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Hierarchical Block Boundary-Element Method
(HBBEM): A Fast Field Solver for

3-D Capacitance Extraction
Taotao Lu, Zeyi Wang, and Wenjian Yu

Abstract—As feature size decrease, fast and accurate parasitic
capacitance extraction has become increasingly critical for verifi-
cation and analysis in very large scale integration design. In this
paper, a fast hierarchical-block boundary-element method based
on the boundary-element method (BEM) is presented for three-
dimensional (3-D) capacitance extraction, which can give out the
global capacitance matrix directly. It assigns the global computa-
tion of 3-D domain into local computation in BEM blocks by hier-
archical partition 3-D structure. The boundary capacitance ma-
trix (BCM) is computed in the BEM block using all the known
conditions. Reuse technology can decrease the running time. After
merging the BCMs of all BEM blocks, the global capacitance ma-
trix for a given set of conductors can be computed. Numerical re-
sults show that this global hierarchical approach can get very high
speed in 3-D computation with equal accuracy as the 3-D field
solver.

Index Terms—Boundary-element method (BEM), capacitance
extraction, hierarchical, very large scale integration (VLSI).

I. INTRODUCTION

AS THE feature size has decreased very quickly, the inter-
connect is becoming a dominant factor in system delay

and signal integrity [12]. For timing verification, accurate inter-
connect modeling is desired. Parasitic parameter extraction is
the most critical step of interconnect modeling. Timing verifica-
tion needs parasitic parameter extraction to be fast and accurate,
especially for the parasitic capacitance extraction.

Currently, none of the fast extraction tools can guarantee high
accuracy in capacitance. They use the two-dimensional (2-D)
or quasi-three-dimensional (3-D) model to compute the capac-
itance based on the geometrical characteristics of the intercon-
nects [7], [10], [13]. These methods are fast, but inaccurate, es-
pecially for the coupling capacitance as the interconnect struc-
tures become more and more complex.

In order to get high accuracy, the numerical methods are often
used to solve the field equations, which are called the field
solvers. They can be classified as two kinds: the local and global
ones. The local approaches are well-known flat field solutions
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that solve the Laplace equation with a preset bias on conduc-
tors by using the finite-difference method (FDM) [5], finite-el-
ement method (FEM) [2] or boundary-element method (BEM)
[6], [21], [24], [25], etc. [15], [17], [18], [23]. Many acceleration
methods have been presented, such as the multipole acceleration
[6], hierarchical acceleration [21], and quasi-multiple medium
(QMM) [25]. The method presented by Yu et al. [25] can deal
with the actual 3-D geometry using the 3-D domain partition
to make the QMM acceleration. However, such methods only
get one column of a whole capacitance matrix, including all the
self-capacitance and coupling capacitance among all the simu-
lated conductors. They are classified as the local methods. If all
the coupling capacitance needs to be known, the flat field solu-
tion must be repeated for different preset biases many times.

The other kinds of methods are also based on the field solu-
tion, but they will not solve the resulting linear system in the
usual way. They find the resistance and capacitance without ac-
tually looking for the potential distribution. Instead, discretiza-
tion of the field equations with the FDM or BEM can be rep-
resented by a circuit network with resistors or capacitors. After
fast reduction of the network, the whole resistance or capaci-
tance matrix can be obtained directly, and they are referred to as
the global methods. These approaches have been successfully
used for extracting 2-D interconnect resistance [4], [8] or capac-
itance [1], [8], [20], [14], [19]. In the 1990s, with wide use of the
BEM in parasitic extractions, these kinds of methods were fur-
ther improved to fit the network representation and its reduction
from discretization of the boundary elements. The BEM macro-
models [19], [20] and dimension-reduction technique (DRT)
[22] proposed some valuable ideas such as hierarchical extrac-
tion, etc. Though [19] and [20] mentioned the 3-D implications
of the hierarchical macromodel extraction, we have not learned
3-D implementation based on the methods of [19] and [20] to
date. Besides, the DRT proposed in [22] focuses on the stratified
structures, which are limited to regular geometry in 3-D.

There are many difficulties with using the global approach in
extracting capacitance of the 3-D structures, such as the huge
computational size, high complexity for network reduction, and
hierarchical partition of the 3-D structure.

In this paper, a rapid hierarchical global approach to ex-
tracting the 3-D interconnect capacitance is presented based
on the idea of the hierarchical boundary-element macromodels
[19], [20], which can overcome these difficulties in 3-D
computation. The capacitance computation is based on the
Laplace equation. In our method, the global computation in the
3-D domain is changed into local computation in rectangular
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3-D BEM blocks, which are obtained by partition of the 3-D
structure. Such a division can be generated by partitioning the
2-D polygon geometry of interconnects and process technology
separately. All BEM blocks are organized into one hierarchical
tree. In local computation, a matrix called the boundary capac-
itance matrix (BCM) is computed based on the BEM where all
the known conditions are used. Only a few unknown variables
are left. Merging all the BCMs of each BEM block can then
eliminate all the unknown variables. Through such a process,
local matrices are finally merged into a global one. Such a
global matrix is the required global capacitance matrix. The
local computation can be fast because of its small region. The
reuse technology can be used in local computation with the
hierarchical approach. Since only a few unknown variables are
left in merging process, such an approach is in high speed.

There are three marked features in the approach presented
here as follows:

1) high speed for the 3-D global capacitance matrix extrac-
tion;

2) high accuracy based on the 3-D field solution of the BEM;
3) obtaining the global solution, i.e., a complete capacitance

matrix including all the self-capacitance and coupling ca-
pacitance among the simulated conductors.

The remainder of this paper is organized as follows. In Sec-
tion II, a basic introduction of the 3-D capacitance computation
is given. In Section III, the BCM is presented as the basis of
our fast hierarchical approach. The basic computations of such a
kind of matrix are also presented. In Section IV, the hierarchical
computation approach for 3-D capacitance extraction, called the
hierarchial-block boundary-element method (HBBEM), is pre-
sented, including the complexity analysis and some discussion
on gridding. Some numerical results and analysis are listed in
Section V. Finally a conclusion is presented in Section VI.

II. 3-D INTERCONNECT CAPACITANCE COMPUTATION

Both the local and global methods solve the Laplace equation
with mixed boundary conditions as shown in (1) when com-
puting the capacitance. In the 3-D domain with multiple di-
electrics , the electrical potential
distribution is governed by the Laplace equations

in

on

(1)

where is the potential distribution in the domain,
is the normal derivative of the potential on the boundary, is
the outer normal on the interface between and , and is
the permittivity of the domain .

The interface boundary condition [(IBC) on ] is applied in
the interface of two dielectrics.

In the local method, the boundary condition should also be
applied: the Dirichlet boundary condition [(DBC) on ] and

Neumann boundary condition [(NBC) on ], shown in (2) and
(3) as follows:

on (2)

on (3)

where is the preset potential on boundary and is usually
zero on boundary .

Using different numerical methods, such as the FDM, FEM,
BEM, etc., a linear system can be obtained as follows:

(4)

where vector contains all the unknown variables.
The coupling capacitance between conductor and is

(5)

where is the voltage between conductors and , and is
the induced charge of conductor , which can be obtained from

(6)

where is the surface of conductor is the dielectric’s per-
mittivity, and is the normal derivative of electrical
potential along normal on . can be solved in (4).

In the global method, (1) can be turned into such a kind of
formula by different numerical methods, which is
different from (4). Matrix stands for the complete network of
all the nodes in the 3-D domain [8]. After eliminating the nodes
that are not in the conductors, the reduced matrix is the required
matrix.

III. BCM

In this section, one kind of matrix, i.e., the BCM, is presented,
which corresponds to the complete network. The computation
of such a kind of matrix is the base of our hierarchical global
method. Based on the BEM, the BCM can be computed in the
3-D domain.

A. Introduction of BCM

In a 3-D domain with conductors, there is coupling
capacitance between every two conductors. If the 3-D do-
main’s boundary conditions are known, the global capacitance
matrix with size can be obtained through the solving
of the Laplace equation. Only the nodes of conductors exist
corresponding to the global capacitance matrix. If some of
the boundary conditions are unknown, the global capacitance
matrix cannot be obtained. One matrix, i.e., the BCM, is
presented. For the BCM, the nodes of both conductors and
dielectrics exist. While using the BEM to solve the Laplace
equation, the BCM describes the relationship between the
potential and the flux of one node in the 3-D field.

Some requests to boundary elements corresponding to the
BCM should be satisfied so as to fasten the whole computation,
such as: 1) the elements of the same conductors should be con-
densed as only one node and 2) the elements with the boundary
condition IBC should be eliminated.
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The computation of the BCM will be presented in Sec-
tion III-B according to these requests.

B. Computation of the BCM

When computing the BCM, there are two kinds of 3-D do-
mains in capacitance extraction: a domain with single dielectric
and a domain with multiple dielectrics.

1) BCM of the 3-D Domain With Single Dielectric: As de-
scribed previously, the Laplace equation is solved to compute
the capacitance. Using the BEM, the Laplace equation (1) can be
transferred into the direct boundary integration equation (DBIE)
[3] in the 3-D domain as follows:

(7)

where is the fundamental solution
of the Laplace equation, and . is the outward
normal direction on the boundary. is the boundary of the

th dielectric domain . is the potential at the source point.
is a coefficient determined by the geometry at the source

point. and are the potential and flux, respectively, of one
point on the boundaries surrounding the 3-D domain . Equa-
tion (7) should be satisfied at any point on the boundaries.

The boundary can be divided into many
boundary elements. If the shape function within each boundary
element is constant, (7) can be written by

(8)

where is the number of boundary elements on the boundary
. is the th boundary element on . and is

the potential and flux on . All the integration based on the
constant shape function can be computed by an analytical or
semianalytical formula [25].

Equation (8) can be written in the matrix form as follows:

(9)

where and are the coefficient matrices. and are the
column vectors of potential and flux, respectively, of all the
boundary elements.

Usually the matrix is nonsingular. Equation (9) can then be
turned into

where (10)

The vectors and contain all the variables of the elements on
the boundary of dielectrics and conductors.

According to the first request mentioned in of the elements,
all these elements belonging to the same conductor should be
condensed into only one element with the superposition of the

Fig. 1. 3-D domain with two dielectrics.

variables on these elements. This superposition will not de-
crease accuracy.

It is supposed that there are a total of elements, where 1
to are on the boundary of dielectrics and to are on
the boundaries of conductors. We assume that these elements
belong to conductors. The matrix with size can be
transferred into matrix with size , which
is satisfied by the following:

(11)
After the condensing, a smaller matrix is obtained. Such a

matrix is exactly the BCM of the domain with a single
dielectric.

2) BCM of the 3-D Domain With Multiple Dielectrics: In the
3-D domain with multiple dielectrics, the second request men-
tioned in should be satisfied. Those elements in the interface
of dielectrics should be eliminated.

First, let us consider one simple example with only two di-
electrics, as shown in Fig. 1. Using the BEM, (8) is satisfied in
both domains with dielectrics 1 and 2 separately. In dielectric 1,
the following formula can be obtained based on the BEM:

(12)

where the subscript denotes the elements in the interface,
and the subscript denotes all the other elements. The BCM
of dielectric 1 ( ) can be obtained as (10). It can be divided
into four sub-matrices as , and

. These sub-matrices are related to the corresponding
elements.

Similarly, in dielectric 2, the BCM can be divided into
four sub-matrices, which are satisfied with the following for-
mula:

(13)

On the interface of two dielectrics, the boundary condition
IBC should be satisfied. The variables on the interface should
be satisfied as

(14)
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According to (12)–(14), vectors , and
can be eliminated. Thus, we can obtain

(15)

where

(16)

(17)

and

Equation (16) is the BCM of the 3-D field with two dielectrics.
In the domain with multiple dielectrics, the BCM can be ob-

tained similarly as in the domain with two dielectrics.

C. Get a Global Capacitance Matrix From the BCM

According to the requests of the BCM, the global capacitance
matrix can be easily computed by applying the boundary condi-
tion NBC. The BCM can then be divided into four sub-ma-
trices as , and , which are satisfied with the fol-
lowing:

(18)

where the subscript denotes the elements of conductors,
and the subscript denotes those of dielectrics. Since all the
elements with the IBC have been eliminated, the elements with
subscript satisfy the NBC. According to (3), (18) can be
turned into

(19)

Let , which is the required global ca-
pacitance matrix.

Section IV will present our hierarchical approach to com-
pute the global capacitance matrix based on the BCM called the
HBBEM.

IV. HBBEM FOR 3-D CAPACITANCE COMPUTATION

Hierarchical computation usually divides one large problem
into many small pieces in order to accelerate the computation.
In 3-D capacitance extraction, our hierarchical computation will
divide the 3-D domain into several sub-regions, which are called
BEM blocks. The local computation is the solution of the BCM
in each BEM block. All the known conditions are used while
solving the BCM. The BCM in each block stands for the local
network in each BEM block. Only a few unknown variables are
left in the local computation, and after merging all the BCM of

Fig. 2. Generation of the 3-D structure by combination of 2-D geometries and
process technology in a real layout.

Fig. 3. Partition of the 2-D interconnect geometry in one layer.

the BEM blocks, the global reduced network can be obtained,
which is the required global capacitance matrix.

Based on the BCM, one rapid approach is presented to com-
pute the global capacitance matrix of the whole 3-D domain
using the 3-D BEM blocks. It has the following four steps.

Step 1) Hierarchical partition of the 3-D domain so as to
generate the BEM blocks.

Step 2) Computation of the BCM in each BEM block.
Step 3) Applying the known conditions to all the BCMs.
Step 4) Hierarchical combination of the BCM in all the

BEM blocks to get the global capacitance matrix.

A. Hierarchical Partition of the 3-D Domain

Currently, the 3-D interconnect structure is usually generated
by 2-D geometries from the layout and design process tech-
nology [24]. 2-D geometries include the information of inter-
connect, such as the shape, layer number, etc. The process tech-
nology is used to describe the cross-sectional structure, such as
the thickness of interconnect, thickness of the dielectric, etc. The
3-D interconnect structure can be generated with the geometry
and process technology, as shown in Fig. 2. The NBC conditions
should be satisfied on the outer surface of the 3-D domain.

According to the generation of the 3-D structure, the partition
of the 3-D structure can also be generated from the following
two aspects: partition of the 2-D geometries and partition of the
process technology.

1) Hierarchical Partition of the 2-D Geometries: The ge-
ometries of the interconnect can be obtained from the layout.
All the polygons of the interconnect will be in some layers.
Therefore, all these polygons can be assigned to some layers.
For each layer, all the polygons of the interconnect can be di-
vided into blocks, as shown in Fig. 3. The numbers of

and are determined by the size of each BEM block. In
our approach, the size of each BEM block is determined by the
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Fig. 4. Partition of the process technology.

minimum feature size of the interconnect. Here, the length
and width of the BEM block are set as follows:

(20)

and can then be obtained as follows:

(21)

where and are the length and width of the window
to be extracted in the layout.

2) Partition of the Process Technology: The process tech-
nology defines the structure in the –direction. Therefore, the
3-D domain can be divided into several parts in the –direction
if the process technology can be partitioned into several process
segments. Currently, almost all the interconnect structures are
the layer structure. It is easy to make such a partition of the
process.

The simplest way is to place the partitions exactly on the in-
terface of layers, but such a partition is not a good one. Usually
the interconnects exactly touch the interface so that the geome-
tries of interface are very complex. It is difficult for implemen-
tation. Additionally, the complexity of the interface will make
more boundary elements in the interface, which may increase
the computation time in the merging process. In order to opti-
mize the computation, the partition of the process technology
will abide by the following rules.

• The number of process segments in the -direction is the
same as the number of layers.

• The partition position of the segments in the -direction
is at the middle surface of the top of metal and the bottom
of the upper dielectric.

The partition can be seen in Fig. 4. The process with three
oxides can be partitioned into three process segments.

3) Organization of the Partition: For each layer, the geome-
tries of the interconnect are clipped by blocks. Since
each layer has a corresponding process segment, each block has
one 3-D structure according to its corresponding process seg-
ment and geometries. Such a 3-D structure forms one 3-D BEM
block.

In order to get a convenient and effective partition, the hier-
archical binary tree is invoked to make the organization shown
in Fig. 5.

If we use the full binary tree, the original domain should be
divided into parts, where is the depth of the tree. Each leaf
of the tree stands for one block of the original domain. Each
leaf can build one 3-D BEM block with the process technology.
This procedure can be easily implemented using the post-order
traversal of the tree.

Fig. 5. Hierarchical organization of the partition.

B. Computation of the BCM in all BEM Blocks and
Reuse Technology

In the previous sections, the computation of the BCM of 3-D
domains has been presented. Thus, the BCM of all the leaves
of the hierarchical tree can be obtained using the post-order tra-
versal of the tree.

Due to the hierarchical approach, the reuse technology can be
used in the computation of the BCM. Currently, in the HBBEM,
we can reuse the BCM result if the 3-D domain contains no
conductors. That can improve the speed.

C. Applying the Known Condition

In order to reduce the number of unknown variables, the
known condition should be applied in each BEM block.

As described in Section II, there are two kinds of boundary
condition in capacitance extraction: the DBC, as shown in (2),
and the NBC, as shown in (3). Since we do not preset the bias on
the conductors, the DBC will not be applied. The NBC should
be applied on the outer surface of the whole 3-D domain. There-
fore, on some surfaces of the BEM block, the NBC is the known
condition.

While computing the BCM of one BEM block, the NBC
should be applied to reduce the number of unknown variables.

For example, the BCM is satisfied with the following:

(22)

where subscript denotes the elements with the NBC
boundary condition, and the subscript denoted other
elements. Matrix can be divided into four sub-matrices

, and according
to the number of elements with the NBC boundary condition.

Since , the following formula can be obtained from
(22):

(23)
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where

(24)

is the BCM after applying the boundary-condition NBC. The
size of is much smaller than that of .

Next, how to combine the BCM of two adjacent 3-D BEM
blocks will be presented.

D. Hierarchical Combination of 3-D BEM Blocks

According to the hierarchical organization, the BCM of each
node of the binary tree can be obtained by merging the BCM of
its two child nodes. The combination of BCMs in two 3-D BEM
blocks is very similar to the BCM computation of the domain
with two dielectrics, which was presented in Section III-B.2.
Only the continuous condition is different from (14) according
to our partition assumption. The following continuous condi-
tions should be satisfied in the interface with the IBC:

(25)

Therefore, the result of the matrix is also different from (17)
as follows:

(26)

Hence, the formula of the combination BCM of and
can be computed.

In the binary tree of the BEM blocks, the BCM of each node
can be obtained by combining the BCMs of its two child nodes.
When the BCM of the tree’s root is obtained, the combination
is finished. Since all of the known conditions of the NBC have
been applied, the BCM of the root is the required global capac-
itance matrix.

E. Flow of the HBBEM Approach

The global flow of the hierarchical approach can be described
as shown in Fig. 6.

In the beginning of the approach, two kinds of input data
should be included: the polygon information of all the layers and
the process information of all the layers. The hierarchical parti-
tion of the 3-D domain can then be completed separately by the
partition of the polygons and process technology. All the 3-D
BEM blocks will be formed after the partition. After the com-
putation of the BCM in all the BEM blocks, the boundary-con-
dition NBC is applied. According to the continuous boundary
condition between two adjacent BEM blocks, the BCM can be
combined. Finally, the capacitance matrix can be easily formed
after merging all the BCMs of the BEM blocks.

F. Discussion About Gridding

In any kind of numerical method, the gridding is important
for both accuracy and speed. In the HBBEM, the gridding can
be determined by a tradeoff in accuracy and speed, especially in
the interface region between the two BEM blocks.

According to the capacitance computation, it is better that the
gridding is dependent on the feature size of the interconnect.
Therefore, in the HBBEM, the size of each boundary element is

Fig. 6. Flow of the program.

dependent on . In the 3-D computation, the size of the element
can be described by , and , which separately determine
the size along three directions. In the HBBEM, one parameter

is used as follows:

(27)

In order to get the optimal parameter of , a series of tests
have been done with the different feature sizes of the intercon-
nect from 0.5 to 0.07 m. The 3-D structure data, such as the
minimum pitch and aspect ratio of interconnects, are referred to
in [27]. Fig. 7 shows the effect of on both accuracy and speed
when the feature size is 0.15. From the curve, we can get the
range of parameter with good performance on both accuracy
and speed ( ).

The tests for all the feature sizes show that the range of
for good performance is between 0.5–0.8. Therefore, in order to
get a good tradeoff of accuracy and speed, let in the
HBBEM. The numerical results listed in Section IV-G show the
good performance with such a parameter.

G. Time Complexity Discussion

According to the flow of the approach, the computational
time is mainly dependent on two parts: the computation of the
BCM and the combination of the BCM.

Since the size of each 3-D BEM block in the leaf node can
be considered as constant, the local computational time in each
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(a)

(b)

Fig. 7. � and performance of the HBBEM with the feature size � = 0:15.
(a) Effect on accuracy. (b) Effect on speed.

Fig. 8. Two types of interface.

3-D BEM block can be as constant. Therefore, the time of com-
putation of the BCM depends on the number of the 3-D BEM
blocks.

The combination of the BCM depends on the interface grid-
ding and the interface number. The interface gridding can be
considered as constant. The interface number is dependent on
the organization of the hierarchical trees of the 3-D domain. If
the 3-D domain is a long tunnel shape, as shown in Fig. 8, there
will be two types of the organization, i.e., A and B.

If type A is used, the gridding of the interface is constant.
The number of the interface is linear growth with the length of
the domain. Thus, the total computation time is linear growth
with the size of the 3-D domain in the other direction. Such a
result can be shown in the numerical results of the cross bus
structure, which are listed in Section V. However, if type B is
used, the number of interfaces is grown linearly. The gridding
of the interface is grown linearly with the dimension. The total
computation time will not grown linearly with the size of the
3-D domain. Therefore, the organization in the HBBEM will
generate the interface with type A.

(a)

(b)

Fig. 9. Cross-bus structure. (a) Top view and cut window. (b) Cross-sectional
structure.

In most case, the 3-D domain for capacitance extraction is
usually the long tunnel shape. However, if the 3-D domain is
not a long tunnel shape, the computational time will not be linear
with the size of domain. Even so, the HBBEM is still very fast
if the 3-D domain is not very large.

V. NUMERICAL RESULTS

Here, the HBBEM method is used to analyze the cross-bus
structure first in order to show the hierarchical efficiency in time
complexity. One simple 3-D structure is then tested, whose re-
sults are compared with those in [18] and [25]. Finally, a com-
plex 3-D case cut from the real layout is used to depict the per-
formance of the HBBEM method, whose computational result
is compared with the 3-D field solver software “RAPHAEL.”
The NBC conditions are used on the outer surface of all the 3-D
structures.

A. Cross-Bus Structure

The structure is shown in Fig. 9. There are three metal layers
totally above the substrate. In METAL 1, the cross-sectional
size of every line is 1 0.25, the gap between each two con-
ductor is one. In METAL 2, the cross-sectional size of each line
is 0.5 0.75, the gap between two conductors is also 0.5. In
METAL 3, the cross-sectional size of each line is 1 0.75, the
gap between two conductors is one. All the lines are orthogonal
in different layers. Counted from the bottom, the thickness of
every dielectric layer is 0.335, 0.75, 1.60, and 1.60. All length
parameters above are in micrometers. The relative permittivity
of every layer is 3.9. They are shown in Fig. 9(b).

The window sizes of the 3-D domain tested are 10 10,
20 10, 30 10, and 40 10.

The computer result is listed in Table I. stands for the
self-capacitance of the line on Metal 2, which is in the middle of
the cut window. and is the coupling capacitance between
that line and the one located at its right and left sides, separately.

and is the coupling capacitance between that line and any
line in Metals 3 and 1.
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TABLE I
TIME AND ACCURACY OF THE HBBEM FOR A CROSS-BUS STRUCTURE

(a)

(b)

Fig. 10. One simple 3-D structure. (a) 3-D view. (b) Top view of the layer with
bends a = b = 13; S1 = 3:5; and S2 = 3.

From Table I, we can see that the computer time is almost
grown linearly with the size of the cut window. That is the ef-
ficiency of the hierarchical algorithm. All the self-capacitance
and coupling capacitance are as accurate as Raphael.

B. One Simple 3-D Structure

The structure is shown in Fig. 10(a). The size of every straight
line is 1 1 13, the gap between conductors 3 and 4, as well
as conductors 5 and 6, is three. The distance between the straight
line and the border is four. The size of the cross section of
every bend is 1 1; other geometric parameters of the bends are
shown in Fig. 10(b). Counted from the bottom, the thickness of
every dielectric layer is one, one, two, one, one, one, and one.
All length parameters above are in millimeters. The relative per-
mittivity of every layer is two, three, three, four, four, five, and
five.

We have calculated the capacitance matrix by the HBBEM;
corresponding results using SpiceLink and the overlapped do-
main-decomposition method (ODDM) are provided by [18] and
the QMM by [25]. Only and are listed in
Table II. The discrepancy among the results obtained with the
three methods is within 2%. In the HBBEM method, 8 8 par-
tition is applied. Using a Sun Ultra-Sparc 20, the CPU time and
memory size used by these methods are shown in Table II. The
HBBEM is approximately 300 times faster than SpiceLink, ap-

TABLE II
CAPACITANCE, TIME, AND MEMORY FROM THE SPICELINK, ODDM,

AND HBBEM

(a)

(b)

Fig. 11. Complex 3-D structure with bevels. (a) 3-D view. (b) Top view of
layer “Metal4.”

proximately 30 times faster than ODDM, and approximately 15
times faster than the QMM. Reuse technology can greatly take
effect in this case to reduce the running time. The memory used
by the HBBEM is similar to that used by ODDM, which is much
smaller than that used by SpiceLink.

C. Complex 3-D Structure With Bevels

The 3-D structure is cut from the real layout. The 3-D view
is shown in Fig. 11(a). The top view of the layer “Metal4” is
shown in Fig. 11(b). Detailed information of the 3-D structure
is listed in Table III. There are six stratified dielectrics in the
3-D domain with 264 conductors including the substrate. Some
of conductors are bevel lines. All the conductors belong to 24
nets. Therefore, the global capacitance matrix is of size 24 24.
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TABLE III
DETAIL INFORMATION OF THE COMPLEX 3-D STRUCTURE

TABLE IV
CAPACITANCE, TIME, AND MEMORY FROM RAPHAEL AND THE HBBEM

We have calculated the capacitance matrix from net to net
by the HBBEM and QMM [25], corresponding results using
Raphael version 2000.2 [26] under different grids. Only self-ca-
pacitance of net 66 is listed in Table IV. Using a 248-MHz Sun
Unltra E450, the CPU costs used by these methods are shown in
Table IV. The HBBEM is approximately 3000 times faster than
Raphael under a 5-M grid, which has comparable accuracy, and
is approximately 12 times faster than the QMM. The capaci-
tance reference value was calculated by Raphael under an 8-M
grid, which is accurate enough.

The numerical results show that HBBEM is several thousands
times faster than the field solver Raphael with comparable accu-
racy. Therefore, it is well suited for very large scale integration
(VLSI) interconnect capacitance extraction with high speed and
high accuracy. In fact, the CPU time listed in Table IV is the time
to get only one column of the 24 24 global capacitance matrix
for Raphael, but one global capacitance matrix can be gotten in
approximately 34 s for the HBBEM.

VI. CONCLUSION

A hierarchical global field solver, i.e., the HBBEM, has been
implemented, which uses 3-D BEM block technology and hier-
archical computation in VLSI 3-D capacitance extraction. It is
essentially different from local field solvers, such as the QMM
in [25], etc. In the HBBEM, global computation is divided into
many independent local computations that have a much smaller
size. The 3-D partition is realized by combining the partition
of the 2-D layout with that of process technology, which can re-
duce the complexity of the 3-D partition. The BCM is computed
in each BEM block using all the known conditions. Reuse tech-
nology can save a lot of running time. Using the BCM combi-
nation can get the global matrix. In the QMM, the 3-D partition
can accelerated the computation because of the sparse property
of the direct BEM. However, all the partitioned mediums are
interdependent. One linear system should still be formed to be
solved in the QMM. The HBBEM gives out the required global
capacitance matrix directly, while the QMM only gives out one
column of the capacitance matrix.

The numerical results show that HBBEM costs much less in
computational time compared with the local field solver in com-
puting the global matrix. The HBBEM is much better than the
local field solvers when computing the global capacitance ma-
trix. Therefore, the HBBEM is very suitable for chip-level anal-
ysis, where the RC extraction should be high in accuracy and
speed.
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