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Abstract

With the rapid development of microwave and millimetre-wave systems, the perfor-
mance requirements for passive band-pass filters and diplexers, as essential parts in
these systems, are steadily increasing. Both rectangular waveguide and substrate-
integrated waveguide technologies help to satisfy various high-performance require-
ments. Rectangular waveguides offer the advantages of low loss and high power han-
dling capabilities, while substrate-integrated waveguides have the advantages of low
cost and easy integration into planar circuit technology. Besides, the miniaturisation of
electronic devices is of great importance, especially for microwave or millimetre-wave
systems whose volume is limited by system considerations. Hence, the two main aims
of this thesis are firstly to develop efficient methods which can improve the design re-
liability and reduce the design cycle of such passive devices, and secondly to present

novel structures of band-pass filters and diplexers whose dimensions are reduced.

In the first part of the thesis, a method based on the mode-matching technique is devel-
oped to rigorously and efficiently analyse the negative influence introduced by micro-
machining errors on the performance of band-pass H-plane iris filter. This analysis
includes the effect on the centre frequency and 3 dB bandwidth caused by the round
angles between waveguide walls and H-plane irises, or by the bevel angles on the H-
plane irises. To remove these undesired influences, three approaches are proposed and

verified with simulations performed with the finite-element method.

In the next part, efficient approximation approaches are investigated in the framework
of the mode-matching method to analyse the characteristics of cylindrical posts placed
in the cross-section of a rectangular waveguide or substrate-integrated waveguide.
Compared with the H-plane irises in rectangular waveguides, cylindrical posts are
more promising for realising band-pass rectangular waveguide filters, because the ge-
ometries are easier to manufacture and less prone to machining errors. Thus, a general
design procedure for band-pass post filters in rectangular waveguides and substrate-
integrated waveguides is developed and verified with finite-element simulations and
measurements on prototypes. The tolerance analysis for the band-pass filters is also
explored quickly and accurately with the developed method, while the influence of re-

alistic material losses on the insertion loss of various structures, is also quantitatively
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Abstract

analysed with a full-wave simulation solver.

Next, the characteristics of a shielded microstrip line for single-mode operation is in-
vestigated rigorously based on the mode-matching method. The research focuses on
the influence of the metal enclosure dimensions on the fundamental mode, and the
relationships between the cutoff frequency of the 2"?-order mode and the geometri-
cal variables of the cross-section of the shielded transmission line. A similar method is
then applied to an E-type folded substrate-integrated waveguide. The analysis demon-
strates that the propagation characteristics for the first twenty modes in the E-type
folded substrate-integrated waveguide and its corresponding equivalent rectangular
waveguide are almost identical if the width of the middle metal vane in the E-type
folded substrate-integrated waveguide is chosen reasonably. Exploiting this similarity
property, a novel concept of band-pass post filter in E-type folded substrate-integrated
waveguide technology is developed to reduce the band-pass filter dimension further,
together with an efficient specific design procedure. The validity of the approach is

verified via finite-element simulations and measurements on a fabricated prototype.

Finally, to reduce the sizes of common diplexers, four types of novel three-port junc-
tions are proposed, including two improved Y-junctions in substrate-integrated wave-
guide technology, a double-layer junction in substrate-integrated waveguide technol-
ogy, a Y-junction in T-type folded substrate-integrated waveguide technology, and a
junction with stairs in T-type and E-type folded substrate-integrated waveguide tech-
nology. Exploiting the flexibility of the in-house developed mode-matching code or a
commercial finite-element simulation solver, the characteristics for all presented junc-
tions are shown to satisfy the constraints for optimum performance of diplexers when
adjusting the relevant variables in the corresponding structures. Three types of these
junctions are then utilised in realising diplexers whose performance is verified over
the required operation bands with either numerical simulations or measurements on

tabricated prototypes.

In summary, this thesis has introduced novel concepts and realisations of compact
band-pass filters and diplexers in unfolded or folded substrate-integrated waveguide
technology, as well as related structures. One of the crucial aspects emphasised
throughout the research is the need for efficient and accurate modelling methods
specifically tailored to support such developments. This has been demonstrated
throughout the thesis with the combined use of powerful numerical methods and

equivalent models based on symmetries or unfolded geometries.
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Chapte

Introduction

HIS chapter provides the reader with introductory background
on common passive microwave and millimetre-wave devices, in-
cluding band-pass filters, shielded microstrip lines, three-port
junctions, and diplexers. The motivations and objectives of this research
work are then discussed, while the original contributions made in this the-

sis are highlighted. Finally, the structure and outline of this thesis are de-

scribed.
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1.1 Introduction

1.1 Introduction

The microwave region of the electromagnetic spectrum is usually defined to be the
range of frequencies from 300 MHz (1 m wavelength) to 300 GHz (1 mm wavelength),
while the subset range of frequencies from 30 GHz (10 mm wavelength) to 300 GHz
(1mm wavelength) is also referred to as millimetre-wave region (Sorrentino and
Bianchi 2010). Systems operating in this frequency region, that is, microwave and
millimetre-wave systems, have become extremely popular in areas such as navigation,
radar, remote sensing, or clinical medicine because lower radio-frequency bands are
not able to cope with the increasing data rates (Wells 2010), and have become increas-

ingly more congested by existing applications (Umar 2004).

As essential parts in microwave and millimetre-wave systems, band-pass filters and
diplexers are often utilised to remove undesired frequency components and thus han-
dle more frequency channels, while transmission lines are generally adopted to inte-
grate the two passive components into other planar circuits. With the increase of the
frequency, the performance of these passive devices are more susceptible to manufac-
ture tolerances, and accurate dimensions for the transmission lines and the distributed
elements used to form the band-pass filters and diplexers become more critical. In or-
der to achieve the design specifications and cut fabrication costs, the precise prediction
for the performance of these devices is thus intensively desired. Hence, this thesis aims
to develop efficient and accurate methods to improve the design reliability and reduce

the design cycle of such passive devices.

In addition, miniaturisation of these devices is also of great importance, especially for
microwave or millimetre-wave systems whose volume is limited by system consider-
ations. This thesis also aims to develop novel configurations for band-pass filters and
diplexers which can reduce the dimensions. The developments of these novel struc-
ture benefits considerably from the efficient design methods mentioned above. Thus,
the two main aspects of this thesis, that is, implementation of efficient design methods

and novel structure developments, are intimately linked.

1.2 Objectives of the Thesis

High-performance band-pass filters are often realised in rectangular waveguide tech-
nology because this approach offers the advantages of low loss and high power han-

dling capability (Sorrentino and Bianchi 2010, Gustrau 2012). The filtering function is
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achieved with a series of coupling resonators that are formed by H-plane irises in the
rectangular waveguide. However, because of the limitations of micro-machining pro-
cesses, an H-plane iris band-pass filter can only be manufactured such that the corners
between the waveguide walls and irises are rounded rather than at perfect right an-
gles (Bornemann 2001, Bornemann et al. 2005). Thus, one objective of this thesis is to
investigate the negative influence caused by these machining errors, especially when
the filter operates at high frequencies. Subsequently, the thesis also explores effective

methods for removing the unwanted influence.

Another promising realisation approach for band-pass filter design is to use cylindri-
cal posts placed in the cross-section of a rectangular waveguide. This is especially at-
tractive at higher frequencies because circular holes and cylindrical posts are easier to
manufacture, and less prone to machining errors. Furthermore, in order to tie in with
the requirement for smaller size, the proposed filter can be manufactured in substrate-
integrated waveguide (SIW) technology as a band-pass via SIW filter. In other words, a
band-pass post rectangular wavguide can be approximately realised in planar technol-
ogy as a band-pass via SIW filter. However, designing the corresponding post or via
filters with the finite-element method (FEM) (such as Ansys High Frequency Structural
Simulator (HFSS) or Microwave Studio from Computer Simulation Technology (CST))
is time-consuming because of the large number of variables required in the tuning
and optimisation procedures, especially considering the computational requirement
for mesh fineness in order to obtain results with sufficient precision. Hence, another
objective is to develop a fast and accurate general method for designing band-pass post

or via rectangular waveguide or SIW filters.

In some cases, considering the volume restrictions of microwave or millimetre-wave
systems, further width reduction is still desired. The concept of E-type folded
substrate-integrated waveguide (FSIW) is a viable option to decrease the size of band-
pass filters. With this technology, several band-pass filters have been designed by etch-
ing slots in the middle metal vane of the E-type FSIW (Wang et al. 2008, Wang et al.
2010a, Yang et al. 2013). However, the tuning of the slot dimensions requires a large
number of variables. Thus, their optimisation using full-wave finite-element simula-
tions is also time-consuming. A novel concept of band-pass post filter in E-type FSIW
technology, is then considered as another objective of this thesis, and importantly, this

structure is introduced together with an efficient specific design procedure.
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1.3 Summary of Original Contributions

Electronic devices, including band-pass filters, and diplexers, are often integrated into
single-mode operation microwave and millimetre-wave systems through transmis-
sion lines. Shielded microstrip lines are a viable choice for the transmission lines
because they offer the advantages of protecting circuits from environmental con-
taminants, preventing electromagnetic interference, and enhancing the mechanical
strength (Maloratsky 2000). To avoid the influence of the metallic enclosures on the
fundamental mode, the choice of dimensions for the housing is an important issue.
Therefore, this thesis also aims at investigating the influence of housing dimensions on
the fundamental mode of shielded transmission lines and the relationships between
the cutoff frequency of the 2"-order mode and the geometrical variables of the trans-

mission line cross-section.

In addition to band-pass filters, a three-port junction is another essential component to
achieve a diplexer. Y-junctions and T-junctions are often adopted in designing diplex-
ers with satisfactory performance (Vanin et al. 2010, Vanin et al. 2004, Kordiborou-
jeni et al. 2014). However, miniaturisation is again of great importance, especially for
diplexers whose volume is limited by system considerations. Thus, this thesis aims to
develop several novel three-port junctions whose dimensions are reduced and whose
characteristics satisfy the constraints to achieve optimum performance of diplexers.
The development of the related diplexers using these junctions is also an objective of
this thesis.

1.3 Summary of Original Contributions

The original contributions included in this thesis can be described in two major parts.
The first part of this thesis is focused on band-pass filters and shielded microstrip lines,
and the second major part of this thesis is devoted to three-port junctions and diplex-
ers. The original contributions presented throughout this thesis can be itemised as the

following.

1.3.1 Band-Pass Filters and Shielded Microstrip Lines

* An efficient approach based on the mode-matching method (MMM) is devel-
oped to analyse the negative influence caused by micro-machining errors, that

is, the rounding of the corners between the waveguide walls and the H-plane
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irises caused by the finite size of the milling cutters. The method is also applied
in analysing the influence of the isosceles bevel corners on the H-plane irises.
Compared with the FEM using Ansys HFSS, the method can give accurate re-
sults in a much shorter time. Applying this method, it is found that by increasing
the radii of the round angles, the centre frequency of the band-pass filter shifts
to higher frequencies while the 3dB bandwidth varies slightly. Meanwhile, in
contrast, with the increase of the side lengths of the bevel angles, the centre fre-
quency of the band-pass filter shifts to lower frequencies, while the 3 dB band-
width widens (Zhao et al. 2014b).

¢ Three methods are then developed to remove the negative influence caused by
rounded corners between the waveguide walls and the H-plane irises. These
three methods include 1) revising the design parameters according to the es-
timated influence in order to compensate the frequency shift, 2) designing the
band-pass filter without considering the influence of fabrication and then intro-
ducing reasonable bevel angles to compensate the offset of the centre frequency
caused by rounded corners, and 3) mapping the realised structure of irises and
resonator cavities with the impedance inverters (K inverters) and LC resonator
network of a band-pass filter to accurately compute the aperture sizes and res-
onator lengths. According to the verification with the FEM using Ansys HFSS, all
of the three methods have been demonstrated to be effective (Zhao et al. 2014b).

* Three classes of stair-casing approximations, including equal width method,
arithmetic sequence thickness method, and equal sector method, are developed
to investigate the characteristics of circular posts placed in the cross-section of a
rectangular waveguide. The convergent behaviour of the scattering parameters
computed using these approximation methods is explored. Meanwhile, through
comparing the difference of the scattering parameters and reference values, the
rate of convergence for each method is also explored. According to this study, the
most efficient approximation method is recommended with verification using the

full-wave finite-element simulations in Ansys HFSS (Zhao et al. 2014a).

* Based on the recommended approach for posts in rectangular waveguides intro-
duced above, an efficient method is developed to design band-pass post filters
in rectangular waveguide technology. The fast computations provide accurate
relationships for the K factors as a function of the post radii and the distances

between posts, and allow analysing the influence of machining tolerances on the
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filter performance. The relationships for the K factors can be used to choose rea-
sonable post dimensions for designing band-pass filters, while the error analy-
sis helps to judge whether a given machining precision is sufficient. With this
method, which can be extended to SIW technologies easily, a Chebyshev band-
pass post rectangular waveguide filter and a band-pass SIW filter with a centre
frequency of 10.5GHz and a fractional bandwidth of 9.52% are designed. The
validity of this method is verified via full-wave simulations using Ansys HFSS

and measurements on manufactured prototypes (Zhao et al. 2015c).

¢ With the developed lossless mode-matching code, six Chebyshev band-pass post
filters in SIW technology are designed with various orders for a centre frequency
of 10.5GHz and a fractional bandwidth of 9.52%. These filters are then simu-
lated with a full-wave electromagnetic solver in order to quantitatively investi-
gate how the insertion loss is influenced by the variations of the metal claddings
and vias” conductivity, the dielectric loss tangent, and the thickness of the sub-
strate. According to the analysis, it is found that for filters realised on a given
substrate, smaller dimensions achieved by lower-order structures translate into
smaller insertion loss but at the cost of lower out-of-band rejection performance.
In contrast, it appears that reducing the dimension of the filters by adopting a
substrate with larger relative permittivity cannot decrease the insertion loss. In
addition, increasing the thickness of the substrate is another efficient way to re-
duce the insertion loss in the main body of the filter. However, since thicker sub-
strate leads to larger radiation loss for the SIW-to-microstrip transition, a trade-off
must be found for optimal design. For validation, one prototype filter is fabri-

cated to compare the simulations to experimental results (Zhao et al. 2015a).

¢ In order to reduce the filter dimension further, a novel concept of band-pass post
filter in E-type FSIW technology is developed, together with an efficient specific
design procedure. The approach is based on a rigorous mode-matching analysis
of the dispersion characteristics for the odd and even modes in the FSIW, which
allows the definition of an accurate unfolded equivalent problem for a suitably
chosen middle vane dimension. A direct comparison of the posts placed in the
FSIW and in the equivalent unfolded dielectric-loaded rectangular waveguide
confirms their similar characteristics. For illustration, the method is used to de-
sign a 5-order Chebyshev band-pass post FSIW filter with a centre frequency of
7GHz and a fractional bandwidth of 5.71%. The viability and efficiency of the
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design approach are successfully validated by the finite-element simulations and

measurements on a fabricated prototype (Zhao et al. n.d.).

¢ For a shielded microstrip line, the influence of the dimensions on the fundamen-
tal mode is investigated rigorously using the MMM. In addition, the relationships

between the cutoff frequency of the 2"

-order mode and the geometrical variables
of the cross-section of the shielded transmission line are explored. With these re-
lationships, the most suitable geometry can be efficiently determined, which is
important for preventing performance degradation through higher-order mode
excitations, such as in waveguide transitions. The analysis results are verified

with the finite-element simulations obtained with Ansys HFSS (Zhao et al. 2015b).

1.3.2 New Junctions and Diplexers

¢ Two novel improved Y-junctions are introduced in order to eliminate the perfor-
mance degradation for common Y-junctions whose two output branches are bent
to yield parallel outputs for dimension reduction. An efficient method based
on the MMM is developed to analyse the characteristics of these two improved
Y-junctions. It is found that through varying the angle between the two out-
put branches or adjusting the positions of two inserted additional vias, both im-
proved junctions can satisfy the constraints to achieve optimum performance of
diplexers over a wide frequency range, illustrated in this thesis with an example
extending from 7 GHz to 8.5 GHz (Zhao et al. 2016b).

¢ A double-layer structure is introduced for the realisation of a compact three-port
junction designed for dimension reduction of diplexers. The proposed structure
is convenient to design, because a single variable can adjust the reflection co-
efficients of the junction ports. In addition, with the developed efficient mode-
matching-based method, the efficiency of the adjustment process is improved
further. According to the analysis, the junction can satisfy the constraints for op-
timum performance of diplexers over a wider frequency range than the single-
layer structure, as demonstrated in this thesis from 5.5GHz to 9.5GHz. The
wider frequency band means that the flexibility of selection of a diplexer’s up

and down channels is increased.

* A novel Y-unction in T-type FSIW technology is introduced to reduce the junc-

tion dimensions. Similar propagation characteristics for the first eighteen modes
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1.4 Thesis Outline

of the FSIW and the corresponding equivalent unfolded dielectric-loaded rect-
angular waveguide are demonstrated when a reasonable width of the middle
metal vane is chosen for the FSIW. This study is performed with the FEM using
Ansys HFSS. As a design example, it is found that the characteristics of the pro-
posed Y-junction can satisfy the constraints for optimum performance of diplex-
ers over the frequency band extending from 4.6 GHz to 8.5GHz. Compared
with diplexers using the common Y-junction, diplexers utilising the proposed
novel junction can accommodate up and down channels in a wider frequency
band (Zhao et al. 2016a).

* To further decrease the dimensions of diplexers achieved with T-type FSIW Y-
junctions, a three-port junction with stairs is realised in both T-type and E-type
FSIW technology. Based on the FEM using Ansys HFSS, the reflection coefficients
for the junction ports of a demonstrated design can satisfy the constraints for op-

timum performance of diplexers over a frequency band from 5.3 GHz to 6.8 GHz.

¢ Three of the four proposed three-port junctions are adopted as components to
realise diplexers. For the diplexers designed with the two improved Y-junctions
and the double-layer junction, efficient methods are developed through combin-
ing the mode-matching codes for the junctions and band-pass post filters. Di-
mensions can then be obtained in a very short time, and the calculated scattering
parameters |S11|, |Sz1| and |S3;| exhibit a good agreement with the simulation
results from the FEM using Ansys HFSS or the measurements performed on fab-
ricated prototypes (Zhao et al. 2016b). For the diplexer employing the junction
with stairs in T-type and E-type FSIW technology, the junction part is still anal-
ysed with the FEM, while the band-pass filter part is calculated with the mode-
matching code which can significantly improve the efficiency. According to the
simulations, it is found that the diplexer design performs well and the specifica-

tions can be satisfied over the operation bands.

1.4 Thesis Outline

As visualised in Fig. 1.1, this thesis contains seven chapters. The detailed description

for each chapter is listed in the following.

Chapter 1 provides a brief background on microwave and millimetre-wave compo-

nents, including band-pass filters, shield microstrip lines, three-port junctions

Page 8



Chapter 1 Introduction

MMM for H-Plane Irises with Rounded and Bevel Angles
Influence Analysis for Band-Pass Filter Performance
Methods to Remove Undesired Influence

MMM for Posts in Rectangular Waveguide

General Design Method for Band-Pass Post Filter in Rectangular
Waveguide and SIW

Insertion Losses Analysis in Band-Pass Post SIW Filters

Filter

MMM for Planar or Quasi-Planar Transmission Lines

Microstrip Line

Characteristic Analysis for Shielded Microstrip Lines

Comparison between Modes in E-Type FSIW and the Equivalent
Unfolded Dielectric-Loaded Rectangular Waveguide

New Structure of Band-Pass Post E-Type FSIW Filter

Efficient Specific Design Procedure for the New Structure

Novel Three-Port Junctions with Reduced Dimensions

Novel Diplexers with Reduced Dimensions

Diplexers

Efficient Design Procedure for the Novel Junctions and Diplexers

Junctions and Diplexers Folded Band-Pass Post Filter

Conclusion

Future Research

Figure 1.1. Thesis outline. The thesis is composed of 7 chapters including background and con-
clusion. The original contributions are distributed in Chapters 3 to 6. The thesis can be
divided into two major parts. The first part that includes Chapters 3, 4 and 5 is mainly
concerned with the band-pass filter and shielded microstrip lines. The second major
part, which includes Chapter 6, is dedicated to the three-port junctions and diplexers.

All chapters are virtually self-contained.
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and diplexers. It then focuses on the objectives achieved in this thesis and sum-
marises the original contributions. Finally, the present section describes the out-

line of this thesis.

Chapter 2 is a literature review. It first focuses on the historical background and the-
oretical development of filters, transmission lines, and multiplexers, and high-
lights seminal inventions and significant developments. Laying emphasis on the
MMM and the FEM, this chapter then introduces the background and develop-

ment of electromagnetic numerical methods applied in the rest of the thesis.

Chapter 3 explains in detail the principle of the MMM, which can be utilised to analyse
the characteristics of H-plane irises placed in the cross-section of a rectangular
waveguide. With high-speed and high-precision, this method is then extended
to handle round corners between waveguide walls and H-plane irises, and bevel
angles on H-plane irises. Using the method developed, the negative influence on
band-pass iris filters caused by the rounded angles and the bevel angles is then
investigated rigorously. After that, this chapter provides three efficient methods
to remove the undesired influence, these being 1) revising the design parameters
according to the estimated influence in order to compensate the frequency shift,
2) designing the band-pass filter without considering the influence of fabrication
and then introducing reasonable bevel angles to compensate the offset of the cen-
tre frequency caused by rounded corners, and 3) mapping the realised structure
of irises and resonator cavities with the K-inverter and LC resonator network of

a band-pass filter to compute the aperture sizes and resonator lengths accurately.

Chapter 4 explains in detail the principle of the MMM to handle N-furcation structure
in a rectangular waveguide. Three classes of approximation methods, the equal
width, the arithmetic sequence thickness, and the equal sector methods, are then
developed to investigate the characteristics of posts placed in the cross-section of
a rectangular waveguide. By investigating the scattering parameter convergence
of these approximation methods, and comparing the rate of convergence for each
method, the most efficient approximation method is recommended with verifi-
cation by the full-wave finite-element simulations in Ansys HFSS. Based on the
recommended approach, an efficient method is developed to design band-pass
post filters in rectangular waveguide technology or SIW technology. Because of
the fast and precise computations, this chapter also provides accurate relation-

ships for the K factors as a function of the post radii and the distances between
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posts, and the influence of machining tolerances on the filter performance. It is
noted that, the relationships for the K factors can be used to choose reasonable
post dimensions for designing band-pass filters, while the error analysis helps to
judge whether a given machining precision is sufficient. The method developed
is applied in a Chebyshev band-pass post filter and a band-pass SIW filter, and
the validity is verified via the full-wave simulations using Ansys HFSS and mea-
surements on manufactured prototypes. In addition, this chapter also explores
how the variations in the metal claddings and vias” conductivity, dielectric loss
tangent, and substrate thickness influence the filter insertion loss with the Ansys

HFSS full-wave simulation solver.

Chapter 5 first explains the principle of the MMM for planar or quasi-planar transmis-
sion lines. The method is then applied to a shielded microstrip line to determine
how the dimensions influence the fundamental mode, while also exploring the
relationships between the cutoff frequency of the 2"-order mode and the geo-
metric variables of the cross-section of the shielded transmission line. Similar
work is done to the E-type FSIW. This chapter demonstrates that a reasonable
middle metal vane dimension and its equivalent unfolded dielectric-loaded rect-
angular waveguide have identical propagation characteristics for the first twenty
modes in FSIW. A direct comparison of the posts placed in the FSIW and in
the equivalent rectangular waveguide confirms their similar characteristics. This
property leads to the development of a novel band-pass post filter in E-type FSIW
technology, together with an efficient specific design procedure. The procedure is
successfully validated by the full-wave finite-element simulations and measure-

ments on a fabricated prototype.

Chapter 6 introduces some novel three-port junctions that can reduce the dimensions
of common diplexers, including improved Y-junctions, double-layer junction, Y-
junction in T-type FSIW technology and junction with stair in T-type and E-type
FSIW technology. The characteristics of these proposed three-port junctions are
then investigated in this chapter with the MMM or the FEM. It is found that, by
adjusting corresponding variables in the configurations of these junctions, the
reflection coefficients for the junction ports are able to satisfy the constraints for
optimum performance of diplexers over a specified frequency band. Thus, by
selecting suitable up and down channel frequency bands, three of the junctions

are adopted to achieve diplexers. According to the analysis results obtained with
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the MMM, the FEM using Ansys HFSS, or measurements on fabricated proto-
types, all diplexer designs operate well and can satisfy the specifications over the

required bands.

Chapter 7 concludes the original contributions of this thesis and recommends possible

future work.
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Literature Review .

HIS chapter provides a brief review of the historical background
and theoretical development of filters, transmission lines, mul-
tiplexers, and electromagnetic numerical methods including the

mode-matching and finite-element methods.
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2.1 Introduction

Band-pass filters and diplexers play important roles in microwave and millimetre-
wave applications, such as navigation, telecommunications, radar, remote sensing, and
clinical medicine. Nowadays, the development and design of band-pass filters, diplex-
ers, and their host transmission lines for integration into microwave and millimetre-
wave systems is still challenging because of the increasingly demanding requirements
for emerging applications such as higher performance and smaller dimensions. Thus,
in order to shorten the design cycle and improve design accuracy, several efficient nu-
merical methods in electromagnetics have been developed either for general-purpose
applications or specifically for the design of high-quality band-pass filters, diplexers

and transmission lines.

This chapter presents a short review of the historical background and fundamental
developments for filters, multiplexers, and transmission lines in Section 2.2, and a de-

scription of relevant numerical methods in Section 2.3.

2.2 Filters, Transmission Lines and Multiplexers

2.2.1 Filters

A filter is a two-port building block used to control the frequency response at a cer-
tain circuit location by allowing a range of signal frequencies to be transmitted, while
rejecting the others. A filter is typically classified by its frequency response as either

low-pass, high-pass, band-pass, or band-reject (Pozar 2011, Hong and Lancaster 2011).

Considered as the beginning of filter theory, George Ashley Campbell created in 1910
lumped-element designs for electric wave filters using ladder networks, which in-
cluded inductance introduced by loading coils and capacitance introduced by con-
densers (Reynolds 1991). Taking Campbell’s network for low-pass filter as an example,
as shown in Fig. 2.1, the ladder configuration consists of a number of sections (constant
k section) with identical element values (Campbell 1917). Known as the image param-
eter method today, Campbell’s technique was further developed by Otto Julius Zobel
and others. For instance, in the 1920s and 1930s, Zobel invented the well-known m-
derived filter (Belevitch 1962) and the mm’-type filter (Zobel 1932). He also improved
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CRCE

Figure 2.1. Network of Campbell’s low-pass filter. This figure shows the configuration of Camp-

bell's low-pass filter which is formed with identical sections. Source: Created by George

Ashley Campbell (Campbell 1917)

the wave filter design technique to perfect the frequency characteristics in the pass-
band by minimising reflection, and sharpening transition from the passband to the
stopband (Bray 2002).

Moving away from lumped element analysis, the research on distributed element fil-
ters started before World War II (1939 - 1945). The first filter design using distributed
elements was filed as a patent by W. P. Mason in 1927 (Mason 1930), and in 1937, W.
P. Mason and R. A. Sykes published a paper on distributed element filters employ-
ing coaxial and balanced transmission lines (Mason and Sykes 1937). During World
War I, the filtering demands of radar and electronic countermeasures led to the devel-
opment of distributed element filters by the MIT Radiation Laboratory, together with
many other Laboratories in the US and the UK. For example, Hans Bethe from the MIT
Radiation Laboratory produced his aperture theory which plays an important role in

waveguide cavity filters (Levy and Cohn 1984).

Following World War II, filter theory continued to develop. Paul Irving Richards’s
comprehensive theory of commensurate line circuits can be considered as the begin-
ning of modern distributed circuit theory, while the Richards’s transformation enabled
the entire lumped theory to be applied in distributed element circuits, that is, a lumped
element design can be converted into a distributed element design directly through the
transformation relationship (Richards 1948, Levy and Cohn 1984). However, it was of-
ten inconvenient to realise distributed element filters in planar or waveguide technol-
ogy, because the network resulting from the transformation always contained elements
in series. Thus, to solve this problem, in 1955, K. Kuroda published identities, known
today as Kuroda’s identities, with which the series elements can be eliminated by
impedance transformers (Ozaki and Ishii 1958, Levy and Cohn 1984). Another theoret-

ical development was the network synthesis filter approach by Wilhelm Cauer, which
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could provide a solution that accurately satisfied the design specifications. Treating
network synthesis as the inverse problem of network analysis, Cauer’s research was
mainly developed during World War II. However, his work was not widely published
until after the end of the war (Chang 2010).

Filter theory was perfected continuously in the following years. For direct-coupled
cavity filters, S. B. Cohn presented in 1957 a filter design method that was based on
simple equations, but generally provided poor performance for filters with low voltage
standing wave ratio (VSWR) ripple tolerance and moderate bandwidths (Cohn 1957).
On the contrary, in 1963, Leo Young introduced a method which could provide excel-
lent performance for filters with low VSWR ripple tolerances and large bandwidths,
however in a formalism more complicated than Cohn’s (Young 1963). In order to ob-
tain both the desirable advantages of Cohn’s and Young’s methods, Ralph Young pre-
sented in 1967 a new theory to handle direct-coupled cavity filters in transmission lines

or waveguides (Levy 1967).

Cross-coupled filters were another area of research focus during that time, because of
the improved performance and reduced dimensions achievable with fewer resonators.
This was due to the additional degrees of freedom offered by coupling coefficients. The
tirst cross-coupled filter was invented by John R. Pierce at Bell Labs in 1948. As shown
in Fig. 2.2, it was formed by connecting the two parallel input and output rectangular
waveguides with three circular resonant transmission lines (Pierce 1949, Pierce 1953).
In the 1960s, E. C. Johnson, R. M. Kurzrok, Thomas A. Abele, Chung-Li Ren, and
others became active in this field, and numerous studies about cross-coupled fil-
ters were published (Johnson 1964, Kurzrok 1966, Abele 1967, Ren 1969). Later, sig-
nificant developments took place in the 1970s. Ali E. Atia and Albert E. Williams
from Communications Satellite Corporation (COMSAT) presented a synthesis proce-
dure to handle multiple couplings in a non-cascaded filter configuration (Atia and
Williams 1972, Atia and Williams 1973, Atia et al. 1974). In the later 1990s and
early 2000s, the synthesis method was further improved and extended by Richard J.

Cameron (Cameron 1999, Cameron 2003).

In addition to the more compact cross-coupled filter structures, dielectric resonators
are another avenue introduced for saving space. The first filter in this technology
was invented by S. B. Cohn in 1965, and the dielectric material was titanium diox-
ide (Cohn 1965). Actually, in the 1960s, dielectrics with high permittivity were always

extremely sensitive to temperature. Thus, the first temperature-stable band-pass filter
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Figure 2.2. Structure of the first cross-coupled filter. This figure shows the earliest cross-coupled
filter invented by John R. Pierce. It is formed by connecting the two parallel input and
output rectangular waveguides with three resonators which are resonant transmission

lines. Source: Created by John R. Pierce (Pierce 1949).

using dielectric resonators was reported by D. J. Massé and R. A. Pucel in 1972, fol-
lowing the introduction of low temperature coefficient ceramic resonators (Massé and
Pucel 1972). Nowadays, with the advances in material science and technology, numer-
ous manufacturers are able to produce temperature-stable dielectric resonators. For
instance, Trans-Tech provides ceramic dielectric resonator (7300 Series) with a high rel-
ative permittivity from 72 to 75 and a low temperature coefficient of resonant frequency
from -12 ppm/°C to +12 ppm/°C (Trans-Tech 2015).

Filters realised in rectangular waveguide technology are limited by the high cost,
bulky volume, and difficult integration with other components. Thus, substrate-
integrated waveguide (SIW) technology was proposed recently to overcome these
disadvantages (Wu et al. 2003). An SIW is a type of waveguide/transmission line
formed by placing two rows of metallised post or via-hole fences in a dielectric sub-
strate to connect the top and the bottom metal plates electroplated onto the sub-
strate’s surfaces. The propagation characteristics of this structure, together with the
leakage properties and design considerations for practical applications, was investi-
gated in details by Dominic Deslandes and Ke Wu in 2006 (Deslandes and Wu 2006),
while several empirical analytical equations were presented in several other publica-
tions (Cassivi et al. 2002, Yan et al. 2004, Xu and Wu 2005, Che et al. 2008a, Salehi and
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Mehrshahi 2011), with which the SIW can be converted into an equivalent dielectric-
loaded rectangular waveguide. Thus, in addition to the advantages of small dimen-
sions and easy integration into planar circuits, the SIW also inherits the advantages
of low loss (although larger than common rectangular waveguide loss due to the in-
troduced dielectric losses), high quality factor, and high power handling capability
from traditional rectangular waveguide. Because of these advantages, numerous fil-
ter designs in SIW technology were developed in the past decades (Zhang et al. 2005,
Potelon et al. 2008, Zhang et al. 2010a, Shen et al. 2011, Chen et al. 2015b). However,
turther size reduction is still desired, especially in microwave or millimetre-wave sys-
tems whose volume is limited by system considerations. Therefore, SIW technology
was later extended to half-mode substrate-integrated waveguide (HMSIW) technol-
ogy whose characteristics was investigated in (Hong et al. 2006, Lai et al. 2009), and
folded substrate-integrated waveguide (FSIW) technology whose characteristics were
explored in (Che et al. 2008b, Nguyen-Trong et al. 2015a). These two structures formed
the basis for many filter designs (Grigoropoulos et al. 2005, Wang et al. 2008, Wu et al.
2009, Wang et al. 2010b, Yang et al. 2013).

2.2.2 Transmission Lines

In 1827, Georg Simon Ohm described the first mathematical model of transmission
lines which only contained resistance (Ohm 1827) (Fig. 2.3(a)). With this model, the re-
sistance of a wire is proportional to the wire length, but it cannot explain the signal de-
lay phenomenon along the wire discovered later by Josiah Latimer Clark (Hunt 1994).
In 1853, Michael Faraday pointed out that there was also capacitance in the transmis-
sion line, and in the next year, taking the capacitance and its associated dispersion
into account, Ohm’s model was modified by Lord Kelvin by introducing shunt capac-
itance (Korner 1989) (Fig. 2.3(b)). In 1881, Oliver Heaviside made the model of the
transmission line achieve its fullest development by inserting series inductance and
shunt conductance (Fig. 2.3(c)). Heaviside’s model is now known as the telegrapher’s
equation, while the four corresponding distributed elements are named as the primary

line constants.

Ordinary electrical wires are not qualified to transmit high frequency signals such as

microwaves and millimetre-waves, because with the increase of the frequency, the
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(a) Ohm’s model

(b) Kelvin’s model

R L R L R L

1/R

(c) Heaviside’s model

Figure 2.3. Three types of transmission line models. These figures show three types of transmis-
sion line models created by (a) Georg Ohm with series resistance, (b) Lord Kelvin with
series resistance and shunt capacitance, and (c) Oliver Heaviside with series resistance
and inductance, and shunt capacitance and conductance. Source: Self-created using

Inkscape.

lengths of the wires become comparable to or larger than the wavelengths of the elec-
tromagnetic waves. This leads to excessive power loss through radiation and the reflec-
tion from discontinuities in the wires such as connectors and joints. In order to guar-
antee that the signals are able to arrive at the intended destinations with the smallest
power loss, transmission lines with specialised configurations, and impedance match-

ing must be explored and developed.

In its early stages, radio frequency systems mainly relied on the two-wire lines, and
coaxial lines invented by Oliver Heaviside in 1880 for transmission (Nahin 2002). Later,
transmission lines in planar technology offered an alternative with advantages of being
compact, low cost, and easily integrated into other planar circuits. The earliest planar

transmission line, a flat-strip coaxial line, whose structure was close to a stripline, was

Page 19



2.2 Filters, Transmission Lines and Multiplexers
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Figure 2.4. Commonly used types of printed transmission lines. This figure shows a number of
transmission lines which are widely used in integrated-circuit (IC) fabrications. Source:

Created by Leo G. Maloratsky (Maloratsky 2000).

applied to a production antenna and power division network by V. H. Rumsey and
H. W. Jamieson during World War II (Barrett 1984). Later, the most common planar
transmission line, the microstrip line, which was the competitor to the stripline, was
developed by ITT laboratories around 1952 (Grieg and Engelmann 1952). Further ex-
amples of planar transmission lines are shown in Fig. 2.4 (Maloratsky 2000), with every
type having its advantages and weaknesses with respect to the others. For instance, the
microstrip line has a remarkable fabrication advantage over stripline due to its open
structure, while the shielded microstrip line is better than the microstrip line when it
comes to protecting circuits from environmental contaminants, preventing electromag-

netic interference, and enhancing the circuit mechanical strength.

2.2.3 Multiplexers

A multiplexer is a device that separates a wider frequency band into a few narrower

bands, or combines frequency signals from certain channels at one common port. The
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Figure 2.5. Schematic structure of a multiplexer. This figure shows the multiplexer first de-
scribed by Fano and Lawson in 1948. It constists of several band-pass filters mounted in
parallel into the main waveguide/transmission line. Within a particular frequency band,
the corresponding filter behaves as a shunt impedance which approximately equals to
the characteristic impedance of the transmission line. Source: Created by Fano and

Lawson (Ragan 1948).

device can be classified into two types, contiguous multiplexers whose passbands are
adjacent, and non-contiguous multiplexers whose passbands are separated by guard
bands. The concept of multiplexer, whose structure is shown in Fig. 2.5, was first de-
scribed in a book chapter by Fano and Lawson in 1948 (Ragan 1948), while in the same
year, J. R. Pierce presented an approach for contiguous designs (Pierce 1949, Pierce
1953).

A multiplexer is generally realised by assembling various filters and eliminating their
undesired mutual interactions. One of the earliest techniques for multiplexer design
was proposed in the 1950s by Seymour Cohn and Frank Coale, and made use of direc-
tional filters (Matthaei et al. 1980). However, the technique was not popular, because
it was difficult to apply modern filter technology to the directional mode. Therefore,
efforts were made in assembling non-directional filters, and in the 1960s, the concept
of multiplexers with compensating immittance networks at the common junction, was
introduced by E. G. Cristal and G. L. Matthaei (Cristal and Matthaei 1964, Matthaei and

Cristal 1967). This technique is still used sometimes, but the advances in computational
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capabilities, and synthesis techniques have made it possible to produce matching fil-

ters directly without additional networks.

During the same period, E. J. Curley, from Microwave Development Laboratories, dis-
covered that contiguous multiplexers, as well as non-contiguous multiplexers, could
be realised through modifying the first few elements that were close to the common
junction. The compensating networks thus could be omitted in the multiplexers. Later,
in 1976, J. D. Rhodes introduced the direct design method for symmetrical interacting
band-pass channel diplexers, which formalized E. J. Curley’s discovery (Rhodes 1976).
In 1979, J. D. Rhodes and Ralph Levy extended the method further and provided a
generalised multiplexer theory (Rhodes and Levy 1979).

Another advance initiated in the 1980s is the application of planar technology in
the area of multiplexers. Compared with solid coaxial constructions or waveguide
structures, the printed-circuit multiplexers have the advantages of low cost, small
dimensions, easy fabrication, and easy integration into other planar circuits (Levy
and Cohn 1984). Recently, a new innovation occurred with the introduction of SIW
structures and associated improvements of the insertion loss of printed circuit mul-
tiplexers. Numerous diplexer designs were developed in this technology in the past
decades (Hao et al. 2005, Tang et al. 2007, Han et al. 2007, Chu et al. 2011, Kordiboroujeni
and Bornemann 2015b, Sirci et al. 2015).

2.3 Numerical Methods in Electromagnetics

Computational electromagnetics refers to the numerical solution of Maxwell’s equa-
tions in a process aiming at modelling the interaction of electromagnetic fields with
physical objects and their environment. Because of the multitude of irregular ge-
ometries in actual components, a number of practical electromagnetic issues such as
electromagnetic scattering and electromagnetic radiation, are often analytically not
tractable. With the ever-increasing availability of computing power, numerical tech-
niques implemented into computers are able to conquer the problem and obtain accu-
rate solutions for discretised Maxwell’s equations, applying various constitutive equa-
tions of material and boundary conditions. Thus, advanced numerical techniques play
a crucially important role to the microwave industry nowadays, because they can pro-
vide results with sufficient precision, while reducing the development cost by shorten-

ing the design cycle.
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Numerous numerical techniques were introduced in the past decades to analyse
electromagnetic issues. According to the methods utilised to solve field equations,
these techniques can be classified in space-domain methods represented by the finite-
element method (FEM) (Silvester and Ferrari 1996) and the finite-difference method
(FDM) (Davies and Muilwyk 1966), space-domain and time-domain combination
methods represented by the finite-difference time-domain (FDTD) (Yee 1966) and the
transmission line matrix (TLM) (Johns and Beurle 1971), and modal-domain methods
represented by the mode-matching method (MMM) (Wexler 1967) and the method of
moments (MoM) (Harrington 1993). This chapter only briefly reviews the historical
backgrounds of the MMM and the FEM, as those two methods are used in the rest of
the thesis.

Mode-Matching Method

The MMM is a rigorous and efficient technique to solve electromagnetic boundary-
value problems. This method expands the electromagnetic fields that exist in the cross-
section of the electronic component into a series of eigenmodes, which are solved from
Maxwell’s equations, and then matches all modes on the junction plane in order to get

the generalised scattering matrix (GSM).

Although this technique had been applied earlier, it was not formulated as a system-
atic avenue to solve problems about waveguide discontinuities until 1967, by Alvin
Wexler (Wexler 1967). However, because of the limitations of computer capability
available at the time, the MMM was not able to realise its great potential in handling
more complicated structures. The leap in computing power in the following decades
changed the situation. Since the 1980s, F. Arndt, Jens Bornemann, and other pio-
neers invested a lot of effort to investigate the relative convergence phenomenon in the
mode-matching analysis (Leroy 1983, Shih and Gray 1983, Uher and Bornemann 1993),
and to weigh the advantages and disadvantages of general scattering matrix (GSM),
general transmission matrix (GTM) and general admittance matrix (GAM) (Mansour
and MacPhie 1986, Alessandri et al. 1988). They also optimised the technique and
improved its efficiency through decreasing the number of required eigenvalue equa-
tions, increasing the flexibility of the procedures, and reducing the programming diffi-
culty (Vahldieck and Bornemann 1985). Numerous devices were developed based on
this technique, such as filters (Vahldieck et al. 1983, Papziner and Arndt 1993), multi-
plexers (Dittloff and Arndt 1988, Liang et al. 1991), power dividers (Arndt et al. 1987),
directional couplers (Arndt et al. 1985, Sieverding et al. 1997), and so on.
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Later, the MMM was extended to analyse discontinuities in circular waveg-
uides (Accatino and Bertin 1994), ridged waveguides (Guha and Saha 1997), planar
transmission lines (Shih et al. 1985), coaxial probes in rectangular waveguides (Yao
and Zaki 1995), and others. In the past decade, the MMM has been still optimised
further and applied to hot areas of research, such as frequency selective structures
(FSS) (Rashid et al. 2012). Besides, in order to increase the generality of the MMM,
the combinations with other numerical methods became another attractive aspect to

researchers in relative fields (Belenguer et al. 2010, Pellegrini et al. 2014).

Finite-Element Method

The FEM is another numerical technique to obtain approximate solutions of boundary-
value problems for partial differential equations. It subdivides a whole computational
domain into smaller non-overlapped cells, that is, finite elements, and then assemble
the simpler local element equations to model the initial complex equations of the entire

problem.

This method stemmed from the demand to solve complicated elasticity and structural
problems in civil and aeronautical engineering. Although its name was given by R.
W. Clough in 1960 (Clough 1960), its development can be traced back to Alexander
Hrennikoff and Richard Courant in the early 1940s (Hrennikoff 1941, Courant 1943).
Applying the direct stiffness method, that is, the most common implementation of the
FEM, for the analysis of the aircraft structures for the first time, M. J. Turner, R. W.
Clough, H. C. Martin, and L. J. Topp presented a more direct process to discretise the
domain by arbitrary triangular or rectangular elements (Turner et al. 1956). Their paper
was published in 1956, and is considered as the start of the engineering FEM. In addi-
tion, in the later 1950s and early 1960s, Kang Feng presented a systematic numerical
method for solving partial differential equations based on calculus, and his invention

is considered as another independent invention of the FEM (Zienkiewicz 1995).

Since the early 1960s, much progress was made to the FEM in many directions. For
instance, in the basis of energetic and variational considerations, the method was re-
formulated with weighted residuals or weak formulations; high-precision vector ele-

ments, curved elements, and isoparametric elements were created for the discretisation
of the FEM (Dhatt et al. 2012).

As a result of the mentioned contributions, nowadays, the FEM is widely applied in

many industrial and scientific fields, including electromagnetism, automobile, fluid
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Table 2.1. Comparison of Numerical Methods. This table compares several numerical methods,
including MMM, FEM, FDM, TLM, SDM, BEM in RAM requirement, CPU time and

versatility.

Method | RAM Requirement | CPU Time | Versatility
MMM low low poor
FEM high medium /high good
FDTD high high good
TLM medium /high medium /high good
SDM low low marginal
BEM medium* medium good

* The RAM requirement becomes high rapidly with the prob-

lem size grows, as it is based on matrix inversion.

mechanics, and aerospace. Many commercial software applications have thus been

developed for these industrial users, such as Ansys, Nastran, Fidap, and others.

To sum up, the FEM can approximate complex arbitrary geometries with a series of
small cells. The generality of this technique thus is great, but sufficient precision re-
quires a large number of mesh points which leads to large memory storage usage
and low efficiency. Comparatively, the MMM is much more efficient, but this tech-
nique is limited to regular structures, such as waveguide components. A more com-
prehensive comparison of numerical methods, including MMM, FEM, FDM, TLM,
spectral domain method (SDM), and boundary element method (BEM) is listed in Ta-
ble 2.1 (Sorrentino 1989, Itoh 1989a)

2.4 Chapter Summary

This chapter introduced the historical background and theoretical development of fil-
ters, transmission lines, multiplexers, as well as the two numerical methods in elec-

tromagnetics relevant for this thesis, specifically the mode-matching method and the
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finite-element method. Seminal inventions and significant developments were high-

lighted in this chapter.

The next chapter will explain in detail the mode-matching method for iris discontinu-
ities in rectangular waveguides and filter theory, together with the error tolerance for

iris band-pass filters.
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Band-Pass Iris Rectangular
Waveguide Filters

HIS chapter starts by analysing electromagnetic waves in a rect-

angular waveguide, together with the corresponding formula

derivations. It then explains the principles of the mode-matching
method, with which the characteristics of irises placed in the cross-section
of a rectangular waveguide can be analysed efficiently. Combining the prin-
ciple of the mode-matching method and the band-pass filter theory, an effi-
cient method to design iris band-pass filters is introduced in detail. Consid-
ering the limitations of micro-machining processes, this chapter also anal-
yses the influence of rounded angle corners between the waveguide walls
and irises. To eliminate this undesired influence, three approaches are pro-
posed in this chapter, which consist of compensating the frequency shift,
offsetting the shift with bevel angles, and taking the properties of the per-
turbations into account when computing the sizes. All approaches success-
fully correct the offset of the centre frequency caused by rounded corners
and all calculated results obtained with a self-written mode-matching code

are verified by the finite-element simulations.

Page 27



3.1 Introduction

3.1 Introduction

With the rapid development of advanced microwave and millimetre-wave systems,
the performance requirements of passive band-pass filters used for removing unde-
sired frequency components are steadily increasing. As an essential part in such sys-
tems, passive band-pass filters are often realised in waveguide technology, because of
the advantages of high quality factor (Q factor), low loss, and good power handling
capability (Sorrentino and Bianchi 2010, Gustrau 2012).

Metal diaphragms (irises) placed transversely in rectangular waveguides are able
to generate reflected waves and store reactive energy near the discontinuities, since
the excited higher-order modes are evanescent, that is, their amplitudes drop expo-
nentially with distance from the discontinuities (Collin 1991). Thus, irises are often
adopted to form cavity resonators, which are basic components for rectangular wave-
guide band-pass filters. For illustration, the structure of a W-band (extending from
75GHz to 110 GHz) 5-cavity H-plane iris band-pass rectangular waveguide filter is
shown in Fig. 3.1.

This chapter is organised as follows. Section 3.2 explains the principle of the mode-
matching method (MMM) for irises placed transversely in a rectangular waveguide,
while Section 3.3 explains briefly the principle of band-pass filters. Combining the
content in Section 3.2 and Section 3.3, an efficient method to design iris band-pass
rectangular waveguide filter is introduced in Subsection 3.4.1. Subsection 3.4.2 inves-
tigates the influence of rounded corners between the waveguide walls and irises due
to the limitations of micro-machining processes. Three efficient approaches to elimi-
nate the undesired influence are also presented in Subsection 3.4.3. The chapter ends

in Section 3.5.

3.2 Principle of the Mode-Matching Method for Irises

Irises are often used to block a short length of waveguide at both ends in order to form
a cavity resonator, in which electromagnetic waves bounce back and forth between the
irises. Several common types of irises with possible geometries and their equivalent
circuits are shown in Fig. 3.2. Symmetrical or asymmetrical H-plane inductive irises
placed in the cross-section of a rectangular waveguide restrict its width, and have an
equivalent circuit of a shunt inductance. Symmetrical or asymmetrical E-plane capac-

itive irises placed in the cross-section of a rectangular waveguide decrease its height,
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Figure 3.1. Structure of a W-band 5-cavity band-pass H-plane iris rectangular waveguide
filter. This figure depicts the structure of a 5-order band-pass rectangular waveguide
filter whose centre frequency is 94 GHz and passband expends from 92 GHz to 96 GHz.
The filter is designed with H-plane irises and a standard WR-10 rectangular waveguide.
The image shows the instantaneous field distribution at 94 GHz. Source: Self-created

using Ansys High Frequency Structural Simulator (Ansys HFSS) and Inkscape.

which yields an equivalent circuit of a shunt capacitance. A rectangular resonant iris
placed in the cross-section of a rectangular waveguide, which restricts both width and
height, can be considered as parallel LC resonant circuit (Pozar 2011). Since the first
two classes of irises (H-plane and E-plane irises) can be treated as the simplification of

the third one, the following analysis shall focus on the rectangular resonant iris.

3.2.1 Fields in Rectangular Waveguide

Waveguides are metal tubes used to guide electromagnetic waves and they can be
hollow or fully filled with dielectric material. The cross-section of a waveguide can be
rectangular, circular, or elliptical. However, the most common waveguide cross-section
is rectangular, since it presents the advantages of wide bandwidth for single-mode
operation, reasonably low attenuation, and good mode stability for the fundamental

mode of propagation (Collin 1991).

Since this type of waveguide is composed of a single conductor, it only supports the

propagation of transverse electric modes (TE modes) and transverse magnetic modes
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inductive inductive qclirz it
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Rectangular Equivalent
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1ris

Figure 3.2. Common iris discontinuities in rectangular waveguide and their equivalent cir-
cuits. This figure shows some irises placed in the cross-section of a rectangular wave-
guide, including symmetrical and asymmetrical inductive irises, symmetrical and asym-
metrical capacitive irises and rectangular resonant iris which are able to yield equivalent
shunt inductance, capacitance, or a resonant combination. Source: Self-created using

Ansys HFSS and Inkscape.

(TM modes) (Pozar 2011). The TE;y mode is the fundamental mode for a rectangular
waveguide, and it is the preferred mode when a waveguide is used in practice. Its

electric and magnetic fields are shown in Fig. 3.3.

Generally, electric and magnetic modes exist in a rectangular waveguide, including the
fundamental modes and the other high-order modes. According to basic electromag-
netic theory, for propagation along the z-axis, these modes can be expressed by the
following equations (Collin 1991, Rothwell and Cloud 2008)

= — 1 —
E=v x(A2Z)+ e vV XV X(AZ), (3.1)
_, . 1 R
H = x (AZ) — ion V XV X (ArZ), (3.2)
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Figure 3.3. Electric and magnetic fields for the TE;y; mode in a rectangular waveguide.
These figures show the instantaneous electric and magnetic fields for the fundamental
mode TEjy mode in a rectangular waveguide whose width is a and height is b. Source:

Self-created using Ansys HFSS and Inkscape.

where Aj; and A, are the magnitudes of z-directed magnetic and electric vector poten-
tials, w represents angular frequency, € and y are the permittivity and permeability of
the loaded medium in a waveguide respectively, j is the notation for complex numbers,

and Z is the unit vector along the z-axis.

Eq. 3.1 and 3.2 can be further derived to obtain the equations for transverse electric and

magnetic fields, E; and H;, as the following

B B A,

Et——VtAhXZ+—€ o (3.3)
dA

Hy = 71Ae x 74+ — h (3.4)

where subscript t means transverse and V/; is the transverse gradient operator.

As known from basic electromagnetic theory, the magnitudes of z-directed magnetic
and electric vector potentials, A, and A,, satisfy the homogeneous Helmholtz equa-

tions

ViAn+ kAL =0, (3.5)

Page 31



3.2 Principle of the Mode-Matching Method for Irises

V%Ae + k%Ae =0, (3.6)
where /7 is the transverse Laplace operator, and k. is the cutoff wavenumber for a

waveguide.

Applying the method of separation of variables (Polyanin and Manzhirov 2006), Eq. 3.5

and 3.6 can be solved. The solutions are shown below

Apy = (Que Fm® 4 Quoel®m®) (Quze ™Ml 4 Quqelit)e= T, (3.7)

Ae = (Qere 75 + Quae™ ) (Quae 14! + Quael* ¥ )e %, (38)
where Q1. 4 and Q1.4 are amplitude coefficients, kpy, kpy, kex and ke, are wavenum-
bers along the x-axis and the y-axis for different TE and TM modes, and I}, and I, are

propagation constants.

For TE modes, utilising the boundary conditions that the normal derivative of A; on
the inner surface of the waveguide is 0, that is, % |inner sur face = 0 (Collin 1991), Eq. 3.7
can be further derived together with the cutoff wavenumber k;,. formula for TE modes

Ap = QTpe '

mritx nrt

)cos(5) (39)

a
mr7t nrit
kpe = \/ khx2 +khy2 = \/(7)2 + (7)2

where Qj, is the amplitude coefficient for TE modes in the rectangular waveguide, T}, is

Ty, = cos(kyyx) cos(ky,y) = cos(

the eigenfunction for TE modes, and the non-negative integers m and n represent the

index of TE modes, which cannot be zero at the same time (Pozar 2011).

For TM modes, utilising the boundary conditions that A, on the inner surface of the
waveguide is 0, that is, A¢|iner sur face = 0 (Collin 1991), similar equations can be ob-
tained as the following

Ae = Qe Tee_reZ

mrx nmy

)sin(—=) (3.10)

T, = sin(kexx) sin(keyy) = sin(

a
mrt nr
kec = kexz +key2 = \/(7)2 + (7)2
where Q, is the amplitude coefficient for TM modes in the rectangular waveguide, T,
is the eigenfunction for TM modes, k.. is the cutoff wavenumber, and m and n also
represent the index of TM modes. It is noted that m and n here are non-negative and

non-zero integers (Pozar 2011).
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Figure 3.4. A double-plane step discontinuity in rectangular waveguide. This figure shows the
configuration of a double-plane step discontunity, which is formed by two rectangular
waveguides. Waveguide | has a width of a; and a height of by, while waveguide Il
has a width of ay and a height of by. Variables including x1, x2, y; and y, determine
the position of the aperture on the junction surface, that is, z = 0 plane. Source:

Self-created using Ansys HFSS and Inkscape.

3.2.2 Mode-Matching Analysis of Rectangular Waveguide Double-

Plane Step Discontinuities

The structure of a double-plane step discontinuity formed by two rectangular waveg-
uides is shown in Fig. 3.4. Because of the discontinuity at the junction plane, there
will be forward and backward electromagnetic waves in both waveguides as shown in
Fig. 3.5, including the fundamental mode TE;y mode and the other excited high-order
TE;;» and TM;;;, modes. High-order modes below their cut-off frequency can exist in
the vicinity of the discontinuity, and have an exponential attenuation with distance
from the z = 0 plane. However, the influence caused by these evanescent modes is not

negligible, since they are reasons for the energy storage (Collin 1991).

Taking these excited modes into account, the MMM can be applied to analyse quickly
and accurately the double-plane step discontinuity placed in a rectangular wave-
guide (Patzelt and Arndt 1982, Uher and Bornemann 1993, Jarry and Beneat 2008).
The energy on each side of the discontinuity is required to be conserved. Thus, the

equations for the magnitudes of z-directed magnetic and electric vector potentials A,
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Waveguide I
Waveguide I1 H
1 I
F Or
m__ S |
B QB

y

zZ

Figure 3.5. Wave amplitude coefficients at the junction between waveguide | and Il. This fig-
ure shows the electromagnetic waves at the discontinuity of the two waveguides. Q'F and
QE represent the amplitude coefficients for modes propagating along z-direction, while
Q'B and Qg represent the amplitude coefficients for modes propagating along opposite

direction from z-direction. Source: Self-created using Ansys HFSS and Inkscape.

and A, in Eq. 3.9 and 3.10 should be modified as below

hmt nt
P = Q Tl W,
hmh hmh hmhnh hmhnh

(3.11)

i i i T ; iz
) T e el (3.12)

emene eminl, emene eminl,

where i represents the regions in Waveguide I and T, G i i and Gém
h'"h
malised coefficients which limit the average power carried by each mode to 1 W.

; ; represent nor-
ele

For TE modes, Aim,-ni = 0, thus, the transverse electric and magnetic fields can be

e'te

obtained through simplifying Eq. 3.3 and 3.4

E:fhmh Vt hm nh X Z, (3.13)
9A!
r7i 1 hmt ni
H . .= : ' 3.14
thmy ny, jwyl Vit 9z ( )
The power carried by TE modes is
Poi, = 3 H b i < it )48, (3.15)

where 8 represents the closed cross-section surface of the rectangular waveguide.
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Substituting Eq. 3.11, 3.13 and 3.14 into Eq. 3.15 yields

hm nt ;
h h = s =
hmhnh ) jj hm n Z) X Ahmi n zd$

jwu! '
hm ni B ) )
- ZchyHthhnh H Nt Ty i X Z) X vl i 7dS (3.16)
i*
o hmhnh 1*

Normalising the power expressed in Eq. 3.16, the formula for the normalised coefficient

can be expressed as

— iy
Gl ]wl’l hmhnh (317)

h o * . 4
mhnh hm n JT Vt hml l V,ng l ldS \/‘U Vt hmz z vtTPIzjﬂZnZdS

where le1 il = = jwu'/T }imi i is the wave impedance for TE modes.

Meanwhile, substituting eigenfunctions Tl (Eq 3.9) into Eq. 3.17, the normalised

coefficients for TE modes can be expressed as

|7t
2 hmt ni
G iy (3.18)

hmhnh \/— k

hcmhnh

In the same manner, the equations for power carried by the TM modes and the formula

for the normalised coefficient can be described as below

%

] emgng
Povint = ~Zjens Qi Gl ﬂ VT T, . dS, (3.19)

/ Yi
G crity (3.20)

emgng \/JT Vt i th* dS

where Y! . . = jwe' /T ., represents the wave admittance for TM modes.
em eminl,

e'te

Substituting eigenfunctions T! , ; (Eq. 3.10) into Eq. 3.20, the normalised coefficients
embnk

for TM modes can be expressed as

Iyt .
. 2 i,
G . = elle (3.21)
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All modes in the double-plane waveguide step can now be fully described with the
equations above (3.9, 3.10 3.11, 3.12, 3.18, 3.21). As shown in Fig. 3.5, each rectangular
waveguide contains reflected and transmitted electromagnetic waves. Considering
backward and forward waves together, the magnitudes of z-directed magnetic and

electric vector potentials, Al and Al can be expressed below

1,1

i iz . +I b4
hm' nt i hmln
Z Z Ghm W hmh”h(thh iF¢ Hh T thLnLBe W), (3.22)

mh Onh
- -I! +F -
1 i 1,1
Z Z i T (QL e bl QL e ebl),(3.23)
=1n}
where Qh i ni F and Qf}mini r represent the amplitude coefficients for modes propagating
e'te

along z- dlrectlon, while Q;'lmz B

modes propagating along opposite direction from z-direction.

and Qfemé ,ip Tepresent the amplitude coefficients for

In the double-plane waveguide step, transverse electric and magnetic fields on the
junction plane are continuous. Thus, substituting Eq. 3.22 and 3.23 into Eq. 3.3 and 3.4,
and matching the obtained transverse electric and magnetic fields on the z = 0 plane

respectively, two equations can be derived as below

1 1 = I I
Z Z Ghm}lnlh(vtThm}ln}l X Z)(thlhn}ll? + thlhn}lB)

m} =0n} =0
1 o0 o0
]w IZ: Z em n emInI Vi Tem n (Qem nIF + QemgngB)
=0n
(3.24)
Z Gh I, (VT h I X Z)(Q}llmnnnlz + thIInIIB)
ml=0 nll=0 h™h
II 1T 11
]wsH ;0 HZO GemHnH emHnH Vi emHnH(QemgngF + Qem?nEB)’
mi=0n
1 - 1 1 1 I I
]'wyl mlzl nlzl Ghm}ln}lrhm}ln}l % Thm}ln}i(th}ln}lF o th}ln}lB)
i
- - I I
B IZ IZ Gem nl (vtTemInI X Z)(Q Qeme )
=1n,=1
o=t (3.25)

I 1I 11
]wa ; HZ G II IIF II II vt T II II(thII IIF thII IIB)
=1 n, =1

- Z Z GH il VtT In X Z>(Q5¢1En§F - Qgﬂgnglg)

mi=1nl=1
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From Eq. 3.24, we dot-multiply both sides by vtTng/nI/ and vtTlimI’nI’ X Z respectively,
and then compute the integral on the junction plane. Utilising the orthogonality of

electromagnetic fields (Collin 1991), two matrix equations can be obtained

] = [ot] st [t s [ot] + [t 020

Q] + [Qhs] =um([ Q] + [Q]) + e (@] + [Q%]),  627)
where Jry, JEg, Jug and Jyg are coupling coefficients which can be expressed as
I 1 1 >
: Ghm}lln}ll JST vtTemgng ’ (vtThmEn}lI X Z)ds
]EH — Y .1

emene Gl T! 7 T ds
eml nl/ Jg Vi eml nV Vi eml nV/

T i
Y T Z 11,11
6’

. 47T2 emg hm n, 1 /Xz/
Vayazb1by kicmg’ng’kgcm}}n}} \/(1 + 50’”1/11)(1 + (SOn}lI) X1 Y

min)! mlx nlm mi(x — x1) nl(y — )
_ h e : Y h 1 : nTY — Y1
{ albz cos ( a1 ) s ( bl ) cos ( an ) s ( bz >+
minl mimx nlm mil(x — x1) nl(y —y1)
h . e Y h 1 Ry — 1
A (P o ()i (P00 (U =9)
(3.28)
FEILIIHII gﬂnnn H VtTI il Vt II Hd8
JEE =
Felmgne emg”g J‘f VtT I’ I’ Vt I/ngds
. 4 fecm{,/ng FeIrInyny / 2 / y2
va1azb1b2k - FeImI’nI/ 1 /N
I 1 II II
L (MRTTXN . (MeTryN . (e t(x —x1)\ . (M t(y — Y1)
{ sin ( o ) sin (—bl ) sin (—ﬂz ) sin (—bz ) }dxdy.
(3.29)
GH il H Vt Vt 11 HdS
JuH =

1
h I/ I/ JT vtThm}:n}: ) vtThm}l/n}:dS

I
hcmh n,

h 7 / & / (3.30)
Vaiarbiby kilCmI/ I II nll X1

e ()

\/(1 + 507”}1)(1 + 5071}1)(1 + 50m}})(1 + 5071}11)

1I
4 k I
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11 | =4 11
Gttt Jg (ViT, i % 2) - Vi, dS

JHE = .
e T! T, ,dS
emiinl! hm}{n{; Jg Vi hm}l/n}: Vi hm}l/n}:

(3.31)

It is noted that, according to the property of vector cross product and the identity
that the curl of the gradient of any twice-differentiable scalar field is always the zero
vector (Matthews 2000), the integral part of the numerator in the Jyr equation (3.31)

can be expressed as
f f (VT % 2+ VTS = H (Ve x T, v vZ) - Vil n,nd8
S w1 . Vol
_ jsj[vt (T2 VT ) + T 2 (V0% Tl 0]dS -
- fj \YR (Tlim}l/n}l/z X VtTeILgny)dS.
8

Based on the two-dimension divergence theorem (Gauss’s theorem) and the geometric
definition of dot product (Matthews 2000), Eq.3.32 can be further derived as

JJ T T X VTS = [Ty 2% 01T - L

8 £
_ 11 1 = 7 _ 11 1 7
— L/V[—Temyny ° (Thm}:n}:n X Z)dL — ! VtTemyny * Thmi/ngldﬁ (333)
=0,

where £ is a closed contour enclosing surface §, Trepresents the unit tangent vector of
the closed contour £, and 7 is a unit vector normal to the closed contour £. Hence, the

coupling coefficient [y is always equal to 0, that is, Jyg = 0, can be demonstrated.

Handling Eq. 3.25 in a similar manner, another two matrix equations can be obtained

as the following

e[ Qhr] = [Qhs )+ T[] — [Q]) = Q] - Q] 39

(| Q| = Q) + T (|QL] — [Qs]) = Q] = [Qhs] - 3:39)
where coupling coefficients Jf, J&, Ji,; and ¥, are transposed matrices of [y, JEE,

Jur and JEq.
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Rearranging the positions of those amplitude coefficients, Eq. 3.26, 3.27, 3.34 and 3.35

can be expressed as

Qp Qhr Qhr
Q| _ ¢ | Q| _ [511 512] QL (3:36)
QlL- QlL; Sn S»| |QL
Qi Qs | Qi

where S is the scattering matrix for the double-plane waveguide step, which can be

calculated as the following equations (Bornemann et al. 2011)

Sii = — (U +MMY) LU — mmb),
S1p = 2(U 4+ MMT) "1y,
Sy1 = MY[U — Sy,
21 [ 11] (3'37)
Sop = U —2M(U 4+ MM~ I,

JuH JHE

7

JEn JEE

where U is the unit matrix, and M is the coupling coefficient matrix.

3.2.3 Scattering Matrices of Irises Placed in Rectangular Waveguides

As shown in Fig. 3.6, a rectangular waveguide is divided into three regions including
Waveguide I, Waveguide II, and Waveguide III. The resonant iris placed in the cross-
section of a rectangular waveguide can be considered as consisting of Waveguide II
and two discontinuities formed by the transition from Waveguide I to Waveguide II
and from Waveguide II to Waveguide III. Therefore, the scattering matrix of the reso-
nant iris structure can be calculated by cascading the scattering matrices of the discon-

tinuities and Waveguide II.

The scattering matrices S; and Syp for the discontinuities, that is, the double-plane
waveguide steps on z = 0 and z = ¢ planes, can be calculated with the MMM ex-
plained in last section and expressed as Eq. 3.38. Meanwhile, the scattering matrix for
the Waveguide II can be obtained easily through Eq. 3.39 (Arndt et al. 1986)

5 = Si1 Si2 Sy = S Sy (3.39)
So1 S» S12 Sn
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Figure 3.6. A resonant iris placed in the cross-section of a rectangular waveguide. This
figure depicts the structure of a resonant iris placed in a rectangular waveguide. The
rectangular waveguide is divided into Waveguide | (z < 0), Waveguide 1l (0 < z < ¢),
and Waveguide Il (z > ¢). Waveguide | and Waveguide Il have the same cross-section
with a width a and a height b, while Waveguide Il has a width a’, a height b’ and a
thickness c¢. Source: Self-created using Ansys HFSS and Inkscape.

Sn =

e_rhmhnhc 0
., V= ) (3.39)

0 0 e~ Temenec

where ¢~ T © and e Temenee represent the exponential factors of TE and TM modes in

Waveguide II.
As a consequence, the scattering matrix for the whole resonant iris structure can be
computed through the following equations (Dobrowolski 2010)

iris 2 !

11 =5+ Slzv(u — (S22V) ) 522V 52,

iy -1

2= 512V(U - (Szzv)z) 521,

B 1 (3.40)
Sh =S (U~ (VSn)?) VS,

.. —1
SI° = 811 + S (U~ (VS0)?)  VSnVSa.

Page 40



Chapter 3 Band-Pass Iris Rectangular Waveguide Filters

For the capacitive irises (E-plane irises, a’ = a, as shown in Fig. 3.2) placed in rectan-
gular waveguides operating in the fundamental mode TE;y mode, high-order TE;;,
and TM,;,,,, modes are both excited because of the discontinuities. Thus, the scattering
matrix can be calculated with the same coupling coefficient matrix derived for the res-
onant iris structures. However, for the inductive irises (H-plane irises, b’ = b, as shown
in Fig. 3.2) arranged in the rectangular waveguide and operated in the TE;p mode, only
TE;;,0 modes can be excited. Therefore, the scattering matrix should be computed with

modified corresponding coupling coefficient matrix shown below

P sin (M) dx. (3.41)

Since the structure of band-pass filter in this chapter is based on inductive diaphragms,
an H-plane iris structure is taken as an example in order to investigate the relationship
between the convergence and the number of modes, and to verify the validity and
efficiency of the MMM. As shown in Fig. 3.7, a symmetrical iris is placed in the cross-
section of a standard W-band (extending from 75 GHz to 110 GHz) WR-10 waveguide
with a width of 4 = 2.54 mm and a height of b = 1.27 mm. The width a’ of the aperture

is 1.2 mm, while the thickness ¢ of the irises is 0.5 mm.

With these dimensions for the H-plane iris rectangular waveguide structure, the rela-
tionship between the convergence and the number of modes is explored at 94 GHz in
the following. As shown in Fig. 3.8, by increasing the number of modes, either |S1| or
|S»1] stabilises to a value, and when the number of modes is larger than 10, the changes

for |S11| and |Sy1| are insignificant.

By setting the number of modes to 15, in W-Band (extending from 75 GHz to 110 GHz),
the calculated mode-matching results for the H-plane iris structure are verified by the
finite-element method (FEM) simulations performed with Ansys HFSS as shown in
Fig. 3.9. Obviously, without taking losses into account, the calculated mode-matching
results for the amplitude and phase of |S11| and |Sy1| have a good match with the
results simulated with the FEM using Ansys HFSS. It is noted that, to ensure that the
simulated results have sufficient precision, the maximum length of elements for the
mesh setting in Ansys HFSS is chosen as 0.1 mm. Thus, for a standard computer with
a 3.40GHz i7-2600 CPU and 14.0GB RAM, it takes 264s to simulate one frequency
point (94 GHz). In contrast, the MMM shows a remarkable advantage in efficiency for
it takes only 0.17 s to calculate one frequency point (94 GHz).
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Figure 3.7. Symmetric H-plane iris placed in the cross-section of a rectangular waveguide.
This figure depicts the structure of a symmetrical inductive iris placed in a rectangular
waveguide. The rectangular waveguide is divided into Waveguide | (z < 0), Waveguide
I (0 <z < ¢), and Waveguide Il (z > ¢) by the iris. Waveguide | and Waveguide
Il have the same cross-section with a width a and a height b, while Waveguide |l has
a width a’, a height b, and a thickness c. Source: Self-created using Ansys HFSS and

Inkscape.

3.3 Principle of Band-Pass Filter

As an essential part in microwave and millimetre-wave systems, a filter is often utilised
to control the frequency response at a certain point by providing transmission at fre-

quencies within the passband and attenuation in the stopband.

Two common methods, the image parameter method and the insertion loss method
using network synthesis techniques, can be applied to design filters. In order to re-
move undesired frequency components, the first approach cascades a series of two-
port filter sections such as constant-k section, m-derived section, and mm’-type section.
However, this simple method does not support the specification of a particular fre-
quency response over the whole operation frequency band. Therefore, this method
has to be iterated many times to satisfy the design requirements. The second approach

is based on the design specifications and begins with the needed transfer function and
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Figure 3.8. Relationship between the convergence and the number of adopted modes at
94 GHz. This figure shows that with the increase of the number of modes, the scattering
parameters |Sq1| and |Sp1| at 94 GHz trend to stable values. Source: Self-created using

Matlab.

then determines the required sections to form the corresponding filter which can meet
or approximate the desired frequency response. This method provides a methodical
manner of filter design and has a high degree of control over amplitude and phase
characteristics in passband and stopband. Hence, it is often adopted in designing fil-

ters in microwave and millimetre-wave systems.

In this perspective, only the principle of the insertion loss method is explained in this
thesis. In addition, typical frequency responses for filters include low-pass, high-pass,
band-pass, and band-reject characteristics. For brevity, the explanation here starts from
low-pass filters, while the considerations are then focussed on the transformation for
band-pass filters. Extending the transformation, the other response types can be ob-

tained in a similar manner.
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Figure 3.9. Comparison for the amplitude and phase of scattering parameters obtained
through the MMM with 15 modes and the FEM using Ansys HFSS in W-
Band. This figure shows that the calculated mode-matching results for the amplitude
and phase of |S11] and |Sy1| match well with those simulated with Ansys HFSS. Source:
Self-created using Ansys HFSS and Matlab.

3.3.1 Principle of the Insertion Loss Method

For an ideal filter, the insertion loss in the passband should be zero, while the trans-
mitted power in the stopband should attenuate infinitely. However, such filters cannot
be realised in practice. Existing filters can be considered as the approximations of the
ideal ones. To approximate the frequency response of the ideal filters, the first step
is to decide the transfer function which is defined for a low-pass filter as the follow-
ing (Pozar 2011, Hong and Lancaster 2011)

1
S (i) 2 — ,
521 (jw)] 1_|_€2F]%](w/wc)

_ Pinc _ 1
Ploud |521 (jw)|2,

where |Sy|? is the amplitude-squared transmission coefficient, w is the radian fre-

(3.42)

Prr

quency, w, is the cutoff radian frequency, € is the ripple constant, Fy is the filtering

function, N is the order of the filter, Prr is the power loss ratio, and P, and P}y,
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represent the power available from the source and the power delivered to the load

respectively.

Furthermore, for a given transfer function, the insertion loss for a filter can be ex-

pressed in dB by the following equation

IL =10log P g = 10log S ! (3.43)
21

(jew) [
Obviously, the characteristics of the insertion loss over the operation frequency band
for a filter is described by the transfer functions. Namely, the practical filter responses
can be determined by different transfer functions, including the classical ones such
as Butterworth (maximally flat) response, Chebyshev (equal ripple) response, elliptic

function response, and Gaussian (maximally flat group-delay) response.

Taking the Chebyshev response as an example, the particular response for such a filter

can be described by the amplitude-squared transfer function

1

=— =, 3.44
1+ €273 (w) (3.44)

121 (jew)|?|

where the ripple constant € can be computed with a given passband ripple A, in dB by

equation

e =1/104/10 _ 1, (3.45)

while the Chebyshev function Ty can be expressed as the following

w,

IN(w) = ‘ (3.46)
cosh (N Cosh_l(w%)), if w > w,.

cos (Ncos_l(ﬂ)) if w < w,

Based on Eq. 3.43 to 3.46, the Chebyshev low-pass responses for filters with different
orders are plotted in Fig. 3.10. In the figure, it can be seen that the Chebyshev re-
sponses exhibit equal ripples with a magnitude A, in dB in the passband extending
from Orad/s to w.rad/s. In addition, with the increase of the order of the filter, the

insertion loss IL shows a more dramatic rise.

3.3.2 Low-Pass Filter Prototype

An all-pole low-pass filter, such as Butterworth low-pass filter, Chebyshev low-pass

filter, or Gaussian low-pass filter, can be realised with both types of N*'-order ladder
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Figure 3.10. Chebyshev (equal ripple) low-pass response for filters with N =3, N =5, and
N = 7 orders. This figure shows that, in the passband of a Chebyshev low-pass
filter, the Chebyshev response has equal ripples which are defined by A,. In addition,
a filter with larger order has a sharper stopband performance. Source: Self-created

using Matlab.

networks shown in Fig. 3.11. As shown in the figure, go represents source resistance
or conductance, g,1 represents load resistance or conductance, and g; to g, are the
values for electronic elements which can be considered as shunt capacitors or series

inductors (Hong and Lancaster 2011).

For a low-pass filter realised with either of these two networks, if the values for elec-
tronic elements g; to g, are normalised to make the source resistance or conductance
go and the cutoff radian frequency w, be 1, this filter is defined as a low-pass prototype
filter.

Many practical filters, including low-pass filters, high-pass filters, band-pass filters,
and band-stop filters, can be designed through the frequency and element transforma-
tions on the basis of this low-pass prototype filter. In addition, because numerous ta-
bles of element values for low-pass prototype filters with various frequency responses
have already been tabulated, the filter synthesis procedures can be skipped. Therefore,

the design efficiency can be improved significantly.
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Figure 3.11. Two types of ladder networks for all-pole low-pass filters. This figure shows two
ladder networks which can be utilised to realise low-pass filters. The network in (a)
begins with a shunt element, while the network in (b) begins with a series element.

Source: Self-created using Inkscape.

Equations for calculating the values for electronic elements are still necessary, since ele-
ment value tables sometimes cannot satisfy specific design requirements. For a Cheby-
shev low-pass prototype filter, with equal ripple A, in passband and cutoff radian
frequency w, = 1rad/s, the formulae for element values are listed below (Hong and
Lancaster 2011)

g0 =1,
2 . 7T
gl—;sm(%),
Qi . (2i-3)7
o AT )T T) i og L G47)

8i-1 Y2 + sin? (—(i_nl)”)

1, for n odd,

n+1 =
coth? (%), for n even,
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where

(3.48)

As a typical specification, the stop-band attenuation for a Chebyshev low-pass proto-
type at a radian frequency w; is required to be larger than a constant As in dB. Adopting
a suitably high order for a filter is an option to achieve this, since, as demonstrated in
Subsection 3.3.1, a sharper stop-band performance can be obtained by increasing the
order. Thus, to meet the specification, the required order n of the filter can be found

through the following equation (Hong and Lancaster 2011)

A

418
cosh™! 102 =
1070 —1
n> — (3.49)
cosh™ " ws

3.3.3 Band-Pass Transformation

A low-pass prototype filter is defined as a filter which has a normalised source resis-
tance or conductance, and an unity cutoff radian frequency. Based on this low-pass
prototype filter, a practical filter, whose frequency response may be low-pass, high-
pass, band-pass, or band-stop, can be designed through the frequency and element

transformations.

To achieve the band-pass transformation based on a low-pass prototype filter, the elec-
tronic elements in the ladder network for the low-pass filter as shown in Fig. 3.11
should be converted into LC resonators. In other words, the shunt elements should
be replaced by parallel LC resonators, while the series element should be replaced by
series LC resonators. Thus, the networks for band-pass filters are obtained as shown
in Fig. 3.12.

For a Chebyshev band-pass filter, whose passband edge radian frequencies are w} and
w}, the transformation can be achieved through mapping the radian frequency w’ for
the band-pass filter to the radian frequency w for the low-pass prototype filter with the

following frequency substitution (Pozar 2011)

o - L(ﬁ' -y, (3.50)
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Figure 3.12. Two types of networks for band-pass filters transformed from ladder networks
for low-pass filters. This figure shows two networks which can be utilised to realise
band-pass filters. The networks are transformed from ladder networks for low-pass
filters shown in Fig. 3.11 by replacing the electronic elements with LC resonators.

Source: Self-created using Inkscape.

where the fractional bandwidth FBW is defined as
wy — wy
wy

FBW = (3.51)

and the centre radian frequency is defined as

wp =/ wwh. (3.52)

Further, the equations of the inductive and capacitive electronic elements in the se-
ries and parallel LC resonators for the transformed band-pass filters can be derived in

Eq. 3.53 and 3.54 respectively

_ 1
Sl = FBWaw), "
) (3.53)
ngC = CU6 ﬁgn/
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3.4 Band-Pass Iris Filter

L &
1€ = FBWw, 0
. (3.54)
gTZL - w(/) g_n/

where @ represents the impedance scaling factor, which can be expressed as the follow-

ing equation

80

S0 for ¢h and ¢p being the resistance,
g—?, for g( and go being the conductance,
0

where g is the practical source resistance or conductance as shown in Fig. 3.12.

3.4 Band-Pass Iris Filter

Thus far, the design procedures for a band-pass filter realised with lumped elements
has been explained in detail. However, with the increase of frequency, lumped ele-
ments become inapplicable, since the wavelengths of the electromagnetic waves, for
example microwave and millimetre-wave, become comparable to or even smaller than
the physical sizes of the circuits. Therefore, distributed elements should be introduced

in order to handle this issue.

3.4.1 Realisation of Band-Pass Iris Filter

As shown in Fig. 3.12, the networks for a band-pass filter realised with alternate se-
ries resonators and parallel resonators are difficult to be achieved with distributed ele-
ments. Thus, in order to make those resonators in series, the networks should be trans-
formed again by introducing impedance inverters (K inverters) or admittance inverters
(] inverters). Here, only the network for band-pass filter using impedance inverters are
drawn in Fig. 3.13 (Hong and Lancaster 2011).

As shown in the figure, the network consists of series resonators and shunt impedance
inverters. The resonant frequency of these resonators should be located at the cen-

tre radian frequency wy, of the band-pass filter, while the theoretical normalised value
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Figure 3.13. Network for generalised band-pass filter using impedance inverters. This figure
shows the configuration of a band-pass filter using shunt impedance inverters and
series resonators. Both the impedance inverters and the resonators can be realised
with distributed elements. Z represents the source impedance, k is the value for the K
inverter, and X(w') is the reactance of the distributed resonator. Source: Self-created

using Inkscape.

ky n+1 of the impedance inverters can be calculated through equations below

nFBW _
\/ 20081 7 forn =0,

ki1 = 2\7/[%, forn=1,2,..,N—1, (3.56)

nFBW _
V' 28n8n+1’ forn=N.

It is noted that, for dispersive medium, the FBW in above equations should be re-

placed by fractional guide wavelength FGW which can be computed through the for-

mula (Cameron et al. 2007)
A1 — A2

FGW = ,
Ago

(3.57)

where Ag1 and A, are the guide wavelengths at the passband edge frequencies, while

Ago is the guide wavelengths at the centre frequency.

The network for a 5"-order Chebyshev band-pass filter using impedance inverters and
series LC resonators can be realised by placing irises in the cross-sections of a rectan-
gular waveguide, that is, the symmetric rectangular waveguide structure shown in
Fig. 3.14, since the irises placed in the cross-sections of the rectangular waveguide can
work as impedance inverters, while the cavity resonators formed by these irises can

behave like LC resonators.

A symmetrical iris placed in the cross-section of a rectangular waveguide and its equiv-
alent circuit for the impedance inverter are shown in Fig. 3.15. With the MMM intro-
duced previously, the scattering parameters for the two-port iris network, that is, |S11],

|S12], |S21], and |Sx|, can be calculated quickly and accurately. The corresponding
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Figure 3.14. Structure of a 5-order Chebyshev band-pass iris filter. This figure shows the
configuration of a Chebyshev band-pass filter achieved by placing irises in the cross-
sections of a rectangular waveguide. c is the thickness of the iris, G represents the gap
between the iris plates, and D is the length of the resonant cavity. Source: Self-created

using Ansys HFSS and Inkscape.

impedance inverter value, denoted as k’, can then be obtained through
1— 51|
K =4/ ——, 3.58
J T+ sl .

k' = |tan (g + tan_l(%)) |, (3.59)

where the electrical length 60, the normalised element values of the equivalent circuit

or

for the impedance inverter Xs and X, can be computed through (Park et al. 2003)

0= —tan ' (2X, + Xs) — tan~ 1 (Xs),

. - Lt 51—5n

J& =12 S11+ So1” (3.60)
. 2571

JXp =

(1-5n)?-53

Furthermore, to design this type of band-pass filter, the first step is to map the practical

impedance inverter values k/, , 1 of the iris to the calculated theoretical values k;; ;1.
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on T

Figure 3.15. An iris placed in the cross-section of a rectangular waveguide and the equivalent
circuit for the impedance inverter. The left figure shows the top view of a sym-
metrical iris in a rectangular waveguide. This structure can behave as an impedance
inverter, and thus the equivalent circuit for the impedance inverter is also provided in

the right figure. Source: Self-created using Ansys HFSS and Inkscape.

In the other words, an equation about two variables, including the inner gaps G, of the

irises and the thicknesses c,, of the irises, should be solved.

f(G,c) = k’,,/n 11(G,¢) —kppni1 =0. (3.61)

For convenience, usually the thicknesses ¢ of all irises are fixed as one constant. Thus,
the Eq. 3.61 can be simplified as an equation with one unknown quantity, and this
equation can be solved efficiently with various methods, such as the bisection method
or Newton’s method (Burden et al. 2015).

After this step, the lengths of the half-wavelength resonator cavities formed by iris

pairs can be calculated through the following equation (Park et al. 2003, Pozar 2011)

Ago

o G ON)) (362)
Based on a standard W-band (extending from 75 GHz to 110 GHz) WR-10 waveguide
whose width and height are 2.54 mm and 1.27 mm respectively, the design method is
applied to a 5"-order Chebyshev band-pass iris filter with a centre frequency of 94 GHz
and a fractional bandwidth of 4.25% (passband extending from 92 GHz to 96 GHz). For
a standard computer with a 3.40 GHz i7-2600 CPU and 14.0 GB RAM, the gaps G be-
tween the iris plates and the lengths D of the resonant cavities illustrated in Fig. 3.14

can be determined in just 0.08 seconds. With the dimensions listed in Table 3.1, the
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Table 3.1. Dimensions of a 5/"-order Chebyshev band-pass iris filter (Units: mm). The table
gives the dimensions, including the iris thicknesses c, the gaps G between iris plates, and
the lengths D of the resonant cavities, used to realise a 5t"_order Chebyshev band-pass

iris filter whose structure is illustrated in Fig. 3.14.

c Gl, G6 GQ, G5 G3, G4 Dl, D5 DZ, D4 D3

0.5 | 1.488 1.091 0.996 1.421 1.694 | 1.736

calculated mode-matching results are verified by simulation results with the FEM us-
ing Ansys HFSS. As shown in Fig. 3.16, the calculated mode-matching results have a
good match with the results of the full-wave simulation. It is noted that both the mode-

matching calculation and the finite-element simulation do not take losses into account.

3.4.2 Influence of Fabrication Inaccuracies

In view of the limitations of micro-machining processes, in a manufactured H-plane
iris band-pass filter, the corners between the waveguide walls and irises are round
angles rather than perfect right angles. Namely, the ideal structure illustrated in
Fig. 3.14 is actually realised as the structure shown in Fig. 3.17 instead. The re-
sulting differences between ideal design and realisable geometries do influence the
performance of the band-pass filter, especially when it operates at high frequency
bands (Bornemann 2001, Bornemann et al. 2005). Because of the high performance
requirements for a band-pass filter, the undesired influence caused by rounded angles
should be removed. Therefore, the influence introduced by round angles together with
bevel angles shall be analysed with the MMM in this subsection, in order to provide

references for the next section to solve the influence problem.

With the MMM, it is difficult to analyse an iris with round angles or bevel angles di-
rectly. Fortunately, round angles or bevel angles (as an isosceles right triangle) can be

approximated as M steps of double-plane discontinuities as shown in Fig. 3.18.

The number of steps M depends on the radius r of a round angle or the side Is of
a bevel angle. Thus, the convergence has been investigated with two approximation

examples at 94 GHz. One is an iris with a thickness of 0.5mm, a gap of 1.0 mm, and
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Figure 3.16. Comparison of scattering parameters obtained using MMM and the FEM using
Ansys HFSS. This figure shows the frequency response of a 5/"-order Chebyshev band-
pass iris filter obtained through the MMM and the FEM. The comparison verifies the

validity of the self-developed mode-matching code. Source: Self-created using Ansys

HFSS and Matlab.

round angles with a radius of 0.5mm, while the other is an iris with a thickness of
0.5mm, a gap of 1.0mm, and bevel angles with a side of 0.1 mm. It is noted that both
examples are based on a standard W-Band (extending from 75 GHz to 110 GHz) WR-
10 waveguide. As shown in Fig. 3.19(a), with the increase of the number of steps, the
scattering parameters |Sq1| and |Syq| of the first round angle approximation converges
gradually. Obviously, when the number of steps M is larger than 10, the variations
for |S11| and |Sp1| can be ignored. Similarly, as shown in Fig. 3.19(b), a 5-step staircase

actually is sufficient to approximate a bevel angle with 0.1 mm side lengths.

Up to now, based on the dimensions listed in Table 3.1 and the principle introduced
above, the influence resulted from the round angles or bevel angles is able to be anal-

ysed.
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Figure 3.17. Structure of a 5"-order Chebyshev band-pass iris filter with round angles. This
figure shows the realised configuration of a Chebyshev band-pass filter achieved by
fabricating irises in the cross-sections of a rectangular waveguide with a milling ma-
chine. c is the thickness of the iris, G represents the gap between the iris plates, D is
the length of the resonant cavity, and r is the radius of the rounded corner. Source:

Self-created using Ansys HFSS and Inkscape.

For the structure in Fig. 3.17, by increasing the radii of the round angles, the centre
frequency (94 GHz originally) of the band-pass filter shifts to higher frequencies while
the 3 dB bandwidth varies slightly. The relationship among the radius, the offset, and
the variation of bandwidth is shown in Fig. 3.20(a). Clearly, up to a radius of 0.1 mm, no
significant influence on the centre frequency is visible while up to a radius of 0.35mm,
the variation of the bandwidth fluctuates around 0 with a small amplitude. As the
radius increases, the centre frequency shifts exponentially upward. For a radius of
0.5 mm, the offset is 0.76 GHz and the variation of bandwidth is 0.03 GHz.

For the band-pass iris filter which is formed by Fig. 3.18(b), by increasing the side
lengths of the bevel angles, on the contrary, the centre frequency (94 GHz originally)
of the band-pass filter shifts to lower frequencies. Meanwhile, the 3dB bandwidth
widens as the side lengths increase. The relationship between the side length, the
offset, and the increment of the bandwidth is shown in Fig. 3.20(b). Compared with
round angles, both the centre frequency and bandwidth are more susceptible to the

change of bevel angles. The centre frequency shifts by 0.76 GHz when the side length
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Figure 3.18. Irises with different types of fabrication effects taken into account: (a) round
angles, (b) bevel angles. These two figures show irises with rounded angles and bevel
angles. The rounded angles are formed because the milling cutter has a given radius,
while the bevel angles are introduced to eliminate undesired fabrication influence.

Source: Self-created using Ansys HFSS and Inkscape.

is around 0.06 mm while the bandwidth expands by 0.2 GHz when the side length is
only 0.03 mm.

3.4.3 Approaches to Remove Undesired Influence

To eliminate the undesired influence, in previous work (Bornemann 2001), the res-
onator lengths have been adjusted first, and then both the aperture sizes and resonator
lengths have been optimised according to fabrication limitations. The disadvantages
of this method are that it requires the adjustment of several variables, and the optimi-

sation space significantly grows with the order of the band-pass filter.

In order to improve the optimisation efficiency, three efficient approaches are pro-
posed. Approach A: revise the design parameters according to the estimated influ-
ence in order to compensate the frequency shift; Approach B: design the band-pass
filter without considering the influence of fabrication and then introduce reasonable
bevel angles to correct the offset of the centre frequency; Approach C: map the realised
structure of irises and resonator cavities with the impedance inverter and LC resonator
network of a band-pass filter to directly and accurately compute the aperture sizes and

resonator lengths.
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Figure 3.19. Relationship between the convergence and the number of steps for an iris with

(a) round angles and (b) bevel angles at 94 GHz. These figures show the scattering
parameters |S11| and |Sy1| trend to constants with the increase of the number of steps

for approximating round angles and bevel angles. Source: Self-created using Matlab.
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Figure 3.20. Relationship between the radius or side length, the offset of the centre fre-
quency, and the variation of bandwidth. These figures show that how the round
angles and bevel angles affect the centre frequency and 3dB bandwidth for the 5!"-
order Chebyshev band-pass iris filter. Source: Self-created using Matlab.
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Table 3.2. Dimensions of a 5"-order Chebyshev band-pass iris filter with round angles (Units:
mm). The table gives the dimensions, including the iris thicknesses ¢, the gaps G
between iris plates and the lengths D of the resonant cavities, used to realise a 5" _order
Chebyshev band-pass iris filter whose structure is illustrated in Fig. 3.17. This filter is

designed to be fabricated with a milling machine with a cutter radius .

c r Gl, G6 GQ, G5 G3, G4 Dl, D5 Dz, D4 D3

05|04 | 1493 1.095 0.999 1.429 1.704 | 1.746

The following analysis is based on a 5"-order Chebyshev band-pass iris filter with a
centre frequency of 94 GHz and a fractional bandwidth of 4.25%. This filter is designed

to be fabricated with a milling machine with a cutter radius of 0.4 mm.

Approach A: Compensation of Frequency Shift

For Approach A, according to Fig. 3.20(a), the 0.4 mm radius round angles lead to a
0.34 GHz offset for the centre frequency. Thus, in order to shift the centre frequency
back to the specified value (94 GHz), a band-pass filter with a centre frequency of
93.66 GHz needs to be designed instead. One aspect to note is that the fractional band-
width also can be revised based on Fig. 3.20(a). However, because the bandwidth

increment caused by a radius of 0.4 mm is limited, this influence is ignored here.

The computation time for the modified filter using the MMM is around 0.2 seconds on
a standard computer with a 3.40 GHz i7-2600 CPU and 14.0 GB RAM. The optimised
values are given in Table 3.2. The calculated results are in a good match with the

simulation results of the FEM using Ansys HFSS as shown in Fig. 3.21.

Approach B: Counteract Frequency Shift with Bevel Angle

Approach B is another way to adjust the centre frequency. It employs the structure
which is formed by Fig. 3.22, that is, the combination structure of Fig. 3.18(a) and (b),
and utilises the opposite influence on centre frequency caused by bevel angles to bal-

ance out the frequency shift caused by round angles.

Based on the initial design given in Table 3.1, to counteract the 0.34 GHz offset, the
initial side length can be set to 0.026 mm according to Fig. 3.20(b). We compute the
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Figure 3.21. Comparison of scattering parameters obtained using the MMM and the FEM
using Ansys HFSS. This figure shows the frequency response of a 5"-order Chebyshev
band-pass iris filter with round angles obtained through the MMM and the FEM. The
design requirements are satisfied well with Approach A. Source: Self-created using

Ansys HFSS and Matlab.

centre frequency with the initial side length and compare it with 94 GHz. If they do not
match well, the side length needs to be adjusted around 0.026 mm until the calculated
centre frequency satisfies the design requirement. The side length is here finalised as
0.025 mm.

To deal with this case, with the method introduced in (Bornemann 2001), six variables
(G1, G2, G3, Dy, Dy, D3) are required to be optimised. This second method greatly
reduces the amount of variables required to be adjusted. However, a side length of
0.025 mm also introduces a 0.13 GHz increment of the 3 dB bandwidth. Thus, it is nec-
essary to check whether the bandwidth is still acceptable in the end.

The simulation result comparison between this method and the FEM using Ansys
HFSS is shown in Fig. 3.23. The frequency response curves are almost in coincidence,

thus, a good agreement between the two methods can be confirmed.
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c 5 i =asssssssssssss=s

Figure 3.22. An iris with both rounded angles and bevel angles and its equivalent circuit for
the impedance inverter. The left figure shows a combination of the structures of
Fig. 3.18(a) and (b). This structure can behave as an impedance inverter, and thus
the equivalent circuit for the impedance inverter is also provided in the right figure.

Source: Self-created using Ansys HFSS and Inkscape.

Approach C: Direct Mapping Method

Compared with Approach B, in the third method, all sizes are designed with the per-
turbations taken into account directly without subsequent adjustment. This is achieved
by mapping irises shown in Fig. 3.18 or 3.22, and resonant cavities formed by iris pairs
with the network for generalised band-pass filter using impedance inverters shown in
Fig. 3.13.

Here, the iris shown in Fig. 3.22 with both round angles (radius: 0.4 mm) and bevel
angles (side length: 0.1 mm) is chosen. If the thickness c is fixed as 0.5 mm, by matching
the calculated values for the equivalent impedance inverters to the theoretical ones,
the gaps G between iris plates can then be determined. Moreover, the lengths D of the
resonant cavities also can be computed with the wavelength at the centre frequency

and the electrical lengths using Eq. 3.62.

Based on the MMM, all dimensions listed in Table 3.3 can be calculated. As shown in
Fig. 3.24, the calculated mode-matching results also match well with the FEM simula-
tions using Ansys HFSS.

According to the analysis above, clearly, all of the three approaches can be applied to
eliminate the undesired influence caused by micro-machining errors, that is, the round

angles between waveguide walls and irises. In addition, due to the high-speed and
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Figure 3.23. Comparison of scattering parameters obtained using the MMM and the FEM
using Ansys HFSS. This figure shows the frequency response of a 5"-order Chebyshev
band-pass iris filter with both round and bevel angles obtained through the MMM and
the FEM. The undesired influence caused by round angles is removed through Approach
B. Source: Self-created using Ansys HFSS and Matlab.

high-precision of the MMM, the iris band-pass filter design and the tolerance analysis
can be handled efficiently.

3.5 Chapter Summary

In this chapter, the electromagnetic waves propagating in a rectangular waveguide
have been analysed and some corresponding equations have been derived. Based on
these equations, the principle of the mode-matching method has been explained in
detail for the analysis of waveguide discontinuities. Thus, the characteristics of irises
with or without rounded or bevel angles, placed in the cross-section of a rectangular

waveguide, can be analysed efficiently.

Combining the principle of the mode-matching method and the band-pass filter theory,
a Chebyshev 5'-order band-pass iris filter has been designed rapidly and accurately.
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Table 3.3. Dimensions of a 5"-order Chebyshev band-pass iris filter with both round angles
and bevel angles (Units: mm). This table gives the dimensions, including the iris
thicknesses c, the gaps G between iris plates and the lengths D of the resonant cavities,
used to realise a 5"-order Chebyshev band-pass iris filter formed with iris geometries
shown in Fig. 3.22. The iris has both round angles with a radius » and bevel angles with

a side Is.

05|04 |01 | 1434 1.035 0.941 1.413 1.682 | 1.723
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Figure 3.24. Comparison of scattering parameters obtained using the MMM and the FEM
using Ansys HFSS. This figure shows the frequency response of a 5!"-order Chebyshev
band-pass iris filter with both round and bevel angles, which is designed with Approach
C. The calculated mode-matching results agree well with the simulations performed
with Ansys HFSS. Source: Self-created using Ansys HFSS and Matlab.

In addition, considering the limitations of micro-machining processes, an analysis of
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the influence caused by rounded angles has been presented. On this basis, this chap-
ter also proposed three efficient approaches to eliminate the undesired influence of
rounded corners: compensating the frequency shift, offsetting the shift with bevel an-
gles, and taking the properties of the perturbations into account when computing the
sizes. All approaches successfully corrected the offset of the centre frequency caused
by rounded corners and all calculated results obtained with a self-developed mode-
matching code have been verified by full-wave finite-element simulations using Ansys
HFSS.

In the next chapter, the principle of analysing the characteristics of posts placed in the
cross-section of a rectangular waveguide will be explained. Based on this method,
a general design method for band-pass post filters in rectangular waveguide and
substrate-integrated waveguide will be introduced. In addition, the next chapter will
also analyse losses in substrate-integrated waveguide band-pass post filters with the

finite-element method using Ansys HFSS.
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Chapter

Band-Pass Post
Rectangular Waveguide
Filters

HIS chapter starts by explaining the principle of the mode-

matching method for analysing N-furcation structures placed in

a rectangular waveguide. It then introduces nine approaches to
approximate posts placed in the cross-section of a rectangular waveguide
based on a series of N-furcation structures. Through comparing the dif-
ference between the scattering parameters and accurate reference solutions
for the post structures and the rate of convergence for each approach, the
most efficient approximation is also recommended. On that basis, we com-
bine the principle of the mode-matching method for analysing posts as-
signed in a rectangular waveguide with band-pass filter theory, and intro-
duce an efficient general method for band-pass post filters in rectangular
waveguides and substrate-integrated waveguides. It is followed by the in-
vestigation of the influence on the performance of band-pass filters caused
by manufacture-induced filter dimension errors. Since the mode-matching
method is based on lossless simulations, while insertion loss is an important
specification to judge the quality of a band-pass post filter, the last part of
this chapter also explores the insertion losses in band-pass post substrate-

integrated waveguide filters.
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4.1 Introduction

A high-performance band-pass filter can be realised by placing various irises in the
cross-section of a rectangular waveguide. However, as introduced in Chapter 3, be-
cause of the limitations of micro-machining processes, the corners of the various dis-
continuity features, such as between waveguide walls and irises, are rounded rather
than perfect right angles. The resulting differences between ideal designs and realis-
able geometries do influence the performance of the band-pass filters, especially when

they operate at high frequencies (Bornemann 2001, Bornemann et al. 2005).

Compared with the above mentioned discontinuities in waveguides, cylindrical posts
placed in the cross-section of a rectangular waveguide or circular holes are intrinsically
easier to manufacture with standard technology. Thus, posts are less prone to machin-
ing errors and are promising for realising band-pass waveguide filters at higher fre-
quency bands. Due to the high-speed and high-accuracy, an efficient method based
on the mode-matching method (MMM) is still one of the most powerful options for
the design of band-pass waveguide post filters. It is noted that the method is appli-
cable to post filters in waveguides but can be extended to substrate-integrated wave-
guide (SIW) technology, which is able to reduce the dimension of the band-pass filters
greatly. For illustration, the structures of two X-band 5-cavity band-pass post filters in

a rectangular waveguide and an SIW are shown in Fig. 4.1.

This chapter is organised as follows. Section 4.2 explains the principle of the MMM
for double-plane discontinuities with multiple apertures, and investigates the most ef-
ticient approach to approximate cylindrical posts placed in a rectangular waveguide.
In section 4.3, a general design method for band-pass post filters in rectangular waveg-
uides and SIWs is introduced, while the validity of the method is verified via full-wave
simulations using Ansys High Frequency Structural Simulator (Ansys HFSS) and mea-
surements on manufactured prototypes. Chapter 4.4 then explores the influence on the
performance of band-pass filters caused by dimension errors. The characterisation of
the ohmic and dielectric losses in band-pass post SIW filters is then analysed with An-
sys HFSS in Section 4.5. The chapter ends in Section 4.6.

4.2 Principle of the Mode-Matching Method for Posts

A band-pass filter can be realised by placing posts in the cross-section of a rectangular

waveguide instead of irises, since posts are another option to block a short length of
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Figure 4.1. Structures of X-band 5-cavity band-pass (a) post rectangular waveguide filter,
and (b) via SIW filter. These figures depict the structures of 5"_order band-pass post
rectangular waveguide filter and via SIW filter. In both cases, the centre frequency is
10.5 GHz and passband extends from 10 GHz to 11 GHz. The top filter is designed based
on a standard X-Band WR-90 rectangular waveguide, while the bottom filter employs an
SIW having the similar propagation characteristics to the WR-90 rectangular waveguide.
The images show the instantaneous field distributions at 10.5 GHz. Source: Self-created

using Ansys HFSS.
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waveguide in order to form a cavity resonator. The characteristics of this type of band-
pass filter, whose structure is shown in Fig. 4.1(a), can be analysed with full-wave
simulation tools such as Ansys HFSS or Microwave Studio from Computer Simulation
Technology (CST). However, this process is quite time-consuming because of the large
number of variables, especially considering the requirement on mesh fineness in order
to obtain results with sufficient precision. In contrast, the MMM shows a distinct ad-
vantage in analysing the characteristics of posts placed in the cross-section of a rectan-
gular waveguide, because of the demonstrated high speed and high accuracy (Patzelt
and Arndt 1982, Bornemann and Arndt 1987, Papziner and Arndt 1993).

It is noted that the characteristics analysis for posts placed in the cross-section of
a rectangular waveguide and vias assigned in the cross-section of an SIW can be
merged, since an SIW can be transformed into an equivalent dielectric-loaded rect-
angular waveguide. Several empirical analytical equations can be used to realise this
equivalent modelling (Cassivi et al. 2002, Yan et al. 2004, Xu and Wu 2005, Che et al.
2008a, Salehi and Mehrshahi 2011), and this thesis employs the equation introduced
by Cassivi (Cassivi et al. 2002), which expresses the equivalent width W, as:
A2

Wg:Wi_W,

(4.1)

where d is the via diameter, p is the interval between two adjacent vias, and W; is the
physical width of the SIW, measured as the distance between the centres of the two via

ToOws.

4.2.1 Mode-Matching Analysis of Double-Plane Discontinuity with
Multiple Apertures

The characteristics of a double-plane discontinuity with multiple apertures can be anal-
ysed with the MMM. In order to explain the principle, a double-plane discontinuity
with two apertures is taken as an example. Extending the explanation below, a discon-

tinuity with more windows can be handled in the similar way.

As shown in Fig. 4.2, the discontinuity is formed at the junction plane (z = 0 plane)
by three rectangular waveguides. Because of this discontinuity, high-order modes, in-
cluding TE;;; and TM,;;, modes, are excited from the fundamental mode TEy. These
modes, existing in the vicinity of the discontinuity, are continuous on the junction

plane, that is, the transverse electric and magnetic fields on z = 0 plane satisfy the
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following equations

EI —|—EI —EH—l—E +EIII+EIII

te’

th + HI _ HI;’ + HII

te’

(4.2)

te 7

i, + H, = Il 4 1

where E_,;h, Eze, H:;U and H,, in different waveguides can be fully described with the
magnitudes of z-directed magnetic and electric vector potentials A, and A,, nor-

malised coefficients G;, and G,, and amplitude coefficients for forward and backward

waves th:/ QEF/ QhBI and QEB'

In the similar manner introduced in Chapter 3, an equation relating amplitude coeffi-

cients and scattering matrix can be expressed as

Q Qi Qi
Q | QL. QL.

w | [SuiSe Selon | e o7 |on
Que| _ | Que| _ 511 S12| |Qus

= | S2152 S ol = (4.3)

Q.F I Qs Sh1 Sy | Qi
QIII 531153 S33 QIII QIII
QIH QIH Qu

The equation (3.37) still can be utilised to compute the scattering parameters. How-
ever, since these equations are derived to handle two-port networks, the three-port
discontinuity network should be first transformed into two-port network. Namely, it
is necessary to merge Sip and Si3 as S},, to merge Sp; and S3; as S5, and to unite Sy,
S23, S32, and S33 as S),. Importantly, the coupling matrix M required in Eq. 3.37 should
also be modified as the following

]I I ]}-IIIIS : ]I I ]I I

LI LI 1111 1111
JEH ]EE:] JEE

M = (4.4)

where ]}L’IIIILI, ]gé, ]}S’EI, and Jpzp M are coupling coefficients between waveguide I and wave-

guide II, while ]Eg, ]}LII]ISI, ]BLIH, and ]I i represent coupling coefficients between wave-
guide I and waveguide III. All of these coupling coefficients can be obtained through
Eq.3.28 to 3.31.
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> S

Wavesuide |

Figure 4.2. A double-plane step discontinuity with two apertures. This figure shows the con-
figuration of a double-plane discontunity with two apertures, which is formed by three
rectangular waveguides. Waveguide | has a width of a; and a height of by, waveguide Il
has a width of a, and a height of by, while waveguide Il has a width of a3 and a height
of bs. Variables including x1, X2, X3, X4, Y1, Y2, Y3, and y4 determine the positions of
the apertures on the junction surface, that is, z = 0 plane. Source: Self-created using
Ansys HFSS and Inkscape.

4.2.2 Scattering Matrices of N-furcations Placed in Rectangular

Waveguides

As shown in Fig. 4.3, a rectangular waveguide is divided into three regions by two
H-plane inserts. Region I and III are full-size waveguides, while region II consists of
three small waveguides. Obviously, the scattering parameters of this 3-furcation struc-
ture can be obtained by cascading the scattering matrix of the discontinuity formed by
region I and II (S;), the scattering matrices of small rectangular waveguides in region
II (Si11, S112, S113), and the scattering matrices of the discontinuity formed by region II
and III (Syy7). For illustration, a schematic diagram is presented in Fig. 4.4(a), where
the discontinuity on the z = 0 or z = ¢ plane is considered as a 4-port network, while

the small waveguides in between are considered as 2-port networks.

The discontinuity formed by region I and II or region II and III can be treated as a spe-

cial case of a double-plane discontinuity with three apertures, whose heights are the
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Figure 4.3. Two H-plane inserts placed in the cross-section of a rectangular waveguide. This
figure shows that a rectangular waveguide is divided into three regions by two H-plane
inserts. Region | (z < 0) and Il (z > ¢) are big waveguides, while region Il (0 <z <¢)
consists of three small waveguides. Rectangular waveguides in all regions have the same

height. Source: Self-created using Ansys HFSS and Inkscape.

same as the host rectangular waveguide. The discontinuity exists along the x-direction,
not along the y-direction. Thus, only the TE,,0 modes are excited from the fundamen-
tal mode TEjy. The scattering parameter calculation can then be further simplified
based on Eq. 3.28 to 3.31, because the required coupling matrix only contains coupling

. LIl :
coefficients ]IIL’II}}, ]};IIE, and J;;;;, which can be expressed as

I

I,Hl mh 7Tx>d
= x,
Jiim )
r 1 1I,
Lo /myp TTXN . /M TT(X — X
]}{I}f = sin <h7) sin <M> dx, (4.5)
a X3 — X2
I /
1,113 L (M TTXN m;,hﬂ(x — Xy)
Jig = si 7) sin < )d
a— X4
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Figure 4.4. Schematic diagrams of an N-furcation rectangular waveguide structure. These
figures shows an N-furcation structure (Fig. 4.3) schematically. The first considers the
discontinuity on z = 0 and z = ¢ plane as 4-port networks and the three small waveg-
uides in between as 2-port networks. The second considers the three small waveguides

as a 6-port network. Source: Self-created using Inkscape.

The scattering parameters for the three small waveguides in region II can be obtained
through Eq. 3.39. However, in order to simplify the cascade process and improve the
calculation efficiency, as shown in Fig. 4.4(b), the three 2-port networks are merged as

one 6-port network. Thus, the corresponding equation for the scattering parameters
should be modified as

1

e_rhmhoc 0 0
(VI 1
S = , V=] o  Tmet o |, (4.6)
V 0 s
0 0 e hmy,0€

1

1L
-, ¢ T 3
where e "0 e

11,
c —-I° .
'm0, and e """ represent the exponential factors of TE,,, o modes

of waveguides in region II.

Thus far, the scattering matrices for the discontinuities on the z = 0 and z = c plane,
and the waveguides in regions II can all be obtained. The scattering matrix for the
whole 3-furcation structure can then be computed by following Eq. 3.40 with the three

scattering matrices.

To verify the validity of the implemented MMM code for N-furcations, a 3-furcation
structure based on a standard W-Band (extending from 75GHz to 110 GHz) WR-10

waveguide with a width of 4 = 2.54mm and a height of b = 1.27 mm is taken as an
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Figure 4.5. Relationship between the convergence and the number of adopted modes at
94 GHz. This figure shows that with the increase of the number of modes, the scattering

parameters |S11] and |Sp1]| trend to stable values. Source: Self-created using Matlab.

example. As defined in Fig. 4.3, the H-plane inserts have a thickness of ¢ = 0.4 mm,
while the variables xj, x2, x3, and x4 used to determine the positions and thicknesses

of the inserts are 0.5 mm, 0.6 mm, 1.7 mm, and 2.0 mm respectively.

With the dimensions provided above for the 3-furcation waveguide structure, the rela-
tionship between the convergence and the number of modes (for simplicity, numbers of
modes in different waveguides are chosen the same) has been investigated at 94 GHz.
As shown in Fig. 4.5, by increasing the number of modes, both |S11| and |Sp1 | converge
to a stable value. In addition, when the number of modes is larger than 25, the changes

for |S11| and |Sy1| are insignificant.

By setting the number of modes to 25, the calculated mode-matching results for the
3-furcation waveguide structure are verified by the finite-element method (FEM) sim-

ulations performed with Ansys HESS as shown in Fig. 4.6. Obviously, without taking
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Figure 4.6. Comparison for the amplitude and phase of scattering parameters obtained
through the MMM with 25 modes and the FEM using Ansys HFSS in W-Band.
These figures show that the calculated mode-matching results for the amplitude and
phase of |S11| and |Sp1| match well with those simulated with Ansys HFSS. Source:
Self-created using Matlab.

losses into account, the calculated mode-matching results for the amplitude and phase
of |S11| and |Sp1| have a good match with the results simulated with the FEM using
Ansys HFSS. It is noted that, to ensure simulated results with sufficient precision, the
maximum length of elements for the mesh setting in Ansys HFSS is chosen as 0.1 mm.
Thus, for a standard computer with a 3.40 GHz i7-2600 CPU and 14.0 GB RAM, it takes
258 s to simulate one frequency point (94 GHz). However, the MMM shows a clear

advantage in efficiency, since it takes only 0.034 s for one frequency point (94 GHz).

For a symmetric 3-furcation structure, a magnetic wall can be exploited at the centre of
the waveguide as shown in Fig. 4.7. Thus, the calculation time can be further reduced
since the symmetry reduces the number of coupling matrices. Importantly, because
of the magnetic wall, the boundary conditions for waveguide I, waveguide II; and

waveguide III have been changed. As a consequence, excited high-order even modes
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Figure 4.7. Half part of a symmetric 3-furcation structure shown in Fig. 4.3. This figure
shows half part of a symmetric 3-furcation structure modelled with a magnetic wall at
the centre of the waveguide. The half waveguide is divided into three regions. Region
I (z <0) and Il (z > c) are full-size waveguides, while region Il (0 < z < ¢) consists

of two small waveguides. Source: Self-created using Ansys HFSS and Inkscape.

such as TEyp and TE4y, which are not symmetric with respect to the magnetic wall, are

precluded and can be discarded.

4.2.3 Mode-Matching Analysis of Posts Placed in a Rectangular
Waveguide

With the MMV, it is difficult to analyse cylindrical posts placed in the cross-section of
a rectangular waveguide directly. However, the posts can be approximated as 2 x M

steps of waveguide N-furcations.

Based on the method introduced in Section 4.2.2, the scattering matrix of each wave-
guide N-furcation can be calculated. Thus, the scattering matrix of the posts can be
obtained through cascading the scattering matrices of all N-furcations. One impor-
tant aspect to note is that, because of the symmetry of the cylindrical posts, only half

the N-furcation steps need to be considered. According to the different calculations
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Figure 4.8. Method A (equal width method): approximation of cross-section by (a) over-
estimating, (b) under-estimating the circle and (c) averaging the previous two
approaches. These figures show three post approximation approaches with equal widths
including over-estimating the circles (angles of the N-furcations exceed the cross-section
of the posts), under-estimating the circles (angles of the N-furcations are on the surfaces
of the posts), and average the first two approximations. Source: Self-created using

Ansys HFSS and Inkscape.

of the widths (W) and thicknesses (H) of the N-furcations, three approximation meth-
ods, including the equal width, the arithmetic sequence thickness and the equal sector

methods, are introduced below.

Method A: Equal Width Method

As shown in Fig. 4.8, the horizontal diameters are divided into 2 x M parts by vertical
reference lines of equal spacing W. Any vertical reference line has two intersections
with the cross-section, and the distance between the two intersections is the thick-
ness H of the corresponding N-furcations. Thus, the posts can be approximated by
three stair-cased approaches as shown in Fig. 4.8(a) to 4.8(c). First, the staircases of
the N-furcations are completely outside the cross-section of the posts (Fig. 4.8(a)); sec-
ond, the staircases of the N-furcations are completely inside the surfaces of the posts
(Fig. 4.8(b)); third, the staircases are built as average of the first two approximations

(that is, the thicknesses are the mean of the two previous values).
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(a) Approach1 (b) Approach 2 (c) Approach 3

Figure 4.9. Method B (arithmetic sequence thickness method): approximation of cross-
section by (a) over-estimating, (b) under-estimating the circle and (c) aver-
aging the previous two approaches. These figures show three post approximation
approaches with arithmetic sequence thicknesses including over-estimating the circles
(angles of the N-furcations exceed the cross-section of the posts), under-estimating the
circles (angles of the N-furcations are on the surfaces of the posts), and average the

first two approximations. Source: Self-created using Ansys HFSS and Inkscape.

Method B: Arithmetic Sequence Thickness Method

The vertical diameters are separated into 2 X M parts equally by horizontal reference
lines as shown in Fig. 4.9. Each horizontal reference line has two intersections with a
circle. The distance between any two intersections that are symmetric to the horizon-
tal diameter is the thickness H of the corresponding bifurcation. Obviously, the half
thickness series is an arithmetic sequence. Similar to the previous method, the posts
can be approximated by three stair-casing approaches as shown in Fig. 4.9(a) to 4.9(c)
using over-estimation, under-estimation of the shape and taking the average of the two

previous approaches.

Method C: Equal Sector Method

The cross-section is divided into equal sectors by reference lines as shown in Fig. 4.10.
In term of trigonometric functions, both the thickness H and width W of each bifur-

cation step can be calculated. Similarly, the posts also can be approximated by three
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(a) Approach1 (b) Approach 2 (c) Approach 3

Figure 4.10. Method C (equal sector method): approximation of cross-section by (a) over-
estimating, (b) under-estimating the circle and (c) averaging the previous two
approaches. These figures show three post approximation approaches based on equal
sectors including over-estimating the circles (angles of the N-furcations exceed the
cross-section of the posts), under-estimating the circles (angles of the N-furcations
are on the surfaces of the posts), and average the first two approximations. Source:

Self-created using Ansys HFSS and Inkscape.

stair-casing approaches as shown in Fig. 4.10(a) to 4.10(c) using over-estimation, under-

estimation of the shape and taking the average of the two previous approaches.

Evaluation of the Post Approximation Methods

Numerical experiments have been performed at 94 GHz on a symmetric post struc-
ture. It is based on a standard W-Band (extending from 75GHz to 110 GHz) WR-10
waveguide, whose width is 2.54 mm and height is 1.27 mm. The radii r of the posts are

0.25 mm, while the distance G between the centres of the two posts is 1.6 mm.

The relationship between the number of steps M and the scattering parameters |S11],
|S21| of the dominant mode TEj; for the three approximation methods are plotted in
Fig. 4.11 respectively. The three convergence figures show that for all of the approxi-
mation methods, with the increase of the number of steps M, the values of |S11| and
|S»1| tend towards constants. More detailed data when the number of steps is 10, 50,
and 5000 are listed in Table 4.1. Clearly, when the number of steps M reaches 5000, the

values of |S11| and |Sy1| for different approximation methods are nearly converged. In
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Table 4.1. Scattering parameters at 94 GHz (Units: dB). The table gives the scattering param-
eters |S11| and |Sy1| of posts which are approximated with 2 x M steps of 3-furcation
structures. M is set as 10, 50 and 5000.

M =10 M =50 M = 5000
S11 521 S11 52 S11 52
Over -0.5465 | -9.272 | -0.5956 | -8.923 | -0.6082 | -8.838
A | Under | -0.6804 | -8.386 | -0.6223 | -8.745 | -0.6085 | -8.836
Average | -0.6123 | -8.811 | -0.6088 | -8.834 | -0.6084 | -8.837

Over -0.5270 | -9.4200 | -0.5891 | -8.967 | -0.6082 | -8.838
B Under | -0.7360 | -8.072 | -0.6300 | -8.696 | -0.6086 | -8.835
Average | -0.6243 | -8.732 | -0.6093 | -8.831 | -0.6084 | -8.837

Over -0.5451 | -9.283 | -0.5952 | -8.925 | -0.6082 | -8.838
C | Under |-0.6747 | -8.420 | -0.6213 | -8.752 | -0.6085 | -8.836
Average | -0.6086 | -8.835 | -0.6082 | -8.838 | -0.6084 | -8.837

Method

fact, if the number of steps M is increased to 10000, the values of |S11| and |Sy;| are
almost identical to the fourth significant digit. Thus, it is reasonable to consider that
-0.6084 dB and -8.837 dB are the constants to which the |S11| and |Sy1]| tend at 94 GHz,

that is, the accurate reference values.

The relationships between the difference of the scattering parameters and the accurate
reference values AS11, ASy; and the number of steps M for each approximation meth-
ods are plotted next. As shown in Fig. 4.12, with the increase of the number of steps
M, all curves tend to zero with different rates of convergence. Since the errors of |51 |
achieve zero quickly, here, the analysis only focuses on the differences of |S1|. The
required minimum number of steps to limit the errors of |Sy1| in the range of +0.1dB
or £0.05dB are listed in Table 4.2. According to the table, the needed quantities of
steps for those approximation methods differ significantly. Furthermore, the equal
sector method (Approach 3) with averaged stair-casing shows the best performance
compared to the others. Since fewer steps mean faster speed, it is the recommended

method to approximate cylindrical posts in rectangular waveguides.

The structure has been simulated with the FEM using Ansys HFSS, and the numerical
results are shown in Fig. 4.13. The variables in the software, maximum delta s, maximum

number of passes and mesh operations are set as 0.01, 20, and default respectively. In such
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Figure 4.11. Scattering parameter convergences:

sequence thickness method and (c) equal sector method. These figures show
that for all of the approximation methods, with the increase of the number of steps

M, the values of |S11| and |S1| tend towards constants. Source: Self-created using

Matlab.
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Figure 4.12. Difference between scattering parameters and accurate reference values: (a)
equal width method (over), (b) equal width method (under), (c) equal width
method (average), (d) arithmetic sequence thickness method (over), (e) arith-
metic sequence thickness method (under), (f) arithmetic sequence thickness
method (average), (g) equal sector method (over), (h) equal sector method
(under), and (i) equal sector method (average). These figures show that for all of
the approximation methods, with the increase of the number of steps M, the difference
of the scattering parameters and the accurate values AS11, AS»; tend towards zero.
However, the rates of convergence for these approximation approaches are different,

namely different approaches lead to different efficiencies. Source: Self-created using
Matlab.
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Figure 4.13. Comparison between the MMM and the FEM using Ansys HFSS. This figure
shows that, for a rectangular waveguide structure in which posts are inserted, if the
number of approximation steps is set to 3, the calculated mode-matching results based
on equal sector method (average) have a good match with the simulation results of

Ansys HFSS at 94 GHz. Source: Self-created using Ansys HFSS and Matlab.

setups, for a standard computer with a 3.40 GHz i7-2600 CPU and 14.0 GB RAM,, it

takes 8 seconds to simulate a frequency point (94 GHz).

To achieve the same precision as Ansys HFSS, based on the recommended approxi-
mation method, the required number of steps is only 3. As shown in Fig. 4.13, the
calculated results have a good match with the simulation results of Ansys HFSS. In
addition, with the MMM, it only takes 0.1 seconds to calculate at a frequency point
(94 GHz) using the same computer. More detailed computation time ti and scattering
parameters comparisons are listed in Table 4.3. It is noted that, Case (i) is for the above
structure, while Case (ii) and Case (iii) are for the cases where the distance G is changed

to 1 mm and the radii r are decreased to 0.15 mm respectively.

By decreasing the maximum delta s and increasing maximum number of passes, Ansys
HFSS can obtain more accurate simulation results. However, more time is needed.

Thus, to deal with this kind of problem, the MMM is significantly more efficient.
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Table 4.2. Minimum number of steps M to limit the errors of |Sy| in £0.1dB or +0.05dB
(Units: dB). This table gives the number of steps M with which the difference between

scattering parameters and accurate values can be restricted in £0.1dB or +0.05dB.

Method M (£0.1dB) | M (£0.05dB)

Over 43 85

A | Under 46 90
Average 5 6
Over 66 129

B | Under 70 136
Average 11 16
Over 44 86

C | Under 43 85
Average 4 5

Table 4.3. Computation time and scattering parameters comparisons. This table compares

the computation time and the scattering parameters at different frequency points using
the MMM and the FEM (Ansys HFSS). Three structures are considered in this table.

CASE HFSS MMM

ti (s) | Sui (dB) | Sp1 (dB) | ti (s) | Su1 (dB) | Sz (dB)

75 GHz 8 -0.1928 | -13.6217 | 0.082 | -0.1924 | -13.6307

i | 94GHz 8 -0.6314 | -8.6868 | 0.104 | -0.6348 | -8.6648
110 GHz 8 -1.3397 -5.7605 | 0.091 | -1.3582 -5.7095

75 GHz 8 -0.0007 | -37.6927 | 0.125 | -0.0007 | -37.6821

i | 94GHz 9 -0.0021 | -33.0649 | 0.094 | -0.0022 | -33.0404
110 GHz 9 -0.0040 | -30.3187 | 0.108 | -0.0041 | -30.2780

75 GHz 5 -1.0415 -6.7116 | 0.084 | -1.0470 -6.6913

iii | 94 GHz 5 -2.6845 -3.3625 | 0.094 | -2.7016 -3.3426
110 GHz 5 -4.4696 -1.9200 | 0.092 | -4.5034 | -1.9013

Page 85



4.3 General Design for Band-Pass Post Filters in Rectangular Waveguides and
Substrate-Integrated Waveguides

4.3 General Design for Band-Pass Post Filters in Rectan-
gular Waveguides and Substrate-Integrated Waveg-

uides

Microwave and millimetre-wave systems are widely used in many areas such as
telecommunications, radar, remote sensing and clinical medicine. With the rapid de-
velopment of these fields, the performance requirements of passive band-pass filters,
as an essential part in these systems, have been steadily increasing to reject undesired
frequency components and thus mitigate interferences between coexisting systems.
Both waveguide and SIW filters are able to satisfy various high-performance require-
ments, with the waveguide filters offering the advantages of low loss and high power
handling capabilities, while the SIW filters have the advantages of low cost and easy

integration into planar circuit technology.

4.3.1 Structures of Band-Pass Post Filters

The MMM has been developed as a highly accurate and efficient technique to anal-
yse discontinuities in waveguides. Therefore, it also has been extensively applied in
designing band-pass waveguide filters realised through irises (Park et al. 2003, Zhang
and Lu 2010, Subramanyam et al. 2014), E-plane metal inserts (Ofli et al. 2005, Zhao and
Fan 2011, Zhang et al. 2010b), broadside oriented strip obstacles and multiple quadratic
posts (Arndt et al. 1986). However, as mentioned, because of the limitations of micro-
machining processes, for these types of waveguide filter designs, the corners of the
various discontinuity features, such as between waveguide walls and irises, or for the
rectangular holes of an E-plane metal insert, are rounded rather than perfect right an-
gles. The resulting differences between ideal designs and realisable geometries do
influence the performance of the band-pass filters, especially when they operate at
high frequencies (Bornemann 2001, Bornemann et al. 2005). Compared with the above
discontinuities in waveguides, cylindrical posts placed in one cross-section of a rect-
angular waveguide or circular holes are easier to manufacture. Thus, posts are less
prone to machining errors and are promising for realising band-pass waveguide filters

at higher frequencies, e.g. in the millimetre-wave bands.

In order to minimise the dimensions of band-pass filters in rectangular waveguide

technology, numerous band-pass SIW filters were developed (Qiu et al. 2008, Zou et al.

Page 86



Chapter 4 Band-Pass Post Rectangular Waveguide Filters

d
a2 GA @ ® .
1 Gy2 G2 Magnetic Wall

o000 0OOOGOGOOGOOOGOOIQRIOEQOOGE
P d .

GREGLFG2®  Magnetic Wall
JQ?E .fl .5 5 .F 3 agnetic Wa M

() ® .Ds.D2‘D1$ ]
0000002000000 00QC®Q®OCGFO®E

(b)

Figure 4.14. Realisations of 5-cavity band-pass filters: (a) post rectangular waveguide filter,
(b) via SIW filter. These figures show the configurations of post filters realised in
rectangular waveguide and SIW technology. It is noted that an SIW-to-microstrip
transition is required in order to test or integrate the SIW filter with the other planar

circuits. Source: Self-created using Ansys HFSS and Inkscape.

2011), in which rows of vias were used to approximate irises or E-plane inserts. In addi-
tion to increasing simulation time, these via rows may also introduce undesired effects
on the performance of the band-pass filters because of the distances and displacements
between adjacent vias. Therefore, to improve the analysis and reduce processing diftfi-
culties, it is advantageous to model the vias as posts instead of approximating them as

irises or E-plane inserts.

In this perspective, the designs of band-pass post rectangular waveguide filters and
band-pass via SIW filters are merged as one issue in this chapter. Meanwhile, the di-
mensions deciding the performance of band-pass filters are shown in Fig. 4.14. It is
noted that, in order to test the band-pass SIW filter, a transition structure is required
to match the SIW to a feeding 50 () microstrip line. The width W; and length L; of the
taper can be designed with the MMM, where the taper is modelled as a sequence of mi-
crostrip step discontinuities (Bornemann ef al. 2011). Alternatively, it can be designed
by the method introduced in (Deslandes 2010, Miralles et al. 2011).
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e T K inverter

6/2

Figure 4.15. Posts placed in the cross-section of a rectangular waveguide and the equivalent
circuit for the impedance inverter. The left figure shows the top view of a post
pair in a rectangular waveguide. This structure can behave as an impedance inverter.
Thus, the equivalent circuit for the impedance inverter is also provided in the right

figure. Source: Self-created using Ansys HFSS and Inkscape.

4.3.2 K Inverter Values Analysis of Posts or Vias

According to the description in Section 4.3.1, the network for band-pass filters using
impedance inverters presented in Chapter 3 also can be realised by placing post pairs in
the cross-section of a rectangular waveguide, since post pairs can behave as K-inverters
as shown in Fig. 4.15, while half wavelength waveguide cavities formed by post pairs

can work as LC resonators.

The K factors of post pairs in rectangular waveguides depend on their dimensions,
namely the radii r of the posts and distances G/2 to the magnetic wall. Therefore, to
match K factors with theoretical values, it is possible to use the following three ap-
proaches: (a) fix the radii and adjust the distances, (b) fix the distances and adjust the
radii, and (c) adjust both the radii and the distances.

From a simulation view, the third option should be discarded, since it contains twice
the number of variables, which increases the complexity of the design. From the fabri-
cation view, it is a better choice to adopt the first option, because it is more convenient
to manufacture with the same posts, in particular for the fabrication of SIW filters us-
ing rivets with standard sizes. Therefore, Approach (a) is selected in the following

analysis.

During the design and realisation of a band-pass filter based on post pairs with dif-

terent distances, starting from a blind choice for the post radius may waste time and
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lead to design failure. Thus, it is important to first ensure that, with the fixed radius,
the K factors of the structures can yield all the required theoretical K values. Based on
the proposed MMM for post pair configurations, the dependence of the K factors on
the radii r and the distances G/2 are analysed in Fig. 4.16(a) for a standard X-band (ex-
tending from 8 GHz to from 12 GHz) WR-90 rectangular waveguide and in Fig. 4.16(b)
for an SIW implemented in a Rogers 6002 substrate with a thickness of 0.762 mm and

a relative permittivity of 2.94.

In general, the K factors for a pair of posts in a rectangular waveguide and a pair of
vias in an SIW have similar variation trends. For a fixed radius, when progressively
increasing the distance G/2, the K values drop first and then increase gradually. Be-
sides, lower K values are obtained for thicker posts, when they are moved from the
centre of the waveguide (magnetic wall) to the electrical side wall. From the computed
curves as shown in Fig. 4.16, a reasonable post size can be selected conveniently. For
example, to design a 5-cavity Chebyshev band-pass post rectangular waveguide filter
with a centre frequency of 10.5GHz and a fractional bandwidth of 9.52% (passband
extending from 10 GHz to 11 GHz), the theoretical K values calculated through equa-
tions presented in Chapter 3 are 0.5702, 0.2475, 0.1714, 0.1714, 0.2475, and 0.5702, that
is, between 0.1714 and 0.5702. According to Fig. 4.16(a), obviously, posts with a radius

of 1.5 mm are suitable to implement the design.

4.3.3 Design Examples

In this section, the presented technique is applied to design a 5-cavity band-pass post
rectangular waveguide filter and a 5-cavity band-pass via SIW filter shown in Fig. 4.17.
Both symmetric Chebyshev filters are required to have a centre frequency at 10.5 GHz
and a fractional band-width of 9.52%.

By utilising posts with a radius of 1.5 mm and vias with a radius of 0.5mm, the di-
mensions of each filter can be obtained within 1 second by a standard computer with a
3.40 GHz i7-2600 CPU and 14.0 GB RAM, if 25 modes and 10-step approximation of the
post are adopted. The calculated dimensions can be further optimised through space
mapping technique or comparing the extracted coupling matrix with the theoretical
one in order to have closer frequency responses to ideal ones (Cameron et al. 2007).

However, since the calculated values already give satisfactory results, no optimisation
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Figure 4.16. Relationships of K factors, radii » and distances G/2 to the magnetic wall.

These figures show relationships of K factors, radii and distances to the magnetic wall,
where (a) is based on a standard X-band WR-90 rectangular waveguide whose width
a = 22.86 mm and height b = 10.16 mm, and (b) is based on an SIW with effective
width W, = 13.33 mm and height b = 0.762 mm. Source: Self-created using Matlab.
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Figure 4.17. Fabricated 5-cavity Chebyshev band-pass post filters. These figures show two
fabricated 5-cavity Chebyshev band-pass post filters, where (a) is based on rectan-
gular waveguide technology, while (b) is based on SIW technology. Source: Self-
photographed.

is applied in this chapter. The obtained values for the geometry variables of Fig. 4.14(a)
and (b) are listed in Tables 4.4 and 4.5 respectively.

The calculated results for both filters are first verified by the finite-element simulations
performed with Ansys HFSS as shown in Fig. 4.18(a) and 4.18(b). Obviously, the cal-

culated mode-matching results have a good match with the simulation results of the
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Table 4.4. Dimensions of a 5/-order Chebyshev band-pass post filter in rectangular wave-
guide technology (Units: mm). The table gives the dimensions, including the width
a and height b of the rectangular waveguide, the post diameter d, the gaps G between
posts and the lengths D of the resonant cavities, used to realise a 5""-order Chebyshev

band-pass post filter whose structure is illustrated in Fig. 4.14(a).

G1,Ge | G2, G5 | G3, G4 | D1, Ds | Dy, Dy | Ds

16.84 13.14 12.01 14.64 17.00 | 17.50

22.86 10.16 3.00

tull-wave finite-element simulation. It is noted that, both the mode-matching calcula-

tion and the finite-element simulation do not take losses into account.

A second validation of the method is provided with experimental results. For the post
rectangular waveguide filter, the measured passband agrees well with the calculation
results. The measured insertion loss at 10.5 GHz is about 0.87 dB including losses in the
two coaxial-to-waveguide adapters, while the return loss in the passband is better than
18 dB. A test of the two adapters in back-to-back configuration shows that in passband
the |Sp1] is around -0.28 dB and the |Sy1| is below -18 dB, hence, the higher |Sq1| param-
eter can be explained through the non-ideal transitions. Besides, unaccounted losses
are also caused by the visible surface roughness of the inner waveguide and posts.
For the via SIW filter, the testing results also match well with the calculation results.
The measured insertion loss at 10.5 GHz is about 1.51 dB including losses in the two
SMA connectors, while the return loss in the passband is better than 15dB. Clearly,
compared with the post rectangular waveguide filter, the SIW filter has relatively high
insertion losses since more losses are introduced by the dielectric, the transition struc-
tures and the microstrip lines. However, the SIW filter is much lighter and easier to

integrate into other planar circuits from a practical perspective.

To sum up, the results of both validations for the two filters agree well with the cal-
culation results. Thus, the efficiency and the accuracy of the design approach are suc-

cessfully validated.
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Table 4.5. Dimensions of a 5'-order Chebyshev band-pass via filter in SIW technology
(Units: mm). The table gives the dimensions, including the length L; and the width
W; of the taper, the via diameter d, the gaps G between posts and the lengths D of the
resonant cavities and so on, used to realise a 5-order Chebyshev band-pass post filter

whose structure is illustrated in Fig. 4.14(b).

G1,Ge | G2, G5 | G3, G4 | D1, D5 | Dy, Dy | D3

8.78 6.39 5.58 8.33 9.60 | 9.87

Wi Wt L t WS d P b

1391 | 5.29 | 14.12 | 2.08 | 1.00 | 1.80 | 0.762

4.4 Tolerance Analysis

The performance of a band-pass post rectangular waveguide filter or a band-pass via
SIW filter is affected by manufacture-induced errors on the width a of the waveguide
or the equivalent width W, of the SIW, on the radii r of the posts, on the gaps G/2 from
the post centres to the magnetic wall, on the lengths D of the resonant cavities as well
as by the relative position of the posts. For the SIW filter, the equivalent width W, also
can be influenced by errors on the radius r of the via, on the space W; between the
two via rows, and on the pitch p between the two adjacent vias. Owing to the larger
number of arbitrary combinations and for the sake of brevity, only the influence of the
major sources of errors is described here, that is, waveguide widths, post radii, gap

dimensions, and the cavity lengths.

As shown in Fig. 4.19(a) and (e), by increasing the width or equivalent width with an
error from -0.5mm to +0.5mm, the centre frequencies for both filters shift to lower
frequencies. However, the variations of the 3dB bandwidths change in different ways,
that is, the 3dB bandwidth of the post filter turns narrower, while that of the SIW
filter becomes wider. The offset and variation of the centre frequency and the 3dB
bandwidth caused by the other manufacture tolerances have very similar trends in
the post filter and SIW filter. Therefore, the comments in the following focus on the
band-pass via SIW filter (Fig. 4.19(f), (g) and (h)).
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Figure 4.18. Comparison of scattering parameters obtained using the MMM, the FEM (An-

Scattering parameters

Scattering parameters

sys HFSS), and measurements. These figures compare the scattering parameters of
the two band-pass post filters, obtained using the MMM, the FEM (Ansys HFSS), and
measurements. It is noted that both the mode-matching calculation and the finite-

element simulation do not take losses into account. Source: Self-created using Ansys
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by machining errors. These figures show the influence of machining errors on the per-
formance of the two filters, where (a), (b), (c), and (d) show the influence introduced
by width errors, radius errors, gap errors, and distance errors in the band-pass post
rectangular waveguide filter, while (e), (f), (g), and (h) show the influence caused by

equivalent width errors, radius errors, gap errors, and distance errors in the band-pass

via SIW filter. Source: Self-created using Matlab.
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Fig. 4.19(f) shows that by increasing all radii with an error between -0.1 mm and
0.1 mm, the centre frequency of the band-pass filter shifts to higher frequencies, while
the 3dB bandwidth is becoming narrower. In contrast, Fig. 4.19(g) shows that by in-
creasing all gaps with errors between -0.5 mm and 0.5 mm, the centre frequency moves
to lower frequencies, while the 3dB bandwidth becomes wider. Other than in the
previous two cases, the distance errors lead to changes of the centre frequency and
bandwidth in the same direction as shown in Fig. 4.19(h). By increasing the distance
with an error from -0.5mm to +0.5mm, both the centre frequency and the 3 dB band-
width decrease. In addition, for the SIW filter, the offset and variation also can be
caused by the error of the relative permittivity, which is specified by the manufacturer
as £0.04 (Rogers Corporation 2015). However, tests of this material parameter toler-

ance indicate that the impact of this error can be ignored.

4.5 Insertion Losses Analysis

As demonstrated in Section 4.3, a band-pass post filters in rectangular waveguide or
SIW can be designed with the MMM, which provides fast and reliable results. The
method is based on lossless simulations, however insertion loss is a crucial specifica-
tion to judge the quality of a band-pass post filter. Thus, it is necessary to explore the
losses in the band-pass filter independently. In addition, since the designs of band-
pass post rectangular waveguide filters and band-pass via SIW filters are able to be
combined into one issue and the insertion losses in band-pass post rectangular wave-
guide filters are much smaller than those in band-pass via SIW filters, only the insertion

losses in band-pass via SIW filters are analysed.

To investigate the losses in the SIW filters, firstly, based on the MMM, two sets of
Chebyshev band-pass via SIW filters have been designed in Rogers RT/duroid 6002
(with relative permittivity &, = 2.94 and loss tangent tan = 0.0012) and RT/duroid
6006 (with ¢, = 6.15 and tané = 0.0027). The thickness of both selected substrates
is the same, namely b = 0.762mm. All filters are designed for a centre frequency of
10.5GHz and a bandwidth extending from 10 GHz to 11 GHz. In the present investi-
gation, band-pass filters in each set are realised as 3™-, 5~ and 7""-order structures.
As mentioned, the SIW-to-microstrip transitions are also designed according to the
method introduced in (Deslandes 2010). The dimensions for the six band-pass via SIW
tilters are given in Table 4.6 and Table 4.7.
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Table 4.6. Filters designed with RT /duroid 6002 (Units: mm). The table gives the dimensions,
including the length L; and the width W; of the transition taper, the via diameter d, the
gaps G between posts, and the lengths D of the resonant cavities and similar, used to

realise 3"-, 5t- 7!"_order Chebyshev band-pass via SIW filters.

N | Gi, GN+1 | G2, Gy | Gs, GN-1 | G4, GN—2 | D1, DN | D2, Dny-1 | D3, Dny-2
3 9.18 6.96 %) %) 7.95 8.87 %)

5 8.78 6.39 5.58 %) 8.33 9.60 9.87

7 8.68 6.26 5.39 5.21 8.41 9.70 10.01
N | Dy Dy.s| b d p W W, W, L,

3 %] 0.762 1.00 1.80 13.91 2.08 5.29 14.12
5 %] 0.762 1.00 1.80 13.91 2.08 5.29 14.12
7 10.06 0.762 1.00 1.80 13.91 2.08 5.29 14.12

To analyse the losses in the SIW filters, it is necessary to analyse the designs using a
different simulation method which includes realistic losses. Thus, secondly, the finite-
element simulations using Ansys HFSS are adopted to complete the analysis. Con-
sidering first the top and bottom cladding and vias as copper, the simulated results
obtained for the via filters including losses in the transition structures and the SMA
connectors are presented in Fig. 4.20. As shown in the figure, the simulated return co-
efficients |S11| in the specified passband (10 GHz to 11 GHz) are all below -20dB. The
transmission coefficients |S,1| at the centre frequency (10.5 GHz) of the filters realised
in RT/duroid 6002 lead to insertion losses of 1.09dB, 1.48 dB, and 1.89 dB, while that
of the filters realised in RT /duroid 6006 lead to insertion losses of 1.43dB, 2.01 dB, and
2.67 dB respectively.

To ensure that the simulations are realistic, the 5-order filter on copper-clad RT/-
duroid 6002 substrate has been fabricated and measured. As shown in Fig. 4.21, the
testing results have a good match with the simulation results. The measured reflec-
tion coefficient in the passband is below -15dB, while the measured insertion loss at
10.5GHz is about 1.51 dB which is close to the simulated insertion loss 1.48 dB. Thus,
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Table 4.7. Filters designed with RT /duroid 6006 (Units: mm). The table gives the dimensions,
including the length L; and the width W; of the transition taper, the via diameter d, the
gaps G between posts, and the lengths D of the resonant cavities and similar, used to

realise 3"-, 5t- 7!"_order Chebyshev band-pass via SIW filters.

N | Gi, Gn+1 | G2, Gy | Gs, GN-1 | G4, GN—2 | D1, DN | D2, Dny-1 | D3, Dn-2
3 6.80 6.80 %) 16 5.57 6.23 %)

5 6.53 4.98 4.50 16 5.84 6.76 6.96

7 6.46 4.90 4.40 4.30 5.90 6.83 7.06
N | Dy Dys| b d p W W, W, L,

3 %] 0.762 1.00 1.80 9.80 1.15 2.97 5.26
5 %] 0.762 1.00 1.80 9.80 1.15 2.97 5.26
7 7.10 0.762 1.00 1.80 9.8 1.15 2.97 5.26

the analysis based on the simulation results can be considered as accurate description

of the filters including losses.

For a Chebyshev band-pass via SIW filter as shown in Fig. 4.22, the losses exist in
the SMA connectors, SIW-to-microstrip transitions, and the main body of the fil-
ter. Since the transitions can be achieved through various structures with different
sizes (Nam et al. 2005, Ding and Wu 2007, Caballero et al. 2013), they are dependent
on their specific realisation and should not be considered in the filter analysis. Thus,

the following analysis only focuses on the insertion losses at the centre frequency
(10.5 GHz) in the main body of the filter.

To start the analysis, it is noted that the filter designs provided previously satisfy
the vias” geometry conditions elaborated in (Deslandes and Wu 2002, Deslandes and
Wu 2006), such that the leakage loss is negligible: the via diameter d is smaller than
one fifth of the guide wavelength and the interval p is less than or equal to twice the
via diameter. Therefore, the insertion losses in the main body of the filter consist of

three components: (i) ohmic losses in the claddings of the laminate, (ii) ohmic losses
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Scattering parameters
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Figure 4.20. Comparison of scattering parameters between the simulation results for two
sets of band-pass SIW filters. This figure compares scattering parameters between
the simulation results for two sets of band-pass SIW filters of various orders realised in
RT /duroid 6002 (dashed lines) and RT /duroid 6006 (solid lines). Source: Self-created
using Ansys HFSS and Matlab.

in the metallic vias, and (iii) dielectric losses in the substrate. By assigning one of
these components to lossy material in simulations, and setting the other two to loss-
less materials, the contributions to insertion loss at the centre frequency for the two
sets of band-pass filters can be individually attributed to different lossy components.
The simulated results for the filters realised in RT/duroid 6002 and RT/duroid 6006
are listed in Tables 4.8 and 4.9 respectively. It is noted that the percentages listed in the
tables are based on the loss contributions expressed in dB. As mentioned, since the two
types of laminates are available with a thick metal lower side cladding, that is, brass,
aluminium, and copper, and a thin copper cladding on top, while the vias also can be
manufactured with these materials, the insertion losses have been analysed by setting
the top cladding as copper, and the bottom cladding and the vias as brass, aluminium,

and copper respectively.

The results from the Tables 4.8 and 4.9 are first considered from the point of view of

ohmic losses. As observed from the tables, a higher conductivity can result in markedly
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Figure 4.21. Comparison of scattering parameters obtained using the FEM (Ansys HFSS)
and measurements. This figure compares the scattering parameters between the
simulation results and measurements of a band-pass SIW filters. This band-pass SIW
filter is fabricated with RT/duroid 6002 substrate, whose top and bottom metal is
copper. Source: Self-created using Ansys HFSS and Matlab.
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Figure 4.22. Generic structure of an N''-order Chebyshev band-pass post SIW filter. This
figure shows the generic structure of an N'"-order Chebyshev band-pass post SIW
filter. This filter is divided into three components, including SMA connectors, SIW-
to-microstrip transitions, and the main body of the filter. Source: Self-created using
Ansys HFSS and Inkscape.
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Table 4.8. Insertion losses at 10.5 GHz introduced by different components of the N'"-order
filters realised in RT /duroid 6002. The table gives the insertion losses at 10.5 GHz
introduced by different components of the N*-order filters, including ohmic losses in the
claddings of the laminate, ohmic losses in the metallic vias, and dielectric losses in the

substrate.

Cladding Vias Dielectric Sum

6002 | N
Sy (dB) | % | Sz (dB) | % | Sy (dB) | % | Sy (dB)

3 0.139 44.8 0.042 13.5 0.129 41.7 0.310

Brass 5 0.341 44.9 0.103 13.6 0.316 41.5 0.760

7 0.557 45.1 0.162 13.1 0.516 41.8 1.235

3 0.105 40.2 0.027 10.3 0.129 49.5 0.261

Aluminium | 5 0258 |403| 0.066 | 103 | 0316 |49.4 | 0.640

7 0.420 40.5 0.102 9.8 0.516 49.7 1.038

3 0.095 38.6 0.022 8.9 0.129 525 0.246

Copper 5 0.232 38.5 0.055 9.1 0.316 52.4 0.603

7 0.376 38.6 | 0.083 8.5 0.516 52.9 0.975

lower insertion losses. For example, for a 7th_order band-pass filter realised in RT/-
duroid 6002, when the material of the bottom cladding and vias is changed from brass
to copper, the insertion loss decreases from 1.24 dB to 0.97 dB. Distinguishing the two
ohmic loss contributions, it is observed that the losses introduced by the vias are rela-
tively small, regardless of the kind of metal used. Furthermore, for a given metal used
for the bottom cladding and vias, the percentage of loss contributions remains nearly

unchanged with increasing filter order.

Further investigations have been done in order to obtain a more detailed relation-
ship between the insertion loss and the conductivity. This is achieved by fixing the
conductivity of the top cladding to 5.8 x 107 S/m (copper) and the substrate loss tan-
gent to 0.0012, and varying the conductivity of the bottom claddings and vias from
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4.5 Insertion Losses Analysis

Table 4.9. Insertion losses at 10.5 GHz introduced by different components of the N'"-order
filters realised in RT/duroid 6006. The table gives the insertion losses at 10.5 GHz
introduced by different components of the N*-order filters, including ohmic losses in the

claddings of the laminate, ohmic losses in the metallic vias, and dielectric losses in the

substrate.

Cladding Vias Dielectric Sum
6006
So1 (dB) | % | So1 (dB) | % | So1 (dB) | % | Sy (dB)

0.142 | 287 | 0.057 |11.5| 0296 |[59.8 | 0.495
Brass 0.345 | 288 | 0135 |11.3| 0718 |59.9 | 1.198
0561 |[288 | 0215 |11.0| 1.172 |60.2 | 1.948
0.108 | 245 | 0.036 | 82 | 029 |67.3| 0.440
Aluminium 0.262 | 246 | 0.087 8.2 0.718 | 67.2 | 1.067
0423 | 244 | 0136 | 79 | 1172 |67.7| 1.731
0.097 [229| 0030 | 7.1 | 0206 |70.0/| 0.423
Aluminium 0235 |229 | 0.071 69 | 0718 | 702 | 1.024
0379 [228 | 0110 | 6.6 | 1.172 |70.6 | 1.661

1.5 x 107 S/m (brass) to 5.8 x 107 S/m (copper). As shown in Fig. 4.23(a), the depen-
dence of the insertion loss (expressed in dB) on conductivity for each filter at 10.5 GHz

indicates the expected decrease, but with a gradually declining rate of descent. The

decrease is more marked for the filters with higher orders, that is, larger size.

Considering now the effect of dielectric losses, the top and bottom cladding and the
vias are set as copper, and the loss tangent is swept from 0.0012 to 0.0027. The rela-
tionship between the insertion loss at 10.5 GHz for each filter and the variation of the
loss tangent is obtained through simulations as shown in Fig. 4.23(b). It is observed
that with the increase of the loss tangent, the insertion loss (expressed in dB) grows

linearly, and the rate of increase is larger for a filter with higher orders.
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Figure 4.23. Influence caused by the metal conductivity, the dielectric loss tangent, and
the thickness of the substrate on the insertion losses of band-pass SIW filters
realised in RT /duroid 6002 (dashed lines) and RT /duroid 6006 (solid lines) at
10.5 GHz. These figures show relationships between the insertion losses at 10.5 GHz
and (a) the metal conductivity, (b) the dielectric loss tangent, and (c) the thickness
of the substrate. Source: Self-created using Ansys HFSS and Matlab.
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4.6 Chapter Summary

Moreover, the influence of the substrate thickness on the insertion loss has also been
considered. The performed simulations (not included here for brevity) show that, with
different thicknesses, the dielectric loss remains almost the same, while the ohmic loss
is affected significantly. Thus, the investigation is completed through fixing the con-
ductivity of the top and bottom cladding and the vias to 5.8 x 107 S/m (copper), setting
the dielectric as lossless material and varying the thickness from 0.1 mm to 3.2 mm. As
shown in Fig. 4.23(c), with the increase of the thickness, the insertion loss drops quickly
tirst and then gradually stabilises. The rate of descent is particularly remarkable for fil-

ters with higher orders.

Obviously, for filters realised on a given substrate, smaller dimensions achieved by
lower-order structures translate into smaller insertion loss, but at the cost of lower out-
of-band rejection performance. In contrast, it appears that reducing the dimension of
the filters by adopting a substrate with larger relative permittivity cannot decrease the
insertion loss. In addition, increasing the thickness of the substrate is another efficient
way to reduce the insertion loss in the main body of the filter. However, since a thicker
substrate leads to a larger radiation loss for the SIW-to-microstrip transition, a trade-off

must be found for optimal design.

4.6 Chapter Summary

In this chapter, the principle of the mode-matching method to analyse the N-furcation
rectangular waveguide structure has been explained first. Based on this framework,
nine approaches to approximate posts placed in the cross-section of a rectangular
waveguide have then been introduced. Furthermore, by comparing the difference of
the scattering parameters from accurate reference values of the post structure, and the
rate of convergence for each method, the most efficient approximation method has

been recommended.

Combining the principle of the mode-matching method to analyse the characteristics
of posts placed in rectangular waveguide and the band-pass filter theory presented
in Chapter 3, a general design method for band-pass post filters in rectangular wave-
guide and substrate-integrated waveguide has been introduced. The approach has
been verified via the full-wave finite-element simulations using Ansys HFSS and mea-
surements on manufactured band-pass filters. In addition, since the mode-matching

method is based on lossless simulations, but insertion loss is an important specification
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to judge the quality of a band-pass filter, it has been therefore necessary to conduct the
insertion loss analysis using a different simulation method that includes realistic losses.

This study was performed using Ansys HFSS.

In the next chapter, the principle of the mode-matching method for planar or quasi-
planar transmission lines will be explained. Based on this method, the characteristics
of shielded microstrip lines for single-mode operation, and that of the folded substrate-
integrated waveguide, will be analysed. A novel concept of band-pass post filter in
folded substrate-integrated waveguide technology, together with an efficient specific

design procedure will then be presented.
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Chapte

Shielded Transmission Lines
and Band-Pass Folded
Substrate-Integrated
Waveguide Filters

HIS chapter starts by explaining the principle of the mode-
matching method to specifically analyse the characteristics of

planar and quasi-planar transmission lines. It then applies the

method to single-mode operation shielded microstrip lines, in order to
firstly investigate the influence of the shielded line dimensions on the fun-
damental mode, and secondly explore the relationships between the cut-
off frequency of the 2"-order mode and the geometrical variables of the
cross-section of the shielded transmission line. This study is then followed
by an investigation of the characteristics of the folded substrate-integrated
waveguide. It is found that the first twenty modes in a folded substrate-
integrated waveguide can have nearly the same dispersion characteristics
as a corresponding unfolded dielectric-loaded rectangular waveguide if the
length of the middle vane for the folded substrate-integrated waveguide is
chosen appropriately. From this observation, the novel concept of band-
pass post filter in folded substrate-integrated waveguide technology is pre-
sented at the end of this chapter, together with an efficient and specific de-

sign procedure.
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5.1 Introduction

5.1 Introduction

Planar and quasi-planar transmission lines are widely used in microwave and
millimetre-wave systems. Apart from the common and simple structures such as mi-
crostrip lines, striplines, or slotlines, transmission lines can be realised with multiple
materials in complex geometries. For instance, the quality factor and the slow-wave
mode propagation characteristics in metal-insulator-semiconductor (MIS) transmis-
sion lines improved by using inhomogeneous semiconductor substrates was investi-

gated in several publications (Kiang 1996, Chen et al. 1996, Kucera and Gutmann 1997).

Nowadays, monolithic microwave integrated circuits (MMICs) and optoelectronic in-
tegrated circuits (OEICs) are extensively applied in fields such as military, global po-
sitioning, and civil communication. Because of their complex multilayer structures,
components in MMIC or OEIC systems are often integrated by quasi-planar transmis-
sion lines such as shielded microstrip lines, finlines, or suspended striplines, since they

allow a high-degree of integration, direct implementation of semiconductors, and easy

fabrication employing photolithographic techniques (Schmidt 1981). They also offer

TX

3

0O Vi Y2 2 Vs Yo a

Figure 5.1. Structure of a planar or quasi-planar transmission line for microwave, millimetre-
wave and optoelectronic applications. This figure shows a planar or quasi-planar
transmission line which can be utilised in MMIC and OEIC systems. The cross-section
is divided into several regions and subregions by metal strips. The regular geometries
are suitable for analysis using the MMM. Source: Self-created using Ansys HFSS and

Inkscape.
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advantages of low dispersion, wide single-mode operation bandwidth, reduced atten-

uation from the dielectric, and increased mechanical tolerance (Itoh 1989b).

Considering the requirements for accurate, realistic, and reliable models for planar or
quasi-planar transmission lines, the mode-matching method (MMM) obviously is a
reasonable option because of its advantages of high speed, accuracy, and straightfor-
ward extension to various planar or quasi-planar transmission lines. Thus, this chapter
first extends the description of the MMM to specifically analyse the characteristics of
planar or quasi-planar transmission lines (Section 5.2). Based on this method, the char-
acteristics of a shielded microstrip line for single-mode operation is analysed in Sec-
tion 5.3, while the characteristics of a folded substrate-integrated waveguide (FSIW)
are analysed in Section 5.4. Most importantly, it is found that a FSIW can be designed
to have quite similar characteristics with a substrate-integrated waveguide (SIW). This
is conveniently achieved by adjusting the size of the middle metal vane in the FSIW.
Thus, building on this property, a novel concept of band-pass post filter in FSIW tech-
nology is presented in the same section, together with an efficient specific design pro-

cedure. The findings in this chapter are then summarised in Section 5.5.

5.2 Mode-Matching Method for Planar and Quasi-Planar
Transmission Lines

MMIC and OEIC systems utilise various types of planar and quasi-planar transmission
lines to realise the connections among different devices. However, analysing these
transmission lines individually (one by one) is time-consuming, unnecessary, and often
even unrealistic. Thus, this section only explains the principle of the MMM based on
a given planar or quasi-planar transmission line. It is noted that the principle can be

easily extended to other more complicated planar or quasi-planar transmission lines.

As shown in Fig. 5.1, the cross-section of a planar or quasi-planar transmission line
for microwave, millimetre-wave, and optoelectronic applications is divided into four
regions, namely Region I, I, I1I, and IV. Region III is further divided into three subre-
gions by two metal strips. In addition, the relative permittivity of the dielectric in each
region or subregions are assumed to be sIr, eIrI, sIrHa, eIer, eIrHC, and eIrV as shown in the
figure. According to the equations presented in Chapter 3, Hybrid modes, including
TE and TM modes, can exist in each region or subregion of the planar and quasi-planar

transmission lines. These modes can be described with the magnitudes of z-directed
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magnetic and electric vector potentials. Thus, according to the boundary conditions
along x-direction shown in Fig. 5.1, the eigenfunctions for magnetic and electric vector

potentials in each region or subregion can be derived as Eq. 5.1 and 5.2 respectively.

ny7t

Z y6 yly)
np= 0V 1 + 50”/1
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T =) )(AH o X 4 Bl e~ ),

n,=0 V 1+50nh
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(AI xm,1 +BI e ]kxmh )

111PY

T _ I AHIa e]kxmh + BHIa o Ky x
ek m( )
LT (5.1)
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where my,, ny, me, and n, represent the index of magnetic and electric modes in the re-
gions or subregions, y ;,, is the Kronecker delta, ky;, and ky;;, are unknown wavenum-
bers along the x-direction, and A, B, C, and D represent unknown amplitude coeftfi-

cients for different modes.
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Eq. 5.1 and 5.2 can be simplified by setting

Q;'th Al xmh +Bl e ]kxmh

' 1 ‘ (5.3)
leme — o (C’lnee]kxmex _ D:ﬂee_]kmeX),
XM,
and
i . .
e x e
(5.4)
lhmh T 9x mh - ]kxmh( e] n— B:nhe ! hx)/
where the superscript i represents the divided regions and subregions.
For Eq. 5.3, we can obtain
szh (xi—l) Al th(xl Ax;) + B;nh th(xl Ax;)
= cos(k;mhAxixAl iy Bl ¢ R
.. 1 i i ]k i (5'5)
+ ]sm(kxmhAxi)(A ham, x — By, e )
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1
K

Xnie
where Ax; represents the thickness of the regions or subregions.

Similarly, for Eq. 5.4, we can obtain

ith (xl 1) _]kxmh( ejkﬁcmh(x x;) Bl xmh( ‘—Ax,-))

_]kxmh [COS(kimhAxi)(Al ] xmh Bz —jkt

xmh )
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and
Qf, (Xio1) = C,%Cejkéfme(xi_Axi) + D]l'ﬂee_jkécme(xi_Axi)
= cos(k;meAxi)(C;eejkéfmexi + D’inee_jkécmgxi)
+ jsin(Kl,, Ax;)(Ch, elfmei — Di e~ Konexi)
= Cos(k;m@Axi)szmg (xi) + k;me Sin(kécmeAxi)ﬂ)éme (xi)-

(5.8)

Obviously, Q;;mh and iPéme can be considered as representing electromagnetic waves
propagating along the + x-direction. Thus, based on Eq. 5.5, 5.6, 5.7, and 5.8, for a
iy ?ém , Q;lm , and Qéme of

the bottom of the dielectric and those of the top of the dielectric can be derived as the

given region or subregion, the relationship between the P

following matrix equation

P, (Xi-1) P, (Xi) Dy 0 Dy O P, (x)
T?me(xi—ﬁ _ i T?me(xi) _ |0 D3 0 Dy T?me(xi) 59
Qo (Xi-1) D, (X7) Ds 0 D1 0| |9, (xi)
| Qb (xi1) | | Qo (xi) | |0 De 0 Ds| |, (%) ]
where R’ represents the transmission matrix and
D1 = diag{cos(k xmhAxl)}
D, = diag{—kxmh sm(kxmhAx )}
D3 = diag{cos( ;meAxi)},
Dy = dlag{ sin(k;meAx,')}, (5.10)
xme
Ds = dlag{ sm(klxmhAxi)},

xmh

De = diag{—kxme sin(k;meAxi)}.

The total electromagnetic fields derived from the magnetic or electric potentials should
satisfy the following interface conditions, that is, Eq. 5.11 to 5.14, since the fields on the

interfaces along y-direction and z-direction are continuous.

EL =E'!,
b i27i 1 +1k1+12T1+1
JwepE, ]we el
2
. i kit i (5.11)
‘ 8?*1 Kiz °
) i z+1
PR Ly
el e — (kz/ko)?
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where ki is the cutoff wavenumber in regions or subregions, ko represents the
wavenumber in free space, k; is the propagation constant, and ¢g and €. are the permit-

tivity in free space and relative permittivity respectively. Similarly,
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Furthermore, substituting the derived eigenfunctions for magnetic and electric poten-
tials in different regions or subregions (Eq. 5.1 and 5.2) into interface condition equa-
tions (5.11 to 5.14), the corresponding coupling matrices for different interfaces can
then be obtained. The interfaces between Regions II and III are taken an example to il-

lustrate the derivation, while the other interfaces can be analysed with similar method.

Firstly, we consider the electric fields on the interfaces between Regions II and III. Ac-

cording to Eq. 5.12, y-direction electric fields at x = x; in Regions II and III have the
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following relationships,
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For Eq. 5.15, we multiply both sides by } C051(+ i ) , and then compute the integral on
n;l:() \/ O/”h

the interfaces. Utilising the orthogonality of electromagnetic fields, one equation can

nhﬂ’

be obtained as below
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For the z-direction electric fields at x = x, in Regions II and III, according to Eq. 5.11,

similarly, we can have
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where
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Eq. 5.17 and 5.19 can then be written in matrix form, as
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is the coupling matrix for y-direction and z-direction electric fields on in-

Secondly, we focus on the magnetic fields on the interfaces. For y-direction magnetic

tields at x = x; in Regions Il and III,, according to Eq. 5.14, we have

k.

wpt M _

(k2 /ko)? oy 0x

QII
JUL L, ]II,HIa] hmy, | [Q
Meatly Meatte] | QI

emte
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(5.22)
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[e¢] nym
mir, 23 y 7 /yz : ”ea” Sm( =y) dy
nea/”h Y2 1y =0 /1 + (5071;,
Ya n’ 71 NeTT
Eg jI:lae _ Z / sin( sm(ETy)dy, (5.23)
2 ne=1
. kZ ell — eIrHa
3 .
a (JJ‘H EHIa o (kz/kO)z
For y-direction magnetic fields at x = x; in Regions II and III;,, we have
ke g - et OT! aT!  amy™
wpt Mo — (K, /kq)2 Y dx ax
I (5.24)
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T n; Sy sin(=my)dy (5.25)
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For y-direction magnetic fields at x = x5 in Regions II and IIl., we have
ke dl-g'c aml at! o'
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I (5.26)
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For z-direction magnetic fields at x = x, in Regions II and IlI,, according to Eq. 5.13,

we have
— (ky/ko)?
- (kz/ko) T = T}IzHa'
e — (kz/ko)?
1110, I _ 11,
o] 9,] = ]
where
HIHa _ 2€4a Z /]/2 COS COS(”Zny) dy
nha”h v2 o \/1+5O/ 1+ don, ,

C4n = - (kz/kO)
) si“ﬂ — (ks /ko)?

For z-direction magnetic fields at x = x, in Region II and III;,, we have

— (kz/ko)? .y I
1T, zTh =T,"
& - (kz /kO)

H,HIb i - IHb
[”be”h} [thh} - [thhb ’

where

00 s
min, __2€ap /y4 cos(727-y) cos(Zi7y) y
"ot Yy — Y3 n,=0"Y3 \/1 + 50n;lb \/1 + 5onh

oy — (k2 /ko)?
er® — (ks /ko)?

For z-direction magnetic fields at x = x, in Region II and III., we have

— (kz/ko)* s
T, zTh =T,
& - (kz /kO)

11,11 I o I,
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where
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(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

(5.33)
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Combining Eq. 5.22, 5.24, 5.26, 5.28, 5.30, and 5.32 into one matrix equation, we obtain

[ ILIIL,
1y My
11111,
My My
1L 111,
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111,
Qemeb

QIIIC

, (5.34)

eMec |

is the coupling matrix for y-direction and z-direction magnetic fields on

Furthermore, according to Eq. 5.21 and 5.34, another matrix equation for both the elec-

tric and magnetic fields can be obtained as the following

[ ] [plI ]| [ o ]
:thh :thh j)hmh
11 111 ILIII 111
ﬂ)eme __ eILIII ?eme _ CL:’l 0 ﬂ)eme
—c — ) (5.35)
QII QIII 0 GH'IH QIII
hmh hmh 2 hmh
1I 11T 111
_Qeme_ _Qeme_ _Qeme_

where G s the coupling matrix for y-direction and z-direction electric and magnetic

- : - [ plll Il 1l
fields on interfaces between Regions II and III, and Py Pener L, and Qg can be
expressed as
pil | — [plla iy il |7
hmh_ _ L hmha hmhb hmhc 4
7 r tr
m | — [l 111, 111
[ﬂ)emE - iPemaea j)emeb :Pemcf_,C ’
: - ” (5.36)
ol | = [ola ol Il
hmh_ - L hmha hmhb hmhc
7 r tr
m | — (ol I, 111
Qeme_ - _Qemaea Qemeb Qemcec
fead ; i i i i i
The transmission matrix R’ is able to transform the P}, iy Pom,r iy and 9, from the

bottom to the top boundary in regions or subregions, while the coupling matrix C»+1

i i i
can match the ?hmh’ Plom,s thh,

or subregions in the y-direction and z-direction. Therefore, the relationship between

and 9Q;,, on each interface between adjacent regions

these elements on the lower (x = 0) and the upper (x = b) of the planar or quasi-planar
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transmission line can be derived as

Ph, (0) PV, (b) RC11 R€pp ! RCi3 Rey | [PV (b)
?}3’”6 (0) — RC ﬂ)%e(b) = __R_C:’%l__:_R_e_z_z_i_j_z_e_zi_jggg"i_ ﬂ)%e(b) , (5.37)
D, (0) D, (D) RC31 RC3p 1 RCz3 RCay | [y, (D)
| Qe (0) | Qe (D) | | RExr RCyp : RCs3 RCas | | e, (b) |
where .
RE — [:RIGI,II:RIIeII,III:RIIIGIII,IV:RIV . (5.38)

Utilising the remaining two electric wall conditions at x = 0 and x = b, which leads to
?}th(O) =Pl (0) = ?%h(b) = PL.(b) = 0, the size of Eq. 5.37 can be reduced as the

e,
following equation

0 QlV (p RC13 RC QlV (p
[ ] _ [SR(?W} [ ;K;h( ) _ 13 14 [ }11{1/%( )] ) (5.39)
0 Qv (b) RC3 RCoy| | QLY (b)

where RC,; is the upper right quarter of the matrix RC.
Obviously, the determinant of RC,;, should satisfy the equation
det(RCy) =0, (5.40)

which is a transcendent function about the propagation constants k, in the transmis-
sion line. It follows that, the desired propagation constants k, for the hybrid modes

can be obtained by solving the transcendent function.

5.3 Mode-Matching Analysis of Dimensions for Single-
Mode Operation of Shielded Microstrip Lines

Shielded microstrip lines are widely used in microwave and millimetre-wave sys-
tems to connect devices while protecting circuits from environmental contaminants,
preventing electromagnetic interference, and enhancing the mechanical strength. To
avoid the influence of the metallic enclosures on the fundamental mode, the choice
of dimensions for the housing is an important issue. In this section, the influence
of those dimensions on the fundamental mode is investigated rigorously using the
MMM explained in Section 5.2. In addition, the relationships between the cutoff fre-

quency of the 2™

-order mode and those geometrical variables of the cross-section of
the shielded transmission line are presented. With these relationships, a reasonable
geometry can be efficiently determined, which is important to prevent performance

degradation through higher-order mode excitations, such as in waveguide transitions.
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Figure 5.2. Cross-section of the shielded microstrip transmission line. This figure shows the
cross-section of a shielded microstrip transmission line. In order to simplify the analysis,
a magnetic wall is placed at the centre of the geometry. The half structure is then

divided into three regions. Source: Self-created using Ansys HFSS and Matlab.

5.3.1 Eigenfunction in Shielded Microstrip Lines

The cross-section of a shielded microstrip transmission line is shown in Fig. 5.2. For
a symmetric structure, in order to simplify the analysis, a magnetic wall or an electric
wall can be placed on the centre geometrical symmetry axis to handle even modes or
odd modes, respectively. Since both the fundamental quasi-TEM mode and the first
higher-order mode (which resembles a quasi-TE;p mode in an inhomogeneously filled
waveguide) in the shielded microstrip are even, a magnetic wall is employed in Fig. 5.2

and placed at x = 7.

The half structure (0 < x < 7) is then divided into three regions. Due to the mag-
netic wall assigned at the centre of the geometry, the boundary conditions for the half
shielded transmission line are different from the example presented in Section 5.2.

Thus, the electromagnetic fields in each region should be modified as the following

(o] 2 1 1
T = Y cos (BT nh: ) (AL, 4 B, ),
nh—O
o cos(™ly) o
T = — 8 (Al o/, ¥ 1 I =K, ¥ 5.41
oy G, B ) o
Tt =} cos (Lh:l)—ﬂy) (AM o 4 Bl o ~/kom ),
TthO
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= . @2n. -1 1 7l o
- En (i Dl o),
ng:1 XMe
1
T = Z sin( T (Ch. efkame —Djie ke ), (5.42)
ne=1 ] XM,
ad 2n, — ) 1 I I
TIII _ sin ( e : (CIIIe]kxmg DIII —jkme X ),
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where 1y, 1., my,, and m, are the index of the modes, ki, and K, are wavenumbers

xXmy,
along the x-axis for different modes, dy, is the Kronecker delta, and Aﬁnh, 1y ci Dfne

are unknown amplitude coefficients.

By calculating the transmission matrices for the amplitude coefficients from the bottom
to the top boundary in each region, computing the coupling matrices through match-
ing the tangential fields at each interface, namely x = h and x = h + t, and utilising the
boundary conditions at x = 0 and x = b, a transcendent function of the propagation
constant k, can be obtained. Furthermore, the propagation constant k, can be acquired
by solving the transcendent equation. More detailed derivations are provided in Sec-
tion 5.2.

5.3.2 Analysis of Fundamental Mode in Shielded Microstrip Lines

The modal analysis presented in Section 5.2 is especially relevant for millimetre-wave
frequencies, where small dimensions result in larger tolerances. Millimetre-waves
have a continuous attenuation because of the absorption by various atmospheric con-
stituents such as water vapour, oxygen and, dust. However, there is a propagation
window at 94 GHz where the attenuation is relatively modest (Yujiri et al. 2003). Due
to the strong penetrability, numerous circuits operating at 94 GHz have been proposed
and applied in low-visibility navigation, concealed weapons detection, and astronomy.
Therefore, a shielded microstrip transmission line realised in GaAs technology is taken
as an example here for the analysis of the influence of shield dimensions on the prop-
agation characteristics in W-band (extending from 75 GHz to 110 GHz). The values of

its variables are listed in Table 5.1.

In order to mitigate the influence of the shielding on the desired fundamental mode
of the microstrip line, the dimensions of the shielding housing should be chosen rea-
sonably. This is investigated numerically in the following based on the MMM. In the
tirst case, the height b of the housing is fixed and the width a is varied from 500 pm to
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Table 5.1. Parameters of a shielded microstrip transmission line. The table gives the dimen-
sions, including the width a and height b of the housing, the width w and the thickness
t of the microstrip, and the height & of the substrate as shown in Fig. 5.2. The relative

permittivity of the dielectric is also provided.

a (pm) | b (pm) |k (pm) | ¢ (pm) | w (pm) | &

750 260 100 10 50 12.9

1250 pm. As shown in Fig. 5.3(a), with the increase of the width 4, the phase constants
tirst increase before stabilising to an asymptotic value when the width is 20 times of the
width w of the microstrip. Similarly, for a fixed width a of the housing and variation of
the height b from 200 pm to 600 pm, it is found that, as shown in Fig. 5.3(b), when the
ratio of the housing height b to the substrate thickness & is larger than 4, the changes of

the phase constants become negligible.

To illustrate this convergence, a test has been done to compare the phase constant of a
microstrip line without housing and a shielded microstrip line at 94 GHz. As shown in
Fig. 5.4(a), for a fixed height ratio % = 4, the phase constant for the quasi-TEM mode of
the shielded transmission line converges to the value for the unshielded microstrip line
when the width ratio § reaches 20. Similarly, convergence of the results is confirmed
for a fixed width ratio 7, = 20 in Fig. 5.4(b), when the varied height ratio % reaches a
value of 4. In both cases, the influence of the metallic enclosures becomes insignificant

when the conditions % > 4 and % > 20 are satisfied.

5.3.3 Analysis of the 2"-Order Mode in Shielded Microstrip Lines

Higher-order modes in shielded microstrip lines should be taken into account in some
cases, such as when potentially excited by a discontinuity. For example, the geom-
etry of the cross-section of the shielded microstrip line for a W-band waveguide-
to-microstrip transition should be decided suitably in order to allow the fundamen-
tal mode to propagate in the shielded microstrip line, while rejecting higher-order
modes (Leong and Weinreb 1999, Shireen et al. 2010). Thus, the cutoff frequency of
the next higher-order mode should be above 110 GHz.
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Figure 5.3. Influence on the fundamental mode of varying (a) the width a and (b) the height
b of the shielding housing. These figures show how the fundamental mode is affected
by changing the width a from 500 pm to 1250 pm, and varying the height b of the

shielding housing from 200 pm to 600 pm. Source: Self-created using Ansys HFSS and
Matlab.
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Figure 5.4. Comparison of the fundamental mode’s phase constant at 94 GHz between a
microstrip line without housing and a shielded microstrip line. These figures com-
pare the phase constants of quasi-TEM modes for the microstrip line without housing
and a shielded microstrip line. The first case sets the height b four times larger than the
substrate thickness & and varies the width a from 500 pm to 1200 pm, while the second
case sets the width a twenty times larger than the microstrip width w and changes the

height b from 200 pm to 600 um. Source: Self-created using Ansys HFSS and Matlab.

The cutoff frequency depends on the width a and the height b of the shielded mi-
crostrip line, the width w and the thickness t of the microstrip, and the thickness 1 and
the relative permittivity e, of the substrate. By varying individually the value of one
variable among them and fixing the other variables to the values given in Table 5.1, the
relationships between the cutoff frequencies of the 2"-order modes and the variables

have been obtained.
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Figure 5.5. Influence on the cutoff frequency of the 2"?-order mode caused by the geometry
and the relative permittivity of the substrate. These figures show how the cutoff
frequency of the 2™-order mode is affected by the variation of: (a) the width w of
the microstrip, (b) the thickness t of the microstrip, (c) the width a of the shielded
microstrip line housing, (d) the height b of the shielded microstrip line housing, (e) the

thickness h of the substrate, (f) the relative permittivity ¢, of the substrate. Source:

Self-created using Matlab.
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Examining Fig. 5.5(a) and (b) reveals that the influence of the dimensions of the mi-
crostrip on the cutoff frequency is relatively limited. In contrast, the cutoff frequency is
sensitive to the width and height of the shielded microstrip line housing and the thick-
ness and the relative permittivity of the substrate. As shown in Fig. 5.5(c), with the in-
crease of the width of the shielded microstrip line housing from 600 pm to 900 pm, the
cutoff frequency of the second-order mode drops quickly from 168.8 GHz to 124.7 GHz.
With the increase of the thickness or the relative permittivity of the substrate, the cutoff
frequency has the similar changing trends as shown in Fig. 5.5(e) and (f). Conversely,
as shown in Fig. 5.5(d), with the increase in the height of the shielded microstrip
line housing from 160 pm to 360 pm, the cutoff frequency rises from 119.60 GHz to
153.95 GHz

According to the analysis above, it is obvious that large shielding dimensions are de-
sired to avoid affecting the fundamental mode. However, by increasing dimensions,
higher-order modes may be introduced into the working band. Thus, a trade-off
should be made between the first two modes to maintain a single-mode operation sys-
tem. The analysis results in this chapter provide guidance on the appropriate choice of

shielded line parameters to satisfy this trade-off.

5.4 Folded Substrate-Integrated Waveguide and the Ap-

plication in Band-Pass Post Filter

The application of microwave and millimetre-wave devices realised in rectangular
waveguide technology is limited by their high cost, bulky volume, and difficult inte-
gration with other components. In order to overcome these shortcomings, the SIW has
been proposed as planar dielectric-loaded rectangular waveguide equivalent. Never-
theless, despite the significant size reduction offered by realisation of devices in SIW
technology, width reduction is still desirable for microwave and millimetre-wave sys-

tems.

The concept of FSIW is a viable option to reduce the size of devices in SIW tech-
nology. The characteristics of the FSIW have been analysed with the equivalent
ridged waveguide method (Che et al. 2008b) and the variational method (Nguyen-
Trong et al. 2015b). However, both methods only focus the two or three lowest-order

modes in the FSIW. Based on the MMM, a more detailed analysis for the dispersion
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Figure 5.6. Structure of an E-type FSIW and its equivalent folded dielectric-loaded rect-
angular waveguide. These figures show the structure of an FSIW, and its equiva-
lent configuration, which can be transformed with the equation introduced by Cas-
sivi (Cassivi et al. 2002). In order to simplify the analysis, an electric wall and an
magnetic wall are placed at the centre of the folded dielectric-loaded rectangular wave-

guide. Source: Self-created using Ansys HFSS and Inkscape.

characteristics is provided here and it shows that the FSIW can retain similar disper-
sion characteristics as the corresponding dielectric-loaded rectangular waveguide, but
with half the size. According to this property, a novel concept of band-pass post filter
in FSIW technology is presented in this section, together with an efficient and specific

design procedure.

5.4.1 Dispersion Characteristics of Folded Substrate-Integrated
Waveguide

To analyse the dispersion characteristics of a symmetric FSIW, it is firstly trans-
formed into a dielectric-loaded folded rectangular waveguide as shown in Fig. 5.6(a).
The equivalent width W, can be accurately determined using the empirical equation
Eq. 4.1 (Cassivi et al. 2002).

For the following analysis, we consider an example with a width W, = 10.16 mm and
thickness 2b = 1.524 mm for the folded rectangular waveguide, loaded by a dielectric
with relative permittivity e, = 2.94. The width ¢ of the middle vane will be varied to

achieve the desired propagation characteristics. The odd and even modes are treated
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respectively by placing an electric wall or a magnetic wall at the centre of the geometry,

as explained in the following.

To investigate the dispersion characteristics of odd modes in a folded rectangular
waveguide, an electric wall is placed at the centre of the geometry. Thus, the half struc-
ture of the folded rectangular waveguide becomes a standard rectangular waveguide
as shown in Fig. 5.6(b). The corresponding modes are defined as odd modes whose
phase constant § can be calculated through the classical equations below (Pozar 2011)
B=\Jrne— R,
K= () + () o
W b
where w is the angle frequency, 4 and ¢ are the permeability and permittivity of the
dielectric respectively, k. is the cutoff wavenumber, and m and n represent the index
of the modes. Obviously, odd modes in the folded rectangular waveguide have the
same phase constants as the TE,, o modes (m is positive even integer) in the unfolded

rectangular waveguide with width 2W,.

Similarly, to explore the dispersion characteristics of even modes in a folded rectan-
gular waveguide, a magnetic wall is placed at the centre of the geometry as shown in
Fig. 5.6(c). The half structure is then divided into two regions. Region I contains three
electric walls, while Region II consists of two electric walls and one magnetic wall. In
this case, an analytical solution is not readily available, but the regular geometries can
be handled conveniently with the MMM presented in Section 5.2.

Based on the MMM, the relationship between the length c of the middle vane and the
cutoff frequency of the first even mode has been investigated. As shown in Fig. 5.7,
while c increases from 0.01 mm to 10.15mm, the cutoff frequency shifts to lower fre-
quencies. The initial decrease of the cutoff frequency value is very rapid, but it settles
soon to a relatively small rate of descent. It is observed that the first odd mode is
replaced by the first even mode as the fundamental mode in the folded rectangular
waveguide when c is larger than 4.74 mm. Meanwhile, as shown in Fig. 5.8, the electric
fields for the first even mode at 10 GHz concentrate around the right edge of the mid-
dle vane, whereas for ¢ = 10.05mm, the electric fields has a maximum between the

right edge of the middle vane and the right side of the folded rectangular waveguide.

Obviously, by adjusting the length ¢ of the middle vane, the cutoff wavenumber of
the fundamental mode in the folded rectangular waveguide can have the same value

as that of the TE; g mode in the corresponding unfolded rectangular waveguide. This
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Figure 5.8.

the length of the middle vane. This figure shows how the cutoff frequency of the
first even mode in FSIW is influenced by varying the length ¢ of the middle metal vane.
It also gives the length of the vane for which the fundamental mode is replaced by the

first even mode. Source: Self-created using Matlab.
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Electric fields of the first even mode at 10 GHz when the length ¢ of the middle
vane is 4.74 mm, 9.68 mm, and 10.05 mm. This figure shows the electric fields of
the first even mode in an FSIW at 10 GHz. The electric fields concentrate around the
right edge of the middle vane, whereas for ¢ = 10.05 mm, the electric fields have a
maximum between the right edge of the middle vane and the right side of the folded

rectangular waveguide. Source: Self-created using Ansys HFSS and Inkscape.

value of ¢ can be found easily using the bisection method or Newton’s method. For

the particular example handled here, when c = 9.68 mm, the same cutoff wavenumber

can be achieved in the folded and unfolded waveguides. With this equivalent value
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Figure 5.9. Comparison of the even modes’ phase constants of the folded rectangular wave-
guide with corresponding modes of the unfolded rectangular waveguide when
the length ¢ of the middle vane is 9.68 mm. This figure compares the even modes’
phase constants of the folded rectangular waveguide with corresponding modes of the
unfolded rectangular waveguide when the length of the middle vane is fixed as 9.68 mm.
It is found that the difference of the phase constant between even modes in the folded
rectangular waveguide and the TE,, o modes (m is positive odd integer) in the corre-
sponding dielectric-loaded rectangular waveguide can be considered small until about

the 10" even mode. Source: Self-created using Matlab.

of ¢ in terms of the fundamental mode, the first fifteen even modes in the folded rect-
angular waveguide have also been compared with the first fifteen TE,, o modes (m is
positive odd integer) in the unfolded rectangular waveguide. As shown in Fig. 5.9,
the phase constants of the first six modes are nearly indistinguishable for both struc-
tures, whereas the differences become visible and gradually larger starting from the
7th mode. Nevertheless, up to the 10" mode, the difference of the cutoff wavenumber,
that is, #jﬁm, is about 3%, which still can be considered acceptable. Thus an appro-
priate choice of the width c allows the definition of a near-equivalence between the
folded rectangular waveguide and an unfolded dielectric-loaded rectangular wave-
guide, with a validity in terms of propagation characteristics extending to around

twenty modes, including odd and even modes.
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(a) (b)

Figure 5.10. Structures for posts placed in the cross-section of a folded and an unfolded
rectangular waveguide. These figures show configurations for posts in a folded
and an unfolded rectangular waveguides. Dimensions for these two waveguides are
provided in Subsection 5.4.1, and the length ¢ for the middle vane is set as 9.68 mm.
The unfolded rectangular waveguides thus can be considered as the equivalent of the

folded rectangular waveguide. Source: Self-created using Ansys HFSS and Inkscape.

5.4.2 Posts in Folded and Unfolded Rectangular Waveguide

To confirm this near-equivalence, the characteristic of posts placed in the cross-section
of a folded rectangular waveguide has also been compared with that of post pairs
placed symmetrically in the cross-section of a corresponding unfolded rectangular
waveguide as shown in Fig. 5.10. For direct comparison of the physical structure with
the equivalent model, the scattering parameters for the folded rectangular waveguide
are obtained through full-wave simulations using Ansys HFSS, while the scattering
parameters for the equivalent unfolded rectangular waveguide are calculated with the
MMM considering only the first twenty modes. The results at 7 GHz (the intended
tilter centre frequency) are shown in Fig. 5.11 for posts with different radii r as a func-
tion of their location E in the waveguides. Both reflection and transmission coefficients
show very similar behaviour for a large variety of parameters. This means that post
pairs placed in the cross-section of an unfolded rectangular waveguide and computed
with twenty modes can be considered as an equivalent structure to posts placed in the

cross-section of a folded rectangular waveguide.
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Figure 5.11. Comparison of (a) |S11| and (b) |S;1| between posts with different radii r placed
in the cross-section of a folded rectangular waveguide and the equivalent un-
folded rectangular waveguide. These figures compare the scattering parameters (a)
|S11] and (b) |S21| for posts with different radii # placed in the cross-section of a folded
rectangular waveguide and the equivalent unfolded rectangular waveguide. It is found
that both reflection and transmission coefficients show very similar behaviour for a

large variety of parameters. Source: Self-created using Ansys HFSS and Matlab.

5.4.3 A Novel Band-Pass Post Folded Substrate-Integrated Wave-
guide Filter

According to the analyses in Sections 5.4.1 and 5.4.2, the geometry of a band-pass post
filter with symmetric arrangement of posts in an unfolded SIW is perfectly adapted as
equivalent problem for a band-pass FSIW filter as shown in Fig. 5.12, if the length c of
the vane is chosen appropriately. The efficient mode-matching-based design method
introduced in Chapter 4 can then be applied in this case. As a result, the dimensions

of E; and D; for a 5'"-order Chebyshev band-pass post FSIW filter can be determined
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Table 5.2. Sizes of an FSIW band-pass post filter (Units: mm). The table gives the dimensions,
including the physical width W; of the FSIW, the diameters di and d, of the posts,
interval p between adjacent posts, the gaps E between the posts and the FSIW wall, the
length D of the resonant cavities formed by post pairs, the width W; and length L; of
the taper for the FSIW-to-strip transition, and the width W, and L of the slot for the

strip-to-microstrip transition.

Eq,E¢ | E3,Es | E3,E4 | D1,Ds | D3,Dy | D3 W; W;

418 | 6.13 | 6.81 | 13.46 | 15.18 | 15.44 | 10.745 | 4.65

L; Wi dq dp p b We L,

7441104100 | 160 |1.80 | 0.762 | 1.90 | 5.10

within 1 second by a standard computer with a 3.40 GHz i7-2600 CPU and 14.0 GB
RAM. The resulting values for such a filter with centre frequency of 7 GHz and frac-
tional band-width of 5.71% (passband extending from 6.8 GHz to 7.2 GHz) are listed
in Table 5.2. As shown in Fig. 5.13, without considering the FSIW-to-stripline transi-
tion, the stripline-to-SMA transition and the losses, the simulation results for the FSIW
band-pass filter obtained through Ansys HFSS agree well with the calculated results

for its equivalent band-pass unfolded rectangular waveguide filter obtained through
the MMM.

An FSIW-to-stripline transition has been designed with procedures which are simi-
lar to the method reported in (Deslandes 2010), while the width W, and length L. of
the slot for a stripline-to-SMA transition have been optimised using the finite-element
software Ansys HFSS, in order to test the band-pass filter. As shown in Fig. 5.13, the
simulated reflection coefficient in the specified passband (6.8 GHz to 7.2 GHz) is below
-23 dB. The transmission coefficient at the centre frequency (7 GHz) is -1.31 dB. A pro-
totype of this FSIW band-pass filter has also been manufactured, as shown in Fig. 5.14,
and tested. The measured reflection coefficient, also shown in Fig. 5.13, in the specified
passband (extending from 6.8 GHz to 7.2 GHz) is below -17 dB. The transmission coef-
ficient at the centre frequency (7 GHz) is -2.01 dB. The discrepancy between simulation
and measurement insertion loss may be ascribed to the deviation of the loss tangent of

the dielectric and the fabrication imperfections.
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Figure 5.12. Structure of a 5-cavity Chebyshev band-pass post filter realised in: (a) FSIW
technology, (b) and its equivalent structure in SIW technology. These figures
show the structure of a 5-cavity Chebyshev band-pass post FSIW filter and its equiv-
alent SIW structure. According to the analysis in Sections 5.4.1 and 5.4.2, the SIW
band-pass filter can be considered as an equivalent problem for the band-pass FSIW
filter with appropriate vane length ¢. Source: Self-created using Ansys HFSS and

Inkscape.

To sum up, it has been demonstrated that the first twenty modes in an FSIW have
nearly the same dispersion characteristics as an unfolded dielectric-loaded rectangu-

lar waveguide if the length of the middle vane for the FSIW is chosen appropriately.
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Figure 5.13. Comparison of scattering parameters between the band-pass post FSIW filter
and its equivalent unfolded rectangular waveguide band-pass filter. This fig-
ure compares the scattering parameters between the band-pass post FSIW filter and
its equivalent unfolded rectangular waveguide band-pass filter. Without considering
the transitions and losses, the green dash lines and the blue lines represent the sim-
ulated Ansys HFSS and calculated mode-matching scattering parameters |Sq1| and
|S21| for the FSIW filter and the unfolded rectangular waveguide filter. Considering
the transitions and losses, the black dash lines and the red dash lines are the simu-
lated and measured scattering parameters |S11| and |So1| for the FSIW filter. Source:
Self-created using Ansys HFSS and Matlab.

The scattering parameters for posts placed in a folded rectangular waveguide and an
equivalent unfolded rectangular waveguide have been compared, confirming that the
two structures possess similar characteristics. Thus, the novel FSIW band-pass post fil-
ter structure introduced in this section can be conveniently designed by transforming it
into an unfolded equivalent problem which can be handled with the MMM accurately
and efficiently. The design method has been applied to realise a 5"-order Chebyshev
band-pass post FSIW filter with a centre frequency of 7GHz and a fractional band-
width of 5.71%. The viability and efficiency of the method has been successfully val-
idated by full-wave finite-element simulations using Ansys HFSS and measurements

on a fabricated prototype.
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Figure 5.14. Fabricated FSIW band-pass post filter (bottom and top substrates). This figure
shows the top and bottom layers of the fabricated FSIW band-pass post filter. The
final filter is achieved by combining both layers together and inserting rivets into the

corresponding holes. Source: Self-photographed.

5.5 Chapter Summary

In this chapter, the principle of the mode-matching method to analyse the character-
istics of planar and quasi-planar transmission lines has been introduced. Applying
this method to the single-mode operation of shielded microstrip lines, the influence
of housing dimensions on the fundamental mode has been investigated rigorously. In
particular, the relationships between the cutoff frequency of the 2"-order mode and
the geometrical variables of the cross-section of the shielded transmission line have
also been explored. In addition, the mode-matching method has also been utilised to
analyse the characteristics of the folded substrate-integrated waveguide. It has been
found that, if the length of the middle vane for the folded substrate-integrated wave-
guide is chosen appropriately, the first twenty modes in a folded substrate-integrated
waveguide have nearly the same dispersion characteristics as a corresponding un-
folded dielectric-loaded rectangular waveguide. According to this property, a novel
band-pass post filter in folded substrate-integrated waveguide technology, together
with an efficient and specific design procedure, has been presented. The viability
and efficiency of the method has also been successfully validated by full-wave finite-

element simulations using Ansys HFSS and measurements on a fabricated prototype.
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In the next chapter, several three-port junctions will be introduced. Based on the var-
ious junctions, several diplexers will be presented, together with specific efficient de-

sign methods.
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Chapte

Three-Port Junctions and
Diplexers

HIS chapter starts by deriving the constraints to achieve opti-
mum performance of diplexers employing symmetric three-port
junctions. Such junctions are crucial components to be assem-
bled with band-pass filters for the realisation of high-performance diplex-
ers. Four types of novel three-port junctions, including two optimised
Y-junctions in substrate-integrated waveguide technology, a double-layer

junction in substrate-integrated waveguide technology, a Y-junction in T-

type folded substrate-integrated waveguide technology, and a junction
with stairs in T-type and E-type folded substrate-integrated waveguide
technology, are then introduced in this chapter. Since these novel struc-
tures can satisfy the diplexer constraints well, some of them are utilised to
develop specific diplexers. The viability of these designs is validated by the
mode-matching method, the finite-element method, or measurements on

fabricated prototypes.
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6.1 Introduction

The ability to handle many channel signals is an essential requirement of efficient mi-
crowave and millimetre-wave communication systems. A diplexer is a device that
separates a wider frequency band into two narrower bands, or combines frequency
signals from two channels at one common port. Therefore, diplexers are often adopted
in communication systems in order to reduce the manufacturing cost and minimise
the dimensions. In addition, for the sake of improving the system performance, wave-
guide technology and substrate-integrated waveguide (SIW) technology are among
the most commonly used for diplexers, as they present the advantages of low loss, low

cost, and high power handling capability.

Typically, the structure of a diplexer consists of a three-port junction and two separately
designed band-pass filters. Based on this configuration, several diplexers with E-plane
and H-plane junctions in rectangular waveguide and SIW technology have been pre-
sented in (Dittloff and Arndt 1988, Shen et al. 2003, Hao et al. 2005). For illustration, a
common rectangular waveguide diplexer, which is assembled with a T-junction, and

two 6'"-order iris band-pass filters, is shown in Fig. 6.1.

This chapter is concerned with the designs and analysis of diplexers with three-port
junctions. Itis organised as follows. Section 6.2 derives the constraints for the optimum
performance of diplexers which adopt symmetric three-port junctions. In Section 6.3,
several junctions in SIW or folded substrate-integrated waveguide (FSIW) technology,
which are able to reduce the dimensions of diplexers, are introduced. Meanwhile, all
of these junctions can satisfy the derived optimal constraints well. Based on these
junctions and combining with the band-pass filter design procedures introduced in
Chapter 4 and 5, Section 6.4 develops corresponding diplexers with verification via
full-wave simulations using Ansys High Frequency Structural Simulator (HFSS) or

measurements on manufactured prototypes. The chapter ends in Section 6.5.

6.2 Constraints for the Optimum Performance of Diplex-

ers with Symmetric Three-Port Junctions

A diplexer can be assembled with a three-port junction and two band-pass filters. Ei-
ther the filter dimensions or the geometry of the junction and the distances between

junction ports and the filters or both together should be considered in order for the
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Figure 6.1. Structure of a common T-junction rectangular waveguide diplexer. This figure
depicts a common rectangular waveguide diplexer which is designed with a T-junction
structure and two 6'"-order iris band-pass filters. The red irises shown in the figure
are utilised to adjust the scattering parameters of the diplexer in order to satisfy the

required specifications. Source: Self-created using Ansys HFSS and Inkscape.

whole diplexer to achieve certain specified performance. The design procedure is it-
erative, and the optimisation process can be completed with various full-wave simu-
lation methods, such as the finite-element method using commercial tools like Ansys
HEFSS or Microwave Studio from Computer Simulation Technology (CST). However,
the finite-element solutions are time-consuming because of the high number of vari-
ables for the junction geometry, filter dimensions, and the distances between junction
ports and filters, especially considering the requirement on mesh fineness in order to

obtain results with sufficient precision.

To improve the design efficiency, the design of the junction and filters can be handled
separately. For the optimisation of the three-port junction, some prescribed specifica-
tions for its characteristics and the analytical equations to compute the distances be-
tween the junction ports and the band-pass filters are briefly derived in the following.

More detailed derivations are presented in (Morini and Rozzi 1996).
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Figure 6.2. Configuration of a diplexer modelled as a lossless three-port junction and two
band-pass filters. These figures show the structure of a diplexer modelled as a com-
bination of a lossless symmetric three-port junction and two band-pass filters that are
located at distance L¢1 and Ly, from the junction ports, and the structure of the result-
ing two-port junction when Port 3 is terminated by a matched load. Source: Self-created

using Inkscape.

As shown in Fig. 6.2(a), a lossless diplexer is modelled as a symmetric three-port junc-
tion and two band-pass filters which are placed at distances L¢; and L, from the junc-
tion ports. The passbands for the two filters are By and B,, while the centre frequencies

for the two filters are f; and f, respectively.

Ideally, the propagation of electromagnetic waves in the diplexer shown in Fig. 6.2(a)
requires a perfect transmission between Ports 1 and 2 over band B;. Therefore, if Port

3 is terminated by a matched load, the resulting two-port junction should be lossless
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and well matched over the band By, as shown in Fig. 6.2(b). Thus, the scattering matrix

S for the resulting two-port structure can be expressed as below (Dobrowolski 2010)
g _ [511 512] _ [Sn 512
521 S» 521 522

where s;; represents the parameters from scattering matrix s of the three-port junction,

1 s2. s3153
o x| L (6
o S 72PLp — 533 531532 53
12

PL, represents the reflection coefficient of Filter 2, and p is the propagation constant of

the fundamental mode of the waveguide feed.

A perfect transmission between Ports 1 and 2 gives Sy; = 0 over the band Bj, while

522533 —ng
det(s)

the scattering matrix s. Under the assumptions of perfect transmission and lossless

for a lossless junction, we have s]; = , where det(s) is the determinant of

junction, we can obtain from Eq. 6.1,

e_jzﬁLfZ - 522 = 522 . 62

PLy $22833 — S§2 de’[(S)Sikl 6.2)
Band B; should be the stopband for Filter 2. Thus, the magnitude of the reflection
coefficient of Filter 2 over band B; can be approximated as 1, that is, |pr f2| = 1
Meanwhile, for a lossless network, we can derive |det(s)| = 1 from the unitary prop-

erty (Pozar 2011). Therefore, according to Eq. 6.2, the condition below is required over
the band B;

’511| = |822|. (63)

Secondly, the diplexer also requires a perfect transmission between Ports 1 and 3 over
band B,. Hence, in a similar way, the other requirement should be satisfied over the

band B,
|511| = |533|. (6.4)

Hence, the combination of Eq. 6.3 and 6.4 implies that, in order to achieve the optimum
performance of diplexers, the characteristics for a three-port junction should satisfy the

following specification

|s11] = [s22] = s33]- (6.5)

Furthermore, considering symmetric three-port waveguide junctions, such as
Tjunctions (Kordiboroujeni and Bornemann 2015b, Chen et al. 2015a), Y-
junctions (Vanin et al. 2004, Vanin et al. 2010), and other junctions described in (Dittloff
and Arndt 1989, Morini and Rozzi 1995, Kordiboroujeni and Bornemann 2015a), with
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different excitation polarisation in reference to the symmetry plane, we have (Morini
1997)

521 = 531, or
(6.6)

S21 = — 831,

To continue the derivation, we consider the junctions whose sp; = s3; first. The reflec-
tion coefficient for Port 2, which is corresponding to an even and an odd excitation at

Ports 2 and 3, can be defined by Iy, and I} 45. Thus, we obtain

Sop = Feven +Fodd

- = 6.7)
o Leven — Toda

Sp3 = f

In addition, because of the lossless three-port junction and by utilising Eq. 6.3 and 6.7,

we can further derive that

521

S11 = — 57(552 +533),
21
’511| = ’Feven’/ (6.8)
T, I
| Toven| = ’M,'

Since the value for |I,;;| can be demonstrated to be 1, and the minimum for sy, can be

achieved when the phases for I, and I, ;; are opposite, it follows that

Feven+rodd > 1— |Feven|
2
(6.9)

1
|511’ - |Feven| > 51

which is a necessary condition to meet the specification expressed in Eq. 6.5. Besides,

s11] = % is preferable, because less reflection at Port 1 is desired.

For the junctions having sp; = —s31, a similar method can be applied while exchanging

I'even and I, 34, which yields the same result.

The distances Ly and Ly, between the junction ports and the input location of the
band-pass filters are two further variables that influence the performance of the diplex-
ers. According to Eq. 6.2, to meet the requirements for perfect transmission between

Ports 1 and 2 and Ports 1 and 3 at the frequencies f, and fi, the distances Ly and Ly,
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can be derived as the following

L = — —= ln[*i], = J2,

i 2jp ASSanﬂ f=1 (6.10)
Lo — — Lln[si] f=f '

2 2jp ASSTlpoz , v

To sum up, in order for the designed diplexer to achieve optimum performance, the
characteristics of the adopted three-port junction should satisfy Eq. 6.5 and 6.9 by ad-
justing the junction geometry. Meanwhile, Eq. 6.10 can be utilised to decide where the
two band-pass filters should be positioned from the junction ports. It is noted that, for
simplicity, the analysis above is based on a model which only considers the fundamen-
tal mode interaction. For the cases where the high order modes also play some role, the

fundamental mode results can still be the initial points for an optimisation procedure.

6.3 Novel Three-Port Junctions

As mentioned, diplexers are an essential part of microwave and millimetre-wave sys-
tems and can be realised by assembling a three-port junction and two band-pass fil-
ters. Rectangular waveguide junctions, such as Tjunctions, and Y-junctions, are often
adopted to design diplexers, because of the advantages of low loss and high power
handling capability. However, the application of these junctions is often limited by

their high cost, bulky volume, and difficult integration with other components.

In order to overcome these shortcomings, the SIW has been developed because of the
added advantages of low cost, significant reduction in size, and easy integration with
other planar circuits. Moreover, the FSIW is another geometry option which can fur-
ther reduce the dimensions, especially for applications in microwave and millimetre-

wave systems whose volume is limited by system considerations.

Based on these technologies, several three-port SIW or FSIW junctions are developed
in this section. In addition, it is shown that the characteristics of these junctions can

satisfy the constraints for the optimum performance of diplexers.

6.3.1 Optimised Y-Junctions

The characteristics of a Y-junction can satisfy conveniently the constraints for optimum

performance of diplexers (Morini and Rozzi 1996). Thus, the structure is often utilised
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for designing diplexers (Shimonov et al. 2010, Vanin et al. 2010). To reduce the di-
mension of a Y-junction based diplexer, the two output branches of the junction can
be configured in parallel by connecting them with two bends as shown in Fig. 6.3(a).
To analyse efficiently the characteristics of the Y-junction with bends with the mode-
matching method (MMM), the first step is to model the post walls as equivalent solid
wall. Here, the empirical analytical equation Eq. 4.1 is employed again, which ex-
presses the equivalent width W, as

i

We = Wi = 0.95p"

(6.11)

where d; is the via diameter, p is the interval between two adjacent vias, and W; is the
physical width of the SIW, measured as distance between the centres of the two via

TOwSs.

For the following analysis, as shown in Fig. 6.3(a), we consider an example with an
equivalent width W, = 18 mm, a substrate with thickness b = 0.762 mm and relative
permittivity e, = 2.94, and an angle ¢ = 120° between the output branches of the
Y-junction. For efficient modelling, the junction can be considered as the combination
of a series of symmetric H-plane steps and bifurcation steps in the dielectric-loaded
rectangular waveguide as shown in Fig. 6.3(b). Based on the MMM reported in Chap-
ter 3 and 4, the scattering matrices of the H-plane steps and the bifurcation steps in
the dielectric-loaded rectangular waveguide can be calculated accurately and quickly.
Thus, the scattering matrix of the three-port junction is obtained through cascading
these matrices. As shown in Fig. 6.4, compared with the reflection coefficients of an
original (unbent) Y-junction, the mode-matching calculated results show that the re-
flection coefficients for Y-junction with bends do not match well with the constraints
to achieve the optimum performance of diplexers, that is, |S11| = |Sz2| = |S33| over the
operation bands for the up and down channels. This can be understood considering
that the three-way symmetry is broken in the bent structure. Besides, in the figure, it
is observed that adjusting the length L; of the branch before the bend from 3mm to

8 mm cannot improve the performance.

In order to improve the characteristics of the bent Y-junction, two novel structures are
proposed and given in Fig. 6.5(a) and (b). The first improved Y-junction includes a
change of the output branch angle ¢;. As shown in Fig. 6.6(a), when adjusting the
length L,; = 11.5mm, and the angle ¢; = 100°, the characteristics of the Y-junction

are improved, since the curves of |S11|, |Sx2|, and |Ss3| almost coincide from 7 GHz to
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(a) (b)

Figure 6.3. Structures of (a) a Y-junction with two bends, and (b) its approximation steps
including an H-plane step and a bifurcation step in a dielectric-loaded rectangular
waveguide. This figures show a Y-junction with two bends which can reduce the
junction dimension, and the approximation elements including an H-plane step and
a bifurcation step in a dielectric-loaded rectangular waveguide. The Y-junction with
bends structure is realised in SIW technology using rivets with diameter di. Source:

Self-created using Ansys HFSS and Inkscape.

8.5GHz, that is, in a range which covers the required operation bands of the diplexer.
The second improved Y-junction keeps the output branch angle ¢, = 120° and ad-
justs the positions of two additional inserted vias with a diameter of d>. As shown in
Fig. 6.6(b), when the length L;, = 6.3 mm, the tuning via diameter d, = 1 mm, the
angle ©® = 56.2°, and the length L, = 16.95mm, the mode-matching calculated |S11],
|Sx|, and |S33| also meet the constraints for optimum performance of diplexer design

well in the bands of operation.

In conclusion, the characteristics of Y-junction can meet the constraints for achieving
optimum performance of diplexers. However, bends which are utilised to reduce the
junction dimensions degrade the performance. In order to overcome the problems,

two novel junctions have been proposed. With the dimensions listed in Table 6.1, both
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Figure 6.4. Comparison between scattering parameters (|S11], |S22|, and |S33|) of Y-junction
with bends calculated using the MMM and those of Y-junction without bends
obtained using Ansys HFSS when (a) L, = 3mm, and (b) L, = 8 mm. These
figures compare the characteristics of Y-junction with and without bends obtained using
the MMM and the finite-element method using Ansys HFSS respectively. Obviously, the
reflection coefficients for Y-junction with bends do not match well with the constraints
for the optimum performance of diplexers. In addition, adjusting the length L, of the
branch before the bend from 3 mm to 8 mm cannot improve the performance. Source:

Self-created using Matlab.

methods, including tuning the output branch angle and adjusting the positions of in-

serted vias, can improve the characteristics.
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&

(@) Improved Y-junction 1 (b) Improved Y-junction 2

Figure 6.5. Structures of Y-junctions improved by (a) tuning the output branch angle ¢,
and (b) inserting vias into the junction. This figures show two novel Y-junction
structures whose characteristics are improved by tuning the output branch angle ¢
and adjusting the positions ©, L, for the two additional vias inserted into the junction.

Source: Self-created using Ansys HFSS and Inkscape.

6.3.2 Double-Layer Junction

The double-layer three-port junction is another possible structure which can signifi-
cantly decrease the dimension. This type of junction can be realised with two pieces
of laminates, which are stacked and fixed together by inserting vias. As shown in
Fig. 6.7(a), d is the rivet diameter, p is the interval between two adjacent vias, W; is the
physical width of the SIW, measured as the distance between the centres of the two via
rows, b is the thickness of the substrates, and g is the width of the coupling slot be-
tween layers. Based on the empirical analytical equation (6.11), the double-layer three-

port SIW junction can be transformed into its equivalent solid-wall model as shown in
Fig. 6.7(b).

To analyse the characteristics of the converted junction shown in Fig. 6.7(b), we con-
sider an example with an equivalent width W, = 18 mm, substrates with thickness

b = 0.762mm and relative permittivity &, = 2.94, and a metal vane of thickness
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Figure 6.6. Scattering parameters obtained using the MMM for (a) improved Y-junction 1
and (b) improved Y-junction 2. These figures show the scattering parameters |S11],
S22

junction performance, that is, the constraints for the optimum performance of diplexers

, and |Sz3| for the two improved Y-junctions. Both methods are able to improve the
can be satisfied. Source: Self-created using Matlab.

t = 18 um that isolates the top and bottom layers. Thus, the width g of the coupling
slot is the unique variable that can be adjusted so that the scattering parameters |S1],
|S22|, and |S33| of the junction are able to meet the constraints to achieve the optimum

performance of diplexers.

For efficient modelling, the double-layer junction can be considered as the combination
of an E-plane waveguide step, a normal rectangular waveguide, and an E-plane wave-

guide bifurcation as shown in Fig. 6.8. Based on the MMM reported in Chapter 3 and 4,
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Table 6.1. Sizes of improved Y-junctions (Units: mm or degree). The table gives the dimen-
sions for the two improved Y-junctions, including the equivalent width W, for the SIW,
the diameters d; and dy of the vias, the intervals p; and p> between adjacent vias, the
output branch angles @1 and @7, and L, and ® which are utilised to define the positions

of the tuning vias in the second Y-junction.

W, b Lyy | Ly | 1 | 2 | © L, P p2 di dy

18.00 | 0.762 | 11.50 | 6.30 | 100 | 120 | 56.2 | 16.95 | 1.60 | 1.90 | 1.00 | 1.00

the scattering matrices of the three elements can be calculated accurately and quickly.
Thus, the scattering matrix of the double-layer three-port junction can be obtained by

cascading these matrices.

By varying the width g; of the coupling slot in the middle of the junction from 0.1 mm
and 2.0 mm, the scattering parameters |S11|, |S22|, and |Ss3| are investigated using the
MMM. As shown in Fig. 6.9, for a prescribed width gs of the coupling slot, as the fre-
quency increases, the curves of the reflection coefficients gradually spread apart. In
other words, the differences of |S11|, |S22|, and |S33| become larger. Meanwhile, for
a given frequency (for example, 9.5 GHz), when the width g of the coupling slot is
narrow (0.1 mm), the reflection coefficient |Sy,| was the same as |Sq1] initially. How-
ever, when progressively increasing the width g of the coupling slot, |Sy;| trends to be
identical to |S33| instead. Importantly, as shown in Fig. 6.9(b), when the width of the
coupling slot gs = 0.45 mm, the characteristics of the double-plane three-port junction
can satisfy well the constraints for achieving optimum performance of diplexers, that
is, |S11] = |Sx| = |S33| over a wide frequency band. Compared to the optimised Y-
junction introduced in last subsection, the band with satisfactory performance is even
wider. As a result, the flexibility in the choice for the bands of the up and down chan-

nels in diplexer design employing a double-plane junction can be increased greatly.

6.3.3 Y-junction in Folded Substrate-Integrated Waveguide Tech-
nology

As mentioned in Subsection 6.3.1, Y-junctions are often adopted to design diplexers,

since the structures can satisfy easily the constraints for optimum performance of
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(b)

Figure 6.7. Structures of (a) a double-layer three-port SIW junction and (b) its equivalent
model. The top figure (a) shows the structure of a double-layer three-port SIW junction
which can be realised with two pieces of laminates and via walls. Base on the empirical
analytical equation Eq. 6.11, the equivalent model of the junction is also obtained in

the bottom figure (b). Source: Self-created using Ansys HFSS and Inkscape.

diplexers. Compared with diplexers in rectangular waveguide technology, although
the size of diplexers can be greatly reduced by utilising SIW technology, further size
reduction is still required in some microwave and millimetre-wave systems whose vol-

ume is restricted.
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(a) (b) (©)

Figure 6.8. Elements used to form a double-layer three-port junction. These figures show the
elements, including an (a) E-plane waveguide step, (b) a normal rectangular waveguide
and (c) an E-plane waveguide bifurcation, that can be utilised to construct a double-layer

three-port junction. Source: Self-created using Ansys HFSS.

In this perspective, a novel Y-junction that utilises FSIWs, is proposed in this subsec-
tion. As shown in Fig. 6.10(a), the junctions consists of three symmetric T-type FSIW
branches which can be formed by folding the via walls to the centre of the SIW. Com-
pared with the common SIW Y-junction shown in Fig. 6.10(b), obviously, the height is
doubled, but the width is reduced significantly.

The characteristics of the Y-junctions in FSIW and SIW technology are analysed here
with the finite-element method using Ansys HFSS. In order to investigate the charac-
teristics efficiently, the first step is to model the post walls as equivalent solid walls
through applying Eq. 6.11. Thus, the FSIWs and SIWs of the Y-junction can be trans-
formed into equivalent dielectric-loaded folded rectangular waveguides and unfolded
rectangular waveguides. The cross-sections of the equivalent waveguides are shown
in Fig. 6.11(a) and (b).

For the following analysis, we first consider an unfolded rectangular waveguide Y-
junction with dielectric loading corresponding to a substrate with thickness b =
0.762mm and relative permittivity e, = 2.94. The cross-section of the waveguide
is then chosen with a width of W, = 20.32mm corresponding to a cutoff frequency
4.30 GHz, which is the same as that of a standard C-band (extending from 5.85 GHz to
8.2 GHz) WR-137 waveguide. A folded rectangular waveguide Y-junction, whose mid-
dle metal vane has a thickness of 17.5 pm, is then considered. The width W/, and W/, of
the cross-section for the folded rectangular waveguide Y-junction are chosen according
to the relationship W/, +2W/, = W,. Importantly for convenient analysis of the folded

structure, the width c of the middle vane can be selected in a parametric analysis so
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Figure 6.9.
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Characteristics of the double-layer three-port junction when the width g; of
the coupling slot is 0.1 mm, 0.45mm, and 2.0 mm. These figures compare the
characteristics of double-layer three-port junction when the width g5 of the coupling slot

is 0.1 mm, 0.45mm, and 2.0 mm respectively. It is found that, when the width g; =

0.45mm, the scattering parameters |S11|, |S22|, and |S33| can satisfy the constraints
for optimum performance of diplexers over a frequency band extending from 5.5 GHz to

9.5 GHz. Source: Self-created using Matlab.
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Figure 6.10. Structure of Y-junction realised in: (a) FSIW technology, and (b) SIW tech-
nology. The top figure (a) shows a novel Y-junction which is formed by three T-type
FSIW branches. Compared with the common SIW Y-junction in the bottom figure (b),
the height is doubled, while the width is reduced. Source: Self-created using Ansys
HFSS and Inkscape.

that the phase constant of the fundamental mode in the folded rectangular waveguide
matches that in the unfolded rectangular waveguide. From these considerations, the
widths W/, = 10.41 mm, W/, = 4.955mm, and ¢ = 9.45mm are then determined. It
is noted that, with the dimensions provided above, the phase constants of the first 18

modes in both waveguides are nearly identical as shown in Fig. 6.12.

Based on those waveguide dimensions, the characteristics of the folded and unfolded

Y-junctions with 120° branches are analysed with lossless simulations using Ansys
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Figure 6.11. Cross-sections of equivalent solid-wall (a) folded waveguide and (b) unfolded
waveguide. These figures show the cross-sections of a solid-wall folded waveguide and
its equivalent unfolded waveguide, which can be utilised to form Y-junctions. Source:

Self-created using Ansys HFSS and Inkscape.
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Figure 6.12. Comparison between the first twenty modes’ phase constants of the folded
rectangular waveguide and the corresponding modes of the unfolded rectangu-
lar waveguide. This figure compares the phase constants for the first twenty modes
in a folded rectangular waveguide and the corresponding unfolded rectangular wave-
guide. It is found that, if the dimensions for the folded retangular waveguide are chosen
reasonably, the phase constants of the first eighteen modes in both waveguides show

similar characteristics. Source: Self-created using Ansys HFSS and Matlab.

HFSS. As shown in Fig. 6.13, the reflection coefficients of each branch port for an un-
folded rectangular waveguide junction satisfy well the constraints for optimum perfor-
mance of diplexers from 6 GHz to 7.5 GHz, that is, |S11| = |Sx»| = [Ss3], and [S11] > 3,

preferably |S;1| = 1. Compared with the characteristics of the unfolded Y-junction,
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Figure 6.13. Scattering parameters of the folded and unfolded rectangular waveguide Y-
junction with 120° angles. This figure shows reflection coefficients of each branch
port for a unfolded Y-junction and a folded Y-junction. It is found that, compared
with unfolded Y-junction, the folded Y-junction can meet the constraints to optimum
performance of diplexers over a wider frequency band. Source: Self-created using

Ansys HFSS and Matlab.

the folded Y-junction shows satisfactory performance over a wider frequency range.
This maybe is because of the different central structures and the excited high-order
modes (after the first eighteen modes) in the two Y-junctions. In the figure, the re-
flection coefficients of each branch port for the folded rectangular waveguide meet
the diplexer constraints in a frequency band extending from 4.6 GHz to 8.5 GHz. This
wider bandwidth adds flexibility into the selection of the up and down channel bands

for a diplexer realised in a folded Y-junction with 120° angle.

The tolerance associated with the width and the thickness of the middle vane are in-
vestigated next, as these are specific to the folded geometry. As shown in Fig. 6.14(a),
varying the width of the middle vane from 9.4 mm to 9.5mm does not have a signif-
icant effect on the Y-junction performance. In contrast, the reflection coefficients are
slightly more sensitive to the thickness of the middle vane. As show in Fig. 6.14(b), for
the nominal width of the middle vane, a variation of the vane thickness from 17.5 pm
to 70.0 pm, can have a measurable effect on the reflection coefficient. This needs to be

considered in the choice of technology used in realisation of the device.

To sum up, this subsection presents a novel FSIW Y-junction. Compared with the
unfolded Y-junction, the reflection coefficients of 120° branch ports for the folded Y-

junction can satisfy the constraints for optimum performance of diplexers well over
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Figure 6.14. Influence on reflection coefficients caused by variations of (a) the width and
(b) the thickness of the middle vane. These figures show the influence on reflection
coefficients caused by variations of the width and the thickness of the middle vane. It
is found that, compared with the influence caused by the width errors, the reflection

coefficients are slightly more sensitive to the thickness variations. Source: Self-created

using Ansys HFSS and Inkscape.

a wider frequency band. It means that, if the novel structure is applied in diplexer

designs, the up and down channel bands can be chosen in a wider range.
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Port 1

(b)

Figure 6.15. Structures of a symmetric three-port junction formed with T-type and E-type
FSIWs and its equivalent model. The top figure (a) shows the structure of a
symmetric three-port junction in T-type and E-type FSIW technology. By transforming
the post walls in the structure into solid walls, its equivalent model can be obtained

in the bottom figure (b). Source: Self-created using Ansys HFSS and Inkscape.
6.3.4 Junction with stairs in Folded Substrate-Integrated Waveguide
Technology
A novel Y-unction in FSIW technology has been introduced in the last subsection.
Compared to the common Y-junction in SIW technology, the dimensions of the struc-

ture have been significantly reduced because of the application of T-type FSIWs. An-

other symmetric three-port junction in FSIW technology can be formed with a T-type
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FSIW and two E-type FSIWs (Fig. 5.6) whose characteristics have been analysed in
Chapter 5. As shown in Fig. 6.15(a), a two-step T-type FSIW is set as the common feed
port of the three-port junction, while the other two E-type FSIWs form the remaining
output ports. In addition, in the figure, d is the diameter of the via, p1, p2, p3, pa, ps,
and pge are intervals between adjacent vias, W;; and W, represent the physical widths
for the first and second steps of T-type FSIWs, measured as distance between the cen-
tres of the two via rows, while W;3 is the physical width for the E-type FSIWs. The
three-port junction is equally divided into top and bottom layers by the middle metal
vane. The thickness of the top or bottom substrate is marked as b, while the thickness
of the middle metal vane is defined as t. Moreover, c1, ¢, and c3 are used to represent
the widths of the middle metal vane in T-type or E-type FSIWs. L; is the length for the
second step of T-type FSIW, while g;; and gj, are the distances between the edges of

the middle metal vane and the centres of the vias.

The finite-element method using Ansys HFSS can again be employed here to analyse
the characteristics of the proposed FSIW junction. However, this approach is time-
consuming because of the high number of variables and the quantity of vias, espe-
cially when considering the requirement on mesh fineness in order to obtain results
with sufficient precision. Thus, in order to improve the efficiency, the first step is to
model the post walls as equivalent solid walls using Eq. 6.11. As shown in Fig. 6.15(b),
W,1 and W, represent the equivalent widths for the first and second step of T-type
dielectric-loaded folded rectangular waveguides, while W3 is the equivalent width
for the E-type dielectric-loaded folded rectangular waveguides. The variables ¢y, ¢y,
and c3 still represent the widths of the middle metal vane in T-type or E-type folded
rectangular waveguides. The width d, is the equivalent width of the post walls which
are utilised to form T-type folded rectangular waveguides and isolate the two E-type
folded rectangular waveguides. L. is the equivalent length for the second step of the
T-type folded rectangular waveguide. g,; and g.» denote the distances between the

edges of the middle metal vane and the converted solid walls.

For the following analysis, as shown in Fig. 6.15(b), we consider an example with
a middle metal vane with thickness t = 18 um, and substrates with thickness b =
0.762mm and relative permittivity ¢, = 2.94. Because of the large number of vari-
ables, the dimensions for the first step of T-type folded rectangular waveguide and
the E-type folded rectangular waveguides are first determined in order to simplify the

adjusting process in the full-wave simulations using Ansys HFSS. According to the
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approach presented in Subsection 6.3.3, for the first step of T-type folded rectangular
waveguide, if the equivalent width 4, is chosen as 0.6 mm, the equivalent width W,; for
the folded rectangular waveguide and the width c; for the middle metal vane are deter-
mined as 10.76 mm and 9.88 mm respectively. Therefore, the fundamental mode is able
to operate over frequency band extending from 4.5 GHz to 8.0 GHz, since with these
dimensions the cutoff frequencies for the 1%- and 2"?-order modes are 4.16 GHz and
8.26 GHz respectively. Similarly, based on the method introduced in Subsection 5.4.1,
for the E-type folded rectangular waveguide, the equivalent width W,3 for the rectan-
gular waveguide and the width c3 for the middle metal vane are chosen as 10.16 mm
and 19.96 mm respectively. Therefore, the fundamental mode in the E-type folded rect-
angular waveguide also can work over the frequency band extending from 4.5 GHz
to 8.0 GHz, because the cutoff frequencies for the first two modes are 4.30 GHz and
8.60 GHz.

Up to this point, the remaining variables shown in Fig. 6.15(b) that can influence the
characteristics of the three-port FSIW junction include the equivalent length L, for the
second step of T-type folded rectangular waveguide, the width c, for the middle metal
vane in the second step of T-type folded rectangular waveguide, and the gaps g1 and
ge2 between the edges of the middle metal vane and the converted solid walls. Ad-
justing these four variables with the finite-element method using Ansys HFSS, it is
found that, when L, = 8.70mm, c; = 16.92mm, g,; = 0.60mm, and g, = 0.60 mm,
the reflection coefficients for the three junction ports can satisfy the constraints for the
optimum performance of diplexers, that is, [S11| = |Sxn| = |S33], and |S11| > 1, prefer-
ably |S11| = 3, over the frequency band extending from 5.3 GHz to 6.8 GHz as shown
in Fig. 6.16

Obviously, if the required up and down channels for a diplexer design can be included
by the frequency band extending from 5.3 GHz to 6.8 GHz, the proposed FSIW junction
example is a reasonable option to realise the diplexer. It is noted that the position and
range of the frequency band that satisfies the constraints for optimum performance of
diplexers can be modified by adjusting the four variables, that is, L., c2, ge1, and ge.
Moreover, if necessary, more steps of a T-type folded rectangular waveguide can be
applied in the junction structure. However, introducing more variables leads to more

complicated design and thus longer time requirement for parameter adjustment.

In addition, a fine optimisation is still required with full-wave simulations, when the

solid walls in the equivalent junction are reverted to post walls. This additional step
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Figure 6.16. Scattering parameters of the three-port junction formed with T-type and E-
type FSIWSs. This figure depicts the reflection coefficients |S11|, |S22|, and |Ss3]| for
the three ports of the symmetric FSIW junction. It is found that, over the frequency
band extending from 5.3 GHz to 6.8 GHz, the reflection coefficients meet the con-
straints for the optimum performance of diplexers, that is, |S11| = |S22| = |S33/, and

|S11] > % preferably |Sq11| = % Source: Self-created using Ansys HFSS and Matlab.

is required because the modelling for the gaps between the edges of the middle metal
vane and the post walls, and the right angles which are formed by perpendicular post
walls are actually not as perfect as described in the equivalent solid wall model. The
optimised dimensions for the realistic structure shown in Fig. 6.15(a), are listed in Ta-
ble 6.2. With the presented dimensions, similar characteristics of the three-port junction

in T-type FSIW technology and E-type FSIW technology can be achieved.

6.4 Novel Diplexers

As mentioned above, diplexers are often realised by assembling a three-port junction
and two band-pass filters. According to the analysis in Section 6.2, in order to make
the diplexer achieve the optimum performance, the three-port junction should satisty
the reflection coefficient constraints, that is, [S11]| = |S| = [Ss3], and [S11| > 3, prefer-
ably |S11| = % Meanwhile, Eq. 6.10 presented in the same section can be utilised to
determine the distance at which the two band-pass filters should be positioned from

the junction ports.
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Table 6.2. Dimensions of the junction with stairs in T-type and E-type FSIW technology
(Units: mm). The table gives the dimensions for the junction with stairs in T-type and
E-type FSIW technology, including the physical widths Wi, Wj», Wi3 for the T-type or
E-type FSIW, the widths cq, c3, and c3 for the middle metal vane in the T-type or E-type
FSIW, the intervals p1, p2, p3, pa, p5. and pe between adjacent vias, the gaps g1 and
gi» between the edges of the middle metal vane and the centres of the post walls, the
diameter d of the vias, the thickness b of the substrate, and the thickness t of the middle

metal vane.

Wit Wi Wis 1 2 c3 P1, P2, P3, P4

11.36 | 18.20 | 10.76 | 9.57 | 16.70 | 19.96 1.75

ps Pe | Si1 | Si d b t

171 1 1.66 | 1.03 | 0.80 | 1.00 | 0.762 | 0.018

In Section 6.3, several novel three-port junctions have been introduced, including two
optimised Y-junctions in SIW technology, a double-layer junction in SIW technology,
a Y-junction in T-type FSIW technology, and a junction with stairs combining both T-
type and E-type FSIW technology. All of these junction structures are able to meet
the constraints to achieve optimum performance of diplexers over specific frequency
bands. Thus, if the specified up and down channels for a diplexer can be included in
the satisfactory frequency band of the junction, the required diplexer can be achieved

with the corresponding three-port junctions.

In this section, based on some of the three-port junctions proposed in Section 6.3, rele-
vant novel diplexers are designed and verified in the MMM, the finite-element method

using Ansys HFSS or measurements.

6.4.1 Diplexers with Improved Y-junctions in Substrate-Integrated
Waveguide Technology

The improvements for Y-junctions with bends that involve changing the output branch
angle or adjusting the positions of the two additional inserted vias has been demon-

strated in Subsection 6.3.1. With the given dimensions in that subsection for the two
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Figure 6.17. Structures of two diplexers with improved bent Y-junctions. These figures show
the structures of two diplexers with bent Y-junctions that are improved through (a)
tuning the angle ¢ of the two output branches or (b) adjusting the locations of two
additional vias inserted into the junction. For the Chebyshev 3"-order band-pass post
filters, the bandwidths are all 200 MHz, while the centre frequencies are 7.4 GHz and
8.2 GHz. Source: Self-created using Ansys HFSS and Inkscape.

optimised Y-junctions, the characteristics of both structures were shown to satisfy the
constraints of the optimum performance of diplexers over the frequency band extend-
ing from 7 GHz to 8.5GHz. Thus, if the required up and down channels are located
within this band, the diplexer can be designed with these two optimised Y-junctions.
For illustration, two optimised Y-junction-based diplexers, whose structures are shown
in Fig. 6.17, are developed. For each diplexer, the fractional bandwidths of operation
for the up and down channels are 2.70% and 2.44% at 7.4 GHz and 8.2 GHz respec-
tively. The viability of the design is validated by full-wave finite-element simulations
using Ansys HFSS and measurements on the two fabricated diplexers, as presented

later in this subsection.
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Table 6.3. Synthesized parameters of the designed Chebyshev 3-order band-pass SIW via
filters (Units: mm). The table gives the dimensions of the Chebyshev 3"-order band-
pass filters for up and down channels, including the distances G; or G/ between the via
pairs, the lengths D; or D! of the resonant cavities formed by via pairs, and the diameter

d of the vias.

Gl G, |G, GL| DL D, Dy | ds

Filter 1 | 10.43 6.80 14.00 | 1531 | 1.6

G1,G4 | G2, G3 | D1, D3| Dy | ds

Filter 2 | 9.48 4.98 1222 | 13.30 | 1.6

To realise the diplexing function after the junctions, two Chebyshev 3"“-order band-
pass via filters are designed. Their structures are shown in Fig. 6.17. The first filter has
a centre frequency of 7.4 GHz and a fractional bandwidth of 2.70% (passband extend-
ing from 7.3 GHz to 7.5 GHz), while the second filter has a centre frequency of 8.2 GHz
and a fractional bandwidth of 2.44% (passband extending from 8.1 GHz to 8.3 GHz).
Based on the method presented in Chapter 4, adopting vias with a diameter of 1.6 mm,
the distances G; or G/ between the via pairs and the lengths D; or D} of the resonant
cavities formed by via pairs can be calculated very efficiently (within 1 second for a
standard computer with a 3.40 GHz i7-2600 CPU and 14.0 GB RAM, if 25 modes and
10-step approximation of the post are adopted). The resulting parameters are listed in
Table 6.3, while the scattering parameters of the two Chebyshev 3“-order band-pass
via filters are shown in Fig. 6.18. Obviously, the operation passbands for both synthe-
sised filters satisfy the requirements well, and the |S11| in passbands are also better
than -25dB.

Up until now, both the scattering parameters for the the optimised Y-junctions and
the reflection coefficients for the two Chebyshev 3-order band-pass filters could be
efficiently calculated with the MMM. Thus, according to Eq. 6.10, the distances L}l, Lf1,
L}Z, and Ly, between the filters and the ports of the junctions (as shown in Fig. 6.17)
can be computed. In addition, according to the procedures reported by Deslandes
(Deslandes 2010), the dimensions L; and W; for an SIW-to-microstrip transition are
obtained in order to connect the diplexers to measurement apparatus. The obtained

design dimensions are listed in Table 6.4.
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Figure 6.18. Scattering parameters calculated using the MMM for (a) Filter 1 and (b) Filter
2. These figures show the scattering parameters obtained using the MMM for the two
band-pass filters required to achieve diplexers. According to the frequency response,
both filters meet the requirements, that is, the first filter has a centre frequency of
7.4 GHz and a fractional bandwidth of 2.70%, while the second filter has a centre
frequency of 8.2 GHz and a fractional bandwidth of 2.44%. Source: Self-created using

Matlab.

The performance of the full structure can now be investigated with a self-written
mode-matching code. The results obtained with this code do not take into account
losses and the effect of the SIW-to-microstrip transitions, and thus they are first verified
by the the full-wave simulations performed using Ansys HFSS. As shown in Fig. 6.19,
the calculated results have a good match with the simulation results. Considering
losses and transitions, the simulated return losses in the passbands for the up and
down channels of both diplexers are better than 20 dB. The simulated insertion losses

at 7.4 GHz and 8.2 GHz for Diplexer 1 are 1.62dB and 1.77 dB respectively, while the
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corresponding simulated insertion losses for Diplexer 2 are 1.63dB and 1.77 dB.
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Table 6.4. Dimensions of an SIW-to-microstrip transition and the distances between filters
and junction ports (Units: mm). The table gives the dimensions of an SIW-to-
microstrip transition and the distances between filters and junction ports, where W; and
L; are the width and length of the SIW-to-microstrip taper, while L}y L, L}z and Lp

are the distances between the filters and the ports of the junctions.

Lp | Lp | Ly | Ly | W | Wi | L

11.84 | 14.32 | 13.44 | 16.52 | 2.08 | 6.55 | 18.98

A second validation is provided by measurements on fabricated diplexers shown in
Fig. 6.20. As shown in Fig. 6.19, the measured return losses in the passbands for
the up and down channels of both diplexers are better than 16 dB. The measured
insertion losses at 7.4 GHz and 8.2 GHz for Diplexer 1 are 1.92dB and 2.14 dB respec-
tively, while the corresponding simulated insertion losses for Diplexer 2 are 1.83 dB and
2.13 dB. The differences between simulation and measurement insertion losses may be
attributed to the error of the loss tangent of the dielectric, the fabrication imperfections

and losses in the SMA connectors.

To sum up, the novel Y-junctions, whose characteristics are improved through tun-
ing the output branch angle or adjusting the positions of the two additional inserted
vias, are found to be appropriate to handle the diplexer designs. By comparing the
scattering parameters |S11|, |S21|, and |S31| obtained through the MMM (without con-
sidering losses and effect of transitions), the finite-element using Ansys HFSS (con-
sidering losses and effect of transitions) and the measurements on the two fabricated
prototypes, the viability of the two designs is validated. Besides, the self-written mode-
matching code also shows its advantage of high efficiency. For a standard computer
with a 3.40 GHz i7-2600 CPU and 14.0 GB RAM,, if 25 modes and a 10-step approxima-
tion of the post are adopted, it only takes 3.6 seconds for Diplexer 1 and 5.4 seconds for
Diplexer 2 to calculate one frequency point (8.2 GHz). By contrast, under the same cir-
cumstances, Ansys HFSS spends 33 seconds for Diplexer 1 and 35 seconds for Diplexer
2 simulating one frequency point (8.2 GHz), when maximum delta s, maximum number of

passes, and mesh operations are set as 0.01, 20, and default, respectively.
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Figure 6.19. Comparison of scattering parameters obtained using the MMM (without con-
sidering losses and effect of transitions), the finite-element method Ansys HFSS
and measurements for (a) Diplexer 1 and (b) Diplexer 2. These figures compare
the scattering parameters obtained through the MMM (without considering losses and
effect of transitions), the finite-element method using Ansys HFSS (considering losses
and effect of transitions) and measurements on the two fabricated diplexers. Source:
Self-created using Ansys HFSS and Matlab.

6.4.2 Diplexer with Double-Layer Junctions in Substrate-Integrated
Waveguide Technology

In addition to the improved Y-junctions, the double-layer three-port structure is an-
other option to realise diplexers. As shown in Fig. 6.7, the dimension of the double-
layer junction structure is reduced significantly compared with the Y-junctions, be-

cause the two output ports are placed vertically.
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(a) Diplexer 1

(b) Diplexer 2

Figure 6.20. Fabricated diplexers with improved Y-junctions. These figures show the two fabri-
cated diplexers with Y-junctions which are improved through tuning the output branch
angle and adjusting the positions of the two additional inserted vias. Source: Self-

created by photographing.

According to the characteristic analysis performed with the MMM in Subsection 6.3.2,
it is found that, the frequency band for the double-layer junction, in which the re-
flection coefficients satisfy well the constraints to achieve optimum performance of
diplexers, is much wider than that for the improved Y-junctions. This means that the
flexibility for the selection of the up and down channel bands for diplexers is increased.
Moreover, if the physical width for the SIW is determined, the gap for the coupling slot
between the top and the bottom layers is the unique variable that affects the reflection
coefficients for the three junction ports. Therefore, the procedure for adjusting this

single dimension can be very efficient.
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With the given dimensions for the double-layer junction in Subsection 6.3.2, the charac-
teristics for the three-port junction satisfy the constraints to the optimum performance
of diplexers over the frequency band extending from 5.5 GHz to 9.5 GHz. Therefore,
it is qualified to be utilised in a diplexer whose required up and down channels have
fractional bandwidths of 2.86% and 2.50% at 7 GHz and 8 GHz, respectively. The whole
structure of the proposed diplexer is shown in Fig. 6.21. The viability of the design is
validated in this subsection by a set of full-wave finite-element simulations using An-
sys HFSS.

To achieve the diplexing function after the double-layer three-port junctions, another
two Chebyshev 3"-order band-pass via filters are designed with the configuration
shown in Fig. 6.21. The first filter has a centre frequency of 7 GHz and a fractional
bandwidth of 2.86%, that is, its passband extends from 6.9 GHz to 7.1 GHz, while the
second filter has a centre frequency of 8 GHz and a fractional bandwidth of 2.50%, that
is, its passband extends from 7.9 GHz to 8.1 GHz. Based on the method presented in
Chapter 4, adopting vias with a diameter d, of 1.6 mm, the distances G; or G between
the via pairs and the lengths D; or D! of the resonant cavities formed by via pairs can
be calculated accurately and quickly. The resulting parameters are listed in Table 6.5,
while the scattering parameters |Si;| and |Sy;| of the two Chebyshev 3™-order band-
pass via filters are plotted in Fig. 6.22. Obviously, for the two operation passbands,
both synthesised filters are able to satisfy the centre frequency and fractional band-

width requirements. In addition, the return losses in the passbands are also better than
30dB.

Till now, both the scattering parameters for the three-port double-layer junction and
the reflection coefficients for the two Chebyshev 3™-order band-pass via filters were
efficiently calculated with the self-written mode-matching code. Thus, according to
Eq. 6.10 derived in Section 6.2, the distances Ly and Ly, between the band-pass filters
and the ports of the junctions (as shown in Fig. 6.21) can be computed. Furthermore
here, in order to connect the diplexer to measurement apparatus, equations presented
by Deslandes are employed again to determine the length L; and width W; of the ta-
per for the SIW-to-microstrip transition (Deslandes 2010). Moreover, because of the
double-layer structure, the two output ports for the diplexer need actually to be placed
vertically to separate the outputs. Thus, the microstrip lines on the top and the bot-
tom of the device should be bent in order to link with the SMA connectors. However,

it is well-known that the characteristics of a microstrip line with a right angle corner
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Top layer

Bottom layer

:f Coupling slot

(a) Full structure

(b) Top layer

(c) Bottom layer

Figure 6.21. Structure of a diplexer realised in double-layer three-port junction. The top
figure (a) shows the full structure of a diplexer realised in double-layer three-port
junction which is formed with two pieces of substrates. The corresponding top and
bottom layers are shown in (b) and (c). Source: Self-created by Ansys HFSS and

Inkscape.
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Table 6.5. Synthesized parameters of the designed Chebyshev 3-order band-pass SIW via
filters (Units: mm). The table gives the dimensions of the Chebyshev 3"-order band-
pass filters for up and down channels, including the distances G; or G/ between the via
pairs, the lengths D; or D! of the resonant cavities formed by via pairs, and the diameter

d of the vias.

Gi1, G4 | G2, G3 | Dy, D3 D, dy

Filter 1 | 11.01 7.45 1521 | 16.695 | 1.6

Gl G,| G, G, DL DL Dy | d

Filter 2| 9.66 5.52 12.60 | 13.728 | 1.6

Table 6.6. Dimensions of an SIW-to-microstrip transition, the side of the chamfered corner,
and the distances between filters and junction ports (Units: mm). The table gives
the width W; and the length L; of the transition taper, the width Wy of the microstrip
line, the width Wy, of the chamfered corner, and the distances Lf; and Ly between

filters and junction ports..

Wt Lt Ws Wm Lfl Lf2

6.55 | 18.98 | 2.08 | 2.50 | 12.628 | 15.443

degrades gradually with increasing frequency. Hence, in order to improve the perfor-
mance of the bent transmission line, two common approaches, as shown in Fig. 6.23,
are considered here. One achieves the stated goal through connecting a round angle
turn, while the other achieves the goal by making a 45° cut on the right angle corner,
that is, chamfered corner. Here, the second method is adopted in the double-layer
diplexer design. The side W, of the chamfered corner is first calculated through the
equation reported by Douville (Douville and James 1978), and then used as an ini-
tial value for the optimisation in Ansys HFSS. The obtained design dimensions are all
listed in Table 6.6

The performance of the full structure is now ready for investigation. The results ob-

tained with the self-written mode-matching code do not take into account losses, the
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Figure 6.22. Scattering parameters calculated using the MMM for (a) Filter 1 and (b) Filter
2. These figures show the scattering parameters obtained using the MMM for the two
band-pass filters required to achieve diplexers. According to the frequency response,
both filters meet the requirements, that is, the first filter has a centre frequency
of 7GHz and a fractional bandwidth of 2.86%, while the second filter has a centre
frequency of 8 GHz and a fractional bandwidth of 2.50%. Source: Self-created using
Matlab.

effect of the SIW-to-microstrip transitions, and the influence of the SMA connectors,
thus the full structure needs also to be verified by full-wave finite-element simulations
performed using Ansys HFSS. As shown in Fig. 6.24, the calculated results have a
good match with the simulation results. Considering losses, SIW-to-Microstrip transi-
tions and SMA connectors, the simulated return losses in the passbands for the up and
down channels of the double-layer diplexer are all better than 25dB. The simulated
insertion losses at 7 GHz and 8 GHz for the proposed diplexer are 1.56dB and 1.79 dB

respectively.
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(a) (b)

Figure 6.23. Two common approaches to eliminate the unwanted bend discontinuity effect
for transmission lines with (a) rounded corner (b) chamfered corner. These
figures show two common approaches which can remove the undesired discontinuity
effect caused by the transmission line bends. The first approach (a) achieves the goal
through connecting a round angle turn, while the second approach (b) achieves the
goal by making a 45° cut on the right angle corner. Source: Self-created using Ansys

HFSS and Inkscape.

In conclusion, there exist important advantages in using the double-layer junction,
these being a wide frequency band in which the reflection coefficients for junction ports
satistfy the constraints for optimum performance of diplexers, and also a convenient
design with a small number of variables that can influence the characteristics of three-
port junction. The main design variable for the case where the width for the SIW is
predefined is the gap of the coupling slot between the top and the bottom layers. Thus,

the structure is very suitable for efficient design of compact diplexers.

To illustrate the approach, a double-layer diplexer based on this structure has been
efficiently developed with the mode-matching code. According to the comparison of
the scattering parameters |S11|, |Sz1/, and |S31] calculated through the MMM (without
considering losses, effect of transitions, and SMA connectors), and simulated in the
tinite-element method using Ansys HFSS (considering losses, effect of transitions, and
SMA connectors), the viability of the design has been successfully validated. In ad-
dition, the self-written code for the full diplexer structure also exhibits its advantage
of high efficiency. For a standard computer with a 3.40 GHz i7-2600 CPU and 14.0 GB
RAM, if 25 modes and 10-step approximation of the post are employed, it only takes
2.7 seconds to compute one frequency point (8 GHz), while under the same circum-
stances, Ansys HFSS spends 71 seconds, when maximum delta s, maximum number of

passes and mesh operations are set as 0.01, 20 and default respectively.

Page 174



Chapter 6 Three-Port Junctions and Diplexers

0 I A e 2
1 .. .-
o [ o e it W N Y AN /R N forranannenned
i | ] 1
S R N A N N
) o N AN
—~ R 1 i N
M =30 froeeeeeeeeb e Ry e s | s AN
) f 1 W oo N
%) 40 3 S \\\
240 b A NS TSN
*a"é A § § J
S A Y (S
60 B » ...,.’.':"..\ ......... AR SR N
2 . FON 1
/”\ ’(// i 1 \ 3
-70 N prosennnenes { :3'1'} """""""""""""""" P
B Tl T . (TTTITR R B MMM
: : : : - HFSS :
90 i i i i i j
6 6.5 7 7.5 8 8.5 9
Frequency (GHz)

Figure 6.24. Comparison of scattering parameters obtained using the MMM (without con-
sidering losses, effect of transitions, and SMA connectors), and Ansys HFSS
(considering losses, effect of transitions, and SMA connectors). This figure
compares the scattering parameters obtained through the MMM (without considering
losses and effect of transitions), and the finite-element method using Ansys HFSS
(considering losses and effect of transitions). The calculated results using the MMM
and the simulated results using Ansys HFSS match well. Source: Self-created using

Matlab and Ansys HFSS.

6.4.3 Diplexer with Junction in T-type and E-type Folded Substrate-
Integrated Waveguide Technology

Compared with an SIW, an FSIW is able to further reduce the lateral dimension.
Thus, FSIW technology is often applied in designing filters, antennas, and other mi-
crowave passive components (Ding and Wu 2010, Yang et al. 2013, Bhowmik et al. 2014,
Karimabadi and Attari 2015). However, to date, the technology has not been utilised
in diplexer designs. Hence, in this subsection, the implementation for diplexer designs

in FSIW technology is investigated.

According to the analysis in Subsections 5.4.1 and 6.3.3, it has been demonstrated that if
the geometries for the cross-sections are chosen reasonably, the propagation and cutoff

characteristics for both E-type and T-type FSIWs are nearly the same as those for SIWs.
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Furthermore, based on the analysis presented in Subsections 6.3.3 and 6.3.4, both the
Y-unction formed with three T-type FSIWs and the junction combined with a staircase
T-type FSIW and two E-type FSIWs can be employed in diplexer designs. However,
because of the comparative advantage for the latter one in dimension reduction, only
the three-port junction with input T-type and output E-type FSIWs is adopted here to

realise a specific diplexer whose full structure is shown in Fig. 6.25(a).

With the provided dimensions for the junction with T-type and E-type FSIWs in Sub-
section 6.3.4, the characteristics for the three-port junction have been shown to satisfy
the constraints for the optimum performance of diplexers over the frequency band ex-
tending from 5.3 GHz to 6.8 GHz. Thus, for a diplexer whose up and down channel
bands are located in this frequency band, the FSIW junction is a good option for the
design. For instance, it is appropriate to design a diplexer with a 200 MHz up channel,
whose centre frequency is 5.8 GHz, and a 200 MHz down channel, whose centre fre-
quency is 6.2 GHz. The viability of the design is validated later in this subsection by

full-wave finite-element simulations using Ansys HFSS.

After the three-port junction implemented in FSIW technology, another two Cheby-
shev 5"-order band-pass FSIW via filters are designed to complete the diplexer de-
sign, as shown in Fig. 6.25(a). According to the diplexer requirements, the first filter
should have a centre frequency of 5.8 GHz and a fractional bandwidth of 3.45%, that
is, its passband extends from 5.7 GHz to 5.9 GHz, while the second one should have a
centre frequency of 6.2 GHz and a fractional bandwidth of 3.23%, that is, its passband
extends from 6.1 GHz to 6.3 GHz. Based on the method presented in Subsection 5.4.3,
adopting vias with a diameter d; of 1.6 mm, the distances E; or E; between the via cen-
tres and the FSIW walls, and the lengths D; or D of the resonant cavities formed by
vias can be calculated within seconds for a standard computer with a 3.40 GHz i7-2600
CPU and 14.0 GB RAM, and the resulting values for the dimensions are all listed in Ta-
ble 6.7. Moreover, as shown in Fig. 6.26, the finite-element simulated scattering param-
eters |S11| and |Syy| for the two Chebyshev 5"-order band-pass via FSIW filters, and
the mode-matching results for their corresponding equivalent unfolded filters have a
good agreement. In addition, for the two operation passbands, both filters are able to
meet well the requirements for the centre frequency and fractional bandwidth, and the

return losses in passbands are also better than 30 dB.
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(b)

Figure 6.25. Structures of (a) the diplexer in FSIW technology and (b) the T-type FSIW-to-
microstrip transimission. The top figure (a) shows the structure of the diplexer that
is realised by assembling a three-port junction with T-type and E-type FSIWs, and two
Chebyshev 5-order band-pass post filters. The up and down channels’ bandwidths
are both 200 MHz, while the centre frequencies are 7.4 GHz and 8.2 GHz respectively.
In order to measure the diplexer, the E-type FSIW-to-strip transition and the strip-to-
SMA connector transition introduced in Subsection 5.4.3 still can be used, while the
structure for the T-type FSIW-to-microstrip transition is shown in the bottom figure

(b). Source: Self-created using Ansys HFSS and Inkscape.
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Table 6.7. Synthesized parameters of the designed Chebyshev 5"-order band-pass via FSIW
filters (Units: mm). The table gives the dimensions of the Chebyshev 5/-order band-
pass filters for up and down channels, including the distances E; or E! between the via
centres and the FSIW walls, the lengths D; or D/ of the resonant cavities formed by vias,

and the diameter d, of the vias.

Ei,Es | E2, E5 | E3, E4 | D1, Ds | Dy, Dy | D3 | ds

Filter 1 | 3.70 5.80 6.42 19.29 2156 | 2186 | 1.6

E\ E. | E) EL | ELE, | D, DL | Dy Dy | Dy | d

Filter 2 | 4.19 6.40 7.37 17.26 19.16 | 1940 | 1.6

Obviously, both the three-port junction realised in T-type and E-type FSIWs and the
two band-pass via FSIW filters are ready to be assembled into a diplexer. Thus, accord-
ing to Eq. 6.10 provided in Section 6.2, the distances Ly; and Ly, between the band-
pass FSIW filters and the ports of the junctions (as shown in Fig. 6.25(a)) can then be
calculated. Moreover, in order to connect the diplexer to measurement apparatus, the
transition structures should be developed. For the two E-type FSIWs, the FSIW-to-strip
transition and the strip-to-SMA connector transition introduced in Subsection 5.4.3 still
can be applied in this design. For the T-type FSIW, a novel structure of the FSIW-to-
microstrip transition is shown in Fig. 6.25(b), while the width W; and the length L; can
be obtained through optimisation in full-wave finite-element simulations using Ansys
HEFSS. The obtained design dimensions are all listed in Table 6.8.

The performance of the designed complete diplexer in FSIW technology now can now
be investigated. Without considering the effects of the T-type FSIW-to-microstrip and
E-type FSIW-to-strip transitions, and the influence of the SMA connectors, the simu-
lated results obtained from the finite-element method using Ansys HFSS show that
the scattering parameters |S11], |S»1/|, and |S31| can meet the required diplexer specifi-
cations well. As shown in Fig. 6.27, the simulated return losses in the passbands for
the up and down channels of the diplexer in T-type and E-type FSIW technology are
all better than 20dB. The simulated insertion losses at 5.8 GHz and 6.2 GHz for the
proposed diplexer are 1.56 dB and 1.79 dB respectively.

Page 178



Chapter 6 Three-Port Junctions and Diplexers

Scattering parameters (dB)
5
Scattering parameters (dB)

70 [ | ===— HFSS | 70 [ - =—=— HFSS
L | —— MMM L | —— MMM
-80 i i I -80 i i I
54 5.6 5.8 6 6.2 5.8 6 6.2 6.4 6.6
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 6.26. Comparison between scattering parameters simulated using Ansys HFSS for
FSIW filters and that calculated using the MMM for the corresponding unfolded
filters. These figures compare the scattering parameters simulated with the finite-
element method using Ansys HFSS for FSIW filters and that calculated using the MMM
for the corresponding unfolded filters. It is found that the simulated and calculated
results match well. In addition, according to the frequency response, both filters meet
the requirements, that is, the first filter (a) has a centre frequency of 5.8 GHz and a
fractional bandwidth of 3.45%, while the second filter (b) has a centre frequency of
6.2 GHz and a fractional bandwidth of 3.23%. Source: Self-created using Matlab.

To sum up, in this subsection, the three-port junction realised with T-type and E-type
FSIWs is employed in a diplexer design. According to the simulated results obtained
with the finite-element method using Ansys HFSS, the scattering parameters |S11],
|S21], and |S31| can satisfy the diplexer requirements well. It is noted that, although
full-wave finite-element simulations using Ansys HFSS is very time-consuming, the
efficiency for the diplexer development can be increased because the band-pass filter

part can be completed within seconds by the self-written mode-matching code.
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Table 6.8. Dimensions of a T-type FSIW-to-microstrip transition, and the distances between

filters and the junction ports (Units: mm). The table gives the dimensions of the
taper for a T-type FSIW-to-microstrip transition, and the distances between the two
band-pass FSIW filters and the junction output ports, where W; and L; are the width
and length of the FSIW-to-microstrip taper, while L¢; and Ly, are the distances between

the filters and the ports of the junctions.

Lp Lp | Ws | Wi | L

16.974 | 16.335 | 2.08 | 5.2 | 7.8
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Figure 6.27. Scattering parameters for the diplexer in T-type and E-type FSIW technology

obtained using Ansys HFSS. This figure gives the scattering parameters |S11], |S21],
and |S31| obtained through the finite-element method using Ansys HFSS. The sim-
ulations consider losses, but the effects of the T-type FSIW-to-microstrip transition,
the E-type FSIW-to-strip transition, and SMA connectors are not taken into account.

Source: Self-created using Ansys HFSS and Matlab.
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Chapter 6 Three-Port Junctions and Diplexers

6.5 Chapter Summary

In the first part of this chapter, the constraints for optimum performance of diplexers
employing symmetric three-port junctions have been derived. With these constraints,
a diplexer that is composed of a three-port symmetric junction and two band-pass fil-
ters can be developed by an aided self-programmed mode-matching code much more

efficiently than employing only the finite-element method using Ansys HFSS.

Four types of novel three-port junctions, including two optimised Y-junctions in
substrate-integrated waveguide technology, a double-layer junction in substrate-
integrated waveguide technology, a Y-junction in T-type folded substrate-integrated
waveguide technology, and a junction with stairs in T-type and E-type folded
substrate-integrated waveguide technology have been then proposed and explored.
By adjusting the relative variables for these structures, the characteristics of all of these
junctions have been demonstrated to successfully meet the constraints for the optimum

performance of the diplexers in applicable bandwidths.

Based on some of these novel three-port junctions, three types of diplexers have been
developed and investigated. According to the analysis results obtained through the
mode-matching method, the finite-element method, or measurements on fabricated

prototypes, the feasibility of these designs has been demonstrated.
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Chapter

Conclusions and Future
Work

HE research presented in this thesis has been described in two ma-

jor parts. The first part of the thesis is relevant to band-pass filters

and shielded microstrip lines. It has focused on efficient methods
of analysis based on the mode-matching method. On that basis, a fast de-
sign method for band-pass post filters and a novel type of band-pass E-type
folded substrate-integrated waveguide filter have been introduced. Addi-
tionally, the analysis of side aspects has been presented, such as a study of
the negative influence of micro-machining errors and a modal analysis for
shielded microstrip lines. The second part of the thesis, which is relevant
to three-port junctions and diplexers, has introduced several novel junc-
tion structures which can satisfy the constraints to achieve optimum perfor-

mance of diplexers over specific frequency bands. Based on the proposed

junctions, three novel diplexers have been developed and verified using the
mode-matching method, the finite-element method, or measurements. This
chapter concludes this thesis and highlights the original contributions and

the possible future work.
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7.1 Introduction

7.1 Introduction

Microwave and millimetre-wave systems are widely used in telecommunications,
radar, remote sensing, and clinical medicine. As essential parts in these systems, band-
pass filters are often utilised to remove undesired frequency components, while diplex-
ers, are often adopted to handle more frequency channels, as they can separate a wider
frequency band into a few narrower bands, or combines frequency signals from certain
channels at one common port. This thesis has presented and validated approaches to
improve the efficiency and accuracy of the computer-aided design (CAD) designs for
band-pass filters, shielded microstrip lines, and diplexers. In addition, several novel
structures for band-pass filters and diplexers have been discussed, with the aim of re-
ducing overall dimensions. The original contributions mentioned above, together with

the future work, are summarised in this chapter.

7.2 Band-Pass Filters and Shielded Microstrip Lines

As a first major part of this thesis, research work on efficient methods based on the
mode-matching technique has been presented for band-pass filters in waveguide tech-
nology. This has allowed an investigation of the negative influence caused by machin-
ing errors and the formulation of efficient design methods for band-past post filters
in Chapter 3 and 4. A novel band-pass filter structure with significant dimension re-
duction and a characteristic analysis for the shielded transmission line have been pre-

sented in Chapter 5.

7.2.1 Original Contributions

* With the rapid development of microwave and millimetre-wave technology, the
performance requirements of band-pass filters and diplexers are steadily increas-
ing. Band-pass filters are often realised in rectangular waveguide technology
because of the advantages of high quality factor (Q factor), low loss, and good
power handling capability. H-plane irises are able to be placed in the cross-
section of a rectangular waveguide to realise a band-pass filter. However, lim-

itations of micro-machining processes are a significant source of inaccuracies,

Page 184



Chapter 7 Conclusions and Future Work

since the corners between waveguide walls and irises in a manufactured band-
pass H-plane iris filter are curved instead of at right angles. These curved cor-
ners affect the performance, especially for high frequency bands. Based on the
mode-matching method, for a band-pass H-plane iris filter such as the example
provided in Subsection 3.4.1, it has been found that by increasing the radii of the
round angles, the centre frequency of the band-pass filter shifts to higher frequen-
cies while the 3 dB bandwidth varies slightly. Meanwhile, with the increase of the
side lengths of the bevel angles for irises, the centre frequency of the band-pass
filter shifts to lower frequencies, while the 3dB bandwidth widens. In order to
remove these negative influences, three methods have been proposed in Subsec-
tion 3.4.3, including a) revising the design parameters according to the estimated
influence in order to compensate the frequency shift, b) designing the band-pass
filter without considering the influence of fabrication and then introducing bevel
angles selected to correct the offset of the centre frequency, and c) mapping the
realised structure of irises and resonator cavities with the K-inverter and LC res-
onator network of a band-pass filter to compute the aperture sizes and resonator
lengths accurately. According to the verification with the finite-element method
using Ansys High Frequency Structural Simulator (HFSS), all of the three meth-
ods have been demonstrated to be effective (Zhao et al. 2014b).

* When creating a band-pass filter, assigning cylindrical posts in a rectangular
waveguide appears to be a better option than placing irises, since circular aper-
tures and cylindrical posts can be manufactured more easily and are less prone
to machining errors. Thus, the characteristics of posts placed in the cross-section
of a rectangular waveguide have been explored in Subsection 4.2.3. The scat-
tering parameters of the post waveguide structure have been computed with
three classes of approximation methods, including the equal width, arithmetic
sequence thickness, and equal sector methods. Through comparing the differ-
ences between the calculated scattering parameters and the accurate values from
a reference solution, as well as the rate of convergence for each method, the most
efficient approximation approach has been recommended. The finite-element
method using Ansys HFSS has then been successfully utilised to verify the sug-
gested approximation approach (Zhao et al. 2014a).

¢ The applications in rectangular waveguide technology are limited by the high

cost, bulky volume, and difficult integration with other components. In order to
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7.2 Band-Pass Filters and Shielded Microstrip Lines

overcome these shortcomings, the substrate-integrated waveguide has been pro-
posed as a dielectric-loaded rectangular waveguide equivalent (Wu et al. 2003).
In this perspective, Section 4.3 has handled the designs of the band-pass post rect-
angular waveguide filters and the band-pass via substrate-integrated waveguide
tilters as a single problem. This has allowed an efficient general design approach
for this type of band-pass filters either in rectangular waveguide technology or
substrate-integrated waveguide technology. With this technique, fast and accu-
rate computations of the relationships for the K factors as a function of the post
radii and the distances between posts have been demonstrated, which allows an
in-depth analysis of the influence of machining tolerances on the filter perfor-
mance. The computations can be used to choose reasonable posts for designing
band-pass filters, while the error analysis helps to judge whether a given machin-
ing precision is sufficient. The approach has been applied to a Chebyshev band-
pass post rectangular waveguide filter and a band-pass via substrate-integrated
waveguide filter with a centre frequency of 10.5 GHz and a fractional bandwidth
of 9.52% with verification via full-wave simulations using Ansys HFSS and mea-

surements on manufactured prototypes (Zhao et al. 2015¢).

* Insertion loss is a crucial specification to judge the quality of a substrate-
integrated waveguide band-pass filter. In Section 4.5, six Chebyshev band-pass
post filters in substrate-integrated waveguide technology have been designed
with a self-written lossless mode-matching code. The considered filters have
been designed with various orders for a centre frequency of 10.5 GHz and a frac-
tional bandwidth of 9.52%. These filters have then been simulated with a full-
wave electromagnetic solver in order to investigate the various contributions of
ohmic and dielectric losses affecting the performance. In particular, the influence
on the insertion loss due to the variations in the metal claddings and vias’ con-
ductivity, dielectric loss tangent, and substrate thickness has been quantitatively
analysed. For validation, one prototype filter has been fabricated to compare the

simulations to experimental results (Zhao et al. 2015a).

¢ Shielded microstrip lines are widely used in microwave and millimetre-wave sys-
tems to connect devices while protecting circuits from environmental contam-
inants, preventing electromagnetic interference, and enhancing the mechanical
strength. To avoid the influence of the metallic enclosures on the fundamental

mode, the dimensions for the housing is an important issue. In Section 5.3, the

Page 186



Chapter 7 Conclusions and Future Work

influence of those dimensions on the fundamental mode has been investigated
rigorously using the mode-matching method. In addition, the relationships be-
tween the cutoff frequency of the 2"?-order mode and those geometrical variables
of the cross-section of the shielded transmission line have been presented. With
these relationships, a reasonable geometry can be efficiently determined, which is
important to prevent performance degradation through higher-order mode exci-
tations, such as in waveguide transitions. The analysis results have been verified
with the finite-element simulations obtained with Ansys HFSS (Zhao et al. 2015b).

* Despite the significant size reduction offered by the realisation of filters in
substrate-integrated waveguide technology, further width reduction is still desir-
able, especially in microwave or millimetre-wave systems whose volume is lim-
ited by system considerations. Thus the folded substrate-integrated waveguide
is a viable option to further reduce the sizes of devices in substrate-integrated
waveguide technology. Section 5.4 presented a novel concept of band-pass post
filter in folded substrate-integrated waveguide technology, together with an ef-
ficient specific design procedure. The approach is based on a rigorous mode-
matching analysis of the dispersion characteristics for the odd and even modes
in the folded substrate-integrated waveguide, which allows the definition of an
accurate unfolded equivalent problem for a suitably chosen middle vane dimen-
sion. A direct comparison of the posts placed in the folded substrate-integrated
waveguide and in the equivalent unfolded dielectric-loaded rectangular wave-
guide has confirmed their similar characteristics. For illustration, the method
has been applied to realise a 5-order Chebyshev band-pass post folded substrate-
integrated waveguide filter with a centre frequency of 7GHz and a fractional
bandwidth of 5.71%. The viability and efficiency of the design approach has
been successfully validated by the finite-element simulations and the measure-

ments on a fabricated prototype (Zhao et al. n.d.).

7.2.2 Future Work

¢ Chapters 3 to 5 have focused on band-pass filters, but in microwave and
millimetre-wave systems, low-pass and band-stop filters are also indispensable
elements. Thus, generalising the proposed efficient procedures based on the

mode-matching method to design these types of filters can be future work.
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7.3 New Junctions and Diplexers

e With a demonstrated equivalent model, Chapter 5 has introduced an efficient
design procedure for a novel concept of band-pass post filter in folded substrate-
integrated waveguide technology. In order to describe the new structure more
accurately, a mode-matching algorithm that can directly analyse the characteris-
tics of the posts placed in the cross-section of a folded substrate-integrated wave-

guide will be developed in the future.

7.3 New Junctions and Diplexers

As the second major part of this thesis, Chapter 6 has proposed several three-port junc-
tions that can satisfy the constraints to achieve optimum performance of diplexers over
specific frequency bands with the goal of improving the performance or reducing the
dimensions of diplexers. Based on these new junctions, some diplexers have been
designed, while their corresponding characteristics have also been investigated. The

original contributions and possible future work for this aspect are summarised below.

7.3.1 Original Contributions

* Y4unctions are often adopted to design diplexers since their characteristics can
conveniently satisfy the constraints for optimum performance of diplexer de-
signs. To decrease the dimension of the Y-junction diplexer, the two output
branches can be bent to yield parallel ports. However, doing so degrades the
characteristics of the parallel configuration junction. In order to achieve the best
performance for a diplexer, two improved novel configurations of Y-junctions
have been introduced and analysed with an efficient mode-matching method in
Subsection 6.3.1. Through varying the angle between the two output branches
or adjusting the positions of the two inserted vias, both improved junctions can
satisfy the constraints for optimum performance of diplexers over the frequency
band extending from 7 GHz to 8.5 GHz (Zhao et al. 2016b).

* In Subsection 6.3.2, a double-layer structure has been introduced to realise a
three-port junction for the dimension reduction of diplexers. With the proposed
structure, the characteristics can meet the constraints to achieve optimum per-
formance of diplexers conveniently, because only one variable can influence the
reflection coefficients of the junction ports. Additionally, the developed mode-

matching code can improve the efficiency of parameter adjustment significantly.

Page 188



Chapter 7 Conclusions and Future Work

According to the analysis, the junction can satisfy the diplexer constraints from
5.5GHz to 9.5GHz. The wider frequency band translates into flexibility for the

selection of a diplexer’s up and down channels.

* A novel Y-junction realised in T-type folded substrate-integrated waveguide
technology has been introduced in Subsection 6.3.3. Similar propagation char-
acteristics of the first eighteen modes for the folded substrate-integrated wave-
guide and the corresponding equivalent unfolded dielectric-loaded rectangular
waveguide has been demonstrated when a particular width of the middle metal
vane is chosen. In addition, it has also been found that the characteristics of
the proposed Y-junction structure can satisfy the constraints to achieve optimum
performance of diplexers over the frequency band extending from 4.6 GHz to
8.5 GHz. Hence, diplexers using the novel Y-junction in T-type folded substrate-
integrated waveguide technology can accommodate the up and down channels
in a much wider frequency band compared with common Y-junction diplex-
ers (Zhao et al. 2016a).

¢ To further decrease the dimensions of diplexers, a three-port junction with stairs
realised in both T-type and E-type folded substrate-integrated waveguide tech-
nology has been introduced in Subsection 6.3.4. Based on the finite-element
method using Ansys HFSS, the reflection coefficients for the junction ports can

satisfy the constraints for optimum performance of diplexers over a frequency
band from 5.3 GHz to 6.8 GHz.

¢ All the proposed novel three-port junctions can be readily utilised in diplexer
designs, while with the self-written mode-matching code, the dimensions of the
band-pass filters required for the up and down channels can be calculated accu-
rately and quickly. Thus, three types of diplexers realised with two improved
Y-junctions, one double-layer junction, and one junction with stairs in T-type and
E-type folded substrate-integrated waveguide technology have been designed ef-
ficiently and presented in Section 6.4. According to the analysis results obtained
with the mode-matching method, the finite-element method, or measurements,
it has been found that the three diplexer designs perform well and the specifica-

tions can be satisfied over the operation bands.
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7.3.2 Future Work

* Subsections 6.4.2 and 6.4.3 have presented two diplexers employing a double-
layer junction in substrate-integrated waveguide technology and a junction with
stairs in T-type and E-type folded substrate-integrated waveguide technology.
On account of the time constraints, as well as the processing difficulty of the
double-layer structures, both of them have not been manufactured and experi-
mentally tested yet. Thus, the fabrication and measurement of the two realised

diplexers can be future work.

¢ As demonstrated, the three-port Y-junction in T-type folded substrate-integrated
waveguide technology offers the advantage of a wide frequency band to satisfy
the constraints for optimum performance of diplexers. This property allows large
flexibility in the selection of up and down channels for diplexers. However, be-
cause of the time constraints, this junction has not been utilised to design diplex-
ers. Hence, a diplexer using the T-type folded substrate-integrated waveguide

Y-junction will be developed in the future.

¢ In Chapter 6, the analyses for the Y-junction in T-type folded substrate-integrated
waveguide technology, the junction with stairs in T-type and E-type folded
substrate-integrated waveguide technology, and the diplexer employing a junc-
tion with stairs have been obtained with the finite-element method using An-
sys HFSS. However, the simulations are quite time-consuming because of the
large amount of variables, especially considering the mesh fineness required to
obtain results with sufficient precision. Thus, the mode-matching-based codes,
which can directly handle T-type and E-type folded substrate-integrated wave-
guide and discontinuities in them, will be developed in order to improve the

efficiency.

7.4 Closing Comments

This thesis has presented validated design procedures for band-pass filters, shielded
transmission lines, and diplexers by combining the usage of the lossless mode-
matching method and the finite-element commercial software Ansys HFSS. A large
improvement in the design reliability and a great reduction in the design cycle have

then been demonstrated, because
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a) the mode-matching method can quickly and accurately determine the dimensions
for these passive components (for example, a Chebyshev 5/-order band-pass post
filter can be completed within 1 second), as well as gather data about tolerances and
fabrication inaccuracies (for instance, negative influence on a band-pass H-plane iris

tilter introduced by micro-machining errors can be analysed efficiently);

b) before the prototype fabrication, a small number of finite-element simulations using
Ansys HFSS plays the other important role of confirming the specifications of the

designed components, such as insertion loss and bandwidth.

The combination of these two methods can be extended to other device designs in or-

der to satisfy the increasing requirements for microwave and millimetre-wave systems.

Importantly, the application of the introduced equivalent models and efficient design
procedures has allowed the rapid development of novel structures. In this context, this
thesis has also aimed to reduce the dimensions of band-pass filters and diplexers. A
novel concept of band-pass post filter in folded substrate-integrated waveguide tech-
nology has been introduced, together with an efficient specific design procedure using
its equivalent model. Meanwhile, four types of novel three-port junctions have been
presented for dimension reduction of diplexers. It is noted that, the proposed junc-
tion structures can also be utilised in other passive component designs, such as power

dividers and slot array antennas.
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BEM Boundary Element Method

CAD Computer-Aided Design

CST Computer Simulation Technology

FDM Finite-Difference Method

FDTD Finite-Difference Time-Domain

FEM Finite-Element Method

FSIW Folded Substrate-Integrated Waveguide
FSS Frequency Selective Structure

GAM General Admittance Matrix

GSM Generalised Scattering Matrix

GTM General Transmission Matrix

HFSS High Frequency Structural Simulator
HMSIW Half-Mode Substrate-Integrated Waveguide
MIS Metal-Insulator-Semiconductor

MMIC Monolithic Microwave Integrated Circuit
MMM Mode-Matching Method

MMT Mode-Matching Technique

MoM Method of Moments

OEIC Optoelectronic Integrated Circuit

SDM Spectral Domain Method

SIW Substrate-Integrated Waveguide
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TLM Transmission Line Matrix

VSWR Voltage Standing Wave Ratio
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List of Symbols

Resistance

Inductance

Capacitance

Electric field existing in a rectangular waveguide
Magnetic field existing in a rectangular waveguide
Radian frequency

Permittivity of a dielectric medium

Permittivity of free space

Relative permittivity of a dielectric medium
Permeability of a dielectric medium

Magnitude of z-directed magnetic vector potential
Magnitude of z-directed electric vector potential
Amplitude coefficient for TE mode

Amplitude coefficient for TM mode

Propagation constant for TE mode with the notation for complex numbers

Propagation constant for TM mode with the notation for complex numbers

Wavenumber along the x-axis for TE mode

Wavenumber along the y-axis for TE mode
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List of Symbols

kox Wavenumber along the x-axis for TM mode
key Wavenumber along the y-axis for TM mode
k¢ Cutoff wavenumber

Ty, Eigenfunction for TE mode

Te Eigenfunction for TM mode

m,n Index of TE or TM mode

a Rectangular waveguide width

b Rectangular waveguide height
Substrate thickness

c Thickness of iris

Width of the middle vane of folded substrate-integrated waveguide

P, Power carried by TE mode

P, Power carried by TM mode

S Closed cross-section surface of the rectangular waveguide

£ Closed contour enclosing surface

Gy, Normalised coefficient for TE mode

Ge Normalised coefficient for TM mode

Zj, Wave impedance for TE mode

Y, Wave admittance for TM mode

J Coupling coefficients between hybrid modes in different regions
S,s Scattering parameters
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List of Symbols

Pinc

Ploud

Unit matrix

Coupling coefficient matrix
Power available from source
Power delivered to load
Power loss ratio

Cutoff radian frequency
Ripple constant

Filtering function

Order of a filter

Number of bifurcations in waveguide
Insertion loss for a filter
Passband ripple

Chebyshev function

Normalised values for electronic elements in filter network

Fractional bandwidth

Higher passband edge radian frequency for a band-pass filter

Lower passband edge radian frequency for a band-pass filter

Centre radian frequency for a band-pass filter

Impedance scaling factor
Impedance inverter factor

Reactance of the distributed resonator
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List of Symbols

ti

W

Guide wavelengths at the higher passband edge frequency
Guide wavelengths at the lower passband edge frequency
Guide wavelengths at the centre frequency

Fractional guide wavelength

Gap between the iris plates

Gap between the post pair

Length of the resonant cavity

Electrical length

Element values of an impedance inverter

Radius of a rounded corner

Radius of a post/via

Side of a bevel angle

Number of steps to approximate a rounded corner or a post/via
Physical width of a substrate-integrated waveguide

Equivalent width of a substrate-integrated waveguide
Diameter of a post/via

Interval between two adjacent Posts/vias

Thicknesses of the N-furcations to approximate a post/via
Widths of the N-furcations to approximate a post/via
Computation time

Width of a microstrip line
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List of Symbols

Wi Width of a taper of a transition structure
Ly length of a taper of a transition structure
0 Dielectric loss angle

A,B Amplitude coefficients for TE modes

C,D Amplitude coefficients for TM modes

R Transmission matrix

k; Propagation constant

C Coupling matrix for planar and quasi-planar transmission lines
w Width of the microstrip line in a shielded transmission line

t Thickness of the microstrip line in a shielded transmission line

Thickness of metal claddings electroplated onto the substrates surfaces

h Thickness of the dielectric in a shielded transmission line
B Phase constant

E Gap between the centre of the post and the FSIW wall
We Width of the slot for a strip-to-microstrip transition

L. Length of the slot for a strip-to-microstrip transition

Ly Reflection coefficient of the first filter in a diplexer

Ly Reflection coefficient of the second filter in a diplexer

Lp Distance between the first filter and the junction port of a diplexer
L Distance between the second filter and the junction port of a diplexer

) Angle between the output branches of the Y-junction
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List of Symbols

Ly

Lu,@

s

8i1,8i2

L.

o1, 8e2

Wi

Length of the branch before the bend of an improved Y-junction
Dimensions used to determine the positions of the two adjusting vias
Width of the coupling slot in the double-layer junction

Length for the second step of T-type FSIW in a three-port junction combining
T-type and E-type FSIW technology

Distances between the edges of the middle metal vane and the centres of the

vias in the three-port junction in T-type and E-type FSIW technology
Equivalent length for L;

Equivalent distances for gi1, gi»

Side of the chamfered corner

External radius of a round angle turn

Inner radius of a round angle turn
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