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Abstract

Future mobile communication systems use the broadband and multiple antenna technology
(MIMO) to increase the spatial efficiency of the transmission channel and therefore pro-
vide higher data rates over a particular frequency range. However, the implementation of
multi-antenna systems on small mobile terminals is very challenging. Multiple antenna
elements require additional space on the small handheld devices, and they suffer from large
distances to each other. In addition, the antenna elements should be decoupled as possible
with respect to their polarization and its radiation pattern. The last requirement can be
currently difficult to overcome, due to the fact that all antennas are using the same electri-
cal reference platform, respectively the chassis of the terminal itself.

In this thesis, the Theory of Characteristic Modes (TCM) was followed, which allows prin-
cipally the use of the orthogonal chassis modes, decomposed out of the current density
distribution, in order to design broadband and multiple antenna systems.

A major challenge was the development of suitable coupling structures to excite several
modes independently. Here, the capacitive, the inductive and the hybrid coupling concepts
were discussed and compared for the selective coupling of the characteristic modes. A
reconstruction of the resulting radiation patterns and the calculation of the power coeffi-
cient realized the specific coupling of the modes, the respective power budget and antenna
matching as well. In particular, the results indicated a direct relationship between the char-
acteristic modes and the low correlation of the transfer functions in multi-antenna systems.
In order to show a direct coupling of the several concepts, different kind of feeding net-
works at the feed-point of the investigated coupling element have been developed and
evaluated. Moreover, they include the power splitter and the matching networks as well.

On the development of multi-band and broadband antennas, different coupling concepts
for the common coupling of several modes have been investigated. This kind of excitation
could be realized by using the coupling elements itself as a tuning element or by using

space efficient matching networks at the feeding port.

The results of this thesis reveals the utilization of the theory of characteristic modes for



the design of the space efficient multi-antenna systems, as well as multi-band and broad-
band antennas by direct coupling of the chassis itself. In addition, the approach was eval-

uated as a useful analysis and synthesis tool for developing integrated antenna systems on
small mobile terminals.



Zusammenfassung

Zukinftige mobile Kommunikationssysteme verwenden die Breitband-, als auch MIMO-
(Multiple Input Multiple Output) Antennentechnologie, um die rdumliche Effizienz des
Ubertragungskanals zu steigern und somit hohere Datenraten iiber einen bestimmten Fre-
quenzbereich zu ermdglichen. Die damit verbundene Implementierung von Mehranten-
nensystemen stellt insbesondere in kleinen Endgeraten eine grolRe Herausforderung dar.
Zum einen erfordert eine Vielzahl von Antennen zusatzlichen Raum in den ohnehin vom
Streben nach hoher Integrationsdichte getriebenen Gerédten. Zum anderen mussen die Ein-
zelstrahler bei der Verwendung blicher Konzepte moglichst weit voneinander im Gerét
platziert werden. Zudem sollen Sie hinsichtlich ihrer Polarisation und ihres Richtdia-
gramms moglichst entkoppelt sein. Gerade die letzte Forderung l&sst sich gegenwartig nur
schwer realisieren, da alle Antennen dieselbe elektrische Bezugsplattform, namlich das
Chassis des Endgerats, verwenden miissen.

In dieser Dissertation wurde die Theorie der Charakteristischen Moden verfolgt, die es
grundsatzlich ermdglicht, orthogonale Moden der Stromdichteverteilung auf dem Chassis
selbst als Breitband- und Mehrantennensystem zu verwenden.

Eine wesentliche Herausforderung war die Entwicklung geeigneter Koppelstrukturen mit
denen mehrere dieser Moden auf der gewéhlten Plattform unabhédngig voneinander ange-
regt werden konnen. Hierbei wurden kapazitive, induktive und hybride Koppelkonzepte
fiir die selektive Einkopplung der Charakteristischen Moden verfolgt und verglichen. Eine
Rekonstruktion der resultierenden Richtcharakteristiken und die Berechnung der Leis-
tungskoeffizienten, machte es moglich Riickschlissen auf die gezielte Einkopplung der
Moden, deren Leistungsbudget und Antennenanpassung zu geben. Insbesondere indizier-
ten die Ergebnisse den direkten Bezug der Charakteristischen Moden zu einer geringen
Korrelation der Ubertragungsfunktionen in Mehrantennensystemen. Um eine direkte Ein-
kopplung der verschiedenen Konzepte zu verfolgen, wurden verschiedene Speisenetz-
werke entwickelt und evaluiert, welche Leistungsteiler und Anpassnetzwerke an den Fuss-
punkten der Koppler beinhalteten.



Zur Entwicklung von Mehrband- und Breitbandantennen wurden mehrere Koppelkon-
zepte zur gemeinsamen Einkopplung verschiedener Moden entwickelt. Diese konnten mit
und ohne Hilfe von Anpassnetzwerken platzeffizient aufgebaut und evaluiert werden.

Die Ergebnisse dieser Dissertation zeigen, dass mittels der Theorie der Charakteristischen
Moden platzeffiziente Mehrantennensystem als auch Mehrband- und Breitbandantennen
durch die Ankopplung des Chassis selbst realisiert werden kdnnen. Zudem erwies sich der
gewahlte Ansatz als hilfreiches Analyse- und Syntheseinstrument zur Entwicklung inte-
grierter Antennensysteme.
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Chapter 1

Introduction

1.1 Background

The demand for high speed communications in the wireless standards such as LTE, LTE-
Advanced, IEEE 802.16 (WiMAX) and IEEE 802.11 increases the demand of efficient
antenna systems, both, on the mobile and the base station side of the radio access network
[SHe08, VVau87, Lil0, Man16]. Importantly, many of these standards may be required to
operate simultaneously. Especially the design of broadband and multiple antennas in mo-
bile (cellular) radio handsets becomes quite challenging due to the physical limitations.
These limitations are related to the form factor, i.e. the shape and size of the mobile handset
[Van02, Lop04, Stu07, Bes06]. On the other hand, the space occupied by the antenna sys-
tems tents to decrease due to the demand of computer-like handheld devices. Especially in
this content, the consumer wants to have a thin device with a large display, low power
consumption and a good camera technology which determine mainly the thickness of the
casing. In contrast, all of these needs restrict the available volume and location of the an-

tenna or multiple antenna system drastically.

For the realization of the desired high data rates, for example, the long term evolution
(LTE) and the IEEE 802.11n standards require the integration of multiple antenna systems
to enable a multiple-input—-multiple-output (MIMO) technology in mobile terminals. In
order to address the associated sub-channels de-correlated antenna elements need to be
integrated into the small terminal device with a tight form-factor [GCa08, Shul3, Zhal3,

Miel3]. For reducing the mutual coupling between closely spaced antenna elements the
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1. Introduction

use of electromagnetic band gap (EBG) structures or suspended lines is reported in litera-
ture [Yan06, Dia06]. The authors in [Kar04] propose to modify the shape and/or insert
some slits in the printed circuit board (PCB) between two antenna elements in order to
achieve a significant reduction of mutual coupling within the operating frequency band.

Such modifications of the PCB are unlikely possible in practical applications.

Typically, in small terminal applications the antenna concept is chosen such that it uses
the chassis of the terminal as a counterpoise for the antenna element. In [Van02] it has
already been proven that the most effective antenna is the metallic chassis of the mobile
terminal itself, including the PCB and EMC (Electro-Magnetic Compatibility) shieldings
etc. Consequently, results in [Man11_2, Mar10_1, Mar10_2] show that the correlation of
two elements is significantly affected by the electrical size of the chassis and the location
of the elements on the chassis. All of these effects can be utilized to excite chassis modes
in a specific way, enabling a multi-port or broadband antenna system. This thesis concen-
trates on the design of such antennas.

1.2 Objective of this work

This thesis gives a physical insight into the design of multiple and broadband antennas for
mobile terminals based on the TCM (Theory of the Characteristic Modes). The main ob-
jective shows that the theory helps to understand how characteristic modes behave. In ad-
dition, it shows how this knowledge can efficiently be used for the controlling of the di-

mensions of the terminal or the mode coupling mechanism.
Main issues in this thesis are the following:

e Determination of the modal parameters based on the TCM.

e Determination of an evaluation parameter in order to find the optimal excitation
and location of the given modes to control the impedance matching and radiation.

e Determination of the chassis modes on small mobile terminals.

e Systematic study of the selective mode excitation and their required coupling
mechanism on small mobile terminals.

e Systematic study of the common mode excitation and their required coupling

mechanism on small mobile terminals.



1.3 Contents and organization of the thesis

e Analysis and evaluation of non- and self-resonant coupling structures for the op-
timal selective and common mode coupling.

e Analysis of the influence of the capacitive coupling element shapes and their self-
resonances on the absolute power delivered to the antenna and the bandwidth po-
tential.

e Systematic application of the inductive, capacitive and their hybrid coupling ele-

ments for broadband and MIMO antenna systems.

1.3 Contents and organization of the thesis

In this thesis compact antennas are studied based on the systematic analysis of the charac-
teristic modes on a mobile terminal. The specific excitation of the modes and the power
contribution of the modes related to the radiated power are in focus. The experimental
studies in this thesis are based on the electromagnetic (EM) field and circuit simulations.
Prototyping and measurements underline the simulation results. The main scientific con-
tributions of the thesis are presented in the publications [I-VI11]. The thesis collects all of
the results providing additional references to other relevant scientific research made in the
related field.

Chapter 2 shows a review of the TCM and its related parameters in order to bring insight
into the radiation phenomenon of radiating structures (e.g. small terminal). This chapter
can be seen as introduction of the theory to better understand and deal with radiated and

scattered electromagnetic fields.

A review of the RWG (Rao Wilton Glisson) edge elements is shown in chapter 2. It shows
how the radiation structure can be excited and how that is related to the TCM parameters.
Different parameters, like the modal admittance, impedance and power, will be deter-

mined.

The eigenvalues, the modal significances, the radiating bandwidths and the quality factor
of the first two modes of a generic PEC (Perfectly Electric Conductive) strip are studied
in chapter 3. The width and the length of the PEC strip are used to show how this affects
the derived modal parameters. In addition, a simple planar dipole antenna is analyzed to

understand how the structure and the feeding mechanism affects the radiated power, the

3



1. Introduction

absolute power delivered to the antenna and the matching. A normalized power coefficient
and its modal decomposition are derived based on the parameters of the TCM. This new

parameter will be used to evaluate efficient coupling concepts for small mobile terminals.

Chapter 5 studies the selective excitation of desired modes on the small mobile platform
by using the terminal itself as an antenna. It shows the advantages and disadvantages of
the selective inductive and capacitive excitation [I, I, IV]. A detailed characteristic mode
analysis shows which modes are excited and which are not excited [V]. A preliminary
study of different non-matched coupling elements have shown which elements are able to
excite the modes selectively without contributing too much to the radiation [I1]. The last
sections of this chapter evaluate the realistic implementations of the non-resonant coupling
structures distributed in optimal locations with respect to the desired modes. This imple-
mentation study can be utilized to optimize the antenna performance (bandwidth potential,
radiated power, absolute power delivered to the antenna etc.) in different operation fre-
quencies [IV, V].

By a contrast, chapter 6 studies the excitation of multiple modes with the same exciter on
the small mobile platform [VI, VII, VIII]. It shows the advantages and disadvantages of
the common excitation of multiple characteristic modes. A preliminary characteristic
mode analysis shows which multiple modes can be excited and which modes cannot be
excited [V]. A detailed study of off-ground capacitive coupling elements (CCEs) shows
how the structure and the location of the feeding point can be utilized to optimize the single
antenna performance (bandwidth potential, radiated power, absolute power delivered to
the antenna etc.) [VI, VII, VII]. It shows how the behavior of the characteristic modes and

the CCE resonances can be used to design an efficient dual-broadband CCE antenna.

Different applications of the small antenna design based on the efficient coupling concepts
are presented in chapter 7. The selective inductive excitation can be used to design an
efficient multiple antenna system by using three pairs of ICEs (Inductive Coupling Ele-
ments) or is used to implement one pair of ICEs (second antenna) in a given CCE antenna
design [I, 11, 111, IV, V]. Another small antenna design concept shows the modified antenna
geometry of a CCE antenna in order to achieve a broadband matched system by exciting

several modes [VI, VII]. The optimal location of self-resonant diversity elements based on

4



1.4 Main scientific merits

the given CCE antenna is also discussed and addressed in [V1I, VIII].

1.4 Main scientific merits

The scientific results obtained in this thesis are related to different methods of the optimal

characteristic mode coupling. Both the selective and the common excitation of different

modes are discussed by different coupling concepts and compared to each other. In addi-

tion, different implemented broadband and/or multiple antenna prototypes are developed.

Each of them exhibiting e.g. a high EM isolation, an optimal broadband matching, an ef-

ficient broadband potential, a high total efficiency in the field of handset antennas in gen-

eral. Regarding the contribution of the thesis to the scientific antenna design community,

the highlights of the thesis can be summarized in following points:

1.

2.

3.

A new normalized power coefficient is derived and consists of the absolute power
delivered to the antenna related to the radiated power of the system. The modal
components of the normalized coefficient can be used for the evaluation of the
percentage power contribution of the excited modes. It contains the excitation and
the eigenvalues of the characteristic modes and the matching of the entire antenna
system. This decomposition provide physical background of the antenna system
and helps to understand how the system works.

A systematic analysis and evaluation of the selective excitation of the characteris-
tic modes on a small terminal is shown. Both the inductive and the capacitive ex-
citation concepts are compared to each other. Different unmatched coupling ele-
ments are evaluated and implemented for the desired mode excitation. The induc-
tive coupling shows clearly better performance with respect to the selective exci-
tation of the modes over the observed frequency range.

A systematic analysis and evaluation of the common excitation of the characteris-
tic modes on the small terminal is shown. Both the inductive and the capacitive
excitation concepts are compared to each other. The capacitive coupling shows
clearly better performance with respect to the common excitation of the modes

over the observed frequency range.
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4. A design strategy of a 3-port antenna system based on the selective excitation of
first three orthogonal chassis modes is derived and evaluated. This provides a sim-
ple and easy method to design an efficient multiple antenna structure and can be
extended easily to more antenna ports.

5. A broadband-antenna structure design for small mobile terminals is evaluated. It
combines an unsymmetrical CCE (Capacitive Coupling Element) with an addi-
tional inductive loop track and can be seen as a HCE (Hybrid Coupling Element).
This antenna is designed in such a way that it excites all available modes of the
structure. It operates with a measured efficiency of #wta > 50% across the low fre-
quency range 0.69GHz - 0.96GHz and a measured efficiency of #ta > 75% across
the higher frequencies 1.71GHz - 2.60GHz.

6. A multi-antenna structure design consisting of a main antenna and a diversity an-
tenna is designed. The frequency reconfigurable main antenna operates at the low
band (here: 0.69GHz - 0.96GHz) and the high band (1.71GHz - 2.60GHz). A
characteristic mode analysis of the main antenna shows which modes are excited
and which are less excited. The second antenna consisting of two distributed ICEs
(Inductive Coupling Elements) is designed to excite modes with low contribution
of the main antenna at the frequency range of 2.5GHz - 2.7GHz. The concept
shows an EM-isolation of |S;|>30dB, an efficiency of both antennas of .
wl > 60% and an envelope correlation of 3D radiation pattern of |pi| < 0.064 at the

operating frequency 2.6GHz.

A non-matched CCE antenna (main antenna) which is tunable and can be broadband
matched to any E-UTRA band up to 2.7GHz is designed. A systematic application of the
TCM helped to find out the optimal locations of self-resonant diversity elements based on
the given location of the main antenna on the same terminal. The novel systematic design
strategy is based on avoiding excitation of those characteristic modes, which are excited
by the broadband CCE antenna. The optimal locations of both CFCEs (Capacitive Feed
Coupling Elements) yield a high EM isolation of |S;| > 21dB in the E-UTRA bands 2 and
7.



Chapter 2

The Theory of Characteristic Modes

The TCM (Theory of Characteristic Modes) was first developed and published by Garbacz
in 1968 [Gar68] and extended in 1971 [Gar71] as a tool to better understand and deal with
radiated and scattered electromagnetic fields. The entire theory was refined in 1971 by
Harrington and Mautz [Har68, Har71 1, Har71 2] and further applied to topics such as
controlling of radar scattering [Har72], pattern synthesis for antenna arrays [Mau73] and

reactively loaded aperture antenna arrays [Luz78].

The aim of this chapter is to provide an introduction and review of the TCM in order to
bring physical insight into the radiating phenomena of any arbitrarily-shaped structures. It
shows how the TCM can be used to analyze and enhance the radiation performance of a
given radiating structure. The quantities derived in this chapter will be utilized in the later
chapters 4 - 7 to design antennas by providing independent control of those characteristic

modes.

2.1 Theimpedance operator and the generalized eigenvalue prob-
lem

The theory of the characteristic modes is derived over the scattering problem of a perfectly
conducting body, defined by a surface S, illuminated by an electric field E' [Har68,
Har71_1, Har71_2]. Fig. 2-1 (left) shows an arbitrary surface S with respect to the carte-

sian coordinate system (X, y, z) and the spherical coordinate system (r, 6, ¢).



2. The Theory of Characteristic Modes

Fig. 2-1 The perfectly electric conducting (PEC) body of the original problem (left) and the equiv-
alent surface problem (right).

Fig. 2-1 (right) represents the perfectly conducting body in an impressed field E' produced
by external source. The surface current J is induced on the surface S, producing a scattered
field E®. This scattered field can be found in terms of J by the integral method:

Es:j_al)gma(r-).(v-v-+k2)e(r,r~)dv. 21)

The surface current density J has the unit [A/m] and the electric field has the unit [\V/m].
In (2.1), the volume integral is evaluated over an enclosure of the scatterer. The o is the
angular frequency [1/s], € is the permittivity [As/VVm], k the wave number [1/m] and V is
the vector differential operator [1/m]. G(r,r’) denotes the Green’s function at the point of

observation.

According to the boundary condition on the perfectly conducting surface

AxE® =AxE' (2.2)
the tangential component of the electrical fields vanishes

[E'+E° lan =0 (2.3)

on the surface S.

Defining the operator [Har68]



2.2 Orthogonal properties of the characteristic modes

[L(D)]., =[E'],, (2.4)

the scattering formulation can be written as
L(J)=-FE° (2.5)

where the [ J.an means the tangential components of the bracketed quantity on S. The linear
operator L links the surface current density J to the electric field and is defined in the
frequency domain [Har71_2] and has the unit [\V/m].

The general eigenvalue equation of the characteristic mode analysis is formulated

Z). =v,MJ, . (2.6)

where V, = 1+ J'/lrl and J, denote the eigenfunctions. Z denotes a symmetric complex op-

erator and is direct related to the eigenfunctions.

The weight operator M diagonalizes Z into eigenfunctions J,. If M =R is chosen, the ei-

genfunctions become orthogonal to each other and we obtain:

RJ, + jXJ, =v,RJ,,
RJ, + jXJ, =(1+j4,)RJ,, (2.7)
XJ, =4RJ,.

Based on the real symmetric operators RJ, and XJn, all eigenvalues 4, and eigenfunctions

Jn are consequently real as well.

2.2 Orthogonal properties of the characteristic modes

Based on the definition in [Har71_1], the eigenfunctions J, shall be called characteristic
modes or eigencurrents of the conducting body. Each of them is normalized to radiate a

unit power.

P =%<J;,RJH>=%SEJBJ;-RJndS:1 2.8)

We recognize in the same manner the orthogonality of all characteristic modes with the

9



2. The Theory of Characteristic Modes

given normalization. For the definition of the orthogonal property we generalize the or-

thogonality relationships for all index values m and n as follows:

1. 1 o
E<Jm,RJH>=E<j’:j>Jm-RJnds:5mn, (2.9)
13 XJ,) <ﬁ>3 X3 dS=46 2.10
2 n~mn? ( . )

1.
E<Jm,ZJ @J 23,5 =(1+ jA4,) Gy = VoS 2.11)

where the 5mn denotes the Kronecker delta

5 = 1lifm=n 510
™10 ifmzn’ (212)

In this thesis the characteristic modes are assumed to be normalized.

2.3 Orthogonal properties of the modal eigenfields

The complex power Pcomplex fOr any modal current J on the surface S can be expressed by

the complex Poynting theorem as follows [Bal89]:

Promplex :% @(EX H*) -dS+ | a)%j\?”(ﬂ“_”z _g|E|2)dV 2.13)
S” .
radiated power in [W] reactive power in [W]

S*and V> denote the surface and the volume enclosing the whole structure.

The complex power Peomplexn for the n characteristic mode J, on the surface S can be

equivalently expressed as follows:

10



2.3 Orthogonal properties of the modal eigenfields

|:)complex,n = %#(Em X H:) dS

g”

radiated power = &,

+ Jw%[jvﬂ(ﬂH H; Jdv —jvﬂ(gEm -E;)dVJ (2.14)

stored magnetic energy Wy,,g,  and electric energy We, , = ﬁa‘mn
w

=(1+ jA4,) 6,

In the far field, E, and H,, are orthogonal to each other on the direction of propagation

E ,=Z.,H, xn, (2.15)
H —iﬁxE (2.16)
" ZFO " .

Zro denotes the characteristic impedance of free space with the unit [Q]. Adding the radi-
ating power in (2.13) to its complex conjugate with the index values m and n leads to the

following two expressions

1

E. -EdS=6,, (2.17)
ZZFO@
Ze, \
—2qpH_-HdAS=06_,
2 ;ﬁj m n mn (218)

and shows directly the orthogonal property of the eigenfields.

Due to the general orthogonal relationship in (2.9) — (2.11), which associate the complex

power with the m™ an n' eigencurrent the expression in (2.14) can be similarly expressed
as decomposition of the complex power:

1

IDcomplex,n = E

=P

rad,n

X 1, .. 1
(Jm,ZJn>=§<Jm1RJn>+J§<Jm’x‘]"> (2.19)

+ IR

eac,n

in its related real and reactive power.

11



2. The Theory of Characteristic Modes

2.4 Modal field energies and eigenvalues

The previous section showed that the characteristic electric and magnetic far fields are
orthogonal to each other which also imply the orthogonality of the eigenfields itself. If we
evaluate the reactive part of the complex Poynting theorem in (2.14) in order to redefine
the time-avarage electric energy Wei,» [Ws] and magnetic energy Wmag,n [WSs], the net stored

energy Whetn Of each mode can be obtained [Bal89]:

P = a)%[ jﬂ (H, - Hy )V - J [(¢E, -E )V |= 43,

(2.20)

net stored energy =W, , = ﬁ(smn
[0

=W

net,n

=4

n

form=n

This redefined expression allows an interpretation of the relevant modal quantities, which

is based on the relation of the reactive power Preacnto the radiated power Pragn

1

A, = Wit n _ 2(0(Wmag’n _We"”) — Preac.n = §< J:, o . (2.21)
Prad,n Prad,n Prad,n ;< J:, RJn>

Here, the eigenvalue of a characteristic mode can be used for a physical interpretation, as
shown in (2.22).

>0 inductive eigencurrent

<0 capacitive eigencurrent

"| =0 externally resonant eigencurrent
— + oo internally resonant eigencurrent

(2.22)

So called inductive modes predominantly store magnetic energy, whereas so called capac-
itive modes predominantly store electric energy. A zero of the eigenvalue indicates an ex-
ternal resonance of the respective modes, which means that no net-energy will be stored
in the near field (Whetn = 0). If the eigenvalue of the related characteristic mode approaches

infinity, the structure does not radiate anymore.

12
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2.5 Modal solution of the characteristic modes and characteristic
fields

The current J induced on the specific surface can be defined as linear superposition of the
characteristic modes J,

N
J=YaJd, (2.23)
n=1

where a, denote the n" modal weighting coefficient. Due to the normalization in (2.8) the
weighting coefficient has the unit [ A<Q ] and the unit of the characteristic modes is given

by [/mJ/Q ].

These coefficients can be determined by substituting (2.23) into the operator formulation
(2.4). Based on the linearity of the operator L (2.23) can then be extended into

L(ZN:aanJ =[E']_. (2.24)

Therefore, by using the linear operator which is combined with the conjugate complex

eigencurrent 37 the equation (2.24) can be set to [Har68]

ian (37,,23,) (3, Ef ) =0 with m=1,2,..... (2.25)

n=0

Based on the definition of the orthogonal property in (2.9) — (2.11) we generalize (2.25) to

2a, (1+ j4,)=(J;,E,,,) with m=n (2.26)
and obtain the modal excitation coefficient

Vi =(3;.Efm ) =4pJ; - El s (2.27)
S

This excitation coefficient indicates the degree of coupling between tangentially excited

electric fields and the n characteristic mode.

13



2. The Theory of Characteristic Modes

Furthermore, if we summarize the expressions (2.26) and (2.27) we obtain the weighting
coefficient depending on the excitation coefficient and the respective eigenvalue of the n®"
characteristic mode

(JEw) v

—_ " _ (2.28)

T4 201t i4)

It can be interpreted so that for maximizing the n™ weighting coefficient the excitation
coefficient should be maximized, whereas the term (1+j1,) should be minimized. This
means that the eigenvalue /, of the n" characteristic mode must be close to zero (close to

its own resonance).

If we substitute the a, into (2.26) the modal solution for the current J on the surface S can

be obtained

J E!
J:ZN:2< ‘a“> i“ (2.29)

=2(1+j4,) 2(1+ j;t) T

The fields are linearly related to the currents as shown in [Har71_1]. Therefore, the fields

can also be expressed as a linear superposition

N Vi

E=Y_ % E, ,
;2(1+j/1n) " (2:30)
N Vi

H=S— Y
s (2.31)

2.6 Modal solution of the complex power

The total radiated power can be calculated by using the real part of the expression (2.11).
Therefore, the radiated power reduces to the summation of the squared weighting coeffi-

cients of the characteristic modes:

14
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M * N 1 *
ZamZan§<Jm,ZJn>} (2.32)
m=1 m=n

Based on this expression the individual contribution of the n characteristic mode can be

expressed as

v,
2(1+ jA,)

P

2
rad,n — |an|

(2.33)

which shows the direct relation of the excitation coefficient and the respective eigenvalue
to the radiated power. This expression plays a dominant role for the design of antennas

based on characteristic modes and will be further used in this thesis.

In terms of the reactive power the imaginary part of the expression (2.11) must be used:

1 ..
Preac:Im{E<J ,ZJ )}

N , N (2.34)
= Z|an| ﬂn = Z Preac,n'
n=1 n=1
where the individual contribution of each characteristic mode can be separated to:
vi |
2
I:)reac,n :|an| /1n = Z(Trm - (2.35)

It shows that the reactive power of each modes can be expressed as the squared weighting
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coefficient multiplied by the eigenvalue of the respective characteristic modes itself. Com-
pared to the radiated power the reactive power is directly related to the non-squared eigen-

value, which results in an additional contribution to the energies of each mode.

The summation of the complex power of all modes and the complex power of each char-

acteristic mode are shown in the expressions

complex z ‘, complex,n

= ;Ianlz (1+i4,) (2.36)

lN
_,ZEI

(1+j4,):

1+ J/I

The derived contributions of the n™ characteristic mode to the radiated and reactive power
will be used in section 3.4 and section 4.3.1 to derive a new normalized power coefficient

of radiated structures.
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Chapter 3

The RWG Edge Elements and its Relation to the
TCM

In order to calculate a surface problem (Fig. 2-1) in a simple and efficient numerical pro-
cedure the Method of Moment (MoM) can be used [Har69]. The MoM solves the electric
field integral equations (EFIE) by discretizing the domain in which the solvable quantity
is defined [Mark02, Har69]. In our case the unknown quantity is the surface current which
results from the incident field (see Fig. 2-1) or from a source defined somewhere on the
surface itself (see Fig. 3-3). In order to solve such electromagnetic problems expansion
functions are needed to discretize the entire domain. Triangular patch expansion functions
are used based on the surface-type problems in this thesis. Such functions are known as
RWG (Rao-Wilton-Glisson) edge elements [RWG82, Mark02].

The aim of this chapter is to provide a review of the RWG edge elements. It will introduce
how a radiating structure can be excited by an external source (incident field) or how an
internal source is defined on the surface S and how that is related to the TCM. Different
guantities such as the input impedance or admittance and the modal power will be deter-

mined based on the RWG edge elements.

3.1 RWG edge elements

The current density J on the surface S of a PEC structure can be calculated by the expan-
sion of RWG edge elements [RWG82].
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Dipole moment m: RWG edge element:

Triangles: 698
Edges: 984

Fig. 3-1 Equivalent surface problem, here a rectangular plate, is expanded by RWG edge elements.

As an example, a rectangular plate is divided into 698 triangles as shown in Fig. 3-1. Each
pair of adjacent triangles T, have a common edge |, and constitute the corresponding u™

RWG edge element [Mark02]. The triangular patch expansions functions are defined as

ZI—;JPJ(r), r,inT/
f,(r)= 2';{ p.(r), r,inT . (3.1)

0, otherwise

One of the triangles T,* has a plus and the other a minus sign, which are directly related to
the vectors p,* (see Fig. 3-1). Furthermore, |, and A,* denote the edge length and the area
of the triangles T,* of the respective RWG edge element. Each element corresponds di-
rectly to a finite electric dipole, also called dipole moment

m= [ 1,f,0)dS =11, (r;—r"),

u
T +Ty

(3.2)

where c* denotes the centers of the observed triangles T,*. Based on the division of the
rectangular plate into RWG edge elements, the sum of each elementary dipole current cor-
responds directly to the surface current J. Therefore, the calculation of the current density
J on the surface S of the PEC structure can then be expressed as a sum of all RWG edge

elements with the unknown weighting expansion coefficient I, [Mark02]:
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I =316 (33)

The weighting expansion coefficients I, are the elements of the moment equation and can
be expressed as a linear system of equations in form of the vector I. The product l.ly is
associated with the current of the dipole moment at the u™ edge element I, whereas the

length of the finite dipole is given by |r,* - r,**| as shown in Fig. 3-1 and in (3.2).

In the far field the following relation of the total electric and magnetic field at any point r
can be obtained as the sum over all elements [Mark02]:

E(r)=uil‘,Eu(r—%(r§*+r§‘)] ’ (3.4)
H(r)=§;Hu(r—%(r§*+r§)j : (3.5)

3.2 Modal excitation concepts

We assume a scattering problem, here defined by a perfectly conducting plate illuminated
by the electric field E' as shown in Fig. 3-2. The tangential component of the incident
electric field can be expressed as an equivalent voltage excitation V,' over each u™ edge
element on the discretized surface S [Mark02].

Fig. 3-2 Equivalent surface problem, here a rectangular plate, illuminated by the electric field.

Based on this problem the equivalent voltage excitations V,' over each u™ edge element is
defined as
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ict il Iu c+ ic, Iu c—
(f,.E >=!jE T (ru)dA+_gE P ()0

: (3.6)
v - o .
(f B ) =2 (00 () Bl (1) B )=V
where the tangential component of each is given by
E' =E'(r)"). (3.7)

The related voltage excitation vector for all elements can be written as

e

V2 N (3.8)
)

In order to implement a source defined somewhere on the surface a feed model based on
a driving RWG edge element is used [Mak02, Wen13]. The feed model is commonly
called “delta function generator” or “feeding edge model” and the overall principle is

shown in Fig. 3-3.

I, : driving edge

Fig. 3-3 Equivalent surface problem with pre-located delta-gap excitation over a driving edge ele-
ment.

As an example, the feed model consists of one “small gap” at the driving RWG edge ele-
ment on the surface of the structure. This gap can be used to place a voltage generator
between the two triangles T,*. Based on the voltage a uniform electric field can be im-
pressed over the driving edge as follows [Mark02, Joh90, Eth14]:

20



3.2 Modal excitation concepts

g =Yg

' (3.9)
A

L .

The 1/A in (3.9) denotes the gap separation which can be replaced by a Dirac delta function
and results to

E ~V/6A,. (3.10)

The Dirac delta function is defined [Mar02]

5(x)= too, X=0 (3.11)
10, x=0 '
and results in the integral to

j §(x)dx=1. (3.12)

—00

Multiplying this function with the applied voltage means that the integral of the electric
field over the gap is equal to the applied voltage. Thus, the impressed electric field will be
zero everywhere except for the u™ driving edge. Based on this special problem the voltage

excitation vector can be expressed by each excitation by

(f,EL)= [[ f,-E,dA

T Ty
_ (3.13)
= [ f,-v/on, dA
T +Ty
which results to
Vi=v) [[ of,-n, dA
T T (3.14)
:VUiIU

on the driving edge and
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Vi=vy, [[ of,-n, dA=0

T +T,

(3.15)

everywhere else on the structure.

The characteristic modes are defined by their modal surface current density. Therefore, it
is natural to expand the coefficient I, related to the n™ characteristic mode. Due to the
orthogonal properties of the characteristic modes, the surface current density based on each
u™ location J(r) can be expressed as follows [Mark02, Yee73]:

U N
J(r) =Z I, f,(r) with I, =Zan|u,n
u= n=1

|
LN

a,l,, f,(r) (3.16)

[Me £
M= 21

anJu'n(r) )

Il
N
Il
[N

u n

The main outcome of these formulations is the dependency of the characteristic modes
related to the specific u™ RWG