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A Statistical Methodology for Screening Inductance Dominated
Interconnects in Timing Analysis

TosHIKI KANAMOTO,t TAKASHI SATO,?? ATSUSHI KUROKAWA, 3
Y OSHIYUKI KAWAKAMI, 4 HIROKI OKA,t TOMOYASU KITAURA,t®
HiroYUKI KOBAYASHI?” and MASANORI HASHIMOTO'®

This paper proposes a statistical method to select nets in which parasitic inductance should
be considered. The method consists of following steps: 1) to generate representative intercon-
nect geometry which covers wide range of wires used in the practical design, 2) to calculate de-
lay difference between RC- and RLC-model through accurate parasitic extraction and SPICE
simulation, 3) to deduce combination of geometrical parameters such as wire width, length,
and the driver strength using response surface method (RSM). The application results for
ITRS based 100 nm process are presented to demonstrate the effectiveness of the geometry-
based statistical screening methodology. In this example, the delay difference exceeds 20%
when wires wider than 5 times of the minimum width is used. The proposed methodology
enables it to define the inductance-aware design rules as well as real-time feedback of the
inductance impact in the layout design phase.
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Fig.1 RC delay and RLC delay evaluation system.
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equation.
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Table 1 Assumed parameters for 100 nm technology.
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Fig.4 Wire profile.

ooooooooooooooobooooooo
00000 O0000ITRS 00000000000
ooooooobo110000

4.1 0OO0O0O

d4000000000000000000000
oooooboooobooos3sbbooooooooo
cooooo w,0000 p,OO0O0O0OOOOOO
goboooooooobooooooooboobooo
gobooooooob 20000000000000
Ooo0o0oo0o0oooOoboooooooo P,O000
oo0
oooboo1go0oooooooobo 300000
gooboboobooooobooooboobooooo
SidodOoooo0ooooooooooooooo
goboboooooooboooooooobobooooo
gooooooooboobobooooboboooooo 4
gbooooooouobooooooocbooooooo
goooobooooooobooboobo 2000000
O RLCOOOOOOOOOCOOOOOODOOOOOO
oooooooooooD P,000000000O0
obooooooooop, 000000000000
oooobo0ooob 2000 3200000000



Vol. 44 No. 5

02 0000000OoOoOooooD
Table 2 Parameter variation for wire profile.

0Doooo 00 |ooooooo
ooooooo P Prin | X1, x2, x5, x10, x20
ooooo W, Winin | X1, x5, x10, x20

000000000 Py | Pomin | X2, X16, x32
0oooooo w, Wnin | X1
ooo mm | 0.5, 1.0, 1.5, 2.0

gooooboOooboOobO wsOoObhoboDboDboo
gbogbobooboobooboboboboobooobo
ooobobooobo0obooooooobboobo
gooooboooobboboboooboobooboo
Joo0oo00ooooooooooooboOond 2mm
oooo
4.2 0 0O000O0OOOOOODOO
gdbDd00dbOOo0oOo200b00000000000
OO00o00O000bO0000o0O0O R,ODOODODOOO
0000oopoooo G, 00000000ooooon
020000 R0 Crs, OO0OODOOO 2000
0dodooooooooooogo 20000 ¢c.d
Co 00000 C1 = Cuire/20Cs = Cuire /24 Cren
000 Cwire DODOODODODOODODO
0odo00 10 0doobooooooooboooo
go0ooooboboooooooooobbooo
Ogo0ooooDoooDboOooooooboooo
0000000000000 bOOooOooooboooo
OoODOo0oOOoOoooooboooooo
0 20 Nodel 0000 Elmore 00 Tp, 00
00 Node2O00O0O0O Elmore 00O Tpe, O0ODO
ogd
Tp1 = Rs(C1 + Cs) (6)
Tp2 = RsCi + (Rs + Ruwire)Ca (7)
gooooobooobooobooOooooobog
ooobooooo
Tp2 —Tp1 =Tp1 (8)
0o000oobooooOooOOoOooboboooooa
000000 CunitORune: OOO OO OOODO
goobobbobooboooooooboobo
NOOODDODOODOO
Re = Runit/N 9)
Crsv = NCunit (10)
0 (6)0(10)00 NOOODO R.OCrey 000
oo
000020 000 RCOOODODOOOODOODO
go0o00O0OO0o0bO00O0oooobooooboooa
oo v, oo V,py OOOOOoooooano t,

oboboooooboooooobooooooooooboooooooon 1305

iJ——WVi - - R i
ggjwvh..y yr..gggj;yi
I ’ o
| Driver _ RC or RLC model ___ Reciver |

06 ODO00000O00O0000O0O0O000O0

Fig.5 Equivalent circuit for circuit simulation.

gobobobooboooooooooooooan
ooboooooooooood

020 VoOOOOOOOO V,000000
ood

—t
Vo = Vaa (1 — €RS(CI+02)+RwireCZ) (11)

0(90(11)0000000000 ¢ 0000

0 NODOOO R.OC,, 000000

43 0000000000

0000000000000D0000000 50
0003000000000000000000000
000000000D000000 ‘0000000

100nmO0 00000000000000 1GHzO0O
000000000 ¢ 00000000000 1/100
00 ¢,=102ps00 (1)00000000 f,=3.4GHz
oooo

02000000000000000000000
000000000000000000010000
000000000000000000000000
000D000000000000000000000
000020000000000000000000
000000000000000000000000
000000000000000000000000
00000000000000 R,0000000
00000000000000000 Runi/256 O
000000000000000000000000
0000000 1.2VOt =102ps00000000
000000000000000000

44 00000000D000000O0OO0
44.1 DO00DO0O0DO0OO0DOOOOO

0000000000 1000 20000000
00000000000 0000000000000
00 (2)0(3)000043000000000000
0000000 RCOODOOODOOOOOOOOO 6
0000000000000000000 (2)000
0 2Z/Rwire 1 400000 RCOOOOOODO
20%0000000000000000000000
0 (3)00RCO0D000O00D000DNODNOODON



—_
w
e
=]

S5 [ TTTIm
W - Sl OrsmEtAsh
s O FESq A2
?{‘ A0
E G0 > Py
o
B30
O
ng

20

10

0

0.1 1 10 100
22O/Rwire

2)000000000 (2)

goooooooo

May 2003

2 [° o | T TTITI
o . e
ﬂ\m O QRS AEN
pa + 15 B A b2
ot 0 Q
Ht Ko d
5
b 4
<
) L4
Z 2

Q

001 0.1 1

4wL/R SRyire)

b) D0DD0O00O0O0D (3)

06 DOOOODDOD (2)0(3)000 RCOODOOD
Fig.6 RC error prediction using screening rule of Eq. (2) and (3).

60

2 50 |
*

% R*=09775973
w40 |
H *
% 30
&
gj 20 |
llé#)i
S 10|

0

0 10 20 30 40 50 60

RCEIEFE»HER 2 (%)
a)0 0000000 1; ¢, =102 ps

25
e
@ 20 1 R=09691301
1229
-
W19 T
= ]
@ 10
H
o

0

0 5 10 15 20 25
RCIEIE HHx 82 (%)

pOOO0OD0000 2; ¢ = 102 ps

07 RCOOODUOO0ODOOODOODOO wLORwire 00O0DDOODO
Fig.7 RC error prediction using electrical parameters wL, Ry ire-

oooooooe(b)D00O0OOOOOOOODOO
000000 RLCOOO RCOOOOOOO =RLC
OO0 —RCOODOODOOOOOOOOOOOOOOO
(3)00oU0oUooUobDOoOoooOoooUDOO
ooooOooooOooO0O0oOooOOO0ooooo RCO
oobooooooooooon

4.4.2 0000000000 RCOOOOOOO

oo

0000000000 3)ooooooooooo
ooboboO0 R:ORwiwr-DwLOODOOOODOOOOO
00000000 RCOOOOOOOOO RSMOO
oooooo 00t =102psOD 000000000
O wLORw,.OOOOOOOOOOOOOOOOO
OooooooOooooooO0oOo RLCOOO RCO
ODODOO0O0O0OD0OD0OD0D000000 wLO Ryire O
ooooOoooOoOb0O0O00 RLCOOO RCOOOO
gooooobO0ObDO0OR,0DDOOODDOOOO 30
ORSFO R*>0.950000000000000

000000000000000000 RCOOOO
0000000000000000000R, 000
000000000000

443 000000000000 RCOOOOO

oooo

00000000000000000000O00O0
000O00000000000
0000000000000000000000
Lpartiw000000000000000 Mpartia O
ooooooooooo™o

Laria:_ 1 -, o
partial 2w n w—+t +2
w

0.2235 t
+%:| (12)

Sl 2y 4
Mmutuul — o In d 1 + i (13)

oooo0lo000DbwOO0ODO0OOt00000O0OdO
gooooooo



Vol. 44 No. 5

60
e .-
m % .
= R?=0.979532
a0 N
W
% 30 |
ko
£
l'i%}
S 10|
0
0 10 20 30 40 50 60
RCEEREXRZE%)

)0 0000000 1; ¢, = 102 ps

oboboooooboooooobooooooooooboooooooon

RETRME

RCE ZEARxt

1307

25

[
o

R?=0.9715350

3}
T

o
T

(3}
T

(=}
(=}
3}

10 15 20 25
RCEIEMX B E®)
)0 0000000 2; ¢, = 102 ps

08 RCOODODODODOOOOOODOOO W,O0P,0DODDODOOO
Fig.8 Error prediction accuracy using physical parameters Wy, Pg.

0000000O0000000000000000
00000000000 0000000000000
00000000000 D0000000000000
0000000000000 30000000000
0000000000000000t™o
Ligop = Lo —2Myy + 22 1 Moo
2 2
O0D0L,000000000000000000L,
00000000000000000000M,,00
0-000000000000000000M,,D00
000000000000 000000000000
000000000000000000000000
000000 (12)0(14) 00 Ligep 0 00w t0 d
00000000000000000¢+000000
0000000000000 0000 LOO400
000000000000 0000000000
L= Ligop = 1(Ws, Py, 1) + 1 (15)
0DO0DCODOOOOOOO ROOOO pO0OO
000000000000000

(14)

R=px (16)

w Xt
oboo0: 0000000000 Db0OD0O00R =
W)+ 000000000000000O LOR
ocooooooooooooo wsbop,000000
OO0 RCOOODODOODOOO RSMOOOOOOOO
00000000 (000o0ooooog 300 RSF
0O R*>0900000000000000000
00000 RCOOODOD wL O ROOOOOOO
oo0ooooooO0o00oooooo0o0 LO ROO
ooDooooOoO0O/OD0o0o0oooooooooogo
ooooooooooooolgogoooooooo

080 ¢t =102ps0000000O000OO0ODO

W,0P, 000 RCODDOOOOOOOOOOOO
0000000000000000000 RLCOO
0 RCOODODODOOOO W,0P, 00000000
00000 RLCOOO RCOODOOOOOOOOD
t, =102ps +20%0 000 RSFO 3000000
00000900000 900000W,0P, 00
000001 000000000 wW,0000000
0 P, 0000 WiinO P00 200000000
O0O0O0O0OORSFOOOOOOOD 9b(2)0000
0 RSFOOD (17) 0000
RSF = 0.45 4 1.69W, + 0.105P, — 0.137W
+0.0685W P, + 0.00351W2
—0.00059WZ Py — 0.00135W, P}
—0.000063P; (17)
0900000000000000 W,00000
04000000000000000000 20%0
000000000000000000000000
000000000000000000000000
0000000000000000000000000
000000000000000000050000
000000000000000000000000
000000000000000000000000
000000000000000000000000
000000000000 2000RCO0OO0O0O0O
000000000000000000000000
0000000000 9a20b20c20000000
00000000000 6000000000000
00000000 2000000000 20%0000
000000000000000000000000
000000000000000000000000
00000000000000000000000



1308 goooooooo

8 10

T BiEE

a2)0 0000000 2; ¢, =122 ps

12
14

inlZ 16
Pg(Pminl’ 18 50

b1)DOOODOOOOO 1; ¢ =102 ps

b2)D 0000000 2;t, =102 ps

May 2003

)0 0000000 2 ¢, =82 ps

09 RCOOODOOOOODOODOODO W,O0P, OOODODODODO
Fig.9 Error trend using physical parameters W, P,.

5. 0 0O O

oooooboooocoooooooobooooo
goooooooooobobobooooooboooooo
ITRSOOOOOOOO 100nmO 0000000
goooooooooboooooooboboboooo
RCOOOOOO0O0OOOODOOOOOOOO0O0OO
gooooboboobooboobo sb0b0b00oooboobo
0000000000000000D0000 20%00
goooooobooooooobobooooobooboDDboo
goooobooobooooooooooooooon
gboooobooooboooobobooooooodaa
gboooooooooooooboobocooobooooo
gooooOoooooooo
oboobooboooboouoooooooooo
00¥®000000000000000000000
goooooooooboobooobooooooooo
gooooooooobobooboooobooooobooo
00 OoooOooobOooobooooboooooobo

00000000 EDAOOODODOODOOOOOO
gooooobooooooooooooobooobooo
gbooooocooooooooooo

o o o o

1) Deutsch, A., Coteus, P., Kopcsay, G., et al.:
On-Chip Wiring Design Challenges for Giga-
hertz Operation, Proc. IEEE, Vol.89, No.4,
pp-529-555 (2001).

2) Ismail, Y., Friedman, E. and Neves, J.: Fig-
ures of Merit to Characterize the Importance
of On-Chip Inductance, Proc. ACM/IEEFE De-
sign Automation Conf., pp.560-565 (1998).

3) Cheng, C.-K., Lillis, J., Lin, S. and Chang,
N.: Interconnect Analysis and Synthesis, John
Wiley & Sons, Inc. (2000).

4) 0 U0OO0oOoOoOoooo—OoUoooooo
pooooooooo
http://ueno.mes.titech.ac.jp/rec-res.html

5) SIA: International Technology Roadmap for
Semiconductors (1999).



Vol. 44 No. 5

6) 000000000000 OoOooooooo
00o0ooooooooooooooooon
0000000000oDoooDooooooooog
0100000000000000000000O
0000 pp.438-498 (2002).

7) Poon, R.: Computer Circuits Electrical De-
sign, Prentice-Hall International (1995).

8) Synopsys, Inc.: Raphael: Interconnect Analy-
sis Software Product.
http://www.synopsys.com/products/avmrg/
raphael_ds.html

9) Kamon, M., Tsuk, M. and White, J.: FAS-
THENRY: A Multipole-Accelerated 3-D Induc-
tance Extraction Program, IEEE Trans. MTT,
Vol.42, No.9, pp.1750-1758 (1994).

10) Nabors, K., Kim, S. and White, J.: Fast
Capacitance Extraction of General Three-
Dimensional Structures, IEEE Trans. MTT,
Vol.40, No.7, pp.1496-1506 (1992).

11) Cao, Y., Sato, T., Orshansky, M., Sylvester,
D. and Hu, C.: New Paradigm of Predictive
CMOS Modeling for Early Circuit Simulation,
Proc. IEEE Custom Integrated Circuits Conf.,
pp-201-204 (2000).

12) Sato, H., Ito, Y., Kunitomo, H., Baba, H.,
Isomura, S. and Masuda, H.: Delay Library
Generation With High Efficiency and Accuracy
on the Basis of RSM, IEICE Trans. Electron.,
Vol.E83-C, No.8, pp.1295-1302 (2000).

13) D00oO0oU0oO0oooooooLsIoooooo
ooo0oooooooooooOoOo oo 1100
0o0oooooo 1100
http://www.tech.nedo.go.jp/Index.htm

14) 000000000000 OUOoOoOooooo
0o0oo0ooooooooo0ooooOo.d-um0O
LSID000000000000000ooog
goooooooooooOooobAOOOOO
O O pp.149-154 (2002).

15) Lu, Y.-C., Celik, M., Young, T. and Pileggi,
L.: Min/max On-Chip Inductance Models and
Delay Metrics, Proc. ACM/IEEE Design Au-
tomation Conf., pp.341-346 (2001).

16) Sakurai, T. and Tamaru, T.: Simple Formulas
for Two and Three Dimensional Capacitances,
IEEE Trans. Electron Devices, Vol.30, pp.183—
185 (1983).

17) Elmore, W.. The Transient Response of
Damped Linear Networks With Particular Re-
gard to Wideband Amplifiers, J. Appl. Phys.,
Vol.19, No.1, pp.55—63 (1948).

18) D0OOOUOO0OoUOOoO0O oUoooooooo
0o0doooooooooooog AsiIcon
00000000 ooooooooooooon
000000000 Vol.43, No.5, pp.1294-1303

oboboooooboooooobooooooooooboooooooon 1309

(2002).

(00 140100 17000)
(00150 10 7000)

o0 Oooogoooo

goooooooooooooo
oobobooo3ocooooooon
goooooocooooooooon
oooOoooooooLsIoood
- goooooboooooobooooo
oooOoo LSIooooooono

oo 00

g0o30o0ooooooooon
goboooooooooooooon
oo00oooOooLsIooooooo
goooooooodooosnond
otbodouobOoooooooooboo
gooooooooboobodobooooooooboooo
000000000000IEEEOOO

oo gooodgad
gbe200000000O0OO
oooooooooooboooooo
\ oooLSIoboooo0o0ooooon

4 gobooooooob 140 700
“I* gobobooooooooobooo
gbooobooooooooooooooooboobobobo
O0OO0O0O0O0IEEEOOO

oo 00
gbe0odOoooooooOOoOn
goobooooe2b0bO0OOOOO
gooooobooooooooooo
ooooooLsiooooooon
‘Q’h goboooocoobobooooo
goboooooooooooocoOooooooboooo
ooo



1310 goooooooo

0 oo
gbe3dbooooooooon
oooooooo 20000000
ooooooooo4000000
goooobooooooooooooo
o OO0ONTTODOODOOODOOD
O00000D0O0000OSynopsys JO00O0ODOODO
O00 HSPICEODOOOOOOOODOOO

oo oo

oo3booooooooooon
oobobooosoooooooon
gobooooooooobooooo
ooooooooOoooLsiood
goooooooooobooboDbo

o000 LSIoooooooo

May 2003

oo 00

go3booooooooooon
gobooooooooooooo
ooLsIoooooOooooo 11
ooooooocoooooooooo
O000O0OO0O0OO0OO0OEDACOOO
ooooooog

o0 Oooogoooo
gootoooooooooooo
gooboogoooooooon
ooooooooooooooooo
3 oooooooooooooooo

R OO0OoLsIogoooocADOO
gobooobooobooOomooooobOOoO0UOIEEE
oood




