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ABSTRACT

Continued advancement in microwave teleccommunications generales an
ever increasing need for the further development of computer-aided analysis and design
tools. The objective of this thesis is to develop computer-aided design algorithms for the
construction of original and innovative components in an all-mctal nonstandard
rectangular waveguide technology, and to do so employing accuratc clectromagnetic ficld
analysis. Nevertheless, the principles derived from this relatively narrow ficld of rescarch
arc applicable to other waveguide technologies.

”Ihfoi.igh the examination of a variety of ways to accomplish this, a mode-
matching method is found best suited to this purpose. A building block approach,
involving the separate analysis of smaller discrete discontinuitics leading to the cascading
and combining of them through the Generalized S-matrix Mcthod, is sclected as having
the greatest potential for universal application. Two nonstandard discontinuitics arc
selected for further pursuit: as an example of two-port discontinuitics, the T-septum
waveguide; and, as an example of multi-ports, the discontinuity-distorted T-junction. To
facilitate the discussion of these nonstandard discontinuitics, modc-matching is reviewed
by solving a double-plane step and a simple E-plane T-Junction.

. The first objective, when applying mode-matching to nonstandard
rectangular waveguide discontinuities, is to determine the propagation characleristics or
eigenmodes of each subregion of the discontinuity. The standing wave formulation in
conjunction with a minimum singular value decomposition algorithm is employed to
determine the cut-off frequencies of a T-septum waveguide. The results are then
employed in the application of mode-matching to a rectangular-to-T-septum waveguide
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discontinuity. Thc discontinuity is shown o bc advantagcous in the design of
cvanescent-mode filters, transformers, and diplexers. Two prototypes, a bandpass filter
and a diplexcr, were built and tested. With the exception of poor inscrtion loss
performance attributable an unanticipated poor level of conductivity in matenal coupled
with an additional loss resulting {rom the abrupt conjunction of the miniaturized T-
scptum filter scgments with the larger input/output waveguides, the mcasurements
comparcd well to calculated responses.

The theoretical and numerical analysis of nonstandard two-port theory is
expanded to include multi-ports. The formulation produces the generalized scattering
matrix of a discontinuity-distorted T-junction by applying superposition to the non-
homogencous boundary conditions toward a solution of the Helmholiz squation in
dectermining the cigenmodes of the resonator region. The waveguide corner, being a
special case of the T-junction, is used to demonstrate the accuracy of the formulation
through its high Ievel of agreement with known measurements and calculated results of
mitered 90° and 180° waveguide bends. This discontinuity is then employed to develop
improved compact threc-port components, namely power dividers and orthomode
transduccrs. Power dividers are shown to demonstrate improved division over a wider
bandwidth compared with conventional designs. The orthomode transducer while
producing similar responscs to conventional designs is significantly reduced in size.

The formulations presented in this thesis have proven to be accurate and
successful in all of the applications presented here and promise to be of substantial
benefit in the area of component design in the future.

DR. J. BORNEMANN, Supcrvisor

DR. R. VAHLDIECK, Departmental Member DK. R.L. KIRLIN, Departmentai Member

DR. R, PODHORODESK], Outsidc Member 7 DR-A-WEXLER, External Examiner
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1. OVERVIEW

1.1. INTRODUCTION

In the past twenty years there has been unprecedented growth in the
telecommunications industry. Personal mobile communication and the development of a
wide array of exciting new technologies in support of the global information network are
making increasing demands on research and development in electrical engineering. In
particular, there is a constant quest for ever smaller components with improved
performance and increasing levels of integration. This, coupled with the need to
eliminate costly and time consuming prototype iteration, indicates the development of a
new generation of accurate computer-aided analysis and design tools. The impact of all
this on microwave technology is significant given its involvement in the tele-
communications industry. Reliance on computer-aided analysis to produce superior
microwave components will continue to expand, offering exciting new prospects and
challenges well into the 218t century.

This research, although of a highly specialized nature, constitutes a
significant contribution to the development of such a component design tool for future
microwave and satellite communication systems. The principal objective is to develop
computer-aided design algorithms for the construction of original and innovative
components in an all-metal, but nonstandard, rectangular waveguide technology, and to
accomplish this employing accurate electromagnetic field analysis. Since the rectangular
waveguide is one of the most popular transmission lines -- due to its wide range of ‘
allowable operating specifications (e.g., temperature, pressure, power capabilities, etc.) -
this research will restrict itself to component design for this technology. It should be
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noted, however, that the principles presented in this thesis can be applied to other
waveguide technologies as well.

Waveguide circuit components for microwave communications systems
have certain well-defined design requirements. Besides compactness and low-tolerance
specifications, the components must be low loss, light weight, and able to survive and
function accurately for extended periods in the physically demanding environments in
which they are to operate. To meet these exacting specifications, accurate full-wave
analysis and computer-aided design routines for these conffionems are essential.

Such computer routines have been in existence for almost two decades and
have achieved a moderate level of maturity. However, most of them in use today rely on
closed-form expressions for the electromagnetic fields and, therefore, are only
approximate and thus limiting in nature. What would be of particular value today is one
that will offer a greater degree of accuracy and be applicable to a wider range of design
requirements.

To understand the framework of such computer routines, it is important to
review briefly the realization of passive rectangular waveguide components. The
development of waveguide components is restricted only by the innovativencss and
resourcefulness of design engineers in creating microwave transmission line structures
that synthesize the lumped elements employed in corresponding components at lower
frequencies. It is well known that this is made necessary by the limitations in size and
quality of physical lumped elements at microwave and millimeter wave frequencics.
Low frequency lumped elements, for example, capacitors and inductors, are rcalized at
the higher microwave frequencies in waveguide circuit components as obstacles (posts,
septums, etc.) or junctions (diaphragms, single plane steps, irises, etc.), collectively
known as waveguide discontinuities. As an example, a double-plane step discontinuity in
a rectangular waveguide may be used to form a capacitive element in filter design.
Hence, all passive waveguide circuit components, in general, may be considered an
interconnection of a plurality of waveguide discontinuities. The performance of a
component depends on how closely each discontinuity images its corresponding lumped
element prototype in the specified frequency range.
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In this work the waveguide component design process will consist of
discrete discontinuity analyses and, therefore, be described as a ‘building block’ approach.
This approach will be divided into two phases: first, the development of accurate analytic
and/or numerical models for electromagnetic fields near waveguide discontinuities and,
second, the cascading and combination of these different discontinuities in a unique way
to realize circuit components. The first phase of the process establishes a foundation for
passive waveguide circuit design; it creates a library of rigorous field descriptions, or
building blocks, for various waveguide discontinuities which then are incorporated into
the second phase, a cascading algorithm. Naturally, the core of such a library contains
the many basic well-known waveguide discontinuities such as the double-plane step or
the simple T-junction. However, the desire to engineer smaller waveguide circuit
components with improved performance, compounded with fabrication difficulties of
standard junction discontinuities at the higher frequencies, has stimulated interest and
research efforts to expand this library. Hence, the nucleus of this research is an
investigation into junctions formed by waveguides with nonstandard cross-sections that
have distinctive propagation characteristics or that exhibit a potential to improve certain
component characteristics, such as size. In the second phase these particular nonstandard
waveguide discontinuities are incorporated into specific component designs by using
conventional cascading algorithms.

Within the two phases, research efforts in computer-aided analysis and
design techniques for waveguide components span three major areas, namely, modeling,
analysis, and optimization. Notwithstanding the importance of optimization, this research
focuses on the first two areas and utilizes existing optimization methods. The next two
sections will briefly review the history and current literature on passive microwave circuit
components as applied to rectangular waveguide technology. Waveguide discontinuity
modeling and analysis will be discussed in Section 1.2 followed by component design in
Section 1.3. This review will not be an exhaustive one, as the area under consideration is
enormous, but will present significant relevant contributions to the field and indicate how
this research is integrated therein. The chapter will conclude with a description of the
methodology and organization of the thesis.
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1.2 WAVEGUIDE DISCONTINUITIES: M ODELING AND ANAZYSIS

1.2.1. Theoretical Background

Historically, waveguide discontinuities were modeled by reformulating the
electromagnetic field boundary value problem as a microwave equivalent transmission
line network. The field in the vicinity of the discontinuity was analyzed, its rcactive
behaviour determined, and an equivalent reactive network derived. This approach has
been invaluable because it allowed a wide range of seemingly complex but practical
problems to be solved by conventional network algebraic calculations.

In the literature, electromagnetic characterization of discontinuities began
in 1944 when Whinnery and Jamieson [1] published equivalent circuits of several
capacitance junction discontinuities (E-plane) in parallel-plate transmission lines. In
1951, Marcuvitz published a text [2] of equivalent circuits for a broad range of
waveguide discontinuities that has since become an industry standard. Matthaei, Young
and Jones, in 1964, published their definitive handbook [3] on passive waveguide
component design based on microwave equivalent network theory.

~ Since, however, integral transforms and variational techniques were
primarily employed [4], the equivalent circuits developed are only valid for dominant
mode propagation. This solution is only an approximation and not adequate for the class
of multi-discontinuity preblems that will be considered here. For example, at
discontinuities formed by changes in the waveguide cross-section or joints of different
waveguides geometries, it is not possible to satisfy the electromagnetic field boundary
conditions dictated by Maxwell's equations employing only the field components of the
dominant mode. Below cut-off modes (higher-order modes), observed near the
discontinuity by distortion and fringing fields, will be excited. Although they attenuate
rapidly due to their below cut-off characteristic, they will cause mode interaction and
mode conversion at, for example, a nearby discontinuity. For the design of moedem
components and systems, it is crucial that these effects be incorporated into the
theoretical model. To illustrate, the omission of higher-order mode effects in filter
design, can, upon fabrication, result in unanticipated filter responses, such as bandwidth
shrinkage, bandpass ripples and considerable frequency shifts.
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Over the years, a variety of numerical and analytical methods {5] have
been developed for the rigorous theoretical treatment of electromagnetic fields in multi-
discontinuity waveguide problems. These methods are, for example, the Finite Element
Method (FEM), the Boundary Element Method (BEM), the Finite Difference Method
(FD), the Integral Equation Method (IEM), the Method of Moments (MoM), the
Transmission Line Matrix Method (TLM) and the Mode-Matching Method (MMM), each
with its own unique advantages and disadvantages.

The choice of method employed 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 variational methods such as finite-element [6] or
surface/boundary integral formulations [7] because of their universal applicability. An
example of this is the commercially available software package, the Hewlett Packard
High Frequency Structure Solver (HFSS), which solves for any geometry but needing
lengthy CPU time and large memory requirements. For the class of problems in which
the components contain discontinuities constructed from fixed boundary cross-sections,
whether they be rectangular, circular, elliptical, etc., specific solutions for the
electromagnetic fields exist and, therefore, present an advantage in favor of a mode-
matching method with respect to CPU time. Therefore, the analytical and numerical
method is selected, not only for its ability to solve rigorously a single discontinuity as
well as a series of interacting discontinuities, but also for its capability of accomplishing
this efficiently using minimal computer time. It can be said, then, that the building block
approach, in that it does not require recomputation of propagation characteristics each
time the same discontinuity is utilized, is virtually always more time-efficient
computationally than the general variational methods mentioned above when computing
three-dimensional geometries. It should be noted that this particular type of difficulty
with the variational methods has led to the development of frequency domain
applications of time domain algorithms; for example, the Finite Difference Time Domain
(FD-TD) Method [111) and the Frequency Domain TLM method {112]. Furthermore, a
combination method which solves first a two-dimensional problem by a variational
method and then the third dimension through mode-matching will be examined in
Chapter 3.
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In the early 1970's, some of the variational methods that have been applicd
for a number of years to solve for a single waveguide discontinuity (specifically in
equivalent microwave network theory), were expanded to solve for interacting multi-
discontinuity waveguide problems [8]. In the multi-modal variational method, an
admittance matrix of the discontinuity is developed from its variational, obtained through
a self-adjoint operator involving the waveguide eigenmodes, and by using the similarity
between field and network theory. Since then, this procedure has been applied to a
limited number of rectangular waveguide discontinuities [9-11] and eigenvaluc problems
[12, 13]. The complete method in its generalized form for both homogeneous and
inhomogeneous discontinuities was published in 1991 by Tao and Baudrand [14]. Early
claims that the multi-modal variational approach (compared to a mode-matching method)
would require smaller matrix sizes for an accurate solution leading to an appreciable
reduction in computation time and use of memory space, have not been adequatcly
demonstrated (cf. [14]). This would indicate that the multi-modal variational method
does rot hold any distinct advantage over mode-matching.

Due to their popularity, the mode-matching methods have matured to a
greater degree compared with the expanded variational methods mentioned above and
have proven effective in numerous multi-discontinuity problems -- even when complex
waveguide cross-section geometries are involved. In 1967, Wexler [15] formalized a
modal analysis approach in an attempt to include higher mode influences in discontinuity
modeling. In his illustration of the approach on E- and H-plane steps and bifurcations,
Wexler claimed that since a mode-matching approach is more direct, i.e., conforms
closely to physical reality, the solutions obtained have distinct advantages over other
techniques. Subsequently, mode-matching has been successfully applied to a number of
common waveguide discontinuities, such as double-plane step junctions [16, 17] and N-
furcations [18].

Generally speaking, in mode-matching, the unknown electromagnctic
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 the application of ficld
continuity conditions [19, 20]. This procedure eventually leads to a set of lincar
simultaneous equations for the unknown modal coefficients and, hence, the generalized
scattering matrix of the discontinuity. In the design algorithm, the Generalized S-matrix
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Method [6, 21], which combines the mutual interaction of all discontinuities involved via
the dominant and higher-order modes, is used routinely to characterize cascaded and
interconnected discontinuities. Mode-matching is universally applied for the component
designs in this research.

It is worth noting that the other analysis techniques have been applied to
waveguide discontinuity problems, but these suffer from limited applicability and
propose no advantage over a mode-matching method. Examples include: a modified
residue approach [22], an extended spectral domain method [23], and a boundary-element
method [24].

To facilitate a mode-matching method, rectangular waveguide discon-
tinuities may be divided into two basic classifications (cf. Figure 1.1): i) uniaxial two-port
junctions and ii) multi-port junctions with a resonator region. Both classifications contain
subsets consisting of well-known waveguide discontinuities, e.g., E- and H- plane steps,
irises, waveguide bifurcation, double-plane steps, corners, T-junctions, etc., all of which
have been extensively investigated and will continue to serve as basic building blocks in
component design. However, both classifications also include subsets of nonstandard
waveguide discontinuities, and these are the focus of this research. Some nonstandard
discontinuities are well established in component design (e.g., round posts and ridge
waveguides), but it is worthy to note that there is a virtually limitless field of as yet
uninvestigated configurations in which lies a prodigious potential for component designs
better suited to modern system specifications.

Two-port junctions formed by waveguides with nonstandard (complex)
cross-sections and multi-port junctions with nonstandard (discontinuity-distorted)
resonator regions require exiensive theoretical and numerical analysis to determine, either
the equivalent circuit parameters, or the propagation characteristics of the eigenmodes
prior to the application of mode-matching. A well-established nonstandard waveguide
discontinuity known as the rectangular-to-ridge, and formed by the fixing of a thin ridge
at the top of a rectangular waveguide [cf. Figure 1.2(a)], has been successfully employed
in components to improve performance. Since proposed in 1944 [25], the ridge
waveguide has been analyzed using many different techniques and is introduced here as
the starting point for an investigation of nonstandard waveguide discontinuities. It is
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precisely the wealth of information readily available about this waveguide that provides
the basis for confidence in the numerical modeling techniques used cxtensively
throughout this research.
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FIGURE 1.1 Examples of standard rectangular waveguide discontinuities: (a)
asymmetrical double-plane step waveguide junction (two-port); (b) waveguide corner
(two-port); (c) E-plane T-junction (three-port); (d) Magic T (four-port).

The various avenues used to analyze the ridge waveguide for application
in a two-port junction discontinuity will be reviewed next, followed by a look at the
current status of the analysis of multiports with nonstandard resonator regions. Itis an
important objective of this thesis to expand the theoretical and numerical analysis of
nonstandard two-port discontinuities to include multi-ports.
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FIGURE 1.2 Rectangular waveguides with a nonstandard cross-section:
(a) double ridge septum; (b) double T-septum.

1.2.2 Two-Port Junctions with Nonstandard Waveguide Cross-sections

This section will review two nonstandard rectangular waveguide cross-
sections: i} the ridge waveguide and ii) the T-septum waveguide. The impact of these
cross-sections on component design will be detailed in Section 1.3. The ridge
waveguide, originally proposed as a transmission media because of its improved
impedance properties and wider bandwidth compared to the standard, has played a
significant role in septum technology. The T-septum waveguide is the only exemplar of a
nonstandard cross-section used in a two-port junction that will be investigated in this
work, however, it should be noted that the analysis is applicable to a wide range of other
septum technology.

Compared with a standard waveguide, the ridged guide has better
impedance properties and a greater bandwidth of operation, thus offering a higher level of
integration leading to smaller components and improved performance. In 1947, Cohn
[26], using susceptance values between parallel plates in [1], published ridge waveguide
eigenvalues obtained by applying a rudimentary form of the transverse resonance
technique {5). Both Hopfer [27] in 1955 and, later, Anderson [28] in 1956, by employing
a quasi-static solution for the susceptance from [2], extended Cohn's work to other aspect
ratios. Accurate data for the general range of aspect ratios was published in 1966 by Pyle
[29], followed by the complete ridge waveguide eigenvalue spectrum in 1971 by
Montgomery [30], who applied an integral eigenvalue equation to obtain his results.
Utsumi was able to reduce the computation time necessary to calculate the eigenmodes of
the ridge waveguide in 1985 by using a variational analysis {31]. In 1991, Bornemann
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published his comparison between standing wave and transversc resonance ficld
matching techniques as applied to the mode-matching of two-port junctions [32].
Currently these appear to be the most effective techniques to obtain the required septum
eigenmode spectra for mode-matching and, hence, will be employed exclusively in this
work.

Preliminary investigations suggest that T-septum technology may offer
impressive potential for improving component design. To enhance septum waveguide
propagation characteristics, a T-septum was derived by reshaping the ridge into a "T" {cf.
Figure 1.2(b)]. In the literature, analysis has indicated that this structurc has a lower
dominant mode cut-off frequency [33-35] and a broader bandwidth [36, 37] than that of a
ridged waveguide of comparable size. The solution for the cutoff frequency and
bandwidth of the dominant mode of a double T-septum presented in [33] was extended to
include single T-septum waveguides and then compared to that of its ridge waveguide
counterpart in [34]. A theoretical analysis of the complete eigenvalue spectrum with its
impedance characteristics is given in [35]. All authors, with the exception of German and
Riggs in [36], where the transmission line matrix (TLM) method was employed,
formulated an integral eigenvalue equation which was subsequently solved numerically
by application of the Ritz-Galerkin method to determine the T-septum wavcguide
properties.

The attenuation and power-handling capabilities of the T-septum
waveguide were subsequently investigated. It can handle less power, but has lower
attenuation than the single-ridge guide with identical gap parameters [38]. Dielectric
filling of the septum gap increases the cutoff wavelength of the dominant mode and its
bandwidth [39], and improves the power handling capability [40], but, unfortunately,
increases the losses of the structure. In addition, and unlike the ridge waveguide, the
dimensions of the T-septum waveguide may be selected to permit a dual-mode, dual-
polarization propagation, i.e., two and only two modes will propagate in a designated
frequency interval with equal velocities [41, 42].
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1.2.3. Multi-port Junctions with Nonstandard Resonator Regions

Multi-port junctions with a resonator region, such as E-plane and H-plane
T-junctions, magic-T's, and waveguide bends, have important applications in many
microwave circuits for modern communication systems. As in two-ports, these junctions
were initially analyzed using equivalent circuit models {2]. However, as stated earlier,
equivalent circuits are only approximate solutions and do not give sufficiently accurate
results for many applications; therefore, rigorous field solutions are being sought.

From the mode-matching perspective, multi-port junctions always contain
a region, commonly referred to as the resonator region, where the electromagnetic fields
cannot be expanded in natural eigenmodes and therefore one cannot apply mode-
matching directly. This difficulty, best illustrated in the analysis of the T-junction, has
been resolved in a variety of different manners. One of these, introduced in 1967, applied
equivalent-circuit concepts to waveguide modes [43], where the admittance matrix was
calculated by successively placing short circuits exactly at two of the three openings,
yielding three one-ports consisting of shorted uniform waveguides. This strategy was
generalized for mode matching of resonator type circuits in 1973 [44]. A three-plane
mode-matching technique, where a short circuit is placed in three difierent positions on
the side arm of a T-junction, was introduced in 1991 {45]. Recently, in 1992, Sieverding
and Arndt [46], based on [44], published a complete rigorous analysis of the general
rectangular T-junction. However, among the works published to date, none has
rigorously solved and obtained the generalized scattering matrix for a multi-port junction
with a nonstandard resonator region. This thesis proposes a full-wave solution, by
expanding the principles of the two-port theory, to T-junctions that are distorted by
discontinuities within the resonator region (cf. Figure 1.3).

It should be noted that variational methods, such as the finite element
method and the boundary element method, have been successfully applied to T-junctions
and waveguide corners but, as in two-port junctions, require considerable computing
efforts when compared to the mode-matching method [47].
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FIGURE 1.3 Examples of multi-ports junctions with a nonstandard resonator region:
(a) stepped mitered waveguide corner; (b) ridged E-plane T-junction.

1.3. PASSIVE MICROWAVE RECTANGULAR WAVEGUIDE COMPONENTS

A wide range of two-port and multi-port components have been realized
by cascading junction type discontinuities in rectangular waveguide technology. Two-
port components based on the ridge waveguide are discussed next, and this is followed by
a discussion of multi-port components. Special attention will be given to the analytical
and numerical techniques employed for the solution of the basic building block
discontinuity.

1.3.1. Two-Port Components

Many components have been designed using common two-port junctions.
Some pertinent examples are: the utilization of single and double-plane steps and
bifurcations as building block discontinuities in i) E-plane and resonant-iris filters [48-
51], ii) impedance transformers [52, 53], iii) phase shifters and 180° couplers [54, 54], iv)
polarizers [56-58], and v) corrugated waveguides [59] leading to applications in horn
antennas and feeders. With the exception of applying a residue-calculus technique in [50,
51] and the Wiener-Hopf method in [56], the majority of design analyses were based on a
mode-matching method.

As indicated earlier, the nonstandard cross-section of the ridge waveguide
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has improved component design. The amount of cutoff frequency reduction, compared to
a ridgeless rectangular waveguide, made the ridge septum ideal as a capacitive element
for application in evanescent-icde filters [60-63]. Not only do these evanesceni-mode
filters have several advantages over conventional filters, such as sharper transition 0 out-
of-band rejection, wider stopbands, and compactness, but also, they may be fabricated at
millimeter-wave frequencies where the other capacitive elements, such as screws and
round posts, are too large. Theoretical and numerical analyses were based on the
Generalized S-matrix Method in conjunction with a spectral-domain approach or a mode-
matching method to formulate the modal scattering matrix of the waveguide-to-ridge-
waveguide discontinuity.

The viable use of ridge waveguide technology in impedance transformers
has been well demonstrated. The experimental and empirical design procedure of
Hensperger [64] was employed by Bormemann and Amadt [61, 65], using mode-matching
and the Generalized S-matrix Method to optimize ihe stepped transitions for both the
ridges and the different outer cross-sections from the input waveguide to the smaller
housing of the ridged waveguide. This combined the advantage of stepped constant
thickness ridges with that of the additional matching potential achieved by varying cross-
section dimensions to obtain improved return loss behavior and a compactness not
possible with empirical procedures alone.

To date, there are no published results using the T-septum waveguide in
passive microwave circuit component design. It will be demonstrated that use of the T-
septum can significantly ameliorate current ridge waveguide circuit components; for
example, the reduction in cutoff frequency should contribute to the development of
smaller and lighter components. This research produces designs for two two-port
components in T-septum technology: filters and transformers (cf. Figure 1.4).

1.3.2. Waveguide Corners and Three-port Components

= . Waveguide Corners arc not components in the strict sense but are used
extensively in microwave communications where long waveguide runs are required, such
as in antenna feed systems. Because they include a resonator region with analysis similar
to the T-junction, they require extensive numerical modeling. Using integral transforms,
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non-mitered A-plane and E-plane bends were first analyzed and equivalent circuits
presented in [2]. Several others have attempted to expand this work meeting with varying
degrees of success. Lewin attempted to do so in [66]. Campbell and Jones in [67]
extended the model to include an E-plane waveguide with mitered corner. The mode-
matching method was applied successfully to a non-mitered 90-degree E-planc corner in
[68]. All of these attempts were limited to waveguides with the same size input as output
port. Using the finite element method, the calculated return loss of a wide selection of
mitered waveguide bends for angles between 20° and 90° inclusive have been published
in [69]. This thesis will propose 2 mode-matching method with a computational
efficiency advantage unmatched by the finite element method for stepped approximations
of mitered 90- and 180-degree bends.

{a) (b)

FIGURE 1.4 (a) Evanescent-mode T-septum filter; (b) stepped T-septum transformer.

The T-junction is fundamental in many three-port waveguide components,
such as bandstop resonator cavity filters [3], multiplexers [70-74], power-dividers [75],
orthomode transducers [76], and couplers [77]. By distorting the resonator region of the
T-junction with discontinuities, new components will be proposed which will improve
the performance of well-known designs and, of equal significance, contribute to their
reduction in size (cf. Figure 1.5).
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FIGURE 1.5 (a) Integrated T-septum diplexer; (b) compact power divider; (c) compact
orthomode transducer.

14. METHODOLOGY AND ORGANIZATION

As already mentioned, this research will follow a two phase approach to
the development of rectangular waveguide component design algorithms. The theoretical
treatment of a waveguide discontinuity will be presented, followed by an array of
components which then incorporate that discontinuity. No attempt will be made to
exhaust the field of components made possible by using a particular waveguide
discontinuity but only to present a few design examples to support the applicability of
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each. Chapter 2 will present the particular mode-matching method selected and applicd
to the double-plane step and the simple E-plane T-junction. Chapter 3 will introduce the
eigenvalue spectrum and propagation characteristics of the T-septum waveguide. Once
the rectangular-to-T-septum waveguide discontinuity is solved, various filters and
transformers can be designed. Two filter designs’will be combined with a simplc £-planc
T-junction to produce a compact T-septum diplexer. The theoretical treatment of a T-
junction with a discontinuity-distorted resonator region, and its application to mitered
waveguide bends and other three-port components, will be the topic of Chapter 4.

Throughout the thesis, a unified theoretical and experimental approach has
been used. The numerical models and procedures developed were tested and debugged
using the Faculty of Engineering's SUN systems environment. An IBM 6000/530 RISC
Station equipped with a next-generation Fortran compiler with extended precision
capabilities was available for production jobs with full matrix size utilization.
Component prototypes have been built and tested in the microwave laboratory at the
University of Victoria in order to verify the numerical models devcloped. The
Laboratory is a fully equipped facility with signal generators, spectrum analyzers, and
scalar and vector network analyzers; the measurement capability covers a range from 10
MHz 10 110 GHz.

/7
’
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2. THE MODE-MATCHING METHOD

2.1. INTRODUCTION

Among the variety of numerical and analytical methods that have been
applied to investigate waveguide circuits, the mode-matching method has been preferred
where the structures in question have fixed boundary cross-sections with discontinuities
in the direction of propagation. Since the method was first applied in the 1940's, certain
advantages have been discerned. First and most important, the mode-matching method
inherently includes higher-order mode excitations at the discontinuity, thus accounting
for the contributions of evanescent TE and TM modes to the overall electromagnetic field
[78]. Second, it may be applied easily in conjunction with other numerical techniques,
such as the standing wave formulation and transverse resonance methods [61] which are
employed to solve for a waveguide's propagation constants, cutoff frequencies, or
characteristic impedances. Third, the modal scattering matrix obtained is cascaded
effortlessly with other scattering matrices of adjacent discontinuities by the Generalized
S-matrix Method [6]. The Generalized S-matrix Method combines the mutual interaction
of two discontinuities by the inclusion of dominant and higher modes. Fourth, mode-
matching is applicable to the resonator regions of multi-port passive microwave
components such as T-junctions and couplers [44].

There are, however, two distinct disadvantages to the method. One is the
phenomenon of relative convergence, i.e., convergence to the correct solution is not
always ensured by increasing the number of modes. The second is that large matrix sizes
are generated tending to extend numerical computation time. Solutions to these
disadvantages are being sought; it has been reported, for example, that taking the ratio of
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the number of modes in each region to correspond to the surface area ratio prevents
relative convergence problems [79, 80]. Matrix size reduction is possible by including

field symmetries or, in special cases, by neglecting field components of minor influence,
for example, in [81].

It should be noted that the Conservation of Complex Power Technique,
initially proposed by Safavi-Naina and MacPhie [82], to solve waveguide junction
scattering problems is mathematically identical to the mode-matching procedure
presented in this chapter and offers no new knowledge. The admittance matrix
formulation proposed in [83] does eliminate two matrix inversions as compared to the
Generalized S-matrix Method but fails in the case of discontinuities of vanishing length.

After a synopsis of the mode-matching method, this chapter analyzes two
configurations, namely the double-plane step and the E-plane T-junction, to demonstrate
this modal expansion technique and to serve as a bridge to a discussion of nonstandard
multi-ports in Chapters 3 and 4.

2.2. THEORETICAL BACKGROUND

The mode-matching method is limited to the orthogonal coordinate
systems in Euclidean 3-space because general solutions of Maxwell's electromagnetic
field equations are constructed by the separation of variables [84]. In particular, the
solution to the electromagnetic field in an homogeneous source-free waveguide is derived
from the electric and magnetic vector potentials A and F, respectively:

E:—Vx?+—,—£—VxVxZ
joe

1 -1

H=VxA+——VxVxF

Jou

where the angular frequency @ =2zf, € and u are the permittivity and permeability of
the medium, respectively, and j=~~1 [2]. The components of A and F are chosen
such that they have non-vanishing components only in the longitudinal direction of the

waveguide, and hence, satisfy a separable Helmholtz partial differential equation.
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For example, in a waveguide with its axis parallel to the z-coordinate, the
field is readily divided into a sum of TE, and TM, fields by choosing the longitudinal
componénts of A and F, denoted by w* and y™, respectively. The scalar wave
potentials y° and y™ are solutions to the Helmholtz equation which, when partially

separated, have the general form:

W (x.,2) = A28 W5 (%,) £2(2)
- 2-2)
Y (x3.2)= DY Yi(xy) ()

gst

where Z° and Y™ are the wave impedances and admittances, respectively. The cross-
section eigenfunctions W™ are solutions to the boundary value problem

V2" + k2We" =0  }in the waveguide

¥ /on=0
YY" =0

(2-3)
}on the metallic surface

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 2

zz—g+ kL =0. (2-4)
The cut-off wave numbers £ are related to the propagation constants &, by

K2k =k 2-5)

where k* = w’ue. The indices p and ¢ in eq.(2-2) are ordered in increasing mode cut-off
frequencies. The propagation constants are determined from eq.(2-5) after the cut-off
wave numbers are found by solving the boundary value problem.

When applying the mode-matching method to a waveguide discontinuity
problem, the junction is subdivided into suitable regions, such that eigenfunction
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expansions can be calculated for the cross-sections of each subregion. Once solutions for
egs.(2-3) and eq.(2-4) are determined in each subregion, the results are substituted into
egs.(2-1) to obtain electromagnetic field expressions. Then, by matching the tangential
field components at common interfaces between the subregions and utilizing the
orthogonal property of the cross-section eigenfunctions [85], an infinite set of mode-
matching equations is generated. In order to obtain a useful numerical result, this set of
equations must be truncated and solved. The unknown amplitude coefficients may now
be related to each other by the desired modal scattering matrix of the junction. The
accuracy of the representation to the actual electromagnetic field within a waveguide is
dependent on the number of eigenfunctions (or modes) included to demonstrate
convergence.

The waveguide modal spectrum of the electromagnetic field £ and H
propagating in the +z-direction is written in matrix form [c.f. egs. (2-1)]:

o o dz’ag(\/? ) 8 .
+e] u;]. S ? I diag(@)

| diag(ex;)(— jk;’,z))} | [2’: ]

E(x,y,2)= [5;

-diag(exp(— Jk: z))

H(x,y,z)= h;+hf‘. | h"‘

0 I dzag(ﬁ ) . (2-6)

\——/F—'ﬁ
&
Q
3

dzag(exp - jA z

where A™™ is the amplitude of the forward traveling wave as a solution to ¢q.(2-4) and
the submatrices span the appropriate number of TE, and TM_ modes, i.e., p=12,...,n°
and ¢=1,2,...,n". The elements of the mode functions in eq.(2-6) are
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g, =i, xV.¥; & =-V.Y;
hf,=-V¥7 and hf=-i xV¥] @27
(&), (&),
hg, = =—2¥; ey =——-¥7
P Jk;a P 3 ]k:q q

Since the z direction is arbitrary, the electromagnetic field may be represented in any
waveguide in a corresponding manner by choosing the appropriate longitudinal
components of A and F and satisfying egs.(2-3) and eq.(2-4).

2.3. TWO-PORT WAVEGUIDE JUNCTION: A DOUBLE-PLANE STEP

This section presents the basic procedure for applying the mode-matching
method and obtaining the generalized modal scattering matrix for the double-plane step
discontinuity formed by connecting two rectangular waveguides of differing cross-
sections. The derivation of this scattering matrix is well known and has been presented in
a number of papers, e.g., [81]. With the exception of the cross-section eigenfunctions, the
equations presented here are valid for all two-port waveguide junctions.

)’T . Region I )’T
1
§ - Ay + b0 Bl —— Region II
§ IE : _.-An
X —Ay AI—._’ : Bn
Y T T 0 | :
a Ar+a ax z=0
(a) (b)

FIGURE 2.1 Double-plane step discontinuity: (a) end view; (b) side view.
(cf. Figure 1.1 for a three-dimensional view)

Figure 2.1 depicts the double-plane step discontinuity subdivided into two
cross-sectional regions denoted by I and II. The solutions to the Helmholtz equation for
each region, / =IandII, are
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where A™,B®™ are the amplitudes of the forward and backward traveling waves of the
TE. and TM, modes, respectively. The cross-section eigenfunctions are the well-known

rectangular waveguide modes
¥ (509)= Ch oo T x- ) ) coi{ (- )
a b 29)
¥ (5.) = Dl s 72 (5 ) i "2 (y - a7)

where m, n=0,1,2,...,(m =n=0excepted) and a, b are the waveguide dimensions.
The TE, and TM, modes are ordered in increasing cut-off frequencies, i.e., m,n— p,

m,n—> g forregionIand m,n—r, m,n— s for region II. The coefficients C and D are
then normalized by

[ 7w Tds=1 (2-10)

$0 that the power carried by a mode through the cross-section S'is

1W for propagating modes
P = ¢ 4+ j1W for evanescent TE modes (2-11)
—j1W for evanescent TM modes

if the corresponding wave amplitude equals 1VW .

To apply the field continuity equations, the tangential ficld components for
each subregion are extracted from eq.(2-6), and equated:

EL=EZ onS$'
El=0 onS'=S"tatz=0. (2-12)
H. =HE on §*
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Integrating over interfaces §' and S®, while using the orthogonal property of the
respective cross-section eigenfunctions, will yield the modal scattering matrix of the

discontinuity

\'B 1t ' Al 2

— 2-13

L*n} { Su } [anl —
where

S, =-{1+ MM’ [1-MM]

P

S, =27+ MM M (2-14)

Sy = MT[I—SU]
and

M = diag(Y77") [11::;_2 | Mm?—mu] diag(,[Z="T ) (2-15)

In eqgs.(2-14) and (2-15), I is the unit matrix, 7" means transpose, and ‘Ziag’ denotes a
diagonal matrix. The elements of the coupling matrices in eq.(2-15) are

Mt =] (&, xV.‘P")-(&: XV .¥") ds
My = ([ (V. ¥7) (8, x V. ds (2-16)
Myt = ([ (V.90 (-9 90" ds

The scattering matrix of any singular discontinuity thus obtained may be combined with

any number of similar scattering matrices by using the generalized scattering matrix
cascading algorithms which can be found in Appendix A.
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24. THREE-P ORT WAVEGUIDE JUNCTION: AN E-PLANE T-J UNCTION

The structure of an E-plane T-junction, depicted in Figure 2.2, is the
interconnection of three rectangular waveguides. To formulate the electromagnetic ficld
representation of the junction, the configuration is first subdivided into the cross-sectional
regions I, II, IIf, and IV. Region IV forms the resonator region connected to the three
waveguides I through III. The presentation of the preblem here is similar to one alrcady
published by Sieverding and Arndt [46]. The admittance matrix formulation, which is a
variation of this solution, is presented in [86].

Y T }’T Region I1I
Y Region I !A“’ Bml Region IT
ys o A S a——
lE ES: su': =
{ b
x Al f ! ——= B
t=a 0 0 | z=c
Region [V
{resonator region)
(a) (b)

FIGURE 2.2 Simple E-plane T-junction of three rectangular waveguides:
(a) end view; (b) side view. (cf. Figure 1.1 for a three-dimensional view)

For waveguides I, II, and III, the longitudinal components of the vector
potentials are chosen as

Fziyi(xyz) A=iy"(xy2)
Fr =4y (x,y,2) A" =a,9y™(x,y,2) (2-17)
Fo=i,6™(x,y,2) A" =it,¢™ (x.y.2)

where w*" and ¢“" are the wave potentials given by the general form of eq.(2-2), with
appropriate traveling wave amplitude shown in Figure 2.2. The wave potential ¢ in
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region III is a simple cyclic interchange of x, y, z on w*". Using the cross-section
functions of a rectangular waveguide [i.g. egs.(2-9)], the expressions for the fields in
waveguides I to IIl can be composed.

The electromagnetic field in the resonator region is composed of three
solutions, corresponding to the number of apertures. These are found by applying the
principle of superposition to the non-homogeneous boundary conditions of the Helmholtz
equation. That is, the solution is a sum of the three functions y""™™®, ™"V ang
o™V satisfying eqs.(2-3) and eq.(2-4) where solution (1) is obtained if short circuits
are introduced in the boundary planes S” and S™, and $' remains open; solutions (2) and
(3) are found analogously:

-

FY = ii;( W:IV(I) (x,y.2)+ de(z) (x,, z)) +ii, ¢eIV(3)(x' ¥,2)

(2-18)
=i, (y/"‘w(') x,5,2)+ y™ 3 x, z))+z?y¢”'w‘3)(x,y,z)

Hence,

eIV, mIv(1) & Zd le \Pel ml( ) AdV mIv(l) Slﬂ(k:; ("7' - C))
v = 2 , X,y
Pt cos{kZ (z—c))

eIV .mIV(2) =nﬂ.ﬂm ell yymll ell mll €IV, mIV(2) Sln(ke ) _
v Z ZE Y el ) A {cos(k’"n )} (2-19)

FTVmVE) - Ayl gyelllnll (o 7y AV.mIVE) sin(k‘rm y)
PG W

i
Applying the continuity condition for the electric field

=EN® +0+0

yields the following relationship for the unknown amplitudes in the resonator region

Ael.ml + Bel.ml

IV .mIV(Y) e.m , K

Ay = (221)
sm(kwmc)
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where 6° =1and 6™ = j. Similarly, applying the two electric ficld continuity cquations
at the remaining apertures will produce

( aellmil 1T.mil
ANV e A"+ B
r - s-n(ken.mﬂ
\ SHRK C)
. (2-22)
M, mm 1T, mI0
ATV e AL HBLT ]
Al . elll,mI
L sm(ky,‘yu b)

The continuity equations for the magnetic fields are

AL = BV L JVO L 5V 420
BE = A0+ BYO L B0 az=c | (223)

A = B0 + BV + BYO aty=b

which, when matched and integrated over S', S” and S™, lead to the matrix cquation

-1+ diag{ j cot(kz;';;'c)} —diag{ j csc(k;'f;_',"“c)} +K"™ et
-a'z’ag{ j CSC(kgj:;IC)} -I+ diag{ J cot(k;lf;r*nc)} -Ku-m g =
_+Km-l o G -1+ diag{ J cot(k;f;;’"mb)}_ | B"
—1- diag{ j cot(k;f:;'c)} +dz'ag{ j csc(kz‘f;"“c)} -k 1 Tar
+diag jesc(kmic)} | —X-diag{jcot(krTc)} | +K™T A"
___Km-l SKO0 -1- diag{ j cot(k,‘f ;;mmb)}_ A !
(2-24)

The coupling matrices, for example, have the following form

Kel-em Kel-mm
=\ | sinki®h | sink™h e
Kx.m = diag ( Z;I,;"[ ) Kmlf:m ;cmlr:dﬂ dlag ( Y:.lun.mm ) (2-25)
sink;"b | sinkj,"b

-

where the individual Si¢ments are given by
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o y gty () g

K —H A [— O cosksty + P O sink; yu}d
K = [[ (V7 (-8, x 7,90% )cosky ) ds

u o ) gm s
Ky =] (a8, % V.9, (- (V0 coskDy + i O sink, yudes

p41

mI-mll _ ~ mi I mill . mlll
kgt = [, (3 x 097 )-(<{5, XV, 01)coskyBy ) o
The remaining coupling matrices of eq.(2-24) are expanded in similar fashion.

The matrix eq.(2-24) is solved for the generalized scattering matrix of a
simple E-plane T-junction

B' S| S S él_
Bu = S:l S?_", 523 é-ri_ . B (2‘27)
Bm S3I S32 S33 Am

The scattering matrix of three port junctions may be cascaded with scattering matrices of
other multi-port junctions using the algorithms found in Appendix A.



3. T-SEPTUM WAVEGUIDE

3.1 INTRODUCTION

Prior to this point, a review of the standard approach to the mode-
matching method has been presented as an introduction to the analysis of nonstandard
muiti-port waveguide discontinuities. This chapter now details the treatment of the T-
septum waveguide. As indicated in Chapter 1, the T-septum is a development from the
ridge waveguide whose preliminary analysis indicated an examination of this
discontinuity for component design.

The chapter 15 divided into three sections. The first will examine the
cross-sectional analysis to determine the microwave propagation characteristics and
modal functions of the waveguide. Second, using this cross-sectional analysis, the
scattering matrix of the rectangular-to-T-septum waveguide discontinuity will be

calculated. Finally, various components will be designed based on the discontinuity thus
determined.

3.2 EIGENVALUE PROBLEM

To begin with, the eigenvalues and eigenfunctions of the T-septum
waveguide are calculated for prospective use in formulating the basic building block
discontinuity for various computer-aided component design algorithms. Because of their
successful application to the ridge waveguide two-dimensional analysis, two modec-
matching formulations, namely, the transverse resonance method (TRM) [6, 87], and the
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classical sianding wave formulation (SWF) [15, 30], have been selected to solve
rigorously the cross-sectional boundary value problem [eq.(2-3)]. Since the formulation
significantly influences the solution of the related discontinuity problem in complexity,
computational effort, and numerical accuracy in relation to the expansion terms
considered, careful attention must be given to this choice.

The geometry of the T-septum waveguide with corresponding regional
subdivisions for each formulation here described can be seen in Figure 3.1. Due to the
symmetry of the cross-section, analysis is simplified by using a magnetic wall (m.w.) and
an electric wall (e.w.) at x=a/2 andy =0, respectively.

nm.w.

(a) (b)

FIGURE 3.1 T-septum waveguide cross-section (quarter section): (a) dimensions and
subregions for the transverse-resonance method (TRM); (b) dimensions and subregions
for the standing wave formulation (SWF).

The transverse resonance method, as its name implies, consists of a
transverse propagation of waves where the boundaries are incorporated as resonance
conditions in the last step of the formulation. The classical standing-wave formulation
assumes standing wave patterns in the cross-section's subregions and, therefore,
introduces boundary conditions prior to subregion interface relations. Both methods
produce their own homogeneous characteristic matrix equation which must be solved for
the zeros of the determinant [88]. The standing-wave formulation has the advantage of
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independently selecting the number of expansion terms in the scparate subregions but
suffers from having poles in the determinant. The transverse resonance method, on the
other hand, has a determinant free of poles but is restricted to an equal number of
expansion terms in each subregion resuiting in computational instabilities.

The transverse resonance method defines partial propagating waves for the
y-dependence of each subregion in the cross-section ¢ =Ila, ITb, IIc [cf. Figure 3.1(a)]:

P,‘"(y)=diy = k(A exp(=jiksiy) + B exp(+jiksiy))

. d . . . 3-1)
o= d—VP;"‘ =Cr exp(—i- jkyy y) +Dr exp(— Jk’"‘ )
Hence, the cross-section functions are specified for each sub-region as
\Peﬂa ZQeIIa (y) COS[( 1)” x) \Pmlla = Ep:nna (y) Sin((zr - 1)” X}
r=1 a
=§Q:“" (y)cos(l%”{;"k e =§P,"“”<y) sin(s/a }x (3-2)
\Pellc = i Qeuc (y) COS( az) \Ymnc - nz PmIIc (}’) sin(tn:/a,, )x
=0 ’ ;1 5 =1 ‘ .
where & is the Kronecker delta and
( keIIa.mIIn )- ( (2r _ 1) P /a)2
(kY b = '€, - (sn/a, ) . (3-3)
(ezere )’ (emfa, )

Applying the field matching conditions for both the TE, and TM, modes at the common
interfaces, i.e.,

E.. =E0 ED =El
Hn‘:—ﬁ }aty b and ITIH;:ﬁIf; aty=b, (3-4)

and utilizing orthogonal properties, leads to a relationality between the functions of the
subregions at y =5, and y = b, given by
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Qeﬂa (bl)

-Pd}b (bl )- _ _(Jena.m )'I [ 0 [Peua (bl )] _ K(m‘ua{l)eua (bl )]
Q@ | 0 [T QTG

-PeIIC(bz)- _ ‘(Jeﬂb-l!c)r ‘ 0 7

Q@] | o [(FTT) Q™)

for the TE, modes, and for the TM_ modes:

l:P”‘““(bl)- [ yrim 0 Tep™w)]
T

Qmﬂ:l(bl )-‘ i 0 (Jmna-m: ) J -Qmm} (b1 )-

[P"‘m’(bz)" @==y"| o

lelb (bz )" 0 Jmnb-l.!c

Q™) ]

where elements of the coupling matrices are

—_ Kmﬂa-nb

- -Pmnc(bz)“ _ Kmnb-nc 'Pmnc(bz)a-

cos(sm/a )x x

mm_ 2 [2 (2r—1)7: )

J 1Ia-IIb =1 =

s J-_\/E\jg cos 2 X ‘\/1.*.5

J:rIIb-lIc : £ Cos sar/al x cos(m/a,,) g
V35, %3,

mila-Ib
JfS

Jmnb -Ile

I

2
1

\/az‘j;: sin(s#/a, )x sin(tm/a,)x dx

\/_ [(Z—IE)— )sm(m/al) x dx

[ pellb elIb
P (bz)] = Kcﬂc-ﬂb{P (bZ)] (3_5)

—Pmnb (bl )-
Q™™ (b))

(3-6)

| Q™ (B

3-7)

By introducing a transmission matrix in the y-direction, which transforms the partial
propagating wave functions P and Q from the lower boundary, b, to the upper boundary,

b,, or vice versa

dzag(cosk“ d)

[Pfl(b )]
Q)] | . (sinkf,‘;d)
diag — 2

diag(~ks: sin kid)

diag(cos keid)

-Pcf(bz)} _ U,{
LQ (B

Pei (b{)}
Q“(h)
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[ ; —sink7d ) |
diag(cos k;",,‘d) dfag(—h]

P’ﬂl‘ o pmi ) mi
[Qmi((il )):| = - gmf((% ))] = U'm [gmt((ll): ))} (3'8)
= | diag(kyisinklid) | diag(coskpid) -7 “

b

where d = b, - b, the following matrix equations may be derived

—P:I:c(b/z)] = UeﬂcKeﬂc-nbUeI]bKsz-HaUtﬂa‘[w:l

Q™ (5/2) W QO

o mila mllc

P mna(o)] — Umﬂa Kmﬂa-nbUMHmeﬂb-HcUmﬂi{_P_T(b/ﬁ] (3-9)
O - QT @2)

The two remaining boundary conditions, commonly referred to as resonance conditions,
at y=0 and y=0b/2 are imposed on 2gs.(3-9) to construct the homogeneous
characteristic matrix equations

nQ™(0=0 and Wi Q"(5/2)=0. (3-10)

where W,, is a submatrix of W. Eqs.(3-10) must be solved for the zeros of the
determinant of W, by varying the frequency f. Every zero corresponds to a cut-off
frequency of the T-septum waveguide eigenmode spectrum and a set of scparation
constants. Once a cut-off frequency is found, the corresponding eigenvector Q™ or
Q™™ may be determined from egs.(3-10). Using the coupling matrices K and the
transmission matrices U, the functions P and Q may be calculated for each subregion.
That is, these functions are determined by

Q™ (b/2) = W3,Q™ (0)

[P‘Z(bZ)] - UeHbKeﬂb-ﬂnUcﬂn[ dl(: } (3‘] 1)
Q™ (5,) Q™

and

Q™™ (0) = WnQ ™ (5/2)
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(b;)] b Teggen [ 0 ]
=KUY 3-12
[Qme (bz) QeﬂC(b/Z) ( )

Hence, the cross-section functions are now completely specified for each sub-region as

zc ((Zr Lz )Qf“’((}) cosk;,y

r=]

eIl
o = ;L"\S/(T’i’%‘ﬁ_{g‘m’ (b cosk (B, -3) ~ T sink (b, —y)] (3-13)

ellc _ ( tL,) th elle (2_ )
¥ "ZTT' 0™ (b/2) cosk;; 5=

=0

for the TE_ modes, and for the TM_ modes

ZS (2r )z ) . 2 (0) sinky":“‘y
yr

r=l

="23in(s7r/a1) [P"‘m’(b)cosk (b,=y)- Ql (b)smk"‘m’(b,— y)] (3-14)

su] 'y

™ mlic
WY = —sin(tn/a, )x Q—L,;(nl:/ﬁ si nk""“(z y)
t=] 'yt

It is important to note that, due to the matrix inversions in eq.(3-5) and
eq.(3-6), the number of expansion terms in the subregions IIa, IIb, and Ic must be equal.
This tends to cause computational instabilities because of the extremely large numbers to
be processed by the computer for configurations with large septumn widths (as in a narrow
region IIb). This results in an example from eq.(3-3), as a, approaches zero, the wave
number becomes infinite. Furthermore, the transverse-resonance method cannot be
applied in the x-direction, since the left-hand side boundaries of subregions Ila and Ilc
have different x-coordinates.

The standing wave formulation, on the other hand, incorporates the
boundary conditions outlined in eq.(2-3) as a first step toward solution, and hence,
becomes extremely flexible to the different patterns of subregion division. It may be
noted, however, that unlike the transverse resonance method, it is difficult to incorporate
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modifications to the T-septum cross-section without substantial alteration of the
algorithm. When applying the standing wave formulation, the cross-scction is again

divided into three, as shown in Figure 3.1(b). By satisfying the known boundary
conditions, the subregion functions for the TE_ modes are written as

s s pelln
o em SINESS (x —af2) cos(rm/b, )y
\{,tﬂa - E 1t Sin xr 1
= ke J1+6,

cﬂb

\Ptﬂb ZAeHb Cos[\em; COS(..Sﬂ/b)y
330 + 50:

wele g‘:A:nc coskj,“‘(x—a,) cos[(m/d)(y-b:)]

=0 ) ‘\/l + 6,,

and for the TM, modes they are

(3-15)

ZA"‘“’ coskn™ (x — af2) sin(rm/b, )y
r=0
P e mllb
gt =y A 5’-1%— sin(2s7/b)y (3-16)

$=0

S W sinkg™(x - a,) sinf(7/d)(y ~ b,)]

mllc
120 I‘

with

(kY (rmy8,)’
(k™) b = 01,8, -4 (257/b)’ (3-17)
(kY (emfdy

[2]

and d = (b/2)-

Applying field matching conditions at the common interface of x=a,, i.e.,
matching the subregion functions as well as their derivatives with respect to x, yields two
sets of three matrix equations, each relating the unknown amplitude coefficients to each
other. In order to minimize the number of matrix inversions, homogeneous characteristic
equations are derived for the amplitude coefficients A™ and A™ in region Ib. These
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are
[diag(—kfb sink™® ax)
~{ J‘n“'m’) dia g( k2 cotk (a, ~ a/Z))J ‘“"m’diag(cos kPa,) (3-18)

+I igg( ke tan k™ (a, — a,){I™ ) diag(cosk™a, )] A =0

and
mllb
[d,’ag(s_’l:nf_f_a‘l.)
k&f
kg (a,—af2
_(Jmna-ﬂb )Tdiag[ COtk,, k’(nﬁi a/ )JJmna-Hbdiag(cos k:m,ai) (3_19)

mllc
+J""fb'“°diag(tank L"Sﬁl &)J(J"‘m’ “‘) diag(coskza, )] A™™ =0

where the elements in the coupling matrices are

JrIIa-IIb _I]‘ 2 2 COSLenay COSk‘m d
; b, Vb |1+5,, J1+50,
Jemme ,[ 2 cosksy cosk*(y—b,) é
‘\/— ‘\/1 + 50: ’\/1 + 60,
I = j\E— —% sinkj "y sinkl;"y dy (3-20)

f: J;;nb-IIc = J -\[_ \/_ sin k;:uby sin k;:ﬂc (y - bz) d}’

The terms in the square brackets in eq.(3-18) and eq.(3-19) represent the characteristic
matrices for the TE, and TM_ modes, respectively, and must be solved for the zeros of
the determinant by varying the frequency f to specify the corresponding mode cut-off
frequencies. The eigenvectors or amplitude coefficients A™ and A™™ 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 in regions ITa and Ilc,



CHAPTER 3: T-Septum Waveguide 36

A" = diag(ky” csck(a, — af2))J ™ M diag(cosk g, ) A

A" = diag(kZ* secky(a, — a,))(J™™ )T diag(coski"a,) A™
_ . mlla T

Amlla = dlag( CSCI\” (al a/"')

. mila
ke

)J’"n“'m’ diag(cosk®a ) A™™
(3-21)

A™E = dz'ag(cos ke (q,—a, ))(J mile-lle )T diag(cos kg, ) Amie
and, hence, the cross-section functions [egs.(3-15) and (3-16)] are determined completely.

Two algorithms are employed to locate the zeros of the determinant for the
characteristic equation. The first algorithm is one based on sign reversal of a logarithmic
function of the determinant, given by

f(det(M)) = B- sgn[det(M)]- log,o[1+|det(M)]] (3-22)

where B is a scaling factor, sgn is the signum function, and det{(M) denotes dcterminant.
The second is a minimum search algorithm for the smallest singular valuc. The
characteristic matrix M, for which the zeros of the determinant are to be found, is
decomposed into three matrices [89]:

M=wzVv’ (3-23)

where Z 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 M,
respectively. Using the property

0., =0, ifandonlyif det(M)=0 (3-24)

the algorithm searches over the frequency spectrum for the minima of the last element
O, In the matrix X.

Figure 3.2 compares the system determinant to the minimum singular
value versus frequency for the transverse-resonance method and the standing-wave
formulation. The zeros of the determinant, which coincide to the minima of the
minimum singular value, correspond to the TE, mode cut-off frequencics of the T-

septum waveguide. Although the numerical search for a minimum is a somewhat morc
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difficult process compared to the sign reversal algorithm, the advantage of singular value
decomposition, as illustrated by Figure 3.2, lies primarily in the fact that the procedure
provides numerical stability independent of the presence of steep gradients, and, in the
case of the standing-wave formulation, eliminates the presence of poles in the
determinant function which can be extremely close to zeros. The assurance of a reliable
detection of the determinant zeros on a computer with limited accuracy by singular value
decomposition certainly outweighs the slight increase in complexity of a minima
searching algorithm. Moreover, an increase in the minima of the o, indicates a reduced

accuracy in computation which may be incorporated into the algorithm when determining
the optimum number of expansion terms.

A A
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@ )

FIGURE 3.2 Typical behavior of system determinant and minimum singular value versus
frequency: (a) transverse resonance method (TRM); (b) standing wave formulation
(SWF). Dimensions (mm): a=22.86, b=11425 4 =5.7125, a,=10.2825,
b, =0.8569, and b, =1.1425 (cf. Figure 3.1).
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As a result, when using singular value decomposition for both ficld
matching techniques, the main advantage of the standing-wave formulation over the
transverse resonance method, namely, the flexibility of allowing a selection of different
subregion expansion term ratios, becomes obvious, particularly for small gap widths. It
is precisely the smaller gap widths that are advantageous for component design by
lowering the fundamental mode cut-off frequency. Figure 3.3 shows a convergence
analysis of the first two mode cut-off frequencies using the two different mode-matching
formulations and singular value decomposition. Due to the restriction of equal expansion
terms in all subregions, the transverse resonance method can only be used up to n" =8
expansion terms. In the standing-wave formulation, the corresponding number of
expansion terms is that of region IIb, whereas, the number of expansion terms in IIa and
Hc is chosen according to a ratio of subregion dimensions. Convergence, using the
standing-wave formulation, is achieved for the first and second mode cut-off wavelengths
after ten expansion terms. In comparison, using the transverse resonance mcthod,
numerical instability appears prior to convergence being adequately demonstrated. The
increase in the number of expansion terms necessary to reach convergence in the
transverse resonance method requires an extended precision compiler. Using a double
precision compiler, for example, the minimum width of region IIb that will allow
computation of the propagation characteristics before numerical instabilities occur, has
been shown to be one quarter of the waveguide's width [90].

With the flexible expansion term ratio and the singular value
decomposition technique to circumvent the poles in the system determinant, the standing-
wave formulation has a clear advantage over the transverse resonance method producing
results closely in agreement with both the previously published T-septum waveguide cut-
off frequencies. Therefore, the standing-wave formulation used in conjunction with the
singular value decomposition has been incorporated into component design to calculate
the cut-off frequencies and propagation constants of the T-septum waveguide. A detailed
description of the effects of these two different cross-section eigenfunction formulations
on three-dimensional mode-matching analysis for the ridge waveguide in component
design can be found in [32, 61].
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FIGURE 3.3 Convergence analysis and comparison with [35]: (a) normalized cut-off
wavelength of fundamental-mode; (b) normalized cut-off wavelength of first higher mode.
Dimensions same as in Figure 3.2.

As mentioned in Section 1.2.1, it is possible to consider the use of a
variational method to solve the two-dimensional problem in conjunction with mode-
matching to solve for the propagation direction. Such a solution would be necessary in
the case of arbitrarily shaped cross-sections and might lose its computational time
disadvantage in the case where the number of the subregions starts to become very large,
or the cross-section becomes non-symmetrical. In such situations, the Finite Element
Method [6, 69], the Method of Lines [6] or the Finite Difference Method [6, 7] might be
considered. However, the major drawback of such a combination of methods is the
difficulty in determining by the variational methods the modal amplitude coefficients
required for the third-dimension mode-matching analysis. It is precisely a knowledge of
these modal amplitude coefficients which allows for the efficient cascading of the
discontinuities in the propagation direction (cf. Appendix A). The solution to the
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eigenvalue problem proposed here encounters no such difficulty and indeed allows an
easy computation of these amplitude coefficients. A further examination of thesce so-
called ‘combined methods’ might be highly interesting and possibly productive: however,
such an investigation is beyond the scope of this thesis.

3.3 RECTANGULAR-TO-T-SEPTUM WAVEGUIDE DISCONTINUITY

The geometry of the rectangular-to-T-septum waveguide discontinuity is
shown in Figure 3.4. The derivation of the modal scattering matrix of this discontinuity
is similar to that of the double-plane step in Chapter 2 with the exception that the cross-
section functions of region Il are those of the T-septum as determined in the preceding
section.

Again, solutions to the Helmholtz equation are written in each region, i =1
and II, as in eq.(2-8), repeated here for convenience

V()= SNZT ¥ () {a5 exp(-sig)+ By exal+ikcz)]
p=1

! (2-8)
v nn2) = 2AET W () A7 exp(-a5'7) - By expli)}

where the cross-section functions are ordered in modes of increasing cut-off frequencics.
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FIGURE 3.4 Geomerry of a rectangular-to-T-septum waveguide discontinuity:
(a) end view; (b) side view.
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For waveguide I, using symmetry, the ¢ross-section functions are

- 2
Yix, =G, cos((z—m—l)’E x] cos(-'ilbE y)
a

m o (@m=Dx (222_2:)
Y7 (x,y)=D,, sm(———a x)sm ) y

(3-25)

where m,n— p, m,n— g. For waveguide II, the cross-section functions are a sum of

the functions of each subregion, ie.,

¥i(x,y)= ':Z\?:m +"2\P;m’ +i$‘d?:“‘
e 32
ESAlEIOED I Sk DI St DI
=1

rei s =]

[cf. egs.(3-15) and (3-16)]. Notice that the functions, Y=, ¥*™™® and ¥*"* within the
subregions are themselves a summation over the eigenfunction expansions. Hence, each
p and ¢ in waveguide II corresponds 1o sets of indices 7, s, and ¢ determined in the T-
septum ¢igenvalue problem (éf. Section 3.2).

The cross-section functions in each region I and II are now normalized by
€q.(2-10) satisfying eq.(2-11). The field continuity equations for the discontinuity are
applied

ﬁ‘r =’E¥ on Ia, ITb; Tlc
EL=0  otherwise atz=20 (3-27)
HL =H! onlla, I, Uc

which yield the modal scattering matrix [eq.(2-13)] of the discontinuity rendered in
cgs.(2-14) to (2-16):

B' Su |Se]|A |
[F]z[s,l S |B® @19

I

The elements in the coupling matrices {eq.(2-16)] are

Iy
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el-eld 1 ella 2
M= =4C] {2 AT, + T )+
IB‘ (3-28)
ﬂb el g ¢ el
ZaAq i J]( i5f + vaky:h‘]f:]) + Z),Aqn (Jt-“tjjls!j + ‘]19[]']!1?])]
= =
where
af2 el <la
Ty =k [sinkix cosk(x—af2)dx  J2, = COSJ‘ iy Cosk
- X \/1+5m \[1+50,,
T =2 J’ coskix sinkS (x—a/2) dx J}, = \F L;,‘L;fj“jsmk 'y sink;y dy
X1y a‘
,,} k’Ik‘nb J'Sm k&x sin k;';hx dx Jig = Jcos k&x cos k;fj'-bx dx
cos kiiy coskii“(y—b,
I = L‘Ik‘mjsm koix sinkl(x az) dx 24 i (7-b) dy
- \j 1+6, \] 1+8,,
i jcosk“x coskg*(x—a,) dx = \/‘k;fk;,‘]“ Jsmk -y sink,,“(y—b,) dy
(3-29)
and
ndh
My = 41)}[2514; (GRS 0 B
» (3-30)
ellb y$S ml 76 ellc 7 2 710
204 u:( I‘y-v Jr W3f Lyl J: -v) EJA!;' ( Jrr)jlxu + J- ‘JJ‘ '/):‘
= =
where
mI af2
= ‘m Icosk’"‘x sink;*(x—af2)dx T3, \/Ak’m’ sinkyr'y sink;;'y dy
‘"7 a,
cos k‘““y
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[¥7] i3f

So=km Jcosk"“x cosk‘m’x dx PANEY J sinkj'x sink*x dx

o2
Jl = k’"‘jcosk"“x cosky(x—a))dx. J, =\/3L;’;° Ismk y sinksi*(y—b,) dy

idj

ellc ml ellc 10 ml . k;;l ¢ (y - bI)
Joy =k Jsmk x sinkg(x— I k Jcosk e dy
4§
(3-31)
and
nnﬂl
ml=m. 2
e n=4z>:[§;A:fm( ST T )
- (3-32)
; AmIIb '\[56 (JS Lmlkmmljﬁ ) Z mﬂc(J7 JB +J9 JIO)
201 Gl 2 i yi Ty Vi Aa [N A ] iGvig
where
T = kR jcosk”“x smk”‘““(x—;)dx Jis \/7 k;f“Jsm y sinkyty dy
a2
J o= _[sin k™ cosk™| x— 2 ) ax J? k’“‘k'"““ J coskl'y coskyi®y d
ig = xi x1j 2 i yi yrf y ;yay
=k J'cosk""x coskpx dx I = 1 j sinkZ'x sin k" x dx
L T =k Jcos kotx coskp(x - a,) dx \[7 Jsm krty sinkl(y — b,) dy

7y =k jsin ko sin ki (x - a,) dx IS = \/; i jcos krly coski (y — by )dy

(3-33)

(recall d =(b/2)—b,). Since this modal scattering matrix is for a lossless and reciprocal
discontinuity, it satisfies the symmetrical and orthogonal relations {91}, i.e.,

§S=8§"=8" (3-34)

and this was used as one of the criteria to verify the accuracy of the computer algorithm.
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Convergence analysis on a single discontinuity indicated it was achieved by using 25
modes in regions I and II, with 8 expansion terms for the cross-section functions of
region IIb. The number of expansion terms in regions Ila and Ilc are always determincd
from a ratio of subregion dimensions.

Also note, to derive the scattering matrix for the corresponding inverse
discontinuity, namely, the T-septum-to-rectangular waveguide, the submatrix elements
are interchanged in the scattering matrix of the original structure, that is,

AII S R S, BII
—|= ey = (3-35)
B Slz Su A
Using the Generalized S-matrix Method in Appendix A, these scattering matrices may
now be combined or cascaded with any other discontinuity.

The interested reader is referred to Appendix B for the electric field
distribution at the rectangular-to-T-septum waveguide discontinuity, which shows the
convergence by increasing the number of modes of the electric field.

34 COMPONENT DESIGN

The advantages of the T-septum waveguide can be clearly demonstrated in
component design. This section presents rigorous computer-aided design for three
classes of components, namely, bandpass filters, transformers and diplexers. The three
basic building block discontinuities employed in these components are rectangular-to-T-
septum waveguide, the double-plane step, and the E-plane T-junction.

34.1. Bandpass Kilters

The introduction of a T-septum into a rectangular waveguide results in a
significant lowering of the dominant mode cut-off frequency and, therefore, it can be
used to produce evanescent-mode waveguide filters. These filters are well known for
their wide stopbands and their small size compared to conventional coupled resonator
filters. Evanescent-mode filters, which are the microwave analog of lumped inductance

Vs
e

-
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filters with series inductance coupling, are constructed from resonators within a below
cut-off waveguide. Resonators are formed by introducing appropriate capacitive
obstacles at suitable intervals along the waveguide; the magnitude of the series
inductance is dictated by the separation between these capacitive obstacles. Currently,
the common techniques applied to create a resonator in the below cut-off waveguide
include capacitive screws [92], round posts [93, 95], ridges [14, 61, 95] and E-plane fins
(60). In T-septum waveguide filter design, the T-septums provide the necessary
capacitance for the resonator elements.

The length of an evanescent-mode filter structure decreases with a
corresponding reduction in the dimension of the cross-section for the waveguide
operating below cut-off. This tendency, however, imposes higher requirements on the
resonator structure because its cross-section must provide for a reduction in the cut-off
frequency of the below cut-off waveguide to approximately that of the much larger
input/output waveguide. Since the T-septum offers better performance in terms of
bandwidth enhancement and cut-off frequency reduction [36] compared with the altemate
approaches, this technology is ideally suited for evanescent-mode filter applications.

double plane rectangular wg. to
step T-septum wg.
symmetry
L‘/ planes / l
e - ) "
b b 1T - -

“““““ - input output
I , )

+ L
a -
] T A A P A

(a) (b)

FIGURE 3.5 Structure of an evanescent-mode bandpass filter: (a) end view; (b} side view
(cf. Figure 1.4(a) for a cut-away view of the filter).



CHAPTER 3: T-Septum Waveguide 36

The structure of an evanescent-mode bandpass filter with T-scptums is
shown in Figure 3.5. The filter structure is decomposed into two key building block
discontinuities: a double-plane step discontinuity from the above cut-off input waveguide
to the below cut-off filter section, and the rectangular-to-T-scptum waveguide
discontinuity. Note that for the corresponding inverse structure (e.g.. the discontinuity
from the below cut-off to above cut-off waw;ghide), the related modal scattering matrix is
derived by interchanging the corresponding submatrix elements in the original structure
as demonstrated in Section 3.3. The scattering matrix of the complete filter structure is
calculated by cascading these discontinuities with known scattering matrices of the
intermediate homogeneous waveguide sections of finite length using the algorithms in
Appendix A.

The design of the T-septum waveguide evanescent-mode filter is carried
out in four steps. First, the below cut-off waveguide dimensions are selected for a
fundamental-mode cut-off at approximately twice the midband frequency of the filter.
Secénd, the dimensions of the T-septum are determined to provide a cut-off frequency at
approximately that of the input/output waveguide. Third, assuming as a rough
approximation that the behavior for the below-cutoff coupling sections is purely
inductive, the number of resonators as well as the initial lengths of the T-septum and
below cut-off sections are calculated using standard filter theory and impedance inverters
[96]. Fourth, individual section lengths are systematically altered by optimization
procedures to approximate the specified filter characteristic. For this last step, an error
function, defined by least squares, is minimized by random search for a global minimum
or by the Fletcher-Reeves method for a local minimum, with respect to a parameter
vector that contains the coupling and resonator lengths. All the filter designs in this
section were optimized using 25 modes and 8 expansion terms in region IIb of the T-
septum cross-section. The CPU time for the analysis of the filter parameters per
frequency point is less than two minutes on an IBM RISC 6000/530 workstation.

Figure 3.6 shows the response of a three-resonator evanescent-mode filter
for 9.94 GHz in the X-band. The design is optimized for a bandwidth of 482 MHz and a
return loss better than 25 dB. Although the cut-off frequency of the waveguide in the
filter section is 21.2 GHz, the second passband is shifted beyond 28.0 GHz. For a
symmetric configuration, the next higher mode in the X-band output waveguide begins to
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propagate at 19.7 GHz. As the dashed line shows, this fact does not contribute to any
deterioration of the filter response at higher frequencies. Note that at the second
harmonic frequency of 30 GHz, attenuation values greater than 55 dB are obtained
making the design suitable for X-band communication systems. The total component
length is 18.22 mm.
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FIGURE 3.6 (a) Calculated transmission and reflection of an X-band three-resonator
evanescent-mode T-septum waveguide filter; (b) stopband response. Dimensions (mm):

2,=22.86, b.=10.16, a=7.06, b=6.98, a =10, a,=2.556, b =0.5, b, =15,
[ =1,=049, [, =1,=0.51, =, =7.60 and I, =1.20 (cf Figures 3.1 and 3.5).

Figure 3.7 shows a five-resonator structure with a center frequency of 9.97
GHz and bandwidth of 366 MHz for comparison with Figure 3.6. Note that, not only 1s
the skirt selectivity and stopband attenuation significantly improved as might be expected
by adding two resonators, but also the attenuation of the second harmonic (30 GHz) is
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almost doubled. However, the length of the filter is twice that of the threc-resonator
filter. A three-resonator millimeter-wave Ka-band filter design for a centre frequency of
31.96 GHz and a bandwidth of 1.55 GHz is illustrated in Figure 3.8. The calculated
minimum passband return loss is 27 dB. The optimized filter component has a length of

only 5.7 mm and excellent stopband characteristics.
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FIGURE 3.7 (a)} Calculated transmission and reflection of an X-band five-resonator
evanescent-mode T-septum wavegulide filter; (b} stopband response. Dimensions (mm):
a;,=22.86, b =10.16, a=7.06, b=6.98, a =10, a,=2.53, b =0.49, b, =149,

L=},=047, L=1,=0488, L=4=785 [,=[=0983, L=4,=859 and
le =0.983 (cf. Figures 3.1 and 3.5).
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FIGURE 3.8 (a) Calculated transmission and reflection of a Ka-band three-resonator
evanescent-mode T-septum waveguide filter; (b) stopband response. Dimensions (mm):
a;=17.112, b, =3.161, a=2.1964, b=2.1716, g, =0.3111, a,=0.7952, b =0.1556,

b,=0.4667, L =1,=01524, L =1,=01587, L =L=2.2644 and I, =0.3174 (cf.
Figures 3.1 and 3.5).

In order to verify the computer-aided analysis and design procedure, the
theoretically predicted filter response is compared with measured results of the three-
resonator X-band prototype in Figure 3.9. Good agreement is demonstrated with the
experimental measurements taken from the filter prototype with one notable exception,
namely, a dissipation loss of 2.5 dB within the passband. Because a similar result occurs
with measurements from a diplexer to be presented later in the thesis, a discussion of the
reason for the loss will be deferred until then (cf. Section 3.4.3). Figure 3.9(a) shows this
dissipation loss, but it also shows a low return loss of 13 dB. This low return loss is in
agreement with revised predictions based on the manufactured prototype, which failed to
reproduce the precisely centred double-plane step from the X-band waveguide to the
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below cutoff waveguide filter structure called for in the design. This flaw in construction
accounts for the return loss. Referring to Figure 3.9(b) it should be noted that the out-of -
band return loss behaviour is in excellent agreement with predicted results up to 40 GHz.
Beyond 12.4 GHz a series of waveguide transformers have been used to extend the
measurements into the Ka-band. Overmoding in the X-band input/output waveguides
seems to be responsible for the measured noise beyond 12.4 GHz.
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FIGURE 3.9 (a) Comparison between the measured and calculated response of an X-
band three-resonator filter prototype; (b) stopband response. Dimensions (mm):
a,=22.86, b,=10.16, a=7.0, =695, 4,=094, a,=2.49, b =03, b, =132,

L=L=0.54, L ==0.5, =l ="7.68 and I, =0.9 (cf. Figures 3.1 and 3.5).

A photograph of this evanescent-mode T-septum waveguide filter
prototype (displayed in a partially assembled state) with its feeding X-band waveguide is
shown in Figure 3.10. A split-block waveguide housing is used to sandwich the two T-
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septum inserts. Note that the filter component is extremely small compared to a ridge
waveguide design for a comparable frequency range [61]. This is so because of the large
bandwidth of the T-septum waveguide, i.e., its capability to reduce significantly the cut-
off frequency. With an overall length of less than 20 mm, this design is one of the most
space efficient bandpass configurations proposed thus far.

=X
FIGURE 3.10 Photograph of the opened evanescent-mode T-septum waveguide filter
prototype with feeding X-band waveguide.

3.4.2. Transformers S

~U

7 Filter theory may also be applied to the design of imipedance transformers
used for broadband matching into discrete discontinuities, such as input sections to low-
pass waveguide filters. Figure 3.11 shows the geometry of a typical T-septum waveguide
transformer. It is composed of a series of T-septum waveguides of different cross-section

dimensions located between a standard rectangular waveguide input and a T-septum o

-

waveguide output. The dominant mode cut-off frequency of the rectangular input’
waveguide is approximately equal to the dominant mode cut-off frequency of the T-
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septum output waveguide which is of significantly smaller physical dimension. Similar
transformers have been successfully designed with ridge waveguide technology [97].

The two basic building biock discontinuities employed in the design of
such a transformer are the rectangular-to-T-septum waveguide as in the input to section 1
of Figure 3.11 and the T-septum-to-T-septum waveguide as seen in the rest of diagram.
The scattering matrix of this latter discontinuity is arrived at by cascading the scattering
matrices of the three discontinuities, namely, the T-septum-to-rectangular waveguide, the
double-plane waveguide step, and the rectangular-to-T-septum waveguide, while
reducing the length to zero. '

rectangular wg.to  T-septum wg. to
symmetry  1-septum wg. T-septum wg.
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FIGURE 3.11 Structure of a T-septum waveguide transformer: (a) end view; (b} side view
(cf. Figure 1.4(b) for a cut-away view of the transformer).

The design procedure is based on the standard quarter wavelength
impedance transformation theory to yield high return loss specifications. The transformer
is designed by first calculating the characteristic impedance of each section assuming that
their lengths are quarter wavelength. From this are then calculated the cross-section
dimensions of each T-septum of the componeni. Finally, the désign is completed by
inclusion within an optimization routine.

Figure 3.12 depicts the return loss of an X-band three section transformer
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at a design centre frequency of 10.5 GHz. A return loss behaviour better than 30 dB is
maintained within the frequency band of the transformer. As in the case of the filter
components, the design data is easily transferable to other common waveguide bands by

suitable frequency scaling relations for the dimensions.
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FIGURE 3.12 Input return loss of an optimized three-section transformer.
’ Dimensions (mm):

SECTION # a b a a, b, b, l
input:| 22860 11430

Section1: | 21,150 10.575 6.345 9.518 4354 4618 8.200

Section2: | 17.250 8.625 5.175 7.763 2.562 2.778 8.000

Section3: | 14.150 7.075 4245 6368 1487 1.664 8.400
output: | 13,000 6.500 3.900 5.850 1.139 1.302
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FIGURE 3.13 Structure of a T-septum waveguide diplexer: (a) end view; (b) side view
(cf. Figure 1.5(a)} for a cut-away view of the diplexer).

343. Diplexers

This section introduces an integrated waveguide diplexer based on T-
septum waveguide filter technology; the diplexer is illustrated in Figure 3.13. The advent
of integrated waveguide E-plane technology places an increasing demand on millimeter-
wave diplexing units for transmit-receive channel séparation. While physical channel
separation is commonly accomplished by waveguide N-furcations or T-junctions, the
filter configurations and their performance distinguish the different designs. Designs to
date have included E-plane filters [72-74], elliptic function filters {98], and lowpass-
highpass arrangements {99]. Until now, the relatively large physical size of these
components makes them less attractive for use in modern integrated microwave
communication systems. By utilizing T-septum waveguide technology, the resulting
smaller filter configurations will automatically contribute to light-weight, and compact
multiplexer designs. The rigorous numerical model for the diplexer will eliminate the
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need for discontinuity-compensating irises and steps which are currently in use to
improve diplexer performance.

As shown in Figure 3.13, three basic building block discontinuities are
used for this component: the E-plane T-junction, the H-plane step, and the reciangular-10-
T-septum waveguide. The scattering matrix of the overall component is calculated by the
combination of the scattering matrices of these three basic discontinuities within the
component. For ihe rectangular-to-T-septum waveguide discontinuity, the analysis
follows closely that of Sections 3.2 and 3.3, with the exception that the T-septum cross-
section functions are modified because single T-septums are used for component
compacamess.

The design of the diplexer is carried out in two steps. First, the
evanescent-mode T-septum channel filters are designed using the procedure described in
..fertion 3.4.1. Secund, the filters are connected to the waveguide T-junction, and only the

: lengths between the T-junction and the H-plane steps are optimized by thesame routines -
“used in the filter design. An overall optimization, with the filter sectxons may be

included to fine tune the diplexer's response by improving the return loss in the
passbands. General design procedures for waveguide diplexers and multiplexers are
presented in [100, 101].

Figure 3. 14 presents the transmission and input return loss responses of
the X-band integrated T-septum: waveguide diplexer for center frequencies of 8.75/9.97
GHz with bandwidths of approximately 4.1 percent. The cross-sections of the waveguzde
ports are 22.86 mm by 3.5 mm, those of the evanescent-mode sections are 7.112 mm by
3.5 mm. Both filters are less than 22 mm long with fypically 22 mm connecting lengths
to the T-junction. These dimensions make it possible to manufacture the diplexer from a
cube of less than 45 mm. As shown, the crossover attenuation is 26 dB, and the input
return loss is better than 25 dB. Figure 3.14(b) displays the excellent stopband
characteristics of the diplexer up to 28 GHz. As indicated in Section 3.4.1, this is a
fundamental advantage of T-septum waveguide filter echnology
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FIGURE 3.14 (a) Transmission and input reflection behavior of an integrated T-septum
X-band waveguide diplexer; (b) stopband response. Dimensions (mm): a, =22.86,
a=7112, b=3.5. Main waveguide filter: a, =10, a,=2.556, b =0.5, b, =15,
L=L=0.905 L =1I,=02895 L=L=773 and I, =117. Branch waveguide filter:
a, =10, a,=2.556, b, =0.5, b,=15, [ =5, =0.3750, L=, =217, L, =L =7.15 and
l,=2.836 (cf Figures 3.1 and 3.12).

The diplexer design can be scaled to any other waveguide band having an
identical frequency behaviour with respect to the fundamental-mode frequency of the
input-port waveguide. This is demonstrated in Figure 3.15 for operation in Ka-band. The
channel passbands are centered at 28.14/31.37 GHz with bandwidths of 4.1 percent, and a
stopband beyond 80 GHz is obtained.

In order to verify the computer-aided analysis and design procedure, the
theoretically predicted transmission and reflected response is compared with measured
results of an integraied T-septum waveguide diplexer with two three-resonator
evanescent-mode filters (Figure 3.16). Excellent agreement with predicted results is



CHAPTER 3: T-Septum Waveguide 57

achieved with the exception of a high dissipation loss in the magnitude of 2.5 dB within
the passbands of both filters. The dissipation loss measured from both the diplexer and
the filter mentioned in Section 3.4.1 suggests that such loss is inherent in this particular
configuration of the design. The dissipation loss, in general, can be attributed to two
sources, namely, attenuation occurring along the longitudinal axis and the energy
dissipated on the metallic faces of the double-plane step and/or rectangular-to-T-septurn
discontinuities. Some simple calculations will demonstrate that the latter of these two
will prove to be the major locus of the problem.
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FIGURE 3.15 (a) Transmission and input reflection behavior of an integrated T-septum
Ka-band waveguide diplexer; (b) stopband response. Dimensions (mmj: a,=7.112,
a=2.2126, b=1.089. Main waveguide filter: a, =0.3111, a, =0.7952, b, =0.1556,
b, =0.4667, [ =1, =0.2815, L,=[,=0.2784, L, =1,=2.4149 and I, =0.364. Branch
waveguide filter: a, =0.3111, a, =0.7952, b, =0.1556, b, =0.4667, I, =1, =0.1166,
L=1=0.6751, [ =1,=2.2244 and [, =0.4412 (cf. Figures 3.1 and 3.12).



CHAPTER 3: T-Septum Waveguide 58

100
80-‘ % 3
$31(1.1) i . 2 g:g § i
60 = $21{1.1) > ? T !
— 'Y g b3 E Ol.r.- .“ hr g
@ Sl i J b ¥
2 Nl & il Y
Z ' ?
=
40 - ,
Ky -/
'.' 4
h) Fy /
20 £ N 4 = 571(1.1) calcdlat
T — S21{1.1} calculated
— S$31{1,1) calculated
==+ S11 measured
N - §$21 measured
--- S31 measured
"""/ y — e,
¢ T — f ]
g 10 11 12

frequency (GHz)

FIGURE 3.16 Comparison between measured and calculated responses of an integrated
X-band T-septum diplexer prototype. Dimensions (mm): a,=22.86, a=7.112, b=3.5.
Main waveguide filter: a, =10, a,=2.556, b =0.49, b, =149, [ =1=0.905,
L=1,=0895 L=L=773 and [,=117. Branch waveguide filter: a =1.0,
a, =2.556, -~~=0.49, b,=149, [ =1,=03750, L, =§=217, L=L=715 and
[,=2.836 (cffFigures 3.1and3.12).

If the waveguide walls have finite conductivity, there will be a continuous
longitudinal loss of power to these walls as the modés propagate thrdugh the filter. To
account for these losses in the model, the propagation constants jk, may be slightly
modified to become o+ jk,, where « is an attenuation constant that specifies the rate at
which the mode amplitude decays as it progresses. The attenuation constant of a T-
septum waveguide normalized to that of a standard rectangular waveguide with the same
dominant mode cutoff frequency and outer dimension ratio, has been published by Zhang
and Joines in [38]. For the prototype, assuming a conductivity of 17.4 MS/m, the
attenuation constant of the T-septum resonator sections is approximately 25 times that of
standard or -0.0023 dB/mm at 10 GHz. Thus, with an overall length of 3 mm for the T-
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septum sections, the total longitudinal loss is calculated to be -0.007 dB.

Power losses caused by the finite conductivity of the metailic faces in the
double-plane step and/or rectangular-to-T-septum discontinuities may be approximated
by using the perturbation method [4]. The currents on a lossy metallic surface § are
assum:d to be the same as the loss-free currents and, hence, are related to the tangential
magretic field by

J,=nxH (3-36)

where n is a unit vector outward directed normal on §. With a finite conductivity o, the
metallic surface may be characterized as exhibiting a surface impedance given by

[y

z,= =1+ j)R, (3-37)

" o sd
where &, is the skin depth:

)
8= e (3-38)

By integrating the surface currents over § the power loss may be estimated:

P, =%HSJ, Y. ds (3-39)

Assuming an input power of 1W and a conductivity of 17.4 MS/m, and by using
appropriate generalized scattering matrices and the magnetic field expressions given in
€Qs.(2-6), the surface currents may be calculated at an; transverse metallic face within the
filter structure. The results of this calculation have shown that the first and last T-septum
resonator sections dissipate approximately 0.32 W. The other surfaces, i.e., the middle
resonator and the faces of the double-plane step account for significantly less of the
power loss. The total calculated loss for the filter structure by eq.(3-39) is approximately
-2.1 dB. The remainder of the loss measured (or -0.4 dB) may be attributed to surface
roughness and other minor discrepancies expected within a prototype of this technology.
It is precisely the combination of a large double plane step followed in close proxifnity by
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a T-septum resonator that generates the high magnetic field which contributes to the large
dissipation loss. A gradual reduction of the X-band input/output waveguide to the below
cutoff waveguide could reduce these high magnetic field values. Another solution might

be to use T-septum waveguide technology throughout the component system thus
eliminating the need for the double-plane step connection.

A photograph of this diplexer prototype is shown in Figure 3.17. A split-
block housing is used to sandwich the two T-septum inserts into their corresponding
below cut-off waveguide. This photograph shows the compactness of structure
achievable by the utilization of the described design technology. The technology is

applicable to a wide variety of similar components, the discussion of which, however, is
beyond the scope of this thesis.

FIGURE 3.17 Photograph of the opened integrated evanescent-mode T-septum
waveguide diplexer prototype.
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4. DISCONTINUITY-DISTORTED T-JUNCTIONS

4.1. INTRODUCTION

A natural progression from nonstandard cross-sections in the two-port
waveguide junction is to expand the theoretical and numerical analysis to include
nonstandard multi-port junctions. This chapter proposes a new formulation for.
determining the generalized scattering matrix for such nonstandard multiports with )
application to waveguide comners and T-junctions having a discontinuity-distorted
resonator region.

Waveguide corners and T-junctions form integral parts in the design and
realization of waveguide components and systems. For example, as mentioned in
Chapter 1, waveguide comers occur naturally in antenna feed systems, and the T-junction
is used extensively in waveguide components such as bandstop resonator cavity filters
[3], multiplexers [70], power-dividers [75], orthomode transducers [76], and couplers
[66). Chapter 2 calculated the generalized scattering matrix of the simple E-plane T-
junction. It should be noted that, with respect to its scattering matrix, the waveguide
corner may be thought of as a special case of the T-junction, wherein port 2 (cf. Figure
2.2) is short circuited. Hence, the solution presented here for the T-junction is equally
applicable to waveguide corners.

With regard to the choice of analytical techniques, as indicated earlier, one
of the main advantages of the mode-matching method is that it produces a generalized
scattering matrix for the discontinuity. Hence, discontinuities may be cascaded and
combined using the algorithms in Appendix A with no restriction resulting from their
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physical proximity. Inherent to the nature of the Generalized S-matrix Method is the
incorporation of higher—order mode coupling effects. This was demonstrated in Chapter 3
in the case of the T-septum diplexer, where the generalized scattering matrix of the T-
junction was combined with that of the filters. The key to the development of accurate

computer-aided component design is the precise calculation of the generalized scattering
matrices for discontinuities within the component.

In the literature, a rigorous calculation of the T-junction with a
discontinuity-distorted resonator has been proposed by Alessandri et al. [102] and Liang
et. al. [45]. This approach has been appropriately named by Liang as the three plane
mode-matching method. Although the resulting matrix for the T-junction is one obtained
through a rigorous mode-matching method and does include higher order mode
interactions of the discontinuities within the resonator, it is not a generalized scattering
matrix, but rather a fundamental-mode scattering matrix. If one is interested only in the
dominant mode characteristics of a T-junction, this analysis will suffice (as in, for.
example, [103]). However, if the intent is to include the T-junction as a building block in '
a component with other discontinuities, then the generalized scattering matrix will be
required so that the higher order modes can be incorporated when these other
discontinuities are cascaded in close proximity to the resonator region.

The approach proposed by Alessandri and the similar one by Liang is to
model a resonator region with the built-in discontinuities by simulating resonator
experiments which result in a modification of the structure and, therefore, avoid the
eigenfunction-defective regions. In these experiments, short circuits are placed on the
side arm of the T-junction some distance away from the actual resonator region. Using
three different positions for the short circuit on the ;id_e arm, the scattering matrices of the
resulting set of two port junctions are calculated. The fundamental-mode scattering
matrix of the overall T-junction is then extracted from this set of two-port scattering
matrices.

This three plane mode-matching method is illustrated in Figure 4.1 and is
mathematically described as follows: The three shorts are first connected with the
reflection coefficients I'',i=1,2,3 to port 3. The scaitering matrices of each of the
resulting two-port networks S%,i=1,2,3 (port 1 to port 2) are determined by a rigorous
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mode-matching method, i.e.,

NEAE:
5 =[Sg ]} fori=12,3 @1
Szx 22

Then, assuming the scattering matrix of the T-junction is

Su Slz.l A
$=|S, | Sy S;: (4-2)
Sy | Sy S3 -

the relationship between S¢ and S can easily be derived:

ci i i\l

5 = ST, — S, (L+8,7) ST, | fori =1,2,3. 43)
S5 =S, =S, (1+8,,I) ST,
In the case where the scattering matrices are reduced in size to a single element, solutions
to egs.(4-3) may be found for the fundamental-mode; however, due to the non-linear

dependencies in them, the generalized scattering matrix of the T-junction cannot be
extracted even when applying the reciprocity and symmetry properties.

el ¢l €2 port 3 ) 3
AS ) A AP o A7 AP o 2
—_— i ScI § -—— — E ScZ g -——— — —-—
D . ~ e ——i - ——i
Bcl o— l—o BcI BcZ O] l—o 2 3 o— —0 ne3
1 2 1 BZ Bl BZ
experiment #1 experiment #2 experiment #3

FIGURE 4.1 A three-plane mode-matching method to determine the scattering
parameters of a T-junction with discontinuity-distorted resonator region.
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Variations of the three-plane mode-matching method, for example, a
rotation of the ports from which the experiments are conducted, have been demonstrated
in [104]. The generalized theory that proposes experiments on multi-ports to calculate
either scattering matrices or reflection coefficients, when one or more of the ports are
short circuited, and then to extract the scattering parameters of the original junction, is
presented by Ma and Yamashita in [105]. This paper demonstrates the validity of the
port reflection coefficient method for the two-port, the three-port, and multi-port cascs, as
well as the non-linearity inherent therein. However, besides the fundamental-mode
limitation, another distinct disadvantage lies in its inclusive nature, particularly when the
component to be analyzed contains multiple discontinuities inside and outside the
resonator region. The port reflection coefficient method requires the analysis of the entire
component including all the discontinuities and extrapolating from this result. On the
other hand, the theory proposed in this thesis analyzes discrete building blocks
individually and cascades or combines them to construct the design of an eventual.

component. This process results in a more detailed description of each building block
and the interaction between them.

A new approach to the general solution of the scattering matrix for a T-
junction with discontinuity-distorted resonator region will be presented in the next
section. This technique is based on a rigorous field theory treatment of the discontinuities
within the resonator region and the complete mode-matching conditions at the T-junction
waveguide apertures. Section 4.3 will apply the general theory to a stepped T-junction,
following which, as confirmation of the approach, it will be used to model mitered
waveguide_corners. The results of this will then be compared with experimental
measurements and the finite-element method. The -c“hapter concludes by employing the
T-junction as a basic building block in the design of new compact power splitters and
orthomode transducers. The orthomode transducer is an excellent example of the
cascading of discontinuities in close proximity to the resonator region. Without a
generalized scattering matrix of the T-junction, this would not be possible.
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4.2. T-JUNCTION WITH DISCONTINUITY -DISTORTED RESONATOR REGION

A general E-vlane T-junction with discontinuity-distorted resonator region
is depicted in Figure 4.2.7 It should be noted that, as suggested by the figure, this
formulation accommodates discontinuities within the resonator region having variations
along any of the coordinate axes. The only restriction required by this approach is the use
of mode-matching to calculate the generalized scattering matrices of the discontinuities,
with respect to the z-coordinate (looking in from port 1) and with respect to the y-
coordinate (looking in from port 3) with electric walls placed at each port opening. In
Figure 4.2, for example, the discontinuities along the z-axis are either rectangular-to-ridge
waveguide or single E-plane steps, and the discontinuities along the y-axis are either
bifurcations or single E-plane steps, all of which lend themselves to analysis using the
mode-matching method. Noteworthy is the fact that this restriction also applies to the
port reflection coefficient method previously described.

C,./\ port3

a

port2

T

FIGURE 4.2 E-plane T-junction with discontinuity-distorted resonator region viewed
Jfrom port 1 along the z-axis.
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42.1 Theoretical Formulation

Before beginning the formulation, it is advantageous to revicw briefly the
approach used to solve for the generalized scattering matrix of the simple T-junction in
Chapter 2. The approach is based on the superposition of three solutions for the resonator
region with a deliberate placement of short circuits. Each of these solutions is expressed
in terms of a single unknown coefficient. Then, by matching the electric field in the port
openings, the three unknown coefficients are related to the wave amplitudes in the
connecting waveguides. Finally, matching the magnetic field generates the necessary
matrix equation for the desired generalized scattering matrix. This formulation also uses
the superposition principle for the boundary conditions toward a solution of the
Helmholtz equation in the resonator region prior to applying the field continuity
conditions at the T-junction apertures.

To formulate the electromagnetic field representation of the discontinuity-".
distorted T-junction, the configuration is first subdivided into the three cross-sectional
regions I, I, and 1 and the discontinuity-distorted resonator region IV, connected to the
three waveguides I to II1, as in the simple E-plane T-junction described in Chapter 2. The
electromagnetic fields are expressed in waveguides I, II, and IIT by the longitudinal
compoenent of the vector potential, repeated here for convenience

F’I = ﬁ: Vd (x, ¥, z) EI = ﬁ:w"‘x (x’ Y, z) e
Fr =gy (xy2) A"=dy™(xyz) (2-17)
FU=0,0"(xy.2) A"=08,0™"(x.y.2)

where w*™ and ¢“" are the wave potentials giveri by the general form of eq.(2-2), with
appropriate traveling wave amplitudes as shown in Figure 4.3. Recall that the wave
potential ¢°" in region III is simply a cyclic interchange of x, y, z on yw*". Using the
rectangular waveguide cross-section functions, the expresSions for the tangential field
components in waveguides I to ITI are written: —

e diag(\Z;7"):

[diag(exp[— 'k;;f':z])A‘ + diag(exp[ jk;;f’;‘z])B’]

ol _ [zl
E;= [er
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[
[diag(exp[— ko (z - c,,)])B —dzag(etp[ jkemt(z—c )])An]

EF = [—’m | &r® duzg(\/_qﬁ )
]

AT = hTIII lh”’m dzag( Y‘ e )

where the elements in the mode functions are

=i x V¥ i A }f .
i e an Tmi_ A mi (1OT2=1,
hfi ==V ¥¢ hry =—it, xV W7
and
G =i, xV,OF T =V,e
an

A Je hp® =—ii, % V o7

)Bn +dzag(exp[ ks, '"n(z c )])An]

dzag(exp[ ket (y - ,,)) +dzag(exp[ Jhor®(y = b,,)])Am]

67

(4-4)

(4-5)

(4-6)

dzag(exp[ Jk ypq (y b")]) —dzag(exp[j k?::?m (}’ =b )]) ]

@7

43

The objective is to relate the amplitude coefficients A',B',A",B", and A™,B™ in egs.(4-

4) to (4-6) to each other by the generalized scattering matrix of the T-junction:

BI Si | S | Si i
B® =[S, [Sy, S, | A"
Bm S5 [ Sy | Sy A"

(49)
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Iy
y yT Region II1
, Region I I A" B'“‘ Region I1
y=0,  ———————-a---
! —r | Sﬂl | — All
l E 8 : S": u
S ! , —B
[ ' I
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x=a 0 0 | z=c
Region IV
(resomatot regiocn)
(a) (b)

FIGURE 4.3 Discontinuity-distorted E-plane T-junction of three rectangular waveguides:
(a) end view; (b) side view.

For the discontinuity-distorted resonator region IV, the electric and:
magnetic vector potentials are composed of three solutions corresponding to the number
of apertures. These are determined by applying the principle of superposition to the non-
homogeneous boundary conditions of the Helmholtz equation. That is, the solution is a
sum of the three functions ", y*™® and ¢“"® satisfying egs.(2-3) and eq.(2-4),
where solution (1) is obtained when short circuits are introduced in the boundary planes

S™ and ST, and the boundary plane S' remains open; solutions (2) and (3) are found
analogously:

-~

FY =4 (yO(x,5,2)+ w®(x,5.2) + 2,6°P(x,7.2)

i (2-18)
v (wmm (x,3.2)+ ¥ (x, y,z))_-tﬁytp”"”(x,y,Z)

Figure 4.4 depicts regions IV(1), IV(2), and IV(3) corresponding to solutions (1), (2), and
(3) with their boundary conditions. To detcrmine these solutions w*"®, w*"®, and
¢“™ of the Helmholtz equanon these regions IV are appropriately subdivided into two.
sets of subregions. The first sat, apphcable to IV(1) and IV(2), is a subdivision of rcgion
IV having all subregion mterfaces perpendicular to the z-axis and the second sct,

pertaining to IV(3), having the subregion interfaces perpendicular to the y-axis. These
subregions are labeled IVm1, IVm2,. . ., IVmn, and IVb1, IVb2, . . ., IVbn, respectively,

4
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where 7 is the total number of subregions in each direction (cf. Figures 4.5 - 4.7).

It is essential here to note that the subregions IVm1, IVmn, and IVb1 must
have the same cross-section dimensions as waveguides i, 1 and I, respectively. Though
this requirement applies universally, it is equally important to note that there is no loss of
generality because of it. Furthermore, Figure 4.4 shows no variation along the x-axis
cven though this formulation will accommodate such a variation. Both of these situations
will be addressed in greater detail later.

v =

v | m—

1 -
IIII C.W. I [ R I I_H_ __________ |
18 )] J&ln I{EIl | | E'm I B X
vzl = Zl 1z
g :: | + 1 A S
Vo Ile ! Lo g
\ £ Z
Vol i—‘L— 3_1- I_E_"_ [T I_L‘r
) - - - IS - . R

Vi) V(2) IVQ3)

FIGURE 4.4 Superposition of the resonator region for field theory treatment.

Electric and magnetic potentials may be now assigned to solutions (1), (2)
and (3) as a summation over the subregions:

de

e(l) c(’?) — szwml (x,y,z) z EW\PeWm:(x y) gel\fml (Z)

i=l i=1 P“

II“rm(l) = Wm(?.) = i wmwmf (X,y, 7)= z Z \JY’"IV!N ‘.mem' (xvy) mem'

i=! isl g=1

¢¢(3) Z ¢eIVbl(x,y’z) 2 2 'Ze d)eIth (x ) g;Wbl(y)

i=i - i=l p=1
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o = 2¢’”‘“"(x,y,z) EZ\IY’"M" e x2 E () +-10)

i=l g=i

where the functions £>7(z) and 5;:'; (y) contain the unknown amplitudes of the traveling

waves according to eq.(2-4), and the cross-section functions ¥“" and ®“" arc
determined by eq.(2-3). Again, the indices p and g represent double-indexed modal
eigenfunctions in each subregion ordered in increasing cut-off frequencies. Formulating
the electromagnetic fields from these vector potentials to facilitate matching at the
interfaces between waveguides I to III, and the resonator region IV, requires determining
the scattering matrix between each subregion. This will reduce the number of unknown
wave amplitude vectors in the discontinuity-distorted resonator region to three. After
defining the required internal scattering matrices for solutions (1), (2) and (3), the overall
matching conditions are applied.

Starting with s'\Iur.ton (1), where region IV(1) is detailed in Figurc 4.5, the
tangential electromagnetic fields iz each region IVmi are written

Vi l—mIme] diag(W)-

EIVm: [
[dzag exp “ﬂ“ Sz )D AN +dzag(exp[ jkevmi(z—c, )D-BN‘“"]
A5 |7 e 77)

diag{exp[~ 5™ (2~ c;.,)]) AV —diag(exp g™ (z = . )] BV

@11
where elements of the mode functions are
IVmi ~ eIVbi =mlVmi __ m{Vmi
gy, =0, XV Y g T =-V.¥ @12)
g elVmi _ _V \Pel\r’mi an hIr.nIVm _ _iz X V \Pmlvmi N -~
th - tp 7 T % ttyq

The tangential electric and magnetic fields are matched at the common interfaces z =¢;

for j=1,2,3,...,n—1 between the subregions to yield the scattering matrix at each
interface
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B(l)i Sgll)i I Si}’)i Ja(l)f
— | = . = - atz=c.. (4-13)
[ A(”‘“J [S'(zll)' ’ S%)a B+ j
These scattering matrices are cascaded, along with the homogeneous empty waveguide

sections between them, by the Generalized S-matrix Method found in Appendix A to

yield a scattering matrix from any z-coordinate plane to another in region IV(1). For
example, from discontinuity i - j or from coordinates, z=¢;, > z=¢;

Iy Vo | gvm PAWI (=
BY(:=c,) |_fSit, l Sigm | A (2= ) @-14)
Al )J(Z =cj) S ] som |l B V(z= Cj)

2limsj 22i=>j

yT IVm
Sia waveguide ITX
—_—
g2 gmi-l gmy o
b, - ; T T I T
! IVml | | IVmi-l] IVmi [ IVmi+ll | IVmn
" e Tl T z
1! i 1, (isl Wn
A ] AT AT 1A 2
—e i1y I ]
a1 1A BY o Z E
_ |1 S i &
o \ l I B(l)ﬂ'[' rq—n —
b -2 Lo I 1 B®" =
PR | it Lo
RN B Lo
> '
, & o ||
. - ! | 1
j B - r
b, - -— | |
i BI ! | | [
! P | :
{ = |-
R S, S L
0 ~ t T T — T 7‘
0 G Cig C; Cit1Camt g -
interface # 1 i-1 i i+l n-1 n

FIGURE 4.5 Detailed description of the subregions corresponding to solution (1).
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Now, with a short circuit at z=c¢, according to thc construction of solution (1) the
following relation holds

B =-AW"}atz=c, (4-15)

and a reflection coefficient may be defined at each interface z=c; for j=12.3,...,n-1

by

t

BY =TWAY = [szmn —§¥m (I + ngl . )-1 glvm ] AV (4-16)

2liel=n
Using this modal reflection coefficient and introducing transfer matrices, T4, and T ,
the amplitudes of the traveling waves in each subregion may be expressed in terms of the
amplitude of the forward traveling wave in subregion IVml. That is, the wave
amplitudes A®” and B in the ith region are related to the wave amplitude A™ in
region IVm1 by

AV = gI - Sgg‘—)i-lrgl )S?I,:)n-»i-{ AV @-17)
T,
and
B(l)i - rgl_)lA(l)i - rgi)lTig_IA(I)l (4‘18)
[ AL
Thi-

Notice, as expected, the transfer matrices at z = () are
T{ =Y and TH=TV=r" - (4-19)

where the latter is the reflection coefficient at waveguide I with ports 2 and 3 short
circuited. From egs.(4-17) and (4-18), electromagnetic fields according to solution (1)
“may be written in terms of the single amplitude coefficient A" [cf. eq.(4-10)]. The
presentation of whese field expressions will be made in conjunction with solutions (2) and
(3) once they are completed.
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FIGURE 4.6 Detailed description of the subregions corresponding to solution (2).

Following upon this, and because the subdivision for solutions (1) and (2)
are identical, the scattering matrices calculated at each interface z=c¢; for

j=12,3,...,n-1 in solution (1) may be applied to soluti.on (2) by switching the
appropriate submatrices. The scattering matrix between subregions IVmi+/ and IVmi as
seen in Figure 4.6 is

A(z)m _ S(zlz):' ‘ Sgll)i B@ _ ﬁf)i ‘ Sg)f B+ e 20
B(z)i - ngl)i \Silx)i AW - Si:;)i l ng’):' AQ) % -

Hence, the scattering matrix can be determined between any two z-coordinate planes
within region IV(2). For example, the scattering mattix between z=c¢; and z=g; is

~
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2} - IVm Vm 2w o
A"’f(z—cj) _ Sib’:i sgj:i Bt’{(&-c,.) @
B! (z=¢) S S A (z=¢)

21 jmri 22 jmsi

Applying the boundary condition at z = 0 for solution (2), a modal
reflection coefficient and the transfer matrices may once again be defined at the interfaccs

A =TPB™ =[ST, ST, (1+852,,) 'S5, | B *22)
and

B = (1-S32 TS5 B = 7B

A®@i = I'EE}B(Z"' - I“EfiT‘lf,.l 1an - T(;)_ len : (4-23)

As anticipated, the transfer matrices in region IVmnat z=¢, are
T =L and TQ=T?=T" 4-24)"

Now, all the amplitude coefficients for solution (2) can be expressed in a single unknown
amplitude coefficient B®” in region IVmn.

Finally, for solution (3), the region IV(3) is subdivided according to Figure
4.7, and the tangential fields for each subregion are written as

El;fbi - [-e-;IVbi : E;M‘]-diag(W)‘

:diag(exp[- JKE (y = b,y )])B"“ + a'iag(exp[ JeLm (y = by i )])A‘”i] @25
B = [ | Ry™]- diag({Y7™ )-
[diag{exp(~ kg™ (y = b,.,..)| B - diag(exp k™ (3= b0 A
where the elements of the mode functions are
g =i, x V, 05" and o, ==V, (426)

TelVhi _ _ eIVbi mIVbi _ _ A mIVhi *
th - V.vcbp h’fq - uyxvyd)q
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FIGURE 4.7 Detailed description of the subregions corresponding to solution (3).

Again, the fields are matched at the common interfaces to yield the scattering matrices.
For example, the scattering matrix between region IVbi and IVbi+1 is

B(3)i Sg)i I Sg)i A(B)x’ i
[ Amm] = l:sgi)i [s&r B(st} aty=b,, 427

Once the scattering matrices at each interface are found, an overall scattering matrix

between any two y-coordinate planes in region IV(3) may be calculated. Between the
y=b, and y = b; planes, the scattering matrix is

BY(y=5) | _[Sis; | Stvw; [AP (y=5)
[ APi(y = b)) Sl l S| By = b) (4-28)

2/ 22i=pj
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Since the boundary condition at y = 0 requires that

B(3)n = _A(S)n} at y= 0

a reflection coefficient and the transfer matrices, similar to those of solutions (1) and (2),
may be defined for each subregion interface as

B —T® A®i_ [wa —_gmM 8 TR )-1 Sy “_’0] A 4-29)

=i+l tln=-i+1—=0 12n-i+1=0 \ 22n—i+l=0
and

GY (7 _ QI ) YlaIve 3B _ (3 on
A —(I SZZn—)n—x'Hrn-iéI) S'.’In—-m—x'HA “TM—HIA

3 76 3 _ 173 (3) N _ (3 3y
B —rn-i+1A —rn—i+ITAn—f+lA "TBn-mA (4'30)

Hence, all the amplitude coefficients in region IV(3) may now be expressed in terms of
the single unknown coefficient A®'. Again, the transfer matrices in region IVb1 are
TO =1 and T =T =T" (4-31)

where I'™ is the reflection coefficient at port 3 with ports 1 and 2 shorted.

In summary, all the fields within the resonator region for solutions (1), (2),
and (3) can now be expressed in terms of three still unknown cocfficients in the
subregions adjacent to waveguides I, Il and III. To illustrate, the complete electric {icld
within the resonator region according to eq.(2-18) and (4-10) is written as

EIV (x, ¥ Z) - i (E(l)i + E(Z)i + E(ni) o (4_32)

i=]
where
()i _ J[zelVmi | =mIVmi mIVmi » seamlVmi( (1)
E ‘—{[er | & e, ko (2 Ci-l)])TAi-l

[

¢,]diag g
4 .+ [E}Nmi grivmi _ e::IVmi&:] dia g( {Z;:;av:m’ exp jk;;f;w“ﬁ (z —c., )])Tg‘_)_ x]} AN

it
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E(?}t {[-eIVmc -mI\'mc Mmeu ]dlag(mexp[ Ae mIVrm( )])Tf:r)
[ eIVmi | —mlVmi _ ml\'nuu ]dzag(-\/’z;—:;'mexp[jk‘ mIVrm )])Tg)]}B(")n

E® = {[“M" | &7 + e ]dmg(«JZ‘ IV GXD[ Fegt ™ (7= By )])'Tgn)-m +
4-33)

+ [e’m' I e"‘m" ”‘m" dzag(J Zemive exp[ JKS ”‘m' -5 _in ]) Tf}_m}A(”’

P.q

The transverse components of the mode functions are given in eqs.(4-12) and (4-26) and
the longitudinal components are

e;“'"“=-ﬂc—”;m—_\yq ™ and e = kam, Qoo (4-34)

It is now possible using egs.(4-33) to match the electric tangeniial fields at the interfaces
z=0,¢, and y=5, between waveguides I, II, and III and the discontinuity-distorted
resonator region IV. Expressions for the magnetic fields will be presented and matched
subsequent to completing the electric field.

The field continuity condition at z = 0 for the tangential electric 2ld is

Bl =EY =3 (B + B+ B0

R =SB R o
—
"'Ex.y

It is important to observe that, as a consequence of the-choice of solutions (1), (2) and (3),
ouly one single term remains in the summation over the subregions. The value of the
electric field is zero at z=0 for the regions corresponding to solutions (2) and (3).
Applying the matching equation for the electric fields in egs.(4-4) and (4-33), as well as
orthogonality, and integrating over S' yielcfs the following relationship between the
amplitude coefficients in waveg;)ide I and the resonator region:

g

AW = (14T (A +BY). (4-36)

Similarly, equating the electric fields at z=c, and y =5,
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E7,=EJ and E(,=E() (437)
the resulting relations are

B = (1+T%)" (4% + BY)

. : (4-38)
BV =(1+T™) (A™ +B™)

Using eq.(4-36) and eqs.(4-38) the magnetic fields in the resonator region may be
completely expressed in terms of the amplitude coefficients in waveguides I, I, and III:

B" (x,y,2)= j(ﬁ‘“‘ +H® 4+ B) (4-39)
i=1 ——
where
H(l)l {[hewmx +heIme A: | E;Nmijdiag(\[}mexp[ A’ mIme : Ci-l)])Tﬂg—l
- [ﬁ;.w“‘i o akel Il—I?w“’j:diag( Y;’;Nm‘ exp jk"' V(7 — _JDT‘,}?_I]}MI(AI; BI)

A = {[B;Nmi + pvoig_| B;Nmi: dia g( Y‘ Vi exp B c‘.)]

— [B;Nmi _k:cIVm:'&: ] Hr;lvmi:dlag( Ye mIVmi exp[ ke mIVm: ~ —c. )])Tg)]}MII(AH +BH)

B _.{t;lewm heIVb:" hmwm] di ag( \[T exp[ k;;;mx )]) ¢

R -, | g YT e -, T (4
(4-40)

o

and where
M'=(1-TY", M'=(1-1%)", M%=(1-T%)", (@41

and the longitudinal components of the mode functions are
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4\eIVmi ~yeIVbi
kK k-
heIVm:' - ( ‘)p . q_,ervm' and h;;vm = 7> ( )

-kcIme V4

eIVbx
% —m ¥ » 4-42)

The transverse components of the mode functions are given in egs.(4-12) and (4-26).

Matching the magnetic fields at the interfaces between waveguides I, II
and III with the discontinuity-distorted resonator region IV relates the amplitude

cocfficients to yield the desired modal scattering matrix of the T-junction. The continuity
equations at z=0,c, and y =}, for the tangential magnetic fields are

L, =B = 3 (B B+ )

o atz=0 (@43)
- S A
i=l
B = A0 +ﬁi””+21—1(3)‘}atz=c" (@-44)
and
Bz, =0 S A By, o
i=l i=l

which, when integrated over S, S¥,and S™ respectively, and employing the principles
of orthogonality, result in the matrix equation

I -I- (I - FI)MI —(Uf’ng - Ug>ng)Mn _yOpT] —B_I_
_(fol )TE\I:-I -uOT® )MI 1+ (I _T¢ )Mn _yTrapym En_ —
__Vm‘(UMI _VIII-(Z)MII I + (I _ rm )Mm Bm
- \ng! 2)p(2) 2)r(2) \n gl 1.3 m'_ 1 (4-46)
~I+(I-TOM' | HUPTE - UP TS )M VoM™ AT
HUPTD, -UpT5, )M - (1-T° )M VEEMT | AL
vEOM! VEOME | 1-(1-T¥)M" | A"

where
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Uy = dzag(exp —jkSm ™ (e, =, )])
oY = dzag(exp + JKY™ (e, = ey )D
U = dlag(exp + jk;f':vmlcx])

0 = dagfore

30

(4-47)

The matrices V in eq.(4-46) contain the coupling matrices for the T-junction and arc of

the form

n
1-(3) - +yr1-(3inp(3) =y r1-(3}n(3)
v h Z( K TBn- — KT l-l+1)

i=l

o-(3y _ +yr 1-(3)irps(3} = H-(3)imn(3)
Y 2( K TBI:-M- K TM—:‘+1)

i=1

"
vm-(l) - 2(*1{[1!-(1):!1*5\1])_ -KIII -{1)i T(l,)_;)

i=l

n
: e o
yIre o Z(+Km @i@_-KgT (Z)T(uz;))

i=]

These coupling matrices are, for ¢ =1, I

tyr0-(3)  Epev(3)

£ 03 = Ky Kp
spr8-(3)  2pr9-(3
KZI( ) Kn( }

where

:Kzﬂl’;:) _\/F\/—Wﬂs., hrp (hTI;Ibx +hem:u )exp('*'ﬂ‘em‘[ b(")‘])d |

R T Bl -8, )
K% = (27T ([ B (R £ 1, Yexp(F Ry~ oy ds
_K:: (3), _._\/?U_ }leV’ox 'U hm} hmIVbl exp(;jk;;IVhi[y_ b(x))i]) d

and for v=1,2

(4-48)

(4-49)

(4-50)
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K- , S I-(v)
e ll(v) _ 12
K l: IO TKE 4-51)

where

Ky = BT [ (R 21 Jorp(F0 e ])
RN = 2T B R exp( e - )
K =TT [[ LB (h‘”““+h"""“ Jexp(Fik 2= c]) ds
K =TT ([ R R gl e ] s

and the subscripts on & and c¢ are the coordinate shifts for each region. In an interesting
aside, it may be noted that the submatrices in egs.(4-49) and (4-51) cover all the possible
combinations of modal coupling, i.e., TE-TE, TE-TM, TM-TE, and TM-TM.

(4-52)

»

The scattering matrix has now been determined for the discontinuity
distorted T-junction and is given by eq.(4-46), which can, of course, be solved by simple
inversion; however, computation efficiency can best be served by another approach,
namely, applying the algorithm in Appendix C. This algorithm minimizes the largest
matrix to be inverted to one third the size of the matrix in eq.(4-46) by solving the
submatrices individually.

Now it is possible to address the two points deferred earlier in this section.
First, the formulation can be demonstrated to accommodate discontinuities with
variations along the x-axis. The incorporation of such a discontinuity is accomplished by
applying either the transverse resonance method or the standing wave formulation (both
described in Chapter 3) to determine its scattering matrix. The formulation follows as
above=with the possibility now of a subregion in IV being further subdivided and
producing an internal summation of its own. Second, with regard to the condition
requiring that adjacent subregions to connecting waveguides have the same Cross-
scctional dimensions, in configurations where discontinuities appear in an aperture, the
problem may be addressed by the insertion of the required subregion and the
mathematical reduction of its length to zero.
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4.3. T-J UNCTION WITH STEPPED RESONATOR REGION

This section now explores a T-junction with stepped resonator region.
Because of the geometry of the structure with its subdivided resonator region, as depicted
in Figure 4.3, the theory can be somewhat simplified. First, the junction has no variation
to the x-coordinate throughout the resonator region and connccting waveguidcs,
Therefore, the eigenfunctions with x-dependence in waveguides I, I, and III, as well as in
all subregions within the stepped resonator region, are cqual. The steps cither ascend or
descend along a coordinate axis; therefore, all discontinuities within the resonator region
are single-plane steps, either in the y-coordinate or in the z-coordinate, and their
scattering matrices may be calculated as in Section 2.2. Finally, it is noted that there is a
single subregion in IV(3) connected to waveguide II that reduces the number of coupling
matrices between the two regions. What follows is a derivation of the formula as
presented in the foregoing Section 4.2 with the appropriatc mathematical alterations to {it
the requirements of this specific configuration.

b
y Y
. ew. 5. moAT| {B" by
21 TV E T T Ee—Al T | (o
I '§| | E 2z | B IEIE:H 1 Vbl 20
T BTz 12T gt b
— | | N VU | “acl
AL l—t—b_ —
: [ ] e ‘ 'bn—lo‘.’
: : : : i I IVbi-1 l
: ' | | - b 2l —— “Dn-iny
1 | o
v : ! IVbi
BI N t b fmm——— Dt
R R B IVbi+l
E I L -bia - ——= ' “Bere
' N - = b
[ lF/bn
ll T y T T T T — Z ’ Y T v 4 T Z
0 G Cizx € G Cist Cnt Cn 0 o Caei Cnatsl Caote2 Caey Ca
(a) (b)

FIGURE 4.8 Subdivision assignment for the E-plane T-junction stepped resonator
region: (a) subregions for solutions (1) and (2); (b) subregions for solution (3).
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Beginning with the calculation of the scattcring matrices within the
resonator region, the cross-section functions in each subregion arc

v, y) = O SOSKe T COSKL Ty —b)
rn (X5 "o oJ1+6, J1+4,, (4-53)
YVl (x, y) = Do sinkDx sinko ™(y - b,_,)

and
- : cOSk’ x coskT™,
d)eIVbx X, = Cl‘v’bx o . &
- (03)= Coy J1+8,. 146,
OrIVe (x,y)= DN sin k7 x sinkl 'z (4-54)
where
ean mu e, mIVmi nr e,mVmi nw
k., =—, k,, = , kK, =—, 4-55)
a ’ b,~b., Cpmivl

and where the indices m, n =0, 1,2, .. ., (m =n =0 excepted). The modes arc ordered in
~“increasing cut-off frequencies, as m,n— p, m,n-»q. Notice, as required by the
formulation, the cross-section functions of waveguide I are equal to that of subrcgion
IVm1. Similarly, this holds true for the cross-section functions in waveguides II and I1I
being equal to that of subregions IVm~n and IVb1, respectively.

For solutions (1) and (2), the scattering matrices

g Sill)i Isslz)i AW
[ Amm] =[S£11)i l Sar | gois az=c,y (4-56)

at the interfaces z =, for i =1,2,...,n~1 within the stepped resonator rcgion arc found
by egs.(2-14) to (2-16). The elements of the coupling matrices in c¢q.(2-16) arc

M;;e= _\[Y:Vmi \/Z;rvmm C‘l,VnﬁC;VmiH[ rApap 14] 4-57)

Pgpe PeT pe

where
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and

where

and

where

Jl

P‘f

I’?

{ + ba : elVmi : elVmi+l /-
I =k k™ lj sink? ™y —b,_, ) sink;, ™y~ b,) dy

m—e
MP‘I

1
Jpo =
o =

J =

4
JP?

m=m
M,

I, =
Jo =

= k)r;IVmi jlﬁ.’ cos kv (y ~b. )

ei g ei+] ) s oo foeit]
=k"k J'smkxpxmnkxq xdx

xp "x¢

J cosk™(y ~b,,) cosksy ™ (y~b,) dy
b,

\/17 Jivs.,

J-u coskix r:osl»“+x
\/1+5 \/l-i-&,‘r

n-tel

mIVmi eIVmi TVmi ~IVmi+] t g2 3
=‘\}Yp ‘\}Zq “Dp Cq [ JPquq +Jpq‘]pf

Oskewl

Wd"

. PR
k"“J'cosL""
P Jo

)q netel

LeH-lJ- Sln lex an Lrt+lx dx

cosk ™ (y — 1)

b P SN v

- mlVmi mIVmi+l {IVmi mIVmisl| g1 72 3
- \)Yp \) Zq Dp Dq [ijpq"']pq‘].vq

L;;‘,'L;:’I'“j cosk x cos k;:"“x dx

SnKEY(y =B, sk (y =) dy

]

(2 skl s

dy

]

84

(4-58)

(4-59)

4-60)

(4-61)
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3 P i o gmitl
Jm—josmkxpxSmLW xdx

. . D, .
4 _ p.mIVmip mlVmi+l { *  mIVmi  mlVmisl f R
TR ki e L coskp ™ (y—b,_,) coskI Y™y ~b,) dy

A-iot

(4-62)

Furthermore, since the discontinuities within region IV(3) arc also single planc steps, the
scattering matrices at the interfaces within the region are determined from the coupling
matrices of the same form as presented above in egs.(4-57) to (4-62) with the cxception
of the appropriate interchange y = z. Having determined these scattering matrices, the
reflection coefficients may be calculated along with the required transfer matrices at cach
subregion interface as defined in the previous section [cf. eqs.(4-16), (4-22) and (4-29)).
It is now possible to write the field expressions within region IV in terms of three
unknown coefficients and they are of the form seen in e¢gs.(4-33) and cqgs.(4-40).

Applying the continuity equations for the tangential electromagnetic fields
at each aperture produces an overall matrix ~quation for the stepped T-junction following
the model of eq.(4-46). For this configuration the matrices V are similar to egs.(4-48)
with the difference that the coupling between waveguide II and region IV(3) is reduced to
a single term summation, since there is only one subregion in IV(3) adjacent to

waveguide II (cf. Figure 4.8). That is, for the coupling between regions IV(3) and I, the
matrix V reads

VIO g UG- peti-3) (4-63)

Hence, referring to eqgs.(4-49) and (4-51), the coupling matrices for ¥ = LI arc

K30 = |77 [y cocivi cos(ky” icw))[ﬂ YN

llpg Pq” pa rere
;fl+50q
2y 0-(3N of mIVb: IVbip mIVbi _mIVbi S 46
KOO = \[79 | [yr™ 2 DIV cos(kz™ic,, (=75, 7%,)

k elVbi

Kin' =2 1D @5:0))[&1;2 1. 00]

K =2 YT D) DK cos(Ka e, =S50 5] (4-64)
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where

xp'Txq

7, =k3 k"v"’jsin k;,’;x sin k:;v'“x dx

LCME

l

thbl-[ COSA. x COoS "
Py
J1+6,,

=k fsm kx sin ko™ x dx

= L"’M"Jsm L”jx sin k:inx dx J3
eIVbi
L= A”" cosL””x ——dx JP°=
N
Ty = [sinkx sink["x dx Jz

1]

and where ¢ ;=0,c, and w=n-i.

resonator region, the equations for v=1,2 are

"J:‘ cos l\wy

ﬂs.q

86

exp * ﬂ-.‘M" (y b, ))d

1/1 5,

beuy

jsm k2y exp(-i- JA‘N *(y~b,. ))a’y

t[Vbl

I COSLypy_ exp +katvm(

~ By )dy

b,

wel

"" I cosky exp(—t- jA'Wb‘ (y-b.., ))d
b
b,

el

—*}m- [ sin &7y exp(F ks {y — b ) )dy
A)“'] b,

vol

jcosk o yexp(+ j»("’m‘(y il ))
(4-65)-

For coupling between waveguide III and the

Lcwmr b
e = T Cpep e b e g )

.\{I+ 8aq

zKllil‘.’flv)i - ,Z;m ,Y:[er CIIIDW!mLmIVrru Cosk"’wm’ (b ~b., )[ngjf}q]

£l (v)i _WWDUICNW COSI‘ENmI(b - b, )[ R +p Jm]
2 pg ‘\/1+50q pa¥pe — Y pq” pg

tK‘EEP(qv)u — ’Zm[ll ’YmIVm: DIIIDNxmLmIVmi coskml\'m:(b b,_[)[

where

elll j eIVm: i Jelll s . eIVmi
JUo= kU Js1nk:;,xs1nkxq x dx J

Pq xp Xy

4

7, eIVrm ,[ cos k‘mx cosky ™

\/—+ 0g

: kewmz

(4-66)
A ]

Pq Pq

L elll

J.j/c%sToexp(ﬂL‘w (- c(.,)))dz
P

. Jsm L;m:exp(¢ kv (z - c(v)))dz

€ia1
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a A . . — Coskrlll Ve
I = k:pmj;sm kM xsin k™ x dx J = qj'lmcxp(ﬁ» 2= e )z
Jl = kj;v’“ij'sin koS xsinkg, ™x dx L =k Jcos L"‘“‘-exp(-f- kG ™z =c,, )))a'~
[ Gint
m 2\l mia m COSk.:NmI 1 1 : m - e IV
Ty =K cosky X ATg A In T FJ ,Sm"v"‘:cxp(ﬂk:i“ (2= 6o
I = Jsin koBxsinkl x dx I =k jcosk"‘,’“-cxp(-*— ﬂ.’“w’“‘( - c(v)))a'~
0 €
(4-67)

and the subscripts of care (I)=i~1 and (2) =1.

These coupling matrices can now be introduced into the general algorithm
presented in Appendix C which will solve for the generalized scattering matrix of the T-
junction with stepped resonator region. Because the junction is lossless and reciprocal,
this scattering matrix is symmetric and orthogonal. Again, the algorithms found in
Appendix A are all applicable to this scattering matrix.

4.4. WAVEGUIDE CORNERS

This section presents a confirmation of the approach outlined above in the
stepped T-junction by its application to waveguide corners. As indicated carlier, the
waveguide corner may be treated theoretically in the same fashion as a T-junction with
one short circuited port. That is, waveguide II in Figure 4.3 is short circuited at z=¢c,
and the resulting structure, shown in Figure 4.9, is the discontinuity-distorted waveguide
corner. The straight miter configuration in this discussion is approximated by a scrics of
steps.

Placing a short circuit on the opening of port 2 of the T-junction, the
scattering matrix of a stepped T-junction is converted to that of a stepped waveguide
comner. In Figure 4.3 with B® = —A" at z=c,, the scattering matrix S° for the corner is
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B' | _[s; |si [A”

BIII s;] S;: AI[I
- Su_stz(l'*'szz)-lszl 15,3—812(1-*-532)”15:3 i[_
Ssx‘ssz(l'*'szz)-lszl 533—832(14-822)_1823 A

(4-68)

With twenty-five modes and a five-step approximation of a straight miter, the calculation
of the entire generalized scattering matrix takes about one minute per frequency point on
an IBM RISC 6000/530 workstation.

(a) (b)

FIGURE 4.9 Structure of a waveguide corner: (a) end view; (b) side view
(cf. Figure 1.3(a) for a three-dimensional view of the corner).

The major goal in a waveguide bend design is the maintenance of a
specified return loss over a wide bandwidth. In addition, space requirements and
inscrtion loss specifications may necessitatc a reduction in size and refinement of the
design. Clearly, in the literature, straight mitered corners have consistently demonstrated
themselves to be the most effective in meeting all of these objectives. It should be noted,
therefore, that the theory here presented is applied to the straight mitered corner not as an
alternate method of analysis, but rather, to demonstrate the accuracy of the formulation.
However, in a paper by Carle [106], satisfying return loss has been achieved in a 90°
corner by using waveguide steps as a lead to the resonator region. This configuration



CHAPTER 4: Discontinuity-Distorted T- Junction Y

strongly lends itself to analysis by this theory. Using this formulation, the analysis can be
accomplished even when moving the steps into the resonator region, and this could result
in a significant reduction in size to the waveguide bend.

In Section 4.4.1, the published measurements of a dual-mode mitered
square waveguide corner are compared to the calculated response of a step miter
approximation computed by this formulation. Using thc example of a mitered 180°
waveguide bend, Section 4.4.2 demonstrates that the scattering parameters computed by
this theory conform well to results previously calculated by other numerical techniques.

44.1. 90° Waveguide Corners

The step convergence analysis of an E-plane dual modc square waveguide
90° comer, assuming a staircase approximation of the straight mitered steucture published
by Park et al. [107], is presented in Figure 4.10. Close agreement with these results is
obtained by using a twelve step approximation of the mitered corner. A similar
investigation regarding the number of modes for a constant number of steps reveals that
the consideration of 20 to 25 modes in the theoretical model is sufficient.

Figure 4.10(a) shows the results for a TE1g-mode (E-plane) cxcitation,
The resonance effect, occurring here at approximately 9 GHz, is frequently encountered
in numerical modeling of the E-plane square waveguide, and appears slightly below
TE11-mode cut-off frequency, for example [108]. For the H-plane (TEgi-mode
excitation) in Figure 4.10(b), such resonances do not occur because of the vanishing
electric field tangential to the miter beriidary. However, this case requires the inclusion
of a higher number of modes (up to 35) to satisfy this boundary condition; furthcrmore,
up to fifteen steps must be used to approximate the straight miter. The results in Figure
4.10(b) differ from those presented in [107], because a higher frequency dependence will
always be exhibited from a stepped mitered corner for the TEgj-mode polarization than
from a straight mitered corner.



CHAPTER 4: Discontinuity-Distorted T- Junction

50

40+

30+

retum loss (d8)

20+

104

o]

— 12 steps|
w9 steps
- = ©Gsteps
3 steps
A [107]

7.0

:

7.5

T
8.0

T
8.5

T
8.0

frequency {GH2)
(a)

9.5

return loss {dB)

90
20
— 15 steps
- 12 steps|
18 - « = Gsteps
& steps
10+
8- —
E
6 1 T i i
7.0 75. 8.0 8.5 8.0 9.5
frequency (GHz)
(b)

FIGURE 4.10 Input return loss of a mitered E-plane corner. Approximation of miter by
increasing the number of steps. (a) TEjg-mode. (b) TEpj-mode. Dimensions {(mm):

a=b =b,=22.86, Ay=0.0, Az=5.08, and 8=45.0° (¢f. Figure 4.9).
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As pointed out by Park [107], a change in the miter dimension also
enables the H-plane return loss to peak within the fundamental-mode frequency range of
the two orthogonal polarizations. This is demonstrated in Figurc 4.11, showing again
good agreement with the data provided. Here, twenty-two steps were uscd o

approximate the straight mitered corner, again because of higher frequency dependence
for this polarization.

50—

40—

return loss (dB)
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FIGURE 4.11 Ingi: return loss of a mitered H-plane corner with 22-step approximation.

Dimensions{mm): a=b =b,=22.86, Ay=0.0, Az=6.55, and 6 =45.0° (cf. Figure
4.9).

442, 180° Waveguide Corners

As a final example, the advantage of this model, i.e., the fact that the
generalized scattering matrix of the discontinuity-distorted waveguidc corner is
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calculated instead of only the fundamental-mode scattering parameters. becomes obvious
when other components are connected in close proximity to the corner, such as in the case
of the 180° bend shown in Figure 4.12. Since the interactions of the higher order modes

between the two 90° corners are rigorously taken into account, satisfactory agreement
with the finite-clement analysis is obtained.
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FIGURE 4.12 Comparison of this theory (five-step miter approximation) with the finite
element analysis at a 180° E-plane bend {69]. Dimensions (mm): a=19.05, b =5.08,

b, =4.826, Ay=0.0, Az=0.659, 8=45.0° and s=6.096 (cf. Figure 4.9).

4.5. COMPONENT DESIGN

In order to demonstrate its effectiveness, the formulation is used in this
scction to design two different components. First the mathematical theory is applied to
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develop computer-aided design routines for the optimization of conventional power
divider configurations. Next, the same is applied in the case of the orthomode transducer.

4.5.1. Power Divider

There are many types of power dividers that have been matched to a
variety of different applications. Of interest to this discussion is direct power splitting by
E-plane T-junctions. The typical power divider of this type consists of a conjunctior: of
three waveguides forming an asymmetrical T, the power typically entering through onc
port and being divided through the T-junction. Typically, in this type of component, the
only flexibility the designer has available for optimization to achicve cqual power
division has been the height of the waveguide itself. The width is gencrally kept constant
throughout the component to maintain an identical fundamental-mode cutoff [requency in
the adjoining waveguides. This type of division has been studied and prescnted by Arndt
et al. in [75], and the designs, which will be optimized by the introduction of steps within
the resonator region, are drawn from his work. The geometric structure of such a stcppcd-
power divider, where the steps are represented by an inclined surface at an angle 6, is
shown in Figure 4.13.

(a) (b)

FIGURE 4.13 Structure of a compact E-plane T-jur;ction power divider: (a} end view;
(b) side view (cf. Figure 1.5(b) for a three-dimensional view of the divider).
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A simple single step power divider as discussed in [75] has been
recalculated using the formulation from Section 4.3. To allow compactness of design, the
single waveguide step in this divider was placed within the aperture of port 2. Arndt
optimized the various waveguide heights in an algorithm which cascaded the scattering
matrix of two simple E-plane discontinuities, a T-junction, and a waveguide step (as
calculated in Chapter 2). This presentation analyzes the same configuration by placing
the step within the resonator region and mathematically reducing its distance from the
aperture to zero, as described at the end of Section 4.2. It is clear from Figure 4.14 that
excellent agreement between the results of these two methods exists. This figure also
shows the response curves which result when the step is moved to two different
coordinates within the resonator region. No significant improvement seems to be
achieved, but rather some deterioration can be noted.

When, however, five steps instead of the single one, are intreduced into
the resonator region, improvements in bandwidth as well as a more desirable division of.
power are achieved, as depicted in Figure 4.15. This power divider maintains a return
loss of better than 22 dB compared to 17 dB in [75] for the frequency range 10 - 15 GHz.
A power division within +0.9 and -0.6 dB is obtained over the entire frequency range
compared to the respective values of +1.3 and -0.8 dB. The steps in the resonator region,
which are all of equal width and approximate an 18.5° incline (cf. Figure 4.13), were
optimized using twenty-five modes. It should be noted that optimization was performed
only for the steps and not for the height of the connecting waveguides. Computation time
is approximately the same as found in the calculation of the waveguide corner.

If the waveguide heights are also optimized, the previous design may be
modified to achieve a crossover in the coupling between input and output ports within the
responsc band (cf. Figure 4.16). At a frequency of 12 GHz, 3 dB power division is
accomplished with a return loss of greater than 27 dB. However, in comparison to Figure
4.15, the response deterioration is greater at the band limits.
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FIGURE 4.14 Comparison of this theory with [75] for a simple E-plane T-junction power
divider and the effect of moving the step into the resonator region: (a) return loss; (b)
insertion loss. Dimensions (mm): a=2b =15.79%, b,=4.41 b,=4.38, Ay=b—b,

and 6 =0° (cf. Figure 4.13).
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FIGURE 4.15 Performance comparison of a single step E-plane T-junction power divider

as in {75] with that of a five step where Ay =Az=0.0 and 8 =18.5°: (a) return loss; (b)
insertion loss. Waveguide dimensions as in Figure 4.14.
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FIGURE 4.16 Response of a five step E-plane T-junction power divider achieving a 3 dB
crossover for the insertion loss within the performance band: (a) return loss; (b)

insertion loss. Dimensions (mm): a=12b,=4b,=15.799, b, =4.38, Ay=4A2=0.0 and
8 =18.5° (cf. Figure 4.13). ’

4.5.2. Orthomode Transducer

Orthomode transducers are generally used as antenna feed componcents to
receive and separate waves of different polarizations. They arc also used when either
switchable polarization, or a common feed for both transmission and reception, is
required. Examples include the junction formed by a connection between a circular and
two rectangular waveguides to utilize simultaneously right-hand/left-hand circular and/or
horizontal/vertical linear polarizations. A second example is the junction of two
rectangular waveguides situated perpendicular and orthogonal to each other and
connecting to a square waveguide, see Figure 1.5(c), where the primary purposc of this
transducer is to separate/excite the ox:;hogonal dominant modes (TEjg-mode and TEq)-

:’j“
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mode) in the square waveguide by output/input from the adjoining waveguides. This
latter configuration is the one that is of interest here.

Very little computer-aided design for orthomode transducers has been
published thus far in the literature, mostly due to the complicated configuration of these
components and the complexity of the calculations required. Most designs to date rely
heavily on empirical design formula and procedures. The approximate nature of a typical
design procedure is made clear in [109] where a compact orthomode transducer has been
designed for Ku-band rectangular waveguide input and circular waveguide output.
Another example of this type of design method can be found in [110].

In [46] can be seen a still rare example of computer-aided design for an
orthomode transducer that incorporates E-plane steps to reduce the square waveguide to a
rectangular waveguide as well as a simple septum matching element. This design is
clearly a prototype which will require a great deal of refinement before it can reach a
useful state. It must be noted that the steps used in this design are outside the resonator
region and that this is necessitated by the numerical model employed.

One of these empirical designs employs a linear double taper waveguide
for the straight through arm, and the side arm is coupled to the square waveguide with a
resonant iris opposite the slope face of the taper. The position of the side arm is then
adjusted to obtain the most desirable impedance characteristics over the design bandwidth
and matched with an inductive iris [110]. Figure 4.17 shows this design with its
dimensions. Applying the new approach presented here, steps are introduced to
approximate the double taper. The width-expanding taper, found in the straight through
waveguide, is approximated by steps solely outside the resonator region, while for the
height-reducing taper, steps are positioned both inside and outside this region. Figure
4.18 shows the agreement between the numerical model and the experimental results. It
may be noted that a calculation of such a complex configuration using the port reflection
coefficient method [105] becomes difficult to carry out because of the large number of
discontinuities encountered on all coordinate planes both inside and outside the resonator
region. With 25 modes in each of the subregions, the computation of this structure
requires 20 minutes of CPU time per frequency point on an IBM RISC 60007530
workstation. The maximum time required for other structures might be estimated from
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this value as the CPU time depends -- as a rough first-order approximation -- linearly on
the number of steps in the junction region.

SYMMETRICAL RESONANT RIS
WIDTH 19.8 AND HEIGHT 5.3

AL T“ A
A3 —- — 2e-[— F — — — :xs_s—f
\'—"’;_
S — -
port3
| r-‘—s.l
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| T 1oxsmucx
LENGTH 1.3 194
S [ i
T po— 179.3 — p0n2 :;.-6
r 27—
T po—nl/— .
SECTION A-A

ALL DIMENSIONS IN MM

FIGURE 4.17 Configuration and dimensions of a double taper orthomode transducer.

When the compact orthomode transducer design, seen in Figure 4.19, is
optimized by varying the heights and lengths of the steps within the resonator region, the
response curve shown in Figure 4.20, similar to that of the computer-aided design in [46],
is obtained. Both of these are composed of a 15.798 mm square waveguide input port to
facilitate the excitation of both orthogonal TE 19 and TEg; modes simultaneously in the
output waveguides. The TE1g mode is transmitted to port 2 of the straight through arm,
whereas the TEg1 mode is coupled to port 3 of the side arm which is mounted
perpendicular and orthogonal. The advantage of this design is in its size, being almost 60
percent shorter.

Improving upon this compact stepped orthomode transducer design by
adding a resonant iris (double-plane step) at the aperture of port 3, results in the response
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depicted in Figure 4.21. More than 20 dB return loss may be achieved over the
bandwidth of the component by this addition. Also shown in the figure, for comparison
(dashed lines), is the outcome of a return-loss calculation, which considers only the
fundamental-mode scattering matrix of the junction for the connection to the iris
discontinuity in the branching waveguide, while maintaining full generalized scattering
matrix operation throughout all other computations. This corresponds to the scenario of
calculating the discontinuity-distorted T-junction by a port reflection coefficient method
involving shorting planes. The large discrepancies (of up to 10 dB) between these two
approaches clearly demonstrates, first, the advantage of, and necessity for, the new
generalized scattering matrix formulation presented here and, second, the limitations of
* the port reflection coefficient method.

3.0
—— Tk4g-this method
=«= TEpy-this method
+ TEyp-[7]
x TEq-{7]
2.5
x
. |
> 2.0
>
1.5+
1.0
7 1

frequency (GHz)

FIGURE 4.18 VSWR of rectangular waveguide orthomode transducer [110].
Dimensions in Figure 4.17.
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FIGURE 4.19 Compact orthomode transducer with resonant iris:
(a} end view; (b) side view.
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FIGURE 4.20 Performance of an optimized five step compact orthomode transducer
without a resonant iris. Return loss and insertion loss for (a} TE jg polarization; (b) TEp;

polarization. Dimensions (mm): a, =2a,=b, =2b, =b;=15.798 and Ay =Az=0.0.
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FIGURE 4.21 Performance of an optimized five step compact orthomode transducer with
a resonant iris. This formulation including higher order modes at the interfaces (solid
and dotted lines), fundamental-mode scattering matrix for junction (dashed lines).
Return loss and insertion loss for (a) TEjg polarization; (b) TEp; polarization.
Dimensions (mm): a, =2a;=b =2b, =b; =15.798, a'=5.924, b'=11.849, [=10 and

Ay=Az=0.0 (cf. Figure 4.19).
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. CONCLUSIONS

The goal of this research has been to provide a significant contribution to
the development of accurate computer-aided analysis and design of original and
innovative components constructed in the all-metal nonstandard rectangular waveguide
technology for microwave and satellite communication systems. The avenue pursued 1o
accomplish this end has been the mode-matching method because of its flexibility and
particular suitability to the rectangular waveguide medium, and the facile 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 what has
been termed here as the 'building block' elemental approach; that is, the deliberate
analysis of smaller discrete discontinuities and the cascading or combining of these into
eventual component designs. Hence, the emphasis has been upon the mathematical
description of the discontinuity in question rather than on the component as a whole.

In Chapter 1, the state of development in the field was presented as well as
a survey of areas lending themselves to possible advancement in component design. The
first such area identified for investigation was nonstandard waveguide cross-scctions
selected for their enhanced propagation characteristics. A second arca was the
introduction of discontinuities into the resonator regions of multi-ports because of its
promising potential in achieving greater compactness with improved performance.

Chapter 2 then reviewed two standard discontinuities, namely, the double-
plane step and the E-plane T-junction solved by the mode-matching method. This was to
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form the foundation for an understanding of the unconventional discontinuities to be
examined later.

One of the core discussions of this work occurs in Chapter 3, in which the
rectangular-to-T-septum waveguide discontinuity was considered. To solve first for the
propagation characteristics, two standard field analysis techniques were applied, namely
the transverse resonance methed and the standing wave formulation. It was demonstrated
that a singular value decomposition method applied to the standing wave formulation
improves the accuracy and reliability of the field-matching analysis in a T-septum
waveguide cross-section. This technique eliminates the disadvantages of poles in the
system determinant function and the need to determine the position of a zero in the
occurrence of an extremely steep gradient. Close agreement with the theoretical data and
direct measurements, both available from the literature, was obtained for the propagation
characteristics of the T-septum waveguide. Having calculated these characteristics, this
cross-sectional analysis was then applied to a rectangular-to-T-septum waveguide
discontinuity.

The theoretical treatment of the T-septum waveguide mode-matching
method forms a powerful tool for the computer-aided design of evanescent-mode filter
applications. Through the incorporation of higher-order mode interactions, the proposed
model provides design data that are in close agreement with experimental results from the
testing of a 10 GHz X-band filter prototype. The broadband characteristics of the T-
septum waveguide make it possible, first, to improve stopband behaviour compared t0
common evanescent-mode configurations and, second, to reduce considerably the size of
the filter. The length of the three-resonator prototype is approximately one third of the
guide's wavelength at the midband frequency. Other design data are given for the X- and
Ka- bands. This technology was applied to a transformer and a typical design presented,
thus demonstrating the applicability of the formulation to a T-septum-to-T-septum
waveguide discontinuity.

The design of an integrated T-septum waveguide diplexer incorporating
the E-plane T-junction followed. By employing the advantages of T-septum evanescent
filter structures and reduced height waveguide technology, an extremely small
component, which is ideally suited for compact front end applications, was designed and

e T
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a prototype constructed. The design procedure was based on separate channel filter
design and a final optimization including all relevant parameters to improve the input
return loss performance. Excellent performance was observed with respect to stopband
characteristics in the higher frequencies. In both prototypes, a high dispersion loss was
measured in the passbands of the filter responses. It was determined that this loss is
largely attributable to the abrupt conjunction of the miniaturized T-septum filter scgments
with the larger input/output X-band waveguides and could be reduced by engincering a
better transition between the two technologies.

In Chapter 4, the mathematical approach described for two-port junctions
formed by waveguides of nonstandard cross-section was extended to multi-ports with
nonstandard resonator regions. The basic building block introduced was the T-junction
with a resonator region distorted by discontinuities. An approach recently proposed in
the literature, in which the scattering parameters of the multi-port junction are obtained
through experiments conducted using shorted ports, was determined to be inadequate for
this work because, by definition, it produces only the fundamental-mode matrix. A new
formulation, which applied superposition to the non-homogeneous boundary conditions
of the resonator region toward a solution of the Helmholtz equation, was then proposcd
for determining the full-wave scattering matrix of the discontinuity-distorted T-junction.
Since the discontinuities within the resonator region are rigorously taken into account and
their influences are transformed to the apertures of the T-junction, the gencralized
scattering matrix -- as opposed to hitherto known fundamental-mode parameters -- can be
calculated. The formulation was applied to a T-junction with step discontinuitics placed
within its resonator region and, having obtained its scattering matrix, the discontinuity
could then be used as one of several basic building blocks in the design of various
components.

As a first demonstration of the validity of the approach, the generalized
scattering matrix of the T-junction was appropriately modified to yield that of a 90°
comer. Using a stepped approximation for a straight miter, the results of this formulation
are compared with the measurements of a 90° waveguide bend and with the responsc
calculated for an 180° bend using the finite-element method. The results are in close
agreement with data from the literature.
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Subsequent to this, the T-junction with a stepped resonator region was
introduced as a basic building block discontinuity into two component design examples,
namely, the power divider and the orthomode transducer. In the case of the power
divider, the recalculation of a known single-step example showed excellent agreement.
Multiple steps were then introduced into the resonator region and resulted in a significant
improvement in the response of the component. A similar process was carried out for an
orthomode transducer. Again a known example, with more than twenty discontinuities
present inside and outside the resonator region, was recalculated producing good
agrecment, further demonstrating the complexity of problem to which the formulation
can be applied. Using the stepped resonator region T-junction, two new designs of an
orthomode transducer were produced, one with, and one without, a resonant iris in the
side arm. The response calculated for the one without the iris was comparable to that of a
previously published and known design but had the advantage of being less than half the
length. Introducing a resenant iris into the side arm resulted in a further advantage by
producing a significant improvement in the response band.

These results sufficiently demonstrate that a significant contribution to the
computer-aided design of components in rectangular waveguide technology has been
made possible by employing the formulations, in conjunction with the mode-matching
method, presented in this thesis. The foundation has been set to engender a new
discussion of nonstandard discontinuities in two-port and multi-port components, making
it possible to design a smaller and more efficient variety by employing the theoretical
approach proposed in this work.

5.2. RECOMMENDATIONS

This line of research has been pursued with deliberate attention to its
cxpandability and broader application in other areas of waveguide technology. The
formulation, or rather set of formulations, presented in this thesis are in actuality a more
cfficient mathematical means of analysis developed to facilitate computer-aided
component design. It is obvious that these formulations can indeed be extended to a wide
range of related component design problems.
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The first and most obvious proposal is to exploit the two main building
blocks presented here, namely the rectangular-to-T-septum waveguide and the T-junction
with stepped resonator region, by an exhaustive extension into all the component designs
made possible by the ability to calculate their generalized scattering matrices. For the
rectangular-to-T-septum waveguide, some examples include transiormers, low pass
filters, and other components that would take advantage of its dual mode nature, such as
polarizers. Employing the stepped resonator region, some new designs that can be
pursued, besides variations to waveguide corners, are diplexers and multiplexers.

A second recommendation is to explore the possibility of improvement to
the computer algorithm in order to achieve greater numerical stability of the formulations
and further reduce the CPU ume expended. An example of this can be seen in the casc of
the stepped resonator region in which alternate matrix descriptions, such as an ABCD or
admittance matrix, might be employed to transfer information from the intcrior
subregions to the apertures, thus possibly reducing the number of matrix inversions
necessary in the calculation.

Another area for further research might be to explore new waveguide
technologies, such as a square coaxial guide used in antenna feed networks, the antipodal
ridge guide for polarization rotation purposes, a multiple ridge guide for application in
waffle-iron filters and a plus shaped guide employed as an alternative to the rectangular
iris.

The formulation developed and applied in the thesis to the stepped T-
junction can also be used to solve for other discontinuity-distorted resonator regions, such
as the ridged E-plane T-Junction. It may be speculated that this could lead to the
development of a new class of components depending on which particular discontinuity
is in question. Finally, there is the whole area of open radiating components to which
variants of the formulation may be applied to achieve new designing algorithms for horn
antennas, active and passive waveguide radiators, and near-field obstacle compensation.
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APPENDIX A: GENERALIZED S-MATRIX METHOD

Al INTRODUCTION

The Generalized S-matrix Method is composed of a group of algorithms
that are used to cascade or combine the modal scattering matrix of two or more
discontinuities. This method incorporates all higher order mode interactions between two
discontinuities. The following sections describe the application of the method in four
distinct cases: the cascading of two two-port discontinuities, the cascading of a two-port
discontinuity followed by a homogeneous waveguide, the combining of a two-port
discontinuity with its inverse separated by a finite length of waveguide, and the
combination of a three-port discontinuity with that of a two-port. Each section will begin

with an illustration of the case in question followed by a presentation of the mathematical
formulae.

A2, TwO TWO-PORTS
AI > - ——e B¢
— | LS4t silst]| —
B' ] . —e Al

FIGURE A.1 Cascading two-port scattering matrices.
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The overall scattering matrix 1S

_B_x_ - S“ S[Z A-_I
B"| [Sy |Sz A"

(A-D
_[sh+sisiwsy | sp(1+8iwsz st [A°
siws, | Sh+Sfwsish AT
where
W =(1+8587)" (A-2)
A3 TwWO-PORT AND HOMOGENEOUS WAVEGUIDE

A! o — L L Py . ’___. Bn
Si | Sk 0 | —_—
S5 | 8% el 0 -—

Bl O P L e An

FIGURE A.2 Cascading a two-port scattering matrix with a homogeneous waveguide of
electrical length 6.

For a waveguide with the propagation along the z-Coordinate axis
EI_ _ Sll SIZ ‘il_ ]
B Sy } S» AH_J

_[sh | siu A"
US? | USEU | A"

(A-3)

where

U = diag(—jk;1)
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and the propagation constant k_ at a frequency fis given by

e.m 2
jk 1—(—-—-“’}” } when f> fomt
~kc.mn

Koy = 3 (A-4)
kq’l—( f J when f< fomt

mil .
for o

and where &, and f, are the cut-off wave number and frequency for the mode,
respectively, and k* = w’le.

A4 TWO-PORT AND ITS INVERSE STRUCTURE

o * 1
— | [Si|Ss 0 | SL Sty [T 2.
—— | [Sal8; e | 0 Shish] | -—

12 1 I
> @ A

FIGURE A.3 Scattering matrix of a two-port discontinuity and its inverse separated by
electrical length 6.

The generalized scattering matrix of the combined structure is

B']_[Su | SaTA"
sl

S, =Sy =S4 +S5U[1-SLUSL U] S5 USE
S, =S,, =S5U[I-S5US5U]'s%,

where

(A-6)

and where

YA
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U= diag(- 'k;f;nl) A7)

The propagation constants k. are given in eq.(A-4).

AS. TwO-PORT AND THREE-PORT
Aml IB“‘
1
A SL | st ¢ Sy [Sh|Si| P B
E3E silsilss| |
B' ¢ Sy |85 | 85, ¢ AT
FIGURE A.4 Cascading a two-port scattering matrix with that of a three-port.
The generalized scattering matrix of a two-port connected to port 1 of a
three-port is
__Bi, Su S12 Sn £__
En_ =184 | Sy | Sy E_ (A-3)
B" Sy | Sy | Sy AT
where

S, = Sle + szwsﬁsél

S, =SLWSE

S; =S WS

Sy =S‘.’RxszL1 +S§IS‘§ZWSIRIS§1
S,, =S:SLWSE +8%

S., =SESLWS] +S5
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S; = S;Sé + S§1S§2WSSS§1
Sy, =S58 WSE, +8% (A9)
Sy;= S;S;WSS + S§3

and where
W =(I-SRs5)". (A-10)

Connecting a two-port to either port 2 or 3 is calculated according to this algorithm with a
cyclic interchange of port numbers.
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APPENDIX B: ELECTRIC FIELD DISTRIBUTION

_ This appendix shows the real part of the electric field distribution
calculated from the known scattering matrix at the rectangular-to-T-septum waveguide
discontinuity. Figure B.1 depicts the cross-sectional dimensions thereof which were used
to calculate this field distribution at y =0. Figures B.2-B.3 demonstrate the convergence
of the y-component of the electric field according to the number of modes: 5, 15, 25 and
40. Though the y-component is the only one shown because of its majority contribution
to the field, the other components can be similarly calculated. At the interface, the
electric field would completely match if an infinite number of modes were taken into
account. As seen in Figure B.1, using only 5 or 15 modes obviously leads to considerable
error in field distribution. The high amplitude of the electric field is due to the
normalization to 1W for the incoming TE 1g-mode in Region I (cf. Figure 3.4). Note that
this normalization has no effect on the scattering matrix itself.

|
|

FIGURE B.1 The cross-sectional dimensions of the rectangular-to-T-septum waveguide
discontinuity used for the calculation of the electric field distribution.
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FIGURE B.2 The real part of the y-component of the electric field distribution at the
rectangular-to-T-septum interface as a function of x at y=0. (a) 5 modes; (b) 15
modes. Dimensions: a/b=0.5, d/b=0.2, t/b=0.05, s/a=0.5, and wj/a=0.25 (cf.
Figure B.1).
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FIGURE B.3 The real part of the y-component of the electric field distribution at the
rectangular-to-T-septum interface as a function of x at y=0. (a) 25 modes; (b) 40

modes. Dimensions: afb=10.5, d/b=0.2, t/b=0.05, s/a=0.5, and w/a=0.25 (cf.
Figure B.1).

A further increase in the number of modes shows an improved field
convergence. It should be noted that the dimensions chosen for figures B.2 and B.3 are
critical due to the narrow gap width; larger gap widths show a field convergence with a
much lower number of modes. Conversely, the determination of the scattering matrix for
the rectangular-to-T-septum waveguide necessarily involves an integration and, therefore,
convergence occurs at approximately 25 modes for this structure.
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APPENDIX C: ALTERNATIVE MATRIX INVERSION

The following formulation is put forth in this work to solve the eq.(4-46)
rather than by simple inversion in order to obtain computation ctficiency. This algorithm
requires five matrix inversions which are one third the size of the original matrix and
reduces the CPU time to less than 20% that of the single inversion.

First, the matrix equation is rewritten as

-1-M, | -M,| -M, [g -1+M, | M,| MTA"
-M, [I+M; | -M,|B" |= M, | I-M; M, | A" (C-1)
-M, | -M,|I+M;, LB"‘ M, | -M,]|I-M,[A"

then, the variable B is partially separated by

B' =N,N,B™ + N,N,A' + NN A" + NN,A"

Cc-2
B" = N,N,B" + N,N,A" + N,N,A" + N,NA™ €

where
N, =[~+ M)+ MMM N = [ M)+ MM ) M
N, = M, + M, (1+ M) M, N, =M, +M,(I+M,)"'M,
N3=_(I"'Ml)+M (I+M ) M, N7=M4[I+(I+M)_1(I Ml)] (C-3)
N, = M, [T+ (1+M,)" (1-M;) N, = (1-M;)-M,(I+M,)"M,
and hence,

B" =§,A'+S,A"+§,.A" (C4)
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where
Sy = Y[M, (T+N,N;)+ M;N,N, | (C-5)
Ss = Y[M; + M,N,N, + M;N,;N,]
S5 = Y[(I+ M)+ M;N,N, + M{N,N|
and where
Y =[(1+M,)~M,NN, - M;N,N,]". (C-6)
This now allows the expression of the complete modal scattering matrix as
B'=§,A'+S.,A" +§ A"
i Cn

B"'=8,A'+S5,A" +8 A"

where

S, = NI[NZS31 + Ns] Sy Ns[Nesn + Nv]
§.=N, [stsz + Na] S, =N; [Nsssz + Na] (C-8)
Sis =NIN;[Sp, +1] Sy =NyN([Sy; +1]

I

The generalized scattering matrix of the T-junction with discontinuity-
distorted resonator region given by eq.(C-6) and egs.(C-8) has now been determined.
This scattering matrix can be combined and cascaded with any other scattering matrix
using the Generalized S-matrix Method in Appendix A.
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