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Fast and Accurate Quasi-Three-Dimensional
Capacitance Determination of Multilayer VLSI

Interconnects
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Abstract—A new fast and accurate capacitance determination
methodology for intricate multilayer VLSI interconnects is pre-
sented. Since a multilayer interconnect structure is too complicated
to be directly tractable, it is simplified by investigating charge dis-
tributions within the system. The quasi-three-dimensional (3-D)
capacitances of the structure are then determined by combining a
set of solid-ground-based two-dimensional (2-D) capacitances and
shielding effects that can be independently calculated from the sim-
plified structure. The shielding effects due to the neighboring lines
of a line can be analytically determined from the given layout di-
mensions. The solid-ground-based 2-D capacitances can also be
quickly computed from the simplified structure. Thus, the pro-
posed capacitance determination methodology is much more cost-
efficient than conventional 3-D-based methods. It is shown that the
calculated quasi-3-D capacitances have excellent agreement with
3-D field-solver-based results within 5% error.

Index Terms—Crosstalk, interconnect capacitance, multilayer,
shielding effect, signal delay, VLSI interconnects.

NOMENCLATURE1

Capacitance matrix concerned with a designated
line in the th layer.
Total overlap capacitance between a designated line
of the th layer and the th layer lines.
Parallel-plate capacitance between a line of theth
layer and the system ground.
Self-capacitance of a line of theth layer (i.e.,
the capacitance between the line and the system
ground).
Self-capacitance of a line of theth layer when it is
completely isolated from other neighboring lines of
the th layer (it is the special case of ).
Total underlap capacitance between a designated
line of the th layer and the th layer lines.

Manuscript received September 14, 1999; revised July 28, 2000. This work
was supported by the Center for Electronic Packaging Materials, Korea Science
and Engineering Foundation.

W. Jin, Y. Eo, and J. Shim are with the Department of Electrical and Computer
Engineering, Hanyang University, Kyungki-Do 425-791, South Korea (e-mail:
jin@giga.hanyang.ac.kr; eo@giga.hanyang.ac.kr).

W. R. Eisenstadt is with the Department of Electrical and Computer
Engineering, University of Florida, Gainesville, FL 32611-6130 USA (e-mail:
wre@tec.ufl.edu).

Publisher Item Identifier S 1063-8210(01)03297-8.

1Note: A superscript is employed to denote layer information, not as a power
index.

Intermediate capacitance matrices concerned with a
designated line in theth layer. The denotes a
set of solid ground layers.
Fringing capacitance of theth line in the th layer.
Note that the spacing between theth line and the

th line in the th layer is .
Fringing capacitance of theth line in the th layer
when the spacing between theth line and the

th line in the th layer is infinite. That is, theth
line is completely isolated from other lines.
Intermetal dielectric thickness between theth layer
and the th layer. The zeroth layer is assumed
to be a system ground.
Line length of a line in the th layer.
Spacing between theth line and the th line
in the th layer.
Line thickness of a line in theth layer.
Line width of the th line in the th layer.
Filling factor concerned with a designated line in the
th layer. That is, means that how much the

designated line in theth layer is overlapped with
the th layer metals.
Filling factor concerned with a designated line in
the th layer. That is, means how much the
designated line in theth layer is overlapped with

th layer metals.

I. INTRODUCTION

A S MINIMUM feature size continues to be scaled down,
modern VLSI circuits can cost-effectively integrate a

myriad of functional circuit blocks on a single chip [1]. In con-
trast, circuit clock frequency, which is now near the gigahertz
range, keeps increasing [1]–[4]. In such high-performance
VLSI circuits, interconnect lines, rather than the gates, are the
major limiting factors of the circuit performance [2]–[7]. The
primary adverse effects due to the interconnect lines are the
signal delay and crosstalk [8]. As a technology becomes more
advanced, the effects will be more apparent since the future
clock frequencies will be higher and interconnect structures
will be longer as well as much tighter.

The accurate determination of interconnect capacitance is
important in order to accurately characterize IC signal delay
and crosstalk. Thus, considerable effort has been exerted on the
interconnect capacitance extraction. To date, two-dimensional
(2-D)-based capacitance extraction methodologies have been
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Fig. 1. Schematic description for the capacitance determination of a multilayer interconnect structure.

widely employed for IC computer-aided design (CAD) timing
verification and signal integrity analysis since IC capacitances
can be quickly determined by them [9]–[11]. However, modern
multilayered interconnect structures have inherent three-dimen-
sional (3-D) properties that should not be neglected any longer.
Although 2-D techniques are very efficient in computation
time, they are not accurate enough for the signal integrity
verification of today’s VLSI circuits.

In order to improve capacitance simulation, many 3-D-based
techniques have been developed [12]–[16]. However, these 3-D
techniques need a huge amount of computation time even for a
relatively simple 3-D structure. Thus, there has been a growing
need for a fast as well as an accurate 3-D-based capacitance ex-
traction methodology. Recently, efficient quasi-3-D capacitance
extraction methodologies for multilayer interconnect structures
were developed [17]–[20]. In [17], [19], and [20], empirical
capacitance models based on 2-D and 3-D simulation-based
data were presented. However, such empirical models are too
inaccurate to be employed in modern high-performance IC
design. In [18], the capacitance extraction problem was ac-

tually simplified by using five fundamental steps that can
simplify the complicated interconnects structure. However, the
technique requires preprocessed capacitance libraries based
on specific structures. Thus, it is not efficient or general.
Further, the empirical fitting for the library construction may
cause inaccuracy problem.

In this paper, a new accurate as well as efficient multilayer
interconnect capacitance extraction method is presented. The
capacitance calculation procedures of the method are schemat-
ically described in Fig. 1 (see the gray boxes). That is, first,
a given 3-D structure is simplified by investigating negative
charge distribution characteristics corresponding to positive
charges. Second, a set of solid grounds corresponding to a
designated line (we define the line as an objective line) is es-
tablished, followed by the solid-ground-based 2-D capacitance
extraction for the simplified structure. Third, shielding effects
between lines are analytically determined from the layout
of the simplified structure. Last, the quasi-3-D capacitances
concerned with the objective line are calculated by combining
the solid-ground-based 2-D capacitances (intermediate capaci-
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Fig. 2. A general multilayer interconnect structure.

tances) with the shielding effects. The solid-ground-based 2-D
capacitance matrices and the shielding effects corresponding
to the designated objective line can be easily calculated from
the layout geometry even in complicated multilayer structures.
Thus, the technique can substantially reduce the capacitance
determination time. It is shown that the calculated capacitances
have excellent agreements with 3-D field-solver-based results,
within 5% error.

II. QUASI-3-D CAPACITANCE DETERMINATION

A multilayer interconnect structure is inherently a 3-D struc-
ture that makes a direct capacitance parameter extraction im-
practical due to the huge amount of computation time. However,
the problem can be overcome if a given layout structure is sim-
plified without losing its physical characteristics.

An IC interconnect structure for a capacitance determination
can be simplified a fair amount by investigating the negative
charges corresponding to the positive charges in the system.
Since an electric field is a conservative field, the negative
charges corresponding to the positive charges must exist within
a system. The negative charge distributions corresponding to
the positive charges vary with the geometry of the structure
(i.e., space, thickness, width, etc.), although the total amount
of charges does not vary. Thus, by investigating the ratio of the
negative charge distribution to the positive charge, the system
can be simplified. That is, in places with a small charge ratio
indicates that the negatively charged line has little effect on
the nearby positively charged line, the negatively charged lines
can be neglected for the capacitance determination. Thus, by
defining the charge ratio () as the amount of negative charges
of a line near that of the positive charges of an objective line,
the system can be simplified a fair amount.

In addition, considering the shielding effects between the
lines, the problem is further simplified. That is, the inherent
3-D-problem can be solved by using a quasi-2-D technique with
the shielding effects. Thus, the accurate quasi-3-D capacitances

can be readily determined. This is discussed in the ensuing
sections in more detail.

A. Structure Simplification

In a multilayer interconnect structure, as shown in Fig. 2, a
direct capacitance parameter extraction is impractical due to the
complexity in its structure. Thus, the structure needs to be sim-
plified as much as possible.

In real interconnect structures, most of the negative charges
corresponding to the positive charges of an objective line are dis-
tributed over the neighboring lines of the objective line. Since
all other lines except for the negatively charged lines can be
deleted from the system, the structure can be substantially sim-
plified. For example, a charge ratio concerned with the structure
of Fig. 3(a) is shown in Fig. 3(b). It is evident that the layers far
away from the th layer (i.e., objective layer) have little effect
on the system. The effect is more apparent as the line spacing of
the th layer becomes closer. Thus, the structure of Fig. 2
can be fairly simplified, as shown in Fig. 4, treating both the

th layers as solid ground planes.

B. Shielding Effects

Although the complicated structure can be simplified as
shown in Fig. 4, it cannot be treated as a 2-D structure.
However, once the shielding effects due to the neighboring
lines (i.e., neighboring lines within the objective layer and
neighboring lines between the layers) are determined, the 3-D
effects can be neglected, thereby determining the quasi-3-D
capacitances by using a 2-D technique.

1) Shielding Effect Within a Layer:The self-capacitance for
a completely isolated line, as shown in Fig. 5(a), can be repre-
sented by

(1)

Note that is the fringing capacitance for the infinite spacing
between the lines. can be fairly well modeled in terms of
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Fig. 3. Total negative charge distribution on(j � 2)th layer corresponding to the positive charge of the objective line on thejth layer. (a) The structure. (b) The
charge ratio.

Fig. 4. The simplified structure of the Fig. 2 with the negative charge distribution concept. (Note that only the(j � 2)th layers and the(j � 1)th layers have
significant effect on the objective line).

the aspect ratio of an interconnect structure [21]. However, more
practically, the line may not be completely isolated as shown in
Fig. 5(b). The per-unit-length self-capacitance of such a noniso-

lated line can be formulated by

(2)
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Fig. 5. Capacitances with the fringing effects. (a) An isolated line. (b) Coupled lines.

where and are the fringing capacitances with the
spacing of and , respectively. They are also functions
of the intermetal dielectric thickness and the spacing
between the lines ( and ). Note that as the space between
an objective line and a neighboring line decreases, the fringing
capacitance also decreases. Furthermore, if its dielectric thick-
ness increases, the fringing capacitance decreases. Thus, the
fringing capacitance can be modeled well as

for (3)

where is

(4)

For the structure shown in Fig. 5(b), the accuracy of (2) ac-
cording to the aspect ratio variation is shown in Fig. 6. This
shows excellent agreement with 3-D field-solver-based results
within 5% error.

2) Interlayer Shielding Effect:In addition to the shielding
effect between the lines within the same layer, there is another
shielding effect due to the interlayer metals (i.e., the shielding
effect between layers). The interlayer shielding effect can be for-
mulated with the overlap capacitance (or underlap capacitances)
between the objective line and other layer lines, as shown in
Fig. 7. The overlap capacitance can be accurately calculated by
introducing a filling factor, which denotes the portion of the ob-
jective line length that is overlapped with the other layer metals.

Fig. 6. Fringing capacitance variations with the line width and line spacing
between the lines.

Moreover, the overlap capacitances can be determined by using
the solid-ground-based per-unit-length self-capacitance of the
objective line, which has adjacent lines (i.e., nonisolated line)
as shown in Fig. 5(b). Thus, the total overlap capacitance asso-
ciated with the objective line shown in Fig. 7 can be represented
by

(5)



JIN et al.: QUASI-3-D CAPACITANCE DETERMINATION 455

Fig. 7. The multilayer structure and overlap capacitance corresponding to a designated objective line.

where

Thus, similarly, since the overlap capacitance associated
with the objective line can be determined by using (5), the
total overlap capacitance can be calculated by using the
solid-ground-based per-unit-length self-capacitance ().
Note that uses only a (3 3) matrix, as shown in Fig. 5(b).
Now, a filling factor concerned with theth layer objective line
and the th layer can be formulated as

(6)

Then, combining (5) with (6), (6) can become a more compact
form as follows:

(7)

Thus, the total overlap capacitance can be readily calculated
only if (i.e., th layer filling factor concerned with
the th layer objective line) and are determined. is a
function of dielectric thickness , metal widths ( and

), and metal spacings ( and ). It can be readily de-
termined from the given layout geometry.

C. Quasi-3-D Capacitance Determination

Exploiting the previous results, the quasi-3-D capacitance can
be readily determined. The calculation procedures can be sum-
marized as follows. Once the system is simplified, a set of inter-
mediate capacitance matrices (which do not consider the

shielding effects) is determined by regarding a group of metal
layers as the solid grounds. The solid ground means that a layer
(or layers) is considered to be a perfect ground plane. The super-
script of the denotes theth layer that has the objec-
tive line, and the subscript denotes a set of solid ground
layers. For example, means that the objective
line is in the th layer and 2 th layers are considered to
be the solid ground, as shown in Fig. 8. Note that is a
2-D-based capacitance matrix. Then the quasi-3-D interconnect
capacitances concerned with theth layer objective line can be
calculated by combining the separately determined shielding ef-
fects ( and ) with the solid-ground-based intermediate
capacitance matrices . Note that the general procedures
for the quasi-3-D capacitance calculation are exactly equal to
the flow diagram of Fig. 1. It is noteworthy that the multilayer
capacitances concerned with an objective line can be readily de-
termined without resorting to the time-consuming 3-D calcula-
tion. In the next section, the methodology will be discussed in
more detail with an example.

III. EXAMPLE AND VERIFICATION OF THEALGORITHM

In this section, the capacitance calculation procedures are ex-
plained in more detail by using a multilayer structure, as shown
in Fig. 2. It is assumed that the objective line is in theth layer.
First, the structure can be simplified according to the method-
ology of the previous section, as shown in Fig. 4. Then the ca-
pacitance matrix of the structure concerned with the objective
line becomes an 3 3 matrix if the numbers
of the lines of the th and th are and , respec-
tively. Note the simplified structure has five layers. The overlap
and underlap capacitances can be calculated by combining the
solid-ground-based intermediate capacitance [i.e., (33) ma-
trix] and filling factors (i.e., and ). That is, we only
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Fig. 8. 2-D structures with the solid grounds, i.e.,[F ] . Shown are the structures for (a)[F ] , (b) [F ] , (c) [F ] , and
(d) [F ] .

Fig. 9. A simple structure for the numerical example of the quasi-3-D capacitance determination. (a) Geometrical dimension. (b) Capacitances concerned with
the objective line ([C] = [�c c �c ], wherec � c + c + c + c ).

need the 2-D solid-ground-based capacitances for the calcula-
tion of the capacitances that are associated with the simplified
structure (Fig. 4). The 2-D intermediate capacitances for the
structure are schematically shown in Fig. 8. The inter-
mediate capacitances can be determined by using the structures
as shown in Fig. 8. That is

(8)

(9)

(10)

(11)

Note that these capacitances can be readily determined since
they are 2-D in structure. Then the filling factors concerned
with the 1 th layer ( and ) can be determined
by using (6). Finally, the capacitances associated with the
objective line can be calculated by combining the intermediate
capacitance matrices (i.e.,
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Fig. 10. A numerical example for the capacitance determination procedures concerned with the objective line of the structure of Fig. 9.

and ) with the filling factors
(i.e., and ). That is, considering the shielding effects
of each layer, the matrix associated with the objective line
can be determined as follows:

(12)

Since the matrix of (12) is 3 3, the coupling capacitances in
the same layer as the objective line can be extracted by using
(12) [i.e., off-diagonal elements of the matrix (12)]. Similarly,
the total overlap capacitance and total underlap capacitance can

be derived as

(13)

(14)
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Fig. 11. Extracted capacitance variations according to the number of the
underlayer conductors (i.e., the filling factor variation).

The self-capacitance can be determined as follows:

(15)

For a numerical example, the capacitance determination pro-
cedures of the structure of Fig. 9 are described step by step
in Fig. 10 (refer to Fig. 1 for each step). The results are com-
pared with the 3-D field-solver-based values in Fig. 11 and are
found to have excellent agreement. In addition, capacitances for
a more complicated structure, as shown in Fig. 13, are deter-
mined. The results also have excellent agreement with a 3-D
field-solver (MAXWELL), as shown in Table I. As can be seen
in Table I, the computation time of the proposed technique is 26
times faster than that of 3-D-based techniques. Furthermore, the
capacitance for the heterogeneous structure can be determined
by dividing it into parts whenever the objective line encounters
discontinuities such as bend, via, etc. Then the capacitance of
the objective line can be derived by summing up all the partial
capacitances.

IV. A PPLICATION OF THEALGORITHM IN GENERAL STRUCTURE

The signal delay and crosstalk for extremely complicated
interconnect circuits with shielding layers was evaluated
by using the proposed quasi-3-D capacitance extraction
method. To show the shielding effect, a test circuit cascaded
with various interconnect line cells is defined, as shown in
Fig. 12(a). Then the signal delay and crosstalk are investigated
for the structure. In Fig. 12(a), the CMOS inverters of size
(W/L) and (W/L) are
used for both the driver and the receiver. Both the rise time
and fall time of an input pulse are assumed to be 0.1 ns. The

TABLE I
THE ACCURACY AND RUN-TIME COMPARISON

Fig. 12. Test circuit model for various interconnect structures. The circuit
is cascaded with ten cells composed of interconnect lines. (a) Circuit
configuration. (b) Switching conditions.

circuit switching conditions are defined as shown in Fig. 12(b).
The capacitance parameters for each cell, i.e., Fig. 13, are
determined by using both the proposed quasi-3-D method and
the 3-D field-solver. The parameters are summarized in Table I.
The circuit performance is investigated by using a general-pur-
pose circuit simulator, HSPICE. The circuit responses of the
structure of Fig. 12 are shown in Fig. 14. It is clearly shown that
the capacitance variations due to the shielding effect between
the lines or between the layers have considerable effects on
both the signal delay and crosstalk noise since the neighboring
metals modify field patterns (i.e., the coupling capacitances
and the self-capacitance) of the objective line.

Thus, the 3-D effects of the interconnect lines cannot be ne-
glected for the signal integrity analysis of today’s high-perfor-
mance VLSI circuits. However, it is not practical to use the
conventional 3-D-based methods because of the huge compu-
tation time. In contrast, the proposed quasi-3-D technique can
be usefully employed for complicated interconnect structures
since its computational time is similar to the conventional 2-D
capacitance determination, preserving the accuracy similar to
the 3-D-based techniques.
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Fig. 13. An interconnect structure to investigate the shielding effects of Fig. 12.

(a)

(b)

Fig. 14. Signal transients for the network using the cell of Fig. 13. (a) The
signal transients due to switching case A of Fig. 13. (b) The crosstalk noises
due to switching case B of Fig. 13.

V. SUMMARY AND CONCLUSION

In this paper, a new capacitance parameter determination
method was presented. An inherently complicated IC in-
terconnect structure was simplified by investigating charge
distributions within the system. Then a new efficient capaci-

tance determination method that can efficiently take the 3-D
effect into account was developed. In order to use the quasi-3-D
technique, shielding effects and solid-ground-based 2-D capac-
itance from a given layout geometry were determined. Since
the shielding effects and the solid-ground-based capacitance
matrices can be readily determined from the layout geometry,
the accurate as well as efficient quasi-3-D capacitances as-
sociated with an objective line can be readily determined. To
demonstrate the method’s efficiency and accuracy, the capaci-
tance parameters and circuit responses were benchmarked with
3-D field-solver-based results. It was shown that the results
have excellent agreements with 3-D field solver-based results
within about 5% error. Thus, the proposed technique can be
usefully employed for the verification of the signal integrity of
today’s complicated IC interconnects.
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