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Title

Etude de filtres RF planaires miniatures. Amélioration de la réjection hors-bande
et accordabilité.

Abstract

The purpose of this work was to develop RF bandpass filters in PCB technology,
with three main objectives. The first objective was to develop synthesis formulas to
simplify the design procedure of the filter. The second was to achieve wide
out-of-band rejection without modifying the in-band filtering characteristics. The
third objective was to control the center frequency of the filter by using varactor
diode.

The bandpass filter topology treated in this thesis is based on Stub-Loaded
Resonators (SLR). The main features of this filter topology were treated. Equivalent
circuits based on J-inverters and susceptance parameters were derived. Based on
these equivalent circuits, synthesis formulas were developed. Simulations were
presented to validate the synthesis theory. For a proof-of-concept, third order
stripline bandpass filters were designed and fabricated based on this synthesis.
Analysis technique using odd- and even- mode was achieved on the SLR. Thus
resonance odd- and even-mode conditions were derived. These conditions aim to
easily control the first spurious frequency. Moreover, to go further in improving the
out-of-band rejection a new technique, called “U corner structure”, was developed
and design rules were derived. Based on these design rules an extended out-of-band
rejection was achieved without any modification in the passband and by maintaining
the compactness of the filter. A first spurious frequency was localized at up to nine
times the working frequency in the case of the Parallel-coupled Stub-Loaded
resonator (PC-SLR) filter. Also, by applying this technique into the classical
parallel-coupled filter the first and second spurious frequencies were rejected. To
address the issue of tunable filters, the SLRs were correctly loaded by variable
capacitors (varactor diode). The center frequency of the PC-SLR filter was easily
controlled by maintaining a large out-of-band rejection.

Key words: Planar bandpass filter, stripline technology, microstrip technology,
classical parallel-coupled line filters, J-inverter, odd- and even-modes, U corner,
miniaturization, out-of-band rejection, tunable filter.
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Introduction

Communications in the field of radio frequency (RF), which covers a frequency
range from several hundred MHz to a few GHz, have grown rapidly in recent years,
stimulated in particular by the world-wide growth in digital mobile communication
in the late 80s. In the last few years, great innovation has araised in the mobile
features, from a device which only receives and makes calls to a device supporting
many services due to the emergence of Wifi, GPS, and Bluetooth standards. These
services require wide range of data rates and bandwidth over several frequency
bands in the RF spectrum, leading to the point of data saturation. Besides, in many
fields, from space, defense, security, to medical applications, RF systems are
required. Thus efforts are carried out in order to improve compactness and to
minimize the costs and power consumption of components and systems. Among
these components, filters are the ones of the most concerned. They permit the
transmission of wanted signal and prevent or attenuate the unwanted ones. Thus, it
is essential to develop and provide filters based on miniature resonators, with simple
design theory and wide out-of-band rejection by pushing parasitic harmonics to as
higher frequency as possible. In addition, the issue of multiple standards can be
addressed by the achievement of tunability feature. Thus, various tunable resonator

configurations have recently attracted the interest of researchers.

The purpose of the thesis work was focused on the development of planar filters
in PCB technology, with three main objectives appropriate to the context described

above:

e The development of design rules to simplify the optimization procedure
(chapter 2),
e The design and the exploration of new methods and techniques to

improve the out-of-band rejection, without the need of a hard work of
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modeling, to support a high performance when interference is present
(chapter 3),
e The development of tunable filters to address the issue of multiple

standards (chapter 4).

Thus, my thesis work is based on developing a bandpass filter topology. This
topology is based on Stub-Loaded Resonators. These resonators reduce the footprint
of conventional parallel-coupled bandpass filters. Also, they are efficient in
improving the filter response namely the out-of-band rejection. Moreover, they prove

an ability to be easily tuned in terms of center frequency.

The first chapter describes the main features of filters with a particular interest on
bandpass filters. It introduces basic characteristics of planar technologies, which are
useful to design passive planar filters. It highlights too compact filter topologies, the

main techniques for miniaturization and for spurious suppressions.

In the second chapter, the principle of the Stub-Loaded Resonator (SLR) is given.
Design equations of parallel-coupled bandpass filter based on these resonators are
derived. The miniaturization rules are also listed. This resonator exhibits an
interesting characteristic in term of compactness. These theoretical results are

verified through simulated and measured data.

In the third chapter, in order to highlight the great interest of the SLR, a detailed
even- and odd-mode study is described. The goal of this study is to show the
flexibility of this resonator topology in the harmonic suppression. It is capable of
controlling the first spurious frequency. By carefully choosing the SLR electrical
parameters, significant improvement in the out-of-band rejection can be obtained
and thus frequency symmetry response can be easily achieved compared to the
classical parallel-coupled topology. Moreover, a multispurious suppression can be

achieved by incorporating an innovative feeding network called “U corner”. The

14
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out-of-band can be highly extended to more than nine times the working frequency

while maintaining reasonable filter dimension.

The last chapter describes and analyses the capacitively loaded SLR. By using
varactor diode as a variable capacitance, the center frequency of the SLR can be

tuned by keeping the first spurious frequency unaltered.

15
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Chapter 1. Filter Basics

I.1. Introduction

Filters are indispensable devices in the field of telecommunication. Filters are
used for the rejection of unwanted signal frequencies, permitting the transmission of
wanted ones, and for separating frequencies or in summing signals having different

frequencies in duplexers or multiplexers [1].

With the development of multi-service wireless communication systems, filters
must satisfy a number of specific criteria, namely compactness since most mobile
platforms have a limited space for required filters, sharp and wide out-of-band

rejection by generating transmission zeros or attenuation poles, and tunability.

This chapter introduces the main features of filters; a particular attention is
dedicated to bandpass filters where basic concepts and theories that form the
foundation for design of bandpass filters are presented. This is followed by a
description of different filter technologies. Finally, the main techniques for
miniaturization and to obtain wide out-of-band rejection of microstrip bandpass
filters are briefly discussed. Tunable filter configurations will be detailed in

Chapter IV.

1.2.  Principle and synthesis of bandpass filter

1.2.1. Signal filtering

Filters are often used in electronic systems to emphasize signals in certain
frequency ranges and reject signals in other frequency ranges [1]. Filters can be
separated in five categories: low-pass, high-pass, band-pass, band-stop, and all-pass

or phase shift filter.
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A low-pass filter allows signal frequencies below the low-cut off frequency (this
is the frequency that define the limits of the filter range, it is the desirable cut-off
frequency of the filter) to pass and attenuates frequencies above the cut-off
frequency. It is commonly used to reduce environmental noise and provide a
smoother signal. The opposite of the low-pass filter is the high-pass filter, which
attenuates signals below cutoff frequency; this filter can be used as blocking DC from
circuitry sensitive to non-zero voltage or RF devices. It can also be used in
conjunction with a low-pass filter, to obtain a band-pass filter that allows signals in a
specific band of frequencies to pass, while signals at all other frequencies are
attenuated. The band-stop filter is the opposite of the band-pass filter. The all-pass
or phase-shift filter has no effect on the amplitude of the signal in the whole
frequency range; its function is to change the phase of the signal without affecting its

amplitude. In this thesis, only bandpass filter will be considered.

Since filters are defined by their frequency domain effects on signals, the most
useful analytical and graphical descriptions of filters also fall into the frequency
domain. Thus, curves of gain vs frequency and phase vs frequency are commonly
used to illustrate filter characteristics, and the most widely used mathematical tools

are based on the frequency domain.

To understand the bandpass filter theory, it is necessary to briefly study transfer

functions.

1.2.2. Transfer function

Microwave filter synthesis began with the image impedance parameter method
and was useful for low frequency filters [2]. A more modern procedure for designing
tilters which allows a high degree of control over the passband and stopband
amplitude and phase characteristics is the insertion loss method [2]. Filters can be

classified into four categories distinguished from each other by terms of locations of
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transmission zeros and poles of their transfer functions. Namely, Butterworth,
Chebyshev, Elliptic and Bessel filter. The Butterworth filter has no ripple in the
passband and because of this it is called a maximally flat filter. The Chebyshev filter
has a deeper attenuation beyond the cut-off frequency than the same order
Butterworth filter, at the expense of ripple in its passband. The Elliptic function
response allows obtaining transmission zeros close to the passband in order to
increase the rejection slope; thus this filter has a steeper attenuation beyond the
cut-off frequency than the Chebyshev filter, such filter is complex in practical
realization. The linear phase response concerns the Bessel filter whose transfer
function is derived from a Bessel polynomial and Gaussian filter, whose transfer

function is derived from a Gaussian function, have a poor selectivity.

In this thesis, only bandpass filter based on Chebyshev prototype filter are

considered.

Chebyshev bandpass filter

The Chebychev filtering function can be synthesized by a low pass network
composed of capacitive and inductive elements, whose elements values are
normalized to make the source resistance or conductance equal to one (as seen in

Figure I-1).

g2 In

go§ 91 93 _— §9n+1

Figure I-1. Low pass prototype filter.

Knowing the elements values of the lowpass prototype filter shown in Figure I-1,

the next step is to look for the corresponding bandpass filter design, which can be
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obtained directly from the prototype by a lowpass to bandpass transformation

(Figure I-2) [1].

LZ CZ Ln Cn
A I I __________ ~ A I |
go§ o — L Co—— L = Gna
1 1 3 3 (

Figure I-2. Practical bandpass filter based on the lowpass to bandpass transformation.

1.2.3. ] and K inverters

The filter structure in Figure I-2 consists of series resonators alternating with
shunt resonators, an arrangement which is difficult to achieve in practical microwave
structure when implementing filter with a particular type of transmission line. In
microwave filter it is much more practical to use a structure which approximates the
circuit containing only resonators of the same type based on “impedance and

admittance inverters” as shown in Figure I-3.

A load impedance (or admittance) connected at one end is seen as an impedance
(or admittance) that has been inverted with respect to the characteristic impedance
(or admittance) squared at the input [1], [2]. Thus, a series LC resonator (or shunt LC
resonator) with an inverter on each side looks like a shunt LC resonator (a series LC

resonator) from its external terminals.

Ly Cy L, C; Ly, Cn
_NV\_‘ }> _rW\_‘ }» ________ _rm_‘

90§ fos fz T In+1

Figure I-3. Passband filter based onimpedance inverter.
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Impedances inverter of characteristic impedance k and admittance inverters of
characterictic admittance Jcan be constructed by using a quarter-wave transformer of

electrical length of (£90°). These inverters are defined as two port passive circuits by

0 +j-k
Lri 0 ] (1)
k
l 0 Y '7] (I-2)
+j-] 0

1.3.  Planar Filter

Modern systems require high performed filters with very low losses, small size,
sharp cut-off, and high rejection at the stopband. Thus, different resonators and
techniques have been introduced for RF and microwave filters to achieve different

tilters with these performances using planar transmission lines.

Planar transmission lines are composed of a solid dielectric substrate having one
or two layers of metallization, with the signal and ground currents flowing on

separate conductors.

Planar transmission lines used in microwave frequencies can be broadly divided
into two categories: those that can support a TEM (or Quasi-TEM) mode of
propagation, and those that cannot. For TEM (or Quasi-TEM) modes the
determination of characteristic impedance and phase velocity of single and coupled

lines reduces to finding the capacitances associated with the structure.
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1.3.1. Technologies

The most widely used transmission lines are microstrip line, coplanar waveguide

(CPW), and stripline.

a) Microstrip line

Microstrip line (Figure I-4) is a transmission line which consists of a conducting
strip separated from a ground plane by a dielectric layer. The dielectric constant
varies between 2 to 10 times that of free space, with the penalty that the existence of
two different dielectric constants (below and above the strip) introduces a variability
of propagation velocity with frequency that causes some complications in microstrip
analysis and design [6], [14]. Thus a concept of effective dielectric constant was
introduced, which is expected to be greater than the dielectric constant of air and less
than that of the dielectric substrate. In addition, the substrate discontinuity causes its
dominant mode to be hybrid (Quasi TEM). Figure I-4 shows the general structure of
a microstrip line. The main advantages of microstrip line are that it is a suitable
technique for MICs (Microwave Integrated Circuit), and the radiation that it provides
can be used for antenna design. The main disadvantage of this type of transmission
lines is that via holes are necessary in the case of shunt connection, inducing a
complex modelling of these vias. The characteristic impedance of the microstrip line
is depending on the width of the guided wave line, substrate thickness, and the

effective dielectric constant of the substrate [3].
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w Conducting
AJ
/ / H
/4 Z \

— Electrical field

---- Magnetic field

Ground Plane Dielectric substrate (g,)

Figure I-4. Structure of a microstrip line [3].

b) Coplanar waveguide
Coplanar waveguide (CPW) is basically a single strip located between two
ground planes on the same side of the substrate, see Figure I-5. This type of
transmission line can be easily integrated with the MIC's. Furthermore shunt
connections can be easily realized without the need of via holes. In addition it is less
sensitive to the substrate thickness that in the case of microstrip. Both ground planes

must be at the same potential to avoid the asymmetric propagation mode.

Conducting strip

=7
VY YAV

— Electrical field

---- Magnetic field

\ / Dielectric substrate (&)

Ground Plane

Figure I-5. Structure of coplanar waveguide transmission line.
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c) Stripline

Stripline is essentially a flat metal transmission line between two ground planes,

with the ground planes separated by a dielectric substrate material. The metal

transmission line is embedded in a homogeneous and isotropic dielectric, thus the

phase velocity and the characteristic impedance remain constant with frequency. The

width of the transmission line, the thickness of the substrate, and the relative

dielectric constant of the substrate material determine the characteristic impedance of

the transmission line. Difficulties with stripline include ground planes that must be

shorted together, requiring electrical via connections between the two metal ground

planes. Stripline second ground plane also results in a narrower transmission line

widths, for a given substrate thickness and characteristic impedance, than for

microstrip.

Conducting strip

/
/.

d) Conclusion

Ground Plane

— Electrical field

---- Magnetic field

Dielectric substrate (&)

Figure I-6. Structure of a stripline technology.

As previously mentioned, transmission lines in stripline technology are

embedded in a homogeneous medium. Thus, the phase velocity for coupled

transmission lines of both even- and odd- modes are the same, on the contrary for a
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microstrip coupled lines. Thus, the stripline technology is more convenient to
validate synthesis formulas for a new filter topology. Hence, the stripline will be
considered herein to validate the Parallel-Coupled Stub-Loaded-Resonator (PC-SLR)
bandpass filter (as will detailed in Chapter II). However, the design procedure of a
stripline topology is more difficult and expensive to fabricate than microstrip.

Consequently, microstrip and CPW topologies remain more used than stripline one.

1.3.2. Topologies

Different planar resonators have been introduced for RF and microwave
bandpass filters to achieve filters with high performance (low losses, small size,
sharp cut-off, and high out-of-band rejection). The main used resonators are

described below.

a) Half wavelength resonator

It basically consists of transmission line section having a length of half
wavelength at the corresponding center frequency. Early filters based on these
resonators are end-coupled and parallel-coupled bandpass filters [4] (as illustrated in
Figure I-7). Their design equations have been well documented [1]-[6]. The parallel
arrangement (Figure 1-7(b)) gives compact size (the length of the filter is reduced
approximately by half), compared to the end-coupled bandpass. Also it gives
relatively large coupling for a given spacing between resonators, thus this filter
structure is particularly more convenient for constructing wider bandwidth than the

end-coupled filter.
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Figure I-7. Schematic circuit of (a) the end-coupled , and (b) the parallel-coupled bandpass
filters.

The Hairpin bandpass filters also known as U-shape [7],[8] and open-loop [9]-[10]
bandpass filters are also based on half wavelength resonators. They are obtained by
folding the resonators of the parallel-coupled filter, thus the same design equations
can be used. Open-loop resonators have great advantages in reducing filter size.
They have different coupling nature depending on the coupling sides [3] which can
be used to obtain transmission zeros in the out-of-band rejection. If the two arms of
each hairpin resonator are closely spaced, they function as a pair of coupled line

themselves, which can have an effect on the coupling as well.

26



Filter Basics

Figure I-8.Hairpin bandpass filter.

When designing in microstrip, these half wavelength resonator filters suffer from
the spurious response at twice the passband working frequency. This causes

response asymmetry in the upper stopband and could greatly limit its applications.

b) Quarter wavelength resonator

Interdigital filters (Figure I-9) consists of parallel-coupled quarter-wavelength
resonators which are short-circuited at one end and open-circuited at the other end.
Interdigital microstrip filters have the first spurious frequency at three times the
working frequency, thus they present a large out-of-band rejection as compared to
the parallel-coupled and end-coupled microstrip bandpass filters. Coupling between
interdigital lines is strong thus gap between resonators can be large, making
interdigital filters simpler to fabricate for wide bandwidth applications, with small

filter dimension [11].

Theory and design procedure for interdigital bandpass filters depends on the
configuration of the feeding ports. Thus the design equations for filters with
coupled-line Input/Output (I/O) (Figure I-9 (a)) can be found in [12]. Based on [13],
design equations for the type of interdigital bandpass filter with tapped-line I/O

(Figure I-9 (b)) are presented.
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5 o

(a) (b)

Figure I-9. Layout of interdigital bandpass filter using (a) coupled-line and (b)
tapped-line, Input/Output.

Combline bandpass filters consist of array of parallel resonators which are
short-circuited at one end with a loading capacitor at the other end [3]. These filters
are very compact since the length of the resonators is shorter than ’1/ 4 due to the
loading capacitor.. The first spurious of a combline filter is located at more than three

times the working frequency.

I.4. Miniaturization  techniques in  planar

technology

Filters based on parallel-coupled microstrip line structure have been widely used
in the RF front end of microwave and wireless communication systems for decades.
One of the most common filter topologies is based on half wavelength resonators
with quarter wavelength coupled line sections (as seen in Figure I-7 (b)). Good
repetition and easy design are attractive features of this filter topology. However,
since the conventional bandpass filters are relatively bulky, large efforts were

invested in the miniaturization of these types of filters.

Many methods for the miniaturization of planar filters have been proposed and

they are summarized in four categories. The first is based on the use of high dielectric
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constant substrate. The second proposed a lumped element approach. The third is
based on the use of meandered transmission lines. Finally, the fourth category deals

with the use of slow-wave transmission lines.

1.4.1. High dielectric constant substrate

Dielectric constant, is an index representing the degree to which substrate can store
electric charge. The higher the value is, the more electric charge can be stored. Thus,
the dielectric constant of the substrate can determine the size of a circuit. Indeed, this
technique produces a reduction of the wave propagation velocity on the transmission
line and the consequent reduction of the wavelength for a given frequency (I-3). Thus

the slow-wave effect can be evaluated.

__c _z2m, :
WS T g f 1-3)

where f is the propagation constant, f is the working frequency, c is the
velocity of light in vacuum and &,y is the relative effective permittivity.

This technique has proved its effectiveness in miniaturization of bandpass filters
as demonstrated for example in [15]-[18]. In [15] seven-pole stripline end-coupled
bandpass filters were fabricated using a high dielectric constant substrate. This
substrate is composed of Zirconium-tin-titanium oxid [(ZnSn)TiO4] (dielectric
constante, = 38, dielectric loss tangent tand = 10™*). These bandpass filters were
designed with a 140-MHz bandwidth at 3 dB, and center frequencies of 6.04 GHz and
8.28 GHz with an insertion loss of 6.6 dB. In [16], two miniaturized hairpin 5%
bandwidth bandpass filters were fabricated on two very high dielectric constant
substrates: the first one being composed of barium and strontium titanates (dielectric
constante, = 80, dielectric loss tangenttand = 10~*, substrate thickness h = 2 mm)
and the second one composed of niobium-niodinum titanate (dielectric constant
& =90, substrate thickness h=1mm). A high reduction gain was obtained.

Nevertheless, difficulties were highlighted about the realization of 50-()
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transmission-line characteristic impedance on these substrates due to the high
dielectric constant value. Indeed, the characteristic impedance Z, of a transmission
line (in microstrip, stripline, or CPW technology...) is inversely proportional to the
relative permittivity. Thus, a high dielectric constant substrate leads to low line

widths. This is the main drawback of using this technique.

1.4.2. Lumped element approach

Using lumped elements (fabricated entirely using printed circuit or thin film
technologies) is another approach to filter miniaturization [3]. This technique allows
high out-of-band rejection. Lumped inductors can be designed as spiral or meander
transmission lines and capacitors consist of interdigital or MIM
(Metal-Insulator-Metal) structures [3]. These elements have the advantage of small
size, and low cost. However, it is very difficult to realize a truly lumped element and
thus parasitic effects must be considered inducing spurious appearing in the out-out-
band. For example, the shunt parasitic capacitance to the ground may affect the

performance of the inductor.

1.4.3. Meandered transmission lines

The distributed approach considering meandered transmission lines can be used
[19]-[20]. For example, in [19], a dual-mode microstrip bandpass filter was fabricated
based on a meander loop resonator. This dual-mode meander loop achieves more
than 50% size reduction against ring, square patch and disk resonators. In [20], a
CPW bandpass filter was miniaturized to half of its initial size using this technique.

However, this technique needs an important work to model parasitic couplings.

1.4.4. Slow-wave transmission lines

From transmission line theory, the propagation constant and phase velocity of a

lossless transmission line are given respectively by f = w - VLC and v, = \/%_c’ where L
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and C are the inductance and capacitance per unit length along the transmission line.
Thus, slow-wave propagation can be accomplished by effectively increasing the L
and C values. One way to do this consists in introducing periodic variations along
the direction of propagation. Slow-wave resonators are generally realized by loading
basic transmission lines by inductances and/or capacitances. These elements affect
the transmission line parameter and thus reduce the phase velocity of the
periodically loaded transmission line. In microstrip, these elements can be added to
the conducting strip (series inductance or parallel capacitance) [21]-[25] or by drilling
holes in the substrate or by etching patterns in microstrip ground plane. These
patterned structures are sometimes referred to as defected ground structures or

slotted ground structure [26], [27].

L.5.  Out-of-band rejection techniques

As previously mentioned the parallel-coupled bandpass filter topology is
commonly used due to its ease of synthesis method, and low cost. This type of filters
can be implemented by using a variety of technologies. Stripline, coplanar
waveguide (CPW) and microstrip are typical examples. In the original paper by S. B.
Cohn [4] the filter is implemented in stripline technology. In stripline technology as
previously mentioned, the dielectric medium between conductors is homogeneous.
In this case, the propagating even and odd modes of the coupled transmission lines

have identical phase velocity. Spurious frequencies appear at odd harmonics

3 fo,5fo ---)

However, when designed in microstrip technology, this filter presents spurious
frequencies at multiples of the working frequency (2-fy,3" fo,4" fo,...). These
spurious peaks appear in the out-of-band rejection at even harmonics (2 - fy, 4 - fo, ... )
due to the inequality of even- and odd- mode phase velocities [28]. This leads to a

poor out-of-band rejection.
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Consequently, different techniques have been proposed to improve the
out-of-band rejection of this filter topology. However, the first spurious at 2 - f; is the
most concerned since it degrades the passband symmetry and blocks the capacity to
extend the out-of-band rejection. In order to eliminate this even harmonic, many
techniques are useful. Much effort has been made to equalize the phase velocities of
even and odd modes by differentiating their traveling routes [29]-[32]. For example,
the structures in [29], and [30] use capacitors to extend the traveling path of the odd
mode. In [28], an over-coupled resonator is proposed to extend phase length for the
odd mode to compensate difference in the phase velocities. In [31] the sinusoidal
modulation of the coupled-lines strip widths and in [32] the corrugated coupled
microstrip lines are used to extend odd-mode path. However, most of these
approaches need an important work of modeling. Design techniques use the stepped
impedance resonators (SIRs) [33], where the first spurious frequency can be rejected

to higher frequencies by a convenient choice of the impedance ratio parameter.

Recently, multispurious suppression has been an important research topic. The
over-coupled stage in [34] is an extension of [28]. Varying the coupling length of
coupled-lines can tune zeros at spurious harmonics. Measured data present a first
spurious at 5 - fy for out-of-band rejection better than 30 dB in the out-of-band. The
wiggly-line in [35] is a significant extension of [31] and allows obtaining a rejection

bandwidth up to five times the operating frequency. In [36], stages of A/ 4'1/6 and

/1/8 are tuned to cancel the spurious at 2 - fy, 3 - fy and 4 - f;, respectively. In [37], SIRs

are used to mutltispurious suppression. Bandpass filters with stopband up to

4.4 fy,6.5 " fo and 8.3 - f are presented.

I.. Conclusion

In this thesis, the distributed compact filter topology based on parallel-coupled

stub-loaded resonators (PC-SLRs) is introduced. One of the main features of the
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Stub-Loaded Resonators (SLRs) is the capability of reducing resonator surface area.
Thanks to a careful study of the spurious frequencies, a large rejection bandwidth
extending to three times the working frequency can be achieved. The high rejection
bandwidth has been further improved thanks to an efficient optimization of the feed
lines by using a “U-corner” topology. Without modifying the in-band filtering
characteristics, the rejection bandwidth can be enlarged to more than nine times the
working frequency. This out-of-band improvement is achieved without
deterioration of the filter surface area by only adjusting the U-corner structure. A
detailed design methodology is described. Another key advantage is the tunability.
Both theory and experiments prove the easy control of the center-frequency tuning

range by the convenient choice of the SLR parameters.
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Chapter I1. Compact Stub-Loaded Parallel-
Coupled Bandpass Filter: Synthesis and

Miniaturization Rules

I1.1. Introduction

Recently, with the rapid growth of wireless communication systems, the
miniaturization and performance improvement of wireless communication
components have become increasingly necessary to enhance system performance and
to reduce fabrication cost. In particular, the miniaturization of planar transmission
line filters inspired a great deal of interest due to their advantage as a planar circuit

due to their simplicity in fabrication, as well as their low cost.

In order to obtain compact RF and microwave filters based on planar
technologies, several miniaturization approaches exist. Miniaturized of planar filter
can be achieved by using high dielectric constant substrates [1]-[4], this technique
yields acceptable miniaturization ratios however, only low characteristic impedances
and large gaps can be achieved. Thus meeting drastic templates could become very
difficult. Another miniaturization approach can be obtained by using slow wave
transmission lines to reduce the phase velocity and then the guided wavelength [5],
[6]. Also, the distributed approach considering meandered and folded transmission
lines can be used [7]-[9], but at the expense of an important work to model parasitic

couplings.

In this chapter, a distributed but compact filter topology is presented, based on
parallel-coupled open-ended transmission lines loaded by short-circuited stubs. A
background theory of such resonators is presented, describes the principle of the
Stub-Loaded Resonator (SLR), with a careful comparison between measurement and

simulation results for the determination of the resonant frequency. This is followed
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by a discussion on the miniaturization rules of the (SLR) describing how to improve
the compactness of the filter. A comparison between the electrical length of the SLR
and that of classical half open-ended and quarter-wavelength resonators is then
carried out. Next, the complete synthesis method of such bandpass filter, built in an
inhomogeneous medium, with arbitrary coupled line lengths, is developed. This
chapter also deals with the problems of parallel-coupled lines’ filters, when they are
built in inhomogeneous medium (such as microstrip) due to the difference of mode

velocities.

I1.2. Parallel-Coupled Stub-Loaded Resonator bandpass

filter structure

Cascading parallel-coupled line sections give rise to bandpass filter structure. The
conventional n stage parallel-coupled bandpass filter based on half-wavelength
resonators, has been widely used in many microwave and millimeter wave systems.
This type of filter is popular since it has a planar structure, good repeatability, and a
simple synthesis procedure [10]-[12]. The required physical size of conventional
microstrip bandpass filters is a limitation to circuit miniaturization. The PC-SLR
(Parallel-Coupled Stub-Loaded Resonator) bandpass filter, subject of our study, is
proposed to solve this disadvantage. Advantages of this filter are its compactness
(more than 50 % size reduction can be achieved as compared to the conventional

bandpass filter), and a large upper out-of-band rejection [13], [14].

The basic configuration of an n-stage PC-SLR bandpass filter is based on
open-ended transmission lines loaded from their middle by a short-circuited stub as
shown in Figure II-1. The SLR is effective in realizing compact bandpass filter. This
resonator behaves like short-circuited quarter wavelength resonator, allowing a

reduction of the longitudinal filter dimension since the coupled lines are smaller than
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quarter wavelength. The resonance characteristics of the PC-SLR bandpass filter

structure have been studied both theoretically and experimentally.

ZOen,n+1
ZOon,n+1

@

[

Y,

/

Short-circuited
stub

Figure II-1. Parallel-Coupled Stub-Loaded Resonator Bandpass filter.

I1.3. Theoretical study of the stub-loaded resonator

The theoretical study of the SLR, based on computing its input admittance Yin,
allows a detailed study of its fundamental resonance frequency and determines the

miniaturization rules of this resonator structure.

11.3.1. Topology of the SLR

Figure II-2 presents the topology of the proposed SLR resonator. It consists of an
open-ended elementary transmission line of electrical length 2-6,. (“oc” for
open-circuit), and characteristic impedance Z,. , loaded at its center by a
short-circuited stub of electrical length 6. (“sc” for open circuit) and characteristic

impedance Z.
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Figure 1I-2. Schematic view of an elementary SLR.

11.3.2.  Fundamental resonance frequency of the SLR

This section discusses the condition of fundamental resonance frequency of the
symmetrical SLR. Let us define f; as the fundamental resonance frequency of the
SLR. The expression of this resonance frequency is derived from the input
admittanceY;,,. Simplifications on the expression of f, are proposed in order to
propose a simple expression for the study of the stub-loaded resonators. These

simplifications are then validated theoretically by simulations and measurements.

a) Fundamental resonance condition
The resonator structure to be considered here is shown in Figure II-3 (a). The
input admittance Y, 0f the SLR resonator from the open-ended transmission line can
be calculated by considering ABCD matrix operations. We consider ideal lossless

transmission lines as a first approximation.

The ABCD matrix of each transmission line (stub and open-ended transmission

line) is given in (IL.1):

A B COS(Hoc’sc) jZOC,SC Sin(BOC,SC)
[C Dl ]M Cos(eoc,sc)

ZOC,SC

(IL.1)
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By considering the short-circuited condition of the stub (V'=0) and the open-
ended condition of the elementary open-ended transmission line (I =0) (Figure II-3

(a)), their input admittances Y;;, ;. and Y;;, ,. are hence given by:

1

Yinse = 3z tanter) -2
Vinoe = 1022000 (TL.3)
0

(a) (b)
Figure II-3. (a), (b) Equivalent circuits for derivation of the input admittance Yin.

The output admittance Y,,,; in Figure II-3 (b) can be expressed from (II.2) and (II.3)
by:

Your =J - (Yoo - tan(B,.) — Yy - cot(0s.)) (IL.4)
where Y, and Y. are the characteristic admittance of the open-ended transmission

line and the short-circuited stub, respectively.

Using the expression of Y,,,; and based on the equivalent circuit in Figure II-3 (b),

the input admittance is then expressed by:

Y. 2-tan(f,c) ‘tan(65.)—Rz
9¢  tan(6yc)(Rz—tan(fyc)- tan(Bsc))+tan(Bsc)

Yin=]J (IL5)

Zoc . . e :
where R; = 2 is defined as the characteristic impedance ratio.
N

The resonance condition can be easily obtained for Y;;, = 0 and it can be expressed

as:
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R; = 2-tan(6,.) - tan(b,,) (IL.6)
From this condition it is obvious that the resonance condition of SLR is
determined by electrical transmission lengths (8,,,08s.) and impedance ratio, while in
the case of a classical half wavelength open-ended resonator, the resonance condition
is only determined by the electrical length of the transmission line. This gives to the
PC-SLR filter an extra degree of freedom as compared to a classical parallel-coupled

bandpass filter.

b) Stub-loaded resonator behavior, based on an approximated
expression of the fundamental resonance frequency

This section aims to derive a simple equation in order to study the behavior of a

single SLR. In order to simplify the resonance condition in (II.6), considering small

electrical lengths since we are interested in miniature transmission lines (where non-

quarter wavelength are used) and by using “Taylor series” approximation the

fundamental resonance frequency can be derived from (I1.6) and can be estimated as

1 Rz

fo=5- (IL7)

T 2.+ 2.Kse.Koc

where K. and K, are the phase delays of short and open-ended transmission lines,

respectively. They are expressed as:

Ki = \/€refr i- % , with i=sc or oc (IL.8)
where &.¢5f s, Ereff oc and g, Ly are the relative effective permittivities and physical
lengths of the short-circuited stub and the open-ended elementary transmission line,

respectively.

From (IL.7), it is obvious that fy is inversely proportional to the short-circuited stub
length l;. and the open-ended transmission line length [,.. As for SIRs [15], the

particularity of this SLR is the dependence R; ratio on f,. The smaller the R, ratio,
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the smaller the resonant frequency is. Hence, by considering a small characteristic

impedance ratio a compact filter is achieved.

¢) Validation: simulated third order PC-SLR bandpass filter
In order to verify the resonance condition given by equation (I.7), an unloaded
resonator was designed with Agilent ADS™ on a RT5880 substrate (relative
permittivity &, =2.2; dielectric loss tangent tg é =0.0009; dielectric thickness

h =787 um; copper thickness t =17 um).

For this resonator, the characteristic impedances Z;. and Z,. equal 118.6 O and
50.7 Q), respectively, leading to a characteristic impedance R; ratio of 0.4. The
microstrip widths are 0.4 mm and 2.3 mm, leading to effective relative permittivities
Ereffsc=1.7 and &5 o =1.9, respectively. The physical lengths were fixed to
19.8 mm and 10.9 mm, to obtain a resonance frequency equal to 1 GHz. Inductance of
0.53 nH and series resistance of 0.1 Q) were added to the ADS via hole model in the
simulated SLR circuit. These values of inductance and series resistance correspond
to values carefully estimated by comparison of several circuits incorporating via

holes in order to well-take the via parasitic into account.

Figure II-4 shows the photograph of the unloaded SLR. In order to measure the
resonance frequency, the resonator was slightly coupled to near and far end feeding
transmission lines. Let us notice that the physical length of the open-ended
transmission line (2. [,.) equals 21.8 mm, corresponding to 0.1 4, (Where 4, is the
guided wavelength of the open-ended transmission line), leading to a resonator

length more than four times smaller than a typical half-wavelength resonator.

Figure II-5 shows the comparison between the measured and simulated
parameters of the slightly coupled SLR. Measurement results show a resonant
frequency lower by 5 MHz from the simulation prediction (0.5 %), thus providing the

validity of the approximated frequency expression.

46



Compact Stub-Loaded Parallel-Coupled Bandpass Filter: Synthesis and, Miniaturization rules
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Figure II-4. Photograph of the slightly coupled SLR.
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Figure II-5. Measured (blue solid line) and simulated (red dashed line) transmission
parameter for a slightly coupled SLR.

I11.3.3. Miniaturization rules of the SLR

This section defines the miniaturization rules for the SLR, based on the
fundamental resonance condition presented in the previous section. First, the
miniaturization of the open-ended resonators was considered, i.e. the longitudinal

dimension. Next the total SLR electrical length was considered.

a) Optimum longitudinal dimension

The relationship between 8, and ;. is derived from (IL.6) as:

Boc = atan (——Z—) (IL.9)

2.tan(fsc)
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Figure II-6 shows the electrical length 2.6, versus the electrical length 6. at the

resonant frequencyf,, for different R; values varying from 0.2 to 6.

Conventional A/2 Conventional A/4
.7 resonator resonator'

180

120

2.0 (°)

65(‘ (0)

Figure 11-6. The electrical length of the open-ended transmission line 2. Goc versus the
electrical length of the short circuited stub 6 at fo.

It is obvious from Figure II-6 that to obtain small longitudinal electrical lengths of
the SLR, given by 26,., and thus of the filter, it is necessary to consider a long
short-circuited stub (a folded stub could be realized to obtain compact transversal
filter dimensions). However, in this case, it is evident that small relative bandwidths
will be achieved since small coupling sections 6, are considered. The smaller Ry, the
smaller 8,. and 6s., at the resonance frequency f,. For example, a compact
longitudinal SLR of 60° open-ended electrical length transmission line corresponding
to one-third of a classical half-wavelength resonator, can be obtained by considering
each of the following cases: (R; = 0.2, 85 = 9.8°), (R; = 0.4, 6, = 19.1°), (R; = 4,

0, = 73.1°) ...

b) Optimum total SLR electrical length
The overall length of the SLR can be defined as:

Or = Osc + 20,
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0p = 0, + 2 atan( Rz ) (IL10)

2tan(6sc)

Figure II-7 presents the plot of the total electrical length of the SLR (6r) versus the
electrical length of the short circuited stub electrical length 6,., for different R,
values.

Conventional A/2
resonator

| Conventional A/4
resonator

0 30 60 20

0(°)

Figure II-7. Total electrical length of the stub-loaded resonator (6r) versus s at fo
compared to the electrical length of conventional half and quarter wavelength resonators.

We notice that &r reaches its minimum values for R; <1 and maximum value for
Rz > 1. Thus, a great reduction can be achieved by considering small characteristic
impedance ratios. Let us notice that decreasing the characteristic impedance ratio
leads to a small width of the short-circuited stub. At IMEP-LAHC the smallest width
size that can be made in our technology is around 0.25 mm. The dashed cyan straight
line traced at Figure II-7 gives the minimum electrical lengths of the SLR. R; = 0.2
leads to a minimum 49° total electrical length, which is approximately the half of a

classical quarter-wavelength resonator.

¢) Optimization of the PC-SLR topology
Based on the above analysis a compact filter in term of longitudinal dimension

can be achieved by choosing a long short-circuited stub. From Figure II-6, the
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proposed PC-SLR bandpass filter can be 50 % smaller as compared to the classical

parallel-coupled bandpass filter.

If the total electrical length is considered, the choice of a good compromise
between 6. and 6,.can lead to a total electrical length twice shorter as compared to a
conventional quarter-wavelength resonator, as shown in Figure II-7, for R, = 0.2 and

0. ~ 25°.

In this work, we were interested in achieving high PC-SLR surface
miniaturization. Thus, our PC-SLR filters were designed using small R; and 67
values, with the constraint of achievable short-circuited stub width and realizable
gap size of the parallel-coupled sections, depending on the employed substrate and

the targeted relative bandwidth.

I1.4. Synthesis method of the PC-SLR bandpass filter in

a homogeneous technology

This section describes a synthesis method for the parallel-coupled filters based on
stub-loaded resonators. By considering J-inverters, synthesis formulas are derivated
for TEM transmission lines (such as stripline). For these TEM transmission lines, odd
and even characteristic impedances and electrical lengths of each coupled-line
section can be well determined analytically. Simulations are presented to validate the
theory for three relative bandwidths 4, 6 and 8 %. For a proof-of-concept a third
order stripline bandpass filter was designed with passband ripple of 0.01 dB and
relative bandwidth of 4.5 %. Theory, simulations and measurements are in good

agreement and thus validate the theory.
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I11.4.1.  Design procedure

a) Parallel Coupled Section
As previously described the electrical length of the open-ended resonator 6, is
not limited to n/2 for SLR. This is the main difference compared to conventional
coupled-line filters. It justifies the development of a new synthesis procedure.
Paralell-coupled lines of electrical length 6,., applied to a homogeneous technology,
and their equivalent circuit using J-inverter as described in [16]-[18] are recalled in
Figure II-8. The electrical parameters of this circuit are expressed by even- and odd-

mode impedances (Zy,, Zy,), and electrical coupling 6,..

Q- -90°

(a) (b)
Figure II-8. (a) Parallel-Coupled line and (b) Equivalent circuit using J-inverter.
The ABCD matrix of this parallel-coupled line [ABCD]. (‘cc’ for coupled-line circuit)

(Figure II-8 (a)) derived from the [Z] matrix is given by [16]:

Zoe+Z, . (Zoe—Z00)%—(Zoe+Zoo)?.c0s2(6,¢)
0e 00 COS(HOC) ] 0e 00 0e 00 ocC

_ 1%0e—200 2(Zpe—Zgo)-5in(Boc)
[ABCD].. = . 2.5in(8p¢) Zoe+Zoo (IL.11)
e =222 cos(6,.)
Zoe—Zoo Zoe—Zpo

In the case of homogeneous technology, the electrical even- and odd- mode
electrical lengths are equal since the phase velocities for both modes are equal. From
studies in [17]-[18], the coupled circuit in Figure II-8 (a) should behave in the same
way as an equivalent circuit consisting of two single transmission lines of electrical
length 6,, and characteristic impedance Z,, with an admittance inverter (Figure II-8).

The ABCD parameters of the admittance inverter are obtained by considering it as a
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quarter-wavelength transmission line of characteristic impedance 7 Let us notice,

that for a fixed narrowband filter, the inverter may be regarded as a frequency-
independent element [11]. Using the ABCD matrices of each elements in
Figure II-8 (b), the cascaded ABCD matrix of the equivalent circuit, [ABCD]ec (‘ec’ for

equivalent parallel-coupled circuit) is given by:

(].ZOC + i) .sin(8,.) .cos(8,.) j. (].ch. sin?(0,,) — %.cosz(é)oc))
[ABCD],. = ( 1
j.

2
“oc

sin?(6,.) — J. 6052(906)> (].ZOC + ﬁ) .sin(B,,) . cos(B,,)

(I.12)
Equating the [ABCD].. and [ABCD]e. matrices of (I.11) and (II.12), we obtain:

ZoetZpo 1 .

—Zze—ZZo cos(8,c) = (].ZOC + JTOC) .5in(B,c) . cos(6,.) (I1.13)

(Zoe=Z00)*—(Zoe+Zpo)?*.c05%(0oc) _ U Zz SinZ(H ) _1 COSZ(H )) (II 14)
2(Zoe=Z00)-s1n(6c) - VT oty o¢ '

2.5in(6o¢) 1 .

Z?:—ZOO = JzZ2." sin® (Hoc) —J. 6052(900) (1115)

The odd- and even- mode characteristic impedances, derived from the above

equations are given by [17]-[18]:

1+Zgc.J.cosec(8oc)+(Zoc.J)?
1=(Zoc.J)?cot?(0yc)

Zoo = Zo. (I1.16)

1—Zoc.J.c05ec(8oc)+(Zoc-J)?
1-(ZocJ)2cot?(8c)

Zoo = Zoc (I1.17)

b) Equivalent circuits and slope parameters
This section presents equivalent circuits for the PC-SLR filter to develop further
the design procedure. We consider an n* order PC-SLR filter as shown in Figure II-1.
The equivalent J-inverter circuit is shown in Figure II-9 (a). Figure II-9 (b) and (c)
show the equivalent circuit of the first section expressed by the admittance Y, of the
input port and the admittance Y looking to the Jy; inverter. Figure II-9 (d) represents

the PC-SLR equivalent circuit based on susceptances B; and B,,.
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J12 Jnn+1 Y,

QOC
%l v, | Jo1

HOC HOC HOC

------ <28 L208s
Yo é Jo1

—
Ao s | Jou| |By |Bi
L

| 1 T T I
L |

(d)
Figure 11-9. (a) Equivalent J-inverter circuit of the PC-SLR filter. (b), (c) Equivalent
circuits of the first section. (d) Equivalent circuit based on susceptance parameters for
derivation of [-inverter equations.
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The admittance Y, shown in Figure II-9 (b), based on a ABCD matrix analysis can

be expressed as:

_ JYoctan(Byc)+Yo

47 44 j-mn(eoc)-yy—‘fc (IL18)
The admittance Yj is given by:
2
YB = ]0_1
Y,
Using (I1.18), it can be derived:
J& J& -(3%)
Yp = Y = % " -tan(6,.) (I.19)
1+(YLOC) tan2(8o¢) oc 1+(YLOC) ‘tan?(6y¢)
Yo 1+tanZ(8oc)
The susceptance B, in Figure II-9 (c) can be expressed from (I1.19) by:
Yoc)?
2 1-|——=
By =2t — EYO) - tan(6,.) (I1.20)
oc 1+(YLOC) ‘tan?(6,c)
Let us define A as:
Yoc)? 2
1+(=2) .tan®(6y¢)
A=Y, 52 (I1.21)

1+tan2(0yc)
The parameter B; shown in Figure II-9 (c) expresses the susceptance parameter of

the resonator drawn in Figure II-10.

Figure 1I-10. Equivalent circuit for derivation of the susceptance parameter equation Bi.
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B; can be obtained from the input admittance Yi, (IL.5) as:

B; = Imag(Yin)

By . 2-tan(Byc)tan(8sc)—Rz
L™ 70C tan(Bsc)+tan(B,c) (Rz—tan(fse) tan(B,c))

(I1.22)

The slope parameters of B; and B, can be expressed as (I.23) and (IL.24),

respectively:

wo dBl

b; = (11.23)

2 dw|w=wo

(16 - 85c(1 — cos?(8sc)) + 8 Ry * c05%(8,c) (Bsc + Boc * Rz c05%(B5c)) — 4+ 6o * Ry + sin(2 - By.) - sin(2 - 6,,.))
16 - cos?(6,.) - cos*(8,.)(cos(2 - 0,,) - tan(B,) - sec?(8,.) + R, - tan(6,.))?

b; = Yo,

ﬂ& — ]021'90C (YOZ_YOZC tan(eoc)z) 2 _y2
2 do  2Ycc05(850)% (Y +YE tan(6,0)?) (Y5 = Yoc) (I1.24)

bb=

c¢) Filter design
According to the targeted center frequency (fy) relative bandwidth (w) and
ripple, the filter order and element values (g;) can be determined after specifying the

filter response (Chebyshev , Butterwoth, ...).

The synthesis starts by choosing R; and 6, for the elementary SLR. Next, the
value of f;. can be calculated from (I1.6). The admittance inverter parameters J; ;,q

can be calculated based on Figure II-9 (d) as follows:

Yo.Aw.(bj+bp)
Jor = Junsy = [elusbe) (I1.25)
091

By using (11.24), Jo; can be written as follows:

2Y¢.c05(80c) 2 (Y3+Y 3 tan2(0oc))2

b;+byp).b;
Jiz = Juna = w - (L2220 (11.27)

_ Yo.A.b;
Jo1 _j W-00c(Y3-Y3.)(Y3-Y3 tan2(0o0)) (IL.26)
9o'91—Yo
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bi
i1 = WL
Jijes =W g

Once the ] parameters are determined, the odd- and even-mode characteristic

(i=2..n-2) (I1.28)

impedances of each coupled line can be computed using the formulas of the non-
quarter-wavelength coupled lines (I1.16) and (I1.17). Using the values obtained for the
electrical parameters, the physical parameters of the coupled lines can be calculated
for a homogeneous medium (stripline). Note that the image impedance Z,. of the

open-ended resonator was set to 50 Q.

11.4.2. Validation of the theory

a) Simulation responses

The design equations were validated through simulations where ideal
transmission lines are considered. Third order PC-SLR filters were designed with
passband ripple of 0.01, a center frequency of 879 GHz and with relative bandwith
values of 2 % (designed with“case 1”), 4 % (“case 2”) and 8 % (“case 3”). Let notice
that the bandwidth (w) mentioned in this section, for simulation result, is not 3-dB
bandwidth, but the bandwidth related to the frequency range between the lowest
and the highest frequencies, when the insertion loss is equal to the targeted ripple.
This bandwidth is measured when ideal transmission lines are considered. Thus in
the case of the 0.01 dB ripple chebychev PC-SLR bandpass filter, the bandwidth is the
frequency range between the lowest and highest frequencies where the insertion loss
is 0.01 dB. As previously mentioned, it is convenient to consider a small R; value (<1)
in order to achieve compact PC-SLR size filters. Hence the filters were designed for
characteristic impedance ratios R; = 0.2, 0.4, and 0.6. The following cases are
considered:

- R;=026,. =12.3°,

- R,=04,0,.=16.7°,
- R,=06, 6,, =19.8°,
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These electrical lengths were chosen in order to obtain a wide out-of-band rejection

(as will be seen in Chapter III).

Casel:w=2%

Table II-1 gives the odd- and even- mode characteristic impedances (computed

based on the above analysis) of the PC-SLR bandpass filters for a 2 % relative
bandwidth, for R, =0.2, 0.4, 0.6.

Table 1I-1. Electrical parameters of the third order PC-SLR filters for a 2 % relative
bandwidth, for several Rz values.

Zoe01(9) Z0001(42) Zoe12 (Q) Z0012(Q2)
112.84 32.37 52.89 47.44
98.14 33.79 53.03 47.3
92.85 34.47 53.23 47.16

Figure II-11 shows the simulation responses of the PC-SLR filters in a narrow
band for R; = 0.2,60,., = 12.3°(red dotted line), R; = 0.4,0,. = 16.7° (blue dashed
line), and R; = 0.6,60,, = 19.8° (dotted mallow line). It proves that the passband

reponses coincide well with the specifications given for a 0.01 dB with a relative

bandwidth of 2 %.
1] " 0
-
—_ — 0.0
5 2
2 -10 ' _0.02
- 867 873 879 885 891
—
4 20 Frequency (MHZ)
wy -30 /
-40

829 854 879 904 929
Frequency (MHz)

Figure II-11. Comparison of S-parameters simulation of the PC-SLR filters for R; =

0.2,0,. = 12.3°%(red dotted line), R, = 0.4,0,. = 16.7°(blue dashed line), and R, =
0.6, 6, = 19.8° (dotted mallow line), for a 2 % relative bandwidth.

57



Chapitre II

Case2:w =4%

Here again, the odd- and even- mode characteristic impedances are computed for

R; =0.2,0.4, 0.6, but with a 4 % relative bandwidth (Table II-2).

Table 11-2. Electrical parameters of the third order PC-SLR filters for a 4 % relative
bandwidth, for several Rz values.

Z0e01(92) Z001(2) Zoe12 (Q) Z0012(Q)
229.68 29.38 56.07 4513
159.59 30.76 56.49 44.87
140.65 31.55 56.93 44.71

Figure II-12 shows the simulation responses of the PC-SLR filters in a narrow
band for R; =0.2,60,., = 12.3° (red dotted line), R; = 0.4,60,, = 16.7° (blue dashed
line), and R; = 0.6,6,. = 19.8° (dotted mallow line). Also the passband responses

coincide with the specifications given for a 0.01 dB with a relative bandwidth of 4 %.
Hence the design method is validated.

1] 0

o0 BN
© .01 s 4
-10 = ] E
tr -0.02 ]
- 851 865 879 893 907
Frequency (MHz)

N\

-30

./

779 829 879 929 979
Frequency (GHz)

5201, 15111 (dB)
Ny

Figure 1I-12. Comparison of S-parameters simulation of the PC-SLR filters for R; =
0.2,0,. = 12.3°(red dotted line), R; = 0.4,0,. = 16.7°(blue dashed line), and R, =
0.6,8,, = 19.8° (dotted mallow line), for a 4 % relative bandwidth.

Case3: w =8%

Indeed, the more the fractional bandwidth the greater the required electrical length

needed to achieve a stronger coupling. Thus for a 8 % relative bandwidth the two
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cases (R; = 0.2,6,, = 12.3°) and (R; = 0.4,0,. = 16.7°) cannot be treated. Table II-3

gives the odd- and even- mode characteristic impedances.

Table 11-3. Electrical parameters of the third order PC-SLR filters for a 8 % relative

bandwidth.
R, 0, (°) Zpe01(9) Z 001 () Zoe12 (Q) Zo012(Q)
0.6 19.8 465.27 36.79 65.89 40.43

For 8 % relative bandwidth the passband response didn’t coincide well with the

specifications given for a 0.01 dB as shown in Figure II-13.

0 0.00
C s |
\ " 001
-10 b
@ \ ©1'-0.02
_ 823 851 879 907 935
= -20 Frequency (MHz)
2 /
_1:| -30 i
S/
-40

074 081 088 055 1.02
Frequency (GHz)

Figure II-13. S parameters of the PC-SLR filter R; = 0.6, 6,, = 19.8° for a 8 % relative
bandwidth.

Since the slop parameters are derivate near the center frequency, thus the desired

response deteriorates when the designed bandwidth becomes larger as shown in

Figure II-13.

b) Proof-of-concept filter design
For a proof-of-concept a third order PC-SLR bandpass filter was designed, with
passband ripple of 0.01 dB, a relative bandwidth of 4 %, and a center frequency f, of
879 MHz, in a stripline technology. The open-ended transmission line electrical

length was set to 29°. This value of 6,. was chosen in order to obtain achievable gap
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size, with a minimum gap of around 110 um in the technology used. The maximum

achievable value was chosen for characteristic impedance of the stub, i.e. Z,,=1711, in

order to get the minimum R value, leading to good compactness along with a

maximum rejection band width [14]. The odd- and even- impedances were then

calculated based on the above analysis.

The filter was designed with Agilent ADS™ and fabricated on a RT5880 substrate

(dielectric constant &, = 2.2, dielectric loss tangent tané = 0.9. 1073, substrate

thickness B =2-h = 6.35mm, copper thickness t =17 um). Using the values

obtained for the electrical parameters, the physical parameters were calculated with

the use of ADS LineCalc (Table II-4).

Table I1I-4. Parameters of the PC-SLR Filter.

Parameters

Parallel-coupled Lines for Zoeo1
(7]
) input/output resonators Zoo01
e
o M Boc
g &
50
8 &
v'—‘“ v
9 "ﬁ Internal parallel-coupled lines Zoe12
B w 7
§ (=] 0012
= GDC
» Parallel-coupled Lines for Wo1
-
[
‘g 5 input/output resonators So1
g 8 Los
8 & :
-5 2 Internal parallel-coupled lines Wiz
'% ; Si2
E L1z

Figure II-14 gives the photograph of the realized filter. Its

78.7 mm X 26.9 mm (0.23 A9 x 0.079 A¢) for a surface of 0.018 1,°.

60

Values
96 Q)
34 QO

29°

55.6 Q
455 Q)
29°
3 mm
110 um
17.5 mm
5.1 mm
1820 um

17 um

total size

is
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Figure II-14. Photograph of the 3"order PC-SLR bandpass filter in stripline technology.

Figure 11-15 Figure II-15 shows the simulation and measurement responses of the

PC-SLR filter, in a narrow band (Figure II-15 (a)) and wide band (Figure II-15 (b)),

respectively.

The mallow dashed response represents the simulated S parameters of the
PC-SLR filter with ideal transmission lines characterized. The blue solid and red
dotted curves show the simulation and measurement results in stripline technology,
respectively. Figure II-15 (a) shows that the measured insertion loss is approximately
2.4 dB, and the measured return loss is greater than 14 dB in the passband operating

around the center frequency f, = 879 MHz. The first spurious frequency is located at

~3fo (Figure II-15 (b)).

[sn]
o
w A
—_— | .
— | v “"-‘-.
— o
& ANIT '
- Ml T
h
0 !
0.8 1.0
Frequency (GHz)
(a)

61



Chapitre II

0
-20
[=u]
o
——, -40
[ |
htl ]
-60 :
80 (44 E -}f
0 1 2 3
Frequency (GHz)
(b)

Figure II-15. S parameters of the PC-SLR bandpass filter: Simulation with ideal
transmission lines (mallow dashed line) and with stripline technology (Blue solid line).
Measurement (red dotted line) (a) Narrow band, (b) Large band.

Simulation and measurement responses in stripline technology are in good
agreement, hence validating the design method. It is also important to note that the
proposed bandpass filter achieves 36 % surface minimization in comparison with the

conventional parallel-coupled bandpass filter with same specifications.

¢) Conclusion
A complete synthesis procedure was introduced for the compact PC-SLR
bandpass filter. Based on the filter equivalent circuits, slope parameters and
admittance inverters expressions were derived. A third order PC-SLR filter was
designed and fabricated in a stripline technology. Simulation and measurement

results were in good agreement validated the synthesis method.
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I1.5. Synthesis method of bandpass filters in an

inhomogeneous medium

I1.5.1.  Microstrip versus Stripline

A choice between microstrip and stripline involves considering a number of
tradeoffs. Stripline technology, for example, requires more material layers,
processing time and expense than for microstrip circuits operating at the same
frequencies. Because of the second ground plane, the width of any given impedance
line in stripline will be narrower than for a conductor with the same impedance in
microstrip. While the inherently thinner strips support greater circuit densities, they
also require tighter fabrication tolerances. For a single-ended (unbalanced)
transmission line in microstrip, dielectric losses (defined by a substrate dissipation
factor) will be less than for stripline, since some of the electrical field lines in
microstrip are in air where the dissipation factor is negligible, with a penalty, that the
existence of two different dielectric constants (below and above the strip) makes the
circuit difficult to analyze in closed form. Finally, it is also not simple to use hybrid
technology, by reporting surface mounted components, with stripline. This is
probably the main reason why microstrip has becoming more and more attractive
along the years, even if the inhomogeneity makes the designs sometimes more

complicated.

11.5.2.  Microstrip Filter design problems

The synthesis procedures of the classical parallel-coupled bandpass filters in [10]-
[12] and PC-SLR filter described in the previous section are given for the case of TEM
transmission lines (such as stripline) where odd- and even- characteristic impedances

and phase velocities of each coupled-line section are well determined and equal. This
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is not the case with microstrip technology where the mode velocities are different,

leading to non-exact synthesis formulas.

In order to reduce the effect of difference between even- and odd- modes phase
velocities an equivalent relative permittivity of quarter-wavelength coupled
microstrip lines was introduced in [19]. A minor correction of electrical lengths was
proposed to improve bandwidth ripple and return loss in the passband [19].
However, this correction is not effective for filter design using non-quarter
wavelength (such as PC-SLR bandpass filter) [20]. In [20], a new concept of effective
parameters was proposed for filters using non quarter-wavelength coupled sections.
The coupled-lines microstrip filter was converted to its stripline equivalent with new
effective parameters and then compared to the original filter design. But this method

cannot be adopted for miniaturized non-quarter wavelength largely deviated from g

For this reason, when PC-SLR bandpass filters are built in microstrip technology,

optimization with a circuit simulator is still necessary.

I1.6. Chapter conclusion

A compact Parallel-coupled bandpass filter was described in this chapter.
Fundamental characteristics of the PC-SLR were presented, such as resonance
condition, fundamental resonance frequency, and equivalent circuits.
Miniaturization rules were discussed to illustrate the fact that the SLR can be

shortened by applying a small characteristic impedance ratio Rz.

Design procedure was introduced. Slope parameters were derived from the
proposed bandpass filter equivalent circuits. Using these slope parameters, equations
for admittance inverters were carried out. For a proof-of-concept, a third order
PC-SLR filter was designed and fabricated. The proposed design procedure and

equations were validated through simulations and measurements comparison.
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In addition, the problem of parallel-coupled lines built in an inhomogeneous
medium (such as microstrip), leading to different mode velocities, was discussed,
concluding that it is necessary to use circuit optimization for the design of PC-SLR

filters in inhomogeneous medium.
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Chapter I11. Parallel-Coupled Microstrip Bandpass
Filters with Wide Spurious Response

Suppression

II1.1. Introduction

In modern microwave communication systems, for which several filters are
needed to cover several frequency bands, miniaturization and wide out-of-band
rejection are most of the time required for bandpass filters to both reduce the

tabrication costs and enhance the system performance.

As previously mentioned, classical parallel-coupled microstrip bandpass filter is
very popular and widely used since it has several advantages, including a low
fabrication cost, and an easy design and integration. Nevertheless this type of filter
suffers from a fundamental limitation, namely, the presence of spurious response at
the harmonics of passband center frequency f,[1]. A lot of structures allow
improving the bandwidth rejection but many of them need an important work of

modeling.

For example, in [1]-[2], the over-coupled approach was considered to suppress
spurious frequencies by tuning transmission zeros. In a similar way, in [3], a
multispurious suppression was achieved by means of coupling control in both open-
ended and interdigital parallel-coupled filters. In [4]-[5], periodic non-uniform
coupled microstrip lines were incorporated on the traditionally designed parallel-
coupled line microstrip filters in order to suppress spurious passbands. In [6], by
combining the ideas of corrugated stages, over-coupled stages and tapped
input/output, a parallel-coupled filter showing a wide out-of-band rejection was
achieved. Defected ground structures can also be considered to obtain a wide

out-of-band rejection [7]-[8]. Another solution consists to use stepped impedance
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resonators (SIRs) to improve the out-of-band rejection and to make compact filters by
properly choosing the segments characteristic impedance and the length ratios of the
resonators [9]-[13]. By properly tapping the input/output resonators, the selectivity
and the out-of-band rejection of the filter can be further improved [10]. In [11]-[13]
non-uniform resonators were introduced to enhance the suppression of spurious
responses. The filter in [13] exhibits the higher rejection level in the upper
out-of-band rejection. The rejection level is better than 25 dB. The first spurious is
located at approximately eight times the working frequency with a sacrifice in the

return and insertion losses.

In this chapter, the distributed compact filter topology based on parallel-
coupled stub-loaded resonator (PC-SLR) described in the previous chapter is
considered. As discussed in the chapter II, one of the main features of this resonator
structure is the capability of reducing resonator surface area. Another feature of
this resonator is discussed in this chapter; spurious frequencies can be easily
controlled during the design steps by choosing the convenient open-ended
electrical length value and the characteristic impedance ratio. This chapter presents
a complete resonant mode analyses. It also investigates the optimal electrical
lengths allowing pushing the first spurious frequency to as high frequency as
possible. Next, to go further in improving the upper out-of-band rejection, a
specific feeding network called “U corner” is used. Without modifying the in-band
filtering characteristics, the out-of-band rejection can be enlarged. This out-of-band
improvement is achieved without deterioration of the filter surface area by only

adjusting the U-corner structure. A detailed design methodology is described.

In a similar way, a multispurious suppression was achieved by incorporating
this feeding network on the classical parallel-coupled bandpass filter to validate the

design concept.
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I11.2. Resonance modes of the Stub-Loaded Resonator

Figure III-1 shows the structure for typical SLR. Since this resonator is
symmetrical in structure, along AB Plane, it is convenient to analyze it by using even-

and odd analysis technique.

Figure I1I-1. Schematic view of an elementary SLR.

II1.2.1.  Odd-mode resonance frequencies

When odd mode excitation is applied to the two open ends of the SLR shown in
Figure III-1, there is a null voltage along the AB plane. Thus the midpoint is
short-circuited and the stub can be ignored. This leads to the odd-mode equivalent

circuit shown in Figure III-2.

—E5,

Yin_odd

Figure 11I-2. Odd mode equivalent circuit.
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The odd mode input admittance Y;;, ,q44 is then given by:

1
JZoctan(8oc)

Yin oda = (IIL1)

The resonance condition can be obtained by considering the open-ended

condition (I = 0):

Yin oaa = 0 (1IL.2)

From (III.1) and (II1.2) the resonance condition can be expressed as:

C-m—2 kogai Ooc=0 (I1.3)

where C is a positive odd number (C = 1,3,5,..) and kyqq; = Ispioda is the i
- 0

normalized odd mode resonant frequency with respect to the fundamental resonant

frequency fj.

It is obvious from (IIL.3) that the odd-mode spurious frequencies can be simply

tuned by changing the open-ended transmission line electrical length 6,..

Figure III-3 shows the normalized spurious frequency k44 ; versus the electrical
length 6, of the open-ended transmission line. Note that the first spurious frequency

(Koaa 1 fo) is obtained for C = 1.

Bﬂl’..' {G}

Figure I1I-3. Normalized odd-mode resonant frequencies for a given open-ended electrical
length 6,..
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As shown in Figure III-3, the smallerd,, the higher the normalized first spurious
frequency k,44 1 is. Thus, to achieve both high PC-SLR longitudinal miniaturization
and wide odd-mode out-of-band rejection, it is necessary to choose small 8,. values.
However, to obtain realizable gap size in classical PCB technology (i.e. > 100um) of
the parallel-coupled sections the smallest 8, that can be token for the PC-SLR filter
topology is around 17.5°. Thus, the largest odd-mode out-of-band rejection cannot
extend to almost 5 - f, as shown in Figure III-3. In that condition, second and third-
order odd-mode resonance frequencies, will be located at 15.4-f; and 25.7 - fy,

respectively.

I11.2.2.  Even-mode resonance frequencies

For even-mode excitation, there is a current flowing through the center of the
open-ended transmission line. Thus, we can symmetrically bisect the SLR to obtain

the equivalent circuit given in Figure III-4.

Yin_even ‘

Figure 11I-4. Even mode equivalent circuit.

By considering the short-circuited condition of the stub (V =0), the input

admittance Y, is given by:

1

" @70 tan(650) (IT1.4)

Yy
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The even-mode admittance Y;;, ¢pen can be expressed from (I11.4) as:

2
1—§-tan(esc)-tan(eoc)

Yin_even - JZsc.(2-tan(8sc)+Rz-tan(Boc)) (IIIS)
Like for the odd mode, the resonance condition can be obtained by considering

the open-ended condition (I = 0):

Yineven = 0 (IIL.6)
Then the even-mode resonance condition can be easily obtained from (II.5) and

(I1L.6):

tan(keven_i ) Hoc) ) tan(keven_i ) gsc) —tan(b,.) - tan(fs;) = 0 (IIL.7)

_ f spi_even

where kqpen ; = is the i*" normalized even-mode resonant frequency with

0

respect to the fundamental resonant frequency fj.

The spurious resonance frequencies can be tuned by changing the R; ratios and

the electrical length of the open-ended transmission line. Based on (III.7), Figure III-5

(@), (b), and (c) gives the normalized first (keyen 1 =f5p1];ﬂ), second (kepen 2 =
0

fsm};ﬂ), and third (Kepen 3 = fs’”};ﬂ) even-mode normalized spurious frequencies,
0 - 0
respectively, versus the electrical length 6,., for several Ry ratios.

Based on the analysis carried out in chapter II, it is convenient to consider small
Rz ratios (<1) in order to achieve compact size filters. Hence the curves in Figure III-5

are plotted for R; = 0.2, 0.4, 0.6, 0.8 and 1. We notice that each k¢, ; has i maximum

values. Hence it is quite easy to obtain a wide out-of-band rejection.
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As shown in Figure III-5, the widest band between the first even-mode spurious

resonant frequency and the fundamental one can be obtained by considering each of

the following cases:

= Ry =02,0p, = 17.5% kepen 1 = 9.2,

- Ry = 04,0, = 22.5% kepen 1 = 6.3,

- Ry =06, 0 = 27.5% kepen 1 = 5.2,
- Ry =0.8,0p, = 32.5, Keyen 1 = 4.6,

= Ry =1,0p = 35° keyen 1 = 4.1.

9.2 4= - - mR,=02
8 F AN

]
17.5°
1] 10 20 30 40 50 e0 70 80 90
0,.(°)
(a)
16
Rjz=0.2
1::|I..23 ===
) 0.4
rql
E 8 y
=
-Elml I 1
4 I
|
|
] 1
17.5°
1] 10 20 30 40 50 60 70 80 90
06c(°)
(b)
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Figure I1I-5. Normalized even mode spurious frequencies versus the elementary
open-ended electrical length 8, for several Ry values.

From Figure III-5, one can observe that the largest value of k., ; is obtained
when using the smallest value of R;. This means that a small value of the
characteristic impedance ratio leads to wide even-mode spurious resonances
rejection. Hence by considering a small characteristic impedance ratio (relative to a
high short-circuited stub characteristic impedance), a compact structure and a wide

rejected band are achieved.

fsp1_even

Then, the optimal R; and 6, values for obtaining a maximal are 0.2 and

0

17.5°, respectively. For these selected values the highest order even-mode resonance
frequencies are located at 9.2 f, 11.3 - f; and 19.5 - f,. But the optimal parameters
for obtaining maximal rejection should be selected based on a simultaneous analyzed

of keven_i and kodd_i-
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I11.2.3. Optimization of the resonator topology for
improving the out-of-band rejection

Figure III-6 gives the odd and even higher order resonant frequencies in the same

plots.

2 0.8 - 2
C+x1 ‘b‘ -

1] 10 20 30 40 50 o0 70 380 S0

Bﬂﬂ {0}

(a)
25 25

20

0O 10 20 30 40 50 60 70 80 90
BGC{G}
(b)
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Figure I11-6. Normalized spurious frequencies keyen ; and koqq ; versus the electrical
length 6, of the open-ended resonator.

The optimal 6, value for obtaining the widest out-of-band rejection is obtained
for kepen 1 = Koaa 1 = kn(‘h’ for highest first spurious frequency due to odd or even

modes). Thus the highest first spurious frequency is:

fsp1 = kn - fo (LIL.8)

and the widest out-of-band rejection cannot extend over kj, - f,.

According to Figure III-6, the open-ended electrical lengths chosen in order to

obtain this condition are given in Table III-1 versus R values.

For a proof-of-concept, three third-order PC-SLR bandpass filters were designed,
with passband ripple of 0.01 dB, a relative bandwidth of 2 %, and a center frequency
fo of 1GHz. These filters were designed and simulated considering ideal
transmission lines. They were then carried out by using the resonators described in
Table III-1. The first filter (Filterl) was designed with “Case 1” resonators, Filter2

with “Case 3”.
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Table 1II-1. Spurious resonant frequencies of five SLR according to Figure 11I-6
(Computed by using Mathematica).

R, Ooc (°) fsp1 [sp2 fsp3 fspa
0.2 12.3 7.3 f 136 f, 15.7 - f, 22 f,
0.4 16.7 5.4-f, 9.7 fo 11.74 - f, 161 f,
0.6 19.8 45 f, 8.1 f, 10.1- f, 136 f,
0.8 223 41-f, 7.1+ f, 9.1 f, 122 f,
1 23.9 3.7 fo 6.5 fo 8.5 fo 11.2- fo

a) Filter1: R, = 0.2
The open-ended transmission line electrical length was set to 12.3° (Case 1 in
Table III-1). This value of 6,., as previously mentioned, was chosen in order to
equalize the first spurious resonant frequency off odd and even modes. The
characteristic impedances of the open-ended transmission line and the
short-circuited stub are 50 Q) and 250 €), respectively. Table III-2 gives the electrical

parameters considered for Filterl.

Table I1I-2. Parameters of the PC-SLR Filter1.

Parameters Values
W Parallel-Coupled Lines Z0e01 112.8Q
<
EE for input/output resonators Zooo1 3240
g Ooc 12.3°
k]
g
5 Internal parallel-coupled Zoeo1 529 Q
(A
s lines 20001 47.5Q
k| Boc 12.3°
ot
= Short-circuited stub Zsc 250 Q
Osc 24.6°

Figure III-7 shows the simulation responses of the filterl, in a narrow band

(Figure III-7 (a)) and a wide band (Figure III-7 (b)), respectively. The first four
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spurious are located at 7.3 - f; (odd-even mode), 13.6 - f; (even mode), 15.7 - f; (even

mode), and 22 - f, (odd-even mode), and validate the calculus given in Table III-1.

0
-~ [\
E -20 / \
= -30
= / \
-40
0.8 0.9 1.0 1.1 1.2
Frequency (GHZ)
(a)
fSPZ = kel’en_z “fo fsp3 = keven_3 “fo
fspl = kp 'fO \ / fsp4— = keven_4 “Jo = kodd_z ' fO
0 /
-20 /
% \
— -30 -
= \ /’; \
7N
— =80 - \
-20
0 4 8 12 16 20 24
Frequency (GHZ)
(b)

Figure 11I-7. S parameters of filter1: Simulation with ideal transmission lines (a) Narrow
band behavior, (b) Large band behavior.

b) Filter 2: R, = 0.6
Here again, the open-ended transmission-line electrical length 6,.was set to 19.8°

(Case 3 in Table III-1) to equalize the first spurious resonant frequency off odd- and
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even modes. The characteristic impedances of the open-ended transmission line and

the short-circuited stub are 50 ) and 83.3 Q), respectively. Table III-3 gives the

electrical parameters considered for Filter2.

]
=
==
[

(=]
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Table I1I-3. Parameters of the PC-SLR Filter2.

Parameters

Parallel-coupled Lines

for input/output resonators

Internal parallel-coupled

lines

Short-circuited stub

Zoe01
Zoo01

Ooc

Zoeo1
Z0o01

Ooc

ZSC

Values

929 Q
3450
19.8°

5320
4720
19.8°

8330
39.8°

Figure III-8 shows (a) the narrow band and (b) the wide band simulated S

parameters of filter2. The first four spurious are located at 4.5 - fy(odd-even mode),

8.1 fy(even mode), 10.1 - f; (even mode), and 13.6 - fy(odd-even mode), and validate

the calculus given Table III-1.
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| 5211 (dB)

M AV \J

-80
0 3 6 9 12 15
Frequency (GHZ)
(b)

Figure I1I-8. S parameters of the PC-SLR bandpass filter: simulation with ideal
transmission lines (a) Narrow band, (b) Large band.

II1.2.4. Intermediate conclusion

Advantages in size reduction, wide out-of-band rejection were hence
demonstrated for the PC-SLR bandpass filter due to the flexibility of its resonators.
The first spurious frequency can be easily controlled by choosing the convenient 6,,
value leading to the widest out-of-band rejection. Moreover, a reduction of
longitudinal filter dimension is achieved since the coupled lines are smaller than

quarter wavelength.

I11.2.5.  Convenient choice of the substrate

Realizable microstrip-line characteristic impedance values depend on the
dielectric constant and the thickness of the substrate, and the accuracy of the
fabrication process. In our technology the minimum achievable signal width is

around 0.25 mm.

Figure III-9 gives the maximum characteristic impedance and the R, value, versus

the substrate thickness, for two popular substrates, RT 5880 and RO 4003,

ZOC

respectively. It is clear that the smallest Ry ratio (Rzmin = Zooms

Zoc = 50 Q) leading
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to the widest out-of-band rejection is obtained by considering the highest available

substrate thickness.

RT5880, &, =2.21

250 0.6

200 1\ ";',—4'- 0.5
§ /A
g 150 - 0.4 E
N

T — .
50 | - o0.2
0.2 1.2 2.2 3.2
h {mm)
(@)
RO4003, &, =3.38

150 ‘ » 0.7

125 - 0.6
=
§ 100 0.5 X
N

75 v, 0.4

50 .| 0.3

0 0.5 1 1.5 2
h (mm)
(b)

Figure I1I-9. Characteristic impedance and relative characteristic impedance ratio versus
the substrate thickness for (a) RT 5880, and (b) RO 4003 substrates.

For issues of fabrication process and availability we used the substrates RT 5880
of thickness 0.787 mm and RO 4003 of thickness 0.813 mm, respectively, for the filters
design. In that case, the highest realizable characteristic impedance reaches 143 Q)
and 122.7 Q), respectively, leading to a characteristic impedance ratio of 0.35 and 0.4,

respectively.
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II11.2.6.  Third-order proof-of-concept filter

a) Input and output gaps issue

By using the synthesis method of the PC-SLR bandpass filter introduced in the
previous chapter, the small gap size of the first and the last coupling stages is a
recurring problem for this topology. In these filters, critical values (< 100um) of the
gaps are required to obtain targeted coupling, especially when small open-ended
electrical length 6, are used, which will make the fabrication very difficult. This also
depends on the dielectric constant and thickness of the substrate. Example when
substrate RT 5880 of thickness 0.787 mm with a characteristic impedance ratio of 0.35
(Table III-4) is used in the design of the PC-SLR filter the minimal 6,, value for
obtaining realizable gap is 30°. For RO 4003 substrate of thickness 0.813 mm with
characteristic impedance ratio of 0.4 (Table III-4) the minimal 6,. value for obtaining
realizable gap is 25°. One possible way to overpass this problem is to use a three
parallel-coupled line structure, as shown in Figure III-10 (a), which is better suited to

realize strong couplings.

0, (°) 10 15 20 25 30

S(um) 15.2 27.7 52.2 76.4 101.5
(a)

0, (°) 10 15 20 25 30

S(um) 19.2 41.9 70.6 101.9 133.8
(b)

Table 11I-4. Gap size for input/output coupled lines for a PC-SLR bandpass filter
fabricated on (a) RT5880 and (b) RO4003 substrate (for a 2 % relative bandwidth and
different coupled line lengths).
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b) Equivalence between the three parallel-coupled lines
structure and the classical two parallel-coupled line

Figure III-10 (a) shows the three parallel-coupled lines section as a six port

network and Figure III-10 (b) illustrates the proposed coupling structure composed

of three parallel-coupled lines with electrical length 6,.. Right ends of line I and III

are open-circuited, whereas left ends are connected to each other to form a two port

network, with termination condition:

Vl':V1:V3
Vo =Vs

=L+ (II.9)

(a)
BOC
I3 <-____9 4
| :-__ I T I 1
(]
Vios o5 1 a0

(b)
Figure I1I-10. (a) Three parallel-coupled lines as a six port network. (b) A symmetrical
two port coupled line structure.
The proposed coupled-line structure can be treated as a two-port network from

the general expression of the six-port network, as shown in Figure III-10 (b). The

parameters of the ABCD matrix can be extracted by applying the termination
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conditions in (II1.9) to the impedance matrix of the three coupled lines (Figure III-10

(a))-

The voltages and currents of the six port network in Figure III-10 (a) can be

expressed as:

V] =[z] - [] (IIL.10)
where [V] and [I] are six-dimensional column vectors and [z] is a 6 X 6 impedance

matrix:

Vi1 (211 Zi2 Zi3 Zaa Zis Zieq [I1]
V |Z12  Z22 212 Z15 225 Z15| I
V3| |Z13 Zi2 Z11 Z16e Zis Z1a| |I3
V| 1214 215 Z16 211 Z12  Za3 Iy (IL11)
Vs [215 Zys Zis5  Z12  Zypp Z12J Is
VA Z16  Z15 Z14 213 Z12 Zuad |

Since there exists three fundamental modes (two even modes, denoted as “ee”
and “00” modes), and one odd mode “oe”, z parameters depends on of Z,,, Z,,, and
Zee [15]. Note that, when the coupling structure is symmetric and excited in a
symmetric way, the odd mode does not exist. The impedances of the “ee” and “00”
modes in symmetric three lines can be approximated by the even- (Z,,) and odd-
(Zoo) modes characteristic impedances used in the case of parallel-coupled two lines

[15], [16].

Applying the terminal condition in (II.9) to this six port matrix, a 3 X3

impedance matrix for the proposed coupled line structure is then deduced:

Vi Z11 Z13 Z1s5] [hL
V3 =1Z13 Z11 Z15]|- 13 (IIIl2)
v, Z1s  Z1s  Zz2] LU,

Consequently, a two-port network can be obtained in terms of Input/Output

currents and voltages, as:

g Z11%2Z33 .
[m - [_2 lel : [H (IIL.13)
o Z15 Z22 (o]
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Then the ABCD matrix can be deduced:

Vil_14 B1. [V
[Ii]_[c D] [—Io] (ITL.14)
A_Z11+Z13
T 2z

_ Z22 " (Za1 + Z13)

B A
2 ' Z15 15
1
C=—
Z1s5
Z72
D=—
Z1s5

I11.3. Design of feed lines with”U Corner”

In order to improve input/output couplings of the PC-SLR filter, three-coupled
microstrip lines were used to replace simple coupled-lines at near- and far-ends of
the filter as previously described (Figure III-11 (b)). Then, symmetrical feeding lines
(paths 1 and 2, with 6, = 68)) are needed to correctly feed these coupled transmission
lines, as shown in Figure III-11 (a). The design of these feed lines, called “U corner”,
because of the U shape, can be conveniently optimized (6, # 6,) to improve the
bandwidth rejection by adding transmission zeros in the out-of-band rejection. This
new technique of suppressing spurious can be generalized for other parallel-coupled
bandpass filter topologies, for example the classical parallel-coupled lines topology
shown in Figure III-11 (c). Without modifying the in-band filtering characteristics, the
out-of-band rejection can be enlarged up to more than eight times the working
frequency in the case of the PC-SLR bandpass filter, and more than three times for
classical parallel-coupled bandpass filter. This out-of-band improvement is achieved
without scarifying the filter surface area by only adjusting the U-corner structure. A

detailed design methodology is described below.
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For a proof-of-concept, five three-pole bandpass filters (PC-SLR and classical
parallel-coupled bandpass filter) with non-optimized and optimized U corners were

designed and fabricated, to demonstrate the efficiency of the proposed concept.

Path 1
______ >
O D=,
C
(Do 2
------ >
U corner Three-coupled lines
(a)

Q_ O

Q_ O
7 Y,
(b)
/1/4
Q. O—_0OD) <-->
) O ) O OO ) Q )O
Y,

QO—Q )
T Q_-Q

(©)
Figure 11I-11. (a) Schematic circuit of the feed lines, and layouts of (b) PC-SLR bandpass
filter and (c) classical parallel-coupled bandpass filter.
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111.3.1. Optimized U Corner for Transmission Zero

Placement

Design rules were derived for transmission zero placement at the out-of-band
rejection. These zeros can reject specific spurious frequencies by adjusting the length
of one path of the U corner. It is proven that these zeros appear either when the
output of the U corner is virtually short-circuited (when the signals from both U
corner paths are in opposite phase) or when the output admittance of the U corner

equals 0 (infinite output impedance) as it will be discussed below.

a) Infinite output impedance
The output admittance Y, of the U corner (as shown in Figure III-12) can be
calculated by considering ABCD and Y matrix operations. Ideal lossless transmission

lines and same characteristic impedances Z, and Z;, were considered for the calculus.

1

Figure I1I-12. U corner design with different electrical lengths of paths 1 and 2.

The ABCD matrix of each path (1 and 2) is:

A B c05(6ap)  jZasin(6ap)
¢ pIT| £mla)  (45(a,,)

Za

(IIL.15)

By calculating the sum of the corresponding [Y,] and [Y}] matrices of path 1 and 2,

one obtains the equivalent [Y]matrix:
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Yll YlZ]_
Y21 Y22

i, o1 1
Za (sin(ea) sin(Bb))

—jY,(cot(6,) + cot(6y))

—jY,(cot(8,) + cot(6y))

(II1.16)

St 41
Zg (sin(Ga) sin(Gb))

Then, since transmission lines are symmetrical and reciprocal devices, the output
admittance Y; of the U corner can be calculated as:

2
Y12

Y, =Y —
L 11 Y11+Y0

Yaz( 1, 1 )2
Yo \sinfqg sinfy

Y, =—jY,(cotb, + cotb,) + (I1.17)

1—j§:—;‘(cot6a+cot6b)

where Y, is the reference admittance.

When the admittance Y}, equals 0, no signal can be transmitted from the input of

the filter to the first resonator of the filter. This condition corresponds to:

04 + 0, = 2kmr,with k € N* (I11.18)
Thus, transmission zeros appear when the total electrical length of the U corner is

an even multiple of 7.

b) Virtually short-circuited U corner output
When the signals from both U-corner paths are in opposite phase with the same

magnitude, it can be written:

0, — 0, = (2k + 1)m,withk € N (II1.19)

For frequencies corresponding to this particular case, the output of the U corner is
virtually short circuited, and prevents the transmission of the signal to the three-
coupled microstrip lines. As reported in [17], [18], this concept of generating
transmission zeros due to the signal interference technique was already described by

using two parallel transmission lines of different electrical lengths.
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I11.3.2. Validation of the concept on Parallel-coupled
Bandpass Filter

For a proof-of-concept, three three-pole bandpass filters based on classical
parallel-coupled resonators were fabricated. The first-one (filter a) is the classical
bandpass filter designed with simple coupled lines. In the second one (filter b), end
stages were replaced by three coupled lines feeded with non-optimized U corners. In
the third one (filter c), optimized U corners were used in order to increase the out-of-

band rejection and create a transmission zero near the passband.

a) Filter a: Classical parallel-coupled bandpass filter
The classical bandpass filter was designed, with a passband ripple of 0.01 dB, a
relative bandwidth of 10 %, and a center frequency of 2.9 GHz. The electrical length

of each coupled stage is set to 90°.

The filter was designed with Agilent ADS™ and fabricated on a RT5880 substrate
(dielectric constant &, = 2.21, dielectric loss tangent tand = 0.9.1073, substrate
thickness h = 0.787 mm, copper thickness ¢ = 17 um). Using the values obtained for

the electrical parameters, the physical parameters were calculated (Table III-5).

Table 11I-5. Physical parameters of the classical parallel-coupled bandpass filter.

PARAMETERS VALUES
Parallel-coupled lines Wo1 1.61 mm
E for input/output Sot 120 pm
% resonators Loa 16.14 mm
bl
3 Internal parallel-coupled Wio 2.27 mm
'g lines S12 840 um
—E Lip 16.64 mm

Figure III-13 gives the photograph of the fabricated filter. Its total size is

75 mm x 10 mm (0.72 Ao x 0.1 A¢), leading to a surface of 0.072 o>
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Figure I1I-13. Photograph of the third order classical parallel-coupled bandpass filter in
microtrip technology.

Figure III-14 shows the simulation and measurement responses of the classical PC
bandpass filter. Simulation and measurement results are in good agreement. Detailed
data shows that the in-band insertion loss is 1 dB while return loss is better than

15 dB. The 3-dB bandwidth is 10 % as expected.

u ﬂ

2 .0
= f

b I
“ 20 \

- ]
— ]

:-Gﬂ 7 L \
Y /

N

2.0 2.5 3.0 3.5 4.0
Frequency (GHz)

(a)

93



Chapitre III
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Figure I1I-14. S parameters of the classical coupled-line bandpass filter : measurements
(red dashed line) and circuit simulations (blue solid line), (a) Narrow band, (b) large band.

We can notice the presence of the expected spurious at the harmonics of the
passband center frequency f,. Spurious peaks appearing in the upper out-of-band
rejection at even harmonics (2. fy, 4. fy...) are due to the inequality of even-and odd-
mode phase velocities of coupled lines, whereas spurious peaks at 3. fy, 5. fyare due

to distributive nature of resonators and coupled stages.

b) Filter b: parallel-coupled bandpass filter with non-optimized

U corner structure
Three parallel-coupled lines replaced the simple coupled lines of the first and last
coupled stages. The electrical length of the three coupled lines was set to 90°. A U
corner structure was used to correctly feed these three parallel-coupled lines. The

characteristic impedance of the two U corner paths is 100 Q (Figure III-15).
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Figure I1I-15. Schematic view of the proposed bandpass filter layout.

Since the proposed coupling structures are symmetric, the odd mode will not
appear. As previously mentioned, the characteristic impedances of the “00” and “ee”
even modes in symmetric three lines can be approximated by the even- (Z,,) and
odd- (Z,,) modes characteristic impedance in the case of parallel-coupled two lines.
Thus physical parameters of the bandpass filter feeded by the U corners can be
deduced from the classical one after a slight optimization to obtain the desired

passband. The obtained physical parameters are given in Table III-6.

Table 11I-6. Physical parameters of the classical parallel-coupled bandpass filter.

PARAMETERS VALUES

Parallel-coupled lines Wo1 1.51 mm
for input/output W 1.61 mm

5 resonators So1 LAV
g Loy 16.24 mm
g Internal parallel-coupled Wip 2.27 mm

Ei fines Si2 860 um
E’ L1z 16.64 mm
a U corner structure *We 0.67 mm

*Lg =Ly 5.3 mm

*w, is the line width of the U corner structure.
*LgandLpare the physical lengths of the paths 1 and 2 of the U corner structure.

A very good agreement between measurement and circuit simulation results is
obtained for narrow band (Figure III-16 (a)) and large band (Figure III-16 (b)). As
expected, the center frequency of the filter is 2.9 GHz, the insertion loss remains 1 dB

as for the classical bandpass filter, while the return loss is better than 25 dB for both
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simulation and measurement results. Here again, spurious frequencies appear at the
harmonics of the passband center frequency. It has to be noted that the passband

responses are unchanged when the new proposed couplings at the end stages are

incorporated.
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Figure I1I-16. S parameters of the parallel-coupled bandpass filter with non-optimized U
corner: measurements (red dashed line) and circuit simulations (blue solid line), (a) Narrow
band, (b) large band.

Figure III-17 gives the photograph of the realized filter. Its longitudinal size is
82 mm (0.79 Ao).
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12 mm

Figure 11I-17. Photograph of the third order parallel-coupled bandpass filter with
non-optimized U corner.

This filter has been designed as an intermediate phase in the comparative study

with the filter with optimized U corner structure.

c) Filter c: parallel-coupled bandpass filter with optimized U

corner structure
Based on the design rules given by equations (III.17) and (III.18), the U corner was
optimized to create transmission zeros at the upper out-of-band rejection. The
photograph of the resulting filter is given in Figure III-18. By only modifying the
length of the U corner paths while maintaining the filter dimensions, a deeper out-of-
band rejection was obtained. The first and second spurious frequencies are

attenuated by more than 20 dB.

Figure III-18 gives the photograph of the realized filter. Its longitudinal size is
82 mm (0.79 Ao), i.e. 9.3 % greater as compared to the classical coupled-line filter. A

folded U corner could be realized to obtain a compact transversal filter dimension.

82 mm

N
A4

Figure 11I-18. Photograph of the third order parallel-coupled bandpass filter with
optimized U corner.

Figure III-19 shows the simulation and measurement responses of the

parallel-coupled bandpass filter with optimized U corners. Simulation and
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measurement results are in good agreement. A transmission zero is located at
~2.2 fo where the U corner output is virtually short-circuited (6, — 6, =m at
6.6 GHz). The other zero is located at 8.4 GHz (~3 - f;) where the U corner presents
an infinite impedance at its output. The in-band insertion loss is still limited to 1 dB

and the return loss is better than 15 dB.
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Figure 11I-19. S parameters of parallel-coupled bandpass filter with optimized U corner:
measurements (red dashed line) and circuit simulation (blue solid line), (a) Narrow band
behavior, (b) large band behavior.

Finally, Figure III-20 shows the comparison of the measurements of both classical
filter (filter a) and filter with optimized U corners (filter c) on the same graph in order

to emphasize the improvement of the out-of-band rejection. The filter with optimized
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U corners presents a wide out-of-band rejection, without any modification in the
passband, up to more than three times the working frequency is achieved. The
rejection level in the out-of-band rejection is better than 20 dB from 1.13 - f; to more
than 3.9 - fyand better than 40 dB from 1.3 - f; to more than 2.97 - f,. These results

validate the concept of the U-corner.
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Figure 111-20. Comparison of S parameters measurement of the classical bandpass filter
(blue solid line) and the bandpass filter with optimized U corners (red dashed line), (a)
narrow band behavior, (b) large band behavior.
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I11.3.3. Validation of the concept on PC-SLR bandpass filter

As for the classical coupled-line bandpass filter, two-pole bandpass filters based
on stub-loaded resonators were fabricated. The first one (filter 1) is constructed with
cascaded simple coupled lines and three-parallel coupled lines at its ends feeded by
non-optimized U corners. In the second one (filter 2), optimized U corners were used

in order to increase the bandwidth rejection.

a) Filter 1: PC-SLR with non-optimized U corners
The PC-SLR filter is designed and synthesized based on the classical J-inverter
method. The center frequency and the fractional bandwidth were chosen as 1 GHz
and 7 %, respectively. The filter were designed with Agilent ADS™ and fabricated on
a RT 5880 substrate (dielectric constant &, = 2.21, dielectric loss tangent tand =

0.9.1073, substrate thickness h = 0.787 mm, copper thickness t = 17 pm).

Based on the analysis carried out in previous sections in this chapter and chapter

II, it is convenient to consider small characteristic impedance ratio (R; = f <1,
N

where Ry is the characteristic impedance of the open-ended resonator Z,. and is the
characteristic impedance of the short circuited stub Z.) in order to achieve compact
size filter and wide out-of-band rejection. For issues of fabrication process we choose
R; =04 (Z;c =1250, Z,. = 50). The electrical length 8,. of the open-ended
resonator is equal to 18.5°. Notice that, this value of 8,. was chosen in order to
approximately equalize the first spurious resonant frequencies of odd and even
modes in order to obtain the widest out-of-band rejection bandwidth. These even

and odd resonance frequencies are given respectively by equations (II.3) and (IIL.7).

Figure I1I-21 gives the odd and even first order resonant frequencies as previously
seen in Figure III-6. Table III-1 proves that the optimal 8,, value for obtaining the

wide-out-of band rejection is 16.7° for a first spurious frequency at 5.4 - f,. For issues
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of fabrication process we set 6, at 18.5° for obtaining a realizable gap size. With this

8, the first spurious frequency is approximately at 5.1 - fj.
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Figure I1I-21. Normalized first spurious frequencies keypen 1and koqq 1 versus the
electrical length 6, of the open-ended resonator.

Figure III-22 gives the photograph of the realized filter. Its total size is
60 mm x 27 mm (0.2 Ao x 0.09 Ao) for a surface of 0.018 - A,°. The overall dimension of

the filter is given in Table III-7.

wur /¢

Figure 11I-22. Photograph of the third-order PC-SLR bandpass filters with non-optimized
U corner.
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Table 11I-7. Physical dimension of the PC-SLR filters with non-optimized U corners.

PARAMETERS VALUES
Parallel-Coupled Lines Wo1 1.27 mm
for input/output W 0.73 mm
resonators So1 Ll pa
5 Lo 12.05 mm
qé Internal parallel-coupled Wip 2.34 mm
<
§_ lines S12 560 pm
73 Ly 9 mm
E’ Short-circuited stub w 0.44 mm
= i 19.8 mm
U corner structure W, 0.3 mm
Lyo=1Ly 7.9 mm

Figure III-23 gives the simulation and measurement responses of the PC-SLR
tilter with non-optimized U corner. Simulation and measurement results are in good
agreement. As expected from the previous analysis, the first spurious frequency is

located at approximately five times the center frequency.

Detailed data shows that the in-band minimum insertion loss is lower than 2 dB

while the return loss is better than 18 dB. The 3-dB bandwidth is 7 %, as expected.
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Figure I1I-23. S parameters of PC-SLR bandpass filter with non-optimized U corner:
measurements (red dashed line) and circuit simulations (blue solid line), (a) Narrow band, (b)
large band.

b) Filter 2: PC-SLR with optimized U corners
Based on the design rules given by equations (II1.18) and (IIL.19), the U corner was
optimized to create transmission zeros in the out-of-band rejection. The photograph
of the resulting filter is given in Figure III-24. The overall dimension of the filter is
given in Table III-8. By modifying the length of the U corner paths while maintaining

the filter dimensions, a deeper out-of-band rejection was obtained.

60 mm

Figure 11I-24. Photograph of the third-order PC-SLR bandpass filters with optimized U
corner.
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Table 11I-8. Physical dimension of the PC-SLR filters with optimized U corners.

PARAMETERS VALUES
Parallel-coupled lines Wo1 1.69 mm
for input/output wy 0.95 mm
resonators
So1 111 pm
2 Loy 12.05 mm
o}
'qE'S Internal parallel-coupled Wiz 2.34 mm
% lines S 560 pm
o
E Ly, 9 mm
k3 Short-circuited stub w 0.44 mm
= L 19.8 mm
U corner structure W, 0.4 mm
L, 7.9 mm
Ly 33.7 mm

Figure III-25 shows the simulation and measurement responses of the PC-SLR
filter with optimized U corners. Simulation and measurement results are in very
good agreement. A wide out-of-band rejection is achieved, with a first spurious
frequency located at nine times the center frequency. The rejection level in the
upper out-of-band rejection is better than 25dB from 1.1 GHz to 8.7 GHz. A
transmission zero, located at 1.15 GHz, allows increasing the filter selectivity at the
lower stop band side. The in-band minimum insertion loss is still lower than 2 dB

while the return loss is still better than 18 dB. The 3-dB bandwidth is still 7 %, as

expected.
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Figure 11I-25. S parameters of PC-SLR bandpass filter with optimized U corner:
measurements (red dashed line) and circuit simulations (blue solid line), (a) Narrow band, (b)
large band.

Finally, Figure III-26 shows the comparison of the measurements of both filters on

the same graph in order to emphasize the improvement of the out-of-band rejection,

without any modification in the passband.
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Figure I1I-26. Comparison of S-parameters measurement of the PC-SLR filter with non-
optimized U corners (blue solid line) and with optimized U corners (red dashed line).
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The total size of the PC-SLR with optimized U corners is 60 mm x 27 mm
(0.2 A0 x 0.09 Ao) for a surface of 0.018 - 4,° while the classical coupled line bandpass
filter (filter a) has a total size of 82 mmx 12 mm (0.79 A0 x 0.12 Ao) for a surface of

0.095 - 1,°.

I11.4. State-of-the-art comparison

The PC-SLR filter with optimized U corners carried out in this work was
compared with several filters having a large out-of-band rejection in Table III-9. The
comparison is not easy concerning the insertion loss because the fractional
bandwidth and filters order are not the same. However, Table III-9 highlights that
the proposed filter exhibits a very wide upper out-of-band rejection compared to the
state-of-the-art. The compactness of these filters is also very interesting. The filter
presented [13] is much smaller than the PC-SLR with optimized U corners but with a

sacrifice in the return and insertion losses.
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Table I11I-9. Comparison of the PC-SLR filter with optimized U corners with the
state-of-the-art.

Reference Order fo FB® IL® RL® OR® Surface
n (GHz) (%) (dB) (dB) (xA0?)
3 2 20 ~1.2 ~17 2.7 fo (25 dB) _
5 2 15 ~2.4 ~10 2.8 fo (25 dB) _
5 2 8 1.4 _ 4.6 fo(20 dB) 0.067
5 22 10 ~2.2 ~13 5.75 £»(20 dB) 0.106
5 25 15 ~2.5 ~11 6.7 f(20 dB) 0.029
3 2.5 10 _ _ >2.4fo (25 dB) 0.032
3 2.45 _ _ 20 2.8 fo(20 dB) 0.026
3 2.45 8 ~1 18 5.1£(20 dB) _
5 2.45 8 ~1 14 7.8f(20 dB) _
3 2 10 2.45 18.8 4.25 £o (20 dB) 0,063
1 2.3 6.5 0.67 23 >4.3 fo (20 dB) 0.087
3 15 6 ~3 _ 4.3 fo(20 dB) 0.041

5 15 10 ~3 ~15 8.3 fo(20 dB) 0.061
4 1.97 6.7 2.68 ~15 4.9 f(20 dB) 0.029
[12] 3 245 8 15 15 ~5.3 fo (25 dB) 0.03

[12] 5 2.45 8 2 18 ~5.3 fo (25 dB) 0.052
[13] 4 15 10 2.35 12 ~8.3 fo (25 dB) 0.009
3 1 / 2 18 8.7 fo (25 dB) 0.018

MFB: Fractional Bandwidth @JL: Insertion Loss ©®RL: Return Loss @OR : Out-of-band
rejection
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Chapter 1V. Tunable Compact Filters Based on

Stub-Loaded Resonators

IV.1. Introduction

In recent years, to meet the requirements in mobile telephony and wireless
communication services, much effort has been made to develop high performance
bandpass filters having a low insertion loss, compact size, wide stopband, high
selectivity, and tunability. The compactness, low insertion loss in passband and wide
stopband are main standards for judging the performance of a filter. Tunable
bandpass filters are in increasing demand in various applications for both electronic
and communication systems to enable multiband operation. Compactness, tuning
range and linearity are the main features of tunable filters. Miniaturized filters are
always more practical in modern communication systems where circuit space is very

costly.

The great number of recent publications demonstrating tunable microwave filters
confirms their importance [1]-[17]. These reconfigurable filters include designs that
can independently reconfigure their parameters to precisely cover bands of interest:
center frequency ([2] and [4]-[7]), bandwidth ([1] and [10]-[13]), both center
frequency and bandwidth ([3], [9] and [16]), or selectivity ([14] and [15]).

Electronically tunable filters have been realized by devices such as FET
transistors, PIN diodes ([1], [11], [12], [14]), varactor diodes ([4], [10] and [16]), RF
Micro-Electro-Mechanical Systems (MEMS) ([3], [5]-[9]) and dielectric varactors ([2],
[13]). Varactor diodes offer a fast tuning speed over a wide tuning range,
compactness, but they lead to a variation in insertion loss within tuning range, due to
the variation of their quality factor, and distortion problems because of non-linearity.

RF-MEMS as tuning capacitors (varactors) lead to low insertion loss, small size, high
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linearity, but this technology still needs improvement in terms of speed, voltage

actuation and reliability.

This chapter presents the structure of the capacitor loaded stub-loaded resonator
(SLR), and then a complete resonant mode analysis is investigated. Tunability is
achieved by using varactor diodes. For a proof-of-concept, filters based on these

resonators are realized and characterized.

IV.2. Theoretical study of capacitor loaded SLR

In order to achieve a tunable PC-SLR filter, the idea is to capacitively load the
short-circuited stub. By using varactors as variable capacitances the fundamental
resonance frequency f, can be electronically tuned. Based on the analysis carried out
in a previous work [17], it is convenient to place varactor near the tee-junction
between the short-circuited stub and the open-ended transmission line, in order to

maximize the tunability of the resonant frequency fj.

Figure IV-1 shows the structure of the proposed capacitor loaded SLR. A
capacitance (the loading element) is connected at the center of the SLR, the resonant
condition of the resonator can be changed by varying the capacitance C, as explained

further.

This section discusses the dependence of the capacitance C on the fundamental
resonance frequency f,. The expression of this resonance frequency is derived from
the input admittance Y;;,. Simplifications on the expression of fyare proposed in order
to propose a simple study of the loaded SLR. These simplifications are then validated
theoretically by simulations. Since this structure is symmetrical, along AB plane (see
Figure IV-1), it is convenient to analyze it by using the even- and odd-mode analysis

technique in order to derive the resonance modes of the proposed structure.
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Figure 1V-1. Schematic view of the proposed loaded SLR.

IV.2.1. Fundamental resonance frequency of the capacitor

loaded SLR

a) Expression of the fundamental resonance frequency
The resonator structure to be considered here is shown in Figure IV-1. The input
admittance Y;, of the loaded SLR can be calculated by considering ABCD matrix

operations. Ideal lossless transmission lines are considered as first approximation.

(a) (b)
Figure IV-2. (a), Capacitor loaded SLR and (b) equivalent circuit for derivation of the
input admittance Yy,.
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Based on the analysis carried out in chapter II, the input admittance Y;,, ;- and Y;;, o¢

are given by:

Yin se = ———— (IV-1)

JZsc-tan(Bsc)

Yin_oc = j.tago(cem) (IV-Z)

The load admittance of the capacitor C can be written as:

Yioaa =Jj C-w (IV-3)
The output admittance Y,,, in Figure IV-2 can be expressed from (IV-1), (IV-2) and
(IV-3) by:

Your =J * (Yoo - tan(B,.) — Ysc - cot(Os.) + C - w) (IV-4)

Using the expression of Y,,; and based on the equivalent circuit in Figure IV-2 (b),
the input admittance is then expressed by:

2-tan(6yc)—Rz cot(Bsc)+ZocC w)

Yin - ]YOC . 1—-tan(By¢) (tan(Byc) —Rz. cot(Bsc)+ZpcC-w)

(IV-5)

The resonance condition of the capacitor loaded SLR can be easily obtained for

Yin = 0 and it can be approximated as:

1 Rz

fo=7

21| CZoc'Ksct2ksc'Koc

(IV-6)

ocC

where R; = 2% s the characteristic impedance ratio, and K. and K, are the phase
Zsc N oc

delays of short and open-ended transmission lines, respectively.

From (IV.6), the resonant frequency f; is inversely proportional to the capacitance

value C.
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b) Validation: simulated capacitor loaded SLR resonator
In order to verify the resonance condition given by equation (IV.6), an unloaded
resonator was first designed with Agilent ADS™ on a RT5880 substrate (relative
permittivity &,=2.21; dielectric loss tangent tg é=0.0009; dielectric thickness

h =787 um ; copper thickness t =17 um).

For this resonator, the characteristic impedances Z;. and Z,.equal 118.6 Q) and
50.7 Q), respectively, leading to a characteristic impedance R;ratio of 0.4. The
microstrip widths of short and open-ended transmission lines are 0.4 mm and
2.3mm, leading to effective relative permittivities €.orf c=1.7 and &pefr o = 1.9,
respectively. The physical lengths were fixed to 19.8 mm for the short-circuited
transmission line and 11.22 mm for the open-ended transmission line (Figure IV-3),
to obtain a resonance frequency equal to 1 GHz as shown in Figure IV-5 (blue solid
line).The resonator was excited using a gap of 0.5 mm in order to not modify its

resonant frequency.

MGAP MGAP

Gap9 Gap10
Subst="MSub1" Subst="MSub1"
W=wgap mm W=wgap mm
S=sgap mm S=sgap mm
101 : ' — 101
| | |
MLIN MLIN
+ Trm TLT2 ) TL71
Term1 Subst="MSub1" I MLIN Subst="MSub1" + Term
Num=1 W=woc mm TL70 W=woc mm Term2
7=50 Ohm L=loc mm Subst="MSub1" L=loc mm Num=2
L W=wscmm Z=50 Ohm
L=Isc mm =

Figure 1V-3. Electrical circuit of the SLR resonator.

By placing a capacitance near the tee-junction between the short-circuited stub
and the open-ended transmission line as in Figure IV-4, f, varies versus the

capacitance value.
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MGAP

MGAP

Gap7? =~ c=CpF Gap8
Subst="MSub1" Subst="MSub1"
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L 1 | I
MLIN MLIN
- Tem 1Lee n " Ier n "
Term3 Subst="MSub1 MLIN Subst="MSub1 + Tem
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L=lsc mm

Figure IV-4. Electrical circuit of the capacitor loaded SLR.

Figure IV-5 gives the simulated results of the elementary SLR resonator and the
capacitor loaded resonator for several C values. The simulated and computed (from
IV.6) fundamental resonant frequency fyis given in Table IV-1, for C = 1pF, C =
2pF, and C = 3 pF, respectively. As summarized in Table IV-1, simulated and
computed values are in a good agreement, thus providing the validity of the

approximated resonant frequency expression.

-20
- C=1pF
I €=3 pF ’ I‘
N Ll A
Wy 60 . , A
— m F \ "'H
/ - 4 )/
., Fa y — e T
I --#_. " . e
_B.D el P ;_.Hi...""'-#- 1......T-|I T ' ="
0.6 0.7 0.8 0.9 1.0 1.1
Frequency (GHZ)

Figure IV-5. Simulated transmission parameter of: the slightly coupled SLR (blue solid
line), and the capacitor loaded SLR for several C values (1 pF, 2 pF and 3 pF).
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Table IV-1. Simulated and computed fundamental resonant frequency value.

C (pF) fo*(MHz) fo (MHz) uncertainty

846 870.6 2.8 %
745.5 755.2 1.3 %
673.5 676.2 0.4 %

*simulated value -computed value

1V.2.2. Resonance modes of the capacitor loaded SLR

a) Odd-mode resonance frequencies
When odd mode excitation is applied, the midpoint is short-circuited; the stub
and the loaded capacitance can be ignored. This leads to the odd-mode equivalent

circuit shown in Figure IV-6.

Figure IV-6. Odd-mode equivalent circuit.

Similarly to the odd-mode input admittance of the elementary SLR resonator
presented in chapter III, the odd-mode input admittance of the capacitor loaded

resonator is given by:

1
JZoctan(8oc)

Yin_oda = (IV-7)
The resonance condition can be obtained by considering the open-ended
condition, for Yj,; 5qq = 0. Then the odd-mode resonant frequency can be easily

obtained from (IV.7) and can be approximated as:
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. c
foaa = load N vt I Jererr ocloc (IV-8)

where i,5q = 1,2,3 ..., ¢ is the light velocity in vacuum, &..ff oc and [, are the
effective relative permittivity and the physical length of the open-ended transmission

line, respectively.

From (IV.8) it is obvious that the odd-mode resonant frequencies (f,44) of the
capacitor loaded SLR are determined by the electrical length of the open-ended

resonator without any impact of the loading capacitance.

b) Even-mode resonance frequencies
For even-mode excitation, we can symmetrically bisect the capacitor loaded SLR

to obtain the equivalent circuit given in Figure IV-7

<
\
N O

5"<‘
§

| |
x|

Figure IV-7. Even-mode equivalent circuit.

By considering the short-circuited condition, the input admittance Y/, is given

by:
= —————— V-9
47 @z tan(Osc) (1v-9)
The input admittance Y’, can be approximated as:
Vi=j-%w (IV-10)
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If a varactor is used as a tunable reactive loading element, the input admittance

can be rewritten as:

Ya=j-%.0=j-b) (IV-11)

where Vis the reverse voltage applied to the varactor diode.

Using (IV.9) and (IV.11), it can be derived:
Yy=Y,+Y",
, . 1 . _ 1 . ]
' =1 b)) Gz = [PV ~ Gaiaman] =SB0 V1)

. _ -t
Wlth B(V) - [b (V) (Z.Zsc),tan(esc):l

The even-mode admittance can be expressed from (IV.11) as:

ntan(eoc)*_ tan(6oc¢)

Y +B(V
Zoc A . Zoc m

Y; = =7j-
In_even — q4j.z,-tan(Byc) Y a J 14j-Zoetan(Bpc)'Y 4

(IV-13)

The approximated resonance condition can be obtained by considering the open

ended condition (I = 0):

_ k.c __B(V) c :
feven - leoc_m + atan[ Yor ] 2_7.[,100_\/% (IV 14)

where k =0,1,2, ...

The fundamental resonance frequency of the PC-SLR based on capacitor loaded

SLR is approximated for k = 0, by:

B(V)] c

feven = atan[— Yoo " 2 loeJearf oe (IV-15)
The even-mode resonant frequencies can be electrically tuned by varying the
reverse capacitor biased voltage applied to the varactor diode. As analyzed above,

when SLR is capacitively loaded it has fixed odd-mode resonance frequencies and

tunable even-modes.
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c) Validation of the concept: Parallel-coupled bandpass filter
with capacitor loaded SLR

For a proof-of-concept, a third-order PC-SLR bandpass filter was designed (case 3
in chapter III), with passband ripple of 0.01 dB, a relative bandwidth of 2 %, and a
center frequency of 1 GHz. This filter was designed and simulated considering ideal
transmission line in order to study the even- and odd-mode resonance frequencies of
the PC-SLR with capacitor loaded resonators. Figure IV-8 shows the simulation
responses (blue solid line) where the first four spurious resonant modes are odd-even
mode located at 4.5 GHz, even-mode (8.1 GHz), even-mode (10.1 GHz) and even-odd
mode (13.6 GHz), as already shown in chapter III, and the PC-SLR based on capacitor
loaded SLR for several C values (1 pF, 2 pF, and 3 pF). Figure IV-8 (a) illustrates the
expected variation of the fundamental frequency (even-mode) for the PC-SLR, with a
fundamental resonance occurring at 1 GHz for the PC-SLR based on unloaded SLRs.
As expected, odd-modes (studied in Chapter III) located at 4.5 GHz and 13.6 GHz
(Figure IV-8 (b)) are unchanged as expected, while it is seen that changing the value

of the loaded capacitance modifies the even-mode resonant frequencies.

-20 : ' vV 1)
R BV
R \, \
: .l'"-_ ‘H_ /\ \

; P \

60 : 7 7 / -
S g . -
Y ) C=1pF~ =~
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|S21| (dB)
A
2
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Frequency (GHZ)

(a)
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Figure IV-8. S parameters of the PC-SLR bandpass filter based on classical SLR (blue
solid line) and compared with three capacitor loaded SLR bandpass filters: for capacitance
values, 1 pF (red dashed line), 2 pF (pink dashed dotted line, 3 pF (dotted mallow line)) (a)

narrow band (fundamental mode (even-mode)), (b) wide band .

It can be seen from Figure IV-8 (a), that the significant shift of the fundamental
resonance is achieved with the sacrifice of the bandwidth. The filter bandwidth is
reduced as the passband is shifted to lower frequencies. This is due to the fixed
coupling sections between resonators. Indeed, these fixed couplings do not allow to

obtain a constant loaded factor Q = Lo = L, where f; and f, are the limits of the

fo=fi  Ofsam

tirst frequency band measured where the insertion loss is 0.01 dB. Thus, in order to
maintain a constant bandwidth while shifting the resonant frequency, the inter-
resonators coupling should be varied. This therefore will require three more tuning
capacitances [16] Simulations show that the required values of these capacitances are
in the range of 0.006 pF to 0.02pF. Since available varactor diodes exhibit a minimal
capacitance value of approximately 0.02 pF, it is not easy to change the inter-

resonators coupling.
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IV.3. The varactor diode

Varactor diode is a semiconductor diode that essentially consists of pn junction
operated in reverse bias. When reversed biased voltage is applied, the capacitance
across the pn junction is controlled. The property of the capacitance change is
utilized to achieve a change in the frequency and/or the phase of an electrical circuit.
This behavior provides a voltage controllable variable capacitance component. The
reverse voltage and the junction capacitance are related by [18]:

= mfﬁ (IV-16)
where (jis the variable junction capacitance of the varactor diode, V is the applied
reverse bias voltage, V; is the built-in junction potential, y is a coefficient that
depends on the junction doping profile, Cjyis the junction capacitance without an
external bias and it is given by:
Go=4A- |59 (1V-17)
where A is the area of the diode, € the dielectric constant of the epitaxial layer

material, e the electronic charge, N, epitaxial layer doping density.

When modeling a varactor diode, one should take the parasitic elements that are
due to the package into account, in order to obtain an accurate equivalent electrical
circuit model at the frequency band of interest. The classical varactor model diode is
shown in Figure IV-9, where R; is the parasitic variable series resistance of the diode,
Ly and C, represent the parasitic inductance and capacitance due to the package,

respectively. In this model, R; varies with the applied voltage.
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G(V) Rs(V) Lg

S T ——

Figure IV-9. Simple model of a packaged varactor diode.

There are several types of varactor diode. However, the voltages involved have
sometimes large range according to the application. It is important to emphasize that
the choice of the diode must be focused on a component that has the lowest series
resistance, and convenient capacitance ratio depending on the required application.
One of the key parameters for a varactor diode is the capacitance ratio. This is

. c
commonly expressed in the form =*** where C,;,,, corresponds to the lowest reverse

min

biased voltage.

For the filter developed in this work, the varactor diode used is the MA-COM

MA46HO071 GaAS varactor. It offers a capacitance ratio of Smax — ¢ which is

min
convenient for this work. After extracting data from the C;(V) curve, the capacitance

of the MA46H071 varactor diode was modeled by the equation:

2.69

j = _V vos7
(14552

[PF] (IV-18)

Based on this equation the capacitance versus the reverse voltage is presented in
Figure IV-11. Note that, the parasitic elements are not taken into account in this
equation but can be extracted by comparing measured S parameters of the varactor

diode (extracted from the datasheet) with the simulated model shown in Figure IV-9.
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Figure IV-10. Capacitance versus reverse voltage for the varactor diode MA46HO071 at
1 MHz, based on equation (IV-18).

Thus, the complete model considering parasitic effects Ry, Ls and C, can be
achieved: Rg varies from 0.1 Q (at 20V)to 3Q (at 1 V) with ,Lg=1.1 nH and
C, = 0.1 pF. Finally, taking these effects into account, the equivalent capacitance

range versus the reverse voltage varied from 0.294 pF at (22 V) to 2.14 pF (0.1 V).

IV4. Experimental results

To verify the theoretical results, an unloaded and fixed filter based on SLR was
developed, and called “filter 1”. Then, each of its resonators was capacitively loaded,
according to the criteria outlined in the previous section. Finally, “filter 2” was

optimized in order to show the performance of this kind of tunable filter.

1V.4.1. Filter 1

The PC-SLR filter was designed and synthesized based on the classical J-inverter
method. A center frequency of 1.5 GHz with a fractional bandwidth of about 9 % was
considered. The filter was designed with Agilent ADS™ and fabricated on a RT 5880
substrate (dielectric constant &, = 2.21, dielectric loss tangent tand = 0.9.1073,

substrate thickness h = 0.787 mm, copper thickness t = 17 pm).
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The electrical length 6,. of the open-ended resonator is equal to 32°, with a
characteristic impedance ratio R; = 0.4 (Z;, = 1250, Z,. = 50 2). Based on the

analysis carried out in chapter III, the first spurious frequency is approximately at

2.8 fy (odd mode), as seen in Figure IV-11.
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Figure IV-11. Normalized first spurious frequencies Keypen 1and koqq 1 versus the
electrical length 6, of the open-ended resonator.

Figure IV-12 gives the photograph of the realized filter. Its total size is
71.8 mmx 12.9 mm (0.37 Ao X 0.066 A) for a surface equal to 0.024 - Ao°. The overall

dimensions of the filter is given in Table IV-2.

71.8 mm

Figure IV-12. Photograph of the third-order PC-SLR bandpass filter of relative bandwidth
8.7 %.
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Table IV-2. Physical dimension of the PC-SLR filter.

PARAMETERS VALUES
Parallel-coupled Lines Wo1 1.1 mm
for input/output resonators
Wy 0.7 mm
So1 250 pm
L01 15.32 mm
Internal parallel-coupled Wi 2 mm
lines
S12 540 pm
L12 11.05 mm
Short-circuited stub Wse 0.45 mm
Mg 7.09 mm
U corner structure w 0.3 mm
Lo =1Ly 7.9 mm

Figure IV-13 gives the simulation and measurement responses of the PC-SLR
tilter, “filter 1”. Simulation and measurement results are in good agreement. As
expected from the previous analysis, the first spurious frequency is located at

approximately 2.8 times the center frequency (odd mode) (Figure IV-13(b)).

Detailed data shows that the in-band minimum insertion loss is 1.5 dB while the

return loss is better than 15 dB. The 3-dB bandwidth is 8.7 %, as expected.
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Figure IV-13. S parameters of PC-SLR bandpass filter: measurements (red dashed line)
and circuit simulations (blue solid line), (a) Narrow band, (b) wide band.

IV.4.2. Stub reduction versus capacitance value

As previously demonstrated, by loading the short-circuited stub by variable
capacitance (varactor diode), the working frequency of the filter can be electronically

tuned. The length of the stub is also reduced, leading to even more compact filters.
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As given in Table IV-2, the length of the short-circuited stub is 7.09 mm.
Figure IV-14 is considered to study the length reduction of the capacitor loaded SLRs
at the working frequency of the PC-SLR bandpass filter (“filter 17).

Figure IV-14. Schematic view of the SLR (of filter 1) and the capacitor loaded SLR.

Without considering neither the loss of transmission lines nor the parasitic
elements of the varactor diode, the two resonators (unloaded and loaded SLRs) in

Figure IV-14 resonate at the same frequency when:

Yin1 = Yinz (Iv-19)
Yin1and Yj,,can be expressed as:

1
N JZsc -tan(8sc)

(IV-20)

Yin1

(Iv-21)

] 1
and YinZ_Jl[Cj.w_ZscTn(g;c)]

By equating (IV-20) and (IV-21), the capacitance value can be written as:
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_tan(85c)

Cj 1 [ tan(GSC)] (IV-ZZ)

 Zgew tan(6sc)

Based on the resonators of “filter 1”7, Figure IV-15 gives the reduction of the stub
length to achieve the working frequency versus the capacitance value. It is obvious
that the reduction increases with the capacitance value. It reaches 51.5 % for a
reduced physical length of 3.4 mm for a 3.2 pF capacitance value and 21.5 % for a

reduced physical length of 5.5 mm.

8

6 ~.
T~
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Figure IV-15. Effect of the variable capacitance on the short circuited stub at the working
frequency of “filter 1”: (a) physical stub length and (b) stub length reduction versus
capacitance value.

For a proof-of-concept, a three-pole bandpass filters based on capacitor loaded
resonators was fabricated. The physical parameters of the tunable bandpass filters
can be deduced from “filter 1” with modified stub lengths. “Filter 2” was constructed

with 5.5 mm stub length. The photograph of resulting filters is given in Figure IV-16.

The concept was validated using three varactor diodes (connected to the center of
each resonator) as shown in Figure IV-16. These varactor diodes were biased with
only two DC voltages, V;to control the lateral varactors C; and V,to control the central

varactor C,, respectively.
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RF chock inductor

Figure IV-16. Photograph of the third order tunable parallel-coupled bandpass filter.

IV.4.3. Filter 2 simulation and measurement responses

“Filter 2” was based on the dimensions of “filter 1”. Only the short-circuited stub
length was modified (5.5 mm instead of 7.09 mm). For a 5.5 mm stub length the
capacitance value needed to fix the same working frequency as “filter 1” (as shown
in Figure IV-15) is included in the capacitance range value of the varactor diode
(0.291 pF to 2.14 pF). Thus, the center frequency tuning range will be localized
around 1.5 GHz.

Simulated S-parameters of the “filter 2” are illustrated in Figure IV-17. The
insertion loss varied from around -6.8 dB to -2.1 dB. The simulated tuning range is
1.36-1.57 GHz corresponding to a relative tuning range of (+/- 7.2 %) around
1.47 GHz. The 3-dB relative bandwidth was included between about 5 % at 1.36 GHz
to 8.2 % at 1.57 GHz, as shown in (a).
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Figure IV-17. Simulated S parameters of the PC-SLR bandpass filter based on capacitor
loaded SLR(“Filter 2”) with different values of Cyand Cy: (a) transmission coefficient, (b)

return loss.

Measurements of the filter were carried out. Results are shown in Figure IV-18.

Detailed data shows that the filter insertion loss varied from around -6.8 dB

to -2.4 dB. The measured tuning range is 1.34-1.56 GHz (+/- 7.6 %) around 1.45 GHz.

The 3-dB relative bandwidth was found to increase from approximately 5.5% at

1.34 GHz to 8.3 % at 1.56 GHz, as illustrated in (a) while return loss is better than
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10 dB (Figure IV-18 (b)). Due to technological resolution, especially concerning the

gap width, the insertion loss behavior in the passband is affected for the narrowest

bandwidth.
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Figure IV-18. Measured S parameters response of (“Filter 2”) for DC voltages Viand V5:
(a)transmission coefficient S,q, (b) return loss Sy4.
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Finally, Figure IV-19 shows the comparison of the simulated (solid lines) and
measured (dashed lines) results. Here again, simulation and measurement results are

in good agreement.
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Figure IV-19. Comparison of the measured and simulated S-parameters of “filter 2.

Figure IV-20, shows the simulation (blue solid line) and measurement (red
dashed line) responses in a wide band for V; = 16.5V,V, = 22V (corresponding to
C,=0.34 pF, and C, = 0.294pF). As expected from the previous analysis, the first

spurious frequency is located at approximately 4 GHz.
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Figure IV-20. S-parameters of the “filter 2”: measurements (red dashed line) (forV; =
16.5V,V, = 22V), and circuit simulations (blue solid line).

1V.4.4. Conclusion

Both theory and experiments have proven that the center frequency of the
PC-SLR bandpass filter can be easily controlled by loading the short-circuited stubs
and choosing accordingly their convenient length. Measurement and simulations are
in a good agreement, except in the out-of-band region where some unexpected
spurious appear. Insertion loss depends on the varactor diodes quality factor, and
varies from about 2.2 dB to a maximum of 6 dB, with a working frequency variation
of +/- 7.6 %. These first results show that the simple approach proposed in this work
can lead to very fast designs of tunable filters. Further works could focus on the

tuning of the bandwidth independently from the center frequency.
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Conclusion

Characteristic features of the Parallel-Coupled Stub-Loaded Resonator (PC-SLR)
bandpass filter were presented, such as resonance conditions for the fundamental
resonance frequency and for spurious ones. Miniaturization rules were discussed to
illustrate the fact that the SLR can be shortened by applying a small characteristic
impedance ratio Rz. The proposed PC-SLR bandpass filter can be 50 % smaller as
compared to the classical Parallel-coupled bandpass filter. A complete synthesis
method of the PC-SLR bandpass filter was developed. The synthesis is based on the
classical | inverter method. The filter equivalent circuits, slope parameters and
admittance inverters expressions were derived. Based on this synthesis, the odd- and
even-mode impedances were computed. Using these impedances the physical
parameters of the filter were calculated for a homogeneous technology (such as
stripline). Simulations were presented to validate the theory for three relative
bandwidths of 4, 6 and 8 %, respectively. For a proof-of-concept a third-order
stripline bandpass filter was designed and fabricated with a passband ripple of
0.01 dB and a relative bandwidth of 4.5 %. Theory, simulations and measurements
are in good agreement and thus validate the theory. The realized bandpass filter
achieves more than 36 % surface minimization in comparison to the conventional

Parallel-coupled bandpass filter with the same specifications.

Next, a careful study of the spurious frequencies was achieved. A wide
out-of-band rejection was demonstrated for the PC-SLR bandpass filter. The highest
tirst spurious frequency was controlled by the convenient choice of the open-ended
stub’s electrical length and the characteristic impedance ratio R;. Based on this
analysis, it is convenient to consider a small R, ratio (< 1) in order to achieve compact
and wide out-of-band rejection. Even by properly choosing the electrical open-ended
stub’s length and the characteristic impedance ratio, the large out-of-band rejection
cannot extend to more than five times the working frequency. Thus, to enlarge the

out-of-band rejection, an original technique was proposed by using near- and far-end
142



Conclusion

three-coupled feeding lines called “U corner” structures. The implementation of this
technique is very simple since only the “U corner” has to be optimized after a
classical design. The out-of-band rejection is greatly improved up to 9 times the

working frequency.

Finally, by properly loading the SLR with variable capacitance (varactor diode)
with the convenient miniaturization of the short-circuited stub, the center frequency
of the PC-SLR filter was easily controlled. It was proven that the loaded capacitor has
no impact in the odd-mode resonance frequencies. Thus, when loading the SLR, the
first spurious frequency is not altered. For a proof-of-concept, third-order PC-SLR
bandpass filters were designed and fabricated. By loading the three SLR of the filter
with capacitors, according to the theory, a working frequency tuning of 14 % can be
achieved around 1.5 GHz. Insertion loss depends on the varactor diodes quality

factor, and varies from about 2.2 dB to a maximum of 6 dB.

The theoretical and simulated results carried out in this thesis indicate the
importance of the characteristic impedance ratio. A small value of the characteristic
impedance ratio leads to a compact PC-SLR bandpass filter and a wide rejected
bandwidth. This ratio is limited by the substrate’s characteristics. In order to tackle
this limitation, slots could be introduced in the ground plane below the
short-circuited stub to increase their characteristic impedance and thus decrease the

characteristic impedance ratio.

Moreover, by properly coupling the first and the third resonators of the
three-order PC-SLR bandpass filter, additional transmission zeros could be located in
the upper out-of-band rejection. These transmission zeros can be located at the
harmonics of the working frequency or near the passband to improve the filter
selectivity. Location of these zeros can be adjusted by controlling the coupling
between these resonators. The location of these zeros can be estimated based on a

specific theoretical study.
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