
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 10, OCTOBER 1997 1911

An FDTD–Touchstone Hybrid Technique for
Equivalent Circuit Modeling of SOP

Electronic Packages
Yinchao Chen,Member, IEEE,Paul Harms,Member, IEEE,Raj Mittra, Life Fellow, IEEE,

and Wendemagegnehu T. Beyene,Member, IEEE

Abstract—The electromagnetic-field behavior within electronic
packages used for high-speed digital-circuit or high-frequency
analog-circuit applications often cannot be accurately modeled
by using a quasi-static approximation, and a frequency-dependent
analysis is sometimes needed for accurate modeling. In this paper,
we employ the finite-difference time-domain (FDTD) approach,
in conjunction with the commercially available software called
Touchstone, to model the generic 24-pin silicon on plastic (SOP).
The model for the package includes many details, such as the
plastic encasement, bonding pads, and wires. The frequency
responses of the package are tested against the results obtained
with only the FDTD algorithm. It is shown that by extracting
the equivalent-circuit elements from the field data, the hybrid
FDTD–Touchstone technique allows greater flexibility in deriving
a circuit configuration at the expense of fine tuning the circuit
to reproduce the response of the package. It is hoped that the
technique presented in this paper will lead to more accurate
circuit simulations of complex packaging configurations than has
been possible up to this point, by using quasi-static analyses.

Index Terms—Electronic packaging, equivalent circuits, FDTD,
silicon on plastic (SOP) package.

I. INTRODUCTION

T HE electromagnetic characterization of electronic pack-
ages containing high-speed digital or high-frequency ana-

log circuits is of great practical interest [1]–[11], [14], and
often these packages cannot be modeled accurately by using
the quasi-static approximation. The methodology that is typ-
ically employed for modeling electronic packages entails the
following steps.

1) The package geometry is subdivided such that it is
manageable to model by using quasi-electrostatic and
quasi-magnetostatic analysis tools which ignore the cou-
pling between the electric and magnetic fields.

2) The equivalent capacitance and inductance are deter-
mined separately for each subsection, and the coupling
between these subsections is ignored.
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3) The lumped circuits are connected together to develop
an equivalent-circuit package configuration, which can
be inserted into a circuit simulator.

4) The model is adjusted on an as-needed basis to match
the available measurements.

The finite-difference time-domain (FDTD) method
[10]–[13] is a general-purpose Maxwell solver which is
well-suited for modeling the frequency-dependent behavior
of electronic packages. The field solution can in turn be
used to generate an equivalent circuit comprising self and
mutual inductances and capacitances, as well as resistances
and conductances, in a form that can be directly inserted
into a circuit simulator such as SPICE. Since the integrated-
circuit chip typically contains many components, it would
be very time consuming to accurately model all of them
using the FDTD method described in [11]. In this paper,
we investigate the problem of extracting such an equivalent
circuit of a generic silicon-on-plastic (SOP) package shown in
Fig. 1(a), by employing the full-wave solver FDTD method,
in conjunction with the commercially available software
Touchstone [14].1

In Section II, the package model will be described. In
Section III, the equivalent circuits will be given for four dif-
ferent bond-wire configurations of the package. In Section IV,
the equivalent circuits generated by using Touchstone will
be presented and validated by demonstrating that their fre-
quency response approximates that directly computed via
FDTD method in the frequency range of interest.

II. M ODELING THE SOP PACKAGE

The first step in analyzing the SOP package, shown in
Fig. 1(a) and (b), is to generate a mesh or a discretized model
that describes the geometry of the package. A uniform-grid
FDTD approach is used, and the unit cell size is chosen to be
0.0254, 0.0500, 0.0500 mm along the-, -, and -directions,
respectively, to ensure adequate spatial resolution. The entire
computational domain consists of (181 176 30) cells.
The physical size of the computational volume is about 4.6

8.8 1.5 mm , and symmetry is used where possible
to reduce the size of the computational domain. To simplify
computations and for purposes of illustrating this approach,
the mesh is truncated with first-order Mur absorbing-boundary

1Touchstone, EEsof Inc., Westlake Village, CA 91362.
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(a)

(b)

Fig. 1. (a) View of SOP package with substrate, modular plastic material,
and PEC ground for microstrip lines removed. (b) Top view of the silicon
chip with truncated boundaries.

conditions (ABC’s) except at the symmetry planes where it is
truncated with walls that are either perfect electric conductors
or perfect magnetic conductors. More accurate ABC’s which
produce less reflections can be employed as described in [11],
[13], and [15]. Based on estimating techniques as presented
in [13], this model requires at least approximately 55 Mbytes
of memory assuming 8 bytes of storage per field component
and 1 byte per material parameter, and the upper estimate on
the run time is roughly 10 central processing unit (CPU) h
on a 50-megaflop (MFLOP) machine with additional run time
included for any resonances that may occur.

As shown in Fig. 1(a) and (b), there are 12 pads or pin’s
along each side of the silicon package. In Fig. 1(a), the plastic

(a)

(b)

(c)

Fig. 2. (a) Input–output ports and terminations of silicon-chip package for
Case A. (b) Equivalent circuit of the package derived by using Touchstone.
(c) Circuit used to terminate vias.

material enclosing the package and microstrips connecting the
package to the outside world has been removed to reveal the
pin’s or pads; however, it is included in the FDTD simulations.
The plastic, which has a permittivity of 4.8, encloses the
package such that only parts of the pin’s are exposed to
the outside. These pin’s are shaped in the form of steps and
provide solder points to circuitry outside of the package and
bond wires inside. For the cases studied in this paper, the pin’s
are connected to 45-microstrip lines on a grounded substrate
characterized by a relative permittivity of 4.6.

A silicon chip whose permittivity is 11 is located on a finite-
size perfectly conducting ground patch that acts as a virtual
ground for the devices on the silicon, and is connected to the
universal ground by vias, other virtual ground pads, and/or one
or more bond wires, and pin’s. The bond wires connect the
patch to the pin’s, which in turn are directly connected to the
circuit board or universal ground through perfectly conductive
vias. This ground is termed virtual, since as will seen later, the
path from the patch to the universal ground contains significant
inductance which must be included in the equivalent-circuit
model.

For the various two-port configurations that will be ana-
lyzed, bond wires connect the appropriate input and output
pads to the desired locations on the silicon chip. To form a
complete path for current to flow from the microstrips outside
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Fig. 3. (a) Input–output ports and terminations of silicon-chip package for
Case B. (b) Equivalent circuit of the package derived by using Touchstone.
(c) Circuit used to terminate vias.

of the package to the virtual ground, resistive vias connect the
ends of the bond wires on the silicon chip to the virtual ground.

III. FDTD A NALYSIS AND EXTRACTION

OF THE EQUIVALENT CIRCUITS

The FDTD–Touchstone methodology employed to obtain
the equivalent circuits of the four SOP package configurations
will be described in this section, which will be followed in the
following section by the analysis of the frequency response
of the optimized equivalent circuits. Each circuit has four
accessible nodes, two of which correspond to the bond-wire
connections on the silicon and the remaining two correspond
to the input and output terminals of the package. The goal of
this approach is to develop accurate equivalent circuits that
are based on a given circuit topology and that can be directly
inserted into SPICE simulations of devices in the package.

To obtain the equivalent-circuit models, an approach similar
to that described in [10] is employed. First, the FDTD algo-

(a)

(b)

(c)

Fig. 4. (a) Input–output ports and terminations of silicon-chip package for
Case C. (b) Equivalent circuit of the package derived by using Touchstone.
(c) Circuit used to terminate vias.

rithm is applied to compute the time-domain response of the
package at the external input and output ports. The input port
is excited with a suitable pulse, the time-domain responses of
the package at both the input and output ports are computed
by using the FDTD, and the scattering or-parameters are
extracted from these results.

Ideally, the -parameters would be computed at all four
ports instead of just the two external ports. However, this
requires access to information on both the incident and re-
flected waves from the FDTD data at each port. To obtain
this, a small section of matched microstrip line needs to
be inserted at each port to record the incident and reflected
traveling-wave responses at that port. This step is readily
implemented for the external ports but is somewhat difficult
to carry out at the internal ports due to the smallness of the
chip size and the physical as well as electrical proximity of
the bond-wire connections. One might attempt to circumvent
this difficulty by using the FDTD method to directly compute
alternative parameter sets such as the-parameters. However,
this approach also presents problems because it is difficult to
remove the effects of external impedances connected to the
ports, e.g., the vias or microstrips.

In lieu of the internal port -parameter data, the internal
ports are handled by basing the equivalent circuit, which
consists of resistors (’s), inductors ( ’s), and capacitors
( ’s) on the physical-package characteristics—for instance,
self and mutual inductances are used to model the bond



1914 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 45, NO. 10, OCTOBER 1997

(a)

(b)

(c)

Fig. 5. (a) The input–output ports and terminations of silicon-chip package
for Case D. (b) Equivalent circuit of the package derived by using Touchstone.
(c) Circuit used to terminate vias.

wires. This circuit is subsequently optimized and tuned until
its response, quantified in terms of its-parameters at the
external ports, matches that derived for the package by using
the FDTD method. In the process of developing the circuit,
the nodes which correspond to the internal ports or the
connections on the silicon are included, hence, all four ports
are available in the circuit model. The resultant circuits are
given in Sections III-A and III-B.

The equivalent circuits presented below will be divided into
two categories: “strong” and “weak” coupling circuits, which
are based on the level of coupling between the input and output
ports. Since the ports for the strong coupling case are in close
proximity of each other, circuits with mutual inductance terms
are used to describe their behavior. For the weak coupling
circuits, the ports are far apart so the circuits with no mutual
inductance terms are sufficient.

A. Strong-Coupling Cases

Case A: Pin’s 6 and 8

For this configuration, a two-port network is defined with
pin’s 6 and 8 as the input and output ports, respectively, while

TABLE I
LUMPED-CIRCUIT PARAMETERS COMPUTED WITH Touchstone

(UNITS ARE IN PICOHENRY, PICOFARAD, AND OHM)

pin’s 7 and 18 are grounded. The physical model and the
equivalent circuit for this case are given in Fig. 2(a)–(c).

Case B: Pin’s 6 and 7

In this configuration, a two-port network is defined with
pin’s 6 and 7 as the input and output ports, while the pin’s
5, 8, 17, and 20 are grounded. The schematic of the physical
layout and the equivalent circuit are shown in Fig. 3(a)–(c).

Since the pin’s 6 and 7 basically form a coupled transmis-
sion line, the output response at pin 7 due to the excitation at
pin 6 has two contributions, which are the signal that travels
from pin 6 to the silicon chip and back to pin 7 and the signal
that directly couples to pin 7 from pin 6. In view of this, it
is necessary to employ the following two linearly independent
sources to excite the system: (1 V, 1 V) and odd mode (1
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(a) (b)

(c) (d)

Fig. 6. (a) Magnitude ofS11 of Case A. (b) Phase ofS11 of Case A. (c) Magnitude ofS21 of Case A. (d) Phase ofS21 of Case A.

V, 1 V) to obtain the -parameters and , respectively.
Next, the -parameters of the original two-port configuration
are obtained via the following equations:

(1)

(2)

where the superscripts and represent the even and odd
modal -parameters of the modal system. Finally, the equiv-
alent circuit is extracted from the-parameters in the con-
ventional way, utilizing the symmetry of the structure in this
process that leads to the result and .

B. Weak-Coupling Cases

Case C: Pin’s 6 and 19

In this configuration, the two-port network is defined with
pin’s 6 and 19 as the input and output ports, respectively,
and pin’s 7 and 18 grounded. The physical layout and the
equivalent circuit are shown in Fig. 4(a)–(c).

Case D: Pin’s 11 and 23

In this configuration, the two-port network consists of pin’s
11 and 23 as the input and output ports, respectively, while

pin’s 12 and 24 are grounded. The physical layout and the
equivalent circuit are shown in Fig. 5(a)–(c).

IV. SCATTERING PARAMETERS

The optimized equivalent circuits are checked by comparing
the -parameters derived from the equivalent circuits, with
those computed from the FDTD analysis. The-parameters
are shown in Figs. 6(a)–9(b), with Fig. 6(a)–(d) showing both
the magnitudes and phases of and for Case A. It
is observed that the plots for the magnitudes of the two
sets of -parameters exhibit a better agreement with each
other than do their phases. One explanation for this difference
between the behaviors of magnitudes and phases might be
as follows. During the optimization procedure of Touchstone,
a small perturbation of the magnitude sometimes introduces
a substantial variation in the phase data, i.e., the phase-
variation is considerably more sensitive than the magnitude.
The effect of the phase discrepancies in the scattering pa-
rameters obtained from the circuits on the SPICE simulation
needs further investigation which is beyond the scope of this
paper.

In the course of this project, an in-house algorithm was
investigated for generating equivalent circuits for some of
the electronic-package configurations in lieu of the equiv-
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(a)

(b)

Fig. 7. (a) Magnitude ofS11 of Case B. (b) Magnitude ofS21 of Case B.

alent circuits presented here, which were developed based
on physical-package considerations. Briefly, the algorithm
provided equivalent circuits whose responses matched the
magnitudes and phases of the scattering parameters very well,
but the resultant equivalent circuits, although valid, were not
employed because they could not be related to the physical
characteristics of the package since the circuit configuration
was fixed by the algorithm and contained nonphysical ele-
ments.

The magnitudes of the -parameters for the rest of the
cases are shown in Figs. 7(a)–9(b). For all of the cases, the
frequency response of the equivalent circuit approximates that
obtained from the FDTD analysis. We should add the remark
that it is necessary to use the virtual ground model, shown
in Figs. 2(c), 3(c), 4(c), and 5(c) and represented by elements

, , and in Fig. 3(c), for example, to obtain the level
of agreement seen in the-parameters because this ground
contributes a significant amount of inductance to the package
model.

The lumped-circuit parameters for all of the cases ex-
amined are listed in Table I. This table can be used in
conjunction with the equivalent-circuit diagrams to compare
the circuit models for the various configurations. For ex-
ample, it is obvious from these equivalent circuits that the
level of coupling between the adjacent lines is considerably

(a)

(b)

Fig. 8. (a) Magnitude ofS11 of Case C. (b) Magnitude ofS21 of Case C.

stronger than between those on opposite ends of the pack-
age.

To use these equivalent circuits in circuit simulations of
devices on the chip, the portions of the equivalent circuits
labeled “via” are replaced with the device models, and then
a circuit-simulation software such as SPICE is used. An
important point to keep in mind about these circuits (developed
with Touchstone) is that the accuracy with which they are
able to model the internal ports at the silicon depends upon
how well the internal electrical character is reproduced in the
process of modeling the physical layout.

V. CONCLUSIONS

An FDTD–Touchstone hybrid technique has been employed
in this paper for modeling the full-wave electromagnetic
response of a complex silicon-chip package, in terms of
passive RLC circuits. This approach allows the construction of
equivalent circuits based on the package layout, which provide
access to both the internal and external ports to the package
even though the -parameter model of the package, derived by
using the FDTD method, did not contain explicit information
corresponding to the internal ports. Since the development
of the circuit branches for modeling the internal ports is
based on physical layout considerations, we believe that the
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(a)

(b)

Fig. 9. (a) Magnitude ofS11 of Case D. (b) Magnitude ofS21 of Case D.

circuit topology is reasonable; however, in practice it may be
necessary to validate these by measurements. In any case, the
agreement between the equivalent-circuit responses and the

-parameter data derived from the FDTD technique indicate
that this methodology can lead to equivalent circuits which
approximate the FDTD frequency response of the package in
the frequency range of interest. For wide frequency ranges,
a more automated process may be required to develop the
equivalent circuit.
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Guggenheim Fellowship Award in 1965 and the IEEE Centennial Medal in
1984.

Wendemagegnehu T. Beyene(S’87–M’88) was
born in Addis Ababa, Ethiopia. He received the
B.S. and M.S. degrees in electrical engineering from
Columbia University, New York, NY, in 1988 and
1991 respectively, and the Ph.D. degree in electrical
and computer engineering from the University of
Illinois at Urbana–Champaign, in 1997.

From 1988 to 1994, he was with the IBM Micro-
electronics Division in East Fishkill, NY, where he
worked on electrical analysis and characterization
of advanced electronic packages. In the summer of

1994, he was with the Ford Research Laboratory, Dearborn, MI, working
on sneak analysis of electronic hardware and software systems. From 1994
to 1996, he held a teaching, research assistant, and fellowship position
in the Department of Electrical and Computer Engineering, University of
Illinois at Urbana–Champaign. Since 1997, he has been with Hewlett-Packard
EEsof Division, Westlake Village, CA. His professional interests include
circuit simulation with emphasis on analog and microwave circuits, combined
circuit and field simulation of devices and electromagnetic systems, modeling
of large-scale dynamic systems, and signal integrity analysis and efficient
simulation of package interconnects at chip, module, and board levels.

Dr. Beyene is a member of Eta Kappa Nu, Tau Beta Pi, and SIAM.


