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Abstract

Post-fabrication tuning of filters is usually realized by adding number of elements for tuning the
frequency and/or controlling the couplings between the resonators. The task of these tuning elements
is to control resonators center frequency, inter-resonators coupling and input/output couplings. While
the most common tool for the post-fabrication tuning is to use tuning screws and rods, it is not usually

practical to tune a planar filter with these tools.

This thesis introduces a novel method for global post-fabrication tuning of microwave filters by
designing and adding a passive distributed-element circuit in parallel to the detuned filter. The idea,
which is demonstrated by experimental results, has several advantages over traditional techniques for
filter tuning that use screws. The quality factor of resonator reduces significantly after adding the

tuning screws while the proposed method does not affect the Q of resonators.

The most important advantage of the proposed compensator circuit is that it can be employed
without knowing details of the detuned filters. Since the compensator circuit will be added in parallel
to the detuned filter, it will not affect the elements of filter individually. So whether the filter is planar
or cavity, the proposed circuit can be used for the tuning. The experimental results obtained

demonstrate the validity of this method.

The dissertation also presents a novel concept for designing a center frequency and bandwidth
tunable microstrip filter by using GaAs varactors. The proposed isolated coupling structure which is
used in this filter makes the bandwidth tuning possible by reducing the loading effect of coupling
elements on the resonators. The center frequency of this filter can be also tuned by using a different
set of varactors connected to resonators. A 3-pole filter based on this concept has been designed and

simulated. The concept can be expanded to higher order filters.
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Chapter 1
Introduction

1.1 Motivations

Two main purposes of bandpass filters are band selection and image-rejection. However, the
implementation of transceivers is challenging due to the occurrence of multi-frequency bands in
different regions and diverse applications. Because of this, a single bandpass filter cannot carry out
the filtering needs of all bands. The most common solution is to use a filter-bank and switching
network, which necessitates a larger circuit size and greater complexity. Figure 1-1 shows a block

diagram of a traditional multi-band transceiver.

A viable solution for eliminating the bulky filter-bank and switching network is replacing them
with a tunable bandpass filter. Over the past two decades, radio frequency (RF) tunable filters have
received increasing attention due to their potential to reduce the complexity and size of modern multi-
band transceivers. The focus of recent work on tunable filters has shifted from maximizing the tuning
range to controlling filter behavior as it is tuned. However, achieving clear-cut tuning has proven

difficult due to manufacturing process inaccuracies, operational temperature, and long-term drift.

The most important demand for tunable filters is in multi-band wireless communication systems.
The filter-banks followed by switch networks in multi-band cell phones usually take up 60-80% of
the area on an RF board. Another important application of RF tunable filters is cognitive radios,
which can decide on a usable communication channel by sensing the available spectrum. These do

not have a fixed frequency band.

One of the most important steps in manufacturing commercial microwave filters is post-
production tuning. As this step usually entails the input of expensive vector network analyzers (VNA)
and skilful experts, it significantly impacts the filter’s overall cost. Full control of a tunable filter
requires the use of tunable elements to tune the center frequency of resonators as well as the coupling
between two adjacent resonators and the input/output coupling. There are number of tuning
techniques for reducing the complexity of filter tuning, such as time domain, group delay and fuzzy

logic methods [1, 2, 3]. However, all of these techniques require the use of several tuning elements.
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Figure 1-1: Block diagram of a traditional transceiver, PMB 5701 [4]

1.2 Objective

The objective of this research is to:

1) Develop a novel solution for the post-fabrication tuning of a microwave filter by employing

passive elements parallel to the detuned filter.

26 MHz

2) Develop a novel structure for center frequency and bandwidth tunable microstrip filters.

1.3 Thesis Organization

The organization of this thesis is as follows. Chapter 2 presents a literature review of the work
completed thus far in the areas of microwave tunable planar and cavity filters. The design steps of a
microstrip filter as well as different methods of compensating a lossy fabricated filter are also

provided in Chapter 2.



Chapter 3 introduces a novel method for the post-fabrication tuning of a microwave filter. A
detailed theoretical analysis is provided for the proposed concept. EM simulation and experimental

results are presented to demonstrate the validity of the concept.

Chapter 4 presents a new varactor-based structure for a center frequency and bandwidth tunable

microstrip filter. At the end of Chapter 4, EM-simulation results of this structure are provided.

Chapter 5 presents the work’s conclusions and possible future improvements.



Chapter 2
Background

2.1 Introduction

In this chapter, we cover some of the most important work that has been done in the area of
microwave bandpass tunable filters. In section 2.2, a literature review of various tunable filters is
presented. Section 2.3 outlines the fundamentals and design steps of a bandpass microstrip microwave
filter. Finally, a literature survey of different methods of compensating a detuned fabricated filter is

provided in Section 2.4, which is primarily concerned with the post-production tunability of filters.

2.2 Tunable Filters

This section overviews the major improvements in tunable cavity and planar filter design and is
divided into three subsections. Subsection 2.2.1 outlines the planar tunable filters, while a literature

review on bandwidth tunable filters is provided in 2.2.2.

Most tunable filters presented in this section fall into three main types: mechanically tunable,

magnetically tunable, and electronically tunable [5].

Due to their large size and low tuning speed, mechanically tunable filters are not practical for

modern communication systems. Their main advantage is low insertion loss [6].

The most widely held examples of magnetically tunable filters are filters with Yttrium-lron-Garnet
(Y1G)-based resonators. The ferromagnetic resonators of these filters enable them to be tuned by
applying an external DC magnetic field and variation of the ferromagnetic resonant frequency of YIG
spheres. Although YIG filters have low insertion loss and high quality factor (Q) resonators, they
suffer from large power consumption (0.1-1 W) [7]. Another disadvantage of YIG filters is their non-

planar structure, which prevents their wide application in modern communication systems.

Electronically tunable filters come in three different types: varactor diodes; Barium Stronium
Titanate (BST); and Radio-Frequency Micro-Electro-Mechanical Systems (RF MEMS).

The concept used in varactor diode-based tunable filters centers on changes in the depletion region

width and resultant changes in capacitance. A reverse-bias DC voltage is utilized to effect this



change. Although these filters have zero power consumption and relatively fast tuning speed, they

suffer from moderate Q of the resonators [8].

A ferroelectric thin-film BST tunable capacitor is the fundamental element of BST tunable filters.
An electric field can change the relative dielectric constant of ferroelectric materials. The major
advantages of BST filters are that they are planar, easy to integrate, and have zero power consumption

[9]. However, they suffer from poor linearity and moderate Q.

The tuning element of RF MEMS tunable filter is usually a capacitance network based on RF
MEMS. In these devices, an applied DC voltage can result in variations in the capacitance by
employing micrometer level movements. Low insertion loss, high linearity, and low power
consumption are some advantages of these filters. On the other hand, as they need a high voltage
drive to operate (25-90 V), relatively more complex circuitry for high-voltage drive circuits is

required.

2.2.1 Tunable Planar Filters

Planar filter are difficult to tune mechanically or magnetically since the electric field is trapped
inside the dielectric. While varactors are the most common tuning element in the planar tunable filter
technology, BST tunable capacitors and RF MEMS are other common methods for tuning planar
filters. In this section, several publications in each category are reviewed. The selection criteria
include having wide and nearly continuous frequency coverage, high Q, low insertion-loss, and good

frequency response.

2.2.1.1 Varactor-based Planar Tunable Filters

Brown et al. presented an electronically tunable filter by applying a suspended substrate design
and varactors as the tuning element [10]. The filter has a 60% center frequency tuning range from 700
MHz to 1.33 GHz, and the insertion loss is less than 3 dB for half of the tuning range. However, the
filter suffers from bandwidth uncontrollability, and the fractional bandwidth reduces from 14% to

0.5% as the center frequency is tuned from 1 GHz to 700 MHz.

Sanchez-Renedo et al. demonstrated a tunable combline filter with additional transmission zeros

by applying multiple couplings between the source/load and resonators [11]. The center frequency of



this filter is tunable from 400 MHz to 800 MHz. Along with a non-controllable bandwidth, the filter

suffers from high insertion loss in the tuning range, especially at lower center frequencies.

One of the pioneer publications in controlling bandwidth in varactor-based planar filter tuning
technology is presented by Park et al. [12]. This 2-pole filter has three different fractional bandwidth
variations and a center frequency tuning range of 850 to 1400 MHz. The insertion loss performance
of this filter is less than 3 dB for most frequencies in the tuning range, which represented state-of-the
art insertion-loss performance at the time. However, the proposed 2-pole filter structure is not

expandable to more resonators.

2.2.1.2 MEMS-based Planar Tunable Filters

Entesari et al. developed a 4-bit, 2-pole tunable filter by employing switched capacitors, metal-
contact switches, and fixed-value capacitors [13]. The lumped inductors are air-coil type and the Q is
114 at 50 MHz. The Radant-MEMS switches are bonded on the FR-4 filter substrate; the measured
insertion loss is 3-5 dB at 25-75 MHz; the relative bandwidth is 4.2+0.5%, and the measured 11P3 of
the tunable filter is greater than +65 dBm. A resonator Q of 52-75 was measured over all tuning

states.

Reines et al. presented a high-Q filter by employing suspended strip-line configurations. They
developed the first suspended three-pole high-Q tunable combline RF MEMS tunable filter with a
frequency coverage of 1.6-2.4 GHz, built on a quartz substrate [14]. The essential element for a 3-
pole low-loss filter is a high-Q resonator and the suspended topology is chosen to fulfill the Q
requirement. Both the resonators and the input/output matching networks are tunable. The insertion
loss of the filter is 1.34-3.03 dB over the tuning range and a 3-dB bandwidth of 201-279 MHz. The

quality factor is tunable and its value is 50-150 over the frequency range.

By investigating the loss mechanism of the multi-bit capacitance network, Park et al. used a high-
Q 3-bits orthogonally-biased RF MEMS capacitance network and developed a low-loss 3-bit tunable
filter [15]. The orthogonal biasing networks ensure high-Q operation because of a very low RF
leakage through the bias lines. The measured filter has an insertion loss of 1.5-2.8 dB with a 1-dB
bandwidth of 4.35+0.35% over the 4-6 GHz tuning range. The tunable Q is 85-170 and can be
improved to 125-210 with the use of a thicker bottom electrode for the RF MEMS capacitive switch.



At 5.91 GHz, the measured 1IP3 is greater than 40 dBm while 1-dB power compression point is
greater than +27.5 dBm.

The tunable filters for wireless applications need to have constant absolute bandwidth. El-Tanani
et al. developed high performance tunable filters with this feature [16]. The filter is fabricated on
ceramic substrates (&, = 9.9) for miniaturization and the design is based on corrugated coupled-lines.
As the 3-bit tuning network is fabricated using a digital/analog RF MEMS device, it can provide a
large capacitance ratio and continuous frequency coverage. The insertion loss of 1.9-2.2 dB at 1.5-2.5
GHz is measured in narrowband (bandwidth of 72+3 MHz) and wideband (bandwidth of 115410
MHz) 2-pole filters. The power handling is 25 dBm and I1P3 is greater than 35 dBm. A quality factor
of 85-165 was reported for this filter, which was the highest reported at this frequency range at the

time of publication of this paper.

2.2.1.3 BST-based Planar Tunable Filters

Sanderson et al. presented a tunable IF filter by employing thin-film BST varactors [17]. The filter
center frequency is tunable from 30 MHz to 88 MHz in three separate switch-selectable bands. The
fractional bandwidth is relatively constant in the tuning range, and the insertion loss is less than 5 dB

for the entire frequency range.

Chun et al. demonstrated a bandpass tunable bandwidth filter by employing an interdigital BST
varactor [18]. The center frequency of this filter is 1.8 GHz while the 3-db bandwidth is tunable from
276 MHz to 318 MHz.

Nguyen et al. applied high-Q, tunable ICs to demonstrate a tunable bandpass filter [19]. The ICs
are fabricated by applying Paratek’s proprietary doped BST material. The presented 3-pole filter has a
center frequency tuning range of 74% from 230 MHz to 400 MHz, and the insertion filter is less than

2.5 dB for the entire tuning range.

2.2.2 Bandwidth Tunable Filters

Unlike the tunability of the center frequency, little effort has been made with regards to the
bandwidth tunability of filters. One probable reason for this lack of research interest is that, in the
design steps of a microwave filter, bandwidth is taken into consideration in the designing of coupling

elements. However, methods for varying the inter-resonator couplings are currently inadequate. Thus,
7



proposed solutions in the past have focused primarily on providing discrete bandwidth tuning while
keeping the center frequency fixed [20, 21].

One of the main applications of tunable-bandwidth microwave filters is the design of high-
frequency multifunction receivers that can simultaneously support multiple data signals at different
power levels and frequency bands. As mentioned earlier, tuning the bandwidth is usually achieved by
adjusting the filter’s internal inter-resonator coupling. This can be implemented by discrete diode-
varactors, switches [22, 23, 24, 12], or MEMS-cantilevers [25, 26, 27]. In this section, a few

examples of each of these methods are provided and explained.

Sanchez-Renedo et al. presented a new combline filter structure with continuous tunabilty for both
bandwidth and center frequency. They achieved the tunability of the bandwidth (passband width) by
placing a variable coupling reducer between the resonators to control filter coupling. Variable
coupling reducers are designed as detuned resonators, which are comprised of a line segment ending

in a variable capacitor. Figure 2-1 shows the layout of the tunable filter prototype [22].

Figure 2-1: Layout of the tunable filter prototype [22]



The proposed structure in [22] is experimentally validated with the design and construction in
suspended stripline technology. The characterization of the constructed filter is a cost-effective filter
prototype for terrestrial digital video broadcasting receiver, simultaneously handling analog and
digital TV channels in the UHF band (470-862 MHz). Figure 2-2 shows the constructed tunable filter
prototype.

Mechanical
capacitor ™~ =

Varactor ¢a pacitor

Coupled
line
input

Coupling
reducer

Figure 2-2: Constructed tunable filter prototype [22]

Kawai et al. demonstrated a digital tunable pass-band filter that controls bandwidth and center
frequency individually [23]. Tunability is achieved by using tunable J-inverters and tunable 1/4 -
length resonators. The tunable J-inverter consists of a microstrip gap with multiple switches, metal
bars and metal islands in the gap. The applied tunable resonator comprises a transmission line with a
comb-shaped pattern on both sides of the transmission line. There are multiple switches on the
surface of the teeth of the comb-shaped pattern. The tuning ratios of the measured bandwidth and
center frequency of the fabricated prototype filter are 2.67 and 1.14, respectively [23]. Figure 2-3
shows a schematic and fabricated prototype filter.
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Figure 2-3: Schematic and fabricated prototype filter in [23]

The fabricated tunable resonator and tunable J-inverter of the proposed structure in [23] is
provided in Figures 2-4 (a) and (b), respectively. The resonant frequency of the resonator can be
changed discretely by controlling the status of the switches. Here, the function of the J-inverter will

be the same as a varactor in which the capacitor discretely changes.
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Figure 2-4: (a) Fabricated tunable resonator in [23]; (b) Fabricated tunable J-inverters in [23]
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Park et al. demonstrated varactor-diode 2-pole tunable filters with three different fractional-
bandwidth characteristics [12]. The tunable resonator model they used is shown in Figure 2-5 (a). By
employing this model, both the coupling and the resonance frequency of each resonator can be tuned.

The full-wave simulation model for the tunable filter is shown in Figure 2-5 (b).

(a) (b)

Figure 2-5: (a) Full-wave simulation model for a tunable resonator; (b) full-wave simulation model for a tunable
filter [12]

Three different filters were constructed by employing Schottky varactor diodes with a tuning
range from 850 MHz to 1400 MHz. The first filter, a constant fractional-bandwidth filter, shows a 1-
dB bandwidth of 5.4% =+ 0.3% with an insertion loss of 2.88 - 1.04 dB. The second filter, a constant
absolute-bandwidth filter, has a 1-dB bandwidth decrease from 5.2% to 2.9% and an insertion loss of
2.89 — 1.93 dB. The last filter, an increasing fractional bandwidth filter, has a 1-dB bandwidth
increase from 4.3% to 6.5% and an insertion loss of 3.47-1.18 dB. The fabricated filter for the third
proposed structure (the increasing fractional-bandwidth one) is provided in Figure 2-6 [12]. The
problem with this structure is that it cannot be extended to a higher order tunable filter in planar

technology.
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Palego et al. demonstrated a 2-pole lumped-element programmable filter with bandwidth and
center frequency tuning [28]. This filter is built on alumina substrate and employs five 3-bit capacitor
banks controlled with MEMS ohmic switches. The filter has 12 states with a 37.5% tuning range
between 1.51 GHz to 2.26 GHz and an insertion loss of 2.9-5.9 dB. Because of the lumped-element
components used in the inter-resonator coupling structure, the filter suffers from poor selectivity and

high insertion loss. Figure 2-7 shows a microphotograph of the fabricated filter.

I-FBW Filter

24.7 mm

reference plane

Surface’ e
Mounted a
Inductor —» -

Figure 2-7: Microphotograph of the fabricated filter in [28]
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Joshi et al. demonstrated a fully reconfigurable high-quality factor (Q) tunable band-pass filter
[29]. They proposed a design technique that enables controlling the external coupling and inter-
resonator by employing low Q varactors. The bandwidth is controlled to be constant, while the tuning
range of the filter is from 0.8 GHz to 1.43 GHz, with an insertion loss of 1.6 dB to 3.1 dB. However,
as with most microstrip combline filters, this filter has an asymmetric transmission response and poor
selectivity in the lower band due to having the transmission zeros in the higher stop-band [24]. Figure

2-8 shows the layout of the proposed filter in [29].

Varactors
(3) (b)

Figure 2-8: Filter layout (a) top side having the capacitive posts and (b) bottom side having the feed-lines
with the tunable bandwidth section [29]

Hsu et al. recently demonstrated an RF-MEMS structure for bandwidth tuning by employing a
movable nickel electrode to implement tunable broad-side coupling [30]. To avoid performance
degradation, high resistivity-SiCr is used in the fabrication of the bottom electrode. The tunable
coupling structure is realized in a planar MEMS tunable filter that comprises A/2 coplanar waveguide
(CPW) resonators and nickel RF-MEMS varactors. The tunability of the center frequency is from
28.55 GHz to 27.22 GHz, and the bandwidth is tunable and can be increased by 5%. The measured
insertion loss of this filter is about 9.4 dB. This value is higher than typical values for the insertion
loss of planar tunable filters due to the moderate Q of tunable resonators [30]. The schematic of the

RF-MEMS tunable coupling structure of this filter is shown in Figure 2-9.
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Resonator
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Figure 2-9: Schematic of an RF-MEMS tunable coupling structure whose bottom electrode is made of high
resistivity SiCr [30]

Chiou et al. demonstrated a center frequency and bandwidth tunable 3-pole combline bandpass
filter with transmission zero control [31]. To achieve center frequency tunability, the filter comprises
three straight short-ended resonators with varactor diodes (D,). For bandwidth control, two pairs of
diodes (D,) are located between two adjacent resonators. To resolve the common problems arising
from microstrip combline filters, and having no transmission zero in the lower band, two diodes (D3)
are placed at the input and output matching networks. The task of these diodes is to generate
additional tunable zero in the lower band. The schematic of the 3-pole combline filter is shown in
Figure 2-10 [31].

The center frequency range of the fabricated filter is from 1.5 GHz to 2.2 GHz, while the 1-dB
bandwidth is tunable from 50 MHz to 170 MHz (2.2% to 11.2 % fractional bandwidth). A photograph
of the fabricated bandpass tunable filter is shown in Figure 2-11 [31].

14



Figure 2-10: Schematic of the proposed combline center frequency and BW tunable filter in [31]

el —

Figure 2-11: Photograph of the center frequency and bandwidth tunable bandpass filter in [31]

15



2.3 Fundamentals and Design Steps of a Microstrip Filter

2.3.1 Microstrip Transmission Line

A microstrip transmission line is a type of electrical transmission line that consists of a conducting
strip suspended above a ground plane by a dielectric layer called a substrate. The dielectric constant
of the substrate (&,.), width of the strip (w), thickness of the substrate (d) and thickness of the strip (t)
can change the characteristic impedance of a microstrip line. Figure 2-12 shows a microstrip

transmission line.

Ground
Plane

Figure 2-12: Microstrip transmission line [32]

2.3.2 Design Steps of a Chebyshev Bandpass Microstrip Filter

The design steps of a Chebyshev band-pass microstrip filter, when the equal ripple value and

number of poles are given, are provided in [33].

Step 1: Finding the element values (g-values) for equal-ripple low-pass filter prototypes based on

number of poles and the value of the equal ripple is outlined as follows.

Suppose that we show the ripple level in a passband with LR and a filter order with n. The g-

values of this filter can be calculated as following [33]:

go=1 (2-1)
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B =In (coth (%)) (2-2)

., B
= — 2-3
y = sinh(;) (2-3)
L k- = 12 -
a, = sin o , =12,..,n (2-4)

km

b =y?+ sin? (7) k=12,..,n (2-5)

2a4
g1 = —— (2-6)

day_iax
=—, k=23,..,n 2.7
Ik bi_19k-1 (2-7)
1 n odd

Gn+1 = {coth2 (%) n even (2-8)

Step 2: Finding J values for J-admittance inverters based on g values from Step 1 and percentage
bandwidth (A)

J values can be calculated with the following formulas [33]. Figure 2-13 shows a bandpass filter

with J-admittance inverters.

]0_1_ A

= (2-9)
Yo 29091
Jie+1 A
. = k=12,..,n—-1 2-10
Yo 2,/ 9kGk+1 ( )
Jun+r _ | A (2-11)

Yo 2g9ngn+1
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Figure 2-13: A bandpass filter with J-admittance inverters

Step 3: Designing inverters with desired values of J, calculated in Step 2 by using microstrip gaps

An admittance inverter is shown in Figure 2-14. The value of J varies in different admittance

inverters.

; Admittance Inverter Yo

Figure 2-14: Admittance inverter

There are numerous ways to implement an admittance inverter. Two equivalent circuits, one with

capacitors and the other with inductors, are shown in Figures 2.15(a) and 2.15(b), respectively.

Figure 2-15: Equivalent circuits and J values for an admittance inverter with (a) capacitors and (b) inductors
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As shown in Figure 2-16, it is possible to model a microstrip gap in a circuit with three capacitors
[33].

¢/2 g

By 412
T o
JHE

Figure 2-16: Modeling a microstrip gap with three capacitors

The equivalent circuit for a microstrip gap is shown in Figure 2-17. The only differences between
this model and the circuit of Figure 2-15(a) are the two transmission lines on both sides of the
admittance inverter. Hence, in modeling a complete inverter, and other than the gap, we need two

specified length of transmission lines on both sides of the gap.

9/)/2 B/\ (n"}/z
O

° —

B, . A

.

) —

/1
A}

O 0

Figure 2-17: Equivalent circuit for admittance inverter

The desire values for J of the inverters are calculated in Step 2. Now we need find a method for
calculating the J values of the microstrip gaps, after which we can change the parameters of the gap

(for example, D, L and W in Figure 2-18) until we generate the same J values as Step 2.
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W

Figure 2-18: Different parameters of a microstrip gap

The J value of the circuit in Figure 2-41 can be calculated from the following formulas:

B
%0 = |tan(§ + arctan 7:) (2-12)
= t (2 B 4 B”) tan 2-13
¢ = —arctan v, arctan Y, (2-13)
where the values of B; and B,, are derived from the S parameters, as in the following:

& — 1- 312 - 511 (2_14)

Yo 148511+ S5:2

B 28

= = (2-15)

Yo (1+S11)2 = 5;5°

Step 4: Finding the length of resonators based on the center frequency, the microstrip line

specifications, and the ¢ of inverters

Figure 2-19 shows a microstrip filter with gaps as inverters and microstrip transmission lines as

resonators. For a transmission line to resonate, its length should be:

A
Lyesonate = k?g k=1.2,.. (2-16)
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where A, is the effective wavelength of the transmission line. In the case of microstrip lines, A, can be

calculated as follows:

Ag = (2-17)

e e e e =

Figure 2-19: A microstrip filter

yl -

However, we cannot use the length of 7“’ for all resonators, as we need to add a specific length to
each transmission line in order to complete the admittance inverters. After completing Step 3, we
have n+1 (from J, ;to J,, ,+1) admittance inverters, generated by microstrip gaps, and also n+1 phases

(¢) for each inverter (referring to the relevant formula). As shown in Figure 2-17, we need to add the

phase of "b/z on each side of each gap to the transmission lines. For a transmission line to have a

phase of ¢/2, its length should be:

Ao &
“onase=?/, = 2w ¥ 2 (219

This means that the length of the transmission line (between the gaps) number k should be sum of
the length needed for the resonance (refer to formula) and two lengths for the phases of two inverters
on each side of the resonator (refer to formula). The formula for the length of each transmission line

is as follows:
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A

90 1
k= Z<7T + §(¢k—1 + ¢k)> k=12,..,n (2-19)

After finishing this step, all of the elements of the microstrip filter are determined and the filter is

complete.

2.4 Post-Production Tuning

Nowadays, a filter designer can accurately model and simulate a microwave filter with
commercially available software such as HFSS, ADS [34] and Sonnet [35]. Nevertheless, after the
fabrication, the experimental response can differ from the simulation results for any number of
reasons, including inaccuracies in the material properties or fabrication process. As a result, post-

production tuning is usually necessary.

One of the most popular ways of tuning an as-made filter is employing mechanical tuning screws.
These screws enable adjustment of the center frequency of resonators and/or coupling between them.
Despite their popularity, tuning screws have many disadvantages. For instance, in compact circuit
design, due to the relatively small maximum size of tuning screws, the possible tuning range is
limited [36]. Also, for detuned filters with a deviated center frequency of 5% or more, tuning screws

alone usually cannot compensate for the difference and hence a new fabrication is required [37].

Harscher et al. proposed and demonstrated an automated filter tuning method for microwave filters
[38]. Their method comprises two steps. The first step is determining the sensitivity of different
parameters relating to the tuning elements by performing a number of S-parameters measurements. In
the second step, the filter’s measured parameters are compared to the corresponding parameters of an
ideal filter, from which optimal screw positions can be determined. The measured response of the

filter before and after tuning is provided in Figures 2-20 (a) and (b).
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Figure 2-20: Measured response of a filter used in [38] before, left, and after, right, tuning [38]

In [39], Hsu et al. presented a model for calculating the inter-resonator couplings and resonant
frequencies of each individual resonator and then developed a deterministic finite step-tuning
algorithm based on the model. They have also employed this model in the automated tuning of a 5-
pole combline Chebyshev filter.

Miraftab et al. employed fuzzy logic to introduce an algorithm for tuning microwave filters [2].
They extracted fuzzy rules from the sampled data and successfully applied their algorithm to tune an
8-pole elliptic filter and a 4-pole Chebyshev filter. Further efforts to apply curve-fitting software to
extract the coupling matrix of a fabricated filter were made by Pepe et al. in [40].

A different and interesting approach for tuning a microwave filter is presented in [41]. The main
concept of this research is overlaying thin dielectric materials over the surface of the circuit to
decrease center frequency. However, along with the disability of increasing center frequency, this

method suffers from additional losses caused by the overlaid material.

Parker et al. suggested the use of laser trimming for tuning superconducting microwave filters as a
novel method in [42]. This method requires expensive equipment and is irreversible. Zuo et al., in
[43], proposed tuning HTS filters by developing a computer-aided method of tuning through
optimization and neural networks. This technique identifies the detuning of individual resonators
quantitatively during the tuning step and determines the required tuning of the correspondence tuning
screw by employing neural network models. Figures 2-21 and 2-22 show the S parameters of the filter

before and after the tuning process, respectively.
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Figure 2-21: Response of an HST filter used in [43] before tuning
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Figure 2-22: Response of an HST filter used in [43] after tuning
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Chapter 3
Post-Fabrication Tuning of Microwave Filters

3.1 Introduction

Controlling a tunable Chebyshev filter is usually realized by adding a number of elements to tune
the frequency and/or control the couplings between resonators. Some of the most common tuning
elements are tuning screws, MEMS switches, and semiconductor varactors. The task of each tuning
element can be one the following: tuning the center frequency of one or more resonator; controlling
the coupling between two adjacent resonators; or adjusting the input and output couplings. The
complexity of tuning microwave filter stems from the interaction between the resonance frequencies
of resonators and the coupling between them. In other words, tuning one parameter without affecting

the value of other parameters is virtually impossible.

One of the most important steps in manufacturing commercial microwave filters is post-
production tuning. This step requires the skill of experts and consequently significantly affects the
final cost of the filter. There are number of different tuning techniques for reducing the complexity of
filter tuning such as time domain, group delay, and fuzzy logic methods [1, 2, 3]. The base parameters

in implementing these methods are the phase and magnitude of the filter’s reflection coefficient.

Meng et al. proposed an analytical approach to extract the coupling matrix of a bandpass
Chebyshev filter and utilized it for computer-aided tuning of bandpass microwave filters [44]. This
parameter extraction relies on pole and zero identification of the transfer function and, as a result,
requires a VNA for the measurement. Prior to [44], two similar approaches for computer-aided tuning

of a microwave filter based on coupling matrix extraction and use of VNA were published in [39, 45].

In this chapter, a novel idea for the post production tuning of microwave filters is presented. This
method relies on adding a passive microwave circuit parallel to the original filter by creating a path
between the input and the output. The structure of an added circuit can be determined by calculating
the difference between the Y parameters of a detuned and an ideal filter (AY"). Since creating the exact
shape of AY may be complicated, an approximation model is used as the added circuit. The idea is
demonstrated by tuning a detuned cavity filter and a detuned microstrip filter, with the experimental

results being provided at the end of this chapter.
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Chapter 3 is organized as follows. In section 3.2, the idea is explained and circuit implementation
for tuning a Chebyshev filter with high insertion loss in the passband is presented. In section 3.3, we
use the stated method to tune several detuned filters. Finally, the EM simulation and experimental

results are provided in sections 3.4 and 3.5, respectively.

3.2 Theory

A Chebyshev bandpass filter can be specified by the number of poles, ripple level (or,
alternatively, the return loss), center frequency, and bandwidth. The limited quality factor (Q) of the
resonators, i.e., having a non-ideal Chebyshev filter, has a considerable influence on the final shape of
the S parameters [46]. On average, achieving a return loss less than -20 dB is considered a success in

filter manufacturing.

In this section, the theory behind the tuning method will be explained. The goal of this section is
decreasing the ripple level of a Chebyshev filter in the bandpass by adding a simple passive circuit
parallel to the filter. Henceforth in this dissertation, this parallel circuit will be called the auxiliary
circuit. The bandwidth of the filter will show only a slight decrease during this process. The design

steps of the auxiliary circuit are also provided in this section.

3.2.1 Pole Matching of Admittance Parameters

An in-line ideal Chebyshev filter can be determined by number of poles, ripple level, center
frequency, and bandwidth. As will be explained in this section, if all of these parameters (except the
ripple level) are similar for two Chebyshev filters, the location of their admittance parameters poles

will be different. When designing a proper auxiliary circuit, these poles need to be exactly matched.

The g-values of a filter, regardless of its center frequency and bandwidth, can be calculated by the
given formulas in Chapter 2 (2-1 to 2-8). Having calculated the g-values, the coupling matrix can then
be calculated as shown in expression (3-1) [33]. Two other necessary parameters for determining the
filter response are input and output resistance (Rs and Ry, respectively). If n is the degree of the filter,

the value of the input and output resonators can be calculated as follows:
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Another matrix needs to be defined for the calculation of S parameters. This matrix is called R and

can be calculated as follows:

R

[
o
)

(3-4)

o
o
o O OO

0
R Matrix =10 0
lo 0o 0 0o R
The S parameters of a microwave band-pass filter can be easily calculated using the following

equations [33]:

_Jo (f fo
A= W(Fe B 7) (3-9)
__Jo
" BW.Q, (3-6)
(Effect of adding losses) A—>A1—j§
A=A —jR+M (3-7)
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S11 =1+ 2jRs[A 44 (3-8)

Sz1 = —2j\/RsRL[A™ s (3-9)

where f, is the center frequency, BW is the bandwidth, and Q, is the unloaded quality factor. The
effect of losses in resonators is taken into consideration as the value of §. In the case of an ideal filter

with an infinite quality factor, § is equal to zero.

The admittance parameters of a Chebyshev filter have different poles from the scattering matrix

parameters. The Y parameter matrix can be expressed as follows [47]:
Y=M—-2A—jR)? (3-10)
The input admittance, y,,, can be calculated as follows:

= AL+ My

— (— -1 — .

where M,,_; is the coupling matrix after the elimination of the first row and first column. In the case
of an in-line 3-pole Chebyshev filter, the poles of admittance parameters can be determined by

calculating the denominator of y;4 in the above equation.
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92937 /9192 9192
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det(—=AI + M) = —A(X _glgz) (3-12)

Thus, the location of the three poles can be calculated by equating the above equation to zero.
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The above expressions show that the two in-line 3-pole Chebyshev filters, with the same center

frequency, have similar poles in the admittance parameters if the value of (BW/2) X \/2/g19, 1S
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equal for both of them. The reduction in the ripple level causes an increase in the elements of the

coupling matrix [33]. So, for (BW/2) x+/2/g919, to remain constant, the bandwidth needs to be

BW | 2 ,
For — to remain constant
2 /9192

Ripple Level | = Coupling Matrix Elements T Bl

reduced.

The ratios of this change in the ripple level and the bandwidth are not the same. For example, to
decrease the ripple level from 0.1396 dB, which represents a return loss of -15 dB, to 0.0436 dB (i.e.,
a return loss of -20 dB), the admittance matrix poles will remain constant if the bandwidth decreases
to 85.4% of the original bandwidth. This indicates an approximately 70% decrease in ripple level, in
the dB scale, results in an approximately 15% decrease in bandwidth.

ripple level = 0.1396 dB, Bandwidth = BW

Same poles of admittance matrix {ripple level = 0.0436 dB,  Bandwidth = 0.854 * BW

3.2.2 Phase Loading Effect Addition

The Y parameters of a two-port circuit can be calculated from S parameters by using the following

equations [48].

(1 =51+ 532) + 8512521

Y,; =Y, 3-17
H O(1+ 85111 + S53) — S12521 ( )
-2S
Yy, =Y, 12 (3-18)
(1 + S0+ S522) — S1251
=25
Y21 = YO 21 (3'19)
A+ 811+ S532) — 512571
1+S 1-S5,,)+S5,,S
v,, = Yo( 11)( 22) + 512521 (3-20)

A+ S0+ S522) — S1251

Analyzing a filter based on its Y parameters is complicated due to the phase-loading effect, which
represents the difference between the reference phase at the input of an ideal coupled resonator filter
and the reference phase calculated from the reference plane at the filter input in measurement. In
order to accurately compare the Y parameters of two filters, the effect of phase-loading must first be

removed. After its removal, the system’s poles will emerge at the correct positions on the real
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frequency axis [49]. Figure 3-1 shows the Y parameter of the 3-pole Chebyshev filter with and

without the phase-loading effect.
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Figure 3-1: Y parameters of a Chebyshev filter (a) without and (b) with the phase loading effect

As depicted in Figure 3-1, the Y11 diagram has three poles equal to the degree of filter. The Y
matrix of a filter without the phase-loading effect can be expressed as follows [49]:

n

¥(s) = Y11 }’12] _ Z 1 [T11k T12k] (3-21)

C 21 Va2 s — jAi Taak Tazk
=]

where 4, (k = 1,2, ...,n) are the poles, placed on the real frequency axis and at their correct positions
to the phase-loading effect removal, s is the complex frequency variable, and r11k,r12k,r21k and

122k are the residues of partial expansion fractions.

In the previous section, we presented a method for matching the admittance parameter poles of
two Chebyshev filters with different ripple levels. Figure 3-2 shows the difference between the Y;; of
two 3-pole Chebyshev filters (Ypesired ritter — Yprimary ritter) With the same center frequency of 2
GHz. Here, the phase-loading effect is removed from both filters. The ripple level of the original filter
is 0.1396 dB with a fraction bandwidth of 2%. The ripple level of the desired filter is 0.0436 dB. As
calculated in the previous section, in order to match the admittance parameters poles of these two
filters, the bandwidth of the desired filter is chosen to be 85.4% of the original filter bandwidth.
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Figure 3-2 shows that the Y parameter between the two filters has three poles. Although the peak
values of this diagram are considerably smaller than the peaks in the Y parameters of the filter (from
0.6 dB to 0.06 dB), the circuit extraction for this behaviour will still be complicated. If the poles
could be moved outside the bandwidth or close to the passband edges, the Y parameter difference
would be simpler and more easily modeled by a passive circuit. As shown in Figure 3-1(b), the phase

loading effect has the ability to move the poles.
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Figure 3-2: Differences between the Y parameters of desired and primary filters

The ABCD matrix of a transmission line with a length of A/4 is calculated in [33].

0 jZ
ABCD 71 with the length of /4 = [j/Zo 00] (3-22)

The ABCD matrix of a primary filter can be calculated from the Y parameters by the following

expression:
[ _Y= 1
_ APF BPF] _ Y21 Y21
ABCD primary Fitter = [CPF Dppl | Yi1Yo —YipY5 Y4 (3-23)
| Vor V21

If the transmission line is located before the input port of a primary filter, as shown in Figure 3-3,

the ABCD matrix of the net two pole network can be calculated as follows:

ABCDppase-roaded Fitter = ABCDrp X ABCDPrimary Filter =
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[Anet Bnet] _ [jZOCPF jZODPF] (3-24)
C D JApr/Zo jBpr/Zo

net net

—
Input T Primary Filter |  Output

Figure 3-3: Adding the phase-loading to the primary filter

The Y parameters of the net network can be calculated by converting the ABCD matrix to a Y

matrix. The calculation of Y11 is provided in the following expression:
1
Dpee  Bpr 1 ¥,y 1 1
B o2n L2 Xy, T 2Xy
Bnet Zo DPF Zo —11 Zo Y11
21

(3-25)

Yi1net =

This means that the zeros in the primary filter’s Y11 will be the new poles of the net circuit. As
mentioned in expression (3-11), the numerator of Y11 is | — Al + M,,_4|. Therefore, the poles of the

net circuit can be calculated by finding the roots of this expression.

1
A= 919
192
|—Al + M,_1] =0=> A% — = 0 = Poles: (3-26)
9192 1
A=-—
9192

_/1 ii_&:/L 2 _ LI PP
A= 9192:)BW<f0 f> 9192:}]( BW 9192 f=1o 0=

2 2
BW\/Tlgz + J4f02 + %fcr narrow-band filters zfl;z«étfoz,

fi=

2

BW 1
fi=fot+t—

(3-27)
2 9192
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__/1 ii_ﬁz_/l 2 /1 _f2_
A= glgzﬁBW(fo f> ggs L T\ BW [ ] S =02

2 2
_ BW\/ﬁ - \/4—f02 + gl/!/gz for narrow—band filters Sf:z«zlfoz
fo = - :

BW 1
fo=fo——

(3-28)
2 919>

In other words, the number of admittance matrix poles, on the real frequency axis, is reduced to
two poles placed symmetrically around the center frequency. Note that the actual number of poles is
still three, but their locations have been changed. Figure 3-4 shows the Y parameter of the net
network, a A/4 transmission line connected to the primary filter. By reducing one of the poles outside
of the passhand and pushing the two remaining poles close to the edges of passband, the Y parameter
difference is made simpler and thus easier to implement. The fractional bandwidth of the primary
filter is 2%, i.e., 40 MHz.
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Figure 3-4: Y parameters of the net network, with a 1/4 transmission line connected to the primary filter

If we calculate the Y parameters of both the desired and primary filters after adding the 1/4

transmission line to their input ports, the location of the poles will remain matched due to the fact that
BW /2,/g19, is equal in these two filters. Hence, the matched poles make the Y parameter

differences diagrams simple and easy to implement. Figure 3-5 shows the differences between the Y
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Figure 3-5: Differences between Y parameters of desired and primary filters (witha A/4 T.L.)

Before proceeding to the next section and explaining the circuit extraction of the calculated

admittance parameters, it is necessary to analyze the symmetric phase-loading effect. Adding two

similar transmission lines to both sides of the filter will move the poles of admittance parameters.

Calculating the exact locations of the new poles is more complicated than for one-sided transmission

line cases. Figure 3-6 shows the Y parameters of a primary filter, in its passband, with two 1/8

transmission lines on each side. As depicted in this figure, two poles are located inside the bandwidth,

close to the edges of the passband.
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Figure 3-6: Y parameters of the net network, with two 1/8 transmission lines connected to each side of the
primary filter
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If we add two A/8 transmission lines to each side of both Chebyshev filters, primary and desired,
their admittance parameters poles will not remain exactly matched. The length of the transmission
lines around the desired filter needs to be slightly tuned (around A/8 ) to minimize the difference
between the poles of the two admittance parameter sets. Figure 3-7 shows the difference between the
admittance parameters of these two phase-loaded filters in the passband of the primary filter. While
the transmission lines around the primary filter have a length of A/8, the transmission lines around
the desired filter are chosen to be 1/8.62 in length to minimize the difference between the poles. Note
that since the important specification of the desired filter is the magnitude of its S parameters (which
needs to remain unchanged), changing the phase-loading effect will not affect this specification.
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Figure 3-7: The difference between the Y parameters of the desired filter, after applying the phase-loading
effect, and the primary filter with two 1/8 transmission lines added to both sides

3.2.3 Extracting the Circuit of Calculated Admittance Parameters

Adding a circuit parallel to a filter will affect the S-parameters of the filter, but calculating this
influence in terms of S parameters is complicated. However, if we analyze the Y parameters of the
filter and parallel circuit, quantifying the effect of the circuit will be simple. Namely, the Y-
parameters of the net circuit will be the Y parameters of the filter plus the Y parameters of the added
circuit. As a result, the Y parameters of the proper parallel circuit can be calculated by finding the
difference between the Y parameter of the desired and primary filters. After that, we need to come up

with a circuit to model the extracted Y parameters, or an approximation of it.
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Figure 3-8 shows the calculated admittance parameter differences in the passband of a desired
filter. In the previous sections, the difference between the admittance parameters had been simplified
by the addition of the phase-loading effect. However, here there is no pole in the desired filter
passband, which makes the circuit extraction that much easier. In this section, a passive circuit will be

proposed to model the calculated admittance parameters.
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Figure 3-8: The calculated difference between the Y parameters in the desired filter’s passband

The first and simplest model for approximating the calculated admittance parameter difference is a
linear model. The Curve Fitting toolbox of MATLAB [50] is used to find the linear approximation.
Figure 3-9 shows the calculated admittance parameter difference in the passband of a desired filter

and the calculated linear model for approximating it in dotted lines.
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Figure 3-9: Linear approximation of the calculated difference between Y parameters in the desired filter’s
passbhand
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Figure 3-10: The proposed Y parameter behaviour for the parallel auxiliary circuit in the frequency ranges of

fo £ 2.5Af, f, + 10Af, and f, + 20Af
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Extracting a circuit in modeling a linear approximation does not have one preferred method.
Rather, there is an unlimited number of circuits with the same admittance parameters in the
mentioned frequency range. The key is to choose a circuit with the least harmful effects outside the
passband, especially in the required frequency range of a filter based on its application. In this
dissertation, our criteria is having a similar Chebyshev behaviour in the frequency range of f, +

10Af, where f, is the center frequency and Af is the bandwidth of the desired filter.

Figure 3-10 shows the proposed Y parameter behaviour for the parallel auxiliary circuit in the
frequency ranges of f, + 2.5Af, fy £ 10Af and f, + 20Af. As illustrated, the poles in the Y
parameters of the proposed behaviour are placed further than f, = 10Af from the passband to

minimize the undesired effects on the primary filter’s behaviour.

The proposed admittance parameters can easily be realized as a lumped-element circuit by
applying two parallel LC networks. Figure 3-11 shows the realized circuit for the proposed Y
parameters. Note that, depending on the ripple level of the primary and desired filters, different values

of lumped elements may be required.
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Figure 3-11: A general prototype of the proposed auxiliary circuit

Figure 3-12 shows the effect of adding the proposed auxiliary circuit parallel to the primary filter
on the scattering matrix parameters. The applied values of lumped elements are provided in Table 3-
1. As shown in this figure, the ripple level has decreased from 0.1396 dB to 0.0436 dB while the
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bandwidth is reduced 14.6%, as expected. Also noteworthy is that, based on Figure 3-13, the S

parameter of the net circuit, including the primary and auxiliary circuits, has not changed

considerably in the frequency range of f, + 10Af.
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Figure 3-12: The effect of adding the proposed auxiliary circuit parallel to the primary filter on the scattering
matrix parameters
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Table 3-1 : The element values of the auxiliary circuit to improve the ripple level from 0.14 dB to 0.044 dB

Element C1 L1

Value 0.6 pF 8 nH

3.2.4 Varactor-Based Tuning of Different Low Return-Loss Chebyshev Filters

In the previous sections, the passband return loss of a Chebyshev filter was shown to be enhanced
by adding a lumped-element auxiliary circuit parallel to the filter. Thus, for each fabricated detuned
filter, a new auxiliary circuit needed to be designed and placed parallel to the filter. In this section, the
same concept is employed for improving a number of different Chebyshev filters with different return

losses by using a single fabricated auxiliary circuit.

The proposed auxiliary circuit consists of two capacitors and two inductors. Although the
capacitance of capacitors can easily be tuned by using varactors, tuning inductors is more difficult to
implement. Therefore, if the tuning of different detuned filters is possible only by tuning the
capacitors of an auxiliary circuit, then all of these detuned filters should be able to be tuned by a

single auxiliary circuit with tunable capacitors. Figure 3-14 shows the proposed auxiliary circuit with

varactors.
Transmission line for generating Transmission line for generating
the phase-loading effect the phase-loading effect
| Primary Filter I
C1
v | | —t C1
| aractor Varactor |
; e - 3 7
= ( &
il B
= | =
1 T 45

Figure 3-14: Proposed auxiliary circuit with varactors
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As primary filters, four 3-pole Chebyshev filters with the same center frequency (2 GHz) and
bandwidth (2%) but with different return losses (18 dB, 16 dB, 14 dB and 12 dB) are used. The goal
is to improve the return losses of these filters to 20 dB by using the proposed auxiliary circuit. The
inductance of the inductors is fixed at a value of 8 nH, which was calculated in the previous section

for improving the return loss of 15 dB to 20 dB.

The simulation results show that the proposed auxiliary circuit has the ability to improve the return
loss of all four filters to 20 dB by tuning the varactor from 390 fF to 720 fF. As was expected (based
on the previous sections), the bandwidth of the net circuit is smaller than the bandwidth of the
primary filter. Table 3-2 shows the required capacitance of varactors in each case and the bandwidth
of the net circuit with a return loss of 20 dB. Figure 3-15 shows an S parameters diagram of four
primary filters before and after adding the auxiliary circuit. These results clearly show that a single

auxiliary circuit with varactors has the ability to tune different detuned filters.

Table 3-2: shows the required capacitance of varactors in each case and the bandwidth of the tuned filter

18 dB 16 dB 14 dB 12 dB
C1 720 fF 640 fF 540 fF 390 fF
L1 8 nH 8 nH 8 nH 8 nH
Bandwidth of the
) 1.9% 1.75% 1.62% 1.5%
Tuned Filter

42



T

T '| T I T '[ T I T
198 200 202 204 206 208 210

T

o

— T-.E EE:.—EHHNWV

ap

== e (F0n AysAga) 8P ST 7Q)EP

"200 202 208 206 208 210
R A

198 200 202 2M4

T

T T[T T
o =} =] =}
- o

7

— (g prserdup rey ey p

o
T

[=
[Ty

=== (g saysiqan) 6P STL Q)P

freq, GHz

freq, GHz

I | I I 1 | I
84 196 198 200 202 204 206 208 210

I
192

_______.._..______._

= e 8 R
= (P 7G)

1.90

=]
-

=== (1200 43455924 P 9T T 7G) €I P

freq, GHz

.U.—_..ﬂ—_l._.__mj____m_.—___m____.
= (P pariii preherp

. A._SE Aays£qayy) qp #1 ~qumﬁ

T T T
194 196 19 200 202 204 206 208 210
. GHz

1
192

freq

21

1T 71T
19 200 202 204

T

T
1.96

° 2 & 8 ¥

— (P TG)erp

== = (L0 B ST [S)gp

1.90

&

°e & &8 8 %
— (g paseril G

m.

=== (W ANEE) P T TGP

freq, GHz

fraq, GHz

LA B S
206 208 210

I
204

o

LRI B BN B

S R B 9 7
— (o puoduT 7e) P
== e (100 A2Ys492) 8P TTT 7G)EI P

LA e

TEIL1Lee e

T T T 7T
2 R B § B B

—_— qsa__g%s:@m_u

== (S0 A24552) GP T [Q) P

freq, GHz

freq, GHz

Figure 3-15:; The effect of adding the proposed auxiliary circuit parallel to the Chebyshev filters
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3.2.5 Extracting the Distributed-Element Circuit of Calculated Impedance Parameters

The proposed auxiliary circuit is passive and low-cost. Regardless of the type (microstrip,
dielectric, combline, etc.) of manufactured microwave filter, it only depends on its transmission
response. The problem here, however, is providing the applied lumped elements with their different
sizes and values. This issue can be resolved by replacing the lumped-element circuit with a

distributed-element one.

Figure 3-16 shows the proposed distributed-element circuit for an auxiliary network. It consists of
five transmission lines of four different lengths. These four lengths are variable parameters,
corresponding to the lumped element values, which will be determined based on the ripple level and
passband of the primary and desired filters. Two of the transmission lines (T2 and T4) are open-
circuit ended and their values will be the same if the primary filter has a symmetric behaviour (e.g.,
an in-line Chebyshev filter). The characteristic impedance of transmission lines in an auxiliary circuit

needs to match that of the primary network.
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the phase-loading effect =~ the phase-loading effect

—{ ' Primary Filter : ] b
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Figure 3-16: Prototype of the proposed auxiliary circuit implemented with distributed elements

Figure 3-17 shows the effect of adding the proposed auxiliary distributed-element circuit parallel
to the primary filter on the scattering matrix parameters. The applied values for the transmission line
lengths are provided in Table 3-3. Like the lumped-element circuit, the ripple level has decreased
from 0.1396 dB to 0.0436 dB while the bandwidth has been reduced by 14.6%.
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Figure 3-17: S parameters of a primary filter and net circuit, including the primary filter in parallel with the
proposed distributed-element auxiliary circuit

Table 3-3: The lengths of transmission lines in the auxiliary circuit to improve the ripple level

T.L. T1 T2 T3 T4

Length | 1/4.52 1/4.12 1/4.6 A/4.12

3.3 Tuning a Detuned Chebyshev Bandpass Filter

After the fabrication of a microwave filter, the measured S-parameters of the filter are usually not
as good as the EM simulation results. Some common mismatches are shift in center frequency,
change in bandwidth, and increase in the insertion loss in the pass band. A common method for
tuning a fabricated filter is using tuning screws. This method is not useful for all different types of
microwave filters (for example, it is usually not applicable to planar filters). In this section, we use

the technique proposed in section 3.2 to improve the return loss of a microwave detuned filter.

The goal in this section is to design a passive circuit that can be connected parallel to the detuned
filter to change its transmission response to the desired performance. Here, we will use the term
“detuned filter” instead of primary filter (used in Section 3.2), due to the fact that a primary filter is
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designed to have specific insertion and return losses and is not detuned. Conversely, the performance

of a detuned filter is different from the design due to fabrication inaccuracy.

3.3.1 Tuning a Detuned Chebyshev Bandpass Filter Using Distributed Elements

The fabrication inaccuracy of a microstrip filter will cause detuning in a filter’s transmission
response. Figure 3-18 shows the scattering matrix parameters of the detuned filter resulting from
changing the dimensions of microstrip filter in a same diagram with the ideal Chebyshev filter. The

maximum error in the dimensions of the microstrip filter is, in this case, 5%.
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Figure 3-18: A detuned Chebyshev filter compared to an ideal correspondence

The first step is to locate a proper auxiliary circuit to improve the detuned filter by finding a
proper desired filter that matches the admittance parameter poles with the detuned filter. In the second
step, the phase-loading effect will be applied to the detuned filter to move the admittance matrix poles
to the edges of the passband, thereby making the Y parameters difference simple to extract. This
effect can be implemented by adding proper length transmission lines next to the detuned filter.
Finally, in the last step, the auxiliary circuit will be extracted from the approximation of the
differences between the admittance parameters. Figure 3-19 shows the effect of adding the proposed
auxiliary distributed-element circuit, based on Figure 3-16, parallel to the detuned filter on the

scattering matrix parameters. Applied values for the transmission line lengths are provided in Table 3-

4.
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Table 3-4: Lengths of transmission lines in the auxiliary circuit for tuning a detuned filter

T.L. T1 T2 T3 T4 Phase-loading Effect
Length 1/4.81 1/4.079 1/11.504 1/3.94 1/5.57
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Figure 3-19: S parameters of a detuned filter and net circuit, including the detuned filter parallel with the

proposed distributed-element auxiliary circuit

While this method is also practical for filters with more poles, the auxiliary circuit design does
become more complicated as more poles are added. Figures 3-20 shows the effect of the auxiliary

circuit in tuning a 4-pole detuned Chebyshev filter in the frequency ranges of f, + Af and f, + 4Af.

The filter is tuned to have a maximum ripple of 0.0436 dB in its passband, with a fractional

bandwidth of 2% at 2 GHz. The applied values for transmission line lengths are provided in Table 3-

5.
Table 3-5: Lengths of transmission lines in the auxiliary circuit for tuning a detuned 4-pole filter
T.L. T1 T2 T3 T4 Phase-loading Effect
Length 1/3.814 A/4.142 1/5.854 1/3.923 1/5.404
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Figure 3-20: S parameters of a detuned 4-pole filter and net circuit, including the filter parallel with the
proposed distributed-element auxiliary circuit, in the frequency ranges of (a) f + Af and (b) f, + 4Af

3.3.2 Tuning a Detuned Chebyshev Bandpass Filter Using Varactors

In the previous section, the passband return loss of a detuned Chebyshev filter was shown to be
enhanced by adding a distributed-element auxiliary circuit parallel to the filter. Thus, for each
fabricated detuned filter, a new auxiliary circuit needed to be designed and placed parallel to the
filter. In this section, the same concept is employed for improving a number of different detuned

Chebyshev filters with different return losses by using a single fabricated auxiliary circuit.
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Same as the Section 3.2.4, the proposed auxiliary circuit consists of two capacitors and two
inductors. Although the capacitances can easily be tuned by using varactors, tuning inductors is more
difficult to implement. Therefore, if the tuning of different detuned filters is possible only by tuning
the capacitors of an auxiliary circuit, then all of these detuned filters should be able to be tuned by a
single auxiliary circuit with tunable capacitors. Figure 3-21 shows the proposed auxiliary circuit with
varactors. Despite of the proposed circuit in Figure 3-16, this circuit has two different values for

varactors in each side to tune asymmetric detuned filters.

Transmission line for gencrating Transmission line for generating
the phase-loading effect < the phase-loading effect
=" Detuned Filter —
C1
{ C2

Varactor | V t
1 | Varac or. 15

// L1 L1 / :

Figure 3-21: Proposed auxiliary circuit with varactors C1 and C2

As detuned filters, three 3-pole detuned Chebyshev filters with the same center frequency (2 GHz)
and bandwidth (2%) are used. The return loss of detuned filters is not equal ripple and ranging from
10 dB to 15 dB. The goal is to improve the return losses of these filters to 20 dB by using the
proposed auxiliary circuit. The inductance of the inductors is fixed at a value of 8 nH, which was

calculated in the previous section for improving the return loss of 15 dB to 20 dB.

The simulation results show that the proposed auxiliary circuit has the ability to improve the return
loss of all three filters to 20 dB by tuning the varactor from 390 fF to 720 fF. Figures 3-22, 3-23 and
3-24 show the S parameters diagram of three primary filters before and after adding the auxiliary
circuit and the required capacitance of varactors in each case. These results clearly show that a single

auxiliary circuit with varactors has the ability to tune different detuned filters.
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Figure 3-22: A varactor based tuned Chebyshev filter compared to the detuned correspondence (L1=8 nH,
C1=302 fF, C2=398 fF)
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Figure 3-23: A varactor based tuned Chebyshev filter compared to the detuned correspondence (L1=8 nH,
C1=1259 fF, C2=1301 fF)
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Figure 3-24: A varactor based tuned Chebyshev filter compared to the detuned correspondence (L1=8 nH,
C1=544 fF, C2=803 fF)
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3.4 Simulation Results

In this section, the EM simulation results after applying the proposed tuning method on a detuned
microstrip Chebyshev filter are presented. The EM simulation is run in Momentum 2011. Figure 3-25
shows the layout of the 3-pole filter used in this experiment. The filter is designed to have a return
loss of -20 dB and a fractional bandwidth of 2% at 2 GHz. Rogers Duroid 6010.2 is employed as the
substrate. Figure 3-26 shows the EM simulation S parameters of the microstrip filter in a frequency

range of f, + 2.5Af.

Ee¥eel

dB(S(2,1))
dB(S(1,1))

R T U L A I T L L I
190 192 194 196 198 200 202 204 206 208 210

freq, GHz

Figure 3-26: S-parameters of a microstrip filter before detuning
An error in the dimensions of the microstrip filter will cause detuning in the filter’s transmission
response. Figure 3-27 shows the scattering matrix parameters of a detuned filter resulting from a
change in the microstrip filter’s dimensions. Here, the maximum error is 5%. As shown in the

following figure, the magnitude of return loss is less than -15dB for about half of the passhand.
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Figure 3-27: S-parameters of a microstrip filter after detuning

After performing the tuning steps mentioned in sections 3.2 and 3.3, the proper auxiliary circuit
can be calculated. Figure 3-28 shows the layout of the net circuit, including the detuned filter parallel
to the calculated auxiliary circuit.

Figure 3-29 shows the scattering matrix parameters of a net circuit, including the detuned filter
and auxiliary circuit. As shown, the magnitude of the return loss has increased from 14 dB to more

than 25 dB in the passband. Figure 3-30 illustrates the S parameter of the net circuit in a wider

frequency range of f, + 4Af.

o] Baava

Figure 3-28: Layout of a net circuit, including a detuned filter, parallel to the calculated auxiliary circuit
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3.5 Experimental Results

In this section, the proposed method has been applied to two different microwave filters: a
microstrip filter at 2 GHz, and a cavity filter at 20 GHz. The microstrip filter is fabricated on a 0.635
mm Duroid substrate (g, = 10.2, Rogers RT/Duroid 6010.2). The scattering matrix parameters of
both filters were measured with an Agilent PNA, and the calibration is executed using an Agilent E-
cal kit. The reference planes are located at the SMA connectors. The design of the fabricated
microstrip filter is based on the simulation results in the previous section.
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3.5.1 Microstrip Filter

A fabricated and intentionally detuned microstrip filter is shown in Figure 3-31. The measured S-
parameters of this filter are illustrated in Figure 3-32, whereas Figure 3-33 shows the S parameters of
the desired filter, based on the EM simulation and the measured S parameters of the detuned filter.
The measured return loss is less than 10 dB in some frequencies in the passband, and the 1-dB
bandwidth is 3.68% (72 MHz), with a center frequency of 1.957 GHz.

Figure 3-31: Fabricated microstrip filter
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Figure 3-32: The measured S parameters of an intentionally detuned microstrip filter
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Figure 3-33: S parameters of the desired filter, from EM simulation, compared to measured S parameters of an
intentionally detuned filter

Figure 3-34 shows a fabricated filter and an auxiliary circuit on the same board. The measured S
parameters of the overall circuit are shown in Figure 3-35. The measured S parameters of the detuned
filter are also shown in this figure. As can be seen, the measured return loss improves to more than 18
dB for the entire passband, while the 1-dB bandwidth is decreased to 3.36% (66 MHz), with a center
frequency of 1.966 GHz. Figure 3-36 shows the net circuit S parameters in a wider frequency range to
demonstrate the effect of the auxiliary circuit outside the passband. Note that the center frequencies of

both filters are shifted to the left due to the fabrication inaccuracy in the filters’ transmission line

widths.

Figure 3-34: Fabricated filter and auxiliary circuit on the same board
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Figure 3-36: The measured S parameters of a net circuit in the frequency range of f, + 6Af

3.5.2 The Cavity High-Frequency Filter

To prove the efficiency of the proposed method for filters with more than three poles, the auxiliary
circuit is applied on a tunable cavity 6-pole filter. The filter is shown in Figure 3-37. The S parameter
diagram of the cavity filter, prior to adding the auxiliary circuit, is shown in Figure 3-38. The return

loss magnitude of the desired filter was intended to be more than 20 dB in the passband of the filter.
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As illustrated in the figure, the filter is detuned from the desired behaviour and the magnitude of
return loss is less than 18 dB in some frequencies in the passband. The measured return loss is less
than the desired value, -20 dB, for 8.5% (40 MHz) of the passband. The measured return loss is 17.2
dB in some frequencies in the passband with a 2.11% (430 MHz) 1-dB bandwidth and a center
frequency of 20.355 GHz.

Figure 3-37: Tunable 6-pole cavity filter
The auxiliary circuit is implemented by the microstrip transmission lines on a separate board. The

board is placed parallel to the detuned filter to improve its transmission response. Figure 3-39 shows a
detuned filter connected to the fabricated microstrip circuit. An SMA T-junction and a 90-degree
SMA bend are required for the connection. The effects of these two elements are considered in the

simulation and design steps of the auxiliary circuit.
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Figure 3-38: The measured S parameters of a 6-pole cavity filter

57



Figure 3-39: Detuned cavity filter parallel to a fabricated auxiliary circuit

The S parameters of a net circuit, including a detuned filter, T junction, bend, and fabricated
microstrip auxiliary circuit, are shown in Figure 3-40. As demonstrated, the return loss magnitude of
the net circuit is more than 20 dB for the entire passband. The measured return loss improves to 20

dB with a 2.07% (422 MHz) 1-dB bandwidth and a center frequency of 20.354 GHz.
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Figure 3-40: S parameters of a net circuit, including a detuned filter, T junction, bend, and fabricated

microstrip auxiliary circuit compared to the S parameters of a detuned filter
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Chapter 4
Center Frequency and Bandwidth Tuning of a Bandpass Microstrip
Filter Using GaAs Varactors

4.1 Introduction

Microwave tunable filters have received increased attention over the past few decades due to their
potential to replace switched-filter banks in multi-band communication systems. Planar technologies
being utilized for tuning include RF-MEMS devices, semiconductor (silicon, GaAs) varactor diodes,
and P-I-N diodes. The focus of recent work on tunable filters has shifted from maximizing tuning

range to controlling filter behaviour as it is tuned.

In this chapter, we introduce a new type of center frequency and bandwidth tunable microstrip
filter, which is realized using varactors. The innovation of this structure is in isolating the coupling
elements from the resonators by proposing a novel structure for admittance inverters. The proposed
filter exhibits low insertion loss in the passband, with full control over bandwidth and center
frequency. Input couplings, resonance frequency of individual resonators, and inner couplings
schemes are discussed in detail. Additionally, to validate the practicality of the proposed structure,

measurements for the fabricated filter are presented.

The organization of this chapter is as follows. Motivations for the proposed structure and filter
design are provided in section 4.2. The effects of varactors on both resonators and coupling structures
are presented in section 4.3, along with the implementation of the tunable filter by adding the

varactors. Finally, section 4.4 presents the EM simulation results.

4.2 Filter Design

Bandwidth tunability of microwave filters can be achieved by changing the coupling value of the
inverters between the resonators. In microstrip filters, inverters are usually realized by a gap between
resonators, as shown in Figure 4-1. To change the coupling value (J or K of the inverter) of microstrip
gaps, either gap size or gap width needs to be changed. This method is difficult to implement on a
microstrip filter that has already been fabricated. Attaching a varactor to gap walls is another solution
for altering the coupling. However, as gap walls are directly connected to resonators, the resonance

frequency of the adjacent resonator will also be impacted by the varactor. Moreover, to maintain the
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symmetric structure of the equivalent circuit shown in Figure 1, two varactors must be attached to

both sides of the gap.

T1 T2

Figure 4-1: A microstrip gap and equivalent circuit model

4.2.1 A Novel Coupling Structure

The idea of designing tunable microstrip gaps by employing varactors suffers from the high phase
loading effect of varactors on the adjacent resonators. To solve this problem, a novel structure is
proposed for the microstrip couplers in this section. Figure 4-2 illustrates the proposed coupling
structure for a tunable microstrip filter. The structure consists of two sets of coupled-lines and one
transmission line that connects them. The top section of each coupled line is connected to the adjacent

resonator.

The main advantage of this structure is isolating resonators and inverters. Since the bandwidth
tenability can mainly be achieved by changing the coupling between resonators, using this structure
makes the coupling value tunability (hence the bandwidth tunability) possible by changing the
capacitance of the varactor attached to the center of the transmission line. The varactor should be
connected to the middle of the transmission line, which is also the center of the structure, so that the

inverter will keep its symmetry even after the capacitance of the varactor is changed.

Open-Circuit | Transmission Line | Open-Circuit

Figure 4-2: Proposed coupling structure for a tunable microstrip filter
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Since the varactor is not directly attached to the resonators, the phase-loading effect caused by it is
expected to be less than other microstrip inverters that have a direct connection to the resonator.
Moreover, as the varactor can be connected to the center of this structure, one varactor is sufficient
for tuning the coupling and maintaining symmetry at the same time. This statement can be tested by
comparing the effect of adding a varactor on the phase-loading effect for a common microstrip
coupling structure (similar to Figure 4-1) and the proposed coupling structure. Figure 4-3 shows a

microstrip coupler with an attached varactor.

Figure 4-3: Microstrip coupler with an attached varactor

Figure 4-4 shows the phase-loading effect, as expressed in Equation (2-13), versus the varactor
capacitance for both the proposed microstrip coupler and the micostrip coupler shown in Figure 4-3.
The initial coupling values, J, and phase-loading effect value, ¢, are the same for both couplers. As
illustrated in this figure, the variation in the phase-loading effect of the proposed coupling structure
after adding the varactor is negligible compared to the varactor impact on ¢ in the coupling structure

shown in Figure 4-3.
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Figure 4-4: A microstrip coupler with an attached varactor
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4.2.2 The Filter Structure

The design steps of the microstrip filter in this chapter are the same as in section 2.3.2. However,
the microstrip gaps, employed as an admittance inverter in that section, are replaced with the
proposed coupling structure in 4.2.1. Later in this chapter, GaAs Varactors will be attached to the
proposed coupling structures to enable tuning of the coupling value. Varactors with different ranges

of capacitances will also be employed to change the resonance frequency of resonators

The first step in designing a microstrip filter is calculating element values (g-values) for equal-
ripple low-pass filter prototypes. Equations (2-1) to (2-8) show the expression for calculating element
values. These values are a function of equal ripple level and number of poles and are independent
from bandwidth and center frequency. Calculating the J values for admittance inverters is the second
step. J values can be calculated by using element values and the ratio of bandwidth to center

frequency. Equations (2-9), (2-10) and (2-11) are used to calculate J values.

In the microstrip filter design steps, the desired J values for admittance inverters are usually
realized by microstrip gaps. As explained earlier, for tunability purposes, a new coupling structure is
proposed in this chapter by using two similar gaps (Figure 4-2). In this section, this structure is
employed to implement inter-resonator couplings. An important point in the design of the coupling
structure is the resonance frequency of the transmission line that connects the two coupled lines. The
length of this transmission line must be much shorter in comparison with the physical length of the

resonators so that its resonance frequency will not interfere in the passband of the filter.

Equations (2-12) to (2-15) show the relationship between the S parameters of a coupling structure
as a 2-port network and its J value as an admittance inverter. Note that the proposed coupling
structure in Figure 4-2 can also be used for the input coupling. However, as the value of the input
coupling is larger than the other couplings and its tuning range needs to be wide, we decided to use a
single gap to realize the input coupling due to its greater sensitivity to varactors and hence wider

coupling range.

In designing a proper inter-resonator admittance inverter, the dimensions of the proposed coupling
structure are determined in such a way that their Jvalue is equal to the desired calculated J value. On
the other hand, determining the input and output couplers requires more complex calculations. First,

the R values can be calculated from the expressions (3-2) and (3-3), after which the maximum value
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of the reflected group delay can be determined by using Equation (4-1). In this expression, t is the
group delay of S;;, Af is the bandwidth of the filter, and R is the input resistor as well as an element
of the coupling matrix, as defined in section 3.2. This maximum value should occur at the center

frequency of the filter (fy).

44
R.Aw  R.2m.Af

::>| Open-Circuit

Open-Circuit <=

(o) = (4-1)

Figure 4-5: Input and output coupling structure
The final step is to design the resonators. The phase-loading effect, ¢, of each coupler needs to be
calculated before the length of the resonators. This parameter, which is defined in the expression (2-
13), represents the loading effect of the coupler on the resonance frequency of the adjacent resonators.
By knowing the loading phase (¢) of each coupler, the length of the resonators can easily be
calculated by Equation (2-19). For miniaturization, a semi-square shape is used for the resonators.
The layout of a complete 3-pole filter is shown in Figure 4-6, the dark parts being the filter’s three
resonators. After calculating the lengths of the microstrip resonators, a few degrees of iteration can be
made to increase the accuracy of the final filter response, i.e., the coupling values of the inverters can

be adjusted by considering the loading effects of the resonators on them.

- | ,

Figure 4-6: Proposed structure for a 3-pole filter
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4.3 Implementation of the Tunable Filter

A coupling matrix approach is used for the synthesis of the tunable filters. The fundamentals of
the coupling matrix along with an introduction to M and R matrices were provided in section 3.2. The
elements of the R matrix represent input and output couplings, while the M matrix secondary
diagonal elements represent the inner couplings between the resonators. Each diagonal element of a
coupling matrix represents one of the resonators. In this section, the tunability of center frequency,
input/output couplings and inter-resonator couplings are analyzed individually. The effect of tuning

one parameter on the others is analyzed at the end of this section.

4.3.1 Tuning the Center Frequency

For Chebyshev filters, the diagonal elements of a coupling matrix are zero. Each diagonal element
represents a shift from the center frequency in the corresponding resonator. Tuning the center
frequency is possible by tuning the resonant frequency of all resonators. Calculations of each
resonator’s resonance frequency will not be accurate if a single resonator is simulated without
considering the loading effects of adjacent coupling structure and resonators. One reasonable method
for finding the resonance frequency of a loaded resonator is by considering the next-closest coupling

structures in the simulation.

Figure 4-7 shows a resonator with adjacent coupling structures. The phase-loading effect of the
adjacent admittance inverters on the resonator is included in this 2-port network. As we can see, the
center frequency tuning varactors is mounted on the center of this resonator. The duties of CR
varactor include tuning the filter center frequency and compensating for loading effects when the
filter bandwidth is tuned. The length of the resonator should be adjusted in such a way that the

resonance frequency of the above structure will be set to the desired center frequency.

The main function of this varactor is tuning the center frequency of the filter. Hence, we should
expect to see a shift in resonance frequency when the capacitance of the varactor increases. Figure 4-8
summarizes the effect of increasing CR capacitance on the resonance frequency of a resonator. The
initial resonance frequency of this resonator is 2 GHz. The diagram shows that the resonance
frequency decreases when the capacitance of CR increases. As depicted in this figure, the slope of the
graph is almost constant and the trend of decreasing the resonance frequency is linear. The graph

below shows that the center frequency of the filter can be tuned by changing the capacitance of
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connected varactors to the resonators. Note that the resonance frequency can only be reduced by
using this method. In other words, the filter needs to be designed in the highest frequency of tuning
range. If this is done, then the center frequency can be reduced to lower frequencies by increasing the
capacitance of the varactors connected to the resonators.

L
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=] ]
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Figure 4-7: One resonator and adjacent coupling structures
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Figure 4-8: Resonance frequency versus the value of the varactor CR
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4.3.2 Input Coupling Tuning

Based on Equation (2-9), the relationship between the input coupling value, J,,, and the filter
bandwidth is provided in expression (4-2). This expression shows that, in tuning the bandwidth of a
microwave filter, the input coupling of the filter has to be tuned as well. As shown in Figure 4-9, a
varactor is mounted on the input coupling structure, directly in front of the coupled lines, to change

the tune coupling value.
]input and output coupling x Vbandwidth (4_2)

The reflected group delay method enables the extraction of input coupling. Expression (4-1) shows
the relationship between the R parameters of the coupling matrix and the reflected group delay of a
resonator measured at the resonant frequency. Figure 4-9 shows the input coupling structure with the
first resonator and the next inter-resonator coupling structure. This structure includes the loading
effect of the first resonator on the input coupling and can be used to calculate the effect of the

varactor on the input coupling.

<=

Figure 4-9: Input coupling structure with attached varactor, adjacent resonator and first inter-resonator coupling

The input coupling value is calculated by using reflected group delay. Increasing the value of the
varactor C1 will change the maximum of the reflected group delay and hence the input coupling
value. However, it will also change the frequency at which this maximum occurs. The shift in the
frequency is the loading effect that needs to be adjusted later by other varactors. Figure 4-10 shows

the different values of maximum reflected group delay of an input coupling structure versus different
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values of varactor C1 attached to it. The initial reflected group delay value of this coupling structure,

without any attached varactor, is 7.83 x 107°,

N
wn

N

Maximum of reflected group delay

O T T T 1
0 500 1000 1500 2000
Varactor Capacitance (fF)

Figure 4-10: Maximum value of reflected group delay versus different values of varactor C1

The effect of this increase in the maximum reflected group delay on the behaviour of the filter can
be analyzed by looking back at Equation (4-1). The left side of this equation, which is the maximum
group delay of S;;, will increase by using higher values of varactors for C1.0n the other hand, the
value of R in the right side is only a function of g-values and hence it remains the same regardless of
the change in the bandwidth. This means that the only variable in the right side will be the filter
bandwidth. Since Af is in the denominator on the right side, an increase in the maximum reflected

group delay will result in a decrease in the bandwidth.

ion (4—1 -
Cl T = Tyux T% Bandwidth | (4-3)

Not all maximum reflected group delays used in Figure 4-10 occur in the filter center frequency,
which is 2 GHz in this case. Figure 4-11 shows a frequency in which maximum group delay happens
versus the value of varactor C1. The center frequency decreases when the capacitance of C1
increases. As will be explained later in this chapter, this effect will be adjusted by the other varactors,

primarily the varactor attached to the adjacent resonator.
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Figure 4-11: Frequency of maximum reflected group delay versus the value of varactor C1

4.3.3 Inter-Resonator Coupling

Extracting the inter-resonator coupling from a coupled circuit with two resonators is explained in
detail in [46]. There are two resonant peaks in the S parameter diagrams of the coupled circuit with
two resonators. If we name these two peaks f; and f,, then the coupling coefficient can be calculated
with the following expression. Thus, in tuning bandwidth microwave filters, the coupling coefficient

between the adjacent resonators likewise needs to be tuned.

f22 - f12 for the narrowband circuits: f1.f2~f,* fo—fi

~

K="“%0—"— ~ (4-4)
£+ fi? fo

As explained earlier, the proposed coupling structure in Figure 4-2 is employed for implementing

the inter-resonator coupling. The J value of the proposed admittance inverter in Figure 4-2 can be

calculated from the S parameters by using the expressions (2-12) to (2-15). The relationship between

the inter-resonator coupling value and the bandwidth is stated in the following expressions, which

shows that the inter-resonator coupling value is directly proportional to the filter bandwidth.
]inter—resonator « bandwidth (4'5)

The circuit model of the admittance inverter was shown in Figure 2-42. Adding the varactor C2 to

the middle of this circuit will result in the equivalent circuit of Figure 4-12. If the A — Y transform is
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applied to three elements of this circuit (namely, the two By x 2 and the C2 capacitors), the circuit

will be changed to what is shown in Figure 4-13.

* *
g/2 B2 B2 42
» —C ¢ »

Br < -~ C2 1~ Bp

" O

Figure 4-12: Equivalent circuit of admittance inverter after adding varactor C2.

T2

B X —~ (CT1 CT1=< ~~ Br

Figure 4-13: Equivalent circuit of proposed admittance inverter after applying Y — 4 transform

2% (Bs/2)
(M=ot (Bs/2) (4-6)
cry — (Bs/2) % (Bs/2) (@7)

€2+ C2+ (Bs/2)

Since CT1 and B, are parallel, we can replace them with one capacitor, and the final equivalent

circuit will be similar to the initial circuit model for the impedance inverter. The only difference is the
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value of the capacitors that result in a change in coupling values. This is exactly what we wanted in
the first place: Changing the coupling value without disturbing the impedance inverter model. The
graph in Figure 4-11 shows the new J values of an admittance inverter as the capacitance of C2
increases. The initial coupling value of this coupling structure, without any attached varactor, is
11.32 x 1074,

12

10

J value of admittance inverter (*1e-4)
(e)]

0 T T T T T 1
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Figure 4-14: The J value of admittance inverter versus the value of varactor C2

As stated in expression (4-3), if the desired bandwidth of a Cheyshev filter increases, the inter-
resonator coupling value will increase at the same pace. Figure 4-8 shows that the value of |
decreases as the capacitance of C2 increases. Hence, this indicates that the bandwidth of the entire
filter will decrease as a result of an increase in C2. Since increasing C1 has a reduction effect on the
filter bandwidth as well, filters with minimum varactor values will have maximum bandwidth.
Working from this perspective, decreasing bandwidth is possible by increasing varactor capacitances
and decreasing inverter coupling values.

Unfortunately, the J value is not the only parameter that changes with the alteration in C2. The

simulation result shows that increasing the capacitance of varactor C2 will slightly change the value
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of the phase loading effect, ¢p. Figure 4-15 shows the calculated ¢ values of the same coupling
structure after each alteration in varactor capacitance. The major effect of this change in ¢ appears in
the resonance frequency of adjacent resonators. However, this problem can be solved by adjusting the

resonance frequency of resonators with their connected varactors, CR1 and CR2 varactors.

T T 1
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&) 500 1000 1500 2000 2500 3000
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Figure 4-15: The ¢ values of admittance inverter versus the value of varactor C2

4.3.4 Tunable Filter Implementation

Figure 4-16 shows the final design of the filter after adding the varactors. Seven varactors have
been used with four different capacitances: C1, C2, CR1 and CR2. The first varactor, C1, is used to
tune the input and output coupling. C2 is attached to the middle of the inter-resonator coupling
structure to tune the coupling value. In other words, the main duty of these two capacitors is to tune
bandwidth. CR1 is applied to tune resonance frequency of the first and last resonators and to
compensate for alterations in the phase loading effect caused by the other varactors. CR2 does the

same to the second resonator and its adjacent couplers.

71



-
e
43—
Qae

L

CR1—

CR2 L CR1==
77 J 77

Figure 4-16: Final structure of the filter after adding capacitors

4.4 Simulation Results

Before presenting the simulation results for the complete filter, all of the important conclusions
from the previous sections of this chapter will be summarized here. By considering the following
points, a tunable microstrip filter with a center frequency range of 1.8 GHz to 2 GHz and a fractional
bandwidth range of 3.5% to 0.5% has been designed and simulated. Figure 4-17 shows the layout of

the tunable filter before attaching the varactors.

- The initial layout of the filter, without including the varactors, should be designed for the
highest bandwidth in the tuning range. This is important mainly for the coupling structures.

- The initial layout of the filter, without including the varactors, should be designed for the
highest canter frequency in the tuning range. This is important mainly for the resonators.

- The values of the two connected-to-the-resonator varactors should initially be set to a non-

zero value.
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Figure 4-17: Layout of the bandwidth and center frequency tunable filter

As shown in Figure 4-17, the capacitor is realized by connecting a 0402 lumped bypass capacitor
to a Schottky varactor diode (M/A COM MA45H201 for the resonators and M/A COM MA46H70
for the coupling structures). The chip capacitor is applied to realize a dc-biasing scheme. Due to the
fixed value of the chip capacitor, the overall capacitance ratio of the capacitor-varactor set decreases.
The bias circuit is realized using a resistor connected to the dc pad. A 0.635 mm Duroid substrate
(e, = 10.2, Rogers RT/Duroid 6010.2) is used for the design.

The simulation results show a tunability range from 1.8 GHz to 2 GHz in the center frequency of
the filter. The bandwidth tunability range is different in each center frequency. Figure 4-18 shows a
bandwidth tunability of the filter while the center frequency is fixed on 1.95 GHz. As shown in this
figure, the 1-dB bandwidth tunability range is from 60 MHz to 25 MHz. The insertion loss increases
from 2.3 dB to 5 dB while the bandwidth is reduced from the maximum to the minimum value. The

capacitor values for each state are provided in Table 4-1 at the end of this chapter.
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Figure 4-18: Tuning the bandwidth from 60 MHz to 25 MHz, with a fixed center frequency of 1.95 GHz

Tuning the center frequency with a fixed bandwidth is another interesting feature of this filter.
Figure 4-19 shows the center frequency tunability of this filter from 1.9 GHz to 2 GHz while the
bandwidth is constant and equal 40 MHz across the entire range. The insertion loss is almost constant
during the center frequency tuning range and is approximately equal to 3 dB. Finally, the capacitor

values for different filter center frequencies and bandwidths are provided in Table 4-1.
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Figure 4-19: Tuning the center frequency from 1.9 GHz to 2 GHz with a fixed bandwidth of 40 MHz
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Table 4-1: The look-up table for the varactor values (all of the capacitances are in fF)

3.5% 3% 2% 1.5% 1%
2GHz | Cl=0 | C1=235 | C1=8384
C2=0 | C2=850 | C2=3585.9
CR1=500 | CR1=337 | CR1=0
CR2=750 | CR2=524 | CR2=84.4
1.95 Cl=1181 | C1=7889 | CI=1317 | Cl=21247
GHz C2=136 | C2=2771.1 | C2=53616 | C2=10281.9
CR1=1519 | CR1=1231 | CR1=1045 | CR1=822.8
CR2=1648 | CR2=1260 | CR2=1051 | CR2=835.8
19 C1=6368 | C1=1149.8 | C1=19815
GHz C2=1774.4 | C224000 | C2=8472.3
CR1=2316 | CR1=2168 | CR1=19835
CR2=2305 | CR2=2128 | CR2=1939.8
1.85 Cl=4378 | C1=9731 | C1=17649
GHz C2=800 | C2=2805.4 | C2=6574.5
CR1=3298 | CR1=3168 | CR1=3020.1
CR2=3259 | CR2=3090 | CR2=2928.8
18 Cl=4584 | Cl=7661 | Cl=1544
GHz C2=548.4 | C2=14938 | C2=4476.6
CR1=4190 | CR1=4130 | CR1=4001
CR2=4126 | CR2=4045 | CR2=3893
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Chapter 5
Conclusions and Future Work

5.1 Contribution of This Work

This work and the research leading up to its execution contain a number of primary contributions

to the area of tunable microwave filters, all of which can be divided into two main areas.

First of all, the thesis introduces a novel method for the post-fabrication tuning of microwave
filters by designing and adding a passive distributed-element circuit parallel to the detuned filter. This
novel idea, demonstrated by experimental results, has several advantages over tuning screws, which is
currently the most common way of tuning filters. The quality factor of each resonator reduces
significantly after adding the tuning screws, whereas the proposed method does not affect the Q of
resonators. Since the designed circuit will be added parallel to the original filter, it will not affect the
elements of the filter individually. Thus, the proposed circuit can be used for tuning, whether the filter
is planar or cavity. The provided experimental results show the performance of this idea on both

cavity and planar filters.

This thesis’ second area of contribution is its novel center frequency and bandwidth tunable
microstrip filter by using GaAs varactors. The new isolated coupling structure used in this filter
makes bandwidth tuning possible by reducing the loading effect of the coupling elements on the
resonators. The center frequency of this filter can be also tuned by utilizing a different set of varactors

connected to the resonators.

5.2 Future Work

The presented method in Chapter 3 can be extended to a more complicated circuit by adding
admittance inverters to the proposed circuit. In this thesis, we modeled the differences between the Y
parameters of a detuned filter and ideal filter with a set of transmission lines. By adding an
admittance inverter to these transmission lines, we can approximate the more complicated Y

parameter differences.

The ultimate improvement to the added compensator circuit is making the transmission lines

dimensions tunable. Implementing this tunability depends on the type of applied transmission line in
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the added circuit. For example, if a microstrip filter is used, the length can be increased by wire-

bonding the microstrip lines together.
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