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I nterconnect geometry in deep-submicrometer integrated circuit tech-
nologies is being aggressively scaled down for wiring density, leading to high
aspect ratios in metal lines.13 For example, according to the Semiconductor
Industries Association roadmap, metal aspect ratio is expected to reach 2:1 in
the 0.25-um technology generation and 3:1 by the year 2004. As a result of the
increasing metal aspect ratio, capacitive coupling between neighboring signal
lines increases and more cross talk noise is generated. With increasing edge
rates and ground bounce in advanced technologies, cross talk will become a

pervasive signal integrity issue.

Traditionally, SPICE simulations have been used to estimate cross talk noise
in the signal lines. Although accurate, these simulations are time-consuming.
When the number of signal lines easily exceeds one million as it does in today’s
advanced microprocessors, SPICE simulations are too inefficient to carry out
for each line. A rapid and accurate cross talk noise estimation alternative is
needed to ensure acceptable signal integrity in a limited design cycle time.
In reference 4, a closed-form model based on RC transmission line analysis is
presented. However, the driver modeling is not discussed and the analysis is
limited to step response. Another model approximates the driver with a resistor
and a ramp voltage source,® but signal line resistance is neglected. These
approaches lack the accuracy needed in deep-submicrometer interconnect

analysis.
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In this paper we present a closed-form cross talk noise
model with accuracy comparable to that of SPICE for an
arbitrary ramp input rate. Interconnect resistance, inter-
connect capacitance, and driver resistance are all taken
into account.

Model for Timing-Level Analysis

First, we derive a closed-form expression for cross talk
noise when the rise time at the aggressor output is known.
A circuit schematic of this model is shown in Figure 1.

In a typical electronic design automation environment,
circuit timing simulators can provide a rapid and accurate
estimate of the signal rise time at the output of a driver.
This information significantly simplifies our driver model-
ing. An aggressor transistor is treated as a ramp voltage
source, Vs (=Vgg/Ty). A victim transistor is modeled as
an effective resistance, Ryg. This value is taken to be the
linear resistance for the p- or n-channel MOSFET, depend-
ing on the victim line’s logic state. This driver resistance
and the victim line resistance, Ry, are lumped into a single
resistance, Ry. Ry is the line resistance of the aggressor.
Ca and C, are the lumped capacitance for the aggressor
line and victim line, respectively, and C; is the coupling
capacitance between the lines (Figure 2).

Based on the circuit in Figure 1, the cross talk noise
voltage Vy as a function of time t is expressed as:

€
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Figure 1

A circuit diagram for the cross talk models in this paper. In
the timing-level model, the aggressor driver is modeled as a
ramp input, Vs (= Vgq/Ty), and Ry is the line resistance of the
aggressor. In the transistor-level model, Vg is the ramp input
to the aggressor driver, and R is the sum of aggressor driver
resistance Ryq and the aggressor line resistance Ry;. In both
models R, is the sum of the line and driver resistances. C;
and C, are the lumped ground capacitances for the aggres-
sor line and victim line, respectively, and C is the lumped
coupling capacitance.
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for Ty <t, where Vq is the supply voltage, T, is the rise
time at the output of the aggressor driver, and
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The peak voltage, Vy max, always occurs when Ty <t.
Therefore, by differentiating equation 2 with respect to t,
we obtain:

Vx,max = (6)
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Figure 2

A cross-sectional view of two lines above a ground plane
considered in this study. The coupling capacitance C is the
source of on-chip cross talk noise. It is a significant fraction
of total interconnect capacitance in deep-submicrometer
interconnect technology.
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Figure 3

Normalized cross talk noise voltage as a function of inter-
connect length. The model prediction is represented by a
solid line and the SPICE simulations are represented by
circles. The error of the model compared with SPICE is less
than 10%. Cross talk noise increases sharply for line lengths
over 1000 um before reaching a saturation value.
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where ¢1 = exp(—T¢t1) —1and ¢ = exp(—Titp) — 1.
For a sufficiently slow rise time (T >12), Vx max approaches
the limit of RyCV4g/Tr Also, for a special case where
Ra=Ry, C3=C,, and T, =0, equation 6 reduces to a simple
model presented by Sakurai:*

Vad  Cg
2 C,+ Co ™

Vx,max =

The accuracy of the model of Figure 1 is demonstrated
in Figure 3 and Figure 4 for a representative cross-
sectional geometry of a global line in 0.25-um technology.®
To account appropriately for the distributed nature of the
interconnect RC network, the lumped ground capacitances
Ca and Cy, are scaled by a factor of 0.5 based on the Elmore
delay model.” The lumped coupling capacitance C¢, on
the other hand, is scaled by a semi-empirical, technology
independent factor, a = (1 —f)[exp(— Ty/tg)] + . The
parameter {3 accounts for the presence of the victim driver
resistance, and is given by =0.5[1+ Ryg/(Ryvi+ Ryd)]- B is
unity for a device-dominated case in which shielding re-
sulting from interconnect resistance is negligible, and it
decreases monotonically to 0.5 as interconnect becomes
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more dominant. The scaling factor a is equal to  for a
slow rise time, but monotonically approaches unity for a
sufficiently fast rise time. In Figure 3 line length is varied
to cover both the device-dominated case (interconnect
length <1000 um) and the interconnect-dominated case
(interconnect length = 3000 wm). The model prediction
matches the SPICE results very well. The agreement is
also excellent in Figure 4, where the rise time varies
over a wide range.

Since all parameter values in equations 1 through 7 are
readily available from the timing analysis tools, this model
forms an excellent basis for a cross talk screening tool at
the timing level. The nonproblematic signal lines can be
quickly identified and filtered with this model. Only those
lines that potentially violate noise margin need further
detailed simulations. The efficiency of signal integrity
verification can be significantly improved by this scheme.

Figure 4

Normalized cross talk noise voltage as a function of rise
time. The model prediction is represented by a solid line
and the SPICE simulations are represented by circles. The
error of the model compared with SPICE is less than 10%.
Cross talk noise is a strong function of rise time and is a
serious concern when rise time becomes less than 200 ps
in deep-submicrometer technologies.
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Model for Transistor-Level Analysis

Next, we consider a case in which the rise time to the
input of the aggressor transistor is known. In this case
the rise time at the output of the aggressor transistor is
first computed as a function of the input rise time using a
technology dependent function. Then equation 6 is used
to calculate the maximum cross talk noise.

The rise time at the output of the aggressor transistor, Ty,
is expressed as:

Te=Ti+Trw+ Ty (®)

where Ty, Ty, and T,¢ account for the intrinsic delay,
input slope, and interconnect loading dependencies,
respectively.

Intrinsic Delay Dependency. The intrinsic delay depen-
dency of the aggressor output rise time, Ty, is empirically
expressed as:

Vad
! Id,s.at

Ti=Kk Cj, )
where Vqq is the supply voltage, |4 sat is the saturation
source-to-drain current, and Cj is the junction capacitance.
The T,j term is usually small (~5 ps) and is independent
of the aggressor input rise time. It is also independent of
device size; both Iq 55t and Cj increase as the driver size
increases, canceling each other. The term k; is a fitting
parameter. Our study shows that k;=0.4 for many different
technology generations. The Ty term is important only for
the following cases:

= Older technology generations for which the RC of a
device is significant

= A transistor with extremely small loads
= Very fast input rise time (<35 ps).

None of these cases is of practical interest in deep-
submicrometer technologies.

Input Slope Dependency. The input slope dependency of
the aggressor output rise time, Ty, is a linear function of
the aggressor input rise time, Ty,:

Tw = kwTra, (10)

where ky, is a technology dependent fitting parameter and
is typically between 0.1 and 0.2 for deep-submicrometer
technologies. This linear relationship holds extremely

Article 4 « [J 1998 Hewlett-Packard Company

Figure 5

Unloaded output rise time as a function of input rise time of
the aggressor driver for 0.25-um and 0.18-um technologies. A
linear relationship holds well for input rise time above 50 ps.

110
100 -
90
80
70
60

50 1

Output Rise Time (ps)

40

30 1

20

10 1

0 f f f f {
0 100 200 300 400 500
Input Rise Time (ps)

well for the practical values of T4 ranging from 50 ps to
500 ps, as shown in Figure 5.

This input slope dependency term can be very significant,
especially for slower input signals and small load capaci-
tances. For instance, for a 1-mm line with T,; =160 ps,
Trw can be as high as 30% of T,.

Interconnect Loading Dependency. The third term in
equation 8 results from the charging and discharging of
the interconnect through the aggressor driver. Since the
driver goes through both the saturation and linear modes
of operation during the charging and discharging, T;c has
two corresponding terms:8

(11)
Ve — 0.1Vy4y
Id,sat

Tre = chi[

+ ¥EC; In ,
Y20 KVas =V ( Vaa

where C; is the interconnect capacitance, V; is the threshold

voltage of the driver, and Kk is the device transconductance,
which is given by:
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2|d,sat

- (Vag — Vo2 (12)

The term vy is an empirical expression to account for

capacitance shielding caused by interconnect resistance,

and is given by:

(13)

Rai

Yy = 1 -1 —
Ry + RaqV3

where Rj and Ryg are the aggressor line resistance and

driver resistance, respectively. The term £ is an empirical

constant accounting for the loss due to short-circuit

current and is typically equal to 1.2. Short-circuit current
does not serve to charge or discharge the line.

The first term in equation 11 describes the transient in the
saturation region, but is typically much smaller than the
second term because of the large current drive and the
small voltage swing in the saturation region. The second
term is for the transient in the linear region, and is tech-
nology dependent only on the ratio of Vi/Vqg.

Figure 6

Comparison of rise time estimates. The model in this paper
is in excellent agreement with SPICE results. A model in
reference 9, which neglects T;; and Ty, in equation 8 as well
as interconnect capacitance shielding and short-circuit
current in equation 11, exhibits large error over a wide
range of interconnect lengths.
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Figure 7

Rise time estimation error of models compared with SPICE.
Error for the model in this paper is +10%. A model based
on reference 9 produces a significant error.
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Benchmark of Model. Rise time values at the output of
the aggressor driver calculated based on equations 8
through 13 for a wide range of interconnect lengths are
compared with SPICE simulations in Figure 6. The model
predictions are in good agreement with SPICE simulations.
The modeling error compared with SPICE is shown to be
less than 10% in Figure 7.

As a comparison, the rise time estimation based on a pre-
viously published model? is also shown in Figure 6. This
model neglects T, and Ty Also, interconnect capaci-
tance shielding and short-circuit current in T,c are not
considered. As a result, this model significantly under-
estimates T, for short lines and overestimates T, for long
lines.

Once the rise time at the output of the aggressor driver is
calculated, the corresponding peak cross talk noise can
be computed based on equation 6. In Figure 8, modeled
and SPICE peak cross talk noise values are plotted as a
function of interconnect length. Our model provides a
very smooth curve and matches the SPICE result within
10% over a wide range of interconnect lengths.

The technology dependent fitting coefficients in equations
9 through 11 can be found easily by running SPICE for
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Figure 8

Estimated cross talk noise voltage as a function of intercon-
nect length. The model prediction is represented by a solid
line and the SPICE simulations are represented by circles.
The model is accurate (less than 10% error) over a wide
range of interconnect lengths.
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several calibration cases. With the calibrated coefficients,
this model rapidly generates accurate cross talk noise
estimation for various driver sizes, interconnect loads,
and rise times. The model is an attractive alternative to
SPICE when many transistor-level simulations for cross
talk noise are needed, including the case of quick screen-
ing mentioned earlier.

Conclusion

In this paper we have analyzed the accuracy and applica-
bility of a simple closed-form model for calculating cross
talk noise on signal lines in deep-submicrometer intercon-
nect systems. With appropriate scaling and calibration of

the model coefficients, it was shown that the model is
sufficiently accurate for cross talk analysis. All model
parameters and coefficients are readily available. There-
fore, the model is suitable for rapid cross talk estimation
and signal integrity verification.
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