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Abdract— Simple ya usdul analytical formulas for delay,
slope and crosgalk noise amplitude for capacitively coupled
two-, three- and infinite-line systems are derived assuming bus
lines and other signa lines in deep-submicron VL SI's. The
caculated reaults using the derived formulas are extensively
compared with SPICE simulation reaults to demondrate the
validity of the analytical expressons. Two modes have been
studied; the case wheae adjacent lines are driven from the
opposite direction and the case whe e adjacent lines are driven
from the same direction. These cases corresponds to the typical
situations in VL SI desgnsand indude worg cases in terms of
noise amplitude and delay. Delay error in approximating the
digributed RC lines by N-step trladder RC lumped circuit is
also investigated.

1. Introduction

In deep submicron designs, interconnection relaed issues
become more and more important in estimating timing
behavior of VLSI's [1]. For instance, coupling capacitance is
comparable to grounding capecitance. The coupling noise
may cause mdfunction and timing problem especdly in
dynamic circuits but even in static circuits in addition, the
noise may generate unexpected glitches which may give rise
to timing and power problems.

Severd atempts have been made to analyticdly trea the
crosstalk in capecitively coupled interconnections. However,
the results are limited to two-line systems and the case
considered in the previous publications are limited to the case
where adjacent lines are driven from the same direction. This
paper extends the analysis and covers more general cases.
The resultant formulas are more precise than the previoudy
published expressions.

The dday of the RC distributed lines is dso handled
analyticdly in this pgper. To the knowledge of the authors
formulasfor the delay of the capacitively coupled distributed
RC interconnection system have not been presented so
rigorously and systematically as this pgper. To analyze the
capecitively coupled lines, moment matching technique based
on Padé gpproximation is employed to give the analyticd
expressions.

The derived expressions are useful in estimating the noise
and dday in the early stage of designs and give insight to
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coupling related issues.

2. Notations
Notations used in this paper are as follows.

c: capacitance of line per unit length.

C: total capacitance of line (=cl).

C. - coupling capacitance of line per unit length.

C. :total coupling capacitance of line (=c.l).

C, : equivalent capacitance of receiver MOSFET.

C;: =C/C.

d: puredelay of voltage waveform.

E; : step voltage of the driving point of linei (i=1,2). The
conditionthat E,=1, E,=1is called an in-phase drive. The
condition that E,=1, E,=-1 is called an out-phase drive.
The condition that E,=1, E,=0 is called E,=0 drive.

K, : residue corresponding to o;.

[: linelength.

m, : k-th moment of voltage waveform k (k=0,1).

n: number of adjacent lines (n=1 for two-line system, n=2
for three-line system and n=1 for infinite-line system).

n, : =n+1.

p: =1+(n+1)n.

r: resistance of lineper unit length.

R: total resistance of line (=rl).

R, : equivalent resistance of driver MOSFET.

R:: =R/R.
s: Laplacevariable.
t: time

t, . timeto give the noise peak.

t,q . propagation delay using Padé approximation.

Vi, Vi(x,t) . voltage of linei (i=1,2) int domain.

Vi, Vi(x,9) :voltage of linei (i=1,2) in sdomain.

V, . peak noise voltage.

X . x-coordinate along the line.

n: =CJC.

0, : minimum absolute pole.

T: timeconstant in single exponential approximation.

3. BasicEquations
The basic equations which governs a capeacitively coupled
two-line system (Fig. 1) are written as follows.
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, Where r; and ¢ ae resistance and capecitance of line i
(i=1,2) per unit length. Since in bus structures and other
wiring structures lines have the same resistance and
capacitance per unit length, we assume r,=r,=r and ¢,=c,=c.
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Fig. 1 Capacitively coupled two distributed RC lines.

When threeline system (Fig. 2) is oconsidered, the
following equations hold.
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Fig. 2 Capacitively coupled three distributed RC lines.

On the other hand, if infinite lines are placed in pardld
where the same boundary conditionsare gpplied to every two
linesasin Fig. 3, thefollowing equations hold.
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Fig. 3 Capacitively coupled infinite distributed RC Ii‘nes.

All of the above-mentioned threeequation sets(1), (2) and
(3) can be represented by the following one set of equations.

2
Eg):lzl =r(c ncc)—l—nrcc%
4
Dazvz = r(C+C )%—rc %
H ox® “ot ot

In the above equations (4), the following va ues should be
set ton and ¢, for each case.

Two-line case: n-1¢-¢
Three-line case: n-2,¢-¢
Infinite-line case: n-1,c - 2¢c

(4) can be sinplified, if the following substitutions are
made.

~ 0°v v .
t/lrc-t,c./lc-n — ->V', = >V
R ot
gvy = @1+ nm)v, —nnv,

Ovs = (@+n)v, —nv,
are the resultant equations after the substitution. With alinear
transformation, we have

O(v, +nvy)" = Vl + nvz

A0, =v,)" = @+ (n+ (i, - V)

By Laplace trand ormation, the following equations can be
derived.

gV, +nV,)" =s(V, +nV,)

VeV = @ (DY, - V)

The solutions of the above equations are expressed as
followswith the introduction of v, and v,.

Y1 =4S, ¥, =1+ (n+Dn)s=/ps
BV, +nV, =A'e™ +B'e "
O _
HV,-V, =C'e? +D'e"*
, Where A', B', C' and D' are integration constants.
B(n+)V, =A'e™ +B'e "™ +nC'e"? +nD'e "**
%(n +V, =A'e™ +B'e " -C'e"” -D'e "*
Then, the following are the general solutions to (4) in s
domain.
BV, = Ae™* + Be " + nCe"?* + nDe ¥?*
0l _ _
AV, = Ae" + Be " - Ce'?* - De "
A, B, Cand D are to be obtained from boundary conditions.
A. Moment Matching Approach for
Calculation
OnceA, B, Cand D are obtained, dosed-form expressions
for V,(X,5) and V,(x,s) can be obtaned using (5).
Approximate voltage waveform of a full-swing line has an

single exponential form with pure dday d shown in the
following figure.
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Fig. 4 Approximate voltage waveform of full-swing line.

In order to obtain expressionsfor the delay t,,, the moment
matching method (Padé approximation) is used [2-3], where
the coefficients for s° and s* of the exact solution of (5) are
matched to the coefficients of ” and s of the gpproximate
waveformin Fig. 4. The coefficient of < is called the zero-th
moment m, and the coefficient of s* iscalled the first moment
m,. M, hgppens to be the well-known Elmore dday. Taylor
expansion of the gpproximate waveform in Fig. 4 is as
follows.

é—mo +m;s+0[s’] =
1
s
Consequently, once the moments of (5) are obtained, the
delay t,, and the slope of the waveform can be calculated as
follows using Padé approximation.
T=y2m-mj, d=m,-1

2
—(t+d)+ E{z +Td+%§s+0[82]

1 (6)
t=tpd 2.[

In calculating the crosstalk noise, the moment matching
goproachis not effective because the noise shape variesfrom
case to case and the assumption that the waveformislikeFig.
4 is not vdid. For noise analysis, therefore different
approaches are taken from case to case.

ty=d+d, =d+1In2, slopg

4. Opposite Direction Drive
In this section, the mode where adjacent lines are driven
from the opposite direction is handled. The situation is
depicted in Fig. 5. Forthis mode, analytica expressions turn
out to be very complicated if the equivalent resistance of
driver MOSFET R, and the equivalent capacitance of receiver
MOSFET C, are tobe considered, that is, Ry and C; are not
equal to zero. The case of R=C;=0, however, gives the word
case scenario in terms of the noise amplitude because the
capacitance coupling effect is mitigated if R; and C; ae
finite. Consequently, the Rr=C;=0 case istreated here.
The boundary conditionsfor this case are as follows (Fig.
5).

0V,(0,8) =0
Hv,(,9 =E,/s
EVZ(O,S) =E,/s

HVi(l,9=0
= =|
x=0 R R0 X
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R,=0 R t=0

Fig. 5 Adjacent lines are drivenfrom the opposite direction (R=C=0).

Writing these conditions using (5) yields

O0Ay,; —By; +nCy, -nDy, =0

EAeVl' +Be ™" +nCe'? +nDe¥? = E, /s

HA+B-C-D=E,/s

EAyleyll - Byle_yll - Cyzeyzl + Dyze_VZI =0

The @ove linear equations can be solved interms of A, B,
Cand D. Then A, B, Cand D are substituted back in (5) and

the dosed-form expressions for V,(x,5) and V,(x,s) ae
obtained.

A. Crosstalk Noise

Although the derived expression for V,(x,s) is very
complicated, the peak noise amplitude, v,,, can be calculaed
using the following initial vadue theorem of Laplace
trandorm. In order to obtain the crosstalk noise on V,(x,s), E;
issettoOand E, isset to E.

Vo _vy(0,40) _ IMVi(0:9)

E E E

The resultant expression for the peak noise amplitude is
simple as follows. The formulas are exact. Special case
expressionsfor two-, three- and infinite-line systemsare dso

shown.
v nJyl+(n+Hn—-n
pLo_
= = al, exact
0E  n/l+(n+n+1 (generdl, exact)
N, J1+2c./c-1
Pet A2 “7¢ = = (two-line)
HE J1+2Cc /C+1 @
U A A
[V _ 21+3C,/C-2 .
=—____° ___  (three-line
DDE 2,/1+3C_/C+1 ( )
Oy 1+4C_/C-1
OR=2"__ "¢ = = (infinite-line)
HE |1+4C /C+1

If the coupling capacitance C. is egual to the grounding
capacitance C, which can happened in deep submicron
designs, v,,/E for two-, three- and infinite-line systems are
0.27, 0.40 and 0.38, respectively. This means tha the noise
induced by the coupling would go up to 40% of the signa
swing, which may in turn cause mdfunction and timing



problems. This situation can be verified by SPICE [4]
simulation results as seen inFig. 6. The SPICE simulation is
carried out by using 10 sections of lumped RC blocks.
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Normalized time: t/RC
Fg.6 SPICE smulaion results for the case where adjacent lines are
driven from the opposite direction (three-line system).

B. Delay and Sope

Although the expressions for voltage waveform, V,(X,s)
and V,(x,s) are dso complicated, the moments, m, and m, of
V,(0,s) can be expressed as bdow. Once m, and m, ae
obtained, the delay t,; and the slope are calculated using (6).

[m, / RC = 3{E,(1+nn) - E,nn}

o,/ (ROY? = £[E{(5+50°0 +m10+30)}  (®)

5 -E;nn(8+(@+5n)n}]

Theword casein terms of dday occurs when n=2 and the
adjacent lines are driven in out-phase fashion, that it, E;=1
and E2 -1 tpd in thisworst case isexpressed as follows.

_: _+ 2n - ( Iog—1/1+6r]+2r]

RC 2 )

=1.7n+0.37 (n<2)
Typlcal delay smulanon example|sshown in Flg 7

Normalized voltage: v,/E

-0.5

Normalized time: t/RC
Fg.7 Dda smulaion example for the opposte drive case (threedine
system).

5. Same Direction Drive
In this section, the mode where adjacent lines are driven
from the same direction is treated. The situation isdepictedin
Fig. 8. For this case the equivalent resistance of driver
MOSFET R, and the equivalent capacitance of receiver
MOSFET C, can be takeninto account inthe analysis, that is,

R; and C; can be finite.
x=0 x=l

R R
V1(0-5)=E1/S§MA'—'W\WMW1V‘1(LS)=0
oI Es c ] CS_ C
t=0 R R
Vz(O,S):Ezls V'2(|,S):0
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Fig. 8 Adjacent lines are driven from the samedirection.

The boundary conditions for this case are written as
follows.

golov| _E-wv
0 oX| R |
U
010w _ oo
roxl|. ' ot.
B x=l x=I (10)
0. 1w _E-v,
E r'nox|,., R/n|_
0oL ov| _ v,
B r/n x|, “ot |

A. Crosstalk Noise

In order to obtan the crosstalk noise the moment
matching gpproach is not effective and a specid analyticd
treatment like bdow isemployed. For noise calculaion, E; is
setto0 and E, isset to E.

If we defineu,=v,+nv, and u,=v;-v,, u; and u, give the
following equations.

0o%u, _ o U

E oAt (11)
Da u2_p auzzrc ou, =rcaﬁ

H ox? ot a(t/p) o'

The boundary conditions for u, and u, are obtaned by
linearly combining (10) as follows.

_1ow| _rE-y
or 0x x=0 Rt <=0
1o _.ou
roox|,. ‘ot
% x=| x=I (12)
010w _-E-uy,
E r oX |- Re 1o
10w _C.ou
E r 6X x=I p at' x=I




On the other hand, it is well-known that the equation
0°v __av

_2 = rc—
0X ot

with the boundary condition,
0 10| _E-v
0 I 0X| R |izo
H -
0_1v _oov
H r ox x=l t ot x=I1

has the following solution [5-7].

-0t -oyt

—V(:E't) =1+ Z K.eR =1+K,eRe

This means that v(l,f) can be gpproximated with a single
exponential function. o, isthe pole with minimum absolute
vdue, and K, is the correponding residue and can be
approximated as follows.

+C; +
DKI:—]__()]_RT—CTl
H R, +C; +T1/4
0
0 1.04

0, = 2
Q RTCT +RT +CT +(2/T[)
Comparing the above solved systemand (11) and (12), we

get gpproximateformulasfor u, and u,. v; and v, are obtained
by alinear combination of u, and u, asfollows.

O | O _ot _9it
Evl(Eyt):nT_ngle RC—Kie pRCE

0 (13)
O O _oat _ooit

DVZ(Iat) :1+ 1 I:Kle RC +nK'1 e pRC[|

B E n+lpg 0

In the dove expression, K,' and o,' are expressed as
follows.

Ok~ 101 Rr*Cr/p*l

H R, +C, /p+TU/4

0

O = 1.04 2
B RCi/p+R;+C/p+(2/m)

The peak noise anplitude can be derived by searching for
the peak vdue in (13). This can be achieved by
differentiating (13) and solve dv,/dt=0 in terms of t. If we
write the solution to thisequation as t,, t, canbe expressed
as follows.

K101

_pin(ietp)

po, —0;

Now, putting t,, back in (13), the peak noise amplitudeis
obtained.

v 0 Po1 ~9a [
PL _ n K101 1) -po+0; — K[ K191 ) -po;+a}
— T g(l(K'lo’l p)Porror = Ki{xigt P) P 1%

pl

: (14

Severd specid cases are discussed in the following
chapters.

A-1. Noisefor the Case: R,,C»1

In thiscase K,=K,'=-1, 0,=l/(R;C;) and o,'=p/(R;C;) hold.
Then, from (14), v,, - 0. This case corregponds to the old
situation where interconnection capacitance and resistance
are not large compared to MOSFET related resistance and
capecitance. For thiscase, as a matter of course, noise issues
can be neglected. The capacitance coupling noise is rather a
new headache in VLS| designs.

A-2. Noisefor the Case: R;,C«l
In this case, K,=K,'=-4/mtand 0,=0,'=1t%/4 hold.
1

v ~4nD 1 DOw n
"o Eﬂ”'lﬂg 1+nn

~— M __ (vaidwhenn<?2)
2+(n+1n

Special case expressions for two-, three- and infiniteline
systems are shown below.
nC./C

=

0= === (genera
DE 2+(n+1C./C (@ )
Lv Cc./C .
pl c
F—=—723—— (two-line
OgE 2+2C./C ( )
DV 2C./C (15)
OOt~ “¥c ™ (three—line)
EE 2+3C_./IC
Mma _ C./IC

=——=< —— (infinite—line)
HE "1+2c./C

The gpproximation is vaid when C/C<2. If the coupling
capacitance C.. isequal to the grounding capacitance C which
can happened in deep submicron designs, v, /E for two-,
three- and infiniteline systems are 0.25, 0.40 and 0.33,
respectively. This means tha the noise induced by the
coupling would go up to 40% of the signa swing, which is
the same situation as in the previous section. This situation
can bevirified by the SPICE simulation as seenin Fig. 9.
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Fg.9 SPICE smulaion results for the case wheae adjacent lines are
driven from the samedirection (three-line system).



For this case, the time when the noise showsthe peak t,; is
approximated as follows.
4 plnp
™ p-1

RC

A-3. Noisefor the Case: C«l1
Thisissimilar to the previous case and the noise amplitude

is approximated as follows.
1

R,+1 0 1 Owm
Yo~ R 71 "H+nnH
T4 n.n 1+n1ﬂ
. R+l nn
127R; +1 2+ (n+1)n

(validwhenn<2)

A-4. Noisefor the Case: R»1

In this case,
1

v ~nD 1 O n'
" Hann'H  Teng
nn’ . ,
=0.80— (vaidwhenn' < 2)
2+(n+1n’
, Where n'=C/(C+Ct).

B. Delay and Sope

Although the expressions for voltage waveform are
complicated, the moments, m, and m; of V,(,9 can be
expressed as beow. Once m, and m,; are obtained, the delay
t,q and the slope are calculated using (6).

[,/ RC = $[E{2C, (1+ Ry) +(1+ 2R, )(1+ )}

O —-E,nn(1+2R;)]

U,/ (RC)? = 4[E{24C2(1+R,)?

@ +4C;(5+15R; +12R2)(1+ nn) (16)
B +(5+20R, +24R%)(1+ 2nn + nn® + n’n)}

O ~E,n{4C,((2+3n)(L+3R,) +6(L+ N)R?)

H  +(5+20R; +24R%)(2+n+m)}]

Theworg casein terms of dday occurs whenn=2 and the
adjacent lines are driven in out-phase fashion, that it, E;=1
and E,=-1. A simple case when C;=R;=0, t,; in this worg
case is expressed as follows.

t 1 1 € [ o .2
5 +2n % IogZJ1+8n +6n
=1.63n+0.37 (N<2)

Typical dday simulation example is shown inFig. 10. It is
seen from the figure that t,; in three-line system varies from
0.37RC (in-phase) to 2.0RC (out-phase) depending on the
behavior of the adjacent lines. When E,=0, t,, is0.98RC.

(17)

Normalized voltage: v4/E

-0.5 i i i i i i H H H
5 10
Normalized time: t/RC
Fig.10 Dday smulaion examplefor the same direction drive case (three-
line system).

6. Comparison with Simulation

A. Crosstalk Noise

SPICE simulation is carried out to demonstrate the vdidity
of the noise peak formulas of (7) and (14). The simulation
results are compared with the calculated results using the
analytica formulasinFigs. 11, 12 and 13. As seen from the
figures, excdlent agreement is observed between the
simulated and the calculated results.
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Fg.11 Smulated and cdculated pesk noise amplitude using (7). Adjacent
lines are driven from the opposite direction.
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Fig. 12 Smulated and cdculated pesk noise amplitude using (14). Adjacent
lines are driven from the samedirection.
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Fig. 13 Smulated and cdculated pesk noise amplitude using (14). Adjacent
lines are driven from the samedirection.

B. Delay and Sope

The simulation results for dday and slope are compared
with the calculaed results using the analyticd formulas (6),
(8) and (16) in Fig. 14 through Fig. 21. As seen from the
figures, good agreement is observed between the simulated
and the calculated resullts.
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Fig. 14 Smulated and cdculated delay using (6) and (8). Adjacent lines are
driven from the opposite direction.
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Fg. 15 Smulated and cdculated delay using (6) and (16). The cese is for
the samedirection and in-phase drive.
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the samedirection and out-phase drive.

Fg.16 Smulated and cdculated delay using (6) and (16). The cese is for



1 10
Lo RT:O,CT:O 4 . —RT=O,C-|—=0 4
o IF R=0,C;=1 R oo R.=0,C;=1
& F ---Ri=1C=0 1 § [+ ----- R=1C=0 1
\g ------ RT—]. CT—l i \g B ==moe RT—l CT—l i
& R
= L LFormuIa . = 1_ LFormuIa A
© Simulation T Simulation 7
Ssf 1 95 /]
- = - ;|
g /,1 3 n=2 ’,”‘ A
© P < P I
£ .:--.---l-_.l--'.'——’ ] £ .,__-_-_l—-l"r 4]
g 4 o 4 ,
- ”’4 4 zZ "q.' < 1
t_..._.*,r.*.-.'ﬂ'-—""‘"- WY Sk IR
0 ) . Ol " .
0.01 0.1 1 0.01 0.1 1
n: Cc/C n: Cc/C

Fig. 17 Smulated and cdculated delay using (6) and (16). The cese is for

the samedirectionand E,=0 drive.
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Fg. 18 Smulated and cdculated slope using (6) and (8). AdJaoent linesare

driven from the opposite direction.
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Fg.19 Smulated and cdculated dope using (6) and (16). The case is for

the samedirection and in-phase drive.
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Fig.20 Smulated and cdculated dope using (6) and (16). The cese is for
the samedirection and out-phase drive.
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Fig.21 Smulated and cdculated dope using (6) and (16). The ceese is for
the samedirection and E,=0 drive.

7. Approximation with Lumped Circuit

In circuit simulation, Teladder lumped circuit is often
adopted to approximatethe distributed RC lines. The error in
simulating dday of the distributed RC line by using N-gep
lumped ladder blocks (Fig. 22) isinvestigated.

The results are shown in TABLE 1 through TABLE 6.
Numbers in the tables signify % error of the dday. The
reference (exact dday) istaken from the simulation results
with N=10. C; and R; ae set equal to O, because this
condition corregponds to the worg case in terms of error.
When C; and R; arefinite they tend to determine the timing
behavior of the system and they are lumped circuit dements
from first.
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Fig.22 (a Digributed RC I|nes and (b) approximating N-step Teladder
circuit.

It isseen from these tables that 3-step Teladder network is
a good gpproximation in estimating delay within 4% relative
error even in the worst cases.

TABLE 1 Delay % error with lumped circuit
(opposite direction, in-phase drive case)

n=1 n=2
n N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5
0.01 8.9 1.0 0.3 0.1 9.4 1.0 0.3 0.1
0.1 13.2 1.1 0.3 0.1] 19.0 1.4 0.3 0.1
0.4 33.0 25 0.6 0.1] 73.6 7.1 1.6 0.4
1 _ — — _ — _ — —
4 — — — — — — — —

— dignifies that the rdative error can not be cdculated because the exect
delay iszero but the absolute error issmaller than 0.001RC.

TABLE 2 Delay % error with lumped circuit
(opposite direction, out-phase drive case)

n=1 n=2
n N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5
0.01 8.3 14 0.8 0.1 7.0 0.5 -0.9 -0.9
0.1 5.5 1.0 0.4 0.4 4.5 1.6 0.9 0.3
0.4 2.1 1.7 0.6 0.2 3.7 1.7 0.6 0.0
1 1.0 19 0.8 02 49 18 07 02
4 2.4 3.0 1.3 0.4 5.0 1.2 0.4 0.1

TABLE 3 Delay % error with lumped circuit
(opposite direction, E,=0 drive case)

n=1 n=2
n N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5
0.01 8.3 0.9 0.1 0.0 8.3 0.9 0.1 0.0
0.1 8.4 0.9 0.3 0.1 7.9 0.8 0.2 0.0
0.4 6.0 0.7 0.1 0.0 5.5 0.6 0.2 0.0
1 05 01 -0.1 0.0 2.1 0.6 02 0.0
4 -15.6 -1.9 -0.3 0.0 -0.4 1.8 0.8 0.2

TABLE 4 Delay % error with lumped circuit
(same direction, in-phase drive case)

n=1 n=2
n N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5
0.01 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1
0.1 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1
0.4 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1
1 85 0.9 0.3 01 85 09 03 0.1
4 8.5 0.9 0.3 0.1 8.5 0.9 0.3 0.1

TABLES5 Delay % error with lumped circuit
(same direction, out-phase drive case)

n=1 n=2
n N=1 N=2 N=3 N=5 N=1 N=2 N=3 N=5
0.01 8.6 1.6 0.0 0.0 8.8 1.7 1.3 0.0
0.1 8.2 0.5 0.2 -0.4 8.4 1.4 0.5 0.6
0.4 8.4 0.7 0.1 -0.2 5.0 0.2 -0.1 0.1
1 85 0.8 01 -01 19 -05 -03 -0.1
4 8.5 0.9 0.3 0.1 1.0 -0.6 -0.3 -0.1

TABLE 6 Delay % error with lumped circuit
(same direction, E,=0 drive case)

n=1 n=2
n N=1 | N=2 | N=3 | N=5 [ N=1 | N=2 | N=3 | N=5
0.01 8.6 1.1 0.3 0.2 8.6 1.0 0.3 0.2
0.1 8.6 1.0 0.3 0.1 8.6 1.0 0.2 0.1
0.4 0.4 1.3 0.4 0.0 10.1 1.6 0.6 0.1
1 116 26 1.0 03] 142 33 12 03
4 20.3 8.1 4.0 1.3] 291 7.7 3.0 0.8
8. Conclusion

Simple yet useful analyticd expressions for peak noise
amplitude, dday and slope for capecitively coupled two-,
three- and infinite-line systems.

The calculaed results using the derived formulas of (7),
(14) for the crosstalk noise and (6), (8), (16) for the dday and
the slope coincide excdlently with SPICE simulation results.
The derived gpproximate expressions like (9), (15) and (17)
are useful in estimating the crosstalk noise and dday in the
early stage of designs and give insight to coupling related
issues.

In deep submicron VLS| designs where C. can be
comparable to C, the crosstalk induced by the coupling goes
up to 40% of the signd swing and the dday fluctuates 5
times depending on the behavior of the adjacent lines.

As for the gpproximation with lumped circuit, 3-step T
ladder network is good gpproximation within 4% reldive
error even in the worst cases.
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