0KJIaABaHa Ipeja Kareapa “‘TeopeTudHa elIeKTpo-
texauka’, @akynrer ABromaruka, TY -Codus u npeg ®C na OA.

Hy6aukanun

Pesynrarute ot nucepTanmsTa ca myoirMKyBaHu B 21 cTtatum — 3 OT TAX ca B CITH-
caHus ¢ UMMAKT-PakTop, 4 OT TAX ca B HAy4YHHW cnucaHusg U 14 ca myOnwKyBaHU B
COOPHUIIM OT MEXJIyHAPOAHU KOHPEpEeHIMH. 8 OT myOJuKanuuTe ca pedepupanu B
Scopus.

CTpykTypa 1 00eM Ha JMCePTALIHOHHUSA TPYA

JuceprauroHHUAT Tpya € B o6em ot 300 cTpaHUIlM, KaTO BKIIIOYBA YBOJ, 8 IJja-
BU, CIIUCHK HA OCHOBHUTE MPUHOCH, CIIUCHK HA MyOJUKAIMHUTE TI0 TUCEPTALUSTA U
u3MoJi3BaHa auTepartypa. [Llutupanu ca o6mo 240 nurepaTypHu U3TOYHHUIIM HA JaTH-
Huna. Paborara BximrouBa 06mo 125 ¢urypu u 14 tabmumm. Homepara Ha durypure
U TabuIuTe B aBTopedepara CbOTBETCTBAT HA T€3U B IUCEPTALIMOHHUS TPY/I.
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II. CbABPKAHUE HA JIUCEPTALIMOHHUS TPY ]

I'/IABA 1. JUTEPATYPEH OB30P. BbBEJAEHUE B MEMPUCTOPUTE

1.1. O01u cBeieHNsI 32 MEMPHUCTOPUTE

SIBneHneTo Ha TPEBKIIOYBAHE HA CHIPOTUBICHUETO, HAOIIOIaBaHO B peauIla
aMopbHM METaJHU U MPEXOJHU XUMUYHU OKcuau, kato SiO,, Al,Os, Ta,0s, e usc-
neasano ot 1970 r. YcTaHOBEHO €, 4e TaKMBa OKCUJHU MaTE€pHUalu, IOCTABEHU B Me-
TaJI0-OKCHUIHO-METAJIHA KOHCTPYKIIMS, UMAT CIIOCOOHOCTTA Jia MPOMEHST ChIPOTHUB-
JIEHUETO CU B ChOTBETCTBHE C MPUIIOKEHOTO HAMPEKECHUE U J1a 3aMa3BaT CBOETO ChC-
TOSIHHE 3a TPOJBIIKUTENIEH HHTEepBaI OT Bpeme. OKCUANTE Ha METAIMTE OT MPEXO/I-
HUTE NEPUOAMN HA NEPUOANYHATA CUCTEMA HA XUMUYHUTE €JIE€MEHTHU, MPEABAPUTEITHO
MOJJIOKEHHU Ha TIPOIIEC Ha enekmpo-popmupare, IMaT CIIOCOOHOCTTA Ja HATPYIMBaT
€JIEKTPUUYECKH 3apsiii B CBOATA CTPYKTYPa, KATO TAXHOTO KOJIMYECTBO € MPOMOPIHO-
HAJIHO Ha MHTETpaJia Ha TOKa, KAaKTO U Ha MPUJIOKEHOTO HAINPEKEHHUE CIIPSIMO BpeMe-
To. [IporechT Ha enexTpo-popmMupane ce ChCTOM OCHOBHO B IMpHUJIaraHe Ha Harpe-
JKEHHE OT Mopsabka Ha 5 V KbM OKCHIHATa CTPYKTypa ¢ aebenuHa okosno 10 nm,
IIPU KOETO C€ MOJy4yaBa YaCTUYHO M3MapsBaHE HA KUCJIOPOJ OT MaTepualia U B MeTa-
JI0-OKCHJTHATa CTPYKTypa ce o0paszyBaT Kuciopoonu eaxanyuu. ITonoOHO Ha TynKUTe
pU TIOJYIPOBOJHUIIATE, TE€ MMAT MOJOXKHUTENICH (DUKTUBEH 3apsa U ce GhopMupar
oKko0J10 aHoza. CrosT, ChIbprKall Te3U KUCIOPOIHU BaKaHIIUM, € C Je0eIruHa OKOJIO 5
MPOIICHTA OT IsUIaTta JeOeMHa Ha OKCHJHATA CTPYKTypa. TakaBa CTpyKTypa C W3-
noa3BaHe Ha TuTaHoB Auokcuj (TiO,) e mokazana Ha @ur. 1.2. Cnex npoieca Ha
I'BPBOHAYAIIHO €JIEKTPO-(QOpPMHUpPAHE KUCIOPOJHUTE BAKAHIIMUA OCTAaBaT B CJos (Je-
rUpaH y4yacThK) HEMOCPEACTBEHO J0 aHOJa, APYTHUAT CJIOW € OT OOMKHOBEH TUTAHOB
muokcun. [Ipy HOpMaTHU TeMIlepaTypHH YCIOBHUS KOCHUIIMCHTHT HA Oughy3us Ha
KHCJIOPOJHUTE BaKaHIIUU € C M3KIIOUUTEIIHO MajKa CTOMHOCT M MPAKTUYECKHU OIH-
CaHOTO CHCTOSHUE HA OKCHUJIHATA HAHOCTPYKTYpa MOKE Jla C€ 3ama3u B MPOJIbIIKe-
HUE Ha MEPHOJI OT HAKOJIKO MEcella 10 OKOJIO JIB€ TOUHU. HacuTeHuaT ¢ Kuciopo-
HU BaKaHIIMU CJION MMa crienupu9IHO chIpoTuBiieHne okoio 100 mbTH mo-Maako oT
CHOTBETHOTO CHEIU(PUYHO CHIIPOTUBIICHUE HA APYTUs CJIOW, KOWTO C€ ChCTOU OT
YUCT METAJ0-OKCHUJICH MaTtepuall. B Taka dhopMupaHaTta CTpyKTypa c€ Ch3/IaBaT JBa
THIIAa TOKOHOCUTEJIM: OT €JIHAa CTpaHa, TOBAa Ca KUCIOPOJAHUTE BaKaHIIUU C (huKmueen
noJioxcumesien 3apso0, a OT Ipyra CTpaHa ChIECTBYBA U HAluyue Ha C860O0OHU elleK-
MpoHU, TIOJYYCHHU B PE3yJITaT HA TOIUIMHHATA TeHEpalys Ha 3apsau U MpeMUHaBaHe-
TO UM OT BAJICHTHATa 30HA B 30HAaTa HA MPOBOJMMOCTTA Ha OKCUIHUS MaTtepuall. [Ipu
npujaaraHe Ha HalmpeKeHHUE B MOJIOKUTENIHA TTOCOKa (KbM aHOJIa CE IM0J1aBa MOJI0KH-
TEJIEH MOTEHIMaJ, a KbM KaToJa — OTPHUIIATENICH MOTEHIIUAJ) MOJTYYEHOTO E€IEKTPHU-
YECKO I0JIe OTOMBCKBA KUCIOPOIHUTE BaKAHIIMU U MPUBIHWYA CBOOOJHUTE €IEKTPO-
HU, TIPY KOETO TpaHUIlaTa MEXy (hopMUpaHUTE J[BA CIIOS HA OKCUHATA HAHOCTPYK-
Typa 3amo4Ba Jia ce JABWXKU KbM KaToja. HelinaTta neGenvHa ce yBennyara, pu Koe-
TO AeOeIrMHaTa Ha CJIo OT YUCT OKCHJAEH Marepuall HamaisiBa. KaTo pesynrar cbii-
POTHUBIICHHETO Ha IsijlaTa CTPYKTypa HamajsiBa. AKO B OMNpEJCICH MOMEHT ce TMpe-
KbCHE U3TOUYHHUKBHT HA HANPEKEHUE, TOKBT CIHUPA, IPU KOETO COUpa U JBUKECHUETO



8 Ycewvevpuencmsano mooenupane na mempucmopu

Ha rpaHulaTa MEXJy JBaTa CJIOs Ha OKCHIHATA CTpyKTypa. [Ipu npunarane Ha Hamn-
peKXeHHre B 00paTHa MOCOKAa IPaHMIIATa MEKIY /IBaTa y4acThKa 3all0yuBa /1a ce IMpUJI-
BMKBa KbM aHOJA, IPU KOETO JeOelnHaTa Ha HACUTEHUS C KUCIOPOAHH BaKaHLIUU
CJIOM HamaJisiBa, a Je0eIrHaTa Ha CJI0sl OT YMCT METaJeH OKCcHUJl HapacTBa. Kato pe-
3yJlTaT CHIPOTUBICHUETO HA IsylaTa HAHO-CTPYKTypa HapactBa. [lomoOHO HEoOu-
YailHO IOBEICHME € IPEICKA3aHO 3a MeMpucCTOpHHs eneMeHT oT Leon Chua mpes
1971 r. MeMpUCTOPHUSAT €IEMEHT € IPEJIOKEH B ChOTBETCTBUE ChC CHOOPAKEHUSITA
3a CUMETPHsI U OTHOILICHMSTA MEXKJY YETHUPUTE OCHOBHH EIIEKTPUYECKU BEIMYHHU
(TOK, HaIPE)KEHHE, EIIEKTPUUECKH 3apsA]l U MarHUTEH MOTOK), CBbP3aHU C JBYIOJIIOC-
HU eyeMeHTU. [IpennoxkeHusaT 4eTBbpTH (PyHAaMEHTANIEH ABYIIOJIIOCEH E€JIEMEHT W3-
pa3sBa Bpb3KaTa MEXIY ITOTOKA, ONPEIETIEH KATO BPEMEBU MHTErPAJl HA HAIIPEKEHU-
€TO BBPXY €JIEMEHTA, U CIECKTPUUYECKUS 3apsll, ONPEACIICH KaTO BPEMEBU HMHTErpall
Ha TOKa mpe3 eyeMeHTa. OTHOIIEHUATa MEXITY ONMMCAHUTE €JIEKTPUUECKU BEIHMYUHU
U pyHJaMEHTAJIHUTE ABYIIOIIOCHU €JIEMEHTH ca IpeacTaBeHu Ha dur. 1.1.

1.2. OcHOBHHU BH10B€ MEMPUCTOPH

CrpIiecTByBaT HAKOJIKO OCHOBHHM BHUJOBE MEMPHUCTOPH — MUMAHOB0-OUOKCUOHU,
XapHUeB80-0UOKCUOHU, NOJUMEPHU, DepoeleKMPULECKU MEeMPUCIOPU, DASUPAHU HA
cnuna Ha enekmponume u Op. Te ce OCHOBaBaT Ha PA3IUYHU XMUMHYHU CHCTaBU U
du3znuecKu CTPYKTYpH U CE€ pa3inyaBaT Mo MpPUHLHKIA Ha pyHKIHOHUpPaHe. OcodeHno
8AICHO NPU MEMPUCHOPUNME U MEMPUCHOPHUME 6EPUU € MAXHONO MOOeupane
C 02/1€0 NPEUU3IHON O NPEdBaAPUMENHO U3CIe08AHEe HA MEMPUCHLOPHU YCMPOIICM A
ypez Komnwmuvpuu cumynayuu. Hali-mupoko MpHIIOKEHHE 3acera ca HaMEpUIIu
TUTAaHOBO-AMOKCUIHUTE U Xa(HUEBO-IUOKCUTHUTE MEMPHUCTOPH M T€ OCHOBHO cCa
00€eKT Ha HacTOALIUTE u3cienBanus. TaxHaTa CTPyKTypa U MPUHIUN Ha JACHCTBHE ca
uaeaTnyHu. Ha ¢wur. 1.2 e mokazaHa cxema Ha MEMPUCTOpPHA CTPYKTypa, Oa3upana
BBPXY TUTAHOB TUOKCHU]I.

Pezucmop +
Tox u=Rxi Hanpesicenue Anoo \T
i — u Jleaupan
I yuacmuvk
2
00uHa no:-:
Bql =6L><i + I(m;d:ega:;rwp Q
w=Judt g fiat ) Eaexmpoou
Maerumen - En. 3apad
m)};mc Mempucmop q
#=Mxq Kam l
®@ur. 1.1 3aBUCHUMOCTUTE MEXKTY YECTUPUTE ®@ur. 1.2 OnpocTeHa MEMPHUCTOPHA HAHO-
OCHOBHM €JIEKTPUYECKHU BEIUYNHM (TOK 1, CTPYKTYpa, 6a3upaHa Ha TUTAHOB JUOKCH/]T
HAMpEKEHUE U, CICKTPUUECKU 3apsij g U (xapHMEB TUOKCHT)
MarHuTeH notok ¥) u pyHaaMeHTaIHuTe
JBYTIOJIIOCHH €JIEMEHTH (pe3ucTop R,
koHneHzatop C, 606una L u mempuctop M).

Unesta 3a mempuctopa e passuta oT npod. Eprern OwmmnoB ot TexHudeckus
yHuBepcuteT B Unmenay, ['epmanus u HeroBu ydenunu (Pomann 3rocce, Bondranr
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bronTur u np.) B TeOpus Ha €IEMEHTUTE OT TMO-BHCOK pejl. bearapuabT mpodecop
EBrenu ®OuiunoB He caMo pa3paboTBa TEOPHUsl, HO ThbPCU U MPAKTUYECKO MPUIIONKE-
HUE Ha Te3W HOBU eneMeHTU. ChC CBOSA JOKTOpaHTKa oT bearapus paspabotsar pe-
3UCTUBHU YE€CTOTHO-3aBUCUMH €JIE€MEHTH, KAKTO U MHIYKTUBHOCTU M aKTUBHU (DUIIT-
pH OT MO-BHCOK PeJ M MaTeHTOBAT CXeMa Ha aKTMBHH aHAJIOTOBHU (UITPU OT MPOU3-
BoiHO BHCOK pea. B ITHUJI ¢ ITY mo IIIXT B TY Codus, ppkoBoaeHa ot mpod.
@unun Owimnos, B CbTPYIHUYECTBO ¢ TexHuuyeckus yHuBepcuteT B Minmenay ca
NPOEKTUPaHU U U3paboTeHu cepus OT 20 THHKOCIOMHU XUOPHUIHU MHTETPAIHUA CXe-
MU Ha aKTUBHU (QWITPU OT BTOPH pEJ C M3MOJI3BaHE HA CXEMOTEXHUYECKUTE pelie-
HUs, TipeqyioxkeHu ot npod. Errenn dununoB u nokropanTkara Huna MapuHoBa.
CxeMuTe ca M3M0JI3BAaHU B MO-HATAaTBIIHU W3CIECIBAHUS HA BEPUTH C €IEMEHTH OT
no-BUCOK pex. TeopusTa Ha €IEMEHTUTE OT MO-BUCOK PEJ MO3BOJIABA MTPOEKTUPAHE
HAa HOBM CXEMHH pEeLIeHHs Ha (PUITPU C BUCOK KauyeCTBEH (haKTop.

1.3. MoaeaupaHe Ha TATAHOBO-IMOKCHIHHA MEMPHUCTOPH

BbB Bpb3Ka ¢ MOJEIMPAHETO Ha MEMPUCTOPHU TYK ca Je(UHUpAHU OCHOBHHTE
TEPMHUHU U TIOHATHS, U3MOJI3BAHU M1O-HATATHK.

* JIuHeeH MEMPHCTOPEH MOJE] — M3I0JI3Ba JIMHENHA 3aBUCUMOCT MEX]Y Bpe-
MeBaTa MPOU3BOJHA HA IPOMEHJIMBATA HA CHCTOSIHUETO M TOKa (HampexeHue-
TO) B AU(EPEHIIMATHOTO YPAaBHEHUE HA ChCTOSTHUETO.

* HeJnHeeH MeMPHCTOPEH MOJe] — U3I0JI3BA HEJIMHEWHA 3aBUCUMOCT MEXIY
BpeMeBaTa MPOU3BOJHA Ha MPOMEHIIMBATA HA ChCTOSHUETO U TOKa (Hampexe-
HUETO) B YPABHEHHETO HA ChCTOSIHUETO.

* HenuHeilHO HOHHO OTMECTBAaHEe — NIPEACTABIsABA HEIMHEWHATA 3aBUCHMOCT
MEXIYy CKOPOCTTa Ha JBM)KCHHE Ha KUCIOPOJHUTE BAaKAHIIMM B MEMPUCTOPA U
HaIIPEKEHUETO.

e Ilpar Ha akTHBMpPaHe HA MEMPHUCTOPA — MPEACTAaBIsIBa HUBOTO HAa HAIIpEXe-
HUETO, MOJ KOETO MPOMEHJINBATA HA ChCTOSIHUETO HE CE U3MEHS U MEMPUCTO-
pPBT UMa MOBEICHUE HA JINHEEH PE3UCTOP.

* Cpbp3BaHe HA MEMPHCTOPA B NMPaBa MOCOKA — KOTaTO Ha aHOJA € MOAaeH
MOJIOKUTEIICH MOTEHLIUAN CIPSIMO KaTo/a.

* CBbp3BaHe HAa MeMPHCTOPAa B 00paTHA MOCOKA — KOTaTo Ha aHOJA € Moja-
JICH OTPULIATEJICH MOTEHIMAJ CIPSIMO KaToa.

e I'pannynm edexkTH — NpeICTaBIIBAT U3MEHEHUETO HA MPOMEHJIMBATA HA ChC-
TOSIHUETO MPU JOCTUTIaHE HAa HEMHUTE I'PAHUYHU CTOMHOCTH — KOraTO MEMpUC-
TOPBT € CBBP3aH B IpaBa IOCOKA U MPOMEHJIMBATA HA ChCTOSHUETO € JOCTUTHA-
Ja CTOMHOCT €IMHHUIA, IPU [O-HATATHIIHO YBEJIUYAaBAHE HA HANPEKEHHUETO T
3amasBa CTOMHOCTTA CH, a IIpU MpHIaraHe Ha HampeXeHue B o0paTHa MocoKa Ts
BEJHara 3anousa jJa HamaisiBa. Koraro mpomeH/mBaTa Ha ChCTOSIHUETO € J0C-
TUTHAJIA CTOMHOCT HyJa, IPYU HaMaJsIBAaHE HAa HAIPEKEHUETO TA 3ara3Ba CTOM-
HOCTTA CH, a IPU HApacTBaHE Ha HAIIPEKEHUETO TSI yBEJIUYaBa CTOMHOCTTA CH.
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* IlpeBk/IIOYBaHE HA MEMPHUCTOPA — U3MEHEHUE HA ChIIPOTUBIICHUETO HA MEM-
pUCTOpa B MHOT'O LIMPOK JUANA30H.

* Pexym Ha MeKo NMPEBRJIIOYBAHEC — UIBMCHCHHC HA IIPOMCHJIMBATA HAa CbCTOA-
HHUCTO B HIMPOK AUAIIA30H, ITPHU KOCTO TA HC JOCTUTA T'PAHUYHHUTC CU CTOMHOC-
TH.

* Pexum Ha TBBPAO NMPEBRKIIOYBAHEC — N3MCHCHUC HAa IPOMCHJ/IMBATA Ha CbhC-
TOSSHUCTO B MHOI'O HIMPOK JHAIIa30H, IMPHU KOCTO TA AOCTHIAa U 3a OIIPCIACIICHO
BpCMC 3al1a3Ba I'rpaHUYHUTE CU CTOMHOCTH.

JudepeHnnaTHoTo ypaBHEHHE Ha ChCTOSHHUETO HA MEMPHUCTOpPA B KOMOHMHALIMS
ChC 3aBUCUMOCTTA MEXIY TOKA U HAIPEKEHUETO HA MEMPHUCTOPA CE ONUCBA ChC CUC-
temara ypaBHeHus (1.15):

=ki f(x)

dx
dt (1.15)
u=

9
KBJIETO f{X) € mpuiiokeHaTa npo3opeyHa GyHKIIHs, X € IPOMEHJINBATa Ha ChbCTOSTHHE-
TO HA MEMPUCTOPA, Roy U Rppr ca CHIPOTUBIICHUSITA HA €JIEMEHTA MIPU 3aTBOPEHO U

OTBOPEHO CBCTOSIHUS, K € KOHCTaHTa, 3aBUCEIla OT (U3NUYECKUTE MapaMeTpu Ha
MEMpPHCTOpA .

1.3.1. MempuctopeHn mojaes Ha Strukov u Williams (Knacudecku moaen K1)
Cucrtemara ypaBHECHHUS, ONMCBAIIA TO3H MEMPHUCTOPEH MOJICII €:

dx , e B
E—klfsw(x)—kl[x(l x)]

u=1[Rponx+ Ropr(1—=2x)] (1.19)

3aBUCHUMOCTUTE MEXY CbCTOSHUETO M MOTOKAa U MEXAY HAIPEKEHUETO U TOKA
Ha MeMpucTopa ca noka3anu Ha ®@wr. 1.8 B) u 1.8 r). Xapakrepucrtukara CbCTOSHHE-

NOTOK € HEeJIMHEWHa HapacTBalla KpUBa, a XapaKTEPUCTUKATA HAIMPEKEHUE-TOK €
YCYKaH XHUCTEPE3UCEH IIUKBIL.

Tox, pd

IIpomennuea Ha cbcmoaHuemo

Iomox, Wb ’ Hanpeosicernue, V

B) r)

®@ur. 1.8 (B) 3aBuUCHMOCT MEX1y CbCTOSIHUETO U NOTOKA; (I') XapaKTEpUCTHKA TOK-HANIPEKEHNE
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1.3.2. Mempuctopen mojaea Ha Joglekar (Knacuuecku moaea K2)

JndepeHnnamTHoTo ypaBHEHUE HA ChCTOSHUETO HA MEMPHUCTOPA, MOTYyUYCHO Ype3
W3M0JI3BaHe Ha mpo3opeuHaTta QpyHkuus Ha Joglekar, B KOMOMHALMS ChC 3aBHCH-
MOCTTa TOK-HampexeHue e onucano ¢ (1.25):

‘;—’tc:kif,(x)zki [1—(2x—1)2p]

(1.25)

9

KbJIETO f)(x) € mpo3opeuHaTa pyHkuus Ha Joglekar, p e 11eJ104nCIIeH CTEeNeHEeH MoKa-
3aTell. 3aBUCHUMOCTHUTE MEXK]y ChbCTOSHUETO U MOTOKA U MEXY HAMPEKEHUETO U TO-
Ka Ha MeMpHucTopa ca mokazanu Ha @ur. 1.10B) u 1.10 ).

Ilposesnusa na cocmosnemo
Tox, mA

WV

r)

Hanpecenue, V

®@ur. 1.10 (B) 3aBUCUMOCT MEXAY CbCTOSHHETO U MOTOKA; (T) XapaKTEPUCTHKA TOK-HAMIPEKEHUE

1.3.3. Mempuctopen mojaes Ha Biolek (Knacuuecku moaen K3)

VYpaBHEHHETO Ha CHCTOSTHUETO HAa MEMPHUCTOpA, MOJYyYEHO MpPU IpUIIaraHe Ha
npo3opeuHara Gynkius Ha Biolek fz(x,i), B KOMOMHAIMA CHhC 3aBHCHMOCTTA TOK-
HanpexeHue € onucano ¢ (1.28):

B ki filwoi) = ki [ - e =stpin

(1.28)

3aBUCUMOCTUTE MEKIY CHCTOSHHMETO M IOTOKA U MEXIY HAIPEKEHUETO U TOKA
IIPU PEKUM Ha TBBPAO NMPEBKIOYBaHE ca Noka3aHu Ha @ur. 1.12 B) u r).

Tox, mA

Hpovennusa na cvcmosnuemo

ITomox, Wb

B) r)

Hanpexcenue, V

®@ur. 1.12 (B) 3aBUCUMOCT MEXAY ChCTOSHHETO U MOTOKA; (T) XapaKTEPUCTHKA TOK-HAIIPE)KCHUE
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1.3.4. MempucTopeH Mojesi, 0a3upaH HA TPAHUYHUTE YCJIOBHS
(Knacuuecku moae K4)

JubepeHnaTHOTO ypaBHEHUE HA CHCTOSHUETO HAa €JIEMEHTa, TOJYyYeHO 4pe3
npuiaraHe Ha nposopeuHara @ynkuus Ha Corinto-Ascoli, B KOMOMHAILIMS ChC 3aBU-
CHUMOCTTA TOK-Hampexenue e onucano ¢ (1.30):

dx .
E:klfBCM (X) (130)

u=1[Royx+ Rop (1=x)]
KBJIETO Mpo30opedHaTa QyHKIUA fpcp(X) €:

fren(®)=1 x€(0.1)

foem\x)=1 x=0 & uzu,,

(x)
foen@)=0, x=0 & u<u,,’ (1.31)
fBCM(x):L x=1& u<-u,,
fBCM(x):Oa x=1& uz-u,,

KBACTO Uy, € IIpar Ha aKTUBHPAHC HAa MCMPHCTOpA. 3aBUCHUMOCTHUTE MCXKAOY CbCTOA-

HUETO U MOTOKAa U MEXJY HANpPEKEHUETO M TOKAa HAa MEMPHUCTOpa ca MOKa3aHU Ha
@ur. 1.14B) ur).

Tox, md

IIpovennusa Ha cvemoanuemo

Iomox, Wb . Hanpedcenue, V.

B) r)

®ur. 1.14 (B) 3aBUCUMOCT MEXAY CbCTOSHHETO U MOTOKA; (T) XapaKTEPUCTHKA TOK-HAMIPEKEHUE

1.3.5. MopeJ Ha TUTAHOBO-THOKCHAeH MeMpUCTOpP Ha Lehtonen-Laiho
(Knacuuecku moaea K5)

JludepeHnnaTHoTO YpaBHEHHE HA CHCTOSHUETO, TOJIYYCHO Ype3 M3I0JI3BaHE Ha
npo3opeuHarta (QyHKIus Ha Biolek, B KOMOWHAIUMsS CbC 3aBHCHMOCTTa TOK-
Hanpexxenue Ha Lehtonen-Laiho e onucano ¢ (1.33):

dt (1.33)
i= x"ﬂsinh(au)+;([exp(7/u)—l]

KbJIETO a, m, o, B, 7, x, N ca napamempu 3a HACMPOUKA Ha MoOoeld. 3aBUCUMOCTUTE
MEXIY ChCTOSHUETO M MOTOKA UM MEX]Y HAIPEKEHUETO M TOKAa HA MEMPHUCTOpA Ca
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noka3zanu Ha @wur. 1.16 B) u r). B ciydas Toil pyHKIIMOHHpA B PEKUM HA TBBPIO
IIPEBKJIIOYBAHE, XapaKTEPUCTUKATA CBCTOSHUE-IIOTOK IPEJCTaBIIsABA XUCTEPE3UCEH
IUKBJ, B PE3yATaT Ha TPAaHUYHHUTE €(EKTH, a XapaKTEepPUCTUKATa HAIIPEKEHUE-TOK €
HECUMETpPUYHA KPUBA.

Tok, pA

povenmisa na cvcmonnuemo

=

omox, Wb : Hanpescenue, ¥

B) r)

®@ur. 1.16 (B) 3aBUCUMOCT MEXy CbCTOSHUETO U NMOTOKA; (T) XapaKTEPUCTUKA TOK-HAIIPEIKEHUE

1.3.6. MempucTopen moae Ha Pickett

Monenst Ha Pickett ce ocHOBaBa Ha (PU3NYHU U3MEPBAHUS U aHAJIU3U HA MeEXa-
HU3Ma Ha €JEKTPUYECKH TOK, MPOTHYAI Mpe3 ThHKA TyHEeIHa Oapuepa B H30JIalMOH-
HU OKCHUJHU MaTepuaiau. 3aBUCUMOCTUTE MEKJY CHCTOSHHUETO U NMOTOKA U MEXKIY
HaIIPEXEHUETO U TOKA HA MEMPHUCTOpPA ca nokazanu Ha dur. 1.18 B) u r).

1000 | HO0UA T

200uR.

6000 100U 200m0 o 2000 400RU 600U
o 1(U1:PLUS)
Tomox. Wo U(U1:PLUS)~ U(U1:MINUS)  Hanpescenue,V

r)

B)

®@ur. 1.18 (B) 3aBUCUMOCT MEXy CbCTOSHUETO U NOTOKA; (T) XapaKTEPUCTUKA TOK-HAIIPEIKEHUE

1.4. Moaeaupane Ha XxapHHEBO-THOKCUAHN MEMPHCTOPH

OcHoBHUTE MOAENH Ha XadHUEBO-TUOKCUJIHU MEMPHUCTOPH, CHIIECTBYBAIIU B
auTepaTypara, ca 0 U3BECTHA CTENEH WJIM HETOYHH, WJIM MHOTO CJIOKHU 3a pealiv-
3arus. [lo-go0pute Moaenu chabpKaT U MPO30peuHa GyHKIHKS B JCHATA CTpaHA Ha
BTOPOTO YpaBHEHUE Ha OMKCBAIaTa CUCTEMA.

1.4.1. Knacnuecku Mmoes Ha XxapHHEBO-TUOKCHAECH MEMPUCTOP
0e3 mpo3opeyHa PyHKIMS U C JIUHEHHO HOHHO OTMECTBaHe
(Knmacnuecku moae K6)

VYpaBHEeHUATA, C KOUTO CE€ OMKMCBA MOJICIBT, ca (1.45):
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u=Mi=|Ryyx+R,, (1-x)]i

dx  u()

— = , u>u,

dt t,u, ’ (1.45)
dx u(t) '

— == , u<u,

dt tSWﬂul‘ﬂ

ax_ 0, u,<uszu,

dt

KbJIETO M € CBIPOTHBICHUETO HA MEMPHUCTOPA, U;, U Uy, CA TIPATOBE HA AKTHBUPAHE,
towp Y Ly, CA TIAPAMETPU 33 HACTPOMKA HA MOJEIIA. 3aBUCUMOCTUTE MEKAY ChCTOSHH-
€TO Y TIOTOKA M MEXIYy HAIMPEKEHUETO U TOKa Ha MEMPHUCTOpa ca MoKa3aHu Ha Dwur.
1.19B)ur).

Tok, uA

Tpoventuea na cocmosnuemo

o ' Hanpeswcenue, V
Homox, Wb

B) r)

®@ur. 1.19 (B) 3aBUCUMOCT MEXy CbCTOSHUETO U NOTOKA; () XapaKTEPUCTUKA TOK-HAIIPEKEHUE

1.4.2. Kinacuyeckn MoaeJ1 Ha Xa(pHHEBO-TUOKCH/IEH MEMPHUCTOP
¢ HeJiMHelHA npo3opeuyna pynkuus (Knacuuecku monen K7)

ypaBHCHI/I}ITa, OIIMCBaIllK TO3H MOJCII, Ca:

u=[ LRS x+HRS (1-x) i

d PLRS
X ( LRS Lt—l/trp
— = — M), u>u,
dr  Ar ( u, j fLRS( ) ’

4 c PHRS
X u—u
_ L
== [ p mj fHRS(M)’ u<tu,
1

dt Ar ,
@=O, u,<usu,
dt
Ar Ar
Cirs = p 5 Crgs
Swp swn
Furs (X) = ! > U<u,
| [ LRS x+ HRS (1— x) |- ©,,,  HRS
Texp B Ar (1.46)
1
x)= , u>u,
s (%) ®,4sLRS —[ LRS x+ HRS (1-x) | "
1+exp| &
BrsAr
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3aBUCUMOCTUTE MEXIY ChCTOSHUETO M MOTOKA M MEXK]y HANpPEKEHUETO U TOKa
Ha MeMpucTopa ca nokaszanu Ha ®dur. 1.21 B) u r). B KOHKpeTHHS ciydail MOJIEITBT
0Tpa3saBa PEKUM Ha TBBPJIO MIPEBKIIOUYBAHE HA MEMPUCTOPA.

posenausa na cvemossuemo
Tok, pA

Iomox. Wb Hanpeaxcenue, V

B) r)

@ur. 1.21 (B) 3aBUCHUMOCT MEXIY CHCTOSTHUETO U MOTOKA; (T) XapaKTEPUCTHKA TOK-HAITPEKECHUE

1.5. MoTuBanus, 1eJ 1 3a1a41 HA TUCEPTAUMOHHUSA TPY/

MoTuBanusTa 3a pa3pabOTBAaHETO HA JUCEPTAITMOHHUS TPYJA € YCTAaHOBSIBAHETO
Ha HSKOU MPOIMYCKU U HEMBJIHOTH B HAy4YHATA JIUTEPATYpa, OCHOBHO CBBHP3aHU C pe-
ATUCTUYHOTO MPEJCTABSIHE HA HEIMHEMHOTO MOHHO OTMECTBAHE Ha 3apsiAUTE B TH-
TaHOBO-JIUOKCUJHU U Xa(pHUEBO-IUOKCHUIHU MEMPHUCTOPHHU CTPYKTYPHU NMPU BUCOKHU
HHBA HA HAIIPEKEHUETO U MPU BUCOKH YECTOTU. Hal-n3M0I3BAHUTE JIMHEWHU KJIACH-
yecku Monenu (Williams u Strukov, Joglekar, Biolek) umar cienHute HenocTaThblu
— OTpa3sBaT 3aJ0BOJUTEIHO HOHHOTO OTMECTBAHE CaMO MPU HUCKU HUBA Ha Hampe-
»keHueTo (10 1 V) u npu HUCKU YE€CTOTH, a 3a€HO C HSIKOW HEJTMHEHHU MOJEIH, KaTo
to3u Ha Lehtonen-Laiho, Te u3mons3Bar npo3opeunn GyHKIMU ¢ PUKCUpaH MOKa3a-
Tel (M ChOTBETHO C (PUKCHpaHA HEJIMHEHHOCT), KOUTO HE OTpa3siBaT PeajTuCTUYHO
HEJIMHEWHATa 3aBUCHUMOCT MEXIYy WOHHOTO OTMECTBAHE M HANPEXKEHUETo. B Tasm
BpBb3Ka BBH3HUKBA HEOOXOJIUMOCT OT IMOJ0OPSBaHE Ha IMOBEICHUETO HA OMHCAHUTE
MOJIeNIA, KOETO € OCHOBHATa MPHWYMHA 3a MpeJjlarane Ha MoJ00peHu Mojaenu. Te3u
oJ00pEHN MOJICIIM C€ HACTPOMBAT ¢ BbBEXKIaHE HA HOBA METOJIOJOTHS 32 MOJIEIIH-
paHe Ha MEMPHUCTOPH, CBbpP3aHa C M3IOI3BaHe HA MOAUDUIIMPAHU TPO30OPEIHHU (DYH-
KIIMA U HACTPOWKA HAa TEXHUTE apaMeTpPH.

ITopaau ToBa, HeJATa HA HACTOSIIIMTE U3CJeABAHMS € pa3pad0OTBaHE U IpuUJjiara-
HE Ha HOBa yCHhBBHPIIECHCTBAHA METOJIOJOTHS 3a MOJECIMpPAHEe HA MEMPUCTOPH C U3-
MOJI3BaHe Ha MPO30peUHU (YHKIIMH, TIPHU KOSTO CE OTUYUTAT MO-PEAUTUCTUIHO (PHU3H-
YECKHUTE MPOIECH B MOJICTUPAHUTE MEMPUCTOPH, U U3CJICABAHE HA PA3TUIHU €EKTH
(M3MeHEeHHe Ha KOHIIEHTpalMsITa Ha KUCIOPOJHUTE BaKaHIIMU B oO0eMa Ha MEMpUC-
TOpa), CBbP3aHU C BIMSHUETO HA TeMIlepaTypara u qudysusTa Bbpxy (Ppu3ndeckuTe
MPOLIECH B MEMPUCTOPA, U Ha Mapa3UTHUTE UHIYKTUBHOCTH M KalalUTETH B MEM-
PUCTOPHUTE MATPHUIIH.

3agaunTe, CBHP3aHU C pPEATU3UPAHETO HA Ta3W IIeNI, MOraT Ja Ob1at 00001eHH,
KaKTO CJIe/[Ba:
1. Pa3paboTBane Ha METOAOJIOTHS 32 MO-PEATUCTUYHO MOJIEIUpaHE Ha pU3NYeC-
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KATE SIBICHUS B MEMPHUCTOPHUTE Ype3 M3MOJ3BaHE HAa MOAU(PHUIMPAHU TPO30PEUHU
(YHKIIMM 1 HaCTpOWKa Ha TEXHUTE MapaMeTpu;

2. [IpunoxkeHre Ha MPEAJIOKEHATA METOJIOJOTUS 32 MOJEIHPAHE HA TUTAHOBO-
JUOKCUJHM U Xa(pHUEBO-IUOKCUIHU MEMPUCTOPU U 3a pa3pabOTBaHE HA HOBU MOJIE-
JIM Ha pa3riexaaHuTe MEMPUCTOPH;

3. PazpaborBane Ha PSpice OuOIMOTEUHHM MOJENM HA TUTAHOBO-IUOKCUIHU U
Xa(pHUEBO-TMOKCUIHI MEMPHUCTOPH;

4. [lpunoxeHne Ha pa3padOTEHUTE MOJEIU IPU U3CIECABAHE HA MEMPHUCTOPHU
aHaJIOTOBU U IIU(PPOBU CXEMH, BEPUTH U yCTPOMCTBA;

5. CpIiocTaBKa U CpaBHEHHE Ha IPEJIOKEHUTE MEMPUCTOPHU MOJIENIH;

6. U3cnenBane Ha pa3nuuHu e(PEeKTH, CBbP3aHU C BIMSHUETO Ha TeMIiepaTypara u
mudys3usTa BbpXy (PU3MUECKUTE MPOIECH B MEMPUCTOPA (M3MEHEHUE Ha ChHIPO-
TUBJICHUETO, MMPOMsIHA HAa KOHIICHTpALMATa Ha KUCIOPOJAHUTE BaKaHIIMU B o0eMa Ha
€JIEMEHTAa) U Ha MApPa3UTHUTE WHIYKTUBHOCTHU M KallallUTETH B MEMPUCTOPHU Mart-
pPULM ¥ UHTETPAIIHU CXEMHU C yATparoysima crened Ha uarerpauus (ULSI).

I[I/ICCpTaHI/I}ITa CbAbpPIiKa 8 TaBU U € OpraHru3vpaHa, KakKTo CJIcaBa:

B cnenpamara ['naBa 2 € onucaHa yCbBbPLIIEHCTBAHATA METOIOJIOTHUS 32 MOJIEIIH-
paHe Ha MEMPUCTOPU OT TUTAHOB JHOKCHUJ, KOSITO € IPUJIOKEHA 3a IPEMJIOKECHUTE
MoaupuIMpaHu OT aBTOpa MeMpHUCTOpHHU Mozenu. B I'maBa 3 ca onucanu pazpado-
TeHuTe PSpice OuOIMOTEKH ¢ TUTAHOBO-IUOKCUAHU MeMpucTopu. B I'nasa 4 e npen-
CTAaBEHO M3CJIEIBAHETO HA MEMPUCTOPHU BEPUTH U YCTPOMCTBA (MEMPUCTOPHU T'€HE-
paTopH, UHTETPATOPH, HACPEIIHO-NIAPAJICITHN U TOCIEI0BATEIHU CXEMH) C IIPEMJIO-
KEHUTE OT aBTOpPAa MOJEIM Ha THUTAHOBO-AUOKCHJIHH MEMPHUCTOPH, U3CIEIBAHO €
BIMSIHUETO Ha TemIeparypara, AUQy3usTa U Napa3uTHUTE COOCTBEHHM M B3aWMHU
WHAYKTUBHOCTH U KamallUTeTH U € YCTAaHOBEHO MPEeHEeOPEeKUMO c1ab0TO BIMSIHUE HA
T€3U ONBJIHUTENHU (PAKTOPU BbPXY HOPMAIHOTO (PYHKIIMOHHPAHE HA MEMPHUCTOPH-
T€ B MATPULIM U MUHTETPAIHH CXEMH C yiaTparojisiMa crerned Ha uarerpaunus (ULSI),
IIOPaJX KOETO T€ HE C€ pas3riIekAaT IIPU MOJCIMPAHETO HA CIOKHHU MEMPHUCTOPHHU
BEPUTHU U CXeMH (HEBPOHHH MPEXH, TAMETH), 0OpbIIa c€ BHUMAHUE Ha ChIIOCTABKA C
KJIACUYECKUTE MOJENIN U CE€ MOTBBPKIaBa pabOTOCIOCOOHOCTTa U PEATUCTUYHOTO
MOBEICHNE Ha MOIU(ULIUPAHUTE MOJIEIH, KAKTO U OCHOBHHUTE MPEUMYIIIECTBA, EJIEK-
TPUYECKHU ITApaMETPU U CBOMCTBA HA IPEIIOKECHUTE MEMPUCTOPHH Moenu. B ['maBa
5 ce pa3riexaa yChbBBPIICHCTBAHOTO MOJeNMpaHe Ha Xa(pHUEBO-IUOKCHUIHU MEM-
PUCTOpH U ca NpeUIoKeHN Tpu Moauuuupanu Moaena. B ['nasa 6 ca npeacraBenu
pa3pabotenute B PSpice 6MOIMOTEYHN MOJENHN HA Pa3MIIeKIAHUTE MEMPUCTOPHU OT
xaduaueB auokcua. B I'maBa 7 e HampaBeH aHaAIW3 Ha €JICKTPOHHU CXEMH U YCTPOMC-
TBa C M3MOJI3BaHE Ha MOAUPUIIMPAHUTE MOJAETN Ha Xa(HUEBO-AUOKCUIHU MEMPHC-
TOPH, KaTO Cca IIOKa3aH! IIPEUMYIIEeCTBaTa Ha IPEMJIOKEHUTE MOJEIIH 110 OTHOILICHHE
Ha KJIACUYECKHUTE MOJIETH U TAXHATa pabOTOCIOCOOHOCT B pa3rielaHUTE €IEKTPOH-
HU cxeMu. B riaBa 8 e npeacraBeHa CbIOCTaBKaTa HA PasriekAaHUTE MEMPUCTOPHU
MOJIEJIA TIO HSKOM OCHOBHM IAPaMETPH, XapaKTEPUCTUKHU U MOBEJCHUE B E€JIEKTPU-
yecko noje. Hakpas Ha ppKonuca ca 1aJjleHd IPUHOCUTE, MyOIMKAMUTE BbB BPb3Ka
C IUCEpTAIMATA, KAKTO U 3aKIIIOUNTEITHUTE OCNIEekKKH, CBBP3aHH C U3CIICABAHUSATA.
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I'JTABA 2. MOJIEJIM HA TUTAHOBO-IUMOKCUIAHU MEMPUCTOPH

B rmaBa 2 ce mpejara MeTOJ0JI0THS 32 YChbBBPIICHCTBAHO MOJIETINpaHe Ha Qu-
3UYECKUTE SIBJICHUS B MEMPUCTOPUTE Upe3 M3MOJ3BaHE Ha MOAUDUIIMPAHU MPO30-
peuHu (QYHKUMU U HACTpoilka Ha TexHuTe mapamerpu. [Ipennarar ce 5 HOBU MOau-
dbunupanu Mojella Ha TUTAaHOBO-TUOKCUIHU MeMpucTopH. M3ciienBa ce nopeneHue-
TO Ha pa3pabOTEeHHUTE B JUCEPTALUATA MOAUPHUIIMPAHN MEMPUCTOPHHU MOJIEIIH.

2.1. MetoaoJsiorusi 3a yCbBbPIICHCTBAHO MOJAeJIMPaHe Ha GU3NYECKHUTE
SIBJICHUS] B MEMPHUCTOPHUTE Ype3 U3M0A3BaHe HA MOAU(PUIUPAHH
Npo30peyHu GyHKIUH U HACTPOIKA HA TEXHUTE MapaMeTpu

[Ipennoxkenara B To3u naparpad MeTOAOJOrUs 3a YChbBBPIIEHCTBAHO MOJEIHNpPA-
HE Ha (PU3UUYECKUTE SBJICHUS B MEMPUCTOPUTE BKIIOYBA W3MOJ3BaHE Ha Pa3jiNMuHU
HEJIMHEWHHU MPO30PEYHU (PYHKIMHU ChC CTENEHEH MOKa3aTell, 3aBUCEI OT MPUIIOXKE-
HOTO HaIlpEXEHHE, KAaKTO M MPO30PEUYHU (PYHKIIMH C AOMBIHUTEICH HEJIMHEEH CUHY-
COMJAJICH KOMIIOHEHT, Ype3 KOUTO MO-PEATUCTUYHO CE€ MOJEIUPA HEJIMHEMHOCTTA Ha
HOHHOTO OoTMecTBaHe. Te3u mpo3opeyHu (PyHKUHUKM MMAT MapaMeTpH 3a HAaCTpOHKa,
KOUTO C€ M3IIOJI3BAT 3a aJalTUPaHE Ha XAPAKTECPUCTHKUTE TOK-HAIIPEKEHUE HA MO-
nena. ExcriepuMeHTanHaTa XapaKTepUCTUKAaTa TOK-HAINPE)KECHUE Ha Pa3IIICKIAHUS
MEMPUCTOP, MOJIYyYEHA [IPU ONPEIECIICHHU YCIOBUS (HAPEKNUTEIEH CUTHAI) CE U3I0J-
3Ba KaTO €TAJIOH 3a HAcTpOilka Ha aBTOpckuTe Mojenu. Pazpaborenure monenu ce
HACTPOMBAT 4pe3 BapupaHEe Ha mapaMeTpure (Koe(ULHUEHTUTE) 3a HACTPOMKa C Liel
MUHMMU3UPAHE HA CPEAHO-KBAAPATUYHATA I'PEIIKAa MEXKAY CHMYJAllMOHHATA U €KC-
IIEpUMEHTAaIHaTa XapaKTePUCTUKH TOK-HanpexxeHue. Ciiely KaTo npeajlaraHusiT MeM-
PUCTOPEH MOJIEN € HACTPOEH, TOU CE U3CJIEIBA IIPU PEKUMU HA MEKO U TBBPJO IIPEB-
KJIFOUBAHE M 10 TO3M HAYMH CE I0Jy4aBaT OCHOBHUTE XapaKTEPUCTUKHU HA MOJEIU-
paHHsI MEMPHUCTOP — XapaKTEPUCTUKATA HAIIPEKEHUE-TOK U XapAKTEPUCTUKATA ChC-
TOSTHUE-IIOTOK.

HpedﬂoofceHama Memo00102Usi MOKE Ja 6’[)[[6 npeacTaBCHa, KaKTO CJICABA:

1. 36upar ce onpeneneH Opoil pabOTHH TOYKHM Mpe3 paBHOMEPEH MHTEPBAJ BHB
BPEMETO B MaIa30Ha Ha U3MEHEHUE Ha HANPEKEHUETO, U3MO0JI3BAHO 3a CHEMAaHE Ha
EKCIIEpUMEHTAJIHATA XapaKTEPUCTUKA HAMIPEKEHNE-TOK HA MEMPHUCTOPA;

2. OTyuTaT c€ TOKBT M HAIMPEKEHUETO 3a EKCIEPHUMEHTANIHATA XapaKTEPUCTUKA
HaIpeKeHUE-TOK 3a BCSIKA TOUYKA (32 BCEKH ChbOTBETCTBAILl MOMEHT OT BPEMETO);

3. Cumynupa ce NOBEJEHUETO HA MEMPUCTOPA C U3IMOI3BAHE HA CHOTBETHUS MO-
nen. Hayanuure cTOMHOCTH HA KOE(PUIIMEHTUTE 3a HACTPOMKA ce M30UpaT MPOU3BOJI-
HO, aKO HsIMa MMbpBOHauajgHa MH(OPMALHS 3a TSIX, BIOCIEACTBHE TE CE€ MPOMEHST,
JIOKaTO C€ MOJyud OJIM30CT MEXKAY eKCIEepUMEHTaIHaTa U CUMyJupaHaTa XapakTe-
PUCTUKHU HAMPEKEHUE-TOK.

4. OTuuTaTr ce TOKBHT U HANPEKEHUETO 3a CUMYJMpaHaTa ype3 Mojiejia Ha MEM-
pHUCTOpa XapaKTEPUCTHUKA HAMPEKEHUE-TOK 32 U30paHUTE MOMEHTH OT BPEMETO.

5. M3uncnsaBa ce cpeaHo-KBaapaTUYHATA TPEUIKA MEXIY ABETE XapaKTEPUCTUKU
TOK-HaIlpeXeHue (EKCIIEpUMEHTAIHATA U CUMYJIMPAHATa Ype3 MOJIENA).
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6. Bapupar ce napameTpuTe Ha MOJI€NIa U CE€ MPOCIIesABa CPEAHO-KBAAPATHYHATA
IpelIKa, PECHEKTUBHO BU3YAJIHOTO PA3IMOJIOKEHHE HA JIBETE XapaKTEPUCTUKU Hall-
pexxenue-Tok. [IbpBoHauanHO ce n30upa MPOU3BOJIHA CTHIIKA HA U3MEHEHHE Ha Ta-
pamMeTpuTe Ha MOJEJa, a IPU YCTAHOBABAHE Ha OJM30CT HA XapaKTEPUCTUKUTE Hall-
pEXEHUE-TOK C€ HaMaJIsiBa CTHIIKATa HA N3MEHEHUE Ha MMapaMeTPUTE, 10 MOJy4aBaAHE
Ha MUHMMaJIHAa CTOMHOCT Ha CPEAHO-KBaIpaTUYHATA TPEIIKa.

Hpez[noxceHaTa MCTOJOJIOTHA CC HM3II0JI3BA IIPHU BCHUYKH IMPCIAJIOKCHU MOACIIH,
pasriicgaHu B JucepranguAaTa.

2.2. MeMpHCTOpPeH MOJieJ ¢ Mpar Ha YYBCTBUTEJIHOCT U MPo30pevyHa (PyHK-
uusi Ha Joglekar ¢ noka3zareJi, 3aBUcelll OT HaNpexxkeHueTo (Moaea A1)

JudepeHnnaTHoTO ypaBHEHUE Ha ChCTOSHUETO HA MEMPHUCTOPA, MOIYyUYCHO Ype3
npuiIaraHe Ha MoauduUIMpaHa mpo3opeyHara (yHKIHSA, B KOMOMHAIUS ChC 3aBHCH-
MOCTTa TOK-HaIpexXeHue € onucano ¢ (2.5):

i= “
RONX+ROFF (l_x)

dx i u |:1_(2x_1)2mum/[c+buJ:|

(2.5)

dr Ry X+ Ropy (1-x)

KbJIETO b U ¢ ca mapameTpu 3a HacTpoiika. HacTtpolikaTta Ha mMojena ce U3BbpIIBa
ype3 pa3ziessiHe Ha BpEMEBHS MHTEPBaAJl Ha U3MEHEHHE Ha MPUII0KEHOTO JTUHEHHO 110
yactu Hamnpexxenue Ha 100 paBHU yacTu, 3a Bcaka oT Te3u 100 TOuku ce oT4uTaT
CTOMHOCTUTE Ha ToKa. M3uncisiBa ce cpellHO-KBaJpaTUyHATa TPelliKa MEXIy CUMY-
JUpaHaTa U eKCIEPUMEHTAJIHATA XaPAKTEPUCTUKU HAMPEKEHUE-TOK MPU BapupaHe
Ha MapaMeTpuTe 3a HacTpoiika b u c. Pesynrature ca npeacraBenu B Tadu. 2.1. Han-
PEXKEHUETO, MPU KOETO € MOJyuYeHa €KCIEPUMEHTAIHATA XapaKTEPUCTHUKA HaIpeKe-
HUE-TOK, € Mmoka3aHo Ha @wur. 2.1 a). Hakou OT mojgyyeHuTe XapakKTepUCTUKU B Ipa-
¢buyeH BU B OKOJHOCT HA MUHMMAJTHATA CPEAHO-KBAIpaTUYHA TPEIIKa ca MpeacTa-
BeHM Ha @wur. 2.1 0). MuHUMaHaTa Tpelika € TPy CTOMHOCTH Ha MapaMmeTpuTe : b =
9.5,c=6.

Ta6a. 2.1
CrpIiocTaBka Ha €KCIEPUMEHTAIHATA U CUMYJIMPAHUTE XapaKTEPUCTUKN HAIIPEKEHUE-TOK CIIOPE]
MoUUIIPAaHHs MOJIeN 41, IO OTHOLIICHHE Ha CPeIHO-KBapaTHYHATAa IPeIIKa, IPU HIKOH CTOM-
HOCTH Ha IIapaMeTPUTE 32 HACTPOMKa b U ¢

b C I'pemika, %
10 6 6.93
10.5 6 7.60
9.5 6 6.84
9.5 6.5 6.86
9.5 55 7.01
11 55 6.95
11.5 55 6.98
11.5 6 7.02
11 7 7.12
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BpemeguMarpama Ha HanpeXeHWeTo

HanpexeHue, V
=

0 01 02 03 04 05 08 07 08 09 1
Bpeme, s

a)

x .m-ﬂ Xapak'repuc'ruka HanpexeHWe-ToK
T T T T

151 —— Excneprmentantia x-ia
ExcreprMenTantn qannn
Cimaynupana x-ka, b=10, c=6
Cunmynupana x-ka, b=10.5, c=6
i #- CuMynupada x-ka, b=15, ¢=7
Cwnynupana x-ka, b=20, c=10
#o- Cumynupana x-ka, b=20, c=10

Fs

Tok, A

s ‘ ‘ ‘ . ‘
-2 -1.5 -1 0.5 0 05 1 15
Hanpexenue, V

0)
@®ur. 2.1. (a) Bpemennarpama Ha HanpeXKEHUETO HA MEMPHUCTOPA;
(6) CpocTaBka Ha €KCIIEPUMEHTATHATA XapaKTEPUCTHKA HAIIPEKEHUE-TOK Ha TUTAHOBO-
JUOKCHUJIEH MEMPUCTOP C IET CUMYJIUPAHU XapaKTEPUCTUKH, IIOJIYUEHH IIPH BapupaHe
Ha KOoe(hUIIMEHTHUTE 32 HACTpoiika Ha Moauduuupanus moaen Ha Joglekar — A7

Cnen nacrtpoiikara Ha mozena A/ Tou ce uzcneasa B cpena Ha PSpice nmpu pas-
JUYHU CUTHAJIA 3a TMOJIy4YaBaHE HA XapaKTEPUCTUKUTE TOK-HAMPEKEHUE U ChCTOS-
HUE-TIOTOK MPHU PEKMMU Ha MEKO M TBBPJIO MPEBKIIOUBAHE. 3ABUCUMOCTUTE MEXKY

CBCTOSIHHETO M MOTOKA U ME¥K]ly HAMPEKEHUETO U TOKA HAa MEMPUCTOPA Ca MOKa3aHU
Ha dur. 2.2 B) ur).

Tok, mA

TIpomenausa na cocmosnuemo

Y%

omox, Wb Chedss Hanpesicenue, V

B) r)

®@ur. 2.2 (B) 3aBHCUMOCT MEKy ChCTOSTHUETO H MOTOKA; (I') XapaKTepUCTUKA TOK-HAIIPEIKCHHE
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2.3. Moaea ¢ HeJIMHEHHO HOHHO OTMecTBaHe, MOAU(PUUIMPAHA MPO30OPeYHA
(pynkuus Ha Biolek ¢ nonbJHUTEIeH CHHYCOMIAJIeH KOMIIOHEHT M mpar
HA YYBCTBHUTEJHOCT (Moaes A2)

3a HacTpoiikata Ha MoAudUIMpaHus MOAel A2 ce Mmpuiara METOAOJOTHUsATa 3a
PEATUCTUYHO MOJIETIUPAHE HA (PU3UUECKUTE SBJICHUS B MEMPUCTOPUTE UPE3 MU3MON3-
BaHE Ha MOJIU(ULIMPAHU TPO30pEeUHU (YHKIIMU U HACTPOIKA HA TEXHUTE MapaMeTpH,
noApoOHo omnucaHa B T. 2.1.

JudepeHnnaTHoTo ypaBHEHHE Ha ChbCTOSSHUETO HA MEMPUCTOPA, TOTYYEHO Ype3
OpujaraHe Ha Mpo3opeyHaTa (QyHKUMs, B KOMOMHALMsS CbC 3aBUCUMOCTTA TOK-
HarpekeHue € onucano ¢ (2.10):

[ x—1)" +1+m(sin® (7x
Q:nki ( ) ( ( )) ,ou(t)<-u,,
dt m+1
M 2p )
dx | —x +1+m(sm (ﬂ'x))
E"]kl m+1 ’ u(t)>uthr (2-10)
%:0’ _uthr < M(t) Suthr

u=Ri=[Ryyx+(1-x)Ry; | i

KBJIETO M W p ca mapaMmeTpu 3a HacTpoirika. Crei MUHUMHU3HpPAHE Ha CPETHO-
KBaJIpaTUYHATA T'PEIIKa Cca TMOJYyYCHH ONTHMAIHHTE CTOMHOCTH Ha MapaMeTpHUTe 3a
HacTtpoiika: m = 12000; p = 7. 3aBUCUMOCTUTE MEXIY ChCTOSHUETO U MOTOKA U
MEXIy HaIPpEKEHUETO ¥ TOKa Ha MEMPHCTOpa ca rokazanu Ha dur. 2.5 B) u r).

Tok, mA

posenmusa na cvcmonnuemo

Iomox, Wb

B) r)

Hanpeoxcenue, V

@ur. 2.5 (B) 3aBUCUMOCT MEX/Ty ChCTOSTHUETO U MOTOKA; (T') XapaKTePUCTHKA TOK-HAMPEIKEHNE

2.4. Moaea ¢ moaudunupana npo3opeuna ¢pynkuus Ha Biolek cbe cTeneHen
nokasareJi, 3aBucelll 0T Hanpe:xeHueTo (Mmoaea A3)

VYpaBHEHHETO HAa CHCTOSHHETO Ha MEMPHCTOPA, MOJYYCHO 4Ype3 IMpHUjlaraHe Ha
npo3opeyHara QyHKIHs, B KOMOMHAIMSA ChC 3aBUCHMOCTTA TOK-HAPEIKCHHUE € OIH-
cano c (2.13):
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& pnihioeorpo )| u <o, [ <o)

B
dx ‘ 2round [u+C]

—=kni|ll-x , u(t)> 0, [i(t)>0] (2.13)

u=Ri=i[Royx+(—x)Rop]

Crnen MUHMMH3MpaHE HA CPEAHO-KBaApaTUYHATA IPELIKA TapaMeTPUTE 3a Hac-
Tpoiika ca: B =2.3, C = 20.1. 3aBUCUMOCTHUTE MEKY CHCTOSHUETO U MTOTOKA U MEXK-
Jly HaIPEKEHNUETO U TOKa Ha MEMPUCTOpA ca oka3aHu Ha dur. 2.8 B) u I).

Tok, mA

IIpoMennuea Ha CoCMoAHUENO

ITomoxk, Wb Hanpedxcenue, V
B) r)

@ur. 2.8 (B) 3aBUCUMOCT MEX/Ty ChCTOSTHUETO ¥ MOTOKA; (T') XapaKTePUCTHKA TOK-HAMPEIKEHNE

2.5. Moaea ¢ moguuunpana npo3opeuna pyuxuus Ha Joglekar-Biolek
C MoKa3areJi, 3aBUCeIl OT HANPEKEHUETO U MPar Ha AKTUBHUPaHe
(Mmonen A4)

JudepeHnnaTHoTO ypaBHEHUE HA ChCTOSSHUETO HA MEMPHUCTOPA, MOIYyUYCHO Ype3
npuiIaraHe Ha Tpo3opeyHaTa (QYHKIHS, B KOMOWHAIMS ChC 3aBUCUMOCTTa TOK-
HaIpeKeHue € onucaxo ¢ (2.17):

A A
& prili-L (x—l)z"'”“"d(wc]+(2x—1)2"°"""[u+cq ., u(f)<0
dt 20
i 2-round A A
?Zﬂkl 1_% x (u+C]+(2x_1)2-mund[u+CJ , u(t)>0 (217)
t

u=Ri=[Ryyx+R,., (1-x)]i

Cnen MUHUMU3UpAHE HAa CPEIHO-KBaJpaTUYHATA TpElIKa ONTUMAJIHUTE CTOM-
HOCTHU Ha IapaMeTpuTe 3a HacTpoiika ca: A = 2.34, C =21.12. 3aBUCUMOCTUTE MEXK-
1y ChCTOSIHUETO Y MOTOKA M MEXAY HAIPEKEHUETO U TOKAa Ha MEMPUCTOpA ca MOKa-
3anu Ha @ur. 2.11 B) u ).
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posenmuea na cvcmonnuemo

B)

Tok, m4

Hanpescenue, V

Iomox, Wb

r)

@ur. 2.11 (B) 3aBUCUMOCT MEXIy CHCTOSIHUETO U MOTOKA; (T) XapaKTepruCTHUKa TOK-HAPEKCHNUE

2.6. HenruneeH MeMpHCTOpPEH MO/ieJ1 ¢ KOMOMHUPaHA MOAU(pUITUPAHA
npo3opeuyna ¢pyukuusi Ha Biolek-Joglekar u cTenenen nmokasare.,
3aBHCelll 0T HaNpe:xeHueTo (Mmoaea A5)

JudepeHnnaTHoTO ypaBHEHUE HA ChCTOSHUETO HA MEMPHUCTOPA, MOTYyUYCHO Ype3
npuiIaraHe Ha Tpo3opeyHaTa (YHKIHS, B KOMOWHAIHMS ChC 3aBUCUMOCTTa TOK-
Harnpexxenue Ha Lehtonen-Laiho e onucano ¢ (2.23):

dx
dt

L
2

(X_I)Z-round[ua“] +(2x_1)2-round[ua+cj W u (t) <0

2-mund[i

X ‘”‘H] +(2x—1)2'mu”d[ua+cj u”, u(t)>0

(2.23)

i =] exp(yu)—1]+pBx"sinh(au)

Cnen MUHUMU3HMpPAHE HAa CPEIHOKBAApaTUYHATA IPEIIKa ONTUMAIHUTE CTOMHOC-
T Ha napametpurte ca: a = 30.2, ¢ = 2.3. 3aBUCUMOCTUTE MEXTY ChCTOSHUETO U TO-
TOKa M MEXy HaIlpEKEHUETO U TOKa ca nokazanu Ha dur. 2.14 B) u r).

Mposientusa na cvcmosnuemo

/]

Tok, pd

"

B)

Iomox, Wb Hanpeoicenue, V'

r)

@ur. 2.14 (B) 3aBUCUMOCT MEXAY CbCTOSHHETO U MOTOKA; (T) XapaKTEPUCTHKA TOK-HAMIPEKEHUE
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2.7. U3Boam

B rmaBa 2 ot gucepranusTta ca nNpeuiokKeHH U U3ciIeABaHN MOIUGUIIMPAHU MO-
nenn (Monuduuupan mozen Ha Joglekar che cTeneHeHn nokasarel, 3aBUcel] OT Hall-
pexxenuero — A1; moauduiupan moaen Ha Biolek ¢ mombiHuTeNneH cUHycoMIaIeH
KOMIIOHEHT B IMpo3opeuHara GyHKIus — A2; moaudumupan Mmojaen Ha Biolek cbe
CTETEeHEH MOKa3aTell, 3aBUCEIll OT HAMPEKEHUETo — A3; MoaAu(UIUPaH MOJIET C KOM-
ounupaHa npo3opeuyHa ¢yHkiusa Ha Biolek-Joglekar cbe cTeneHneH mokasaren, 3aBu-
ceny oT HanmpexxeHueTo — A4; moaudunupan moaen Ha Lehtonen-Laiho ¢ komOunam-
pana npo3opeuHa ¢yHkius Ha Biolek-Joglekar cbc cTrenenen nmokasares, 3aBUCEI] OT
HaIPEXXEHUETO — AS5) HA TUTAHOBO-IHOKCUIHU MEMPUCTOPH. Y CTAHOBEHU Ca TEXHHU-
T€ OCHOBHHM INpeumyiiecTBa. [[oTBbpAEHO € T0A00PEeHOTO MOBEACHUE Ha MPeIoKe-
HUTE MOJIENIA B €JIEKTPUUYECKO MOJIE TP BUCOKHU YECTOTH — BOJIT-aMIIEPHA XapaKTe-
pUCTHKa, JOOIMkKaBala ce MO-CUJIHO JI0 €KCIIEPUMEHTAIHO 3amucaHa XapakTepuc-
THUKa TOK-HAMPEKEHUE HA MEMPHUCTOPA U €JHO3HAUHA BeOEp-KyJIOHOBA XapaKTepHC-
THKa IIPU PEXUM HAa MEKO IPEBKIIOYBAHE, B CpaBHEHHUE ¢ Mojena Ha Biolek, koiito
IIPU €JHU U CHIIU YCJIOBHS MPEACTABS Ta3U XapaKTEPUCTUKA C HEEJHO3HAYHA KPHBA.
[To oTHOLIEHKHE HA eTaOHHUS Mojien Ha Pickett mpu aBTOpcKUTE MOJENIN HE ce HAO-
JrofaBaT MpoOJeMH, CBbP3aHU ChC CXOJUMOCTTa HA HM3UYMCIUTEIHUTE MPOLECH.
[IpennioxenuTe MoauguUIUpaHud MOJENIU C BUAOU3MEHEHH MPO30PEUHH (DYHKIMU ce
OCHOBABAT I'IABHO HA TPUTE OMMUCAHU MO-TOPE KIACUYECKU MOJENIA HA MEMPUCTOPH —
Ha Joglekar, Biolek 1 BCM, u nputexxaBat TEXHUTE OCHOBHU CBOMCTBA U MPEUMY-
miectBa. OCHOBHUTE HOBH MPEAUMCTBA Ha MPEIOKEHUTE OT aBTOpa MOAUPHUITUPAHU
MOJENN HAa MEMPUCTOPU €A CBBP3aHHU C PEATUCTUYHOTO NPEACTABSIHE HA MOHHOTO
OTMECTBAaHE Ha KUCJIOPOJHUTE BAKAHLWH, B 32aBUCUMOCT OT IIPUJIOKEHOTO HaIpexe-
HUE U royisiMaTa HeJIMHEHHOCT, KOETO MO3BOJIsIBA paboTa MpU BUCOKM HHUBA HA CUTHA-
JUTE U BUCOKH YECTOTH. Jlpyro mnpeiuMCTBO Ha MPEIJIOKEHUTE MOJAEIH € IIOo-
nobpara O6JM30CT MEXIY MOJIYyYEHUTE XapaKTePUCTUKKU HAMPEKEHHUE-TOK U ChOTBET-
HaTa EKCIIEpUMEHTAJIHA XApaKTEpPUCTHKAa TOK - HampexeHue. [loyTu BcUUKM OT
MPEJIOKEHUTE MOJIENH, C U3KIIFOUEHUE HA A3 U3I0I3BaT IIpar Ha aKTUBUPAHE, KOETO
UM J1aBa Bb3MOXHOCT 3a IpUJIaraHe B YCTPOWCTBA, KOUTO TPsOBa J1a pa3rpaHUYaBar
CUTHAJIM C HUCKO W BHCOKO HMBO: HallpUMEp NaMETH MEMPUCTOPHU MATPUIIM HEB-
POHHU MPEXU omnucaHu B riasa 4. B tabn. 2.6 e HampaBeHa ChIIOCTaBKa Ha MPEAJIO-
KEHUTE MOJENN HAa TUTAHOBO-AUOKCHIHU MEMPHUCTOPHU MO OCHOBHUTE KPUTEPHUHU 32
CpaBHEHHE Ha TAXHOTO MoBeneHue u ocodbenoctu. [lo-nony ca nedpunupanu u onu-
CaHU Kpumepuume 3a CpagHeHue.

1. CaoxHoct — nepuHupa ce Karo Opoil Ha eIEeMEHTAPHUTE MAaTEMATUYECKU OTle-
paluu, U3M0JI3BaHU B MATEMATUUECKHUS MOJIE]T HA MEMPUCTOPA;

2. HuBa Ha cuMrHaJIMTe — 3a HUCKU HUBA CE CUMTAT HampexeHus nox 1 V, cpennu
—or 1 no 1.5V, crorBeTHo Te3u Hax 1.5 V ce cuuTat 3a BUCOKU HUBA,

3. YecroTa HA CHTHAJUTE — 3a HUCKHU 4yecTOTH ce cyutar te3u oT 0.5 Hz mo 1
KHz, 3a cpenuu yectotu — ot 1 kHz no 100 kHz, 3a Bucoku yecrotu — ot 100
KHz no 3 GHz;
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10.

11.

12.

HeaunenHocT — ,Z[C(I)I/IHI/Ipa CC€ KayecmeeHOo KaTO CTCIICH HAa OTKIIOHCHHUC Ha Xa-
PaKTCpUCTKATa ,,BpEMCBA IIPOU3BOJHA HA HIPOMCHJ/IMBATA HAa CBCTOAHUCTO —
TOK Ha MCMpI/ICTOpa” OT JIMHEMHAaTa 3aBUCHUMOCT,

OTtpassiBaHe HA rPAaHUYHHMTE e(PeKTH — TO3U KPUTEPUU ChABPKA IBE U3UCK-
BaHMs: OT €7Ha CTpaHa, OrpaHUYaBaHE HA IIPOMEHJIMBATA HA CbCTOSHUETO B UH-
tepBaina (0, 1), a o gpyra cTpaHa — KOraTro NpoOMEHJIMBaTa Ha CbCTOSIHUETO UMa
CTOMHOCT €AMHULIA, T Ja OCTaHE C Ta3W CTOMHOCT IIPY YBEJIMYaBaHE Ha Halpe-
JKEHHMETO B IIOJIOKUTEIIHA [TI0COKA, U /14 3alI0YHE J1a HaMaJsiBa IIpY MOHUKABAHE
Ha HAIPEKECHHUETO; aKO IMPOMEHJIMBATA HA ChCTOSSHUETO MMa CTOMHOCT HYJIa, TS
J1a 3aI1a31 Ta3u CTOMHOCT IIPY MOHWKAaBAHE HA HAIIPEKEHUETO, U Ja 3alI0YHE 1A
Ce YBEJINYaBa IPY HAPaCTBAaHE HA HAIIPEKEHUETO.

Otpa3ssiBaHe Ha NMpeBKJIIOYBAIIUTEe eQeKTH — CIOCOOHOCT Ha MEMPHUCTOPHHUS
MOJIEN J1a u3pa3siBa MPOMsSHATa Ha ChIPOTUBIECHUETO HA MEMPUCTOPA B IIMPOK
JIMaIa3oH (3a peKuM Ha TBbpA0 npeBkiatouBane — ot 100 Q no 16 kQ, 3a pexum
Ha MEKO MpeBKItoUBaHe — oT 2 k) no 14 kQ).

Pexxumu Ha (YHKIMOHHMPAHE — PEKUM HA MEKO MPEBKIIOYBAHE, KOTraTo Mpo-
MEHJIMBATa Ha ChCTOSTHUETO HE JOCTUra IPaHUYHUTE CU CTOMHOCTH — HyJla U
€IMHULA; PEKUM Ha TBHPJAO NPEBKIIOYBAHE, KOraTO MMPOMEHIMBATA HA CHCTOSI-
HUETO JOCTUTra TPAHUYHUTE CU CTOMHOCTH — HyJa U €AUHUIIA.

TounocT Ha Mogena — neuHUpa ce KaTo CIOCOOHOCT Ha MOJiela a u3pas3siBa
XapaKTepUCTUKATa HAIPEKEHHE-TOK ¢ MUHMMAJIHA Tpellka 10 OTHOUICHHE Ha
eKCIIEpUMEHTANIHATa XapaKTePUCTUKA HANPEKEHUE-TOK MPU €IHU U CHIIU YC-
70BUsA. AKO CpelHO-KBaJpaTUyHaTa Ipelika e no-maika ot 4 %, TOUHOCTTa ce
npyeMa 3a BUCOKA, aKO Ipelikarta € B uHrepasia 4 — 6 % TOYHOCTTA ce MpHema
3a 3aJI0BOJIUTENHA, a MIPH Ipenika HaJl 6 % TOYHOCTTa Ha MOJIelIa € HUCKA.

IIpo6GaemMu cbe cX0aMMOCTTa — IeUHUpPA CE€ KATO HapyIIaBaHEe HA HOPMAJTHO-
TO MPOTUYAHE HA MU3YUCIUTEIIHUTE OINEpalliy MO0 BpeMe Ha CUMYJALUs U CIU-
paHe Ha aNropuThMa B PE3yJITaT HA HE3aJOBOJIUTEIHA CXOJIUMOCT Ha U3YUCIIU-
TEJTHUTE OTEePALIUH.

H3non3Bane HA Mpar HA aKTUBMPAaHe — TO3U KPUTEPUI IMOKa3Ba 1ajiy B MO/Jie-
Ja € 3aJI0)KEHO HUBO Ha CUTHAJIMUTE (Ipar Ha akKTUBHUPAHE), O] KOETO MEMPHUC-
TOPBT UMA MOBEACHUE HA JJMHEEH PE3UCTOP U HAJl KOETO MPOMEHINBATA HA ChC-
TOSIHUETO CE€ U3MEHS, TaKa Y€ EJIEMEHTHT UMa ITOBEJCHUE HA MEMPUCTOP.

BBb3MOKHOCT 32 HACTpPOiiKa Ha MoJeJa — CIOCOOHOCTTa HA MEMPHUCTOPHHUS
Mojien fa Ob/ie afanTUpaH KbM OIPEesIeHa eKCIEPUMEHTAIHA XapaKTEPUCTHKA
HaIIPEKEHUE-TOK, IPU MTOJIy4aBaHE HA MUHUMAJIHA CPEIHO-KBAAPATUYHA IPEIIKA.

Bb3MOKHOCT 32 M3pa3siBaHe HA HECHMETPHYHHM XapPAKTePUCTHKH Harmpe-
JKeHHe-TOK — CIIOCOOHOCTTa Ha MOJIelia J1a U3pa3siBa XapaKTepUCTUKATa Harpe-
KEHHE-TOK TIPU PEXKHUMH, OJIM3KH JI0 PEKUM Ha TBBHPJO MPEBKIIOYBAHE, C HECH-
METPUYHH CIPSIMO KOOPAMHATHOTO HAYaJI0 KPUBH, KAKTO M Ja OTpa3siBa TOKO-
U3MPaBUTENICH €(EKT.
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13.

14.

15.

Otpa3siBaHe HA 3aBUCHMOCTTA HA HeJIHHEHHOTO HOHHO OTMeCTBaHe OT Ha-
NpeKeHHeTo — BH3MOXKHOCTTA Ha Mojeja Ja MpeAcTaBd HETUHEHHOCTTa Ha
HOHHOTO OTMeCTBaHe (KOSITO € 0OpaTHO MPOMOPIMOHATHA HAa CTEIICHHMSI MTOKa-
3aren B Mpo3opedHaTta GyHKIMA) KaTo PYHKUHUS HA TPUII0KEHOTO HAIlPEeKEHHE.
TakaBa 3aBUCUMOCT ce M3pa3siBa WM Ype3 BbBEXKIaHE Ha xunepOonnyHa (QyHK-
U] MEXAY CTENCHHMSI MTOKa3aTelsl B MPo30pevHaTa (PyHKIUS U HAIPEKEHHUETO,
WIN Ype3 MOBIUTaHE Ha HEUYETHA CTENEH Ha TOKA MJIM HAIpPEKEHUETO B ypaBHeE-
HHUETO, U3Pa3sgBallo 3aBUCHMOCTTa MEXy IPOM3BOIHATA HA MIPOMEHJIMBATA HA
CBHCTOSIHUETO CIPSIMO BPEMETO M TOKa (HAMPEKEHUETO).

KopekTHO mpencTaBsiHe HA XapaKTePHCTHKATA CbCTOSHHE-TIOTOK — CIIO-
coOHOCTTa Ha Mojiefia Ja U3pa3siBa XapaKTEepPUCTUKAaTa ChbCTOSHUE-TIOTOK C €]I-
HO3HAYHA KPUBA JTUHUS MPU PEKHUM Ha MEKO MPEBKIIIOYBAHE, U C XUCTEPE3UCHA
MHOTO3Ha4YHa (QYHKIIMS PU PEKUM Ha TBBPJIO MPEBKIIOYBAHE.

CJ10/KHOCT HA HACTPOMKATA HA MOJIesIa — ONpeJens ce OoT Opost Ha Koeduiu-
SHTUTE B MOJIJIa, YUUTO CTOMHOCTH MOTAT Jla C€ TIPOMEHSIT C 11 TOA00psBaHEe
Ha CHOTBETCTBUETO MEXIY CUMYJIHUPAHUTE U €KCIIEPUMEHTAIIHUTE XapaKTepuc-
THUKU HaMpEKEHUE-TOK MPHU €THU U ChILH YCIOBUA.

Tabua. 2.6. CpnocTaBka Ha MPEATIOKEHUTE U KIIACHYECKUTE TUTAHOBO-IUOKCUIHA MEMPHUCTOPHU
MO/IEJIN TIO TSIXHOTO TOBEACHUE B €JICKTPUUECKO I0JIE U 110 TEXHUTE 0COOEHOCTH

Mogea K1 K2 K3 K4 K5 Al A2 A3 A4 A5
HuBa Ha HHCKH 1 HHCKH 1 HHCKH 1 HHCKH 1 HHCKH 1
MPOU3BOIIHH [POU3BOIHA | IPOM3BOJHU | IIPOM3BOJIHH | IIPOM3BOIHHI
CHIHAJINTE CpeIHH Cpe/IHH CpeIHH Cpe/IHH Cpe/IHH
Heanneiinoct cpenHa cpenHa cpenHa HHCKA BHCOKA BHCOKA BHCOKA BHCOKA BHCOKA BHCOKA
Orpa3ssiBaHe Ha
rpaHuYHHATE YACTHYHO YACTHYHO na na HE na na na na na
edexTu
HHCKH, HHCKH,
HHCKH 1 HHCKH U HHCKH U HHCKH U
YecToTn HA HHCKH HHCKH HHCKH HHCKH CPEIHH CpE/IHH 1
CpetHu CpetHu CpesHI CpetHu
NpPEeBKJIIOYBaHEe | YECTOTH 9eCTOTH 9eCTOTH 4eCTOTH BHCOKH BHCOKH
9eCTOTH 9eCTOTH 4eCTOTH 9eCTOTH
YeCTOTH YECTOTH
MEKO H MEKO H MEKO U MEKO H MEKO H MEKO U MEKO H MEKO H
Pexkumu Ha MEKO TIpe- MEKO TIpe- TBBPIO TBBPIO TBBPO TBBPIO TBBPIO TBBPO TBBPIO TBBPIO
(yHKUMOHMpaHe | BKIIOYBAHE | BKIIOYBAHE | OPEBKIIOY- | OIPEBKIOY- | OPEBKIIOY- | IPCBKIIOY- | IPEBKIIOY- | MPEBKIIOY- | IPEBKIIOY- | MPEBKIIIOY-
BaHe BaHEe BaHE BaHe BaHEe BaHE BaHEe BaHEe
3a70BO- 3a70BO-
TounocT HHCKA HHCKA BHCOKa BHCOKA BHCOKA BHCOKa BHCOKA BHCOKA
JINTEITHA JINTEITHA
HznonsBane Ha
npar Ha aKTHBH- He He He na He na He na na na
pane
Bb3moikHOCT 32
HACTPOiiKka Ha HE YacTHUYHA JacTHUYHA He 4aCTHYHA na na na na na
Mojesia
M3passiBane Ha
HeCHUMeTPHYHU
XapaKTepHcTH- He He na na na na na na na na
KH HAIPesKeHHe-
TOK
Ortpa3ssiBaHe Ha
3aBHCHMOCTTA HA
HEJIMHEHHOTO
. He He He He He na na na na na
HOHHO 0OTMeCT-
BaHe OT HaIpe-
JKEHHETOo
KopexrHo npen-
YaCTHYHO, YaCTHYHO, YaCTHYHO,
cTaBsiHe Ha
— IpU CPEHH | IIPU CPEIHH | IIPU CPSIHH 1 na 1 1 na 1 1
X -
p U BUCOKH U BUCOKH U BUCOKH
pHucTHKATA
4eCTOTH 4eCTOTH 4eCTOTH
ChCTOSIHHE-TIOTOK
QHAJIOTOBH U QHAJIOTOBH H | QHAJTIOTOBH H
QHAJIOTOBH H QHAJIOTOBY M | aHAJIOTOBHU H | QHAJIIOTOBH U
HdpoBH H(ppoBH H(ppoBH
AHAJIOTOBHU M | aHAJIOTOBU M | IU(POBH AHAJIOTOBH H . 1udpoBu 1udpoBu 1dpoBH . .
TIpunoxumoct u(ppoBH u(ppoBH ycTpoiicTBa, | Hu(ppoBH YCTPOHCTBa, YCTpOiCTBa, | yCTPOWCTBA, | yCTpOHCTBa. YCTPOHCTBA, | yCTPOHCTSA,
P . . ’ . HEBPOHHU ’ ’ * | HeBpOHHI HEBPOHHH
YCTpOJicTBa | yCTPO#CTBA | HEBPOHHU ycTpoiicTBa HEBPOHHI HEBPOHHU HEBPOHHI
MpEXKH, MpEIKH, MpEIKH,
MpeKI MpEKI MpeKI MPEKH
HameTu aMeTH aMeTH
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I'/IABA 3. PABPABOTBAHE HA PSPICE BUBJIMOTEKUA
C TUTAHOBO-IMOKCUJIHU MEMPUCTOPHU MOJEJIN

B ta3u riaBa e onmcano paspaborBanero Ha PSpice 6ubmmnoTeunn Moieny Ha TH-
TaHOBO-JIMOKCUIHU MEMPHUCTOPU Bb3 OCHOBA HAa TEXHUTE MATEMAaTHUYECKU MOJIEIH.
['enepupanu ca CUMBOJHHUTE W OMOIMOTECYHUTE MOJECIM HAa THUTAHOBO-TUOKCHIHH
MEMPHUCTOPHU C LT TAXHOTO MPUIIOKEHUE B €ICKTPOHHU cxeMu. Pasrinenanu ca Haii-
W3BECTHUTE KJIACHYECKU MeMpHUCTOpHU Mojenu (Strukov Williams — K/, Joglekar —
K2, Biolek — K3, Ascoli u Corinto — K4, Lehtonen-Laiho — K5) u pazpaboTeHuTe ot
aBTOpa Momu(UIIMpaHU MOJAEIU HAa TUTAHOBO-IUOKCUIHU Mempuctopu (Moaudu-
nupan mojnen Ha Joglekar cbe cTeneHeH mokaszaTeln, 3aBUCEI] OT HAMPEKEHUETO —
Al; momudurupan mozaen Ha Biolek ¢ monmbiHHUTENEH CHHYCOUIAICH KOMIIOHEHT B
npo3opeyHata GyHkiusa — A2; moaudunupad mojaen Ha Biolek chc cTeneHeH moka-
3aTell, 3aBUCEN] OT HAMPEKEHUETO — A3; MOAUUIIMPAH MOJIETT ¢ KOMOMHUPaHA MPO-
3opeuHa pynkuus Ha Biolek-Joglekar chCc cTeneHeH mokasaTesn, 3aBUCEI] OT Halpe-
xeHueto — A4; mogmduuupan monen Ha Lehtonen-Laiho ¢ komOunupana mpo-
3opeuHa pynkuus Ha Biolek-Joglekar chCc cTeneHeH mokasaTen, 3aBUCEI] OT Halpe-
xeHueto — A5). [lorBbpaena e pabotocnocoOHOCTTa Ha ch3aageHuTe PSpice mem-
pUCTOpPHU OUOJIMOTEYHU MOICIIH.

3.1. OOuu cBeeHus 3a pa3padoTBaHETO HA TUTAHOBO-TUOKCUIHUTE
MEMPHCTOPHH MOIEH

Mopennte Ha TUTAHOBO-IWOKCHIHH MEMPUCTOPU Ca MHOI'O BayKHU IPHU TSIXHOTO
M3M0JI3BAHE 33 aHAJIN3 Ha MEMPUCTOPHU E€JIEKTPOHHH CXEMH 4Ype3 KOMIIOTHPHU CH-
MyJlaiud. Bcekn Mozen chIbpka OCHOBHO JIBE YPaBHEHUS: IBPBOTO OT TAX JaBa 3a-
BUCUMOCTTa MEXK/y TOKa U HAIPEKEHUETO, KaTO B HES y4acTBa U MPOMEHJIMBATA Ha
CBCTOSIHUETO. BTOPOTO ypaBHEHUE aBa 3aBUCHMOCTTA HA BpEMeBarTa MpOU3BO/IHA HA
IIPOMEHJIMBAaTa Ha CbCTOSIHUETO M TOKA HAa MeMpHUCTOpa. Te3n ypaBHEHHUS CIIyKaT 3a
OCHOBa MpPHU TEHEPUPAHETO HA OMOIMOTEYHUTE MOJEIM Ha TUTAHOBO-AHOKCHIHU
MeMpucTopu B cpena Ha PSpice. Tyk ca omnucanu pazpaboTeHuTe OMOIMOTEUHH
PSpice monenu Ha pasriexaaHuTe TUTAHOBO-IMOKCHIHM MEMPHUCTOpPU Ha 0as3a Ha
TEXHUTE MAaTEMATUYECKH MOJENH, C eI TAXHOTO MPUIIOKEHNE B EIEKTPOHHH CXEMU.
PSpice Mmoaenurte ca U3noJi3BaHU 3a CPAaBHEHUE HA PE3YJITATUTE, KAKTO U 3a MOTBBP-
*KJaBaHe Ha pabOTOCIOCOOHOCTTAa Ha pa3paboTeHHUTEe MOAUDUIIMPAHU MOJACIU U
TAXHOTO IO-PEATHUCTHYHO MOBEJACHUE B PA3IMYHU E€IEKTPOHHU CXEMH NpU GUCOKU
yecmomu.

3.2. Pa3zpaborBane Ha PSpice 0mb.1M0TeYHH MO/ HA TUTAHOBO-
AHOKCHIHU MEMPHCTOPH

B Ta3u cexmus ca onucanu Oubnuorexkute Ha PSpice monenuTe Ha MEMPUCTOPH,
pa3paboTeHu BbB Bpb3Ka ¢ aAuceprauusaTa. Cbh3gaBaHETO HA OMOJIMOTEKUTE HA MEM-
PUCTOPHHUTE MOJENH C€ M3BBpIIBA B cpeaa Ha PSpice. 3xoxkaa ce oT ypaBHEHUETO
Ha ChCTOSIHMETO Ha MEMPUCTOPA, KATO CE€ 3all0YBa Ch3/I1aBAaHETO HAa 3aMECTBAIlA CXE-
ma. [IpoMennmBaTa Ha CHCTOSIHMETO ydacTBa B Ipo3opeuHara (pyHKUHs, B AsCHATA
4acT Ha yPAaBHEHUETO HA ChCTOSHUETO. TOKBT ce U3pa3siBa OT 'bPBOTO YpaBHEHUE HA
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CUCTeMara, OMKCBallla ChOTBETHUS MOJEN, KaTo (PYHKIUS HA HAMPEKEHUETO U MPO-
MEHJIMBaTa Ha ChCTOsIHUETO. Cliel] mojlyyaBaHe Ha MPOU3BOHATA HA MPOMEHJIMBATA
Ha ChCTOSTHUETO MO OTHOIIEHUE Ha BPEMETO C€ U3IMO0JI3Ba OJIOK 32 MHTETPUPAHE ChC
3a/1aJICHO HAYaJHO YCJIOBUE — CTOMHOCTTA Ha MPOMEHJIMBATA HA ChCTOSIHUETO MPEau
3arovBaHe Ha cuMmyjianusaTa. Upe3 u3moi3BaHe Ha oOpaTHAa Bpb3Ka 3aMecTBallara
CcXema ce 3aBbpIliBa, KaTO MPOMEHJIMBaTa Ha ChCTOSIHUETO CE€ 3aMECTBa B MbPBOTO
ypaBHEHUE Ha CUCTEMAaTa, OMKMcBala Mojena Ha MeMpucropa. [IoTokbT ce nosrydasa
OT U3X0Ja Ha OJI0Ka 32 UHTETpUpaHe, KaTo Ha HErOBUS BXOJ] C€ M0JlaBa CUTHAIBT Ha
HaIpeKeHueTo Ha MeMpucTtopa. CumynanusTa ce U3BbPIIBA BbB BpemMeBaTa 00JacT,
KaTo CThIIKaTa Ha IUCKpETH3allMsd Ha BPEMETO ce U30Mpa ChIIacCHO U3UCKBAHMITA 3
MaKCHMajiHa TOYHOCT Ha pe3ydTaTuTe, T.€. T TpsAOBa 1a Ob/ie MHOTO Majika BeJINYH-
Ha IO OTHOIIIEHHE Ha M30paHOTO BpEeME 3a CUMYJalus Ha cXemara. 3a U3TOYHUK Ha
CUTHAJI CE€ M3MO0JI3Ba U3TOYHUK Ha cuHycouaanHo Hanpexxenue VSIN. [Ipotuyampsar
pe3 MEMPUCTOPA TOK, Bb30YA€H OT MPUJIOKEHOTO HANpEeXEeHHUE, Ce MoJydyaBa upes3
CBBP3BAHE HA U3TOYHUK Ha TOK, YNPABIIABAH YPE3 CUTHAI, IPONOPLIMOHAIIEH HA TOKA
npe3 Mempuctopa — oubnuoreyeH enemeHT ABM, napanenHo Ha U3TOUYHHMKA HA Harl-
pexxenue. M3Boante Ha MeMpucTOpa B KOJa Ha OMOIMOTEUHUs MOJIET C€ O3HAYaBaT
CBOTBETHO C ,,a” 32 aHOI M ,,¢~ 3a KaTtoJ. [lomydeHusT KOJ 3amoyBa ¢ KOMaH/AATa
SUBCKT MEMRISTOR A C, cienBa onucaHHeTO Ha 3aMecTBalllaTa CXeMa, B KOETO
€ YKa3aHO KOHKPETHO CBBP3BAHETO HA M3IMOJI3BAHUTE E€IEMEHTH MEXIY BBH3JIUTE Ha
cxemara. Kogbt 3aBbpuiBa ¢ komanaara .ENDS. [TonydueHusT Ko ce u31oII3Ba 3a Ch3-
naBaHeTo Ha OmOnmoreueH mojnen upe3 mHctpyMentra MODEL EDITOR na PSpice.
bubnnoreynusaT enemMeHT ce m00aBs KbM OCTAHAINTE W3MOJI3BaHU OWOIMOTEKH B
PSpice. bubnunorekara Ha pa3paboTBaHUTE aBTOPCKU MOJIeTH € Moka3aHa Ha ®wr. 3.1.
CuMBOIHUTE 03HAUYEHUS HA pa3padOTEHUTE MOJIENH ca faaeHu Ha dur. 3.2.
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®@ur. 3.1. bubnuoreka Ha pazpaboTeHUTe @ur. 3.2. CHMBOJIHA O3HAYCHHS HA PA3TICKIAHUTE
aBTOPCKU MOJIETU KJIACUYECKH U MOAUDUIIMPAHU MOJEIH

3.2.1. Moaes Ha TATAHOBO-INOKCHIEH MEMPHUCTOP 0e3 Mpo3opeyHa (PyHKIUsA
U C JIMHEHHO MOHHO OTMECTBaHe

B To3u maparpa¢ e onmcano paspaborBanero Ha PSpice 6ubnmoTteueHn moaen Ha
THUTaHOBO-TMOKCUJICH MEMPUCTOP 0e3 mpo3opevHa (yHKIHUS U C JIMHEHHO HOHHO OT-
MeCTBaHe, Ha 0a3zaTa Ha HErOBUs MaTeMaTH4ecKu Mozaesl. OCHOBHUTE BEITMYUHHU, U3-
TIOJI3BaHH B MaTEMAaTUYECKUsl MOZIET HA MEMPHCTOPA, ca:
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Rony = 100 Q — MUHMMAaJIHO CHIIPOTHBIIEHHE HA MEMPHUCTOpA MPU HAI'BJIHO 3aT-
BOPEHO CbCTOAHUE; Ropr = 16 KQ — MakcuManHO ChIOPOTUBJIEHUE HA MEMPUCTOPA
IIPH HAITBIHO OTBOPEHO cheTosHue; K = 10 000 C' — xoHcTaHTa, 3aBHCEIIA OT (U-
3UYHHUTE NTapaMEeTPU Ha MEMPUCTOPA (OT MOJBHKHOCTTA HA TOKOHOCUTEIIUTE L, ChII-
POTHUBIIEHUETO Rpy M IBIKMHATA HA MEMpPUCTOpaA D) CTOMHOCTTA, KOATO CE U3II0JI3Ba
B MOJIEJIA; X — IPOMEHJIMBA HA CbCTOSSHUETO HA MEMPHUCTOPA, PAaBHA HA OTHOLICHUETO
Ha JBJDKWHATA HA JIETUPAHUS y4acThK HA MEMPUCTOPA W KbM LsijlaTa HErOBa IbJIKU-

Ha D. MaremaTH4eCcKUsAT MOJIEN Ha Pa3rieKIaHus MEMPUCTOD €:

CrotBeTHUAT PSpice koa Ha Kiacu4eckusi OMOIMOTEYHUs] MOJIEST Ha TUTAaHOBO-

u=i [RONx + Ropr (1- x)]
B u
Ronx + Ropr (1 - x)

i

B _pi=k -

JTUOKCUJICH MeMpUCTOP 0e3 mpo3opeyHa GyHKIHS €:

PSpice koa Ha 6ub1HOTEeYeH MO/Ie1 HA THTAHOBO-INOKCHAEH MEMPHCTOP

0e3 mpo3opeyHa (PyHKIHUA € TUHEIHO HOHHO OTMECTBaHe

.subckt memr_w_winff ac

V_CONST1 NO00513 0 DC 1.000

E_DIFF2 NO00569 0 VALUE {V(N00513,X)}
E_GAIN3 NO00778 0 VALUE {10E3 * V(IM) }
X_INTEG2 U PSISCHEMATIC1_INTEG2
X_INTEG1 NO00778 X SCHEMATIC1_INTEG1
E_GAIN2 NO00619 0 VALUE {16E3 * V(N00569)}

R_R1 AC 1t
R_R2 CO 1t

E_SUM1 M 0 VALUE {V(N00619)+V(N00558)}
G_ABMII1 AC VALUE { V(IIM) }
E_DIFF1 U 0 VALUE {V(N00260,C)}
E_ABMI1 NO00705 0 VALUE { 1/(V(M)) }
E_MULTI IM 0 VALUE {V(N00705)*V(U)}
E_GAIN1 NO00558 0 VALUE {100 * V(X)}
.ends memr_w_winff

.subckt SCHEMATIC1_INTEG? in out
G_INTEG2 0 $SU_INTEG2 VALUE {V(in)}
C_INTEG2 $$U_INTEG2 0 {1/1.0}
R_INTEG2 $$U_INTEG2 0 1G

E_INTEG2 out 0 VALUE {V($$U_INTEG2)}
IC V($$U_INTEG?2) = Ov

.ends SCHEMATIC1_INTEG2

.subckt SCHEMATIC1_INTEGI in out
G_INTEG1 0 $SU_INTEG1 VALUE {V(in)}
C_INTEG1 $$U_INTEG1 0 {1/1.0}
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R_INTEGI $$U_INTEG1 0 1G

E_INTEGI1 out 0 VALUE {V($$U_INTEGI)}
IC V($$U_INTEG1) =0.4

.ends SCHEMATICI1_INTEG1

Pa3paborenusar PSpice OubianoredyeH MEMPUCTOPEH MOJEN € M3CIEIBaH IIPH CHU-
HycouaalieH pexxuM. [lorydueHnTe XapakTepUCTUKU HAIPEKEHUE-TOK ca MpecTaBe-
HU Ha Pur. 3.3 3a pe)KMMH Ha MEKO U TBBPJO MPEBKIOYBaHE. Pe3ynrarure ca B Ch-
OTBETCTBHE C OYAKBAHOTO NOBEJACHHE HA MEMPUCTOPUTE U MOTBbPXKAABAT pabOTOC-
nocoOHocTTa Ha u3cneaBanus PSpice OubnnoTedeH MEMPUCTOPEH MOJIEN U Bh3MOXK-
HOCTTA 32 HErOBOTO MPUJIOKEHUE MPU U3CIIEABAHE HA MEMPUCTOPHU BEPUTH.

Tok, pA

a)

Hanpexcenue, V

0)

®ur. 3.3 (a) Cxema 3a u3ciae1BaHe HA MEMPUCTOP IIPU CUHYCOMIAJIHO HAIIPEIKEHUE;
(0) XapakTepHrcTUKa HalpeXKeHUE-TOK, IIPH U3IOI3BaHE HA Mo/ies 0e3 Ipo30opedHa QYHKITUSI

3.3. Kitacu4ecKky THTAHOBO-AHOKCHIHM MEMPHUCTOPHU MO/eJIN

Knacuueckute mempuctopuu mozaenu Ha Strukov m Williams, Joglekar, Biolek,
Corinto u Ascoli u Lehtonen-Laiho MHOr0o 4yecTo ce u3moJsi3Bar mpu U3CIAEABAHE HA
MEMPHUCTOPHHU YCTPONCTBA MU BEpPUTH. 3a CPABHEHHUE HA PE3YJITATHUTE, MOJYYEHHU C
NOPEIJIOKEHUTE U C KIACHUYECKUTE MOJENH, ca pa3paboTeHH TEeXHU OMOIMOTeUHU
PSpice moaenu.

3.4. Moaupuuupanu MeMPUCTOPHH MO/IeJIH HA 0232 HA TUTAHOB JTHOKCH/

[Ipu Te3u momenu ca M3MONA3BAT MOAUGDUIIMPAHH TIPO30PEUHU (HYHKIIMH, KOUTO
OTpa3siBaT MO-PEATMCTUYHO (PU3UUECKUTE SIBJICHUSI B MEMPUCTOPUTE.

3.5. U3Boam

B ta3u rmaBa e onmcano paspaborBanero Ha PSpice 6ubmmnoTeunu Moieny Ha TH-
TaHOBO-JIUOKCUJIHU MEMPHUCTOPH B3 OCHOBA HA TEXHHUTE MAaTEMAaTHYECKU MOJICIIH.
['enepupanu ca CUMBOJHUTE W OHOIMOTECYHUTE MOJECIH HAa THUTAHOBO-TUOKCHIHH
MEMPUCTOPH, C IeJT TAXHOTO MPUIOKEHHUE B €IEKTPOHHU cxeMHU. Pasrienanu ca Hall-
U3BECTHUTE KJacuyecku MeMpuctopHu mojenu (Strukov-Williams — K/, Joglekar —
K2, Biolek — K3, Ascoli u Corinto — K4, Lehtonen-Laiho — K5) u pa3paboTeHure B
nucepTarusata moauduupanu moaenn (Moaudunupan monen Ha Joglekar cbe cre-
MIEHEH ToKa3aTell, 3aBUCEI OT HaNpexkeHueTo — A1; moauduuupan mozaen Ha Biolek
C JIONBJIHUTENICH CHHYCOUJAJICH KOMIIOHCHT B Mpo3opedyHaTa GyHKIusI — A2; MOAH-
dbunpan mojsen Ha Biolek chc cTeneHeH mokasaTen, 3aBUCEI] OT HAMPEKEHUETO —
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A3; mogudunupan Mozen ¢ KoMOMHUpaHa npo3opeyuHa GyHkuusa Ha Biolek-Joglekar
ChC CTENIEHEH I10Ka3aTell, 3aBUCEL] OT HANPEKEHUETO — A4; MOAUPUIIMPAH MOJEN HA
Lehtonen-Laiho ¢ xomObunupana npo3opeuna ¢ynkius Ha Biolek-Joglekar cbe cre-
IIEHEH I0Ka3aTesl, 3aBHCEIl OT HalpexeHuero — 45). 'enepupanure O6ubiInoTedyHu
MOJIETIH ca M3CJeIBaHM MPU CUHYCcOUJaleH pexxuM. He e ycTaHoBeHO Bb3HUKBAHE HA
npo0OseMH, CBbp3aHu cbC cxoaumoctTa. [loTBbpaeHa € paboTocriocoOHOCTTa Ha pas-
paboTeHuTe OMOIMOTEYHH MEMPHUCTOPHH MOJENIU 3a HW3MOJI3BaHE MpPU aHAIM3 Ha
€JICKTPOHHU CXEMU M BEPUTU. Y CTAHOBEHU Ca OCHOBHUTE IPEUMYIIECTBA Ha MOJH-
bunupanuTe MOJENU MO OTHOUICHHE Ha KIACHYECKUTE MOJENN — MO-TOJsMa HEJH-
HEMHOCT Ha HOHHOTO OTMECTBAHE, U3pa3sBaHE HAa XapaKTEPUCTUKUTE ChCTOSHUE-
NOTOK C €IHO3HAYHU KPUBH MPU PEXKUM HAa MEKO MPEBKIIOYBAHE U M3MOJI3BAHE HA
par Ha aKTUBUPAHe.

TJIABA 4. U3CJEJABAHE HA MEMPUCTOPHM BEPUTH
U YCTPOVICTBA C TATAHOBO-INOKCHUJIHU
MEMPHUCTOPHHM MOJEJIN

OcHoBHarta 11eJ1 Ha HACTOsIIaTa riaaBa OT AUCEpTAIUATa € U3CIeABAHETO HA MEM-
PUCTOPHHU €JIEKTPOHHU YCTPOMCTBA Upe3 MpeAsIOKEHUTE MOJIEIM U CpaBHJIBaHE Ha
MOJyYEHUTE PE3YNITaTH C T€3U OT KJIACUYECKUTE MEMPUCTOPHU MOJIENH, KAKTO U U3-
CJIEZIBAHETO HA BIMSHHETO HA TEMIepaTypara U Mapa3uTHUTE apaMeTpu (COOCTBEHU
¥ B3aWMHU WHIYKTHUBHOCTU W KallallUTETH) BbPXY HOPMATHOTO (PYHKIIMOHHUpAHE HA
MEMPUCTOPHUTE MATPUIM M UHTETpajHu cxeMu. [IoTBbpaeHu ca mpeumylnecTBaTa
Ha aBTOPCKUTE MOJEIH MO OTHOIIEHHE HAa KJIACHYECKUTE MOJIEIH, TsIXHaTa paboToc-
NOCOOHOCT M IPUTOHOCT 3a M3CJIEBAHE HA CIIOKHU EJICKTPOHHHU CXEMH U yCTPOIC-
TBa M TEXHUTE MOJOOPEHU XapaKTEPUCTUKHU U paboTa B €JIEKTPOHHU CXEMU. 3a Ta3H
IIeJ1 ca pasriieJaHu HIKOJIKO OCHOBHM €JIEKTPOHHHM CXeMH (IIPOCTH CXEMH — IOoce-
J0BaTellHa MEMPUCTOPHA BEpUTIa, Te€HepaTop ¢ MOCT Ha BuHn, mapanenna mempuc-
TOpHA BEpUTa, MHTETPUPAILIN YCTPOMCTBA, MEMPHCTOPEH MEpPUEHTPOH, U CIOXKHH
CJIEKTPOHHHU CXEMH — HEBPOHHU MPEXKH, TAaCUBHU M XUOPUIHU MEMPUCTOPHU MaMe-
TH) TIPU PEKUM Ha MEKO IPEBKIIOYBAHE U B PEKUM Ha TBBPJAO MPEBKIIOYBAHE, MIPH
KOETO C€ M3CJIeBAT MPEBKIIOYBAIIMTE CBOWCTBA HA MEMPUCTOPHUTE MOJIENIU U TEX-
HUTE 0COOEHOCTH.

4.1. [IpocT MEMPUCTOPHHU BEPUTH

B Ta3m cexkuusa ce m3cneaBar €IeKTPOHHHU YCTPOMCTBA (IIOCIEA0BATEIHN U Napa-
JIEJIHW BEPUTH, T€HEPATOp, UHTETPUPALIH YCTPONUCTBA, MEMPUCTOPEH NEPLENTPOH) C
MEMPHUCTOPH, C MpUJIaraHe HAa Pa3padOTEHUTE MOJENH U C KIACHYECKUTE MEMPHC-
TOpHM Mojenu. HanpaBeHa € cbIocTaBKka Ha pe3yJTaTUTE U Ca YCTAHOBEHU OCHOB-
HUTE NPEUMYIIECTBA HA IPEVIOKEHUTE MOJEIN 0 OTHOLICHHWE Ha KIACHYECKUTE
MempucTopHu mojenu. [loTBbpaeHa € paboTocnocoOOHOCTTa Ha MOAU(PUIUPAHUTE
MOJIeTH Tpy (YHKIIMOHUPAHE B IPOCTHU €IIEKTPOHHHU CXEMU U YCTPOHCTBA.



Ycewvevpuencmsano mooenupane na mempucmopu 31

4.1.4. UnTerpupaiim cxeMu ¢ MEMPHUCTOP

HNHTterpupaiure cXeMu ca BaXXHU U IIUPOKO MpHUIaraHd MOAYJIU B MHOXKECTBO
CJIOKHU PAJMOENIEKTPOHHU cXeMH. Pa3BUTHETO Ha TEXHUTE HOBU CXEMHHM PEIICHUS U
MPOEKTUPAHE € CBHP3aHO OCHOBHO C TEXHUTE YHUBEPCAJIHU MPUIIOKEHHUS B €IEKTPO-
HuKata. [{enTa Ha u3cieaBaHETO B TO3M Maparpad € aHaiu3 Ha MPeasioKeHOTO MEM-
PUCTOPHO-0a3UpaHO MHTETPATOPHO YCTPOMCTBO C OMEPAIIMOHEH YCHJIBATEN C Mpe-
JIO’)KEHUTE B JUCEPTAlUsATa HOBU MEMPUCTOPHU MOJIETH U C KIIACUUYECKUTE MOJACIU U
Jla C€ HalpaBW CHIIOCTABKA HA pe3ysITaTuTe. AHAaJIM3MpaHaTa CXeEMa CE OCHOBAaBAa Ha
KJIACUYECKHSI MHTETpaTop C PE3UCTOPU M KOHJIEH3aTOpU M C ONEpaI[MOHEH yCHUJIBa-
Ten. B mpenoxeHata cxema pe3nCTOPHT, OTTOBAPSIL 32 UHTETPUPAILIUTE MPOIIECH,
ce 3aMeHs ¢ enuH Mempuctop. Ha @urypu 4.17, 4.18 ca noka3zaHu cXxeMu Ha UHTET-
paTop C PE3UCTOPHO-KOHACH3ATOPHA BEPUTa U ChOTBETHUSI My MEMPUCTOPEH aHAJIOT.
Bpemenuarpamure Ha BXOZHOTO U U3XOJHOTO HANpPEKEHUs ca najaeHu Ha Owur. 4.19.

+
u, (1) } u,, () u,, (1) } u,,, ()

L=, A g O

®ur. 4.17. Knacuuecka cxema Ha uarerpatop | ®wur. 4.18. Uurerpatop ¢ mempucrop, 6a3upan
C OIIEpPALIMOHEH YCWIBATEN, PE3UCTOPU U BBPXY KJIacH4YecKaTa cxema
KOHJIEH3aTOp

R ARNE

Knacuuecku unmeepamop c pesucmopu

/ G ,vix. \f\;{,&b\{ /\/ /\

Bxoono nanpedicenue, V
Hsxoomno nanpesicenue, V

Memiprcmop en unmezpamop

Bpene, s

Bpene, s

®@ur. 4.19 (a) /luarpama Ha BXOAHOTO HampexeHue; (0) Jlnarpama Ha H3XOHOTO HAMPEIKCHHE

4.2. U3caenBane Ha PU3MYHU 3aBUCUMOCTH U MAPa3UTHHU NMapaMeTpH
HA TUTAHOBO-AUOKCHIHHUSA MEMPHUCTOP

B Ta3u cexums ce u3cienBa BIUSHUETO HA TEMIIEpaTypaTa BbPXY MOBEIECHUETO
Ha TUTAHOBO-JIHOKCUJIHHSI MEMPUCTOP B EJIIEKTPUUYECKO MOJIe, MO-KOHKPETHO 3aBU-
CUMOCTTa Ha MOJBM)XHOCTTa Ha TOKOHOCUTEIUTE B MEMPUCTOpPA OT TeMmIeparypara,
HETOBUTE CHIPOTUBJICHUS MPU BKIOYEHO M M3KIIOUYEHO CHCTOSHHE, CKOPOCTTa Ha
T Yy3MOHHUTE MPOLECH MEXIY JIETMPaHUs U HeJIETUPaHUsl y4acThK HA MEMPUCTOPA,
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KaKTO U Mapa3uTHUTE MapaMeTpu Ha MEMPHUCTOPUTE, OPTaHU3UPAHU B MEMPUCTOPHU
MaTpPUIM U UHTETPAIHU CXeMU ¢ yiaTparosisiMa cteneH Ha unrerpamus (ULSI). Takbs
TUI U3CJIEIBAHUS HE Ca HAMEPEHU B JIUTEpaTypara, Mopaand KOETO B Ta3U CEKIUs ca
pasrienanu te3u npobiemu. [Ipu opraHnzupaHeTo Ha MEMPHUCTOPUTE B MEMPHUCTOP-
HU MaTpUIU, NPECTABISIBAIIN HHTETPATHU CXEMHU ChC CBPBXBHUCOKA CTENECH HA MH-
Terpanus, Mpu npouecuTe Ha (YyHKIMOHUPAHE U pa3CeBaHETO Ha TOIUIMHHA €HEep-
r'Usl TeMIepaTypaTa ce MOBHUIIAaBa, B PE3yNTaT HA OJIM3KOTO Pa3MoJIOKEHUE HA MEM-
pucropure equH cupsmo apyr. Heobxoaumo e aa ce oueHu kak TpsiOBa aa Obae ot-
4eTeHO HelHOoTO BiusHue. LlenTa Ha n3cneaBaHEeTO € Aa ce MoKaxe, Ye BIMSIHUETO Ha
TeMIepaTypara BbpXY MOBEJCHHETO Ha MEMPUCTOpPA M IMO-KOHKPETHO BBPXY MOJ-
BMKHOCTTA HAa TOKOHOCHUTEJIUTE, CHIIPOTUBIEHUETO HA MEMPUCTOPUTE U TU(DY3UOH-
HHUTE MPOILIECH B TSIX, KAKTO U BIMSIHHETO Ha Mapa3UTHUTE MapamMeTpu Ha MEeMpHC-
TOPHUTE MaTpUlM (COOCTBEHM M B3aMMHHU KalallUTETH U UHAYKTUBHOCTH) € HE3Ha-
YUTETHO NMPU MOACTUPAHETO HA MEMPHUCTOPUTE, MOPATAH KOETO Te3U JNOMbIHUTEIHU
¢dakTopu Morar ga ObAaT mpeHeOperHarTu.

[lenta Ha TOBa M3CiIEABAHE € Ja CE YCTAHOBU BIUSHHETO HAa TEMIIEpaTypara Bbp-
Xy TMOBEJCHUETO Ha TUTAHOBO-TUOKCUIHHS MEMPHCTOP B E€JIEKTPUUYECKO Moiie. 3a
aHAJTM3UPAHETO Ha 3aBHCHMOCTTA MEXAY IOJABM)KHOCTTA Ha KUCIIOPOJHUTE BaKaH-
1y 1 abconroTHaTa Temneparypa 1 ca M3MOJ3BaHM JUTEpaTypHH AaHHH. OT Te3u
JAHHU € TIOJy4YeHa alpOKCHMHUpAIa 3aBUCHMOCT MEXAY MOJBHKHOCTTa Ha KHUCIO-
pPOIHUTE BaKaHLMU U aOCONIOTHATA TEMIIEpPATypa Ha MaTepuaia:

f, =3x10"7 +1x10% (-0.0005x T'* —0.2394x 7" (4.19)

4.2.2. 3aBUCUMOCT Ha CHIIPOTHUBJICHUATA HA MEMPHUCTOPA NIPH BKJIKYEHO
1 U3KJIIYEHO ChCTOSIHUE OT TeMIlepaTypara

B T03u naparpad ce uzcneasa 3aBUCUMOCTTa HA ChIPOTUBIIEHUSATA HA TUTAHOBO-
JUOKCHUJTHHASI MEMPHUCTOP MPU BKIIOYEHO U U3KIKOYEHO CHCTOSIHUE OT TEMIEparypara
Ha 0a3a Ha eKCIEpUMEHTAJIHU 3aBUCUMOCTHU. LlenTa Ha TOBa u3cineaABaHe € 1a ce yc-
TAaHOBU BIIMSIHUETO HA TEMIeparypara BbpPXY [OBEACHUETO Ha TUTAHOBO-
JUOKCUJHMSI MEMPHUCTOpP B E€JIEKTPUYECKO II0JI€ M HA HETOBUTE IPEBKIIIOYBAIIU
cBoiicTBa. BB3 OCHOBa Ha eKCIEpUMEHTaHA 3aBHCHUMOCT MEXAy crherudpuyHara
IPOBOAMMOCT G Ha aMOp(HUS TUTAHOB JAMOKCHUJ M aOCOJIOTHaTa Temreparypa 7, e
alpOKCUMHUpPaHa CbOTBETHATA 3aBUCUMOCT:

lgo=5.721gT -9 (4.20)

Ha 6a3ata na (4.20) e HaMepeHa 3aBUCMMOCTTA Ha CHEU(PUIHOTO CHIIPOTUBIIC-
HUE Ha TUTAHOBUS JMOKCH]I OT TEMIIEpATypara:

lgo=5.721gT -9
o= 10(5.72 157-9) ) 4.21)
1 1

o - 10(5.72 1g7-9)
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Axo pa3zmepurte Ha enekrpoaure ca 10 nm x 10 nm u pa3cTosTHUETO MEXKIY TIX €
10 nm 3a chbOPOTUBIEHUATA HA MEMPHUCTOPA MPHU U3KIKOYEHO U BKIIOUYEHO ChCTOSHUE
Rorr 1 Ron e mOonyyaBa:

R, .. =2.06x10"T77 (4.22)

OFF

R,, =6.33x10"°T"° (4.23)

Ha ®wur. 4.29 ca npeacraBeHn 3aBUCUMOCTUTE MEXKIY Ropr U Roy M TEMIIEpPATY-
pata 1°. ChIpOTHBICHUSATA Ropr M Roy HAMANSBAT C YBEIMYABAHE HA TEMIIEPaTypaTa
Ha MeMpucTopa. B paGoTHus TemIiepaTypeH MHTEpBall Ha MHTEIPATHUTE CXEMH U
mempucTopauTe MaTpHiy (-15 : 75°C) M3MeHEHHETO Ha CHIPOTHBICHUATA HA MEM-
puctopa Roy U Rppr TIOJI BIMSHUE HA TEMIIEPATYpaTa € B CPABHUTEIHO LIUPOK JTHA-
I1a30H, HO BbB BCUYKHM ClIyd4au Rpy UMa JOCTATBYHO MajKa CTOMHOCT, & Ropr — OC-
TaThYHO TOJISIMA CTOMHOCT, MOPaJAX KOETO MEMPHUCTOPHT (YHKIMOHHUPA MPABUIHO
KaToO €JEKTPOHEH Kitou. Ilopanu ToBa BIMAHHETO HA TEMIEpPATypaTa BbPXY CHIIPO-
TUBJICHUSATA HA MEMPUCTOPA MOKE J1a ObJie MPEHEOPErHaTO MPU MOJICITUPAHETO.

4.2.3. U3cnenBane Ha 1uy3MOHHUTE MPOLECH TPH TUTAHOBO-TUOKCUTHUTE
MEMPUCTOPH

B To3u maparpa¢ ce u3cieaBa 3aBUCUMOCTTa Ha CKOpOCTTa Ha IuQy3usaTa Ha
KHUCJIOPOJIHUTE BaKaHIMM OT JIETUPAHMSI KbM HEJErMpaHus CJIOM Ha THUTAHOBO-
JUOKCUHHUSL MEMPUCTOP OT TeMIleparypaTa. 3aBUCUMOCTTA € MoJyyeHa Ha 0a3a Ha
€KCIIEPUMEHTAJIHU 3aBUCUMOCTH. Llenra Ha ToBa M3cieqBaHe € 1a C€ YCTAHOBU BIIM-
SHUETO Ha TeMIlepaTypaTa BbpXY IOBEIECHHETO HA TUTAHOBO-AUOKCHIHHUSI MEMpUC-
TOp B €JIEKTPUYECKO IOJIE NMPU OTYUTAHE HA BBTPEIUIHUTE AU(PY3UOHHHM IPOLECH B
MeMpHUCTOpa. I'pafueHThT Ha KOHLIEHTPALUITA Ha KUCIOPOJHUTE BAaKAHIIMU B OKOJI-
HOCT Ha TpaHuLaTa MEX/y JETupaHus U HEJETUPaHUsl y4acTbK Ha MEMPUCTOpA Ipe-
IU3BUKBA JU(QY3UOHHH MPOIECH OT JIETUpPAHUs CJIOW KbM HeJlerupaHarta o0jacT Ha
MEMPHUCTOPHHUS €JIEMEHT, KOUTO Ca €KBUBAJIEHTHU HA AU(PY3HOHEH TOK:

. N

T =700

v, (4.24)
KBJETO ¢ € 3apsiAbT Ha €Ha KUCIOpOJHAa BaKaHIUS U MOXKE Ja ObJie 3aIUcaH KaTo:
g=2e=32-10"C, D iy € x0e(pUIUEHTBT Ha JU(y3Us Ha KUCIIOPOJHUTE BaKaHIINY,
N e obemHaTa KOHIIEHTpalus Ha KHUCIOPOJAHMUTE BAKAHIMU B MEMPHUCTOPHHUS elie-
MEHT, @ X € KOOpJMHATara, [0 KOSATO JOMHHHPAIIO CE€ OCHUIECTBABA TU(y3usTA.
KoeduumentsT Ha qudy3us Ha KUCTOPOJAHUTE BaKaHLIMK B 00eMa HA MEMpPHUCTOpa B
3aBHCHUMOCT OT TEMIIEpaTyparTa € npeacTtaBeH ¢ (4.25):

p,, =4kl (4.25)
q

9

KbJIETO kg € KOHCTaHTaTa Ha bonuMan u T4 € paBHa Ha 1.3787 1027/ K, ap e non-
BIDKHOCTTA Ha KUCJIOPOJHUTE BaKaHIIMH, KOSITO ce aBa ¢ (4.1). 3aBUCUMOCTTa MeX-
ny xoepunyenTa Ha qudysusa Dy 1 TeMnepaTypara £, oTunTAliKK U 3aBHCHMOCTTA
Ha MOJABMKHOCTTA HA MOHUTE OT TEMIIEpaTypara, € npeacraBena Ha Owr. 4.30.
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®ur. 4.29. 3aBUCUMOCT MEXy TOABHKHOCTTA ®wur. 4.30. 3aBucumoct MeXy
Ha KMCJIOPOJHUTE BAKAHLIUU (MOHUTE) U KoeuIMeHTa Ha Tudy3ust
TeMIlepaTypaTa Ha MEMPHUCTOPA; 3aBUCUMOCT Ha Ha KUCIOPOJHUTE BaKaHUUU D gy
CBIIPOTUBIICHUATA HA MEMPUCTOPA B OTBOPEHO U TeMIeparypara
cbCTOsIHUE (RpoFF) M B 3aTBOPEHO ChCTOSIHUE
(Ron) 1 TEMEIEpaATYypaTa

Ta3u 3aBUCHMOCT TpsIOBa Jla c€ OTYUTA, KOraTO MEMPUCTOPHT (PYHKIMOHUPA TPU
pa3IUYHU TEMIEpaTypu Ha okosHaTa cpena. Koepuunentst Ha qudysus D,y Hapac-
TBa C MOBHIIIABaHE Ha TeMIiepaTypara. ToBa siBeHHuEe MOXke GU3HUECKH Ja ce OOSICHU
C YBEIMYABAHETO HA KMHETUYHATA €HEPI'Usl Ha KUCIOPOJHUTE BaKaHLUMHU U TAXHOTO
YIIECHEHO MPOHUKBAHE OT JIETUPAHUs CIOW KbM OOEIHEHMS Ha 3apsiau (HeJerupan)
y4acThK Ha MeMpuctopa. B paboTHHs TemmepaTypeH MHTEpPBAJ HAa WHTETPATTHHUTE
cxeMu u MempucropHuTe Matpuuu (-15 : 75°C) xoebunueHTsT Ha KU(Y3HS Ce U3-
MEHS TOYTH JUHEHHO. MaKCMMaTHOTO M3MEHEHHE Ha KoedwurumeHnta Ha qudy3us
CIpsIMO CTOMHOCTTa My IIpH cTaiiHa Temneparypa € okojio 20 %, koeto e 0bae oT-
YETEHO NPH OMNpEJIENIHE Ha BPEMETO 3a ChXpaHSABaHE Ha 3apsiUTe B MEMPHUCTOPA.
BropusT 3akon Ha @uk 3a nudy3uara B MEMpUCTOpa € TipeacTaBeH ¢ (4.26):

oN

2
V) _p "Ny o,

ot W 9x?

9

(4.26)

KblieTo N,(O) e ob0emMHaTa KOHIICHTpaIlUs Ha KUCIOPOJHUTE BakaHUMH. B mpen-
CTaBEHHUsI CIydall ce pa3BWBa Mporiec Ha AUQy3Us OT OTPAHUYEH U3TOYHHUK Ha JIETH-
paill KOMIOHEHT — KUCJIIOPOJHMU BakaHUMMU. HadaniHuTe ycioBus (KOHIIEHTpalus Ha
KUCJIOPOJHUTE BaKaHIIMM) ce nasar ¢ (4.27):

N(t,x)=N,, t=0, x=0 4.27)
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KbJIETO NS € MOBBPXHOCTHATa KOHIICHTpAIMS Ha WOHWUTE B OJWU30CT J0 TPaHHUIIATA
MEXy JICTUpaHUs U HEJerupaHus ydyacTbk. B HauaioTo Ha nudy3uoHHUS MPOIEeC 3a
aHOJHATa TPaHMIla HAa MEMPUCTOPHATA CTPYKTYpa KOHILIEHTpAIUATA Ha KUCIOPOAHU-
T€ BaKaHIIMU € C MaKCuMajiHa CTOMHOCT Ns. CbOTBETHUTE IPAaHUYHU YCJIOBHS (KOH-
LEHTPALKATA HA JICTUPAIIUS KOMIIOHEHT) C€ onucBar upe3 (4.28):

N(t,x)=0,1>0, x > oo (4.28)

[Ipou3BogHaTa Ha KOHUEHTpAIUATA Ha 3apsSAUTe MO OTHOILIEHHWE HAa BPEMETO B
OJM30CT 10 aHOTHATA TPAHMIIA HA MEMPHCTOpA ce u3passina ¢ (4.29):
dN(x,t)

0, te(0,), x=0 (4.29)
dx _

Pemennero Ha ypaBHeHue (4.26) npu ONMCAHUTE MO-TOPE HAYAJIHU U TPAHUYHH
YCIIOBHS €:

Ny o, (x,t)= N exp| — [m™] (4.30)

i

[Ipu yBenmnuaBane Ha BpeMeTO 3a Mu(y3usi, KOHIICHTpAIUATA HA HOHUTE B 00€/I-
HEHUs CJIOW HamauisBa. ToBa ce IbJDKHM Ha IPOHMKBAHETO HA JICTUPAIIHMSA KOMITOHCHT
B 0OemMa Ha MEMpPHCTOpa M Ha O0eHSBaHE HAa MaTepuasa 1Mo OTHOIIEHWE Ha KUCIIO-
poaau BakaHiuu. C oTaajedaBaHe OT JICTHPAIIHMS W3TOYHUK KOHIICHTpAlMsITa Ha
KHCIIOPOJTHUTE BakaHIMK HamamsBa. Cren MpOoaBIDKUATENICH WHTEPBAT OT BpEMe
(0KO0JI0 2 TOAWHMW) KOHIICHTpAlMsITa Ha JICTHpPANIUTE WOHW CE HM3paBHSABA B LICTUS
obeMm Ha MeMpucTOpa U chxpaHeHaTa mHpopMmanus ce mpomeHs. [Ipu MakcumaiHO
W3MCHCHUE Ha KoeuIlMeHTa Ha nudy3us B paOOTHHS TEMIIEpAaTypeH WHTEpPBaj Ha
mempuctopa (-15 : 75 °C) na 6a3a Ha (4.25) u MIpU YCJIOBUE, Y€ CTOMHOCTUTE HA MaK-
CHMaJIHaTa U TeKyIlaTa 00eMHaTa KOHLEHTpalys Ha HOHUTE N’ U N, (x,1)ca eHH

Y CBIIHU, C€ U3YHNCIISIBA OTHOIICHUETO HA ChOTBETHUTE BpEMEHa 3a 3ary0a Ha uHpOp-

ManusTa B MCMpPUCTOpPA:

2
X

exp

Ny on(x,1) B NSI1 4Ddl.ﬁclt1 i
N N ; = (4.31)
V(0 (K1) s 2 X
exp| ———
4D, 1,
Cnen npepabotka Ha (4.31) ce monyuasa:
D,

t,=—""t =081, (4.32)

diff 2

T.€. BpEMETO 3a 3ary0a Ha HHpOopMalUATa B MEMPHUCTOPA B pabOTHUS TeMIlepaTypeH
MHTEPBAJI ce HamalsiBa ¢ 0KoJ1o 20 %, KOETO 10 OTHOILLIEHUE Ha BPEMETO 3a 3aryda Ha
uH(pOpMaLUATa IpU CTailHa Temmneparypa (2 roJWHU) MPAKTUYECKH MOXE Ja Obae
peHeOpErHaTo Npy MOJAEIUPAHETO HA TUTAHOBO-JUOKCUAHUTE MEMPUCTOPH.
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4.2.4. U3caenBaHe Ha COOCTBEHUTE U B3AUMHUTE MHAYKTUBHOCTH
1 KanaimuTeTH MKy eJileMeHTHTe HA MEMPHCTOPHA MaTpuIa

B T031 naparpad e HanpaBeHo MOAPOOHO U3CIEABAHE HA BIUSIHUETO HA Mapa3uT-
HUTE NapaMeTpu Ha MeMpHUcTopa (COOCTBEHU MHAYKTUBHOCT U KalallUTET) U Ha B3a-
MMHUTE Mapa3uTHU MapamMeTpu Ha €Ha MEMPHUCTOpHA MaTpula (B3aMMHU HHIYK-
TUBHOCTH U KaNalUTETH) MEXIY €IEMEHTUTE BbPXy QYHKIIMOHHUPAHETO HA MEMPHC-
TOPUTE B UHTETPATTHU CXEMH C yiTparojisiMma crerneH Ha unrerpanus (ULSI).

KoepuuuenTsT Ha B3auMHA UHAYKLIHS MEXKIY MEMPHUCTOPHUTE eneMeHTH M e
MOYTH PABEH HA BCSAKA OT COOCTBEHUTE UHIYKTUBHOCTH, MOPAIX OJIU3KOTO Pasmnoio-
KEHHE Ha eIEMEHTUTE B MEMPUCTOPHATA MAaTPUIla U MPAKTUYECKH MMBJIHOTO 00XBa-
[IaHE HA MarHUTHUA MOTOK OT JIBETE MJIATUHEHH IIIMHU HA ChCEAHUTE MEMPHUCTOPH —
@ur. 4.31. KoepuunentsT Ha Bpb3KaTa k ©Ma CTOHHOCT, OM3Ka 0 eauHuna. B nsc-
JIEABAHETO Ca MPUIIOKEHH TpU CTOUMHOCTH Ha k: k=0.90, k=0.95 u k= 0.99.

i4(t) iz(t)

MO -
. t M | t
J ici(t) u4(t) Joe, ue(t) ica(t)
llmm L, % Lo et
c T y Un2(t) } }un.m(t) __Cz
}
UM1(” e(t) CD CD 92“) UMZ(t)

®ur. 4.31. Enexkrpruuecka 3amecTBalia cxema Ha parMeHT OT MEMPHUCTOPHA MaTpHIIa,
ChIbpKaIla IBa ChCEIHU MEMPHCTOPA, U CHbOTBETHUTE Mapa3UTHU NapaMeTpH —
WHIYKTHBHOCTH U KaNalluTeTH

Kamamurerure C; u C, ce U34KUCASABAT KAaTO KAaIMAIUMTET HA MJIOCHK KOHIAEH3ATOP.
[Tapa3uTHUAT KamaluTeT MpeACTaBIsiBa KOMOWHAIIMS OT JBaTa KamaluTeTa Ha JIeTH-
paHaTa W HeJlerupaHara o0JacTH, CBbp3aHu TociieqoBaTeaHo. CTOMHOCTUTE HA OT-
HOCHUTEJIHATA JUEICKTPUYHA MPOHUIIAEMOCT Ha JICTUPAHUTE U HEJETHPaHU 00JIacTH
Ha MempucTtopa (&, u €,2) cboTBeTHO ca 170 u 150. Ilupunata Ha MEMPUCTOPHUTE
enextpoau a ¢ 10 nm. AbmkunuTte Ha gerupanute (D;) u Henerupanure (D,) obnac-
TH HAa Mempucrtopa ca D; =w; =1 nm, u D, = D; — w; = 9 nm. EXBUBaJICHTHUSAT Ka-
MAUTET MEXY MEMPUCTOPHUTE €IEKTPOIU ce Japa ¢ (4.33):

a
D, D, . (4.33)

[Tapa3uTHaTa cOOCTBEHA MHIYKTHUBHOCT CE€ M3YHCIISABA C PEIlIaBaHE HA ONpEIEIIeH
JBYCTPAaHEH MHTETpaJl U U3IOJI3BAHETO HA TEOPHUATA HA €JIEKTPOMArHUTHOTO IOJIE.
[TpoBOIHHK C KpaiiHa IbHKUHA [ € pa3losoKeH BbpXy z-ocTa. [Ipu n3uncienusra ce
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JOIMyCKa, Y€ Mpe3 MPOBOJHMKA MPEMUHABA MTOCTOSIHEH TOK i. B 1ieHThpa Ha gekapTo-
BaTa KOOpPJIMHATHA CUCTEMa € MOCTAaBEH TOKOB eyieMeHT idl (Pwur. 4.32)]. Uuaykuu-
OHHUTE JIMHUM HAa MAarHUTHOTO TOJIE€ Ca KOHUEHTPUYHHU OKPBKHOCTH, KOUTO ca pas-
MOJIO’KEHHU B PaBHUHU, YCTIOPEIHU HA KoopAuHaTHaTa x(y paBHUHA.

Y

®ur. 4.32. TpunzmepHa KOOpJAUHATHA CUCTEMA, U3IIOI3BaHa 3a MOJIy9aBaHe
Ha Koe(UIMeHTa Ha COOCTBEHA MHIYKTHBHOCT HA MEMPHCTOPA OT TUTAHOB JHOKCHU]T

Kato ce B3eMar npeaBu/l AbJKUHUTE HA ChOTBETHUTE MEMPUCTOPHU E€JIIEKTPOH,
3a coOCTBEHaTa MHAYKTUBHOCT HA MEMPUCTOPHHUS €JIEMEHT ce nosy4ana (4.40):

ad,
4 |t _ 47x107

i 4

P

i

L= x0,03=9,4248x10™° H =9,4 [nH] (4.40)

[Tapa3uTHaTa MHIYKTUBHOCT HA MEMPUCTOPHHUS €JIEMEHT B LICHThPA HA aHAIIU3U-
paHaTta MeMpucTOpHa Marpuia namer € L = 9.4 nH.

OT HampaBeHUTE aHAIM3U CE YCTAHOBSBA, Y€ Mapa3uTHUTE mapameTpu (coOCcTBe-
HU ¥ B3aMMHU MUHAYKTUBHOCTH M KamalMTETH) HA MEMPUCTOPHUTE MATPULIM UMAT
MHOI0 HHUCKHA CTOMHOCTH, MO OTHOIIEHHWE HA CHOTBETHUTE Mapa3UTHU MapamMeTpu
npu CMOS uHTEerpaqsHuTe CXeMH, OpajJd KOETO T€ MoraT /a He ObAaT OTYUTAHU
IPU MOJICTUPAHETO Ha MEMPHUCTOPHUTE B PaOOTHHUS TeMIEpaTypeH M YeCTOTEH WH-
TepBaJ Ha UHTETPATHUTE CXEMH U MEMPUCTOPHUTE MATPUIIH.

4.3. C10:kHM MEMPUCTOPHHU BEPUTH

HeHTa Ha HACTOAIIUTC HM3CJICABAHUA € AHAJIM3WPAHCTO HA HCBPOHHH MPCKU U
namMmeTu ¢ MEMpPHUCTOPHU C IMOMOIINTAa HaA MO,Z[I/I(bI/II_II/IpaHI/ITC MOACIIM U KIIACHYCCKHTC
MCMPHUCTOPHU MOJICIIN U CbIIOCTABKA Ha PC3YJITATUTEC, C OIJIC M3Pa3saBaHC Ha ocoOe-
HOCTHUTC U IpeUuMylicCcTBaTra Ha MO,Z[I/I(bI/II_II/IpaHI/ITC MCMPHUCTOPHHU MOJCIIN IMPCA Klia-
CUYCCKUTC MOACIIN HA TUTAHOBO-AUOKCUITHU MECMPUCTOPH.
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4.3.5. XuOpuaHa naMeT ¢ NPeBKJIKYBAEMH CHIIPOTUBJIEHUSA

[lenTa Ha TO3M aHanNU3 € Ja ce u3cieBa XUOpUIHA MAMET ¢ MOAUDUIIMPAHUTE
MOJIEIN U C KIACUYECKUTE MEMPUCTOPHU MOJEIN U Ja CE€ ChIIOCTABAT XapaKTepuC-
TUKUTE UM NpU PYHKIIMOHUPAHE B UMITYJICEH PEXHUM.

Ha ®wur. 4.46 e mokazan ¢parMeHT OT cXxemaTa MaMeT C MPEeBKIIOYBAHE Ha ChII-
POTUBJIEHUETO, C YETUPU MEMPHUCTOPHHM KJIETKM M HIKOJKO pazaenutesnu MOS
TpaHn3ucropa. CeleKTUPaHETO Ha ChOTBETHUTE €JIEMEHTH Ha MaMeTTa MO3BOJISIBA Ja
ce ChXpaHsBa eIUH OUT MH(pOpMaLKs — JIOTHYECKa €AMHUIA I JIOTUYeCKa Hyla B
namerta. MOS TpaH3uCTOpUTE C€ U3MON3BAT 3a €IMMUHUpPAHE HA Mapa3UuTHUTE TO-
KOBM IMBTUILA MEXKTYy OUTOBUTE E€IEKTPOAN M CHOTBETHUTE JIMHUM 3a Aymu. CUTrHa-
JIUTE 3a pa3peliaBaHe Ha 3aluc U YE€TEHE ce IMpujiarat KbM redTOBUTE €IEKTPOIU Ha
cboTBeTHUTE MOS TpaH3UCTOPH U MO TO3M HAUUH CE€ CEJIEKTUPA LICJIEBUAT €JIEMEHT
OT maMeTTa. 3a 3aluc Ha JOTMYecKa €UHUIA Ce IMpujiara rnojoXKUTeJIeH UMITYJIC Ha
HaIpeXKeHUe KbM ChOTBETHHUSI MEMPHUCTOP. 3a 3allMCBaHE Ha JIOTMYECKa HyJja Ce W3-
M0JI3Ba OTPHUIIATENICH CUTHAI.

Cucranu " Paspewerue 3a bumoeu nunuu Jhunun 3a

zantc | yvemene" MAUHHHY
\ oymu
\ I

b /|

wirl

—— T d— BT d—

Ml M2

I
w/ir2 \
g
M, M,
T, T,

F |I—

w/r3 w/r4
®@ur. 4.46. dparmeHT OT XUOPHUIHA MEMPUCTOPHA TIAMET C MPEBKJIIOYBAHE HA CHIIPOTUBIICHHETO

[Torenumanute Ha copc-enexkrpoaute Ha MOS tpansuctopute T u T3, ca umMmyJi-
CH C pa3iIM4yHu HuBa W noyisipHOCcTU. Clell CpaBHEHHE HA 3aBUCHMOCTHTE TOK-
HaIlPE)KEHUE HA MEMPUCTOPHUS €JIEMEHT, MOJIYYEHH Ype3 U3MOJI3BAHETO HA MPHUIIO-
YKEeHUS Mojien A3 1 Kiacudeckusi Mojien K5 € yCTaHOBEHO CPaBHHUTEIIHO 1I00PO CXO/I-
CTBO MEXY TIX. XapaKTEpUCTUKATA HAIPEXKEHUE-TOK € nazeHa Ha dur. 4.47. Bpe-
MEBUTE AUarpaMy Ha IMPOMEHJIMBATa Ha ChCTOSTHUETO U CBHIPOTUBICHUETO HA MEM-
PUCTOpHHUS eleMeHT M ca npeacraBeHu Ha Our. 4.48.
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Tok, A

|
[
|
4
|
Cocomonnue
Corpomuenente, £

Bpene, s
Hanpexcenue, V P

®ur. 4.47. XapakTepucTUKH HanpexeHue-Tok | dur. 4.48. Bpeme-auarpamMu Ha CbCTOSTHUETO
Ha MEMPUCTOPUTE Y CBIIPOTUBJIIEHUETO HA MEMPUCTOPUTE

4.4. U3Boam

B Ta3u rnmaBa ca u3cneBaHU MEMPUCTOPHHU €IEKTPOHHU YCTPONCTBA Upe3 Mpe/l-
JIO’)KEHHUTE TI0I0OPEHN MEMPUCTOPHH MOJICIN U € U3BBPIICHO CPaBHEHUE HA MOJTyYe-
HUTE PE3YNTAaTH C TE3W OT Hal-AOOpHUTE KIACHYECKH MEeMpUCTOpHU Moxenu. [1oT-
BBpK/IaBa ce pabOTOCTIOCOOHOCTTa Ha MOIU(DUITUPAHUTE MEMPUCTOPHU MOJECITH H
TSAXHATA IPUTOJTHOCT MPH U3CIEABaHE Ha CIOXKHU €JICKTPOHHU CXEMU U YCTPOKCTBA,
KaKTO ¥ TEXHHUTE MOIOOPEHH XapaKTEPUCTUKHU U TTOBEJICHUE B TAKUBA CXEMH. 3a Ta3H
IIeJT ca pasriielaHd HAKOJIKO OCHOBHH MPOCTU €IEKTPOHHU CXEMU (TIOCIIEeIOBATEIHA
U TapajeiHi BEPUTH, TEHEPATOp ¢ MOCT Ha BuH, MHTErpupaIo ycTpoucTBO, MEM-
PUCTOPEH MEPIENTPOH) U CIOKHH €IEKTPOHHU CXeMH (HEBPOHHU M HEBPOHHU MPEXKH,
MEMPHUCTOPHH MaTPUIM — MACUBHU M aKTUBHU MMaMETH) TpHu paboTa B PEKUM Ha Me-
KO MPEBKIIOYBAHE U B PEKUM Ha TBBPAO MPEBKIIOYBAHE, NMPU KOETO CE M3CJICABAT
MIPEBKIIIOYBAIINTE CBOMCTBA HA MOJIEINTE U TeXHUTE ocoOeHocTH. [Ipu nscnenanu-
ATa € MOTBBPCHO MPEHEOPEKNMO MATKOTO BIMSIHUE HA TeMIlepaTypaTa U mapa3uT-
HUTE MapaMeTpy (COOCTBEHU M B3aMMHU MHIYKTHUBHOCTH M KaNaIlUTETH) BHPXY HOP-
MaJTHOTO (QyHKIHOHUpaHe Ha MeMmpucTtopHute mMatpunu U (ULSI) uaTerpannu cxe-
Mu. OCHOBHUTE TIPEAMMCTBA Ha TMPEIJIOKEHUTE MEMPUCTOPHHU Mojean ((PyHKImo-
HUPAHE MPU BUCOKHU YE€CTOTH) Ca CBBHP3aHM C U3IMOI3BAHETO HA MPO30PEUYHH (DyHKIIUU
C TIOBHIIICHA HEIIMHEWHOCT, KOMUTO TOI0OPSIBAT MPEACTABIHETO HA MOJIeNIa Ha MEM-
pHUCTOpa 3a MO-BUCOKH HAMPEKEHUS M YECTOTH M C€ M30SATBAT HAKOU MPOOJIEMHU C
JUTIcaTa Ha CXoauMocCT. [Ipu mpoBeneHUTE aHAU3KW € YCTAaHOBEHO MPEHEOPEKUMO
MaJIKOTO BIUSHUE HAa TeMIepaTypara, Tu(y3usiTa 1 Mapa3uTHUTE mapaMmeTpu (coOcCT-
BCHU W B3aMMHH WHIYKTHUBHOCTH WM KalallUTETH) HA MEMPUCTOPHUTE BBPXY HOpPMaJ-
HOTO (QYHKIIMOHHpPAHE HA MEMPHUCTOPHUTE MATPULIA U UHTETPAITHA CXCMH.

I''TABA 5. MOJIEJIM HA XA®HHUEBO-INUOKCUJIHU MEMPUCTOPH

B rnmaBa 5 ce mpunara npenaokeHara B ['1aBa 2 METOHOJIOTHS 32 PEATMCTUYHO
MOJIeTIMpaHe Ha (PU3MYECKUTE SIBJICHUS BbB Xa(pHMEBO-IUOKCUIHUTE MEMPUCTOPHU
Yype3 U3MO0JI3BaHe Ha MOAU(PUIIUPAHN TPO30PEUHH (PYHKIIMHN U HACTPOUKA HA TEXHUTE
napametpu. M3ciensa ce MoBEAEHUETO Ha pa3pabOTEHUTE MOAUPULIMPAHU MEMPUC-
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TopHu Mozenu: mozen Ha Lehtonen-Laiho ¢ mogudunupana npozopeduna QyHKIus
Ha Biolek ¢ mombaHUTENEH CHHYCOMIAIEH KOMIIOHEHT (Mmoaen A6), Moaen Ha
Lehtonen-Laiho ¢ moaudumupana mpo3opeuna QyHkuus Ha Biolek cbc ctenenen
MoKasaTeJ, 3aBUCEl] OT HanpexxeHueTo (Moaen A7), moaen Ha Lehtonen-Laiho ¢ mo-
mudunmpana npozopedHa ¢yHkmms Ha Joglekar ¢ MOMBIHUTENCH CHHYCOUIAICH
KOMIIOHEHT (Mopei AS8).

5.1. OnpocteHn Moaes HA Xa()HUEBO-TMOKCHIEH MEMPHUCTOP, 0a3UPaH HA
Mojesa Ha Lehtonen-Laiho u mogudunupana npo3opeyna GyHKIusi
Ha Biolek ¢ nonbjHUTE/IeH CHHYCOH/IAJIEeH KOMIIOHEHT (Moaea A6)

VYpaBHeHusiTa, onucBamu Mojena A6, ca Oasupanm Ha Mojena Ha Lehtonen-
Laiho u moaudumupana npo3opeuna ¢pyHkiusa Ha Biolek ¢ nonmbJIHUTENEH CUHYCOU-
JIaJIeH KOMIIOHEHT:

1= (x=1)" m]sin®(zx

ﬂ:a‘ (-x ) + [ ( ):I ‘us’ u(t)s_uthr

dt 1+m 1+m

dx 1 m[sinz (ﬂ'x)] s

. + ‘u’, t

dt “ 1+m 1+m . u()>uﬂ" (5.4)
dx

Z:O’ _uthr < Ll(t) S Mthr

i= x”,b’sinh(au)+;(|:exp(7u)—1]

XapaKTEepUCTUKUTE CbCTOSHUE-TIOTOK M HAIPEKEHNE-TOK ca JafeHu Ha Pur. 5.2
B), T) 32 pEeKUM Ha TBBPO MPEBKIOYBaHE. B TO3M ciydail xapakTepucTukara Har-
pEeKEHUE-TOK € HECUMETPUYHA KPHBA.

Tok, pt4

Tlposennusa #a CCmMoaRuUemo

N

r)

B)

®ur. 5.2 (B) XapaKkTepuCTHKa CbCTOSIHUE-TIOTOK; (I') XapaKTepUCTUKA HAIIPEKEHUE-TOK

5.2. MogeJs Ha Xxa(pHHEBO-THOKCHAEH MEMPHUCTOP ¢ MOAU(PUIHMPAHA
npo3opeuHa ¢pynkuus Ha Biolek ¢ noka3ares, 3aBucel
OT Hampe:KeHneTo (moaesa A7)

VYpaBHeHUATa, ONKCBAIM TO3U MOJEN, ca OasupaHu Ha mojena Ha Lehtonen-
Laiho u momudunupana mpo3opeuna gynkuust Ha Biolek cbc cTenenen mokasaren,
3aBHCEIL OT HAIIPE)KEHUETO BbPXY MEMPUCTOPA:
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i =x"Bsinh(au)+ x| exp(yu)-1]

d . s
L [1-[x-s(=0)]" ] 56)
p = round b

lu|+c

XapaKTepUCTUKUTE ChbCTOSIHUE-TIOTOK M HAIPEXEHUE-TOK ca JafeHu Ha dwur. 5.5
B), I'). B TOo3u ciy4ail xapakTepucTuKaTra HalpexeHUue-TOK € HECUMETPUYHA, a 3aBU-
CUMOCTTA ChbCTOSIHHE-TIIOTOK € XMCTEPE3UCHA HEETHO3HAUHA KPHBA.

Easi

Iomox, Wb Hanpedxcenue, V.

B) r)

Tok, pd

Hponennusa na cvemonnuemo

@ur. 5.5 (B) XapakTepHUCTHUKa ChCTOSHUE-MIOTOK; (T) XapaKTepUCTHKA HAIPEKEHUE-TOK

5.3. Moaea Ha xa()HUEBO-IMOKCHAEH MEeMPHUCTOP ¢ MoauGuUIMpaHa MPo30-
peuyna ¢pynkuusi Ha Joglekar cbe cuHycOHIa/IeH KOMIIOHEHT (Moaesa AS)

VYpaBHeHusiTa, onucBamu Mojena A8, ca Oasupanm Ha Mozena Ha Lehtonen-
Laiho u moaudumupana npozopeuna ¢pyukiusa Ha Joglekar ¢ qonbiaHUTENEH CUHY-
couJIaJIecH KOMIIOHCHT:

i = x" Bsinh (au)+ [ exp(yu)—1]
(5.8)

dx d-f,(x)+g-sin*(zx) |
—=a- ‘U
dt d+g

XapaKTepUCTUKUTE ChCTOSTHUE-IIOTOK U HAIIPE)KEHUE-TOK ca fajaeHu Ha Pur. 5.8
B), I') 3a PEXKUM Ha TBHPAO NPEBKIIOYBaHE. B TO3M cilydan XapakTepuUCTUKATa Hall-
pEXKEHUE-TOK € HECUMETPUYHA KPUBA.

Tok, pa

Iposenusa na cocmouemo

]
V/’
ITomox, Wb

B) r)

®ur. 5.8 (B) XapakrepucTuKa CbCTOSIHUE-TIOTOK; (I') XapaKTepUCTUKA HAIIPEKEHUE-TOK
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Mopenute K6 u K7, KakTo U npeanoxeHute mojaenu A6, A7 u A8, ca uzcnenpanu
MIPU CUHYCOUJAJICH PEXUM NMPU pazinuHu decToTu. Knacuueckure monenu K6 u K7
JlaBaT CXOJIHU PE3yJITaTH, 3aTOBa Ca MPEJCTaBEHU CaAMO TE€3HU, MOJYyYeHU MPU aHAIIN3a
Ha Mojenia K6. AHaJIOTHYHO € YCTaHOBEHO, Ye Mojienute A6, A7 u A8 naBaT CXOJQHU
MOMEK/ly CH pe3yJITaTd, 3aTOBa € U3cieBaH MOAenbT A6. PesynraTtu oT uscienBa-
HeTO Ha mojaenute K6 u A6 npu CUHYCOUIAIECH PEXUM, aMIIuTyna 2V u npu pas-
JMYHU YeCTOTH ca nokazanu Ha @wur. 5.10. 3abens3Ba ce, ye MoaensT K6 paboTH B
peXUM Ha MEKO mpeBkiItouBaHe npu yecrora 1 Hz, nokaro npu yectora 100 Hz Toit
HE IIPOMEHS ChCTOSIHUETO CH, T.€. HE MPEBKIIOYBA. 3a pa3iuKa OT HEro, MOJAEHbT A6
paboTH B pEeXKUM Ha TBBPJO MPEBKIIOUBAHE U MPU MHOTO BUCOKU decToTu — Dur.
5.10 (e). ToBa € OCHOBHOTO MPEUMYIIECTBO HA MpeIoKeHUTE Moaenu A6, A7 u A8

110 OTHOLIEeHHE HAa Moeaute K6 u K7.

7 7 7N

a) Monen K6, yectora 1 Hz

o T o—0

o——o

0) Mogaen K6, uectora 100 Hz

B) Monen A6, yecrora 1 Hz

\ 7\

EiEEE

r) Mogen A6, yectora 10 Hz

/I B

1) Monen A6, uectora 100 Hz

AR

e) Monen A6, yectota 1 MHz

®@ur. 5.10. dynxnuonupane Ha Moaenute K6 u A6 npu pa3aIu4yHU YECTOTH — BpEMeIuarpaMu
Ha HaIpEeXEHUETO U Ha IPOMEHJIMBATA HAa CbCTOSHUETO
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5.4. U3Boam

B Tta3u rnaBa ca onucaHu Tpu MOAU(PHUIMPAHU U TOJTOOPEHN MEMPHUCTOPHH MO-
JIeJIA Ha Xa()HUEBO-TMOKCUIHU MeMpUCTOpU. Te ca OasupaHyu Ha HETMHENHUS MOJIEN
Ha Lehtonen — Laiho B koMOuHaIus ¢ mpenaoKeHu B qucepTauuaTa MOAUPHUIINPaHU
npo3opedyHu QyHKIuH. IlpennoxkennTe Moienu ca U3CIEABAHU MPU CUHYCOUJAJIEH
CUTHAJI, B PeKMMHU Ha MEKO U TBBPJO MPEBKIIOYBAHE. Y CTAHOBEHA € TAXHATa A00pa
TOYHOCT CJIeJ] HAcCTpOMKa CIOpe] EKCIHEpUMEHTaJlHa XapaKTepUCTHKA TOK-
HanpexeHue. B T1abn. 5.4 e HampaBeHa CbhIIOCTaBKa Ha NMPEAJIOKEHUTE MOJENIU Ha
Xa(pHUEBO-TMOKCUHU MEMPHUCTOPU MO Pa3IUYHU KPUTEPUH 32 CPABHEHHUE HA TSIXHO-
TO MOBEJIEHUE U OCOOEHOCTH, KOUTO ca Je(UHUPaHU B cekuust 2.7.

Ta6a. 5.4. CeriocTaBka Ha MOAU(PUITMPAHUTE U KITACUYECKUTE Xa(hHUEBO-THOKCUTHU MEMPHUCTOP-

HU MOJCIIU MO TAXHOTO MOBCACHUC B CIICKTPUYCCKO I10JIC U IO TCXHUTC 0co0eHOCTH

Moaenn K6 K7 A6 A7 A8
HuBa Ha curHaaure HHUCKH cpenHu MIPOU3BOJIHU MIPOU3BOTHH MIPOU3BOITHHU
Heanneiinoct cpenHa BHCOKa BHCOKa BHCOKa BHCOKa
OTtpa3zsiBaHe
Ha TPAHUYHHTE HE na na na na
edexTn
YecToTH HaA HHUCKHU HUCKH U Cpe- BCHUYKH BCHYKH BCHYKH
NMpeBKJIIOYBaHe YECTOTH HH YECTOTH YECTOTH YEeCTOTH YeCTOTH
Pe:xxumu Ha MEKO MEKO MEKO U TBBPIO MEKO ¥ TBEPIO | MEKO W TBHPIO
(pynkumonupaune MPEBKJIIOYBAHE | TMPEBKIIOYBAHE | IMPEBKIIOYBAHE MIPEBKJIIOYBAHE | TMPEBKIIOYBAHE
TounocT HHCKA 3aJJ0BOJIUTEIHA BHCOKa BHCOKa Bucoka
H3noa3BaHe Ha mpar
Ja Aa Aa aa Ia
HAa aKTUBHPAaHe
Bb3MoskHOCT 32
HACTPOiiKka Ha JacTHUYHA YacTUYHA na na na
MojaeJa
H3paszsBane Ha
HeCUMeTPUYHH
YaCTUYHO na na na na
XapaKTepUCTHKHU
HanpeKeHue-TOK
OTtpa3zsiBaHe Ha
3aBHCHMOCTTA HA
HeJIUHEeHHOTO HOHHO HE HE YaCTUYHO ma HE
OTMeCTBaHe OT
HaNpeKeHNeTo
KopexTHo npencra-
BsiHEe HA XapaKTepHuc-
HE YaCTUYHO na na na
THKAaTa ChbCTOSIHHE-
MOTOK
aHaJIOTOBH U
aHaAJOT'OBH U aHAJIOTOBU U aHaAJOT'OBH U
UG poBH
aHaAJIOTOBH U poBH cThoiicTEa UppPOBH U poBH
Ipuaoxkumoct 1 upoBU YCTpOICTBa, yHeI; OHHH’ yCTpOiicTBa, YCTpOICTBa,
yCTpoiicTBa HEBPOHHU " pC)KI/I HEBPOHHU HEBPOHHU
MpPEXH p ’ MpPEXH, TaMETH | MPEXHU, TaMETH
maMeTH




44 Ycewvevpuencmsano mooenupane na mempucmopu

I'/IABA 6. PABPABOTBAHE HA PSPICE BUBJIMOTEKHN C XA®HUEBO-
JANOKCUJIHU MEMPUCTOPHHU MO/JIEJIN

B ta3u rnaBa e ommcano ch3naBaneTo Ha PSpice 6ubnmmoreunu monmenu Ha xad-
HUEBO-JIUOKCHUIHA MEMPHUCTOPH BH3 OCHOBA Ha TEXHUTE MATEMATHYECCKH MOJICIIH.
['emepupanu ca CUMBOJHUTE W OMOIMOTEYHUTE MOJEIN Ha Xa(HHUEBO-TUOKCHIHH
MEMPHUCTOPH, C 1€ MPUJIAaraHETO UM B €JIEKTPOHHU CXEMHU M ChIIOCTAaBKa Ha pe3yil-
TaTUTE.

6.1. Cp3naBane Ha PSpice Mmoae1u Ha XxaHHEBO-TMOKCUIHH MEMPHUCTOPH

B Ta3u cekuus ca onucanu 6ubnuorekute Ha PSpice Mopenute Ha XxadHuEBO-
JTUOKCHUJTHU MEMPHUCTOPH, pa3pabOTeHN BHB Bph3Kka C nucepranuara. Cb3gaBaHETO
Ha OMOJIMOTEKUTE HA MEMPUCTOPHUTE MOJIENIM Cce U3BBpILBA B cpeaa Ha PSpice. Te3u
MOJICNIA C€ TeHepupaT Ha 6a3aTa Ha MAaTEMAaTHUYECKUTE MOJEIH, KOUTO OMHCBAT TO-
BEJICHUETO HA MEMPHUCTOpPA B EIEKTPUUYECKO IMoje. MaTreMaTHYeCcKUTE OIepalnuu
CIIOpE]] YPAaBHEHUATA HA MOJEJa CE ONMCBAT B 3aMECTBAIATa CXEMa 4Ype3 U3I0J3Ba-
HE Ha cTaHjaapTHUTEe OsiokoBe U (yHkuuM Ha PSpice. M3xoxaa ce OT ypaBHEHUETO
Ha CbCTOSTHUETO HA MEMPHUCTOPA, KATO CE€ 3all04YBA Ch3/1aBaHETO HA 3aMECTBAIlA CXe-
Ma. [IpomennnBaTa Ha CHCTOSIHUETO y4acTBa B Mpo3opedHara (yHKLHUs, B JIsCHATA
4acT HA YPAaBHEHUETO HA ChCTOSIHUETO. TOKBT Ce u3pa3siBa OT MbPBOTO YPABHEHUE HA
cucTeMara, OIucBallla MoJieNla, KaTo (PYHKIUsS Ha HAMPEKEHUETO U ChCTOSHUETO.
Crnen mosiyyaBaHe Ha MPOM3BOJHATA HA MPOMEHIMBATA HA ChCTOSHUETO MO OTHOIIIE-
HUE Ha BPEMETO C€ U3IMOJ3Ba MHTErpupan] 0JIOK ChC 3aJaJl€HO HAYaJIHO YCJIOBHE —
CTOMHOCTTA Ha MPOMEHJIMBATA HAa ChCTOSHHUETO. Upe3 u3Ioia3Bane Ha oOpaTHA BPb3-
Ka 3aMmecTBallaTa cXeMa €€ 3aBbpIliBa, KaTO MPOMEHJIMBATa Ha ChCTOSIHUETO CE 3a-
MECTBa B ITBPBOTO ypPaBHEHME HA CUCTEMaTa, ONMCBAIla MOJEJIa Ha MEMPHUCTOpA.
[ToTOKBT ce moslydyaBa OT M3XOJa Ha MHTErpupaiy OJOK, KaTO Ha HErOBUS BXOJl CE€
[10J1aBa CUTHAIBT HA HAMPEKEHUETO BbPXY MEMPUCTOPA.

Cumynanusita ce U3BbpIIBa BbB BpeMeBaTa 00J1acT, KaTO CThIIKATa Ha IUCKPETH-
3aIMsl Ha BPEMETO ce M30Mpa ChIVIACHO M3MCKBAHUATA 33 MAKCHMaJIHA TOYHOCT Ha
pe3ynararure, T.e. T TpsiOBa Aa ObJie MHOTO Majika BEJIMYMHA IO OTHOLIEHUE HA U30-
PaHOTO BpEMeE 3a CUMYJalus Ha cXxemaTa. 3a U3TOYHUK Ha CUTHAJI C€ U3II0JI3BA U3TOY-
HUK Ha cuHycouaaiHo HamnpexkeHue VSIN. [IpornyammsaT npe3 meMpucTtopa TOK ce
MOJIy4aBa Ype3 CBbP3BAHE HA M3TOUYHMK HA TOK, YIIPABIIABAH YPE3 CUTHAN, TPOHOPIIHU-
OHAJICH Ha TOKa Mpe3 MeMpHucTopa — OubnuoTtedeH eneMeHT ABM, mapanenHo Ha u3-
TOYHWKA HA HampexeHue. M3BoauTe Ha MEMpPUCTOPA B TIOJIYYEHHUSI KOJI CE 3aMECTBAT C

O3HAYEHHUS 32 aHOJ U KaTO/I.

[Tonyuyenust kon 3anouBa ¢ komanaara .SUBCKT MEMRISTOR A C, cinenBa
OMMCAHUETO Ha 3aMeCTBallaTa CXeMa, B KOETO € yKa3aHO KOHKPETHO CBBP3BAHETO HA
U3IMOJI3BAaHUTE €JIEMEHTH MEXYy Bb3IUTE Ha cxemaTa. KoabT 3aBbpIiBa ¢ KOMaHAaTa
ENDS. [Tony4ueHusT Ko ce U3MOJ3Ba 3a Ch3/aBAHETO HA OMOIMOTEUEH MOJEI Upe3
unctpymenta MODEL EDITOR na PSpice. bubnnoTeuHusIT €1eMEeHT Ha MEMPHUCTOP
ce 1o0aBst KbM ocTaHanute 6ubanoreku B PSpice. bubnnorekara Ha pa3paboTBaHu-
Te Mojenu € mokazaHa Ha ®ur. 6.1. CUMBOJHUTE O3HAYEHUS HA pa3pabOTEHUTE
MEMPHUCTOPHH MOJIEH ca 1ajieHu Ha Dur. 6.2.
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K

Cancel

BHATT OMAXPo/B FWBELL 1 Add Library... I

BHAS1OMIM /Pw/B FwWBELL o
BHT310/F~B/FABELL Remaove Library

BHT 31 0k PuiBFWBELL -
BHT910MIN F/B/FwWBELL Part Search.. |

E

®ur. 6.2. CUMBOJIHA 03HAYCHHUSI HA pa3pabOTCHUTE KJIACHISCKH U MOAUPHUIIUPAHT
Xa(HHEBO-TUOKCHTHI MEMPHUCTOPHHU MOJICITH

6.2. Cr3naBane Ha PSpice moaesim Ha XxapHHEBO-TMOKCHIHN MEMPHUCTOPH

B Ta3m cekmus ca onucanm 6uOnmorekute Ha PSpice Mopenute Ha XxadHUEBO-
JTUOKCHUIH MEMPHUCTOPH, pa3pabOTEHU BbB Bpbh3Ka C IUCEPTALIHITA.

6.3. Knacuvecku xaHneBo-THOKCHIHA MEMPUCTOPHU MO

C nen ga ObAAT CPaBHEHH PE3YNTATUTE, MOJYyUYEHU C MOAU(PUIIUPAHUTE MOJIEIH,
ca pazpaboreHu TexHu oubauoreunu PSpice Mozenu u Ha pa3paboTeHUTE Kiiacudec-
ku mozenu K6 u K7.
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6.4. UzBoau

B Tta3u rmaBa e ommcano paspaboTBaHeTo Ha Pspice OMOIMOTEUHM MOJEIN HA
xa()HUEBO-TUOKCUIHU MEMPHUCTOPH Bb3 OCHOBA HA TEXHUTE MATEMAaTHYECKH MOJe-
mu. ['eHepupaHu ca CHMBOJIHUTE W OMOIMOTEYHUTE MOJCIA Ha Xa(HUEBO-TUOKCH/I-
HU MEMPHUCTOPH, C IIe] TAXHOTO MPWIOKECHUE B €JIEKTPOHHU cXxeMu. Pasrienanu ca
OCHOBHUTE KJIACHYECKHM MEMPHUCTOpHH Mojaenu: Mojen 6e3 mpo3zopedna (yHKIIHS
(Knacuuecku monen K6), Moaen ¢ HenuHeiHa npo3opeuna ¢yakuus (Kimacuuecku
monen K7), u Tpu mpennokeHu B AMCEepTalusTa MEMPUCTOPHU MOjeNa: Mojen, Oa-
3UpaH Ha XapaKTepUCTHKaTa TOK-HamnpexxeHue Ha Lehtonen-Laiho B komOuHanus c
monudumpana npo3opeyHa (yHKuus Ha Biolek ¢ gombiaHHUTENEH CHHYCOWJANEH
KOMIOHEHT (Mozaen 46); mozen, 6asupan Ha mozena Ha Lehtonen-Laiho ¢ moaudu-
nupana npo3opeuyna ¢pynkius Ha Joglekar-Biolek cbe crenenen mokasaresn, 3aBUCEI]
OT HampexxeHueto (Monen A7); Mmoaen 6asupan Ha mojena Ha Lehtonen-Laiho ¢ Mo-
mudunmpana mpozopedHa ¢yHkmus Ha Joglekar ¢ MOMBIHUTENCH CHHYCOWIAICH
KOMMOHEHT (Monen A8). ['eHepupanuTe OMOIMOTEYHU MOJIENIM Ca W3CJIECIBaHU TIPHU
CUHYCOMJIAJICH U MMIYJICEH pekuM. He e ycTaHOBEeHO BB3HHMKBAaHE Ha MPOOIEMH,
CBBP3aHU ChC CXOJUMOCTTA U € MOTBbPJIeHa pabOTOCIIOCOOHOCTTA HA Pa3pabOTCHUTE
ONOIMOTEYHN MEMPHUCTOPHU MOJIENH 3a W3IMOJ3BaHE MPU aHAIW3 Ha EJIEKTPOHHU
CXEMU W BEpPUTU. Y CTAHOBEHHU Ca OCHOBHUTE NMPEUMYIIECTBA HAa MOJIUPUIIUPAHUTE
MOJICJIA TI0 OTHOIIECHUE HA KJIACHYECKUTE — (YHKIIMOHUPAHE MPU BUCOKU YECTOTH,
3acCuJIeHa HEJIMHEMHOCT Ha MOHHOTO OTMECTBAHE, U3pa3siBaHE Ha XapaKTEPUCTUKHUTE
ChCTOSIHME-MIOTOK C €HO3HAYHU KPHUBU W W3MOJI3BAHE HA Mpar Ha aKTUBHpAHE Ha
MEMPHUCTOPHUTE.

I''TABA 7. U3CJIEABAHE HA MEMPUCTOPHU BEPUT'U U
YCTPOHUCTBA C XA®HUEBO-JIUOKCUIHU MEMPUCTOPH

OcHoBHarTa 11eJ1 Ha HacTosIaTa IjilaBa OT AUCEPTALMATA € U3CIEABAHETO HA MEM-
PUCTOPHH €JIEKTPOHHU YCTPOMCTBA 4pe3 MNPEMJIOKEHUTE MOJIeNu Ha XaHUEBO-
JUOKCUIHU MEMPHUCTOPHU U CPaBHSIBAaHE HA MOJYYEHUTE PE3YIATATU C T€3U OT KJIACHU-
YECKUTE MOJIEIIH.

7.1. AHaJIM3 HA NACMBHA MEMPHCTOPHA MATPUIIA-IAMeT

Ha ®wur. 7.4 e npencraBeHa 4acT OT CX€Ma Ha NAaCMBHA MEMPHUCTOPHA MaTpHIla
nameT oT ULSI unTerpanna cxema. PaGoTHuTte mporieaypu ca MHOTO CXOJIHH C OTH-
CaHUTe 3a XMOpUIHATA MTAMET.

CbOTBETHUTE BPEMEBU IMArpaMu Ha ChIIPOTHUBICHUETO HA MEMPUCTOPA, HA TPO-
MEHJIMBAaTa Ha ChCTOSIHUETO M HAIPEKEHUETO U ChOTBETHUTE XapPaKTEPUCTUKHU TOK-
HarpekeHue ca npeacraBenu Ha Pur. 7.5 a). 3abensd3Ba ce, ye MPOMEHJIMBAaTa Ha
CBCTOSIHUETO U CHIIPOTUBJIEHUETO HA MEMPHUCTOPA CE U3MEHAT B MHOTO LIUPOK JHa-
Ma30H, & PEKUMbBT ChOTBETCTBA HA CHCTOSIHUE HA TBBPJO NpeBKIOuYBaHe. Ha Dwur.
7.5 0) e moka3aHa XapaKTEPUCTUKATa HAMPEKEHUE-TOK HA MEMPHUCTOPUTE, OTTOBa-
psllla Ha pEeKUM Ha TBHPAO MPEBKIOUBaHE. B HacTosmus ciaydail Mapa3uTHUTE Mb-
THUIIA Ha TOKOBETE HE OKa3BaT CUJIHO BIMSHUE BHPXY MPABUIHOTO (PYHKIIMOHUpPAHE
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Ha yCTpOUMCTBOTO mameT. CpaBHEHHUETO MEXK]Yy €AMHUYEH MEMPUCTOPEH EJIIEMEHT
nameT, ITIR xnetka u 10T25R cxema OT mamMeTTa ce MpaBu B CbOTBETCTBUE C HAKOJI-
KO OCHOBHH MapaMeTpu U XapakTepUCTUKHU. EnuHMYHATA KJIETKa HA MEMpHUCTOpa
¥Ma Hal-ToJIsSIM IMara3oH Ha U3MEHEHUE Ha ChIIPOTUBIICHUETO.

®@ur. 7.4. [TlacuBHa MeMpUCTOpHa MaTpuIia mamet 6 X 6

Cuemosnue

mUEVIE

Hanpeoiceniee, V.

Tok, puAd

Cvnpomueaenue, QO

Bpexe, s

a) 0)

Hanpecenue,V

®ur. 7.5 (a) BpemeBu nuarpaMy Ha HaNnpeXEHUETO HA MEMPHUCTOPA, IPOMEHJIMBATa Ha ChbCTOSIHUE-
TO U CHIIPOTUBIIEHUETO, CIIOPE MOJIENIa Ha MEMPUCTOPA ¢ MOAM(HUIIMPaHa TPO30pedHa GYHKIUS Ha
Biolek; (0) 3aBrucuMOCT TOK-HaNpeKEHNE HA MEMPUCTOPUTE 3a MTACKBHATA MaTpHIla [0 BpeMe Ha
IPOIIECUTE Ha 3alUC U YeTeHe Ha HHpopmanus — A6

3a MaTpuIila maMeT ¢ MHOXXECTBO MEMPHUCTOPH, MPOU3BEICHHU MPH €IHU U ChIIH
XUMUYECKH ¥ (PU3UYECKHU MPOIECH U YCIOBHS Ha MIPOU3BOJCTBO, CE IPOTHO3MPA CTa-
OMJIHOCTTa Ha MapaMeTPUTE M ChOTBETHATA HAJACKIHOCT Jla Ob/IAaT MO-BUCOKHU OT Te-
31 HA €IMHUYHUTE MEMPHUCTOPHU NPOTOTUNH. AHAIM3UTE Ca HAMPABEHU C KOMIIIO-
ThpHa cuctema c nporecop Intel Core 15, 2.5 GHz, 8 GB RAM. CroTBeTHUTE Bpe-
MEHa Ha cUMyJauus 3a npuioxeHute moaenu K6, K7, A6 u A7 ca CbOTBETHO: f; =
0.8935 s, t = 0.9127 s, tyy = 1.0564 s, ty3 = 0.9959 s. Monenute ¢ MoaupuurpaHu
PO30peUHU (PYHKIIMU U3UCKBAT MAJIKO TIO-TBJITO BPEME 33 CUMYJIAIUs OT MOJIEIHUTE
K6 u K7, nopagu yBenuueHusi Opoit onepanuu. Kato ce mMa mpeaBuji CErairHoTo
pPa3BUTHUE HA TEXHOJOTHUTE TOBA YBEIMYEHO BPEME HA CUMYJAIUsI HE MOBIUSBA Ch-
IIECTBEHO aHaju3a Ha MEMPHUCTOPHUTE BepuTH. [IpeanuMCTBO Ha MPUIOKEHUTE MO-
mupunmpann mMoaemun A6 m A7 € HamalieHaTa OTHOCHUTENHA CpeIHa KBaJpaTUYHA
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rpeliKa no oTHoueHue Ha moaenute K6 u K7. JIpyro npequMcTBOTO Ha U3MOJI3Ba-
HUTE MOJIENIM, 3a€JHO C M3MOJI3BAaHUTE MOAUGUUMPAHU MPO30PEUHU (DYHKIIMH, B
cpaBHeHHe ¢ Mojiena Ha Pickett e HaOmronaBanara mo-m106pa cXoQUMOCT Ha U3UUCIH-
TEeTHUTE npouenypu. [IlpeumyiiecTBo Ha TPUIOKEHUTE MEMPUCTOPHHU MOJIENU € U3-
MOJI3BAHETO HAa JOMBJIHUTEIHU CHJIHO HEJIWHEWHU MPO30peYHU (YHKIUHU, KOUTO
MPaBIT Bb3MOXKHO PEATMCTUYHOTO MPEACTABAHE HA MPOLIECUTE HA MPEBKIIOYBAHE
IIPU BUCOKH YECTOTH.

7.2. U3caenBaHe HAa MHOTOCJI0/HA HEBPOHHA MpesKa
C MEMPHUCTOPHH CHHAIICHCH

OcHoBHaTa 11eJ1 TYK € J1a ce U3cleBa MpOoUechT HA 00y4yeHHEe Ha MHOTOCJIOWHA
MEMPHUCTOPHA HEBPOHHA MPEKa C M3MOJI3BaHE HA MeMpUcTOpeH Moaen A6. Hespon-
HaTa Mpexa, npejacraBeHa Ha dur. 7.6, cbabpka 5 HEBpOHA B CKPUTHS CJION U €IUH
HEJIMHEEH HEBPOH B U3XOJHHUA ciod. [IpuHuumsT  Ha oOydeHHe ce OCHOBaBa Ha
paBo MpeJlaBaHe Ha CUTHaja U o0paTHO pas3mpocTpaHeHue Ha rpemikara. Ts e u3c-
JenBaHa ¢ mojena A6 M ¢ Hal-W3MOJA3BAHUTE KIACHUYECKH Xa(PHHEBO-TUOKCUIHU
MEMPHUCTOPHH MOJIEIM M € U3BbPIIEHA CHIIOCTABKA MEX]Y pe3ydTaThTe, KaTto ca
OIICHEHH MPEUMYIIECTBATa Ha MPHIIOKEHUS Mozen A6.

Pasrnexaanata MHOrOCJIOMHa HEBPOHHA MpeXKa € MPUJIoKeHa 32 (YHKIIMOHAIHO
aJanTUpaHe HA BXOJIHMS CUTHAJ] X MO OTHOIICHUE HA >KeJIaHusi curHai d. BxogHust
CUTHAaJI, MPWJIOXKEH KbM HEBPOHHATAa MpeKa BbB BpemeBara oosacT, e: x = 0.055 (1-
exp (¢ + 0.4)) + 0.03exp (-5¢) sin (2 ® 20 ¢), V, KOWTO € AUCKPETUZUPAH Upe3 MUPPOB
cur"an ¢ yectora 50 Hz. CbOTBETHHSAT KeJlaH CUTHAJ, KOWTO TpsiOBa /1a ce MOJIy4H
Ha U3X0J/1a Ha HeBpoHHaTa Mpexa, €: d = 0.025 [1 - exp (1.51)] - 0.17 V. Toii e nuck-
pPETU3HPAH ChC ChIATA YECTOTA, KAKTO ¥ BXOJIHUS CUTHAJ.

CuHaricuTe B HEBpOHHATa Mpeska ca 0a3upaHyd Ha MEMPUCTOPHU U ca pearu3upaHu
no mMoctoBa cxema — ®ur. 7.6. To3u TUIl CHHANICUCH MOTAT Ja ChbXpaHsBAT TErJa
KaKTO C TOJIOKUTEIHA, TaKa U C HyJIeBa U OTpULIATEIHA CTOWHOCT, OJarogapeHue Ha
peanu3anusTa o MOCTOBa cxeMa. TeryoTo Ha CUHAICUCA 3aBUCH OT ChIIPOTUBIICHU-
€TO Ha MeMpuctopa M 1o CIeHUS HaYUH:

u R, M

out

w= = - . 7.1
u, R+R, M+R, (7.1)
ChIpOTUBIECHUETO HA MEMPUCTOPA €:
u
M = : 7.2
x"Bsinh(au)+ x| exp(yu) | (7:2)
N3MeHeHneTo Ha ChIIPOTUBIEHUETO HA MEMPHUCTOPA €:
R| Aw+ Maa
Rl + M3old
AM3 = M3new _M30ld = _M301d . (7-3)

1| A+ Mo
R+M

3old
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C”bOTBeTCTBaI]_IaTa IMPpOMsIHA Ha ITPOMCHJIMBATAa HA CbCTOSHHUCTO C:

Ax=x, —x,=a AT f(x,,) u". (7.4)

/

Memvristor-based

/ synapses

AV, =8, X 4= ——3, :[i()’w}]f (z,)

®@ur. 7.6. MHOTOC/I0liHa HEBPOHHA MPEXa C MEMPHUCTOPHHU CHHATICUCH,
C TMpaBo MpeJaBaHe HAa CUTHAJIA M 00paTHO pa3NpOCTpaHEHHE Ha TpeliKaTa

3a nmpomsiHaTa Ha TErJIOTO CE€ M3MOJ3Ba MPAaBOBI'BIEH UMIYJC ¢ HUBO 1 V u mpo-
JBIDKATEITHOCT:

Xnew

Tpulse = j de- (75)
Xold a f (X)

Ha ®wr. 7.7 ca npeacraBeHu BpemeanarpaMmuTe Ha BXOJIHUS CUTHAJ HA MPEXkKara,
JKEJTaHWsl CUTHAJ U U3XOJIHUsI CUTHAJ, TIOJyYeH B MpoIeca Ha OOy4YeHHUE U U3M0JI3BA-
HE Ha Mpexkarta. /leTalinu3upana BpeMeauarpaMa Ha U3XOJHUTE JaHHU U ChbOTBETCT-
BAIIIUTE CTOMHOCTH Ha YKEJIAHUS U3XOJIEH CUTHaN ca AaaeHu Ha @ur. 7.7 (B). [Ipoue-
CBhT Ha 00yUYEHHE Ha MpekaTa UMa MPOIBIHKUTETHOCT 0Ko10 0.7 s.
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B 3akmouenue TpsOBa qa ce oTOenexu, 4e u3cjaeiBaHaTa MEMPUCTOPHA HEBPOH-
Ha MpE’Ka € TECTBaHa YCIIEIIHO C aBTOPCKUS MOJEN A6 U C KJIaCUYECKUTE MOJENN Ha
Xa(pHUEBO-TUOKCUHU MEMPHUCTOPH, KaTO TIXHOTO MOBEICHUE U MOTYyYECHUTE Pe3yJ-
TaTH ca uaeHTu4HU. lIpennoxenute moxenu obaue pabOTAT MpU BUCOKH YECTOTH,
KOETO MO3BOJISIBA U3MOI3BAHETO UM MPHU MO-OBbP3U CUTHAIM U JIp. ToBa MOTBBPK/1aBa
paboTOCIOCOOHOCTTA HA aBTOPCKUS MOZEN A6 U HeroBaTa MPUTOIHOCT 3a U3CJIEC]Ba-
HE Ha CJI0KHU EJIEKTPOHHU CXEMHU.
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®@ur. 7.7 (a) Bpemenuarpama Ha BXOJHUS CUTHAT;
(6) Bpemenuarpamu Ha JKeJNaHUS CUTHAI U HA U3XOAHUS CUTHAT,
(B) Jeraiinu3upana BpeMeMarpamMa Ha JTUCKPETU3UPAHUTE KEJIaHU CUTHAIU U U3XOJCH CUTHAI

7.3. U3Boan

B Hacrosimara rinaBa oT qucepTanusaTa ca u3CciaeABaHl MEMPUCTOPHU €IIEKTPOHHU
yCTpPOMCTBa 4pe3 MPEeAoKEHUTE MOJEIU Ha XadHUEBO-IUOKCUIHU MEMPHUCTOPU H
JIBa OT HAa-U3IOJI3BAaHNUTE KJIACUYECKU MOJENIH U € HAIPABEHO CPaBHSBAHE HaA IMONY-
yeHuTe pe3yaTtatu. M3moms3BaHu ca 2 kimacuyeckd Xa(HHEBO-AMOKCHAHM MOJENa:
Mojiesl Ha Xa)HUEBO-TUOKCHUIEH MEMPUCTOP 0e3 npo3opedHa (yHKLIHS U C JIMHEHHO
foHHo oTMmecTBaHe (K6) n Mojen Ha XaHHEBO-TUOKCHACH MEMPHUCTOP C HEIMHEHHA
npo3opeyHa ¢ynkuus (K7) u 3 Momuduuupanu Mojena: Mojed Ha XadHHEBO-
JUOKCUACH MEMPUCTOP C C JAOMBIHUTEIEH CUHYCOUAAIIEH KOMIIOHEHT Ha MOAU(H-
nypanara npo3opeunarta Gynkius Ha Biolek (46), Moaen Ha xadHHEBO-TUOKCHICH
MEMpPHUCTOp ¢ MoauduULMpaH HeJIMHeeH MeMpHucTopeH Mmozen Ha Lehtonen-Laiho ¢
npo3opeuHa QyHkius Ha Biolek cbe creneHeH mokasarel, 3aBUCel] OT HAIIPEeKEeHHe-
TO (A7) 1 Monen Ha XxapHUEBO-TUOKCUIEH MEMPHUCTOP ¢ MOAU(ULIMPAH HEJTMHEEeH
MeMmpucTopeH mojen Ha Lehtonen-Laiho ¢ mpo3opeuna ¢yukius Ha Joglekar che
CTEIEHEH MOKa3aTes, 3aBHUCEN] OT HampexeHueto (A48). M3cnenBanu ca macuBHU U
XUOPUJIHU MEMPUCTOPHHU MATPULU-TIAMETH, (ParMeHTH OT UHTETPAIHU CXEMH C YII-
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TpaBUCOKA CTETEH Ha MHTETPAlMsl, KAKTO 1 MHOTOCJIOMHA HEBPOHHA MpexKa 3a (puiT-
pupaHe Ha myMoBHU curHanu. [loTBbpkaaBa ce paboTocrnocoOHOCTTa HA MOAUPUITH-
paHUTE MEMPUCTOPHU MOJEIH M TSAXHATa NPUTOJHOCT 3a M3CJIEABAHE HA CIIOKHH
€JIEKTPOHHHU CXEMH M YCTPOMCTBA, KAKTO M TEXHUTE MOJOOPEHU XAPAKTEPUCTHKU U
MOBEJICHUE B €JIEKTPUYECKO I0JIE U TAXHOTO OCHOBHO PEUMYILECTBO — IMO-TOJEMUSAT
JMara3oH Ha U3MEHEHHE Ha MPOMEHJIMBATA HA CbCTOSHUETO MO OTHOILIEHUE Ha TO3U
OpU KJIACHUYECKUTE MEMPUCTOPHU MOJEIU M BB3MOXKHOCTTa 3a paboTa Mpu Io-
BHUCOKH YECTOTH.

I'JIABA 8. CBIIOCTABKA HA MEMPUCTOPHUTE MOJEJIN

B nacrosimiata riiaBa € HanmpaBeHa ChIIOCTaBKAa HA OCHOBHUTE MEMPHUCTOPHU MO-
nenu (Ha 0a3a Ha TUTAHOB JAMOKCHUJ M Xa(HUEB TUOKCHU]) MO TEXHUTE OCHOBHU Xa-
PAKTEPUCTUKU U MOBEJACHUE B €JEKTpUUECcKO noje. OCHOBHUTE KPUTEPUH, 10 KOUTO
ce U3BBpIIBA CPABHEHUETO HA MoJeuTe, ca Aedunupanu B ['naBa 2. YcraHoBeHa e
BB3MOKHOCTTA Ha MOIU(PUITMPaHUTE MOJETH 332 (PYHKITMOHUPAHE MPU BUCOKH YeC-
TOTH U BUCOKHM HUBA HA CUTHaimuTe. B pe3ynrar Ha ChIIOCTAaBKUTE € MOTBBPJEHO IO-
PEATHCTUYHOTO MOBEACHUE HA MOIUMDUIIMPAHUTE MOJIEIH 110 OTHOIIEHNE Ha KJIACH-
YECKUTE MOJIEIHN, YCTAHOBEHH Ca TEXHUTE MOJI00PEHN XapaKTEPUCTUKHA, OCHOBHO Xa-
paKkTepuCTUKaTa TOK-HAPEKECHHE € MO-0JIM3Ka 10 EKCIIEPUMEHTAIIHATA, B CPABHCHHE
C Te3u MpH Kjacuyeckute mozenu. [lokazaHo € ye XapaKTepuCTUKaTa ChCTOSHHE-
MOTOK, KOSITO MPU MNPEAJIOKECHUTE MOJEIU CE€ U3pa3siBa C €JHO3HAYHA HEJMHEIHa
KpUBa MPHU PEXKUM Ha MEKO MPEBKIIOYBAHE, 32 pa3jiiKa OT KJIACHYECKUTE MOJIEIH,
KOUTO U3Pa3siBaT ChlaTa XapaKTepPUCTUKA YPE3 MHOTO3HAYHA 3aBUCUMOCT.

8.1. CpaBHeHHe Ha MEMPHUCTOPHHUTE MO/IEJIH 10 OCHOBHU KPUTEPHH

PasriexaanuTe KJIaCH4eCKU MOJEINA U MOAU(PUIIMPAHUTE MOJENIN Ca ChIIOCTaBe-
HUA OCHOBHO IO CJIOKHOCT Ha MAaTeMaTUYECKUTE ONEpalllM, 110 HEJIMHEMHOCT Ha
HOHHOTO OTMECTBAHE Ha JIETUPAIUs KOMIIOHEHT, [0 CIIOCOOHOCT 3a OTpa3siBaHE Ha
rpaHuyHUTEe €(PEeKTU U MPEBKIIOYBALIUTE CBOWCTBA NMPU PEKUMHU HA MEKO IMPEBK-
JIXOYBAHE U TBBPAO MPEBKIOYBAHE, KAKTO U 110 TOYHOCT Ha IIPEACTaBsIHE HA Xapak-
TEPUCTUKNATE TOK-HAIIPEKECHHUE MO OTHOLICHHWE HA €KCIEPUMEHTAIHUTE XAPAKTEPHUC-
TUKU IIPU €IHU U CBILH YCIOBUS.

8.2. TuraHoBoO-IMOKCHIHU MeMPUCTOpHH Moaeau — TiO,,
OCHOBHM KJIAaCHY€eCKH, ChIIECTBYBAIIM B JJUTEpaTyparTa, MoaeJIu

OCHOBHUTE KJIIACUYECKH MOJIEJIM Ha TUTAHOBO-AUOKCUIHU MEMPUCTOPU, KOUTO ca
IpeJMET Ha ChIIOCTABKA, Ca MOJCIBT 0e3 mpo3opeuHa PpyHKIus, MoenbT Ha Strukov
u Williams (K1), monensT Ha Joglekar (K2), na Biolek (K3), na Ascoli-Corinto (K4)
u MoziensT Ha Lehtonen-Laiho ¢ mpo3opeuna ¢yukius Ha Biolek (K5).

8.2.1. Moaes HAa TUTAHOBO-THOKCHIEH MEMPHUCTOP € NMpo3opeyHa GyHKIusI
Ha Biolek (fg) — TiO, (K3)

v" CJIOKHOCT — Cpe/iHa
v’ HuBa Ha npuiaraHuTe CUTHaIM — HUCKH, o 1 V
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v’ YecToTa HA CUTHAIIMTE — HUCKU U cpenuu, Hax 100 Hz

v' JInHEeWHOCT Ha HOHHOTO OTMECTBAHE — HUCKA

v' OtpassiBaHe Ha TpaHUYHUTE €PEKTH — J1a

v BB3MOXKHOCT 3a OTpa3sBaHe Ha MPEBKIIOYBAIIUTE €()EKTH — CaMO IIPH
HHUCKH YECTOTH

v’ PeXUMH — MEKO M TBBPJIO MIPEBKIIIOYBAHE

v" TouHOCT — cpeiHa

v TIpo6jeMu ChC CXOUMOCTTA — CaMO IIPY HUCKU YE€CTOTH M BUCOKH HUBA
Ha CUTHAJINUTE

v’ M3n0/13BaHe Ha [IParoBe Ha aKTUBUPAHE — HE

v’ BB3MOKHOCT 3a HACTPOIKa Ha MOJelIa — Ja

v BB3MOXKHOCT 3a U3pa3sBaHe Ha HECUMETPUUHU XapaKTEPUCTHKH
HaIMpeKeHUe-TOK — a

v BB3MOXHOCT 3a OTpassBaHe Ha 3aBUCHMMOCTTA Ha HEJIMHEHHOTO HOHHO
OTMECTBAHE OT HAIIPEKEHUETO — HE

v KOpeKTHO IpeACTaBsHe Ha XapaKTEPUCTHKATA ChCTOSHUE-TIOTOK — CaMO
IIPY HUCKW HWBA HA CUTHAJIUTE, PU CPEJIHU U BUCOKU YECTOTH

v" CJ10’KHOCT Ha HACTPOMKAaTa Ha MOJEIa — HUCKA

Ilpeoumcmea:

1. VYcnemHo u3paszsiBaHe Ha TpaHUYHUTE €EKTH MPU PEKUM Ha TBBPIO
MPEBKIIKOYBAHE;

2. VYcneuHo u3passiBaHe Ha HEJIMHEMHOTO MOHHO OTMECTBAHE MO OTHOIIIE-
HUE HA IPOMEHJINBATA HA ChbCTOSHUETO

3. CpaBHUTEIHO MaJIKa CIIOKHOCT HA OMTMCBAIIUTE YPABHEHUS

4. 3apoBoJuTEeNHA TOYHOCT MPU HAMPEKEHUS C HUCKO, CPEAHO HUBO

Ipunosrcumocm:
MeMpucTopHH TMaMeTH, HEBPOHHU MpEXHd, HUPPOBU ycTpolcTBa. Pexum Ha

TBBPJA0 IMPCBKIIIOYBAHC U PCKUM Ha MCKO IIPCBKIIIOYBAHEC, CUTHAJIM CbC CPABHHUTCIIHO
BHCOKO HHMBO M HHCKH YCCTOTH, KOrato InpecACTaBAHCTO Ha I'PaHUYIHHUTC C(bCKTI/I v
MHOTI'O Ba>XHO.

Heoocmamwvuu:

1. Cpenna HenMHEHHOCT HA HOHHOTO OTMECTBAHE;

2. Jlunca Ha mparoBe 3a aKTUBUPAHE;

3. PasnenBane Ha BeOep-KyJOHOBATa XapaKTEPUCTHUKA MPHU PEKUM Ha MEKO
NPEBKJIIOYBAHE U MOJyuaBaHE Ha HEEJHO3HAUYHA XapaKTEPUCTHKA, KaTo
HpY TMOJO0HU YCIIOBHSI Ta3W XapaKTEPUCTHKA € JIMHEIHA MPU MOJIEINUTE
Ha Joglekar u Williams.

8.3. Mopenu Ha Mo uIUPAHU TUTAHOBO-THOKCHAHA MEMPHCTOPH

B Ta3u ceknus ce pasriacxaar 1ncTt MOI[I/I(I)I/IHI/IpaHI/I OT aBTOpa MEMPUCTOPHU MO-
JCIH.
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8.3.1. Moaunduuupan mojaea Ha Joglekar Ha TUTAHOBO-INOKCHU/IEH
MEMPHCTOP ChC 3aBHCHM OT HANpeKeHNUETO CTeNeHeH moka3are,
nparoBe Ha aKTUBMPaHe U Mpo3opedyHa Gpynkuus (f;,) — TiO, (A1)

v" CJIOKHOCT — Cpe/iHa

v’ HuBa Ha npujiaraHuTe CUTHAIM — HUCKH, CPEAHN M BUCOKH

v’ YecToTa Ha CUTHAJINTE — HUCKH, CPEHU W BUCOKU

v' JIuHeHHOCT Ha HOHHOTO OTMECTBAHE — CPEIHA

v' OtpassiBaHe Ha TpaHUYHUTE €PEKTH — J1a

v Bb3MOKHOCT 3a OTpa3siBaHe Ha MPEBKIIOYBALIMTE €(PEKTH — caMo IMpH
HUCKH YECTOTH

v’ PeKMMHU — MEKO U TBBPJIO MPEBKITIOUBAHE

v" TouHoOCT — cpeiHa

v TIpo6iieMu ChC CXOIUMOCTTA — HE

v' U3nos3BaHe Ha IparoBe Ha aKTHBUPAHE — Ja

v BB3MOKHOCT 3a HaCTpOiKa Ha MoJielia — Ja

v Bb3MOKHOCT 3a HM3pa3siBaHe Ha HECHMETPUYHU XapaKTEPUCTUKH Hall-
pPEKEHHUE-TOK — 1a

v Bb3MOKHOCT 3a OTpassiBaHe Ha 3aBUCHMOCTTAa Ha HEJIMHEHHOTO HOHHO
OTMECTBAHE OT HAIIPEKEHUETO — 1A

v' KOpekTHO IpejicTaBsHe Ha XapaKTEPUCTHKATA ChCTOSHUE-TTOTOK — CaMO
IIPY HUCKW HHUBA HA CUTHAJIIUTE, NIPU CPETHU U BUCOKH YECTOTH

v" CJI0KHOCT Ha HACcTpOMKaTa Ha MOJENIa — CPEIHA

Ilpeoumcmea:

1. UM3pa3sBa MoO-TOYHO 3aBUCUMOCTUTE TOK-HAMPEKEHUE M ChCTOSHHE-
MIOTOK 3a HHCKM HHUBA Ha HampexeHuero (<= 1V), mo orHomeHune Ha
Mojena Ha Joglekar. ToBa npeaMCTBO € CBBP3aHO € MPUIOKEHUS 3aBU-
CeIl OT HAMPEKEHUETO MEJIOYNCIICH CTETICHEH MoKa3aTesl B MOAUUIIN-
paHara npo3opeuna ¢pyHkuus Ha Joglekar.

2. OrtpaszsiBa peaMCTUYHO TPAaHUYHUTE €(PEKTH MPU PEKUM Ha TBBHPAO
MPEBKIIFOYBAHE.

3. UspassBa 3aa0BoIUTETHO epeKTa HA HETMHEHHO HOHHO OTMECTBAHE.
4. Nwma mo-go0pa CXOIUMOCT U TIO-MaJIKa CJIOKHOCT OT €TAIOHHUS MOJEN
Ha Pickett.
Ipunoscumocm:

N3non3Ba ce riiaBHO, KOraTo MpEeACTaBIHETO Ha HEIMHEWHOCTTa HA HOHHOTO OT-
MECTBaHE MO OTHOLIEHHWE HA MPOMEHJIMBATa HAa ChCTOSIHUETO € MHOTO Ba)KHO (mame-
TH, HEBPOHHU MPEXKH, HACTpOiiBaeMu (PUIITPHU, T€HEPATOPH).

Heoocmamuvyu: JInHeiHA 3aBUCUMOCT MEXKy MPOU3BOJHATA HA NIPOMEHIIMBATA
Ha ChCTOSIHUETO W TOKa, U claba HelMHEWHa 3aBUCUMOCT MEXKIY HANpPEKEHUETO U
THKA, IOPAINA KOETO MOJEIBT HE MOKE PEATMCTUYHO Jia IPEACTaBU IIOBEICHUETO Ha
MEMPHCTOpPA 3a CUTHAIU C BUCOKO HUBO (> = 1V) u cboTBeTCTBaIIMS €PEKT HA IPEB-
KIIFOUBAHE.
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8.3.3. Moandumupan Moaes1 Ha TATAHOBO-IMOKCHIeH MeMpucTop Ha Biolek
¢ IOMMbJIHUTEJIEH CHHYCOM/IaJIeH KOMIIOHEHT M NMPo3opevHa QyHKIHS

Sema (42)

v CI0XHOCT — CpeJHa

v HuBa Ha npuaraHuTe CUTHAIN — HUCKH, CPEJHH H BUCOKU

v YecTOTa HA CUTHAJINTE — HUCKU M CPEIHH

v’ JIMHEWHOCT HA HOHHOTO OTMECTBAHE — HUCKA

v’ OTpassBaHe HA rPaHUYHUTE eDEKTH — 1A

v Bb3MOKHOCT 3a OTpassBaHe Ha MPEBKIIOYBAIINTE €DEKTH — CaMO IIPH
HHMCKH YECTOTHU

v’ PE&KUMHU — MEKO U TBBPIO MPEBKIIOUBAHE

v/ TOYHOCT — BUCOKA

v TIpoGiieMH ChC CXOJUMOCTTA — CAMO IPH HUCKHM YECTOTH U BUCOKHM HUBA
Ha CUTHAJIUTE

v/ 3no013BaHe Ha IParoBe Ha akTHBHPAHE — Ja

v Bb3MOXKHOCT 3a HACTPOIKa Ha MOJea — 1a

v Bb3MOKHOCT 3a M3pa3sBaHE HAa HECUMETPMYHM XapaKTEPUCTUKU Hall-
pEKEHUE-TOK — Ja

v BE3MOXHOCT 3a OTpa3sBaHe Ha 3aBMCHMOCTTa Ha HEIMHEHHOTO HOHHO
OTMECTBAHE OT HAMPEKEHUETO — HE

v KOpeKTHO mpeacTaBsiHe Ha XapaKTEPUCTHKATa ChCTOSHUE-TIOTOK — CAMO
IIPY HUCKU HUBA HA CUTHAJIUTE, IPU CPEITHU U BUCOKHU YECTOTHU

v" CJI05KHOCT Ha HACTPOMKaTa Ha MOJENA — CPeIHa

Ilpeoumcmea:

1. M3paszsBa MO-TOYHO 3aBUCUMOCTHUTE TOK-HAMpPEKEHUE M ChCTOSHHE-
IIOTOK 3a HUCKM HUBAa Ha HanpexeHuero (<= 1V) no orHomeHune Ha
opurnHaHUA mMozen Ha Biolek. ToBa mpeauMcTBO € CBbpP3aHO C MOBHU-
IeHaTa HEJIMHEWHOCT Ha MpWIOKeHaTa MOoaudHIMpaHa MPO30pedHa
byHKIMS, TOpaau JOMBJIHUTEIHATA CHHYCOUIaTHA KOMIIOHEHTA.
N3non3BaHe Ha Mpar Ha aKTUBUPAHE.

[To-no06pa cxoauMOCT 1 MO-Majika CJIOKHOCT OT Mojena Ha Pickett.

4. 3aBUCHMOCTHUTE MOTOK-ChCTOSHUE HAa Moauduurpanus Mmojen Ha Biolek
3a pEKUM Ha MEKO MPEBKIIOYBAHE Ca MOYTH €HO3HAYHU KPUBH, KOETO €
MPEIMMCTBO MO OTHOLICHWE HAa OpUrHHAIHUS Monaen Ha Biolek, koito
MPEJCTaBs MPU CHIIUTE YCIOBUS 3aBUCUMOCTUTE ChbCTOSIHUE-TIOTOK Ype3
MHOT'O3Ha4YHU (YHKITUH.

N

Ipunoscumocm: Korato € BaXHO PEACTABIHETO HA HEIMHEWMHOCTTA HA HOHHO-
TO OTMECTBaHE HEJIMHEHMHOCT MO OTHOIIEHWE HAa MPOMEHJIMBATa HA CHhCTOSIHUETO
(€71€EMEHTH MTaMET, HEBPOHHU MPEKHU).

Heoocmamuvuyu:
1. Cnaba HenuHelHa 3aBUCUMOCT TOK-HAIPEXEHUE, MOPAI KOETO MOJIe-
JbT HE MOXE J]a MPEJICTAaBs PEATUCTUYHO MOBEJEHUETO HA MEMPUCTOPA
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3a CUTHAJIM C BUCOKO HUBO (> = 1V).
2. Tlo-Hucka TouHocT oT moaupuuupanus monen Ha Biolek ¢ mpomennus
CTENEHEH MT0Ka3aTell.

8.4. XaHneBo-THOKCHIHA MEMPHUCTOPHHU MOIEJIH — KJIACHYECKH MO/IeJTH

Xa(hHUEeBO-AMOKCUIHUTE MEMPUCTOPHU MOJIETH CE OMUCBAT ChC CUCTEMA OT JBE
ypaBHeHus. [IbpBOTO ypaBHEHHE H3pa3siBa 3aBUCUMOCTTa MEXJY TOKAa M Halpexe-
HUETO, BKJIFOYBAIlA TPOMEHJIUBATA HA ChbCTOSHUETO (CHIPOTHUBICHUETO) HA MEMPHUC-
Topa. BTopoTo ypaBHEeHHE JaBa 3aBUCMMOCTTa MEX]y MPOU3BOJIHATA HA MPOMEHJIIHU-
BaTa Ha ChCTOSIHUETO (CHIPOTUBIEHUETO HA MEMPHUCTOPA) [0 OTHOIIEHUE HA BpEMe-
TO 1 ToKa. [lo-700puTEe MEMPUCTOPHU MOJIEIH U3ITOJI3BAT TPO30PEUYHU (DYHKIIUH.

8.5. Illpennoxkenu B aucepranmuaTa MOoAU(PUUUPAHU MOAEJU HA Xa(HUEBO-
auoxkcuanu mempucropu (HfO,)

B Tasm cekmus ca pasriaegaHu Tpu mMonuduImpaH Moaenu Ha XapHUEBO-IHOK-
cugHu Mempuctopu: Henmneen moaen ¢ moguduimpana mpo3zopeyHa GyHKIUS Ha
buonek ¢ monmbiHUTENEH CHHYCOUIANCH KOMIIOHEHT (46), Henuaeen Mozaen Ha xad-
HUEBO-IMOKCUJICH MEMPHUCTOp ¢ Moauduumpana npozopeuHa ¢yHkius Ha Biolek
ChC CTENEHEH MOKAa3aTels, 3aBHCENl OT HampexeHuero (A7), Henuneen momen Ha
Xxa(h)HUEBO-AUOKCHICH MEMPHUCTOpP ¢ MoauduUIMpaHa MNpo3opeuHa (YHKIUS Ha
Joglekar ¢ monmbIHUTENEH CUHYCOUIAJIEH KOMITIOHEHT (A48).

8.6. UzBoau

B Ta3u riaBa oT qucepranusaTa € U3BbpIICHA ChIIOCTABKAa U CPAaBHEHUE HA OCHOB-
HUTE KJIACHYECKU U MOIUDUITMPaHN MEMPUCTOPHHU Moeu (Ha 6a3a Ha TUTAHOB JH-
OKCUJl U Xa(HUEB JNUOKCHUA) MO TEXHUTE OCHOBHU XapaKTEPUCTUKU U MOBEJCHUE B
eJeKTpruuecko nosie. Kato OCHOBHM KpUTEpHUM 32 CPABHEHHETO HA MOJEIUTE Ca U3-
MIOJI3BAHU TAXHOTO MPEACTABSIHE HA HEIMHEMHOCTTAa HA MOHHOTO OTMECTBAaHE HA 3a-
pSAIMTE B 3aBUCUMOCT OT IPOMEHJIMBATA Ha ChCTOSIHUETO (KOETO C€ Ompenelisl oc-
HOBHO OT M3IOJI3BAHUTE MPO30PEYHU QYHKLIHUHM) U OT MPUIOKEHOTO HAMPEKEHUE U
YECTOTHHS TUAMA30H, B KOUTO pabOTAT, IO CIIOKHOCTTA HAa OMHUCBAIIUTE YPaBHCHUS
U ChOTBETCTBAILLUTE €JIEMEHTAPHU HM3YUCIUTEIIHU OIEpaluH, MO CHOCOOHOCTTa 3a
MPEBKJIIOYBAHE HA CHIPOTUBICHUETO HA MEMPUCTOPA MPU CPEIHU U BUCOKHU HUBA HA
HaIpPEKEHUETO, MO0 CIIOCOOHOCTTAa HA MOJENNUTE 32 (DYHKIIMOHUPAHE TIPU PEXKUMHU HA
MEKO TPEBKJIIOYBAHE U TBHPAO MPEBKIIOYBAHE MPU BUCOKH YECTOTH, MO TOYHOCT
(OCHOBHO C€ M3I10JI3Ba CPEHO KBAJpaTUYHATA TPEIIKAa MEK1Yy EKCIIEpUMEHTAaIHA Xa-
PaKTEPUCTUKA TOK-HAMPEKEHUE U MOJIydeHATa XapaKTEPUCTUKA MPU CUMYJIALUS C
NpEVIOKEHUTE MoJenn). M3mon3BaHu ca U JONBJIHUTEIHU KPUTEPUU, ONHCAHU B
riaBa 2. YCTaHOBEHH ca MPEMMYIIecCTBaTa Ha pa3pabOTEeHUTE MOJIEIH 10 OTHOIIICHHE
Ha KJIACUYECKUTE, OCHOBHO (DYHKIIMOHMPAHETO MPU BUCOKU YECTOTH U TSAXHATA MPU-
TOJHOCT 32 U3CJIeIBAHE HA MEMPUCTOPHU BEPUTH U YCTPOICTBA.
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ITPUHOCH B JMCEPTALIMOHHMUSA TPY [

HAYYHHU ITPUHOCH

1.

Pa3paboTeHa € HOBa yCHBBPILIEHCTBAHA METO0JIOTUS 34 PEATUCTUYHO MO-
aenvpaHe Ha (U3MYECKHUTE SBJICHUS B TUTAHOBO-IUOKCUIHU U Xa(pHUEBO-
JUOKCUJHM MEMPUCTOPU UYPE3 M3IOI3BaHE HA MOAUPHUIMPAHU MPO30pEU-
HU (DyHKIIMM M HACTpOMKa Ha TeXHUTe mapameTpu. [Ipemnoxenu ca: mo-
auduuupana nposopedHa GyHkuus Ha Joglekar cbC cTeneHeH nmokasaren,
3aBHCEIl OT MPUJIOKEHOTO HAMPEKEHUE C XUIEepOOINUHa HamMallsBalla 3a-
BUCUMOCT; Moau(uIMpaHa npo3opeyHa pyHkuus Ha Biolek ¢ qombiaHuTe-
JIEH CHUHYCOMJAJIEH KOMIIOHEHT 33 OTpa3siBaHE HA BUCOKATa HEJIMHEWHOCT
Ha MOHHOTO OTMECTBAHE Ha KHMCIOPOJHMUTE BaKaHIMM B MEMPHUCTOPA; MO-
audunupana npo3zopeuHa ¢pyHkuus Ha Biolek cbc cremeHeH mokasaren,
3aBHCEI OT HAIPEKEHHETO C HEJIMHEHHAa HamalsBallla 3aBHUCHUMOCT; MO-
audunupana npo3opeyna ¢pynkius Ha Joglekar-Biolek cwc crenenen mo-
Ka3ares, KOWTO € HamaJisBallla (yHKIUs Ha HanpexxeHueto. [locpeacTBom
BapUpaHE HA MAapaMETPUTE HA MPO30PEYHHUTE (PYHKUUU € MOCTUTHATO MHU-
HUMU3MPAHE HAa CPEAHO-KBAIpaTUYHATA TPEIIKA MEXKY XapaKTEPUCTUKUTE
HaIpPEKEeHHEe-TOK, CUMYJIUPaHU ¢ MOJIU(DUIIMPAHUTE MEMPUCTOPHU MOJIE-
JM, ¥ CbOTBETHA €KCIIEPUMEHTAIHA XapaKTEPUCTUKA HAIIPEKEHNUE-TOK IIPU
€IHO W ChIIO BXOAHO HampexeHue. CpelHO-KBaJpaTUyHaTa rpenika mnpu
pa3pabOTEHUTE OT aBTOpa MOJENIM € MO-HUCKAa OT IpelIKara MpU KJacu-
YECKUTE MEMPUCTOPHU MOJIEIH.

Ha 6a3a na pa3zpaboTreHaTta yChbBBPIIEHCTBAHA METOAOJOTHS 32 MOJICIIUpPa-
HE Ha TUTAHOBO-JAMOKCUJIHM U XahHUEBO-AUOKCUJIHU MEMPHUCTOPH ca
npemiokeHn 8§ MoaubuIMpaHu Mojela — TeT MOJena 3a THUTaHOBO-
TUOKCUIHU MeMpucTopu (A1, A2, A3, A4, AS) u Tpu Mojena 3a XxapHUEBO-
nuokcuHu Mempuctopu (46, A7, AS8). PazpaboTeHuTe B amcepranusiTa
MOJIEIM Ha TUTAHOBO-ITMOKCHUHU MEMPHUCTOPHU ca 0a3upaHu Ha MOJICTUTE
Ha Williams (41, A2, A3 n A4) u Lehtonen-Laiho (45) c npunarane Ha mo-
muduimpanute npozopedyHu (QpyHkuuu. MoauduiypaHuTe MOJAEIU Ha
Xxa(pHUEBO-TUOKCUIHN Mempuctopu (46, A7 u A8) ce Ga3upar Ha Mojena
Ha Lehtonen-Laiho B koMOMHaIIMs ¢ ONMMCAHUTE MPO30PEUHU (PYHKIIUM U C
Moaudurpana npo3opeyna GpyHkiusa Ha Joglekar ¢ qombaHUTENEH CUHY-
COMJIAJICH KOMIIOHEHT. Y ChbBBPIICHCTBAHUTE MEMPUCTOPHU MOJICJIM UMAT
BUCOKA HEJIMHEMHOCT HA WOHHOTO OTMECTBAHE W OTpa3dBaT Io-
peanucTUYHO (HU3UYECKUTE MPOILIECH B MEMPHUCTOPUTE MO OTHOIICHUE Ha
KJIaCUYECKUTE MOJICIIH.

HAYYHO-ITPUJIOXHU TIPUHOCH

3.

Pa3zpabotenure B AucepranusTa MOJIEIN Ca MPUIOKEHU MPU H3CIEBAHE
HA MEMPUCTOPHU aHAJIIOTOBH U LIM(PPOBH CXEMHU, BEPUTH U YCTPOUCTBA.
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AHanu3upaHu ca MPOCTH MEMPUCTOPHHU BEpUTH (ITOCIEAOBATEIHA U HAC-
pelrHo-TocIe0BaTeIHA BEpUra ¢ MEMPHUCTOPH, HACPEITHO-TIapasieJIHa Be-
pura, reHepaTop ¢ MOCT Ha BUH ¢ MeMpHUCTOpH, UHTETPUPAILUA YCTPOICT-
Ba, MEPLENTPOH C MEMPUCTOPHU CHHATICUCU) U CJI0XHU BEepUTH (MEMpHUC-
TOpPHU MaMETH U HEBPOHHU MPEXKHU). Y CTAHOBEHU Ca OCHOBHHUTE MPEUMY-
IeCTBAa Ha MOAUGUIIMPAHUTE MEMPHUCTOPHU MOJEIH (MO-pealuCTUIHO
MPEJCTaBsIHE HA XapaKTEPUCTUKUTE ChCTOSHUE-TIOTOK U HANPEKEHUE-TOK,
MO-HUCKA CPEHO-KBaJpaTHYHA TpelllKa MEXIY CUMYJIHUPAHUTE U EKCIIe-
PUMEHTATHUTE XapaKTEPUCTUKUTE HAMPEKEHUE-TOK, OTpa3siBaHE Ha pas-
JMKaTa B MOBEJICHUETO Ha MEMPUCTOPUTE IPU HAMPEKEHUE MO-BUCOKO U
MO-HUCKO OT Ipara Ha aKTUBHpaHe, paboTa MPU BUCOKU HUBA HA CUTHAJIU-
T€ ¥ BUCOKH 4ecTOTH) — Al, A2, A4 1 A5 o OTHOIIIEHHE Ha KIACHUYSCKUTE

MeMmpuctopau moaenu K1, K2, K3 u K5 u A6, A7 n A8 no oTHOLIEHUE Ha
K6 n K7.

[IpenyioxenuTe B qucepTarusaTa MOACIA Ha TUTAHOBO-AUOKCUIHU U Xad-
HUEBO-IMOKCHUIHU MEMPHUCTOPH Ca CPaBHEHM ca C Hal-T0OpHUTE ChIECT-
BYBAIllM MOJICTIM HA TaKUBAa MEMPHUCTOPH, KATO ca OLICHEHU TEXHUTE MPEHU-
MYIIIECTBA U HEAOCTATHIU U € MPEIJIOKEHO B KO CITy4Yau € MO-TOIXO0ISIII0
Te Aa Obpaar mpwiaranu. MonuduiupanuTe Moeau, 0a3upaHnu BEPXY MO-
nena Ha YunsaMmc (A1, A2, A3 u A4) B xoMOuHaIus ¢ MogudUIIMpaHUTE
MpO30peUHNd (PYHKIIMM C€ H3MOJI3BAT MPHU HW3CIEIBAHE HA AHAJIOTOBU U
1M (PpOBU yCTPOMCTBA MPU HUCKU U CPEJHU HUBA HA CUTHAJIUTE U YECTOTH-
te. PazpaboTenuTe B aucepranusaTa MEMPUCTOPHU MOJEIN HA THTAHOBO-
TUOKCUIHU MeMpUcTopu (A5, A6, A7) n xabHHEBO-TUOKCUIHN MEMPHUCTO-
pu (A8) ce ocHoBaBaT BbpXy Mojena Ha Lehtonen-Laiho B komOuHamus ¢
MOAUDUITUPAHUTE TTPO30PEYHN (QYHKIIMU M Ca HAN-TIOAXOISIIM 3a U3CIE]-
BaHE HA MEMPUCTOPHH YCTPOMCTBA MPU MPOU3BOJIHU HUBA HA CUTHAJIUTE U
IIPU HUCKH, CPEIHU U BUCOKU YECTOTH.

N3cnenBanu ca epekTuTe, CBBP3aHH C BH3ACHCTBUETO HA TEMIIEpATypaTa B
paGoren untepsan [-15, 75] °C u cpoTBercTBaImaTa AUdY3US HA KHCIO-
POJIHM BaKaHLUU BBPXY (PU3HUECKUTE MPOLECH B TUTAHOBO-TUOKCUIHU
MEMPHUCTOPU (M3MEHEHUE HA CHIIPOTUBICHUETO HA MEMPHUCTOPA, IPOMSHA
Ha KOHLIEHTpAaIMsITa Ha KUCIOPOJAHUTE BaKaHIUU B 00eMa Ha MEMPHUCTO-
pa). M3cneaBaHo € W BIMSAHUETO HA Mapa3uTHUTE MapaMeTpu (COOCTBEHU U
B3aMMHU WHJIYKTUBHOCTM W KaNallUTETH) MEXKAY TUTAHOBO-IHOKCUIHU
MEMPUCTOPU B MEMPHUCTOPHU MaTPHULM, pEaM3UPAaHU B UHTETPAIIHU CXE-
MU ¢ yarparoyiima crerneH Ha unaterpauus (ULSI), B yecToTHUS nuana3zoH
[1Hz — 3GHz]) BppXy HOpMamHOTO (HYHKIIMOHHpPAHE HA MEMPHUCTOPHTE.
Cnen HampaBeHHUTE M3CIEABAHUSA € YCTAHOBEHO, Y€ B PA3IJICKIAHHS TEM-
nepaTypeH Auanas3oH Roy, € JOCTaThUHO MAJIKO, & Rppp € NOCTATBYHO TO-
JSIMO, TIOpaJy KOETO BIMSHUETO HA TEMIIEpaTypaTa MOXE Jla HE ce B3eMa
npeaBu PU MOJIETUPAHETO HA MeMpHUcTopu. M3cneaBanusaTa BbpXy co0-
CTBEHHUTE M B3aUMHUTE MHAYKTUBHOCTH W KallalUTETH HA MEMPUCTOPUTE
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MOKa3BaT TEXHUTE MHOIO MO-MaJKH CTOMHOCTU OT TE€3U MPU KJIACHUYECKUTE
UHTETpaaHu cxemu, 6azupanu Bpxy CMOS texHomnorus (33 nm), nopaau
KOETO OMUCAHUTE Mapa3uTHU MapamMeTpu HE C€ OTYUTAT IMPHU MOJIeIUpaHe-
TO Ha TUTAHOBO-JUOKCHUJIHU MEMPUCTOPH NPH 3aAaICHUTE YCIOBHUS.

IMPUJIOKHHU ITPUHOCH

6. Pa3zpaborenu ca PSpice 6MGIMOTEYHN MOJIENIM HA MPEIJIOKEHUTE B IUCEP-

TalusITa TUTAHOBO-TUOKCUIHM W Xa(HUEBO-IUOKCUIHU MEMPUCTOPHU
mozenu. Te ca uscnenBanu B cpena Ha PSpice mpu pexxuMu Ha MEKO U
TBBPAO MpeBkiItouBaHe. [loTBbpaeHa € TaxHaTa paboTOCIOCOOHOCT MpH
CHUHYCOHUJAJICH U UMITYJICEH pexuM. PazpaboTeHutre OMOIMOTECUHU MOJICTH
ca W3MOJI3BaHU TPHU H3CJICIBAaHE HA MEMPUCTOPHHU aHAJIOTOBU W MU(PPOBH
YCTPOMCTBA, MPU KOETO Ca YCTAHOBEHW TEXHUTE OCHOBHU MPEUMYIIECCTBA
10 OTHOIICHUE Ha KJIACUYCCKUTEC MEMPUCTOPHHU MOJIEIN — TOJIydaBaHEe Ha
€IHO3HAYHa XapaKTePUCTUKA ChCTOSHUE-TIOTOK MPH PEKUM Ha MEKO IMPEB-
KJIIOUBaHE, OTPa3siBaHE HA TPAHWYHUTE €(PEKTH MO OTHOIICHHWE Ha KJIACH-
YECKUTE MOJICNIM, KAaKTO M OTpa3sBaHE Ha pasjiuKaTa B IOBEJCHUETO Ha
MEMPHUCTOPHUTE TPHU HANPEKEHHUE MO-BUCOKO M MO-HUCKO OT Tpara Ha ak-
TUBUpaHEe, paboTa MPU BUCOKHM HMBA HA CUTHAJIUTE M BUCOKU YECTOTH Ha
Al, A2, A4 n A5 0 OTHONIEHUE HA KJIACUYECKUTE MEMPUCTOPHU MOJIEIHU
K1, K2, K3 u K5, xakto u Ha A6, A7 n A8 o otHomenue Ha K6 u K7.
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YCBBBPULIEHCTBAHO MOJAEJIMPAHE HA MEMPUCTOPHU
IIpo¢. a-p Bagepu Muaagenos
PE3IOME

B nucepranusra e HanpaBeH mpersie]; Ha OCHOBHUTE MyOJIMKALIMK, CBbP3aHU C MEM-
PUCTOPH U TSIXHOTO Mojenupane. [IpeaMer Ha u3ciieBaHETO ca OCHOBHO MEMPHUCTO-
pute ot TiO, nu HfO,. Pa3rnexaat ce OCHOBHUTE KJIACUYECKU MOJAEIN — Ha Strukov-
Williams, Joglekar, Biolek, Corinto-Ascoli u Lehtonen-Laiho. OcHoBHHTE Tpo0IeMu
MIPU KJIACHYECKUTE MOJICNIA ca He3aBUCUMOCTTA Ha HEJIMHEHHOCTTA Ha ITPO30peyHaTa
GYHKIHST OT HAMPEIKEHUETO W TAXHATA MaJIka HEIMHEWHOCT. BBB Bpb3Ka C 11enTa Ha
JYCepTaIusaTa — OTCTPAHSIBAHETO HA TE3U MPOOJEeMH U TTOA00psSBaHE HA MOJIEIUTE Ce
mpeaiaraT B OCHOBHU MOAM(HUKAIIMU Ha MPO30pEeUHUTE (DYHKITMU: BHBEXKIaHE HA
HaMaJIsIBaIlla 3aBUCUMOCT MEXKIY CTETIICHHUSI MOKa3aTel M HANPEKEHUETO U WU3IO0JI3-
BAaHE Ha JIOMBJIHUTEIHA CUHYCOUIAIHA KOMIIOHEHTA 32 3aCUJIBAHE HA HEJIMHEHHOCT-
Ta. Pa3paboTeHa e ychbBBpIIIEHCTBAaHA METOIO0JIOTHS 33 MOJICIUPAHE Ha MEMPHUCTOPH,
Ype3 M3MOJI3BaHe Ha MOAU(MDHUIIMPAHHU MPO30PEUYHH (PYHKITUU C pEryaupyeMH Iapa-
MeTpu. HacTpoiiBaHeTO Ha MOJIENTUTE CE€ OCHOBAaBa Ha CPaBHSBAaHE Ha €KCIIEPUMEH-
TaJHA U CUMYJIMPaHU XapaKTePUCTUKHU HAMPEKEHUE-TOK U MUHUMU3UPAHE HA CPEJI-
HO-KBaJpaTU4YHATa rperika Mexay Tsax. Ha 0aza Ha maremMaTHYeCcKUTE MOJCIH Ha
MEMPHUCTOPHUTE ca pa3paboTeHu TexHu Oubnunoreunu PSpice monenu, KOUTO ca aHa-
JU3UPAHU TIPU PEKUMU Ha MEKO M TBBHPAO NMpeBKiItouBaHe. OCHOBHUTE MPEIUMCTBA
Ha MOJU(MUIIMPAHUTE MOJICTH MO OTHOIICHHE Ha KIACHYECKHUTE Ca: B3MOXKHOCT 32
paboTa npu BUCOKOUECTOTHU CUTHAJIM U 32 HACTPOMKA, IIUPOK JUAINa30H HA U3MEHE-
HU€ Ha MPOMEHJIMBATA HA ChCTOSHUETO, U3PA3sIBAHE HA XAPAKTEPUCTHUKATA CHCTOS-
HUE-TIOTOK Ype3 eJIHO3HAyHa KpHUBa NIPU MEKO IpeBKIouBaHe. PaspaboreHute
PSpice moaenu ca u3mnosi3BaHu 3a aHAJIW3 HA MEMPUCTOPHU BEPUTH U YCTPOUCTBA.
[ToTBBpaEHA € CIOCOOHOCTTa UM Jla (PYHKIIMOHUPAT B €JIEeKTPOHHU cxeMu. M3crien-
BAaHO € BJIMSIHUETO Ha TeMIepaTypara U Mapa3uTHUTE NMapaMeTpyu Ha MEMPUCTOPUTE
(coOCcTBEHUTE M B3aUMHUTE UM MHIYKTUBHOCTH U KaIlallUTETH) BbPXY TSAXHATa pado-
Ta. YCTaHOBEHO € HE3HAYUTEITHOTO BIUSHUE HA TE€3H JOMBIHUTEITHU (PAKTOPH BHPXY
(GYHKIIMOHUPAHETO HA MEMPUCTOPHUTE MATPHUIIM U MHTETPATTHU CXEMH, TTOpaIu Koe-
TO T€ HE C€ OTUMUTAT MPU MOJEIUPAHETO. AHAIU3UPAHU CA MPOCTH U CIOKHU MEM-
PUCTOPHU BEPUTH C KJIACUUYECKUTE U MOAUDUIIMPAHUTE MOJCIM U Ca CPaBHEHH pe-
3YJITaTUTE C aKIEHT BbPXY NMPEAUMCTBATA HA TIPeIIoKeHuTe Moaenu. He ca 3abems-
3aHU MPOOJIEMH, CBbP3aHU ChC CXOJUMOCTTA Ha M3YUCIUTEIHUTE nporecu. OCHOB-
HUTE MIPUHOCH B JUCEPTALIMATA ca pa3padOTBAHETO U BHEJAPSBAHETO HA YCHBBHPIICH-
CTBaHa METOJIOJIOTHSI 3a MOJEIMpPaHe HA MEMPUCTOPU Upe3 MOoAu(UIpaHu MPo30-
peyHr (PYHKIIMM ¥ HACTPOWKA HA TEXHUTE MapaMeTpH, YCTAHOBSIBAHE HAa HE3HAYU-
TEJTHOTO BIIMSIHUE HA TEeMIIepaTypara W Mapa3uTHUTE MapaMeTpu Ha MEMPHUCTOPHUTE
BBPXY TAXHOTO HOPMAJTHO (PYHKIIMOHUPAHE B MATPHIIM M UHTCTPAITHH CXEMU C YIT-
pa-roJisiMa CTETEeH Ha MHTerpaius, paspadborsanero Ha PSpice monenu Ha mMmempuc-
TOPU U TAXHOTO M3MOJI3BAHE 32 aHAJIN3 Ha MEMPUCTOPHU BEPUTH, CPABHSBAHETO HA
pe3yJTaTuTe, MOJyYeHU TP MpUilaraHe Ha KIACHYECKUTE U MOAUGUIIMPAHUTE MO-
JIeJIM ¥ yCTAaHOBSBAHE HA TEXHUTE MPEUMYIIECTBA.
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ADVANCED MEMRISTOR MODELING
Prof. Dr.-Eng. Valeri Mladenov

SUMMARY

In the thesis a review has been made on the main publications related to memristors
and memristor modeling, memristor circuits and devices. Subject of research are bas-
ically titanium dioxide and hafnium-dioxide memristors. The basic classic memristor
models - Strukov and Williams, Joglekar, Biolek, Corinto-Ascoli and Lehtonen-
Laiho are considered. The main problems and deficiencies in classic models are in-
dependent non-linearity of the used window function of voltage, and their low nonli-
nearity. In connection with the purpose of the thesis - compensating these issues and
improving the memristor models, two basic modifications of window functions are
offered: a hyperbolic decreasing dependency between the exponent in the window
functions and voltage, and introducing additional sinusoidal component to strengthen
the non-linearity of the models. A sophisticated methodology for modeling memris-
tors has been developed using modified window functions with adjustable parame-
ters. The setting of the authors' models is based on comparing experimental and si-
mulated voltage-current characteristics and minimizing the mean square error be-
tween them. PSpice simulations have been performed on the customized models in
soft and hard switching modes and their functionality is confirmed. Based on the ma-
thematical models of the memristors, their PSpice library models have been devel-
oped, which are analyzed in soft and hard switching modes and their operational ca-
pability are confirmed. The main advantages of the modified models with respect to
the classic models are established — possibility for operation with high-frequency
signals, for tuning, wider range of variation of the state variable in relation to the
classical models, expression of the state-flux characteristic by a single curve in soft
switching mode. The developed PSpice library models are used to analyze memristor
circuits and devices. Their ability to operate in electronic schemes is confirmed. The
influence of temperature and parasitic parameters of the memristors (their own and
mutual capacities and inductances are investigated and their negligible effect on the
normal functioning of the memristor matrices and integrated circuits are established.
Due to the negligible influence of these additional factors, they are not taken into ac-
count in memristor modeling. Simple and complex memristor circuits were analyzed
with the classical and modified models and the results are compared, paying atten-
tion to the advantages of the modified models. During the simulations, no problems
related to the convergence of the computational processes were noticed. The main
contributions in the thesis are the development and implementation of an advanced
methodology for memristor modeling using modified window functions and adjust-
ment of their parameters, establishing the negligible influence of the temperature and
the parasitic inductances and capacitances of memristor matrices on their normal op-
eration, development of PSpice library models, their usage for memristor circuits
analysis, comparing the results obtained by applying the modified and classical mod-
els and identifying their advantages.
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I. GENERAL CHARACTERISTIC OF DISSERTATION

Importance of the problem

After the theoretical prediction of the existence of a fourth basic electrical two-
terminal element — the memristor (shortened by memory + resistor) by Leon Chua in
1971, alongside with the resistor, the inductor and the capacitor, and after the inven-
tion of the first memristor prototype by Williams in 2008 — there is a growing inter-
est in memristors, memristor circuits and memristor modelling. The memristor has
the extremely important and useful property to memorize its resistance and its stored
charge, which determines its potential applications in non-volatile integral memo-
ries, neural networks, analogue and digital programmable circuits, and many other
important areas of electronics.

Memristor modeling is of higher importance in order to carry out precise
preliminary analyses and simulations of memristor circuits and devices. In
connection with the study of memristors based on various materials (oxide, poly-
meric, ferroelectric, etc.), there are many memristor models in the scientific
literature. Each model contains at least two basic equations: the first one describes
the relationship between current and voltage, and the second equation expresses the
relationship between the time derivative of the state variable of the memristor and
current. The main classical memristor models (Williams and Strukov, Joglekar,
Biolek, Ascoli-Corinto, Lehtonen-Laiho) use a window function in the state equation
to take into account the non-linear ionic dopant drift and the boundary effects for
hard-switching mode.

The rapid increase of the number of scientific publications in the major global
databases — Scopus, Web of Science, IEEE Xplore and others confirms the impor-
tance of the problems associated with memristors, memristor circuits and memristor
modelling. For example the time distribution of the papers found by the use of the
key-word “memristor” in Scopus database for the period 2008-2018 is shown in Fig.
1. The time distribution of the papers found by the use of the key-word “memristor
modelling” in Scopus database for the period 2008-2018 is presented in Fig. 2.

Documents by year Documents by year

Year
Year

Fig. 1. Number of papers indexed in the full Fig. 2. Number of papers indexed in the full
text Scopus database found using the text Scopus database found using the
"memristor" keyword for the 2008-2018 period "memristor modelling" keyword for the
2008-2018 period
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Purpose of the dissertation work, main tasks and methods for investigations

The purpose of the present research is to develop and implement a new
advanced methodology for modeling titanium dioxide and hafnium dioxide
memristors using window functions, which reflect more realistically the physical
processes in the modeled memristors, and analyse various effects (changing the
concentration of the oxygen vacancies in the volume of the memristor) related to the
influence of temperature and diffusion on the physical processes in the memristor
element and the parasitic inductances and capacitances in the memristor matrices.

The tasks related to the realization of this aim can be summarized as follows:

1. Development of an advanced methodology for more realistic modelling of
physical phenomena in the memristors by using modified window functions and tun-
ing their parameters,

2. Application of the proposed methodology for modelling titanium dioxide and
hafnium dioxide memristors and for the development of new models of the analyzed
memristors;

3. Development of PSpice library models of titanium-dioxide and hafnium-
dioxide memristors;

4. Application of the developed models in the study of memristor analogue and
digital schemes, circuits and devices,

5. Comparison of the proposed memristor models;

6. Investigation of various effects related to the influence of temperature and dif-
fusion on the physical processes in the memristor (change of the resistance, change
of the concentration of oxygen vacancies in the volume of the memristor element)
and the parasitic inductances and capacitances in the memristor matrices and inte-
grated circuits with ultra large-scale integration (ULSI).

The methods of mathematical modeling, of analytical investigations and
simulations in PSpice and MATLAB environment are used in the dissertation.

Scientific novelty

A disadvantage of the basic titanium dioxide and hafnium oxide memristor mod-
els is their impossibility for realistic representation the switching processes in mem-
ristors for voltages with level higher than 1 V and for frequencies higher than 100
MHz. The Pickett memristor model is a high nonlinear one. It is based on physical
measurements and on the mechanism of flow a current through a tunnel barrier. It
represents the physical processes in memristors with the highest accuracy. It is fre-
quently used as a reference model for tuning of other memristor models. Its main
disadvantage is its extreme complexity and its inability to perform simulations due to
the occurrence of multiple computational problems related to the convergence of it-
erative procedures. The non-linear Lehtonen-Laiho model is one of the most com-
monly used models. It has a satisfactory accuracy and the convergence of its compu-
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tational processes is better than that of the Pickett memristor model. A common dis-
advantage of the models described above, as seen in the scientific literature, is the
fixed value of the integer positive exponent in the window functions used. This re-
flects the non-linearity of ion charge displacements, and as its value increases, the
more the nonlinearity of ionic dopant drift decreases. However, the nonlinearity of
the ionic dopant drift depends on the voltage applied to the memristor element. At
higher voltage levels the non-linearity of the ion dopant drift increases.

This is the main reason for the modifications of the basic titanium dioxide and
hafnium-dioxide memristor models by introducing a hyperbolically similar
fractional-linear relationship between the integer exponent in the window function
used and the voltage proposed in the dissertation. To enhance the nonlinearity of the
Biolek model, it is also suggested to add a weighted sinusoidal component to the
window function used. After many analyses the possibilities of the modified titanium-
dioxide and hafnium oxide memristor models for operating with high-level and high
frequency signals, the realistic behaviour in electric field and the enhanced repre-
sentation of the state-flux relationships for soft-switching mode are established.

In connection with the analyzes carried out, new PSpice library memristor models
have been created, and their behavior is compared in operation in different circuits —
analog circuits (series and parallel circuits, generators, integrators, etc.) and digital
memristor circuits (memories, neural networks). After analyzing it has been found
that in the operating temperature and frequency range of the electronic apparatus
the influence of the temperature, diffusion and parasitic parameters of the titanium
dioxide memristors (own and mutual capacities and inductances) on the normal
functioning of the memristor matrices and integrated circuits is negligible weak and
these additional factors may not be considered in the modelling of memristors and
memristor matrices.

Practical applicability

During the development of the dissertation PSpice library models of the proposed
titanium dioxide and hafnium-dioxide models have been created, as well as of the
best classical models. They have been tested in PSpice environments for soft and
hard switching modes. Their performance in sinusoidal and pulse mode has been
confirmed. The developed library models have been used in the investigation of
memristor analogue and digital devices (integrator devices, generators, neural net-
works, memories), where their main advantages are established with respect to the
classical memristor models — obtaining a single-valued state-flux characteristic in
soft-switching mode, representation the boundary effects with respect to the classical
models CI, C2 and C5, operation at high voltages and frequencies of the memristor
models M1, M2, M4, M5, M6, M7, M8, with respect to the classical memristor mod-
els C1, C2, C3, C5, C6, C7.
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Approbation

The dissertation work is written at the Technical University of Sofia, Faculty of
Automatics, Department of Theoretical Electrical Engineering.

Approval of the work

The dissertation work has been reported to the Department of Theoretical
Electrical Engineering, Faculty of Automatics, Technical University of Sofia and To
the Faculty Council of the Faculty of Automatics.

Publications

The dissertation's results are published in 21 papers, three of which are in
journals with impact-factor, 4 of which are in scientific journals, and 14 are
published in proceedings of international conferences. Eight of the publications are
referenced in Scopus Database.

Structure and volume of dissertation work

The dissertation work has a volume of 300 pages, including an introduction, 8
chapters, a list of the main contributions, a list of dissertation papers and used
literature. A total of 240 literary sources are cited in Latin. The work includes a total
of 125 figures and 14 tables. The numbers of the figures and the tables in the present
abstract correspond to those in the dissertation.
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II. CONTETNTS OF DISSERTATION

CHAPTER 1. LITERARY SURVEY. INTRODUCTION IN MEMRISTORS

1.1. General information about the memristors

The phenomenon of resistance switching observed in a number of amorphous
metallic and transition chemical oxides such as Si0,, Al,O;, Ta,0O5 has been explored
since 1970. It has been found that such oxide materials, placed in a metal oxide
structure, have the ability to change their resistance in accordance with the applied
voltage and to maintain their state for a prolonged period of time. Oxides of metals
from the transitional periods of the periodic system of the chemical elements previ-
ously subjected to an electroforming process have the ability to accumulate electri-
cal charges in their structure, their quantity being proportional to the integral of the
current as well as the applied voltage over time. The electroforming process consists
essentially of applying a voltage of about 5 V to the oxide structure of about 10 nm
thick, which results in partial evaporation of oxygen from the material, and oxygen
vacancies are formed in the metal oxide structure. Like the holes in semiconductors,
they have a positive fictitious charge and are formed around the anode. The layer
containing these oxygen vacations is about 5 percent thick of the entire thickness of
the oxide structure. Such a structure using titanium dioxide (TiO,) is shown in Fig.
1.2. After the initial electroforming process, oxygen vacations remain in the layer
(doped region) next to the anode, the other layer is of pure titanium dioxide. Under
normal temperature conditions, the diffusion rate of oxygen vacancies is extremely
low, and the described state of the oxide nanostructure can be practically maintained
over a period of several months to about two years. The layer saturated with oxygen
vacancies has a specific resistance of about 100 times lower than the specific resis-
tance of the other layer, which consists of pure metal oxide material. In the structure
thus formed, two types of electric charges are created: on the one hand these are the
oxygen vacancies with fictitious positive charge and on the other hand there is also a
presence of free electrons resulting from the thermal generation of charges and their
passage from the valence zone to the zone of conductivity of the oxide material.
When a positive voltage is applied (the positive potential is applied to the anode and
the negative potential is connected to the cathode), the resulting electric field repels
the oxygen vacancies and attracts the free electrons, whereby the boundary between
the two layers of the oxide nanostructure begins to move towards the cathode. Its
thickness increases, whereby the thickness of the layer of pure oxide material de-
creases. As a result the equivalent resistance of the entire structure diminishes. If the
voltage source is interrupted at a certain moment, the current stops and the
movement of the boundary between the two layers of the oxide structure stops. Upon
applying reverse voltage, the boundary between the two sections begins to move to
the anode, whereby the thickness of the oxygen-saturated layer decreases and the
thickness of the pure metal oxide layer increases. As a result, the resistance of the
entire nanoscale structure is increasing. Such unusual behavior was foretold for the
memristor element by Leon Chua in 1971. The memristor element is proposed in ac-
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cordance to the symmetry considerations and the relationship between the four basic
electrical quantities (current, voltage, electric charge and magnetic flux) associated
with two-terminal elements. The proposed fourth fundamental one-port element ex-
presses the relationship between the flux, defined as the time integral of the voltage
on the element, and the electrical charge defined as the time integral of the current
through the element. The relationships between the described electrical quantities
and the fundamental two-terminal elements are presented in Fig. 1.1.

1.2. Basic types of memristors

There are several major types of memristors — titanium dioxide, hafnium-dioxide,
polymeric, ferroelectric memristors, electron spin memristors, etc. They are based on
different chemical compositions and physical structures and differ in function.
Particularly important for memristors and memristor circuits is their modeling
with a view to the precise pre-study of memristor devices by computer simulations.
The most widespread use of titanium dioxide and hafnium-dioxide memristors have
been found and they are basically the subject of current research. Their structure and
principle of operation are identical. In Fig. 1.2 a structure based on titanium dioxide
1s presented.

Resistor +
- ) =R%j Anode
Current v =Rxi Voltage —
! v l Doped
\/ region
i
Tio,..
Inductor I Capacitor Q
w=Lxi T g=C
Electrodes
W= [vdr o,
g=fia~_ | | a1
Magnetic peatE Electric Cathode
Flux Charge \
¥ “Memristor q N
Y=Mxq

Fig. 1.1 Dependencies between the four basic | Fig. 1.2 A simplified memristor structure based
electrical quantities (current i, voltage u, on titanium dioxide (hafnium dioxide)
electric charge ¢ and magnetic flux ¥) and
fundamental one-port elements (resistor R,
capacitor C, inductor L and memristor M)

The idea of the memristor was developed by Professor Evgeni Filipov from the
Technical University in Ilmenau, Germany and his students (Roland Zusse,
Wolfgang Biitigg, etc.) in the theory of the elements of higher order. The Bulgarian
professor Evgeni Filipov not only develops theory but also seeks practical
application of these new elements. With their PhD student in Bulgaria they develop
resistive frequency-dependent elements, as well as inductive and active filters of
higher order and patent schemes of active analog filters of arbitrarily high order. In
the Problem Research Laboratory of Semiconductor Chemical Technologies at
Technical University of Sofia, led by Professor Philip Filipov, in cooperation with
the Technical University of Ilmenau, a series of 20 Thin Layer Hybrid Integrated
Circuits of Active Filters of Second Order have been designed and developed using
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the scholarly solutions proposed by Prof. Evgeni Filipov and the PhD student Nina
Marinova. Schemes are used in further studies of circuits with elements of higher or-
der. The theory of higher order elements allows the design of new circuit solutions of
filters with a high quality factor.

1.3. Modeling of titanium dioxide memristors

In connection with the modeling of memristors, the main terms and concepts used
below are defined here.

v

Linear memristor model — it uses a linear dependence between the time
derivative of the state variable and current (voltage) in the state differential
equation.

Non-linear memristor model — it uses a non-linear relationship between
the time derivative of the state variable and current (voltage) in the state
equation.

Non-linear ionic dopant drift — represents the non-linear dependence be-
tween the speed of movement of the oxygen vacancies in the memristor and
the applied voltage.

Activation threshold of the memristor — represents the level of voltage
under which the state variable does not change and the memristor has a be-
haviour of a linear resistor.

Forward-biasing of a memristor — when a positive potential is applied to
the anode with respect to the cathode of the memristor.

Reverse-biasing of a memristor — when a negative potential is applied to
the anode with respect to the cathode of the memristor.

Boundary effects — they represent the change of the state variable when it
reaches its limiting values — when the memristor is forward-biased and the
state variable have reached a value of unity after further increasing the volt-
age the state variable retains its previous value, and when the voltage
change its polarity the state variable immediately starts decreasing its value.
When the state variable reaches a value of zero and if the voltage decreases
then it retains its value and if the voltage increases then the state variable
increases too.

Switching the memristor — changing the resistance of the memristor in a
very wide range.

Soft Switching Mode — changing the state variable over a wide range,
where it does not reach its limiting values.

Hard switching mode — changing the state variable in a very wide range,
where it reaches and keeps its limiting values for a certain time.
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The state differential equation of the memristor in a combination with the
relationship between the current and the voltage of the memristor is described by the
system of equations (1.15):

ki flx)

dt (1.15)
v=1[Ronx+ Ropr (1—x)]

where f(x) is the applied window function, x is the state variable of the memristor,

Roy and Ropr are the resistances of the element in closed and open states, k is a

constant dependent on the physical parameters of the memristor.

1.3.1. Strukov-Williams memristor model (classical model C1)
The system describing this model is:

dx . . o B
E—klfsw(x)—kz[x(l x)]

v=1 [RONx+ROFF(1_x)] (119)

The dependencies between state and flux and between voltage and current of the
memristor are shown in Fig. 1.8 c¢) and 1.8 d). The state-flux characteristic is a

nonlinear rising curve, and the voltage-current characteristic is a pinched hysteresis
loop.

bl
urrent, uA

State variable
Ci

o
Flux linkage, Wb Voltage, V

C) d)

Fig. 1.8 (c) Dependence between state and flux; (d) a current-voltage characteristic

1.3.2. Joglekar memristor model (classical model C2)

The state differential equation of the memristor obtained by using Joglekar's
window function in a combination with the current-voltage dependence is described
by (1.25):

Z—’tcz ki f;(x)=ki [1—(2x—1)2”]

(1.25)
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where f)(x) is the Joglekar window function with an integer exponent p. The

dependencies between state and flux and between voltage and current of the
memristor are shown in Fig. 1.10 ¢) and 1.10 d).

riable

State va

Current, mA

AV

c) d)

Flux linkage, Wb

Voltage, V'

Fig. 1.10 (c) Dependence between state and flux; (d) a current-voltage characteristic

1.3.3. Biolek memristor model (classical model C3)

The state equation of the memristor obtained by applying the Biolek window

function f3(x,i) in a combination with the current-voltage dependence is described by
System (1.28):

‘;_9; ki fy(0,i) = ki [I— (e — stp(=ip)

(1.28)
v=1[Ronyx+ Rppr(1-x)]

Dependencies between state and flux and between voltage and current in the
hard-switching mode are shown in Fig. 1.12 (c¢) and (d).

State variable

Current, mA

Flux linkage, Wb ’
c) d)

Voltage, V

Fig. 1.12 (c) Dependence between state and flux; (d) a current-voltage characteristic

1.3.4. Boundary condition-based memristor model (classical model C4)

The state differential equation of the element obtained by applying the window
function of Corinto-Ascoli in a combination with the current-voltage dependence is

described by (1.30):
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dx .
EzklfBCM(x) (1.30)

where the window function fzcpy(x) is:

foeu(x)=1, xe(0,1)
feem\x)=1 x=0 & v=v,,

=0, x=0 & v<vy, (1.31)
L x=1& v<-vy,

feemx)=0, x=1 & v=-v,,

where v, 1s the activation threshold of the memristor. The dependencies between

state and flux and between voltage and current of the memristor are shown in Fig.
1.14 (c) and (d).

variable
Current, mA

State

0-1on :
Flux linkage, Wb 7 & Voltage, V'

c) d)

Fig. 1.14 (a) Dependence between state and flow; (b) a current-voltage characteristic

1.3.5. Lehtonen-Laiho model of a titanium dioxide memristor
(classical model C5)

The state differential equation obtained by using the Biolek window function in
combination with Lehtonen-Laiho current-voltage dependence is described in (1.33):

dx _

RS (1.33)

i=x"fsinh(av)+ ;{[exp(;fv)—l]

where a, m, o, B, v, x, n are fitting parameters. The dependencies between state and
flux and between voltage and current of the memristor are shown in Fig. 1.16 (¢) and
(d). In this case, it operates in a hard switching mode, the state-flux characteristic is a
hysteresis cycle resulting from the boundary effects, and the voltage-current
characteristic is an asymmetric curve.
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ariable

Flux linkage, Wb

)

Current, uA

N

d)

Voltage, V

Fig. 1.16 (c) Dependence between state and flux; (d) a current-voltage characteristic

1.3.6. Pickett memristor model

The Pickett model is based on physical measurements and analyses of the
mechanism of electric current flowing through a thin tunnel barrier into insulating
oxide materials. The dependencies between state and flow and between voltage and
current of the memristor are shown in Fig. 1.18 (c¢) and (d).

State variable
-
=

]
_‘_
|
1
“
Liaticied . 171 :
|
|
|
'J
I

“1 [l |

uonl 0 40n 80n 120n 1600
Flux linkage, Wb

9

200n

HO0uUA

200uR +——

Current, uA

200un

400un +

-600nU  -hOBAU
a 1(U1:PLUS)

~200nY w 200my

U(U1:PLUS)~ UCU1T:MINUS)

d)

4O0RU 6 00RY
Voltage, V'

Fig. 1.18 (c) Dependence between state and flux; (d) a current-voltage characteristic

1.4. Hafnium dioxide memristor modeling

The major models of hafnium-dioxide memristors existing in the literature are to
some extent inaccurate or very complex for realization. Better models also contain a
window function on the right side of the second equation of the description system.

1.4.1. Classic model of hafnium-dioxide memristor without window function
and with linear ionic dopant drift (Classic model C6)

The equations describing the considered memristor model are (1.45):
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v=Mi=|Ryyx+Ry (1-x)]i

dx  v(t)

—= , V>,

e t,v, v (1.45)
dx v(1) '

— == , vy,

dt tSanfﬂ

@zO, Vv, SVSy,

dt

where M is the impedance of the memristor, u,, and u,, are activation thresholds, ¢,
and t,,, are parameters for setting the model. The dependencies between state and

flow and between voltage and current of the memristor element are shown in Fig.
1.19 (¢) and (d).

variable

uA

State

Flux linkage, Wb
Voltage, V

C) d)

Fig. 1.19 (c) Dependence between state and flow; (d) a current-voltage characteristic

1.4.2. Classic model of hafnium-dioxide memristor with non-linear window
function (Classic model C7)

The equations describing this model are:

v=[LRS x+ HRS (1-x) i

4 PLRS
x C V—v
- = LRS( tpj fLRS(x), V>Vrp

e Ar { v,
d C PHRS
X ars | V" Vi
— =t x), v<v
dt Ar ( Vm j fHRS ( ) m
dx
E:o, v, SVSv,
Ar Ar
Crrs = Cops =—
swp swn
fHRS(x): 1 > V<V,
. [ LRS x+ HRS (1- x) |- ©,,sHRS
ex
p Bes A (1.46)

1

x)= ) V>vr
fLRS( ) (@LRSLRS—|:LRSx+HRS(1—x)]J ip
I+exp

/BLRS Ar
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The dependencies between state and flow and between voltage and current of the
considered memristor model are shown in Fig. 1.21 (¢) and (d). In this case, the
model represents a hard-switching mode of the memristor.

~ State variable
t, peAd

’ a
Flux linkage, Wh Voltage, V

) d)

Fig. 1.21 (c) Dependence between state and flux; (d) a current-voltage characteristic

1.5. Motivation, purpose and tasks of the dissertation work

The motivation for the dissertation is the identification of some incompleteness in
the scientific literature, mainly related to the realistic representation of the non-
linear ion drift of charges in titanium-dioxide and hafnium-dioxide memristor
structures at high voltage levels and at high frequencies. The most commonly used
linear classical models (Williams and Strukov, Joglekar, Biolek) have the following
drawbacks — satisfactory representation the ion dopant drift only at low voltage
levels (up to 1 V) and at low frequencies, and along with some nonlinear models like
Lehtonen -Laiho, they use window functions with fixed integer exponent and fixed
non-linearity that do not present the realistic non-linear relationship between ionic
dopant drift and voltage. In this connection, there is a need to improve the behaviour
of the described models, which is the main reason for offering improved models.
These improved models are tuned by introducing a new methodology for modelling
memristors associated with the use of modified window functions and adjustment of
their parameters.

Therefore, the aim of the present research is to develop and implement a new
advanced methodology for modeling memristors using window functions, which take
into account more realistically the physical processes in the modeled memristors,
and study various effects (changing of the concentration of oxygen vacancies in the
volume of the memristor) related to the influence of temperature and diffusion on the
physical processes in the memristor and the parasitic inductances and capacitances in
the memristor matrices.

The tasks related to the realization of this goal can be summarized as follows:

1. Development of a methodology for more realistic modelling of physical phe-
nomena in the memristors by using modified window functions and adjustment of
their parameters,

2. Application of the proposed methodology for modelling of titanium dioxide
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and hafnium dioxide memristors and for the development of new models of the stud-
1ed memristors;

3. Development of PSpice library models of titanium-dioxide and hafnium-
dioxide memristors;

4. Application of the developed models in the study of analogue and digital
schemes, circuits and devices;

5. Comparison of the suggested memristor models;

6. Investigation of various effects related to the influence of temperature and dif-
fusion on the physical processes in the memristor (change of the resistance, change
of the concentration of oxygen vacancies in the volume of the element) and the para-
sitic inductances and capacitances in the memristor matrices and integrated circuits
with ultra large-scale integration (ULSI).

The dissertation consists of 8 chapters and is organized as follows:

The following Chapter 2 describes the advanced methodology for modeling
memristors of titanium dioxide, which has been applied to the proposed modified
models. Chapter 3 describes the developed PSpice libraries with titanium dioxide
memristors. Chapter 4 presents the study of memristor circuits and devices
(memristor generators, integrators, counter-parallel and series circuits) with the
proposed titanium dioxide models, the influence of temperature, diffusion and
parasitic self and mutual inductances and capacitances and the negligible influence
of these additional factors on the normal functioning of memristors in ULSI matrixes
and ULSIs was found to be negligible, which is why they are not studied in the
modeling of complex memristor schemes and circuits (neural networks, memories),
attention is drawn to comparison with classical models and is confirmed the
operational and realistic behavior of the modified models, as well as the main
advantages, electrical parameters and properties of the proposed memristor models.
Chapter 5 discusses the advanced modelling of hafnium-dioxide memristors and
three modified models. Chapter 6 presents the PSpice library models of the hatnium
dioxide memristors. Chapter 7 analyzes electronic circuits and devices using modi-
fied models of hafnium dioxide memristors, showing the advantages of the proposed
models in relation to the classical models and their functionality in the examined
electronic circuits. In Chapter 8 is presented a comparison of the studied models ac-
cording to some basic parameters, characteristics and behaviour in an electric field.
At the end of the manuscript the contributions, the dissertation papers, as well as the
final remarks related to the research are presented.
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CHAPTER 2. TITANIUM DIOXIDE MEMRISTOR MODELS

Chapter 2 proposes a methodology for advanced modeling of the physical
phenomena in the memristors by using modified window functions and adjusting
their parameters. Five new modified models of titanium dioxide memristors are pro-
posed. The behavior of the modified memristor models developed in the dissertation
1s studied.

2.1. A Methodology for advanced modeling of the physical phenomena in
the memristors by using modified window functions and adjusting their
parameters

The proposed in this paragraph methodology for advanced modeling of physical
phenomena in the memristors involves the use of various non-linear window
functions with a voltage-dependent integer exponent as well as window functions
with an additional non-linear sinusoidal component, by which the nonlinearity of the
ionic dopant drift is more realistically modeled. These window functions have setup
parameters that are used to adapt the model's current-voltage characteristics. The
experimental current-voltage characteristic of the memristor obtained under certain
conditions (voltage signal) is used as a reference model for setting the considered
models. The developed models are adjusted by varying the tuning parameters to
minimize the mean square error between the simulated and the experimental curren-
voltage characteristics. Once the proposed memeristor model is tuned, it is tested for
soft and hard switching modes and thus the basic characteristics of the modeled
memristor are obtained — the voltage-current characteristic and the state-flus charac-
teristic.

The proposed methodology can be presented as follows:

1. A certain number of working points are selected over a time span in the
voltage range used to capture the memristor voltage-current experimental charac-
teristic;

2. The current and voltage for the voltage-current experimental characteristic for
each point (for each corresponding time point) are recorded;

3. Simulate the behavior of the memristor using the model. Initial values of the
adjustment coefficients are selected arbitrarily if there is no initial information about
them, then they change until the experimental and simulated voltage-current
characteristics are obtained very close one to another.

4. The current and the voltage for the voltage-current characteristic simulated by
the model of the memristor for the selected time points are recorded.

5. Calculate the mean-square error between the two current-voltage characte-
ristics (experimental and simulated by the model).
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6. The model parameters are varied and the mean square error, respectively the
visual location of the two current-voltage characteristics, is monitored. Initially, an
arbitrary step of modifying the parameters of the model is selected, and the proximity
of the current-voltage characteristics decreases the parameter change step until a
minimum value of the mean square error is obtained.

The proposed methodology is used for all proposed models discussed in the
dissertation.

2.2. A memristor model with activation threshold and modified Joglekar
window function with voltage-dependent exponent (model M1)

The state differential equation of the memristor obtained by applying the
modified window function in a combination with the current-voltage dependence is
described by (2.5):

1%
Ron X+ Rypp (1 - x)

b
ﬂ iy 1% 1— (2x _ 1)2r()und[c+vJ , (25)
dt Royx+ Ry (1-x)

i

where b and ¢ are setup parameters. The model setting is done by dividing the time
interval of the variation of the linearly applied voltage to 100 equal parts, for each of
these 100 points the current values are reported. Then the mean-square error between
the simulated and the experimental voltage-current characteristics when varying the
setting parameters b and c is calculateted. The results are presented in table. 2.1. The
voltage at which the experimental voltage-current characteristic is obtained is shown
in Fig. 2.1 a). Some of the resulting graphical features in the vicinity of the minimal
mean squared error are shown in Fig. 2.1 (b). The minimum error is for parameter
values: b=9.5,c =6.

Table 2.1

Comparison of the experimental and simulated voltage-current characteristics according
to the modified model M1 with respect to the mean square error, with some values
of the setting parameters b and ¢

b c Error, %
10 6 6.93
10.5 6 7.60
9.5 6 6.84
9.5 6.5 6.86
9.5 5.5 7.01
11 5.5 6.95
11.5 5.5 6.98
11.5 6 7.02
11 7 7.12
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Fig. 2.1. (c) Time diagram of the tension of the memristor; (d) Comparison of the voltage-current

experimental characteristic of titanium dioxide memristor with five simulated characteristics
obtained by variation of the adjustment coefficients of the modified Joglekar — M1 model

After tuning the model M1, it is tested in PSpice environments for different
signals to obtain the current-voltage and flux-state characteristics in soft and hard
switching modes. The dependences between the state and flux and between the
voltage and current of the memristor are shown in Fig. 2.2 (c¢) and (d).
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~
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Fig. 2.2 (c) Dependence between state and flux; (d) Current-voltage characteristic



20 Advanced Memristor Modeling

2.3. Non-linear ion drift model, modified Biolek window function with
additional sinewave component and activation threshold (model 112)

The methodology for realistic modeling of physical phenomena in the memristors
using the modified window functions and adjustment of their parameters, as
described in 2.1 is applied here for the model M2.

The state differential equation of the memristor obtained by applying the modi-
fied window function in combination with the current-voltage dependence is
described by (2.10):

—(x-—1  f14m sin” (7x
ﬂ:nki (x=1) ( ( ))], v(r)<—v,,
dt m+1
_—x2”+1+m sin’ (7zx
dx:nki (sin” (7)) , v(t)>v,
dt m+1 " (2.10)
dx
—:0’ — < 1)< i
i Vin V() Vin

v= Rl—I:R x+(1- XROFF:II

9

where m and p are setup parameters. After minimizing the mean square error, the
optimal values of the setting parameters are obtained: m = 12000; p = 7. The
dependencies between state and flux and between voltage and current of the
memristor are shown in Fig. 2.5 (¢) and (d).

variable
t, mA

State

Flux linkage, Wh

Volage, V

c) d)

Fig. 2.5 (c) Dependence between state and flux; (d) a current-voltage characteristic

2.4. A memristor model with a modified Biolek window function with a
voltage-dependent exponent (model A3)

A state equation of the memristor obtained by applying the modified window
function in a combination with the current-voltage dependence is described in (2.13):
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After minimizing the mean-square error the setting parameters are: B = 2.3, C
= 20.1. The dependencies between state and flux and between voltage and current of
the memristor are shown in Fig. 2.8 (c¢) and (d).

Flux linkage, Wb ° Voltage, V

c) d)

Fig. 2.8 (c) Dependence between condition and flow; (d) a current-voltage characteristic
2.5. A model with a modified Joglekar-Biolek window function with an acti-
vation threshold and a voltage-dependent exponent (model M4)

The state differential equation of the memristor obtained by applying the modi-
fied window function in a combination with the current-voltage dependence is
described in (2.17):

i A A
ﬂ_nki{l—% (x—1)2'"’“””’[v+c] +(zx—1)z'"’“”"[v+c]}, v(t)<0

dr I
dx . 1 Zround [MTC] 2-round A
EZUICZ 1—5 x +(2x-1) [Mw] ) v(r)>0 (2.17)

v=Ri=|Ryyx+R,, (1-x)]i

After minimizing the mean square error, the optimal setting parameters are: A =
2.34, C = 21.12. The dependencies between state and flux and between voltage and
current of the memristor are shown in Fig. 2.11 (c) and (d).
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Fig. 2.11 (c) Dependence between state and flow; (d) Current-voltage characteristic

2.6. A nonlinear memristor model with a modified Biolek-Joglekar window
function and a voltage-dependent exponent (model M5)

The state differential equation of the memristor obtained by the application of the

window function in a combination with Lehtonen-Laiho current-voltage dependence
1s described in (2.23):

% =a {1 —% _(x—l)z'mund{vic‘j + (2x —1)2'rmmd[va+¢‘]}} v, V(t) <0

dx 1 2-round [L

—=a 1—5 x MH] +(2x—1)2'm”nd[vif] v, v(t)>0

(2.23)

i :;([exp(;/v) —1]+/3x" sinh (av)

After minimizing the mean error, the optimal values of the tuning parameters are:

a = 30.2, ¢ = 2.3. Dependencies between state and flux and between voltage and
current are shown in Fig. 2.14 (c) and (d).
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Fig. 2.14 (c) Dependence between state and flux; (d) a current-voltage characteristic
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2.7. Conclusions

Chapter 2 of the dissertation proposes and examines modified models of titanium
dioxide memristors — Modified Joglekar model with a voltage-dependent integer ex-
ponent (model M), Modified Biolek model with additional sinewave component in
the window function (model M2), Modified Biolek model with a voltage-dependent
integer exponent (model M3), Modified model with Combined Biolek-Joglekar
Window Function with voltage-dependent exponent (model M4), Modified
Lehtonen-Laiho memristor Model with Biolek-Joglekar Window Function with a
voltage-dependent exponent (model M5). Their main advantages have been identi-
fied. The improved behavior of the proposed models in electric field at high frequen-
cies — the current-voltage characteristic closer to the experimentally recorded i-v
characteristic and the single-valued state-flux characteristic in soft switching mode,
has been confirmed as compared to Biolek model, which, under the same conditions,
represents this characteristic with a multi-valued curve. Regarding Pickett's model,
there are no problems with the convergence of computational processes. The
proposed models with modified window functions are based mainly on the three
classic models of memristors described above, Joglekar, Biolek and BCM, and have
their basic properties and advantages. The main new advantages of the proposed
models of memristors are related to the realistic representation of the ion drift of
oxygen vacancies, depending on the applied voltage and the large non-linearity,
which allows operation at high signal levels and high frequencies. Another
advantage of the proposed models is the better proximity between the resulting
voltage-current characteristics and the corresponding experimental current-voltage
characteristics. Almost all of the proposed models, except for M3, use an activation
threshold that enables them to be applied in devices that have to distinguish between
low and high-level signals: for example memristor matrices, neural network and oth-
ers described in Chapter 4. In Table 2.6 a comparison of the proposed models of
titanium dioxide memristors is carried out using the main criteria for comparison to
their behavior and peculiarities. The benchmarks are defined and described below.

1. Complexity — defined as the number of elementary mathematical operations
used in the mathematical model of the memristor;

2. Signal levels — for low levels, voltages below 1 V, average of 1 to 1.5 V are
considered, or above 1.5 V are considered high;

3. Frequency of signals — for low frequencies, those from 0.5 Hz to 1 KHz, for
medium frequencies — from 1 kHz to 100 kHz, for high frequencies — from 100 KHz
to 3 GHz;

4. Nonlinearity — qualitatively defined as the degree of deviation of the charac-
teristic "time derivative of the state variable — current of the memristor" from the lin-
ear dependence;

5. Expressing the boundary effects — this criterion contains two requirements:
on the one hand, limiting the state variable in the interval (0, 1), and on the other
hand — when the state variable has a value of unity, it remains with this value at in-
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creasing the voltage in the positive direction, and begin to decrease when the voltage
drops; if the state variable has a value of zero, it keeps this value if the voltage de-
creases, and starts increasing as the voltage increases.

6. Representation the switching effects — the ability of the memristor model to
show the change of the resistance in a wide range (for hard switching mode — from
100 Q to 16 kQ, for soft switching mode — from 2 kQ to 14 kQ).

7. Operating modes — soft-switching mode when the state variable does not
reach its limiting values — zero and unity; hard switching mode — when the state vari-
able reaches and holds its limiting values — zero and unity.

8. Model accuracy — defined as the ability of the model to show the voltage-
current characteristic with a minimal error according to the experimental voltage-
current characteristic derived under the same conditions. If the mean square error is
less than 4%, the accuracy is assumed to be high, if the error is in the range of 4-6%,
the accuracy is considered to be satisfactory, and if the error is over 6%, the accuracy
of the model is low.

9. Convergence problems — defined as a violation of the normal running of
computational operations during simulation and algorithm shutdown as a result of
inappropriate convergence of computational operations.

10. Use of an activation threshold — this criterion indicates whether the model
has a level of signals (threshold of activation) below which the memristor has a lin-
ear resistor behavior and over which the state variable is changed so that the element
has a memristor behavior.

11. Opportunity to set the model — the ability of the memristor model to be
adapted to a certain voltage-current experimental characteristic, when obtaining a
minimal mean squared error.

12. Ability to express asymmetrical voltage-current characteristics — the abil-
ity of the model to express the voltage-current characteristic in modes close to hard-
switching, with asymmetrical curves, and to express the rectification effect.

13. Expressing the dependence of non-linear ion drift on the voltage — the
ability of the model to represent the nonlinearity of the ionic drift (which is inversely
proportional to the integer exponent in the window function) as a function of the ap-
plied voltage. Such dependence is expressed either by introducing a hyperbolic func-
tion between the exponent in the window function and the voltage or by raising an
odd degree of current or voltage in the equation expressing the dependence between
the derivative of the state variable versus time and current.

14. Correct representation of the state-flux characteristic — the ability of the
model to express the state-flux characteristic with a single-line curve in soft-
switching mode with a hysteresis multi-valued curve in hard switching mode.
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15. Complexity of model setup — determined by the number of coefficients in
the model whose values can be changed to improve the match between the simulated
and experimental voltage-current characteristics derived under the same conditions.

Table 2.6. Comparison of the proposed and classical titanium dioxide models
of their behavior in an electric field and their peculiarities

Model C1 c2 Cc3 (& ] C5 M1 M2 M3 M4 M5
Signal level low and low and low and low and random low and random random random random
1BnaTIVeS | middle | middle | middle | middle middle
Nonlinearity middle middle middle low high high high high high high
Expression of
Boundary partially partially yes yes partially yes yes yes yes yes
effects
er pe low, mid- low, mid-
Switching low and low and low and low and
. low low low low dle and . . . . dle and
frequencies . middle middle middle middle .
high high
i it soft and soft and ft and soft and soft and soft and soft and soft and
Modes o SOt hard hard sottan hard hard hard hard hard
switching | switching oo o hard o oo oo oo oo
switching | switching o switching | switching | switching | switching | switching
switching
satisfac- satisfac- . . . . . .
Accuracy low low tory tory high high high high high high
Activation no no no es 1o es no es es es
thresholds Y Y Y Y Y
Possibility for
tuning the no partial partial no partial yes yes yes yes yes
model
Expression of
asymmetric i-v no no yes yes yes yes yes yes yes yes
relationships
Expressing the
relationship
between no no no no no es es es es es
nonlinear ionic Y y y y y
drift and volt-
age
) partially, | partially,
Representa for middle | for middle
tion the state- no and high and high es es es es es es es
flux character- £ £ Y Y Y yes yes yes yes
e frequen- frequen-
istics - .
cies cies
analog and analog and | analog and
analog and LS analog and | analog and | analog and S S
S digital L LS LS digital digital
analog and | analog and digital analog and f digital digital digital . .
. . .- .S . .S devices, 2 . . devices, devices,
Application digital digital devices, digital devices, devices, devices,
; . ; neural neural neural
devices devices neural devices neural neural neural
networks, networks, | networks,
networks . networks | networks | networks . .
memories memories | memories

CHAPTER 3. DEVELOPING PSPICE LIBRARIES WITH TITANIUM
DIOXIDE MEMRISTOR

This chapter describes the development of PSpice library models of titanium di-
oxide memristors based on their mathematical models. The symbolic and library
models of titanium dioxide memristors have been generated for their application in
electronic circuits. The most well-known classical memristor models (Strukov Wil-
liams — C1, Joglekar — C2, Biolek — C3, Ascoli and Corinto — C4, Lehtonen — Laiho
— (5), and the modified models of titanium dioxide memristors (Modified Joglekar
model M1, modified Biolek model with additional sine-wave component in the win-
dow function M2, Modified Biolek model with voltage dependent exponent M3,
Modified model with Biolek-Joglekar combined window function with a voltage-
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dependent exponent — M4, modified Lehtonen-Laiho model with Biolek-Joglekar
combined function with a voltage-dependent exponent — M5) have been considered.
The functionality of the created PSpice Memristor Library Models has been con-
firmed.

3.1. General information for the development of titanium dioxide
memristor models

Titanium dioxide memristor models are very important for their use in the
analysis of memristor electronic circuits by computer simulations. Each model has
basically two equations: the first one gives the dependence between current and
voltage, where the state variable is also involved. The second equation gives the
dependence of the time derivative of the state variable and the memristor current.
These equations serve as a basis for generating library models of titanium dioxide
memristors in PSpice environment. Here are the developed PSpice library models of
the titanium dioxide-based memristors, based on their mathematical models, for their
application in electronic circuits. The PSpice models are used to compare both the
results and to confirm the functionality of the developed modified models and their
more realistic behavior in various electronic circuits at high frequencies.

3.2. Development of PSpice library models of titanium dioxide memristors

This section describes the libraries of PSpice models of memristors developed in
connection with the dissertation. The creation of the libraries of the memristor
models takes place in the PSpice environment. It proceeds from the equation of the
state variable of the memristor by starting a substitution scheme. The state variable is
involved in the window function of the right part of the state differential equation.
The current is expressed by the first equation of the system describing the respective
model as a function of the voltage and the state variable. After obtaining the time
derivative of the state variable, an integration block with an initial condition is used
— the value of the state variable before the simulation is equal to the initial condition
of the integrator. By using feedback, the substitution scheme is established by replac-
ing the state variable from the first equation of the system and describing the mem-
ristor model. The flux is obtained from the output of an integrating unit and the sig-
nal of the memristor voltage is fed to its input. The simulation is performed in the
time domain, the time-sampling step is selected according to the requirements for
maximum accuracy of the results, 1. e. it should be very small according to the se-
lected simulation time of the circuit. As a signal source a VSIN sine wave source is
used. The current flowing through the memristor, excited by the applied voltage, is
obtained by connecting a current source controlled by a signal proportional to the
current through the memristor — ABM library element connected in parallel to the
voltage source.

The terminals of the memristor in the library model code are designated respec-
tively as "a" for the anode and "c" for the cathode. The resulting code starts with the
SUBCKT MEMRISTOR A C command, following the description of the substitu-
tion scheme, which specifies the connections of the used elements between the nodes
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of the circuit. The code ends with the .ENDS command. The resulting code is used to
create a library model using the PSpice MODEL EDITOR tool. The library element
i1s added to the other libraries used in PSpice. The library of developed models is
shown in Fig. 3.1. The symbols of the developed models are given in Fig. 3.2.
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Fig. 3.1. Memristor models library Fig. 3.2. Symbols of the classical and modified

memristor models

3.2.1. A titanium dioxide memristor model without window function and
with a linear ionic dopant drift

This paragraph describes the development of a PSpice library model of a titanium
dioxide memristor without window function and with a linear ionic drift based on its
mathematical model. The main quantities used in the mathematical model of the
memristor element are:

Roy = 100 © — minimal resistance of the memristor in a fully closed state; Ropr =
16 kQ — maximal resistance of the memristor element in a fully open state; k = 10
000 C — this constant depends on the physical parameters of the memristor (from
the mobility of the charges, the Rpy resistance and the length of the memristor D) the
value used in the model is presented above; x — the state variable of the memristor
equal to the ratio of the length of the doped region of the memristor w to its whole
length D. The mathematical model of the memristor is:

v =1 [Ronx + Ropp(1-x)]

: v
1=
Ronx+Ropp(1-x)
B kizk 2
dt Ronx+ Ropp(1-x)

The corresponding PSpice code of this classical library memristor model is:
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PSpice code of a library model od a titanium dioxide memristor without window
function and with a linear ionic dopant drift

.subckt memr_w_winff a ¢

V_CONSTI1 NO00513 0 DC 1.000

E_DIFF2 N00569 0 VALUE {V(N00513,X)}
E_GAIN3 NO00778 0 VALUE {10E3 * V(IM)}
X_INTEG2 U PSI SCHEMATICI_INTEG2
X_INTEG1 NO00778 X SCHEMATICI1_INTEG1
E_GAIN2 NO00619 0 VALUE {16E3 * V(N00569)}
R_RI1 AC 1t

R_R2 CO 1t

E_SUMI1 M 0 VALUE {V(N00619)+V(N00558)}
G_ABMII1 AC VALUE { V(IM) }
E_DIFF1 U 0 VALUE {V(N00260,C)}
E_ABMI1 NO00705 0 VALUE { 1/(V(M)) }
E_MULTI1 IM 0 VALUE {V(N00705)*V(U)}
E_GAIN1 NO00558 0 VALUE {100 * V(X)}
.ends memr_w_winff

.subckt SCHEMATIC1_INTEG?2 in out
G_INTEG2 0 $$U_INTEG2 VALUE {V(in)}
C_INTEG2 $SU_INTEG2 0 {1/1.0}
R_INTEG2 $SU_INTEG2 0 1G

E_INTEG2 out 0 VALUE {V($$U_INTEG?2)}
IC V($$SU_INTEG2) = Ov

.ends SCHEMATIC1_INTEG2

.subckt SCHEMATICI1_INTEG]1 in out
G_INTEG1 0 $$U_INTEGI1 VALUE {V(in)}
C_INTEGI1 $SU_INTEG1 0 {1/1.0}
R_INTEGI1 $$SU_INTEG1 0 1G

E_INTEG1 out 0 VALUE {V($$U_INTEG1)}
IC V($$SU_INTEG1)=0.4

.ends SCHEMATICI1_INTEG1

The developed PSpice library memristor model are analyzed in a sinusoidal
mode. The resulting voltage-current characteristics are presented in Fig. 3.3 for soft
switching mode. The results are in agreement with the expected behavior of the
memristor and confirm the viability of the PSpice library memristor model and the
possibility of its application in the study of memristor circuits.

[
Memristor

FREQ=1

JH

Voltage, V'

b)

Fig. 3.3 (a) Memristor test scheme for sinusoidal voltage; (b) Voltage-current characteristic,
derived using a non-windowed memristor model
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3.3. Classical titanium dioxide memristor models

The classical memristor models of Strukov and Williams, Joglekar, Biolek,
Corinto and Ascoli and Lehtonen-Laiho are used very often in the investigation of
memristor devices and circuits. To compare the results obtained with the proposed
and classical models their library PSpice models have been developed.

3.4. Modified memristor models based on titanium dioxide material

These models use modified window functions that realistically represents the
physical phenomena in the memristors.

3.5. Conclusions

This chapter describes the development of PSpice library models of titanium
dioxide memristors based on their mathematical models. The symbolic and library
models of titanium dioxide memristors have been generated for their application in
electronic circuits. The most well-known classical models (Strukov-Williams — C1,
Joglekar — C2, Biolek — C3, Ascoli and Corinto — C4, Lehtonen — Laiho — C5) and
the modeified models —modified model with Joglekar window function with a volt-
age-dependent exponent M, modified Biolek model with additional sine-wave
component in the window function M2; Modified Biolek model with a voltage-
dependent exponent M3, Modified Biolek-Joglekar combined window model with a
voltage-dependent exponent — M4; a model of Lehtonen-Laiho combined with
Biolek-Joglekar window function with a voltage-dependent exponent — M5) have
been described. The generated library models have been tested in a sinusoidal mode.
No convergence problems have been observed. The functionality of the developed
library memristor models for the analysis of electronic circuits and circuits has been
confirmed. The main advantages of the modified models with respect to the classical
models have been found — greater nonlinearity of the ionic dopant drift, expression
of state-flux characteristics with single-valued curves in soft switch mode and use of
activation threshold.

CHAPTER 4. ANALYSIS OF MEMRISTOR CIRCUITS AND DEVICES
WITH TITANIUM DIOXIDE MEMRISTOR MODELS

The main purpose of this chapter of the dissertation is the study of memristor
electronic devices by the proposed models and comparison of the obtained results
with those of the classical memristor models, as well as the analysis of the influence
of temperature and parasitic parameters (own and mutual inductances and capacitan-
ces) on the normal functioning of memristor matrices and integrated circuits. The
advantages of the proposed models with respect to classical models, their
functionality and suitability for the investigation of complex electronic circuits and
devices and their improved features and operation in electronic circuits have been
confirmed. For this purpose, several basic electronic circuits (simple circuits — series
memristor circuit, Wien bridge generator, parallel memristor circuit, integrating
devices, memristor perceptron, and complex electronic circuits — neural networks,
passive and hybrid memristor memories) have been analysed for soft switching and
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hard-switching mode, and the switching properties of memristor models and their
peculiarities have been established.

4.1. Simple memristor circuits

In this section, electronic devices (series and parallel circuits, generator,
integrating devices, memristor perceptron) with memristors, using the developed
models and the classical memristor models, have been examined. A comparison of
the results has been made and the main advantages of the proposed models with
regard to the classical models of memristors have been established. The functionality
of the modified models when operating in simple electronic circuits and devices has
been confirmed.

4.1.4. Integrating devices with memristors

Integrator devices are important and widely applied modules in many complex
radio-electronic circuits. The development of their new circuit designs is mainly
related to their universal applications in electronics. The purpose of the study in this
paragraph is to analyze the proposed memristor-based integrator device with an
operational amplifier with the proposed new models and with the classical models in
the dissertation and to compare the results. The circuit is based on the classical
integrator with resistors and capacitors and an operational amplifier. In the proposed
circuit, the resistor responsible for the integrating processes is replaced by a
memristor. Figures 4.17, 4.18 show circuits of integrator with a resistor-capacitor
circuit and its corresponding memristor analogue. The time diagrams of the input and
output voltages are given in Fig. 4.19.
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Fig. 4.17. A classical integrating device with Fig. 4.18. Integrating device with a memristor
operational amplifier, resistors and a capacitor based on the classical circuit
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Fig. 4.19 (a) Diagram of the input voltage; (b) Diagram of the output voltage
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4.2. Investigation of physical dependencies and parasitic parameters
of the titanium dioxide memristor

This section examines the influence of temperature on the behavior of the
titanium dioxide memristors in an electric field, in particular the dependence of the
mobility of the charges in the memristor on the temperature, its resistance in the on
and off state, the speed of the diffusion processes between the doped and the un-
doped regions of the memristor, as well as the parasitic parameters of the memristors,
organized in memristor matrices and integrated circuits with ultra large-scale integra-
tion (ULSI). Such type of research has not been found in the literature, so this section
addresses these issues.

In organizing the memristors in memristor matrices representing ultra-high
integrated circuits, in the processes of operation and thermal energy dissipation the
temperature rises as a result of the close location of the memristors relative one to
another. It is necessary to assess how its impact should be taken into account. The
aim of the study is to show that the influence of temperature on the behavior of the
memristors and in particular on the mobility of the charges, the resistance of the
memristors and the diffusion processes in them, as well as the influence of the
parasitic parameters of the memristor matrices (own and mutual capacitances and
inductances) is negligible in the modeling of the memristors, which is why these
additional factors can be ignored.

The purpose of this study is to determine the influence of temperature on the
behavior of the titanium dioxide memristor in an electric field. The analysis of the
dependence between the mobility of oxygen vacancies and the absolute temperature
T is based on the use of literary data. From these data an approximate dependence
between the mobility of oxygen vacancies and the absolute temperature of the
material is obtained:

f, =3x10" +1x10” (-0.0005x T = 0.2394xT~"7) (4.19)

4.2.2. Dependencies between the ON and OFF resistances
of the memristor and the temperature

This section explores the dependence of the ON and OFF resistances of the
titanium dioxide memristor on the temperature based on experimental data. The
purpose of this study is to determine the influence of temperature on the behavior of
the titanium dioxide memristor in an electric field and its switching properties. Based
on the experimental relationship between the specific conductivity ¢ of amorphous
titanium dioxide and the absolute temperature 7, the corresponding dependence is
approximated:

lgo=5.721gT -9 (4.20)

Based on (4.20) the relationship between the specific conductance of the titanium
dioxide and the temperature is established:
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lgo=5.721gT -9
o= 10(5.72 1g7-9) ) 4.21)
1 1

o - 10(5.72 1g7-9)

If the dimensions of the electrodes are 10 nm x 10 nm and the distance between
them is 10 nm for the resistances of the memristor (Rorr and Rpy) then the following
results are obtained:

R, =2.06x10"°T " (4.22)

R,, =6.33x10"°T"° (4.23)

In Fig. 4.29 the relationships between Ropr and Roy and the temperature 1° are
presented. The Ryrr and Ry resistance decreases as the temperature of the memristor
increases. In the operating temperature range of ICs and the Memristor Matrices (-
15: 75°C), the change in the resistance of the memristors under the influence of
temperature is in a relatively wide range, but in all cases Roy 1s small enough and
Rorr 1s high enough, so the memristor works properly as an electronic switch.
Therefore, the influence of temperature on the memristor resistances can be
neglected in memristor modeling.

4.2.3. Analysis of diffusion processes in titanium dioxide memristors

This paragraph examines the dependence of the diffusion rate of oxygen vacation
from the doped to the un-doped layer of the titanium dioxide memristor on the
temperature. Dependence is derived from experimental data. The purpose of this
study is to determine the influence of temperature on the behavior of the titanium
dioxide memristor in an electric field, taking into account the internal diffusion
processes in the element. The concentration gradient of oxygen vacancies in the
vicinity of the boundary between the doped and the un-doped region of the
memristor causes diffusion processes from the anode to the cathode region of the
memristor element that are equivalent to diffusion current:

oN

Tro =70 5,

=—qD (4.24)

V()

where ¢ is the charge of an oxygen vacation and it can be expressed as follows:
qg=2e=3.2- 10" C, Dy is the diffusion coefficient of oxygen vacancies, N is the
volume concentration of the oxygen vacancies in the memristor element and x is the
coordinate, on which diffusion is predominantly occurring. The diffusion coefficient
of oxygen vacancies in the volume of the memristor according to the temperature is
represented by (4.25):

kT
Dy = .
q

(4.25)

b
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where kg is the Boltzmann constant and it is equal to 1.3787- 102 J /K, and u is the
oxygen vacation mobility given by (4.1). The dependence between the diffusion
coefficient D,y and the temperature 1, taking into account the ionic mobility of the
temperature, is presented in Fig. 4.30.
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Fig. 4.29. Relationship between oxygen Fig. 4.30. Relationship between the oxygen
vacancies mobility and the temperature; vacancies diffusion coefficient Dy and the
dependence between Rorr, Ron and the temperature

temperature

This dependence must be taken into account when the memristor operates at different
ambient temperatures. The diffusion coefficient D,y increases with increasing the
temperature. This phenomenon can be physically explained by increasing the kinetic
energy of oxygen vacations and their facilitated penetration from the doped layer to
the depletion of the charge (non-altered) region of the memristor. In the operating
temperature range of the integrated circuits and the memristor matrices (-15: 75°C),
the diffusion coefficient changes almost linearly. The maximum variation of the
diffusion coefficient according to its room temperature value is about 20%, which
will be taken into account when determining the storage time of the charge in the
memristor. Fick's second law for the diffusion in the memristor element is

represented by (4.26):

Vo) _
=p, —%
ot T 9x?

2

oON o’N
—2 79) (4.26)

where N, g, 1s the volume concentration of the oxygen vacancies. In the present case
a diffusion process is occuring from a limited source (the doped layer) — oxygen
vacancies. The initial conditions (concentration of oxygen vacancies) are given by
(4.27):
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N(t,x)=Ng, t=0, x=0 (4.27)

where Nj is the surface concentration of the ions near the boundary between the
altered and the non-altered region. At the beginning of the diffusion process for the
boundary of the structure, the oxygen vacation concentration has a maximum value
of N;. The relevant boundary conditions (the concentration of the doping component)
are described by (4.28):

N(t,x)=0, 1>0, x > oo (4.28)

The derivative of the charge concentration according to the coordinate x near the
anode boundary of the memristor is expressed by (4.29):

dN(x,t) _

0, te(0,), x=0 (4.29)
dx .

The solution of equation (4.26) using the stated above initial and boundary condi-
tions is:

Ny o, (x,1) = Nslexp(— o J [m~] (4.30)

diff ¢

With increasing the diffusion time, the concentration of ions in the depleted layer
decreases. This is due to the penetration of the doping component into the volume of
the memristor and the depletion of the material of oxygen vacancies. Depending on
the doping source, oxygen concentration decreases. After a prolonged time interval
(about 2 years), the concentration of the doping ions equals the entire memristor
space and the stored information changes. With a maximum variation of the diffusion
coefficient in the memristor operating temperature range (-15: 75 ° C) based on
(4.25) and assuming the values of the maximum and the present volume
concentration of the ions are the same, the ratio of relevant times for loss of
information in the memristor is calculated:

2
exp| — &
Ny on(x,1) B NSI1 4Ddiﬁclt1 .

= = 4.31
NV(O)Z(x’t) Nslz ( x2 ] ( )
exp| —————
4D, o1,
After processing of (4.31) the following result is derived:
D,
t,=—""t =081, (4.32)

diff 2

1. e. the time for loss of information in the memristor in the operating temperature
range is reduced by about 20%, which can be practically ignored with regard to the
time of data loss at room temperature (2 years) in the modeling of titanium dioxide
memristors.
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4.2.4. Analysis of own and mutual inductances and capacitances between
the elements of a memristor matrix

In this paragraph, a detailed study of the influence of the parasitic parameters of
the memristor (own inductances and capacitances) and the parasitic parameters of a
memristor matrix (mutual inductances and capacities) between the elements on the
functioning of the memristors in Integrated Circuits with ultra large-scale integration
(ULSI) is made.

The coefficient of mutual induction between the memristor elements M is almost
equal to each of its own inductances, due to the proximity of the elements in the
memristor matrix and the practically complete coverage of the magnetic flux from
the two platinum rims of the neighboring memristors — Fig. 4.31. Connection factor k
has a value close to one. Three values of k: £k = 0.90, kK = 0.95 and k£ = 0.99 are
applied in the study.
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Fig. 4.31. An electrical substitution scheme of a memristor matrix fragment containing two adjacent
memristors and corresponding parasitic parameters — inductances and capacities

The capacitances C; and C; are calculated as capacity of a flat capacitor. Parasitic
capacity is a combination of the two capacities of the doped and the un-doped areas
connected in series. The values of the relative dielectric permeability of the doped
and the un-doped regions of the memristor (&,; and ¢,;) are respectively 170 and 150.
The width of the memristor electrodes a is 10 nm. The lengths of the doped (D) and
the un-doped (D,) regions of the memristor are D; = w; = 1 nm, and D, = D; —w; =
9 nm. The equivalent capacitance between the memristor electrodes is given by
(4.33):

EE ig E i
CC 0 rl D 0" r2 e
c o= B B 0 F
C +C a
l ’ EE,—TEE,—
D D, _ (4.33)

The parasitic own inductance is calculated by solving a determined two-sided
integral and using the theory of electromagnetic field. An ended-length conductor 1
is located on the z-axis. The calculation assumes that a DC current i is passed
through the conductor. At the center of the Cartesian coordinate system a current
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element idl is placed (Fig 4.32)]. Induction lines of the magnetic field are concentric
circles that are located in planes parallel to the coordinate xOy plane.

L J

Fig. 4.32. The three-dimensional coordinate system used to obtain
the titanium dioxide memristor self inductance coefficient

Taking into account the lengths of the corresponding memristor electrodes, the
own inductance of the memristor element is (4.40):

Hyi
ot 4
L=|2=|4 =%l=mx0,03=9,4248x10‘9H=9,4[nH] (4.40)
l l

The parasitic inductance of the memristory element at the center of the memory
matrix memory matrix is L = 9.4 nH.

From the analyzes made it is found that the parasitic parameters (own and mutual
inductances and capacities) of the matrix matrices have very low values with respect
to the relevant parasitic parameters in CMOS integrated circuits and therefore they
may not be taken into account in the modeling of the memristors in the working
temperature and frequency intervals of integrated circuits and memristor matrices.

4.3. Complex memristor circuits

The purpose of the present research is to analyze neural networks and memristor
memories using modified models and classical memristor models and comparison of
results in order to express the peculiarities and advantages of modified memristor
models according to the classical models of titanium dioxide memristors.
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4.3.5. Hybrid resistance-switching memory

The purpose of this is to study hybrid memory with the modified models and the
classical memristor models and to compare their characteristics derived in pulse
mode operation.

Fig. 4.46 shows a fragment of a resistance-switching memory chip with four
memristor cells and several separating MOS transistors. Selecting the relevant
memory elements makes possible storing a bit of information — a logical unity or a
logical zero in the memory. MOS transistors are used to eliminate the parasitic sneak
paths between the bil lines and the corresponding word lines. The write and read en-
able signals are applied to the gates of the respective MOS transistors and thus the
target element of the memory is selected. To record a logical unity, a positive voltage
impulse 1s applied to the corresponding memristor. A negative signal is used to re-
cord a logical zero.

Signals “write Bit lines
enable / read enable” / \ Word lines
\ "\ \ /|
wirl \
i 1
M, M
T,
w/ir2 \
| S i
M, M,
T, T,
w/r3 wird

Fig. 4.46. A fragment of a hybrid resistance-switching memory crossbar

The potentials of the source electrodes of the MOS transistors T1 and T3 are
pulses of different levels and polarities. After a comparison of the current-voltage
dependences of the memristor element obtained using the applied model M3 and the
classic model C)5, a relatively good similarity between them is found. The voltage-
current characteristic is given in Fig. 4.47. The time diagrams of the state variable
and the resistance of the memristor element M; are shown in Fig. 4.48.
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Fig. 4.47. Voltage-current characteristics Fig. 4.48. Time diagrams of the state
of the memristors and the resistance

4.4. Conclusions

This chapter explores memristor electronic devices through the proposed
improved models of the memristor, and compares the results obtained with those of
the best classical memristor models. It confirms the functionality of the modified
memristor models and their suitability for the study of complex electronic circuits
and devices as well as their improved characteristics and behavior in such circuits.
For this purpose, several simple electronic circuits (series and parallel circuits, Wien
bridge generator, integrating device, memristor perceptron) and complex electronic
circuits (neurons and neural networks, memristor matrices — passive and active
memories) in soft-switching mode and in hard-switching mode, which examines the
switching properties of the models and their features. In the studies, the negligible
influence of temperature and parasitic parameters (own and mutual inductances and
capacities) on the proper functioning of the matrix matrices and (ULSI) integrated
circuits have been confirmed. The main advantages of proposed memristor models
(high frequency operation) are associated with the use of windowed functions with
increased non-linearity that improve the performance of the memristor model for
higher voltages and frequencies and avoid some problems with the lack of conver-
gence. In the analyses performed the negligible influence of temperature, diffusion
and parasitic parameters (own and mutual inductances and capacities) of the memris-
tors on the normal functioning of the matrix matrices and integrated circuits has been
found.

CHAPTER 5. HAFNIUM DIOXIDE MEMRISTOR MODELS

Chapter 5 applies the methodology proposed in Chapter 2 for realistic modeling
of physical phenomena in hafnium dioxide memristors by using modified window
functions and adjusting their parameters. Chapter 5 applies the methodology pro-
posed in Chapter 2 for realistic modeling of physical phenomena in hafnium dioxide
memristors by using modified window functions and adjusting their parameters. The
behavior of the modified memristor models 1s studied: Lehtonen-Laiho model with
modified Biolek window with a complementary sinusoidal component (model M6),
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Lehtonen-Laiho model with Biolek's modified window-dependent function, voltage-
dependent model M7), Lehtonen-Laiho model with Joglekar modified window func-
tion with additional sinusoidal component (model MS8).

5.1. A simplified hafnium-dioxide memristor model based on the Lehtonen-
Laiho model and Biolek window with additional sinusoidal component

(model M6)

The equations describing the A6 model are based on the Lehtonen-Laiho memris-
tor model and the modified window function of Biolek with an additional sinusoidal

component:
dx _
dt
dx _
dt
by
dt

a .

a .

1-(x=1)" .\ m[sin2 (ﬂ'x):|

1+m 1+m

]-vs, v(t)<-v,,

1— 27 N m[sin2 (ﬂx)]

1+m 1+m

:l.vs’ v(t)>vthr

(5.4)

-V, <v(t)£v

thr

i= x"ﬁsinh(av)+;{[exp(7/v)—l]

The state-flux and voltage-current characteristics are given in Fig. 5.2 (c), (d) for
hard-switching mode. In this case, the voltage-current characteristic is an asymmetric

curve.
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Fig. 5.2 (c) State-flux characteristic; (d) Current-voltage characteristic

5.2. A hafnium dioxicde memristor model with a modified Biolek window
function with a voltage-dependent exponent (model M7)

The equations describing this model are based on Lehtonen-Laich's model and
Biolek's modified window function with a voltage-dependent exponent:
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i =x"Bsinh (av)+ g exp(pv)—1]

dx N
= —a[1=[emstp(=0)]” ] v (5.6)

p = round b
=)

The state-flux and voltage-current characteristics are given in Fig. 5.5 (a), (b). In
this case, the voltage-current characteristic is asymmetrical one, and the state-flux
dependence is a hysteresis multi-valued curve.
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Fig. 5.5 a) State-flux characteristic; 6) Current-voltage characteristic

5.3. A hafnium dioxide memristor model with a modified Joglekar window
function with sinusoidal component (model M8)

The equations describing the M8 model are based on the Lehtonen-Laiho model
and the modified Joglekar window function with an additional sinusoidal
component:

i =x"fsinh (av)+ y[exp(yv)—1]
(5.8)

dx d-f,(x)+g-sin*(7x) | |,
—=a- B
dt d+g

The state-flux and voltage-current characteristics are given in Fig. 5.8 (c), (d) for
a hard-switching mode. In this case, the voltage-current characteristic is an asymmet-

ric curve.
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Fig. 5.8 (c) State-flux characteristic; (d) Current-voltage characteristic
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The C6 and C7 models, as well as the proposed M6, M7 and M8 models, have
been tested in a sinusoidal mode at different frequencies. Classical C6 and C7
models have similar results, so only those obtained from the C6 model analysis are
presented. Similarly, it has been found that the M6, M7 and M8 models gave similar
results, so the M6 model was studied. Results of the study of the M6 and M7 models
in sinusoidal mode, amplitude 2V and at different frequencies are shown in Fig. 5.10.
It could be noted that the model C6 operates in a soft-switching mode at a frequency
of 1 Hz, while at the frequency of 100 Hz it does not change its state, i.e. does not
switch. In contrast, the model M6 works in a hard-switching mode and at very high
frequencies — Fig. 5.10 (f). This is the main advantage of the proposed M6, M7 and
M8 models with respect to C6 and C7 models.

a) Model €6, frequency 1 Hz b) Model C6, frequency 100 Hz

ZL\I JHLJQL T jhﬂj 1

\/ \/ \/

¢) Model M6, frequency 1 Hz d) Model M6, frequency 10 Hz

FROER RN R

e) Model M6, frequency 100 Hz f) Model M6, frequency 1 MHz

Fig. 5.10. Operating of the models C6 and M6 for different frequencies — time diagrams
of the voltage and the state variable
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5.4. Conclusions

Advanced Memristor Modeling

This chapter describes three modified and improved memristor models of
hafnium-dioxide memristors. They are based on the non-linear Lehtonen-Laiho
model in a combination with the modified window functions proposed in the
dissertation. The suggested models are tested for a sinusoidal signal, in soft and hard
switching modes. Their good accuracy is established after adjustment according to
the current-voltage characteristic. Table 5.4 compares the proposed models of
hafnium dioxide memristors with different criteria to analyse their behavior and
features as defined in section 2.7.

Table 5.4. Comparison of the Modified and Classical Hafnium-Dioxide Memristor Models
using their Behavior in Electric Field and Their Specifics

Models (63 c7 Mo M7 M8
Signal levels low middle random random random
Nonlinearity middle high high high high

Expressing the o e es es es
boundary effects y y y y
oo . low and . . .
Switching frequencies low middle all frequencies all frequencies all frequencies
Modes soft- soft- soft and hard soft and hard soft and hard
switching switching switching switching switching
Accuracy low satisfactory high high high
Activation thresholds yes yes yes yes yes
Possibility for tuning . .
the model partial partial yes yes yes
Expressing
asymmetrical current- partially yes yes yes yes
voltage relationships
Expressing the
dependence between no no artiall artiall artiall
the nonlinear ionic P y P y P y
drift and the voltage
Correct expressing the
state-flux no partially yes yes yes
relationship
ana%o'g and analog and digital | analog and digital | analog and digital
analog and digital . . .
. L. . f devices, neural devices, neural devices, neural
Application digital devices,
. networks, networks, networks,
devices neural . . .
memories memories memories
networks
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CHAPTER 6. DEVELOPMENT OF PSPICE LIBRARIES WITH HAFNIUM
DIOXIDE MEMRISTOR MODELS

This chapter describes the creation of PSpice library models of hafnium-dioxide
memristors based on their mathematical models. The symbolic and library models of
hafnium-dioxide memristors have been generated for their application in electronic
circuits and comparison of the results.

6.1. Generating PSpice models of hafnium dioxide memristors

This section describes the libraries of PSpice models of hafnium dioxide
memristors developed in connection with the dissertation. The creation of Memristor
models libraries is done in PSpice environment. These patterns are generated on the
basis of mathematical models that describe the behavior of the memristor in an
electric field. Mathematical operations according to the model equations are
described in the substitution scheme using the standard blocks and functions of
PSpice. The state equation of the memristor is used for starting a substitution
scheme. The state variable is involved in the window function, in the right part of the
state equation. The current is expressed by the first equation of the system describing
the model as a function of voltage and state. After obtaining the time derivative of
the state variable, an integrating block with a set initial condition is used — the value
of the state variable. By using feedback, the substitution scheme is finalized by re-
placing the state variable in the first equation of the system describing the memristor
model. The flux is obtained from the output of an integrating unit and its input signal
is the memristor voltage.

The simulation is performed in the time domain, the time-sampling step is
selected according to the requirements for maximal accuracy of the results, 1. e. it
should be very small according to the selected simulation time of the circuit. For a
signal source, a VSIN sine wave source is used. The current flowing through the
memristor is obtained by connecting a current source controlled by a signal
proportional to the current across the memristor — ABM library element connected in
parallel to the voltage source. The terminals of the memristor in the resulting code
are replaced with “anode” and “cathode” designations.

The resulting code starts with the .SUBCKT MEMRISTOR A C command,
following the description of the substitution scheme, which specifies the connection
of the used elements between the nodes of the scheme. The code ends with the
.ENDS command. The resulting code is used to create a library model using the
PSpice MODEL EDITOR tool. The memristor library element is added to the other
libraries in PSpice. The library of developed models is shown in Fig. 6.1. The
symbolic designations of the developed memristor models are given in Fig. 6.2.
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Fig. 6.1. PSpice library of the developed models
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Fig. 6.2. Symbols of the developed classic and modified
hafnium-dioxide memristor models

6.2. Generation of PSpice hafnium dioxide memristor models

This section describes the PSpice libraries of hafnium dioxide memristor models
developed in connection with the dissertation.

6.3. Classical hafnium dioxide memristor models

In order to compare the results obtained by the use of the modified models, their
library PSpice models and classic C6 and C7 models have been developed.
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6.4. Conclusions

This chapter describes the development of Pspice library models of hafnium-
dioxide memristors based on their mathematical models. The symbolic and library
models of hafnium-dioxide memristors have been generated for their application in
electronic circuits. The main classical models of hafnium dioxide memristors are:
The model without window function (Classic model C6), Model with nonlinear
window function (Classical model C7), and three suggested in the dissertation mem-
ristor models: a model based on the Lehtonen-Laiho current-voltage relation in a
combination with a modified Biolek window function with an additional sinusoidal
component (model M6); model based on Lehtonen-Laiho model with Joglekar-
Biolek's modified window function with a voltage-dependent exponent (model M7);
model based on the Lehtonen-Laiho mathematical model with Joglekar's modified
window function with an additional sinusoidal component (model MS8). The
generated library models have been tested for sinusoidal and pulse mode. No con-
vergence problems have been observed. The functionality of the developed library
memristor models and the possibility for use in electronic circuit and for circuit
analys are established. The main advantages of the modified models with respect to
the classical models are established — operation at high frequency, enhanced
nonlinearity of the ionic dopant drift, expression of the state-flux characteristics with
single-valued curves and using activation threshold of the memristors.

CHAPTER 7. ANALYSIS OF MEMRISTOR CIRCUITS AND DEVICES
WITH HAFNIUM DIOXIDE MEMRISTORS

The main objective of this chapter of the dissertation is the analysis of memristor
electronic devices by the proposed models of hafnium dioxide memristors and
comparison of the obtained results with those of the classical models.

7.1. Analysis of a passive memristor memory crossbar

In Fig. 7.4 a part of a schematic of a passive memristor matrix memory from an
ULSI integrated circuit is presented. The operating procedures are very similar to
those described for the hybrid memory.

The corresponding time diagrams of the memristor resistance, the state variable
and voltage and the corresponding current-voltage characteristics are presented in
Fig. 7.5 (a). It is noted that the state variable and the resistance of the memristor
change in a very wide range, and the mode corresponding to the memristor state is
near to hard switching. In Fig. 7.5 (b) the voltage-current characteristic of the
memristors corresponding to the hard switching mode is shown. In the present case,
the parasitic sneak current paths do not greatly influence the proper functioning of
the memory device. The comparison between a single memristor memory element, a
ITIR cell and 10T25R memory scheme is made in accordance to several basic
parameters and features. The single cell of the memristor has the largest range of
resistance variation.
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Fig. 7.4. A passive memristor memory circuit 6 x 6
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Fig. 7.5 (a) Time diagrams of the memristor voltage, the state variable and the resistance,

according to the model of the memristor model with a modified Biolek window function;

(b) Current-voltage relation of the memristors for the passive matrix during the processes
of recording and reading of logical information — model A6

For a memory matrix with multiple memristors produced at the same chemical
and physical processes and manufacturing conditions, the stability of the parameters
and corresponding reliability are predicted to be higher than those of the single
prototype memristor. The analyzes are made by a computer system with Intel Core
15, 2.5 GHz, 8 GB RAM. The corresponding simulation times for the C6, C7, M6 and
M7 models are: txs = 0.8935 s, 157 = 0.9127 s, t4s = 1.0564 s, 147 = 0.9959 s. Models
with modified window functions require slightly longer simulation times than the C6
and C7 models due to the increased number of operations. Considering the present
technology development, this increased simulation time does not significantly affect
the analysis of the memory circuits. Advantage of the applied modified M6 and M7
models is the reduced relative mean square error with respect to the M6 and M7
models. Another advantage of the models used, alongside with the modified window
functions used, compared to the Pickett model, is the better convergence of the
computational procedures. An advantage of applied memristor models is the use of
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additional highly non-linear window functions that make realistic representation of
high frequency switching processes possible.

7.2. Analysis of a multilayer neural network with memristor synapses

The main purpose here is to study the processes of learning a multilayered mem-
ristor neural network using the M5 modified model. The neural network shown in
Fig. 7.6, contains 5 neurons in the hidden layer and one nonlinear neuron in the out-
put layer. Its principle of training is based on the right transmission of the signal and
back propagation of the error. It has been tested with the M6 model and with the
most used classical hafnium-dioxide models and has been compared to the results,
and the advantages of the applied M6 model have been evaluated.

The considered multilayer neural network is used for functional adapting of the
input signal x according to the desired signal d. The input signal applied to the neural
network in the time domain is: x = 0.055 (1-exp (¢ + 0.4)) + 0.03exp (-5¢) sin (2 & 20
1), V, which is sampled by a digital signal with a frequency of 50 Hz. The corre-
sponding desired signal which has to be derived in the network output is: d = 0.025
[1 —exp (1.5 1] — 0.17 V. This signal is sampled by the same frequency as the input
signal.

The synapses in the neural network are based on memristors and are implemented
on a bridge circuit — Fig. 7.6. This type of synapses can store both positive and
negative weights as well as zero values thanks to the bridge topology. The weight of
the synapse depends on the resistance of the memristor M in the following way:

out R3 M
w= = - : (7.1)
v, R+R, M+R,
The resistance of the memristor is:
M = Y (7.2)
x”ﬂsinh(av)+z[exp(7v)]' '
The change of the resistance of the memristor element is:
R | Aw+ Maa
Rl + M301d
AM3 :M3new _M3old = M _M3old- (7.3)
1- (Aw + 3old j
Rl + M3old

The corresponding change of the state variable is:

Ax=x, —x,=a AT f(x,) V. (7.4)

n
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Fig. 7.6. A multilayer feed-forward and error back propagation neural network
with memristor-based synapses

For changing the synaptic weight a rectangular pulse with a level of 1 V is used.
Its duration is:

T = T Xoew = Yo dx
pulse x;':d a- f(X) . (75)

Fig. 7.7 shows the time diagrams of the neural network input signal, the desired
signal and the output signal obtained during the training and networking process. A
detailed time diagram of the output signal and the corresponding values of the
desired output signal are given in Fig. 7.7 (c). The network training process has a
duration of about 0.7 s.

Finally, it should be noted that the investigated memristor-based neural network
has been successfully tested with the M6 memristor model and with the classical
models of hafnium-dioxide memristors, and their behavior and the derived results are
identical. However, the proposed modified memristor models work at high frequen-
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cies, allowing them to be used at faster signals. This confirms the functionality of the
M6 model and its ability to be allpied for analyzing complex electronic circuits.

Input signal

Desired and
output signal

Desired and
output signal

Time, s

Fig. 7.7 (a) Time diagram of the input signal;
(6) Time diagrams of the desired signal and the output signal;
(B) A detailed time diagram of the sampled desired and output signals

7.3. Conclusions

This chapter of the dissertation examines memristor-based electronic devices
using the proposed models of hafnium-dioxide memristors and two of the most used
classical models and compares the derived results. Two classical hafnium-dioxide
models have been used: a non-windowed hafnium dioxide memristor model with
linear ionic dopant drift (C6) and a model of hafnium-dioxide memristor with
nonlinear window function (C7) and 3 modified memristor models: a hafnium
dioxide model of a memristor with an additional sinewave component of the
modified Biolek window function (model M6), a model of a hafnium dioxide
memristor with a modified nonlinear memristor model of Lehtonen-Laiho with a
modified Biolek window function with a voltage-dependent exponent (model M7)
and a model of hafnium-dioxide memristor with a modified nonlinear memristor
model of Lehtonen-Laiho with Joglekar window function with a voltage-dependent
exponent (model M8). Passive and hybrid memristor memories, implemented in inte-
grated circuits with ultra-large scale integration, as well as a multi-layer neural
network for noise filtering of signals have been studied. The derived results confirm
the functionality of the modified memristor models and their suitability for the inves-
tigation of complex electronic circuits and devices, as well as their improved
characteristics and behavior in electric field and their main advantages — the larger
range of variation of the state variable in relation to that of the classic memristor
models and the ability to operate at very high frequencies.
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CHAPTER 8. A COMPARISON OF THE MEMRISTOR MODELS

In this chapter, a comparison of the main memristor models (based on titanium
dioxide and hafnium dioxide materials) is made on their basic characteristics and
behavior in electric field. The main criteria applied for model’ comparison are
defined in Chapter 2. The ability of the modified models to operate at high
frequencies and high signal levels has been established. As a result of the compari-
sons, the more realistic behavior of the modified models with respect to the classical
models is confirmed, their improved characteristics are established, and mainly the
current-voltage characteristic is closer to the experimental compared to the classic
models. It is shown that the state-flow characteristic, which in proposed models is
expressed by a single-valued nonlinear curve in soft switching mode, unlike the clas-
sical models, which express the same characteristic by multi-valued curves.

8.1. A comparison of the memristor models using basic criteria

The analyzed classical memristor models and the modified models are mainly
compared according to the complexity of the mathematical operations, the
nonlinearity of the ionic dopant drift, the ability for representation the boundary
effects and the switching properties in soft switching and hard switching modes as
well as the precision of expressing the current-voltage characteristics with respect to
the experimental characteristics derived under the same conditions.

8.2. Titanium dioxide memristor models — 7iO,.
Basic existing in the literature classical memristor models

The main classical models of titanium dioxide memristors that are subject of a
comparison are the windowless model, Strukov and Williams model (C7), Joglekar
model (C2), Biolek model (C3), Ascoli-Corinto model (C4) and the Lehtonen-Laiho
model with a Biolek Window function (C5).

8.2.1. A titanium dioxide memristor model with a Biolek window function
(fs) = TiO, (C3)

v Complexity — middle

v" Applied signals level — lower than 1 V

v’ Signal frequency — low and middle, lower than 100 Hz

v’ Tonic dopant drift linearity — low

v" Boundary conditions representation — yes

v" A possibility for representation the switching effects — only for low fre-
quencies

v Modes — soft and hard switching

v' Accuracy — middle

v" Convergence problems — only for low frequencies and high level signals

v" Application of activation thresholds — no

v" A possibility for tuning the model — yes
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Advan

1.

2.

3.
4.

v" A possibility for expression of assymetrical current-voltage characteris-
tics — yes

v" A possibility for expression the dependence between the nonlinear ionic
dopant drift and the voltage — no

v Correct representation of the state-flux relationship — only for low-level
signals and middle and high frequencies

v Complexity of the model tuning — low

tages:

Successful expression the boundary effects for soft-switcing and hard-
switching modes;

Successful expression of the nonlinear ionic dopant drift according to
the state variable

A comparatively low complexity of the describing equations
Satisfactory accuracy for low and middle level voltage signals

Applications:
Memristor memories, neural networks, digital devices. Soft switching and hard

switching
the bound

modes, high-level signals with low frequencies, when the representation of
ary effects is very important.

Disadvantages:

1.
2.
3.

Middle nonlinearity of the ionic dopant drift;

Lack of activation thresholds;

Splitting the Weber-Coulomb characteristic in soft switching mode and
obtaining multi-valued characteristic, while under similar conditions this
characteristic is single-valued and linear in the Joglekar and Williams
memristor models.

8.3. Modified titanium dioxide memristor models

In this

section five modified titanium dioxide memristor models are considered.

8.3.1. A modified Joglekar memristor model with a voltage-dependent inte-

ger exponent and activation threshold ( f;,; ) — TiO, (model M1)

v Complexity — middle

v" Applied signals levels — low, middle and high

v’ Signal frequencies — low, middle and high

v’ Tonic dopant drift linearity — middle

v' Representation the boundary effects — yes

v" A possibility for representation the switching effects — only for low fre-
quencies

v Modes — soft and hard switching

v' Accuracy — middle

v" Convergence problems — no

v" Application of activation thresholds — yes
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v’ Possibility for tuning the model — yes

v Possibility for expression asymmetric current-voltage relationships —
yes

v Possibility for representation the dependence between the nonlinear
ionic dopant drift and the voltage

v" Correct representation the state-flux characteristic — only for low-level
signals, for middle and high frequencies

v Complexity of tuning the model — middle

Advantages:

1. Accurate expression current-voltage and state-flux characteristics for
low-level voltages (<= 1V), according to Joglekar model. This is associ-
ated with the used voltage-dependent exponent in the modified Joglekar
window function.

2. Realistic representation the boundary effects for hard-switching mode.

3. Satisfactory expression the nonlinear ionic dopant drift.

4. Better convergency and lower complexity than these of Pickett.

Applications:

It is mainly used when the representation of non-linearity of ionic dopant drift in
relation to the state variable is very important (memories, neural networks, tunable
filters, generators).

Disadvantages: The linear dependence between the time derivative of the state
variable and the current, and weak non-linear dependence between voltage and cur-
rent, so the model can not realistically represent the behavior of the memristor for
high level signals (> = 1V) and the corresponding switching effect.

8.3.3. A modified Biolek model of a titanium dioxide memristor with an ad-
ditional sinusoidal component and window function fg;,, (model M2)

v Complexity — middle

v’ Signals levels — low, middle and high

v’ Signal frequencies — low and middle

v Tonic dopant drift linearity — low

v’ Representation of boundary effects — yes

v  Possibility for representation the switching effects — only for low fre-
quencies

v Modes — soft and hard switching

v" Accuracy — high

v" Convergence problems — only for low frequencies and high level signals

v" Application of activation thresholds — yes

v Possibility for tuning the model — yes

v’ Possibility for expressing asymmetrical current-voltage relationships —
yes
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v Expression the dependence between the nonlinear ionic dopant drift and
the voltage — no

v Correct representation the state-flux characteristic — only for low-level
and middle- and high-frequency signals

v’ Tuning complexity — middle

Advantages:

1. Expresses more accurately the current-voltage and state-flux
dependencies for low voltage signals (<= 1V) with respect to the
original Biolek model. This advantage is related to the increased non-
linearity of the modified window function, due to the additional
sinusoidal component.

2. Application of activation threshold.

3. Better convergency and lower complexity according to Pickett model.

4. The state-flux dependencies of Biolek's modified model for soft-
switching mode are almost single-valued curves, which is an advantage
with respect to Biolek's original model, which presents under the same
condition the state-flow characteristics by multi-valued curves.

Application: When the representation of the nonlinear ionic dopant drift accord-
ing to the state variable is very important (memristor memories, neural networks).

Disadvantages:

1. Due to the low nonlinear current-voltage dependence, the model can not
realistically represent the behavior of the memristor for high-level
signals (>=1V).

2. Lower accuracy than the modified Biolek model with voltage-dependent
variable exponent.

8.4. Hafnium-dioxide memristor models — classical models

The hafnium-dioxide memristor models are described by a system of two
equations. The first equation expresses the dependence between current and voltage,
including the state variable (or resistance) of the memristor. The second equation
gives the dependence between the time derivative of the state variable (the memristor
resistance) and the current. The best memristor models use window functions.

8.5. Proposed hafnium dioxide memristor models (HfO,)

In this section, three modified models of hafnium-dioxide memristors are
considered: a non-linear model with Biolek modified window function with
additional sinusoidal component (M6), a non-linear model of hafnium dioxide
memristor with Biolek modified window function with a voltage-dependent expo-
nent (M7), and a non-linear hafnium dioxide memristor model with Joglekar
modified window function with additional sinusoidal component (MS).
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8.6. Conclusions

In this chapter of the dissertation a comparison of the main classical and the
modified in the work memristor models (based on titanium dioxide and hafnium
dioxide materials) is made using their basic characteristics and behavior in electric
field. The main criteria for model’ comparison are their representation of the non-
linearity of ionic dopant drift depending on the state variable (which is used mainly
by the applied window functions) and the applied voltage and frequency range in
which they operate, the complexity of the describing equations and the correspond-
ding elementary computational operations, the ability to switch the resistance at
medium and high voltage levels, the ability of tuning the models (mainly using the
minimized square error between the experimental current-voltage characteristic and
the obtained by simulation with the proposed models characteristics). The additional
criteria described in Chapter 2 are also used. The main advantages of the developed
models with respect to the classical memristor models, are the operation with high
frequency signals and their suitability for investigation and realistic representation of
memristor circuits and devices behaviour in electric fields.
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CONTRIBUTIONS IN THE DISSERTATION WORK

SCIENTIFIC CONTRIBUTIONS

1.

A new sophisticated methodology for a realistic modeling of the physical
phenomena in titanium dioxide and hafnium dioxide memristors has been
developed through the use of modified window functions and adjustment
of their parameters. Several basic functions are proposed: a modified
Joglekar window function with a voltage-dependent hyperbolic like de-
creasing integer exponent; a modified Biolek window function with an
additional sine wave component for representation the high nonlinearity of
ionic drift of the oxygen vacancies in the memristor; a modified Biolek
window function with a voltage-dependent integer exponent; a modified
Joglekar-Biolek window function with a voltage-dependent variable inte-
ger exponent. By varying the window function’ parameters, a minimization
of the mean square error between the experimental and the simulated with
the modified memristor models voltage-current characteristics at the same
input voltage has been achieved. The average square error in the models
developed by the author is lower than the respective error in the classical
memristor models.

Based on the developed advanced methodology for modeling titanium
dioxide and hafnium dioxide memristors, 8 modified models — five models
for titanium dioxide memristors (M1, M2, M3, M4, M5) and three models
for hafnium-dioxide memristors M6, M7, M8) are proposed. The titanium
dioxide models are based on Williams (M1, M2, M3 and M4) and
Lehtonen-Laiho (M5) models with modified window functions. Modified
hafnium-dioxide mementos models (M6, M7 and MS8) are based on the
Lehtonen-Laiho model in combination with the described window
functions and Joglekar's modified window function with an additional
sinusoidal component. The advanced memristor models have a high non-
linearity of ionic dopant drift, and represent more realistically the physical
processes in the memristors with respect to classical models.

SCIENTIFIC-APPLIED CONTRIBUTIONS

3.

The models developed in the dissertation have been applied in the study of
memristor analog and digital schemes, circuits and devices. Simple
memristor circuits (series and anti-series with memristors, anti-parallel cir-
cuit, Wien-bridge generator with memristors, integrating devices, percep-
tron with memristor synapses) and complex circuits (memristor memories
and neural networks) are analyzed. The main advantages of the modified
memristor models (a more realistic representation of the state-flux and
voltage-current characteristics, a lower average mean square error between
the simulated and the experimental voltage-current characteristics, express-
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ing the difference in the behavior of the memristors for voltages lower or
higher than the activation threshold — M1, M2, M4 and M5 with respect to
the classic memristor models C1, C2, C3 and C5 and M6, M7 and M8 on
C6 and C7, operating with high-frequency signals are established. The ti-
tanium dioxide and hafnium dioxide memristor models proposed in the
dissertation are compared to the best existing models of such memristors
and their advantages and disadvantages have been assessed and it has been
suggested in which cases it is more appropriate to apply them. Modified
models based on Williams (M1, M2, M3 and M4) models in combination
with modified window functions are used to study analog and digital de-
vices at low and medium signals levels and frequencies. The developed
models of titanium-dioxide memristors (M5, M6, M7) and hafnium dioxide
(M8) memristors are based on the Lehtonen-Leich model in combination
with modified window functions and are very appropriate for analysis of
memristor devices for random levels at low, medium and high frequencies.

The models of titanium dioxide and hafnium-dioxide memristors proposed
in the dissertation are compared to the best existing classical models of
such memristors, their advantages and disadvantages being assessed and
suggested in which cases they are appropriate for application. The
modified memristor models based on the Williams model (M1, M2, M3
and M4) in combinations with the proposed modified window functions
are used to investigate analogue and digital devices at low and medium
levels and frequencies of the applied signals. The modified models of
titanium dioxide memristors (MJ5), and hafnium-dioxide memristors (M6,
M7, M8) developed in the dissertation are based on Lehtonen-Laiho mem-
ristor model in combination with the proposed modified window functions
and they are most suitable for analysis of memristor circuits and devices at
random levels of signals at low, medium and high frequencies.

The effects related to the influence of temperature in the operating interval
[-15, 75] °C and the corresponding diffusion of oxygen vacancies on the
physical processes in titanium dioxide memristors (change of the
memristor resistance, change of the concentration of oxygen vacancies in
the volume of the memristor) are analysed. The influence of the parasitic
parameters (own and mutual inductances and capacitances) between the ti-
tanium dioxide memristors in the memristor matrices realized in ULSI in-
tegrated circuits in the frequency range [1Hz — 3GHz] is investigated on
the normal functioning of the memristors. After the studies, it is found that
in the considered temperature range, Roy is little enough and Rogr is large
enough, so the influence of the temperature could not be taken into account
in the modeling of the memristors. The studies on the intrinsic and mutual
inductances and capacitances of the memristors show their much smaller
values than those of the classical integrated circuits based on CMOS tech-
nology (33 nm), therefore the described parasitic parameters are not taken
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into account in the modeling of titanium dioxide memristors in the consid-
ered conditions.

APPLIED CONTRIBUTIONS

6. PSpice library models of titanium-dioxide and hafnium-dioxide memristor
models proposed in the dissertation have been developed. They have been
tested in PSpice environments for soft and hard switching modes. Their
performance in sinusoidal and pulse mode has been confirmed. The
developed library models have been used in the study of memristor analog
and digital devices, whereby their main advantages have been established
with respect to the classical memristor models — obtaining a state-flux sin-
gle-valued characteristic in soft switch mode, representing the border
effects with respect to classical models, as well as representing the
difference in the behavior of the memristors at a voltages higher and lower
than the activation threshold, operating at high signal levels and high fre-
quencies — M1, M2, M4 and M5 with respect to the classic memristor
models CI, C2, C3 and C5 as well as M6, M7 and M8 with respect to C6
and C7.
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ADVANCED MEMRISTOR MODELING
Prof. Dr.-Eng. Valeri Mladenov

SUMMARY

In the thesis a review has been made on the main publications related to memris-
tors and memristor modeling, memristor circuits and devices. Subject of research are
basically titanium dioxide and hafnium-dioxide memristors. The basic classic me-
mristor models — Strukov and Williams, Joglekar, Biolek, Corinto-Ascoli and Lehto-
nen-Laiho are considered. The main problems and deficiencies in classic models are
independent non-linearity of the used window function of voltage and their low non-
linearity. In connection with the purpose of the thesis — compensating these issues
and improving the memristor models, two basic modifications of window functions
are offered: a hyperbolic decreasing dependency between the exponent in the win-
dow functions and voltage, and introducing additional sinusoidal component to
strengthen the non-linearity of the models. A sophisticated methodology for model-
ing memristors has been developed using modified window functions with adjustable
parameters. The setting of the authors' models is based on comparing experimental
and simulated voltage-current characteristics and minimizing the mean square error
between them. PSpice simulations have been performed on the customized models in
soft and hard switching modes and their functionality has been confirmed. Based on
the mathematical models of the memristors, their PSpice library models have been
developed, which are analyzed in soft and hard switching modes and their operation-
al capability are confirmed. The main advantages of the modified models with re-
spect to the classic models are established — possibility for operation with high-
frequency signals, for tuning, wider range of variation of the state variable in relation
to the classical models, expression of the state-flux characteristic by a single curve in
soft switching mode. The developed PSpice library models are used to analyze me-
mristor circuits and devices. Their ability to operate in electronic schemes is con-
firmed. The influence of temperature and parasitic parameters of the memristors
(their own and mutual capacities and inductances) are investigated and their negligi-
ble effect on the normal functioning of the memristor matrices and integrated circuits
are established. Due to the negligible influence of these additional factors, they are
not taken into account in memristor modeling. Simple and complex memristor cir-
cuits are analyzed with the classical and modified models and the results are com-
pared, paying attention to the advantages of the modified models. During the simula-
tions, no problems related to the convergence of the computational processes are no-
ticed. The main contributions in the thesis are the development and implementation
of an advanced methodology for memristor modeling using modified window func-
tions and adjustment of their parameters, establishing the negligible influence of the
temperature and the parasitic inductances and capacitances of memristor matrices on
their normal operation, development of PSpice library models, their usage for me-
mristor circuits analysis, comparing the results obtained by applying the modified
and classical models and identifying their advantages.



