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Not division of stage division of stage

u3g bbbooobbbooodobobbouooabb

D0000000000000000000000 S,00
So =m* (3.1)

goond
gbogooo NODbOooboboobooboo s;go

2=

Sy = Nm (3.2)

good
.10 32000000000000000000O0O00O0O00O0O00O0O0O0OODOLOODO
gbouodgbogdgbodgbboobboobuogbobuodgobooobooboooboon
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goooobodobobdobooboobboobobooboobobooboobobon
gbobboogobbobuooogobboaon
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1 4[]

L

4.1 U0 bboobbtdbgtubodguogbon

gbobouboboobooouobboobboobooboboobobooobog
gooond

e 1 I0IDUIOOOOODODOODDO DIF(Instruction FetciIO O 0000 ) OID(Instruction
Decoded 0 00 000 )OEXE(EXEcutiond O O )OMEM(MEMory Accessd OO O
O000)0WB(Write BackD D OO O OO0)0 500000

e O DOODODOOODOODOO 16bit OO0

e J0I0OO0DDOUOODDDOOUDOOUODOOLUOOULDOOUDOO (DDODUDDOO
O00o00oooo)o

e RISCUOOUOUODLODOOODUOLD-ODDODLDOOODLObDOOO

e UUOOOOOODO

gogoboboodgbbb 410000

000000000000 00O0000000 (D000 DO0UDOD)0DO0bOObOOO
gboboggbboobbuoouooogobo41bboobboobbooobbood
b 420000
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'

Write Back

Program Counter |« mmmmm—
C-lag Pum——
H-flag <
\ /
Instruction Fetch Zero-flag e
: Q Carry-flag <
G A 4 register
Instruction Decode
N
\ ALU ( EXEcution) /
< = vy
Memory Access Cache
- >

clock

U 41: 000000000000 bbObOobOobobod
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041:00000000000000000@ODOOOOO 0.10 pwm)

ooooo 0000|0000 |0 O O |0 0
00 [ps] |00 [ps] | [ps] [m?]

IF 129.36 13.72 115.64 | 112.72

ID 26.63 22.65 3.98 111.36

EXE 418.93 | 50.04 368.90 | 535.70

MEM 151.25 | 29.43 121.82 | 245.13

WB 26.63 22.65 3.98 78.88

EXE MEM wWB

clock

IF ID EXE MEM WB

U42.00000000000000004d

gbobogbooboobobobuoboobobuobobuobbobobdg EXED
gdoooobooobbobbobbobobbbboooobuooboooonoo
Dobooobbood eEXEOooooooooboooooobbbooobboog
EXEOODDOOOOOOOoODO eXeddodooooooboobooboooooooo
godgbobdodbobbtobobdoodoudoodoooooooooooobo
gooobogobbobooobobbobooooboboobbobobDbobOob MEM
gobboodobbbbobooobbuoooobobboooobbboooan
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4.2 00O

gbboobobogboo olowm DO DbOODLOOODOLDOOODDOOOODOO
gobobboooobobooooobon

4.2.1 0UO0OOOO
gboooooobodd

ggboobbobbdobobobuooubodoboobbodoboooboobbo
gbooboboogbobobdoodg430000

ouT

LT [
I 1717

0 43: 00000

UOODRmODODOO0OOODLDODOOOOCcOUODODUOCgODODOODODDO
OO0OROODOOOOCIODODOOOOOOO0
goobboooobboboodg440000

N Ron R ouT

o—MWW M o
__Cd __c __Cg

© 1

U44. 0000000040

g44000bbodoodoboobbboobbooobbooobbobbibobo
god
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4.2.2 0O000OO0OO0O0O

gobooobg oi10pmUibbOobOobo0boboobbob 42000000000

gobooobooooon

0420000000000 @O0O0O0O0O0O 0.10 pm)

oogd o000 | oDooo |bbobob |joboboo |0 O
(time)[ps] | O O | (CA)[F] | (Ron)[kQ] | [um?]
(Cg)IfF]
inverter 0.88 0.78 0.095 4.88 2.09
delay buffer 1.75 0.78 0.190 9.75 4.18
NAND 1.79 0.70 0.103 5.30 2.55
NOR 3.87 0.70 0.105 5.39 2.55
EX-NOR 1.79 1.20 0.103 5.30 7.42
EX-OR 1.79 1.20 0.103 5.30 7.42

gobobooboodgoon

000000000000000000000 Ljpm|0000 w{pm|000000 t[um)]
0ooo

e DOOO (R
0000000000 p[Qun]00000000 p,[Q00000
P

=P 4.1
ps = (4.1)
000 Lwm]000000000000

L=0000000 x000 [grid] (4.2)

lgrid 0 0.10[pm] 00000000000 RIk)O

L
Rl =p, =~ 4.3
ps (4.3)

ooog
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e DODOO (C)

000000 Tom] 0000000 ,[F/m?08i0, 00000 e[F/m2 0000
00000000000 ColF/m? 00000

00000 S[pm? 00

000000000000 ClfF] O

goond

gogobooboobogbo430000

043: 0000000000 @O0O0O0O0O0O 0.10 pum)

_ Coxbo

Co= .
S=LXxuw
Cl=CoS

0000 RIkQ)

0.0009 x grid O

0000 CIfF]

0.00276 x grid O

4.3 UO0OOOO

(4.4)

(4.5)

(4.6)

ggbogobdodgbogbobooboobobouobbbbobboobuooboonboo
gboboboobboudoouobbooobobbon

4.3.1 0OU0OOOOO

gbobbbbobobobobbobooouoobobob20bbboobbbbdoodoad
gboogobobuogboogobbooobbooboboooobuogoboobbon
goodgbboodbodbbouobuoobboobodbooobooboobbon

god

0000000000000 0O000000D0000D0O (pair-linking method) O O
gbobobooboobbobubboobbobboobbooboobboobbon

gobobogood
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O000000ooO00o0o0o0ooooO0000ooooo0o0O0oooobooOoO0OOn
000000000 (pairwise interchange method) D000 0000000200000
O00000oOoooooOooOo0O0O00000oooOoOoO00000000bOOoOO0OO0OO0

OoooOo0oOoooooooobooObooono

1. 0100b0ooon

glbbodgoooubboioooobbuoooobboouooobboobdobbod
gboboooobbboooobbbouoobbboooobboooooboboobad
gbbooooobbboodobbbbuooodgbbogn

gboogbboobodobboobobobbuooooooobbobboobobbn
gbbooobbbbdoobobbooobbboooobbbboobbooboad
DDDDDDDDDDDDDDDDDDD%DDDD

2. 000000000000

. 0b0b0b0ogoooon

gbgbobbbobobboboobobbouoobobooboobabbon
gbbogoboboogobboboobboooobooobooooobobog
gbobobobbbbobbuooboboobooboboobouoboobobb

gogogbbooobbbooooubg2. b0 3. 0boboaf
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L 50

L

goooggob o1opmbgogbgoooobobogs1boibd

051:00000000000000000@ODOOOOO 0.10 wm)

sislslsls 0000|0000 |0 0O 0|0 0
00 [ps] | OO [ps] | [ps] [um?]

IF 129.36 13.72 115.64 112.72

ID 26.63 22.65 3.98 111.36

EXE 418.93 50.04 368.90 535.70

MEM 151.25 29.43 121.82 245.13

WB 26.63 22.65 3.98 78.88

goguobbobooooboooobobbboobd
gbobooggobooboobboobbooobod
oo00 MEMOODOOO

5.1 U0OUOOOU0OOO0OO

gogobbbooobobooooobbuooogsaranoan

121.82 0000000
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time[ps]

450 delay'differencetihe X
¥ minimum delay time
| | maximum delay time X |
400 | delay time range —
x X
350 [ | }
X | X
300 [ | } }
X | | * *
L I
250 } * } } } |
o | | X
S A
| I
IR S L
T T T T T
Ty T x
- ! * * | | | I
T T T T b
* } X >f I * I I I l ‘ l I l l
soF o o4 L | 4+ 4 4 | .
* *
X

0 L L L L L
0 2 4 6 8 10 12 14 16 18

outpin number

gsl:dboobobguoooouoobboooboobboooon

5.2 OUO0OOOOOOOOOOOO

Uboooo EXgE0oooooooo 3e8900boonooooobobuod MEM
goboboogobobo 121820000 obogoobbobooggs3spoboooan
gudbibr-040000000000000000000000000O000000O000
gooond

U0 eXptgbooboobooodoobooobboobboobbuoooobbonba
gogoboon

gobooggs2ibbogogbougbobobobbboooboogobs2buonon
gbobobobouodgobobuoooobbbuoooobbobodgs3bbibd
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052 0000000000000000OODOOOO (DODOOOOO

0.10 wm)

0000|0000 |0000 |0 0 0|0 0

O OO0 [ps] |00 [ps] | [ps] [um?]
00 EXE 418.93 | 50.04 368.90 535.70
0000000000 | EXE 47955 | 315.02 164.53 1902.56
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delay difference time(ps)

400

350

300 1

250

200

150

600

500

400

300

200

100

number of insert buffer

Us20bb0o0ogoboboadaobn

time[ps]

|
X*” * A
£2Ee x X :
m.w,v,r
sgas = X
£cEx
~EEQ ¥
-
SEEyg X
L * \\\\\\\\\\ VA 4
¥ X
L * \\\\\\\\\\ VA 4
¥ X
L * \\\\\\\\\\\ VA B
¥ X
L * \\\\\\\\\\ VA 4
¥ X
- * \\\\\\\\\\ X 4
¥ X
- * \\\\\\\\\\ X 4
¥——————— ] X
e o = % & = L % & & o
8 ¢ ¢ B 8 & § & 5 °©

18

16

14

12

10

outpin number

Us3:0b0000doboboaon
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5.3 UUOooooooooonod

Ubooo EXE0o00oobooob 36890 00b000bobooooobod MEM
goboboogobobo 121820000 obogoobbobooggs3spoboooan
gbobbooooobbbuoooobbbooooobbouuu 02030000

guooogouoooobbobbbbibooooooooobouoooooobobbnss3d
ggo

ggbob2b0b00uaabbbodooobbbbuoooob iguoaobbobog 2
good

053 00000000000000(COO0OOO0O 0.10 pwm)

0000|0000 |0000 |0 0 0|0 0

O 00 [ps] | OO [ps] | [ps] [km?]
00 EXE 418.93 50.04 368.90 535.70
0000000000 | EXE 479.55 315.02 164.53 1902.56
00000000 EXEL 216.15 31.29 184.86 202.01

EXE2 186.64 42.05 144.59 333.69

ggbbbooooobbbol1boooobb20od0bobbooobb 12180000
gbob 2000000000000 b00000bo0o00
gogodbbboboo2bbobooooobbbbboboooododob 5400 5.5

googo
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time [ps]

|
XHK| %X
geze %
828> %o X ]
s833
Mmmd *- X
SZg Koo
- * X
¥ X
X
e
KXo
- *\\\VA \\\\\\\ -
*-——XK-—— e
K——X———
*X-—+X
X+ X
- *\l. X 4
X X
K——X-——
K ——XK-—
X+ X
- *\\X\\\I -
*——X-—
K——-XK—
* ——X—
K—-X———
s . . ks -
& 5] 3 2 ©

20 25 30
outpin number

15

10

Us4: 000000 100000000O0O0O0O000O0

time [ps]

X+ |
’ox
o
SESS
zES
eEE *————— X——mmmm
- ¥ X
D S —
- X X
e
L * \\\\\\ X\l
¥+ X
- *
¥+ X
- *
*
- ¥+ X
*
R R IR

18

16

14

12

10

outpin number

U s5: 0o 20bbo0d0obbooooaon
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gbobobobbooboobo20bogobooobobooboonoboonoa

oo

5.3.1

gooobobooogooon

gbobgboobouoobobooboobboobooboobboobuooboboobobo

oooooobooobobob MEMDUOODOODOOODOO

121.8 0000000

gogobobbooi1gz20b0boogooboboboboobbbs4dnnno
ggbbouododobb <tbougobbbooobbboooboboooaoobbod

good

054 000000000000000000O((@ODOOOOO 0.10 wm)

0000|0000 |0000 |0 0 0|0 0

O OO0 [ps] |00 [ps] | [ps] [wm?]
000000 1 | EXEL 216.15 96.70 119.45 256.35
000000 2 | EXE2 186.64 | 67.15 119.48 354.59

gogoobbil1ggobobobodobboooobbobooob setgud
gboboooooobo200bgboboooooooooooooogs.rooon
gobz2000000b00b00000bboooobobsgibsounon
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delay difference time [ps]

180

160

140

120

100 1

80 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50

number of insert buffer

U s6: 000000 1000000b0bb0b00o0bobbboan

delay difference time [ps]

140

130 |

120

110

100

20

80 L L L L L L L L L
0 5 10 15 20 25 30 35 40 45 50

number of insert buffer

Os5700000020000000000000000000
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time [ps]

|
XK %X
°o ¥ X
gEEE N X
B FE S K X————— .
mmmm *- X
SEE *lxw_mlm
TE ——3
LAl ¥+ X
- * M
¥ X
*
e X-——
K X ——
- *\\\X \\\\\\\ 4
- X———
KX
¥+ X
¥+ X
L *\l. X 4
* X
¥
* X
¥ X
- *\\X\\\l 4
*——X—
S
*——-—
S
S S 3 s * o o
& ] 2 S 0

20 25 30
outpin number

15

10

Us8: 0ududblbobougobbooooaon

time [ps]

X
X

delay difference time

minimum delay time
maximum delay time

delay range

200

180

160

140

120

100

80 I

60

14 16 18
outpin number

12

10

U059 0000dbo20b0bo000bbooggoon
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5.3.2 U0O0O0OO0OOOODOOO

0000000000000 00000000O0OODOOo0DUooOO(Dboooooo

0)OoOoOooooooooooood
gogobobbooi1g20b0b00oobboboboobbobossdbnbod

055 0000000000000 0O0O0OO(COOOOO0O 0.10 pwm)

0000|0000 |0000 |0 0 0|0 0

O OO0 [ps] | OO [ps] | [ps] [pm?]
0000001 | EXEL 217.14 195.33 21.81 607.47
000000 2 | EXE2 186.64 157.01 29.63 651.37

gdoddbiligogoobbbobbboboobobbbobbbooogg siobooog
gbob200000b0b0b00000boobooobobobsitobuooaogo
gogb200000bobooooobbooooobbboogsi2ddsi3g0an
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0

0

delay difference time [ps]

200

180 I

160 [

140 1

120

100 [

80 [

60 I

40

20 L L L L L L L L I
0 10 20 30 40 50 60 70 80 90 100

number of insert buffer

510 DO bObOO10000bbbbooobbbooodn

delay difference time [ps]

160

140

120

100

80

60

40

20

number of insert buffer

5. 11: bbb boO 2000000000400 bb0bOo0o0oon
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times [ps]

250 ' ' ' ' delay difference time X
minimum delay time
maximum delay time 2
¥ ¥ delay range -
|
200 [ | l ¥ 1
|
*

150 [ * | 1

|

|

*
100 [ 1
* * %
* x| l
*xExXx¥ x¥ T x !
sor * ¥ BF i
* |
XX XX  Kx X % X X X
X X *
KX X XXX XXX XX * x x> X, X
0 5 10 15 20 25 30

outpin number

U sl12. 0000bol1uoo0oboboobobbodn

time [ps]
200 I ' ' ' ' ) delay difference time X
¥ minimum delay time
180 | maximum delay ime % ]
| delay range -
|
160 [ | J
140 [ * ]
|
120 ¥ \ 1
|
|
100 [ ]
| | | | |
gor \ | | Lo 1
| | |
60 ]
40K * ¥ * J
| | |
X + % % + x + X X X X X X
20 F X X i
X X X 2 x
0 1 N N 1 1 1 N 1
0 2 4 6 8 10 12 14 16 18

outpin number

U s13: 00dbbbto20000bbuobobbbodn
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] el

L

gsbugbbougbbuogbbogbboobuobobuobobuoonoboonbbo
gboobogoboodd

6.1 UOOOoon

gbobogbboobbooobbobooboobooobboboobboobobo
gboboboooobobbuooouob el n=4000000000000000
gbbbooogobbbotoe20bdldn=23000000000000000000
gbobobogge3buoood

ggbbboobobbbooobbuooobbbboodbe4bbbbOo0O0obboOn
goboesdngn

gogoboboboodbobbuoooobbbooobobooooobesbbbnbod
oboobobooooobobogergbnDO
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061 000000000000000ODOO0(OOODO)

00000 |0000 |0000 |0 O OO0 0
00 [ps] |00 [ps] | [ps] [um?]

IF 129.36 13.72 115.64 112.72

D 26.63 22.65 3.98 111.36

EXE 418.93 50.04 368.90 535.70

MEM 151.25 29.43 121.82 245.13

WB 26.63 22.65 3.98 78.88

000 1158

00 9241.79

062 0000000000000O0O0O00 (00D O0DOODOOOODODOOOOOD)

00000 |000O0|0000 |0 O 0|0 0
OO0 [ps] | OO [ps] | [ps] [um?]

IF 129.36 13.72 115.64 112.72

D 26.63 92.65 3.98 111.36

EXE 479.55 315.02 164.53 1902.56

MEM 151.25 29.43 121.82 945.13

WB 26.63 22.65 3.98 78.88

000 1158

00 3608.65

41




063 00000000000000000(000000000000000000
noooo)

00000 |0000 |0000 |0 O OO0 0
00 [ps] |00 [ps] | [ps] [um?]
IF 129.36 13.72 115.64 112.72
ID 26.63 22.65 3.98 111.36
EXE1 216.15 96.70 119.45 256.35
EXE2 186.64 67.15 119.48 354.59
MEM 151.25 29.43 121.82 245.13
WB 26.63 22.65 3.98 78.88
000 1391.68
0o 2550.71

Ue64: 00000000O0OOOOOODOO

oo godo|jogbobdoo |obobobao
gob | 0oo0gg|gogn U
U U
gooo ) 1 188 2512
gogoooog |5 1 508 4460
goo
gooogog |6 2 188 1322
HEN
gooogog |6 2 208 1382
googoobn
0
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Ues 0boogoobbooooon

000 |0 0 0|000000 |000000 |1MHzOOCO
000 |0000 |000000 | [uW] 0000 [nW]
0 000 0 [uW]
0000 5 188 387.80 2064.42 867.40
0oooooo |5 508 4386.35 8655.12 1428.24
000
oooooo|s 188 754.41 4502.79 972.52
00
DooooOo |6 208 1625.52 8272.20 1007.58
0Doooooo
0
066: 000000000
D0000D0 |000000 |00000 0000
000 000000
0000 1.00 1.00 1.00 1.00
0000000 | 2.55 3.56 1.61 1.78
0
000000 | 1.9 1.00 1.10 0.53
00
0000000 | 3.45 1.14 1.14 0.55
000
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Ue70000000

goooobo |jobbooogob |joobbbd | 1MHzODODO
goo gooogod g goooo
EEN

gooo 1.00 1.00 1.00 1.00

gooooog | 2.55 11.31 4.19 1.65

0

gooooo |1.95 1.95 2.18 1.12

HEN

goooogg | 3.45 4.19 4.01 1.16

goo

gogboboogbbbbooobbuooogbbuooooooboooonboD 2850
gbobbbbbooodobbobobuouoooooobbod 320bb0boooaan
gbooogbo ssedbuboboboounbog lelbiguonooobooonoan
gobobodd 419001 MHz ODOOOOOOO 165 0000000000000
gbobooboobbobbooboobbbbooboodoboggobbobobobobon
gobobooooobb 12120000 00dbouoggaoboooon

ggbooobboobbbobbbbbbbbbbbbbobbbbooooaaadd
s450000pobbobbuooobboobbobbooobblo 400004000
20600000 2000000000b000bO00obobbooobbbOoobon
gboboodgbbbooobb 140bogoobbbouobobb 1o00bboon
goodbbd r4bogobbbobdobodboboobdudnb 401001 MHzO
gboodgob l1ebuooodbbooobobbuoooobbooonooboboon
b 1gbodbeddbuogbbobobuooobuooboboobooooboboobobon
gobbboodgobbboodoobobbbbooodobbbooooobbobn

gogboboogdaob s3i1gbbougboboooobbooooobboboobod
gbudgbboodboobbobboobuoobobodobboobboobooobon
gbogobodbboobuodooooooboboobboobuoooboobbon
goobooooobd

gbbogobobobobodbobudbuoobbobobuoobbuooooboobbo
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gboboguodgbbooobboboooobbbooo .sgbobooooboooaon
gboboboogbobobbodoggoboessubbboooooouooon
ggboobbgobuoogboboobbuooboboobooboboboboonbobo
gbobboodgbbbbooodbbboodgbbbodaon
gbobobobboobbooboobobbobobboobobooboonoobg
gbobobobobbbbuooodobbooogobobon
gbbogobobbbogbuooobooboobboobuoobbuooboobobo
gbooggobuooooboooboboboobbboboobbooboobobooboboogd
gobboodbbbooobbbood 13 bbbuoooboouoobbobodn
oooodbgb o320bp0bdb o.mrobouobobobuobbooobobuong
oboobooob o3rudubobooobuooboo 090 U0IMA-O00000D00
oo o7iboboobbbobo0oooboobuoboboobboboobuoobuobLbobo
gboobbobuoooodgoobbobogo 1bbbboooooobbbbobood
goocuobuoubobboobboobobouobobbuoobobdobuoogoban
ggboobodbogoboobuoobbuoobboobboobuoobboonobo
obobooooobooboboobooboboboobobbobOoo 10D O
goboooobogoobbooooobobobbb 4bobogo 1300boan
guobouoggdgbbooobbbboodobbbooodobb 215 0000bbb0oaf
1840 01IMHA:O0D00D000000 104000000000D0ODDODDODOOODODO
gbuodgbbouodbouobooboobboobbuoobodboobbooboobbon
gbbogogobboogbobouooobbooobboob 200000000000
goobboooobboboooobobboooobooon
ggdduooooooooobbobbbbbbbbbobbobbooogauagg
gogbdgbuogobuogobogooobooooooobooboooboooobon
gboudgobodbogobuooboooobbooobbooboooboobbon
goboboooobbobuoooobboooooboon
gbbogobbooubuodguoobbobbobooboobooboboobbobobo
gbooggobodbogbbuoobobooboobboobobboobuooobad
goboboooobd
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6.2 UOOOOOOO

c.10goooubboooguooboboboob MEMOOOOOODO 121.800
gbobooggboubooobooboboobboobooooobog 14500000
gbodogobouogoboobobobboobbbobboobooobooobbooon
gbbuogobbooobuooobbb 48 bugbli4egobbooobbogn
gbogobuoduoguooobuooboooboobooboobuoooboobbon
gbobobooobobbbooodoboobob

gbobooobgobuodgboogboobooobobbooboboobbooonog
gbobbbodgobbboooobbbuooodonoo

gogooobbbobbobuobibobboodogoooooobobbooooogad
gbobooooobobbogoboogobbbooooboooobboboooboobooon
gobooboboobobbboobuooobuoobbooboobboobbon
gogooobodoobbogbboobbooooboboboboobboobobon
gbobouobbobobbbuoooobbouoooobobougnon

gbobogbbogobougbogbboobboogbooobouogoooooooda
gbuooobobbooubbobboobbobuodooboobooboboboobbod
gobbooogbobooooobon
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1 70

L

gbbogboobuoboobobobobbouobbobobobbobboobodgg
gbogbuodgoboggbbobooobuooboboob oo boooboobbon
gboboboobboobbuoboobboobboboobboobboobobod
goodgboodbodgbboboboobuogobuooobbobbooboobbon
gboboboobbobbbuooobbn
g20b00dooooobbobouotoodguuogouoobbooodogooogg
gbogudoodgbboobobbboobuoboobboobboobobooboon
gbouogobouoobobooooobuooboobboobooboboooobobon
googoboboubbdoboooobboobobobbooboooboobbon
gbobooboobbobobbuoobobbuoobbuoobbuodgbooobboagon
gobgbbbbobobooobodoobooobobboboobboobbonoon
gbgbogbbuogabugbbdobobboobuoobobboobboobbod
gobdboodgobbboogdboboooooboboboobbooo
gs3bogbdgz2gbuogdgbobouboboouogobboobboabbodobd
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