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Abgtract : An approach for analyzing coupling RC interconnect delay based on* efective capacitance” is presented.
We compare this new method to the traditional method ,which uses Miller capacitance. The results show that the new
method not only improves the accuracy but a so reflects the delay dependence on rise time. The method has the same
complexity as the Elmore delay model and can be used in performance driven routing optimization.
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1 Introduction

It is accepted that interconnect delay domi-
nates gate delay in present deep submicrometer
VL Sl circuits™ . The transtion to submicron tech-
nology has increased coupling effects between in-
terconnects. The delay resulting from the coupling
capacitance between lines is too serious to be ig-
nored. Some earlier works'*®! give closed estima
tion of crosstalk noise,but an analytical delay cal-
culation for a general interconnect structure with a
coupling capacitance is absent from the literature.

The Elmore delay model is widely used in
static calculation and design optimization, but it
cannot be applied directly when coupling capaci-
tance is present. This paper presents an approach
to analyze coupling RC interconnect delay based on

effective capacitance”. We compare this new
method to the traditional method ,which uses Mill-
er capacitance.

2 Analytical capacitance formula

The coupling capacitance has a greater effect
on the signal characterization when the capacitance
of the line to the ground plane decreases. Numeri-
cal methods can accurately calculate interconnect
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capacitance using finite element methods, but are
too time consuming for performance-driven layout
synthess.

Smple expressons were derived for the cou-
pling and total capacitance of two parallel lines
with the same geometry parameter , as shown in
Fig.1,where W is the width of the line, T is the
thickness of the line, S is the space between the
two lines,and H isthe height of the lines above the
ground plane.

Fig.1 Two adjacent coupling lines

Several accurate formulas have been derived in
the past for line capacitance. However ,due to the
shrinking of geometries and the increase of line as
pect ratiosin state of the art technology ,these for-
mulas are no longer valid and yield inaccurate esti-
mates. As given in Ref. [4] ,the capacitance to the
ground of the sgnal line structures can be ex-
pressed as
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The relative error of the formulais less than
8 2%for 0.02<W/ H,T/ H,SY H<1 28.

Here, a2 is the coupling capacitance between
two parallel sgnal lines. It can be estimated as
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The relative error of the formulais less than
8 6% for 0.02<W/H, T/H<128 and 0 02 <
S H<2 56.

All the capacitances mentioned above are in u-
nitsof F/cm, and€ox is the dielectric constant of
S0, whichisequa to 3 9 x8 855 x 10 * F/ cm.
We will use these formulas to finish the capacitance
calculation for our delay model of coupling RC in-
terconnects.

3 Deday computation of coupling RC
inter connects

Crosstalk noisein coupling lines can either in-
crease or decrease signal propagation delays. This
depends on the line impedances and on whether the
neighboring lines are driven by the same input
voltage or different input voltages (i. e. the two
lines are active) or one of the lines has no input
voltage (i.e.onelineis quiet) . Here we discuss the
latter case, in whichoneinput isarisng ramp sg-
nal and the other is quiet.

3.1 Mode of coupling RC interconnects

In this section,we use a coupling line model
presented in Ref. [5] to derive an analytical formu-
la for the delay. A general case for two coupling
linesis shownin Fig.2. The quiet driver is modeled
by an effective holding resstance R, ,whereas the
active driver is modeled by an effective Thevennin
model cong sting of a saturated ramp voltage source
with a dew rate of t and a Thevennin red stance
Rin. Other components of the model are computed
based on the technology and geometrical informa
tion. The coupling node is defined to be the middle

of the coupling location for both nets.

Fig.2 Mode of coupling RC interconnects

It is quite straightforward to calculate the cir-
cuit parameters of the proposed model. Taking the
quiet net as an example ,node 2 is the center of the
coupling region ,which divides the entire quiet wire
into two segments. Cc is the coupling capacitance
when two lines with the same length are running
paralel. The notationsin Fig. 2 can be calculated as
follows.

— _1 _1 _1
Ral—Raz—zRa,Cal—4C2a,(?ez—2

G+ Cla Ra=Re =Ry Ca=p G Co=

G,G =
1
4
1 _1

2Cq,Q3—4Q+CLq

3.2 Delay computation

Effective capacitance was first presented in
Ref.[6] to estimate the delay of alogic gate. Ding
et al.!"! used thisideato complete the quiet aggres-
r net reduction for crosstak estimation. This
concept also can be used in RL C tree reduction™® .
Here we use this method to match the quiet net at
the coupling node of the active net.

Let Y(s denote the point admittance of a gen-
eral circuit. The Taylor series expansonis

Y(9 = nZynS” (3
where yqisthe nth expanson coefficient. For many
circuit applications,the terms up to s’ are adequate
to characterize the trandent response of a linear
circuit.

Y(S = yo + yis+ yo& + y3s + O(s)  (4)

Note that the first term yo is zero when there
is no DC conducting path from the observation
point to the ground.

Here we use an effective capacitance to eval u-
ate the quiet net and coupling capacitance as shown
in Fig.3.

Consider the model of a quiet net and coupling
capacitance. We first reduce the net to a single re-
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Fig.3 Reduction flow

gstor Ry and a sngle capacitor by matching the
first two Taylor series expanson codficients yo
and y: of the quiet net at node 2. The admittance at
node 2 isobtained as

- —1
Yi(9 = Re + Ra +
N 2
[(Rh . qu)qul + Cp + C‘an s+ O(s) (5
Therefore ,we have the following equations:
Ry = R+ Ra (6)
_ R
G‘_(R1+Rq1)2CJl+Gﬂ+Cﬁ (7)

Next ,we derive theformulato estimate the ef-
fective coupling capacitance Cs« of the smplified
circuit shown above. It is found by matching the
current drawn by the circuit in Fig. 3 with that
taken by the effective capacitor which is grounded
at the other end. The current drawn from nodes 1

to 2 through the coupling capacitor Ccis
| = Ccrdvd] t(t) i dvdzt( tj‘) (8)

Therefore ,our task is to find a constant Car
such that
avi (1) _ avi () dve (1)

G ~C°[ dt ~ dtJ ©

The effective capacitance value during the en-

tire input rising period can be estimated by integra-
ting both sdes of Eg. (9). The following formula

for the effective capacitance is obtai ned.
Cot = |1- &t&(l e v Rl q*cc’)J Ce (10)

After reducing the coupling capacitance and

quiet interconnect ,we can get the decoupling active
interconnect as shownin Fig.4. It isacascaded RC
construction. According to the Elmore delay defini-
tion ,the equivalent Elmore delay of the active line
can be expressed as

tb = RuCa + (Ra + Re) X

[C:GZ"'[ &g(l t/R(C+CC) C+

(Ra + Rz + Ra) CaSJ (11)
Ral Ral Rul
C C,+Coy C,,

Fig.4 Decoupling active interconnect

4 Smulation results and discussion

We have compared our delay calculation with
the SPICE smulation for different methods. We
have Cu interconnect red stance and capacitance da
ta extracted by analytical expressons with W =
029 m,S=03m,T=02%m,and H=0 Fum.

Table 1 shows the val uesfor interconnect par-
adgtic parameters. R, Ry, Ga,and C; can be given
as:

Ra = rlL, GG =alL, Ry = qL, G =

Rh,Rn,CLa,CLq, and L are given by Rn =
2002 ,Rhn =32 ,CLa=0. 2pF,CLq=0 1pF,and L =
2mm respectively.

Table 1 Vauesfor interconnect parastic parameters
cal (pF- m ) |rad (K- m ) [/ (pF- m ) | rg/ (KQ - m~?)

170 15 170 15

Example 1. Let the coupling capacitance Cc e
qual 240f F and change the rise time of the input
sgnal from 10 to 100ps.

The dmulation results for our method, the
conventional method'® that uses Miller theory to
decouple the two adjacent interconnects, and
HSPICE are plotted in Fig.5. In our method ,when
computing the Elmore delay ,we used different in-
put risng times,but thisinformation is not availa
ble when the conventional delay model is used to
analyze the circuit. The error of our method is al-
ways within 19 % of smulation results. The elmore
delay method with 2Cc replacing coupling capaci-
tance may have an error up to 50 % compared to
circuit Smulation results.
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Fig.5 Relation between delay and rise time

Example 2. L et the rise time of the input sg-
nal equal O 1ns and change the coupling capaci-
tance Ccfrom 30 to 420pF.

The smulation results obtained are shown in
Fig.6. The delay estimates calculated usng our an-
alytical model have error within 7% of HSPICE
computed delay estimates,while the Elmore delay
estimates vary by as much as 60 % from HSPICE
computed delays.

36
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Fig. 6 Relation between delay and coupling capaci-

tance

The above examples show that our method is
more accurate than the conventional method.

5 Conclusion

Compared with numerical smulation tech-
niques fast analytical estimation methods of inter-
connect delay are needed for incremental perform-
ance driven layout synthess. We give an approach
for analyzing coupling RC interconnect delay. Conr
pared to the traditional method ,which uses Miller
capacitance ,the new method not only improves the
accuracy but also reflects the delay dependence on
the rise time. It has the same complexity as the H-
more delay method and can be used in performance
driven routing optimization.
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