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Abstract : An approach for analyzing coupling RC interconnect delay based on“effective capacitance”is p resented.

We compare this new method to the t raditional method ,which uses Miller capacitance. The result s show that the new

method not only improves the accuracy but also reflect s the delay dependence on rise time. The method has the same

complexity as the Elmore delay model and can be used in performance2driven routing optimization.
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1 　Introduction

It is accepted t hat interconnect delay domi2
nates gate delay in p resent deep submicrometer
VL SI circuit s[1 ] . The t ransition to submicron tech2
nology has increased coupling effect s between in2
terconnect s. The delay resulting f rom the coupling
capacitance between lines is too serious to be ig2
nored. Some earlier works[2 ,3 ] give closed estima2
tion of crosstalk noise ,but an analytical delay cal2
culation for a general interconnect st ruct ure wit h a
coupling capacitance is absent f rom t he literature.

The Elmore delay model is widely used in
static calculation and design optimization , but it
cannot be applied directly when coupling capaci2
tance is p resent . This paper p resent s an approach
to analyze coupling RC interconnect delay based on
“effective capacitance ”. We compare this new
met hod to t he t raditional met hod ,which uses Mill2
er capacitance.

2 　Analytical capacitance formula

The coupling capacitance has a greater effect
on t he signal characterization when t he capacitance
of t he line to t he ground plane decreases. Numeri2
cal methods can accurately calculate interconnect

capacitance using finite element methods , but are
too time consuming for performance2driven layout
synt hesis.

Simple expressions were derived for t he cou2
pling and total capacitance of two parallel lines
with t he same geomet ry parameter , as shown in
Fig. 1 ,where W is t he widt h of t he line , T is t he
t hickness of the line , S is t he space between t he
two lines ,and H is t he height of t he lines above t he
ground plane.

Fig. 1 　Two adjacent coupling lines

Several accurate formulas have been derived in
t he past for line capacitance. However , due to t he
shrinking of geomet ries and the increase of line as2
pect ratio s in state of the art technology ,t hese for2
mulas are no longer valid and yield inaccurate esti2
mates. As given in Ref . [ 4 ] , t he capacitance to t he
ground of t he signal line st ruct ures can be ex2
pressed as
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　　The relative error of t he formula is less t han
812 % for 0102 < W / H , T/ H , S/ H < 1128.

Here , c12 is t he coupling capacitance between
two parallel signal lines. It can be estimated as
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　　The relative error of t he formula is less t han
816 % for 0102 < W / H , T/ H < 1128 and 0102 <
S/ H < 2156.

All t he capacitances mentioned above are in u2
nit s of F/ cm , andεox is t he dielect ric constant of
SiO2 , which is equal to 319 ×81855 ×10 - 14 F/ cm.
We will use t hese formulas to finish t he capacitance
calculation for our delay model of coupling RC in2
terconnect s.

3 　Delay computation of coupling RC
interconnects

　　Crosstalk noise in coupling lines can eit her in2
crease or decrease signal p ropagation delays. This
depends on the line impedances and on whet her the
neighboring lines are driven by the same inp ut
voltage or different inp ut voltages ( i . e. t he two
lines are active) or one of t he lines has no inp ut
voltage (i . e. one line is quiet) . Here we discuss the
lat ter case , in which one inp ut is a rising ramp sig2
nal and t he ot her is quiet .

3. 1 　Model of coupling RC interconnects

In t his section , we use a coupling line model
p resented in Ref . [5 ] to derive an analytical formu2
la for t he delay. A general case for two coupling
lines is shown in Fig. 2. The quiet driver is modeled
by an effective holding resistance Rh , whereas the
active driver is modeled by an effective Thevennin
model consisting of a sat urated ramp voltage source
with a slew rate of tr and a Thevennin resistance
Rth . Other component s of t he model are comp uted
based on t he technology and geomet rical informa2
tion. The coupling node is defined to be t he middle

of t he coupling location for bot h net s.

Fig. 2 　Model of coupling RC interconnect s

It is quite st raightforward to calculate t he cir2
cuit parameters of t he p roposed model. Taking t he
quiet net as an example ,node 2 is t he center of t he
coupling region ,which divides the entire quiet wire
into two segment s. CC is t he coupling capacitance
when two lines wit h the same lengt h are running
parallel . The notations in Fig. 2 can be calculated as
follows.

Ra1 = Ra2 =
1
2

Ra , Ca1 =
1
4

Ca , Ca2 =
1
2

Ca , Ca3 =

1
4

Ca + CL a , Rq1 = Rq2 =
1
2

Rq , Cq1 =
1
4

Cq , Cq2 =

1
2

Cq , Ca3 =
1
4

Cq + CL q

3. 2 　Delay computation

Effective capacitance was first p resented in
Ref . [ 6 ] to estimate t he delay of a logic gate. Ding
et al . [7 ] used this idea to complete the quiet aggres2
sor net reduction for crosstalk estimation. This
concept also can be used in RL C t ree reduction[8 ] .
Here we use this met hod to match t he quiet net at
t he coupling node of the active net .

Let Y ( s) denote the point admit tance of a gen2
eral circuit . The Taylor series expansion is

Y ( s) = ∑
∞

n = 0
y ns

n (3)

where y n is t he nt h expansion coefficient . For many

circuit applications ,t he terms up to s3 are adequate
to characterize t he t ransient response of a linear
circuit .

Y ( s) = y0 + y1 s + y2 s2 + y3 s3 + O( s4 ) (4)

　　Note t hat t he first term y0 is zero when there
is no DC conducting pat h f rom the observation
point to t he ground.

Here we use an effective capacitance to evalu2
ate t he quiet net and coupling capacitance as shown
in Fig. 3.

Consider t he model of a quiet net and coupling
capacitance. We first reduce t he net to a single re2
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Fig. 3 　Reduction flow

sistor Rq and a single capacitor by matching the
first two Taylor series expansion coefficient s y0

and y1 of the quiet net at node 2. The admit tance at
node 2 is obtained as

Y1 ( s) =
1

Rh + Rq1
+ 　　　　　　

R2
h

( Rh + Rq1 ) 2 Cq1 + Cq2 + Cq3 s + O( s2 ) (5)

　　Therefore ,we have t he following equations :
Rq = Rh + Rq1 (6)

Cq =
R2

h

( Rh + Rq1 ) 2 Cq1 + Cq2 + Cq3 (7)

　　Next ,we derive t he formula to estimate t he ef2
fective coupling capacitance Ceff of the simplified
circuit shown above. It is found by matching the
current drawn by t he circuit in Fig. 3 wit h t hat
taken by the effective capacitor which is grounded
at t he ot her end. The current drawn f rom nodes 1
to 2 t hrough t he coupling capacitor CC is

I = CC
dV 1 ( t)

d t
-

dV 2 ( t)
d t

(8)

　　Therefore ,our task is to find a constant Ceff

such that

Ceff
dV 1 ( t)

d t
≈ CC

dV 1 ( t)
d t

-
dV 2 ( t)

d t
(9)

　　The effective capacitance value during t he en2
tire inp ut rising period can be estimated by integra2
ting bot h sides of Eq. (9) . The following formula
for t he effective capacitance is obtained.

Ceff = 1 -
Rq CC

tr
(1 - e - tr / Rq ( Cq + CC) ) CC (10)

　　After reducing t he coupling capacitance and

quiet interconnect ,we can get t he decoupling active
interconnect as shown in Fig. 4. It is a cascaded RC
const ruction. According to the Elmore delay defini2
tion ,t he equivalent Elmore delay of t he active line
can be expressed as

tD = Ra1 Ca1 + ( Ra1 + Ra2 ) ×

Ca2 + 1 -
Rq CC

tr
(1 - e - tr / Rq ( Cq + CC) ) C +

　
　

( Ra1 + Ra2 + Ra3 ) Ca3 (11)

Fig. 4 　Decoupling active interconnect

4 　Simulation results and discussion

　　We have compared our delay calculation wit h
t he SPICE simulation for different met hods. We
have Cu interconnect resistance and capacitance da2
ta ext racted by analytical expressions wit h W =
0125μm ,S = 013μm , T = 0125μm ,and H = 015μm.

Table 1 shows the values for interconnect par2
asitic parameters. Ra , Rq , Ca , and Cq can be given
as :

Ra = ra L , Ca = ca L , Rq = rq L , Cq = cq L

　　Rth , Rh , CL a , CL q , and L are given by Rth =
20Ω , Rh = 30Ω , CL a = 012p F , CL q = 011p F , and L =
2mm respectively.

Table 1 　Values for interconnect parasitic parameters

ca/ (p F ·m - 1) ra/ (kΩ·m - 1) cq/ (p F ·m - 1) rq/ (kΩ·m - 1)

170 15 170 15

　　Example 1. Let t he coupling capacitance CC e2
qual 240f F and change the rise time of the inp ut
signal f rom 10 to 100p s.

The simulation result s for our method , t he
conventional method[ 9 ] t hat uses Miller theory to
decouple t he two adjacent interconnect s , and
HSPICE are plotted in Fig. 5. In our method ,when
comp uting t he Elmore delay ,we used different in2
p ut rising times ,but t his information is not availa2
ble when t he conventional delay model is used to
analyze t he circuit . The error of our met hod is al2
ways wit hin 19 % of simulation result s. The elmore
delay method with 2 CC replacing coupling capaci2
tance may have an error up to 50 % compared to
circuit simulation result s.
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Fig. 5 　Relation between delay and rise time

Example 2. Let t he rise time of the inp ut sig2
nal equal 011ns and change t he coupling capaci2
tance CC f rom 30 to 420p F.

The simulation result s obtained are shown in
Fig. 6. The delay estimates calculated using our an2
alytical model have error wit hin 7 % of HSPICE2
comp uted delay estimates , while the Elmore delay
estimates vary by as much as 60 % f rom HSPICE
comp uted delays.

Fig. 6 　Relation between delay and coupling capaci2
tance

The above examples show that our met hod is
more accurate than t he conventional met hod.

5 　Conclusion

Compared wit h numerical simulation tech2
niques ,fast analytical estimation met hods of inter2
connect delay are needed for incremental perform2
ance driven layout synthesis. We give an approach
for analyzing coupling RC interconnect delay. Com2
pared to t he t raditional met hod ,which uses Miller
capacitance ,t he new met hod not only improves t he
accuracy but also reflect s the delay dependence on
t he rise time. It has t he same complexity as t he El2
more delay met hod and can be used in performance2
driven routing optimization.
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两相邻耦合互连的 Elmore 延时估计 3
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摘要 : 基于“有效电容”的概念提出了一种分析两相邻耦合 RC 互连延时的方法. 与采用 Miller 电容的传统方法比
较 ,该方法不但提高了计算精度而且反映出了延时随信号上升时间的变化规律. 该方法与 Elmore 延时法具有相同
的计算复杂度 ,可广泛用于考虑耦合电容的面向性能的布线优化 .
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