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Abstract

This thesis focuses on new techniques in synthesis, design, and fabrication for

microwave diplexers and multiplexers. Coupling matrix theories are employed with design

knowledge to guide computational intelligent techniques to realize complex microwave

multiplexers. To achieve compact size and lightweight multiplexers, novel design concepts

and emerging fabrication technologies are proposed and implemented. The main

contributions of the thesis are:

1Y)

2)

3)

4)

A general all-resonator diplexer/multiplexer coupling matrix synthesis method
(GACMS) is presented. Classic filter design knowledge and advanced optimisation
techniques are combined to generate high-quality coupling matrices for
diplexers/multiplexers with complex topologies.

A novel electromagnetic (EM) optimisation method is presented for diplexers. A
systematic physical dimensioning method is proposed for a high-quality initial design.
A key performance-based objective function is proposed. Together with a powerful
optimizer, the diplexer optimisation can achieve a high success rate in a fully automatic
process.

A resonant manifold multiplexer is proposed based on an all-resonator structure.
Different from the traditional transmission line-based manifold-junction, coupled-
resonators constitute the manifold-junction. Tailored methods are proposed to synthesis
and optimize the multiplexers. The new multiplexer structure offers a more compact
footprint.

A D-band diplexer is designed based on all-resonator structure. Two commercial
fabrication techniques, high-resolution micro laser sintering 3D printing and high
precision CNC milling, are employed to the same diplexer design, respectively.
Comprehensive measurements and comparisons are conducted for the fabricated

diplexers.
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Chapter 1 Introduction

1.1 Overview of Microwave Diplexers and Multiplexers

Microwave diplexers and multiplexers are indispensable components in transceiver or
multiple radio frequency (RF) channel applications, e.g., cellular base stations, and satellite
communication payload systems. With the filtering characteristics, they separate a
wideband signal into multiple narrowband signals or combine multiple narrowband signals
into a single wideband signal [1]. So, the multiplexers are often called
channelizers/combiners. A wideband channel in a satellite payload system usually carries
more information than a narrowband channel, which means that it requires more power to
transmit the signal. The equivalent isotropic radiated power (EIRP) limits in terminals
cannot allow wideband transmission. Narrowband transmissions in a multiple-access way
are widely applied in the return link of satellite applications [2]. Fig. 1.1 shows a block

diagram incorporating the multiplexers in a satellite communication payload system. The

High-power Amplifier

Uplink
Antenna

Downlink
Antenna

Low-noise
Receiver

Jaxa|diznw Induy
Jaxa|din IndinQ

Fig. 1.1. Block diagram of multiplexers used in a payload system.
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(high power amplifier)

A““Y“““ Transmit (TX) band BEER"HPA B Up-converter  Rella

Diplexer
Receive (RX) band

LNA Down-converter AX

(low-noise amplifier)

Fig. 1.2. Block diagram of a diplexer in a communication system.

input multiplexer and output multiplexer are separately employed to channelize and
recombine the signals with multiple channels. Since they define the RF channels, their
performance has a huge impact on the overall communication system.

Diplexers are multiplexers with two channels often called receive and transmit
channels. A simple diagram of a diplexer operating in the communication systems is shown
in Fig. 1.2. The transmit and receive channels are two filters connecting to a common node
with an antenna. The signal received from the antenna is transferred to the receive band
while the signal coming from the internal devices should be isolated from the receive bands
and directly goes to the antenna [1]. So, isolation is a key performance indicator for diplexers.

It is usually not straightforward to design a usable component from a design
specification. The designer first needs to determine the viable fabrication technique and
microwave structures they use [3]. The choices of these techniques and structures are highly
dependent on the specification or requirements, e.g., loss, bandwidth, and operating
frequency. After a technique and a structure are selected, a succession of design and

prototyping steps should be implemented to realize the filter components. This could be a
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Filter structure

circuit dimensioning

h J
Fabricated S Optimal filte psn s
e Fabrication i e EM Optimization
component structure
Y

Measurement Measurement Refinement and
and analysis results tuning

Fig. 1.3. A design flow for a diplexer or multiplexer.

Low-pass EM element
i i topology or designs and
Specifications Synthesis polosy sne
2 equivalent physical

time-consuming process. With a complex structure, the design of a diplexer or a multiplexer
could be much more complicated than a microwave filter. It would take even longer when
the number of channels increases. Fig. 1.3 illustrates the main procedures during a typical
design routine. These are briefly introduced in the following;:

Synthesis. This step aims to generate useful element values related to specific filtering
performance in the normalized frequency domain, i.e., coupling matrix or a lumped-
element equivalent circuit. To begin with, ideal channel filtering responses of the
multiplexer are firstly represented by using mathematical polynomials according to the
selected topology and preassigned specifications [4]. Then, the element values are obtained
by using analytical or optimisation-based synthesis methods to realize the filtering
performance fulfilling the specifications.

Electromagnetic (EM) element design and physical dimensioning. The obtained

element values are translated into physical structures in this step. Often, EM simulation is
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started from this step. Based on the element values, the designer extracts the initial
geometrical dimensions for each specified physical element, e.g., resonators or coupling
structures [5]-[6]. A filtering structure with an initial design can be generated.

3-D EM optimisation. The initial design is often far from the desired. They are
optimized or refined to satisfy the specified requirements. Usually, a large number of EM
simulations are required [7] to reach an optimal structure with desired responses.

Fabrication. The fabrication technique is selected at beginning of the component design
since it often adds constraints to the design options or even dictates some design features.
There are various fabrication techniques as well as utilized materials. The commonly used
fabrication techniques include computerised numerical control (CNC) [8]-[11] milling on
metals (e.g., copper and aluminium) for waveguides and printed circuit board (PCB) for
planar circuits. For some very high-frequency applications, high precision micro-fabrication
techniques are employed, e.g., SU-8 photoresist [12]-[14], silicon deep reactive ion etching
(DRIE) [15]-[19] and LIGA-based thick resist electroplating [20]-[21]. In recent years,
additive manufacturing techniques, also known as 3-D printing, have become increasingly
popular for microwave devices [3].

Measurement and analysis. As a communication device, the RF performance is the
main design drive for diplexers/multiplexers. Scattering parameter (S-parameter) is
measured by using a vector network analyser (VNA). Designers need to identify the reasons

and refine the design if there are significant disagreements between the simulation and
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measurement. Moreover, reliability tests may be carried out [22]-[24], e.g., temperature
testing, humidity testing, and salt atmosphere testing.

Refinement and tuning. Due to the tolerance in the manufacturing and material, post-
fabrication refinement or tuning are often required [25]. For one thing, fabricated
components may be subject to post-processing, such as polishing and gold plating to
improve the surface quality of the cavity components and reduce loss. For another, filters
may be tuned to fulfil the required performance. The filters are traditionally manually tuned
by technicians while computer-aided tuning has been increasingly developed in recent
years [26]. Also, a tolerance analysis can be executed based on the fabricated filters and
multiplexers. With the knowing the tolerance and fabrication, the current filter design can
be slightly revised to adapt to the fabrication. Then, another round filter optimization and

tabrication will be required.

1.2 Thesis Motivations

The filter theory has been well-studied over decades. It is still a heated topic in the
communication engineering area. New applications (e.g.,, 5G communication and 6G
satellite system) require new design methods and fabrication techniques to implement
smaller, lighter, multi-functional, and higher frequency high-performance microwave
devices. Among various implementation techniques, coupled-resonator-based microwave
filters are extensively used for their general design technique. Theoretically, it can be

applied to any type of resonator regardless of its physical structure. This technology has
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greatly facilitated the development of the filter/multiplexer.

In recent years, with the development of computer-aided-design technology, the
research and development of microwave filters and multiplexers have gradually become a
routine of computer-aided processes [27]-[32]. Various commercial electromagnetic (EM)
simulation tools have provided convenience for engineers and researchers, e.g., CST Studio
Suite [33], and Ansys HFSS [34]. Filter design becomes more accessible and efficient.
However, the time cost of full-wave simulation is directly linked to the complexity of the
tilter structure. When it comes to filters with very complex structures and multiplexers, an
iterative brute-force optimisation of such a complete component is often prohibitive. On the
other hand, the computer is not yet smart and user-friendly enough to free designers from
input and intervention. In fact, more often than not, designers have to “teach computers”
(e.g., manually tuning) step by step to realize their design goals. This is usually a time-
consuming, unreliable, or even unsuccessful process.

Diplexer/multiplexer is one of the largest passive components in the RF front end.
Smaller sizes and less weight are always desired. Diplexers and multiplexers with novel
configurations are heavily pursued. In [35], a diplexer with an all-resonator configuration
removing the common junction is proposed to reduce the size of the diplexer. This
configuration was later extended to multiplexers with more channels and various complex
topologies [36]. Comprised by only resonators, the multiplexers with this topology can be

represented by a single coupling matrix. In this thesis, novel multiplexers based on all-
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resonator structures will be proposed and investigated.

Manufacturing technologies are a driving force for the development of microwave
filters/multiplexers. With the help of high precision CNC machining and micromachining
techniques, the operation frequency of waveguide-type of filters has been pushed to sub-
terahertz frequencies, e.g., the WR-1.5 band [37]. In recent years, 3D-Printing (3DP)
technology provides a fresh choice in microwave component fabrications. It could fabricate
special geometric resonators (e.g., spherical resonator [38] and depressed super ellipsoid
resonator [39]) with better performance (high unloaded quality factor), which cannot be
easily fabricated by traditional technology. Also, the monolithic structures enabled by 3DP
[38] could greatly reduce the weight of complex parts by removing screws and connectors.

This thesis focuses on the design methodologies, novel circuit topology, and fabrication
techniques for diplexers and multiplexers.

For the design methodologies, two aspects will be concerned — synthesis of diplexers
and multiplexers with all-resonator structures and their EM optimisation. Filter-design-
knowledge and advanced computational techniques are combined to deal with the
synthesis and optimisation tasks of diplexers and multiplexers in a general and reliable way.

As for the circuit topology design, a new concept of the manifold multiplexer is
presented using the all-resonator structure. We coined the name of ‘resonant manifold
multiplexer’. Resonators are utilized to replace the traditional manifold junction, a

transmission line-based frequency distribution network. The innovation aims to reduce the
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overall size of the multiplexers. Both the synthesis and design approaches are presented.
Finally, new fabrication techniques for diplexers over 100 GHz are investigated. D-band
diplexer is designed and fabricated by a high-precision micro metal 3D printing technique,

the so-called micro laser sintering (MLS).

1.3 Novelty and Contributions of the Thesis

The novelty of the research work and the contribution of this thesis are summarised as
follows.

(1) Proposed a general optimisation-based coupling matrix synthesis method for all-
resonator diplexers and multiplexers. This has been published in IEEE Transactions on
Microwave Theory and Techniques.

(2) Proposed a general EM optimisation method for microwave diplexers. This has been
accepted by IEEE Microwave and Wireless Components Letters

(3) Proposed a new multiplexer design concept, called resonant manifold multiplexers. This
has been published in IEEE Transactions on Microwave Theory and Techniques.

(4) Designed a D-band waveguide diplexer based on all resonator structure. Comprehensive
measurements and comparisons are implemented on the commercially fabricated

diplexers using micro laser sintering and CNC machining.

1.4 Thesis Overview

The thesis contains eight chapters.
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Chapter 1 introduces the research background, the main objects of the work, and the
motivation of the thesis.

Chapter 2 reviews the existing methodologies and theories related to the work in this
thesis. The literature review covers the state-of-the-art synthesis methods, EM optimisation
methods, and fabrication techniques for the diplexers and multiplexers.

Chapter 3 lays down the theoretical foundation for the design of diplexers and
multiplexers. It starts from the general filter theory and design methodologies and extends
to the diplexers and multiplexers.

Chapter 4 proposes a general optimisation-based coupling matrix synthesis method for
all-resonator diplexers and multiplexers. This is the general all-resonator multiplexer
coupling matrix synthesis (GACMS) method. The method hybrids the classic filter
knowledge with advanced optimisation techniques to generate a high-quality coupling
matrix for the all-resonator diplexers and multiplexers. Numerical coupling matrix
examples for diplexers and multiplexers are illustrated to demonstrate the proposed
method.

Chapter 5 proposes an EM optimisation method for diplexers. This method is called a
general diplexer global optimisation method guided by design knowledge (GDODK). It is
an automatic optimisation method for resonator-coupled diplexers containing two aspects.
The initial physical dimensions are generated based on a local optimisation procedure. On

the other, the filtering features, such as reflection zeros and transmission zeros, are extracted
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to formulate a performance-based objective function. With a powerful global optimizer, the
diplexer optimisation achieves a high success rate. Three diplexer examples are
implemented to demonstrate the proposed method.

Chapter 6 presents two novel resonant manifold multiplexers based on an all-resonator
structure. A coupling matrix synthesis method and an optimisation method are presented.
A triplexer and a pentaplexer are designed and fabricated using the rectangular waveguide
technique.

Chapter 7 presents a D-band diplexer design. It is fabricated by using MLS and high
precision CNC milling technique for comparative study. The synthesis and design
methodologies are detailed. Comprehensive characterization and measurements of the
geometry structures and the surfaces are conducted to the MLS diplexer.

Chapter 8 concludes the thesis. Future work is suggested.
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Chapter 2 Literature Review

This chapter reviews microwave diplexers and multiplexers focusing on the following
aspects: configurations and topologies, synthesis methods, physical dimensioning methods,

EM optimisation methods, and micro-fabrication techniques.

2.1 Configurations of Diplexers and Multiplexers

There are several typical configurations for multiplexers. Four types are mostly used:
hybrid coupler based, circulator based, manifold based, and directional-filter based
configuration [1]. Fig. 2.1 illustrates the four types of multiplexers. They are separately
briefed in the following.

The hybrid-coupler-based configurations (Fig. 2.1 (a)) employ two identical
narrowband filters and two wideband quadrature hybrid couplers in each channel
operating at a frequency band with the centre frequency f; (i = 1,...,n). Using this
configuration, the filter design is suitable for high-power applications [1]. As shown in Fig.
2.1(a), two filters are incorporated in each channel, only half of the input channel power
passes through each filter. Also, the directional property of the hybrid coupler contributes
to the low interaction between channel filters.

The circulator-coupled multiplexer (Fig. 2.1 (b)) utilizes a set of circulators and channel
filters to define each channel. It has a similar advantage of good isolation between channels

as the hybrid-coupled multiplexers because of the directional nature of the circulators.
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Fig. 2.1 Diagrams of commonly used configurations for multiplexers. (a) Diagram of a hybrid-
coupled multiplexer; (b) Diagram of a circulator-coupled multiplexer; (c) Diagram of a directional
filter multiplexer; (d) Diagram of a manifold coupled multiplexer [1].

However, its overall insertion loss is higher due to the use of circulators.

The directional filter multiplexer (Fig. 2.1 (c)) consists of n cascaded directional filters
to separate n frequency bands from the input signal. A directional filter is a four-port device
in which one port is terminated by a load. The other three ports operate as a circulator
connected to a bandpass filter. The directional filter multiplexers are limited to narrow-band
applications and restricted to single-mode filters.

The multiplexers with the previous three configurations can be designed by a modular
approach. Although this brings convenience in the design and tuning, high losses and bulky
volume are the main shortcomings for their applications in communication systems.

The manifold-coupled multiplexer (Fig. 2.1 (d)) is a relatively optimal solution by



Chapter 2 Literature Review 17

Output Ve, Ouiput
T B imdl 7
ommon Fort Common Port
Input (f. === 1) Cutput Input (£}, =*-. /.
e : B~ I put (/1. <. f) Qutput
g T = A A
|
: l . Non-resonant
I | Junction
I = [ Output
e i | = ; Qutput
Resonant % o % —» ,f!j
Junetion o =
(a) (b)

Fig. 2.2. Typical configurations for the star-junction multiplexers. (a) Resonant-junction multiplexer;
(b) Non-resonant junction multiplexer [2].

considering the overall volume and absolute minimum insertion loss of the channels. As
shown in Fig. 1(d), in a manifold multiplexer, the channel filters are periodically connected
to a manifold junction by a certain separation 6, (i = 1,...,n). Each channel occupies a
frequency band with the centre frequency f; (i = 1,...,n). Conventionally, the manifold
junction is a transmission line. For non-planar microwave components, the manifold
junction is usually a waveguide structure.

The manifold multiplexer is viewed as an optimal choice as it facilitates miniaturization
and low insertion loss. However, the design of the manifold multiplexer mostly relies on
optimisation methods. This means the multiplexer cannot be synthesized theoretically. It
usually starts with the design of channel filters which are then connected to the manifold
for impedance matching. Since interaction exists between channels, the overall design is
very complicated, especially when the number of channels is high.

In recent years, a novel configuration, called star-junction multiplexer, has been
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employed to design diplexers and multiplexers [2]-[3]. All channel filters are combined to a
resonant or a non-resonant node. A simplified diagram of the star-junction multiplexer is
shown in Fig. 2.2. The coupling matrix representing the multiplexer network can be
systematically obtained based on calculated characteristic polynomials of the multiplexer
[2], [4]. The multiplexers are physically realized based on the initial design derived from the
coupling matrix. The multiplexers have found applications in base stations for mobile
communications [2]-[6].

Another relatively recent multiplexer configuration is the so-called all-resonator-based
multiplexer based on resonator junctions [8]. A concept configuration is illustrated in Fig.
2.3. The multiplexer network is comprised of only coupled resonators. They can be grouped
into a stem and multiple branches, where the resonators are flexibly assigned based on
coupling matrix theory [8]-[13]. A tree topology [8] is usually used to minimize the number
of couplings associated with any resonator to no more than three. However, the intricate

frequency distribution network makes it difficult to be synthesized when the number of
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channels is larger than four [8].

2.2 Synthesis Methods for Diplexers and Multiplexers

Most of the synthesis methods for multiplexer, proposed in recent years, aim to obtain
the low-cost representation of the physical structure, e.g., lumped equivalent circuits or
coupling matrix. Then, they are used for extracting the initial values for the physical
realization. Before the introduction of the synthesis method, multiplexers were mostly
designed by using a direct optimisation method [2]. Well-designed channel filters are
connected by a combiner (e.g., manifold junction or star-junction) and then a direct “brute
force” optimisation or channel-by-channel optimisation are implemented. Although these
direct optimisation methods can obtain the optimal results, this process is time-consuming
and prohibitive to make a quick theoretical evaluation for the design specifications [2].

The synthesis-based design method is first proposed and implemented in the star-
junction multiplexers as shown in Fig. 2.2. It belongs to an analytical method [2]-[6]. The
main purpose of the method is to obtain the characteristic polynomials of the network S-
parameters. The whole multiplexer network is divided into multiple-channel filters. Then,
the characteristic polynomials of the channel filters are synthesized. Once these polynomials
are known, the multiplexer synthesis will be simplified as several filter synthesis problems.
According to the characteristic polynomials of the channels, appropriate topologies of the
channel filters can be selected. Then, the coupling matrix of the whole multiplexer is

synthesised accordingly.
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The synthesis results provide theoretical guidance to the multiplexer design, designers
can quickly evaluate the design specifications, speeding up the multiplexer design and
prototyping. However, the method proposed in [2] can only be suitable for the star-junction
structures. When the order of resonators in the multiplexer is high, the rational polynomial
for the multiplexer is difficult to be accurately solved [6]. This will attribute to large errors
existing in the synthesis results. P. Zhao proposed a novel circuit equivalence called phased-
inverter to frequency-invariant reactance inverter transformations [6]. The synthesis
utilizing a channel-by-channel scheme resolved the high-order polynomial synthesis
problem. For another, in the star-junction topology, the input ports of all the channel filters
connect to a single one junction. It is more suitable for the application with a lower number
of channels (2-4 channels) [7].

Another widely implemented method is optimisation-based synthesis approaches.
They are mainly implemented for the multiplexers with all-resonator configurations [9]-[13]
when analytical synthesis becomes unattainable. Although some analytical methods were
also investigated for all-resonator multiplexer [14]-[15], their application ranges are still
limited. The optimisation process is more straightforward as the polynomial synthesis can
be omitted since there is a direct relationship between the coupling matrix and S-parameter
responses. The “distance” (error function) between actual S-parameter responses with
respect to one coupling matrix (a set of optimisation variables) and the design specifications

can be calculated.
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Desired coupling matrix will be obtained when the error function minimisation is
realized by local optimizers or global optimisers. For example, sequential quadratic
programming (SQP) method, a local optimizer, was implemented to obtain the coupling
matrix for the diplexer with symmetric responses [16]. Then, this method is extended and
implemented in the diplexers and multiplexers with more complex responses [8], [10]. The
local optimizer is efficient, but a good initial value (starting point of the optimisation) is
necessary. Otherwise, the optimisation is easily trapped into local optimal solutions when
the filtering topology is complex. Further, a global optimizer, called self-adaptive
differential evolution for coupling matrix synthesis (SADEC), is proposed for all-resonator
diplexers [17]. The global optimizer does not depend on the initial values and has a more
powerful exploration ability to avoid trapping into local optima, but its optimisation
efficiency is not as good as the local one. It can be noticed that the available methods have a
certain capability to solve some multiplexer with simple filtering responses, a general and
stable synthesis method for real-world applications is still unavailable. In this thesis, a
general optimisation-based coupling matrix synthesis method is proposed for the all-
resonator multiplexers, which is detailed in Chapter IV.

Up to now, the manifold multiplexer cannot be designed based on the synthesis
approaches. This is because the evaluation of characteristic polynomials is hard to be
realized when the junction is constituted by distributed elements [18]. Some polynomial

design method has been investigated using an optimisation procedure [18]-[19].
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There are also some other investigations in the aspect of multiplexer synthesis. Zhang
[20] employed extracted pole structure and frequency-variant topologies in the channel
filters of a multiplexer and its synthesis problem have been solved by using the analytical
method. Yang [21] proposed a singly terminated (ST) network treating each channel as a
single-port network with a zero-impedance source port. The ST network is used as the initial

solution to design a contiguous multiplexer.

2.3 Physical Dimensioning Methods

The physical dimensioning aims to extract initial geometrical parameters based on the
obtained coupling matrix. It is an important step for the subsequent 3-D EM optimisation.

The methods in the literature are summarised as follows.

2.3.1 Design Curve Method

This method has been most widely used and well-documented [22]-[23]. The initial
dimensioning uses two design curves, describing the mutual couplings between resonator
pairs and the external quality factor between the resonator and I/O ports. EM simulations
are employed to generate these two curves as a function of an only one-dimensional
parameter at a time, e.g., the coupling iris width in waveguide filters. The mutual coupling
values and external quality factor values are normally calculated from either frequency-
domain simulation or eigenmode simulation results by sweeping the dimension parameters

with discrete samples. When changing parameters, the centre frequency of the simulation
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results must be held at a specific frequency point. i.e., the centre frequency of the filter. Then,
design curves would be interpolated, yielding the corresponding geometrical dimension for
the desired coupling value. By using this method, the initial design for microwave filters
can be obtained by using relatively few EM simulations. Experience-based estimation and
tunings are often required to maintain the resonant frequency. However, there is no
guideline about how many simulation samples need to be employed to ensure sufficient
accuracy in the initial design. When it comes to the filters with complex structures, e.g.,
those with cross-couplings or multiplexer, this method may become inaccurate. Some

extended works based on this method can be found in [24]-[26].

2.3.2 Metamodeling Method

To increase the accuracy of the physical dimensioning, some research works use more
complex mathematical functions to represent the relations between the coupling values and
the elements in the filter. In [27], the authors employed a quadratic function to represent the
relationship between each coupling value and multiple adjacent dimensions. The same
authors also adopted sparse grid interpolation schemes with adaptive sampling to generate
a surface to represent the coupling value to multiple dimensions [28]. This method can
surely obtain high-quality initial dimensions. However, to obtain the complex mathematical
model considering more design variables, a larger number of EM simulations are required.
Also, the selection of the dimensions in the modelling and the order of the modelling

function has to be determined depending on the specific filter structure.
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2.3.3 Inverse Modelling Method

The inverse modelling method means to construct a mathematical model (e.g., artificial
neural network (ANN)) whose input is a specific frequency response (e.g., S-parameter),
and the output is the corresponding design. In [29]-[30], the authors use a 3rd-order filter
model to construct an inverse model. Since the 3-order filter contains two mutual couplings
and an external quality factor, it is assumed that all situations of coupling combination in
the real filter can be represented by the 3rd order filter responses. Then, the constructed
inverse model can be seen as an initial design generator. The input is a set of coupling
coefficients that are synthesised based on the design specification. The output is the
dimensions corresponding to the set of coupling coefficients. The initial dimension
generation is very fast because the constructed inverse model is reusable as long as the filters
have the same resonator type. However, it is not easy and sometimes impossible to construct
such an inverse model. To construct the inverse model, dimension sampling has to be
performed using the 3r-order filter over a very wide range. Also, the inverse modelling
could meet multiple-valued problems, namely for one specific frequency response, there

can be two or more sets of design parameters.

2.4 Optimisation Methods for Diplexers and Multiplexers
2.4.1 Computer-aided Design Methods for Multiplexers

Nowadays, the design of the diplexer and multiplexer are routinely verified and tested
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in simulation before fabrication. With the assistance of the EM simulator, it is increasingly
plausible to obtain the behaviours of the microwave components close to the measurement
results. However, when the component structure is very complex, especially for diplexers
and multiplexers, the design process becomes less efficient in practice because of the time-
consuming EM simulations.

In the early days, the manifold multiplexers were designed by analytical methods based
on equivalent circuits [31]-[33]. These analytical methods are a kind of approximation rather
than simulation behaviour or practical measurements of the multiplexer. Thus, inaccuracies
in the initial design result in cumbersome subsequent optimisation and tuning [34].

More recently, methods using hybrid design procedures have been adopted to achieve
desirable multiplexer performance. The main idea of a hybrid procedure is to introduce low-
cost models, e.g., equivalent circuits, into the design process to reduce the difficulty in
optimisation. These methods can be divided into three types:

1) Utilizing low-cost models to replace parts of EM models. The equivalent circuit
model or numerical model can replace some parts of the multiplexer, e.g., channel filters. In
the CAD software, these low-cost model responses are used to replace the computationally
expensive EM model simulations. Accatino et al. [35] use the full-wave model to represent
the manifold behaviour while the filter responses are represented by an equivalent circuit.
Wang et al. [36] proposed two hybrid models to address the design and optimisation of the

manifold multiplexer. The first one combines the circuitry channel filter model and EM
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analysis of the coupling junction adjacent to the manifold. The second one is to build neural
network models for the output couplings from the manifold junction to the first resonators
of the channels [36].

2) Accurately modelling the manifold T-junctions to obtain a good starting point for
the manifold dimensions then using a circuit model [1], [37]-[38]. The T junction is firstly
simulated to obtain the sub-optimal dimensions for the manifold junction assuming
reciprocity and lossless of the junction. With the designed channel filters, further
optimisation is needed to fulfil the specifications [37]. Montejo-Garai et al. [38] introduced
a fictitious reactive load concept to precalculated the distances between channel filters and
a short circuit at the end of the manifold junction. In [1], the authors precalculated the
parameters of the manifold junction by a mode-matching routine.

3) Linking the low-fidelity model (i.e., circuit model) and high-fidelity model (i.e.,
EM model). Space mapping technique has been applied to refine each filter of the
multiplexer [38]-[42]. Cogollos et al. proposed a systematic method for multiplexers with
contiguous and non-contiguous channel configurations, in both E-plane and H-plane
configurations [42]. They employed a distributed model of the individual channel filters to
build a halfway point between the lumped model and the physical structures. In this way,
the computational time is saved.

In recent years, computational intelligence (CI) methods have been increasingly

investigated and developed [43]. The computational intelligent methods utilize the nature-
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inspired mathematical modelling techniques and optimisation methods to learn the
behaviours of complex real-world problems, e.g., computer-aided design for microwave
filters, and then address them. The available optimisation techniques are reviewed in the

following.

2.4.2 Direct Optimisation and Surrogate-assisted Optimisation

It has been a long time since the numerical optimisation procedures were first applied
to the RF and microwave circuit design in the 1960s [44]. In the computer-aided design
method, the physical dimensions are used as the optimisation variables which are iteratively
corrected to obtain a design that meets the design specifications. These can be broadly put
into two categories: direct optimisation (DO) and surrogate-assisted optimisation (SAO) [45].
DO means that the high-fidelity EM prototype simulation model is directly inserted in the
optimisation process as illustrated in Fig. 2.4 whereas the SAO utilises a low-cost model
(surrogate) to approximate the high-fidelity EM simulation model.

DO methods for microwave filters appeared in the 1990s [46]-[50]. It utilized the
optimisation method adjusting the dimensions to the desired responses after each
simulation. However, when the microwave structure is very complicated, the optimisation
process will be very low-efficient. Some works first achieve an optimal solution of a section
of a microwave filter. Then, the rest of the filter will be progressively optimized until the

simulation performance achieves the desired responses [46].
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Fig. 2.4. The workflow of the direct optimization (DO) for microwave components.

The DO usually requires a large number of EM simulations during the optimisation
process. SAO methods can be applied to improve the optimisation efficiency. It employs a
low-cost mathematical or physical surrogate model to approximate the microwave
component behaviour. The workflow of the SAO is shown in Fig. 2.5. By invoking the
surrogate (fast evaluation) rather than the high-fidelity EM simulation model (slow
evaluation), the optimisation can be sped up and achieve reasonable accuracy. Microwave
passive filter is one of the most productive applications for SAO techniques. In 1994, the
space mapping technique first introduced the concept of surrogate in the microwave
engineering area [51]. It employs two types of simulation models, one is the coarse model
which is efficient but not very accurate (e.g., equivalent circuit) and the other is a fine model

which is very accurate but time-consuming, i.e., the full-wave EM design prototype. As the
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Fig. 2.5. The workflow of the SAO for microwave components.

equivalent circuit is low-cost, the space mapping method also belongs to a general type of
SAO [52]-[53]. The local optimisation is performed on the coarse model, guided and
corrected (the mapping process) by the simulation of the fine model. To achieve the optimal
solution, multiple mapping processes are needed.

Finding an appropriate physical surrogate model is increasingly harder with the
increased complexity and diversity of the microwave components [53]-[57]. Mathematical
surrogate modelling methods, namely data-driven SAO methods, are increasingly
employed for RF and microwave component designs. The data-driven surrogate modelling

is performed based on the EM simulations. Firstly, dimensions (input) are sampled within



30 Literature Review Chapter 2

a preassigned range, and simulations are carried out to obtain the simulation object (output).
Then, the data set of dimensions and simulation object values are used in surrogate
modelling. There are many modelling methods, e.g., polynomial regression [53]-[54],

Artificial neural network (ANN) [55]-[56], and Gaussian process regression (GPR) [57].

2.4.3 Optimisation Algorithms in SAO

The optimisation of microwave components can be seen as a minimization problem,

which is formulated as [45]

" = arg min F(y(x)) (2.1)

where y(x) represents an output simulation response vector of the EM model with a vector
of input design variables x = [z, z,,...,x,]". F(+) is the objective function based on simple
manipulations of the y(x)value. * denotes the optimal design. The optimisation algorithm
is the method to search for the optimal design satisfying the design specification. There are
local optimisation-based methods [50]-[56] and global optimisation-based methods [57]-[61].

The local algorithms are suitable for searching for an optimal solution with a specific
region with a linear characteristic. Due to its limited exploration ability, the searching
method is easily trapped into local optima if the optimisation landscape (determined by the
optimisation objective function) is multimodal (local optimal solutions exist around the
global optimal solution). Fig. 2.6 illustrates the characteristic landscape of an Ackley

function [62], which has a globally optimal solution around with multiple locally optimal
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5

Fig. 2.6. The Ackley function [62].

solutions. Owing to the characteristics of the local optimizer, optimisation procedures are
often employed in EM optimisation, such as space mapping technique [51]-[52], port tuning
method [50], and step tuning method [46].

The global optimisation methods have a relatively powerful exploration ability to
search the global optimal solution in a multimodal landscape independent of a good starting
point. However, it has a problem with the speed of convergence. There are multiple types
of global optimisation methods, e.g., evolutionary algorithms [63] and swarm intelligence
[64]. These optimisation methods are computational intelligence methods that are inspired
by the natural phenomenon. In the following sub-sections, some widely used optimisation

methods are introduced. They are also utilized in the following Chapters.

2.4.3.1 Trust Region Optimisation

The trust-region method is a widely used local optimizer in engineering optimisation
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[65]-[66]. It has been employed in this thesis. The trust region method iteratively produces
a sequence of approximate solutions to «* within a neighbourhood of 7, where 7 denotes

the number of iterations.

7 = arg min F(G7(x)) (2.2)

reQT

where Q7 is the neighbourhood of ™ defined as

O ={z eRlal, —A] <, <=z, + AT} (23)

C

where x7 ; is the centre of the trust-region in tth iteration. A] is the trust-region radius of
Ith variable (I =1,2,..., d) in tth iteration. G"(x) is an approximation of y(x) in Q2". Here, a

first-order Taylar expansion of y(x) at 7 is used:

Gl (z) =y(a") +J

Yy

(x7)(x—x7) (2.4)

where J, is the Jacobian of y obtained by the finite difference method. Starting from a
predefined initial solution and a trust region radius, the trust region method works as
follows:

Step 1: Set the updating trust-region radius A7 = AT.

Step 2: Solve

x'™P = arg min F(G7 (x)) (2.5)

reQT
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Step 3: Calculate the ratio p,

_ 2.6
PR (G (@) — F(G7 (7)) (2.6)
Step 4: Update the trust-region radius based on the ratio p as
¢ 2A] p>0.75
ATH = 4. A7 0.25<p<0.75 (2.7)
LA7/3 p<0.25

Step 5: Return ™! = '™, Then, update T = 7+ 1 and go to step 1.
The stopping criterion includes either of the following two: (1) |2 — 27 !| < &, where
¢ is a predefined threshold (10 is used in this research) or (2) the design specifications are

satisfied.
2.4.3.2 Sequence Quadratic Program (SQP)

SQP is a popular local optimizer for constrained nonlinear continuous problems [67]-
[68] and it is widely employed in this thesis. It is briefed in the following.
In each iteration of the SQP method, the constrained optimisation problem is modelled

as a quadratic programming problem. The Lagrangian function for this problem is
L(@ Ay Ay) = F(@) + Y N e(@) (2.8)

where F'(x) is the objective function, ¢;(x),7 = 1,2, ..., m are the constraints. \,, ..., \,, are
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the Lagrange multipliers. In the ith iteration of (2.8), the quadratic programming (QP)

problem is defined as
Hgn VF(z,)"-S, + %StTVQ(Lt) S,
5.t.Ve,(x)TS, + ¢;(x,) <0,i=1,2,...,m. (2.9)
where S, is the solution to the QP problem. The next iteration will be
x, =T, +a,S, (2.10)

where a, is the step length obtained by a line search method.

2.4.3.3 Differential Evolution (DE) Method

This thesis also adopts the differential evolution (DE) method [69]-[70] in the
optimisation-based synthesis method and EM optimisation method for the diplexers and
multiplexers. The DE is an effective global optimisation method in the engineering
optimisation area. DE is an iterative optimisation method. Each iteration contains mutation,
crossover, and selection to search for the optimal solution. The mutation is a strategy to
generate a population of mutation vectors. The crossover is performed to the generated
mutation vectors to generate a new population. Then, the section will be employed to select
the parameter with the better objective value among the old and new populations. The

workflow of DE is introduced in the following.
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Step 1: Initialization of the population P. The population is a data set of Np D-dimensional
design parameter vectors with the corresponding objective function values. The ith vector
in the tth iteration can be described as z'(t) = [z}, %, ...,z%)], D is the number of the
parameters. The population is generated based on simulations of the design parameter
vector within a specific range. For example, the initial parameter of the mth parameter of

the ith vector is

z! (0) =rand,,(0,1)- (UB,, — LB,,)+ LB,, (2.11)

m

where rand,, (0,1) denotes a uniformly distributed random number with the range (0,1).
UB,, and LB,, are the upper and lower bound of the mth parameter in the ith vector.

Step 2. Mutation. Once the population is initialized, the mutation will be performed to
generate the mutation vectors. There are various mutation strategies. The most widely used

one is DE/rand/1 [49]. In the tth iteration, the ith mutation vector can be represented as

o(t+1) =a™ (1) + C - (a7(t) — (1)) (2.12)

where !, "

, and x" are three different design parameter vectors randomly selected
from the current population. v* is the ith mutation vector. C' € (0,2] is a scaling factor.
Step 3: Crossover. The generated mutation vector population will be performed by the

crossover parameter to generate a new population or child population U. It has two steps:

1) Randomly select an index number j,,,., € {1, ..., D}.
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2) For eachindex j, a uniformly distributed random number is generated within (0,1). Then,
the new population will be

vj<t + 1)7 1’f (T’and S CR) or .7 = jrand

2.1
x (1), otherwise (213)

uj(t+1):{

where CR € [0,1] is a constant called crossover rate.
Step 4: Selection. If one vector u; has an equal or better objective function value than that of

the vector x;, then it will replace the target vector in the next iteration, namely,

ut+1) if Flu(t+1)) < F(x(t))

. (2.14)
x(1), otherwise

x(t+1)= {
The above process will not stop until the stop criterion or design specification is satisfied.

2.4.4 Objective Functions

The objective function used in the optimisation problem often has an impact on the
effectiveness of the optimisation. For filtering components, the objective function in the
optimisation can be various. The reported objective functions in the literature are

summarised.
2.4.4.1 S-parameter Magnitude

The most widely used objective function is formulated based on S-parameter

magnitude [63]. For instance, the objective function can be defined as
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F| = (max[S,;(PB)] — RL) (2.15)
where PB is the passband range of the filter. RL is the desired return loss for the filter.

2.4.4.2 Feature Points

Some reported works utilized the feature zeros in the filter responses as the objective
function [72]-[75]. Based on the filter theory, the S-parameter responses can be
mathematically represented as rational polynomials. The roots of the rational polynomials
are the reflection zeros (RZs) and transmission zeros (TZs) in the filtering responses. These
feature zeros can characterize the filter responses. Therefore, they can be formulated as the
objective function. Some curve fitting methods, e.g., Cauchy Method and vector fitting
method, are utilized to approximate the simulation curve of the filters. Then, the feature
zeros are extracted from the fitted polynomials. Since only several discrete frequency points
are set as the optimisation object, the optimisation would be more efficient. However,
accurate extraction of the feature zeros is difficult if the initial responses are not very good,
when the curve fitting algorithm may not recognize the polynomial very well. As an

example, an objective function for a microwave filter can be defined as

n Ny 2

Fy = 150 (frz)l + Y|S0 (Frzo)l + (181 (fom:)| — <) (2.16)

i=1 i=1 i=1

where 1 is the number of resonators in the filter. f,. denotes the frequency of ith RZ. n,, is
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the number of transmission zeros. f;,; denotes the frequency of the ith transmission zeros.
fBE; denotes two band edges of the passband. ¢ represent the maximum magnitude value

of the return loss (e.g., 0.1).
2.4.4.3 Coupling Matrix Extraction Method

A new objective function was recently proposed based on the distance between the
extracted coupling matrix (CM) of a candidate design and the ideal CM [76]-[77]. This
objective function shows improved linearity and smoothness of the design landscape. This
method has been implemented in CST Filter Designer 3D. However, the main challenge is
that the CM extraction method has a low success rate if a candidate design shows poor

response, or when the orders of the channel filters are high.

2.5 Fabrication Technologies for Waveguide Components

With the requirement of an increasingly complex and changeable electromagnetic (EM)
environment, modern advanced radio communication systems require high-performance
and multi-functional microwave/millimetre-wave devices. In these radio communication
systems, especially radio frequency front-end transceiver systems, traditional
microwave/millimetre-wave passive waveguide device has advantages such as large power
capacity and low RF loss [78]. Compared with planar microwave transmission systems
(such as microstrip line devices and coplanar waveguides), these air-filled metal waveguide

devices play an important role in applications requiring low dispersion and low RF loss [79].
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2.5.1 Computerised Numerically Controlled (CNC) Milling Technology

Waveguide devices with complex RF functions often have complex three-dimensional
(3-D) physical structures [80]. The devices are usually split into multiple parts for processing
by using traditional machining technology (e.g., computerised numerically controlled (CNC)
metal milling and electrical discharge machining (EDM)) which increase the occupation and
weight of parts for the assembly, i.e., screws and flanges. Some 3D structures with special
shapes (such as spherical surfaces or hollow structures) are difficult to be achieved. Those
factors will large processing/assembly errors, high processing costs, and restriction of
component design creativity. In addition, for waveguides operating at the high-frequency
end of millimetre waves (such as over W-band (90 GHz)), traditional machining with very-
high precision will be very expensive and high alignment accuracy is required to make sure
the contact between the multiple splitting parts [79]. In addition, traditional all-metal
waveguide devices are heavy with redundant junctions. They cannot fulfil the requirement
of compactness and lightweight in many applications such as airborne, shipborne,

aerospace, etc.

2.5.2 Micro-fabrication Technologies

For the waveguide component applications with high-dimensional accuracy and good
surface quality, some micro-fabrication techniques also have been explored in recent years.

The most concerning techniques include silicon deep reactive ion etching (DRIE), LIGA-
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based thick resist electroplating, and SU-8 layered process [80]. The abovementioned
techniques employ multiple silicon or polymer layers to construct waveguides. The process
requires etching and metallization layer by layer, then the layers have to be assembled with
very high accuracy to form the waveguide devices. The accuracy of these techniques
requires very high and therefore they are suitable for the device with small feature
dimensions which can be appliable for the manufacturing of millimetre devices up to WR-
15 band. Relatively, the cost of micro-processing technologies is even higher, the process is
complex and requires a long fabrication period. Multiple steps required for these fabrication
routines are processed by a professional technician in a cleanroom. Moreover, intrinsic
limitations with respect to the material and fabrication types and tolerance restrict the

designs of the components.

2.5.3 3D Printing Technologies

In recent years, the development of 3-D printing technology offers a fresh choice for
lightweight and monolithic fabrication of the microwave and millimetre-wave waveguide
components [80]-[83]. 3-D printing, also well-known as additive manufacturing, is the
general term grouping a variety of manufacturing processes. With computer control, three-
dimensional models are built through the continuously stacking of raw materials. This
process technique is the opposite process of the traditional “subtractive manufacturing".
Although there are various 3-D printing approaches with various materials can be

implemented, their forming mechanism is quite the same. Generally, a 3-D structure is first
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“sliced” into finite layers (whose thickness is often determined by the resolution of the
printer, normally several tens to hundreds micron or even higher) by software. Then, the
structure will be formed layer by layer by various approaches. There are seven approaches
according to the International Organization for standardization (ISO/ASTM 52900:2015) [83]:
material extrusion, vat photopolymerization, powder bed fusion, material jetting, binder
jetting, sheet lamination, and directed energy deposition. There is a broad range of materials
that can be utilized in 3-D printing such as metal, plastic, organic material, or even food.
Here, we only discuss the material for our microwave waveguide components. Therefore, a
simple division is based on the material used for fabrication, namely metal printing, and
non-metal printing. In the following, characteristics of some frequently used 3-D printing
techniques with their material main used are introduced.

Powder bed fusion (PBF) technology uses a heat source, i.e., high-power laser and electron
beams, to selectively fuse the powder particles layer by layer forming a solid structure. The
exemplary techniques are selective laser sintering (SLS) and selective laser melting (SLM)
for metal 3-D printing.

Material Extrusion 3-D printing technology forms the 3-D structures based on a
continuous filament of a thermoplastic material. During the printing process, the filament
is steadily moving into a heated printer extruder head. Then, the molten filament of material
is forced out and deposited on a printing platform. The 3-D model is also formed layer by

layer. The most used technique is fused deposition modelling (FDM). As stated above, the
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technique is commonly used for plastic printing.

Photopolymerization 3-D printing technology selectively cures liquid photopolymer layer
by layer by a heat source to form a 3-D object. The commonly used material is photosensitive
resin, and the heat source is ultraviolet (UV) laser. Typical technologies have
Stereolithography (SLA) and Digital Light Processing (DLP).

Compared with the traditional CNC milling process, the most significant advantage is
that the fabrication cost in theory is only related to the volume of the printed object (raw
material consumption) while independent of the geometrical complexity of the object.
Therefore, fabrication costs can be greatly reduced. This makes the 3-D printing technology
particularly suitable for complicated and precise structures. In recent years, 3-D printing
techniques have been reported in various areas with significant practical values, e.g.,
mechanical manufacture [85], biology and medical area [86], and electronic communications
fields [87]. In the research area of microwave/millimetre-wave circuits and systems,
traditional waveguide or cavity devices usually fully employ metals materials, i.e., copper
and alumina. If various non-metal materials with much lower densities are employed, e.g.,
photosensitive resin, plastic, nylon, and ceramics, the weight of the object with exact save
structure can reduce more than half. This is of significance for modern communication
systems, especially for satellite communication systems.

Compared with micro-processing techniques, the advantages of 3-D printing can be

found in the following aspects. 1) 3-D printing fully employs metals to be fabricated. It is
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more suitable for scenarios where higher thermal stability of the devices is required. 2) 3-D
printing is more flexible than 3-D structure does not have severe constraints in depth and
height. Therefore, they do not have to split the devices into several layers and re-assemble,
which also reduces the losses. 3) It is more cost-effectively while modification needs to be
introduced into the design. The size order from small to large can be effectively and
simultaneously fabricated in one piece.

It is worth noting that not all 3-D printing technology can be wused for
microwave/millimetre-wave devices. Furthermore, the device operating at different
frequency bands should adopt appropriate 3-D printing techniques. In the literature, 3-D
printing techniques available for the microwave/millimetre wave components mainly have
4 types. 1) metalloid printing with surface metallization. 2) directly metallic printing with
several post-processing processes, e.g., surface polishing. 3) dielectric material printing of
complex structures, such as Lens antenna. 4) 3-D printed substrate and planar structures

with coating or printing conductive material to form transmission lines or antennas.

2.6 Summary of this Chapter

This chapter reviewed the state-of-the-art research works of the microwave diplexers
and multiplexers regarding the configurations, synthesis method, physical dimensioning
method, EM optimisation methods, and micro-fabrication techniques. The advantages and
disadvantages of the current techniques are concluded by the literature review. These have

inspired the following works in this thesis.
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Chapter 3 Theoretical Background

In the last chapter, the state-of-the-art of microwave diplexers and multiplexers are
briefly reviewed. The diplexers and multiplexers are resonator-coupled filtering networks.
The coupling matrix technique is widely utilized in the synthesis and design process for
these resonator-coupled structures. The theory for the resonator-coupled network is laid
down in this chapter. It starts from the filter concept and then extends to diplexers and

multiplexers.

3.1 Filter Network and Polynomials

3.1.1 General Characteristics for Filter Network

A microwave filter is a two-port network that can be characterised by a scattering
parameter (S-parameter) [1]. The S-parameter is used to analyze and measure the state of a
microwave network. Fig. 3.1 shows a two-port network with the source and load

impedances of Zs and Zi. a and b represent the voltage waves incident at and propagating

ap a
Z I I
S11 512]
& s s 2
«— —
bl bZ

Fig. 3.1. A two-port network
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away from the source port and load port (ports 1 and 2), respectively. The S-parameter

matrix is represented by a block matrix [1],
byl _ [S11 Si2], [m
ol =lsn o) L) 3

Given that the network is passive, lossless, and reciprocal, the S-parameter fulfil

conservation of energy equations [2], namely

S11(8)511(8)" + 951 (8) 591 (8)" = 1, (3.2)

So2(8)522(8)" 4 512(8)S12(s)" = 1, (3.3)
and a unique orthogonality equation
511(8)512(8)" + 521 (8)Sas(8)" = 1, (3.4)

where the S-parameters are assumed to be functions of s (s = o + jw), the frequency
variable. The asterisk in the terms of S-parameter denotes the conjugates of the
corresponding parameter. Insertion loss (IL) and return loss (RL) measured in dB are

defined by the reflection coefficient S;; and the transmission coefficient S,,,

IL = —201og; (|52 ]), (3.5)

RL = —201log,o (|51 )- (3.6)

Mathematically, the reflection coefficient S}, and transmission coefficient S,, can be
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expressed by two rational polynomials [2]. Assume that N resonators comprise the two-port

network, the S, (s) at port 1is expressed as

Sy (s) = 1)/ en (3.7)

where Both E/(s) and F'(s) are N-th degree polynomials with complex coefficients. Constant
¢ p normalizes the highest-degree coefficients of F(s) and F(s) to unity. Since it is a lossless
passive network, E(s) is strictly Hurwitz, namely all the roots of E(s) (poles of S, (s)) are
in the left half of the complex plane. The poles are not symmetric about the real axis.

Substitute the (3.7) into (3.2), a relation is found by

F(s)F(s)* P(s)P(s)*

()5 () =1 S o By 2B (s)B(s) 38
Then, the transfer parameter S,, (s) is expressed as
_ P(s)/e
521<S) - E(S) (39>

where P(s)P(s)*/e? = E(s)E(s)* — F(s)F(s)*/e% . € is constant which normalizes the
S51(8) to the equal-ripple level at s = £j. For a Chebyshev filter, it is called a ripple constant

expressed as

S

_ 1 ‘P( )
" ViRm0 — 1|F(s)

(3.10)

s=47

where RL is the prescribed passband return loss in dB. To this moment, the highest-degree
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coefficients of polynomials E(s), F(s) and P(s) are all normalized to unity. The E(s), F(s)
and P(s) are the polynomials composed of reflection poles (RPs), reflection zeros (RZs) and
transmission zeros (TZs), respectively. Both E(s) and F(s) are N-th degree polynomials.
P(s) = HZZ(S —s,) is of degree n; which is the number of finite transmission zeros.
When there are no finite-position zeros (n;, = 0), the filtering function is known as an “all-
pole” response. Since the number of the transmission zeros is incorporated in the
transmission parameters, it is evident that n £ <N Otherwise, the Sz will be larger than

unity (s — oo), which is impossible for the passive networks [2]. The relation between the

two normalization factors is,

(3.11)

According to the conservation of energy equation (3.4), a relationship is obtained,

e2eLE(s)E(s)* = €L P(s)P(s)* + e*F(s)F(s)* (3.12)

With this relationship, any one of the polynomials can be determined when the other two

are known. Then, the S-parameter can be accordingly obtained.

3.1.2 Filter Polynomial Synthesis

For simplicity, in w-plane and a two-port lossless network, the transmission response

is related to the Chebyshev filtering function. It is derived by
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[ N, RL, and TZs ]

v

Calculate P(w) using
TZs

v

"
Obtain F(w) by recursive
technique

v

Calculate Efw)

L -

v

f N

S-parameters

L -

Fig. 3.2 The flowchart of the polynomial synthesis.

), () = WP _ erPWPW)
S51(w)Sa1 (w) 2E(w)E(w)*  [egP(w) — jeF(w)][egP(w) 4 jeF(w)]
_ 1 _ E , (3.13)
[ —i=Cn@][1+i=Chw)] 1+5C3(w)
namely,
San ()P 1 (3.14)

1+ 50%w)]

where C (w) = F(w)/P(w) is known as the Nth order filtering characteristic function. In
this case, the poles and zeros of C)(w) are the roots of P(w) and F(w), respectively. To

realize a Chebyshev filtering function, C'y is defined as

Cy(w) = cosh [Z coshl(xn(w))} X (W) = w = 1jw, (3.15)

e 1 —w/w,



56 Basic Knowledge and Techniques Chapter 3

0@ © 4 - @ © @
—=—521(Poly)
20} © S11(P0|y) i

Scattering parameter(dB)
o
o

-120 1
-4 -2 0 2 4
Normalized frequency

Fig. 3.3. The polynomial responses of the 8 order Chebyshev filter.

Table 3.1 The polynomial coefficients for the 8th order Chebyshev filter.

Order P(s) F(s) E(s)
0 0.0000 + 7.0200j 0.0125 + 0.0000j 0.1572 - 0.0347j
1 -1.1100 + 0.0000j 0.0000 - 0.0172j 0.7998 - 0.1519j
2 0.0000 + 5.5100j 0.3262 + 0.0000j 2.1835 - 0.3482j
3 -0.4000 + 0.0000j 0.0000 - 0.1218j 3.9394 - 0.5461j
4 0.0000 + 1.0000j 1.4432 + 0.0000j 5.4051 - 0.5913j
5 0.0000 - 0.2261j 5.2809 - 0.5080j
6 2.1250 + 0.0000j 4.3362 - 0.2632
7 0.0000 - 0.1228; 2.1030 - 0.1228;j
8 1.0000 + 0.0000j 1.0000 + 0.0000j

where jw, is the position of the nth TZ in the complex frequency plane.
The polynomial P(w) is calculated by using prescribed finite transmission zeros. The
F(w) is obtained by a recursive technique [2]. Then, polynomial E(w) is obtained based on

the polynomial relationship equation (3.12). The synthesis workflow is shown in Fig. 3.2.
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The detailed deviation of the recursive technique is elaborated in Appendix A of this thesis.

Assume that an 8th order Chebyshev filter with four transmission zeros at -2j, —1.5j,
1.3j, and 1.8] has a return loss of 20 dB. The polynomial of the filter is synthesized based on
the approach mentioned above. The calculated polynomial responses are illustrated in Fig.
3.3. The normalized coefficients of polynomial P(s), F'(s), and E(s) are listed in Table 3.1.

The feature points, including TZs, RZs and RPs of the filter are listed in Table 3.1.
3.2 Circuit Representation of Resonator-coupled Filter

3.2.1 Lowpass Prototype Lumped Circuits

Despite various physical realizations of microwave filters, a resonator-coupled
microwave filter can be equivalent to an electrical circuit with different basic elements: 1)
Frequency-dependent elements, i.e.,, lumped capacitors and inductors. They form the
resonators in the filter. 2) Frequency-independent elements, i.e., reactance and susceptance.
They are employed to offset the resonators to be asynchronously tuned in the filter. 3)
Coupling inverters. They are used for coupling elements.

With the elements mentioned above, the filter with any type of response can be realized.
Fundamentally, an n-th order low-pass all-pole lumped filter with the ladder topologies is
shown in Fig. 3.4. Each circuit is formed by resistors, capacitors, and inductors. The values
of the elements are termed as “g parameters”. The filter order N equals the number of

inductors and capacitors.
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81 83 &n
(500) [BO0L. _ _ S (1:]:) I
g0§ _— —— § G+l or § gn+1
nis even N _n is odd
(a)
gZ gn
(530) B (07]) H o
g0§ —_— Q1 — o] § n+ or —_ 3n §gn+1
nis even n is odd

(b)
Fig. 3.4. The n-th order low-pass all-pole lumped filter. (a) Leading component is a series inductor;
(b) Leading component is shunt capacitor.
For afilter with a standard filtering function, e.g., Chebyshev, Butterworth, and Elliptic,
the ¢ parameters can be calculated directly for the lumped circuit in Fig. 3.4. Assume that

the lowpass prototype filter has a Chebyshev response with a passband return loss RL and

cut-off frequency Qc = 1. The g parameters are calculated by the following formulas.

90:1
sin (51)
= —sin [—
9 ¥ 2n

2T\ e ((2i3)7
1 4sin(=5; >SH,I_(1 ) (i =2 ton)
i1 2 +sin?(FT)

1 n is odd
Int1 = {coth2 (g) n is even (316)
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Z +_] ? Y - _‘I ] ?
(a) (b)

Fig. 3.5. Two-port networks of K and | inverters. (a) K inverter; (b) | inverter.
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(©) (d)

Fig. 3.6. The equivalent lump circuits of K and | inverters. (a) Equivalent K inverter using
inductors; (b) Equivalent K inverter using capacitors; (c) Equivalent ] inverter using capacitors;
(d) Equivalent | inverter using inductors.

where = In[coth(RL/17.37)],~v = sinh(8/2n).

3.2.2 Immittance Inverters

Two types of immittance inverters called K inverter and ] inverter, are added to the two-

port networks. As shown in Fig. 3.5, they are frequency invariant two-port network
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Fig. 3.7. Lowpass prototype filter formed by (a) K inverters and (b) ] inverters.

converting their corresponding input immittances, given by,

K? J?

where K and ] are both real and defined as impedance and admittance of their network. The
equivalent lumped circuits are illustrated in Fig. 3.6.

Applying the inverters, in the two-port network shown in Fig. 3.4, series (shunt)
components are transformed to shunt (series) components as shown in Fig. 3.7. It can be
seen that the filter can be realized by using one type of component, namely inductors or
capacitors by adding the immittance inverters to the ladder circuit. It makes the filter
realization feasible for different filter topologies.

With the equation (3.17), the K inverters in Fig. 3.4(a) are calculated by
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ZoL L Z
KOl — 01 7Kn il — n n-ﬁ—l7
9091 ’ InIn+1

L.L.
K= \/—“ (i=1ton—1) (3.18)

9i9i11

Also, the | inverters in Fig. 3.5(b) are obtained by

Y. C CcCY
‘]01 = 01 7KnAn+1 = - n+1,
9091 ’ InIn+1

Jiip = \/Zihq, (i=1ton—1) (3.19)

9i9i+1
3.2.3 Frequency Transformation

Filter design normally starts from a lowpass prototype filter operating from the
normalized frequency range of —1 to 1. This is because a lowpass filter can be theoretically
transformed into a band-pass filter operating at any frequencies with any bandwidths. This
process is also known as a denormalization process. This process is illustrated in Fig. 3.8,

where the Q) is the normalized frequency range (lowpass) and w is the real frequency range

m—)

-1 0 1

Y

W4 wWo Wg w

Fig. 3.8. An illustration of frequency transformation from lowpass to bandpass.
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c_l_ - (=g, —)

(a) (b)

Fig. 3.9. Circuit representation of the frequency transformation for (a) capacitor and (b) inductor.

(bandpass). wa and ws are the passband edges. The frequency transformation is expressed

as
Q=L (i ~ ﬂ) (3.20)

where w, = \/w,wp is the centre frequency of the passband filter and FBW =
(wp —wy)/w, denotes the fractional bandwidth. Substitute the frequency transformation

(3.20) into the series inductor L and shunt capacitor C in Fig.3.8, they are changed as

1

' S A —— 3.21

N T oy Wl e (3.21)
C 1 1

j WL, + —— 3.22

I G FBW o tow = M e (3.22)

Then, in the circuit form, the capacitor C and inductor L are changed as shown in Fig.
3.9. It can be seen that the lowpass circuit is changed into a parallel or series LC resonant
circuit after frequency transformation. Then, Fig. 3.7 is transformed as shown in Fig. 3.10.

Bandpass filters can be realized by various microwave elements, e.g., waveguide resonators.
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Fig. 3.10. Bandpass prototype filters formed by (a) K inverters and (b) ] inverters.

3.3 Coupling Matrix Theory

3.3.1 NxN Coupling Matrix

Formed by coupled resonators, the filter circuits can be represented by a matrix called

coupling matrix. Fig. 3.11 shows an Nth order resonator-coupled bandpass filter. Given that

| Jia y o1 . Juin |
®:=)8 =g = 5= %Gmé
: o -
Gy 3 Cry 7 C, L %y (L
| o |

| Jl,n |

Fig. 3.11. Lumped circuit of an Nth order resonator-coupled bandpass filter.
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each resonator has a capacitor of C = 1F and an inductor of L = 1 H, the centre
frequency is wy, =1 rad/s. Gp = Gp, are the source and load conductance. Based on

Kirchoft’s current law, a set of node equations are written in a matrix form as [1]

JjwC' + WLL +Gp —gwdyy e —gwdy —jwdy
—jwJy jwC' + L e —jwdy —jwdy ,, { o -| {Zl-l
| r | R e I e g
| | | 1 ' IUW1 | 6 |
—jwd, 1, —jwd, o o jwC + jw—L —jwdy 1 L v, J I-OJ
L —jw, 1 —jwd, o —gwd, o JwC + ]wLL +G P2J

or [Y][v] = [i], where J, , (p7q) is the coupling coefficient between the pth resonator and gth

resonator. [Y] is an /N X N admittance matrix. It can be normalized as

[Y] = wyL e FBW[Y] (3.24)

where FBW is the fractional bandwidth of the bandpass filter, defined as

AdeB

0

FBW = (3.25)

where Af;,; and f, are the 3dB bandwidth and the centre frequency of the bandpass,

respectively.

With the observation that the formulation of the normalized admittance matrix [Y] and

the normalized admittance matrix [Z | have the same form [1], then the matrix formulation

can be a unified immittance matrix form [A] for the resonator-coupled bandpass filters.
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[4] = [g] + plU] — jm] (3.26)

where [¢] is an N x N matrix with all items zeros, expected for the ¢(1,1) =1/g., and
q(N,N)=1/q,,. q.; and q,,, are an external quality factor in the normalized frequency
domain. [m] is the normalized coupling matrix which is an Nth order reciprocal matrix. [U]

isan N x N identity matrix. p is the complex lowpass frequency variable defined by
1 woow
- (___o) (3.27)

It is worth noting that there are two different definitions of the immittance matrix [A].
The difference lies in the sign in front of the coupling matrix which originates from the
definition of the mutual coupling coefficients of the equivalent circuit representation in
(3.23). A negative sign used in this thesis has been defined in Section 8.1 of [1] while a
positive sign is defined in Section 8.1.3 of [2]. It has been proved that both of them work but
generate different denormalization results.

The S-parameter can be calculated by a general coupling matrix [A].

2

Sy = m [A] 1 (3.28)
S, =+ (1 —%[A]J) (3.29)

The coupling matrix is usually synthesized at the normalized frequency domain. Then, the

coupling matrix is transformed to the real frequency. The coupling coefficients for the real
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frequency can be obtained by

Q. (i) = ,M(p,q) = m(p,q) x FBW (3.30)

where ), (i) and M (p, q) represents the external quality factor and coupling coefficients for
the filter in the real frequency domain. The calculation of resonant frequencies derived from
self-couplings is different from the equation provided by [3], since a negative sign of the
coupling matrix is defined in the immittance matrix. The resonant frequencies of each

resonator can be calculated from the self-coupling by,

f= {(m(i,z’); FBW) _ \/1 N (m(i,i); FBW)T (3.31)

The deviation of resonant frequency is detailed in Appendix B.

3.3.2 Synthesis of a Bandpass Filter with a Chebyshev Response

The bandpass filter with Chebyshev responses can be synthesized. The coupling
coefficients can be directly calculated from the g values. The g values for Chebyshev in the
normalized frequency domain are calculated by using (3.16). Then, the normalized coupling

coefficients are calculated by

Qel = gOgl7qen = gngn+l

m(i,i+1) = JdJfori=1ton—1 (3.32)

1
vV Y9i9i+1
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Fig. 3.12. The calculated S-parameter responses of the 10" order bandpass filter with Chebyshev
responses.

Then, the S-parameter can be calculated based on the equation (3.28)-(3.29). Take a 10t order
bandpass filter as an example. The return loss of the filter is 20dB. Then, the calculated g
values are g = {1, 1.0280, 1.4690, 1.9952, 1.6906, 2.0882, 1.7102, 2.0642, 1.6341, 1.7936, 0.8420,
1.2210}. Based on the calculations, the coupling coefficients are m(1,2) = m(9,10) = 0.8137,
m(2,3) = m(8,9) = 0.5841, m(3,4) = m(7,8) = 0.5445, m(4,5) = m(6,7) = 0.5322, m(5,6) = 0.5292,

ge1 = gen = 1.0280. The calculated S-parameter responses are shown in Fig. 3.12.
3.3.3 N+X Coupling Matrix

The Nth order resonator-coupled network with X (X=2) ports is shown in Fig. 3.13. To
generally describe this network, a more general matrix is extended from the N x N matrix.
Since the ports are parallelly connected, the Nth order resonator-coupled network with X

ports can be represented by using lumped circuit form as shown in Fig. 3.14. In this case,
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I, —>
° : Ipi
| n+X
2
al [Y]
o :
by

Fig. 3.13. Lumped circuit of an Nth order resonator-coupled network with X ports.

the coupling matrix can be represented as a block matrix form as

Im] = [[mN] [mx] ] (3.33)

[my]  [myx]

where [my] € RV is the general N x N coupling matrix. [my] € RV*¥ is the matrix of the
couplings between the ports and resonators (source and load couplings). [myy] € R¥*X is
the couplings between ports which is normally a zero matrix. Then, a general normalized
coupling matrix for the Nth order resonator coupled network with multiple ports is given

as
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Fig. 3.14 Lumped circuit for the Nth order resonator-coupled network with X ports.

r m(1,1) m(1,2) - m(l,n) m(1, Pl) m(1, PX) 7
m(2,1) m(2,2) - m(2,n) m(2, Pl) m(2, PX)
ml = mm,1)  m@n2) o mn,2)  m@m Pl e mn PX)
m(P1,1)  m(PL,2) - m(Pl,n) m(Pl,Pl) - m(Pl,PX)
Ln(PX.1) m(PX.2) — m(PX.n) m(PX.Pl) - m(PX,PX))

The corresponding normalized immittance matrix [A] will be given as the form is similar to

Equ. (3.26)

[A] = [R] + p[U] — j[m] (3.34)

Since port impendence or conductance has been normalized to unity. The [R] and [U] are

two block matrices,

o-[s Yom-[3 ¢ o
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where u is an N x N identity matrix and r is an X x X identity matrix. The S-parameters of

this multi-port network can be calculated as

Spalpta = 2[ALpg (3.36)

pq

S, = +(1—2[A],1) (3.37)

pp

where S, is the reflection coefficient at the port attached to the pth resonator, and S, is the

transmission coefficient between the ports attached to the pth and gth resonators.

3.4 Microwave Filter Design

In this thesis, the diplexers and multiplexers are implemented mainly based on
rectangular waveguide technology. The rectangular waveguide, resonator, and filter design

based on them are briefly introduced in the following.

3.4.1 Rectangular Waveguide

Rectangular waveguide is one of the most used microwave transmission media. The
structure of the rectangular waveguide is shown in Fig. 3.15, where a and b are the
geometrical dimensions, and x and ¢ are the permittivity and permeability of the material
tilled in the guide. EM waves with transverse electric (TE) and transverse magnetic (TM)
modes are supported by rectangular waveguides.

Each cutoff frequency of TE.» mode is defined by
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Fig. 3.15. Rectangular waveguide.

o =gV (2 + (5) 559

where m and n are the number of wave variations in x and y directions. The propagation
mode with the lowest cutoff frequency is called a dominant mode. For a rectangular
waveguide with a > b, the dominant mode is TE10 (m=1, n=0) in TE mode whose cutoff

frequency is

1

fero = 2av/ie

(3.39)

The guide wavelength A  is an important parameter defining the distance between two

equal-phase planes along the waveguide. It is defined as
A\, =— (3.40)

where 3 = \/k? — (7/a)? is a propagation constant for TE10 mode, k£ = w\/uc is a wave

number.
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Fig. 3.16. Rectangular waveguide resonator.

3.4.2 Rectangular Cavity Resonator

The rectangular resonator is a closed section of a rectangular waveguide shorted at both
ends. It appears as a closed box or cavity as shown in Fig. 3.16, where L is the length of the

resonator. The resonant frequency of the TEwu or TMmn mode is given by

b= g [ () () () )

where m, n, and [ represent the number of variations in x, y and zdirections, respectively. c
=2.99x10® m/s is the speed of light. ur and &, are relative permittivity and permeability of the
material filled in the resonator. The dominant resonant mode TE101 operates at the lowest
resonant frequency. Its length is corresponding to the TE10 waveguide mode of Ag/2.
Another important parameter for resonator is unloaded quality factor Q. defined as a

ratio of stored energy and lost energy at the resonant frequency.
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Q. = , FUETage energy stored (3.42)

energy loss/second

The unloaded quality factor for a rectangular waveguide resonator with lossy

conducting and lossless dielectric is defined as

(kad)3bn 1

Qe="rR, (202a3b + 2bd® + 12aPd + ad?)

(3.43)

The unloaded Q of the cavity with a lossy dielectric filling with a perfectly electrical

conducting boundary is

- 1
~ tand

Qq (3.44)

where tan ¢ is loss tangent of the material filling in the resonator. Then, the total unloaded
quality factor for the resonator with lossy boundary and lossy dielectric material can be

found as

Q, = (Qi + Q%) B (3.45)

3.4.3 Discontinuity between Rectangular Resonators

The rectangular resonators are coupled together via discontinuities, e.g., coupling iris
and posts. Coupling iris is a widely utilized type of discontinuities. Some commonly used
coupling irises are shown in Fig. 3.17. The vertical slots (Fig. 3.17(a)) are inductive irises

while the horizontal slots (Fig. 3.17(b)) are capacitive irises.
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(a) (b)

Fig. 3.17 The commonly used coupling irises in the rectangular waveguide. (a) Inductive irises.

(b) Capacitive irises.

3.4.4 External Quality Factor Extraction in Rectangular Waveguide

The external quality factor can be extracted from simulations of a single resonator as
shown in Fig. 3.18 (a). The resonator is coupled with one port via external port couplings
and a weak coupling with another port. An exemplary simulated S21is shown in Fig. 3.18
(b).

The external quality factor can be calculated by

__Jo
Qe - Bng

(3.46)
where fo is the centre frequency resonant frequency. BWsas is the 3dB bandwidth of the Sa.
Then, by scaling the width of the external port coupling 4 (mm) with different values and
adjusting the resonator length L (mm) to keep the centre frequency unchanged (assuming 9

GHz in this example), different external quality factors can be obtained as shown in Table
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Fig. 3.18. Extraction of external quality factor. (a) The single resonator simulation model. (b)
S21 responses in dB for simulation of a single resonator.

600,

500 |
400 |
& 300}
200 |

100

8 9 10 1 12 13
d

Fig. 3.19. The relationship between iris width 4 and Qe.

3.3. A relation curve can be plotted based on the obtained data as shown in Fig. 3.19. With

the curve, the coupling dimension corresponding to an external quality factor can be

obtained.



76 Basic Knowledge and Techniques Chapter 3

Table. 3.3. The Qe values for different coupling iris width at 9 GHz.

d (mm) 8 9 10 11 12 13
Qe(109) 0.0580 0.0264 0.0133 0.0072 0.0042 0.0026

3.4.5 Mutual Coupling Extraction between Rectangular Resonators

The mutual coupling between two resonators can also be extracted based on the
simulated Sx1 response. The simulation model of two coupled resonators is modelled as
shown in Fig. 3.20 (a). An exemplary simulated S21 response is shown in Fig. 3.20 (b).

The mutual coupling can be calculated by

Pl i
N R i

where fiand f2are frequency points of two resonant peaks in the Sz response. fo is the centre

(3.47)

frequency between f, and f,. Similarly, scaling the mutual coupling iris w (mm) with

different values, and adjusting the resonator length L (mm) to keep the centre frequency

0 T
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T
E 60 |
& i
w» 80 ;
|
-100 :
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8.6 8.7 8.8 8.9 ) 9.1 9.2
Frequency(GHz)
(@) (b)

Fig. 3.20. Extraction of mutual coupling coefficients. (a) The simulation model of the coupled
waveguide cavities. (b) 521 responses in dB for simulation of two coupled resonators.
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Table 3.4. The mutual coupling values for different coupling iris width at 9 GHz.

w(mm) 5 6 7 8 9 10 11 12 13
ke 0.0035 0.0072 00131 00205 0.0291 00428 00584 0.07788 0.09813

unchanged (assume 9 GHz), different external quality factors can be obtained as shown in
Table 3.4. The relationship between the coupling iris width w and coupling values can be
plotted in a curve as shown in Fig. 3.21. For a given coupling value, the physical dimension
of the coupling iris can be obtained based on the curve.

With the above two steps, the initial dimensions for the rectangular resonator-coupled
bandpass filter can be obtained. Connecting the rectangular resonator, the coupled-

resonator filter can be formed. The next step is EM simulation-based optimisation.

Fig. 3.21. The relationship between mutual coupling iris width w and k..
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3.4.6 Example of a 3rd order Filter Design

A specific 3" order filter is taken as an example to illustrate the abovementioned design
process. Assume that the filter operates at the centre frequency of 9GHz with 0.5GHz
bandwidth. Maximum S11 within the passband is -20dB. The denormalized coupling

coefficients for this filter can be calculated as M(1,2) = M(1,2) = 0.0573, M(3,4) = M(4,3) =

S Parameter (dB)

_80 1 1 1
8.4 8.6 8.8 9 9.2 9.4 9.6

Frequency (GHz)

Fig. 3. 22. The calculated S-parameter responses from the denormalized coupling coefficients.

Fig. 3.23. The air cavity model of a 3™ order mode.
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Fig. 3.24. The simulated S-parameter responses comparing with the the theoritical S-parameter
responses. (a) The initial ones vs. theoritical ones. (b) The optimal ones vs. theoritical ones.

0.0573 and Qe = 15.3284. The calculated S-parameter responses are shown in Fig. 3.22. The
air cavity model of the 3¢ order filter is shown in Fig. 3.23. L1, L.and Ls are the resonator
lengths. D1 and D: are coupling iris widths between the waveguide port and the
corresponding resonator. Wi and W: are the coupling widths between two resonators. The
dimensions in this filter are symmetrical, namely, D1 = D>, Wi= W>, and L1 = Ls. Using the
abovementioned physical dimensioning method, the initial design for this 3¢ order filter
can be obtained as D1 = D>=14 mm, Wi=W2>=10.7 mm, L1 = L3=20.1 mm, and L>=22.3 mm.
The filter is modelled by using CST studio suite. Trust region framework optimizer in CST
is employed for the filter optimization. After the EM optimisation, the optimal dimensions
are D1 = D>=14.25 mm, Wi= W2 = 10.68 mm L1 = [3 = 17.84 mm, and L2 =19.98 mm. The
simulated S-parameter responses of initial design and optimal design compared with the

theoretical S-parameter responses are shown in Fig. 3.24.
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3.5 Summary of this Chapter

In this chapter, some necessary theoretical backgrounds of the microwave filters and
multiplexers are introduced. The coupling matrix theory plays an important role in the
designs of resonator coupled filters and multiplexers. Some entry-level examples are
provided to illustrate the significance of the coupling matrix in the design process of a filter

component.
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Chapter 4 Coupling Matrix Optimisation
Method for All-resonator Multiplexers

As mentioned in Chapter 3, multiplexers can be systematically designed based on
coupling matrix (CM) theory. The coupling matrix for the all-resonator multiplexer is
normally synthesized based on the optimisation method. This chapter provides a general
coupling matrix optimisation method for all-resonator multiplexers. This is the so-called
General All-resonator diplexer/multiplexer Coupling Matrix Synthesis (GACMS) method.
The optimisation workflow is elaborated first. Then, the proposed method is demonstrated
by using six all-resonator diplexer and multiplexer examples. The work in this Chapter has

been published in IEEE Transactions on Microwave Theory and Techniques [1].

4.1 Challenges in Optimisation

The challenges are mainly from the characteristic landscape (objective function
variation with respect to the variables) of the optimisation [1]. In the existing CM methods
of all-resonator diplexers and multiplexers, the S-parameter magnitude-based objective
function is often employed. The variation of the objective function as a function of one
variable can be depicted as an optimisation landscape as shown in Fig. 4.1. It can be noticed
that this optimisation task would be very difficult. The global optimal valley is located
among multiple local optimal valleys. The optimal valleys are very narrow. Many local

optimal solutions (black circles) exist in the narrow valleys [1]. The optimisation searching
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Fig. 4.1. An illustrative landscape for the all-resontor multiplexer CM optimization. x: coupling
coefficients, f(x): S-parameter magnitude based objective function

is easily entrapped into these local optima which will result in a sub-optimal or even
unusable solution. This can be attributed to two main reasons: 1) The number of coupling
coefficients (variables) is very large. It is hard to find an optimal solution without a
reasonable starting point. 2) The existing optimisation method is not powerful enough to
converge in such a narrow optimal valley.

To deal with these challenges, three schemes are employed. Firstly, the optimisation
search space can be narrowed down to the near-optimal range by utilizing the information
provided by channel filter synthesis. Secondly, the optimisation is carried out channel by
channel. In channel optimisation, the searching space can be reduced. The successful rate of
optimisation can be improved. Thirdly, a local optimizer and a global optimizer are
incorporated in the optimisation. The global optimizer helps avoid local optima while the

local optimizer speeds up the convergence. The optimisation framework is elaborated in the
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Fig. 4.2 The high-level workflow of the optimization framework.
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Fig. 4.3. Linear frequency transformation between (a) the normalized frequency domain of the
multiplexer and (b) the lowpass prototype for each channel filter.

following.

4.2 The Proposed GACMS Optimisation Workflow

The proposed GACMS optimisation workflow is shown in Fig. 4.2.
Step 1: Frequency normalization

The specifications for the real frequency range are first normalized as shown in Fig.
4.3(a). Then, the overall passband of the multiplexer will be within [-1, +1]. Q4 ; and Qp ;, j
(G=1,..., CN) are the two edges of the jth channel. Obviously, 2, ;= —l and Qp oy = 1.

Step 2: Channel filter synthesis
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The coupling values from channel filter synthesises can provide a high-quality starting
point in the overall optimisation. They narrow down the search range. The filter is
synthesized by using the classical method as described in Chapter 3. Then, coupling values
of the lowpass filter are transformed into the normalized frequency domain of multiplexer
as shown in Fig. 4.3.

The mutual couplings in the multiplexer are obtained by

Q. —0Q .
mgﬁbj :mzl;’l;w(]: 1to CN,U#’U) (4.1)

Ch

u,v

where mS" and m[? are the mutual couplings of the channel filter and the corresponding

lowpass prototype filters, respectively. The self-couplings in the branches are obtained by:

Q. +Qp
mCh = mLP 4 Aj B.j

uU,U uU,U D)

(j=1to CN) (4.2)

Ch

u,u

where m$" and m[% are the self-couplings of the channel filter and the corresponding
lowpass prototype filters, respectively.

Here, a simple diplexer example shown in Fig. 4.4 illustrates the above manipulation.
Two channels of the diplexer are (-1 to -0.5) and (0.6 to 1), respectively. The maximum
return loss levels for the two channels are both 20dB. The channel filter division and the
corresponding responses are shown in Fig. 4.5. Since the junction resonator has influences

on all channel responses of the diplexer, both the divided channel filters contain the junction

resonator. The initial coupling values for the diplexer are listed in Table 4.1. The port
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Fig. 4.4. An exemplary diplexer with 8 resonators.
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Fig. 4.5 The S-parameter responses of the two branches of filters
Table 4.1 Initial coupling values of the diplexer
Variables m(2, 3) m(3,4) m(4,5) m(3,3) m(4,4) m(5,5)
Values 0.2279 0.1751 0.2279 -0.75 -0.75 -0.75
Variables m(2,6) m(6,7) m(7,8) m(6,6) m(7,7) m(8,8)
Values 0.1823 0.1401 0.1823 0.8 0.8 0.8

couplings m(1, P1)=0.1035, m(5, P2) =0.2329 and m(9, P3) =0.1863 which are calculated based

on the equations in Chapter 3.

Step 3: Channel-by-channel optimisation

Firstly, the coupling coefficients are divided into different groups as shown in Fig. 4.6,

depending on the channel that couplings belong to. Note that all the groups contain some

couplings from the stem part, since they influence all channels. For the simple diplexer

example shown in Fig. 4.4, two optimisation groups are formed as listed in Table 4.2. The
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Table 4.2 Coupling coefficients in each group

Group Coupling coefficients

Group 1 m(1, 2), m(2, 3), m(3, 4),m(4, 5); m(1, 1), m(2, 2), m(3, 3), m(4, 4), m(5, 5).

Group 2 m(1, 2), m(2, 6), m(6, 7), m(7, 8); m(1,1), m(2, 2), m(6, 6), m(7, 7), m(8, 8).
Note: The bold ones are simultaneously in both groups.

3 4 5 p2 Group2
p1t 1 2 ¥l 2
Group1 6 7 g P3

Fig. 4.6. Coupling coefficients grouping

coupling division is illustrated in Fig. 4.6.

After group division, channel by channel optimisation is implemented. The starting
point of the optimisation utilizes the initial values obtained in the last step. Since the initial
values are very close to the optimal, the search ranges for them are set as [m, — B, m, + B],
where m; are the initial value and B denotes the boundary threshold. Here, B = 0.1 is
adopted. For the couplings from the stem part, they are searched in [0, 1] since there is no
easily predictable initial value for them.

The optimisation is carried out the channel by channel. In each channel optimisation,
the couplings in one group are optimized while the other couplings are kept at their current
values. This process will not stop until all the groups are optimized. The utilized optimizer
and objective function will be discussed in the next section.

Step 4: Optimal solution refinement
Owing to the loading effects between two channels, the coupling values after channel-

by-channel optimisation are still not perfect. Therefore, final refinement is executed for all
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the coupling coefficients, namely the couplings of the multiplexer are optimized in a small

search range.

4.3 Optimisation Techniques
4.3.1 Objective Function

As stated in Section 4.1, the S-parameter magnitude-based objective function is often
utilized for the coupling matrix optimisation. For an all-resonator multiplexer with X
number of ports, the S-parameter based objective function is formulated as

S max[S,, (PBy)] — RL|
flz) = R

N lmax[Sg,(PBy)] — IS| + -+ |max[Sy x_, (PBx_,)] — IS]
11|

(4.3)

where PB, denotes the k" (k =1, ..., X-1) passband. RL and IS are the desired return loss
and isolation levels, respectively. Su is the reflection coefficient from port 1 and S3, S, ...,
Sx, x-1 represent the isolation performance between different channels. max[-| denotes the
maximum value. The optimisation minimizes the distances to the desired performance of

the S-parameter responses.

4.3.2 Optimisation Methods

As aforementioned in the introduction, the incorporation of a local optimizer and a

global optimizer can improve optimisation efficiency. In this case, a memetic optimisation
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algorithm combining the global and local optimizer is adopted in channel-by-channel
optimisation [3]. In the memetic algorithm, an evolutionary algorithm provides the global
exploration ability whereas the local optimizer updates the population in each iteration to
improve the convergence [2]. The global and local optimizers are SADEC and SQP methods,
respectively. The memetic algorithm in this thesis is called Memetic SADEC (MSADEC).
SADEC is a population-based stochastic global optimisation algorithm that
demonstrates good exploration ability and optimisation power in CM optimisation for
diplexers without initial values [2]. It is designed based on differential evolution algorithm
which has been introduced in Chapter 2. The SADEC starts from the population
initialization. A parent population P is generated by a mutation operator DE/rand/1 [4]
defined in Equation (2.12). Then, a child population is generated by a crossover operator as
described in equation (2.13). Finally, a selection is implemented between the parent
population and the child population as the equation (2.14) described. With the consideration
of CM synthesis, SADEC utilized self-adaptive strategies in the scaling factor of the
mutation operation and crossover rate of the crossover operation. The scaling factor C is

defined as

C = norm(0.5,0.25)

temp
¢ 1 it £y, >0.1
city=4 01 ifF, <01 (4.4)
ILFtemp, otherwise
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where norm(0.5,0.25) is a Gaussian distributed random number with a mean of 0.5 and a

standard deviation of 0.25. The self-adaptive crossover rate CR is defined as
CR =0.1+4+rand; x 0.8

CR,.pnp,  if rand, < 0.1
{C'Ri(t —1)  otherwise

temp

CRi(t) = (4.5)

where t is the number of iterations and CR(1) = 0.9. On the other hand, the SADEC utilizes
a multi-population strategy. Two populations P and P operate simultaneously. They have

the relation

Tty =a+b—z'(t) (4.6)

where the [a, b] is the search range, D is the number of the decision variables (i.e., coupling

coefficients), ' (t) is the ith candidate solution in P and z'(t) is the corresponding candidate

Initialize two opposite
populations

Self-adaptive mutation

4
Self-adaptive crossover
v
Selection
v
SQP

Fig. 4.7. The flowchart of MSADEC algorithm
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solution in P.

In SADEC, a self-adaptive return operator is implemented to avoid the optimisation
trapping into the local optima. When the optimisation is judged to be trapped in local
optima, another two new populations will be re-initialized and all optimisation steps will
be restarted. The criteria for the optimisation to be trapped in local optima are 1) The
maximum standard deviation of the variable values in the current population is smaller than
a predefined threshold 6 and 2) The number of reflection zeros in any passband is not correct.

The other optimizer in the memetic algorithm, SQP, is a widely used local optimizer
with good convergence speed which was introduced in Chapter 2. The SQP algorithm is
implemented in Matlab using the “fmincon” function. Fig. 4.7 shows the flowchart of the
memetic algorithm. In each iteration, the SQP updates the whole population obtained by
SADEC.

In the final refinement, only SQP is good enough to find the desired results, since the

solution after channel-by-channel optimisation is very close to the optimal.

4.4 Multiplexer Examples

Six complex diplexer and multiplexer examples are taken to verify the proposed
optimisation framework for their coupling matrices. The topologies of the examples are
shown in Fig. 4.8. The details of the optimisation are described in the following.

Example 1 (Fig. 4.8 (a)) is a 4-channel multiplexer with symmetric Chebyshev responses

[5]. The 20* order resonator coupled network has 15 variables owing to its symmetrical
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©;0,0,0,

-
0;0,0,0, -

Fig. 4.8. The coupling topologies of the six test cases. (a) Example 1; (b) Example 2; (c) Example 3;
(d) Example 4; (e) Example 5; (f) Example 6.

responses. The objective function is

_ max(PB; —(—20),0) max(PB, —(—20),0) n max(PB; — (—20),0)

S 20 * 20 20
+maX(PB4 —(—20),0) N max(IS; — (—30),0) N max (IS, — (—30),0)
20 20 20
N max (IS, 2—0(—30), 0) (4.7)

where PB1=max(|Sul), [-1,-0.75]; PB2=max(|S11), [-0.417, -0.167]; PBs=max(| Su11), [0.167,
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0.417]; PBs=max(|Sul), [0.75, 1]; IS1 = max(| Sz21), [0.167, 1]; IS2 = max(| Ss), [-0.417, 0.417];
[Ss=max(| Ssl), [-1, =0.167].
Example 2 (Fig. 4.8 (b)) is a diplexer with two asymmetric channels. This example has

19 variables. The objective function is

~ max(PB; —(-20),0) N max(PB, — (—20),0)
20 20

+max(ISl — (—80),0) N max (IS, — (—80),0)
20 20

[y

(4.8)

where PB1=max(|Sul), [-1,-0.661]; PB2=max(|Su1), [0.709, 1]; IS1=max(| Ss21), [-1, -0.661];
152 =max(!Ss:1), [0.709, 1].

Example 3 (Fig. 4.8 (c)) is a diplexer with one cross-coupling in each channel. The cross-
couplings generate one transmission zero in the transmission response of one channel. The

objective function is

~ max(PB; —(-20),0) N max(PB, — (—20),0)
20 20

+max(151 —(=30),0) n max (1S, — (—30),0)
30 30

fs

(4.9)

where PB1=max(|Sul), [-1,-0.203]; PB2=max(|Sul), [-0.026, 1]; 1S1=max(| Sz21), [-1, -0.203];
1S2 = max(lSa1), [-0.026, 1].
Example 4 (Fig. 4.8 (d)) is a diplexer with more resonators and cross-couplings. The

cross-couplings generate transmission zeros to increase the isolation between channels [6].
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Table 4.3 The key features of the test cases

No. of variabl
Examples No. of resonators No. of channels No. of cross-couplings ©. Of vatlabes

(with FK values)
1 16 4 0 15 (12)
2 10 2 0 19 (16)
3 9 2 2 19 (19)
4 12 2 4 27 (24)
5 18 3 0 35 (26)
6 13 3 2 27 (24)
The objective function is
f = max(PB;, — (—20),0) N max(PB, — (—20),0)
e 20 20
n max (1S, &)(—60), 0) n max (IS, (;)(—60), 0) (@)

where PB1 = max(|Sul), [-1, =0.1]; PB2 = max(|Sul), [0.2, 1]; IS1 = max(| Sz21), [-1, -0.1]; ISz =
max(|Ss21), [0.2, 1].
Example 5 (Fig. 4.8 (e)) is a triplexer topology with 18 resonators. Two junction

resonators distribute the three channels. The objective function is

_ max(PB; — (—20),0) n max(PB, — (—20),0) n max(PB; — (—20),0)
20 20 20
+maX(ISl —(—30),0) n max (1S, — (—30),0)
30 30

fs

(4.8)

where PB1 = max(|Sul), [-1, =0.6]; PB2 = max(| Sul), [-0.25, 0.25]; PBs = max(|Su1), [0.4, 0.1];
1S1=max(lSa1), [-1, 0.25]; IS2 = max(| S« 1), [-0.25, 1].
Example 6 (Fig. 4.8 (f)) is a triplexer with two cross-couplings in two channels. The

objective function is
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_ max(PB; — (—20),0) N max(PB, — (—20),0) N max(PB; — (—20),0)
20 20 20
+maX(ISl —(—30),0) N max (IS, — (—30),0)
30 30

fo

(4.9)

where PBi=max(|S5ul), [-1, —0.578]; PB=max(|Sul), [-0.485, —0.051]; PBs=max(|S51u1), [0.684,
0.1]; IS==max(|S=21), [-1, 0.051]; IS>=max(l|Ssl), [-0.485, 1]. The key features of all the

multiplexer examples are listed in Table 4.3.

4.5 Numerical Results and Comparison
4.5.1 Performance of the CM Optimisation Framework

The proposed CM optimisation framework is tested by the six numerical examples
provided in the previous section. The parameter setting in the optimizer is the same as the
SADEC [2]. 10 attempts are carried out for the proposed optimisation framework for each
multiplexer example. For each run of all the examples, the optimisation will not stop until
250 iterations are run. In fact, 150 iterations are enough for most examples to converge.
Statistical analysis for the example testing is shown in Table 4.4, where Min, Max, Mean,
and STD are minimum value, maximum value, mean and standard deviation (STD) of the
objective function value over the duration of the optimisation. It can be noticed that the
proposed coupling matrix optimisation method can achieve excellent results for all the
examples. The very small STD values for all the examples demonstrate the robustness of the

proposed method. For all the examples, the CM synthesis time is around 20 to 30 minutes
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Table 4.4 The statistics analysis of the CM optimization framework

95

Objective function values

Examples -
Min Max Mean STD
1 8.67E-3 8.76E-3 8.70E-3 3.24E-5
2 0.00E0 0.00E0 0.00E0 0.00E0
3 8.69E-3 2.19E-2 1.18E-2 3.99E-3
4 0.00E0 0.00E0 0.00EO 0.00E0
5 1.38E-2 6.09E-2 3.08E-2 1.38E-2
6 0.00E0 0.00E0 0.00E0 0.00E0
0
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Fig. 11. Exemplary optimal responses of the six diplexer and multiplexer examples.
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using a desktop computer with Intel i7-7770HQ CPU and 32 GB RAM.

4.5.2 Comparisons with State-of-the-art Methods

In this sub-section, the proposed optimisation framework is compared with other
widely used methods. The SQP method is widely adopted for all-resonator diplexers and
multiplexers. Note that the SQP method utilizes the initial coefficients obtained by using the
method described as Step 2 in Section 4.2 but do not utilize the channel-by-channel scheme

described as Step 3 in Section 4.2. The SQP has limited exploration ability when the number

Table 4.5 Comparison of optimal objective function values of two methods for the test cases

Examples Methods Objective function values

1 SQP 0.0128
GACMS 0.00870

5 SQP 0.152
GACMS 0.00

3 sQp 0.391
GACMS 0.0118

4 sQp 0.996
GACMS 0.00

5 SQP 0.501
GACMS 0.0308

6 SQP 1.87
GACMS 0.00

Table 4.6 Success rate of two methods for the test examples

Methods
Examples
sQP GACMS
1 100% 100%
2 100% 100%
3 100% 100%
4 0% 100%
5 0% 100%
6 0% 100%
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Table 4.7 The comparison of memetic optimizer and SADEC for numerical examples

Optimal objective function values

Examples Methods ,
Min Max Mean STD
1 SADEC 0.0106 0.0360 0.0215 0.00791
Memetic 0.00867 0.00876 0.00870 0.0000324
5 SADEC 0.0520 0.113 0.0652 0.0175
Memetic 0.00 0.00 0.00 0.00
3 SADEC 0.0589 0.0745 0.0691 0.00439
Memetic 0.00869 0.0219 0.0118 0.00399
4 SADEC 0.0038 0.0237 0.0128 0.00671
Memetic 0.00 0.00 0.00 0.00
5 SADEC 0.117 0.268 0.179 0.0486
Memetic 0.0138 0.0609 0.0308 0.0138
6 SADEC 0.0241 0.595 0.275 0.166
Memetic 0.00 0.00 0.00 0.00

TABLE 4.8 The success rate of memetic optimizer and SADEC for the six examples

Methods
Examples )
SADEC Memetic
1 100% 100%
2 100% 100%
3 100% 100%
4 100% 100%
5 90% 100%
6 30% 100%

of optimisation variables is getting large. The success rate will decrease. The objective
function values of the two methods for six testing examples are listed in Table 4.5. The
success rates for them are listed in Table 4.6.

The rules for judging the success of CM synthesis are: (1) The reflection zeros are all
within the channel passbands. (2) The S-parameter responses satisfy the design
specifications. Based on the comparison shown in Table 4.5 and 4.6, the performance of the

proposed CM optimisation framework is better than the SQP method for all the testing
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examples. Especially, the SQP method cannot obtain an acceptable solution for example 4 -
6. This demonstrates that the local optimizer is easily trapped into a local optimal valley and

is hard to jump out when the diplexer and multiplexer examples have complex structures.

4.5.3 Advantages of Memetic Optimizer

To demonstrate the advantage of the memetic optimizer, it is compared with the state-
of-the-art optimizer SADEC [2]. Using the numerical examples described in 4.4, all the
channel-by-channel optimisations are replaced by SADEC. For each example, 10 runs are
carried out to compare with the memetic optimizer. The comparisons are shown in Tables
4.7 and 4.8. It can be noticed that optimisation solutions obtained from the SADEC optimizer
are as good as the ones from the memetic optimizer. However, the success rate of SADEC is

decreased when the multiplexer becomes more complex, i.e., examples 5 and 6.

4.6 Summary of this Chapter

This chapter presents a General All-resonator diplexer/multiplexer Coupling Matrix
Synthesis (GACMS) method. The method employs filter knowledge and powerful
optimisation techniques. The multiplexers are firstly divided into multiple sub-networks
(filters) to obtain the initial coupling coefficients via filter synthesis. Then, a channel-by-
channel optimisation scheme is utilized to relieve the optimisation burden. A powerful
optimizer improves the synthesis rate. Therefore, the diplexers and multiplexers with

complex configurations can be successfully and stably synthesized. The proposed method
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has been verified by using six examples and the optimisation results demonstrate higher

stability and superiority than the available optimisation-based method.
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Chapter 5 Global Optimisation of Microwave
Diplexers Based on a Design Knowledge-
Guided Approach

The last chapter focuses on the optimisation method for the coupling matrix. In this
chapter, a General Diplexer Optimisation method guided by Design Knowledge (GDODK)
is proposed for the electromagnetic (EM) design of diplexers. The aim is to enable an
automatic EM optimisation for diplexers without restrictions on the type of channel filters
and junctions. The two key features of GDODK are: (1) High-quality initial values are
extracted from the coupling matrix by using a local optimizer, facilitating the subsequent
3D EM simulation-based optimisation; (2) A new performance extraction method from S-
parameters and key-performance-based objective function are proposed, which enables an
effective search for the optimal design. The GDODK method is tested by two all-resonator
diplexers and a Tee-junction diplexer. Successful results are shown for all cases without
involving any ad-hoc design process. Through comparison, the GDODK demonstrates clear

advantages over existing commercial tools in terms of generality and effectiveness.

5.1 Challenges and Motivations

Given a filtering topology, diplexer global optimisation aims to obtain the optimal 3D
design (i.e., geometric parameter values) which satisfies a set of predefined performance

specifications. Other microwave devices such as antennas, for which, a direct global
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S-paramerter-based Objective Function Value

‘/1 (mm)

8.5 :
8.5 18 [, (mm)

Fig. 5.1. An illustrative figure of design landscape characteristics of microwave diplexers (the
example in Section IV (A)), where l1 and di represent two diplexer geometric parameters (Fig. 5.5)

and the objective function value based on max(|S11 1) within the required bandwidth.

optimisation in the provided search range is often feasible [1]. However, popular
optimisation techniques, including global optimizers, are facing significant challenges with
respect to optimizing diplexers [2]-[3]. The max(|Sul) in the required bandwidth-based
objective function is arguably the most widely used, but this leads to a complex design
landscape. Fig. 5.1 shows a typical design landscape of a diplexer based on this objective
function [2]. In Fig. 5.1, the global optimal design lies in a narrow valley, among many other
narrow valleys. Even in this optimal region, many local optima still exist as can be observed
from the contour map of the landscape. These typical landscape characteristics make
diplexer global optimisation almost intractable for many popular optimisation algorithms.

The proposed generic diplexer global optimisation process aims to address this design
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challenge in two main phases: (1) Obtaining a high-quality initial 3D design and (2)
Optimisation from the initial design using full-wave EM simulations.

As discussed in Chapters 2 and 3, the most common technique in acquiring the initial
design is the design curve method. However, when this method is applied to diplexers,
especially diplexers having a relatively wide bandwidth, the obtained initial 3D design often
shows insufficient quality [4]-[5]. This is usually the case for designs having more than two
couplings associated with one resonator (i.e., for non-adjacent cross-couplings or junction
resonators [4]). The design curve method often fails in the second phase, even when global
optimisation is employed.

For diplexers, an additional challenge is the larger number of design variables and the
mutual influence between channels. A linear increase in the number of design variables
leads to an exponential increase in the design space, and the valley in Fig. 5.1 ultimately
becomes narrower [2]. Due to the mutual influence, some well-matched channels may
prohibit the other channels from reaching their performance specifications. Hence, the
exploration ability of a global optimisation algorithm may be insufficient. This asserts the
importance of a high-quality initial 3D design for diplexer optimisation. Note that even if
the high-quality initial design is still not good enough, it at least eases the burden of the
second phase (i.e., 3D EM simulation-based optimisation) to a large extent. Therefore, a
systematic local optimisation-based physical dimension approach is proposed to obtain

high-quality initial dimensions.
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Fig. 5.2. The response of a design with good potential.

Even with a reasonable quality initial design, the second phase remains a challenging
task for diplexers. At this phase, the objective function and the optimisation algorithm are
two key factors.

When using the traditional max(|Sul)-based objective function, the induced design
landscape makes it difficult to identify high potential candidates. In Fig. 5.2, the design
specifications are indicated by the green solid lines and red dashed lines: two passbands
(channel 1 from 9.5 to 9.85 GHz and channel 2 from 10.15 to 10.5 GHz), and the in-band
maximum return loss level of 20 dB. Intuitively, the response (solid line in Fig. 5.2) shows a
good potential solution. However, if assessed using max(|Su|)-based objective function, the
function value is actually very poor for this response, i.e., =3.29 dB in the lower and -11.18
dB in the higher channels, respectively, as shown in Fig. 5.2. This is because of the steep

slopes of the Si1 response. The steep slopes indicate that the objective function value is very
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sensitive to the Su response. In other words, a small frequency shift leads to a large
degradation of the in-band max(|Sul) value, and this phenomenon is common to many
diplexers. To address this problem, key performance indicators (KPIs) are extracted from
the S-parameter response to formulate the objective function. The KPIs include return loss
level, bandwidth and centre frequency. The design landscape induced by the new objective
function is simplified, and the identification of high potential solutions becomes much easier.
This objective function does not require the extraction of the CM as carried out in [6]-[8], as
the CST Filter Designer 3D does.

In terms of optimisation algorithms for the filter design, both local and global
optimisation methods are available. A widely used local optimisation algorithm is the trust-
region method [9], e.g., the trust-region framework in CST Studio Suite [10]. The method
has been introduced in Chapter 3. Due to the limited exploration ability of local optimisation
algorithms, despite some successful cases for filters, they are easily trapped in local optima
and fail in many cases [3], [11]. When applying local optimisation algorithms to diplexers,
our investigation shows that even with a reasonably good initial design, the trust region
method finds it very difficult to obtain a reasonable result without an experience-based ad-
hoc design process. Considering the complex design landscape in Fig. 5.1, this difficulty is
expected. Another local optimisation algorithm with an enhanced exploration ability is the
so-called ‘Extreme Optimizer’. It is implemented in Mician pWave Wizard [12], and it

combines gradient and random optimisation methods. However, it shows similar problems
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with the trust region method for diplexers.

Recently, a global optimisation algorithm, a surrogate model-assisted evolutionary
algorithm for filter optimisation (SMEAFO) [3] was proposed. Compared with standard
global optimisation algorithms, SMEAFO is capable of obtaining comparable design quality,
while significantly reducing the number of EM simulations by 30 times for filters [3]. Given
that local optimisation algorithms have limited exploration ability for diplexer optimisation,
SMEAFO is employed in this work despite the fact that it usually takes long time to obtain
optimal solution [3]. Its efficiency still has room for improvement.

Until now, there is no generic and systematic diplexer global optimisation method. This
chapter presents a new general diplexer global optimisation method guided by design
knowledge (GDODK). The main contributions of this method are:

(1) A systematic and efficient method, in place of the conventional interpolation-based
method, is proposed to obtain high-quality initial 3D designs.

(2) A new performance extraction method and key-performance-based objective
function for 3D EM simulation-based optimisation are introduced to significantly simplify

the complex design landscape of Fig. 5.1, leading to a high success rate.

5.2 The GDODK Method

The flow diagram of GDODK is shown in Fig. 5.3. Starting from the CM, the blocks on
the left-hand side of Fig. 5.3 show the flow of the initial 3D design generation method based

on local optimisation, and the blocks on the right-hand side of Fig. 5.3 show the flow of key
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Fig. 5.3. The flow diagram of GDODK

performance extraction and the performance-based objective function construction method.
The 3D simulation-based optimization in Fig. 5.3 can use any kind of EM simulation-based
optimization algorithm. Here, the SMEAFO is employed. The initial 3D design generation
method and the performance-based objective function are detailed in the next two

subsections and both substantially assist the 3D optimizer, SMEAFO.

5.2.1 Surrogate Model-assisted Evolutionary Algorithm for Filter

Optimisation (SMEAFO)

SMEAFO is a surrogate model-assisted optimisation technique for filter global

optimisation [3]. In SMEAFO, Gaussian process machine learning and differential
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evolution-based global optimisation is employed. An overview of how SMEAFO works is

provided in this subsection. More details can be found in [3].

The SMEAFO design exploration works as follows:

Step 1:

Step 2:

Step 3:

Step 4:

Step 5:

Step 6:

Create an initial database by performing full-wave EM simulations of a sampled
candidate designs.

Generate a population P by selecting A best designs in the initial database based on
the simulated result.

Generate A child solutions by applying the selected differential evolution mutation
and the crossover operators in [3] on P.

Select training data points and construct a local Gaussian process surrogate model
[3] for each child solution.

Prescreen the A child solutions generated in Step 3 using the lower confidence bound
method [13]. Estimate the best child solution based on the lower confidence bound
values.

Perform EM simulation to the estimated best child solution from Step 5. Add this
design and its performance (full-wave EM simulation result) to the database. Go

back to Step 2.

5.2.2 Initial 3D Design Generation Method

The initial 3D design generation method is illustrated using an X-band diplexer
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Fig. 5.4. The diplexer topology and S-parameter response of the optimal CM for example 1 in
Section IV.
Table 5.1 The optimal coupling coefficients for the diplexer example
m(1, P1) 0.1531 m(5, 6) 0.0103
m(3, P2) 0.1094 m(1,1) —0.0006
m(6, P3) 0.1072 m(2, 2) -0.0398
m(1, 2) 0.0147 m(3, 3) -0.0402
m(2, 3) 0.0105 m(4, 4) 0.0054
m(1, 4) 0.0403 m(5, 5) 0.0379
m(4, 5) 0.0135 m(6, 6) 0.0398

example. The diplexer is designed using a WR-90 waveguide. The filtering topology and

optimal S-parameter response are shown in Fig. 5.4. The optimal CM is obtained by using

the method described in Chapter 4, and the optimal coupling coefficients are listed in Table

5.1. The air cavity EM model of the diplexer is shown in Fig. 5.5. To improve the accuracy

of the conventional physical dimensioning method, objective functions are formed, and

trust region optimisation is used. The typical design process is as follows:

1) Port couplings. Take m1, r1 as an example. The coupling structure is modelled as

shown in Fig. 5.6. The optimisation variables are the iris width (w:), and the coupled
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resonator length (). The objective function is

Fig. 5.5. The resonator topology and an air cavity model of a 6 order diplexer.
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Fig. 5.6. The EM modelling and the corresponding optimal response of m1, r1.

F, = (fl‘mE%_ml,Pl|+£2| rElM_f'rlD_ET (5.1)

where m{’} is the simulated external port coupling value operating at f5" which is

calculated by [14]

mEN =\ FEM [ BWy, (5.2)
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where BWsas is the 3 dB bandwidth extracted from the simulated Sz response. f5M is the
simulated resonant frequency corresponding to the maximum value of Sai (Fig. 5.6). m1, 1,
and fn are the theoretical external port coupling coefficient and the resonant frequency of
resonator 1, respectively. m, r1 is provided by the coupling matrix (Table 5.1). The theoretical
resonator frequencies are calculated from the self-couplings as described in Chapter 3.3.
&and &, are the weights, which are set to 1000 and 1, respectively. These weights make the
two items in (5.1) comparable to each other. €. is the convergence threshold, which is set as
10-%, making the result very close to the theoretical value.

2) Mutual couplings. Take the m1,2 as the example (Fig. 5.7), the design variables to be

optimized include dj, I1, and l>. The objective function is formed as

F2 = (£3|mlE,J2V[ - m1,2‘ + 54‘fOEM - fcé.lo

)—er (5.3)

where m{’}" is the simulated coupling value operating at f§™, m”M (i # j) is calculated by

EM:< FM)2_< fM)Q
Y P+ (fM)?

m

(5.4)

where fFM and fFM are two resonant frequencies corresponding to the first and second
maximum values of simulated Sz, respectively, within the targeted frequency range (Fig.
5.7). fEM is calculated by fEM = (fEM 4 fFM) /2. mi2 and fi o are the theoretical coupling
coefficient (Table 5.1) and centre frequency of channel passband, respectively. (The

resonator with di as its iris length belongs to the lower frequency channel.) {; and £, in
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Fig. 5.7. The EM modelling and the corresponding optimal response of #11,.

equation (5.4) are weights, which are set as 1000 and 1, respectively. The rationale for the
values of the weights and their effect on F is similar to F1 as explained earlier.

The loading effect of the coupling on the resonance frequency is critical and should be
taken into account. Particularly, for the junction resonator or the resonator with more than
two couplings (cross-coupling) in the diplexer, this makes the length of the junction
resonator much smaller than the rest [16]. In our approach, all the resonator lengths are
separately optimized using the trust region method with the starting points from the above
method. Take junction resonator 1 as an example. As shown in Fig. 5.8, the resonator is
modelled with all the dimensional values obtained for the iris from the previous steps. Now,

the only optimisation variable is /1 and the objective function is:

F3:(£5|frE1M_fr1|>_€T (5.5)
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Fig. 5.8. The EM modelling and the corresponding optimal response of resonator 1.
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Fig. 59. The S-parameter response comparison of the initial design from the conventional
interpolation-based method (circle marked dotted line) and the proposed method (square
marked solid line).

where fEM and f,, are the same as before. &; is the weight and it is set as 1.
Fig. 5.9 compares the responses of the initial designs obtained using the proposed

improved method and the conventional interpolation-based method. It can be seen the
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improvement offered by the proposed method is significant.

5.2.3 Performance-based Objective Function

The Performance-based objective function is formulated based on the KPIs from S
parameters. From the Su1 response, the return loss level (RLL), the centre frequency (CF),
and the bandwidth (BW) of each channel are extracted. The stopband performance
described by the magnitudes of Sz1 and Ss1 are also directly used in the objective function
(e.g., max(|S21) <-40 dB from 10 GHz to 10.5 GHz). The reason for this choice is that the
steep slope problem (see Fig. 5.2) that appears in the S response often does not exist in Sz
and Ss1 responses. Some diplexers have transmission zeros (TZs) and the frequency locations
of the TZs can also be used as KPIs. Prior to the extraction of the KPIs, the reflection zeros
(RZs) which are critical in determining other filtering performances must be obtained.

1) Extraction of the reflection zeros (RZs)

Although in many cases the RZs are easy to observe from the Si1 response (e.g., Fig.
5.10), other more complex cases often appear during the optimisation process. An example
is shown in Fig. 5.11, which appears in the optimisation of a 10" order diplexer (Section
5.3.2). When the findpeaks function in MATLAB is used, only 4 and 3 RZs are identified in
the lower and higher frequency channels (i.e., the red circles in Fig. 5.11), respectively, while

others (black circles) are missing.
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Fig. 5.10. The S-parameter response of the optimal CM for example 2 in Section IV.
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Fig. 5.11. A typical response during the optimisation of a 10"-order diplexer in Section IV (B).

To address this problem, the vector fitting method [17] is used. This method adopts a
rational polynomial to fit the S-parameter response. When the fitted polynomial is
sufficiently accurate compared to the response, the poles and zeros of the fitted polynomial
are often accurate approximations to the poles and zeros of the diplexer. This method has

been successfully used in identifying poles and zeros for microwave filters [18], [19]. It is
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also successful in extracting RZs for the diplexer in our experiments, with all the 10 RZs
correctly extracted, as shown in Fig. 5.11.
2) Extraction of bandwidths (BWs)

The BW refers to the bandwidth defining the passband of the Sii response, as shown in
Fig. 5.10 (i.e., BWrs). When all the RZs reach or are below the desired value, i.e., —20 dB, it is
straightforward to extract BWs. However, some RZs often do not reach —20 dB. In this case,
a BW is defined as BW = |f, ., — f..,| + ABW,,,, where f,_ and f, , , are the highest
and lowest RZ frequencies in one channel, as shown in Fig. 5.10 (i.e., BWzeros). ABW,,; 1, is
the difference between the BW and BW-ers, and it is estimated using the ideal response from
the optimal CM.

When some RZs are located outside the passband (e.g., the case shown in Fig. 5.11), the
extracted BW could be much larger than the specifications, so they are penalized in the
objective function. On the other hand, the traditional max(|Su:|)-based objective function
would not be able to identify such cases when the performance in the required bands
satisfies the S-parameter specifications. This attribute may cause the optimisation to
converge to the wrong solution.

3) Extraction of return loss levels (RLLs)

By comparing the extracted BWs and the 3 dB bandwidth with respect to the S21 and Ss:

responses, the locations of the RZs in relation to the passband can be identified. When all

the RZs are within the passband, the RLL is defined as max(|Su(fiz1:fr=n)|). In other words,
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it is the maximum [Su1| value of all the poles betweenf, , ; and f,, ,,. This definition avoids
the steep slope problem (see Fig. 5.2) that occurs when the max(|S111) in the required bands
is used instead.

When some RZs lie outside the passband, the RLL is defined as max(|S11(PB)!), where
PB is the specified passband. This is the same as the traditional method. The reason to use
this setting is that such cases provide a wrong candidate design which is penalized by the

bandwidth performance function. Defining an RLL using max(|.S;,(f

rz.1+

on)|) is for
identifying solutions with good potential, which does not apply to these cases.
4) Extraction of the centre frequency (CF) of each channel

The centre frequency is defined as CF = (f,,, + f,...)/2 due to the equiripple
characteristic of the Chebyshev response [14].

In summary, the key performance indicators include RLL, BW, CF, frequencies of TZs
(if any), isolation performance described by the magnitudes of Sz1 and Sa1 (e.g., max(|Sz11)
in the stopbands). Note that the frequencies of the RZs are not performance indicators, but
essential in the condition-controlled extraction of the performances.

Employing the extracted performance indicators, the key-performance-based objective

function can be defined as:
Fiptener = Z B; Hmm(FE] —FES; + A, O)’ + maa:(FEj — FES; + Ayp 0)] (5.6)
1

where FE,; represents the jth extracted performance function value, and FES; is the
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corresponding requirement from the design specifications.

For diplexers, due to the mutual influence of the channel filters, a frequency shift often
occurs. Solutions that exactly meet the design specifications (e.g., the frequency range) are
difficult to obtain in many cases. This indicates that allowing small acceptable design
margins (e.g., a slight frequency shift, or a slightly narrower or wider bandwidth) may be
necessary for diplexer optimisation in some applications. Hence, tolerance (A;) is
introduced in (5.6). A, is a user-defined threshold for the acceptable range of the j-th
performance, and it is case dependent or application-specific. In principle, A, can be set to
zero which means that an exact match of the required frequency ranges is imposed. Example
1 shows a case of zero tolerance, and examples 2 and 3 present cases for the performance of
GDODK when using a small tolerance. Note that the use of tolerance cannot be easily
realized when using the traditional max(|S11)-based objective function.

The weight (5, ..., 5,,) is set so that quantities summed in (5.6) are comparable in their
contributions to F; ..., in the optimisation process. By employing the key performance
indicators discussed above, the challenges associated with the narrow valleys in the design
landscape are largely mitigated, and the weights are shown to be much less sensitive
compared to the traditional max(|Si11)-based objective function. The recommended setting
is that the weights corresponding to the S-parameters, bandwidth, central frequency, and

transmission zeros are 1, 500, 100, 100, respectively.
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5.3 Numerical Results and Comparisons

In this section, three diplexer examples are used to verify GDODK. These include a low-
order and a high-order all-resonator diplexer, and a Tee-junction diplexer. Comparisons
with optimizers in existing commercial tools, specifically, CST Microwave Studio and
Mician pWave Wizard, are carried out. The numerical experiments are carried out on a
desktop computer with an Intel 19-9900K 3.6 GHz CPU and 64 GB RAM.

In terms of parameter settings, two sets of parameters are involved:

(1) Algorithmic parameters: GDODK does not introduce new parameters other than the
parameters in the trust region optimisation and SMEAFO. Both methods have clear
parameter setting rules and they are insensitive to algorithmic parameters when following
the rules.

(2) Diplexer 3D optimisation initialization parameters: In Step 1 of SMEAFO, the initial
database is generated by adding a Gaussian distributed random number, N(0, o), to the
initial 3D design. The value of ¢ is related to the quality of the initial design. For example,
when the initial design is poor, o should be large to promote exploration. For resonator
lengths and iris widths in the all-resonator diplexers, ¢ is 0.2% and 1% of the wavelength of
centre frequency, respectively. This is because, the EM simulation responses of the initial
design are often located within or very near to the required passbands, while the ripple
depth and bandwidth are not far off but are still not satisfactory. For the Tee-junction

diplexers, o for resonator dimension values associated with the junction and channel filters
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is 3% of the wavelength at the centre frequency. This is because the dimensions are
calculated based on the equations in [20], which may carry a relatively large error due to the
mutual influence between the channels. For other dimensional values, the setting of o is the
same as the all-resonator diplexers as described above. These values are empirical, but they
are applicable generally. In other words, once set, they do not change for different diplexers.

For the reference methods, i.e., optimisation algorithms from CST Microwave Studio
and Mician uWave Wizard, the default algorithmic parameters are used. For the CST trust-
region framework (TRF), the global search mode [10] is used to promote its exploration

ability.

5.3.1 Example 1

Example 1 has been introduced in Section 5.2. There are 14 design variables as shown
in Fig. 5.5. The iris widths w1, w2, ws represent the external port couplings, I, ..., Is are the
resonator lengths, and di, ..., ds are the iris widths. In Fig. 5.5, the cavity resonators are
coupled together via inductive irises and they are operating in the TE101 mode. The
resonators 1 and 4 form the stem, while the rest of the resonators form the branches in the
all-resonator diplexer. Here resonators 2 and 3 cover the lower channel, while resonators 5
and 6 cover the higher channel. The cavities 1 and 4 in the stem are square structures, while
all other cavities are standard waveguide cavity resonators. The thickness, t, of irises

between the stem and the branches is 4 mm. All other irises have the same thickness, t> = 2
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The design specifications are as follows: channel 1 covers 9.75-9.85 GHz and channel 2
covers 10.15-10.25 GHz. The return loss levels in both channels are 20 dB and the objective

function is,

F

exl

(z) = B, (Jmin(RLL, — 20,0)| + max(RLL; — 20,0))
+B, (Jmin(RLL,; — 20,0)| + max(RLL; — 20,0))
+B,(|min(BW, — 0.1, 0)| + max(BW, — 0.1,0))
+B,(Jmin(BW,, — 0.1,0)| + max(BW, — 0.1,0))
+B5(Jmin(CF, — 9.8,0)| + max(CF, — 9.8,0))
+B5(|min(CF, — 10.2,0)| + max(CF, — 9.8,0))

+ B4 (|min(TZ — 10, 0)| + max(7Z — 10,0)) (5.7)

where RLL, and RLL, are the extracted return loss levels of the lower and higher
frequency channels, respectively. BW, and BW, are the extracted bandwidths of the lower
and higher channels, respectively. CF; and CF), are the extracted centre frequencies of both
channels, respectively. TZ is the frequency of the transmission zero and it is located
centrally between the two channels.

SMEAFO is a stochastic optimisation method. 5 runs are carried out for GDODK. The
same initial design obtained by the proposed approach is used for all 5 runs. To converge,
800 iterations are used in each run. The whole optimisation costs about 67.6 hours. About
50 minutes of this cost is used for obtaining the initial 3D design, and the remaining time is

used for key-performance-based optimisation (794 EM simulations). Note that after about
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Fig. 5.12. The response of a typical optimal solution by GDODK (example 1).

TABLE 5.2 Performance function values for GDODK (5 runs)

Performance indicators Specifications It 2nd 3 4th 5
RLL,(dB) 20 20.31 20.47 19.8 21.58 22.89
RLL,(dB) 20 21.03 19.85 20.68 20.22 22.56
BW,;(GHz) 0.1 0.1063 0.102 0.097 0.099 0.1
BW, (GHz) 0.1 0.1032 0.099 0.098 0.099 0.1
CF;(GHz) 9.8 9.799 9.799 9.80 9.81 9.8
CF,(GHz) 10.2 10.20 10.20 10.21 10.2 10.2
TZ (GHz) 10 9.99 10.02 10.0 10.02 10.01

50 hours, practically useful designs start to emerge (i.e., RLLs for both channels are better
than 18 dB, and other performance values meet the required specifications). The results are
shown in Table 5.2. The response of a typical solution is shown in Fig. 5.12. The optimisation
is successful in all 5 runs.

To verify the advantages of the key-performance-based objective function over the
traditional method using the Si1 magnitude-based objective function, 5 runs are carried out
using the same initial 3D design, but without performance extraction. In other words, only

SMEAFO is used to optimize the following objective function:
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Fg, (x) = max(max(Sy; 45(PB;)) — (—20),0) + max(max(S), ; (PB,)) — (—20),0)
+max(max(Sy, 4 (SBy;)) — (—18),0) + max(max(Sy,  (SB;,)) — (—18),0)

+max(max(S21.dB(SBh.1)) —(—18),0) + max(maX(S21.dB(SBh'2)) —(—18),0) (5.8)

where Sii.as, S21.48, and Sai.as represent the decibel magnitude of the S-parameter values. PB,
and PB, are the required passbands of the two channels. SBi1 and SBi2 are the two
stopbands for the lower frequency channel, defined as 9 GHz to 9.64 GHz and 9.93 GHz to
11 GHz, respectively. SBiiand SBu:2 are the two stopbands for the higher frequency channel,
defined as 9 GHz to10 GHz and 10.35 GHz to 11 GHz, respectively. The frequency ranges
of the stopbands and the goal values in (5.8) are set based on the desired response of the
optimal CM.

Again, 800 iterations are used. Using the obtained optimal designs in 5 runs, the
average extracted performance values are shown in the 4" column of Table 5.3. We define a
successful run as one meeting the following: (1) All the RZ, extracted by the vector fitting
method (Section 5.2.3), are within the passbands, and (2) the design specifications are
(almost) satisfied. It can be seen that without the proposed performance extraction method
and the corresponding objective function, the success rate decreases by 60%. The main

degradation happens in the return loss level and the bandwidth.
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Fig. 5.13. The design landscape of example 1 with respect to the changes of /; and d, using the performance-

based objective function (Eqn (16)).

Recall that Fig.5.1 shows the design landscape characteristics for using max(|1Sul)
values around the initial design of this example when di1 and 1 are swept within +/- 0.1 mm,
while the remaining design parameters are unaltered. Fig.5.13 shows a sweeping in the
same range and step size, but the performance-based objective function in (5.7) is employed.
It can be seen that the number of local optima considerably decreases by observing the
contour map of the landscape. Note that only two design variables are considered here and
the advantages of using the performance-based objective function will be more significant
when considering all the 14 design variables.

To verify the advantages of the initial 3D design generation method, 5 runs are carried
out using the conventional interpolation-based method [14] for comparison. The objective
function is (5.8) and SMEAFO is used. Again, 800 iterations are used. Using the obtained
optimal designs in all 5 runs, the average extracted performance values are shown in the 5t

column of Table 5.3. It can be seen that all runs fail, and the results are far from satisfactory.



Chapter 3 Global Optimization of Microwave Diplexers 125

TABLE 5.3 Comparisons between GDODK and reference methods (example 1)

CST
GDODK filter .
Performance . . without Interpolation  Interpolation designer  Mician
indicators Specifications  GDODK performance ~ + SMEAFO + CST TRF 31.) * K Wave
. optimal ~ Wizard
extraction .
initial
design
Success rate 100% 40% 0 N.A. N.A. N.A.
RLL,(dB) 20 21.01 18.01 0.01 14.35 N.A. 16.42
RLL,(dB) 20 20.868 19.56 0 16.63 N.A. 0.08
BW,;(GHz) 0.1 0.1 0.1 0.4744 0.53 N.A. 0.09
BW), (GHz) 0.1 0.1 0.07 0.3256 0.34 N.A. 0.56
CF;(GHz) 9.8 9.8 9.8 9.7830 10.04 N.A. 9.80
CFy»(GHz) 10.2 10.2 10.2 10.1144 10.07 N.A. 10.34
7Z (GHz) 10 10 10 10.24 10.13 N.A. 10.89

Note: Because the reference methods from CST and Mician are deterministic, the success rate does not apply

to them. This also applies to the following tables.

Note that SMEAFO performs global optimisation and experiments show that it needs more
than 2000 iterations to obtain a reasonably good result from a low-quality initial design for
this example. Hence, the clear advantages of the two proposed approaches (Section 5.2.2
and 5.2.3) are evidenced.

CST Microwave Studio and Mician uWave Wizard are then compared. Both converge
before 800 iterations. Because there is no built-in function in CST to generate an initial 3D
design, the conventional interpolation-based method [14] is used. Two methods in CST
Microwave Studio have been widely used: (1) the trust-region framework [9], which is
arguably the most popular CST optimisation algorithm; and (2) CST Filter Designer 3D,
which extracts the CM from the response and carries out optimisation with CM-based
objective function. The result of the former method is shown in the 6" column of Table 5.3.
The obtained result is far from satisfactory because it is trapped in a local optimum and fails

the optimisation. The same algorithm still traps the optimisation in a local optimum, even
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when the initial design approach in Section 5.2.2 is used. For CST Filter Designer 3D, the
initial design obtained by our approach is employed. However, the CST Filter Designer 3D
is not able to successfully extract the CM for this example because the CST Filter Designer
3D does not apply to the diplexers with an all-resonator structure. The above experiments
show the shortcomings of the conventional initial 3D design generation method, the trust-
region local optimisation method, and the CM extraction method for diplexer 3D
optimisation.

Following the suggested process of Mician pWave Wizard, two-channel filters are
tirstly obtained using built-in analytical functions, which serve as the initial 3D design. Then,
the Mician Extreme optimizer [12] is employed. The result is shown in the 8" column of
Table 5.3, which is far from satisfactory. Table 5.3 demonstrates the efficacy of GDODK,
compared to alternative popular tools, for this example. The simulation is performed on the
laptop computer with i7-7700HQ CPU @ 2.80GHz and 16 GB RAM. The simulation time of

the Example 1 is 2m 28s by using CST and 13s by using Mician puWave Wizard.

5.3.2 Example 2

Example 2 is a 10* order all-resonator diplexer operating in the X-band using a WR90
waveguide. Fig. 5.14 shows a top view of the air model of the diplexer. The cavity resonators
are coupled together via inductive irises in a folded configuration. The thickness t of all
irises is equal to 2 mm. There are 22 design variables in total as shown in Fig. 5.14: I, ..., lo

are the lengths of the resonators, di, ..., do are the iris widths of the mutual couplings, w1, w»,
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Fig. 5.14. A 10% order waveguide diplexer.
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Table 5.4 The optimal coupling coefficients for example 2
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m(1, P1)
m(6, P2)
m(10, P3)
m(1, 2)
m(2, 3)
m(3, 4)
m(4, )
m(5, 6)
m(2,7)
m(7, 8)
m(8, 9)
m(9, 10)

0.2687
0.1930
0.1869
0.0799
0.0344
0.0220
0.0218
0.0303
0.0389
0.0239
0.0230
0.0306

m(1, 1)
m(2, 2)
m(3, 3)
m(4, 4)
m(5, 5)
m(6, 6)
m(7,7)
m(8, 8)
m(9, 9)
m(10,10)

-0.0043
0.0020
0.0597
0.0652
0.0659
0.0660
-0.0547
-0.0624
-0.0633
-0.0635

ws are the iris widths of the external port couplings.

The diplexer is designed to meet the following specifications: channel 1 covering 9.5-

9.85 GHz and channel 2 covering 10.15 -10.5 GHz; return loss levels for both channels are 20

dB. The CM is obtained by the GACMS CM synthesis method [21], and the optimal coupling

coefficients are listed in Table 5.4. The ideal S-parameter response is shown in Fig. 5.10.

According to the design specifications, the key-performance-based objective function is
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defined as follows:
F, ., =B (min(RLL; — 20 + 1,0) + max(RLL; — 20 — 2,0))
4B, (min(RLL,, — 20 + 1,0) + max(RLL, — 20 — 2,0))
+B, (min(BW; — 0.35 + 0.02,0) 4+ max(BW,; — 0.35 — 0.02,0))
+8, (min( BW; — 0.35 4 0.02,0) 4 max(BW), — 0.35 — 0.02,0)
+B3(min(CF, — 9.675 + 0.035,0) 4+ max(CF; — 9.675 — 0.035,0))
+ B3 (min(CF;,, —10.325 + 0.035,0) 4+ max(CF}, — 10.325 — 0.035,0)) (5.9)

The description of (5.9) is similar to (5.7), so it is not restated here. Different from
example 1 where zero tolerance is used, a small tolerance is used in this example. This shows
that GDODK can also find acceptable solutions when designs that exactly match the
specifications are difficult to obtain. This is hard to be realized when using the traditional
max(|Sul)-based objective function.

Five runs of GDODK are carried out with the same initial design obtained by the
proposed method in Section 5.2.2. To make GDODK converge, 1300 iterations are used in
each run. The whole optimisation costs about 102 hours. Among these, 77 minutes is used
to obtain the initial 3D design, and the remaining time is used for key-performance-based
optimisation (i.e.,, 1210 EM simulations). Note that after about 76 hours, practically useful
designs start to appear. The results are shown in Table 5.5. The response of a typical solution
is shown in Fig. 5.15. It can be seen that all 5 runs obtain acceptable designs.

The GDODK result is compared with the same reference methods as in example 1. The
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Fig. 5.15. The response of a typical optimal solution by GDODK (example 2).

TABLE 5.5 Performance function values for GDODK (1300 iterations)

Performance indicators Specifications It 2nd 3 4t 5t
RLL, (dB) 20 21.60 20.29 19.09 20.20 21.56
RLL,(dB) 20 21.38 20.55 19.86 19.02 20.06
BW;(GHz) 0.35 0.33 0.33 0.33 0.33 0.33
BW), (GHz) 0.35 0.36 0.33 0.34 0.33 0.37
CF;(GHz) 9.675 9.708 9.694 9.691 9.704 9.674
CF,(GHz) 10.325 10.316 10.320 10.348 10.337 10.318

settings for the comparison are exactly the same as example 1, except for the number of
iterations which is set to 1300 for the global optimisation-based methods. Eqn. (5.8) in
example 1 using the max(|Sul)-based objective function is still adopted. The required
passbands PBiand PB: are changed to 9.5 - 9.85 GHz and 10.15 - 10.5 GHz, respectively. The
two stopbands for the lower frequency channels, SB.iand SBi2, are 9 - 9.42 GHz and 9.98 -
11 GHz, respectively. The two stopbands for the higher frequency channels, SBiiand SBr.2,
are 9 - 10.02 GHz and 10.62 - 11 GHz, respectively. These are based on the desired response
of the optimal CM.

The comparison is shown in Table 5.6. The simulation is also performed on the laptop
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Table 5.6 Comparisons between GDODK and reference methods (example 2)

CST filter
GDODK designer Mician
Performance . . without Interpolation Interpolation 3D +
indicators Specifications - GDODK performance + SMEAFO + CSTTRF  optimal K Wave
. . Wizard
extraction initial
design
Success rate 100% 0 0 N.A. N.A. N.A.
RLL,(dB) 20 20.55 15.30 17.2167 19.4328 N.A. 0
RLL,(dB) 20 20.17 19.54 18.5088 6.8917 N.A. 0.01
BW;(GHz) 0.35 0.33 0.34 0.3163 0.3592 N.A. 0.8553
BW, (GHz) 0.35 0.344 0.35 0.3317 0.4844 N.A. 1.4573
CF;(GHz) 9.675 9.694 9.673 9.6838 9.6644 N.A. 9.9
CF;(GHz) 10.325 10.328 10.323 10.3309 10.3929 N.A. 9.93

workstation with i7-7700HQ CPU @ 2.80GHz and 16 GB RAM. The simulation time of the
Example 2 are 3m 43s by using CST and 1m 51s by using Mician uWave Wizard. The same
conclusions made for example 1 can be drawn for this example. The advantages of the two
approaches (Section 5.2.2 and 5.2.3) are demonstrable. It is worth noting that without using
the key-performance-based objective function, the local optimisation algorithm and the
SMEAFO method can only converge to a design with good RLL for one channel out of the
two. The optimisation also gets trapped in a local optimum. Again, this is due to the steep
slope (as shown in Fig. 5.2 and Fig. 5.15) of the design landscape which is a common issue

for high-order diplexers.

5.3.3 Example 3

Example 3 is an 8" order Tee-junction diplexer operating in the Ku-band. The diplexer
is designed using a WR62 waveguide. Fig. 5.16 shows the air model of the diplexer. The

WR62 waveguide has the standard dimensional values of 4 =15.799 mm and b =7.899 mm,
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Fig. 5.16. An 8t order Tee-junction waveguide diplexer.

and there are 23 design variables in total. Resonators 3 and 7 are square structures and all
others are standard waveguide cavity resonators. All the resonators are operating in the
TE101 mode. I, ..., Is are their lengths, w1, w2, ws are the widths related to the external port
couplings, d, ..., ds are the widths of the coupling irises. This diplexer structure contains
two cross-couplings, ds and d7, which are used to generate two TZs to improve the rejection
between the channels. Except for the capacitive iris, d7, all other irises are inductive. The iris
thickness of ds and d7, depends on the values of dz, ds, de, and ds, while the thickness of all
other irises is 1.5 mm. A ridge Tee-junction is implemented to improve the matching of the
ports [22]. The metal ridge thickness, tis is 1.5 mm, the height is b and the insertion depth,

l;,s» 15 @ design variable. lo1 and [z are lengths of the reference sections of channel filters and

their initial dimensional values are calculated according to the equations in [6]. The initial
dimensional value of [,, ; is optimized to satisfy max(Sz1.a8) > -3 dB and max(Ss1.as) > -3 dB
within the passbands. The initial values of all other variables are obtained by the proposed

method in Section 5.2.2.

The Tee-junction diplexer is designed based on the following specifications: channel 1
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Table 5.7 The optimal coupling coefficients for example 3

m(1,2) 00174 [m(1,1) 0.0444 | m(1, P1) 0.1454
m(2,3) 00133 [m(2,2) 0.0398 | m(5, P1) 0.1430
m(3,4) 00175 | m@3,3) 0.0328 | m(4, P2) 0.1456
m(2,4) 0.0044 | m(4,4) 0.0391 | m(6,P2) 0.1428
m(5,6) 0.0167 | m(5,5) -0.0451
m(6,7) 0.0128 | m(6,6) -0.0405
m(7,8) 0.0168 | m(7,7) -0.0339
m(6,8) -0.0041 | m(8,8) -0.0398

covering 12.5 - 12.75 GHz and channel 2 covering 13 - 13.25 GHz; return loss levels in both
channels are 20 dB. The isolation performance within the passbands for both channels is
better than 55 dB, namely {max(Ss1.48(12.5:12.75)) <-55 dB} U {max(S21.48(13:13.25)) <-55 dB}.
The CM is obtained by the junction-based diplexer CM synthesis method in [20]. The
obtained coupling coefficients are listed in Table 5.7 and the desired S-parameter response
is shown in Fig. 5.17 (a). According to the design specifications, the key-performance-based
objective function can be defined as follows.
F,, =p,(|min(RLL_1—20+ 1,0)| + max(RLL I — 20— 2,0))

+8, (Jmin(RLL, — 20 + 1,0)| + max(RLL,, — 20 — 2,0))

+B,(|min(BW, — 0.25 + 0.01,0)| + max(BW, — 0.25 — 0.01,0))

+ B ([min(BW,, — 0.25 + 0.01,0)| + max(BW),, — 0.25 — 0.01,0))

+ B4 (|min(CF, — 12.625 + 0.025,0)| + max(CF, — 12.625 — 0.025,0))

+ B4 (|min(CF,, — 13.125 + 0.025,0)| + max(CF,, — 13.125 — 0.025,0))
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+8,|min(IS, — 55,0)| 4 B4|min(IS, — 55,0)] (5.10)

In addition to the symbols appearing in examples 1 and 2, IS; and IS are included to
account for isolation performance. They are defined by ISi = max(IS:(PBi)l) and ISk =

max(|S2a1(PBi)l).
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Fig. 5.17. The S-parameter response: The response of (a) the coupling matrix for example 3, (b) a
typical optimal solution by GDODK for example 3.

5 runs of GDODK are carried out. To make the algorithm converge, 1500 iterations are
used in each run. The whole optimisation process costs about 125 hours. About 76 minutes
of this time cost is used for obtaining the initial 3D design, and the remaining time is used
for the key-performance-based optimisation (about 1418 EM simulations). Note that after
about 70 hours, practical useful designs start to appear. The results are shown in Table 5.8
The response of a typical solution is shown in Fig. 5.17 (b). It can be seen that 4 acceptable
designs are obtained in the 5 runs. Our investigation shows that the failed run could be a

result of the initial size of resonators connecting with the junction and channel filters,
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Table 5.8 Performance function values for GDODK (1500 iterations)

Performance indicators Specifications  1st 2nd 3rd 4th 5th

RLL1 (dB) >20 2041 20.04 1991 20.37 2047
RLL2 (dB) >20 2056 1994 2083 1951 7.11
BWI (GHz) 0.25 0.25 0.25 0.25 0.26 0.24
BWh (GHz) 0.25 0.26 0.25 0.26 0.26 0.23
CFl (GHz) 12.625 12.626 12.622 12.623 12.629 12.59
CFh (GHz) 13.125 13.128 13.122 13.123 13.122 13.11
IS1 (dB) >55 5727 5514 5544 57.79 54.99
ISh (dB) >55 56.25 5646 55.64 55.97 60.42

Table 5.9 Comparisons between GDODK and reference methods (example 3)

P-erfo.rmance Specifications GDODK Interpolation + CST CST .filter.dtas.igner C.%D +
indicators TRF optimal initial design
Success rate 80% N.A. N.A.
RLL1 (dB) 20 20.18 19.1124 9.2747
RLL2 (dB) 20 20.21 1.9325 12.3501
BWI1 GHz) 0.25 0.2525 0.2516 0.2990
BWh GHz) 0.25 0.2575 0.3032 0.2744
CFl (GHz) 12.625 12.625 12.6269 12.6168
CFh (GHz) 13.125 13.124 12.8767 13.1297
IS1 (dB) 55 56.41 26.4795 61.1267
ISh (dB) 55 56.08 50.0792 58.7472

Note: The values of GDODK are based on the average 4 successful runs

approximated by equations in [6], being too far away from the optimum.

Since the advantages of the two approaches (i.e., Section 5.2.2 and 5.2.3) are already
shown in examples 1 and 2, only comparisons with existing tools are considered here. The
Mician puWave Wizard can only generate standard waveguide filters without cross-
couplings. Therefore, it is not included in the comparison. CST Microwave Studio is
considered. The CST trust-region framework, CST Filter Designer 3D, and average extracted
performance values from 5 runs of GDODK are compared (the settings are exactly the same
as examples 1 and 2). The results are shown in Table 5.9. It can be seen that CST Microwave

Studio fails to obtain acceptable designs. Unlike examples 1 and 2, the CST Filter Designer
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3D can extract the CM, but the optimisation fails to converge to the desired performance.
Specifically, the return loss levels and bandwidths of the CST Microwave Studio generated
designs are far from satisfactory. This example again shows the efficacy of GDODK for this

Tee-junction diplexer.

5.3.4 Discussion

From the two all-resonator diplexers and the Tee-junction diplexer design optimisation,
the following observations are made: (1) The performance extraction and performance-
based objective function are vital for successful optimisation. Using the same SMEAFO
optimizer, but without employing these techniques, the success rate either decreases
substantially or the optimisation simply cannot succeed due to trapping in a local optimum.
This verifies that the above technique enables global optimisation for diplexers. (2) The
systematic local optimisation-based initial 3D design generation method contributes to the
efficiency and success rate. When the initial design obtained by the conventional
interpolation-based method is used, SMEAFO needs to use 2 to 3 times more EM
simulations to obtain a practically useful design, while deterministic local optimisation
methods in CST and Mician are not successful. This verifies the importance of the initial
design in the diplexer global optimisation and the efficacy of the proposed method. The
main drawback of the proposed optimisation method is the efficiency of the surrogate
modelling and optimisation. Although the optimisation results can be stably obtained, the

optimisation cost a very long time. This attributes to the global optimisation method used
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in SMEAFO. It needs further improvement in future works.

5.4 Summary of this Chapter

This chapter presents an EM optimisation method for microwave diplexers called a
General Diplexer Optimisation method guided by Design Knowledge (GDODK). This
optimisation process can be fully automatic without the supervision of designers once it
starts. A local-optimisation based physical dimensioning method is utilized to provide a
high-quality starting point for the diplexer optimisation, narrowing down the search ranges.
On the other, a novel performance-based objective function is proposed for the diplexer
optimisation, smoothing the characteristic landscape. Three examples demonstrate the

effectiveness of the proposed optimisation method.
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Chapter 6 Resonant Manifold Multiplexers

This chapter presents a new compact multiplexer structure and its design approach,
based on a novel resonant manifold. Different from typical transmission-line-based
manifold multiplexers, the proposed manifold junction is formed of coupled-resonators, so
that the manifold also contributes to the filtering poles and selectivity in the passbands. The
all-resonator configuration achieves a more compact footprint than the conventional
manifold. This multi-port filtering network can be represented by a single coupling matrix
which can be obtained by using a robust optimisation-based method. A tailored channel
frequency allocation scheme is presented for the proposed multiplexers with different
numbers of channels. To validate the proposed concept, a triplexer, and a 5-channel
multiplexer, both at X-band, is designed and tested using the rectangular waveguide

technology. The work in this chapter has been published in [1].

6.1 Introduction

As introduced in Chapter 2, several configurations have been used to implement
frequency multiplexers [2]. Some configurations combine hybrids or circulators with
channel filters to simplify design and tuning as well as to improve the isolation performance
between channels [2]. However, these configurations lead to relatively high losses and large
footprints due to the use of hybrids and circulators [2]-[3], [5]. To make the signal

distribution network in multiplexes more compact, manifold-junction and star-junction
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the proposed resonant manifold multiplexer.

configurations were developed and eventually became the mainstream [2], [5]. The star-
junction multiplexers combine all the channel filters to a resonant or a non-resonant node.
A coupling matrix representing the multiplexer can be systematically obtained based on the
calculated characteristic polynomials of the multiplexer [2], [6]. The multiplexers are
physically realized based on the obtained coupling matrix and have been applied in base
station applications for mobile communications [2], [6]-[8].

Manifold multiplexers are usually designed using optimisation-based methods rather
than synthesis-based approaches [5], [9]. In a typical manifold multiplexer, as illustrated in
Fig. 6.1(a), multiple channel filters are connected with a transmission-line-based manifold
junction (normally a waveguide) with optimized separations between them [3]. There exists
relatively strong interaction between each channel filter, compared with those using hybrids
or circulators. The manifold has to be integrally designed to compensate for the mutual
influence between channels [3]. This also means any change in frequency allocation of
channels will require a new multiplexer design [3].

As an alternative configuration, the all-resonator-based configuration has also been
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applied to design multiplexers [15]. As introduced in Chapter 2, the configuration is very
tlexibly designed based on coupling matrix theory [16]-[21]. However, when the number of
the channels becomes larger (e.g., > 4) [23], the multiplexer design will become difficult and
complex.

A new multiplexer configuration using a novel resonant manifold structure based
exclusively on coupled resonators is proposed in this chapter. The topology is shown in
Fig.6.1(b). It can be noticed that the transmission-line-based manifold junction is replaced
by an “all-resonator” manifold junction which contributes to the transmission poles and
therefore frequency selectivity. The overall structure can be represented by a single integral
coupling matrix. In the following, the coupling matrix synthesis method will be discussed
with a tailored channel frequency allocation method. The proposed multiplexer can be
dimensioned by using the obtained coupling matrix. Then, a step-tuning based EM
optimisation method is employed to address the extensive EM optimisation tasks [28]-[29].
To demonstrate the design concept, two exemplary prototypes, including a triplexer and a

pentaplexer, are synthesized, designed, and fabricated.

6.2 Resonant Manifold Triplexer

Firstly, a triplexer is employed to demonstrate the synthesis of the coupling matrix and
the design. The topology of the triplexer with a 3-rd order resonant manifold (Resonator-1,

4 and 7) is shown in Fig. 6.2(a). Frequency channels are at 9.7 - 9.8 GHz (Channel 1), 9.95 -
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(a) (b)

Fig. 6.2. (a) Coupling topology of the resonant manifold triplexer, where the green circles indicate

the resonant manifold. (b)The segment scheme for the triplexer. The synthesis results for the
subcircuits are employed as the initial coupling values for the triplexer synthesis.

10.05 GHz (Channel 2), and 10.2 - 10.3 GHz (Channel 3), respectively. Return loss levels
(RLLs) in the passbands are at 20 dB. The coupling matrix is first obtained with an
appropriate channel frequency allocation to be discussed in more detail in Appendix C.
Then, the physical dimensioning is implemented according to the obtained coupling matrix.
Finally, the triplexer is optimized starting from the initial dimensions. The details of the

design procedure are as follows.

6.2.1 Coupling Matrix Synthesis

To begin with, the passbands are normalized to CHi: [-1, -0.5919], CH2: [-0.1879, 0.2119],
and CHs: [0.6079, 1]. The coupling matrix synthesis uses the GACMS method provided in
Chapter 4. For the effective use of the GACMS method, high quality starting values of the
matrix and a reasonable channel frequency allocation are desired. Segmenting is first
conducted to generate the starting coupling coefficients for the triplexer.

In the resonant manifold shown in Fig. 6.2(a), the junction resonators (Resonator-1 and
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Fig. 6.3. The S-parameter corresponding to the coupling coefficients of the filter and the diplexer
in Fig. 6.2(b), used as the initial values for the triplexer.

4) are the basic frequency distribution elements. By segment of the connection between the
two junction resonators1 and 4, as shown in Fig. 6.2(b), the triplexer is divided into a filter
and a diplexer. The starting coupling values for the triplexer come from the synthesis of a
tilter (Resonator 1 to 3) and a diplexer (Resonator 4 to 9).

For the proposed resonant multiplexer, there are various ways to allocate frequencies
to the channels. For this triplexer, there can be six different frequency allocation schemes.
But not all lead to satisfactory responses. In this thesis, scheme 3 shown in Appendix C is
chosen for the design, where CH:, CHi, and CHs are sequentially assigned to the three
branches of the triplexer. The synthesis approach is illustrated in the following.

The starting coupling coefficients are taken from the 3r-order filter and the 6"-order
diplexer with the responses shown in Fig. 6.3. Optimisation on the coupling matrix of the

triplexer is then executed using a method similar to [23]. The S-parameter-based objective

function is formulated as
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Table 6.1 THE OPTIMAL COUPLING COEFFICIENTS FOR THE TRIPLEXER

Mutl,lal Values Self-couplings Values Input/oytput Values
Couplings Couplings

m(1, 2) 0.2982 m(1, 1) 0.0042 m(1, P1) 0.7662
m(2, 3) 0.1706 m(2, 2) 0.0138 m(3, P2) 0.4424
m(1, 4) 0.7113 m(3, 3) 0.0138 m(6, P3) 0.4478
m(4, 5) 0.2346 m(4, 4) -0.0127 m(9, P4) 0.4368
m(5, 6) 0.1780 m(5, 5) -0.7970
m(4,7) 0.5616 m(6, 6) -0.8240
m(7, 8) 0.2957 m(7,7) 0.1533
m(8, 9) 0.1838 m(8, 8) 0.7163

m(9,9) 0.8154

S parameter (dB)
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Fig. 6.4. The S-parameter responses corresponding to the optimized coupling coefficients for the
triplexer.

_ max(PB; — (—20),0) n max(PB, — (—20),0) n max(PB; — (—20),0)

O, 20 20 20

(6.1)

where PB, = maz(|S,,(CH,)|); PBy, =max(|S,;(CH,)|) and PBy = max(|S,,(CH,)|) .
Note that for all the frequency allocation schemes are shown in Appendix C, the same
objective function (6.1) is utilized. The obtained optimal coupling coefficients are listed in

Table 6.1 and the corresponding S-parameter responses for the triplexer are shown in Fig.
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Resonator 1

Fig. 6.5. Structure used to extract the coupling between two waveguide resonators.

Fig. 6.6. The coupling topology of the Ku-band triplexer with contiguous channels.

6.4. It can be seen that transmission zeros are generated in Sz and Sai. This is because
resonators 4 and 7 can be seen as two frequency attenuation structures for Channel 1
whereas resonator 7 is an attenuation structure for Channel 2 [26].

It is worth noting that the mutual coupling values within the resonant manifold
junction are much stronger than those in the branches, as they are required to allow the

subsequent channels to pass through. The maximum realizable coupling limits the overall
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Table 6.2 Coupling Coefficients for The Triplexer with Contiguous Channels

Mutual couplings

m(1,2) 04809 | m(6,7) 0.2904 | m(11,12) 0.2821
m(2,3) 0.1874 | m(7,8) 0.1867 | m(12,13) 0.1850
m(3,4) 02162 | m(8,9) 0.2312 | m(13,14) 0.2282
m(4,5) 02656 | m(9,10) 0.2811 | m(14,15) 0.2786
m(2,5) -0.0444 | m(7,10) -0.0445 | m(12,15) -0.0443
m(1,6) 0.6684 | m(6,11) 0.6404
Self couplings
m(1,1) 0.0022 | m(6,6) 0.0065 | m(11,11) 0.1268
m(2,2) 0.0031 | m(7,7) -0.6667 | m(12,12) 0.6430
m(3,3) 0.0036 | m(8,38) -0.6811 | m(13,13) 0.6753
m(44) 0.0059 | m(9,9) -0.6732 | m(14,14) 0.6726
m(5,5) 0.0081 | m(10,10) -0.6742 | m(15,15) 0.6597
Input/output Couplings

m(1, P1) 0.9933 | m(3, P2) 0.5812 | m(6, P3) 0.5812
m(9, P4) 0.5812

bandwidth the resonant manifold structure can render. Typically coupling matrix used in
the synthesis is considered for a narrowband network, i.e., normally less than 20% in
fractional bandwidth [31]. The overall bandwidth of the two examples given in this paper
is much smaller than this.

As a thought experiment, if we scale the triplexer to have a fractional bandwidth of 20%,
the largest coupling value required would be m(1,4) = 0.7113 in the normalized frequency
domain. The coupling M(1,4) in the real frequency domain will be 0.1423. To achieve this
coupling between two X-band rectangular waveguide resonators, as shown in Fig. 6.5, the
width of the coupling window would be about 16.154 mm (out of the broad wall width of
22.86 mm). This is still feasible for the X band but starting to approach the limit. In short, it

is possible to increase the overall bandwidth of the resonant manifold multiplexer, but the
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Fig. 6.7. The S-parameter responses of the contiguous-channel triplexer calculated from the coupling

matrix.

maximum allowable coupling in the resonant manifold structure is the limiting factor.

In the triplexer example, the guard bands between channels are comparable to the
channel bandwidth. The developed approach can also obtain a coupling matrix of the
multiplexers with contiguous channels or other complex channel configurations. A Ku-band
contiguous-channel triplexer is illustrated as an example in Fig. 6.6, using cascaded
quadruplets in the channel filters. The passbands are from 12 GHz to 12.108 GHz and each
channel is 36 MHz. Using the same synthesis procedure, the obtained coupling values are
listed in Table 6.2 and the S-parameter responses are shown in Fig. 6.7. The synthesis
procedure developed in this work is robust and effective enough to generate coupling

matrices for resonant manifold multiplexers with complex filtering structures.
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6.2.2 Physical Realization of the 9th-order Triplexer

Physical realization is implemented using the denormalized coupling values and
resonant frequencies obtained from the equations shown in Section 3.3.1. The triplexer is
designed based on X-band waveguide technology. The structural configuration is shown in
Fig. 6.8. All the resonators are coupled via inductive irises. The triplexer is optimized using
CST Studio Suite [27]. The optimized dimensions are given in Fig. 6.8. Fig. 6.9 shows the
simulated responses of the 9*-order waveguide triplexer in comparison with those from the

coupling matrix. A very good agreement between them has been achieved.

Fig. 6.8. Configuration of the 9%-order X-band triplexer. a = 22.86, b =10.16, [r = 16.70, . =18.72, Is =
17.72,1s=17.30, Is = 19.60, Is = 18.27, I7 = 18.00, Is = 18.09, ls = 16.89, d1 = 6.43, d> = 5.53, ds = 10.46, ds =
6.10, d5 =5.87, ds = 9.43, d7 = 5.84, ds = 5.44, 1 = 13.39, q2= 9.43, g3 = 10.05, g+ = 9.45. Unit: millimetres.
The thicknesses of all the irises are 2 mm. The radiuses of all the blended corners are 1.2 mm. The
footprint is 94.58 x 143.31 mm in x and y direction for the above configuration.
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Fig. 6.9. Simulated S-parameter responses of the 9*-order waveguide triplexer comparing with
the ideal S-parameter responses from coupling matrix.

Manifold Junction

Fig. 6.10. Air cavity model of a conventional waveguide manifold triplexer. The footprint is
124.89 x 140.41 mm in x and y direction for the above configuration.

To objectively evaluate the resonant manifold multiplexer, a conventional waveguide
manifold multiplexer is designed for comparison, with the same order filtering responses

and using the conventional manifold configuration in [1]. Fig. 6.10 shows the air-cavity
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model of the multiplexer where the manifold junction is a standard waveguide. Channel
filters are connected to the manifold with intervals of about Ag/2, where Ag is the guided
wavelength. Comparing the occupied area of the air cavity (including cavity resonator,
manifold junction and coupling irises), this traditional multiplexer takes 84 cm? whereas
the resonant manifold multiplexer only takes half of the area, 42 cm?2.

The optimisation of multiplexers is usually difficult and time-consuming, especially
when the number of channels and resonators is large. The design of the resonant manifold
multiplexer follows a different routine from the conventional manifold multiplexer. For the
latter, the design normally starts from the channel filters and they are then connected
together and optimised. The design of the channel filter can provide a reasonable starting
point for the multiplexer optimisation, but it cannot guarantee the quality of the starting
responses. The optimisation is still complicated since a large number of EM optimisations
are needed [1], [11]-[14]. For the resonant manifold multiplexers, the interaction between
channels is much stronger than the conventional one. This presents an optimisation
challenge. Direct optimisation on the resonant manifold would be more difficult than that
on the conventional structure. However, the resonant manifold multiplexer can be designed
from a single coupling matrix. Physical dimensioning can be implemented using the
coupling extraction method widely adopted in filters [24]-[25]. The physical dimensions can

provide a high-quality initial design for the subsequent optimisation. Fig. 6.11. shows the
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Fig. 6.11. The starting responses in the design of the two types of triplexers.

comparison of the initial design between the two types of triplexers. It can be noticed that
the initial S-parameters of the resonant manifold triplexer, extracted using the coupling
matrix, can be better than those of the initial design of the conventional one. Furthermore,
the coupling matrix can be used to guide the optimisation. In this thesis, a simple but robust
optimisation routine, the so-called step-tuning method [28]-[29], is used. The optimisation
is effective and fast. It is executed by manually controlling the CST Studio Suite. This process
could be accelerated if this can be fully automated.

Fig. 6.12 shows the response comparison between the two types of manifold
multiplexers. As Fig. 6.12(a) shows, their reflection coefficients are very similar. However,

the isolation performance (Ss, Ss+ and Sz in Fig. 6.12(b)) of the all-resonator one is not as
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Fig. 6.12. Comparison of S-parameter responses between the two types of triplexer
configurations. (a) Reflection and transmission; (b) Isolation.

Table 6.3 COMPARISONS BETWEEN TWO TYPES OF MANIFOLD MULTIPLEXERS

Type max(lS11l) max(lSs2l) max(lS«2l) max(lSsl) Oc:lgzed
Resonant -20dB -21.19dB  -34.02dB  -21.77dB 42cm?
Typical -20dB -30.85dB  -53.32dB  -30.61dB 84cm?

good as that of the traditional manifold. The isolation is reduced by about 10 dB. As expected,
this is attributed to the increased interaction between the channels through coupling. Table
6.3 compares the performance of the two types of multiplexers.

Fig. 6.13 compares the out-of-band spurious performance of the two manifold triplexers.
It can be observed the resonant manifold triplexer has a clearer harmonic response. Its out-
of-band spurious response is at least not inferior to, if not better than, the conventional
manifold design used in this work.

We also investigated the two triplexers’ sensitivities to fabrication tolerance. This is
evaluated using a Monte Carlo sampling (MCS) method [32]-[33]. In this analysis, the

resonant manifold triplexer has 21 parameters including the dimensions of all the coupling



Chapter 6 Resonant Manifold Multiplexers 153

0 0 T
208k =20
g g
= 40} = -0}
5 &
i § 60
w (%]
-80F -80F
-100 s L 1 4 e i — I 1 Fi 1 --Im I 1 e I I
T4 8 9 10 11 12 13 14 15 16 17 18 T 8 9 10 11 12 13 14 15
Frequency {GHz) Frequency (GHz)
(a) (b)

Fig. 6.13. Out-of-band spurious performance of: (a) The resonant manifold triplexer, (b) The
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Fig. 6.14. Tolerance analysis of the two triplexers. (a) Resonant manifold triplexer. (b) Conventional
manifold triplexer.

irises and resonator lengths while the conventional one has 27 parameters including the
dimensions of coupling iris, resonator lengths and waveguide section lengths in the
manifold junction. The manufacturing tolerance is assumed to be +50 um. The sampling
number is 500 for each triplexer with uniformly random distributed dimensions. 50 curves

of each triplexer are randomly selected to be compared as shown in Fig. 6.14. As expected,
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both triplexers are sensitive to the manufacturing tolerance. Seen from the return loss level,
the return losses in three channels for the resonant manifold triplexer are larger than 10 dB
while the return losses for the conventional design are 7 - 9 dB. Therefore, the resonant
manifold multiplexer has slightly less sensitive to the tolerance than the conventional design
used in this thesis. However, they have similar bandwidth performance. The bandwidths of
three channels of two triplexers shrink to 70-80 MHz. From this comparison, it can be
noticed that the resonant manifold triplexer is not more sensitive to dimensional tolerance
than the conventional design. Instead, the variation of the manifold dimensions in the
conventional manifold seems to have a more pronounced effect on the performance. It
should be noted that the structure of the conventional manifold used here could be
optimized further. We do not intend to generalize the conclusion from this specific
comparison. If we were to tune the resonant manifold multiplexer with screws, we expect

to face a similar challenge as with conventional multiplexer tuning.
6.3 Resonant Manifold Pentaplexer
6.3.1 Coupling Matrix Synthesis

More channels can be designed and implemented using a similar approach. Here a 5-
channel resonant manifold multiplexer is demonstrated. The coupling topology of the
multiplexer is shown in Fig. 6.15. It consists of 20 coupled resonators wherein resonators 1,

5,9, 13, and 17 (marked in green) constitute the resonant manifold. The channels are
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Fig. 6.16. S-parameter responses corresponding to the coupling coefficients of the sub-circuits in Fig. 6.15(b).

specified as CHui: 9.55 - 9.65 GHz; CH2: 9.85-9.95 GHz; CHs: 10.05 - 10.15 GHz; CHa: 10.25 -

10.35 GHz; and CHs: 10.55 - 10.65 GHz. The return losses for all the channels are designed

to be larger than 20 dB.

The normalized passbands are: (-1, -0.8088), (-0.4324, —0.2471), (-0.0638, 0.1178),

(0.2976, 0.4756), and (0.8268, 1). The larger number of channels and coupling coefficients

present a great challenge to the coupling matrix optimisation. High-quality starting values

with a suitable frequency allocation scheme are required to facilitate the optimisation.

Inspired by the successful implementation of the triplexer, the 5-channel multiplexer is

divided into a filter and two diplexers, by splitting the coupling m(1, 5) and m(9, 13) between
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Table 6.4 Optimized Coupling Coefficients for The 5-channel multiplexer
Mutual Couplings Values Self-couplings Values Input/m.ltput Values
Couplings
m(1, 2) 0.1820 m(1, 1) —0.0060 m(1, P1) 0.6987
m(2, 3) 0.0601 m(2, 2) 0.0220 m(4, P2) 0.3122
m(3, 4) 0.0794 m(3, 3) 0.0219 m(8, P3) 0.3204
m(1, 5) 0.6640 m(4, 4) 0.0215 m(12, P4) 0.3049
m(5, 6) 0.1284 m(5, 5) -0.0074 m(16, P5) 0.3154
m(6,7) 0.0670 m(6, 6) -0.8976 m(20, P6) 0.3092
m(7, 8) 0.0869 m(7,7) —0.9041
m(5,9) 0.6081 m(8, 8) -0.9040
m(9, 1) 0.1305 m(9, 9) 0.0521
m(10, 11) 0.0619 m(10, 10) 0.8941
m(11, 12) 0.0800 m(11, 11) 0.9108
m(9, 13) 0.3979 m(12, 12) 0.9117
m(13, 14) 0.1231 m(13, 13) 0.0237
m(14, 15) 0.0670 m(14, 14) -0.3300
m(15, 16) 0.0847 m(15, 15) -0.3390
m(13, 17) 0.2817 m(16, 16) -0.3366
m(17, 18) 0.1348 m(17,17) 0.0882
m(18, 19) 0.0683 m(18, 18) 0.3383
m(19, 20) 0.0823 m(19, 19) 0.3804
m(20, 20) 0.3855

junction resonators as shown in Fig. 6.15(b). Similarly, as for the channel frequency

allocation (Appendix C), the first filter occupies the centre channel, namely Channel 3

(—0.0638, 0.1178). The two diplexers occupy the rest of the four channels. Diplexer 1 takes

up Channel 1 and 5, while Diplexer 2 takes Channel 2 and 4. The coupling matrices of these

three sub-circuits are first synthesized, as shown in Fig. 6.16, and used to form the initial

matrix for the 5-channel multiplexer. This matrix is also optimized using the GACMS

method [23]. The optimisation goal only contains the passband constraints similar to (9).

Since there are a large number of coupling coefficients, group by group optimisation is

employed in GACMS. Each variable group contains the coupling coefficients related to the
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Fig. 6.18. Channel extension scheme for the manifold multiplexer.

initial coupling values of each diplexer. The convergence time is highly related to the
number of variables in the optimisation. For this multiplexer, the time cost is within 30
minutes. The optimized matrix is given in Table 6.4. The corresponding S-parameter
responses are shown in Fig. 6.17.

From the two successful coupling-matrix syntheses, a general channel extension and
frequency allocation scheme can be derived for the resonant manifold multiplexers with k

(k=3) channels, as illustrated in Fig. 6.18. With this scheme, the multiplexer can be split into
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multiple sub-circuits (filters and diplexers) for preparing the starting coupling values. The
whole coupling matrix for the multiplexer can be obtained by using the GACMS
optimisation framework [23]. Robust convergence has been exhibited. It should be noted

that there are other potential frequency allocations as listed in Appendix C of this thesis.

6.3.2 Physical Realization for 20''-order Multiplexer

Again, the real coupling values and resonator frequencies are denormalized and
calculated based on (6)-(8). The structural configuration of the multiplexer is shown in Fig.
6.19. All the resonators are coupled via inductive irises. In this structure, di, d2 ... div denote
the coupling iris widths between resonators. ¢, ..., gs denote the input/output coupling iris
widths. [1, ..., o represent the lengths of resonators.

The initial dimensions are extracted based on the classical dimensioning method [24]-
[25]. Due to mutual interference between channels and a large number of design variables
in the multiplexer structure, it is almost impossible to directly optimize the structure as a
whole. Again, the step-tune method [28]-[29] has been adopted. The optimisation starts from
the port away from the manifold in each branch. Resonators are added one by one to execute
the optimisation until the couplings to the resonant manifold are optimized. The
optimisation goal is to match the simulated responses to the ideal responses from the sub-
coupling matrix. In each optimisation step, only the length and the output coupling of the
added resonator are altered. Therefore, the optimisation is fast to converge. After the

optimisation of all the branches, a similar progressive optimisation for the resonant
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Fig. 6.19. Structural configuration of the 5-channel resonant manifold multiplexer. a =22.86, b =10.16,
h=14.18,12=18.20, 5=18.73, s =17.37, Is = 15.88, ls = 20.24, 7 = 20.47, Is = 18.98, lo = 16.16, 10 = 17.03,
111=17.28, l12=16.12, [13=16.96, [12 = 19.15, [15=19.37, 16 = 18.01, [17 = 17.97, 1s = 17.93, l19 = 18.09, [20 =
16.90, d1=7.59, d2=4.91, d5=5.35, ds = 9.85, d5 = 6.67, de = 5.26, d7=5.71, ds = 9.53, do = 6.43, d10 = 4.79,
di=>5.11, di2=8.33, diz=6.41, dia =5.09, di5s = 5.46, di6 = 7.48, di7= 6.43, d1s=5.07, d1o =5.28, q1 = 12.43 g2
=9.56, g3 =10.02, g4 =9.01, g5 = 9.65, g6 = 9.19. Unit: millimeters. The thicknesses of all the irises are 2
mm. The radiuses of all the rounded corners are 1.5 mm.
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Fig. 6.20. Comparison of the S-parameter responses between the coupling matrix and simulation.
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manifold is performed. This step-tune approach ensures more robust convergence in the
optimisation. Fig. 6.20 shows the optimized solution, compared with the S-parameter
responses calculated by the coupling matrix. A very good agreement between simulation

and theory has been achieved. All 20 reflection zeros are clearly visible.

6.4 Fabrication and Measurements

6.4.1 Triplexer

The triplexer is machined from aluminium shown in Fig. 6.21. It is cut along the top
edges of the resonators. This cutting plane is prone to leakage so good contact is essential.
Two parts of the triplexer are assembled and tightened together by metal screws. No tuning
is applied.

The triplexer is measured by using a Keysight E5071C network analyser. The measured

S-parameter responses compared with the simulation results using the dimensions from

Fig. 6.21. Photograph of the fabricated resonant manifold triplexer.
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Fig. 6.22. Measured S-parameter responses of the triplexer in comparison with the simulated results.

EM-simulation based design are shown in Fig. 6.22. A good agreement has been achieved
between them. The insertion losses on average for the three channels are 0.96 dB, 1.33 dB
and 1.31 dB, respectively. The simulated insertion losses are about 0.7dB. The higher-than-

expected insertion loss is believed to be a result of contact losses from the unfavourable split

plane.

6.4.2 Five-channel Multiplexer

The 5-channel multiplexer is fabricated using aluminium with a natural oxidation
process on the surface as shown in Fig. 6.23. The measured S-parameter responses, in
comparison with simulations using the dimensions from EM-simulation based design, are
illustrated in Fig. 6.24. Aluminium is used in the simulation, where the electrical

conductivity is g, = 3.56e7 S/m. Again, reasonably good agreement has been achieved
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Fig. 6.24. Measured S-parameter responses of the 5-channel resonant manifold multiplexer,
comparing with the simulated results.

between them without applying any tuning. The insertion losses on average for the five
channels are 1.89 dB, 1.86 dB, 1.22 dB, 1.87 dB, and 2.11 dB, respectively. The simulated
insertion losses obtained by using CST simulation is around 0.7dB.

The measured losses for the two multiplexers are higher than simulation results and
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Fig. 6.25. Investigation on the effect of poor contact of the 5-channel multiplexer. (a) The modified
model with an air gap. (b) Simulation responses showing a much better agreement with the
measurement responses when air layer thickness equals to far = 3.5 um.

uneven for different channels. This is mainly attributed to the H-plane cut design. As
mentioned before, this cut plane is prone to contact losses. The large contact areas of the
multiplexer exacerbated the imperfect connection between the two pieces. The 5-channel

multiplexer is re-simulated with a thin layer of air added between the cap and multiplexer
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body. It has been found the re-simulation responses match the measurement responses
much better when the air gap is assumed to be 3.5 um, which is plausible, as shown in Fig.
6.25. In practice, an E-plane cut structure, which is entirely possible with the resonant
manifold topology, can be used and better performance is expected. Also, to avoid
electromagnetic losses, the contact surface needs to be fastened between the cap and the
multiplexer main body. Usually, small lips are arranged at the edges of all the resonators
and screw holes on the contact surface as shown in Fig. 6.23. In this multiplexer example,

1mm is employed for both the lip height and width.

6.4.3 Discussion

As a design guideline, for a multiplexer with an odd number of channels, both Scheme
2 and 3 (See Appendix C of this thesis) can be considered for similar performance. One can
make a further selection based on the physical constraint of the layout and any specific
isolation or rejection requirement. It should also be noted that the required coupling levels
are similar for both schemes. For multiplexers with an even number of channels, the scheme
shown in Fig. 6.18(b) is recommended, where the consecutive pair of topological channels
can be assigned with two symmetrically located frequency channels. The coupling matrices
for all the schemes can be effectively synthesized by using the proposed optimisation
method. The general coupling matrix synthesis procedure is given in the following.
Step 1: Transform the frequency specifications into normalized frequency channels.

Step 2: If the number of channels is even, jump to Step 3. If the number of channels is odd,
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assign the middle-frequency channel to the first topological channel, such as the CH1 shown
in Fig. 18 (a).

Step 3: Every two frequency channels located at two outer sides are assigned to the following
every consecutive pair of topological channels, as shown in Fig. 6.18 (a) and (b).

Step 4: Divide the multiplexer into multiple sub-circuits, including a filter and multiple
diplexers.

Step 5: Synthesis of the sub-circuits using the allocated frequency specifications in Steps 2
and 3.

Step 6: Take the coupling values obtained in Step 5 as the starting point. Optimize the
coupling matrix of the multiplexer using the GACMS method [23].

Step 7: Transform the optimal coupling matrix into the real frequency domain.

6.5 Summary of this Chapter

This chapter presented a novel concept to design compact manifold multiplexers based
on an all-resonator structure. Therefore, the proposed multiplexer can be designed based on
the coupling matrix synthesis-based design method. To address the coupling matrix
synthesis, a recommended frequency allocation scheme is presented for the proposed
multiplexers. Then, the coupling matrix can be successfully obtained by using the method
proposed in Chapter 4. A triplexer and a pentaplexer are designed and fabricated to

demonstrate the design concept of the proposed multiplexer design concept.
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Chapter 7 D-band Waveguide Diplexers
Fabricated Using Micro Laser Sintering and
CNC Machining

In this chapter, a D-band waveguide diplexer has been designed and fabricated using
micro laser sintering (MLS) based metal additive manufacturing. As a comparison, the same
diplexer design fabricated using high-precision computer numerical controlled (CNC)

milling is also presented.

7.1 Introduction

Due to the generously available bandwidth (up to several tens of GHz) and relatively
low attenuation, D-band has found many applications in high-capacity backhaul links for
5G and beyond, and space-based receivers for earth observation [1]-[3]. D-band has a 2 dB
lower rain attenuation than W-band and the attenuation is almost flat [4]. According to a
group report provided by the millimetre-wave (MWT) industry specification group (ISG) in
European Telecommunications Standards Institute (ETSI) [4], link distances of several
hundred meters are practical at D-Band frequencies with antenna sizes comparable to those
at E-Band.

As introduced in Chapter 1, the diplexer is an essential component in the
communication system. With the advantage of low-loss and high power handling capability,

the waveguide technology is still the best choice for the high mm-wave and sub-THz system
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(90~300GHz). However, the fabrication of the diplexers over 100 GHz is still a challenge.
The waveguide size is very small (e.g., The waveguide dimensions for the D-band frequency
range is WR-6 standard waveguide with the dimensions of 1.65mm X 0.83mm.) and the
filtering performance of the diplexer is highly sensitive to the manufacturing tolerance [5].
Therefore, high-precision fabrication accuracy of 5 um is required.

In recent years, additive manufacturing (AM) techniques, also known as 3D printing,
has become a fresh choice for RF and microwave components. This Chapter presents a
diplexer operating at D-band fabricated using a high-resolution micro laser sintering (MLS)
technique on stainless steel [6]. Comprehensive measurements are conducted on the

electrical performance and surface quality.
7.2 Diplexer Design
7.2.1 Filtering Topology and Synthesis

The diplexer is designed with the following specifications which meet the scope for
future communication links provided by European Telecommunications Standards Institute
(ETSI) [4] and frequency bands allocated to fixed service by ITU Radio Regulation 2020 [7].
*  Channel A passband (fa1- fa2): 130 - 134 GHz. Return loss = 20 dB.

*  Channel B passband (fs.1 - fs2): 151.5-155.5 GHz. Return loss = 20 dB.
* Isolation within the passband (IP) = 60 dB.

To minimize the transmitter power loss and maintain receiver sensitivity, a minimum
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Fig. 7.1. (a) The coupling topology of the diplexer and (b) The calculated S-parameter response
from the coupling matrix.

loss is required in the passbands. Based on the evaluation of different filter orders and
topologies, an 8th order all-resonator structure is adopted as illustrated in Fig. 7.1 to meet
the design specifications. Without the need for a junction-based frequency distribution
network, the diplexer can be realized in a more compact size. Note that resonator 2 not only
plays a role in frequency distribution but also provide a transmission pole in the passband.

The all-resonator diplexer is designed based on coupling matrix theory. The synthesis
is performed with the optimisation-based synthesis approach presented in Chapter 4. The

optimal coupling matrix and corresponding normalized scattering parameter responses are
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Table 7.1 The Optimal Coupling Coefficients for The Diplexer

D-band Waveguide Diplexer

Mutual Couplings Self-couplings

m(1, 2) 0.8677 m(1, 1) -0.0537

m(2, 3) 0.2203 m(2, 2) 0.0635

m(3, 4) 0.1200 m(3, 3) -0.8021

m(4, 5) 0.1548 m(4, 4) -0.8279

m(2, 6) 0.1767 m(5, 5) -0.8290

m(6, 7) 0.1026 m(6, 6) 0.8368

m(7, 8) 0.1330 m(7,7) 0.8524
m(8, 8) 0.8537

Input/output Couplings
m(1, P1) 0.5817 m(5, P2) 0.4265
m(8, P3) 0.3956

Chapter 7

shown in Table 7.1 and Fig. 7.1 (b), respectively. It can be seen that both transmission and

rejection requirements are theoretically satisfied. For the following physical realization, the

coupling matrix is first transformed into the real-frequency domain. The physical

dimensioning uses the initial design generation method presented in Chapter 5.

7.2.2 Structural Design and Simulation

The air cavity configuration of the diplexer is illustrated in Fig. 7.2(a). The diplexer is

designed on standard WR-6 waveguide cavities. Two channels are folded for a compact

configuration. Channel A is designed in a staircase configuration, which not only makes the

overall diplexer more compact but also increases the higher frequency rejection

performance in Channel B [8]. As shown in Fig. 7.2(b), to find the coupling coefficient, two

TE101 mode cavities are coupled with a slot in a staircase configuration. Their coupling

coefficients vary with the changes of relative distances. Considering the fabrication

resolution of the additive manufacturing, the height and width of the slot are kept constant
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Fig. 7.2. Structures of the diplexer design. (a) The core air cavity model of the diplexer, a = 1.651
and b = 0.826. (b) Coupling coefficients of two waveguide cavities coupled in a staircase
configuration, as a function of s. ws = 0.3 and hs= 0.3. (c) Schematic diagram of the diplexer with
top view, side view and bottom view. The resonator length: [1 = 0.9576, > =1.1071, s = 1.6538, I+ =
1.6459, Is = 1.3554, Is = 1.1842, Ir = 1.0958, Is = 0.9692. The dimensions related to couplings: s1 =
0.9583, 52=10.3039, s3=0.3899, s4=0.3495, 55 =0.2609, 56 = 0.4869, 57 = 0.5222. Input/output couplings:
w1=0.9594, 1>=0.9262, ws= 0.7948. The thickness for all the irises #1 = 0.2. Unit: mm.
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Fig. 7.3. Simulated S-parameter response of the 8t order diplexer shown in Fig. 4, compared with
the theoretical responses calculated from coupling matrix. The dash line denotes the theoretical
responses, and the solid line denotes the simulated responses.
at 0.3 mm. The coupling value range provided by the slot can fulfil the requirement of the
diplexer design. The physical dimensions are illustrated in Fig. 7.2(c). Fig. 7.3 shows the
simulated S-parameter responses, as compared with the responses calculated with the
coupling matrix. The S-parameter responses between the staircase coupled structure and
regular inductive iris coupled structure of Channel A are compared in Fig. 7.4. It can be seen
that the simulated isolation performance is much improved to over 60 dB. The diplexer
structure for MLS with UG-387 flange [9] is shown in Fig. 7.5(a) where the three-waveguide
ports are extended and bent along the H-plane for interface with external devices. The
diplexer model in Fig 7.5(a) is divided into two halves to be printed. Limited by the printing

volume of the printer, parts of the flanges have to be removed. The profile of the diplexer
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Port 1 =%

Fig. 7.6. The diplexer 3D model for CNC milling. The modified dimensions are: the resonator length
l =0.9238, I =1.1303, Is = 1.6719, I« = 1.6650, Is = 1.3781, Is = 1.2010, I7 = 1.1002, Is = 0.9598. The
dimensions related to couplings, s1=0.9747, s2=0.3030, s3 = 0.3918, s =0.3537, ss = 0.2571, ss = 0.5156,
s7=0.5559. Input/output couplings, w1=0.9908, w:=0.9172, ws= 0.8369. Unit: mm.

model is shown in Fig. 7.5(b).

As for the diplexer design for CNC milling, all three ports are extended in three
directions to allow connection with UG387 flanges as shown in Fig. 7.5. Meanwhile, the air
cavities are modified with rounded corners with a radius of 0.15mm to be convenient for

CNC milling. The other dimensions are modified as listed in Fig. 7.6.
7.3 Fabrication and Surface Treatment
7.3.1 Diplexer Fabricated by MLS and CNC

The diplexer was printed using stainless steel in an inert argon atmosphere by MLS
technology. The 3D printing service is provided by a Germany company called 3D

MicroPrint GmbH [6]. The MLS is one of the most accurate metal 3D printing technology
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Fig. 7.7. The fabrication process of the MLS.

technologies for small size metal structures. The fabrication process is illustrated in Fig. 7.7.
Firstly, the CAD model is sliced into layers. During the fabrication, the platform is coated
by a thin layer of metal powder and one layer is selectively sintered by a laser beam. The
laser source was an IR fibre laser with a 50W laser average power. The laser spot diameter
is focused down to 30 um and was operated in continuous wave mode. After the
construction of one layer, the platform is lowered down, and the fabrication process repeats
power covering and selective sintering until all the component is finished. The type of
stainless steel was 1.4542 (17-4PH) according to ASTM 564, which is a chromium-nickel
copper alloyed stainless steel, containing 17% chromium, 4% nickel, 4% copper and 0.3%
niobium. Each layer thickness is around 5 um. The powder particle sizes had d80 smaller

than 5 pm (d80 smaller than 5 um: The powder has 80% of the particles are less than 5 um
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(a) (b)
Fig. 7.8. The fabricated diplexer (a) by using the MLS technique (b) by using the high-precision

CNC machining.

in diameter) and had an electrical conductivity of 1.35 x 10° S/m [6]. The print took about 16
hours, but this could be considerably reduced by optimizing the build process further. The
fabricated diplexer is shown in Fig. 7.8. The flanges are built with the diplexer.

As for the diplexer fabricated by using CNC milling shown in Fig. 7.8(b), the precision
of the CNC machining is up to 10 um. The fabrication is provided by a commercial CNC
provider in China. The diplexer is split into two halves with the E-plane cut. They are milled

separately. Gold plating is performed to the milled diplexer to improve the surface quality.

7.3.2 Surface Treatment

To improve the surface quality and performance of the diplexer, the printed diplexer is
plated with gold. The gold plating has done by Millimeter Wave Technology Group with
Rutherford Appleton Laboratory (RAL). Fig. 7.9 shows the printed diplexer after gold
plating. The diplexer with tiny dimensions and complex structures is hard to be coated. Also,

stainless steel forms an oxide layer on the surface preventing corrosion of the base metal but
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Fig. 7.9. The MLS printed diplexer with gold plating.
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also good adhesion of the surface coating. In this case, the surface coating process utilizes
an unconventional electroless plating process which is a gold plating with a nickel
undercoat on the diplexer surface. To achieve a well-adhered uniform plating layer, removal
of oxide layer on the surface is critical. Conventionally, an excellent and proven method to
remove the oxide layer and apply a thin layer of nickel at the same time is to use a Wood'’s
nickel strike followed by electroless nickel plating and then the final gold plating. If there is
a time delay, nickel will get passivated and further plating will be impossible resulting in

unreliable gold adhesion on the nickel strike. Moreover, both the cathodic cleaning and



180 D-band Waveguide Diplexer Chapter 7

Wood’s nickel strike process [11] works on the principle of electro-polishing/plating
requiring an anode, cathode and direct current (DC). This set-up would require an anode
inside the diplexer cavity which was not achievable with the given structures. In our work,
the diplexer was plated using a novel electroless plating method which provides an
adequate surface finish albeit with alow adhesion strength in combination with gold plating
procedure. The workflow of the gold plating is illustrated in Fig. 7.10. The skin-depth of
gold operating at D-band frequency range is about 0.2 um. However, there exist
uncertainties during gold plating according to the experiments. The corners of the diplexer
cavity are difficult to be plated if thinner plating layer is used. To ensure a sufficient
coverage, the thickness of the nickel undercoat is about 3 um and the gold layer is about 2
pm.

The novelty of this electroless plating process lies in its capability to build up a
relatively thick gold deposit. In general, conventional methods are difficult to reach a
thickness in excess of a micron. In theory, this electroless (autocatalytic) plating process
could build over 3 um gold if an ideal condition can be achieved with careful pH,
temperature, and contamination control. What is more critical is the control of the flow
(agitation) of the plating solution around and inside the sample. This is highly geometry
dependent, not defined by the supplier and can only be optimized by trial-and-error. A
careful balance has to be found between minimum flow required to replace depleted

solution from the sample surface with fresh solution and turbulent flow that doesn’t allow
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Fig. 7.11. Measured S-parameter responses for the MLS diplexer before gold plating.

enough time for the gold to adhere to the surface. Experiments in regular waveguides show

over 3 um of gold can be realized. The plating process usually takes over 2 hours to plate 1

um.

7.4 Measurement and Discussion

7.4.1 Electrical Performance

The S-parameter performance of the as-printed MLS diplexer was measured by using
a Keysight network analyser. Two ports of the diplexer connect with a pair of OML VNA
extension modules, and the third port of the diplexer is terminated by a matched load. The
measured S-parameter responses, compared with the simulated ones, are shown in Fig. 7.11.
The simulation assumed the surface roughness of Sa = 2 um (the surface characterization
will be elaborated in Section 7.4.2). With the nominal conductivity of the stainless steel, the

effective conductivity will come down to 3.9 x10° S/m due to the surface roughness [12]-[13].
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The effective conductivity can be calculated by using CST Studio Suite. The simulated
average insertion losses are 3.65 dB and 4.41 dB within the passbands for the Channel A and
B, respectively. The simulated 3 dB bandwidths are 5.35 GHz and 5.23 GHz.

To compare with the simulation results, the measurement has the minimum insertion
losses for two channels are 4.2dB and 4.4 dB, respectively. The frequency shifts of the two
channels are 2.8 GHz (2.1%) and 3.3 GHz (2.1%), respectively. Since it is hard to compare
the bandwidth from the reflection responses (S11), 3dB bandwidth from the transmission
responses (521/Ss1) are compared. The 3dB bandwidths for two channels in the simulation
results are 5.58 GHz and 5.46 GHz. The measured 3dB bandwidths are 4.96 GHz (-11.1%)

and 6.04 GHz (+10.6%).

7.4.2 Surface Characterisation and Dimensional Measurement

To investigate the influence of the fabrication on the measurement results, the surface
roughness and dimensions of the MLS diplexer have been measured using an Alicona
optical system with a magnification of 50X [14]. The system has specified that the minimum
arithmetical mean height variation of the surface (Sa) is 0.06 um and the root-mean-square
deviation of the surface is 0.03 um.

The surface roughness of the bottom surface of the waveguide cavity is measured as
shown in Fig. 7.12. The measured Sa is 2.1 um and Sq is 2.8 um. It can be noticed that a
hatching pattern is discernible. However, it should be noted that no polishing was applied

to the cavity for fear of damage to the fine iris structures. The surface roughness of 2 um
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used in the simulation is an average from these measurements.

The widths W and lengths L of cavities shown in Fig. 7.4(c) are also measured using
Alicona optical system. The dimensions are given in Table 7.2 and compared to design
values. It is noticed that the dimensions are generally 0.2 - 3.9% larger than the design which
caused the frequency shift as shown in Fig. 7.11.

In addition to lateral dimensions, the depths of the cavities were also measured using
the Alicona system. Fig. 7.13(a) shows a composite image formed by measurements with
the Alicona system on different levels. Here the measured quantity is h, half of the
cavity/waveguide height as indicated in Fig. 7.13(b). The vertical dimension at the
numbered locations is given in Fig. 7.13. The measured dimensions are larger than the target

values (a/2 = 825.5 um) by less than 11 um. This indicates that good dimensional accuracy is

Height
eig -

-10'

_20_
-30¢

Fig. 7.12. Surface roughness measurement on the bottom area of a selected waveguide cavity.
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(b)

Fig. 7.13. Vertical dimension h measurement at locations 1, 2 and 3 (mm): 0.828, 0.834 and 0.837,

respectively. Note the photograph is after gold coating.

achieved due to the small layer thickness (7 um) and powder particle size (5 pum).

By considering the measured surface roughness and fabrication tolerances, we can
refine and update the simulation model. All the design values are changed to the values
shown in Table 7.2. The unavailable values L1, L> and Ls are assumed to be 1.8% larger than
the design values. The re-simulated response is shown in Fig. 7.14. Now that the insertion
loss level and frequency band more match with the measurement, the discrepancy in return
loss is still significant. Parameter study shows that this may be attributed to the imperfect
assembly contact between two half blocks of the diplexer. Using a model with a thin air gap
between the two half blocks (Fig. 7.15), it has been found that the re-stimulated responses
match the measurement responses, including return loss, much better when this air gap is
assumed tobet ,, = 4 pm,asshownin Fig.7.14.1tis not easy to measure the gap precisely,
but such an air gap is plausible because no polishing has been applied to the contact surfaces

for fear of damaging the fine iris structures.



Chapter 7

Table 7.2. Measured Dimensions of the Diplexer in Comparison with Their Design values

D-band Waveguide Diplexer
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Dimension Design values Measured values Deviations
(pm) (pm) (um) (pm)
W1 825.5 835 +9.5
W2 825.5 849 +23.5
W3 825.5 845 +19.5
W4 825.5 835 +9.5
W5 825.5 835 +9.5
Wo6 825.5 847 +21.5
W7 825.5 858 +32.5
W8 825.5 856 +30.5
WG1 825.5 831 +5.5
WG2 825.5 827 +1.5
L 958 N/A N/A
L 1107 N/A N/A
Ls 1654 1672 +18
Ls 1646 1658 +12
Ls 1355 N/A N/A
Le 1184 1204 +20
L7 1096 1120 +24
Ls 969 984 +15
— S e 5, Measured
——— e S Sy, Re-simulated (,,=3.9%10° S/m)
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Fig. 7.14. Re-simulated S-parameter responses by considering the measured surface roughness,

geometric dimensions and also the imperfect assembly contact, before gold coating.
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Fig.7.15. The diplexer simulation model with an added air gap to investigate the effect of the

assembly contact.

7.4.3 Fabrication Tolerance Analysis

To investigate the influence of fabrication tolerance on the performance of the diplexer,

an analysis has been performed based on simulation. The x and y directions of the diplexer

shown in Fig. 7.5(a) are increased by 0-5%. Latin Hypercube sampling [15] with random

distribution is utilized to collect 500 sets
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Channel A and (b) Channel B.
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Fig. 7.18. Tolerance analysis of the return loss with regard to dimensional scaling. (a) Channel A
and (b) Channel B.
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frequencies and return loss (RL) levels for the sets are extracted and compared with the
simulated responses. Their variation ABW, ACF and RL for the two channels with respect to
the scale (x and y directions) are shown in Fig. 7.16, 7.17 and 7.18. The surface fitting employs
the biharmonic spline interpolation method implemented in Matlab. It can be noticed that
the bandwidth of channel A is more sensitive to y-direction scaling while that of channel B
is more sensitive to the x-direction. This is because the scaling affects the inter-resonator

couplings. The centre frequencies of both channels are sensitive to x-direction scaling. The
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return losses of both channels are sensitive to the x-direction scaling. The RL of channel B is

more sensitive to the y-direction scaling than that of channel A.

7.4.4 Measurement After Gold Plating

After gold plating, the diplexer S-parameter were measured again using a pair of VDI
frequency extension modules. The measured S-parameter responses comparing the
simulation responses are shown in Fig. 7.19(a). In the simulation, the ideal conductivity of
gold (4.6x107 S/m) is firstly used. The minimum simulated insertion losses for the two
channels are 0.49 dB and 0.57 dB, respectively. The corresponding measurement values are
1.31 dB and 1.37 dB. These are averaged over the range of 4 GHz around the measured
centre frequency. Note that gold coating has significantly reduced the insertion loss. It also
reduces the frequency shift by half to 1.22 GHz (0.9 %) and 1.69 GHz (1.1 %). The simulated
3 dB bandwidths are 5.66 GHz and 5.55 GHz while the measured 3dB bandwidths are 5.88
GHz (+3.9 %) and 6.39 GHz (15.1%). Using the model in Fig. 14, simulation is repeated
considering the measured surface roughness of 2 pm, measured geometric dimensions, and
the imperfect assembly contact. It has been found again that the re-stimulated S-parameter
responses appear well-matched with the measured ones when the air gap is assumed to be

toapy = 3.5 pm, as shown in Fig. 7.19(b).

gap
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Fig. 7.19. (a) Measured and simulated S parameter responses for the MLS diplexer after gold
plating. (b) Measured and re-simulated S-parameter responses considering the surface roughness
after gold coating, measured geometric dimensions and imperfect assembly contact.
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7.4.5 Measurement of CNC Milled Diplexer

As a comparison, the measurement setup using VDI extension modules for the diplexer
fabricated by CNC. The measured S-parameter responses of the diplexer fabricated by CNC
are shown in Fig. 7.20. The simulation results utilized were also obtained by using a gold
cavity. The minimum insertion losses for the two channels are 0.60 dB and 0.49 dB. The
centre frequency shifts are very small which can be ignored while the bandwidths for the
two channels are slightly enlarged 0.51GHz (+8.2%) and 0.63GHz (10.1%) respectively.

To compare with the state of the arts listed in Table 7.3, the performance of both MLS
printed, and CNC milled diplexer show very good performance in terms of insertion loss,

frequency shift, and bandwidth variation.
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Table 7.3 Comparison with Reported Narrowband Filters and Diplexers

Ref.  fo(GHz) Afo (%) BW ABW(%)* IL(dB) Fabrication

6] 132/145 0.7/1 3/5.1 7.5/8 1.2/0.8 DRIE

7] 190/220 1.6/1.4 2.1/2.7 25/33 1.5/1.5 CNC

[9] 265/300 3/1.67 7.5/6.7 N/A 7.6/8 SU-8
TW.  132/1535 0.92/1.1 4/4 3.9/15.1 1.31/1.37 MLS
TW.  132/1535 0.2/0.17 4/4 8.2/10.1 0.60/0.49 CNC

*Afo means centre frequency shift, ABW is the bandwidth variation comparing with the simulation
results.

7.5 Summary of this Chapter

This chapter presents a D-band diplexer fabricated using MLS micro additive
manufacturing technology. Also, a sample diplexer design has been fabricated by using
high-precision CNC milling technology as a comparison. The diplexer is designed in an all-
resonator structure using the coupling matrix synthesis-based design method. To balance
the trade-off between the filtering performance and fabrication constraints, the diplexer is
designed in a novel configuration. To improve the electrical performance of the diplexer,
the MLS fabricated diplexer is plated with gold via an irregular electroless plating technique.
Both the MLS printed diplexer and the CNC milled one show very good performance in
terms of insertion loss, frequency shift, and bandwidth variation. Based on comprehensive
measurements, the reason for the deterioration of the MLS printed diplexer has been found.
Although the diplexer fabricated by additive manufacturing still exists limitations, e.g.,
unstable fabrication tolerance and limited fabrication size, there still provides a new

possibility to fabricate the diplexers and multiplexers in the future.
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Chapter 8 Conclusions and Future Work
8.1 Conclusions

This thesis focuses on the new design methodologies, novel configurations, and new
fabrication techniques for microwave diplexers and multiplexers.

In Chapter 4, an optimisation-based coupling matrix synthesis method for all-resonator
diplexers and multiplexers has been proposed for complex coupling topologies that are not
directly synthesizable. The proposed method is believed to be the first general method to
effectively tackle the coupling matrix of all-resonator diplexers and multiplexers with
complex configurations. Six numerical case studies have been carried out to verify the
proposed method. Statistical comparisons show that the proposed method has a higher
optimisation ability and robustness in the complex coupling matrix synthesis problems. The
proposed method takes advantage of prior design knowledge of channel filters and
implements a powerful memetic optimisation algorithm. The information provided from
the channel filters reduces the search ranges. In addition, the channel-by-channel
optimisation scheme simplifies the optimisation difficulties. The utilized Memetic optimizer
balances the exploration and exploitation, which effectively tackles the characteristic
landscape of the all-resonator multiplexers.

While Chapter 4 focused on the synthesis of coupling matrices, Chapter 5 proposed an

EM optimisation method for microwave diplexers. This is the so-called GDODK (general
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diplexer global optimisation method guided by design knowledge) method. It is a general
and automatic EM optimisation method for diplexers. It combines the generality (i.e., the
method is suitable for diplexers with different types of channel filters and junctions) and
the powerful optimisation ability. The proposed method has been demonstrated in three
practical design cases. This method employs the high-quality initial design generation
method and key performance-based objective functions. The high-quality initial design
narrows down the search range and reduces the complexity of the optimisation. The
performance-based objective function further simplifies the characteristic landscape of the
diplexer optimisation problem, which enhances the efficacy of the EM simulation-based
optimisation.

Chapter 6 presented a novel manifold multiplexer configuration using an all-resonator
structure, based on the new concept of a ‘resonant manifold’. The proposed configuration
has the advantage of a compact footprint over conventional manifold multiplexers. The
proposed multiplexer has been represented and designed based on coupling matrix theory.
For every filtering topology, there can be various frequency allocation schemes. An
appropriate frequency allocation scheme is suggested for the proposed multiplexer
configuration. The coupling matrix for the multiplexer can be effectively obtained by using
the method proposed in Chapter 4. To verify the resonant manifold design concept, two
waveguide multiplexers operating at X-band are synthesized and prototyped. According to

the measurement results of the triplexer and the pentaplexer, good agreements have been
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shown with respect to the simulations. The resonant manifold provides a more compact
multiplexer topology. It is worth noting that the proposed concept is not restricted to
waveguide technology but more generally for applications such as mobile base stations or
satellite payload systems. One drawback for the resonant manifold multiplexer is its
isolation performance, in comparison with the conventional manifold multiplexer. To
address this shortcoming, one potential method is to increase the order of the channel filter.
The other one is to appropriately assign the transmission zeros by using the cross-couplings
or extracted pole structures in the channel filters.

Chapter 7 investigated a sub-terahertz diplexer, its design and manufacture. A D-band
diplexer was fabricated by using MLS micro-printing technique. As a comparison, the
diplexer with the same design was also fabricated by using high-precision CNC milling. The
diplexer has an all-resonator structure. It has been designed using the coupling matrix
theory. The diplexer structure has been tailored for the filtering performance and fabrication
constraints. To improve the electrical performance of the diplexer, the MLS fabricated
diplexer is plated with gold using a newly-developed electroless plating technique.
Comprehensive measurements have been carried out to characterise the fabricated diplexers.
Both the MLS printed diplexer and the CNC milled one show very good performance in
terms of insertion loss and frequency response. Comprehensive measurements have
revealed the reason for the performance deterioration of the MLS printed diplexer. Despite

its inferior performance to the CNC machined counterpart, the 3D printed diplexer offers a
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new possibility to fabricate the diplexers and multiplexers in the future. The additive
manufactured diplexers have high potentials in several aspects. 1) Simple and rapid
prototyping process, 2) More variation and flexibility in the structure design, 3) Possibility
of co-manufacture with other components, and 4) Monolithic build with no or reduced

assemblies.

8.2 Future Work

Built on this thesis, possible future work may be in the following directions:
1) General Coupling Matrix Synthesis of Multi-Port Networks with Mixed Topology

The proposed optimisation-based synthesis method in Chapter 4 can deal with
coupling matrix problems of all-resonator multiplexers. In practice, non-resonant T-junction,
star-junction, and manifold junction are widely employed. These junctions can be treated as
non-resonant nodes in the multiplexer topology and the corresponding coupling matrix. On
the other hand, one non-resonant node can form an extracted pole structure with a resonator
to generate transmission zeros in the filtering responses. Theoretically, a multiport network
with resonators, non-resonant nodes, and ports can be represented by using a single
coupling matrix. The synthesis of such a more general coupling matrix may be the subject
of future research.
2) General EM optimisation method for multiplexers

In this thesis, the EM optimisation method proposed in Chapter 5 addressed the

optimisation tasks for diplexers without configuration restrictions. However, this method
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still has its limitations when applied to multiplexers. This can be attributed to several
reasons. First, the multiplexer has more channels than the diplexer. The mutual influence
between the channels will be more complex, which presents a great challenge to the overall
optimisation. Moreover, multiplexers normally have much more design variables than
diplexers. The design space is enlarged exponentially with the increase of the design
variables. Full-wave EM simulation will also be more time-consuming and less efficient.
Further investigation is needed to extend the automatic EM optimisation technique from
diplexers to multiplexers.
3) Multiplexers with novel configurations

The proposed novel multiplexer configuration in Chapter 6 has realized a more
compact footprint than that of the conventional ones. However, the prototyped multiplexers
have relatively simple configurations. To improve the filtering performance, cross-
couplings or extracted pole structures can be added to the channel filters. On the other hand,
multiple-mode resonators can be employed in multiplexer designs. For example, multiple-
mode resonators can be used in the resonant manifold. It is expected this can improve the
bandwidth of the multiplexer. However, none of these will be straightforward. This
increases the difficulty of the multiplexer design and optimisation. Therefore, the

multiplexers with novel configurations can be further studied.
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Appendix A

Appendix
A. Recursive Techniques

In the following, the recursive technique is detailed. Substituting the identities,

acoshx:ln(az—i—v:ﬂ—1),cosha::6 Te (A1)
Then, the filtering characteristic function in equation (3.15) is transformed as
N
Cy(w) = cosh [Z In(a, + bn)] (A.2)
n=1

where a,, = x,,, b, = \/x2 — 1. In this case, a? — b2 = 1. Then, (A. 2) can be derived by

C(w) = %{exp {i In(a, + bn)] + exp {— i In(a, + bn)} }

n=1

I (a,+b,)
T R S
=g [l s b) s S e e = m]
1 N N
=3 [Hfa” +b,)+ ll(an - bn)} (A.3)
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where ¢, =w——-,d, = w'y/1—1/w? ,w’ = Vw? — 1. From (A. 5), it can be seen that the

numerator of C'y; can be formulated as

mum(C, ()] = Fiy() = 3 (O () + G(w)] (A.5)

with

where G, can be expressed as a sum of two polynomials Uy (w) and Vi (w) as

Gy(w) = Uy(w) + Vy(w) (A.6)

with
Uy (W) = g + tw + upw® + -+ uyw™,
Vy(w) = w'(vg + vyw + vpw® + -+ vyw™).
The recursive process starts from prescribing the first TZ w,, namely, substitute N = 1 into

(3.21). Then, G, can be obtained as

Then, when N = 2, G,(w) is calculated by
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= Uy (w) + Vy(w) (A.8)

Since the U,(w) is a polynomial of w, V,(w) is the polynomial of w with the term of w’.

Thus, w'V; (w) is a polynomial without the term of w’. W'V, (w) = (w? — 1)(vy + vyw + Vyw? +

-+ vyw™). Therefore, we have

Uy(w) = wU, (w) —%:J)—l—w"/l(w)\/l 1wl (A.9)
VQ(w):wvl(w)—%j)—l—w/Ul(w)\/l—l/w% (A.10)

After obtaining the U, (w) and V,(w), the cycle will be repeated by using the third to Nth

transmission zeros until the U,,(w) and V,,(w) are calculated. There are N — 1 iterations.

Uy (@) = wUy_; () —UIVTlV<°“’)+w'VN1<w>\/1 —1/u, (A.11)
V(@) = wVy_y () — VNw—]lV(“) F WUy (@)1 - 1k, (A.12)

For the equation of G’ in (3.20), it can be seen that Uy (w) = Uy (w) and Vi (w) =

—Vx(w). G’y can be obtained via a similar process. After another /N — 1 iterations,

Fy(®) = 3Gy () + 'y (@)

— %{[UN(W) + V()] + U y(w) + V' y(w)]}
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= Uy (w) (A.13)

Then, we can find that the zeros of Fy(w) are the roots of the polynomial Uy (w).

Knowing the polynomial Py (w) and Fy (w), Ey(w) can be obtained.
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B. Resonant Frequencies of Denormalized Resonators

The resonant frequency of a denormalized resonator is calculated from the
corresponding self-coupling in the coupling matrix. The self-coupling is seen as the resonant
frequency in the normalized frequency range. Therefore, the calculation process is a
frequency transformation process. Equ. 3.33 is also employed here. The self-coupling has
the following relation,
where f is the resonant frequency of the resonator, f is the centre frequency of the filter.
Then, a Quadratic equation (with the form az? 4+ bz + ¢ = 0) can be obtained,

f2 =1 (fo FBW m(i,i)) — f§ = 0 (B.2)

To solve the equation (B.2), two roots can be obtained based on the quadratic formula

Considering the real situation, only the solution with a minus symbol is selected. Then, the

resonant frequency of the resonator is expressed as

. (FBW -m(ii) \/ FBW - m(i, i)\
f_fo Kfi 1+(#> / (B4>

It can be noticed that the m(i, i) introduce a shift in the resonant frequency in the

denormalized resonator without changing their slope parameter of 1/FBW .
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C. Frequency Allocation Schemes for Resonant Manifold Triplexer

The triplexer topology with different frequency allocation schemes can result in
different filtering responses. The combinations of frequency allocations can be put into three
categories and demonstrated here. In the following, Scheme 2 is chosen for the final design
in Chapter 6. Note that all the coupling matrix optimisation processes utilize the same
topology separation scheme to prepare the initial coupling values, as shown in Fig. 6.2. In

addition, the same objective function, as expressed in (9), is used.

C.1 Scheme 1: (a) CH:-CH2-CH:s or (b) CH3-CH2-CH1

In this scheme, the topological channels are assigned with frequencies sequentially
either from low to high or the other way around. The S-parameter responses after
optimisation are shown in Fig. C.1. The corresponding coupling values are listed in Tables
C.1 and C.2. It can be observed that although the return loss responses are satisfactory, the

transmission responses exhibit strong interference between the channels.

C.2 Scheme 2: (a) CH2-CH1-CH:s or (b) CH2-CH3-CHi1

In this scheme, the first topological channel is assigned with the middle channel
frequency, where the following two are assigned with the two bands on either side, as
shown in Fig. C.2 together with the S-parameter responses from the optimized coupling

matrix. The coupling values are listed in Tables C.3 and C.4. The filtering responses exhibit
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reasonable isolation performance. The transmission zeros appear at the appropriate place
in the guard bands. This scheme is selected in this paper, consistent with the channel

extension scheme proposed in Fig. 6.18.

C.3 Scheme 3: (a) CH:1-CH3-CH: or (b) CH3-CH1-CH2

The assignment of Scheme 3 is similar to the one of Scheme 2. The last topological
channel, rather than the first one, is assigned with the middle band frequency, as shown in
Fig. C3. The optimized coupling values are listed in Table C.5 and C.6. The filtering

responses broadly match those from Scheme 2 but with slightly higher asymmetry.
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Fig. C.1. S-parameter responses for the resonant manifold triplexer. (a) Frequency allocation scheme 1; (b)

Frequency allocation scheme 2.

Table C.1 Optimized Coupling Values for Triplexer with Allocation Scheme 1

m(1, 2) m(2, 3) m(1, 4) m(4, 5) m(5, 6) m(4,7) m(7, 8)
0.2989 0.1765 0.6936 0.4099 0.2204 0.2877 0.3019
m(8, 9) m(1, 1) m(2, 2) m(3, 3) m(4, 4) m(5, b) m(6, 6)
0.2125 -0.0373 -0.8327 -0.8440 0.1440 -0.0877 -0.0419
m(7,7) m(8, 8) m(9, 9) m(1, P1) m(3, P2) m(6, P3) m(9, P4)
0.5182 0.5968 0.7917 0.7662 0.4478 0.4424 0.4368
Table C.2 Optimized Coupling Values for Triplexer with Allocation Scheme 2
m(1, 2) m(2, 3) m(1, 4) m(4, 5) m(5, 6) m(4,7) m(7, 8)
0.2912 0.1679 0.6979 0.4111 0.2221 0.2871 0.3136
m(8, 9) m(1, 1) m(2, 2) m(3, 3) m(4, 4) m(5, 5) m(6, 6)
0.2317 0.0268 0.8413 0.8519 -0.1395 0.1232 0.0749
m(7,7) m(8, 8) m(9, 9) m(1, P1) m(3, P2) m(6, P3) m(9, P4)
-0.5242 -0.5569 -0.7732 0.7662 0.4368 0.4424 0.4478
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Fig. C.2. S-parameter responses for the resonant manifold triplexer. (a) Frequency allocation scheme 3; (b)
Frequency allocation scheme 4

Table. C.3 Optimized Coupling Values for Triplexer with Allocation Scheme 3

m(1, 2) m(2, 3) m(1, 4) m(4, 5) m(5, 6) m(4,7) m(7, 8)
0.2982 0.1706 0.7113 0.2346 0.1780 0.5616 0.2957
m(8, 9) m(1, 1) m(2, 2) m(3, 3) m(4, 4) m(5, 5) m(6, 6)
0.1838 0.0042 0.0138 0.0138 -0.0127 -0.7970 -0.8240
m(7,7) m(8, 8) m(9, 9) m(1, P1) m(3, P2) m(6, P3) m(9, P4)
0.1533 0.7163 0.8154 0.7662 0.4424 0.4478 0.4368

Table C.4 Optimized Coupling Values for Triplexer with Allocation Scheme 4

m(1, 2) m(2, 3) m(1, 4) m(4, 5) m(5, 6) m(4,7) m(7, 8)
0.2980 0.1706 0.7108 0.2254 0.1692 0.5658 0.3177
m(8, 9) m(1, 1) m(2, 2) m(3, 3) m(4, 4) m(5, 5) m(6, 6)
0.1946 -0.0149 0.0152 0.0152 0.0082 0.8082 0.8328
m(7,7) m(8, 8) m(9, 9) m(1, P1) m(3, P2) m(6, P3) m(9, P4)
-0.1201 -0.6923 -0.8049 0.7662 0.4424 0.4368 0.4478
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Fig. C.3. S-parameter responses for the resonant manifold triplexer. (a)Frequency allocation scheme 5. (b)

Frequency allocation scheme 6.

Table C.5 Optimized Coupling Values for Triplexer with Allocation Scheme 5

m(1, 2) m(2, 3) m(1, 4) m(4, 5) m(5, 6) m(4, 7) m(7, 8)
0.3035 0.1765 0.7096 0.2145 0.1688 0.4514 0.1958
m(8, 9) m(1, 1) m(2, 2) m(3, 3) m(4, 4) m(5, 5) m(6, 6)
0.1772 -0.0068 -0.8309 -0.8412 0.1336 0.8127 0.8341
m(7,7) m(8, 8) m(9, 9) m(1, P1) m(3, P2) m(6, P3) m(9, P4)
-0.0170 0.0059 0.0129 0.7662 0.4478 0.4368 0.4424
Table C.6 Optimized Coupling Values for Triplexer with Allocation Scheme 6
m(1, 2) m(2, 3) m(1, 4) m(4, 5) m(5, 6) m(4, 7) m(7, 8)
0.2950 0.1688 0.7112 0.2239 0.1772 0.4516 0.1960
m(8, 9) m(1, 1) m(2, 2) m(3, 3) m(4, 4) m(5, 5) m(6, 6)
0.1785 -0.0057 0.8384 0.8499 -0.1297 -0.8017 -0.8247
m(7,7) m(8, 8) m(9, 9) m(1, P1) m(3, P2) m(6, P3) m(9, P4)
0.0596 0.0266 0.0174 0.7662 0.4368 0.4478 0.4424




