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Abstract

A recently proposed edge-based finite clement method (FEM) solution, for vigenvalue
problems, is customized for deterministic bounded applications. The solution is then
combined with asymptotic expansions of the ficlds scattered from an inhomogencous
object due to plane wave illumination. Morcover, the combination is modificd to solve
for radiation problems. The validity and accuracy of the formulations are demonstrated
by comparison to other published data. Variety of applications are considered including
the computation of the un-intentional radiation and crosstalk interference levels on
printed circuit boards, penetration into shiclding enclosures, and ridar (:ross—su(:tinn:
The solution described is two-dimensional and the system matrix obtained is sparse
(or banded) and symmetric. Further, the solution can be obtained directly without

the need for matrix inversion.

In addition, a three-dimensional hybrid numerical method is proposed. The method
combines the edge-based FEM with the analytical solutions of arbitrary-large cavity
with aperture. This hybrid method has the advantages of producing sparse matrix and
substantially reducing the number of unknowns. Thus computer storage and processing
time demands are reduced. The hybrid results are in agrcement. with the edge-based
FEM solutions. Measurements also were performed and the results match well with the
hybrid solution. The applications considered involve one of the problems that concern

the EMI/C socicty, namely, the crosstalk on diclectric boards.

Since the principal contribution of this dissertation is the development of hybrid

numerical methods, one chapter is devoted to review the hybrid numerical methods.
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Contributions

This thesis contains the contributions listed below

e Combining, recently developed two-dimensional, edge-based finite element method
with an asymptotic solution. Specifically, the edge elements method is used inside
a truncating boundary that terminates the finite elements mesh. The solution
of the infinite space exterior to the truncating boundary is expressed in terms
of asymptotic expansions with unknown amplitudes. The edge clement method
solution and the asymptotic expansions are combined through the continuity con-
ditions across the truncating boundary. This combination is intended to model
the interference due to an clectromagnetic wave incident on an clectronic device.

The following applications are considercd:

1. Infinite plane dielectric slab

o

Rectangular shielding enclosure with a long slot
3. Homogencous diclectric cylinder
4. Inhomogeneous diclectric cylinder

Circular cylindrical shell

&n

6. Semi-circular cylindrical shell

The combination is successfully applied at the resonance frequencies. Further, to
demonstrate the validity of the formulation, the numerical computed results are

compared to published data, and the agreement is fairly good.



e 1he combination described is then modified to solve for radiation problems. The
modified formulation is used to compute the un-intertional clectromagnetic radi-

ation and crosstalk interference for different printed cirente boards contigurations,

e In addition, the two-dimensional edge-based finite element method originally pro-
posed for cigenvalue problems, is customized to deterininistic bounded problems.
The crosstalk levels in packed printed circuit boards are computed. The com-
putations are compared to analytical solutions when the tracks have very-small
cross-scctional dimensions compared to the circuit packape which is the practical

situation. The two solutions arc almost indistinguishable.

e Three-dimensional hybrid numerical method is proposed. The method is use-
ful for structures cont:J:ining arbitrary-large housing with aperture. A poteniial
domain of application of this method is packed printed cirenit boards and very
large scale integrated circuits. The circuit package is represented by o metal
shield most of it is empty except for the inhomogencous filling (the substrate
together with the lands and sources). Only the inhomogencity need to be dis-
cretized if the hybrid method is used. The remaining empty part is represented
by modal expansions with unknown amplitudes. This significantly reduces the
number of unknowns. The matrix produced is sparse and there is no need for any
matrix inversion. The hybrid solutions are comparcd to other published data,
the pure edge-based finite clement method, and analytical solutions. Arn cxper-
iment was made. The comparisons between the hybrid and other solutions and

the experimental results demonstrate the usefulness and validity of the method.



Glossary

2D Two Dimensional

3D Three Dimensional
Indicates complex conjugate
Decnotes unit vector

Indicates vector quantity

€r Relative permittivity

Ly Relative permeability

o conductivity (U/m)

w Angular frequency (rad/s)
ABC Absorbing Boundary Condition

CPU Central Processing Unit
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E Electric field vector

EFIE Electric Field Integral Equation

EM Elcctro-Magnetic

EMI/C Electro-Magnetic Interference/Compatibility
FDM Finite-Difference Mcthod

FEM Finite-Element Mcthod

GMT Gencralized Multipole Technique
GTD Geometrical Theory of Diffraction

H Magnectic ficld vector

fINM Hybrid Numecrical-Mcthod

j Ve

k Wave number (m™!)

Lands Conductors on printed circuit boards
MFIE Magnetic Ficld Integral Equation

MoM Method of Moments
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PCB

RCS

TE

TL

™

VLSI

Printed Circuit Board

Radar Cross-Scction

Transverse Electric

Transmission Line

Transverse Magnetic

Very Large Scale Integrated circuit
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Chapter 1

Introduction

1.1 MOTIVATION

MODERN systems, such as communication, financial, and military systems, are
increasingly depending o1 -lectronic controls. These electronic systems are sensitive to
electromagnetic (EM) interference because of their low operating levels. Such being the
case, EMC (EM Compatibility) engineers are concerned with the protection of these
equipment. For efficient and cost-effective protection, there is a need to characterize
the interference and evaluate the coupling levels. Computer modeling is important in

predicting coupling levels and designing the proper equipment.

The external EM interference with electronic equipment is an open boundary prob-
lem that cannot be efficiently solved by any of the pure numerical methods such as the
method of moments (MoM), the finite element method (FEM), and the finite differ-
ence method (FDM). The reason is that each numerical method is basically designed to
solve a particular class of problems; the FEM for bounded inhomogeneous domains, and
the MoM for isotropic homogeneous unbounded regions. Also, despite that the intra-
system interference may be modeled as a bounded problem for shielded structures, the
number of equations needing solution increases dramatically for the three-dimensional

(3D) case. The cost for that is degradation in the accuracy of the results and demand-



ing more computer storage which might exceed the capacity of the available computers.
To overcome these limitations, 2 numerical method can be combined with another com-
plementary numerical method, analytical solutions, or asymptotic expansions. Thus, a
hybrid numerical method (HNM) involves the combination of different computational

techniques applied to different parts of the problem.

The main concern of this thesis is the development of numerical methods for prac-
tical applications. This involves extending the realm of application of the existing
method, and strengthening the method by the introduction of analytical solutions.
Specifically, the finite element method (FEM) is chosen as a platform for its robustaess

in solving inhomogeneous problems with complex geometries.

An alternative to the classical node-based FEM is the edge-based FEM. The latter
relaxes the constraint of inter-element continuity which provides a natural fit for the
underlying variational principle. Many papers reported that the edge-based FEM so-
lution is free of the undesired spurious modes. In addition, it can model sharp points
and edges without any need for special singular trial functions. Based on these facts,
the edge-based FEM is considered in this thesis.

As hybrid numerical methods are developed in the thesis, it starts with an overview
of the existing hybrid numerical methods in electromagnetics. An extensive bibliogra-

phy is included for further investigation.

1.2 STATE OF THE ART OF EDGE-BASED FINITE-ELEMENT
METHODS

The construction of finite-element methods based on vector-valued edge-elements, called
hybrid elements, was suggested by Raviart and Thomas [1] for two-dimensional fluid
flow. Characteristic of these elements is that the degrees of freedom are associated
with each side of the element. Subsequently, Nedelec [2] provided the extension of



these elements to thres-dimensions. Bossavit and Verite [3]-[] used the edge element
on tetrahedron proposed by Nedelee [2] to solve eddy current problems in terms of
the magnetic field. Hano [3] employed a two-dimensional rectangular edge clement for

solving inhomogeneous waveguiding problems.

The hexahedral edge clement was proposed by Welij [6]. Also, Mur and Hoop (7]
utilized a tetrahedral edge element with two degrees of freedom for cach edge. Barton
and Cendes {§] employed the 3D edge clements on tetrahedron to solve magnetostatic
field problems in terms of the vector potential. In 1988, Bossavit [9] found that Whitney

forms (refer to Chapter 5) arc good choice for lincar edge-clement on a tetrahedron.

A higher order hexahedral edge clement was proposed by Crowley [10]. Recently,
Lee {11] has proposed a tetrahedron with twenty degrees of freedom. Mot recently,
Webb and Forghani [12] have described a hicrarchal set of high-order tetrahedral of-
ements. Wang and Ida {13] have presented a systematic method of construction of

curvilinear and higher-order tetrahedral and hexahedral edge-clements.

1.3 ORGANIZATION OF THE THESIS

In Chapter 2, the various hybrid numerical methods in EM are classified, according
to the computational techniques combined. Each hybrid method is then described,
analyzed, and evaluated. Next, a two dimensional numerical solution to the external
interference problem is proposed in Chapter 3. This solution combines the edge-based
FEM applied to the inhomogeneous object with asymptotic expansions describing the
scattered EM fields in the surrounding medium. Since radiation is an inverse scatter-
ing problem, this solution is modified and applied to the problems of crosstall and
unintention.l radiation from printed circuit boards in Chapter 4. Chapter 5 presents
a three dimensional hybrid numerical method for inhomogencous applications involv-
ing arbitrary-large housing. This hybrid method combines the edge-based FEM with
analytical solutions of a cavity with aperture.



Chapter 2

Overview of Hybrid Numerical
Methods in Electromagnetism

In order to improve a numerical method, it can be combined with an analytical solu-
tion, an asymptotic expansion, or another numerical method. Also, ideas from other
computational techniques can be adapted and introduced into a numerical method
to overcome certain limitations. The numerical method after these modifications is
called hybrid numerical method. In general, 2 hybrid numerical method (HNM) in-
volves the combination of different computational techniques applied to different parts
of the problem. From this definition, it is clear that large number of combinations are
possible. Further, each combination can be formulated in different ways, i.e., different
approaches to the same combination. Each approach has advantages and limitations.
However, to the author’s knowledge, no attempt was made to classify these hybrid
methods. An attempt is made here to classify the various HNM according to the com-
bination used. Also a bibliography is appended including the key papers associated

with each hybrid combination, in addition to other papers for further investigation.

The HNM available in electromagnetics are classified according to the combination
used. In addition, each combination is analysed and evaluated. Furthermore, the
domain of application of each hybrid method is identified. This is expected to help in
choosing the proper method for a given application.



The various HNM are classified as follows:-

1. Numerical method combined with asymptotic expansion:- MoM with GTD (ge-

ometrical theory of diffraction), and MoM with Quasi-static techniques.

o

Numerical method combined with analytical solution:- MoM with Green’s func-

tion.

3. Combinations of different numerical methods:- MoM with finite method (FEM
or FDM), The finite element-boundary integral method, FEM with GMT (gen-
eralized multipole technique).

4. Combining different formulations:- EFIE (electric fleld integral equation) with
MFIE (magnetic field integral equation) formulations of the MoM, and MoM

with Volume polarization currents.

In this Chapter, Section 2.1 introduces two combinations: MoM with GTD, and
MoM with Quasi-static techniques. In Section 2.2, the incorporation of an analytical
solution into 2 numerical technique is illustrated. Also, the combination of two numer-
ical methods is introduced in Section 2.3. Next, Section 2.4 illustrates the combination
of different formuletions into a numerical method. Finally, the Chapter concludes with

Section 2.5.

2.1 NUMERICAL METHOD COMBINED WITH ASYMPTOTIC
EXPANSION

2.1.1 MoM Combined with GTD

The MoM is applicable to structures not large in terms of wavelength. For this reason,
it is described as a low-frequency techrique. On the other hand, the GTD is 2 high-
frequency asymptotic expansion technique, which can be applied to arbitrarily large

wn



structures. Based on these facts, the combination of these two methods makes it

possible to solve problems that could not be treated by any one of them alone.

Two approaches to this combination can be distinguished:

e "The electric field approach” based on modifying the MoM impedance matrix by
the diffracted electric field obtained via GTD [14]-{19].

e "The current (or magnetic field) approach” based on incorporating current solu-
tions, obtained from GTD, into the MoM integral [20)-[27].

The electric field approach: The general problem of 2 radiating element placed on

or near a large body is considered. The approach is to modify the impedance matrix
of the MoM to account for the existence of the large body. Specifically, the scattered
electric field, due to the current on the antenna, may be decomposed into two parts.
The first can be accounted for via MoM (e.g. wire antenna in free space where the
scattered field can be modelled by the EFIE) . The other, modifies the impedance
matrix obtained, and can be computed via GTD (e.g. diffraction from edges). Thus,
the assumption is made that the original problem can be modelled by two simpler
subproblems (one can be formulated by MoM, and another can be handled by GTD),
and superposition is used to augment GTD solution to MoM solution.

The MoM formulation for part of the problem yields the following system of equa-
tions [14]:
[Zmalifa] = V) m=1,2,.,Nsn=1,2, N
[Zemn)» [In] 20d [Vin] are the generalized impedance, current and voltage matrices, re-
spectively. The elements of [Zma] and [Vin] are given by:

Zen = (Wm, L(Jn))g Vm = (Wm: E‘)

():the inner product notation, Wpn:weighting function, L:linear operator, Jn:the n*
basis function, and E': the incident field. L(J,) is interpreted as the electric field from



J.. with I, equal unity. Using superposition, the contribution of the remainder of the
problem (diffracted ficlds that can be computed by GTD) to the electric field at the

observation point m due to the source J,. leads to the new impedance matrix element
2oy = Zmn+ 230

where, Z9_ is the GTD contribution to the impedance matrix.

Ezample A monopole of length L, mounted on a square ground plane of side
length d, is shown in Fig. 2.1. It is required to determine the current distribution on

the monopole.

This problem may be divided into two subproblems. The first is 2 monopole on an
infinite ground plane; to account for the reflected rays from the plate. The second is the
diffraction from the edges and vertices of the plate. Incidentally, the image theory can
be applied to the first subproblem which vields a dipole of length 2L. The dipole in free
space can be easily formulated by the MoM. In the second subproblem, the diffraction
can be computed by GTD; there are only four stationary points denoted by Q1, Q2,
Q3 and Q4 in Fig. 2.1. Z%_, in this example, represents the tangential component
of th-~ wtal (from the four stationary points) diffracted electric field evaluated at the
center of segment m, due to the incident rays from the current element at segment n

on the moropole.

Evaluation: This approach is useful for problems consisting of a radiating element
on or near a large conducting body with known diffraction coefficients. However, in

GTD, the diffraction coefficients are available only for a few canonical problems.

The current approach: Here, the GTD diffraction coefficients need not to be known.

The idez is to divide the structure concerned into two regions: a MoM region and 2
GTD region. Two cases will be considered: Case 1 uses current samples with known
forms and unknown coefficients in the GTD region. Case 2 is addressed to scattering
from bodies of revolution (BOR), and incorporates the known Fock current solutions

[20} and [21] , in the GTD region, into the MoM procedure; the known current terms



diffracted rays, diffracted ray at segment m,

from arbitrary point, from Q1, due to current
traveling away from source segment n at antenna
antenna -
diffracted
rays from Q1

Figure 2.1: A monopole on a finite ground plane



are augmented to the excitation terms.

CASE 1: The combination is accomplished by using MoM current samples with o
known form and unknown diffraction coefficients, in the regions away from the diffrac-
tion edges; normally few samples are sufficient. These regions are called the GTD

regions. Otherwise, conventional MoM :urrent samples are used.

The following example illustrates the use of this technique. The same idea can be

applied to other problems.

observation ~

point (p, ¢)

incident

MoM
region
X == -—:"
MoM
right-angle region
wedgg _
GTD region

Figure 2.2: A plane wave incident on a right-angle wedge

Ezample The canonical problem of diffraction from a perfectly conducting wedge,



in Fig. 2.2, will be analysed using the present approach. A transverse electric (TE)
plane wave is incident at an angle of ¢'; the magnetic field has only z-component.
(p, 6, z) are the cylindrical coordinates. The primed and unprimed variables refer
to the source (the incident wave in this example) and the observation coordinates,

respectively.

The diffracted field in the GTD region can be written as, [22] and [23]
A* = 2D(¢, 0 (2.1)
N
provided that thé observation point is not close to a shadow boundary defined by
6+ ¢ = 180°% D is the unknown diffraction coefficient, ko is the free space wave

pumber, and j = +/—1. Note that D is independent of the range p.

The current density on the surface of a perfect conductor is related to the total
magnetic field by

J=nxzH 2.2)

The total Seld is the superposition of the incident, refiected and diffracted components

B=H+H +H (2.3)

Substituting (2.1) and (2.3) into (2.2) yields the current density in GTD region, namely

—jkn
JCTP = a x 3(H* + H + D¢, ¢')-eTJ/_p—p), forp > X/4 (2.4)

in which Ao is the wavelength, and the only unknown being D. To solve for the unknown
coefficient D of the wedge, consider the magnetic field integral equation (MFIE) for
the TE case

J+[8-V x [ TGo(p,7)dS] = -F' (2.5)
where the integration is on the surface of the wedge S, and Gg is the two dimensional
(2D) free-space Green’s function defined by

H kol - 7))
43

Go(p, ) = (2.6)
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where H? is the Hankel function of the second kind and zero order.

The total surface current can be defined as,

JCTD, ys<y<Lo0,z=0

JAM 0<y<ys,z=0 (2.7)
JUM o<z <zs5,y=0 =
JETP zs<z<o0,y=0

JMM is the current in the MoM region around the edge, which can be expanded using

conventional basis functions (e.g. pulse functions) with unknown amplitudes.

Substitution of (2.7) into (2.5) and using (2.4) and (2.6) yields an integral equa-
tion with the unknowns being the diffraction coefficients D in the GTD regions, and
the currents amplitudes in the MoM regions. Sampling both J** and JT? by the
MoM testing functions leads to 2 linear system of equations that can be solved for the
unknown diffraction coefficients and currents amplitudes.

Conclusion: The approach can be used for problems involving scatterer cousisting
of perfectly conducting large surfaces (planar, or smooth and convex) and small regions
with unknown diffraction coefficients (e.g. vertix, or aperture). It is to be observed
that problems consisting of arbitrarily shaped conducting body, o: involving inhomo-
geneities (e.g. penetration through an aperture into 2 nonhomogeneous medium) are

not within the domain of application of this method.

CASE 2: The basic problem consider!ed is the scattering from large perfectly con-
ducting BOR having small irregularities. Galerkin technique, based on the EFIE for-
mulation, is applied to the irregular region. The current distributions on the remaining
smooth convex region are obtained from Fock theory {20] and {21]. These known Fock
currents are substituted into the EFIE and then sampled by the testing functions of
Galerkin technique to form an equivalent forcing term i.e. appear in the voltage matrix.

Fig. 2.3 shows a conducting BOR illuminated by a plane wave. The tangential

11



incident irregularity
fields

:I illuminated surface
shadow surface . .

Figure 2.3: Body of revolution scatterer

electric field vanishes on the surface

~ax B =ax B =-LJ (2.8)
E? is the scattered electric feld, # is the outward unit vector normal to the surface S,

and,
LT = jwp f J+—vv' TGo(F, 7)dS' (2.9)

w is the radian frequency, u is the permeability of the ambient medium, V and V' are
the surface gradients on the body with respect to the unprimed and primed variables

respectively, and the three dimensional (3D) Green’s function in free space is defined

by:
y e‘jkOR

Go('f-",;) = 4R '

R=F-7 (2.10)

in which r is the spherical coordinate.

The smooth surface region where the current distribution is available in terms of

the Fock functions is divided into an illuminated region S and 2 shadow region 5.

12



The remaining region is denoted by Sayy. For convenience, Sy can include both

illuminated and shadow regions. Equ. {2.5) becomes,
Loy J =nx B = LsJ~ LT (2.11)

where, the right-hand side is known; the incident field and the Fock currents on S and

S.

Applying the Galerkin technique to equation(2.11) (expansion and testing functions

are similar), yields an algebraic system of equations,
[Zn]lLn] = (Val = [Va] = [Va]

where, [Z,] is the generalized impedance matrix containing the interactions of the MoM
region Sprar- [Val, [Va) and [‘i}ﬂ] represent the generalized voltage matrices correspond-
ing to the incident field, the illuminated and shadow surface Fock currents, respectively.

[I] consists of the unknown MoM current coefficients.

Evaluation: The number of unknowns needing 2 numerical solution are reduced;
the MoM representation does not span the whole surface but restricted to the irregular
regions of the surface. However, the applicability of the formulation is limited to
smooth convex BOR with small irregularities.

2.1.2 MoM Combined with Quasi-Static Techniques

The quasi-static equations may be viewed as the asymptotic low frequency expansion

of the full-wave equations [28].

The basic geometry considered is thin-wire antenna with an electrically very small
subregion(s) [28]-[30], depicted in Fig. 2.4(2). The quasi-static equations are applied in
the very small subregion(s), called the quasi-static subregions, and the full-wave equa-
tions otherwise. Coupling of both sets of equations is accomplished via the continuity

equation. The resulting equations are solved by the MoM with point matching,

13



quasi-static

{ quasi-static subregion .
i = subregion

(a)

) s

dimensions are in mm

(b)

Figure 2.4: Wire antenna with a quasi-static sub-region
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The assumption made in the quasi-static subregions is that KD << 1, where k,
is the wavenumber in the i** dielectric region, and D is the overall dimension of the
quasistatic subregion. Also in order to neglect the magnetic induction effects (the

nature of the quasi-static subregion is assumed to be capacitive) [29],
KRJ,| << |V - Tl (2.12)

R is within the quasi-static subregions, and J, is the electric current density on the

conductors.

The quasi-static subregions: The charge density p, (at the interface between two
dielectrics 1 and j characterized by the relative permittivities €, and e,,) is identified
by

et v B e — e [ @R a2
Se ps(F) = —(eri — &) - E'(F) — (&n — &rj)ihs yr— fs qp,(r’) =5 45 (2.13)

7 is on the interface between two dielectric regions ¢ and j, ¢ is the free space per-
mittivity, 7i; is the inward normal unit vector to subregion i,and S, represents all the
dielectric/dielectric and conductor/dielectric interfaces. Also, E* is the incident field
from the full wave region evaluated at the interface ij in the quasi-static subregions,
and given by

B =- js r[jwpo(fii' x H)G; — (& - E)V'Gy] ds' (2.14)

7 is on the ij interface in the quasi-static subregions, the primed coordinates are the
source coordinates in the full-wave region and the integration is over the full-wave

region conductor surface Sy, see figure 2.4 . Also G; is the Green’s function.

The potential Vi on each conductor k satisfies,
Ve $(0) + —— [ pulP)g 4 (2.15)
dmeg Js, R

¢ is the incident potential derived from the incident field Et, and p, is the surface
charge density. Since V% is an unknown on each conductor, another equation is needed.

15



This equation is the conservation of free charge on each conductor,

e ds+en oA ds =g (2.16)

S! represents all parts of the conductor & that are in the full-wave region, S all the
conductor/dielectric interfaces in the quasi-static subregions, and g is 2 known total

charge on the conductor (usually assumed to be Zero).

The full-wave region: The thin-wire can be analysed by the usual thin-wire integral
equation, augmented by the field due to the equivalent charges in the quasi-static
subregions. Assuming the wire is along the z—axis, and placed in free space

- E’(Z) . Az—=

[kg f Gol(#) d2' + 55 f Gozsr I(z’) 2] + B%p,, 2) - AZ

(2.17)
where E,(z) is the source field which is nonzero only on the source location, AZis a
vector aluig the z—axis, and J(z) is the unknown current 2long the wire. Also, E%(p,, 2)
is the field due to the equivalent charges in the quasi-static subregions evaluated on

the wire in the full-wave region,
E(psy2) = —jwpo [ Ji(F)Go(F,7) ds’ - 1y | e)Gom Y ds (2.8)
* Sq €o Sq

The surface current density J,() can be expressed in terms of ps{r) by integrating
the continuity equation

V. Jy=—juwps (2.19)

with the assumption that the current vanishes at the intersection between the conductor

end and the axis of symmetry within the quasi-static subregion.

Coupling of the two solutions: The only unknown in the full-wave region is the
current distribution I(Z) in (2.17). Therefore, it would be useful to rewrite (2.16) in
terms of the current in the full-wave region. The first term in (2.16) multiplied by —jw

becomes,

b
I = —jw j; o(z) dz (2.20)
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where b is the interface between the full-wave and quasi-static region. p; is the charge
density aiong the wire extending between z = 0 and z = b, and [ (0) = 0. Thus
applying an integral form of the continuity equation to each quasi-static subregion

ensures sufficient equations to solve for the unknowns.

Ezample: A capacitor-loaded quarter-wave monopole on a ground plane is shown
in Fig. 2.4(b). The capacitor plates are cylindrical with an enclosed dielectric of per-
mittivity . The capacitor represents the quasi-static subregion. The region exterior

to the dashed boundary is the full-wave region.

Limitations: This method cannot solve a continuously inhomogeneous dielectric in
the quasi-static subregions. Further, each conductor and dielectric in the quasi-static
subregions is assumed to contain the axis of symmetry, in order to be able to apply
the boundery condition viz. vanishing of the electric current at the intersection of the
conductor end and the axis of symmetry. Therefore, arbitrarily shaped 3-dimensional

geometries cannot be handled by this approach.

Advantages: This method is superior to the methods modelling the quasi-static
region by a lumped load, since these methods compute the lumped load value separately
without taking into account the coupling with the full-wave region. Also, this method
is simpler, yet gives accurate results, than the methods using full-wave analysis in
the small regions since the kernels of the quasi-static integrals are simpler than the
corresponding kernels of the full-wave integrals. Further, full-wave analysis tends to
be unstable when applied to electrically small complicated structures.

17



9.2 NUMERICAL METHOD COMBINED WITH ANALYTI-
CAL SOLUTION

MoM Combined with Green’s Function

This hybrid method combines the Green’s function of a particular geometry with MoM
[31]-[35]. The desired field quantity is expressed in terms of a superposition integral of
the Green’s function of the problem geometry weighted by the excitation distribution.
After that, the MoM procedure is applied to this integral.

In the following, the hybrid is illustrated by means of an example.

Ezample A monopole protruding from a conducting sphere is shown in Fig.2.5,
[31]. The tangential electric field vanishes along the perfectly conducting wire(s):

FE+7 E*=0 (2.21)

Figure 2.5: A monopole mounted on a conducting sphere

Expressing the scattered electric field in Eq.(2.21) in terms of the Green’s function

Crr(r, ™) Jdescribed in [31] ,of 2 point current element in the presence of 2 conducting

18



sphere, vields:
7 B = — f T dr' (2.22
wire(s
where I(r) is the current on the wire. This equation is then solved numerically for the
current distribution by the MoM.

Evaluation:Reduces the number of unknowns needing solution, since the integration
is only over the sources. Also, it could be used for arbitrarily large spheres, in the
example, where the MoM solution is prohibited by the requirements on computer
resources. However,the Green’s function need to be derived for each different problem
geometry. Further, if the problem concerned involves inhomogeneities and/or complex
geometries, then the derivation of the Green’s function is very difficult if not impossible.
Therefore, this combination is recommended for simple geometries where the Green's
function is known.

2.3 COMBINATIONS OF DIFFERENT NUMERICAL METH-
oDS

The problem domain is divided into two regions. The first region is bounded and
contains all media inhomogeneities and anisotropies whereas the second region is un-
bounded, but homogeneous and isotropic. The idea is to use an integral equation
method (MoM) in the homogeneous unbounded region and a differential equation
method (e.g. finite method) in the inhomogeneous region. Thus, these hybrid combi-
nations assume that the inhomogeneities are confined to 2 bounded region [36]-[69)] .
Coupling of the two solutions is accomplished by virtue of the continuity conditions at
the interface. These combinations have the advantage that arbitrarily shaped bodies
can be handled. Furthermore, only the inhomogeneous medium is discretized. How-
ever, in all cases 2 full and dense matrix (since an integral equation method always
produces 2 full and dense matrix) has to be inverted. Further, in the FEM-boundary
integral method, the solution of the bounded region has to be obtained for each basis
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function interpreted as Dirichlet boundary condition.

Different combinations are described and evaluated in what follows,

231 MoM Combined with Finite Methods

The problem addressed by this method is the scattering snd penetration of an inho-
mogeneous body due to an external source. This HNM is based on using equivalent
surface currents as sources for the scattered field in the unbounded medium, and as
boundary conditions for the bounded region. A finite method is used in the inhomoge-
neous region, and an integral equation solution in the surrounding medium. The two

solutions are combined by the continuity conditions {36}-[62].

Two cases may be distinguished in this method, namely

e Case I: The external source is 2 plane wave [36]-[39].

e Case II: The external source is a radiating element close to the scatterer {60]-(62]-

These two cases are introduced in the following

Case I: Plane Wave Incidence

The problem consists of an inhomogeneous body irradiated by an incident wave,
Fig. 2.6(a). It is required to determine the field everywhere. The hybrid approach
is based on the field equivalence principle [47, Ch. 3], whereby the field in the un-
bounded isotropic homogeneous region is uniquely specified by an equivalent surface
currents, Fig.2.6(b), and the field in the inhomogeneous body is uniquely specified by
the tangential magretic field on the surface of the body, Fig-2.6(c). The unbounded
region is solved by the MoM whereas the inhomogeneous region is solved by the FEM.

The two solutions are coupled via the continuity conditions on the surface of the body.
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Figure 2.6: A nonhomogeneous scatterer and the equivalent problem

Formulati~n: The tangential components of the electric and magnetic fields are

continuous across the boundary surface S.
Ax B +ax B(P)=ax B(F), axF+ax B J)=F (2.23)

# is the unit vector normal to S, J® is the equivalent electric current on S for the
unbounded region, E* and H* are the scattered fields in the unbounded region, F® is
the tangential magnetic field on S and serves 2s a boundary condition for the solution in
the inhomogeneous body, and EP® is the electric field on S associated with the solution
in the body.

Both J® and F® are equivalent surface electric currents. Alternatively, equivalent
magnetic currents, or 2 combination of magnetic and electric currents can be used. A

careful choice for 2 paticular problem simplifies the formulation.

Eqns. (2.23) contain four unknowns viz. E?, H*, E® and F*; E* and H* can be
expressed in terms of J° via a free-space integral equation, reducing the unknowns to
three. Obviousley, one more equation is needed. This equation can be obtained from
the FEM solution in the body.
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The integral equation in free space [48] and [49],

- - - - \v{ - = =y, v x E*(J°)
30 Jay — 4 e r f o Je T d’,Ha )= ——
Bo(J?) = —jwpe js FeGo(F, 7) ds'+—— fs Ve FGo(F ) s, B (Jf) = =0
(2.24)
Applying the FEM to the body with F* as a boundary condition yields
[A)[E") = [F) (2.25)

where, [A] is a sparse and banded matrix, [EY] is the unknown electric field in the body
(both on S and interior to S). E® on S as a function of J® can be extracted from the
FEM solution and substituted into the MoM procedure applied to Eqns. (2.23)-(2.24).

free space

Figure 2.7: A cross section of a circular cylinder scatterer

Ezample: To validate the present technique, the echo width of a homogeneous
dielectric cylinder under TM plane wave incidence, Fig. 2.7, was computed and com-
pared with the exact eigenfunction solution. The maximum relative error was 4%,
[49]. The number of finite elements in the radial and angular directions was 12 and 32,

respectively. Also 30 terms was summed in the Fourier series of the exact solution.

Advanteges: The FEM matrix needing solution, Eqn.(2.25), is sparse and banded.
In addition, the MoM matrix is full but small (it’s order is N; the number of nodes
on the boundary surface S). The method facilitates the use of the standard MoM
techniques.

[
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Limitations: For resonant structures, the equivalent surface currents representation,

presented in this method, is not valid.

Case II: Source is Close to Scatterer

An EM source radiating an inhomogeneous body is shown in Fig. 2.8. The boundary
conditions on the source boundary are known. It is required to determine the field in
the body.

2, F2)

an e ey

MoM path of
integration

Figure 2.8: An electromagnetic source radiating 2 nonhomogeneous body

Consider the FEM formulation described in [60]. The FEM applied to the body
yields *
E,
| 2| = ewe (2:26)
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(Es] and [Ey] are associated with the electric field inside and on the surface of the body,
respectively, [Fi] involves the equivalent electric currents on the surface of the body,
also [A] and [B] involve the shape functions of the body.

The MoM applied to the ambient medium vields

al2]-o| 2] 21)

in which, [C] and [D] are matrices with known entries, [F2] and [E2] involve the mag-

netic and electric fields, respectively, on the surface of the source.
From (2.27)
R -1 Ey Zu 2y E
= = 2.2
2-emlz)-(2 E]E] e
Using the first row in this equation to eliminate [Fi] in (2.26),
E,

A 2 |- elzam) = Bz 229)

where [E»] is known. This is a system of N x N equations with N unknowns. N being

the total number of nodes on and inside the body.

The hybrid method was used to predict the fields inside the patients due to the
hyperthermic EM sources,[61] and [62].

Evaluation: The matrix to be solved is not sparse. It is well known that sparsity is
one of the most desirable featurs of the FEM. However, if equation (2.26) was used to
eliminate [E;] from (2.27), the FEM would be sparse and the MoM matrix is full but
small.

The method is useful for evaluating the electromagnetic fields induced in the pe-
tients by EM sources in the course of hypothermic therapy. '
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2.3.2 Finite Element-Boundary Integral Method

The FEM is combined with the extended boundary condition method (EBCM) to solve
the problem of scattering from an inhomogeneous body as depicted in Fig. 2.9. The
equivalent currents, appearing in the surface integral of the EBCM, are expanded into
a set of basis functions numerically calculated by the FEM. After that, the surface
integrals are solved according to the EBCM procedure.

scattered bz
fields (r, 6, ¢)
incident \ L
fields 7/\\ E .r E
' Y (20, o)
SB S,

So

Figure 2.9: Inhomogeneous scatterer

Formulation: Referring to Fig. 2.9, Sp is a surface enclosing the body and S, is
enclosing S, [63]. Here, S is chosen to be the body surface and Sp conforming with
Sg to minimize the numerical effort. Also, 7 x H and E x # are the equivalent currents

on SB.

Using the spherical vector harmonics M and N described in [64], the incident and



scattered fields in free space are expanded as follows {63]
E' =3 Dylay MM ko) + b, N2 (ko?)], B* = 3. Duifuli(ket) + guNi(ko?)]  (2:30)

where, a, and b, are known coefficients, while f, and g, are unknowns. D, is a nor-

malization constant, and v is an index combining the spherical indices.

The EBCM formulation gives the following four surface integrals [63]

§, 08 (x By = - G x DS = —jna, (2.31)
Shog, 3 - (5 x B) = 5193 - (5 x moA(RES) = s (2.32)
jefo= o G- (i B) = 518} - x moAN(KES) (233)
o= o WS- (5 x B) = 50 - 5 x mo}AS) (2:34)

The general approach to the solution of the scattering problem is as follows,

1. Discretize the region enclosed by Sp into finite elements.

2. Choose a set of basis surface currents on S,. This set, termed the ”initial set” is
arbitrary as far as it is complete, and can be either full-domain or sub-sectional
basis functions.

3. Obtain a FEM solution for each initial basis function interpreted as a Dirichlet
boundary condition on Sy. The obtained tangential magnetic and electric fields
on the body surface Sp are termed ”the informed set”. The informed set contains
information about the inhomogeneity and the shape of the body.

4. Expand the unknown equivalent surface currents 7 x Hand Ex#in Eqns(2.31)-
(2.34) in terms of the informed set. Then apply the EBCM procedure to obtain
the unknown coefficients of the scattered field.
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To verify the method, it was applied to homogeneous bodies of revolution and the
solution was compared to the pure EBCM solution. The two solutions were in good

agreement, [63].

Eveluation: The EBCM matrix needing inversion is full and dense, but small (it’s
order is the number of unknowns on the surface Sg). Further, FEM solution has to
be obtained for each initial basis function applied as a Dirichlet boundary condition.
However, the FEM matrix to be solved is sparse which enables the use of efficient and
fast algorithms. Also, the body region only need to be discretized: thus the numerical
effort is reduced compared to the previously developed unimoment method [65]-(67)
whereby the finite element mesh is used inside a circumscribing sphere. On the other
hand, the spherical expansions as used in the finite element-boundary integral method
have difficulties to converge for elongated bodies (i.e. length to diameter ratio exceeding
10). To overcome this limitation, the so called " F*" (feld feedback formulation) was
proposed [52] in which the MoM is used for the exterior region. Specifically, in the F*
formulation the equivalent surface currents on Sz (both magnetic and electric currents
computed from the tangential fields on Sp) in terms of the tangential fields on Sy are
extracted from the FEM solution, and then inserted back into the MoM integrals. Thus

F3 is essentially similer to the MoM/finite method described at the beginning of this
Section.

It was not shown in the finite element-boundary integral method how to find the
fields penetrated into the body. Here, we suggest the following algorithm to do that:

e Find the scattered field by the hybrid method.

o Evaluate the total field on the scatterer’s surface. The tangential components of
the fields on the scatterer’s surface are the boundary conditions necessary for the
FEM.

e Solve the bounded problem by the FEM.
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2.3.3 FEM Combined with Generalized Maultipole Technique

The generalized multipole technique (GMT) [68] is 2 numerical method suitable for
isotropic, linear, and homogeneous subdomains that can be infinite in extent. In this
method, the EM fields in each subdomain are approximated by expansions in terms
of multipoles; the multipole is an expansion in terms of a set of basis functions with
unknown coefficients. The basis functions are analytical solutions of the governing
Helmholtz equation in the subdomain concerned. These analytical solutions are ob-
tained by the method of separation of variables in the spherical coordinates for the
3D case, and in the cylindrical coordinates for the 2D case. Different multipoles have
different origins chosen outside the subdomain of interest to avoid the singularity at
the center of the multipole. The continuity conditions at the boundaries are satis-
fied numerically by using the generalized point matching technique (GPM), where an
overdetermined system of equations is obtained. This system is usually solved by the
method of least squares. Thus GMT uses more matching points than unknowns. Inci-
dentally, one might think of this method as Galerkin technique with prescribed basis
functions.

For problems involving continuously inhomogeneous subdomains, GMT is not the
proper solution, but FEM is one of the strongest candidates for such subdomains. In

this hybrid, the FEM is applied to the inhomogeneous region, giving [69]:

[AN[U] + [A8]lUs] = [¥)] (2.35)

[U:] 2nd {Ug) are the unknown nodal vectors inside and on the boundary of the inhomo-
geneity, respectively. [4,] and [Ap] are known matrices, and [#] is a known excitation

vector.
The GMT applied to the exterior region gives the following system of equations:
g = {PlID] (2.36)

in which, [U$MT] is the GMT solution at the boundary, [P} is a known matrix, and
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[D)] includes the unknown coefficients.

From the continuity conditions, [Up] is identical to [U§Y7]. Replacing [Us] in
(2.35) by [USMT] in (2.36) yields,

[AnU1] + [A8][P){D] = [¥] (2.37)

A corresponding functional can now be established, and then minimized to deter-
mine the unknowns. This functional covers the whole space, and the integration in the
homogeneous unbounded domain is converted to a surface integral on the boundary by

using Green’s theorem.

Limitations: The method was oriented only toward electrical machines applications,
and the matrix to be solved was not sparse. Further, toe boundary integrations used
are time consuming. Also the accuracy of the solution depends on the choice of the
origins of the multipoles (several rules of thumb are given in [68]). In addition, GMT
cannot deal simply with sharp points and edges.

2.4 COMBINING DIFFERENT FORMULATIONS

The hybrid combinations presented in this section can be thought of as extensions to
a numerical method. The first combines the EFIE for thin wires with the MFIE for a
conducting body. The second can be thought of as importing ideas from other methods

viz. importing the concept of finite volume elements into the MoM.

MoM/EFIE-MFIE:

The EFIE is suitable for thin wires whereas the MFIE is suitable for voluminous con-

ducting body. Consequently, the EFIE is applied to the wires attached to 2 conducting
body, and the MFIE is applied to the conducting body itself. The mutual coupling
between the wires and the b'ody' is taken into account through the source terms in the

integral equations. The resulting equations are solved using the MoM.

29



Ezample Fig. 2.10 shows an arbitrarily shaped conducting body C with straight
wire antennas A and passive booms B. The MFIE on the surface of 2 perfectly con-
ducting body S is [70],

~ 2T + 7% [ ) x V'Gy dS' =~ x B (2.38)

in which 7 is an outward normal to the surface S, and the star indicates that the
integral is evaluated on the body surface except the point 7. The EFIE for a perfectly

conducting thin wire is [70] ,

3Gy . =
K "=l 2.
o f (S + G dl Ef (2.39)
where, the integration is along the wire L, and I is the current on the wire.
A A
C
B B

Figure 2.10: Wire antennas A, and passive booms B attached to a conducting body

The coupling between the body and the wire(s) is considered by evaluating the
magpetic field induced on the body surface due to the wire(s) current,

Ax F=#x fL 1) x V'Go dl (2.40)
and, the electric field along the wire(s) due to the current on the body surface,

[.E=—1I. fo(VxJGo)dS (2.41)

Jwe

Applying the MoM to the Eqns.( 2.38)-( 2.41) generates 2 linear system of equations
that can be solved for the current distributions using standard techniques.
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Evaluation : As compared to the hybrid MoM/Green’s function method described
in section 2.2, only the free space Green's function is needed. Therefore, this method
can be applied to arbitrarily shaped body to which wires are connected. On the other
hand, this combination cannot be applied to large body in terms of the wavelength due

to the large number of unknowns needing solution.

MoM/Volume polarization currents:

A dielectric/magnetic inhomogeneity is replaced by equivalent volume polarization
currents whereas the wire is replaced by equivalent surface currents. Then, the reaction
integral formulation [71], together with the boundary condition on the wire and the
proper conditions in the inhomogeneity, are used to obtain a set of coupled equations.

These equations are solved for the unknown current distributions by the MoM.

Ezample In Fig. 2.11(2), 2 wire and an inhomogeneity together with an excitation
are shown. The inhomogeneity is charcterized by the permittivity ¢ and permeability

L.

(Eo Mo) v
w
(EgnHo)
vp .
‘ Y
excitation
inhomogeneiety equivnlent wire

(a) {b)

Figure 2.11: Wire antenna with an inhomogeneity and the equivalent problem

The wire has 2 surface impedance 2, and is replaced, see Fig. 2.11(b), by the
unknown equivalent surface currents [72]:

Jo=axf, M,=Exn (2.42)
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here, 7 is the outward normal at the wire surface S,,. These currents are related by

the surface impedance Z,.
The inhomogeneity is replaced by the equivalent polarization currents:
T=jule—e)E, M =juw(p—pu)Hd (2.43)

in the ambient medium -free space in this case- as depicted in Fig. 2.11(b). £ and A
are the total electric and magnetic fields in the inhomogeneity,

J

E=FE(UD) +E/J)+ ER(M)+E' = Jw(e — €o)

_M
Jw(p = po)
where, £* and H* are the fields radiated by the current distribution on the wire. EY
and F7 are the fields radiated by the electric polarization current. £¥ and H¥ are

the fields radiated by the magnetic polarization current.

H=8W)+ BN+ M+ H = (2.45)

The reaction integral equation (RIE) is used to fix the boundary conditions 2t the
surface of the wire. Therefore, a test source (Jm, Mm), radiating fields (E™ H™), is
placed in the wire volume V,,. The RIE obtained is [72],

-jo" HQO(E - ZHD)d - [ (F- B = 3T-B)do = [ (F- B~ 3 Bm)dv (246)

where, L is the wire length, I(l) is the total current along the thin wire, J* and M* are

the known sources, and

Erel [T By de, HP = = [ (6 B™) do, ¢=1x
o [ (-EMde HY = o [T(6- A d, $=1xn (247)

Eqns.(2.44)-(2.46) are three coupled equations with three unknown currents viz.
I(!), J and M. These equations can be transformed to 2 linear system of equations,
using standard moments method techniques i.e. expansion and weighting.

Euvaluation: This approach can handle wire antennas in the presence of arbitrarily
shaped dielectric/'magnetic inhomogeneity. The size of the overall structure is limited
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by the increasing number of unknowns needing solution. Also, the system matrix
corresponding to the formulation in this approach is dense, and nas a relatively large
order being the number of unknowns on the surface of the wire plus the unknowns in
the inhomogeneity.

2.5 (CONCLUSIONS

There is considerable amount of papers associated with HNM that are distributed in
different Journals (e.g. IEEE Transactions on: Antennas and Propagation, Microwave
Theery and Techriques, and Maguetics, IEE Proceedings, and the Journal of Wave
Motion). Furthermore, several papers deal with the same combination under different
titles. In order to simplify matters, an overview of the various HNM available in
electromagnetics is presented in this Chapter. An attempt is made to clessify the
HNM according to the combination used. The classification scheme is

1. Numerical method combined with asymptotic expansion:- MoM with GTD, and
MoM with Quasi-static techniques.
2. Numerical method with analytical solution:- MoM with Green'’s function.

3. Hybrid methods combining different numerical methods:- MoM combined with
finite methods, The finite element-boundary integral method, FEM with GMT.

4. Combining different formulations:- EFIE with MFIE formulations of the MoM,

and MoM with Volume polarization currents.

An attempt is also made to evaluate the approaches to the hybrid combinations.
Also, the domain of application of each hybrid is identified. This might belp to choose

the proper method for a given problem.
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Chapter 3

A Model of External
Electromagnetic Interference with
Electronic Equipment

The two-dimensional approximation of the interference phenomenon is considered in
this Chapter whereby the equipment is assumed to be infinitely long, and thus only the
cross section is analysed. This approximation is valid for long 2quipment with uniform
cross section provided that the observation point is not near the ends or a field null.
From this assumption, a two-dimensional numerical model of the electromagnetic wave
interference with electronic equipment is realized. This model is useful in predicting
both the fields that penetrate into the electronic equipment, and the scattered fields.

The model described in this Chapter combines the edge based-finite element method
with the asymptotic expansion of the scattered fields. This combination is used to
formulate a system of linear equations for the solution of the fields. Using the edge
elments, the model has the expected advantage of not producing spurios solutions.
Further, the matrix obtained is sparse (or banded) and symmetric. This allows the use
of efficient algorithms for sparse and symmetric, or banded and symmetric matrices
which significantly reduce the computer storage requirement.

This Chapter is organized as follows: in Section 3.1, the rationale of choosing



the edge elements is outlined. Section 3.2 describes the interference problem and the
truncating boundary. The functional of the problem and the treatment of the exterior
unbounded domain are presented in Sections 3.3 and 3.4, respectively. Next, using
the continuity of the tangential fields to combine the edge element solution with the
scattered field solution of the surrounding medium is presented in Section 3.5. After
that, the discretization and numerical results are described in Sections 3.6 and 3.7,
respectively. Finally, the Chapter concludes with Section 3.8.

3.1 CHOICE OF EDGE ELEMENTS

As contrasted to conventional finite elements, edge elements associate the degrees of
freedom with the circulation of the vector field along the elements edges allowing for
discontinuous normal components of the fields at material interfaces [73]. Thus the edge
elements have the expected advantage of not producing spurious modes [73]. Further,
edge elements can model sharp points and edges without any need for special singular
trial functions [74]. For these reasons, the edge elements (spéciﬁcally, the edge elements
proposed in [73]) solution is used in this paper.

3.2 THE INTERFERENCE PROBLEM

The victim is electronic equipment characterized by permittivity ¢, conductivity o, and
permeability u, and the source of interference is a plane wave (E%, H*) as shown in Fig.
3.1. | |

The wave interacts with the outer structure of equipment and consequently the
fields (E, H) leak through apertures, holes, and slots that exist in the outermost layer
of the structure (e.g. shielding enclosure). Long and narrow slots can be approximated
by infinitely long slots [76]. Therefore, only the two dimensional (2D) case is considered
here. However, the extension to three dimensional structures is straightforward.
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Figure 3.1: Interference problem geometry

36



In order to compute the penetrated fields, and the scattered fields (£7, H*), the
discretization domain is truncated by an artificial boundary S, refer to Fig. 3.1. Thus
the problem domain is divided into two regions: the bounded domain, i.e. enclosed
by S, and the exterior domai, i.e. external to S. After that, the edge elements are -
applied to the bounded domain whereas the scattered Seld in the exterior domain is
described by its asymptotic expansion. The two solutions are combined through the

continuity conditions on S.

3.3 THE BOUNDED DOMAIN

The fields in this region are governed by the vectorial wave equation expressed as:
VxE

— . o’
v X = %ECE} €c — €p — Jw—eo (3.1)

in which, kg is the free space wave number, u. the relative permeability, ¢, the relative

permittivity, w the radian frequency, and o the conductivity.
Equivalentally, the fields are the solution of the variational equation:
SF(E*)=0 (3.2)

where, » denotes the complex conjugate, and E* is chosen as the variational parameter
in order that the final system of equations will be in terms of E. The functional F
corresponding to the wave equation (3.1) is derived below.

The functional of bounded problems is well known. However, this functional is
expressed in terms of only the quantity Easin [77), or in terms of both E and E* as
in [75]. Further, the functional for unbounded problems is given in [37], [53], and [54).
This functional is expressed in terms of £ only. In this Section, 2 functional in terms
of both E and E* for unbounded problems is derived. The advantage of this form
is that, using E-J" as the variational parameter, the quantity E can be considered an

independent variable, and thus the derivation of the final equations for both FEM and
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the boundary condition on S are simplified. In addition, it is found that the functional,
derived here, is identical to the energy balance equation obtained via Galerkin method
[78].

The derivation is intended for 3D problems, and it is as well valid for 2D problems.
~ For 3D, the domain integral is over the problem volume, and the boundary integral is
over the enclosing surface. In the 2D case, the domain integral is over the cross section,

and the boundary integral is along the enclosing contour.

The procedure to derive the functional for unbourded problems is: starting from the
functional of bounded problems given in [75], the variation is evaluated. The variation
for bounded problems is zero since the field is known in advance on the boundary
surface. However, the variation of the same functional for unbounded problems does
not vanish. Therefore, an additional term is derived and augmented to the functional.

This extra term accounts for the unbounded medium outside the boundary surface.

The functional for bounded problems is given by [73]:

FYE") = fnl(v &2 ,;fv 22 K2e.E - E°|dQ) (3.3)

where 2 is the bounded region.

In order to find the variation of F¢, a differential u* is introduced into the variational

parameter E*:

E =B 4 (3.4)

The variation of F¢ is defined as:

§F¢ = FY(E") — F4(E") | (3.3)

Substitution of (3.3) into (3.5) and using (3.4) yields

: 1 (VxE)-(Vxw) = =
55“_[‘1[ — - Be.E -] dQ (3.6)
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Using the vector identity V - (Ax B) = B (VxA)- A (¥ x B), equation (3.6)

may be written as

ke E}-w =V (

z*)]d (3.7

§F% = [{vxm_
Q b

(VxE)x
Lir

The first integrand vanishes by virtue of the vector wave equation (3.1), and the vari-

ation reduces to ( B)
V x -
6Fd——-[§lv-(-—ur—xu)dﬂ 3.8)
Applying the divergence theorem, this equation becomes
_ (VxE) = .
§Fd = fs( =2 x ) S (3.9)

where, 7 is the unit outward normal vector to the surface S.

Using Maxwell’s curl equation, (3.9) may be written as
§F = —jwpo fs (& x H)-7dS (3.10)
For bounded problems, the electric field is known in advance on the boundary S, and
consequently u* vanishes since the electric field is not a variational parameter on the
boundary. As a result the variation, see equation (3.10), vanishes. This is not the
case for unbounded problems since the electric field is not known on part or all the

boundary, and hence u* is not zero. From that, it is obvious that an extra term must

be added to the functional of equation (3.3). This term corresponds to the variation:

5Fb=jumjs(u‘- x B)-7dS (3.11)

By inspection, this variation corresponds to the following boundary integral denoted
bere by F®

FY(E") = jwito fs B*x B-7dS (3.12)
From this result, the functional for unbounded problems is the sum of the integrals of
equations (3.3) and (3.12):

F(E‘) [[(V"E) (¥ x E) koecE"-E"]dszﬂwpof_gE'xf?-ﬁds (3.13)
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It is worth noting that the functional (represents the peak power, and in order
to represent the average power it must be multiplied by a constant factor of 3) for
unbounded problems , derived here, is identical to the energy balance equation obtained
via Galerkin method (78], with the divergence term set to zero since the edge based-
finite element method is used here wherein the condition on the normal component is
automatically satisfied. This agreement is a consequence of the equivalence between
Galerkin techrique and the variational principle. In contrast to that, the functional
given by [37], [53], and [54] differs from the energy balance equation derived in [78].

The domain integral (over the domain Q) in (3.13) is identical to the functional
given in [75). Therefore, the solution for the bounded domein is extracted from [75].
On the other hand, the boundary integral (over the truncating boundary S) in (3.13)
involves both electric and magnetic fields. Thus, another equation is needed in order
to eliminate the magnetic field. This equation may be obtained from the solution of

the unbounded domain.

3.4 THE EXTERIOR DOMAIN

The scattered electric field in this region is described by the asymptotic expansion:
/I

where, {p, ¢,2) are the cylindrical coordinates, and & is the wave number of the un-

(3.14)

bounded region. The transverse electric (TE) illumination is considered since it is more
important than the transverse magnetic (TM) excitation [76]. However, the analysis
of the TM case is similar.

The scattered magnetic field is found, below, by expressing the curl of the scattered
electric field in terms of the scattered magnetic field via Maxwell's equation, and in
terms of the scattered electric field upon using the asymptotic expansion. These two

quantities, representing the curl, are then equated.
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It is obvious that the scattered fields obey Maxwell’s equations. From Maxwell's
curl equation, the z—component is
2. (V x B%) = —jum(E- H) (3.15)
Expressing the curl in cylindrical coordinates leads to
- (Vx B =— -—( p- E%) == (ﬁ- E%) (3.16)
The azimuthal component é- E® and the radial component 5- E® may be obtained from

the asymptotic expansion (3.14), namely
ehe o pBnl(d) . m_ e b Em(9)
T el
75 =m0 VP
Substituting (3.17) into (3.16) yields
etke 1 (3- ko) {- Em} — 551" En} 1 (m +1) {¢+ Bms}
Ve p p p*

6B =

(3.17)

3-(VxE*) =

(3.18)
The second sum is a higher order quantity, and upon the first order approximation this

equation gives

g=ikip (3 — k) {d- Em(@)} — 1&{5- Em(9)}
e ) |

Considering the smooth nature of the scattered fields [79], the second term is dis-

:-(Vx E%) = {3.19)

carded, and one obtains

. .. edRe 1 ( - k1p){6 - Em(a)}
;- (VxEY) = = YudPR Y 3.20
Comparing with (3.14), this equation leads to
= s 1 . s
z-(VxE)=(§—p—Jk1)(¢'E) (3.21)
Substitution of (3.21) into (3.15) gives the desired relation, namely
2 s E-8 _ 2jmkiwp
Hoz==7 T 2kip - 1 822)

in which 7 indicates the intrinsic impedance, and the subscript 1 refers to the un-
bounded medium.
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3.5 THE CoNTINUITY CONDITIONS

The solutions in thelbounded and exterior domains are combined by enforcing the
continuity of the fields on S. In other words, the field components in the boundary
integral of equation (3.13) can be replaced by those obtained from the solution of the
exterior domain. Further, the total field in the boundary integral F* can be decomposed

into the incident and scattered components as follows:
Fb = jupofs(é’- x H)-# dS = jwpo js[(éf + BNy x (H° + H)]-2dS  (3.23)

where # is now the outward unit normal to S with respect to the exterior region (sine
these fields are in the exterior region), or the inward unit normal with respect to Qas
depicted in Fig. 3.1.
Expanding the integrand and using (3.22) yields the following equation:
E‘q E LB x (& + HY) - 7)dS (3.24)
t

where, E? is the tangential ¢omponent to S of the scattered field, m; is the intrinsic

ESE:
b__ t £
F —pro/s[ 7 + s

impedarce of the surrounding medium, and s = sgn(% x E-3).

1t is one of the nice features of using edge elements that only the tangential com-
ponent of the field need to be considered, since the condition of the normal component
is automatically satisfied.

At this stage, the unknown of the boundary integral is the scattered tangential field
whereas the unknown of the domain integral (both on S and interior to S) is the total
field. Therefore, it is necessary to express the field on S, of the domain integral, in
terms of the incident and scattered components. This issue is outlined in Section 3.6.
Finally, after edge elements discretization, the unknowns are the scattered tangential
field on S and the total tangential field interior to S. This makes this method useful
for EMC applications, since both the scattered field (affecting other equipment) and
the pénetrated field (affecting the victim equipment} can be computed directly.
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3.6 FEDGE ELEMENTS DISCRETIZATION

Since TE excitation is considered (i.e., the electric field vector has no axial component),
only three side nodes of the edge element described 1n [75] are needed. For easy
reference, a brief description of the edge element used in this paper to divide the

bounded domain is given:

Consider the triangular element shown in Fig. 3.2. The edges are denoted by
the numbers 1, 2, and 3. Also, the tangential components of the electric field vector
evaluated at the centers of the edges are denoted by Eu, Ew, and E, as depicted in
Fig. 4.2.

Figure 3.2: Triangular edge element

From simple geometrical considerations, each tangential component can be ex-
pressed as follows :

By = Ezicos¢; + Eyising;, 0< ¢ < (3.25)

where, E, and E,; are the x—component, and y—component of the electric field
evaluated at the center of edge i (i=1,2, or 3), and ¢ is the azimuthal angle of edge

i measured from the positive z—axis. Further, the z and y components, within each
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element, are expressed by a linear interpolating function of y and z, respectively (75}
E.=a+cy, Ey=b—-cz (3.26)
where a, b, and ¢ are constants.

Combining (3.25) and (3.26), E: and E, within each triangular element f are

written in terms of the tangential components:
E:= [U]T [Eely, Ey= [V]T (E:ls (3:27)
where, the superscript T denotes matrix transpose,

ay +ay b—az
U= [02+C2y}, V]= [bz-q:

az + cay by — c3z

] [Etlf = [Etl E& E&]Ts

and a;, b;, and ¢ (i = 1,2, or 3 ) are given by [75]:

ai = [( ¥ oS — ZTisin @) sing; — (y; cos @; — T; sin @;) sin @]/ A
= [( y;jcos@; — z;sin ¢;) cos gk — (yk COS Gr — Tk Sin Pic) COS P5]/ A

¢ = (cose;sinde ~ cosPesing;)/A

where .
A =3 (y: cos ¢ — 2; sin ¢;) (cos p; sin gk — COs P sin @),
i=1

and the subscripts ¢, j, & progress modulo 3 around the triangle edges.
The edge elements discretization is used to realize the linear system of equations
[A][&] = [B] (3.28)

in which, [A] is 2 square matrix that involves the shape functions of the triangular
edge elements, [E,] is the global vector containing the edge variables (the tangential
components of the field along the triangles edges), and [B] is the excitation vector.



As a consequence of discretizing the bounded domain , the boundary S is repre-
sented by straight edges. In addition, the scattered tangential field in (3.24) is expanded

in terms of pulse 1onctions:
M
B =) E.F (3.29)
e=1

where, P, is a pulse function (unity at edge e and zero elsewhere), and M is the total

number of edges representing S.

Substituting (3.29) into (3.24), and applying the variational principle (3.2) yields:

aﬁ% = J'wm[%f + S%]Le (3.30)
where, L, is the length of edge e. The term i“z’l&Lc is augmented to the main diagonal
of the system matrix of equation (3.28), and the term jr.:.:,u.g[s%:‘;]f..c is augmented to the
excitation vector of (3.28). Further, the field on S, of the domain integral, is expressed
in terms of the incident and scattered components, and then the excitation term is
augmented to the excitation vector. To illustrate the idea, consider a triangle with an

edge residing on the truncating boundary S, say edge 1, as depicted in Fig. 3.3.

truncating
boundary

Figure 3.3: A boundary edge

The element matrix for this triangle contributes the following quantities, corre-
sponding to edge ?
AuBei, AjiBri, AciBrs
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where A,;, Ay, and A, are system matrix entries, and E;; is the tangential component
of the field at the center of edge i. The tangential field E., can be expressed as the

sum of the incident and scattered components
E= B} + By

where the superscripts s, and i refer to the scattered and incident Seld components, re-
snectively. Thus each boundary edge contributes an extra three terms to the excitation
vector

linei — —A";E:‘,-
line j — —A.ﬁE:,i

line k — —AxE};

The resulting system of equations, after augmenting both the system matrix and
the excitation vector of (3.28), is solved for the edge variables from which the field

components can be computed via the interpolating functions.

3.7 NUMERICAL RESULTS

The transition between the near field region and the far field region is at £ from the
source point [80]. Since the sources for the scattered fields are the equivalent currents
on the surface of equipment structure, thea the transition region is at % from the
surface of equipment. As a matter of fact, it is found for all the results, that 2 from
the structure surface is sufficient to obtain stable and reliable results. Aiso, coarse
mesh can be used in the less exposed parts of the structure, and in the air outside
the structure [81]. Lastly, since the matrix obtained is sparse and symmetric, efficient
iterative methods can be used. These aspects are expected to reduce computer storage
requirement, and enable the method to handle relatively large structures compared to
the wave length. ‘
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The solution is applied to the following problems in order to demonstrate its valid-

ity and effectiveness. The surrounding medium in all cases is free space.

A. One-Dimensional Example:

Infinite Plane Shield

Consider the infinite plane shield shown in Fig. 3.4 (see the insert) where the
incident electric field is unity at £ = 0. Since the scattered field is a plane wave, the
truncating boundary is placed right on the surface of the shield, and Z1 in (3.22) is
replaced by 7. Using 22 elements, the computed field compares very well with the
analytical solution as can be seen in Fig. 3.4.

B. Two-Dimensional Example:

A Square Metal Shield with an Aperture

The shielding enclosure depicted in Fig. 3.5 (see the insert) is a victim of plane wave
illumination with phase center at z = —ilcm. The metal is assumed to be perfectly
conducting because the shielding effectiveness is primarily determined by the leakage
through apertures and holes and not by the diffusion through the shield material [80].

A square truncating boundary, conforming with the shielding enclosure, is used to
reduce the number of unknowns, and Z1 is again replaced by 70 in (3.22). Further, the
problem domain is discretized into a uniform mesh with lem step. Shown in Fig. 3.6
is E, vs. the z—coordinate inside the shield for different excitation frequencies. Note
that the field amplitude at the center of the shield is highest at the resonant frequency
(f = 1.5GHz). Also, it is well known that the field is enhanced near apertures [82].
This is indeed what these computations show.

C. Two-Dimensional Example:

Scattering Cross Section of Dielectric Cylinders
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Figure 3.4: Electric field (V/m) inside the infinite plane shield at frequency of 68.2
MHz.
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Figure 3.5: Metal shield with an aperture
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Figure 3.6: Ey (V/m) inside the shielding enclosure (Fig. 3.5) along a line passing

through aperture centre.



The bistatic scattering cross section (RCS) of 2D structures is defined as:
ms|2
RCS = lim 2mp! ,lq (3.31)
0o |El|-

in which, lim,_.., refers to the far field region. However, as explained at the beginning

of this section, a distance of 2 from the surface of the structure is adequate for the

field to be considered in the far region.

In the following, the RCS of four different dielectric cylinders are computed and
compared to published data. The excitation is 2 plane wave with a frequency of
300M Hz and phase center at the coordinates origin. Further, the problem domain in
each case is discretized into circular concentric layers of elements. Because of symmetry,
only half the structure is considered. The computations are performed on a Dec Station
3100 (16Mb RAM).

1. Homogeneous Circular Cylinder:

Consider the ofi-centered cylinder depicted in Fig. 3.7(a) (see the insert). The
dielectric region is discretized into five uniform layers of elements, and the free space
region, between the cylinder surface and the truncating boundary {placed at 0.32\
from cylinder surface), into four uniform layers. The matrix obtained is 0.49% full, the
pumber of unknowns 495, and CPU time 118s. In Fig. 3.7(a), the present solution
(solid circles) is compared to the MoM/FEM (Method of Moments/FEM [49]) solution

(continuous line). The comparison reveals good agreement between the two solutions.
2. Layered Circular Cylinder:

The geometry of the cylinder is shown in Fig. 3.7(b) (see the insert). The cylinder is
discretized into 2 non-uniform mesh where the innermost layer is divided into only three
elements (0.42) resolution), and each of the other layers into one layer of elements.
Also, the free space region is divided into four layers of thicknesses, starting from the
cylinder surface: 0.05Ag, 0.075A0, 0.140, 0.095X, respectively. The matrix obtained
is 0.823% full, the number of unknowns 292, and CPU time 43s. As 2 matter of
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Figure 3.7: Computed bistatic scattering cross section (RCS) of dielectric cylinders
(cases (a), (b), (c), and (d)) as compared to MoM/FEM, and Richmond’s solution at

f = 300 MHz
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Figure 3.7: (2) homogeneous circular cylinder
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Figure 3.7: (b) layered circular cylinder
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fact, a uniform fine mesh was employed, and it gives almost the same solution as the
non-uniform mesh. Thus, a coarse mesh in the less exposed parts of the structure
reduces the storage requirement and CPU time, and yet does not degrade the quality
of the solution in the region of interest. The agreement between this solution and the
MoM/FEM solution [49] is acceptible, as shown in Fig. 3.7(b). It is worth noting that
the MoM/FEM solution is in terms of the axial magnetic field for the TE excitation

while the present solution is in terms of the transverse electric field for the TE case.
3. Homogereous Circular Shell:

The cylindrical shell is shown in Fig. 3.7(c) (see the insert). The free space inside
the shell is discretized into four uniform layers of elements, the dielectric into one layer,
and the free space outside the shell into two uniform layers. The matrix is 1.067% full,
the number of unknowns 224, and CPU time 16s. This solution compares well with
Richmond’s solution [83] as can be seen in Fig. 3.7(c).

4. Homogeneous Semi-Circular Shell:

The discretization scheme for this case is similar to that used for the circular shell.
The resulting matrix is 0.617% full, the number of unknowns 392, and CPU time 65s.
This solution compares very well with the MoM/FEM solution [49], and has acceptible
agreement with Richmond’s solution [83], as shown iz Fig. 3.7(d).



3.8 CONCLUSIONS

A numerical solution to the electromagnetic interference problem is presented. The
source of interference is a plane wave. The solution utilizes the edge elements which are
usually free from the adverse effects of spurious modes. Also, sharp points aud edges
can be modeled without the need for special singular trial functions. The solution
preserves the sparsity and symmetry of the finite element matrix, and thus efficient
iterative algorithms can be used. Numerical results are presented that show the validity
of the method.



Chapter 4

Edge-Elements Characterization of
Radiation and Cross-Talk on
Printed Circuit Boards

The edge based finite element method (edge elements) is used to obtain a numerical
solution for the radiated emissions and cross talk voltages on printed circuit boards
(PCB). Both shielded and open PCB, over a wide frequency range, are analyzed and

compared.

The method of analysis is two dimensional, and bas the expected advantages of
edge elements, namely, not producing spurious solutions, and modeling sharp points
and edges without any need for special singular trial functions. Further, the matrix
obtained is sparse and symmetric, and the solution can be obtained directly; no need

for matrix inversion.

4.1 INTRODUCTION

THE actual circuit package can be modelled by a metal shielding enclosure. This
shield minimizes the possible external electromagnetic interference. Incidentally, the

shield may enhance the intra-system interference. This happens if one of the input



signal harmonics corresponds to a natural frequency of the circuit package (note that
high speed digital signals can be represented by the fundamental frequency and its
significant harmonics). In such situation the induced voltages on the board tracks are
greatly enhanced causing the circuit to malfunction (these unwanted induced voltages
are denoted by cross talk). This phenomenon is demonstrated in this Chapter by
numerically computing the cross talk levels, over a wide frequency range, for shielded

and open circuits. It is found that the latter does not exhibit the resonance behavior.

This leads to the conclusion that the significant harmonics of the input digital signal
must not correspond to any of the natural frequencies of the package. Regardless to
sav that this can be accomplished, for example, by modifying the shape or/and the rise

time of the input signal, or even changing the dimensions of the enclosure if possible.

The Chapter is organized as follows: in Section 4.2, applying the edge clements for
open boundary problems is outlined. Next, the variational formulation is presented
in Section 4.3. Further, using the edge elements for bounded problems is discussed in
Section 4.4, and discretizing the resulting integral equation is clarified in Section 4.5.
Afterwards, the numerical results are analyzed in Section 4.6. Finally, the conclusion

can be found in Section 4.7.

4.2 OPEN BOUNDARY PROBLEMS

The edge elements - scattering amplitude combination proposed in in Chap. 3 is used
in this Chapter. It is worth to mention that this combination is intended for scattering
applications. In this Chapter, the sources are the signals on the PCB (radiation prob-

lem). Thus, the main steps needed to apply the combination for radiation problems
are illustrated below.

Consider 2 PCB modelled by an inhomogeneity as in Fig. 4.1. The inhomogene-

ity is described by permittivity €, conductivity o, and permeability 4. The artificial



truncating boundary S is introduced to allow the modelling of the infinite space on a

computer with limited memory.

(r. &)
/
radiated y ‘ r
emmissions
{E

A E T
radiated
emissions

Figure 4.1: General open printed circuit board representation.

Tke objective is to compute the fields inside the truncating boundary, from which
the voltages are obtained by the line integral

) .
V;,=—[_E-dl (4.1)
where ! is the path of integration between the points i and j. This integral is easily

computed with edge elements since the solution is in terms of the tangential components -

of the field along the elements edges.

4.3 ANALYSIS

The functioral F is given by, refer to Chap. 3:

F(E) = ./;[(V X E)‘-LEV x E%) Ce.E- B0

+jupojsé' x - 7dS (4.2)
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in which, = denotes the complex conjugate, ko the free space wave number, u. the
relative permeability, and ¢. = € — jw—‘:g, where, ¢, is the relative permittivity, and w
is the radian frequency. Also, Q is the domain enclosed by the truncating boundary S,

and 7 is the unit inward normal vector at S, as depicted in Fig. 4.1.

The domain integral of {4.2) is 1dentical to that given by [75], and therefore their
edge element is adopted. In addition, the boundary integral of (4.2) involves both
electric and magpetic fields. To eliminate the magnetic field, an additional relation is
needed between the electric and magretic field. This relation can be obtained from the

solution in the region outside the truncating boundary.

The radiated emissions outside S are described by the asymptotic expansion:

e-jklp o0 E-m('.b)

E=\/5¥ o

(4.3)

where, (p, ¢, z): the cylindrical coordinates, @: unit vector, ky: the wave number of the

unbounded region.

Using (4.3), it can be shown, via Maxwell’s curl equation, that the radiated mag-

netic field is given by the following relation:

E-¢ 2imk
o z JTKL P

Hei==" 2% gkp-1

(4.4)

in which, 7 is the intrinsic impedance, and the subscript 1 refers to the unbounded
medium.
Substituting this relation into the boundary integral F* of (4.2) yields:
EE
Fb=j f = 5
jupe [ 1=7=dS (4.3)

where E; is the tangential component of the radiated field at S.
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4.4 BOUNDED PROBLEMS

For bounded problems, the tangential component of the electric field on the boundary
is known. Consequently, the boundary integral of (4.2) vanishes as E is no more

variational parameter on the boundary.

4.5 DISCRETIZATION

The discretization of the domain integral is as given by [75], with the axial propagation
phase constant 3 set to zero since only the transverse characteristics are investigated;
B vanishes at the cutoff frequencies and furthermore the mode pattern is frequency
invariant. Thus, only three side nodes of the edge element described by [75] are needed.
For easy reference, a brief description of the edge element used in this Chapter to divide

the bounded domain is given:

Consider the triangular element shown in Fig. 4.2. The edges are denoted by
the numbers 1, 2, and 3. Also, the tangential components of the electric field vector
evaluated at the centers of the edges are denoted by E:, En, and Ei3, as depicted in
Fig. 4.2.

From simple geometrical considerations, each tangential component can be ex-
pressed as follows :

Ey = Excosg; + Eysing;, 0< i <7 (4.6)

where, E,, and E,, are the zr—component, and y—component of the electric field
evaluated at the center of edge 7 (i=1,2, or 3), and ¢; is the azimuthal angle of edge
1 measured from the positive z—axis. Further, the z and y components, within each
elemert, are expressed by 2 linear interpolating function of y and z, respectively, refer
to [75]:

E.=a+cy, Ey=b-cx 4.7
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Figure 4.2: Triangular edge element
where a, b, and ¢ are constants.

Combining (4.6) and (4.7), E: and E, within each triangular clement f are written

in terms of the tangential components:
E.=[UI" B, By =[VI"[E, (4.8)

where, the superscript T denotes matrix transpose,

a; - 1y b —azx
Ul=]a+ay |, V]=]|b=-czs|, [Elf=[Ea Ee Ea],
as + c3y bz — ez

and a;, b;, and ¢ (i = 1,2, or 3) are given by [75]:

ai [( ¥k cOS @i — ZicSin Px) sin @y — (y; COS 5 — T, sin ;) sin P}/ A

b;

[( y; cos @; — z;sin ;) cos O — (Y COS Pi — Ty Sin Pi) cO5 H;]/ A

¢ = (cose;sing, — cosesing;)/A

where s
A =3 (yicos¢; — z;sin ¢;) (cos §; sin b — cos P sin @,),

=1

and the subscripts 1, j, & progress modulo 3 around the triangle edges.
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The edge elements discretization is used to realize the linear system of equations
[Al[E] = [B] (4.9)

in which, [A] is 2 square matrix that involves the shape functions of the triangular
edge elements, [E;] is the global vector containing the edge variables (the tangential

components of the field along the triangles edges), and [B] is the excitation vector.

In consequence of discretizing the bounded domain , the boundary S is represented
by straight edges. In addition, the radiated field E is expanded in terms of pulse
functions :

M
E.=3 E.P. (4.10)
e=1

where, P. is a pulse function; unity over the boundary segment e and zero elsewhere,
M is the total number of boundary segments, and E. is the tangential component of
the electric field at the center of segment e.

Substituting (4.10) into (4.3), and evaluating the integral, yields:
M E- Ec .
F* = jupe 3 (—5—)Le (4.11)
e=1 A
where, L, is the boundary segment length.
To make F stationary, the derivative with respect to E; is performed:
oF® . E.
Thus, each boundary segment contributes the diagonal term jw,u.o-g-;, through the
boundary integral, to the global system of linear equations.

4.6 RESULTS

In order to demonstrate the validity and accuracy of the method, an empty (square

10 by 10 mm) metal enclosure is considered. The metal in all cases is modelled by a
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perfect conductor. This approximation is valid since the penetration through the metal
is negligible, refer to [80]. The region enclosed by the shield is divided into a uniform
mesh of 1 am space division. Further, the enclosure s excited by an electric field
component imposed as Dirichlet boundary condition (1 V/m) near the shield centre.
The computed field level resonates at the cutoff frequencies of the enclosure. These

computed cutoff frequencies f. are compared to the exact values in the following table.

Mode Cutoff frequency (GH=z) %
exact computed | error

T Er, TEa 15 14.6625 | 2.25
| TEqn 21.2132 91.2165 | 0.02
TEy,TEyn | 33541 33.561 | 0.06

"The reason for that the error being larger at the TE and T Eo, modes is that the
field pattern has its maximum near the excitation point where the field is forced to
have 2 value of 1 V/m.

Next, an empty (rectangular 20 mm by 2 mm) metal enclosure is considered. The
region enclosed by the shield is divided into a uniform mesh of 1 mm space division.
Further, the enclosure is excited by an electric field component imposed as Dirichlet
boundary condition (1 V/m). The computed field level resonates at the cutoff frequen-
cies of the enclosure. These computed cutoff frequencies f; are compared to the exact

values in the following table.

Mode | Cutoff frequency (GHz) | %
exact computed | error

' TEioa| 7.5 7475 | 0.3
TEap 15 1481 | 13
TEsg | 22.5 21.78 ) 3.2

Also, PCB are analyzed, both without metal enclosure as shown in Fig. 4.3, and

with me*al enclosure as in Fig. 4.4 and Fig. 4.5. It is to be noted that the number



of tracks chosen here is for the matter of convenience. Otherwise, the method can
handle arbitrary number of tracks as far as the computer memory requirements are
not exceeded.

Presented below are the computed coupling voltages and field patterns of the PCB.

4.6.1 Open PCB Results

The open PCB, see Fig. 4.3, is analyzed. The region defined by the truncating bound-
ary and the ground plane is modelled by 2 uniform mesh of 2 mm space division; using
concentric circles centered at the middle of the ground plane. As a matter of fact, the
matrix solved was only 0.53% full. The coupling voltages V2 and Vi, refer to Fig. 4.6,
do not exhibit resonance behavior over the frequency band scanned (0.1 — 8 GHz).
The highest frequency considered in all the computations is determined by the finite
discretization; for accurate results the space division must not exceed % where A is the
wavelength in the PCB.

Shown in Fig. 4.7 is the radiated clectric field in dB at 2 distance of 19 mm from
the coordinates origin. It seems that the radiation is partially blocked by the metal
tracks for the angles between 40° — 90°. Also, the plot in Fig. 4.8 shows the radiated
feld levels in dB, at f = 5 GHz, around the PCB. The highest values are at the
source (the right track located at 4 < z < 6,y = 2 mm). The field level declines

monotonically with the distance from the source; as expected.

4.6.2 Shielded PCB Results

Nonhomogeneous Dielectric

The shieided PCB with nonhomogeneous dielectric of Fig. 4.4 is excited by a signal
of 1 V amplitude on the right track; imposed as Dirichlet boundary condition between
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truncating boundary

ground plane

All dimensions are in mm

Figure 4.3: Open printed circuit board.
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Figure 4.4: Shielded printed circuit board.

Notto scale, All dimensions are in mm

Figure 4.5: Shielded printed circuit board with homogeneous' dielectric.
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Figure 4.6: Cross talk on the open printed circuit boird.
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Figure 4.7: Radiated field 2t 19 mm from the coordinates origin of the open printed
circuit board, f =5 GHz=.
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Figure 4.8: Radiated ficld in dB from the open printed circuit board, f =5 Glfz.
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the center of the conductor and the ground plane, namely, E = 500 V/m. The region
bounded by the shield is divided into triangles with 2 uniform space division of 1 mm.
The matrix obtained was only 0.21% full. Note that this board is the same as that in
Fig. 4.3 but with the shield added.

The induced voltages Vz and V3 on the other tracks are monitored, over the fre-
quency band 0.1 — 12 GHz, in Fig. 4.9. Two resonances are observed. This confirms
that the presence of the enclosure is responsible for the coupling voltages excursions.
Shown in the figure also is the computer code execution time. It seems that the matrix
obtained is more difficult to solve at the resonance frequencies; more iterations are
needed to achieve the same error criterion of 10~%. Also, the field distributions at the
resonance frequencies (f = 6.994, 10.7759 GHz) are plotted in Fig. 4.10 and 4.11,
respectively. The field peaks in the far end of each figure are at the tracks edges (feld
singularity).

Homogeneous Dielectric

Finally, consider a PCB that consists of two tracks embedded in 2 homogeneous dielec-
tric slab surrounded by the metal enclosure, as illustrated in Fig. 4.5. The dimensions
are chosen to simulate practical PCB configurations. The region inside the enclosure is
divided into nonuniform mesh: the horizontal division is § mm near the tracks (span 1
mm on each side) and 1 mm otherwise, and only two divisions are used in the vertical
direction, + mm each. The right track is excited uniformly by 1 V' amplitude; this is
justified by the fact that the track width is very small being £ mm. In terms of electric
field, the excitation is 4000 V/m. The matrix obtained is 0.16% full. Fig. 4.12 reveals
the excursions of the left track cross talk voltage V2. The reason for these excursions

is the excitation of the cavity (shield) modes.

The tracks are expected to have only 2 minor effect on the field distribution inside
the enclosure (note that the ratio of track width to enclosure width is 1 : 2000). Thus,
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Figure 4.9: Cross talk on the shielded printed circuit board.
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it could be useful to compare the cutoff frequencies f; with and without tracks. fe

without tracks are expressed as:
me
2a./¢,

where ¢ is the speed of light, and a the width of the enclosure. The following table

f c(TEM.o) =

shows that f,. are not effectively disturbed by the presence of the tracks.

Mode Cutoff frequency (MHz)
no tracks (exact) | with tracks (computed)
TE:o 277 277
TEgp 554 554
| TEsg ’ 830 831
TE.p 1107 1108
TEsp 1384 1385
[ TEgo 1661 1662
TEzo 1937 1939
TEgo 2214 2216
| TEgo 2491 2493
TEo 2768 2770
TEno 3045 3047
TE;20 3322 3324

This leads to the conclusion that for PCB configurations where the tracks are not
expected to appreciably affect the field distribution, f. can be obtained to & good
accuracy from the resonant frequencies of the same configuration but without the
tracks.

4.7 CONCLUSION

Two dimensional edge elements are utilized to characterize the radiation ard cross
talk phenomenon on open and packed printed circuit boards. It is presented as a
single method that can be used at any frequency, being limited only by computer



storage requirements if the device is very large in terms of wavelength. Also. the axial
propagation phase constant 3 is set to zero since only the transverse characteristics are
investigated; 3 vanishes at the cutoff frequencies and furthermore the niode pattern is

frequency invariant.

The approach presented here modifies only the diagonal terms of the finite element
matrix, and consequently the sparsity of the matrix, which is one of the most desired
features of the finite element method, is not affected. This allows the use of efficient

algorithms for sparse matrices. In addition, the matrix is banded and symmetric.

Numerical examples aze presented to demonstrate the validity and applicability of

the approach.
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Chapter 5

Finite-Element Method Combined
with Analytical Solutions of
Rectangular Arbitrary-Large
Housing with Aperture

5.1 PREVIEW

Real world is 3D, and 2D analysis is an approximation valid only for specific geometries
and under certain circumstances as described in Chapter 3. In particular, longitudinal
resonances cannot be accounted for via 2D modeling since the structure is assumed
infinite in the axial direction. Hence, 3D solution may be used to check the validity
and accuracy of 2D approximation. However, the number of equations needing solu-
tion increases dramatically in the 3D case. The cost for that is degradation in the
accuracy of the results for large structures in terms of the wavelength, and demanding
more computer storage which might exceed the capacity of the available computers.
To overcome this limitatior, the analytical solutions of a homogeneous rectangular
housing with an aperture are coupled to the edge elements solution of the rest inho-
mogeneous part (inhomogeneity) of the problem, refer to Fig. 5.1. The coupling is

accomplished via the continuity conditions at the aperture (the interface between the
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inhomogeneity and the housing). Upon discretizing the inhomogeneity into tetrahedral
edge elements, and enforcing the continuity conditions on the aperture. a system of lin-
ear equations is realized. The system of equations can be solved for the edge variables
in the inhomogeneity and the amplitudes of the housing (cavity) modes. From the
edge veriables, the electric field distribution is obtained by the interpolating functions.
Further, both the electric and magnetic fields in the cavity are available in terms of

the modal expansions.
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Figure 5.1: Inhomogeneous structure involving homogeneous rectangular housing.

This hybrid (throughout this Chapter, the word hybrid refers to the proposed FEM-
Analytical Solutions hybrid method) is especially useful for packed PCB and VLSL
The circuit package is represented by a metal shield most of it is empty except for

the substrate which constitutes only 2 small portion of the whole volume. Using the
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hyvbrid. only the inhomogeneity need to be discretized. The outcomes are substantial
reduction in the number of unknowns and CPU processing time and improving the
accuracy of the results since the discretization error jncreases with the electrical size
of the mesh [84].

The Snal matrix obtained is sparse except for the submatrices that correspond to
the coupling of the two solutions at the aperture. The dimension of these submatrices
is small being the number of terms in the modal expansion. To obtain accurate and
reliable results, the propagating modes and only few evanescent modes (usually two)
are sufficient. A further advantage of the solution is that it uses the edge-based FEM
which is expected not to produce spurious solutions. In addition, the solution can be

obtained without the need for matrix inversion.

5.2 GEOMETRY OF A TYPICAL APPLICATION

Fig. 5.2 illustrates 2 typical configuration that can be tackled using the hybrid method.
The metal enclosure might represent a circuit package whereas the substrate and signal
tracks together with the sources are modeled by the inhomogeneity. This configuration
is chosen for the sole matter of convenience, otherwise the method can handle any

inhomogeneous problem involving arbitrary-large cavity with aperture.

The magnetic and electric fields in the empty volume are expressed in terms of
modal expansions with unknown amplitudes. The rest inhomogeneous part is divided
into tetrahedral edge elements. These two solutions are combined through the continu-
ity of the fields tangential-components at the inter'r;ace, see Fig. 5.2. The combination
produces a linear system of equations wherein the unknowns are the medal amplitudes
on the interface, and the edge variables in the inhomogeneous volume excluding the in-
terface. Solving the linear system of equations determines the electric field distribution
in the inhomogeneity, and both the electric and magnetic fields in the empty volume.
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Figure 5.2: Housing partially-filled with inhomogeneity
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5.3 VARIATIONAL ANALYSIS

The inhomogeneity is described by its conductivity o, relative permittivity €., and
relative permeability z,. These quantities may of course represent anisotropic materials

in which case ¢, and/or u. have to be written as tensors.

The fields in this region obey the vectorial wave equation

v x E— n g . (23 -
= kyecE, € =€&—J— (5.1)
Hr Weg

V x

Alternatively, the fields are the solution of the variational equation
SF(E)=0 (5.2)

where, = denotes the complex conjugate, and E* is chosen as the variational parameter
in order that the final system of equations will be in terms of E. The functional
F corresponding to the wave equation (5.1) have been derived in Section 3.3. This

functional is expressed as

F(E") = L[(V X E)!'f‘" XE) _ e E. B4V — juso [ExAzd5 (53

in which V is the volume occupied by the inhomogeneity, Z unit vector in the = direction,

and S, is the interface as depicted in Fig. 5.2.

Since the housing considered is rectangular, it could be helpful to express the in-
terface integral of equation (5.3) in terms of the fields Cartesian components. Let the
subscripts z and y refer to the z and y components, respectively, of the field quantity.

Rewriting, Eq. (5.3) assumes the form

FiE) = [l E)

- K2e.E - E)dV — jupo /S (EH, - BH.)dS (54)
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5.4 FINITE-ELEMENTS DISCRETIZATION

In order to solve the functional F of the previous Section. the inhomogeneity is divided
into tetrahedral edge elements. A typical tetrahedron is shown in Fig. 5.3, where the
circulations of the tangential comporents of the electric and magnetic fields along a
tetrahedron edge, characterized by nodes 7 and j, are denoted by the lower case letters
&; and h;;. Note the convention that the tangential field component is directed from

node % to node 7 where ¢ < 3.

€03

€12

Figure 5.3: Tetrahedral edge element



The clectric and magnetic fields within every element are expressed as

E = ziq‘ hij ﬁ}i.j
with the spacial vector W,-J- being the Whitney basis function defined by (73]
Wi = AV, = NV, (5.6)

and ), is the barycentric function of node i expressed as

1 (F-7R)- A
where A; is the inwardly directed vectorial area of the tetrahedron face opposite to
node i, V. the element volume, and 7 the position vector. Also, 7, is the position

vector of the barycenter of the tetrahedron defined as
Ty = (o + 71 + 72 + 7)/4 (5.8)
in which 7; is the position vector of node <.

Below, the contribution of a tetrahedral element to the interface integral is derived.
So, let a tetrahedron has a triangular facet on the interface S;. Further let us use a
convenient local numbering scheme for the triangles on the interface, as illustrated in
Fig. 5.4. The numbering scheme proposed for the triangular facet is consistent with the
local numbering of the tetrahedral elements in that tangential component is directed

from node ¢ to node j wherez < j.

Using the interpolating expansions of Eqns. (5.3), the interface integral over a

triangular facet €, is transformed to

[ (ExH, - E;HdS = (5.9)
I el W) (T by - W) = (3 e - Wig) (3 b - Wig)] S
<] <3 i<y 1<)



Figure 5.4: Tetrahedron facet on the interface and its local numbering
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Rewriting this equation in matrix form

'[n B2, - E;H:]dS = (5.10)
I/E/OI. - _ .
[ le e e vvyl_;:g §-[ Wor Weo Was |
"?01 - - _ hOl
-4 | Wo i-[Wox Woz ng]){hm:\ds
Wi hi2

Note that the edge variables e;; and A;; are constants in every element, and the
Whitney vector function has a known analytical form given by Eq. (5.6). This makes
it possible to evaluate the interface integral analytically. It is easy to show that

ho
. jm[E;Hy - E;H:IdS = [ €51 €2 €12 ] Wle [ hoa 1 , (3-11)
h’l2

Ule=—2s| w2l 0 —ud2|,
108VE | 431 w32 O

wll = (5.12)
2A0c Aty ~ AoyAzz — Ay Aoz —
Aoy A1z + AsyAcz + AoyArz

w3l = (5.13)
Aoz Ayy — 240 Agy + A1z Aoy —
Agy Az + 242y Aoz ~ AryAaz

us2 = (5.14)
— Aoz Aoy ~ ArzAzy + 241 A0y +
Agy Aoz + Ay Aoz — 2A1yAcx
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where A, is the area of the triangular facet. V. the volume of the corresponding tetra-

hedron, Ai- the z component of A and A;y the y component of A,

The element matrices resulting from discretizing the volume integral of Eq. (5.4)

can be found in [84]. These matrices, denoted by (S and [T}, are rewritten here for

easy reference.

[ 23-t2g
Thatas
[S] = o | D212
Ve | to3-te3
oz tad
| fo,1- %23

[ 2(Joo—

I + 1)
Ioo — In
I + 212
Too — I
—Joz + 2112
In—1In
=2l + 12
Inn — I
=2z + I1a
I — Ih2

L =TIz + I13

€r

hathy
=2 t3 L2 2
—to3: tia B0 ti2
to2-tiy TPz b2
—to,1 - 1,3 o t12
2(Joo—

T2 + Izz)

foo— I,z 2(Joo—
I+ 20 fa + .[33)
Uy — N I — I
I+ I —Igpp+ I3
Iy — 2 2y = I3
—Ja+ Iy —Ipa+ I
Iz = In 2lpp = Im
'-2!03 + 123 -Ios + 133

&l

&

s
Y2 %03 toa-to2
t-tgz  —tor-toz tfoi-lor |
(3.15)
]
2(!11—
Iip + In)
In = ha 2(In -
—113 + 21@ 113 4 133)
he—In 2ha=Ia 2([n-
—2113 + .[23 —Im + Ian 123 + 133) ]
(5.16)

where £y is 2 vector from node k to node , and {k, 1} = {0,1,2,3} = {3, 7}, with k < {,

and Iij =A‘i'£j.

The edge elements discretization described converts the functional F into a matrix

form expressed as

F = [E7((S) - BITDIE] — jupol ELIT WU} Hs) - [E71T 1]
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where the global matrices (S, (T], and [U] are the assembly of the element matrices
[Sle» [Tle, and [Ule, respectively. The matrices [E:] and [H,] involve the edge variables
related to the electric and magnetic fields, and the vector [¥] is the excitation vector.

Finally, the subscript i indicates the edge variables on the interface.

5.5 MoDnAL EXPANSIONS

Linear combinations of TE and TM modes may be used to provide a complete and gen-
eral solution for the fields in the cavity part of the problem. Utilizing such practically-
important and commonly-used types of modes might help making the hybrid a conve-

nient method to implement and use.

The transverse components of the electric and magnetic fields, in the cavity depicted
in Fig. 5.2, are expanded in terms of the modes labeled by integer subscripts m and

n. (Note that the boundary conditions at the aperture are not known yet.)

Ex=Y CPEIf= + CPEIYm (5.18)
mn
Ey= Y CIME] B~ 4+ CTES M
mn
Hy =) CT"HIE~ + CyHZ M
&

Hy = Z C?l“'" H:-E"‘"‘ + c?;‘vn H;.Mm.n
mn

In these equations, the unknowns are the amplitude coefficients CT™" and Cam,
while the basis functions Ef&ms, ETMmn ETEma ETMma HTEwn HIMmn, HE Emmn,

and HIMm~ are expressed as

HTEmn = J:;;ﬁ sin "’;x cos m:y cos B(L - 2) (5.19)

<
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TEmmn
Hy
ETEW\,n

TEwm.n
Ey

EIM“"
T Mm.n

E!l

Hng.n

TMmn
H!I

where the dimensions a, b,

jmz3 nwr . mwy

— 3(L — = 5.2
¥ cos ——sin — cos 3(L — =) (5.20)

= jZy HTE™~tanB(L - 2) (5.21)

= —jZ,HI 5 tan (L - z) (5.22

_ naf nTr . mwy . 9

= = cos —— sin — sin 3(L — z) (5.23)
mxf3 . nrzx mry . -

—1 L—Z -2
pre sin —— cos — sin 5( ) (5.24)

= LEM~~cotf(L - 2) (5.25)
e

= —LETMmn cot (L - 2) - (329)

(]

and L are as shown in Fig. 5.2. The transverse cutoff

wavenumber k., the axial propagation phase phase constant 3, the /-mode impedance

Z,, and the E-mode impedance Z, for mode m,n are given by

g = Cr+Gy (5.27)

B = kKg-k (5.28)

Zy = k‘f 2 (5.29)
_ 5%

Z = & (5.30)

Zy = 1207,0hm (5.31)

5.6 THE HYBRID FORMULATION

The functional in its discrete form given by Eq. (5.17) is rewritten here for convenience

F = [E}JF(1S] = BITNE — jwpelEL)T (U Hes — [E2]7(¥) (5.32)

Separating the edge variables on the interface, the vectors [E:] and {¥] assume the

form
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[E:] = [ E.. ] (5.33)

where the subscript i refers to the edge variables on the interface, and the subscript o

refers to the remaining edge variables.

To maripulate the functional, le us partition the square symmetric matrix ([S] —
KT e A
_ | An A =
- = 3 4] 530
Observe that the square brackets of the submatrices {A11], [A12], and [Az] have been

dropped for convenience.

Substituting (3.33) and (5.34) into (5.32) yields

Fe | (5.35)
r my ][4 e ] o]
—jw!‘O[E‘i]T[U][Ht.i] - [ E:.OT E:-iT ] [ ‘\IIIIS ]

In virtue of the continuity conditions, the edge variables on the interface may be
related to the analytical solutions written in Section 5.5. The analytical solutions are
expressed in terms of the z and y components of the fields whereas the state variables
of the FEM are associated with the tangential components of the fields along the mesh
edges. Thus, 2 geometrical relatiocship must be used to relate these quantities. Fig.
5.5 shows an arbitrary edge, labeled by the integers ¢ and j, of length L. residing on
the interface. Let the angle of the edge vector measured from the z-axis be denoted
by ¢. The edge variables are related to the z and y components of the fields through
the following geometrical relationships
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Figure 5.5: Arbitrary edge on the interface

e; = (Bzcosd+ Eysing)L. (5.36)
hij = (Hzcosg+ Hysing)L, (5.37)

Using this geometrical formula, the edge variables can be easily expressed in terms

of the modal amplitude coefficients. This relationship in matrix form is written as

[Ees] = [P][C] (5.38)
(Hes} = [Q[C]

where [P] and [Q)] are matrices with known entries, and [C] is the vector containing

the modal amplitude coefficients.

Combining Equations (5.36) - (3.38), and performing the variational derivative give
the system of equations

(5 2a][%]-[%] o
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(D] = [Ar][P}, [T} = [PT[¥4),
[Dz] = [P ([Ax][P] — jwrelU]Q])

This system of equations is readily solved for the edge variables [E:,] and the modal

amplitudes [C].

5.7 APPLICATIONS

Several examples are considered to show the validity, accuracy, and usefulness of the
hybrid solution. Dielectric fillings, sharp metal edges, and finite-conductivity regions
are features of these examples. It is to be stressed here that no special singular trial
functions are used to model the sharp metal edges, yet accurate results are obtained as
expected. Another point worth mentioning is that excitations are modeled by Dirichlet
boundary conditions; the edge variable at the location of excitation is normalized to

unity.

The hybrid method solutions are compared to analytical solutions, other published
data, the pure edge-based finite element method, and experimental results. structures
having dimensions comparable to the wavelength were not possible to solve using the
edge elements method alone on the available computer resources (3100 DecStation, 16
Mbyte RAM) due to storage limitations. Using the hybrid method, problems with
arbitrary-large housing are possible to solve, howevér the size of the inhomogeneous
part in the problem is again limited by the computer storage. Incidentally, not only the
available computer resources are responsible for these limitations. Two other factors
contribute to this problem, viz., the solver of the linear system of equations and the un-
availability of an adaptive mesh generator. Eventhough the solver used, called sparse,
was designed for sparse matrices, the LU decomposition process on which the solver is
based produces fill-ins (non-zero entries) in the matrix and thus reduces the sparsity of
the matrix. There are some parameters that can be adjusted to control the growth of

the elements and reduce the fill-ins, but this is a matter of tradeoff between accuracy
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and computer storage demands. Furthermore. if the matrix is not well-conditioned,

adjusting these parameters has a minor effect.

In- order to solve problems comparable to the wave-length, a more efficient solver
is needed, e.g., the biconjugate gradient solver. Needed also is an adaptive mesh
generator which generates 2 refined mesh near field discontinuities and small objects,
and coarse mesh where the field variation is expected to be slow. With an adaptive
mesh generator, less number of unknowns are required to obtain the same accuracy as

compared to a uniform mesh.

The applications investigated are

Metal Enclosures

e Large empty cavity
e Half-filled cavity

o Cavity with ridge

Packed Lands (conductors) on Dielectric Boards (VLSI)

e Loops

1. Loop and patch

2. Cross-talk between two loops
e Planar Transmission Lines (Microstrips)

1. Single TL
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2. Cross-talk between two terminated TL’s embedded in dielectric substrate

3. Cross-talk between two unloaded TL's.

s Experimental Results

Following is description of these examples.

5.7.1 Metal Enclosures

e Large Empty Cavity
The objective of this example is to ilustrate the application of the hybrid method.
The dimensions of the cavity are 5 mm x 50 mm x 501.6 mm as shown in Fig. 3.6.
In order to apply the hybrid, an artificial interface is introduced at z = 6.6 mm
and the volume below the interface is divided into three layers of tetrahedrons,
refer to Fig. 5.6. The resulting number of unknown edges is 546. Only one
mode below cutoff in addition to the propagating modes are used to represent
the solution in the volume above the interface, z > 6.6 mm. Obviously, the edge-
based FEM alore cannot solve this example on the available 3100 DecStation (16
Mbyte RAM) since using the same discretization scheme for the whole structure

produces over 65000 total number of edges.

The excitation V) is located at the point (2.5,1.25,1.6) mm and the output V2
is monitored at the point (22.5,1.25,1.6) mm. Fig. 5.7 shows the frequency
response of the empty cavity. The excursions of the output voltage in this plot
are attributed to the excitation of the cavity modes. These resonant frequencies

are compared to the exact values in the table below where the maximum relative
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Figure 5.6: Empty cavity modeled by the hybrid method.
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error is less than 0.3%.

Mode | Cutoff frequency (GHz)| %
number | computed exact | error
1,0,1 3.015 3015 O
1,0,2 3.060 3.059 | 0.03
1,0,3 3.132 3.131| 0.03
1,0,4 3.232 3.230 | 0.06
1,0,5 3.355 3.352| 0.09
1,0,6 3.500 3.496 | 0.11
1,0,7 3.663 3.658 | 0.14
1,0,8 3.844 3.837 | 0.18
1,0,9 4.038 4.030 | 0.20
1,0,10 4.245 4.236 | 0.21
I1,0,11 1.462 4453 | 0.22
1,0,12 4.688 4677 | 0.24
1,0,13 4.923 4911 | 0.24
1,0,14 5.163 5.150 | 0.25
1,0,15 5.41 5.396 | 0.26
1,0,16 5.663 5.647 | 0.28
1,0,17 5.918 5.903 | 0.25
2,0,1 6.008 6.007 | 0.02
20,2 6.03 603 O
2,0,3 6.067 6.067| O
2,0,4 6.119 6.118 | 0.02
1,0,18 6.178 6.162 | 0.26
2,0,5 6.185 6.183 | 0.03
2,0,6 6.265 6.263 | 0.03
2,0,7 6.358 6.355 | 0.05
it 1,0,19 6.443 6.425 | 0.28
2,0,8 6.463 6.459 | 0.06
2,0,9 6.581 6.576 | 0.08
1,0,20 6.708 6.691 | 0.25
2,0,10 6.710 6.704 | 0.09
2,0,11 6.849 6.843 | 0.09
11,0,21 6.978 6.960 | 0.26
2,0,12 6.999 6.991 | 0.11
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Figure 5.7: Frequency response of the empty cavity
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e Half-Filled Cavity
This example is aimed at testing the validity of the hybrid method for inhomo-
geneous problems. For that reason, the cavity is half filled with ¢, = 2 dielectric

material as depicted in Fig. 5.8.

Modal

....

3 ,
x/"_3

Dimensions are in mm.

Figure 5.8: Half-Filled cavity.

The interface, needed by the hybrid solution, is chosen to be the surface of the
dielectric as illustrated in Fig. 5.8, and only the dielectric is discretized. Further,
one evanescent mode and the propagating modes are used in the modal expan-

sions. The computed resonant frequencies of this structure compares well to the
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analytical solutions in the following table.

Mode | Cutoff frequency (GHz) | %
number | computed exact | error
1,0,1 16.615 16.893 | 1.6
2,0,1 25.62 25.998 | 1.5
1,0,2 28.95 28.338 | 2.2
3,0,1 35.32 35.824 | 14
2,0,2 36.33 36.445 | 0.3
1,0,3 38.16 38.656 | 1.3

e Cavity with Ridge
The ridge with its sharp metal edges is modeled without the need for special
singular trial functions. The geometry of the problem is drawn in Fig. 5.9 where
an artificial interface is introduced in order to reduce the number of unknowns
needing solution. The modal expansions used in the hybrid solution involve the
propagating and ten modes below cutoff. As a matter of fact, five evanescent and
the propagating modes are sufficient. In order to solve the problem numerically,
a uniform mesh is generated to represent the FEM region of the problem in Fig.
5.9. The space division of the mesh is 1 mm in y and z directions while 0.938 mm
space division (8 divisions) is used in the z direction. Accordingly, 661 unknown
edges are produced. The computed resonant frequencies of this structure are

compared with an eigen-value solution using the pure edge-based FEM (85| in
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the table below. The two solutions are in good agreement.

Computed resonance frequency (GHz) %
Hybrid solution | Edge-Elements solution [85} | relative difference

1 24,198 23.868 14
2 35.57 35.113 1.3
3 36.9 37.395 1.3
4 37.87 37.92 0.1
5 38.28 38.001 0.7
6 41.93 41.301 15
7 43.03 42571 1.1
8 43.748 43.464 0.6
9 46.5 46.586 0.2
10 48.02 7.398 1.3 |

Remark that an adaptive mesh refined near the field discontinuities and coarse
elsewhere would better represent the geometry at hand with less number of un-
knowns. For the simple reason that no commercial mesh generator is available
for our research group, now, a uniform mesh in most cases is used. This remark

holds for all the examples presented in this thesis.

5.7.2 Packed Lands on Dielectric Boards (VLSI)

e Loops
Two examples are included in this Section. The field distributions of the first
example obtained by the pure edge-elements method are compared to those ob-
tained by the hybrid method. In the second example, the cross-talk between two
loops in close proximity is computed by both the edge elements and the hybrid

methods. The two solutions are in excellent agreement.

1. Loop and Patch
Loop and a rectangular land (patch) on dielectric board surrounded by metal

package is shown ir Fig. 3.10. Since circuits are nothing other than loops,
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Figure 5.9: Cavity with ridge modeled by the hybrid method.
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this loop might represeat a circuit. For the edge elements solution, the whole
structure is divided into tetrahedral elements. The space divisior is 1.6 mm
in z direction, and 2.5 mm otherwise. On the other hand, an artificial
interface is placed at z = 3.2 mm for the hybrid method application. The
region under the interface is discretized into two layers of tetrahedrons, and
the modal expansions used involve five evanescent modes.

The total electric field distributions inside the substrate at z = 0.8 mm for
six arbitrarily-chosen frequencies (f = 0.5,2,4,5,6, and 7 GHz) are shown in
Fig. 5.11. Again, it is clear from these distributions that the hybrid and the
edge elements solutions are almost identical. The advantage of the hybrid
method in reducing the number of unknowns will be more significant for
larger height structures. These long structures are not possible to solve by
the pure edge elements method on the available resources (3100 DecStation,
16 Mbyte) since the disc storage limit will be exceeded.

The first resonance of the enclosure (if the substrate is removed) occurs at
11.36 GHz for the TE; ;o mode. Incidentally, from the numerical results,
a resonance behavior of the packed circuit is observed at f = 6 GHz, ie.,
below the first resonance of the enclosure. This resonance is attributed to
the circuit itself and is expléined as follows. The loop may be viewed as
a short-circuited transmission line. It is well known that a short-circuited
transmission line resonates at frequencies for which its length is multiple of a
quarter wavelength. Therefore, let us approximately compute the resonant

wavelength 2t f = 6 GHz using the empirical formula

Aresonance = —% = 33.7lmm (5.40)

The average length of the loop is 33.75 mm, and consequently this resonance
is the fourth resonance. In fact, the effective dielectric constant has to
be used in the formula (5.40) rather than the dielectric constant of the
substrate. The fringing of the fields also has to be taken into account by
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Figure 5.10: Loop and patch on dielectric board in metal housing.
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Figure 5.11: The total electric field distributions ((a),(b),(c),(d),(e), and (f)) inside the
substrate at z = 0.8 mm of the "Loop and patch” example.
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. Hybrid solution
—— FEM solution
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Figure 5.11: (b) f =2 GHz
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. Hybrid solution
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Figure 5.11: (f) f = 7 GHz
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adjusting the equivalent TL length. Seemingly, these two factors tend to
offset each other, and the simple prediction is in excellent agreement with

the numerical result.

. Cross-Talk between Two Loops

One of the problems that concern the EMC society is the cross-talk which is
classified as an intra-system interference. In other words, tize electronic sys-
tem interferes with itself. This happens when conductors inside the system
are placed close together such that the electromagnetic fields couple from
one conductor to the other causing degradation of the system performance.
Furthermore, the system shield may enhance the cross-talk for frequencies
nearby the resonance of the shield itself. In order to analyze the cross-talk
phenomenon, consider the two arbitrary-shaped loops or top of a dielectric
board enclosed by a metal enclosure as illustrated in Fig. 5.12. In this fig-
ure, the excitation is V] and the cross-talk voltage is Vo. The height of the
package L is set to L = 0.91 cm, and the frequency response of the cross-talk
represented by the transfer function ratio V2/V; is computed by both the
edge elements and hybrid methods. The two solutions are indistinguishable
as plotted in Fig. 5.13. Resonances at the frequencies 2 GHz and 5 GHz
are observed in the figure. These resonances are not due to the shield since
the first resonant frequency of the shield is 7.8 GHz. Rather, the cause of
these voltage excursions is the resonances of the short-circuited TL (loop) as
discussed in the "Loop and Patch” example. Note that the second resonant
frequency is not twice the first resonant frequency as expected by the simple
TL model. The structure is sophisticated, and thus the simple TL model

gives only a general idea in such cases.

After that, L is increased to I = 2.5 cm, and the problem is solved only
using the hybrid method because the application of edge elements method
alone is not possible for this case as discussed earlier in this Chapter. Since
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Figure 5.13: Cross-talk in the "Two Loops” example.
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the resonances below 7 GHz are not related to the shield. increasing shield
height to L = 2.5 cm has 2 minor effect on the resuits. The effect is slightly
reducing the second resonant frequency as Fig. 5.13 shows.

It could be helpful to describe the discretization used for this example. The
volume below the artificial interface, see Fig. 5.12, is divided into two layers
of tetrahedrons; one layer representing the substrate and the other layer
representing the rest of this volume. The space division is 2.5 mm in the z
and y directions. Same discretization scheme is used for the edge clements

method.

e Planar Transmission Lines (Microstrips)

Presented in this article are three examples. The field distribution of the first
example, and the cross-talk of the second example are computed by both the edge
elements and the hybrid methods. Comparing the results reveals good agreement
between the two solutions. The cross-talk in the third example is solved by the

hybrid method. The three examples are

1. Single Transmission Line

Fig. 5.14 illustrates a planar TL on dielectric substrate placed in a metal
enclosure. An artificial interface, for the hybrid method, is introduced at
z = 7 mm, see Fig. 5.14, and the region under which is discretized into
tetrahedral edge elements. The mesh used is uniform and has a space divi-
sion of 3.5 mm. The field distribution is computed using the hybrid method.
On the other hand, the application of the edge elements method requires
the discretization of the whole structure. Using 2 uniform mesh of 3.5 mm
space division, the total number of edge variables is 2065 compared to 644
total number of edges required by the hybrid method. The field distribu-
tions obtained by the two methods at z = 1.75 mm and f = 5 GHz are
plotted in Fig. 5.15.
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2. Cross-Talk between Two Terminated TL’s Embedded in Dielectric Substrate
This problem consists of two planar TL’s embedded in dielectric substrate,
and terminated in 50 Q resistive loads as in Fig. 5.16. The region below the
artificial interface is represented by a tetrahedral mesh. The space division
is 2.5 mm except in the substrate where the space division is 1.6 mm in the
z direction. Each resistor is modeled by one brick at the input termiuals of
the TL. This brick has conductivity ¢ that gives the value of the resistor 50
Q.

According to the EMC terminology, the TL containing the source (excita-
tion) is called the "generator circuit”, the other victim TL is termed the
"receptor circuit”, and the shield is the "reference conductor”. Also, the
voltage induced in the receptor circuit at the input terminals near the source
is denoted by the "near-end cross-talk”, whereas the voltage induced in the
receptor circuit at the input terminals away from the source is termed the
" far-end cross-talk”.
Frequency responses of the near-end and far-end cross-talk are computed
by both the edge elements and hybrid methods. The maximum relative
difference between the two solutions is less than 1.5 % , refer to Fig. 5.17.
3. Cross-Talk between Two Un-Loaded TL'’s
Fig. 5.18 illustrates two parallel tracks (planar TL’s) on Duroid substrate,
¢, = 2.2, in 2 metal enclosure representing the circuit package. The problem
domain (the volume below the artificial interface) is modeled by a uniform
mesh of 2.5 mm space division except in the substrate where the space
division in the z direction is 1.5748 mm. The near-end and far-end cross-
talk are computed for two values of track width, in Fig. 5.18 TW =5 mm
and TW = 2.5 mm, by the hybrid method. The results are shown in Fig.
5.19 (a) and (b). |

The first resonance of the enclosure, without the circuit, is at f = 7.8 GHz.
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Figure 3.16: Two loaded planar TL’s embedded in dielectric substrate.
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minated TL’s Embedded in Dielectric Substrate”.
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Figure 5.18: Two unloaded TL’s on Duroid substrate, ¢, = 2.2.
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Figure 5.19: Cross-talk levels - (a) and (b) - in the circuit of the "Two Un-Loaded
TL’s” example.
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Figure 5.19: (2) Near-end cross-talk
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The numerical value is 7.7 GHz, see Fig. 5.19. The shift in the resonant
frequency of 0.1 GHz is due to the existence of the inhomogeneity (the
circuit) inside the enclosure. The other four resonances shown in the figure
are due to the open-circuited TL (unloaded track) . To get a general idea,
let us compute these four resonances using the empirical formula

0.3
4. /&L
where £ is the length of the open-circuited TL, 30 ¢m, and & = 2.2. From

this formula, the first four resonances are: 1.7,3.4,5.1,and 6.7 GHz. A good

correlation is seen between these values and the numerical results shown in

fresonance(GH2Z) =

p,p=12,... (5.41}

Fig. 5.19 (2) and (b). Also, note that values of the resonant frequencies are
higher for the smaller track width TW = 2.5 mm; this is reasonable since
the efective dielectric constant decreases as the track width is reduced.
Observe in addition that the enclosure resonant frequency f = 7.7 GHz did
not change when the track width was adjusted; this makes sense because

this resonance is mainly related to the enclosure.

e Experimental Results

In order to verify the hybrid solutions where the edge element method is not
applicable, an experiment was made. The experiment is illustrated in Fig. 5.20.
It is composed of two parallel tracks terminated in 50 Q loads. The tracks are
on top of RT/durocid 5880 substrate with €. = 2.2 and thickness 0.062" = 1.5748
mm. The entire circuit is placed in a metal enclosure as shown in Fig. 5.20
(2). The enclosure was made of brass, and the tracks were cut from a copper
foil and pasted on top of the substrate. The lid is removed to visualize the
circuit as shown in Fig. '5.20 (b). Twenty four screws were used around the
lid to maintain electrical continuity across the joint and prevent forming 2 slot
antenna. Alternatively, a conductive gasket could have been used. To preserve

the effectiveness of the shield, square coaxial connectors of type-code 235M A —
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50 — 0 — 53 were peripherally bonded to the enclosure as shown in Fig. 5.20 (b).
A photograph of a coaxial connector is shown in Fig. 5.21. The lumped resistors
used were micro-wave chip resistors with part number P/N: Sc0014M, 50 Q 1%.
Fig. 5.22 shows a photograph of the resistor. Due to technical difficulties, it was
not possible to solder the resistors to the shield. These resistors were soldered to
the tracks ends on one side and connected to the shield via a small copper foil

on the other side.

Vector voltmeter, to measure the cross-talk voltage in the circuit shown in Fig.
5.20, was not available. Instead, the Ap 8510B network analyzer was used, see Fig.
5.20 (c), to measure the transmission coefficient. The transmission coeflicient is
equal to the far-end cross-talk, with normalized excitation to unity, provided that
the tracks are matched to their loads. For that reason, the track width was chosen
so that the characteristic impedance of the line is approximately equal to the load
value 50 Q. This choice was based on design curves for microstrip TL’s. These
design curves do not take into account the coupling between adjacent microstrips
and the effect of the enclosure. The dimensions of the enclosure were chosen such
that the computer storage requirement is not exceeded over the frequency range
up to 5 GHz. In fact, later on the measurements were carried on to 8 GHz to see

the first resonance of the enclosure.

To model accurately the problem illustrated in Fig. 5.20, an adaptive mesh
generator is needed which generates a refined mesh near field discontinuities and
small objects, and coarse mesh where the field variation is expected to be slow.
Unfortunately, such mesh generator is not available to our research group. In
consequence to that, some aspects of the problem are not represented properly
by the mesh used. For example each of the lumped resistors is modeled by two
adjacent bricks with size 5 x 2.5 x 1.5748 mm®. This approximation reduces the
track length. Thus the actual track is modeled by a slightly shorter track. Also
the metal box is assumed completely sealed, i.e., the cable penetrations are not

taken into account. The excitation is modeled by Dirichlet boundary condition.

124



Figure 5.20: An experiment consisting of two terminated signal tracks on Duroid sub-
strate, ¢, = 2.2, in metal housing.
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Figure 5.20: (a) Schematic of the device to be tested
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Figurc 5.20: (b) Photograph of the device tested
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Figure 5.20: (c) Photograph of the experimental setup



Figure 5.21: Photograph of the square coaxial connector.

Figure 3.22: Photograph of the microwave chip resistor.
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These differences between the actual device tested and its finite elements model
are expected to affect the agreement between the computed and measured results

especially at the higher frequencies.

The predicted and experimental results are within 2 dB up to 3.8 GHz as plotted
in Fig. 5.23. Between 3.8 GHz and 6 GHz, the numerical solution is 2 bit shifted
to the right. This is explained by the fact that the actual TL is modeled by
a shorter TL: the longer TL at frequency f is equivalent to the shorter TL at
frequency f + Af. To see why this shift starts to appear after 3.8 GHz, let us
compute approximately the difference in terms of the wavelength between the
actual and model TL’s. The space division of the mesh used is 2.5 mm in the
z and y directions. Thus the leagth difference for the generator circuit is 2.5
mm, and 5 mm for the receptor circuit. Note that the generator circuit has one
resistor while the receptor circuit has two resistors. These difference in terms of

the wave-length at f = 3.8 GHz are

25 25 0.03)

2.5mm — o 5

S mm— 3 = 0.1
Aov/Ex )

Therefore, these differences start to affect the results when it become comparable
to 0.1 A. This simple result is consistent with one of the most fundamental
principles of the FEM: a space division will be "seen” by the electromagretic

wave if it is greater than 0.1 A.

Lastly, the resonant frequency 7.7 GHz is accurately predicted since this fre-
quency is mainly related to the shield dimensions. However, the predicted levels
of the cross-talk are higher than the measured levels. This is due to that the
cable penetrations into the shield, which cause energy leakage, were not taken

into account. The diameter of each cable penetration was 4.3 mm. Note that
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Figure 5.23: Experimental and computed far-end cross-talk transfer function of the
experiment described in this Article.
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4.3 mm at 7.7 GHz is 0.16 A. In addition, the conductors in the model are as-
sumed perfect, and the track thickness is assumed zero, the resistor size in the
model is much larger than the actual size in the experiment. Furthermore, the
TL’s might not be matched at all frequencies in addition to the reflections at
the cable entries into the enclosure. Another factor that contributes to the error
in this band is that the maximum edge length of the finite element mesh in the
substrate is larger than 0.1 X (0.15 A at 8 GHz). Overall, the agreement between

the numerical and experimental results is reasonable.

5.8 CONCLUSIONS

Three dimensional hybrid numerical method has been proposed in this Chapter. The
method couples the edge-based FEM solution to the analytical solutions of a homoge-
neous arbitrary large housing with aperture. The coupling has been effected via the
continuity conditions at the aperture. The validity and accuracy of the formulation
have been shown by comparing the hybrid solutions to other published data, the pure
edge-based FEM solutions, and analytical solutions. In addition, an experiment was
made. There are unavoidable differences between the finite elements model and the
actual device due to the unavailability of adaptive mesh generator. Also. a vector
voltmeter to measure the cross talk voltage was not available. Instead, the network
analyzer was used to measure the transmission coefficient which is equivalent to the
frequency response of the cross-talk only if the transmission lines are matched to their
loads. Keeping these considerations in mind, the experimental results have demon-

strated the validity and usefulness of the proposed method.

An advantage of the hybrid method is that it employs the edge-based FEM which
is not expected to produce spurious modes. Further, the hybrid significantly reduces

the number of equations needing solution compared to the edge—Based FEM.

-
-
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Chapter 6

Conclusions

The usc of the finite element method has rapidly increased during the past several years
due to its capability of tackling strongly complex problems with arbitrary boundarics.
Further, the solution for inhomogencous problems can be obtained without essentially
changing the solution algorithm. In addition, different types of finite clements are
available, e.g., lincar, curvilinear, and higher order clements on tetrahedron, brick, tri-
angle, or rectangle. Also, nonlincar problems related to the saturation phenomenon in
magnctic materials can be handled by the FEM. Thus the constituent properties of the
material are described by cither a scalar quantity (isotropic), or tensor (anisotropic),
or nonlinear plot between the electric ficld and polarization vector or between the
magnetic field and flux density. The final matrix produced is sparse which is one of
the most desired properties of the finite clement method where efficient algorithms for

reducing the computer storage demand can be employed.

On the other hand, the node-based (the degrees of freedem are associated with the
nodes of the mesh) finite clement mecthod suffers from a scrious drawback, namecly,
the occurrence of spurious modes or the nonphysical eigenvalue solutions. Fven if the
device is excited by known, non-zero boundary conditions, the quality of the solution

will be determined in part by the eigensolutions of the governing equation [87).

The problem of spurious modes scems to have been overcome by the construction
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of new brand of the finite element method referred to as the edge-based finite element
method. The degrees of freedom of the edge-based finite element method (briefly, edge
¢lements method) are associated with the tangential components of the ficld variable
along the mesh cdges. Additional advantages of the edge clements method are allowing
for the discontimnity of the normal component of the ficld across material interfaces,
and being better at handling ficld singularitics [88]. The edge clement method produces
larger number of equations than the node-based finite clement method. However, the
edge elements method matrix is more sparse such that less computer storage is needed
compared to the node-based FEM matrix [73]. It is to be noted here that not only
cdge clements are available, also facet elements (the unknowns are related to the normal
components of the flux across the clement facets) and volume clements (the unknowns

are rclated to the volume of the clement) are available {73].

In order to use these edge clements for open boundary problems (e.g., radar scat-
tering computations, radiation from clectronic devices, and penetration into complex
shiclded enclosures), the finite clement mesh must be terminated by a proper boundary
condition. This boundary condition is cither global (hybrid methods) or local (ABC:
Absorbing Boundary Condition). The hybrid numerical methods are more accurate
than ABC methods since the former use exact boundary conditions while the latter
usc approximate boundary conditions. The price of this accuracy is affecting the spar-
sity of the FEM matrix and requiring matrix inversion in general which limits the
application of the hybrid methods to small size problems in terms of the wavelength.
The ABC methods produce sparse matrices and thus require less computer storage.
However, since the ABC is approximate, the mesh must extend 2 significant distance
away from thc gecometry of interest in order to obtain an accurate solution. As the
discretization ecrror increases with the mesh size, this has serious implications on the
ABC methods [84]. Thesc limitations of both ABC and hybrid methods are resolved
in this thesis by using the edge elements method which is free from the adverse effects

of spurious modcs, and proposing formulation for a2 new hybrid method that preserves
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the sparsity of the matrix.

In this thesis, the 2D cdge clements solution [73] is combined with an asymptotic
expansion of the field scattered from an inhomogencous object {representing an elece-
tronic device for example). The combination produces local boundary condition and
thus the solution is approximate. The solution preserves the sparsity and symmetry
of the matrix. Comparisons with other numerical and analytical solutions show the
validity and usefulness of the formulation presented. Unexpectedly, very good results
arc obtained when the truncating boundary is placed fraction of wavelength from the
the scatterer. This of course reduces the number of unknowns and improves the ac-
curacy of the results since the discretization error increases with the clectrical size of
the mesh [84]. Obtaining good results with the truncating boundary placed fraction of
wavelength from the surface of the scatterer might be explained as follows. The edge el-
ements solution does not produce spurious modcs, and thercfore less error propagation

is expected between the truncating boundary and the body.

It has been noticed that calculations performed for frequencies near the resonant fre-
quencies of a closed structure required more CPU time to achieve the same crror crite-
rion, refer to Chapter 4. This indicates that the system matrix becomes ill-conditioned

for frequencies closer to the resonant values.

A 3D hybrid numerical method is presented in this thesis. This hybrid method,
unlike most of the other hybrid methods, produces sparse matrix and doces not need any
matrix inversion. It combines the analytical solution of part of the problem with the
edge elements solution of the inhomogeneous part. This method is mainly uscful for the
analysis and design of packed printed circuit boards. The circuit package is represented
by metal enclosure most of it is empty except for the substrate which comprises only
a small portion of the whole volume. Consequently, the number of unknowns necding
solution is significantly reduced. Also, the accuracy of the solution is enhanced since
only the inhomogeneous part of the problem is discretized. The hybrid solutions are

compared to analytical soh_.ltions, other numerical published data, and the pure edge-
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based finite clement method solution. The comparisons demonstrate the validity and
accuracy of the proposed method. Also, an experiment was performed and the results

compare favorably with the hybrid solution.
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