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1. Uvod

8 RYRP ]DY U aoisaRe tsbuphgnaponske karakteristike memristora. Memristor

MH SUYL SXWD VSRPHQXR /HRQ &KXD JRGLQH WH JD RQ
strujnog kruga. UzU D ] Odtrojhdvidponske karakteristikéostupnih SPICE modela raduje

W D N &efitireh PHP U L VW ®rdda @é&npist@aUD]OLpLWD VYRMé&SWzlo PHP UL
prikazani rezultati simulacije strujrmaponskih karakteristikeSPICE modela memristara
Vidljivoje NDNR SURPMHQD IUHNYHQFLMH XWMHpH QD VWUXMQR
LIJOHGDMX NDUDNWHULVWLRHN LVI)R R VW RKI YWY WD PXH K WLDAV
XYMHWLPD UDGD PRJXUD MH AaLURND SU LR @drichferiz 22 kzRdUL VW R
PHPRULMVNLK HOHPHQDWD SRND]XMH VYRMVWYD NRMD |
SRGUXpMLPD. HOHNWURQLNH



1.1. =DGDWDN ]DYUaGQRJ UDGD

=DGDWDN RYRJ ] Dfidiganrednristdr k@i jpzhanstvenik Chueaveo kao
pHWYUWL RVQRYQL HOHPHQNQEYirEivdgeRFgisii $ixujnenaponske
NDUDNWHULVWLNH RYRJ VSHFLILPQRJ HOHPHQWD WH SULN|
mijenjaju promjenom frekven&j KoriaWHQMH P GHRCEWN@&Dnharistoraprovedi
simulaciju VWUXMQR QDSRQVNLK NDUDNWHWBLRWRRDUDPGG X INRUp!

besplatni alat LTspice



2. Memristor kao osnovni element strujnog kruga

Leon Chua je 1971. u svom djdl8] definirao memristokao osnovni element strujnog
kruga, uz kapacitivnost, induktivnost i otpddUHPD QMHJRYRP PLAOMHQMX PH
kako bi upotpunio ostala tri navedena elementa.

2 B

Memristor Memcapacitor Meminductor

Slika2.1 3ULND] WUL UD]OLpLWD HOHPHQWD VD VYRM\

Naslici2.1.VX SULND]DQL VL P EBraphemi tddniistors), Pnp@tajpacitht. K

meminductoa.

OHPULVWRU MH HOHPHQW NRMLP VX SUHGVWDYOMHQD
obradu, tako i za pohranu informacija. Ova svojstva doprinose razvoju QoRip LQD L]J]UDpPpXQD
QDPLQD NRML XWMHpX QD WHPHOMQH SURFHWZN X RRHIXURAR &
VXJHULUD G DUWHXNe@iBWiuh, @dle se pohraliDQMH L REUDGD SURYRG
EORNRYLPD PR&H ]JDPLMHQLWL DUKLWHNWXURP JGMH VH R
platformi, & bi skratilo vrijeme obrade jesuinformacije uvijek dostupne u procesoru.

Memristor VH SRQDA&AD NDR QHOLQHDUQL RWSRU X VPLVOX
NDUDNWHULVWLNH QHOLQHDUQH eitfe.P VRIRMULIPY W RQDVY|
svojstvima te jednom od svojih najbitnijih karakteristika, a toganmorija Promijenilise G UHyHQ L
QDSRQ QD PHPULVWRUX NUR] QHNR YULMHPH NUR].QMHJIL
SBURYRGQRVW PHPULVWRUD RYLVL R VSRPHQXWRM NROLpPLQ
LOL VWUXMD NRMD SUROD]L NGR]LPRHNROMXMWHROWM R QDR EBNQB QE

memristora ostaje jednaka.



21. 1DpHOD UDGD PHPULVWRUD

Postoje neka svojstva memristora koja nisu vidljiva na prvi pogled. Ta svojstva pokazuju
NYDOLWDWLYQH NDUDNWHULVWLNH RG Jdivebtifldi@ijePstV@™W D N R M
vremenskirkomponenti koegVH SRQD&aDMX NDR PHPULVWRUL

OHyX ]JDQLPOMLYLMLP NDUDNWHULVWLNDPD PHPULVWR
SROXYRGLp XEDPHQ L]PHyX GYD P B W Da0s® Basip) BlUDpitamibX S Q H
QHGRSLUDQLK SRGUXPpMD NRMD pLQH QMHJIRYX IL]JLpPNX VWU

Slika2.2. 6WUXNWXUD PHPULVWRUD GRQHAHQD RG VWUDQH +!
shemd?2]

8QXWUDaAaQMH VWDQMH GHILQLUDQR YD S RWGMKDRD VR
RWSRUQR&UX QDVXSURW QHGRSLUDQRP SRGUXpMX NRMH Mt
VWDQMH PRAaH ELWL SURPLMHQ MuftQ R \& B LM $ R\RE® MYHIEQ M X NLFP.
XNXSQH RWSRUQRVWL 7R PRAaWH|QD VIWWUXEEH SRRIPDMMB R NI
GR SURPMHQH QMHJRYH RWSRUQRVWL VPDQMXMH VH aw

mijenja otpornost memristora.



2.2. Definicija memristora

OHPULVWRU MH HOHNWULPQD NRPSR @HIiQupfévlja/tdkathX M QR J
HOHNWULPpQH VWUXMH WH SDPWL NROLPLQX QDERMD NRMD
SUYLP LVWUDALYDQMLPD /HRQD &KXDH PHPULVWRU MH QHO
SRYH]XMH HOHNWULpQL QDERM L PDIJQHWVNL WRN

Svaka dvopolnakomponentakoja LPD R EL O M H aptije histsveYeRKoje Quijek
prolazi kroz LVKR GL&WH NR R UGStrQmWapaehdkoy dovheniDEs)Oy H(@kojim
SHULRGLpPQLP VWUXMQLP LOL QDSRQVNLP L]YRWRAadeH] SU|

memristor.

Najjednostavnijitip memristora naziva se idealni memrist&onstituivna relacija za

idealni memristoye:

i T EN4M@M UM, Uy

Current - C(;??H*Of led | Voltage - Controlled
Ideal v=R(q)i i =G(p)v
Memristor dq _. ap _,
dt dt

Slika 2.3. Relacije za strujno i naponski upravljane memristdie

% X G X jpbst@ep HWRIMIQR Y QH WOIONWLAH QRJI NUXJID X NRMH Vi
napon u, nabojtg te magnetskitok3 PRUDMX SRV WRWD /R YIH DHOXD WLHM [iHH N
YHOLPGEWRJID SRVWRML UHODFLMD NR Nakk dvife ofe défihkaji X P H
magnetski tok i naboj kao vremenski promjenjiveHO LpLQH

MR L i, Ei;@L ME i /El;@]i 0,

1P Lij, QIi@LI14EI,/RI;@] qv;



gdie sugi  SRPHWQH YULMHGQRVWL X WUHQXWNX W 2VWD
MHGQDGAEH NRMH RSLVXMX NRQVWLWXWLYQH [DNRQH RVQ

za koje vrijedi da je:

BQEL r&/ KPLKN , Y
B,QAM L r& G=L=?BP AP (5)
Bi&ELra EI@QGPEREPAP (6)

.DR 4WR VH PR&H YLGMHWL L L] VDPH GHILQLFLMH |
PHPULVWRUD MH RGUHYHQD QDERMHP L PDJQHWwallhe® WRN

memristore i naponski (naboj) upravljane memristore.

2.3. Strujno upravljani memristori

Dvopolrnu komponentuPRa4HPR QD]YDWL VWUXMQR XSUDYOMDQLP
]D VYH SHULRGLpQHN X OIRIMB YWRIAMRGL S¢hbllu@®@ Gl QDS
frekvencijom, te pravac if)u W SUROD]L NUR] LVKRGL@WH GRN
Za svaki ti(t)=0 =>u(t)=0.

QP,L/:MERLB¢E¢¢E:4ECE4E¢(5%’\¢N[ER. )

2.4. Naponski upravljani memristori

Dvopolru komponentuP R 4 H P R GsfdjiYolipvalvljanim memristorom ako i samo ako
]D VYH SHULRGAhmQad WO NRML SURL]YRGHsi@H it B GtoppNL VW
frekvencijom, te pravac i(f),ut)) prola]L NUR] LVKRGLaAawWH uwQ@RINOH J
Za svaki tu(t)=0 =>i(t)=0.



3. Strujno-naponske karakteristike memristora

3. 6WDWLpND VYRMVWYD PHPULVWRUD

OHPULVWLYQRVW MH IXQNFLMD WRND LOL QDERMD WH
HOHPHQW pLMH VX XOD]QR L]OD]QH N\DijgdnosVotgdsd rivevidristotd M H G
RGUHYHQD MH pLWaR2aimbs Senistivndsdi (sX mijenja sve dokragenja ulaz
.DGD VH VLIJQDO XNORQL HOHPHQW U grdinebi albvidwijddngst RM H

o

(d)

Slika3.1. 6WDWLpPND RYLVQRVW P HP juili MagrRtskomRoKEO HNW U L p Q

3.2. Pojava histereze kod memristora

Svaki model, prema definiciji, predstavlja apstraktni prikazenktmponenteNijedan
PRGHO QH PRAH SUHGY L GeM HMe ladimpBrie te@meErGtd SR Kpud e
narinue QDSRQVNLP LOL VWU X M@ijenjivijotgeidik RédispyripaMa QHmove
]DNRQH X SRWSXQRVWL |JDWR awWR VX \paraniBiekis ol QUL FL P D
gotovo zanemarivi, ali ne u potpunogigputkapacitivnost, induktivnost p L9diznosmijenja

promjenom temperature i frekvencije.

Histereza je pojava prema kojoj se razlikuju memristori i otpornici. Za razliku od
RWSRUQLND JGMH MH VWUXMD SUHGVWDYOMHQD NDR MHG(



XYLMHN SVMIRXMWRHLYULMHGQRVW VWUXMH NRG PHPULVWRL
QDSRQD PRAH SRWDNQXWL SURWMHFDQMH GYLMX UD]OLpPLW

Mnogobrojni primjeri petlji histereze mogu se nalaziti u memristoriPedlje histereze ne
RPRIJXUDYDMX WDER¥WNBWGRIYNWK PHPULVWRUD QHJR VH SRQ
IUHNYHQFLMH SHULIRGRpHU K/ 15 PRAGIDGRND]DWL GD L]YDQ QF
SRG U¥gktMBENH SHWOMH KLVWHUH]H NRG VYLK PHPUL®WRUD
SRYUK WRJD QD GRYROMQR YLVRNLP I[IUHNYHQFLMDPD SHW
pLML QDJLE RYLVL R DPSOLWXGL SREXYyHQRJ SHULRGLpPQRJ

Obilne petlje histerezstruync VW UXMQR QDSRQVNLK NDUDNWHULVYV
bipolarnimkomponentama&vH PRJX SUHGVWDYLWL NDR PHPULVWLYQR ¢

33. 'LQDPLpND VYRMVWYD PHPULVWRUD

X IOJ V-l . voltage-controlled memrnstor

Iy

-
-
-
-
P
-
-

Initial condition ;

P ._RI_I .\-—ZOAQ

Al

1 08 06 04 -02 0 02 04 06 08 1
ViVl

Slika 3.2. Strujnenaponska karakteristika naponski upravljanog memrisfatGh

.RG GLQDPLpNLK VYRMVWDYD PHPULVWRUD SRQDMSUL
izgleda petlje histereze SRYHUDRGMXRVQR VPDQMHQMX IUHNYHQFLMH
XRpLWL GD SURPMWR FPR. MHIDNMYDH REDNMN S H\V O/NHHRIQLDY W XIaIHY B
SRYHUDQMH ITIUHNYHQFLMH YDQMVNRJ QDSRQD GRYRGL GR
sve dokDVLPSWRWVNL SUROD]L SR NDUDNWHULVWLPQRM NULY.



4. Rezultati simulacije strujno-naponskih karakteristika

4.1. SPICE modeli memristora

Za simulaciju strunofQDSRQVNLK NDUDNWHULVWLND PHPULVWRL

modeli simulirani u programu LTspice

U SPICE programu memristgg predstavljen kao dvopolni blok. Strujna petlja sastoji se
od dva elementa; od naponskog izvora za modeliranje pada naponkokrpanentute sitnih
serijskih otpornika.

TranzijentnaDQDOL]D MH QDMYL&H NRUL&AWHQD YUWuiD 63,&
VDGUaH PHPULVWLYQH HOHPHQWH

Jednd AED ViWIlar@dshe izrazima

X QP L 4z, :S;:EP MHGQRBAED (8)
X —zL GEP,B:T;éGL%L MHGQDGAED VWDQMD (9)

mogu bitimodelraneEORN GLMDJUDPRP NDR aWHRIlittH SULND]DQR

1

f()

Slika 4.1.Blok dijagram spice mode[&]



Efekt memorie PHPULVWRUD PRGHOLUDQ MH SRPRUX LQWHJ
spregom.Nelinearra karakteristkaWH XWMHFDM JUDQLPQLK XYMHWD PRG

sprege putem nelinearmendow funkcije.

Memristivni ulazi modelirani su kao dvopeirkkomponentis promjenjivim parametrima.

1suU PHPULVWRU MH PRGHOLUDQ NDR RWSRUQLN pLML MH
VXVWDYD PRA&H NRULVWLWL RsphBkunQaraktdfishkieirssmji @ HpbaMjani P V W |
VD VNXSRP YDULMDEOL VWDQMD 6O0OLpQH VWUXNWXUH PRJX
VD VYRMVWYLPD SDPUHQMD zadpicd ¥ prorhjebjivihR@akteGfiamaR UH L
6WDQGDUG 63,&( PRGHOLUDQMD QH SRGUADYD LJUDYQR PRC
SDUDPHWULPD 2YL HOHPHQWL PRJX VH PRGHOLUDWL QHL]L
LIYRUD L PDWHPDWLpPpNLK IRUPXOD

Striktura SPICE modela prikazana je na sikci 5HODFLMD L]JPHYX VWUX
modeliram QD WHPHOMX L]PLMHQ MAIQUHD B MDD GQAREHOMHGHUL QDY

Ao il L dg, F Te4&4 L 4, F 4gca

Gy \ :
l{—&RP’(r) kL, f(V(E)=

Xy
Cy
Imem \’__J ——

Slika 4.2.Struktura SPICE model®]

1D VOLFL D PHPULVWLYQL VXVWDY MH UHDOL]JLUDQ N
izvora Gmi G+ LQWHJULUDM X i (kojN Ragi&itd @feRt\Whierhbri@ memristora) te
otpornika Rux WH RQ SUHGVWDYOMD QDMNRPSD Ny SAIGELMAd&ld P D W
memristoraStrujni izvor generira struju, napon kondenzatora definira iznos parametra r(VM, t).

8 REMHPD YHU]JLMDPD REMH SULNOMXpQLFH pmlkopigrauolodu P L Q X\

10



X SRQDADQMX RWSR U Q L NellektrSdakeGps ez D vrijedriost_st@jag
izvora Gm SRVWDYOMHQD MH N Rhalkéjéiing koHFonsrieGr2mgsih@dss D

plus

r,-"[a'l

.
Cr Cr i Raux {:I-"“

— minus

plus

mimus r PIUS

Gpm

Ry

— minus

Slika4.3 'YLMH UD]J]OLpLWH HNYLYDOHQWQH YHU]JLMH RGJ
kruga SPICE modela memristoj4]

60LND E SULND]XMH WHPHOMLWLML QDpPLQ PRGHOL!
XSUDYOMDQMD JUDQLpPQLK V\aDi@Med s &y Srivrid idia, GBLUM QL L]
imaju suprotne polaritete,.G]DGXAaHQ MH D SR QWHDARPMHDMH NRQGHQ]D

'UXJD YHU]LMD 63,&( PRGHOD QH VDGUAL SRPRUQL RWS
SRYHUDYDQMD VSRVREQRVWL PRGHOLUDQMD

11



42. 3ULND] VWUXMQR QDSRQVNLK NDUDNWHULVWI

u SPICE simulatoru

*ODYQL |DGDWDN X RYRP |DYUGQRP UDGX NDR aWR MH
QDSRQVNH NDUDNWHULVWLNH PHPULVWRUD X 63,&( VLPXO
strujnog kruga s memristorom. Pritikn izrade simulacije maksimalan otpor metora
SRVWDYOMHQ MH QD YULMHGQRVW RG NY D PLQLPDOQD
Maksimalna i minimalna struja postavljene su na vrijednosti £1204A. Maksimalni i minimalni
QDSRQ SRVWDYOMHQL VX QD Y UL Mdi e@Rj& Mikreriut | P PR QMPR) VR
QDSRQVNLP hamplitudde oyd; Mmulaciji iznosti 1V. Cilj svega je prikazati kako se

strujnonaponske karakteristike mijenjaju promjenom frekvencije.

Slika 4.4 Naponski upravljani memristor

12



I[uA] .

ulv]

Slika 4.5 Strujno naponska karakteristik@ponski upravljanognemristorapri frekvenciji
iznosalOHz

I[uA]

U]

Slika 4.6. Strujno naponska karakteristika naponski upravljanog memristora pri frekvenciji

iznosa 20 Hz

I[pA] .

ulv]

Slika 4.7. Strujno naponska karakteristika naponski upravljanog memristora pri frekvenciji

iznosa 40Hz

Parametri:

x Maksimalni otpor memristora0k Y
X OLQLPDOQL RWSRU PHPULVWRUD Y

13



X Maksimalna struja (os): 120pA
X Minimalna struja (x0s):-120pA
X Maksimalan naponfgs): 1V
X Minimalan napon(yos):-1V

X 1znos naponaa naponskom izvoru: 1V

Na slikama su prikazamdzivi VNORSD V PHPULVWRURP QD SURPMHC(
XRpLWL NDNR VH SURPMHQRP IUHNYHQFLMH PLMHQMD REC(
konstantni RVLP IUHNYHQFLMH ,] SULORAHQRJ VH YLGL GD VH
vXabDYD 3RYHUDQMHP IUHNYHQFLMH RG PLQLPDOQH N EH
nalikuju svojstvima otpornika W PLVOX GD Uapomska/ KerakKiehsGkBSRYHUD QMHP
frekvencije do maksimalne vrijednosti potpuno linearizirati te biti jednaka karakteristici linearnog

otpornika.

60OMHGHUK VIUDYBIMHLMX X /76 SLFH ¢ BPIGEsDnW&eRUISOoKIT 6 SL F
SHUIRUPDQVL 2Q RPRJIJXUXMH VKHPDWVNL SULND] VWUXMC
QDSRQVNLK LOL SDN VWUXMQR QDSRQVNLK NDUDNWHULVWL
VNORSRYD 8 RYRP |DYWAXRPLEBRORFUMHRG pHWLUL UD]OL
OHYyX QMLP VXeka B@IBK i Ti®d modeli.

1D VOMHGHULP VOLNDPD SULND]DQL VX VWUXMQL NUX
njihove struyneQ DSRQVNH NDUDNWHULV WL ikekverciama @ bbliQsd sS UL U I
uzimali struja na ulazu u memristor i ulazninapoRG VYDNRJ PRGHOD VH PRA&H X
L]JJOHGD SHWOMH KLVWHUH]H SURPMHQRP IUHNYHQ&LMH
SRYHUDQMHP ITUHNY H€ikaLMB), \teXseDpvi Dovalr® Wisokim frekvencijama
linearizira. SHWOMD KLVWHUH]H VYDNRJ PRGHOD GUXJDpLMD MH
modela struynoQ DSRQVND NDUDNWHULVWLND VH OLQHDUL]JLUD QD

Prvi model memristoraMH 3LQR PHPULVWRU 6WUXMQL NUXJ X N
naponskim izvorom s istosmjernom komponemianosa 0V, amplitudom iznosa ¥,9te je isti
NRULAWHQ NRG VYD UD]OLpLWD PRGHOD 3ULND]JQH VX NU
1000Hz. Maksimalna vrijednost struje pri frekvenciji od 10Hz je 1,2mA, a minim&@mA.Pri

frekvenciji iznosa 5Hz maksimalna i minimalna struja jednake su kao pri frekvenciji od 10Hz.

Drugi model memristora je Joglekar memristor. Prikazane su karalkierisia
IUHNYHQFLMDPD LVWLP NDR L NRG 3LQR PRGHOD +] +] L
MH OLQHDUQRVW QD QDMYLARM SRVWDYOMHQRM QD +]

14



7TUHOUL PRGHO MH %LROHN PHPULVWRU 6WUXMQL NUXJ
naponom amplitude INULND]DQH VX NDUDNWHULVWLNH QD IUHNYHQ
VH XRpLWL GD MH OLQHDUQRVW SRVWLJQXWD QD PQRJR PL
memristora.

yHWYUWL PRGHO PHPULVWRUD MH 7L2 P HéwistvthWaRU 6W
kod Biolek memristora. Frekvencije su jednake kao kod Pino i Jogarlek memristora.

4.8.Shematski prikaz strujnog krugo s Pino memristorom

15



27 Draftl.raw

I1x(U1:TE)

= R =)

Ix(U1:TE)

4.10.Strujnonaponska karakteristika Pino memristora pri frekvenciji od 5SHz

16



2 Draftl.raw "?‘:, ) ‘

Ix(U1:TE)

4.11.Strujnonaponska karakteristika Pino memristora pri frekvenciji od 1000Hz

1 Draft2.asc =R

u1

a BE
iE XSV

MEM_JOGLEKAR

A4l

SINE(0 0.9100 0 0)

.tran 010 0 0.000#1

4.12.Strujni krug s Joglekar memristorom

17



27 Draft2.raw ‘LHE‘@
I1x(U1:TE)

4.13.Strujnonaponska karakteristika Joglekar memristqari frekvenciji od 10Hz

27 Draft2.raw ‘,2“@1@
Ix{U1:TE)

4.14.Strujnenaponska karakteristika Joglekar memristora pri frekvenciji od 1Hz

18



Z7 Draft2.raw o[- B 3]
Ix(U1:TE)

4.15.Strujnonaponska karakteristika Joglekar memristora pri frekvenciji od 1000Hz

PHWOMD KLVWHUH]H VH SRY®BIKkDIQAMHP IUHNYHQFLMH VXa

~
B LTspice XVII - [Draft3.asc] =S i-éE—J
'{i‘ File Edit Hierarchy View Simulate Tools Window Help

& H AN RQUAR R = & B ﬁrﬁ
4

. Draft3asc | Draft3raw 7 [Z) mem3lib | T memristorR1.asy

U1
plus minus

memristorR1
Ron=100 Roff=10k Rini=9k

Al

SINE(011000)

~

.tran 0 10 0 0.0000001

Simulation Time = 2,04011 s Transient Analysis 20.4% done. Simulation Speed: 12,2195 ms/s inter=1 fill-ins: 0

4.16.Shematski prikaz strujnog kruga s Biolek memristorom
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%7 Draft3.raw ‘ = ’[E’ ‘@

Ix(U1:plus)

Ix{U1:plus)

4.18.Strujnonaponske karakteristike Biolek memristora pri frekvenciji od 0,1Hz
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27 Draft3.raw o [ B[]
Ix(U1:plus)

4.19.Strujnonaponska karakteristikBiolek memristora pri frekvenciji od 1Hz

- 1, Draftd.asc 1?“@7 |
U1
a ) b
plus minus
TiO2mem
IC=1.2
V1

SINE(0110000)

tran 0100 0.0000%

4.20.Shematski prikaz strujnog kruga s Ti02 memristorom
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4.21.Strujnonaponska karakteristika Ti02 memristora pri frekvenciji od 10Hz

4.22.Strujnonaponska karakteristika TiO2 memristqra frekvenciji od 1Hz

22



4.23.Strujno-naponska karakterisika TiO2 memristora pri frekvenciji od 1000Hz
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5. =DNOMXpDN

Detalinim SURXpDYDQMHP VYRMVWDYD DOL WDNRYHU L SUL
da memristorSUHGVWDYOMD YHOLNR RWNULUH X HOHNWURQLFL
korisnih svojstava memristorARMH MH PRAaGD L MHGQR RG QDMYDAQLM]
temelji na izradkomponenaD L VNORSRYD NRMLPD MH V¥Em¥itadH SRWUH

Elementi strujnog kruga koji pohranjuju informaciju bez potrebnog izvora napajanj
SUHGVWDYLW UH SUHRNUHW X HOHNWURQLFL XYRGHUL SUF
se ta informacija odnosi na neprekidni raspon vrijednostipgnalobradul DPLMHQLWatuH GLJ

OHPULVWRU NDUDNWHUL]JLUDMX V SHF lzldopi@eDih \$W4jBoN L p N C
QDSRQVNLK NDUDNWHULVWLND PRIJXUH MH XRpLWL NDNR Vi
frekvenciju. Upravo ta petlja histeze, koja se pojavljuje kod memristora i koja je u ovom radu
VOLNRYLWR SUHGRPHQD VLPXODFLMRP PpLQL PHPULVWRU
NUXJD WH MH WD UD]JOLND QDMXRpPOMLYLMD X XVSRUHGELI
ChuaH XYHOLNH MH GRSULQLMHOR RVWDOLP PQRJREURMQL!

proizvodne procese u tehnologiji.

OHPULVWRU MH YHRPD YD ®Dhf) BpkBcija®a) kafoNrébbiti prauiimn)]

modeliran kako bi se koristio za analizwzaln i simulaciju krugovéemeljeih na memristoru.
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1-8y1( 5,-(y, PHPULV Wadphahsk¥ kkakitetistikeRnemristora, SPICE model

UoYRP ]DYUAQRP UDGX QDMSULMH MH GHILQLUDQ PHPL
GLQDPLPND VYRMVWYD 7DNRYyHU MH REUDYHQD SRMDYD SH
PHPULVWRUD L RWSRUQLND 3UHGRpPHQH VX WBJ®tadb WH Y
UDJOLNXMHPR VWUXMQR L QDSRQVNL XSUDYOMDQH PHPULV
NDUDNWHULVWLNH PHPULVWRUD? EL O R-nkpHnsBeRRAraktBK® V O L
UD]OLPLWLK 63,&( PRGHOD P H P bov&/ WSid® Néka debienihBikaN R M L
REMDAQMHQH VX SURPMHQH L]JJOHGD SHWOMH KLVWHUH]H
NRULAWHQD VX pHWLUL UD]OLpLWD PRGHOD PHPULVWRUD I
memristor. Dokazano je ddH SUL SRVWXSQRP SRYHUDQMX IUHNYHQFLN\
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KEYWORDS: memristor, currentoltage characteristics, SPICE model

In this final workfirst definedwerethe memristarthe principles of his work, static and
dynamic properties. Alsthe pinched hysteresis logghenomenons definedwhich makes the
main difference between thmemristorand the resistor. Various types of menmistwere
presentedandin this paper we disiguish between current and voltage controlled memristors.
While the title of the "Current Capacitor Voltage Characteristics of the Membrane" topic was
necessary to display tloeirrentvoltage characteristics of the various SPICE modlelemrisbrs
in the program called LTSpice. After the resulting images, changes in the appearance of the
pinched hysteresis lodpave been explained due flequency change. Four distinctodelsof
memristorswere used during thanalysis namely: Pino memristor, Joglek&iolek and TiO2
memristor It has been proven that with theadation of the frequency characteriftgzame more

linear.
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a,92723,6
AnaODULMD 'DPMDQRYLU URYHQD MH UXMQD JRGLQ

u Bosni i Hercegovini, gdje SRKDyYyDOD RVQRYQX aNROX 2SuX JLPQD]L

SRKDyDOD MH X 2UDaMX 8 RVQRYQRM &NROL MH VXGMHO

pHWYHURJRGLaAQMH @&NRORYDQMH X VUHGQMRM 4aNROL MH R
godineXSLVDOD MH (OHNWURWHKQLPpNL IDNXOWHW X 2VLMHNX

Komunikacije i informatika.
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PRILOZI

X PINO memristortkod [13]
* Code for memristor model proposed by Dr. Pino et al.
* Connections:
* TE: Top electrode
* BE: Bottom electrode
* RSV: External connection to plot resistance
* that is not used otherwise
.SUBCKT MEM_PINO TE BE RSV
* Ron: Minimum device resistance
* Roff: Maximum device resistance
* Th: Positive voltage threshold
* TI: Negative voltage threshold
* Kh1, Kh2: Fitting params for pos voltage
* KI1, KI2: Fitting params for neg voltage
Jparams Ron=160 Roff=1200 Th=0.2 T0-35 Kh1=5.5e6 Kh2:20
+Kl1=4e6 KI2=20
* Fits the change in resistance to characterization data
func Rt(V1, V2) = IF(V1 <= Th, IF(V1 =TI, 0, IF(V2 <
+Roff, KI1*exp(KI2*(V1-Tl)), 0) ), IF(V2 > Ron;
+Kh1*exp(Kh2*(V1-Th)), 0) )
* Circuit to integrate to find resistance
Gx 0 RSV value={Rt(V(TE,BE),V(RSV))}
Cx RSV 0 {1}

ic V(RSV) = Roff



* Current source representing memristor
Gmem TE BEvalue = {V(TE,BE)/V(RSV)}

.ENDS MEM_PINO
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x JOGLEKAR memristortkod [13]

* HP Memristor SPICE Model Using Joglekar Window
* Connections:

* TE: Top electrode

* BE: Bottom electrode

* XSV: External connection to plot state variable

* that is not used otherae

*$

.SUBCKT MEM_JOGLEKAR TE BE XSV

* Ron: Minimum device resistance

* Roff: Maximum device resistance

* D: Width of the thin film

* uv: Dopant mobility

* p: Parameter for window function

* x0: State variable initial value

params Ron=1K Ro#100K x0=.5 D=10N uv=10F p=1
* Joglekar Window Function

func f(V1) = pow((2*V1-1),(2*p))

* Memristor FV Relationship

func IVRel(V1,V2) = V1/(Ron*V2 + Roff*(1V2))

* Circuit to determine state variable

Gx 0 XSV value={ I(Gmem)*Ron*uv*f(V(XSV,0))/pow((2)}
Cx XSV 0 {1}

ic V(XSV) = x0

* Current source representing memristor

Gmem TE BE value={IVRel(V(TE,BE),V(XSV,0))}
.ENDS MEM_JOGLEKAR

*$
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X BIOLEK memristor[12]

** |deal memristor model R1 **

D. Biolek, M. Di Ventra, Y. V. Pershin

Reliable SPICE Simulains of Memristors, Memcapacitors and Meminductors, 2013
Code for PSpice and LTspice; tested with Cadence PSpice v. 16.3 and LTspice v. 4
Tk k ko ko ko ko kb koo ok

*$

.Ssubckt memristorR1 plus minus params: Ron=R0G=10k Rini=9k

Jparam uv=10f D=10n k={uv*Ron/D**2} a={(RiniRon)/(RoftRini)}

*model of memristive port

Roff plus aux {Roff}

Eres aux minus value={(ReRoff)/(1+a*expt4*k*V(q)))*I(Eres)}

*end of the model of memristive port

*integrator model

Gx 0 Qvalue={i(Eres)}

CintQO01

Raux Q 0 100meg

*end of integrator model

*alternative integrator model; SDT function for PSPICE can be replaced by IDT for LTspice
*Eq Q 0 value={SDT(I(Eres))}

.ends memristorR1

*.options method=gear ;use only for LTSpice

Vinin0sin011

Xmem in 0 memristorR1

tran 0 10 0 Im

.probe

.end

*$
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X Ti02 memristor+kod[12]

.SUBCKT TiO2mem plus minus PARAMS: IC=1.2
.param foff=3.56€5 ioff=115e6 aoff=1.2 fon=40¢&
+ion=8.9e6 aon=1.8 b=5006 wc=107€3

+ k1=11.3153 k2=4.4694485 k3=1.34192

+ k4=3.0364 k5=1.14919@8 k6=24.1384 Rs=232
;exponential function with limit

func expL(x,lim)={if(x<=lim,exp(x),exp(lim)*(1+xlim))}
func sinhL(x,lim)= {0.5*(expL(x,lim}expL(-x,lim))}
:Port Equation

GM plus int value={sgn(v(plus,int))*k1*k2*/(w)

+ *(sinhL((k3+k4*v(w))*abs(v(plus,int)),10)

+ +k5*(expL(k6*abs(v(plus,int)),301))}

Rsh plus int {1/GMIN}

Rs int minus {Rs}

;State Equation (modified from [9])

Ec ¢ 0 value={(V(int)V(minus))/Rs}

Cl w0 1e9 IC={IC}

R w 0 1e8MEG

Goff 0 w value={foff<0.5*stp( V(c))*expL(abs(V(c))/ioff
+ -expL((V(w)-aoff)/wc-abs(V(c))/b,10}V(w)/wc,15)

+ *( 1-exp(2*abs(V(c))/ioff))}

Gon w 0 value={ fon* 0.5 * stp¥/(c))*expL(abs(V(c))/ion
+ -expL((aonV(w))/wc-abs(V(c))/b,10V(w)/wc,10)

+ *( 1-exp(2*abs(V(c))/ion)}

;uncomment for DC analysis

:Vdc w O {IC}

.ENDS TiO2mem



