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Inductance and Capacitance Modeling of RF Board and High Speed
Package Interconnects based on Planar EM Simulation

Abstract

This paper describes a methodology to simulate the distributed inductive and capacitive
effects introduced by the interconnects on RF board circuits and High Speed packages. This
methodology is based on an equivalent RLC model, derived directly from the discretization of
the planar electromagnetic field equations. We discuss the relation of the voltage and the
current in the equivalent network with the electric and magnetic fields in the physical circuit.
We also present a new technology based on mesh reduction to eliminate redundancy and
hence reduce the order of the equivalent RLC network. This new technology comprises a
generalization of the basis functions used in the disretization of the surface currents. The
generalized basis functions allow for a more efficient meshing of complex geometrical
structures in terms of polygonal shaped cells. The increased simulation performance is
demonstrated in the examples. We present numerical simulation results for two real-life
examples: an RF board interconnect layout and a high-density ball-grid array package.

1. Introduction

The need for higher bandwidth has pushed up the operating frequencies and the integration of
functionality in modern High Speed Digital packages (BGA’s) and RF board applications. As
a consequence, accurate modeling of the distributed inductance and capacitive effects
introduced by the interconnects has become crucial in the physical design and verification of
RF circuits and systems. Signal contamination issues need to be addressed in the early phases
of the design to maintain the integrity of the analog and digital signals on chip, package and
board level. Traditional approaches to model the interconnection effects are based on static
inductance and capacitance calculations with tools such as FastCap [1] and FastHenry [2].
The extracted resistance, inductance and capacitance are then combined to construct a netlist.
While extracting the inductance, the current distribution is determined solely by the
resistance and the inductance of the conductors. This may lead to significant inaccuracies at
higher frequencies as the capacitances start to strongly affect the current distributions. The
same problem arises with approaches using the Partial Equivalent Element Circuit (PEEC)
method [3]. They inherently lack the ability to accurately model the current distributions at
higher frequencies and eventually fail to predict correct RLC models at these high
frequencies.

Planar electromagnetic simulators, also referred to as 2.5D EM simulators, rely on the
method of moments (MoM) [4] to discretize and solve Maxwell’s equations for planar
circuits embedded in a multilayered medium [5], [6], [7], [8], [9]. These simulators
traditionally are being used to model the distributed coupling and radiation effects of
microwave integrated circuit and planar antenna applications. The state-of-the-art planar
electromagnetic simulator uses a mesh of rectangular and/or triangular cells to discretize the
currents on the planar structures. The current distribution is modeled with the so-called
rooftop functions [9], [10], [11], [12], [13] allowing for a piecewise linear current
distribution. The corresponding charge distribution is piecewise constant and satisfies the
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local current continuity relation [14]. This is an important property for the rooftop basis
functions. At microwave and millimeter wave frequencies, the size and number of cells in the
mesh is mainly determined by the electrical wavelength of the signals guided by the planar
structure. Typically, at least 10 linear subdivisions per wavelength are needed to obtain
accurate results.

Due to the accurate modeling of the surface current distributions, planar electromagnetic
simulators allow to produce accurate electrical models for arbitrary power/ground and signal
trace configurations up to the higher RF and microwave frequencies. These models follow
directly from the physical interpretation of the electromagnetic interaction matrix equation in
terms of an equivalent RLC network. While planar electromagnetics can be applied to
characterize interconnect structures in terms of an equivalent RLC network, the mesh
generation process is highly prohibited by the geometrical complexity of the typical
metallization patterns seen on High Speed packages and RF board interconnects. Using only
rectangular and triangular cells strongly limits the ability of the mesh maker to create
efficient meshes with a low number of high quality cells. As a result, the required computer
time and memory resources can be extremely high, which makes the planar electromagnetic
simulators less efficient for simulating complex interconnection structures.

The efficiency of the meshing can be greatly enhanced by removing the restriction imposed
by the use of rectangular and triangular cells in the mesh. This is realised by adopting the
concept of mesh reduction. Starting from an initial mesh of rectangular and triangular cells, a
new mesh is constructed by merging two or more adjacent cells. This results in a “ reduced”
mesh with a lower number of “generalized”  polygonal shaped cells. The mesh reduction step
can be repeated in consecutive steps up to the highest level, in which each disconnected
metallization pattern is represented by only one “generalized”  cell in the mesh. With each
level in the reduced mesh, an electromagnetic equivalent network can be constructed by
applying the method of moments discretization. This comprises a generalization of the basis
functions used to model the surface currents in the polygonal shaped cells. In the resulting
equivalent network, the capacitors model the charges built up in the generalized cells and the
inductors model the current flowing from one generalized cell to another. It is clear that the
electromagnetic equivalent network corresponding to the lower reduction levels have fewer
elements and can be solved much faster, leading to a reduced equivalent EM-based network
model. Mesh reduction provides a way to overcome the limitations of traditional method of
moment meshes that only use rectangular and triangular cells.

In the next section, we give an overview of the method of moment technology behind a
planar electromagnetic simulator and discuss the derivation of an equivalent RLC network
model. A more detailed description of the concept of mesh reduction follows in section 3.
Finally, the increased simulation performance is demonstrated in section 4. We present
numerical simulation results for two real-life examples: a RF board interconnection layout
and a high-density ball-grid array package.
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2. Planar electromagnetic technology

The method of moments discretization and solution process for planar structures is illustrated
in figure 1. The planar structure is decomposed into a substrate layer stack of infinite lateral
extent and finite metallization patterns. The metallization patterns are meshed using
elementary rectangular and/or triangular cells (figure 1(a)). Maxwells equations are
translated into integral equations by imposing the boundary conditions on the planar
structures. The surface currents on the planar structure are modelled with rooftop basis
functions defined over the rectangular and triangular cells in the mesh (figure 1(b)). The
boundary conditions are imposed by applying the Galerkin testing procedure. The resulting
method of moments interaction matrix equation is of the form:
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Each element Zi,j in the interaction matrix represents the electromagnetic interaction between
two rooftop basis functions Bi(r) and Bj(r) placed in the substrate layer stack. Each element
V i in the excitation vector represents the discretized contribution of the sources applied at the
ports of the planar circuit. The solution of the interaction matrix equation yields the
expansion coefficients for the unknown surface currents:
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The surface currents contribute to the electromagnetic field in the circuit by means of the
Green’s dyadic of the substrate layer stack. In the mixed potential integral equation (MPIE)
formulation, this Green’s dyadic is decomposed into a contribution from the vector potential
A(r), a contribution from the scalar potential V(r) and a term acounting for the DC conductor
and frequency dependent skin effect loss
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The scalar potential originates from the dynamic surface charge distribution derived from the
surface currents and is related to the vector potential through the Lorentz gauge. The surface
impedance Zs depends on the conductivity and thicknesss of the metallization and models the
frequency dependent skin effect loss.

Substituting the expression (5) for the Green’s dyadic into the expression (2) for the
interaction matrix elements, yields the following form:
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This allows to give the MoM interaction matrix equation (1) a physical interpretation by
constructing an equivalent network model (figure 1(c)). In this network, the nodes correspond
to the cells in the mesh and hold the cell charges. Each cell corresponds to a capacitor to the
ground representing the electric self coupling of the associated charge basis function. All
nodes are connected with branches which carry the current flowing through the edges of the
cells. Each branch has in inductor representing the magnetic self coupling of the associated
current basis function and a resistor representing the conductor loss due to the current basis
function.

Figure 1. Method of moments discretization of the surface currents using rooftop basis
functions and equivalent network representation.

The MoM matrix equation (1) follows from applying Kirchoff voltage laws in the equivalent
network. The inductor branch currents in the network follow from the solution of this matrix
equation and represent the coefficients of the rooftop basis functions in the expansion of the
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surface currents. The use of  rooftop basis functions allows to give a physical interpretation
to the currents in the network, that is, the network currents correspond to the total normal
current flowing across the edges in the mesh:

 I ds j
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The physical interpretation for the voltages in the network follows from power conservation
considerations. The complex power delivered to the surface current J(r) = IjBj(r) is given by
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Identification of (7) with the complex power expression from the equivalent network yields
the expression for the voltage (3).

The network elements of the equivalent RLC network can be calculated using either a
fullwave approach or a quasi-static approach. These two approaches differ in the type of
Green’s functions used to calculate the L’s and C’s.

1.1 Fullwave approach

In the fullwave approach, the magnetic and electric Green’s functions follow from Maxwell’s
electromagnetic equations which include all coupling, radiation and dispersion effects in the
substrate. These Green’s functions and as a result, also the inductors and capacitors in the
RLC network are complex and frequency dependent. For example, in the free space we have:
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From these expressions, it is clear that the complex character and frequency dependency of
the L’s and C’s is the result of the exponential wave term and expresses the fullwave
character of the RLC network.

1.2 Quasi-static approach

In the quasi-static approach, the static magnetic Green’s function is used to calculate the
inductor values and the static electric Green’s function is used for the capacitor values. These
follow from the magnetostatic and electrostatic solution of Maxwell’s equations. For the free
space, this gives:
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As these Green’s functions have a jω respective a 1/jω frequency dependency, it follows that
the L’s and C’s are real and frequency independent. It can be noted that the quasi-static
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approximation (10) for the free space is obtained by approximating the exponential wave
terms in (9) by the first term of their Taylor series expansion.

Due to the use of the electrostatic and magnetostatic Green’s functions, the resulting L’s and
C’s are real, frequency independent and do not include the high frequency wave effects
(radiation). For low frequencies or electrically small distances, the static terms dominate and
the quasi-static approach will yield similar results as compared to the fullwave approach. As
the frequency increases and the electrical length of the circuits becomes significant, the
quasi-static simulation results will gradually start to deviate from the fullwave results.

3. Mesh reduction

The planar electromagnetic technology provides an easy way to construct an equivalent
network of mutually coupled inductors and capacitors. The number of self and mutual
coupling elements in this network is determined by the number of cells in the mesh. It is clear
that the complexity of the equivalent network or the efficiency of the electromagnetic
solution process depends strongly on the density and quality of the mesh.

At microwave and millimeter wave frequencies, the size and the number of rectangular and
triangular cells is mainly determined by the electrical wavelength of the signals guided by the
planar structure. When simulating Analog/Digital, RF board interconnection and packaging
structures at the lower RF frequencies, the geometrical complexity of the metallization
patterns leads to a much higher number of cells than needed by the mesh density wavelength
criterium. Being only able to use rectangular and triangular cells greatly limits the flexibility
of the mesh maker to construct efficient meshes with a low number of high quality cells.
Meshes generated for geometrically complex but electrically small layouts result in a large
number of rectangular and triangular cells. This makes the planar electromagnetic simulators
less attractable for simulating large RF board interconnection and packaging structures as the
computer memory and time requirements are prohibitely high.

The efficiency of the discretization is strongly enhanced when the restriction imposed by the
use of rectangular and triangular cells is removed. This is realised by adopting the concept of
mesh reduction. Starting from an initial mesh of rectangular and triangular cells, a reduced
mesh is constructed by merging two or more adjacent cells. This results in a lower-resolution
mesh with a lower number of polygonal shaped cells. The mesh reduction step can be
repeated up to the highest level, in which each disconnected metallization pattern is
representing by only one “generalized”  cell in the mesh. With each reduced level an
electromagnetic equivalent circuit can be build. In this equivalent circuit, the capacitors
model the charges build up in the generalized cells and the inductors model the current
flowing from one generalized cell to another. Starting from the solution of the lowest reduced
level allows to build a series of simulation results with increased accuracy. The concept of
mesh reduction in subsequent steps is illustrated in figure 2.

The calculation of the inductive and capacitive interactions in the generalized mesh relies on
the definition of generalized basis functions for polygonal shaped cells (figure 3). These
polygonal shaped functions are used as the basis functions in the method of moments
discretization on the generalized mesh. They are the natural extension of the classical
rectangular and triangular rooftop functions. Figure 3 shows the arrow plots for some
generalized basis functions. They naturally model the current flow in the different polygonal
shaped cells. There is one such a function associated with each edge in the polygonal cell.
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Figure 2. Mesh reduction and corresponding EM equivalent network

Figure 3. Arrow plot of the generalized basis functions for polygonal cells

Mesh reduction provides a way to overcome the limitations of traditional method of moment
meshes which use only rectangular and triangular cells. The use of mesh reduction to create
meshes with general polygonal cells allows to:

• eliminate low-quality slivery cells from the mesh

• generate meshes for geomatrically complex structures with fewer cells

• reduce the computer memory required to store the interaction matrix

• reduce the computer time needed to solve the interaction matrix

• generate multiple levels of meshes with different resolutions

The examples in the following section will illustrate these benefits.

mesh EM equivalent network

reduction

reduction
1 cell

4 cells

10 cells

(a) rectangular cell (b) triangular cell

(c) L-shaped cell (d) T-shaped cell
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4. Numerical examples

4.1 RF board interconnection layout

The first example shows the interconnection layout for an RF board circuit (figure 4). The
lumped components are removed from the board and replaced by port connections, resulting
in a total number of 60 ports. The interconnection structure is meshed at 1 GHz  with a mesh
density of 20 cells per wavelength. The resulting meshes are shown in figure 5. The original
mesh, created with only rectangles and triangles (figure 5(a)), results in an interaction matrix
size of 3428 (table 1). Due to the geometrical complexity of the interconnection patterns, this
mesh contains a lot of redundant elements, which are removed by applying the mesh
reduction technology. The resulting reduced mesh (figure 5(b)) yields a reduced interaction
matrix size of 733 yielding a 3-fold memory reduction and a 14-fold speed improvement in
the electromagnetical simulation of the structure (table 1). The use of polygonal cells
enhances the efficiency of the meshing and reduces the number of cells needed to discretize a
given complex geomatrical pattern with a given mesh density, whithout loss of accuracy.
Some of the simulated S-parameters for the interconnection layout are displayed in figure 6
for both the original and the reduced mesh. The results are identical.

Figure 4. Interconnection layout and dielectric substrate for RF board structure

(a) original mesh       (b) reduced mesh

Figure 5. Original and reduced mesh for the interconnection layout

30 mil

AIR

GND

FR4
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Table 1. Computer resources for simulation of the interconnection layout

Figure 6. S-parameter results for the interconnection layout

original mesh    reduced mesh

matrix size 3428 733
process size 152.48 MB 59.35 MB
user time(* ) 3h 14m 51s 14m 24s

(* )  
PC-NT Pentum III Workstation, 700 MHz

original mesh
reduced mesh
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4.2 Ball Grid Array package

The second example shows the interconnection layout for a ball grid array package (figure 7).
Ports are added at the board level and the chip level for two adjacent traces to model the
transmission and the crosstalk. The resulting S-parameter data is back-annotated to a
schematic design setup for a transient analysis (figure 7). The interconnection structure is
meshed at 5 GHz  with a mesh density of 20 cells per wavelength. The original mesh, created
with only rectangles and triangles (figure 5(a)), results in an interaction matrix size of 8244
(table 2). The geometrical complexity of the interconnection patterns implies a lot of
redundant elements in the mesh, which are removed by applying the mesh reduction
technology. The resulting reduced mesh gives a reduced interaction matrix size of 1354. This
results in a more than 10-fold improvement in memory usage and a more than 20-fold speed
improvement for the electromagnetical simulation of the structure. The use of polygonal cells
enhances the flexibility of the meshing and reduces the number of cells needed to discretize a
given complex geometrical patterns, without loss of accuracy. The results of the transient
analysis for an input step with a 100 ps edge are displayed in figure 8. The input side is at the
board level, the output side is at the chip level.

Figure 7. Layout and transient simulation setup for the ball grid array package

P1 P2

P4 P3

GND
Vboard

Vchip
epoxi

FR4
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Table 2. Computer resources for simulation of the ball grid array package

Figure 6. S-parameter results for the interconnection layout
Figure 8. Transient simulation results for the ball grid array package

5. Conclusions

We have presented a methodology for modeling and analyzing the distributed inductive and
capacitive effects introduced by the interconnections in RF board and High Speed package
structures. An equivalent RLC network model is derived from the planar electromagnetic
equations. The current and voltages in this network are related to the electric and magnetic
fields in the physical structure. We also presented a new technology, based on mesh
reduction, to eliminate the redundant elements in the network and hence reduce the order of
the equivalent RLC network as part of the simulation process. This new technology
comprises a generalization of the basis functions used in the disretization of the surface
currents. These generalized basis functions allow for a more flexible and efficient meshing of
complex geometrical structures in terms of polygonal shaped cells. The increased simulation
performance was demonstrated in the examples. We have presented numerical simulation
results for two real-life examples: a RF board interconnect layout and a high-density ball-grid
array package.
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original mesh    reduced mesh

matrix size 8244 1354
process size > 1 GB 106.57 MB
user time(* ) > 1 day 1h 47m 53s

(* )  
PC-NT Pentum III Workstation, 700 MHz
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