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Abstract--EMAP5 is a numerical software package
designed to model electromagnetic problems. It
employs the finite element method (FEM) to analyze a
volume, and employs the method of moments (MoM)
to analyze the region exterior to the FEM volume. The
two methods are coupled by enforcing the continuity of
the tangential fields on the interface. Dielectrics, lossy
dielectrics and metal objects can be modeled within the
FEM volume. Metal objects can also be located
exterior to, or on the surface of the FEM volume. A
simple input file translator (SIFT) is provided with
EMAPS that alows users to define basic input
configurations on a rectangular grid without a graphical
interface. It is also possible to use commercial mesh
generators to analyze more complex geometries of
arbitrary shape. EMAP5 can model three types of
sources. incident plane waves, voltage sources on
metal patches and impressed current sources in the
finite element region. This paper describes the
implementation of EMAP5 and provides four examples
to demonstrate the range of configurations that EMAP5S
is capable of modeling using the SIFT translator.

I. INTRODUCTION

Methods used to solve Maxwell’s equations can
often be classified into one of two categories. One
category is integral equation-based methods. Integral
equation-based methods generally solve for unknown
fields or currents on the surface of honpgeneous
volumes. Only the surfaces are meshed; therefore the
number of unknowns is relatively small. Integral
equation-based methods are well suited for modeling
homogeneous structures in unbounded geometries.

The other category is partia differential equation
(PDE) -based methods. PDE-based methods require a
volume mesh. The resulting number of unknowns is
usually much higher than that obtained from integral
equation-based methods, but the reduced complexity of
the solution method can more than compensate for this.
PDE-based methods are well suited for modeling
complex inhomogeneous structures, particularly those
in bounded geometries (e.g. a waveguide or a metallic
enclosure).

The finite element method (FEM) is a powerful
PDE-based method. It requires the entire region of
interest to be meshed. However, each mesh element

can have its own electromagnetic properties (& m s).

Thus, FEM has an inherent capacity to analyze
inhomogeneous structures. In addition, FEM does not
require a uniform mesh. Various types of elements, for
example, bricks, tetrahedra and prisms, can be used to
discretize  arbitrary  geometric  configurations.
Therefore, FEM is well suited for modeling complex,
inhomogeneous structures. A significant disadvantage
of the FEM method is the inability to model unbounded
geometries without using absorbing boundary
elements. Absorbing boundary elements are not
effective when they closely conform to the shape of
long thin objects (e.g. cables). When modeling objects
with one dimension significantly longer than the others
using FEM, it is generally necessary to fill the empty
space around these objects with many elements that
transition from the object of interest to the absorbing
boundary. This can significantly inflate the overall size
of the problem.

The method of moments is not actualy an
electromagnetic modeling technique, but rather it is a
technique for solving complex linear equations [1, 2].
However, electromagnetic modeling techniques that
apply the method of moments to the solution of electric
or magnetic field integral equations are generally
referred to as method-of-moment (MoM) techniques.
MoM techniques can be used to model metallic
(particularly wire) structures in unbounded geometries
very effectively.

In order to take advantage of the strengths of both
the FEM and MoM methods, several researchers have
developed hybrid FEM/MoM approaches [3-6]. Hybrid
FEM/MoM methods generally take advantage of the
FEM’s ability to model complex inhomogeneous
structures and the MoM’s ability to model unbounded
geometries. The specific strengths of a particular code
depend on the details of the implementation,
particularly the form of the integral equation and the
basis and wei ghting functions employed.

EMAP5 (ElectroMagnetic Analysis Program
version 5) is a hybrid FEM/MoM modeling code
developed at the University of Missouri-Rolla (UMR).
EMAP5 was developed in order to demonstrate and
validate the hybrid technique described in [6,7]. This
technique, used in conjunction with a mesh generator,
is particularly useful for analyzing EMI from printed
circuit board geometries with enclosures or attached
cables. A rudimentary mesh generator (SIFT5) is
distributed with the EMAP5 code. This non-graphical
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user interface is simple and portable, making it agood
tool for educators and people who want to learn to use
the EMAP5 code. However, the meshes generated by
the SIFT5 code do not exploit the primary advantage of
FEM modeling codes (i.e. the ability to adapt the size
and shape of the mesh to fit the geometry). The
EMAP5 and SIFT5 source codes can be obtained via
the web at <http://www.emclab.umr.edu/emap5>.

II. FORMULATION

Although details of the EMAPS formulation are
described in [6,7], a brief summary is provided below.
The general structure of interestis shown in Figure 1.
A dielectric volume V, has €electrical properties (&, N3)
and is enclosed by a surface S. A conductive volume
V3 is enclosed by a conductive surface S. The fields
within V3 vanish. V; denotes the volume outside of V,
and V3, which is assumed to be free space. (E;, H;) and
(E;, Hy) denote the electric and magnetic fields in \V;
and \,, respectively. The unit normal vectors for $
and § are defined pointing outward toward . The
structure is excited by an incident wave (E™, H'™) or
impressed sources (J™, M'™). The scattered electric and
magnetic fields are (B, H%. The objective is to solve
for the scattered fields (B, H®) or the surface electric
current density on S..

a

i}

Drelednc body

5 Conductive body

Figure 1. A dielectric object and a conductive object
illuminated by (E™, H™) or ('™, M'™).

From Maxwell equations, the vector Helmholtz
eguation in terms of E can be written as,
g E(r)_+ juee E(r)
juigt,
of (1)

=-3"(r)- N~ M™(r).

IOlr
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After multiplying Equation (1) by a weighting function
w(r) and integrating over the finite element domain \%,
one obtains the FEM weak form asfollows[8, 9],

oe BN WED e ey - wiriiav
Vzé JUI I a

= (" H(r)) - w(r)ds
I R MO WOV @)
% jwmgm 0

v, € r

Equation (2) can also be derived using the variational
method [10] (pp. 158-161), [11] (pp. 158-160).

Within volume V,, EMAP5 uses the vector
tetrahedral elements proposed by Barton and Cendes
[10] (pp. 56-59), [12]. Each basis function is defined
within a tetrahedron, and is associated with one of the
six edges. The electric field E within volume V, can be
expanded as,

E(r) = %{ Enwn(r) (©))

n=1

where N/ is the total number of interior edges and
boundary edges on the dielectric surface, and {E,} isa
set of unknown complex scalar coefficients.

The surface integral term in Equation (2) can be
evaluated by using a surface basis function f(r), which
is discussed later. The weighting functions chosen are
Wh(r), n=1...Nv. After multiplying by the weighting
functions, Equation (2) can be discretized as,

€A AJUéEu & oué Oy .
é ué u=é gé u+[g ] (4)
8As AwbEE.ll € Bwlalnl

The unknown coefficients [E,] are partitioned
according to edge type. The two categories are interior
edges, which are denoted by the subscript i in Equation
(4), and dielectric boundary edges, which are denoted
by the subscript d in Equation (4). [Jh] is a set of
unknown complex scalar coefficients for the surface
electric current densities on §. S is defined as S if
the conductive body is not adjacent to the dielectric
body; otherwise, = S, - (S, C &). Edges in [y]
include dielectric boundary edges and junction edges
(i.e. edges that are on both the conductor and dielectric
boundary). Bgn] is a square matrix if there are no
junction edges in the problem. [g'”‘] is the source term,
representing sources located within the FEM region.
Theelementsof [A], [Bgn], and [g'™] are given by,



Y. JI, T. HUBING: EMAP5: A 3D HYBRID FEM/MOM CODE

s (R wa(n) ) R wa() U

e
Am= Og jwmm advo
g+ iwesw, () wal) g
B = OF n(r) - win(r) S (6)
Sd
g =- 08— (N M wa AV ()
v, & jwmm a

where fo(r) is the surface basis function. Since the
tangential Efield vanishes on S, Bmn is evaluated over
Sy rather than al of S,. A detailed description of how to
evaluate the terms in Equation (5) is provided in [11]
(pp. 254-257). Appendix A describes how to evaluate
Equation (6). [g'™] is the source term and is discussed
in alater section.

The MoM surface integral equation evaluated by
the MoM part of EMAPS is a form of the electric field
integral equation (B-IE) [13],

£ (r) =%E(r)+fjl\/l(r¢' NeGo(rr¢)

+ jkohoJ(rQGe(r.,ro 8
- jﬂﬁlth J(r9Ndg, (r,r }dse

0

wherer T S, SY SES, hy and kg are the intrinsic

impedance and wavenumber in free space,
respectively, and

- jko|r-r¢
Go(r,r =—=——— 9
o9 = ©)

is the Green’s function in free space. The integral term
with a bar in Equation (8) denotes a principal-value
integral. The singularity at r=r¢ is excluded. The
equivalent surface electric and magnetic currents are
defined as,

JIr)=n"H(r), ri s (10)

M(r)=E(r)" n, ris,. (12)

M(r) vanishes on S. J(r) and M(r) can be
approximated by using the triangular basis function
fa(r) proposed by Glisson [14]. On the surface §;, the
MoM basis function f,(r) and the FEM basis function

Wy (r) arerelated by,
Wa(r) =n" fa(r) , ri S (12

J(r), M(r) can be expanded as,

I(r) :?;f Jnfa(r) (13)
M(r) = gj En fa(r) (14)

where Nsis the total number of edges on the surface S,
and Ny is the total number of edges on the surface &;.
{In} and {E,} are unknown complex scalar
coefficients.

The weighting functions chosen are fu(r), n=1, ...
Ns. After multiplying by the weighting functions,
Equation (8) can be discretized into Equation (15),
which is a matrix equation. Edges on § and S are
grouped together respectively.
& Cre@pit_ @Dra Ol &1l a5
é ué. u—é ué. u é .u-
éCch Ccc[]éJcl’_] éDcd Oﬂeo a d:CG

The elements in matrices [C], [D] and [ F' ] are given
by,
é u
Cmn= - jkohy OF m(r) - €(¥n(r § G o(r,r9dsEids
Sn &, 16)

é
+ Jz_zbm(r) %N(L fa(r9 ) NG o(r,r(ydséjds
Sm &, H

Dmn = c‘ym(l’)-
Sm

gfj (19" NG o, 9astr L wa(r) s 0
nlr r,r — Wn(r l;l
& 2 H
Fn= Ofm(r) - E™(r)dS. (18)

Details of how to evaluate Equation (16) are provided
in [14]. Appendix B describes how to evaluate
Equation (17). Equation (18) can be evaluated by using
the Gaussian Quadrature technique.

From Equation (15), [Jn] can be expressed as,

600 & 0 (®0u é 0 u

S & ceipee i ek (19
where

C, ° Chh~ CheCeeCen (20)
Dy © Dpg - CneCé Ded (21)

K©° CnCeiFi- Fi . (22)



After combining Equations (4) and (19), the fina
matrix equation that must be solved is given by,

TS o et Set
§ Vo -B,cegl ;& -
- [g"+E Ot
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where ] is the FEM matrix in Equation (4), and
B,.CinDg, is the coupled matrix from the MoM

equation. The right-hand side in Equation (23) is the
source term.

The far fields can be calculated using the
equivalent surface currents J and M defined in
Equations (10) and (11). The point of observation is

denoted by (r, q, j) in spherical coordinates. Potential
functions A and F can be approximated by [15],

- jkor
A(r) @—OJ(rO)e"‘Of°°syds¢

Jkor (24)
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Jkor (25)
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where r€cosy =x@cog sing+ydsinj sing + zfcosq.
EMAPS evaluates the integral terms in Equations (24)
and (25) using the Gaussian Quadrature technique. The
far fieldsare given by [15],

Ea= (- § ko)A +% (26)
E = (- j kho)(A - %). @)

I11. SOURCE AND LOAD MODELING

EMAP5 can model voltage sources on metal
patches, incident plane waves, and impressed current
sources within the FEM region. A delta-gap voltage
source can be defined anywhere on the MoM surface.
It can be modeled as an incident Efield normal to
edges coinciding with the source [9] (pp. 260-261). A
delta-gap voltage source parallel to the xaxis can be
expressed as,

E™ =Vd(x- x;)X (28)
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where x; is the location of the source and V is the
voltage magnitude, and d (x) is the Dirac delta
function. Suppose that edge m coincides with the
source. The normal component of fq{r) across edge m
is unity. Thus, the source term given by Equation (18)
is,

=V, (29)

where | isthe length of edgem

Plane wave sources are also described using the
forcing term given by Equation (18). Assume the
incident wave can be expressed in a spherical
coordinate system as,

E™ =(E,q+Ej)e (30)
where the propagation vector k is,
k =k(snqcog X +singsinj y +cosq2) (3D

and (g j) defines the angle of the propagation
direction of the plane wave. EMAP5 calculates the E
field of the plane wave on the surface of the structure,
then evaluates the right-hand side of Equation (18)
numerically.

EMAP5 uses current filaments on tetrahedron
edges to model sources located within the FEM region
[11] (pp. 324-325). A current source along the zaxis
can be expressed as,

"=ld(x- x)d(y- y)2 (32)

where (¥, yf) specifies its position, | denotes the
electric current magnitude, and dXx) is the Dirac delta
function. The contribution to vector [g™ ] in Equation
(7) issimply,

gim =11 @‘) Z-{W}d(X-Xf)d(y' yf)dXdy (33)

where | is the edge length and {W} is the weighting
function. According to the expression in Equation (33),
only edges coinciding with a current source have non-
zero components in the [g™] vector. After the Efields
along the current source edges are obtained, the voltage
drop across the source can be calculated. Thus, the
input impedance Z, can be obtained. The desired fields
under an excitation of any magnitude voltage V;, can be
obtained by multiplying the factor Vi,/ Z,, to the results
obtained when | is set to one Ampere.

EMAP5 models load impedances Z, as dielectric
posts on tetrahedron edges. These posts have a finite
conductivity given by,

I

s = (34)
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where | isits length, and Sis the cross sectional area. If
the load is treated as a lumped element, its contribution
to the finite element matrix is as follows [11] (pp. 324-
325),

|2
[Ae]:Z—Lc‘b{vv}{vv}Td(x- x)(y- y)dxdy  (35)

where (X, y.) isthe position of the impedance load.
IV. MATRIX EQUATION SOLVER

EMAPS uses the complex bi-conjugate gradient
method (CBCG) to solve the final complex matrix
equation, Equation (23). The major advantage of
CBCG lies in its iterative nature and its ability to use
the row-indexed method to store sparse matrices
efficiently. The CBCG method was first introduced by
Jacobs [16]. A brief outline of the agorithm is
provided in the following section.

A. Complex Bi-Conjugate Gradient Method
Consider acomplex matrix eguation,
[M][x]=[b] (36)

where [M] isan N" N complex matrix, and [b] and [x]
are order-N complex column vectors. Both [M] and [b]
are known while [x] is unknown. Four column vectors
are defined as,

1. theresiduer,

2. thebi-residue, T,

3. thedirection vector, p,
4.  the bi-direction vector, [_)

These vectors areinitialized as,

r, =P, = 37)
L=p,=b (39)
where * denotes the complex conjugate. The Hermitian
conjugate of M is,

M™e (M*)" (39)

where T denotes transpose. The inner product of two
complex column vectorsis defined as,

<p1, p2> ° (p1*)'p2 . (40)

The following steps are repeated N times at most. For
k=0, ..., N-1, calculate the step-length parameter,

_ <huh>

= (41)
< P Mpy >

The new solution estimate then becomes,
Xpar = X TPy - (42
The new residue and bi-residue are calcul ated as,

e = i -AMPy (43)

her =N -a,M"p, (44)

The bi-conjugate coefficient is calculated using the
following formula,

—
_<M7TPpy he >

< P, Mp, >

(45)
The new direction and bi-direction vectors are given
by,

Pyaa = e + BP, (46)
P =M+ DR, (47)

This iteration is continued until a termination condition
issatisfied,

5], £TOL (48)

[b1l,

where TOL is a number defining the tolerance. The
best value of TOL depends on the problem for
EMAPS. Typically, T 107 is sufficient. The value of
TOL is defined as a macro in the EMAPS5 source code
so it can be easily adjusted by the user.

B. Implementation

It is not necessary to explicitly add the two
matrices on the left-hand side of Equation (23) in
CBCG. The FEM matrix [A] is a sparse and symmetric
matrix. The row-indexed scheme [17] is used to store
it The MoM coupled matrix is an asymmetric
compact matrix. A full 2D array is used to store it.
These two matrices are stored separately in order to
make it is easier to obtain the Hermitian of the left-
hand matrix. Since [A] is symmetric,

A=Ay =A (49)
Thus, it is not necessary to search the non-zero
elements column by column in A] when Hermitian
operations are present. Instead, the search is done row
by row. The row-indexed scheme is very efficient in
this case. While the coupled MoM matrix is not
symmetric, exchanging its row index and column index
will result in its transpose.
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Figure 2. Components of the EMAP5 package.

C. Accuracy and Convergence Problem

Although the CBCG solver conserves memory, it
is an iterative method and it may have difficulty
converging in some situations. Convergence problems
may result from round-off errors. Usually the round-
off error for single-precision data is 1.19° 107 [17]. If
the total number of unknown edges is 1,000, the
average error due to round-off errorsis

1,000 119" 107 » 38" 10°.

In the worst case, the error is 1,000" 1.19 107 =
1.19° 10*. Because the total round-off error could be
very large, it is impractical to set the TOL in Equation
(48) to be on the order of 10“ if no special technique,
such as pre-conditioning, is used to reduce the total
round-off error. The round-off error of double-
precision data is 2.22° 10%° [17]. If double precision is
used for the matrix calculations, round-off errors will
not reduce the effectiveness of CBCG considerably. In
EMAPS, al data are stored in double precision;
however, double precision numbers require twice as
much as memory to store as single precision.

Another potential difficulty with the CBCG
solver arises when the algorithm becomes unstable.
This can happen when the denominator of the
expressions for ax and by is close to zero. EMAP5
monitors the value of the denominator. If it becomes
too small, EMAPS will restart the algorithm using the
current solution as the initial estimate as suggested by
Jacobs[16].

V. COMPONENTSOF EMAPS

EMAPS is written in ANSI C. Thus, it can be
compiled without modification on many computer
platforms. As shown in Figure 2, the EMAP5S software
package includes three major components. SIFT5,
EMAPS5 and FAR. EMAPS was developed for research
and educational use. It does not have a sophisticated
mesh generator or graphical visualization tools. SIFT5
can be used to describe simple input geometries with a
rectangular grid. It is also possible to use commercial

mesh generators to analyze more complex geometries
of arbitrary shape. EMAPS is the FEM/MoM field
solver. FAR calculates far-field electric fields from the
equivalent surface currents cal culated by EMAPS.

Standard Input File Translator version 5 (SIFT5)
is designed to generate input files for the field solver
EMAPS. SIFTS reads a text file in the SIFT format
[18-20] and generates an input file for EMAPS. Users
can describe the structure of interest by using eleven
keywords. The physical geometry of the structure,
source type and location, and the geometry of areasin
which fields are to be printed by the solver, must be
specified.

EMAPS is the hybrid FEM/MoM field solver. It
reads an input file generated by SIFT5. A .log file is
generated to log running status and error messages. The
log file was initially designed to debug the code, but
users can also benefit from log messages. EMAP5 will
print out fields within areas specified by the .sif file, to
one or more output files. All equivalent surface
currents J and M must be printed to a file if the user
needs to calculate far fields.

FAR is a program used to calculate the far field
radiation pattern. FAR needs two input files. One is
the file generated by SIFT5 and the other contains the
equivalent surface currents J and M. The FAR
program will prompt users to input the observing
distance R in wavelengths, the observing q interval in
degrees, and the observingj interval in degrees.

VI. STRUCTURE OF EMAP5

Figure 3 shows a flowchart for the field solver
EMAPS. Descriptions of the functions used by EMAP5S
are provided below,

ReadlnputFile()

reads an input file generated by SIFT5, and
checks whether the input file is consistent (i.e. the
input makes sense). If not, it aborts the program
and reports problems with the input to the user.
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ComputeBMatrix()

places a 3 3 sub-matrix (corresponding to one
observing triangular patch and one source
triangular patch) into the global B matrix based
on the local-to-global mapping.

ComputeCMatrix()

places a 3 3 sub-matrix into the global C matrix
based on the local-to-global mapping.

ComputeDMatrix()

places a 3 3 sub-matrix into the global D matrix
based on the local-to-global mapping.

ComputeCorrectionTerm()

uses B, C, and D matrices to compute the MoM
coupling matrix. It also creates the necessary
matrices required to compute the equivalent
surface currents.

FEMMatrixCompute()

computes a 6 6 matrix for each tetrahedron first,
then assembles the global matrix based on the
local-to-global mapping. The matrix is stored
using the row-indexed method.

CreateRHSV ector()

creates the RHS (right-hand side) vector of the
final matrix equation.

ConjugateSolver()

uses the Complex Bi-Conjugate Gradient Method
to solve the final matrix eguation. For MoM-only
analyses, this function can be replaced with an
LU decomposition solver.

SurfaceFieldCompute()

computes the equivalent surface currents on the
boundary.

PrintOutput()

outputs the values of fields in regions specified
by the input file to a file specified by the input
file. All equivalent surface electric and magnetic
currents must be written to a file if users are
interested in the far field pattern.

VII. NUMERICAL RESULTS

This section describes four example geometries
that can be solved using the EMAPS software package.
Each geometry is described in sufficient detail to allow
others to duplicate the analysis. Results obtained from
EMAP5 are compared to results obtained using other
well-established codes, measurements, or analytical
results.

‘ Start ‘

v

‘ ReadinputFile()

2
‘ ComputeBMatrix()

v

‘ ComputeCMatrix() ‘

'

‘ ComputeDXMatrix()

For each boundary edge

‘ ComputeCorrection Term() ‘

!

‘ FEMMatrixCompute{) ‘

v

‘ CreateRHS Vector() ‘

v

‘ ConjugateSolver() ‘

v

‘ SurfaceFieldC ompute() ‘

y

‘ PrntOutput() ‘

v

‘ End ‘

Figure 3. EMAPS5 flowchart.

The first example analyzes the electromagnetic
scattering from a square plate over a dielectric dlab. As
shown in Figure 4, the configuration consists of a
square plate of dimension 0.75I 0.75, and a
dielectric slab of g = 2.0, and dimensions of 0.4] ~
0.4l ©~ 0.2l . The plate is symmetrically placed above
the slab. The distance between the plate and the
dielectric slab is 0.151 . The system isilluminated by an
x-polarized, +z traveling plane wave. In EMAP5's
hybrid solution, the dielectric is divided into 320
tetrahedra. The surface of the dielectric and the metal
plate are divided into 392 triangle patches. Figure 5
shows the normalized far field pattern calculated by
EMAP5. For comparison, the results obtained by Arvas
et al. [21] have been plotted on the same scale. The
authors in [21] used a method of moments technique,
which is based on a combined field integral equation
formulation. As is evident from the figure, the two
solutions compare very well.
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Figure 5. The normalized far field pattern for the
configuration in Figure 4.

The second example demonstrates the application
of the EMAPS5 code in modeling microstrip geometries.
The geometry of the structure is shown in Figure 6.
The board is made of a dielectric with =4.0. The trace
isexcited by asource at one end, and isterminated by a
resistor at the other end. Microgrip lines support quasi
TEM fields [22] (pp. 160-161) and can therefore be
viewed as transmission lines. The input impedance Z;,
of atransmission lineis given by,

_ Z t+jZytan(al)
"0z, +jz tan(bl)

(50)

where Z, is the load impedance, bis the propagation
constant; | is the length of the transmission line. To
determine the characteristic impedance Z, of the
transmission line, one can find the input impedance
when the load side is shorted or open, respectively.
When the load side is shorted, the input impedance is
given by,
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(Zin)gure = i Zotan(b). (51)

When the load side is open, the input impedance is
given by,

@)= I Ty )

Thus, the characteristic impedanceis given by,

Zy = J(Z,y) uon @, )open : (53
In EMAPS's hybrid solution, the dielectric

volume is divided into 900 tetrahedra. The surface is
divided into 828 triangles. Table 1 lists (Z;,)

n/open ’
(Zi)short @d  Z, obtained using EMAPS at three

different frequencies. The results in Tablel are
consistent and Z,= 56.4 Ohms at each frequency.

Figure 7 shows the input impedance at the source end
obtained by EMSIM [23] when the trace is terminated
with a56.4 W resistor. It is evident that the microstrip
line is amost perfectly matched confirming EMAPS's
calculation of the characteristic impedance.

20 m Smn 30 mm

S . )

g,=40 IQmm
(2)
C’\ip 1w :I:zmm
e

o+ §w
20 mm

2 mn

% tegistor

20 tatn

e

Figure 6. A microstrip geometry. (a) y-z plane view,
(b) x-z plane view, and (c) 3D view.

()

Table 1. Impedances obtained using EMAPS.

Source (Zin)open (Zin )short ZO
Frequency (Ohms) (Oth) (Oth)
(MH2)
300 -j187 +17 56.4
500 -j106 +j30 56.4
700 169 +146 %63
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Figure 7. Theinput impedance obatined using
EMSIM with a 56-Ohm load resistor.

The third example simulates the coupling
between an active trace and an off-board trace on a
printed circuit board. As shown in Figure 8, the active
trace is excited by a Zvolt, 600 MHz source at one
end, and isterminated by a 50-Ohm resistor at the other
end. The off-board trace runs parallel to the active trace
and extends well off the board. In EMAPS's hybrid
solution, the dielectric volume is divided into 900
tetrahedra. The surface is divided into 876 triangles.
For the first test case, there is no dielectric material
between the traces and the ground. Therefore, the
model contains only perfect electrical conductor (PEC)
and can be analyzed using only the MoM portion of
EMAPS. Figure 9 shows the current on the off-board
trace obtained by EMAP5 compared with results
obtained by EMSIM. For the second test case, the
dielectric constant of the slab is set to 4.0. Figure 10
shows the results obtained by EMAP5 compared with
results obtained using EMSIM. For both cases, good
agreement is obtained between EMAP5 and EMSIM.

The fourth example models a printed circuit board
power bus structure. As shown in Figure 11, the top
and the bottom planes of the board are PEC. The
dielectric between the top and bottom planes has a
relative permittivity of 4.3(1-j0.02). Two test ports are
identified at the locations shown in Figure 11. In
EMAP5's hybrid solution, the dielectric volume is
divided into 1,500 tetrahedra. The surface of the
dielectric and the metal plates are divided into 1,340
triangle patches. The model is verified using
measurements of an actual printed circuit board with
the dimensions shown in Figure 11. Two 85-mil semi-

20 men 4mm 6mm 4mm  20mm
z e e sl .l
[ (L ! 1
gr—4.0 IZm
¥ (1)
z . 100 mm |
‘ @1‘; i 50 Ol lzm
v g
e e e N (b)
[ 1 | |
20 mm 20 mm 20 mm

()

Figure 8. A grounded printed circuit board with active
and passivetraces. (a) y-z plane view, (b) x-z plane
view, and (c) 3D view.

20 T T T T T

» EMAPS
A——8 EMSIM

Electric Cumrent Density (mA/m)
=
T

0o Lo 2.0 30 4.0 5.0 &.0

Off-board Trace Length {cm)

Figure 9. Current distribution on the off-board trace
(g =1.0).

20 T T T T T

o EMAPS
& ——h EMSIM

6.0 b

Electric Current Density (mA/m)

0.0 1.0 20 3.0 4.0 50 6.0
Off-board Trace Length (em)
Figure 10. Current distribution on the off-board trace
(e=4.0).
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rigid coaxial probes are attached at the port locations.
A network analyzer is used to measure the scattering
parameters of the two-port system up to 2.0 GHz. The
measured and modeled |S;1| and |S;1| results are plotted
in Figure 12 and Figure 13, respectively.

PEC

| 103 min
! |

(103,71, 1.6)

=

Port |

1

Iogp=43(1-j0.02)

(0,0,0)

X

Figure 11. A two-port power bus structure.

1.6 i

l PEC

Port T (11 1, 0) and( L1, 11, L&)
Port 2 (84, 30, 0) and ( 84, 30, 1.6)

|S11 for a solid power bus structure

A5k oo e P e N T)

M1, 05

ISti| (dB)

o EMAPS
— Measured

1 1 1 1 1 1 1 1 1
200 400 600 800 1000 1200 1400 1600 1800 2000

Frequency (MHz)

Figure 12. The measured and calculated |S;4]| for the
power bus structure.

The power bus structure can be analyzed as a
cavity with two PEC and four perfect magnetic
conductor (PMC) walls. The cutoff frequencies are
given as follows (for lossless case and m = 1.0) [22],

(54)

where a and b are the length and width of the cavity,
respectively; m and n are the mode indices; c is the
light speed in free space;  is the relative permittivity
of the material in the cavity. For this power bus
structure, only TM, modes are excited.

ACES JOURNAL, VOL. 15, NO. 1, MARCH 2000

Table 2 lists the calculated cutoff frequencies of

the first five TM, modes. As shown in Figure 12, the

[S11] response dips at these resonant frequencies. At
resonance, more power is delivered to the board hence
more power is transmitted to Port 2 as shown in
Figure 13. The measurements, numerical results and
theoretical analysis agree very well.

|S21] for a solid power bus structure

T
COTM(LD) 4

|S21] (dB)

200 400 600 800 1000 1200 1400 1600 1800 2000

Fregency (MHz)

Figure 13. The measured and calculated |S,; | for the
power bus structure.

Table2. The TM, mode cutoff frequencies of the
power bus structure.

Mode ™, ™, ™, ™, ™,
(1L0) | (0,1) | (LD | (20) | (21
fc 0.702 | 1.019 | 1.237 | 1.405 | 1.735
(GH2)

VIII.SUMMARY

The EMAP5 hybrid FEM/MoM code alows
users to analyze geometries with large PEC surfaces
and lossy dielectrics. Unlike codes that simply use the
MoM surface as an absorbing boundary for the FEM
region, EMAP5 can model PEC surfaces inside,
outside and adjacent to the boundary between FEM and
MoM regions. This permits a variety of interesting
geometries to be modeled efficiently. The SIFT5 input
translation code allows users to input simple 3D
geometries to EMAPS5 without a graphical user
interface. Four sample geometries were analyzed that
demonstrate the types of problems that can be analyzed
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using SIFTS5 and EMAPS5. Good agreement was
achieved between EMAP5 results and other well-

established

codes, analytical results, and

measurements.
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Appendix A. Evaluation of B Matrix

The elementsin B are given by,

an = c\yvm(r) ' 1:n (r) ds. (A'l)
Sm

When edge m and n do not lie on a common triangle,
B is zero. In addition, B,,= 0 when m=n, because

w(r)=h"f (r). (A-2)

Bun is

If edge mand n lie on a common triangle T9,
given by,

o = c‘)(vm(r) fo(nds= i f,(n] - f,0)ds
Sm
A () fa)] ds

Sm

=g I [m(r>'fn(r>] ds =
Sn

ot |y, et |,
gZAq éZAq

d(r-rm) (r-r )] ds

aek

gZAq rze2Aq rm) r]dS . (A-3)

OA dr

The * signsbeforel,, and |, refer to the edge directions
of edge mand edge n, respectively. The integral term
in Equation (A-3) can be evaluated using the one-point
Gaussian Quadrature technique,

m 4A°

Mn +(rn -

T, -r) TP (A-9)

where r ®isthe centroid of triangle T9.

Appendix B. Evaluation of Matrix D

The elementsin matrix D are given by,
é , 1 u
Dm= fm(r) - &0fn(r9” N&Go(r,r gdSe¢+ —wn(r);dS
Sm ésn 2 1}
1 .
'Ean-'-Dgn (Slncean:'Bnm) (B'l)

where D¢ is defined asfollows,
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- g 850(r8” NGo(r,r gasedds
i

Sh
aetl
“0OY -'m B-2
92Am ZAn 0( ) (B-2)
. - u
: 9dr¢-r,$)’ NG o(r,r §ds¢uds
&, il
N JkR - jkoR
NG (rrg=———¢e ""R B-3
o(r.rg= 4pR3 (B-3)

where R=r-r¢ R=|R|.The % signsbefore I, and
I, refer to the edge directions of edge mand edge n,
respectively. Because the EFIE given by Equation (8)
aready excludes the singularity atr = r ¢, D& can be
evaluated directly using the seven-point Gaussian
Quadrature technique.



