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DESIGN AND APPLICATION OF SEQUENTIAL LOGIC
CIRCUIT BASED ON MEMRISTOR

ABSTRACT

The development of information science and technology has
promoted the progress of artificial intelligence, the big data model
has entered a rapid development stage, and the design of
integrated chip systems has become increasingly complex.
However, the transistor is affected by the physical material and
preparation process, its size has gradually reached the theoretical
limit value, making the development of integrated circuits is
greatly restricted. Therefore, it is urgent for scientists to find a
new device to replace the traditional transistor. The emergence of
this new type of electronic components, such as amnesia, not only
solves the traditional integrated circuits in the large area, high
power consumption, long delay time and other issues, but also for
the breakthrough of the von Neumann structure bottleneck and
other issues to provide a new way of thinking. Memristor as the
fourth basic passive circuit element alongside with resistors,
capacitors and inductors, is a kind of nonlinear resistor with

memory function, its own in addition to nano-size, fast switching
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speed, high integration and low power consumption and other
characteristics, it is also compatible with the Complementary
Metal Oxide Semiconductor (Complementary Metal Oxide
Semiconductor, CMOS) process, Its binary characteristics of high
and low impedance can play a role in the design and application
of logic circuits. Hybrid logic circuits based on memristors can
effectively reduce the area of conventional CMOS circuits while
reducing power consumption, minimizing delays and improving
control benefits. Therefore, as one of the novel components to
replace transistors, memristors are important for the design of
circuits such as neuromorphic computing and timing logic.

The main work of this paper is as follows:

Firstly, the nonlinear characteristics of the voltage-controlled
model emulator circuit are optimized by incorporating an
improved shaping function circuit, and the simulation results
demonstrate that the performance of the memristor emulator is
significantly improved in terms of | =V characteristics, threshold
range, and hysteresis blade area, and the frequency of the circuit
is also increased from 7kHz to 36kHz. The circuit of the designed
memristor emulator is constructed by using the commercial
discrete components on a breadboard. The experimental results

show obvious hysteresis curves on the oscilloscope, indicating the
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feasibility of the hardware design of the memristor emulator
circuit. In addition, the shaping function of the SPICE model of
the memristor is improved and the SPICE model is applied to the
subsequent circuit design.

Second, the Memristor-Ratioed Logic (MRL) design
methodology was used to apply the generalized memristor SPICE
model combined with CMOS transistors to the logic circuit design.
Among them, the MOS transistors are modeled using the 50nm
BSIM4 process model library. The logic gate design based on the
memristor proportional logic design realizes SR flip-flop, JK flip-
flop, T flip-flop, and D flip-flop with different triggering modes
and structures. Two simplified edge-triggered D flip-flops are
designed for the reusability of signal transmission in the two-stage
inversion structure, which optimizes the linking of signal lines and
reduces the number of devices.

Finally, a sequential pulse generator and two new 4-bit linear
feedback shift registers are designed using the simplified D flip-
flop above. Compared with some of the existing linear feedback
shift registers, the designed linear feedback shift registers
significantly reduce the number of devices, and the power
consumption is reduced by 34.3% and 34.9%, and the delay time

is shortened by 34.7% and 33.2% for the NOR and NAND based
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designs, respectively. Meanwhile, the new linear feedback shift
register circuit is applied to the built-in self-test circuit design,
and LTspice simulation verifies the correctness and feasibility of
the circuit.

KEY WORDS: memristor, CMOS, Memristor-Ratioed Logic,

sequential logic circuit, Built-In Self-Test
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LOGIC, MAGIC). {Z[HZ5 43Z4% (Material IMPlication, IMPLY ) Fl1Z FH Lt 15132
# (Memristor-Ratioed Logic, MRL). MAGIC F IMPLY >y i 4fi {7, BH %5 3% %5 f
¥, MRL ZF|IH 1L CMOS WA M2 i, B8 MRL fEfAA EFH
F9%, B5MAGICHLE, AILAM#RZ AT 2 [ ZIREL K AN B )
A, MR IMPLY 3 AE A IR DAAG R B Bg (R g AT I ), A B T2 B A%
CMOS B A HAMA MRS, MHSERNZHEBERAALE, KEHED T %
ERIHE, WIS T30 PR, ACRH R T R 0B AR T O . TR,
SR I BE LA 32 28 (1 5 2 0 v i R e i 25 L

B TAZ AR AAAE IR AR, dn RAT P2 L8 1) SO e 2 IR i
BN IEAREEN, AT CASEIER 1 ThAE . K AN IEAGE B AE — R N,
AMFRRIEN, BT ASERLS 1T DR . K SR DR IAZ B 23 i 55 CMOS
SR AR, PR SeladE . H5aARThRE. A SCHT BB 1T i SAH# K
1 50nm BSIM4 545 (#] MOS # A 8 Be 1081, LLEARE T 81l 43 47 12 46 LR 1) T A
JEHR: 5 Vi =1, Vi, =0, W A=1, B=0, NIZMHEZMHLESV, A
XE-DHIR.

Vl:RLVh' h =1 (3-1)
R,+Rs

on

PR R R B B A H A5 5 Vo =1, AR SO A% 19 AR IR, B
PMOS @8 T, #ik, FHi NMOS @& T 3, Ry, 2R, SEHHESH
R, RIVow =0, A& EARITH R 2ROV IRE T FFESmAGS A
B eI, R EEERTTREET . B 32008 5AREH T, T
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PRI 5 AR TR 8L

C C
{ﬂ:l_ I ~Load {ﬂ:l_ I ~Load

(a)
K 3-2 BETIZBH AR HZ AR L (a)BRARTT. (b)'?ilEI]

3.1.3 B FIZEFZRITERAE

S FIREGAET TR S AR T TS AE LTspice HitbAT T, 15 E 4 B wnE 3-3 Fr
o B33 BRI T A R, T LUE S ANME S R AT,
W E S E T, S0, EE SR RO ICHE . BI3-3() R T AR
PIEaR, MRS RE DA HRANE SRS B TFIEL T, fWbEs®
JRAR L, 75 T 2 R R v SRR o i AT AR R T SR Bk
ITHER I EER, SR 1 BRI I AT IR IR .

1.0 —~ 10
=
3

0.5 | 05|

00 L > L

10 | — — 10
o

05 |- — 05
>

0.0

10

V(Vour)

V(B)

A)

—_
S o5t <

0.0

. .
0 2 . 4 6 -
time time

@ (b)
Kl 3-3(a)sAE 1] (b)53ETTHE LTspice H 475 B 45

3.2 BT IZFEZEHY SR $i 728 B B & it

3.2.1 154:HY SR $ifFES EL R

SR BTS2 B T A7 ik PR (0 T A PR S, MR VR 2 LT fih % s LR (1 5
ik, FUF SR il 3T A& R AR M AR B . B 3-4 NEZER SR
B, FERME1T (AND) ST, HABmeE e, Hir TN
KBS T2 CMOS JofF, R IR 7 35 B B 1 Pl R 4 7 A
KERRBIRR, NI T B AAIIRE. S5, T CMOS T2 ¥
RHEO A 5 28 LB, — AR I 2 N T TR AN B, R R T 1E
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SARIGI LR IR . DRl ST SR AR R Vv i AR B R G T REARTE A

HAS 5 A RS RS A I 0]
Drps
:
[
:
Ep=Ds

V&) 3-4 f G AR SR AR PR

S 5 B0 17 BB VA 28 DA B IR P ANBIE A BACER,  41 FEL 5%  FH 7E fih
KA R A ) SERTAT I, PR A SR BT BRI L 2 4L, A SCIUER A
2% 5 CMOS WA 7L SR BIA7 H it UL K J G2 3 2 1 i, I IZ B 28
H SRR IIRE . AERRE . G9oK RTS8 A FLER R 1 REREAT DA, o
3.22 ETIZMEEERY SR 7R B

HT 5, BRI TR RS SR PUEES, 1TRER IR R il % e P R
FET 5 AR R S T g T, BT R AR TR R % R ST I A1 T,
AT NG [ F B T v FT R FET A R ) SR BT FELK o

\V \V
S M [T S M T o
P T
M2 :HT_TZ ;CLoad MZ H:_TZ ;CLoad

VCC VCC
M ﬂf Q' M dﬁ Q
R — R T
RELT4 M E_]_ 4
(a) )

K 3-5 e FuidRT(a). SAET(b)AT SR BiA7 a4 I B K]
K 3-5(a)s (b)) A NERART TR S T i 19 SR Bif7ae L, S A AT S,
RMAMES, ftiamfE 5 Q. Qo LUK 3-5(a) il 43 Bt i itk TAF J5LHE.:
(DEANGES S Sy Py, ARIEECERTTH TR, Hi i Q ik
S, AR R Mg B NS, An SRR R OGRS, MEHE S Q' s .
()45 ROy E BT, AREEEEART T AR R, Foda o Q' 9y
F, [FIR AR M, g N, iR AEES S ymE s, WA HE S Q MK HE.
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(3)S 5 R B EER, EQ=1 (Q'=0), WQ RHH M4 A5
HQ UBSRN 0, Q REE M, AR Q IR 1, EHRA. WEQ=0
(Q'=1) [, QL5Q MMEIASERAL. 0 S5 R BNICH TR %k
BRI TR -

@WE S 5 RGNEHT, W Q5 Q Mk T, RAMILIMIXE,
7 DAL A A L B

RIS AT D400 th b . KR T AR S5 4047 T 9 SR R B H B %2

n# 3-1 s
% 3-1 2T EEE. 53R SR BifFss I B %R

S R Q Q'

0 Q Q'

BT AR 0 | | .
SR BifF &% HLE% 0 0 1
: 1 0 0

0 1 1

BT 53RN 1 1 0
SR B 7 75 FL % 0 0 1
1 Q Q'

3.2.3 T IZFERRY SR $ifFER N E

10

ISos L

>

10
05|

00 00

_ 1o 10F
CS)’, 05
0.0

~

Qo5
00 |-

10f C
= _ 10
So5F X os5f

0.0 >

1 2

=

>

0.0

1.0

w
= 05}
>

0.0 [

0

10
05
00

L L I L
. 0.0 0.5 1.0 . 15 2.0
time time

V(S)

(@ (b)

3-6 T AR T(). HARIT(b) SR BiA7 217 HAE R
R et BUPTRR SR 774k FLEHE 72 I E LTspice TR, (iR &R WA 3-
6 FiT7n. &l 3-6(a) yFE T BRAR I THY AU SR BiA7 2%, 24 S s f-F ROV E-F I,
fthom Q JUAIRHY, 2 S UfIRHT R VRSP, frti fRaFAEE. 2 S 9
- R Oym PR, S A e T B 3-6(b) 3k T 5 AR TR BT SR 4745
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2 Sy HT ROV, St A5 SO, = SOV R Oy P,
B E ST, 2 S N R HON T, B E SRR AR IR LR Y
DI S RAAT & H AR B, UERT 1 BB i IR A

3.2.4 ZTIZFHETRY SR fil & 27 8 B8

T Q

H_Ti M :]?ei LCLoad
L=
-cc M Ve
T 7 '—|T7
o
;;LT4 M, E_l_Ts
(a)

3-7 BT AR T(@)s SARTT(b)YT SR fid A 4% 7 2 ]

Kl 3-7(a) (b)7r il R R EE T BRI TS AET T T TH 1Y) SR fil K 25 FELER , 1% H
PEAE SR BiAEAY FLER Z AN E P ALIZ AR -CMOS JRA HEE S5 K,  [FIBT IE 3G i
PheEiln . 5 SR BUER BRI X ANE T iZ BB FPIREA M H Sy R g, EHL
RTARS PGS, RAEH B HE SRR, HEBEFRREA SR AEBE.
232 H M T ET AR, SR SR ik BB K . MY EE R SR fit
RAFHIIZH IR AT LIS SR Al S BRI 12, A (3-2). (3-3), HP Q&
AIA, QU RINIKA, SR=1 fEAEARI T3 SR filk # LR %A, SR=0 1
NEAETTET SR il K &5 LR 2 AT

#®32HET AR, 5RO SR ik s HAE R

clk S R Q
. 0 AE
e E AR 1 0
fRHF
SR fih 'z & | 0 1
1 Q
0 0 Q
T 53EMTH N 1 0
= T
SR fith 2 %% 0 1
1
1 ANE

Q' =S+RQ
SR=1
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{Q*=S+RQ 53

SR=0
3.2.5 ETIZBHERRY SR & 25 B
BT PIRR SR il A HLER 42 BIFE LTspice Hb AT (7 2L, 7 2045 & 3-
8 Fn. B 3-8, HNBMESRIAIKEFE, & S. R & um-~F,
RFFAAE, 2 S HNKHEE. R MR, fHESTAEEY, 4 S AEH
o RGPS, F(E 52 A m . B 3-8(b)H, i 4hE 5 2k mH-r
JG, S EACE. RAWIGHCE, M AEETE, %4 S HEHETF. R AR HET
I, HHAE S RACHCT, 24 S. REMICHST, e S HEFEAZE. MMk
GERANTRTE 5 SR il Je B BRI, E BT RS AT AT

1.0 10

o ©
=05 = 05|
>

0.0 | > 0.0
_ 1ol _1of
a4 o
Cos| Lost
> >

0.0 0.0

~10 10
0 @
<05 F D oosk
> >
0.0 - 0.0 |-

1.0
<ol <
Sosf S osf
> 00 L > 00 | !
0 2 4 0 1 2 3
time time
(a) (b)

3-8 JE T 58RI 1(a). 5 EIT(b)SR 447 2177 BL 45
3.3 BEEFIZPEZER IK. T fi % 28/ IRt

3.3.1 BT IZFEZERY K il & 25 HE B

K] 3-9 L FAZ AR K il Az 2% i £ P
TER P i g i, JK AR 2s R A 2 JE R SR A g . JK iR 28 72 —Ff
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RIS LR AR, DR 0 B 1. (REFRIBE IR LR
(R, I LT AL RO I BT IASBLIC R T B, DR
o 2 S

R 3-9 9 IK AR 3 BRI, 3o TKONPI MBS S0, M, . My
M51T6, Myy My 55176,, Myy My 15116s, Mygy My A5 ]
G Miv My 5. T 16, My M BIT, o Ty ikskdEl 16,
SEFIRIAR SR BIERE My~ MoRIT, - T (BT TS ARG, . Gy,
TR BRI R4

(BB K AR BRI R AN Q =0, Q =1, MPHH 5 CLK Wit ¥
M. Gov Gpu Gy Gy ITBRMSHEBIE, FIN G, . Gy BN THLES 0 th 5
M. NFIAHREET, G GoiTJT, MIEAF T SR 87 B4

ERT BN B G TR B T 25, HSGARIR T Gy PG, 8L M
TS 4E RS SR U7 IR RS . ISRAERC MRS 0 =1, K =0, J
LIT1G, G, 0%, M=0, N=1, GyfIG, 4B SFili, FiLl SR G175
AR TR £ B

()20 5 I, HAESBIC, . Gol T, {1 M. NFI M
R T B AT AR TR 2 S 2R A, R, (EWRIT 2 T AR — 1
BLo DG, R Gy UM %4 — MERT R, Q=1 %G 2, fi
Q) =0. BN G, MHARIER LLFRE A M ALIOIE T % BLAT Q/ (1T
CLAHR I Gy TIE, 7E0 M ALK TR 2R, R A EIG 17
RASTIRIFLE.

OMAINFIALILG, . Gy fEEIRIERI R, (LR RENE SR
PR IRAS . FEBCHII, o1 T 6 (3 SO0 T AT $ BTGy o Gy 8t
MR BORATR 2 5 IK 3 % AT 3.

X IK AR B TARBRIRAT AT, BIHIE 3-3 K MR B INILHE (o Jomhp
TRERIMONT, | 2R TR, Q7 FRItHE B k), RURIERA K
R BB 3 T LA U JK R B IORFVE R, I ARG
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Q' =JQ'+KQ (3-4)
* 3-3 JK il Rk 2S EAH R
CLK J K Q Q’
[ ] [ ] [ ] [} Q1
0 0
0 0
1 1
0 1
1 0 1 1
J
0 0
0 1
1 0
0 1
1 1
1 0

332 EFIZEER K &= E
il |
s | L

I
@3mnKmE%EL$;m¢%ﬁE%%
BT JK il % 2% FLER AE LTspice AT B, (7 B4R a1 3-10 Prow.

BCTHHY K Al & FER AT RN B S 5 9 T R, DRI 45 5 A 7R T Bk i

A Refi R . FRETRNE, M I BT KOVREF I HAE 528 i,

4 1. KRNy e s 5 R AR S “17 &y “07, %1, KRN L

BT I S S AN KA R, 2 T RS K Dy P i 4R 528 9k

Vo RS SR FRIR AN AR ZI, R B HORES A S R AR 5

A H I B BOE BEE IS (R AR — BLAL TR e A, TR RIESE R, [l

A JK il k&R B, ik 7 FIZIHAS Bt JK Al &% FEg B T AT PR A I

TE
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333 AT IZMHZER T il & 228 2%

3 4h— RS T F il B R R TS BRI R TR, R T Ak
%, HEAEREREEIR. TEREME ST, THRBEHAEST
(S AT TR SRR Th s T=0 i, MBI IR AR R AT, fE
IR T=1 BOE 0L N, B A RO BE S I0EE, RBSER DR L AR, B
TN BHE 5 B, MHPRES KA — R, £kt a AT 4. T fil
9% BTN LA R D fil S8 TR, (RNt BT LA b K fil ok B i ke, X B A4
fIK iR SRR T AR 2% . B 3-11 AT LAB H, o IK il R S B AN
ESU THETM R T AR 205, TIERES IK il 8 AL, % 3-4 9 T fil
RAMEAER (o FRBTHIBZAMOES, QRERHHESHIS, Q #r
B ESIRE)  REEMEEMN T Ak BHEEE AR LI I T il B4y
PR, mARG5) IR

M V M 7 M J/CC
1 ngCC . 15 |_|T5 Ql
T2 M |JT6 iCLoad
CLK M: =M -
v, Yo
T @Mﬂ T Q
M T,
—— 1
B 3-11 T b k2 i 2 P
34T R EBSEMER
CLK T Q Q
0 0
[ ] [ ]
1 1
0 0
0 1 1
J
0 1
1
1 0

Q =TQ'+TQ (3-5)
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334 BEFIZIEBHN T ALSRFE

; ; [ ; ;
K 3-12 Tﬁéﬁgiﬁﬁéﬁ
KBTI T fil & 2% FBLBR AE LTspice AT H, T HERWE 3-12 R, %
HAL I ) RO S 5 O N RN, Bk S 5 A AE T BRI R I I 4 Rl o
BN PE T NIRRT, 5 T e, Wi E S B, b “0” &N
“17, % T ARE-F, WS S R AZ . 23 05 JE5 R 7 A g 2
SRR a T AR AR AR, T B B IEA 1

3.4 BF IR D AL BB

3.4.1 ETIZMEZER D HifFa5H B

M, &I\./CC :d¥cc ::TVCC
:]_7#0 3 nlz  Q
T[T 4 'JT iCL d
Mg—"1'8|= =) H 83
Vee

(b)
K 3-13 T2l (). SAETT(0) 0 D il 2 R B

LG D B as R T TR, (EOE AT T R #S th K&/ CMOS A&
MG FHCEE D SiFGR 72K E CMOS &, AMUSIRE R IIFE, [
I P B PSSR I R B 2 Tk, T ERSN 1R SR B S . BRI, N T
Pl A B A 0 DA AT A A S SR I T 55 ) /L, R I Z BH 28 -CMOS TR A1
JiiFoR A . &l 3-13 08 D B AR R R, 55 SR il ds AR 2 D i
fFa5THBR 7 SR il 2 A\ i AN REFIIN D 0 B 1 UL, JF HoR Hh—
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MESH: B CMOS SO RS 7 — AN N\, Xk T CACRIEAE AT o] B 221 4
NN AR B PR

® 3-S5 A TETEAETT. 5AEMT0 D SRS EER, MRES 2N
HST R T, B ELE R D 9iE 3R I8 0 R AT LB D BUE S IR T 72,
WA RB-6)FT7R o

Q=D (3-6)
F3-5ETEEENT. 53E1TH D 8iff4s BER
clk D Q
1 0 RFFAA
FF a8 EETT D 8 1 RFFAA
4% 0 0
0
1 1
| 0 0
HF59ETH D 8t 1 1
e . 0 PREFAAR
1 PREFAAR

3.42 ETFIZE=ER D $ifFER A E

10l 10
— —_
g 05 g 05 ’,
0.0 0.0
1ol 10
[l —
% 05 Qo5
>
0.0 0.0
_wf 10
= =
S o5t S 05
)
> Y
0.0 . 0.0
0 2 4 0 2 4
time time

(@) ()
K 3-14 T (@) 3R T, (b)5AEITH D 877 2 115 B4 R

W BT TP FP D A7 #5 HLES 23 ITE LTspice AT B, R4 R WK 3-14
fiore B 3-14(a) v EE T EERTT#OHR) D BilfEds, A R0RAE S5O0, i
PSS OURHPR, ERAGE SR AR, W I S L2 AR B, T
RS SOVRHCF LANIE S, BN GE 5E A RAE SR m S 5 #H S R EF
A, B 3-140) AT ST D 878, ARG S T, i
PSSR AP, S S M BEE MG 5 AT AR A, T e I 2
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S 5 A 2 40 N AS 5 (R 5 AT PR AN A o AT ZL45 S 3d mT LU Hh 33 T B i
WitesE, FNHEEfTE D BUFafBEER, IE R, 535, TR
g5 BE BOR T R BN B S ONE RN BE S N, S SR R S
MNMET 8, X E BT NPT AR ST, JRANR H P A B LA
BRI AE J 2 ) B8 7 TR B A TR Al & IR D AlUR 2% FELER S i iy FELER R AT SE 1R AN
L7IR 7 Wi VAR

3.43 E TRz EMNLER D fill & 25 EE B

K 3-15 g FEER A SR 3 NG/ ) D il o 531, & 3-15(a) 1 EK
FErIR i, HAdRAG SN TR, B 3-150)Mm S53EMTH K, HilkE5h
TR R . AR R AN D B R, SRR SR S S
QIERE — g KB MNGE T, IFHM MRS 8E S8, 5%
D BN B8, ENEE S ym - RIHMR ST, 56 K D 87
FRONMBIAERS, FERHEME SONRHAF IR EE . LLEL 3-15(a) 9173 Hr 32 &S
14 D fish s FRLES 1 AR B 2L

(D)4 BE 5 clk ym By, &0 e AHE, clk1ZZ R -F, BRIk 32 40
frasfil, (s ShERAG SRR M ARN . WBUF SIS 5 m
HF, LB B, S SRR,

(2) 24 B 5 5 ol A P AR A SN, R BHAE 2 (K IR 45 5 eIkl IS
MRy B, I BB 91T D RIRAS, A% 205 o Q JRORFFA
AR o VA3 B0 15 5 eI LAK AR Sy M o FE AR ARG BT, AVBIAE 38 8 HH s Q
SR NI ARRE— 5, RN E BN R R E S Q,
I QA AT Q AU (R HF — 8. MR b T BRAS T B 87 28 i 3% Q
SORFFAAR, L D il g tiom Q im S BT I Q 5, e tRIFAZE.

Zx LRIk, Dbk 28 4 Hom Q R S TER S 5 clk R IR D i AT 5 548t
17, JeAut a4 (s 5 g R ThaE . 2T L TARBRER M 51 1 % 3-6 3%
TEEETT 5AEMTE NG Dtk & BEAER O R TR LLAMIIS [a], o 3%
7N BT CAAMIIE ], AR EAE R A D ik 2% 38 5 R 0T LA H £ 4544 D
fili i AR R R, I AXG-T)FR.

Q=D (3-7)
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(
K 3-15 2T 8T T(a). SAETT(0) AT MK D fil e a2
R 3-6 BT MG D il dR HAER

clk D Q
0 REFAA
%
ST 1 REFAA
0 0
d
1 1
0 RFFAA
i 1 RFFAA
0 0
T
1 1

3.44 BT IZBEEMEMNEN DA SRR
W BT Fh 32 NEE#4 D fir & 38 HLE 43 I E LTspice AT, 1 45

il 3-16 s . &l 3-16(a) yE: T BRI D fi A&, =4 BEIE N B E 5 ok I,
ERNG TR, WA 5 W SR AR, ERNG S E T,
S SRR ESE, N REIE LU R A S A S R AR B 3-
16(b) T 53T D fil & 88, AmHeh(E 5ok 3] LIHRN, EHHMANGES AEH
S, A A S SR Ry ECE, ERNE SRS, S S R AR U
B, B AAMAET R, S S ORI AR o 7 B SR EAT 23 At LA Sk O
BRSSPI EER —— X R, SIE T BRI IERTE . 1% BRI Y
PR BAE— AN A RS R mE — Ik, Pl R i B A L
BB, (AR EER R, ZAgNIERETEE SEUS
LT T AR X TR, BRI v oy — F s il (1 D filok #8484, BLik
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BN L T AR BRI 1 H D, [RIN r g AT E5 A A

10 10
- [
o 05 Qo5
o =
> >

0.0 0.0

1.0 10
— ~
0 05 Q os
> >

0.0 1 0.0

1.0 10
= =
S 05 505
> >

0.0 0.0

! ) ! ! ) . !
0 1 2 3 4 5 6 7 8 0 1 2 3 4
time time

® (b)
B 3-16 2T 8AR T(a)s ST ()T A D fid A8 47 H 45 R

3.4.5 BT IZPARR VAR PR L5 D fll 4 23 EE I8

T DFF AR R A fid s a4, Rl R 3 AR A PR e 44
b, A E O T DA R RN, O HoAL G ROAZ B T DA A LT AL
HUEREE A . [ 3-17 9T ulART] . SARTT4ER B ZE S5 M) D fil k4%, Mg Mg,
Too TMIMy, o My, Ty T MR T SRBIFRE, Mgy My My Ty, T4
REEAEAE 5AET, BEES 5 M, o My B SRAHERE, BRI S
Ji% 1 DA 5 A A GHIE .

(@) (b)
K 3-17 28R 1(a)s SAEN1(b)FI4ERRBHFE 544 D fit &k 7%

UEFrPHZE S 5 1 NS M B R AR 7 1R — 38, H AR T (BA

AR TABD:

()4ANE S D=1 i, clk TFEIGRIERT, S=1, R=0, N4 TFRRIEEIA)E,
HES QA 1.

Q)2HINES D=0 B, clk FRNEIART, S=0, R=1, WY F M EIA)S,
KHE S QA 0.
3.4.6 & TIZPEZRNERHEESW D ML RHE

6 ULV R 2 R B FE S5 M9 D fih R 38 #8543 BIZE LTspice thHEATHH L, /2L
LA 3-18 BT 18 3-18(a) o T AR I THO4ESFFAE D ALK 3S, U oh (5 5
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TR, HRAGE SRR, RS R A s R R,
AR TR, ARG S ONRE, 3RS R AR P A i B
% A5 S AR H T B 3-18(b) otk T S AR TR 4EFF B ZE D il as, i
59 ETHERIAR, HRMAGESARET, T8 S, RABVIRETFAE -,
Wy A5 5 AN T, NG SO T, AL S R F P AR
) W HAE S AR ST XS ENGEK D il A SAELE, 2P gD
T 34, CMOS @RE A 1 104, ST RTIAREAT 7k, PRt)E SRk
P YEFRF I FE L5 R D il % a8 34T ML e it

~10F X
s J Sos|
> o0 > 0oL
~10F —=10F
Los |_| Eost
> 00 > 00
~ 1.0 ~ 10
Lost u D oosk
> ook > ook
=10 a0
=05} S osfF
> ool > o0k
<10 < 10F
S o5 Sosf
> 00k S 00

0 2 4 6 2 4
time time

(@) (b)
Bl 3-18 T b () HARTI(0)4EFRF LIS D fid e a0 45

3.5 RE/NEE

©
o

AT AL 1B TR B T AN 22 i fid A B LR IR, T HLEAT
TOTESUE. B e/ ICL A I AR IR A AR IR it 3 T2
PHEEBIZH (MRL) MI5dF. BRARSEIAZIR ], Wik 1 1% 50 L2 s i fih
KA RZAL, AR, kel e, BRI KA, FHIZE S B 5
HAGKRE  ARDIFE RS mi g N B a5 Bk, JRH 1236 T2 FHA% 1 SR fit
Kass K filkcas T fikas. D k8355454, AR SCHlAE el 45 1%
BT RE, JEREFEARE T T B R . BT 2 PR % FEL S AE L Tspice H
BT R, RERERMERTERRE, KAE ISR A 4% U b 5 IR w1
AR AT
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B A4E ETIZHEFBNNFIZERRRLENA

4.1 B FFIZ 45 B

HHGHAEH AR, B BE a0 RS G2 NN PigiE. 4
A L ARFAE AL — N B AR TIN 18], A S S R T S A, 5
HLES IO AARIR S TE G o T I LB AE — > FLBR IR T IR TB) P, 2 I RS NAS 5
5 L I JEACIRGS S o B4 S, X2 2 A I8 4 BRI 7 32 4 F i 1R
EEXG . Frel, HF e 2 ek, BRes - HRieR B4
I T P FL IR S (R A At 5 R o A7k 2 WL ) LU SE I 0, ) DA figh
#e, WA RBUEAS . R 4-1 Thgy i 1IN R AR F s A AR

L—» —»Q
M T T L A e
—>
Q| R E.||E
174k P

K] 4-1 I 124 R i 2 R A
s, PR I AR Bl . - RPIT IR A S
W, RIS Tl =0 Ly 1) (P
WNfE5) . 0=, Op-» O)) CHfJF M2 % 8 5 )
E=(Es Ep» B) (K Afrf g M BT REWMWMEE ) M
Q=(Qs Q- Q) (FHESHHMAIPREE S, CLPHRIERLRELE,
AN T R H RTIRG, WEUR A o I R RS 15 5 O il S 2
HEZHMATPRESHQ MMNGE T | R E. BHRESHQ RIEHAE
WM, DUE R RS S O M AE S |, JFHAER 1
WlE = E et as i, koo N ARE, B kg, R, T UH
DA = bR ) S5 AR R IA X L5 5 R R K & -
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0=f(l, Q (1)
E=g(l, Q (42)
Q" =h(E, Q") (4-3)

NI@- DN Fr S R R, R AR E S MAES R
SEEMRER; AREDRFERWAE T MG T ARG AR Z 8K AR 19K
ENITRE; A IN@-3)RRETTRE, B R FLG R AF R 0 R IR S R B AR 8 Ik
A, Hoh QA QM 4R BRI AR ik PR IS AR -

4.2 M RGBT AR B

U A7 B AR SR, 7RI B AR AR, FAE
B R R AL I, LRI S . BURAIHIE, BV R T & A
T ARG S, AR IR T A R Rk, B R R D)
i, I B T A7 6 2 175 o 0 PR 6 4 200 B 135 5 S I v e R
fifs. BITAE AR TR0, SER% RS E R E, B
HENBE T TEROIR A TR 26 65 5 1O (R F B 2Dk B B0 MBFR b, N T
UL R ENINAE, S E A 7 R SN 2 IS 1 S e
BT UK AR B 1 B0 B B PR R I P B 2 17 S P B T R
TR R B IORA, T A n GLOFE A, JORER IR I 2 A
T — R s S T n B 2n M RORES, B R B I E
TR TR BRI E] 2 _ L NERORES, BRI TERER OB K, X
T4 ML T PR DA S DG L AESRAR T Se A, DR AR SO A K A B
1238 B N B B e, L A S T HL I 1 [ B B, A0 (8 PR R
AR 20 1, [ BT DR 6 5 T AR T PR AL

Pl 4-2 o T SR L ek O R BELSE 4 8 D R 58 P 0 4 Rr e I
B 275 (LESR) MPFEH, [ 42 NsulE I TTEE, MRS N TR
W A2 SR TR, R (B L, R R PR 2 B e
BB HON D, = QQ, + QuQ, o PIRME ML % R B %517 28 03l J5 72 L
TR A7 R 40 BIE 4 S (44 FI4-5)h 52 S, 53 b by TPl 5 14 1 S ol A
SR IE, [R50 Tl 2 2 S 925 1258 FLAT — AR D 110 o Bl e
(STD), M43 Fik, HORAHARIETT DU HiZ Bk 0 ok N 2~ 1,
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| Dz Qz | D3 Q3 AJ
FF, FF,

N Q Q Q, Q,F M Q, Q Q, QI
S— [— =

(a) (b)
K 4-2 Fe T EiART (). 5ARTT(0) A 4 RLEANE AT AL 3 77 4%

| Dz Qz | D3 Qa AJ

{QO* -Q,Q/Q,

(4-4)
Qi’ = Qi—l(i =1, 2,3)
{Qo* = Qo Q3 + QOQ3 (4_5)
Qi* = Qi—l(i =1, 2,3)

25

Vel 4-3 4 fr 2 SR RS 9 17 58 (IR 4
4.3 M RIGBAFFRERTERIL

> 10 ~10F
S o5k Qost
> oof S 00
R10F

g

~ 10F 10
QS osF S os
> 00 > 00
~ 104 > 10

Sosi| L LIl S ost LT

> 0.0 > 00F

< 10 < 10

G 05F , S osf ,
> 00 1 i > 00 | |

2 0

time time
E44%?£¥H@\5#”@%4@%@&%%@%@%@&%
VLT B R 2 S A RS A 25 A7 4% FRLER 70 Il 7E. LTspice BT R, i H4
RN 4-4 fros. Bl 4-4()F BRI TR 2t IR AL FF A7 A%, A RN B E
SN, BB T EERIEN, Wl QA NEE T, F5Q. Q. Q

TRIFAAZ, 58 AN ERISRIERT, QA i, HALME S AL, hTiZzH
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BAT 1S DMTRCIRES, IS I B E S B2 754 N BRIy, FE 0 e RS
HPOTG. B 4-400) 8 AT H RSN B AL A4, IR A RS 58 BTt
W AE A BT RIER, Qe A s i, AR EIHERIER,
BRI AN, BB AN ETHRE S, BEERERPIRESE . @il
MG EERBAT M, REFEIREHERE, IEHZ B LT
KA1 EABRE
TZ LN RN EIPAZS N BRINEE T 1
50nm v 0.lus 27°C modified trap

I LTspice i Ho B AT AL, B0IE, 3K 4-1 TP oI H T s B 05 ELR B2 1)
i ZHABCE . M A R AL A A7 4 5 A SR I 2 S RS L A A A
e g Rk 4-2 frow, Hp D) IR (Power Delay Product, PDP)
RN DIFE S G IR B[R] (RSl AR, B R A% B 422 M S B e 2 T RE R A OB 1 R
PDP AN, BRI CAETERRBRLF . 278 SCIR[66-67]H1 1) 27 47 &5 HL K,
KAE S MOS @R &it, mTHRERITHRELZHHMG, SR
o DL R G IR I A3 . 2 % SBR[ 681 H I 1 26 1tk S R AS L P A7 2% A A
fZBH# 5 CMOS AHFRA FIRE M R Bt Hitk, HHB 2 T 64 MMZH
A 64 A~ MOS @R E LA — A FEl T, S AAH L E I 6e. AH
PO R, A STHR Y B0 P A 2 1 S 5t A% A 57 A7 o FL I A OUAE 2% 1R B0 AR
HALH,  [FIIFE AR I 1A) . D6 DL S D6 S 38 AR 45 U7 T B AT AR AL

R 4-2 T A7E R ELEL

Wit SCHER[67] SCHER[66] SCHR68] ETadEr]  ET 53R
FEIRIF[A)(NS ) 0.183 — 0.841 0.549 0.561
BINHIENV ) 1.8 1.8 4 1 1
AEES G 0 0 64 58 58
MOS E# & 318 81 64 48 48
DIFE( W) 9360 188 94.15 61.8 61.2

DIFEIERFA (I ) 7.609 — 0.079 0.034 0.034

4.3 U Bkom & = 2SR B

FERER T RGH, RGA]AE T B BUE KNP AT — R A1ERAE. 12X
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UL, RG] MG 0 SRS 05 T 4 2 VR BRI (5 2, R iX —
FN kb 7 2 B 45 R A . Tt R A R PR A i — R £
B, ASCRIFIAE RIS D fil R B H A SE R B IRY 4 RO R A 52 e
B, WP 4-S R, T T MR TR IO RO RS S, I Mo & 2
ST AR MR T AR AE A <17 BOIRFRRAS . FLBS TN T R F
W, DRI Bk R A ST LA B, SRR AL SRR = S
1T, B SAAES W R Q) . Q. Q, Mithls Dy MR, K
BHEHLE BN D, = Q,QQ, « % HLEK IR 77 L SR A5 7 F 4 3 21 44 R (4-6).
@D, T 4-6 J9UR kb 2 S8 RS B 4

D3 Q3
FF,
Q Q,
clk clk (
Q 1Q, lQ Q. Q
(@) (b)
K 4-5 ZTadEM (@) SIETT(b) I Rk A A 2% HL i
{%=%gp; (4-6)
D, =Q.,(=12,3)
{QO: — QO!Q-:L!QZI (4_7)
Qi = Qi—l(l =1 2’3)

B 4-6 g I A 4 AR S e e ]
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4.4 FRkAREERFE

R BT B PRI kb A 4% FLBAE LTspice FREEAT (731, P A5 R Wnfe 4-
7 Fs. B 4-7() O EAR TR Bk A2, I RS S BT T RIS,
QE AN, Q. Qv Qu AR, HEE “ANHYINBIE SILRIN, QA
N B A Qo AR, Qv Qe PREFAAE, LABESEHE. K 4-7(b)H N5
BT IRNRUE ks s AL 4, I Bl S 5 28 ETHER, QoA M, Q.
Qv QuAZE, M A LTHLRNEAR, QA ym T H Q2 N T, Q,.
Q: RIFAAL, DLMEHE. OS5 R LUE A —DAMN, B e —1
ES AR, HeESHONRET, G kb kL4 1 TR EEE, 36E
T LB IR R

~1.0F ~10F
Qo5 Qosf
S0.0 > 00
—~1.0 F 10
Sosk Cos
0.0 > 00
~10F ~10F
Sosk | Qosf
S0 > 00
~10F
~LoF s
Sosk Qo5
S > 00
. <10F
st 1 [ 11 1 1 deesed ) L] L [
~>-/0'0 F I > 00
0 . 4
0 2 time 4 time
(a) (b)

el 47 TR 1) AR IO)RITFE kb % A 28 0 45
4.5 M RIGBAFFRENEE ML TR A

Bt 4 A P B 3 T 2 AR I OR EE R GOR R R e, R A i 5
FNGE R SRR, D T ARAECS R v o DA R P R, LI ook ot gk
RARICNEZE. TSR HE TR, AR SRR, DR
AT I HA 8] a8 381 F) i B S R oo Rk R B 2, MR Rk RO, M =
2% 11 A e 75 I ) it 2 90, R 2 45 Al e M e A R AE G e mT v v
(Design for Testability, DFT) 1ERCH KRS ol HL % A o] BLER 1 — 305, 2
Sy FEL 0 238 B B A o AR E (0 3 2 H R T R BRI B it
B Bl 5 FE AR A, B AT A RS R N AR A, AT R i & DR
o= SRR S il (M RN = S 1 e N 0 Y N K G A E < TR R W
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WEhwE TR, fuxee T H [ Zd A g, R il &, LAk
PRSI SE 2 R R A . et AU B B TH, W DRI A 2k itk . sk
A B

MRAE MR T EAE, AT B Th Ay 23 434 (Scand WAL 4 ARG
i (Boundary Scan, BSCAN) FANEE MR . ARAEA FWHREA LA FIIH
HAx, W EMSEARR 5 82N & EH I (Logic Built In Self Test, LBIST)
FTFAE 2 N 2 H IR (Memory Built In Self Test, MBIST). #ill, #ARIE6E
AR R S ERE . SmEENER A, TR LRI R $
I L T Y AR P SR R A R N R R AR T, (H
X P P T AR AE — X, G R A I vE RO T B B I 1 &
(Auto Test Equipment, ATE), $&FI7EW & HA-6E MK &, FHEMK
FEL 6 P19 348 0 [ 35 B0 ) 8 ofes B0 H e A 0 ARk B Sk kA 2 B
RS M oK, AR AR 2 AR B & w] A L aX B8 3R, (R EAT]
YRS A v, T LR DU P T o s 2 2 8 I et (], 8 S PR e A
f JE )

1M BIST WU 56 36 Hufift pe 71X 46 o) j . HCJR IR TEWIARIT B, LA n— s T
FUONARY, #5 IAR A B2 %% (Test Pattern Generation, TPG). MR 12 32 4
LR ARt O B R B L o 0 SREAE MR B Ak e 2 e, r st
RE B B R, JF AR AR e i S R NS . SR, BIST A
VR, GRS W] D e A b 7 o K. BRI IZ B B &
IR RST . ARTHFE . DI R DL S CMOS MR SR, K5I F)
BIST HLEgH, FEAFZNA FER SR AT RERITE 0T, W DALE BRAIC AL B AR A AT 2 T
PR L PTI Be T 3040, 78 VRS BT i R ks A 0 B ) AR T FE AT VR 2
Wee AR SSE (70 3 2% L RTHE P, S L BR RE MR AE IR RRUAS . IRTDFESRMF T, iR B R
FasE . DiRese B m BHIW.
4.5.1 1 ZEAEBMKARER

WA AR AE [ A VR 22 s A BAK FEHEAT BIE AT, dn 0 AR K
Subhasish Mitra (4%, % BLiA K= Mark M. Tehranipoor 2(#% DA [ 74 73 5% K
22 BHRTT 43 KL ) Jacob Abraham Fil Nur A. Touba {355 N o I 4ERE WK IIFE ¥
THRISEIL, A % B Wt ) & 7= 42 48 (Test Pattern Generator, TPG) X
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HEB 700 L a NRFIE 2 A7 %% (Multiple-Input Signature Register, MISR) £{
BE VB TPUAE J7 R AR Th A8, 377 AE T — S IR TR o X BRI
LBIST 4 (RIS A2 1 753K, Shiao 25 A 2VRI FI 3 T 2k I RS o7 27 A7 7%
(Linear Feedback Sift Register, LFSR) ][Rl {4 &5 ¥ 3K [F] i S 1) 277
AU L A (R T RE, DA a0/ A g D R T AR B R O

LBIST ] P AR G B 78 [T A 32 B AT o R 22 e v SRt 7 Bl A5 e 4 S 4
AR 01 B IR DAV R 2= M AR R T L T R RS A 22 e [ 1) AR 55
IG5 % A BAAE B 5 11 B PR B S A W T g T T — e T ke,
A ] 352 A DU E BEATL 19 00355 1 o 1k AR 45 07 T A — U 7T R TS,
[7) 7R 033 FH BAAE P9 2 1 R P kD 7= A U7V T 340 LA g (R0 7 SR =
4.5.2 ZTIZBARRRIAIE B it FE B

[«5)
G| 57 F
e a L
b | 3
I} 2}
» o o
BIST
Controller
Correct output
Test vector set
Pattern
Generation i|> o J Output
(TPG) Z j‘> CII’CUIt Under Response
S Test(CUT) Analyzer
Y GE PN (ORA)

JE s %
4-8 BIST ZEA4HE ]

It S P B RS 52 A PE S T I, I B (BIST) 24N
FEL % TS B U A A T BB — 5 . B DR 5 VA AR T s IR A%
(ATE) SRAsillg digx (CUT), &t HFEM . 17 BIST Ml & 0F =ik
PN EE N (LBIST) J& —Fraf MR it A, RIS REAK RS
IR B R B B R A B . LBIST X T MR SR EE, I
FORER . AR B30 A A AT 55 G R R R o X N R
TR by BRCEECRGEAN EAKE, DR S8 R G Al S A BT IR 2 W 1 e
— B BIST J7 ZRZEM W] 4-8 o, EZHMER A (TPG). Bl i %
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(CUT). Himas /3% (ORA) Al BIST 45| 2845 JLAMEHR A . TPG G145
—A> n {7 LFSR W 4-9 (C; =1, C =0f1L =04RF&riEH:. WitmgEe
8D, HTAEMBEEINKRE, JFeHtes CUT. CUT iM% {5 58 ORA Btk
W, T RAE o A e AR, SNSRI (B AT X L, AT S B
OO R TS R A b DR R A A bt . BIST 421 38 32 B T i b 2 LA 5 i 3%
52 5%t DA R S A TR P R AR o] B A ] R E IR AR A R A
X I, YA S 2

Y

FF, FF, |»- /- -

4-9 LRk SRS %7 17 % (LFSR)

B TAZTH AR B A BT 7 — M T i | % (LBIST),
TPG =&~ 16 i LFSR #J. PRt T 585EI 16 A2 LFSR (& 4-10 Fros) H
PATEREAN A A o A2 R S O BE LI K ) B, R 5 B A 6 O BE AL Ik 1) 2 4 gk 45
Wk —A> CUT #idk, CUT H% th 45 A2 4 ORA #E-4T LU .

L l/
r%col %clzo %cmo J
D Q D1 Q1 ey T/ D14 Q14 D15 Q15

0 0

FF, FF, FF, FF,

o d [

4-10 16 i L& R RS (25 47 28

4.53 ETIZHEBIIRNZBE MR AE

F A H SR A LTspice AT R, HH 16 frgkPERImBAL 748
TERTIN, TiESRME 4-11, Y FBEIRESHE—UCRIGE, Q& Nm i,
HAME SAL, M5 IR TFENEIARN, Qu A4, QA NEHE T, FRESA
A, KR, BUAMAAIEE—IR, TREME S RENRE, HFEEFT
S TAER . B 4-12 BRI H T B R, XK B d stk 7 — AN R
ok R AT as, XF CUT [ 5 S it glicfig 56, BhvE) . V(@) .
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V(3) MV (4) F7s CUT K45 R, Vou 221% ORA %t . fRAIE: ORA Z—
wER s, 4V Q@) BV @) RO, s, B E

V(clk)

w0
00

V(Qu) V(Qi)

VQu) VQu) VQp) V(i)

V@Q) V@) V@Q) V@) V@) VQ) VQ) V(Q) VQ) VIQy

]

time

K 4-11 16 f7 LFSR (1) H 45 H

U I R
3 | L |

ook
owvo
T

V(4) V(out)

cor
ocuio
T

V(3)

oor
ocuvio

ook
ocuio
T

oor
ocuvio

Vclk) V() V()

time

4-12 LBIST 1} H.45

4.6 RE N5

WA 25 A7 A B, oA

ATRG TR ERF LIS D A AR NS, BT T PR A 2t S
55 N EFHIE S Y, AT LTspice FdEA7 1/
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H, Wb B I IR VE . S ANBETE TN B AR B Mk ok 2B A LS, JRAE
LTspice H#E4T 7 IS UE B IERATE . FLUOR A B CEEAT T A 4, TR 5
A\ LBIST ({759, X HBURTFFCIR,  feJa Xt LBIST HEAT R AF R b HL LB X
i RHZBHES SINE R, HA N BB 16 MAME BRI A7 ds, Hth
FRERBETT A~ 4 FLAr AR AT, BHJaxt g i, UEWIZFH#sE LBIST Fiig B
R AATHE

48



i W N i e 2 DA TS

FLE SRS

5.1 TIER4,

TCPHARAE X 5T B A BRI H R IR 1F, BAYRRE, K
The. DI, % H S CMOS it m, RIS IL 2. 2
FH R 2 1 AR 11D Ja3 PR 7517, L 28 1) A B 28 PR AN RE A KRR A 7, R TH 45
KA BB AR A ORI N G FCE . BT A, AR SCR S ZE P 25 LR LR 43

(D5, FH SOk 0 R R 50 F 3% 1 T 33T (0 PR 4% 1) 455 2L ) L 25 PR %
LTspice 1/ 5145 5 R DT 14 Fi 4% A 2 477 0 38 R i [ Y 2 e M B A L AR o
Bro B BETE 0 A R B I 0 P 40 ST AR AR AE TR AT R R A, R AR
Hh R R [ 2R 58 e RF GBS I FE SR . 594k, XA SPICE BEAY 2%
AT R DLk B0 [e] th ARG 0 H K, KAk SPICE BRI T 5 82
B 2532 % Lt

QFIHIZIES CMOS AR RIREE, FEFIZF LB 4 M 7R T A
BRSO RS . o, MOS @R SR T 50nm BSIM4 T2 HANE. %
SR BEECT RS, IFCLFR T RO EERIE U T SR AR AR JK il kA T
R A AN D Rl R AR SR MR RS o BT RS R R RS S AR R T S
BUE T AR LI 4ERFFHZE D filic#%, AL TR S ERINEERE, Wb T SR
i3S LTspice fj HIIE 1 HLEE RS E AT IEAA M .

Q)M R B RI4ERFFHZE D Ml ds, vt 1 ik & A 25 DK R AT i)
4 RLER Ik R 2P A A HLG, 7 LTspice T 7 ELIGIE BRI IE A PE . BEANKEA
SCRTCTE I P 7 25 L 5 AT A 38 S B AT X L, A R kD T AR
g, A4, D BIRKT 34.3%FA1 34.9%, LR A4 IS5 T 34.7%F1
33.2%, HIASCAHTREHI Bk AEPEBE 10 BB R B R I M R RS A B
1728 B N A T A g R B P, LTspice 47 BUIGAE T BB B AT 471k
52 MRRE

LA AE N FEAS B TO AT, 28 B0 P B VT R A1 i L % L P 45 45U TS L AT
BB Al 7L SRR e, it 138 T2 FH B2 58 1 R i
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REEEK, RN T A E E . BARPTI B I R R A BRRRE,
EANE A 2 b 7 B — DA SR, £ R

(1)ASCR B2 % SPICE #7815 CMOS T ZM&5 &% i sk, BEARxT
HLEE S 1A, (EREE Z B SR AR O, VR 2 VERE AL BRI BB 4R 1
A DA e AR B B AT T

QAN E T BB I et BSRIE A IZ B 2R 0 BRI SE L I8 S T R
(EIZ AR ARG DI RE I A B B, 5 8/ Bk — XAk Th e AT Wt L 5 8
H, FAMARSCR TR AR %, JE80En FAZI AR Bt b . RS R
PR

() LAAERFRHZE D filk 28 860, AL Rrh 7 M R RS A 25 A7 2R AP
Bk A SR LS, (ETFECER IR e, BARRED . 5B, R Rk
TISHERI TR L, S AR S AR TR R . AN A S R R I BE A
IS P 2 R FL I e B R AR A R A R, H I A A R
PR B I ThEE, 5 88 n] XA J7 AT IR A

(4)f5 FH Bl 21) 45 R v v 10 20 2 2 e A0 i B 3 0 S BRI (R TS L s iy .
AR, (5 H RTXHX R E 4 B T TR A 7 7. T 20 5B AR 1
FEA 22 00 2% RV P BB S5 T 90 A B L AR 3, TR b 75 St — 5 IR NI 3 1 o
B L
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