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Abstract—In this paper, a new formulation for coupled
circuit–electromagnetic (EM) simulation is presented. The for-
mulation employs full-wave integral equations to model the EM
behavior of two- or three-dimensional structures while using
modified nodal analysis to model circuit interactions. A coupling
scheme based on charge and current continuity and potential
matching, realized as a generalization of Kirchoff’s voltage and
current laws, ensures that the EM and circuit interactions can
be formulated as a seamless system. While rigorous port models
for EM structures can be obtained using the approach discussed
herein, it is shown that the coupling paradigm can reveal addi-
tional details of the EM–circuit interactions and can provide a
path to analysis-based design iteration.

Index Terms—Coupled circuit–electromagnetic (EM) simula-
tion, method of moments (MoM), signal integrity, surface integral
equation.

I. INTRODUCTION

WITH THE rapidly increasing interest in applications
such as RF wireless communication and high-speed

data processing, electronic systems are required to work at
progressively higher frequencies [1]. As the operating frequen-
cies enter gigahertz range, phenomena such as crosstalk, power
and ground-plane voltage bounce, substrate losses, etc. can
no longer be neglected. In order to design high-performance
systems with fast time to market, it is essential to be able
to analyze whole or part of the system at one fundamentally
deeper level of physics: distributed electromagnetic (EM) field
analysis needs to be rigorously and seamlessly included as an
addition to traditional circuit simulation.

In the existing literature, several methods have been devel-
oped to model and simulate coupled circuit–EM problems.
Those based on finite difference time domain (FDTD) [2]–[4]
are effective for time-domain analysis. For broad-band sim-
ulation, the FDTD can be used to obtain frequency-domain
results via a Fourier transform. However, it is not a direct
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frequency-domain method, and it also requires dispersive/fre-
quency-dependent parameters to be represented in the time
domain in order to model losses and frequency-dependent
behavior, accomplished through recursive convolutions and
similar methods. Furthermore, FDTD requires the discretiza-
tion of the three-dimensional (3-D) space where the object
under study resides, which can lead to substantially more
system unknowns than in surface-based methods [5]. The
finite-element method (FEM) has been applied to both time-
and frequency-domain coupled circuit–EM simulation using
schemes including port models [6] via paralleling each coupling
circuit element to an FEM edge [7] or through a fully coupled
approach [8], as has been the transmission-line method [9].
Analytical approaches [10] and simpler transmission lines are
usually much faster than the numerical-based methods and can
be easily coupled to circuit simulation. However, they are not
general enough for analyzing irregular structures.

In recent years, methods based on integral equations have
gained importance. Among them, the partial-element equiv-
alent-circuit (PEEC) approach [11] has been widely used to
study coupled circuit–EM problems. Very recently, nonorthog-
onal and generalized PEEC methods have been developed
[12], [13]. By representing all the interactions using equiv-
alent SPICE-compatible resistor–inductor–capacitor (RLC)
elements and controlled sources, PEEC can solve the coupled
circuit–EM problem using a traditional SPICE-like circuit sim-
ulator. However, due to the dense nature of the interactions and
the fact that SPICE is tuned for solving sparse matrices, direct
PEEC is limited to problems with a relatively small number of
unknowns [14], although recently, fast methods in conjunction
with PEEC are being developed [15], [16]. The PEEC method
itself was inspired by EM integral equations. These equations,
solved by the method of moments (MoM) [17] with appropriate
basis functions, can be used for distributed effects simulation
of arbitrarily shaped structures.

When nontrivial lumped circuits are simultaneously present,
previous work can only solve the coupled problem based
on port models through several steps: port parameters are
calculated using an EM simulator first, curve-fitting or model
order-reduction techniques are then used to generate an
equivalent-circuit model, followed by circuit simulation to
estimate complete electrical performance of the system. The
port-model-based approach has several limitations: first, for
complex multiport structures with frequency-dependent mate-
rial properties, deriving the equivalent passive network within a

0018-9480/04$20.00 © 2004 IEEE



1674 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 52, NO. 7, JULY 2004

given accuracy is still an area of current research [18]. Second,
after the EM structure is converted to a port model, information
about the details of the EM-field distribution in the structure
will be lost, such information could otherwise provide useful
insights into the problem under study and be useful in design
iterations. Third, the port-model approach, when used with a
fast iterative solver, needs to solve the EM system repeatedly,
i.e., for each port, which could be very expensive when both
the number of ports and number of unknowns are large.

This paper presents a new and complementary approach
to the formulation and solution of the coupled circuit–EM
problem. EM conducting structures and lumped-element
circuits are formulated jointly using one system matrix in a
form amenable to existing fast iterative numerical solvers such
as those based on the fast multipole method [19], fast Fourier
transform (FFT) method [20], and low-rank decomposition
[21], as well as emerging fast direct solvers [22]. Solving the
EM and circuit simultaneously not only permits more detailed
field information, but also obviates the necessity of generating
port models and, thus, automates the design flow. The proposed
method, originally presented by the authors as an idea at a
recent conference [23], is detailed and advanced herein, and
applied to several microelectronic problems. The technique
is inherently hierarchical and provides seamless transitions
between circuit and EM depending on the level of details
required.

The EM formulation used in this paper is a full-wave
MoM approach using surface triangular tessellations. Since
Rao–Wilton–Glisson (RWG) basis functions [24] associated
with triangular meshes do not make assumptions about current
flow directions as the classical volumetric PEEC does, the
adopted approach is suitable to model arbitrarily shaped
structures often found in microwave and RF applications.
The presented formulation employs a surface impedance
approximation that is valid at high frequencies for thin and
thick conductors. Although not presented here, for a complete
broad-band solution, frequency-dependent effects can be
modeled via employing lossy media’s Green’s functions in a
two-region formulation without frequency-dependent meshing
[25].

For the circuit subsystem, the standard modified nodal anal-
ysis (MNA) matrix is formulated. Kirchoff’s current law (KCL)
is enforced for each circuit node and Kirchoff’s voltage law
(KVL) is applied to branches containing voltage sources. Areas
of EM structures where the circuit connections are made are
defined as contact regions. Associated with each contact are
coupling currents that are introduced as additional system un-
knowns. The coupling scheme is based on charge and current
continuity equations and potential matching with the assump-
tion that circuit voltage is equal to the EM scalar potential at a
contact region.

The remainder of this paper is organized as following. Sec-
tion II introduces the formulation of surface-based electric
field integral equations (EFIEs) for EM structures, and MNA
equations for lumped-element circuits. Implementation of the
coupled method using RWG basis functions is presented in Sec-
tion III. Section IV discusses port-model derivation and compar-
ison between the port-model and coupled approaches. Numerical

Fig. 1. Arbitrary lumped circuit connected through a contact to a 3-D
geometric object.

examples for a low-noise amplifier (LNA), power/ground-plane
bounce modeling are given in Section V. Section VI discusses
conclusions.

II. COUPLED CIRCUIT–EM FORMULATION

This section presents a generalized KCL–KVL formulation
for simulation of coupled circuit–EM problems. A typical
high-speed microelectronic system layout consists of both
lumped circuits and sections requiring distributed EM simula-
tion. For modeling purposes, the circuit section is abstracted
by a topology-based domain, wherein signals propagate along
idealized conduction paths between lumped-circuit elements,
while the EM section is represented by a geometry-based
domain, wherein signals propagate in 3-D space and materials.
The two domains couple to each other through contact inter-
faces where a circuit node is associated with an EM contact
surface. As will be shown in this paper, this interface can be
rigorously defined using a generalized version of Kirchoff’s
voltage and current laws.

Consider Fig. 1, which shows a 3-D geometric object con-
nected through a contact to lumped circuits and, optionally,
illuminated by incident fields.

The boundary condition for the electric field on the surface
of the object is

(1)

where is the scattered electric field produced by the induced
equivalent-surface current is the incident electric field,
subscript denotes the tangential components on rep-
resents the surface impedance, and its value is

(2)

where is angular frequency, and and are the permittivity
and conductivity of the material, respectively. Note that surface
impedance is a valid approximation to the behavior of fields
internal to conductors only for frequencies where the skin depth
is smaller than the dimension of the cross section of conductors.
At lower frequencies, if a surface integral formulation is used,
more accurate modeling of the lossy media Green’s function
within the conductor is required, as discussed in [26]. In terms
of potentials, the electric field can be written as

(3)
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Fig. 2. Concept of surface contact.

where the vector potential is defined as

(4)

the scalar potential is defined as

(5)

where and are observation and source locations, respec-
tively, and represent the equivalent surface current den-
sity and surface charge density, respectively, and are the
permeability, permittivity, and wavenumber, respectively, of the
homogeneous medium enclosing the object.

The concept of a contact is introduced in Fig. 2, where surface
is divided into two subsurfaces, denoted by and

such that

(6a)

and

(6b)

On , the standard continuity equation relating the surface
current density and surface charge density holds as follows:

(7a)

or

(7b)

where represents the surface divergence.
On , the continuity equation is altered due to the exis-

tence of injected circuit currents. This current introduces an ad-
ditional source term in the continuity equation and, thus, affects
the distribution of both surface currents and surface charges. Let

be comprised of disjoint surfaces ,
each such unique subsurface is termed one of contacts.
On , the modified continuity equation has the following
form:

(8a)

or

(8b)

where represents the scalar volumetric current density pro-
duced on via a circuit interconnection, and represents
total surface charge density on .

Substitute (6a)–(8b) into (3)–(5), we have

(9)

The last two terms represent the contribution to the field pro-
duced by the gradient of the scalar potential, which, in turn, is
produced by the equivalent surface charge density. The charge
density itself is produced by over , and by

over . Therefore, the current density
introduced by the circuit interconnection produces an additional
source or sink of charge that alters the scalar potential and the
resulting electric field.

The current density is a system unknown that is deter-
mined by the solution of the coupled circuit–EM system. An ad-
ditional system equation can also be constructed, which is based
on a generalized KVL that equates the scalar potential produced
on electrically small contacts to the voltage of the circuit
node associated with the interconnection at as follows:

(10)

where corresponds to the node voltage associated with a
circuit node connected to contact.

The contact, as defined above, is inherently an electrically
small surface, i.e., its dimensions are small compared to the
wavelength of signals in a microelectronic system. Larger con-
tacts can be defined by associating several circuit nodes with
neighboring contact regions, thereby not enforcing erroneous
constant potential over electrically large regions.

As can be seen from (10), the calculation of the scalar po-
tential at the contacts assumes the potential at infinity is zero.
Although the ground node can be chosen randomly in a pure cir-
cuit problem, in a coupled circuit–EM formulation, specifying a
circuit node to be a ground node indicates this node has the same
potential as the EM scalar potential at infinite distance. In the
coupled formulation, there is no requirement to define a circuit
ground and, in fact, every node has an associated KCL (which
is not possible in a pure circuit problem since one of them will
be redundant). Thus, there is one unambiguous ground (infinity)
definition in the entire problem.

The final self-consistency condition, in addition to scalar po-
tential matching, is a generalized KCL, which ensures that the
coupling current will contribute one additional term to the
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Fig. 3. Connection scheme for EM and circuit interface.

Fig. 4. Definition of RWG basis function.

KCL-based circuit equation associated with circuit node as
follows:

(11)

where is the current of the th branch, and is the total
number of circuit branches connected to circuit node . Fig. 3
shows the connection scheme for the EM–circuit interface.

We notice that whereas other approaches such as delta gap
methods or wire basis functions [27] can be used to describe the
coupling between the circuit and EM, they often need artificial
parameters such as basis-function lengths, directions, and radii
that are not consistent with topology-only circuit sections.

III. INTEGRAL EQUATION WITH RWG BASIS FUNCTIONS

The self-consistent coupled circuit–EM equations described
in Section II are valid for arbitrary basis functions for modeling
surface currents using surface integral formulations. Here, the
method is expressed in more detail for the popular edge-based
RWG spatial basis functions [24] that rely on a triangular tes-
sellation of the surface . An RWG function , defined over
two triangles with a common edge , used to approximate the
spatial distribution of current density has the well-known form

(12)

where is the length of the th edge, is the area of triangle
, and is the vector pointing to or from location in

triangle with respect to the node opposite the edge. Fig. 4
illustrates the definition of RWG basis functions.

As a consequence of the above form, the charge density in
each pair of triangles is modeled as a piecewise constant as
follows:

(13)

The surface current density is expanded using RWG functions
as

(14)

where represents the coefficient of the th RWG basis func-
tion, and is the total number of nonboundary edges. For con-
sistency with RWG basis functions, the charge associated with
the coupling current is modeled using piecewise constant func-
tions (that have a value of unity on a given triangle and zero
elsewhere) over each contact triangle

(15)

Equation (9) is then expressed as

(16)

where is the total number of nonboundary edges, is
total number of triangles on contact and denotes the

th triangle on contact that is used for circuit connection.
Also, and are the positive and negative triangles as-
sociated with the th RWG function. To solve for the unknown
coefficients, the expression in (16) is substituted into (1) and
tested with the RWG functions to yield

(17)

where denotes a spatial dot product, and testing of the
vector potential yields

(18)
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The testing of the scalar potential is the result of the sum of two
potential contributions, from the EM surface current

(19)

and from the coupling current

(20)

The surface impedance contribution is local and has nonzero
values only for those combinations of basis and testing functions
that share at least one triangle. Therefore, the contribution is
a sparse matrix where each column has, at most, five nonzero
entries as follows:

share a common triangle.

(21)

Finally, any incident electric field is tested as in the term
.

The next set of equations is obtained by enforcing

(22)

and by enforcing (15). Substituting (19)–(22) in (18) leads to
the matrix format of the coupled circuit–EM system

(23)

where is the regular MoM matrix whose elements can be
interpreted as equivalent partial impedances if a comparison
with a surface-based PEEC is desired. The partial inductances,
capacitances, and resistances are equivalent to the terms in
(19)–(21). The remaining three dense EM matrices define
the contact. Matrix represents the scalar potential con-
tribution due to the coupling current at , and matrix
denotes the potential contribution from the EM surface current

at . Finally, matrix represents the scalar potential
contribution to due to coupling currents. This two-by-two
system is a self-consistent definition of the EM interactions
with a circuit section. To complete the coupled formulation,
a sparse rectangular matrix is introduced as connection
matrix to enforce generalized KCL and KVL. This matrix
has one nonzero element per row to select the potential of the
circuit node associated with a contact triangle. The transpose
matrix selects the coupling current and adds it to the KCL
equation of the circuit node at the contact. The MNA matrix
represents circuit interactions for linear RLC elements and the
linearized small-signal models of nonlinear elements such as
diodes and transistors. The system unknowns and ckt
relate to surface equivalent currents, coupling currents, and
circuit voltages/currents, respectively. The right-hand-side
excitation vector consists of the tested incident EM field ,
the strengths of independent voltage, and current sources
[28].

IV. PORT MODEL VERSUS COUPLED SOLUTION

The port model is a widely used approach for circuit designers
to include EM effects. Here, we first show how the coupled
solver can be used to generate port models, and then we give
a comparison between the port-model and coupled approach to
show that coupled solver has advantages in terms of simulation
cost and automation.

In addition to being used as a fully coupled solver, the formu-
lation discussed in Section III can also be used in a manner sim-
ilar to port-model approaches. Equations (15) and (22) permit
sufficient flexibility in solution in order to aid iterations in cir-
cuit design. When structures to be analyzed with EM analysis
remain unchanged and circuit parameters and topologies vary
during design iterations, an EM contact model is generated. By
combining the first two equations and unknowns, (23) can be
rewritten as

(24)

where contains and in (23), and
are extensions of their corresponding entry in (23). In (24),

the EM surface current and coupling current unknowns can
be eliminated from the first set of equations and the rest of the
system can be written in the Schur complement form

(25)

Therefore, the formal inversion of the matrix only needs
to be done once as long as the EM structures do not change.
For large-sized EM problems, the equivalent of the inversion
is obtained by iteratively solving the EM system with each of
the contacts excited independently. The EM contact model can,
therefore, be obtained through exciting each contact and using
an iterative solver, or through the formal inversion shown in
(25).

The EM contact model ultimately permits the EM structure
to be represented in an MNA-compatible element-stamping
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Fig. 5. Illustration of a short-wire antenna of length l and radius a (l=2a =
74:2). (a) Classic MoM solution. (b) Coupled circuit–EM solution.

format and the incident EM wave in the equiva-
lent-circuit excitation format . The advantage
of the above nodal contact model compared to the traditional
port model is that it eliminates the intermediate step of con-
structing an equivalent circuit with its associated cost, accuracy
limitations, and complexity in terms of ensuring passivity.

The advantages of coupled formulation over port-model
methods lie in several areas. First, computation cost for
port-model extraction, assuming a standard or fast iterative
solver, increases linearly with the number of ports. Consider
an -port EM structure as an example, column of its -pa-
rameter matrix needs to be calculated with port connected
to 1 V, while the rest of ports are grounded. Thus, an -port
structure will necessitate solving the system for times. Since
the coupled solver only needs to solve the system equations
(23) once, the port-model approach will be computationally
more expensive than the coupled method. Second, the coupled
solver can reveal the distributed field information more easily.
Distributed field information is important for layout-based cir-
cuit design. In the coupled formulation, since surface currents
are formulated as system unknowns, field distribution will be
just a simple post-processing after the system is solved. In the
port-model approach, to derive distributed field information,
one has to either solve the problem again with the derived
port voltage and current or use complex bookkeeping and
superposition to recalculate the field distribution. Coupled
formulation also automates the process to consider EM effects
during circuit design.

V. NUMERICAL RESULTS

A fully coupled circuit–EM simulator has been developed
based on the above-described approach. The first example is a
validation test against the classical MoM. As shown in Fig. 5,
the input admittance of a center-fed antenna is simulated [17].

In Fig. 5, the short-wire antenna under consideration is of
length and radius such that the ratio of the length and di-
ameter is 74.2 and . The input admittance is first sim-
ulated using our in-house MoM solver, employing a delta-gap
excitation at its center, as shown in Fig. 5(a). The antenna is
then excited at its center by a circuit voltage source and our cou-
pled solver is used to solve for the input impedance, as shown
in Fig. 5(b). The simulation results from both methods are illus-
trated in Fig. 6, which demonstrates a good match. These also
match very well with the published results in [17].

Fig. 6. Input conductance and susceptance versus l=�. (a) Conductance.
(b) Susceptance.

Fig. 7. Interconnect over a solid ground plane.

Another validation example, comparing the presented ap-
proach to the standard PEEC, is an interconnect over a ground
plane, as in [29], and as shown in Fig. 7.

The ground plane is 2 cm long 1 cm wide and the trace is
2 cm long 1 mm wide and stays 0.5 mm above the ground
plane. The frequency dependence of the input impedance is de-
picted in Fig. 8, and matches well. The small bump is very near
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Fig. 8. Input impedance of an interconnect over a ground plane.

Fig. 9. Schematic of a 5.6-GHz LNA.

the first resonant frequency, and might be related to internal res-
onant effects in the EFIE system, but this is not clear.

One of the typical applications is circuit/layout co-simulation
for RF electronics system design, where on-chip inductors are
often employed. In RF circuit design, accurate characterization
of the inductor is the most challenging task. Fig. 9 shows the
topology of a 5.6-GHz differential-mode LNA, where several
on-chip inductors are included either for the frequency-selec-
tion purpose such as and or for the impedance matching
purpose such as – .

With 5.6-GHz central working frequency, performance of
the LNA will be affected by both the distributed effect and
the crosstalk of on-chip spiral inductors. The precision of two
inductors and is most important since it affects the
central frequency where the maximum gain can be derived.
While the transistor sizes are fixed by the requirement of the
optimum noise figure [30] to be 123 m, the main design task
is to adjust the turns and spacing of spiral inductors to tune
the resonant frequency of the LC tank to the central frequency
5.6 GHz.

Fig. 10. Extracted equivalent inductance.

Fig. 11. S curve versus distance between inductors.

The spiral inductor is first simulated using the coupled
solver to decide the number of turns according to the extracted
equivalent inductance. With a total parasitic capacitance to be
105 fF at node A, the inductor is designed to be five turns with
an area of 500 m 500 m. Fig. 10 shows the extracted equiv-
alent inductance of such a single spiral inductor. The increase in
inductance with frequency is due to approaching self-resonance
frequency of the inductor.

Due to the radiation and inductive coupling effects, the two
inductors will mutually couple, and lead to a shift in the central
frequency. Fig. 11 shows a series of curves versus different
distances between the two inductors.

As the two inductors are moved closer, the coupling effect
becomes prominent and leads to poorer performance. In actu-
ality, the coupling effect could also be used to an advantage:
due to the differential mode nature of the currents through the
two inductors, a larger effective inductance can be realized by
tight coupling between the two inductors. In other words, the
same inductance value could be achieved using a lesser number
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Fig. 12. Structure of a mixed-signal board with a noise source at the center.

of turns and, thus, less chip area. Some new multilevel inductor
designs are based on this concept.

To simulate the coupled system in the frequency domain,
an operating point analysis is first performed to linearize the
nonlinear BSIM3 transistor model [31]. As an existing circuit
simulation technique, the operating point is calculated via
Newton–Raphson iterations. EM structures are not involved
in those iterations directly; instead, these are represented by
a resistance network calculated using a volumetric resistance
extractor.

If large-signal analysis instead of the small-signal analysis
presented above is required for the coupled system, the fre-
quency domain can be facilitated through a harmonic-balance
method [32] coupled to the EM simulation. However, this is be-
yond the scope of this paper.

A frequency sweep is then performed for the range of interest.
The EM problem was meshed with 5120 RWG basis functions
and it required 43 s to set up the problem and 88 s to solve using
our in-house low-rank compression fast iterative solver on a
1.6-GHz Pentium processor. In contrast, extraction of the entire
port model requires 42-s one-time setup time and 334-s solve
time. Note that the solve time for port-model extraction is ap-
proximately four times as long as the solve time for the coupled
solver, which is because the problem needs to be solved four
times in order to extract the port model, each for one column of
the matrix with a 1-V excitation on one port and 0-V excita-
tion on the rest of ports.

The second example studies the power/ground-plane voltage
bounce distribution due to a high-frequency noise source. Con-
sider a typical mixed analog/digital print circuit board (PCB),
as shown in Fig. 12.

Since digital circuits are usually associated with high-speed
signal switching that contains numerous high-frequency com-
ponents, the potential difference between power and ground
planes will not be equal to ideal supply voltage everywhere. At
high frequencies, the power and ground planes need to be con-
sidered as a distributed RLC network instead of ideal conduction
planes. The voltage bounce could cause digital logic circuits to
switch erroneously. In such a case, decoupling capacitors are
needed to suppress the peak bounce voltage.

With traditional port-model-based EM–circuit simulation
methods, it is difficult to acquire the voltage bounce distribution
information all over the plane since the potentials can only be
accessed via ports. Thus, deriving the spatial distribution of
the potential requires ports everywhere on the plane and could
make the problem cumbersome or too large to solve. On the
other hand, since the coupled circuit–EM solver uses equiv-
alent surface currents as system unknowns, the voltage/field

Fig. 13. Bounce-voltage distribution at 3 GHz.

Fig. 14. Bounce-voltage distribution at 3 GHz after adding 20 decoupling
capacitors.

Fig. 15. Partially split power ground-plane design.

distribution can then be easily derived by a post-processing
operation once the coupled system is solved.

In Fig. 12, the size of the PCB board is 12 cm 8 cm.
At 3 GHz, 1-mA noise source at the board center can cause a
bounce-voltage distribution, as shown in Fig. 13.

By continuously pinning down the peak bounce voltage using
10-nF decoupling capacitors, peaks of the noise voltage can be
isolated in a local area of the noise source, as shown in Fig. 14,
after adding approximately 20 decoupling capacitors.

Note that the EM part of the problem does not change as
additional capacitors are added and, hence, the factorization and
storage of the EM section can be done just once if required,
using the EM port model of the coupled system.

An alternative design approach is to design the power/ground
board, as shown in Fig. 15, with partially split planes.
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Fig. 16. Bounce-voltage distribution at 3 GHz for split power/ground plane.

Fig. 17. Bounce-voltage distribution at 3 GHz for split power/ground plane
with nine decoupling capacitor.

Simulation results reveal that the bounce-voltage localization
effect was achieved even without adding decoupling capacitors,
as shown in Fig. 16.

Further localization of bounce voltage will need a smaller
number of decoupling capacitors compared to the previous ex-
ample. Bounce localization shown in Fig. 17 was achieved by
using nine decoupling capacitors.

VI. CONCLUSION

In this paper, a coupled circuit–EM formulation has been pre-
sented. The EM solution is based on full-wave surface integral
equations (i.e., EFIEs), the circuit solution is based on KVL and
KCL, and the coupling is ensured by charge and current conti-
nuity, as well as potential matching. The primary objective of
the method is to ensure proper physics-based coupling between
the circuit and the EM parts such that a coupled matrix can be
formulated. While different kinds of EM and circuit port models
can be derived, a fully coupled solution process will guarantee
complete electrical transparency in the entire system, including
all EM and circuit effects. Work in progress is aimed at ex-
tending the same approach to the time-domain simulation to in-

clude the effect of lossy conductors and to incorporate fast mul-
tilevel solvers and fast frequency-sweep methods for the cou-
pled system.
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