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Preface

Anytime. Anywhere.
Mobile communication lets you keep in touch.

The introduction of radio wave transmission by G.M. Marconi and the tele-
phone by Graham Bell in the late 19th century together brought dramatic
changes in the way we communicate. By combining the two, we now possess a
powerful communication tool enabling us to keep in touch with anyone, any-
time and anywhere. Technological breakthroughs have contributed to this
scheme by providing compact electronic devices, and without such progress,
our present situation could not have existed. We foresee a bright future based
on the further progress of mobile communication. The authors of this book
have engaged in the downsizing of radio frequency (RF) circuits found in
wireless communication devices. Filtering devices are an essential component
for such circuits, and considerable effort has been put into the research and
development of such devices. This book starts from a conceptual view of
such filters, and expands on this idea to provide a practical solution for the
application of filtering devices.

The purpose of this book is (1) to provide general information and ba-
sic design procedures for filters applied to wireless communication systems,
(2) to illustrate the availability and introduce actual design examples of the
stepped-impedance resonator (SIR) structure intended for the RF/microwave
region, and (3) to propose a more general concept for transmission-line res-
onators based on an expanded SIR structure. Basic theory and analysis meth-
ods for RF/microwave transmission line resonators are extensively explained,
followed by the synthesis theory and practical design techniques for filters ap-
plying such resonators. Various design examples are also presented in each
part. The book is sure to offer useful information for students engaged in
microwave circuit theory, researchers in the field of electromagnetic wave en-
gineering, and R&D engineers of wireless communication systems and circuits
design.

The features of this book are as follows: (1) The concept of SIR is in-
troduced in order to expand the applicable frequency range of the conven-
tional transmission-line resonator. (2) Novel resonator/filter structures ap-
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plying newly developed dielectric and superconducting materials along with
advanced micromachining fabrication technologies are introduced. (3) Res-
onator applications are extended beyond filtering devices, to RF devices with
new structures such as a balanced mixer and a low phase noise oscillator. Such
topics have received scant attention up to now, and thus we are convinced
that this book will provide useful information for the present and future
development of compact and high performance radio equipment.

The book is organized into six chapters and an appendix. Chap. 1 starts
with an overview, including historical perspectives of filters, applied to com-
munication systems. Next, the required functions and characteristics of the
various types of filters applicable to wireless communication equipment are
presented. Here we introduce the stepped inpedance resonator (SIR) as a
promising resonator structure capable of overcoming the essential drawbacks
of the conventional transmission-line resonator, which is commonly applied to
filters in the RF/microwave region. In Chap. 2, the basic structure and prop-
erties of the SIR are analyzed by introducing the concept of transmission-line
impedance ratio. Chap. 3 explores the quarter-wavelength type SIRs and their
application to filters. Practical use of this SIR has progressed in the shape of
coaxial dielectric resonators, and various examples focusing on miniaturiza-
tion techniques are presented in this chapter. Chap. 4 concentrates on half-
wavelength type SIRs and their application. This SIR structure is easily re-
alized with stripline configurations and possesses a high affinity with active
devices. Utilizing these advantages, practical applications to mixers and os-
cillators, as well as filters, are illustrated through experimental examples.
Chap. 5 discusses one-wavelength type SIRs. This SIR is usually designed as
a dual-mode resonator because it is too large for single mode application.
The excitation method and theoretical analysis of the dual-mode resonator is
introduced, and a design method for dual-mode filters is derived. Experimen-
tal examples are also presented. Finally, in Chap. 6 the wider concept and
technological trends of SIRs are presented. Here, topics such as expansion of
applicable frequency range, problems to be solved, and promising applications
of SIRs are discussed and summarized. In addition, in the Appendix we intro-
duce the method of analysing of single resonators and resonator-pairs using a
general-purpose microwave circuit simulator. This analysis method provides
a generalized estimation of resonator properties for filter synthesis, without
having to develop an application-specific computer program. This technique
is applied to filter design throughout this book, and can be recommended as
a highly practical design method.

As previously mentioned, it seems evident that wireless communications
will progress in the direction of global personal communication systems based
on multimedia content. Accordingly, the role of the filtering device as a key
RF component will become even more important, and requirements for per-
formance will become more critical. We hope this book will contribute to the
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design and development of filters for wireless communications, and promote
further development of advanced filtering devices.

Most of the technical material relating to SIRs in this book is compiled
from R&D results achieved at the Matsushita Research Institute Tokyo in
the past 25 years. We would like to express our sincere gratitude to the many
researchers who have travelled a long way to engage in this project, along
with our colleagues at Matsushita Communication Industrial Co. who have
provided us with valuable advice and evaluation leading to the achievement
of publishing this book. We would also like to deeply thank Dr. M. Sagawa,
Dr. H. Yabuki, Mr. M. Matsuo, and Dr. A. Enokihara for their courtesy in
offering us valuable experimental data on filter establishment.

Finally, we would like to thank Mr. K. Goho who put much effort into
translating this book, as well as Dr. C. Ascheron of Springer-Verlag for pro-
viding us the opportunity and helpful advice in publishing this book.

Kawasaki, Japan Mitsuo Makimoto
Summer, 2000 Sadahiko Yamashita
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1. Introduction

1.1 The History of Filters in Telecommunication

Filters in electric circuits have played an important role since the early stages
of telecommunication, and have progressed steadily in accordance with the
advancement of communication technology. In 1910, the introduction of the
carrier telephony system — a novel transmission system of multiplex com-
munication — drastically reformed the technological landscape surrounding
telecommunications and introduced a new era in telecommunications. The
system required the development of new technology to extract and detect
signals contained within a specific frequency band, and this technological ad-
vance further accelerated the research and development of filter technology.

In 1915, the German scientist K.W. Wagner introduced a filter design
method which became well known as the “Wagner filter”. Meanwhile, an-
other design technique was under development in the United States by G.A.
Cambell, a design which later became known as the image parameter method.
After these technological breakthroughs, many notable researchers including
0.J. Zobel, R.M. Foster, W. Cauer and E.L. Norton actively and systemati-
cally studied filter design theory using lumped element inductors and capac-
itors. Subsequently, a precise filter design method with two specific design
steps was introduced in 1940. The first step in this filter design method was
the determination of a transfer function that met with the required specifi-
cations. Then, using a frequency response estimated by the previous transfer
function, the second step was to synthesize electrical circuits. The efficiency
and success of this filter design method were unmatched, and most current
filter design techniques today are based on this early method.

Soon, filter design development expanded from the lumped-element L.C
resonators to the newly discovered field of distributed-element coaxial res-
onators or waveguide resonators [1]. Simultaneously, broad advances in the
field of filter materials were achieved, greatly advancing the progress of filter
devices. In 1939, P.D. Richtmeyer reported that the dielectric resonator [2],
which utilized electromagnetic wave resonance, had two special features: small
size and high @ value. However, the material’s lack of temperature stability
in those days meant that the filter was insufficient for practical use. In the
1970s, the development of various kinds of ceramic materials with excellent
temperature stability and high @ value increased the viability of practical
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application of the dielectric filter [3]. With the development of these ceramic
materials, application to filters advanced rapidly. The dielectric filter has
since become one of the most important and familiar components in recent
RF /microwave communication equipment. In addition, superconducting ma-
terials with high critical temperature discovered in the 1980s are expected
to have the possibility of designing novel microwave filters with extremely
low loss and small size [4]. Many R&D efforts have been directed toward
developing a practical use.

In the early stages of filter development, filter design concentrated on
passive electrical circuits composed of appropriate combinations of inductor
L and capacitor C. The LC resonator being a linear resonant system, many
early researchers believed that resonant systems based on physical principles
other than lumped/distributed-element electrical circuits could achieve filter
performance. In 1933, W.P. Mason revealed a quartz crystal resonator filter
[5), and this filter soon became an indispensable component in communica-
tion equipment because of its excellent temperature stability and low loss
characteristics. Like the crystal resonator, the ceramic resonator system uses
bulk waves. Although the ceramic filter does not offer many of the valuable
properties of the crystal filter, they are often utilized because of their low
production cost. Surface acoustic wave (SAW) resonators which employ sin-
gle crystal material such as LiNbQOg3, LiTaOs3, etc. can also be used as filter
elements, and SAW filters are feasible for practical use at much higher fre-
quency ranges than bulk-wave filters [6]. A resonant system of magnetostatic
modes, generated by applying a biasing magnetic field to a ferrite single crys-
tal, also has the capability to serve as a filter [7]. Microwave filters using a
YIG (yttrium iron garnet) sphere similarly have been put to practical use.
The YIG filter’s special feature is the ability to change the center frequency
by varying the magnetic field strength.

Although all the above mentioned filters utilize a linear resonant system,
early stages of filter development suggested the probable and likely existence
of another approach that would realize filter response. The main reason be-
hind this belief was the general view of filters as functional devices which
achieved their performances according to given transfer functions. Filtering
devices which employed active circuits were typical examples. In the “vacuum_
tube” age, active RC filters without LC reactance circuits were aggressively
studied and developed, and the results of this research have also been utilized
in filter technology. Some examples of such active filters include a popular
technique that establishes equivalent LC circuits through the use of gyra-
tors, and a technique that realizes the transfer function response by using
operational amplifiers with feedback circuits. The advancement of the semi-
conductor analog-integrated circuits stimulated and promoted the progress,
practical use, and spread of these active filters.

In addition to the previously described techniques, there is also a digital
technique [8] which realizes the transfer function of a filter more directly.
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The general procedure for this technique is: first the input analog signal is
converted into a digital signal; next numeric operation processing is per-
formed according to the transfer function, and finally the output signal is
obtained after digital-to- analog conversion. Although the theory that such
digital filters exist was proposed much earlier, industrial applications did not
materialize until the remarkable digital LSI advancements in the 1970s. Cur-
rently, almost all digital communications systems adopt these digital filters
as the base-band filters. In addition, the progress of hardware and high-speed
operation algorithms continually extend the upper bounds of applicable fre-
quency.

As described above, filters and their design methods have a long history.
Filters have become indispensable devices not only in the field of telecom-
munication, but also in many other types of electrical equipment. Due to the
variety and diversity of filter types, it often becomes necessary for a designer
to carefully consider which filter to adopt for a particular application.

When classifying filters according to frequency response, they are divided
into four basic types: LPF (low-pass filter), HPF (high-pass filter), BPF
(bandpass filter) and BEF (band-elimination filter). The LPF design method
provides the basis for all types of filters. Many tutorial books describe how
the design techniques for HPF, BPF and BEF can be derived from the LPF
prototype design method by appropriate frequency conversion. This book
concentrates mainly on BPF, because BPFs remain the most important and
complicated to design for use in wireless communication equipment.

1.2 Filters for Wireless Communication

Various kinds of filters are used for wireless communication equipment. In
this chapter, the type of filter, its function, and the necessity of filter minia-
turization will be addressed, beginning with one of the most familiar forms
of wireless communication equipment: the mobile telephone terminal.

Figure. 1.1 shows a typical RF circuit block diagram of a mobile tele-
phone based on a FDMA-FDD system (frequency division multiple access-
frequency division duplex,) the generally adopted system for first generation
mobile communication [9]. The receiver component employs a double super
heterodyne system in this example, and the received signal from the antenna
is amplified by a low noise amplifier after undesired signals are removed by
the Rx-BPF, a part of the duplexer. This signal is then transferred through
the quartz crystal BPF and to the IF port after frequency conversion by the
mixer. The quartz crystal BPF plays the role of a channel filter and selects
only one specific channel signal among frequency multiplexed signals. This
IF signal is again amplified and converted to the second IF signal, and fi-
nally becomes the base-band signal after passing through the detector and
demodulator.
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Antenna

Low Noise . Crystal
Amplifier [} Mixer BPF IF
Power Frequency
Divider Synthesizer
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= R am «— Mixer 1-—(?
Amplifier BPF Modulator

Antenna Duplexer

Fig. 1.1. A typical RF circuit block diagram of a mobile telephone

The transmitter section in Fig. 1.1 adopts an up-conversion system which
up-converts a premodulated IF signal. Because the output signal of the mixer
contains various spurious signals, the desired signal must be extracted with
a BPF and then amplified by the power amplifier. The power amplifier is an-
other source of noise, where spurious signals, primarily harmonic frequency
components of input signals, are generated. These undesired signals are re-
moved by the Tx-BPF, a part of the duplexer, and finally the signal is radi-
ated from the antenna in the form of an electromagnetic wave.

Therefore, filters are of immeasurable importance to wireless equipment
because they are always located between the input and output stages of the
RF active circuits. Next, the functions and the required characteristics of
each individual filter will be addressed in detail.

The necessary functions of the Rx-BPF are (1) avoiding saturation of the
receiver front-end due to leakage of the output signal from the transmitter,
(2) removal of interference signals such as the image frequency signal com-
ponent, and (3) reduction of power leakage of the local oscillator from the
antenna. Therefore, the optimal performance of the Rx-BPF would achieve
high attenuation for removal of interference and simultaneously reduce pass-
band insertion loss that directly affects the sensitivity of the receiver. The
primary function of the crystal BPF is channel selection, therefore it must
hold properties such as steep attenuation, good group delay characteristics,
and excellent temperature stability as a narrow band filter.

The primary function of the Tx-BPF is the reduction of spurious radiation
power from the transmitter to avoid interference with other wireless systems.
The dominant frequency components of these undesired signals are the second
or third harmonics of the transmitting signal frequency, as well as the local
oscillator frequency. Another vital function is the attenuation of noise within
the transmission signal at the Rx band and thus suppression of its level below
the sensitivity point of the receiver. Thus, the Tx-BPF must possess a wide
stop band for spurious signal suppression while maintaining a low pass-band



1.3 Classification of Resonators and Filters for Wireless Communication 5

insertion loss and the capability of handling large signal levels at the output
stage.

From a practical point of view, miniaturization is an important issue for
all portable electronic equipment. The reduction of size and weight becomes
especially critical for wearable equipment such as portable mobile phones.
Obviously, there have been great demands and expectations for the minia-
turization of RF circuits. Almost all circuits of lower frequency in the IF and
baseband section, including filters, can employ digital LSIs (large scale inte-
grated circuit). Therefore, the miniaturization of these circuits will progress
along with the advancement of semiconductor technology.

On the contrary, the introduction of MMICs {monolithic microwave in-
tegrated circuit) suggests the miniaturization of RF active circuits such as
amplifiers, modulators and frequency converters will be increasingly possible.
Still, there are a number of problems to be solved before obtaining optimal
circuit size reduction in circuits that possess resonators such as RF filters and
oscillators. Therefore, size reduction and achieving high performance of filters
continue to be important research issues, and will likely trigger a new tech-
nology frontier in this field in the areas of circuit theory, materials, minute
processing technology, and rigorous design techniques.

1.3 Classification of Resonators and Filters
for Wireless Communication

The main frequency bands assigned to wireless communication are spread
throughout a wide range, from several tens of MHz to several tens of GHz.
Since a wide variety of resonators and filters can be applied to these fre-
quency bands, Fig. 1.2 shows the applicable range of some typical examples.
Figure 1.2 omits active circuit filters such as active RC filters, SCF's {switched
capacitor filters) and digital filters because such microwave application filters
are not feasible at the present time and exist only at an R&D stage. Further-
more, Fig. 1.2 also omits magnetostatic mode filters, which have been applied
mainly to measuring instruments, because of their rare use in wireless com-
munication equipment.

For frequencies below 1 GHz, the figure suggests the most commonly used
resonators are the bulk-wave, SAW and helical resonators. Since each res-
onator type has its own advantages and disadvantages, it is necessary to
adopt the proper filter according to the application and purpose of the fil-
ter. Bulk-wave and SAW resonators/filters are applied in cases where there
is strong demand for miniaturization and low-loss characteristics; helical res-
onators/filters are often utilized when a high level of power handling is nec-
essary. In addition, bulk-wave and SAW resonators show outstanding tem-
perature characteristics, thus satisfying conditions for application to narrow
band filters.
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Fig. 1.2. Applicable frequency range of typical resonators and filters

For a frequency range from RF to microwave, various kinds of resonators
including the coaxial, dielectric, waveguide, and stripline resonators exist [1].
Coaxial resonators have many attractive features including an electromag-
netic shielding structure, low-loss characteristics and a small size, but their
minute physical dimensions for applications above 10 GHz make it difficult
to achieve manufacturing accuracy. Dielectric resonators also possess a num-
ber of advantages such as low-loss characteristics, acceptable temperature
stability and a small size. However, high cost and present-day processing
technology restrictions limit dielectric resonator utilization to applications
below 50 GHz.

Waveguide resonators have long been used in this frequency range, pos-
sessing two main advantages: low-loss characteristics and practical applica-
tion feasibility up to 100 GHz. However, the greatest drawback of the waveg-
uide resonator is its size, which is significantly larger than other resonators
available in the microwave region.

Presently, the most common choice for RF and microwave circuits re-
mains the stripline resonator. Due to practical features including a small
size, easy processing by photolithography, and good affinity with active cir-
cuit elements, many circuits utilize the stripline resonator. Another advan-
tage of the stripline resonator is a wide applicable frequency range which
can be obtained by employing various kinds of substrate materials. However,
a major drawback to the use of the resonator is a drastic increase in inser-
tion loss compared to other types of resonators, making it difficult to apply
such stripline resonators to narrow band filters. Still, such stripline resonators
yield high expectations for application to ultra low-loss superconducting fil-
ters [4], which are now under development and require fabrication methods
using planar circuits such as stripline configuration.
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1.4 Transmission-Line Resonators and Stepped
Impedance Resonator (SIR)

The most typical transmission-line resonators utilizing transverse electromag-
netic modes (TEM) or quasi-TEM modes are coaxial resonators and stripline
resonators. As shown in Fig. 1.2, these resonators possess a wide applicable
frequency range starting at several 100 MHz extending to arround 100 GHz,
and presently remain the most common choice for filters in wireless communi-
cation {10]. These resonators, as previously described, do not possess low-loss
properties, i.e., they do not have high @ values compared to waveguide or
dielectric resonators. However, they do have valuable features as electromag-
netic wave filters: a simple structure, a small size, and the capability of wide
application to various devices. Moreover, the most attractive feature of micro-
stripline, stripline or coplanar-line resonators is that they can be easily inte-
grated with active circuits such as MMICs, because they are manufactured
by photolithography of metalized film on a dielectric substrate.

Figure 1.3 shows the fundamental structure of a micro-stripline half-
wavelength resonator with two open-circuited ends, illustrated as a typical
example of a transmission line resonator most commonly used in the mi-
crowave region. The figure shows the physical structure of the resonator:
a strip conductor of uniform width and an overall length equivalent to half-
wavelength, formed on a dielectric substrate. This structure can be expressed
in electrical parameters as a transmission line possessing uniform character-
istic impedance with an electrical length of 7 radian. Such transmission-line
resonators will be referred to as uniform impedance resonator (UIR). Gen-
eral requirements for UIR intended dielectric substrate materials include a
low loss-tangent, high permitivity, and temperature stability. Transmission-
line resonators are widely used because of their simple structure and easy-to-
design features, as illustrated in this example, and many scientists feel that
design methods of conventional filters using such UIRs have been perfected.
In practical design, however, such resonators have a number of intrinsic disad-
vantages, such as limited design parameters due (ironically) to their simple
structure. Other electrical drawbacks include spurious responses at integer
multiples of the fundamental resonance frequency.

w

[/

™ Center Conductor l— Dielectric
/  (Stripline) Substrate

/
/=4
Fig. 1.8. Fundamental structure of
Ve a micro-stripline half-wavelength res-
Ground Conductor onator
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Fig. 1.4. Structural variations of a half—wavelength type resonator. (a) Uniform
impedance resonator (UIR). (b) Capacitor loaded UIR. (¢) Stepped- impedance
resonator (SIR)

To overcome these problems, it is a common practice in the VHF band
to load capacitors at both open-ends of the resonator. By doing so, the
resonator length is shortened and spurious resonance frequencies are con-
sequently shifted from the integer multiples of its fundamental frequency.

Figure 1.4 shows the structural variations of a half-wavelength type res-
onator. The capacitor loaded UIR shown in the figure has a characteristic
impedance of Z; and an electrical length of 26,. When the angular resonance
frequency wp of this resonator corresponds to that of a half-wavelength UIR
shown in (a), the loading capacitance C is expressed as follows:

C =Y tanfy/wy
where Yy =1/Z),6, =7/4—6,.

Looking from a different point of view, by replacing both 65 length trans-
mission line components in (a) with lumped-element capacitors C as in (b),
the two circuits are equivalent. The capacitor loaded UIR possesses the ad-
vantages of a small size and the capability of spurious response suppression.
However, it is not always easy to apply the capacitor loaded UIR to frequency
regions above 1 GHz, because the circuit loss of the lumped-element capacitor
C increases dramatically as does the variance of resonance frequency, thus
requiring frequency adjustment.

The loaded capacitance C can be replaced by an open-circuited trans-
mission line. Furthermore, it is not always necessary to design the charac-
teristic impedance of the transmission line at Z;. An example is shown in
(c) where the characteristic impedance is designed at Zy(= 1/Y3). When
Yatan @), = Y16,, all three resonators will resonate at the same frequency. In
this case, if Z3 < Z, then, 8} < 6 thus the resonator length can be short-
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ened. In addition, the elimination of the lumped-element capacitors enables
the UIR to offer additional features including low-loss properties and a small
amount of resonance frequency variance. Thus, by applying this design, the
new mode] effectively overcomes the previously described weak points of the
capacitor loaded UIR shown in (b).

This example illustrates that it is unnecessary to obtain uniform charac-
teristic impedance of a transmission line resonator, and that resonator circuit
performance can be realized by nonuniform impedance resonators (stepped
impedance resonator: SIR). This is the basic structure and concept of the
SIR which the authors address in this book [11]. Further discussion of the
fundamental characteristics and practical applications of the SIR, including
design examples, will be explained in detail below.

Although the structure of the SIR was widely understood, few practical
applications to filters and oscillators were seen until the authors reported its
availability. Although many reasons may be behind this lack of use, one main
reason was that the technological importance of the SIR was not appreci-
ated at the time. Another reason was merely design convenience, with many
engineers deciding that the estimation of electrical performance was more
practical with UIR than SIR. Currently, various demands for resonators in
the RF/microwave area have made it necessary to select the most suitable
resonator for each individual application. In addition, the use of CAD tools
in the design process has become popular, enabling a remarkable reduction in
calculation time of numerical analysis and optimization. These facts support
the authors’ belief that in the future, the application will determine the most
suitable resonator to be selected among various types of transmission line
resonators. Thus, it seems SIR, with its advanced structures, will be the first
candidate among them.

The typical features of SIR, which will be discussed in further detail in
the following chapters, are summarized as follows:

(1) A wide degree of freedom in structure and design.

(2) A wide range of applicable frequency through the use of various types
of transmission lines (coaxial, stripline, microstrip, coplanar) and/or di-
electric materials.

(3) Derivation of a generalized concept for transmission line resonators in-
cluding UIR.

(4) Development of an expanded concept for nonuniform impedance res-
onators adopting advanced transmission line structures and composite
materials.

Disregarding its simple structure, the SIR possesses numerous features
and possibilities for practical application. The SIR can and will be applied not
only to various filters but also to oscillators and mixers as a basic resonator
in frequency bands from RF to millimeter wave. Such practical application
will, in turn, help to verify the validity of SIR, thus solidifying its position as
a familiar and conventional resonator device.



2. Basic Structure and Characteristics of SIR

Transmission-line resonators are most frequently used in frequency regions
above the VHF band, yet, as described in the previous chapter, most applica-
tions employ structures with uniform characteristic impedance. Transmission-
line resonators possessing a stepped-impedance structure (SIR) have long
been known as an available resonator structure, and are often used to ex-
perimentally examine the effect of discontinuity in the impedance step of a
transmission line [1]. However, this stepped impedance structure was hardly
ever used for practical circuits, with the exception of impedance transformers.

Focusing on its capability of shortening resonator length without degra-
dation of unloaded-Q), the authors verified its availability through theoretical
analysis and actual fabrication of a duplexer circuit for mobile communica-
tions based on a Ag/4-type co-axial SIR structure [2,3]. Ever since, numerous
reports on SIR studies have been published, while research topics have ex-
panded to various structures and types of SIR. Such activity has consequently
brought remarkable progress to the development of various SIR applications.

In this part, the basic structure of A;/4, A\z/2, and Ag-type SIR are pre-
sented, followed by the introduction and definition of the impedance ratio
Rz, an important parameter for the analysis of the SIR. Next, basic prop-
erties such as resonance conditions, resonator length, spurious resonance fre-
quencies and equivalent circuits are systematically discussed using Rz. Such
basic issues are presented to prepare the reader for discussions on actual and
practical structures of SIR described in the following chapters.

2.1 Basic Structure of SIR

The SIR is a TEM or quasi-TEM mode resonator composed of more than two
transmission lines with different characteristic impedance. Figure 2.1 shows
typical examples of its structural variation in the case of the stripline config-
uration [4], where figures (a), (b), and (c) are, respectively, examples of A\g/4,
Ag/2, and Ag-type resonators. Alternative transmission-line structures other
than the illustrated stripline configuration, such as coaxial and coplanar-line,
are acceptable with the condition of a TEM/quasi-TEM mode resonance.
Also, while the \;/2-type SIR shown in (b) employs an open-ended struc-
ture, short-circuited structures are also available.
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