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ABSTRACT

DESIGN OF MINIATURIZED KU BAND NARROWBAND CAVITY
FILTER

Seving, Yusuf
Ph.D., Department of Electrical and Electronics Engineering
Supervisor: Prof. Dr. Simsek Demir

February 2018, 115 pages

Frequency multiplexer structures are of a crucial role as an essential part of huge
variety of communication systems including, satellite-communication systems,
wireless communication systems and radio transmission. They are indispensable
multiple port components that are used for combination and separation of specific
signals or frequency bandwidths selectively from a single signal or frequency
bandwidth in multiport communication system. The main blocks that form a
multiplexer are a set of filters, named as channel filters, and junctions connecting to
filters to the common port. In satellite-communication systems, waveguide filter
structures are mostly preferred and employed as channel filter in multiplexer
configuration due to the fact that they are of low insertion loss, high power handling

capability and high quality factor. On the other, bulkiness and large sizes of them are



troublesome in satellite-communication applications. Therefore, one of the main
goals of this thesis is to design miniaturized, compact and weight-reduced channel
filter structure including coupled resonators. Also, developing a framework for
methodical design involving surface roughness effect and physically realizing the
waveguide filter structure as a significant part of the multiplexer with lowest
possible size and weight and sharp passband characteristic to be minimized the

adjacent channel interference is in the main scope of this study.

Keywords: Waveguide filter, frequency multiplexer, cavity resonator, conductor

surface roughness
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KU BANT DAR BANTLI MINYATURIZE EDILMIi$S KAVITE FILTRE
TASARIMI

Seving, Yusuf
Doktora, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Simsek Demir

February 2018, 115 sayfa

Frekans c¢oklayict yapilar;; uydu haberlesme sistemleri, kablosuz haberlesme
sistemlerini ve radio iletimini iceren ¢ok ¢esitli haberlesme sistemlerinin 6nemli bir
pargasi olarak mithim bir role sahiptir. Cok portlu sistemlerde tek bir sinyalden veya
frekans band genisliginden belirli sinyallerin veya frekans band genisliklerinin secici
bir sekilde birlestirilmesinde ve ayrilmasinda kullanilan vazgecilmez c¢ok portlu
elemanlardir. Bir c¢oklayiciyr olusturan temel bloklar kanal filtresi olarak
adlandirilan filtre seti ve filtreleri ortak porta baglayan eklem kisimlaridir. Dalga
klavuzu filtre yapilari, ¢oklayct konfigiirasyonunda diisiik iletim kaybina, yiiksek
giic tasima yetenegine ve yliksek kalite faktoriine sahip olmalarindan dolayr uydu
haberlesme sistemlerinde kanal filtresi olarak ¢cogunlukla tercih edilir ve kullanilir.

Bununla birlikte, bu yapilarin hantalligt ve biiyiik boyutlari uydu haberlesmesi

vii



uygulamalarinda sorun yaratmaktadir. Bu sebeple, bu tezin ana amaglarindan birisi
baglasimli rezonatorler iceren miniaturize, kompakt ve agirhig diisiiriilmiis kanal
filtre tasarimi olacaktir. Ayrica yiizey puriizliiliik etkisini igeren sistematik tasarim
icin bir ¢erceve ¢izmek ve miimkiin olan en diisiik agirlik ile boyuta sahip ve komsu
kanallar arasi girisimin minimize edilmesi igin keskin ge¢is bandi karakteristigine
sahip ¢oklayici yapilarimin 6nemli bir pargasi olan dalga kilavuzu filtre yapisinin

gerceklenmesi de bu ¢alismanin kapsami icerisindedir.

Anahtar kelimeler: Dalga kilavuzu filtreler, frekans ¢oklayicilar, kavite rezonatorler,

iletken yiizey pirizluligi
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CHAPTER I

INTRODUCTION

1.1.  Satellite Payload System

Huge variety of communication systems such as satellite communication systems,
wireless communication systems and radio transmission networks involve frequency
multiplexer structures in order for the operation of combining and separating
frequency bandwidths selectively. Especially in satellite communication systems,
multiplexer structures are mostly employed in the uplink and downlink stage of the
satellite payload, as illustrated in Figure 1.1. The payload system is basically
composed of power amplifiers, low noise amplifiers, oscillators, frequency
synthesizer, orthomode transducers, power dividers, circulators, couplers, filters and

multiplexers [1].

One of the main subcomponents in the satellite payload is the input multiplexer
(IMUX) stage in which separation of the input signals into frequency channels is
accomplished just before amplification of each channel. Another important
component, in which the combination of the amplified signals in each channel is
done, is the output multiplexers (OMUX) for retransmission. Basically, a MUX is
typically composed of channel filters and proper junction sections. Due to the fact
that the waveguides are of low insertion loss, high power handling capability and
high quality factor, they are usually employed in MUX and the channel filter. As far



as system requirements are concerned, there are different types of MUX
configurations used in the payload network to fulfill them [2]. The channel filters
utilized in IMUX and OMUX are preferred to have sharp selectivity in passband and
high isolation in out of band. Moreover, total mass of them are meticulously
considered since launch cost is directly proportional to overall weight of the
satellite. Therefore, miniaturization and size reduction become extremely critical

factor while conceiving the channel filter.
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Figure 1.1. Layout of a satellite payload system [1].

1.2.  Research Aim and Organization

This study focuses on design of miniaturized waveguide filter involving the impact
of conductor surface roughness and investigates the various multiplexing techniques
with respect to the field applications. In the scope of this thesis, the following

research goals particularly elaborate on:



A systematic design procedure for compact and narrowband waveguide
filters are investigated. A novel approach to extract the circuit model of them
is developed. And, hybrid optimization method is introduced for faster filter

construction.

Prior works on multiplexing techniques such as E-plane and H-plane are
examined thoroughly and the most convenient one considering thesis frame

work is determined as a result of deep evaluations.

H-plane multiplexer structures are analyzed and a new design method based
on simultaneous circuit and full-wave optimization is developed. Design
procedure for multi-channel contiguous band multiplexers are explained
stage by stage. As an illustration, three-channel and six-channel contiguous

band waveguide multiplexers are conceived.

In order to validate the proposed design method, a number of single channel
filter are realized and experimental results are compared with the simulation
results. Furthermore, TRL (Thru, Reflect, Line) measurement set-up is
formed meticulously for the accurate testing and all performance parameters

are measured.

A thorough analysis on influence of the surface roughness effect on
narrowband and highly-selective channel filter is accomplished a novel
design procedure involving it is developed for high quality waveguide filters.
The proposed procedure is validated with experimental consequences that

are in well consistency with the expected results.

Developing a systematic way for conceiving compact waveguide filter in the
existence of the conductor surface roughness is one of the most critical
achievements together with circuit modeling of the surface roughness and
significant contribution to the literature. Hence, deteriorating impact of the

surface roughness on waveguide implementations with high quality factor is



analyzed and desired filtering performance is obtained efficiently

considering this impact by applying the proposed design steps.

The research goals mentioned above are pursued in this thesis comprising five
chapters. Following this introduction chapter, a brief literature review on microwave
waveguide filters and multiplexer structures are presented in Chapter 2. Similar
works in the literature are assessed and compared with the proposed methodologies
in the scope of this thesis. Chapter 3 provides all explanatory knowledge and details
about the design of miniaturized waveguide filter together with numerical and
analytical expectations. The validation of the design method is accomplished
successfully by exemplifying specifically defined miniaturized waveguide filter
structure. Chapter 4 presents the design procedure for the contiguous band six
channel manifold-coupled multiplexer. Also, design trials using various approaches
are simulated and the development of a novel design methodology is accomplished.
Chapter 5 reports the detailed analysis surface roughness effect on waveguide filter
response together with systematic design procedure involving this effect. Fabrication
and measurement activities are also mentioned comprehensively with all computed
and measured results. Chapter 6 mentions about the reached accomplishments in the

scope of this thesis and future works.

1.3.  Achievements and Accomplishments

Following the completion of comprehensive full-wave and circuit level
computations and analysis involving surface roughness phenomena on miniaturized
and narrowband waveguide filter, next, a number of channel filter realization
performed and the proposed technique was successfully validated as comparing the

experimental results with expected ones.

In the scope of this thesis, accomplishments can be listed as follows:



A novel approach to extract the circuit model of the narrowband waveguide
filter is developed and systematic design procedure with hybrid optimization
technique is introduced for faster filter construction.

Surface roughness phenomena is investigated versatilely and effect of it on
high quality factor waveguide filters are examined. It is concluded that
surface roughness becomes a dominant limiting factor for miniaturized and
highly-selective waveguide configurations and ought to be considered at
design stage properly. Taking this phenomena into consideration, desired
filtering response is achieved successfully after the modification of the
design parameters such as resonator lengths, iris thicknesses and gap
distances.

Manifold-coupled multiplexer configurations are analyzed and detailed
design study based on simultaneous circuit and full-wave optimization is
completed. As an illustration, three-channel and six-channel contiguous band

waveguide multiplexers are conceived and demonstrated.






CHAPTER Il

LITERATURE SURVEY

2.1.Literature Review on Microwave Waveguide Filters and Multiplexer
Structures

Multiplexer configurations and waveguide filter structures in the literature are
analyzed thoroughly and a brief summary including basic theoretical background,
similar implementations and qualitative comparison of the prior works with the
proposed methodologies is presented in this section. Also, a review of the prior

works on conductor surface roughness effect in microwave structures is presented.

2.1.1 Multiplexer Configurations

In microwave payloads of communication satellites filters are wanted to have high
performance in order to reject undesired signals introducing noisy effects into the
communication networks. Due to the nature of a satellite payload illustrated in
Figure 2.1, where captured signal coming from earth are drastically weak whilst
back-transmitted signals are of high power, the filters are required to be highly
frequency selective. Especially, filters that make up IMUX, OMUX employed in
satellites are to provide low insertion loss, high frequency selectivity and spurious
free wideband. Furthermore, passband flatness is also significant so as to reduce

deterioration amount of the channels laying at the edges of reception band [3].
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Figure 2.1. Basic block diagram of a satellite payload.

In the implementation of the multiplexing configurations for satellite
communications, mainly four various types of MUX networks are encountered in
the literature: hybrid-coupled multiplexers, directional filter multiplexers, circulator-

coupled multiplexer, and manifold- coupled multiplexers [4].

Hybrid-coupled MUX network, shown in Figure 2.2, are composed of two exactly
the same channel filters and 90° hybrids. The directionality is one of the advantages
of it, which reduces channel filter interactions with each other. Another advantage is
that the design of filter may be casual by utilizing this sort of MUX in high-power
implementations since each filter is experienced half of input power [4]. However, it
is disadvantageous of larger sizes due to the requirement of two filters and hybrids
per channel. Also, phase deviations between the each filter paths deteriorate the
MUX performance. Therefore, the structure must be fabricated by considering

minimum phase deviation [4].
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Figure 2.2. Schematic of Hybrid-coupled multiplexer.



Directional filter approach illustrated in Figure 2.3 is composed of series-connected
directional filters which have four ports and one of ports is terminated in a load and
the others act like a circulator [4]. Power entering one port exiting at the second port
with bandpass response whilst power reflected from filter flows at the third port.
Directional filter multiplexing approach has the same advantages whereas it is of

restricted usage only in narrow-band applications.

Figure 2.3. Directional filter multiplexer.

Circulator-coupled multiplexer has a channel-dropping circulator and one filter as
illustrated in Figure 2.4. The unidirectionality of the circulator serves the similar
advantages as the hybrid-coupled multiplexing [4]. But, insertion loss of the

channels is high due to additional loss of the circulator.
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Figure 2.4. Circulator-coupled multiplexer.

Considering miniaturization, compactness and insertion loss level, the manifold-
coupled multiplexer, shown in Figure 2.5 is the most preferred structure in satellite

payloads. It provides miniaturized and lowest-insertion loss operation and also has



the capability of optimum performance for amplitude and group delay response [4].
On the other hand, main disadvantages of this approach are complexity in design,
high sensitivity and lack of amenability to adaptable frequency allocation [4]. If any
changes are desired in channel frequency or allocation, it is required to design a new
multiplexer. All the channel filters are to be present at the same time so that

interaction effects between channels can be made up for at the design stage [2].
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Figure 2.5. Manifold-coupled multiplexer.

There are mainly three types of configurations for the manifold-coupled
multiplexers: comb, herringbone and directly filter feeding into manifold as

illustrated in Figure 2.6.
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Figure 2.6. Manifold MUX configurations: (a) comb, (b) herringbone, (c) one filter
feeding.
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2.1.2. Review of the Prior Studies on Contiguous-Channel Waveguide
Multiplexers

General multiplexer theory is presented in [5] as an earlier study in 1979. Related
formulations and derivations for multiplexers are given thoroughly. Design
methodology and equivalent circuit representation of waveguide contiguous-channel
frequency multiplexer are investigated and introduced in [6]. The proposed one is
three-channel multiplexer including ridge-waveguide channel filters and manifold
coupling networks and port coupling network, as shown in Figure 2.7. The
operational frequency band of this multiplexer is 4-6.25 GHz.

P
i
PC,

i

MC, CF, PC, | P,

{1

MC, CF, PC, [P,

K

mc,

t

CF, PC,

Figure 2.7. Block diagram of three-channel multiplexer proposed in [6].

Cross sectional view of the three-channel multiplexer schematically shown in Figure
2.7 is illustrated in Figure 2.8. It comprises vertically stacked fourth-order channel
filters which consist of five evanescent mode sections and four ridge waveguide
sections that are exploited to couple adjacent ridge-waveguide resonator sections
with first and last resonator of the channel filters [6]. Equivalent circuit

representation of each stage is introduced, pertinent parameters are also derived.
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Figure 2.8. Cross sectional view of three-channel multiplexer proposed in [6].

The channel filters used in this multiplexer structurally akin to ridge-waveguide
filters introduced in [7] and [8] which are the previous manuscripts of the same
author. Dielectric-filled and five-pole ridge waveguide bandpass filter is proposed in
[7], as illustrated in Figure 2.9. High-dielectric constant materials are exploited at
the resonator ridge’s high-field gap regions so as to suitably enlarge the ridge-gap
spacing for easier realization and also adjust the bandwidth of the ridge waveguide
at 1-1.45 GHz frequency band [7]. Moreover, related parameters of equivalent
circuit model for ridge and evanescent mode waveguide sections are derived and
formulated. Four-pole and air-filled version of that filter is employed in this three-

channel multiplexer structure by scaling the pertinent design parameters properly.
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Figure 2.9. Representation of a dielectric filled cavity bandpass filter in [7].

In [8], the 6-8.6 GHz five pole ridge waveguide filter, as shown in Figure 2.10,
derived from 1-1.45 GHz bandpass filter is described and also parameter analysis

are presented for 8.6-11 GHz and 11-18 GHz frequency band operation.

22 Metal B Microstrip
[ Alumina Dielectric

Figure 2.10. Horizontal and vertical cross-sectional view of 6-8.6 GHz cavity filter
in [8].
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In [9], reactive load-based manifold design procedure is introduced and five-channel
output multiplexer is conceived as an illustration in X-band using proposed method.
In order to determine manifold lengths, amplitude and the phase variation of channel
filter’s input reflection coefficient are modeled as a polynomial and manifold
structure is determined using that fictitious reactive model of channel filters instead
of full-wave ones for initial lengths of manifold. Then, initial lengths are optimized
and full-wave configuration of the multiplexer is formed. In [10], computer-aided
design steps of multiplexer are explained without tuning elements. A hybrid
optimization method is proposed for the seven-channel multiplexer in X-band. Both
parameters in circuit and the full-wave model are optimized, respectively and then
hybrid model is formed for the final optimization of the multiplexer’s parameters as

shown in Figure 2.11.

Figure 2.11. Seven-channel manifold multiplexer in [10].

In [11], manifold-coupled triplexer is design by connecting filters to the manifold
sequentially and parameters optimization is reiterated after each connection. It is
also proposed a detailed flowchart including the design steps of manifold and
multiplexer. In order to determine the lengths of the manifold junctions accurately,
channel filters are connected to manifold body one by one and scattering parameters

of network are recalculated after the connection of the each section. At final stage,
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convenient manifold iris sizes and junction lengths are obtained at the end of
numerical iteration cycles. Furthermore, the information about the C-Band

quadruplexer is presented for the passive intermodulation measurements.

The authors of [12] introduce a design procedure for the manifold multiplexers
including dual mode circular waveguide filters. Low-order multimode model is
exploited for the construction of the entire multiplexer. Distributed model of the
circular waveguide filters with coupled irises are used for the optimization of the
manifold lengths. Ten-channel circular waveguide multiplexer, shown in Figure 2.12
is conceived together with the formulations for the low-order model and extraction

of multiplexer dimensions.

Figure 2.12. Ten-channel manifold multiplexer with circular waveguides in [12].

In [13], six-channel multiplexers with rectangular waveguides using low-order
model is mentioned by giving related geometrical details. Different multiplexer
topologies are carried out and coupling matrix for multiplexer configurations is
calculated. Furthermore, channel filters are analyzed by separating coupled
resonator sections and filtering mechanism is explained with produced transmission

zeros at finite frequencies, as shown in Figure 2.13.
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Figure 2.13. Six-channel manifold multiplexer with rectangular waveguides in [13].

In [14], design technique for diplexer with WR112 rectangular waveguide is
presented. Seventh-order waveguide filters are employed as channel filters. Also, T-
junction and manifold distances are determined by virtue of the full-wave and

circuit-based optimization.

In [15], elliptic-response four-channel rectangular waveguide multiplexer covering
from 11.9 GHz to 12.25 GHz is designed starting from the synthesis of channel
filters based on Cauer ladder method. Mode matching response of the multiplexer is
obtained by taking the circuit response of that as reference and geometrical

dimensions are extracted for standard WR75.

In [16], detailed information about the construction of X-band three-channel
manifold multiplexer with dual-mode rectangular waveguide filters is mentioned.
Coupling matrix representation method is carried out for the synthesis of the E-plane
and H-plane multiplexer configuration. Considering reactive loading effect of H-
plane T-junctions, junction distances to the channel filter are revised by observing

the amplitude and phase deviation of the scattering parameters.

In [17], X-band diplexer is designed by using metal-inserted H-plane T junction.

Impedance inverter equivalent for the WR-75 channel filters are exploited and a new
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method is proposed based on considering common junctions of manifold body as a

part of channel filters.

In [18], design procedure for the ten-channel output multiplexer with dielectric
resonator channel filters are mentioned. Space-mapping formulations are derived for
the evaluation of the geometrical dimensions of the manifold and channels. Coarse
model of the multiplexer is firstly created, and then space-mapping optimization is
applied for each channel. Finally, the geometry of the multiplexer are determined
after several iterations via extracted coupling matrix of the channels. Similarly, Ku
band triplexer is presented in [19] on the basis of coupling matrix extraction with

derivatives of the scattering matrix.

In [20], a method for the synthesis of the Chebyshev filters with complex load is
mentioned. Coaxial and waveguide diplexer applications using synthesized filters is
presented by identifying the root locations of filtering function on complex s-plane
and diplexer’s dimensions are found iteratively at the end of the evaluation of the

coupling mechanism of the entire multiplexer.

In [21], furcated-type E-plane triplexer is proposed together with iris-coupled cavity
filters. Main idea of that method is to conceive a three-way E-plane power divider
and connect the channel filters to the end of the divider. In order to design the power
divider and multiplexer structure, numerical iteration and mode matching method
are applied for the optimum response. Furthermore, design process of a similar E-
plane tri-furcation triplexer is presented in [22], which is companion work of the

same author.

The authors of [23] focus on the field theory of the n-furcation waveguide
multiplexer by deriving the electric and magnetic field expressions for an arbitrary
place at the multiplexer. Ku-band diplexers including E-plane metal-inserted
channel filters are conceived by calculating modal scattering matrices of each
section and manifold lengths are optimized at the end of the numerical iteration of

the modal S-matrix.
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In [24], a new formulation is suggested for the optimization of T-junction manifold
multiplexers. Design steps based on the manipulations of the scattering matrix
formulations of the WR90 diplexer employing E-plane filters are presented
thoroughly. Positions of the channel filters in manifold structure are found with the

exploitation of the proposed formulation.

In [25], computer—aided design procedure of the contiguous band seven-channel
multiplexer employing Y-junctions is explained. Once the initial dimensions are
found, final multiplexer structure is obtained by applying “the adjoint network
method” and full-wave optimization. Similarly, X-band waveguide diplexer with Y-
junctions and iris-coupled channel filters are presented in [26]. Also, dimensional

synthesis procedure of single iris in waveguide filters is mentioned step by step.

In [27], an optimization and the design method is proposed for the large-scale
multiplexers in X-band. Starting from the derivation of [ABCD] matrix, distributed
model for the channel filters is extracted. Each resonator of the dual-mode elliptic
filter is evaluated individually. Mode-matching technique and circuit model are used

for the design of the multiplexer.

In [28], the design of multiplexing network based on the influence of the E-plane T-
junction on group delay of the multiplexer is presented. Considering that “the
channel filter is of short-circuited character at out of band, channel filter input ports
of the manifold body are short-circuited and peak value of group delay at common
port is adjusted at the center frequency of each band. An illustration of the two-
channel multiplexer is depicted with group delay formulations. Also, H-plane

multiplexer is designed by applying the same procedure in [29].

Acrtificial neural network method is applied for the design of iris-coupled circular
multiplexer in [30]. Coarse and fine model of the multiplexer are evaluated to obtain
desired transmission-rejection response and space-mapping algorithm based on the
extraction of the coupling matrix is carried out. In order to compensate the spurious
modes, the employment of the artificial neural network method is explained

thoroughly.
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2.2. Microwave Waveguide Filters

Cavity filters are commonly employed in satellite communications since they are of
the ability to provide high quality factors, high frequency selective filter response
with low insertion losses and handle the high power requirements [31]. Several
types of cavity filters are listed as: evanescent-mode waveguide filters, coupled
cavity filters, dielectric resonator filters and E-plane filters [31]. Theory and the

implementation of these filter types are briefly mentioned in this section.

2.2.1. Evanescent-Mode Waveguide Filters

Satellite communication networks demand filtering and multiplexing structures
which are of high performance to efficiently allocate the swarmed frequency
spectrum [32]. The most commonly sought features for filters embedded in the input
and output multiplexers are lower insertion loss, high power handling capability,
high frequency selectivity and compact size. In addition to these essential
requirements, spurious free stopband is also important for wide spectrum
applications. So, an appropriate candidate for trading-off all the required features is
the evanescent mode technology [32]. Conventional waveguides can be employed
below cut off frequency of its dominant mode so that miniaturized and compact
waveguide filters with desired performances are realized. For below cut off
operations, propagation constant becomes imaginary and, the waves are deteriorated
exponentially in all modes with regard to the length passed into the waveguide and
so it is called Evanescent Mode Waveguide, as shown in Figure 2.14 [33]. On the
other hand, the attenuation of the evanescent waves can be explained as like
attenuation in stopbands of lossless filter components. However, the waveguide are
of purely imaginary characteristic impedance in the cutoff operation and behaves as
a reactive element instead of the propagating one [33]. This reactive characteristic

impedance is the key factor for the realization of various filters.
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Figure 2.14. Evanescent mode waveguide filters (a) with screws, (b) with
dielectrics [31].

At below cut off operations of a waveguide, it has the features of an inductive
component. In order to conceive evanescent mode waveguide bandpass filter,
appropriately designed capacitive elements with metal posts, irises and tuning
capacitive screws or inserting dielectrics are needed [34]. Definition of the filtering
characteristics is only valid for the fundamental mode due to the assumption that all
higher order modes will vanish between capacitive elements. Transmission line and
lumped circuit equivalent of the evanescent mode waveguide are first introduced by
Craven and Mok [35] in 1971 and an evanescent mode waveguide filter with
capacitive screws, similar with Figure 2.14.a, is proposed. Under the assumption that
evanescent TE;p mode is existing solely in the waveguide [35], the simple
transmission line equivalent of the evanescent mode waveguide is shown in Figure
2.15. For TE evanescent modes may be used as equivalent circuit of the waveguide
section. The lumped element approximations become closer when operation

frequency is below the cut of frequency extremely [36].
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Figure 2.15. (a) T, (b) m equivalent circuit model of evanescent mode WG for [
length [35].

It is possible to obtain such a lumped circuit equivalent as shown in Figure 2.16 by
manipulating the © equivalent circuit properly to form an admittance inverter [35]-
[36]. By inserting shunt inductive elements in Figure 2.16, an admittance inverter is

formed to obtain shunt-connected filter configuration.
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Figure 2.16. Lumped circuit model for Evanescent-mode WG filter in [35].

Evanescent mode WG filter with dielectric inserts instead of the capacitive screws is
proposed in [37]. The filter is composed of a series of resonators coupled through
evanescent-mode waveguide sections. This design method allows significant
restrictions on lengths and exact positions of the dielectric portions and tunability
property [37]. Furthermore, ridge waveguides are mostly preferred in evanescent
mode filter applications since they are more advantageous compared to rectangular
waveguide as far as fundamental-mode operation bandwidth, cut off frequency;

wave impedance and compactness of the filter are concerned. Wider fundamental
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mode operation bandwidth can be easily obtained with ridge waveguides. It is
possible to have smaller cross-sectioned and more compact ridge waveguide filters
due to the lower fundamental mode cut off frequency. Transition from ridge
waveguide to microstrip or strip lines are much easier due to the fact that it is of the
low wave impedance [38]. Also, the achievement of wide spurious-free out-of-band
response may be obtained by using various ridge configurations. The most
commonly used single and double ridge wave guides with E-field distributions are
depicted in Figure 2.17.
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Figure 2.17. Electric field distribution in (a) single ridge (b) double ridge [39].

At the gap region, the strong E-field is observed and charges are accumulated
between two sides of the gap it is possible to model this structure as the combination
of two shunt capacitors and two characteristic admittances, where Y, is in the gap

and Yoz outside gap is as shown in Figure 2.18.
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Figure 2.18. Equivalent circuit model for rectangular ridge waveguide [39].
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2.2.2. Coupled Cavity Filters

Coupled cavity filters are based on the resonance of several degenerated modes
inside the same cavity. One of the earliest study on direct-coupled filters is presented
by Cohn in [40]. The first realization of this concept appears in [41]. Bimodal
circular cavities are commonly used in implementation of these filters as illustrated
in Figure 2.19. The coupling coefficients and overall response of the filter can be

tuned by virtue of tuning screws, circular coupling irises [41].

Tuning screws ¥ .
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.
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Figure 2.19. Circular cavity filters (a) with tuning screws and coupling iris (b) with

opening obstacles [31].

Also, the rectangular cavities are employed in the implementation of these filters.
Small evanescent mode waveguide sections are used to fine tune the coupling factor
between the cavities as shown in Figure 2.20. It is possible to obtain realizable
coupling factor by adjusting the dimensions of evanescent-mode waveguide. In
order to have the same resonant frequency for the fundamental mode and another
mode the cavity dimensions must be increased. Instead of tuning screws, coupling
tuning can be achieved with small cuts in the rectangular waveguide. The inductive-

type irises are used to keep constant the height of the cavity [42].
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Figure 2.20. Bimodal rectangular cavities with small cuts [31].

The design of the dual-mode filter with inductive irises and tuning screws is
presented and modal combinations in rectangular waveguide resonator is formulized
in [43]. Effects of changing the width-length ratio of the resonator on the position of
the transmission zeros are presented with fourth-order dual mode filter in Ku band.
Similarly, all-inductive dual-mode filter, shown in Figure 2.21, is conceived in [44]
by determining the coupling matrix of the filter and evaluating the polynomial
expression of the scattering parameters.

Figure 2.21. Dual-mode band-pass filter in [44].

The author of [45] and [46] focus on the synthesis and design procedure for the
wideband inductive-coupled waveguide filters. Prototype synthesis is firstly
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accomplished with extracting the impedance inverter model of the filter and then
physical lengths of the filter is iteratively optimized by means of the CAD tools and
space-mapping methods.

In [47], multimode waveguide filter is synthesized and a synthesis procedure is
proposed based on using thick irises. The way of the construction of the multimode
network model of the waveguide filter is mentioned with the analysis of the quality

factor of the filter.

In [48], circuit equivalent models for the discontinuities such as inductive and
capacitive irises placed in the rectangular waveguide are presented with a framework
for the coupled-cavity filters. Impedance inverters are expressed in terms the
scattering parameters and direct-coupled filters are designed with quarter and half-

wave resonators.

In [49], dual-mode iris-coupled circular waveguide filters and parallel comb-line
bandpass filters are investigated and equivalent circuit models for them are proposed

with circuit parameter expressions and derivation of the related formulae .

In [50], coupled irises in cavity filter are characterized as L-C resonators.
Polynomial expressions for the L-C value are established as polynomials. Iris-
coupled filters are designed after the optimization of the circuit parameters using

numerical an EM optimization tools.

2.2.3. Dielectric Resonator Filters

The dielectric resonator filters are based on the cylindrical or rectangular resonators.
The dielectric resonators are put inside the cavity to prevent the radiation losses.
Following TEo, mode, TMom mode or a hybrid TEM,,, mode can be excited at this
stage. The fundamental mode relies on the diameter and resonator height ratio.
Different placements of the dielectric resonators inside the cavity are illustrated in

Figure 2.22. The cavity is circular or rectangular. Inter-resonator couplings are
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determined by approximate methods based on magnetic moments proposed in [51].
Traditional iris and evanescent mode waveguide sections are also used to adjust
coupling level between cavities. However, large temperature variations within
resonators are taken place due to the fact that the dielectric resonator is of low
thermal conductivity and this causes degradation in filter response. To solve this
problem, metallic planes are inserted the dielectrics or resonators with complex
geometry are employed such as octagonal resonators [52]. Also, it is difficult to stay
the dielectric resonator at intended places, especially for satellite applications, where

vibrations occur [52].

Dielectric resonators Dielectric resonators

(a) (b)

Figure 2.22. Dielectric resonator filters (a) axially positioned (b) laterally

positioned resonators [31].

In [53], investigations on spurious mode reduction in dielectric resonators are
presented. The performance of the dielectric filters with rectangular, circular and
drilled circular resonators are compared with each other in terms of spurious

rejection.

In [54], coupling mechanism for the ring dielectric resonator loaded six-pole cavity
filter is focused and coupling matrix are obtained by considering the mixed mode

analysis of the dielectric resonator loaded filters using mode matching method.
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2.2.4. E-Plane Filters

E-plane filters are composed of dielectric plates with mostly metalized surfaces put
in the plane of waveguide electric field as shown in Figure 2.23.a. To obtain desired
bandpass filtering response, metallization is employed to form coupled half-
wavelength resonators as shown in Figure 2.23.b. Also, the dielectric substrate can
be removed to get higher Q factor of the filter, then the filter consists of a metallic
sheet put between the two parts of the waveguide [31], as shown in Figure 2.24.a.
By placing two metallic sheets in parallel as shown in Figure 2.24.b, the stopband
rejection can be improved. By changing the distance between metallic sheets and

waveguide walls, the inductive coupling is provided.
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Figure 2.23. E-plane filter (a) filter structure (b) metallization types [31].
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Figure 2.24. E-plane filters with metallic inserts (a) one insert (b) two parallel

inserts [31].
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Also, it possible to control the filter’s electrical response by patterning the E-plane
metal fins using this filtering technology. Standard E-plane rectangular waveguide
filters have narrow stopband characteristic with moderate attenuation. To cope with
such drawbacks, instead of increasing the number of the resonators that is unsuitable
for satellite applications due to bulkiness, periodic E-plane filters are designed with
reactive-loaded rectangular waveguide resonator by means of appropriate obstacles

in form of ridges periodically [55], as shown in Figure 2.25.
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Figure 2.25.Periodically loaded E-plane waveguide filters [55].

In [56] and [57], loaded and unloaded quality factor of the E-plane filter are
calculated for the various shape of the inserted metal and field distribution on metal
is analyzed via EM simulation tools. Also, size reduction effect of the periodically
loaded E-plane filter as shown in Figure 2.26 is investigated and effect of
periodicity on filter characteristic is searched. In a similar work, the authors of [38]

focus on the length reduction of the filter using ridged waveguide sections.

Figure 2.26. Fabricated E-plane resonator in [56].
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Size reduction and the miniaturization of the multiplexer including cavity filters are
of great importance due to the fact that the launch cost of a satellite is
straightforwardly corresponding the aggregate mass of the payload system [3]. Also,
being easy to integrate it to the system is another crucial factor in terms of
compactness. However, works on the miniaturization of the WG filters are rarely
encountered in the literature since standard WGs are used for the filter designs.
Micromachining techniques are mostly applied for the fabrication of the size-

reduced component.

The author of [58] conceives a novel X-band cavity filter by carrying out
micromachining process. It consists of the vertically and horizontally integrated
cavities with shielding silicon wafers. Coupling slots are exploited to interconnect
cavity resonators together with all necessary transitions. Similarly, K-band linear
phase cavity filter is designed using KOH wet etching with silicon wafer in [59].
Length of the coupling slots are determined by using the fourth order polynomials
and EM simulation tools. Coupling coefficients of two cross-coupled cavities are

extracted.

In [60], Ka-band high Q vertically integrated cavity filter is designed as shown in
Figure 2.27 using micromachined coupling layers. Temperature sensitivity of the
filter is investigated using Monte Carlo Analysis. Coupling slots and wafer

dimensions are calculated with numerical calculations and simulations.

B Silicon
Input line B Metal Coupling slot
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laver

N

Orutput line

Figure 2.27. Micromachined cavity filter in [60].
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In [61], design procedure of quartz-loaded waveguide filter in X-band illustrated in
Figure 2.28 is presented with coupling-matrix theory. Inter-resonator coupling
coefficients are extracted and iris aperture sizes are found via coupling matrix
calculation. Also, a new figure of merit is introduced for the comparison of the

compactness and performance of the other filters.
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Figure 2.28. Quartz-loaded WG filter proposed in [61].

After delving prior works and implementations in the literature, a comparison
between the highlighted especially similar ones and this study in terms of some
distinctive features such as quality factor will give an idea about the position and

contribution of this thesis to the literature.

Iris-coupled circular waveguide filter in [41] is of 0.9 % fractional bandwidth and its
Q factor is 110. Correlation between higher modes ought to be well-adjusted to
fulfill the specifications. A narrowband iris—coupled circular waveguide filter in X-
band whose Q factor is 388 and fractional bandwidth is 0.25% is implemented in
[13].

Dual-mode inductively coupled waveguide filter is designed in [16] for the
contiguous channel multiplexer in X-band. Fractional bandwidth is 0.3% and the
quality factor is 305. Since dual-mode operation is used, the filter structure and

multiplexer are far from compactness.
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The loaded quality factor of the dual mode waveguide filter implemented with
standard WR75 in [43] is about 74, fractional bandwidth is 1.35 % for the
operation. Interactions between modes in cavity are used for controlling the filter
response. So, the filter is composed of different-sized resonator sections and this
increases the bulkiness of the structure. Inductively coupled waveguide filter
implemented with standard WR75 in [46] is of single mode operation and 2 %
fractional bandwidth. The Q factor of it is 45. As a wideband filtering example of
the all-inductive waveguide filter, the loaded quality factor of the filter is 5 and
fractional bandwidth is 20% in [45].

In [56], narrowband rectangular waveguide filters with periodically loaded E-plane
metal-fins are assessed in terms of the loaded and unloaded quality factor. Loaded Q
factor is varied from 70 to 140 by changing the meandered distance of the metal
fins. Also, effect of the periodically loading on size reduction is analyzed. But, the
proposed filter structure is very difficult to implement in multiplexers due to the lack

of adjustability and tunability.

Considering the direct coupled filters, whose quality factor is in the range of 360-
370 and fractional bandwidth is 0.3 %, are achieved to conceive in this study quickly
and practically, very stringent filter specifications are rarely seen in the literature.
Circular waveguides are mostly used to meet those requirements. But, they are of

complicated design procedure and bulky structure.

In [14], EM cosimulation technique is proposed for the diplexer together with
waveguide filter design. The proposed method in this thesis is of distinctively
advantageous sides whereas design approach for waveguide filter is similar.
Parameterized full-wave model for inductive septum coupling generated by EM
solver is used for the characterization of the waveguide filter for wideband
applications. Resonator lengths are equally taken as half wavelength. This brings a
geometrical restriction and a handicap for the length reduction purposes and
compactness. Considering the proposed one, resonator lengths may be reduced by

properly adjusting the width and the gap distance of inductive iris. Moreover,
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lumped-element model of the inductive iris is constructed for the whole structure
and parameters are achieved at the end of the fast optimization. It is valid for the

narrowband applications.

In [45], wideband circuit prototype is presented and related derivations and
formulations for the inductive waveguide filters are thoroughly explained. Circuit
prototype is composed of impedance inverters and frequency dependent
transmission lines. In order to achieve desired filtering function, all inverter
constants and some self-defined parameters ought to be calculated and optimized
iteratively. This method is more convenient for the wideband applications. In our
study, it is possible to achieve desired filter response without any need of iteration
cycle. Also, inverter constants are calculated for direct extraction of the initial
dimensions of the irises and resonators by exploiting the analytical design curves in
[62]. Sole important parameter for the characterization is the variation in phase and
amplitude of the S,;. So, the proposed method provides an opportunity to conceive
the miniaturized and inductively-coupled waveguide filter with fast local
optimization using computer-aided design tools. There is no restriction on width,
gap distance of the iris and resonator lengths. Hence, compact and narrowband

waveguide filters may be designed quickly.

2.3. Review of the Prior Studies on Influence of Conductor Surface Roughness
on Microwave Structures

Conductor surface roughness effect may become a significant limiting phenomenon
and have deteriorating impact on power absorption and insertion loss features of the
radio-frequency (RF) structures such as waveguides, microstrip and coaxial lines. It
also brings out major limitations on slow wave structures and RF cavities [63].
Assessment of the power absorption due to the cylindrical defects and bumps on flat
surface is provided in [63]. Scattered fields from cylindrical bumps and trenches on
flat conductor are computed employing higher order integral solutions.

Enhancements factor for power absorption to account for the relation between power

32



absorption and conductor surface roughness was firstly proposed by Morgan in [64].
It can be defined as the ratio of the power dissipation due to eddy currents in rough

conductor and power dissipation in smooth conductor.

Power absorption analysis for the conductor roughness effect is based on the
representation of the surface roughness as periodic structures such as periodic
grooves, hemispheres and snowballs. Power absorption derivation is only valid for
prescribed shape of the roughness [65]. Later, Hammerstad-Jensen modified the
Morgan’s formula by considering only effect of grooves on power absorption as

shown in Figure 2.29

Figure 2.29. Morgan-Jensen model [65].

In [66], conductor surface roughness is modeled as hemispherical discontinuity for
transmission lines. A transmission line modeling methodology based on the three-
dimensional hemispherical approach for accurate prediction of the data response is
proposed. Also, Lukic and Filipovic utilized 3-D modeling approach by simulating
cubic and pyramidal-shaped roughness profiles and derived analytical equations for
correction factor in [67]. Authors of [68] compares the additional power dissipation
in conductor because of the surface roughness with smooth conductor and predicts
the power loss in conductor using generalized impedance boundary condition. They
concludes that conductor surface roughness increases power dissipation drastically
and it ought to be considered meticulously for more accurate design. Also,
frequency-dependent ohmic losses of interconnects in conductor due to the surface
roughness is investigated in [69] and interaction of the incident field with corrugated

conductor surface is analyzed by exploiting asymptotic approach.
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In [70], spherical snowball model for conductor surface roughness is proposed.
Power absorption due to scattering from snowball-shaped nodules on flat surface, as
illustrated in Figure 2.30 is calculated by neglecting second order effects. Magnetic
and electric fields are computed considering power absorption due to those
irregularities. Comparing computed wave losses with measurement results up to 50
GHz, snowball model gives the most accurate and consistent consequences by
taking many parameters such as radius of sphere per hexagonal surface area,
distribution of the nodules and material properties into account [65]. Also, Huray
model with cubic closed-packaging approach is applied for the various numbers of
the equal hemispheres in a certain cross section and shows the validity and accuracy
of the method providing measured and simulated results. Therefore, Huray’s
spherical snowball model for surface roughness is preferred to analyze the effect of

the surface roughness on filtering response in this thesis.

Figure 2.30. Snowball model [65].

The authors of [71] proposes modified Hammerstad correction coefficient with
identification of the surface roughness by means of generalized modal scattering
parameters and propose roughness model for transmission lines. It is concluded that
conductor surface roughness brings about the increment of the reactance of the line

and power dissipation due to the grooves on rough conductor.

In [72], effect of the surface roughness is investigated for stripline by presenting
computational results and specific conductor profiles are analyzed using

Hammerstad-Jensen empirical formula.

Filament model consisting of resistances and mutual inductances for the surface

roughness is proposed in [73]. It is analyzed for pyramid and ellipsoid shaped

34



roughness profiles considering the frequency dependence of the skin effect model.
The surface roughness increases the resistance and inductance of the cross sectional
area of the line and skin effect model is used to calculate the components of the

filament model.

In [74], the impact of the random rough surfaces on power dissipation in conductor
is investigated at microwave frequencies. Numerical approaches such as analytical
perturbation method and method moments using periodic Green’s function are
employed to compute the power absorption ratio of the rough conductor. Influence
of the root means square (RMS) height of the roughness on power loss is analyzed.

The authors of [75] study the impact of the conductor roughness on wave
propagation in parallel plate waveguide. Coherent wave propagation and power
absorption ratio along waveguide is computed using double Sommerfeld integral
and the results are compared with that of several methods. It is illustrated that
coherent wave decaying and power dissipation on rough conductor are much higher
than smooth conductor.

Delving into the studies on modeling conductor surface roughness and waveguide
filter structures, none of them dwells on a design framework for the miniaturized
and narrowband direct-coupled filter by taking surface roughness effect into account
efficiently. Major contribution of this thesis is development and validation of the
systematic design methodology considering conductor roughness effect for compact
and highly selective direct-coupled waveguide filter employing in multiplexer

configurations as channel filter in satellite payload system.
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CHAPTER IlI

CHANNEL FILTER DESIGN

3.1.Generalized Design Methodology

Microwave filter design procedure which is explored in [1] and [13] with all steps of
that generalized approach is given in Figure 3.1 as flow chart diagram. Taking those
into consideration, the waveguide filter design studies are shaped and accomplished.
The explanations of each step for filter design procedure are thoroughly mentioned

as follows:

1.) Determining the desired filter specifications which are usually varied depending
on the requirements of the systems is the first step of the design procedure. The
electrical parameters such as center frequency, insertion loss, bandwidth, return
loss, stop band attenuation are clearly described and possible bottlenecks for the
achievement are evaluated. Also, mechanical requirements are determined
considering the physical constraints of the systems about maximum weight,
volume and length. Generally, a compromise amongst electrical and mechanical
prerequisites should be made for obtaining the physically feasible structure
together with satisfying the requirements [1]. Therefore, physical feasibility,
system requirements and design constraints usually give shape the final filter
specifications. Comparison between different technologies for realization is

presented in Table 3.1.
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Table 3.1.Comparison between different realization technologies [76]

Realization Size Loss Bandwidth | Spurious Power
Technology Handling
Rectangular | medium/large low small medium | very high
Waveguide
Ridge small medium | medium/large | very good high
Waveguide
Circular medium/large low small medium | very high
Waveguide
Coaxial small medium | small/medium good medium
TEM Lines
Planar very small high medium/large good very low
Structure
Dielectric | small/medium | very low very small very poor low
Loaded

2.) The type of filter and fabrication technology should be properly chosen
considering the desired filter response. Butterworth, Chebyshev, Bessel, Quasi-
elliptic, and Elliptic are mostly exploited types of the filter. Chebyshev filter type is
preferred for this study in order to meet sharp skirt response in passband and high

rejection at adjacent channel.

3.) After the selection of the filter topology, synthesis procedure of the ideal circuit
prototype is initiated to determine the lumped elements performing the desired filter
response. On the other hand, some transformations and identities such as Kuroda
identities and transformations from low-pass prototype are indispensible to have

lumped-element features of the filter [1] .

4.) By exploiting the synthesized circuit prototype, the initial dimensions for filter
structure are obtained. One should pay particular attention to the consistency of the
initial filter response with the synthesized circuit response. Because for the
generation of the initial dimensions, the physical dimensions are mapped with

synthesized circuit equivalent by using commensurate network transformations,
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classical formulas or full wave numerical techniques. A hybrid procedure including

full-wave and circuit level characterizations are proposed in the following sections.

5.) After initial dimensions are obtained, full wave optimization procedure is applied
to determine the optimum values for desired filter performance. In order to improve

the filter response, tuning procedure is required to extract final filter dimensions.

6.) Experimental set-up is constructed to compare measurement results with the
expectations. By comparing the electrical performance parameters such as insertion
loss, return loss, bandwidth; some modifications on filter structure can be made

before the final version of it.
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Figure 3.1. Filter design procedure [1]
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3.2. Calculation of the Filter Order

Depending on the filter specifications such as passband ripple, stop band
attenuation, return loss in passband and skirt selectivity, calculation of the relevant
degree of filter is critical for conceiving the efficient filter structure satisfying the
filter requirements. In order to fulfill the filter specifications listed below, the

following calculation method in [77] is carried out.

e Center frequency, f.: 17 GHz = w, = 2nf, = 106.82x10° rad/s

e Lower band-edge frequency, f1:16.977GHz = w; = 2nf; = 106.675x10° rad/s
e Higher band-edge frequency, f,:17.023GHz=>» w, = 2nf, = 106.964x10° rad/s
e 3-dB bandwidth, fsgs: 46 MHz

e 1-dB bandwidth: 40 MHz

e Passband ripple: 0.01 dB

e Desired rejection: 30 dB @ f=17.046 GHz = w = 2nf = 107.10x10° rad/s

Wy = /W1W7

Wo W W
W = <_ _ —> ~ 1.932
(1)2 - (1)1 (1)0 w
—|-1=100932
Wy

where w] is normalized frequency variable and it is always equal to 1.00.

Evaluating the calculated parameters with analytical curves in [77], order of the
filter is determined as eight for satisfying all of the prescribed design specifications
desirably and ideal transmission, reflection responses calculated numerically are

illustrated in Figure 3.2.
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Figure 3.2. Ideal filter response.

3.3. Developing a design framework for miniaturized waveguide channel filter

One of the main goals of this study is to miniaturize the waveguide dimensions to
get rid of the bulkiness of the waveguide while performing the desired filter
characteristics in Ku band. However, some trade-offs between filter response and
waveguide dimensions and also some restrictions are available. So, it is also
intended to determine limitations on the waveguide in order to achieve narrow band
pass filtering response. For that purpose, a systematic and practical design procedure
for direct-coupled waveguide filters are developed with computer—aided
optimization tools and framework is thoroughly described by presenting all findings
and computations.

3.3.1. Design of the Direct-Coupled Waveguide Filter

Direct-coupled filters are mainly composed of waveguide cavities or inductive,
capacitive coupled TEM transmission lines by series capacitance or shunt

inductance [78]. The equivalent circuit of the direct coupled iris waveguide filter,
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shown in Figure 3.3.a, is illustrated in Figure 3.3.b. An iris placed in a waveguide

can be modeled as shunt inductance, assuming that the thickness of the iris is very
small compared to the guided wavelength (ai < 0.011)[62]. A design methodology
g

which provides the direct acquisition of the initial design parameters of the filter is
investigated and hence an efficient and practical one is developed.

Starting from numerical calculations using empirical formulations, design procedure
for direct coupled iris waveguide filter is explained stage by stage and simulation
results are presented accordingly. Also, direct coupled filter structure is divided into
subsections in order to extract the circuit model of the each section and
corresponding circuit equivalent model is achieved. Furthermore, the details about
the proposed optimization procedure for the compact waveguide filter are mentioned

together with numerical results.

Figure 3.3 (a) Direct-coupled filter, (b) equivalent circuit of n section coupled filter.
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The design procedure for the direct-coupled filter is mainly based on three steps:

I.  Determine the Lowpass prototype constants

The design procedure commences with determining ‘g’ values for low pass
prototype of Chebyshev filter specifications, shown in Figure 3.4 . The low pass
prototype ‘g’ parameters calculated as in [62] for desired filter specifications are

written as:

gozl, 91:08072, g2:l4130, g3:17824, g4:16833, g5:18529, 96:16193,
g,=1.5554, g5=0.7333, go=1.1007

Figure 3.4. Low pass prototype with ‘g’ constants.

Analytical transmission and reflection curves for the corresponding band pass
prototype are illustrated in Figure 3.2. Analytical calculations and derivations are

continued on the basis of those relevant LP prototype constants.

Il.  Calculate lengths of the resonators and iris dimensions

Conceiving compact filter geometry is main goal and novel side of this study. The
aim for the miniaturization is to achieve a WG filter whose cross section becomes
considerably reduced such as at least quarter of the WR62 standard waveguide
(a=15.8 mm, b=7.9 mm) employed in payload systems. So, the width and height of
it is adjusted gradually considering that goal by acquiring appropriate cut off

condition of the waveguide. As a result, width and height of the waveguide are
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determined as 10 mm and 3mm, respectively and cross section area of the filter is
reduced to 24% of the standard WR62 filter. It makes the entire payload network
lighter and hence lowers the launching cost which is straightforwardly
corresponding to the overall weight of the system especially for satellite
communication networks [3]. In order to calculate the values of the resonator’s

lengths and iris dimensions analytically, related formulations are derived below.

The characteristic impedance and propagation constant of a waveguide section can
be expressed as in (3.1) and (3.2).

Zep = % = % (3.1)
T[T
p=Z=3i-()7T @2

The characteristic impedance is not significant since all the elements in waveguide
filter are normalized with respect to terminating impedance [49]. So, it can be
neglected for the filter calculations. ABCD matrix of the waveguide section is

written as in (3.3).

cos@  jZ.Sin@

[ABCDluine = [chhsinH cos 6 (3.3)
_ gl =2 _ T
where 6 = Bl = T 7

Length of the waveguide section is taken as [ = /%" for derivations. ABCD matrix

of an iris placed in waveguide and represented as shunt inductor is written as in (3.4)
[62]-[49].

1 0
[ABCD]iris = [_jB'l_g 1] (3.4)
20

The electrical length of the waveguide section is expressed as in (3.5).
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A
¢ =poL (3.5)
9

Assuming that the iris is placed at the midpoint of the waveguide section, ABCD
matrix of the overall section is derived as follows in [78]-[39]:

[A B] :[cosfp/Z ]'sin<P/2] _11 0 [coscp/Z jsing/2
C Dloverau jsing/2 cosg/2 —jB— jsing/2 cos¢/2

2
j sin?  cos?
2 2

¢ @

<p /'lg PP o
] sm— —]B ~CosZ Cosy

coszg si 2(;’+B ‘qsm(gcos ][ZSHI cos ¢yple 2(5]

Ago /190
j 25in2cos? — B2 cos2 2 c0s2€ — sin?2 + B2 sin% cos £
2 2 Ago 2 2 2 Ago 2 2

cos<p+B—sm<p j[sing + B~ 2 2‘5]

0

= (3.6)
] [smgo B~ %9 cos? 2]
go 2
Equating (3.6) with the ABCD matrix and inverter is expressed as in (3.7).
lgo
0 —j—= Ty
[ABCD]inverter = JA (3.7)
g
go

where J is the characteristic admittance when A, = A4

[ABCD] inverter = [ABCD]overall

| —'@] [ & i|si /1_9 in2 T

I 0 ]])lgl_ cos<,o+32)L sin ¢ J sm(p+BAg031n >
J2g J_[ Ag P Ag

[ ] o jlsing B/,lgocos > 22,0
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g

2240

cosp +B sing =0

Hence, ¢, = —tan™! (%) = —tan"1(2X).

Subtracting parameter ‘C’ from parameter ‘B’ of [ABCD] both at left and right hand
side of the matrix, relationship between impedance, admittance inverter and

impedance value of iris is derived as in (3.8), (3.9), (3.10).

] — % =B [sin2 % + cos? g] =B (3.8)

%_ K = % (3.9)
K

x=-5 (3.10)

Taking Zg, into account,(3.10) can be rewritten as(3.11). The direct-coupled filter
can be treated with the impedance inverter concept [78]. Thus, impedance inverter
representation of the iris WG filter with related parameter illustration is shown in
Figure 3.5.

(3.11)

<= (= 4= O, €=~ <+ 0=

1T 1 1T 1 L

d
I Zchl Ze I Zy I Zey I Zey IA

Xo1 Xy XJ J*l
(@)
« 0~ 0, Oy
Kot K1z Kins1
(b)

Figure 3.5. (a) Iris filter scheme, (b) impedance inverter representation of iris filter.
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Considering the existence of the “j+1’ iris sections in waveguide filter as shown in

Figure, the relationship between each irises is expressed as in (3.12).

Kjj+1
X', ir1 7
Lt o Een (3.12)
Zch (K],]+1)
1_ 2
Zch

Electrical and physical lengths between each iris can be calculated from (3.13) and
(3.14), respectively.

2Xi_1i 2X;
0, =m— E [tan‘1 == 4 tan™?! L“] (3.13)
2 Zo Zo

01
L, = 2a (3.14)

2T

At the stage of initial length determination of the filter, the guide wavelengths at two
band edges and center frequency are calculated as: Aq=37.7 mm, Agp»=37.3 mm,

Ag3=37.5 mm.

W, = M;ﬂ = 0.0106 where w, is the guided wavelength fractional bandwidth.
go
Kn,n+1 — Tw) . (315)
Zch 2g9ngn+1w1

Impedance inverter value (K), slope parameter of shunt reactance (X) and electrical
length between each iris (L) are calculated by using (3.10), (3.11), (3.13) and (3.14).
The curves in [62], shown in Figure 3.6, are exploited to determine proper the iris
gap distance ‘d’ values by virtue of calculated parameter values. Iris thickness, t=0.2
mm, are considered as zero thickness. The initial values of each iris widths are
approximately calculated by determining the corresponding points on the curves.
The values of the calculated parameters are listed in Table 3.2. This approach
provides an opportunity to acquire the initial parameters values directly without any
circuit transformations. At the end of the circuit model extraction, filter structure is

quickly optimized and physical parameters are achieved practically.
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Figure 3.6. Circuit parameters of symmetrical inductive iris [62].
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Table 3.2. Calculated design parameters

LP prototype | Value | Reactance | Value (@) | Inverter | Value
constant slope constant
g1 0.8072 Xo1 0.3287 Ko 0.2068
op 1.4130 X12 0.2550 Ky 0.1740
gs3 1.7824 Xos 0.1502 K 0.1171
94 1.6833 Xa4 0.1346 K 0.1073
Js 1.8529 Xas 0.1314 Xss 0.1052
Je6 1.6193 Xss 0.1346 Kse 0.1073
off 1.5554 Xe7 0.1502 K7 0.1171
Js 0.7333 Xzg 0.2550 Kz 0.1740
Jo 1.1007 Xag 0.3287 Ksgg 0.2068

Initial lengths and dimensions, listed in Table 3.3 can calculated easily. Those
provide a good starting point for the faster design of the direct-coupled filter and

physical dimensions are obtained quickly at the end of local optimization process.

Table 3.3.Calculated lengths and distances

Electrical length | Value | Physical length | Value Gap | Value
of resonator (rad) of resonator | (mm) | distance | (mm)

0, 2.61 L, 15.6 d;=dg 55

0, 2.75 L, 16.5 d, 49

03 2.86 L 17.1 ds 4.1

0, 2.88 L, 17.2 d, 5.5

05 2.88 Ls 17.2 ds 3.8

06 2.86 Ls 17.1 ds 4.3

0, 2.76 L, 16.5 d; 4.4

Os 2.61 Lg 15.6 ds 4.8
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I1l.  Simulate the filter structure and optimize the lengths with distances

Direct-coupled filter structure is conceived as the channel filter section of the
multiplexer by tuning the related design parameters, as shown in Figure 3.7. By
virtue of the equivalent circuit models and transformations in [77], tuned circuit
model is firstly optimized to have the channel filter, whose center frequency is 17
GHz, and 1-dB bandwidth is 40 MHz, and then full-wave analysis of it with

optimized lengths is accomplished.

Figure 3.7. View of the direct-coupled filter.

Firstly, the iris filter structure are simulated with analytically calculated parameter
values in Table 3.3 and scattering parameter curves, as shown in Figure 3.8, are
observed without any optimization. Since the iris widths and resonator lengths are
calculated approximately by means of appropriate curves in Figure 3.6 and obtained
values with analytical formulations, fine-tuning and optimization of the parameters
are inevitably necessary for suppressing unwanted responses existing at 17.3 and
17.4 GHz and obtain final filter dimensions with desired filtering response. For this
purpose, the circuit equivalent model for each coupling irises are extracted to
construct direct coupled filter structure. After obtaining the circuit model of the
filter, investigation of the influence of the each resonator lengths and irises on filter
response becomes much easier to fulfill filter specifications. Then, by considering
filter response of the circuit model as initial point for optimization, direct-coupled

filter structure is constructed after fine-tuning of the related parameters.
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Figure 3.8. S-parameters for analytically calculated parameters without optimization

3.3.2. Construction of Circuit Equivalent Model

Frequency response of the cavity bandpass filters are degraded undesirably due to
the frequency dependent characteristic of the coupling iris. In [77] and [62], T
network comprising shunted inductance (L) and two series capacitance (C) lumped
components are presented for the equivalent circuit of the coupling iris.
Furthermore, 7 network comprising two shunted L and series C are proposed in
[79]. In order to match magnitude and phase variations at the frequency response of
the electromagnetic (EM) simulation with that of the circuit model, T- network is
exploited and equivalent circuit model of the direct-coupled filter are constructed. In
order to characterize inductive iris section of the waveguide and determine the shunt
and series reactance in the circuit model shown in Figure 3.9, firstly full wave
response is computed in CST Microwave Studio (MWS) to obtain S parameters.
Secondly, equivalent T-network model is formed in CST Design Studio (DS) and
finally magnitude and phase variation of S,; obtained from full-wave computation
are fitted with that of the circuit model. The procedure is carried out for the channel
filter operating at 17 GHz and consequences and findings are presented in detail for

that single channel.
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Figure 3.9. Inductive iris and its representation as impedance inverter

Effect of the iris aperture width on shunt and series reactance is investigated
thoroughly and corresponding inductance and capacitance values are listed in Table
3.4 as iris thickness is equal to 0.4 mm, 0.6 mm and in Table 3.5 as ‘“t’ is equal to
0.8 mm, 0.9 mm whilst length of WG section is equal to quarter of the guided
wavelength. Inductance variation with respect to changing gap distance is illustrated
in Figure 3.10. Also, amplitude and phase variation of iris section in circuit and full-
wave simulator for various sizes are depicted as Figure 3.11 and Figure 3.12. As iris
thickness is increased, equal inductance decreases due to the fact that length of the
iris surface becomes longer. Hence, the maximum achievable value for the shunt

inductance decreases.
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Figure 3.10. Inductance variation curves with respect to changing gap distance.
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Table 3.4. Effect of iris aperture on circuit parameters for t=0.4 mm and t=0.6 mm

t=0.4 mm t=0.6 mm
d (mm) Lsh (NH) | Coeries (PF) | Lsn (NH) Ceeries (PF)
9.0 40.93 1.69 26.50 0.26
8.5 20.65 1.70 16.12 0.29
8.0 12.14 1.73 10.16 0.30
7.0 5.41 1.81 4.70 0.31
6.0 2.74 1.82 2.38 0.32
5.5 1.97 1.83 1.71 0.32
5.0 1.42 1.83 1.23 0.33
4.0 0.70 1.93 0.60 0.34
3.0 0.29 1.95 0.24 0.34

Table 3.5. Effect of iris aperture on circuit parameters for t=0.8 mm and t=0.9 mm

t=0.8 mm t=0.9 mm
d (mm) Lsh (NH) Coeries (PF)| Lo (NH) Ceeries (PF)
9.0 22.99 0.23 20.26 0.25
8.5 14.03 0.25 12.62 0.26
8.0 8.80 0.25 8.20 0.27
7.0 4.17 0.27 3.86 0.28
6.0 2.12 0.30 1.94 0.30
55 1.52 0.31 1.37 0.30
5.0 1.07 0.32 0.96 0.31
4.0 0.51 0.33 0.44 0.32
3.0 0.19 0.33 0.16 0.32
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In the phase variation of S;;, when‘d’ is taken as 6 mm, 10° phase difference is
observed as shown in Figure 3.12.c whilst iris thickness is larger than 1mm. Hence,
T network model becomes invalid for the thicker iris aperture size. Alternatively, -
network, shown in Figure 3.13, is exploited to achieve better phase agreement and
characterize aperture thickness effect accurately. Better phase agreement is achieved

whilst iris aperture thickness is larger than 1mm by using m-network model, as

shown in Figure 3.14.
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Figure 3.13. Inductive iris and its representation for larger iris thickness.

Effect of the iris aperture thickness on shunt and series reactance is investigated and
corresponding inductance variations are illustrated in Figure 3.15 with respect to
changing gap distance. Also, acquired values are listed in Table 3.6 whilst length of

WG section is equal to quarter of the guided wavelength.
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Figure 3.14. Phase of Sy; as d=6mm and t=1mm in full-wave and circuit level.
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distance.

Table 3.6. Effect of iris aperture on circuit parameters for different thickness values

t=1.2 mm t=1.5 mm t=1.8 mm
d(mm) | Lg(nH) Lseries (NH) | Lsn(nH) Lseries (NH) | Lsh (NH) | Leeries (NH
9.0 45.59 0.11 45.58 0.17 44,72 0.30
8.5 28.69 0.20 26.10 0.47 23.77 0.53
8.0 17.51 0.37 16.38 0.80 15.16 0.87
7.0 8.08 0.70 7.27 1.02 6.62 1.10
6.0 4.16 0.89 3.89 1.50 3.49 1.56
55 3.10 1.14 2.93 1.78 2.65 1.89
5.0 2.26 1.25 2.26 2.20 2.01 2.24
4.0 1.34 1.88 1.26 247 1.13 2.68
3.0 0.70 2.23 0.65 2.93 0.57 3.12
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The circuit model of the channel filter may be shaped by exploiting the T and =«
equivalent of the irises placed in the rectangular cavity in order to optimize and tune
the filter response. The circuit model of the filter, shown in Figure 3.7, is composed
of the hollow waveguide sections whose cut off frequencies are 15 GHz and T and &
model of the irises, as shown in Figure 3.16.a. It is possible to tune L-C component
values with tuning property of CST DS. By observing the effect of the variations of
L-C components on filter characteristic, 3D filter structure can be modified properly
until the desired filter performance is obtained. Optimized filter response is
illustrated in Figure 3.16.b which is of 40 MHz bandwidth, sharp skirt selectivity
and low insertion loss in passband. The lengths of the transmission lines are listed in
Table 3.7. Values of the capacitances in series are given in Table 3.8 whilst those of
the inductances are given in Table 3.9.

Table 3.7. Lengths ( in millimeters) of the transmission lines

Par. ‘ TL1  TL2 TL3 TL4 TLS TL6 TL7 TL8  TL9 TL10

Val. ‘ 6.04 1556 17.14 2033 18.19 17.86 18.10 16.87 18.65 17.93

Table 3.8. Values of the capacitances in series

Parameters C1 C2 C3 C4 C5

Value (pF) ‘ 155 0.74 1.91 1.81 1.00

Table 3.9. Values of the inductances (in nH) in parallel and series

Par. ‘ L, L L, Ls L, Ls Ls; Le Le: L, Ls Ls; Lo

Val. ‘5.26 169 053 451 022 069 459 351 136 332 799 177 3.65
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Figure 3.16. (a) Circuit schematic, (b) filter response of the direct-coupled filter

(Dashed red: results in circuital simulation, solid blue: results in full-wave simulation).

Once certain filter structure is obtained at the end of all steps, it is easier and quicker

to construct the adjacent channels. By scaling the lengths and distances

appropriately with respect to the center frequency, channel filters operating various

bandwidths can be generated efficiently and very fast. In order to inspect the

usefulness of the scaling, the channel filter whose center frequency is 16.954 GHz is

conceived from scratch and passband responses are compared with each other as

shown in Figure 3.17. By exploiting the electrical scaling property of the structure, it

is possible to have a desired filtering response instead of carrying out the design

procedure from scratch with almost the same performance. And, this shows that the

60

P2



channel filter structure obtained from scaling have the optimum filter performance

that can be achieved from scratch.

=== 52,1_design_from_scratch

[ R S — A SER 1 S — S —— $2,1_design_with_scaling

=20 4

(dB)

40 4
50

-5 4

-85 t t t t
165 656 167 e 169

17 7.1 17.2 173 17.4 175
Frequency/GHz

Figure 3.17. Comparison of the passband responses at feq. : 16.954 GHz (dashed
black: passband response of the design from scratch, solid red: passband response

with scaling)

Passband responses of the channel filters at different operating bandwidths after a
quick fine-tuning effort are illustrated in Figure 3.18 and Figure 3.19 . As a result,
narrowband and selective channel filters are conceived to connect the manifold
section of the six-channel contiguous band multiplexer. Numerical values as a result

of the full-wave simulations for design parameters are listed in Table 3.10.
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Figure 3.18. Passband responses of the filters at different center frequencies.
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Figure 3.19. Passband responses of the filters at different center frequencies.
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Table 3.10. Parameter values (in millimeters) for the channel filters

Ch#1 Ch# 2 Ch#3 Ch#4 Ch#5 Ch#6

fomer (GHZ)  16.954  17.000  17.046  17.092  17.138 17.184

L1 15.560 15.189 15.000 14.630  14.536 14.261
L2 16.719 16.306 16.260  16.039  15.708 15.518
L3 19.406 19.133 18.370 18243  18.122 18.095
L4 16.876 16.703 16.375  16.358  16.067 15.866
L5 10.171 10.031 9.751 9.561 9.843 9.624
L6 15.138 15.130 14.856  14.675  14.596 14.330
L7 15.177 15.100 15.010 14.690  14.516 14.347
L8 17.017 16.920 16.900 16.865  16.269 16.078
dl 6.218 6.218 6.210 6.417 6.313 6.154
d2 4.068 4.289 4.413 4.089 4.017 4.077
d3 7.861 7.230 7.050 6.664 7.160 7.790
d4 2.371 2.314 2.372 2.278 2.526 2.290
d5 5.761 5.700 5.810 5.581 5.645 5.701
dé 5.566 5.421 5.361 5.417 5.350 5.450
d7 5.170 5.000 5.000 5.109 5.002 4.999
ds 5.899 5.696 5.826 5.658 5.981 5.701
do 5.807 5.754 5.794 5.517 5.739 5.688
tl 1.153 2.396 2.386 2.210 2.396 2.390
t2 0.405 0.400 0.400 0.400 0.400 0.401
t3 0.475 0.450 0.450 0.400 0.450 0.451
t4 0.452 0.400 0.400 0.400 0.400 0.400
5] 1.137 1.111 1.210 0.965 0.400 1.109
6 2.858 2.557 2.557 2.896 2.557 2.625
t7 0.413 0.400 0.400 0.407 0.400 0.400
t8 1.499 1.377 1.047 1.002 1.377 1.362
t9 0.426 0.400 0.400 0.731 0.400 0.402
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CHAPTER IV

MANIFOLD-COUPLED MULTIPLEXER DESIGN

4.1. Multiplexer Design Studies with the Analysis of Various Approaches

Different design methodologies are investigated and example multiplexer structures
are conceived for the illustration. Also, a systematic framework for the design of the
contiguous band multiplexer is developed and each stage of the design procedure is

thoroughly performed with related information and consequences.

4.1.1. Design of the Manifold via Short-Circuited Method

The manifold-coupled multiplexing, shown in Figure 4.1 is considered as the
optimum approach as far as insertion loss and compactness are concerned. The
utilization of the manifold structure interconnecting the channel filter is of great
importance for the improvement of the multiplexer performance [4]. In manifold
structure, transmission line is short-circuited at one end and the other end is the
common port. The connection the channel filters to the manifold line is set through
E or H-plane T-junctions. The length between channel filters and the one between
each channel filters to manifold junction should be determined meticulously in order
to compensate for the channel interaction effects and mismatching effects for

individual channels [28].
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Figure 4.1.Manifold-coupled multiplexer.

The manifold body also brings an extra reflection zero into the passband of the
multiplexer due to the resonant behavior of the E or H-plane T-junction [28], [30].
For a multiplexer design, the manifold with H-plane T-junction is analyzed and

waveguide triplexer employing H-plane T-junctions is conceived.

4.1.1.1. Analysis of Waveguide T- Junctions

The waveguide T-junctions can be modeled as a combination of the series or shunt
transmission line sections. The equivalent circuit of H-plane T-junction is two short-
circuited waveguide in parallel whilst that of E-plane T-junction is two short-

circuited waveguide in series, as illustrated in Figure 4.2.

Zy Zn l

(a) (b)

Figure 4.2.(a) Parallel connection, (b) series connection of two short-circuited
waveguide [28].
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Considering equivalent circuit of the H-plane T-junction in Figure 4.2.a, the

impedance seen at common port can be expressed as:

Z, =(jZ,tanA,) I(jZ,tan Al,) (4.1)
where Z, is the characteristic impedance, f is the propagation constant, |, and I, are
the waveguide lengths, respectively. At resonance, Yi,=0 or I, +1, =k4, /2, where
k=1,2,3... and A, is the guided wavelength. The reflection coefficient at common

port can be calculated as [30]:

SM:|SM|L¢: Zin—=Zo _ J:tanﬁl1 tan A, — (tan A1, +tan gl,) 4.2)
Z.+Z, jtangl tanpfl +(tanpgl, +tanfl,)

—_ 4 (tlan Bl +tanply) | 1

¢ = —2cot ( an A tan A, j_ 2cot ™ ((cot A, +cot A1) (4.3)

The group delay z can be calculated as:
T= o (4.4)

Let y=(cot Al, +cot Al,) and z(f) is expressed as:

_-0QcotTy) 1 1 o (4.5)

f
(" ow rl+y? of

While y=0 at resonance, it corresponds to group delay at the center frequency [28].

A
Since A, =% and 4, =AO/ l—(zgj.

Eqn. (4.5) can be written as:

- = 2762,
e B e (4.6)
ow z\sin“pAl, sin“pA,) ¢
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At resonance frequency, I, +1, =kA4,/2 or B(l, +1,) =kz . Depending on the “k”

values, the cases can be expressed as:
Ifkisodd, Al, =7+6 and A, =kz— Al,.
Ifkiseven, A, =kz/2+6 and A, =kz—-6.
(4.6) can be simplified as [30]:

T( fo) :M (47)
c?sin® @

The coupling value R can be expressed as [28]:

2 1

R= @) () 9

where BW is the channel filter bandwidth. Once the required coupling value or
group delay value together with resonance frequency, it is possible to find out the

short-circuited waveguide lengthl, .

4.1.1.2. Manifold Design Steps

Three-channel contiguous band multiplexer is composed of narrowband channel
filters whose center frequencies are 16.954 GHz, 17 GHz, 17.046 GHz, respectively,
each with 40 MHz 1-dB bandwidth. The manifold design steps can be summarized
as mentioned in [28], [29]:

1) In order to have good initial values for the lengths of manifold , all channel
filters are replaced with short circuits in manifold structure, as shown in Figure
4.3.a, due to the fact that they act as short circuit in their out of bands. The
lengths between channel filters and the lengths between each channel filters to
manifold body are optimized to adjust group delay in the passband of each
channel filters by using the circuit model in CST DS. The group delay response
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of the common port after optimization process is shown in Figure 4.3.b. Three

resonances at channel filters’ center frequencies are clearly observed.

PORT 1

50

45 1

40
35
30
25

Time/ ns

20
15

10 4

L1 Los Lsc

6.5 &6 6.7 6.8 1569 17 17.1 17.2 173 174 175

Frequency/GHz

(b)

Figure 4.3. (a) Three-channel multiplexer with short circuits (b) Group delay
response of the common port with short circuits for three-channel multiplexer.

2) After checking the physical realizibility of computed lengths, channel filters are

inserted into the manifold.

3) All distances between channel filters and the channel filters to manifold are

optimized to achive desired multiplexer specifications after replacing the short

circuits with channel filters as illustrated in Figure 4.4.a. Common port return

loss and transmision characteristics of each channel are shown in Figure 4.4.b,c.

After optimization of the distances, they are computed as: L3,=36.43 mm,
L23=16.3 mm, Lsc=21.6 mm, C;=16.1 mm, C,=16.8 mm, C;=24.6 mm.
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The common port reflection gets worse at some frequencies and that mismatching
deteriorates the passband flatness of the channel filters. Still, multiplexing with H-

plane manifold seems to be a good candidate for the design when the common port

mismatching effect is vanished.
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~—__ 4
o 40
z
50+
60 4
=70+
-30 ; t+ e t+ t t t ; +
6.5 6.6 6.7 16.8 16.9 17 17.1 17.2 173 17.4 17.5
Frequency/GHz
-
i)
o -
N

17

Frequency/GHz

(©)

Figure 4.4. (a) View of three-band contagious band multiplexer, (b) S-parameter
results for the contiguous band MUX, (c) Transmission characteristic of each band.
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This method is based on the observation of the group delay response at channels’
center frequencies and the assumption of the short-circuited out of band response of
the channel filters. For an illustration of the method, a waveguide triplexer is
conceived step by step. However, multiplexer design may be too complex and
cumbersome for the multi-channel implementations since the adjusting the group
delay at certain frequencies may become very difficult. Also, derivations for

forming the coupling matrix are necessary.

4.1.2. Design of the Manifold with E-plane T-junctions

Multi-furcated E-plane dividers are commonly employed for contiguous band
multiplexer design since they are of wideband and low insertion loss characteristics
and enable the design of very compact multiplexer [22]. The quadri-furcated E-plane
divider is investigated and designed to construct compact and low-loss multiplexer
network with four contagious channels. Two different multiplexer structures with
furcated E-plane divider are simulated and checked out whether desired electrical

requirements can be fulfilled or not.

4.1.2.1. Modified E-plane Manifold Design

A design framework for the contiguous band E-plane manifold design is
investigated to multiplex channel filters with minimum degradation on insertion loss
and passband characteristics. For that purpose, triple band multiplexer with E-plane
manifold structure is firstly designed, as shown in Figure 4.5.a. Since the full wave
response of the channel filters have been calculated before, they are replaced by
transmission and reflection coefficients and full-wave response of the multiplexer
are optimized by tuning parameters of the E-plane manifold in CST DS, as depicted
in Figure 4.5.b. This drastically reduces the computational effort to obtain length

parameters [9]. Transmission and reflection responses are shown in Figure 4.5.c.
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Figure 4.5. (a) Modified E-plane manifold, (b) Triple band multiplexer with filter-
loaded manifold, (c) Transmission and reflection response

In multiplexer structure, the central frequencies for the channel filters CF#1, CF#2
and CF#3 are 16.954 GHz, 17 GHz and 17.046 GHz, respectively. All channels are
of 40 MHz 1 dB bandwidth. Return loss at common port is above 10-dB. The
contiguous band multiplexing can be performed by using some ridges at manifold
arms to adjust the reactive loading effects of the adjacent channels without extra
short-circuited section. Similarly, another triplexer structure is designed as shown in

Figure 4.6. Common port return loss and passband transmission response of the
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triplexer is illustrated in Figure 4.6.c. The central frequencies for the channel filters
CF#4, CF#5 and CF#6 are 17.092 GHz, 17.138 GHz and 17.184 GHz, respectively.
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Frequency/GHz
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Figure 4.6. (a) Modified E-plane manifold, (b) Triple band multiplexer with filter-
loaded manifold, (c) Transmission and reflection response

17.2 173 17.4

As number of the channels is increased, the structure becomes too complex and

difficult to handle computationally. Hence, developing a systematic procedure for
the multiplexer design is extremely hard and impractical.
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4.2. Development of Design Framework for the Contiguous Band Multiplexer

Novel design procedure is introduced for the design of H-plane contiguous band
manifold-coupled multiplexer using optimization tools. A systematic methodology
is based on the design of channel filters using circuit model extraction and H-plane
manifold network with optimization process. The multiplexer is firstly analyzed in
circuit level using a circuit-based solver and relevant lengths between channel filters
and the lengths between each channel filters to manifold junction are determined
meticulously to compensate for the channel interaction effects and mismatching
effects for individual channels. Then, full-wave model is constructed and simulated
using corresponding length values. This method has been applied for the design of
six-channel contagious band waveguide multiplexer. The achieved results obviously

indicate the efficiency and validity of the proposed method.

4.2.1. Design Procedure of the H-Plane Manifold Coupled Multiplexer

The channel filters may be multiplexed into the manifold through H-plane T-
junctions. The channel filters are arranged in ascending order of center frequency
from the short-circuited end. Rather than simulating the entire multiplexer structure
in a full-wave simulator, discrete components are separated from the structure and
each one is computed and performed individually [14]. For illustration of the design
procedure, a six-channel multiplexer, operating in 16.95-17.18 GHz having eight-
pole channel filters of 40 MHz 1-dB bandwidth spaced 46 MHz between each other
has been conceived step by step. In order to obtain distance between channel filters
and distance between each channel filters to manifold junction, as shown in Figure
4.7, a systematic design procedure is developed. It is mainly based on three steps.
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Filter 6 Filter 5 Filter 4 Filter 3 Filter 2 Filter 1

Figure 4.7. Layout of six-channel H-plane manifold

Step 1. The multiplexer network is designed using ideal transmission lines, H-plane
T-junctions and channel filter blocks in circuit-based simulator as shown in Figure
4.8.

Circuit model Circuit model Circuit model Circuit model Circuit model C|rcg|t model
T junction T junction T junction T junction T junction T junction

EM model EM model EM model EM model EM model EM model
Channel Channel Channel Channel Channel Channel
Filter#6 Filter#5 Filter#4 Filter#3 Filter#2 Filter#1
0 0 o 0 0 0 0o 0 0 & 6 o
CH#6 CH#5 CH#4 CH#3 CH#2 CH#1

Figure 4.8. Circuit model of multiplexer with ideal transmission lines

As an initial point of the design, length between channel filters and length between
each channel filter to manifold junction are taken as half of the guided wavelength
[4]. It is assumed that the connection of the filters is of considerable influence on the
field within the manifold in small input coupling cases. However, the coupling irises

have a stronger effect in manifold field distribution.

As seen in Figure 4.9.a, optimal values of the manifold lengths should be determined
to couple the required energy to the channel filters. For the efficient and faster
optimization, all parameters are taken into consideration simultaneously in circuit

level which takes shorter computation time compared to full-wave one and the
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optimal values are computed for the circuit model. After parameter optimization
process, channel transmission of the multiplexer is illustrated in Figure 4.9.b.
Desired channel transmission performance is observed except small discrepancies
and ripples in passband. Isolation between adjacent channels is above 25 dB at

adjacent channel’s center frequency.

(dB)

(dB)

7 171 17.2 17.3 17.4
Frequency/GHz

_ . ®

Figure 4.9. Channel transmission for the circuit model of MUX (a) before, (b) after

optimization process.
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Step 2. Ideal transmission lines and H-plane T-junctions are replaced with full wave

equivalent blocks, as shown in Figure 4.10, obtained from full-wave simulator.
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When model with equivalent blocks is placed, each block is individually simulated

in full-wave solver, and S parameter blocks are interacted with each other in circuit-

based solver. Simulation run-time and computer effort are reduced drastically in

comparison with single full-wave simulation. Whilst full-wave simulation takes

nearly two hours, circuit-based simulation takes about ten minutes.

EM model

T junction

EM model
T junction

EM model
T junction

EM model
T junction

EM model
T junction

EM model
T junction

EM model EM model EM model EM model EM model EM model
Channel Channel Channel Channel Channel Channel
Filter#6 Filter#5 Filter#4 Filter#3 Filter#2 Filter#1
0 0 o 0 0 0 o 0 0 0 )
CH#6 CH#5 CH#4 CH#3 CH#2 CH#1

Figure 4.10. Circuit model of multiplexer with full-wave equivalent blocks.

The channel transmission of the six-channel contiguous band multiplexer is

illustrated in Figure 4.11 after the optimization process by exploiting efficient

numerical optimization tools.
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Figure 4.11. Channel transmission of the MUX with full-wave equivalent blocks.
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Step 3. Length values acquired from circuital optimization procedure provides a
good initial point while conceiving actual full-wave structure of the multiplexer. 3-D
view of the six-channel multiplexer is illustrated in Figure 4.12. In order to
compensate for the inter-channel reactive loading effects, metal posts are placed at
the input of the channels and loading effect of H-plane T- junctions is tuned by
inserting the reactive tuning elements. Hence, desired multiplexer response is

achieved with lower common port return loss.

CH1

CH4

CHe CH>S

Figure 4.12. Three-dimensional view of six-channel multiplexer.

In order to remove the discrepancies in full-wave design, final fine-tuning process is
required to get the desired multiplexer response, as shown in Figure 4.13.a. Channel
to channel isolation is above 25 dB, return loss is about 10 dB nearly whole band
with 0.8 dB passband ripples, as shown in Figure 4.13.b which is of curves of

passband responses of the channels with more detail.
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Figure 4.13. (a) Channel transmission of the multiplexer, (b) passband of the
channels.

Corresponding physical dimensions of the manifold junction after the optimization
of the circuit model, hybrid circuit-EM model and full-wave model are given in
Table 4.1 and Table 4.2. Parameter values are in good agreement with each other as

expected except small differences for some parameters.

Table 4.1. Gap distance values (in millimeters) for H-plane manifold

w1 W2 W3 W4 W5 W6
Circuit 19.02 2129 26.11 2499 2193 21.57

Hybrid 19.24 2173 2417 2399 25.88 21.93
Full-wave | 16.10 21.47 25.60 2449 27.16 24.87
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Table 4.2. Resonator length values (in millimeters) for H-plane manifold

L12 L23 L34 L45 L56  Lsc
Circuit 13.69 1111 1331 1537 10.06 7.60

Hybrid 17.84 1210 1213 1247 1261 8.30
Full-wave | 17.37 15.15 12,60 1049 1190 7.69

Bandwidth of the channel filters for the prescribed and achieved designs are listed in
Table 4.3. Though bandwidth deviations are observed, desired filtering and rejection

operations are performed for the implementation.

Table 4.3. Channel performances of the multiplexer

Channel Prescribed BW, <1 g5 Achieved BW, <1 a8
Numbers Specifications Specifications
#1 16.934-16.974 16.933-16.975
(40 MHz) (42 MHz)
#2 16.980-17.020 16.981-17.019
(40 MHz) (38 MHz)
#3 17.026-17.066 17.028-17.069
(40 MHz) (41 MHz)
#4 17.072-17.112 17.074-17.114
(40 MHz) (40 MHz)
#5 17.118-17.158 17.122-17.159
(40 MHz) (37 MHz2)
#6 17.166-17.206 17.169-17.209
(40 MHz) (40 MHz)
Ch. to ch.
isolation (dB) >25 >25

During the optimization process, 12 variables are involved in intensive computation
simultaneously. Furthermore, the first three inductive iris elements of each filter is

optimized sequentially for the improvement of the multiplexer’s response in each
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channel. They are of well consistency with each other except small differences due
to the effect of H-plane T-junction, and also different from half of the guided
wavelength since there exists unknown loading effects of the input irises on the
adjacent transmission lines [16]. Input coupling irises have stronger effect along the
manifold. Because of that, it is needed to optimize the distances between channel
filters and manifold junctions meticulously. Otherwise, the required coupling energy
may not be achieved for the channel filters [11]. Furthermore, contiguous band six-
channel multiplexer employing standard WR75 waveguide (a=19.05mm,
b=9.525mm) are implemented in X-band so as to inspect the validity and
adaptability of the proposed design methodology. For that purpose, a six-channel
waveguide multiplexer which is operating in 11-12 GHz having five-pole channel
filters of 80 MHz 1-dB bandwidth spaced 160 MHz between each other is designed
as illustrated in Figure 4.14.

CH#5

Figure 4.14. Three-dimensional view of six-channel multiplexer in X-band.

Starting from the synthesis of the channel filters, six-channel contiguous band
multiplexer is constructed by applying the proposed design methodology. Tuned
circuit model is firstly conceived for the channel filter whose center frequency is
11.32 GHz and 1-dB bandwidth 80 MHz and then full-wave simulation with
obtained lengths are run. Scattering parameter curves of the filter for the circuital
and full-wave computations are illustrated in Figure 4.15. Both results are well-

consistent with each other. Also, all design parameters are listed in Table 4.4.
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Figure 4.15. Transmission and reflection response of the filter.

Table 4.4. Parameter values (in millimeters) for the six fifth-order channel filter

Ch#1 Ch#2 Ch#3 Ch# 4 Ch#5 Ch#6

feenter 11.0GHz 1116 GHz 11.32GHz 1148 GHz 11.64 GHz 11.80 GHz

L1 13.911 13.855 13.759 13.495 10.844 10.577
L2 16.130 15.900 15.850 15.413 12.769 12.432
L3 19.537 18.827 17.880 17.375 12.340 11.936
L4 18.078 17.646 17.144 16.720 16.413 16.074
L5 18.289 17.862 17.357 16.947 16.527 16.100
dl 10.865 11.034 10.731 10.348 8.499 8.439
d2 12.796 12.325 11.965 11.649 9.379 9.282
d3 9.150 8.716 8.670 8.602 6.393 6.044
d4 8.050 7.850 7.836 7.630 6.108 5.808
d5 3.250 3.250 3.322 3.234 2.941 2.913
dé 6.570 6.269 6.186 5.944 5.922 6.011
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Transmission responses of each channel are illustrated in Figure 4.16 at the end of
the Stepl. Desired multiplexing scheme is achieved by using ideal component in

circuit model.

116 113 12 121

pIvE:] 11 11,2

11.4
Frequency/GHz

Figure 4.16. Channel transmission of the multiplexer (Stepl).

At the end of the Step2, ideal models are replaced with the full-wave ones and
passband response of the multiplexer is illustrated in Figure 4.17. Small changes

occur comparing with the circuit models.
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Figure 4.17. Channel transmission of the multiplexer (Step2).
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At the end of the Step3, transmission responses of each channel are illustrated in
Figure 4.17. Since interaction effects between channel filters are in higher level in

comparison with the miniaturized one, the performance of the second and fourth

channels are deteriorated and ripples in passband increases.

1.6

11“4
Frequency/GHz
Figure 4.18. Channel transmission of the multiplexer (Step3).

Table 4.5. Gap distance values (in millimeters) for H-plane manifold

w1 W2 W3 W4 WS W6
Circuit 2451 531 2338 7.47 2485 23.77

Hybrid 2475 546 2436 942 24.07 24.98
Full-wave | 26.37 650 2550 8.81 26.51 26.52

Table 4.6. Resonator length values (in millimeters) for H-plane manifold

L12 L23 L34 L45 L56  Lsc
Circuit 1452 23.69 1142 2051 865 941

Hybrid 14.74 2581 8.74 24.16 7.42 8.60
Full-wave 15.19 2695 6.21 25.25 6.32 8.37
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CHAPTER V

ANALYSIS OF THE SURFACE ROUGHNESS EFFECT ON
FILTERING PERFORMANCE AND EXPERIMENTAL
ACTIVITIES

The surface roughness effect on narrowband and highly-selective waveguide filters
are analyzed and consequences, achievements are presented comprehensively
together with realization procedure and experimental results of the channel filter in
this section. A novel design procedure involving the surface roughness effect is
explained with full wave and circuit level modeling analysis of the roughness effect.
Also, surface roughness profile of the waveguide filter walls are measured via
surface profilemeter and design procedure is modified properly by taking it into
account. Computed and measured scattering parameter results are compared with
each other. The scattering parameters of a two-port waveguide filter is measured
with the network analyzer in which senses the incident and reflected waves at all
ports by carrying out the Thru-Reflect-Line (TRL) calibration. Defining the correct
reference plane is extremely crucial for the measurement accuracy and deleterious
effects of the transitions and cable sections on the performance of filter under test
(FUT) must be removed by characterizing the appropriate standards for the
measurement [80]. The TRL calibration is mostly preferred for two-port calibration

so as to exclude systematic effects and measure the S-parameters of the FUT solely.
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5.1. TRL Calibration Procedure

TRL calibration procedure is illustrated in Figure 5.1 with all stages of it. R1 and R2
denote the reference planes of the FUT whilst P1 and P2 denote the measurement
planes in Figure 5.1.a. The properties of the Thru-Reflect-Line standards can be

summarized as follows [80]:

e Thru is of zero lengths and generally achieved by connection of two error
boxes directly, as shown in Figure 5.1.b. For the case of its non-zero length,
it must be of different length from Line.

e For the Reflect standard, it can be used any appropriate element having high
reflector property, as shown in Figure 5.1.c.

e Line must have the same characteristic impedance and propagation constant
with the Thru standard, as shown in Figure 5.1.d. For the sake of more
accurate measurement, the length of the line is chosen within quarter of the
wavelength. There must the phase difference between Line and Thru ranging
from 20° to 160°. For wideband measurements, it entails different line

lengths to fulfill that phase requirements.
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Figure 5.1. TRL calibration procedure (a) Error model with DUT for TRL
calibration, (b) Thru connection, (c) Reflect connection, (d) Line connection
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In order to achieve the FUT performance, shown in Figure 5.1.a, error boxes defined
at both sides of the FUT are characterized and error-corrected results are acquired at
the end of excluding error inclusions [81]. The S-parameter matrices of Thru [S],
Reflect [S7] and Line [S"] are written and related parameters are defined as follows:

SL

SR — S5 sz]

- R R
521 522

_[S1a sz]

ST — [S}wl S:'lTZ:l —
S5 S22

S31 Sz
Considering the signal flow graph of the Line, each matrix element of the [S'], [ST]

and [S"] can be obtained as follows:

5122 1—‘L

SR =S1+——
11 UTT ST,

S2,SET e %k
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2 1 -yl
Siole v
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Where y represents propagation constant, | and I; are lengths of Line and Thru. [S]
matrix is obtained by solving these five equations simultaneous and [S] matrix is

completely known.

S = Sll 512]

521 SZZ

Once S-parameters of error boxes are known, it is possible to have the S-parameters
of the FUT by applying straightforward matrix operations after measuring the S-

parameter at P1 and P2 point in Figure 5.1.a.
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5.2. Analysis of the Surface Roughness Effect with Realization and
Measurement of the Channel Filter

The channel filter was fabricated in aluminum with smooth transition sections at
input and output of the filter so as to mate with the standard WR62 adapter (a=15.8
mm, b=7.9 mm) for the ease of measurement, as illustrated in Figure 5.2.a. Vertical-
cut view of it, whose total length is 130mm, is also illustrated in Figure 5.2.b. TRL
(Thru, Reflect, Line) calibrated measurement setup for the S-parameters of the filter
is also shown in Figure 5.2.c. Measured and computed S-parameters for the filter are
illustrated in Figure 5.3. Taking the measurement results into consideration, 23 MHz
shift in frequency is encountered together with 4.2 dB insertion loss, which is
unexpectedly high in comparison with simulation result while trend of the channel
bandwidth and skirt selectivity is in good agreement with each other. Due to the
long fabrication duration since it entails sensitive milling process, theoretical
reasons for the unexpected shift in measurement is investigated considering that this
case is stemming from fabrication imperfections and irregularities on conductor
surfaces. In order to understand the discrepancy and account for the reason why
insertion loss of measured filter is much higher than expected one, effect of the
surface roughness of the waveguide walls on filtering performance is analyzed by
applying Huray’s approximation for the surface roughness based on hemispherical
snowball model for the channel filter. Furthermore, a new circuit equivalent for the
representation of the surface roughness of the narrowband waveguide filters is

developed.
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Figure 5.2.(a) Perspective, (b) Vertical-cut view of the fabricated channel filter,

(c) Mlustration of TRL measurement setup with fabricated filter.
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Figure 5.3. Measured and simulated S-parameters for the channel filter.

Influence of the rough surface on power absorption at microwave frequencies is
evaluated and explanatory formulizations are presented for the Huray approach in
[82]-[83]. It assumes that surface roughness may be characterized as spherical
snowballs on flat conductor surface and it increases power absorption, insertion loss
considerably compared to the smooth surface case. Analytical model formulation for

surface roughness is derived as follows in (5.1) [82].

2
Psmooth 2 1 Anex ai 2a,

H ougn(T) = Frougn =1+§Zn: N, 473/ .[1+ o) ol )2} (5.1)

Prough 1S power loss for Anex, area of rough surface, Psmoon i power loss for ideal
smooth surface and & is skin depth. Huray model states that there may be n spherical

bumps and N; spheres whose radius is a; in each rough area Apex.
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Approximate calculation of the correction factor for the power loss due to the

spherical nodules (Ksg) is expressed as (5.2) [82] :

KSR(f)z1+84|:ﬂr2 }{u 5(f)+5(f)2} (5.2)

2
flat a; 23,

Stack-up snowball model for the surface roughness is illustrated in Figure 5.4.

Figure 5.4. Snowball model for surface irregularities in cross section [65].

Moreover, the spherical nodules on flat conductor surface increase the reactance of
the structure and causes drastic deterioration on passband response [71]. Therefore,
Rrough, representing the cause of power loss, and Lougn, representing the cause of the
reactance increment, are inserted into the circuit model of the channel filter and
compound conductor walls including Huray model are superseded with smooth

ones, as illustrated in Figure 5.5.a.
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Figure 5.5. (a) Cut-view of the channel filter with rough surfaces, (b) circuit
schematic of the channel filter including Ryough and Lrough.

Effect of the surface roughness on single channel performance is investigated by
changing the radius of the spherical snowballs in hexagonal cross section using
macros tool in CST MWS for Huray roughness model. In circuit model of smooth
filter as given in Figure 5.5.b, Rrougn, representing power loss and Lyougn, representing
reactive component are inserted and corresponding Ryough-Lrough Values are
determined by comparing the transmission and reflection curves in circuit level
computation via CST DS with the full-wave one. Considering the surface roughness
effect causing frequency shift and degradation in measured transmission
characteristic, it is concentrated on improving the filter response by re-adjusting the
design parameters such as resonator lengths and iris gap distances with the existence
of surface roughness values determined. As radius of the sphere is 0.5um, Ryough and
Lrough are determined as 2.2ohm and 27pH, as shown in Figure 5.6.a. As radius of
the sphere is 1um, Riugh and Lrugn are determined as 2.50hm and 40pH,
respectively, as shown in Figure 5.6.b. As radius of the sphere is 2um, Ryough IS
3.9ohm and Lyougn is 47pH, as illustrated in Figure 5.6.c. It is obviously seen that

they are in good agreement with each other.
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Figure 5.6. Transmission and rejection characteristics of the channel filter in circuit
level and full-wave simulator for (a) radius of spherical roughness: 0.5um, (b) radius
of spherical roughnes:1um, (c) radius of spherical roughness: 2um
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The filter response is firstly optimized in circuit level and then by exploiting

determined parameters giving optimum results full-wave response is computed.

Then, gap distances, iris thicknesses and resonator lengths are fine-tuned as

Rrough=2.670hm and Lough= 43 pH, as shown in Figure 5.7.a. Optimized results are

illustrated in Figure 5.7.b. Insertion loss in passband of the filter is obtained as 2.35

dB and 23 MHz shift in center frequency is vanished by adjusting the center

frequency as 17 GHz.
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Optimized transmission and rejection characteristics of the channel filter in circuit
level and full-wave EM simulation in the existence of surface roughness
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Considering measured surface roughness values listed in Table 5.1, it is clearly seen
that determined surface roughness value is very close to roughness profile

measurements of the conductor surface.

Table 5.1. Measured surface roughness values at randomly selected points on walls

Measured Surface Roughness Values (in xm) at Random Points
WALLS Point#1 Point#2 Point#3 Point#4 | Point#5| Point#6
Top 1.25 1.35 1.30 1.55 1.44 1.38
Bottom 1.19 1.27 1.28 1.39 1.42 1.27
Left Side 0.79 0.88 0.92 0.44 0.45 0.48
Right Side 0.77 0.38 0.84 0.42 0.39 0.47

In order to illustrate the validity of the design procedure involving surface roughness
effect, one more channel filter is conceived and realized by applying the proposed
design procedure. First of all, surface roughness profile of the conductor surface of
the material is measured as shown in Figure 5.8 and sphere radius for the spherical
nodules on conductor surface is taken as 0.5um at design stage. Resonator lengths
and gap distances of the iris are optimized with respect to this roughness value
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Figure 5.8. Measured Surface roughness profile of the material
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Measured and simulated filter responses are in good agreement with each other, as
shown in Figure 5.9. Measured insertion loss in passband is about 2.6 dB and return

loss curve is below 10 dB level.
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Figure 5.9. Transmission and reflection response of the channel filter

In order to characterize the effect of the sphere radius of the spherical nodules on
conductor surface, corresponding exponential expression to the variation of the
computed insertion in passband is investigated. For that purpose, curve-fitted

—sphere radius

exponential equation is defined as y = A+ Be~ ¢ where sphere radius is
the RMS value for the radius of the spherical nodules on conductor surface and A,
B, C are constant. Sphere radius varies between 0 and 3um and corresponding
values for those constants are determined as: A=0.485, B=0.394, C=0.426.
Computed and fitted curves for the insertion in passband of the optimized channel

filter are shown in Figure 5.10.
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Figure 5.10. Computed and fitted insertion in passband of the filter.

Taking the surface roughness into account, stages of the design procedure for the

channel filter can be summarized as follows:

1)

2)

3)

Determine the surface roughness constant of the fabricated filter structure by

analyzing the deteriorated measurement results.

Investigate the surface roughness values by inserting roughness resistance
(Rrougn) and inductance (Lougn) in circuit schematic and apply Huray’s
snowball approximation of surface roughness for all walls of the waveguide
filter in full-wave simulation environment simultaneously. Find out Rrougn
and Lyugnh Values for corresponding radius of spherically-rough surface in

three-dimensional (3-D) filter structure.

After determining Ryough and Lrough Values, insert only Lyougn into the ideal
circuit model and re-achieve the ideal filter response at beginning by

exploiting local optimization and search algorithms.

98



4) After optimizing the parameter values in existence of Lyoygn, it is possible to
construct 3-D filter structure and achieve desired filtering response by taking

the surface roughness effect into account.

5) Fine-tune the resonator lengths, gap distances and iris thicknesses in 3-D

full-wave model for optimum filter performance.

6) Realize fine-tuned channel filter structure and check filtering characteristics.

99



100



CHAPTER VI

CONCLUSIONS

This study focuses on accomplishing a deep literature survey on the waveguide
filters, multiplexer configurations, conductor surface roughness effect and
developing a systematic design procedure for miniaturized waveguide filter and
multiplexers, modifying the design procedure involved in the influence of the
surface roughness on filtering response. One chapter of this thesis addresses the
prior and similar works in the literature includes comprehensive evaluations and
assessments on them whilst the following two chapters undertake the systematic
design procedure for the channel filter and multiplexer. Also, analysis of the surface
roughness effect on filtering response and realization together with measurement

activities are presented in one chapter of this thesis.

In Chapter 3, generalized design methodology is examined and versatile assessment
of the various realization techniques is presented. Starting from the determination
and calculation of the filter order, the procedure for the design of the narrowband,
miniaturized and direct-coupled waveguide filter is mentioned thoroughly. Also, all
derivations and simulation results both in full-wave and circuit level are illustrated

with explanatory tables and curves.

In Chapter 4, multiplexer design studies using various approaches in literature are
examined and a computer-aided design methodology for compact frequency
multiplexer is mentioned. Design of the manifold junction is dwelled on and design

steps are explained thoroughly by illustrating full-wave and circuit simulation
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results. Design framework for the contiguous band multiplexer structures is
developed as a result of the evaluation of the E-plane and H-plane manifold-coupled

multiplexers.

In Chapter 5, fabrication details and experimental results are reported with
explanatory comments and consequences. Mainly, significant outcomes of the
investigation on the effect of the surface roughness on filtering response of the
highly-selective and narrowband filtering response are demonstrated. A novel design
methodology involving the surface roughness is proposed and several channel filters
for different surface roughness constant are conceived and realized so as to inspect
the validity of the procedure. Hence, a well consistency is observed between
expected and measured performance of the channel filters. Moreover, TRL
measurement set-up and surface profilemeter curves for the fabricated channel filter
are presented with all crucial findings.

Following the completion of comprehensive full-wave and circuit level
computations and analysis involving surface roughness phenomena on miniaturized
and narrowband waveguide filter, next, a number of channel filter realization
performed and validation of the proposed technique was done successfully at the end

of the comparison of the experimental and expected results.
In the scope of this thesis, accomplishments can be summarized as follows:

e A novel approach to extract the circuit model of the narrowband waveguide
filter is developed and systematic design procedure with hybrid optimization
technique is introduced for faster filter construction.

e Surface roughness phenomena is investigated versatilely and effect of it on
high quality factor waveguide filters are examined. It is concluded that
surface roughness becomes a dominant limiting factor for miniaturized and
highly-selective waveguide configurations and ought to be considered at
design stage properly. Taking this phenomena into consideration, desired

filtering response is achieved successfully after the modification of the
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design parameters such as resonator lengths, iris thicknesses and gap

distances.

e Manifold-coupled multiplexer configurations are analyzed and detailed
design study based on simultaneous circuit and full-wave optimization is
completed. As an illustration, three-channel and six-channel contiguous band

waveguide multiplexers are conceived and demonstrated.

For the future, one may focus on the realization of the manifold-coupled and
contiguous band multiplexer by conceiving the narrowband and compact channel
filters with manifold junctions considering conductor surface roughness effect.
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