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Fig. 1. Design of a universal emulator for building models of
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Table 1.  Comparison of characteristics of different kinds of mem-element models based on the proposed universal emulator.
IR AR 1L 1R
R T AR
BEHTTEH 21 LR Ry HLEH Ry HUE Ly
FHHTICH: Z, LR R3 B2 C, LB Ry
IR S q-¢ o-¢ q-p
RSP W (¢aB) = 1B + S1 Cm (aB) = a2¢aB + B2 L' (paB) = c3pas + B3
ag (8 =~ o = oy = ——2
10R2R;Cy 10R3C, 10L2R;C,
BufH B :—mgﬁv; —ﬁ;gj% ,Bsz—mfﬁvs

238501-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 70, No. 23 (2021) 238501

15
(a)
10
f =100 kHz
5F //
< /
< of =
2 ) f =280 kHz
_5 L
710 L
15 . . . . .
—-1.0 —0.5 0 0.5 1.0
vap/V
16 F

14 +

12

10 +

Wn/nS
oo

[}
T

VAB; U(JI/V
|
e e =
wt o ot (=)
> T

Wn/uS, ias/A

|
-
=)

T

—1.5F

. . . . . _90
4.800 4.805 4.810 4.815 4.820 4.825 4.830
t/ms

2 AZBHZER A PSPICE fF A A (a) AFIZEEU)
N HIZBEAS vap-ia FFEERIZE; (b) AR T 1oL LA
12 A Wi 55 vap IR R B (¢) 7E U, = 1V, f= 100 kHz
T, v, taB, das(H ve, Fom) Fl Win (9 B 3HOE Bl

Fig. 2. Measured simulation results of the proposed memris-
tor emulator: (a) Pinched hysteresis loops under different
working frequencies; (b) variation curves of the memduct-
ance W plotted against the terminal voltage vap ; (¢) time-
domain wave-forms of vap, iaB, ¢ap(represented by vc, )
and the memductance Wiy when U, =1V, f= 100 kHz.

FLaE & 2(a) HAR R R 80 kHz, 100 kHz Pk J
130 kHz B (1% B3 1 vap AR 3L iap FLIE &, W] LUAS 2]
T BAAR B FL B . 7E vap-ias TN, HARAERL
R FE Wi HAFRUZ R AE Wi IR RFIE IRt <87 7
TR TG A, 2 TE 5L 050 H FE R (B PR AR I, B

F R T ES b N A SN L e T Y S
B, TEHEBUEA AR TE LT, RS H W
AHE—. L f = 80 kHz 251 T (1 vap-Wa R PE 1 25
B R, WA 55k 07 1), 12T H Wi IR {EAE vas 1E X
]38 K, 7E vap 00 XIS 8] 2(c) RBITEAR
100 kHz 168 T, 5 (29) B — 2, i iap 7E
i 1 FBR vas A TESXEUR LR T, S ARRR R
IEFZ IR, IF H A I ias 5 HL T vas I IE B AH
B AT AL oA Y B Gt e v HL A P
RIUa Rz Ao B A . [ 2 R 45 R 5 Hs
G3HT—3, R T AR SO T FAAUL S ) T BH A 55
A5 FEL AR TR 1) T A

3.2 [ZESB[EEMESN

HHPTICAE 20 Zo 03 5 o L BH Ry LS Cs
I, S I R ADL S AL R e 42 i L 2 A A [] 3
TACRH &%, A7 % i B B U2 A RS2 P51
240 H G N A 5% R SR I | 2 A% i LR U
ZEACF A AT Y AH &) 52 B R P E . X TR 5L
Jilh B, vag = U, sin(2nft) = U, sin(wt) (V), [7] BEF*
(27) 5 (28) X, w1 (20) R FHC BB ERIC A
Cm (¢AB) B/‘J%:Eﬁit

Cin (6np) = — O‘ZWU‘) cos (Wt + B (30)

G307 (30) ZUAIAR: ML ARG das MY IRIEIE L
T Us Jw, TEARIRI A IE 5% % S FEL R IR BT, Bl T
il L AR G K, 838 pam OIS (B2 M 08/ NI
T 0, A5 H AU A # T T [ 8 B2, NI
B HL R R Z8 00 25 7% B FL A7 18 2% 7 A AR #0300
UVAB-GAB 5‘3}%@ V\]Llﬁtéfﬁﬂl%

54 DL BB, BT S #4445 4% PSPICE
BRI B DA N g SE: 45 CL=0.250F, C) =
0.1nF  fEH R, =3kQ, R, = 11kQ . HIHHIEV, =
—0.5V, & (22) X 7] 15 02=9.92x10"7 F/Wb,
By =136 x 1072 F. IR MR 2, ZIClF
Ry AT (12), 15 BIAZ %5 25 WA Ui 1Y 1438 dag 1E LL
?EE,@ Gy ﬂﬁﬁﬁﬁEﬁE, A AT LA A (Yol %5&%@3‘ PAB;
g Z, ;2o Cy Mz (9), BJBNmAIC a1
HL ] gap 1F HE T HL 25 Co W v HE R S, (R AT L
—vey, SRR qas. R Uy = 1V, B 55 B
80 kHz, 85 kHz LA M 90 kHz 4 1E 5% I H K vap 3K
BRI 152 ANIE] 3 i RAC AR AR PS-
PICE fj HL45 2.

238501-5


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 70, No. 23 (2021)

238501

a
0.2 -( )
o 01
<
o
8
> 0
~
9
]

—-0.1

—0.2F

-1.0 —-0.5 0 0.5 1.0
’UAB/V

0F f=80 kHz
-1.0 —-0.5 0 0.5 1.0
’UAB/V

Vaps) — Vs, vy /V
Cy,/nF

—-2.0 1 L L . Y —0.2
5.0025 5.0100  5.0175 5.0250  5.0325
t/ms

M3 LA PSPICE {F B A5 R (a) AR
il R B AL 25 2% vas-gas (1 vas- (—ve2) F 7 ) B M Ml 25
(b) AN [F 330 Z B3 T I B AL Cn 5 vas IR R A
(c) pan U,=1V, f=80kHz T, vap M qaB (}EH 71)022%%)\
oan (M ve, £7R) Fl Cn BB R E B

Fig. 3. Measured simulation results of the proposed memca-
pacitor emulator: (a) Pinched hysteresis loops under differ-
ent working frequencies; (b) variation curves of the memca-
pacitance Cm plotted against theterminal voltage vap ;(c) time-
domain wave-forms of wap, gap(represented by —vc,),
¢aB (represented by vc; ) and the memcapacitance Cm when
U,=1V, f=80kHz.
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3.3 [ZRSBHAESH

MBHBLICHE Z1 i Zo 4 5 o R Ly | HL B R
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1.875 H™ . RABIZ AR b Z) 2 oulF L FA
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JEER B LY i, PIE AT LU i1 S8 8URIR oas ; IR R
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T B FRS3 pas IE LE T €y Mo Y L, ALt
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X IE 5% U F R vas = Us sin (wt) (V), A] LA
3 B 0E 5% A R B G B0 T, A2 R B 1 38 AR
53 pas (RSP WG T R 0) F A5 R IR 181K
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PAB = /¢AB = *%Sin (wt), (31)

o

L;l(pAB) = _Oéz}[z] sin (wt) + 53. (32)
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PEIC AR i LI N

a3U02

. ﬁ3Uo
2wt) —
5003 sin (2wt) .
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iAB = — cos (wt) . (33)
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M4 IEARBALY PSPICE { BLA5 R (a) A RIS
Jih T B A2 A pan-iap (1 i1-iap R R ) $E 25 (b) A
1) 50 3% 8 iy A2 2 R A R A B L 5 s OH i %
) KRE (¢) 4 Uy=1V, f=100kHz [, iag, pan
(v, F7R). dapFl Ly (9B K]

Fig. 4. Measured simulation results of the proposed me-
minductor emulator: (a) Pinched hysteresis loops under dif-
ferent working frequencies; (b) variation curves of the in-
verse meminductance Lyt plotted against the fluxpag
(represented by i1); (c) time-domain wave-forms of iap,
paB (represented bywvc, ), ¢apand the inverse meminduc-
tance Ly' when U,=1V, f= 100 kHz.

Bl 4(b) B U, = 1V, #2495, 100 Fl
105 kHz T AZBE M BIEL Ly 5 0438 ¢as A B AR
feih k. %5 R TACBHAR A A2 S5 A5 28 B4 %%
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KB Lot 76 1F 0438 3 [l 38 K 7 B R 3 9 N

Kl 4(c) 2l THEBURAR %R 100 kHz T 4548
i iag, pas(FHve, 2R). das (i1 3R) A1 L IR
BHS B IE L, (33) 0T Al ias Y R BAEAR
OE L, UEIIZAC AR AL LA Rt OF
H ias IS oan MBI AR (2 AR ), 2 B 1455400
TSI SR R L SRR T AR R

] 4 B B2 R S 50 245 SR R BRI 4 b —
B, UERA T RS A 7R i T2 SRR A8 e AR R 1) 1E
Tt

4 BRI AT

FEAIL TR 1 s 38 AR 00 R 4 S 56
B, G 5 PN SR AR TR A 1
A A F B, DL ECEAR BB C i 2, 5 2,
PLLTHERR ) ADS44 it B, UL HAESS i AD633 its
F, IFTEA FAFRI 415 V B R Sk,
WRPER 1 PR, TEE IS 2, 5 Z, AR
[v] B4 ELBEL L FL 2 AT BT R G, BB 20 S e R 1
H S G P S B B AR L A A A AR AR
K6 fin, BHESH 67 R, L, CFRnTeiE Ik
PP AAFE ST AL G

PR 5 TR DL 17 S 0 vl o 52 R

Fig. 5. Implementation of the universal emulator in hard-

ware experiment.
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K6 TEEJNBER I Z T Zy AR TR A L BH o 2
HEOTE G, 430 S LB A% | AZ 2 8% FIAZ I SR BB Y
MEPFSCIR AL B (a) 1CBHAR; (b) 1284 (o) 12EA

Fig. 6. Theexperimentalbreadboardimplementationof(a)mem-
ristor, (b) memcapacitor, (¢) meminductor models based on
the universal emulator by connecting different combina-
tions of resistor, capacitor or inductor to Z; and Z,.
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Shy L EASTRY 1) — i ORI, GO B B R
K415 V. BT 505 BEE AT R, SRR RS
GW Instek-2102A X 5L 40 245 R i 4790 5%, Ifa it
Origin 9 BRF: IS IR 45 L.

4.1 [ZBE =% FB B% A Az

¢ BHL i 5424 ST 56 v B TR I 2800 LA
Cy=1220F M Ry =3kQ, R, =15kQ, R; =
100 kQ, BV, = -4V, 4 (18) X, vt
83 a; = 1.09 /Wb, B, =8 x 107% S. JNfEIZBH %
PR R 5% L RS 5, R U, = 3V, B 535

Bt 70 kHz, 80 kHz 1 100 kHz, 15 3 [ 7 5216 4%
B SR, RAECBHAR IR Z, R ITHF Ry R
NF(9), 19BN AL BEA LI ias IE HE T Ry Wi
HLFR A F(E, PIEAT LA —vr, S8R ias.

(a)

f=80 kHz
f=70 kHz

3 , , , , , , ,
—04 —-0.3 -0.2 -0.1 O 0.1 0.2 03 04
vap/V

10} f =80 kHz
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’L)AB/V
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t/ms

7 LR AR Y A o S B 4G (a) ARV
Jil B A2 BL 2% vas-ias (H vap-(—vry )% 78 ) B Pl 42 ;
(b) S[R3 3R T BIAZ B 8342 3 Win 55 vap B R R AL
()7E U,= 3V, f = 100kHz T, vag, iag(H —vp, &
7R)~ ¢ vo, FIR) Fl Win 9IS TE [

Fig. 7. Experimental results of the proposed memristor
emulator: (a) Pinched hysteresis loops under different work-
ing frequencies; (b) variation curves of the memductance
W plotted against the terminal voltage vap; (c) time-do-
main wave-forms of vap, iap(represented by —vg,), ¢as
(represented bywvc, ) and the memductance W when U, =
3V, f =100 kHz.
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Fig. 8. Experimental results of the proposed memcapacitor
emulator: (a) Pinched hysteresis loops under different work-
ing frequencies; (b) variation curves of the memcapacitance
Cm plotted against the terminal voltage vap; (¢) time-do-
main wave-forms of vag, gap(represented by —vc,), $a
(represented by v, ) and the memcapacitance Cm when
U,=3V, f =80kHz.
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Fig. 9. Experimental results of the proposed meminductor
emulator: (a) Pinched hysteresis loops under different work-
ing frequencies; (b) variation curves of the inverse me-
minductance Ly plotted against the flux ¢ap (represen-
ted by —vg,) ; (c) time-domain wave-forms of isp (repres-
ented by —vg,), pas(represented bywvc, ), ¢ap(represen-
ted by —vg,), pas (represented by wvc,) and the inverse
meminductance Ly when U,=3V, f =80 kHz.
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Abstract

Memristors, memcapacitors and meminductors are nonlinear circuit components with memory effects and
belong to memory element (mem-element) system. Since there are many shortcomings in the existing available
commercial memristor chips, and the physical realizations of memcapacitor and meminductor hardware are still
in early stages, it is still difficult for researchers to obtain hardware mem-elements for research. In order to solve
this problem, it is still necessary to build effective equivalent models of mem-elements to facilitate the research
on their characteristics and applications. In this paper, a novel floating mem-element modeling method is
proposed by connecting different passive circuit component to a universal interface while keeping the circuit
topology unchanged. Compared with other floating universal mem-element models, the model built in this paper
has simple structure, high working frequencies, thus making proposed models easier to implement. The
feasibility and effectiveness of the mem-elements models based on the universal interface are successfully verified

through theoretical analysis, PSPICE simulation results and hardware experimental results.
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