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ABSTRACT

This paper describes an accurate and efficient method to es-
timate the crosstalk noise caused by multiple aggressor nets.
Traditionally, the noise injected by each individual aggres-
sor net is computed while the coupling capacitances from
the victim net to non-switching aggressor nets are grounded.
This approach, however, can significantly underestimate the
maximum noise voltage. We therefore propose a more ac-
curate approach where the noise generated by an aggressor
is calculated while each quiet aggressors is replaced with an
effective load capacitor, the value of which is obtained by
multiplying the coupling capacitance with a load factor. A
formula is derived to calculate the load factor based on pa-
rameters of the aggressor, the coupling capacitance and the
effective slew rate of the victim net. Using HSPICE simula-
tion, we demonstrate that the proposed approach results in
an average error of 1% and 3¢ error of 9%, while the tra-
ditional approach that used grounded coupling capacitors
consistently underestimates the actual noise voltage and has
an average error of 9% and 3o error of 42%. Based on the
new reduction method, a crosstalk noise estimation flow is
proposed and is shown to produce promising results.

1. INTRODUCTION

Crosstalk noise between signal wires has become a promi-
nent source of failures in high-speed VLSI systems [1]-[3].
This is especially the case in deep submicron circuit de-
signs due to the aggressive interconnect scaling in the lat-
eral dimensions with relatively unchanged vertical dimen-

sions. Therefore, accurate crosstalk noise estimation in -
early stages of circuit design is pivotal to ensure the reliable -

operation of deep submicron VLSI circuits.

Crosstalk affects circuit behavior in two ways. First,
when aggressor nets switch simultaneously with the victim
net, the gate delay of the victim net is affected. Second, if
the victim net is quiet, the switching of aggressors may re-
sults in voltage glitches on the victim net, possibly causing
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a functional signal integrity failure. In this paper, we focus
on the latter problem.

The coupling capacitance from neighboring wires has be-
come comparable to, if not more prominent than, the ground
capacitance of a net. This has made it necessary that a vic-
tim net is analyzed together with all its coupled aggressor
nets. However, it is not uncommon to have tens of thou-
sands of long wires in a large design, where each net has
hundreds of aggressor nets. Proper alignment of the switch-
ing time for all aggressors in order to generate the maxi-
mum crosstalk noise is very time consuming. A common
approach uses the superposition law to estimate the maxi-
mum crosstalk noise [2], [4], [5]. In this approach, the com-
plete, coupled network is simulated once for each aggressor
driver, while all other aggressor drivers are held quiet. To
compute the worst-case crosstalk noise of an N-aggressor
system, it is therefore necessary to calculate the crosstalk
noise of an N+1-net system for IV times, as shown in Fig-
ure 1(a). This becomes very inefficient when the number of
aggressors is large.

To improve efficiency, previous works [4]-[7] assume ei-
ther explicitly or implicitly that coupling capacitances from
the victim net to non-switching aggressor nets are grounded.
This reduces the network from N+1 nets to only two nets.
Therefore, the maximum crosstalk noise can be calculated
in linear time with respect to the number of aggressors V.
However, since during superposition the quiet aggressor
nets follow the victim net waveform to a certain extent, their
effective load capacitance is always less than the coupling
capacitance value. Note that crosstalk noise decreases as the
total effective load capacitance at the victim net increases.
By using grounded coupling capacitance Cx, these meth- -
ods have therefore improved the efficiency of the analysis at
the cost of significantly underestimating the crosstalk noise.

In this paper, we propose a new approach which main-
tains the efficiency of the analysis, but improves the accu-
racy. Instead of grounding the coupling capacitors, we re--
place them with an effective load capacitor, as shown in Fig-
ure 1(b). The value of the effective capacitance is obtained
by multiplying the coupling capacitance with a load factor.
A formula is derived to calculate the load factor using pa-
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Figure 1: Comparison of basic superposition and proposed reduction method. (Drivers and receivers are modeled as resistors

and capacitors, respectively. N = 3 in the illustration.)

rameters of the aggressor net, the coupling capacitance and
the effective slew rate of the victim net. We present results
that demonstrate the accuracy of the proposed method and
compare its effectiveness with the traditional approach.
The remainder of this paper is organized as follows. In
Section 2, we derive the equation for the load factor. In Sec-
tion 3, we present the overall noise estimation methodology
and present results. In Section 4, we draw our conclusions.

2. EFFECTIVE COUPLING CAPACITANCE OF
QUIET AGGRESSORS :

In this section, we will derive the formula to estimate the
load factor ¥ of an aggressor net, based on the circuit shown
in Figure 2. For simplicity of presentation, interconnect re-
sistances are neglected. In Section 3, we will extend the
formula to include interconnect resistances and incorporate
it into a simple crosstalk noise model.

We first study the upper and lower bounds of v. When
the effective resistance of a quiet aggressor R 4 approaches
zero, we can consider the aggressor node as ground. There-
fore, the effective load capacitance is the coupling capac-
itance Cpyax = Cx and v = 1. On the other hand,
as R4 approaches infinity, the aggressor node floats and
the coupling point (on the victim net) is connected to the
ground through two series capacitors C'x and C4. There-
fore, the effective load capacitance approaches Cprry =
CaCx [(Ca+ Cx)andy = Cq/(Ca + Cx). For areal-
istic R4 value, the effective load capacitance is somewhere
between these two bounds.

The current drawn from the victim node to an aggressor
node is
W (t) _ dVa(t))

dt dt 7
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Figure 2: Crosstalk circuit for load factor analysis.

Therefore, our task is to find a constant « such that

avy (t)
Tt

Kirchoff’s current equation at the quiet aggressor node is

dVV(t) dVa(t)

~ Cx (

dVa(t Va(t dVy (t
(Ca+ 00 ZA T4l _ o VG
Ra dt
For a normalized ramp input at the victim node Vy (t) =
t/t., 0 <t < t,, the above equation simplifies to
dVa(t)  Va(t) _C
(CatCx)——+ R =i 3

Solving the differential equation with the initial condition
that V4 (0) = 0, we obtain the following formula

_ RACx

; (1-e ma@aFo0). (4
-

The averaged -y value during the input rising period can be
calculated by integrating.(1) from 0 to ¢,. Use initial and
final conditions, we obtain the following equation after sim-
plification '

v~ 1= Vu(ts). %)
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circuit. C4=100fF, Cx=200 {F, Cx =200 fF, Ry =100012,
Cy=2001F, and ¢,=100ps.

The load factor +y is obtained by combining (4) and (5)

r=1-X(1-eH), ©)
where
tx = RaCx, ta= RA(CA +Cx).

It can be shown that the effective coupling capacitance Cey s
calculated by multiplying Cx with the + value obtained
in (6) approaches C'x when R4 — 0 and that Cef; —
CaCx/(Ca+ Cx)as Ry — oo.

Figure 3 compares the reduced circuit with the original
one using typical parameters. The maximum crosstalk noise
rises when R4 increases. The reduced model has a maxi-
mum error of only 1% in the entire R 4 range shown in the
figure. As a comparison, the maximum possible error using
either Cx or C4Cx /(Ca + Cx) as the effective capaci-
tance is over 25%.

The proposed effective coupling capacitance method was
tested on 5000 random test circuits using the following
parameter ranges. The capacitances range from 20{F to
400 fF, the effective resistances range from 50 2 to 2000 £,
and the rise time of the aggressor ranges from 30ps to
500ps. Figure 4 illustrates the relative errors for the test
circuits using the three different effective coupling capaci-
tances. It is quite clear that using Cx or C4Cx /(Ca+Cx)
as capacitive load will overestimate or underestimate the
crosstalk noise, respectively. More quantitatively, the av-
erage errors are 9.0% and 6.0% and the 3¢ errors are 42%
and 43%, respectively. In contrast, using the proposed for-
mula, we have an average error of only 1.0% and a 3¢ error
of 9%. Furthermore, the formula slightly overestimate the
crosstalk noise, which is usually more desirable.
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Figure 4: Simulation results of 5000 random circuits.

3. CROSSTALK NOISE ESTIMATION
METHODOLOGY

Our crosstalk noise model for the single aggressor problem,
as shown in Figure 5, is an extension to the 2-7 model pro-
posed in [7]. Here both the victim net and aggressor nets
are modeled as two w-type circuits so that the location of
the capacitive coupling can be correctly modeled.

It is quite straightforward to calculate the circuit param-
eters of the proposed model. Taking the victim net as an
example, node 2 is the center of the coupling region, which
divides the entire victim wire into two segments. Ry, and
Ry g are the lumped resistances of the left and the right seg-
ments, respectively. C'y, is half the wire capacitance of the
left segment Cjey; plus the driver output diffusion capaci-
tance. C'v g is the sum of the load capacitance and half the
value of the wire capacitance of the right segment Cright.
Finally, Cv az is (Ciegt + Crignt)/2, which is half the total
wire capacitance. The aggressor net can be treated the same
way.

The load factor formula derived in Section 2 does not
consider interconnect resistance. However, it can be eas-
ily extended to calculate the load factor of a quiet aggres-
sor net modeled by the shown 2-7 model. By matching the
lower order moments of the aggressor at node /, we obtain
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Figure 6: Incorporating effective coupling capacitance into
2-m model.

an equivalent aggressor circuit without interconnect resis-
tance with the following parameters

Ry, = Ra+Ruas, ™
RA 2

Ci = (5—A )2Cas+Cam+Car @

A (RA+RAL) AL +Cam + Car. (8)

To incorporate the effective coupling capacitances into
the equivalent circuit shown in Figure 5, we distribute those
capacitances among the two nearest model capacitors. Fig-
ure 6 illustrates one such transformation.

We applied the proposed crosstalk estimation methodol-
ogy to two simple circuits shown in Figure 7. The inter-
connect parameters are based on a 0.18 um process: the
ground capacitance is 80 fF/mm, the coupling capacitance
is 150 fF/mm, and the sheet resistance is 160 Q/mm. Sim-
ulation results are shown in Table 1, where the last three
columns are normalized crosstalk voltages of the original
circuit, the reduced circuit using Cx, and the reduced cir-
cuit using vCx, respectively. Relative errors are listed in
parenthesis. The proposed method yields a very small error
in all cases.

4. CONCLUSION

A novel method to speedup crosstalk noise estimation by
reducing quiet aggressor nets to effective coupling capaci-
tors is proposed in this paper. A formula to calculate the
effective capacitances is derived and verified using HSPICE
simulation. The reduction method is incorporated into the
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Figure 7: Example circuits.

Table 1: Simulated results of example circuits

Cki [ L(mm) | Vo | Vor Er%) | Voo, (Bt%)
0.5 | 0229 | 0214(-6.6) | 0.232(1.3)
A T0 | 0272 | 0247(-9.2) | 0.278(2.2)
20 | 0292 | 0.260(-11.0) | 0.300(2.7)
1.0 | 0.168 | 0.164(-2.4) | 0.170(1.2)
B 20 | 0221 | 0210(-5.0) | 0.223(0.9)
40 [ 0271 ] 0254(-63) | 0.270(-0.4)

2-w model based crosstalk estimation analysis flow. Exper-
iments have show that the proposed reduction method con-
sistently yields superior results.
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