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Abstract—�g=4�g=4�g=4-, �g=2�g=2�g=2-, and�g�g�g-type transmission-line stepped-
impedance resonators (SIR’s) have been proposed and various
practical applications have been reported on the basis of the
analysis related to each resonator. This paper standardizes these
three types of SIR’s and systematically summarizes their fun-
damental characteristics, such as resonance conditions, resonator
length, spurious (higher order) responses, and equivalent circuits.
Practical applications which employ features of three types of
SIR’s are investigated with demonstrations of specific structures.
Original design formulas with respect to�g�g�g-type dual-mode res-
onators are analytically derived. Advanced SIR’s using composite
material and multisteps are also introduced and their availability
is discussed.

Index Terms—Fundamental characteristics, practical applica-
tions, microwave resonators.

I. INTRODUCTION

T RANSMISSION lines with stepped-impedance res-
onators (SIR’s) have been frequently used as resonators

[1] for analyzing discontinuity in a transmission line with an
impedance step. However, SIR’s had rarely been employed
until the design formulas of -type coaxial SIR’s were
analytically derived and applied to bandpass filters [2] and
antenna duplexers [3] for mobile communication equipment.
Research and development has mainly progressed in the
coaxial resonators [4]–[6]. Recently, the concept of SIR’s has
been advanced to half- and one-wavelength [7], [8] resonators
with a microstrip structure, and then various applications
using their structural features have been reported. However,
the investigation of SIR’s was based on the individual analysis.

This paper standardizes -, -, and -type SIR’s
and systematically summarizes fundamental characteristics of
these three types of SIR’s. Practical examples employing
structural features of the three types of SIR’s are demonstrated
and their availability is discussed. Original design formulas
of dual-mode resonators, both two- and four-port devices,
are analytically derived. Two resonators enlarging the SIR
concept employing composite material and multisteps are
also introduced and their usefulness and shortcomings are
discussed.
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Fig. 1. Basic structure of SIR.

II. BASIC STRUCTURES OF THESIR’S
AND THEIR CHARACTERISTICS

Basic structures of SIR’s and their characteristics are sys-
tematically summarized in this section.

A. Resonance Properties of the SIR’s

Fig. 1 shows basic structures of the three types of SIR’s. The
type shown in Fig. 1(b) has a structure in which both

ends are open; however, a structure in which both ends are
short also exists. Transmission lines between open and short
planes have different characteristic impedancesand and
corresponding lengths and . The fundamental structural
element common to all three types of SIR’s is a composite
transmission line with both open and short planes involving a
step junction. -, -, and -type SIR’s are composed
of one, two, and four fundamental elements, respectively.
In all types of SIR’s, resonance conditions [2], [4], [7] can
be derived from the structural fundamental element. Ignoring
the influences of a step discontinuity, the admittance of the
composite transmission line from the open planeis given
as follows:

(1)

The resonance condition from can be described as
follows:

(2)
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Fig. 2. Resonance conditions of SIR.

where impedance ratio is

Resonance conditions in the case of ordinary uniform
impedance resonators (UIR’s) can be determined based solely
on the length of lines; however, in determining resonance
conditions of SIR’s, both the length and the impedance ratio
must be taken into account. Therefore, SIR’s have more
design parameters than UIR’s, and impedance ratiois an
important parameter in investigating SIR’s. The lengths of
the three types of SIR’s are represented by , , and

, respectively,

(3)

Fig. 2 shows the relationship between the lengthand the
resonator length . The resonator length is the normalized
resonator length of the three types of SIR’s with respect to the
length of corresponding UIR’s , , and , respectively,

(4)

Fig. 2 clearly shows that the resonator length attains its
maximum value when and its minimum value when

. The condition yielding a maximum and a minimum
length [2], [4] is as follows:

(5)

When , the resonator length is constant because the
resonator is a UIR. Fig. 3 shows the relationship between
impedance ratio and normalized resonator length
when . Ignoring the influence of a step
discontinuity, the resonator length of a SIR is shown to be less
than twice that of the corresponding UIR even if the adopted

is as large as possible.
The resonator length and corresponding spurious (higher

order) frequencies can be adjusted by changing the impedance

Fig. 3. Relationship between impedance ratio and normalized resonator
length.

Fig. 4. Relationship between impedance ratio and normalized spurious res-
onance frequency.

ratio [4], [7]. When , the fundamental reso-
nance frequency is represented asand the lowest spurious
frequency of -, -, and -type SIR’s are represented
as , , and , respectively. The relationship between
fundamental and spurious frequencies [4], [7] is given by

(6)

(7)

Fig. 4 shows the results of the above relationships. Making the
resonator length as short as possible is useful for enlarging the
span between fundamental and spurious frequencies. Reducing

is indispensable for miniaturizing the resonator length.
The above discussion assumes the TEM mode and ignores a
step discontinuity; therefore, three-dimensional (3-D) electro-
magnetic (EM) analysis is necessary to rigorously solve the
resonance frequency.
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Fig. 5. An equivalent circuit of SIR.

B. Susceptance Slope Parameters

In designing bandpass filters using distributed resonators,
lumped-element description rather than direct analysis of dis-
tributed circuits is often suitable. A distributed SIR in the
resonating state can be expressed as a lumped-element parallel-
resonance circuit [4] consisting of , , and as shown
in Fig. 5.

The susceptance slope parametercan be obtained from
its definition as follows:

where is the angular resonance frequency and is the
susceptance from the open ended portion of a SIR. Element
values shown as , , and are given as follows:

(8)

where is the unloaded of a SIR. In the case of
, the susceptance slope parameters of -

, -, and -type SIR’s are expressed as , ,
and , respectively. , , and are obtained as
follows:

(9)

Therefore, element values shown in (8) can be calculated using
the above susceptance slope parameters and unloaded,
calculated independently.

Based on the above discussion, fundamental characteristics
can be systematically derived by introducing the concept of a
composite transmission line with a step junction.

III. PRACTICAL RESONATOR STRUCTURES

AND THEIR APPLICATIONS

In this section, practical resonator structures and useful
applications of the three types of SIR’s are demonstrated.

A. -Type SIR’s

Application of SIR’s to bandpass filters and antenna du-
plexers for mobile communications have been investigated
due to excellent electrical performances of SIR’s such as

Fig. 6. Some structures of miniaturized coaxial SIR’s.

a shorter resonator length less than quarter-wavelength and
harmonics suppression characteristics. Coaxial SIR’s using
high dielectric-constant material, as shown in Fig. 6, have been
put into practical use [5], [6]. Fig. 6(a) shows the preferable
structure for minimizing . It consists of a rectangular outer
conductor and a round and rectangular inner conductor for
high impedance of a short-ended portion and low impedance
of an open-ended portion.
is realized in the material of . The resonator length
can be reduced to less than 40% of a UIR made of the
same material. Fig. 6(b) has a double coaxial structure for
improvement of useless open-ended portions of a SIR. By
adopting this structure, the resonator length can be easily
reduced to less than 30% of a UIR with little degradation
of unloaded . In the 400-MHz band, the resonator length of
about 6 mm has been reported [6] using the dielectric material
of .

The unloaded- is one of the significant parameters to
determine the resonator structure. The unloaded-of SIR’s
shown in Fig. 6 mainly depends on the conductor losses in
the case of low-loss dielectric material. The based on
the conductor losses, , depends on the structure of the
resonators and can be obtained by calculating the stored energy
and conductor losses. On the assumption of the TEM mode,

values of SIR’s [5], [6] (shown in (10) and (11) at the
bottom of the following page) corresponding to Fig. 6 can be
calculated, where

vector of the magnetic field;
tangent component of the magnetic field;
shin depth;
permeability of the material;
relative dielectric constant of the material;
wavelength in free space;

capacitance per unit length of the line;
characteristic impedance of the line.

However, SIR’s shown in Fig. 6 have different resonator
lengths. Therefore, the parameter FM is defined by the ratio
of the value and resonator volume. Introducing this
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Fig. 7. Figure of merits of SIR and DC-SIR.

parameter, various resonators with different volume can be
reasonably estimated. Fig. 7 shows the comparison between
SIR’s and double-coaxial SIR’s (DC-SIR’s) of the same size
with an inner and an outer conductor. Fig. 7 makes it clear that
the DC-SIR has excellent figure of merits in the condition of a
shorter resonator length than the SIR. However, a complicated
manufacturing process is necessary to make DC-SIR’s, they
are suitable as the resonator of lower than 1 GHz, i.e., 400-
MHz band.

-type SIR’s using high dielectric-constant material
have been in popular use because of their compactness.
To maximize the unloaded of a coaxial resonator, the
diameter ratio of inner and outer conductors should be selected
3.7. SIR’s using composite material shown in Fig. 8, which
are expected to be more compact and to yield higher values of

. and indicate relative dielectric constants and
and indicate relative permeability.

The characteristic impedance is given by

Fig. 8. A structure of SIR using composite material.

The impedance ratio can be obtained as

(12)

A wavelength reduction factor is given by , therefore,
both , and , as large as possible are
indispensable for miniaturization. Finding magnetic material
having large and excellent HF characteristics is very
difficult. One reported example [9] uses air for and high
dielectric material for , which is the condition of

, . Sufficient reduction factor cannot be
obtained when air is used as the dielectric material of a short-
ended portion. However, applying this structure for use in
the VHF band is appropriate because small- and partial-sized
dielectric material is used.

Bandpass filters with steeper attenuation poles [10], [11]
are another mentioned application using the characteristics of
SIR’s. In the coaxial or stripline structure shown in Fig. 9,
main coupling is attained by electric coupling at open-ended
portions, and sub-coupling is attained by magnetic coupling at
short-ended portions. The existence of sub-coupling generates
attenuation poles in the stopband of bandpass filters. The
frequencies of attenuation poles can be controlled by adjusting
the sub-coupling factor. The degree of sub-coupling can be
controlled independently from the degree of main coupling.
Not only the two-stage resonator structure shown in Fig. 9,
but also multistage structures, can be expected to yield elliptic
function filters.

SIR, DC-SIR

SIR

(10)

DC-SIR

(11)
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Fig. 9. Interstage coupling of�g=4-type SIR.

Fig. 10. Structure of split-ring SIR.

B. -Type SIR’s

There are two -type SIR’s: one is a resonator with
open-ended portions and the other is with short-ended portions.
In the stripline structure, an open-ended-type resonator is
suitable for no RF short-circuited points. Paying attention
to the ability to control spurious responses of SIR’s [7],
[12], [13] by impedance ratio , bandpass filters with wide
stopband characteristics have been also investigated. From
these investigations, generalized design formulas for stripline
SIR bandpass filters, which use parallel coupled lines with
arbitrary coupling angles, have been derived [7].

For miniaturizing open-ended -type SIR’s, a hairpin-
type structure with coupled open-ended portions [14], as
shown in Fig. 10, is preferable. In this resonator, the charac-
teristic impedance of open-ended portions can be considered
to be an odd-mode impedance of coupled lines, lower than
the characteristic impedance of single transmission lines, and
the impedance ratio can be smaller. This structure is
the combination of split-ring resonators [15], [16], which are
composed of a ring-shaped line and a connecting capacitor, and
SIR’s. This is the most useful structure of -type SIR’s.
These types of resonators have been practically applied not
only to filters, but also to oscillators [14] and oscipliers [17].

Fig. 11 shows examples of balanced mixers which use
split-ring SIR’s. Balanced mixers can be easily made by
combining both functions of a balance–unbalance transformer
and an opposite phase of open-ended portions within split-ring
resonators.

The SIR’s with two different impedance transmission lines
have been advanced to multistepped open-ended-type
resonators [18] and tapered transmission-line resonators as an
ultimate structure, shown in Fig. 12(a) and 12(b), respectively.
Multistepped resonators are considered to be useless because
they have no distinguishing features as compared with two-
step SIR’s and tapered resonators. However, multistepped
resonators are extremely useful for analyzing tapered res-
onators, especially linear-tapered resonators [19], which are
difficult to directly analyze. Through this analysis method,
fundamental characteristics of linear-tapered transmission-line

Fig. 11. Some circuit diagrams of balanced mixers.

Fig. 12. (a) Multistep�g=2-type SIR and (b) linear-tapered transmis-
sion-line resonator.

resonators and their filter-design parameters can be easily
derived. Experimental results of fabricated filters based on
these results have shown close agreement with the design data
[19]. From these results, the design method using multistepped
description is verified to be very useful.

The coupling using linear-tapered transmission lines is
based on asymmetric coupled transmission lines [20]. It can
be obtained stronger than the electric coupling between open-
ended portions. Thus, filters with a larger bandwidth can be
easily realized through use of linear-tapered transmission-line
resonators.

Recently, multilayered composite material with gradient
dielectric constant [21] has been investigated for use in mi-
crowave devices. Using this material, multistepped and tapered
resonators can be easily fabricated. Novel applications of
such inhomogeneous media will be expected to extend to
microwave devices.

C. -Type SIR’s

-type resonators are useless as single-mode resonators be-
cause of their large structures. Their main applications use two
orthogonal modes within one wavelength ring resonator [8],
[22], [23] and their applications are useful. These orthogonal
modes can be maintained in the case of-type SIR’s. There
are two different methods using dual modes within-type
SIR’s. One is a four-port device using two independent modes,
the other is a two-port device using the coupling between dual
modes.
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Fig. 13. Structure of SIR with dual resonance frequencies using orthogonal
modes.

Fig. 14. Equivalent circuits of SIR with dual resonance frequencies.

The first investigated application is a four-port device.
Fig. 13 shows the dual-mode SIR, which is composed of
transmission lines with impedance ratio and has two
different resonance frequencies and . By electrically
exciting the center of lines having respective impedance,

, two independent resonance modes shown in Fig. 14 gen-
erate each other. These two resonance modes are indicated
in the structures which connect parallel open-ended -
type SIR’s with different structures. Resonance conditions at

can be obtained as follows:

(13)

where

resonance frequency of -type UIR’s;
resonance frequency of -type SIR’s in exciting
position 1;

Fig. 15. Resonance frequency separation of SIR with dual resonance fre-
quencies.

Fig. 16. A structure of dual-mode filters.

resonance frequency of -type SIR’s in exciting
position 2;
one-eighth of the total electrical length of UIR at.

The frequency difference between dual-mode resonance can
be normalized by as follows:

(14)

Fig. 15 shows the calculation results of the above relation-
ships. When , can be obtained and
resonators which act as duplexers can be designed.

The second application is a two-port device. Fig. 16 shows
the structure of a two-port dual-mode filter, which uses the
coupling between two orthogonal resonance modes. To make a
coupling between two orthogonal modes within the resonator,
the structure must have the following characteristics [8].

1) Input and output ports are spatially separated 90from
each other.

2) A discontinuity or other means of generating reflected
waves against incident waves are introduced at a location
that is offset 135 from input and output.

3) The circuit geometry includes a plane of symmetry.

The presence of an impedance step within the resonator
yields a dual-mode filter as shown in Fig. 17. An impedance
step is used as a perturbation to solve two degenerate modes
within one wavelength ring resonators. Various parameters of
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Fig. 17. Equivalent circuits of dual-mode resonators.

an impedance step can be used to control the coupling between
two orthogonal modes, as will be described in detail later.

The coupling coefficient between dual-modes corresponds to
the eigenvalues of the symmetry circuit in both even- and odd-
mode excitation. The coupling coefficientcan be obtained
as follows:

(15)

where is the even-mode resonance frequency and
is the odd-mode resonance frequency. Even- and odd-modes
excitation correspond to the equivalent circuits with open
and short at the reference plane, respectively. Two resonance
modes within the resonator, which comprises dual-mode filters
shown in Fig. 16, can be indicated as even- and odd-modes
equivalent circuits shown in Fig. 17. The electrical length
of each line is represented by the resonance frequency of
uniform impedance ring resonators . and are
newly derived in this paper as follows:

(Even mode)

(16)

(Odd mode)

(17)

Considering in the design of narrow-band filters,
(16) and (17) can be modified as follows:

(Even mode)

(18)

(Odd mode)

(19)

Therefore, the coupling coefficientcan be given as follows:

(20)

because .

The center frequency of a dual-mode resonator with
an impedance step, which represents the average of and

, is given as follows:

(21)

There are various coupling methods of two orthogonal
modes. When an impedance step is used, the center frequency
is nearly constant as shown in (21). Therefore, the correction
of a resonator length is unnecessary. An additional advantage
of this coupling method is that two different design parameters
can be changed: electrical length and impedance ratio of an
impedance step.

IV. CONCLUSION

Fundamental characteristics of -, -, and -types
SIR’s are systematically summarized. Their excellent features
and applications using these features are discussed in detail.

Transmission-line resonators with a simple structure have
usually been used in filters and oscillators for easy analysis
and accurate design forecast. However, not only fundamental
performances such as compactness and highvalue, but also
functional characteristics such as spurious suppression and
affinity to active devices, have been strongly required. That
is, compact resonators with high value and high quality
performances are earnestly desired.

Recently, popularization of microwave-circuit simulators
has been progressing steadily, and high-performance comput-
ers have made EM analysis a usable design tool. From these
conditions, SIR’s and newly developed resonators based on
advanced SIR concepts have been practically used in various
applications. These include coaxial and stripline structures as
well as planar circuits.
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