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4-5-1

vdd
inv( )
PMOS
Vin Vout
A B
L L
Vout NMOS
Vdd
Vdd
- )
0. vdd/2 ®= Vin

CMOS Inverter

A —{>o— B
[Inverterd)%%' ] A _l

1 $E BF [l (Delay

Time) [X ~5nsec.

IJ

—>! €= 5nsec
Clock J& iR 3

1Hz €= 1sec (3x10cm)
1KHz €< > 1 msec (3x10°em)
1MHz €~ 1 psec (3x10°em)

1GHz € > 1 nsec (30cm)

(FEIF1#REIZ 30 5Km #HL)
Clock B;E# A% 10 MHz %55 Clock #&1& 100nsec

B I I I B

! 100nsec | Inverter% SOFSE ik CEATE
> EREHEHT SO !

B inv () & & DEIERFH
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DCDL ( digital circuit description language ) @ & % coding 1

define inv( ) { input [1]; output [2];
[3]=delayRC(1) [1] ; [4]=not(1)[3]; [2]=delayCR(1)[4]; }

/ inv( )

-

delayRC(1)

\\ —J

NOt(l) /

-_l_-delayCR(l)

\_

J

N

J

RCEEZEZZERLT: inv() EIFERX

& Z D coding f
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Time) [& ~5nsec

Inverter D{E 5
A D B [:EEB#FHEI(DeIay]

inv( )

PMOS A ,
Vout [ [ [ [
Clock BB Et A% 10 MHz 755 Clock $E1& 100nsec
: 100 nsec i
NMOS 1

_)' ":" 20nsec

CMOS inverter Z£2UE (BEUE) & L 7-EE R
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DCDL ( digital circuit description language ) @ & % coding 4

(O Rl=inva];

[3]
Vdd [1] 2]
Vin.—b—. Vout
PMOS(1) _ )

[2] [2]

Vout

(1] DCDL Code
Vin NMOS(1) c2) [ define inv(){
C(1)[1][0];
[O]P” L 0 [O]I NMOS(1)[1][2][0];

PMOS(1)[1][31[2];
C(2)[2][0]; }

FIREZZE L7-CMOS inverter[a# inv() EIEE® codingffl
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Vl(t) Va(t)

Case (1) whentl <t<t3,

v2) =vdd { 1- exp(- (t-t1) /RC) }

V2(t2) =Vdd/2 =Vdd { 1 - exp ( - At1/RC) }

At1=(In2)RC ~ 0.69RC :

Case (2) when t3<t ,

V2(t) = Vdd exp(- (t-t3) /RC)

V2(t4) =Vdd/2 =Vdd exp (-

At2=(In2)RC ~ 0.69RC :

AJ1EZRIIZRClE

Vi) A

pMos(y) Va4
V3(t) 0
NMOS(2) b it
V2O A i

At2/RC)

B0 H B inverter

B inv() DA

TR
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vdd
Vin 2]

[1] Vout

~ define inv ()

{ input 1; output 2;

R1(1)[1][3]; 5
c1(1)[3][Vss];
25
PMOS(1)[3]1[vdd][4]; 5
NMOS(1)[3] [4][Vss];
R2(1)[4][2]; x

C2(1)[2][Vss]; }

ANmFDR

Vdd=5 volt, Vss= 0 volt, R1=C1=1; R2=C2=1; & L {s1EHL Tl \3.

4

V[3] ~

WW=VDD{ 1 - exp( - L )}

V[4] changes drastically
when V[3] ~ vdd/2.

£ L HAhirFD

t ww V(3] V(4] Vout= V[2]
+=0.000000 ¥i=0.000000 W3=0.000000 W4=5.000000 #5=5.000000
£=0.010000 WH=0.049751 W3=0.049503 W4=5.000000 W5=5.000000 KK=
£=0.020000 WH=0.093007 W3=0.098762 W4=5.000000 W5=5.000000 KK=
£=0.030000 WH=0.147772 W3=0.147530 W4=5.000000 W5=5.000000 KK=
£=0.040000 WH=0.196053 W3=0.195813 W4=5.000000 W5=5.000000 KK=
£=0.050000 WH=0.243853 W3=0.243615 W4=5.000000 W5=5.000000 KK=
t=0.060000 WH=0.291177 W3=0.290942 W4=5.000000 W5=5.000000 KK=
t=0.070000 WH=0. 33803 #3=0.337796 W4=4.999845 W5=5.000000 KK=
£=0.080000 WH=0.364416 W3=0.384187 Wd=4.999224 WH=4.999995 KK=
£=0.090000 WH=0.430344 W3=0.430116 W4=4.996126 WH=4.999963 KK=
£=0.100000 WH=0.475813 W3=0.470587 W4=4.996551 Wo=4.999957 KK=

R1C1
t=1.000000 WH=3.160603 W3=3.160511 W4=0.739869 Wh=3.932332 KK=6
1=2.000000 W=4.523324 W3=4.323290 W4=0.112828 W5=1.619269 KK-6
£3.000000 WH=4. 751065 W3=4. 751052 W4=0.033705 Wh=0.631494 KK=6
t=4.000000 Wi=4.908422 W3=4.908417 W4=0.012613 Wh=0.244784 KK=D
t=0.000000 W=4.966310 W3=4.966309 W4=0.004822 W5=0,094776 KK=5
16000000 Wi=4.987606 W3=4.987606 W4=0.001858 W5=0,036681 KK=5
t=7.000000 Wi=4.995441 W3=4.995440 W4=0.000718 Wh=0.014194 KK=5
£=8.000000 Wi=4.998323 W3=4.998323 W4=0.000278 Wh=0.005493 KK=4
£=9,000000 W=4.999385 W3=4.999353 W4=0.000107 W5=0,002125 KK=4
. t=10.00000 Wh=4.999773 W3=4.999773 W4=0.000042 W5=0.000822 KK=4

DMlFZ=ZEZRE L 7=inverter

i D 5 14

ST CTCTOTOTOT T
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vdd
inv( )
PMOS
Vin(t) Vout(t)
A B
/I y
NMOS dd/2

>t

M L ABEE DO CMOS inverter [EIE inv( ) TOERENME
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A Vout(t)

0 Va

Vv

Vdd
\ 4
Vin(t)

b Vdd

Vin(t) ‘ : Vout(t)

Y

Vin(t)

-

CMOS Schmitt Trigger inverter

P1
} P3 J_
P? O —
Vout(t)

O O

N2 Vdd
N3

N1

1

Al invSmt ( )




& 4-5-7(3)

CMOS Schmitt Trigger inverter

B invSmt ( ) DA

1B
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\

‘Inverter D{E=
A —DO— B 3B 3 B RSl (Delay

Time) [X ~5nsec.
— .

inv() BIREEFICOEIT-LD

ggmEEEg A —o—>o—>0>o— 7

inv() EIREEZZFHEDL(F TFreedbackL=H D,

paEs DD Doy 2

inv() BIEZBEH{EDLIT TFeedbackL=HD,
SW1 SW2

CMOS inverter chain% {& - =5 BB I& D )
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DCDL ( digital circuit description language ) ® & % coding

in2GateG () [BIEEDH HBDME

2
G=0 A=0 0O 0 O
G=0 A=1 0O 0 O
G=1 A=0 0 0 1
G=1 A=1 0 1 0

T2V E I
in2GateG ()

R = O O

16 IEFaD 2 ANhT ZIL[E

for G= 0 ~F
C D E F
o o o o 1 1 1 1 1 1 1 1
1 1.1 12 o o o o 1 1 1 1
o o 1 1 o o 1 1 O O 1 1
o 1. o 1 o 1 o 1 O 1 0 1
[OR( )' EXNOR( ) NAND( )
EXOR( )
NOR( ) in2Gate1( )=AND( )
5 in2Gate6( )=EXOR( )

% in2GateG( )

in2Gate7( )=OR( )
in2Gate8( )=NOR( )
in2Gate9( )=EXNOR( )
in2GateE( )=NAND( )

&M DCDL CodeEE




4-6-2
DCDL ( digital circuit description language ) @ X % coding

Vdd Vdd in2Gate1( )=AND( )

A B in2Gate6( )=EXOR( )
in2Gate7( )=OR( )
A in2Gate8( )=NOR( )
in2Gate9( )=EXNOR( )
G in2GateE( )=NAND( )
G A B
0 0 1
NAND( ) I :
1 0 1
1 1 0
C = Hidden Node
Memory ¥ERD if G=0, B=1;
HH5DTEIEE F G=1, B =inv(A)

2 A7 CMOS NAND Gate [E]#% NAND()® DCDL Code E#




4-6-3(1)

DCDL ( digital circuit description language ) ® X % coding £

Vdd

P3

N3

2 A CMOS NAND Gate

NAND( )*inv( )= AND( )

in2Gate1( )=AND( )
in2Gate6( )=EXOR( )
in2Gate7( )=OR( )
in2Gate8( )=NOR( )

in2Gate9( )=EXNOR( )
in2GateE( )=NAND( )

1
—_
"
r o

oo
"

& NAND( ) DCDL Code E£



4-6-3(2)
When VG=Vdd=high

SwitchN() EIDEE L

High=1 Low=0
A C

o o0 ? G When A=Vdd—high "ch_vdd-vth
0 1 2 .'!_I_I_'.‘ C=Vdd - Vth
1 0 0 p=—" —cC /

1 1 1 SwitchN () Pass MOS Transistor O3,

HARFCALICEY Z25HWL,

AND() BN EE CMOSEE D EfF I HEEHIEHGND & BEVAIOEE Tl 2 EEZE

G A C NAND()*inv()>AND()

= = 00
=R O RO
= O oo

AND()[E#% & SwitchN( ) [B]#& o krig
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CMOS NOR Gate [H® NOR()DEH




or() ‘A FDO—DO‘

NOR() inv() = OR()

P3 G A B C
0 0 1 0
¢ 0 1 0 1
1 0 0 1
1 1 0 1
if G=0, C=A ;
If G=1, C=1;

CMOS OR Gate [E]%& OR()DiEE




EXOR( )lz)D—

DCDL ( digital circuit description language ) ® & % coding

C= AND(Q) [ inv(1)[A], [G] ]

B=OR()[C,D]

B = OR(1) [ AND(1) [ inv(1)[A], [G] ],
AND(2) [ [A], inv(2)[G] ] ]

D = AND(2) [ [A], inv(2)[G] ]
inv(2)[G]

CMOS Exclusive OR Gate[E|E EXOR() D ES
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)
p
ve)

EXNOR() ")) Do

1 bit Data D—3K[a]EE G

= = O O
o = O
r o OB

DCDL ( digital circuit description language ) ® X % coding #l

CMOS Exclusive NOR Gate

B=O0R(1) [ C, D]

B = OR(1) [AND(1) [ A, G ],
AND(2)[ inv(1)[A], inv(2)[G]].

# EXNOR() DE
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128 bit JiE % ADD128()

D/ ]

C/1] Ccl127]

C/128/

128 bit INEEEE ADD128 () A4 X —L K
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Full Adder [ FAD( )

f = AND(1)] a, b/ ; =EXOR(1)/ a, b/ ;
Alm] = a (Dl a b] g (D)l b] e == C/m+1]/

Blm] == p h=ANDZ2}[g c] ;
d =P D/m]

C[m] . C e — OR(.Z)[f; h] ; d= EXOR(Z) [g; C] y

NNNLOOQOD
NNOoORKNOOQ
N QNQKRQKDQ
NNNQKNOQQ
NOOoONoNKNS |

Full Adder 138 FAD() OER




4-7-3
128 bit O E[EH SUB128()

D/ ]

c/1] C[127]

C[128]

128 bitO* ZH[EIEE SUB128 () O X —PK




4-7-4
128 bit ADDSUB128 () [5]8&

D[0] D[127]

AddSubFlag
C/0] =0 for ADD
C/0] =1 for SUB

c/o]

128

C/1] Cc/127

c

C/128]
FAD(127)

A[127]

T o= " g
. EEEEEERN K
Bl ]

128 bithniZ&EEiE ADDSUB128 () D4 X —P[K




4-7-4
128 bit ADDSUB128 () [5]8&

D[0] D[127]

AddSubFlag
C/0] =0 for ADD
C/0] =1 for SUB

c/o]

128

C/1] Cc/127

c

C/128]
FAD(127)

A[127]

T o= " g
. EEEEEERN K
Bl ]

128 bit Lb#k[EIEE Comparel28 () DM A —TK




4-6-7

()
p
v/

EXNOR() ")) Do

1 bit Data D—3K[a]EE G

H = O O
R o = O
r o O ¥

DCDL ( digital circuit description language ) ® & % coding #l

CMOS Exclusive NOR Gate

B =O0R(1) [ C, D]

B = OR(1) [AND(1) [ A, G ],
AND(2)[ inv(1)[A], inv(2)[G]].

# EXNOR() DE



128 bit Data —#[E]ES ComparelZ8( )

128
D/ ]
BlO]| Compare (0) B[127]| Compare (127) | 128
cloj=1 . -. — C[128]
m
— HEdataldiE I
128 bit L{_E
K[127 o
AL ] e B2zt pata %
128 N EBEC IE B8 5 5
EET XD
K[] HEE NN N — ﬁ/:!gg‘FﬁéO
128 JHE B,

Data Al ] & Key Data K[ ] —HKIEL S5 EEITT B /[6]55



1-6-2(1)

InControl(t
clock(t) )  OutControl(t)

Datain(t) Input Data Register Pataout(t)
Keyin(t) Key Register Keyout(t)

Maskin(t) M aSk Register Maskout(t)

Match 7
Yes or No ?

128 bit LLEFEIEE D EMEEDER

MatchFlag(t)




128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.

Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
- TR TRRAL F BB TE SRR, VIR B4 0, O K OFTOME 7Y Prof. C. A. Mead and Yoshiaki Daimon Hagiwara
128-8it Multicomparator working on the silicon chip design at Caltech in 1972
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in 1972-1973 and fabricated by Intel PMOS process.
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.2 (Power Line)

I

N

Address[ | = 1 | — Data01[ ]

DATAIN[ ] —| RAMO1( )

BEEAE

5]

— DataOZ[ ]

— Dataxx[ ]

Jiﬁﬂb (Ground)

DdataZ FLIEHRAE L T L5 RRiBER




1-5-19

&2 (Power Line)

. N
e | {—— Data01] |
Address[ | —> — DataOZ[ ]
ROMO1( ) .
— Dataxx[ ]

Jiﬁi‘lh (Ground)

A LERREEREEE ROMO1( )
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Datain 1 bit iC1E [0 i Dataout

RAM1bit( )

N
Write I [Read

1 bit 5889 3[R RAM1bit() B




1-5-21

Datain| | 128 bit 3R EE %
S —
128 Regl128( )

Dataout| ]

! D
128

Write I ]Read

—FAY12128 bit SEEZ R T B [0

% Regl28 () [E]3&




1-6-2(1)

InControl(t
clock(t) )  OutControl(t)

Datain(t) Input Data Register Pataout(t)
Keyin(t) Key Register Keyout(t)

Maskin(t) M aSk Register Maskout(t)

Match 7
Yes or No ?

128 bit LLEFEIEE D EMEEDER

MatchFlag(t)




1-6-2(2)

[ MatchFlag(t)

Datain(t) 128 bit

———p Data Comparator

Keyin(t : :
eyin( )I Shift Register

_ Maskint) | pCSR128( )

Dataout(t)
—_—

Kexout!t!

Maskout(t)
e —

cu<1(t)| |CLK2(t)

128 bit data H#k

=

i
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Datain[1] - Datatil | bk EIEES Dataoutt] »Dataout[1]
RAM1bit(1)

Wirite Read

Datain[2] = o e ] [ Lk » Dataout[2]
RAM1bit(2)

Regl28()

1 bit I2IREEE Datacut[128]

RAM1bit(128)

Datain[128] » Dataout[128]

Wrrite| | Read

Latch % 128 bit Register[E# Regl28()[EIE DMK
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Slave Register

Master Register

Datain[1] Dataout[1]
—fp  Datain[1] "'""““:::: (ottt} Dataout[1]

o =2
Datain[2] | - Dataout[2]

—r-  Datain[2] " S —_—

 Reg128(1)  iReg128(2)
Datain[128] - : : 11 : Dataout[128]
P Datain[128

ot 1] pen RN St ]

— Datain[128
Datacut[128] == [128}—— mammibatizs)

RegRW128( )

Data:ﬂﬂ"-'t
. .
MastertoSlave
FIE#A B ML RegRW128 () EEA
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Master Register Slave Register

Datain
- Datain[1]

[
—+Dataout[l] = patain[l] —— 8 | » ' \

Ly o

= Dataout([2] ==  Datain(2] - ' ’ |t \

L]

2 &
L} Datain[128

Dataout

— Dataout{128) ==  Datain[128]—

Datain/out

ShiftReg128( )

MastertoSlave

Latch®EC (&

B CHERR L7-128 bit Shift Register



1-6-6

~

kR T

\.

Encoder()_J

|

SRS ]
Decoder( )[E]§&
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ABOHSE

Display Device
Sensor Device
DSPO1( )
SSRO1( )

A/D ZE#amE| g FTo4)LEIRE D/A ZE o] g%
) DCTO001( ) DACO001( )

ADCO1(

7 YV NVEIR B R ORRIZEOME AN




128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.

Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976
- TR TRRAL F BB TE SRR, VIR B4 0, O K OFTOME 7Y Prof. C. A. Mead and Yoshiaki Daimon Hagiwara
128-8it Multicomparator working on the silicon chip design at Caltech in 1972
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in 1972-1973 and fabricated by Intel PMOS process.




128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976

CATA REGISTER

Fig. 1. Block diagram of multicomparator.



128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976

(a)
~ ﬁ
—f )
—] X
o, saTEma
AL r . . ) uw
E— ]
| — )
1
g#‘n
(b)

Fig. 2. Possible connections of multicomparator. (a) Cascaded. (b)
Bit-parallel, word-serial,



128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976

o TR o BT

*
AL
i %2
—nnn
:é‘r ‘, CYNAMIC STATIC DynamiC
(a) (®)

Fig. 3. Basic shift register cell. (a) Schematic. (b) Clock timing.

L™,

R e

(a) (®)
Fig. 4. Gated excrusive-NOR gate. (a) Schematic. (b) Truth table.

Vee



128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976

Voo
2
DATA
REGISTER
COMPARATOR
Voo
xEY &
REGISTER
b

Fig. 5. Full schematic of one bit slice of the multicomparator.



128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976

serial-in/serial-out fast 128 bit parallel data comparator chip
fabricated by Intel corporation p-channel E/D MOS fabrication line
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Fig. 6. Photomicrograph of multicomparator chip,



128-Bit Multicomparator Chip designed by Caltech Students and fabricated by Intel.
Ref: IEEE Journal of Solid State Circuits, VOL.SC11, No.4, October 1976

TABLE 1]

Parameter Performance®
Clock rate 0.0001-2 MHz
Dynamic supply current 25 mA
Static supply current 30 mA
Clock leakage current (@) 120 nA
Clock leakage current (¢3) 300 nA
Clock capacitance (¢,) 40 pF
Clock capacitance (¢3) 60 pF
Clock capacitance (¢3) 40 pF
Interclock capacitance 7 pF
Input capacitance 10 pF
Output capacitance 10 pF

e e e

AT est Conditions:
T=23C, V=5V, Ypp=-5YV,
VoL =+5V, Vopr =<5V, Vinput =05 V.
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Dr. Yoshiaki Hagiwara at Sony Caltech Graduate, 1975

Yoshiaki Hagiwara was born in Kyoto, Japan,
on July 4, 1948. He received the BS., MS,,
and Ph.D. degrees from the California Institute
of Technology, Pasadena, in 1971, 1972, and
1975, respectively.

Since 1967, he has served several research

A T groups in the Institute. He worked as a Data

Ny Processor in hydraulics from 1967 10 1963, en-
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gaging in the analysis of the pressure distribu-

tion of solitary waves, the influence of the

geological features of a harbor upon the in-
duced standing-wave amplitude in the harbor, and the diffusion mecha-
nism of polluted objects in moving fluids. From 1969 10 1971, he
worked as an Experimentalist in the Material Science Department and
studied the switching and other electronic properties of newly developed
amorphous alloys from the low temperature of 4 K 10 room tempera-
ture. From 1971 to 1975 he was a Rescarch and Teaching Assistant
both in the Electrical Engineering and Physics Departments at the Cal-
ifornia Institute of Technology. In the summer of 1971 and 1973, he
visited Sony Cerporation, Tokyo, Japan, as a Product-Appraisal Engi-
neer at the Atsui plant and engaged in developments and applications
of bipolar technologies in video and power integrated circuits. He is
presently with the Sony Corporation, Tokyo, Japan. His interests lie
in the areas of digital and linear integrated circuit designs, the physics
of microelectronics, and artificial intelligence.
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Yoshiaki Hagiwara was born
on July 4, 1948 in Kyoto Japan.
Graduated from Murasaki-no
Elementary School in 1958. Lady

| _;;j Murasaki Shikibu is very famous

as the writer of the story of Geniji.

.‘ Graduated from Rakusei Middle
4 High School in 1961. Moved to

Riverside-city in California USA in
1965 and graduated from Riverside

| City Polytechnique High School in
~ 1967. Lived in Pasadena California
~ since 1967 and received BS1971,

_ MS1972 and PhD1975 in Electrical

Sony Family Journal 2003 January Issue, No.142/Vol.27

Engineering and Physics from
California Institute of Technology
(Caltech) . Joined Sony on February

. 1975 till July 2008. Taught at Sojo
w University as a professor till 2017.

He is now serving for the ssis.or.jp.



Artificial Intelligent Partner System(AIPS) Home Page Top

hagiwara-yoshiaki@aiplab.com

Hello, my name is Yoshiaki Hagiwara. | am also called simply as Yoshi, and as Yoshiaki Daimon and also as Yoshiaki Daimon-Hagihara.
| believe that | am the true inventor of the digital camera with the mechanical shutter function capability, which is completely filmless
and free from mechanical parts. | worked at Sony from 1975 till 2008. My friends in Sony developed the digital camera in 1987. Sony is
now enjoying image sensor business. Image sensors are very important to realize Artificial Intelligent Al robots and self-driving cars.

‘

Evidence that Yoshiaki Hagiwara is the inventor

of Pinned Buried Photodiode with in-pixel overflow
Drain (VOD) function is given by the three basic
Japanese Patent Applications, JPA1975-127646,
JPA1975-127647 and JPA1975-134985.
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Hagiwara also invented the in in-pixel Overflow
Drain (OFD) Punch-thru Clocking Scheme to
realize the completely-mechanical-part-free
Electrical Shutter for digital cameras, opening
a way to realize our modern digital TV world.

Evidence that Yoshiaki Hagiwara is the inventor of
Electrical Shutter is given by the basic Japanese
Patent Applications, JPA1977-126885.

The first Double Junction Pinned Buried Photodiode

was developed by Hagiwara team at Sony in 1978.

The first Triple Junction Pinned Buried Photodiode

" with Electrical Shutter function was developed by
Hamazakiteam at Sony in 1987.

Yoshiaki Hagiwara joined Sony in Feb 1975 to build Artificial Intelligent Partner System(AIPS), which
includes Artificial Intelligent Robot System, Artificial Intelligent Self-Driving Car, and Artificial Intelligent
Vision Sensor System. His first work was developing the CCD image sensors. Hagiwara Team at Sony in
1989 developed 4M Cache SRAM for SNAPSHOT picture acquisition which opened a way to build the
digital camera system. Hagiwara is also the inventor of the electrical shutter of the digital camera system.
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