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ABSTRACT

Microwave telecommunication systems employ a large number of waveguide components
operating at microwave and millimeter-wave frequencies. Accurate design of these components
for optimum performance of the overall system is critical and, therefore, computationally
efficient and accurate numerical methods are indispensable. The objective of this work is to
develop a framework for the computer-aided analysis and design of microwave components

containing cross sections with arbitrarily positioned ridges.

A new formulation to obtain the eigenmode spectra of irregular waveguides is presented. The
method uses modified modes of regular waveguide housings as expansion terms and leads to a
classical eigenvalue problem. A constraint function is introduced to satisfy the boundary
conditions for TM modes; TE modes are obtained straightforwardly. This procedure is then
combined with a mode-matching code in order to analyze and optimize waveguide structures

involving resonating components.

The general approach is applied to multiple ridged waveguide structures in rectangular and
circular waveguide technologies. Convergence is demonstrated, and applicability of the
developed algorithm is tested through the design of waveguide filters, transformers, polarizers
and polarization-rotating components. Two new configurations of circular T-septum and key-
shaped below-cutoff filters are introduced. Whenever possible, the designs are validated by
independent means. Excellent agreement is obtained between the approach presented in this

thesis and other full-wave field solvers.
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Chapter1 OVERVIEW

1.1 Introduction

RF/microwave and satellite communication systems employ a large number of
waveguide components operating in the MHz to GHz frequency ranges. The accurate
design of these components for optimum performance of the overall system is critical. To
achieve this goal, computationally efficient and accurate numerical methods are
indispensable and necessary in the design of components and subsystems, as well as in

their optimization stages.

Among the large variety of potentially suitable numerical methods, two kinds of
techniques may be grouped as finite-element or finite difference methods [1]-[3] and the
method of moments [4] with eigenmode transformation technique. The advantage of the
first group lies in the fact that they can be applied to a wide range of structures with less
analytical and mathematical preprocessing. However, a price one has to pay is the
numerical inefficiency compared to techniques partly involving analytical solutions. On
the other hand, as one example of the second group, the mode matching method [5], [6]
in conjunction with the generalized scattering matrix technique [7] has been found to be a
more reliable and straightforward technique. A minor handicap of such methods is that
‘they heavily rely on the knowledge of the mode spectra when nonstandard waveguide
analysis is involved. In the past, the singular value technique has been mostly used to
determine the mode spectrum of these nonstandard cross sections. Due to their feature of
finding cutoff frequencies as zeros (or minima) of the determinant of a matrix, whose
elements are functions of the frequency, the computational time is still fairly long,
especially if many higher order modes must be computed. Several techniques have been
proposed to formulate the task in form of a classical eigenvalue matrix problem [8], [9] to
speed up the computations. In this thesis, a new algorithm for the calculation of the mode
spectra of nonstandard waveguides is presented within a modal-based approach. The

main procedure of the algorithm is to employ the method of moments to convert the wave



equation to a matrix eigenvalue problem using a set of known solutions of a standard
waveguide as basis functions. Galerkin’s method is applied to yield a standard eigenvalue
matrix equation, which can be solved by conventional numerical routines [10], [11]. Both

nonstandard rectangular and circular waveguides analyses are involved in this discussion.

This thesis begins with a brief introduction of the basic principles of an eigenvalue
approach for rectangular waveguides with ridged features. These principles are then
applied to the analysis of different rectangular ridged waveguides, followed by an
eigenvalue analysis of ridged circular waveguides. In order to use a single coordinate
system, conically shaped ridges rather than rectangular ones are considered in circular
waveguide. The approach is then used to treat the discontinuity problem at the interface
between the empty waveguide and ridged waveguide. To verify the computed mode
spectrum and scattering parameters, standard mode-matching technique calculations and
commercial software (HFSS, pWave Wizard) simulation results are chosen as

comparators. Better performances in efficiency as well as good agreements are achieved.

Although only a few irregular waveguide problems are treated in this thesis, the basic
framework for the eigenvalue approach combined with mode-matching techniques in
nonstandard waveguide has been established and can now be extended to more general
problems. This can be the subject of future work to analyze and design filters,

transformers and many other waveguide components.

1.2 General Numerical Techniques

Waveguides of non-standard cross section are frequently employed in microwave and
millimeter-wave front-end systems. In the literature, many techniques are presented for
the analysis of these non-standard waveguides. The fundamental formulations are based
on Maxwell’s equations of electric and magnetic fields. For a homogeneous, isotropic,

source free region, Maxwell's equations can be reformulated to obtain the equation

sz_;+k2y—;=0



where k = w4/ e . For simple cases, it is possible to explicitly determiney , the vector

potential, from which the field in a homogeneous source free region can be evaluated.
However, for some cases, where analytic solutions are not possible, a numerical
evaluation must be sought. The numerical techniques themselves can be classified as time
domain and frequency domain techniques, depending on whether the solution is obtained
using spatial discretization (frequency domain method) alone or time discretization (time

domain method) of Maxwell’s equations. Some of these methods are discussed below.

1.2.1 Finite Difference Methods

There are two popular finite difference methods: Finite Difference Frequency Domain
method (FDFD) and Finite Difference Time Domain method (FDTD) [12], [13]. In
FDFD, the partial differential forms of Maxwell’s equations are solved by approximating
the derivatives of functions of continuous variables in space by finite differences using
Taylor's series. Thus, the region of interest is divided into mesh points. The value of the
function at each node is derived from the value of the functions at the neighboring points.
The number of nodes is determined by the convergence in the value of the function. As in
FDTD [14], the electromagnetic fields vary both in time and space. The partial
derivatives with respect to time and space are approximated by finite differences. The
frequency domain response is obtained from the time domain characteristic using Fourier

transforms. More details can be found in [15].

This method is well known to be the least analytical. The fullwave mathematical
derivation is minimal, and it can handle arbitrary and complicated structures including
components involving open structures. However, the drawback is the numerical
inefficiency. In order to get accurate solutions, the number of nodes usually must be
increased extensively. Therefore, more memory space and computation time are

necessary.

1.2.2 Finite Element Method (FEM)
The finite element method [3], [16] is similar to the finite difference method, but with
variational features in the algorithm. In this method, the region of interest is divided into



a number of sub-regions called finite elements. A triangle is the simplest of the surface
elements used to approximate most of the arbitrarily shaped structures. In this small
element, the function is approximated by a polynomial with unknown coefficients. A
Rayleigh-Ritz procedure transforms the variational form into a linear system of algebraic
equations, which is then solved to obtain the unknown coefficients of the functions.
Using a number of small elements with higher order polynomials to approximate the
function, accurate solutions to field problems can be obtained using this method.
Eigenvalue analysis of various structures like finlines in rectangular, ridged rectangular

and circular waveguide components has been performed using FEM.

Even though the FEM procedure is general and can be used on arbitrary shapes, memory
space and computational time required are still high. Another problem of finite methods
is the existence of spurious zeros. Such zeros correspond to nonphysical field solutions. If
the additional constraint V-H =0 is added to the variational expression, it is possible to

reduce or eliminate these zeros.

1.2.3 Transmission Line Matrix Method (TLM)

In the TLM method [17], [18], the electromagnetic field problem is converted to a three-
dimensional equivalent network problem based on Huygen's principle of wave
propagation. This method is essential for the simulation of wave propagation phendrnena.
After the time-domain response is obtained, the frequency response is found by Fourier
transforms. This method is very general and can handle arbitrarily shaped structures and
open boundaries with special absorbing boundary conditions. Also here, the time and

memory space required during computation can be large for some problems.

1.2.4 Spectral Domain Approach (SDA)

The spectral domain approach [19] is well suited for the analysis of planar transmission
lines such as microstrips, finlines and coplanar waveguides. It is one of the most
preferred methods using a Fourier-transformed version of the integral equation. Basis
functions are chosen to approximate the current in the metallization of the transmission

line. Galerkin's procedure is then used to yield a homogeneous system of equations to



determine the propagation constants, current distribution and the characteristic impedance
of the transmission lines. Except for the time-consuming procedure to find the zeros of
the system determinant, this highly analytical method has excellent computational

efficiency.

1.2.5 Method of Moments (MoM) and Galerkin’s Method

This method [4], [20] is more analytical when compared to the above numerical methods.
A sum of basis functions with unknown coefficients is used as an approximate solution to
a differential or integral equation. The following step of the method of moments is to take
the inner product of the basis functions with a set of testing functions. The result is a set
of linear equations, which is solved in order to obtain an approximate solution to the
problem. The choice of basis functions depends on the problem itself and the boundary
conditions. The testing function can be a delta function, pulse function or any other
function. If the basis functions and the testing functions are identical, then this procedure
is referred to as Galerkin's method. The matrix size can be smaller than in other
approaches, but the cost is that double integrals usually have to be evaluated for each
matrix element. In general, a judicious choice of the functions used in this approach can
minimize computation time and memory space and yet produce numerically accurate
results. The method of moments may encounter poor convergence if the dimension of the

matrix becomes too large.

1.2.6 Mode-Matching Technique (MMT)

The mode-matching technique [6], [21], [22] was initially developed for waveguide
discontinuity problems. In this method, the fields on both sides of the discontinuity are
first expanded in terms of their respective modal functions. Using the continuity
condition of the field at the interface of regions along with applying the orthogonality
property of the modal functions, results in a set of algebraic equations. The solution of
these algebraic equations yields the eigenvalues and scattering parameters of the
fundamental and higher order modes. These are the values of the propagation constants
that make the determinant of the system of equations vanish. Also, the modal

representation of the fields directly provides the generalized scattering matrix, which



enables one to evaluate the field at any point close to the discontinuity including the
effects of evanescent higher order modes along with the propagating fundamental mode.
Consequently, a rigorous analysis of the component is possible by cascading the

generalized scattering matrices of subsequent discontinuities.

The mode-matching technique has been proved to be a reliable and rigorous numerical
technique to design waveguide components. If the modal functions can be expressed
analytically, this method rapidly depicts the characteristics of components. However,
when the applications involve arbitrarily shaped structures, the mode-matching method
has less handling ability due to the absence of explicit expressions for the modal
functions. Another drawback of this method is the relative convergence problem found in

the evaluation of the matching equations.

1.2.7 Summary

A brief introduction of most commonly used numerical techniques in microwave systems
is given above. Each method comes with its own advantages and disadvantages. For
instance, the finite element method may petition a large amount of computation resources
to fulfill an accurate simulation. But it is a versatile technique. In contrast, the mode-
matching technique is much more efficient. However, it can only handle those structures
where the modal functions can be expressed analytically. In view of the advantages of
certain numerical methods, many researchers have focused attention on the combination
of a number of techniques to accelerate numerical processing. Such hybrid techniques are

attractive as they apply to more applications in microwave components design.

In this thesis, various numerical techniques are firstly presented in order to find a suitable
method for nonstandard waveguide analysis. The mode-matching technique is believed to
be a fast and rigorous numerical tool. Combined with singular value decomposition, this
techniques searches for the zeros of the system determinant, which contain the unknown
wavenumbers. This type of numerical processing is usually costly both in coniputation
time and resources. Another approach is based on the moment method of the integral

formulation associated with Galerkin’s method, in which a wave function is expanded in



a sum of known standard waveguide functions. For instance, Omar and Schiinemann [8]
and Lin, Li, Yeo and Leong [9] propose different modules to implement this method. In
[8], edge conditions must be introduced which do not allow for an arbitrary placement
and numbers of ridges. To the best of the author’s knowledge, the method proposed in [9]

has not been applied to waveguide component design.

To achieve the goal of accuracy and efficiency, a new and more general design is
presented in this thesis by combining the two methods published in [8], [9]. With the new
method developed in this thesis, the eigenmodes of nonstandard cross-section
waveguides are expressed in terms of standard waveguide modes. (Note that in this
thesis, ‘standard’ refers to a waveguide for which analytical solutions of eigenmodes
exist.) The resulting eigenvalue system covers a large variety of cross sections involving
metal inserts in standard waveguides. Additional to the modal spectrum analysis, a
prototype design for components using non-standard waveguides is proposed. The mode-
matching method is used to generate the scattering matrix and circuits’ characteristics.
Comparisons with results obtained from commercially available field solvers and other

numerical techniques are carried out to validate the theory proposed.

1.3 Techniques for Nonstandard Waveguide Analysis

Over the last two decades, an increasing number of passive waveguide devices have
appeared with an arbitrary cross section defined by linear, circular, and or elliptical arcs.
For instance, ridged rectangular and ridged circular waveguides, as well as cross-shaped
irises are frequently found in dual-mode and/or dielectric-loaded resonator waveguide
filters. Multi-ridged rectangular waveguides have been also employed as tuning elements
in reentrant coaxial filters [71]. Recently, and due to the utilization of the most common
manufacturing techniques of waveguide components, the presence of rounded corners in
rectangular waveguides has been under investigation in both guided and filter
applications [72], [73]. The electromagnetic-wave propagation in hollow conducting
waveguides of arbitrary cross section has become a problem of considerable practical
interest, and many different approaches dealing with the calculation of the full modal

spectrum of such waveguides have been published in the microwave engineering



literature. Over the past years, several techniques were introduced in order to cope with
the efficient modal computation of particular arbitrarily shaped waveguides such as non-
symmetric uniform waveguides or triangular-waveguides. The keys are to calculate the
distribution of the resonant modes and frequencies of a two-dimensional structure, which
is equivalent to finding the modal fields and corresponding cutoff wave numbers. To
achieve this goal, the approach of equivalent circuits is historically developed. In the
literature, the analysis of electromagnetic characterization of ridge waveguides is
presented by Cohn [23] and Hopfer [24]. However, the integral transform and variational
techniques employed within the equivalent circuit approach are only valid for the
dominant mode. This leads to low accuracy for problems of multi-discontinuity

structures.

Since then, a variety of numerical and analytical methods have been developed to provide
rigorous theoretical solutions of electromagnetic fields in ridged waveguide structures.
These include the finite element method [25], method of moments [26], mode matching
technique [22], and all subsets of variations [27]-[36], each with its own unique
advantages and disadvantages. From a mathematics’ point of view, there are two main
group of techniques for solving the modal problem under consideration: the first one is
based on the solution of integral equations through different methods and solves for the
zeros of the determinant of the system matrix. The second one consists of field
expansions in term of normal modes of hollow waveguide which leads to a solution of

classical eigenvalue matrix equation.

Obtaining the numerical solution of a problem involving a source-free region is one of
the most frequent tasks in electromagnetic field analysis. Among the first category,
formulations are based on expansions in space-harmonics functions, which finally lead to
a homogeneous matrix equation. The solutions, i.e., the roots of the characteristic
equation, must then be found by means of a search procedure. A number of different
approaches have been presented over the years and their solutions combined with
different forms of modal analysis. These include standard Ritz-Galerkin approaches [37],
[38], the finite-element technique [36], the electric and magnetic field integral equation



technique [29], [31], transverse resonant technique [30], [35], and others such as neural
network models. These numerical methods have been successfully applied to the analysis
and prediction of the characteristics of nonstandard waveguides and their applications.
However, there are two drawbacks in this category. One disadvantage lies in the fact that
these methods partly rely on the use of harmonic expansion formulations for the
transverse fields; thus, they are not flexible for treating arbitrarily shaped ridged
waveguides. Another main limitation is the long computation time required for the search
of cutoff frequencies for the higher order modes. Due to the nature of the formulation, it
is the issue of locating the zeros of the determinant in the homogeneous matrix equation
in the form of A*x=0. Some efficient methods are presented in [39]-[41] to speed up the
process of finding the accurate solutions. Furthermore, a singular-value decomposition
method is developed to ensure that zeros are clearly distinguished, thus, no false solution
is produced and no true eigenvalue is missed [42], [43]. It should be noted that these
methods have been successfully applied to T-junctions and Waveguide corners, as well as

other complex waveguides components, and accomplished the desired goals [44]-[46].

The classical eigenvalue approach is the second category which consists of techniques
based on the solution of integral equations by algorithms such as the method of moments.
Omar and Schunemann applied the generalized spectral domain technique, which uses
the mode distributions of the surrounding regular waveguides as expansion and testing
functions, to analyze rectangular waveguides with metal inserts [47]. However, it was
found that in the presence of sharp edges, the method requires the use of edge-
conditioned basis functions, which limits general applicability to structures with
predefined edge structure. An interesting approach, which leads to a classical symmetric
eigenvalue matrix equation, is presented in [48], [49]. However, the use of polynomial
approximations involving Gamma functions limits efficient code implementation and,

therefore, only simple discontinuities have been presented so far [50], [51].

The classical eigenvalue approach might be less efficient when applied to analyzing muti-

ridged cross-section waveguides. The formulations usually lead to large-size standard
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eigenvalue matrix problems, thus in some cases, do require time-consuming procedures

for the computation of the required cutoff frequencies.

In view of the advantages of different numerical techniques, many researchers recently
focused attention on hybrid techniques as a combination of two different approaches.
These procedures have been applied when there are complex elements in the waveguide
housing, or, in general, to problems which involve mixed systems. When combining
MoM with MMT, the eigenvalue analysis of arbitrarily shaped structures is done using
MoM. Subsequently, the discontinuity from a structure that is well suited for a MMT
analysis is made possible by a combination of techniques. Since the structure that is
sandwiched on either side by a region where fields can be expressed as modes,
application of the matching condition and orthogonality of modes results in integrals
which can be performed as summation. Therefore, the modal representation gets directly
incorporated, and a generalized scattering matrix is obtained. Such hybrid techniques are
attractive due to the ability to handle structures that are arbitrarily shaped.

In this work, a combination method which solves first a two-dimensional problem by an
eigenvalue method and then the third dimension through mode-matching will be

examined.

1.4 Research Objective

Since rigorous analysis and design of microwave components, like filters, transformers,
matching networks, is essential for the modern communication industry, this research
focuses on the computer-aided analysis and design of certain microwave passive
components used in telecommunication systems. The main objective has been to develop
computer-aided design algorithms for the design of components in waveguide technology
using a field theoretical approach. The numerical technique used in this work for the
design and analysis of waveguide components is a variation of the Method of Moments in
integral form. By combing the mode spectrum eigenvalue formulation with the MMT, a
flexible algorithm is developed to analyze a variety of waveguide components. The fact
that this technique lends itself to the approach of handling basic discontinuities makes it
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suitable for handling components composed of many cascaded discontinuities. Also, an
integrated system can be analyzed rigorously once the sub-components have been
individually analyzed. The most important feature of the approach is that it is rigorous

and yet enables the optimization of the parameters of an initial design.

The present work begins with a study of the well-known structures in rectangular
waveguides. The principles of this study are later utilized to rigorously design
components in nonstandard waveguide technologies. In order to validate the proposed
algorithm’s correctness, some numerical results have been compared with those obtained
with commercially available field solvers and other numerical tools. The target of this
research is to make contributions in the area of computer-aided design of passive

waveguide networks.

1.5 Organization of the Thesis

As mentioned in previous sections, this research adopts a two-phase approach in the
development of computer-aided design algorithms for irregular waveguide components.
The following chapters present the theoretical treatment of waveguide discontinuities and
then a series of rectangular and circular waveguide components which incorporate such
discontinuities. A few design examples will be used to demonstrate the applicability of
the algorithm upon validation by measured data and/or other simulation tools and

software.

Chapter 2 begins with the study of the fundamental concepts and formulations of the
mode-matching technique. A full-wave analysis of the T-septum waveguide is performed
to generate the mode spectrum and propagation characteristics. Once the rectangular-to-
T-septum waveguide discontinuity is solved, a complete numerical algorithm can be

developed.

Chapter 3 gives full details of a ridged rectangular waveguide structure using the
eigenvalue mode spectrum analysis. A classical eigenvalue approach is employed to

handle the irregular waveguide cross sections. By combining this method with a mode-
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matching technique, the generalized scattering matrix is determined. The complete
algorithm is then applied to analyze a regular-ridged-regular waveguide structure. The
proposed method is validated by comparing the obtained results with those computed via

other simulation software.

A rigorous analysis of multiple transverse discontinuities in rectangular waveguide is
presented in Chapter 4. The fundamental formulations derived in Chapter 3 are expanded
to include the theoretical and numerical analysis of nonstandard multi-ridged waveguide
structures. After the validation of convergence of the multiple-ridged waveguide cross-
section analysis, the design of waveguide filters, waveguide transformers, below-cutoff

waveguide filters, and a 90-degree waveguide twist component are featured.

Chapter 5 presents a study on circular ridged waveguide structures. The mathematical
approach used for multiple ridged rectangular waveguides is extended to multiple ridged
circular waveguides, and the eigenvalue mode-spectrum analysis involving Bessel
functions is applied. Based on the complete theory, designs of a circular ridged
waveguide polarizer, novel below-cutoff circular ridged waveguide filters and a new

polarization rotator demonstrate the validity of the algorithms presented in this chapter.

The final Chapter 6 summarizes the proposed algorithms and theory. Although only two-
port problems are treated in this thesis, the basic framework for the eigenvalue spectrum
analysis method in both rectangular and circular waveguides has been established and can
be extended to multi-ports problems. This will be the subject of future work to analyze

and design waveguide components.

1.6 Contributions of Thesis
The overall contribution of this thesis is the development of an accurate numerical
technique, which combines the method of moments and mode-marching techniques for
the design of passive components in nonstandard waveguide technology.

o First, a new method that uses well-known modes of empty regular waveguides to

find mode distributions of irregular waveguides is proposed.
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Secondly, a new two-dimensional formulation to enforce boundary conditions for
the TM modes calculations of irregular waveguides is presented.

And finally, this method is combined with MMT routing schemes for the analysis
and design of rectangular and circular waveguide components for wide-band and

narrow-band applications.



Chapter 2 TRADITIONAL MODE-MACHING
APPROACH

2.1 Introduction

In the analysis and design of passive microwave components, a variety of numerical and
analytical methods have been applied. The mode-matching technique is preferably used
where the structures in question have regular boundary cross-sections with discontinuities
in the direction of propagation. The most important advantage of this method is that the
analysis includes higher-order mode excitations at the discontinuities, thus accounting for
the contributions of propagating and evanescent TE/TM modes to the electromagnetic
field [52]. This traditional method is also beneficial in the sense that it can be easily
incorporated with other numerical techniques to solve for a waveguide’s propagation
constants, cutoff frequencies, or characteristic impedances. Combining the mode-
matching technique with optimization algorithms, it can be made into a design tool.
However, it should be noted that the mode-matching technique can straightforwardly
handle only those structures where the modal functions can be expressed analytically.
This means that highly arbitrary sharped structures cannot be analyzed using this method.
Only simple irregular cross sections have been analyzed using modal techniques; an

example will be given in Section 2.2.

The traditional mode-matching method has proven effective in numerous waveguide
discontinuities problems. Generally, in mode-matching techniques, the unknown
electromagnetic fields on both sides of the discontinuity are first expanded in terms of
their respective modal functions and then matched at the common interface by applying
field continuity conditions. This approach eventually leads to a set of linear simultaneous
equations for the unknown modal coefficients and, hence, the generalized scattering
matrix of the discontinuity. In the design algorithm, the Generalized S-matrix Method
[52], which combines the mutual interactions of all discontinuities involved via the
dominant and high-order modes, is used routinely to characterize cascaded and

interconnected discontinuities. In this chapter, the basic concept of mode-matching will
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be explained and illustrated for a T-septum waveguide discontinuity problem. Further
discussion topics such as power normalization, generalized scattering matrix, and
cascaded discontinuities are involved. The chapter concludes with comments on this

general mode-matching technique.

2.2 Transverse Analysis

The basic problem in electromagnetic applications is to solve Maxwell’s equations under
the constraints of boundary conditions. For some simple boundary value problems
involving standard waveguides, such as rectangular, circular or elliptic waveguides, a
direct analytical solution is possible. For other more complicated cross sections, referred

to as nonstandard waveguides, a numerical evaluation is the only approach.

Consider a homogeneous, isotropic and source-free waveguide structure. Then the
electric and magnetic field vectors are described by Maxwell’s equations:
VxE=- jouH
Vx—h—f:ja)é‘E (21)
VIE=0
VIH =0
The solutions can be derived from the electric and magnetic vector potentials y° and y" ,

respectively, which satisfy the Helmholtz equations

E=-Vxy+ _1 VxVxy"
joe

H=Vxy"+ —VxVxyp* 2.2)
jou

VZ l//e(h)+k2 We(h) =0

where k = @./ue . As mentioned earlier, it is possible to determine vector potentials

- —

w*and y" analytically for simple cross sections. However, for most cases in modern

waveguide technology, analytic solutions are not possible and numerical evaluations

must be sought. The numerical techniques involved can be classified as frequency-
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dofnain and time-domain techniques depending on whether the solution is obtained using
spatial discretization alone or including time discretization as well solving Maxwell’s
equations. These methods are, for example, the Finite Element Method, the Boundary
Element Method, the Finite Difference Method, the Integral Equation Method, the
Method of Moments, the Transmission Line Matrix Method and the Mode-Matching
Method, each with its own unique advantages and disadvantages (c.f. Chapter 1). The
choice of the numerical method depends largely on the geometry of the structure itself.
When investigating three-dimensional waveguide geometries of arbitrary shape, where
the distribution of the electromagnetic field cannot be described in closed form, one must

inevitably resort to numerical methods.

For the class of problems in which the waveguide components contain discontinuities
from fixed boundary cross sections, such as rectangular, circular, elliptical, etc., specific
solutions for the electromagnetic field exist due to the careful selection of the analytical
and numerical methods. As stated earlier, among the variety of analytical and numerical

methods, the mode-matching technique has been highly preferred.

Fig. 2.1 shows the geometry of the T-septum waveguide with corresponding regional
subdivisions for the mode-matching formulation. The coordinate system is set-up for the

two-dimensional analysis of this waveguide.

A

Fig. 2.1 Cross section of T-septum waveguide.



17

The solution to the electromagnetic field in an homogeneous source-free waveguide is

— -

derived from the electric and magnetic vector potentials ¢ and y" , respectively, and

these are chosen such that they individually satisfy the Helmholz equations. In the above
coordinate system, if the waveguide axis is parallel to the z-direction, the field is readily

divided into a sum of TE and TM modes, which can be represented by the scalar wave

potential " and y*, respectively. They can be written as

V5 9,2) = ST T 6 9)C ) 23)

e 3.2) =S V2T ()L (2)

where Z; and Yq" are the wave impedance and admittance, respectively. The Helmholtz

equations with boundary conditions are:

ViR Ky =0

oy*©
=0 24.a
on _ ( )

' =0
where the derivative is taken in a direction normal to the waveguide surface. The
functions {“" , which generally contain two unknown coefficients, are solutions to the

second-order ordinary differential equation

d’¢ ..

—+k;{=0 24b

dZZ z g ( )
The cutoff wavenumbers are related to the propagation constants by

K+ k=K (24.0)

where k” = @’ ue . The indices p and ¢ in eq. (2.3) are ordered in increasing mode cutoff

frequencies. The propagation constants are determined from eq. (2.4.c) after the cutoff

wavenumbers are found by solving the boundary value problem.
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When applying the mode-matching method to a waveguide discontinuity problem, the

junction is subdivided into suitable regions. The TE mode cross-section functions in their

respective subregions can be described as

hila Ila k"”“( /2)
™™ (x.)= ZA, ;sm{ k;aa }coj;:g/bl)

TH® (x. ) = 214,{’“[ cos(k'™x) ws(lsf; /b) 2.5)

T (x, )= 241101, cos {ki"* (x~a,)} cos[(tﬂ(f};’? /(b-b,)]

where ¢;is the Kronecker delta function. The respective cross-section functions for the

TM modes are:

TeIIa(x,y)=inb‘/bi-lcos{k;Ua(x_alz)}sm(;_ﬂy)

r=1 1

S 2 . kellb )
T (x, y) = ZDS’”’\/; %sm(%y) (2.6)
s=1 x5
’ . [2 sink“(x-a)
T (x,y) = ZD”Vb b, { o mie 2}51 {b b(}’ b)}
with
( k:.rua.eﬂa) 2 ( kIIa) 2
(kigubeﬂb) = wzﬂogo (k”b) (2.7)
(kzllc,eIIC) (k;:r:)
and

&™) [ (x/b)
(kfsb )¢ =3 (sz/b)
*)|  |exio-b,)

The field matching conditions for both the TE and TM modes at the common interface of

x=a, are
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EE -E® ST E, =E.] 5 5.2
T _ G at x=a, an T _ T at x=gq, (2.8)
xy ~ Txy x,y xy

The matching operations for subregion functions, as well as their derivatives with respect
to x, yield two matrix equations, each relating the unknown amplitude coefficients to

each other. Thus, homogeneous characteristic matrix equations are derived for the

unknown coefficients 4™ and D™ in region IIb first. These are

[diag (—k2" sin k", )
—(J" "N digg (—kM" cot k" (a,—a/2))J" " diag cos k" a,) (2.9)
+ JHID digg (—k;',”c tank""“(a, —a, )) (JM N digg (cos ki%q ):I A™ =0

and

l: —sink™"q, )
diag (—’“

k"
cotk?(a,—al2)

~(J Y diag ( e Jje(m-”b)diag(cos ks a) (2.10)

ke[lc

“(a —az)J(Je(Ub—IIc) ) diag(cosk"a, )} D™ —0

keI]c

4 Jelm-ie) g o ( tan

where diag () denotes a diagonal matrix, and the coupling matrices are:
. [ Foshtycniy
& b, Jl+5o, ,/1+5
Jhtm-tie) _ E \/z 2 cos k:s”by co8 kJI:'” -b) dy (2.11)
e b\ b-b, \/1"‘50: J1+§0,
Je(lla 1b) __ F \/7\/7 Sln kellay Sm ke.llbydy
Je(llb-llc) E\/7 ’b . siti kellby i ke,”c(y—bz)dy
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The terms in the square brackets in (2.9) and (2.10) represent the characteristic matrices
for the TE and TM modes, respectively, and must be solved for the zeroes of the
determinant by varying the frequency f to specify the corresponding mode cutoff
frequencies. The amplitude coefficients 4™ and D™ may once again be determined
where a zero is detected. By using the coupling matrices and diagonal matrices, these, in
turn, are related to the amplitude coefficients 4™, D™, 4™ and D' in regions Ila and
Ilc,
iag (k1" csckl (a,—a/2))J" " diag cos ki"a, ) A™

—csck®(a,—al2)
= diag el

J B digg (cos k<™®a, ) D™ (2.12)
xs 1

4l — diag(kf,”c Seck;m(a] _az))(Jh(Ilb—Ilc) )T diag(cos k:;llbal)Allb

D™ = diag (cos k¥“(a,—a, )) (J B0 )T diag (cos % ) P

and, hence, the cross-section functions are determined completely.

Since the general homogeneous matrix equations (2.9), (2.10) are in the form of
(A)Ix =0, the evaluation of det(4)=0 could be computationally expensive for most
numerical calculation techniques. Two algorithms are employed to located the zeros of
the determinant for these characteristic equations. The first algorithm is based on the sign
reversal of a logarithmic function of the determinant, given by

£ (det(4)) = B-sgn[det(4)]-log,,[1+|det(4)[]
where S is a scaling factor, sgn is the signum function, and det(4) denotes the
determinant. This is especially useful when the actual value of the determinant become
very large [53]. The second algorithm is a minimum search algorithm for the smallest
singular value. The characteristic matrix 4, for which the zeros of the determinant are to
be found, is decomposed into three matrices [54]

A=wzVT
where X is a diagonal matrix formed by the singular values ¢ ordered in decreasing value,
and where the columns of W and V are the left and right singular vectors of A,

respectively. Using the property
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0., =0, ifandonlyif det(4)=0

the algorithm searches over the frequency spectrum for the minima of the smallest

element o . in X. Singular value decomposition is the appropriate procedure applied to

the matrix 4. However, whether all minima are found, particularly when solutions are
very close in frequency, depends largely on the efficiencies and computational

complexity of the search algorithm.

By taking into account all mode contributions of the subregions, the above two-
dimensional mode-matching formulation in conjunction with the singular value
decomposition has successfully been incorporated into component design to calculate the
cutoff frequencies and propagation constants of the T-septum waveguide [53]. The
obtained modal amplitude coefficients provide precise knowledge for the longitudinal
mode-matching analysis, in which they are used for the efficient cascading of
discontinuities in the propagation direction. Therefore, the mode-matching formulation to
compute eigenvalues and eigenfunctions has been accepted to be a fundamental
numerical algorithm to solve the cross-sectional boundary value problems of irregular

waveguides.

2.3 Longitudinal Analysis
This section presents the basic procedure for applying the mode-matching technique in
longitudinal direction and obtaining the generalized modal scattering matrix for the step
discontinuity formed by connecting a rectangular and a T-septum waveguide. The
analysis of such a discontinuity or other longitudinal discontinuities involves the
following steps:
1. The fields on both sides of the discontinuity are expanded in terms of a series of
modes of incident and reflected waves.
2. All mode amplitudes are normalized such that the magnitude of power carried by
each mode is unity.
3. The continuity conditions for the transverse components of the electric and

magnetic fields are imposed.
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4. Using the principle of orthogonality of the modes, the equations of the continuity
conditions are transformed into matrix equations relating the expansion
coefficients of incident and reflected waves at the discontinuity.

5. The matrices are rearranged and inverted suitably to obtain the generalized
scattering matrix which describes the discontinuity in terms of the dominant and

higher order modes.

A =——®

1
' 1
YoM
' 1
' 1

>
=

A

Fig. 2.2 Geometry of a rectangular to T-septum waveguide discontinuity.

The geometry of the rectangular to T-septum waveguide discontinuity is shown in Fig.
2.2. The rectangular waveguide (region I) and the T-septum waveguide (region II) are
joined at z=0 to create a building block discontinuity of waveguide components. The
solutions to the Helmholtz equation for each region, i =1 and II, are

PG 32)= /Zj;" T (x,) {Aj;" exp(—jky,z) + B} exp(+ jkz";z)} (2.13)

p=l -
W (x,7,2) = Y YA T (6, ) { A7 exp(-jktiz) ~ BY exp(+jkez)}
g=1
where 4" ,B"™ are the amplitudes of the forward and backward traveling waves.
Considering the magnetic-wall symmetry introduced in Fig. 2.1 and Fig. 2.2, the cross-

section functions of waveguide I are well-known rectangular waveguide modes

nrw
CoOsS| —y
hl I (2m—l)7r ( b j
I (x,y)—Cmcos( - xJ oy (2.14)
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ti 3=l gin| CP=DE N[ 297
/& (x,y)—Dmsm( 5 x)sm( 5 y

where m,n — p, mn — g, and m, n = 0,1,2,...; a, b are the waveguide dimensions. For
the T-septum waveguide II, the cross-section functions are a sum of the functions of each

subregion,

T (x, )= T (x,3)+ D T (x,3)+ D T (x,») (2.15)

r=1 s=1 t=1

"clla "em "elk
T (x,3) =Y. T (x,9)+ D T (x, )+ Y T (x, )
=1

r=1 s=1

The TE and TM modes are ordered in increasing cutoff frequencies with m,n — r, m,n —

s, m,n — t. The subregions cross-section functions are those of (2.5), (2.6).

The cross-section functions in both region I and II are now normalized by

[[[vr*e]ds=1 (2.16)

Si
so that the power carried by a mode through the cross section §' is

w for propagating modes
P"¥ =!4+jlW  for evancescent TE modes (2.17)
—jiw for evancescent TM modes ‘

if the corresponding wave amplitude equals 1WW , where W is the unit of power.

To apply the field continuity conditions, the following equations must be satisfied at the

joined position z=0.

E]r = Elrl on Ila,IIb, Ilc
1—5; =0 otherwise atz=0 (2.18)
H ; =H ? on Ila,IIb, Ilc

This yields the modal scattering matrix of the discontinuity
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B'| [S S,||4
|:A”:|=|:S21 Szz [ B" .

where
Sy=—[1+MM™ ] [1-MM"]
S.=2[I1+MM"]' M (2.20)
Sy=MT[I-58,]
S,=I-M"S,

and

! Jhl-hll 0 ] T
M = diag| /Yp".f,“”)[ﬂ_m Jd_e”}dzag(,/Zr"s ) @21)
In (2.20) and (2.21), I is the unit matrix, ‘7" means transposed, and ‘diag’ denotes a
diagonal matrix. The elements of the coupling matrix in (2.21) are

i o) (o7
sll

=] j(vz;*—")-(VT,"” xdi, ) ds (2.22)
s '

74 = [V (T

s

Once the modal scattering matrix of a single discontinuity is determined, waveguide
structures can be analyzed by cascading waveguide sections and modal scattering
matrices of subsequent discontinuities. The combination of multiple scattering matrices is
done by the generalized scattering matrix cascading algorithm, which will be given in
Section 3.3.

2.4 Conclusions

The mode matching technique presents an accurate and complete full-wave solution of
waveguide structures involving discontinuities. Through the incorporation of higher-
order mode excitations and interactions, the theoretical treatment of irregular waveguides,
such as T-septum waveguides, using mode matching forms a powerful numerical tool for

the design of waveguide components. The fundamental concepts, such as (a) the
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waveguide fields are derived from the superposition of the standard electric and magnetic
vector potentials, (b) the so-obtained field expansions are matched in the plane of
discontinuity in order to derive the generalized scattering matrix, and (c) the matrices of
other discontinuities can be cascaded to analyze passive structures and components, will

be extended in Chapter 3.



Chapter 3 FUNDAMENTAL FORMULATIONS

3.1 Introduction

In the preceding section, the mode-matching technique is presented as a numerical
method for matching the electric and magnetic field components at a discontinuity
deriving the generalized scattering matrix, combining and cascading discontinuities. This
is a reliable and numerically stable technique, since exponents with only negative
arguments appear in the numerical characterization of structures or components.
However, there are a few drawbacks due to the nature of the formulation and its
complexity to determine the eigenmode characteristics of nonstandard waveguide cross
sections. This traditional algorithm also lacks the flexibility to handle a large variety of
irregular waveguide cross sections. The other disadvantage is that the mode-matching
technique encounters numerical difficulties when searching for the zeros of the

determinant. The following sub-sections discuss these issues in more details.

3.1.1 Singular Value Problem

As shown in Chapter 2, the mode spectrum of the T-septum waveguide can be solved
using the mode-matching technique. Let us now assume that the original T-septum
structure depicted in Fig. 3.1a is changed to a cross section where the horizontal bar is
narrower than the ridge it is attached to. The resulting cross section is that of Fig. 3.1b.
Upon comparison with the analysis presented in Section 2.2, it is found that the boundary
conditions in Fig. 3.1.b are different from those in Fig. 3.1a and, hence, a completely new
analysis routine will have to be developed to consider such a case. (Note that it is often
required to vary cross-sectional dimensions in an optimization routine so that the analysis
of both configurations (Fig. 3.1a and Fig. 3.1b) might be required within the same
optimization run.) Therefore, the introduction of an irregular (nonstandard) waveguide
cross section necessitates that also its many dimensional variations be solved

theoretically and programmed separately.
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Another problem is encountered if the division into subregions is changed such as shown
in Fig. 3.1c for the T-septum waveguide and Fig. 3.1d for its dimensional variation.
Theoretically, such a change in subregions should not alter the results as long as enough
terms are considered in the respective series expansions of (2.5) and (2.6). However, even
modern computers cannot handle the fact that the respective matrices become ill
conditioned [35] which essentially limits the number of terms available in the analysis
(cf. second paragraph on p.28). With a smaller number of terms in the series expansions,
the results obtained for a horizontal rather than a vertical subdivision of the cross section
are notably different. This has been demonstrated in [55]. Thus using the subregions of
Fig. 3.1c instead of those of Fig. 3.1a or, alternatively, using Fig. 3.1d instead of Fig.
3.1b, will lead to slightly different results for an entire waveguide component containing
such cross sections. It is therefore advisable to develop a method, which refrains from

dividing the cross section into subregions.

A

Fig. 3.1 Cross sections of T-septum waveguides with different subregions.
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Two other diéadvantages of the transverse analysis in the mode-matching technique
become apparent when implementing such an algorithm. First, the search algorithms for
either the zeros of the system determinant or the smallest singular value become
increasingly complex if two cutoff frequencies in the mode spectrum are located very
close together or are even identical within the smallest frequency variation acceptable in
the search. This leads to extremely high CPU times because every new frequency in (2.7)
will require the entire matrix to be recomputed and solved for its determinant or singular
values. The only alternative towards a faster solution is to limit the frequency resolution.
This, however, leads to a situation where legitimate solutions in the mode spectrum may
remain undetected; then the field expansions in the irregular waveguide are missing

individual components whose effect on the entire numerical accuracy is unknown.

Secondly, the coupling matrix in (2.21) has to be computed after all mode-spectrum
information has been found during the search. In this context, note that the separation
constants k; in (2.7) become purely imaginary for increasing series terms 7, s and . In the
field expansions (2.5), (2.6), in the system matrices (2.9), (2.10), in the subregion
coefficients (2.12) and in the coupling matrix (2.21), (2.22), this leads to hyperbolic sine
and cosine functions, which have to be truncated or evaluated in the limit in order to

remain within the valid numerical range of floating point precision.

It is apparent that the mode-matching technique as introduced in Chapter 2 is not an ideal
tool to determine the mode spectra of irregular waveguides. The main problem results
from the fact that the solutions of the system matrix reside within that same matrix via
separation constants k&, in (2.7). This is a direct consequence of subdividing the cross
section and applying the related boundary conditions and continuities of field
components at the subregion boundaries. The only alternative is to reformulate the task as

a classical eigenvalue problem.

3.1.2 Eigenvalue Problem
In order to obtain a classical eigenvalue problem, we have to select a set of expansion

functions, which do not depend on the actual size and location of ridges. Such set of
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functions can be polygons as in the finite-element method [3], [16] or polynomials as
used in [50], [51]. Within the framework of modal matching techniques, and in order to
utilize the availability of existing mode-matching algorithms, it is advisable to select
expansion functions, which compare well with the modes of common empty waveguides.
In such a case, the computation of the inner products of empty-waveguide modes and
those of the irregular waveguides can be performed straightforwardly and without a

heavy burden on computer resources.

Therefore, in this thesis, we will use the well-known mode spectra of the empty
waveguide housing as expansion functions for the individual modes of irregular
waveguides. It will be demonstrated in the following sections that such an approach has
several advantages compared to the transverse analysis using traditional mode-matching

techniques. These advantages are:

1. The number of ridges and their locations within the waveguide housing are
arbitrary. An example of four ridges is shown in Fig. 3.2.

2. A division into subregions is not required.

3. The formulation results in a classical eigenvalue problem with real and symmetric
matrices for whose solutions a large variety of routines are available.

4. All inner product calculations can be performed over the surface areas of the
ridges so that integration over the actual cross section of the waveguide becomes
unnecessary.

5. The power normalizations of the irregular waveguide modes follow from the
eigenvalue solutions and need not be recomputed.

6. Two submatrices of the coupling matrix in (2.21), (2.22) also follow from the
eigenvalue solutions. Only TM-to-TE-mode coupling must be recomputed. And
this is accomplished without the use of hyperbolic functions.
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Fig. 3.2 Cross section of a waveguide with four arbitrarily located ridges.

The only extra effort, when using this method, consists in satisfying the boundary
conditions for the TM modes in the irregular waveguide. As will be shown in the next
section, this problem is easily solved by introducing a new function, which forces the E.

components of the TM modes to be zero over the cross sections of the ridges.

3.2 Transverse Eigenvalue Analysis

Consider a rectangular Waveguicie in Cartesian coordinates. The waveguide cross-section
is assumed to be in the x-y plane, and it is uniform in the direction of propagation, the z
axis, with corresponding propagation constant/. Let the longitudinal electric and

Jk.z

magnetic field dependence be expressed as e+, and {A.}, {e.} be the complete sets of

axial electric and magnetic fields which characterize the 7E and 7M modes, respectively,

of the waveguide.
E = > Citai
H=Ych, (3.1)
J
When the time variation e’* is suppressed, the wave equation can be written as:
o)

where k. is the cutoff wavenumber, and V7 denotes the two-dimensional Laplacian

operator in the x-y transverse plane. The 7E waves must satisfy the Neumann boundary
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condition and the TM waves follow the Dirichlet boundary condition. This can be written
as

OH ,

on

E,|,=0

z

=0 (3.3)

where D is the boundary of the waveguide and 7 represents the normal direction to the

boundary. The two sets of axial electric and magnetic fields {A.}, {e.} must satisfy the

orthogonality relationship
[h.uh.,dS = P,5,,
§ 3.4)
S

where P, P, are power normalized factors, S is the waveguide’s cross-section area,

and &,, is the Kronecker delta function. Once the complete set of functions is solved, the
transverse electric and magnetic fields can be found as [8]
V; xe= _ja)luOHzﬁz
V’ X}_l- = ngOEzl-iz . (3 5)
VH, +j,BI7 = jowe, (i, x€)

V,E, + jBé =—jou,(ii, x h)

One way to determine the sets of axial fields is to employ the method of moments and
Galerkin’s procedure to express the electromagnetic energy as a function of an unknown
longitudinal field 7(x,y). According to the moment method formulation [56], the axial
E/H fields can be expanded in terms of suitable basis functions. In this approach, when
each mode in the cross section of a waveguide is expressed as a sum of empty waveguide

functions, the longitudinal field 7{(x,y) is written as

T(xy)= ;c.-@ (3.6)
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where ¢, are the unknown coefficients to be determined, and ¢, are the functions which

satisfy the boundary condition over the empty waveguide enclosure. Consequently, the

electromagnetic energy function is written as

1 ¢f 0T, oT, K ¢f
W(T)=E_£J{(§) +(§y—) }ﬁdy—;_ﬂT dxdy (3.7
_Lriror| 28,08\ . 09, 0%\ K i1 r
W(T) =3 {j[c] [(ax)(ax) +(ay)(ay) }[C]dxdy : !I[c] [4][4] [C]dxay

[C] =[CL Co ..., Cn]" and [d] = [4. &5 ..., #n]" are column matrices. Taking the
derivation of the energy function and forcing it to zero (minimizing the energy function)

leads to the following matrix equation system [8], [9]
[xIc]=k[m]c] (3.8)

where the entries of the matrices [K] and [M] are in the form of

09, 09,
k= [[| 82200, 2099 )y,
: s\ O0x Ox Oy Oy

(3.9)
m,, = [[4:8,dxdy
S

It is apparent that matrix equation (3.8) represents a standard generalized eigenvalue

problem. In particular, eigenvalues &, correspond to the square of the modal transverse

eigenvalues (cutoff wavenumbers), while eigenvectors [C] denote the coefficients of the
transverse field components along the cross section of the waveguide corresponding to

each mode. Treating k, as a varying parameter and solving the matrix problem for %,

and [C], one obtains cutoff frequencies and field distributions for the modes of a
waveguide of interest. Once the eigenvalue matrix problem is solved, the cutoff
wavenumbers can be back substituted into the matrix equation. Both the unknown
coefficients and field components are easily calculated and depicted. Consequently, a
complete mode distribution of the waveguide can be obtained theoretically.

Since the field components can be expressed as expansions in terms of hollow waveguide
sets, which are defined everywhere over the cross section, they satisfy the boundary

conditions of the enclosure but not necessarily those of the irregular waveguides. The
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longitudinal components of the electric field are continuous close to the contour and
vanish on the contour, where the transverse magnetic field must vanish too. On the other
hand, both the longitudinal components of the magnetic field and the transverse
components of the electrical field have step discontinuities in the cross section of the
irregular waveguides, and they do not vanish. Therefore, we can define the field
components as

T(x,y), = i c;h(x,y) (3.10)

i=1

oo i, Ol
for a TE wave, where the boundary condition is a—_“ = 0 ,and
n o lp

T(x,y), =ic,-e,,-(x,y) (3.11)
=0.

D

for a TM wave, where the boundary condition is e

It is clear that the proper choice of the basis functions is an important procedure in the
method of moments. If sharp-edge cross-section waveguides are involved, the elimination
of the singularity at these corners becomes a challenge. Omar and Schiinemann’s [47]
construction for the basis functions include edge-condition terms to model field
singularities. Lin, Li, Yeo and Leong [51] use polynomial expansions as the proposed
basis function. It results in large ill conditioned matrix equations, leading to less
efficiency than the general method of moments procedure. In this study, sine and cosine
functions with respect to rectangular waveguide analysis are chosen as basis functions
due to their features of the spatial period of the waveform and relatively fast
convergence. Based on the same approach, the ridged circular waveguide using Bessel
functions as approximate trial functions is also investigated. A more detailed discussion

of circular ridged waveguides will be presented in Chapter 5.

3.3 Modeling of Single-Ridged Waveguide Discontinuity
In order to confirm the correctness and applicability of this method, a single ridged cross
section structure is analyzed. The example is set up for prospective use in formulating the

basic building block discontinuity for various waveguide design algorithms. The theory is
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then verified by comparison with the standard mode-matching technique, HFSS or with
previously published results. Since field components are expressed in terms of pure sine
and cosine functions combined with constraint functions for different cross sections, very
good agreemeﬁt is exhibited in most rectangular waveguide cases. It is demonstrated that
the proposed method has the accuracy and efficiency compared to other methods in
dealing with non-standard waveguides problems. The coniplete results of multiple ridged
rectangular and circular waveguides are discussed later in Chapter 4 and Chapter 5,

respectively.

3.3.1 Characteristics of Single Ridged Waveguide

Fig. 3.3 shows the cross section of a single ridged waveguide. It has been widely used in
microwave components and systems, such as in broadband filters, orthomode transducers
and antenna feed systems. The cutoff wave numbers of different modes in the ridged

waveguide are computed using the proposed method.

m.w.

O | st i i o

Fig. 3.3 Cross-sectional dimensions of single ridged waveguide.
TE Modes
The longitudinal 7E field components, 4,, of the rectangular waveguide with perfectly

conducting walls can be written as

cos(k,,x) cos(k,,y)

hzi(xsy) .
J1+6,, \/1"'50" (3.12)

cos(k,,x) cos(k,.y)

h.(x,y)=
5(%:7) J1+6, J1+6,
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mz nr Iz k

where k,, =—,k, = and k,=—,k, =Tﬂ. ¢ is the Kronecker delta function,
a a

and i, j, m, n, I, k are integers. Since the axial components of the magnetic field do not
necessarily vanish on the contour of the ridge or within the ridge, (3.12) represents a

longitudinal set of functions to approximate the axial magnetic field of the ridge
waveguide. Then the entries of matrix equation

[x]c]= k2 [M]c] (3.13)

are written as

oh, h, oh, oh,
= II p44 + P44 dy
G & G @ (3.14)

m, ;= [[hh,dxdy
S

The computation can be simplified by substituting the integral over S with that of the
empty waveguide and subtracting the integral over the ridges. Assuming that integers m,
n are assigned to term i, and /, k are assigned to term j, then the detailed expression

becomes as follows

ab - . cos(k,y) cos(k,y)
k, =[K: +k21=—kk < [ sin(k x)sin(k, x)dx [—= Y
=K+l ”{J“”‘““““Nw T

“ cos(k,x) cos(k,x) .’ . ) (3.15a)
-k k. X dx k. k..
(e e s

" =a_b_ J.cos,(k X cos k xdx’]cos ) cos(kyjy)

74 J1+6,, 1+8, ! \1+4, ,/1+50k

(3.15b)

TM Modes
Similar to the 7E mode analysis, the longitudinal field components e, of the 7M modes in

a rectangular waveguide can be written as

e, (x,y) =sin(k,,x)sin(k,,y) (3.16)

e:j (x9 y) - Sin(kxlx) Sin(kyky)



36

where kin, Kyn, ki, Kok, m, n, 1, k, i, j hold same meaning as in the 7E case. However, the

boundary condition that e¢_| = 0 on the contour and surface of the ridge must be

enforced. Therefore, we define a special constraint function that forces the ridge to satisfy
the required boundary condition. Let this constraint function Q (x,y) be defined as

Q(x_xo,y_yO)z
Ax Ay

0, xy<x<xy+Axandy,<y<y,+Ay
1, elsewhere (3.17)

After rewriting the field component expressions, e.;, e;; become

L (6,9) = Q=2 sin(k,, x)sink,,»)
BT (3.18)
%, 2= sin(k, ) sin(k,; )
For the matrix equation[K][C]=k;[M][C], the elements in [A] are
m; ;= ”ez,ezjdxdy
il (3.19)

b
=T_ j sin(k,,x) sin(k, x)dx Isin(k_w.y)sin(kyj y)dy )

The entries in [K] need some mathematical manipulation. The derivatives of e.(x,y) lead

to delta functions for which the sampling theorem is applied:

[86c—x)f ()= £ (x,)
o (3.20)
Thus
= J'J(aez: Ge; +aezi aezj

& &x oy oy

S

= { (—)sm(k X)sin(k,y)+k, OOS(kﬁX)Sirl(kﬁy)][( )sin(k,x)sin(k,;y) +k,; cos(k, X)Sm(k,,y)}

[(—)Sln(k X)sin(k,;y)+k,; sin(k, X)OOS(ky.y)][(a)Sln(k x)sin(k, ) +k,; sin(k,;x) COS(k,,y)}}dxdy

(3.21a)
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k., =k ik, [[[ cosk,x)cos(k x)sin(k,y)sin(k, ) Wxdy

N

+hkk, [[[ sinCk )sin(k,x) cos(k,,») cos(k, ) ixdy

s

+{sin(k e)sin(k e) +sin(k, (e+w))sin(k, (e+w)
+k; (—sin(k ) cos(k ) +sin(k,, (e+w)) cos(k, (e+w)))
+k, (—cos(k,e)sin(k,e) +cos(k,, (e+w))sin(k, (e + w)))}

fsin(k,,y)sink, )y

+{sin(k,c)sin(k,c) +sin(k,b)sin(k,b)
+k,; (—sin(k, ) cos(k, c) +sin(k,b) cos(k, b))
+k,; (—cos(k,c)sin(k, c) +cos(k, b)sin(k, b))

e+

jw sin(k,x)sin(k,x)dx

e

=[x +kj,.:|% ~k .k, Hfoos(ij) oos(k)jx)dxl]sin(kﬁ y)sin(k, y)dy

e+w b
~kk, [ sin(k,x)sin(k,x)dx [cos(k,v) cos(k, )y
~{sin(k,e)sin(k, e) +sin(k, (e+w)sin(k, (e+w))
+k, (~sin(k,e) cos(k,e) +sin(k, (e+w)) cos(k, (e +w)))
+k, (— cos(ke)sin(k e)+cos(k,,(e+w))sin(k; (e + w)))}

[sin(k, )sin(k,y)dy
—{sin(k,c)sin(k, c) +sin(k, b)sin(k,b)
+k, (—sin(k, c) cos(k,c) +sin(k,b) cos(k, b))
+k,, (—cos(k,c)sin(k,c) +cos(k,b) sin(kyjb))}

j sin(k, x)sin(k,x)dx (3.21b)

Based on the above formulation, the cutoff frequencies for both 7E and TM modes in the
single ridged waveguide (a=19.05mm, 5=9.5250mm, w=0.9mm, ¢=5.3625mm) have
been computed and compared with the results from the simulation software HFSS. Very
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good agreement is observed for both fundamental and higher-order modes as shown in

Table 3.1 and Table 3.2.

TE mode HFSS [GHz] This method [GHz] | Difference [GHz]
TE(1) 5.77285 5.77205 +0.00080
TE(2) 16.70546 16.68992 +0.01554
TE(3) 23.39411 23.34991 +0.04420
TE(4) 27.86508 27.79041 +0.07467
TE(S) 32.18672 32.07066 +0.11606
TE(6) 38.59963 38.91791 -0.31828
TE(7) 39.12663 40.14490 -1.01827
TE(8) 46.94210 46.72370 +0.21840
TE(9) 47.86536 47.48739 +0.37797

TE(10) 50.23119 49.87987 +0.35132

Table 3.1 Cutoff frequencies of TE modes in single ridged waveguide.

TM mode HFSS [GHz] This method [GHz] | Difference [GHz]
T™M(1) 25.84913 25.85423 -0.00510
T™M(2) 33.00922 32.85336 +0.15586
T™(3) 39.16782 | 38.95492 +0.21290
TM(4) 46.40113 46.13283 +0.26830
T™M(5) 52.06671 51.62487 +0.44184
TM(6) 53.88586 53.33155 +0.55431
T™(7) 61.29735 60.40758 +0.88977
TM(8) 62.18429 61.31525 +0.86904
TM(9) 66.58203 65.61001 +0.97202

T™M(10) 67.93441 66.88086 +1.05355

Table 3.2 Cutoff frequencies of TM modes in single ridged waveguide.



39

The proposed analysis introduced here will serve as a fundamental tool to be developed
into a general numerical algorithm. More examples of irregular ridged waveguides with

rectangular enclosure are investigated in Chapter 4.

3.3.2 Characteristics of Single Ridged Waveguide

The eigenvalue analysis of ridged waveguides was discussed in the previous sections.
However, this is only the first step in the design of ridged waveguide components. For a
rigorous design, it is essential to evaluate the S-parameters of every discontinuity based
on the interaction of the fundamental and higher order modes. An E-plane ridged
waveguide discontinuity is used as an example to verify the formulations and computer

codes.

a

Fig. 3.4 Geometry of rectangular-to-ridge waveguide junctions with L=20mm.

In this example, a discontinuity from a rectangular waveguide to a single ridged
rectangular waveguide is analyzed. As shown in Fig. 3.4, the junction connects a standard
WRY75 rectangular waveguide on both sides to a ridged waveguide of length 20 mm. The
metallic ridge is w = 6mm wide and has a height of # = 4.5 mm. For the rigorous analysis
of waveguide components in the longitudinal direction, the MMT is used and combined
with the current approach. The main procedures of the MMT can be found in [22]. The
structure in Fig 3.4 is divided into two blocks: standard to ridged waveguide and the
ridged to standard waveguide. In order to evaluate the characteristics of these junctions

including the effect of higher order modes, the generalized scattering matrices of two
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individual sections is evaluated first. Cascading the two single modal scattering matrices
leads to the overall generalized S-matrix of the structure. All 7E,,, and TM,,, modes as
well as all mode coupling effects must be taken into account for the full-wave field
analysis. As the evaluation of the coupling coefficients is the fundamental step in the
MMT, a more detailed derivation will be shown below.

¥
A
b = = 1l
F —p Fu > g
1 <<« B <— gl
e o " B < B
o
210 I I I
Er
1 ]
P
1 ]
X : 1 1 -
a a2 e 0 z=0 z=L

Fig. 3.5 Waveguide discontinuity of finite length L; coordinate system, discontinuity

region and wave amplitudes.

The rectangular-to-ridged waveguide junctions are shown in Fig. 3.5. Waveguide I and II
are joined in the z = 0 plane, and the length of the ridged part is L. The solution to the

Helmholtz equation in Cartesian coordinates is written for both regions as a sum of

incident and reflected waves with unknown amplitudes F and B. The vector potentials 4, ,

A,of TE and TM modes are then expressed as
4,=Y 7,1, (5, 9)| Frpe ™ + B, e ™ |a, (3.22)
q

4= Z \/}Tp T,(x,) I: F, e M _ Bepe+jk”” :Iﬁz
P

1 1
where Z, = o =Y—, Y, = Z)g =-Z— and 7, (x,y), T,(x,y) are cross-sectional
zhg hq zep ep

functions of the empty waveguide. The electric and magnetic fields of these TE and TM

modes are

Eh - V 2 (;1") = Z VZ’“I (VT;"J X ﬁzq)l:]:;'qe_jkﬂtq + the+jk:hq :|
q
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H,=- it (4,)= —; i VL) Fpe ™ — B e | (3.23)
=== i " . e
E = S VxVx(4,)= —%EWQP)[EP‘E R LB }

ﬁe =Vx (/_ie) = Z\/Z(VT@ X ﬁz)[F;pe_jk:zp _ Bepe+jk“p :]
P

The transverse field components are sets of these individuals 7E/TM modes. They are

E,=E_+E,, =Vx(4)+—VxVx(4) (3.24)

joe

H.=H,+H, =- VxVx(4,)+Vx(4)

Jjou
Let TE and TM modes be arranged with increasing frequencies with indices g, p in
waveguide I and 7, s in waveguide II. At z = 0, the boundary conditions impose the
continuity of the transverse £ and H fields on the cross-section, and the transverse E

field vanishes on the surface of the metal. That is

|

Tl ET| on the cross section S”
1 /4

0 on the cross section of the ridge S’ —S” (3.25)

T|1

Tl — ﬁ,| on the cross section S”
1 17
The vector expressions of this continuity feature
Y 2k (VT x )iy + Bi) = X\ Z4, (VI3 )(Fy + BL)
q p
SNz (VI < )E + Bl - Y \ZE (VI(FL +BY) (ryes™) G20
= i k
0 (x,ye(8'-8")
>\ /Y,,{, (VT )(F=Bi)+ s /Yz; (VT, xi,)(F.—B.)
q P

g/ 7 1/ /4 /4 /4 - /4 /i u (327)
=Y Y (VIIYEY - B+ Y \TE (VI i ))(FE ~BL) (x.yeS")
i k
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We multiply (326) with —(V7, h’q xi,) and (V]:,;) , and integrate over the region S’ ; we also

multiply (3.27) by —(V7}”) and (VT xi,), and integrate over the area S”. Upon the

normalization of each individual mode in regions Z, and /7 [30], [57]

B =Zo 7 (k) HT,.’.”(xy)) dxdy =1 W

« |1,  k2>0
where 1/Z’:”,/Y’.'” =" =
hi hi {_I_J k3'<0

b

By =T (k) ) [z o) dsty =1 w
where ,/Ze’,”\/)? { lf;:(())

The following relations are obtained (v € {1,1I})
([T xa )V x@,)ds = [[(VT (VT )ds = 5,
i Ui
[[vTVTyds = [[(VI2 xa (VT x,)ds = 5,
Ay s

[V xa)VT)ds = [[(VT xia, )(VT;,)ds =

(3.282)

(3.28b)

(3.29)

(3.30)

(3.31)

The coupling integrals of these transverse electric and magnetic field components are for

the E, case

([T xa )V, xa,)ds = H(VT’ WVI)ds =(J,,),

sll

[[vz; xa, )T yds = [[(@,x VT, )(VT)ds

ST S0
= [[(VT)x (@, x @, x (VT;,))a,ds
= [[(VTHx (VT )ads

= H[Vx(T”VT’) ~TIVx(VT! )]u ds

S”

o,
=—|T} 6:1"41150

(44

(3.32)

(3.33)
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(J,,,_,)qk =0 (3.34)
[[(VT VT xit,)ds =(J,.),, (3.35)
[V TV T s =(J..) (3.36)

SII

and for the H, case

SI” [VTVTds =), (3.37)
[[(VT2 )~V TL)ds = [[(-V T, xa XTI )ds =0 (3.38)
[[VTIVTy xa,)ds == [[(-VT{ xa,)(VT,)ds =(J.,), (3.39)

[V xa )V < ds = [V T ds () (3.40)

These expressions can be rewritten in Cartesian coordinates as

0T, 01, 0T, 9T

g = [[(VTXV T s = [ +—2 Ty ddy (3.41)
SH " SH x x o o
I I - aT;AlD aT lxl 6T€:7 6];7
Vadp = [JVT VT xa)ds = [ > o oY (3.42)
oT! ar" T or™
U = [TV s = [ 2 T > a;"; \ady (3.43)
(V3e) e =0 (3.44)

The formulation of the scattering matrix of the system can be derived from (3.26), (3.27)
using coupling integrals (3.41)-(3.44)

Diag [z, | (F\ +B})=J,Diag {\Zy; } ' + B}
Diag {\[z}, | (F! + B)=J,,Diag{\Z}}|(F + B})+J . Diag {\[Z} | (" + B
JiDiag {\[¥i, | (F\ - B+ J1,Diag [V} } (F! - B) = Diag {1} (5" - B)

JZ.Diag|{\[t3,} (F! - B) = Diag {\[Y } F" - B}) (3.45)



Combining 7E and 7M modes, we get
J 0
Diag{Jz’ } (F' +B")= (J“ : )Diag{\/Z” } (F" + B")

eh ee

(J"" ZJT Diag{\/F } (F'-B')= Diag{\/Y_” } (F" ~B")

Jeh
Upon defining matrix [M] as
[Dzag{Y o}, Diag{Z}') 0 }
Diag{¥}}J,,Diag{z,'} Diag{Y,}J Diag{Z!'}

(3.46), (3.47) are expressed as
F'+B' =M(F" +B")
MT(F'-B"y=F" -B”
The scattering matrix is defined as (Fig. 3.5)
2 sl
FI| |8 8] |B®
From (3.48),
B' =M(F" +B")-F'
Which is substituted into (3.49)
M"(F'—-M@F" +B"Y+F"y=F"-B"
[E-M"M |B" +2M"F' <[ E+M"M |F"
Combining with (3.50), we find
[S.]=2[U+M™M] MT
[Sp]=[U+M™™M] [U-M"M]
The other two submatrices are obtained from (3.51)-(3.53)
F"=S,F'+S,,B" ‘
B' =M (F" +B")~F' =M|[S,F'+5,B" +B" |- F'
And using (3.50) again, we get
[Sll] MSZI

(3.46)

(3.47)

(3.48)

(3.48)
(3.49)

(3.50)

(3.51)

(3.52)

(3.53)

(3.54)



[S,]=M[S,+U]

where U is the unit matrix.

45

(3.55)

The next procedure is to apply the generalized scattering matrix techniques to cascade or

combine the modal scattering matrices of two or more discontinuities. This method

incorporates all higher-order mode interactions between two discontinuities.

The

following Fig. 3.6, Fig. 3.7, and Fig. 3.8 describe the application of the method in

cascading two-port discontinuities, cascading a discontinuity with a homogeneous

waveguide, and combining a discontinuity with its inverse separated by a finite length of

waveguide.
I St SLi2 Sri1 Sri2
— S
= St St Sga1 Sgr2 «— A
: Sci Sciz 5
- A1 — Bu
G £ Scai © Sex €< A

Fig. 3.6 Cascading two-port scattering matrices.

The overall scattering matrices are

Scu i SLI] + SLIZSRIIWSLZI

Scu . Suz (1 + SRnWSLzz)SRlz

SC21 = SRZIWSLZI

Sczz = SR22 + SmnWSLzszz

(3.56)

where W =(I~-8,,,S,,)" and S; and Sk are generalized scattering matrices as shown in

Fig. 3.6.
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For the case of a discontinuity followed by a homogeneous waveguide,

yr St Sti2
—>
I
< B Sta St22
0 Sci Sciz
—>
B!
< Scai

Fig. 3.7 Scattering matrix of a discontinuity followed by a homogeneous waveguide.

the complete scattering matrices are

SCll = SLll
Sz =8y,D
Soqi= D8
Seyn =DS,,,D

—jk

where D =diag(e

(3.57)

) is the diagonal matrix containing the phase relations of the

propagating and evanescent modes between the discontinuities at finite length L, and the

propagation constants k; at a frequency f are obtained from

k. =<

8

(
N
f

) when f> f,

= ik [%) -1 when f<f,

(3.58)

ko and f;; are free-space wave number and cutoff frequency for the modé, respectively.

The combination of a two-port discontinuity with its inverse separated by a finite length

of waveguide is shown in Fig. 3.8.
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Fig. 3.8 Scattering matrix of a discontinuity and its inverse separated by a homogeneous

waveguide.

The generalized scattering matrix of the combined structure is

=1
Scu =Sn +S,,D [I - SLZZDSL22D] SL22DSL21

=3
Sein = SLIZD[I 5 SLzzDSLzzD] Spn
Sczl = Scnz

Sczz = Scu

where D is same as in (3.57) and (3.58).

(3.59)

After these fundamental formulations have been built up based on the eigenvalue mode

spectrum approach and mode matching technique, the theoretical treatment of the ridged

waveguide is applied to the structure in Fig. 3.4.

The cross-section eigenfunctions in both regions I and II (cf. Fig. 3.5) are
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nr
2 /4 Ty)
T = cos((Zm—l)—xj— (3.60)
i a é%n

COS(
hq -2 1
\/ab em-1)Z ﬁu(%)2 S
L a_.

T! = 2 sm((zm-l)fx)sin ﬂy] (3.61)
’ [ [ nx a b
\/ab Cm-D=| +(=)?

i a | b

(171' ) [kﬂ' j
cos cos Ty
Zc., ’ Z & | (3.62)

J1 + 50, J1+6,;
-c, . (1 . [k
=Y cie, —Zc C)s1n(7”stm(T” y] (3.63)
J
To evaluate the coupling integrals, (3.60)-(3.63) are substituted into (3.41)-(3.43)

oT,, 8 o, | o, oT"
ia)ar = ﬂ(a; == % a;)dxd (3.64)

oTy o1l o4 o

(Jeh),,, = H( > o oy o )dxdy (3.65)
oT, oT" T, oT"

Jee)ps = H( o gx > o )dxdy (3.66)

(Vhe)gs =0 (3.67)

By comparing (3.64)-(3.67) with (3.15a), (3.15b), (3.19), (3.21b), it is clear that the

coupling matrix elements (J,),, and (J,,),, are already calculated during the derivation

of the mode spectrum in the previous section. The eigenvector [C;] is directly obtained

from the standard eigenvalue matrix equation. Only (J,,) - must be calculated. It is

obvious that all coupling integrals are frequency independent and integration is evaluated

only once. Hence, the entire procedure is rigorous and yet computationally efficient.

Applying the proposed algorithm, the results of S parameters for the structure of Fig. 3.4

is shown in Fig. 3.9. Good agreement is achieved with results from the commercial
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software package pWave Wizard. With the symmetry of a vertical magnetic wall, the
CPU time for computing this structure is 34 seconds over 500 frequency points using this
method, while it takes 123 seconds by the commercial software pWave Wizard on a 2.13
GHz Pentium notebook with 1.25 GB of RAM.
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Fig. 3.9 Comparison of S-parameters from present approach with pWave Wizard.

3.4 Conclusion

A rigorous analysis of a single ridged rectangular waveguide has been performed in this
Chapter. A classical eigenvalue spectrum approach is obtained and provides the complete
characteristics of ridged cross-section waveguides. A mode-matching technique is then
applied to the discontinuity from an empty rectangular waveguide to a single ridged
waveguide including the interaction of fundamental and higher-order modes. The
combination of the eigenvalue mode spectrum approach and the mode-matching

technique has been established as a new numerical method based entirely on model
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analysis. This method has the advantage of flexibility when dealing with the position of
the ridge, and can be easily implemented in existing routings based on modal matching
approaches. A simple model of standard-to-ridge-to-standard rectangular waveguide
discontinuities has been set up to validate the algorithm. Accurate agreement is

demonstrated by comparing our results with those of the pMwave Wizard and HFSS

simulations.



Chapter 4 MULTI-RIDGED RECTANGULAR
WAVEGUIDES

4.1 Introduction

In this chapter, the fundamental formulations presented in the previous chapters are
expanded to include the theoretical and numerical analysis of nonstandard multi-ridged
waveguide structures. The chapter proposes a general formulation for determining the
propagation characteristics and generalized scattering matrix for such nonstandard multi-
ridged waveguides. The keys to the development of accurate computer-aided component
design are the precise calculations of the generalized scattering matrices for the
discontinuities within the components and the ability to freely handle different structures
without delay.

Within this chapter, a complete analysis for rectangular waveguides with multiple ridges
provides full theoretical development of this eigenvalue mode-spectrum approach. Upon
completion of the analytical treatment, two-dimensional analyses demonstrate the
convergence of the proposed theory. The subsequent sections present rigorous designs for
filters, transformers and other waveguide structures including validations by

measurements and independent numerical codes.

4.2 Complete Analysis of Multi-Ridged Rectangular Waveguides

A rectangular waveguide with asymmetric multiple ridges is analyzed as a general
approach to verify the developed algorithm. The basic formulation follows that of
previous chapters straightforwardly. Fig. 4.1 depicts the cross section of an irregular

ridged waveguide.

Within the Cartesian coordinates system, a general formulation of the mode spectrum is

obtained from the eigenvalue approach of (3.2).

H H
Vi{ Z}+k3{ Z}:o 4.1
EZ EZ
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Fig. 4.1 Cross section of multiple ridges in rectangular waveguide.

By using the mode composition of the surrounding regular waveguide, the longitudinal
field components are expressed as a complete set of rectangular waveguide functions

which must satisfy the boundary conditions.

HZ — & hzi
{Ez } > .Z;:ci {ez,} (4.2)

A generalized eigenvalue equation can be obtained by minimizing the system energy
function and forcing it to zero [48]-[51].

[K][e] =& [m][c] @3)
The diagonal matrix k, holds the eigenvalues of (4.3), which correspond to the cutoff

frequencies of the structure. The eigenvector matrix [¢] holds the coefficients of the
expansion functions. The entries of matrices K and M represent the inner products of the
waveguide modes of the housing with the expansions in (4.2).

hzi hzj
(K], = sjv, {ej }V, {e }ds 4.4)

g
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n,) (h,
[M], = j{e }{:}ds 4.5)

Here S represents the cross section of the multi-ridged waveguide. The surface integral
over S can be performed such that
N

j f(s)ds = j f(s)ds=> j f(s)ds (4.6)

S housing i=1 ridge(i)
The first part of the right side is the integral over the rectangular waveguide housing, and
the second one is the integral over the ridges. Substituting the direct integral over the
cross section by the difference in (4.6) greatly enhances the flexibility of the method to
handle multiple ridges with arbitrary positions in the waveguide housing. Note that the
ridges are always rectangular; therefore, integration over the surface of the ridges, e.g. in
Fig. 4.1, is easier, even if their positions change, than that over the more complex cross
section of the actual multi-ridged waveguides. After the eigenvalues are solved, the cutoff
wavenumbers can be back-substituted into the matrix equation. Both the eigenvectors and
field components are easily calculated and finally determined by the power normalization

for each corresponding eigenmode i.

P

[(B,x A} yii.ds = (k, ) [T7ds=1W 4.7)
S S

To develop a complete mode spectrum solution for the multi-ridge waveguide structure, a
proper choice of the basis functions is an important procedure in the eigenvalue approach.
In this work, the eigenfunctions of the empty waveguide housing, or slight modifications

thereof, are chosen as basis functions.

Following Fig. 4.1, the waveguide housing with dimensions of axb contains N ridges.
These individual ridges must either connect to the enclosure, or they must be linked to

each other with at least one of them touching the housing. This assumption holds for most

practical applications. The dimensions of ridges are defined as w, x7, , and their locations

within the housing are e, d,.
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4.2.1 TE Modes of Multi-Ridged Waveguide
In order to determine the TE modes of multi-ridged waveguides, the expansion functions,
h., are chosen to be identical to the modes of the housing. This guarantees that the

boundary conditions over the cross section of the multi-ridged waveguide are satisfied.

cos(k x) cos(k,,y)

h,;(x,
- 1+6,, \1+6, (4.8)
k
Rt 3)= cos(k,,x) cos(k,, )
J1+6, 146,
In (4.8) k,, ="% k,, =% and k, =% k, =k7”. 8, is the Kronecker delta function,
a a

and i—>(m,n), j—(l,k) are integers ordered with respect to increasing cutoff
frequencies. Obviously, index » is used twice but is easily distinguished as representing
either the separation constant &y, in (4.8) or an individual ridge in Fig 4.1. Using (4.4) in
Cartesian coordinates and (4.6), we get

. Oh, _Oh,,
e H(a”n 2, O s )1y
TS Y\ ox Ox 9y Oy
+Wa d,+t, ;3 k
=[k2+k2122 I sin(k,,x) sin(k,,x)dx j ) cos ) dy
n—l \/1+50k ‘\/1+50A (4 9)

" cos(k,x) cos(k,x) I
dx k. .
k,: »Z{ | Tron, oo [ sin( y,y)Sm(k),y)d)’}

The entries of matrix M are obtained with (4.5) and (4.6)
[M,],, = [hihds = [[hhdxdy
S N
_ab_ N fn*‘r cos(k,x) cos(k,x) d]f cos(k,y) cos(k ’y)d
4 & J I8 \/1+50k \/1+(5(,A \/1+50k

(4.10)

4.2.2 TM Modes of Multi-Ridged Waveguide
The longitudinal field components, e., of the TM modes in a rectangular waveguide can

be written as

e, (x,y) =sin(k,,x)sin(k,,y)
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e, (x,y) =sin(k,x)sin(k , y) (4.11)

where kun, kyn, ki, Kok, m, n, I, k, i, j hold the same meaning as those in the TE case.

However, the boundary condition that e¢_| = 0 on the contour and surfaces of the ridges

is not satisfied by these expansion functions. Therefore, the empty waveguide’s TM
mode basis functions must be modified so that they can fulfill the boundary conditions.
We define a special constraint function that forces the expansion function (4.11) to satisfy
the boundary conditions. Let this constraint function Q (x,y) be defined as

Q(x—xo,y_yo)z

0, xy<x<x,+4xandy,<y=<y,+4y
Ax Ay

1, elsewhere (4.12)

After rewriting the field component expressions, e;;, e;; become

. ] X X —-d
e, (x,y) =sin(k,,x)sin(k,, y)] [ @CF—=,L %)
n=1 w, tn (4 13)

) . N. - x—eé y—d
e, (x,y) =sin(k,x)sin(k,, )] | Q(T",%)
n=l1

n n

For the matrix equation[K][c]=4.[M][c], the elements of M do not contain derivatives.

Therefore, they are straightforwafdly obtained as
[M.], i _U e, e, dxdy
S

ab N | entw, Dty (4'14)
-2 J sin(k,x) sin(k, x)dx ,,I sink,y)sin(k,;»)dy

n=1

The entries of K need some mathematical manipulation since derivatives involve not only
sine and cosine functions but also the constraint functions. The derivatives of e.(x,y) in
(4.13) lead to delta functions in (4.4) for which the sifting theorem is applied

[86c—x)f ()= f ()
w0 (4.15)

Thus
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[K a5]” = IVTeziVT_ezjds
N

Oe, 06y  Oe, Oy
1(5197 o ayJM
[ +k;.]% K],

(4.16)

N & +W,

—kx,.ky.; |

€n

cos(k,qx)cos(k, ) | sin(k,y)sin(k,)dy

€, +W,

9P [ sin(k ) sink, x)dx [ cos(k,)cos(k,y)dy

The additional matrix [K 85] is related to applying the sifting theorem (4.15) in (4.4). It

contains combinations of line integrals on the surface of the ridges in one direction

multiplied by the terms from (4.15) in the respective other directions. These entries are

N

[K.s ]u =3 {sin(kx,.e" )sin(ke,) +sin(k,, (e, +w,))sin(k, (e, +w,))

n=1

+k, (-cos(k,e,)sin(k e,) +cos(k, (e, +w,))sin(k, (e, +w, ))

+k, (-sin(k e,) cos(k,e,) +sin(k, (e, +w,)) cos(k, (e, + W, )))}

d,+t,

. j sin(k,,)sin(k,;y)dy
d

- 4.17)
+" {sin(k,d,)sin(k,d,) +sin(k,,(d, +1,))sink,,(d, +1,))

yn
n=l1

+k, (-cos(k,d,)sin(k,d,) +cos(k, (d, +1,))sin(k, (d, +1,)))

Yy n

+k, (-sin(k,d,) cos(k,d,) +sin(k,(d, +1,)) cos(k,(d, +1,)))}

yi'n
o [ sin(k,y)sin(k,y)dx

Based on the above formulations, the systematic eigenvalue equation (4.3) can be solved
completely for both TE and TM modes. The cutoff frequencies are first obtained to
validate the proposed approach, and then to be tested for convergence. The eigenvectors
c; are generated from standard symmetric eigenvector matrix routines and normalized

according to (4.7).

P
B=RY M, @18)
p=l1
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This completes the eigenvalue mode spectrum approach. The main advantage compared
with standard modal techniques is that the number of ridges and their locations within the
housing are arbitrary. This method also provides flexibility and easy implementation in

existing routines based on mode-matching approaches in three-dimensional analysis.

Since MMT routines are based on mode coupling between the modes of the empty
waveguide and those of the ridged waveguide, a frequency-independent coupling matrix
of the form

Jhll 0

Ji= (4.19)

Jeh Jee
must be set up (cf. Chapter 3). It is one of the advantages of using empty waveguide
modes as expansion functions that submatrices J;; and J,, are directly obtained from (4.4)

and eigenvector c.

() =4, 2 (K0), (@), (420)
(V.),, =D, 2(K.), (<), @21)

p=1
Note that the number of expansion terms P used in (4.20) and (4.21) are different for
TE(P,) and TM(P,) modes with eigenvector matrices ¢, and c,, respectively. 4, and D,
are the well-known power normalization terms of the empty waveguide housing. The K,

matrix in (4.21) also differs from that in (4.16) since matrix K ; is zero. This is due to

the fact that the sum of the housing’s TM modes forces the transverse electric field to
vanish on the face of the ridges. The only matrix, which must be calculated, is the
coupling submatrix J;. It relates the housing’s TM modes (index e) to the multi-ridged
waveguide’s TE modes (index /) and is given by
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T, o1, oT, oT,]
- Y dxdy
ox oy oy ox

e +W, S(k i d,+t,
U dx j sin(k, ,, y)sin(k, ,¥)dy

N
xeq; yllp(ch .pnz=1 : cos(kx,eqx)m P

a)gs = [[(VTVT] yds = ﬁ(

e,+w, d, +t, COS(kv'hjy)

Db (€D, 3 | sinth,osinte s | OS(k, )=y
p=1 n=1 e, d, & 0.k, 4

(4.22)

From here on, standard MMT procedures are applied to obtain the overall modal
scattering matrices of waveguide components involving multiple ridges. The complete

formulations are as presented in Chapter 3.

4.3 Convergence Analysis of Multi-Ridged Waveguides

The most important property of a series expansion is its convergence. Therefore, the two-
dimensional eigenvalue mode-spectrum approach is applied to two examples for which
fundamental mode references are available in the literature. The first example is a
rectangular waveguide with four symmetrically placed ridges, Fig. 4.2a; the second
structure contains two L-shaped septa shown in Fig. 4.2b.

1282822202222 22228822822222¢44

(a) (b)
Fig. 4.2 Rectangular waveguides loaded with (a) quadruple ridges and (b) double L-
shaped septa.



f, / GHz
_c(TE,TlE) w N w
=) w =) W o
TN TN N T T T W N T W O T T T YO T T O O O O |

7]

]

TEq
e L

solid lines : this method
dashed line : from measurement in [58]

=

I 1 I 1 1 1 1 1 I I 1 1 T L T ) T Ll Ll 1

| | I
200 300 400 500

fe(Rect W)/ GHz

I
100

59

Fig. 4.3 Convergence analysis of quadruple-ridged rectangular waveguide in symmetric

configuration and comparison with fundamental-mode solution (dashed line) in [58].
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Fig. 4.4 Convergence analysis of quadruple-ridged rectangular waveguide in asymmetric

configuration and comparison with fundamental-mode solution (dotted line) in [59].
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Fig. 4.3 and Fig. 4.4 show the convergence analyses for quadruple-ridged and double-L
shaped waveguides and comparisons with fundamental-mode measurements of [58] and
fundamental-mode calculations of [59], respectively. The cutoff frequencies of the multi-
ridged waveguides are displayed as a function of the highest cutoff frequency in the
housing up to which all terms (m, n) in (4.8) and (/, k) in (4.13) are considered. Good
convergence behavior is observed for all modes in both figures. Obviously, the two-plane
symmetric structure in Fig. 4.3 requires fewer expansion terms since the symmetry also
affects the number of symmetric terms in the expansion. The asymmetric cross section in
Fig. 4.4 requires all asymmetric expansion terms and, therefore, their numbers are much
higher. Of specific interest for later three-dimensional analysis is the fact that modes with
almost identical cutoff frequencies, e.g. the 2nd, 3rd and 5th, 6th TE modes in Fig. 4.4,
are accurately computed. Such cases have always caused problems in mode-search

algorithms which require a system determinant to vanish, e.g. [30], [44].

Besides numerous advantages presented in the previous sections, one serious
disadvantage of this method must be addressed. With increasing cross-sectional area
occupied by the ridges within the housing’s cross section and with an increasing number
of expansion terms in (4.2), the symmetric matrices in (4.4) and (4.5) become ill-
conditioned. As a result, matrix M is no longer positive definite, which can be
immediately detected by an appropriate eigenvalue/vector-solving code. In such cases, an
adaptive process must be used to find a reasonable compromise between accuracy and
computational efficiency. For all practical applications and certainly for those presented
in the next section, eigenmode solutions converge sufficiently well before this effect

comes into play.

4.4 Components in Ridged Rectangular Waveguide Technology

This section presents computer-aided designs and analyses for waveguide discontinuities,
cascaded ridged components, waveguide transformers, waveguide filters, and waveguide
twist structures. All results are verified by measurements and/or other computational
results. It is demonstrated that the proposed algorithm presents a viable option for multi-

ridged rectangular waveguide component design.
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4.4.1 Ridged Waveguide with Single and Cascaded Discontinuities

Using the eigenvalue mode-spectrum approach in conjunction with MMT as a
computational “engine”, the analysis of a variety of waveguide discontinuities is
developed through the ‘building block’ approach; that is, the analyses of discontinuities
are facilitated and then cascaded for eventual component designs by the generalized S-
matrix method. The key to accurate design is the precise calculation of the generalized

scattering matrices for all discontinuities within a component.

To validate the proposed approach, a double ridged waveguide structure is selected as an
example for a two-port discontinuity (Fig. 4.5a). The dimensions of the empty waveguide
are ¢=15.85 mm and 5=7.625 mm; the ridge thickness is # =0.9 mm, and the gap between
ridges is g=3.1 mm. The fundamental-mode scattering parameters are computed with this
method and compared to all-MMT data as shown in Fig. 4.5b. Very good agreement is
obtained.

<— v —>|

N
»
Vv

(a)
Fig. 4.5 Discontinuity rectangular waveguide to double-ridged waveguide; (a) three

dimensional view, (b) S parameters.
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Fig. 4.5 Continued.

The second example is the core building block involving rectangular-to-ridged
waveguide and ridged-to-rectangular waveguide discontinuities. The two scattering
matrices of the discontinuities are combined using the generalized S-matrix method
presented in Chapter 3. The structure in Fig. 4.6a contains 20 mm long empty
waveguides on both sides, and a ridged waveguide of 2.6 mm length. All other
parameters are identical to those of Fig. 4.5. The complete S-parameters generated with
the mode-spectrum analysis exhibit results consistent with those from an all-MMT
approach as shown in Fig. 4.6b. This accuracy together with the advantage of flexible

ridge placement demonstrates the effectiveness of the proposed approach.
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Fig. 4.6 Double-ridged section in rectangular waveguide; (a) three-dimensional view, (b)

S parameters.
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Cascaded ridged waveguide discontinuities can now be analyzed using above procedures.
Such a configuration is shown in Fig. 4.7a with reciprocal waveguide length /; =20 mm,
I, =2.6 mm, /3=10.25 mm, /4 =8.95 mm, /5=10.5 mm. The empty and ridged waveguide
dimensions are chosen as previously. The structure is decomposed into building block
scattering matrices, which are repeatedly cascaded with those of the intermediate
homogeneous waveguide sections. Fig. 4.7b shows the performance of the structure in
the Ku-band frequency range of 12 GHz to 18 GHz. The calculated results are compared
with those of the commercial tool pyWave Wizard, MMT, and measured results. As can be
seen from Fig. 4.7b, a very good accuracy has been achieved.

I 1 |12| I3 I Is

7 %
b o9 2 Y

(a)
Fig. 4.7 Cascaded doubled-ridged waveguide discontinuities according to [30]; (a)

top and three-dimensional view, (b) S parameter comparison.
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Fig. 4.7 Continued.

4.4.2 Stepped Ridged Waveguide Transformer

One application of ridged waveguides is the ridged waveguide transformer. This is due to
its large bandwidth, low characteristic impedance, and compact design [57]. To verify the
proposed approach in a real application, a back-to-back connected double-ridged
waveguide transformer is presented in Fig. 4.8a. The input reflection coefficient in dB of
the back-to-back waveguide transformer is shown in Fig. 4.8b. The computed results of
the eigenvalue mode-spectrum approach (solid line) are in very good agreement with
those of the MMT (dashed line) and measurements (crosses) presented in [57]. Note that
the analysis of this component requires the computation of six different double-ridged
waveguide mode spectra. Differences between the three results in Fig. 4.8b are small and

well below -25 dB; therefore, they are acceptable in almost all practical applications.
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Fig. 4.8a Stepped back-to-back connected ridge waveguide transformer.
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Fig. 4.8b Stepped back-to-back connected ridge waveguide transformer: S;; performance.
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4.4.3 Standard Waveguide Filters

The following two filter components would normally not be designed using this
technique since all eigenvalues and functions involved are analytically known. However,
they are selected here to demonstrate that even in cases where the ridges are placed such
that smaller regular waveguides are obtained, the eigenvalue formulation performs
accurately. Fig. 4.9a and Fig. 4.9b show the structure and performance of an inductive
iris filter where two ridges are placed such that they cover each approximately one
quarter of the cross section of the rectangular waveguide. The eigenvalue formulation
correctly computes the eigenvalues and eigenvectors of the apertures formed by the irises
as demonstrated by excellent agreement with results obtained with the Coupled-Integral-
Equation Technique (CIET).

Fig. 4.9a Four-resonator inductive-iris filter.
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Fig. 4.9b Four-resonator inductive-iris filter: performance comparison.

Fig. 4.10a Five-resonator metal-insert filter.
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Fig. 4.10b Five-resonator metal-insert filter: performance comparison.

An interesting case is that of the metal-insert filter presented in Fig. 4.10a. During the
algorithm development, only one single ridge is used to satisfy the cross section while
others are set to zero without any additional change to the code. Furthermore, the
eigenvalues appear in pairs — as expected — with each pair representing those of both the
left and the right apertures. The excellent agreement with MMT results in Fig. 4.10b
verifies the applicability of this technique to ‘standard’ waveguide problems.

4.4.4 Below-Cutoff Waveguide Filters

In the lower Gigahertz frequency range, waveguide filter components are usually bulky
and encounter serious shortcoming in operational bandwidth. The introduction of ridged
discontinuities into a rectangular waveguide results in a significant lowering of the
dominant-mode cutoff frequency and, therefore, a ridged waveguide has great potential to
overcome these disadvantages, and it can be used to produce evanescent-mode
waveguide filters. These filters are well known for their wide stopbands and their

compact size compared to conventional coupled resonator filters.
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Fig. 4.11a presents a six-resonator below-cutoff T-septum waveguide filter for the lower
Gigahertz range. Note that the input and output ports are in ridged waveguide (T-septum)
technology and, therefore, the empty waveguide sections are used as coupling sections
operating below cutoff. Fig. 4.11b shows the performance of the below-cutoff T-septum
waveguide filter as proposed in [45] over a wide frequency range. Excellent agreement is
obtained with the results of an approach that combines the Coupled Integration-Equation
Technique (CIET) with the MMT. Especially the passband peaks at 7.6 GHz and 7.8
GHz are accurately reproduced which attests to an accurate calculation of the mode
spectrum of the T-septum waveguide sections. For a close-up comparison of the excellent
S-parameters agreements around 2.15 GHz, Fig. 4.11c also denotes consistence with an
all-MMT approach. In order to demonstrate agreement with respect to phase calculations,
the group-delay response is shown in Fig. 4.11d and also shows excellent agreement with
the combined MMT-CIET approach.

Fig. 4.11a Six-resonator below-cutoff T-septum waveguide filter.
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Fig. 4.11b Six-resonator below-cutoff T-septum waveguide filter: S-parameters over a

wide frequency range.
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Fig. 4.11c Six-resonator below-cutoff T-septum waveguide filter: S-parameters in the
passband.
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Fig. 4.11d Six-resonator below-cutoff T-septum waveguide filter: group-delay.

The following two examples involve below-cutoff ridge waveguide filters with slightly
different shapes. They have in common that they would have to be separately analyzed
and coded with an all-MMT approach as pointed out in Chapter 3. Fig. 4.12 shows the
performance of a below-cutoff filter with pedestals. The cutoff frequency of the
pedestalled ridge cross section is close to 3.5 GHz. A six-resonator filter with wide
stopband characteristics is obtained after optimization of individual section lengths.

The structure used in Fig. 4.13 is very similar, but instead of the pedestal, this ridge is
converted into a smaller ridge section which can serve — if more of such smaller sections
are incorporated in the cross section — as a way of modeling rounded ridges. The
performance of such a below-cutoff ridge waveguide filter is similar to that of Fig. 4.12,

except for the reduced return loss at the lower midband frequency.
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Fig. 4.12 Performance of a six-resonator below-cutoff ridge waveguide filter with pedestals.
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Fig. 4.13 Performance of a six-resonator below-cutoff ridge waveguide filter with two

different ridges in the cross section.
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4.4.5 Rectangular Waveguide Twist

90-degree waveguide twists are frequently used in waveguide feed networks. They can be
designed as a continuously twisted rectangular waveguide involving a few discontinuities
operating as polarization rotator over a given frequency range. The 90-degree waveguide
twist component shown in Fig. 4.14(a) is designed for operation between 12 and 13 GHz.
It must be analyzed/optimized by a full set of modes as its cross section is asymmetric.
The excellent agreement of our results (solid lines) with those of the pWave Wizard
(dashed lines) and Ansoft HFSS (dotted lines) demonstrates that our eigenvalue
technique correctly computes waveguide components involving different polarizations.
Note that the twist can also be viewed as a filter, where the two lowest modes in the
ridged guide provide the two resonances at 12.1 GHz and 12.8 GHz. The attenuation pole
at 14 GHz is produced by bypass coupling from the input to the second resonance, which
is identical to that from the first resonance to the output. Note that the operation of this
twist is similar to that presented in [60]. However, it is easier to fabricate due to the

involvement of only rectangular ridges.
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Fig. 4.14 (a) Performance of a 90-degree rectangular waveguide twist: this method (solid
lines), uWave Wizard (dashed lines), Ansoft HFSS (dotted lines); (b) CPU-time comparison.
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CPU computation times for the waveguide twist with 500 frequency points on a 2.13
GHz Pentium notebook with 1.25 GB of RAM.
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Fig. 4.14 Continued.

It is worth noting that the simulation of such an asymmetric structure using commercial
software becomes time consuming because of discontinuities encountered on all
coordinate planes. Using the method proposed in this thesis, the computation of the
waveguide twist with 500 frequency points requires 104.3 seconds of CPU time on a 2.13
GHz Pentium notebook with 1.25 GB of RAM (cf. Fig 4.14b)..The commercial package
pWave Wizard takes 411 seconds for the total calculations from 11 GHz to 18 GHz with
500 frequency points. HFSS simulation results require 14 minutes and 30 seconds of
CPU time, and reach 21 minutes and 7 seconds in real time running on the same machine.
(Note that both commercial packages use a finite-element solver for the mode-spectrum
analysis. The additional time used by HFSS, compared to the pWave Wizard, is due to a
finite-element approach also in propagation direction, whereas the pWave Wizard uses
the MMT.) This example demonstrates that the mode-spectrum analysis presented in this
thesis outperforms commercially available full-wave software when dealing with

- complex ridged waveguide configurations.
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4.4.5 Optimization of Waveguide Filter Structures
Accurate design of complex waveguide devices and components can often be achieved
through sophisticated optimization methods. It is generally accepted that a method based
on the gradient of the cost function is the most common tool for optimization of
microwave structures as long as a good initial design is available. In this thesis, initial
designs for regular waveguide filters, e.g. Fig. 4.9 and Fig. 4.10, are obtained from
standard filter theory including impedance inverters [6], [61]. Below-cutoff filter
dimensions can be obtained similarly when considering the effective wavelength caused
by a resonator and adjacent below cutoff sections [62]. Following the initial design, the
parameters of a waveguide structure between input and output ports are then optimized
using a gradient based method [63]. The error function to be minimized for filter design
is

error function = Z RL_g0al(/, ) + Z IL_g0al(/;_uwp)

iipass RS pus)  iSmp  IL(Sf_aop)

where RL_goal(f; pass), IL_goal(fi sip) are the desired return loss and insertion loss, and

(4.23)

RL(f;_pass)s IL(fistop) the actual return loss and insertion loss at frequencies f; pass and f; siop,

respectively.

Another option for future implementation might use a combination of the code developed
in this work with commercially available circuit simulations and/or optimizers, e.g.,
Advanced Design System (ADS).

4.5 Conclusion

The major objective of this chapter has been to expand the eigenvalue mode-spectrum
approach to a general, accurate numerical tool for the design of multiple ridged
rectangular waveguide components. Individual discontinuities, cascaded ridges as well as
waveguide components, such as transformers, filters, and a twist, are analyzed and
designed. Excellent agreement with measurements and results obtained with other

techniques verifies the eigenvalue mode-spectrum procedure presented in this thesis.



Chapter 5 MULTI-RIDGED CIRCULAR
WAVEGUIDES

5.1 Introduction

A natural progression from multi-ridged cross sections in rectangular waveguides is to
expand the theoretical and numerical analysis to include ridged circular waveguides. This
chapter proposes a complete formulation for determining the mode spectrum and the
generalized scattering matrix for multi-ridged circular waveguide structures with

applications to polarizers, below-cutoff filters and polarization rotating components.

Circular waveguides are commonly used in antenna feed systems, most often as a
building block of primary feeds, polarizers, rotary joints, and others. A cross section
involving multiple ridges in a circular waveguide, as shown in Fig. 5.1, can provide more
efficient control of propagation characteristics compared with standard circular
waveguides. Their distinctive features include lower cutoff frequencies of the
fundamental mode, compact size and easily controllable polarization. For the accurate
analysis and design of such components, the knowledge of the eigenmode spectrum is of
utmost importance, as it determines such critical quantities as resonator lengths, inter-
cavity direct or cross-coupling, phase relationships, etc. The modal scattering parameters
of the discontinuity from the circular to multi-ridged circular waveguide are then

evaluated based on these eigenvalue solutions.

This chapter discusses the eigenvalue analysis in ridged circular waveguide using a
theory similar to that proposed for multi-ridged rectangular waveguides in Chapter 4. The
arbitrarily placed ridges are assumed to be shaped conically in order to fit the cylindrical
coordinate system. It is worth mentioning here that rectangular cross section ridges can

be approximated with pie-shaped ridges. This has been efficiently demonstrated in [44].

The chapter is divided into two main parts. The first part examines the technique to
determine the entire eigenmode spectrum and the coupling matrices for the three-

dimensional modal analysis. The second part deals with the evaluation of the proposed
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algorithms and its demonstration for examples such as circular polarizers, below-cutoff

filters and polarization rotating components.

5.2 Complete Analysis of Multi-Ridged Circular Waveguides

The circular waveguide with asymmetric multiple ridges in Fig. 5.1 is solved in the
cylindrical coordinates system. Following the general approach presented in Chapter 4,
the eigenvalue mode spectrum can be evaluated by respecting the boundary conditions of

the multi-ridged cross section.

Fig. 5.1 Cross section of multiple ridges in circular waveguide.

Although the field components involve Bessel functions in radial direction of a circular
waveguide, the angular dependence is given by sines and cosines, and therefore the set of

basis functions for both TE and TM modes can be written as

cos(mgp)
th(m,n) = Jm (kchmnp){sin(m¢)} (51)
sin(g)| X _(p-p, ¢4,
€xp(lk) = Jl (kcelkp){COS(l¢)}}_:[lQ( pApf > ¢A¢f ) (52)

where J denotes Bessel functions of the first kind, k. are the well-known cutoff
wavenumbers in the empty housing, and function Q is the constraint function in the
circular ridged case, which is equivalent to (4.12). The introduced constraint function

enforces the TM-mode boundary conditions over the cross sections of the ridges.
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5.2.1 TE and TM Modes of Multi-Ridged Circular Waveguides
The proposed algorithm first follows the classical eigenvalue method to calculate the K
and M matrices used in Sections 4.4 and 4.5. For TE modes

1 N |Pnt0Pn 9:+84n (cos(mg)) [cos(Ig)
(Kh),',j A, kchtkchjZ{ I J ( hxp)‘]l( ch_/p)pdp I {sm(m¢)}{sm(l¢)}d¢

n=1 ¢n
N [Pn+don dp %A% (sin(mg)) (sin(lg)
_'nlgl{ .[ I (chx ) (kchjp)7 ¢{ {COS(M¢)}{COS(I¢)}d¢
(53)
PntAp, A0, cos(m¢)}{cos(l¢)}
M;). . - - J d d
(My), ;= (AJ%;,,) 21{ [ (% P) I(Chjp)p p ¢{ {sin(m¢) sin(lg) ¢
(5.4)

In (5.3) and (5.4) , indices m, [ are the respective orders of Bessel functions appearing in
orders i, j of increasing wavenumbers of the circular housing, and 4; is the normalization

coefficient of TE modes

Aiomer = o 1
i—>m,n) V,,(H-é'om) \/x;fn —mZJ,,, (x;nn)

with x’,, being the nth zero of the derivative of J,,, and the prime denotes the derivative

(5.5)

with respect to the argument.

For TM modes,

1
(Ke ),',j - F B (Keé' )i,j
i

N | PntApy ot i/
_kceikcejz{ '[ J ( Ce’p)JI( C“'Jp)pdp I {Sm(m¢)}{sm( ¢)}d¢}

e’ 4, cos(mg) | | cos(/g)
o PntAp, dp %29 [ cos(mg) | [ cos(ig)
mlgl{ [ T (ki) Ty (Kegip) == = ¢{ {—sin(m ¢)H—sin(1 ¢)}d¢

(5.6)
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W | o bt0d, (s in(/
(M.),, = Z{ [ Tulkeeip) ) (kegp) pdp | {Sm(mm}{sm( ¢)}d¢}

h (Dikee; )2 L Py 4 \cos(mg)] |cos(lg)
(5.7)
i D R
D(i—)m,n) _V”(1+§om) xmn‘]m (xmn) (58)

D; is the normalization coefficient for TM modes, and x,,, is the nth zero of J,,. Matrix
K.s contains the results from the integration of the derivatives of the constraint function

similar to (4.17). Its elements are given by

N 1 A}
(Ke(5 )i,j = Z {pn (Jm (kceipn )JI (kcq'pn ¥= kcej‘]m (kceipn )JI (kcq'pn )= kcei‘]m (kceipn )JI (kcejpn ))
n=1

2 (pn * Apn )Jm (kcei (pn =+ Apn ))Jl (kce_] (pn * Apn ))
o= (pn + Apn )kce_]']m (kcei (pn + Apn ))J[I (kcej (pn + Apn ))

: #4284 [sin(mg, )| [sin(Ig,)
. (pn + Apn ) kceiJm (kcei (pn * Apn ))Jl (kcej (p,, + Apn ))} ¢{ {cos(mgbn )}{COS (l¢n ) d¢

2 b S ) e b
. {sin(m(sbn +A¢n))} {sin(lwn +A¢,,>)}+ y {sm(mw,, +A¢,,))} { cos(I(¢, +Ag,)) }

cos(m(g, +44,))] |cos(I(@, +A4,))|  [cos(m(g, +A4,))]| |—sin(I(4, +24,))
cos(m(g, +Ad,)) | [sin(I(g, +Ag,)) ]| P27 dp
m{_sm(m@n+A¢n))}{cos(1<¢nw¢,,»}} 1 n(keat) 1 (kego)

(5.9)

The eigenvalues and eigenvectors are then generated by proper numerical routines, e.g.
[64]. While some of the integrals can be solved analytically, most of them have to be
evaluated numerically [65]. This completes the mode spectrum analysis of two-

dimensional multi-ridged circular waveguides.

5.2.2 Convergence Analysis
Similar to Section 4.3 for rectangular multi-ridged waveguides, Fig. 5.3 shows the TE
and TM mode cutoff frequencies versus the highest cutoff frequency of the basis
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functions. Solutions for both vertical and horizontal polarizations of a double-ridged
circular waveguide (Fig. 5.2) are shown in Fig. 5.3a and Fig. 5.3b, respectively.
Convergence is demonstrated, and the converged cutoff frequencies are found in
agreement with results obtained from a 2D-MMT code (not shown here). Note that
similar to the rectangular ridged cross sections of Fig. 4.3 and Fig. 4.4, convergence for

the TM modes is slower due to the use of the very simple constraint function.

Fig. 5.2 Double-ridged circular waveguide.
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Fig. 5.3a Convergence analysis of double-ridged circular waveguide in vertical

polarizations.
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Fig. 5.3b Convergence analysis of double-ridged circular waveguides in horizontal

polarizations.

5.2.3 Circular-to-Multi-Ridged Circular Waveguide Discontinuity
The eigenvalue analysis of multi-ridged circular Waveguides was discussed in the
previous subsections. However, this is only the first step in the design of circular ridged
waveguides components. For a rigorous analysis involving generalized scattering
matrices, it is essential to evaluate the S-parameters of every discontinuity based on the
interaction of the fundamental and higher order modes. Therefore, MMT routines
combined with the eigenvalue mode-spectrum analysis are again employed to construct
the coupling matrix J in form of

e
Note that what was stated for rectangular multi-ridge waveguides regarding matrices /.,
K. and K., applies in the same way to the circular multi-ridge case. Finally, the coupling

matrix Jy; , Je. and J; are computed from
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(JM )q.i =A‘IZ_(K" )ip (c" )ip 6D
ee D Z(K JP JP (512)
N PutAD, 9+ (sin(mg) | (—sin(i@)
(Jun), ;= Dy ey ): (es), ;l j s (keeqp) 1 (ke ) dp ; {cos(m¢)}{ cos(lg) }‘w
o +Ap , 4 +80 ( cos(mg) | [cos(lg)
—-m Z chp (ch ),p Z:l pJ:' J ( ceqp) JI (kchjp) dp ¢{ {—sin(m¢)}{sin(l¢)}d¢
(5.13)

Of course, matrices Jy;, K and J ., K, are pre-calculated during the mode-spectrum
analysis. The additional computation only involves the matrix J,; of the circular-to-
ridged-circular discontinuity. It is obvious that all the coupling integrals are frequency
independent and, hence, the numerical integration is not repeatedly evaluated at every

frequency point. This procedure is thus rigorous and yet computationally efficient.

Since the proposed algorithms are for arbitrarily located ridges in circular waveguides,
the individual sine and cosine functions in (5.1) - (5.13) are valid only for their respective
cross-sectional symmetries. For asymmetric circular multi-ridged cross sections such as
depicted in Fig. 5.1, all four possible combinations must be considered. Hence the

coupling matrices Jy; , J. and J,; can be expanded in terms of sub-matrices as shown

below.
J 0 JSC JSS
Jz[”h }= e (5.14)
o Jee Jg 2y (i g
ez =) L= )
The superscripts “ss”, “sc”, “cs”, “cc” indicate the coupling from sine to sine, sine to

cosine, cosine to cosine and cosine to sine polarizations of the empty circular waveguide

to the multi-ridged circular waveguide, respectively.

The complete analysis and design procedures are finalized by using the generalized S-
matrix method presented in Chapter 3. The overall performances of ridged circular
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waveguide components are numerically determined and compared with data obtained

from independent full-wave modeling tools.

5.3 Ridged Circular Waveguides Components

The advantage of the circular ridged waveguide mode-spectrum analysis is demonstrated
for individual components. This section presents computer-aided designs for cascaded
waveguide components, waveguide polarizers, below-cutoff waveguide filters, and a
waveguide polarization rotator. By comparison with the data from independent full-wave
computations, the proposed algorithm for multi-ridged circular waveguide components is
verified.

5.3.1 Double Ridged Circular Waveguide Section

To validate the proposed approach, a single ridged circular waveguide structure is
selected as an example of a two-port discontinuity. The radius of the empty circular
waveguide is @ =6.0mm, the radial ridge dimension is 4.0mm, with 15 degree width as
shown in Fig. 5.4.

Fig. 5.4 Double-ridged section in circular waveguide.
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Fig. 5.5 shows the performance of the double-ridged waveguide between two standard
circular waveguides. The reflection coefficients for vertical (VP) and horizontal (HP)
polarizations are plotted along with the phase difference between the two polarizations.
This can be achieved by either separately using the two (cosine and sine) polarizations
given in Section 5.2, or by using only one of the two and performing two separate
calculations, with the positions of the ridges rotated by 90 degrees in the second run. The
excellent agreement of our results (solid lines) in magnitude and phase with those
obtained with the MMT (e.g. [44]) validates the eigenvalue analysis for multi-ridged

circular waveguides
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Fig. 5.5 Double-ridged section in circular waveguide: this method (solid lines), MMT
(dashed lines).

5.3.2 Circular Ridged Waveguide Polarizer

A direct application of the building block structure in Fig. 5.4 is a circular ridged
waveguide polarizer [44] as shown in Fig 5.6a. The incoming TE;; mode excites the
polarizer at an angle of 45 degrees. The two associated polarizations (vertical and

horizontal) possess the same field strengths at input but progress differently through the
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ridged structure. Whereas the vertical polarization experiences capacitive behavior, that
of the horizontal component is inductive. The ridged and empty waveguide sections are
optimized to yield almost identical field strengths of the two polarizations at output with
a phase difference of 90 degrees. Whether the outgoing wave is clockwise or counter-
clockwise circularly polarized depends on the angle of incidence, which is either -45 or
+45 degrees from the vertical, respectively. This polarizer structure has input/output ports
with radius of 6.0 mm. Its 11 ridged sections contain double ridges with 12 degrees
thickness and 1.5 mm height. The component is designed for operation between 19 GHz
and 22 GHz with the following specifications: 30 dB return loss and isolation, 0.75 dB
axial ratio. Excellent agreement of those parameters with results from the MMT is

demonstrated in Fig. 5.6b and validates the eigenvalue technique presented here.

(a)
Fig. 5.6 A circular ridged waveguide polarizer with 11 ridged sections: (a) three-

dimensional view of the component; (b) performance, this method (solid lines),
MMT(dashed lines).
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Fig. 5.6 cont’d.

5.3.3 Circular Waveguide Iris Filter
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Similar to Section 4.xx for rectangular waveguides, the circular waveguide iris filter

shown in Fig. 5.7a is used to demonstrate that the eigenvalue analysis correctly predicts

the mode spectra of regular circular waveguides. The filter performance depicted in Fig.

5.7b was obtained by employing a single ridge of angular width of 360 degrees for the

irises while all other possible ridges are set to zero. Excellent agreement is observed with

results obtained from a CIET code and the pWave Wizard. As is well known, circular

waveguide iris filters can be used as dual-polarization filters, due to their rotational

symmetry, but they exhibit a rather poor stopband behavior towards higher frequencies.

For reference and comparison with the evanescent-mode filters presented in the following

subsection, note that the radius of the empty circular waveguide is 6.5 mm and that the

fundamental TE;; mode starts propagating at 13.5 GHz.
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Fig. 5.7 Five-pole circular waveguide iris filter: (a) three-dimensional view; (b)
performance, this method (solid lines), CIET (dashed lines), pyWave Wizard (dashed
lines).
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5.3.4 Circular Ridged Waveguide Evanescent-Mode Filters

The lowering of the fundamental mode cutoff frequency in circular ridged waveguides
can be used to fabricate filters with circular below-cutoff sections. Such filters have many
attractive features like wide stopband characteristic, small component size and high skirt

selectivity.

Evanescent-mode filters, sometimes also referred to as below-cutoff filters, are usually
impleménted by an abrupt transition from a larger to a smaller waveguide. The smaller
waveguide is operated below cutoff but contains ridges which act as resonators by
lowering the cutoff frequency of the smaller waveguide to approximately that of the
larger waveguide. Another approach consists in utilizing the waveguide with ridges not
only as resonators but also as input and output ports, thus assuming that a system be
realized in a reduced-size, metal-ridged waveguide technology altogether. Such an
approach has been used in Section 4.4.4 and is used here for the development of new

circular waveguide evanescent-mode filters.

An evanescent-mode filter design in circular waveguide involves rigorous
characterization of the discontinuities between individual sections. A ridged circular
waveguide analysis based solely on the mode matching techrﬁque is presented in [44]. As
will be shown, the eigenvalue mode-spectrum analysis allows for more general cross

sections in circular ridged waveguide below-cutoff filters.

Fig. 5.8a presents a four-pole circular ridge waveguide filter, where the empty circular
waveguide sections are used as coupling elements between the ridged waveguide
resonators and input/output ports. The filter is designed for 500 MHz bandwidth, centered
at 9.5 GHz and 20 dB return loss. For comparison with the circular waveguide iris filter
of Fig. 5.7, the radius of the empty waveguide is maintained as 6.5 mm, but the filter is
now operated at 9.5 GHz, which is below its fundamental-mode cutoff frequency of 13.5
GHz.
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Very good agreement is observed in Fig. 5.8b between the MMT (dashed lines) and the
method presented in this thesis (solid lines). Note that the cross section of the ridged
circular waveguide is double-plane symmetric. This is the reason for it to be analyzable
by the MMT. Moreover, it eliminates the excitation of asymmetric resonances and,
therefore, the next passband occurs beyond 16 GHz. The cutoff frequency of the double-
ridged input/output ports is 7.58 GHz.
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Fig. 5.8 Four-pole circular waveguide double-ridge evanescent-mode filter (a),

performance and comparison with results obtained from the MMT (b).
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A filter with the same specifications as that in Fig. 5.8, but with three ridges instead of
two, is shown in Fig. 5.9a. The performance in Fig. 5.9b is very similar to that in Fig.
5.8b as far as the passband is concerned. The behavior towards higher frequencies is
different, though. This is due to the fact that the cross section is reduced to single-plane
symmetry which is responsible for the second passband peak appearing at around 15 GHz
in Fig. 5.9b. In comparison with the double-ridge filter, the cutoff frequency of the triple-
ridged ports is 7.86 GHz.

The concept is continued with the quadruple-ridge filter in Fig. 5.10a. Note that two-
plane symmetry in the cross section is restored and, therefore, the passband peak around
15 GHz, which is caused by asymmetric modes in Fig. 5.9b, disappears in the
performance of the quadruple-ridge filter in Fig. 5.10b. The cutoff frequency of the
input/out put ports is 7.76 GHz.

In order to reduce the center frequency of the filter, the distance between ridges, currently
at 2 mm or 0.15 times the dimension of the housing, must be further reduced. However,
this is not advisable from a practical point of view since the field concentration around

the tips of the ridges would increase tremendously, thus resulting in increased losses.

A possible alternative is found by reshaping the ridges. Fig. 5.11a shows a circular T-
septum below-cutoff filter designed for a midband frequency of 8.76 GHz. The cutoff
frequency of the input/output ports is 7.52 GHz. Although the cross section is only
single-plane symmetric, which is associated with the inevitable excitation of asymmetric
modes, the midband frequency of the filter (cf. Fig. 5.11b) is reduced compared to that of
the triple-ridge filter in Fig. 5.9b and, thus, the second passband peak is pushed upwards
in frequency to appear at 15.8 GHz in Fig. 5.11b. Similar behavior is observed in [45] for

the rectangular-waveguide evanescent-mode filters.
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Fig. 5.9 Four-pole circular waveguide triple-ridge evanescent-mode filter (a) and
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A further reduction in cutoff frequency is only possible by increasing the angle of the bar
of the circular T-septum. This leads to the development of the key-shaped ridged
structure as shown in the Fig. 5.12a. Its cutoff frequency is 6.83 GHz, and the filter is
designed for 440 MHz bandwidth at 8.5 GHz and 25 dB return loss. The housing
dimensions are maintained at a radius of 6.5 mm. Since the midband frequency is further
reduced compared to that of Fig. 11, the second passband peak is moved further upward
in frequency and appears now beyond 16 GHz. Moreover, the frequency of minimum
transmission is moved from 11.5 GHz in Fig. 11b to 15 GHz in Fig. 5.12b. It is
interesting to note that the mode spectrum obtained for the key-shaped cross section
includes the well-known solutions for the smaller circular waveguide. Thus the
formulation in circular coordinates provides also solutions for standard circular
waveguides which appear as part of the arbitrary placement of the ridges in circular

waveguide.

Finally, an evanescent-mode filter, which maintains two-plane symmetry and avoids a
too close placement of the tips of the ridges, in the double T-septum filter shown in Fig.
5.13a. The midband frequency is at 7. 125 GHz and the cutoff frequency of the
input/output ports is 5.99 GHz. The performance as displayed in Fig. 5.13b shows
excellent stopband performance with a second passband beyond 18 GHz. The angular
width of the T-septum bars is 90 degrees, and the minimum distance between the ridges
is 1.41 mm. Hence, compared to the double-ridge filter of Fig. 5.8, the distance between
the ridges is not only increased, but the maximum field concentration for the same power
transfer is divided between two locations of proximity of the ridges. Whereas this is an
improvement over the filter in Fig. 5.8, it is expected, based on measurements conducted
in [67], that the passband insertion losses will amount to 2 - 3 dB. (It is noted that the
theoretical treatment in this work does not include losses nor the possibility of evaluating

current distributions due to high field concentrations of sharp edges.)

In comparing the cross sections of this section with those that have been treated with an
all-MMT approach, we find that the solutions of structures such as displayed in Fig. 5.9
to Fig. 5.13 have never been attempted with an entirely MMT-based approach. Hence the
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eigenvalue mode-spectrum technique provides opportunities for the design of new

circuits and components.
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Fig. 5.12 Four-pole circular waveguide key-shaped evanescent-mode filter (a) and

performance (b).
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5.3.4 Polarization Rotator

A polarization rotator represents a key element in the realization of polarization
dependent microwave components and systems. A circular polarization rotator rotates a
linearly polarized incident wave as it propagates through the component. The basic
concept of operation is similar to that of [66] where a linearly polarized wave is captured
between two ridges while the shape of the waveguide housing changes. For the
polarization rotator, we maintain the circular waveguide housing but once the wave has
been captured between two ridges, the ridges are stepwise rotated to change the direction
of the wave’s linear polarization. Fig. 14a shows a three-dimensional view of the
polarization rotator. Note that the first two sections at the input and output serve the
purpose of transforming the 7E;; mode of the empty circular waveguide to the 7E; mode
between the ridges.

The design is similar to the fine optimization of waveguide filters (cf. section 4.4.6).
However, since modes with different polarization are involved, we refrain from enforcing

a stopband but focus rather on an acceptable performance over a specific bandwidth.

The following cost function is used in the optimization

exrorfunction = 3" RE£08() 5 RLgoal(f) - IL goal(s) , ;5 IL goal(/)

i RL(VP—>V'P)(f;) i RL(VP—»HP)(-f;) i IL(VP—)VP)(fI:) i IL(VP—)HP)(f;)

(5.15)

where RL_goal(f;), IL_goal(f}) are the desired return loss and insertion loss, and

RLyp—vp(fD); RLyp—mp(f)s ILwp—vp/(f), the actual return loss and insertion loss at

frequencies f; , respectively. Note that the fourth item in (5.15) denotes the conversion
from vertical (VP) to horizontal polarization (HP).

Fig. 14b shows the results of such an optimization for a frequency range of 17.5 GHz to
20 GHz. The rotation angles between individual sections are assumed constant and all

initial section lengths are set to a quarterwavelength at midband frequency. For the given
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frequency range, the component suppresses all unwanted polarizations by 15 dB and lets

pass only the rotated incoming polarization.
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Fig. 5.14 Eight-section circular waveguide polarization rotator (a) and performance (b).
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5.4 Conclusion

The mathematical approach described for multi-ridged rectangular waveguides was
extended to multi-ridged circular waveguides in this Chapter. The double-ridged circular
waveguide was first introduced and served as the core building block of circular
waveguide components. An eigenvalue mode-spectrum analysis involving Bessel
functions was then formulated. A convergence analysis shows good agreement with
results obtained by MMT techniques. The complete analysis and design procedures were
finalized using the generalized S-matrix method. To demonstrate the validity of the
approach, a circular ridged waveguide polarizer and below-cutoff circular ridge
waveguide filters have been designed. Excellent agreement of the S-parameters with
results from the MMT was presented. Moreover, a number of new types of circular
waveguide components, such as below-cutoff circular single and double T-septum
waveguide filters, below-cutoff triple- and quadruple-ridge filters, below-cutoff circular
key-shaped ridged waveguide filters, and a polarization rotator, were presented to show

the algorithm’s applicability and versatility.



Chapter 6 CONCLUSIONS AND
RECOMMENDATIONS

6.1 Conclusion

The major objective of this research has been to provide a contribution to the
development of accurate computer-aided analysis and design of microwave components
constructed in nonstandard waveguide technology for microwave and satellite
communication systems. The eigenvalue mode-spectrum analysis in conjunction with the
mode-matching technique accomplishes the goal of extending accurate numerical design,
due to its flexibility and applicability of the formulations resulting from such an
approach, to a wide range of other waveguide technologies. Significant throughout the
work and central to its methodology is to predict a full-wave mode-spectrum of the
structure in one step, and then construct a generalized scattering matrix of discontinuities,
which eventually leads to complete component designs. Here, the emphasis has been on
the mathematical description of the cross section and discontinuity in question rather than
on the components as a whole. The basic framework for the eigenvalue approach has

been established and was later extended to irregular waveguide components.

The most commonly used numerical techniques in microwave systems were presented as
well as a survey of techniques for nonstandard waveguide analysis. From the methods
available to rigorously solve electromagnetic field problems with respect to advantages
and disadvantages, the mode matching technique has been found to be best suited for the

design of waveguide components in the frequency domain.

The standard mode-matching technique was presented as a critical numerical method for
the cross-section analysis. However, this technique has less flexibility to deal with
arbitrary discontinuities in waveguide’s cross sections. A classical eigenvalue approach
was therefore employed to handle irregular waveguide cross sections. The theoretical
treatment of the single ridged waveguide forms a powerful tool for the computer-aided
design of irregular waveguide structures. With the introduction of the new concept of a
constraint function applied to TM modes, the proposed eigenvalue mode-spectrum
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analysis demonstrates the ability of handling arbitrary cross-section structures in regular
waveguides; of simplifying the numerical calculations of power factors and coupling
matrices; and of cooperating with existing mode-matching routines in three-dimensional
analysis. Close agreement between our theoretical data and HFSS simulated results was
obtained for the propagation characteristics of the single ridged cross-section waveguide,
as well as a simple empty-ridged-empty waveguide structure. Having calculated these
characteristics and coupling matrices, this eigenvalue mode-spectrum approach together
with the mode-matching technique was then applied to multiple-ridged rectangular and

circular waveguide structures.

The proposed fundamental formulations were expanded to include the theoretical and
numerical analysis of nonstandard multi-ridged waveguide structures. Upon the
validation of convergence of the multiple-ridged waveguide solutions, the design of
waveguide filters, waveguide transformers, below-cutoff waveguide filters, and a 90-
degree waveguide twist component were presented. Through the incorporation of higher-
order mode interactions, the proposed model provides design data that are in. close

agreement with experimental results or other numerical simulations.

The eigenvalue mode-spectrum analysis involving Bessel functions in the cylindrical
coordinate system has been discussed for multiple ridged circular waveguides. The
circular-to-multi-ridged circular waveguide discontinuity serves as a basic building block
element in circular waveguide technology, and a set of complete formulations were
developed to determine the full-wave scattering matrices. Having characterized
discontinuities in ridged circular waveguides, the analysis was applied to the design of
certain useful components. Based on the proposed numerical analysis methodology, a
circular ridged waveguide polarizer and below-cutoff circular ridged waveguide filters
have been designed. The performance of these components is compared with other
numerical field solvers, and the results are in very close agreement. Subsequent to this

approach, a polarization rotator was introduced as another design application.
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The results presented in this thesis show a significant step forward in the direction of
rigorous computer-aided design of components both in rectangular and circular
waveguide technology. The foundation has been set, and future work could benefit from
the theoretical approach proposed in the thesis.

6.2 Recommendations

The eigenvalue mode-spectrum analysis combined with the mode-matching technique
presents rigorous and complete solutions for components in irregular waveguide
technology. It is obvious that the developed mathematical formulations are to facilitate
the computer-aided design process. Hence, the numerical algorithms can be extended to

cover a wide range of related waveguide component design problems.

The first objective for future work is to apply the numerical method to integrated
waveguide diplexers and multiplexers. This can be accomplished by solving the building
block discontinuities of waveguide junctions, main waveguide filters and branch
waveguide filters. The scattering matrix of the overall component is calculated by the
combination of the individual sub-scattering matrices of these basic discontinuities within
the components. The eigenvalue mode-spectrum analysis serves as a fundamental tool to
predict the propagation characteristics while the mode-matching technique generates the
scattering matrices. In this context, a more efficient and more accurate calculation of the
gradient during optimization is recommended. This can be accomplished by using adjoint
networks [74].

A second recommendation is the expansion of the theoretical and numerical analysis
from nonstandard cross sections in the two-port waveguide junction to multi-port
junctions with nonstandard regions. Multi-port junctions with a discontinuity-distorted
resonator region, such as in waveguide bends, power dividers, and orthomode
transducers, find important applications in many microwave circuits for modern
communication systems. Various investigations and approaches [67]-[69] have been
performed with less accuracy or limited flexibility to handle complex structures. In

general, to establish the formulation for determining the generalized scattering matrix, a
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rigorous field theory treatment of the discontinuities within the resonator region and the
complete mode-matching conditions at the multi-junction waveguide apertures must be
set up. The eigenvalue mode-spectrum analysis is capable of predicting the characteristic
features of the discontinuities. Since the discontinuities within the resonator regions are
rigorously taken into account and their influences are transformed to the apertures of the
junction, the generalized scattering matrix can be calculated by the mode-matching
technique.

Another area for further research might be to explore new waveguide technologies, such
as elliptic waveguides for improved filter stopband characteristics, coaxial ridged circular
waveguides (including TEM-mode propagation) as alternative application in the lowér
gigahertz frequency, and a plus shaped guide as an alternative to the rectangular iris. In
short, a wide range of irregular waveguide component designs is possible as an extension

to the approaches discussed in this work.
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Appendix

Dimensions of Analyzed Structures

A.1 Rectangular Waveguide Structures

Please refer to Fig. 4.1 for ridge locations and cross section. All dimensions are in

millimeters.

Fig. 3.4 and Fig. 3.9

19.0500 9.5250 width and height of ridged waveguide housing.
6.5250 5.0250 6.0000 4.5000 ------------- position (e;,d;), width (w), height (t;).

length of waveguides:
20.0000
20.0000
20.0000

Fig. 4.6

15.8500 7.6250 width and height of ridged waveguide housing.
7.4750 5.3625 2.2625 0.9000 ------------- position (e;,d;), width (w), height (t;).
7.4750 5.3625 2.2625 0.0000 ------------- position (ez,dz), width (w>), height (t,).

length of waveguides:
20.0000

2.6000

20.0000

Fig. 4.7

15.8500 7.6250 width and height of ridged waveguide housing.
7.4750 5.3625 2.2625 0.9000 ------------- position (e;,d;), width (w;), height ().
74750 53625 2.2625 0.0000 ------------- position (e;,dz), width (w»), height (t,).

length of waveguides:
20.0000
2.6000
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10.2500
8.9500
10.5000
8.9500
10.2500
2.6000
20.0000

Fig. 4.8
15.7990 7.8990 width and height of ridged waveguide housing.
7.3995 7.2825 1.0000 0.6145 --------- position (e;1,d1), width (wy;), height (t;;).
7.3995 0.0000 1.0000 0.6145 --------- position (e2,d12), width (wy2), height (t;2).
7.3995 6.6095 1.0000 1.2895 --------- position (€21,d21), width (wa;), height (t21).
7.3995 0.0000 1.0000 1.2895 --------- position (e2,d22), width (W), height (t22).
7.3995 6.0945 1.0000 1.8045 --------- position (es31,ds1), width (w3;), height (t3;).
7.3995 0.0000 1.0000 1.8045 --------- position (e32,dsz), width (wsz), height (t3,).
7.3995 5.6195 1.0000 2.2795 --------- position (e41,d11), width (wa;), height (ts)).
7.3995 0.0000 1.0000 2.2795 --------- position (e42,d12), width (w4y), height (t42).
7.3995 5.1695 1.0000 2.7295 -----e--- position (es1,d21), width (ws;), height (ts)).
7.3995 0.0000 1.0000 2.7295 -----=nm- position (esz,d»2), width (wsy), height (tsy).
7.3995 4.9495 1.0000 2.9495 --------- position (eg1,d3;), width (we;), height (tg;).
7.3995 0.0000 1.0000 2.9495 --------- position (es2,d32), width (We2), height (ts2).
length of waveguides:
10.0000
5.9000
6.0000
7.3700
6.9000
5.6200
6.0200
5.6200
6.9000
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7.3700
6.0000
5.9000
10.0000
Fig. 4.9
19.0500 9.5250 width and height of ridged waveguide housing.
0.0000 0.0000 5.0250 9.5250 ----=--=----- position (e;,d;), width (w;), height (t;).
14.025 0.0000 5.0250 9.5250 ------------- position (e;,d»), width (w»), height (t,).
length of waveguides:
5.0000
1.1880
11.5880
6.7750
11.6900
7.9160
11.6900
6.7750
11.5880
1.1880
5.0000
Fig. 4.10
22.8600 10.1600 width and height of ridged waveguide housing.
11.1800 0.0600 0.5000 10.1000 ---------- position (e;,d;), width (w), height (t).
11.1800 0.0000 0.5000 0.0600 ----------- position (e;,d»), width (w»), height (t,).
length of waveguides: ‘
7.0000
0.6260
14.3640
5.2850
14.6950
6.8470
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14.7170
6.8470
14.6950
5.2850
14.3640
0.6260
7.0000
Fig. 4.11
25.4000 19.0500 width and height of ridged waveguide housing.
5.0800 2.5400 15.2400 2.5400 ----------- position (e;,d;), width (w,), height (t;).
114300 5.0800 2.5400 13.9700 ----------- position (e;,dz), width (w7), height (t2).
length of waveguides:
95.7600
2.5600
9.5200
18.5700
3.8000
24.0300
3.6600
24.6300
3.6600
24.0300
3.8000
18.5700
9.5200
2.5600
95.7600
Fig. 4.12
22.8600 10.1600 width and height of ridged waveguide housing.
9.6520 3.0480 3.5560 7.1120 ------------- position (e;,d;), width (wy), height (t;).
3.8100 0.0000 15.2400 1.0160 ----------- position (e;,dz), width (w»), height (t,).
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length of waveguides:
10.0000
3.1740
11.5530
10.2860
7.7870
14.4300
7.0840
15.3000
7.0840
14.4300
7.7870
10.2860
11.5530
3.1740
10.0000
Fig. 4.13
22.8600 10.1600 width and height of ridged waveguide housing.
9.6520 5.0800 3.5560 5.0800 ------------- position (e;,d;), width (w;), height ().
10.1600 2.5400 2.5400 2.5400 ----------- position (e;,dz), width (w»), height (t,).
length of waveguides:
10.0000
4.9380
10.0190
12.4410
7.3160
15.5490
6.8480
16.1190
6.8480
15.5490
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7.3160
12.4410
10.0190
4.9380
10.0000

Fig. 4.14
16.0000 8.0000 width and height of first waveguide housing.
16.0000 16.0000 width and height of ridged waveguide housing.
8.0000 16.0000 width and height of last waveguide housing.
0.0000 0.0000 3.5000 3.5000 ------------- position (e;,d;), width (w;), height (t,).
12.5000 12.5000 3.5000 3.5000 ---------- position (e;,dz), width (w»), height (t2).
length of waveguides:
10.0000
19.0000
10.0000

A.2 Circular Waveguide Structures

Please refer to Fig. 5.1 for ridge locations and cross section. All dimensions are in

millimeters and angles (p and w) are in degree.

6.0000 radius of circular ridged waveguide housing.
2.0000 -97.50 4.0000 15.00 -======nmnmmmm- position (a;, p1), radius (r;), width (w)).
2.0000 82.50 4.0000 15.00 ----=--=-==nen- position (az, p2), radius (r3), width (wy).
length of waveguides:

20.0000

7.0000

20.0000

6.5000 radius of circular ridged waveguide housing.
4.0000 90.00 2.5000 360.00 ---=--=n=nmmx position (aj, pi), radius (r;), width (w,).
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6.5000 0.00 0.0000 0.00 ---==-==s=nmmemmmx position (az, p2), radius (12), width (w»).
length of waveguides:
10.0000
0.3010
12.8560
3.2970
13.5060
4.1900
13.5570
4.1900
13.5060
3.2970
12.8560
0.3010
10.0000
Fig. 5.8
6.5000 radius of circular ridged waveguide housing.
1.0000 84.00 5.5000 12.00 --------------- position (aj, p1), radius (r;), width (w)).
1.0000 264.00 5.5000 12.00 -----=-=-=---- position (az, p2), radius (12), width (wy).
length of waveguides:
10.0000
3.3680
4.5130
9.4090
3.6330
10.8240
3.6330
9.4090
4.5130
3.3680
10.0000
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Fig. 5.9
6.5000 radius of circular ridged waveguide housing.

1.0000 84.00 5.5000 12.00 --=-=-=-=-m==-- position (aj, p1), radius (r;), width (w;).
1.0000 219.00 5.5000 12.00 -=------------ position (az, p2), radius (12), width (wy).
1.0000 309.00 5.5000 12.00 -------------- position (a3, p3), radius (r3), width (w3).

length of waveguides:
10.0000
2.4730
8.9900
7.2510
8.1970
8.5290
8.1970
7.2510
8.9900
2.4730
10.0000
Fig. 5.10
6.5000 radius of circular ridged waveguide housing.
1.0000 84.00 5.5000 12.00 --------------- position (aj, p;), radius (r;), width (w)).
1.0000 174.00 5.5000 12.00 ----=-=-=-=--- position (ay, pz2), radius (r2), width (w>).
1.0000 264.00 5.5000 12.00 --------=----- position (a3, p3), radius (r3), width (w3).
1.0000 -6.00 5.5000 12.00 ---------n=nm-- position (a4, ps), radius (rs), width (ws).
length of waveguides:
10.0000
3.1970
4.9410
9.0980
3.9630
10.5410
3.9630
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9.0980
4.9410
3.1970
10.0000
Fig. 5.11
6.5000 radius of circular ridged waveguide housing.
0.0000 84.00 6.5000 12.00 ----=--===---—- position (aj, pi), radius (1), width (w).
0.0000 264.00 3.0000 12.00 -------------- position (az, p2), radius (r3), width (w»).
3.0000 180.00 0.7500 180.00 ------------ position (as, p3), radius (r3), width (w3).
length of waveguides:
10.0000
3.5910
2.0850
9.0130
0.8880
10.1720
0.8880
9.0130
2.0850
3.5910
10.0000

Fig. 5.12
6.5000 radius of circular ridged waveguide housing.

1.5000 84.00 5.0000 12.00 ==-==mmmmmmmm- position (aj, pi), radius (r;), width (wy).
1.0000 0.00 0.5000 360.00 -=-======-=mmm- position (a, p»), radius (1), width (wy).
length of waveguides:

10.0000

2.3300

5.1940

7.5760

4.1030




9.0390
4.1030
7.5760
5.1940
2.3300
10.0000

Fig. 5.13
6.5000
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1.5000
1.0000
1.0000
1.0000

radius of circular ridged waveguide housing.
84.00 5.0000 12.00 -=-====mmmmn- position (aj, pi), radius (r;), width (w)).
45.00 0.5000 90.00 --------------- position (az, p2), radius (r2), width (w»).
225.00 0.5000 90.00 --=-==s=neemmm position (as, p3), radius (r3), width (w3).
264.00 5.0000 12.00 -------------- position (a4, ps), radius (r4), width (wy).

length of waveguides:

10.0000
3.0590
4.8950
8.4520
3.6950
9.7710
3.6950
8.4520
4.8950
3.0590
10.0000

Fig. 5.14
5.4000

3.6600
2.0000
2.0000
2.0000
2.0000

radius of circular ridged waveguide housing.
85.00 1.7400 10.00 ---=-===nmnun-- position (aj, p1), radius (1), width (w)).
85.00 3.4000 10.00 ==-=-mmmmmmmamm position (az, p2), radius (12), width (w,).
103.00 3.4000 10.00 --==-==memmmmm position (as, p3), radius (r3), width (w3).
121.00 3.4000 10.00 -----=-=------ position (as, ps), radius (rs), width (wy).
139.00 3.4000 10.00 --=-=====-=n-- position (as, ps), radius (rs), width (ws).



122

2.0000 157.00 3.4000 10.00 -------------- position (ag, ps), radius (rs), width (we).
2.0000 175.00 3.4000 10.00 -------==----- position (a7, p7), radius (r7), width (w7).
2.0000 175.00 1.7400 10.00 -------------- position (ag, ps), radius (r3), width (wg).
length of waveguides:

10.0000

5.3390

6.2740

5.7930

6.6960

6.6960

5.7930

6.2740

5.3390

10.0000
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