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Zusammenfassung

Diese Dissertation befasst sich mit einigen Anwendungenrvelektromagne-
tischen Feldberechnungen im Mikrowellenbereich. Im Rahme dieser
Arbeit werden dreidimensionale elektromagnetische Sinationstools zur
Modellierung, Charakterisierung und Analyse von verschienen Mikrowel-
lenkomponenten verwendet. Zu diesem Zweck werden moderoeiknerzielle
elektromagnetische Simulationstools basierend auf dermiten-Integrations-
Technik und nicht kommerzielle Programme basierend auf d&eneralized-
Multipole-Technik Mode-Matching-Technik Hybridmethode benutzt. Die
kommerziellen Simulationstools wurden zur Analyse von zw&omplexen
Anwendungsgllen und die nicht kommerziellen Programme zur Charakte-
risierung von abstrahlenden Aperturen verwendet. In diese Zusammen-
hang wurden numerische Methoden, die auf Matrizenzerleggrbasieren,
zur ldenti zierung von redundanten Multipole vorgestellt Durch Entfer-
nung der redundanten Multipole kann die Generalized-Multiole-Technik
Mode-Matching-Technik Hybridmethode verbessert werden.

Die erste Anwendung bezieht sich auf PETRA Ill, eine Synchtmn-
Lichtquelle der dritten Generation. Mehrere Komponentenan PETRA IlI
(Strahlungsmonitore an zwei Stellen des Strahlrohres sawvein longitudi-
nales Feedback-Cavity) wurden in Hinblick auf Wakefelderimpedanzen,
verschiedener Verlust- und Kickparameter detailliert urérsucht. Au erdem
wurden fur diese Komponenten Modalanalysen durchggirt. Den Ein uss
des sogenannten ‘Nose cones' auf die Eigenschaften des haddCavitys
sowie des Auftretens von Trapped-Moden in der éhe (des Knopfes) des
Strahlungsmonitors wurden ebenfalls untersucht.

Die zweite Anwendung befasst sich mit der Modellierung undrfalyse einer
Ultrabreitband-Antenne fur die Kommunikation im Hf-Bereich. Zur Bestim-
mung der Parameter, welche die Eigenschaften dieser Antenmvesentlich
beein ussen, wurde ihre komplexe Form modelliert und anadyert. Unter

Verwendung der Ergebnisse der Analyse ist essglich, die Antenne #ir ver-

schiedene Anwendungszwecke anzupassen. Eine optimierersion dieser
Antenne wird mit den dazugelorigen Messergebnissen @sentiert.

Der dritte Schwerpunkt ist die Charakterisierung abstratgénder Aperturen
unter Verwendung einer Hybridmethode, welche sich aus dere@eralized-
Multipole-Technik und der Mode-Matching-Technik zusammesetzt. Ein kri-
tisches Problem dieser Methode ist die Verteilung der Muftiole entlang der



Antenne. Unpassend platzierte Multipolen oder die Verwenohg von redun-
danten Multipolen verursachen eine numerische Instabiét, die wiederum
Zu ungenauen Ergebnisserulfirt. Zwei Algorithmen zur Bestimmung der
redundanten Multipolen wurden vorgeschlagen und am Beigieiner Horn-
antenne mit elliptischer Apertur getestet. Diese Algoritimen beruhen auf
zwei bekannte Verfahren zur Zerlegung von Matrizen. Die Eldivit at der
beiden Algorithmen wurdewberpreft, indem die tatsachlichen Randbedin-
gungen mit den berechneten verglichen wurden. Au erdem wide ein Ver-
gleich der Fernfeldcharakteristik simuliert mit einer konmerziellen Finiten-
Integrations-Technik Software und der vorgestellten Hybdmethode durch-
getmhrt.



Abstract

This thesis is concerned with the application of computatiwal electromag-
netics in the area of microwave engineering. Within the fraework of this
thesis, three-dimensional computational electromagnetitools have been
used for the modeling, characterization, and analysis of\&ral microwave
components. State-of-the art commercial electromagnetgimulation tools
based on the nite integration technique and a non-commerai code based
on the generalized multipole techniqgue-mode matching tecigue hybrid

method have been used for the computations. The commerciamsilation

tools have been applied to two real life complex applicatien whereas the
non-commercial code has been used for characterization atliating aper-
tures. In this context, some numerical techniques based onatnix decom-

positions to identify the redundant multipoles have been mposed to im-
prove the generalized multipole techniqgue-mode matching@c¢hnique hybrid
method.

The rst application is concerned with the third generation synchrotron
radiation facility, PETRA Ill. Several components (the button type beam
position monitors at two sections of the beam pipe, the lonidinal feedback
cavity) of PETRA I1ll have been extensively analyzed in termsof wakes,
impedances, various loss and kick parameters and modal ays. The
e ect of the "'nose cones' on the characteristics of the lorigdinal feedback
cavity, occurrence of trapped modes near the beam positioromtor button

have also been investigated in this context.

The second application involves the modeling and analysid an ultra-

wideband antenna for microwave communication. The compleshape of the
antenna has been modeled and analyzed to identify the cruc@arameters
in uencing the antenna characteristics. Based on this angsis and studies
of the antenna, it can be adapted for several applications. rAoptimized

version of the antenna has been presented along with the oesponding
measurements.

The third application is concerned with the characterizaton of radiating
apertures using a hybrid method involving generalized muafiole technique
and mode matching technique. One of the crucial issues in ghinethod is the
multipole distribution along the antenna. Improperly plaed multipoles, or
presence of redundant multipoles, cause severe numericatability leading



to inaccurate results. Two algorithms to identify the redulant multipoles
have been proposed and applied in the case of horn antennathvéilliptical

apertures. These algorithms are based on two well-known nxtdecompo-
sition methods. The e ectiveness of both approaches have drye validated
by comparison of the actual boundary conditions with the coputed ones.
Additionally, comparisons between the far- eld patterns btained from a
commercial nite integration technique software and the poposed hybrid
method have also been presented.

Vi
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Nomenclature

Acronyms
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Chapter 1

Introduction

1.1 A brief historical review of electromagnetic eld
theory

Electromagnetics is concerned with interrelated electriand magnetic elds, an e ect
which occurs when the two elds are time-varying. Althoughrnterest in static electricity
and magnetism dates back to ancient times, the cornerstonérmodern electromagnetic
theory is the mathematical formulation of the propagation belectromagnetic waves by
James Clerk Maxwelll[1]2]. The works of Maxwell are based ohe earlier theoretical
and empirical knowledge developed by Gauss, Ampere, Fargdand others. Later,
Oliver Heaviside transformed the whole formulation of Maxell into its modern vector
form removing many of the mathematical complexities and pxided a foundation for
practical applications of guided waves and transmissionnk [3]. Although Maxwell's
equations are of great importance and together with the coimuity relations at the
boundaries and other auxiliary relations form the basics ahodern electromagnetics,
many scientists of Maxwell's time were skeptical of his theies. The rst experimental
proof of the electromagnetic theory of Maxwell was providedy a set of experiments
by Heinrich Hertz during 1887-1891 [4].

Hertz's work inspired a number of scientists around the gla@bto get involved in
the investigation of electromagnetic waves. In 1892, NikolTesla delivered a widely
reported presentation before the Institution of ElectricaEngineers of London in which
he noted, among other things, that information could be trasmitted without wires by
the electromagnetic waves [5]. During 1894-1900, J.C. Bos&ried out researches to
generate and investigate the optical properties of microwa (mm waves) and used the
same for signaling purposes![6l 7]. Bose reported on his rowgave (millimeter-wave)
experiments to the Royal Institution and other societies irEngland in 1897. Around
the same time, Alexander Popov demonstrated the transmissi of radio waves between
di erent campus buildings in St. Petersburg|[8]. The rst practical application of the
concepts of electromagnetism came from Marconi when he toakpatent in England
on a system of \wireless telegraphing” in 1896 and later wadle to demonstrate the

1



1. Introduction

transmission and reception of electromagnetic waves acsdbe Atlantic Ocean [9].

The concept of relativity by Albert Einstein [10,/11] has shan that the gravitation
and electromagnetics are related to each other and predidt¢hat the electromagnetic
waves passing by a massive star would be bent or re ected. leatthe con rmation
of this prediction has lead to the search of an \unied eld theory" or a \theory of
everything” in which Maxwell's equation would be a specialase. Such a uni cation
has not been yet achieved, but its realization remains as a pagoal of modern physics
and electromagnetics till datel[12, 13, 14].

The electromagnetic eld theory got much attention and a bost during the World
War Il mainly for military applications of radar systems. The desire for radars oper-
ating at microwave frequencies put high priority on the work related to waveguides,
waveguide devices, antennas etc. A variety of devices wereveloped to replace low-
frequency lumped circuit elements. Along with these devisethe underlying theories,
methods of analysis were also developed. Various mathengaticoncepts and tools were
proposed and applied to solve Maxwell's equations for designd analysis of radio fre-
guency components and devices. Most of the numerical techunes and theories upon
which the modern electromagnetic computations rely on haveeen initiated and for-
mulated during the 1960s. The next section will provide a bef survey of the widely
used numerical techniques today.

Since the last few decades the computational electromagimst (CEM) techniques
have been conceptualized, developed and matured to such eelethat it forms an es-
sential part of the current radio frequency (RF) and microwee engineering activities.
CEM has now became a multi-disciplinary eld with electromgnetic and numerical
methods being at the central subject. Other constituents ainodern CEM techniques
include geometrical modeling and visualizations, mathertiaal algorithms, computer
science etc. The CEM techniques not only allow to test a deedefore prototyping, it
also provides a strong insight into the functioning of the dece. From the viewpoint of
research, this is a very important feature and in some casesmore valuable than the
proper functioning of the particular device itself. The appcations of CEM are com-
plex, vast and almost impossible to count in numbers. Some tife areas at present in
which CEM is extensively used include the applications in @tion and communications,
biomedical devices and health, high speed circuits and sehes, electronic packaging,
geophysical prospecting, non-destructive testing, nuee and particle physics applica-
tions in particle accelerators, medical diagnosis and imig, industrial heating and
drying etc.

1.2 Overview of some widely used numerical tech-
niques in CEM
The industrial and engineering demands for sophisticatedeetromagnetic modeling for

a wide range of applications are continuously increasing.his ever increasing demand
has made computational electromagnetics into an \industtyof its own, involving a

2



1.2 Overview of some widely used numerical techniques in CEM

large number of researchers in academic, government and usttial laboratories. As
a consequence, the number of methods, techniques, algamth and their variations
involved with computational electromagnetics have becanmamost innumerable. Many
criteria may be used to classify the techniques involved inEM, like the domain in
which they are operating (time/frequency), the type of equgons on which they are
based (integral/di erential), the dimensionality of the problem (two-dimensional/three-
dimensional) etc. However it is extremely di cult to distin ctly classify the techniques
based on such criteria, as many of them share common featugsare interconnected
with each other. In this section, some of the state-of-theranumerical techniques
which are widely used in CEM will be brie y discussed along wh their advantages and
disadvantages.

1.2.1 Method of Moments

The method of moments (MoM), also known as the method of weitgd residuals,
is widely used in CEM, especially for the antenna engineegn Development of this
method was initiated in Russial[15]. This method has becomepular since the works
of Richmoned and Harrington|[16, 17]. Detailed informatioabout the early history and
development of the MoM can be found in_[18] by Harrington. It s been successfully
applied to a wide variety of electromagnetic problems likehte thin wire antennas and
arrays, scattering problems, analysis of microstrips etc.

In this method, an appropriate integral equation is derivedor the problem under
consideration. At the next step this integral equation, whth typically involves surface
currents, is discretized into a matrix equation using propgebasis functions and weighting
functions. The Greens functiond [19] are widely involved ithis procedure. Afterwards,
the matrix elements are evaluated and nally the corresporidg linear system of equa-
tions is solved using a suitable solver. From the solutionhé parameters of interest
are evaluated. Usually the MoM is applied in the frequency daaain, so the matrices
involved in this method are fully populated with complex valied entries. Some time-
domain integral equation formulations are also reported ithe literature [20]. Usually, a
marching on time (MOT) scheme is implemented in such formuli@ns. However, usage
of the MoM in the time domain is very limited till now, mainly for the stability related
issues.

The main advantage of the MoM is that highly conducting surfees can be treated
very e ciently. With this method only the surfaces are needd to be discretized - it is not
needed for the whole computational volume. This makes the thed computationally
e cient for the problems with small surface/volume ratio. The radiation condition is
automatically incorporated, requiring no additional comptational e orts. Extension
of this method towards stratied media can e ciently be formulated increasing its
applicability.

There are also some weak points of the MoM formulation. First it can not handle
the electromagnetically penetrable materials very e cietly. Secondly, the computa-
tional requirements for the MoM increase very sharply withncreasing frequency. So

3



1. Introduction

for high frequency applications, this method can be compuianally ine cient com-
pared to other techniques. This problem becomes even worsethe cases where an
inhomogeneous meshing is required.

A large number of commercial and non-commercial softwareseaavailable based on
MoM. The \Numerical Electromagnetic Code (NEC) - Method of Moments" which is
popularly known as \NEC2" is one of the widely used non-comme&al MoM software.
The state-of-the-art softwares based on the MoM includes ¥EKO" [21], \SONNET"
[22], \superNEC" [23], \GEMACS" [22] etc.

1.2.2 Finite Di erence Time Domain Method

The nite dierence time domain (FDTD) method is based on direct discretization
of Maxwell's equations in their di erential form [24]. It is one of the most popular
techniques based on nite di erences. The application of ite di erence method in
computational electromagnetics was initiated around 1920nder the title \the method
of squares” [25]. In general, the nite di erence technique approximate Maxwell's
equations by di erence equations. A number of nite diererce schemes exist with
di erent accuracies, convergence and complexities in thgjproximation of the di er-
entials. Under theses schemes, the value of the dependentiable at a point in the
solution region is related to the values at some neighborimpints. There are plenty
of nite di erence techniques applied in CEM besides the FDD method e.g. the -
nite di erence frequency domain (FDFD) method, nite volume time domain (FVTD)
method etc. All of these methods are quite similar in formutéon, sharing the common
advantages and disadvantages. The FDTD method was rst pragsed by Yee in 1966
[26]. Due to the higher computational cost and the di culty to model open problems,
it was not widely used at the beginning. Later, advent of thedchniques like the ab-
sorbing boundary condition (ABC), perfectly matched layes (PML) [27, 28] etc. have
made this method capable to model open problems. The expotiahincrement in the
computational power have made this method extremely populan the recent days.

In FDTD method, the whole computation domain is discretizednto a grid of nodes
where the electric and magnetic eld values are evaluated. iBrent material proper-
ties can be assigned to di erent mesh cells, enabling a stghtforward way to model
inhomogeneous media. Usually the electric and magnetic celgrids are spatially and
temporally o set from each other. These spatial and tempoitao sets are closely re-
lated to the stability and accuracy of the scheme. The presenalues of the electric
or magnetic elds throughout the whole computational domai are obtained from the
past eld values, using the update equations derived from thMaxwell's equations. The
update equations are used in a leapfrog scheme to incremeiytanarch the electric and
magnetic elds forward in time [26]. This implies that the eéctric elds are updated at
the middle of each time step between successive magneticd elpdates, and vice versa.

There are several advantages of the FDTD method. The methodlres on a versatile
and simple modeling technique. This makes the applicatiorf this method very simple
and straightforward. Being a time domain technique, a broatband frequency response

4



1.2 Overview of some widely used numerical techniques in CEM

can be obtained from a single simulation. Since this methodmputes the electric
and magnetic elds at each grid point, it is possible to have raanimated view of the
elds. This can provide a very useful insight for design andpiimization of microwave
devices. Modeling of inhomogeneous media of magnetic medan be readily realized
with FDTD.

The main weakness of the FDTD method is that the entire compational domain
has to be discretized resulting in very large computationalomains for some problems.
This leads to very long computation times for such problemsThis problem becomes
severe for large structures containing some tiny complexateires. In this case, the
spatial resolution (grid or mesh size) must be kept small famodeling the tiny part
precisely - resulting a manyfold increase in computationa ort. The open problems
cannot be solved straightforwardly with this method, apprgimations like the ABCs
or PMLs are to be used in this case. Although the electric and agnetic elds are
computed at each grid points, the far eld computations (whth is a key requirement for
the antenna problems) cannot be done in a straightforward waUsually the near eld
to far eld transformations are used for this purpose which sually require extensive
computational e orts.

Plenty of commercial and non-commercial FDTD codes are alable, because of the
simplicity of the method. Among the popular non-commerciaFDTD codes, \MEEP"
[29] from Massachusetts Institute of Technology (MIT), \EMExplorer" [3C] etc. can be
mentioned. The widely used commercial softwares based on HD include \XFDTD"
[31], \SEMCAD X" [82], \FIDELITY" [33],/\Empire" [34] ¢tc. T he commercial codes
and in some cases also the non-commercial codes include dsendly visualization
tools and the necessary post processing tools.

1.2.3 Finite Integration Technique

The nite integration technique (FIT) is based on a consistat discrete representation
of Maxwell's equations on grids. It was rst proposed in fregency domain by T.
Weiland |35]. In this method the integral form of the Maxwelk equations are used for
discretization, instead of the di erential form. This method coincides with the FDTD
method when it is used in time domain together with the leapfrg time stepping scheme.
It can be considered as a generalization of the FDTD method€Bsharing the similar
pros and cons of the earlier one. The FIT will be discussed inare detail in chapter[2.
The widely used commercial softwares based on FIT are \Mion@ave Studio" and
\MAFIA" [3[7,1 38], both from Computer Simulations Technology (CST). These two
softwares have been extensively used for most of the simutetts presented in this thesis.

1.2.4 Finite Element Method

The nite element method (FEM) is a very powerful and versatie numerical method
capable of modeling complex geometries and inhomogeneowedia. However the FEM
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1. Introduction

formulation is more complex than the MoM or the FDTD method. The FEM was

originated from the need to solve complex elasticity, stragral analysis problems in

civil and aeronautical engineering. Its development can leaced back to the works by
Hrenniko and Courant [39, 140]. The applications of nite eement method in electro-
magnetics began in the late 1960s for the analysis of wavedgs and cavities![41]. In
the beginning, its applications in electromagnetics werémited to the closed boundary
problems because of the problem of terminating the compuian domain in case of open
boundary problems. Later developments of the concepts likbe absorbing boundary
conditions, perfectly matched absorbers etc., have resait in successful application of
the FEM to the open domain problems in scattering, microwaveircuits and anten-

nas. The generality of this method makes it possible to builgeneral purpose computer
programs which can be applied to solve a wide range of problem

The FEM can be formulated mainly with two approaches - the r$ one is using
the variational analysis and the second one is using the meifth of weighted residuals.
In the rst approach, the partial di erential equation form of the Maxwell's equations
is chosen. Afterwards a variational function is found whosextremal point, subject
to certain boundary condition, corresponds with the solutin of the problem. The
second approach also starts with the partial di erential fom of Maxwell's equations
and then a weighted residual is introduced. At the next stageone of the di erentials
in the partial di erential equation is shifted to the weighting function using Green's
theorem. In both approaches, the unknown eld is discretizeusing a nite element
mesh. Usually meshing for the surface areas are formed witahgular elements and
tetrahedral elements are used for volumetric meshes. Othigpes of mesh elements can
also be used, but the triangular and tetrahedral shapes aréé simplest geometrical
forms to mesh two and three dimensional geometries.

There are several advantages associated with the FEM. Witthis method, com-
plex geometries and inhomogeneous media can be straightfardly and conveniently
treated. With FEM, each mesh element can be de ned independy. Thus, a large
number of ne mesh elements can be used in regions with conplgeometry and fewer,
larger elements can be used in relatively simpler or open regs. This feature allows an
e cient modeling of complex and large structures. Being a geeral method, this method
has the potential to couple many problems like the mechanigahermal and electromag-
netic problems together. Commercial software packages ohig subject have already
been developed, specially for the high power applicationsceupling electromagnetics
and thermal analysis.

One of the weak points of the FEM is: it does not include the radtion condition.
As a consequence, implementation of absorbing boundaries anusts to solve problems
with open boundaries. Secondly, for large three dimensidnaroblems, the FEM mesh
can be very complex. In some cases the required time to mesheat&in structure can
be larger than the time required for the eld commutation. The FEM method is more
complex to implement than the FDTD method.

As FEM is a quite mature computational technique and is apptiable to solve many
problems related to several branches of physics, there areamy commercial and non-
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commercial computer programs available. Some public domdibraries are also avail-
able including FEM discretization, FEM solvers and relatedproblems. Among the
most popular FEM softwares in electromagnetics the \HFSS" gckage from \Ansoft"
[42], \HFWORK" from \ElectroMagneticWorks" [43], \COMSOL RF module" [44] can
be mentioned. Most of them also provide modules to analyzeuged problems.

1.2.5 Transmission Line Matrix Method

The transmission line matrix (TLM) or the transmission line modeling is a numerical
method to solve eld problems using their circuit equivalen[45, 46]. It is based on
the equivalence between Maxwell's equations and the equais for the voltages and
currents on a mesh of continuous two-wire transmission lineAlthough the idea of
replacing a complex electric network by a simple equivalenttircuit is very old, the
idea of applying the same in the scattering problems is due tibhns and Beurle|[47].
The performance of the TLM is better at higher frequencies vdne the transmission
and re ection properties of geometrical discontinuities @&nnot be considered as lumped
elements. The symmetrical condensed node formulation isdely used for the three-
dimensional TLM analysis [[48].

The TLM method is a time-domain technique and depends on a di®tization pro-
cess. In this method, the problem is at rst replaced by the agvalent network using
transmission lines. The whole solution domain is discretd into a rectangular mesh
of transmission lines, interconnected with each other at @irent nodes. Each node is
connected with its neighboring node with a pair of orthogorily polarized transmission
lines. Dielectric loading can be realized by loading the apgpriate nodes with reactive
stubs. These stubs are usually half the length of the mesh sag having a characteris-
tic impedance appropriate for the desired loading. The terimation of the mesh at the
boundary of the solution domain is accomplished by terminatg the boundary node
transmission lines with corresponding characteristic imgdances.

The main advantage of the TLM method is that, it is based on a fatively simpler
formulation than the FEM. This method is exible and can be ugd to model arbitrary
and complex structures. Inhomogeneous media can be modekedy conveniently, and
the impulse response and time domain performance of the st can be obtain straight-
forwardly. Also this technique can be implemented into patkel machines.

Some disadvantages of the TLM method can also be noted in thisntext. This
method relies on rectangular meshing. Therefore, the numbaf mesh cells to accurately
model complex structures becomes very large. The smallestesof the mesh cell is
determined by the smallest details of the structure. Thus kge structures having some
small complex geometries usually require large and densédgr This problems become
more severe for the structures containing large free spaagions. In these situations,
hybridization of this method with some other method (e.g intgral equation method)
can be a better choice in terms of computational e ciency! [4]9

The commercial softwares FLO/EMC from FLOMERICS [50] and MEEiSTo from
FAUSTUS Scienti ¢ Corporation [51] are based on the TLM methd.
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1.2.6 Generalized Multipole Technique

The generalized multipole technique (GMT) is a frequency dwoain technique for elec-
tromagnetic eld computation [52]. Researches in this togi have been carried on by
di erent groups using di erent names for the method|[53| 5455].

The generalized multipole technique is based on the method weighted residues.
The expansion functions used in this method are analytic sdlons of the elds gener-
ated by sources (multipoles) located at some distance frorhé boundary surfaces. The
scattered eld is expressed as the weighted summation of thelds radiated by the mul-
tipoles. Boundary conditions are enforced to the scattereeld as expressed with the
help of the expansion functions. This gives rise to a systenf lmear equations which
is then solved to determine the strengths of the expansionrations. The accuracy
of the method depends largely on the number and locations dig multipoles. Since
the multipole elds are already solutions of the spherical ave equations, the radiation
conditions are readily satis ed and the elds can be direcyl calculated. This method
will be discussed in detail in the chaptells.

One of the advantages of the generalized multipole technigus that it requires less
computational e orts as it does not require discretizationof the whole computation
domain. The radiation conditions are readily satis ed and lhe far elds can be directly
computed. This method also provides the possibility to direly estimate errors in eld
computations, avoiding the time consuming convergence tses

There are also some disadvantages of the GMT. In this methothe eld computa-
tion is largely dependent on the locations and number of the uttipoles. The presence
of redundant multipoles lead to serious erroneous resultds this is a frequency domain
technique, the computations are to be repeated (includinghe multipole placement) at
each frequency point to obtain a broad-band response.

A three dimensional commercial software based on the GMT ihi¢ MAX-1 [56)].
The non-commercial versions of this software are also awle from the ETH, Zurich.

1.2.7 Mode Matching Technique

The mode matching technique (MMT) is a semi analytical fregency domain technique
best suited for the analysis of closed structures. It is ond the widely used CEM tech-
niques and has been initiated mainly for studies of wavegwddiscontinuities [57 ) 58].
This method has been very successfully applied to analyzeoptems like waveguide
junctions, discontinuities, corrugated sections, wavegle arrays, cavity resonators, ac-
celerating structures etc.

In this method the elds inside the closed structures are expssed as a series ex-
pansion using analytical solutions of the Maxwell's equains as the basis functions
(modes). The Fourier series or the Fourier-Bessel seriese axtensively used for this
purpose. For the analysis of discontinuities, the whole sicture is subdivided into a
number of subdomains. Fields in each subdomain are expreksedividually as the
summation of several modes with unknown strengths. By enfing the matching of the
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elds at the common interfaces, the unknown strengths of thenodes can be found out.
The complete solution of the whole structure can be found odtty proper cascading the
solutions for each subdomain.

The main advantages of this method include very fast and corafationally e -
cient eld computations, as discretization of the computabnal domain is not required.
In case of large structures, the computation domain can bewlled into smaller sub-
domains. Each sub-domain can be analyzed separately and rthihe results can be
combined to obtain the response of the whole structure.

The main drawback of this method is, it is best suited for thelosed structures or
structures with semi-in nite extents. Analysis of open prblems are possible for very
limited geometries or when it is combined with some other dable methods. Another
limitation of this method is, the structure under analysis nust be simple enough to have
analytical basis functions. For the same reason, it is extmeely di cult to e ciently
analyze the structures having complex geometries with thigchnique.

Several computer programs based on mode matching technigaie available with
the books related to modal analysis, e.g.l_[59]. The commaeity available program
\WASP-NET" from \MiG" [60] includes a mode matching solver for electromagnetic
analysis.

1.3 Contributions presented in this thesis

The area of CEM has undergone a vast development in the pastays - giving rise
to powerful electromagnetic simulation tools and techniggs. The goal of all these
techniques is to determine and predict performances of RF @microwave components,
networks and machines in a very accurate and reliable way. &hadvent of powerful
computers and computer systems allows us to analyze largedasomplicated structures,
with the numerical e ciency and accuracy remaining at the faeal point of today's
research interests. Each of the existing computational teoiques, as has been seen in the
previous sections, has their own merits and demerits. A sigrant amount of research
works of today is being carried out with the goal to couple thadvantages of one or more
computational techniques, giving rise to di erent hybrid nethods. Such hybrid methods
usually combine the advantages of both the methods involvethereby increasing either
the computing e ciency or the memory e ciency or both. In thi s thesis, at rst,
the scope and capability of the modern CEM softwares to analg complex microwave
structures have been elaborated through two examples. Bothe chosen examples are
real life examples and are far apart from each other. The rseéxample presented here
represents a closed boundary problem whereas the second baklng to the category
of open boundary problems. These two examples analyzed are:

1. Electromagnetic eld computations and analysis of someomponents of a third
generation synchrotron radiation facility, namely PETRA IIl, which is recently
under development.



1. Introduction

2. Modeling and analysis of a ultra-wideband microwave amea.

1. Electromagnetic eld computation for PETRA llI: In the synchrotron light
sources, charged particle bunches with certain energy argcalated inside a metal-
lic beam pipe maintained at high vacuum. Along some parts ohé beam pipe, the
particle bunches are subjected to traverse through certaitievices (‘insertion devices')
which provide them prede ned accelerations. As e ects of #se accelerations, the par-
ticle bunches emit synchrotron radiations. In course of traeling along the beam pipe,
the particle beams pass through many discontinuities. It iknown that whenever a
charged particle bunch traverses any discontinuity alonghe beam pipe, it excites an
electromagnetic eld (wake elds or wakes). This eld can rhg there for a long period
of time, or can propagated through the beam pipe depending ap the geometry of the
discontinuity and the beam pipe. Any other particle bunch fdowing the rst bunch
(or the same bunch after one cycle) has a chance of getting uenced by this eld.
Wake elds due to the leading part of a particle bunch (head othe bunch) can even
a ect rest of the bunch (tail of the bunch). During the designof an accelerator e orts
are made to minimize these unwanted e ects. In an acceleraichundreds of pick-up
devices (Beam Positioning Monitors), transitions, tapersvacuum pump ports, etc., are
present along the beam pipe. These are merely discontinesi in \view" of the particle
beam. Hence they can generate considerable amount of wakkds This part of the
thesis is involved in estimations of wake elds due to somedtiontinuities in the PETRA
Il beam pipe, related analysis like the possibilities of eitation of trapped modes and
characterizing these modes in terms of di erent parameters

The Beam Position Monitors (BPMs) of a particle acceleratoare pick-ups, which
are used to measure the position of the particle beam circtilag inside the metallic
beam pipe. Reliable operation of the entire accelerator igely depends on the proper
functioning and accuracy of the BPMs. In PETRA IlI, BPM systans with button
pickups will be used for monitoring the beam. Computation ahe calibration constants
for the button type of beam positioning monitors, correspating wake elds estimation,
possibilities of any trapped modes near the BPM button etc.have been thoroughly
analyzed in this section.

The multibunch operations in a particle accelerator are a eted by various instabil-
ities of the particle bunches, which quenches the maximum faevable current of the
machine. One of the available remedies is to employ feedbagjstems to prevent the
instabilities. These feedback systems usually consist ¢ifree parts. The rst part mea-
sures the position or phase of the beam with the help of BPMs.h& second part is the
electronic and signal-processing part, which generates appropriate correction signal
based on a reference signal. The third part is the device, whi delivers the correction
signal to the beam, correcting its error.

The next section of the thesis is on the analysis of the longidinal feedback cavity to
be employed in PETRA Ill. The main goals of this study are to dénate the wake elds
due to the cavity and to identify higher order modes (HOM) tha may have negative
in uences on the beam performance. Another important desigparameter of these type
of cavities is the shunt impedance. The shunt impedance ofcucavities describe how
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e ciently the \kick" (energy corrections) is supplied to th e beam by the cavity. Any
improvement in the shunt impedance actually will lead to som decrease in the costs of
the ampli ers. It is known that addition of \nose cones" can onsiderably increase shunt
impedance of the feedback cavities. The e ect of the nose @son shunt impedances for
the proposed PETRA Il longitudinal feedback cavity has bee studied. The increment
of the shunt impedance due to the nose cones has been estirdaaed compared with
the corresponding values for similar devices in operation.

2. Modeling and analysis of a ultra-wideband RF antenna: Thantennas are es-
sential parts of any RF communication systems which are uséd transmit and receive
electromagnetic signals. Numerous types of such devices ased in modern day commu-
nication systems, depending upon the application. The amea which is investigated in
this thesis is a compact, lightweight and inexpensive antea having a very large band-
width. Combination of these features makes it a strong carndfte for various portable
applications. The ultra-wideband characteristics of the menna is achieved by means of
a specially designed taper which minimizes re ections frothe antenna edges and tran-
sitions. Due to its unconventional and complex shape, it idmost impossible to analyze
the antenna analytically. This necessitates to model it wit a electromagnetic simula-
tor. A MATLAB [61] based program has been developed to creatbe unconventional
geometry of the antenna inside the electromagnetic simulat From the simulations,
the crucial parameters in uencing various antenna charaetistics have been found out.
Based upon these investigations, the antenna design has begstomized for di erent
applications and tested successfully. A more compact fornhthe same antenna has also
been produced and successfully applied for the radio frequg identi cation (RFID)
applications.

Most of the modern full-wave CEM techniques require discrization of the whole
computational domain. This was also the case for the two exaoes presented earlier. In
order to achieve numerically e cient computations with the available computer memory,
one must de ne a nite computational domain enclosing the poblem under analysis and
rely on the ways to terminate the computational domain at theboundaries. Although
this does not create a big problem for closed structures, bdior the open structures
the termination of the domain is a very important issue. Usud the termination
is accomplished using some arti cial absorbing layers at éhdomain boundaries, or
terminating the domain with some perfectly matched layersAlthough termination of
the computational domain by means of these methods usuallgdd to quite accurate
results for most of the practical applications, there is dtisome debate about the most
appropriate termination methods and the appropriate distace of these layers from the
domain boundaries. However, if some hybrid techniques irving two separate methods
for the closed and open problems are used, this problem can to&lly avoided. Such
a hybrid method is presented afterwards which combines a cpotational method best
suited to analyze closed problems with another one suitable analyze open problems.
This hybridization allows to analyze an open problem withouthe issues of arti cially
terminating the computational domain, whereas the interniapart of the device under
analysis can be analyzed with any numerical CEM technique.
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The generalized multipole technique, also called the muyfie multipole technique,
belongs to the category of \source methods". As has been memed in[LZ®, GMT
can be conveniently used to analyze the open problems. Comdtion of the GMT with
the mode matching techniquel[I.217) provides the possilylito analyze open problems
combined with closed problems. A very common example of thigpe of problem
are aperture antennas. The GMT-MMT hybrid method allows to ealistically analyze
this type of problems without discretizing the whole compution domain. Atrti cial
approximations of the domain boundaries (like absorbing hmdaries etc.) are not
needed in this method, thus decreasing the computational ert. This method also
provides an easy and straightforward way to estimate the esr in the eld computation.

The generalized multipole technique used in this context &relatively new technique
in computational electromagnetics. One of the major and caial issues in this method
is the proper placement of the sources or multipoles insidbéeé computation domain.
Improperly placed multipoles usually lead to large errorsiithe computed eld. In order
to counter this problem, some numerical techniques based tre decomposition of the
system matrices have been proposed. These methods are céptbidentify the wrongly
placed or redundant sources in the system, so that they can kgcluded. The proposed
techniques have been applied successfully for eld comptitax of radiating apertures
and the results have been validated by comparing the resuligth those obtained using
standard electromagnetic simulation tools.

1.4 Organization of this thesis

In the current chapter, at the beginning, a brief historicalreview of the CEM is pro-
vided. Short descriptions of the most used CEM techniquesaadg with their merits
and demerits are brie y discussed in this chapter. Afterwals the contributions in the
eld of CEM within the framework of this thesis is stated, whch is followed by the
organization the thesis.

In the second chapter a basic formulation of the FIT has beenrqvided. Some
related topics are discussed and basic features of the connored CEM simulation tools
Microwave Studio and MAFIA are presented.

The third chapter presents electromagnetic eld computatins related to the third
generation synchrotron radiation facility PETRA Ill, using commercially available CEM
tools. Wake elds, impedances and related electromagnetanalysis of some parts of
PETRA Il are reported in this section.

The fourth chapter is concerned with the electromagnetic atysis of a three dimen-
sional ultra-wideband antenna. Modeling, parametric studs and investigations about
the operation of the antenna using a commercial CEM tool ara@sented in this chapter.

The fth chapter presents a hybrid method for analyzing radating apertures. This
hybrid method involves the semi-analytical CEM technique&MT and MMT. After a
brief introduction to these techniques, methods to overcoenthe critical problem of mul-
tipole placement are suggested. Simulation results for sal cases implementing those
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techniques are presented and compared with the results obtad from the commercial
simulation software.

The sixth chapter, which is also the last chapter of this digstation provides sum-
mary of the works covered in the framework of this thesis.
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Chapter 2

The Finite Integration Technique

2.1 Prologue

The nite integration technique (FIT) was proposed by T. Weiland as a computational
tool to solve the Maxwell's equations [62]. This techniquegppends upon a discrete refor-
mulation of Maxwells equations in their integral form, makng it suitable for numerical
computations with the help of computers. In this techniquethe six components of elec-
tric eld strength and magnetic ux density are computed on adual grid mesh system.
This technique is based on a matrix formulation and can be aped to non-orthogonal
coordinate systems in addition to the Cartesian coordinateystem. It can be applied
either in the frequency or in the time domain. The applicatios of the FIT has been
extended to acoustic, elastic and piezoelectric wave pragstions [63)64]. The commer-
cial software packages CST Microwave Studio and CST MAFIA (Mxwells Equations
using Finite Integration Algorithm) [65] are directly base&l on this technique and are
widely used as a state-of-the-art electromagnetic designaganalysis tool. As these two
software packages have been extensively used for the electagnetic simulations in this
thesis, the basics of the FIT is summarized in this chaptert may be noted here that a
detailed description of this method is beyond the scope ofithchapter. Further details
and elaborated description of this method can be found in_1667,168].

2.2 Theoretical formulation

2.2.1 Discretization of Maxwell's equations

Computational electromagnetics deals with the problem tocurately compute the elec-
tromagnetic elds due to a device or structure of interest. i order to compute the
electromagnetic elds with the help of a computer with nite memory, the rst step is

to de ne a nite calculation domain out of the in nite extent of the open boundary.
The considered application problem is enclosed by this rat calculation domain. The
Maxwell's equations in integral form, which are the governg equations used for the
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eld computation in FIT are given by,

| y
E ds = @ A (2.1)
ot
| Z @
H ds = = +J dA (2.2)
| z Ot
D dA = dv (2.3)
|
B dA = 0 (2.4)

Here, E and H are the electric and magnetic eld vectorsD and B are the electric
and magnetic ux density vectors, is the electric charge density and is the current
density, respectively. The electromagnetic elds which @& related to each other accord-
ing to equations[ZIEZM are to be computed within the compational domain de ned
earlier. It may be noted that in this chapter the eld quantities (E;H;D;B) are in the
time domain.

In the next step, the computational domain is decomposed iota nite number
of volumetric cells, termed as FIT cells. The FIT cells are fonulated in such a way
that they exactly t to each other. In this way, the intersection of two di erent cells
is either empty or a polygon, an one-dimensional edge, or aipioshared by both the
cells. This decomposition scheme yields the nite integrain grid which serves as the
computational grid.

Although the FIT allows non-orthogonal and irregular gridng, orthogonal Cartesian
grids will be considered here for simplicity. Each grid cane lled with a homogeneous
material, according to the geometrical and material detasl of the device under analysis.
In this way the whole computational domain is composed of thaite set of elementary
cells with volumes,V,. The non-empty intersection of two elementary volumes is an
area, non-empty intersection two elementary areas is a lirmd the intersections of two
lines is a point. The state variables in FIT (the electromagetic elds and uxes) are
generally allocated along the elementary lines or on the elentary areas.

Now let us consider a single cell with volum¥; inside the computational domain
as shown in FiglZ1L. The electric voltage along one side oktsurfaceA,(i;j; k ) can be
written as,

Xi+1 1YiiZi
e(i;; k)= E ds: (2.5)
Xi YiiZi

Here, x;;y; and z denote the coordinates of a cell node with indicasj and k. In
the same way, the voltages along the other edges can be congulito obtain the exact
values of the integrals over the electric elds along theselges. The integral over a large
area can be computed by summing up the integrals of the elentary areas constituting
the larger one.
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Figure 2.1: A single FIT cell with the allocation of electricgrid voltages on the edges
of an elementary area.

The total magnetic ux through the area A,(i;j; k ) can be computed as the integral
of the magnetic ux density over this areza as,

b,(i;j;k ) = B dA: (2.6)
Az (k)
Total magnetic ux through a larger area can be computed as #nsum over the magnetic
uxes of the constituting elementary areas. Now, the equatns[Zb and_Zl6 can be used
to reformulate the equationCZ1 for the elementary ared,(i;j;k ) as,

(k) +gli+1k) e +1:k) gpk)= Fh(iik): (2.7)
Equation [Z1 is the integral formulation of Faraday's law foa single surface element of
the elementary FIT cell. It may be noted here that equatioi2] is the exact represen-
tation of the equation[Z1 as no approximation has been used.

The electric voltages and the magnetic uxes over the wholeelt complex are col-
lected in an appropriate order and are arranged as a matrix egtion of the form,
0

€h1 0 1
0 1B
€n2 d :
@1 1 1 1A ; = G b & (2.8)
€3 :
€ha

Here, the subscriptn contains information about the cell index and the eld com-

ponents. The equatiorLZI8 can be written more compactly as,
d

[Cle= ab: (2.9)
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Here, the matrix [C] contains all the topological information about the elecic elds
according to their orientations on the cell edges within thgrid G. So, the coe cients
of [C] are only 1 and -1. The matrix {C] is so organized that it represents a discrete curl
operator on the gridG. Further details about the arrangement of the matrix C] can be
found in |[66]. The equation”ZPB represents the discrete forai the equationZ1. Now

mﬁ+g) > b (i5]; K )
5 ﬁf///
e 2 Pl +1;5k)
y « :
be(i: ;K ) e
;X A by(itj: K +1)
< p(ifik)

Figure 2.2: Allocation of the magnetic uxes through the sixsurfaces of a FIT cell.

let us consider the equatioiZl4, which describes the nonistence of magnetic charges.
The total integral in this case can be expressed as the algalr sum of the individual

integrals over all the elementary areas constituting a FIT @l. The allocation of the

magnetic ux vectors through the surfaces of a single FIT ckls shown in FigZZ1l.

So, the equatior”ZK# can now be written as,

b(i;jik )+ b (i+1;5k) B k)+ b (i) +1,k) b(ijik )+ b(i;j;k +1) =0 (2.10)

Again, the above equation for a single cell can be extended ttee whole computation
domain and can be arranged as,

1

O .

b

0 1 o
@ 11 1 1 11 A€“3 = 0: (2.11)

bha
bhs
bhe

The above equation can be written in a more compact form as,

[S]b =0 (2.12)
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Figure 2.3: Geometrical orientation of the gridG and the dual-grid & in FIT.

The matrix [S] contains only the topology of the grid as in the case of th&C]. The
equation[ZZTI2 is the discrete representation of the fourth d&well's equation.

Another grid system@ is introduced in order to discretize the other two of Maxwek
equations. This is termed as the dual grid and there is a direone-to-one correspon-
dence between the grids and the dual grid €. For the Cartesian system considered
here, the dual grid is formed by taking the centers of the cellof G as the grid points
of €. The spatial arrangements of the grid$s and & are shown in FigCZB.

The discretization of the second and third Maxwell's equatins are accomplished
in the similar way discussed for the two other equations. Thenagnetic voltages K;)
are assigned as a state variable to each dual elementary lit@), the electric ux
(di) and the total electric current (j;) normal to the elementary dual grid surface 4&;)
are assigned as state variables to each dual elementary até&) whereas the discrete
charges @) are assigned as state variables to each elementary volun®)( So, the
previously mentioned quantities can be expressed as,

Z

h = H ds (2.13)
yad

d = D dA (2.14)
vl

i = J dA (2.15)
vl

q = dv: (2.16)
R

(2.17)

Storing the values of the state variables in column vectordi{d;j and q ) and the

topological values in matrices € and §), the discrete form of equation§212 and 2.3 can
be written as,

d .,
[€]h= —d+] (2.18)
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[8]d = g (2.19)

The voltages and uxes allocated on the two di erent cell comlexesG and € are
to be related to each other according to the constitutive matrial relations. Since the
voltages are allocated to the elementary cell edges and thexes are related to the
elementary cell areas, an averaging of the material propes of the surrounding cells is
required. One such allocation has been illustrated in Fig:Z Here the electric voltage
(ey) is allocated along the elementary edgd.() of the elementary cell inG whereas the
electric ux (D,) is associated to the elementary are&, within the dual grid €. Let
the permittivities of the elementary cells 1, 2, 3 and 4 il be denoted by"1; "n2; "n3
and "4 respectively, and their average by,. Then the relation between the electric
eld intensity and the ux density is written as,

D, = "€, (2.20)

Proceeding in the similar way to couple the voltages and uxealong with the corre-
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Figure 2.4: The elementary cell edge i® along which the electric voltages are allocated
and the elementary cell area o6 along which the electric uxes are allocated.

sponding material relations over all the cells in the dual ¢t G and &, we obtain,

D = [M-]e (2.21)
B = [M ]h (2.22)
J = [M Je+ s (2.23)

Here, M-];[M ];[M ] denote the permittivity, permeability and conductivity ma-
trices andjs denote the impressed current.

The equations[ZB[Z18 219, 2112 along with equationS2{ZZ1 are the discrete
representation of the Maxwells equations used in the FIT famulation. These equations
are generally termed as Maxwell's grid equations (MGES).

The most important feature of the MGEs compared with other nmerical methods
for the solution of eld problems is that the set of matrix eqations is a consistent
discrete representation of the original eld problem. Morever, the properties of the
elds are maintained while transforming from the continuos case to the discrete one.
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2.2 Theoretical formulation

Due to this consistent formulation the numerical problemske the spurious modes or the
parasitic charges does not appear in computations. Anothaspect of this formulation is
the possibility of cross checking the solutions at di erenstages during the computations.
This is possible because they are vectors with exact algelararoperties.

As discussed earlier, the state variables are de ned as thaface integrals or the line
integrals over the elementary areas or elementary lines dfet dual grid systemG and 6.
These integrals involved in the computations are evaluatesumerically using standard
numerical integration schemes. This discretization is at@gous to the discretization of
the di erential equations in case of the FDTD methods.

2.2.2 Maxwell's grid equations in time domain

For the time domain computations, a discretization of the tne axis is also to be con-
sidered. The time derivatives involved in the Maxwells equ@n are approximated
according to the central di erence formula and the electriand magnetic eld update
equations are derived from those discretized equations. ibg these update equations,
the present electric and magnetic elds are obtained from #previous eld values. Let

| | |

—O O O o—— time (t)
e 3 phn gt} p+D)

| | f

Figure 2.5: The time stepping scheme used for evaluating thelds in FIT ([69]).

us consider the step-size of time axes ag and the eld values at n-th step be denoted
by the superscriptn. Using this notations, any functionf (t) in t 0 is represented
at the n-th time step asf" = f (t") with t" = n t. Using this notation scheme, the
update equations for the electric and magnetic elds from th equationdZ 119 an@ 2.9

can be expressed as, h .
[
ez = e D+ tM.] L [€]M ] ™ +jM (2.24)

b(n+1) — b(n) t[c]e(n’f%) (225)

From the update equations, it can be noticed that the electti and magnetic elds are
0 set with respect to each other in time (half of the time ste. The electric eld

at a particular instant is computed using the electric eldsat one time step before,
and the magnetic ux and the current source values half a timstep before. This time
stepping scheme is known as the leap-frog scheme and is aksedun the FDTD method.
The time stepping scheme is shown in the Fid_—2.5, where therimmntal axis denotes
the time axes. The electric and magnetic elds are evaluatedlternately at the time

intervals marked as the circles along the time axis.
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2. The Finite Integration Technique

2.2.3 Stability condition

It can be shown that the coupled di erence equations represied by the set of di er-
ence equations in-224 andZP5 are conditionally stable. &lstability criteria for this
marching on time scheme is given by the well known Courant-ledrichs-Levy condition
[70]. For regular equidistant coordinate grids lled with lomogeneous materials, this
condition relates the largest time step t allowed with the smallest mesh steps in the
three spatial directions as,

p -
t (2.26)

12, a4 T, 1
X y z

here, X, yand zare step sizes inthe x, y and z direction respectively, whas
and" denote the permittivity and permeability of the material in the cell. The stability
condition in basically enforces the casuality conditn by keeping the maximum
allowed time step value equal to the time taken by electromagtic waves to pass the
smallest cell. It can be seen froi—Z.P6 that in order to obtaia stable scheme for a
problem with very ne mesh size, the allowed time step shoulde very small leading to
a large simulation time.

2.2.4 Excitation

The excitation signal plays a very important role in obtainng the correct response of
the system under analysis in the desired frequency range. itially, the plane wave
sources were used _[26] for the time domain simulations. Sinthe real advantage of
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(&) A modulated Gaussian pulse excitation signal (b) Frequency spectrum of the excitation pulse.
in time domain.

Figure 2.6: A modulated Gaussian excitation pulse in time doain and its frequency
domain spectrum.
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2.2 Theoretical formulation

the time domain formulations is to obtain the response of a stem for a frequency
range from a single run, it is advantageous to use pulsed aations as functions of
time. In order to characterize general microwave devices Isad signal sources are
used and speci c eld components at certain locations of thdevice under analysis are
excited. The spatial characteristics of the excitation sigal ensure propagation of the
desired mode through the device whereas its temporal char@gstic ensures obtaining
the response of the device in the proper frequency band. Thecgation waveform should
include all the frequencies of interest and should have a soth turn on and turn o in
order to minimize any undesired high frequency componentSignals with Gaussian or
modulated Gaussian temporal pro le are most commonly usedif excitations. These
types of signals have well de ned waveforms and Fourier sgem. Fig. shows
a sine modulate Gaussian pulse in time domain suitable to abh the response of a
device in the frequency range from 8 to 12 GHz. The frequencyextrum of the same
excitation pulse is shown in Fig. 2.6()). The other source waforms like the Blackman-
Harris [71], derivative of Gaussian, Ricker and other wawetls [72] are also used as
excitations sources.

2.2.5 Termination of the computation domain

As the computers have nite memory and computation capabilies, the physical prob-

lems to be solved are needed to be con ned inside a nite comation domain. These is

usually achieved by employing proper boundary conditiond ¢he physical boundaries of
the structure under analysis. However, for solving open potems using the fully numer-

ical computational techniques like the FDTD, FEM, FIT etc. the computation domain

is needed to be terminated arti cially creating a free spacsurrounding the structure.

Numerous methods have been proposed and are used for thisgmse till date. The

main purpose of these termination schemes is to totally abdoany electromagnetic eld

incident on it irrespective of the incidence angle, frequewg etc. This e ectively allows

modeling of the free space, the e ciency and accuracy of winodepends on the used
scheme.

The mostly used truncation schemes can be categorized intwa groups. The rst
group is di erential equation based absorbing boundary cdalitions (ABC). These meth-
ods depend on providing the continuity of the propagating waes [73, 74] during the
computations. ABCs in this category do not require additiorof any further mesh layers
but their performance is not so good as the other group. Themd group relies on
adding some totally absorbing material layers at the mesh lbiodaries. These layers
are termed as perfectly matched layers (PML)_[28]. The impheentation of this type
of mesh termination is a bit complicated and requires additnal computational e orts
due to the additional mesh layers to be added. Stability andetated issues for the PML
boundaries are still under investigations. However, usagé the PML boundaries have
become more popular due to its superiority in performance ewthe di erential equation
based ABCs. A number of improvements have been reported indHiterature in the
recent days in the formulation of PML boundaries with the ainto simplify and improve
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2. The Finite Integration Technique

their performances|[75, 76].

2.3 Commercial CEM tools based on the FIT

2.3.1 Microwave Studio

CST Microwave Studio (MWST) is a Windows based user friendlyelectromagnetic
simulation tool directly based on the FIT [37]. It is a subsetbf the general purpose
electromagnetic software \CST Studio Suite" from ComputerSimulation Technology
[65]. This simulation tool provides a very good visual feedigk at all stages of the
simulation process, starting from modeling the geometry Itipost processing and vi-
sualization of the results. Advanced meshing schemes likeet\partially lled cells",
\thin sheet technique" together with the features to integate into various other win-
dows based programs like MATLABI[61], AutoCADI[77], etc. haas made it a powerful
and convenient three dimensional electromagnetic simulah tool. However, there are
several parameter settings mainly related to the PML settigs, meshing, solver stability
etc. physical implications of which are not fully transparst to the user. There solvers
are available for the high frequency electromagnetic eldrpblems. The available solvers
are the transient, frequency domain and eigenmode solver.

Transient solver: This is the mostly used time domain solvesf MWST. It can be
used to obtain response of the structure under analysis in @exi c frequency range
with a single simulation. Dierent boundary conditions (open, conducting, periodic
etc.), two dimensional port mode computations in the frequey domain, computations
for lossless and lossy structures, simulation of frequendgpendent material properties,
far- eld computations etc. are the main features of this sekr. This solver is especially
suited for the devices with open boundaries e.g. antenna asdattering problems.

Eigenmode solver: This solver allows to compute the eigendes and modal eld
distributions of closed loss free structures, e.g. resooas, lters etc. Periodic boundary
conditions including phase shifts, calculations of lossasad quality factors (perturbation
method) etc. are among the main features of this solver.

Frequency domain solver: This solver is based on frequencgnoain formulation
of the FIT and computes the frequency response of a given stture directly in the
frequency domain. It is particularly suited for narrow-baw analysis of electrically
small problems. Some of the key features of this solver areadysis of lossy and loss-
free structures, di erent boundary conditions (open, condcting, periodic etc.), far- eld
computations etc.

The transient and the eigenmode solver have been extensyeised for the simula-
tions presented in this thesis.

2.3.2 MAFIA

MAFIA (solution of MAxwell's equation by the Finite Integration Algorithm) [38] is a
general purpose three-dimensional electromagnetic eldulator directly based on the
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2.3 Commercial CEM tools based on the FIT

FIT formulation [38]. It is widely used for computer-aided @sign of three-dimensional
RF cavities and other electromagnetic structures. The MAFA program is organized in a
modular manner, each module having their own speci ¢ funains. The modules includes
preporcessor, post processor and solvers for di erent casaef Maxwells equations. All
these modules can be run from a common Graphical Users Ineé (GUI) as well as
in batch modes or semi interactive modes using prede ned comand sequences. The
organization of the modules available in the current MAFIA ersion (MAFIA 4.2) is
shown in Fig[ZF. Short descriptions of the MAFIA modules aih their main features
are summarized in TabldZ]1. For the simulations presented this thesis, the MAFIA
modules M, E, T3 and P have extensively been used. Here it mag moted that in
contrast to Microwave Studio, some advanced meshing feaas like the partially lled
cells are not included in MAFIA. Moreover, some restrictios regarding meshing and
the geometries of the structures are to be respected for carn type of computations
e.g. wake eld computations with MAFIA. Still, features like excitation through charged
particle beam, the patrticle in cell codes together with thetber relevant solvers within
one software package make it a very cost e ective CEM simuian tool.

M
S T2,T3 E H3 TS2, TS3 | TL3 W3
P
Graphical User Interface and Macro Language

Figure 2.7: Schematic diagram of the organization of the MAR modules.
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11%

Module Description Main features
Mesh nerator .
©s generator, Prede ned shapes, import and export of CAD
M translates the geom- ) .
. data, automatic mesh generation, fully para-
etry of the physical . .
. metric modeling etc.
problem into mesh
: Standard and open boundary conditions, eleg
Static solver, Elec- | . S
S . tric currents and temperature distribution cal-
trostatic and Magne- . : : : :
. culations, non-linear and anisotropic material
tostatic problems .
properties etc.
Broadband simulations, Absorbing boundary
- 4 th gi conditions, frequency dependent materials, ca
T2. T3 wo - an | t_ree dl- culation of particle beam wake elds, various
’ me_nsmnla time do- | oycitations (incident plane waves, wave guid
main Sovers modes, superposed electric currents or volt
ages, particle beam) etc.
Eigenmode computations (without spurious sor
) lutions), propagation parameters, accuracy de
E Eigenmode solver | tarmination, anisotropic materials, boundary
conditions for symmetric and periodic struc-
tures etc.
) Computation of transient temperature dis-
H3 Thermodynamic solver| yripytion, coupled problems, external heat
sources etc.
Two and three di- | Relativistic treatment of particle motion, elec-
TS2, TS3| mensional particle in | tron /ion gun and tube simulations, boundary
cell solvers conditions (electric, magnetic, open) etc.
L3 Low frequency time Computation of transient low freque_n_cy elds,
domain solver standaro_l a_nd open boundary conditions, curt
rent excitation etc.
Frequency  domain | Computation Eddy currents, various boundary
W3 and Eddy current | conditions (Standard, open and waveguide), S
solver parameter calculations etc.
Signal processing tools (DFT, FFT, AR-
Filter), energy and loss computations, severg
P Post processor post processing tools (integrals, curl, divert
gence etc. on the computed elds), touchston
export, di erent representation and visualiza-
tion tools etc.

D

Table 2.1: Description and features of the MAFIA modules.
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Chapter 3

Wake Computations and Related
Analysis for PETRA III

3.1 Prologue

In this section applications of commercial CEM tools in the ra of particle accelerators
are reported. The computations and analysis are related tché components of the
39 generation synchrotron light source PETRA Il at DESY, whid is currently under
construction. The storage ring aims for a very high brilliane with a particle energy of
6 GeV and beam current of 100 mA. The main operating parametenf PETRA Il
are summarized in tabld=3]1. To achieve the aimed level of f@mance, it is of utmost
importance to estimate the wakes, impedances and relatedrpaneters associated with
various discontinuities mounted along its 2304 m long beapipe. In this section, the
wakes, impedances and related studies for di erent parts d&?ETRA 1l have been
presented. At rst, wakes, impedances and related studies$ the beam position monitors
have been reported which is followed by the studies related the longitudinal feedback
cavity of PETRA Il

Parameters Values
Energy (GeV) 6
Circumference (m) 2304
RF Frequency (MHZz) 500
Total current (mA) 100

Number of bunches 960 | 40
Bunch population (13°) | 0.5 | 12
Bunch separation (ns) 8 | 192

Table 3.1: The main operating parameters of PETRA IlII.
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3. Wake Computations and Related Analysis for PETRA IlI

3.2 Synchrotron radiation facilities

Charged patrticles radiate electromagnetic energy whenewhey face an acceleration.
In case of the charged particles moving at relativistic spds, this radiation is con ned
to a narrow cone tangent to the particle trajectory|[78]. Theheoretical analysis of this
radiation was rst put forward by Lenard and further devel oped by Schott [79, 80].
This radiation is termed as synchrotron radiation and it depnds on the energy of the
charged particles and the amount of acceleration. A syncltron radiation facility is a
type of particle accelerator in which charged particles araccelerated to a high energy
by an electric eld while they are made to rotate along a circlar path of constant radius
by means of magnetic elds. During their orbit, these partites are forced to go through
some prede ned accelerations (usually achieved by magretelds) in order to make
them radiate energy in the form of synchrotron radiation. Tle synchrotron radiations
have some special properties like, high brightness, intetysand brilliance, high collima-
tion (small angular divergence), low emittance, widely tuable in energy/wavelength,
high level of polarization, pulsed light emission etc. Thesproperties have made syn-
chrotron radiation an important tool for applications in condensed matter physics, ma-
terial science, biology and medicine. The synchrotron liglsources are largely used to
probe the structure of matter from the sub-nanometer levelfcelectronic structure to
the micrometer and millimeter level.

Bending
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Figure 3.1. Schematic diagram of a synchrotron radiation ¢dity [source: internet].

The largest part of a synchrotron radiation facility is a meallic beam pipe - inside
which a high vacuum is maintained. The charged particles anmade to travel inside
the vacuum beam pipe by means of magnetic elds. The acceléom is usually accom-
plished in the radio-frequency cavities inserted along tHeeam pipe by applying suitable
electric elds. Intense electric elds at the desired fregencies are provided by powerful
ampli ers which are fed into those radio-frequency cavite While the particles traverse
through these cavities, some of the energy of the radio wawetransferred to them and
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3.3 Theoretical basics

the particles are accelerated.

Usually, dipole magnets are used to bent the path of the padie beam. Focussing of
the particle beam is achieved by quadrupole magnets or an ayrof quadrupole magnets,
wherever necessary. Hundreds of sensors and associatectreleics are installed along
the beam pipe in order to monitor the position of the beam. A lage number of corrector
devices are used to prevent any unwanted deviation, instdities or oscillations of the
beam. Beside these, many insertion and pumping devices,efg@farrangements etc. are
also employed with such a facility to ensure its proper funiining. In Fig. B the
schematic diagram of a synchrotron radiation facility is pesented, indicating the major
parts.

3.3 Theoretical basics

3.3.1 Wake elds and impedances

In a particle accelerator, the charged particle beams usipltravel inside a conducting
pipe (beam pipe) maintained at high vacuum. For a particle alerator in reality,
the beam encounters di erent cross sections of the beam pip@d interacts with the
discontinuities. The interactions of the beam with its surounding are described in
detail by wake elds [81,/82]. From these elds several quaities, including the loss and
kick parameters, can be calculated. The various loss and kiparameters obtained in
this way represent integral measures of the interaction ohé beam with the considered
part of the accelerator. In order to ensure proper functiong and achieve the design
goals it is therefore required to know the wake elds of di eent parts of the accelerator.

Let us consider a point charge moving in free space at a velyatlose to the velocity
of light, c. With reference to the laboratory frame, the eldcic and magnetic elds
of such a relativistic particle lie nearly in a plane passinghrough the charge and
perpendicular to its path. So, a second charge moving behirkde rst charge on the
same or on a parallel path, and at the same velocity ¢ will not be subjected to
any forces from the elds produced by the leading charge. Th&tuation is di erent
if the two charges are moving in the vicinity of metallic objets or other boundary
discontinuities. The trailing charge still does not expeence the direct elds in the
wavefront moving with the leading charge. This wavefront ag however, scatter from
the boundary discontinuities, and this scattered radiatio is able to reach the trailing
charge and exert forces parallel and perpendicular to its rdiction of motion. These
scattered waves are termed wake elds, and the integrated ects of these wake elds
over a given path length of the trailing charge give rise to fwitudinal and transverse
wake potentials [83] 84].

Let us consider the situation shown in Fig—=3]2. Here, a tesharge ¢, is following
a point chargeq, along a discontinuity in the beam pipe. LetE and B be the electric
and magnetic eld excited by the point chargeq, at the longitudinal position z = ct
Both the charges have the same radial o set from the axis and the test chargey, is
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3. Wake Computations and Related Analysis for PETRA IlI

at a distant s from . The Lorentz force on the test charge with momentunp due to
the elds generated by the point chargey, is

dp _

F= = ®(E+ce B) (3.1)

Figure 3.2: A point chargeq, traversing a cavity with an o set r followed by a test
chargeq, with the same o set.

In this case, the wake potential due to the point charge, can be de ned as:

W (r;s) = % dz(E+ ce, B)iz(z+s)=c (3.2)
1

The wake potential may be regarded as an average of the Loreribrce on a test
charge. Causality requiredV (s) = 0 for s < 0. The distant s is positive in the direction
opposite to the motion of the point chargey. The wake potential of a Gaussian bunch

with charge density:
I

2
(h=a G o O p=en P
is obtained by a convolution integral with the point charge \ake potential W
VA 1
W (r;s) = d® (s sHW (r;s9H (3.3)

0
From the wake potential W (s) of a Gaussian bunch the following loss and kick
parameters are obtained:

Z,
ke = dsWi(r =0;s) (s) (3.4)
1
ke(1) = ds Wi(r =O;S)O|—S (s) (3.5)
1
141
k, = - dsW, (r;s) (s): (3.6)
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The parameter ki) is termed as the total loss parameter and it is a cumulative
representation of the all the losses (i.e losses due to thecked cavity modes and beam
pipe modes). If the total charge of the Gaussian bunch i§, the total energy loss of
the bunch [85,.86] is given by,

W = of ky: (3.7)
The parameter k(1) is a crucial parameter for the longitudinal impedance nael of
an accelerator![87]. From the parametek,(1) and the kick parameterk, the coherent
tune shifts of the lowest order bunch modes in the longitudal ( ) and transverse
planes () can be calculated according to the following equations_|887]:

_ g RTo
s - s ZhUrf kk(l) (3-8)
lg < >T o
— k> :
4 E=e (3:9)

where ¢ is the synchrotron tune, Ig the single bunch current,R the average radius,
To the revolution time, h the harmonic number,U;; the total RF voltage, < > the
average beta-function ancE the energy of the accelerator.

The frequency domain description for the coupling betweerné beam and its envi-
ronment can be obtained with the Fourier transform of the wad potential. The Fourier
transform of the longitudinal wake potential is called thedngitudinal impedance or the
longitudinal coupling impedance

1
Zyit)= = Wixyis)e 't ds (3.10)
1

Similarly, the transverse impedance or is de ned as,
; 1
J

i B4
cC 1

Zo(xy;1 )= W, (X;y;S)e S (3.11)
The impedance spectra corresponding to a discontinuity alg the beam pipe con-
tains a number of peaks. The sharp impedance peaks below th&-o0 frequency
of the fundamental mode of the beam pipe correspond to the megmnt modes of the
discontinuity under consideration. Above the cut-o freqeency of the beam pipe, a con-
tinuous spectrum corresponding to the beam pipe modes araualy seen. Although the
impedances and wake potential are the description of the sanguantity connected by
an integral transform, they are usually used to represent omplementary information.
The impedance representation is more appropriate for therg range phenomena, while

the wake potential representation is appropriate in case ghort distances.

3.3.2 Relationships between resonant cavity parameters an d
the beam

The electromagnetic eld induced by a charged particle or p#icle beam at any discon-
tinuity along the beam pipe can be represented by an in nitewam of the resonant modes
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corresponding to the discontinuity. The resonant frequemes of these modes will depend
on the geometrical details of the discontinuity. Each of thenodes can be considered
as a parallel LC circuit and can be characterized by their regant frequencies, quality
factors etc. In order to represent the interactions betweethe beam and the discon-
tinuity, a charged patrticle traversing a simple pill-box caity can again be considered.
Let us consider the charged particle is traversing the cayitalong the z axis, as shown
in Fig.B2. The instantaneous electric eld at a radial dishncer can be represented as

( . )
E(r;t) = Re E.(r)é'nt (3.12)
n=0

where! , = 2 f , is the angular frequency of a mode with resonant frequengy.
For each resonant mode, a voltage/f) at a transverse distance can be computed
as the integral of the electric eld along z as,
YA 1

Vi(r) = E.n(r;z) exp(j'z=c )dz (3.13)
1

For practical computations, the integration is evaluated wer the length L of the cavity
in the longitudinal direction. This voltage is experiencedy the point charge traveling
with the light velocity c due to the considered mode. The total energy stored in the
mode, considering the time averaging factor can be computed

Z

U= ZO JEj2dr: (3.14)

Here, it may be noted that for numerical computation of totalenergy of a mode with
MAFIA, the symmetries should be considered carefully.
The loss parameter K) corresponding to a resonant mode is de ned as,

_ v

20 (3.15)

As the voltageV is dependent on the radial o setr (equation[3IB), the loss parameter
is also a function of it. The longitudinal wake potential beind the point charge (for
s > 0) can be expressed using the loss parametersias [81],

R
W, (r;s) = 2kn(r)cos( , s=9 (3.16)
n=0

The quality factor, which is also termed as Q-factor or Q-vale is an important
parameter representing the sharpness of the resonance uncensideration. A resonant
mode with higher quality factor resonates for a long time wke that with a lower quality
factor will resonate for a shorter time. The quality factor é a resonant mode with an
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Th

: cavity

Figure 3.3: A circular accelerator with a discontinuity (caity) traversed by n, bunches.

angular frequency! is de ned as,

Time averaged stored energy

= 1
Q " Time averaged power loss
U
= — 3.17
> (3.17)
whereP,, is the dissipated power corresponding to the considered oesint mode. Usu-
ally the quality factor is computed by perturbation method,in the post processing stage
after eigenmode computations.

The induced voltage left behind a point charge with total amont of chargeq trav-
eling with light speedc in a cavity mode can be expressed as a function of the bunch
coordinate as,

S I's
V(s) = 2 kgcost( C) exp 20¢ (3.18)
wherek and Q are the loss parameter and quality factor corresponding tdé considered
mode. Now let us consider a circular accelerator with one d@ntinuity (considered as
a cavity) and n, number of identical bunches traveling with a temporal distace T,
with each other (Fig[333). The induced voltage in one cavitynode aftern, number of
bunches have traversed the cavity is given by,

Xe . iTy!
V(ny) = 2kqcostiT p) exp( f) (3.19)

i=1

In the case of all the bunches arriving at the cavity in phaseith the cavity mode (the
worst case) and the number of bunches traversing the cavitg very large 6, ! 1 ),
the induced voltage ¥ (1 )) can be obtained as,

K
V(L) / '—QTﬂb (3.20)
= Ronunt | (3.21)

33



3. Wake Computations and Related Analysis for PETRA IlI

Here Rqnunt IS termed as the shunt impedance and is widely used to repras¢he

coupling between the beam and the cavity. It is generally deed as
2k
Rshunt = I—Q (3.22)

Sometimes the factor 4 is used (US de nition) in stead of 2. Fdhe computations in
this thesis, equation=32Z2 has been used.

The shunt impedance can also be represented in terms of theitavoltage (equation
[B13) and dissipated power as

V(N2
2P,

Rshunt (1) = (3.23)

The parameter G; is de ned as the product of the quality factor of the mode and
the surface resistance of the cavity wall [39]. Th&, parameter can be calculated in
case of a copper cavity according to the equation:

G1= Ry Q; (3.24)

where R, is the surface resistivity of copper.

3.4 Wake computation procedure

3.4.1 Using MAFIA for wake eld computations

The wakes and impedances can be calculated analytically pribr a very few and sim-
pli ed structures like an uniform cylindrical beam pipe with closed pill-box cavities.
Semi analytical methods using point matching technique hasso been reported in the
literature for this purpose [90]. For the realistic accelator components with compli-
cated geometries, the only possible way for wake computat®is to rely on numerical
methods. A direct approach and an indirect approach can be es for the wake com-
putations. The direct method for computing wakes from the ektromagnetic elds is
strongly a ected by numerical noise. Whereas one can achebetter accuracies using
the indirect method for wake computations for the particle hnches moving with the
velocity of light [91]. The indirect method of wake computabn have been used for all
our computations.

In the indirect method, an imaginary cylinder (not necessdly circular) enclosing
the beam is considered. The axis of the cylinder is considdr® be axis parallel to the
beam axis. The cross section of the cylinder is de ned by thevb transverse planes
(at two ends of the computation domain transverse to the beardirection). At rst,
the characteristic wake function is computed evaluating th wake integral along the
boundaries of the imaginary cylinder. The longitudinal comonent of the electric eld
vanishes at the metallic boundaries of the beam-pipe. Thdoge the only contribution
to the wake integral is due to any discontinuity or gap adjaad to the beam pipe. Using
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3.4 Wake computation procedure

the characteristic wake function as the expansion coe cigs of a multipole expansion
satisfying the Poisson's equation and related boundary cditions, it is possible to obtain
the longitudinal wakes for a certain radial positionl[81]. @ce the longitudinal wake is
calculated, the transverse wake elds can be calculated agmg the Panofsky-Wenzel
theorem [92].

In the rst step for wake computations, the structure is modéd using the mesh gen-
erator module of MAFIA. Afterwards the eigenmode solver made is used to compute
the eigenmodes for the waveguide ports associated with thensidered device. These
modes are then loaded in the MAFIA time domain module for progr termination of
the ports. In the next step, the properties of the particle bam are speci ed (the beam
width, total charge of the beam, orientation of the beam ety. In the time domain
solver the charged particle beam with the speci ed propess is then used as the exci-
tation source. The solver is then started for an appropriatéme range. The minimum
time range is usually taken as the time the beam takes to padsrough the whole struc-
ture. The maximum time range depends on the frequency resbln required for the
impedance computation. Once the computations are nishedhe results are exported
and further processed with MATLAB for extracting di erent | oss parameters and kick
parameters.

Here it may be mentioned that a new coordinate system is geiadly used to describe
the positions of the particles in the bunch. This coordinatsystem is termed the \bunch
coordinate system"”. This bunch coordinate system is speeid by the two transverse
Cartesian coordinates which are the same as before and a n@ardinate axis \s" along
the beam axis. The orientation of this s-axis is opposite tche direction in which the
beam moves. The origin of the bunch coordinate system is mogi with the bunch and
is given by the position of the very rst particle in the bunch

3.4.2 Wake computations for large structures with o -axis b eam

Computing wake elds for an o -axis beam usually requires aileast double memory
than computing those for an on axis beam. This is because aliiigh the structure is
geometrically symmetric, it becomes asymmetric with respeto the exciting beam. In
many instances the available memory is still the limiting fator for the time domain

wake eld computations. This problem is more severe in casé large structures, con-
taining small geometrical features. In these cases, it walbe very useful if only a part
(say one quarter or one half) of the geometry is modeled andethwake computation
results of some combinations of di erent boundary conditias are obtained. Afterwards
the results could be combined to get the response of the whaleucture. In this way,

the memory requirement is halved at the cost of computationdime.

To test the validity and accuracy of this method, o -axis walke computations for very
simple and small structures can be considered. At the rst sp two sets of wake eld
computations could be done considering an o -axis beam (ys®t) and one quarter
of the structure. The boundary conditions for the wake compations for the quarter
geometry is tabulated in Table[3P. Then the results are cormed to obtain the actual
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3. Wake Computations and Related Analysis for PETRA IlI

wakes for the beam with y-o set. It can be noted here that for lte rst set of the
boundary conditions, we can consider the computed wake eddVye generated by the
1dcurrent (I) and its image current (-1) (as an electric wallhas been used at the y-
min boundary). Similarly, for the second set of boundary catitions (magnetic wall at
the y-min boundary), the computed wake elds Wqmw) Were due to (I) and its image
current (I). As the wake eld computations involve only linear operations, the results
corresponding the excitation (1) should be simply given by’ s |n the next step,
the o axes wakes are computed directly for half of the structre with the boundary
conditions shown in Tabld=313. The x-min boundary in this casis x =0 plane, whereas
the beam pipe wall is located at the x-max boundary. The errarin computed wakes
between both the methods should be very small. Fig—3.4 shoti® schematic diagrams
for the wake computations considering one half and one quartof the geometry.

y y y
;X : - X : - X
. +| ~. . 'I y.

- . -
. . .
. : .

. Ay

ot T

Half of the beam pipe One quarter of the beam pipe
with y-o set beam with magnetic and electric walls at xz plane

® Beam ——  Beam pipe
s Magnetic wall woee Electric wall

Figure 3.4: Schematic diagram depicting the excitations @nboundary conditions for
0 -axis wake computations considering one half and one guar of the beam pipe.

Two simple test geometries have been considered to demoastr the suggested
method. The rst geometry is a simple pill-box cavity along he beam pipe, while
the other geometry contains cylindrical holes in the upperart and lower parts of the

Boundaries Boundary conditions
X-min, X-max Magnetic (Magnetic), Electric (Electric)
y-min, y-max Electric (Magnetic), Electric (Electric)
z-min, z-max | Waveguide(Waveguide), Waveguide (Waveguide)

Table 3.2: Boundary conditions used in MAFIA for the time domain wake eld compu-
tations for one quarter of the test structure.
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3.4 Wake computation procedure

Boundaries | Boundary conditions

X-min, X-max Magnetic, Electric

y-min, y-max Electric, Electric

z-min, z-max | Waveguide, Waveguide|

Table 3.3: Boundary conditions used in MAFIA for the time donain wake eld compu-
tations for half of the test structure.

Y

.

(a) Half of the test structure geometry with (b) Half of the test structure geometry with
pillbox cavity. holes in the upper and lower wall of the
beam pipe.

Figure 3.5: One half of the geometries considered as the testuctures.

beam pipe. The rst test structure can be considered as rementative of the cases
where a cavity is inserted along the beam pipe (i.e. the RF cé#es, kickers etc.). The
other structure is representative of the situations wherensall discontinuities are present
in the beam pipe (BPMs, small transitions etc.). The MAFIA malels of both the test
geometries are shown in Fig-3.5. The hole in the upper part die beam pipe can be
seen in Fig[3.5(B), while that in the lower part of the beam e is not visible.

The comparison between the computed longitudinal wake eklfor the test structure
are shown in Fig[3.6(d). Once the longitudinal wake was comfed using one quarter of
the rst test structure (combining results of two di erent b oundary conditions) and once
it was computed directly using half structure. The absolutg@ercentage error normalized
to the maximum is shown in Fig[3.6(H)). FigC3l7 shows the conapison of the transverse
wake and the corresponding absolute percentage error (nalized to maximum).

The wake computation results for the second structure are swn in Figs[338 and
B9. The absolute percentage errors normalized to the cosponding maximum values
are also shown. From the gures it is clear that in this case # percentage error
in transverse wake computation is much higher that of the Iaggitudinal component.
The relative error in percent is less than 1% in case of longdinal wake computation
whereas it is less than 10% in case of transverse wake compiota One possible reason
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Figure 3.6: Comparison of computed longitudinal wake for # rst test geometry and

absolute percentage error.
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(a) Comparison between the transverse componentb) Absolute percentage error (normalized to max-
of wake computed considering one half and one imum) in transverse wake computation.
quarter of the rst test geometry.

Figure 3.7: Comparison of computed transverse wake for thest test geometry and
absolute percentage error.

for this may be the di erence in computing the transverse wads considering one half of
a structure and one quarter of the same structure. This probim has been pointed out
in section 3.5.4, where a comparison between the output sajs at the two coaxial ports
with a on-axis beam is shown. This error is probably a numeacterror originated from
the di erence in the sequences to numerically evaluate theuds of the elds [93, 94].
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Figure 3.9: Comparison of computed transverse wake for thecond test geometry and
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3. Wake Computations and Related Analysis for PETRA IlI

3.5 Simulation results for PETRA Ill beam posi-
tion monitors

3.5.1 Beam Position Monitor

During the operation of any particle accelerator, an inevéble and very important task
is to monitor the beam precisely. This task is accomplishedyhthe beam position
monitor (BPM) systems. The BPM system usually consists of aigk-up station, signal
detection and processing unit and the display (or other apppriate devices). The pick-
up stations consist of several transducers or pick-up dee&g which are directly attached
to the beam-pipe. They pick up signals proportional to the bem o set and transmit
it to the signal detection and processing unit. Several tyeof pick-up devices can
be used for beam monitoring, depending upon their signal gitip mechanisms. Some
examples of the pick-up devices are, the cylindrical pillxoBPMs, the button type
BPMs, stripline BPMS, the reentrant cavity type BPMs etc.

(a) The elliptical beam pipe with the BPMs. (b) Quarter of the modeled beam pipe
using MAFIA

Figure 3.10: The elliptical beam pipe and the same beam pipe anodeled for the
MAFIA simulations.

In PETRA IlI, more than 200 BPMs are foreseen to monitor the bam along its
2304 m circumference [88]. Although the stripline or resontcavity BPMs have a
potential for higher sensitivity and resolution, their practical implementation in a large
scale BPM system is very complicated and expensive. So, itglanned to employ the
button type BPMs in PETRA lll, like most of the third generati on light sources do.

In the button type of monitors, usually four button pick-ups are attached to the
beam pipe. They pick up the beam induced voltages on these fdattons while the
beam pass through the pick-up station. From these four siglsthe positions of the beam
is determined with precision in the micrometer range. Theris a small gap between the
pick-up button and the beam pipe wall, which can cause wakdds in the vicinity of the
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3.5 Simulation results for PETRA 1Il beam position monitors

(&) MAFIA meshing of a (b) Meshing of the same
part of the BPM. part of the BPM with
MWST

Figure 3.11: MAFIA and MWST meshing of some parts of the BPM

BPM. As the total number of BPMs to be used is large, their cumiative impedance can
signi cantly contribute to the overall impedance of the mabine. Moreover the presence
of any trapped modes in the vicinity of the BPM button can signcantly in uence the
performance of the system.

A beam pipe with the BPM buttons positioned at an angle of 45with respect to
the vertical axis is considered for analysis. The cross sect of the elliptical beam pipe
along with the BPMs is shown in Fig. 3.10(a). This design is mooptimal for the
measurement of the beam position in the vertical plane and aadi ed design will be
installed in PETRA Ill. The semi major axis and the semi minoraxis of the normal
beam pipe are 40 mm and 20 mm respectively. Due to limitatiorier the shape creation
and computer memory the elliptical structure was modeled iMAFIA as an octagon.
One quarter of the beam pipe and the relevant coordinates asoateled in MAFIA are
shown in Fig. 3.10(b).

The auto-mesh facility within MWST was used to model the beanpipe with the
BPM, while the MAFIA mesh was created manually. A comparisoof the MAFIA and
MWST meshes is shown in Fig. 3.11. It can be noticed that MWSTllaws partially
lled meshes, whereas MAFIA supports only diagonal mesheSo the MWST model is
more realistic than the MAFIA model. This di erence is promnent for the BPM, as
they consist of many small cylindrical shapes.

3.5.2 Eigenmode computation results for BPMs in the normal
beam pipe

To investigate the existence of any trapped modes near the BPbuttons, the eigenmode
solvers have been used. A 25 mm long beam pipe section has besd with the BPM
mounted at the middle of the structure. The lower boundarieat x and y directions have
been taken as magnetic ones. This has been done to be conststath the situation

of a charged particle beam traveling axially through the stricture. To compute the
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3. Wake Computations and Related Analysis for PETRA IlI

Figure 3.12: The electric eld distribution correspondingo the rst mode as calculated
with MWST.

resonant modes corresponding to the BPM discontinuity, thé&oundary conditions at
Zz boundaries have been changed, keeping the other boundapnditions xed. The
boundary conditions used for the eigenmode computationseasummarized in Table
3.4. To have a cross check, the eigenmodes have been computigll eigenmode solvers
of both MAFIA and MWST.

The resonant frequencies of the rst ten modes using the eigmode solvers of
MAFIA and MWST are summarized in Table 3.5. From the eigenmo&l solver results
it may be noted that the eigenfrequencies for the 1st, 6th andth eigenmodes do not
change with the alternation of the boundary condition in thez-direction. The reason
for this is that these three modes are concentrated near thePB1-button and therefore
do not interact with the boundaries at z-min and z-max. This$ further supported by
the electric eld plots for these modes as shown in the Figs.12, 3.13, 3.14. The eld
plots clearly show that the energy of these modes is closelgund to the BPM itself.

The electric eld plots corresponding to the modes 1, 6 and bmputed with MAFIA
are shown in Figs. 3.15, 3.16 and 3.17, respectively. The tdomensional plots of the

Boundaries Boundary conditions
X-min, X-max Magnetic, Electric
y-min, y-max Magnetic, Electric
z-min, z-max | Electric (Magnetic), Electric (Magnetic)

Table 3.4: Boundary conditions used in MWST and MAFIA for theeigenmode compu-
tations with respect to the coordinate axes shown in Fig. 301
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3.5 Simulation results for PETRA 1Il beam position monitors

Mode Resonant frequencies (GHz)
Number | Electric wall at z-boundaries| Magnetic wall at z-boundaries
MAFIA MWST MAFIA MWST
1 1.8624 1.9271 1.8875 1.9282
2 4.2187 4.2094 4.5767 4.5786
3 6.8872 6.8785 7.2772 7.2862
4 7.3403 7.3286 7.4327 7.4405
5 7.5065 7.5058 7.5491 7.5533
6 8.6694 9.0355 8.6706 8.9127
7 8.6925 9.0381 8.7013 9.0225
8 9.1404 9.1301 9.1890 9.2485
9 9.5834 9.5967 9.5877 9.6157
10 10.2285 10.2229 10.2340 10.1939

Table 3.5: Resonant frequencies computed with MAFIA and MWBE with the set of
boundary conditions shown in Table 3.4

Figure 3.13: The electric eld distribution correspondingo the sixth mode as calculated
with MWST.

electric eld distribution in the vicinity of the BPM-butto n are also shown in the gures.
The eld distributions for the 6th and 7th modes indicate tha these two modes are
nearly degenerate orthogonally polarized dipole modes pped in the vicinity of the
BPM button.
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3. Wake Computations and Related Analysis for PETRA IlI

Figure 3.14: The electric eld distribution correspondingo the seventh mode as calcu-
lated with MWST.

(a) Electric eld distribution at the beam pipe for (b) Details of the electric eld distribution near the
mode 1 from the MAFIA eigenmode solver. button monitor of the BPM for mode 1 from
the MAFIA eigenmode solver.

Figure 3.15: Electric eld distribution for mode 1 from the MAFIA eigenmode solver.

3.5.3 Time domain computations for BPMs in the normal beam
pipe
3.5.3.1 Scattering parameter

For the time domain computations, the coaxial port of the BPMhas been modeled as
a waveguide port. To ensure that the port de nition has been arectly implemented
into the MAFIA model, time domain simulations of scatteringparameters for the same
structure with MAFIA and MWST were compared. The boundariesin the z-direction
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3.5 Simulation results for PETRA 1Il beam position monitors

(a) Electric eld distribution at the beam pipe for (b) Details of the electric eld distribution near the
mode 6 from the MAFIA eigenmode solver. button monitor of the BPM for mode 6 from
the MAFIA eigenmode solver.

Figure 3.16: Electric eld distribution for mode 6 from the MAFIA eigenmode solver.

(a) Electric eld distribution at the beam pipe for (b) Details of the electric eld distribution near the
mode 7 from the MAFIA eigenmode solver. button monitor of the BPM for mode 7 from
the MAFIA eigenmode solver.

Figure 3.17: Electric eld distribution for mode 7 from the MAFIA eigenmode solver.

were taken as electric boundaries. The phases of the re amticoe cient ( S;;) recorded
at the coaxial port computed with MAFIA and MWST are shown in FHg.3.18. The
good agreement between the obtained results strongly supisothe accuracy of the
computations and consistency of the meshing. The amplitud# the re ection coe cient
in the considered frequency band computed by both the progre is one, due to the
short circuit at the z-boundaries. Here it may be mentionedhat in reality the coaxial
waveguide port should have a 50 impedance. For the limitabns in mesh resolution,
the modeled waveguide port has an impedance of nearly 41 .
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3.5.3.2 Wake computations for on-axis beam

In the next step, the time-domain computations for the wake elds were done. A beam
with an rms bunch length ( ;) of 10 mm, traversing the BPM on axis in the vacuum
chamber, was used as the excitation source. For the simulati a Gaussian charge
distribution with a total charge of 1 C was used. The beam pip@as considered to be
100 mm long, stretching equally at both sides of the discontiity (the BPM). A cut
through the geometry is shown in Fig. 3.19. A uniform mesh gpesize of 0.12 mm along
the z-axis was used, which is a compromise between the avaidacomputer memory
and the necessity to model the small gap of mm between the BPM button and the
vacuum chamber.

A wake eld monitor has been placed atx = y = 0 to record the wake elds as a
function of the bunch coordinate (s). The z-component of thevake potential (longi-
tudinal wake) and the bunch charge density versus the bunctoordinate are shown in

1501

—— MAFIA
Microwave Studio| |
1001 b
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ot

Phase of S11

50 t
-100 |
-150 \ |

15 2 25 3 35 4 4.5 5 5.5 6
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Figure 3.18: Comparison of phase vs. frequency 8f; computed with MWST and
MAFIA at the coaxial BPM port.

Figure 3.19: Cross section (yz plane) of the beam pipe alongiiwthe BPM.
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Fig. 3.20.
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Figure 3.20: The z-component of the wake and the bunch chardensity vs the bunch
coordinate.

The total loss parameter computed according to equation @) is found to be
4:0744 10° VIC. It su cient to evaluate the integral in equation. (3.4) from zero to
10 , since the particle density is zero fos > 10 ,. The trapezoidal rule was used for
the integration and an interpolation of the wake data withinthe integration limit was

used. Thek(1) parameter comes out to be 1:0266 10"VC m 1.

The wake calculations have been repeated with a ner mesh pteFor a mesh size
of 0:1 mm along the z-axis the loss parameter is 3:5276 10 V/C while the k(1)
parameter is 9:0985 10°VC 'm .

Figure 3.21: The position (indicated by the arrow) at which he electric eld components
are monitored at the BPM.
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Figure 3.22: The z-component of electric eld recorded at # position indicated in
Fig.3.21 in time and frequency domain.

From the previous eigenmode computations, it has turned ouhat some of the
eigenmodes are trapped in the vicinity of the BPM. These modean contribute signi -
cantly to the long range wake. To investigate this point in d&il, electric eld monitors
(for all three components of the electric eld) have been deed during the simulation
time at a point near the BPM-button. The approximate position of the eld monitor
is shown by the arrow in Fig. 3.21.

The variation of the z-component of the electric eld as a fuction of time at the
eld monitor position is plotted in Fig. 3.22(a). The frequency of the eld is estimated
from the time period. It comes out to be approximately & GHz - which is near to the
frequencies of the & and 7" eigenmodes found with the eigenmode solver of MAFIA
and MWST. A Discrete Fourier Transform (DFT) applied to the recorded electric eld
shows [Fig.3.22(b)] that the actual values of the associatdrequencies are 73 GHz.
A relatively weak oscillation around 917 GHz can also be noticed from the frequency
spectra.

3.5.3.3 Estimation of the quality factors and other cavity p arameters

The quality factors of the modes 6 and 7 were calculated witthé codes MAFIA and
MWST according to the equations 3.17. For these computatienthe conductivity of
copper was taken as:B 10'(m) 1. The dielectric constant and the loss tangent of
the Al,O3 ceramic disk were taken as:9 and 5 10 4, respectively. The quality factors
obtained from MWST are 758 and 847 for the ' and the 7" mode, respectively. It
has to be stated here that the frequencies of thé"6and the 7" modes from MWST
come out to be 9036 GHz and 9038 GHz, respectively. This is quite far apart from
the corresponding resonant frequencies obtained using MB¥which are 8712 GHz
and 87476 GHz, respectively. The quality factors for the same med obtained from
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(&) The loss parameter and the shunt resis- (b) The loss parameter and the shunt resis-
tance corresponding to mode 6 (frequency tance corresponding to mode 7 (frequency
= 8:6694 GHz). = 8.6925 GHz).

Figure 3.23: Loss parameters and shunt resistances cormasging to the 6" and 7"
mode as functions of radial o set.

MAFIA are 753 and 707, respectively. The deviations of the senant frequencies can
be explained by the di erence in modeling of the structure iIMAFIA and in MWST. In
the MAFIA calculations, the gap between the electrode of thbutton monitor and the
shielding looks quite rough, whereas the accuracy of the MWS3nodel is much better
due to the partially lled cells. However, the di erences inthe quality factors computed
with MAFIA and MWST are in an acceptable range. Another pointto keep in mind
is that the actual surface resistance of the metallic partsfahe structure is about 10%
higher than the theoretical surface resistance - leading #lower conductivity of copper
than the theoretical one ( copper =5:8 10°( m) ) used for the loss calculations.

The loss parameterk(r), the shunt resistanceR(r) and the parameter G; were
calculated in the next step, according to the equations 3.4324. The values of5; was
found to be 18.3 and 17.3 for the 6™ and the 2" mode, respectively. The plots of
the loss parameter and the shunt resistance as a function @dial o set are shown in
Figs. 3.23(a) and 3.23(b) respectively.

3.5.3.4 Wake computations for o -axis beam

The next step was to compute the wakes for an o -axis beam. Irhis case it is no longer
su cient to consider one quarter of the structure since the gmmetry for at least plane
is lost. Therefore one half (considering a beam o set in onlgne transverse direction)
of the beam pipe has been modeled instead of only one quartércut along the z-axis
and a cross section of the beam pipe as modeled in MAFIA for wakomputations for
a beam with a y-o set are shown in Figs. 3.24(a) and 3.24(b)espectively.

For the wake computations, both the upper and the lower coaxi ports were modeled
as waveguide ports. The simulation results for the longitudal wake (z-component of
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(a) Longitudinal section of the beam pipe (normal (b) Cross section of the
to the x-direction) modeled with MAFIA with beam pipe (normal
the cutting plane located at the center of the to the z-direction)

BPMs. modeled with
MAFIA.

Figure 3.24: Cross sections of the beam pipe for o -axis wak@mputations at two
di erent planes.
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Figure 3.25: The z-component of the wake potential and the bah charge density vs
the bunch coordinate for a 5 mm y-o set of the beam (coarse n&s

the wake), y-component of the wake and the output wave amplitles at both coaxial
waveguide ports are shown in the Figs. 3.25, 3.26 and 3.27spectively. In this case
an o set of 5 mm in the y-direction was considered. The wave gohtude recorded at
the upper and the lower coaxial ports are di erent, as is exmeed. The wave amplitude
at the upper coaxial port is larger than that at the lower portbecause the beam is now
nearer to the upper coaxial port. The di erence between thestwo wave amplitudes has
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Figure 3.26: The y-component of the wake potential and the Imech charge density vs
the bunch coordinate for a 5 mm y-o set of the beam (coarse ntgs
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Figure 3.27: The output wave amplitude vs time at the coaxigports for a y-o set of 5
mm (coarse mesh).

also been plotted versus time in the same graph. The loss parater (ki) and the k(1)-
parameter computed according to equations (3.4) and (3.5prfa 5 mm y-o set of the
bunch are found to be 3:9167 10° V/C and 9:8876 10° VC 'm 1, respectively.
With a ner meshing, the same parameters come out to be 3:3527 10° V/C and
8:6656 10 VC 'm 1, respectively.
The kick parameter has been calculated using equation (3.&hd the y-component
W, of the wake potential. The y-kick parameter, normalized tohe y-o set of 5 mm,
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3. Wake Computations and Related Analysis for PETRA IlI

comes outto be 17:842 10° VC 'm . The same parameter with a ner mesh comes
out to be 25256 1C0° VC 'm 1. The dierence of the loss and kick parameters
for di erent mesh resolutions show that the obtained resuft have not fully converged,
but the order of these parameters are estimated correctly. rifbrtunately, the present
computation power does not allow us to extend the convergenstudies beyond this
limit.

3.5.4 Eigenmode computation results for BPMs in the narrow
beam pipe

Near the undulator chambers the beam pipe will be very narroaiong one axis in order
to e ciently utilize the undulator magnetic elds. In this ¢ ase the mounted BPMs will
be much nearer to the beam - which can lead to larger wakes inode sections than
in the normal beam pipe sections. For a rst evaluation of thavake elds due to the
BPMs in this section, the same button BPMs have been considst in the undulator
chamber arranged in similar way to the BPM in the normal arc. Te cross-section of
the beam pipe is, in this case, also an ellipse, but the minoxia is much smaller (minor
axis = 7 mm, major axis = 90 mm) than that of the arc beam pipe. Tle BPM buttons
are placed 5 mm apart from the center. For the shake of compsoin, the geometry
and the dimensions of the BPM buttons and feed-throughs haveeen considered to
be the same as in the arc. To model the structure, as in the arthe elliptical cross
section of the beam pipe has been approximated by a polygonltifough with MWST,
it is possible to model the elliptical beam pipe without the plygon approximation,
the same geometry (with polygon approximation) have been rdeled with MWST, for
consistency. The MWST model for the approximated structurés shown in Fig. 3.28(a).
The meshing details near the BPM button, created by the MWST rash generator has
also been shown in Fig. 3.28(b).

The results of the eigenmode computations with the MWST and MFIA eigen-

(a2) The mounted BPM near the undulator chamber and a  (b) Details of the mesh distri-
quarter of the beam pipe modeled in MWST. bution in the vicinity of the
BPM.

Figure 3.28: MWST model of the BPM mounted at the beam pipe nedhe undulator
chamber and details of the corresponding mesh.
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3.5 Simulation results for PETRA 1Il beam position monitors

Mode Resonant frequencies (GHz)
Number | Electric wall at z-boundaries| Magnetic wall at z-boundaries
MAFIA MWST MAFIA MWST
1 1.9185 1.9273 1.9186 1.9162
2 8.7921 8.9966 8.7916 8.9729
3 8.8578 8.9984 8.8582 8.9739
4 10.2571 10.2176 10.2571 10.1677
5 13.5909 13.6113 13.5907 13.5869
6 1.36049 13.6127 13.6052 13.5878
7 14.4717 14.5085 14.4718 14.5032
8 14.4980 14.5086 14.4978 14.5093
9 17.3480 17.2900 17.3480 17.3111
10 17.5003 17.4849 17.5003 17.4845

Table 3.6: Resonant frequencies computed with MAFIA and MWBE for the BPM
mounted at the narrow beam pipe with the set of boundary contions shown in Table
3.4

mode solvers are summarized in Table3.6. The set of boundargnditions used for
the eigenmode computations are the same as the case of BPMghe normal beam
pipe (Table 3.4). From the eigenmode computation results tan be seen that all of the
computed eigenmodes do not change with the boundary conditis at the z-boundaries.
This suggests the possibility that of all of these modes areobnd to the BPM. The
eld distributions of these modes con rm this point. Fig.329, 3.30 and 3.31 show the
electric eld distributions of the rst three modes computed with MWST. It may be
noted here that these three modes (modes 1, 2 and 3) are the &aBPM modes which
have been found in the previous section for the eigenmode adations of the BPMs
mounted at normal beam pipe.
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3. Wake Computations and Related Analysis for PETRA IlI

Figure 3.29: Electric eld distribution of the rst mode computed with MWST.

Figure 3.30: Electric eld distribution of the second mode emputed with MWST.

Figure 3.31: Electric eld distribution of the third mode computed with MWST.
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3.5 Simulation results for PETRA 1Il beam position monitors

3.5.5 Time domain computations for the BPMs in the narrow
beam pipe

3.5.5.1 Wake computations for on-axis beam

Half of the beam pipe with two waveguide ports (one at the uppecoaxial port and
another at the lower coaxial port) has been modeled in MAFIAdr the wake computa-
tions. It may be noted here that in this case half of the beam pe has been used for
both the cases of on- and o -axis wake computations. The cr®@section of the narrow
beam pipe along with the BPM is shown in Fig. 3.32, as modeledttv MAFIA. The
beam pipe was considered to be 100 mm long. As in the previousse, a Gaussian
charge distribution with = 10 mm having a total charge of 1 C has been taken as the
exciting beam. The constant mesh step along z-direction artkde ne mesh step around
the BPM button have been taken as 0.12 mm.

Figure 3.32: Cross section of the beam pipe and the BPM as méztewith MAFIA .

All the components of the wake have been recorded at the pasit of the beam.
Fig. 3.33 shows the variation of the z-component of the waketiv the bunch coordinate
for an on axis beam. The output wave amplitudes at both coaxigorts were also
recorded, which can be seen in Fig. 3.34. Although from Fig33l at rst sight it seems
that the output wave amplitudes are the same at the upper andolver coaxial ports,
a detailed inspection shows that there is a small di erencediween the two recorded
amplitudes. The details of the output amplitudes and their derence are shown in
Fig. 3.35. It can be noted that the order of magnitude of the derence is much smaller
than the recorded peak amplitude. This di erence is probalylcaused by the di erence
in the sequence for numerical computation of curls at two symmetric positions (with
respect to the xz plane). This is again supported by the facthait also a non-zero y-
component of the wake eld has been found for the on-axis beaas can be seen in
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Figure 3.33: The z-component of the wake and the bunch chardensity vs the bunch
coordinate (on-axis beam).

Fig. 3.36.

To investigate the possibility of any trapped modes near th8PM button, similar
procedure described in section 3.5.3.2 has been followech éectric eld monitor has
been placed in the vicinity of the BPM button as shown in Fig. 21 to record all the
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Figure 3.34: The output wave amplitudes vs time at the coaxigorts for the on-axis
beam.
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Figure 3.35: Details of the output wave amplitude at the uppreand lower coaxial ports
and their di erence vs time.

three components of the electric eld during the computatio time. The z-component
of the recorded electric eld is shown in the frequency andrie domain in Fig. 3.37.
From Fig. 3.37(b) the frequency of the mode comes out to be 8 BGHz, which is very
close to the frequencies of the"? and 3¢ eigenmode (Table 3.6). The quality factors
of these two modes comes out to be 693 and 690 from MAFIA and 74ad 718 from
MWST, respectively.
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Figure 3.37: The z-component of electric eld recorded at # position indicated in
Fig.3.21 in time and frequency domain for the BPMs in the naow beam pipe.

3.5.5.2 Beam with y-o0 set

In the next step the wake computations have been done for a beavith an o set in the
y-direction. As the beam pipe in this case is very narrow in #hy-direction, an y-o set
of 20 mm has been considered. The geometry of the beam pipe rensaihe same as
shown in Fig.3.32. All the components of the wake and the outip wave amplitudes
at the upper and lower coaxial ports have been recorded. F&38 shows the y and z
components of the wake along the beam pipe.
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(a) y-component of the wake for the beam with 2(b) z-component of the wake for the beam with 2
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Figure 3.38: y- and z- components of the wake along the buncbhardinate for a beam
with a y-o set of 2 mm.
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3.6 Simulation results for PETRA 11 longitudinal feedback cavity

Then the total loss parameter was calculated using equatic3.4). The estimated
total loss parameter andk.(1)-parameter come out to be 7:0962 10’ V/C and
2:3176 10 VC 'm 1, respectively. The y-kick parameter was computed using
equation (3.6). The y-kick parameter normalized to an o sebf 2 mm in this case is
3:874 10 V/(C m).

3.6 Simulation results for PETRA Il longitudinal
feedback cavity

3.6.1 Longitudinal feedback cavity

The PETRA Il synchrotron radiation facility will be operat ing in a multibunch mode.
Multibunch operations of the accelerators are usually plagd with several instabilities
which can considerably limit the desired beam current. Theotipled bunch instabilities
are among those instabilities which are severe constrairis achieve the desired beam
current and shape. Employment of active bunch by bunch feedbk system is one of the

Figure 3.39: A cut view of the PETRA 1lI longitudinal feedbad cavity with nose cones.

most e ective measures to dump coupled bunch instabilitiedn these feedback systems,
the deviations of bunches from their reference positionseameasured and a correction
signal is created based on the measured deviation. Aftervds:, the correction signal is
ampli ed and applied to the particle bunches. The ampli ed orrection signal is applied
to the particle bunches by means of the feedback cavities ¢ickers'. Both longitudinal
and transverse kickers are usually employed to deliver thepropriate component of
kick. Several designs for the longitudinal feedback kickerexist, which includes the
coaxial drift tube based design (ALS, PLS, PEP-II) [95], owelamped cavity based
design (DAFNE, BESSY II, KEKB)[96], pill-box cavity with striplines (SRRC, TLS)
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3. Wake Computations and Related Analysis for PETRA IlI

[97]. Among the designs mentioned above, the overdamped ibabased design is widely
used and is planned to be used for PETRA III.

The longitudinal feedback cavity of PETRA lll is basically aheavily loaded pillbox
cavity. It has eight coaxial ports for connection to the drisng ampli ers (input ports)
and the dummy loads (output ports). A cut view of a longitudiral feedback cavity is
shown in Fig. 3.39. A high shunt impedance (the ratio betweethe square of the kick
voltage seen by the beam and the peak forward power at the inpand high bandwidth
are usually the desired parameters for an e cient feedbackawity. It is known that in
order to dump all of the coupled bunch instabilities, the regired maximum bandwidth
is (f rr =2), considering all the buckets lled. For a di erent lling mode, the bandwidth
requirement will be di erent, depending upon the spacing keeen the bunches. For
PETRA l1Il, the maximum required bandwidth is 125 MHz, correponding to a bunch
spacing of 4 ns [88]. The high bandwidth of the cavity is achied by strongly loading
it with the special ridged waveguides which can be connected the external loads.

3.6.2 Eigenmode computation results

The eigenmode solvers of MWST and MAFIA have been used to cootp the resonant
frequencies of the feedback cavity. The mesh views at two @rent planes of the cavity
are shown are shown in Fig. 3.40. The resonant frequencieshed rst 14 modes accord-
ing to the boundary conditions of Table 3.7, the modal loss pameters at zero o set
and the quality factors computed with MAFIA are shown in Tabk 3.8. From the table,
it can be seen that the resonant frequency of the rst monopelTMg;o mode which is
to be used for the beam correction, is 1.3079 GHz with a qualifactor of 10579.

The electric eld distribution for the operating mode is shavn in Fig.3.41. It can
be noted that the resonant frequency of the same T§b mode without the nose cones
comes out to be 1.398 GHz (1.392 GHz from MWST) - i.e.inclusicof the nose cones
have lowered the resonant frequency of the operating modehi$ may be of particular

(&) Mesh view at a transverse (b) Mesh view at a longitudinal plane.
plane.

Figure 3.40: Mesh view at two planes for the feedback cavity.
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3.6 Simulation results for PETRA 11 longitudinal feedback

Boundaries

Boundary conditions

X-min, X-max

Magnetic, Electric

y-min, y-max

Magnetic, Electric

Z-min, z-max

Magnetic, Magnetic

cavity

Table 3.7: Boundary conditions used for the eigenmode contptions with MAFIA.

interest as there is a plan to use the nose cones for ne tuninige cavity. From Table
3.8 it can be noticed that below the cuto frequency of the bea pipe (2.93 GHz for the
TE Modes and 3.82 GHz for the TM modes) the resonant modes aeffuencies 1.7692,
2.0782 and 2.4906 GHz are having relatively high loss factorDetails of the electric
eld distributions of these modes are shown in Figs.3.4248 and 3.44, respectively.
The conductivity of copper has been taken as:® 10'( m) ! for the computations.
As can be noticed from the gures the electric eld distribuion is strong around the
ridges of the waveguide and have a relatively weak distribigin around the beam pipe
for the modes near 1.77 GHz and 2.08 GHz.

Mode | Frequency| Quality | Loss Parameter (o set = 0)
No. (GHz) factor [VI(p O)]
1 1.3079 10579 339 10!
2 1.7692 4619 1:.87 102
3 1.9281 4236 517 101
4 1.9885 4151 282 10°
5 2.0782 4730 359 10°?
6 2.4906 9604 769 1072
7 2.7216 17380 209 101
8 3.1752 23884 177 10 *?
9 3.4582 26473 1:23 10°3
10 3.6513 14719 276 104
11 3.7201 22717 369 10*
12 3.8162 16699 1:37 1072
13 3.8610 13901 593 10°3
14 4.0116 11485 1:.03 10 1°

Table 3.8: The resonant frequencies, quality factors and rdal loss parameters for
the rst 14 modes of the longitudinal feedback cavity. The cwesponding boundary
conditions are shown in Table 3.7.
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Figure 3.41: Electric eld of the operating TMy,0 like mode of the longitudinal feedback
cavity.

(a) Three dimensional electric eld distribution of the (b) Two dimensional projection of
mode near 1.77 GHz. the electric eld at a trans-
verse plane.

Figure 3.42: Details of the electric eld near 1.77 GHz.
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(a) Three dimensional electric eld distribution of the (b) Two dimensional projection of
mode near 2.08 GHz. the electric eld at a trans-
verse plane.

Figure 3.43: Details of the electric eld at 2.08 GHz.

(a) Three dimensional electric eld distribution of the mode  (b) Two dimensional projection
near 2.49 GHz. of the electric eld at a trans-
verse plane.

Figure 3.44: Details of the electric eld at 2.49 GHz.
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3.6.3 Time domain computations

3.6.3.1 Scattering parameters

Port 1 port 2

Port 6

Figure 3.45: One quarter of the PETRA Il longitudinal feedlack cavity with the
relevant coordinates and the assigned ports.

For the time domain computations of the feedback cavity, it Bs been modeled as a
six-port device. Due to its symmetry, only one quarter of thestructure was modeled.
Among the six ports, four are the coaxial ports to be connedaleto the ampli ers and
external loads. The other two ports are waveguide ports due tthe beam pipe. The
modeled geometry is shown in Fig.45 along with the relevant coordinate system and
the assignment of the ports. only one half of each of the coakiport is visible in the
gure. The cuto frequencies of the rst ve TM modes of the beam pipe are listed in

— MAFIA r
™
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= = = Microwave studio

1 1.1 1.2 1.3 1.4 15 1.6 1.7 1.8 1.9 2 ) 1 11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Frequency (GHz) Frequency (GHz)
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Figure 3.46: Amplitude and phase of the re ection coe cientat port 1.
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Figure 3.47: Amplitude and phase of the transmission coe eint from port 1 to port 2.

Table3.9. It can be noted here that the operating frequency of the febdck cavity is
1.3079 GHz, which is well below the cuto frequency of the beapipe. So, there should
be no in uences of the beam pipe on the kicker performancestime desired frequency
band. For the scattering parameter computations, the struare has been excited with
a Gaussian Pulse through the coaxial port 1. All the other pts have been terminated
with their corresponding wave impedances. The amplitude dnphase of the re ection
coe cient at port 1 are shown in Fig.3.46 The same for the transmission coe cient
from port 1 to port 2 are shown in Fig.3.47. The agreement between the results from two
softwares con rms the consistency in modeling the structer with both the softwares.
To verify the point of coupling of the higher order modes of th beam pipe, the same
time domain analysis has been done with electric short ciritsi at the both beam pipes.
But no signi cant di erence in the results could be found, whch con rms that there
are no coupling between the beam pipe and the cavity in thatdguency range. It may
be noted here that the whole structure has been taken as logs$ and the automesh

Mode | Cuto frequency (GHz) | Cuto frequency (GHz)
Number MWST MAFIA
3.822 3.829
2 4.852 4.852
3 8.12 8.174
4 8.42 8.443
5 8.73 8.789

Table 3.9: Cuto frequencies of the rst ve TM waveguide modes of the PETRA Il
longitudinal feedback cavity beam pipe computed with MWST ad MAFIA.
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facility of the MWST have been used. For the MAFIA computations a manual meshing
has been used. The di erence between the two meshing schermas be the cause of
the slight di erence of the computed results.

3.6.3.2 Wake computations with on-axis beam

The time domain wake computations have been done for the fdetk cavity with an
uniform mesh step size of 0.77 mm along the z-axis. This is angaromise between the
available computer memory and the necessity to model the sihdetails of the cavity
geometry. A beam with an rms bunch length (;) of 10 mm, traversing the feedback
cavity on axis, has been used as the excitation source. The ddurrent section of the
MAFIA module T3 has been used to determine the excitation ppeerties. A Gaussian
charge distribution with a total charge of 1 C has been used. #ake eld monitor
has been placed ax = y = 0 to record the wake elds as a function of the bunch
coordinate (s). The z-component of the wake potential (loriydinal wake) and the
bunch charge density versus the bunch coordinate are shownFkig. 3.48 Fig. 3.48(b)
shows the variation of the longitudinal wake potential andtie bunch charge density used
for the wake computations along 0.3 meter of the bunch coordite. Fig.3.48(a)shows
the variation of the wake along 10 meters of the bunch coordite. The wakes were
recorded for such a long time to have enough resolution formputing the impedance
spectrum. The longitudinal loss parameter and th&(1) parameter computed according
to the equations 3.4 and 3.5 comes out to be 4:6997 10" V/C and 1:7489 103
V/(C m), respectively.

In order to compute the impedances of the cavity in frequencgomain, a Discrete
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Figure 3.48: Longitudinal component of the wake along the Imgh coordinate.
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Figure 3.49: Longitudinal impedance versus frequency fohe longitudinal feedback
cavity.
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Figure 3.50: Output wave amplitudes at ports 1 and 2 during tb wake eld computation.

Fourier Transform (DFT) has been applied to the longitudindwakes shown in Fig3.48
The obtained impedance spectra result has been normalizea the bunch spectrum.
Fig. 3.49 shows the longitudinal impedance spectrum of the feedbackwty. As can
be seen from the gure that under the cuto frequency of the kiker some impedance
peaks are visible due to the resonant modes of the cavity. Almthe cut o of the beam
pipe more or less continuous spectra has been obtained whaite due to the modes of
the beam pipe. From the plot, it may be noticed that the frequecy of the rst peak
(corresponding to the operating mode of the cavity) is 1.378Hz. This is a bit higher
than the computed resonant frequency of the cavity fundaméd mode (Table 3.9).
The reason for the di erence is, for the eigenmode computatis the coaxial ports of
the cavity have been treated as short circuited. On the othdrand, for the time domain
wake computations they have been terminated with correspdimg matched termination.
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Figure 3.51: Longitudinal component of the wake along the Imeh coordinate with short
circuited coaxial ports.

Besides the peak due to the fundamental cavity mode, presencf another impedance
peak at 2.278 GHz can be noticed. The output wave amplitudegcorded at ports 1
and 2 are shown in Fig3.5Q0 As the beam has been launched from the left hand side,
which is nearer to the port 1, the recorded wave amplitude atgt 1 becomes non-zero
at rst. Due to the symmetry of the cavity, the output signals recorded at ports 3 and
4 are exactly same as those recorded at port 1 and 2.

To investigate the in uence of the short circuits on the coabal waveguide ports, the
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Figure 3.52: Longitudinal impedance versus frequency fohe longitudinal feedback
cavity with coaxial ports terminated with short circuits.
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3.6 Simulation results for PETRA 11 longitudinal feedback cavity

wake computations were repeated with short circuits to allite coaxial ports, keeping all
the other parameters unchanged. The resulting longitudinavake potential along the
bunch coordinate can be seen in Fi§.51 As in the previous plot, the variation of the
wake potential along 10 m of the bunch coordinate is shown ind=3.51(a) Fig.3.51(b)
shows the details of the short range wake along with the bunatharge density at the
beginning of the bunch coordinate. The e ect of matched termation at the coaxial
waveguide ports are clearly noticeable comparing the vatian of the wakes as plotted
in Fig. 3.48(a) and Fig.3.51(a) The corresponding longitudinal impedance spectrum
of the kicker is plotted in Fig.3.52 As compared to the previous impedance spectrum,
the impedance peaks are much higher and sharp. The impedammeak corresponding
to the fundamental cavity mode appears at 3.19 GHz which comapes well with the
eigenmode analysis results. Impedance peaks at 1.77 GHB72GHz and 2.488 GHz
appear in the impedance spectra, which were not present ingdlimpedance spectra with
the coaxial ports matched.

3.6.3.3 Wake computations with o -axis beam

To compute the transverse kick parameters and impedancesettransverse wake com-
ponents are required. This requires excitation of the cayitwith an o -axis beam. For
these computations, the method described in sectioB.4.2 has been used. A beam
with 2 mm o set in the y-direction has been used as the excitan source, while the
other parameters of the beam were same as before. B3 shows the longitudinal
and transverse components of the wake potential normalized the beam o set along
the bunch coordinate. It may be noted here that for transvers wake computations,
all the coaxial ports have been terminated with matched termations. The longitudi-
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Figure 3.53: Longitudinal and transverse component of theake normalized to the
beam o set for the PETRA I1l feedback cavity.
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3. Wake Computations and Related Analysis for PETRA IlI

nal and transverse impedance normalized to the beam o set shown in Fig.3.54 In
the longitudinal impedance spectra some impedance peak® asisible at the frequen-
cies very close to the resonant frequencies of the rst dipoimode of the cavity. The
longitudinal loss parameter and thek(1) parameter for the transverse kick parameter
computed according to the equation$.4,3.5 for the 2 mm o set beam comes out to
be 47400 10" V/C and 1:719% 10" V/(C m), respectively. The corresponding
transverse kick parameter computed according to the equat 3.6 normalized to the
beam o set is 13150 10 V/(C m). The dierent loss and kick parameters for the
feedback cavity are summarized in the Tabl@.10
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Figure 3.54: Longitudinal and transverse impedances nortieed to the beam o set for
the PETRA 11l feedback cavity.

Longitudinal loss | k(1) parameter Transverse kick
parameter [V/C] [VI(C m)] parameter [V/(C m)]
4:6997 104 1:7489 108 n.a.

4:7400 104 1:719% 10%

1:3150 10%
(0 set=2.0 mm) | (o set=2.0 mm)

Table 3.10: The loss and kick parameters for the PETRA Il logitudinal feedback
cavity with nose cones.

3.6.3.4 Shunt impedances

For the shunt impedance computations, the MAFIA T3 module ha been used [98, 99].
A Gaussian beam suitable to excite the feedback cavity in theperating frequency
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3.6 Simulation results for PETRA 11 longitudinal feedback cavity

Figure 3.55: Variation of the longitudinal electric eld along the feedback cavity axis
with time.

band has been used as the excitation signal. The excitatioilgsal has been fed to the
cavity through one of the coaxial ports. The correction siga to the beam is to be fed
through one of the coaxial ports. Therefore, it is of interégo study the variation of
the electric eld along the cavity axis when a coaxial excitdon is used. Fig.3.55shows
the variation of the longitudinal electric eld along the cavity axis with time.
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Figure 3.56: Forward and backward wave shunt impedances tbe feedback cavity with
the nose cones.
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3. Wake Computations and Related Analysis for PETRA IlI

In MAFIA, the wake integration monitor computes the integrd according to equa-
tions 3.2and 3.3. The second part of the integral ¢e, B) does not contribute to the
longitudinal component, because the orientation of this ten lies in the transverse plane.
Therefore, a wake eld monitor can be used to compute the adeeating voltage (Vacc)
due to an excitation through a coaxial port of the cavity. In ar case, we have considered
the particle to be on axis, so the wake eld monitor has beentsat x = 0; y = 0. The
waveguide ports at both the ends of the feedback cavity alongith the coaxial ports
have been terminated with their corresponding wave impedaas. All the outgoing wave
amplitudes have been recorded at the coaxial ports. The etng signal is a Gaussian
pulse through the coaxial port 1 (near to the minimum of the ditance axis). Two sets
of computation runs have been done, one for the forward wavase and the other one
is for the backward wave case. For the forward wave case, thec#ation signal is fed
through the coaxial waveguide ports 1 (one of the upstream agplers), while keeping the
other two coaxial ports matched. It may be noted here that fothe structures lacking
symmetry (e.g. in case of a cavity with non-cylindrical beanpipes), all the upstream
couplers should be simultaneously used for the excitatianglternatively, the average
of the results corresponding to individual excitations though the coaxial ports can also
be taken. After obtaining the time domain data, a Discrete Forier transform is used to
transform them into the frequency domain. The shunt impedate (Rshunt ) IS computed
according to the equation,

j Vacc j2
2|:)in
where P, is the input power fed into the cavity through the coaxial pots. The advan-
tage of this method is one can obtain the variation of the shainmpedance within the

Rshunt =

(3.25)
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Figure 3.57: Forward and backward wave shunt impedances ftre feedback cavity
without the nose cones.
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3.6 Simulation results for PETRA 11 longitudinal feedback cavity

frequency range of interest from a single simulation run.

Fig. 3.56shows the variations of computed forward and backward wavaunt impedances
for the feedback cavity. From the plot, it can be noticed thathe maximum of the shunt
impedances occur around 1.38 GHz with a maximum value of 113&or the forward
wave). Both the forward and the backward wave shunt impedaes are a bit lower than
those of ELTTRA/SLS kicker [100]. Another interesting poirt is to study the e ect of
the nose cones on the shunt impedances. To appraise this gpithe same computations
have been carried out for the feedback cavity without the nescones. The computed
shunt impedances are shown in Fi®.57 From Figs.3.56 and 3.57, it is clear that
the inclusion of the nose cones have improved the shunt immettes about 13%. The
frequency corresponding to the peak of the shunt impedanceve also been increased
(1.495 GHz) compared to that with the nose cones.
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Chapter 4

Analysis of an Ultra-wideband
Antenna

4.1 Prologue

Microwave or radio frequency antennas are essential partsrnany communication sys-
tems. The basic purpose of the antennas is to receive and temit electromagnetic
signals e ciently. Numerous types of RF antennas are presgndepending upon their
applications, working principles, operating frequency rage etc. In this section the mod-
eling and analysis of an ultra-wideband RF antenna using theommercial CEM tool
MWST is presented.

Ultra-wideband characteristics of RF antennas are desirébfor various applications
like subsurface imaging, high power pulse transmissionscefAs an example, the case
of subsurface imaging - popularly known as ground penetra RADAR applications
can be considered. The ultra-wideband antenna charactedics can lead to a signi cant
increase in the spatial resolution in the direction normald the surface of the ground.
This is essential for the detection of the objects buried umdground. The preferable
features of such antenna systems include low cost, simpléiigation, compactness and
portability. In present days, usage of wireless networks drvarious multimedia appli-
cations are ever growing. This constantly calls for develagent of antenna systems in
various frequency bands, as di erent frequency bands arerggally used for the indi-
vidual applications. A single antenna with optimal perfornance over a wide frequency
band can serve as the transmitting or receiving device for aumber of wireless appli-
cations. This will eventually help to signi cantly reduce the complexity and cost of the
corresponding system.

It is known from the literature that the broadband characterstics of an antenna can
be achieved by minimizing the re ections from the antenna egks and transitions. In this
way, a well-matched transformer between the antenna feeddthe free space over a wide
frequency band [101] can be achieved. Numerous two and thoemensional geometrical
structures, e.g. the bow-tie antenna [102], the TEM horns B], Vivaldi antennas [104],
have been suggested in the literature to achieve the broadrzhfrequency independent
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4. Analysis of an Ultra-wideband Antenna

antenna characteristics. The antenna under analysis can lsategorized as a specially
tapered TEM horn antenna. The study initiated based on the dggn reported in [105].
The antenna under analysis is very wide band, having a modéeagain over the whole
frequency band. It is compact, low cost and easy to fabricatemaking it suitable for
portable applications.

The main objectives to analyze the antenna are to investigatits working principle,
identify the crucial parameters in uencing the antenna cheacteristics and use these
analysis to improve and customize the antenna for specic @pications. It may be
noted here that as the antenna shape is very complex, it is atrst impossible to analyze
it analytically. Due to the same reason, its modeling insida commercial CEM tool
was a problem itself. This modeling problem has been solvedawthe help of another
well-known general purpose computational tool, MATLAB [61

4.2 Theoretical Basics

4.2.1 Radiation eld regions of an antenna

The radiation eld region of an antenna can be subdivided it some regions, depending
upon the characteristics of the propagating eld. In geneiathis region is broadly
divided into two regions, namely, the near- eld and the fareld region. The near eld
region can further be sub-divided into two regions - the retige near eld and the
radiating near eld region [101].

Far- eld region

Radiating near- eld region

Figure 4.1: The eld regions of an antenna [101].
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4.2 Theoretical Basics

Reactive near- eld region: This is the immediately surrounding region of the an-
tenna where the non radiating elds (reactive elds) predonmate. For an antenna with
electrically large agfrye dimension (D), the boundary othis region is taken to be at

a distanceR < 0:62 2%, being the wavelength.

Radiating near- eld region: In this region the radiation elds predominate and
the angular distribution of the eld is dependent upon the dstance from the antenna.
A radiating near- eld exists if the antenna under considerton is su ciently large so
that an interference occurs between the radiations from derent parts of the antenna.
Due to the similarity to the optical terminology, this region is sometimes called as the
Fresnel r&gi_on. The lower boundary of this region is usuallyonsidered at a distance

R 062 2 and the upper boundary atR < D2

Far- eld region: The far- eld region of an antenna is located su ciently far from
the antenna so that only the radiating eld components are gini cant. In this region,
the angular distribution of the elds and power are indepenent of the distance from
the antenna. The electric and magnetic elds decay inversewith the distance from the
antenna and the power density decays as the inverse squarddhe distance. The far
eld region is commonly taken to exist at distances greaterhian 2’ from the antenna.
The far- eld region is also termed as the Fraunhofer regiorfor the analogy to the
optical terminology. All the radiation eld regions of antenna is shown schematically in
the Fig.4.1

4.2.2 De nitions of di erent antenna parameters

>
y

Figure 4.2: A typical spherical coordinate system for chacgerizing radiation patterns
of an antenna.
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4. Analysis of an Ultra-wideband Antenna

Radiation pattern: The radiation properties of an antenna are generally represted
graphically as functions of convenient space coordinatassually in the far- eld region.
The radiation properties which are mostly used include theadiation intensity, radia-
tion eld strength, polarization etc. Usually, the spheri@l coordinate system is used for
radiation pattern evaluation. A typical coordinate systemto represent antenna charac-
teristics is shown in Fig4.2 The most important radiation characteristic of an antenna
is the three dimensional spatial distribution of the energyadiated by it. This is usually
expressed as a function of angle along a circle centered a¢ thntenna position.

Principle radiation pattern: Performances of a linearly polarized antenna are gen-
erally described by the E- and H-plane radiation patterns wbh are termed as the
principle patterns of the antenna. The E-plane of an antenn& de ned as the plane
containing the electric eld vector and the direction of maxmum radiation. Similarly
the H-plane of an antenna is de ned as the plane containing ghmagnetic eld and the
direction of maximum radiation.

Radiation pattern lobes: In general, the radiation patterns of real life antennas
are not uniformly distributed over space. So, strong radian regions are followed by
regions with weak radiation characteristics. These relatly strong regions of radiation
patterns are termed as the radiation pattern lobes. The radtion lobes can be classi ed
into the main lobe, side lobes, back lobe etc. depending uptreir characteristics and
relative directions.

Isotropic antenna: An isotropic antenna is a radiator which radiates uniformlyin
all the directions. Although such an isotropic radiator is prely hypothetical, it is often
used in the antenna literature as a reference to compare parhances of other antennas.
The radiated power density V,o) of an ideal radiator at a radial distancer is given by,

Prad

(4.1)

where, & is the unit vector along the radial direction andP,4q is the total power radiated
by the antenna.

Radiation intensity: The radiation intensity of an antenna in a given direction is
the radiated power in that direction per unit solid angle. Tle radiation intensity (Up)
of an isotropic radiator is given by,

Up = (4.2)

Here, it may be mentioned that 4 is the solid angle corresponding to a full sphere.
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4.2 Theoretical Basics

Directive gain and directivity: The directive gain in a particular direction of an
antenna is de ned as the ratio of its radiation intensity in that direction to the radiation

intensity of an isotropic antenna. Here, it has been assumdldat the isotropic antenna
and the antenna under consideration have been fed with equainounts of power. The
value of maximum directive gain is called the directivity othe antenna. If the directive
gain of an antenna with a radiation intensityU along a particular direction is denoted
by Dg, then mathematically,

U 14U
D = —= 4.3
g U0 I:)rad ( )
_ radiated power per unit solid angle (4.4)
- total radiated power '
Umax 4 U max
Do = = 4.5
° UO I::'rad ( )

Here, Do denotes the directivity of the antenna andU.« is the maximum radiation
intensity of the antenna.

Total e ciency: The total antenna e ciency is de ned as the ratio of radiated power
to input power fed to the antenna. The total e ciency includes the e ects of losses due
to the mismatch between the transmission line and antenna drthe ohmic losses. The
total e ciency can be expressed as,

I:)rad

a = 4.6

P (4.6)
I:)rad Pacpt

= 4.7

Pacpt I:)in ( )

= €ad Gefl (4.8)

Here, P,,q denotes total radiated power by the antennaP;, denotes total input power
to the antenna, P, denotes the power accepted by the antenna. The quantitiesy =
;’a% and e = P;% are termed as the radiation e ciency and re ection e ciency of

the antenna respectively.

Gain: Gain is another important parameter related to an antenna.tlis closely related
to the directivity of an antenna and takes its radiation e ciency into account. The gain
of an antenna along a particular direction is de ned as 4times the ratio of the radiation
intensity in that direction to the net power accepted by the atenna. Mathematically,
this can be expressed as,

radiated power per unit solid angle

G = 4 : (4.9)
accepted input power
4U

= 5 (4.10)

Here, P;, is the input power accepted by the antenna.
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4. Analysis of an Ultra-wideband Antenna

4.3 Geometry of the antenna under analysis

The antenna under analysis is made of a thin metallic sheettlvia SMA connector used
for feeding. The rst part of the antenna consists of a loop foned by the metallic sheet
and the second part consists of a TEM horn. The TEM horn is fored by extending the
loop further and aring it in the opposite direction of the loop. A schematic diagram of
the individual parts of the antenna is shown in Fig4.3. The shape of the metallic sheet
and the schematic drawing of the SMA connector used to feeddltantenna can be seen
in the gure. The tapered portion 1a along with the straight portion 1b of the metallic
sheet are bent to form a loop. The straight portion 1c is aredutwards to form the
shape of a horn antenna. The small hole hl is used to connecetmetal pin 2a of the
SMA connector with the metal sheet. The Te on isolation (of he SMA connector) 2b
ts exactly into the hole h2. The ange 2c of the SMA connectoris soldered to the
metal sheet at the connections 1b-1c. In the case of a 50 Ohnedang line the hole
h2 has a diameter of 4.1 mm, which is exactly the outer dimewsi of the dielectric
isolation of the coaxial line. The cross section of the antea together with the feed at
the symmetric plane is shown in Figd.4 The input impedance of the antenna is the
same as that of the feeding line. In our case, the normal 50 Olroaxial feed has been
used as the feeding line.

4.4 Modeling of the antenna

The modeling and simulation of the antenna has been done withe help of MWST
and MATLAB. The antenna geometry is too complicated to modektraightforwardly
using the shape de nition tools available inside MWST. For his reason, the general
purpose mathematical software tool MATLAB has been used toreate the antenna
structure inside MWST. The parameters controlling the antana geometry, di erent
material parameters, simulation parameters etc. are giveas inputs of the MATLAB
program. The MATLAB program then creates the antenna geomegf inside MWST
according to the input parameters. The block diagram in Figd.5 shows the working of
the program.

hl
< 1W1 O>»h2 W,

< la »| < 1b )’
Metallic Sheet '€ 1c > | SMA connector

Figure 4.3. Schematic diagram of the metallic sheet used talfricate the antenna and
the 50 Ohm SMA connector used for the feed.
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4.4 Modeling of the antenna

Metallic sheet

Feed

Figure 4.4. Schematic diagram of the antenna cross-sectiahthe symmetry plane.

MWST
create model
and
run simulation
send parameters|—>]
and commands ¢
for modeling in
appropriate order Save Results

Yes
Another Run?

Figure 4.5: Schematic diagram of the antenna cross-sectiahthe symmetry plane.

To create the antenna structure inside Microwave Studio, atrst the rectangular
cross-sections of the metallic sheet shown in Figg3 are created according to the pro le
of the antenna. This has been done using the polygon creatitwol of microwave studio.
Afterwards, these rectangular polygon curves have beenned together and the \loft"
tool has been used to create the metallic sheet. At the nexteqt, the coaxial feed of the
antenna has been added using the standard shape creationlsoof MWST. All these
steps of antenna modeling have been controlled through theAVILAB program. After
completely specifying the antenna geometry and the simulah parameters like the
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4. Analysis of an Ultra-wideband Antenna

(a) Rectangular cross sections (b) Closed view of some of the cross sec-
of the metallic strip along tions of the metallic sheet forming the
the antenna pro le. antenna.

Figure 4.6: The metallic cross sections created to de ne threntenna geometry.

frequency range, the number of mesh lines per wavelength te bsed, etc. are specied
the actual simulation is started. In case of a set of parametr studies, the results after
each simulation run are saved before the complete simulatiaircle for another set is
repeated.

The antenna under consideration can be studied with respett many degrees of
freedom. But for our investigations, only a few of them haveden considered. The main
parameters which have been used to control the shape of thetetma are the hight of
the feed, the radius of the outward aring, the distance betwen the loop and the ared
part of the antenna. These parameters have been indicated Kig.4.4. The overall
length of the metallic strip, hence the overall size of the &nna can also be considered
as a parameter for the analysis.

4.5 Simulation and measurement results

45.1 Excitation

The complete antenna model along with the coordinate systemsed for simulations is
shown in Fig.4.7(a). The automatic meshing scheme has been used for the simuats.
Under this meshing scheme, the meshing is done according ke tsmall details of the
modeled geometry. The meshing details for the antenna at a-ptane are shown in
Fig. 4.7(b). The non-uniform mesh distribution according to the antena geometry can
be noticed in Fig.4.7(b). As the antenna is symmetric with respect to the xz-plane
(Fig. 4.7(a)), a magnetic wall symmetry is used for the simulations - sawy half of the
computational e orts.

The excitation of the antenna is provided through a wavegug port de ned at the
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4.5 Simulation and measurement results

(a) The completed antenna model. (b) Mesh view at a yz-plane.

Figure 4.7: The antenna model along with the relevant coondate system and its mesh-
ing details at a yz-plane.

coaxial SMA feed. The computed impedance of the port comestdo be very near
to the actual one, i.e. 50 Ohm. This provides a cross-checkr fine actual excitation
port and that used for simulation. The waveguide port and detils of the electric eld
distribution of the TEM mode (waveguide port mode) used forle excitation are shown
in Fig. 4.8

(a) The waveguide port at the bottom of the antenna. (b) Electric eld distribution of
the exciting mode.

Figure 4.8: The excitation port and electric eld distribution of the exciting mode.
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(a) Excitation signal in time domain. (b) Excitation signal in frequency domain.

Figure 4.9: The excitation signal suitable for the frequencrange 0-18 GHz in time and
frequency domain.

A typical Gaussian excitation suitable to analyze the antema response in the fre-
guency range of 0-18 GHz is shown in Fig.9in the time and frequency domain. The
computation domains for all the transient analysis have beeterminated with Perfectly
Matched Layer (PML) boundaries, using four PML layers with e ection coe cients
0.0001.

4.5.2 Convergence studies

To ensure the consistency of the simulations, at rst convegence studies have been done
to nd out the optimal distance of the bounding box from the stucture and the optimal
number of mesh lines per wavelengths for a reasonable acayraf the solution. The
appropriate distance between the PML layers terminating t computation domain and
the device under analysis still remains as a debatable issur this reason a convergence
test on the return loss of the antenna has been performed. Thetance of the bounding
box from the antenna in all three directions have been variad terms of the wavelength
at mid-frequency ( ) and the corresponding return losses have been computed.| tle
other simulation parameters have been kept unaltered. Thésulation results are shown
in Fig. 4.1Q From the gure it is clear that although there is a small di erence in the
lower frequency range (at the rst minima) for di erent bounding box distances, the
results converge for the distance of bounding box at 8. No notable di erences in the
radiation patterns have been marked for di erent bounding bx distances. It may be
noted here that the number of mesh cells for these three cases 4892514, 5657919 and
7404129, respectively. In order to keep the computation erts minimum, the distance
of the bounding box is taken as= 8 for the simulations. The convergence study for the
optimum mesh resolution has been carried out at the next steprhe return losses of
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Figure 4.10: Computed return loss vs frequency for di erentistances between the
bounding box and antenna.

the antenna have been computed for di erent mesh resolutisn The comparison of the
return losses with mesh resolutions of 10-lines, 20-linesda30-lines per wavelength (at
18 GHz) are shown in Fig4.11 The corresponding number of mesh-cells and cpu time
for the computations are summarized in Tablé.1 It can be seen from Fig4.11 that
the mesh resolution of 10 lines per wavelength is not enough teliably determine the
antenna characteristics, although the computational e ais are minimum in this case.
Although, there is a small deviation between the results of®2lines per wavelength and
30-lines per wavelength at the higher frequencies, the piisn of the minimas and the
trend of the curves match quite well. As the resolution of 30res per wavelength needs
more than three times the computational time of that with 20 ines per wavelength
without a very big di erence in accuracy, the mesh resolutio has been taken as 20 lines
per wavelength for the simulations.

Number of lines| Number of CPU time
per wavelength | mesh cells| for computation

10 795150 | Oh,41m,51s
20 4892514 6h,5m,7s
30 16434198| 21 h, 10 m, 39 s

Table 4.1: Number of mesh-cells and solver times (on a compuwith 64 bit, 2.39 GHz
AMD Opteron processor).
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Figure 4.11: Computed return loss vs frequency for di erentnesh resolutions.

45.3 Parametric studies

To understand the in uences of various antenna parametersaats performances, para-
metric studies have been done with the optimum simulation pameters from the con-
vergence studies. The return loss and the radiation pattesmat various frequencies have
been computed for di erent values of d1, d2 and r (Figd.4) separately.

Fig.4.12shows the variation of the antenna return loss with frequemcfor di erent
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Figure 4.12: Computed return loss vs frequency for di erentalues of r'.
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Figure 4.13: Computed return loss vs frequency for di erentalues of "d2'.

values of the radius of aring ('r). As can be seen from the gre, the radius of aring
does not in uence the antenna return loss very much. Also nagsi cant di erence in
the radiation pattern has been found for antennas with di eent radius of aring (r).
The second parameter used for the parametric studies was ttistance of the aring,
‘d2'. The comparison of the antenna return loss with di eren d2' values is shown in
Fig.4.13 It may be noticed from the gure that "d2' in uences the antena return loss
in the lower frequencies. In the higher frequencies (aboveé GHz), the in uences of "d2'
on the antenna return loss is not so signi cant. However, a osiderable in uence on the
radiation patterns in the higher frequency range (above 8 G#) have been found. The

(a) Radiation pattern with "d2' = 4 mm. (b) Radiation pattern with "d2'= 12 mm.

Figure 4.14: Radiation pattern at 8.0 GHz for di erent distance of aring ('d2").
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Figure 4.15: Computed return loss vs frequency for di erenvalues of "d1'.

three dimensional plots of the antenna directivities withd2' values 4 mm and 12 mm
are shown in Figs4.14(a)and 4.14(b), respectively. As seen in the gure, a split in the
beam has been observed for d2=4 mm.

The in uence of the height of the feed (d1) on the antenna retum loss has been
investigated in the next step. The return loss of the antenndnas been plotted for
di erent "d1' values in Fig.4.15 From Fig.4.15 it is clear that there is a very strong
in uence of the height of the feed on the antenna performanceeven a very small
change in the feed height (in the order of 1 mm ) drastically @nges the antenna
return loss. Lowering of the feed height tends to improve thantenna characteristics

(a) Radiation pattern with "d1' = 1 mm. (b) Radiation pattern with "d1' = 2 mm.

Figure 4.16: Radiation pattern at 10.0 GHz for di erent feecheights ("d1’).
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Figure 4.17: Peak electric energy density plotted at two ptees.

in the lower frequencies, at the same time degrading the claateristics at the higher
frequencies. The radiation characteristics of the antenna also in uenced by the feed
height. Fig.4.16shows the antenna radiation pattern at 10 GHz for two valuesfahe
feed height. It can be seen from the gure that with 1 mm feed hght the beam is
broad and it splits when the feed height is increased to 2 mm. ¥ larger feed height,
the beam tends to break at lower frequencies compared to thaith shorter feed height.

The electric and magnetic energy densities provide imporma information about
the energy distribution at various parts of the antenna. Tonvestigate the distribution
of the electric and magnetic energies at di erent frequenes, the peak electric and
magnetic energy densities have been monitored. Figsl7and 4.18show peak electric
and magnetic energies at 2.4 GHz plotted at two planes. Fronhe plot, it is clear that
the electromagnetic energy is concentrated inside the regi between the loop and the
ared part. It may be noted here that logarithmic scale have ken used for the eld
plots. Another notable phenomena is the high concentratioof the elds at the antenna
edges. The energy densities for other frequencies (till ared 14 GHz) follow the same
trend.

4.5.4 The e ect of the loop

To study the e ect of the loop on the antenna characteristicsit has been simulated
without the loop as shown in Fig4.19(a) The comparison of the computed return
loss with and without the loop is shown in Fig4.19(b). Comparing the antenna return
losses with and without the loop, it can be seen that the loopmiproves the antenna
return loss in the lower frequencies (around 1 GHz). This immpvement is due to the
fact that the loop minimizes the re ections from the edges ithe yz-plane [Fig.4.19(a).

The idea that the loop acts as a magnetic dipole as suggested[105] comes out to
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4. Analysis of an Ultra-wideband Antenna

Figure 4.18: Peak magnetic energy density plotted at samegples of Fig.4.17 .

be incorrect. The electric and magnetic elds and hence thenergies remain con ned
inside the tapered region in the whole operating frequencyabd. A slight improvement
of the antenna return loss in the higher frequency band (abevl.6 GHz) has been found
without the loop. This may be due to the fact that the absence fahe loop allows the
unwanted elds to escape which leads eventually to a reductn of re ections.

—— with loop
= = =without loop| |

o
©
=

oo 05F

0 2 4 6 8 10 12 14 16 18
Frequency (GHz)

(a) Antenna without the loop. (b) Comparison of the antenna return loss.

Figure 4.19: The antenna without loop and comparison of theeturn loss with and
without the loop.

The peak electric and magnetic energy densities at 2.4 GHz tbe antenna without
the loop are shown in Fig4.2Q From the gure it can be seen that there are con-
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4.5 Simulation and measurement results

Figure 4.20: Peak electric energy densities inside the ante at two di erent panes
without the loop.

centrations of electric energies at the edges of the antenrspecially the edge created
by the omission of the loop. This concentration of the elds tathe edge is larger at
the lower frequencies (bellow 3 GHz approx.), which explanwvorsening of the antenna
performance at lower frequencies without the loop. It is atsclear form the gure that
the electrical energy remains con ned at the tapered regioof the antenna, instead of
the absence of the loop. The same trend has been found for thagnetic energy.

To investigate the e ect of higher eld concentrations at the edge of the antenna,

0.14 T T T 1 T T T T T T
—— with loop
0.12 ] 0.9\ .= = without loop and cylinder| ]
o1l osth = = = without loop with cylinder| |
h
S 0.08f 0.7 i
2 o0.06f 0.6
© —
¢ 004 o, 05
; 0.02f 0.4¢
g |
38 o 03f
-0.02 —— with loop 021
.0.04 == without loop and cylinder 01
= = = without loop with cylinder \
0.06 ; : . 0 . . , ) . . . .
0 0.5 1 15 2 0 2 4 6 8 10 12 14 16 18
Time (ns) Frequency (GHz)
(a) Comparison of the output signals. (b) Comparison of the return losses.

Figure 4.21: Comparison of the output signals and return Igss with loop, without loop
and without loop but with cylinder.
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4. Analysis of an Ultra-wideband Antenna

simulations have been done with a metallic cylinder attachieto the antenna edge. The
comparison of the output wave amplitudes at the input port fothe three cases - antenna
with the loop, without the loop and without the loop but with a metallic cylinder is
shown in Fig.4.21(a) It may be noted that in all these three cases, the input pulse
had same characteristics, with a maximum amplitude of 1. Theomparison of the
corresponding return losses can be seen in Fg21(b). From the plot of the output
signal, it can be noticed that the initial re ections remairs similar for all the three cases.
This is expected, because the antenna geometry near the feethains unaltered in all
the three cases. The re ection peak around 0.8 ns is actualbaused by the edge at
the end of the aring and is present in all three cases. It hasden observed through
simulations that the position of the re ections (around 1 nsand 1.18 ns) for the second
and third case depend on the position where the loop has beart.cThis suggests that
these re ection peaks are caused by the re ections from thelge created by the absence
of the loop. The total absence of this peak in the rst case céorms this point. As can
be seen from Fig4.21(a) the amount of re ection is decreased due to the addition of
the cylinder at the edge. This minimization of the return los has been translated to a
betterment of the antenna return loss at can be noticed in Fig.21(b).

4.5.5 Comparison between simulations and measurement

On the basis of earlier studies, an optimized version of thexi@nna has been designed.
The simulations for the antenna suggests a very wide range @eration starting from
around 800 MHz till 14 GHz. The simulated three dimensionakdiation patterns of the
antenna at di erent frequencies are shown in Figl.23 One of the fabricated antenna
prototype is shown in Fig.4.22 mounted in the anechoic chamber for measurement.
Comparison the simulated and measured return loss of the @mna have been shown
in Fig. 4.24 From the gure, a signi cant deviation is noticed between he simulation

Figure 4.22: A fabricated prototype of the antenna.
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4.5 Simulation and measurement results

results and the measurements. This deviation is most probltraused by the di erences
in the simulated and fabricated antenna geometry. The wholantenna, including the
ared portion and the feed region - which have been found e&t to have very strong
in uences on the antenna performance, has been curved by lthn For this reason,
although the antenna geometry is close to the simulated ong,is not fully identical
to the fabricated one. In contrast to resonant narrow band &ennas, deviations due
to the fabrication tolerances are acceptable as the perfoamce of this ultra-wideband
antenna varies slowly with frequency.

(a) Frequency=2.4 GHz (b) Frequency=6 GHz

(c) Frequency =8 GHz (d) Frequency =10 GHz

Figure 4.23: Computed antenna radiation patterns at di erat frequencies.
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Figure 4.25: Comparison between simulated and measured Eupe radiation pattern
at 2.4 GHz.
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Chapter 5

Application of a Hybrid Method to
Characterize Radiating Apertures

5.1 Prologue

In present days, the world has become a global village by anakde due to the boom-
ing multimedia communication systems. Among the other congments of a modern
communication system, one of major importance is the antearsystem. Even a small
improvement of the antenna characteristics can be transladl into higher data rate hence
reducing the running costs of the communication system.

The conventional way for long distance communication are #ére ector and dielectric
lens antenna systems. Proper illumination of these antenrgystems is usually done by
aperture antennas (horn antennas). Characterization of #se type of antennas is a very
critical and important issue in this context.

There are numerous CEM methods to characterize radiating apures - some of
which have been mentioned in Chaptel. Each of these methods has its merits and
demerits. Many of them assume certain approximations durinthe eld calculations
(i.e in nite ange, absorbing boundaries etc.). In the fuly numerical techniques like the
FDTD, FEM or FIT, the radiation patterns of aperture antennas are usually computed
applying near to far eld transformations on the near eld distributions of the aperture.
This usually requires an additional post-processing stefftar the eld computations.
However, the problems concerning radiations from the apete antennas can be consid-
ered as a combination of a closed problem (looking into thetérnal antenna geometry
from the aperture) and an open problems (looking outside fno the antenna aperture).
In these cases it is possible to analyze the internal and extal part separately with
techniques best suited for the considered region. This typé hybridizations are aimed
to achieve exibility, numerical e ciency and accuracy for the considered problem. In
this section such a hybrid method involving the MMT and GMT ispresented. As both
the techniques are semi analytical, this hybrid method aim#r e cient computation
with good numerical accuracy, without any assumptions corening the termination of
the computation domain.
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5. Application of a Hybrid Method to Characterize Radiating Apertures

GMT is well-known for electromagnetic eld computations de to its exibility for
modeling complex structures. Early GMT approaches can beund in the literature as
the extended boundary condition method (EBCM) [106, 55]. Ithis method, the scat-
tered eld is represented on the boundary of the scatterer as summation of multipole
elds. When the locations, number and strengths of the mulpoles are appropriately
determined, the boundary conditions are satis ed and the sttered eld can be com-
puted directly from the multipole expansion. The applicaton of GMT [107, 52] has been
extended to a variety of applications like modeling of photac crystals, nanostructures,
optical devices, neuromagnetic eld computations, simuteon of EM problems involving
biological tissues, etc. [108, 109, 110, 111].

GMT has found application also for accurate and realistic naeling of aperture
antennas, as e.g. corrugated horns, used as the feed for mag and dielectric-lens
antennas. When using GMT, approximations like in nitely exended conducting ground
plane or absorbing boundaries are not required for the chararization of the radiating
apertures. When considering also the internal part of the mo, the modal scattering
matrix can be computed by combining a modal expansion for theperture eld and a
multiple multipole expansion for the external eld along wth a point matching technique
[112, 113].

Multipoles distribution along the structure under examindion is a crucial point in
GMT. Improperly placed multipoles, or presence of redundamultipoles, can cause nu-
merical instability leading to inaccurate results. There ee some rules for semi-automatic
multipole setting [111, 52, 114, 115], but, in many cases,dlexisting algorithms for au-
tomatic multipole placement are not robust, slow and not emtely suitable for complex
geometries. To overcome this problem, one can start with agh density of multipoles
uniformly distributed over the object under examination. The redundant multipoles
can then be automatically identi ed and eliminated hence pviding a numerically sta-
ble system. In this chapter, after presenting the MMT-GMT hyorid method for eld
computaitons, two di erent approaches to identify the redumdant multipoles will be
suggested and compared. The rst procedure involves the wé&hown Singular Value
Decomposition (SVD) and the generalized angle concept [11BL7] while the second
procedure involves the rank revealing QR factorizations.

In the SVD approach, the identi cation of the multipoles is dne in two steps. In
the rst step, SVD [118, 119] is applied to determine the contloning and the singular
values of the involved system matrix. The number of singulavalues below a certain
threshold value, gives the number of linearly dependent aohns of the system matrix
with respect to the chosen threshold. In the second step, thabsolute value of the
complex angles between a particular column and all the oth@olumns are evaluated.
When the columns are linearly dependent or nearly linearlyagphendent, then they have a
small angle between them. Depending upon the value of thisgle, the pair of columns
are sorted and one of those pairs (having higher linear deplancy, i.e. lower angle value)
is removed. It may be noted here that each column in the systematrix represents
one multipole. The problem conditioning increases signiantly as these multipoles are
removed from the expansion.
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In the second approach, the rank revealing QR factorizatiof118, 119, 120] with a
certain threshold is applied to the system matrix . From the prmutation matrix, the
columns which are considered to be linearly dependent witlespect to the considered
threshold are obtained. Afterwards the identi ed columns an be removed from the
system matrix.

The two proposed approaches have been applied in the case ofrhantennas with
elliptical apertures [113]. The accuracies of both the metlls have been validated
through error estimation at the boundaries and with compasons of the far eld patterns
with that obtained from a commercial CEM software.

5.2 Theoretical basics

5.2.1 The Generalized Multipole Technique

GMT is a semi-analytic technique used in the frequency donraifor electromagnetic
eld computations. Let us consider a domain D with a boundang (on which the eld
distribution is known) within which the electromagnetic elds are sought. The electro-
magnetic elds within D are governed by Maxwell's equationgnd have to satisfy the
boundary conditions (or the known eld distributions) on S.In GMT, the enforcement
of the boundary conditions are done numerically, using thegint matching technique.
To represent the electromagnetic elds within D, basis furtions are chosen which are
already solutions of the governing equations. Although theimple harmonic functions
(i.e. the sine or cosine functions) can be used as basis fuaos to represent the elds,
the energy associated with such a eld is distributed unifanly in space and the total
energy is in nite. This can cause numerical problems in caslee elds to be represented
is concentrated in a certain area. For these reasons, it isioferest to use the solutions
of the eld equations which are concentrated around a certaipoint in space. The
multipoles or p-expansions are such solutions having sirgtities at their origins. These

(a) Monopole function. (b) Dipole function.

Figure 5.1: Monopole and dipole functions [52].
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multipole expansions have been used for the eld computatis in this section. Fig5.1
shows the amplitude plot of such a multipole function with ze-order (monopole) and
with order 1 (dipole) [52]. As the multipoles are singular athe origin, the origin of
the multipoles used for the eld computations must lie outgie the domain in which the
elds have been sought.

5.2.2 The GMT-MMT hybrid technique for characterization
of radiating apertures

5.2.2.1 Formulation of the problem

Let us consider the volumeV which is enclosed by a surfac8. The surfaceS consists
of a metallic part S; and an apertureS, as shown in Fig5.2 The region outsideV
is source free and the electromagnetic elds are sought inishregion, for a particular
eld distribution on S,. Determination of the electromagnetic eld distribution a S,
can be considered as a closed problem, which can be obtainsahf the analysis of
the internal geometry. In this analysis, the MMT has been agdped for the aperture
eld calculation. As the basis functions to represent the sgce free electromagnetic
elds outside the volumeV, multipole expansions are used. The multipoles are located
within the volume V, near the surface of the radiating object, as shown in Fi§.2
The weighting factors for the multipole expansion to represit the external eld is
calculated by enforcing the boundary conditions a§; and S;. This is done by means
of an extended point patching technique.

Outer region where

the electromagnetic elds
are sought

> Aperture (S,)

Multipole locations

Metallic surface S.)

Figure 5.2: The radiating volume with the aperture.
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5.2.2.2 Multiple Multipole Expansion for the external elec tromagnetic eld

The elds radiated by a nite set of multipoles are used to repesent the external
electromagnetic eld. The external eld at a point r can be expressed as,

X X "
E@(r) = Qu EM™V(r ry) (5.1)
k |
(ext) _ Xt X (mult )
H* (r) = Qu H, (r ry (5.2)
k |

Where, El(m“'t) and Hl(m“'t) are the multipole elds radiated by an I-th order multi-

pole andr, denotes the location of the corresponding multipoleE(™" and H (™"
are divided into TE and TM multipoles and the Qy's are unknown excitation coe -
cients whose values are dependent on the geometry of the &tdr under consideration
(in this case, a horn antenna). The internal sum in%.1) and (5.2) are double ones
as the monochromatic multipoles have two degrees of freedatascribing their polar
functional dependence with respect to their local coordit@s. The outer sum of the ex-
pansion is also a double summation as two dimensional mulgfe location distributions
are considered for three dimensional radiating structuresThe explicit expressions for
the multipole elds can be found in [112], [121]. In order to etermine the unknown
expansion coe cients (Qy ), the boundary conditions are enforced on the surface of the
radiating object and on the aperture using the point matchig technique.

Let the two mutually perpendicular vectors and ¢ represent the unit vectors
tangential to the antenna surface. Leth represent the unit vector normal toS which
is perpendicular to both®t and ¢. Now, if we enforce the boundary conditions for the
tangential electric eld and the normal magnetic eld on boh S; and S;, we have the
following equations:

ECO(rm,) = 0(rm) E@(rm,) (5:3)
EPV(rm,) = 0(rma) E@(rm,) (5.4)
HEO(rma) = A(rm,) HO(rm,) (5:5)
El(JeXt)(rmc) = E\(/eXt)(rmc): HrEeXt)(rmc):O (5.6)

Enforcement of the boundary conditions for the tangential mgnetic eld and the
normal electric eld on the aperture surfaceS, gives:

HE(rm,) = 0(rm,) H®(rm,) (5.7)
HE(rm,) = ¢(rm,) HO(rm,) (5.8)
ErgeXt)(rma) = A(rm,) E(a)(rma) (5.9)

Here,rn,,'s denote the matching points or,, rp.'s denote the matching points ors,
E®@ and H® are the aperture electric and magnetic eld, respectively.
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Using equations 5.3)-(5.9) the equations 6.1)-(5.2) can be expressed in the matrix

form as: 2 3 2 3

C(u TE)a Cu TM)a Q(TE) \VAG)

4 v TE)a clv T™M)a 5 ™) = 4yW5 (5.10)
C(n TE)a C(n TM)a Q V(n)

3

C(u TE)c C(u TM )¢ Q(TE)

4 C(v TE)c C(V TM). 5 (TM) =0 (511)
C(n TE) C(h TM)e Q

2 h i h i 3 5 3

(u TE) (u T™)

i oh© i 1

§ c(v TE) cv ™) 2 Q&) = 4 15 5.12
h i h 5 QMM 612

C(n TE) C(n ™)

Here QTE) and Q™) are column vectors containing the TE and TM multipole ex-
pansion coe cients Qq and VM, V™ and ¥ are M,-dimensional column vectors
containing the u-component, v-component of the electric @n-component of the mag-
netic eld at the aperture matching points. The column vectos |, 1 and ™" are
also of dimensionM, with their elements being the u-component, v-component ohe
magnetic and n-component of the electric eld at the apertue matching points.

5.2.2.3 Modal expansion of the aperture eld

As the aperture eld is used to enforce some of the boundary mditions, it is to be
calculated precisely. We use the modal analysis [58, 59] athiis the most systematic
and rigorous technique for this purpose. The aperture eldsirepresented by a modal
expansion in terms of a hollow waveguide whose cross-settias the same geometry
and dimensions as the aperture. This will be termed as the apare waveguide.

Let the axial magnetic eld and cuto wave number of the i"" TE mode of the
aperture waveguide be ; and k,; respectively. Let ¢ and ke be the same for the™
TM mode of the aperture waveguide. Now, the tangential and mmal components of
the aperture eld can be expressed by the following modal eapsions:

Ega) = E@0,+ E@9, X (5.13)
E® = VW0t W™y (5.14)
i i
Hga) = y@a,+ H@¥, « (5.15)
H® = 1T+ 1™, 1 W) (5.16)
i i
1 X
EP = —— kI (5.17)
ooy
1
HEY = il AV (5.18)
o
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Here, r { is the transverse component of the gradient operatod, is the operating
frequency,”o and ¢ are the free space permittivity and permeability respectaty. Vi(TE),
Vi(T'V” and Ii(TE), Ii(TM) are the TE and TM modal voltages and currents respectively.
It has been assumed that the aperture tangential and normalirgéctions coincide with
the transverse and axial directions of the aperture wavegie and ,, ¢, and i, are
the unit vectors along the tangential and normal direction espectively. The sums in
(5.14 and (5.16 are double ones as the waveguide modes have two degreeseafdom.
Now we can express the column vectoks™), V™ ™ W 1M gand Min (5.10 and
(5.12 in terms of the modal voltages and currents as:

2 \VAQ) 3 2 D TE) D(u T™M) 3 (TE)

4y®5 = 4 poto  potw s VOO (5.19)
v o) SURCIN Y

. 2 2 h i h i 3

(u TE) (u T™)

1) h° i n” i |(TE)

4 I(:)) 5 — D TE) hD(v TM)i [(T™) (5.20)
T( [O] D—(n ™)

5.2.2.4 Calculation of the radiation admittance and scatte ring matrix

The matching of the tangential electricg eld and normal magetic eld on the entire
surface of the radiating object § = S; S¢) can be obtained from 5.10, (5.11) and
(5.19 as:

C(u TE)a C(u TM)a
C(v TE)a C(v TM)a

HOOCOOOO) N
O W

C(n TE)a C(n TM)a Q(TE)

C(u TE)c C(u TM )¢ Q(TM)
C(v TE)c C(v TM)c
C(n TE)c C(n TM)c

2 D(u TE) D(u ™) 3

D(v TE) D(v ™)

(n TE) (TE)

- E D - [[g]] v (5.21)

[0] [0]
[0] [0]
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The equation for the tangential magnetic eld and normal eletric eld on the aperture
can be obtained by comrt])ining 5.1ahand (5.20 which reads:
2 i i 3

C—(u TE) C(u ™)
h i h i (TE)
C(v TE) C(v ™) Q

h . .

i h i Q(T™)
C(n TE) C—(n ™)
2 h (u TE)i n (u TM)i 3
o i h° i |(TE)
:E D TE) hD(v TM)i z [TV (5.22)
[O] D—(n ™)

Writing ( 5.21) and (5.22 in compact form, we obtain,

JelQ = [PV (5.23)
C Q= DI (5.24)

The number of columns and rows of the matrices irb(23 and (5.24) are given in Table
5.1 Here, Ny, is the total number of multipoles used for the expansion of thexternal
eld and Npq is the total number of modes used for the modal expansion ofdlaperture
eld. For a unique determination of Q, the total number of mutipoles (Nn,,) should

Matrices | Number of rows| Number of columns
C 3 (Ma+ M) N mp
C 3 M, Nmp
D 3 (Ma+ M) N mg
D 3 M, Nmd

Table 5.1: Rows and columns of the matrices.

be less than or equal to 3 (M, + M) and the unique determination of the aperture
scattering matrix demands the total number of mode®l,q to be less than or equal to
3 M,. Using (6.23 and (5.24 the multipole excitation vector Q and the aperture
modal current vector | can be obtained as:

Q=(c"]IC]) *[C"]ID]V (5.25)

I=([D"][D]) *[D"][C]Q (5.26)
Where C" denotes the Hermitian conjugate ofC and D" denotes the Hermitian
conjugate of D. The aperture modal scattering matrix can be obtained using5.25
and (5.26 as:

= Y® v (5.27)
Y@ =(p"][D]) *[D"1CI(CT]C]) *[CM]D] (5.28)
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The corresponding modal scattering matrix is obtained by gxessing the modal volt-
ages and currents in terms of incident and re ected waves and B respectively:

V =[Z.]z (A + B) (5.29)
1=[Z4] 2(A B) (5.30)
B=[S@]A (5.31)

Where [Z,,] is a diagonal matrix with its elements being the modal impeghces given

by:
!

(TE) _ -0
P 12 12

Zi(TM) - ki k&

o (5.33)

0
and kZ =!2"4 ,. The aperture modal scattering matrix can be obtained as:

[S®] = ([1+[Zu]2 [YPI[ZW]?) Y] [Zu]? [Y @T[Z4]7) (5.34)
where | ] is the identity matrix.

5.2.3 Problems of ill conditioning

The matrix equations (5.10-(5.12) are over-determined, hence requiring an approximate
solution for the eld equations. The over-determined systa of equation is created by
choosing a higher number of matching points, hence produgira higher number of
matching equations than the number of unknowns. In this wayhe achieved matching,
while not being perfect at any one of the matching points, mimizes the local residues
at the intermediate matching points. Another advantage of sing an over-determined
system is that the matching points choice is not critical. A lgh density of matching
points results in a signi cant linear dependency among theows of C and C matrices.
However, as we use the pseudo-inverse to evaluate the unknogxpansion coe cients
(5.25, errors due to this type of redundancy are automatically rduced.

A very high density of the multipoles leads us to another typ®ef redundancy. The
columns of theC and C matrices in (5.23 and (5.24) contain the eld components of a
particular multipole at all the matching points. If the multipoles or the matching points
are placed very densely, the eld computed at a distant matéhg point for more than
one multipole are almost equal. This leads to a high redundey among the columns
which has to be eliminated in order to have a numerically staé system.

5.2.4 Solution approaches

5.2.4.1 Singular value decomposition and identi cation of redundant mul-
tipoles

A reliable and robust means to analyze the conditioning andnlear dependencies for
a matrix is the Singular Value Decomposition (SVD) [118, 119in the SVD a large
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5. Application of a Hybrid Method to Characterize Radiating Apertures

condition number indicates a poor conditioning of the matx.
The m n rectangular complex matrixC is decomposed into

cC=U s v~ (5.35)

Where U and V are unitary matrices, S = diag(&; &:::&) with &;&:::& 0 and V"
denotes the Hermitian conjugate o¥/ . In the above equation the&; &:: are the singular
values ofC. Let us denotecond C) as the condition number ofC de ned as,

&nax
&nin

The conditioning of a problem depends upon the data accuray our case the accuracy
in computing the C matrix). If the data can be considered to be correct, and if th
condition number of the matrix is 10, then about (  d) digits of accuracy in the
solution can be achieved. Here, it has been assumed that treaulations are done with

digits accuracy. As the condition number of a matrix with gien maximum singular
value (&ax ) IS dependent on the minimum singular value5.36), the accuracy of the
solution is directly in uenced by it.

It is clear from the above discussion that to improve the contibning and hence
minimize the error, we need to eliminate the very small sindgar values of C. The
tolerable lower limit of the singular value is not unique ands dependent upon the
acceptable error in the solution. We de ne a thresholds,q which is the minimum value
of the singular value that can be tolerated. If there ars singular values which are less
than ts,4 then we can say there ifN,,, s number of linearly independent columns in
C with respect to our choserngg.

To identify the redundant multipoles (linearly dependent olumns of C), we ap-
ply the concept of generalized angle between vectors. Thegém between two n-
dimensional vectors in the Hilbert space is de ned as:

condC) =

(5.36)

1 <u v>

=05 ik kvks

(5.37)

where< u v > denotes the inner product between the vectors and v. When two

vectors have a vanishing angle between them then they are niggparallel. We extend

this approach to detect the column redundancy irC. As all the elements ofC are

complex, we calculate the angle matriXA according to the following formula for each

columns ofC _ _

1 JCJ CIJ
kCik: kG ks

Where C; denotes thei  th column of C. Both subscriptsi andj run from 1 to Npy,.

It can be easily noticed thatA; = Aji, so we need to calculate only the upper or lower
triangle of the angle matrix A. Two columns having a small angle value contain less
information with respect to each other than two columns hawvig a larger angle value.
The columns having lowest angle values between them are smitout and one of them

Aj =cos

(5.38)
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AuhAsiiAn | > | A
Az it Ao | —» | Aomin
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Find out
minimum
Repeat till the _
numPer of rem0\|/ed Noieofﬁﬁqﬁoﬁﬂfnsé’ggd'”g
to the number of hnearly| <~ | and remove tha one
dependent columns with smaller norm
detected by SVD

Figure 5.3: Identi cation of the multipoles through the ande approach.

is removed from the system. The process of sorting out is conied till s columns
are removed from the system. It can be noted that removing onlumn from C is
equivalent to removing one multipole from the system. The jpcedure of multipole
reduction with this approach is summarized in the Figs.3.

5.2.4.2 Rank Revealing QR factorizations to identify redun dant multipoles

The rank revealing QR (RRQR) factorization [118, 120] is wigly used for estimating
the numerical ranks in case of rank de cit matrices. We can oagpute a decomposition
for C as

Ri1 Rz

CP=QR=0Q 0 Ry

(5.39)
whereP is a permutation matrix, Q has orthonormal columnsR is an upper triangular
matrix and R11; R12; Ry, are the submatrices oR. Ry, is of orderr, wherer represents
the numerical rank ofC with respect to a particular thresholdt,,. This decomposition is
called a rank revealing QR (RRQR) factorization if the follaing properties are satis ed:

condR11) % (5.40a)
KRk = &ax (R22)  &41 (5.40b)
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5. Application of a Hybrid Method to Characterize Radiating Apertures

If the numerical rank of C is well-de ned, the RRQR factorization (6.39 reveals the
numerical rank ofC by providing a well-conditioned leading submatrixR,; and a trailing
submatrix R, of small norm [118, 120]. From the permutation matrix* we can nd
out the columns which are treated as numerically dependennd eliminate them from
C. The ZGEQPX routine [122] along with the LAPACK routines hawe been used for
the RRQR decompositions.

5.3 Simulation results

Radiating elliptical apertures of di erent eccentricities mounted on a circular ange have
been considered for the simulations. To simplify the calcailions, the elliptical apertures
have been considered to be illuminated with the fundamental EF; mode only. One
fourth of the whole geometry has been analyzed by employingeg em-symmetry (i.e.
electric wall at XZ plane and magnetic wall atY Z plane).

The actual boundary condition of the problem with the considred excitation is
shown in Fig.5.6(a), where the color bar represents the electric eld value. Wimethe
elds produced by the multipole expansion in equationsH.1) and (5.2) match this
boundary condition, then the radiated eld of the aperture 8 well represented. The
accuracy of the electric eld representation on the horn bawary gives an estimation
about the accuracy of the radiated eld representation. Hex it can be noted that the
actual electric eld is calculated using equations%.29, (5.30 and (5.19 considering
the fundamental TE$, mode as being the incident one.

We start with a high density of multipoles inside the analyzeé structure. A total
number of 1194 multipoles located in 199 locations has beewmnsidered; in particular,
400 matching points on the aperture and 1205 matching pointn the metallic surface
have been selected as the eld matching points. The schematdiagram of a horn
structure under analysis along with the relevant coordinas is shown in Fig5.4. The
schematic diagram in Fig5.5 shows the multipole distribution inside the antenna and

Back ange

aperture
Front ange

Figure 5.4: Schematic diagram of the structure under analigs

106



5.3 Simulation results

the distance between the horn boundary and multipole surface. Three stetures with
elliptical apertures (with di erent eccentricities) have been considered. Both the front
and back anges have been considered as circular, with diatees 140 mm and 80 mm
respectively. The length of the horn is 40 mm, the major axisf ¢he radiating aperture
is 70 mm, the minor axes are 60.62, 49.98 and 30.51 mm, respety (corresponding
to the eccentricities 0.5, 0.7 and 0.9).

distance
- Multipole locations
_— ’: ==
.=
I % - S,
L=,
8 —y, - .\m\._.‘m‘ . .
— Matching points
Se

Figure 5.5: The aperture and antenna surface with the multiple locations and the
matching points.

The condition number for the C matrices without any multipole reduction is of the
order 10* or larger. If we use these system of equations for the eld camtations, the
obtained elds are wrong as illustrated in Fig5.6(b) which shows the magnitude of the
computed electric eld at the horn boundary without multipole reduction. The color
bar represents the strength of the electric eld.

5.3.1 Simulation results: SVD-angle method

The linear algebra package LAPACK [123] has been used for thest step of this
approach i.e. for the SVD. We have considered a threshold () and have used the angle
approach to identify the redundant multipoles. As the threbold (ts\q) IS increased, a
higher number of redundant multipoles is detected. As we exde these multipoles
from the expansion, the conditioning of the problem improwge Fig.5.8 shows the e ect
of increasing threshold on condition number and error in theeld computation at the
boundary of the structure.

In Fig. 5.8(a), the di erence between the magnitudes of the actual electri eld
(representing the boundary condition) and calculated eléic eld is plotted at the
horn boundaries. In Fig5.8(b) the improvement of the condition number is plotted
against the corresponding thresholdst{,q). It can be noted here that the errors are
calculated at the points which are di erent from the eld matching points. From the
error plot it can be seen that the error decreases as the thhedd is increased but after
tsva = 10 2 the error remains constant. In order to keep the error a miniom while
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10.7

0.6

10.5

1500

0.3

0.1

—0

(a) Magnitude of the actual electric eld represent- (b) Computed electric eld magnitude at the
ing the boundary condition of the problem. boundary without multipole reduction.

Figure 5.6: The actual boundary condition and magnitude offte computed electric
eld at the boundary without multipole reduction.

having a maximum number of multipoles, we can take the optimu threshold as 103,
It turns out that the variation of error with threshold follo ws the same trend in the case
of elliptical apertures with di erent eccentricities. Fig.5.7(a) shows the computed eld
after multipole reduction with tg,q =10 3.

0.7
0.7

10.6
10.6

10.5
10.5

10.4

103 Jo3

lo2 102

Jo1 Foqoa

(a) Computed electric eld magnitude after mul- (b) Computed electric eld magnitude after mul-
tipole reduction with SVD-angle approach for tipole reduction with  RRQR approach for
tea =10 3. trgr =10 6.

Figure 5.7: Computed electric eld magnitudes on the horn hundary after multipole
reduction by both the approaches.

In Fig. 5.10(a) the frequency dependency of the deleted multipoles for tieliptical
aperture with eccentricity 0.7 are shown. Two di erent case have been considered:

108



10

10" ¢

Error in computed e-field

10"

(a) Threshold value vs average absolute error

10° b

Threshold vs error in e-field computation
T T

\4
[
A
[ B4
\‘/‘?4 R
“’\V E
vy -
Vel
* 19
M ‘¢"°‘"\',
A
& Vs
v
AR
Vi
s
W, .
LI
AN -
‘{'m‘ e e
N
AT AR GHETE JUNTE JNUED 4
~
®---¢ - ° <
10° 10° 10* 102 10°
Threshold (t_ )
sv

in comp

uted electric elds.

5.3 Simulation results

Threshold vs condition no
T T

Condition number

10°

6 4 2 o

10
Threshold (tsvd)

10

(b) Threshold value vs condition number for

C

Figure 5.8: Threshold value {s,q) vs condition number forC and threshold value {sq)
vs average error in electric eld computation for di erent dliptical apertures in case of
SVD-angle approach.

in the rst case, the distance between the multipole surfacand the horn boundary
(the distance , with reference to Fig5.5 has been kept constant gth of the longest
wavelength), while in the second case, adepending upon the operating wavelength
(%th of the corresponding wavelength) has been used. It can bees that for xed
the number of deleted multipoles has a very slow tendency todrease with increasing
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5. Application of a Hybrid Method to Characterize Radiating Apertures

frequency (upper graph of Fig5.10(a)). It is worthy to note that in this case, about 60
percent of the deleted multipoles are common for adjacentefjuencies. In the second
case, the number of deleted multipoles decreases steadiijhmincreasing frequencies as
seen in the lower graph of Figs.10(a) For elliptical apertures of di erent eccentricities,
the same trend is followed.

5.3.2 Simulation results: RRQR method

The ZGEQPX routine [122] along with the LAPACK routines [123 have been used
for the RRQR decomposition. We have used the inverse of thergsholdt,, as the
upper bound for the condition number ofRy; (5.39. After obtaining the indices of
the columns which are considered linearly dependent durirtige rank revealing process,
they are removed fromC and the condition number of the new system of equations is
obtained. In Fig.5.9, condition numbers for di erent thresholds ¢4 ) and the average
error in electric eld calculation at the boundary of the stucture for di erent thresholds
(tiqr ) @are shown.
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(&) Number of deleted multipoles at di erent fre- (b) Number of deleted multipoles at di erent fre-
guencies with xed and constant in case of  quencies with xed and constant in case of
SVD-angle approach. RRQR approach.

Figure 5.10: Number of deleted multipoles at di erent fregancies with xed and con-
stant
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5.3 Simulation results

It is clear from the plots that also in this case the average er decreases as the
threshold is increased. The error remains constant for thsbolds greater than 107. In
Fig.5.7(b) the computed electric eld after multipole reduction with t,,q, = 10 ° has
been shown. The error jumps to a very high value if we go on ireasing the threshold.

In Fig. 5.10(b), the frequency dependency of the deleted multipoles usingRRR
decomposition (for elliptical aperture with eccentricity0.7) are shown. Here also two
di erent cases have been considered, one with constantand another with varying
It can be seen that the same trend of frequency dependency isafollowed in this
case. For constant , the number of deleted mutipoles increases with a very slowate
(upper graph of Fig.5.10(b)). For varying , here also the number of deleted multipoles
decreases signi cantly (lower graph of Figh.10(b)). Other elliptical apertures follow
the same trend.

5.3.3 Comparison of the radiation patterns

A comparison of the computed co and cross-polarized radiati patterns for the aperture
with eccentricity 0.7 is shown in Fig5.11 Radiation patterns were evaluated before and
after multipole reduction (with both methods). It can be sea that the radiation pattern
computed without multipole reduction as compared to that computed with multipole
reduction is completely incorrect. This is because of the gii numerical error due to
the inversion of the ill-conditioned system matrix. Here,timay be noted that a large
error in the aperture eld computation produces a relative} small error on the radiation
pattern - as can be noticed from Figs.6and 5.11 The radiation patterns for the same
aperture have also been evaluated using MWST. A uniform wayeide (of length 30
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Figure 5.11: Comparison of the radiation pattern for the dalptical aperture (eccentricity
0.7, =45 ) using GMT (before and after multipole reduction) and MWST.
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mm ) with the same cross-section of the aperture was used tturhinate the aperture.
The TEJ; waveguide mode with a modulated gaussian temporal dependenwas used
for the excitation in the MWST simulations. To evaluate the lackscattered radiation
eld with Microwave Studio software, the Perfect Matching Layer (PML) boundary
conditions [69] has been used. Similar results have beenrduor the apertures with
other eccentricities.
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Chapter 6

Summary and Future Works

Within the framework of this dissertation, several radio fequency devices and com-
ponents have been modeled and analyzed using commercial awath-commercial CEM
tools. The components considered in this dissertation hawery important and crucial
practical applications in the eld of particle acceleratos and communication systems.
These components have been chosen far apart from each othed &elong to the cat-
egory of the closed and open problems in CEM. Some numericathniques have also
been suggested and successfully applied to improve the nuit& e ciency of a hybrid
CEM technique to characterize radiating apertures.

As the rst application, state-of-the art commercial CEM tools have been applied
for the wake eld computations and related analysis of someomponents of the third
generation synchrotron light source PETRA I1ll. The consideed components are the
button-type BPMs in the normal beam-pipe, the same in the naow beam-pipe and
the longitudinal feedback cavity.

The wake elds, impedances, loss and kick parameters haveelnecomputed for the
BPMs mounted in the normal beam-pipe and narrow beam-pipe. &Kes, related loss
and kick parameters have been computed for the cases of onsaand o -axis beam
excitations. During the time-domain wake computations, tk recorded electric eld
components at the gap between the BPM button and the beam-pgsuggest possible
excitation of a mode with resonant frequency around 8.7 GHzDetailed eigenmode
analysis revels that this mode is an almost degenerate dipomode trapped in the
vicinity of the BPM button - presented both in the normal and rarrow beam-pipes.
The estimated loss parameters, kick parameters, impedascetc. for these studies
related to the BPMs can be used for the impedance database, éstimate the overall
impedance of the machine.

The wake computation for the longitudinal feedback cavity Isow that the contribu-
tions of these cavities to the overall machine impedance igsi cantly high. A com-
parative study between the proposed feedback cavity with @nwithout nose cone shows
that the resonant frequency of the operating mode decreasdghtly with the inclusion
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of the nose cone - which may be used for ne tuning the cavity senant frequency. Al-
though there are not much di erence between the computed wak for the cavity with
and without nose cones, the shunt impedance can be increadgdaround 13% with
the inclusion of the nose cones. It has been found that the tamations of the coaxial
ports have strong in uences on the impedance spectra of thawty. With short circuits
(electrical boundaries) at the coaxial ports, the frequemes of the impedance peaks shift
towards lower values and the impedance peaks become highempared to those with
matched terminations at the same ports. Wakes and correspading impedances due to
the feedback cavity have been computed for both the cases ofand o -axis beam. As
the feedback cavity has large dimensions combined with sldtyeometrical details and
the available computer memory is limited, it is very di cult to compute o -axis wakes
with reasonable accuracies. For this purpose, a method hasdm suggested using one
guarter of the cavity geometry and a combination of di erentboundary conditions at
the symmetry planes. This method has been applied for smakdgt cases to estimate
the error bounds and afterwards used for o -axis wake compations due to the actual
cavity.

The second application, i.e. the analysis of an ultra-widelmd antenna, belongs to
the category of open problems. The considered antenna hassbeanalyzed and op-
timized using a commercial CEM tool. The complex shape of thentenna has been
modeled using a general purpose mathematical tool. At rstthe optimum simulation
parameters (like the distance of the absorbing boundariethe number of mesh-lines per
wavelength, etc.) have been obtained from convergence siesl The main parameters
in uencing the antenna performance have been identi ed by eans of parametric stud-
ies. Afterwards, these parameters has been used for optiatibn of the antenna. It
has been shown that the antenna under analysis is a specidypered TEM horn, with
an added loop which eases the fabrication and minimizes reton from the edge. The
ultra-wideband nature of the antenna comes from the minimaion of the edge re ec-
tions. A considerable deviation in the characteristics beteen the simulated antenna
and the measured hand-curved one has been found. In spite bistdeviation, which is
most probably caused by the imperfections to fabricate thendenna shape, simulations
along with the corresponding analysis provide an useful igét into the functioning of
the antenna.

The presented antenna can be modeled with many degrees oéftem, besides those
used in this dissertation. This work can be extended towardgudies of those parameters
on the antenna performance. Besides e orts can be made to mdacture the antenna
taper more precisely, using the three dimensional rapid piatyping machines or other
techniques.

The last part of the thesis is about the application of a hybd technique involving
the GMT and MMT for characterization of aperture antennas. is technique is based
on the hybridization of a closed problem with an open one, bad on the semi analytical
techniques. Automatic multipole placement in the GMT geneates an over-determined
system with poor numerical stability. Two methods to identfy the redundant multi-
poles in GMT have been presented and the numerical stabilityf the original system
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and the modi ed systems obtained after eliminating the redndant multipoles (with

both methods) has been analyzed. For the considered exampiean elliptical horn

antenna we have found that, for the SVD-angle approach, a teshold value of the order
10 3 is necessary in order to reduce the average error in the contga electric eld.

This threshold value provides an improvement in the conditin number of the modi ed

system as compared to the original one which has a conditioumber of the order
10'. Similarly, when using the RRQR approach, the threshold nessary to reduce the
average error in the electric eld computation amounts to 10°. This has lead to an
improvement in the condition number of the order of 10

Elliptical apertures with di erent eccentricities have been analyzed and a comparison
of the simulation results with a commercial electromagnetisimulation package has also
been provided. Though the RRQR factorization is most suitdb to reveal the numerical
rank of a matrix where there is a signi cant gap in its singulavalue spectrum, still it
can be applied for the redundant multipole elimination in GM. In general, the RRQR
decomposition is numerically less expensive than the SVD iMhthe SVD is more robust.
So, the SVD-angle method can be used for the cases where robhess is of primary
concern and RRQR method can be used to obtain faster resultds these methods are
general, their applications can also be extended to the aunatic distribution of the
multipoles for any complex geometries.

With the signi cant advancement of the computation speed ad memory, the fully
numerical computational electromagnetic techniques halsecome state of the art tools
for modern day RF design and analysis - even for complex sttuges with large dimen-
sions. The rst two applications presented in this dissert@on attest the scopes and
capabilities of the modern computational electromagnetitools. However, in case of
open problems, the termination of computation domain stilfemain as a subject under
investigation. The hybridization technique presented aéirwards relies on subdividing
the radiation problem into two parts - an internal and an extenal one. Although mode
matching technique has been used in this dissertation to alyae the internal part, other
techniques (like the fully numerical ones) can as well be wséor the same purpose. Usu-
ally the fully numerical techniques at rst compute the eld distribution on a imaginary
surface enclosing the antenna corresponding to the giventamna geometry and excita-
tion. In the next step a near to far eld transformation is apgied to obtain the far eld
distribution. This near to far eld transformation can also be done e ciently using the
GMT. Combination of a fully numerical technique (e.g. FIT, FEM etc.) as the compu-
tational tool for the internal part of the antenna with the GMT as the computational
tool for far eld computations can be a promising extensionfahe present work.
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