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ABSTRACT

This PhD thesis focuses on the application of advanced manufacturing techniques in high-power
microwave filters. Additive manufacturing (AM) technology and novel materials are combined to
address the issue of thermally-induced frequency detuning among high-power microwave components.
Several innovative resonator structures and filter topologies are proposed. The main contributions of the
thesis are: (1) A narrowband 3D-printed Invar spherical dual-mode channel filter with enhanced thermal
stability is demonstrated. An alternative end-to-end fabrication route for all-Invar high-power microwave
components is established to overcome the complex manufacturability issues associated with Invar alloy.
(2) 3D printing technology is combined with several novel materials to expand design possibilities for
high-power microwave components in terms of RF, mechanical, and thermal properties. Multiphysics
analysis and detailed evaluations of high-power behaviour are conducted for the designed microwave
filters. (3) A 3D-printed monolithic wideband waveguide filter based on a novel pole-generating resonant
iris structure is proposed. The flexibility of AM processes is leveraged to manufacture the resonant iris
structure, enabling a more compact filter configuration and wider bandwidth. (4) A spherical high-Q
resonator is demonstrated, for the first time, based on carbon-fibre-reinforced silicon carbide ceramic
composite (HB-Cesic®). The resonator achieves a quality factor of over 10,000 at X-band, and the
measured thermal stability is comparable to that of all-Invar components, while its weight is similar to
common aluminum components. (5) A 3D-printed monolithic dielectric waveguide filter is presented.
The lithography-based ceramic manufacturing (LCM) technique is employed to facilitate the fabrication
of the monolithic dielectric filter. Compared to conventional fabrication methods, the need for special
moulds is eliminated, and higher design freedom is achieved. Detailed manufacturing parameters and
post-processing methods are introduced.
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CHAPTER 1: INTRODUCTION

1.1 Background and Motivation

Microwave filters are essential passive components extensively used in various applications, such as
wireless communication, sensing, and measurement systems. Their primary purpose is to manipulate
signals of different frequencies by providing transmission at frequencies within the passband and
attenuation in the stopband. This frequency selectivity is achieved using energy storage elements, namely
resonators. Microwave resonators can broadly fall into three categories: (1) Integrated Passive Devices
(IPD) comprising integrated lumped inductors and capacitors; (2) Radio Frequency Micro-
Electromechanical Systems (RF MEMS) resonators, including electric field-driven or piezoelectric
MEMS resonators, and (3) Distributed microwave resonators, which are based on the commensurate line
element and offer distinct advantages in terms of low loss and high power-handling capability compared
to IPD and RF MEMS resonators. Common distributed microwave resonator technologies include
microstrip, coaxial, dielectric, and waveguide resonators. Figure 1.1 presents a comparison of these
resonator technologies with respect to their power-handling capability, loss, volume, and mass.

Volume, Mass, 1/Loss

Distributed Microwave Resonators

n
»

| Low Power | Power-Handling Capability

Figure 1.1 Comparison between common resonator technologies for microwave filter in terms of the power-handling
capability, loss, volume and mass, with inset showing an example of each technology [1]-[6].

Satellite communication stands as one of the most prevalent application scenarios demanding high-
power microwave filters. Within satellite payloads, microwave filters typically use dielectric resonators
or waveguide resonators. The block diagram in Figure 1.2 illustrates a transponder, a crucial
communication subsystem in many satellite payloads. In the transponder, a radio signal received by the
Rx antenna undergoes initial filtering with a wideband filter (IFA - Input Filter Assembly) to eliminate
out-of-band interference. The filtered signal then enters a low-noise receiver (RCVR), comprising a low-



noise amplifier (LNA) and frequency downconverter. Subsequently, the down-converted wideband
signal is divided into multiple narrowband signals via an input multiplexing network (IMUX). Each
channel is amplified separately by a high-power amplifier (HPA) and then combined back into a
composite wideband signal using an output multiplexer (OMUX). Both the OMUX and IMUX consist
of a group of narrowband channel filters. Finally, the composite wideband signal is transmitted through
the Tx antennas back to the ground. Often, a common antenna is shared by a transponder, and a diplexer
constructed by two wideband feed filters is utilized to separate the Rx and Tx signals. The channel power
in satellite transponders typically ranges in the hundreds of watts [7]-[9], making the power handling
capability a crucial consideration when designing satellite microwave filters. Their power handling
capability is influenced by several factors [9]-[11]: (1) passive intermodulation (PIM) interferences,
which arise from material imperfections and contact nonlinearity; (2) high-power breakdown, an electron
discharge phenomenon dependent on factors like operating power, electron density and air pressure; (3)
thermally-induced frequency detuning, mainly caused by power-induced self-heating and temperature
variation during operation. In some high-power applications, the power handling capability of microwave
components is limited by the permissible temperature rise. This underscores the importance of
temperature stability in the design of high-power microwave filters.

..
rd
Antenna : Antenna
IFA RCVR IMUX | { HPAs |omMux
(Wideband FeedFilter) - >
N\
a / y

(Narrowband ChannelFilters)

Figure 1.2 A block diagram of typical communication subsystem in satellite transponder.

In recent years, the rapid advancement of satellite communication technology, especially with the
emergence of high-throughput satellite systems and satellite internet constellation systems, has led to an
escalating demand for high-power microwave filters. This demand is accompanied by the need for filters
with more stringent filtering characteristics, higher power-handling capability, and tighter size and
weight limitations. As these requirements continue to evolve, they present significant challenges to the
current satellite microwave filter solutions, both in terms of design and manufacturing. Consequently, it
is imperative to evolve from the current microwave filters to meet the ever-increasing communication
demands of today's world. This evolution will play a crucial role in ensuring efficient and reliable satellite
communication systems for the future.

Additive manufacturing (AM), commonly referred to as 3-D printing, is an emerging advanced
manufacturing technology that is revolutionizing various industry sectors and research communities [ 12].



In recent times, 3-D printing has also unlocked new possibilities for microwave components. This
technology enables rapid prototyping of novel design concepts, reducing lead time and costs. It offers
superior flexibility to create intricate geometric structures, thus enhancing design freedom. Numerous 3-
D printed microwave devices have been reported in recent years [13]-[15]. However, it is important to
note that the majority of these previously demonstrated microwave filters were not specifically designed
for real-world high-power operations. As a result, there is a significant need to further explore and
develop 3-D printed microwave filters that can meet the stringent demands of practical high-power
applications.

1.2 Novelty and Contributions of the Thesis

The aim of this thesis is to address the current challenges in the design and implementation of high-
power microwave filters through advanced manufacturing techniques, primarily involving AM
technology and novel low coefficient-of-thermal-expansion (CTE) materials. The focus will be on
tackling the thermal-induced frequency detuning issue and designing innovative filter structures and
topologies.

The specific novelty and contributions of this research work are as follows:

(1) AM technology has been utilised to overcome the complex manufacturability issues associated
with Invar alloys. The new alternative end-to-end fabrication route for all-Invar high-power microwave
components have been established. A narrowband 3D printed Invar spherical dual-mode channel filter
with enhanced thermal stability has been demonstrated and published in IEEE Transactions on
Microwave Theory and Techniques.

(2) 3D printing technology has been combined with novel alloy materials to create new opportunities
for temperature compensation mechanisms. End-to-end fabrication solutions based on several alloy
materials have been investigated, opening design possibilities for comprehensive improvements in RF,
mechanical, and thermal properties of high-power microwave components. This research has been
published in the 51st European Microwave conference and is being extended for submission to an IEEE
Journal.

(3) The application of a low CTE non-metallic material - carbon-fibre reinforced silicon carbide
ceramic composite (HB-Cesic®) - in high-power microwave components have been demonstrated for
the first time in a high-Q resonator. This research has been published in IEEE Journal of Microwaves.

(4) A pole-generating resonant iris structure has been proposed and implemented in monolithically
printed wideband waveguide filters, by exploiting the manufacturing flexibility of AM processes. This
design offers a more compact filter structure and wider bandwidth. The findings of this work have been
published in the 51st European Microwave conference and IEEE Journal of Microwaves.

(5) By harnessing the advantages of ceramic 3D printing technology in manufacturing complex
monolithic geometries, a 3D printed monolithic dielectric waveguide filter has been presented. The
findings of this work have been published in the 2022 IEEE MTT-S International Microwave Workshop
Series on Advanced Materials and Processes for RF and THz Applications.



1.3 Outline of the Thesis

The thesis is presented as a series of published and publishable papers following the University’s
Alternative Format Thesis guidelines. The thesis comprises nine chapters, organized as follows:

Chapter 1: This chapter serves as an introduction to the research, providing the background and
motivation for the study. It outlines the main contributions and an overview of the thesis structure.

Chapter 2: A comprehensive literature review related to this thesis is presented in this chapter. It
covers microwave filters for satellite communication systems, practical considerations involved in
designing high-power microwave filters, AM technology, and 3D printed microwave components.

Chapter 3: A 3-D printed narrowband bandpass filter based on spherical dual-mode resonators is
presented. It is designed for output multiplexers (OMUXs) using high-Q spherical dual-mode resonators.
The realization is by laser powder bed fusion (L-PBF) technology of Invar alloy, chosen for its low
coefficient of thermal expansion (CTE). Using L-PBF circumvents Invar’s manufacturability issues. To
demonstrate the proposed solution, detailed thermal-RF test at different temperatures was carried out.
The experimental results of a fourth-order silver-plated Invar filter with two transmission zeros verify
the design and manufacturing.

Chapter 4: This chapter presents the measurement results of the Invar spherical filter introduced in
Chapter 3 after further post-processing. It also investigates the effect of different surface treatment
techniques such as the mechanical polishing method based on vibratory grinding and the electrochemical
Hirtisation® process. The thermal stability of the filter during high-power operation is modelled through
Multiphysics simulation. The power breakdown threshold is analysed using SPARK3D, showing that the
Invar filter has a sufficient margin against the specified power requirements.

Chapter 5: This chapter presents the investigation into the thermal stability of microwave cavity
resonators using several novel alloy materials. Shaped spherical resonators are additively manufactured
by L-PBF technology from alloy powders. The end-to-end manufacture method of each sample is
presented, and their thermal stability is experimentally characterized by thermal-RF measurement. A
detailed comparison between different samples in terms of their mechanical, thermal and RF performance
is presented. This work introduces an expanded range of materials that may be used for microwave filters
and opens opportunity for new temperature compensation techniques for high power filters.

Chapter 6: This chapter presents a high-Q spherical resonator manufactured using carbon-fiber
reinforced silicon carbide (SiC) ceramic composite material HB-Cesic®. Compared to the common
conventional Invar alloy, the SiC composite has attractive properties of low coefficient of thermal
expansion, low density, and high thermal conductivity as well as its flexibility in manufacturing. Two
resonators, one monolithic version and other one based on split-block structure, have been experimented.
The detailed comparison between the measured RF performances and simulated analysis are presented
to evaluate the novel material and manufacturing technology. The thermal-handling capability is
experimentally characterized through the thermal-RF test at different temperatures. The measured high
thermal stability correlates very well with the prediction. This work establishes the feasibility of using
HB-Cesic SiC in microwave resonators and paves the way for further development and verification
program for more complex passive microwave devices such as filters and multiplexers for space
applications.

Chapter 7: This chapter presents a new pole-generating resonant iris structure for the design of iris-
coupled cavity filters. Different from conventional reactive iris, the resonant iris can generate an extra
transmission pole without increasing the number of resonant cavities. As a result, several design



advantages can be gained: (i) a more compact filter structure; (ii) an ability to realize strong coupling and
therefore wide bandwidth; and (iii) a new polarization rotation capability. Two third-order Chebyshev
filters are designed and implemented, demonstrating the miniaturization and polarization rotation feature.
A fifth-order Chebyshev filter with 20% fractional bandwidth is presented to show the capability of
realizing wideband. This also demonstrates the realization of asymmetric coupling between the resonant
iris and the cavity resonator on either side. An approach to control and extract the coupling between the
iris and the cavity resonator has been presented. To manufacture the intricate asymmetric iris structure,
all the presented filters are printed monolithically using L-PBF technology. Excellent agreement between
the measurements and simulations has been achieved, verifying the design concept as well we the
additive manufacturing capability.

Chapter 8: This chapter presents a 3-D printed monolithic dielectric waveguide filter. The proposed
filter is constructed by a single piece of 3D printed dielectric puck with silver plated outer surface. A
lithography-based ceramic 3-D printing technology is employed. In this way, the mould required in
conventional ceramic forming technologies is eliminated and higher design freedom can be obtained.
The detailed manufacturing parameters and post-processing methods are described. A prototype filter
operating at 11.5 GHz with 850 MHz bandwidth is designed, fabricated, and measured. The measurement
result shows reasonable agreement with the simulation.

Chapter 9: This chapter serves as the conclusion of the thesis, summarizing the key findings and
contributions. It also outlines the limitations of the research and potential directions for future work.
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CHAPTER 2: LITERATURE REVIEW

This chapter surveys the relevant literature pertaining to the research topics investigated in this thesis.
Section 2.1 presents an overview of microwave filters used in satellite payloads. Section 2.2 introduces
practical considerations involved in the design of the high-power microwave filters. Section 2.3 reviews
additive manufacturing techniques and their application in the development of 3-D printed microwave filters.
Section 2.4 discusses the current state-of-the-art in these research field and highlights the motivation behind
this PhD project.

2.1 Microwave Filter Networks for Satellite Payload

As illustrated in Figure. 1.2, the microwave filter networks employed in satellite payloads can be broadly
categorized into two types: wideband feed filters and narrowband channel filters. Wideband feed filters are
utilized as antenna feed filters or in feed diplexers to isolate the RX signal and TX signal from a shared
antenna. On the other hand, narrowband channel filters are used in input or output multiplexers to separate
different channels within the system.

2.1.1 Wideband Feed Filters

Wideband feed filters in satellite payloads are typically positioned next to the antenna and serve the
purpose of allowing only the RX (up-link) or TX (down-link) band signals to pass through, while attenuating
other signals outside this frequency range [1], [2]. These wideband filters typically have a bandwidth of 250
MHz or 500 MHz, which correspond to the total bandwidth of the multiple channel filters present in the
satellite transponder.

Among the wideband filters, the most employed is the rectangular waveguide filter based on the TEox
mode resonator. Figure. 2.1 shows a photograph of some representative TEon mode waveguide filters and
diplexers. Traditionally, the feed diplexer consists of inductively coupled TE 101 mode filters and a waveguide
junction [1], [2]. With the development of the satellite communication system, these in-line TE 191 mode filters,
with Chebyshev response, fail to meet the increasingly stringent requirement. To enhance out-of-band
rejection, quasi-elliptic microwave filters with extra transmission zeros were used. The cross-coupling
technique is the most widely used method to generate transmission zeros [3]. For cross-coupled TE 101 mode
waveguide filters, both the capacitive and inductive irises are usually needed to realize the special coupling
topology [4]. To achieve more compact configuration, dual-mode square cavity filter using a pair of
orthogonal degenerate TE101modes was reported [ 1]. Another common transmission zero generating approach
is the extracted-pole technique [5]. In [6], a TE 101 mode extracted-pole filter was presented, where a low-cost
H-plane waveguide configuration was proposed to implement the zero-pole pair generating element. In
addition to the fundamental TE o1 resonance mode, a few rectangular waveguide filters based on higher-order
TEion modes have also been proposed [7]-[12]. By utilizing these higher-order modes, negative cross-
coupling can be achieved solely through inductive irises, simplifying the fabrication process. Furthermore, a
novel type of TE101 mode filter utilizing the interaction of multi-path signals within a single resonator has
recently been presented [13], [14]. The phase shift can be generated by two different signal paths within the
same resonator, resulting in an additional transmission zero without the need for the cross coupling.



Figure 2.1 Wideband feed filter and diplexer based on TEon resonance mode. (a) Inductively coupled inline TE9; mode rectangular
waveguide filter with Chebyshev response [1]. (b) Rectangular waveguide diplexers based on cross-coupled TE 193 mode resonator
filter [12]. (c) H-plane extracted-pole rectangular waveguide filter [6]. (d) Quasi-elliptical rectangular waveguide filter implemented
through multiple-path signal interference approach [13].

Rectangular waveguide resonators operating in the TM modes are also commonly used in wideband feed
filters. Compared to TE mode resonator filters, TM mode filters offer a more compact configuration. The
common TM mode resonators include TM 1o single-mode resonators and TM 20210 dual-mode resonators.
Figure. 2.2 shows several representative TM mode resonators filters [15]-[17]. Another notable feature of
TM mode resonator filters is that the quasi-elliptic response can be readily achieved in the in-line
configuration. These filters utilize non-resonating modes within the resonator to create additional paths for
power flow between non-adjacent resonators, thereby generating transmission zeros. In [15], the concept of
bypass coupling using the non-resonant TE 1001 mode was introduced in an in-line TM 119 mode filter to realize
the pseudo-elliptic response. The idea was extended to TM dual-mode filters [16], [18]-[20], where the TM 110
mode serves as the non-resonating mode. However, a major limitation of TM mode filters is their narrow
spurious-free band compared to TE mode filters. To address this limitation, one approach is to replace the
single coupling iris with multiple coupling irises [21]. Another approach is to cascade with a comb-line
resonator filter as used in [17], [22].

Figure 2.2 Wideband feed filters based on TM resonance mode. (a) Inline TM ;0 mode waveguide filter utilizing bypass couplings
of non-resonating TE 001 modes [15]. (b) Waveguide TM 20210 dual-mode filter with non-resonating TM11 mode [16]. (¢) C-/Ku-
band filter with TM dual-mode section cascaded comb-line section [17].



2.1.2 Narrowband Channel Filters

For narrowband channel filters, Table 2.1 provides some typical bandwidths and channel separations used
in satellite transponders. The relatively narrow bandwidth requires high Q, values to achieve low insertion
loss, while the small guard band between channels poses a tough challenge to achieving very stringent out-
of-band rejection. In practical applications, these narrowband filters are designed to have a quasi-elliptic
response using high-Q cavity resonators. Common high-Q cavity resonators are the TE;in (N =1 - 5) cylinder
resonator [23] and TEo11 mode cylinder resonators. To meet the growing power requirements, a super-Q dual-
mode resonator based on the TE221 cylinder cavity was proposed as well [24], [25].

Table 2.1 Typical Channel Bandwidth and Separations for C- to Ku-Band Satellite Transponder
Channel Bandwidth (MHz) 24 36 54 72
Channel Separation (MHz) 27 40 61 80

The TE 11~ resonator filters typically operate in dual mode, where two orthogonal degenerate TE1n modes
are excited within a single cylinder resonator. Compared to single-mode resonators, dual-mode resonators
offer a significant reduction in footprint, and the orthogonal modes provide flexibility in generating
transmission zeros. Figure. 2.3 shows several TE1in dual-mode filters. Depending on the position of the
feeding port, TE11n dual-mode filters can be classified into two different configurations: end-coupled [23] or
side-coupled [26]. In [23], the end-coupled configuration was first proposed, and a channel filter based on the
TE111 dual-mode resonator with a 24 MHz bandwidth was designed. In [27], a 14-channel output multiplexer
with an end-coupled TEii1 mode filter was presented, where each channel filter was realized using a
combination of dual-mode and single-mode cavities. In [28], a C-band waveguide multiplexer based on dual-
mode TE1; filters was demonstrated. This work employed three cavities for each channel filter, resulting in
a six-order Chebyshev filtering characteristic. To further reduce insertion loss, an end-coupled dual-mode
quasi-elliptic filter utilizing the higher-order TE 113 resonance mode was shown in [29]. For the side-coupled
configuration, the feeding ports are moved to the side wall, allowing for further reduction in filter length and
the placement of additional tuneable structures at the end walls. An output multiplexer based on a side-coupled
TE113 dual-mode filter was reported in [30]. A probe-excited TEi;; mode filter with a side-coupled
configuration was described in [31]. To mitigate the adverse impact of tuning and coupling elements, a
narrowband filter based on an elliptical cavity (TE111 mode) resonator was presented in [32]. To suppress
spurious modes in the TEiix resonator, a stepped cylinder resonator was proposed for wideband OMUX
applications [33].
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Figure 2.3 Narrowband channel filters based on TEx resonance mode. (a) End-coupled TE 11 dual-mode circular waveguide filter
[29]. (b) Side-coupled TE i1 dual-mode circular waveguide filter [26]. (c) TE i~ dual-mode channel filter based on elliptical cavity
resonator [32]. (d) TEn dual-mode channel filter based on stepped circular waveguide resonator [33].



The narrow-band channel filters based on TEo11 mode cylinder resonators have also been extensively
reported [34]-[36]. Compared to TEiin mode resonators, the main advantage of TEo11 mode resonators is
their even higher unloaded quality factor, which can exceed 20000 in Ku band [36]. However, the single-
mode operation of TEo11 resonators also presents challenges in terms of filter footprint and the generation for
transmission zeros. In the early designs [34], [35], TEo1: filters were mainly constructed from direct-coupled
resonators, where transmission zeros were introduced through cross coupling. Figure. 2.4(a) shows the
configuration of such classical TEo11 mode filters. The main challenges here are to suppress the degenerate
TMi11 mode and implement negative cross coupling. In [37]-[39], the standard TEoi11 mode cavity was
modified to separate the TM 111 mode, and several novel approaches to generate negative cross coupling were
reported. In practical engineering designs, TEo11 resonators are usually coupled through two sidewall coupling
apertures arranged at 90° angular offset with each other to suppress the degenerate spurious modes. For the
ease of fabrication, extracted-pole technique was often used to achieve quasi-elliptic filter responses. Different
from the cross-coupling method, this technique generates a zero-pole pair using modular pole-generating
elements with uniform coupling signs. Early work on TEo11 mode extracted pole filters and multiplexers was
reported in [40], [41]. Recently, a few novel synthesis techniques have been proposed for these kinds of filters
[42], [43]. Figure. 2.4(b) and (c) shows several novel configurations of extracted pole TEo11 mode narrowband
channel filters. Additionally, the increasing demand for higher power capacity drives the development of
resonators with even higher Q, values. In [24], [25], a super-Q cylinder cavity resonator with a Qu of over
30000 at 20 GHz was proposed, and a K-band 14-channel output multiplexer based on this resonator was

demonstrated.
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Figure 2.4 Narrowband channel filter based on TE¢; mode cylinder resonator. (a) Direct-coupled TE¢i1 mode filters [35]. (b) and
(c) Extracted pole TEo11 mode filter [42], [43].

2.2 Practical Considerations for High-power Filter Networks

In addition to the RF performance, several practical factors must be carefully considered in designing high-
power filter networks [44]-[48]. These factors include:
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(1) Passive Intermodulation (PIM) Interferences: PIM is a phenomenon that generates undesired
intermodulation products in passive devices. In high-power applications, PIM can significantly degrade the
overall system performance. Therefore, it is essential to minimize PIM effects during the design process.

(2) High-Power Breakdown: High-power signals can cause breakdown in microwave components, leading
to device failure and performance degradation. Designing filters that can handle high-power levels without
experiencing breakdown is crucial for reliable operation.

(3) Thermal-induced Frequency Detuning: High-power operation can lead to temperature increases in the
filter components, which may cause frequency detuning due to thermal expansion of the cavity resonators.
This detuning can affect the filter's performance and stability. Therefore, managing thermal effects is essential
to ensure consistent and reliable filter performance.

This section will provide a brief review of each of these factors and their impact on the design of high-
power filter networks, with a particular focus on thermal-related issues. This is because, in many practical
applications, the power handling capability of microwave components is determined by the permissible
temperature rise of the equipment rather than the limitation imposed by microwave breakdown [44], [47].

2.2.1 Passive Intermodulation Interferences

Intermodulation is a widespread phenomenon in active devices due to their intrinsic nonlinearity. However,
even passive components such as filters and multiplexers exhibit a certain degree of nonlinear behaviour and
can generate intermodulation products, known as passive intermodulation (PIM). Although PIM products are
typically at a low level, they can still cause severe interference to the communication system, particularly in
high-power operation [49]-[52]. In satellite communication systems, a common antenna is often used for the
RF transponder, allowing for coupling between the transmit and receive sections. Additionally, there can be
a significant difference in power levels between the transmission and reception in a satellite transponder,
sometimes reaching 130-140 dB. Consequently, the level of PIM should be suppressed by at least 160 dB
below the power level of the transmission signal to avoid interference with the receive channel. Due to the
complex physical principles underlying the PIM phenomenon, a complete theory for PIM has not yet been
fully developed. In general, PIM primarily originates from material nonlinearity and contact nonlinearity. The
former usually stems from thin oxide layers on metal surfaces, microcracks or voids in metal structures, and
residual metal particles on surfaces. The latter arises from mechanical imperfections in interfaces and joints.
The practical PIM is the combination of all these effects.

In practical design, guidelines can be followed to mitigate PIM products [50], [52]:

(1) Using metals with low levels of PIM (such as gold, silver, copper, and brass) rather than aluminium
and steel.

(2) Avoiding structures that can lead to current density concentration (e.g., sharp edges).

(3) Minimizing or eliminating mechanical connections and tuning screws.

(4) Avoiding the use of ferromagnetic and dielectric materials in high-power components.

(5) Paying particular attention to electroplated surfaces and avoiding nickel plating.

It should be noted that PIM reduction can only be achieved experimentally.

2.2.2 High-Power Breakdown

Filters and multiplexers based on high-Q resonators are particularly susceptible to high-power breakdown
due to their compact structures, field enhancement at discontinuities, and sharp rejection outside the intended
passband. The common types of high-power breakdown within microwave filter networks are ionization
breakdown and multipaction breakdown.
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Ionization breakdown is a phenomenon where the insulating gas in a microwave system turns into
conducting plasma due to the high electric field. This leads to an exponential increase in electron
concentration and eventually results in ionization breakdown. On the other hand, multipaction breakdown is
a secondary electron resonance phenomenon that occurs under vacuum or low-pressure conditions when the
gap within a cavity filter is smaller than the mean free path of electrons. When conditions are met regarding
frequency and intensity of the applied electrical field, free electrons bombard the nearby conducting walls,
leading to continuous release of secondary electrons and eventual multipaction breakdown. Understanding
the operational mechanisms behind these two high-power breakdown phenomena requires multidisciplinary
knowledge encompassing various fields of physics and engineering, such as electrodynamics, kinetics, and
statistical mechanics [52]-[64]. The complexity is further increased in the case of multipaction breakdown
due to the increasing number of RF carriers and complex modulation schemes [65]-[69]. Comprehensive
investigation of these aspects is beyond the scope of this PhD project. In this section, a concise overview of
the analysis methods will be presented, followed by a discussion on practical considerations in high-power
microwave breakdown, including design margins and prevention methods.

2.2.2.1 Analyse Method

(1) Analytical Method:

The classical methods for analysing high-power breakdown, including both ionization and multipaction
breakdown, are well-established[46], [64]. The analysis procedure mainly involves the following steps: (1)
Evaluating the breakdown threshold; (2) Obtaining the internal electrical field strength or voltage value; (3)
Determining the design margin. However, the evolution of satellite communication technology —
characterized by an increasing number of carriers, more complex modulation schemes, and novel microwave
component configurations — poses significant challenges to conventional analytical methods. These methods
often fail to provide accurate predictions of high-power breakdown phenomena.

(2) Numerical Method:

The advancement of numerical methods has made it possible to model and analyse high-power breakdown
phenomena, even in combination with full-wave electromagnetic solvers, entirely numerically. One of the
most well-known methods is the particle-in-cell (PIC) codes [70], which simultaneously solve the motion of
particles and field equations in two different spaces. These two spaces are connected through particle-to-grid
or grid-to-particle interpolation methods. PIC codes have been successfully integrated into commercial
electromagnetic simulation software, such as CST Particle Studio, SPARK3D®, and FEST3D®. Compared to
conventional analytical methods, these integrated tools offer enhanced prediction accuracy for arbitrary
structures and are applicable to nonhomogeneous fields and different numbers of carriers and modulations.
In [71]-[73], a comparative investigation of both analytical and numerical methods was conducted using
practical microwave filter cases. The results showed that numerical methods achieved better agreement with
experimental data than conventional analytical techniques.

2.2.2.2 Design Margin

Ideally, a higher design margin is preferred to ensure greater safety and reliability. However, the practical
design margin is a sensitive issue for both customers and suppliers due to various influencing factors, such as
manufacturing technology, tolerances, contamination, environmental conditions, and test setup.

Currently, two main standards for satellite high-power microwave system are adopted: one by the European
Space Agency [52] and the other by Aerospace Corporation [69]. In both standards, the design margin is
defined based on the following factors: (1) Type of component: Microwave components are classified
according to their materials and topologies. (2) Stage of design or test: Different design margins are applied
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at different phases of the design or during the test campaign. (3) Type of signal: Different margins are
considered for single-carrier or multi-carrier operation.

For individual high-power microwave components, such as filters, both standards suggest a 3-dB margin
for the test campaign. If an analysis demonstrates a 6-dB margin, it could avoid costly measurement
verification campaigns, as testing at such high-power levels and frequencies is complex and very expensive.
For multi-carrier operation, the margin becomes more complex. Assuming the input power for the
components operating with N carriers is Pin, the peak power threshold complying with the 3-dB margin should
be (2N?:Pin). However, such high power-handling specifications are rarely required in practical designs as
they represent worst-case scenarios for multi-carrier operation and are beyond the range of most common
high-power measurement setups.

2.2.2.3 Prevention of Breakdown

Preventing high-power breakdown is of utmost importance to ensure the reliable and safe operation of
microwave components. As discussed in previous sections, various factors influence the occurrence of
breakdown phenomena. For ionization breakdown, one effective mitigating method is to employ a pressurized
system. By filling the microwave system with electronegative gases, the mean free path of free electrons can
be reduced, leading to an improvement in breakdown field strength. Additionally, using gases with higher
attachment coefficients can further enhance the breakdown field strength. For multipaction breakdown,
modifying the mean free path is also a common approach to prevent the phenomenon. Adjusting the gap size
between the resonator walls can influence the mean free path of electrons and potentially reduce multipaction.
Furthermore, avoiding the resonance conditions and reducing the secondary emission yield are other effective
methods to prevent multipaction.

Table 2.2 summarises the characteristics and advantages of common prevention methods for high-power
breakdown.
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2.2.3 Thermal-Induced Frequency Detuning

In practical applications, thermal stability is also a crucial consideration for high-power microwave
components. When exposed to high RF power, these components experience ohmic loss, leading to the
generation of a significant amount of heat, or self-heating. This heat can cause local hot spots and an overall
temperature rise within the component.

Due to the thermal expansion of materials, the geometric dimensions of microwave resonators change with
varying temperatures. Since the resonance frequency of a microwave cavity resonator is influenced by its
geometric dimensions, its RF performance will exhibit a certain degree of temperature dependence. For
microwave filters, a particularly noticeable effect of temperature variation is the frequency detuning. As the
temperature changes, the resonance frequency of the filter can shift, affecting its performance. This frequency
detuning is especially critical for narrow band filters, where the narrower bandwidth implies relatively high
losses and less margin for frequency shift.

To minimize the power dissipation (and therefore self-heating), high-Q resonators are usually used in
microwave filters. However, achieving a higher Q value often requires larger cavity sizes and/or higher-order
resonance modes. This can lead to an increase in the volume of the filter. The higher-order resonance modes
can introduce more nearby spurious modes. These factors need to be carefully considered in the design of
high-Q microwave filters to balance the benefits of higher QO values with the potential drawbacks. In addition
to the heating effect caused by power dissipation, variations in environmental temperature also pose
significant challenges to the temperature stability of microwave components. This is particularly so for those
used in space applications. For satellite payloads, the channel filters and feed filters typically operate in
temperature ranges of —15 to +85 °C and —135 to +160 °C, respectively.

Therefore, considering the impact of temperature on the performance is essential in high power filter design.
Mitigating frequency detuning and maintaining thermal stability are crucial for the efficient and effective
operation of microwave components in the space applications.

2.2.3.1 Coefficient of Thermal Expansion (CTE) and Effective Temperature
Coefficient (ETC)

Coefficient of thermal expansion (CTE), a, quantifies the fractional change in length (or volume) of a
material for a unit change in temperature. The CTE is usually expressed in the unit of micrometres per meter
per degree Celsius (um/m-°C) or parts per million per degree Kelvin (ppm/K). For small temperature changes,
the thermal expansion or contraction of uniform linear objects can be approximated by the formula:

G,
q=—a9
lo (Th —To)
(3.2)
where /o is the original length of the material at temperature 7o, and /; is the length of the material at the
final temperature 7.

Figure 2.5 shows the thermal-induced frequency detuning for a bandpass filter, where the passband is
shifted down with rising temperature and up with decreasing temperature. A common way to describe the
frequency shift Af against the temperature variation A7 is through the parameter Af/AT, which is typically
measured in Hz/K. To establish a correlation between the frequency shift and the Coefficient of Thermal
Expansion (CTE), we define the "effective temperature coefficient" (ETC) of the resonator or filter as:

_@Af/fo)
ETC = T

(3.3)
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where fo represents the centre frequency. The ETC of the device has the unit of 10-6xHz/Hz/K or ppm/K. It
is directly comparable with CTE of the material. As a first order approximation, Af/ fo = - CTE x AT.
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Figure 2.5 Frequency detuning induced by temperature variation.

2.2.3.2 Temperature Compensation Technology

To address the issue of thermal-induced frequency detuning, various temperature-stable filters and
multiplexers have been developed [45], [47], [74]-[76]. There are two approaches: 1) Use of low CTE
materials; 2) Temperature compensation structures.

1) Use of Low CTE Materials

To reduce the frequency detuning caused by temperature variation, the most intuitive method is to construct
filters using low CTE materials, such as Invar-36 alloy. Invar is an iron-nickel alloy with exceptionally high
dimensional stability under temperature variation, with a CTE in the range of 0.5 to 2 ppm/K, depending on
the alloy composition. Compared to common aluminium alloy (Al6061) with a CTE of around 23 ppm/K,
Invar alloy can achieve a reduction of around 90% in temperature shift. Many Invar-based microwave
components have been reported in the past [25], [45], [77]-[79], as shown in Figure 2.6. Initially, Invar filters
were constructed using standard 1.6 mm thick walls and standard flanges [45]. However, Invar has very high
density (8.1 g/cm?), three times that of A16061 (2.7 g/cm?). To reduce the mass of Invar filters, the wall
thickness of some Invar components was reduced to 0.8 mm. While thinner walls make the components lighter,
the hardness of Invar results in very poor manufacturability, leading to work hardening and part warping
during the machining process. Additionally, thin Invar parts are prone to breakage, making the construction
using Invar difficult and expensive. In addition to the manufacturability difficulty, Invar's intrinsic low
thermal conductivity is another design concern. To ensure efficient heat transfer and avoid over-heating,
additional temperature control mechanisms had to be introduced [77]-[79]. A typical approach is to build the
coupling irises separately using thick copper, as the hotspots are mainly concentrated at the coupling irises.
These copper irises can be integrated with external heat exchangers, increasing the cooling surface and
dissipating heat more efficiently. In [77], an Invar TE13 dual-mode bandpass filter with copper irises was
demonstrated (see Figure. 2.6(b)), showing an order of magnitude reduction in temperature rise compared to
an all-Invar filter. In [79], an extra heat pipe system was integrated into a high-power satellite multiplexer to
improve the overall temperature stability. The channel filter in the multiplexer is constructed purely from
Invar, while heat pipes containing NH3 were integrated with the Invar cavities as illustrated in Figure. 2.6(c¢).
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To increase the contact area, the TE 12 signal-mode cavity resonator was used. As the temperature increases,
the NH3 evaporates and travels to the evaporation area (near the perimeter of the satellite), where heat is
dissipated by radiation. After this, the NH3 condenses, and the cycle continues. Since the medium in the heat
pipes is transported by capillary action, no actuators are required. Although the temperature stability can be
effectively improved, the increase in mass is evident. The additional cooling system inevitably increases the
system's complexity.
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Figure 2.6 Temperature-stable Invar filters and multiplexer. (a) 14-channel herringbone all-invar high-power output multiplexer
[25]. (b) Invar TE ;3 dual-mode bandpass filter with copper irises [77]. (c) Cross-section of TE 2 signal-mode Invar filter with heat
pipes [79].

Recently, a high-performance aluminium alloy (AlSi40) has been used in microwave components [80],
[81]. AlSi40 has similar density and thermal conductivity to Al6061 alloy, but its CTE is only 13 ppm/K. By
changing the alloy composition, the CTE of the substrate material can be further reduced to around 5 ppm/K.
In [81], a Ku-band wideband feed filter with a 300 MHz bandwidth was designed and manufactured using
AlSi40 alloy. The measurement results show improved thermal stability with an ETC around 13 ppm/K while
maintaining low mass and good thermal conductivity.

Apart from metallic materials, a few non-metallic composite materials have also attracted interest from
researchers. One is Graphite Fiber Epoxy Composite (GFEC) [82]. GFEC is a graphite composite for high-
power space applications. Compared to common Invar multiplexers, the GFEC achieves approximately 50%
weight reduction while maintaining similar or even better thermal stability. However, the anisotropic property
of this material complicates the design process. The complex manufacturing and plating process present
challenges to quality control. Another material with a CTE similar to Invar is carbon-fibre-reinforced plastics
(CFRPs) [83]. CFRP is a polymer-based material with low density, high specific stiffness, and a very low
CTE ranging from -0.4 to 0.76 ppm/K. This material has been used in antennas for space applications and
circuit packaging. One filter application is reported in [83]. However, the significant challenges with this
material are its anisotropic nature and the difficulty with metal plating.

2) Temperature Compensation Structures

Introducing extra temperature compensation structures is another common method to improve the thermal
stability of microwave components. This compensation mechanism exerts offsetting changes to cancel the
geometry thermal expansion in microwave resonant cavities, maintaining a constant resonant frequency. The
temperature compensation structures can be either internal [84]-[96] or external [97]—[101].
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Figure 2.7 Temperature-stable resonators based on internal compensation mechanism. (a) Coaxial resonator [89]. (b) TEoi: cylinder
resonator [92]. (c) TEo: rectangular dual-mode resonator [87].

One example of internal compensation mechanism is the temperature-compensated coaxial resonator [84],
[85], [89]-[91]. Figure. 2.7(a) illustrates the classical configuration [89], where the coaxial resonator is
constructed by materials with different CTE values. By choosing materials with different CTE values for the
metallic housing, the partial resonator rod, and the tuning screw, a negative temperature coefficient of the
loaded capacitance can be realized, thereby reducing, or even cancelling the thermal-induced frequency shift.
Another example of internal compensation is the TEoi1 mode cylinder cavity resonator in [92]. A non-
contacting tuning plunger consisting of two metallic disks with a layer of sandwiched silicon resin is inserted
into the TEo11 mode resonant cavity, as presented in Figure. 2.7(b). The silicon resin has a higher CTE value
than the metallic disks and housing, offsetting the thermal expansion of the metallic housing. Furthermore, a
dielectric compensation method was proposed for multiple-mode resonators and filters [87] as shown in
Figure. 2.7(c). By selecting the proper dielectric blocks placed into the resonator cavities, the temperature-
induced frequency shift can be balanced by the variation of the permittivity of the dielectric material.
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Figure 2.8 Internal temperature compensation structures based on bimetallic actuator and shape memory alloy. (a) Cavity resonator
with bimetallic wall [93]. (b) Rectangular resonator with the bimetallic temperature compensation strip [95]. (¢) Bimetallic
temperature compensation coupling iris [94]. (d) Temperature-compensated tuning screw with a bimetallic washer [96]. (e)
Temperature-compensated tuning screw with collapsible pocket [86]. (f) Temperature-compensated tuning screw with shape-
memory alloy spring [88].

There are also a few internal temperature compensation schemes based on bimetallic actuators [86], [93]-
[96] and shape memory alloys (SMAs) [88]. Bimetal is a layered material, comprising two or more layers,
each of which possesses distinct CTE values. With a rise in temperature, the differential expansion in the
planar direction across the layers causes an out-of-plane deflection. Shape memory alloys are engineering
materials capable of reverting to a pre-set shape as the temperature increases. Figure. 2.8 illustrates some
representative temperature compensation structures incorporating the above two engineering materials. In
[93], the notion of bimetallic boundary motion was first introduced in a temperature-compensated microwave
resonator. The resonator's cavity wall was constructed from bimetal featuring initial deformation in a
stabilized curvature condition (see Figure. 2.8(a)). In [95], a wall-mounted internal bimetal compensator was
proposed. The compensation level is contingent on the length of the bimetallic strip and can be adjusted using
a tuning screw, as presented in Figure. 2.8(b). A bimetallic compensated iris was also proposed in [94]. This
design concept involved reducing the electric length of the cavity via a bimetal coupling iris as the temperature
increases (see Figure. 2.8(c)). In [96], a temperature-compensated tuning screw was proposed. This design
used a bimetallic compensation washer to adjust the protrusion and retraction of the tuning screw,
consequently offsetting the temperature-induced changes in the geometry of the cavity filter (see Figure.
2.8(d)). Another bimetal-actuated compensation screw was suggested in [86], where a conductive bellows
was sealed with the internal wall to eliminate the small gap between the tuning screw and the metallic housing,
as presented in Figure. 2.8(e). Furthermore, study [88] proposed a shape memory alloy-based temperature
compensator (see Figure. 2.8(f)). This design involved the SMA spring expanding to its pre-set shape as
temperature increased, thereby reducing the penetration of the tuning rod. However, these internal
compensation methods often encountered PIM issues, and the inherent hysteretic property of shape memory
alloys obstructed its practical application.

In addition to internal compensation, various external compensation mechanisms have also been proposed
in the past decades [97]-[101]. Figure. 2.9 illustrates the configurations of these external compensation
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structures. In [97], a temperature-compensated filter based on differential expansion is proposed (see Figure.
2.9(a)). The end caps of the microwave filters are constructed from high-expansion materials and protrude
into the cavity. As the temperature increases, the end caps will protrude further into the cavity, effectively
shortening the electrical length of the cavity. In [98], external control and deflecting rods are employed to
constrain cavity expansion (see Figure. 2.9(b)). Each control assembly consists of a pair of side bracing
control rods made of low CTE materials and an end deflecting rod made of high CTE materials. This design
ensures effective constraint of thermal-induced expansion. A similar approach using external compensators
was proposed in [101], as shown in Figure. 2.9(c). The compensator comprises a bent strap, a thumb screw,
and a spacer made of low CTE material such as Invar. By leveraging the different thermal expansion rates
and the configuration, the thermal-induced changes in the volume of the cavities can be minimized. The
amount of compensation can be adjusted by modifying parameters like the cavity end-wall thickness, the bent
strap length and thickness, and the spacer height.
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Figure 2.9 Temperature-stable resonators based on external compensation mechanism. (a) Temperature-stable filter with protruded
end cap and coupling iris [97]. (b) Temperature-stable filter with external control and deflecting rod [98]. (¢) Temperature-stable
filter with external temperature compensator [101].

While the external compensation mechanisms can effectively mitigate the potential PIM issue and achieve
comparable or even better thermal stability compared to all-Invar components, they also introduce
complexities in the assembly process and impose limitations on the filter configuration. Additionally, these
compensation structures are highly sensitive to manufacturing tolerances, necessitating a significant amount
of empirical iteration during the final implementation. Furthermore, the practical compensation range is
constrained by the material properties, and plastic deformation of the cavity end-wall may give rise to severe
hysteresis issues.
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2.3 Microwave Components Based on Additive Manufacturing
Technology

Additive Manufacturing (AM), commonly known as 3D printing, is a versatile manufacturing process that
emerged in the 1980s [102]. According to the American Society of Testing and Materials (ASTM), AM is
defined as "the process of joining materials to make objects from 3D model data, usually layer upon layer, as
opposed to subtractive manufacturing methodologies [103]." Initially, AM technology was primarily used for
rapid prototyping of visualization models and tooling. Over the past few years, its application areas have
significantly expanded due to advancements in process accuracy and material properties. Today, AM finds
widespread use in diverse industries, such as medical, aerospace, and automotive sectors, among others.

The academic interest in 3D printing microwave components began around 2002 when researchers from
Purdue University and the University of Michigan Ann Arbor explored ceramic-based metamaterials and
electromagnetic bandgap (EBG) structures [104]. During this period, stereolithography apparatus (SLA)
technology was utilized to create lost molds to facilitate the fabrication of all-dielectric EBG structures. The
same research group also made significant progress by directly manufacturing various passive microwave
components using SLA technology [105]-[111].

In recent years, AM of microwave components has gained even more attention due to advancements in
AM technology and the increasing demand for next-generation microwave and millimetre-wave devices. The
scope of research has expanded to cover various passive microwave components, such as waveguides [112],
[113], resonators, and filters [114], [115], as well as antennas and antenna-feed systems [116]-[119]. AM
technology has now been recognized as a crucial enabling technology for the development of advanced
microwave and millimetre-wave systems for the future [120], [121].

2.3.1 Additive Manufacturing Technology

According to ASTM, AM technologies are classified into seven categories: binder jetting, material jetting,
direct energy deposition, sheet lamination, material extrusion, powder bed fusion, and vat
photopolymerization. Each category comprises various processes that share the same principle of selectively
building layers. Different types of materials such as metals, polymers, and ceramics, can be processed using
the same category of AM technology. However, the specific use of these materials depends on the type of
AM process employed. The generic workflow for the 3D printing process can be divided into eight steps
[102], as illustrated in Figure. 2.10. The printing process begins with a model generated using a three-
dimensional Computer-Aided Design (3D CAD) system. Next, the model is converted into the
stereolithography (STL) file format, which approximates the 3D model with a mesh of triangles. Subsequently,
the STL file is transferred to the AM machine to set the process parameters. These settings are defined based
on the geometry of the model (e.g., position and orientation of the components, design of support structures)
and the building process (e.g., energy source, material constraints, and layer thickness). At the completion of
the printing process, the part is removed from the building platform and prepared for post-processing
operations, such as cleaning, sandblasting, or shot-peening, thermal treatments, and plating.
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The AM process stands apart from conventional subtractive manufacturing by offering the ability to build
complex geometries in a layer-upon-layer fashion. The main advantages of AM are the high freedom of rapid
prototyping, the unique capability of free-form fabrication of complex monolithic structures that are difficult
or impossible for subtractive techniques, and the versatility of printing with novel materials or even multi-
materials. Currently, the most investigated AM techniques in the RF area are material extrusion, material
jetting, vat photopolymerization, and powder-bed fusion. This section will provide an overview of each
technology, with a particular focus on powder-bed fusion, as it is the primary technology used in this PhD
project.

1) Material Extrusion

Material extrusion is considered one of the most common and popular 3D printing technologies, with the
largest unit shipments among all 3D printing methods. It offers low machine and feedstock material costs. A
typical process in material extrusion is also known as fused deposition modelling (FDM), which was invented
and patented in 1989 [122]. This printing technology is based on extrusion and selective deposition of
thermoplastic polymers in filament form. The filament is continuously supplied and heated within a moving
nozzle at a temperature just above its melting point, enabling easy extrusion through the nozzle to form a
layer. Upon extrusion, the material solidifies immediately over the previous layer, and then the vat and
platform supporting the part being produced are lifted or lowered by the thickness of a layer, determined by
the minimum repeatable mechanical displacement. The nozzle diameter determines both the shape and size
of the extruded filament and the minimum feature size that can be printed. The larger the nozzle diameter, the
faster the process, but with lower precision. Some FDM machines can be equipped with two or three nozzles,
allowing for the use of different building materials or soluble support material. The support material can be
dissolved in a chemical or ultrasonic bath after the fabrication process.

2) Material Jetting

The origins of material jetting technology can be traced back to the 1980s, with patents related to the
development of Ballistic Particle Manufacturing [ 102]. Similar to inkjet printing, material jetting creates a 3D
model using movable inkjet print heads that jet photopolymer onto a build platform. The droplets are
selectively ejected using the drop-on-demand technique, which ensures high accuracy in positioning, low
waste, small droplet size, and a wide range of available materials. The printer head deposits the jetted material
drops on the substrate, mounted on the build platform, and then the layers are cured and hardened using UV
(ultraviolet) light following the print head. Many material jetting machines utilize multi-nozzle print heads to
increase speed and enable the deposition of different materials. As a result, soluble or gel-like support material
can be used to facilitate the printing of intricate geometries. An essential advantage of material jetting is its
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ability to deposit materials of different colours and hardness in the same part, thus creating components with
various properties and characteristics.

3) Vat Photopolymerization

Vat photopolymerization is an additive manufacturing process where liquid photopolymer in a vat is
selectively cured by light-activated polymerization. SLA is the most representative process of this kind. It
was the first commercial AM system developed in 1984 [123]. The photosensitive resin is contained within a
vat. The printing process begins when the building platform is lowered from the top of the polymer vat by a
specific layer thickness. Subsequently, an ultraviolet laser is used to selectively cure the top layer of the resin,
transforming it into a layer of solid material. After the polymerization is completed for one layer, the platform
is lowered again, and the surface of the resin is levelled off by a squeegee/blade to provide a smooth resin
surface. The process is then repeated until the part is fully constructed. Thereafter, the platform is raised and
removed from the machine. During post-processing, the part is cleaned in a chemical bath to remove excess
resin, supports are detached, and the part is placed into a UV oven to complete the curing process.
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Figure 2.11 Schematic diagram of the general laser powder bed fusion process.

4) Powder Bed Fusion

Powder bed fusion (PBF) process is an additive manufacturing method that enables the direct
manufacturing of metal parts. As suggested by the term, powder-based technologies primarily utilize loose
powder particles contained in a powder-bed as feedstock. The common powders used include plastic, metal,
and ceramics. Selective laser sintering (SLS) was the first commercially adopted PBF process, developed at
the University of Texas at Austin [124]. Presently, selective laser melting (SLM) is the most extensively
utilized AM technology for manufacturing all-metal microwave components. Unlike the conventional SLS
method, SLM technology melts and fuses the metallic powder, transforming it into a liquid phase, which
results in the production of more homogeneous and dense parts. More recently, a higher-precision PBF
technology called micro laser sintering (MLS) has been commercialised. This is similar to the common PBF
process but employs smaller powder particle sizes and thinner layer thicknesses, allowing the manufacturing
of micro metal parts with improved accuracy and surface quality. Figure. 2.11 depicts the schematic diagram
of a generic laser PBF process. It begins by evenly spreading a thin layer of metal powder using a recoater
onto the building platform. A high-energy laser beam is used to selectively fuse the deposited powder layer,
following the contour defined in the STL file. After each layer is completed, the building platform is lowered,
and a new layer of powder is spread, upon which the laser melts to form the next layer. This process is repeated
until the parts are fully manufactured. To prevent oxidation, the process is carried out in a controlled
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atmosphere, typically using an inert gas like argon. Once the process is complete, excess powder is removed
and recycled, and the parts that remain attached to the building platform undergo a stress-relieving treatment
in an oven. This thermal treatment is essential for minimizing deformations caused by the high thermal
stresses during manufacturing. Finally, the components are detached from the building platform and may
undergo additional post-processing steps.

2.3.2 AM-oriented Design for Microwave Components

The practical manufacturing of microwave components through the AM process poses some particular
challenges. Unlike common structural parts, microwave components require higher manufacturing accuracy
and surface quality. Additionally, the presence of complex internal irises and channels is a common feature
in most microwave devices. These make the implementation of 3D printing for microwave components
challenging. One strategy is to divide the component into two or more parts. This allows the complex internal
channels to be separately printed, facilitating post-processing. However, this approach comes with the
drawback of potential misalignment between the different parts. Moreover, by splitting the component, the
unique advantage of AM processes in producing complex monolithic prototypes is not fully utilized. This
diminishes the necessity and effectiveness of using AM for microwave components. To fully leverage the
advantages of AM processes, the electromagnetic design must be tailored to fit the AM process. An AM-
oriented design approach is required [125], [126]. To achieve the best dimension accuracy and surface quality
while ensuring the reproducibility of 3D printed microwave components, several key aspects should be
considered.

1) Manufacturing Accuracy and Volume

The geometric accuracy of AM processes varies depending on the specific AM approach and processing
parameters. Table 2.3 provides a generic summary of the manufacturing accuracy and the typically usable
frequency range for different AM technologies, based on reported work in [127], [128]. It is important to note
that higher manufacturing accuracy typically comes with a more restrictive manufacturing volume, as with
most manufacturing methods. In practical implementation, a trade-off between manufacturing accuracy and
building volume must be considered for the targeted microwave component.

Table 2.3 Comparison of Different AM Technologies

Technology Accuracy (um) Frequency Range (GHz)
FDM 100-200 1-20
SLA <50 1-90
SLM <100 10-50
MLS <15 60-180
2) Layer Thickness

In AM processes, components are built layer-by-layer, regardless of the specific AM technique used.
Selecting the appropriate layer thickness is a crucial parameter for the manufacturing process. A significant
challenge associated with layer thickness is the stair-case effect, as illustrated in Figure. 2.12. Excessively
high layer thickness can lead to a substantial increase in approximation error, particularly for objects with
small inclination angles. The vertical accuracy of the printing direction is also influenced by the layer
thickness. Smaller layer thickness can theoretically improve accuracy, but it comes at the cost of increased
printing time. Moreover, the achievable layer thickness is limited by the particle size of the feedstock material
and the capability of the 3D printer itself.

As such, finding the right balance between layer thickness, printing time, and accuracy is essential in AM
processes. It requires careful consideration and optimization based on the requirements of the microwave
components being manufactured. By choosing an appropriate layer thickness, manufacturers can ensure the
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production of high-quality components with minimal approximation error and optimal vertical accuracy,
while also maintaining an efficient printing process.
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Figure 2.12 Schematic view of staircase effect in AM process

3) Overhangs

Dealing with overhang structures presents a common challenge in 3D printing, as certain areas of a printed
part may lack support from the layer below. Different 3D printing processes have their own limitations when
it comes to handling overhangs. One solution involves adding extra supporting structures underneath the
overhanging surface, as depicted in Figure. 2.13. These supporting structures are typically built in a scaffold-
like form during the manufacturing process and require manual removal afterward, resulting in increased
complexity and longer fabrication time. More importantly, it should be noted that the surface the supporting
structures attach to usually ends up with higher surface roughness or even defects after their removal. There
is another approach known as the self-supporting concept. For downward sloping surfaces with inclination
angles smaller than the critical angle (usually within a maximum angle of 45° from the vertical), the
overhanging structure becomes self-supported, eliminating the need for additional supporting structures. This
concept reduces the complexity and time of fabrication for these specific surfaces.

In practical implementation, adjusting the printing direction is a common strategy to reduce or even avoid
overhang structures altogether. By carefully selecting the orientation of the part during printing, one can
optimize the self-supporting effect and achieve better overall results in terms of surface quality and structural
integrity.
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Figure 2.13 Schematic view of overhang structures
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4) Residual Stress

Residual stress is another factor that should be considered in AM processes. The rapid changes in physical
states during the AM process, such as heating and cooling, can lead to the accumulation of residual stress,
which may cause deformation in the fabricated components. To address this issue from a design perspective,
incorporating lattice structures or hollowing the solid block can reduce residual stress within the printed part.

For the PBF processes, applying thermal treatment to the as-printed parts is an effective method to relieve
residual stress and often an essential process step. Additionally, the use of additional supporting structures
and preheating the substrate can help control cooling rates and temperature gradients, further reducing residual
stress and minimizing the risk of warping on larger flat surfaces and shrinkage in larger blocks.

In SLA processes, minimizing the printing cross-section and ensuring adequate surface adhesion between
the build platform and component play a vital role in avoiding part distortion. Furthermore, pre-compensating
the part can help mitigate shrinkage caused by compression stress, making the final product more accurate.

5) Post-Processing

Post-processing for 3D printed microwave components primarily involves surface treatment, such as
polishing and plating. For SLA and FDM components made from non-metallic materials, surface
metallization is essential to achieve the desired electrical conductivity. For components directly manufactured
from metallic powder, surface metal coating may also be necessary due to the insufficient electrical
conductivity of the metallic materials. Common plating methods include silver painting, electroless plating,
and electroplating. Electroless plating is compatible with non-metallic materials, while electroplating involves
coating a layer of metal onto an electrically conductive material. A combination of both approaches is often
employed to achieve better coverage and surface conductivity.

For plating, it is crucial to ensure that the thickness of the coated metal layer is greater than five times the
skin depth to minimize microwave loss. it is also well known that the surface roughness of the components
significantly affects their effective conductivity. Common polishing methods, such as sandpapering, shot-
peening, and vibration polishing, are utilized to improve the surface smoothness. From a design perspective,
it is beneficial to place the electrical current concentrating area away from the downward surface with the
worst surface roughness. This design strategy helps optimize the overall performance of the microwave
components.

2.3.3 3-D Printed Microwave Filters

As this PhD project primarily focuses on microwave filters, the following subsections will review the
reported 3D printed microwave filters. These filters can be put into three categories based on the material
used.

1) Polymer-based 3D printed microwave filters

As previously mentioned, the plastic SLA process was among the first AM technologies used in the
microwave field. In 2004, two 3D printed polymer microwave filters were reported [105], [106]. In [106], an
X-band evanescent resonator filter based on capacitive loading posts and periodic vias was proposed. The
entire filter was printed into two pieces and then bonded together after metallization. In [105], a K-band
rectangular cavity filter with a vertical configuration was proposed. The filter consisted of four rectangular
resonators and was fed by coaxial probes. To facilitate fabrication, the filter was split along the E-plane of the
rectangular resonator. Both articles demonstrated good agreement between experimental responses and
simulations, validating the feasibility of the SLA process for microwave filters. Another study [129]
investigated a two-step metallization procedure for polymer-based microwave components. They developed
an X-band rectangular waveguide filter with a slanted coupling iris as a test bench, achieving an impressive
quality factor (Qu) over 6000. A few SLA based millimetre-wave filters have also been reported [112], [130].
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In [130], a W-band rectangular waveguide filter was presented, fabricated as a single piece with multiple
apertures on the outer surface to facilitate metallization.

FDM technology has been another common AM process used in the fabrication of microwave filters [131]—
[133]. One of the first attempts was reported in [131], where a corrugated low-pass filter, a high-pass filter,
and an iris-coupled band-pass filter were presented. In [132], researchers proposed a 3D printed waveguide
insert that, when placed into a standard waveguide, easily implements an inline waveguide filter, reducing
manufacturing costs and lead time. In [133], an X-band extracted-pole filter was presented, realizing the zero-
pole block through a symmetrical oversized cavity. To facilitate the printing process, the filter was split along
the E-plane into two pieces. Additionally, a Ka-band groove gap waveguide filter fabricated using polymer
jetting (PolyJet) technology was proposed in [134]. Compared to its CNC-machined counterpart, this 3D
printed filter showed evident improvement in response while achieving significant weight reduction.

In addition to the common waveguide cavity filters, many 3D printed filters with novel cavity geometries
have been proposed, taking advantage of the manufacturing flexibility offered by AM processes. A series of
spherical and hemispherical cavity filters were reported in [135]-[139]. Compared to the conventional
rectangular or cylindrical cavity resonators, spherical resonators exhibit significant advantages in terms of Qy
and spurious resonance modes, especially in dual-mode operation. However, the complex curved surfaces of
spherical resonators make them challenging to fabricate using conventional CNC machines, making 3D
printing an attractive alternative. Another interesting tunable waveguide filter based on shaped cavity was
reported in [140]. The filter is divided into two halves along the E-plane, and a rotated spiral ribbon is inserted
into the cavity to tune the centre frequency.

Transmission-line-based resonator filters, such as helical filters and coaxial filters, are another type of
filters that can leverage the free-forming capability of polymer AM processes. Traditionally, these filters are
assembled from several parts, such as a housing, a cover, and internal posts or helixes attached inside the
housing. With 3D printing, the assembly process can be significantly simplified, often requiring only two
parts: the housing and the cover. In [141]-[144], several 3D printed combline filters were reported, where
novel doublet topology and mixed electromagnetic coupling were employed to enhance filter performance. A
novel planar in-line coaxial line filter was proposed in [ 145], where the coaxial line is attached to the enclosure
with supports. The portions of the lines without support act as resonators, while the supports serve as coupling
elements. In [146], a half-wavelength helical resonator with a variable helix was proposed, enabling higher
Oy and a wider spurious-free range. Apart from these 3D structures, a few 3D printed planar filters were also
reported [147], [148].

The main characteristics of some of the polymer-based 3D printed filters presented in this section are
summarized in Table 2.4. From this table, it is evident that a wide range of standard rectangular waveguide
filters, ranging from X-band to W-band, have been reported. The experimental results of these filters show
good agreement with the simulations, verifying the feasibility of polymer-based 3D printed microwave filters.
Several metallization methods have been established, enabling fast and low-cost prototyping of microwave
components using AM technology. Furthermore, several novel filter configurations with advanced filter
functions were reported, taking advantage of the flexibility of the polymer-based AM process. Compared to
conventional microwave filters, these novel resonator structures allow for simplified fabrication processes,
while effectively enhancing the RF performance of the filters.
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2) Metal-based 3D printed microwave filters

The first 3D printed metallic microwave filter was reported in 2009 by researchers from the European
Space Agency [149]. Using Selective Laser Melting (SLM) technology, they printed a fifth-order waveguide
passband filter operating in the Ku band, directly from titanium (Grade 2) and aluminum alloy (AISi10Mg).
The filter was printed as a single part, leveraging the geometric freedom offered by AM to shape the resonator
and coupling iris and minimize the insertion loss. Booth et al. from Airbus presented a series of K/Ku-band
3D printed super-ellipsoid resonator filters in [150], [151]. Compared to classical rectangular waveguide
filters, the super-ellipsoid filter achieved higher rejection levels and a wider spurious-free range. The 3D
printed filter prototypes successfully passed all space qualification tests, demonstrating that SLM-printed
metallic microwave components can competitively replace conventional CNC waveguide components in
satellite payloads. In [152], a fourth-order X-band lollipop-shaped resonator filter with a Chebyshev response
was designed and directly implemented using metallic printing. The lollipop-shaped resonator was a variation
of the well-known mushroom-shaped resonator, and the filter was designed to be manufactured in a single
piece. Leveraging the special free-form capability, a series of composite step/stub filters were developed in
[153], [154]. Compared to iris-coupled filters, the stub structure was more suitable for AM processes. The
AM-oriented design process was used in this work. It mainly involves rotating the printing direction and
tilting the stubs downward, allowing the entire filter to be printed monolithically along the propagation
direction. A comparative study of these stub filters was conducted in [155], where filters were printed using
different materials such as aluminium alloy (AISi10Mg), titanium alloy (Ti6Al4V), and maraging steel. The
printing parameters were fine-tuned through pre-manufacturing and measuring the waveguide transmission
lines. Additionally, the outer profile of the filter was redesigned to maximize heat transfer and reduce
deformation caused by thermal residual stress. The results showed excellent agreement between measured
and simulated scattering parameters for all filter prototypes. In [156], a Ka-band monolithic 4th-order
waveguide filter manufactured using the metallic binder jetting (BJ) printing technology was reported. The
paper provided a detailed investigation of the fabrication process and the RF performance. However, a
significant frequency shift was observed in the experimental response due to relatively large dimensional
variations.

In addition to filters operating at or below the Ka-band, a few 3D printed metallic filters operate at
millimetre-wave and even sub-terahertz frequency bands. In [157], two E-band rectangular waveguide filters
were printed from copper-tin alloy (CuSnl5) using SLM technology. However, due to limitations in
manufacturing tolerance and surface roughness, significant degradation in RF performance was observed. A
more suitable AM process for millimetre-wave applications is the micro laser sintering (MLS) technology. In
[158], Salek et al. reported a W-band Sth-order rectangular waveguide filter, with two prototypes printed from
stainless steel using MLS technology, and one further electroplated with copper. Measurement results showed
good agreement between measured return loss and simulated results, with measured insertion loss close to 1
dB around 90 GHz. Researchers also attempted to push the upper frequency limit of MLS printed components,
leading to the reporting of a D-band waveguide diplexer [159] and a 300 GHz waveguide filter [160].
However, both devices exhibited evident degradation in terms of centre frequency and insertion loss.
Additionally, these devices were designed in E-plane split-block configurations, resulting in extra assembly
error. More recently, a G-band 3D printed monolithic waveguide filter was reported in [128], where the
printing quality was investigated in detail to evaluate the boundaries of MLS technology for manufacturing
sub-terahertz monolithic devices. A specially developed gold-plating process was employed, and the as-
printed stainless-steel filters underwent multiple supplements plating processes, achieving an impressive
insertion loss of 0.5 dB. Another AM technology potentially suitable for manufacturing sub-terahertz filters
is 3D screen printing, a new AM technique based on a modified screen-printing process using the powder-
binder mixture. In [161], a 300 GHz rectangular waveguide filter was manufactured using this emerging 3D
printing technique. The filter was fabricated in multiple pieces and gold-plated. However, there was a

29



significant frequency shift and return loss deterioration in the experimental responses compared to simulated
ones.

Table 2.5 summarizes the main characteristics of the 3D printed metal filters discussed in this section.
From this table, we can find that a wide range of 3D-printed metallic filters, from X-band to sub-terahertz
frequencies, have been reported. For filters below the Ka-band, the experimental responses show good
agreement with the simulations, demonstrating that SLM technology can be a viable manufacturing solution
for microwave filters in these frequency bands. For filters operating in the millimetre-wave frequency band,
some initial work (up to G-band) based on the MLS process has presented very promising results. However,
most reported filters are based on rectangular waveguide resonators with Chebyshev responses, and the
flexibility of monolithically manufacturing complex geometric structures has not been fully exploited.
Considering the current manufacturing resolution of 3D printing technologies, they might not be a reliable
manufacturing technology as yet for sub-terahertz microwave filters.
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Table 2.5 Comparison between the reported metal-based 3D printed microwave filters

Ref Filter Order and Response Resonator Type Jfo (Sim./Meas) FBW Meas. IL Printing Techniques and Material
(GHz) (dB)
[149] 5t-order Chebyshev bandpass filter Shaped rectangular resonator | 11/11.12 1.8% 1 SLM
AlSi10Mg, Titanium (Silver plated)
[151] 9t_order Quasi-elliptic bandpass filter | Depressed super-ellipsoid 12.875/12.88 1.9 1 SLM
resonator Scalmalloy (Silver plated)
[152] 4% order Chebyshev bandpass filter Lollipop-shaped resonator 7.924/7.926 3.9 1.1 SLM
Stainless Steel
[155] 6M-order; Chebyshev low-pass filter Composite step/stub 13.725/13.725 18.2 0.1 SLM
resonator AlSil0OMg, Ti6Al4V Maraging steel (Silver
plated)
[156] 4% order; Chebyshev bandpass filter Rectangular resonator 32/32.35 6.3 1 BJ
Stainless Steel (Copper infiltrated)
[157] 11"-order; Chebyshev bandpass filter | Rectangular resonator 83.5/87 6.0 3 SLM
CuSnl5
[158] 5t-order; Chebyshev bandpass filter Rectangular resonator 90/89.1 11 1 MLS
Stainless Steel (Copper plated)
[160] 5t-order; Chebyshev bandpass filter Rectangular resonator 300/297 10.5 1.9 MLS
Stainless Steel (Gold plated)
[128] 5t-order; Chebyshev bandpass filter Rectangular resonator 180/179.94 11 1 MLS
Stainless Steel (Gold plated)
[161] 5th-order Chebyshev bandpass filter Rectangular resonator 300/313.2 9 3 3D Screen Printing

Tungsten-copper (Gold Plated)
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3) Ceramic-based 3D printed microwave filters

Compared to air-filled cavity filters, dielectric resonator filters offer the advantage of miniaturization, as
the wavelength in dielectric ceramic material is smaller than in the free space. Since the introduction of
dielectric resonators in microwave filter design, enormous advances have been achieved. Conventionally,
fabricating these filters has been challenging. Special molds are often required to manufacture the dielectric
puck, which is only cost-effective for large-scale production, and the practical design freedom is usually
limited. On the other hand, binding and soldering separate dielectric blocks together require high assembly
accuracy. Even minor misalignments could lead to considerable degradation in filter performance.

Recent advances in ceramic 3D printing have spurred researchers to explore its application in microwave
component fabrication. Several 3D printed dielectric resonator filters have been reported in [162]-[167]. The
3D ceramic SLA process was initially tested in [162] to manufacture a microwave filter. This work involved
printing periodic dielectric structures from high permittivity ceramics such as Yttria-stabilized Zirconia (ZrO2)
and Ba3;ZnTa>O9 (BZT). The printed dielectric plates were then inserted into a common air metallic cavity to
create high-Q, resonators and filters. In [163], a C-band dielectric wideband filter based on TMo15 mode was
proposed, where all resonators and inter-resonator coupling elements were designed and implemented in a
single piece using ceramic SLA process. However, the measured bandwidth was only half of the designed
bandwidth (400 MHz), due to cracks in the two end resonators. Another work based on ceramic SLA process
is the X-band skeleton-like monolithic dielectric filter [164]. Designed with a quasi-elliptic response, this
filter combines all dielectric resonators through the dielectric arms and spinal column. This innovative design
eliminates the need for adhesive glue and supporting structures, reducing losses and assembly errors. More
recently, a novel ceramic AM technology, known as Lithography based Ceramic Manufacturing (LCM), has
emerged and has also been applied in the manufacture of dielectric filters. Unlike common SLA technology,
LCM is a mask-based SLA method where an integral image is projected onto the photopolymerizable slurry
surface through an optical system. In [165], a monolithic TM single-mode dielectric resonator filter
manufactured by LCM process was presented, with the filter printed as a single piece of dielectric puck. The
outer surface of the dielectric block was metallized to replace the conventional metallic housing. A similar
piece of work on TM dual-mode dielectric filter was reported in [166]. In this case, an X-shaped dielectric
resonator with a pair of orthogonal TMo1¢ operating modes was proposed, and the entire resonator structure
as well as the housing were printed using LCM technology in a single piece. However, noticeable frequency
shifts and bandwidth deterioration were observed in the experimental results for both designs.

Table 2.6 provides a summary of the main characteristics of the 3D printed dielectric filters discussed in
this section. From this table, it is evident that the reported dielectric resonator filters mainly involve the TEo15
and TMo10 mode dielectric resonators, and the vat photopolymerization process was predominantly employed
in their fabrication. The research on ceramic-based 3D printed microwave filters is in the early stage compared
to its plastic and metallic counterparts. Future research and development are needed to fully exploit the
capability of ceramic AM technology for microwave components design and manufacturing.
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Table 2.6 Comparison between the reported ceramic-based 3D printed microwave filters

Ref Filter Order and Response Resonator Type fo (Sim./Meas) FBW Meas. IL | Printing Techniques and Material
(GHz) (dB)
[162] 3"d-order Chebyshev bandpass filter Dielectric periodic structure 33.0/32.9 1% 3 SLA
Zirconia and BZT
[163] 4"_order Chebyshev bandpass filter TMO010 mode resonator 4/4.05 5% 0.3 SLA
Zirconia
[164] 6™-order Quasi-elliptic bandpass filter TE018 mode resonator 11.75/11.74 1.7% 1.8 SLA
Alumina
[165] 27d_order Chebyshev bandpass filter TMO010 mode resonator 8.3/8.0 1.3% 1.5 SLA
Alumina
[166] 4% order Quasi-elliptic bandpass filter | TMO010 dual-mode resonator | 6.0/5.9 4.7% 0.7 SLA
Alumina
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2.4 Discussion on the State-of-the-art and Research Objectives

The literature review provides valuable insights into the research state-of-the-art in the research fields
involved in this PhD project. The main conclusions drawn from the above review are as follows:

For the microwave filters in satellite payload, the classical design paradigm has been well established.
Wideband feed filters typically utilize TE on and TM mode rectangular resonators, while narrowband channel
filters commonly adopt TE1in and TEo11 mode cylinder resonators. To improve out-of-band selectivity, the
cross coupling and extracted-pole techniques have been developed, enabling the realization of the quasi-
elliptic filter response.

The power handling capability of microwave filters is constrained by several factors, such as PIM
interference, high-power breakdown, and thermal-induced frequency detuning. While a complete analytical
theory for PIM interference has not been established, several practical methods can be employed to mitigate
its impact. For high-power breakdown, classical analytical theories and design guidelines are well established.
The development of numerical methods further simplifies the analysis of breakdown phenomena and provides
more accurate breakdown threshold estimations. Effective breakdown prevention methods have also been
summarized. To address thermal-induced frequency detuning, classical methods involving the use of low-
CTE materials and temperature compensation structures have been developed. Notably, in many practical
applications, the power handling capability of microwave components is determined by the permissible
temperature rise of the equipment rather than microwave breakdown limitations. Hence, maintaining good
temperature stability is crucial for high-power microwave filter design.

The development of AM technology indeed opens new perspectives for design of microwave components,
leading to the prodigious numbers of expert-level publications on 3D printed microwave components. Among
the AM technologies, the SLA process is primarily employed for polymer-based microwave filters. Several
microwave filters with novel cavity geometries and enhanced RF performance have been reported. The
feasibility and flexibility of SLA in manufacturing polymer-based microwave filters have been well
demonstrated. Although such polymer-based microwave filters can feature near-net shape manufacturing and
highly reduced weight, but their mechanical strength and poor thermal handling capability hinder their
practical application in the real-world high-power scenarios, making them suitable mainly for proof-of-
concept prototypes. For metal-based 3D printed filters, SLM is the prominent AM technology. Its feasibility
in manufacturing microwave filters has been verified through numerous reported 3D printed metallic filters
ranging from X-band to G-band. However, most metallic 3-D printing filters are of relatively wide bandwidth
(greater than 2%), unsuitable for the narrowband channel characteristics required for many satellite
communications systems. Although some 3-D printed narrowband metallic filters were also reported, the used
metallic materials only concentrate on common stainless steel and aluminium alloy. The high CTE value of
these materials also limits the practical high-power application of these designs. Moreover, most reported
metal-based filters are the standard rectangular waveguide filter, the full potential of monolithically
manufacturing complex geometric structures using SLM process has not been fully exploited. Regarding
ceramic-based 3D printed filters, the employed AM processes mainly involve SLA technology, and the
reported 3D printed dielectric filters only focus on TEo15 and TMo1o mode dielectric resonators. Moreover,
experimental results indicate significant degradation in most reported 3D printed dielectric filters. The
research on ceramic-based 3D printed microwave filters is still in its early stages, and the relevant research is
relatively limited compared to the polymer-based and metal-based counterparts. More investigations are
required to unlock the full potential of the ceramic 3D printing technology in this field.

Recently, the rapid advancement of satellite communication technology, particularly the emergence of
very high-throughput satellite (VHTS) systems and satellite internet constellation systems, has fuelled a
growing demand for high-power microwave filters. For example, the HTS needs more transponders to enable
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the frequency reuse and the multiple spot-beams system. The satellite payloads operating at the higher
frequency (Ku, Ka, V-band) also requires the higher channel power. Apart from the electrical specification,
other evolving requirements, such as the more stringent footprint and weight limitations, all present significant
challenges to the current satellite microwave filter solutions. These demanding requirements not only
increases the complexity in the filter design but also pose the challenge to the manufacture of the microwave
filters. Therefore, an evolution from the current microwave filters is indispensable to meet the increasing
communication demand.

This PhD project aims to address these challenges by leveraging advanced manufacturing techniques,
primarily focusing on AM technology and novel materials. The research motivation and scope are
summarized as follows:

(1) The AM technology will be utilized to overcome the complex manufacturability issues associated with
Invar alloy, and a new alternative end-to-end fabrication route will be established for all-Invar high-power
microwave components.

(2) The combination of 3D printing technology and novel thermal-stable alloys will be explored to open
new opportunities for temperature compensation mechanisms. Feasible end-to-end fabrication solutions for
microwave components will be investigated for several novel low-CTE alloy materials.

(3) The application of novel non-metallic materials in high-power microwave components will be
investigated.

(4) The manufacturing flexibility of metal AM processes will be exploited to design novel metal-based 3D
printed filters.

(5) The advantages of ceramic 3D printing technology in manufacturing complex monolithic geometries
will be harnessed to design novel dielectric microwave filters.

2.5 Summary

This chapter provides a comprehensive review of the relevant literature pertinent to this PhD project. The
reviewed topics encompass microwave filters designed for satellite applications, practical considerations in
power handling capability, and the application of 3D printing technology in microwave components. The
state-of-the-art research in these areas is thoroughly examined, shedding light on the current advancements
and challenges. Additionally, the chapter outlines the objectives and contributions of this PhD project. By
delving into the prior art of these research areas and their interconnections, this chapter sets the stage for this
thesis.
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Abstract

A 3-D printed narrowband bandpass filter based on spherical dual-mode resonators is presented in this
chapter. It is designed for output multiplexers (OMUXs) using high-Q spherical dual-mode resonators.
Realization is by laser powder bed fusion (L-PBF) technology of Invar alloy chosen for its low coefficient of
thermal expansion (CTE). Using PBF circumvents the alloy’s manufacturability issues associated with its
hardness in machining and free forming. Compared with polymer-based vat photopolymerization technology,
PBF allows for direct metal manufacture of complex monolithic microwave components with better thermal-
mechanical properties and higher power-handling capability. Using Invar can further help achieve high
temperature stability of the filter in high-power operation. To demonstrate the proposed solution, detailed
thermal-RF test at different temperatures was carried out. The experimental results of a 0.47% fourth-order
silver-plated Invar filter with two transmission zeros verify the design and manufacturing. An insertion loss
of 1 dB and an effective temperature coefficient of less than 2 ppm/K were achieved.

Keywords: 3-D printing, high-power filter, Invar, novel materials, output multiplexer, spherical resonators.
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3.1 Introduction

High-power filters and multiplexers for space applications require high temperature stability due to their
large operation temperature ranges as well as the power-induced self-heating effect. Among these devices is
the output multiplexer (OMUX), one of the most complex and specialized passive components, also with the
most stringent requirement for temperature stability. This is partly because of the narrow channel bandwidth
(e.g. 36 or 54 MHz in X and Ku band) and partly because of the tight frequency and distance spacing between
the channels. In fact, contiguous channel configurations are not uncommon. This leaves almost no bandwidth
margin to allow for any frequency drift. To achieve a sufficiently high temperature stability, there are two
well established temperature compensation techniques. One is to build the filter using Invar material with
very low coefficient of thermal expansion (CTE of 0.5~2.0 ppm/K) [1]. The other is to build the filter from
the favorably light aluminum but using external compensation mechanisms to achieve effective thermal
compensation [2]. This complicates the assembly. Despite the attractively low CTE, Invar is not an easy
material to work with for its high density and hardness in machining. Moreover, some essential mechanical
features such as the straps and brackets will degrade the thermal handling capacity of the channel filter [1].
In this work, a new alternative fabrication route for Invar-based filters is demonstrated using additive-
manufacturing (AM).

Different from the conventional subtractive process, AM (known also as 3-D printing) offers the flexibility
and capability by selectively building material in layer-upon-layer fashion to form complex geometries
monolithically, which is either impossible or too complicated for conventional machining [3]-[5]. When using
INVAR, design could be geared toward higher RF performances and reduce cost for machining. AM also
provides more design freedom for multi-objective topological optimization of the weight, mechanical and
thermal properties. In this work, we will demonstrate a filter with spherical resonators, conformal cavity walls
and modified flanges, built in one single piece using laser powder bed fusion (L-PBF) process from Invar
powders. More specifically, the selective laser melting (SLM) technique is employed.

Most of the OMUX channel filters are implemented using dual-mode resonators for compactness and ease
of layout especially when the channel number is high [6]. Among them, cylindrical high-Q TEin dual-mode
resonators are the most widely used [7], [8]. However, they are normally manufactured cavity-by-cavity or in
a split-block fashion. The separate cavities and the split-blocks require extra flanges and screws for assembly.
Using AM, one can manufacture not only the Invar filters but also the attached mechanical features (such as
brackets and straps) monolithically, with no or reduced interconnection and assembly. This can further
translate to reduced mass and less passive intermodulation when the devices work with multiple carriers. In
addition, unconventional geometric features are made possible by AM, such as: self-supportive spherical or
elliptic cavities for enhanced RF performance, rounded corners for reduced field concentration and ease of
plating, and waffle structures for local mechanical reinforcement.

Although the SLM of Invar material [9] has been well studied, we have not found any SLM Invar filters
reported in the open literature, except for brief mention in marketing literature from commercial providers
such as Swissto12. It is very important to note that majority of the previously demonstrated 3-D-printed filters
are of relatively wide band (most larger than 2%) [10], [11], unsuitable for OMUXs. These filters are also
much less sensitive to fabrication tolerance than the narrowband dual-mode filter we chose to build and
demonstrate. A spherical dual-mode resonator filter with 0.47% fractional bandwidth is presented in this work.
A polymer version of the spherical dual-mode resonator using stereolithography technology was first reported
in [12]. Holes were added to the structure to facilitate plating. The bandwidth of the filter was over 3%. The
high thermal expansion, low power handling, knotty EMC problems with the plating holes, and potential
issues related to mechanical loads hinder the polymer-based filters from being used in higher-power OMUXs
of real-world satellite payloads.
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In this paper, the mechanical properties, as well as the RF and thermal stability performance of SLM Invar
resonators and filters are demonstrated. Comparison with an aluminum-copper alloy is done. The
manufacturing parameters and the coating process are discussed.

4

Resonator2

Resonatorl

S WR-90 waveguide
waveguide

Resonatorl Resonator2
TEn TE

(a) (b)

Figure 3.1 (a) Configuration of the 3D printed Invar spherical dual-mode filter: (yellow: the metallic wall; blue: the internal air-
model). (b) Coupling topology and normalized coupling matrix. (Solid line: Positive coupling, Dash line: Negative coupling)

3.2 Spherical Dual-mode Filter Design

A spherical dual-mode fourth-order filter with a quasi-elliptic response and two transmission zeros is
adopted here. Figure. 3.1(a) shows the configuration of the proposed filter. It consists of two spherical
resonators which are joined by a cross shaped iris. Two WR-90 waveguides serve as the feeding ports. Each
resonator supports a pair of orthogonally polarized TM 101 resonance modes.

Table 3.1 Comparison of Different Types of Cavity Resonators

Resonator Mode Ou Dimensions
(mm)
Rectangular TEi01 7936 22.86 (L) x 10.16 (W) x 15.87 (H)
TE102 9910 22.86 (L) x 10.16 (W) x 31.73 (H)
TE103 10710 22.86 (L) x 10.16 (W) x 47.60 (H)
Cylindrical TEin 11870 27.18 (D) % 15.68 (H)
TE112 17149 27.18 (D) x 31.36 (H)
TE113 19873 27.18 (D) x 47.03 (H)
Spherical TMio1 14015 22.80 (D) x 22.80 (D)

L, W, H, D, denote length, width, height, and diameter of the resonators.

Table 3.1 shows a comparison between the used spherical resonator and the common dual-mode cavity
resonators in terms of the simulated unloaded quality factor (Qu) and the corresponding physical dimensions,
where all resonators operate at 11.5 GHz. All EM-simulations were performed using the Computer Simulation
Technology (CST) Studio Suite, and all cavity walls were assumed to be smooth silver with electrical
conductivity of 6.302 x 107 S/m. From this table, it can be seen that the spherical dual-mode resonator exhibits
significant advantages over the others. It has the highest Qu among the dominant modes (TE 101, TE111, TM101)
and shows considerably reduced size over other higher modes. The filter is designed to have a center
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frequency of 11.483 GHz, bandwidth of 54 MHz, and passband return loss of 20 dB. The coupling topology
is shown in Figure. 3.1(b), where the cross coupling between mode 1 and 4 is introduced to generate two
symmetrical transmission zeros at 11.438 GHz and 11.528 GHz to improve the frequency selectivity. From
[13], the external quality factor and non-zero coupling coefficients can be calculated: Qex = 205.7, k12 = -k34
=0.840, k23 = 0.803, and k14 = 0.267.

Figure. 3.2 illustrates the YZ-plane sectional view of the filter and some critical coupling structures. The
two black arrows indicate the electric field (E-field) direction of mode 1 and mode 4. The dash lines denote
three XY-plane cross sections (XY-1, 2, 3) with key coupling structures to be detailed later in Fig. 3 and 4.
The first and third one is located at the middle of the two spherical cavities whereas the second one is at the
middle of the cross-iris.
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Figure 3.2 Section view showing the internal structures. (Two black solid arrows indicate E-field direction, and three black dash
lines indicate the position of three XY-plane cross sections with critical coupling structures).
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Figure 3.3 (a) Phase response of the transmission coefficient of the intra-resonator coupling with insets showing the corresponding
structures and dimensions. (b) Extracted coupling coefficient versus the radius of the coupling bulges Br. The final dimensions in
millimeter are: Rj= R4 = 11.025, R, = R3 =10.954, R\/R, = 1.0065, Br) = Br, = 1.345.

The inset in Figure. 3. 3(a) displays the cross section XY-1 and XY-3. They are not strictly circular but
elliptical with a width-height ratio close to 1. The horizontal and vertical radius of each spherical cavity are
labelled as R1, R2, R3 and R4. By changing them, the frequency of each mode can be tuned. The intra-resonator
coupling (k12 and k34) between the two orthogonal modes can be further controlled by a pair of round bulges
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at +/— 45° directions. The purpose for adding a pair of coupling bulges rather than just one in each cavity is
to reduce the impact on the polarization orthogonality between the two TM resonance modes. Compared with
the commonly used coupling stubs [12], the round bulge is easier to be printed and integrated with the
spherical cavity. Positioning the coupling bulges at +/- 45° enables the coupling k12 and k34 to be out of phase
and hence achieves the required coupling topology. Figure. 3. 3(a) shows the phase responses of the
transmission coefficient where the +/- 45° coupling bulges exhibit opposite phase. The coupling strength is
determined by the radius of the coupling bulges Br| or Br, as presented in Figure. 3.3(b).

The inter-resonator and cross coupling are realized by the cross shaped iris between two cavities where the
horizontal aperture is for the cross coupling k14 and the vertical aperture is for the main line coupling k23, as
indicated in Figure. 3.4(a). In this design, the thickness of the iris ¢ is deliberately increased to allow an
enlarged iris opening. This is an important feature because it not only eases the printing process but also
facilitates the subsequent surface treatment (polishing and coating), when either polishing agents or an
electrode needs to be inserted into the cavities. Figure. 3.4(b) shows the variation of the coupling coefficient
versus the width of coupling aperture / for different thicknesses ¢. To achieve the same level of coupling, a
thicker iris will allow an increased /. It is also shown that the curve representing the thicker iris has a gentler
slope. This means the thicker iris reduces the sensitivity to the fabrication tolerance as an added benefit. The
wider and longer iris would have a negative impact on the spurious performance. However, both measurement
and simulation show that there is no spurious passband over the whole X band from 8.2 to 12.4 GHz.
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Figure 3.4 (a) The inter-resonator and cross coupling structures with key dimensions. (b) Extracted coupling coefficient versus the
dimension / (w = 2 mm) with varying ¢. The final dimensions in millimeter are t =4.3, [y =5, w1 =2.33, L =4.25, w, = 2.

3.3 Material, Manufacture and Coating

The Invar filter samples were 3D printed from a pre-alloyed spherical powder on top of a steel substrate
with SLM additive manufacturing technique using a Concept Laser M2 Cusing system. In order to achieve
maximum bulk microstructure density, a laser parametric study was performed first on 5 mm X 5 mm x 7 mm
coupons as shown in Figure. 3.5(a), using the laser processing window parameters given in Table II and with
a constant powder layer thickness of 30 um. The heat input was represented in terms of the laser energy
density (E = Laser-Power/Scan-Speed/Scan-Spacing) [14]. The scanning electron microscope (SEM)
micrographs in Figure. 3.5(b)-(d) show the influence of £ on the microstructure’s density evolution. It is
observed that the coupons built with £ < 1.0 J/mm? show porous microstructure with unfused defects (un-
melted particles within the pores) as seen in Fig. 5(b), leading to low density. The monotonic increase in £
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decreases the lack-of-fusion defects and increases the degree of consolidation, as shown in Figure. 3.5 (c) and
(d), leading to a dense material when the laser energy density is between 1.4 < E < 4.2 J/mm?. However, the
higher E values in this range lead to evaporation that creates pores within the builds as seen in Fig. 5(d). Also,
the high £ parameters might cause over-melting, rough downward surface, and distortion. The consolidation
behavior is also represented by the Archimedes density measurements in Fig. 5(e), where all coupons built
with 1.4 < E < 4.2 J/mm? show fairly constant density with an average value of 8.0 g/cm?. In order to achieve
reasonably high density as well as good surface finishing, the parameter chosen to manufacture the part is 1.4
J/mm?, which is the minimum E required to reach the high-density regime. The estimated porosity fraction is
2.3 £0.15%. It is worth mentioning that all builds beyond E = 4.2 J/mm? failed as the extremely high £ value
leads to higher thermal stresses [15].
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Figure 3.5 (a) The as-printed coupons with different laser energy density £ on top of a steel substrate, (b) (¢) (d) SEM micrographs
of the coupons built with £ = 0.8, 1.1 and 1.4 J/mm?, respectively, which show the influence of laser process parameters on
densification mechanism. The inset shows the respective microstructural defects, and (e) the influence of laser process parameters
on the Archimedes density.

An aluminium-copper alloy (A20X) sample was also 3D printed and used as a benchmark as its CTE value
is similar to the aluminium alloy used for space application. The A20X sample was fabricated using a
SLMS500HL printer with the processing parameter given in Table 3.2.

Table 3.2 Investigated Range of Processing Parameters

Material Laser power/P Scan speed/V Scan spacing/h Energy density/E
W) (mmy/s) (mm) (J/mm?)

Invar 150-350 800-2500 0.06-0.09 0.6-7.3

A20X 360 1500 0.15 1.6

Table 3.3 compares the SLM Invar and SLM A20X in terms of their mechanical properties. Where two
values are provided, they correspond to the horizontal/vertical building directions, respectively. This
measurement was carried out by Deben 500 tensile testing machine using 2 mm % 2 mm flat dogbone samples.

Table 3.3 Mechanical Properties of The SLM Invar and A20X Alloy
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Material Density E’ 602 ouUTS 5

(g/cm?) (GPa) (MPa) (MPa) (%)
A20X-AF* 2.85 72.8/75.5 303/313 398/390 9.8/9.6
Invar-AF [9] 8.1 - 398/353 510/422 15/3

“E: Elastic modulus; 6o.2: Yield strength; ours: Ultimate tensile strength; 5: Elongation. *AF: As-fabricated.

The printing direction is parallel to the propagation direction of the microwave components, as shown in
Figure. 3.6. No internal support structures are required. The design has considered several features to facilitate
SLM manufacturing. The spherical cavities are self-supportive during the printing. The inter-cavity and
input/output irises alleviate overhangs of greater than 45°. The feed waveguide is tapered to avoid flat ceilings.
The waveguide flange is modified (see the photo in Figure. 3.6) to alleviate stress-induced bending as well as
to reduce the weight. The as-printed samples were cut off the substrates via EDM and the flange surface was
mechanically ground to improve its smoothness. Post polishing was done by a Sharmic vibration polishing
machine with 3 mm size ceramic particle media. The polishing process takes 6 hours, and the samples are
then ultrasonically cleaned with ethanol for 10 min and dried in oven at 100 °C before further testing.
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Figure 3.6 (a) Diagram showing the printing direction; (b) Photo of the Invar filter after silver plating.

The SLM Invar filter was electroplated with silver. Figure. 3.6 shows the photography of the Invar filter
after surface coating. To encourage coating on the inside, part of the external surface was masked during
plating. An anode was inserted through the filter. This necessitates large enough irises in the design especially
for narrow band filters. The roughness of the internal surface is believed to have some adverse impact on the
quality of silver plating. It is worth mentioning that silver plating on machined Invar is a well-tested and used
process in general. However, what is less known is the quality of coating on the internal surface of a semi-
closed, monolithic, 3D-printed part like the cavity filter. This is worth further investigation and research.

3.4 Measurement and Discussion

To evaluate the printing quality and the thermal stability of the printed Invar components, a thermal-RF
measurement was performed. This test was carried out using an in-house built experimental setup where a
pair of thermal isolators are used [16].
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Figure 3.7 Measured resonance curves at room temperature with inset showing the dimpled spherical single-mode resonator.

A dimpled spherical single-mode resonator [17] was first measured. To provide a benchmark and the first-
order indication of the dimension accuracy of the as-printed sample, an A20X and an Invar resonator were
first tested at room temperature (~20 °C). As shown in Figure. 3.7, both samples have a slightly higher
resonance frequency than expected from the simulation, which is partly due to the shrinkage during the
printing process. From the transmission response in Figure. 3.7, the Qu and the corresponding effective
electrical conductivity can be further extracted, as presented in Table 3.4.

Table 3.4 Measurement Result Summary of The Resonators

Material Ou Effective Effect. temp. coefficient
@20 °C conductivity (ppm/K)
(x107S/m)
Invar 167 0.0015 1.85
A20X 4057 0.778 21.7

Next, the operating temperature was raised up to 160°C at an interval of around 20°C. The transmission
responses at each point were measured after a stabilization time of 30-40 minutes. Figure. 3.8 shows the
measured resonance curves as a function of temperature for both resonators. It is apparent that the frequency
variation of the Invar resonator is negligible comparing to the A20X resonator. To establish a correlation
between the frequency shift and the CTE, we define the ‘effective temperature coefficient’ of the resonator
as d(Af7f)/dT. 1t has the same unit of ppm/K as the CTE of the materials. The start and end temperature are
used to extract this coefficient. The results are summarized in Table 3.4. The Invar resonator has a very low
thermal expansion of 1.85 ppm/K. Its Qu increased slightly with temperature. As expected, the Invar resonator
has extremely low Q.. It requires surface-coating to improve its RF performance.
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Figure 3.8 Measured resonance curves as a function of temperature. (a) A20X resonator. (b) Invar resonator.

For the RF measurement of the Invar filter, Figure. 3.9 shows the measurement results before and after
silver plating without any tuning. As can be observed, both measured responses exhibit a shift of the passband
against their simulated counterparts. The frequency shift before and after silver-plating is 70 MHz and 80
MHz, respectively. The small discrepancy (10 MHz) in the shifts is attributed to thickness of the plated silver
layer which is estimated to be 11 pm. The conductivity of the Invar used in the simulation is extracted from
the resonator measurement as given in Table 3.4.

For the silver-coated filter, the measured center frequency is 11.565 GHz, and the average insertion loss is
around 1 dB, which is higher than the simulated one of 0.4 dB, as shown in Figure. 3.9(b). This extra loss is
partly due to the lower-than-expected return loss (~10 dB) and partly due to the surface roughness [18], which
degrades the effective conductivity of silver.
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Figure 3.9 (a) Measurement (solid lines) and simulation (dashed lines) results of the 3D printed Invar filter. (b) The enlarged view
of Sy responses over the passband. (¢) comparison between the measured results and the filter response from the extracted coupling
matrix (see the inset).
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In the ideal situation of the resonator with infinite Qy, the return loss of 10 dB alone would have contributed
0.45 dB mismatch loss. If perfectly smooth silver is assumed for the conductivity of the filter (6.302 x 107
S/m), the total insertion loss would be 0.8 dB. The Q. can be calculated to be about 12500. For the measured
insertion loss of 1 dB, the coupling matrix method is used to reproduce the measured response and to extract
the corresponding Q.. Figure. 3.9(c) shows a comparison between the measured result and the extracted filter
response. They agree very well. From this figure, the Oy can be extracted to be 5800, which is about 46% of
the ideal silver-plated filter. Simulation shows this corresponds to an effective conductivity of 1.26 x 107 S/m.
If the return loss can be improved to 15 — 20 dB, the insertion loss should be reduced to well under 1 dB. The
higher-than-simulated S11 is probably due to the small dimension inaccuracies in critical coupling structures.
Considering the narrow bandwidth and tuning-free measurement condition, we think the performance of the
3-D printed Invar filter is very encouraging.
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Figure 3.10 The simulated transmission response as a function of the shrinkage ratio. (a) shrinkage along the Z-axis. (b) Shrinkage
along the XY-plane.
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To investigate the frequency shift of the passband which is believed to be mainly due to the material
shrinkage during the printing process, a parameter study involving dimension scaling was carried out. The
shrinkage ratio along Z-axis is set as Sz and that along the XY-plane is Sa (the shrinkage assumed to be
isotropic along X/Y direction). As can be observed from Figure. 3.10, the shrinkage on XY-plane has a more
pronounced effect on the frequency, while the Z-axis shrinkage incurs a small asymmetry to the transmission
response, which also exists in the measurement result. Figure. 3.11 shows a comparison between the measured
and simulated filter performance where Sz = 0.99 and Sa = 0.995. A reasonably good agreement can be
observed.
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Figure 3.11 Comparison of the filter performance. (Solid line: measurement result. Dot line: Simulation result considering the
impact of shrinkage).

Based on the above discussion, it is expected that the final filter performance can be improved by pre-
design compensation for the dimension and by adding tuning screws. To demonstrate this, holes were drilled
on the 3D printed filter and six M2 stainless steel tuning screws were added for fine tuning the resonant
frequencies and inter-resonator couplings. An improvement has been evidenced as shown in Figure. 3.12(a).
However, the insertion loss with tuning screws is increased by almost 0.5 dB, as a result of loose installation
of the screws as well as the loss from the un-plated steel materials. The corresponding Oy can be extracted to
be 2900 using the coupling matrix method, as shown in Figure. 3.12(b). It is expected that the insertion loss
can be improved using silver-coated brass or Invar screws. It is also worth pointing out that a more optimal
process is to drill the tuning holes before silver plating to avoid potential damage to the coating.

Next, the temperature-dependent RF measurement was performed on the Invar filter. The experiment
process is similar to the resonator-based test. Figure. 3.13 shows the measured performances of the Invar filter.
The temperature stable performance is clearly demonstrated. There is no visible frequency shift. The loss
degradation at raised temperatures is 0.3 dB. It is worth noting that the thermal isolator pair, used in the
thermal-RF measurement, contributes an extra insertion loss of 0.25 dB.
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Figure 3.12 (a) Measured and simulated results of the Invar filter after tuning with inset showing the enlarged view of the S»; over
the passband. (b) Comparison between the measured results and the filter response from the extracted coupling matrix.
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Table 3.5 provides a comparison with the 3-D printed A20X filter and an Invar filter fabricated by
conventional CNC milling. There are two values given for the 3-D printed Invar filter, which correspond to
the before/after-tuning results. The comparison shows that the added steel tuning screws not only increase the
insertion loss but also degrade the thermal stability slightly. This could be alleviated by using silver-plated
Invar screws. What is encouraging about the data is that the 3-D printed Invar filter (after tuning) exhibits
comparable stability with the CNC Invar filter. The higher insertion loss can be accounted for by the low
return loss as well as losses associated with the surface roughness and tuning screws.

Table 3.5 Summary and Comparison of Thermal-RF Measurement Result

Insertion loss at ambient Loss Degradation Freq. temp. coefficient
(dB) (dB) (ppm/K)

3-D Invar 1/1.5 0.2/0.3 0.5/1.1

3-D A20X 1.5 0.1 20

CNC Invar [1] 0.5 0.1 <2

3.5 Conclusion

A fourth-order 0.47% bandwidth spherical dual-mode filter designed for OMUX has been reported. To the
best of our knowledge, this is the first demonstrated narrowband filter additively manufactured from Invar
alloy in the open literature. Table 3.6 provides a comparison with published 3-D printed filters and CNC Invar
filters. This work demonstrates the possibility of using complex resonator structures in Invar filter design
(without being limited to the rectangular and cylindrical cavities), and opens more design opportunities for
optimal RF, mechanical and thermal properties for narrowband filters. The improvement in the thermal
stability demonstrates the feasibility and superiority of the 3-D printed Invar filter. The end-to-end
manufacturing methods and the detailed experimental investigation have been discussed. The presented
design concept, manufacturing parameters, and material characterization may find useful applications in the
design of future high-power filters.

Table 3.6 A Comparison With Some 3-D Printed Filters and CNC Machined Invar Filters

Ref. Filter Order and Resonator Type fe FBW Printing Material
(GHz) (%) Technology

[19] 4™_order, with mushroom-shaped coaxial 7.924 3.9 SLM Stainless steel
resonators

[20] 9t_order, with depressed super ellipsoid 12.875 1.9 SLM Scalmalloy aluminum alloy
resonator

[21] 3"dorder, with spherical resonator 10 1 SLM/SLA Al-Cu alloy/Accura Xtreme resin

[12] 4" order, with spherical dual-mode resonator 10 3 SLA Accura Xtreme resin

[22] 4" order, with dual-mode super Q resonator 19.9 0.22 CNC Invar

T.W. 4™_order, with spherical dual-mode filter 11.483 0.47 SLM Invar

Ref: reference, fc: central frequency, FBW: fractional bandwidth; SLM: selective laser melting; SLA:
stereolithography apparatus; CNC: computer numerical control; T. W.: this work.

The 3D-printed Invar filter technology is not without challenges. Conventional machined Invar filters of
the similar fractional bandwidth can have an insertion loss as low as 0.5 dB. To match this performance, more
work needs to be done about the surface treatment (polishing and coating). Polishing the internal surface of
monolithically-built closed cavity is especially challenging. Currently we are restricted to vibratory grinding
technique, which is less intrusive to the internal critical structures compared with some other more aggressive
polishing methods but also has limited capability. Electrochemical polishing may be a promising alternative.
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The quality of silver plating on the SLM Invar filter can be improved. Reducing the surface roughness will
help. It is worth mentioning that to understand the 3D printed internal surfaces is an ongoing research area.
The influence of multiple factors such as the laser process parameters, the printing direction and the thermal
treatment complicates this matter significantly. Finally, it is also expected to have more weight reduction
features, and further optimized resonator geometry are expected to enhance the competitiveness of the SLM
Invar technology in high-power filter applications.
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4.1 Introduction

Satellite output filters and multiplexers are one of the most complex and specialized microwave passive
components for the on-board communication payloads. Compared to the filter networks in other
communication applications, the wider operating temperature range (typically —10 to +85 °C), and the higher
channel power level (typically in the range of several hundreds of watts) are usually required [1]-[3].
Therefore, the temperature stability and the power handling capability are key design challenges. For a high-
power filter for space application, the following factors may be considered [4]: 1) thermally induced frequency
detuning, 2) high-power breakdown, 3) passive intermodulation (PIM) interferences. To reduce the power
loss and minimize the self-heating effect due to thermal dissipation, high quality-factor(Q) cavity resonators
are usually required for such equipment [5]. Common high-Q resonators include the TEoi1 single mode
cylinder resonator, TE;in (N = 1 - 5) and TE221 dual mode cylinder resonators. To achieve stable RF
performance over a wide operating temperature range, a typical approach is to use a material with low
coefficient of thermal expansion (CTE), such as Invar, or to use an external temperature compensation
mechanism [6]. The relatively narrow channel bandwidth and the high electric fields inside the high-Q
resonators also increase the risk the high-power breakdown. For the satellite OMUXs, multipaction is a main
source of the high-power breakdown. It is an RF breakdown in the vacuum or low-pressure environments.
Extensive theoretical investigation and verification procedure can be found in [7], [8]. To prevent the
occurrence of this breakdown phenomenon, many methods have been invented such as increasing the gap
size, adding dielectric filling, and reducing surface potential through surface treatment. In addition, the power
handling capability is susceptible to PIM, which is mainly caused by the material imperfection and contact
nonlinearity [9]. In principle, PIM can be mitigated by reducing the mechanical interfaces and joints. Recently,
we demonstrated the RF design and additive manufacturing of a narrowband (~0.47% fractional bandwidth)
channel filter for high-power OMUX applications, using laser powder bed fusion technology of Invar alloy
[10]. Spherical dual-mode resonators were used in the design. Due to the low coefficient of thermal expansion
of Invar, high thermal stability of the filter has been achieved. It was monolithically 3D-printed in a single
piece, significantly reducing the need for assembly and hence reducing the possibility of PIM. An end-to-end
process has been developed and implemented, together with a design-for-additive-manufacturing approach.
However, the closed structure, as a result, presents the challenge for internal surface treatment (e.g. polishing
and coating).

In this paper, the latest measurement results based on the re-coated Invar filter will be presented. To address
the internal surface treatment, an electrochemical polishing technique was investigated. A 3D printed
monolithic spherical resonator was processed using this novel surface treatment method. Compared to the
mechanical polishing method we used before, a significant improvement on the resonator’s unloaded quality-
factor (Qu) has been achieved. In addition, multiphysics co-simulation and multipaction analysis on the
spherical filter will be presented. The multiphysics simulation was performed to investigate the filter’s thermal
stability under the practical high-power operation. The result demonstrates that the effective temperature
coefficient of less than 1 ppm/K can be achieved. This is in good agreement with the previous thermal-RF
measurement. For the multipaction analysis, the numerical simulation tool SPARK3D was used to estimate
the breakdown threshold. To ensure the convergency of the simulation, finer local mesh density, and different
initial power as well as initial electron number were applied to the base-line case. In order to considering the
possible parameter deviation due to the material condition and surface treatment [11], analysis under different
secondary emission yield (SEY) parameters was carried out, such as the maximum SEY coefficient and
different low crossover electron energy. According to these simulation results, the Invar filter can provide a
design margin of greater than 10 dB for the specified channel power of 150 W.
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4.2 Spherical Dual-mode Filter

The spherical dual-mode filter is specified with a center frequency of 11.483 GHz, a bandwidth of 54 MHz,
and in-band return loss of 20 dB. The detailed discussion about this filter has been reported in [10]. In the
previous measurement, the O, value extracted from the tunned Invar filter is only 2900 because of the
improper processing arrangement and the used un-plated tuning screws. To improve the performance, the
tuned invar filter was electroplated again and tunned using the silver-coated brass screws. Figure. 4.1(a)
compares all measured results of this Invar spherical filter, where the inset is the enlarged view of S»;
responses over the passband. As can be observed, the measured insertion loss is improved from 1.5 dB to near
1 dB after the second silver plating. The coupling matrix method is used to reproduce the measured response
and to extract the corresponding Q.. Figure. 4.1(b) shows a comparison between the measured result and the
extracted filter response. The two filter responses show a good correlation, and the extracted Qu is 4900. There
is an improvement of near 70% over the first plating. However, it is still much lower than the ideal silver-
plated filter with the Qu of 12500. This discrepancy in insertion loss is mainly due to the higher surface
roughness of the 3D printed invar filter.
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Figure 4.1 (a) Measured and simulated results of the Invar filter with inset showing the enlarged view of the S21 over the passband.
(b) Comparison between the measured results and the filter response from the extracted coupling matrix.

Polishing the Invar surface is nontrivial, especially for the inner surface of monolithically-built closed
cavity. We have investigated the effect of different polishing parameters and different methods such as the
vibratory grinding technique and the more aggressive but controlled electrochemical technique — Hirtisation®.
Figure. 4.2(a) shows the photograph of a 3D printed Invar spherical resonator, used as the experimental
prototype. Figure. 4.2(b) shows the measured surface roughness Sa after different surface treatments. These
Sa values are obtained by averaging several surface roughness measurements taken at different points of Invar
resonator using Alicona InfiniteFocusSL microscope. As can be observed, the mechanical polishing technique
only has very limited effect on the surface roughness even with long polishing time. The achieved minimum
Sa is 5.3 um after 12 hrs. In contrast, the electrochemical polishing method has delivered more significant
improvement. The surface roughness has been reduced to 2.9 um. The improvement is also reflected in the
Q. After silver plating, the electrochemically polished resonator achieves a Qu of 7995, which is 64% of the
ideal silver-plated Invar resonator.
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Figure 4.2 (a) Photo of the 3D printed Invar spherical resonator. (b) Change of surface roughness Sa values with different polishing
time and polishing technique.

4.3 Multiphysics Co-Simulation

Table 4.1 Summary of Multiphysics Simulation Results

Filter wall thickness Highest Temperature Maximum Heat Flux Density Frequency Shift Worst Return Loss
(mm) (°C) (W/cm?) (MHz) (dB)
1.5 (Low Power) 21
1.5 (High Power) 158 1.7 -1 19.6
1 (High Power) 177 1.8 -1 19.5
0.5 (High Power) 221 2.1 -1 18.5

In addition to the variation of the environmental temperature, the heating effect caused by the thermal
dissipation also has a significant effect on the power handling capability of the spherical resonator/filter. This
problem is further exacerbated in the case of the narrow band filter. To evaluate the stability of the 3D printed
Invar filter under high-power operation, multiphysics simulation was performed using the co-simulation
capability from CST. Figure. 4.3(a) shows the filter model, where the spherical filter is made up of silver-
plated Invar while all external brackets and the baseplate are made of aluminium. An average input power of
150 W is considered in RF simulation. For the thermal analysis, the background related to space environment
is defined, and a temperature of 85 °C is defined for the baseplate under which the on-board cooling system
is mounted. Figure. 4.3(b) shows the temperature distribution of the filter structure where the filter wall
thickness is assumed to bel.5 mm. The main hot spot is on the resonators and the coupling irises. The highest
temperature on the filter and maximum heat flux density in the contact surface are 158 °C and 1.7 W/cm?,
respectively. By feeding the temperature distribution into the mechanical solver we can derive the dimensional
deformation and finally obtain the corresponding filter responses through sensitivity analysis, as shown in
Figure. 4.3(c). Herein, three different filter wall thicknesses were considered to investigate the trade-off
between weight reduction (thinner wall) and the temperature stability. The filter response at low-power
operation is used as a reference. A summary of these simulation is given in Table 4.1. As can be seen, both
the highest temperature and heat flux density increase as the wall thickness decreases. However, even for the
thinnest wall of 0.5 mm, there is no obvious degradation in filter performance. The maximum frequency shift
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is only 1 MHz. This indicates the effective temperature coefficient is around 0.5 ppm/K, which is in good
agreement with the previous thermal-RF measurement.
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Figure 4.3 Model and simulated results of Multiphysics co-simulation. (a) Simulation model. (b) Temperature distribution. (c)
Simulated filter responses under different wall thicknesses.

4.4 Multipaction Analysis

To evaluate the power breakdown threshold, the numerical software tool SPARK3D® was used to perform
the multipaction analysis. First, the electrical field distribution in the spherical filter at some salient frequency
points was derived using a full-wave electromagnetic (EM) solver. For better accuracy of the electric-field
distribution, the maximum mesh step width for the EM solver was set to be 0.5. The selected frequency points
include the passband center (11.483GHz), and two passband edges (11.456 GHz and 11.51 GHz). The single-
carrier signal without modulation at the above frequency points was used. The secondary emission yield (SEY)
parameter was set to the standard ECSS silver. In order to test the convergence, a number of simulation cases
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were performed considering different initial power and electron number. Table 4.2 summarises these
simulation settings. It has been found that all the simulations have converged to almost the same breakdown
threshold around 11900 W. This is a margin of 19 dB compared to the specified 150 W input power. For the
following multipaction analysis, the initial power of 50 W and initial electrons number of 1000 are used.

Table 4.2 Summary of Multipaction Analysis Setting

Initial Power (W) Initial Number of Electrons Signal Material
50, 80, 120 500, 1000,4000, 7000, 10000 Single Carrier ECSS Silver

Although nominal values for the SEY parameters are given in the ECSS standard, in practice the exact
value of SEY is hard to obtain. Both surface composition and roughness can affect the practical SEY
parameters. For the 3D printed Invar devices with silver plating, the surface condition is significantly different
from the conventional silver-plated CNC machined parts. To account for the uncertainty in SEY, different
maximum secondary emission coefficient and different low crossover electron energy were considered. The
simulated breakdown power thresholds are summarized in Table 4.3. It can be observed that the variation of
both parameters reduces the breakdown power. The maximum secondary emission coefficient has a greater
effect on the breakdown power than the low crossover electron energy. However, even in the worst-case
scenario, the spherical filter can still achieve the breakdown power of 1988 W. The margin is over 11 dB.

Table 4.3 Summary of Multipaction Analysis Results

Maximum secondary emission coefficient 2.2 (ECSS Silver) 3.3 4.4 5.5 6.6
Breakdown power (W) 11900 5150 3375 2475 1988

Low crossover electron energy (ev) 30 (ECSS Silver) 29 28 27 26
Breakdown power (W) 11900 11700 11500 11100 10700

4.5 Conclusion

This paper presents the measurement results of the Invar spherical dual-mode filter after the second plating.
A spherical Invar resonator was used to investigate the effect of different surface treatment techniques.
Compared to the mechanical polishing method (e.g. vibratory grinding), the electrochemical Hirtisation®
process has achieved a significant improvement in the reduction of surface roughness. The thermal stability
at high-power operation was shown through the multiphysics simulation. The power breakdown threshold
was analyzed using SPARK3D. The results indicate this filter can provide a good design margin against the
specified power. The presented 3D printed Invar components can be an attractive alternative solution to some
high-power microwave applications in space.
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Abstract

This chapter presents an investigation into the thermal stability of microwave cavity resonators using
several novel alloy materials. Shaped spherical resonators are additively manufactured by Selective Laser
Melting (SLM) technology from alloy powders. The manufacturing parameters of each sample is presented,
and their thermal stability is experimentally characterized by measuring the RF performance under different
temperatures. The Ti64, Zr702 and TNTZ samples show much improved thermal stability as compared with
the common aluminium alloy used for space application. A detailed comparison between different samples in
terms of their mechanical, thermal and RF performance is presented. This work introduces an expanded range
of materials that may be used for microwave filters and opens opportunity for new temperature compensation
techniques for high power filters.

Keywords: Additive manufacturing, cavity, filters, new materials.
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5.1 Introduction

High-power microwave filters are an important class of components in satellite payloads. They are mostly
used in output multiplexers (OMUXs) or antenna feeds handling power levels beyond 100W per channel from
L-band up to Ka-band [1], [2]. Above X-band, most of these filters are formed of hollow metal cavity
resonators for their low loss requirement. In addition, thermal conduction and lightweight performance are
required, making Aluminium the preferred building material. Temperature variation is mainly due to the in-
orbit operation (typically 15-85°C for OMUX) and the self-heating from the high-power RF dissipation.
Without any compensation mechanism, this temperature variation would cause thermal expansion/contraction
of the metal cavity and resulting in a frequency displacement of the filters response. So, most of the high-
power filters require temperature compensation mechanisms. Due to its narrow bandwidth and the need to
reduce the guard bands (and hence maximise the overall available frequency range utilization while reducing
as much as possible the interference to adjacent channels), the channel filters in OMUXSs have particularly
stringent requirement in terms of thermal stability. It requires either external temperature compensation
structures [3] or the use of invar alloy [4] for its extremely low coefficient of temperature expansion (CTE)
of 0.5 - 2 ppm/K. The external constraint structures often complicate the assembly and result in a bulkier
structure, requiring in most cases complex tuning steps. As for invar, it is not an easy material to work with
due to its high density and hardness in machining. Both approaches have been used in the industry for a very
long time. This work aims to find new alternative temperature compensation solutions using new materials in
combination of suitable manufacturing techniques.

The advent of additive manufacturing technology (also known as 3D-printing) and the increasing adoption
of this technology in space industry offer the opportunity to explore this technology together with new
materials [5], [6]. 3D printing technology has several advantages: rapid prototyping of new concepts; unique
capability of free-form fabrication of complex structures which are difficult or impossible for subtractive
techniques; and the versatility of printing with novel materials or even multi-materials. Some tentative work
has been reported previously [7], [8] on the thermal performance of 3D printed filters but focusing on
polymer-based materials, which does not really address high-power applications.

In this paper, a detailed investigation into several promising alloy materials is presented. Manufacturing
parameters of each material sample are discussed. Detailed material characterization and thermal-RF test at
different temperatures are reported on a dimpled spherical resonator. Good correlation has been shown
between the RF test results and the expected material properties. A comprehensive comparison is made.

5.2 Structure of Experimental Samples

Two types of 3D-printed samples are used in this paper to investigate the mechanical, thermal and RF
properties of the different alloy materials. The regular samples are used for mechanical and CTE testing over
a wider temperature range. The microwave resonator samples operating at 10 GHz are used to investigate the
actual RF temperature stability over the temperature range from room temperature to around +150 °C. This
temperature range is limited by the available testing setup.

The microwave resonator employed in this work is a dimpled spherical resonator which is designed for
additive manufacture [9]. Figure. 5.1 presents its geometries. Different from a regular spherical resonator, the
top and bottom of this spherical cavity are symmetrically squeezed to push the first higher order mode farther
away from the dominant mode. Meanwhile, a higher unloaded quality factor (Qu) than rectangular resonator
can be achieved.
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Figure 5.1 Dimpled spherical resonator. (a) Resonator geometries. (b) Cross-sections (a = 24.8 mm, b = 16.8 mm).

5.3 Material and Manufacture

5.3.1 Materials

Several promising metallic alloys are selected to manufacture the experimental resonators and regular
samples, including invar alloy, Ti-6Al-4V alloy (Ti64), Ti-Nb-Ta-Zr beta-titanium alloy (TNTZ), Zr702, and
the aluminium-copper alloy A20X. Among them, TNTZ and Zr702 are novel to the microwave industry. The
A20X is used as the reference material, since its property is similar to the common aluminium alloy.

Invar alloy is a widely used low CTE material. However, the density of invar is high (8.1 g/cm3) and the
strength-to-density ratio is low. This leads to the high weight of components made from invar, which, together
with the very limited thermal conductivity, limits its application especially in payload-sensitive applications.
This material is also very hard to machine. So, free-forming additive manufacturing technique offers a high-
potential alternative fabrication solution. Although SLM invar [10] has been well studied, there is little work
on SLM invar filters reported in the open literature.
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Ti64 is a commonly used high strength alloys with high strength-to-weight ratio, which means the
components may be formed thin and light weight. Ti64 is also one of the most used materials in additive
manufacturing. The CTE of Ti64 is 8.6 ppm/K, much lower than aluminium but higher than Invar. Its
electrical conductivity is even poorer than invar.

TNTZ alloy was originally designed and mostly used for orthopaedic implants. It has similar strength and
density to Ti64. Literature has shown this alloy promises a CTE as low as 2 ppm/K after special heat treatment
[11], [12]. Zr702 is close to pure zirconium. It has similar properties as titanium in many ways. Its CTE is
34% lower than Ti64. One drawback of Zr is its relatively high density but its strength is like titanium.

A20X is a high strength Al-Cu alloys with TiB2 doping. The strength of A20X is about 400 MPa but the
density is low, hence the components made from A20X can be light weight. However, the CTE of Al-Cu
alloys is much higher than the others.

The general properties of these selected materials are summarised in Table 5.1. The data are mostly from
the literature, which will provide a reference for comparison with the actual material characterization and RF
experimental results in this paper.

Table 5.1 General Properties of the Selected Materials

Invar TNTZ Zr702 Ti64 A20X
Density (g/cm?) 8.1 4.5-5 6.5 ~4.4 2.85
Young’s modulus (GPa) 140 36-52 95 110 75
Elongation (%) 45 10-20 5-18 5-18 >10
CTE (ppm/K) 0.5-2.0 -2.5-+3.8 8.6 8.6 204
Thermal Conductivity (W/(m'K)) 12-15 ~17.8 6.7 6.7 175

5.3.2 Manufacturing Techniques

All samples are additively manufactured using laser powder bed fusion (L-PBF) technique, also known as
selective laser melting (SLM). Three different types of machines are used in this study. Table 5.2 summarizes
the printers and the main processing parameters.

Table 5.2 Printing Machines and Processing Parameters

Ti64 Invar, TNTZ, Zr702 71702
Printer RenAM 500 M Concept Laser M2 SLMS00HL
Layer thickness (um) 30 30 30
Laser power (W) 200 400 360
Scan speed (mm/s) 1500 4000 1500
Hatch distance (mm) 0.105 0.45 0.15
Spot size (pum) 70-75 70-80 70-80

The printing direction is parallel to the longitude of the microwave resonator components as shown in
Figure. 5.2. Samples were cut off from the substrate via EDM and the cut surface was mechanically ground.
The post polishing was done by Sharmic vibration polishing machine with 3 mm size ceramic particle media.
The standard polishing process takes 6 hours, and the samples are ultrasonic cleaned with ethanol for 10 min
and dried in oven at 100°C for further testing. Our RF measurements are performed on as-printed samples.
Figure 5.3 shows the pictures of the as-printed sample resonators from the five different alloy materials.
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Figure 5.2 (a) Diagram showing the printing direction. (b) Photo of the printed resonator sample with external supporting structures.

Figure 5.3 Photographs of the as-printed sample resonators.

5.4 Experimental Setup and Results

To accomplish the resonator-based thermal test, an experimental setup was built. It mainly contains four
parts: heat source, thermal shielding and thermometer, a pair of thermal isolators, and RF measurement
equipment. Figure. 5.4 presents the schematic diagram of the measurement setup.

A Gallenhamp hot plate is employed here as heat source. The thermal shield is made up of a box covered
by aluminium foil, while the real-time temperature is monitored by a multimeter (ATP MY-64) through a K-
type thermocouple. The functionality of the thermal isolator is to separate the RF measurement equipment
from the heat source [13]. Each thermal isolator is composed of two sections of X-band rectangular waveguide
that are separated by a 1-2 mm air gap. To avoid the radiation from the gap, periodic bandgap structure is
used between the two waveguide flanges. Agilent E8361C network analyser is used. Although the in-house

75



built setup cannot match the accuracy of a commercial thermal chamber in temperature control, the results
are adequately indicative of the thermal performance of the devices.
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Figure 5.4 Schematic diagram of the thermal measurement setup

During the test, a set of transmission response at room temperature (around 20 °C) were first taken as a
benchmark as shown in Figure. 5.5(a). This serves a first-order indication of the dimensional accuracy of the
as-printed resonators. All samples have a slightly higher resonance frequency than expected by simulation.
This could be partially alleviated by predesign compensation for the dimension. Figure. 5.5(b) compares the
measured quality factors of the samples at room temperature where some samples have been polished. As can
be observed, the low CTE materials generally have very low Q,, which necessitate conductivity-enhancing
coating in order to achieve the required RF performance. Polishing has shown some limited positive effect.
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Figure 5.5 (a) Measured resonance curves at room temperature. (b) Comparison of the measured O, of the as-printed resonators.

Temperature was then raised up to around 160 °C at an interval of around 20 °C. The resonator’s scattering
coefficients were measured at each temperature after a stabilization time of 30 - 40 minutes. Figure. 5.6(a)
shows the measured resonance curves as a function of temperature for the A20X sample, where the frequency
shift is clear. Theoretically, the percentage frequency shift is approximately equal to the CTE times the
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temperature range. That is Af/ f= - CTE x Temperature-range. However, the CTE of the bulk material is not
identical to that of the resonator. We define the ‘effective temperature coefficient’ of the resonator as
d(Af7f)/dT. It has the same unit of ppm/K as the CTE of the materials. Shown in Figure. 5.6(b) is an example
for A20X sample where the start and end temperature are used to extract the effective temperature coefficient.
For comparison, Figure. 5.7 presents the measured resonance curves and calculated effective temperature
coefficients of the other four resonator samples formed of lower CTE materials. The improvement in the
thermal stability of the resonator is significant.

Table 5.3 Test Result Summary of As-printed Resonator Samples

Materials Literature Flat Sample 10 GHz Resonator
(As-printed) (As-printed)
CTE CTE Freq. temp. coefficient Qu
(ppnvK) (ppmV/K) (ppmVK) @20°C
@25-140°C @20-150°C
Invar 0.5-2 1.43 1.85 167
TNTZ -2.5-+43.8 8.26 7.68 254
Zr702 5.7 7.32 5.95 1050
Ti64 8.6 8.48 7.43 530
A20X 20.39 19.05 21.16 3417

Additionally, the CTE of the materials was measured by the TA Instruments TMA 2940 Thermo-
Mechanical Analyzer, generally in accordance with BS ISO 11359-2:1999. Good correlation between the
measured CTE of the materials and the measured effective temperature coefficient of the resonators has been
shown in Table 5.3. However, the TNTZ samples show much higher CTE than the literature value [11]. It is
known the CTE of TNTZ is highly dependent on the manufacture process and heat treatment.
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Figure 5.6 A20X resonator: (a) Measured resonance curves as a function of temperature; (b) Calculated effective temperature
coefficient.

5.5 Conclusion

This chapter evaluated the thermal stability of microwave cavity resonators, additively manufactured using
several alloy materials with low CTE. Ti64, Zr702 and TNTZ show much improved temperature stability
compared with aluminum. Most temperature-dependent RF measurement results show good correlation with
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the expected CTE properties of the materials. The TNTZ sample did not reach the lowest CTE reported in the
literature, which requires further investigation. The work also demonstrated the printability of monolithic and
irregular shaped resonators using these new materials. This increases the range of materials that may be used
for microwave filter and opens opportunity for new temperature compensation mechanism for high power
filters. Future work is expected for the manufacturing of complex RF functions, making benefit of the
selection of highly stable building materials. End-to-end manufacturing methods will be investigated
considering, for example, the required metal coating for RF performance improvement.
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Figure 5.7 Resonance curves used to calculate the effective temperature coefficients for the as-printed sample resonators with low
CTE materials. (a) Ti64, (b) Zr702, (¢c) TNTZ, (d) Invar.
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CHAPTER 6: LIGHTWEIGHT, HIGH-Q AND HIGH
TEMPERATURE STABILITY MICROWAVE CAVITY
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Abstract

This chapter for the first time presents a high-Q cavity resonator manufactured using carbon-fiber
reinforced silicon carbide (SiC) ceramic composite material HB-Cesic®. This composite has attractive
properties of low coefficient of thermal expansion comparable to Invar, low density similar to aluminum, and
high thermal conductivity. Its manufacturing process enabled by machining and joining renders useful design
flexibility. A high-Q spherical resonator has been used as an example in this investigation. Two resonators,
one monolithic version and the other one based on split-block structure have been experimented. The end-to-
end processes from machining, assembly or joining, to high-conductivity coating for both structures, have
been demonstrated. The RF performance of the resonators and their variation with temperature have been
measured. A quality factor of over 10000 has been achieved for both resonators at 11.483 GHz. The measured
high thermal stability of the resonator correlates very well with the prediction. This work establishes the
feasibility of using HB-Cesic® in microwave resonators and paves the way for further development and
verification programme for more complex passive microwave devices such as filters and multiplexers for
space applications.

Keywords: High-power microwave, invar alloy, novel materials, silicon carbide, spherical resonators,
space technology, thermal stability.
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6.1 Introduction

The development of satellite communication technology, especially the advent of high-throughput-satellite
(HTS) systems has spurred increasing demand for high-performance microwave devices [1]. Among them,
output multiplexers (OMUXs) are one of the most complex and specialized passive components. An OMUX
usually consists of a set of narrowband output filters and is placed after high-power amplifier to combine
multiple amplified signals into a common transmission antenna. As a result, the low insertion loss and high
power-handling capacity are key design parameters. Additionally, OMUXs requires very stable RF
performance over a wide temperature range. Both the self-heating effect induced by power dissipation and
the operating temperature range pose significant challenge to maintaining good thermal stability of the overall
filter [2], [3]. Therefore, the high quality-factor (Q) and high temperature-stability filters are a crucial
component for satellite communication systems.

To achieve the low insertion-loss, high-Q resonators are needed. Many cavity resonators have been
invented, such as the TEo11 single mode cylinder resonator, TE1in (N =1 - 5) and TE221 dual-mode cylinder
resonators [4]. Enabled by the emerging additive manufacture (AM) technology, some irregular shaped
resonators, such as super-ellipsoid and spherical cavity resonator, were also reported [S]-[11].

For the stringent thermal stability requirement, two methods have been widely adopted. The first method
relies on the temperature-invariant material like Invar, which has very low coefficient of thermal expansion
(CTE) of 1-2 ppm/K [12]. However, its poor manufacturability due to hardness, high density, and low thermal
conductivity are significant barriers to their widespread application, particularly as more microwave
components are required in emerging satellite internet constellation systems. The second method uses external
temperature compensation [ 13], [14]. Often external fixture or additional compensation structures are required.
This can complicate the assembly. A lot of the compensation fixtures are made from Invar. To address the
manufacturability issue with Invar, 3-D printing has been used to manufacture Invar filter and diplexer [15]-
[17]. Recently, we have reported some investigative work on using novel low-CTE alloy materials to
manufacture thermally stable microwave components [18]. However, so far none of the metal materials can
match the low CTE of Invar.

Non-metal materials that can match the CTE of Invar are some ceramic based materials and carbon-fibre-
reinforced polymers (CFRPs). CFRP is an interesting material for high power applications. It has low density,
high specific stiffness and a very low CTE down to -0.4 ~ 0.76 ppm/K. However, its anisotropic properties
often complicate the microwave design. This material has been used in antennas for space applications, as
well as in circuit packaging. One major challenge with this material is the metal coating. CFRP is conductive
but has a very low conductivity. CFRPs have been reported for filters applications [19]. One other high-power
filter based on a similar material was originally reported in 1974 [20] and reviewed in 2016 [21]. The material
used was Graphite Fiber Epoxy Composite (GFEC), with a CTE similar to Invar but a ~50% weight reduction.
The work also highlighted the anisotropic issue of the material and consequentially the restriction on the
design.

Silicon carbide (SiC) is a family of compound semiconductor consisting of silicon and carbon. Because of
its unique crystalline structures, SiC has excellent physical properties such as high electric field breakdown
strength, high maximum current density, and high thermal conductivity. It has been used in electronic industry
including power electronics [22], photonics [23] and is regarded as a promising substrate for high-temperature
quantum devices [24]. Carbon-fiber reinforced silicon carbide is a ceramic composite material. This material
has high hardness and stiffness, high thermal conductivity, and low coefficient of thermal expansion. It also
overcomes the anisotropic issue with CFRP, capable of producing uniform and isotropic structures. HB-
Cesic® is such a material developed by ECM - Engineered Ceramic Material GmbH [25]. Its low CTE, light
weight and high thermal conductivity offer almost a perfect combination for high temperature-stability
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microwave components. Table 6.1 summarises the comparison of the thermal and mechanical property
between HB-Cesic® and Invar alloy as well as the aluminum alloy (A20X).

This work, for the first time, investigated the feasibility of HB-Cesic® in microwave passive components.
The manufacturing process for microwave components will be explored. Both the material itself and the
manufacturing processes are a novelty for the microwave community. A spherical resonator has been used as
an example in this investigation. Compared with rectangular cavity resonators, the spherical resonators have
higher quality factor and wider spurious-free window, while the curved surface presents a demanding test
structure to verify the feasibility of the proposed manufacturing approach. Two resonators, one based on a
single-piece (monolithic) build and the other on a two-piece (split-block) structure, have been experimented.
The end-to-end manufacturing process has been demonstrated. Experimental characterization is performed to
investigate the RF performance and thermal stability. The measurement result exhibits a good correlation with
the theoretical prediction.

Table 6.1 Mechanical and Thermal Properties

Mechanical & Thermal Properties HB-Cesic® [25] Invar [15] A20X
[18]
Density (g/cm?) 2.96 8.1 2.85
Young’s modulus (GPa) 350 140 75
CTE (ppm/K) 2.3 0.5-2 20.4
Thermal Conductivity (W/(m'K)) 200 15 175

6.2 Spherical Resonator

Figure. 6.1 illustrates the configuration of the spherical resonator, where both the monolithic and the split-
block version are shown. The resonator consists of a spherical cavity and two WR-90 waveguide ports. The
dominant mode TMio1, resonating at 11.483 GHz, is weakly coupled through the narrow coupling iris. The
unloaded quality-factor (Qu) value is calculated to be 11075, assuming the conductivity of perfectly smooth
gold (4.56 x 107 S/m).

E-Planf/

: R-90 Waveguide

(a) (b)

Figure 6.1 Configuration of two spherical resonators, where half of the metallic wall is rendered with translucent colour to aid
visualization. The blue colour represents the air cavity. (a) Split-block resonator, (b) Monolithic resonator.
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For the split-block spherical resonator (see Figure. 6.1(a)), the resonator is formed of two identical parts
that are bolted together, along the E-plane of the rectangular waveguide port to reduce the disturbance to the
surface current and therefore its sensitivity to assembly. Figure. 6.1(b) shows the monolithic spherical
resonator. It should be noted that it was glued together from two identical parts along the H-plane. In this
structure, H-plane is not normally the preferred cut. However, the bonding technique used for the HB-Cesic®
material promises to eliminate the usual problem associate with imperfect contacts between two parts. This
monolithic resonator structure serves to test the robustness of the manufacture technology, which will be
discussed in more detail later.

6.3 Fabrication

Figure. 6.2 presents the flowchart outlining the manufacturing process of HB-Cesic® parts. The process is
divided into several sequential steps, as follows: (1) Preparation of carbon fiber (CF) mixtures. In this step,
CF will be mixed with resin and other carbon powders. (2) Fabrication of carbon/carbon (C/C) raw material.
The C/C raw material is formed by pressing CF mixtures to a solid block. (3) CNC machining the C/C blocks
to form the desired structure (greenbody) using diamond tools. (4) Liquid silicon infiltration. The greenbody
parts are infiltrated by liquid silicon and then fired at high-temperature furnace to form the final HB-Cesic®
parts. (5) Final machining of interfaces or functional surfaces. The manufacturing process offers several
advantages over conventional ceramic materials. For instance, the C/C greenbody is not fragile, allowing for
the production of very thin walls and the creation of ribs with a diameter of 1 mm and height of 100 mm. The
infiltration is a solid-to-solid process resulting in no shrinkage. Consequently, it helps to mitigate geometry
inaccuracies caused by sintering. Furthermore, the manufacturing process facilitates the formation of complex
monolithic closed structures by joining separately machined greenbody parts using glues prior to silicon
infiltration. The joining technology uses a non-commercial adhesive, which has a very similar microstructure
as the C/C material. At the stage of applying, the adhesive is a pasty material and curing will get hard. In the
following high temperature process the adhesive will be converted with silicon to the same material as the
bulk C/C material showing no difference in mechanical and thermal properties. Micrographic analysis also
indicates no discontinuity in the joining area.

| —

Preparation of crabon :> Fabrication of crabon/carbon
fiber (CF) mixture (C/C) raw material

¥ |

= Joining greenbody <:| CNC machining
© parts, if needed greenbody

Infiltration of : e |

BN . . .. Final machining

A\ liquid silicon |

Figure 6.2 Flowchart of the manufacturing process of HB-Cesic® parts.




HB-Cesic® has a very low electrical conductivity of 28.7 S/m. So, metal coating is imperative. This
material has been used in antenna reflectors [26]. Copper coating was applied by magnetron sputtering on the
open structures. For the closed structures like the resonator, there is no established coating process reported
in the open literature. We have experimented and applied electroless copper plating to both the open structure
split-block and the closed monolithic resonator. The measured RF performance (discussed in the next section)
has indicated full coverage and good quality of the coating. The electroless process is limited in achievable
thickness. Only 1 - 2 mm coating was achieved. This has been thickened up by electroplating copper and
passivated with a thin gold finishing. The as-fired surface roughness of HB-Cesic® parts is typically less than
8 um. This is higher than CNC machined surface, but comparable to 3D printed metal surfaces. For the two
resonators, the measured average surface roughness before and after plating is 2.1 pum and 1.7 um. The
measured RF performance again indicates the impact on the losses is not significant for the X-band resonator.
Figure. 6.3 shows the pictures of both HB-Cesic® spherical resonators, as-manufactured and after gold plating
respectively. The wall thickness of both resonators is 4 mm except that the flange thickness of the monolithic
resonator is reduced to 2 mm.

(b)

(d)

Figure 6.3 Photograph of the two HB-Cesic resonators. (a) Monolithic resonator (before coating), (b) Monolithic resonator (after
coating), (c) Split-block resonator (before plating). (d) Split-block resonator (after plating).
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6.4 Measurement and Discussion

To validate the material and manufacturing technology for high-power microwave components, both RF
and thermal-RF tests were carried out.

6.4.1 RF Measurement

All RF measurements were performed on Agilent E§361C PNA network analyser. The analyser was
calibrated using TRL (Thru, Reflect, Line) method. To achieve accurate Q measurements, the intermediate
frequency of the sweep was set to be 100 Hz. Figure. 6.4 shows the measured and simulated transmission
response (S21) of the resonators. The measured Qu, extracted using 3-dB method, of the monolithic resonator
is 10664. This is 10436 for the split-block resonator. Both values are very close to the simulated Q, of 11075
based on a perfect conductivity of gold. This means the hybrid plating techniques can achieve very good
electrical conductivity. This also indicates the assembly plane of the split-block resonator has very small
impact on Q.. It should be noted that the Q extracted using 3-dB method is practically the loaded quality-
factor (Qv), but it nearly equals to Q, for the very weakly coupled resonators. To improve the accuracy of the
extraction, the bandwidth of the frequency sweep is limited to only 3 to 5 times of the 3-dB bandwidth. For
the split resonator, the resonance frequency is shifted downward by 117 MHz to 11.336 GHz. There is a
spurious spike at 11.2 GHz. For the monolithic resonator, the resonance only shifts slightly up by 7 MHz.
Two spurious spikes appear at 11.2 GHz and 11.58 GHz. Because the spherical resonator supports three
degenerate modes and high-order modes, the spurious spikes are mostly likely a result of geometry deviation
that breaks the symmetry and excites the unwanted modes. This has been investigated using simulation
analyses next.
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Figure 6.4 Measured and simulated result of the two resonators with inset showing the comparison of resonance frequency and Q..

Figure. 6.5 presents the main results from this investigation where several possible manufacturing and
assembling errors were considered. For the split-block resonator, we first look at the displacement between
the two halves as shown in Figure. 6.5(a), along the Y-axis (denoted by dy), while the spherical radius rs is
increased from 11.34 mm to 11.425 mm to account for the frequency shift. It is clear the intended resonance
frequencies agree well after this modification, while a spurious spike can be observed in the lower band. The
simulated Electric-field (E-field) distribution at the resonance and the spike frequency are presented in the
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inset. It shows the dominant and the spurious mode correspond to the degenerate TM 101 mode. The small
frequency difference between the simulated and measured spikes might be caused by other asymmetries of
the spherical resonator such as the unequal radius along X-axis or Y-axis. It is expected the spurious spikes
can be mitigated by reducing the displacement dy during assembly.

For the monolithic resonator, three possible cases are considered. As illustrated in the inset of Figure.
6.5(b), the first is a bulge along the bonding plane (denoted by 7g) from the glue line as shown in the inset of
Figure. 6.2(a). The other two are the displacement along X-axis (dx) and Z-axis (d). The simulation responses
from the modified resonator model show an excellent consistency with the measurement results. According
to simulation analysis, the slight upper shift of the intended resonance frequency is mainly caused by the
bonding bulge (78). Looking at the simulated E-field pattern, we can find the lower spike is derived from the
degenerate TM1o1 mode due to the displacement in X-axis while the higher spike resembles the degenerate
TMio1 mode due to the displacement in Z-axis. It is expected these spurious modes can be suppressed by
improving the accuracy of the joining and eliminating the glue line. Changing the bonding plane to the E-
plane could also reduce the risk of spurious spikes.
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Figure 6.5 Comparison between the measured and simulated transmission responses with inset showing the modified resonator
model considering the manufacturing and assembling errors, and the simulated E-field cross-section at the resonator centre. (a)
Split resonator, dy = 0.05 mm. (b) Monolithic resonator, g = 0.85 mm, dx = 0.09 mm, and dz = 0.17 mm.

6.4.2 Temperature-dependent RF Measurement

To verify the thermal stability of the HB-Cesic® microwave components, the temperature-dependent RF
measurement was performed. The experiment process is similar to that in [18]. However, as shown in Figure.
6.6(a), a 3D-printed Invar waveguide spacer was inserted between the HB-Cesic® resonator and the
aluminium test port to mitigate the thermal stress that could be induced by the mismatched CTE of the ceramic
part and aluminium ports. Figure. 6.6(b) presents the comparison of measured effective temperature
coefficient (ETC) [17] between the two resonators, where the inset is the measured transmission responses as
a function of temperature for both resonators. The ETC is calculated using the frequency shift and temperature
interval between two consecutive temperature points. During the measurement, 5 MHz frequency-sweep
bandwidth is applied to all temperature points to ensure accuracy of the extracted resonance frequency. Both
resonators show good thermal stability (ETC < 3 ppm/K) up to 80 °C, the typical maximum operating
temperature of common OMUXs. The ETC of the monolithic resonator is less than 2 ppm/K. These results
are comparable to the measured CTE of 2.3 ppm/K of the bulk Cesic material. The monolithic resonator has

87



an ETC below 3 ppm/K up to 160 °C. The ETC of the split-block resonator is higher and rises to 6 ppm/K at
160 °C. The considerable increase of its ETC above 100 °C is believed to be attributed to the aluminium
screws used to bolt the two halves. This effect may be reduced by using Invar or Cesic screws. Figure. 6.6(c)
shows the variation of O, versus the temperature. A decreasing trend can be observed, but the Q, is still great
than 9000 up to 160°C for both resonators. This still leaves adequate design margin for the channelizing filters
in OMUXs, where the desired Q. is usually around 6000.

For comparison, a 3-D printed Invar spherical resonator with identical internal dimensions and 2 mm wall
thickness was manufactured and measured. The Invar resonator was plated with silver. Table 6.2 summarises
the comparison. The HB-Cesic® resonators exhibit a clear advantage in terms of the weight and the achievable
Qu. The monolithic resonator realizes 74% mass reduction while achieving 39% increase in Qu. Even in the
case of the split resonator, the improvements in weight and Qu are 62% and 31%, respectively. Considering
the thermal stability, we find that the HB-Cesic® resonators can achieve slightly higher ETC values than Invar
resonator. These values are still competitively low and can be used to meet the typical thermal-stability
requirement for high-power devices like OMUXGs.
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Figure 5.6 Thermal-RF measurement results as a function of temperature. (a) Resonator under test; (b) Effective temperature
coefficient with inset showing the measured transmission responses at different temperatures for both resonators; (c) Unloaded
quality factor (Qu).

Table 6.2 Comparison of the HB-Cesic and Invar Resonators

Weight Ou Freq. temp. coefficient
(®) (R.T./85°C) (ppr/K)

Monolithic Cesic 31 10664 /10131 1.77

Split-block Cesic 45 10436 /9483 2.36

3-D Printed Invar 117 7995 / 7454 1.01
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Table 6.3 provides a comparison with published high-Q spherical resonators. As can be observed, the HB-
Cesic® spherical resonators achieve the highest Qu among all measurement results. While higher-order
resonance modes could potentially achieve even higher Q. than the dominant mode used in this work, spurious
modes nearby would limit their practical application, particularly when wide stopband is required. Moreover,
the novel HB-Cesic® material not only improves thermal stability but also reduces weight compared with
Invar and many other metallic materials.

Table 6.3 A Comparison with Published High-Q Spherical Resonators

Ref. Resonator Type Resonance Mode fe Ou Manufacture Material
(GHz) (Sim./Meas.) Technology
[7] Spherical resonator TM101 (Dominant Mode) 10 14450/- 3-D Printing Polymer (Copper plating)
[8] Squeezed spherical TM101 (Dominant Mode) 10 6820/3728 3-D Printing Al-Cu alloy
resonator
[5] Depressed super- TM101 (Dominant Mode) 12.875 6102/4300 3-D Printing Scalmalloy aluminium alloy
ellipsoid resonator
[9] Spherical resonator TM211 (Higher-order Mode) 31 7393/493 3-D Printing AlSi10Mg alloy
[10] Spherical resonator TE101 (Higher-order Mode) 10 23000/4500 3-D Printing AlSi10Mg alloy
[11] Spherical resonator TE101 (Higher-order Mode) 10 23000/1200 3-D Printing Polymer (Copper plating)
[17] Spherical resonator TM101 (Dominant Mode) 11.483 12500/5800 3-D Printing Invar alloy (Silver plating)
T.W. Spherical resonator TM101 (Dominant Mode) 11.483 11075/10664 CNC HB-Cesic® (Gold plating)
11075/10436

Ref: reference, f.: central frequency, Qu: unloaded quality-factor; CNC: computer numerical control; T.
W.: this work.

6.5 Conclusion

A lightweight, high-O and high temperature stability spherical resonator manufactured from HB-Cesic®

composite has been reported. To the best of authors’ knowledge, this is the first SiC-ceramic-based microwave
resonator reported in the open literature. The material properties and end-to-end manufacturing approach are
introduced. Detailed experimental characterization and verification have been performed. The causes for the
frequency discrepancy and spurious spikes have been analysed. The former is mainly caused by spherical
radius variation whereas the latter is due to the discontinuity introduced by the assembly errors and the glue
line. It is expected these spurious modes can be mitigated by optimising the manufacture process, increasing
assemble accuracy and choosing appropriate bonding plane. The advantage of the HB-Cesic® resonators in
Ou and weight reduction have been demonstrated. Both resonators achieved the Qu of over 10000 and 60%
mass reduction, while achieving comparable thermal stability to Invar resonator. This work confirms the
feasibility of using HB-Cesic® in microwave resonators and provide a new technology for highly thermal-
stable microwave devices, paving the way for further development and verification programme for more
complex passive microwave devices such as filters and multiplexers for space applications.
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Abstract

The design concept of a pole-generating resonant iris is demonstrated in rectangular waveguide filters in
this chapter. Different from conventional reactive iris, the resonant iris can generate an extra transmission
pole without increasing the number of resonant cavities. As a result, several design advantages can be gained:
(1) a more compact filter structure; (ii) an ability to realize strong coupling and therefore wide bandwidth; and
(ii1) a new polarization rotation capability. Two third-order Chebyshev filters are designed and implemented,
demonstrating the miniaturization and polarization rotation feature. A fifth-order Chebyshev filter with 20%
fractional bandwidth is presented to show the capability of realizing wideband. This also demonstrates the
realization of asymmetric coupling between the resonant iris and the cavity resonator on either side. An
approach to control and extract the coupling between the iris and the cavity resonator has also been presented.
To manufacture the intricate asymmetric iris structure, all the presented filters are printed monolithically using
selective laser melting technique. Excellent agreement between the measurements and simulations has been
achieved, verifying the design concept as well as the additive manufacturing capability in microwave
waveguide devices.

Keywords: Additive Manufacturing (AM), evanescent mode, J-inverter, K-inverter, resonant iris,
selective laser melting (SLM), waveguide filters, waveguide twists, wideband filter.
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7.1 Introduction

Waveguide cavity filters have been widely used in satellite and base station applications because of their
excellent performance in terms of low loss and high-power handling capacity. The rapid development of
wideband communication and carrier aggregation has spurred the growing research activity in wideband
waveguide filters [1], [2]. Typical filter requirements for 5G sub-6 GHz system are wideband (around 10%),
compact in size, and low profile. In satellite communication transponders, wideband filters are often an
indispensable part of the transmit-receive diplexers.

For waveguide filters, there are two typical approaches to realize wideband filtering performance. The first
one requires cascading several coupled single-mode resonators [3]-[6]. However, the increasing size and
mass is a well-known concern as the order of waveguide filter rises. Wider bandwidth usually needs stronger
coupling. The irises that enable strong coupling strength are often associated with the degradation of out-of-
band performance due to the higher-order modes and iris resonances. To address this drawback, one method
is to push the iris resonance to higher frequency by dividing the single iris to multiple smaller apertures [7],
but the coupling strength will decrease. Another approach to realizing wideband filter is to use multi-mode
resonators [1], [8], [9], where multiple resonance modes were excited in a single resonator. The overall filter
size can hence be reduced while the filter bandwidth can be increased. However, it is often difficult to
implement the high-order filters because of the complicated coupling scheme. Filters with multi-mode
resonators are also more sensitive to manufacturing tolerances and often suffer from poor temperature stability
[10]. In practical filter applications, waveguide filters with explicit coupling schemes and in-line
configurations are still highly desirable.

Waveguide cavity filters usually use coupling irises (thin metallic diaphragms containing a concentric
opening) to realize the coupling between cavities. From the circuit point of view, the irises can be normally
represented as coupling capacitor or inductor. In the past decades, researchers have modified the coupling
irises for new or enhanced functionalities in filters. In [11]-[13], capacitive and inductive irises were
combined to implement a resonator to replace the waveguide cavity resonators, but the coupling between
resonators relies on additional quarter wavelength waveguide inverters, which increases the size of the filter.
In [14]-[17], the frequency-dependent coupling irises were used to generate transmission zeros (TZs). More
recently, iris structures have been used to realize multiple passbands or enhance the bandwidth of waveguide
filters [18], [19]. However, it should be noted that all above function-enhancing irises rely on complex iris
structures. Therefore, a capable and reliable fabrication solution will be the critical enabler to exploit the
potential of the resonant iris and new iris structures.

These novel irises structures are traditionally manufactured in separate piece-parts by computer numerical
control (CNC) machine and then bolted together [11]-[13], [17]. They could also be integrated into the filter,
and the entire filter is machined out of multiple parts [15], [16], [19]. However, assembly error is an important
source of performance degradation. The passive intermodulation (PIM) product generated at mechanical
interconnections could reduce the power handling capacity. Moreover, the low manufacture freedom of
conventional subtractive process severely limits the design flexibility of iris structures. Most previous work
only look at rectangular resonant irises or non-centered resonant apertures.

In recent years, additive manufacture (AM) technology (known also as 3-D printing) becomes an
increasingly popular method to construct microwave devices, because of its high freedom of rapid prototyping
and the unique capability of forming complex geometric structures [20]-[24]. For instance, microwave filters
based on non-conventional geometries have been designed and manufactured [25]-[27]. Monolithic
waveguide subsystems that integrate several RF functionalities were reported [28]-[30]. Work to explore the
printing of novel materials such as Invar can also been found in [31], [32].

We have recently proposed a 3-D printed waveguide filter using pole-generating resonant iris structure in
[33]. By replacing the conventional reactive irises with resonant irises, an extra transmission pole (TP) can
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be implemented within the space previously occupied by the coupling iris. This allows a higher-order filter
without excessive size increase. Selective laser melting (SLM) technique was employed to manufacture the
unconventional resonant iris structures. Here we have extended the work in [33] in several areas: (1)
Asymmetric coupling resonant iris was implemented, only enabled by the manufacturing capability of 3D
printing. A new geometrical freedom was introduced to realize the asymmetric coupling on either side of the
resonant iris, which is often impractical for traditional machining methods due to the limited lateral space
within the iris. (2) Circuit analysis of the pole-generating resonant iris structure was presented. The frequency
dependance of the iris coupling and the iris resonance feature were discussed. An intuitive design procedure
was introduced. (3) The wideband capability was explored. A filter with 20% fractional bandwidth is
demonstrated. (4) The polarization rotation capability, enabled by the symmetry in the resonant iris structure,
was demonstrated. This allows a 90° twist to be easily embedded into the filter. Compared with traditional
waveguide twists [34]-[36], this design feature eases the fabrication and provides a compact configuration.
(5) The reproducibility of the SLM manufacture solution was investigated. Several designed filters were
reproduced and measured. Measurement results show a good correlation with the tolerance analysis. This
work also gives an assessment to the surface finish, by providing surface roughness measurements and
showing the impact on insertion losses.
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Figure 7.1 Frequency response of a two-pole coupled cavity filter using inductive irises, with inset showing the E-field pattern at
the iris projected on the middle cross-section.

7.2 Pole-generating Resonant Iris

7.2.1 A Concept of pole-generating Resonant Iris

The initial idea of this design concept comes from a common phenomenon. The inductive coupling irises
often accompany by a spurious resonance above the passband, deteriorating the out-of-band rejection,
especially for wideband filters. Figure. 7.1 shows the frequency response of a waveguide filter with inductive
irises and the TEo:1-like electric field pattern of the iris when it resonates. In this work, we try to leverage the
iris resonance and propose the pole-generating resonant iris structure. Figure. 7.2(a) shows the initial L-shaped
resonant iris proposed in [33]. To form the resonant iris, an extra metallic diaphragm was added next to the
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symmetric inductive iris. Since the diaphragm introduces discontinuity into both the H-plane and E-plane, an
L-shaped resonant aperture is realized. For comparison, the classic rectangular resonant iris is also presented
in Figure. 7.2(b). From the simulated electric field (E-field) distributions, it is clear that both field patterns
are like the TE101 mode, but the pattern of the L-shaped aperture is folded. Hence, the L-shaped resonant iris
has a longer electrical length than the classic rectangular resonant iris. The iris resonance mode can be readily
lowered into the passband, while the condensed E-field also enables the stronger coupling. Nevertheless, the
above L-shaped iris can only realize basic pole-generating feature. To implement higher-order filters, a design
methodology is needed. Therefore, the circuit analysis and electromagnetic optimization will be discussed
next.
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Figure 7.2 (a) L-shaped resonant iris. (b) Rectangular resonant iris. Front view of the structure (the left). E-field pattern of its
resonance mode projected on the E-plane (the right).

7.2.2 Circuit Model and Analysis

The circuit model will be first illustrated to help understand the operation mechanism of the resonant iris.
This circuit analysis will focus on the pole-generating feature. The inductive iris in Fig. 1 works as an
impedance inverter (K-inverter) between two resonators and usually is represented as a shunt inductor as
shown in the inset. However, the iris is a distributed physical structure. Its intrinsic frequency dependence
will lead to unintended transmission feature. Herein, its embodiment is the extra transmission pole (TP)
generated by the iris resonance mode on the upper stopband. To investigate the pole- generating feature, a
resonant equivalent circuit was used, as presented in Figure. 7.3. The shunt inductor in the classical K-inverter
is replaced by a parallel LC circuit, and its resonance frequency is determined by

Wp = 1/\/ LPCP
(7.1)
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We will consider the following two cases:
1) CASE I: (0p # @0 where oo is the center frequency of the filter)

O—__ ¢/2 ©0/2 O
: | X
1Co Ly!
| I
l\ /l
O @/2 ©/2 —O

Figure 7.3 Equivalent circuit for the resonant iris.

In this case, the resonant iris amounts to a frequency-variant coupling element, which can offer the required
coupling at the centre frequency while generate an extra transmission pole on the upper stopband. Considering
the circuit in Figure. 7.3, the parallel LC can be regarded as a shunt reactance, X at wo, and the two-port
network acts as a K-inverter. Two conditions can be imposed: 1) The parallel LC circuit resonates at wp (wp >
®0); 2) At wo, the transmission matrix of the iris must be the same as that of the K-inverter. i.e.

A B _ [ 0 —JK ]
C D 1/jJK 0
(7.2)
The elements of this matrix can be respectively calculated [37]:
A=D= + Zosi
=D = cosp + S sing
. . Zg . 2P
B = jZysing +]7 sin (E)
. 2.9
J . cos*(3)
C == + —
Ze sing X
(7.3)
where Zj is the characteristic impedance and X is the equivalent reactance of the parallel LC circuit at wo.
wolLp
X=———-
1— wiLpCp
(7.4)
Combining (6.1) - (6.4), we can find
K = Zotan|§|, ¢ = —arctanyX
|X| _ K X = (1)12)(1)0LP
T
(7.5)

Therefore, for waveguide iris filters, once the passband specification is specified, we can predict the
position of the transmission pole from the iris resonance, which can also provide insight for the achievable
bandwidth of the designed waveguide filter. The corresponding shunt capacitor and inductor values can be
further calculated using the following equation.
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Figure 7.5 Comparison of filter performance of full-wave EM simulation, circuit simulation based on ideal K-inverter and resonant
iris.

To verify the circuit model, we consider the two-pole Chebyshev waveguide iris filter in Figure. 7.1. Its
centre frequency and bandwidth with 20 dB return loss is 10 GHz and 400 MHz, respectively. Figure. 7.4
presents two schematic circuits for this filter, respectively based on the ideal K-inverter and the resonant
inverter model, where w, = 1/,/LyC,. The circuit elements can be calculated to be: Co = 0.151 pF, Lo =
1.671 nH, Ko1 = K>3 =18.748, K12 =7.548, ¢ = 16.71°, L, = 0.071 nH, and C, = 1.601 pF. A comparison of
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their responses (simulated using AWR Design Environment) and the full-wave EM model response (from
CST Microwave Studio) is shown in Figure. 7.5. It is apparent that the equivalent circuit with the resonant
iris better represents the full-wave EM model in terms of the in-band response as well as the position of the
transmission pole at 16.6 GHz.
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Figure 7.6 Comparison of simulated third-order resonant iris filter responses between filters with and without extra coupling iris.

2) CASE II: (0p = m0)

In this case, the resonant iris can be regarded as a singlet which produce a pole-zero pair in the frequency
response. As demonstrated in [33], when the L-shaped resonant iris is sandwiched between two waveguide
TE101 resonators, the TP generated by the resonance iris can be moved into the passband, as shown in Figure.
7.6 (the black solid curves) from a three-pole filter with one resonant iris. The transmission zero appears at
15 GHz. If an extra coupling aperture (See the inset of Figure. 7.6) is added next to the L-shaped iris, the TZ
can be further controlled as shown in Figure. 7.6 (the red dash curves). Three TPs are generated within the
passband, while the TZ can be manipulated using the extra coupling iris. Therefore, the equivalent circuit in
Figure. 7.3 is no longer applicable for the filter in this case.
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Figure 7.7 Coupling topology of the filter in Figure. 7.6 and the equivalent circuit of the singlet. X.q and £, are the equivalent slope
parameter and the resonating frequency, respectively, of the series resonators determining the transmission zero; Xnm is frequency-
invariant reactance; and all A are the parameters of ideal phase shifters.
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Considering its coupling topology (see Figure. 7.7), we can find the resonant iris not only provides the
additional resonance node, but also allows the cross coupling ki13. The core pole-zero block (marked out by
the red circle) is equivalent to a singlet. From the circuit perspective, the singlet can be more explicitly
represented by the alternative equivalent circuit, as illustrated in Figure. 7.7 [38]. The shunt branch (series
LC circuit) is added to account for the extra transmission zero. The synthesis-based approach to design filters
with cascaded singlets has been well established [38], [39]. However, most methods are developed for
narrowband filter and rely on circuit extraction process for physical implementation.

Herein, we focus on the pole-generating feature of the resonant iris and use it to enhance the wideband
capability of waveguide iris filters. In addition, the extra coupling iris allows us to control the cross-coupling.
Thus, a more intuitive design approach is used to link the coupling coefficient to the real geometric dimensions
of the resonant iris. Figure. 7.8 shows the EM simulation model and the simulated S21 response used to extract
the coupling coefficient. According to [40], the frequencies of two peaks of S21 (fp1 and f2) represent the
magnetic and electric frequency fm and fe. The corresponding coupling coefficient & can be calculated by

k=+ fpzl—fiz
fprt fp2

(7.7)
where the plus-minus sign represents the different nature of the coupling, whether magnetic or electric.
This can be further determined from the phase information of S»;. In each iteration of the simulation, both
resonances should be adjusted to keep the average of the two peaks (fp1 + fp2) / 2 at the specified centre
frequency. In the simulation model, two SMA connectors are inserted into the resonators to provide the weak
coupling. The open end of the resonant iris is approximated by a perfect magnetic wall to account for the
loading effect from the adjacent resonator. It should be noted the model in Figure. 7.8 is simplified to illustrate
the extraction process. More detail on the design of the resonant iris will be discussed in the next section.
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Figure 7.8 EM model used to extract coupling coefficient and the typical simulated transmission coefficient S21.

7.2.3 Optimization of the L-Shaped Resonant Iris

It is often desired that the frequency and the coupling in a resonator can be adjusted seperately. However,
for the primitive L-shpaed resonant iris (see Figure. 7.2(a)) proposed in [33], only two design parameters (¢
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and s) can be used. The parameter / is largely fixed to fit the connected waveguide resonators. The degree of
freedom in the design is very limited. New degree of freedom is needed for the resonant iris structure.

Observing the simulated E-field distribution in Figure. 7.2, the E-field concentrates in the central area of the

resonant structure and decays along to both sides. Therefore, the resonance frequency of the resonant iris is

more sensitive to the dimensional changes of the structure in the central area. If we mitre the two end edges

of the resonant iris, a taper transformation along the Z-axis can be formed, as shown in Figure. 7.9. As a result,

an additional degree of freedom to control the frequency can be realized. This also facilitates the tuning of
inter-resonator coupling with the adjacent resonators and the realization of asymmetric coupling. Figure. 7.9(b)
shows the tapered resonant iris with asymmetric coupling, where the two end sides have different cross-

sections. It should be noted that such intricate structures would present significant difficulty with conventional

machining. In contrast, they can be easily formed by 3-D printing.

(a) (b)

Figure 7.9 Modified resonant iris structure and key dimension parameters. (a) Resonant iris with symmetric couplings. (b) Resonant
iris with asymmetric couplings.

Figure. 7.10 illustrates a few crucial dimensions of the modified resonant iris. The dimensions s1 and s> are
used to separately control the size of the middle and end cross-sections whereas the parameter » is used to
control the angle of the mitred edges. It is important to note that the two mitered end sides can be different
from each other to allow for asymmetric coupling. An example will be demonstrated later. Parametric studies
were carried out to understand the behavior of the resonant iris. Both end sides are set as a perfect magnetic
wall to imitate the loading effect, to some extent, from cascaded resonators. The parameter / is fixed to 10.16
mm to be compatible with the X-band waveguide. Figure. 7.10(a) shows the variation of the resonance
frequency of the resonant iris versus si or s2, where the inset shows the air models of resonant iris at three
representative cases. When s1 equals to s2, the modified resonant iris degenerates into the initial version. It is
apparent that the resonance frequency is more sensitive to s1, especially when s» is smaller than s;. Further
control can be applied by changing the parameter ». Shown in Figure. 7.10(b) is the variation of the resonance
frequency versus s> under different ratio of 7/¢. As the ratio decreases, the frequency curve exhibits less
variation, which means the ratio of 7/t can mitigate the influence of s, on the resonance frequency.

In addition, Figure. 7.11 shows the simulated resonance frequency and the unloaded quality factor Qy
versus the thickness of the resonant iris z. As can be observed, while the frequency change is almost negligible,
the Qu can be considerably improved with the increased thickness ¢. Still the Q. of the resonant iris is smaller
than the standard X-band rectangular waveguide resonator at 10 GHz (usually on the order of 8000) due to
the condensed E-field. The electrical conductivity of silver (6.3 x 107 S/m) was assumed for the extraction of
the Q.
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Figure 7.10 Parametric study of the resonant iris. (a) Frequency variation versus s; or s2, where one parameter is kept constant (7
mm) while the other is varied. (b) Frequency variation versus s, under different /z.
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Figure 7.11 Simulated resonance frequency and Q, versus the thickness of the resonant iris 7.

Next, we consider the control of the coupling associated with the resonant iris, using the parameters s2 and
t. Figure. 7.12 shows the coupling coefficient curves, extracted using the method shown in Figure. 7.8. The
coupling increases with the rising s> and decreases with ¢, while both parameters have comparable effect on
the coupling strength. Therefore, the effective control of the coupling can be achieved by adjusting the two
parameters. Estimated from the achievable coupling strength, if we consider a common 4™-order Chebyshev
filter, the achievable fractional bandwidth can readily reach at least 20%. Moreover, because of the field
distribution of the L-shaped folded TE 101 mode is rotationally symmetric (see Figure. 7.2(a)), an additional
polarization rotation feature can be realized. A filter with the rotation feature will be demonstrated later. It is
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worth noting that the resonant iris concept could work with other waveguide resonators than the rectangular
cavity resonators used here.
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Figure 7.12 Simulated coupling coefficient versus the parameters s, and ¢.

Now that both the resonance frequency and coupling associated with the resonant iris are shown to be
adjustable, the design procedure of the filter using resonant irises can be summarized as follows: 1) change
the parameter 51 to obtain the specified resonant frequency. In this step, s> equals to s1; 2) adjust parameters
s2 and ¢ to obtain the required coupling while fine-tuning s1 and » to modify the resonance frequency; 3)
construct the initial filter using the obtained dimensional parameters and then perform full-wave optimization.

7.3 Design Examples

In this section, three filter prototypes are designed as demonstrators.

7.3.1 Two Third-order Chebyshev Filters

Figure. 7.13 illustrates two third-order waveguide filters based on the pole-generating resonant iris, where
an L-shaped resonant iris is sandwiched between two conventional TE 101 resonators. To aid visualization, the
metallic wall of the filters is rendered with translucent yellow color. The first filter in Figure. 7.13(a) is with
a traditional in-line configuration, whereas the filter in Figure. 7.13(b) is similar but with a polarization
rotation feature where only the first resonator is rotated by 90°. All other dimensions are kept the same.

The first filter is specified with a centre frequency of 9 GHz, a fractional bandwidth of 9.5% and in-band
return loss of 20 dB. The detailed discussion about this filter has been reported in [33]. Compared to the
common rectangular waveguide filters, this filter has a footprint reduction of 20% while showing an
improvement on the out-of-band rejection. The second example in Figure. 7.13(b) is to demonstrate the
polarization rotation feature of the resonant iris. The same design specification as the first example is adopted.

Figure. 7.14 compares the response before and after polarization rotation. Little effect on the performance is
shown, due to the rotation symmetry of the resonant iris.
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Figure 7.13 Internal structures of the third-order waveguide filters based on the pole-generating resonant iris. (a) In-line
configuration. (b) In-line configuration with polarization rotation.
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Figure 7.14 Simulation response of the third-order resonant iris filter with and without polarization rotation.

7.3.2 A Fifth-Order Chebyshev Filter

The third example is to demonstrate the wideband capability and the implementation of asymmetric
coupling using the resonant iris. It is designed to operate at 10 GHz with the equal-ripple passband fractional
bandwidth of 20% and a return loss of 20 dB. The design parameters can be calculated to be ks1 = ks = 1.01,
k12 = kas = 0.86, and k23 = k34 = 0.63. Figure. 7.15(a) shows the filter structure, where a tapered resonant iris
was used to realize the asymmetric coupling on either side of the iris (i.e., k12 # k23). Note that the mitred
angle of the resonant iris in this example has been adjusted to provide a smoother transition between the two
end faces. A comparison between the simulated and the ideal response calculated from coupling matrix is
presented in Figure. 7.15(b). The response of the initial design from physical dimensioning (or coupling
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extraction) provided a reasonably good starting point for the following full-wave optimization. The filter
response after optimization agrees well with the ideal response.
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Figure 7.15 (a) Internal structure of a fifth-order waveguide filter based on the pole-generating resonant iris. (b) Comparison of
filter responses: from extracted initial dimensions, after optimization, and from the ideal response determined by the coupling
matrix.

Figure. 7.16 compares the simulated wideband responses between the resonant iris filter and the
conventional fifth-order waveguide iris filter, with the inset showing their internal structure and the enlarged
view of the in-band S»1 responses. The 28% reduction in the overall length of the filter has been achieved.
From Figure. 7.16(a), we can observe that the attenuation floor of the lower stopband is slightly worse than
the rectangular waveguide filter. However, the upper stopband rejection is improved considerably over the
waveguide iris filters as the spurious resonance mode is moved into the passband. The simulated insertion
loss is 0.06 dB for the traditional and 0.15 dB for the resonant iris filter. The slightly higher loss is a result of
the lower Q, of the resonant iris. Another common concern about the low-Q resonant structure is the passband
distortion, such as degraded passband flatness or rounded passband shoulder. To recover the sharp passband
selectivity, common methods include predistortion [41] and the use of nonuniform Q-values [42]. Connecting
the external ports with a high-Q resonator is also an effective approach [43] in the practical application. For
the proposed resonant iris filters, the low-Q resonant irises are sandwiched between two higher-Q rectangular
waveguide resonators. There is some intrinsic balancing effect. From the expand view of the in-band S»;
response (see Figure. 7.16(b)), we can see the variation in insertion loss are similar, around 0.2 dB, for the
resonant iris filter and the conventional one. Therefore, it is reasonable to believe the resonant iris structure
has a small impact on the in-band transmission response, especially for the wideband applications.

105



0 0
\ ’ _ P =
A 4 == So - So7 0
10 \ P 0.1 -~ \
I L 0.20 dB
20 : N 02 9244
30 ,' Reduce b 28% 03 —: "
= 1 04 b I !
Z 40 ,’ ~ i |
- - |
2] g =T Passband |
T 50 ! 2] |
1 0.6 | |
! 1
0 t/,
0.7 | 1
¢ 1
0 b
o 08 | l|
-80 - =S21 Tjraditional Iris 09 —S21 Resm.“.mt Iris . !
< = -S21 Traditional Iris |
—S21 Resonant Iris |
90 + - + 5 .
7 9 11 13 15 17 19 8 9 10 11 12
Frequency (GHz) Frequency (GHz)
(a) (b)

Figure 7.16 Comparison of filter response between the traditional fifth-order waveguide filter and the filter based on pole-
generating resonant iris. (a) Wideband response. (b) Enlarged view of the in-band response.

7.4 Manufacture and Measurement

7.4.1 Manufacturing Process

The resonant iris structure increases the manufacture complexity for traditional milling techniques, and
even makes it impractical as far as the tapered resonant iris is concerned (Figure. 7.15). With this in mind,
AM technique is chosen to manufacture the intricate tapered iris structure because of its unique capability of
allowing monolithic fabrication of complex microwave components. More specifically, the selective laser
melting (SLM) technique was employed on the twin-laser SLMS500HL system. All three prototype designs
were printed monolithically using A20X. It is an aluminium-copper-based alloy powder, containing 92%
aluminium, 5% copper, and 3% other materials. To examine the reproducibility of the manufacturing process,
the 2" and the 3™ design were printed twice. It should be noted they were printed in different batches to test
the practical repeatability.

Figure 7.17 CAD model and external supporting structure (indicated in blue) used in the 3-D printing process.

106



Figure. 7.17 illustrates the printing direction where the blue-coloured material represents the scaffold
supporting structure. In printing, all the filters are tilted 45° to avoid any overhang structures inside the filter,
while the downskin surface with the worst surface finish can be moved away from the electrical current
concentrating area (top surface of rectangular waveguide). Table 7.1 summarizes the laser processing
parameters and layer thickness. No surface treatment was applied on these samples except for the flange
interfaces. Figure. 7.18 shows the photograph of the three monolithically printed filters. The small difference
between the two third-order filters is caused by the length of feeding waveguide and wall thickness.

Table 7.1 Processing Parameters of All Filters

Powder Size Layer Thickness Laser power/P Scan speed/V Spot size/h Energy density/E
(um) (um) (W) (mm/s) (um) (J/mm?)
15-53 30 360 1500 70-80 1.6

Figure 7.18 Photographs of three monolithically printed filters. From left to right, they are the third-order filter with polarization
rotation, the third-order filter, and the fifth-order filter.

7.4.2 Measurement Results

S-parameter measurements of all filters were performed on Agilent E8361C PNA network analyser. The
analyser was calibrated using TRL (Thru, Reflect, Line) method prior to the measurements.

For 3-D printed devices, the effective electrical conductivity is significantly affected by the surface
roughness. The first third-order filter was used to evaluate the effective conductivity of A20X alloy used in
3-D printing. Its nominal electrical conductivity has been reported to be 1.9 x 107 S/m [44]. Herein, the
Hammerstad-Bekkadal (HB) method [45] is used to calculate the effective conductivity:

de = 0 X (Ksp) ™2
(7.8)
where o is the electrical conductivity of the conductor with a smooth surface and Ksr is the Hammerstad
correction factor, given by

K. —1+2><t -1 14><<A)2
SR = - an . 6
(7.9)
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Here, 6 is the skin depth of the conductor and A is the root mean square surface roughness. A of the printed
filter in this work was measured to be 3.5 pm using Alicona InfiniteFocusSL microscope. It is larger than the
skin depth (1.2 um for the A20X alloy at 9 GHz). The effective conductivity can be calculated to be 0.56 x
107 S/m.

To verify the calculated effective conductivity, Figure. 7.19 shows a comparison between the simulated
results and the measured filter response, where the inset is the expanded view of S»i. It can be observed the
surface roughness introduces an additional insertion loss of 0.07 dB. The measured insertion loss agrees well
with that predicted from the effective conductivity, so the conductivity of 0.56 x 107 S/m will be applied in
the following simulations to account for the impact of the surface roughness .
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Figure 7.19 Comparison of the third-order resonant iris filter between the measured result and simulation response with different
electrical conductivities.

Figure. 7.20 shows the measured and simulated results of other two designs. No tuning was applied. As
can be observed, all the measured passbands agree with the simulated results very well. For the third-order
filter with polarization rotation, two samples were printed and measured (see Figure. 7.20(a)). The measured
centre frequency is 8.91 GHz (Sample 1), shifted down by 1.0% and 9.05 GHZ (Sample 2), shifted up by
0.6%. Within the passband, the measured minimum return losses are around 15 dB whereas the measured
average insertion loss is around 0.17 dB. The simulated insertion loss is 0.16 dB. Figure. 7.20(b) illustrates
the in-band and wideband performance of the fifth-order waveguide filter. An excellent agreement is achieved
between the simulated and measured in-band response, especially for the second sample. The measured centre
frequency is 10.05 GHz and 9.97 GHz, respectively. The average insertion loss is better than 0.18 dB for both
samples, which is close to the simulated 0.15 dB. The wideband performance is also as expected, with the
rejection of 20 dB up to 15.3 GHz. It should be noted that ‘response calibration’ is used for the wideband
measurement, so the evident ripple can be observed in the transmission response. Overall, very good
agreement between the theoretical and measured results has been demonstrated.

A reduced-Q resonant structure will set a lower bound on achievable minimum bandwidth. To evaluate
this limit, we first extract the Oy, using coupling matrix method from the measurement responses of the two
samples of the fifth-order filters. All resonators are assumed to be uniform for simplicity. The Qu can be
extracted to be 1700 (Sample 1) and 2100 (Sample 2). The average Q value of 1900 was then used to evaluate
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the insertion loss for filters with different bandwidths. If we consider the 1 dB threshold of insertion loss, the
achievable bandwidth can be estimated to be 140 MHz. For typical filters in satellite payload around X-band,
the resonant iris filters could be used for the wideband feeding filters (e.g. with a bandwidth of 250 or 500
MHZz), but may not be suitable for the narrowband channel filters (e.g. with a bandwidth of 54 or 72 MHz).
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Figure 7.20 Measured and simulated results of all three examples. (a) Third-order filter with polarization rotation. (b) Fifth-order
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Figure 7.21 Sensitivity analysis of the fifth-order filter based on pole-generating resonant iris.

To further investigate the reproducibility of the resonant iris structure using AM fabrication solution, a
tolerance sensitivity analysis is carried out. Different from conventional CNC techniques where the tolerance
is related to the practical milling process, the geometric error from 3-D printing is independent from the
specific milling direction. Therefore, a tolerance sensitivity analysis based on Monte Carlo sampling method
[46], [47] was performed on the fifth-order resonant iris filter. Six key dimensional parameters with =100 um
(resolution of printing) tolerance were considered. 300 simulation samples with uniformly random distributed
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dimensions were taken. Figure. 7.21 shows the results of the sensitivity analysis, where the biggest frequency
shift and worst return loss are 50 MHz and 15 dB, respectively. Both measurement results are within the
envelope of the simulation samples. For the wideband application, we believe the 3-D printing technique is a
reliable manufacture solution for the intricate pole-generating resonant iris structure.

Table 7.2 provides a comparison with published wideband filters. As can be observed, the resonant iris
filter shows a wide bandwidth with competitive performance in insertion loss, out-of-band rejection, and
miniaturization. The polarization rotation feature gives it more design flexibility.

7.5 Conclusion

In this chapter, the design concept of a pole-generating resonant iris has been demonstrated using
rectangular waveguide filters. By introducing the capacitive and inductive discontinuity simultaneously, a
transmission pole can be generated by the L-shaped iris. A circuit analysis was performed to represent the
operating mechanism. The prototype filters have demonstrated the capability of realizing a wider bandwidth
of 20% while maintaining a compact footprint due to the miniature resonant iris. Improved out-of-band
performance has also been shown. The polarization rotation feature has been shown in a 3"-order filter. The
major challenge associated with the resonant iris is its intricate structure and the almost inseparable feature
from the cavity resonator, which makes it difficult to control the coupling. An approach to control and extract
the coupling has been proposed. An intuitive design procedure was presented. The implementation of the
filters is facilitated by 3-D printing technique. Very importantly, this allows the asymmetric coupling on either
side of the resonant iris by using the tapered iris structure. The Qu of the resonant iris is lower than traditional
waveguide resonator, but in the wideband application this has limited impact on the insertion loss. All three
filters were printed monolithically using SLM process. Excellent agreements between the simulated and
measured results were achieved, which verifies the resonant iris concept, the design and manufacturing
approach. The pole-generating resonant iris structure is not limited to rectangular waveguides and may be
used for miniaturization or wideband applications. 3-D printing has proved to be a capable fabrication method
for the resonant iris structures. Future work is expected on the design of more complex RF components,
benefiting from the proposed resonant iris structure and the 3-D printing technique. The circuit synthesis
method will be further developed.
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Table 7.2 A Comparison with Some Wideband Filters

Ref. Resonator Type fe FBW Average In-band Spurious-free window Size Number of Manufacture
(GHz) (%) Insertion loss (Rejection > 20dB) (A is the wavelength at the ~ Separate Blocks ~ Technology
(dB) centre frequency fc)
[1] Multiple-mode cavity 33 31 0.5 1.5 % fe (0.5%0.5%0.6)\ 4 CNC
resonator
2] Single-mode 3.9 13 0.14 1.5 fe (0.4%0.2x0.2)L 9 CNC
dielectric resonator
[6] Single-mode 32.2 13.6 0.36 N/A (0.8%0.4x6.4)\ 1 3-D Printing
waveguide resonator
[9] Multiple-mode cavity 25 20 0.67 1.76 x fe (1.8x1.8x1.3)A 2 3-D Printing
resonator
[18] Single-mode resonant 29.9 13 1 14 xf (0.9%0.4x6.3)\ N/A CNC
iris resonator
[19] Single-mode resonant 7.6 19 0.19 1.6 x fc (0.6x2.0x5.2)A 2 CNC
aperture resonator
[33] Single-mode pole- 9 10 0.15 1.5xf (0.7x0.3x1.8)A 1 3-D Printing
generating iris
resonator
T.W. Single-mode pole- 10 20 0.17 1.5%xf (0.8x0.3x2.4)A 1 3-D Printing

generating iris
resonator

Ref: reference, f.: central frequency, FBW: fractional bandwidth; CNC: computer numerical control; T. W.: this work.
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Abstract

A 3-D printed monolithic dielectric waveguide filter is presented in this chapter. The proposed filter is
constructed by a single piece of 3D printed dielectric puck with silver plated outer surface. To facilitate the
fabrication of the monolithic dielectric filter, a lithography-based ceramic 3-D printing technology is
employed. In this way, the mould required in conventional ceramic forming technologies is eliminated and
the higher design freedom can be obtained. The detailed manufacturing parameters and post-processing
methods are described. To demonstrate feasibility of the proposed solution, one prototype filter operating at
11.5 GHz with 850 MHz bandwidth is designed, fabricated, and measured. The measurement result shows
reasonable agreement with the simulation.

Keywords: Additive Manufacturing (AM), 3D-printed dielectric filter, dielectric ceramic, dielectric
waveguide filter, monolithic dielectric filter
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8.1 Introduction

Dielectric resonator filters are a class of widely employed microwave components in wireless
communication systems because of their excellent performance in terms of miniature and power-handling
capacity. Since the dielectric resonator was first introduced in microwave filter design, enormous advances
have been achieved in the design and fabrication of the microwave dielectric filter [1], [2]. Depending on the
structure and the assembly approach of dielectric resonators, dielectric filters can be categorized as two types:
(1) dielectric-loaded filters, and (i1) monolithic dielectric filters. The former usually comprises dielectric pucks,
mounting fixture and metallic housing. However, the extra support structures and adhesive materials may
cause degradation in insertion loss and thermal stability. Monolithic dielectric filters are constructed by a
dielectric puck with a metal coated surface. Compared with the dielectric loaded filter, this family of filters
offers advantages in terms of the reduction in volume and weight. However, the fabrication of the filters is
challenging. Special mould is often required to manufacture the dielectric puck, which is only cost-effective
for large scale production and the practical design freedom is usually limited. On the other hand, binding and
soldering separate dielectric blocks together requires high assembling accuracy. A minor misalignment could
lead to considerable degradation in filter performance.

Additive manufacturing, also referred to as 3-D printing, has started to change the ways that microwave
components are designed and fabricated. Polymer and metal-based 3-D printed microwave components have
been reported [3], [4]. Advances in ceramic 3-D printing, a current trend in 3-D printing technology, have
motivated researchers to apply it to microwave component design and fabrication. Some 3-D printed dielectric
resonator filters were reported in [5], [6]. Manufacturing issues such as limited geometry freedom and
misalignment can be alleviated to some extent. However, most of them are dielectric-loaded filter, operating
in TE mode and still require custom-made metallic enclosures. Recently, 3-D printed monolithic dielectric
filters operating in TM mode were reported [7], [8], where the whole filter is printed off a single piece of
dielectric puck. The outer surface of the dielectric block is metallized to mimic the short-circuited contact
between the dielectric resonator and metallic housing. In this way, the metallic housing can be eliminated.
Compared to TM mode dielectric filters, dielectric waveguide filters can achieve further reduction of filter
volume and weight. However, there is little reported work on 3-D printed dielectric waveguide filters. To
fully leverage the unique free-form fabrication capability of 3-D printing and to explore the new solution for
the dielectric filters, a 3-D printed monolithic dielectric waveguide filter has been designed and implemented.

In this work, the Lithography based Ceramic Manufacturing (LCM) technique [9] was used to fabricate
the dielectric waveguide filter. Unlike the common stereolithography (SLA) technology, LCM is a mask-
based SLA method, in which an integral image is projected to the photopolymerisable slurry surface through
a special optical system. This system includes an LED light source and a digital micromirror device array.
Because of the ultra-fast light switching and integral projection, LCM technology moves away from the
conventional point-line-layer scanning process. Hence, the printing time can be reduced dramatically, and
better feature resolution can be obtained [10].

8.2 Monolithic Dielectric Waveguide Filter

A fourth-order dielectric waveguide filter is presented. It is centred at 11.5 GHz with a specified passband
return loss of 20 dB and equal ripple bandwidth (BW) of 850 MHz. The normalized non-zero coupling
coefficients m;; and the external quality factor Qex are calculated to be mi2 = m34 = 0.9105, m23 = 0.6999, Ocx
= 12.68. These design parameters can be converted to the practical filter structure by following the standard
dimensioning procedure.
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Figure 8.1 (a) Illustration of a fourth-order dielectric waveguide filter; (b) 3-D perspective view of the input/output coupling
structure.

connector

Figure. 8.1 presents the configuration of the dielectric waveguide filter, where six rectangular dielectric
blocks are cascaded. The external surface of the dielectric block is fully covered by silver. Two SMA
connectors located on the top and bottom surfaces are input/output ports. Figure. 8.1(b) shows the perspective
view of the feeding ports. Unlike the common feeding structures, the first dielectric block and the standard
SMA connector work as the coaxial to dielectric waveguide adapter. The length of the inserted pin is fixed
for ease of assembly. The external coupling strength is controlled by the width of the inductive coupling
window pw. The TE101 mode in the second block is used as the first resonator. The inter-resonator coupling
is realized by the inductive coupling window. Also, the round chamfer of 0.5 mm in radius is added to each
upright edge of the dielectric filter model to reduce the stress accumulated at sharp corners/edges during heat
treatment after printing.
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Figure 8.2 Comparison between simulated filter responses and the ideal response.

Figure. 8.2 shows the simulated filter responses in comparison with the ideal response from the coupling
matrix. As can be observed, the initial response from physical dimensioning is close to the ideal response
while the response after optimization agrees well with the ideal response over the passband. The slight
frequency shift and the discrepancy in out-of-band rejection are due to the higher-order spurious modes.
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8.3 Fabrication

8.3.1 3-D Printing

To produce the dielectric waveguide filter, LCM technology was used. LCM is a slurry-based
photopolymerization ceramic 3-D printing process. The chosen ceramic slurry is the LithaLox HP500 alumina
ceramic. Its solid loading and dynamic viscosity are 49% and ~12 Pa-s at room temperature, respectively. The
employed printer is the Lithoz CeraFab 7500 system. It has a maximum building envelope of 76 mm x 43
mm % 150 mm, and the nominal lateral pixel size is 40 um. The layer thickness in printing is 25 pm.

(b)

Figure 8.3 Photograph of the 3-D printed dielectric waveguide filter: (a) Dielectric block after sintering; (b) Dielectric waveguide
filter after silver plating with assembled SMA connectors.

The manufacturing cycle can be split into two main steps: printing the green body and thermal post-
processing. In the first step, the filter model was printed in a layer-by-layer fashion along the Z-axis (see
Figure. 8.1(a)). No support structures are required. After printing, the green body of filter was constructed,
mainly composed of weakly bound ceramic materials. Next, two thermal post-processing steps (debinding
and sintering) were applied to the as-printed green body with the purpose of removing the polymer binder and
achieving densification. The debinding process is the most time-consuming and critical stage since the binder
and other pyrolyzed organic substances needs to be slowly removed to prevent cracking. Finally, the binder-
removed sample was sintered to achieve adequate material density. The printing model needs to be scaled up
to pre-compensate the shrinkage caused by thermal processes. According to previous experience, the
shrinkage coefficient can be found to be 24.5% in XY-plane and 27.5% in Z-axis for the used alumina ceramic.
Figure. 8.3(a) shows a photograph of the as-sintered dielectric puck. At this point, the dielectric component
should achieve the desired electrical properties of & = 9.9 and tand = 0.0018.

Table 8.1 Comparison Between the Measured and Designed Dimensions

Dimensions Designed (mm) Measured (mm) Discrepancy (+/-%)
h 4.79 4.84 +1.0%

h 4.79 4.83 +0.8%

I 4.98 5.07 +1.8%

pWw 3.84 3.80 -1.0%

iwi 3.05 3.00 -1.6%

iw2 2.68 2.76 +3.0%

h 3 3.10 +3.3%

d 0.8 0.73/0.94 -8.8%/+17.5%
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To evaluate the quality of the manufacture, crucial physical dimensions of the as-sintered dielectric puck
(see Figure. 8.1(a)) were measured using the Vision Engineering Hawk inspection microscope. A comparison
between the measured and designed dimensions is given in Table 8.1. It can be found that the average
dimensional variation of the dielectric puck is around 0.04~0.1 mm. This is within the manufacturing accuracy
of 0.1 mm. It should be noted there are two values given for the diameter of the prefabricated through-hole,
which correspond to the diameter before/after laser processing. As the prefabricated hole is smaller than the
design, a laser micromachining workstation was used to expand the prefabricated holes.

8.3.2 Metallization Process

In this work, Sunchemical C2060217P3 silver paste is used to accomplish the metallization of the dielectric
waveguide filter. The nominal electrical conductivity of the selected silver paste is 2.9 x 107 S/m. The
corresponding skin depth at 11.5 GHz can be calculated to be 0.9 um. Therefore, the thickness of the coated
layer should be at least 4.5 um (five times of the skin depth) to ensure good surface conductivity.

During the metallization process, the as-sintered dielectric block was first cleaned using acetone and
deionized water in an ultra-sonic bath to remove surface contaminants. The cleaned sample was then brushed
with the silver paste and was dried using a hotplate at 130 °C for 15 minutes. To obtain the desired coating
layer thickness, the brushing and drying cycle needed to be repeated three to five times. After that, the coated
sample was fired in the laboratory furnace to remove the organic solvent and binder within the silver paste
and improve the adhesion between the ceramic and coating layer. The firing process was performed at 600 °C
with a heating rate of 3 °C/min. The sample was kept at peak temperature for 30 minutes and cooled to room
temperature naturally. Figure. 8.3(b) shows a photograph of the dielectric waveguide filter after silver plating,
where two SMA connectors were assembled using RS conductive paint 186-3600.
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Figure 8.4 Comparison between measured filter responses and simulated results based on the designed and the measured physical
dimensions, with inset showing the expanded view of Sz; over the passband.
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8.4 Measurement and Discussion

The S-parameter measurement results and simulated filter responses are compared in Figure. 8.4, where
the two simulated results are derived from the designed and measured physical dimensions, respectively. The
inset is the expanded view of Sz1 over the passband. As can be observed, the measured filter passband is
shifted down by 40 MHz (0.35% of the simulated centre frequency) against the designed response. Within
the passband, the average measured insertion loss is 1.98 dB, which is 1 dB higher than the simulated result.
The evident discrepancy in the insertion loss is believed to be due to the degraded effective conductivity and
worse-than-simulated S11. From experience, the latter observation, along with the frequency shift, is mainly
caused by the dimensional inaccuracy of the manufactured prototype. To verify this point, the filter was
simulated again using the measured physical dimensions in Table 8.1. From Figure. 8.4, the simulated filter
response based on measured dimensions shows good agreement with the measured result. The remaining
difference could be attributed to assembly error, such as a gap between SMA connectors and the dielectric
filter. To improve the consistency with the design, it is believed that the dimension errors can be corrected by
pre-compensating the manufacture model.

8.5 Conclusion

A 3-D printed monolithic dielectric waveguide filter has been reported in this chapter. To the best of
authors’ knowledge, this is the first demonstrated 3-D printed monolithic dielectric waveguide filter. The
complete design and manufacturing process was illustrated. A filter prototype was fabricated using LCM
ceramic 3-D printing technology. Detailed manufacturing parameters and post-processing methods were
presented. The discrepancy between the measurement results and simulation results were discussed. The
feasibility of manufacturing the monolithic dielectric waveguide filter using LCM technology is verified. An
end-to-end manufacturing approach was demonstrated. This work opens new opportunities for the design and
fabrication of dielectric resonator filters. Future work is expected to focus on improving the manufacturing
accuracy through pre-compensation and implementing more complex microwave components.
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CHAPTER 9: CONCLUSIONS AND FUTURE WORK

9.1 Conclusions

This thesis addresses the challenges in the design and implementation of high-power microwave filters
through the combination of AM technology and novel materials. It proposes solutions to the thermal-induced
frequency detuning problems and innovative filter structures.

In Chapter 3, a fourth-order 0.47% bandwidth spherical dual-mode filter designed for OMUX has been
reported. To the best of our knowledge, this is the first demonstrated narrowband filter additively
manufactured from Invar alloy in the open literature. This work demonstrates the possibility of using complex
resonator structures in Invar filter design (without being limited to the rectangular and cylindrical cavities),
and opens more design opportunities for optimal RF, mechanical and thermal properties for narrowband filters.
The improvement in the thermal stability demonstrates the capability of the 3-D printed Invar filter. The end-
to-end manufacturing methods and the detailed experimental investigation have been discussed. The design
concept, manufacturing parameters, and material characterization may find useful applications in the design
of future high-power filters.

In Chapter 4, the measurement results of the Invar spherical filter introduced in Chapter 3 after further
post-processing is discussed. It also investigates the effect of different surface treatment techniques through
a spherical Invar resonator. It is found that compared to the mechanical polishing method, such as vibratory
grinding, the electrochemical Hirtisation® process reduces surface roughness more effectively without
aggressively altering the internal fine features. The thermal stability of the filter under high-power operation
is demonstrated through Multiphysics simulation. The power breakdown threshold is analysed using
SPARK3D, revealing that this filter can provide a robust design margin against the specified power
requirements. The 3D printed Invar components discussed here offer a promising alternative for high-power
microwave applications.

In Chapter 5, the thermal stability of microwave cavity resonators, additively manufactured using several
alloy materials with low CTE, is evaluated. Ti64, Zr702 and TNTZ show much improved temperature stability
compared with aluminium. Most temperature-dependent RF measurement results show good correlation with
the CTE properties of the materials. The TNTZ sample did not reach the lowest CTE reported in the literature.
The work also demonstrated the printability of monolithic and irregular shaped resonators using these new
materials. This increases the range of materials that may be used for microwave filter and opens opportunity
for new temperature compensation mechanism for high power filters.

In Chapter 6, a lightweight, high-Q and high temperature stability spherical resonator manufactured from
HB-Cesic® composite has been reported. To the best of authors’ knowledge, this is the first SiC-ceramic-
based microwave resonator reported in the open literature. The material properties and end-to-end
manufacturing approach are described. Detailed experimental characterization and verification have been
performed. The causes for the frequency discrepancy and spurious spikes have been analysed. The former is
mainly caused by spherical radius variation whereas the latter is due to the discontinuity introduced by the
assembly errors and the glue line. It is expected these spurious modes can be mitigated by optimising the
manufacture process, increasing assemble accuracy and choosing appropriate bonding plane. The advantage
of the HB-Cesic® resonators in Qu and weight reduction have been demonstrated. Both resonators achieved
the Qu of over 10000 and 60% mass reduction, while achieving comparable thermal stability to Invar
resonator. This work confirms the feasibility of using HB-Cesic® in microwave resonators and provide a new
technology for highly thermal-stable microwave devices, paving the way for further development and
verification programme for more complex passive microwave devices such as filters and multiplexers for
space applications.
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In Chapter 7, the design concept of a pole-generating resonant iris has been demonstrated using rectangular
waveguide filters. By introducing the capacitive and inductive discontinuity simultaneously, a transmission
pole is generated by the L-shaped iris. A circuit analysis was performed to represent the operating mechanism.
The prototype filters have demonstrated the capability of realizing a wider bandwidth of 20% while
maintaining a compact footprint due to the miniature resonant iris. Improved out-of-band performance has
also been shown. The polarization rotation feature has been shown in a 3rd-order filter. The major challenge
associated with the resonant iris is its intricate structure and the almost inseparable feature from the cavity
resonator, which makes it difficult to control the coupling. An approach to control and extract the coupling
has been proposed. An intuitive design procedure was presented. The implementation of the filters is
facilitated by 3-D printing technique. Very importantly, this allows the asymmetric coupling on either side of
the resonant iris by using the tapered iris structure. The Qu of the resonant iris is lower than traditional
waveguide resonator, but in the wideband application this has limited impact on the insertion loss. All three
filters were printed monolithically using SLM process. Excellent agreements between the simulated and
measured results were achieved, which verifies the resonant iris concept, the design and manufacturing
approach. The pole-generating resonant iris structure is not limited to rectangular waveguides and may be
used for miniaturization or wideband applications. 3-D printing has proved to be a capable fabrication method
for the resonant iris structures.

Finally, in Chapter 8, a 3-D printed monolithic dielectric waveguide filter has been reported. To the best
of authors’ knowledge, this is the first demonstrated 3-D printed monolithic dielectric waveguide filter. The
complete design and manufacturing process was illustrated. A filter prototype was fabricated using LCM
ceramic 3-D printing technology. Detailed manufacturing parameters and post-processing methods were
presented. The discrepancy between the measurement results and simulation results were discussed. The
feasibility of manufacturing the monolithic dielectric waveguide filter using LCM technology is verified. An
end-to-end manufacturing approach was demonstrated. This work opens new opportunities for the design and
fabrication of dielectric resonator filters.

9.2 Future Work

Possible future work based on what has been presented in this thesis is given as follows:

(1) Improvement for High-Power Filters in terms of PIM Interference and High-Power Breakdown.

In Chapters 3, 4 and 5, we have presented a viable end-to-end fabrication solution made possible by AM
technology and novel low CTE materials. Several high-power microwave filters with enhanced thermal
stability have been proposed, leveraging weight reduction features and optimized thermal management.
Future research could help further harness the advantages of advanced manufacturing techniques to address
other two power-limiting factors: PIM interference and high-power breakdown. To mitigate PIM interference,
the development of a monolithic RF front module integrated with the multiplexer and antenna feeding system
could be a promising solution. For the high-power breakdown concerns, the potential of using 3D printing
techniques to improve the breakdown threshold may be investigated.

(2) Novel Resonator Structures and Filter Configurations

In Chapter 6, we introduced a pole-generating resonant iris and designed compact monolithic waveguide
wideband filters with Chebyshev responses. The proposed resonator iris is equivalent to a singlet, generating
a zero-pole pair. Future work will focus on designing filters with more complex quasi-elliptic or elliptic
filtering responses using the proposed resonant iris structure. Additionally, more novel resonator structures
and filter topologies may be explored through the proposed end-to-end fabrication solutions.

(3) Reliable Ceramic 3D Printing for Microwave Components

Chapter 7 showcased a monolithic dielectric waveguide filter based on LCM ceramic 3D printing
technology. However, a noticeable deterioration was observed in the manufactured filter prototype, primarily
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attributed to manufacturing tolerance and assembly errors. Future work will concentrate on establishing a
more reliable end-to-end manufacturing solution for microwave dielectric filters. Potential approaches include
(1) manufacturing iterations and pre-compensation, (2) exploration of other high-precision ceramic 3D
printing techniques, and (3) the design of novel dielectric filter structures with reduced sensitivity to
manufacturing and assembly tolerance.
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