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osa-alueiden reunapinnat tarvitsee es#l® numeerisesti. Lisksi menetelnan
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antennitehtavissa.
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myes toteutettiin C-kielella ohjelmoitu EFIE-PMCHWT-formulaation mukaisten
yhtaleiden numeerinen ratkaisija, jossa sytetaan RWG-funktioita ja moment-
timenetelmaa ratkaisemaan mielivaltainen paloittain homogeeninen @elma, jossa
voi olla metallisten ja dielektristen alueiden walisia materiaaliliitoksia. Ratkaisi-
jaa lopulta kaytetean dipoliantennin ja mikroliuska-antennin antenniparamgien
laskentaan.
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ential equations into surface integral equation system, veine the unknown eld
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The method can be used to solve any problems that can be comedsnto nite

number of subregions of homogeneous media. The strength loé tmethod is that
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the problem domain is automatically realized correctly, wich results as very good
accuracy of scattering and antenna problems inside free spa

This thesis studies numerical electromagnetic simulatisnwith the surface integral
equation method. First the theory behind the method is revieed and interpreted.
Then the procedures and tools needed to numerically solveoptems with the
method are studied. A numerical solver of EFIE-PMCHWT formiation written
in C that uses RWG functions and method of moments to solve aitbary piece-
wise homogeneous problems with junctions of metallic or tketric structures is
implemented. The solver is then used to compute antenna pan&ters of a dipole
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List of symbols and abbreviations

Symbols
f frequency
! angular frequency
t time
E electric eld
H magnetic eld
D electric ux density
B magnetic ux density
Jv electric current density
electric charge density
r position vector, eld point
ro source point
permittivity of medium
permeability of medium
conductivity of medium
Je conductivity current density
c complex permittivity of a conductive medium
n unit normal vector of a surface
k wavenumber
G Green's function
Jooii  relative electric polarization current density
M poii  relative magnetic polarization current density
Ji domain speci ¢ equivalent electric surface current densit
M domain speci ¢ equivalent magnetic surface current dengit
Zs surface impedance
Rs surface resistance
Operators
D¢ complement of a domairD
@D boundary of a domainD
p relative solid angle on a boundary surface of domaid
L surface integral operator
K  surface integral operator
S surface integral operator
L; operatorL with material parameters of domaini
Ki operator K with material parameters of domaini
S operator S with material parameters of domaini
r s surface divergence

Vii
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Abbreviations

FDTD nite di erence time domain
FEM nite element method

BEM boundary element method
MoM method of moments

EFIE electric eld integral equation
MFIE magnetic eld integral equation
CFIE combined eld integral equation
RWG Rao-Wilton-Glisson

PMCHWT Poggio-Miller-Chang-Harrington-Wu-Tsai
RF radio frequency



1 Introduction

Numerical methods have been gaining a lot of interest in eleamagnetics lately.

The speed and the memory space of typical computers has iresed steadily, which
has made it possible to calculate quite complex problems naglays with accurate
results. This has resulted as the computational electromagtics society being very
active in science.

The methods of computational electromagnetics can roughlye devided into time
domain and frequency domain methods. The strength of time dwin methods is
that they can be used with almost arbitrary excitation signdwaveform. However,
most of the engineering parameters and speci cations are the frequency domain,
which drives to the use of the frequency domain methods. Tindomain methods
can be used to get frequency domain results with the discret®urier transform,
but typically the accuracy of the frequency domain results ith Fourier techniques
is inferior to the accuracy of real frequency domain methods

The methods of computational electromagnetics can also beewdded into other

classes, such as into methods that are based on di erentiajuations, such as FDTD
or FEM, or into methods that are based on integral equationssuch as surface in-
tegral equation method (often called as BEM). However, thelassi cation of a nu-

merical method is secondary to the applicability and accucy that are achievable
by the method.

Surface integral equation method is a method of computatiah electromagnetics
that can be used to solve many challenging electromagnetiooplems e ciently and
accurately. In numerics the method is mostly used only in th&requency domain.
The method is based on the fact that the eld inside any homogeeous region can be
represented in terms of the eld values (or the equivalent stace current densities)
on the boundary surface of the region. By piecewise repretaion of the eld inside
homogeneous subregions, a problem with a nite number of hageneous subregions
is transformed into a system of surface integral equationser the boundary surfaces
of the regions. The integral equation system must then be seld to nd the unknown
eld values on the boundary surfaces, which can then be used tepresent the eld
everywhere. The surface integral equation system can bew&a numerically with
method of moments (MoM).

This thesis includes description of the surface integral egtion method and the
procedures needed to solve the resulting surface integrglation systems with MoM.
A solver routine that can be used to solve general piecewisenhogeneous problems
including metal and dielectrics is programmed. The implenméed solver routine is
then used to solve antenna parameters of two small antennas.

Chapters of this thesis are as follows. Chapter23 describe the theory behind
the surface integral equations. Chapted describes the numerics and the use of
MoM to solve the resulting integral equation system. Chapts 5-6 describe the
most important antenna parameters and the way how they are tmilated from
the numerical results. The programming work and the datasttures that were



used to e.g. describe the geometry are described in ChapirChapter 8 includes
the results for the antenna paramaters of a dipole antenna dra microstrip patch
antenna obtained with the implemented solver routine. Chapr 8.4includes general
analysis of the achieved results and nally, Chapte® includes the conclusions.



2 Background

In this chapter the basic theory of electromagnetics is quity reviewed. The theo-
retical background of the surface integral equation methois also introduced here.
The method itself will be treated in Chapter3.

2.1 Maxwell's equations

The task of solving electromagnetic problems is to nd the dotions to the Maxwell's

equations. The equations can be solved either in the time dam or in the frequency
domain. If the frequency domain is used, it is equal to assung harmonic time
dependence " for the elds and currents, where the angular frequency is related
to the physical frequencyf by ! = 2 f . In the time harmonic case, the time
derivative is simply @=@t i! and the Maxwell's equations ]] for the electric eld

E, the electric ux density D, the magnetic eld H and the magnetic ux density

B are of the form

r E(r) = i'B(r) (2.1)
r D() = (r) (2.2)
r H(r) = Jy(r) i1D(r) (2.3)
r B(r) = 0; (2.4)

where Jy is the electric current density and is the electric charge density. By
taking divergence of the Ampere's lawd.3) and using the Gauss's lawZ.2), we get
the continuity relation

r Jv(r)=1i" (r); (2.5)
which expresses the conservation of the electric charge.

In a linear and isotropic medium, when the properties of the edium are independent
of eld strength and eld direction, the dependence of the w densities and the elds
can simply be presented by

D (r)
B (r)

(r)E(r) (2.6)
(rH(r); (2.7)

where is the electric permittivity and is the magnetic permeability of the medium.
If the medium is conductive, the electric eld forces the fre charges to move causing
a conductivity current distribution

Je(r)= (E(r) (2.8)
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If this is substituted into Ampere's law (2.3) as current densityJy = J, we see
that the conductivity in the time harmonic case can be replaced by complex
permittivity

0= i 29

Generally the constitutive parameters and can be almost any functions of fre-
quency, but they can depend on the frequency only in a way whienatches causality
in time domain. This leads to the Kramers-Kronig relations1] between the real part
and the imaginary part of the constitutive parameter.

The solutions of the Maxwell's equations also have furthematinuity properties [1]
for the eld and the ux quantities on a border of two media as

] Dlzﬁ D2

n B.=n B,
n E:=n E,
" H;=n Hy;

(2.10)

i.e. normal component8, = fin B andD, = An D of the uxs and tangential
componentsEy,, = R A E andHyu, = " R H ofthe elds are continuous
through the border. Heren is a unit normal vector of the boundary surface between
the domains pointing either into domain 1 or domain 2. The cdimuity requirements
are claried in gure 1.

A
n;1
Htan,l Etan;l t
............ fgegeger <R SUSURR ERUND [ R
— —] A
H E Bn2
tan; 2 tan; 2 Dn2

Figure 1. Continuity properties of the elds and uxs.

On a general surface between two penetrable media, there am@ other boundary
conditions than the continuity requirements @.10. On a PEC surface, when the
conductivity inside the conductive region tends to in nity, the boundaryconditions
are much simpler. Since the physical quantities such as ther@uctivity current J.
in (2.8) should not have in nite energy, the electric eld E inside the conductive
medium must vanish. By the continuity requirements 2.10 this implies that the
tangential electric eld E, vanishes on a PEC surface. Actually the normal com-
ponent of the curl ofE also vanishes, because it only contains surface derivasvef
the tangential electric eld which is zero. If this result issubstituted into Faraday's
law (2.1) as

hnr E=in B=0; (2.11)



it implies that the normal component of the magnetic ux dengty B vanishes in
time harmonic case, giving the boundary conditions of a PEQugace as

Etan =0

A B =0 (2.12)

It has to be stressed here that the second condition is only hdfor dynamic elds.
In statics, only the rst condition is valid. Similar could also be done for a surface
with PMC boundary condition. In that case one only need to relaceE by H and
B byD.

The boundary conditions and the Maxwell's equations toget#r with the physical
requirement of nite energy of the elds de ne the di erential equation problem for
the electromagnetic eld. The problem can be solved analyally in certain special
cases, but numerical methods are often more versatile anchcsolve almost arbitrary
problems.

2.2 Surface equivalence principle

Let D present the domain of interest. Let's assume that the space homogeneous
with constant isotropic material parameters and . If the sources of the electro-
magnetic eld, ie. charge distributions (r) and current distributions Jy (r), are
outside ofD, the electromagnetic eld insideD satis es the homogeneous Helmholtz
equations []

(r2+ k»)E =0
wherer 2= = r r is the Laplace operator and wavenumbek = ! P—

Let S present a closed surface that is the boundary @. The electromagnetic
surface equivalence principle2[ 3] states that the electric eld E and the magnetic
eld H in D can be represented by the expressiond [

p(ME(@) = LA H)r)+ KO E)(Tr) (2.14)
SOH (M) = L E)+K(O H)): (215
where = P ‘= is the wave impedance of the medium and relative solid anglé o
the smooth surfaceS is
8
21l r 2D;
D(r):>%; r2s (2.16)

O r2D¢



Here D€ is the complement ofD and 1t is the unit normal vector of the surfaceS
pointing into D.

TR N
//— \\ D¢
/ D : ‘.

E=0 / £

: ‘|

H = 0 |‘ H "

n

\\\’ /,,

Figure 2: Surface equivalence principle.

Surface integral operators of equations2(14 and (2.195 operating to a smooth
enough vector functionF are

L(F)(r) = %rs (rg F)(r)+ ikS(F)(r) (2.17)

K(F)(r) = S (F)(r) (2.18)

S(F)(r) = Grr YF (r9ds(r9; (2.19)
S

whereG (r ;19 is the Green's function of the Helmholtz operator irD that satis es
the equation

r2+ k> G(rir9= (r;r9; (2.20)

for any combination of source point °and eld point r within D with (r;r9 being
the three dimensional delta function that ful Is the equation

Z
f(r)= f 9 (r;r9dv® (2.21)

R

for an arbitrary smooth function f (r). Surface divergence inZ.17) is

rO F@E9=r°F (9 @@;(no F(r9): (2.22)

The Green's function of the Helmholtz operator for an in nie homogeneous free
space is

9

ikjr r
G(r;r9= 4el.

R (2.23)



The quantitesn H andn E are often de ned in terms of so called equivalent
electric and magnetic surface current densities and M [4] as

J=n H

M= n E: (2.24)

The equivalent electric surface current densityl is actually equal to the physical
surface current that would induce on a PEC surface.

The results of equations 2.14 and (2.15 mean that the elds in any homogeneous
medium can be calculated when the tangential elds are knowon a closed surface.
This fact is classically referred to as Huygens' principle.

2.2.1 Alternative forms of the surface equivalence princip le

The surface equivalence principle itself can be used to regent elds inside any
domain where the Green's function that satis es equation2.20 is known. The
elds are calculated by using representation formulas2(14) and (2.15 with integral

operators @.17-(2.19 which gives

p (NE(r)
p (NE(r)

“irs r2 I)()+it S@)r)rS (M)(r)(2.25)

ilirs r2 M)(r)+il SM)(r)+r S (J)(ry2.26)

The problem is that the rst term in equations (2.25 and (2.26 tends to in nity
as! tends to zero. This causes so-called low frequency breakdoin numerics BJ.
However, the Faraday's law 2.1) and the Ampere's law @.3) can be used to see that

nr H
nr E

rr s J= i nE
r<s M =il n H:

(2.27)

A general vector rule was used here, that can be proved by diing a general vec-
tor eld F on a surface to normal componenE, = AR F and two tangential
componentsF,, = f1f; F and F, = f4.f; F which results as

nr F=a (r@F, a,(r)@F,=r s n F: (2.28)

With equations (2.27) we see that the surface divergences of the equivalent swéa
currents are related to the normal components of the elds. fie relations are actu-
ally similar to the continuity relation between charge densy and current density

Jv in volume (2.5, if equivalent electric surface charge densityg and equivalent

magnetic surface charge densityy are de ned as

A D
8B (2.29)



Actually g is equal to the physical electric charge surface density orP&C surface.
This is in line with the fact that the equivalent surface curent density J is equal

to the real current that would induce on a PEC surface. Sincehe induced surface
current must also satisfy the continuity requirement simiér to (2.5), it would as

itself imply results (2.27).

The results 2.27) can be used to develop an alternative form for the represextion
formulas (2.149 and (2.15 as

p (r)E(r)
p (r)H (r)

IS (A E)(r)+ i S@)(r) K (M)(r) (2.30)
IS (A H)()+il S(M)(r)+ K@)(r) (2.31)

These representation formulas are equal to the original fmulas by Stratton and Chu
given in [2]. These representation formulas don't have the low frequey breakdown
problem and can be used to develop integral equation formtilans applicable also
to low frequency problems§]. The di erence of these formulas compared to the
formulas (2.14 and (2.19 is that these formulas also use the normal components
of the surface elds to represent the elds whereas the eagli presented formulas
only use the tangential components of the surface elds. Wheusing the normal
components of the elds, the Lorenz gauge conditions

rs @J)
rs (M)

il S(h E)

il S H) (2.32)

need to be included as additional equations in order to get agper solution satisfy-
ing the Maxwell's equations 7]. The Lorenz conditions are equal to the conditions
(2.27 that are operated on both sides with integral operatolS (2.19. However,
since antenna problems of this thesis don't have real prolots with the low frequency
breakdown, the formulas that only use the tangential surfac elds will be used to
solve the problems.

2.3 Polarization currents

The surface representation formulas2(14 and (2.15 are easier to use in a homoge-
neous free space than in a general case. One can use the fraeesreen's function
(2.23, and there's no need to nd more complicated Green's funains such as that
for layered media 8]. So one would prefer to solve problems only in homogeneous
free space.

Let's consider a problem, where an ostacle of arbitrary shapvith isotropic material
parameters (1; 1) is placed in vacuum and in a known incident eldE§ andH .

The Maxwell's curl equations @.1) and (2.3) inside the obstacle can be rewritten as



__________

Figure 3: Inhomogeneity (1; 1) inside vacuum (o; o). The material parameters
inside the inhomogeneity can be non-constant.

r Eip = b g(r)Ha(r)=1 oHs(r)+i' (2(r) o)H(r)
= il oHa(r) Mo (r) (2.33)
r Hy = il g(N)Es(r)= 1 oEa(r) i (1(r) o)E1(r)
= i1 oE1(r)+ Jpa(r): (2.34)
We see, that by simply using the polarization currents o = i! (1 o) E1 and
Mpo = i (1 o) H 1, which depend on the material parameters; and ; and

the unknown elds E; and H ; inside the scatterer, the space is homogenized into
vacuum (o; o). Since the polarization currents are non-zero only insidae obstacle,
the eld caused by the polarization currents is sourcelessutside the obstacle in
the homogenized space. This means that by placing the equemat surface current
densitiesJ and M (2.24 on the boundary surface of the obstacle, the surface
representation formulas 2.14) and (2.15 with the free space Green's function4.23
and material parameters of the vacuum can be used to represdhe change of
the eld, i.e. the scattered eld, caused by the obstacle intie vacuum outside the

obstacle.

Figure 4: Replacement of inhomogeneity with electric polemation current J o and
magnetic polarization currentM p,. The domain with the dashed line is where the
polarization currents are non-zero. The scattered eld caed by the polarization
currents is sourceless outside the inhomogenities.
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If the scattered elds in the vacuum caused by the polarizatin currents are denoted
E§ and H 3, the total elds in the vacuum outside the obstacle are the su of the
incident elds and the scattered elds as

EY =

E
HY = H (2.35)

2.3.1 Relative polarization currents

Now let's assume that the space can be described by nite nurabof homogeneous
subdomainsD;. The subdomains can have arbitrary constitutive parameter ; and

i, that are constant insideD;. The subdomains can even be made of PEC or PMC
with the total eld inside such domains being zero.

Figure 5. General eld problem with piecewise homogeneoupaze. The PEC do-
mains are denoted by solid black and the PMC domains are shatle

This kind of a problem can also be simpli ed with the polarizéon currents. If for
each subdomairD; we de ne relative polarization currents as

Jpoli = i! ( (r) i)E
M ppolji = il ( (r) i)YH ; (2.36)

the problem with homogeneous subdomairi3; is transformed into a set of polariza-
tion current problems each in a homogeneous space with cahgive parameters
and ;. The relative polarization currentsJ ,,; and M ;i lie outside the domainD;
itself, which means that the eld of these relative polarizaon currents is sourceless
in D;. This further means that the surface representation formak 2.14) and (2.15
with the free space Green's function4.23 of D; and material parameters ; and
i can be used to represent the eld of the relative polarizatio currents J ;i and
M pol;i inside D;.
By using the surface equivalence principle to represent theld of the polarization
currents J i and M ;i inside the subdomainD;, the problem with a nite num-
ber of homogeneous subdomains is further transformed intopaoblem of solving a
system of surface integral equations for the eld inside theubdomainsD; in terms
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Figure 6: Replacement of the surrounding space of a homogene domainD,
with relative polarization currents Jpo.1 and M .1 and homogeneous material with
constitutive parameters equal to the ones inside the domain,; 1).

of the unknown equivalent surface current densitie§; and M ; on the boundaries

@Db.
@i
M, /

Figure 7: Representation of the eld of the relative polariation currents J .1 and
M por:1 Of Figure 6 inside the subdomairD; ( 1; 1) in terms of the equivalent surface
current densitiesJ; and M ; on @D.

The way how this kind of piecewise homogeneous problems amved with the
surface integral representation formulas is treated in Clpger 3.
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2.4 Impedance boundary condition

Electromagnetic properties of metals are mostly characteed by high electric con-

ductivity . As was shown in 2.9), the conductivity in time harmonics can be
replaced by complex permittivity .. If the conductivity is very high, the permittiv-
ity is mainly imaginaryas . i =! when the frequency is low enough dt<< = .

If it's further assumed that the magnetic permeability is equal to the permeability
o of vacuum, the wave number inside the conductive medium is

"
ke=1!" 0c=(1+1)

Mo 1+i

; : (2.37)

where

= £ (2.38)

is the skin depth fl] of the conductive medium. The plane waves that have eleatri
eld E = EyeX" damp exponentially inside a conductive medium. This additinal
damping is also seen, if the wavenumbég is substituted into Green's function .23
of homogeneous space, when we get

re €
G(r;r)y=¢e ™ : 2.39
(rir9 iR (2.:39)
As conductivity tends to in nity, the skin depth  tends to zero, which means
that the elds are zero inside the conductive domain. In thiscase the polarization
currents J oo and M o of the conductive domain would in limit reside only on the

boundary surface of the conductive domain.

The e ects of a well conducting medium outside the conducterdomain can in most
cases be well approximated by the impedance boundary condit [1]

Ewn = Zsh H =2Z4J; (2.40)

where Z is the surface impedance of the conductive medium. When ugirthe
impedance boundary condition, it's assumed that the eldstadi erent points on the
conductive surface don't interact through the conductive radium. This is mostly
true if both the dimensions of the conductive medium and theuwvature of the
boundary surface are large enough compared to the skin depth

On the surface of conductive half-space, the surface impeda is simply equal to
the wave impedance of the conductive medium as

' 1+
Zs = :

(2.41)

°|o‘
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The total power loss to the conductive medium having a closdzbundary surfaceS
is

Z
P. = 1 ZsjJjds: (2.42)
2 s
The surface impedance of conductive half space can also bedusor su ciently
smooth surfaces of small curvature in order to approximatehe losses inside the
conductive medium. The problems with the surface impedan@pproximation arise
when the local dimensions of the conductive medium are smatimpared to the skin
depth or when there are sharp edges on the conductive surfadéear a sharp edge,
the surface impedance is supposed to be higher than on a sntostirface, since the
surface current owing along the edge basically has less dfet conductive medium
around it, which increases the e ective surface resistang¢®, 10].

2.5 Method of Moments

Method of moments as applied to electromagnetic problems svarst thoroughly
investigated by Harrington in [11]. The method is used in numerics to nd an
approximative solution to a general integral or di erentid operator equation

Lo(f)(r)=g9(r); r 2D; (2.43)

where L is an arbitrary linear di erential or integral operator. In the method of
moments, the solutionf (r) is sought as linear combination of known basis functions

bn ().

f(r) nbn (1) (2.44)

n=1

Since the operatorL g is linear, it can be moved to operate directly on the basis
functions giving the equation

X
nLo(bn)(r) g(r): (2.45)

n=1

The basis functions should be such that they ful | the continity requirements and
the boundary conditions of the unknownf (r). The set of basis functions should
also be able to represent all the properties of the unknownueh as some specic
singularities.

The approximative solution .44 can't exactly satisfy original equation .43 at
all points in the problem domainD. Since there are onlyN degrees of freedom in
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(2.44), the original equation can maximally be forced to hold ifM = N dierent

nLO(bn)(rm) g(rm): (2-46)

n=1

Since the de nition of the delta function (2.21) this can be rewritten as

z S z
(rirm) nLo(bn) (r)dr (rirm)g(r)dr: (2.47)

D D

n=1

This is called the point-matching method 11] since the original equation is forced to
hold exactly at certain matching pointsr ,,. However, there's generally no guarantee
for the accuracy of the solution between the matching point& D.

In order to include the solution values between the matchingoints r ,, also into the
system of equations, a more general testing procedure isroduced. Let's de ne
inner product between two general vector functions for therpblem as

z
H,gi= f(r) g(r)dr; (2.48)
D

If we now de ne a set of testing functiond,, that are in the range ofL, and take
the inner products of approximative equation 2.45 with all the testing functions,
we get a system of equations

X!
nhmiLo(bn)i h tm;gi: (2.49)

n=1

The set of testing functionst,, should be in the range oL, and it should also be
able to represent the excitationg well enough. The resulting system of equations
can of course be written in matrix form as

L = ; (2.50)
where

2
Hl;LO(bl)? htl;LO(bZ)?
L = §hoLo(b)i hta;Lo(by)i

3

2
:ﬁli%
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This is the method of moments as represented id]]. If the general MoM is com-
pared to the point-matching method, we see that the point mahing is a specic
case of MoM with Dirac delta functions as testing functionsA special choicd,, = b,

is called Galerkin's method. Galerkin's method will be useth this thesis to solve
antenna problems with the surface integral equation method

The basis functions and the testing functions can be non-zeeither on the entire
problem domainD or only on a subset oD. By dividing the domain D into simple
subdomains such as triangles or tetrahedrons, one can usealobasis functions
that are non-zero only in a limited number of subdomains. Gemally it's easier to
generate the local basis and testing functions than to nd sgxi ¢ entire domain basis
functions for arbitrary D that satisfy the continuity requirements and the boundary
conditions.

One of the most important results of the scientic work with MoM in the past

has actually been with nding correct kinds of local basis ah testing functions for

di erent problems. Local basis and testing functions de nd for triangular meshes
by Rao, Wilton and Glisson in [L2] will be used in this thesis to solve the resulting
surface integral equations numerically with MoM.
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3 Surface Integral Equation Method

Surface equivalence principle together with simpli catia of problems with the rel-
ative polarization currents can be used to develop a methoa solve complex elec-
tromagnetic problems. As will be shown, any problem with peewise homogeneous
space can be described by polarization currents, surfacaug@lence principle and a

set of solutions of simple scattering problems.

3.1 Scattering problem

Let's consider a simple scattering problem, where a homog®us scatterer with
arbitrary material parameters (,; ») is placed in a homogeneous media;( ;) and
in a known incident electric eld EP and incident magnetic eld H P. Let's denote

the domain outside of the scatterer byD,, the domain inside the scatterer byD,
and the surface of the scatterer bys. And let's decide, that the unit normal vector

i, points to the domainD; and i, to the domain D».
EP
ﬁl D1

HN 1

~
_____

Figure 8: A simple scattering problem with a homogeneous staer in a known
incident eld EP and H P.

Let's also de ne the equivalent currents for both sides of # surfaceS with the
aforementioned normal vectors, i.e.

Ji=n; H;y

Jo=1n2 H>

M.= f, E, (3.1)
M,= 1, Eo:

Let's now use relative polarization currents 2.36 to simplify the problem. Let's
assume that the sourced)) (r)and (r) ofthe incident eld are in D;. As was shown
in Chapter 2.3.1 the homogeneous scatterer can be replaced by relative padation
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iy D
1 Ji;M ¢ !
—_—
.
L JoiM >
f, D>

Figure 9: De nition of normal vectors and equivalent surfae currents on a surface.

currentsJpg1 = i (2 1)E andMpga= 1 ( 2 1) H residing inD, after
which the space is homogenized with constant material paraters ; and ; of D;.

In order to solve the problem, we now use the representationrimulas (2.14 and
(2.19 for the scattered eld, which has the relative polarization currents J .1 and
M poi1 @s sources. The space of this subproblem for the scattereddes now ho-
mogeneous with constitutive parameters; and ;. Since domainD; is outside the
sources of the scattered eld, the scattered eld satis esite homogeneous Helmholtz
equations inD; meaning that the scattered eld can be represented iD; with un-
known equivalent surface currentd; =n; H7andM ;= n; EJas

p, (NEI(r)= 1La(I)(r) K 1(M7)(r)

1 3.2
o (VHE(N)= ZLi(M () + Ke (D (1): (32)
Since we assume that the sources of the incident eld are iy, which means that
the incident eld is sourceless inD,, the representation formulas 2.14) and (2.15
for the domainD, can be used for the incident elds with equivalent surface ctents
JP=n; HPandM}= n; Elas

p. (NET(r)= 1L1(I(r) K 1(MD)(r)

o, (VHE(M) = “LiM D)+ KD (1) (3.3)
The minus sign is needed because the elds D, are represented by the surface
currents de ned by unit normal vectort; = f, pointing into D;. It's important
to note here, that the incident eld satis es the homogeneosi Maxwell's equations
inside D,, but with the material parameters of the domainD,, i.e. it's the eld
without any scatterer in place. The notationsL; and K; mean the respective inte-
gral operators Q.17 and (2.18 with the free space Green's functionZ.23 of the
homogenized space using the material parametersand ; of D;.

If the equations in (3.2 and (3.3) are summed up together, and the incident elds
E? and H} are added to the both sides of the respective equations, wet giee
representation formulas for the total eldsE; = EY+ ESandH ;= HP+ H$ in
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D, as

p, (NEL(r)=EY()+ 1L1 J7 (1) K1 My (r)

o (N HL(r)= HP(r)+ %Ll M)+ Ky 3L () (34)

whereJi=JP+JfandM{=M+ M }.

Now we know how to represent the total eld outside the scatter with the unknown
equivalent surface currentsl! and M {. In order to represent the eld inside the
scatterer, the space can now be homogenized to constant makparameters , and

» by using the relative polarization currentsJ ,o.2 and M 0.2, Which in this case
would lie in D;. The resulting eld inside the homogenized space with corigitive
parameters ofD, is sourceless insid®,, so the representation formulasZ.14 and
(2.15 can be directly used for the total eldsE, and H , inside D, as

p, (N E2(r)= 2L2(32)(r) K 2(M2)(r)

1 3.5
o2 (H()= =La(M 2 (1) + K2(2)(1): (3:5)
The continuity properties (2.10 of the elds and equations @.27) force for the
equivalent surface currents]; = J{ and M ; = M | the continuity requirements

J 1= J 2

M 1= M 2. (36)
A piecewise homogeneous problem with multiple domains issjua generalization of
this problem with two domains. The eld inside each homogemeis subdomainD;
can be represented as sum of the incident eld inside the doimaand the eld of the
unknown equivalent surface current densitie3; and M ; on the boundary surface of
the domain.

If any of the subdomainsD; of a piecewise homogeneous problem is perfectly con-
ducting, the eld inside such domains would be zero. Since g¢hrepresentation for-
mulas (2.14 and (2.15 give zero eld to the complement of the representation spa¢
the requirement of the zero eld is directly ful lled by just using the equivalent sur-
face currents to represent the eld outside the perfectly ewucting domain and by
using the boundary conditions similar to 2.12 to simplify the representation for-
mulas. The eld inside the perfectly conducting domains neknot be represented.

3.2 Surface integral equations

The surface equivalence principle and results of Chapt8tl show how the elds in
a piecewise homogeneous medium can be represented as iategyf the unknown
surface currents over the material interface surfaces. Thmknown surface currents
J and M can be solved by nding the surface current distributions tht give the
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elds that satisfy the continuity requirements and the bourdary conditions for the
total elds. Since these requirements are set at the matetianterfaces, it implies
that the surface integrals need to be evaluated at the samerfaces as the unknown
surface currents in order to develop valid surface integrafuations that can be used
to nd correct surface current distributions.

Here we go through some of the most important integral equatins. These equations
can then be used as building blocks to develop integral eqi@t formulations appli-
cable to di erent kinds of electromagnetic problems with derent kinds of boundary
conditions. Some of the formulations are presented in Chapt3.3

On a material interface surfaces, one can either nd the tangential components or
the normal component of the represented elds. Since any gtem of time harmonic
electromagnetics has unique solution if the tangential els are known on a closed
surface, most of the formulations use only tangential compents [13].

3.2.1 Tangential equations

Representation formulas 8.4) and (3.5 can also be used on a material interface
surface S, where the relative solid angle is p = % for any smooth surface. For

a general vector eldF (r) we get the tangential component~,, (r) on a surface

with unit normal vector 1 (r) by

Fan (r)= fN(r) A() F(r); (3.7)
which further gives us
Etan =1t M
Han= N J: (3.8)

If we pick up the tangential components of equations3(4) on the surfaceS and use
(3.8), we get the tangential surface integral equations for theelds as

L0 (N K 1My 5M Ma(r)
1

TLiM D) (i + Ks O (i + 501 31(0)

EL (), (3.9)

HY (), (3.10)

These are referred to as T-EFIEand T-MFIE ; [14], because these are equations for
the tangential electric eld E, and tangential magnetic eld H (5, in D;. Similar
equations are also obtained for the elds iD, with the integral operators ofD, and
incident elds E5 = 0andH § = 0, since the sources of the incident eld are assumed
to be in D;. This can also be generalized to a piecewise homogeneoudtidwiain
problem with notations T-EFIE; and T-MFIE;. It is important to note, that these
equations only x the tangential elds on the surfaceS. Normal components of the
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elds are not directly xed. However, once the tangential conponents are xed, the
normal components are obtained with continuity equations?.27) excluding the low
frequency limit! = 0.

3.2.2 N-equations

Tangential components of the elds on a material interfacewsface S can also be
xed by operating with n on both sides of equations3.4) and (3.5) on the surface
S to get surface integral equations

M1 L @D() K M)+ 3Ma(r) = A EZ() (311)

ilnl Li(My)(r)+n; K 1(J31)(r) %Jl(f)

Ay HP(r):(3.12)

These are referred to as N-EFIEand N-MFIE; [14], because these are equations
forn E andf H in D;. Similar to tangential equations, the N-equations can
be generalized to a piecewise homogeneous multidomain peob with notations
N-EFIE; and N-MFIE;.

3.3 Integral equation formulations

Integral equations de ned in Chapter3.2 can be used to introduce integral equation
formulations applicable to di erent kinds of problems. Mo#ly the choice of formu-
lation is dependent of the material properties and geometial shapes. Here we go
through some of the most important formulations for di erer situations.

3.3.1 PEC surfaces

On a PEC surface, i.e. a surface of metal with in nite condudtity , the boundary

condition states that the total tangential electric eld E, vanishes. This means
that the unknowns associated taM = f E can be removed. This simpli es
equations @.9-(3.12 into

L) (N = ET(MNean (3.13)
K1) (D *+ 30 92(0) = HE@),, 314)
My L 1(J)(r) = A, EP(r) (3.15)

Ay K 1(J1)(r) %Jl(r) = Ny HY(r): (3.16)

PEC can be undestood as a limit of the impedance boundary catidn (2.40 with
the surface impedanceZs = 0. The impedance boundary condition itself shows
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that the tangential electric eld E, and the electric surface current) on a well
conducting surface are equally directed. This means that ¢hscattered eld on
the left hand side of 8.13 (i.e. the range ofL4(J41)(r),,) is equally directed to
J, what is desired. This can also be understood by the plane ves: Equations
1=, (3.13 and (3.16 have the same dimensions a% and are equally directed to
J and hence they are used with PEC surfaces. Equation3.15 and ; (3.14 have
the same dimensions a1 , which is zero on a PEC surface, and therefore they are
not adequate for PEC surfaceslf].

If the dimensions of a PEC domain are such that an internal resant solution

would occur inside similar metallic volume lled with the mderial outside the PEC

volume, both T-EFIE (3.13 and N-MFIE (3.16 fail to give good results. This is
simply because resonant solutions can satisfy the PEC bouwargt condition E o, = 0

also with the eld inside the volume not being zero, as woulddéneeded for the PEC
volume. In order to guarantee that the eld inside the PEC domain is zero, one
needs to use both of these equations at least in some part o€tREC boundary [L5].

The weighted sum of these two is the CFIE formulation, whichsi de ned as

CFIE:E(T EFIE)+(N  MFIE) (3.17)
1

3.3.2 Lossy metallic surfaces

PEC boundary is an approximation of the real boundary condibn on a metal sur-
face. In reality, the conductivity of a metal is nite, which means that the tangential
electric eld isn't exactly zero. The normal component of te magnetic ux also
doesn't perfectly vanish.

Impedance boundary condition can be used to approximate theects of nite
conductivity on metallic surfaces. Impedance boundary cdition (2.40 can be
modi ed into

M= ZA n H= Zn J: (3.18)

Substituting this into T-EFIE ( 3.9) and N-MFIE (3.12 results as IBC-EFIE

L) (N *+ Ki(Zehy 30 5Z6()31(0)= ER(N),,  (319)

and IBC-MFIE

ilhl L 1(an1 Jl)(r)+ hl K 1(31)(r) %Jl(r): hl Hf(r) (320)

which can both be used to solve the equivalent surface curteh on a lossy metallic
surface.
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Similar to PEC surfaces, both IBC-EFIE and IBC-MFIE fail to give good results at
internal resonant frequencies. In order to avoid the resonee problems, a combined
eld integral equation similar to CFIE (3.17) can be used. This results as IBC-CFIE

IBC CFIEzi(IBC EFIE) + (IBC  MFIE) : (3.21)
1

The losses of real metals are often quite small and the resol surface impedance
typically doesn't alter the surface currentJ very much. Thus, in this thesis the
problems with metallic structures are solved with the PEC asimption. The e ect
of the impedance boundary is only included as an added losswaw (2.42, which
is approximated with Jpec, i.e. the electric surface current of the problem solved
with PEC assumption on metallic surfaces.

3.3.3 Dielectric surfaces

On general dielectric surface, there are no other boundargrditions than the conti-
nuity requirements (2.10. The continuities themself result as the continuity requie-
ment of the equivalent surface currents3.6). By properly combining electric and
magnetic eld integral equations on both sides of the matea interface, a combined
formulation free of internal resonances is obtained.§]. These combinations can be
made in in nitely many ways [16, 14].

In this thesis we use so called Poggio-Miller-Chang-Hargton-Wu-Tsai (PMCHWT)
formulation on the dielectric surfaces. The PMCHWT formuléon [17, 18, 19) on a
surface between two dielectric domain®; and D; is an equation system

(T EFIE;)) (T EFIE))

(T MFIE;)) (T MFIE)) (322)
which results for T-EFIE part as
iLi (@ 1L )an
1 K i (M i])-tan + KJ (M j)tan (323)
Shi Mi+oh M= EF(r)g,
and for T-MFIE part as
1 1
__Li (M i)(r)tan _LJ (M j)(r)tan
i J
1 + Ki ('Ji)(r:l?tan K J (JJ)(r)tan (324)
+§ﬁi Ji(r) énj Jj (r): Hip(r)tan

if the incident elds EP andH P are assumed to be in the domaib®;. The continuity
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(3.6) of the surface currents and de nition of the normal vectorsisiij = 1, reduces
the equations into

Cili+ L)) K+ K)M)(M)gy = EP (N

1 1 (3.25)
_il-i + —ij (M) (N +(Ki + K3 (Nign = HP (Nian
The PMCHWT formulation basically states thatEg,,; Eg,; = EfandH g,
anj = H P i.e. the continuity of the tangential elds (2.10 through the dielectric
material interface, since the total elds inD; areE; = EP+EfandH;=HP+H$
and in Dj they areE; = Ef andH; = H /.

3.3.4 General problems

The PMCHWT is a natural choice of formulation for dielectricsurfaces in the com-
putation of general problems with composite metallic and diectric structures. The
T-EFIE as used on PEC surfaces and T-MFIE, which would be usesh PMC sur-

faces, are included in the PMCHWT formulation, which meanshat formulations

on both PEC and PMC surfaces are special cases of the formiett on dielectric

surface.

A general problem can consist of metallic PEC domairi3f, PMC domainsD[" and
dielectric domainsDy. The problem is solved with PMCHWT on surfaces between
two dielectric domains. On surfaces between a PEC domald® and a dielectric
domain Dy, the PMCHWT is reduced into T-EFIE, with M = 0. Similarly on
surfaces between a PMC domaiii)jm and a dielectric domainD,, the PMCHWT
is reduced into T-MFIE, with J, = 0. This results as an integral equation system
that can be used to solve general problems.
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4 Numerical solutions of surface integral equa-
tions

It would be very hard to nd analytical solutions for the abowe mentioned surface
integral equations in general case. A much easier option is tnd a numerical
solution to the problem. Method of moments with correct setef basis functions and
testing functions has been used succesfully to solve the e@lent currents from the
resulting integral equations. In this chapter the choice dbasis and testing functions
is clari ed and the procedures needed to compute the resuly MoM system matrix
are also treated.

4.1 Method of moments for EM eld problems

This chapter includes a new look to the classical method of ments. The testing
procedure, which is classically rationalized as a geneeation of the point matching
method [1]] receives a new interpretation in this chapter.

Method of moments rst needs the set of basis functions to regsent the unknown.
In the case of the electromagnetic surface integral equati, the unknowns are the
domain specic equivalent electric and magnetic surface ment densities Jp =
" HpandMp= n Ep lying on a surfaceSp = @ Dbetween domainD and
any other domain. Since the equivalent surface currents atangential to Sp, they
can be approximated as a linear combination of tangential s& functionsbjJD and
bMe as
X7
Jo (r) 3P (r); r2@D
= (4.1)
R
Mop (r) MP2bMo (r); r 2 @D:

m=1

Domain speci ¢ surface currents must ful | the continuity requirements 38.6). This is
attained by de ning the basis functions for domain speci c srface current densities
simply as

Jo2  — Jp1
B = b

M — M
bmoz e mel

(4.2)

on a surface between domain®1 and D2, and requiring that the unknown coef-
cients related to the two basis functions are equal by comhing the respective
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coe cients as single unknowns 20|

'Jnj J_Dl - J_DZ

Mnm

(4.3)

D1 — D2.
MPL = MpP2:

By substituting the approximations (4.1) to the surface integral equations 3.9 and
(3.10 we get

D D
j Nm 1
D 'JjDLD bi]D tan Mr? Kp me tan * én me = Dtan(4 4)
j=1 m=1
1 X 1 Mo K D Io : b =
_D MuLlo bm tan + ‘Jj Ko bj tan + én bj - D tan(4 5)
m=1 j=1

Since the integral operatord p and Kp are linear, the summations can be moved
outside the integral operators as has already been done.

In order to avoid a mess with discrete unknowns and continusuincident elds, the
testing procedure is introduced. Let's approximate the indent elds EB;tan (r)and

H §..n (1) as a linear combination of tangential testing functiong5° and tj° as

WP
ED.n ()= EDtEe (r); r2s (4.6)
’ e=1
%P
HBw ()= HPte(r); r2s: (4.7)
h=1

Let's de ne inner product between two vector functiond (r) and g (r) on a surface
S as

Z
Hi;gi= f(r) g(r)dsS (4.8)
S

The coe cients E¢ andHp in the series representations &f ., (r)andH 5. (r)
are calculated by inner products as

EQ =

e

tEo (r) EB(r)ds (4.9)

HP = ti° (r) HB (r)ds: (4.10)
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The coecients D and P are just the normalization coe cients

If the equivalent inner pruducts with testing functionstEe or tfo are calculated
also for the left hand sides of the respective equation4.q) and (4.5), and the series
representations 4.6) and (4.7) are substituted to EJ.,, and H [, of the same
equations we get

1 1
_DD 'JjD tED,LD bJ?]D — Mr? tED;KD brl\r/|1D + én me — EeD
€ J=1 € m=1
1 X y L X T )
D Mm thD,LD me + 5 'JJ thD;KD bjD + én bjD — Hh
h m=1 h j=1
(4.11)

Since the normalization coe cients 2 and P are on both sides of the respective
equations, they can be ignored. The equationgl (1) must be satis ed with every
e=1;:::;M2 andh =1;:::;MP. If the basis functions are able to represent the
equivalent surface currents accurately and the testing fations are able to represent
both the incident elds and the ranges of the surface integtaperators, the results
of this numerical treatment should be accurate.

In this thesis the PMCHWT formulation is used for dielectricboundaries and the
T-EFIE formulation is used for perfectly conducting surfaes. This means that the
terms includingn b)) andn b’ will be cancelled out in the total system of
equations, so they can be ignored altogether. The PMCHWT fowlation on a
surface between two dielectric domain® 1 and D 2 is basically the equation system
of (T-EFIE p,) - (T-EFIE p») and (T-MFIE p1) - (T-MFIE p,). Let's de ne domain
speci ¢ testing functions simply as
tEDZ - tEDl

(4.12)

Hp2 — Hp1
th - th

on a surface between domain®1 and D2. This de nition also ful Is the Galerkin
method requirement of the set of testing functions being theame as the set of basis
functions, since a similar de nition was also used for the Isés functions @.2).

Now let the integral equations for the elds inD1 be tested withtEet and t{'°*,

Similarly let the integral equations for the elds inD 2 be tested witht5>2 and t;;°2.

The PMCHWT formulation is given by simply adding up the contibutions of (4.11)

for both of the domainsD1 and D2 with the domain speci c testing functions of
the dielectric domains around a dielectric surface.
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Testing of equations with the domain speci c testing functons @.12 and addition
of the contributions e ectively combines the two testings a a single testing. The
subtraction of the two eld representations of the PMCHWT famulation (3.22) is
transformed into addition simply because of the de nition & the domain specic
testing functions (4.12. This way to test the equations with domain speci c testing
functions closely resembles the treatment irR0)] and is also applicable to problems
with junctions, i.e. material interfaces with more than twodomains around some
parts of the material interfaces 13|, and as such is a solution to the junction problem
pointed out in [21].

The T-EFIE formulation on PEC surfaces 8.13 is a special case of the PMCHWT
formulation without unknowns and testing for the PEC domainand without mag-
netic testing functionstr'fD and magnetic basis functiondo for the domains sur-
rounding the PEC. Assuming that only two dielectric domainsexist for the problem,
the resulting system matrix of the T-EFIE-PMCHWT formulati on for the two di-
electric domainsD 1 and D2 can of course be represented in matrix form as

AX = b; (4.13)

where the system matrixA consists of

Aes; Aem
A =
Ans Anwm
with the submatrices
Agy (&) = tEex; pilpy b°r + tEez; polp, by°2
Aew (&mM) = te®t; Kpy bje: tg°? Kpa bje?
. 4.14
Aus (h,]) — tEDl;KDl ijol + tEDZ;KDZ bj;]Dz ( )
D E D E
JANTY (h,m) = tEDl;ﬁLDl mel + tgth;éLDg mez
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2 3
tfotEP

thor
th-HP

tHh;Hp

On PEC surfaces, the T-EFIE system matrix isA g; with the unknowns and testing
inside the PEC domain removed.

In order to get an equally determined system, the number of deees of freedom
N; + Ny, for the unknowns should match the number of testing functioaMe + My,
everytime. This means that the number of basis functions fal should match the
number of electric testing functions and the number of basfsinctions forM should
match the number of magnetic testing functions, i.e.

This is naturally achieved when the Galerkin method is usedyhich is the case in
this thesis. The basis and testing functions that will be ugkare clari ed in the next
section.

4.2 Basis functions and geometry discretization

The method of moments requires the representations of thewgalent surface cur-
rent densities) and M as linear combination of known basis functionb’ and b}, .
In rare cases such as on the surface of a homogeneous splt8Hfie the equivalent
currents can be analytically represented as sum of specidlacacteristic functions.
Most of the time the optimal choice of basis functions in sucbases would be to
choose a nite subset of the characteristic functions as atsef basis functions. For
an arbitrary geometry a more versatile option is to discretie the surfaces of the ge-
ometry by representing the geometry as an union of canonicgg¢ometrical elements
and by developing the basis functions for the discretized gmetries.

The simplest discretization of surfaces is the linear disetization, where the surface
is divided into nite number of non-overlapping planar polygons. The simplest
and most versatile linear discretization of surfaces is atined by using triangles.
Triangles can represent a curved surface such as surface cdphere better than
e.g. quadrangles. Numerics is also simpler for triangles, the triangular geometry
discretization will be used in this thesis.

In a homogeneous media outside the sources, all the eld cooments are always
continuous. This means that on a smooth surface between twormogeneous domains
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the tangential eld components are continuous on both sidesf the surface. Even
if two neighboring triangles of a triangulated surface areat on a same plane, they
still share an edge. This continuity of the tangential EM els implies that the
eld components parallel to the edges are continuous throhgthe edges. Since the
surface current densities] and M are 90 degrees rotated tangential elds, the
components of] and M perpendicular to the edges are continuous. In order to get
good results, the basis functions of4(1) representingJ and M should have this
continuity property.

In addition to the continuity requirements of the basis funtions, the basis functions
of J and M should also have well de ned surface divergence, because thtegral

operator L (2.17 needs the surface divergence of the equivalent surface remt

densities. The ability to represent the surface divergen@nd continuity of the basis
function component perpendicular to all the edges of the angular mesh are the
requirements for the basis function®’ and bM in (4.1).

421 RWG functions

Undoubtedly the most used basis functions for electromagiesurface integral equa-
tions with Galerkin method in triangular meshes are the RWQunctions [12]. The
RWG-functions are related to a single edge of the triangulanesh at a time. The
RWG-function for the particular edge is other than zero onlyn the two trianglesT*
and T that share the edge. The RWG-functiorf ,, for the edgen can be calculated
as

8 L + +
2i(r pp); r2T,

fn(r)= 2;—nn(r p,); r2T, (4.16)
0 otherwise

wherelL, is the length of the edgen, A’ and A,, are the surface areas of the triangles
and p;, and p,, are the free points of the triangles;” and T,, which are not on the
edgen.

It can be proved [L2] that the surface divergence of the RWG-functions is piecese
constant as

8
> AL\: ;r 2T}

rs fn(r):> k—:; r2T, (4.17)
"0 otherwise

The piecewise constant surface divergence means, that tlgpiwalent surface charge
densities ¢ and y (2.29 (i.e. the normal components of the elds) have zeroth
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Figure 10: RWG function on a neighboring triangle pair. The R/G function is
non-zero inly on these two triangles.

order approximations when RWG-functions are used as basigittions for the equiv-
alent surface current densitied and M .

The component of the RWG-functions perpendicular to the shrad edge is continuous
through the shared edge and constant a®, f, = 1. The component of the
RWG function perpendicular to the other edges is zero on thedges. This results
as a continuity property that is needed in order to guarante¢hat no equivalent net
surface charge is produced by the basis functions, which is amportant property
of a physical solution.

The continuity of the normal component through the edges ofhie triangles means
that the RWG-functions have a very special property

Z
r< (u(r)fo(r))dS=0 (4.18)
S
with any continuous functionu. This kind of basis functions are called as divergence
conforming functions.

The surface curl of the RWG-functions is zero2p), i.e.

nr fa(r)=rs fur(r)=0: (4.19)

This is not a general property of the divergence conformingitictions, but rather
a de cit of the lowest order RWG functions. The superpositia of di erent RWG-
functions can represent surface curl on a triangle, but a gite RWG-function can't.
Higher order divergence conforming function®28, 24] can directly represent surface
curl which can in some circumstances be an important factoriging for the use of
higher order basis functions.

A de cit of RWG functions in some cases is that they can't repesent a totally con-
tinuous function. This is simply because normal componenhtough the edges of a
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triangular mesh is constant. On a perfectly at surface, theangential elds and the
equivalent surface currents are totally continuous, whicthe RWG functions can't
represent. However, the RWG-functions still ful | the mostimportant continuity

requirement, i.e. the conservation of charge, by the contiity of the normal com-
ponent through all the edges of the triangle mesh. In this tlss the RWG functions
will be used as basis functions’ and bM for J and M .

4.3 Testing and forming of the matrix equation

Galerkin method is used in this thesis to numerically solvehe equivalent surface
current densitiesJ and M . This means that the set of electric testing functions is
the same set of RWG functions as that used as basis férand the set of magnetic
testing functions is the same set of RWG functions as that udeas basis forM .

The resulting system matrix entries in 4.13 can be composed from two di erent
testing integrals|, and I .

Z

tm (r) L (by)(r)ds (4.20)
Z5n
tm (r) K(by)(r)ds (4.21)

Sm

I

I

The integral 1 related to L (2.17) is too singular, since the kernel of the integral
operator includes the gradient of the Green's function2(23, which is

gkR (r r9 (r r9
arz KR D—g R (4.22)

= r G(r;r%:

r G(r:r9

=g(r;r9

The problem with the singularity arises especially when theupport S, = T, [ T,

of the testing function overlaps with the supportS, = T, [ T, of the basis function.
However, with divergence conforming testing functions thimtegral can be modi ed
into

Z
L= ta() 1S (1 b () +KS(B)() dS(r)
S "z
= s tn() G@r;r9r 2 b, (r%dsS(r9ds(r) (4.23)
ik S 7 S
+ik  tm(r) G(r;r9b, (r)ds(r9ds(r);

Sm Sh

wheret,, is either electric or magnetic RWG testing function and, is either electric
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or magnetic RWG basis function. The gradient of the rst termis moved to the
testing function t,, by applying Gauss' law to a divergence formula

r(uv)=ru v+ur v, (4.24)

and using the result of formula 4.18 for the divergence conforming RWG-functions
and the fact that the normal component of RWG-function throwgh the edge that it
is related to is continuous.

The integral 1 related to K (2.18 is also too singular. However, it helps that the
integral vanishes when the basis function and (tangentiatgsting function reside on
a same planar surface. The integral can be modi ed by usingédtity r G(r;r9 =

r %G (r;r9 and by dividing the gradient into normal gradient and surfae gradient
asr %= &n%+ r 2, when we get

Z Z
lk = tm (1) rG@r;r®% by (r%)dsr9ds(r)
Vad Vad
= tm (1) QG(r;rO)hO b, (r%)dS (r9ds(r) (4.25)
Vs 7% @A
tm (1) rdG(r;r9% b, (r9ds(r9ds(r)
Sm Sh

Let's divide the integral I ¢ into two parts Ik = Iy + |s. The integral Iy related to
the normal derivative is integrable as is32), i.e.

Z Z

I = tm (r
N . () Sn@ﬁ

OC 1900 b, (r9dS(r9dS(r)  (4.26)

The integral |s related to the surface gradient is too singular to integrates is.
By using the divergence formula4.24) and by expressing (tangential) RWG basis
function b, (r9 on triangles T} and T, with normal vectorsA®= A% and A®= n°
asb, = A% n® b,, the integral I 5 related to the surface gradient can be modi ed
into

Z Z
tm (1) roG(r;r% b, (r%ds(r9ds(r)
z Se z S
tm (1) roG(r;r% n®% nA° b, (r%9dsS(r9ds(r)

Sm Tn [ Tn

n
I

Now let's treat this integral on one of trianglesT;” or T,, at time, which means that
the normal vectorn®is constant. Sincen® r ¢ =0 for any function , on triangle
T, we get
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Z Z
lg = A tn(r)  r2G(r;r% n% b, (r9ds(rdds(r)
ZSm ZT,T
= Al tn(r)  r2 G@r;r9n? b, (r% dsS(r%ds(r)
T
7
Al tn(r)  G(r;r9r2 AY b, (r9dsS(r9ds(r)
7 Sm 7 Tn
A%t (r) G(r;rOm?2 n? b, (r9di(r9ds(r)
Zsm @TT Z

= m% n b, (r% n? G(r:r9tm (r)dS(r)dl (r9:(4.27)
@# Sm

Similar can also be done for the other traingl&,, . General divergence formula4.24)
was used at the rst stage. Then the Gauss' divergence fornaubn surface was used
to get the boundary line integral, whererfh © are the edge outer unit normal vectors
of the three edges of; and @T is the union of the three edges. Finally the order
of integration is changed in order to make this double integf integrable R2]. Since
the surface curl of the lowest order divergence conforming\R functions is zero
(4.19, the term containingr ¢ A° b, is also zero by 2.28.

The matrix entries are calculated by numerically integratng the presented integrals
I, In andls by using standard Gaussian quadrature for the triangle2$, 26]. The
Gaussian quadrature can accurately integrate a function &t can be well approx-
imated as a polynomial. Such is not the case for the Green'snfttion when the
support of the testing function and the support of the basisuinctions are close to
each other, i.e. wherjr  r§ is relatively small. In such cases, a semi-analytic in-
tegration is used by representing the exponential of the Gea's function in terms
of Maclaurin series 27] and integrating some of the singular lowest order terms of
the inner integral analytically [28, 29, 30]. The way how this is implemented closely
resembles 31]. The remaining non-singular part of the Green's functionj.e. the
part with higher order terms, poses no problem for the Gaussi quadrature and
can be accurately integrated numerically.
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5 Antenna theory

This chapter includes a short review of the electromagnetitheory behind anten-
nas. The way how antennas can be numerically simulated witlné surface integral
equation method is treated in Chapter6.

The analysis of the characteristics of the antennas is based the Maxwell's equa-
tions, especially the curl equations4.1) and (2.3). Antenna problems are charac-
terized by the specic feed of the antenna, such as an open eafla coaxial cable,
and the boundary conditions that the antenna structure impees for the total elds.

It would be very hard to directly nd the solution for the boundary value problem
that satis es both the Maxwell's equations and the boundaryconditions. A much

simpler way to analyze antennas is to use the equivalencermiple and replace the
antenna structure with equivalent sources that lie in freemace. The dielectric do-
mains can be replaced by the relative polarization currentas clari ed in Chapter

2.3.1 The metallic domains are replaced by equivalent electrimigace current den-
sity on the boundary surfaces of the metal. The di cult boundary value problem is
then transformed into an integral equation problem, whichan be solved numerically
using method of moments as clari ed in Chapten.

5.1 Connection between two antennas as two-port

Antennas are the most crucial part of typical radio systems.Antennas are used
as the interface between the surrounding space and an eléctcircuit. The use
of antennas in the communication technology most often leadio a problem of
de ning the amount of transferred power between a transmithg electric circuit
and a receiving electric circuit, where antennas are used #ite both ends as tools
to transfer power between the electromagnetic eld in the swounding space and
the eld of the transmission line that connects the electriccircuit and the antenna
together. The connection of the two electric circuits throgh the radio channel can
be described as a linear and reciprocal two-port which can lobaracterized by a
Z-matrix, which is symmetric in the reciprocal case4,, = Z,;). A T-circuit model
can be constructed for the reciprocal two-port3d2].

The impedance parameters can be determined as follows. Th#emna impedances
Zq11 and Z,, are the impedances, which a feeding transmission line woldde as the
load if the antennas are connected to the lines in free spacéhe impedances can
be de ned by measuring the re ection coe cient in free space, which practically
means measurements inside a re ection free chamber. The nention between the
re ection coe cient and input impedance is further studied in Chapter 6.1.3 The
impedance parameterZ,; describes the coupling of the antennas and it can be
de ned by holding the terminals of the receiving antenna ope(Z, = 1 ), when we
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get

Zy = %: (51)
1

The determination ofZ,, requires accurate simulations, if the antennas are relagly
near to each other. But when the antennas are far enough awaypr each other,
the impedance parametetZ,; is very small and the presence of the receiving an-
tenna basically doesn't alter the characteristics of the ansmitting antenna, i.e. the
equivalent surface current densitied and M . This also means that the impedances
seen from the connection terminals of the antennas a#®, Z;; and Z, Zo,.
In this case the amount of received power can simply be detemad by solving the
antenna impedance%;; and Z,, with accurate simulations and by determining the
impedance parameteiZ,; analytically.

The antennas at both ends are connected to transmission Ime The antenna

impedancesZ, Z11 and Z», Z,, are in general non-matched to the charac-
teristic impedancesZy and Z, of the transmission lines. This drops the amount
of power transferred from the transmitting electric circui to the receiving electric

circuit.

Figure 11: Two port model which describes the connection lvaten a transmitting
antenna and a receiving antenna. The transmitting antennaral the receiving an-
tenna are connected to transmission lines with charactetis impedancesZy and
Zy. The antenna impedanceZ;; of the transmitting antenna and the antenna
impedanceZ,, of the receiving antenna determine the impedance matching the
ends in free space. The impedance paramefés; determines the coupling between
the two antennas and it's very small when the distance betwadhe two antennas is
large.
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5.2 Antenna elds

If the equivalent surface current densities] and M of the transmitting antenna

problem have been solved, the eld created by the equivalesurface currents can
simply be determined by using representation formulas2(14 and (2.15. This

would result as an accurate representation of the elds anyvere out of the antenna
structure.

Electromagnetic eld around the transmitting antenna can oughly be divided into
three di erent regions [32]

The reactive near eld region
The radiating near eld region (Fresnel region)

The radiating far eld region (Fraunhofer region)

The properties of the elds in these regions di er signi catly from each other.

In the radiating far eld, which is the region furthest away from the antenna, the elds
E; andH ; of the transmitting antenna can in any direction be locally pproximated
as a TEM wave. In a spherical coordinate system that's cented at the location
of the transmitting antenna, the resulting sperical TEM wae then satis es the
equations B2

Ei(r) = (it & & N(; ) ik Np(; ))j.krr (5.2)
Hi(r) = (' & 0 Np(; )+ike, N(; ))ékr- (5.3)

4’

where the electric radiation vectoN and the magnetic radiation vectorN ,, are

y4
@Qe ka3 (r9ds® (5.4)
Z

Nm(: ) = @Qe‘k"'roM (r9ds® (5.5)

Z
I

The integration here is done ove@D, i.e. the boundary surface of the surrounding
free spaceDg, which in practice is the outmost surface of an antenna struare.
These eld repreentations are approximations of the exactepresentation formulas
(2.14 and (2.15 and are found by replacing the gradient of the Green's funicin
(4.22 with r G(r;r9% kG (r;r9a, and by an approximation in the denominator
of the Green's function .23 with jr  r§ r and in the numerator withjr ~ r§

r o, ro

It's clearly seen that the phase of the radiating eld change radially as that of a
plane wave propagating in directiontt,, i.e. away from the origin. The amplitude
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decays as Zr. Also the dependence of the elds on the direction is sepagat from the
radial dependence. The connection between the electric eE; and the magnetic

eld H 4 in fareld and vacuum with = gand = gis
Ei(r) = oy Ha(r) (5.6)
1
Hi(r) = —oor Eqi(r); (5.7)

i.e. the elds E; and H; of the antenna are purely transverse compared to the
direction of propagation®, of the spherical wave withd, E;=0and ¢, H,=0.
W@mpedance of this TEM wave is equal to the plane wave impedance, =
o= o Of the media in all the directions, which means that the eld an very well
be locally approximated in any direction by a plane wave traelling away from the
origin.
In the far eld, the distribution of the elds E; and H ; to di erent directions at a
constant large enough distance = r, from the origin, i.e. the normalized radiation
pattern

. _ JE1(ros s )i
PO e i

Is constant as a function of distance and is equal for both ofi¢ elds.

(5.8)

The intensity of the radiation, i.e. the power ux per unit area is given by the
complex Poynting vector

1
S]_:—El H1:

i . . .
5 = ojH %0, = —jEj20,; (5.9)

2 20
which is purely resistive in the far eld, because the elds e associated to each
other by the resistive plane wave impedance, of the media.

In the radiating near eld, the complex Poynting vector (.9) still has the dominant
outgoing radiating part (&, S;) @,, but the wave impedance is generally not con-
stant anymore. The wave impedance is a function of both the stancer and the
direction (; ), i.e. the distance alters the wave impedance. The wave ingence
gets more and more dominated by the antenna rather than the sounding media
when going nearer to the antenna.

In the reactive near eld, the complex Poynting vector 6.9) can basically have any
components and the outgoing part isn't dominant anymore. Té power ux can
both pulsate to and from the antenna and also circulate arouhthe antenna. All
in all, the time average of the net power ow away from the antena remains the
same as in the regions further away, but the pulsating powerux causes the stored
energy to be even higher than the radiation in the near eld. e stored energy can
be both capacitive and inductive as in electric circuits.
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Complex antenna powelS;; is related to the antenna input impedance&,; and the
input current | in free space by 32

. 1 -
Sa1 = Prag + Pioss 128 (Wi We) = ézlljl 12; (5.10)

where P54 is the radiated resistive power,Pss iSs the resistive power loss in the
antenna structures andw,, and W, are the stored magnetic energy and the stored
electric energy of the antenna near eld. This relation is idntical to a similar relation
of a RLC circuit consisting of resistors, inductors and ca#ors.

5.3 Directivity and gain

From the total radiated power P,oq and the distribution of the radiated power 6.9
to di erent directions in the far eld, the directivity patt ern of the antenna is de ned

as B2

_ 4r3js(n)i® _ 4r 2E (ni°

PG Prad jE (r)j*ds’ G-11)
where the eld is evaluated on a surface of a sphere with radiu that's large
enough compared to the dimensions of the antenna. Directiyiis often given only
as a single gure, which means the maximum directivity. Diretivity can be given
in logarithmic scale in dBi units, which means directivity h decibels compared to
a hypothetical isotropic radiator, which would radiate evaly to all directions with

constant directivity D = 1.

In order to be of good use in communications, an antenna neetsradiate a eld
with a given polarization. Polarization is de ned as the ontation of the oscillation
of the radiated electric eld and can be of linear, circular pelliptical type. When a
receiver knows the polarization of the eld of a transmitting antenna, the receiving
antenna can be engineered to optimally receive only that pization. Since any
vector on a surface can be divided into two orthogonal compents, the polarization
of the radiated eld can also be divided into two orthogonal amponents. The polar-
ization that the antenna is designed for is the co-polarizain, and the polarization
orthogonal to the co-polarization is the cross polarizatio Directivity pattern ( 5.11)
can be de ned for both the co-polarization and the cross palization of the antenna.
For antennas with either vertical or horizontal co-polariation, the directivity pat-
terns of the co-polarization and the cross polarization ar@mply the directivities of
the - and -components of the electric eldE on the spherical surface far away,
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4r2j0 E(n)j
ViE (n)j°ds
4r2ja E (N
VIE(n)jPds

D (; ) =
(5.12)

D (; ) =

Often the directivity patterns of antennas are given in terns of the directivities of
&t - and & -polarizations even if neither of them matches to the co-paiization of
the antenna, so a similar practice will also be used in this #sis.

If the input power P;, of the antenna is known, the gain of the antenna in terms of
the distribution of the radiated power (5.9) is de ned as

_4r2is ()’

G(; ; 5.13
(i) o (5.13)
where again the eld is evaluated on a surface of a sphere witadiusr large enough.

Antenna radiation e ciency is often de ned as

P
rad — F:;d; (5.14)
so the gain in terms of the directivity 6.11) is simply
G= (aD: (5.15)

Gain is always smaller than the directivityD because of the losses of the antenna
structure. Gain can also be de ned by replacing the input poar Py, with the
incident available powerP; at the antenna input. In this case the drop in the
transmitted power caused by the impedance mismatch at the tenna input is also
included in the losses, which reduces the antenna e ciency.

5.4 Lorentz reciprocity theorem

Lorentz reciprocity theorem can link two sets of solutions foMaxwell's equations
(2.1)-(2.4) together in a speci c way. Let these sets b&,, H 4, J; andE,, H 5, J».
A vector quantity r (E; H, E, H) can be rewritten as

r El H2 Elr H2r E2 H1+E2r Hl:

If the Maxwell's curl equations are used, integration over golumeV is applied and



40

the Gauss' divergence theorem is used we g82]

I Z
n (E H, E, H)dS= (J; E; J, E;)dV; (5.16)
s v

which is the Lorentz reciprocity theorem. The surface integl is actually cancelled
out, if the sourcesJ; and J, are assumed to be of nite size and the integration is
applied over the whole space. This is simply because in the &d region of any
nite sources the eld is spherical TEM wave satisfying 6.7), which then implies
E, H,=E; Eox=gandE, H,;=E, E;=,. These terms cancel each other
out in (5.16, which gives

z z
(J1 Ex)dv = (J, EdV; (5.17)
\Y \Y%

which is often referred to as Rayleigh-Carson reciprocitheorem B3. If the (equiv-
alent) magnetic currentJ,, similar to the magnetic polarization current in .36 is
added into the Maxwell's equations, the reciprocity theoma further gives

z z

V(Jl E, Jmi H2)dV = V(Jz E:; Jmi HpdV: (5.18)
The reciprocity theorem can be used to see, that the receigproperties of antennas
are closely connected to the transmitting properties3p, 33, i.e. in most cases it
su ces to only analyze the transmitting properties of antemas. This is the case
when the coupling between the transmitting antenna and theeceiving antenna
is minimal, i.e. when the two are far away from each other andheé impedance
parameter Z,; (5.1) is small. However, when the two antennas are close to each
other, the problem is a lot more challenging and needs soloti of the Maxwell's
equation e.g. with the surface integral equation method. Ithis thesis the case
where two antennas are close to each other is not treated, stetantennas are only
simulated as transmitting antennas.
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6 Simulation of antennas

The surface integral equation method based on EFIE-PMCHWTofmulation as
described in Chapter4 can be used to calculate the characteristics of transmittm
antennas. Antenna problems are very close in nature to basscattering problems.
What is needed to simulate a transmitting antenna is the comuction of the triangle

mesh for the antenna geometry, the de nition of the incidenteld that excites the

characteristic current distribution of the antenna, the céculation of the MoM system
matrix elements @.14), solving of the equivalent surface current distribution bthe

antenna by solving the MoM matrix equation @.13, and calculation of all the
wanted antenna parameters from the results. In this chaptehe speci c procedures
that are needed in the calculation of antenna properties witthe method are treated.

6.1 Antenna feed

In order to calculate the eld of a transmitting antenna, the characteristic current
distribution of the antenna has to be excited somehow. The dd can either be a
distributed excitation resembling a real feed or it can be ggoximated by a highly
localized feed.

The excitation of the antenna in real life comes most oftendm a TEM waveguide.
The TEM feed can be modelled either by including the waveguidto the model or
by assuming that the eld were in the known TEM mode on the antena-waveguide
interface aperture. The latter isn't exactly true, which iswell seen for a coaxial
cable in [L3]. However, this frill approximation is still used very ofte to simplify
the feeding of antennas.

6.1.1 Localized delta-gap feed

Feed area of an antenna can be very localized in certain siticms. One example of
this is a small gap between two metallic bodies, where a vofja is forced between
the objects as in Figurel2

If the gap length d is small, a quasi-static approximation can be used by assumgi
that the incident electric eld EP is other than zero only in the gap with constant
eld strength E = V=d If the distance between the metal bodies is pushed in limit
to zero and voltage is kept as constant, the incident electri eld tends to delta-
function on the interface between the metal bodies. This eaively connects the
two metal bodies together. If the gap coincides with an edgé the triangular mesh,
the delta function causes for the electric part of the exciteon vector b in matrix
equation (4.13 an excitation vector coe cient

b(m) = V|m (61)

whereV is the voltage of the gap/, is the length of the edgem related to the gap
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Figure 12: A small voltage gap.

and i(m) is the matrix index number of the electric testing functionfor the edgem
of the triangular mesh. If the gap is extended on more than orexige, the excitation
vector b has more than one non-zero coe cients.

. |V

!

Figure 13: Delta-gap excitation.

Delta-gap is actually an accurate and realistic feed for srihawvire antennas such
as simple dipole antennas. However, the use of delta-gap ituations when the
aperture of the feed is larger in size is questionable, sinte in nitesimally small

approximation for the aperture shouldn't be relevant any mee.

6.1.2 Coaxial frill

Maybe one of the most used methods in practice to feed an antenis the use of a
coaxial probe, i.e. an open end of a coaxial cable with a lenghed inner conductor
and possibly the inner and outer conductors connected som@ave in the antenna
geometry. If it is assumed, that only TEM mode exists at the opning aperture of
the coaxial line, the elds are tangential to the opening apgure.
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Figure 14: Coaxial probe.

The elds of the idealized coaxial aperture are aaaumed to bequal to the charac-
teristic TEM coaxial elds E “® and H °®*, The transverse elds of the coaxial frill
thende ne the equivalent surface currents of the frill as

J coax — n H coax
M coax — n E coax ' (62)

which are the sources of the incident eld of the antenna.

If the coaxial frill is in the same plane with a ground plane tht is much larger than
the size of the frill, an approximation can be made. By assung that the size of
the ground plane is in nite, the frill itself can be replacedwith metal and equivalent
magnetic current fL3]

2V,
log(b=9r’

The magnetic current is doubled because the image sourceMf(r) on an in nite
PEC plane isM (r), i.e. equal to the source itself. The electric curreni ©® on the
other hand is removed because the image sourceJofr) is J (r), i.e. the image
source cancels the source.

M coax (r) - Zn coax — (63)

However, as is well seen inlf, the eld on the coaxial aperture is not in the
characteristic coaxial mode at the opening aperture in gers. If the most accurate
results are desired, the actual feeding structure shouldsal be included in the model
itself. The frill approximation and the assumption of imagesource of an in nite

ground plane will not be used in this work, but a more sophistated model will

instead be used to implement the coaxial feed.

6.1.3 Accurate modelling of the coaxial feed

Let's consider a case where the antenna is connected to annitely long coaxial
cable. The coaxial line is assumed to be oriented along z-sxsind the antenna-cable
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interface is atz = 0. The TEM voltage wave inside the cable has both the forward
tarvelling wave and the backward travelling wave as

V()= V,eé? +Ve'?; (6.4)

whereV, is the voltage of the forward going wave an¥ is the voltage of the back-
ward going wave. The backward going wave is caused by the intla@ce mismatch

at the antenna-cable interface, where the re ection coeant = V =\, of the
TEM-mode is
Za Zo
= : 6.5
Y Zat 2o (6:5)

Here Z, is the antenna input impedance andZ, is the characteristic impedance
of the coaxial cable. Antenna impedance is a circuit paramat itself and is more
treated in Chapter 5.

The re ection often excites some other higher order modes tife coaxial cable. If
the frequency is well below the cuto frequencies of the higin order modes they
should vanish quickly inside the cable, and only TEM mode isxpected to exist
well inside the cable. Since the coaxial cable is assumednitely long, no further

re ections should exist.

One way to accurately model the physical behavior of the coiak feed with antennas
is to extend the coaxial cable for a long enough distance andeaisome localized
excitation inside the cable far enough away from the antennaterface of the cable.
If the cable extension is long enough and the frequency is l@mough, all the higher
order modes that can be excited by the localized excitatiomside the cable should
be well attenuated before the antenna interface, which is sieed.

Let's assume that the incident TEM wave isVo€? . The antenna interface then
causes a re ection which again excites the TEM mode and somiglher order evanes-
cent waves. Since the antenna interface is assumed to beat 0, the re ected TEM
wave isV, .e 'Z, where the re ection coe cient , is the re ection coe cient of
the cable antenna interface.5). The desired result now would be that the re ected
TEM wave never causes another re ection.

Let's consider a case with the coaxial cable extension of tgh I, that is short
circuited at the other end and connected to the antenna at th®ther end. The
incident wave and the rst re ected wave are as clari ed eaikr. However, in this

case the rst re ected wave travel_s to t_he short circuited ed at z = |, which
then causes a re ected wave/, ,€' ¢ o€ (#*l) where the re ection coe cient of
the short circuited cable end is g = 1. As a total, in nite number of re ections

occur, and the amplitudesV, andV of the forward and backward going waves are

Vi = Vo 1 ,e2le+ Zetlc

. . 6.6
V. = Vo o 3€%c+ Zetlc (60
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. P
These can be represented as sums of a general geometric senﬁ;o q = 1—1q for
jg < 1, so we get

V, = m (6.7)
- Voa .
V - 1_'_7aé2|c- (6-8)

The re ection coe cient is then V =\, = ,, as is expected and desired.

The only artifact of this kind of a feed is that the impedanceZ, seen from the
antenna-cable interface into the cable isn't matched t@,, but instead is equal to
the impedance of a short circuited transmission line as

Zy,= iZotan(l): (6.9)

This can cause problems especially in the two special casefen for any integer
n the length of the cable extension i, = n=2 orl, = =4+ n =2, which result
asZp,=0o0r Z,= il . Inthese cases no TEM eld should basically be able to
enter the cable from outside, which is false, since the impatce as seen from the
antenna-cable interface should be matched to the characigtic impedanceZ, of the
cable.

However, excluding the two cases when the impedance tendszero or in nity,
the short circuited coaxial cable extension should be clos® a real feed than the
idealized frill model, and is used in this work to feed anteras with a coaxial cable
feed.

6.2 Directivity pattern

As clari ed in Chapter 5, most of the antenna parameters can be de ned by the
radiating far eld of the transmitting antenna. Computation of directivity patterns

D (; )and D (; ) is straightforward after the equivalent surface current dnsi-
tiesJ and M have been solved. What is only needed is the construction opaints
pt and integration weightswt for numerical integration of the antenna far eld on
a surface of a sphere far enough away and computation of theterma electric eld
E in points pr with the far eld representation formula (5.2) and use of .12 to
compute the directivity patterns. Directivity of an antenna is often given as a sing-
le number. In such cases directivity means the maximurDd .« Of the directivity
pattern (5.11), and is often given in logaritmic scale in units dBi as

Dmax = 1010g;o (max (D (; )))dBi; (6.10)

which means maximum directivity in dB compared to an imaging isotropic radi-
ator, that has constant directivity pattern D (; ) =1.
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6.3 Antenna impedance

The calculation of antenna impedanc&; (Chapter 5.1) is a complicated task which
has also created some opposing views in the pa35,[36]. It's important to under-
stand that the antenna impedanceZ, = Z,, is basically a circuit level parameter,
i.e. it is used to de ne the re ection coe cient at the antenna-feed interface as

Za Z0_
Za + ZO,

= (6.11)
whereZ, is the characteristic impedance of the waveguide feedingetantenna. The
de nition of the characteristic impedance is unique for TEMwaveguides such as
coaxial cable, but TE- or TM-waveguides don't have one unigude nition of charac-
teristic impedance since the de nition of voltage and curm is non-unique. This
means that the de nition of the antenna impedance is also neanique in such cases,
even if the surface currents and the resulting electromagine eld of the antenna are
solved. This means that the only generalizable de nition athe antenna impedance
is achieved by rst de ning the voltage and current of the feding waveguide, which
give the characteristic impedance and then somehow de nirtife re ection coe ent

= V =V, in terms of the amplitudesV. andV of forward and backward travelling
waves of the feeding waveguide. In this thesis, the antennapedance calculations
are limited to the TEM waveguide feeds, so the non-uniqueref the antenna
impedance is avoided, since the de nition of the current andoltage are unique.

Let's assume that the antenna feed is a localized delta-gap described in Chapter
6.1.1 The voltage of the delta-gap is unique and equal to the fordencident voltage
of the feed. The current can be calculated by integrating thequivalent surface
current density J over the edges of the feed. For localized ports with a forced
localized incident electric eld EP, the antenna impedance, which by the input
voltage U, and input current |, is dened asZ,, = Uj,=lj,, can generally be
calculated by

Z Z
EP JdS=

Zot = Un _ Unlin _

2
lin Iin

|-
|-

(E ES) JdS; (6.12)

35N
SN

where the secondary electric eldE ® is calculated by using the representation for-
mula (2.14. On a metallic PEC surface the total tangential electric dd En
vanishes which further gives

Z
ES JdS: (6.13)

|-

PEC _—_
Za;I - [

5N

In the case of the accurate coaxial cable model (Chaptérl.3, the calculation of the
antenna impedancéeZ, is logical in physical sense, but in practice more complicad.
With the de nition of the re ection coe cientas = V =V, the determination of
the antenna impedance is transformed into determination afoe cients V. andV ,
i.e. the amplitudes of the forward and backward travelling EM voltage waves inside
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the cable. After the re ection coe cient is calculated, the antenna impedance by
equation (6.11) can simply be calculated as

1+
Za= ZoT— (6.14)

The re ection coe cient can also be de ned from the respectie current coe cients
l. = Vu=Zgand| =V =Z,. By the direction dependent summation of currents,
the only dierence is the addition of a minus sign as the re eé@n coe cient is

= | =l,.

The current of a coaxial cable that's oriented along the-axis is simply the line
integral of the &, J around the inner conductor surface at a plane where is
constant. Since the normal component of the RWG-functions4(16 is one on the
edge that the RWG function belongs to, the total current is snply

%Z
ItOt (Z) = ||Z Jiz; (615)

i=1

where |7 is the length of thei:th edge around the wire atz and J? is the RWG
coe cient of the basis function of J at the same edge. The edges of these RWG-
functions are assumed to lie on a plane of constant

After the total current |, is de ned at di erent positions z = z along the coaxial
cable, the next problem is to de ne the coe cientsl, and| from the total current
waveform |l (z). The coe cients can be determined by using the matrix pendi
method [34] to nd an exponential function t

X
ItOt (Z) = Aj eq z (616)
j
for the waveform. The values ofy can at this stage be used as an accuracy test for
the current solution, since the coe cientshy of the propagating TEM current waves

should beb; = i2=for the forward propagating current andb, = 2= for the
backward propagating current.

The re ection coe cient is then simply

= 22 (6.17)

where A; is the amplitude of the forward travelling current wave andA, is the
amplitude of the forward travelling current wave. The antema impedance is then
nally calculated from (6.14).
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6.3.1 Antenna losses

Conductor losses can be approximated with the impedance badary condition.
The loss power in the impedance boundaries of the nite condtivity metal can be
calculated by

Z

1 ... 1. .
P.= R ZSjJJZdSIER”ImJZ; (6.18)

s 2
where the loss resistanc®, is an e ective resistance seen by the input current;, .
Conductor losses most often add the loss resistance as anitiddal series resistance
increasing the real part of the antenna input impedance.

Ideal dielectric material would have no imaginary part of penittivity , i.e. no
conductive losses. But in real materials the losses are peasand cause imaginary
part for the permittivity of the dielectric media. Since the losses are assumed to
be small, the eld penetrates well into the medium and the impdance boundary
condition (2.40 can't be used for dielectric boundaries. Instead, the loss in a
dielectric media must be calculated by directly using the mresentation formulas
(2.14 and (2.15 to calculate the electromagnetic eld inside the lossy med. The
total dielectric loss power in a dielectric domairD with permittivity = o+ i in

is then calculated by

Z Z

| -
1 g gav= b jEj2dV: (6.19)
2 p 2

Losses also change the input impedancg, of the antenna. Whereas conductor
losses most often cause an additional series resistanceeasing the real part of the
antenna input impedance, the dielectric losses can causearallel conductance that
decreases the real part of the antenna impedance. This dedsron the geometry
and can't be generalized.

The re ection caused by the impedance mismatch at the antemaninput also causes
less of the wanted signal to radiate. The input re ection caralso be considered as
one kind of a loss mechanism. The power transmission coe cig i.e. the quotient
of power P; transmitted and the incident power P; is calculated with the voltage
re ection coe cient ( 6.11) as

=1 (6.20)

But there is not a real need to directly match the antenna impegance itself to the
reference impedance. If the antenna impedance is well bebédvand mainly larger
than the reference impedancé, of the feeding line, the antenna can quite easily be
matched to the reference impedance by designing an impedanmoatching circuit.
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7 Programming and the data structures

This chapter describes the programming work and the datastctures used to con-
struct the MoM system matrix (4.14 of EFIE-PMCHWT formulation. The nu-
merical solver was implemented as a MEX-function, i.e. Mab executable function
programmed in C with a special interface replacing the stamdd main function.
The advantage of MEX-functions over real external programaith a main function
is that the results such as the system matrix can directly beeturned to Matlab for
post processing without a need to write to and read from a hardisk. In order to
increase the portability of the implemented solver, the pgramming of the solver is
done in pure C, i.e. Matlab is not called from the solver routie. The only sign of
Matlab within the solver is the MEX interface that replaces he main function.

7.1 Datastructures

This chapter describes the data structures that are used tceche the integral equa-
tion problem for the EFIE-PMCHWT solver routine. The problem is basically de-
ned by describing the triangular mesh, the frequency, the anstitutive parameters
of the subdomains and the domain speci c electric and magnetbasis and testing
functions as in @.11)-(4.14). The description of triangular mesh and domain speci c
basis and testing functions is non-trivial and is further teated here.

The triangular mesh in this thesis is described with stuctwgs for points, edges and
triangles of the mesh. This kind of a geometry description ogbe classi ed as a rich
structure since more than a minimal amount of info is storechithe structures.

The points of the mesh are stored in a tabl® of size [BNP], where NP is the
number of points. The n:th column of the table contains the a&esian (x;y; z)-
coordinates of the n:th point.

The edges of the mesh are described with a tabke of size [3NE], where NE is
the number of edges. The n:th column of the table describesetin:th edge of the
mesh. The rst two rows have the indicesn,; and ny, of the points table for the
startpoint and the endpoint of the edge and the third row inaldes the length of the
edge, which is precalculated because it's needed many timeshe computation of
the MoM system matrix.

The triangles of the mesh are described with a tabl® of size [TNT], where NT is
the number of triangles. The n:th column of the table descris the n:th triangle of
the mesh. The rst three rows have the indicesie;, Ne; and nez of the edges of the

triangle in E oriented counter-clockwise around the normal vector of th&iangle
that points to the domain with smaller domain index. The nextthree rows have the

indicesnp, Npz and nyg of the points of the triangle inP oriented similarly counter-
clockwise as the edges so that the rst local edge; is between local pointsi,; and
Ng2. The seventh row includes the surface area of the trianglehieh is precalculated
because it's needed many times in the computation of the MoM/stem matrix.
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As was said earlier, when the geometry is constructed, the nmaal vectors of the tri-
angles always point to the domain with smaller domain indexumber. The domain
index ip of the free outer space is always the smallest gs = 0.

The type of the surface that a triangle represents de nes thtegral equation for-
mulation used. This info for all the triangles is stored in adble D of size [3NT],
where NT is the number of triangles. The rst row indicates the type ofsurface
of the triangle whereas second and third rows contain the twaubdomains between
which the triangle lies. In case of a PEC or PMC surface the twalomains are marked
as domain outside since the inner space of a perfect conduasn't represented and
domain speci ¢ basis and testing functions for those domasrare not needed. Table
1 describes all di erent possibilities for the type of surfae.

Table 1: The numbers that describe the type of surface of a émgle.

Surface
Dielectric
PEC
PMC

IBC

WIN|FL O

The most crucial part of the datastructures used in this thds are the structures
that de ne the domain speci c basis and testing functions. Bice an RWG-function
is related to a single edge of the triangle mesh, the problermae ning correct basis
and testing functions is centered around the edges of thedngular mesh. In this
thesis the solver routine is such that it can cope with any nuber of subregions
around an edge, i.e. general material junction®]] are solved. Special cases, such
as combining the unknown RWG coe cients as single unknown aha PEC domain
meeting dielectric domains, need to be treated correcth2f]. One good example
of a special case is that the continuity of the tangential els through any mate-
rial interface forces the PEC boundary condition for all thedomain speci c RWG
functions around an edge that has at least one PEC domain anod it.

The correct behavior is achieved by de ning the domain specibasis functions for
J and M by using tablesJ and M of sizes [5NJ] and [5NM ], whereNJ is the
number of domain speci c RWG-functions forJ and NM is the number of domain
speci c RWG-functions for M . In the table, the rst row indicates the domain
index iy of the domain speci c basis function, second row is the edgedex of the
RWG-function in E, the third and fourth rows include the triangle indices of tke

T.=T in T and the fth row includes the matrix index in the system matrix, i.e.
basis functions that are to be combined have same matrix inkle

Information that's found in P, E, T and D is used to constructd and M for
arbitrary geometry. The routine that constructs these stratures has been carefully
validated, e.g. the orientation of the domain speci ¢ funabns needs to satisfy4.2)
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and in order to combine the correct basis functions, the mai indices need to be
carefully constructed. After the structures are construed, the system matrix of
EFIE-PMCHWT ( 4.14) is constructed by simply testing the electric eld integrd

equations of domaini with domain speci c testing functions found inJ and by
testing the magnetic eld integral equations of domain with domain speci c testing

functions found inM .

7.2 Speed optimization

In order to calculate real problems fast enough, the speed thie solver routine was
optimized. The amount of memory usage is not minimized, butrg data structures
other than the system matrix having memory usag® (N ?) are avoided.

The solver uses threads in order to use all the CPU power awtle in the current
multi-core CPU:s. The looping over basis functions is avcedl. Instead looping
over triangles is used in order to avoid doing numerical inggation on a triangle
numerous times. The integrals as in Chaptet.3are then constructed piecewise from
the integrals including either T, or T of basis or testing function. The accuracy
of the numerical integration, i.e. the amount of sample pots is reduced when the
basis function and the testing function are far enough awaydm each other, which
further reduces the computation time without reducing the acuracy notably.
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8 Results

This chapter includes the descriptions and the results of éhsimulations that were
done for this work. The numrical results are rst validated ly solving plane wave
scattering from two spherical scatterers and comparing theumerical results to the
analytical results given by Mie-series. After validationtwo di erent antenna prob-
lems are solved and antenna parameters are calculated frohetnumerical results.

8.1 Validation

The scattering of a plane wave from a metallic PEC sphere waselged in order to
validate the numerical results of EFIE. The incident plane \ave is linearly polarized
with electric eld E = Ea, and direction of propagation is to the positivez-axis.
The frequency of the problem isf = 300 MHz and the radius of the sphere is
r =1 m, i.e. approximately one wavelength . Both the analytic scattering solution
by Mie-series 7] and the numerical EFIE solution were calculated. The restihg
bistatic radar cross sections

S a2
_ 1=
e = 4 IE T,

(8.1)

of the results are compared in Figurel5 in decibels compared to rhas 2.5 =
10'0&0( RCS) dBm?Z.

As is well seen from the results, the numerical EFIE resultshew almost perfect
agreement against the analytical results given by the Mie ses. Most surprising is
the accuracy of the results even at the lower levels at the deeull of scattering in
E-plane. One of the reasons for the high accuracy most de eily is good modeling
of the geometry, since in this simulation the surface area tlie discretized sphere
is matched by hand to the surface areés = 4 r ? of the real sphere. The number
of triangles in this simulation wasNT = 4500, and the number of unknown RWG
functions, i.e. the number of edges, wad = 6750. This corresponds to a memory
consumption of 680 MiB for the system matrix, which easily & into memory space
of typical PCs.

A similar scattering problem was also solved for a homogensomagneto-dielectric
sphere with complex relative constitutive parameters, =4+0:2i and , =2+0:1i.

Both the analytic solution and the numerical PMCHWT solution of the resulting
bistatic radar cross sections are given in Figurg6.

As is well seen, the numerical PMCHWT results show almost pfect match to
the analytical results. As was the case with EFIE for the PEChere, the results
are very accurate even at the lower scattering levels, whigh a sign of very high
accuracy. The number of triangles in this simulation wadNT = 9536, and the
number of unknows wasdN = 14304. This corresponds to a memory consumption
of 3 GiB for the system matrix, which still ts into memory space of many PCs
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Figure 15: Bistatic radar cross section of a PEC sphere of iad rs = 1 m at
frequencyf = 300 MHz in a) E-plane (y =0). b) H-plane (x =0). Both the
numerical surface integral equation solution by EFIE and ta analytical solution by
Mie series are included. The angle is the angle between the scattering direction
and the direction of arrival of the incident linearly polarzed plane wave as seen from

the scatterer.

nowadays.
This concludes the validation. The results that were achied clearly show that

the surface integral equation method with a good formulatio and the divergence
conforming RWG basis functions and testing functions can g so accurate results
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(@)

(b)

Figure 16: Bistatic radar cross section of a sphere of radiug = 1 m with relative
constitutive parameters ; =4+0:2i and , =2+0:1i at frequencyf =300 MHz in
a) E-plane (y = 0). b) H-plane (x = 0). Both the numerical surface integral equation
solution by PMCHWT and the analytical solution by Mie seriesare included. The
angle is the angle between the scattering direction and the direicn of arrival of
the incident linearly polarized plane wave as seen from theadterer.

that by using these kind of numerical simulations as a desigowol, the amount of
measured prototypes in design processes of e.g. antennashoasigni cantly reduced
or ideally the prototyping can almost be avoided. If the simiation results given by
the design tools aren't accurate enough, a lot more prototypg is needed in practice.
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8.2 Dipole antenna

A dipole antenna made of a cylindrical wire was simulated. Pble antenna has
very well known characteristics and serves as a good realitheck for the antenna
parameter calculations. The simulated dipole antenna is sh that the length of the
wire is half a wavelength q at frequencyfo =1 GHz. The wire is assumed to be a
circular cylinder with a radius ofr, = (=300. Delta-gap is used as the feed of the
antenna around the wire at the center.

The simulation is done over a wide frequency randge= 0:5:::8 GHz. The resulting
input impedance calculated by 6.12 is given in Figure 17.

(@)

(b)

Figure 17: Input impedance of a cylindrical wire dipole antena of length (=2 at
frequencyf, = 1 GHz. The radius of the wire isro = (¢=300.

The lowest resonance frequency, i.e. the frequency at white input impedance
is purely resistive, isf, = 935 MHz. This is in line with the previously measured
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results 32]. The shape of the impedance curve is also similar to the résupublished
earlier.

The directivity pattern ( 5.17) is also calculated over the frequency band=0:5:::8
GHz. It was veri ed with the results that dipole only radiates ¢ -polarization and
that the directivity pattern is constant as a function of . The directivity is given
in three di erent discrete angles = 90 ;120;150 as a function of frequency in
Figure 18 The maximum directivity on the main axis = 90 iS Dyaxo0 = 4:8
dBi at frequency f max: 90 = 2:35 GHz. Global maximum of the directivity on this
frequency band isD.x = 5:7 dBi at frequencyf.x = 7 GHz to angle = 150
(or =30 ). The maximum directivity at f =1 GHz is D¢, = 2:2 dBi, which is as
expected, since the directivity of an in nitely thin half wavelength dipole should be
2:15 dBi [32).

Figure 18: Frequency dependence of directivity of a cylindal wire dipole antenna
of length (=2 and wire radius (=300 at frequencyf, = 1 GHz to angles =
90;120;150. The dipole is directed along the z-axis and the directivitys constant
as a function of .

The 3D directivity pattern of the dipole antenna is given at tvo frequencied; =1
GHz andf, = 3 GHz in Figures 19 and 20. The dependence of the directivity on
angle at the interesting frequencyf = 2:35 GHz of maximum axial directivity is
given in Figure 21

As is well seen, the directivity pattern atf; = 1 GHz has a shape similar to the di-
rectivity pattern D () = sin?( ) of a small dipole, though the maximum directivity
of the half-wavelength dipole is higher and the pattern is nre directive than that
of a small dipole, as is expected. The shape of the directiyipattern at f; = 1 GHz
is also very well seen in Figurd8. The directivity pattern is also as expected at the
higher frequencyf , = 3 GHz.

The loss power and the resulting loss resistancé.{8 of the dipole antenna is also
calculated over the frequeny band = 0:5:::8 GHz. Assuming that the antenna
is made of annealed copper with conductivity ., = 58 MS/m, the computed loss
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Figure 19: 3D directivity pattern of a cylindrical wire dipde of length =2 and wire
radius =300 at frequency 1 GHz.

resistance remains under:@ through the whole frequency band, so it doesn't alter
the real part of the antenna input impedance that much. Howear, the loss resistance
a ects the maximum available e ciency. The radiation e cie ncy which neglects the
impedance mismatch at the antenna-cable interface is givem Figure 22.
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Figure 20: 3D directivity pattern of a cylindrical wire dipde of length 3= 2 and wire
radius =100 at frequency 3 GHz.

Figure 21: Directivity of a cylindrical wire dipole antennaof length (=2 and wire
radius (=300 at frequencyfo = 1 GHz as a function of calculated at frequency
f =2:35 GHz.
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Figure 22: Radiation e ciency of a cylindrical wire dipole antenna of length (=2
at frequencyfo = 1 GHz as a function of frequency.



60

The radiation e ciency remains over 995 % through the frequency rangd =
0:5:::8 GHz, so the conductive losses are neglicible. However, tieeection caused
by the impedance mismatch at the antenna-feed interface wibut any impedance
matching circuit causes less of the signal power to get thrgh to the antenna. The
resulting absolute value of the re ection coe cient = S;; (6.11) when connected
either to a 50 or 75 transmission line is given in Figure 23.

(@)

(b)

Figure 23: Re ection coe cient at the antenna cable interface looking from a) 50
transmission line. b) 75 transmission line.

The impedance is quite well matched near the lowest resonanfrequency slightly
below the half wavelength frequency, = 1 GHz. However, simple dipole antenna

can't be used over a really wide frequency range without an pedance matching
circuit.

The resulting total gain to angles =90 ;120 ;150 including the conductive losses
and the re ection loss 6.20 caused by impedance mismatch when connected to a
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75 transmission line is given in Figure 24.

Figure 24: Frequency dependence of gain of a cylindrical widipole antenna of
length (=2 and wire radius (=300 at frequencyf, = 1 GHz to angles =
90;120;150. Conductor losses on the annealed copper surface and theemi®n
loss when connected to a 75 transmission line are includedsdosses. The dipole is
directed along the z-axis and the gain is constant as a funoti of .

Maximum gain on the main axis =90 is Ggomax = 2:1 dBi at frequencyf gomax =
940 MHz. The antenna e ciency is very good over this frequencrange, since the
conductor losses and losses caused by the impedance matckhat frequency only
cause loss of about 0.1IB, which is negligible. The number of triangles in this
simulation was NT = 1464, and the number of unknows wad\ = 2196. This
corresponds to a memory consumption of 72 MiB for the systematmix, which very
easily ts into memory space of all PCs nowadays.
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8.3 Patch antenna

As a more general case, a patch antenna with a coaxial probedewas simulated.
The geometry of the antenna is represented in Figuizb

825 mm

825 mm

t 0:3 mm

7 mm

165 mm

Figure 25: Geometry of the patch antenna with coaxial probeeéd. The coaxial
probe is centered on the ground plane and along the other dingon of the patch
element.

The geometry is similar to that measured and simulated in3B, 39] with just an
exception that the size of the ground plane is here only 165 mm165 mm compared
to the original 600 mm 600 mm ground plane. This shouldn't alter the antenna
parameters that much because even the smaller ground plat®sld be large enough
for the patch element to see the ground plane as being closeitmite. The patch
antenna will also be simulated with a dielectric substrate étween the lower side of
the antenna element and the upper side of the ground plane.

Compared to the dipole antenna, the geometry of the patch ashna is more chal-
lenging to discretize well enough because of the expectegichchange of the eld
close to the coaxial feed and edge4(] of the geometry. The triangular mesh needs
to be denser in these regiong]. This resulted as a lot of optimization work for the
triangularization of the patch geometry that was solely doa by hand. Some details
of the resultant triangularization that's used in the simuhtions of this section is
presented in Figure26.
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(@)

(b)

Figure 26: Triangularization of the patch antenna geometrya) on in nitely thin
metallic patch element. b) close to the coaxial cable inteate.
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The patch antenna is only simulated with the accurate coaxideed model. This
means that the coaxial cable extension also needs to be addedthe discretized
geometry. The patch antenna is rst simulated with a thin shet approximation [13]
applied for the ground plane and the patch element. The thinteet approximation
means that the thickness of the metallic sheet is ignored arble unknown surface
current densities on the upper side and the lower side of thbeet are combined as
single unknown, since they create equivalent elds in a horgeneous media. The
antenna input impedance calculated from the simulation rests with cable extension
of length =2 at frequencyf, = 1:54 GHz is compared to the measured input
impedance 88, 39 in Figure 27.

(@)

(b)

Figure 27: Input impedance of a coaxial probe fed patch antea a) real part. b)

imaginary part. The simulation is done with thin sheet appraimation on both the

ground plane and the antenna element. The length of the coaxicable extension is
=2 at frequencyf, = 1:54 GHz.

As is well seen from the impedance results, the shape of thepiedance curve is
correct, but the resonant frequency at which the real part ofhe impedance peaks
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is not estimated accurately. This is as expected, since thhitkness of the metallic
sheet is not taken into account in this simulation. As is weknown, adding thickness
to the metallic sheet of microstrip structures such as the peh element makes them
electrically seem larger42]. This fact is often ignored in numerical simulations
and the thin sheet approximation is widely used, which canmdoe done if the most
accurate results are desired.

The length of the coaxial cable extension is such, that at. = 1:54 GHz the

impedance 6.9) seen from the antenna-cable interface into the short cirded cable

would theoretically tend to zero. This seems to pose no pravhs for the antenna
impedance results. The zero impedance actually means thdiet cable extension
basically forces the tangential electric eld on coaxial ogning to zero, which is the
PEC boundary condition (2.12. As the magnetic frill model described in Chapter
6.1.2 replaces the coaxial aperture itself on a ground plane withBZ, the result

achieved here justi es the use of frill model. A good questiois that how this cor-

rectness of the zero impedance at the aperture would changea situation, when

the ground plane is of smaller size or when there's no grounthpe.

The patch antenna was also simulated without the thin sheetpproximation. In
order to test the quality of the coaxial feed model, the patclantenna is now simu-
lated with two di erent lengths of the coaxial cable extensins. The antenna input
impedance calculated from the simulation results with cabl extension of length
3 =4 at frequencyf. = 1:54 GHz is compared to the measured impedancgs8[ 39
in Figure 28.

As is well seen from the impedance compared to the measuredulg the results
are false around frequency = 1:525 GHz. This almost matches the frequency
f. = 1:54 GHz at which the impedance as seen from the opening of thex@l cable
into the short circuited cable would theoretically tend toZ, = j1 . This clearly
indicates that coaxial cable extension lengths which resuhs jZ,j = 1 should be
avoided. However, the results well above this frequency se¢o be very accurate, so
better results could be achieved by simply lenghtening theable extension so that
the frequency at which the length id. = 3 =4 would be below the frequency range
of interest.

The patch antenna without the thin sheet approximation was Bo simulated with
cable extension of length 875 . at frequencyf. = 1:54 GHz. The resulting input
impedance is compared to the measured impedance in Figa@
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(@)

(b)

Figure 28: Input impedance of a coaxial probe fed patch antea a) real part. b)
imaginary part. The length of the short circuited coaxial chle extension is 3.=4
at frequencyf. = 1:54 GHz.
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(@)

(b)

Figure 29: Input impedance of a coaxial probe fed patch antea a) real part. b)
imaginary part. The length of the short circuited coaxial cale extension is B75 .
at frequencyf. = 1:54 GHz.
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As is well seen, the resonance problem is removed. The antanmpedance actually
matches very well to the measured input impedance. The fregncy of maximum
input resistance is almost perfectly estimated by the numaal result. Only real
di erence between the measured and numerical results is fthre maximum value of
the input resistance, which is 1313 in the measurements B9, and 12818 for
the numerical results. The simulated value of maximum inputesistance is actually
very close to the simulated value of 1288 achieved in [39. The frequency of
maximum resistance is estimated better in this work, most bably because the
thickness of the metallic sheet is taken into account here,hich is not the case for
the layered media model in39.

The solution for the surface current density on the lower side of the patch element
is given in logarithmic units dB(A/m) in Figures 30 and 31 As is well seen, the
surface current distribution tends to oscillate in the y-diection, which means that

the E-plane of the antenna, i.e. the plane where the electrield is assumed to

oscillate, isx = 0. Similarly the H-plane should bey = 0.

The directivity patterns (5.12 of the patch antenna are calculated over the frequency
bandf = 1:5:::1:7 GHz. The directivity of both the & -polarization and the & -
polarization in E-plane (x = 0) and H-plane (y = 0) are given in three di erent
discrete angles = 0 ;30;60 as a function of frequency in Figure82-33. The
maximum directivity on the main axis =0 iS Dnax.o = 9:35 dBi at frequency
fmax.o = 1:6 GHz.
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(@)

(b)

Figure 30: Equivalent surface current density in units dB(A/m) on the lower side
of the patch element at two time instances a) = 0 and b) t = Ty=4 in the rst half
of the period T, at frequencyf, = 1:55 GHz.
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(@)

(b)

Figure 31: Equivalent surface current densityd on the lower side of the patch
element at two time instances a} = Tp=2 and b)t = 3Ty=4 in the second half of
the period Ty at frequencyfo = 1:55 GHz.
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(@)

(b)

Figure 32: Frequency dependence of directivity of microgtr patch antenna in E-
plane (x = 0) to angles =0 ;30;60 for a) &t -polarization. b) ¢ -polarization.
The patch element and the ground plane are on planes of consta planes.
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(@)

(b)

Figure 33: Frequency dependence of directivity of microgr patch antenna in H-
plane (y = 0) to angles =0 ;30;60 for a) & -polarization. b) & -polarization.
The patch element and the ground plane are on planes of consta planes.
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The directivity patterns (5.12 of the patch antenna were calculated at frequency
f =1:59 GHz both in the E-plane & = 0) and in the H-plane (y = 0). The resulting
directivity patterns are given in Figure 34.

(@)

(b)

Figure 34: Directivity patterns D and D of the @ and & polarizations a) in
E-plane. b) in H-plane.

The results match surprisingly well to the measured pattepresented in38]. This
just shows the accuracy of the method when the discretizatioof the geometry
is done well enough. Just to show the distribution of the suste current on the
antenna, the resulting vector normjJj of the equivalent electric surface currend
at frequencyf = 1:55 GHz is given for the whole geometry (not in scale) in Figure
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35.

Figure 35: Equivalent electric surface current density on the outer surface of the
patch antenna .

As is well seen, the higher values of the surface current dépon the ground plane
extend well beyond the area covered by the patch element. Bhe ective area is
actually partially enlarged by the non-zero thickness of th patch. The surface
current in these gures presented is shown as constant ondngles. In reality the
RWG-functions have rst order polynomial terms on triangles, so the exact surface
current is smoother. And the eld of the approximate surfacecurrent out of the
surface is even smoother, since the eld is given by integrag the surface current
density. Integration at best smooths the result a lot, as e.geFIE does.
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As a nal result, a similar patch antenna was also simulated ith a dielectric sub-
strate between the ground plane and the patch element. In oed to see the e ect
of dielectric losses, the real part of the permittivity remaed unchanged, and the
permittivity of the substrate was s = (1 +0:01) . The problematic coaxial cable
extension length of 3.=4 at frequencyf. = 1:54 GHz is used in order to see the
e ect of losses on the resonance seen in Figu28. The resulting input impedance
is compared to the measured impedance with vacuum as subséran Figure 36.

(@)

(b)

Figure 36: Input impedance of a coaxial probe fed patch antea with additional
losses in substrate with permittivity ¢ = (1 +0:01i) o. Both a) the real part and
b) the imaginary part of the antenna impedance are given. Thiength of the short
circuited coaxial cable extension is 3=4 at frequencyf. = 1:54 GHz.
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As is well seen, the resonance problem seems to be removedrdfisses are present.
This resonance problem is not further studied in this thesjdut would be well worth
of further research. The dielectric losses also drop the mmum value of real part
of the antenna impedance, which is as expected, since thelédtric losses add a
leakage current between the patch element and the ground pia The Q-value also
drops, which is seen as a reduced rate of change of imaginaartpof the antenna
impedance as a function of frequency.

8.4 Analysis of the results

This chapter includes a brief summarizing analysis of the salts given in this thesis.
An error analysis is also included.

8.4.1 Accuracy

As is well seen from the results of Chapte, the results that were achieved with the
EFIE-PMCHWT solver are very accurate. The scattering of a @ne wave from a
spherical scatterers closely matches to the analytical idss. The results of the an-
tenna analysis were also very accurate. The results for thg@dle antenna are similar
to the results measured and simulated earlier. The resulterfthe patch antenna are
also very accurate, but the accurate results need a well optized triangular mesh
and simulation models.

The feed model as explained in Chaptes.1.3gives accurate results when the length
|, of the coaxial cable extension isn't related to the waveletly asl.= 0:25 +

n 0.5, when the impedance seen from the antenna-cable interfacéo the cable
tends to in nity. This kind of a coaxial model has been used eher [13], but the
problems with certain lengths of the cable extension havernbeen documented to
my knowledge.

8.5 Error analysis

The results achieved by the MoM solution of EFIE-PMCHWT suréce integral equa-
tion formulation seem to be very accurate. The reliability 6the results with the

structures of size comparable to wavelength should be gooHowever, the EFIE-

PMCHWT formulation has a well known low frequency breakdownn numerics,

which can impose problems with details of size small compdréo the wavelength.

This can be avoided with preconditioners such as the thosedsd on Calderon iden-
tities [43).

The coaxial feed model as used in this thesis has serious peolis with certain
lengths of the cable extension. This weakens the reliabjfibf the results. In order
to avoid this problem, the re ection caused by the short cirgited end of the coaxial
cable extension should somehow be avoided without lettinge wave get out of the
cable to cause unwanted radiation.
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9 Conclusions

This work was centered around the programming work to impleemt a MoM solver
for the electromagnetic surface integral equations with HE-PMCHWT formula-
tion. As is seen in Chapter8, the work resulted as a very accurate numerical
solver that can be used for complex electromagnetic problemwith composite metal-
dielectric structures. The computation of antenna parametrs with the solver was
also a success. As such, the solver can well be used to nd th@snimportant
antenna parameters with the methods described in this work.

This work also included a lot of error prone hand made optimaion of the triangular
meshes needed for the simulations. The traingular mesh oktipatch antenna needed
a lot of optimization to get the accuracy seen in the resultsThe amount of work
needed for this is so large that a lot of workload would be savéy using commercial
programs for the mesh generation.

Two important discoveries were made in this thesis. First veaabout the short
circuited coaxial cable extension, that was used to feed thmatch antenna. As is
clearly seen from the antenna impedance results, a cable exsion lengthl., which
gives in nite impedance at the coaxial aperture seen into # cable, i.e. which is
related to the wavelength by |, = (0:25+n 0:5) , gives false results and needs
to be avoided. However, a cable extension length, which gives zero impedance
at the coaxial aperture seen into the cable, i.e. which is etkd to the wavelength
by I. = n 05, gives no problems, and can be used to model coaxial feed.

Anything in between also seems to work quite good. Howevehe re ection always
causes problems, if the frequency range of the simulationlagge. In order to get
a coaxial feed model that had none of these problems, the reteon given by the
short circuiting of the cable extension should be avoided lsomehow implementing
a re ection free TEM boundary condition for the surface intgral equation method.

Second discovery (of an old fact) was about the thin sheet amximation. As is
clearly seen from the input impedance results of the patch smna, the thin sheet
approximation of metallic sheets of small thickness giveal§e e ective size for the
sheet. This is a fact that is very well known by most of the RF ath microwave
engineers, but can very often be ignored in numerics. As isivgeen by the results,
the numerical results of the input impedance of the patch ashna match very well
into the measured values, when the thickness is also modeleAs there are well
known approximative formulas for the e ective size of metdic sheets of microstrip
structures, it would be interesting to use these formulas tohange the size of the
patch antenna element and use thin sheet approximation witthe e ective size of
the patch to calculate the antenna impedance. The results shld most probably be
very accurate. However, this kind of a compensating for theestive size cannot be
used for microstrip antennas of arbitrary shape, so the thkoess should always be
included in the model and thin sheet approximation should bavoided, if the most
accurate results are desired.
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