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Abstract

The objective of this thesis is the design and synthesis of tunable bandpass filter at
microwave frequencies using planar patch resonators. The characteristics of the
designed filter, such as center frequency, bandwidth, and/or selectivity, are electronically
adjusted by a DC voltage control.

A design and synthesis of tunable patch filters is developed and applied to
circular filter topologies. The complete simulations combine the results of the 3D
electromagnetic (EM) simulation of the filter layout with the results of the electrical
stimulation of the tuning devices was presented. This allows the correct model of the
tuning effect and the definition of the tuning possibilities and limits. The minimum
dimensions are greater than 0.5 mm, ensuring a low cost fabrication process. The filter is
a tunable triple-mode patch filter using a circular resonator with four slots, across which
the varactor diodes are connected.

Résumé

L’objectif de ce mémoire est la synthese dun filtre RF passe-bande
reconfigurable basé sur des résonateurs de type “Patch”. Les caractéristiques du filtre
étudié a savoir. sa fréquence de fonctionnement, sa bande passante et sa sélectivité
peuvent étre ajustées dynamiquement a 1'aide d’une tension de commande DC. La
technique de synthese repose sur une analyse électromagnétique des modes propres des
résonateurs « Patch ».

Le filtre reconfigurable a été optimisé a 1’aide de simulation électromagnétique
3D en incluant le modéle €lectrique des composants localisés qui sont les diodes
varactors et les capacités fixes. Les dimensions minimales du « layout » ont été choisies
afin d’étre compatibles avec une technologie a bas coit, la dimension la plus faible
n’étant pas inférieure a 0,5 mm. Le filtre étudié est un filtre triple mode utilisant un

résonateur de type circulaire avec quatre fentes radiales chacune munie d 'un varactor.
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Introduction

Introduction

Filters play important roles in many RF/microwave applications. They are
used to separate or combine different frequencies. The electromagnetic spectrum is
limited and has to be shared [1][2][3].

Today’s modern telecommunication systems become multi-standard, having
multiband coverage and multi-functionality. Hence, they require a wide variety of
analog circuits containing several amplifiers, filters, oscillators, antennas... etc, for
each specific application frequency. This trend demands the development of tunable
and reconfigurable filters that constitute a key component in the radio frequency (RF)
chain. Electronically tunable and reconfigurable filters have a control circuit to adjust
their characteristics such as center frequency, bandwidth, and/or selectivity in a
predetermined and controlled manner, replacing the need for multiple channels,
improving overall system reliability, reducing size, weight, complexity, and cost [4].

The applications of these filters can be classified according to their behavior.
For example, a filter capable of selecting different frequency bands may replace a
conventional filter bench, reducing size and cost. Radar systems may employ a
tunable bandwidth filter to eliminate out-of-band jamming spectral components.
Communication systems with multiband transceivers may also adapt a filter capable
of synchronizing different information channels [4][5].

Several types of tunable filters have been presented in the literature using
different technologies, topologies, and tuning mechanisms. Despite the great
development of planar filters using microstrip resonators tuned by varactor diodes,
PIN diodes, or Micro-electromechanical systems (MEMS), planar patch resonators
have been rarely investigated [4][5][6][7].

In the meantime, advances in computer-aided design (CAD) tools such as

Advanced Design System (EM) simulators have revolutionized filter design [1].
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In this work tunable patch filters were to be designed and optimized through
complete simulations including 3D electromagnetic (EM) responses of the filters
layout and the electrical influence of the discrete components on these responses.

A final analysis was envisaged evaluating the tuning ranges in terms of center
frequency, bandwidth, and selectivity. This thesis is organized as follows:

Some terms describing the performance of a tunable filter was introduced in
the first chapter with a bibliographical study of tunable filters. It describes the
evolution of microwave tunable filters in different technologies and with different
tuning mechanisms. This chapter also presents a tuning analysis which consists in
determining the tuning element and its equivalent circuit model.

Although the physical realization of filters at RF/microwave frequencies may
vary, the circuit network topology is common to all. Therefore, the second chapter
begins with section 1, which introduces basic concepts and theories for designing
general RF/microwave filters (including microstrip filters). Section 2 describes
various network concepts and equations; these are useful for the analysis of filter
networks. Then, a third section presents a basic theory of planar filters, classified into
the one-dimensional or the two-dimensional (patch) filters, depending on the type of
the used resonator, also providing concepts and formulation of a circular patch
resonators, the necessary formulation to calculate a coupling matrix relative to the
designed patch filter, followed by the basic concepts of coupling matrices are
described.

In the last chapter we analyze and design a tunable triple-mode filter using two
different circular patch resonators. The filters are designed and characterized and then
the simulated frequency responses of the filters are presented. The DC biasing is then
discussed. Finally, a discussion of the filter performance is presented indicating the
limits of the tuning range, the filter losses, and the calculated unloaded quality factor.
The tunable filters with circular patch resonators are compared to the tunable filters
presented in the literature in terms of operating frequency, tuning elements, DC bias
voltage of the tuning element. Momentum/ADS EM 3D software was used for the
analysis, optimization and simulation of the performance of the filters. Finally a

conclusion is carried out.
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Chapter 1 State of the art

Chapter 1
State of the art

1.1. Introduction

Tunable filter applications in microwave/millimeter-wave systems fall into
three major areas: military systems, measurement equipments and communication
systems (satellite, cellular radio, etc) [1][2]. Invention of radar systems led to
significant development in filters. Basically, one of the critical parts of any military
system, such as radars and tracking receivers, is the electronic support measures
(ESM) system [3].

The ESM system detects and classifies incoming radar signals by amplitude,
frequency, pulse width, etc. The electronic countermeasures (ECM) system which is
associated with ESM system, can then take appropriate countermeasures, such as
jamming. One method of classifying signals by frequency is to split the complete
microwave band of interest into smaller sub-bands. This can be done either by using a
contiguous multiplexer, which consists of separate mechanically tunable bandpass
filters whose pass-bands cross over at their 3 dB frequencies [4], or an electronically
or magnetically tunable filter to scan the whole receive band. Of course, the tuning
speed of the filter should be fast enough to keep track of all the signals appear in the
whole band of interest.

Since the appearance of the first tunable filters at microwave frequencies
during the 1950s, the study of tunable filters has been strongly attached to the fixed
filters technology. Most tunable filters described in the literature fall into three basic
types: mechanically tunable, magnetically tunable and electronically tunable filters. In
this chapter, we cover some of the most important work that has been done in the area

of microwave bandpass tunable filters.
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1.2 Microwave tunable filters

Before discussing various technologies for frequency agility, some terms describing
the performance of a tunable filter are introduced here.

.21 Tunability or relative tunability

The tunability T or relative tunability 7 of a tunable bandpass filter is defined as:

fmax
T = (L.1)
fmin
T, = Jmax = fmin 1009 (1.2)
fmax

Where: fyax, fmin are the maximum and minimum centre frequency of the filter
respectively. A large tunability or a wide tuning bandwidth is usually desirable in
frequency agile applications.
1.2.2  Loss

Low loss is an essential requirement for such filters to maintain good receiver
noise figure and selectivity [5]. The insertion loss (IL) is a measure of the filter loss
performance, which is often expressed in dB as [6]:

IL = 10logP,z [dB] (1.3)

Where Prr is the power loss ratio of a network, defined as incident power divided by

the actual power delivered to the load. A power loss ratio of 50 % is equivalent to - 3

dB insertion loss. The quality factor Q of a resonator circuit is defined as [7]:
average energy stored

0=w (.4)

average energy dissipated

Resonator Q is a measure of the frequency selectivity and loss performance.
For a filter consisting of resonators, a higher resonator Q implies a lower loss and
better frequency selectivity of the filter. The resonator quality factor Q can be

evaluated as [7]:

woL 1
= —-—= I. 5
¢ R woLC (1.5
For a series RLC resonant circuit, and:
R

woL
For a parallel RLC resonant circuit, where w, = 1/+/LC is the resonant frequency.

5
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1.2.3  Tuning speed
The tuning speed of a tunable filter refers to the delay time required by the
filter to change between two frequencies or two states. A tuning speed over 1 GHz/us

is required in modern communication systems [8].

1.2.4  Linearity
In a linear system, the output signal has the same frequency as the input signal,
it only differs in the amplitude and phase. However, practical microwave devices are

generally nonlinear and exhibit intermodulation distortion (IMD).

1.2.5  RF power handling capability

Power handling capability of a RF/microwave device is the ability to transmit
high microwave power level without breakdown or unacceptable intermodulation
distortion of the in-band signals. A large power handling capability is required for
filters in applications such as wireless or radio base station transmitters and diplexers,

satellite output filters and multiplexers, and transmitters in radar systems [9].

1.2.6  Fractional bandwidth (FBW3q4p)

In view of the many different applications existing nowadays, a narrower or
wider bandwidth does not necessarily means a best characteristic. The bandwidth is
discussed along this work and is defined as the absolute 3-dB (FBW34g) defined in eq.
(4), where (fzp up - Bgp low) is the difference between the upper and lower
frequencies at the passband when the insertion loss drops 3 dB relative to the center
frequency f£.

ABWSdB _ f3dBup - f3dBlow

fe fe

In addition to the above, other performance parameters such as operating
frequency, power consumption, and tuning voltage as well as many others specify the

tuning technology requirements.

L.3. Different Techniques for Filter Tuning
Throughout the next two decades, a fast spread of the tuning concept was
experienced and several designs were developed with either mechanical tuning by

using movable metallic or dielectric walls[10], or tuning screws[11], or magnetic
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tuning, using pieces of ferrites inside the cavities [12][13]. Most tunable filters
described in the literature fall into three basic types: mechanically tunable,

magnetically tunable and electronically tunable filters [14].

I.3.1  Mechanical tuning

Mechanically tunable bandpass filter’s large power handling capability and
low insertion loss are often important factors if a tunable filter is required for long-
distance communication (satellite or transponder) or radar systems. They are usually
realized using either coaxial or waveguide resonators [15]. The main disadvantages of
these filters are their tuning speed and size. Their tuning speed is very low. They can
be tuned manually or electrically if the filter is combined with a remotely controlled

motor. Their size is large and they are bulky.

1.3.2  Magnetical tuning

Magnetically tunable filters have been used in microwave systems for a long
time. The most popular type uses ferromagnetic resonators and gyromagnetic
coupling. The first filter of this kind was reported in 1958 [16]. Since they usually
contain single-crystal Yttrium-Iron-Garnet (YIG) spheres in their resonators, they are
commonly termed YIG filters. They have multioctave tuning range, spurious-free
response, low insertion loss and high quality factor resonators [15][17]. They are
often used between 0.5-18 GHz for military and commercial purposes, such as
tracking receivers, radars, etc. The design principles for multi-stage YIG filters from
0.5 to 40 GHz are described in [15][18][19].

Magnetic resonator filters have also been developed for millimeter-wave
applications. Instead of using YIG spheres, they employ highly anisotropic hexagonal
ferrites. The 4-pole filter reported in [20] has been tuned from 50 to 75 GHz with an
insertion loss of about 6 dB and a relative bandwidth of 1%. As mentioned above, the
important problems associated with YIG filters are size, tuning speed and power
consumption. Compare to mechanically tunable filters they have smaller size, but
because they are not planar structures, they cannot be used in integrated systems. The
YIG filter is tuned by changing the biasing current of the ferromagnetic resonator.
This current is in the order of hundreds of mill-amperes, which is not acceptable in

most modern low power RF transceivers. YIG filters have moderate tuning speed,
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which is not usually less than 1-2 GHz/ms which is not enough for applications which

require very fast tuning (electronic warfare, signal intelligence, etc).

1.3.3  Electrical tuning

Electrically tunable filters can be tuned very fast over a wide (an octave)
tuning range, and they offer compact size and are good candidates for highly
integrated RF front ends. The best way of tuning an RF filter electronically is using
tunable capacitors as part of the resonator. The capacitor value and the resonator
frequency are changed by adjusting the biasing voltage across the tunable capacitor.
There are three major technologies applied for this type of RF filter tuning:
. Semiconductor Gallium-Arsenide (GaAs), Silicon (Si) or Silicon-Germanium

(SiGe) varactors;

. Ferroelectric thin film tunable capacitors;
. Radio frequency micro-electromechanical systems (RF MEMS) switches and

varactors.

14. Tuning analysis

The tuning analysis consists in determining the tuning element, which can be
varactor diodes, MEMS switches or capacitances, PIN diodes, or any type of
commercial or custom device that changes the filter response as the desired tuning
behavior.

Microwave tunable filters can be divided in two groups, filters with discrete
tuning, and filters with continuous tuning. Filter topologies presenting a discrete
tuning generally use PIN diodes or MEMS switches. On the other hand, filter
topologies using varactor diodes, MEMS capacitors, ferroelectric materials or

ferromagnetic materials are frequently used to obtain a continuous tuning device.

1.4.1 MEMS-based Tunable Filters

RF MEMS reconfigurable devices have good compatibility with technologies
used in semiconductor industries. They offer small size and good integration
capabilities with microwave electronics. RF MEMS in general require low currents to
be operated, thus they consume low power compared to solid state devices, and they

also can exhibit linear transmission with low signal distortion.
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a. Tunable filters using MEMS switches

The MEMS switches can be either a cantilever or a bridge type, and can be
capacitive type switches or direct contact switches. Switches can have two states: on
or off. Direct contact switches will generally make a metal to metal contact in the on
state, direct contact switches are commonly used for low frequency applications as
can be seen in figurel.1.

Capacitive switches will present two capacitances, one in the on state and

another one in the off state, these switches can be used for high frequency operation.

Figure 1.1: Tunable bandpass filter using direct contact MEMS cantilever
switches [10].

b. Tunable filters using MEMS varactors

The use of MEMS varactors can result in low filter insertion losses, and are
used to provide a continuous filter parameter reconfiguration. MEMS varactors are
suitable for miniature lumped element filters due to the high quality factor presented
by the MEMS varactors, compared with conventional components like the metal
insulator metal capacitor. MEMS varactors can also be used to load distributed

resonators to achieve tunable filters.

1.4.2  Ferroelectric materials-based tunable filters

Ferroelectric materials can change permittivity values proportionally to an
applied DC electric field where some ferroelectrics are suitable for thin film
deposition. This section focuses on tunable microwave filters using three of the most
common ferroelectrics used to date, the Barium-Strontium-Titanate oxide (BST), the

Strontium-Titanate Oxide (STO), and the lead Strontium-Titanate oxide (PST).



Chapter 1 State of the art

Other ferroelectric materials considered for microwave tunable devices are the
sodium potassium niobium oxide or the bismuth zincniobate oxide ferroelectric which
are not covered in this section. Ferroelectrics have been very attractive due to their
compatibility with planar microwave electronics and technologies to produce high

speed reconfigurable devices.

a. Tunable filters using ferromagnetic materials

Tunable filters using ferromagnetic materials like Yttrium-Iron-Garnet (YIG),
results in high unloaded quality factor resonators with high power handling
capabilities and high power consumption. Resonators using YIG spheres have been
traditionally used (Carter, 1961), despite the high unloaded quality factors obtained,
the filters require very precise fabrication involving high costs, and also other
drawbacks are a low tuning speed and a complex tuning mechanism involving coils

near the spheres.

1.43  Mechanically tuned filters

Mechanically adjustable dielectric or metallic tuning screws are commonly
used to tune microwave filters. These techniques are frequently used to compensate
fabrication tolerances, where the screws can be moved manually while monitoring the
measured response. Automated tuning programs can automatically find an optimum
filter response by iterating tuning screw positions until a user defined response is
found.

The tuning screws can be placed strategically on top or near microwave
resonators to tune the resonant frequency of individual resonators. The screws can be
placed between resonators to modify inter-resonator coupling coefficients, or screws
can be placed between the input/output coupling structure to the filter and the first/last
resonator to adjust the input and output coupling to the filter.

Also the type of screw is important depending on the electric and magnetic
field distribution near the resonator to be tuned; in general, dielectric tuning screws
are mostly used where the electric field maximums around the resonator can be found.
Similarly metallic tuning screws are mostly used where magnetic field maximums

around the resonator are found.

10
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1.4.4 MMIC Tunable filters
The silicon integrated reconfigurable filter can tune center frequency,

bandwidth and transmission gain, photography of the chip is shown in figure 1.2.

Figure 1.2: MMIC tunable bandpass filter [10].

1.4.5  Tunable filters using active devices

This covers tunable filters that use semiconductor based tuning elements.
Devices using diodes are attractive below 10 GHz where diodes can still show quality
factors above 50 with low bias voltages. Diodes usually involve simple packages and

can be mounted on microwave boards.

a. Tunable filters using transistors

A gallium arsenide field effect transistor is based on a combline topology and
can tune its center frequency as can be seen in figure 1.3.

Center frequency tuning has been achieved on a two pole filter configuration
using two metal semiconductor field effect transistors; one transistor is used for center
frequency tuning and the other to provide a negative resistance to the circuit. The
negative resistance technique can raise the resonator unloaded quality factor resulting

in an improved filter response.

11
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Figure 1.3: Tunable bandpass filter using transistors [10].

b. Tunable filters using PIN diodes
PIN diodes are frequently used to produce reconfigurable discrete states on a
filter response, and are very attractive for low cost implementations. An example of a

switchable bandstop filter using PIN diode is shown in the following figure:

lLow frequency Extension
Resonator _— I ll-:'h fr cucney
4 Resonator

1 " Extension .
Ag: ’

LR

tn

oo [

' .

Figure 1.4: switchable bandstop filter using PIN diodes [10].

c. Tunable filters using varactor diodes

Varactors are typically used for continuous tuned filters. Varactor diodes use
the change in the depletion layer capacitance of a p-n junction as a function of applied
bias voltage. Varactor tuned devices have been used for high tuning speeds; these
devices do not exhibit hysteresis. Tuning speeds of varactor tuned filters are limited
only by the time constant of the bias circuit. Varactor based tunable filters are mainly

distributed.
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INPUT OuUTPUT

D BLOCK

Figure 1.5: Tunable bandstop filter using varactor diodes [10].

The tuning element used in these filters is a varactor diode. Varactor diode is a
semiconductor diode that, when reversed biased below its breakdown voltage, acts as
a voltage-controlled variable capacitance. The reverse voltage changes the width of its
depletion layer, changing the diode junction capacitance.

When modeling an encapsulated varactor diode, one should take into account
the parasitic elements that are mostly due to the package, in order to obtain an
accurate equivalent electrical circuit model at the frequency band at which the diode
will operate. For the filters developed in this work, the classical model used is shown
in Figure 1.6, where Ks represents the parasitic series resistance of the diode die, Ls
and Cp are the parasitic inductance and capacitance due to the package.

In this model, Rs and Ls vary with the applied voltage. In general, the
capacitance Cp is absorbed by Cj due to its very low value, and the model becomes a
simple series KLC. At higher microwave frequencies, say above 10 GHz, a more
complete model should be extracted, taking into account Cp, the package material, the

wires bonding, etc.

o AN | € PO s
R c L
R=50 Ohm G=q1.0pF L=1.0nH
| - ' ( N
C
Cp
C=1.0 pF

Figure 1.6: Equivalent electrical model of a reversed biased varactor diode.
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Normally, a typical curve Cj (V) is given by the manufacturer for each
varactor diode, as shown in Figure 1.7. With these curves, the more suitable diode

capacitance values can be chosen for the design of the reconfigurable filters.

1.4
1.2‘
1.0

0.8
0.6
0.4 e ———

0.2
0

Capacitance (pF)

0 5 10 15 20 25 30
Reverse Voltage (V)

Figure 1.7: Capacitance vs Reverse Voltage (SMV 1430, used in this work).

Figure 1.7 shows the curve of the SMV1430 GaAs diode, from SKYWORKS,
which was available to be used in this work. The available data given by the
manufacturer is the capacitance range vs. the reverse voltage from 0.45 pF (20 V) to
2.3 pF (0.1 V) at 1 MHz, y =0.75, Ls = 0.45 nH, and Q = 4500 (at 50 MHz). The Q-
factor is defined in eq. (L.8).

1
Quvaractor = 2fR,C (1.8)

LS. Conclusion

In order to reduce the area of a single-mode patch filter, a useful technique is
to insert a perturbation in the resonator geometry. The perturbation is inserted into the
resonator to increase the electrical current path of a resonant mode and thus, the
corresponding modal frequency decreases. If the dominant frequency of a patch
resonator is reduced without changing its dimensions, one can consider the filter
miniaturized, because in order to reduce the frequency, the filter dimensions should

increase.
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The dual-mode concept increases the order of the filter without increasing the
number of resonators. A dual-mode patch resonator is a single-mode resonator with
perturbations in its geometry, which bring the frequency of a particular mode closer to
the frequency of another mode, forming the filter passband. Each of these modes
works as a resonant circuit, determining a pole in the passband. From an electrical
point of view, a dual-mode patch resonator is equivalent to a doubly-tuned resonant
circuit and thus, a second order filter is constructed with a single resonator. Hence, the
number of resonators needed to build a filter with a given order is halved thus
decreasing the filter size.

Therefore, it is possible to design patch filters with two important
characteristics: miniaturization and selectivity. Miniaturization occurs at two levels:
by increasing the electrical current path, which reduces the modal frequency without
changing the patch resonator area, and by increasing the order of the filter without
increasing the number of resonators. Selectivity is also improved when changing

specific resonant frequencies or when increasing the order of the filter.
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Chapter IT

Basic concepts and Theories of filters

I1.1. Introduction

An electric filter is a network that transforms an input signal in some specific
ways to yield a desirable output signal. Considered in frequency domains, a filter is a
frequency-selective circuit which passes signals of desirable frequencies and blocks
unwanted signals of other frequencies.

Filters are indispensable components in a huge variety of electric systems that
explore the usage of frequency spectrum, including mobile communications, satellite
communications, radar, navigation, sensing and other systems [1][2]. With the
advancement of these systems, the finite electromagnetic spectrum must
accommodate more and more systems. Thus, the limited frequency resources have to
be divided, cared for, and treated with respect. RF signals of each system should be
confined within the assigned spectral range. Filters are widely employed to select or
confine RF signals within the spectral limits.

This section describes basic concepts and theories that form the foundation for
design of general RF/microwave filters.

11.2. Fundamentals

I1.2.1 Electromagnetic spectrum

The electromagnetic spectrum is represented by the range of all frequencies of
electromagnetic radiation (EMR). The electromagnetic radiation is a form of energy
that travels and spread out as it goes; it is sometimes referred to as wave-like

behavior.
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Microwave frequencies are wavelengths located between 300 MHz and 300
GHz of the electromagnetic spectrum, they range from one millimeter to one meter
and it also falls under ultra high frequency (UHF) to super high frequency (SHF) of

the radio-wave spectrum.

11.2.2  Basic filters

Radio frequency (RF) and microwave filters are designed to operate on
frequencies ranging from megahertz to gigahertz. Basic functionalities includes
allowing signal to pass through within passband frequency and attenuates signal in the
stopband frequency. The four general filters are lowpass, highpass, bandpass and

bandstop responses [3].

11.2.2.1 Low-Pass Filter (LPF)
A low-pass filter passes low frequency signals, and rejects signals at frequencies

above the filter's cutoff frequency(f¢).

11.2.2.2 High-Pass Filter (HPF)
The opposite of the low-pass is the high-pass filter, which rejects signals below its
cutoff frequency(fc).

11.2.2.3 Band-Pass Filter (BPF)

A band pass filter allows signals with a range of frequencies(fciow,fcup)- (Passband)

to pass through and attenuates signals with frequencies outside this range.

11.2.2.4 Band-Stop Filter (BSF)
A filter with effectively the opposite function of the band-pass is the band-reject or
notch filter.
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Figure I1.1: Basic filters topologies.

I1.2.3  Filter Characteristics

Filter characteristics are comprises of butterworth, elliptic and chebyshev.
Butterworth filter have maximum flat magnitude response in the passband with no
ripple, but exhibits a low rate of attenuation. Elliptic have sharp cut-off frequency
with ripples in passband and stopband, however its designs are complicated.
Chebyshev have a better rate of attenuation as compared to butterworth, and a sharp
transition between passband and stopband produces small absolute errors and faster
execution speed. Chebyshev type 1 filter allows ripple in the passband and Chebyshev
type 2 filters allows ripple in the stopband [4].

— e —
I'I
\
| LV
Butterworth Elliptic
——— "
| 1
|
PassBand II PassB8and |‘
I'l \
\; Y Stopband
ChebyshevType 1 Chebyshev Type 2

Figure I1.2: Filter characteristics.
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II.2.4 Terms used in filters

11.2.4.1 Transfer functions

The transfer function of a two-port filter network is a mathematical description of
network response characteristics, namely, a mathematical expression of S;;. On many
occasions, an amplitude-squared transfer function for a lossless passive filter network

1s defined as:

152, GQ)I? = L (IL.1)

14 e2E2(Q)
Where ¢ is a ripple constant, F;(Q) represents a filtering or characteristic function,

and Q is a frequency variable.

11.2.4.2 Insertion loss
For a given transfer function the insertion loss response of the filter, following the

conventional definition in Eq. (II.1), can be computed by:

Ly(Q) = B (1. 2)

1
10log —————=d
T 151 GDI2

11.2.4.3 Return loss
Since |S11[* + |S21)* = 1 for a lossless passive two-port network, the return loss
response of the filter can be found using Eq. (I1.3):

Lr(Q) = 10log|1 — |S,,(j)|%]|dB (I1. 3)

11.2.4.4 Phase

If a rational transfer function is available, the phase response of the filter can be found

as:
021 (Q) = ArgS,;1 () (1L.4)
11.2.4.5 Group-delay
The group-delay response of this network can then be calculated by:
d@;1(Q)
T4 (Q) = - d—Q (II 5)

Where @,, () is in radians and Q is in rad/s.
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IL.3. Network analysis

Filter networks are essential building elements in many areas of
RF/microwave engineering. Such networks are wused to select/reject or
separate/combine signals at different frequencies in a host of RF/microwave systems
and equipments. Although the physical realization of filters at RF/microwave
frequencies may vary, the circuit network topology is common to all.

At microwave frequencies, the use of voltmeters and ammeters for the direct
measurement of voltages and currents do not exist. For this reason, voltage and
current, as a measure of the level of electrical excitation of a network, do not play a
primary role at microwave frequencies. On the other hand, it is useful to be able to
describe the operation of a microwave network, such as a filter, in terms of voltages,
currents, and impedances in order to make optimum use of low-frequency network
concepts [5].

It is important to describe various network concepts and provide equations that

are useful for the analysis of filter networks.

I1.3.1 Network variables

Most RF/microwave filters and filter components can be represented by a two-
port network, as shown in Figure (II.3), where V), 1, and [}, L are the voltage and
current variables at ports 1 and 2, respectively, Zy and Z are the terminal

impedances, and E; is the source or generator voltage.

L, e o
a, —= | T ——
Zy : 14 Two-port v YA
: network ‘ [ Ly,
ES bl i I = bz
o 5
Figure I1.3: Two-port network.
We can then make the following transformations:
v, (t) = [Vy| cos(wt + @) = Re(|V,]|e/ ™) = Re(V,e/*?) (11.6)
We can identify the complex amplitude V; defined by:
vy = |V,|e/® (11.7)
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Because it is difficult to measure the voltage and the current at microwave
frequencies, the wave variables a;, by and a,, b, are introduced, with a indicating the
incident waves and b the reflected waves. The relationships between the wave

variables and the voltage and current variables are defined as:

Vo =+ Zon(an + by)

1
I, = Ton(an - bn)

forn=1and?2 (I.8)

Or

_1( W
a"_z(JZ_on " Z""I”)
_1( W 7
b”_7<JZ_m_ Z"”I">

The above definitions guarantee that the power at port nis:

forn=1and?2 (I.9)

1 1
P = ERe(Vn L) = 2 (anan — bpby) (1. 10)
It can be recognized that a,a;,/2 is the incident wave power and b,b,/2 is the

reflected wave power at port n.

I1.3.2  Scattering parameters
The scattering or S parameters of a two-port network are defined in terms of the wave

variables as [6]:

_ b _ b
S = S12 =
1 a,;=0 2 a,=0
_ b _ b
Su=2| S, =2 (IL11)
1 a2=0 2 a1=0

Where a, = 0 implies a perfect impedance match (no reflection from terminal

impedance) at port n. These definitions may be written as:

S S a
] [ 11 12] 1] (I1.12)

S21 Szl laz
The parameters S;; and Sy, are also called the reflection coefficients, whereas
Si2 and S are the transmission coefficients. These are the parameters directly
measurable at microwave frequencies. The S parameters are, in general, complex, and
it is convenient to express them in terms of amplitudes and phases, that is, Sy, = |Su|

e’™ for m, n = 1, 2. Often their amplitudes are given in decibels (dB), which are

defined as:
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20log |Synl AB m,n = 1,2 (I.13)

For filter characterization, we may define two parameters:
L, = —20log|Symnl dBm,n =12 (m # n) (I.14)
Lg = 20log|Syn| dBn = 1,2 (IL. 15)

Where L4 denotes the insertion loss between ports n and m and Lg represents the
return loss at port n. Instead of using the return loss, the voltage-standing wave ratio
VSWR may be used. The definition of VSWR is:
1+|[S
VSWR = 1+ Sl (1. 16)
1- |Snn|
Whenever a signal is transmitted through a frequency-selective network, such
as a filter, some delay is introduced into the output signal in relation to the input
signal. There are two other parameters that play a role in characterizing filter

performance related to this delay. The first one is the phase delay, defined by:

0]
T, =—5 (1. 17)
w

Where @5, is in radians and @ is in rad/s. Port 1 is the input port and port 2 is the
output port.

The phase delay is actually the time delay for a steady sinusoidal signal and is
not necessarily the true signal delay, because a steady sinusoidal signal does not carry
information; sometimes, it is also referred to as the carrier delay. The more important

parameter is the group delay, defined by:

dD,q
ta = dw

This represents the true signal (baseband signal) delay and is also referred to

s (1. 18)

as the envelope delay. In network analysis or synthesis, it may be desirable to express
the reflection parameter S, in terms of the terminal impedance Zj; and the so-called
input impedance Z;; = Vi/I;, which is the impedance looking into port 1 of the
network. Such an expression can be deduced by evaluating S;; in Eq. (II.11) in terms

of the voltage and current variables using the relationships defined in Eq. (I1.9). This

gives:
S . = by _ V1/\/ Zo1 —+Zo1h (IL.19)
1= — = .
a a;=0 V1/\/ Zoy + vV Zo1 1y
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Replacing V) by Z;,1 1, results in the desired expression:

Zin1 — Zo1
Sii=5—7——— I1. 20
U Zi + Zon 20
Similarly, we can have:
Zinz - ZOZ
Soy =57 I1. 21
227 Zing + Zo2 ( )

Where Z,, = V»/b is the input impedance looking into port 2 of the network.
Equations (I1.20) and (I1.21) indicate the impedance matching of the network with
respect to its terminal impedances.

The S parameters have several properties that are useful for network analysis.
For a reciprocal network we have Sj; = 5;. If the network is symmetrical, an addition
property, S;; = 52, holds. Hence, the symmetrical network is also reciprocal. For a
lossless passive network, the transmitting power and the reflected power must equal
to the total incident power. The mathematical statements of this power conservation

condition are:

$2151 +S11S11 =1 or 152112 + 151117 =1 (IL.22)
S12812 + 852255, =1 1S121% + [S221%> = 1 .
11.3.3 ABCD parameters
The ABCD parameters of a two-port network are given by:
Vali,_, L1, _
I I
c=-1 p=-—"1L (1. 23)
Vol _ L1, _

These parameters are actually defined in a set of linear equations in matrix notation.
Where the matrix comprised of the ABCD parameters is called the ABCD matrix.

Sometimes, it may also be referred to as the transfer or chain matrix.

11/11] = ‘é g] : []1/22] (11. 24)
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ABCD Y Z
Suu| A+B/Zy—CZy—D (Yo —Y1))(Yo +Yy0) + V15V (Zyy — Zo)(Zay + Zy) — Z12224
A+B/Zy+CZo+D (Yo + Vi)Yo +Y2p) = Y15Yo1 (Zyy +Z)(Zop + Zo) — Z12Z5
512 Z(AD - BC) _2Y12Y0 2Z12Z0
A+B/Zy+CZy+D (Yo +Yi)(Yo+Ye) —VioYoy (Z11 +2Zo)(Zay + Zo) — Z12Z24
SZl 2 _2Y12Y0 221220
A+B/Zy+CZy+D (Yo +Yi)(Yo +Ye) —VioYoy (Z11 +Z0)(Zay + Zo) — Z12Z24
Sy | A+ B/Zy—CZy+D (Yo + Y1)y = Yo2) +YioVoy (Zya + Z0)(Zay — Zo) — Z12Zp
A+B/Zy+CZy+D (Yo +Yi)(Yo +Yop) = VipYar (Zyy +Z0)(Zoz + Zo) — Z12221
Table I1.1: S Parameters in Terms of ABCD, Y, and Z Parameters.
11.4. Microstrip filters

The general structure of a microstrip is illustrated in Figure 11.4. A conducting

strip (microstrip line) with a width ¥/ and a thickness ¢ is on the top of a dielectric

substrate that has a relative dielectric constant ¢, and a thickness A, and the bottom of

the substrate is a ground (conducting) plane.

Conducting strip W ¢

S
v

Figure I1.4: General microstrip structure.

11.4.1

Microstrip Components

Ground plane

Dielectric substrate

Microstrip components, which are often encountered in microstrip filter

designs, may include lumped inductors and capacitors, quasi-lumped elements
(namely, short-line sections and stubs), and resonators. In most cases, the resonators
are the distributed elements, such as quarter-wavelength and half-wavelength line
resonators. The choice of individual components may mainly depend on the types of
filters, the fabrication techniques, the acceptable losses or Q) factors, the power

handling, and the operating frequency.
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114.1.1 Resonators

A microstrip resonator is any structure that is able to contain at least one
oscillating electromagnetic field. There are numerous forms of microstrip resonator.
In general, microstrip resonators for filter designs may be classified as lumped-
element or quasi-lumped element resonators and distributed-line resonators or patch
resonators. Some typical configurations of these resonators are illustrated in figure

ILS.

- I=hy/2 - .
N
f':k‘__," (2m)
(a) (b)
? [ Fy (e) (f)
I=Aa0/4 [=Pgp/4
o a
| !
=

©) () @® o
Figure I1.5: Some typical microstrip resonators: (a) lumped-element resonator; (b) quasi-
lumped element resonator; (¢) Agy/4 line resonator (shunt-series -resonance);

(d) 1g0/4 line resonator (shunt-parallel resonance); (e) Agy/2 line resonator; (f) ring resonator;

(g) circular patch resonator; (h) triangular patch resonator.

In the past, much research was conducted and plenty of resonators were
proposed. Among the proposed resonators, some were introduced originally for single
passband filter applications. Hairpin and open loop resonators are typical examples
with the length of half wavelength. These resonators are modified by using stub at the
line center to improve the selectivity [6][7].

To reduce circuit size, a compact microstrip resonant cell was proposed and
utilized in both lowpass and bandpass filters [8][9]. Besides these single mode
resonators, some research focused on dual mode resonators were also introduced for
designing wideband filters [10][11]. Moreover, multiple mode resonators were also
introduced for designing wideband filters [12][13].

Each of the above resonators primaly operates at one frequency and is only
suitable for single passband filters applications. As for dual band filter designs using
above resonators, two sets of resonators with different resonant frequencies are

required, leading to complicated filter configurations [14][15].
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To solve this problem patch resonators was presented, they support different
resonant modes, in which the applied energy is split. Each mode resonates at a
particular frequency, where the lowest frequency is from the first mode, named
fundamental or dominant, and is defined by the characteristics of the resonator. For
frequencies higher than the fundamental mode one, there are other resonant modes,
which generate spurious bands in the filter response.

When the resonator has a regular geometry, two modes may have the same
resonance frequency, despite their different EM field patterns. These modes are called
degenerate modes and can occur at several frequencies in the same resonator. In patch
resonators, the fundamental modes are degenerate, one presenting an even and the

other an odd EM field pattern.

I1.4.1.2  Patch resonators

Patch resonators are of interest for the design of microstrip filters, in order to
increase the power-handling capability [16][17]. An associated advantage of
microstrip patch resonators is their lower conductor losses as compared with narrow
microstrip line resonators. Although patch resonators tend to have a stronger
radiation, they are normally enclosed in a metal housing for filter applications so that
the radiation loss can be minimized. Patch resonators usually are a larger size;
however, this would not be a problem for the application in which the power handling
or low loss has a higher priority. The size may not be an issue at all for the filters
operating at very high frequencies. Depending on the applications, patches may take
different shapes, such as circular in Figure I1.5g and triangular in Figure II.5h.

These microstrip patch resonators can be analyzed as waveguide cavities with
magnetic walls on the sides. The fields within the cavities can be expanded by the
TM ;0 modes, where z is perpendicular to the ground plane. For instance, the fields
for each of the cavity modes in a circular microstrip patch (disk) resonator may be

expressed in a cylindrical coordinate system (¢, r, z) [18] as:

E, = ApmJn (Kymr/a) cos(n®) (11.25)

_J (2% __Jrn .
T w_u(? aq)) B WurAnm]n(Knmr/ a) sin(n®) (11. 26)
Hy= L (22) = LKy e ¢ .27
Q)_W_ﬂ(aT)_W_HT nmd n (Knmr/a) cos(n®) (11.27)
E@ = Er = EZ =0 (1128)
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Where Ann is a reference amplitude, J;, is the Bessel function of the first kind of order

n, J'y is the derivative of J, and Ky, is the mth zero of J',. for m=1 the zeros are:

3.83171 n=20
1.84118 n=1
3.05424 n=2
4.20119 n=3

The resonant frequency of these modes are given by:

Kn =

KpmcC

- P [ (na)+17726] IL.29
fnmo—znae\/g for ae_a Ta n Zh . ( . )

Where a. is an effective radius that takes into account the fringing fields (a. = a for
h<« a) [19]. Thus, the lowest order or fundamental mode is the TM ;o mode.

A circular patch operating at this mode is a dual-mode resonator as well.
Another interesting mode is the TMo mode, which does not have current along the
edge. This mode has been used to design superconducting filters having higher

power-handling capability [20].

11.4.2 Planar filters

Planar filters are basically realized on two metal layers with a dielectric
substrate in between, as shown in Figure 11.6a. The main substrate characteristics that
determine the dimensions of the filter are the thickness A of the dielectric layer, its
dielectric constant or relative permittivity er, and the thickness ¢ of the metal layers.
Other parameters such as the dielectric loss tangent tan (J) and the metal conductivity
{ affect the filter performance, in terms of insertion loss.

Planar filters are typically fabricated on the top metal layer, as illustrated in
Figure I1.6b, and sometimes, metal vias are used to make a connection to the ground
plane. Some topologies have also electromagnetic band-gap structures (EBG) etched
in the ground plane to add a rejection characteristic to the filter response.

Note: Patch filters are fabricated in the same planar technology as the

microstrip filters, but employ, instead of strips, resonators.
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&
Metallic layers

(a) Dielectric layer (b)

Figure I1.6: (a) Planar filters substrate; (b) Example of a fabricated microstrip filter; (c)
Example of a fabricated patch filter.

Planar filters can be classified into the one-dimensional or the two-
dimensional filters, depending on the type of resonator used, as explained in the
following.

11.4.3 The one-dimensional planar bandpass filters

The one-dimensional planar filters are those with resonators based on
microstrip transmission line. The more conventional ones are the stepped impedance,
coupled lines by the edge or in parallel, hairpin, interdigital and combline. The
stepped impedance filters are mostly used in low-pass filters while the others are used

in the bandpass filters which will be briefly presented in the following sections.

11.4.3.1  End-Coupled Half-Wavelength Resonator Filters

The general configuration of an end-coupled microstrip bandpass filter is
illustrated in Figure I1.7, where each open-end microstrip resonator is approximately a
half guided wavelength long at the midband frequency £ of the bandpass filter. The
coupling from one resonator to the other is through the gap between the two adjacent

open ends and, hence, is capacitive [21].

gap1 gap2
s - -

Input Output

L1 L2 L3
Figure I1.7: Layout of a three-pole end-coupled microstrip bandpass filter.

11.4.3.2  Parallel-Coupled Half-Wavelength Resonator Filters

Figure I1.8 illustrates a general structure of parallel-coupled (or edge-coupled)
microstrip bandpass filters, which use half-wavelength line resonators. They are
positioned so that adjacent resonators are parallel to each other along one-half of their

length. This parallel arrangement gives relatively large coupling for a given spacing
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between resonators and, thus, this filter structure is particularly convenient for
constructing filters having a wider bandwidth as compared to the structure for the

end-coupled microstrip filters described in the last section.

-
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el ?
e2 1"{—3"'}
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"

Figure I1.8: Layout of four-pole parallel (edge)-coupled microstrip bandpass filter.

Output

I1.4.3.3  Hairpin-Line Bandpass Filters

Hairpin-line bandpass filters are compact structures. They may conceptually
be obtained by folding the resonators of parallel-coupled, half-wavelength resonator
filters, which are discussed in the previous section, into a “U” shape. This type of “U-
shape” resonator is the so-called hairpin resonator. Consequently, the same design
equations for the parallel-coupled, half-wavelength resonator filters may be used [22].

However, to fold the resonators, it is necessary to take into account the
reduction of the coupled-line lengths, which reduces the coupling between resonators.
If the two arms of each hairpin resonator are also closely spaced, they function as a

pair of coupled lines, which can also have an effect on the coupling.

[ e

Output

s 52

Figure I1.9: Layout of a five-pole hairpin filter.
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11.4.3.4  Interdigital Bandpass Filters

Figure I1.10 shows a type of interdigital bandpass filter commonly used for
microstrip implementation. The filter configuration, as shown, consists of an array of
n TEM-mode or quasi-TEM-mode transmission-line resonators, each of which has an
electrical length of 90° at the midband frequency and is short-circuited at one end and
open-circuited at the other end with alternative orientation. In general, the physical
dimensions of the line elements or the resonators can be different, as indicated by the
lengths /1, 12 ... In and the widths W1, W2 ... Wn. Coupling is achieved by the fields

fringing between adjacent resonators separated by spacing si,i+1 fori=1... n—1.

VT, Y G W 5
VW2 ‘ WL
T T

L1 L2 L3 L4 LS

Inpart Onurtput

LI

L | | T
s | |
Sq.2 o 3.4 Sa5

S2.3

Figure I1.10: Configuration of a five pole interdigital bandpass filter.

11.4.3.5  Combline Filters

As shown in Figure II.11, the combline bandpass filter is comprised of an
array of coupled resonators. The resonators consist of line elements 1 to n, which are
short-circuited at one end, with a lumped capacitance CLi loaded between the other
end of each resonator line element and ground. The input and output of filter are

through coupled-line elements 0 and n+ 1, which are not resonators.
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Figure I1.11: Layout of a five-pole microstrip interdigital bandpass filter.

11.4.3.6  Meander loop filters

Meander loop filters [22] are composed of ring resonators, whose perimeter is
increased by the inclusion of recesses in microstrip used, as shown in Figure 8.

This type of filter works as a resonator in a rectangular or circular ring with
elliptic response and is characterized by its small size. Because the current along the
resonator go a longer way than a ring would travel common, the frequency of the
resonator undergoes reduction and, consequently, the filter built occupies less area
than a ring resonator built with the same frequency filter resonance .

The concept of increasing the path through which current flows in a given
frequency is of particular importance and will be largely used for the development of

design methodology presented in this paper patch filters.

11.4.4 Two dimensional planar bandpass filters
11.4.4.1  Patch filters

The approach to the study of patch filters differs from the filters presented in
the previous sections. In the one dimensional planar filters, the study was based on the
characteristics of the transmission lines used as resonators and the coupling between
them.

The filter uses the conventional microstrip filter as part of the patch resonator

leaving only microstrip interfaces for the input and the output.
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The analysis of fields in these resonators in the form of geometries is essential
for understanding the functionality of patch filters.

The planar resonators can be treated as a cavity waveguide which upper and
lower layers are perfect electric walls, surrounded laterally by perfect magnetic walls
[23], [24], [25], as illustrated in Figure II.4a. Thus, it is considered that the EM fields
in the resonator are Transverse Magnetic perpendicular to the ground plane (TMZ)
whose z-axis formulation is well known and has been used for the analysis of the
fields.

Every so resonates at a particular frequency, in which there is minimal
attenuation. The first mode, called essential or dominant, resonates at a lower
frequency permitted by the characteristics of the resonator. Above this, there are other
resonant modes that generate spurious bands crossing the frequency response of the
filter.

There are cases where two modes have the same resonant frequency, although
their EM fields have different distributions. These modes are called degenerate and
are a major focus of this work, being widely used for determining characteristics of
dual-mode filters [26].

Particularly in TMZ mode, the entire magnetic field in the transverse plane is
not having magnetic component in the direction of propagation, only electrical
component. Thus, any analysis will be based on the distribution of the electric field on
the axis of propagation z (Ez).

As the resonator can support multiple resonant modes, the indices 'm', 'n' and
'p' are used to complete the description of the field distribution in each mode
(TM ) -

This work was developed based on patch resonators a circular geometry. This
resonator, besides the regular geometry, have well-defined symmetry axis and
therefore support degenerate resonant modes that are of interest to design dual-mode
filter.

The 3D planar EM simulator Momentum / Advanced Design System ( ADS )
[27], the Agilent Technologies, was used to generate the frequency response curves of

this resonator.
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11.4.4.2 Circular patch resonator

A circular patch resonator is illustrated in Figure I1.12, in polar coordinates.

Figure I1.12: Circular patch resonator with radius a.
The electric field distribution along this type of resonator is given by eq.
(I1.30) [28]. The field distribution is only related to the resonator physical dimensions
and the resonant mode indices p and q. The modal frequencies depend on those

indices and also on the substrate characteristics, calculated from eq. (I1.31) [29].

ap,qr) cos(pf) (I1. 30)

E, circle(a: 0) =A] (P: a

ay €
freq circle(p,q) = #ﬁ (I1.31)
Where:
J (p, r) is the Bessel function of first kind and order p;
ris the radial variation of the radius from 0 to a;
a is the radius of the circular resonator;
0 is the angular variation of the radius from 0 to 2.
p and g are the non-negative integer TMz, 40 mode indices in ¢ and r directions,
respectively, with g # 0;
o q is the g™ zero of the derivative of the Bessel function of first kind and order p;

roris the effective radius of the resonator:

For p=0[30]:

Ter =@ \/ 1+ (2h/mae,)[In(a/2h) + &2 + 1.7726 + (h/a)(0.268¢, + 1.65)](11. 32)

For p#0[31]:

rer = a1 + (2h/mae,)[In(m a/2h) + 1.7726] (11.33)
The frequency equation shows that the modal frequencies are directly related

to the values of oy 4. The lowest values are o ; = 3.832, a;; = 1.841, and ap; = 3.054,
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therefore the fundamental mode is TMz; 1, given by the lowest value a;;. The
degenerate modes are orthogonal to each other and can be calculated from (11.30) by
simply rotating 6 by 90°.

ILS. Coupling matrix

To design microwave filters a basic understanding of coupling and coupling
mechanisms is necessary. In this section, the coupling mechanisms in bandpass filters
are investigated.

Modeling the circuit in matrix form is particularly useful because matrix
operations can then be applied, such as inversion, similarity transformation, and
partitioning. Such operations simplify the synthesis, reconfiguration of the topology,
and performance simulation of complex circuits. Moreover the coupling matrix is able
to include some of the real-world properties of the elements of the filter [32].

Each element in the matrix can be identified uniquely with an element in the
finished microwave device. This enables us to account for the attributions of electrical
characteristics of each element, such as the Q, values for each resonator, different
dispersion characteristics for the various types of mainline coupling and cross-
coupling within the filter. This is difficult or impossible to achieve with a polynomial
representation of the filter's characteristics.

The synthesis optimization that considers the source/load-multimode
couplings results in a coupling matrix with N+2 rows and N+2 columns, where N is
the order of the filter. The first row denotes the source, the second row denotes the
first resonant mode, the third row denotes the second resonant mode..., up to the
penultimate row (N+1), which denotes the last resonant mode, and the last row (N+2),
which denotes the load. The columns are related to each filter part: source, resonant
modes, and load in an analogous manner [33]. For a third order filter (N=3), its

general coupling matrix M is shown in eq. (11.34):

=|Mys My My, Mz My | (I1. 34)

The matrix element placed across a row and a column represents the coupling
between the filter parts corresponding to the row and column. All the coupling

coefficients of the matrix are normalized, and thus, frequency-independent.
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From the coupling matrix, one can obtain the theoretical curves of the
reflection coefficient S, known as return loss (RL) and the transmission coefficient
S,1, known as insertion loss (IL) as a function of the frequency. For that, the filter
network is considered to be excited by a voltage source with internal impedance R;
and magnitude equal to unity, whereas the load terminal impedance is Ry. Using the
kirchoff’s voltage law, which states that the algebraic sum of the voltage drops around
any closed path in a network is zero, one can obtain the loop current equations

expressed in a matrix form and grouped in a vector [I] in eq. (I1.35) [34].

[—jR + w'W + M][I] = [A][I] = —j[e] (I1.35)
Where:
i=-1
[R] is a (N+2) X (N+2) matrix, in which only nonzero entries are R;; = R; and

Rnt2.n+2= Ry, both normalized to 1 (the reference is 50 Q);
[W] is a (N+2) X (N+2) identify matrix, with Wi; = Wasane = 0;

w' is the lowpass prototype normalized angular frequency given by eq. (I1.36):

w =22 (2 - 2) (IL.36)
Aw\w, w

Where:

W, 1s the center angular frequency of the filter;
Aw is the bandwidth of the filter;

[M] is the coupling matrix;

[e] is a (1 X N) vector that represents the filter stimulus, in which only nonzero entry

1S 611:1.
Finally, the scattering parameters curves are given by eq. (I1.37) and (I1.38) [33].
Sy1 = _zj[A_l]N+2,1 (H- 37)

511 = 1 + Zj[A_l]ll (II 38)
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I1.6. Coupling scheme

The couplings in a filter can also be expressed in a diagram form, called
coupling scheme. The coupling scheme is a diagram where all the filter parts are
represented as black nodes (resonant modes) and white nodes (source/load), and the
coupling between them, as full- or dotted-lines symbolizing a direct coupling or an
admittance inverter. One possible coupling scheme considering all couplings for the

example of a 3rd-order filter is shown in Figure (I1.13).

Figure I1.13: coupling scheme of a 3 order filter considering all possible couplings. Source

and load are represented by white circles and resonators represented by black circles.

The maximum number of possible transmission zeroes (TZ) of a filter with
source/load-multimode couplings is given by the existent path from the source to
load. It can be determined by the order of the filter (N) minus the number of resonant
modes of the shortest path between source and load. TZ = N means that there is a

coupling between source and load and thus, Mg, # 0.

In multimode patch filters, an interpretation of the coupling scheme is
necessary as the resonant modes are distributed along the same patch resonator and
their equivalent electrical circuits are not obvious. Then, it is important to use
powerful tools, such as 3D EM simulators in order to identify the field patterns of
interest and better understand their couplings. Concerning configurable filters, a

specific synthesis technique has not been carried out yet.
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I1.7. Conclusion

There is a very extensive literature on the microwave network theory
addressing both the theoretical as well as practical aspects. It explains fundamental
concepts of microwave circuits such as waveguides, impedance matching, S
parameters, filters and the design of microwave filters.

In this chapter, we gave an introduction to microwave network theory that
forms the foundation for design of general RF/microwave filters.

An introduction to the planar technology used to design the proposed patch
filter was explained, it consists of the one dimensional planar filters and the two
dimensional planar filters with some examples.

We finished with some necessary equations for calculating the coupling

matrix and provide the coupling scheme that models the filter behavior.
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Chapter 111

Results and Discussion

III.1. Introduction

This work aims to develop a tunable triple-mode bandpass patch filters using a
circular resonator. To make the filters more compact, one of the effective ways is to
modify the traditional resonator to generate additional modes, causing the resonator to
have multiple resonant frequencies, thus one resonator in physical can be treated as
multiple resonators in electrical.

Through the form, place and dimensions of the used slots, we can control the
center frequency and the filter's bandwidth, as well as get good rejection of the second

harmonic band.

The tunable patch filters are designed and simulated with the 3D EM software
ADS (Advanced Design System) which is an electronic design automation software
utilized to design RF/microwave modules, integrated MMICs for communications and
aerospace/defense applications.

The substrate used to design the chosen geometries is Rogers RO3010 with a
relative permittivity ¢, = 10.2 and thickness A= 0.635mm.

II1.2.  Analysis of the circular resonator

Initially we simulate a circular resonator of 8. Imm radius weakly coupled to
the input and output line, these lines have a characteristic impedance of 50 Q which
results a thickness of 0.59 mm. The layout used in the simulation of the resonator can

be seen in Figure I1L.1.

43



Chapter II1 Results and discussion

Input

Output

Figure I11.1: Layout of the circular patch filter.

After the S-parameters simulation of this resonator we can distinguish the degenerate

mode TMz;o (fi= 3.38 GHz) and the second resonant mode TMz;y (f,=5.714 GHz) as can be

seen in figure I11.2.
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Figure I11.2: Circular patch filter frequency response.
IIL.3. The circular patch filter (first structure)

When inserting slots inclined at 45 ° in the circular resonator it is possible to
disrupt each of the degenerate modes and the second resonant mode, to change their

frequencies as can be seen in Figure I11.3.
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Output

Figure I11.3: Layout of the circular patch filter with four radial slots.
I1.3.1 Influence of the dimensions of the slots on the frequency response

When analyzing the influence of each group of slots, A-A' and B-B' in the
frequency response of the resonator, initial simulations showed that the most
important influence on the response of the resonator was mainly caused by the length
of the slots. Thus, the simulations started to be realized with slots of 1.1 mm wide,

which resulted in a better return loss in the initial simulations of the circular patch.

A series of simulations was done using the layouts shown in Figures III.1 and

II1.3, varying the length of the slots and keeping its width constant.
I11.3.1.1 Influence of the lengths A and A'

Figure 111.4 shows the layout of the patch filter with only two slots AA’ in
order to study the influence of the variation of these slots on the frequency response of

the filter.
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Figure I11.4: layout of the patch filter with only two slots named A-A".

Figure IIL.5 shows the S-parameters simulation results when the lengths A and

A' vary while the width of the slots is kept constant.
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Figure IIL.5: The frequency of the three modes in relation with the length of the slots
A-A'. (a): Insertion loss, (b): Return loss.

These figures show the behavior of the resonant frequencies depending on the
length of the slots. In these figures, fj is the frequency of the dominant mode TMz; -
I, f; is the frequency of the dominant mode TMz,( - Il and f; is the frequency of the

second resonant mode, TMz,o (from the lower to the higher frequency).

Figure II1.5 shows that f; does not change with the length of the slots A-A '

whereas f] and f; decrease with increasing the slots.
I11.3.1.2  Influence of the lengths B and B'

Figure I11.6 shows the layout of the patch filter with only two slots BB’ in
order to study the influence of the variation of these slots on the frequency response of

the filter.
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Output

Figure I11.6: Layout of the filter with two slots named B-B'".

Figure I11.7 shows the S-parameters simulation results when the lengths B and

B' vary while the width of the structure is kept constant.
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Figure I11.7: The frequency of the three modes in relation with the length of the slots
B-B'. (a): Insertion loss, (b): Return loss.

The variation of the length of the slots B-B' is shown in Figure II1.6, say that f;

and f3 decreases while f, is minimally altered.

From the previous study concerns the influence of lengths of the slots AA' and
BB' on the response of the filter, one can choose the right dimensions of the slots

which have the butter performances and the most close to the wanted frequency.

I1.3.2 Design and analysis of the 3 poles filter

Analyses and simulations of the modified circular patch resonator were
applied to the bandpass patch filter design. The approximate dimensions of the slots
were selected so that the three modes resonate around 2.4 GHz. Slots AA' have the
same length, and so as for B and B'. However, the length of the pair A-A' differs
slightly from the length of the pair B-B' determining the separation of the degenerate
modes with respect to the input and output lines of the filter. Which are connected

directly to the resonator through a line with a characteristic impedance of 50Q.
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Output
Figure I11.8: Layout of the initial circular patch filter (dimensions in mm).

The final dimensions of the filter are presented in this table:

Parameters dimensions [mm]
r (radius) 8.1
L1(AA") 5.8
L2(BB") 6.6
W 1.1

Table II1.1: Dimensions of the filter.
The simulated frequency response of the triple-mode patch filter is shown in Figure

I11.9.
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Figure I11.9: Simulated frequency response of the unloaded triple-mode circular

patch filter.

One clearly observes that the filter has a center frequency f, of 2.46 GHz, a
bandwidth of 26% with f=2.15 GHz to {=2.8 GHz and three mode frequencies
situated at f;=2.3 GHz, f,= 2.45 GHz and 3=2.65 GHz. Moreover, the filter has an
insertion loss of -0.6 dB and a return loss better than -15.7 dB. The filter has a total

size of 18.2x18.2 mm?

I11.3.3 Tuning analysis
In order to verify how a patch filter behaves when capacitively loaded, the

proposed patch filter is analyzed with capacitances across its slots as can be seen in
figure II1.10.
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Figure I11.10: Patch filter capacitively loaded.

The four capacitances were kept equal in order to simplify the study. At a

specific capacitance (Cs), the modes superimpose destructively at the resonant

frequency highly increasing the insertion loss.

o

S:(dB)
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Figure I11.11: Response of the circular patch filter capacitively loaded. (a): Insertion loss,
(b): Return loss.

By further increasing the capacitances, the insertion loss decreases to its initial
value up to a capacitance (Cp,y) in which the RL becomes worse than 12 dB due to

the mismatch of the resonator impedance.
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Figure II1.12: Return loss of the filter with the modes frequencies.

The patch filter could be tuned by manually changing the capacitors. The
capacitance varies from zero to 1.8 pF resulting in 28 % of center frequency tuning
range, varying from 2.46 GHz to 1.86 GHz. At the same time, the filter’s passband
decreased from 26 % to 9 % for the same range of capacitances. These results are

presented in Figures I11.12 and II1.13.
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Figure II1.13: Insertion loss of the filter with FBW-3dB.

When the capacitances are greater than 1.8 pF, the passband characteristic is

deformed. The results are presented in the following table:

Values of capacitors (pF)

Center frequency (GHz)

No capacitors

0.3

2.36

0.5

0.7

1

1.5

1.92

1.8

FBW (%)

25.4

17

10

Table II1.2: results of the patch filter loaded with four equal capacitors.

111.3.4

Varactor tuning

In order to obtain an electronically tuning, the filter was then analyzed

considering the varactor diode model mentioned in the second chapter (the diode

SMV1430 from Skyworks).

In order to clarify the study, the capacitance in each slot will be referenced as

Ca, Cp, Cc and Cp, respectively, as illustrated in Figure I11.16 and the frequency of

the resonant modes TMz; ;o odd, TMz, ;o even, and TMz, ;o will respectively be

referred as £, 5, and £.
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Qutput

Figure I11.14: layout of the circular patch filter loaded with four varactors.

111.3.4.1 The effect of C4 and C¢:

C4 and Cc have the same effect on the response of the filter, due to its
symmetry. If these two capacitances are changed separately, the filter cannot be
matched and the return loss is not acceptable. Therefore, the analysis was carried out

with the influence of equal capacitances C4 and C¢, which vary together.

Su(dB)
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Figure I11.15: simulated frequency response (varying C, and Cc). (a): Insertion loss,
(b): Return loss.

Figure I11.15 shows the simulated frequency responses when varying both Cy
and Cc. From the increase of these two capacitances, one can perceive two different
effects in the mode frequencies: the decrease of £ approximating it to fj, and the
decrease of £.

Note that a very small capacitance already brings £ so close to £ that it is not
possible to distinguish each other anymore.

In conclusion, the main effect of increasing C4 and C¢ is to reduce both £ and £.

I11.3.4.2 The effect of Cg:
Figure II1.16 shows the influence of the variation of the capacitor Cg on the modes

frequencies.
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S1u(dB)

15 2.0 25 30
freq. GHz
Figure I11.16: Simulated frequency response (varying Cg).

A different behavior can be seen when varying Cp. The increase of this
capacitance lowers both fi and £ at the same time, while slightly increasing 5.
Simulations showed that Cp has a stronger effect on £ than on f£;, reducing f; more
than f. In conclusion, the main effect of increasing Cp is to reduce both f; and £, and

slightly increase 5.

I11.3.4.3 The effect of Cp:

Figures III.17 and III18 shows the influence of the variation of the capacitor Cp

versus the frequency response.

1.5 20 25 30
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Figure I11.17: Simulated frequency response (varying Cp). (a): Return loss, (b): Insertion

loss.

Cp affects the filter response in another way. The analysis of the effect of Cp
is much more complex because this capacitance affects several couplings at the same
time. Initially, by increasing Cp, £; and £; decrease, and £ remains unchanged.

In conclusion, the effect of increasing Cp is to reduce both £ and 13, while

keeping £ unchanged.

111.3.4.4  The effect of the four combined varactors

The study carried out in the above sub-sections has shown that when using the
capacitances across the four slots, allowing this patch filter to be reconfigured by
varactor diodes in terms of its center frequency, bandwidth, and rejection. The
rejection is changed by bringing a transmission zero close to the upper side of the
passband. Particularly for the susceptances, they all increased with the increase of
each individual capacitance, and thus, the result of increasing all capacitances
together is obviously a simultaneous decrease in the frequency of the three resonant

modes.
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Figure II1.18: simulated frequency response varying all the combined varactors.

(a): Insertion loss, (b): Return loss.
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Figure I11.19: frequency response with the different modes frequencies.

Simulations with equal capacitances at the four slots showed that both
frequency and bandwidth decrease at the same time when increasing all the
capacitances. Furthermore, the simulations with equal capacitances at the four slots in
figure II1.19, showed that a transmission zero is brought to the upper side of the
passband. The center frequency of the tunable patch filter with varactor diodes could
be tuned up to 2 GHz. The unloaded quality factor Qu of this filter was calculated
from eq. (II1.1):

4.343 Z L1

Here, N = 3 thus, the 3rd order Butterworth elements of a low-pass prototype
filter were considered: gl = g3 =1 and g2 = 2. At the initial frequency without tuning
element (fc = 2.46 GHz and bandwidth = 28 %), the filter Qu equals 103. When the
filter was tuned to the maximum frequency of the Tuning range (fc = 2 GHz and
bandwidth = 12 %), Qu equals 41. The center frequency of the filer has a tuning range
of 21% and a bandwidth tuning of 80%.

The tuning results of the first circular patch filter are resumed in the following

table:
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Values of capacitors Bias voltage (V) Center frequency FBW (%)
Cj (pF) (GHz)
No capacitors
0.3 30 232 23
0.39
0.48 9 2.25 18.6
0.58
0.7 3 2.19 13.6
0.8
1 1 2.11 12.4
1.2

Table I11.3: results of the patch filter loaded with four equal varactors.

111.4. The circular patch filter (second structure)

This structure is presented for the first time; it is a circular resonator with two
pairs of rectangular slots positioned orthogonally as to disrupt the modes to change

their frequencies as can be seen in Figure I11.23.

Figure II1.20: Layout of the circular patch filter with four slots.
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111.4.1 Influence of the slots on the frequency response
A series of simulations was done using the layouts shown in II1.20, varying

the length of the slots and keeping its width constant.

I11.4.1.1 Influence of the length L1 (vertical slots)

IEx

u

L Dutput

Figure I11.21: Layout of the filter with two vertical slots.

When studying the influence of the length L, the simulation results showed
that by increasing the length L; the bandwidth slightly increases as can be seen in
figure I11.22.
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Figure I11.22: The frequency of the three modes in relation with the length of the
slots L1. (a): Insertion loss, (b): Return loss.

Also, the increase of the length of the vertical slots results in a decrease in the
frequencies f; and f3 while f, is minimally altered with a decrease in the return loss up
to >20 dB.
111.4.1.2  Influence of the length L2 (horizontal slots)

Input Dutput

Figure I11.23: Layout of the filter with two horizontal slots.
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When studying the influence of the length L,, the simulation shows that by
increasing the length L, the bandwidth slightly decreases as can be seen in figure

111.24.
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Figure 111.24: Layout of the patch filter with horizontal slots.
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Also, as the influence of L, the increase of the length of the vertical slots (L;)

results in a decrease in the frequencies f3 and f, while f; slightly decrease.

111.4.2 Design and analysis of the 3 poles filter

Analyses and simulations of the new circular patch resonator were applied to
the bandpass patch filter design. The approximate dimensions of the slots were
selected so that the three modes resonate around 2 GHz. Vertical slots have the same
length, and so as for horizontal slots. However, the length of the horizontal pair
differs slightly from the length of the vertical pair determining the separation of the
degenerate modes with respect to the input and output lines of the filter. Which are
connected directly to the resonator through a line with a characteristic impedance of

50Q.

L1

=

2 K 2

L1

Input Output

Figure I11.25: Layout of the circular patch filter (dimensions in mm).

The final dimensions of the filter are presented in this table:

Parameters dimensions [mm]
r (radius) 8.1
L1 7.8
L2 7.5
w 0.5

Table II1.4: dimensions of the filter.
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The band pass filter's response is shown in Figure II1.26. The filter has a
center frequency of f.= 2.04 GHz, a bandwidth of 26% with f=1.81 GHz to {=2.3
GHz, the three mode frequencies localized at f;=1.95 GHz, f,= 2 GHz and £3=2.16
GHz, an insertion loss of -1 dB and a return loss better than -20.38 dB. This filter has

a total size of 18.2x18.2 mm°.
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Figure I11.26: Simulated frequency response of the unloaded triple-mode circular.

111.4.3 Tuning analysis

In order to verify how a patch filter behaves when capacitively loaded, the

proposed patch filter was analyzed with capacitances across its slots.
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Figure I11.27: Patch filter capacitively loaded.
The four capacitances were kept equal in order to simplify the study. At a

specific capacitance (Cs), the modes superimpose destructively at the resonant

YY' o)

frequency highly increasing the insertion loss.

S11{dB)

freq, GHz

Figure I11.28: Response of the circular patch filter capacitively loaded.
By further increasing the capacitances, the insertion loss decreases to its initial

value up to a capacitance (Cpyy) in which the RL becomes worse than 12 dB due to

the mismatch of the resonator impedance.
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Figure II1.29: Return loss of the filter with the modes frequencies.

The patch filter could be tuned by varying the capacitors. The capacitance
variation from zero to 2.5 pF resulted in 27 % of center frequency tuning range,
varying from 2.04 GHz to 1.55 GHz. At the same time, the filter’s passband decreased
from 26 % to 11 % for the same range of capacitances. These results are presented in

Figures III.15 and III.16.
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10 15 20 25 0 35 40
freq. GHz
Figure II1.30: Insertion loss of the filter with FBW-3dB.

When the capacitances are greater than 2.5 pF, the passband characteristic is

deformed. The results are presented in table II1.5:

Values of capacitors Center frequency (GHz) FBW (%)
(pF)
No capacitors
0.3 1.95 22.4
0.5
0.7 1.81 18
1
1.5 1.68 12.6
1.8
2 1.6 11.2
2.5

Table II1.5: Results of the patch filter loaded with four equal capacitors.

111.4.4 Varactor tuning
The filter was analyzed considering the same varactor diode used in the first
structure. In order to clarify the study, the capacitance in each slot will be respectively

referenced as Cy, Cp, Ccand Cp as illustrated in Figure I11.31.
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g Outpuit

Figure II1.31: Layout of the circular patch filter loaded with four varactors.

111.4.4.1 The effect of vertical slots:
Cs and C¢ have the same effect on the response of the filter, due to its
symmetry. Therefore, the analysis was carried out with the influence of equal

capacitances C4 and C¢ which vary at the same time.
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1.0 1.5 2.0 25 3.0
freq, GHz

(b)
Figure I11.33: Simulated frequency response by varying C, and Cc vertical slots. (a):

Insertion loss, (b): Return loss.

Figure 111.33 shows the simulated frequency responses when varying both Cy
and Cc. From the increase of these two capacitances, one can perceive two different
effects in the mode frequencies: the increase of £ approximating it to £, and the
decrease of f; and £3.

In conclusion, the main effect in increasing C4 and C¢ is to reduce both £ and £.

111.4.4.2  The effect of horizontal slots:
Figure I11.34 shows the effect of the variation of Cg and Cp on the frequency response

of the filter.
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Figure I11.34: Simulated frequency response by varying Cg and Cp. (a): Insertion

loss, (b): Return loss.

A different behavior can be seen when changing Cg and Cp. The increase of

this capacitance decreases both £ and £ at the same time, while slightly increasing f;.
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111.4.4.3 The effect of the four combined varactors

The study carried out in the above sub-sections has shown that when using the
capacitances across the four slots, allowing this patch filter to be reconfigured by
varactor diodes in terms of its center frequency, bandwidth, and rejection.

The rejection is changed by bringing a transmission zero close to the upper
side of the passband. Particularly for the susceptances, they all increased with the
increase of each individual capacitance, and thus increasing all capacitances together

results a simultaneous decrease in the three resonant modes frequency.
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(b)
Figure I11.35: Simulated frequency response when varying all the combined varactors.

(a): Insertion loss, (b): Return loss.
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The patch filter could be tuned by varying the capacitors. The capacitance
variation is from zero to 1.2 pF results in 28 % of center frequency tuning range,
which varies from 2.02 GHz to 1.54 GHz. At the same time, the filter’s passband
decreased from 26 % to 13 % for the same range of capacitances. These results are
presented in Figures I11.34 and I11.35.

Simulations with equal capacitances at the four slots show that both frequency
and bandwidth decrease at the same time when increasing all the capacitances.

The center frequency of the tunable patch filter with varactor diodes could be
tuned up to 2 GHz. The unloaded quality factor Qu of this filter was calculated.

At the initial frequency without tuning element (fc = 2.02 GHz and
bandwidth = 26 %), the filter Qu equals 74. When the filter was tuned to the
maximum frequency of the Tuning range (fc = 1.54 GHz and bandwidth = 13 %), Qu
equals 44.5. The center frequency of the filer has a tuning range of 27% and a
bandwidth tuning of 67%.

Values of capacitors Voltage Center frequency FBW (%)
Cj (pF) (GHz)

No capacitors - 2.02 26
0.3 30 1.94 22
0.39 15 1.92 21
0.48 9 1.9 19

0.58 5 1.83 17.7
0.7 3 1.8 17

0.8 2 1.75 15.6

1 1 1.62 14.2
1.2 0 1.54 13

Table II1.6: Results of the patch filter loaded with four equal varactors.

LS. Comparison between the two structures

The tunable circular patch filters designed in this chapter used a single bias
voltage. Because of that, its tuning characteristic was a simultaneously fc and

bandwidth tuning, without independent control.
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Why the second structure is better than the first one?
First of all from figure II1.36, we can see that the return loss in the new

structure is better than the first one (RL;=-15 and RL,=-20).
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Figure I11.36: Simulated S}, of the two circular patch filters.
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Secondly and from figure I11.37 the bandwidth of the filter is narrower
(BW = 28% and BW,= 25.7%), for the insertion loss its better in the first structure
(IL;= -0.6 and IL,= -0.9). We notice also a sharper cut off frequency in the right side
of 821 .
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Figure II1.37: Simulated S;; of the two circular patch filters.
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Figure I11.38: Simulated frequency response of the two circular patch filters.
(a): the second filter's response, (b): the first filter's response.
HL5.1 Tuning range
When the filter was tuned to the minimum frequency of the tuning range
fc; = 2.36 GHz and bandwidth = 25%, fc, = 1.96 GHz and bandwidth = 24 %. When
the filter was tuned to the maximum frequency of the tuning range fc; = 2 GHz and

bandwidth = 12 %, fc2 = 1.54 GHz and bandwidth = 13%.
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Figure I11.39: Minimum frequency of the tuning range of the two circular patch filters.

(a): Return loss, (b): Insertion loss.
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Figure I11.40: Maximum frequency of the tuning range of the two circular patch filters. (a):

Return loss, (b): Insertion loss.

Considering the bandwidth tuning range, the first filter achieved a high range

of 80% and considering the center frequency, the filter achieved a very good tuning

range of 21%. The second filter achieved a bandwidth tuning range of 67% and a

center frequency tuning range of 28%.
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This table compares the designed tunable patch filters of this work and the

tunable filters presented in the literature:

Ref Topology
1
2 open loop
3
4 ring and
stub
5
6 meander
loo
7
8 combline
9
10 CPW ring
11
12 square
patch
13
This circular
work patchl
This
work

tuning
element

VO,
switch

PIN diode

varactor
diode

BST
varactor

BST
varactor

PIN diode

GaAs

varactor
diode

DC bias

20V 1.68
100 V 11.7
35V 1.8
10V 8.9
30V 2

ILl'l'lﬂX
(dB)

1.35

10

2.5

3.7

35

Tunability

5.4%

20%

41%

20%

10%

10%

21%

Table II1.7: Comparison between the designed tunable filters of this work and those
presented in the literature.
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I11.6. Conclusion

In this work, we have studied and designed two tunable patch filters using
varactor diodes electronically controlled by a DC bias voltage. The designed filters
are based on a circular patch resonator.

The first filter is a triple modes bandpass filter using a circular patch filter with
four slots inclined at 45°. This filter was designed at 2.4 GHz using a single voltage
for biasing all the varactors and its center frequency was tuned simultaneously with
the bandwidth, reaching so 21% of center frequency tuning and 80% of bandwidth
tuning.

The second filter is also a triple mode bandpass filter using the same circular
patch with changing the position and the dimensions of the slots. This circular patch
was modified with two pairs of slots perpendicular to each other. However, this filter
was designed at 2 GHz. The center frequency was also tuned simultaneously with the
bandwidth, reaching respectively higher tuning ranges of 28% and 67%.

The final part of this chapter was a comparison between the two designed
tunable bandpass patch filters. It is important to note that the proposed tunable
bandpass patch filter represents a good improvement not only on the structure but also
on the filter characteristics. Indeed, this filter is centered at f = 2.02 GHz with a
bandwidth of 26% which is equivalent to 260 MHz, it has an insertion loss of -0.9 and
return loss over 20 dB. Moreover, the frequency tuning range is 28% from 2.04 GHz

to 1.54 GHz while the bandwidth tuning range reached 67%.
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Conclusion

Conclusion

In this work, we have proposed two structures of tunable patch filters based on
a circular patch resonator.

The first designed filter is a triple modes bandpass filter that uses a circular
patch filter with four slots inclined at 45°. The second filter has the same structure as
the first but the position and the dimensions of slots have been changed in order that

the two pairs of slots are perpendicular to each other.

The circuit was simulated in a copper box with air above and below it. The
thickness of copper cladding was set as 17 pum. The circuit was simulated by the full
wave EM simulation ADS. The modeling circuit of the GaAs varactor was simulated

using the Advanced Design System (ADS).

The frequency responses of patch resonators and filters were simulated using
the tool 3D planar Momentum / ADS, which allows the analysis circuit planar with
arbitrary topologies. Thus, one can see that the 3D planar EM simulator, Momentum /
ADS, used in the design of resonators and filters, proved to be an efficient tool having

good compromise between processing time and accuracy.

The important part of this work is a comparison between the two proposed
tunable bandpass patch filters. Indeed, the second proposed tunable bandpass patch
filter represents a good improvement not only on the structure but also on the filter
characteristics. Simulation shows that it is possible to continuously tune the center
frequency of the patch filter from 1.54 GHz to 2.02 GHz in a bias range from 0V to
30 V. Within this range, the bandwidth of this filter varies from 26% to 13 %, which
leads to a bandwidth tuning range of 67%. All results show insertion loss lower than 3

dB.

Concluding this dissertation, the main objectives were achieved, a new
structure have been presented in the filter microwave bandpass resonators using
planar patch with the development of miniaturized filters having low loss and good

power.
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