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Figure 1 Memristor. (a) High resistance states and (b) low resistance states

b & AR AE AN W4 /S, PEREA WS i, IR B R AE BN i AR R 2 IR AR, R T
i M R B AT S0 R B S I Sk A B R AR ) RE R RE AN B N B I AR 8L T
JESLEE IR EAR, T BB — M RN o a2 BV G SR, T2 BE 2% 0 H I A A X A i) i 4
BET —ANAFN T R ST AR R A B B T T 4 A I B AR B R L (MAGIC) M) ZBH %
SEJR 2GR (IMPLY) 9] FMZBH 2 L4138 48 (MRL). MAGIC F1 IMPLY #] LA 12 BH %8 #4 BB 51
gEH, BN F (0 g RS 5 LA R B 4R 4 [16.17) MRL 2R FZBAE 1 CMOS BHR A4
2 A FL i (518,190 BB ARAE LU L R T AR T AN W MAGIC F1 IMPLY, {H5 IMPLY AH b mT BAJs/>
B DIR, AR MAGIC 2 H . MRL %R 7128285 CMOS T2
AR, S nE 5 A b, B B T AR, $&m T as JEE, b T IhRE.

IIEAS « FeVF AR AL AT AL B A% P A% o3 (200 DR L8 e vk #8 R eV 38 IR R L Th R Aot
RS RE T . H RT3 T2 8 0 nas it 7 Eb 22, 7 FZBE2$ A1 CMOS TR &8 48 %t
Ab, F 1T-5M (191 F1 2T-4M Y 2 TSR E 5 TH 4 2% FE Bt Ll s i L. SAZBE S AR LE, CMOS B TETH
U S (HERE)RE J B B, PR F 2 Bl OR 3l f i () e vt 122, AR SCRI G ST a b
i PMOS &8 N NMOS &, Wit 1 2T-4M 451 XOR Fl XNOR B H I, Z Wit 7 E 5
X)), HeT XA 2T-4M £, et SGBl 1 —Fhor Y 2T-aM @A &5, B Aot i Bk,
SEHL T A INAS AN 2 A7 kA SRk A FRES T, 0 LA BN FLES I IR R M AN M BRI . R AT
2T-4M FREREERY, R T IZBHBS AR/ L S PRFT CMOS & BREhRE J15m A 22 7 T 0 A, B T 281
it ZAEH.

2 |ZBARRIZIE]E IR

HP 7P 8% 2 1 58 B NG 2 AL ER (Ti0,) RTBEANE (Pt) HRRA R, Wi 1 s, Xt
TiOy BT B 4%, MG H RSO W1 B &K, KT &8s 7, BE RN SH
P AEB Xy W2, SRR SS. SR [23) X HP IZPH8SEE S 7 —Fh -V Bh&R T LE, W13 5
TG, ¢ HEA BREDIRER) SPICE A&,

A2, L 8 3 35 23 590 0 2 1) v R IE e, B 1(a) A0 (b) B, FEPEABE A ) I EPHAS (Rogr)
AEFHAS (Ron). X2FIAIES 2 X B N R IEAR, SRAEIE L 22 88, Ti0o #4010 1E FAR RS 3l R 4645
FeIXIE R WL gk W2 8K, FEAEHE O, 100 i H R, 3 A IE AT B R X A R B, e
TiOy X3k, SI#E W1 Bk W2 i/, RN, B 1(a) FREERDVIZBHES B SRS, ARBE T 1E 6
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o IZIBIBEITEE. (a) HiT; (b) 5iT; (¢) XOR [T; (d) XNOR [ 7J; (o) $i& 2T-4M Ktk
Figure 2 Memristor logic gate circuit. (a) OR gate; (b) AND gate; (c) XOR gate; (d) XNOR gate; (e) new 2T-4M
module

W, B 2% X0 B FL R A5 TR, AR5 % XA R A, 2 PHE R T2 48 r B A5 3 1Tz Bt
Fi, SCHR [24] KA 1TIR S5HBTHSEEL T DhRE S & M A /R @ 8. K AN BHAR B B, 5 OOEE— g,
TEMRAE A% N, W SEBL@ s ek 5 IEAGELE—ke, SORRAE M N o, W n] Sel i@ 4e 5 08 RS iE
Bl 2(a) M1 (b) Fias, o 5N

Ro{‘f
Vout1 = 55— 75— Vhigh, 1
o Ron + Roff high ( )
Ron
‘/ou = Wi igh- 2
*2 Ron + Roff high ( )

FHIXFPIZFHAS MRL 258 F B T LS 8 FH AN [R] B2 4 B b, SOk (21 3l 112 B 2% 5
I TFIEL 1S CMOS 1RG5 AT 4T-4M it 1 el R SEEL AND, OR, XOR #1 XNOR £ FiZ 4RI
REf LS. FY XOR Al XNOR BHHH H LR A 2T-4M, Wi 2(c) 1 (d) Fras. ZETX R 2T-4M
TR ASCHGH AR T — Mo Y 2T-AM B AR, T T aReikdd, Wl 2(e) s, Bl 2T-4M #
i LB TP B AZ PE A T P R e 1 T FL B OSSN R A NAS 5 AT AR B () s 5 TR ER T, T AT B
PRI S5 4 F B B 1 T BRI AMZ LSS T T BT B 2 4 MRS S TAREE. B 2(e) HHT Ao,
A1, By, By UMaNE S, &ML 5T 3E S AcAr M BoB,, it BB, fER#EIES S
P~ CMOS B HITIIRAIE, AgA; 5 PMOS EMIENIER:, 4 BBy 155 85 BT, AN~ &=
HSF, NMOS & Fl, SAHE M HONIRHSE, 2 BoBy 8 5 N CH-FIN Edi s PMOS S, S2Hl 15
55N AoAy (BoBy) ##4E, HZHE IR 1 Piw.

{E LTspice HONHI AL 2T-AM BLHHLERIEAT T 47 FLIRIE, 25 Rl 3 plas. MO RO a) DL
FIHAYNGS Ao, Ay RN AEHESEIER By, By AFEE Nm f-EE, i ES vm fp, R
f RSP, X SR 2T-4M ARPUZ AR FAE R — 3, SR 1 FLER A IR .

3 Emasit

RINEE A 1A ZJEHIE (A, B) A1 bAoA (CL) A, fanth 1 A7 gkl Eom (9), If
A AL (CO). AR kRIS SN, AT A 1 LA inas i BA R, nEk 2 PR,
MRPE FAER AT H a2 R, B A, B, CIL, S Al CO KK RZFIA, Wl (3) 1 (4)
Fr7s:
S = ABCI + ABCI+ ABCI + ABCI = (A® B)Cl + (A @ B)CI, (3)

CO = AB + (A + B)CL (4)
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Table 1 Logic truth table of new 2T-4M module

Ao Az By By ouT
0 0 0 0 0
0 0 0 1 0
0 0 1 0 0
0 0 1 1 0
0 1 0 0 0
0 1 0 1 0
0 1 1 0 0
0 1 1 1 0
1 0 0 0 0
1 0 0 1 0
1 0 1 0 0
1 0 1 1 0
1 1 0 0 1
1 1 0 1 1
1 1 1 0 1
1 1 1 1 0

1 — A4,
N O T Y
2 —
14 4,
0
£ %]
T 1+ — &
5
O 0 -
2 -
1 ] B,
0 -
2 —_— — —_—
14 ——ouT
0 ] T
0 200 400 600 800
Time (ns)

3 (MEEAFE) FE 2T-4M 1EREBEGELER

Figure 3 (Color online) Simulation results of new 2T-4M module circuit

KH 2T-4aM Bt e hnds A7t 508 RIFXHIET XNOR 55 Hilid 2T-4M B4
) XOR 554 e 1438 (A0 ) Y. X BB vH o] LLR S5 5 SRS B8 1, U/ ME 5 32 550 i
HE S G R m, WK 4 FoR. FIANES A, B @i 2T-4M Bt XOR W =E Ao B (55, B&id
JE1433] XNOR 155 A B. JEIi{# A L4 PMOS 1~ Hi NMOS & (¥ 5N Ao B, A® B
55, B CT #HIXTE M. 2 CL A& PR NMOS & 358, fith{ES5 Ao B; 4 C1 A
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Table 2 Full adder truth table

A B CI S cO
0 0 0 0 0
0 0 1 1 0
0 1 0 1 0
0 1 1 0 1
1 0 0 1 0
1 0 1 0 1
1 1 0 0 0
1 1 1 1 1
|_
I ICE
Ul -
]
A
FULH J:M J i
B . 37
L
<

g
ol 5
ai

“HUL

(4+B)CI

4 ZNI[ER

Figure 4 Full adder circuit

RHEFI PMOS & 3l, 55 Ao B, ANIMERSHES 5. Sl hiEs co @iz 5T
M1 A HLALEE S A+ B 25T SMARNES CLAYE, Basl 1S RES AB
BAE AT AR AL CO. F BIR A NS LR AE LTspice HkAT 1 U5 ELIRIE, 45 KUKl 5 fos. MEH
ATUE BN A, B, CL A R PR, fl s Mikhs co #o8 1; MM A, B A, CT AR
HPIS, fn il S OMARHECHEFAEREERL CO Jum it iAoy, Ha 55 5 ik
hifEs CO #oe a5 HAERMI N, JiE T inds B IEFTE. 534, b Tt (E S CO 212
BHL o Lt A, i AAE 5 S LB A Vet o, JC LR LR 7 8 75 00 S AR S 2B AT RE 1, B 1k B T
PR

5O IR I 2 as 2T B, sk 3 frow, W RUE R IZFHER AT CMOS & & L, A
SCH LR T B A, I HLAEIR I (] sk ROy IR, 203 LESCHR [25] s 1720 81.3%,
FESCHR [19] 299804 1 53.3%. (EDIRIMEAETT i FIFEEATUE, PSR [19] PrisAemshaeid 174

182



HEB FEERE B3 % B 1

14 — A4

0

2

14 — B

0_
—~ 2
S J —Cl
= 1A
5
o 0-

24

1 ] $

O_

2

1 —CO
1 —
0 — T T T L T
0 10 20 30 40 50 60 70 80
Time (ns)
5 (MEMFE) £MaERHEERE
Figure 5 (Color online) Full adder simulation result
&3 EMIJRITITEE
Table 3 Full adder truth table
Ref. [25] Ref. [19] This work
CMOS 27 6 6
Memristor - 16 8
Delay time (ns) 0.224 0.09 0.042
Power (mW) 37.618 6.2 4.27

1.93 mW. JEIEFR 3 HIXTEE T, ASCHrBETH 4N o f s A2 s ER AR . SEIR AN DIHET5 T #H B BN
WS AL

4 PRI

SfeE AR AR K AL B B AN B R bR A SRS VEAE T, W DA 2 B E R (5 S b B R G
AN DSP SEATUK. SRVEAR I AR DUFEAIHE W I (8] S5 2 BAR KRR E L2 1 B s B 1 FL i £ T AR AT
IFESE, PrABCTE g . (RID AR SR8 Bk AR LN EL 2L P61 o f sk adins 4 MaAE S
Ay, Ao, Bi, By #ATHGEIZHAGE] 4 MaHES Co, C1, Co M Ca, RYEFE SR BB TN AT 51 1 3L
FAHR, Wk 4 Prow, KR RIEAy

Co = Ao By,

C1 = A1AgBy + AgB1By + A1 AgBy + A1 B1 By = (AgB1) (A1By) + (A1By) (AoBy)
Cy = A1B1By + A1 AgBy = (A1 B1) (A1 A B1By)

C3 = A1 A¢gB;1 By.
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Table 4 Ttuth table of binary multiplier

Aq Ao By By Cs Ca Ci Co
0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0
0 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0
0 1 0 0 0 0 0 0
0 1 0 1 0 0 0 1
0 1 1 0 0 0 1 0
0 1 1 1 0 0 1 1
1 0 0 0 0 0 0 0
1 0 0 1 0 0 1 0
1 0 1 0 0 1 0 0
1 0 1 1 0 1 1 0
1 1 0 0 0 0 0 0
1 1 0 1 0 0 1 1
1 1 1 0 0 1 1 0
1 1 1 1 1 0 0 1

RIER (5), FIAHKE 2 FHEETIZEEM 5T 8 TAET A 2T-4M BB AR ST 2 fr ik ofe
ARG, WK 6 Frn. X B k| SRIA SR A R AN A N gs A LMY, (HET Y 2T-AM AEUE XOR [7]
frAEmisk, A MRS B, Ay, Ao, By, By &t 4 MZILE 51105153 AgBy, A1Bo, AgB;
Al A By, Hob AgBy Bt Co 155, O B 5 MF=AE 2 4 MZBAZEFI 4 A~ CMOS & SZILT, A1 By,
AoBy /35 AT-aM S5-I CMOS & R PMOS & IIEAGER:, 28 WPt CMOS &1
Wiz, £33 A1 B, (AoB1) M Ag By (A1Bo)7 Bz 1A E S ¢ Ay By il AgBy &xt
fZ P2 5T TSR AR NE S Cs. A1By 53 2T-4aM Z5H 1 PMOS B RMWANE, C5 1 NEHIE 5
5 cMOS EMIIHER:, [BRHHES Co.

fE LTspice F5%F Tt A FRVESRHEAT 7O EIRIE, Z5 W 7 foR, AT Ay, Ay MEHFH
By, By A HCPRS, S S AONIR S 2 Ay AR HSP IR IG5 #0 S PR, i Co, Oy
NS NS S S PR, fi O 1 Oy m ST, 1K e 2 IR S TR s s A R —
B HAR RN A ES S R IR A R ) BB AR — XL, T B T U (1) Ffev A L BT DL IE A
B17.

TR AR SCAT BT B SRRV S Sk P 1 Tk AR HEAT A, gk 5 127 B, AT DUE AR SO 3R
LA SRS BB — e R, SRR U R T AR ), HLE T FE IR D 2 A AL IR
B Bt A A A L kS 53Rk (5] AH B, ARSCBETT 1 aReiE RS ERARTE S R A FH G B, (2
se iR T HAZ AR IS 5 AN Re G R UK B e 7 55 55 vl /B, AT LA Rk > LIS 1Y) Th 26 T #E.

5 BFLMBNMBEEILI
bEE AR B I A e, MU RBAE T 2R T S & T I NI, AR5 3 . BUA S8k
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Figure 6 Binary multiplier circuit with 2 bits
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Figure 7 (Color online) Simulation waveform of 2-bits binary multiplier circuit
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Table 5 Comparison of binary multiplier

Traditional CMOS Ref. [26] Ref. [27] Ref. [5] This work
CMOS 62 32 8 2 6
Memristor 0 34 16 18 12
Vv
o
K FAE
J

B8 ETEmMI{BHIMEZERT

Figure 8 Encryption unit based on a full adder

o = v, 0 v
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J!I_ ‘/12 Kl(nfl) Kln
o] J.
VZ\ VZZ
K, @) K v, — 19) V,—|
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jzwfh JZn
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Figure 9 Binary image encryption and decryption circuit based on FAE

e U ARSI T 4 B inds BR Bt 1 —Fh T E RGN E Bk, 1 BRI, R ain g ik
RN 8 BRI BLTT (full adder encryption, FAE), &4 IN#s AT, Hd Vv, K, J 73 5%
TARMBHIBIERN A, B FFEAHA CL

g oo Vo EBREARE BB, K, J EAMAEPE SR HXTH XOR #
XNOR X 7 BUR HEAT N AL B, 80 FAE SoTiEAT s AR 7 AN %80, AR 22 4. P
BT A TR, (A0[RI A A R % . FIHT FAE B30T, # m x n FEFUTECH) B -1 N
i B, a9 iR,

TN o R A R 2 PRGOS IS H) AR B R B N S0 B oA, 7 A R
f%ﬁ'ﬂ%ﬂ%ﬂﬂﬁ@l@*éﬁﬁ@1%%5(%5@)\5%%@%\*%!1 N T U HIERIERL R, M T 5 x 5 BURERE,
XEC < HEATINEE . WRR, FOIQAE R B4 0 6 B A 10 .

K T R R AT BE LA R IS 38 SRR A AN B LB b, A5 2002 R midiin & &R S A 2
BRI O N 3] P PRI B S R R A, A5 B A R, 18T 11 B0 1 10 FERE AU <87 1
Infg R

186



HEB FEERE B3 % B 1

0 1 1 1 0 0 1 1 1 1 0 1 1 0 1 0 1 1 0 0
0 1 0 1 0 0 1 1 1 0 0 1 0 0 1 0 1 1 0 1
0 1 1 1 0 1 0 0 0 0 1 1 1 1 0 0 0 0 0 0
0 1 0 1 0 1 0 1 1 0 0 1 1 1 1 1 0 0 1 1
0 1 1 1 0 1 0 1 1 0 1 0 0 0 0 0 1 0 0 0
Image matrix Keyl matrix Key2 matrix Encryption matrix

Original image “8”
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Figure 10 Image, key, and encryption matrix
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Figure 11 Number “8” encryption and decryption process
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Figure 12 Image binarization process

Decryption image

Binary image

AR A TRBTHR N 256 x 256 B Fy X AN fd o fo A 1t — 2D USE, B Joks R B BEAT AR AL AL B,
SRJE XK BB #AT OTSU BIE > &5 2] —EEE, Wk 12 P, EER& R R MER R
A BRI EOE, PRI EC— A 256 x 256 ) —EHERE, X REREALAS SOPTAS [FIRE R/ R SRR R Hs
PR B AT B8 B R AT — R s 55, R RT 45 300 U, 15 20N 2 BR 15 A 9138
B EAT bl s, BORTSEBRMR, ANl 13 Fras. EXS AR 3R K R EAT AL BRI, SR R A1 fl i S 3
IR B AE B B RS P, B B TR, MR R BHRAEZE S BT S 4 B A
AN, AL, o A5 A B T P 1) SR tBOR A s, BEAF LR AR S B 2 B .
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Figure 13 Binary image encryption and decryption process

ARSI FACRLE TR AET B 2T-AM AR i SEEL 1 4 inas A it SRk a4, JFAE LTspice H
X PR B HEAT 107 LSS, BAIE T R ER YT IE R . S SR R B A D R 3R i AR R AT RS
ECa T, SR BUAS ST e v (1 20 % HL B LE 2 R I B30 L SR I 8] R D 6557 T A 6 2 3 (>,
SFeE A% T 7 L e A A B R SR A A W R, IR HLSE iR 1 1T-5M LRSS IZBH 88 0T /5 Jim A
LAS DAY T 32 8 ) 2 VR AE ORI . R, AR SCRE T A i Fh A PR R T AR BRI [) A 6555 T
BAT 5. B RLE BASnas Ansfeid s v i b A2 B8 PR S PR IR LEAT 1 BRIE; A2 KU &R
B ER P TR AR DN R i AR RS L A R, W R AR E TS K T — R IR, T LLE R
L=Sri e 0 W bt XS a4 g e o9 I A B8 s S ) 1 N v T S > <9I e SN S T D VA e
By ALK AR SR B R B BT .
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Abstract To address the large area and high power consumption issues in traditional integrated circuits, an
improved design of nanoscale memristor is used to realize the adder and multiplier in digital logic circuits. The
OR and AND gates of the memristor’s MRL structure are used to design the XOR and XNOR logic gates of the
2T-4M structure. A full adder is created by combining these logic gates with CMOS, where the CMOS inverter
improves signal drive. By improving the 2T-4M structure, a new 2T-4M logic module is implemented, and a 2-bit
binary multiplier is designed based on this module. LTspice simulation ensures that the circuit design is correct.
When compared to the previously reported MRL full adder and 2-bit binary multiplier, the full adder significantly
reduced the number of components, improved the delay time by 53.3%, and reduced power consumption by 1.93
mW. The 2-bit binary multiplier design also has some advantages in terms of total component count, requiring
only 18 in total. Finally, a full adder is used to create an encrypted array circuit to encrypt and decrypt the
image, proving the circuit’s feasibility in practical application.

Keywords memristor, CMOS, full adder, multiplier, image encryption
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