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Fig. 1. Dynamic evolution comparison of the state vari-
ables based on the traditional non-analytic/*" and the ana-
lytic HAM models of the HP Pt/TiO,/Pt memristor, re-
spectively, under an input current Asin (wt): (a) Non-ana-
lytic (numeric integration) mode; (b) analytic 3-order HAM
model. The optimized Prodromakis windowP':3 ( f (z) =
N-—(z2—=z+ 1)P}/(1 —0.757)), where nonlinearity con-
trolling parameter P =7) and the device parameters:
29 = 0.5, Ron =100 Q, 6 =10 (the ratio of high mem-
ristance to low resistance), A = 1 mA, and w = 0.1/ (2n)

rad/s, are used in the two models (Hspice simulation).

4.2 {Z BEFE B W 45 %y HH W R B 4K B 4K

i

AR R FH R RIS Z BEL A 2 X 45 A Ay ok o e
DASGIE BT £ HAM HEAR 5 W 7512 BHL 1) 26 i 738
M, M C B2 F TR T2 BE R 45 Al e s 201,
SEER A A ER (DC) FIZEH (AC) it ma . BLak,
WX 3T HAM 51583 AT 5 2% (A B I 26 1)
LA EJEAT T X L AT
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WA 2 fiR, M x NACBHAEFE M 2S5 4 (M+
D(N + 1)/NHEET 5, 2MN + M + N HHFE A2
BHASEAIG, MAIN 4351137 2% sk [ R ] BT
MECH . B TR SR o S BRI AR, J
FEA L AT A

(M+1)(N+1)+a(2MN + M + N)
= (14+20) MN + (14+a) MN +1. (17)

TZRLZR T =

2 M x NAZRHAERE %, mmscl G5 EHT
9 &4 1) “in” % A St
Fig. 2. A M x N memristive matrix network. The current

or voltage is inputted into the “in” terminal of the network.

421 HERTFILEMA%L PICILE S TER
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A 20200412 BH %% 5T A1 30000c + 200014~ 5 45
T X A 5 2 AR LR MAZ BN 4%, AR 52K AL e i)
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e LR ) B, 32 A2 A% Y P S B Bl R
A B o AR R B, W SRR — ™ A A
1ZBH#AF fingerprints /N A <4~ BB {ZBHAR) Jo &,
J1454 Biolek % PO [RFSY, $E M T —Fh etk (4 ]
LRI UFHEN], DAIXFIZBE AR 25 i B2 PR TR R

(3G FHPERE T 2 5 A Bk, BARIN T

1) A 52 B 2 v BT A A2 BEL 25 5 0T # A ]
(B FEAH A R AR A2 R, “in” B A g 19 HEL R 5 FL
Ui DA SGE S R BES AT E (¢ = ORT) 152 iy 8 4
W ZAZ BEAE (I RS 9 28 B 45300 — P | B 42 B,
) ATREIRAE, BT L R DI Ge g e AR
FRA I BAAS PTG, R HL AT B (R e SCIE
W) H AR LRAZ B, SR AT L BRI TS Ay B S
LSS

2) MRYEIZBH A BT E S Y BREEPE ) 24
B G50 0 B, “in” i A i (14) R T FEL I A0 20 A
0, HNEETIA &3S, A MK GO —A P
RIS G, I ACRAR RS EV g2t 2 05 H.
P R IR A PR AE 19

3) P Had B, AZBH AR BT AR AL < R
2 BEL#5 B T A R 278 i b A0S 2RI A B B A )
P SN, i HP ZBgR ot 2 (t) € [0,1].

5 ELE b i AR U], & X285 v 0 1)
B BT R A USSR ) . (AR
R, HERRAGE T a0 2 BT A2 B 4 1)
254307, M T HUR A B AR FEACEE 203637 Blip
AT T A ELA AN TR 44 A Z B o 45
4.2.2 FIRINE

S “in” B A S-S 2 8] A SRR SR AZ B
{8, RAEHIRUE . nTA RS LB 2% B Lattice
Green PREL S, VEAEN 1) Hig B BT EEE.
L PRET TS R BEAE

R, In8
R(M,N) = 70 (m M2+N2+v+2), (18)

Hordr ) Ro & BH A B I 45 A 12 B 2% 5 6 )
URICBRAE, v & 0.5772 F/RERH-Eh il va 5 Je B 4K

Kl 3 2K HAM fif e Bl i A 21 5] 2 12 BH AR
R 2 i B BH AR SR OT IS, A TS HAR 2]
B “in” i A HL R Vi, B B AL 7, 45 R
Jo¥4h HP Pt/TiO, /Pt 1ZB 4. ATLAE i, t =0
A 75 2 00 4 F R S AR (18) =I5 th 1 HE R AL
(BRI 250 p AxR(50,30)) #i[F, ¥k 7.5 V, £F55 5%
TEAED 1), ITEGIE T HAM BRI RS, K
HAE DC B b 5 8942 B AR B KA AEAZ
PR 28 sl M. B 3] B, t=5 s )5
Vi ALK TROE, £F 5 ICBH A8 A BiE BT, Ri7E
FLIRAEAT, ICBHAS P4 1 e A A B — [ e
(BT R IR .
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Iin = 250 pA

Via/V

0 é 1.1 (‘S é 1‘0 1.2 1‘4 1‘6 1‘8 20
) /s

B 3 250 wA DCHLJE L, 5l AT, 1 BH %6 B W 2% o “in”

WASRHEE V, MBS KREI M =50, N=230. &%

H Biolek % 2L P p = 2). %}Jiz“ZBﬁ{ERo—mﬁkQ
8 = 10002 4h, ﬁ%fﬁﬁéﬁ%ﬂlﬂﬂ'ﬁ@] 1 AR

Fig. 3. Transient long-time evolution of the “in” terminal
voltage (Vi,) of the matrix network under a 250 pA DC
current input (I,). M =50, N =30, and the simulation
parameters are the same as those in Fig. 1 except the Bio-
lek window® ( p = 2), initial memristance Rp = 16.6 k<,
and § = 1000 are used.

4 S “in” i A LE 5% BRSBTSk A HP
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TG, PEAT RS A5 A B (1442 B I D 264 i A i R
JE Vi, B AL R (& 4(a)) FAHR B9 E VB R
(E A(b)). HE AT UL, BB V3R v 30 2 50 4
JEZS, HSHAHTA 0 B, XTI Vi, k0, B LV
R ZE A, LR A RAT Gk 2). U5
A, AR S AR B X A VI R A R e R BT
DI 4(b) o LV i E%T?Arﬁﬁ;ﬁ?@?zﬂh
HIES (Z R EVIh&ES) RuEE T
ML, K SE P 28 S50 B <Y R AL A BAR S 1
TCBR AR RS AS T AE 221 R T N e B2 M R 5 T A
His ey e A By # 5 (R [0, 1)) 1, il 258
WET7% 3). LR El 4 WA R, 2T HAM BiAY
(AP BELI 236 FEBGHIE 725 2) A1 3), MTEGHIE T HAM
SRR TR WS T 52 A Y Ak T AP BELRE I D 8 LA B KRR
P BE FL B )35 FH

Baead I ME AR, 8 i % HAM AL SR br (5
B ARG ) B A Hspice {77 50 8] () LU #3187 5 ik
HAM BRI AR ARG AR AT 7 2 R A P
WA S, Fr IR 5 mT UL, 7E5 A4 DC HiR
(€] 5(a)) F1 AC IE3% (& 5(b)) % A HLIRZ-ZBH#%
HSTEH IS0, HAM HoAL S8 AE il A s 350 iy
K yrf= N1 1 S S WT(TRE B i S = O o0 A
K 5 v B LR, 2 B IR A A A T IZBHAS

BATTBUT IS ANE] 5.01 x 105 F1 5.10 x 103 i, Ji
TR AL ) 7 B2 B TR BSCE i o ) 3
%, RO IR ML, T HAM SRR
FEATIE RSSO, 6T HAM BRL A (5 B4R
I RS, R Y. WEEREMNZE, B
T*ﬁm (RIS PR RSS2 1, 15 B RS- 45 i
W B AT E] (F4n, CPU Mist T
/g%ﬂﬂmﬁﬁﬂﬁj DRAM [ %5 15 23 52 W B8 v 1
KA g o), RAE I, ARG 05
AT v AR SR BT S R S5 1 5 AR

<
g
3
=
0 0.5 1.0 1.5 2.0
HE) /s
(b)
20 F
10 +
>
> 0
o
—10 F
_20}
—-0.9 -0.6 —0.3 O 0.3 06 0.9
Iin/mA
B 4 FABRE N 1 mA M 1 Hz 19 ACGE %) LR

R T %ok 107 ) 2 BEL S P i S I i Ak () A2 BELRE I 199 2% v
“in” 4y A B Vi (b) ARNL I F V2 (B S 6 4 08 T

). # ESH 5 K 3 4 1A

Fig. 4. Transient long-time evolutions of memristive matrix

network under a 1 mA, 1 Hz AC (Sinusoidal) current input:

(a) “in” voltage Vi (b) corresponding IV curves (com-

pressed hysteresis loops). The simulation parameters are the

same as those in Fig. 3.
5 i
AR 3 5 B HLASRAEATIRATHE,
— 2T T B HAM fif A A SR A L A% e Ak
AT AT 1 B BT BB 3, I B2 R

XPHABAZBE 2% (BT AR AYAZBE AR BT B9
PRt
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5 3R HAM FA% Ge AL fig dr BT CECELAR 43 ) 52 i
FTAZ B 0 2L, B A AZ 25 ST 8 B A8, (5 ECI 8]
BT L (a) F1 (b) 43 515578 DCFIAC (IE3X) B AT
P47 ELET [ L %o LY 43 A7 56 T ] 3(DC) FEL 4(AC) FioR Vi
B3 AL

Fig. 5. Comparisons of running time between simulations
using the HAM and the traditional non-analytic (numeric
integration)®” and models with increasing memristor cells:
(a) and (b) show the time under the DC and AC (Sinusoid-
al) current inputs, respectively. The comparisons are adop-

ted to analyze the dynamic evolutions Vj, as shown in Figs. 3

(DC) and 4 (AC).
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HREAG T, 2T RSN AR BAIT AL BRI 265 5 B LR

Table 1. Running time comparisons of the DC evolution for memristive networks with different types of memristor cells.
Pt/Tay05/Ta0,/PtiZBH#sHTH0 Pd/WO,/WIZ % g Ag/TiO,/ITOIZFH A% B2
B EGARMTR /s HAMBIR /s fRGEAEMATEiRl /s HAMBIR s fEGIEMPTRIRL /s HAMBIE /s
10 0.30 0.01 0.53 0.02 1.12 0.10
50 49 4 71 6 Ak 7
100 173 12 A 15 Ak 20
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BASE A (12) J5H1)

x3 (t) = 0.411640997 — 0.350360786 cos ¢

+ 0.0385380461 cos(2t)
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Abstract

Memristive networks are large-scale non-linear circuits based on memristor cells, playing a crucial role in
developing the emerging researches such as next-generation artificial intelligence, bioelectronics, and high-
performance memory. The performance of memristive networks is greatly affected by the memristor model
describing physical and electrical characteristics of a memristor cell. However, existing models are mainly non-
analytic and, accordingly, may have convergence issues in their applications in memristive networks’ analyses.
Therefore, aiming at improving convergence of memristive networks, we propose an analytic modeling strategy
for memristor based on homotopy analysis method (HAM). In this strategy, the HAM is used to obtain an
analytic memristor model through solving the state equations of memristors in original physical model.
Specifically, the HAM is used to solve the analytic approximate solution of the core parameter of
memristor—state variable, from the state equations, in the form of analytic homotopy series. Then the analytic
approximate model of memristor is obtained by using the solved state variables. The characteristics of the
proposed strategy are as follows. 1) Its solution has a closed-form expression, i.e. an explicit function, 2) its
approximation error is optimized, thereby realizing the convergence optimization. Moreover, according to the
characteristics of memristive networks, we introduce an analysis criterion for memristor model applicable to
memristive networks. Through the long-time evolution experiments of a memristor cell and a benchmark
memristive matrix network with different inputs, and the comparisons with the traditional non-analytic
(numeric) method, we verify the analyticity and convergence superiority of the modeling strategy. Besides,
based on this strategy and the comparison experiments, we reveal that one of the underlying reasons for non-
convergence in the large-scale memristive network simulation possesses the non-analyticity of the used
memristor model. The strategy can be further used for analyzing the performances of a memristor cell and

memristive networks in long-time. It also has potential applications in emerging technologies.
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