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Abstract

The Theory of Characteristic Mod€ECM) has provedtself well in antenna
design even in the recent yearslafgenumber of applications has begre-
sented by other authons whichthe TCMhas beenitilized. In this disserta-
tion, the commontheory is extended with new numezitechniques stable

for the desigrof small antennagigenvalue tracking as a fundamental numer-
ical problem whicharises from the early mode analy$ssdiscussedThe de-
generated mode effect is presented and an explanation isagitewhereit
comes from and howit affects the tracking concept. Wew algorithmis pre-
sented to generate differential eigenvalue cuavebto compensater the de-

generated mode effect

The modal source reconsttion is an additional technique, which is used
predict the mode conbution from a simplified structurélhis technique al-

lows utilization ofthe TCM withother notMethod of Momentdbasedsolver

under the assumption that the simplified structures carries almost the same
chassis modes as the real structlfarthemore the lumped impedance
matching networks are treated in the maaalysis The influence of such
lumpednetworkson the characteristic modes is investigaded the modal
efficiency isdefined.The definition of the modal admittances and impedances
are giverand evaluated for inductive and capacitive coupling elemgqtsyv-

alent circuit modks are presented and evaluated for thesestgpeoupling

elementdor generic examples



The problenof auseful interpretation of the dielectric modesd theireigen-

value are discussed and evaluated for dielectric resonator an{@Ras).
Conditions are given where the eigenvalue of the dielectric modes determines
the natural resonance of modes. A cylindrical DRA is used to validate the pro-
posed interpretatioof modesFinally, the combined mode excitation concept

is presented anglvaluated fosmall terminas. This concepis used as a basis

to integrate antennas into a hand held device. The experiences are used to de-
velop the proposed concdptther ando integratehe antennamto therear-

view mirror of a vehicle.



Zusammenfassung

Die Antennenentwicklung auf Basis der Theorie der Charakteristischen Moden
(TCM) hat sich vor allem in den letzten Jahren rasant weiterentwickelt. Das
Konzept der modalen Zegang hat sich bereits fir eine Vielzahl von Anwen-
dungenbewehrt. In dem Hauptfokus dieser Dissertation ist die theoretische
und numerische Erweiterung der Theorie, welche fur die Entwicklung von
kleinen Antenneesondergeeignet sind. Das Problem der &igvertverfol-

gung ist ein seit langem bekanntes Problem, welches bis heute nicht ausrei-
chend geldst istDas Problem der entartetdloden wird prasentiert unes

wird ausfuhrlich erklart, woher das Problem kommt und wie dieser die Verfol-
gung der Moden bedinsst. Aufbauend auf diese Voruntersuchung wird ein
neues Verfahren prasentiert, welches das Problem der entarteten Moden kom-

pensiert und die Verfolgung der Eigenwerte entscheiden verbessert.

Die Vorhersage der modalen Stromverteilung auf Basis des moBetafel-

des ist eine neue Methode, um nicht Momenten basierte Solver in die TCM
einzubeziehenDieses Konzept basiert auf der Annahme, dass eine verein-
fachte Struktur die gleichen Moden unterstitzt, wie das komplexere Model,
mit allen darin enthaltenen Els. Weiterhin werden konzentrierte Anpass-
netzwerke in die Modenberechnung einbezogen, um so den Einfluss der reak-
tiven Komponenten zu beurteileDie modale Effizienz wird eingefihrt, fur

den Fall, dass verlustbehaftete Elemente im Netzwerk enthaltgnRieses

wird fur einige ausgewahlte Beispiele validiert. Darauffolgend wiedno-

dale Admittanz und Impedanz eirigkrt, diskutiert und angewendet alie



so genannten induktiven und kapazitiven KoppelelemeAtpivalente Er-
satzschaltungen werden eitkelt und fir einige in der Antennentechnik Ub-

liche Beispiele validiert.

Das Problem der sinnvollen Interpretation der dielektrischen Moderawird
gegriffen unddiskutiert Es werden Bedingungen genanveinn eine sinnvolle
Interpretation der Modmdglich ist Dies wird am Beispiel einer zylindrischen
dielektrischen Resonatdmtenne erlautert und es werden die natirlichen Re-
sonanzen der Moden mit der in der Fachliteratur bekannten zylindrischen Mo-
den verglichenAbschlie3end wird ein neues Konzeljgr kombinierten Anre-
gungder Moderprasentierund speziell fir die Antennenintegration in kleine
mobile Plattformen diskutierDieses Konzept wird fur ein kleines mobiles
Endgerataufgebaut und messtechnisgdrifiziert. Aufbauend auf dieser An-
tennenemwicklung wird das hier prasentierte Konzept weiterentwickelt und es

werden mebkere Antennen in einem Innenspiegel eines Autos integriert.
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Chapter 1

Introduction

1.1 Background

Thesmall antenna design (e.g. mobile phones) and the automotive antenna in-
tegration (ay. antennas in vehicles) attee focus of current researgirojects

The demands of consumer industries fwre compactntennas which are
able to operate in a large number of operation frequency dandsncreasd

in recent yeardJnderthesecircumstanes, antenna desidrecomes more and
more difficult, since the useprefersa wellshaped device with a nerisible
antennaln addition the high data rates of mobi®mmunications need to
serve e.g. LTE(Long Term Evolution) LTE-Advanced or the IEEE @011
Standard. These standards includeof more than one antenna for communi-
catiors between thenobile device and the base statidrhe secalled MIMO
(Multiple-Input-Multiple-Output) antenna design concept shows promising

approaches to serve these refedthe consumer industry.

The demands and the restricti@ifectthe realization of a MIMO system due
to the physical size and shape of the chd€3a08, Shul3, Zhal3, Mig].



1. Introduction

The most critical point in the integration @MIMO systeminto a smallvol-
umeis theelectromagnetic couplinigetweernthe antennas reductionin the
electromagnetic coupling (i.e. mutual coupling) is a key aspebeantenna
designfor MIMO. Initial invesigatiorsinto this phenomenorian01,Vai02]
show that the metallic chassisas importanradiator The understanding of
the underlyingadiation mechanisris required to enable optimizatiarf the
antenna systenT herefore, the shape and size of the chassisnportant pa-
rametes and hae to be taken into account for the MIMO antenna design. A
basicconcepto reduce the mutual couplihgs been presented in el§af04].
The authoinsersa slit into the chassis to reduce the mutual coupling between
two feeding portsThis concept is far frorpractical realizationas the entire
spaceon the chassis iequiredfor other phone component& slit or other
largemodificationsof the chassiare unacceptable for the final prototype and
hencethe industrial fabrication.

Since the last decade tfideory of Characteristic Modes (TCM) hhsen
provedwell in MIMO antenna desigras already demonstrateddertainpub-
lications Max10,Marlla MarllbMarl2, Krel2, Had1l5 The antenna de-
sign with the TCM exploits the chassis wave meedsch can existn prin-
ciple. These chassis wave modes can be exeithdr selectivelyor in com-
bination with a set of coupling elemenithe selective excitation concept leads
to a reductionin the mutual coupling eff# on a small handheld device
[Mar14]. Based orthis idea certain applications can be found in literature.
These applications are motivated by the fundamental theory which shows ad-
vantages compatlevith common mode decomposition metls, e.g. Multi-
pole Expansion [BlaQ®r analytic expansiomethodwith theBessel Function
of the first kind [Jam89, Bal89, Balp5



1.2 Objective of this work

1.2 Obijective of this work

In this thesisthe TCM is extendd with new concepts suitable for small an-

tenna desigriThe conceptpresentedh this work caraid understanithg of the

radiation mechaismof a given antenna system amgtimize the performance

to acertain degree. Furthmore thiswork discusses the numesievaluation

of the TCM The differentnumericaltechniques are discussed and eatdd

for generic examples.dW modal parameteege introducegwhich aresuita-

bleto quantify the performance of antennasystem

The main scientific merits of this thesis are:

f

Numerial evaluation of the Method of Moments impedance matrix
with different techniques.

Characteristic Mode computatiornitivavailable program libraries.
Source reconstructioto enable the use of other numatimethods
(e.g. FDTD) for the TCM

Advanced eigenvalue tracking over a wide frequencyaang
Characteristic Modeunder the influence of an impedance matching
network.

Decomposition of the inpwdmittancampedance with modaldmit-
tances animpedances.

Discussion of the dielectric Characteristic Mode Theory for antenna
design.

Application of the TCMo the combind mode excitation.

1.3 Content and Organization of the thesis

In this thesisnew methods and concepts of the Theory of Characteristic Modes



1. Introduction

are presented for small antenna design. The nuatéithniques and the the-
oretical investigations are the main focus of this work. The main scientific con-
tributionis based on the publications VIl 1]. The thesis summarizes the con-

tent of the authordéds publications.

Chaptes 2,3 and 4 review the basiguations and techniques requifer this
thesis. InChapter 2the basic surface integral equat@are explainedwith
thdar advantages and disadvantages. hafiter 3the Method of Moments and
the RWG basis function are explainadrief. Hereinafterthe basic theory of
the characteristic modes is summarizasli it isrequiredfor the fundamental
understanding of this work

Chapter 5 explasithe problem to track the eigenvalues over a wide frequency
range. The available tracking algoriteare revieved and thie limitations are
discussed. The problem to track thegenerated modes is investigated and a
new method is presented to improve the tracking of modes with crossing ei-

genvaluecurves. This method is published in [N].

In Chapter §the reconsuction of the modal sources is presentehich al-

lows for the mode analysis witither notMethod of Moment based EM soft-
ware. The envelope correlation is used as a measurement to determine the
mode contribution on a simplified structure. This concseptliscussed and
evaluated for the popular iPhoneidemonstrate the capabiliffhisnumeri-

cal techniquehas beepublishedearlierin [I and III].

In Chapter?7, the modal admittance and impedanieEomposition technique
is presentedwhich provide an explanation of how the impedance matching
can be understood with the Theory of Characteristic Modesimplified

equivalent circuit model is given to represent the admittance and impedance



1.3Content and Organizatiasf the thesis

that remairfrom the modal decompositiohe inductive and geacitive cou-
pling elements are used to validate the decomposition method and the equiva-

lent circuit model for generic examples.

Chapter 8 treatthe lumped lossy impedance matching netwarkd their in-
fluence on the characteristic modes. The impedancehimgt network $ in-
cluded into the characteristic mode computation and the modified eigenvalues
are calculated and compared with the initial system. The modal efficiency is
definedif lossy componentare includedvithin the network. These results are
published in [I1].

In Chapter 9the dielectric modes are investigated. The problem of the useful
interpretation of the eigenvalues is discussed the conditions aesented
wheren the eigenvalugindicatethe natural resonance thie dielectrianodes.
Furthemore the dielectric modes are compared vdiélectric resonator an-
tennamodes which areavailable in literature. Similarities are discussed and

the resonance frequencies are compared.

The application of the Theory of Characteristic Modes is indaaf Chapter

10. The combined nue excitation is developedifa small antenna terminal.

A 2-port MIMO system is evaluated, fabricated and tested for a mobile termi-
nal chassis. This antenna concept is developed further for the antenna integra-
tion into arearviewmirror of a vehicleFinally, a conclusion is given @hap-

ter11.
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Chapter 2

Surface Integral Equation

The scattering of closed and composite bodies is a prahléme electromag-
netic field theorywhich arosein the 1960s. The radar application of that time
requiral the knowledge ofhe radar crossection of moving objects falear
detection[Bow69, Cri68] Although computer sciencgas at its beginning
many effortaveremade tacalculatehe radar crossectionof basic geometric
objectsanalytically, e.g, perfectly conductingphergMie1908], cone[Bai56]

or elliptic disk [Bj691]. The evaluation of more complex geometries requires
advancechumeri@al methods Onewell-proved method is based on thell-
known equivalencerinciple first derived by Huygens [Bal89, BlaQ7 vir-
tual surface is used to derive equévd electric and magnet&urface curreist
which radiate in free space. The equivalent surface currents arettogen-
erate tle scattering field of intereswhich is ugd to calculate the radar cress

section in durther step.

The initial investigations focued on perfectly electric conductors (PEC)
placed in free space. In this special ¢dise virtual surface can hEhcsen to
be thereal surface of the body arttie equivalent surface currestequalto

the realsurface currenthatexists on the PEC bodin a moregeneral case
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wherethe body is made out of dielectric material or composite matgettieds
equivalent surface curreigtan abstract sourdatistributionrequiredto derive

the scatterindjeld of interest

A largenumberof formulations exis, butmost of theeare suitablenly for
specific problera The widelyused electric field integral equation (EFIE) is
the most stabléormulation for planaistructuresand with some limitations
for closed PEC bodieg\part from the commonly used EFIE, the-caled
magnetic field integral equation (MFIE) is used for closed PEC bddidise
following sectiors, thetwo basic formulations are explainéd brief, as they
arerequiredfor the calcuation of the Characteristic Modegth the Method
of Moments (MoM)in this work[Wat02, Har68]

2.1 Electric Field Integral Equation (EFIE)

The electromagnetic scattering of a PEC boaly bedescribed by the extinc-

tion theorem[Bal89]. Fig. 2-1 illustrates the principle of the extinction theo-
rem In order toderivethe principle behind this formulation, let us assuhat

an incident electric fiel&inc, €.9, anincoming plane waveexcites the closed
PEC body The boundary condition of the PEC body enforces the tangential
component of the electric field on the surface to vanish. Therefore, a second
electric fieldEs, in addition tothe Einc, €Xists to compensattor the tangential
componenbdf the total electc field on thesurfaceS This electric fieldEs is
generated by the surface currdrgtributionJ on a virtualarbitrarysurfaceS

pl aced inogfyeee space (U



2.1Electric Field Integral Equation (EFIE)

Fig.2-1 Equivalent surface principler the EFIE
The boundary condition on the surfé®s:
[E

+E (2.1)

Inc tan

wher e t h etansdentites the tangentialfcomponent.

The scattering fiel@s is calculated by the magnetic vector poteriand the

scalar electric potential with
Es(r)= -iwA () grad £ )), (2.2)
where ¥ i drequehcy. angul ar

The vector potentiah can be calculatedith:

e jKJr # 1
A= ) g7 9S (23
and the scalar potentialwith:
e iKr £

Fr)= JWJ‘WQ)an (24)

In(23)and (246 i s rel ated t o Sahdeisrslatadtoc e o0

the observation poinh free spaceThe term
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e jK|r ¥ 1

G(rr I):4p|r-r]

(2.5)
in (2.3) and in (2.4) is calAppyidg t he G
the boundary condition (2.1) with (2,2he EFIE formulation can be derived:

]k‘l’f‘
mc( )_JW,@Jﬁ )4p|r-r1 S
g Ml (2.6)

TR W00

=L(J).

This formulation is widely used in the TCKince he EFIE is generbl known
to be robust for plaar structuresA more detaiéd and general derivation of
the EFIE (and the MFIE) can be found in Appendix Biwever, this formu-
lation has a convgence problem for low frequenci@his effect is called the
low-frequency break dowfwat02, Nai09] and it gives théower bound for
this formulationIn case of closed PEC bodj#se EFIE can have an additional
convergence issywhich is known as tinternal resonance probldivat02,
Pet90] Internal fields can exidtom the theoretical point of vieand these
vanishat the closed staceS. A unique solutiorin this casecannot be found.
Special techniques arequiredto avoidthisinternal resonance proble®ome
solutions for this problem are availalime[Can91, Hel93, Pra0l, Rao90]

2.2 Magnetic Field Integral Equation (MFIE)

The principle behind the magnetic field integral equation (MFIE) is similar to
the EFIE as described @hapter2.1. The magnetic field is used to sgithe

boundary condition othesurface of thelosedPEC body

10



2.2Magnetic Field Integral Equation (MFIE)

n3[H,. Hg F (2.7)

This condition isused to derive thgeneral validMFIE (also known as the
NxMFIE) formulation:

n3H,.(r) =4%J r)n /PAH) %%:%] gs (2.8)

S ¢
In (2.8), q is the solid angle, which is typically gt 2 ~ . dbtailediefor-
mation can be found ifErg05].
The formulation (2.8) des not reweal the sec a | | e drequemcy hveak-

down, 0O is thescase for the EFIE. The frequgriependence isoncentrated

in the gradient of .fTHemfor&hissfamutatoni$ u n c |
suitable for very low frequency. The disadvantage lies in the internal resonance
problem which has a high influence on the convergence of the nuahede

lution. Further, the MFIE requires a higher mesh density cordpaibe EFIE

to achieve similaresults. Additionalnformation can be found {wat02] and

the Appendix Al.

11
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Chapter 3

Method of Moments

TheMethod of Moments (MoM) is a favorite technique to calculate character-
istic modeswumerically It implies a matrixhatcan be evaluatedith different
numerical methodfor different integral equationd he entitiesof the matrix
describes the coupling between the small portions afthteringsurface If

the EFIE is usedhe entries of the matrix are the mutual impedaand the
overall matrix is called the impedaammatrix of théody. This impedance ma-
trix links the unknown current with the impressed voltage on the sulface.
order to solve the Molthe unknown quaity & here the surface curredt is
expanded with a limited set of basis functiofitie superposibn of the
weighted basis functiagivesthe surface current of interest. The choice of the
basis function is essential for the Mavd theconvergencspeedf the solu-
tion. The complexity of the numesdtevaluation of the integral terms can be
reducea significantly, if the basis function is chosen well. Tvitndamental
types ofbasis functios exist which are widelyused in the electromagnetic
field theory the Dirae and the pulse functiola07].

In the mstfew decadesthe secalled Raewilton-Glisson (RWG) basiginc-
tion [Rao80, Rao82has provedtself for the SIE and the TCM. The RWG

13



3. Method of Moments

basis function is a triangular pulse function which models the surface current
with a set of dipoleslpced tangentibt on the surfaceédwingto the simplicity

of the RWG basis functigiit is widely used in the TCM computatioklore-

ove, the tetrahedral basis functipch84]can be used for the VIE and the
characteristic mode computatiaa an alternativeMore exotic basis functien

are the rooftop basis functiofiSer99] the polynomial basis functiddor04

or thelinearlinear basis functiofiOzg07] These exotic basis functions and
the tetrahedral basis function are compémd reuiremore computational ef-
forts. For thesereasos, theyarenot popular in the TCM ando, arenot dis-
cussed in this work.

3.1 The RWG Basis Function

The RWG basis functiowas firstintroducedby Rao[Rao80]in 198Q The
triangular pulse function is a divergence conforming basis function suitable for
the surface intgral fornulations (EFIE, MFIE and PMCHWT: pleasee
Chapter3.3). The surface current is modeledaammbination of dipoles lying
planar on theentiresurface.The combination of two triangles can be under-
stood as a single dipole orientated from #é triangle to theAy triangle.
Each triangleof the RWGfunction representa constansurface chaye den-

sity. Two triangles which have different chargeassumea constant surface
current flow between adjacent vertexesoss the length.. The} " vector is

used to set up the surface current flovdesotedn Fig. 3-1.

Afn+

Fig.3-1 Themth RWG basis functionThis figure is based on the idea ifRa080]1980.
14



3.2Testing Procedure

Themth RWG basis function is defined with

é I + 7 +
S_m_ i
% 2A,n+ J’ m A’n
fRWGm(r):%zlm_ Jm_ ri A‘n (3-1)
3 2hn
i O else
The divergence of (3.13 constant over the respective triangkesdis:
& g At
L
b QWGm (I’) ,:\:_ IL r I,An (3-2)
Y
i 0 else
From (3.2) thechage density rwe can be defined with
1
waem—j—WD Q!wem(r)- (33

The divergence conforming property of the RWG basis function makes this
function suitable for the EIFE formulatipas explained ifMak02] in detail
Alternative formulations (e.g. MFIEcan be used in combinatiomith the
RWG basis function witlsomelimitations. Prior investigations shaotlvat the
surface has to be meshed with a higR&fG density compaiwith therobust

EFIE formulation

3.2 Testing Procedure

The testing of the integral equatiassessential for the convergenspeedof
the MoM solution. The main premise of the tespingcedures to derive scalar

values out of the vector terms, e.g. in (2.6), wtdchused to fill theMoM

15



3. Method ¢ Moments

matrix. The choice of the testing function is not limited in gendfalvever,
two concepts are used time praxis. First of allthe secalled PointMatching
canbe used to derive simplified termshich can be evaluated numerically
with less effort. Forhat, the DiracFunction is used as the testing function. The
disadvantage of the PoiMatching is thdower accuracy of the integral terms
and the slow convergence of the solutidareafter, he GalerkinProcedurds
widely usedin the literatureto evaluate the matrix elements numericality.
this procedurghe RWG basis functiorirwe,n is used to testheintegral terms
This procedure has the advantageattdininga high accuracy of the solution.
Moreover, this testing schee gives a symmetriMoM matrix, which is im-
portant for the TCMThe symmetry of the matriis a key point inthe TCM
and the wayn whichthe characteristic modes are interprd@dthe antenna
design For these reasopthistestingprocedures preferredor the TCM anal-
ysis, rather than the Poiilatching

The testing schemi@r the impedance matrix entities n with the Galarkin
Procedurdor the EFIEis:

Lom= <fRWG,n’L (f RWG,m)> T fcnl ((D RWGrq) dS (3.9
s

whereL represents the surface integral equatwith the EFIE as denotead
(2.6).
In the same mannghe excitation vectoy can be calculated with:

Vn = <fRWG,n’E inc> " (35)

The combination of (3.4) and (3.5) leads to the matrix formulation of the scat-

tering problem

16



3.3PHMCTW Formulation for Dielectric and Magnetic Bodies

ngWG 1,EmC Se<wae 1’|— (f RWG,1)> <f RWG,J‘ ( RWG,)> ?é,ll
g<fRWG 2’E|n0> 5ef RWG,Z’L (f RWG,J)> t@ 2, (3.6)
& e ol

e u,

which is ypically summarized into:
v =z IC (3.7)

The unknown coefficients of the respective basis funcfigis which can be

found in the current vectdr are calculated with a matrix inversionf
=2 \D. (3.8)

The principleto evaluate the matrix elements foe tMFIE can be utized with

fewermodificationsin a similar way.

3.3 PHMCTW Formulation for Dielectric and Magnetic
Bodies

The formulationgEFIE and MFIB, reviewed in briefare valid for PEC bod-
ies placed in free spac&hese basic integral formulations can be combined
into different extendetbrmulations which enable the treaentof dielectric
and magnetic bodies. The first formulation suitable for the nualen@lua-
tion with the MoM was the soalled PMCHWT (Poggiéviller-ChangHar-
ringtonrWu-Tsai) formulation from 197Har72a Uma86] Later, this formu-
lationswasmodified in order to improve the matrix calculation (e.g. Normal
Miller Formulation or Combined Normal Formulation). Although other for-

mulations yield more accurate results for specific geometriesly the

17



3. Method of Moments

PMCHWT formulation ha a symmetric matrixvhich enables real character-
istic modes and real valued eigenval(ldar72d4. These properties are im-
portant for the TCM analysis andencethe PMCHWT is used in this work.

||
Einc Hinc
(-]
Ue, PEC
LemTTTTT - e ——— N
,,I \\\‘ A ’l’ Q 8 u \\\
/ \ / 160Uy 3
{ PeECc v ¢ M
AN J N /
N\, 4 - ’
Soo g \\\N J “f,

————————

Fig. 3-2  Equivalence princile ofthe PMCHWT formulation.
The matrix formulation of theMCHWT integral representatiost

agv 8+Z, K, K,

o lLg
< of . (3.9)
g Igl 2 Y 1 Y+2 I a

e

In (3.9), the matrixes and vectors are defined as follows:

Zi,n,m :<fRWG,n' JW/]ﬁf FlﬁGmGi(r r ') dS'> +
(3.10)

1 , 0
<fRWGn’D%D EﬁQNGm I(I’J‘ )dS E

18



3.3PHMCTW Formulation for Delectric and Magnetic Bodies

Yi,n,m = <fRWG,n’ JW?ﬁf meGi (r f I) dS‘> +
S

: i (3.12)
bt a1
Kiynym:<fRWG,n,ﬁf fiom ® Bi(rr ‘)dS’> (312
s
G(rr)= 4‘; ;:r Frl | (313
Vo = (FewenE el )) (3.14)
Von = (fanenH nell ) (3.15

The subscripfidis related to théth medium andin , risdelated to the-th
testing andn-th basis functionThel . andl, vectorsrespectivelycontain the
coefficiens of the electric current and the magnetic currelt on the surface
S

The material parametearedefined with:

.S,
&= & 9-17/, (3.16)
—_ H sm,i (3 17)
m_ m r,(n J w ’ '

and

k=m/e (3.18)

19



3. Method of Moments

In (3.16) and (3.7), §, Ui, G, €0, €, and(im; are the permittivity of the free
space, the relative permittivity, electric conductivity, permeability of the free

space, relative permeability and the magnetic conductivity, respectively.

First of all, he system matrix in (8) is not symmetrical due the minus sign
in the uppeK; operator. But witha few modificationsthe system matrix can
be made symmetrical for the TCM analysis. Tdusicept isexplained in the
Chapter4.3.

3.4 Efficient Numerical Evaluation of the Integral Equa-
tions

An efficient numerial calculation of thereviewedintegral formulations re-
guires advanced techniqué@ie matrix elements in (3.4jeacalculated in two
phases. In the first phagte internal surface integral is evaluated with either
the fvenpoint integration rulgSav96]or with the Barycentric subdivision
[Kam98] (see Appendix C)For both typesf numeri@l treatmentsthe sam-

pling points are used over the triangle surface to approximate the internal inte-
gral. In the second phadbe testing integral (3.4) is evaluatediwihe Mid

Point Rule [Rao80] For this the midpoint of the respective triangle is used to
approximate theniteraction of the testing function with the basis functidn.
detaikddescription can be found AppendixB1.

Furthemore the singularity extraction method is required to calculate the in-
ternal surface i nt egmhaaseofaercedistantehbe- Gr e e
tweenthe observation poimtand the source poin§ the numerial evaluation

of the Gr een 0esanfiplesigifficulto The singulahty df the

Gr e funétionis extracted and the term is dip into a numerical and an

analytical term. The numerical term is continuous and can be evaluated with

20
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the given sampling points of the surface. The analytical is solved in closed
form with the evaluation of the contour integral instead of the surface integral.
A description of the singularity extraction and the analytic solution can be
foundin [YOI03] and inAppendixB2 andB3.
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Chapter 4

The Theory of Characteristic Modes

The Theory of Characteristic Modes (TCiasderived by Garbez, Harring-
tonand Mautan the 1960s and 1930Theinitial idea to decompose the scat-
tering field intoan orthogonal field pattermvas firstreported by Garla in

1966 [Gar65, Gar68] Later, his ideawasdeveloped further into theurrent
known formulation by Harringtoand Mautzin 1971[Har71a Har714. The
authos exploitedthe generalized eigenvalue equation to derive equivalent
modal surface currentwhich are orthogonal with respect to the power budget.
The same authsrextenédthe basic theory, which & first of alld valid

for PEC bodiestowards thdossy dielectric and magnetisaterialgHar72a
Har72a, Cha77]Furthemore Garbaz utilized the TCM on the network pa-
rameter of anulti-antenna systefiGGar71] He describd the input admittance
and the mutual admittance with a summation of the modal admittances. In
1972 Harrington and Mautz evaluated the modaF&rtor directly from the
eigenvale of the respective modldar72b] Theydemonstrated that the usage
of lumped reactive elements adigplacehe resonance frequency of the mede
selectively. These publicationsnay pave the way for the development of
equivalent circuits with the TCMndfacilitatethe fundamental understanding

of the internal coupling phenomenon from a network theoigt of iew.
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4. The Theory of Characteristic Modes

In the 1988, the TCMwas notdeveloped further. The small amount of avail-
able publications in this area deal with specific problenisch ae treated
analytically[Kab87a, Kaba87h]The limitation in the numerical computation
with availablecomputer programs dhattime harns the TCM analysis for
more realistiqgeometries and applicatiand/ith theincreasing memory size
and CPU speed of modecomputers at the beginning of th@9Gs, the TCM
becameamore interesting for antenna desigie first antenna design concept
based on the TCMvas the UHV application for the land vehiclegNfur94,
Aus98]

The newy rising mobile phone market the beginning of 200@cilitated the
TCM research for small antenna desidime pioneersn this research field
foundthe TCM to be suitabléor theunderstanithg of the fundamentaladia-
tion principle and the influence of tisenallchassisin [ManO1]andin [Vai02],
the TCM is used to describe the antenna resonamiciet are highly influ-
enced by the finite size chassigom that time oward the TCM has been
used fora large number of applicatiaria recent yearghe TCMis again being
used for tle integration and optimization of thenassis conformal antennas in
automotive applicatia(e.g. vehicle, aircrafiChal4]and shipChel4b). A
more detailed description of thestory of TCM andits applicationscan be
found ine.g.[Chel5]

In the nextfew paragraph, the generalized eigenvalue problem, as a funda-
mental mathematat backgroundis reviewedandbasic parameteiare intro-

duced which are requiretbr thediscussiorin this work.
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4.1 The Generalized Eigenvalue Problem for PEC Modes

4.1 The Generalized Eigenvalue Problem for PEC
Modes

The generalizecigenvalue equatiols a powerful method to sohadvanced
problems,and not only in the electromagnetic field theory. Other scientific
fields, e.g. theoretical plics, benefifrom the eigenvalue decompositias

it allows scientistso solvecomplexdifferential equationsThe basic idea of
the TCM is to find orthogonal eigenvectomghich span out the stdpace of
the solution. A complex matrithat describes the respective problem is used
to calculate the eigenvectand eigenvalug Let us assume a compliexped-
ancematrix Z = R +jX is given as described i€hapter 3 The generalized

eigenvalue equatioin this casg¢Har713 is:
XJ, =/RJ,. (4.1)

In (4.1), Jnis then-th characteristic mode (also commonly calieatdeor wave
modg andax is the n-th eigenvalueFrom (4.1) the eigenvectotk can be

scaled arliraiily, but typically they arscalal to unity with:

%(JH,RJH>:1. (4.2)

This orthogonalityf the modesan by summarizedith three basic equations:

1 .

E<Jm,ZJn> =(1 4/,) 4. (4.3)
1
E<Jm,RJn> =d,, (4.4)

and
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4. The Theory of Characteristic Modes

%(Jm,X\Jn) =/.q. (4.5)

Thel.min (4.3), (4.4) and (4.5)enotes the Kronecké&elta function Gnn=1,
if n=mand O otherwise)l'he orthogonality of the modes isiaefulproperty
which is astrict consequence of the generalized eigenvalue equation I(4.1).
is noticeable thathe characteristic modes are not strictly orthogoasithe

operation:

s O (4.6)

is not valid.

An additional fact is important for the TCM analydisis isrelated to the im-
pedance matrix of the MoM. The symmetry of the impedance niatisxhe
reason for the real valued eigenvala@esnd real chracteristic modes, in
(4.1). In contrast to other wethown and trusted mode decomposition meth-
ods(e.g. for microstrip antennaBal89, Bal05, Jam89]Xhe resonance fre-
guency of the characteristic modes is real and allows aimtoitve interpre-

tation of the radiation mechanism

Other properties related to the matfdxmulation (4.1) are explained in the

next section.

4.2 On the Property of the Characteristic Modes

Theimpedance matriZ is relaedto the power and energy the body. As
described ifHar714, the field distribution exterior to the body ha<lear

relatiorship withthe radiated powe?;aq with:
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'U
||
|\>I|—\

1 * i
/i FjH ds Re. E i ﬁsu 3(3 2) . @
\
S- o .
In (4.7), E, H andJ arerespectivelythe total electric field, the total magnetic
field and the total surface currefithe &Y ) denotes t he env
infinity. Eq. (4.7) isin generalvalid for lossless PEC bodies and eaplied
on the modes witthe Poyning Theorem(as described ifBal89]) with:

R=ReER Hids | w SR 4 o
12 y (4.8)

1 .
=2(0,2,) 4 ¥

n

From (4.8) it is obvious thathe eigenvaluex is directy related to tk reactive
power of the system aradlows scientistgo classify the modes with respect to
the energy stored. If the eigenvalue is negat@€0), the mode stores more
electric energy rather than magnetiemyy. In this casgthe mode isaidto be
capacitive In the other casé the eigenvalue is positivex0), more magnetic
energy is storethther than electric energyndthe mode is calleohductive In
the special cas@ where the eigenvalue is equakero &:=0) 8 the mode is
in resonanceThe resonance is a desirable statecethe reactivepower of
modesds zero Therefore, any antenna design concept is aemte resonance

of certain modes in the degirrequency bandgCab07]

The power budget of the total surface curdecan beexpaneédwith the TCM
in an intuitive way. For thathe total surface curredtis decomposed into an

infinite summation of mode¥, with:

J=aajJ,, (4.9)

n=1
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wherea, is the complex coefficienThiscan be calculated with:

(1 Eie)

Inc

a, :m_ (4.10

Evaluating (4.7) with (4.8) reveals the power budget and the obvious advantage
of the TCM.The factor 2 in (4.10) is the consequencehefitormalization in
(4.4) (pleasesee[Bla07, Krel2]for additional explanations)

The total radiated powétaqis decomposed into portionsach mode contrib-

utes with:
= 2
Pu=alal . (4.19)
n=1

If (4.11) is normalizedo the total radiated powga more simple formulation

canbe found:

el 2 ol
1=5 Y Ab,f . (4.12)
n=1 Rad n%
In (4.12) b, is the normalized coefficient of theth mode. Themagnitude
square ofb, is the percentage power each manmtributes to the overall

pOWG r Prad.

A more suitable depiction of the excitation coefficient is theated power
coefficient Led15. This coefficient takes the impedance matching of the feed-
ing port into account and givésformation about how effiently the modes

are excited. The weighting of the square normalized coefficient with the scat-

tering parametenf a single port systegives the power coefficierat:
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6, =l (L 18f). (419

Any artenna design concept is aimedts excitation of the resonant modes
and the impedance matchinfthe feeding port. Therefore, this coefficient is
more suitable to quantify the mode excitation with a concentsatgle port.

4.3 The Generalized Eigenvalue Problem for Dielectric
and Magnetic Modes

In the previous sectigthe basic TCM concegit valid for PEC bodies placed
in free spacé is reviewedThisconcept can be extended towsitae dielec-
tric and magnetibodiesincluding losgHar72a, Cha77h theSIE. InChapter
3.3 the MCHWT formulation for the SIE is presentedhich includes an
extendedsystemmatrix. This matrix is not symmetrical as denoted in (3.9).
For this reasarthe matrix formulation of the problepresenteds not suitable
for the TCM analysisA few modificatiorsare required to achieve a symmetric

matrix, which enables real surface current moded real eigenvalues.

The magnetic surface currelt (respectively the current vectoty) is ex-

tended with the imaginary undnd the matrix formulationow becomes:

é,ve Q 2 Lp 4
Sij He‘j Kl 'Kz) Yl Y+2 Ujlg . (4.19

From (4.4), the generalized eigenvalue equation is:
Im{T} &V, # Re[T} WC. (4.15)

In (4.15), W, is then-th characteristic mode of the lossy dielectric and mag-

netic body and can be furthéecomposedhto:
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4. The Theory of Characteristic Modes

W, =g. . (4.16)

And againthe characteristic mod# is a real valued vector with a real valued
eigenvaluew. The magnetic current modié, has a fixed phase shift of 9f@f
the electric surface current modledue to the imaginary unjtin (4.16).

In the case of losslessaterials the modal far fields fow, are orthogonalas
demandedn the commontheory for PEC bodies. However, in case of lossy
materials the orthogonality of the modal far fields is not valid anyméie

hough the orthogonal property of the modes isitottte far field an interpre-
tation of the scattering phenomenon can be made with some limitations. This
problemis discussed inChapter8.4 (for lossy components included in the
TCM) andChapter9.4 (for lossy materials)

At this point it should be noticed that the eigenva#nef dielectric mode¥V,
cannot be used to determine tiesonance ofhe mode in general. This cir-
cumstamge is a major drawback at first appearance. However, a physical inter-
pretation of the eigenvalg can still be given and used for the antenna desig

Thisissueis explained in Gapter 9

4.4 Characteristic Mode Computation

In order to solve th€eneralizedEigenvalueEquation (4.1) or (4.14jwo pro-
gram libraries can be usetie LAPACK [LAP] andthe ARPACK [ARP] li-
braries Both libraries are written in Fortran77 aak available in MATLAB
[MAT] or asdynamic libraries A more special method can be found in
[Har71h, which is based on the salled SVD GingularValue Decomposi-

tion).
The LAPACK libraryprovides the EIGFunction whichis able to calculate all
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eigenvalues and eigenvectors of a symmetric matrix. The nuanesicula-

tion of the characteristic modes with this function gives the relevant modes
requiredto analyze the given body. In additjiasther typically none real ei-
genvectors argiven which cannot be used for the TCM. Therefore, the output
parameter (eigevectors and eigenvalues) has to be filtdor the real modes.

The second library (ARPACK)rovides the EIGE&unction which cancalcu-
latethe relevant modes withoahy other disturbed (incorrect) modes. For,this
the function requires the number of resdto be calculated as a parameter.
Since it can be difficult to estimate the number of the relevant modes at the
beginning of the TCM analysis, some initial experimangg/ be required to

find theright number. he SVD method (as described iar71) ddiversall
relevant modes without an additional parametewever, the SVD method
can give inaccurate modéfsthe geometry is complex. From the available rou-
tines and methodshe EIGSFunction is preferred to calculate the modes nu-

merically.In prectice, only afew modes are interesting for the TCM analysis.

4.5 Characteristic Basis Function(CBF)

The characteristic modes can be used to decompose an arbitrary surface current
distributionJ as denoted in (4.9 an infinite set of modes is used. In common
applicatiors, a limited set of modés sufficient, which ha a small eigenvalue,

i.e,, small magnitude valuex|. In[Pra03] the author describes an idea to use

a limited number of orthogonal modes as Kasis function(instead of the

RWG) in the MoM. This principle can help reduce #iee of thematrix and

save computation time. The characteristic basis function is ocotgrased to

solve largescale problem§Mit08, Maa08]or to analyzenot connectedtou-

pled structuregHul4].
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4. The Theory of Characteristic Modes

In order to use the characteristic basis fundiioime MoM, an additional cal-
culation step is requice First of all, the impedance matikis calculatedas

described irChapter 3. Nexta limited set oN characteristic mode, is cal-

culated with (4.1) and normalized as usual. Now, the basis furfetignis

replaced with the characteristic modes and a new magix is calculated
with:

T .t
Zege=[3, -+ Iy DPO - I] (4.17)
In the same mannghe excitation vectoY cgr is defined with:
Vegr =[91 - 3]V (4.18)
The original problenof the MoM is now simplified to:

Vear =Z cor 1Qer- (4.19

The matrixZcgr has the dimensioNxN and is much smaller than the original
matrix Z. The unknown vectdrcge contains the coefficients, of the respec-

tive characteristic modek. As a more advanced concgtbite linear equation

in (4.19) can be used in a second generalized eigenvalue equation to calculate

coupled charactistic modes.

4.6 Examples

In order to introduce the TCM and the basic parame¢ensired irthis thesis

two simple exampled a dipole and a rectangular plaie are investigated.

The examples wilshow whathe eigenvaluefacommon modes lookke and

how they affect the input ipedance of a feeding port. Furtheare these ex-
amples demonstrate how the modes are excited with common feeding concepts

(plane wave and concentrated voltage source).
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a) A/ Port
{ K J ]
) =120 mm
b) Jp e J, J;
,,,,,,,, = . D™ S =

= T

Fig.4-1 Centeffed dipole having theehgthl = 120mm a) and three lower order modias
b). © IEEE 2014 [Safl4].

4.6.1 Dipole

The first example is the simplest example that can be found in literature. A
dipole having the length= 120mm is fad with a deltagap voltagefleasesee
Appendix C3or [Mak03] for details)placedatthe centerThe first tiree lower
order modesJ;z can be found in the observed frequency range
(05 Of [GHz] O4) shown inFig. 4-1 b).

10
_Jl
5,,__.J2
..... I |[#1] —
3 o san
<0 /c/ o @
-5 / g
' -
-10 1 :
0 1 2 3 4
fIGHz]

Fig.4-2  Eigenvalues of the first three chateristic modes of a centiad dipole having the
lengthl =120mm.
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Fig. 4-3  Power coefficienian of the first three characteristic modefsa centeffed dipole
having the length=120mm.

The first three modedi.; have a resonance (##3 in Fig. 4-2) in the fe-
guency range sought, as it can be observé&ibin-2. Owing to the excitation

in the center of the dipole, only two modds 4ndJs) are excited with a sig-
nificant contribution. From the TCM and their applications, it is known that
the excitaibn of the resonant modes can gives a reasonable impedance match-
ing of the respective feeding port. In this example, naded model; have

a resonance dtes 1= 1.15GHz (#1) and afes 3= 3.625GHz (#3) respec-
tively. Since they are excited with lagh purity, an impedance matching

around the resonance frequencies can be observed, as depkitedH8.

4.6.2 Rectangular Plate

The rectangular plats excited withan illuminatingplane waveEin: polarized
in x- andy-direction as denoted ifig. 4-4 a) and b). The first six characteristic
modes(shown inFig. 4-5) are calculatedas explained irChapter4.4. The

eigenvalues of the first six charagstic modes are shown Fig. 4-6. This
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eigenvalue plot is common for planar structures. digenvalue of theapac-
itive modesJi.s starts fromhigh negéive values and converge towaizkero.
On the other sidahe eigenvalue of thénductive models has a high positive

eigenvalue at the low frequen@nd converges ith increasing frequency to-

k
y4 <E
y *EX__ Einc
E, ¢
X

Fig. 4-4 RectangulaPECplate placed in free spaag The plate is excited withpdane wave
Einc polarized inx- andy- direction b).© IEEE 2016 [Safl

wardzeroeigenvalue

a) . 120 mm . b)

J J3

= :><:

Fig. 4-5  Six significant characteristic moddse of a rectangular PEC platglacedin free
space.

e

I n the frequencyf[GHAOg8) obféeveedegdn
found, listed inTable4-1 and marked irFig. 4-6 (#1171 #5). The lowest reso-

nance is afes 1= 1.1 GHz (#1) and represents a half wavelength dipole mode

in vertical drection. The next resonance (#2) hfrepresents the full wave-

length dipole mode in vertical direction. On the same principle, macssd

Js can be interpreted with respect to the surface current distribution. 84ode
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4. The Theory of Characteristic Modes

represents a quadrupole in free space with a resonafaggsat3.3GHz. The
inductive models is a magnetic dipole mode without a resonance in the ob-

served frequency range.

The plane wave excites the full and half wave dipole modies)(with an
alternating dominangeascan be observed iRig. 4-7. In the low frequency
range (10f [GHz] O2) where the first modé; reveals a resonance (#8)
strong dominancean be observed. With increasing frequeieg vertical di-
pole models becomes more dominant in combination with the first mhde
The plane wave, which is polarized in vertical and horizontal direstea
cites a surface current orientated in a sindlegction. Abovd = 4 GHz mode

J1 andJ4 losetheir dominanceand models becomes more significant. The
total surface current distributionducedis similar to a 1.5 wavelength dipole
mode along the major axis agritierefore, is similar to the surface current of
modeJsin Fig. 4-5. However, in the higher frequency ran§e & GHz), more
modes are excitednd a clear dominaemf isolated modes cannot be found.

This behavior is typical for objectahich are larger than the wdgagth.

1 : : :

_)Ll

Fig.4-6  First sx eigenvalues of the modes shoinrFig. 4-5.
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TABLE 4-1
RESONANCEFREQUENCY OF THECHARACTERISTICMODES OF ARECTANGULAR PLATE.

Mode Resonance Frequenc

#1 U 1.10 GHz
#2 2.55GHz
#3 s 3.00GHz
#  Js 3.30GHz
#5 I3 4.10 GHz
Js None

Fig.4-7 Normalized coeffients of three significant modes of rectangular plate excited with
a plane wave polarized i andy-direction. The eigenvalues and the normalized
coefficients are tracked with the orthogonalization based algorithm as explained in
Chapter 5© IEEE 2016 [Saf16].
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Chapter 5

Eigenvalue Tracking

The eigenvalue of th€haracteristic Modes is an important parametich
allows for an intuitive interpretation of the radiation mechanism in cdes®f
lessPEC bodies. From the eigenvaluw¢her parameters are calculatedy,
excitation codicient or Qfactor, which ae used for analysis and further op-
timizations. Thereforegontinuousand differential eigenvalue curves are of
high importance for the TCM analysis. The basic eigenvalue equation is de-
fined inthe frequency domain andence the matrix (impedance matrix i
case of PEC bodies) is calcidd at isolated frequenciggough thepredefined
frequency rangeAfter the eigenvalue equation is solyedsorting of the ei-

genvalues is required with an algorithm.

The problemin tracking the eigenvalue of a paramet&dzmatrix is known
from other scientific seas, e.g.signal processing [Aal§Sor mathematics
[Kall(Q]. Although tracking algorithms are available for specific scientific ar-
eas none of theeis suitable for the TCMn the formpresentedin [Max10,
CapllKrel2, Miel5, Raill, Lud14, Chelldlifferent concepts are presented

! The following chapter uses textual materials and figures from [Saf16] ©
IEEE 2016.
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for the tracking of characteristic modeased on the surface current, faldi
and eigenvector correlatiomhe correlatiorbased tracking algorithms may be
acceptable for specific sictures, bytin generalthey are either not stable or

have other issues that restrict their applicability.

The correlatiorbased algorithms can falil if the gradient of a certain mode is
high. Thiscanhappen if the geometry of the structure is complakreactive
elements are useth [Cap1], the author reports about an unavoidable effect
that can occur whil tracking the eigenvaluesthemodes. The surface current
distribution of specific modes chargydrastically andippears unsymmetri-
cally at isdated frequency points. This effect goes along with equal eigenval-
uesat certain frequency points [BlapThese modes are commonly denoted
asdegenerateadnodesandexerta strong influence on theommontracking
algorithm In common tracking algorithsnthe degeneratiobecomes critical

at frequenciesvhere the eigenvalgeof different modes intersect

5.1 Definition of the Tracking Problem

The problem to track the eigenvalueswaddes over a wide frequency range is
originated in thdate 199G andat the beginning of the millenniumwith the
increasing computing capabilitynore complex geometriggompared with

wired structureshave been investigated, e.gctangular plate and fractal an-
tenna The eigenvalues of the characteristic modes have beenoufsed the

natural resonance of the chassis wave modes and to derive simple equivalent
circuits [Vai02]. The continuous eigenvalue curvalsthe modesre usedo

derive the values of the equivalent circuit elemevits, inductor and capaci-

tor.

The defned eigenvaluesangeis -b < &y < + Bandmay be not appropriate to
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5.2 Correlation Based Eigenvalue Tracking

demonstrate the capability of the tracking of modes, especially if the eigen-
value is close to zero or tends to infinity. Therefore, theadledcharacteristic
angleU, is defined [New79]

a,=180" tan'( 1), (5.1)

which maps the eigenvalue into the limited range 6/<90, < 270° The spe-
cial case where the eigenvalue is zea=(0) the characteristic angle is
mapped tdh = 180°.

In order to demonstrate the general trackingofam, a simple rectangular
stripd having theouter dimension af20x 20 mn? 8 is investigatedin Fig.
5-1 a), the raw data anth Fig. 5-1 b), the sorted data are shown. linclae
observed thaheorder ofmodes inFig. 5-1 a) is incorrect. The usef a track-
ing algorithm corrects the characteristic angkeit can be observedHig. 5-1
b).

a) b)
270 270 e —
S T
% \ Y Dy
\ 3 ,
\ \
Y X
— — \ b Y
e o Y 5 A
= 180 = 180 \ >
Ch o \
~l M
HW
: el
9Gl 2 3 4 5 9Gl 2 3 4 5
f[GHz] /[GHz]

Fig.5-1 Eigenvalues of a PEC strip haviag outer dimension 0£20x 20 mn?. The raw
data of the eigenvalues a) and sorted eigenvalues by witirelation based tracking
algorithm.© IEEE 2016 [Safl6].

5.2 Correlation Based Eigenvalue Tracking

The correlation based tracking algorithms are widely used in TCM software
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tools. The concept requires a quantitsgtcan be corrglted at all frequencies.
Suchquantitescan be the eigenvectalg the far fieldg, or thesurface current
correlationof the modes. In the followinghe principleis explained ohowan

automatidracking can be applied with the thidifferentquantities.

The concept to tradkiemodes with a correlatiehased algorithm is simple
realization A correlation matrix is constructeathere the rows are related to
frequencyf: (Jm) and the columns are related to the frequdn¢dn). The en-

tries of the correltion matrix close to unity indicate the correct ordethef
modes. Since it is not possible to predict a high gradient of the eigeraadle
thereforea high gradient of any quantity, an adaptive frequency control is used
to improve thdracking Although this concept is basibaknown from other
simulationtools it has not been used for the tracking of nmskigown from
available literature.

The principle of a correlatichased tracking algorithm (independent of the
guantitychosenis illustratedn Fig. 5-2. The algorithm can be summarized as
follows. The modedn at the initial frequencts arecalculated, preconditioned
and stored in the memory for the next steps. The preconditioning is an im-
portant step, Wich helpskeep the number afnsortednodes small. A typical
strategy for a preconditioning is to filter the eigenvalues to be withintaircer
interval (e.g-1000a, [1] O+100). A different preconditioning technique is
presented inGapl], where tle modes are pserted and processed in a more
advanced sorting algorithm. Thereafter, the madleat the following fre-
guency step are calctdal and preconditionedsing the same procedure. The
correlation matrix mn between the modes is calculated @dsed taseach

for the highest magnitude of a column. If the magnitude is high enouthg(in
casejlmd O 0 ,.the mgdes at the two fregncies can be ordered into the same

mode number. In the other case,,iiethe highest magnitude is less than
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5.2 Correlation Based Eigenvalue Tracking

It mn|<0.75, the tracking has failed. In this cabe frequency: is adjusted to
be closer td, and the procedure is repeated. In ordeavioid the frequenci

to be too close tf, the minimum bandwidth (10% of the defined frequency
bandwidthBW) is tested In case of;i fi< 0.1BW, the tracking has anyway
failed; otherwisgthe new frequencis 4s set. After all modes are trackelde
initial frequency id1Y f, and the next frequency is $6Y f.+BW. These steps
are repeated until the end frequency of the simulation is reached.

Frequency, Frequency,
ModesJ; & Jy ModesJ; é Jy
Precondition Precondition Adjust Frequency
. s 1
-1 0 Oay, @100 -1 0 Oay (100 f,. =§(f2 +,)

| ¢ N
Correlation Matrix

fmn

Save order and gq - _
to next frequency [ Tracking failure

Fig. 5-2 Simple sketch of the correlation based trackilggprithm.© IEEE 2016 [Saf16].

The tracking with the correlatiebased tracking algorithm can fail for certain
reasons. Two modes can change the respective mode order, if the correlation
alternates between low and high value within a single frequstegy Such
observatios can be made if the eigenvalue reveals a high gradient or the sur-
face current mode alternatongly. The common correlatidmased tracking

may not be able to distinguish between the two modes asddhe be inter-
preted as identical modes and labeled accordingly. The strong surface current

deformation is somehow related to the degenerated mode, efifieigiives an
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5. Eigenvalue Tracking

explanation of the appearance and disappearance of modes.

In the other casevhere the genvaluas exceed the defined range afi$10Q

the algorithm is not able to continue the tracking. In most c#sesght be
sufficient to refine the frequency stepping or to redefine the eigenvalue range
in order to improve the tracking. The trackinfjhigher order modes might
require a higher mesh densigince they show more complex surface current

distributions

In the following three different correlationsre explained which cabe used
to track the characteristic modes.

5.2.1 Eigenvector Correlation

The eigenvector correlatigh as described ilrMax10, Capll, KrelZ isa
basic method to track the modes over the frequeHaig. correlation| m n is
calculated with the eigenvectdyr with:

r =—(Jm) I (5.2

" P @
The eigenvector correlation is very sensitive to the change of the surface cur-
rent modesln andJ, respectively Thisd and the fact that the eigenvectors
are strictly no orthogonal at the same frequengje@asesee (4.6)d makes
the eigenvector correlationore susceptible wrong tacking, comparedith
other quantitiesThe orthogoality of certain eigenvectargvhich can be ob-
served for somexamplesis randomTheefore the eigenvector correlatios
not preferredor the tracking in this form. However, a more advanced eigen-

vectorcorrelation can be found in [Chd15
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5.2 Correlation Based Eigenvalue Tracking

5.2.2 Far Field Correlation

The far field correlation requires an additional calculation step befoethe
relation matrix can be set. The far fisld, andE, of the modes have to be
calculated numerically wh a defined resolution (e.g.resolution of 5° for the
phi- and thetecomponent of the modal far fieleh andE). Owingto theusual
normalization to unity (1=0.5%,RJ>), the farfield correlation,in this case
is:

roo= 1

T2z

% (B.) EdA. (5.3)

FOS- o

Under the assumption that the frequency difference betviéh) and
Em(f1+ aeis pmal| the correlation ing.3) tends to unity. The modal far fields
can be saved after the algorithm is finished and used for a modification of the
tracking in aradditional posprocessing step, if required.

The additional far field calculation with a given resolution decreases the accu-
racy of the correlatiofseeChapter6.3 for detaied explanations) Therefore,
this correlation is not discussed furthieut detaiéd explanationsand an ad-

vanced tracking algahm can be found inNlie15].

5.2.3 Surface Current Correlation

The surface current correlation is an advanced methptbtgram a tracking
algorithm in a similar wayas presented for the far field correlation. The real
part of the impedance matri (for lossless PEC bodies) is used to calculate
the correlation between two modes at different frequencies [Raill, Lud14,
Che], with

I on =§<J mRI ). (5.4)
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5. Eigenvdue Tracking

In a similarmanner as explaine@arlier, the correlation is close to unjifthe
frequencyvariationis small. The correlation in (5.4) is more accurate com-
parel with other quantities since no other calculation stefsich as the far

field calculation) are required.

Fig.5-3  Schematic of the correlation based tracking algorithm with the surface current cor-
relation. The scheme shows the principle of the frequency control. Theleatas
separated with dashed gray lines denote the memory allocated for theJnadéds
for the matrixR. © IEEE 2016 [Saf16].

An optimal algorithm requires an intelligent frequency control to avoid the
need to save more than one maRixSince the matriR can be large, a fre-
guency control helps use the allocated memory efficiently.cbmcept to store
one matrixR at all frequencies is sketchedHig. 5-3. If the correlation matrix

in Fig. 5-3 reveaals a not trackable modetép 1), the frequency is decreased
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