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Inductance Effect in Crosstalk Prediction
Grégory Servel, Denis Deschacht, Françoise Saliou, Jean-Luc Mattei, and Fabrice Huret

Abstract—Rapid progress in integrated circuit technology has
led to an increase in switching speeds of digital circuits. This increase is the primary reason why inductance noise causes chips to
fail. As a result, there is a growing interest in the inductance associated with on-chip signal lines. In this paper, we present the electromagnetic analysis we have followed in order to determine the accuequivalent parameters from which
rate values of the
a set of multiple coupled transmission lines could be modeled. We
then determine the most critical parameters which make the inductance effect important and we propose a new analytical expression
to accurately evaluate the crosstalk voltage.
Index Terms—Crosstalk, electromagnetic analysis, inductance
effect, on-chip interconnections, transmission lines.

I. INTRODUCTION

M

ICROELECTRONICS evolution is characterized by an
important rise in integration and circuit speed running.
Today the race toward integration is faced with the problem
of interconnects which has become one of the blocking points
in the improvement of circuit performances. Technological advances in microelectronic fabrication techniques focus on the
maximum integration of devices in the same chip. This implies
an increase in the role of interconnects in circuit behavior, which
necessitates the analysis of interconnects in integrated circuits.
Tools employed in order to get interconnect characteristics are
of two kinds. The first kind makes use of tables and analytic
formulations, derived from the equations of electromagnetism.
Here the number of approximations increases considerably with
the problem complexity, so that the results could become unreliable even for simple structures. The second type of tool requires
numerical simulation help (these utilities are often based on the
finite difference time domain or on the finite element method).
Here the accuracy of the solutions obtained is better than in
the first type. However these tools are mainly geared to simulate propagation phenomena in models which eventually show
quite a large diversity of sizes (such as small lines imbedded in
a large background), and from which the users may encounter
difficulties in meshing the models. Therefore it is desirable to
have numerical methods which could give confident modeling
of relatively complex structures, and in particular the magnetic
coupling between their constituting elements.
In deep submicron technology, the wire thickness is often
greater than the wire width, and the spacing between adjacent
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wires is often smaller than the distance between adjacent metal
layers. This makes the coupling capacitance between adjacent
wires on the same layer larger than the ground capacitance to
adjacent layers. The reduction of distances between wires in
deep sub-micron technologies increases the coupling effects and
interactions between circuit interconnection lines. Two adjacent wires form a coupling capacitor and a mutual inductor. A
voltage or a current change on one wire can thus interfere with
the signal on the other wire. This interference noise (crosstalk)
consists of the appearance of a glitch in a line (victim line) which
is in its steady state (high or low level) when a neighboring
line (affecting line) makes a transition (high–low or low–high).
Noise profoundly affects the performance of a circuit and is becoming one of the most important areas for concern in the design of deep submicron integrated circuits. This problem is especially serious for designs with higher clock frequencies, lower
supply voltages, and the use of dynamic logic since they have
a lower noise margin. To ensure that a final layout is noise immune, accurate and efficient noise models are needed to guide
interconnect optimization at various stages.
Recently, a number of simple crosstalk noise models were
proposed. The effects of the coupling capacitance have been addressed by Shoji [1] using a simple linear RC circuit and by
Becer [2] and Vittal [3], using and lumped-circuit models.
Recent models such as [4], [5] propose complex models of prediction of crosstalk requiring complex calculations, and, as a result important CPU time. Reference [6] proposes a closed-form
peak noise formula by assuming a saturated ramp input for the
aggressor net. Most of these models, however, did not consider
the distributed nature of RC networks, which is necessary in
deep sub-micron designs. Servel [7] proposes an analytical expression of crosstalk voltage for one, two and four adjacent
lines, which takes into account interconnect capacitances, line
resistance and their distributed nature, driver resistance and variable strengths of the buffers driving coupled lines. None of these
works includes the inductive effects on crosstalk evaluation,
which is becoming an important consideration regardless of the
system frequency. An efficient on-chip interconnect model is
critical to interconnect optimization at high-level, logic synthesis and physical design. Closed-form formulas are particularly efficient and effective for these design stages.
In this paper, we highlight the importance of on-chip inductance modeling for crosstalk voltage evaluation, and we show
how the most critical parameters make the inductance effect
very important in high-performance VLSI circuit design today.
We also propose a new analytical expression to accurately evaluate the crosstalk voltage.
This paper is structured as follows: after the introduction,
Section II presents the electromagnetic analysis we have followed in order to determine the accurate values of the RLCG
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equivalent parameters from which a set of multiple coupled
transmission lines could be modeled. In Section III we compare the time domain response of three coupled lines for RC and
RLCG models to give the respective variations of the crosstalk
amplitude in order to determine the level of modeling which is
necessary to represent interconnects. We investigate the most
critical parameters which make the inductance effect important.
Finally, a corrective term is proposed in Section IV to improve
the accuracy of the simple RC model to take into account the
inductive effects.
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Fig. 1.

Two coupled Cu lines.

Fig. 2.

Behavior of serie resistances of the two coupled lines.

Fig. 3.

Mutual and serie inductance of the two coupled lines.

II. QUASI-STATIC CHARACTERIZATION OF INTERCONNECTS
For submicron design, where interconnect dramatically
affects the performance, the broad-band transmission line
behavior of interconnects have to be characterized by rigorous
analytical or numerical approaches. Therefore, the simulation
of high-speed analog and digital integrated circuits requires
the analysis of frequency-dependent transmission lines with
nonlinear devices.
The frequency-dependent behaviors of transmission lines
such as losses and dispersions are accurately represented in
the frequency domain, while the determination of transmission
line delays and reflections requires the time-domain simulation
of a nonlinear network often used as drivers and terminations.
In order to resolve this dilemma, most analysis programs use
numerical-transform techniques to alternate between frequency
and time-domain.
Interconnect cross-sectional surfaces are inhomogeneous.
According to Maxwell’s equations, all of the propagating
modes within an inhomogeneous structure are hybrid. Usually,
to analyze such waveguides, it is necessary to perform a
full-wave analysis. In such cases, the Finite Element Method,
associated with the Helmholtz equation, is probably the
full-wave analysis method that is the most generally applicable
and the most versatile [8], [9]. The frequency dependent
per unit length elements can be extracted from the
corresponding full-wave results. However, it is advantageous to
represent the broad-band interconnect characteristics in terms
of equivalent circuits consisting exclusively of ideal lumped
elements because, in this case, the approach is compatible
with general purpose circuit simulators such as SPICE. In this
paper, by considering the standard technological constraints
of the 0.25 m technology, we first demonstrate that the
of studied digital
per unit length elements
circuits on-chip interconnects can be efficiently determined by
quasistatic analysis.
Since this analysis is readily extended to the multiconductor
case, the discussion is focused here on two coupled lines depicted in Fig. 1.
The calculated self and mutual interconnect line parameters
are shown in Figs. 2–4. To demonstrate the accuracy of the quasistatic calculation, these figures also include the corresponding
full wave solution [8].
The bandwidth used in determining relevant frequency components of a digital pulse with a transition time , is generally
. We can also estimate the Useful Frequency
accepted as
clock. This leads to
Bandwidth from the clock frequency by

Fig. 4. Capacitances of the two coupled lines.

5 GHz for a classical 0.25 m technology. For frequencies higher
than this value, the spectral component amplitudes are very small.
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In addition, the attenuation of these components increases naturally with the frequency. This phenomenon also decreases the influences of the higher frequencies’ small components.
In the useful frequency bandwidth (UFB), the comparison shows good agreement between the quasistatic and the
full-wave solutions, and allows us to use frequency-independent
per unit length elements. We have to note that the quasistatic
approximation used in this study, depends only on the frequency
(UFB), and not on the wire length. Finally, the accuracy of the
quasistatic calculation has been also demonstrated for on-chip
interconnects on lossy silicon substrate [10].
Now, this section briefly presents the principles of the analysis we have followed in order to obtain the numerical values
) equivalent parameters from which a set of
of the (
coupled transmission lines could be modeled. This work has
been performed by using commercial FEM packages developed
for two dimensional computation of electromagnetic problems
[11]. These packages allow us to solve conveniently and independently both magnetic and electric fields, provided that the
quasistatic condition is fulfilled. A noteworthy advantage of this
static approach lies in the very reduced CPU time taken for
each computation (about 4 minutes). The computational model
is based on the static Maxwell’s equations. This method divides
the studied structure into sub-domains. It is then possible, with
this tool, to fit any polygonal shape by choosing the element
shapes and sizes.
) parameters which
We focus here on the (
describe one central and two adjacent parallel transmission
lines. The three copper lines are imbedded in a dielectric matrix
), with lower and upper ground planes, as
(permittivity
sketched in Fig. 6. The electric potentials and the currents have
been fixed to arbitrary values. In order to modify the coupling
between a given line and the two other lines, the spacing
between them (denoted ) has been changed in the range 0.6–1
m. Owing to the determination of appropriate mesh patterns,
an accuracy of about 1% on the computed fields has been
reached. Typical views of the field distributions are represented
on Fig. 1. The arrows are the electric field [Fig. 5(a)] or the
magnetic field [Fig. 5(b)]; the colors give the intensity of the
electric potential or of the scalar magnetic potential (values
increasing from blue to red). They give qualitative indications
on the intensity of the coupling strengths.
and the electric
As an example, the magnetic energy
stored in the structures have been computed. From
energy
these the following set of parameters can be calculated: the selfs
and
,
, the capacities
and the mutual inductances
and
,
. Their nuand the influence coefficients
merical values have been obtained from the following general
expressions (1a) and (1b):
(1a)
(1b)
where the sums are over the n conductors (here we take
). denotes the currents flowing through the th line, which

(a)

(a)
Fig. 5. (a) Electric field and (b) magnetic field.

Fig. 6. Interconnection geometry.

is placed at the potential . Obvious symmetry considerations
,
,
,
lead to reduce the twelve unknowns to (
in (1a), and to (
,
,
,
) in (1b). So, in both these
cases, and for each value taken by the spacing parameter , four
values of the stored energy have been computed (corresponding
to different values of the and of the ), and the equations
solved.
Fig. 6 represents the interconnect geometry used to illustrate
our study. The lower metal 3 and upper metal 5 layers are considered to be very dense and the perfect metallic walls are taken
into account on both sides of the metal 4 layer. In this case, the
conductance is negligible (10 mS/cm) and must not be incorporated in the model. Corresponding electrical parameters
are given in Table I.
III. COMPARISON BETWEEN RC AND RLC MODELS
The first problem is to determine the level of modeling which
is necessary to represent deep-submicron interconnects. With
this aim, we compare the time domain response for RC and RLC
models. The crosstalk amplitude is obtained by HSPICE simulations with a 0.25 m process, with a level 49 foundry specified card model, the interconnection being modeled by an RC
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TABLE I
ELECTRICAL PARAMETERS USED TO MODEL THE INTERCONNECTIONS

Fig. 9.

Crosstalk amplitude variation versus interconnection length.

Fig. 7. Worst-case configuration.

Fig. 10.
length.

Fig. 8.

Signal variation at the output of the victim wire.

or RLC distributed model, whose number of basic cells depend
upon the considered length. The crosstalk amplitude increases
with the number of adjacent lines. We only consider the case
where inaccurate evaluation of the crosstalk amplitude could be
at the origin of a malfunction of the circuit, so we directly study
the case of the bus structure. We consider three, 6 mm length, adjacent lines in the worst-case configuration, that is to say, when
and
(inputs of the aggressors) change from 0 to
and
(input of the victim line) is at
, we have the most
important noise voltage induced on the victim line [7] (Fig. 7).
The buffer sizing is calculated to keep a constant loading factor
equal to 5, and a 2 m receiver size is used. Fig. 8 shows the
temporal variation of the voltage at the output of the victim interconnection.
This first result shows a discrepancy between the two models,
and the need to evaluate in detail the inductive effects. The inductance increases the crosstalk amplitude, and a logic fault can
be shielded by using a simple RC model.
Fig. 9 represents the variation of the crosstalk amplitude
versus the interconnection length for two different spaces,
, between lines, and the corresponding discrepancy in percentage, Fig. 10, between RLC and RC models. Whatever
the space between the lines, the crosstalk amplitude increases

Discrepancy between RLC and RC model versus interconnection

with lengths up to 6 mm with a tendance toward a constant
value. Only an analytical expression can rapidly determine this
maximum value. In a strategy of buffering, the knowledge of
this value is fundamental. When the propagation delay poses
no problem, the maximum value of interconnect length on a
chip, can for some cases be equal to the half perimeter of the
chip. The propagation can then be made with two or three clock
cycles. So, even if the maximum number of interconnect in a
bus is only a few millimeters, it is important to analyze and to
validate the analytical expressions up to this maximum value.
The discrepancy increases with the interconnection length,
because when the length of the wire is no longer negligible in
comparison with the length of the associated wave, the quasistatic hypothesis. Current and Voltage constant in the propagation direction isn’t realized, then inductance modeling becomes
necessary. For long lines however, the reflection phenomena are
shielded from the attenuation factor, the amplitude of the reflected wave decreases with the increase in length, so that the
reflection effect becomes negligible. The inductance modeling
is no longer necessary.
We now analyze this discrepancy versus all the parameters,
by beginning with the sensitivity study of interconnect process
parameters. Various low- materials have been introduced to
reduce not only the intra-metal capacitance in the same plane,
but also the inter-metal capacitance between two planes. Fig. 11
shows that we have obtained similar results with different relative permittivity, , varying between 4 and 2.5, for three coupled lines of 6 mm with three different sizing for the buffer corresponding to different loading factors . The relative permit-
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Fig. 11. Discrepancy between RLC and RC model versus permittivity.

Fig. 12. Discrepancy between RLC and RC model versus interconnection
length for Al and Cu wire.

IEEE TRANSACTIONS ON ADVANCED PACKAGING, VOL. 25, NO. 3, AUGUST 2002

Fig. 14. Discrepancy between RLC and RC model versus a variation of the
inductance value.

Fig. 15. Discrepancy between RLC and RC model versus the resistivity of the
metal layer.

length. Driver size ranges from 7 m to 85 m corresponding
to a loading factor between 2 and 12, and two different spaces
between lines. We find that a stronger driver notably increases
the discrepancy. The higher the driver size, the larger the
RLC/RC discrepancy. The reason for this is that strong drivers
.
yield faster-ramping waveforms, which give higher
The following figures summarize these variations:
1) versus the variation of the inductance, written as
, Fig. 14, for three different input transition
times; we have verified that the mutual inductance has no
significant influence on the crosstalk amplitude;
2) versus the resistivity of the metal used for the interconnection, Fig. 15, for three different input transition times.
Fig. 13. RLC and RC crosstalk amplitude versus transistor size for two spacing
between lines.

tivity doesn’t affect significantly the discrepancy between RC
and RLC models.
With the aim of higher performance, the use of some low resistivity metals has been studied to replace Al in order to minimize wire RC delays and many designers have demonstrated the
success of using copper (Cu) wires. Cu is very attractive due to
its low resistivity and excellent electromigration resistance. But
the process integration of Cu poses many potential problems one
of which is diffusion, and as a result, barrier layers need to be introduced. We compared the behavior between Al and Cu wires
in Fig. 12. As was expected, the discrepancy between RLC and
RC models increases when the resistivity of the lines decreases.
In Fig. 13 we show the noise amplitude and the corresponding
for 4 mm interconnect
discrepancy versus driver size

IV. ANALYTICAL EXPRESSION
In [7], the authors have presented a new simple closer form
expression to calculate the crosstalk amplitude between two,
three and five adjacent lines, using an RC distributed model. To
take into account inductive effects, it is possible to add a corrective term to the calculation of this RC model, as

with

and
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TABLE II
COMPARISON OF CROSSTALK VALUES FOR

W =W

TABLE III
COMPARISON OF CROSSTALK VALUES FOR

W =6 W

is the inductance of the line 2,
,
and
are the equivalent resistances of the inverter 1, 2 and 3 respecis the resistance of the line 2 and
the rise
tively,
time at the input of the inverter 2.
To validate this expression, we have simulated more than a
hundred different configurations, with a range of wire length
between 0.5 mm to 20 mm. We give here in Tables II and III,
some examples of these comparisons between calculated and
simulated values of the crosstalk amplitude, for the cases where
m, for different configurations. For all the simulations, we considered the worst-case configuration, with
. In Table II we keep the same size for the buffers of the
two aggressor’s lines, the size of the buffer of the victim line
being different, as reported in the table. We give the simulation
values of the simple RC distributed model and the values of the
RLC model. These values are compared with those calculated
by our expression. Finally the discrepancy between calculated
and simulated values is given in the last column. We can see the
good agreement and the importance of the corrective term.
In Table III, we consider different sizes for the buffers.
For these cases, we can see also a good agreement between simulated and calculated crosstalk values and the necessity of taking
into account the inductance effect in a large range of length.
We now consider a new interconnect geometry. The corresponding electrical parameters obtained by electromagnetic

simulations are
cm
fF/cm

fF/cm
fF/cm
nH/cm
nH/cm

For
m, and the size of the buffers calculated to keep
a constant loading factor equal to 5, we have obtained the following results given in Table IV.
For this configuration, largely different from the previous
one, the accuracy of our proposed model is also good, and simulations with an RLC model are essential. The inductive effect
cannot be neglected.
The coefficient has been determined for the 0.25 m technology. For the passage to a new technology, this corrective term
has the same form, but it will be necessary to fit the new coefficient. In each case, the error between calculated and simulated
values is less than 10%.
V. CONCLUSION
It is important for designers to know if crosstalk problems
may arise in their final designs. An analytical expression to calculate the crosstalk would help the circuit designers to locate the
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TABLE IV
COMPARISON OF CROSSTALK VALUES FOR A NEW GEOMETRY
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pair of lines which is most sensitive to crosstalk interference.
The accuracy of RC models is no longer sufficient for deep submicron circuits. In this paper, a methodology has been proposed
. We
to determine the accurate electrical parameters
have shown the influence of inductive effects and proposed a
corrective term in order to efficiently deal with them. The accuracy and applicability of a simple closed-form model for calculated crosstalk noise was shown.
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