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Abstract

To facilitate efficient utilization of limited and expensive frequency spectrum in commu-
nication systems, fully tunable filters are highly demanded. Realizing a constant absolute
bandwidth, a reasonable return loss, and a high () value over a relatively wide tuning range
are some of the challenges in developing tunable filters for real system applications. This
thesis deals with the design and implementation of combline cavity filters with bandwidth
and centre frequency tunability. Cavity filters offers high () and good power handling
capability.

This dissertation is organized in three parts. In the first part, we study the design
of constant absolute bandwidth tunable filters. We first design and implement a 5-pole
C-band Chebyshev tunable filter with 40 MHz bandwidth and frequency tuning range of
4.9—6 GHz. The inter-resonator coupling elements are realized using horizontal irises. The
fabricated filter exhibits a stable response over the tuning range with a bandwidth variation
of £5.3%. We then exploit semi-vertical irises to realized adjacent coupling values in a 7-
pole X-band Chebyshev tunable filter with 80 MHz bandwidth and frequency tuning range
of 7— 7.9 GHz. The fabricated filter reveals a stable response over the tuning range with
a bandwidth variation of +6.7%. We also show that using vertical irises, the normalized
coupling values remain almost independent of the cavity resonant frequency. This is in
contrast to horizontal or semi-vertical irises where a tedious optimization is required to

achieve the same goal.

In the second part, the objective is to design a fully tunable filter with wide tuning
range. To achieve bandwidth tuning, two tunable filters are cascaded. Due to the wide
tuning range and large bandwidth requirements, each individual filter can not maintain
a constant absolute bandwidth over the tuning range. Since only the cascaded response
matters, the concept of constant return loss design is introduced where the return loss
remains constant while the bandwidth could change over the tuning range. All the inter-

resonator coupling elements as well as normalized input and output impedances should



scale with the same factor in a constant return loss design. We show that this requirement
can be achieved by careful design of filter geometry for a 6-pole tunable Chebyshev filter
with tuning range of 1.8 — 2.6 GHz. Despite the large bandwidth variation (+12.8%), the
return loss of the fabricated filter is better than 15 dB over the tuning range. Two of such
filters are then cascaded by an isolator to provide the bandwidth tunability. The cascaded
response exhibits a tunable bandwidth of 20 — 100 MHz.

In the third part, the focus is on the design of a fully tunable two-port triplexer in
which three fully tunable bandpass filters are connected together through input and output
manifolds. After designing three fully tunable filters, manifold dimensions are optimized in
ADS circuit simulator. Simulation results show that the bandwidth and centre frequency

of each band can be independently tuned.
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Chapter 1

Introduction

1.1 Motivation

Filters are key components in many RF /microwave systems including satellite, radar, and
cellular telecommunication systems. The complex requirements of modern communica-
tion systems enforce more stringent requirements on the design of RF /microwave filters.
RF /microwave tunable filters have received considerable attention in communication sys-
tems due to their potentials to reduce the system size, complexity, and cost. For example,
since the centre frequency or bandwidth of a tunable filter can be electronically controlled
remotely, one installation of a tunable filter can serve many years as it can be easily ad-

justed to meet the future requirements.

Maintaining a constant absolute bandwidth over the tuning range of a filter is highly
desired in some applications. This is the case in systems which are designed for a fixed baud
rate or systems that have a fixed-bandwidth baseband infrastructure. Even though various
methods have been proposed to maintain constant absolute bandwidth as the passband
frequency is tuned, most of them relies on some kind of compensation circuit which adds

to the tuning complexity. It was recently shown in [1] that the absolute bandwidth can
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maintain constant by careful design of filter geometry and without using any compensation

circuit. This attractive approach is explored in detail in this study.

To efficiently support multiple frequency bands in the next generation wireless networks,
the RF front end needs to be fully configurable. A fully tunable bandpass filter is essential
to support multiple frequency band coverage in a small form factor. In a fully tunable
filter, both centre frequency and bandwidth are tunable. A common approach to achieve
bandwidth tunability is to cascade two tunable filters. Each individual tunable filter needs
to maintain a stable return loss over the tuning range. Constant return loss design is more
general than constant absolute bandwidth design in that the bandwidth can change over
the tuning range. The theory and experiment of constant return loss filters are investigated

in this study.

Supporting multi-band and multi-standard communication is an important requirement
in the next generation cellular systems. To support multi-band communication, multiple
fully tunable filters need to be integrated in a switch-less filter bank. Manifold coupled mul-
tiplexers are common structure to channelize /combine several frequency channels. Tunable
two-port multiplexers, where a number of tunable filters are connected to each other using
manifolds at the input and output, is an attractive solution to support multi-band /multi-

standard communication. Two-port triplexer design will be explored in this thesis.

1.2 Objectives

The objective of this study is to explore the theory and design of fully tunable (centre
frequency and bandwidth) cavity combline filters. In specific, the following research topics

are investigated in this thesis:

e Theory and design of constant absolute bandwidth tunable filters.

e Theory and design of constant return loss tunable filters.
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e Theory and design of two-port tunable triplexers.

1.3 Thesis Outline

In Chapter 2, relevant literature on tunable filters, constant absolute bandwidth tunable
filters, and tunable multiplexers are reviewed. Chapter 3 presents the theory and design of
constant bandwidth tunable filters for combline cavity filters. In Chapter 4, fully tunable
filters with a wide tuning range are investigated where the concept of constant return loss
filter design is introduced. The theory and design of two-port fully tunable triplexers are
addressed in Chapter 5. In Chapter 6, a summary of the thesis contribution and suggestions

for future research are provided.






Chapter 2

Literature Review

2.1 Introduction

Microwave filters serve as key components in satellite and cellular telecommunication sys-
tems. Despite substantial advances in the area of microwave filter design, the complex
requirements of the modern communication systems still call for development and further-

ance of microwave filter theory.

Coupling matrix representation is a powerful and yet general method to synthesize
microwave filters. In this representation, a bandpass filter is represented by a number of
microwave resonators coupled to one another where coupling means exchange of electro-
magnetic energy. This representation provides some key advantages relative to the classical
element extraction method: First, each individual physical component of the filter is in a
one to one correspondence with an element in the coupling matrix. Second, the coupling
matrix can be tailored to match any particular filter structure through so called similarity
transformations. Third, the coupling matrix can naturally support asymmetric character-
istics with transmission zeros. These features are essential in order to achieve the stringent

specifications of the current microwave systems.
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In-band linearity (small group delay variation in passband), out-of-band selectivity
(high rejection close to passband), low loss (high @), and compact size (small form factor)
are the main desired characteristics of a microwave filter. In tunable filters, additional
requirements are maintaining a stable frequency response across the tuning range and
achieving a relatively wide tuning range. Realizing an absolute constant bandwidth, a
reasonable return loss, and a high @) value over a relatively wide tuning range are some of

the challenges in developing tunable filters for real system applications [1,2].

Microwave tunable filters are usually designed for a single passbandf. In multi-channel
communication systems, a multi-port network, commonly referred to as a multiplexer,
is required to separate/combine different frequency channels. A common application of
multiplexers is in cellular base stations wherein several microwave signals interface with
a common port of an antenna system [3]. Tunable multiplexers are required to enable
multi-band selection for next generation wireless systems. The main challenge in designing

a tunable multiplexer is to minimize the interaction between channel filters.

In this chapter, we examine some of the existing literature on tunable filters /multiplexers:
In the first section, the focus would be on microwave filters with tunable centre frequency.
Bandwidth is usually changed in these filters when the tuning range is wide. In the next
section, we review relevant works on microwave filters with a constant absolute bandwidth
and tunable centre frequency. Next, existing works on fully tunable microwave filters (tun-
able bandwidth and tunable centre frequency) are reviewed. Finally, a review of literature

on tunable multiplexers is presented.

fNote that multiple passband filters do not easily lend themselves to independent tuning of different
bands.
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2.2 Tunable Centre Frequency Filters

Different tuning mechanisms have been developed to achieve centre frequency tuning in
microwave filters including mechanical, electrical, magnetic, and micro electromechanical
system (MEMS) tuning. Tuning methods are evaluated in terms of different metrics includ-
ing their tuning range, quality factor, power handling capability, fabrication complexity,
size, and tuning speed. None of the tuning mechanisms is superior in terms of all metrics
and therefore depending on the application and design constraints, each tuning method

might be preferred over the other.

Mechanical tuning is based on physical movement of an element to tune the centre
frequency of the resonators. For example, in a combline resonator, the height of the tuning
disk above the metallic post is mechanically adjusted through tuning screws and thereby
the capacitance between the metallic post and the tuning disk is adjusted [4]. Mechanical
tuning structures enjoy easy fabrication, high @, and high power handling capability and
have been realized in dielectric resonator, coaxial, and waveguide configurations [5,6]. How-
ever, they are bulky and suffer from low tuning speed. The tuning speed can be improved
by automated tuning using piezoelectric or stepper motors instead of hand tuning [7].
Tuning a combline resonator in the lower frequency ranges requires a larger penetration
of tuning screws inside the cavity which leads to a @ degradation. In [8], an alternative
method is presented where a disk moves radially instead of up/down over the metallic post.
Therefore, the volume of metal inside the resonator is not changed which gives a constant

(@ over the fairly wide tuning range.

In magnetic tuning, a ferrite material, usually Yttrium-Iron-Garnet (YIG), whose mag-
netic intensity can be controlled by an external voltage is exploited to control the magnetic
field pattern inside the resonators. Magnetically tuned dielectric resonators using ferrite
material have been reported in [9]. The YIG magnetically tunable filters offer an ultra-
wideband tuning range. However, they are usually bulky/heavy and are not efficient in

terms of power consumption.
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In electrical tuning, semiconductor diode varactors are exploited as variable capaci-
tors whose capacitance are adjusted by the applied reverse bias voltage. Semiconductor
varactors are compact and easily tunable and have been extensively used in planar filter
configurations such as microstrip line filters, and suspend strip-line filters. However, their

tuning range is limited and their quality factor degrades as the capacitance gets bigger.

In MEMS tuning, the state or capacitance value of a electro-mechanical device is
changed according to the external applied DC voltage. MEMS switches have been ex-
ploited in microstrip tunable filters, CPW filters, lumped element filters , and cavity fil-
ters [4,10-14]. While MEMS have a small size, their integration with 3-D high-Q res-
onators is challenging. Also, to cover a wide tuning range using MEMS tuning, a high

order switched capacitor bank is required which usually yields high losses [2].

2.3 Constant Bandwidth Tunable Filters

In tunable filters, maintaining a stable frequency response across the tuning range and
achieving a relatively wide tuning range are challenging. In tuning procedure, the variation
of inter-resonator coupling is different from input/output coupling with respect to centre
frequency. This leads to deterioration in return loss response. To maintain a constant
bandwidth, one solution is to add tuning elements such as semiconductor varactors and
MEMS to control both inter-resonator and input/output coupling values over the tuning
range of the filter. In planar tunable filters, semiconductor varactors and MEMS devices are
employed to control the bandwidth over the tuning range [15,16]. Planar super conductive
tunable filters with constant absolute bandwidth have been reported in [17,18]. They have
a high quality factor, but they are bulky and have low operating temperature. Cavity
filters with capability of tuning both centre frequency and bandwidth have been reported
in [19]. Cavity filters usually offer a high quality factor and good power handling capability.

A Ku-band high-@) tunable elliptic filter with a stable bandwidth and transmission
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zeros has been presented in [20]. The 4-pole elliptic filter has been realized using two dual-
mode cylindrical resonators operating in the T Ej13 mode. The flexible bellow with two
convolution is mounted on the top of the resonator for realizing the frequency tuning. The
cavity length is adjusted through the expansion or compression of the bellows. To maintain
the bandwidth constant, both input/output and cross couplings need to be independent
from frequency variation. To this end, the in-line irises have been used to realize the

inter-resonator coupling. The side view of the inline irises is depicted in Fig 2.1

mld4-1

mid=2

L]

Figure 2.1: The side view of in-line irises [20].

In order to have the lowest variation in input/output coupling, the dual-slot iris is

positioned at the end of the cavities.

The measured tuning response of the filter is depicted in Fig. 2.2. One can see that filter
covers the tuning range of 460 MHz from 11.74 to 12.2 GHz with a bandwidth variation of
10 MHz from 156 to 166 MHz (less than 3.5%). The filter maintains a high @ (extracted
@ is around 8000) over the tuning range. There is deterioration in return loss in the both

edges of the tuning range.



CHAPTER 2: LITERATURE REVIEW

0.000

-5.000
-10.000
-15.000
Lo w1 0 ) DN YRS, 0

ag (dB)

25000 |-
= 30000
-35.000
-40000 |-
-45 000

-50.000

11.450
11672
11.763
11.783
11.894
12,006
12117
12,450
12.006
12117
12.228
12.339
12.450

Figure 2.2: Measured tuning performance [20].

2.4 Fully Tunable Filters

2.4.1 Fully tunable filters using extra elements for coupling ad-

justment

Resonators

(a) 2-pole tunable filter (b) Circuit model

Figure 2.3: 2-pole tunable filter and its circuit model [21]

A high @ two-pole suspended fully tunable filter has been presented in [21] with a
both bandwidth and center frequency tuning capability. In order to have high @), the filter

is implemented using suspended stripline resonators [22]. The MEMS systems capacitive

10
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network is used to tune the both centre frequency and bandwidth. The filter structure
and its circuit model are depicted in Fig. 2.3. One can see from this figure that the
resonant frequency is tuned by varactor (Cr). Moreover, the inter-resonator coupling and

input /output normalized impedance are controlled by varactors (C..) and (C)y) respectively.

m - —

= ) @
oy P h=]
1 ]

S s 2
c” c =
h=] g =
5 =5
@ @ =
= = 0z

Ll L] L1 1-20
1 2 3 = 5 6 7 8
Frequency (GHz) Frequency (GHz)

(a) Measured transmission responce of tunable (b) Measured filter response with 1-dB band-

frequency filter with a constant bandwidth width control.

Figure 2.4: Measured Fully tunable 2-pole filter performance [21]

The measured filter response cover the tuning range from 3.7 to 5.95 GHz as depicted
in Fig. 2.4a. The bandwidth can be tuned at any frequency. Therefore, the filter can be
tuned over tuning range with absolute constant bandwidth. As one can see from Fig. 2.4b,

the 1-dB bandwidth is tuned from 90 to 515 MHz at 5.5 GHz.

2.4.2 Fully tunable filters based on dual band structures

A fully tunable filter based on dual band combline structure has been presented in [23].
In this method the lower frequency band-pass can be fully tuned without any coupling
adjustment. As one can see from Fig. 2.5, each resonator of the band pass filter is coupled

to a bandstop resonator. Therefore, The bandwidth can be increased if the centre frequency

11
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of bandpass resonators shifted down by increasing the capacitance and the centre frequency
of the bandstop shifted up by decreasing their capacitance. The resonators are manually

tuned using an inserted screw on the top of each resonator.

iy Bandstop
* |4—resonators —»

Bandpass

j resonators

S5k F‘ "T

Figure 2.5: Equivalent circuit model of dual-band combline filter [23].

Frequency (GHz)
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Figure 2.6: Measured bandwidth tuning performance [23].

It is worth to mention that due to the interaction between the bandpass and bandstop
resonators, any change in the lower band affects the higher band response. The measured
results of the lower passband bandwidth tuning are presented in Fig. 2.6. As one can see,

the bandwidth can be adjusted over 300%.
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2.4.3 Fully tunable filters based on cascading two tunable filters

A K,-band fully tunable filter working in T'Ey; mode has been presented in [24]. The
bandwidth tuning is realized by cascading two six pole filters. One of the filter has a high
rejection on the left side using negative cross coupling (pseudo-high-pass filter). The other
one has a high rejection on the right side (pseudo-Low-pass filter). The long (respectively
short) irises with the length more than (respectively less than) half of the free space wave-
length have been used to realize the positive (respectively negative) couplings. The 4-pole
filter structure using long and short irises is depicted in Fig. 2.7. The proposed tunable
metal-ring loaded T'Ey; cavity and long coupling irises are the key elements to realize a
tunable filter with a stable in-band and rejection response. Both 6-pole filters cover the

frequency range of 500 MHz with a stable response.

Centre
bore Waveguide

Waveguide
Port

Figure 2.7: 4-pole elliptic filter structure using long and short irises [24].

Bandwidth tunability is realized by cascading two (low-pass and high-pass) tunable
filters. The overlap of two filters determines the bandwidth of the cascaded filter. The
measured cascaded filter covers the tuning range of 500 MHz while the bandwidth is tuned

from 40 to 160 MHz as it is depicted in Fig. 2.8. In this method, both centre frequency

13
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IS21] (dB)

100 #‘WM . gt o
Ll

19.6 19.8 20 20.2 20.4
Frequency (GHz)

Figure 2.8: Cascaded fully tunable filter transmission response [24].

and bandwidth are tuned just by adjusting the centre frequencies of the constituent filters

and without any coupling adjustment.

2.5 Tunable multiplexers

Supporting multi-band and multi-standard transmission /reception is an important require-
ment in the next generation cellular communication systems. Different methods are pro-
posed for design and implementation of multiplexing networks including hybrid-coupled,

circulator coupled, directional filter, and manifold-coupled multiplexer. [25-27]
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2.5.1 Tunable diplexers

Different methods for design and implementation of tunable diplexers has been proposed.
In [28], a tunable diplexer is presented based on a multilayer structure. In order to tune
the band-pass and band-stop independently, a combination of high-pass, low-pass and

band-pass filters are used.

Common-resonator method was used in [29] to design and implement a tunable diplexer.
The two channels of the diplexer can be tuned independently or simultaneously. The silicon
varactors are used to realize the frequency tuning; however, the varactor () limits the filter
performance. This method suffers from low () which results from the varactor ) and

microstrip resonator @),. Moreover, this method has a low power handling capability.

Port 1

i i
jbfl[‘;ﬂ - dy

Figure 2.9: Schematic layout of the tunable diplexer [30].

A tunable microstrip diplexer based on varactor-tuned dual-mode stub-loaded has been
presented in [30]. In order to design each channel filter independently, the dual coupling

paths are used. The dual mode resonators are loaded by varactors to tune the centre
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Figure 2.10: Measured results of tunable diplexer [30]
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frequency of each channel. The schematic layout of the tunable diplexer is depicted in
Fig. 2.9. As can be seen, the lower (respectively higher) channel filter resonant frequency
can be tuned by changing the capacitance C!; and C., (respectively CI! and CI} ) over
a wide tuning range. In this method the two band can be tuned independently. As one
can see, in Fig. 2.10a the lower band is tuned while the higher band is unchanged, and in
Fig. 2.10b the higher band is tuned while the lower band is fixed. This design has a low
@ factor which is due to the conductor loss. Moreover, the larger capacitance attributes

more loss in the filter performance.

2.5.2 Tunable triplexers

Different methods have been used to design band-pass filters with tunable centre frequency
and/or bandwidth. The multi band filters can be design by integration of such tunable
bandpass filters. A lot of methods have been proposed on combining bandpass filters to
select multiple bands [31,32]. In this section we investigate the triplexer without/with

switches.

A switchless triplexer has been presented in [33]. The triplexer is realized by integration
of three 2-pole bandpass filters. Filters are working in a high () evanescent mode. Moreover,
their centre frequency can be tuned by adjusting the gap on top of their resonator posts
using piezoelectric actuators. The input feed-line network is used to connect the three
filters as is depicted in Fig. 2.13. As one can see, each filter is connected to a specific
feed line. The feed line is designed carefully to achieve impedance match over the tuning
range. It is worth mentioning that to match the input impedance over the tuning range,
the length of the line should be smaller than A/4. The triplexer covers the frequency
range from 1.7 to 3.4 GHz. The bandwidth of each channel is smaller than 30 MHz. The
measured performance of the triplexer is depicted in Fig. 2.12. As one can see, each channel
can be tuned independently over the tuning range. This design has a very compact size

and it achieves the insertion loss better than 4 dB over the tuning range.
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Figure 2.11: Triplexer filter bank layout [33].
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Figure 2.12: Tuning response of three tunable filters in a filter bank [33]
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A manifold coupled switched two port triplexer has been presented in [34]. The triplexer
consists of three 8-pole filters which are connected together using coupled manifolds. The
triplexer layout is depicted in Fig. 2.13. Filters and manifolds are design separately using
EM simulation. In the first step, the resonators are detuned using a piece of wire. Then, a
MEMS cantilever beam switch is proposed for detuning the resonators. The transmission
response of the manifold coupled switched triplexer is depicted in Fig. 2.14. As one can
see, the rejection of the second channel can be tuned, by detuning different number of
resonators. With the two, four, and six middle resonators detuned, the rejection of the
second channel increased to 40, 60, and 80 dB. In this method, the filters are implemented
with superconducting material. Therefore, the fabricated triplexer provides a fairly good

insertion loss.

Channel
3 filter

Channel

Yoms 2 / 2 filt
Y Cross_3

Ycross_1

Channel
1 filter

Figure 2.13: Two port triplexer layout [34].
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Figure 2.14: Two port triplexer response [34].
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Chapter 3

Tunable Filters with Constant
Absolute Bandwidth

3.1 Introduction

RF tunable filters have received considerable attention in multi-band communication sys-
tems in order to reduce the system size and complexity. In some applications, keeping the
absolute bandwidth constant across the tuning range of the filter is highly desired. This is
the case in systems which are designed for a fixed baud rate or systems that have a fixed-
bandwidth baseband infrastructure. Generally speaking, in order to achieve a constant
absolute bandwidth across the filter tuning range, not only the resonant frequencies of res-
onators but also the coupling coefficients among different resonators need to be controlled.
It has been recently found in [1,35] that by careful design of filter geometry, one can make
the coupling coefficients almost independent of the resonant frequencies of resonators. In
specific, they designed a 4-pole S-band filter which operates at 2.45 GHz with a constant
absolute bandwidth of 30 MHz. The filter achieves a stable response with +3.7% MHz
bandwidth variation over 400 MHz tuning range from 2.25 GHz to 2.65 GHz. In this chap-
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ter, first an investigation is done on the design principles in [1]. Then this methodology is

applied to the design of the following C-band and X-band cavity filters:

e a H-pole filter operating at 5.5 GHz with a constant absolute bandwidth of 40 MHz
which achieves a stable response with +5.3% MHz bandwidth variation over 1100 MHz
tuning range from 4.9 GHz to 6 GHz.

e a 7-pole filter operating at 7.5 GHz with a constant absolute bandwidth of 80 MHz
which achieves a stable response with +6.7% MHz bandwidth variation over 900 MHz
tuning range from 7 GHz to 7.9 GHz.

3.2 Design Principles

3.2.1 Theoretical Background

Bandpass filters are usually consist of a number of resonators coupled to one another by
coupling elements. The S parameters of a bandpass filter with centre frequency fy and

bandwidth BW are described in terms of its coupling elements by
Sip =1+ 2jRs[My — jR + M]},
So1 = —2j+/RsR[Mx — jR + M]3,

where R is the N x N normalized impedance matrix with all entries zero except for

(3.1)

[R]11 = Rs and [R]xyy = Ry, Rs is the normalized source impedance, Ry, is the normalized
load impedance, Iy is the N x N identity matrix, M is the N x N symmetric coupling

matrix of the filter, and X is the normalized frequency variable which is obtained from

Ao o (i - @) . (3.2)
BW \fo f
According to (3.1), one way to achieve a stable frequency response across a tuning range

is to satisfy the following conditions
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Figure 3.1: Impact of A variations on filter shape for a six pole filter with BW = 100 MHz
and RL = 20 dB: The coupling matrix M and the normalized impedance matrix R are

held constant in the tuning range.

a) The frequency variable A remains independent of the centre frequency.

b) The coupling matrix M and the normalized impedance matrix R are held constant

over the tuning range.

For f = fo+ Af, one can write

A2+ Af/fy 20f
" BW1+Af/fy  BW’

Af/fo < 1. (3.3)

That is if the fractional bandwidth (FBW = BW/ fy) of the filter remains small enough
in the filter tuning range, A will be almost independent of the centre frequency and a)
is automatically satisfied. The dependency of the frequency response on the \ variations
is illustrated in Fig. 3.1 for a 6-pole bandpass filter with a return loss of 20 dB and a
bandwidth of 100 MHz. As it can be seen from this figure, the impact of A variations
on the filter response is negligible provided that the F'BW of the filter does not change
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drastically over the tuning range. In the rest of this study, we assume that A is constant

over the tuning range.

In order to realize constant inter-resonator coupling as well as normalized source/load
impedances across the tuning range, we first need to relate these quantities to some exper-
imentally measurable parameters of the filter. As we see in the following, these parameters
are the physical coupling coefficients for the coupling elements and the group delay of the

input /output reflection coefficient for the normalized source/load impedance.

Element [M];; of the coupling matrix represents the coupling between resonators ¢ and
j. The value of each coupling element generally depends on the filter structure as well as

the filter bandwidth and centre frequency. More precisely,

My = 20k, (3.4

where k;; is the physical coupling coefficient between resonators ¢ and j and is given by [3]

i : [é5] [idly2\ 2 i o\ 2
k.,:1(£+ é”) <(f[e1 )2_(f[m}>2> _(( 0)2 — ([)”)2) (3.5)
i j i ij ij i j ’ :
2\ (2 + (frhye (2 + (£
in which f(gi] and féj Vare respectively the resonant frequencies of resonators ¢ and j, f[[z]j land

f[[fnj}] are respectively the even and odd resonant frequencies and are obtained by setting the
appropriate boundary conditions between resonators 7 and j. Note that for a synchronous
design, féﬂ = 0“] = fo and (3.5) is reduced to

( [ij])2 _( [ij])z

[e] [m]
kij = —r- (3.6)
(Fe 72+ ()

One can use an EM simulator with an eigen-mode calculation capability such as HFSS
to experimentally calculate f[[ei]j] and f[[;fb]] From (3.4), [M];; remains constant across the
tuning range for a constant bandwidth tunable filter provided that fyk;; remains constant

as the centre frequency changes. In other words,

fOkij = [M]UBW = constant. (37)
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Therefore, for a constant bandwidth tunable filter, k;; should be inversely proportional to

the centre frequency fy.

The normalized impedances Rg and R; can be extracted from the group delay of the
reflection coefficient at the input and output resonators, respectively. Let 7(w) denote the

group delay of the input/output reflection coefficient of the filter. That is

T(w) = —agjﬁ, i=1or2 (3.8)

Then, the normalized input/output impedance R is given by [3]

4

~ 27 BWr(w)’ (3:9)

where wy = 27 fy. Note that the group delay attains its maximum value at the resonance,
Tmaz = T(wo). The group delay can be experimentally calculated using an EM simulator
like HF'SS. For a constant bandwidth filter, R should remain constant across the tuning
range. From (3.9), this is equivalent to having a constant group delay peak across the

tuning range.

To summarize, for a constant bandwidth tunable filter, the following two conditions

need to be satisfied:

C1) The physical coupling coefficient k;; should be inversely proportional to the centre
frequency fy with a proportional constant of [M];; BIW.

C2) The group delay peak of the input/output reflection coefficient should remain con-

stant across the tuning range.

The design principles C1 and C2 can be utilized to design constant bandwidth tunable
filters in any microwave filter structure. In this study, our focus would be on combline cavity
filters. In this filter structure, a resonator is realized by a metallic post inside a metallic
enclosure with conducting walls. To change the resonant frequency of the resonator, a

tuning disk with an adjustable position is placed above the post. The coupling between
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two resonators is realized using an iris, and input /output coupling is achieved using a probe.
Therefore, the design of a tunable constant bandwidth combline cavity filter involves the

following four steps:

1) Tunable resonator design: The following design considerations should be addressed

in designing a tunable cavity combline resonator:

— tuning frequency range

— quality factor

smooth variation of resonant frequency with respect to gap variations for fine

tuning

— minimum gap requirement to satisfy the required power handling capability

2) Inter-resonator coupling design: This involves the design of iris geometry and position
such that the desired coupling value is achieved and maintained constant across the

tuning range (for different gap values).

3) Input/Output coupling design: This involves the design of probe geometry and posi-
tion such that the desired input/output normalized impedance value is achieved and
maintained constant across the tuning range (for different gap values). The loading
effect of the probe can potentially change the tuning range of the resonator, and a

change in the design of the resonator might be required.
4) Design optimization

In the following, we elaborate on the above four steps.

3.2.2 Tunable Resonator Design

Combline cavity resonators could have different geometries. In Fig. 3.2, two of the most

common geometries, namely cubical and cylindrical cavity resonators, are depicted along
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(a) Cubical cavity (b) Cylindrical cavity (¢) Two dimensional view

Figure 3.2: Combline tunable resonator with tuning disk

with their two-dimensional view. The tuning element consists of a disk and a screw which
grounds the disk through the cavity lid [7]. The resonant frequency of the resonator is tuned
by adjusting the gap between the tuning disk and the metallic post (Gap in Fig. 3.2¢).

Design parameters include (see Fig. 3.2)

e cavity size: (L., W,, H.) in case of cubical cavity and (H,, R.) in case of cylindrical

cavity
e metallic post size: (H,, R,)

e tuning element size: (Ry, Ty, Rs)
For any set of design parameters, one can use an EM simulator with eigen-mode cal-
culation capability such as HF'SS to obtain the resonant frequency of the resonator as well

as the unloaded quality factor. The design parameters are being changed until the desired

tuning range, unloaded quality factor, and other requirements are achieved.
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3.2.3 Inter-resonator Coupling Design

Coupling between different resonators can be inductive or capacitive. In combline cavity
filters, inductive coupling is usually realized by using an iris whereas capacitive coupling is
normally realized by using a probe. In order to realize a specific inter-resonator coupling

value, the geometry of the iris/probe should be designed properly.

In constant bandwidth tunable combline cavity filters, the centre frequency is tuned
by adjusting the gap size between the tuning disk and the metallic post. Changing the
gap size generally changes the electric and magnetic field distribution inside the cavity and
consequently the inter-resonator coupling values are changed. Therefore, it seems that in
order to realize a constant inter-resonator coupling in a tunable cavity filter, we must have
an adjustable iris/probe configuration. However, it was shown in [1] that one can achieve
almost-constant inductive inter-resonator coupling merely by using a horizontal iris with
carefully chosen location and without any adjusting mechanism. The core observation of [1]

is that the desired normalized coupling value not only depends on the iris dimensions but

(a) Coupled resonator (b) Cross section view

Figure 3.3: Schematic diagram of two coupled resonators using horizontal iris.
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Figure 3.4: Normalized coupling variation vs. gap in a horizontal iris for different iris

heights.

also on iris position. Therefore, the normalized coupling value (};;) can maintain constant
by adjusting the vertical position of the horizontal iris. The structure of the two coupled
resonators and the schematic diagram of the horizontal iris are depicted in Fig. 3.3. The
coupling value between two resonators depends on three parameters, namely the iris height
(H;), the iris width (W;), and the iris length (L;). Fig. 3.4 shows the variation of simulated
inter-resonator coupling for L; = 16.61 mm, W; = 2 mm, and different height values for
the horizontal iris as the centre frequency is tuned by adjusting the gap. One can observe
that for a height of H; = 9 mm, the normalized coupling value remains almost constant at
approximately 0.75 independent of the gap size. In this case, the resonant frequency tuning
range is from 5 GHz to 6.1 GHz while the gap size is changing from 2 mm to 6 mm. Note
that the achieved constant coupling value dictated by all three parameters. Hence, one
can use the iterative method described in Fig. 3.5 to attain the desired constant coupling

value.
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Figure 3.5: An iterative procedure to optimize the horizontal iris dimensions to achieve
a constant normalized coupling. The same procedure can be applied to optimize the

input /output probe dimensions.

30



CHAPTER 3: TuNABLE FILTERS WITH CONSTANT BANDWIDTH

Horizontal irises could not provide the high coupling values required in a large band-
width tunable filter. In this study, we investigate the design of constant normalized coupling
using vertical irises at the centre of the cavity side wall between two adjacent resonators.
The structure of two coupled resonators using a vertical iris and the cross section view of

the iris are depicted in Fig. 3.6. The iris opening is denoted by L;. The variation of nor-

N
A 4

(a) Coupled resonator (b) Cross section view

Figure 3.6: Schematic diagram of two coupled resonators using a vertical iris.

malized coupling value over tuning range for different iris openings is depicted in Fig. 3.7.
One can observe that different normalized coupling values can be obtained by changing
the iris opening (L;) and in each case the coupling remains approximately constant over
the tuning range (no optimization is required). Therefore, vertical irises offer significant
advantages over the horizontal irises in terms of design simplicity and versatility of the at-
tainable coupling values. In this case, the resonant frequency tuning range is from 5.1 GHz
to 5.9 GHz while the gap size is changing from 2.5 mm to 6 mm. In the following section,

we use semi-vertical irises to design a constant bandwidth 7-pole tunable filter in the X

band.
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Figure 3.7: Normalized coupling variation vs. gap in a vertical iris for different iris open-

ings.
3.2.4 Input/Output Coupling Design

To design a constant bandwidth tunable filter, the normalized impedance (R) and accord-
ingly the group delay peak should remain constant across the tuning range. It has been
shown in [1] that a constant group delay peak can be achieved if a long input/output
probe is used to realize the input/output coupling. The EM model of the first resonator
loaded with the input probe and its cross section view are depicted in Fig. 3.8.  Note
that the second resonator is detuned by removing the metallic post. The value of the
normalized input/output coupling depends on three parameters namely the probe length
(L), the probe height (H,,), and the probe distance to the cavity side wall (Y},). Fig. 3.9
shows the variation of simulated reflection coefficient group delay peak for Y,, = 4 mm,
Wy = 2.34 mm, and different length values for the probe as the centre frequency is tuned.
As one can see, for L,, = 15.7 mm, the group delay peak value decreases as the resonant

frequency increases from 4.9 GHz to 6.1 GHz. For L, = 16.7 mm, on the other hand,
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AI

(a) First resonator loaded with input probe (b) Cross section view

Figure 3.8: Schematic diagram of the input/output resonator loaded with a long probe

the group delay peak value increases as the resonant frequency increases. So, there is an
optimum length for the probe which will result in a constant group delay peak value and
consequently a constant normalized input/output impedance over the tuning range. This
optimum length is approximately L, = 16.2 mm in Fig. 3.9 with the corresponding nor-
malized impedance of approximately 1.25. Note that the achieved normalized impedance
depends on all three parameters (Y., Hp, L,-) and therefore one can use an iterative
method similar to what explained in Fig. 3.5 to attain a desired normalized impedance.
This method will be used in this and following chapters to design 5-pole, 6-pole, and 7-pole

tunable filters with a constant absolute bandwidth.

3.2.5 Design Optimization

The EM-based synthesis technique [3] is used to design the filter. In this method, the
unwanted coupling between the different resonators is neglected, and therefore the actual
response of the filter does not match the ideal response. In order to decrease the mismatch
between these two responses, one needs to optimize the filter. To this end, we need to adjust

the design parameters such as iris and probe dimensions in a systematic way such that its
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Figure 3.9: Group delay peak variation vs. resonant frequency for different L,, values.

corresponding filter response in HFSS meet the design specification. We use the aggressive
space mapping (ASM) method to optimize the filter [36,37]. In the ASP method, there are
two sets of design parameters: fine model design parameters (zy) and coarse model design
parameters (x.). The fine model parameters are obtained by an EM simulator like HFSS
whereas the coarse model parameters are obtained by a circuit simulator like ADS. The
ultimate goal is to iteratively adjust the fine model design parameters by adjusting the
coarse model design parameters and then establishing a mapping between parameters of
the two models. Let X! represent the optimal coarse model parameters which can be easily

obtained using low-pass prototype model. In other words R.(z}) approximately gives the
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desired response in the coarse model. Also, let R (z(") and Rf(l'gck)) respectively denote
the response of the coarse model and fine model at iteration k of the algorithm. The ASM

algorithm can be summarized as follows [3]:

e Step 1. Initialize £ = 1, and set mgcl) as the initial designed parameters using HF'SS.
Also, let B(1) =1.

o Step 2. Find Ry(a}").

e Step 3. Extract 2" such that Rc(xgl)) ~ Rf(xgcl)) .
o Step 4. Evaluate f) =zt — 2. Stop if | fV| < .
e Step 5. Find A = —[BW]~1fk),

e Step 6. Set xgckH) = x;k) + hk),

e Step 7. Evaluate Rf(x;kﬂ)).

e Step 8. Extract 2 such that Rc(xgkﬂ)) ~ Rf(x;kﬂ))

e Step 9. Evaluate f*+D = g — 2% Stop if || fE+D|| < 7.

f(k+1)[h(k)]T

e Step 10. Update B*+D) = Bk 4 TR

Step 11. Set k =k + 1 and go to step 5.

The coupling matrix elements will form the vector x.. This is accomplished by simulating
the coupling matrix using the J-admittance inverter model in ADS circuit simulator as
illustrated in Fig. 3.10 for a 5-pole filter. In other words, for any given Si;, we can
find the corresponding elements of the J-admittance inverter model and consequently the
coupling matrix elements. We also select ¢ as the physical filter parameters (iris, probe,

and gap size ) that need to be optimized. Since z, and x; are not representing the same

35



CHAPTER 3: TuNABLE FILTERS WITH CONSTANT BANDWIDTH

L3 Term
P1 Term1
Murn=) S [ Num=1 E| | E
=70
- hain Chain Chain
= i Chain3 Chain3
A=D A=l A=0 A=l A=0
B=(j/J0) Ohm B=0 B=jil1 B=0 B=jl2
W C="Bl+s c=p1 C=]E2+s C=2
D=0 D=1 D=0 0=1 =0

S|
Chain Chain [ s
Chain? Chaind = ant Chain =
A=l A= B=0 Chains
=+ e B3 =B A=D
GBI C=JJ3 ) Bju4

D=1 D=0 C=ld

Figure 3.10: Schematic of the coarse model in ADS simulator

parameters, one needs to take care of this in updating z; in Step 6 of the algorithm. This

can be accomplished by modifying the Step 6 of the algorithm as follows:
2 =2+ Q(r), (3.10)

where @Q(-) is a function which maps h*) from the coarse model domain (coupling matrix)
to Q(h™) in the fine model domain (physical parameters). In other words, Q(-) translates
a change in coupling matrix elements to the corresponding change in physical parameters
of the filter. Assuming a linear model, a change AL;; in iris window length is translated

into a proportional change in inter-resonator coupling elements

where the proportional constant « can be obtained using HFSS simulation of the two-
coupled resonator structure illustrated in Fig. 3.3. By changing L;; and recording the
corresponding values of f. and f,, in HFSS simulation, it turns out o = 0.18703 as depicted
in Fig. 3.11.

Similarly, a change AH,, in probe height is translated into a proportional change in

normalized input/output impedance

AR =~ x AH,,, (3.12)
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Figure 3.11: HFSS simulation of inter-resonator coupling vs. iris window length

where the proportional constant v can be obtained by changing H,. and recording the
corresponding values of 7(wp) in HFSS simulation. As illustrated in Fig. 3.12, v = 0.63145.
Finally, a change AG,; in gap size is translated into a proportional change in the corre-

sponding self-coupling element

AM; = B x AG;, (3.13)
with the proportional constant 3 given by

f=—5=——, (3.14)

where Awy is the change in the resonant frequency of a single resonator resulting from a
change AG in its gap size. In order to obtain S for the first and last resonator, the loading
effect of the probe should be considered as illustrated in the EM model of Fig. 3.13. As one
can see, the adjacent cavities are detuned by removing their corresponding posts. Also,
the impact of irises in calculation of resonant frequency of other resonators is considered in
this model. From the HFSS simulation results in Fig. 3.14, § = —20.61. The same method

can be used to calculate 5 for other resonators. A couple of comments are in order:
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Figure 3.12: HFSS simulation of normalized input/output impedance vs. probe length.

e The symmetrical structure of the filter impose some restrictions on the coupling
matrix elements. In specific, Wis = W,,_1,, leads to My = M,_;,. Similarly,
G1 =G, , results in My, = M,,,. Also, since the input and output ports are designed
to have the same length, we need to have Rg = R;. These restrictions need to be
considered when we are looking for a coupling matrix corresponds to a given Si;

response in ADS circuit simulator.

e Since one can find different coupling matrices that give the exact same S;; response,
the elements of the coupling matrix should have values close to ideal coupling matrix

values. Otherwise, the space mapping approach does not converge.

e It is experimentally observed that the ASM method will not converge if HFSS simu-
lation is not fully converged. In specific, when the gap size is small compare to the

other parts of structure, a mesh seeding might be required to achieve the convergence.
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Figure 3.13: EM model for calculating resonant frequency, including the effect of irises.

By optimizing design parameters including probe, iris, and gap dimensions, the filter
is tuned to meet the required specification at the middle of the frequency range. In a con-
stant bandwidth design, all input/output coupling, cross coupling, and mainline coupling
should be independent of the resonant frequencies of resonators. Therefore, after the filter
dimensions are optimized for the middle of the tuning range, the probe and iris dimensions
are held fixed, and gap sizes are adjusted to tune the filter over the tuning range. In this
study, a combination of Ness and ASM methods is used for filter tuning [38,39]. The
fine and coarse parameters are respectively the gap sizes and self coupling values with the

corresponding mapping in (3.13). The tuning process can be described as follows:

e Step 1. Detune all resonators except for the first and last resonators, namely 1 and
n. The gap size of these two resonators is then adjusted using the ASM method such
that the reflection coefficient group delay responses in EM simulation match those in

the circuit model simulation.

e Step 2. Detune all resonators except for the first two resonators, namely 1 and 2,
and the last two resonators, namely n — 1 and n. The gap size of resonators 2 and
n — 1 is then adjusted using the ASM method such that the reflection coefficient

group delay responses in EM simulation match those in the circuit model simulation.
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Figure 3.14: Self-resonator coupling versus the Gap calculated from HFSS simulation re-

sults.

e Step 3 for n even. Adjust the gap size of the last two remaining resonators, namely

5 and § + 1, to optimize the final response.

e Step ”T_l for n odd. Adjust the gap sizes of the last two symmetric resonators,

namely 251 and 25+ + 2, while the middle resonator, namely 25+ + 1, is detuned.

e Step "TH for n odd. Adjust the gap size of the last remaining resonator, namely

"T_l + 1, to optimize the final filter response.

A couple of comments are in order:

e In symmetrical structures, all symmetrical parameters have the same value. So, only

n

5 resonators need to be tuned to optimize the filter response.

e For lab tuning of symmetrical tunable filters, the first and last resonators are first

tuned such that the group delay response at the input and output ports match each
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other while other resonators are detuned (grounded). Next, the first and last two
resonators are tuned such that the group delay response at the input and output
ports match each other while other resonators are detuned (grounded) and so on.
This method significantly reduces the tuning time and effort and help to achieve a

better measured response.

3.3 5H-pole Filter Design

In this section, a C-band in-line 5-pole tunable Chebyshev filter with the middle frequency
point of 5.5 GHz, a constant absolute bandwidth of 42 MHz, and a return loss of 25 dB
is synthesized and tested. The desired tuning range is from 4.9 GHz to 6 GHz. The
coupling-routing diagram of the filter is depicted in Fig. 3.24.

R=1.2562 r—~ 0.9738 /o~ 0.6825 7\ 0.6825 ~~ 09738 -~ R=1.2562
®) ® ©) ) ® ® ©

Figure 3.15: Coupling-routing diagram of the 5-pole filter.

3.3.1 Resonator Design

A cubical tunable resonator is selected to realize frequency tuning (see Fig. 3.2a). The
resonator is tuned by adjusting the gap size between the tuning screw and the metallic
post. The EM simulation results for the tuning range and unloaded Q values of the
resonator are presented in 3.16. As the gap size changes from 2 mm to 6 mm, the centre
frequency is tuned from 4.9 GHz to 6 GHz, while the unloaded () varies from 3500 to 4300.
The resonator housing is made of aluminium. The geometrical dimensions of the filter are

listed in Table 3.1
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Figure 3.16: The resonant frequency and unloaded () versus gap size: HFSS simulation

result

3.5
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4.5

5.5 6

Table 3.1: Cubical resonator’s dimensions.

Cavity Post Tuning element
Parameters | L, W. H.| H, ¢R,| ¢Rq; Ty oR;
Size(mm) | 17 17 17 | 9 3 1.9 05 0.75
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3.3.2 Inter-resonator Coupling Design

A horizontal iris is used to realized the coupling between adjacent resonators (see Fig. 3.3).
The desired couplings to be realized are My, = Mys = 0.9835 and Mz = M3, = 0.6825.
Using the iterative method described in the previous section, the optimized iris sizes to
achieve constant coupling over the tuning range are listed in Table 3.2 for the desired
coupling values. The HFSS simulation results of adjacent normalized coupling values over

the tuning range are depicted in Fig. 3.17.

Table 3.2: Optimized iris sizes to attain constant coupling for different coupling values.

Iris (Mi2 and Mys) | Iris (Mas and May)
Parameters L; W; H; L, W; H;
Size(mm) | 16.61 2 9.3 9.83 2 8.92

62 1.0
J 6.0F 1
T
Q58
4
2 56
g
8 54
L 52
=5
§ Y 072 %5'07 4
LI — Resonant Freguency” g s — Resonant Frequency|
: M_.=M 06 ' M, =M 0.1
4/‘ I I I I 12 45 0.5 4C I I I I 23 34 0.0
2200 25 3 35 4 45 5 55 6 200 25 30 35 40 45 50 55 6
Gap(mm) Gap(mm)
(a) M12 = M45 = 0.9835 (b) M23 = M34 = 0.6825

Figure 3.17: EM simulation results of adjacent normalized coupling over the tuning range
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3.3.3 Input/Output Coupling Design

A long probe is used to realize the input/output coupling (see Fig. 3.8). Using the iterative
method described in Fig. 3.5, the iris dimensions are optimized to achieve a constant nor-
malized input/output coupling in HFSS EM simulation. The optimized probe dimensions
are summarized in Table 3.3. The group delay of input reflection coefficient of the first
resonator is illustrated in Fig. 3.18. Note that the group delay peak value remains almost

constant over the tuning range.

Table 3.3: Probe dimensions for constant input/output coupling.

Probe

Parameters | L, Y, Hp
Size(mm) | 16.21 4 2.34

-8

x 10

Gap=2 Gap=2.5 Gap=3 —— Gap=3.5 —— Gap=4 —— Gap=5 —— Gap=6

Group Delay(s)
=
= 2

o
a1
T

Q.S 47 49 5.1 5.3 55 5.7 5.9 6.1 6.3
Resonant Freauencv(GHz)

Figure 3.18: EM simulation result of group delay over the tuning range.
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Figure 3.19: EM model of 5-pole tunable filter.

3.3.4 EM Simulation Results

The EM model of the complete filter design is illustrated in Fig. 3.19. Using the opti-
mization technique described in the previous section, the filter is tuned over the desired
frequency range by adjusting the gap sizes. The EM simulation response of the filter over
the tuning range is depicted in Fig. 3.20. As one can see, the filter achieves a stable fre-
quency response over the frequency tuning range of 4.89 GHz to 6 GHz. The bandwidth

variation over the tuning range is less than +5.3%.

3.3.5 Measurement Results

The prototype designed filter is fabricated with aluminium. The centre frequency of the
filter can be tuned either manually using tuning screws or automatically using piezoelec-
tric motors as illustrated in Fig. 3.21. For automatic tuning, the tuning element of each
resonator is connected to a tiny ultrasonic linear actuator (TULA) [40,41]. This actuator
is controlled by changing the frequency and duty ratio of its driving voltage. A detailed
description of TULA motor control can be found in Appendix A.

The measured tuning transmission and return loss responses of the filter with piezo-

electric motors are depicted in Fig. 3.22. As it can be seen from this figure, the measured
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Figure 3.20: EM simulated tuning performance of the 5-pole filter

response is in close agreement with EM simulation results. The insertion loss of the filter
can be improved by using silver-plated aluminium housing. The filter response maintains
an excellent stable return loss response (better than 18 dB) over more than 1 G tuning
range. The measured S5, group delay response is shown in Fig. 3.23. As one can see, the
filter has a pretty stable group delay response across the tuning range. The group delay

variation inside the filter passband is less than 10 nsec.
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(b) Filter with piezoelectric motors: side view.  (c¢) Filter with piezoelectric motors: top view.

Figure 3.21: Fabricated 5-pole bandpass tunable filter.
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Figure 3.22: Measured tuning response of the 5-pole tunable filter.
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Figure 3.23: Measured group delay response of the 5-pole filter.
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3.4 T7-pole Filter Design

In this section, an X-band in-line 7-pole tunable Chebyshev filter with middle frequency
point of 7.5 GHz, a constant absolute bandwidth of 80 MHz, and a return loss of 25 dB
is synthesized and tested. The desired tuning range is from 7 GHz to 7.9 GHz. The

coupling-routing diagram and coupling values of the filter are depicted in Fig. 3.24.

@ R=1.1965 @0.92204/2\ 0.6311 () 0.5852 () 0.5852 () 0.6311 /6\0.92204/7\ R=1.1965®
O/ 2/ O/ O/ O/ o/ \/

Figure 3.24: Coupling-routing diagram of the 7-pole tunable Chebyshev filter.

3.4.1 Resonator Design

A cylindrical resonator is selected to realize frequency tuning (see Fig. 3.2b). The EM
simulation results for the tuning range and unloaded () values of the resonator are presented
in Fig. 3.25 for two different materials, namely copper and aluminium. The resonant
frequency is tuned from 7 GHz to 8 GHz by adjusting the gap size from 3 to 6 mm. The
resonator unloaded () is above 4900 in case of copper housing and above 4000 in case
of aluminium housing over the entire tuning range. The geometrical dimensions of the

resonator are listed in Table 3.4.

Table 3.4: 7-pole resonator’s dimensions.

Cavity Post Tuning element

Parameters | R, H. | H, ¢R,| ¢oRq Ty oR;
Size(mm) 2 13|55 2 1.5 05 1
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Figure 3.25: Simulation results of resonant frequency and unloaded () vs. gap size for a

cylindrical resonator made from copper or aluminium.
3.4.2 Inter-resonator Coupling Design

The normalized adjacent couplings of the 7-pole filter are realized using semi-vertical irises.
The structure of two adjacent resonators coupled through a semi-vertical iris and the
schematic diagram of the semi-vertical iris are depicted in Fig. 3.26. The desired normalized
coupling values are My = Mgy = 0.92204, Moz = Ms¢ = 0.6311, and M34 = My5 = 0.5852.
The iterative algorithm described in Fig. 3.5 is used to achieve constant normalized coupling
over the tuning range. The optimized iris dimensions for different coupling values are

summarized in Table 3.5.

The EM simulation results of normalized coupling values over the frequency tuning
range are depicted in Fig. 3.27. As it can be seen from this figure, each individual coupling

value remains approximately constant over the tuning range.
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Figure 3.26: Schematic diagram of two coupled resonators using a semi-vertical iris.

Table 3.5: Optimized iris dimensions to achieve constant normalized couplings in the 7-pole

Chebyshev tunable filter.

Iris (M2 and Mgy) | Iris (Mas and Msg) | Iris (Mg and Mys)

Parameters | L; W; H; L, W, H; L, W, H;
Size(mm) | 11 5 7 835 7.2 4.8 81 7.2 4.8
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Figure 3.27: EM simulation results of adjacent normalized coupling over the tuning range.

3.4.3 Input/Output Coupling Design

A long probe is used to realized input/output coupling (see Fig. 3.8). An iterative method
similar to Fig. 3.5 is used to optimize the probe dimensions for a constant normalized
input/output impedance. It is observed that the loading effect of the probe shifts the
tuning range of the first and last resonators toward lower frequency values. To compensate
this loading effect, the resonator post height (H,) needs to be optimized such that the
desired frequency range (7 to 7.9 GHz) is achieved. The optimized post height for the first
and last resonators in the presence of the probe is 5.15 mm. After this change, the probe
dimensions need to be optimized again. This routine is repeated until the convergence

happens. The optimized probe dimensions are listed in Table 3.6.

The EM simulation results of the reflection coefficient group delay of the first resonator
are illustrated in Fig. 3.28. As one can see, the group delay peak value is approximately

constant across the tuning range.
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Table 3.6: Probe dimensions for constant input/output coupling.

Probe

Parameters | L, Y, Hp

Size(mm) | 16.89 5.84 4.18

X107
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Figure 3.28: EM simulation of the reflection coefficient group delay of the first resonator

over the tuning range.
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3.4.4 EM Simulation and Measurement Results

The EM model of the complete design is illustrated in Fig. 3.29. The gap sizes are
optimized using the space mapping method to obtain the required filter response at any
point inside the tuning range. The EM simulation and ideal circuit results of the filter at

fo ="7.5 GHz are depicted in Fig. 3.30. As it can be seen from this figure, there is a close

ST I I S e
S B bl L, =

Figure 3.29: EM model of the 7-pole tunable filter with absolute constant bandwidth.
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Figure 3.30: EM and ideal response of the 7-pole constant bandwidth tunable filter at the

middle of the tuning range.
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agreement between these two results. Note that the quality factor has been considered in

the ideal circuit model.

The prototype designed filter is fabricated with aluminium. The 3D CAD drawing of
the filter is depicted in Fig. 3.31a.

(a) The 3D CAD drawing (b) Fabricated filter with automated piezoelectric

motor tuning

Figure 3.31: Physical structure of the 7-pole filter.

The centre frequency of the filter can be tuned in an automated fashion using piezo-

electric motors as depicted in Fig. 3.31b.

The measured tuning responses of the filter are depicted in Fig. 3.32. The filter exhibits
a tuning range of approximately 900 MHz from 7 GHz to 7.9 GHz with an insertion loss
better than 2.7 dB. The return loss is better than 14 dB across the tuning range. The
bandwidth variation is from 77 MHz to 88 MHz, less than +6.7% over the entire tuning

range.
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Figure 3.32: Measured tuning response of the constant bandwidth 7-pole tunable filter.
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3.5 Conclusions

Frequency-tunable cavity combline bandpass filters with constant absolute bandwidth have
been investigated. It was shown in theory and experiment that the normalized coupling
values can be held constant just by careful design of filter geometry and without using
any extra compensation circuit. Since coupling values remain fairly independent of the
resonant frequency, only the gap sizes between tuning discs and metallic posts need to be
adjusted in order to tune the filter. This methodology was applied to design/implement
two different tunable filters: a 5-pole C-band tunable Chebyshev filter with the tuning
range of 4.9 — 6 GHz and the constant absolute bandwidth of 42 MHz and an X-band 7-
pole tunable Chebyshev filter with the tuning range of 7—8 GHz and the constant absolute
bandwidth of 80 MHz. Filters were tuned using an automated piezoelectric motor tuning.
A stable frequency response was observed over the tuning range in both filters. In specific,
the bandwidth variation of the 5-pole and 7-pole filters were respectively +5.3% and £6.7%

over their tuning range.
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Chapter 4

Fully Tunable Bandpass Filters with
a Wide Tuning Range

4.1 Introduction

To efficiently support multiple frequency bands in the next generation wireless networks,
the RF front end needs to be fully configurable. The band select filter is one of the key
component of the RF front end. To support multiple frequency band coverage in a small
form factor, a fully tunable bandpass filter is required. In a fully tunable filter, both centre
frequency and bandwidth are tunable. In the previous chapter, the design of constant
bandwidth tunable cavity combline filters was discussed. The focus of this chapter is on
bandwidth tuning. A common method to achieve bandwidth tunability is by individual
control of the coupling coefficients. That is to have coupling mechanisms that are capable
of adjustment during the filter tuning process [42,43]. For a recent review of this method
in planar filters see [44]. In another method, two tunable bandpass filters are cascaded
through a transmission line or an isolator to form a frequency and bandwidth tunable

filter [24]. The main challenge in this approach is that both filters should maintain their
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in-band and rejection performance when the centre frequency is being tuned, a problem
that was addressed in the previous chapter. Therefore, we use the cascaded method to

achieve the bandwidth tunability.

4.2 Objectives

Bandwidth flexibility is a key characteristic of radio transmitter in 4G/5G cellular com-
munication systems and different 3GPP LTE Advanced bands with flexible bandwidth
requirements are expected to be covered. Our objective in this chapter is to design a
fully tunable highly selective bandpass filter from 1.8 GHz to 2.6 GHz with 20 — 100 MHz
bandwidth tunability.

The bandwidth tunability is achieved by cascading two properly designed tunable band-
pass filters connected to each other through an isolator or a transmission line. To have
a highly selective cascaded response, each of the constituent bandpass filters needs to be
highly selective. To achieve high selectivity, order six Chebyshev filters with 25 dB return
loss are used to realize the constituent filters with the coupling-routing diagram depicted
in Fig. 4.1.

@ RS:1.2187@ 0.9408 @ 0.6482 @ 0.6120 4

0.6482

@ RL:1.2187@ 0.9408 5

Figure 4.1: Coupling-routing diagram of the six-pole Chebyshev filter.
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4.3 Theoretical Background

4.3.1 Constant Return Loss Filter Design

The simplest method to achieve bandwidth tunability over a frequency range is to cascade
two constant bandwidth tunable filters. However, as discussed in Chapter 3, designing
constant bandwidth tunable filters over a wide tuning range is challenging. Since only the
cascaded response matters, the constituent filters should only maintain a constant return
loss in the tuning range and it is absolutely unnecessary to keep their absolute bandwidth
constant. In fact, as we show in the following, it is possible to maintain the return loss

constant over a wide tuning range while the bandwidth is changing.

The return loss of a bandpass filter with centre frequency f; and bandwidth BW is

described in terms of its coupling elements by
S11(A) = 14 2jRg[A\Iy — jR + M]7 (4.1)
The return loss of a band pass filter with M**" = ~vM and R"*" = yR would be

V(A =14 2jvRs[Aly — j7R +yM] (4.2)

A . B A
=1+ 2jRS[;HN —jR+M];} = SH(;). (4.3)

Therefore, the new return loss at normalized frequency A is equal to the previous return
loss evaluated at A/v. As it was shown in Chapter 3, A is almost independent of the centre

frequency and hence, the mapping A — A/~ is equivalent to BW"™*Y = vBW.

As an example, the impact of scaling the coupling elements and normalized input/output
impedance parameters on transmission and reflection coefficients is depicted in Fig. 4.2

for a six pole Chebyshev filter with 25 dB return loss and v = 0.7,1.4.

From a practical viewpoint, it is difficult to have an identical scaling factor for all

coupling coefficients and normalize input/output impedance. Specially, the scaling factor
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Figure 4.2: Scaling the coupling matrix and normalized input and output impedance of a

six pole Chebyshev filter for v = 0.7,1.4.

of input/output impedance is slightly different from that of coupling matrix elements.
Therefore, we need to consider two scaling factors: vy, for coupling matrix elements and
vr for normalized input/output impedance. The impact of mismatch in scaling factors
(var/vr) on return loss is depicted in Fig. 4.3 for a six pole Chebyshev filter with 25 dB
return loss. As it can be seen from this figure, a mismatch of 20% can deteriorates the
return loss by almost 12 dB. Therefore, it is essential to keep the mismatch factor small in

order to maintain an acceptable return loss in the tuning range.
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Return loss change in dB
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Figure 4.3: Impact of mismatch in scaling of the coupling matrix and normalized in-

put/output impedance on return loss of a six pole Chebyshev filter with RL = 25 dB.
4.3.2 Cascading Element Design

Consider a network consisting of two filters with scattering matrices [S4] and [S?] which
are connected to each other through an interconnecting network with scattering matrix

[SM] as depicted in Fig. 4.4. Furthermore, assume that

0 «
[SM] = : (4.4)
B0
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[Scascade]
_______________________ 1
|
- -
' A M B
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|

Figure 4.4: Two filters cascaded through an interconnecting two-port network

It is not difficult to show that the scattering matrix of the overall network is given by

with A =1 —
and $ =1 and hence

aBSsSE.

Scascade SA + OéﬁSé Sﬁ Sﬁ

A Y
SaS5E

Scascade — a

A (4.5)
Scascade _ %

A )

cascade &BSBSASB

S d SQ% IZA 22~21 ’

In case the interconnecting network is an ideal isolator, a = 0

cascade, iso
S S 11>
Scascade iso _ O

Scascade iso (4 6)

S 8217

cascade, iso B
S S 22

and the overall transmission coefficient would be the multiplication of individual transmis-

sion coefficients. Since isolator has a unidirectional transmission characteristic, the overall
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network is not reciprocal. If the reciprocity is a requirement of the filter design, the isolator
can be replaced by a lossless transmission line with length ¢ for which a = 8 = ¢, In

this case

e 28 SB S

cascade, TL _ @A
Sll - Sll +

Arp ’
—jBl QA QB
Scascade, TL € i 512812
12 - A )
st o (47
Scascade, TL € 21~'21
21 - )
ATL

—j28¢ @B QA OB
e P 515.55555
Ary, 7

cascade, TL _ @B
522 — S22 +

with App =1 — e 27454 SB - Therefore, the magnitude of the overall transmission coeffi-

cient using an interconnecting transmission line with length ¢ is given by

‘ Sg?scade, TL ‘

SISzl (4.8)

—|
| Az
As it can be seen from the above equation, when |Ary| — 0, the overall transmission

1
|A7r]

rejection. It is possible to reduce this effect by adjusting the length of the transmission

coefficient is magnified with a factor of which adversely affects the out of band

line.

4.4 6-pole Filter Design

In order to achieve the required out of band rejection and other design considerations, a
tunable 6-pole Chebyshev filter with centre frequency of 2.07 GHz, a bandwidth of 120
MHz, and a return loss of 25 dB is selected for design. Two such filters are then cascaded
using an isolator/transmission line to tune the bandwidth over the tuning range. In the

following, the design procedure is described in detail.
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Figure 4.5: EM simulation results of the tunable resonator
4.4.1 Design

In order to obtain the required wide frequency tuning range (more than 800 MHz), a
cubical resonator is designed according to the procedure described in Chapter 3. The
resonator dimensions are 28mm x28mm x30mm (lengthxwidthxheight). A tuning range
from 1.8 MHz to 2.6 MHz is achieved by adjusting the gap from 1.5 mm to 6.5 mm. EM
simulation results for the tuning range and the unloaded Q values of the proposed resonator
are presented in Fig. 4.5. The resonator maintains ) > 3100 over the tuning range. Note

that he resonant frequency is more sensitive to gap variations in lower frequencies.

In order to achieve a stable return loss over the tuning range, adjacent and input/output
coupling values are designed to scale with the same factor. Therefore, while the bandwidth
is changing over the tuning range, the return loss remains approximately constant as it
was discussed before. The variations of adjacent coupling elements and normalized in-

put/output impedance are depicted in Fig. 4.6. As it can be seen from this figure, the
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Figure 4.6: Scaling factor of coupling elements and normalized input/output impedance

across the tuning range.

maximum mismatch factor over the tuning range does not exceed 15% which according to
Fig. 4.3 corresponds to a maximum deterioration of approximately 11 dB in return loss.
Note that the coupling values decrease as the centre frequency of filter gets farther from
the middle of the tuning range and they are in fact close to their maximum values in the
middle of the tuning range. Therefore, the filter bandwidth would be maximum in the
middle of the tuning range and decreases as one moves towards the edges of the tuning

range.

The 6-pole filter operating at 2.07 GHz with a bandwidth of 120 MHz is then designed
using HF'SS simulation. The EM model of the filter is illustrated in Fig. 4.7. The vertical
irises are exploited to have a better control over the adjacent coupling variations. Moreover,
long input/output capacitance probes are used to decrease the variations of input/output
coupling value over the tuning range. The reason for selecting an asymmetric structure is

to place two such filters in a pre-defined box.
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Figure 4.8: EM simulation response of the 6-pole tunable filter.
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Filter’s parameters are first optimized using the space mapping technique to obtain the
desired filter response at fo = 2.07 GHz. Next, the space mapping technique is applied to
the Ness method as described in Chapter 3 to tune the filter across the frequency tuning
range by successive adjustment of gap values. The simulation results over the tuning range
are depicted in Fig. 4.8. As it can be seen from this figure, the return loss is close to ideal
in the middle of the tuning range while it decreases by almost 12 dB at both ends of the
tuning range. Moreover, at fo = 2.07 GHz, the bandwidth is 137 MHz while it decreases
to around 100 MHz at both edges of the tuning range. This is in agreement with Fig. 4.6.

The group delay follows a similar trend.

4.4.2 Measurement and Test Results

According to prototype designed filter, two identical 6-pole filters are fabricated. The
filter housing is made of copper. The centre frequency of each filter can be adjusted

manually using tuning screws. The measured tuning response of the filters is demonstrated

0

-10

=20

S11 and S21 (dB)
5

| 'q‘l‘ i ’

MHML... bl 1.,

2.1 2.2 23
Frequency (GHz)

I[ﬂ..m
25 26 27 28

Figure 4.9: Measured response of the 6-pole filter over the tuning range.
in Fig. 4.9. The filter has a tuning range from 1.83 GHz to 2.6 GHz with a stable return loss
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over the tuning range. The maximum achievable bandwidth is maximum at the middle of
the tuning range (142 MHz) and reduces toward both ends of the tuning range (112 MHz
and 125 MHz). The insertion loss is better than 0.5 dB in the passband.

Cascading by Isolator

Figure 4.10: Cascading two 6-pole filters using an isolator.

In order to achieve bandwidth tunability, fabricated 6-pole filters are used in cascaded
configuration using an isolator or circulator as shown in Fig. 4.10. In order to realize the
isolator, the port 3 of the circulator is terminated with a matched 50 2 load. By tuning the
centre frequency of filters with respect to each other, both bandwidth and centre frequency
can be tuned. The overlap of two filters determines the bandwidth of the cascaded filter.
The measured 3-dB bandwidth tuning performance is shown in Fig. 4.11. This figure
shows the transmission and group delay responses of the filter as the bandwidth is tuned
across the tuning range. The overall filter achieves a bandwidth tuning of 20-100 MHz
over more than 800 MHz tuning range while maintaining a stable in-band and out-of-band

performance.
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Figure 4.11: Measured results of fully tunable filter.
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The insertion loss of the cascaded filter is worse than that of each individual filter.
The extra loss is partly due to the loss of the circulator and partly due to the addition of
insertion loss of filters in the overlap area. One can see from Fig. 4.11 that the insertion
loss increases as the bandwidth decreases. Moreover, the VSWR, (Voltage Standing Wave
Ratio) of the non-ideal isolator adversely affects the return loss response of the cascaded
filter. In this design, the circulator has an insertion loss of approximately 0.4 dB and a
VSWR of 1.25. The measured transmission and reflection response of the filter are depicted

in Fig. 4.12. One can see that the return loss is better than 13 dB for different bandwidth
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Figure 4.12: Transmission and return loss responses of the filter for different bandwidths

over the tuning range.

over the tuning range.

Due to the non-reciprocity of the isolator, the cascaded filter is also non-reciprocal.
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So, in case that we need to transmit and receive signals at each port, isolator should be

replaced by a reciprocal element such as a transmission line.

Cascading by Transmission Line

Figure 4.13: Cascading two 6-pole filters using Coaxial line.

When reciprocity is a requirement of filter design, one can use a transmission line to
connect the fabricated 6-pole filters as shown in Fig. 4.13. As it was discussed earlier,
the length of the inter-connecting transmission line can change the cascaded response.
To see this, fabricated filters are connected to each other through transmission lines with
different lengths and the cascaded filter response is depicted in Fig. 4.14. As one can see,
when the interconnecting network is a transmission line, two spikes appear in the cascaded
transmission response and the position and peak value of the spikes change with the length
of transmission line. For a length of 17.5 cm, the transmission response has the maximum
resemblance to the cascaded one using an isolator. As the filter centre frequency changes,

the optimal length for the interconnecting transmission line also changes. Therefore, to
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Figure 4.14: Measured cascaded response using different interconnecting networks.
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cover a wide tuning range, a phase shifter needs to be used as the interconnecting network.
The cascaded response of the filter using an interconnecting phase shifter is depicted in
Fig. 4.15 for different centre frequencies and bandwidths over the tuning range. One can
see that the filter achieves a frequency tuning range of 1.9 — 2.57 GHz and a bandwidth
tuning range of 30 — 100 MHz.
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Figure 4.15: Transmission and return loss responses of the filter for different bandwidths

over the tuning range.
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4.5 Conclusions

The idea of constant return loss filter design was presented and used to design and fabri-
cate two six-pole Chebyshev filters. These filters were then cascaded using an isolator or
transmission line to form a fully tunable bandpass filter. The measured filter response has
exhibited a 36% centre frequency tunable range from approximately 1.8 to 2.6 GHz with
a bandwidth tunability of 20-100 MHz across the tuning range. The filter maintained a

stable response with high selectivity and descent return loss over the wide tuning range.
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Chapter 5

Fully Tunable Two Port Triplexer
Design

5.1 Introduction

Supporting multi-band and multi-standard transmission/reception is an important require-
ment in the next generation cellular communication systems. To support multi-band com-
munication, multiple fully tunable filters need to be integrated in a switch-less filter bank.
For the case of dual band filters, various methods have been proposed. In [45], a fully
tunable dual band filter is proposed which comprises two dual-mode single band filters
using common input/output lines wherein each filter is realized using a varactor-loaded
transmission line dual-mode resonator. Less attention has been directed toward the design
of tunable triplexers. In this study, we propose a new structure to obtain a fully tunable
two port triplexer. In this structure, three fully tunable bandpass filters are connected to
each other by a channelizer at the input port and a combiner at the output port. The
channelizer and combiner are realized using coaxial transmission line manifolds. The cen-

tre frequency of each band can be individually tuned over a tuning range of 250 MHz.
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The 3 dB bandwidth of each band can also be independently tuned from approximately
20 MHz to around 100 MHz. The final design enjoys a high selectivity together with a

small form factor. In the following, we describe the proposed structure in detail.

5.2 Objective

Our objective in this chapter is to design a fully tunable two port triplexer with the tun-
ing requirements listed in Table 5.1. The centre frequency and/or bandwidth of each
frequency band need to be independently tunable. A return loss better than 13 dB is re-
quired in the whole tuning range. Another important requirement is the filter reciprocity.
That is exchanging the input and output ports should not change the transmission coef-
ficient. In terms of size, the whole design should fit inside a 120mmx100mm x30mm box

(lengthxwidth x height). Low loss and high selectivity are other important requirements.

Table 5.1: Frequency and bandwidth tuning requirement for the two port triplexer

Band 1 Band 2 Band 3

Frequency tuning range (GHz) | 1.85 — 2.105 | 2.155 — 2.41 | 2.49 — 2.69
Bandwidth tuning range (MHz) | 10 — 100 10 — 100 10 — 100

5.3 Proposed Method

The proposed structure consists of three fully tunable bandpass filters which are connected
to each other by a channelizer at the input port and a combiner at the output port as de-
picted in Fig. 5.1. Both channelizer and combiner are realized using coaxial line manifolds.

In order to achieve bandwidth tunability as well as high selectivity, each bandpass filter
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Figure 5.1: Proposed fully tunable two port triplexer structure

consists of two constant bandwidth tunable sub-filters cascaded through a coaxial trans-
mission line. A high level of selectivity could be attained by concentration of rejection.

That is to provide rejection only over the band where it is needed [46].

To this aim, in one of the constituent sub-filters, the rejection above the passband is
increased while rejection below the passband is relaxed. This filter is referred to as a low-
pass filter in the sequel. In the other constituent filter the situation is reversed. That is the
rejection below the passband is increased while rejection above the passband is relaxed.
This filter is referred to as a high-pass filter in the following. FEach of the constituent
low-pass or high-pass filters is realized using a 4-pole filter with a 100 MHz bandwidth.

Note that the overall two-port network is reciprocal.

The design procedure then consists of the following steps:

e Filter design: This involves the design of the constant bandwidth tunable low-pass
and high pass filters for each band and the lengths of the interconnecting transmission

lines.
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e Input/output manifold design: This involves the design of lengths of transmission

lines in input and output manifold. That is (¢/i", £, £} and (£, €3¢, £"%) in Fig. 5.1.

5.4 Filter Design

5.4.1 Coupling Routing Diagrams

The canonical coupling routing diagram of a 4-pole Chebyshev filter with one transmis-
sion zero on the left or right side of the passband is depicted in Fig. 5.2. Note that the
transmission zero is created by the cross coupling between resonators 2 and 4, namely Moy,
in this configuration. Moreover, a positive My, corresponds to a transmission zero on the
right side of the passband. Similarly, a negative M, corresponds to a transmission zero

on the left side of the passband.

0.0393 0.0704
@ 1.0692 ("1
=/

@ 1.0692 @
-0.3819 0.0393

Figure 5.2: Coupling routing diagram for a 4-pole Chebyshev filter with one transmission

Z€ero

The positive cross coupling My, can be realized by inductive coupling using an iris

as described in the previous chapters. The negative cross coupling can be realized by
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capacitive coupling using a capacitive probe*. A capacitive probe is basically an insulated
section and usually supported by a dielectric sleeve inside an iris opening. The probe has
close proximity to the resonating posts at both ends. Unlike the irises, capacitive probes do
not lend themselves easily to constant bandwidth design. It is worth mentioning that the
negative coupling can also in principle be realized using irises as in [47]. Such a realization,
however, is not viable in the current design due to the relatively large bandwidth and small
form factor requirements. To be more specific, the size specification of the design limits
the size of each single cavity resonator to 20mm x20mm x30mm and the method described

in [47] can not achieve the required coupling value using such a small resonator.

The constituent low-pass and high-pass filters are designed for the maximum band-
width, i.e. 100 MHz and they need to maintain a constant bandwidth (or more generally a
constant return loss) across the tuning range. As we will see in the next section, physical
realization of the coupling routing diagram in Fig. 5.2 is not difficult to achieve when Moy
is positive. However, this is not the case for negative My, due to the fabrication complica-
tions of the diagonal coupling element. Therefore, alternative coupling routing diagrams
need to be found for this case. Two possible candidates are the box section configura-
tion [48] and the elliptic filter configuration as depicted in Fig. 5.3. As it can be seen from
this figure, there is no diagonal coupling in these configurations. The input and output
ports are at the opposite side corners in the box section configuration while they are at
the same side in the elliptic filter configuration. The box section configuration creates a
single transmission zero at the left side of the passband while the elliptic filter creates

two symmetrical transmission zeros at both sides of the passband. Therefore, a smaller

*Note that a capacitive or inductive cross coupling is determined according to their respective signs in
the coupling matrix. That is when all elements of the coupling matrix have the same sign, the elements
of the coupling matrix are either all inductive or all capacitive. By convention, a positive sign represents

the inductive (magnetic) coupling and a negative sign represents the capacitive (electric) coupling.
fAn interesting feature of the box section is that by changing the sign of the self couplings values, the

transmission zero will appear on the opposite side of the passband. This can be easily achieved in practice

by retuning the resonators.
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(b) The elliptic filter configuration

Figure 5.3: Alternative coupling routing diagrams for having a transmission zero on the

left side of the passband
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Figure 5.4: Ideal frequency response of the low-pass and high-pass filters
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out of band rejection can be achieved at the left side of the passband using the elliptic
filter configuration. The negative coupling in the box section could be either My or M;s.
However, as it will be discussed in the next section, the negative M3 is preferred in terms
of parasitic coupling behaviour. The ideal response of the low-pass and high-pass filters

are depicted in Fig. 5.4.

One may notice that the value of the negative coupling in the box section configuration
is almost 6 times bigger than that in the elliptic filter configuration. Due to the small form
factor requirements, realizing large negative coupling values using capacitive probe turns
out to be challenging especially in a constant bandwidth design. For this reason, the box

section configuration is more limited in terms of the tuning range.

5.4.2 Low Pass Filter Design

Our objective in this section is to design three tunable low-pass' filters with a return loss of
20dB and a bandwidth of 100 MHz. The coupling routing diagram is depicted in Fig. 5.2
with positive sign for My,. Each filter has to cover 250 MHz frequency tuning range.
Compact size and low losses are other requirements. A cubical resonator is designed to
cover the tuning range of 250 MHz with a quality factor better than 2000 in the tuning
range. One can see from Fig. 5.5 that the variation of resonant frequency is almost linear
with respect to gap variations. This feature is very useful during filter tuning especially
for automated tuning. Also, the quality factor remains almost constant over the tuning

range.

The resonator dimensions are 19mmx 19mm x26mm (length xwidth xheight). In order
to get an acceptable quality factor using such a small resonator, the filter order needs
to be small and therefore it is selected to be 4. This yields an acceptable insertion loss
over the tuning range. To realize constant adjacent and cross coupling values over the

tuning range, vertical irises are exploited. Due to the required compact size and large

fSee Section 5.3 for the definition of low-pass/high-pass filter in this context.
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Figure 5.5: Coupling-routing diagram for realizing asymmetric 4-pole filter.

cross coupling Msy, physical realization of the filter needs a careful design. In specific,
resonator 2 needs to have three iris openings to couple with all other resonators, and an
asymmetric structure is required to support this as depicted in Fig. 5.6. Furthermore,
in order to achieve the required coupling value of My3 = 0.6521, a metal bar is used to
directly connect resonators 2 and 3. This metal bar passes through the iris opening and
enhances the coupling between these resonators. Moreover, for realizing the large value
of the input/output coupling, inductive probes are used which are tapped to the first and
last resonator posts. The input/output coupling value is almost constant over the tuning
range. The EM simulation results of all three bands at the middle of their tuning range

are depicted in Fig. 5.7.

One can see that all three filters have a high concentration of rejection on their right
side of the passband. This is partly due to the effect of the designed transmission zero and
partly due to the parasitic transmission zero which is created by the parasitic coupling be-
tween resonators 1 and 4. Because of the required small size, all filters are selected to have
the same cavity size. Therefore, in order to design the filter for the lowest frequency band,

the height of the posts and the radius of the tuning disks are increased. The prototype
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(a) EM model (b) Fabricated structure

Figure 5.6: Structure of the low-pass filter
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Figure 5.7: EM simulation results of 4-pole low-pass filters for different frequency bands
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designed filter, fabricated with copper, is depicted in Fig. 5.6. The filter is manually tuned
using the tuning screws. The measurement results of the first, second ,and third band
filters over the tuning range is depicted in Fig. 5.8, Fig. 5.9,and Fig. 5.10 respectively. One
can see that the filter covers the tuning range with a return loss better than 15 dB. Since
the gap size is proportional to the filter centre frequency, tuning the filter in the lower
frequency ranges requires the tuning screw to penetrate further which in turn increases the
insertion loss as it can be seen from Fig. 5.8. The same procedure is repeated for the other

two bands.

Slland §1in dB
A
(@]
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Figure 5.8: Measurement results for the first band filter across the tuning range.
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Figure 5.9: Measurement results for the second band filter across the tuning range.
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Figure 5.10: Measurement results for the third band filter across the tuning range.
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5.4.3 High Pass Filter Design

Our objective in this section is to design three tunable high-pass’ filters with a return loss of
20dB and a bandwidth of 100 MHz. Two different configurations (box section and elliptic)
are considered as depicted in Fig. 5.3. The resonator dimensions are 20mm x 20mm x 30mm
(length xwidthxheight). The size of the resonating post and the tuning disk are parame-

ters that can be changed to realize the filter in other frequency bands.

S11 and §1in dB

-100- —— Negative M, h
—— Negative |\43

_1207 | | | | | | | |

15 1.7 1.9 2.1 23 2.5 2.7 29 3

Frequency (GHz)

Figure 5.11: Impact of the parasitic coupling M;4 = 0.03 on the filter response for two

different realizations of the box section configuration.

In the box section design, vertical irises are exploited to realize constant positive cou-
pling values over the tuning range according to the design principles described in Chapter 3.

The negative coupling element could be either M5 or M3 as depicted in Fig. 5.3a. Even

fSee Section 5.3 for the definition of low-pass/high-pass filter in this context.
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though both cases yield the same response in ideal situation, the existence of parasitic
coupling between resonators 1 and 4 is inevitable in practice due to the small size of the
filter. Fig. 5.11 illustrates the impact of parasitic coupling M4 = 0.03 on the filter response
for negative M, and negative Mis3. As it can be seen from this figure, one can achieve a
better concentration of rejection on the left hand side of the passband using negative M;s.

Therefore, the case of negative M3 is preferable in terms of our objective.

The negative coupling M3 is realized using a capacitive probe. As explained earlier,
realizing constant large negative coupling values over a tuning range is challenging. The
value of M;3 determines the position of the transmission zero and simultaneously affects
the filter bandwidth. Due to these limitations, the filter tuning range is limited to approx-

imately 100 MHz in the box section configuration.

(a) EM model (b) Fabricated filter

Figure 5.12: Structure of the high-pass filter in the box section configuration.

The EM model of the filter is depicted in Fig. 5.12a. The EM simulation results of all
three bands at the middle of their tuning range are depicted in Fig. 5.13. One can see that

all three filters have a high concentration of rejection on their left side of the passband.
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Figure 5.13: EM simulation results of 4-pole high-pass filters for different frequency bands

using the box section configuration.

This is partly due to the effect of the designed transmission zero and partly due to the
parasitic transmission zero which is created by the parasitic coupling between resonators
1 and 4.

The fabricated filter of band 3 is depicted in fig. 5.12b. The filter housing is made
of copper. The measured response of the filter is depicted in Fig. 5.14. It is worth men-
tioning that self-coupling values in box section configuration not only adjust the resonant
frequency of their respective resonators, they also change the position of the transmission
zero. Therefore, the same filter can be tuned such that the transmission zero appears on

the right side of the passband as depicted in Fig. 5.14b.

In elliptic configuration, the same dimensions for resonators and irises are used. In
this configuration, the negative coupling M, is relatively small and has minor variations
over the tuning range. The EM simulation results of the second band filter using an

elliptic configuration is depicted in Fig. 5.15. One can see that the filter covers the tuning
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Figure 5.14: Measured response of the third band 4-pole high-pass filter with box section

configuration. Note that the same filter can be tuned such that the transmission zero will

appear on the right side of the passband. o1
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range with a return loss better than 18 dB. The distance of the transmission zeros to the
filter centre frequency is inversely proportional to the Mi, value. Since, as the frequency
increases, the value of My, also slightly increases, the position of transmission zeros are
getting closer to the filter centre frequency for higher frequency ranges. Even though, the
elliptic configuration has an inferior rejection on the left side of the passband with respect to
the box section configuration, it covers all the tuning range with an acceptable return loss.
Therefore, this configuration would be our choice for designing the two port triplexer.The
prototype designed filter, fabricated with copper. The filter is manually tuned using the
tuning screws. The measurement results of the first, second ,and third band filters over
the tuning range is depicted in Fig. 5.16, Fig. 5.17,and Fig. 5.18 respectively. In order to
achieve bandwidth tunability, fabricated Low-pass and elliptic filters are used in cascaded
configuration using a transmission line. The measured cascaded response of all three bands

at the middle of their tuning range is shown in Fig. 5.19.

e
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Figure 5.15: EM simulation results for the second band elliptic filter across the tuning

range.
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Figure 5.16: Measurement results for the first band elliptic filter across the tuning range.
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Figure 5.17: Measurement results for the second band elliptic filter across the tuning range.
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Figure 5.18: Measurement results for the third band elliptic filter across the tuning range.
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Figure 5.19: The measured cascaded response of all three bands.
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5.5 Manifold Design

There are different configurations for design and implementation of multiplexing networks
including hybrid-coupled, circulator coupled, directional filter, and manifold-coupled mul-
tiplexer. Since insertion loss and design size are our main concerns in this design, the

manifold-coupled configuration seems to be the best option [49].

Manifold-coupled multiplexer is not usually amenable to flexible frequency structure;
however, due to the small tuning range of each band, one can safely assume that the
manifold response remains approximately constant across the tuning range. To see this,
one can compare the wavelength variations across the tuning range to the centre wavelength
of each band. Assuming a tuning range of [fo — Af/2, fo + Af/2, this ratio is given by

cAf AN Af
_—2 _> —_— __7
25 Ao 2fo

which for a tuning range of Af = 250 MHz and the lowest centre frequency fy = 1.97 GHz

AN = (5.1)

yields 6.34% wavelength variation which is fairly small.

In this design, the combiner and channelizer are realized using coaxial manifolds. Man-
ifold coupled multiplexer design requires the presence of all the channel filters so that the
effect of channel interactions can be compensated in the manifold design process [49]. Af-
ter designing six tunable combline filters, the next step is to find the manifold dimensions.
Different analytical methods have been proposed to find the manifold lengths [34]. In this
section, the numerical optimization method is used. To this aim, the equivalent circuit
model of six filters are connected to each other through coaxial manifolds at the input and
output in ADS. Then, numerical optimization algorithms are used to find the optimum
manifold lengths that yield an acceptable return loss at the middle frequency point of each
band. The optimization parameters include the length of the manifolds, the self-coupling
values of the first resonator of three high-pass filters, and the self-coupling values of the last
resonators of three low-pass filters. The optimized manifold response in ADS is depicted

in Fig. 5.20. One can see from this figure that the return loss is better than 13 dB in
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all three bands and there is an acceptable isolation between different bands. The centrer
frequency of different bands are 1.97, 2.25, and 2.5 GHz and they have the same bandwidth
of approximately 80 MHz. Hereafter, it is assumed that the manifold lengths are fixed to

their optimal values.

| | L | 1 | L

2.1 2.2 2.3 2.4 2.5 2.6 2.7
Frequency (GHz)

Figure 5.20: Two port triplexer response in ADS circuit simulator using optimized manifold

lengths.

5.6 Simulation Results

In a fully tunable two port triplexer, the centre frequency and bandwidth of each band
should be independently tunable. In this section, we test the tunability of the proposed
two port triplexer using a circuit simulation in ADS. To this end, six tunable filters are
connected to each other by input/output manifolds with the dimensions found in the

previous section. The centre frequency and bandwidth of each band are tuned by changing
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Figure 5.21: Bandwidth and centre frequency tuning of the two port triplexer in ADS

circuit simulator.
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the centre frequency of its corresponding low-pass and high-pass filters. The full tunability
of the two port triplexer is demonstrated in Fig. 5.21. One can observe from Fig. 5.21 that

the filter exhibits a good performance in terms of wide continuous tunability.

5.7 Conclusions

A fully tunable two port triplexer was proposed. The structure consists of three fully tun-
able bandpass filters connected to each other by a channelizer at the input and a combiner
at the output. Using concentration of rejection, each filter exhibited two transmission
zeros near its passband edges creating high inter-band isolation. The design concept was
verified using ADS circuit simulator where the proposed filter demonstrated good insertion
loss and passband selectivity. The small form factor and good power handling capability

makes this structure a good candidate for wireless communication systems.
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Conclusions

6.1 Contributions

In this dissertation, we studied theoretical and practical aspects of fully tunable bandpass
filters and two-port multiplexers. We selected 3D combline cavity structures to imple-
ment fully tunable filters as they can provide high @) and good power handling capability.
Compare to a fixed bank of filters, a well-designed fully tunable filter can offer substantial

advantages in terms of system performance and complexity.

In Chapter 3, we studied the design of constant absolute bandwidth tunable filters.
Following the methodology developed in [1] based on optimizing the position of horizontal
irises, we first designed and implemented a 5-pole C-band Chebyshev tunable filter with
40 MHz bandwidth and frequency tuning range of 4.9 — 6 GHz. The fabricated filter
exhibited a stable response over the tuning range with a bandwidth variation of +5.3%.
Since horizontal irises could not provide the fairly large coupling values required in large
bandwidth filters, we considered the use of other iris geometries to achieve constant absolute
bandwidth in these filters. Relative to horizontal irises, semi-vertical irises can provide

larger coupling values and they can offer constant absolute bandwidth using the same
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optimization technique. We used semi-vertical irises to realized adjacent coupling values in
a 7-pole X-band Chebyshev tunable filter with 80 MHz bandwidth and frequency tuning
range of 7 — 7.9 GHz. The fabricated filter exhibited a stable response over the tuning
range with a bandwidth variation of £6.7%. We also showed that using vertical irises, the
normalized coupling values remain almost independent of the cavity resonant frequency.
This is in contrast to horizontal or semi-vertical irises where a tedious optimization is
required to achieve the same goal. Since vertical irises can also provide versatile coupling

values, they are the best candidates to realize constant absolute bandwidth tunable filters.

In Chapter 4, we considered the design of fully tunable bandpass filters with a wide
tuning range. The bandwidth tunability was achieved by cascading two tunable filters.
Since the tuning range was wide, each individual tunable filter can not be designed to
have a constant absolute bandwidth. To achieve the wide tuning range requirement, we
introduced the concept of constant return loss design. Constant return loss filters are
a more general class of filters compared to constant absolute bandwidth filters as the
bandwidth could change over the tuning range. To realize a constant return loss filter, all
inter-resonator coupling elements as well as normalized input and output impedances need
to scale with the same factor. We showed that this requirement can be achieved by careful
design of filter geometry. In specific, we designed and implemented a constant return
loss 6-pole tunable Chebyshev filter with tuning range of 1.8 — 2.6 GHz. The bandwidth
variation over the tuning range was £12.8%. Despite the large bandwidth variation, the
return loss of the fabricated filter was better than 15 dB over the tuning range. Two of
such filters were then cascaded by an isolator to provide the bandwidth tunability. The
cascaded response revealed a tunable bandwidth of 20 — 100 MHz.

The focus of Chapter 5 was on the design of two-port triplexers. Three fully tunable
bandpass filters were connected to input and output manifolds to form a two-port triplexer.
Manifold dimensions were optimized in ADS circuit simulator. It was shown that the
bandwidth and centre frequency of each band can be independently tuned in the final

structure.
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6.2 Future Work

This dissertation can be followed in different directions, some of which are highlighted as

follows:

As it was demonstrated, inductive coupling elements can be designed to be frequency in-
dependent by using carefully designed horizontal /semi-vertical or vertical irises. Capacitive
coupling elements, on the other hand, do not easily lend themselves to a resonant-frequency
independent design. An interesting future research direction would be to develop a similar

methodology for the design of constant capacitive coupling elements.

The fully tunable two-port triplexer was realized using three individual fully tunable
filters. An alternative approach would be to design a single fully tunable multi-band
filter. Unlike the Chebyshev filters whose polynomial representation and synthesis are well
established, little is known about multi-band filters. Furthermore, individual tuning of

different bands in such multi-band design would be an interesting research problem.
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Appendix A

TULA motor control

The assembled TULA70-250 motor is shown in Fig. A.1. The mobile part is fixed between
two metal plates. When a driving voltage is applied, the shaft moves upward/downward.

Two methods can be used to actuate and control the motor:

e Using the TULA controller (EV-KIT): This device is connected to the PC and
can be controlled from inside Matlab. The Matlab code will be presented next.

e Using a signal generator: A square or ramp signal with a peak voltage of 1.2 V
and a frequency between 20 — 150 KHz is generated using the signal generator. Since
the TULA motor working voltage should be between 10 — 30 V, a piezo-amplifier is
used to amplify the voltage by a factor of 10 to create a suitable drive voltage for
TULA motor. The motor is controlled by changing the frequency and duty ratio of
the driving voltage signal. For fine tuning, the burst mode of the signal generator

can be used.

In the following, the Matlab code which is used to tune the TULA motor is presented:
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Piezoelectric Ceramic

Mobile is fixed between
two metal plates

Metal Plate

Motor Shaft
Connector

Disc and Screw

Figure A.1: Piezoelectric motor assembled on top of the resonator.

clc;clear all;

delete(instrfind);

%——Create the serial object

serialPort = {’/dev/tty.usbserial-A40030DA’};
%——Set up 9600 8-N-1 on serial port

s = serial(serialPort,’BaudRate’,19200, ’DataBits’,8,’Parity’, ’none’,’StopBits’,1);
s.InputBufferSize = 2048;

s.Terminator = ’CR’;

fopen(s);

s.ReadAsyncMode = ’continuous’;

fprintf(s, ’>101’);%online mode

fprintf (s, ’>2220’);%voltage

fprintf(s, ’>120’);%time mode
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fprintf (s, ’>2059000’);%frequency (h
fprintf(s, ’>2128’);%duty cycle (%)
Jfprintf (s, ’>3029°);
for i=1:8
fprintf (s, ’>313.27);%move up
pause (1) ;
end
for i=1:1
fprintf (s, ’>323.2’°);%move down
end
fprintf (s, ’>100’); %manual mode
fclose(s);

delete(s);

z)
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