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A Signal Flow Direction Determination Algorithm for MOS LSI

MoOTOTAKA KURIBAYASHI,t MASAAKI YAMADA, HIDEKI TAKEUCHI,!
JUNICHI TSUJIMOTO,' YASUHIRO TONOOKA'tt
and KENTAROU KUROIWAft

This paper describes an efficient signal flow determination algorithm for MOS transistor
circuits based on fundamental idea of signal flow direction. The false path problem at the
transistor level is closely related to the problem of determining transistor signal flow. The
proposed algorithm greatly contributes to solving such problems. According to experimen-
tal results, the algorithm can successfully determine signal flow direction for almost 100%
of transistors. Such a high percentage of signal flow determination not only contributes to
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eliminating false paths, but also reduces the running time for timing analysis.
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Fig.1 Crystal’s control of signal flow direction.
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Fig.2 Definition of signal flow direction on a transistor.
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Fig.4 An example that a node takes both Non-Z
property and Not-Non-Z property.
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Fig.5 A signal flows from a Non-Z property node to
a Not-Non-Z property node.
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Fig.6 Fundamental rules determining a signal flow
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Fig.7 Example of applying fundamental rules.
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| Apply fundamental rules

as the direction of signal flow in
this Tr. already been determined
NO
Non-Z procedure(X,Y,L) | (S4)
INon-Z procedure(Y,X,L) S5

(S2)

(S3)

(S6)
X has Non-Z property Set signal flow: |
Y s from X to Y.
Not-Non-Z property? .
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NO SN
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and Y has Non-Z property? from Y to X.
NO
(58)

Output message " cannot determine
signal flow direction."

NO r~Have all Tr.s
been processed
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8 FEHohsHHERETETVIT XL
Fig.8 Algorithm determing signal flow direction.

NTWw5b. Maxlevel & K& 75 & BB D2
50T, MERELESOHEMREROMN L —F 47
W5 TK A,
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F X %% Non-Z M % F 072/ —F Tdh 5%, Not-
Non-Z M2 W72/ —F THE % ETAETH
5. ¥, (557 -F»HN OFF LT3 | DR
EDEAQE, FIUIYRIYDESTIR, Fu—n
Wi B E T 5. Non-Z-pro(X,Y level) it, #DOHT
FT N —F ¥ is-All-off(T, X level) Z I — N LT\ 5,
is-All-off(T, X level) 1, FIRMLMEEITISDOT
b, FIUVIRIDESTHL 1DOFTOMIUY
AZEMYBELT, #DOFF YV AFH OFF LTw
B, FREIBGHAO ) — P HI-Z TH B0 %
5. bIUTVAYDOERT ORMIZ, BROLUEERE
T12F28->TC, ZRED12ODFFY I A¥ TTH
_HN b,

BT, B9 Z%Evy, Non-Z-pro(X,Y level) DULEE%
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Q: Assumption Queue
T: Set of Transistor

Non-Z-proc(X,Y,level)

{
(step-1)
if("X is VDD or VSS or primary-input or primary-output")
return "X is Non-Z property node”;

(step-2)
if( level > Max_level)
retrun "X is Not-Non-Z property node”;

(step-3)
T <-- All tr.s connecting X via channel, except tr. between X and Y;

(step-4)
if(is-All-off(T, X level))
return "X is Not-Non-Z property node";
else
return "X is Non-Z property node";
}

is-All-off(T, X level)
{

if(T is empty) return true; (step-a)
Remove a transistor Ti from T;(step-b)
Add assumption "Ti is off" to Q; (step-c)

if( any inconsistency in Q){ (step-d)
remove assumption "Ti is off" from Q;(step-¢)

if(Non-Z-pro(the other S/D node of Ti, X level+1)
== "Non-Z property node") (step-f)
return false; (step-g)
else
return is-All-off(T, X level); (step-h)
}

else
return is-All-off(T, X level); (step-i)

B89 Non-Z-procedure(X,Y,LEVEL)
Fig.9 Non-Z-procedure(X,Y,LEVEL).
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J—=F] LEORYMELRL TREE#HTT 5, step-2
T3, BEOFERSPRAELZB2 L, WHEEZ PETL
T,[/—F X & Not-Non-Z M TH 5| 2RHVIEL
LT, ZONEILIFT A, step-3TlE, /—F XIZ
F ¥ AVTEBRTLTRTOI IV IV AZ 2RO,
EFNLR YT VAYOEETIZANS. TITH,
IHDXEYEYV-AXA-FLAVIZEDYF VYIRS
A 5.

step-4 T, FIVIRIDEESTE, /-FXE
BEROBEX level VTV —F ¥ is-All-off 1252 5.
EVNGUTRAID1ID1IDIIDONVT, FDMIF VTV A
ZHEOFF LTwWad, HH0E X LRxlo/ —F
PHI-ZIZRY ) EPRIESNE. ZOFTNV—F>

MOS LSI DEEZDHN 5 FREHFETSHTIVT ) X 4 1693

A% “rue” ZHREIE, [/ —F X 1t Not-Non-Z #i%
T/ —=FTHbH] &EL, “false” 2 BEEE, [/ —
F X I3 Non-Z B2 W U072 /) —FThH b ] 2K
BIF, ¥ 7V —FV is-All-off(T,X level) DALFEZ
9 It THMBHT A, step-aTlE, PFVYIR¥
DEE T HBENE ) PRR, 2THIUT “rue” ZiK
T. step-bTid, FPIVIRAYDEEQLL1DOD
FIUYYAS T (XRAF) 2B EL CHIRS 5.
step-c TiX, [TiA off| & V) IREEZEA QBT
%. step-d Tid, REDES QOHIZEWVIZFET S
bODVH B ERE. FEFHIUL, step-e T, %k
I QICANTAEE QLB BR <. step-f Ti&, b
FGUYVARITIO)—F X edllov—X/F LA
> J —F % Non-Z $MD 7 — K T %% Not-Non-Z
B0 ) —FTH 5P EFARS7:DIZ Non-Z-proc &
aA—VT5h ZDE Elevel iX, 1 DA level+1 A7
35IEUCESIN S, ZOFKER, Non-Zf¥ED ./ —F T
HHERINTELDL, step-g T “false” BT,
12, Not-Non-Z M/ —FThHhHrLBEEINTEL
5, step-i DMIIZIT . step-i Tik, ZDH TN —
FYDAHIDE ED T T A5 DEST OEFEHDS
1DWo/EE T % is-All-off I25-2 THIRMIZa—
VA, iz, step-d T QIFBILVBEILH, &
DR TN—F DAIIDED S TV AT DEATD
BEEYN 1 OB HEE T % is-All-off 1252 THIR
BT —t 5.

101X, Non-Z FHEV R EH SN 5 B EEH)
THhb. INO~IN3 X, 7594~ —ADTH5S. 00
~03ik, 774 —HHTHB. S0~S2 13, &
L2 VR ITHTI94~< ) —ANTH 5. T1~T24
X, NMOS b5V VA5 TH A, IVIO~IVI3, IVOOD
~IVO3, IVSO~IVS3iE, 1 ¥ /N\—¥—Tdh 5.
BEOWNLFAMERET ST VT ) X LERT
M8 NDAF v S1RAF YT 23T, PS5
VA5 TYDEFOHRN D HMEIL, N6 - N7 2> N7
S N6 DPHRETER V., L2 > T, E10(a) DR
TRENZZI10 - N1 - Tl - N2 - T4 - N7 —
T9 — N6 — T10 — N11 — T15 — N10 — T16 —
N15 — T23 — N16 — 03 £\ ) /RADL K=} &
NEH. ZONRRE, 7+—IVAISADEH AL, vSUY
A% T9 %N BEFDOHMEHE, N7 - N6 &% >T
WhEE, FI YV AY TI5 2 RN AESOHE
N11 5> N10 & o TWAEFE-TWVAS,

Non-Z FEZ Aivhud, B 10(b) D& RIEL W3
AWRDOND. Thbh, 5k, VIV ASTI
EEFENBEFOHANE, /—FN6— /—F N7 &
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10 Non-Z procedure 2* &M &M & 2 —Hl barrel
shifter
Fig.10 The Non-Z procedure determined effectively
signal flow direction in a barrel shifter.

{2

WETED, 7, FIUTYAYTIS LN bES
DM, /—=F N0 —» /—F N1l LREEN 5.
DX HIZLT, Non-Z FEXHiUE, B 10(b)ic
BRTRTEI%, 105 N1 > T1 - N2> T4 >
N7 = T12 5 N12 =5 02 L WH TEL WIS ANKD 5
nas.

UTF, —Bl&LT, b5V AY T LEHNLE
FEOHMIL, N6 - NT~NTHLILERT. 20D
2, J—F N6 PSP A% T9IZHEL T Non-Z
BHEHFOZ/ —FThHY, /J-FNIHFFITUPR
¥ T9 IZBL T Not-Non-Z M %2 WU 72/ —F T
BT EEREIT I,

¥, J—FN6AFT> I A% TIIZEL T Non-
ZHMERO /2 ) —FTH A BTV, + 5
YTV AY T9IZEL T Non-Z-proc(N6,N7,1) % & H
T3, HELFPY LT 52012, K9 IWRLA—
#x#) % Non-Z-proc & —ExFIEd% & LT W EsS
HBHOTEERE W, KENFANLNLEY] QA
ED L HTEL T HERLZOHFR 11 (a-1)~
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(a-8) THBH. /2, IV TAF TIIZHL T Non-
Z-procedure(N7,N6,1) # @& ¥ 5. EBF QAL DX
IZELL T P ERRL 7205 11 (b-1)~(b-3)
TH5.

9, J-FN6ICERTAIN IV IRAZLLTT?,
T7, TIO &IN5, 9, [T24° OFF, T4bb
S2 A LOW] L) IREFEF QAL S, Kk
12, [T7% OFF, ¥7%bbH S24HIGH] &I RE
AEMEN B, RIZ,[T10 2% OFF, T%bbH S1H°
LOW]| b wIifRENANO N B, ZDREZRL 2
OF, M1l (a-1) TH 5. BH QIC A>T AREN
HEWEFBLRWPRIET 5. 202, T2 55 OFF,
Tbb S22 LOW] &,[T72°OFF, ¥4 bb S2
WHIGH] IZFEL TWAI EXNGh5D.

R, T2/ —F X LMD/ —FA HI-Z] &
W REREF Q AN B, Rz, [T7 % OFF, ¥
Zhbb S2HHIGH] & W HRENEMESN S, XkIT,
[T10 %% OFF, $7%bH S1H LOW] & v IRED
ANbns. ZOREY, H11(a-2) TH5. BFQ
WA TVAREILFERZ WHPRIET 5. Z0OE,
T2/ —F N6 L xllo ) —FA HI-Z] 2% 5
e, T2/ —=F N6 LMl —FiE, £~
W= —IVIO OB ATH Y, Hi-Z Zid% h 2 &\,
ZIT, FEVEL .

LITREI#&IC L T, Non-Z-procedure |25 - THLE %
EOHTWE, B11(a-3)~(a-8) BB5R 5B, Th
T, $TRTCOREDSARLN, FROITRCFET
LI EBDNL, PEdrs, J7-FN6HKNIFTVTI R
% T9 2L T Non-Z MW 72/ —~FTh b &
VI RERIELNS.

RiZ, J=FNTHEFSUY A% TYIZEL T Not-
Non-Z B2 H7: ) —FTHarZ L z8EL, bS5V
T A% T9 2L T Non-Z-proc(N7,N6,1) % EH
5. RES AN OGN HEF] QHE D L HICEL Tw
 ERL 20N 11 (b-1)~(b-3) TH 5. K11 (b-
1) £ B 11 (b-2) &, EF) Q NDIREIZFEV S 5.
B 11 (b-3) DFHER, FETHREIFEL R\, F
7z, {5 [ T4 is OFF, i.e. Gate of T4 is LOW ] i,
T4D7—F ) —=FiE, 754<Y)—A4>F vk S1H
LOW THAZ LICfFEDnWT w5, F7-48%E [T12
is OFF, i.e. Gate of T12 is LOW ] 1, T12 »% — b
J=Fix, 754V =47 v SONLOW T
LT EIfFEDVWT WA, ERE20DRELRE [N8
of T11 is Hi-Z] LI FEL v, Dlkds, /—F
N72F72 I A% T9 2L T Not-Non-Z $M %
V) —FThr VI BEENEBLNS,



Vol. 40 No. 4 MOS LSI DEBDFN 2 FAEFHRETHTIIT Y X 4 1695
“1"is inconsistent with 2" "1" is impossible "2" is impossible "1"and "2" are impossible
3| T10is OFF 3| TI0is OFF 3| TI0is OFF 3| T10is OFF
2| T7is OFF 2| T7is OFF 2INSof TTisHi-Z) 13 IN5 of T7 is Hi-Z
1| T2is OFF INlof T2isHiz| |1| T2isOFF 1 N1 of T2 is Hi-Z
(a-1) (a-2) (a-3) (a-4)
"1" is inconsistent with "2* 1" is impossible "2"is imrossible "1" and"2" are impossible
3 NILof T10is Hi-Z 3 [NLLof T10 is Hi-Z 3 NILof TI0is Hi-Z 3 IN11of TI0is Hi-Z
2| T7is OFF 2| T7is OFF 2 N5 of T7 is Hi-Z 2 N5 of T7 is Hi-Z
1| T2is OFF IN1of T2isHi-z| |1| T2isOFF INI of T2is Hi-Z
(@9) (a-6) (a-7) (a-8)
" gnd 3"
" is inconsistent with "3" "1"is imPossible is possible
3 [T12is OFFieGate of TI2isLOW) |3 |Ti2is OFFie.Gate of TI2isLOW |3 [F12is OFFi.c.Gate of TI2is LOW|
2 Ti1is OFFieGateof TI1isLOW| |2 [Tilis OFFieGateof TI1isLOW [2| N8of T1lis Hi-Z
1| T4 is OFFi.¢.Gate of T4 is LOW 1| N4of T2is Hi-Z 1 | T4 is OFFi.c.Gate of T4 is LOW
(b-1) (b-2) ®-3)
H11 EHQ D#fE
Fig.11 Operation of array Q.
_ 7'tk v ¥ R10000 DESTEE (CMP, CSA, CSV)
5. FHEREROLE

BEORNZFHMERETDITNTVALE RS
TFTAVIIA IV TN U 54 STANT ICEEL
72. 32MIPS ® RISC 7— 27 A5 —¥ a2 HWT,
WL ML, 72 AF—Tavid, 192 AHN
AMDEAEY L 400 AT NAMDAT v T hFoT
w5,

R A > Mk, UTFD3HTH5B. Non-Z FiE
WZhdh B35 X—4% Maxlevel 1, 1IZERELTE
FL 7.

o NI UTVRAIDEFOWRN S HHDHERRER

(%)

o JLERRRY

e HAENIBEIOERDZ YT 4 HNISAIZT 4 —
WRAINABEIET BHE ) D

FEHICHWFT—FiE, hOY T —FF0F v —D
< A4 707k yt—o barrel shifter &, ¥ v+ D
) v 7P BT INE S (adder8) &, RISCwA 21

EH5000 TV A OEEKE 10000 T TR
YORIBTH 5.

F£1id, Non-Z FEFNF VI RAIDEFTOHRN
5HMEREL 2R LT, (S1) and (52) DML,
3 BTHRZAEEFORN D FRERET 2MNHEDH b
B0 2o, Thbh, By oREOFHE (S1)
EEERMLELV-VOBH (82) TkFoALFSUY IR
Y ¥ % RY. Non-Z DL, Non-Z FEIHREL 72
NS YT R EBEIRT.

Non-Z Fikix, barrel shifter ? 2222 b 5 T A%
DILIUEO TV IR DEBOHRN DL FRE
WELAZZEERYT. L, By — T 0REBOF)
HEERHLNV—NVTHRE-72 188D TV VA
yeEb¥Es L 100% DiEFOFHNEREL/ZZ LI
%%, %7, Non-Z F#:ld, ¥— ¥ I2ADD Tid 94
fil, 5—% 5K-Tr. Ti& 254 8, ¥—% 10K-Tr. Tid
514 HD N 7V Y A5 DEEFOTN B FHEFREL T
w5,
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#1 Non-Z procedure EBDHN L FaEFREL TV Y
A5
Table 1 Numbers of transistors which signal flow
direction were determined by Non-Z procedure.

Circuit Ftr. (S1) and (S2) | Non-Z
barrel shifter 2222 1888 334
I2ADD 1938 1844 94
adder8 270 270 0
CMP 58 58 0
CSA 168 160 4
CsSvV 26 25 0
5K-Tr. 5370 5116 254
10K-Tr. 10830 10316 514

#2 FEoWhshazREL xR (FRy -V e D)
Table 2 Ratios of transistors which signal flow direction
were determined (Comparison with a commercial
tool).

Circuit # Tr. | STANT (%) | commercial (%)
barrel shifter | 2222 100.00 100.00
adder8 270 100.00 100.00
CMP 58 96.55 86.21
CSA 168 97.62 77.38
Csv 26 100.00 84.62
I2ADD 1938 96.70 93.09
5K-Tr. 5370 100.00 90.35
10K-Tr. 10830 100.00 90.42

F2 13, EHoWnsFAFEERESNALZ
VIYVRYBOEE, HRY -V ERBL ERE
R, FEHLATERY Vi, ~fr7a7aky -
DI AIVITRECTLLAFEDRNELDTH B, &
DY=NE, FPIVIAILNVTERTHIEHT
5L, ¥yvvakbltorrusEiragt oy
ZCHLTRT Iy 7Ry 7 ZELCHITT AL D
T&5.

STANT iZ, 1#Z 100% + T Y A5 DEF DI
NABFRMZREL TW5, —F, T — Vit barrel
shifter # HEI T A IV BINT A ENTE LR Do
7o, FOEHEIZ, P IV I AIDEFTORNEFEE
WETELZWOTHAH. B, HRY—VIZZ,
BOWND FMEAFTHRET ABELFo-TVWD.
WY — v b Z OH#EE% 2 1T barrel shifter % 4T
WTE.

®31, BHOHENLFME BEWETE R o7
NOUYURAYERE, CEK11) L HBRL R ETRT.
Xk 11) 1, P IV ASOEFOWHN LAY 2K
FEOMBTHREL TWh, ¥, structure-based &
MHEN BB TIE, 77 7HRICEDIKT VT Y XA
TRET H. RIZ, bL structure-based TIHHEH H

Apr. 1999

£33 EBOHRNZFNERECELP oA FV IV RIEK (X
B 11) L D ER)
Table 3 Numbers of transistors which signal flow direction
were not determined (Comparison with Ref.11)).

Circuit | # Tr.

STANT | 11)

CVSL 29 2 11-0
FF 10 0 220
SHIFT 56 0 16 —» 0

4 CPURKMOLE (STANT L HlY —V)
Table 4 Comparison of CPU Time with STANT and
Commercial tool.

Circuit | #transistor | STANT (sec) |commercial (sec)
adder8 270 0.4 14.4

CMP 58 0.2 10.2

CSA 168 0.4 12.8

CSsVv 26 0.1 10.8
I2ADD 1938 15.4 33.9
5K-Tr. 5370 22.8 287.7
10K-Tr. 10830 87.8 801.1

ETERWVE T VA HNE, rule-based & T
NHMBTREIND., K3 ITBWT, X 11) D
ML, structure-based DM TRFEL %L o72 M T
YIUASHE, RREE RO TV ATITHRHLT
rule-based FIHIN THRETEL o TV VR Y
BERT.

P AWz BRI, STER 10) ICEBEB SR TWA D
DTHAH. CVSL id, Cascade voltage switch logic
(=% 312) TH 5. FF X, CMOS positive-level-
sensitive D latch (v*—3 19) T& 4. SHIFT i,
Array shifter using transmission gates (~X—3 561)
Thb.

STANT X, B CVSLT2O ISV T A5 D
BEORNDFAERET AW TERP o7z, [
% FF L H#% SHIFT ¥, $XTHOFFVIAFD
BEOWN A HF A RETEL. —F, Xk 11) D
structure-based ETRETE LD o7 F VT A
%%, CVSL #1118, FF 2% 2 fd, SHIFT %° 16 f&
Thotz. LoL, £DHICHES rule-based LHETIZ
TRCO I T7Y VR DEFORN 5 HMERET %
ZEHNTETVS,

#+ 4 %, STANT L HlKY — Vo CPU B D L
%73, CPURMIX, SPICE &Y F JAFREAZ
AT, PIYIVRIDEFDRN D FHEREL T,
VT AANNAEERRL T, ZOKRELVE-FT
LD ol THS. STANT IE, HRY —V
I 1HEETH L. IO, BRETEES
DENDBHMERET 2 HESHRNTHEZ L 2R
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®5 CPUKMOLE (STANT & X# 11))
Table 5 Comparison of CPU time with STANT and

Ref.11).
Circuit | #Tr. | STANT (sec) | reference 11) (sec)
CVSL 29 0.13 0.050 + 0.050
FF 10 0.09 0.033 + 0.033
SHIFT 56 0.29 0.033 + 0.067

LTWa. BE0finbs iz LS RETETY
B0, 54 IV TSR E L TORENRRT
b5, '

513, STANT & (WK 11) L © CPU B H#k
%R¥. STANT Ofix, SPICE v + J X b %5
HAZAT, VIUTAYDEFOFHN L FREREL
T, ZVTAANNRRAERRL T, ZOMRE L K-
P B D o EETH S, —F, Tk 11) D1fE
2, FIUVVRIYOBFORN S FRERET 5750
Zhho-BETHSL. TOBELY, STANT D
FOWN D FHOREFEL, BETH DI LD h
5. %7z, STANT i, + I Y A5 DFHREFE
DHESLT, FAIVITBRY -V ELTREBEAI
LEETHLIEDBDHh 5.

B DFRETEAS, STANT SV R—F L7225«
AWIISAE, TR —VELE—FLEZ T4
WRRADWEEF v 7 L7z, MY —VHELR—FL
RREIOERDNSRAN 7 + — VAR THEHE I»
#Fzv L7z, STANT I, XOF—4Th 14K
TA—WANRAZF VR - P LT L Dok, 2O
IX, STANT D7 4+ —VANSA%PRTH7 LT Y X
LADPRRTH D L2RT. $72, BEOHNL S
MEZRETHFEFIEL (BEEL TWE 2 L RT.
LBLAYES, HlROY =L FE— L7 RiCi,
BERDT + =WV ASAHPHEEL. F—% adder8 T
i, BRE10KDSSAD L, 1, 2, 5, 6FEDDISA
BT A —=WAINATH o7z, 7—% I2ADD TiZ, 1,
4, 5, W0BBDNRAN T =V AN TH o7,

6. £ & ¥

FRITIE, PFUVIRILRVDAYF v o744
IVIBICBIT AEBOHRLFRERRET AH LW
R Fx B,

FIUYTRATLNVDT =V ANADOMEIL, £
FOHNDL Mz RET 2HBEEFICERLTY S,
RELZHER, BREE2EBOMBT, AT
YU AYDEFDORN S F R EHICRET ADICE
BWIIHEBL Tw 3.

HEBEBROBRIZINE, XvFv—sLEE

MOS LSI DfE 50N 5 H % hEgd 57T ) X 4 1697

AEDTF—FTI100% EL DI TV I AT DEBTDH
NaHFMERELR. T, WY —-LVTIE, AF0
ARG LRI CTE R o7 LIV YT & — b AT
FTHIENTEL., BEOHN B FHOREEHE
TEMTHBIEIE, 7+ —VANAEEIRT 5DH
6§, MEBEEOEMICLOLND.

COBNRENIE, AFTOREITFEFIEHEL WL
AT OB ENLF — 5 DBAITIE, FEEICR
BHTH 5.

STANT X, B&ERFZ A IV BFY -V Th 5.
EHEMERIC LiuE, STANT WY~V XY 14
BETHA. SO, HENS VIR DEL D
SHOAzuraey ¥y —2ERWPLBRTY A3
VBT AILNTELI L RERLTWVS,
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