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Resumen

La presente tesis doctoral tiene como objetivo principal el estudio, desarrollo, diseño y

fabricación de nuevos componentes pasivos de microondas, tales como �ltros y multiplex-

ores que operen en las bandas de alta frecuencia de los actuales y futuros satélites de

telecomunicación (bandas Ku, K y Ka) entre 12 y 40 GHz. Dichos componentes deben

ser capaces de ofrecer tanto respuestas clásicas sencillas como avanzadas (elípticas), y

presentar una capacidad de resintonización (tanto en términos de frecuencia central como

de ancho de banda). Estos componentes darán solución a las necesidades actuales de los

sistemas de comunicaciones espaciales, que requieren de mayores tasas de transmisión de

datos (señales de mayor ancho de banda), así como de mayor �exibilidad en las frecuencias

de operación, para ofrecer con un mismo dispositivo distintos servicios y prestaciones.

Para ello, se proponen tanto modi�caciones a las estructuras de �ltros clásicos de

microondas actuales, como la introducción de nuevas estructuras. Asimismo, también se

investigará el uso de los tornillos de ajuste post-fabricación de los �ltros como tornillos

de sintonía metálicos, así como la posible introducción de tornillos de sintonía realizados

con distintos materiales dieléctricos. Se pretende, de esta forma, mejorar las respuestas

de los dispositivos actuales; reduciendo su tamaño y costes de producción (debido a la

relajación de las tolerancias de fabricación), abaratando de esta forma la fabricación y

futura operación de los mismos.

Aprovechando estos nuevos dispositivos, se abordará también el diseño, fabricación

y medida de componentes más complejos, como pueden ser los los diplexores de canal o los

conmutadores con respuesta selectiva en frecuencia, todos ellos necesarios en los sistemas

de comunicaciones espaciales y en íntima relación con los �ltros previamente mencionados.

Por último, el desarrollo de todos estos nuevos dispositivos vendrá acompañado de

una metodología de diseño basado en el uso del Mapeo Espacial Agresivo (Aggressive

Space Mapping, ASM) especialmente adaptado a los �ltros en guía de onda.
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Resum

La present tesis doctoral té com a objectiu el estudi, desenvolupament, diseny i fabricació

de nous components pasius de microones, tals com els �ltres i multiplexors que operen

en les bandes d'alta freqüencia dels actuals i futurs satèl·lits de telecomunicació (bandes

Ku, K i Ka) entre 12 i 40 GHz, Aquests components han de ser capaços d'oferir tant,

respostes clàsiques sencilles com avançades (eliptiques), i que a més a més presenten

una capacitat de resintonització (tant en termes de freqüència central com d'amplada de

banda). Aquestos nous components pasius donaràn solució a les necesitats dels actuals

sistemes espacials, que requereixen de majors taxes de transmissió de dades (senyals de

major amplada de banda), així com de major �exibilitat en les frequencies de operació,

per oferir en un mateix dispositiu distints serveis i prestacions.

Per aquesta raó, es proposen tant modi�cacions a les estructures del �ltres clàsics

de microones actuals, com la introducció de noves estructures. Així mateix, també

s'investigarà l'us dels tornells d'ajustament post-fabricació dels �ltres com a tornells de

sintonía metàl·lica i la introducció de tornells de sintonía realitzats amb diferents materials

dielèctrics Es pretén, d'aquesta forma, la millora de les respostes del dispositius actuals;

reduint la envergadura i els costos de producció (gràcies a la relaxació de les toleràncies de

fabricació), abaratint d'aquesta forma la fabricació i futura operació dels �ltres mateixos.

Apro�tant aquestos nous dispositius es treballarà també en el disseny, fabricaçió

i mesura de components més complexes, com poden ser els multiplexors de canal i els

commutadors amb resposta selectiva en freqüencia, tots ells necessaris en els sistemes de

comunicacions espacials i en íntima relació amb els �ltres abans esmenats.

Per �nalitzar, el desenvolupament de tots aquestos dispositius vindrà acompanyat

d'una metodologia de disseny basada en l'us del Mapatge Espacial Agressiu (Aggressive

Space Mapping, ASM), especialment adaptat als �ltres en guia d'ona.
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Abstract

The main objective of this doctoral thesis is the study, development, design and man-

ufacture of new passive microwave components in waveguide technology, such as �lters

and multiplexers, that operate in the high frequency bands of current and future telecom-

munication satellite payloads between 12 and 40 GHz (Ku, K and Ka bands). The new

solutions developed must o�er both classic and advanced (elliptical) responses, as well as

the possibility of being recon�gured both in terms of center frequency and bandwidth. The

motivation for this research is to address the current and future needs of space communi-

cation systems which require higher data rate transmission (that is larger bandwidths),

as well as �exibility with respect to the operating frequency to dynamic adaptation to

possible changes in user demands.

In this context, we propose in this thesis alternative microwave �lter structures in

metallic waveguide, as well as novel solutions. We explore di�erent approaches to adjust

the �lter performance, using both traditional metallic tuning screws as well as tuning

elements made with di�erent dielectric materials. We also advance the state-of-the-art by

developing more performing Space Mapping procedures for the design, optimization and

tuning of the �lter structures that we propose. The objective is to improve the response

of the devices and reduce, at the same time, their manufacturing time and costs.

As a fundamental element of our work, in addition to theoretical developments, we

also apply the �ndings of our research to the design, manufacture and measurement of

a number of more complex components, such as diplexers and integrated switches and

�lters. They are practical devices to demonstrate the ability of the novel �lters that we

propose to satisfy the requirements of current and future advanced satellite payloads.
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Chapter 1

Introduction

1.1 Motivation

The development of communication satellites has always been motivated by the ever in-

creasing demand for higher transmission capacity. As a consequence, the classic frequency

bands used by satellites, namely, from 1 to 12 GHz (L, S, C and X bands), are now sat-

urated. Therefore, the new systems are gradually moving to higher frequencies, namely,

from 12 to 40 GHz (Ku, K and Ka bands) where the absolute bandwidth available for

each channel is greater [1].

This, in turn, has triggered the investigation of new devices and components that

can operate at higher frequencies and that can satisfy the new requirements. In this

context, new hardware will need to be developed in mainly three di�erent technologies:

metallic waveguide, planar and waveguide-planar hybrids. However, the development

of the needed hardware in the 12 to 40 GHz frequency range poses a number of both

theoretical and practical challenges.

First, the use of higher frequencies usually comes at the cost of greater signal atten-

uation due to two main factors, the atmospheric absorption (specially above 12 GHz) [2]

and the higher Ohmic losses inside the (passive) components [3]. Second, as can be di-

rectly deduced from the relation between frequency (f ), wavelength (λ) and the speed of

light (c) in equation 1.1, higher frequency implies shorter wavelength. As a consequence,

therefore, the physical dimensions of the hardware are reduced, and the complexity of the

manufacturing process is increased.
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Chapter 1. Introduction

λ = c/f (1.1)

The size reduction can be particularly problematic for waveguide technology. This is

because the fabrication tolerances can become signi�cant with respect to the dimensions

of the components, and can adversely a�ect their performance. Furthermore, smaller

components generally result into higher internal electromagnetic �eld strength. This, in

turn, can cause undesired high-power e�ects, like the well-known multipactor and corona

e�ects [4].

All these challenges are particularly relevant for communication satellites because

they are extensively based on waveguide components. Waveguide technology is, in fact,

the best solution in terms of both power handling and insertion losses [5].

Another challenge for waveguide components in communication satellites is the con-

stant requirement of size and mass reduction of all payloads. This is, in fact, required in

order to reduce the launch cost of the satellites.

Moreover, the development of communication satellites with higher communication

capacity, normally results in wider total bandwidth and a larger number of channels per

satellite, and this can signi�cantly increase the system complexity [6]. The development

and use of tunable and/or re-con�gurable devices then becomes an attractive solution in

order to reduce the number of components, and to allow for in-orbit recon�guration to

accommodate variable user requirements.

In this context, it is important to recall that some waveguide devices do currently

use metallic tuning screws, that are adjusted manually after manufacturing in order to

compensate for the dimensional errors inevitably introduced by the fabrication processes.

The screws (also tuning elements or tuners) can indeed change the response of the device

and could, at least in principle, be used for the recon�guration of the device itself [7]

and [8]. However, the use of metallic tuning screws can produce undesired e�ects in the

device like increased insertion losses, the generation of passive inter-modulation (PIM)

e�ect, and multipactor e�ects, thus signi�cantly reducing the power-handling capability

of the component [9]. For these reasons, di�erent solutions are investigated in this thesis

to implement recon�gurable passive devices in waveguide technology for satellites.

Finally, it is important to note that a common engineering solution for the devel-

opment of the new devices operating in Ku, K and Ka bands is the adaptation of classic

designs developed in the past for lower frequency bands. This can indeed be a viable so-

lution in some cases. However, it can also cause important limitations in terms of power

handling and in terms of achievable device performance.
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1.2 Objectives

As a result of all of the above discussion, the development of new passive components

for communication satellites in Ku, K and Ka bands, with the capability of in-orbit

recon�guration and high power handling in waveguide technologies, has recently become

one of the main areas in microwave research.

1.2 Objectives

The main objective of this doctoral thesis is to provide all the information required for

the design of di�erent solutions for new tunable components in waveguide technology for

communication satellites.

To this end, the design of a number of new components is fully described and

validated with the measurement of prototypes. In particular, the subjects discussed are

as follows:

� A survey of the state-of-the-art of passive devices for satellite communications, with

the objective of identifying how the structures can be e�ectively modi�ed in order to

obtain tunable and recon�gurable devices with the required performance, without

reducing power handling capability or introducing undesired high-power e�ects.

� The development of an e�cient methodology for the design of novel tunable �lter

structures. The approach will be based on the use of the Aggressive Space Map-

ping (ASM) [10]-[12], adapted for the speci�c needs of microwave �lter design in

waveguide technology based on electromagnetic (EM) simulation tools.

� The use of the methodology developed for the design of new waveguide �lter struc-

tures that, being tunable, can provide greater bandwidths, as well as elliptic re-

sponses while reducing size, mass and fabrication costs.

� The implementation of novel tuning devices for both the correction of the manu-

facturing inaccuracies, and the on-board tuning and recon�guration of microwave

�lters. In this context, we will investigate the use of di�erent materials, such as

dielectrics, to be used as tuning elements that produce similar or better responses

as compared to the classic solutions based on metallic screws.

� Furthermore, taking advantage of the knowledge gained in our research, we will

demonstrate the possibility of computer supported tuning of microwave �lters in

waveguide technology, using high precision stepped motors and a purpose built

robotic arm.

� Finally, we will demonstrate the applicability of the basic concepts that we de-

veloped to more complex passive waveguide devices, like switches and diplexers,

thereby signi�cantly extending the range of potential application of our �ndings in

the area of communication satellite components.
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All of our �ndings have been fully validated through the simulation of the new

structures with commercial software tools of known high accuracy, and the fabrication

and measurement of several �lter prototypes.

Finally, it is important to mention that all the theoretical and practical advance-

ments of the state-of-the-art produced in our work, have been fully described in a number

of publications in technical journals and international conferences of high scienti�c value

in the microwave �eld.

In the next chapters, all information, solutions, and results about the di�erent sub-

jects considered in this doctoral work, are shown and explained in a detailed way.
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Chapter 2

State of the art

The Satellite Era started on October 4th, 1957, with the launch of the �rst arti�cial satel-

lite (Sputnik). Since that date, enormous advances in satellite technology and applications

have been made [13]. One of the most important applications of satellite technology is

telecommunications. The advances in this area have been motivated by the constant re-

quirement of achieving ever increasing data transmission rates, �exibility in the use of

di�erent frequency bands, as well as higher and more �exible satellite capacity, all with

the lowest possible cost.

With this set of general requirements, modern communication satellites have evolved

into very complex systems, where a large variety of di�erent technologies work together

in order to provide high quality communication links. To reach the current level of

sophistication, very signi�cant research e�orts have indeed been made in many di�erent

technical areas [5]. Technologies needed to improve the performance of communication

satellites include, but are not limited to, new mechanically strong and light materials,

more e�cient solar panels to provide the energy needed to operate the satellite equipment,

better thermal shields to protect the satellite payload from the solar radiation, e�cient

high power ampli�ers, and a variety of miniaturized microwave components with advanced

performances.

In this context, the objective of this thesis is to advance the state-of-the-art of

tunable microwave �lters and passive components in waveguide technology to be used in

the payload of communication satellites. Speci�cally, we focus on the microwave channel

�lters in waveguide technology. Microwave �lters are, in fact, one of the key components

of all satellite communication systems.

23



Chapter 2. State of the art

However, before starting our research activity, we deem appropriate to �rst under-

stand the basic functionality of microwave �lters in current communication satellites, and

to carry out a survey of the latest developments.

2.1 Satellite telecommunication links and transponders

Basically, a telecommunication link consists of an electromagnetic wave (the carrier) mod-

ulated by a signal that contains the information that is being transmitted. This modu-

lated wave is emitted by one piece of equipment and received by another. The most basic

telecommunication satellites that orbits the Earth acts then as a mirror, receiving the

signal from one point on earth, and re-transmitting the same signal toward another point.

The role of the satellite, in addition to routing the signal, is also to compensate for the

attenuation experienced by the signal as it travels from the source to the intended desti-

nation [5]. Fig. 2.1 shows di�erent possible uses of telecommunication satellite systems.

Figure 2.1: Example of satellite communications system.

As we already mentioned, telecommunication satellites orbit the Earth. There are,

in fact, many di�erent positions and orbits where satellites are deployed. From low Earth

orbit (LEO), typically between 200 to 1200 km, to the geosynchronous equatorial orbit

(GEO), at 35786 km from Earth.
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2.1 Satellite telecommunication links and transponders

This means that the communication link will always su�er signi�cant path losses.

The compensation of the losses usually takes place in the satellite, in a piece of equipment

called the transponder. Communication satellites generally host many such transponders.

Classic (transparent) transponders only compensate for the signal attenuation along the

path of the link [14].

The function of a basic transparent transponder is to receive a very weak signal from

a transmitting equipment on earth (the emitter), amplify the signal, and re-transmit the

exact same signal at much higher power level toward the receiving point at the end of

the link. This architecture is known as the bent-pipe architecture. Bent-pipe telecommu-

nication satellites typically re-transmit the signal using one (or a few) very large beams

to cover large portion of the Earth. Fig. 2.2 shows the typical power link budget for a

communication satellite.

Figure 2.2: Example of path loss diagram for satellite telecommunication links.
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The traditional transparent transponders are currently evolving toward more ad-

vanced system designs, the so-called regenerative transponders, that can implement many

di�erent types of signal processing, of such as de-modulation, decoding, encoding and

modulation. Regenerative transponders can also process signals from multiple ground

stations, combining (multiplexing) or splitting (de-multiplexing) them for transmission to

other multiple ground stations, after the required data processing has been carried out.

A further current evolution trend is toward the use of multiple spot beams to re-

transmit the signals to the users on earth. These architectures allow to substantially

increase the total radiated power and bandwidth of the system, and essentially move the

complexity of the telecommunication payload closer to the front end [6]. In particular,

the functionality of complex multi-channel manifold multiplexers, common in bent-pipe

satellites, is now being replaced by complex multi-beam antenna systems using integrated

�ltering structures.

This evolution from single-beam con�guration to multi-beam con�guration, allows

the satellite to re-use the available frequencies, increase the radiated power density for a

single channel (due to the concentration of the power into small beams) and multiplex

di�erent signals to multiple areas, see Fig. 2.3.

Figure 2.3: Example of single-beam and multi-beam satellites.

To do this, it is necessary to add to the transponder a robust switching network to

provide the satellite with the ability to route the signal through all the satellite compo-

nents correctly, from the receiver antenna to the emitter antenna. Additionally, satellites

are provided with a number of redundant equipment in case of malfunctioning of any

component in the transponder, making the switching network a critical component of the

communication satellite system. Fig. 2.4 shows the typical schematic of a multi-beam

satellite, where we can see that the switching network takes a main role.
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2.2 Transponders and waveguide technology

Figure 2.4: Example of a multi-beam satellite schematic.

In conclusion, the whole purpose of a satellite communication system is to support

the operation of a (large) number of transponders in a speci�c location in space, and

to keep them functional for as long as possible. This is needed because the cost of

development, manufacturing and launch of a satellite is, generally, quite high. As a

consequence, for satellite systems to be economically viable, they must have a life time

that is as long as possible so that the satellite owners can recover the costs, and make a

pro�t, renting out the communication capacity to their customers.

2.2 Transponders and waveguide technology

The basic function of a transponder (both transparent and regenerative) is to receive

the input signal, amplify it to compensate for the path losses, and re-transmit the same

identical signal. To this end, for example, the classic (transparent) transponder system is

then composed of six main parts or components (Fig. 2.5):

� The input and output (I/O) antennas.

� An input band-pass �lter.

� A low-noise ampli�er (LNA).

� A frequency converter (composed of an oscillator and a frequency mixer).

� An output band-pass (or low-pass) �lter.

� A high power ampli�er.

� A high power output �lter.
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Figure 2.5: Example of bent-pipe satellite transponder diagram.

As we can see, microwave �lters are one of the key components of satellite transpon-

ders. They take care of selecting the correct input signals, within a prede�ned range

of frequencies, and eliminate (or reduce) all other signals, including the external noise.

In the output, they ensure that power is radiated only in the intended frequency range

so that other services, operating in near-by frequency ranges, are not a�ected. For this

reason, it is critically important that microwave �lters respect the performance require-

ments that are de�ned at system level. Along with the �lters, other microwave devices

are usually installed in the satellite transponders, such as hybrids, couplers and switches,

that allow to route the signal through all the payload and create a path between the input

and output antenna of the satellite.

Historically, the most common solution for manufacturing satellite equipment has

been based on waveguide technology. However, recently, other technologies, like planar

micro-strip or, more recently, substrate integrated waveguide (SIW) technologies, have

been used to develop the components for speci�c miniaturized satellites, or pico-satellites

[15] and [16]. However, waveguide technology remains today the main choice to develop

and manufacture components for satellite communication payloads. This is mainly due

to the following attractive features:

� The waveguide technology is well understood, and substantial theoretical informa-

tion is freely available for the design of all required components.

� Advanced fabrication processes are readily available.

� The resulting hardware is robust and physically stable.

� Very high power handling capability is possible.

� Waveguide devices can exhibit reasonably low signal power losses.

The above features make waveguide technology the ideal choice for the development

of the space hardware just described. However, there are also a number of drawbacks

when using waveguide technology:
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� The fabrication costs may be high.

� Devices may be bulky and have high mass.

� The electrical characteristics may be a�ected by changes in operating temperature.

� It may be a challenge to assemble all required components in the small room gen-

erally available in satellites.

Nevertheless, even if some negative features must indeed be accepted, the waveguide

technology has proved itself to be the best choice for innumerable satellite implementa-

tions. We hope that our e�ort to develop tunable and recon�gurable microwave �lters,

will ensure the continued use of waveguide technology also in future, more advanced

telecommunication satellite payloads.

2.3 Waveguides and microwave �lters

A waveguide is, basically, a hollow metallic pipe (usually of rectangular or circular cross

section) inside which, above a certain frequency called the cuto� frequency, an electro-

magnetic wave can propagate.

Another important characteristic of waveguides is that they allow energy to propa-

gate within their cross section, but only for a discrete set of speci�c �eld con�gurations

called waveguide modes [17]. The number of modes of a hollow waveguide is, in fact,

in�nite and each mode has its own speci�c cuto� frequency. The mode with the lowest

cuto� frequency is called the fundamental mode. Normally, the fundamental mode is used

to carry the signal in a waveguide system. If the cross section of the wave-guide is not

changed along the waveguide, the modes remain separate, or rather, they are independent

from each other. This means that in a waveguide with uniform cross section di�erent

modes can propagate without exchanging energy among each other. They can, in fact,

be modeled as separate transmission lines.

The waveguide modes can also be divided into two families of modes, depending on

their basic electromagnetic �eld distributions. The two families (or classes) are: transver-

sal electric (TE) or transversal magnetic (TM), Fig. 2.6.

Waveguides are usually operated in the frequency range between the lowest cuto�

frequency, and the cuto� frequency of the �rst higher order mode. Below the cuto�

frequency of the lowest mode, energy cannot propagate in a waveguide. Waveguides can

therefore be considered to be high-pass devices (or �lters).

A waveguide �lter, on the other hand, allows the transmission of only a certain

speci�c set of frequency values. This range of frequencies is normally called the �lter

pass-band. All other frequencies are strongly reduced (or possibly eliminated).
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Figure 2.6: Field distribution for TE and TM modes in a rectangular waveguide.

In order to achieve this behavior, the waveguide �lter needs to have a speci�c internal

shape. The �lter performance is, in fact, determined by the interactions (or interference)

caused by the presence of changes in the shape of the cross section of the basic waveguide.

The presence of sections of waveguide with a di�erent shape causes the higher order modes

of the waveguide to exchange energy with each other. The nature and extent of this energy

exchange (or interference) is linked directly to the change in waveguide shape. The �lter

performance is then completely determined by the interactions of the waveguide modes

as they propagate through the sections of waveguide with di�erent shapes.

This means that we can obtain the same �lter response for a very large number of

di�erent kinds of waveguide structures. A �lter designer must then be able to select the

particular �lter shape that produces the best overall performance.

Microwave �lters are normally classi�ed according to their frequency response, as

follows:

� Low-pass.

� Band-pass.

� High-pass.

Fig. 2.7 shows the di�erent frequency responses of each of such �lters.
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2.3 Waveguides and microwave �lters

Figure 2.7: High-pass, band-pass and low-pass �lter responses. fc (cuto� frequencies), fs (stop-
band frequencies), f0 (central frequency) and f1, f2 (band-edge frequencies).

The vast majority of the �lters are designed to work only with the fundamental

mode of the waveguide but, we will see that we can also �nd in the technical literature

�lters that make use also of the higher order modes of the waveguide [8].

Finally, we can classify the �lters according to their physical structure. As already

discussed, there are, in fact, many di�erent possible con�gurations. We brie�y describe

next some of the most used �lter structures:

- Resonant waveguide �lters with irises [18]. These are the most basic, and oldest,

waveguide �lters, usually made in rectangular waveguide and using the fundamental TE10

mode. The uniform rectangular waveguide sections are used as resonators, coupled to each

other by apertures (windows or irises) in the resonator end walls. The irises can implement

inductive or capacitive couplings, see Fig. 2.8.

Figure 2.8: Example of a resonant waveguide �lter with inductive irises.
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- Waveguide �lters with dielectric resonators [19] and [20]. These �lters use pieces

of dielectric material inside the waveguide resonators. They are usually much smaller

as compared to those of the classic �lters without dielectric. On the other hand, the

presence of dielectrics excite a large number of higher order modes making their design

more complex, see Fig. 2.9.

Figure 2.9: Example of waveguide �lter with dielectric resonators.

- Corrugated and double-corrugated waveguide �lters [21]. These �lters are usually

employed to implement low-pass band responses. They use a number of ridges along the

resonators that provide responses having at the same time a wide low-frequency pass-band

and a wide stop-band, see Fig. 2.10.

Figure 2.10: Example of corrugated waveguide �lter.

This concept can be expanded adding transversal slots cut through the corrugations

that suppress the spurious modes present in the �lter structure [22]. This kind of �lters

are also known as wa�e-iron �lters, see Fig. 2.11.
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Figure 2.11: Example of wa�e-iron waveguide �lter.

- Waveguide �lters with stubs [23]. The stubs consist in short waveguides connected

to the body of the �lter in order to implement either an inductance or a capacitance

depending on the stub length. The stubs are used to improve the response of the �lter,

canceling undesired resonances, generating transmission zeros or expanding the bandwidth

of the �lter, see Fig. 2.12.

Figure 2.12: Example of waveguide �lter with stubs.

- Dual-mode �lters [24]-[26]. This kind of �lters are also very common in telecom-

munication satellites. They exploits the existence of degenerate modes (modes with the

same cuto� frequency but di�erent �eld con�guration) to highly reduce the size of the

device compared to the ones with a classic (single-mode) structure. For example, in the

well-known circular waveguide dual-mode �lter, the two degenerate modes TE111 modes

(the vertical and horizontal polarizations) in each cavity are coupled together by a tuning

screw rotated 45◦ (see Fig. 2.13). Then, the two modes are coupled to the corresponding

modes of the adjacent cavity by a cross-shape iris.
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Figure 2.13: Example of dual-mode �lter.

As we can see, there are indeed many di�erent types of waveguide �lter structures.

In addition, it is also possible to combine several basic structures to obtain the response

needed for a speci�c application.

Finally, it is important to note that microwave �lters have been designed in the past

to operate at a single center frequency, and with a �xed bandwidth. However, the constant

demand for modern communication services with increased agility and bandwidth, is

changing radically the �lter requirements. The old (and classic) �lter structures do not

allow, for instance, the dynamic re-con�guration of the �lter responses. This means that

new more advanced solutions must be developed to satisfy the novel demands.

2.4 Tunable microwave waveguide �lters

Recently, new waveguide solutions have been proposed in the technical literature with

the objective of providing remote variation of the response of the �lters, changing, for

instance, the values of the central frequency, bandwidth or return losses.

However, this has been done using conventional metallic tuning screws [27]. This

solution is indeed simple and elegant, but it does have a major disadvantage. The tuning

screws must be securely fastened to the body of the �lter in order to work properly. There-

fore, although the proposed �lter structure can indeed be tuned over a wide frequency

range, this can only be done manually. Furthermore, the tuning screws can reduce the

power-handling capability of the �lter due to the generation of undesired high-power ef-

fects [9].
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Initial investigations using dielectrics rods instead of metallic tuning screws have

indeed been discussed in the technical literature [28]. Furthermore, alternative solutions

have also been proposed in [29] and [30] to implement the remote tunability of the �lters,

either based on the use of sliding walls/resonators or applying a magnetic �eld to an

internal ferrite, thus modifying the electromagnetic response of the structure. However,

the proposed �lters are bulky, and the resulting structures can not be easily manufactured.

Additionally, the power handling of the solution proposed in [30] is reduced due to the

use of isolators, which also increase the insertion losses.

Finally, further e�orts have been focused on developing new tunable dual-mode �lter

structures, using actuators to change the dimensions of the resonator and the position

of the walls [31]. Stepped motors have also been used to control the position of tuning

rods [32].

2.5 Full-wave electromagnetic simulators

The introduction of modern EM analysis techniques and simulations changed completely

the classic �lter design process. In the past, the initial dimensions and optimizations were

based on analytical models and empirical adjustment of the dimensions, forcing the fab-

rication of multiple devices and the use of tuning screws to recover the ideal response [33]

and [34]. Now, a wide variety of commercial EM simulators are available, implementing

optimization routines and providing accurate EM responses, reducing signi�cantly the

cost and time of the design process. EM simulators have, in fact, been used to develop

a variety of di�erent approaches for the design of waveguide �lters. In this context, the

speci�cations, the technology to be implemented, the best EM simulator available and

the experience of the designer will decide which is the best method (in terms of time and

cost) to �nally design a speci�c waveguide �lter.

The classical starting point for the synthesis of a waveguide �lter is to use a func-

tion approximating the ideal �lter band-pass performance in the low-pass domain (well-

known functions are the Butterworth, Chebysev or elliptic functions), or approximating

the phase response (Bessel or Rhode functions) and then obtaining the ideal equivalent

circuit (usually based on lumped elements LC). Richard's transformation can then be

used to transform the inductive and capacitive behavior of the components in equivalent

transmission lines (stubs of the same electric length). Kuroda's identities can also be

used to facilitate the conversion between the various transmission line realizations [35].

Furthermore, distributed models based on resonant transmission lines and inverters can

also be used for this purpose [36]. The next step is to use one of the many methods based

on computer-aided design (CAD) tools, to rapidly obtain the physical representation of

the waveguide �lter based on the ideal circuit model developed in the �rst step.
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Some of the most common CAD commercial packages are based on electromagnetic

analysis techniques, which are driven by suitable optimization algorithms.

Finally, multiple EM simulators have emerged in the last years that implement

di�erent full-wave analysis techniques (e.g. �nite elements methods [37], multimode net-

works [38], mode-matching [39] and �nite integration technique [40], to mention a few),

and are all able to simulate accurately and e�ciently the EM response of the structures.

Moreover, we can also �nd multiple optimization algorithms that can be used to ob-

tain the ideal response of the �lter (e.g. quasi-Newton, gradient, random-search, etc...).

Each of them has speci�c advantages and disadvantages with respect to each �lter (with

particular features) to be designed.

In the realization of this doctoral thesis, three main commercial EM software tools

have been used in order to analyze, design and optimize the di�erent novel �lter structures

developed. These EM simulators are: HFSS (from ANSYS), FEST3D and CST Studio

Suite (from Dassault Systèmes).

2.6 Design and optimization procedures of microwave waveguide �lters

As already discussed, to accommodate the continuous changes in �lter requirements, new

advanced modeling and design techniques have also been developed in recent years. It is,

therefore, important to understand and outline how they can be used to design advanced

�lters. A possible modern �lter design process can be described as follows:

� We �rst obtain a theoretical �lter transfer function that satis�es the given require-

ments, using known mathematical developments from network theory.

� We can then model the ideal transfer function with an ideal circuit composed of

transmission lines (resonators), and ideal coupling elements (inverters).

� We can then compute the S-parameters (objective response) of this circuit model.

� We then compare the objective circuit model response with the one given by a

real waveguide structure, that implements the circuit elements using waveguide res-

onators, and waveguide discontinuities as coupling elements. This step is usually

carried out with a low accuracy EM simulator that performs the required compu-

tations in a very short time.

� Finally, we include in the �lter structure all of the features linked to a real man-

ufacturing process (e.g. rounded corners, losses due to the material and tuning

elements), and we simulate and optimize the real structure with a high-accuracy

full-wave EM simulator.

� The �lter can then be manufactured and measured, with good con�dence that the

experimental results will be very similar to the simulated performance.
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2.6 Design and optimization procedures of microwave waveguide �lters

As we can see, from the very �rst step, the use of EM simulators has become

absolutely essential in the �lter design process.

Another key element in the design process is an e�cient optimization tool (or algo-

rithm). In this context, the vast majority of modern EM simulators do provide a number

of automatic optimization algorithms, in order to obtain the required response with the

waveguide structure that is being simulated. These algorithms can indeed reduce the

time required in the design process, however, the time to carry out the computations

generally increases exponentially with the number of dimensions (or variables) to be op-

timized. For this reason, the optimization step in the �lter design process is not only

based on optimization algorithms, but in e�cient procedures that are speci�cally devel-

oped for the �lter to be designed. As a result, we can indeed �nd a very large number of

these optimization procedures in the technical literature such as multi-port optimization

techniques [41], topology optimization methods [42], and the already mentioned space-

mapping techniques [10]-[12].

In conclusion, it is important to note that, the correct combination of the EM

simulator and an e�cient optimization method is a key aspect in the �lter design process.

The waveguide �lter design does not follow a unique path to obtain the desired result.

Depending on the speci�cations of the �lter, topology and available resources, we can

select which is the best method and procedure to follow in order to obtain the best

outcome. That is, to obtain with the smallest time, cost and �lter size/volume, the best

response that can match the required �lter speci�cations.
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Chapter 3

Filter design using OS-ASM

This chapter describes and extends the results obtained during the research work related

to this thesis in the area of Space Mapping. It is important to note that the results

described in this chapter have resulted into the following scienti�c publications:

� J. Ossorio, J. Vague, V. E. Boria, and M. Guglielmi, "E�cient implementation of the

aggressive space mapping technique for microwave �lter design," in 47th European

Microwave Conference, pp. 644-647, Oct. 2017.

� J. Ossorio, J. C. Melgarejo, V. E. Boria, M. Guglielmi, and J. W. Bandler, "On

the alignment of low-�delity and high-�delity simulation spaces for the design of

microwave waveguide �lters," IEEE Transactions on Microwave Theory and Tech-

niques, vol. 66, no. 12, pp. 5183-5196, Dec. 2018.

Space Mapping (SM) was �rst introduced by professor John W. Bandler in 1994 [10].

SM is essentially an optimization procedure that is based on the use of two di�erent

simulation algorithms (or spaces) that describe the same object (a microwave component

for instance). In particular, the �rst is a fast but not accurate simulation algorithm (the

coarse or low-�delity model), while the second is a highly accurate but computationally

expensive algorithm (the �ne or high-�delity model). The second model could also simply

be the measured electrical behavior of the component. The basic idea behind SM is that,

under certain conditions, it is possible to extract useful information about the behavior

of the �ne model by performing computations with the coarse model only. As the name

indicates, the basic objective of SM is to establish a mapping between the coarse and �ne

models. The correct mapping is usually obtained with an iterative procedure, where the

number of steps required is linked to the number of variables that need to be optimized.
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Chapter 3. Filter design using OS-ASM

A further development of this approach is the Aggressive Space Mapping (ASM) proposed

in [11] and [12].

In the ASM approach (see details in [12]), the number of initial �ne simulations

required in the original implementation of the SM algorithm [10], are reduced by �rst using

the identity matrix as the initial space mapping matrix. Then, the ASMmethod employs a

quasi-Newton iteration together with the update of the space mapping matrix by means

of the classic Broyden formula [43]. Due to its simplicity and ease of implementation,

this very simple ASM concept evolved, over the years, into an extremely powerful and

widely used family of optimization procedures [44]. A very large number of contributions

concerning ASM can indeed be found in the technical literature in very di�erent areas of

investigation [45].

In particular, initial ASM implementations for the design of microwave �lters appear

in [46], where ASM is used to design inductive microwave �lters with rounded corners.

In addition, ASM techniques have also been used for the design of multiplexers based on

dielectric-resonator �lters [47], where the number of ASM iterations needed are high due

to the high number of variables involved in the complete design process.

Furthermore, several contributions have been recently published with the aim of

reducing the number of ASM iterations (and the related cost) by focusing the e�orts on

improving the parameter extraction optimization algorithms ([48]-[50]), on re�ning the �ne

models employed (even using measured data) [51], [52], on a variety of other techniques

([53]-[56]). A summary of the practical use of all of these advances with di�erent types of

microwave �lters can be found in [57].

Our contribution in this area is aimed at improving the e�ciency of the ASM tech-

nique [58]. We have, in fact, shown that, under certain conditions, it is possible to design

a waveguide �lter with ASM in just one iteration [59], using as coarse model a Multimode

Equivalent Network (MEN) representation of the �lter structure [60].

In this context, therefore, the objective of this chapter is to demonstrate how and

why, for resonant structures in general, and for waveguide �lters in particular, an ASM

based design and optimization procedure may converge to the desired target performance

in just one step, independently from the number of variables involved in the optimiza-

tion process. We call this particular methodology One-Step Aggressive Space Mapping

(OS-ASM). This remarkable behavior is �rst justi�ed in terms of the well known EM

cavity perturbation theory, and is then fully demonstrated numerically with a basic res-

onant structure. In addition to theory, a number of practical �lter design examples are

also discussed, indicating under what conditions an ASM based design and optimization

procedure may (or may not) converge in just one step.
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3.1 Cavity perturbation theory

3.1 Cavity perturbation theory

The basic behavior of a microwave cavity perturbed by a small shape variation has been

known for quite some time [61]. The basic e�ect that can be observed, by introducing a

small perturbation dV in the shape of a cavity (see Fig. 3.1), is a small shift in resonant

frequency ω1 − ω0 approximately given by:

ω1 − ω0

ω0

≈ ∆Wm −∆We

Wm +We

(3.1)

where Wm and We represent the actual magnetic and electric energies contained in the

cavity, and ∆Wm and ∆We represent the time-average magnetic and electric energies

contained in dV .

Unperturbed cavity 

E0 , H0  

ω0 
C0 

ε, μ 

Perturbed cavity 

E1 , H1  

ω1 
C0 

ε, μ 

dV 

Figure 3.1: Unperturbed and perturbed cavities.

Waveguide �lters are usually composed of a sequence of resonant cavities coupled to

each other by apertures. Furthermore, tuning elements (screws) are usually introduced

both in the apertures and in the cavities in order to compensate the manufacturing errors.

In this context, therefore, microwave �lters can indeed be viewed as complex microwave

cavities and, therefore, their behavior must follow the cavity perturbation theory.

3.2 Experimental investigation

To explore this point in more detail, we now perform two simple experiments. Let us

consider a �lter composed of a single cavity as shown in Figs. 3.2 and 3.3, for the structure

and the simulated performance, respectively. This is indeed the simplest possible inductive

waveguide �lter.
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Chapter 3. Filter design using OS-ASM

Figure 3.2: One-pole tunable �lter structure.
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Figure 3.3: One-pole tunable �lter performance.

It is interesting to note now that the performance shown in Fig. 3.3 has been

obtained with the full-wave electromagnetic simulator FEST3D (from AuroraSat, now

with CST and Dassault Systèmes). One particular aspect of FEST3D is that the user can

choose the level of accuracy with which the calculations are performed.
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3.2 Experimental investigation

The computational parameters that a�ect the accuracy are:

� Accessible modes.

� Green's function terms.

� Number of basis functions.

� Maximum frequency in the tuning cavities.

Furthermore, one additional important point is that in the calculations performed by

FEST3D, the geometrical details of the structure are always taken into account rigorously.

What changes is the accuracy with which the geometry is represented in terms of the

actual capacitance and inductance values in the Multimode Equivalent Network (MEN)

produced.

It is important to recall at this point that FEST3D is based on MENs, which are

e�ectively equivalent circuit representations of the structure being analyzed.

A complete and detailed description of the MEN formulation, including the meaning

and e�ect of the computational parameter values can be found in [60] (see page 232). In

this context, the numerical values used in this section are as follows:

� Accessible modes = 10

� Green's function terms = 300

� Number of basis functions = 30

� Maximum frequency in the tuning cavities = 50 GHz

With this set of parameters, FEST3D is extremely fast computationally, however,

it does not provide the maximum accuracy in terms of the electromagnetic performance

of the structure in Fig. 3.2. We will, therefore, call this the low-�delity (LF) simulation.

We now perform another experiment, namely, we change the values of the compu-

tational parameters in FEST3D to the following values:

� Accessible modes = 100

� Green's function terms = 3000

� Number of basis functions = 300

� Maximum frequency in the tuning cavities = 100 GHz

With this set of parameters, the accuracy of the EM computations is greatly in-

creased. This will be our high-�delity (HF) simulation.

Furthermore, the structure has been optimized so that the performance is exactly

identical to the one shown in Fig. 3.3. In Fig. 3.4 we can see the two superimposed

curves.

As we can see, the two curves are practically coincident.
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The dimensions of the considered one-pole �lter structure are shown in Table 3.1.
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Figure 3.4: HF and LF one-pole tunable �lter responses.

Table 3.1: Dimensions of the one-pole structure (mm).

Structure Height Width Length
I/O aperture 9.525 9.488 3

Cavity 9.525 19.05 11.921

Naturally, however, in order to have the same exact response with two di�erent

simulations, something must be di�erent in the structural dimensions. Indeed, the value

of the penetration of the tuning screws both in the cavity and in the coupling apertures

are di�erent. As we can see in Table 3.2, there is a small, but signi�cant, di�erence in

screw penetration.

Table 3.2: Tuning screw penetrations (mm).

Structure Apertures screw Cavity screw
LF 1.0 1.0
HF 0.9108 0.9321

We now have two di�erent structures, or better, models or equivalent circuits, that

give the same electrical response. It is important to note at this point that, although

the two physical structures are slightly di�erent, their respective equivalent circuits must

contain the exact same amount of stored electric and magnetic energy. This is, in fact,

the direct consequence of the fact that their electrical responses are identical.

44



3.2 Experimental investigation

Continuing with our experiments, we now make the observation that, if we consider

the two simulations as two di�erent objects, they must both obey the perturbation theory

recalled in the previous section. As a consequence, if we change the screw penetration of

the same amount in the two cases, we should obtain the exact same shift in frequency.

Fig. 3.5 shows the result obtained by increasing the screw penetration in the cavity by

0.2 mm in both cases.
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Figure 3.5: HF and LF one-pole detuned cavity �lter responses.

As we can clearly see, once again we obtain two basically identical responses. To

further understand the behavior of this simple one pole �lter, we now turn our attention

to the tuning screws in the coupling apertures. The following question comes naturally:

do we obtain the same behavior if we change the penetration of the tuning screws in one

of the apertures?

Fig. 3.6 shows the results obtained with both simulation instances with the tuning

screw in one of the apertures penetrating 0.2 mm more.

As we can clearly see, we obtain once again practically coincident results. To explore

more in depth the behavior of the one-pole structure in Fig. 3.3, we now compare the

numerical results of the HF and LF simulations in the vicinity of the resonance.

As we can see from Fig. 3.7 , the two resonance frequencies are indeed identical,

within the numerical accuracy of the simulations.
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Figure 3.6: HF and LF one-pole detuned aperture �lter responses.
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Figure 3.7: HF and LF one-pole �lter simulations near resonance.

We now repeat the same comparison but with the cavities detuned by just one

micron. As we can see from Fig. 3.8, also in this case the agreement between the detuned

LF and HF simulations is virtually perfect (within the accuracy of the simulations).

46



3.2 Experimental investigation

11.98 11.985 11.99 11.995 12 12.005 12.01 12.015 12.02
Frequency (GHz)

-120

-100

-80

-60

-40

-20

0
S

-p
ar

am
et

er
s 

(d
B

)

S
11

 LF

S
21

 LF

S
11

 HF

S
21

 HF

Figure 3.8: HF and LF simulations with detuned cavity near resonance.

The next test that we perform is with respect to the tuning screw in one of the

coupling apertures. Fig. 3.9 shows the results obtained introducing again a di�erence of

1 micron. As we can see, once again, the agreement is virtually perfect.
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Figure 3.9: HF and LF simulations with detuned aperture near resonance.
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3.3 Detailed numerical investigation

In order to further study and understand the behavior shown so far, we now look at the

values of the numerical derivatives of the scattering parameters with respect to the tuning

screw penetrations, in both the LF and HF simulation spaces. The computation of the

numerical derivatives is in fact one of the key steps in any optimization procedure.

In this context, therefore, we will use the classic formula to compute the value of

the numerical derivative at each frequency point in our simulation range, namely:

f ′(x0) ≈
f(x0 + h)− f(x0)

h
(3.2)

where f ′(x0) is the derivative value, h is the step (that is equal to the di�erence in screw

penetration), and f(x0) and f(x0 + h) represent the previous value of the function, and

the new value of the function after the step, respectively. For the step h, we will use, as

before, the value of one micron.

We are now going to compute the numerical derivatives (of the scattering parame-

ters) in both the LF and in the HF spaces, and compute the di�erence. If the di�erence is

zero (or better vanishing small) than the two derivatives can be considered to be identical.

The (average) di�erence is computed using the following standard expression:

Av.Err. =
N∑
i=1

|f ′(x0)LF − f ′(x0)HF |
N

(3.3)

where N is the number of frequency points where the calculations have been performed,

and f ′(x0)LF and f ′(x0)HF are the values of the derivatives for the LF and HF spaces,

respectively.

Table 3.3 shows the (average) values obtained for the derivative of the scattering

parameters (in dB) with respect to the screw penetrations (dx = h in equation 3.2), and

the value of the errors, for a set of points near the resonant frequency (1 dB S21 variation

on both sides), for both the S21 and the S11 parameters.

Table 3.3: Di�erence between derivatives of HF and LF simulations.

Detuned Av. derivative values (LF-HF) Av. err. Err. (%)
d|S11|/dx Cavity 0.5872 - 0.5905 0.0033 0.559
d|S11|/dx Aperture 0.1621 - 0.1637 0.0016 0.9876
d|S21|/dx Cavity 1.8312× 10−4 - 1.8412× 10−4 1.002× 10−6 0.547
d|S21|/dx Aperture 4.8906× 10−5 - 4.8939× 10−5 3.233× 10−8 0.0661
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As we can see, the values of the errors are at least two order of magnitude smaller

than the values of the derivatives. We have also veri�ed that the error becomes even

smaller, if the value of the step is decreased.

We can therefore conclude that the di�erence in the values of the derivatives is

indeed vanishing small (as h→ 0), and therefore, the derivatives themselves are essentially

identical.

It is now interesting to note that, according to equations (5) and (6) of [44], the fact

that the derivatives (or Jacobian) in the LF and HF spaces are identical, implies that the

so-called mapping matrix B is, in fact, always equal to the identity matrix. This simple

observation has, indeed, a very important consequence in the context of ASM techniques.

It indicates that the ASM optimization approach for resonant structures, (and microwave

�lters in particular) may converge to the desired goal with only one step [58].

3.4 One-Step Aggressive Space Mapping (OS-ASM)

Since the One-Step Aggressive Space Mapping (OS-ASM) concept is the central topic of

this chapter, we will now explain in more detail what we mean with One-Step.

The �rst step in the conventional ASM design of microwave �lters is to obtain a

structure in the coarse (or low-�delity) domain that satis�es the given set of requirements

that is our design target. What we obtain at the end of this process is a set of numerical

values for the physical parameters that de�ne the performance of the microwave �lter (for

instance, a set of screw penetration values X t
c).

The next step is the simulation of the exact same structure in the �ne (or high

�delity) domain. Naturally, the result that we obtain in the �ne domain is a detuned

performance (X t
c = Xdt

f ). That is, the �lter structure designed in the coarse domain does

not satisfy the given requirements if simulated in the �ne domain.

The next step is to recover with one optimization in the coarse domain the detuned

performance obtained in the �ne domain. What we obtain at the end of this step is

another set of structural parameters that represents, in the coarse domain, the detuned

performance obtained in the �ne domain (Xdt
c ). We now have two sets of structural

parameters in the coarse domain, and we can compute the distance between the two sets

of parameters. This distance is, in fact, the di�erence between the sets of numerical

values.

In practice, therefore, what we mean with OS-ASM is that if we add this di�erence

in the inverse direction to the initial set of structural parameters in the �ne domain, we

obtain directly the desired optimal response in the �ne domain.
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In other words, from the initial coarse design, we need only one (optimization) step

to obtain the desired �nal response in the �ne domain. It is interesting to note that what

we described verbally in the previous paragraph can also be stated in mathematical terms.

To do that, we �rst recall that a linear mapping between Xc (coarse domain) and

Xf (�ne domain) can be written in the form [45]:

Xc = B ∗Xf + C (3.4)

where B is the mapping matrix (approximation of the Jacobian of Xc with respect to

Xf ), and C is an unknown constant. If we now assume that B is the identity matrix, we

can write directly:

C = Xdt
c −Xdt

f (3.5)

Having an expression for C, we can now use again (3.4), and write:

X t
f = X t

c − [Xdt
c −Xdt

f ] = X t
c − [Xdt

c −X t
c] (3.6)

We now note that X t
f is the set of numerical values that will give the desired target

response in the �ne domain, and the expression between square brackets is the distance

we discussed in the previous paragraph. In conclusion, starting with the target design

in the coarse space X t
c, we can obtain the target �lter dimensions in the �ne domain X t

f

with only one (optimization) step, as long as the mapping between both model parameter

spaces is linear and with a unitary Jacobian of Xc with respect to Xf .

In the reminder of this chapter we show a number of examples that con�rm our

conclusions.

3.5 CAD demonstration

In this section, we will demonstrate that the OS-ASM behavior anticipated in the previous

section is indeed correct. This will be shown using a number of di�erent microwave

�lters. Each �lter will be simulated with FEST3D, as the LF space, and with HFSS

(from ANSYS) as the HF space. The computational parameters used in FEST3D are:

� Accessible modes = 5

� Green's function terms = 150

� Number of basis functions = 15

� Stopping criteria in the optimizations: Error = 0.001
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3.5 CAD demonstration

On the other hand, the HFSS computation was carried out with the following set of

computational parameters:

� Maximum ∆S = 0.001

� Minimum number of passes = 5

� Minimum convergent passes = 3

thereby, ensuring the high level of accuracy of the simulation results obtained.

All the HF simulations will have the same simulation termination criteria, given by

the maximum ∆S variance de�ned in the previous list for the HFSS computations.

For all the examples considered next, we are going to optimize the screw penetrations

in order to achieve the desired response. This is convenient, since the tuning screws are

the mobile parts that we can also modify when the device is fabricated. In any case,

the OS-ASM can be also applied considering other dimensions of the �lter structure (e.g.

widths and lengths of the waveguides) as optimization parameters.

In this context, it is important to note that the LF simulations carried out with

FEST3D take, on average, less than 5 seconds, while the HF simulations carried out with

HFSS take, on average, more than 15 minutes. For all computations we have used a

computer with an Intel Core i7-6700 @ 3.4 GHz, and with 16 GB RAM.

3.5.1 Tunable rectangular four-pole �lter

The �rst example that we will discuss is a fully tunable four-pole �lter in rectangular

waveguide. The target ideal structure is shown in Fig. 3.10. The structure contains

rectangular tuning elements both in the apertures and in the resonant cavities.

The �lter speci�cations are as follows:

� Return loss ≥ 25 dB

� Center frequency = 12 GHz

� Channel bandwidth = 200 MHz

The �rst step in the design procedure is to design a standard inductive rectangular

waveguide �lter with the same speci�cations. This is a convenient starting point, since

�lters of that type can be synthesized automatically using available commercial software

packages. The next step is the transition from the standard inductive �lter structure to

the low �delity (LF) model of the tunable con�guration. The result obtained is shown in

Fig. 3.11.

The procedure that we have followed to perform the transition from the standard

inductive rectangular waveguide �lter to the structure in Fig. 3.10 is described in [62].
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Figure 3.10: Fully tunable four-pole �lter structure.
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Figure 3.11: LF fully tunable four-pole �lter performance.

The �nal dimensions of the four-pole �lter designed are shown in Table 3.4. Note

that the �lter is symmetric and all the screw penetrations are 2.5 mm.

Now that we have obtained the target response in the LF space, we move to the HF

space and perform another simulation using the same screw penetrations obtained with

the LF model. Fig. 3.12 shows the comparison of the LF and HF results. As we expect,

the performance of the two structures is di�erent.

We will now use the ASM procedure to recover the HF performance in the LF space.

Fig. 3.13 shows the results obtained.
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3.5 CAD demonstration

Table 3.4: Dimensions of the four-pole structure in millimeters. All the heights are 9.525 mm.

Structure Width Length
I/O aperture 8.826 2.5
First cavity 19.05 12.811

Second aperture 5.585 2.5
Second cavity 19.05 14.297

Central aperture 5.159 2.5
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Figure 3.12: Comparison of LF (blue) and HF (black dots) fully tunable four-pole �lter re-
sponses.

As we can see the two curves are essentially identical. With this step we now have

achieved a virtually perfect alignment between the HF and the LF spaces. We will now

measure the di�erence in screw penetration between the LF result in Fig. 3.13 and the

HF result in Fig. 3.12, and apply it in the opposite direction to the (full) HF model in

Fig. 3.10. Fig. 3.14 shows the results obtained using the new set of screw penetrations

compared with the target ideal response. Table 3.5 shows the �nal dimensions of the

screws for the LF and HF models.

As we can clearly see comparing Fig. 3.11 with Fig. 3.14, the desired ideal perfor-

mance has been essentially obtained in just one step.
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Figure 3.13: HF and LF space alignment.

11.8 11.85 11.9 11.95 12 12.05 12.1 12.15 12.2
Frequency (GHz)

-70

-60

-50

-40

-30

-20

-10

0

S
-p

ar
am

et
er

s 
(d

B
)

S
11

 LF

S
21

 LF

S
11

 HF

S
21

 HF

Figure 3.14: HF �nal performance vs. LF performance.

This �rst example indeed demonstrates that convergence can be achieved in just

one step. However, one can object that initial point (Fig. 3.12) is very close to the

actual target. In the next example, to obtain a better demonstration of the OS-ASM

behavior, we have signi�cantly detuned the initial �lter response in HFSS by changing

the screw penetrations with random values (between 0 to ±500 microns). The initial

detuned response that we have obtained with this change is shown in Fig. 3.15.
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Figure 3.15: Detuned HF performance with random values of tuning element penetration.

Once we have this response we perform the ASM procedure again, recovering �rst

the response with FEST3D and then applying the screw penetration changes to the HF

space in the reverse direction. Fig. 3.16 shows the �nal result. As we can see, the �lter

performance has been fully recovered with only one step.
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Figure 3.16: HF model performance vs. LF performance.
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Table 3.5: Comparison of �nal screw dimensions between LF and HF models in millimeters.

Screw LF HF
1 2.5 2.423
2 2.5 2.552
3 2.5 2.315
4 2.5 2.512
5 2.5 2.733
6 2.5 2.512
7 2.5 2.315
8 2.5 2.552
9 2.5 2.423

3.5.2 Tunable rectangular eight-pole �lter

The �lter used in the previous example was a simple four-pole �lter. We will now demon-

strate the OS-ASM with a more complex �lter structure, namely, an eight-pole �lter with

the same center frequency, return loss and bandwidth of the four-pole �lter. Following

again the �lter design procedure described in [62], we obtain the �lter structure shown in

Fig. 3.17, with the response displayed in Fig. 3.18.

The �nal dimensions of the eight-pole �lter designed are shown in Table 3.6. Note

that the �lter is symmetric and all the screws penetrate 2 mm.

Figure 3.17: Fully tunable eight-pole �lter structure.

Next, we simulate the same structure in HFSS and we obtain the results shown in

Fig. 3.19.

Once again, the �lter performance is detuned. Following the same steps as for the

�rst example, we apply the ASM procedure to recover the HF performance in the LF

space. Fig. 3.20 shows the result after only one step.
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Figure 3.18: LF model performance.

Table 3.6: Dimensions of the eight-pole structure in millimeters. All the heights are 9.525 mm.

Structure Width Length
I/O aperture 8.694 2.5
First cavity 19.05 12.938

Second aperture 5.379 2.5
Second cavity 19.05 14.407
Third aperture 4.844 2.5
Third cavity 19.05 14.551

Fourth aperture 4.738 2.5
Fourth cavity 19.05 14.577

Central aperture 4.715 2.5

As we can see, the target performance has been obtained again in just one step.

Table 3.7 shows the �nal dimensions of the screws for the LF and HF models.

Similarly to what we have done in the previous example, we next detuned the �lter

performance changing the screw penetrations by random values. Fig. 3.21 shows the

detuned response of the �lter, and Fig. 3.22 the result of the application of the one step

space mapping procedure. As we can clearly see, again, we have obtained the ideal target

response of the �lter in the HF space in just one step.
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Figure 3.19: HF model initial performance vs. LF performance.
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Figure 3.20: Result of the �rst iteration ASM procedure vs. LF performance.
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Figure 3.21: HF model detuned response vs. LF performance.
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Figure 3.22: Result of the �rst iteration ASM procedure vs. LF performance.
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Table 3.7: Comparison of �nal screw dimensions between LF and HF models in millimeters.

Screw LF HF
1 2.0 2.012
2 2.0 2.112
3 2.0 1.934
4 2.0 1.995
5 2.0 2.053
6 2.0 2.029
7 2.0 2.157
8 2.0 2.006
9 2.0 2.041
10 2.0 2.006
11 2.0 2.157
12 2.0 2.029
13 2.0 2.053
14 2.0 1.995
15 2.0 1.934
16 2.0 2.112
17 2.0 2.012

3.5.3 Classic circular dual-mode �lter

The next structure that we discuss is a substantially more complex �lter, namely, a classic

circular waveguide dual-mode �lter. The �lter structure is shown in Fig. 3.23.

The �lter speci�cations are as follows:

� Return loss ≥ 20 dB

� Center frequency = 17.59 GHz

� Channel bandwidth = 36 MHz

The �nal dimensions of the classic dual-mode �lter designed are shown in Table 3.8. Note

that the �lter is symmetric and the I/O rectangular waveguide is the standard WR-75.

The initial screw penetrations are 1.855 mm, 1.294 mm and 1.508 mm for the 0°,

45°, and 90° oriented screws in the circular waveguide, respectively.

The �lter response in Fig. 3.24 has been obtained with FEST3D using the same set

of computational parameters as for the previous examples in the LF space. Simulating

the structure with HFSS (HF), we obtain the results shown in Fig. 3.25 with black dots.

Now we can apply the �rst step of the SM procedure and recover the HF performance

in the LF space.
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3.5 CAD demonstration

Table 3.8: Dimensions of the classic dual-mode �lter structure in millimeters.

Structure Height Width Length Radius
I/O aperture 2 6.262 1 -
Circular cavity - - 32.133 7.959

Central vertical aperture 4.443 1 1 -
Central horizontal aperture 1 2.833 1 -

Figure 3.23: Classic circular waveguide dual-mode �lter structure.
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Figure 3.24: Response of the dual-mode �lter.
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Fig. 3.25 shows the di�erences between the LF and HF spaces, and Fig. 3.26 the

�nal HF performance obtained by changing only the screws and aperture dimensions in

the opposite direction.
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Figure 3.25: Initial HF response vs. LF performance.
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Figure 3.26: Final HF �lter performance vs. LF performance.
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As we can see, we have again obtained the desired response in the HF space with

only one SM step. Table 3.9 shows the �nal dimensions of the screws for the LF and HF

models.

Table 3.9: Comparison of �nal screw dimensions between LF and HF models in millimeters.

Screw LF HF
Vertical 1st resonator 1.855 1.848
45º 1st resonator 1.294 1.278

Horizontal 1st resonator 1.508 1.474
Vertical 2nd resonator 1.855 1.848
45º 2nd resonator 1.294 1.278

Horizontal 2nd resonator 1.508 1.474

3.6 More general examples

Up to now, we have demonstrated the OS-ASM procedure with di�erent �lters where in

both LF and HF spaces the basic �lter structures are almost exactly identical. In real

�lter design, however, the �nal structures are always a�ected by manufacturing errors.

Furthermore, the basic �lter structure is usually slightly modi�ed to reduce manu-

facturing costs (rounded corners), and real cylindrical screws are used as tuning elements

instead of square cylinders. In practice therefore, even though the �lter design may al-

ways start with an ideal structure, the �nal hardware will inevitably have some small

geometrical di�erences with respect to the ideal starting point. One fact, however, will

be unchanged. If the ideal structure and the �nal structure must have the same identical

electrical performance, they must also have the same amount of stored electrical and mag-

netic energy. Furthermore, the perturbation theory must always be applicable to both

structures. It is therefore interesting to see what is the e�ect on the ASM procedure if

the LF and HF structures are not exactly identical.

3.6.1 Tunable rectangular four-pole �lter with OS-ASM

As a �rst example we will use as the HF �lter the (real) structure in Fig. 3.27 with

rounded corners of 2 mm. Fig. 3.28 shows the initial response, obtained with HFSS, if we

use as the starting point the dimensions of the structure with sharp corners and square

tuning elements that we have used in Fig. 3.10 in the previous section (the LF �lter).

As we can clearly see, the �lter response is now very strongly detuned. The perfor-

mance of the �lter obtained after the �rst ASM iteration is shown in Fig. 3.29.

As we can see, in this case we have not recovered the ideal �lter performance yet.
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Figure 3.27: HF model structure with rounded corners and circular screws.
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Figure 3.28: Initial response of the HF model.

We need to apply the procedure again (without updating the mapping matrix) in order

to recover the ideal response. Fig. 3.30 shows the result of this second iteration. As we

can see, with just two iterations we have fully recovered the �lter performance.

It is important to note in this context that in this example we have stopped the

ASM procedure (the exit condition) when the error given by the optimizer in FEST3D

between the target performance and the last HF response is less or equal to one. The

same exit condition has been used in all other examples requiring several ASM iterations.

At this point we must raise an important question: what happens if we apply the

classic ASM procedure based on the use of the Broyden update, instead of using the

identity matrix in the whole process (as we have done so far)?
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Figure 3.29: Result of the �rst iteration in HF.
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Figure 3.30: Result of the second iteration in HF vs. ideal response.

In the next section we have indeed performed this test in order to compare the

results obtained.
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3.6.2 Tunable rectangular four-pole �lter with ASM

The initial and the �rst step of the Broyden based ASM procedure will produce the same

results shown in Fig. 3.28 and Fig. 3.29. After the �rst two HF computations, we can

use the Broyden formula and obtain the result shown in Fig. 3.31.
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Figure 3.31: Result of the second iteration with the Broyden formula vs. ideal response.

Using the Broyden based ASM procedure we have essentially recovered the ideal �lter

response. However, if we compare this result with the one shown in Fig. 3.30, we can

clearly see that the performance using Broyden is less accurate. From the results obtained

in this experiment, therefore, it appears that, even though the LF and HF structures are

not exactly identical, it is more e�cient to apply the ASM with the identity matrix as

the space mapping matrix, instead of updating it by the Broyden formula in every step.

Table 3.10 shows the �nal dimensions of the screws for the LF and HF models using

the identity matrix and the Broyden formula, respectively.
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Table 3.10: Comparison of �nal screw dimensions between LF and HF models in millimeters.

Screw LF HF with OS-ASM HF with ASM
1 2.5 2.423 2.411
2 2.5 2.552 2.502
3 2.5 2.315 2.356
4 2.5 2.512 2.509
5 2.5 2.733 2.657
6 2.5 2.512 2.509
7 2.5 2.315 2.356
8 2.5 2.552 2.502
9 2.5 2.423 2.411

3.6.3 Fully tunable dual-mode �lter with OS-ASM

The second �lter to be designed with rounded corners and tuning screws will be the fully

tunable dual-mode �lter discussed in [63]. In this case, all rounded corners have 1 mm

curvature radius. Fig. 3.32 and Fig. 3.33 shows the ideal �lter structure (if the rounded

corners are replaced with sharp corners), and the desired response.

Figure 3.32: Fully tunable dual-mode �lter structure.

The software tool HFSS is again used as the HF space, together with the structure

shown in Fig. 3.32. Initially, we use in the HF space the same screw penetrations as the

ideal model but using now rounded corners. Its response is shown in Fig. 3.34 with black

dots.
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Figure 3.33: Ideal LF �lter response.

We next apply the ASM procedure. Figs. 3.34, 3.35 and 3.36 shows the initial

response compared with the ideal one, and the next iterations of the process using the

identity mapping matrix. Fig. 3.37 shows the �nal performance of the HF �lter.
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Figure 3.34: Comparison between initial HF performance and LF performance.
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Figure 3.35: Result of �rst iteration in HF.
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Figure 3.36: Result of second iteration in HF.
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Figure 3.37: Final HF �lter performance of the third iteration vs. ideal response.

In this case, we have performed 3 iterations of the OS-ASM procedure to obtain the

desired response (always using the identity matrix instead of the Broyden update formula

for the space mapping matrix).

3.6.4 Fully tunable dual-mode �lter with ASM

We now perform again the design procedure updating this time the space mapping matrix

with the Broyden formula in every additional ASM iteration. The �rst iteration gives the

result already discussed.

We therefore start from the result of the �rst iteration, and recover the response

shown in Fig. 3.35 and we apply the Broyden formula. The performance obtained is

shown in Fig. 3.38.

We must now perform another iteration, obtaining the response shown in Fig. 3.39.

Finally, after four iterations we obtain the desired response shown in Fig. 3.40.

Comparing this result with the previous one using the identity mapping matrix for

all the iterations, updating the space mapping matrix with the Broyden formula requires

one more optimization step to recover the desired response.

Table 3.11 shows the �nal dimensions of the screws for the LF and HF models using

the identity matrix and the Broyden formula, respectively.
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Figure 3.38: Response of the second iteration with the Broyden formula in HF.
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Figure 3.39: Response of the third iteration with the Broyden formula in HF.
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Figure 3.40: Result of the fourth iteration with the Broyden formula in HF �lter vs. ideal
response.

Table 3.11: Comparison of �nal screw dimensions between LF and HF models in millimeters.

Screw LF HF with OS-ASM HF with ASM
Vertical 1st resonator 1.855 1.848 1.851
45º 1st resonator 1.294 1.278 1.308

Horizontal 1st resonator 1.508 1.474 1.470
Vertical iris 0.324 0.317 0.315

Horizontal iris 0.778 0.780 0.779
Vertical 2nd resonator 1.855 1.848 1.851
45º 2nd resonator 1.294 1.278 1.308

Horizontal 2nd resonator 1.508 1.474 1.470

3.6.5 Folded rectangular waveguide tunable �lter with OS-ASM

The last example that we discuss is the design of a tunable folded �lter in rectangular

waveguide [64]. The design parameters are:

� Return loss ≥ 25 dB

� Center frequency = 17.3 GHz

� Channel bandwidth = 36 MHz

72



3.6 More general examples

The �lter structure in the LF space is shown in Fig. 3.41 (with sharp corners) and

its performance in Fig. 3.42.

Figure 3.41: Filter structure.
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Figure 3.42: Ideal LF �lter response.

Following the cavity numeration of [64], Table 3.12 shows the dimensions of the �lter

structure and the initial screw penetrations. Note that, in this case, the I/O waveguide

is the standard WR-51 and rounded corners of radius 2 mm have been considered.

The initial HF performance using the same tuning screw penetrations as in the LF

space is shown in Fig. 3.43 with black dots.
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Table 3.12: Dimensions (in mm) of the folded �lter structure. All heights are 6.477 mm.

Structure Width Length Screw penetration
Input aperture 6.401 3.469 0.633
First cavity 12.954 30.543 1.965

Second aperture 3.899 2.654 1.413
Second cavity 12.954 33.106 1.913
Third aperture 3.990 3.117 1.822
Third cavity 12.954 33.134 1.898

Fourth aperture 3.798 2.654 1.077
Fourth cavity 12.954 30.982 2.002
Fifth aperture 6.661 16.315 2.024
Output aperture 6.5 3.671 1.401
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Figure 3.43: Comparison between initial HF performance and LF performance.

We next apply the ASM procedure to recover the desired (ideal) response in the HF

space. Figs. 3.43, 3.44 and 3.45 shows the initial comparison and the next iterations of

the process. Fig. 3.46 shows the �nal performance of the HF �lter obtained with only

three iterations.
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Figure 3.44: Result of the �rst iteration in HF.
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Figure 3.45: Result of the second iteration in HF.
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Figure 3.46: Result of the third iteration in HF �lter vs. ideal response.

3.6.6 Folded rectangular waveguide tunable �lter with ASM

We now perform again the same basic ASM design procedure, but, this time, we update

the space mapping matrix with the Broyden formula. We can start with the second

iteration of the process.
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Figure 3.47: Response of the second iteration with the Broyden formula in HF.
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Figure 3.48: Response of the third iteration with the Broyden formula in HF.

Figs. 3.47 and 3.48 shows the di�erent results obtained, and Fig. 3.49 displays the

�nal performance. The �nal result has been obtained with four iterations.
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Figure 3.49: Response of the fourth iteration with the Broyden formula in HF vs. ideal
response.
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Table 3.13 shows the �nal dimensions of the screws for the LF and HF models using

the identity matrix and the Broyden formula, respectively.

Table 3.13: Comparison of �nal screw dimensions between LF and HF models in millimeters.

Screw LF HF with OS-ASM HF with ASM
1 0.633 0.630 0.641
2 1.965 1.972 1.678
3 1.413 1.405 1.430
4 1.913 1.907 1.902
5 1.822 1.820 1.828
6 1.898 1.894 1.908
7 1.077 1.075 1.061
8 2.002 2.009 2.101
9 2.024 2.122 2.001
10 1.401 1.405 1.398

3.7 De�nition of space alignment

Based on all of the above discussion and results, we are now going to propose a de�nition

of alignment between the LF and the HF spaces in the context of ASM.

Two spaces are considered to be perfectly aligned if and only if the following two

conditions are satis�ed:

1. Two points in the respective parameter spaces can be found that produce the same

identical responses (points of alignment).

2. The derivatives (or the Jacobians) of the responses with respect to corresponding

physical parameters in the two spaces, evaluated at the points of alignment, are

identical.

Our investigations clearly indicate that, if the two conditions above are satis�ed, and

the LF and HF structures are identical, we can expect an ASM procedure to converge to

the desired performance in just one step.
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3.8 Conclusions

In the context of microwave waveguide �lter design and optimization based on ASM, the

choice of the LF and HF spaces (structures, or models) is indeed a key point. Naturally,

the HF model must be as close as possible to physical reality. The LF model, on the other

hand, must be able to represent the same physical reality, in particular with respect to the

tuning elements, but needs to produce results with a signi�cantly higher computational

e�ciency. As we have clearly shown in this chapter, the fact that both models must

obey the perturbation theory will ensure that the ASM procedure will converge in just

one step if the LF and HF structures are physically identical. In the case in which

the LF and HF physical structure are not exactly identical, but di�er from each other

in relatively small volumes, our investigation clearly shows that the ASM based on the

identity space mapping matrix is more e�cient than the classic ASM based on the Broyden

update formula. Finally, in the case in which the LF and HF models are established in

spaces that are not (physically) congruent (i.e., the modeling of a �lter using inverters

and transmission lines as the LF space, and with full-wave EM software tools as the HF

space), we expect that the ASM procedure will converge more e�ciently with the help of

the Broyden update, so that a proper mapping between the two (very di�erent) spaces

can be established faster.
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Chapter 4

Tunable and recon�gurable

waveguide �lters

This chapter describes and extends the results obtained during the research work related

to this thesis in the area of tunable and recon�gurable �lters. It is important to note that

the results described in this chapter have resulted into the following scienti�c publications:

� J. Ossorio, J. Vague, V. E. Boria, and M. Guglielmi, "Exploring the tunability

range of classic circular waveguide dual-mode �lters using EM-based CAD," in

IEEE MTT-S International Conference on Numerical Electromagnetic and Multi-

physics Modeling and Optimization for RF, Microwave, and Terahertz Applications,

pp. 332-334, May 2017.

� J. Ossorio, J. Vague, V. E. Boria, and M. Guglielmi, "Exploring the tuning range of

channel �lters for satellite applications using electromagnetic-based computer aided

design tools," IEEE Transactions on Microwave Theory and Techniques, vol. 66,

no. 2, pp. 717-725, Feb. 2018.

As already discussed, the current evolution trends of telecommunication satellites is

toward increased bandwidth and service �exibility [65], [66]. Tunable and recon�gurable

�lters can indeed provide an elegant solution to add versatility and reduce the number of

components in the payload, thereby increasing the e�ciency of the whole satellite system.

In this chapter we will investigate the tuning range of classic dual-mode �lters, one of the

most used channel �lter in satellite communications [67]. In addition, we also investigate

new tunable structures in rectangular waveguide that can provide a signi�cantly wider

range of tunability.
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Chapter 4. Tunable and recon�gurable waveguide �lters

4.1 Circular waveguide dual-mode �lter

The basic structure of a 4-pole dual-mode �lter in classical circular waveguide technology

is shown in Fig. 4.1. This �lter family was �rst introduced in [25], and has since become

the structure of choice for the implementation of output multiplexers (OMUXes) for

telecommunication satellites [67].

Figure 4.1: Basic four-pole, dual-mode �lter structure.

As a result, a very substantial amount of work can be found in the technical literature

describing Computer-Aided Design (CAD) techniques for the design of circular waveguide

dual-mode �lters (see, for instance [68]-[85]).

In addition, it is interesting to note that a number of contributions have also been

published concerning dual, or single-mode rectangular waveguide �lters, with �ltering

function similar to the ones of classic dual-mode �lters in circular waveguide (see, for

instance [86]-[96]).

This type of circular waveguide �lter is commonly based on the TE11n (with n =

1, 3...) dual resonant modes (with vertical and horizontal polarization), where n is chosen

according to the �lter requirements in terms of insertion losses and compactness [67].

Dual-mode �lters of this type are usually designed to operate at a given center frequency

and with a very narrow bandwidth (of 1% or less in relative terms). Usually, both center

frequency and bandwidth are �xed to �t speci�c requirements.

Recently, however, the evolution of telecommunication satellite payloads is requiring

the development of new �lter structures that can allow for the remote variation of both

�lter center frequency and bandwidth [97]. In response to this new requirement, initial

investigations have appeared in the technical literature discussing new, tunable dual-mode

�lter structures (see for instance [31], [83], and [98]).
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4.1 Circular waveguide dual-mode �lter

Furthermore, two very recent contributions ([63] and [64]), described the initial

results of an investigation aimed at exploring the maximum tuning range for the class of

�lters based on the structure shown in Fig. 4.1.

The �lter response is initially centered at 17 GHz with 36 MHz of channel bandwidth.

Fig. 4.2 shows the simulated behavior of the structure in Fig. 4.1. The performance shown

in Fig. 4.2 has been obtained using the CAD tool FEST3D, and the �lter design procedure

described in [82].

The structure contains 6 tuning screws (see Fig. 4.1). However, for the sake of

analysis, they have been represented by two lengths of uniform circular waveguide with

three metallic ridges of rectangular cross section. This representation is indeed very

convenient for the EM-based CAD of the structure. This is because the sections containing

the tuning screws can be easily analyzed as sections of uniform circular waveguide with

three metal ridges (considered as perfect parallelepipeds).
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Figure 4.2: Basic four-pole, dual-mode �lter performance.
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Chapter 4. Tunable and recon�gurable waveguide �lters

4.1.1 Fixed frequency

It is now convenient to describe in more detail the (well-known) physical behavior of the

structure. In this context, we recall that the vertical and horizontal screws in Fig. 4.1

are used to tune the resonant frequency of the cavities, whereas the oblique screws are

adjusted to implement the needed inter-resonator couplings. In principle, therefore, to

tune the �lter at another frequency, one could simply change the penetration of the six

screws. This, however, is not su�cient by itself because, to change the operating frequency

of the �lter, we need to change also the dimensions of all coupling irises. To achieve full

tuning, therefore, also the input-output and inter-resonator irises (see Fig. 4.3) must be

tunable.

I/O rectangular window Inter resonator iris

Figure 4.3: Basic input/output and inter resonator irises.

As a matter of fact, the correct dimension of all coupling irises in standard (�xed fre-

quency) dual-mode �lter implementations is indeed a very critical problem, that normally

requires extreme mechanical implementation accuracy.

In the industrial practice, therefore, when tuning narrow band dual-mode �lters, it

may actually be necessary to try several irises before one can �nally obtain the correct

coupling values.

4.1.2 Tunable frequency

A �rst attempt at tuning an input-output iris, as the one shown in Fig. 4.3, can be found

in [99]. The solution proposed in [99] was to insert a tuning screw in the center of the iris

along the vertical direction of Fig. 4.3. This solution is indeed e�ective, but the achievable

tuning range is very limited. In addition, placing a tuning screw vertically, may create

serious multipactor problems in vacuum. A much better solution, allowing for a much

wider tuning range, is the one proposed by Lamming [100], where the tuning screw is

inserted laterally, along the horizontal direction, as shown in Fig. 4.4. In [100], however,

the con�guration in Fig. 4.4 was proposed in the context of a successful experimental

study aimed only at recovering the errors introduced by the manufacturing process of the

irises.
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4.1 Circular waveguide dual-mode �lter

In this work, we propose to extend the use of this iris tuning technique to the

implementation of fully tunable dual-mode �lters.

Front view

Largest aperture
Top view

Iris thickness

Tuning screw

(a)

Front view

Shortest aperture
Top view

Iris thickness

Tuning screw

(b)

Figure 4.4: Tunable input-output iris: (a) Non-penetrated screw; (b) Penetrated screw

The same tuning concept, however, can not be applied directly to the inter-resonator

iris in Fig. 4.3. Inserting the tuning screws directly on the sides of the cross-shaped iris

would result in much too long screws. To make the implementation of this simple concept

more practical, it is better to split the cross iris into two separate o�set irises, as shown

in Fig. 4.5.

Tuning screws

Figure 4.5: Tunable inter resonator iris.
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Chapter 4. Tunable and recon�gurable waveguide �lters

As previously discussed, the full-wave EM simulations in support of this investigation

have been carried using FEST3D. As pointed out in the previous chapter, in this CAD

tool, all waveguide structures are simply represented by cascaded sections of uniform

waveguide, with the appropriate cross section. The junctions between the various sections

of uniform waveguide are then represented by MENs.

Cascading the various MENs, we can then obtain the e�cient and accurate full-

wave EM-Based CAD model of the complete �lter structure [60]. A similar approach

can also be used to simulate the tunable irises in Figs. 4.4 and 4.5. In this case, what

we propose to do is simply to introduce a metallic cylinder of circular cross section (the

real tuning screw) of the required length inside the waveguide length that represent the

irises. The length of waveguide with the tuning screw inside can then be considered as a

3D rectangular cavity loaded with a post of circular cross section. The theory described

in [60], to analyze arbitrary shaped 3D rectangular cavities, can then be used to produce

an accurate MEN for the complete tunable iris. Fig. 4.6 shows the geometrical details of

the resulting tunable input iris, where it can be observed that the diameter of the tuning

screw is less than the iris thickness.

Figure 4.6: Tunable input iris implementation.

Increasing the penetration of the metallic cylinder will reduce the width of the cou-

pling iris, thereby reducing the coupling value. Reducing the penetration of the cylinder

wall, on the other hand, increases the width of the iris and therefore the coupling value.

There are, however, two important details that need further discussion. The �rst is that

the diameter of the tuning cylinder must be less than the height of the window. This is

because having the tuning cylinder and the window with the same height can introduce

an electrical contact between the sides of the tuning cylinder and the walls of the irises.

This electrical contact, however, cannot be easily kept stable. This instability would then

introduce an unwanted �lter performance.
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4.1 Circular waveguide dual-mode �lter

It must also be mentioned that the small air gaps between the screws and iris walls

are not prone to induce multipactor, due to their size, physical location (low electric �eld

intensity), and the e�ect of fringing �elds [101]. The second is that the length of the

tuning cylinder must, in any case, be kept smaller than the resonant length. This is

because the resonance of the tuning cylinder would a�ect very negatively the response of

the �lter.

The �rst step is to design with FEST3D the �lter at 17.6 GHz, with 36 MHz band-

width, and two transmission zeros at ± 40 MHz from the �lter center frequency. The

�lter design procedure that we have followed in this case is based on the results presented

in [82].

Implementing the tuning concepts described in the previous sections, we obtain the

fully tunable �lter structure shown in Fig. 4.7.

Figure 4.7: Fully tunable dual-mode �lter.

We can now use the CAD tool FEST3D to explore the maximum tuning range

o�ered by the structure in Fig. 4.7, with a constant channel bandwidth of 36 MHz.

Fig. 4.8 shows the results obtained. The highest center frequency obtained is

17.64 GHz, whereas the lowest center frequency is 17.55 GHz. A correctly tuned �lter

response can not be obtained above or below this frequency range.

To better understand this result, it is now convenient to look at the values of the

penetration of the various screws, as shown in Table 4.1. Note that all dimensions in

Table 4.1 are in mm. Furthermore, all apertures are 2.5 mm high and 2.5 mm thick. All

tuning elements have 2 mm diameter.
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Figure 4.8: Simulated tuning range with FEST3D.

V stands for vertical, H stands for horizontal, O stands for oblique, VIR stands

for vertical inter resonator, and HIR stands for horizontal inter resonator. Finally, when

two values are given, the �rst is for the lower frequency, and the second is for the higher

frequency.

Tuning the �lter at lower frequencies, requires increasing the penetration of the tun-

ing screws in the center of the cylindrical resonators. Tuning the �lter below 17.55 GHz,

however, brings the resonant frequency of the tuning screws themselves too close to the

center frequency of the �lter, so that the structure can not be e�ectively tuned. The

horizontal tuning screw, in particular, needs to penetrate more and, therefore, becomes

the limiting factor.

Table 4.1: FEST3D Filter Dimensions (mm)

Filter element Cavity 1 Cavity 2 Inter Cavity

I/O aperture 7.2 7.2 -
I/O screw 0.642 - 0.732 0.635 - 0.772 -
V screw 1.537 - 1.012 1.531 - 1.040 -
H screw 1.980 - 1.775 1.983 - 1.770 -
O screw 1.472 - 0.974 1.443 - 0.957 -

VIR aperture - - 5.9
VIR screw - - 0.772 - 1.203

HIR aperture - - 4.7
HIR screw - - 0.939 - 2.131
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4.1 Circular waveguide dual-mode �lter

To better understand this point, we show in Fig. 4.9 the results of a simulation

where we have a section of circular waveguide with only the horizontal tuning screw.

The simulations have been performed for two values of tuning screw penetration, namely,

2.0 mm and 1.980 mm (this last one given in Table 4.1 for the H screw at the lower

frequency). As we can clearly see, from Fig. 4.9, with 2 mm penetration, the resonance

of the screw occurs within the tuning range of the dual-mode �lter. As a consequence,

the �lter can no longer be tuned.
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Figure 4.9: Resonance of the horizontal screw.

On the other hand, tuning the �lter at higher frequency would require decreasing

the size of all coupling irises. However, above 17.64 GHz the size of the HIR iris becomes

too small and the �lter cannot be tuned successfully. Above this frequency, the width of

the VIR iris is large enough to provide also a signi�cant negative coupling between the

vertical modes, so that the HIR iris looses its e�ectiveness. This can be clearly appreciated

by taking the di�erence between the HIR aperture and the HIR screw penetration for the

higher frequency tuning value. The value obtained is 2.569 mm, however, the width of

the VIR iris is 2.5 mm. It is therefore clear that if the HIR screw penetrates more, its

e�ect will be marginal with respect to the width of the VIR iris. As a result, the center

frequency cannot be further increased. In conclusion, the achieved tuning range turns out

to be about 90 MHz.

It is interesting to observe that the central frequency of the achieved tuning range

is 17.595 GHz.
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Chapter 4. Tunable and recon�gurable waveguide �lters

Expressing the tuning range in terms of the center frequency f0 would result into

approximately ∆f0 = ±0.25% tuning range. This is indeed the measure of the tuning

range that is most commonly used in the technical literature. However, we propose an

alternative de�nition of the tuning range, namely, in terms of the bandwidth of the �lter:

∆BW =
f0,max − f0,min

BW
× 100 (4.1)

Using this alternative de�nition results into approximately ∆BWcw = ±125% tuning

range for the circular waveguide �lter (subscript cw). We do believe that this second

de�nition is more meaningful than the �rst one, since it gives clear information about the

movement in frequency of the �lter with respect to its own nominal bandwidth.

The same conclusions, in terms of tuning range, have been observed for dual-mode

circular waveguide �lters providing standard Chebyshev responses (without the two ad-

jacent transmission zeros), and for �lter structures where symmetric arrangements are

considered for the inter-resonator coupling iris (where two vertical and two horizontal

slots are considered).

4.2 Folded rectangular waveguide �lter

As an alternative to the classic circular waveguide structure in Fig. 4.1, we propose to

investigate in addition the folded rectangular waveguide implementation shown in Fig.

4.10.

Figure 4.10: Folded Rectangular waveguide �lter.
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4.2 Folded rectangular waveguide �lter

The �lter structure in Fig. 4.10 is based on the use of four TE103 resonators, and

can be designed to have an electrical performance that is approximately identical to the

one shown in Fig. 4.2.

In particular, it is well known that in order to generate a pair of transmission zeros,

it is necessary to have two signal paths with couplings of opposite signs. This can be easily

achieved with the structure shown in Fig. 4.10, where the coupling between resonators

3 and 4 is positioned between the end of the third resonator and the beginning of the

fourth one. Because of the alternating sign of the longitudinal �eld distribution of a TE103

resonator, this arrangement results into a 3-4 coupling of opposite sign to the other ones

(i.e. between resonators 1 and 2, resonators 2 and 3, as well as between resonators 1

and 4, where the coupling is always located between the middle of one resonator and the

end of the other one). It is important to note that for the folded rectangular waveguide

structure in Fig. 4.10, the tuning of the electrical parameters of interest, namely, the

resonance frequencies and the coupling values, can be very simply achieved by using

standard vertical tuning screws in the center of the resonators and the irises.

The only limiting factor is the resonance of the tuning elements themselves. In this

case, there are no signi�cant interactions between di�erent coupling apertures. The basic

concept behind the tunable �lter in Fig. 4.10 is simple. However, the tuning range of

this type of structure must be investigated. Furthermore, it is interesting to note that

a di�erent tunable �lter structure with similar performance has been discussed in the

technical literature [27], [102] and [103], where non-resonant circular cavities are used as

tunable coupling and reactive elements. However, the structure in Fig. 4.10 is signi�cantly

simpler to manufacture and tune than the one proposed in [27], [102] and [103].

To explore the tuning range, we have then decreased the center frequency of the �lter

by 10 MHz steps, and re-adjusted at each step all tuning screws. In Fig. 4.11 we show

the simulated tuning range obtained with the folded rectangular waveguide structure in

Fig. 4.10. As we can see from Fig. 4.11, the center frequency can be tuned from 17.6

GHz down to 17.0 GHz.

The achieved tuning range is therefore 600 MHz. Expressing this range in terms

of equation 4.1 results into a tuning range equal to approximately ∆BWrw = ±833%.

This result is clearly far superior to the one obtained with the circular dual-mode �lter

(∆BWcw = ±125%).

The limiting factor in this case is the lower center frequency, which is obtained when

all tuning elements are fully inserted in the �lter structure. To obtain a lower frequency,

we would need to insert the tuning screws further into the structure. This, in turn, brings

the resonance of the tuning element itself too close to the �lter center frequency, and the

desired �lter performance can no longer be obtained.
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Figure 4.11: Simulated tuning range of the folded rectangular waveguide �lter.

4.3 Hardware manufacture

To verify the results of our full-wave simulations, we have built two �lter prototypes, one

in circular waveguide and the other in rectangular waveguide. Before building the �lters,

however, the basic designs in Figs. 4.7 and 4.10 have been slightly modi�ed. The original

(ideal) structures contain elements with sharp, 90◦ corners. Although it is indeed possible

to build hardware with sharp corners, in the industrial practice it is preferred to use

rounded corners. This has two main e�ects, namely, it decreases the manufacturing cost

of the hardware, and improves the quality of the silver plating that is generally used to

achieve low insertion losses. Furthermore, the rectangular cross section tuning elements

in the center of the circular waveguide cavities of the dual-mode �lter have been replaced

with circular cross section tuning screws. Finally, the insertion losses due to the material

of the �lter are also been included in the further simulations.

The transition between the ideal sharp corner structures and the real hardware with

rounded corners has been performed using the OS-ASM procedure [59], using FEST3D

(with the ideal structures) as the low accuracy (LA) space, and ANSYS HFSS and the

real hardware as the high accuracy (HA) space.
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4.3 Hardware manufacture

The resulting �lter geometries are shown in Fig. 4.12 and 4.13 for the circular and

rectangular waveguide �lters, respectively.

Naturally, in the low accuracy mode, the computations are much faster (1-10 sec-

onds) than in the high accuracy mode (10-30 minutes). In fact, all the simulations dis-

cussed in this chapter so far have been carried out using FEST3D in the low accuracy

mode. This has allowed us to carry out in a very short time the very many optimizations

required to achieve the (ideal) performances that we have shown in the previous sections.

Figure 4.12: Fully tunable circular waveguide �lter with rounded corners irises and circular
tuning screws.

Figure 4.13: Folded tunable rectangular waveguide �lter with rounded corners and circular
tuning screws.
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Chapter 4. Tunable and recon�gurable waveguide �lters

Figs. 4.14 and 4.15 show the comparison between the simulated response of the ideal

LA model and the (real) HA performance obtained for the �lter, tuned at two di�erent

center frequencies.

Figure 4.14: Comparison between simulated response in FEST3D and HFSS for the dual-mode
circular waveguide �lter, tuned at 17.55 GHz of center frequency.
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Figure 4.15: Comparison between simulated response in FEST3D and HFSS for the folded
rectangular �lter, tuned at 17.3 GHz of center frequency.
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4.3 Hardware manufacture

As we can see, the two results are almost coincident, so that the LA and the HA

spaces can be considered to be perfectly aligned. Figs. 4.16 and 4.17 show the real

hardware manufactured.

Figure 4.16: The tunable four-pole circular waveguide �lter breadboard.

Figure 4.17: Folded rectangular waveguide �lter realized in silver plated aluminum.

Table 4.2 and Table 4.3 show the �nal dimensions of the fabricated tunable four-pole

circular waveguide �lter and of the folded rectangular waveguide �lter, respectively.
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Chapter 4. Tunable and recon�gurable waveguide �lters

As we will show in the next section, once the LA and the HA spaces are aligned,

and the HA is very close to the real hardware, the �lter will behave as indicated by

the simulations in the LA space. In practice, the changes in �lter performance will be

obtained by changing the penetration of the tuning elements by a very small amount.

We, therefore, expect the real hardware to behave as indicated by the simulations in the

LA space as a consequence of small dimensional changes. This is, in fact, the very same

concept that is at the core of the OS-ASM procedure, which has been demonstrated in

the previous chapter.

Table 4.2: Dimensions of the classic dual-mode �lter structure in millimeters.

Structure Height Width Length Radius
I/O aperture 2.5 7.581 1 -
Circular cavity - - 31.958 7.959

Central vertical aperture 6.31 1 1 -
Central horizontal aperture 1 5.11 1 -

Table 4.3: Dimensions of the folded �lter structure (mm). All heights are 6.477 mm.

Structure Width Length
Input aperture 6.401 3.469
First cavity 12.954 30.543

Second aperture 3.851 2.654
Second cavity 12.954 33.106
Third aperture 3.944 3.117
Third cavity 12.954 33.134

Fourth aperture 3.798 2.654
Fourth cavity 12.954 30.982
Fifth aperture 6.661 16.315
Output aperture 6.5 3.671

4.4 Measured results

Once the hardware has been manufactured, we have carried out two sets of measurements.

The �rst is to evaluate the center frequency tuning range, and the second to evaluate the

bandwidth tuning range, of both prototypes. The results obtained are reported in the

next subsections.
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4.4 Measured results

4.4.1 Center frequency tunability

Fig. 4.18 shows the measured results obtained with the dual-mode �lter made of silver

plated aluminum. In all measured responses, the in-band return losses are around 25 dB.

Figure 4.18: Measured tuning range of the circular waveguide dual-mode �lter.

As we can see, although the higher frequency �lter is slightly narrower in bandwidth

(due to manufacturing tolerances observed in the practical implementation of �lter irises),

the basic tuning performance achieved is the same one as indicated by the LA simulations

in Fig. 4.8.

The measured performance of the folded rectangular waveguide �lter is shown in

Fig. 4.19.

As we can see, the tuning range achieved (keeping always return losses above 22

dB) is about 550 MHz, resulting in a measured tuning range of about ∆BWrw = ±763%.

The small di�erence between the simulated (600 MHz) and the measured range is due to

the manufacturing tolerances.
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Figure 4.19: Measured tuning range of the folded rectangular waveguide �lter.

4.4.2 Bandwidth tuning range

Similarly to what we have done for the center frequency tuning, we have also explored

the maximum tuning range for the bandwidth of the two �lters (that has been recovered

at the central frequency of each tuning range).

The maximum measured bandwidth for the silver plated dual-mode �lter turned out

to be about 51 MHz, resulting in a tuning range greater than 42% (Fig. 4.20).

Finally, we show in Fig. 4.21 the bandwidth tuning of the folded rectangular waveg-

uide �lter. As we can see, the achieved bandwidth is now 69 MHz, resulting in a tuning

range greater than 92%.
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Figure 4.20: Maximum bandwidth for circular waveguide dual-mode �lter.
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Figure 4.21: Maximum bandwidth for folded rectangular waveguide dual-mode �lter.
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4.5 Comparative discussion

The results obtained so far can now be summarized in a comparative discussion. Three

aspects will be addressed in this section, namely tuning range, insertion losses, and out

of band performance.

4.5.1 Tuning range

As we can clearly see by comparing the measured results in Figs. 4.18 and 4.19, the single-

mode rectangular waveguide implementation can achieve a far superior tuning range than

the dual-mode circular waveguide implementation. The reason for this di�erence is the

fact that the use of dual modes imposes conditions on the tuning screw penetrations

that result into a limited tuning range. Furthermore, the presence of two resonances in

a single cavity introduces also interactions between coupling apertures that further limit

the tuning range.

In the single-mode implementation, on the other hand, there are essentially no

interactions between tuning screws or coupling apertures, so that the tuning screws can

be inserted in the structure to the maximum allowed, and the tuning range results are

signi�cantly extended. The only limiting factor in the single-mode case is the resonance

of the tuning elements themselves.

4.5.2 Insertion losses

As expected, the circular waveguide implementation achieves lower insertion loss (0.5 dB)

than the rectangular waveguide implementation (2.5 dB).

This result is clearly due to di�erent contributions. The lower quality factor of

rectangular waveguide resonators as opposed to the circular waveguide resonators is the

most important. The more penetration of the tuners inside the �lter for the case of

the folded �lter and the di�erence due to not be silver-plating also contribute to this

di�erence. It is interesting to note, however, that the height of the rectangular waveguide

�lter can be increased and this, in turn, can lower the insertion losses, thus bringing it to

values that are comparable to the ones achieved by circular waveguide [104].

Obviously, the tuning of this new �lter prototype would be achieved with other

penetration depths (slightly higher than the previous ones) of the corresponding screws.
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4.5 Comparative discussion

4.5.3 Out of band performance

One aspect of the performance of this type of �lter that is of key importance is the out

of band response. This is particularly important if the �lters are to be used in an output

multiplexer. Fig. 4.22 shows the comparison of the out of band performance of the two

�lter types.

It has been checked that the out of band behavior of the proposed circular waveguide

dual-mode �lter is very similar to the one for the same kind of �lter using a classical

cross-shaped iris (instead of the one used in this work, see Fig. 4.5), thus con�rming that

the asymmetric tunable inter resonator iris we use does not generate additional spurious

resonant modes.

As we can see, the folded rectangular waveguide �lter has a substantially cleaner

out of band response.
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Figure 4.22: Out of band performance comparison. The red curve is the circular waveguide
dual-mode �lter.

Finally, it is important to note that an alternative con�guration for implementing

tunable channel �lters could indeed be based on a folded con�guration using single-mode

circular waveguide resonators, coupled through rectangular irises. This structure could

probably o�er a competitive performance in terms of tuning range and insertion losses,

but the limitation in terms of out-of-band performance would still be present.
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4.6 Conclusions

In this chapter we have explored and extended the maximum tuning range of two out-

put channel �lter structures with the support of EM-based CAD techniques. First, the

cross-coupling iris of a classical dual-mode �lter in circular waveguide has been modi�ed

to provide tunability to the device through the use of metallic tuning screws. Secondly, a

simpler folded rectangular waveguide �lter has been studied. The results of our investiga-

tion clearly show that the folded rectangular waveguide implementation has a measured

center frequency tuning performance (∆BWrw = ±763%) that is far superior to the one

of the dual-mode circular waveguide implementation (∆BWcw = ±125%). Furthermore,

the bandwidth tuning of the rectangular waveguide �lter is also superior (92%) to the

one of the circular waveguide dual-mode �lter (42%). Finally, measured results have also

been presented showing very good agreement with simulations, thereby fully validating

all the results presented.
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Chapter 5

Dielectric materials

for tuning waveguide �lters

This chapter describes and extends the results obtained during the research work related

to this thesis in the area of dielectric materials for tuning waveguide �lters. It is important

to note that the results described in this chapter have resulted into the following scienti�c

publication:

� J. Ossorio, V. E. Boria, and M. Guglielmi, "Dielectric tuning screws for microwave

�lters applications," in IEEE MTT-S International Microwave Symposium, pp.

1253-1256, June 2018.

Metallic tuning screws have traditionally been used in many di�erent types of mi-

crowave �lters to compensate for both design and manufacturing inaccuracies [7], [8]. As

previously shown, precise designs can now be performed using accurate full-wave simula-

tion tools.

However, tuning elements are still widely used to recover the e�ects of errors in low

cost manufacturing (such as combline [105] and dual-mode �lters [26], [106]). Furthermore,

tuning screws are also used to obtain di�erent responses using the same �lter body for low-

cost high-yield productions [99], [100] and [107]. There are also particular topologies that

are more well-suited for the use of tuning screws, such as evanescent-mode �lters [108].

Signi�cant e�ort has also been devoted in the past to the development of CAD models

for the accurate simulation of tuning elements in rectangular waveguide �lters [107], in

circular waveguide dual-mode �lters [68], [109] and [110], and in combline �lters [111].
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Chapter 5. Dielectric materials for tunability of waveguide �lters

It is also important to note that microwave �lters have normally been designed to

operate at a single center frequency, and with a �xed bandwidth. Recently, the constant

demand of modern communication services for more agility and bandwidth, is radically

changing �lter requirements [97].

To satisfy the new demands, metallic screws have also been recently proposed as

tuning elements in microwave �lters that can be tuned over a wide frequency range [27],

[31] and [64].

However, the use of metallic tuning screws has a number of drawbacks. They are very

sensitive elements, since a small variation in penetration depth can cause an important

e�ect in the �lter response (specially for resonators). They can reduce the power-handling

capability due to undesired high-power e�ects [9], [67] and [112]. In addition, it is very

di�cult to accurately predict the e�ect of metallic tuning screws by using EM simulation

tools [107]. Finally, the main problem with metallic tuning elements is that they must

be securely fastened to the �lter body (usually with a nut) in order to correctly perform

their function. This, in turn, makes remote tuning virtually impossible.

In addition to metallic tuning screws, however, it is also possible to tune microwave

�lters with dielectric tuning elements. Dielectric resonators are commonly used in mi-

crowave �lters to implement miniaturized high-performance resonators, [113] and [114].

Although dielectric rods and screws can indeed be found in the market, their use as tuning

elements in waveguide �lters has not been discussed in detail in the technical literature. To

the authors knowledge, only preliminary encouraging results have been published in [28].

In this chapter we will present the most recent advances we have achieved in this research

area [115].

5.1 Phase shift of tuning elements

The starting point of our investigation in the context of dielectric tuning elements is the

experimental evaluation of the maximum phase shift that can be introduced by a metallic

or dielectric tuning element in a rectangular waveguide. The phase shift introduced by a

tuning element can, in fact, be directly related to the change in frequency of a resonator

that contains the same tuning element.

It is important to note, however, that an alternative would have been to build a

one pole resonator, and measure the actual shift in frequency as a result of the changes

in tuning element penetration. The choice of the phase shift measurement, instead of

measuring the frequency shift of a resonator, has been dictated by the needs of the ex-

perimental investigation of the Passive Intermodulation (PIM) behavior described in the

next section.

104



5.1 Phase shift of tuning elements

Figure 5.1: Sections of WR-75 waveguide (length of 100 mm each one).

The devices that we have used to measure the maximum phase shift introduced by

tuning elements is composed of two identical sections of WR-75 waveguide (Devices Under

Test, DUTs), as shown in Fig. 5.1.

Both DUTs have been built using aluminum and spark erosion, and have a hole of

3.0 mm of diameter in the center of the upper wall. However, in one of the DUTs the

hole is smooth, while, in the other, the hole is threaded (M3). Using the DUTs shown, we

have then measured the phase shift introduced as a function of frequency for the following

cases:

� Threaded aluminum screw.

� Threaded stainless steel screw.

� Smooth aluminum tuning rod.

� Te�on screw.

� Smooth Sapphire rod.

� Smooth ceramic dielectric rod.

To perform the actual measurement, the two DUTs were connected in cascade, with

a 10 mm silver-plated joining waveguide section. This was done in order to perform all

necessary measurements without disconnecting the DUTs from the Vector Network Ana-

lyzer (VNA). Furthermore, in each case, the tuning element was inserted to the maximum

possible penetration before the appearance of the resonance introduced by the tuning el-

ement itself.
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Chapter 5. Dielectric materials for tunability of waveguide �lters

Fig. 5.2 shows the result obtained with a threaded aluminum M3 screw penetrating

2.5 mm. The curve in red in Fig. 5.2 (and in all subsequent �gures up to Fig. 5.7) is the

theoretical result obtained with HFSS.
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Figure 5.2: Phase di�erence due to an aluminum M3 screw penetrating 2.5 mm.

Next, we performed the same experiment, using this time a stainless steel M3 tuning

screw. Fig. 5.3 shows the result obtained.

The next result we show is the performance of a smooth aluminum rod of 3.0 mm

in diameter, see Fig. 5.4.

It is interesting to note that the agreement between measurement and simulation

is much better in the case of the smooth aluminum tuning rod than in the cases of the

threaded screws. We believe that this is due to the fact that the HFSS simulation does

not include the detail of the thread, and the detailed geometry of the end of the screw.

More speci�cally, from the results shown in Figs. 5.2 and 5.4, it appears that a smooth

tuning element introduces higher values of phase shift that a threaded tuning element of

the same diameter.

This e�ect may be justi�ed by the fact that the threaded tuning element (a screw)

has, indeed, a smaller total volume with respect to a smooth rod of the same diameter

and length. As a result, the phase shift introduced by the screw is lower.
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Figure 5.3: Phase di�erence due to a stainless steel M3 screw penetrating 2.5 mm.
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Figure 5.4: Phase di�erence due to a smooth aluminum rod of 3.0 mm in diameter penetrating
2.5 mm.

Furthermore, it appears that there is also a di�erence in behavior between the

standard stainless steel screw and the aluminum screw, as shown by Figs. 5.2 and 5.3.
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Chapter 5. Dielectric materials for tunability of waveguide �lters

This di�erence may be due to the di�erent metals, but also to the actual detailed physical

di�erence between the two screws. To our knowledge, these di�erences have not been

reported in the technical literature so far.

Next, we show in Fig. 5.5 the results obtained with the Te�on M3 screw. In this

case, the screw is allowed to penetrate until the lower surface of the waveguide (9.525

mm). The next results that we show correspond to the phase di�erence introduced by

a smooth Sapphire rod of 3 mm in diameter penetrating 4 mm (see Fig. 5.6). It is

important to note that the Sapphire rod has two values of dielectric constant, depending

on the direction of electromagnetic �eld. If the energy propagates along the axis of the

cylinder, the value is εr = 11.5. If the energy propagates in a direction that is orthogonal

to the axis of the cylinder, the value is εr = 9.3. In our case, therefore, we have used

εr = 9.3.
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Figure 5.5: Phase di�erence due to a Te�on M3 screw penetrating 9.525 mm.

The �nal results we present in Fig. 5.7 are for a dielectric rod of ceramic material

with relative dielectric constant equal to �fty (εr = 50), and with a penetration of 1.0

mm.

As we can see, this material can only be used up to about 12 GHz providing a

small phase di�erence. Furthermore, using a high εr value reduces very signi�cantly

the maximum penetration. We have therefore discarded this material in the rest of the

investigation. It is possible, however, that high εr material could be e�ectively used at

lower frequencies.
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Figure 5.6: Phase di�erence due to a smooth Sapphire rod of 3 mm in diameter, penetrating 4.0
mm. Dielectric constant εr parallel to cylinder-axis is 11.5, and perpendicular to cylinder-
axis is 9.3.
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Figure 5.7: Phase di�erence due to a ceramic dielectric rod with εr = 50, penetrating 1.0 mm.

Looking at the results obtained so far, we can conclude the following:

1. There is a di�erence in behavior between a threaded screw and a smooth tuning

rod of the same diameter and penetration.

2. The di�erence between the simulation and measurements in the case of the smooth

tuning rod are smaller than the one observed with the threaded tuner.
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5.2 Passive Intermodulation

The generation of Passive Intermodulation (PIM) products in high power microwave com-

ponents in general, and waveguide �lters in particular, is an issue that has been known

for quite some time [9], [116]. In physical terms, PIM is a non linear e�ect due to metal to

metal contacts. Under certain conditions, a metal to metal contact can have a non linear

transfer function, so that an RF current crossing the contact line can result into PIM

generation [67], [117]. Intermodulation products can have a very serious degrading e�ect

at system level, so that particular care must be taken to avoid the generation of PIM. It

is therefore, a standard industrial practice to measure the PIM generation characteristics

of microwave hardware with dedicated measurement benches [118].

Figure 5.8: PIM test bed con�guration including the DUT.
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5.2 Passive Intermodulation

Table 5.1: PIM results for Sapphire.

Penetration (mm) Power/carrier (W) PIM (dBm)
Reference 10 -112
0 10 -111
0.5 10 -111
1 10 -111
1.5 10 -111
2 10 -111
3 10 -111
4 10 -111
Reference 10 -110

Table 5.2: PIM results for Te�on.

Penetration (mm) Power/carrier (W) PIM (dBm)
Reference 10 -110
9.525 10 -110
Reference 10 -110

In the context of this thesis, it is therefore important to investigate the PIM behavior

of the various tuning elements described in the previous section. A PIM measurement

was therefore been carried out with the DUTs shown in Fig. 5.1, and with the following

measurement parameters:

� Tx1 = 11468 MHz, 10 W CW

� Tx2 = 12735 MHz, 10 W CW

� PIM order 3 = 14002 MHz

Fig. 5.8 shows the DUT within the measurement setup used to obtain the experi-

mental PIM results discussed next.

It is important to note at this point that, although the focus of this thesis is on

tunable �lters, the DUT selected for the PIM measurement is a straight piece of waveguide

instead of a resonator (or a �lter). The reason for this choice is that we wanted to focus

on the PIM behavior of the tuning element alone. Using a �lter with tuning screws as

a DUT, would have required a more complex structure with more mating surfaces. The

DUTs in Fig. 5.1, on the other hand, are built using spark erosion on a single piece

of aluminum, thus reducing to a minimum the required mating surfaces, and therefore

drastically reducing any possible source of PIM other than the tuning elements.
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Table 5.3: PIM results for stainless steel screw.

Penetration (mm) Power/carrier (W) PIM (dBm)
Reference 10 -110
0 10 -111
0.5 10 -110
1 10 -98
1.5 10 -88
2 10 -70
Reference 10 -110

Table 5.4: PIM results for smooth aluminum rod.

Penetration (mm) Power/carrier (W) PIM (dBm)
Reference 10 -110
0 10 -111
0.5 10 -109
1 10 -100
1.5 10 -96
2 10 -70
Reference 10 -110

Table 5.5: PIM results for an aluminum screw.

Penetration (mm) Power/carrier (W) PIM (dBm)
Reference 10 -110
0 10 -110
0.5 10 -110
1 10 -109
1.5 10 -110
2 10 -110
Reference 10 -110

The �rst measurement was carried out without tuning elements in the DUTs in

order to characterize the measurement setup. A reference (blank scenario) PIM level of

-110 dBm was observed with a power of 10 W in each carrier.

Next, we measured the Sapphire rod, obtaining the results shown in Table 5.1 for

di�erent penetration values. It is clear that the Sapphire tuning rod does not generate

PIM above the residual PIM level of the test facility.
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5.3 Study of one cavity in waveguide

Then, we carried out a measurement with the Te�on screw inserted completely inside

the DUT (that is, with a penetration value of 9.525 mm). The results are shown in Table

5.2, and reveal that the PIM produced by this dielectric tuning element is again below

the reference (blank scenario) PIM level. The next material we measured is stainless

steel (SS). In this case, the tuning screw was properly locked with a locking nut for each

penetration value. The results obtained are shown in Table 5.3. It is clear that when

the SS screw penetrates more than 1 mm, it does generate strong PIM. This result was,

indeed, expected, since the contact between the SS screw and the aluminum body of the

DUT introduces a non-linearity in the microwave current �ow.

The next measurement was carried out with a smooth aluminum rod (see Table 5.4).

In this case, the rod was blocked with a lateral (orthogonal) SS screw (as described in

the caption of Fig. 5.1). From the measurement results, we can conclude that when the

aluminum rod penetrates more than 1 mm, it also generates strong PIM. Theoretically,

a tuning element made of the same metal as the body of the device should not generate

PIM. It is possible, however, that the appearance of PIM in this case is due to the lateral

SS screw used for blocking the tuning rod. The screw may create a non homogeneous

metal-to-metal contact between the rod and the body of the DUT thereby generating

PIM.

The last measurement that we carried out is for the aluminum screw locked in place

with a nut made of SS (see Table 5.5). It is clear that when the aluminum screw is locked

by a nut does not generate PIM above the residual PIM level of the test facility. This is

due to the RF current does not go through the discontinuity with the other metal, since

that is far away from the waveguide.

5.3 Study of one cavity in waveguide

To estimate the possible tuning range of the classic inductive rectangular waveguide �lters,

when the metallic tuning screws are replaced by Te�on rods (εr = 2.1), we have �rst used

the commercial software package HFSS, and we have focused our attention on the simpler

structure shown in Fig. 5.9 with the resonant frequency at 13 GHz. The next step has

been the introduction of 2 mm diameter metallic tuning screws, both in the cavity and

in the apertures, to estimate the maximum tuning range that metallic tuning screws can

provide. The result is shown in Fig. 5.10.

This result has been obtained introducing all three metallic screws by 3.5 mm.

Increasing more the penetration would bring the resonance of the tuning screw in the

cavity too close to the center frequency of the band-pass.
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Figure 5.9: Simple one pole �lter structure.

Figure 5.10: Performance of a simple one pole �lter structure with metallic tuning screws. No
penetration: right, 3.5 mm penetration: left.

As we can see in Fig. 5.10, using metallic screws, the one pole structure can be

tuned from 13 GHz down to 10.716 GHz (approximately 2.3 GHz). The next experiment

that we perform is to use the same structure as in Fig. 5.9 but using, this time, fully

inserted Te�on tuning rods of 2 mm diameter, instead of metallic tuning elements, see

Fig. 5.11.

The performance obtained with HFSS is shown in Fig. 5.12. As we can see, with

2 mm diameter Te�on (center curve) we obtain about 1 GHz of tuning range. The next

experiment that we perform is to use Te�on rods of 4 mm in diameter. Fig. 5.12 (left

curve) shows that, this time, we have achieved 1.882 GHz of tuning range.
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5.3 Study of one cavity in waveguide

Figure 5.11: Structure with fully inserted 2 mm Te�on rods.

Figure 5.12: Tuning range estimation with Te�on. No penetration: right, fully inserted M2
Te�on rods: center, fully inserted M4 Te�on rods: left.

We can therefore conclude this part of our investigation recognizing that with fully

inserted 4 mm diameter tuning rod we can recover almost 80% of the tuning range provided

by 3.5 mm penetration of 2 mm diameter metallic screws. Next, we have tried the

same experiment using 2 mm diameter Sapphire rods (εr = 10.4, average value between

transversal and vertical εr Sapphire values). Fig. 5.13 shows the results obtained.
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Figure 5.13: Performance with almost fully inserted 2 mm Sapphire rods.

As we can see, in this case we have obtained about 2.1 GHz tuning range. This

result is essentially identical to the one obtained with metallic tuning screws. We have

also tried Alumina tuning rods (εr = 9.2) with essentially identical results. However,

using Alumina tuning rods produced a much higher value of insertion loss. Alumina was

therefore discarded.

5.4 Four-pole inductive �lter with tuners

The reference structure that we will use in this investigation is a standard, inductively

coupled, rectangular waveguide �lter [58], as shown in Figs. 5.14 and 5.15 for the basic

structure, and simulated performance at 12 GHz, respectively. For fabrication purposes,

the ideal square corners have been replaced with a 2 mm radius. As described in chapter 3,

the OS-ASM has been used to design this tunable �lter e�ciently. In addition, this �lter

has been realized in silver plated aluminum in order to reduce the insertion losses. Fig.

5.16 shows the measured performance obtained for the highest and the lowest frequency

tunable channel. Table 5.6 shows the theoretical values for the penetration of the metallic

tuning screws.

It is interesting to note that the insertion loss achieved is approximately 0.44 and

0.40 dB, at 11 and 13 GHz, respectively.
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Figure 5.14: Basic four-pole inductive �lter structure in rectangular waveguide.

Figure 5.15: Basic four-pole rectangular waveguide, inductive �lter performance.

Table 5.6: Theoretical Metallic Tuning Screws Penetrations (mm)

Filter element 11 GHz 12 GHz 13 GHz

I/O aperture 3.61 2.73 0.49
First cavity 3.41 2.48 0.47

Second aperture 3.85 2.89 0.50
Second cavity 3.66 2.69 0.49

Centered aperture 3.76 2.70 0.50
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Figure 5.16: Measured response of the tunable, silver-plated �lter.

5.4.1 Experimental investigation using Te�on tuners

To con�rm our estimate for Te�on, we now perform a series of measurements with the

structure in Fig. 5.14, using �rst 2 mm, and then 4 mm diameter Te�on tuning rods. Fig.

5.17 shows the measured high frequency result obtained with 2 mm tuning rods barely

inserted. Fig. 5.18 (right curve) shows the performance achieved with 2 mm Te�on rods

with the maximum penetration.

As we can see, the tuning range achieved is about 128 MHz. The next result that

we will present has been obtained using 2 mm Te�on rods in the apertures, and 4 mm

Te�on tuning rods in the cavities. Fig. 5.18 (left curve) shows the result obtained for

the low frequency end. With this arrangement, we have obtained a tuning range of about

575 MHz. In this last case, the limiting factor turns out to be the input-output aperture,

where the 2 mm Te�on rod touches the bottom of the cavity at the lower center frequency.

The insertion loss obtained in this case is 0.65 dB at the lower center frequency, and 0.61

dB at the higher center frequency. Figure 5.19 shows the �lter being measured.

It is interesting to note that we have not been able to correctly tune the �lter when

all tuning rods of 4 mm in diameter are used. A preliminary investigation shows that

this is due to the very strong interaction between the relatively thick and closely spaced

dielectric rods.
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5.4 Four-pole inductive �lter with tuners

Figure 5.17: High-end performance with 2 mm Te�on rods barely inserted.

Figure 5.18: Low-end performance. All 2 mm Te�on rods: right curve, 2mm Te�on rods in
apertures and 4 mm Te�on rods in cavities: left curve.
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Figure 5.19: The hardware being measured.

5.4.2 Experimental investigation using Sapphire tuners

Next, we discuss the experimental results obtained with Sapphire rods (εr = 9.3 for propa-

gation perpendicular to the cylinder axis) of di�erent diameters. In the �rst measurement

we have performed, we have used Sapphire rods of 2 mm as tuning elements. In Fig.

5.20 we show the tuned �lter responses at the minimum (low-end) and at the maximum

(high-end) frequencies of the achievable tuning range that can be obtained with Sapphire.

As we can see in Fig. 5.20, with 2 mm Sapphire rods we have obtained almost the

same tuning range given by the silver-plated aluminum rods (as reported in [115]). The

insertion loss obtained in this case is 0.74 dB at the lower center frequency, and 0.61 dB

at the higher center frequency.

It is important to note that the Sapphire tuning rods are practically fully inserted

at the low-end performance (8.5 mm theoretically from previous simulations), indicating

that also in this case we have a higher physical movement of the tuning element with

respect to the silver-plated aluminum case. Again, this is indeed an advantage since the

�lter response is less sensitive to small variations in the tuning element penetration.

Finally, we have performed two more measurements using as tuning elements Sap-

phire rods of 3 mm and 4 mm. Fig. 5.21 and Fig. 5.22 show the results obtained. As we

can see, the tuning range achieved is reduced.
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Figure 5.20: High-end (right) and low-end (left) performance with 2 mm Sapphire rods.
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Figure 5.21: High-end (right) and low-end (left) performance with 3 mm Sapphire rods.
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Figure 5.22: High-end (right) and low-end (left) performance with 4 mm Sapphire rods.

We believe that this is because using larger tuning screws introduces an interaction

between the dielectric rods, thus reducing the e�ective tuning range that can be achieved.

Therefore, for each dielectric material and speci�c �lter geometry, there will be an optimal

choice for the diameter of the tuning rods to achieve the maximum tuning range.

5.5 Comparative discussion

In summary, it appears that it is indeed possible to use dielectric tuning screws, instead

of metallic tuning screws, in rectangular waveguide �lters of the type shown in Fig. 5.14.

The main di�erence are:

� Dielectric screws generally penetrate inside the �lter far more than metallic screws.

� Contrary to metallic screws, dielectric screws do not require a good electric contact

with the body of the �lter.

� The insertion loss achievable with dielectric tuning elements is comparable to what

can be achieved with metallic (silver-plated) tuning elements.

The �rst and second feature appear to be of particular interest, because they may open the

way to practical realizations of remotely tunable microwave �lters. Finally, it is important

to note that, so far, we have measured only the use of Te�on and Sapphire. However,

other dielectric materials are available in the market, with higher dielectric constants and

low insertion losses.
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5.6 Remote tunability by linear motors for 4-pole inductive �lter

We have already demonstrated that dielectric tuning elements can be used for tuning

waveguide �lters. In this section, we are going to demonstrate their use to perform

remote tuning. As we have seen in the previous sections, Sapphire rods provide a wider

tuning range, large penetration inside the structure and a behavior similar to metallic

rods.

The test will consist in tuning a 4-pole rectangular waveguide inductive �lter between

11 to 13 GHz using Sapphire tuning rods of 2.0 mm diameter, and using linear actuators

to control their position. The main idea is to tune di�erent channels and verify the

repeatability of the measurements.

The motors that we are going to use are the 'PQ12-P Linear Actuator with Feedback'

from Actuonix1, see Fig. 5.23.

Figure 5.23: PQ12-P linear actuator.

These motors are provided with a speci�c control board and software in order to

control the position of the actuator, see Fig. 5.24 and Fig. 5.25.

Additionally, in order to reduce all the possible undesired movements of the all

parts and guarantee the repeatability of the measurements, we have designed a support

structure where we are going to place the �lters and the motors, see Fig. 5.26.

1https://www.actuonix.com/PQ12-Micro-Linear-Actuators-s/1825.htm
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Figure 5.24: PQ12-P control board.

Figure 5.25: PQ12-P control software.
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Figure 5.26: Support structure for the �lter with the motors and Sapphire tuners.

As we can see, the �lter is �xed to the support structure by a top holder and four

screws. On both sides of the �lters we have the actuators in separate 3D-printed structures

�xed to the support structure. Finally, in the mobile part of the actuator we have �xed

Sapphire (rod) tuners that are aligned with their respective holes in the �lter body. In

order to allow for a friction less movement of the tuner, we have included a 3D-printed

piece (green part inside the red circle in Fig. 5.27) that keeps the tuner centered.

Figure 5.27: Detail of the Sapphire tuners centered and �xed in the holes by a 3D-printed
piece.

Finally, all the motors are connected to their control board. Each control board is

connected to a USB-hub, in order to control all the motors using one single computer.

Additionally, an external power supply is necessary to feed all the boards. In Fig. 5.28

we can see the complete set-up for this test.

The next step is to tune the �lter in di�erent channels, and to �nd the speci�c

positions of each motor for these channels. Table 5.7 shows the relative position of the

motors for di�erent channels tuned from 11 to 13 GHz.
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Figure 5.28: Set-up of the motors, �lter and the control boards.

Table 5.7: Relative position of the motors for di�erent �lter channels (0-100% of penetration).

Frequency (GHz) Motor 1 Motor 2 Motor 3 Motor 4 Motor 5 Motor 6 Motor 7 Motor 8 Motor 9

11.057 62 58 55 55 55 66 62 62 57
11.410 57 53 50 49 46 56 55 54 52
11.918 49 45 42 41 39 46 44 45 42
12.389 43 38 35 32 31 38 35 37 37
12.995 28 23 20 18 21 19 18 19 20

*Motors 1-4 are placed in the cavities of the �lter.
*Motors 5-9 are placed in the apertures of the �lter.

As we can see, the results are as expected. When we con�gure the �lter with a lower

frequency, the tuners penetrate deeper in the structure and vice-versa.

With all this information we can start the measurements of the �lter. For the test

we are going to recon�gure the di�erent channel �lters introducing in the software of the

motors the values from Table 5.7 several times. We re-tune one channel to another one

randomly, in order to obtain the maximum possible di�erent cases.

In total we recon�gure and measure the �lter 5 times for each channel. Figs. 5.29

to 5.33 show the results of the �ve measurements for each channel.

As we can see, the results show very good repeatability of the recon�guration of

the di�erent channels of the �lter. For the higher frequency channels the measurements

are more coincident than for the lower channels. This behavior is expected, since for

the lower channels we need to penetrate deeper in the �lter and the actuator is far more

outside of the motor, obtaining higher position inaccuracy. Nevertheless, the return loss

parameter remains below 15 dB (for an initial channel of 20 dB of return loss), so that

we can conclude that the �lters have been completely recovered.
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Figure 5.29: Measurements of the 12.995 GHz channel.

Figure 5.30: Measurements of the 12.389 GHz channel.
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Figure 5.31: Measurements of the 11.918 GHz channel.

Figure 5.32: Measurements of the 11.410 GHz channel.
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Figure 5.33: Measurements of the 11.057 GHz channel.

With this proof of concept, we verify that the use of Sapphire tuners and electric

linear motors allow to recon�gure the �lter automatically, using a previously calculated

table for the positions of the tuners for each di�erent channel. The di�erent measurements

show repeatability of the system for every channel in the design bandwidth, being the lower

frequencies more critical since the actuators are further outside of the body of the motor.

5.7 Conclusions

In this section we have investigated the use of dielectric tuning elements in rectangular

waveguide inductive microwave �lters. In particular, we have explored experimentally the

use of Te�on and Sapphire rods of 2, 3 and 4 mm diameter. The results obtained show

that, although the tuning range achieved (with Te�on) is smaller than the one achieved

with metallic tuning elements, the tuning range can be also signi�cant. On the other

hand, using Sapphire rods, we can easily achieve the same tuning range as with metallic

screws. Furthermore, we have demonstrated that dielectric tuners are ideal candidates

for the development of remotely tunable microwave �lters. Finally, although we have

demonstrated the use of dielectric tuning elements speci�cally for rectangular waveguide

�lters, we do believe that dielectric tuning elements can indeed be used in basically all

microwave �lters that use standard metallic tuning screws.
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In conclusion, in this chapter we have given a number of contributions to the state-

of-the-art of tunable �lters in rectangular waveguide, namely:

� We have shown that the use of threaded or smooth tuning element of the same

diameter does not introduce the same phase shift for the same penetration depth.

This has been shown for both dielectric and metallic tuning elements.

� We have shown that dielectric tuning elements do not introduce signi�cant passive

intermodulation (PIM) products. A series of dedicated measurements has been

carried out obtaining consistently the same results (PIM level below the PIM noise

�oor of the measurement setup).

� We have demonstrated experimentally that Sapphire tuning rods of 2 mm in di-

ameter can achieve essentially the same tuning range performance achievable with

metallic tuning elements. The main di�erence is that dielectric tuning elements

can penetrate far more inside the �lter than metallic ones. As a result, the use of

dielectrics can introduce a very substantial reduction in the positional accuracy of

the (dielectric) tuning element itself. This feature is indeed of very practical inter-

est for the potential employment in remotely tunable applications, and has been

demonstrated by a series of measurements using simple linear actuators.

Finally, it is important to note that, although the results presented have been ob-

tained using an inductive �lter in rectangular waveguide, they are applicable also to any

other microwave �lter (or device) that uses metallic tuning elements.
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Chapter 6

Automatic tuning

with a robotic arm (robotuner)

The procedures to design waveguide �lters and the related manufacturing techniques

have recently experienced very rapid developments. The aims of these developments have

been mainly the cost reduction and the increase of manufacturing accuracy. In fact, the

more accurate the manufacturing is, the closer the measured response of the �lter will

be to the theoretical response. There is, however, a limit to the accuracy of all current

manufacturing processes (from classical milling technique to electron-erosion and additive

manufacturing). As a mater of fact, the cost of manufacturing a �lter can be signi�cantly

higher if extreme accuracy is required. For this reason, providing the �lter with some

adjustments capability is mandatory to ensure the correct behavior of the hardware. This

becomes even more critical at higher frequencies (Ku, K an Ka bands) because of the

reduced dimensions of the devices.

As we have shown in the previous chapters of this document, tuning elements can

indeed be very e�ective in compensating manufacturing errors in microwave �lters, as well

as providing the �lter with re-tuning capability (chapter 4).

However, the manual tuning of a microwave �lter is a complex process that can take

from a few minutes to several hours [119]. The task becomes specially complex when

tuning higher-order �lters. Generally speaking, we can therefore say that, the manual

tuning of a microwave �lter requires a high degree of knowledge of the behavior of the

device. There are, indeed, some guidelines on how to adjust manually coupled cavity

�lters [120], but it is still very time consuming.
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A possible improvement, that has been also discussed in the technical literature, is

the use of computer-aided procedures. For instance, the machine learning approach was

studied in [121] and [122], and fuzzy logic tuning strategies have also been used [123], just

to cite a few.

The objective of this chapter is to demonstrate the feasibility of the automation of

the post-manufacturing tuning process of microwave �lters. The demonstration is based

on the development of a robotic arm (robotuner in the remaining of the document) that

will change the penetration of the di�erent tuning screws present in the �lter structure

under the control of a computer. Two di�erent simple algorithms will also be developed

to guide the complete system. To demonstrate the use of robotuner, we will also show

how to take advantage of the results obtained using ASM in chapter 3, and we will tune

an inductive 6-pole �lter in rectangular waveguide.

6.1 Mechanical implementation of the robotuner

In order to implement a mechanical automatic tuning machine for waveguide �lters, we

need four basic capabilities, namely:

� A computer controlled precision mechanism that provides precise mechanical move-

ments and stability through the complete tuning process, including going back ac-

curately to the same position.

� A computer controlled precision actuator that can rotate the tuning element to the

desired angular position with the best possible accuracy. The actuator must also

be able to return several times to the exact same angular position.

� A computer algorithm (or more than one) that can read measured �lter performance

from a network analyzer, compare the response with the desired �lter response, and

produce information we need to change the positions of the tuning elements.

� Finally, we need a tuning element that can change its penetration in the �lter with

a rotation movement. Additionally, and most importantly, the tuning element must

be able to provide excellent electric contact with the body of the �lter without using

a locking nut.

In the previous chapter, we showed how to implement a remotely tunable waveguide

�lter using linear motors and Sapphire tuners. As discussed before, we did obtain good

results because using dielectric materials we obtain a wider tuning movement of the rods

inside the �lter. This allows to reduce the accuracy requirements. The precision in

the movement obtained, using the same linear motors, will be not enough to provide

the repeatability level and precision required when using metallic tuners in standard

waveguide �lters.
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This is why it is necessary to create a robotuner that can position tuning elements

with a higher precision. Another important consideration is the cost. There are many

possible solutions to implement the mechanism we are discussing. We have chosen, to

demonstrate the feasibility of this concept, a solution with the lowest possible cost.

Fig. 6.1 shows the robotuner arm and the workbench that we have developed. Fig.

6.2 displays the required engine control units.

Figure 6.1: Robotuner arm and workbench.

The robotuner is composed of an X-Y table and an arm with an actuator head that

controls the rotation of the screws (namely the rotation axis, C). A precision stepped

motor is connected to this arm, including gears, to implement a 1:300 reduction. This

means that, for a standard tuning screws of M4 dimension, for instance, the robotuner can

provide a precision of around 10 microns in screw penetration. This accuracy is enough

for our proof of concept if we compare it with the usual mechanical fabrication tolerances

(from ±10 to ±100 microns).
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Figure 6.2: Robotuner control units.

It is important to note that, the current robotuner prototype does not provide Z-axis

movement. In order to perform the measurements, we will need to manually engage the

screwdriver head with each tuning element of the �lter. In any case, the robotuner is a

modular tool and the Z-axis movement can be added easily in the future.

Moreover, the robotuner includes a control software that allows the visualization

and control of all the parameters of the motors and rotation of the actuator. Fig. 6.3

shows the main interface of the robotuner control program. It is important to note that

the program allows us to control remotely all the functions of the robotuner.

Additionally, we have developed a number of computer programs that allow us to

read the �lter measurements from a network analyzer, and to compute the rotations

needed to tune a �lter. These programs are attached in Appendix A of this document.

With this whole set-up, we can now tune e�ciently any speci�c waveguide �lter.
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Figure 6.3: Main control interface of the robotuner.

6.2 Tuning algorithm of the robotuner

In this section we describe the algorithm to perform the automatic tuning of a �lter using

the robotuner, together with a vector network analyzer (VNA). The computer algorithm

that we have developed in this context, is based on the search for the minimum error

to reduce the di�erence in performance (the cost function) between the ideal �lter and

the measured responses. Next, we detail the algorithm and the logic structure of the

program, along with the parameters needed for its correct use. This algorithm has been

programmed using Matlab-code language and drivers from National Instruments, and it

also makes use of the robotuner control program mentioned before. More speci�c details

about the practical implementation of the algorithm can be found in Appendix A.

The objective of this algorithm is to try to minimize the di�erence between the ideal

and the measured responses of the �lter, after comparing the di�erent results obtained

each time that a tuner of the �lter is modi�ed.

Note that, for this purpose, it is mandatory to provide the algorithm with the S-

parameters data of the ideal �lter (objective response) or a mask. By a mask we mean a

de�ned set of frequency points and values that we want to achieve with the �lter response.

Fig. 6.4, shows the ideal response for a particular �lter and a potential mask.
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Figure 6.4: Ideal response of a 4-pole �lter centered at 12 GHz with 200 MHz of channel
bandwidth, and its possible objective mask points.

Basically, with this data, we can easily compute the di�erence (namely the error in

the remaining of the chapter) between the ideal and the measured �lter, each time we

perform a modi�cation in the screws penetrations.

In order to obtain a representative error value, we compute it as follows:

� For all the points de�ned inside the in-band frequency of the S11 parameter that are

above the �lter speci�cation (usually -20 or -25 dB) we directly subtract the value

(in dB) to the ideal speci�cation. For the points that satisfy this speci�cation, we

assign 0 as the error value. Finally, we add the error values obtained for all the

points of the S11 parameter.

� For the S21 parameter, we perform a similar strategy. In this case, only two fre-

quency points (and the corresponding upper limits for the S21 parameter, see the

green crosses in Fig. 6.4) are speci�ed.

Finally, the total error (Et) is the summation of S11 and S21 errors (ES11 and ES21).

If this number is higher than the error objective (Eo), we need to continue tuning the

�lter. The corresponding equation 6.1, where n represents the total number of frequency

points de�ned in the in-band section of the ideal �lter response, and r and q are weight

parameters (set to 1 as default value), is included next:

136



6.2 Tuning algorithm of the robotuner

Et = r ∗
2∑

i=1

ES21 + q ∗
n∑

i=1

ES11 (6.1)

This error value will be the key element to decide the next step of the �lter tuning

algorithm. Additionally, with this strategy, we can modify the weight (r and q) of each

error contribution according to the aimed focus of the tuning process: either to accomplish

the S21 speci�cation (which helps to center the frequency response) or to accommodate

the S11 (return loss) level.

The basic idea is to position the robotuner in each tuner, and automatically �nd

the best penetration that minimizes the total error. This step is done by the following

iterative process:

� Obtain the total error between the ideal and the measured �lter responses prior to

any tuner modi�cation.

� Move the tuner to one of the two possible directions (up or down) to a speci�c value

(usually de�ned in the program as turning degrees of the tuner).

� Compute again the total error with this new �lter response.

� Move the tuner to the opposite direction, and compute once more the total error

obtained compared to the ideal response.

� Choose the best direction, based on the minimum error obtained for the three

possible di�erent cases (moving up, moving down, initial position).

After �nding the best direction, a loop is continuously executed until any of the

following stop conditions is satis�ed. We de�ne three di�erent stop conditions for every

iteration of the algorithm:

� Minimum height movement. Once the algorithm has decided the best direction, all

the movement is locked to that direction. If the error increases from one iteration

compared to the previous one, the algorithm goes back to the previous position

and tries to perform the movement with half of the previous movement value. This

continues until the minimum height movement de�ned, or other stop condition, is

reached.

� Minimum possible error value. The algorithm stops if none of the possible move-

ments applied to the tuner is able to reduce the error value from the previous

con�guration.

� Total error value reached. The algorithm stops when the �lter is successfully tuned

and the total error obtained is smaller than the de�ned error objective (Et 6 Eo).

Once the algorithm has �nished for one tuner, we place the robotuner to another

one, and proceed again until the total error value reached condition is accomplished.
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For the practical application of the proposed algorithm, multiple di�erent strategies

can be followed, based on the requirements of the tuning process, characteristics of the

�lter and experience and expertise of the user technician.

For example, if a fully automatic tuning process is required, we can simply implement

the algorithm from the �rst tuner to the last one repetitively, until the �lter is completely

tuned.

Another di�erent strategy would be to start �rst with the cavity tuners, and then

proceed with the aperture tuning screws. In addition, if multiple identical �lters must to

be tuned, a prede�ned initial positions of the tuners, as well as speci�c tuning directions

and height movement values, can be implemented.

In the next section, we will present a practical application example of the automated

tuning algorithm just described above. Then, in section 6.4, we will show how this

algorithm can be combined with a powerful strategy (based on ASM) to reduce the number

of required steps.

Finally, as indicated before, the Appendix A of this document includes a detailed

�owchart of the proposed algorithm; as well as the Matlab codes for its practical imple-

mentation using robotuner, a VNA and a personal computer.

6.3 Tuning a six-pole inductive �lter with metallic tuners

In order to test the robotuner and the tuning algorithm (program) that we have developed,

several tuning exercises have been performed using a classic 6-pole inductive �lter in

rectangular waveguide. The �lter speci�cations are as follows:

� Order = 6

� Return loss > 20 dB

� Center frequency = 11 GHz

� Channel Bandwidth = 500 MHz

The �lter is a classic rectangular waveguide �lter made in aluminum. In addition,

the �lter has been designed with tuners on the top side of the �lter in all the apertures

and cavities. Fig. 6.5 and Fig. 6.6 show the ideal response, a structural view and the

fabricated prototype of the considered �lter.

The tuners of the �lter are of M4 diameter dimension, and have been purchased

from Tronser1. They are speci�cally designed to allow for repeated positioning without

mechanical failure, and without loss of electrical contact with the �lter body (see Fig. 6.7).

1Tronser GmbH, Quellenweg 14, 75331 Engelsbrand, Germany. Web-page: www.tronser.de
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Figure 6.5: Ideal response of the 6-pole �lter.

Figure 6.6: Structural view and fabricated prototype of the 6-pole �lter.
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As pointed out in the introduction of this chapter, the electrical contact between

the tuner and the �lter body is indeed an important issue, because the electromagnetic

�elds inside the �lter will excite surface currents on the tuner. For the proper functioning

of the �lter, the currents must be able to reach the �lter body with as small a resistance

as possible. In addition, this point brings about another issue. In the normal indus-

trial practice, we can see very frequently �lters tuned with normal (silver-plated) screws.

However, this solution requires the use of a locking nut to fasten the screw to the �lter

body.

The presence of this locking nut complicates enormously the structure of any robotic

tuner. This is why we have chosen to use the tuners from Tronser, which avoid the need

of using threaded locking nuts.

Figure 6.7: Speci�cations of M4 tuners from Tronser.

Initially, all the tuners are positioned to penetrate 2 mm in the �lter. This is indeed

the design con�guration that we have used to obtain the ideal response centered at 11

GHz. According to the speci�cations of the tuners (0.397 mm per pitch), this means a

total of 5 turns. Fig. 6.8 shows the initial response obtained as compared to the desired

ideal performance.

We now run the program described in the previous section. First, we search for

the minimum error tuning individually each tuner in the �lter. The result of this step is

shown in Fig. 6.9.

As we can see, we now have a much better response of the �lter. However, we need

to go further to obtain a correct response. At this point, there are di�erent strategies

that we can follow to �nalize the tuning. One possibility is to tune �rst the tuners in the

cavities (in order to center the response of the �lter), and then tune the tuners in the

windows of the �lter (to obtain the correct coupling between cavities).
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Figure 6.8: Initial response vs. ideal response.

Figure 6.9: Response of the �lter after the �rst step vs. ideal response.
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Chapter 6. Automatic tuning with a robotuner

Fig. 6.10 shows the �nal response that we have obtained with such strategy, and is

compared to the ideal �lter response.

Figure 6.10: Final response of the �lter vs. ideal response.

After �nishing the automatic tuning process, we have practically recovered the ideal

response with the real �lter (except for the insertion loss value, which is related to the

material of the �lter and tuners).

6.4 ASM-based technique using robotuner

In the previous sections, we have validated the viability of using a robotuner for the

automatic tuning of waveguide �lters using the minimum error method. This approach

is indeed a very simple tuning procedure, but requires a large number of measurements.

As we demonstrated in chapter 3, the ASM technique can be a powerful tool for the

optimization of waveguide �lters. Furthermore, a recent study, based on the use of the

aggressive space mapping in combination with the robotuner, has demonstrated that the

tuning process can be performed much faster, and can also use a much smaller number of

measurements [124].

The key step in the use of the ASM technique to tune a �lter is to compute the

mapping matrix linking the behavior of the real �lter with the behavior of a simpler �lter

model. For such purpose (computation of the mapping matrix), as indicated in [124], it is

necessary to evaluate the responses of the real �lter when the penetration of each tuning

element is modi�ed, one at the time.
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In Fig. 6.11 and Fig. 6.12 we can see the result of modifying each tuner, and how

the response changes close to the ideal response. These results will be used for computing

the cited mapping matrix (see details in [124]).

Figure 6.11: Response obtained for each tuner modi�ed in the cavities of the �lter.

Figure 6.12: Response obtained for each tuner modi�ed in the windows of the �lter.
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Once the mapping matrix has been computed, one can obtain, in a single computa-

tion, the changes required for all tuning screws to get the desired �lter response (as it is

detailed in [124]). In Fig. 6.13 we show the results of the use of this technique in com-

bination with the robotuner. Following this procedure, the steps necessary to correctly

tune the considered �lter, using only a very low-accuracy model and real measurements

of the �lter, have been reduced to just 3 ASM iterations.

Figure 6.13: ASM-based tuning procedure result using robotuner.

6.5 Conclusions

The results discussed in this chapter, clearly show the feasibility of building a robotuner

that can e�ectively tune a microwave �lter automatically. Furthermore, the robotuner

allows to develop and implement di�erent tuning methods which are more suitable to the

behavior of each particular �lter. This is especially useful if we want to automate the

tuning of a large number of �lters units with the same response.
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It is important to note, however, that the robotuner also presents some limitations.

The �rst one is related to the relative positions of the �lter and the actuator of the

robotuner. If we want to fasten the �lter in the robotuner only once, all the tuners must

be in the plane that is accessible to the actuator (X-Y plane). Second, the tuners must

be able to withstand a number of di�erent movements without loss of good electrical

performance. For example, using the algorithm developed for the automated tuning

method, the robotuner has to �nd the correct direction to minimize the error, that means

at least to perform three di�erent movements of the tuner for each tuning element.

In any case, the objective of this chapter was to provide a proof of concept for the

automatic tuning of waveguide �lters, and this objective has been fully achieved. It is

important to note that the technique we have demonstrated is particularly useful when a

very large number of identical �lter must be tuned to the same response, as it is commonly

the case for cellular base stations.

145





Chapter 7

Further advances:

Quadruplet diplexer and

integrated �lter switch

This chapter describes and extends the results obtained during the research work related

to this thesis concerning further advances in rectangular waveguide �lters. It is important

to note that the results described in this chapter have resulted into the following three

scienti�c publications:

� J. Ossorio, S. Cogollos, V. Boria, and M. Guglielmi, "Rectangular waveguide quadru-

plet �lter for satellite applications," in IEEE MTT-S International Microwave Sym-

posium, pp. 1359-1362, June 2019.

� J. Ossorio, J. C. Melgarejo, S. Cogollos, V. E. Boria and M. Guglielmi, "Waveguide

Quadruplet Diplexer for Multi-Beam Satellite Applications," in IEEE Access, vol.

8, pp. 110116-110128, June 2020.

� J. Ossorio, J. C. Melgarejo, V. E. Boria and M. Guglielmi, "On the Integration

of Microwave Filters and Waveguide Switches," in IEEE Microwave and Wireless

Components Letters, Dec. 2020.

As mentioned in section 2.1, modern satellite communication systems are currently

evolving from the standard bent-pipe con�guration to new multi-beam regenerative pay-

loads [6] and [125]. As a consequence, very selective and compact �lter structures are

currently being required to �t the new stringent speci�cations [126].
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In this context, therefore, we discuss in this chapter two new devices to be used in

multi-beam satellite payloads. The �rst is a very compact and selective diplexer, based on

a novel folded topology for quadruplet �lters. The second is a novel device that integrates

in one single component the functions of microwave �lter and waveguide switch.

7.1 Quadruplet �lter

Since their introduction in 1970's, [25] and [26], dual-mode �lters in circular waveguide

have been the standard solution for multichannel manifold multiplexers for satellite com-

munications [127]. This is because of the clear advantages o�ered by dual-mode �lters in

terms of performance and compactness with respect to other topologies (see chapter 4).

However, dual-mode �lters in circular waveguide usually require the use of tuning screws

in order to adjust the performance of the �lter. This is not a problem for the implemen-

tation of a manifold multiplexer, but it becomes a problem when the �ltering structures

must be integrated in the front end of the payload, due to the reduced space available.

For this reason, more compact topologies without tuning screws need to be developed.

Furthermore, alternative dual-mode �lter structures without the use of tuning screws

have also been presented in the technical literature, [128], [129]. In addition, new compact

con�gurations, based on single-mode rectangular waveguide, that implement transmis-

sions zeros using cross-coupled sections, have also been presented in [126] and [130].

In this context, therefore, we present in this section a new single-mode rectangular

waveguide structure without tuning elements, that can generate two symmetric transmis-

sion zeros using the cross-coupling concept.

In the proposed �lter structure, the cavities are suitably arranged in order to reduce

the footprint of the device, and to achieve, at the same time, a high-selectivity response.

7.1.1 Filter speci�cations

We are going to design the �lter using WR-42 rectangular waveguide input and output

connections. The �lter speci�cations are inspired by the requirements for a satellite

diplexer, as discussed in [131]. The �lter speci�cations are as follows:

� N = 4

� Return loss ≥ 20 dB

� Useful bandwidth = 220 MHz

� Center frequency = 19.95 GHz

� Temperature excursion = -50◦C to +100◦C

� Attenuation out-band = 30 dB @ CF ± 500 MHz
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7.1 Quadruplet �lter

It is important to note at this point that, in order to obtain a compliant �lter design,

the expected temperature variations must be taken into account from the very beginning.

The main e�ect of temperature variation is to modify the �lter center frequency. This

frequency variation can be estimated as follows:

∆f = α(20− T )f0 (7.1)

where ∆f is the frequency excursion of the �lter, α is the temperature expansion

coe�cient of the material used, and T the expected maximum and minimum temperature

of the device in degrees Celsius (◦C). We use eq. (7.1) for both the lower and the higher

temperature in order to calculate the maximum center frequency variation of the �lter.

For aluminum, using α = 23.1−6K−1 in eq. (7.1), and a �lter bandwidth of 300

MHz, we obtain a compliant response with respect to the temperature variations, as we

can clearly see in Fig. 7.1.

Figure 7.1: Response of the �lter for the maximum and minimum temperature.

Furthermore, it is now important to recall that the guided half-wavelength at 19.95

GHz is approximately 15 mm. As a consequence, using standard half-wavelength rect-

angular waveguide resonators, namely, the TE101 resonance, will result in very stringent

accuracy requirements in the fabrication process. In order to e�ectively address this issue,

we will design the �lter using the TE103 resonant mode. This choice has two favorable

e�ects. The �rst is that it will allow us to avoid using tuning screws in the �nal structure

(we will justify this design decision through a Monte-Carlo statistical analysis and EM

simulations of the �nal design structure in section 7.1.2).
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Chapter 7. Further advances: Quadruplet diplexer and integrated �lter switch

The second positive e�ect of using the TE103 resonant mode is to increase the quality

factor of the resonators, thereby reducing the insertion losses. This choice, on the other

hand, will produce a larger �lter. The �nal �lter structure, however, will be made more

compact using an optimized �lter topology, as we will show in the next section.

An additional detail is that we will increase the return loss speci�cation to 25 dB

in the design process of the �lter. We do this in order to introduce a margin to take into

account the deviations due to the fabrication tolerances. Fig. 7.2 shows the �nal ideal

response of the 300 MHz band-pass �lter to be designed.
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Figure 7.2: Final ideal performance of the �lter.

7.1.2 Filter design

The �lter design procedure that we have used is based on the results discussed in [60].

To start, we design �rst a �lter with the right in-band response. To this end, we can use

a classic inductive 4-pole �lter with no transmission zeros that can be designed automat-

ically using FEST3D. Once the basic in-line four-pole �lter structure has been obtained,

we can fold the �lter in the middle and connect the cavities 2 and 3 through an inductive

aperture as shown in Fig. 7.3. As we can see, in Fig. 7.4, this modi�cation does not

generate undesired e�ects in the �nal performance of the �lter.

The next step in the design process of the �lter is to add the transmission zeros to

the response. This can be achieved by adding a small capacitive window between cavities

1 and 4. The �lter performance is then re-optimized using as reference the ideal response

shown in Fig. 7.2. The �nal �lter structure obtained is shown in Fig. 7.5.
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7.1 Quadruplet �lter

Figure 7.3: Vertical connection of the inductive 4-pole �lter with TE103.
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Figure 7.4: Response of the inductive 4-pole �lter connected in vertical direction by the 2nd
and 3rd cavities.

As we can see, the structure contains a capacitive 1-4 coupling. In addition, we have

also added to the basic �lter structure two corners in the 1st and 4th cavities in order

to reduce the total length of the �lter. Furthermore, the 2nd and 3rd cavities have been

folded in a 'C' shape, in order to reduce also the total height of the structure.

These modi�cations do not a�ect the performance of the �lter, as shown in Fig. 7.6,

where the performance of the quadruplet �lter is compared with the ideal response.
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Figure 7.5: Ideal structure of the quadruplet �lter simulated in FEST3D.
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Figure 7.6: Performance of the quadruplet �lter vs. ideal response.

Finally, as we discussed in the previous section, we have performed a Monte-Carlo

yield analysis for the �nal structure, using both TE101 and TE103 resonant modes, in

order to verify the advantages of using the TE103 mode over the TE101 mode.
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7.1 Quadruplet �lter

Table 7.1 shows the results obtained, for each resonant mode, with a standard

deviation (STDDev) of 5 and 10 microns, respectively. The acceptance limit is -20 dB for

the in-band S11 parameter of the �lter (from original �lter speci�cations). The material

chosen for the EM simulations of the �lters with losses is aluminum.

Table 7.1: Monte-Carlo and EM simulations results.

Simulation TE101 TE103

Monte-Carlo (STDDev = 5 microns)1 43 82
Monte-Carlo (STDDev = 10 microns)1 20 53

EM S21 Losses (dB) 0.442 0.317
1 The numbers indicates the percentage of positives cases
over 1000 random simulations for each mode.

From the results shown in Table 7.1, we can see that with the TE103 resonance, and

with an accuracy between 5 and 10 microns, we should be able to obtain an acceptable

yield. This is indeed a challenging accuracy requirement, but it is feasible with current

high precision manufacturing techniques.

7.1.3 High precision design using One-Step Aggressive Space Mapping (OS-ASM)

At this point, we have an ideal quadruplet structure that satis�es all the speci�cations.

However, all simulations performed so far have been carried with FEST3D using a set of

parameters that allows for fast computations, but with reduced accuracy. To manufacture

the hardware, on the other hand, we need to obtain the same performance but using a

more accurate electromagnetic (EM) simulator. Moreover, the ideal structure uses ideal

90◦ corners and no material losses. In order to simulate a realistic device, we need also

to introduce rounded corners in the structure and include in the simulations the material

(aluminum) losses.

Furthermore, in order to reduce the fabrication cost of the device, we can increase

the height of the waveguides of the �lter, to have more space for the movement of the

cutting tools. An additional positive e�ect of this choice is that it further reduces the

in-band insertion losses of the �lter. The standard waveguide dimensions will then be

recovered with tapered input and output waveguide sections.

With these modi�cations, the structure is now ready to be simulated using CST

(now with Dassault Systèmes) Microwave Studio. Fig. 7.7 and Fig. 7.8 show the new

structure of the �lter with rounded corners and the result of the full-wave simulation with

CST, respectively. As we expected, the �lter response obtained using the new structure

is signi�cantly detuned. We now need to recover the ideal response of the �lter.
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Figure 7.7: Structure of the quadruplet �lter with rounded corners and I/O tappers.
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Figure 7.8: Initial performance of the quadruplet �lter in CST.

In order to avoid costly optimizations in CST, we are going to use the well-known

OS-ASM proposed in this thesis (see chapter 3). We will follow the procedure described

in [59] using CST as high-accuracy space, and the Multimode Equivalent Network (MEN)

of FEST3D, used in the previous section for the initial �lter design, as low-accuracy space.

After 6 iterations we obtain the performance shown in Fig. 7.9 where it is displayed

together with the ideal response.
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Figure 7.9: Final performance of the quadruplet �lter in CST vs. ideal response.

We can �nally conclude that we have indeed recovered the ideal performance of the

�lter with a structure that can now be manufactured. Table 7.2 shows the �nal dimensions

of the �lter.

Table 7.2: Dimensions of the quadruplet �lter in millimeters.

Structure1 Height Width Length
I/O Tapper L0 4.318 to 5.5 10.668 20

Inductive aperture A1 5.5 7.278 1
Cavity 1 L1 5.5 10.668 12.891
Cavity 1 L2 15.643 10.668 5.5

Inductive Aperture A2 2 5.095 5.5
Cavity 2 L3 7.685 10.668 5.5
Cavity 2 L4 5.5 10.668 8.021
Cavity 2 L5 2 10.668 5.5
Cavity 2 L6 5.5 10.668 13.571

Inductive aperture A3 5.5 5.535 2
Capacity aperture2 0.3 5.5 2

1 The �lter is symmetric in the XY plane. All the corners
are 2 mm rounded.
2 The capacity aperture is placed in the �lter at 17.91 mm
from the bottom.
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7.1.4 Measured results

We have manufactured the �lter in order to verify the theory and the EM simulations.

Fig. 7.10 shows the comparison of the measured versus the ideal response of the �lter.
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Figure 7.10: Measured result of the quadruplet �lter vs. ideal response.

As we can see, although the S11 is slightly narrower in bandwidth (due to manufac-

turing tolerances), the performance achieved is below -20 dB for the S11 parameter and

is practically coincident with the ideal response, thus validating the new �lter structure.

7.1.5 Conclusions

In this section we have described the complete design process of a new quadruplet �lter

structure that is suitable for modern multi-beam space communication payloads. Real

speci�cations for space applications have been used in the design process.

The �lter has been �rst designed using fast MEN models. The design has then

been �nalized using accurate EM simulations (i.e. FEST3D and CST Microwave Studio,

respectively), and an e�cient OS-ASM procedure.

The results clearly indicate that the initial low-accuracy performance has been fully

recovered by the highly accurate hardware. Finally, the measured prototype performance

shows very good agreement with the simulations, thereby fully validating the novel �lter

structure and the employed design procedure.
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7.2 Quadruplet diplexer

Now that we have fully demonstrated the design of a single �lter, we can start the design

of a diplexer.

The diplexer is one of the key elements of multi-beam satellite payloads. Diplexers

are used to split or combine two di�erent frequency channels that use the same antenna

[67]. The need for high power handling and low losses makes the rectangular waveguide

diplexer a very attractive solution for the considered space application.

In most cases, diplexer structures consist of a 3-port waveguide junction connecting

two band-pass �lters to a common port [132]. Many di�erent solutions have been discussed

in the technical literature [133]-[137]. Typically, each �lter is connected to the common

port with a length of waveguide that is adjusted to optimize the performance of the

diplexer. Many di�erent solutions have also been discussed with the objective of reducing

the footprint of the diplexer (see for instance [138]-[140]).

More recently, alternative designs have also been presented, based on �lters im-

plementing TZs to increase the selectivity and reduce the diplexer footprint, as in [126]

and [141].

In this context, therefore, the objective of this section is to signi�cantly extend the

results for quadruplet �lters presented before, discussing the detailed design of a very

compact, low-loss rectangular waveguide diplexer [142].

The material to be considered next is summarized as follows:

1. An in-depth investigation providing a physical justi�cation, for the presence of ad-

ditional TZs implemented with capacitive inter-resonator couplings in the quadru-

plets �lters.

2. The complete design procedure of the proposed diplexer structure.

3. The theoretical veri�cation of the full diplexer design through a comparison with

commercial EM simulators.

4. The prediction of the high-power multipactor discharge behavior.

5. The validation of the new structure diplexer through a comparison with the mea-

surement of a prototype fabricated using aluminum.
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7.2.1 Diplexer speci�cations

The speci�cations that we have chosen as a target for our diplexer design are as follows:

� I/O interface: WR-42 (a=10.668 mm, b=4.318 mm)

� Center frequency 1 (CF1): 19.820 GHz

� Center frequency 2 (CF2): 20.082 GHz

� Useful channel bandwidth (BW ): 245 MHz

� In-band return loss (RL): ≥ 20 dB

� Insertion loss at CFx: ≤ 0.3 dB

� Narrow band isolation:

- Contiguous edge:

≥ 20 dB @ CFx ± 144 MHz

≥ 40 dB @ CFx ± 381 MHz

- Non-contiguous edge:

≥ 20 dB @ CFx ± 192 MHz

� Maximum operating RF input power: ≤ 200 W

� Maximum dimensions: ≤ 130× 130 mm

� Maximum mass: ≤ 500 g

These speci�cations are inspired by the requirements for multi-beam payloads of

actual space applications [131]. It is important to note, however, that the speci�cations

are not exactly identical to the ones indicated in [131]. After signi�cant e�orts we realized

that it was not possible to satisfy all the original requirements at the same time with a

reasonable diplexer structure.

Our e�ort, therefore, has been devoted to the development of a feasible structure

that could give the best possible response while maintaining a small volume and a low

cost fabrication. This situation is very common in the initial development activities for

new payload con�gurations, where the main objective is to establish a proof of concept

and not to deliver �ight hardware.

Furthermore, following the same strategy as for the single quadruplet �lter in pre-

vious section, we have increased the return loss to 25 dB in the design process of the

diplexer, in order to have a margin to account for the possible deviations due to the

fabrication process.
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7.2.2 Out of band response

Before going any further with the description of the design procedure for the diplexer,

it is now convenient to discuss the out-of-band behavior of the quadruplet �lter shown

in Fig. 7.11. In Fig. 7.12 we recall the in-band response of the �lter from the previous

section, and Fig. 7.13 shows the out-of-band response of the same �lter.

Figure 7.11: Quadruplet �lter structure.

As we can see, in the frequency range that we have simulated, there are three replicas

of the �lter pass band. This is because the �lter is designed to operate with the TE103

resonance. The response of interest is the one centered at 20 GHz. However, if we look

carefully at the S21 curve in Fig. 7.13, we can see that, in addition to the transmission

zeros (TZs) near the pass-band, there are also two additional TZs.

The �rst additional TZ is located at about 17 GHz, that is inside the second pass

band, while the second one is located at approximately 22.2 GHz.

In order to better understand the origin of the two additional TZs, we now focus our

attention on the E-plane T-junction shown in Fig. 7.14 (where the output port, parallel

to 1, is short-circuit).

The performance of the T-junction computed with CST Microwave Studio from CST

(Computer Simulation Technology, now with Dassault Systèmes) is shown in Fig. 7.15.

As we can see, this structure produces an alternating sequence of TZs and points of

adaptation. Figs. 7.16, 7.17, and 7.18 show the electric �eld inside the T-junction at the

frequencies of the �rst TZ, at the frequency of adaptation (S11 less than -20 dB), and at

the frequency of the second TZ, respectively.
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Figure 7.12: Final in-band response of the quadruplet �lter designed in [131].
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Figure 7.13: Out-of-band response of the quadruplet �lter.
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Figure 7.14: E-plane T-junction.
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Figure 7.15: Performance of the E-plane T-junction in Fig. 7.14.

As we can clearly see, the electric �eld has a maximum just at the location of the T-

junction when a TZ is produced. This is because the electric �eld has an even distribution

with respect to the branch of the T-junction, so that the fundamental mode in the branch

waveguide is not excited, hence the TZ. At the frequency of adaptation, on the other

hand, we can clearly see in Fig. 7.17 that the electric �eld has a strong odd component

at the same location, thereby generating a point of adaptation for the fundamental mode

of the branch waveguide.
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Figure 7.16: Electric �eld distribution at the �rst TZ.

Figure 7.17: Electric �eld distribution at the point of adaptation.

Figure 7.18: Electric �eld distribution at the second TZ.
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This behavior is due to the interference between the E-plane T-Junction and the

short-circuited end of the manifold. This is indeed well-known, and has been exploited

in the past to de�ne the optimum manifold con�guration in manifold multiplexers [67]

and, more recently, to generate transmission zeros in rectangular waveguide �lters [143].

Our investigations indicate that this interference phenomenon is indeed the cause of the

additional TZs that can be observed in the wide-band response in Fig. 7.13.

To further investigate this point, we now look at a simpli�ed version of the quadru-

plet �lter, namely, a two-pole �lter with a capacitive inter resonator coupling. Fig. 7.19

shows the basic structure of the two-pole �lter, and Fig. 7.20 shows the simulated wide-

band performance. As we can clearly see in Fig. 7.20, this two-pole �ler produces two TZs

in the same approximate location (around 23 GHz) as the one produced by the original

quadruplet �lter (at 22.2 GHz).

Figure 7.19: Two-pole �lter with capacitive inter-resonator coupling.

If we now change the distance of the capacitive iris from the end of the cavity to

18.0 mm, and to 12.0 mm, we obtain the results shown in Fig. 7.21 and 7.22, respectively.

As we can clearly see, changing the distance of the capacitive inter-resonator iris,

we can e�ectively change the location of the additional TZs generated by the T-juncion,

while maintaining (via optimization) the same basic �lter in-band response.

It is important to note that, since we actually need two T-junctions to implement a

capacitive inter-resonator coupling, each one of the TZs is actually a double TZ. This is

clearly shown in Fig. 7.23, where we have introduced a slight asymmetry in the structure

of the two-pole �lter with the TZ in the lower rejection band (Fig.7.21).
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Figure 7.20: Wide-band response of the two-pole �lter in Fig. 7.19 .
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Figure 7.21: Two-pole �lter with an additional TZ in the lower rejection band.
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Figure 7.22: Two-pole �lter with an additional TZ in the upper rejection band.
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Figure 7.23: Two-pole �lter with a double TZ in the lower rejection band.

This feature of the �lter structure described in this chapter can be very e�ectively

exploited to design a diplexer, as will be discussed in the reminder of this section.

165



Chapter 7. Further advances: Quadruplet diplexer and integrated �lter switch

7.2.3 Distributed model

To start the design of the diplexer, we �rst need to design two separate �lters centered at

the frequencies given in the speci�cations. Both �lters are based on the basic rectangular

waveguide quadruplet �lter proposed in the previous section 7.1.

In this section, we are going to analyze and explain the behavior of the quadruplet

�lter in terms of an equivalent distributed model.

MS1 M12

M23

M34M4L

M14

1 2

34

Figure 7.24: Lumped element circuit of a quadruplet.

A typical quadruplet topology with lumped elements for a 4-2 �lter is the simple,

well-known folded con�guration shown in Fig. 7.24. Since the circuit is symmetric, we

can write MS1 = M4L and M12 = M34. For an in-band RL > 20 dB and rejection higher

than 40 dB, we obtain the following values:

MS1 = M4L = 1.074145

M12 = M34 = 0.935874

M23 = 0.766639

M14 = −0.106916 (7.2)

To convert the lumped element circuit into a distributed one, we can replace the

resonators with lengths of transmission lines. Instead of resonators 2 and 3, we now

have transmission lines of a length that is an integer number of half-wavelengths (nλg/2).

However, resonators 1 and 4 are connected through an inverter.
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7.2 Quadruplet diplexer

We now need to decide what kind of connection we are going to use between res-

onators 1 and 4, namely, series or parallel. Since we want to use in the real prototype an

E-plane T-junction, the connection must be a series one (see [144]).

The resulting equivalent distributed network is, therefore, the one shown in Fig.

7.25 where φ = n× 180◦ and θ′ + θ′′ = n× 180◦.

KS1 θ ′′θ ′ K12 φ

K23

K34 φK4L θ ′′θ ′

K14

1 2

34

Figure 7.25: Distributed model of the 4-2 �lter.

The expressions for the inverters are now:

KS1 = K4L = MS1

√
nπ

2
W = M4L

√
nπ

2
W

K12 = K34 = M12
nπ

2
W = M34

nπ

2
W

K23 = M23
nπ

2
W

K14 = M14
nπ

2
W (7.3)

where W is the fractional bandwidth (in terms of frequency if we use TEM lines or in

terms of wavelength if we use waveguides).

We still have to determine the individual values for θ′ and θ′′. The derivation for

the values of the network elements, following the procedure described in [82], results in

two possible equivalent solutions θ′ = 0◦ and θ′ = n × 180◦. For the time being, we will

use the solution θ′ = 0◦. The in-band response that we obtain with this choice is shown

in Fig. 7.26 with n = 1, a center frequency f0 = 20 GHz, and bandwidth BW = 200

MHz.

167



Chapter 7. Further advances: Quadruplet diplexer and integrated �lter switch

As we expect, there is a pair of TZs close to the pass band of the �lter due to the

1-4 negative coupling. The agreement of the distributed model with the lumped model

response is extremely good, even though we have used the dispersion of the TE10 mode

of the WR-42 waveguide (a = 10.668 mm, b = 4.318 mm) in the distributed resonators.

It is interesting now to look at the out-of-band response shown in Fig. 7.27. As

we can see, there are two pairs of TZs far away below and above the pass band. This

behavior is, in fact, identical to the one discussed in the previous section.

It is important to note that in these simulations, we have used n = 1 simply to obtain

a single �lter response so that the additional TZs could be seen more clearly. Using n = 3

would have still produced the additional TZs, but would have also produced additional

pass bands, just as in Figs. 7.20 to 7.23, and the additional TZs would have not been so

clearly visible.
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Figure 7.26: In-band response of the distributed model compared with the lumped model
response given by the coupling matrix.

As already discussed in section 7.2.2, we can indeed change the frequency location

of the extra zeros by simply increasing θ′. That will, of course, degrade the in-band

performance, but this degradation can be compensated with a fast optimization of the

inverter values in order to recover the desired in-band return loss level.

168



7.2 Quadruplet diplexer

15 18 21 24 27
-150

-100

-50

0
Sc

at
te

ri
ng

Pa
ra

m
et

er
s

(d
B

)

Frequency (GHz)

S21 Distributed
S21 Lumped

Figure 7.27: Out-of-band transmission response of the distributed model compared with the
monotonically decaying response of the lumped model.

An example of the in�uence of θ′ in the location of the transmission zeros can be

observed in Fig. 7.28, where the only parameter changed is θ′. It is important to note

that, to obtain the result shown in Fig. 7.28 we have used again the real dispersion of the

TE10 mode in a WR-42 waveguide.
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Figure 7.28: Filter performance for several values of the parameter θ′.
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The electrical response of Fig. 7.28 shows a typical near-band asymmetry when the

additional TZs approach the pass band. We can, however, still maintain the near-band

TZs and the in-band performance with a rapid optimization of the inverter values.

There are, however, some limitations. If the extra TZs approach the near-band

zeros, it will be di�cult to maintain the TZs at the same positions and, consequently, the

rejection lobe levels. It is still possible to move the parameter θ′ in Fig. 7.28 and keeping

the TZs in the same positions through optimization of the inverter values giving the result

shown in Fig. 7.29, where the near-band TZs are kept at their original positions.
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Figure 7.29: Filter performance for several values of the parameter θ′ but enforcing the near-
band transmission zeros at �xed frequency locations.

Furthermore, it is interesting to observe that if θ′ > 90◦ the additional transmission

zeros in the higher rejection band can be moved closer to the �lter pass band, as it is

shown in Fig. 7.29.

Once we decide the location of the transmission zeros, the remaining dimensions can

be obtained from the distributed model as described in [82].

Additionally, the resonators have been designed using the TE103 mode in order to

increase the quality factor (using n = 3 in eq. (7.3)). It is important to note that

this speci�c feature of the basic �lter structure we are discussing can be very e�ectively

exploited in the diplexer design.
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To summarize, the features of this structure are:

� The number of TZs implemented is NTZ = 4. Two are given by the coupling

matrix, and are placed one below and one above the pass band. The other two can

be located either to the left (θ′ < 90◦) or to the right (θ′ > 90◦) of the pass band.

� The extra TZs can be moved together by changing θ′. However, the convergence

of the optimization process becomes slower as the extra TZs are closer to the pass-

band.

� The extra TZs can only be moved together and cannot be allocated separately.

This is because we have at our disposal only two geometrical parameters, namely

the length θ′, and the strength of the capacitive coupling.

7.2.4 Low-accuracy diplexer design

To continue with the diplexer design, we now use the structure just described to design

the two separate ideal waveguide �lters that �t the speci�cations of the two channels of

the diplexer. The design has been carried out using FEST3D (from AuroraSat, now with

CST and Dassault Systèmes). The procedure is as follows:

1. Start with the coupling matrix giving the in-band performance and the near-band

TZs.

2. Use the distributed model to increase θ′ until the extra TZs are located where

desired.

3. Optimize the inverter values to retrieve the in-band response and the near-band

TZs where desired. This stage is very fast since we work only with the distributed

model. No EM optimization is required at this point.

4. The initial physical dimensions of the structure are then obtained following the

standard procedure described in [82]. At this point the EM simulations are per-

formed over individual parts of the �lter. Therefore, this step is also very fast.

5. We can now assemble the whole �lter and perform a full-wave simulation. This

will give a very good initial point for the EM optimization. With a few iterations,

the optimization will now produce a response that is very close to the one given

by the ideal distributed model.

At the end of the design process, we obtain two separate �lters. Fig. 7.30 and

Fig. 7.31 show the performance of the two separate �lters compared with the distributed

model.

To continue with the design process, we now need to join the two �lters in order to

obtain a diplexer. After exploring a number of possible solutions, we decided to use an

E-�eld T-junction, as shown in Fig. 7.32. Fig. 7.33 shows the complete structure.
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Figure 7.30: Response of the quadruplet �lter for the diplexer with three TZs in the lower band.
Solid lines correspond to the EM response and dashed lines correspond to the distributed
model response.
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Figure 7.31: Response of the quadruplet �lter for the diplexer with three TZs in the upper
band. Solid lines correspond to the EM response and dashed lines correspond to the
distributed model response.
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Figure 7.32: Frontal view of the E-�eld T-junction implemented. A0T and A0B are the design
dimensions.

Figure 7.33: Structure of the diplexer with the T-junction.

Fig. 7.34 shows the initial response of the diplexer. As expected, the diplexer is not

tuned correctly.
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Figure 7.34: Initial response of the complete diplexer structure.

The next step is to use the procedure described in [38] to obtain the performance

shown in Fig. 7.35.

The procedure essentially consists of recovering the ideal response by optimizing the

structure cavity-by-cavity.

At this point, we have a diplexer structure that satis�es all the speci�cations. How-

ever, all simulations performed so far have been carried out with FEST3D using a set of

parameters allowing fast computations with reduced accuracy. We now need to move from

a low-accuracy design to a high-accuracy design that can be successfully manufactured.

Furthermore, the diplexer we just designed uses 90° corners, and the e�ects of ma-

terial losses have not been included. For the sake of manufacturing, it is now convenient

to introduce rounded corners in the structure, and to include in the simulations the losses

(due to the use of aluminum in this case).
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Figure 7.35: Final response of the diplexer with the T-junction.

7.2.5 High-accuracy diplexer design

The software used to carry out the high-accuracy design is CST Microwave Studio. One

possible approach could be a direct optimization using this software tool. This approach,

however, is extremely time-consuming due to the complexity of the hardware. A much

more e�cient procedure is as follows:

1. The �rst step consists in separating the individual �lters of the diplexer shown

in Fig. 7.33. After the separation, each �lter becomes a 2-port network that

can be treated independently. The 2-port structures are then simulated with the

high-accuracy simulator. Naturally, the CST response will di�er from the ideal

one. The OS-ASM procedure described in chapter 3 (see also [59]) is now applied

to recover the ideal response. The coarse space in this case is the one shown in

Fig. 7.36, the �ne space is the model in CST. After three iterations, the desired

performance is obtained in the high-accuracy simulator. Fig. 7.37 shows the �nal

response obtained with CST as compared to the ideal low-accuracy result obtained

with FEST3D.

2. The following step is to add round corners to the cavities (see Fig. 7.38), and

then simulate again each �lter with the high-accuracy simulator. In this case,

three iterations of the procedure described in [59] are su�cient to recover the ideal

performance. The �nal response of one of the �lters is shown in Fig. 7.39.
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3. Following a similar procedure, the T-junction shown in Fig. 7.33 is now extracted

and treated as an isolated 3-port network (see Fig. 7.40). After adding the round

corners, the T-junction is simulated in CST. The same procedure described before

is used to recover the ideal T-junction response. Fig. 7.41 shows the �nal response

in CST as compared to the ideal performance obtained with FEST3D.

4. After the two �lters and the T-junction have been designed separately, the three

parts are combined and simulated with CST. Fig. 7.42 shows the initial response

after assembling the diplexer. This last high-accuracy result includes also the

losses due to aluminum. Only one more OS-ASM iteration (using the identity

space mapping matrix) is now enough to obtain the �nal response.

Figure 7.36: Extraction of top �lter in FEST3D (coarse space).

As a �nal veri�cation of our design, we now simulate the �nal diplexer structure

with HFSS (from Ansys).

As we can see in Fig. 7.43, the CST and HFSS simulations are almost exactly

coincident. Therefore, we can conclude that we have obtained a diplexer structure that

is ready to be manufactured.

Finally, one last modi�cation has been introduced, that is to extend the output

waveguide from the two �lters of the diplexer in opposite directions.
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Figure 7.37: Recovered response of the top �lter with sharp corners.

Figure 7.38: Extracted bottom �lter with rounded corners in CST (�ne space).

This has been done in order to have enough space for the connection of the waveguide

�anges needed to measure the device. This modi�cation, however, does not a�ect the

performance of the diplexer. Fig. 7.44, Table 7.3 and Table 7.4, show the �nal structure

and the dimensions of the top and bottom parts of the diplexer, respectively.

To conclude, in order to complete the EM analysis of the diplexer, Fig. 7.45 shows

the CST broadband performance of the device. As we can see, the diplexer does have a

very good out-of-band rejection between 18 and 22 GHz.
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Figure 7.39: Recovered response of the bottom �lter with rounded corners.

Figure 7.40: Extracted T-Junction. (a) sharp corners, (b) rounded corners.
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Figure 7.41: Recovered response of the T-junction.
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Figure 7.42: Initial response of the diplexer in CST after assembly of the separate components.
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Figure 7.43: Comparison of the responses of the �nal diplexer produced by CST and HFSS .
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Figure 7.44: Final structure of the diplexer. Dimensions of the top and bottom �lter are
numerated with `T' and `B' termination, respectively.
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Figure 7.45: CST broadband performance of the diplexer.
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Table 7.3: Dimensions of the top �lter of the diplexer in millimeters.

Structure1 Height Width Length
Aperture A0T 0 10.668 2.448
Input L1T 4.318 10.668 7.471

Inductive aperture A1T 4.318 6.442 1
Cavity 1 L2T 4.318 10.668 6.648
Cavity 1 L3T 29.537 10.668 4.318

Capacity aperture2 0.7 10.668 2
Inductive aperture A2T 1 4.509 4.318

Cavity 2 L4T 6.318 10.668 4.318
Cavity 2 L5T 4.318 10.668 15.193
Cavity 2 L6T 10.636 10.668 4.318

Inductive aperture A3T 4.318 5.074 2
Inductive aperture A4T 1 4.727 4.318

Cavity 4 L7T 29.502 10.668 4.318
Cavity 4 L8T 4.318 10.668 6.833

Inductive aperture A5T 4.318 6.332 1
Output L9T 4.318 6.332 17.05
Output L10T3 4.318 6.332 14

1 The diplexer has XY-plane symmetric dimensions in
L4T, L5T and L6T. All the corners are 2 mm rounded.
2 The capacitive aperture is placed in the �lter at
16.959 mm from the center axis of the diplexer.
3 The curve C1T is a 10 mm length of rectangular
waveguide with 10 mm of radius.

7.2.6 Multipactor breakdown prediction

The multipactor e�ect is one of the main problems that a�ects high power satellite devices

[145]. A multipactor analysis is therefore mandatory [146]. To carry out this analysis we

will use SPARK3D (from AuroraSat, now with Dassault Systèmes).

For the sake of e�ciency, the usual procedure is to focus the simulations in the areas

where the multipactor e�ect can be expected. In order to identify these areas we need to

know two key data, namely, the frequencies where the group delay is maximum for both

�lters, and where the E-�eld maximum is located at those frequencies. This information

will give us an idea of where the multipactor e�ect may be expected and we need to

simulate with the indicated software.

The critical frequencies for the diplexer are 19.69 GHz, 19.95 GHz and 20.24 GHz,

as shown in Fig. 7.46. We now simulate the behavior of the diplexer at each frequency,
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Table 7.4: Dimensions of the bottom �lter of the diplexer in millimeters.

Structure1 Height Width Length
Aperture A0B 0 10.668 4.321
Input L1B 4.318 10.668 8.377

Inductive aperture A1B 4.318 5.871 1
Cavity 1 L2B 4.318 10.668 6.755
Cavity 1 L3B 28.801 10.668 4.318

Capacity aperture2 0.5 10.668 2
Inductive aperture A2B 1 4.643 4.318

Cavity 2 L4B 6.318 10.668 4.318
Cavity 2 L5B 4.318 10.668 14.666
Cavity 2 L6B 10.636 10.668 4.318

Inductive aperture A3B 4.318 4.979 2
Inductive aperture A4B 1 4.629 4.318

Cavity 4 L7B 28.807 10.668 4.318
Cavity 4 L8B 4.318 10.668 6.927

Inductive aperture A5B 4.318 6.006 1
Output L9B 4.318 6.332 17.05
Output L10B3 4.318 6.332 14

1 The diplexer has XY-plane symmetric dimensions in
L4B, L5B and L6B. All the corners are 2 mm rounded.
2 The capacitive aperture is placed in the �lter at
14.321 mm from the center axis of the diplexer.
3 The curve C1B is a 10 mm length of rectangular
waveguide with 10 mm of radius.

and identify the locations of the volt maxima. Fig. 7.47 shows one of the simulations

performed with CST. As we can see, the critical areas are the corners of the �lters and

the capacitive windows between cavities 1 and 4.

Now that we have all the information we need, we can perform several simulations

with SPARK3D to obtain the multipactor power thresholds that can initiate multipactor

e�ects in the device.

Several di�erent simulations have been performed to obtain the thresholds for the

di�erent areas identi�ed. The parameters used are as follows:

� Initial number of electrons: 10000

� Multipactor criterion growth factor: 102

� Initial power: 100 W, 5000 W and 10000 W

� Maximum power: 5000 W, 20000 W and 30000 W
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Figure 7.46: Group delay response of the diplexer.

Figure 7.47: Representation of the E-�eld and the critical zones in the diplexer for 19.69 GHz.
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The initial number of electrons and the multipactor criterion increase factor are

typical values for multipactor analysis based on multiple past simulations.

The initial and maximum power of the analysis are usually de�ned by the require-

ments for the speci�c device under test. In particular, the diplexer we have designed is

intended to be used as multiplexer in the satellite, with a maximum of 200 W of RF power

in each channel.

After each simulation, we have recorded the values for which the multipactor e�ect

can be produced. Fig. 7.48 shows the result of one simulation for the capacitive window.

The di�erent lines in the graphic represent the evolution of the number of electrons

in time for each di�erent RF power level. When we have no discharges, the number of

electron decreases. When the multipactor e�ect appears, the electron density increases

in time. If the growth factor becomes greater than the multipactor growth criterion, we

consider that a multipactor discharge has taken place.
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Figure 7.48: Multipactor simulation with discharges for the bottom capacitive window at 19.95
GHz.

Finally, Table 7.5 shows the power thresholds obtained with the di�erent simulations,

and the areas of the diplexer that are a�ected.

As expected, the multipactor e�ect has a lower power threshold at low frequency. In

addition, the multipactor e�ect is �rst generated in the capacitive window of the bottom

�lter where the waveguide height is smaller (0.5 mm).
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Furthermore, the simulations indicates that we do not have any multipactor e�ect

in the corners of the cavity �lters as far as the power is below ≈ 30000 W. From the

simulated data we have collected, we can see that the lowest power threshold we have

identi�ed is 3300 W.

This power level is de�nitely far above any current requirement. The diplexer can

therefore be safely considered to be multipactor-free. Additionally, the diplexer has low

insertion losses and has been designed following the low PIM design guidelines discussed

in [118].

To conclude this section, and in order to validate the results obtained, we have per-

formed another multipactor discharge simulation with a di�erent simulation tool, namely,

CST Particle Studio (from Dassault Systèmes). This code uses time-domain simulations

to predict the multipactor thresholds.

The results obtained are virtually coincident with the previous simulations and

verify the data from SPARK3D, showing a multipactor discharge in the bottom capac-

itive aperture around 3500 W, and at about 6600 W for the top capacitive aperture at

19.95 GHz.

Table 7.5: Power threshold of multipactor e�ect (in Watts)

Structure 19.69 GHz 19.95 GHz 20.24 GHz
Capacitive aperture Top 7640 5810 >30000
Capacitive aperture Bottom >30000 3300 5820
First corner Top >30000 >30000 >30000
Second corner Top 27185 >30000 >30000
First corner Bottom >30000 >30000 >30000
Second corner Bottom >30000 28750 >30000

7.2.7 Measurements

Finally, in order to fully validate the diplexer structure, we have manufactured a proto-

type. The diplexer has been fabricated in aluminum with E-plane cut in order to reduce

the insertion losses. The maximum error guaranteed by the manufacturer was less than

20 microns. Fig. 7.49 shows the inside of the two parts of the diplexer. The �nal dimen-

sions of the diplexer are 104 × 85 × 24 mm with a total mass of 432 g, thus satisfying

the physical speci�cations. In Fig. 7.50 and Fig. 7.51 we show the breadboard of the

diplexer, and the comparison between the measurements and the ideal response of the

diplexer, respectively.

As we can see, the responses are practically coincident. We can, however, observe

that there is a small frequency shift in the response towards lower frequencies.
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Figure 7.49: Fabricated prototype of the diplexer.

Figure 7.50: Diplexer breadboard.

To further understand this aspect, we have recovered by simulation the response

that we have measured with the real hardware.

The results of this analysis indicates that there is a maximum error of 17 microns.

This is indeed inside the declared tolerance of 20 microns. Moreover, as we can observe,

the S11 is always below -20 dB in the whole in-band response of the diplexer, as required

by the speci�cations. The measured insertion losses, on the other hand, are 0.389 dB

and 0.374 dB for the lower and higher �lter, respectively. These results are close to the

required speci�cations but are not compliant. A compliant insertion loss can, however,

be easily obtained by silver-plating the device.
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Figure 7.51: Comparison between measurement and ideal response.

7.2.8 Conclusions

In this section, we have discussed the detailed design procedure for a diplexer struc-

ture based on the use of an E-plane T-junction together with two rectangular waveguide

quadruplet �lters (the ones proposed in section 7.1.1). The structure allows to implement

a number of TZs in the performance of the �lters, thus resulting in a highly selective

response. The �nal structure is simple and very easy to manufacture. In addition, a

multipactor study of the device has been carried out, indicating no multipactor problems

up to 3300 W.

Finally, the performance of the diplexer has been veri�ed successfully with several

commercial simulation tools of well known accuracy, and by measurements of a prototype

manufactured in aluminum.

The results obtained are compliant with all of the initial speci�cations, except for

the insertion losses (0.389/0.374 dB). However, this can be easily compensated by silver-

plating the device. In conclusion, we have successfully proven that the diplexer structure

we developed can be built to be fully compliant with the requirements of modern multi-

beam satellite payloads.
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7.3 Filter-switch

Modern communication systems for both ground and space applications require microwave

hardware with ever increasing �exibility [65], [66]. A very common implementation of

�exible input/output (I/O) networks for communication payloads is based on the use of

microwave �lters and waveguide switches [67]. Most switches are based on mechanical

rotatory systems [147], or use semiconductor technology and Micro-Electro-Mechanical

Systems (MEMS) [148]. Recently, in [149], a new approach to design waveguide switches

was proposed. They were based on alternating short and open circuits in the signal path

of a waveguide. The same concept was later on used in [150] and in [151] to design a

single-pole six-throw (SP6T), and a single-pole twelve-throw (SP12T) waveguide switch.

In addition, in the last few years, a number of publications have also discussed

devices that combine �ltering and switching functions. In [152] and [153], waveguide

switches based on switchable planar band-stop �lters, and band-pass �lters using RF

MEMS switchable planar resonators, are presented respectively. This novel concept is

used in [154] to implement waveguide �lters that can perform channel aggregation. Other

solutions can also be found in the technical literature. In [155], for example, a �ltering

switch based on coaxial resonators is proposed. Furthermore, in [156] a dual-function T/R

switch, incorporating a Complementary Metal-Oxide-Semiconductor (CMOS) integrated

band-pass �lter as part of the switch circuitry, is also demonstrated.

In this context, therefore, the objective of this section is to propose an alternative

solution to the problem of designing switching and �ltering networks in communication

payloads based on the use of separate �lters and rotary switches. In particular, we de-

scribe a new simple device that integrates the waveguide �lter and switch functions in a

single component (F&S), thereby producing signi�cant mass and volume reductions, and

actuation power savings [157].

7.3.1 Filter & Switch

Fig. 7.52 shows one of the implementations of the basic F&S concept that we discuss in

this section. The structure in Fig. 7.52 behaves at the same time as a 3-pole �lter and as

a one-pole triple-throw (1P3T) switch. The device has one input (P1) and three outputs

(P2, P3 and P4).

Each branch is composed of rectangular waveguide resonators with inductive aper-

tures connected to a common central square shape resonator. The input branch (P1) and

the central cavity have conventional tuners that can be adjusted manually. The resonators

of the other 3 branches (P2, P3 and P4) have in their centers the novel modi�ed tuning

pin (MTP) shown in Fig. 7.53.
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Figure 7.52: Possible implementation of the F&S. The device behaves at the same time as a
3-pole �lter and as a 1P3T switch.

Figure 7.53: Modi�ed Tuning Pin (MTP): (a) Hollow M4 screw (blue cylinder) that can
be adjusted manually to tune each cavity or aperture; (b) Pin (red cylinder) that can
be inserted in the center of the hollow M4 tuning screw to short circuit a cavity or an
aperture; (c) MTP detuned state; (d) MTP tuned state.

The MTP allows two states: detuned and tuned state. In the detuned state (see

Fig. 7.53c), the central pin (see Fig. 7.53b) is fully inserted in the waveguide until contact

is made with the bottom wall of the waveguide. It is important to note, however, that it

is not necessary to establish a good electric contact with the waveguide wall. The simple

presence of the pin in the resonator, or in the apertures, is enough to fully detune the

�lter. In the tuned state (see Fig. 7.53d), the pin is extracted till the M4 screw (see

Fig. 7.53a) that is hosting the pin is the only element that remains inside the waveguide.

The penetration of the M4 tuning screw is carefully adjusted to obtain the desired �lter

performance. The pin is never fully removed from the hollow M4 screw so that no radiation

can occur.
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7.3.2 Design procedure

In the structure shown in Fig. 7.52, the branch P2 has its MTPs in the tuned position.

The other two output branches (P3 and P4) have their MTPs in the detuned position.

With this con�guration, the behavior from port 1 to port 2 (the active path) is a standard

3-pole �lter, whereas the paths from port 1 to port 3 and 4 are strongly attenuated.

The design of this structure has been performed using FEST3D (from AuroraSat,

now with CST and Dassault Systèmes), and it is very simple, optimizing in all the steps

only the physical dimensions of the structure:

1. The starting point is to design the 3-pole �lter of Fig. 7.54, forcing the central

cavity to be square. We included traditional M2 tuners in the �rst half of the �lter

and in the last aperture. In the third cavity and in the third window (T1 and T2

in Fig. 7.54) we included M4 MTPs. The structure is then optimized to obtain

the desired �lter response (see Fig. 7.55)

Figure 7.54: 3-pole �lter. The central cavity must be square so that the perpendicular branches
can be added later.

2. We next add the perpendicular branches (P3 and P4) using the same dimensions

as in the P2 branch (`A' in Fig. 7.54). We then set the MTPs of branches P3 and

P4 to the detuned state. We now re-optimize the branch P2 to take into account

the e�ect of the newly added branches. Fig. 7.56 shows the F&S structure at this

point. The black circles in the MTPs of branches P3 and P4 indicate that they are

in the detuned state.

3. The next step is to set the MTPs of branch P2 into the detuned state and set the

MTPs of branch P3 to the tuned state (as in Fig. 7.57). Re-optimize the branch

P3 until the desired performance is recovered.
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Figure 7.55: Response of the 3-pole �lter. In this example, the �ler is centered at 12 GHz, and
has a bandwidth of 200 MHz.

Figure 7.56: F&S device. The black circles in the MTPs of branches P3 and P4 indicate that
they are in the detuned state.
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Figure 7.57: F&S device. The black circles in the MTPs of branches P2 and P4 indicate that
they are in the detuned state.

4. Since the optimization of the parameters of P3 will a�ect the P1-P2 path, it is

necessary to repeat steps 2 and 3 until an steady state is achieved. Two cycles of

this iterative process are normally su�cient.

With this con�guration, we obtain the simulated performance shown in Fig. 7.58.

As we can see, the behavior from port 1 to port 2 is the same as a standard 3-pole �lter.

The power from port 1 to ports 3 and 4 undergoes more than 55 dB of attenuation. The

power from port 3 to 4 (and vice versa) undergoes more than 115 dB of attenuation.

Very similar results are obtained when the active path is chosen between P1 and P3 (see

Fig. 7.58). Note that, if more attenuation is desired in any of the directions, additional

MTPs could be used for each branch. Our simulations indicate that we can increase by

approximately 20 dB the isolation for each extra MTP used. It is important to note that

all cavities and the related apertures are tuned individually in order to obtain the desired

performance. While one branch is being tuned, the other branches have their MTPs in

the detuned position. The �rst and central cavity, on the other hand, are tuned only once.
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Figure 7.58: F&S response with the active path between P1 and P2. All MTPs in branches
P3 and P4 are in the detuned state.
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Figure 7.59: F&S response with the active path between P1 and P3. All MTPs in branches
P2 and P4 are in the detuned state.

Up to this point, all simulations have been carried out considering sharp, 90 degree

corners in all cavities. The last step in the design process is to consider the e�ect of

rounded corners (as shown in Fig. 7.52) and the insertion losses due to the material. This

last step is performed using the commercial simulator CST Microwave Studio (also with

Dassault Systèmes) and the OS-ASM technique described in chapter 3.
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It must be mentioned that, although the previous F&S example was based on a

simple 3-pole �lter, the same basic principle can also be used with higher order �lters

implementing �lter-switch structures with a larger number of switching paths.

7.3.3 Experimental results

The assembled F&S device is shown in Fig. 7.60. The �lters are centered at 12 GHz

with 200 MHz of bandwidth. A standard TRL calibration with WR75 transitions and

a vector network analyzer (VNA) E8363B from Keysight, have been used to perform

the measurements. The tuning elements of branch P1 are regular tuners. The MTPs of

branches P3 and P4 are set to the detuned state while the P2 MTPs are set to the tuned

state. The measured results with this con�guration are shown in Fig. 7.61. As expected,

the �lter is correctly tuned and the P1-P3 and P1-P4 paths are completely detuned. We

obtain similar measured results for the P1-P3 active path, which are shown in Fig. 7.62

(the same results of the P1-P3 path are also measured for the P1-P4 case). As we can see,

for all cases, there is a good agreement between the measured and simulated responses.

Finally, the insertion losses obtained are 0.307 and 0.236 dB for the direct path (P1-P2)

and the other two active paths (P1-P3 and P1-P4), respectively.

Figure 7.60: Assembled F&S with the active path between P1 and P2.
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Figure 7.61: F&S response. Active path between P1 and P2. All MTPs in branches P3 and
P4 are set to the detuned state.
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Figure 7.62: F&S response. Active path is between P1-P3. All MTPs in branches P2 and P4
are in the detuned state.
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7.3.4 Remote control

One important feature of the MTP is that it allows for the remote operation of the F&S.

The central pin of the MTP can, in fact, be easily lifted or lowered using a simple linear

actuator. As a proof of concept, we have used low-cost linear actuators (VS-19 Pico

linear servo, Fig. 7.63) to control the position of the pins. The pins are attached to the

mobile shaft of the actuators (linear motors) with a soldered wire. The motors are placed

vertically in a support structure that is attached to the �lter (see Fig. 7.64).

Figure 7.63: Linear actuator used to lift/lower the central pin of each MTP.

Figure 7.64: Assembled F&S. An Arduino board is used to control 6 servomotors.

The actuators are used to change the position of the metallic pins inside the MTPs

between the two di�erent states, namely, the detuned and tuned state. The actuators

easily change the position of the pins from one state to the other in about 1-2 seconds.

All the actuators can be controlled by a simple Arduino board. Since the actuators only

move the central pin of each MTP, and not the threaded tuning part of the MTPs, the

measured results using this setup are exactly the same as the ones shown in Fig. 7.61 and

Fig. 7.62.
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One important aspect is that the actuators do not need to position accurately the

detuning pin, since their function is only to short circuit cavities or apertures. As pre-

viously described, when the device operates as a microwave �lter, the detuning pins are

removed from the inside of the �lter structure and have no electromagnetic e�ect. This is

indeed an important feature since, currently, microwave switches implemented in waveg-

uide technology are based on high precision rotary components that need to be positioned

very accurately. The result is that rotary waveguide switches are generally rather bulky

and expensive.

A standard rotary switch in WR75 waveguide, for instance, may have a weight of

approximately 500 g, a volume of approximately 325000 mm3, consume about 250 mA at

28 Volts, and a cost of several thousand dollars. To perform the function of switch and

�lter, one would have to add the �lter to the switch. With the solution that we propose,

the weight of the F&S would be approximately 350 g, a volume of 165000 mm3 (with 5

mm aluminum walls), plus 50 g and 21000 mm3 for the actuators (including holders and

the electronics). The power consumption would be approximately 150 mA at 3.7 Volts.

It is therefore evident, that the proposed solution can result in mass and volume savings.

7.3.5 Conclusions

In this section, we have discussed a novel microwave passive component that can inte-

grate the functions of �lter and waveguide switch in a single component, the F&S. In

addition, we also discuss a systematic design procedure that in a few simple steps leads

to compliant hardware. In addition to theory, we also present measured results showing

how simulations and measurements are in excellent agreement. Finally, the possibility of

operating remotely the F&S using simple actuators and a basic micro-controller has also

been demonstrated.
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Chapter 8

Conclusions and future work

8.1 Conclusions

In this doctoral thesis, we have presented a number of advances in the area of microwave

�lters in rectangular waveguide technology, discussing new devices, design methodologies,

and tunability features.

First, we have presented a novel design methodology based on the use of ASM,

namely the OS-ASM. Our research indicates that, when two models are identical, the

OS-ASM procedure can converge in just one step. As we have demonstrated with several

examples, when both models are not identical but di�er in small volumes, it is more

e�cient to use the identity mapping matrix than the classic update formula of ASM

based on the Broyden update formula. This is a very interesting �nding because it can

very signi�cantly reduce the time and cost required to obtain a �lter design that can be

actually manufactured.

Another advancement of the state-of-the-art that we have discussed is a modi�ed

cross-coupling iris, for classic circular waveguide dual-mode �lters, that can e�ectively

implement tunability properties. Using this iris, we have demonstrated that we can easily

change the center frequency and channel bandwidth of the dual-mode �lter.

However, we have also shown that the tunability is limited in frequency and that

only near-by channels can be correctly tuned. For this reason, we have developed an

alternative folded rectangular waveguide inductive �lter with tuning screws that provides

the same response with an extended tuning range.
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The results clearly show that the folded rectangular waveguide implementation has

a measured center frequency tuning performance (∆BWrw = ±763%) that is far superior

to the one of the dual-mode circular waveguide implementation (∆BWcw = ±125%).

Furthermore, the bandwidth tuning of the rectangular waveguide �lter is also superior

(92%) to the one of the circular waveguide dual-mode �lter (42%).

One key �nding of our research that has clearly emerged from the above results is

that metallic tuning elements, although very e�ective in practice, can only be used for

manual tuning and should not be used to implement remote tuning or recon�guration of

the devices.

For this reason we have explored, both theoretically and experimentally, the use of

dielectric (Te�on and Sapphire) tuning rods. The results obtained show that, although the

tuning range achieved (with Te�on) is smaller than the one achieved with metallic tuning

elements, the tuning range can be equally signi�cant. Moreover, our studies demonstrated

that using Sapphire rods we can easily achieve the same tuning range as for metallic screws.

Besides, the dielectric tuning elements do not introduce signi�cantly PIM products,

and do not require good electric contact with the body of the �lter in order to provide

the desired EM response.

Finally, the dielectric tuning elements need to penetrate more inside the �lter struc-

ture in order to provide the same performance obtained with metallic tuning elements.

This is indeed a key �nding, because it signi�cantly reduces the position accuracy required

to achieve the correct remote tuning response. The practical feasibility of this concept

has also been demonstrated experimentally with an inductive rectangular waveguide �lter

using dielectric tuning elements driven by simple actuators.

An additional contribution in the area of �lter tuning has also been provided demon-

strating the feasibility of a computer controlled tuning system (robotuner). The results of

our research show that, using Robotuner, it is, in fact, possible to perform economically

the automatic tuning of a very large number of identical �lters.

Finally, our research has also produced a number of practical, novel �ltering waveg-

uide devices speci�cally designed for advanced telecommunications satellites, namely:

� A waveguide quadruplet �lter. A single-mode rectangular waveguide structure with-

out tuning elements, that can generate two symmetric transmission zeros using the

cross-coupling concept.

� A waveguide quadruplet diplexer. A diplexer structure based on the use of an E-

plane T-junction, together with two rectangular waveguide �lters based on the use

of the previous waveguide quadruplets �lters. The structure is simple and very easy

to manufacture.
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� A waveguide �lter-switch (F&S). A novel passive microwave device that integrates

the functions of �lter and waveguide switch in a single component, and that can be

easily operated remotely using simple actuators.

In conclusion, several investigations, devices and techniques have been presented in

this document, that extends the state-of-the-art of the waveguide �lter and contribute

in the advance of the tunability remote con�guration area. We are con�dent that the

solutions presented are implementable in the actual communication satellite systems, and

can be very helpful for the development of the next generation of advance communication

satellites.

8.2 Future work

The results of this thesis can be used as the initial step for future investigations, or

can be extended for their application to other multiple kind of waveguide �lters. In the

next paragraph we outline some of the possible future works that can be achieved the

development of the results presented, that will also help to the progress of the satellites

communication ecosystem:

� Recon�gurable devices. As demonstrated in chapter 4, some of the current �lter

structure devices can be modi�ed in order to expand its tunability range. This

idea can be extended to several di�erent kind of classic waveguide �lters (with

irises, stubs, corrugated topologies or geometries...), and modify their structures

to allow tunability through the use of tuning screws. Moreover, this concept can

be applicable to other passive devices such as circulators, couplers, hybrids, to

mention a few, and try to make them tunable modifying a key part of their classical

con�gurations.

� New dielectrics for tunability. In the thesis we have focused on the use of Te�on

and Sapphire as possible dielectric tuning rods materials. However, there exists a

number of other potential dielectric materials that can be used for this function.

A complete research about the use of ceramics or quartz in waveguide �lters, are

two examples of useful studies about alternatives to the materials presented in this

thesis.

� A remotely tunable diplexer. The combination of tunable dielectrics rods and new

tunable expanded �ltering structures can contribute in the development of a new

class of remotely tunable diplexers to be used in the transponders of future commu-

nications satellites. In this direction, for example, the diplexer presented in chapter

7, can be extended including tunable dielectric rods into its structure and lineal

motors.
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� Industrial grade robotuner. As initially demonstrated in chapter 6, a robotic arm

in combination with advanced design techniques can be used for the automatic tun-

ability of a large number of waveguide �lters. The preliminary results demonstrated

that the full automation of the process can be completed with the inclusion of a

tool to control the Z-axis and a visual system (based on a camera or laser), in order

to place the screwdriver correctly in the head of the di�erent screws of the �lter to

be tuned.

� Advanced �ltering and switching networks. The �lter & switch concept in chapter

7 can be easily extended to create more complex �ltering structures. Using the

classic manifold con�guration we will be able to combine di�erent �lter responses

in the same component. Additionally, these �lters can present a wider tuning range

using dielectric materials (as proposed in chapter 5). Its potential combination

with MTPs (Modi�ed Tuning Pins of chapter 7), that would provide the requested

short-circuits to isolate di�erent paths, could be also studied.

To conclude, all the work presented in the doctoral thesis as well as the future work

discussed in this chapter, can be completely integrated to create a new family of tunable

�ltering devices for satellite communications. The work and the lines proposed will provide

the concepts for the design process, the tools for the extension of the tunability range,

the techniques for the automatic measurement and tunability of the fabricated devices,

and a simple way for the remote recon�guration of the device after the integration in the

transponder satellite.
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Appendix A

Robotuner �ow-chart

and M-code

The automatic tuning algorithm executed by robotuner, and described in chapter 6, is

based on the �ow chart detailed next.

This algorithm also makes use of a standard Vector Network Analyzer (VNA), in

order to get the required measurements, and of the speci�c control software of robotuner

(as mentioned in chapter 6). In addition to the �ow chart, its implementation in Matlab

code (programmed and executed in a personal computer) is also detailed in this appendix.

Next, together with the corresponding Matlab codes, short descriptions of the main

functions of the program developed are included.

A.1 Flow-chart

The �ow-chart of the robotuner algorithm is presented in Fig. A.1.

A.2 Get Connection to VNA

This function (see Fig. A.2) has as an input a character with the IP of the VNA. The

port is speci�ed at the VNA as the port to send and receive Virtual Instrument Standard

Architecture (VISA) commands. Then we need to create the VISA object and initialize the

connection. The bu�er span and timeout are defaults values for this kind of connection.
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Figure A.1: Matlab code �ow-chart for automatic tuning with robotuner.

Figure A.2: Get connection M-code.
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A.3 Write Robby File

A.3 Write Robby File

This function (see Fig. A.3) has as input the name of the �le to write the values of

movement of the screw for the robotuner control software. These values are de�ned in

turning degrees. The optional input from the main program speci�es if it is a new screw,

in order to set the initial position of robotuner.

Figure A.3: Write Robby �le M-code.

A.4 Get Error Traces

This function (see Fig. A.4) calculates the error between the ideal response and the

measured response as de�ned in chapter 6. Finally, the program returns the total error

value in order to be used by the proposed algorithm.

A.5 Get Measurements from VNA

This function (see Fig. A.5) obtains the VNA measurement of the �lter. Later, the

program stores the captured data as two di�erent vectors with the information of the S11

and S21 parameters in dB.
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Figure A.4: Get error traces M-code.

A.6 Start Program

The initial part of the main program (see Fig. A.6) receives as inputs the ideal response of

the �lter that we want to tune, the �lename to write the rotation values for the robotuner,

and an option to specify if we want to move the tuner a certain direction or let the program

to �nd out the best direction.

As we can see, the program starts de�ning all the parameter needed for the device to

be tuned. The �rst part corresponds to the ideal �lter speci�cations that we are working

on, and to the movement restrictions for the screws (if there are any). The second part

de�nes several variables related to the behavior of the robotuner, like for instance the

initial turning value.
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A.6 Start Program

Figure A.5: Get Measurements M-code.

The next step is to obtain the initial �lter measurements with the help of a VNA

(according to the M-code of Fig. A.7).

Then, the program calculates the initial error (see Fig. A.8) and shows the responses

on screen. Next, the program start the tuner movement (see Fig. A.9 and Fig. A.10). As

indicated before, if there is not prede�ned direction, the program tries to �nd out the best

one, �rst performing a measurement after applying the step to one direction and then to

the opposite one.
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After �nding the best direction, the loop is executed multiples times uninterruptedly,

until any of the stop conditions is satis�ed. As we can see, this is performed in the last

part of the M-code shown in Fig. A.11.

Finally, note that for each di�erent set of �lter speci�cations, we need to modify the

corresponding values in the program.

Figure A.6: M-code of the initial part of the main program.

Figure A.7: M-code for obtaining the �lters measurements from VNA.
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Figure A.8: M-code for processing data from measurements.
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Figure A.9: M-code for setting up the movement of the robotuner.

Figure A.10: M-code for starting the optimization (min. max.) loop.
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A.6 Start Program

Figure A.11: M-code for performing the optimization loop until one stop condition is reached.
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Appendix B

Publications list

The main and novel results of this doctoral thesis have resulted into a total number of 8

scienti�c publications, which are distributed as 4 journal papers and 4 contributions to

international conferences, as follows.

� B.1 Journal publications

� J. Ossorio, J. Vague, V. E. Boria, and M. Guglielmi, "Exploring the tuning

range of channel �lters for satellite applications using electromagnetic-based

computer aided design tools," IEEE Transactions on Microwave Theory and

Techniques, vol. 66, no. 2, pp. 717-725, Feb. 2018.

� J. Ossorio, J. C. Melgarejo, V. E. Boria, M. Guglielmi, and J. W. Bandler, "On

the alignment of low-�delity and high-�delity simulation spaces for the design

of microwave waveguide �lters," IEEE Transactions on Microwave Theory and

Techniques, vol. 66, no. 12, pp. 5183-5196, Dec. 2018.

� J. Ossorio, J. C. Melgarejo, S. Cogollos, V. E. Boria and M. Guglielmi, "Waveg-

uide Quadruplet Diplexer for Multi-Beam Satellite Applications," in IEEE

Access, vol. 8, pp. 110116-110128, June 2020.

� J. Ossorio, J. C. Melgarejo, V. E. Boria and M. Guglielmi, "On the Integra-

tion of Microwave Filters and Waveguide Switches," in IEEE Microwave and

Wireless Components Letters, Dec. 2020.
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� B.2 Conference publications

� J. Ossorio, J. Vague, V. E. Boria, and M. Guglielmi, "Exploring the tunability

range of classic circular waveguide dual mode �lters using EM-based CAD,"

in IEEE MTT-S International Conference on Numerical Electromagnetic and

Multi-physics Modeling and Optimization for RF, Microwave, and Terahertz

Applications, pp. 332-334, May 2017.

� J. Ossorio, J. Vague, V. E. Boria, and M. Guglielmi, "E�cient implementation

of the aggressive space mapping technique for microwave �lter design," in 47th

European Microwave Conference,, pp. 644-647, Oct. 2017.

� J. Ossorio, V. E. Boria, and M. Guglielmi, "Dielectric tuning screws for mi-

crowave �lters applications," in IEEE MTT-S International Microwave Sym-

posium, pp. 1253-1256, June 2018.

� J. Ossorio, S. Cogollos, V. Boria, and M. Guglielmi, "Rectangular waveguide

quadruplet �lter for satellite applications," in IEEE MTT-S International Mi-

crowave Symposium, pp. 1359-1362, June 2019.
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