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Abstract

A primary function of radomes is to protect the antenna against climate change. However,
its presence can have a detrimental effect on the antenna radiation pattern if it has not
been taken into account during the electromagnetic design of the antenna system. Another
complication is that existing commercial electromagnetic software packages are known to
be inefficient and/or inaccurate for solving electromagnetic problems involving electrically

thin and/or complex-shaped objects.

In this work a novel method is presented, which is simple to implement and yields po-
tentially more accurate results as compared to existing commercial software packages. Fur-
thermore, efficiency enhancement techniques are employed to alleviate the computational

burden of the implemented method.

A universal approach is presented—utilizing cube-shaped high resolution basis functions—
for solving multi-scale scattering problems. A major advantage of employing micro-domain
basis functions is the ability to discretize arbitrarily-shaped geometries more accurately as
compared to conventional types of basis functions which are typically one to two orders
larger in size. However, increasing the number of basis functions increases the computa-
tion time and decreases the memory efficiency of a standard method of moments (MoM)
approach. In order to overcome this problem, we exploit translation symmetry and use
the Adaptive Cross Approzimation (ACA) algorithm to ameliorate time efficiency, while
the Characteristic Basis Function Method (CBFM) is an effective approach for mitigating
the memory storage requirements. Moreover, the approach lends itself for a parallel im-
plementation and involves supplementary analytical computations for dealing with the field

singularities.

To verify the proposed method, a number of dielectric scattering problems have been solved
and results have been compared to the commercially available HFSS and WIPL-D soft-
wares, as well as the analytical Mie-series solution. The results obtained through our
method generally demonstrate high accuracy and computational efficiency in comparison
with the results obtained by the HESS software.



After validating the novel implemented numerical method, the operating principle of the
Substrate Measurement System (SMS) is described for measuring the permittivity and the
loss tangent of dielectric materials. The procedure for the calculation of the constitutive
parameters of the materials, used by the SMS, are detailed. To complete the study, the
scattering from both flat and shaped radomes have been analyzed for the herein presented
method, called MEDM, and the detrimental effect of the radome on the antenna radiation

pattern are examined
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Acronym  Definition
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Chapter 1

Introduction

The introduction and the contextual background of the problem is discussed in this chapter.
An overview of the pros and cons incurred by the use of a radome is made. The feasibility
of obtaining a numerical solution as well as the most popular techniques in computational
electromagnetics are described. The need for a computationally efficient and accurate tool
1s discussed, after which the developed and employed techniques in this thesis are described.

Finally, the organization of the thesis is provided.

1.1 Background Information

A radome is used primarily to protect the antenna against climate changes, such as humid-
ity and temperature variations [1, Chapter 14]. However, the presence of a radome may
also cause the incident electromagnetic waves to scatter in various undesired directions,
which, in turn, affects the antenna radiation pattern. Furthermore, the power absorp-
tion losses may increase and, as a result, the system noise temperature as well. Ideally,
a radome must therefore be transparent for electromagnetic waves or be accounted for in
the design otherwise. Most commonly, a radome is therefore made from a thin material
with a low effective permittivity to minimize the electromagnetic interaction between the
antenna and the radome. Neglecting the influence of the radome eases the antenna design;
however, it is still of importance to quantify the actual absorption losses and the scattering

of (possibly shaped and multilayer) radomes to indeed demonstrate that the impedance
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and radiation characteristics of antennas are barely affected by such objects.

Figure 1.1: An artist’s impression (Xilostudios) of the manner in which aperture array tiles

in the square kilometer array can be positioned in the field and be protected by radomes [2].

The Square Kilometer Array (SKA) is a future radio telescope, planned to be operational
in 2020, with an effective area A.g exceeding 30 times that of the most sensitive radio
telescope currently in operation. The SKA will reveal the drawn of galaxy formation,
as well as many other new discoveries in the science field called radio astronomy [2, 3.
Fig. 1.1 shows an artistic impression of a SKA station with dishes surrounding the central
area made up by aperture array antenna tiles. Each tile consists of a number of antenna
elements controlled by a digital beamforming module to image the sky through multiple

beams as depicted in Fig. 1.2.

Often, the antenna’s radiation pattern is computed in the absence of a radome, however,
when a radome is used to protect the antenna elements it can cause beam pointing and
beam shaping errors if the radome has not been taken into account directly during the
electrical design of the antenna. The magnitude of these errors generally depend on the

beam-steering direction, shape and dielectric properties of the radome.

From the above discussion, it is inferred that the effect of a radome can be significant
and must therefore be taken into account when an accurate computation of the radiation
pattern of the antenna is required. Existing general-purpose electromagnetic software
tools employing the conventional Method of Moments (MoM), the Finite Element Method
(FEM), or the Finite Difference Time Domain (FDTD), are severely limited in solving
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Figure 1.2: Electronic sky survey using multiple beams through digital beamforming [2].

large complex problems accurately and fast. A number of research papers has appeared
in recent years on the development of efficient computational electromagnetic methods
to reduce the computational cost, while maintaining high accuracy. Nonetheless, further
research is on the go; a few contributions towards the development of electromagnetic

methods, for including radomes in a MoM setting, can be found in [4,5].

1.2 Brief Review of Computational Electromagnetic
Methods

When designing electromagnetic instrumentation, the exact solution of the corresponding
mathematical EM model is desired but not always achievable. In general, the solution
error is left on behalf of the physical modeling (geometrical approximation) and/or math-
ematical modeling (discretization) error. Furthermore, it is time and resource demanding
to calculate the solution of Maxwell’s equations for large complex problems with minimal
error. In order to overcome the limited computational resource capacity of computers, nu-
merically efficient techniques are applied which alleviate the computational burden while

being capable to approximate the exact solution with minimal error.

Since the scope of existing computational methods is vast, we discuss here only a few
widely recognized computational methods. Thorough exposition of these methods can be

found in computational electromagnetics text books [6-8]. In short, the most commonly
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applied methods are:

e FDTD (Finite Difference Time Domain) [9] discretizes Maxwell’s time-dependent
curl equations and approximates the field solution iteratively. A few salient features
of this method include parallelizability and simplicity; however the FDTD alone is
not very attractive for solving electrically large problems or to handle slowly decaying
transients due to a maximum allowable time step during each iteration needed for
obtaining a stable scheme (Courant criterion), while requiring large number of time
steps at the same time to obtain a convergent result. The latter can also result in

round-off errors.

e FEM (Finite Element Method) [6] sets the weighted residual of Maxwell’s curl
equations to zero to solve for the unknown set of expansion coefficients. A few nice
attributes include the ability to deal with complex structures and the ability to handle
dispersive media, while a major disadvantage of a straight forward implementation
is the extensive computation time and memory complexity, particularly for open-

boundary problems.

e MoM (Method of Moments) [10] forms a set of equations through discretizing
a boundary or volume integral equation for the surface or volume current, respec-
tively, by imposing boundary conditions on the electric and /or magnetic field. It has
the ability to handle dispersive media but is not well suited for complex problems

employing non-uniform media.

The above methods can be formulated in both the time and frequency domain. Generally,
frequency domain methods are more accurate, while time domain methods can handle
nonlinear problems. Despite there has been prolific research towards the development
of computational methods, available commercial software tools are multi-purposes codes
and are therefore not very attractive for solving certain specific problems. For instance,
HFSS [11] rapidly loses its efficiency as the computational domain of the problem grows
large; and FEKO [12] can handle much larger problems but is still not very suitable to
deal with large finite antenna arrays. Recently, Dr. Maaskant has developed a MoM-
based simulator named CAESAR for the analysis of large antenna arrays for the SKA
(cf., Fig. 1.1), while maintaining high computational accuracy and efficiency [13], even for

problems up-to tens of wavelengths in size.
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In this thesis, we implement the recently introduced method of equivalent dipole mo-
ments [14] for the scattering and absorption of electromagnetic waves from and inside
dielectric objects, respectively. In that formulation, the volumetric polarization currents
inside the dielectric body are replaced by equivalent dipole moments (cf., Chapter 3) whose
weights are determined through enforcing a consistency condition for the electric fields in-
side the dielectric body.

An advantageous feature of this novel method is that it superimposes analytical scattered-
field solutions of canonical structures for modeling the total scattered field of an arbitrarily-
shaped object. These elementary scattered fields are non-singular when approaching the
distributed source current, in fact; they are of the same order as the incident field, (i.e., of
order one). As a result, the method does not suffer from the singularities encountered in
conventional method of moment approaches that are based on Green’s function approaches,
where a superposition is made of the fields generated by infinitely small concentrated
current sources. Furthermore, the method is relatively easy to implement, particularly
because the basis functions for the current are electrically small and can therefore be of

low order.

1.3 Organization of the Thesis
This thesis is organized as follows:

e Chapter 2 discusses the mathematical formulation of the problem, Maxwell’s equa-

tions, and the proposed computational method.

e Chapter 3 includes a brief discussion on the basis and weighting functions employed
in this thesis. The self-term (radiated electric field weighted over the source current)
is computed analytically for the employed basis functions, while the dipole moment
representation of these basis functions is used for computing the scattered field at

neighboring observation cubes external to the source cubes.

e Chapter 4 describes the analytical Mie-series solution that has been implemented for
solving scattering problems of dielectric spheres. In addition, the HFSS results are

used as reference solutions.
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e Chapter 5 describes the procedure to numerically generate a generalized set of macro-
level basis functions, their application for generating a reduced matrix equation,
and—in conjunction with that—a number of efficiency enhancement techniques. Val-

idation of the method performed for several scattering problems.

e Chapter 6 describes a measurement procedure to determine the dielectric properties
of some radome materials used for the eleven feed antenna [15]. Accordingly, the

influence of a radome covering an array of dipoles is examined.

e Chapter 7 concludes the work, and recommendations are provided for future im-

provements and extensions of the software.



Chapter 2

The Method of Equivalent Dipole
Moments (MEDM)

In this chapter, we discuss some fundamentals of electromagnetics and develop a mathe-
matical formulation for the problem as discussed in Chapter 1. The volume equivalence
principal is invoked and the Electric Field Integral Equation (EFIE) is formulated to deter-
mine the equivalent currents inside the dielectric volume. The EFIE is discretized through
the method of weighted residuals using Galerkin’s method, which then leads to a moment

matrix equation that can be solved for the unknown current.

2.1 Introduction

In this chapter, we will consider the scattering and the absorption of a dielectric body
of arbitrary shape. The problem is solved through the method-of-moments by employing
micro-domain basis functions for the electric current. The support of these basis functions is
one to two orders smaller in terms of wavelength than the typically employed basis functions
with edge length A\/10. The advantageous feature is that the radiated field of a micro-basis
function simply equals the field of an electrically small dipole and, hence, this field is known
in analytic form. As a result, this significantly eases the computation of the moment-matrix
elements since all the matrix elements, including the self-term whose field is tested inside

the canonical object, can be computed analytically. To some extent, the proposed method
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ES
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Mo, €o

Figure 2.1: The scattering from a dielectric object of arbitrary shape.

bypasses the Green’s function approach as the method employs distributed currents as
basis functions as opposed to infinitely small concentrated ones. The high-resolution basis
functions have the potential to accurately model the fine features in the current resulting
in accurate loss computations. Furthermore, it does not suffer from the low-frequency
breakdown problem, and enables us to solve problems involving a mixture of conductor

and dielectric materials with little to no modification to the formulation.

2.2 Mathematical Problem Formulation

Fig. 2.1 depicts a dielectric domain of arbitrary shape occupying a volume V. The object
is made of dielectrics with constitutive parameters {ug, e} and is placed in free space
{10,€0}. Furthermore, k = w,/J1g¢ is the wavenumber of the interior medium. The object
is illuminated by an electric field E' which induces an electric current J inside the object.
The scattered field is denote by E®. Our objective is to compute the induced current
inside this dielectric object, whose solution will be synthesized indirectly by electrically
small micro-basis functions. Another major advantage of taking an electrically small basis
functions is that the associated radiated field can be computed in closed form. When
the problem size becomes unmanageable, larger-domain basis functions can be constructed
from smaller ones through a multi-level approach. A monolevel approach is discussed in
Chapter 5.

With reference to Fig. 2.1, the relation between the incident field E', the total electric

current J, the medium parameters ¢ and g, and the scattered electric field E® is readily
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found from Maxwell’s equations.

In frequency domain, Maxwell’s equations for the fields and currents inside the volume V'

of homogeneously-filled dielectrics are given by [16]

V x E=—jwuyH, (2.1a)
V x H = Jim + jweE, (2.1b)
V-H =0, (2.1c)
V.E =p/e, (2.1d)

where

E(r,w) is called the electric field strength [Vm™!],
H(r,w) is called the magnetic field strength [Am™—1],
Jprim (7, w)  is called the impressed electric current density [Am™2],
J = Jpim + jweE s called the total electric current density [Am~2],

p(r,w) is called the electric charge density [Asm™3)].

In the equations above, we have used that the complex-valued permittivity e = epe, —jo/w,

where o is the conductivity of the medium.

2.2.1 The Volume Equivalence Principle

The volume equivalence principle is used here to replace the dielectric medium by vaccum,
which can be done if the total current J is replaced by an equivalent current J, which is
radiating in free space and gives rise to the correct scattered field E® [17, pp. 327,328]. In
fact, it is easily seen that the right-hand side of (2.1b) can be written as

Jprim + JWeE = J pim + jw(e — €0) E + jweoE = Jeq + jweoE, (2.2)

where

Jeq = Jprim + jw(e — o) E (2.3)

is the equivalent current, which includes the primary impressed, the polarization, and

conduction currents. Upon substituting (2.2) in (2.1b), one readily observes that the
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equivalent current J., is radiating in free space. i.e.,

V xE=—jwuH, (2.4a)

V x H = Jcq + jweoE, (2.4b)

V-H=0, (2.4¢)

V - E = peg/eo, (2.4d)

where pe is related via the continuity equation for charges and currens as V-Jeoq = —jwpeq.

The above equations are known as the free-space Maxwell’s equations. Hence, we have
removed the dielectric by incorporating its presence into the equivalent current J.,. This
is generally referred to as the volume equivalence principle and illustrated graphically in

Fig. 2.2. In our configuration, the total electric field E is the superposition of the incident

. S
) ES El E
\/Z/\ €0, Mo SR €05 Ho
—J = €, lo kJeqéc‘:‘o,,uo
(a) Object present (b) Object removed

Figure 2.2: The Volume Equivalence Principle.

and scattered field E' and E®, i.e., E = E'+ E*(J.,), where the scattered field is generated
by the equivalent current J,, radiating in free space. Using that E = E'+ E*(J,,) in (2.3),
we conclude that the fields and currents inside the dielectric domain must satisfy the

relation
Jeq = Jprim + jw(e(r) — £o) [Ei('r) + Es(Jeq)] , (2.5)

which is the consistency condition for the electric field and currents everywhere throughout

R3. Assuming that the object in Fig. 3.1 has no internal sources, (2.5) simplifies to
Jeq = de(5 — 60)[Ei(’l“) + ES(Jeq)]v relV. (26)

2.2.2 The Electric-Field Integral Equation (EFIE)

Equation (2.6) can be formulated as an integral equation for the unknown electric current

Jeq. To demonstrate this, we need to develop the integral representation of the scattered



2.2. Mathematical Problem Formulation 11

electric field E® as a function of the current J, [18].

To this end, we proceed with (2.4a) and (2.4b) as described in [13]. Because H is solenoidal
[V - H =0 in (2.4)], we can express this field in terms of a magnetic vector potential A,
ie.,

H=V xA. (2.7)

Substituting this equation in (2.4a) and (2.4b), we get
V x (E + jwppA) = 0, (2.8a)
VXV xA=J+ jweE. (2.8Db)

The curl in (2.8a) is operating on a conservative (irrotational) vector field. Hence the

general solution to (2.8a) can be formulated mathematically as
E = —jwpuyA — Vo, (2.9)

where @ is an electric scalar potential, yet to be determined. Substituting (2.9) in (2.8b),
and utilizing the vector identity V x V x A = V(V - A) — V?A, leads to the following
result

VEA+KA=-Jq+V(V-A+jug®), (2.10)
where kg = w./pgo. The vector field A is defined uniquely if both its curl and divergence

are specified, provided that A is known in a single point or vanishes at infinity. With

reference to definition (2.7), and in view of (2.10), it is advantageous to set
VA= —jwsd, (2.11)

which is known as Lorentz gauge. Upon substituting this result in (2.10), one arrives at

the inhomogeneous Helmholtz wave equation
VZA+ kA= —Jo, (2.12)

which can be solved for a given forcing function J.q. The radiation condition imposed on
A at infinity requires that only outward traveling wave solutions are physically possible.

It can be shown that the well-known general solution to (2.12) is [19, pp. 78-80]
A(r) = /// G(r — ") q(r")dV", (r outside V), (2.13)
v

with the scalar free-space Green’s function G = exp (—jkoR)/(47R) and R = |r — 7/|.
Upon taking the divergence of (2.9), and by using (2.11) as well as that V- E = p/e, one
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readily arrives at the inhomogeneous wave equation for the electric scalar potential, which

reads
V2% + k2o = — L (2.14)
€0
and has the generic solution
/// r—r)p(r')dV’. (2.15)
50
Substituting the continuity equation V -+ Jeq(r") = —jwp(r') in the above expression for

P, we get

r) = —jigo / / / Glr — )V’ - Ju(r) AV, (2.16)

By substituting (2.16) and (2.13) in (2.9), the radiated free-space electric field E® is deter-

mined as

. 6 —jko|r—7'| .
E(r,Je) = jwug/// eq 47r\7'—r’| dv
v r.ev (SN avn ar
_jW€0// fea () (47T!T—7“’|> - (2d7)

The EFIE is obtained by substituting (2. 17) in (2.6),

i 6 ]k0|r 1"‘ ,
Jeq = jw(e —go) | E'(r) — jwpo /// eq 47r|r =y dv’...

1 // V' Jo(r) V' w av’ (2.18)
Jweg cal” 4r|r — 7| ' '
v

The exact solution to the above equation can only be found analytically in a few cases e.g.,

through Wiener-Hopf techniques. However, there exist a number of numerical techniques
to find the approximate solution to the EFIE in (2.18). One of those techniques is discussed

in the next section.

2.3 The Method of Weighted Residuals (MWR)

The MWR is an approximation technique for solving differential and integral equations [20].
Using the MWR, an approximate solution is constructed for the current as a linear com-

bination of known basis functions for the current with unknown expansion coefficients.
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These unknown coefficients can be obtained by solving a matrix equation, which is formed
through testing the EFIE in (2.18) at least at an equal number of test points as the number
of basis functions. The MWR can be further classified into many sub-methods depending
on the choice of testing functions. Among the most well-known techniques, we mention
the collocation method, and Galerkin method [7].

At this moment, we proceed generally and discretize (2.18) by expanding the current J
as follows [10]:

N
Jeqg =Y anf,(r), (2.19)
n=1

where f, are the N basis functions and {a,}_, is the corresponding set of N expansion
coefficients. Detailed mathematical studies exist for the appropriate selection of basis
and test functions for certain formulations involving integro-differential operators [21]. A
modest exposition about this is made in the next chapter, or can be found in detail in [17].
Herein, we only proceed with the general formalism (i.e., by not yet assuming explicit
forms for the basis and test functions). Substituting (2.19) in (2.6), yields

N
']eq = Z anfn(r)
n=1

= jw(e — &) | Ei(r) + E® (Z anfn(r)>]

r N
- jw(g - 6O) Ei(r> + Z anEs(fn(T>>] ) (220>
L n=1
where {aq, as,...,ay} are the N unknown expansion coefficients to be determined. The

next step is to test (2.20) at N points to get N equations with N unknowns, which we can
then solve for the m*® test point (m = 1,2,..., N). In general, one can test the above EFIE

over a small region, i.e., in a weak form using the symmetric product, which is defined as,

(a,b) :///a-de, (2.21)

Sa N Sh
where S, and S}, are the supports of the basis and test or weight functions a and b, respec-

tively. Accordingly, we get,

D an (£,(r), wi(r)) = jw(e — o) [<Ei(”‘)7 W (r)) + > an (B5(f,(r)), wa(r)) | ,
. " (2.22)
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for m = 1,2,..., N. The vector function w,, is the m' weighting function with support
Sm and w,, = 0 outside of its support. The choice of the weighting function is also
very important in terms of the accuracy of the result. As mentioned above, two important
choices are Galerkin’s method and the point matching method. For point matching: w,, =
d(r — ry), and for Galerkin’s testing: w,, = f,,. Galerkin’s method is known to be more
accurate and leads to a well-conditioned matrix [22]. Note that, for Galerkin’s method

(W, = f,,), Eq. (2.22) leads to the matrix equation

Zl=V, (2.23)

where,
Fom = ﬁ (Fa(r), £u(r)) = (B (£,(r), £1u(r)) (2.24)
Vi = (B £(r)- (2.25)

Using the integral representation in (2.21), we obtain,

ZmHZM// fn-fde—// E’(f,) - f,,dV, (2.26)
v v

where the first entry in the above equation is non-zero if f, and f,, partially overlap.
We refer to the self-term in case f,, and f,, fully overlap (m = n). The moment matrix

equation in (2.23), that is,

Ly - Lin (651 Vi,
: : : = : , (2.27)

Znyy - Inn N Vy

can be solved using direct Gaussian elimination techniques provided that the matrix condi-
tion number is sufficiently low to obtain a unique solution [23, Sec. 2.2.4.3]. It is important
to realize that, typically, the Gaussian elimination method, or any other matrix inversion
technique, has a time complexity O(N?), while the filling of Z has complexity O(N?).

The time needed to solve the equation | = Z7'V can be further reduced by a number of
matrix acceleration/compression techniques. A suitable technique is selected and discussed
in Chapter 5.
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2.4 Conclusions

In this chapter we have formulated and discretized the EFIE using the method of weighted
residuals. This discretization leads to a moment matrix equation which can be solved for
the unknown expansion coefficients for the current. The next step is to select a suitable and

explicit form for the basis and test functions and to evaluate the moment matrix elements.
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Chapter 3

Choice of Basis and Testing

Functions

The choice of the basis and weighting functions in the MoM plays a key role in both the
numerical solution accuracy and computational efficiency. Theoretical aspects of basis and
weighting functions with a description of the restrictions on their choice are described,
leading to a discussion on the implication of Galerkin and non-Galerkin moment method
approaches. The microdomain basis functions are discussed with pros and cons compared
to existing types of basis functions, thereby motivating our specific choice of microdomain
basis functions. The self-generated field in the center of a microdomain basis function is
derived analytically as well as for the field outside of the source cube.This allows us to

develop expressions for the moment matrixz elements are formulated in closed form.

3.1 Introduction

The choice of a suitable set of basis and weighting functions is dependent on both mathe-
matical and physical requirements. The general discretization process through the MWR
has been explained in Chapter 2, hence, the next step is to select explicit mathematical

forms for the basis and weighting functions.
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3.1.1 Basis Function Selection

In practice, basis functions can be classified into two types: subdomain basis functions and
entire domain basis functions [17, pp. 683-689]. Subdomain basis functions are nonzero
only over an electrically small part of the domain, while entire domain basis functions are
nonzero over a larger or even the entire domain of the considered object. Both types of
basis functions should have the ability to accurately represent or resemble the anticipated
unknown function, which is the equivalent electric current J, in our case. Because entire
domain basis functions of an analytical type are for specific structures only and are difficult
to use for forming a matrix equation (self-term), we choose to employ low-order subdomain
basis functions. The size of these subdomain basis functions need to be choosen small
enough to approximate the solution with sufficiently high accuracy (typically A/10 edge
length). However, we will employ so-called microdomain basis functions of edge length
~ A/100 to obtain a potentially very accurate solution as well as an easy-to-implement
discretization scheme. A microdomain basis function has been depicted in Fig. 3.1 and can

be defined mathematically as follows:

N33 4

Figure 3.1: The microdomain basis function.

x, reVy,ne{l,... N/3}
Rz reV,ne{N/3+1,...,2N/3}
Falr) = z, reVyine{2N/3+1,...,N}
0, r ¢ V,.

where V,, is the cubic support of f, with constant cube-volume a® and n € {1,..., N}.
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Although the moment matrix is larger than the case that entire-domain basis functions
were to be employed, we can still solve electrically large problems by realizing that entire-
domain basis functions can be expanded through a fixed combination of micro-domain

basis functions (Chapter 5).

3.1.2 Selection of Weighting Functions

After the discretization of the EFIE by assuming an explicit form of the basis functions, the
next step in the MWR is to select the weighting functions. The appropriate choice of the
weighting functions depends on the range-space of the integro-differential operator. With-
out justifying the choice, we will employ Galerkin’s method since this choice is known to
yield accurate results for a large variety of problems [24]. In our case, however, we can also
use the collocation method for testing the field, which is equivalent to Galerkin’s method

evaluated through the midpoint integration rule (discussed in the following section).

3.2 Computation of the Moment Matrix Elements

The procedure to compute the moment matrix elements [see (2.27)] has been described in
this section. In MEDM, we employ equal sized basis functions of low order, as a result
of which the self-coupling moment matrix entries are all identical and can be computed
analytically. The off-diagonal matrix elements can be computed via the dipole-moment

approach as explained below.

3.2.1 The Self-Term 7,

With reference to (2.24), to compute an on-diagonal matrix element Z,,, we have to

evaluate
1

Znn - T
Jjw(e — &o)

(Fu(r), Fu(r)) = (B (F (7)), £r.(r)) - (3.1)

The first term in the above equation is evaluated analytically in this section as (f,, f,) =

a’.



20 Chapter 3. Choice of Basis and Testing Functions

To evaluate the second term, we assuming that the basis function f,, is a z-directed unit

current, which is supported by a cube of size a X a x a. Accordingly,

Fu=2[U(+a/2) = Ule — a/2)] [U(y + a/2) — Uly — a/2)] [U(z + a/2) - U(= — a/2)],
(3.2)

where the Heaviside step-function U borders the cubic support region. Before substitut-
ing (3.2) in (2.17) for computing E*(f,,), we first note that

—jkoR

, e ]kOR , ) e

where R = |r — 7/|. Upon assuming that a is electrically small, then, in the quasi-static
case, kgR < 1, so that e 7%0f =1 — jkyR+... ~ 1. Accordingly, we can approximate (3.3)

o (N ()
kiggo{v ( 4R )} T 4nR3 (34)

Using (3.2), we have for the charge density,
V' fu(r') =[0(2 +a/2) = 6(z' — a/2)], (3.5)

which appears to exist only at the top and bottom faces of the cubic support. Substituting

as

the preceding expressions in the quasi-static form of (2.17), yields

s —JjwloZ 1 r—r')
E ~ d d
10~ M e s // r— 0 // |r—r'|3 ak
1%

(3.6)

where ST and S~ are the top and bottom surfaces of the cube at z = a/2 and z = —a/2,
respectively. The integrals with singular kernels in (3.6) can be solved analytically using
methodologies described in [25,26]. Following [26, Eq. (7)], we transform the volume

integral in (3.6) into a surface integral, yielding

/// Y // v ::: V=3 // R-has, (1)

where R = (r' —7)/|r" — r| and where we made use of Gauss’ theorem [27, pp. 193-196],

that is,
// V~AdV’:/ A-7dS, (3.8)
1% ov
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with the normal vector n pointing outwards. The most obvious choice is to test the E-field,
given by (2.5) in the center of the cube, that is, at » = 0. Along with (3.7), Eq. (3.6)
reduces to

< —JWoZ N 1 ,
E — S . — S ]
(Fo)lrzo 3 //r nds —i—j oA / ds’ — // ds’'|, (3.9)

oV

where 1’ = |r/|, and where #' = 7//r’. This expression can be evaluated analytically to
yield (see Appendix A)

V3+1 1 3
o 2 iy | 2 t i B
Jw o [47r n (\/3_1 + 27Ta arc an(\/g> 3

Lt ()] 0

Note that this result is valid if we account for only one Taylor term in (3.4) when approxi-

E(r=0,f,) =2

mating e /%%, Taking also the second Taylor term —jkoR into account (see Appendix A.2)
yields,

. | —wpok V3+1 1 3
E(rzO,szz[%aB_]wuoa [El (\/§_1>+27ra arctan <%)—§]

jjgo {1 ~ 2 arctan (%)H . (3.11)

which shows that the approximation error, when taking only one Taylor term into account,

is wpgkoa® /4. This finalizes the formulation of the self-generated field for a z-polarized
basis function current. The unit vector z can be replaced by @ or y as defined in Fig. 3.1
to find the field of the other polarizations.

Upon substituting (3.11) in (2.26), and by using that (f,, f,.) = a®, the expression for the

self~-term becomes

Ly, = o —a® —Whtoko a® — jwpea® | — \/_ R —a arctan 1y
" jw(e — ) A7 V3-1 27 V3 8
1

org {1 - arctan (%)H . (3.12)

where, we have used the mid-point integration rule, i.e.,

(E* // E’(f LAV = P E5(f, () - Fs (3.13)
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where 7, is the centroid of the nth cube, and

a3:/// dv (3.14)

is the volume of the n' cube. As long as kga < 1, we can approximate Eq. (3.12) as

3 1 4 1
Zon ~ v 3 {— . {1 — — arctan (—)H : (3.15)
Jw(e — o) Jjweo s V3

follows:

3.2.2 The Off-Diagonal Moment Matrix Term Z,,,, (m # n)

The off-diagonal moment matrix entries are computed using the equivalent dipole moment
approach. Using this approach, the field radiated by a basis function of uniform current is
assumed to be equal to the field of an infinitesimal dipole placed at the center of this cubic
support with dipole moment I1f, where f € {Z,y,2}. The E-field of a z-oriented dipole

can be easily computed using the following analytical expressions (derived in Appendix B).

e

Es — —jk0|"’mn| 316
v 47rjw50xze (8-16a)
11C }
ES — —Jk0|"‘mn| 316b
Y 47Tjw€0yze ( )
11 k2 jko 1 .
E:= Crnz” 0 — — ~dko[rmn| 3.16
2= Tmjoee 7™ T el " TromP TromPBl € ! (3.16¢)
where 9 .
ok Bk 3 (3.17)

el Pl [l
Substituting (3.16) in (2.26), and using that f,- f,, = 0 (¥ m # n), we get for a z-oriented
basis function current

Zyn = —a’ Bk + ESy + E32) - f (3.18)

Here, Z,,, is the electric field tested by the mth basis function which is radiated by the

nth basis function current, which is assumed to be z-oriented.

It will be demonstrated numerically in Sec. 4.4 that a single dipole is indeed sufficient
to accurately represent the external field of a microdomain basis function. This is done
through a convergence analysis for the external F-field by subdividing the source cube into

smaller subcubes.
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In the following we will justify that we can choose for the strength of above dipole moment
that Il = a®. By substituting (2.11) in (2.9), we have that
1
Jweo

The magnetic vector potential A in (2.13) can be evaluated for f, (v') = I1z6(x")d(y' )0 (%)

as
e ]ko|1‘ Tl
A= ///f av’
dlr — 1|

Il e—Jkolr|
= —2—. 3.20
e 7] (3:20)
Substituting (3.20) in (3.19) gives the field of a dipole (see Appendix B) which is then

tested at the observation cube to get Z,,,,. However, instead of computing the field from a

E =

[V (V-A)+kiA]. (3.19)

dipole, we have to evaluate the actual volumetric integral in (3.20) for the basis function

f..- Assuming a cube of z-oriented uniform current

z, relV,
folr)= { 0 rev. (3.21)

where V,, = a® represents the volume of the source cube. Using (3.21) in (3.20), yields

[
V.
—a/2J—a/2J—a/2 471-|'r‘_lr./|

Then, using the mid-point integration rule,

JJ[ £ v = Vs = v
Vi

where 19 = (0,0, 0) is the center point of the cube, and V,, is the cube volume, we obtain

6 jko")" T|
A= / / / v’
—a/2 —a/2J—a/2 47T|T' -r |

e—Jkolr]

3.22
47r lr| 7 ( )

which shows that taking a dipole in (3.20) to represent the scattered field is equivalent
to using a mid-point integration rule for evaluating A using the actual volumetric current
distribution, provided that Il = a3. Conclusively, subdividing the source cube into smaller
sub cubes each of which contains a dipole with associated dipole moment will therefore yield
the same total radiated field as evaluating A through a composite mid-point integration

rule using the actual cube supporting a uniform current.
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3.3 Conclusions

In this chapter we have made our choice of basis and test functions. The equivalent dipole
moment of a micro-domain basis function has been derived. The scattered field at the
center of the cube has been calculated, which is needed for testing the field inside the
observation cube to compute the self-term. The scattered field values in the centers of
the remaining cubes (i.e., the coupling-terms) have been determined through the dipole
field representation. We now have regular closed-form expressions for the moment matrix
elements which can be evaluated numerically. The next step is to implement and to examine

the accuracy of the herein presented formulation.



Chapter 4

Numerical Validation

The Mie-series solution is the analytical field solution for the scattering of a dielectric
or conducting sphere. In this chapter, the Mie-series is formulated mathematically and
validated by comparing the results for a specific problem to published data. Afterwards,
the numerically computed results by using the MoM implementation as described in the
previous chapter are validated and compared to the analytical Mie series solution. Fur-
thermore, HFSS and WIPL—which are commercially available electromagnetic software
tools—are then also used to compare the numerically computed results to the present MoM

implementation.

4.1 Mie-Series Solution

To validate computational methods, it is important to have an analytical reference solution
available to be able to determine the accuracy of the developed numerical method. The
Mie-series is an important reference solution since it represents a closed-form solution of
the scattered field from a dielectric or conducting sphere. In this section, we will outline
the mathematical steps to derive the Mie-series; while a more detailed description on the

associated series expansion methods can be found in [7, Chap. 2] or [16, Sec. 9.25].

Consider an z-polarized plane wave traveling in the positive z-direction and a sphere of

radius R placed at the origin of a spherical coordinate system as depicted in Fig. 4.1.
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The free-space permittivity and permeability are €y and pg, respectively; the permittivity
and permeability of the sphere are ¢ and pg, respectively. The propagation constant ky =
wy/Eollo s for the exterior free space medium (represented by medium 2), and k; = w, /o

is the propagation constant of the interior sphere region (represented by medium 1).

The medium properties of the sphere are assumed to be homogeneous. Using separation

E' = Byl g —

€0, Mo

Yy

Figure 4.1: Plane wave incidence on a sphere of radius R.

of variables, the incident field can be decomposed into a sum of vector spherical wave

functions j,, as follows [16, Sec. 9.25]:

o

. . , 2n+1
i (koz—wt) & __ —jwt n s

E' = Eye!'™ x = Epe™’ 3:1] PP 1)(rn,E Jjng), (4.1a)
ok . k2Eo i . 20+ 1

H = 2 ettty - [220 a5 E (4.1b)

How How —~" n(n+1)



4.1. Mie-Series Solution 27

where Fj is the amplitude of the incident field and

1 oP!

mp = Mjn(k:QR)Pé (cos ) cos pO — j (ks R) 69" sin ¢, (4.2a)
my = —$jn(k;2R)P,} (sin 0) cos ¢0 — jn(kgR)aa—fj cos ¢, (4.2b)
ng = %Pﬁ(ms 0) sin ¢ + é[b}%jn(kgl%)]lw sin 6
+ bR (ko)) P (cos0) cos 66, (4.20)
ng = %Pﬁ(cos 0) cos o1 + kQLR [kQRjn(kQR)],W cos o0
- m[kgmn(@m]’m(eog ) sin 6, (4.24)

where j, is a spherical Bessel function of the first kind and of order n, P} is the Legendre
polynomial of the first kind and of order n, and the superscript ’ represents differentiation
with respect to the argument of the Bessel function (i.e., ko2R). The spherical Bessel
function is used to represent the standing wave in the radial direction. Analogously to the
spherical Bessel function of the first kind, the spherical Bessel function of the second kind

is denoted by y,. The scattered field in medium 2 can be written as

o0

» 2n+1 .

ES — E —jwt m_ 2 - S .= _ ‘bb ~ 43
0€ n§1] n(n + 1)(anmE J nnE)a (4.3a)
koEy _inem ., 20+ 1 ~ -

H° = — e It E " (bmpy + jainy), 4.3b
LW n:1j n<n+ 1)( WMy -~ ja, H) ( )

which is valid on the boundary surface S and outside of the sphere (i.e., R > a). The
functions mpg, my, ng and ny are obtained by replacing j,(k2R) by hS)(kQR) in (4.2).
Here, A is the spherical Hankel function of the first kind and of order n, used to represent
the outward-traveling spherical wave. The spherical Hankel function of the first and second
kind can be obtained using the spherical Bessel functions of the first and second kind as
follows:

It should be noted that the minus or plus signs in the above spherical Hankel function

definitions of the first and second kind depend on the chosen time factor e*/*! [here e 7+,
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since the propagation is in the positive z-direction in (4.1)]. Analogously to the scattered

field, the transmitted field in medium 1 is written as

e 2041
Et — E —jwt m_ 20 0 - ot _ 'bt 44
0€ ;] n<n+ 1) (anmE J nnE')a ( a)
kQEO o > . 2n + 1 i
H'= ="t " (b ¢ ) 4.4b
/iowe ;] n(n+1)( an+]annH> ( )

The transmitted field is valid on the boundary and the interior region of the sphere. Ap-
plying the boundary conditions to the total {E, H} fields at R = a, gives

? X (E'+ E°) =+ x E', (4.5a)
P x (H + H%) =7 x H', (4.5b)
where 7 is the outward-pointing radial unit vector on the sphere surface. Substituting the

values of the incident, transmitted and scattered fields in the above boundary conditions

leads to the system of inhomogeneous equations [16, Sec. 9.25]

ayjn(Np) = ash (p) = jn(p), (4.6)
ay,[Npjn(Np)) — a3 [phl (p)) = [pin(p)]', (4.6D)
N, ju(Np) = 01 (p) = ju(p), (4.6¢)

b, [N pjn(Np)] — Nb[ohM (0)]" = Nlpjn(p)]', (4.6d)

where p = ksa, kia = Np and N = ky/ko is the refractive index of the dielectric sphere,
which may be complex for lossy dielectrics. By substituting af from (4.6a) in (4.6b), the
value for a' is derived and vice versa for determining aS; the same analogy is used to
determine b% and b7 . This yields.

oo Jn(Np)[mn(p "= Julp)[Npjn(Np)]'

— i ey (4.7a)
Jn(Np)[pht (p)) — his ( )[NpJn(Np)]’
I P)Npju(p)] = Nju(p)[pn(p)] (4.7b)
Mkwwmn'NMWMmmm’

S Hojn(Np)[ph (p))' — pohst’ (p) [0in (p)) (4.7¢)

" p0dn(Np) (ot (0)) — B (p) [N pjin(N )]

HZMW%WMMWM—mMﬁ@WWW.
N2j,(Np)[pht ()] — toht (p) [N pjin (N p))

We now have determined the mode expansion coefficients in (4.3) and (4.4) to find the

(4.7d)

total fields inside and outside of the sphere. The field inside of the sphere can be computed
using (4.4), while the field outside of the sphere is the sum of the incident, i.e. Eq. (4.1),
and the scattered fields, i.e. Eq. (4.3).
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4.2 Mie-Series Validation

4.2.1 Comparison With a Published Mie-Series Solution

The Mie-series, as derived mathematically in the previous section, has been implemented
in Matlab and is herein validated by comparing it to a reference solution published in [28]
for the scattering of the electromagnetic fields from a dielectric sphere. The specifications

of the problem are as follows:

Table 4.1: Specifications for the dielectric sphere.
e x-directed plane wave o kgR =1/2
e:, =16 e =0

o =m e R=)\/4m

Figure 4.2 depicts the comparison between the solution of the implemented Mie-series
and the published results in [28]. In [28] the hybrid MoM and FEM method has been
validated by comparing it to the Mie-series solution. The analytical solution as presented
in the journal paper and the one obtained by the herein implemented Mie-series, are in
exact correspondence with each other. The comparison in Fig. 4.2 shows that we can

proceed using our implemented Mie-series for the validation of our MoM code.

4.2.2 Mie-Series in Comparison With HFSS

In addition to the above comparison, the Mie-series solution and the numerically computed
results obtained by HFSS have been compared as depicted in Fig. 4.3. The specifications

of the problem are as follows:

Table 4.2: Specifications for the dielectric sphere.

e r-directed plane wave e kgR =7
e, =355 e =0
ofi=r e R=)/2
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Figure 4.2: Mie-series comparison with [28]; specifications: see Table 4.1.
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(a) Problem (graphical illustration). (b) The magnitude of the E-Field along z-axis.

Figure 4.3: The Mie-series in comparison with HFSS; specifications: see Table 4.2.

Upon comparing the analytical solution to the HFSS solution, it can be observed that
HFSS suffers from certain field discontinuities in the solution, particularly at the surface
of the sphere, as is evident from Fig. 4.3(b). Overall, the HFSS solution is in very good

agreement with the Mie-series solution with a root mean square relative error of 6.32%, for
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2001 sample points, calculated using the following formula:

E{\l/[ie — EﬁFSS
E{\L/Iie

where N represents the total number of samples and F = |E|.

2

N
1
Error = N ; x 100%, (4.8)

4.3 MEDM in Comparison with Ansoft’s HFSS and
WIPL-D

Thus far, we have developed two reference solutions that can be used to validate MEDM,
i.e., the Mie-series solution, and the commercial HFSS software. In this section, we make a
comparison among Ansoft’s HE'SS (v 13.0), WIPL-D Pro (v 9.0) [29], and MEDM in terms
of the accuracy, execution time and memory usage. For the generation of the results, an
Intel Centrino laptop equipped with a dual core processor@2.2GHz and 2GB of RAM has
been used; except for the sphere of radius R = A\/50, where a remote desktop server has
been used equipped with a dual core processor@2.4GHz and 16GB of RAM. For the HFSS
computation, a desktop server with a quad core processor@2.33GHz, has been used with
4GB of RAM memory.

4.3.1 Scattering From a Dielectric Sphere

A dielectric sphere has been simulated using the HFSS, WIPL-D and MEDM software.
The comparison between the results, obtained by MEDM, WIPL-D and HFSS, is depicted
in Figs. 4.4 and 4.5. In HFSS, a maximum delta energy® of 0.00027 is reached for the error
in the computed field after six mesh-refinement steps (passes) for this particular problem.

The specifications of the problem are described in Table 4.3.

!The maximum delta energy is the difference in computed field energies in going from one mesh refine-

ment step to the next one.
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Figure 4.4: MEDM in comparison with the HFSS and the Mie-series; specifications: see

|EI[V/m]

Table 4.3: Specifications for the dielectric sphere.
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Table 4.3.

As compared to the analytical Mie-series solution, the results obtained by HFSS demon-
strate a root mean square relative error of 2.24% while this error is 16.38% for the MEDM
and 10.34% in case of WIPL-D [for 21 sample points in (4.8)]. Note that the field inside

the sphere is approximately uniform, which is particularly true if the sphere is electrically

z/R[-]

(d) The magnitude of the E-Field along z-axis.
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Figure 4.5: WIPL-D in comparison with the Mie-series; specifications: see Table 4.3.

small and has a low dielectric contrast. The level of the field inside the sphere can be
calculated from [30] as
t 360
2= | (49)
which is evaluated to be 0.375 V/m for this particular problem. But when the size of the
sphere becomes electrically large, the field is no more constant inside the sphere. Addi-
tionally, as the conductivity of the sphere increases, the field inside the sphere decreases

because charges and currents tend to reside on the surface of the conductors.

The magnitude of the field inside the sphere as computed by the MEDM code (cf. Fig. 4.4)
is observed to be almost uniform, which resembles the analytical computations rather well.
To further analyze the convergence of the field uniformity inside the sphere a larger sphere
(as compared to R = A\/100) is simulated. The results have been depicted in Fig. 4.6. The
specifications for the larger sphere with R = A/50 can be found in Table 4.4.

Table 4.4: Specifications for the dielectric sphere.
e r-directed plane wave e kgR = 2“—5
esc, =6 e =0

o =m e R=\/50

As can be seen in Fig. 4.6, increasing the size of the sphere forces the value of the magnitude

of the E-field inside the sphere to approach the theoretical value of 0.375 V/m, primarily
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Figure 4.6: MEDM in comparison with the HFSS and Mie-series; specifications: see Ta-
ble 4.4.

because the number of basis functions increases for large spheres, so that the geometrical
and electrical discretization error becomes smaller. However, a strong discontinuity is
observed (similar to in Fig. 4.4) at the surface of the sphere which needs particular attention
as it clearly deviates from the analytical solution. In order to investigate the reason for
this spurious glitch in the field, certain tests have been performed; one obvious choice is
to remove the side cubes and observe the differences between the results, obtained with
and without side cubes. The latter has been illustrated in Fig. 4.7. The reason for the
field discontinuity at the surface of the sphere (using MEDM) can be investigated using
Fig. 4.7, where the glitch disappears after removing the side cubes. As stated previously,

we employ pulse-type basis functions for the equivalent current and the divergence of that
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(a) Problem (graphical illustration). (b) The magnitude of the E-Field along z-axis.

Figure 4.7: MEDM in comparison with HF'SS and Mie-series; specifications: see Table 4.4.

for the charge density. Hence, taking the divergence of a locally-supported uniform current
amounts to surface charges at the end faces of each basis-function cube. By employing
these type of basis functions, we possibly observe some glitch in the field solution at the
boundary of the dielectric domain due to some residual spurious surface charge at the
end faces of this last cube, which can not be compensated for by an opposite charge of a
neighboring basis function (since we are already at the boundary). But the results obtained
by WIPL-D (c.f. Fig. 4.5) demonstrate that the spurious solution at the edges of the sphere
persists even when the entire-domain basis functions of WIPL-D are applied, which renders

the above described hypothesis enigmatic.

4.3.2 Scattering From a Small Plate

As mentioned in Chapter 1, available computational tools are known to be inaccurate in
case of thin structures; such as thin wires, thin plates, etc. However, MEDM can still yield
potentially accurate results as compared to existing commercial software packages owing to
the micro-domain basis functions, even if the geometry of the problem is electrically thin.
For verification purposes, an electrically thin dielectric plate is simulated using HFSS,
WIPL-D and MEDM. The comparison between MEDM, WIPL-D and HFSS is depicted
in Fig. 4.8. A maximum delta energy in the field solution of 3.2492¢-6 is obtained after 11
adaptive mesh refinement steps in HF'SS. The specifications of the problem are mentioned
in Table 4.5.
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Table 4.5: Specifications for the electrically thin plate.
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Figure 4.8: MEDM in comparison with HFSS and WIPL-D; specifications: see Table 4.5.

substantiate the aforementioned discussion in this section, the transmission coefficient for
a plate with specifications as mentioned in the Table 4.5—but infinitely large in the xy
plane—is computed and found to be 0.58. By considering this factor as a reference value,
it is apparent from Fig. 4.8 that, MEDM is in good agreement with HF'SS and WIPL-D.

4.3.3 Scattering From a Small Dielectric Cube

For completeness, a small dielectric cube is simulated in HFSS and compared to the re-
sults that are computed by MEDM. The results are depicted in Fig. 4.9. A maximum
delta energy of 0.000737 is obtained after 8 adaptive mesh refinement steps in HF'SS. The

specifications of the problem are as follows:
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Table 4.6: Specifications for dielectric cube.
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Figure 4.9: MEDM in comparison with HFSS and WIPL-D; specifications: see Table 4.6.

Table 4.7 summarizes the comparison between MEDM and HFSS, for the three different
types of problems as discussed in this and the previous sections. It is concluded from
Table. 4.7 and the Figs. 4.6, 4.8 and 4.9 that the total execution time is generally shorter
than that required by HF'SS, while the results are still in good agreement.

4.4 Convergence Study

As described in Sec. 3.2.2, taking a dipole in (3.20) to represent the scattered field is
equivalent to using a mid-point integration rule for evaluating the vector potential A with

3. This is a quasi-static

the actual volumetric current distribution, provided that Il = a
approximation of which the error can be analyzed by subdividing the source cube into

smaller sub-cubes each containing an equivalent dipole with a corresponding smaller dipole
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Table 4.7: Summary of the comparison between HFSS and MEDM.
(a) HFSS
Problem | Specifications Delta No. No. Simulation Time
Type [Reference] || Mag Energy | Passes | Tetrahedra’s [Sec]
Sphere Table 4.3 07.2186e-5 14 24178 676
Plate Table 4.5 3.2492e-6 11 3559 21
Cube Table 4.6 0.000737 8 1778 10
(b) MEDM
Problem | Specifications No. Simulation Time
Type [Reference] | Basis Functions [Sec]
Sphere Table 4.3 1545 11.2686
Plate Table 4.5 600 2.1111
Cube Table 4.6 3000 16.4713

moment. Fig. 4.10 illustrates the comparison for the exterior and interior fields in case the

source cube is subdivided into eight subcubes relative to a single one. Fig. 4.10 shows that

0.5

o
>
o

o
>

[EI [V /m]

e
o w
© a

et
N
a

—#— x-Component (No Sub-Division)
—*— y-Component (No Sub-Division)
z-Component (No Sub-Division)
— © — x-Component (8 Sub-Divisions)
— © — y-Component (8 Sub-Divisions)
z-Component (8 Sub-Divisions)

o
[

0.15
-1

0 0.5 1
z/R

(a) Inside the sphere.

1.000
1.000

[EIV/m]

M
s

—#— x-Component (No Sub-Division)
—*— y-Component (No Sub-Division)||
z-Component (No Sub-Division)

- © — x-Component (8 Sub-Divisions) [|

- © — y-Component (8
z-Component (8

Sub-Divisions) ||
Sub-Divisions)

gy
— T T T T

60 70 80 20 100
z/R

50

40

(b) Outside the sphere.

Figure 4.10: Convergence analysis for the exterior field radiated by one basis function of

which the supporting cube is subdivided into eight subcubes relative to no subdivisions;

specifications: see Table 4.3.

the magnitude of the computed E-field does not improve significantly. It is clear that both

results, with and without subdivisions, are approximately the same, so that, a subdivision

of the source cube does not lead to more accurate results for the radiated field external to
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this cube. It should be realized that this criteria is valid as long as the basis functions are

small enough to satisfy the quasi-static condition.

4.5 Conclusions

The Mie-series has been formulated mathematically and its implementation has been val-
idated by comparing the solution for the scattered field to a result published in the litera-
ture. In addition, we have numerically computed the results in HFSS and WIPL-D. Despite
the simplicity of the MEDM code, the numerical solutions of several scattering problems
(sphere, thin plate and cube) are in good agreement with the HFSS and WIPL-D results,
as well as with the analytical Mie-series solution for the sphere. However, MEDM is gen-
erally faster and requires less amount of memory. Finally, it has been verified numerically
that a subdivision of the source cube does not lead to a significant improvement in the

field value at neighboring observation cubes.
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Chapter 5

Solution to Large Problems

After discretizing the Electric Field Integral Equation (EFIE), one can obtain the numerical
solution for electrically small problems only, since the solution of large scattering problems
18 still memory and time consuming. In order to overcome these limitations, this chapter
includes the description of a few novel memory and time efficiency enhancement techniques.
More specifically, the Characteristic Basis Function Method (CBFM) and the Adaptive
Cross Approzimation (ACA) are employed to improve both the memory and time efficiency.
Translation symmetry and the Lorentz reciprocity theorem are used to further enhance the

time efficiency.

5.1 Introduction

The MoM has been a commonly used tool for obtaining a full wave solution of various
computational electromagnetic problems. However, a conventional MoM approach is in-
efficient in handling electrically large structures. In fact, the large number of required
basis functions renders the solution of electrically large problems intractable. A number of
computationally efficient techniques have been proposed for the MoM to be able to solve
electrically large problems on moderate sized computers. In this chapter, we select and
discuss a few of the recently published Efficiency Enhancement Techniques (EETs)—that
are compatible with our method—and hybridize these with the previously presented MoM
method.
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As already pointed out in Chapter 3, when the electrical size of the electromagnetic problem
becomes very large, the solution for | of the relatively large matrix equation ZI = V
becomes cumbersome, since the time complexity of a direct Gaussian elimination method
scales as O(N?), where N is the total number of high-resolution basis functions. Note that
the filling of the moment matrix has only a time complexity of O(N?). In the following,
the CBFM will be used to employ a relatively small set of entire-domain basis functions
for the current, thereby reducing the size of the moment matrix equation leading to a
faster solve time and reduced memory storage requirements [31]. Furthermore, the ACA
algorithm [32] is used, and reciprocity [17, Sec. 7.5] and translation symmetry [13, pp.
104-109] are exploited to reduce the matrix fill time. In the CBFM, entire-domain basis
functions—called the Characteristic Basis Functions (CBFs)—are generated numerically
using a plane wave spectrum [33], then down-selected using a singular value decomposition
with a thresholding procedure on the singular values, after which the reduced set of CBF's
thus generated leads to a reduced matrix equation which can be solved for Multiple Right
Hand Sides (MRHs). The use of a plane wave spectrum renders the problem independent

of the angle of incidence, which is desired in many electromagnetic scattering applications.

5.2 Formulation

The procedure to generate the CBF's, which are then used to reduce the size of the moment

matrix, will be discussed in this section.

5.2.1 CBF Generation

The CBFM starts by subdividing the original problem into many smaller blocks each of
which will support a set of CBFs. Toward this end, each sub-block is first extended by
its neighboring blocks as illustrated in Fig. 5.1 and then excited by plane waves incident
from different directions with equal steps in azimuth and elevation angles to obtain a
set of basis functions which are independent of the angle of incidence. A two dimensional
pictorial representation of a plane-wave spectrum incident on an extended block is provided
in Fig. 5.1. To generate CBFs, we use the self-coupling matrix block Z&Xt (b=1,2,...,Ny),
where N, represents the total number of (extended) CBF-blocks. The CBFs pertaining to
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Extended
CBF Block

Figure 5.1: 2D Representation of a plane-wave spectrum generation.

the bth sub-block are extracted from the induced current distribution by truncating the
support of the current to the original (non-extended) block size. The truncation step is
needed to eliminate the edge-singular current at the outer edge of the extended blocks and
will therefore lead to a more continuous representation of the equivalent electric current at

the interfaces between the non-extended sub-blocks.

Ideally, it is desired to have an orthogonal set of CBFs that can span the whole solution
space of the problem. However, the basis functions that are obtained by solving the rela-
tively small MoM equation for MRHS are in general, i.e. after truncation, not independent
and carry therefore redundant information (this primarily depends on the density of the
plane wave spectrum). Through the the application of the singular value decomposition,
the set of CBFs can be orthonormalized and reduced using an appropriate thresholding

procedure on the singular values as detailed in the next section.

5.2.2 Reduced Matrix Implementation

To rapidly solve the full moment matrix equation, the matrix equation in (2.27) is first
reduced through the application of the above-described set of CBFs. To demonstrate the
principles of CBFM, we select a simple example representing twelve contiguous CBF-blocks
as depicted in Fig. 5.2. In this figure, only one CBF is generated and thus supported per

sub-block to maintain simplicity in the notation. As mentioned above, the CBFM subdi-
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vides the basic geometry of the problem into many extended sub-blocks, which themselves
consist of many micro-domain cubes, and then solves each correspondingly small matrix

equation for a spectrum of incident plane waves to generate the CBFs.

For the derivation of the reduced matrix elements, we expand the total equivalent current

Jeq in terms of NOBF = Ny characteristic basis functions (CBFs), so that
NCBF
Jeg(r) = Y P TP (), (5.1)
b=1

where J3P¥ represents the bth CBF and aSP¥ represents the bth unknown expansion
coefficient for that CBF. The bth CBF is expanded in terms of N}’ B¥ micro-basis functions

nBF

. . . N
with known expansion coefficients {al},”", , as;

uBF
Nb

TP () = ) alfi(r). (5.2)

lth

The vector basis function f;’ represents the micro-domain basis function on the bth

domain. The reduced moment matrix element ZSB¥ between the n'® source and m'™ ob-

servation CBF is given as
1

8 -
Jw(e — o)

(TR0 (r), I () = (B (TP (), I ()

N,u,BF N[J.BF
b b

m ; i mip)) — S(F7(p (e o
:; ; o, jw<€—50)<f]( )7fz()> <E(f]( ))’fl()z .

= (™2™ a™, (5.3)

CBF
Vm

Similarly, the m'" element of the reduced excitation vector is computed as

VOB — // JCBE L Ei(r)dS

N,u,BF

— Za [//Smfr-Ei(r)dS}

(2

=1
= (a™"V,,, (5.4)
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Figure 5.2: 2-D representation of the block extension in the CBFM.

where the vector V,, is the excitation vector of the original problem pertaining to the mth
block.

In conclusion, the moment matrix equations can be reduced to a small size matrix repre-
sentation using the CBFM to yield

ZCBF ... ZCBE a{BF VCBF
. - | (5.5)
2 2] of] v

where ZGBF is the reduced self-coupling matrix element for the CBF-block b; Z§BF is the
reduced coupling element for the source CBF-block ¢ and the observation CBF-block b (cf.,
Fig. 5.2). Similarly, VBT and ofBF are the elements for the reduced excitation and CBF

expansion coefficient vectors, respectively.

If more than one CBF is generated per subdomain, say NS CBFs for the bth subdomain,

the NF'WS CBF expansion coefficient vectors aCBF for n, = 1,2,..., N'W5 can be stacked
in a column-augmented matrix A, as A, = [ap) Py o: - af ‘]’VVEWS] To reduce and

orthonormalize this set we use the singular value decomposition of Ab
A, = U,S,V}, (5.6)

where Uy is a matrix with orthogonal columns, VE is a matrix with orthogonal rows, and S,
is a diagonal matrix holding the singular values in descending order. Accordingly, an appro-

priate threshold—depending on the final desired accuracy of the synthesized current—can
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be selected beyond which the singular values can be set to zero. As a result, the corre-
sponding columns of U, with zero eigenvalues and rows from V}' can be removed. In effect,
this leads to a more compact representation of the CBF's since only a few columns of U,
have to be retained as CBFs.

5.3 Acceleration Techniques

In the previous section, we have described the CBFM to increase the time and memory
efficiency of solving the moment matrix equation. In this section we will introduce a
number of complementary techniques that can be used to reduce the moment matrix fill
time. One widely known technique to reduce the moment matrix fill time is the Fast
Multipole Method (FMM) [34] which involves the multipole expansion of the free-space
Green’s function. Since the FMM is not kernel independent, we opt for more general fully
algebraic efficiency enhancement techniques for reducing the time complexity of filling the
reduced moment matrix equation. In particular, MEDM will be enhanced by exploiting
reciprocity and translation symmetry, and by making use of the ACA. In this section, we

briefly describe these techniques.

5.3.1 Lorentz Reciprocity

The Lorentz reciprocity theorem describes the symmetric relation between the transmitting
and receiving antenna, that is, if a current is applied at the source antenna, it will induce
an open-circuit voltage at the receiving antenna, while — in the reciprocal case — if this same
current is applied at the receiving antenna, it will induce the same open-circuit voltage at

the transmitting antenna [17, Sec. 7.5]. The reciprocity relation for electric currents only

///Jl-Eng:// E, - J,dV. (5.7)

A consequence of this theorem is that the mutual impedance between the antennas is iden-

is expressed as

tical in both the transmitting and receiving situations (Zi5 = Zy1, see Fig. 5.3). Similarly,
the moment matrix is symmetric since the source basis functions act as the “transmitting

antennas” while the testing functions are the “receiving antennas”. Hence, the matrix
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Figure 5.3: Coupling between the two blocks.

in (2.27) is symmetric so that only the upper triangular and diagonal entries need to be
computed. The entries in the lower triangular matrix block can simply be obtained by
transposing the upper triangular matrix block. It is pointed out that reciprocity can be
exploited at multiple-levels in the moment matrix formulation, i.e., on micro- as well as
on macro-domain level. An example at macro-domain level is given in Fig. 5.2, where the

matrix element ZSPT is observed to be the same as the matrix element ZSPF.

5.3.2 Translation Symmetry

The off-diagonal moment matrix entries [i.e. Eq. (3.16) and (3.18)] depend primarily
on the distance and mutual orientation between the source and the observation micro-
domain basis functions; this property also holds for the CBFs. The reaction integrals
for source and observation basis function pairs are therefore the same. This, so-called
translation symmetry, has also been exploited in the CBFM-enhanced MEDM to rapidly
form the many self and coupling block matrices. The latter has been illustrated in Fig. 5.2;
the matrix elements ZSPF and ZSPY are identical, so that, only one of them needs to be

computed, while the second can simply be replaced by that value.

5.3.3 The Adaptive Cross Approximation (ACA)

The interaction (moment matrix block) between two well-separated groups of basis func-
tions can be represented accurately and efficiently by a much smaller subset of these groups.
In fact, the interaction of two well-separated groups of basis functions results in a rank re-

duction of the corresponding moment matrix block. A near-square low-rank matrix block



48 Chapter 5. Solution to Large Problems

can be compressed efficiently through the ACA algorithm. This algorithm is described
thoroughly in [32,35], and summarized below.

Let Z™*" represent the moment matrix coupling block between the basis functions sup-
ported by two well-separated blocks in the MoM computational domain. The goal of the
ACA is to approximate Z™*" by the lower rank matrix Z""" with a prescribed accuracy.
More specifically, the ACA algorithm constructs the approximated matrix z"m" through

a product form,

zmxn — Ymxr\TXn — Z u;nxlvllxn (58)
i=1
where 7 is the effective rank of the matrix Z™*". The goal of the ACA is to achieve
|Rm><n| _ |Zm><n o 2m><n| < 5|Zm><n| (59)

where R is termed the error matrix and ¢ is a given accuracy. The norm |.| is herein the

2—norm, or Frobenius norm.

Let | = [I1,...,I,] and J = [Jy, ..., J,] be the arrays containing orderly selected row and
column indexes of the matrix Z™*". The following ACA algorithm is written in Matlab’s

notation, where R(Iy,:) stands for the I'" row of the matrix R.

The steps involved in the ACA algorithm are as follows:

. Initialize the 1%* row index I; = 1 and Z=0.

—_

2. Initialize the 1 row of the approximate error matrix: R(Iy,:) = Z(Iy,:).

3. Find the 1% column index Ji: |R(Iy,.J;)| = max R(I1, 7).
J

4. vi = R(I},:)/R(I1, Jy).

5. Initialize 15° column of the approximate error matrix: ﬁ(:, J1) =Z(:, Jh).
6. u; = R(:, Jy).

T2V = 2P P

8. Find the 2" row index I : |R(I3, J;)| = max(|R(z, J1)]).
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k™ iteration:

1. Update If* row of the approximate error matrix: R(I,:) = Z(Ir,:) — Sor (w)1,vi-

2. Find the next column index Jj: \Ii([k, Je)| = max(\li([k,j)]),j + Ji,y Jpq.
j

3. v = I:\’(Ika )/ﬁ(]/m Jk)
4. Update Ji" column of the approximate error matrix: R(:, Jx) = Z(:, Ji) =0, (Vi) s .

5. up = R( Jk)

~(k)‘ ‘ (k 1)

6. |Z !2+22 1 uFun] - vl 4 g

7. Check convergence: if |ug||vg| < 5|i(k)|, end iteration.

8. Find the next row index Ipy1: |[R(Ipy1, Ji)| = max(|R(i, Jo)|),i # I, ..., I

5.3.4 Fast Matrix Generation and Solution

To examine the effectiveness of the previously described EETSs, we select a plate of size
20 x 20 x5 microdomain basis functions and then subdivide and solve the combined problem
using CBF blocks of size 5 x 5 x 5 micro-domain basis functions. The comparison results
between the MEDM, with and without employing Efficiency Enhancement Techniques
(EETSs), are listed in Table 5.1. The corresponding problems have been depicted in Fig. 5.4.
The computational platform used for solving the problems consists of a remote desktop
server, equipped with a quad core processor and 148 GB of RAM, operating at 2.2 GHz.
For the problems mentioned in Table 5.1, the tolerance for the ACA and the CBFM are
set to be 1/15 and 1/100, respectively.

5.4 The MEDM with and without the Efficiency En-
hancement Techniques (EETS)

The dielectric objects discussed earlier in Chapter 4 for several different shapes are recon-

sidered in this section for the case when EETs are employed. The computed scattered
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Table 5.1: Comparison of the total solution time for the MEDM with and without employ-

ing the EETs
(a) Performance parameters for both the CBFM and ACA

No. of No. of No. of No. of Min. Block Sep. Dist.
Blocks | Micro-Basis | Uniq. CBFs | MoM Blocks [A] ACA

16 6000 9 117 0.012

32 12000 18 459 0.012

48 18000 27 1026 0.012

64 24000 27 1701 0.012

80 30000 27 2376 0.012

(b) Time efficiency comparison

No. of || CBFM & ACA | No CBFM & No ACA | Fig. Ref.
Blocks Time [s] Time [s] [Fig. No.|
16 46.48 56.3 5.4(a)
32 157.00 155.73 5.4(b)
48 391.05 409.26 5.4(c)
64 620.5 841.75 5.4(d)
80 782 1493.7 5.4(e)

fields for MEDM with EETs have been compared to those computed in Chapter 4. In
Chapter 4, we have validated MEDM by comparing the numerically computed solution to
Ansoft’s HFSS (v 13.0), in terms of the accuracy, execution time and memory usage. In
the following subsections, we will investigate the accuracy and time efficiency of the EET's

in comparison with the plain MEDM.

For the generation of the results that follow, an Intel Centrino laptop equipped with a
dual core processor@2.2 GHz and 2GB of RAM has been used; except for the sphere of
radius R = \/50, where a remote desktop server has been used equipped with a quad core
processor@2.2 GHz and 148GB of RAM.
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(a) 16 CBF-blocks  (b) 32 CBF-blocks (c) 48 CBF-blocks  (d) 64 CBF-blocks

(e) 80 CBF-blocks

Figure 5.4: Progressive increase in CBFM blocks, examining the effectiveness of EET's

5.4.1 Scattering From a Dielectric Sphere

A dielectric sphere has been simulated using the MEDM, both with and without employing
the EETSs. The comparison between the numerical results is depicted in Fig. 5.5. The
specifications of the problem are described in Table 5.2.

Table 5.2: Specifications for the dielectric sphere.

e r-polarized plane wave e kgR = %
oc, =6 o =0
o =1 e R=)\/4w

The results obtained when EETs are employed seem to be in good correspondence to those
obtained without EETSs, as illustrated in Fig. 5.5. The field inside the sphere—as computed
by the MEDM code (cf., Fig. 5.5)—resembles the analytical computations very well, apart
from a spurious glitch in the field solution that has already been discussed in Chapter 4.
Usually we are interested in physical quantities that are integrals over the fields or currents
(scattering patterns, power losses, energy storage, etc.); hence, the glitch at only the last
cell may not be of much concern. For instance, the time-average stored electric energy
1/4 [[[ e| E]*dV is for MEDM: 5.68e-15 [J]; HFSS: 5.60e-15 [J]; and Mie: 5.77e-15 [J],
which shows that MEDM result is close to the analytically derived value, than is the one
given by HFSS.
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Mesh of the structure (6309 micro-basis functions)
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(a) Problem (graphical illustration). (b) The magnitude of the E-Field along z-axis.

Figure 5.5: MEDM results with and without employing EETS; specifications: see Tables 4.3
and 5.2.

5.4.2 Scattering From a Small Plate

An electrically thin dielectric plate has been simulated using the MEDM (see Table 4.5).
The comparison between the MEDM—with and without employing EETs—is depicted in
Fig. 5.6. The specifications for the corresponding EETs and the total execution time are
listed in Table 5.3.

Table 5.3: EET specifications for the electrically thin plate.
e CBF-Block Size = 3x3x3 e CBF-Block Exten. Dist. = 2 Cells

e MinDistACA = 5xMeshCellSize e TolACA = 1/40
e Execution Time = 25.1248 Sec

It is apparent from Table 5.3 that, when the geometry of the object is very small compared
to the size of CBF-block, or when the degree of translation symmetry is less, a plain MEDM
can even outperform the MEDM with EETs employed, both in terms of the execution time
and memory usage. This is due to a relatively large computational overhead in the CBFM

which is needed for generating the CBF's.
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Mesh of the structure (600 micro-basis functions)
o 1

: P 0.9f s el
B 0.8 \ /
0.7 M /
— 0.6F
£
> 05- —#— x-Component (Without EETs)
w 0.4l —*— y-Component (Without EETs)
! z-Component (Without EETs)
0.3 - * — x-Component (With EETs)
02l - * — y-Component (With EETs)
) . ) z-Component (With EETs)
-0.015- ) ) 01l
-0.01 0 ’
-0.005 0 R e RO

oL e % T o = S VO
-0.02 -0.015 -0.01 -0.005 0 0.005 0.01 0.015 0.02

0.005 -
0.01
0.01 2/R

x [m]
(a) Problem (graphical illustration). (b) The magnitude of the E-Field along z-axis.

Figure 5.6: Accuracy of MEDM with and without employing EETSs; specifications: see
Tables 4.5 and 5.3.

5.4.3 Scattering From a Small Dielectric Cube

A relatively small dielectric cube is simulated using MEDM without employing EETSs to be
able to compare it to the results that are computed by MEDM when EETSs are employed.

The results are depicted in Fig. 5.7. The specifications of the problem are as follows:

Table 5.4: EET specifications for the dielectric cube.
e CBF-Block size = 3x3x3 e CBF-Block Exten. Dist. = 2 Cells
e MinDistACA = 5xMesh Cell Size e TolACA = 1/40
e Execution Time = 159.7257 Sec

Table 5.5 summarizes the comparison between the results—generated by MEDM-—with
and without the application of EETSs, for the three different types of problems as discussed

in this and the previous section.

It is concluded from Table. 5.5 and the Figs. 5.5, 5.6 and 5.7 that the use of EETs do not
affect the solution accuracy much but do increase the computational efficiency significantly.

A larger improvement is expected for a multi-level CBFM approach.
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(a) Problem (graphical illustration). (b) The magnitude of the E-Field along z-axis.

Figure 5.7: MEDM in comparison with HFSS; specifications: see Table 4.6.

Table 5.5: Summary of comparison between EETSs and without EETSs.

Problem | CBFM Specifications || Execution Time | Execution Time
Type [Reference] With EETs Without EETs
Sphere Table 5.2 150.0000 165.0000
Plate Table 5.3 25.1248 2.1111
Cube Table 5.4 159.7257 16.4713

5.4.4 Solution to Electrically Large Problems for MEDM

Generally, the largest size of the problem that can be solved by MEDM depends upon
the available system memory. Nevertheless, in order to guesstimate the largest number of
basis functions that can be solved on a machine whose specifications have been mentioned
in Section 5.3.4, a sphere of radius R = A\/8 has been simulated first, for which the results
have been depicted in Fig. 5.8. The edge length for the basis functions is set to A/100.

Table 5.6: Specifications for the largest solvable dielectric sphere.

e r-polarized plane wave e kgR = 7
ec, =6 e =0
oli=nm e R=)/8

Accordingly, the size of sphere is increased even further. The results have been depicted
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(a) Problem (graphical illustration). (b) The magnitude of the E-Field along z-axis.

Figure 5.8: Solution to an electrically large problem by the MEDM. Specifications: see
Table 5.6.

in Fig. 5.9, while the specifications of the problem can be found in Table 5.7.

Table 5.7: Specifications for the largest solvable dielectric sphere.

e r-polarized plane wave e kgR =%
ec, =6 e ' =0
ofi=rm e R=M)/6
1.5
—*— x—component (MEDM)
1.4+ y-component (MEDM)
—%— z-component (MEDM)

1.3 '='='x-component (Mie)
‘= = y—component (Mie)
z-component (Mie)

[EI [V /m]

x ml - z/RO[—] °
(a) Problem (graphical illustration). (b) The magnitude of the E-Field along z-axis.

Figure 5.9: Solution to an electrically large problem by the MEDM. Specifications: see
Table 5.6.
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5.5 Conclusions

The CBFM and the ACA algorithm have been described, implemented, and applied to
several scattering problems. It has been demonstrated that the MEDM with EETs em-
ployed can provide enhanced memory storage capabilities and reduce the total execution
time significantly, with only a subtle compromise on the accuracy of the desired results.
In general, there exists no hard limit on the size of the problem. It merely depends on the
available memory resources, and processor specifications to achieve fast results, nonethe-
less, we have solved an electrically large problem with promising results, among which is a
sphere of radius \/6 whose current is synthesized by approximately 60,000 high-resolution
basis functions. It is expected that even larger problems can be handled when a multi-level

version of MEDM is employed.



Chapter 6

Numerical Results

The procedure to measure the permittivity of a radome material using a substrate mea-
surement system has been described in this chapter. The MEDM, as developed during this
research project, has been applied to an electrically-large radome covering a dipole antenna

array. The influence of the radome on the antenna gain pattern has been studied.

6.1 Substrate Measurement System (SMS)

The SMS is a ring-resonator-based system for the measurement of the permittivity and
loss tangent of a sample of dielectric material in the frequency range 1-13 GHz [36,37]. In
this section, we briefly describe the procedure to measure the permittivity of a dielectric

material, and elaborate on the electromagnetic principles of the measurement method.

6.1.1 Measurement Setup

The apparatus consists of a mechanical setup and software for processing the measurement
results that are obtained from a network analyzer. The mechanical setup procedure is

described as follows:

A sample of the radome, to be used for the measurements, must be cut with dimen-
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sions 56x64 mm and placed on the ground plane of the measurement device as shown in
Fig. 6.2(b). The accuracy of the 56 mm size must be quite precise (£0.1 mm) and the
thickness of the sample must be between 0.5 and 1.5 mm. If the thickness of the sample
is less than 0.5 mm, it can be stacked with other samples. Samples of Teflon material (5
stacked layers of 0.1 mm each) and Mylar (5 mm thickness) are shown in Figs. 6.1(a) and
6.1(b), respectively. The resonator is placed on top of the sample with the microstrip ring
(or strip) facing downwards as shown in Fig. 6.2(c). Afterwards, the coupling elements
are placed at the brass board [cf., Fig. 6.2(d)]. There are two available types of coupling
elements embedded with the SMS; the coupling element with pin length 0.7 mm can be
used, however, if it does not yield a scattering parameter S5 in the range -50 to -15 dB,
then a coupling element with pin length 0.3 mm can be used. The sample is tightened
using the clippers as depicted in Fig. 6.2(e). To measure the resonant frequencies, connect
the coaxial cables of the network analyzer must be connected to the coupling elements (cf.,
Fig. 6.3).

(a) Teflon (b) Mylar

Figure 6.1: Measurement samples as used for the Eleven Feed Radome [3§]

6.1.2 The Principle of the Measurement Technique

Herein, we briefly describe the principle of the measurement technique. A thorough expo-
sition of the microstrip ring resonator measurement technique can be found in [37]. The
basic principle relies upon the variational principle, where the permittivity of the test ma-
terial is varied, and hence, the capacitance of the resonator. A ring resonator is used to
perform the measurements, primarily because the ring resonator has high quality factor.
The ring resonator comprises a copper ring etched on a substrate as shown in Fig. 6.5.

The resonance frequency can be determined by setting the guided wavelength (\;) equal
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(a) Ground plane (b) Sample on ground plane  (c) Resonator on top of sample

(d) Couplers attached to res- (e) Cliping to tighten the sample
onator

Figure 6.2: Dielectric substrate measurement setup

to a multiple of circumference of the ring, as dictated by the expression [39]
m(a+b) = nA,. (6.1)

In the above expression, n is the harmonic number, a and b are the inner and outer
diameters of the ring, respectively, A\, = Ao/ \/m , and the effective permittivity eeq(f)
of the microstrip line can be found in, for instance, [17,40,41, Sec. 8.8.2, Sec. 3.4.1, Sec.
1.2.1, respectively]. By rearranging the above expressions, the resonant frequencies of the
microstrip line can be calculated as

ne

fo = w(a+ b)/ealf) (6.2)

where c is the speed of light in free space. The following expression describes the relation

between the capacitance of a loaded and an unloaded line,

NG
X \/g - Vea(f) o

In the above equation, A\g and Cj are the wavelength and capacitance—respectively—of

an unloaded (g7 = &3 = 1, see Fig. 6.4) line. Similarly, A and C are the wavelength
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Figure 6.3: Measurement setup and results

€9 S Dielectric sample
= = Ring resonator
€1 H Substrate (ring resonator)
Ground plane

Figure 6.4: Schematic diagram of a dielectric substrate measurement system. Symbols S

and H denote the substrate (ring resonator) and sample thicknesses, respectively.

7

Coupling Element Coupling Gap

Figure 6.5: Ring resonator
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and capacitance—respectively—of a loaded (¢; = 10, &5 = v) line, where v denotes the
variable to be determined. The capacitance of the line can be calculated using the following
expression [42,43]:

1 1 o 9
= A4
&g | Uerasas, (6.4)
where
+oo
Q= f(x)dx, (6.5a)
—oo |
f(B) = (z)e?* da, (6.5b)
E9S
= . 6.5¢
9(5) |Blealea + 1hs] (6.5¢)
In the above equations,
h = coth(|8|H), (6.6a)
s = coth(|B]9), (6.6b)
while the function f(x) is approximated by the trial function
1+ (2)°, ULy
= w 6.7
/(@) { 0, otherwise, (6.7)

where w is the width of the line. The capacitance of the unloaded line (Cy) can be
computed by substituting ey = 2 = 1 in Egs. (6.4)-(6.6b), while the capacitance of the
loaded line (C') can be computed by substituting e; = 10 and £5 = v. The variable v is
varied and the corresponding values of .4 are plotted using Eq. 6.3. In the next step, the
resonant frequencies of the ring with and without test material are measured which are F}
and Fy, respectively, using a network analyzer. The effective permittivity without the test
material, e, is calculated by substituting e; = 10, e = 1 and S — oo, in Egs. (6.3)-(6.7).
Afterwards, the effective permittivity in the presence of the test material e.g; is calculated

from the following relation:

A
Ty =n—— =n . (6.8)

\ Eeff FO\/ Eeff1 Fl\/ 5eff0,

where c is the velocity of light. Using the above relations,

E 2
Eeff1 = Eeffo (FO) . (6‘9>
1
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Knowing e, we can search for 5 from the curve plotted by Eq. (6.3).

The procedure used to compute the dielectric constant of a material using the SMS consists

of the following steps:

e Measuring the resonance frequencies and 3 dB bandwidth of each resonance using
spectrum analyzer (see Fig. 6.6). From these measurements, the constitutive param-

eters of the dielectric material will be extracted.

e Performing a thru measurement by removing the SMS and interconnecting the coaxial
cables from the network analyzer together. This calibration setup is required to

eliminate the effect of the cables.

e The software of the SMS system shows two graphs, one with the initially determined

attenuation coefficient and the other with the effective relative dielectric constant.

e Accordingly, the software starts to calculate the dielectric constant and loss tangent.
This is done by performing EM simulations using the procedure described in this and

the following section.

e Finally, the window displays the determined loss tangent and dielectric constant.

6.1.3 Objective (Cost) Function

In the previous section, we have constructed a model for the system and established a
relation between the effective permittivity and the measured resonance frequencies. The
second step in the optimization procedure is to construct the objective or cost function to
minimize the error between the exact and the developed approximate system. This fitting
procedure allows us to extract the effective permittivity of the material under test. By

substituting (6.5¢) in (6.4), and after subtle manipulations, we arrive at

- rs < [1(8)]
]/o El

6 N 7TQ2€0€2[€2 + €1h8
which is an inhomogeneous integral equation that can be compactly written as

8, (6.10)

1

L{f) = & (6.11)
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In the above equation, L is an integral operator defined as

. E9S8 > E
L= TQ%epea]en + €1hs] /0 18] dg. (6.12)

The unknown function f can be discretized as follows:
f = Zanfna (613)

where {f,,} are the basis functions and {«,} are the expansion coefficients. Substituting
the above expression in Eq. (6.11), and using the linearity of L, leads to the following

expression:

1
;anL(fn) = (6.14)

An objective function can be constructed and minimized to determine the unknown ex-

pansion coefficients {a,}, i.e.,

, (6.15)

min

ZanL(fn) — L(f)

where | - |, in this case, represents a modulus operator. The above expression can be

optimized by a number of existing optimization techniques [23].

6.1.4 Measurement Results

The above mentioned procedure has been brought into practice by measuring the dielectric
properties of the Mylar (0.5 mm thickness) and Teflon materials (5 stacked layers of 0.1
mm each) over the frequency band ranging from 500 MHz up to 13 GHz upon assuming
that the relative permittivity and tangent delta are independent of frequency, the average

measured values are as follows:

Table 6.1: Measured values for Teflon and Mylar
Material || Relative Permittivity | Tangent Delta

Type (F/m) (-)
Mylar 2.89 0.007
Teflon 2.03 0.003
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HFSS uses for Teflon ,=2.1 and tand=0.001, which are similar to the values provided
in Table 6.1. For completeness and in accordance with the aforementioned operating
principal of the SMS, the measured scattering paremeter Sp; and the associated resonance

frequencies in the presence of Mylar and Teflon materials have been depicted in Fig. 6.6.

IS, [dB]

10
12 14 0 2 4

[} 2 4 6 8
Frequency [GHz]

6 8
Frequency [GHz]

(a) Mylar Material (b) Teflon material

Figure 6.6: Absolute value of the scattering parameter (|Sy;|) versus frequency. Peaks

represent the resonance frequencies.

6.2 A Realistically Large Radome Simulation

In the previous chapters, we have focused on the implementation and validation of the
MEDM. In this section, we focus on radomes for the radio astronomical applications as
alluded to in Chapter 1. The section begins by describing an idealistic antenna array used
as a radiation source for illuminating the radome. Afterwards, we present the numerical
results—computed through the use of MEDM-—and detrimental effect of the radome on

the antenna radiation pattern.

6.2.1 Antenna Array Beam

In radar and radio astronomical applications, the primary aim is to point the main beams
of the radiation (or receiving) pattern in the desired directions with high precision, while it
may be required to place nulls in directions of RF interference sources. Reflector antennas

can be used to focus the EM-field from or into a certain direction. However, to steer the
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beam using reflector antennas requires the mechanical steering of the reflector antenna
itself, which is time consuming as the physical size of these antennas is usually very large.
An antenna array, on the other hand, can be used for beam forming and to steer the beam

electronically within fractions of seconds.

In the following, we use an array of infinitesimal dipole antenna elements as a radiation
source for illuminating the radome with a certain beam. The basic principle is to progres-
sively shift the phase of each antenna element in the array in order to point the antenna
beam in the desired direction. For two antenna elements, the resulting field can be ex-

pressed mathematically as a superposition of two dipole fields, i.e.,
E = Ee 7 @thmt) o Bye I (Pethrat) (6.16)

where, ®. is a constant phase offset depending upon the geometrical center of the array,
the electric field E, (0, ¢) represents the embedded element field pattern radiated by the
nth dipole and can be computed using the expressions provided in Appendix B, k is
the propagation constant, 7, represents the position of the nth dipole, and 7(y, ¢p) is a
position vector pointing in the main direction (6y, ¢g) of the array beam. Often, the total
radiation pattern E is expressed in terms of an array factor sum, which can be obtained

by manipulating the above expression as follows

E = Ele—j(q)C—i-kTyf') + Eze—j(@c+k7‘2~f‘)7

— i [Ele—j(lcmi') + E26—j(k7‘2";‘)] ] (617)

6.2.2 Numerical Results

The objective of the experiments that have been performed in this section is to simulate
a realistically large radome using the MEDM. In this section particular attention is given
to study the effect of the radome on the radiation pattern as opposed to focusing on the
numerical and/or memory efficiency. For all the experiments listed in this section, the
relative permittivity of the material is chosen to be 6, the operating frequency is 1 GHz,
and the mesh cell size is A\/50. The numerical experiments that have been performed are

as follows:
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Dipole Radiation Pattern in the Presence of a Thin Radome

A relatively thin radome plate of dimensions 1.6\ x 1.6\ x 0.12\, which is excited by an
z-directed infinitesimal dipole placed underneath the radome as depicted in Fig. 6.7(a),
has been simulated and the results for the azimuth and elevation patterns of the dipole
have been depicted in Figs. 6.7(b) and 6.7(c), respectively. The effect of the presence of
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Figure 6.7: Dipole radiation pattern with and without the radome.

the dielectric material is apparent in the azimuthal direction [cf., Fig. 6.7(c)].
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Dipole Radiation Pattern in the Presence of a Thick Radome

The above steps are repeated for the above step with a radome plate of dimensions 1.6\ x
1.6\ x 0.36X so as to analyze the effect on the radiation pattern for thicker radomes.
The results have been depicted in Fig. 6.8. It is evident from Fig. 6.8(c) that the thick
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Figure 6.8: Dipole radiation pattern with and without the radome

radome affects the radiation pattern more than the thin radome, as expected. However,
the change is minimal in the main beam direction (broadside), but more pronounced for

larger elevation angles.
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Dipole-Array Radiation Pattern in the Presence of an Electrically Large Radome

In this step, we implement the beam-forming routines for an array of two infinitesimal
dipoles illuminating a plate of dimensions 1.6\ x 1.6\ x 0.36, which is placed above the
dipole array as depicted in Fig. 6.9. The distance between the dipole-array and the plate

interface is A\/4. The antenna array beam is scanned for different azimuthal angles. As
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Figure 6.9: Dipole radiation pattern with and without the radome

illustrated in Figs. 6.9(c)and 6.9(d), the effect of the radome on the antenna beam is rather
significant when the radome covers most of the radiation by antenna, is relatively thick,
and has a large dielectric contrast (¢ = 6).



6.2. A Realistically Large Radome Simulation 69

Dipole-Array Radiation Pattern in the Presence of a Thin Curved Radome

Next, we simulate an electrically large curved radome of radius= 2\, thickness= 0.36\ and

arc length= 1.6\ with a dipole array placed underneath as shown in Fig. 6.10. A change in
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Figure 6.10: Dipole radiation pattern with and without the curved radome.

the amplitude of the field is observed in the elevation direction, whereas in the azimuthal

direction, both the amplitude and the beam pointing direction is distorted.
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Dipole-Array Radiation Pattern in the Presence of a Thic Curved Radome

As a last step, we simulate a realistically large curved radome with dipole array placed

underneath as shown in Fig. 6.11. As evident from Fig. 6.11, an increase in the radome-
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Figure 6.11: Dipole radiation pattern with and without the curved radome.

thickness leads to an increased distortion in the antenna actual radiation pattern and

increased beam pointing error as compared to the thin radome.
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6.3 Conclusions

In this chapter, we have described the operational principle of the permittivity and loss
tangent measurement system for dielectric materials. The values of permittivity for the
Mylar and Teflon radome materials are measured and compared to the constitutive param-
eter values provided by HFSS. Furthermore, the field scattered by several radomes have
been analyzed whose scattering effect of this scattering, on the resulting beam, is observed.
The detrimental effect of the radome on antenna beam can be significant if the objective is
to accurately point the antenna beam into a specific direction, particularly for off-broadside

scan angles, thick radomes, and for radomes having a large dielectric contrast.



72

Chapter 6. Numerical Results




Chapter 7

Conclusions and Recommendations

7.1 Conclusions

In this thesis, we started with a an introductory chapter describing some background
information on radomes for electromagnetic antennas, provided a motivation into the thesis
subject by introducing the Square Kilometer Array (SKA) radio telescope, and stressed
the importance of employing radomes for the SKA design. Afterwards, we briefly reviewed
the most prominent existing computational methods for solving electromagnetic (radiation

and scattering) problems.

Thereafter, in Chapter 2, we formulated and discretized the Electric Field Integral Equation
(EFIE) using the method of weighted residuals. This discretization has led us to a moment
matrix equation, which can be solved for the unknown current. Before doing so, we made
an explicit choice of basis and test functions; we have chosen to employ low-order micro-
domain basis functions because they are potentially well-suited to model fine details in
the current, while the numerical implementation is straightforward. The equivalent dipole
moment of a micro-domain basis function has been derived for the representation of the
field external to the source basis function. The self-term is calculated by testing the

scattered field at the center of the source cube. The scattered field value in the center of
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the remaining cubes (i.e. coupling-terms) have been determined through the dipole field
representation. This allows us to establish regular closed-form expressions for the moment

matrix elements which can be evaluated rapidly and in a direct numerical manner.

Following the formulation and implementation of the method, the method is then vali-
dated against analytically-known scattering solutions, and compared to existing numerical
softwares. For this purpose, the Mie-series has been formulated mathematically and its
implementation has been validated by comparing the solution to published results that are
available in the literature. In addition, we have simulated the results in HFSS. Overall,
the results obtained via the presented MEDM code are in good agreement with the exact
solution and the HFSS results, despite the simplicity of the numerical scheme. Further-
more, the solution is computed faster and requires less amounts of memory. Finally, it has
been verified numerically (through a convergence study) that a subdivision of the source
cube into smaller source cubes does not lead to a significant improvement in the accuracy

of the computed radiated field at neighboring observation cubes.

From a theoretical standpoint, we have formulated and implemented a novel numerical
Computational Electromagnetic (CEM) method for the accurate solution of dielectric scat-
tering problems. However, employing electrically small basis functions inevitably causes
memory storage problems and excessively long simulation times. To overcome these mem-
ory and time inefficiency problems, the CBFM and the ACA algorithm have been described,
and used to enhance the plain MEDM code. It has been demonstrated—through various
examples—that the MEDM with EETs employed reduces the memory storage require-
ments and increases the time efficiency with only a subtle compromise on the solution
accuracy. There is no hard limit on the size of the problem, since this merely depends on
the available memory resources and processor specifications; we have successfully solved

electrically large scattering problems, among which a dielectric sphere of radius \/6.

Chapter 6, contains a description of the permittivity and loss tangent measurement system
for dielectric materials. The complex-valued permittivity for Mylar and Teflon materials
have been measured and compared to those specified in the HFSS software. Finally, the
field scattered by a radome has been analyzed and the effect of this scattering on the
resulting antenna phased-array beam has been examined. It is concluded that the effect
of the radome on the antenna beam can be relatively large if accurately beam-pointing is
required, particularly for thick radomes, off-broadside scan angles, and radomes of high

dielectric contrast. In these cases the radome must be taken into account during the
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electromagnetic design phase of the antenna system.

7.2 Recommendations

Although we have focused on making the presented method as optimal as possible, we
believe that the proposed method can be improved further. The following itemization
describes our findings and research curiosities as recommendations which may help to
improve and extend the numerical method in future. Also, these recommendations can be

effectuated and be an input for a future PhD project. The suggestions are as follows:

e The glitch in the field at the surface of the sphere in Fig. 4.5(a) is a result of spu-
rious charges at the boundary surface of the sphere as described in Chapter 4. It
is worthwhile to examine whether this spurious surface charge can be mitigated by
introducing more than three degrees of freedom for the basis function current in a

micro cube.

e Secondly, the CBFM—as implemented during this project—represents a monolevel
version of CBFM. The multilevel implementation of CBFM can result into a fast
solution of problems that are even electrically larger, at a reduced computational

cost and at a reduced solution time, relative to a monolevel approach.

e Although we have established a short discussion about the scattering analysis of com-
bined antenna-radome problems, a more detailed analysis is required to accurately
quantify the detrimental effect of radomes on the antenna performance. It is desired
that beam pointing errors incurred by the presence of radome can be predicted in
advance and possibly be compensated for in an early stage of the antenna design

process.

e The volume equivalent currents employed in MEDM can be combined with the surface
equivalent currents in CAESAR to develop a hybrid formulation for solving entire
antenna-radome problems. This capability also enables us to design antenna arrays

in the presence of a radome.

As a final note, it is worth pointing out that this work has been published at the Interna-
tional Conference on Electromagnetics and Advanced Applications (ICEAA) [44]:
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M. Naeem, R. Maaskant, G. W. Kant, P.-S. Kildal, and R. Mittra, “The method of equiv-
alent dipole moments (MEDM) combined with CBFM for the fast and accurate solution
of dielectric scattering problems”, International Conference on Electromagnetics and Ad-
vanced Applications (ICEAA), Sep. 2011.



Appendix A

Field in the Center of the Cube

A.1 Scattered Field Evaluation

Here, we evaluate the integral terms involved in (3.9), one by one, for simplicity and
substitute the simplified forms back to have an integral free expression for the scattered

field in the center of the microdomain cube. The first integral in (3.9) is evaluated as
Al oA ! r’ ~ !
r-ndS:Z W-nids, (A1)
v Lo,V

where the sum of integrals over 0;) indicates that all faces of the cube are integrated

separately and then summed. For the face S at y = a/2, for instance,

a/2 a/2
/ /A 2 ~ /A
//T—/gdslz’g / / xaH—(a/ )’y—f—Zde/dZ/
SF I ~a/2 —a/2 Va? + (af2)? + 27
a/2 a/2
a 1 )1 a 1 ..,
<2>/ /\/m/2+(a/2)2+z’2dxdz <2>//RdS (4-2)
—a/2 —a/2 Sy+

This last integral can be evaluated with the aid of [26, Eq. (5)], where we will now have

a “residue” contribution, unlike it was the case for the volume integration in (3.7). The
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evaluation proceeds as follows,
Las —im [[ v (£P) as +1m [[ Las (A.3)
R e—0 s P e—0 R ’ ’
Sy SF-8. Se

where S, is a small circular area excluded from the face of the cube at y = a/2, i.e.
S. C S, with center (z =0,y = /2,2 = 0) and radius ¢. Here, P = |p/|, P =p//P, and
p = x'& + Z’2. One readily concludes that the last integral amounts to zero, since

lim dS’" = lim

i )] 705 =i | [ e

dP dp = lim 21(\/€2 + (a/2)% — v/(a/2)?) = 0.

Using Gauss’ theorem for surfaces, that is,
// V.- A,dS = j{AS -mdl, (A.5)
S 0S8

where 771 is pointing outwards along the closed contour, the other integral in (A.3) is
evaluated as

: / R - r_ R - ~ / : R - D 1y
g%//vs- <EP) ds’ = 7{ (EP> -mdel —21_1% <EP) -Pdl
—Se S,

Sy as; oS,
4
R R 2 2 2
-y / Bp e — ontim e VY2
P e—0 g
]_léqj’]
- 1 (a/2)?
:;/(EJF PZR)p/-ﬁljdél—cm, (A.6)
=0,

where we integrate over the 4 line segments of the face at y = a/2 and sum their contri-
butions. The segment Q“j is the jth segment at y = a/2. The term p’ - m; = a/2. The

first line integral in (A.6) is written as

a/2

1 1 V3+1
—dr =4 d¢ = 41In (A.7)
2 / R / (a/2)? + (a/2)? + £° (\/3—1)
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and the second line integral as

a/2

1
dl’ =4 dav’
Zﬁ/] PR g,_/a 2 (@272 + 0%/ (a/2)2 + (a/2)2 + 02

32 1
= arctan (ﬁ) , (A.8)

where we have used that

dx

1 1 x
= — arctan | —— | .
/ [d2 + 22] V/2d? + 22 d? (\/ 2d? + xQ)
Substituting (A.8) and (A.7) in (A.6), and then in (A.3), and (A.2), yields

// 7 - fadS =d® |In (gi— 1) + 2a* arctan <%) — %W] : (A.10)

Sy
The flux that we have calculated through the face at y = a/2 is equal for all the six faces.
Hence, we have in (A.1) that

// P 7ds = a? [61;0 <£f 1) + 122 arctan (%) - 371 . (A.11)

Next, we will evaluate the last two integral expressions in (3.9). On the basis of symmetry,
we have for the face ST at z = a/2 that

a/2 a2
5/ /.4 /2 2)%
/772dS’ / / :clzw+?2y+(a2/2);2dx,dy,
I S e
a/2 a/2
z(“)/ / ! da’ dy’ z / _dS'. (A.12)
2 i [x’2+y’2+(a/2)2]3/2
—a/2 —a/2

This last integral can be evaluated using [25, Eq. (26)]. Taking for the present case that

p=2%+y9g R = \a?+y?+ (a/2)?, P = /22 +y?, and P = p//P, one can
express (A.12) as

o s - [ ().
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which can be simplified using Gauss’ theorem to
P P\ .
= ! . ! - e / . - A /
Jl s = [ oo~ () e s f (5) Par. nao
oS+t 0Se

The first term on the right-hand-side is evaluated as

2w €
1 P 2
li —dS' =1 // dPdp =2 1 { }:0,
513(1)8// R3 55%0 J [pz + (a/2)2]3/2 ¥ T 1m Va2 ‘/a2 T 4e2
(A.15)

and the last term on the right-hand-side is evaluated as

P 1 4
lim Pl = lim d¢' = 27 lim < =T (A.16)
50 PR PR 0 e(\/e? + (a/2)?) a
0S. 885

and the middle term on the right-hand-side as

() mae= ) f () =T (). o

oS+ oS+t

where we made use of (A.8). Substituting the preceding results back in (A.12), yields

/ s = / T as =z {2% _ 8arctan (\}gﬂ . (A.18)

S+

Finally, Egs. (A.18) and (A.11) are substituted in (3.9) to give the scattered field at the

origin, i.e.,

s Ny V3+1 1 3
E(r=0,J,) =2 [—jwﬂocﬂ [El <\/§_ ; —|—%a arctan <ﬁ) ~3

Lt ()]
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A.2 Contribution of the Second Taylor Term

To arrive at (3.11), we add Adding the second Taylor term (—jkoR) to (2.17) for the basis

function Jeq(7") = f,(r’), which results in the following:

jko"l‘ | /
= — A2
( |2T ]WIUO///f 47T”l“ /| dv ( O)
k: _ /

— - // V/~fn(r’)V’ —J 0|'I° T| av’

Jweo Art|r — 1|

“’“‘)ko ///f YAV +0
_ Wk ///zdv’
47
%

k
- _%a%, (A.21)

where E°(f,)|,p denotes the scattered field due to second taylor term.
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Appendix B

Field of an Infinitesimal Dipole

The field of an infinitesimal dipole is derived in this section. By substituting (2.11) in (2.9),

we have that
1

Jwey

E —

[V (V-A)+kA].

(B.1)

The solution of this equation can be found by substituting the current density for the

infinitesimal dipole, Joq(r') = 1126(2")0(y')0(2'), in (2.13) as

A= )< T gy
/// cal 47r|r—'r’|

]l e—Jkolr]

47r ||

Substituting (B.2) in (B.1), gives the following expression for the field:

I —Jjkolr| —Jjkolr|
g1 {V(V-2€—>+k’ze }
4 jweg |7 |r|

The different terms in the above expression are solved separately as follows:
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Substituting the above terms in (B.3), and after re-arranging, one obtains

E, = ne zeIkolTmnl (B.7a)
AT jweg ’

g oo AC —ikolrlmn (B.7D)
V' drmjwe ’
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and where the radiated field outside the source cube is

E(r)=[E,xz+E,y+ E.z|. (B.8)
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