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Abstract

Microwave filters are essential building blocks in communications systems. As the communications
industry evolves, smaller and more flexible filters with a high quality factor (high-Q) are in great
demand. The deployment of tunability and reconfigurability in the designing of microwave filters

provides greater system flexibility as well as economic benefits.

This thesis investigates a concept for improving the roll-off performance of filters that employ low-
Q resonators. The approach is to combine two filters (sub-filters) with non-ideal characteristics to
realize a band-pass filter with better roll-off characteristics, i.e. an effective high-Q value. Lossy filter

and pre-optimization techniques are proposed to design the sub-filters.

To demonstrate the concept, two tunable band-pass filters are designed in microstrip, with slots
etched on the ground plane as sub-filters. The sub-filters are simulated in the EM software, Sonnet.
The simulated structures are fabricated, integrated with varactors, assembled, and then tested. The
measured results are in good agreement with simulations, confirming the validity of the proposed
concept. The thesis also investigates the use of the proposed concept in the design of tunable

diplexers.
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Chapter 1

Introduction

1.1 Motivations

High-quality factor (high-Q) tunable filters are needed in both wireless and satellite systems. The
deployment of tunability and reconfigurability in these systems offers substantial flexibility and
economic benefits. For example, one of the economic factors that wireless service providers value the
most is the real-estate cost during base station installation in compact urban areas. Therefore, tunable
filters that pack multiple functions (e.g., multistandards and multiband) into one site offer a large
economic incentive for wireless service providers to incorporate them into the base station compared
to traditional fixed-frequency filters. Furthermore, by employing tunable filters in satellite systems,
one can significantly reduce the size and mass of the payload, due to multimode and multifunctional
operation enabled by reconfigurability. This reduction in mass and size has a significant economic
impact on the satellite system, as launch costs are positively correlated to satellite weight.

An ideal tunable filter must exhibit a high loaded-Q value. The loaded-Q value of the tunable filter
is determined by the Q value of the filter structure itself and by the inherent loss of the tuning element
in use. Various tuning elements are commonly employed in current systems, such as semiconductors
[1]-[3], ferroelectric materials [4]-[5], ferromagnetic [6]-[8], and mechanical systems [9]-[12].
Integration of tuning elements with a filter degrades insertion loss performance, resulting in a lower
loaded-Q value. Moreover, it is a major challenge to have a tunable filter with a high loaded-Q value

over a wide tuning range.

1.2 Objectives

The principle objective of the present design is the provision of novel configurations for tunable

band-pass filters that have an effective high loaded-Q value using low loaded-Q value resonators.

To achieve this goal, we propose using two sub-filters with relatively low-loaded Q values to

realize a filter with an effective high loaded-Q value by making use of the following concepts:
1)  Wideband filters have low insertion loss, even if the resonators have low loaded Q-values.

2)  Better performance can be achieved from a filter at a band edge by optimizing the filter

coupling matrix.



3)  Lossy filters, which inherently have low unloaded-Q, offer a sharp rejection out-of-band that

is equivalent to the use of high-Q filters.

1.3 Thesis Outline

Following this introduction, Chapter 2 provides a review of major techniques of filter tuning, along
with their advantages and disadvantages. These technigues include ferromagnetic material tuning,
ferroelectric thin film tuning, RF MEMS tuning, and varactor tuning. Chapter 3 presents the concept,
design, simulation and experimental results of a novel electronically tunable filter, highlighting the
key advantages of this filter compared to other tunable filters. In addition, several conceptual
frameworks of performance improvements on the structure built in Chapter 3 are illustrated. Finally,
Chapter 5 summarizes the concepts, approaches and innovations of this research, and proposes

potential improvements of the design as well as future research topics.



Chapter 2

Literature Survey

The four tuning methods reviewed in this section are: ferromagnetic material tuning, ferroelectric thin

film tuning, RF MEMS tuning, and varactor tuning.

2.1 Ferromagnetic Material Tuning

Yttrium-Iron-Garnet (Y1G) is the mostly commonly used tuning element in magnetic tunable filters.
The resonator normally contains either a sphere crystal YIG or YIG films, which is a ferromagnetic
material with chemical composition Y3Fe2(Fe04)3, or Y3Fe5012. Various tunable microwave band-

pass and band-stop YIG filters are reported in [13-17].

YIG filters have several advantages. They have a high-Q factor in the order of 10,000, which is
very high. They also have low insertion loss and excellent linearity. However, they tend to suffer
from large power consumption (0.1-3.5 W) [18-19] as well as bulky size, heavy weight, and low
tuning speed.

Krukpa et al. have reported two two-pole filters containing axial and circumferential magnetization
of a ferrite material in [19] operating at around 2.2 GHz. The schematic diagrams of the proposed
structure are shown in Figure 2.1. Pictures of both fabricated filters with axially magnetized ferrite
rods and circumferentially magnetized ferrite disks are shown in Figure 2.2. From the measurement

results in Figure 2.3, we can see these filters have very low insertion loss (< 0.8dB) and very good

Imea“ty- tuning winding ferrite discs
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— ™ external magnetic circuit
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tuning winding //—»—‘///
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@ (b)
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Figure 2.1 Schematic diagram of tunable dielectric resonators containing (a) axially and (b)

circumferentially magnetized ferrite elements [19]
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Figure 2.2 Pictures of tunable filters: (a) a filter containing axially magnetized ferrite rods, and

(b) a disassembled filter containing circumferentially magnetized ferrite disks [19]
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2.2 Ferroelectric Thin Film Tuning

A Barium Strontium Titanate (BST) tunable filter uses ferroelectric thin film material with the
chemical composition of (BasSr14)TiO;z as a tuning element [20]. The dielectric constant of this type
of ferroelectric thin film can be changed when a DC bias voltage is applied to the ferroelectric film.

Therefore, this property is widely used in fabricating tunable capacitors or varactors.

Various BST varactors have been reported in [22-28] for tunable filters. Compared with other
tuning elements, the major advantages of BST varactors are that they are small in size, are planar
(which means they are easy to integrate), and have a wide tuning range and a fast tuning speed. They

also have superb power-handling capability.

Figure 2.4 shows a block diagram of a dual-mode filter and a cross-sectional view of a test device
with a multilayer (BST/Ti02/Si) structure [21]. Figure 2.5 shows the capacitance dependence and
resonance frequency of the BST thin films grown on a TiO2/Si and MgO substrate against applied
voltage from 0 to 40 V [21]. Figure 2.6 shows the insertion loss and return loss with DC bias voltages
of 0V, 20 V, and 40 V for the BST dual-mode filter fabricated on TiO2/Si and MgO substrates,

respectively.

135°at f, ' 135° at
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+
L]
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Figure 2.4 Block diagram for dual-mode filter and cross-sectional view of test device with
multilayer (BST/TiO2/Si) structure [21]
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2.3 RF MEMS Tuning

The radio frequency microelectromechanical system (RF MEMS) is a type of electro-mechanical
device that is fabricated using micro-machining technology. It usually contains a capacitor network
for changing capacitance value by applying DC voltage or a capacitive switch for “on” and “off”
switching. The main advantages of RF MEMS is its low loss and low distortion levels [29-30]. It is
also very small in size, which makes it easy to integrate. However, RF MEMS tuning elements are

very fragile and require very careful packaging, and they also suffer from reliability issues.

Fourn et al. presented a tuning interdigital planar filter employing MEMS capacitors [31]. Figure
2.7 shows the structure of the “on” and “off” state of the MEMS capacitive cantilever switch, while
Figure 2.8 shows their fabricated filter with the MEMS switch integrated around the center of the
structure. In their article, the researchers reported a two-pole tunable filter with a 13% relative
bandwidth with switchable center frequency from 18.5 to 21.05 GHz. The return loss of this planar
filter is less than 15 dB and the insertion loss is 3.5 dB. Figure 2.9 shows Fourn et al.’s simulated and

measured responses of the tunable filter.
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Figure 2.7 Drawing of a MEMS capacitive cantilever switch: (a) in the “off” state, and (b) in the
“on” state [31]
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Figure 2.8 Microphotograph of the fabricated filter [31]
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Figure 2.9 Simulated and measured responses of the tunable filter: (a) switches up, and (b)

switches down [31]

2.4 Semiconductor Varactor Tuning

A semiconductor variable capacitance diode, or a varactor diode, is a special PN junction diode that is
operated with reverse-bias DC voltage. When a varactor diode is reverse-biased, there is no current
flow which is equivalent to infinite resistance. Hence, the diode is effectively acting as a capacitance.
The tunability of the capacitance comes from the change in the width of the depletion region when the

applied reverse-bias DC voltage varies [32].

Filters employing semiconductor varactors have zero power consumption. They also have a very
high tuning speed and are extremely small in size, making them more attractive compared to the
conventional YIG and BTS filters for modern communication systems [33]. However, moderate Q

and non-linearity are some of the drawbacks of this tuning method.

In [2], Brown et al. reported a capacitively-loaded interdigital tunable filter with a suspended
substrate stripline and varactor diodes. The diodes are connected at the end of each interdigital finger,

as shown in Figure 2.10. The picture of the fabricated filter is shown in Figure 2.11. The fabricated



filter is measured to have a 60% tuning bandwidth from 700MHz to 1.33 GHz and a relatively low
insertion loss, as illustrated in Figure 2.12. Since the filter suffers from bandwidth degradation while

tuning, the researchers also investigated the relationship between center frequency and relative

Ii_hii Port B
£

bandwidth as a function of bias voltage.

Chias
= Skkn
=
il
[

Hi
)

=0 _ _ Viias
= k=1 k=2 k=3 k=4 k=n+1 + 1
Port A T T

T Cias T Chias

Figure 2.10 Topology of the varactor-loaded interdigital band-pass filter [34]

Figure 2.11 The RF varactor-tuned band-pass filter [34]
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Chapter 3
Tunable Band-pass Filter Employing Two Band-Stop Filters

3.1 Introduction

In the communications systems, it is highly desirable to have a tunable filter with a high loaded-Q
value. However, the loaded-Q value of the tunable filter is determined by the Q value of the filter
structure itself, as well as by the inherent loss of the tuning element in use. Integrating tuning

elements with the filter degrades insertion loss performance and results in a lower loaded-Q value.

In the majority of papers published on tunable filters, a constant bandwidth could not be maintained
over the tuning range because only the resonators are tuned, while the inter-resonator couplings are

left untouched.

Our proposed filter also applies tuning elements only to resonators, but with a different approach. It
employs two band-stop sub-filters to realize a tunable band-pass filter that is tunable both in center
frequency and bandwidth. The concept yields an enhanced filter performance, making use of the

following:

a) S21 of the band-stop sub-filter in the passband (Figure 3.1 (a), Region A) is less dependent on
the Q of tuning elements and is also less dependent on the variation of the inter-resonator
coupling.

b) The sharpness of S11 of the band-stop sub-filter in the stop-band (Figure 3.1 (b) Region B) can
be improved by scarifying the performance of the passband.

The concept here is to use two tunable band-stop sub-filters — S21 in region A from the first sub-filter
and S11 in region B from the second sub-filter — to deliver a band-pass filter with tunability in both
the centre frequency and bandwidth that is least dependent on the resonator Q and variation of the

inter-resonator coupling over the tuning range.

12
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Figure 3.1 Regions of interest in Sp1 and Sq1 of a band-stop sub-filter

3.2 Proposed Concept

Figure 3.2 shows the proposed concept for constructing a band-pass filter. As demonstrated in Figure
3.2 (a), as the input signal propagates through the first band-stop sub-filter, F1, the signal in region A
(DC to f1 in Figure 3.2 (b)) enters circulator C1. This, in turn, directs the incoming signal into the
second band-stop sub-filter, F2, which is terminated with a 50 Q matched load. All signals that pass
through F2 get absorbed by the matched load, except those in region B (f2 to f2” in Figure 3.2 (b)),
where the signals get reflected by the stop-band of F2. The combination of F1, F2 and C1 guarantees
that signals covering the band of interest reach F2, and that F2 only reflects signals in the frequency
range between f1 and f2 back into C1. Consequently, a pass-band of f1 to f2 is synthesized and
directed by C1 to the output port.
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Figure 3.2 Concept chart of band-pass filter structure based on two band-stop sub-filters and

one circulator

3.3 Band-pass Filter Design

3.3.1 Base Sub-filter Model

While the concept can be applied to any tunable band-stop filter, we are going to demonstrate the
concept using a band-stop filter similar to the one reported in [36] as a base model, as shown in
Figure 3.3. This type of filter offers a very good insertion loss in region A of Figure 3.1, since the
insertion loss is mainly determined by the loss of the microstrip line. One example is taken from [36],

as shown in Figure 3.4
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Figure 3.3 A four-pole microstrip filter employing non-uniform metal-loaded slots in the

ground plane [36]
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Figure 3.4 Measured result of an eight-pole microstrip filter presented in [36], employing non-
uniform metal-loaded slots in the ground plane
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3.3.2 Tunability Analysis

In order to develop a tunable filter, we first need to analyze the tunability of the tuning elements,
including the tuning range, loss, and linearity. Sonnet software is used in this analysis for EM

simulation, and ADS is used for reading measured results on tunabilities.

When varactors are placed at different positions on the filter structure, the tuning range of the filter
varies. Therefore, various positions of the tuning elements are simulated in Sonnet. From these

simulation results, the one with the widest tuning range is selected for later fabrication.

Figure 3.5 shows one of the possible placements of varactors on metal-loaded slots in our filter

design.

Varactors

- -

Figure 3.5 A four-pole microstrip filter employing uniform metal-loaded slots in the ground
plane, where varactors are loaded onto metal-loaded slots on the ground plane of a 50 Q

microstrip line
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Multiple positions of varactors on the slots are simulated and analyzed. The tunability has a clear
trend as the position of the varactors move from the far end of the metal slots towards the center.
Figure 3.6 shows two of these position setups: one is at the far end of the metal slots, and the other is
at a position near the center of the slots.

(b)

Figure 3.6 Two varactor-position setups on metal slots: (a) far end, and (b) close-to-center
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Figure 3.7 shows the Sonnet simulation results of these two varactor-position setups. The blue line
shows the tuning range of the filter when varactors are placed in the far-end position of the slots,
while the pink line shows the tuning range of the filter when varactors are placed in the close-to-
center position of the slots. It can be seen from Figure 3.7 that, when placed at a position close to the
center, the filter has the highest tunability. Therefore, a position that is close to the center is chosen

for assembling our varactors.

poc~—5@m =

(dB)

s —————  Far-end position tuning

Close-to-center position tuning

Frequency (GHz)

Figure 3.7 Comparison of tuning results of two varactor-position setups in Sonnet
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3.3.3 Linearity Analysis

This section presents two types of varactors that were tested and measured at the CIRFE (Centre for
Integrated RF Engineering) lab by Oliver Wong. One is MTV4030-02-11 from Cobham Metelics

(formerly Aeroflex / Metelics), and the other is MA46603-134 from M/A-COM Technology

Solutions Holdings, Inc.

Figure 3.8 shows the graph of Capacitance vs. Applied DC Voltage between frequency 0 GHz and
9 GHz for varactor MTV4030-02-11.
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Figure 3.8 Measured Aeroflex varactor MTV4030-02-11 Capacitance vs. Applied DC Voltage

curve, by Oliver Wong, CIRFE
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Figure 3.9 shows the graph of Capacitance vs. Applied DC Voltage between frequency 0 GHz and
10 GHz for varactor MA46603-134.
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Figure 3.9 Measured MA/COM varactors MA46603-134 Capacitance vs. Applied DC Voltage
curve, by Oliver Wong, CIRFE

Since our design target is to have a tunable filter with a center frequency of around 2 GHz, we are
mainly interested in the area around 2 GHz in Figure 3.8 and Figure 3.9. The capacitance of both
varactors has very decent linearity in the low voltage range (from 2 V to 10 V). However, when the
applied voltage is low (0 V to 6 V), MTV4030-02-11 has a very large variance in capacitance around
our frequency range of interest, compared to MA46603-134. Therefore, MA46603-134 is a better
choice between these two types of varactors for our research purposes.
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3.3.4 Simulation Results

Figure 3.10 shows the EM simulation results for the three tuning states of the band-stop sub-filter
shown in Figure 3.5. Figure 3.11 shows the EM simulation results of a tunable band-pass filter using
two of the sub-filter structures shown in Figure 3.5, employing the concept presented in Figure 3.2.
This filter has a constant 3-dB bandwidth of 300 MHz at 2 GHz.
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Figure 3.10 EM simulation of three tuning states for the proposed band-stop sub-filter
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Figure 3.11 EM simulation results of the tunable band-pass filter
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3.4 Measurement Results

Pictures of one of the fabricated band-stop sub-filters are presented in Figure 3.12. Figure 3.12 (a)
also shows the additional pads etched on the ground plane for applying DC bias voltage onto the

varactors.

(b)

Figure 3.12 Fabricated band-stop sub-filters with non-uniform metal-loaded slots etched on the

ground plane: (a) top view, and (b) bottom view

Figure 3.13 presents the measured results of the tunability of both regions A and B of the fabricated
band-stop sub-filters, F1 and F2, respectively. The voltage applied to the varactors in Figure 3.13 (a)
ranges from 0 V to 4 V. The voltage applied in Figure 3.13 (b) ranges from 0 V to 20 V. The applied
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DC bias voltages are tuned continuously; however, Figure 3.13 (a) displays only three tuning states of

the F1 that give the same amount of frequency shift as the three states for F2, as shown in Figure 3.13

b).
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Figure 3.13 lllustrated chart showing: (a) three measured tuning states of region A in F, and
(b) three measured tuning states of region B in F,
23



A picture of a fabricated and assembled tunable band-pass filter consisting of two tunable band-

stop sub-filters and one circulator is given in Figure 3.14.

The measured results of this structure are presented in Figure 3.15. It can be seen that the filter has
a relatively constant 3-dB bandwidth of 300 MHz over the tuning range. The insertion loss ranges
from 2.3 dB to 3.1 dB within the tunable passband without metallic housing. A portion of this
insertion loss is attributed to the loss of the circulator and radiation, since the filters were not
packaged in this prototype unit. With the use of packaging and a low loss circulator design, a much
better insertion loss performance can be potentially achieved.

It should be noted that both the Sy; and S, exhibit high values in at the lower-frequency range (up
to 1.7GHz) due to the fact that the RF energy in this frequency range is dissipated in the 50-ohm load.
In addition, the ripple seen in the measurement results can be attributed to multiple reflection and
mismatch among SMA-SMA connectors and the circulator. It should be also mentioned that the
results shown in Figure 3.15 are obtained by applying the same DC bias voltage to all four varators. A
much better performance can be achieved through non-synchronous tuning, where the DC bias
voltages for the varators are tuned to optimize the overall filter performance.

Figure 3.14 Fabricated and assembled tunable band-pass filter
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Figure 3.15 Measured results for the tunable band-pass filter

Figure 3.16 show a picture of another setup of a tunable band-pass filter. The difference between
Figure 3.14 and Figure 3.16 is that the latter is constructed of two identical tunable band-stop sub-

filters from the left-side of the former structure.

The reason for this setup is that the sub-filter on the left in Figure 3.14 has a much wider tuning
range than that on the right. The measured tuning ranges of both filters are shown in Figure 3.17 and
Figure 3.18, respectively. In order to improve the tuning range of the combined band-pass filter, the
band-stop sub-filter with a wider tuning range is used for both sides of the band-pass filter structure.
Furthermore, when in operation, the sub-filter on the left side of Figure 3.16 needs to operate at a

higher frequency by tuning the varactors in order to realize a band-pass filter structure.

Figure 3.16 Fabricated and assembled tunable band-pass filter with two identical sub-filters
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Figure 3.17 Measured tuning range of the left sub-filter in Figure 3.14 from 0 V to 20 V
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Figure 3.18 Measured tuning range of the right sub-filter in Figure 3.14 from 0 V to 20 V
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The measured results of the structure shown in Figure 3.16 are presented in Figure 3.19. As can be
seen, this filter has a relatively constant bandwidth of 100 MHz over the tuning range. The insertion
loss ranges from 5 dB to 6 dB within the tunable passband without metallic housing. Compared to the
bandwidth in Figure 3.15 (which is around a 3-dB bandwidth of 300 MHz), the response in Figure
3.19 has a bandwidth one-third of Figure 3.15, whereas the insertion loss has only increased by a
factor of two. This is an improvement on the Q factor compared to using traditional filter synthesis
because the traditional approach will increase the insertion loss by an approximate factor of three if
the bandwidth is reduced to one-third.
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Figure 3.19 Measured results for the tunable band-pass filter with two identical band-stop

filters
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Chapter 4

Concepts of Performance Improvements

4.1 Introduction

This chapter illustrates several additional concepts for improving the performance of the tunable
band-pass filter described in Chapter 3. These concepts include substituting sub-filters with lossy
filters, and pre-optimizing the sub-filters. At the end of the chapter, we present a conceptual model of

a diplexer employing two band-pass filters.

4.2 Substituting the Second Sub-filters with Lossy Filters

The first concept proposed is taking advantage of the fact that the return loss of a lossy filter can have
a sharp roll-off on the edge of the passband while sacrificing the insertion loss in the passband [37-
38]. The second sub-filter, which provides Region B described in Chapter 3, can be replaced by one

of these lossy filters to further improve the sharpness of the low-frequency band edge.

A typical lossy filter structure and its response are shown in Figure 4.1. Figure 4.1 (a) illustrates a
block diagram of a lossy filter F1, and Figure 4.1 (b) shows an equivalent schematic structure of the
lossy filter using F2 as a standard (non-lossy) filter; and two attenuators A1 and A2 (3dB as an
example), respectively. The simulated response of this lossy filter has 6dB loss in both transmission

and reflection, as shown in Figure 4.1 (c).
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Figure 4.1 (a) a lossy filter, (b) representation of the lossy filter using an ideal filter and two

attenuators, (c) response of the lossy filter
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In order to get a sharp roll-off on the edge of the passband for the return loss, attenuators should
only be added at the output port. Figure 4.2 shows the structure and response of this variation of a
lossy filter. Figures 4.2 (a) and (b) show the block diagram of a lossy filter and its equivalent
schematic structure, respectively. Filter F2 is a standard (non-lossy) filter. A 3dB attenuator, Al,
connects between F2 and the output port, T4. Figure 4.2 (c) presents the simulated response of this
structure. The graph shows a 3dB insertion loss due to the attenuator at the output, but there is no loss
in the reflected signal. Hence, it effectively forms a sharp roll-off for the return loss on the edge of the
passband.

Moreover, a 3dB insertion loss in the passband of the second sub-filter does not affect the final
response of the resultant filter because only Region B, as shown in Figure 4.2 (b), is used in
constructing the resultant filter. Therefore, the insertion loss can be sacrificed for a sharp roll-off for

the return loss on the band edge.
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Figure 4.2 (a) variation of a lossy filter, (b) representation of the lossy filter using an ideal filter

and an attenuator, (c) response of the lossy filter
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Figure 4.3(a) shows a proposed band-pass filter structure with a lossy filter as one of its sub-filters.
F1 is standard (non-lossy) band-pass sub-filters, F2 is a lossy band-pass sub-filter as described in
Figure 4.2, and C1 is a counter-clockwise circulator. T1 and T2 are the input and output port of the
system, respectively. T3 is a 50-Q termination at the output port of F2. Figure 4.4(b) is a signal flow
chart for this filter structure. Note that the signal flow is very similar to the process described in

Figure 3.2, except that the sub-filters employed here are band-pass sub-filters.
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Figure 4.3 Graphs of (a) the proposed band-pass filter structure with a wideband filter (F1) and
a lossy filter (F2) and (b) a sketch of its responses
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Figure 4.4 shows the circuit simulation results for the structure proposed in Figure 4.3. Figure 4.4
(@) is the response of a wideband band-pass sub-filter, which represents F1 in the system of Figure 4.3
(a). Figure 4.4 (b) is the response of a lossy filter, which represents F2 in the system of Figure 4.3.
Figure 4.4 (c) shows the reflection at the input port of the lossy filter in Figure 4.4 (b), with a 50-Q
termination. Figure 4.4 (d) presents the final output of the proposed filter structure in Figure 4.3.

Figure 4.4 (e) is the zoomed-in view of the response in Figure 4.4 (d).

It can be seen that the insertion loss has a very sharp roll-off at the left edge of the passband of the

constructed filter in Figure 4.4 (e) after lossy filter is introduced.

fy fy
0 v \ 4
Er
-10—]
-15—]
-20—{
=~ -25—
;. -30—
o 35
o -40—
© 45
_507
_557
-60—|
-65—]
"70 \\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\
5.0 55 6.0 6.5 7.0 7.5 8.0 8.5 9.0
freq, GHz
(@)
f f, f2 f2
0 v 4 # g
- 5 10
-10— 5]
-;24 20—
—~ 25—
257 - 32
~ -30— = '35
-35—| (2} '4
40— % -40—
5| -45—
50 -50—
55— -55—
60— -60—
65— -65—
-70 L e I -70 LN LL L  FL L  IL  B
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0 5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0
freq, GHz freq, GHz
(b) (©)

33



- 5

dB(S(2,1))

fl fz fl f2
A 4

0 % o
TR 5
-10—
-15—
-20—
-25—
-30—
-35—
-40—
45—
-50—
55—
-60—{
-65—

-10—
-15—
-20—
-25—
-30—
-35—
-40—
-45—
-50—
-55—
-60—
-65—

dB(S(2,1))

'70XX{XX{X{X{X{X{X{X{N{N{N{N{

-70 LIS I B
5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

freq, GHz freq, GHz
(d) (e)

Figure 4.4 Circuit simulation results of a band-pass filter structure with one wideband band-

pass sub-filter and one lossy bandpass sub-filter, as proposed in Figure 4.3

4.3 Pre-optimizing Sub-filters
The second proposed concept for improving the performance of the band-pass filter is pre-optimizing
the sub-filters. This section demonstrates how pre-optimization works by comparing the responses of

a standard sub-filter and a pre-optimized sub-filter.

Figure 4.5 employs a pre-optimized wideband band-pass filter and a lossy band-pass sub-filter to
build the system depicted in Figure 4.3. Figure 4.5 (a) shows the standard response of a five-pole
wideband band-pass sub-filter with both notches on the right-hand side to improve rejection in the
higher frequency band as well as to achieve a sharper roll-off for its insertion loss on the right edge of
the passband. Figure 4.5 (b) presents the pre-optimized response of the filter in Figure 4.5 (a). It is
pre-optimized in such a way that the desired band of the final output (between f1 and f2) is tuned to
have a higher return loss and correspondingly a lower insertion loss than the standard response.
However, the rest of the band (between f1" and f2) is sacrificed and shows lower return loss. In the
meantime, the band between f3 and 3" is also pre-optimized to have a higher rejection than the
standard response. Figure 4.5 (c) shows the response of the lossy sub-filter depicted in Figure 4.2.

Figure 4.5 (d) presents the resultant final output.

The final response in Figure 4.5 (d) demonstrates that the filter constructed from a pre-optimized

sub-filter and a lossy sub-filter has an extremely high return loss of 45dB and a very sharp roll-off on

34

65 66 6.7 68 69 70 71 72 73 74 75 76 7.7 78 7.9 8.0



both edges of the passband. It should be noted that this pre-optimization approach can also be applied

to the second sub-filter, which is the lossy filter, to achieve an even better performance in the final

output.
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Figure 4.5 Responses of the band-pass filter proposed in Figure 4.3 incorporating pre-optimized

sub-filter and a lossy sub-filter, along with its responses
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4.4 Doubling the Second Sub-filter

The third proposed concept for improving the performance of the band-pass filter is integrating into
the structure a third sub-filter which is identical to the second sub-filter. This section illustrates this

concept and demonstrates the improvement of out-of-band rejection from applying this approach.

Figure 4.6 shows the proposed band-pass filter structure. F1, F2 and F3 are three tunable band-pass
sub-filters, F2 and F3 are two identical sub-filters, C1 and C2 are two counter-clockwise circulators,
T1 and T2 are the input and output port of the system, respectively, and T3 and T4 are two 50-Q
terminations at the output port of F2 and F3, respectively. F3 is used in conjunction with F2 to
enhance out-of-band rejection. The signal coming out of the bottom of C1 will be the same as the last
graph shown in Figure 4.3. When this signal goes through the F3 branch, the signal between f1 and 2

will be attenuated again by the return loss of F3, thereby improving the lower-frequency rejection for
the output signal at T2.
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?23?2 F1

I = C)m
T3 F2 f
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Figure 4.6 Graphs of another proposed band-pass filter structure with three band-pass sub-
filters, two of which are used in conjunction to enhance out-of-band rejection
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Figure 4.7 shows graphs of simulated responses for the structure proposed in Figure 4.6. Figure 4.7
(@) is the response of a wideband band-pass sub-filter, which represents F1 in the system of Figure

4.6. Figure 4.7 (b) is the response of a lossy filter, which represents both F2 and F3 in the system of

Figure 4.6. Figure 4.7 (c) shows the reflection at the input port of a lossy filter in Figure 4.6 with a

50-Q termination. Figure 4.7 (d) presents the final output of the proposed filter structure in Figure 4.6.

Figure 4.7 (e) is the zoomed-in view of the response in Figure 4.4 (d).

By comparing Figure 4.7 (e) and Figure 4.4 (e), one can observe that the lower-frequency rejection

has

improved from -26dB to -52dB.
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Figure 4.7 Circuit simulation results of band-pass filter structure with one wideband band-pass

sub-filter and two lossy band-pass sub-filters, as proposed in Figure 4.6

4.5 Two Pre-optimized Band-stop Filters

Another possible concept for improving the performance of the band-pass filter is using two band-

stop sub-filters that are pre-optimized at the band edges.

Figure 4.8 (a) shows the proposed band-pass filter structure. F1 and F2 are two band-stop sub-
filters, where F1 is pre-optimized to provide a sharp cut-off at f1 where as F2 is pre-optimized to
provide a sharp cut-off at f2. Figure 4.6 (b) presents the final response at the output of the system

shown in Figure 4.8 (a). The band between f1 and f2 forms the passband of a band-pass filter.
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Figure 4.8 Graphs of (a) the proposed band-pass filter structure with two band-stop sub-filters

and (b) a sketch of its theoretical response
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Figure 4.9 shows circuit simulation results for the structure proposed in Figure 4.8. Figure 4.9 (a) is

the response of a band-stop sub-filter, which represents F1 in the system of Figure 4.8. Figure 4.9 (b)

is the response of another band-stop filter, which represents F2 in the system of Figure 4.8. Figure

4.9 (c) presents the final output of the proposed filter structure in Figure 4.8. Figure 4.9 (d) is the

zoomed-in view of Figure 4.9 (c).

In addition, similar to the approach in Figure 4.5, one can incorporate pre-optimized tunable band-

stop sub-filters to make this band-pass filter tunable.
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Figure 4.9 Circuit simulation results of the proposed band-pass filter structure with two band-

stop sub-filters

4.6 A Conceptual Model of a Diplexer

The previous sections in this chapter illustrated four approaches for improving the performance of the
band-pass filter proposed in Chapter 3. However, the discussions revolved around the framework of
one single band-stop filter. The potential of constructing a diplexer by using two of these band-stop
filters has not been discussed. In this section, a conceptual model of a diplexer is proposed to

integrate two of these band-stop filters to achieve a high-Q diplexer with tunability.

Figure 4.10 shows a diplexer structure constructed from two of the proposed tunable band-stop
filters presented in Figure 3.3. C1 and C2 are two counter-clockwise circulators, C3 is a clockwise
circulator, F1 and F2 are two band-stop sub-filters designated for the lower frequency band of the
diplexer, F3 and F4 are two band-stop sub-filters designated for the higher frequency band of the
diplexer, T1 is the input port of the system, T2 and T3 are the two output port of the diplexer, and T4
and T5 are two 50-Q terminations at the output port of F2 and F4, respectively. The signal propagates
from T1 into C1, moves in a counter-clockwise direction, and then enters the left channel, which
starts with F1 and has an output band from f1 to f2. Since only a portion of the initial signal (between
f1 and f1') is propagated through filter F1, the rest of the signal gets reflected by F1. It re-enters C1,

which directs the signal counter-clockwise into the right channel of the diplexer; it then starts with F3
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and has an output band from 3 to f4. Therefore, the signal output from T2 combines with the signal
output from T3 to form the final output of this diplexer structure. It should be noted the approaches
presented in the previous sections for the sub-filters can be also employed to improve the overall
performance of the diplexer.
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Figure 4.10 A chart of diplexer structure comprised of two of the proposed band-stop filters as

in Figure 3.3
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Figure 4.12 shows the ADS circuit simulation results of the proposed diplexer with two band-pass
sub-filters. Channel 1 corresponds to the left branch of the structure in Figure 4.10, and channel 2

corresponds to the right branch of the structure in Figure 4.10.
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Figure 4.11 Circuit simulation responses of the proposed diplexer structure with two band-pass

sub-filters

Figure 4.12 shows the Sonnet EM simulation results of the proposed diplexer. Channel 1 is the
output of the left branch of the structure in Figure 4.10, and channel 2 is the output of the right

branch. The diplexer can be made tunable by integrating varactors in slot of the band-stop filter

shown in Figure 3.3.
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Chapter 5

Conclusion

5.1 Contributions

The primary contributions of this thesis are as follows:
e A novel way was presented to design a tunable band-pass filter using two band-stop filters.

This thesis presented an alternative approach for constructing a tunable band-pass filter using
two band-stop filters and a circulator. Such a structure is capable of achieving a tunable filter both
in center frequency and bandwidth, including the realization of tunable filters with a constant
absolute bandwidth. The measured results show good tunability and relatively constant
bandwidth. The loss is relatively small due to having used two wideband band-stop subfilters.
The proposed structure can be easily implemented, since it requires only the use of tuning

elements for the resonators.

e Several concepts were described for improving the performance of the aforementioned

constructed band-pass filter.

This thesis also presented four approaches for further improving the band-pass filter
constructed using two band-stop filters and a circulator. These concepts include substituting the
second sub-filter in the structure with a lossy filter to improve edge roll-off, pre-optimizing the
sub-filters prior to integration to increase the Q factor, introducing a third sub-filter that is
identical to the second sub-filter after the second sub-filter to improve rejection, and constructing

band-pass using two pre-optimized band-stop filters.
e A new approach was provided for constructing a tunable diplexer.

A tunable diplexer was constructed in this thesis using four sub-filters and three circulators.
The conceptual diplexer was presented with a flow chart. These four sub-filters can be made
tunable and can be optimized using previous optimization methods to make this diplexer a high-Q
tunable diplexer. In addition, a diplexer with MA46603-134 varactors on a Rogers RO3210

substrate was simulated using EM simulation software Sonnet.
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5.2 Future Work

Despite the several contributions explained above, the band-pass filter still reveals relatively high
insertion loss. A portion of this loss is attributed to radiation, since the filter is not packaged in a
metallic box. With the use of packaging and a low-loss circulator design, a much better insertion loss

performance can be potentially achieved.

It should also be noted that the measurement results of the band-pass filter in Chapter 3 are
obtained by applying the same DC bias voltage to all four varactors on a sub-filter. A much better
performance can be achieved through non-synchronous tuning, where the DC bias voltages for the

varactors are tuned to optimize the overall filter performance.

In addition, the concepts of performance improvements illustrated in Chapter 4 have only been
demonstrated in simulations. Future work is needed to further verify these improvements
experimentally with fabricated devices. Moreover, other approaches, such as optimizing the coupling

matrix of individual sub-filters, can further improve the performance of the band-pass filter.
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