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Geometrical Structures and Fundamental
Characteristics of Microwave
Stepped-Impedance
Resonators
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Abstract—3,/4-, Ag/2-, and A4-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 2
SIR’s are investigated with demonstrations of specific structures.
Original design formulas with respect to Ag-type dual-mode res-
onators are analytically derived. Advanced SIR’s using composite
material and multisteps are also introduced and their availability
is discussed.

(a) A4 Type

] (b) A2 Type

N

(c) A, Type
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Index Terms—Fundamental characteristics, practical applica- 3 T Open—Circuited Plane
tions, microwave resonators.

Fig. 1. Basic structure of SIR.

. INTRODUCTION Il. BASIC STRUCTURES OF THESIR’S

RANSMISSION lines with stepped-impedance res- AND THEIR CHARACTERISTICS

onators (SIR’s) have been frequently used as resonatorg,gic structures of SIR's and their characteristics are sys-
[1] for analyzing discontinuity in a transmission line with ar{ematically summarized in this section
impedance step. However, SIR’s had rarely been employed '

until the design formulas of\,/4-type coaxial SIR’'s were
analytically derived and applied to bandpass filters [2] a
antenna duplexers [3] for mobile communication equipment. Fig. 1 shows basic structures of the three types of SIR’s. The
Research and development has mainly progressed in the/2 type shown in Fig. 1(b) has a structure in which both
coaxial resonators [4]-[6]. Recently, the concept of SIR’s h&§lds are open; however, a structure in which both ends are
been advanced to half- and one-wavelength [7], [8] resonat§ROrt also exists. Transmission lines between open and short
with a microstrip structure, and then various applicatiofdfanes have different characteristic impedangesndZ, and
using their structural features have been reported. HowevepIresponding lengthd, and 6. The fundamental structural
the investigation of SIR’s was based on the individual analys@/ément common to all three types of SIR’s is a composite
This paper standardizek,/4-, \,/2-, and \,-type SIR’s transmission line with both open and short planes involving a
and systematically summarizes fundamental characteristicsSEP junction.\;/4-, A, /2-, and A,-type SIR’s are composed
these three types of SIR’s. Practical examples employiff one, two, and four fundamental elements, respectively.
structural features of the three types of SIR’s are demonstratBc@ll types of SIR’s, resonance conditions [2], [4], [7] can
and their availability is discussed. Original design formuldae derived from the structural fundamental element. Ignoring
of ), dual-mode resonators, both two- and four-port devicele influences of a step discontinuity, the admittance of the
are analytically derived. Two resonators enlarging the SPMposite transmission line from the open planes given
concept employing composite material and multisteps a#€ follows:
also introduced and their usefulness and shortcomings are ~, Yotanfy -tanf, — Y,

; Y; = ;Y- )
discussed. Jt2 Ystan 6y 4+ Y7 tan s
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Fig. 2. Resonance conditions of SIR. Fig. 3. Relationship between impedance ratio and normalized resonator
length.

where impedance ratio is

61:62260 1

Rz =Y1/Ya = Z2/2;. T
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 r&tjois an
important parameter in investigating SIR’s. The lengths of
the three types of SIR’s are representedfyy, 675, and
frc, respectively,

fsa (A g /4 type)

fsg , fsc (242, 4 type) |

NN w Ao o~

—_
I

Norm. Spurious Reso. Frequency (f./f)

014 =61+ 02 0 sl Lt
. { Ry 0.1 1 10
=61 +tan <tan91> Impedance Ratio R, (Z,/Z,)
= 9T3/2 = 9TC/4- (3) Fig. 4. Relationship between impedance ratio and normalized spurious res-

onance frequency.
Fig. 2 shows the relationship between the len@thand the
resonator lengtli,,. The resonator length,, is the normalized
resonator length of the three types of SIR’s with respect to t
length of corresponding UIR’s /2, =, and 2, respectively,

ﬁaetio Rz [4], [7]. When 8, = 6, = 8y, the fundamental reso-
nance frequency is representedfgsand the lowest spurious
frequency ofA,/4-, A, /2-, and A -type SIR’s are represented
Ly = 07.4/(7/2) = 0pp /7 = 07 /(2). (4) asfsa, fsp, andfsc, respectively. The relationship between
fundamental and spurious frequencies [4], [7] is given by
Fig. 2 clearly shows that the resonator length attains its
maximum value whemRz > 1 and its minimum value when

Rz < 1. The condition yielding a maximum and a minimum fsa L E— (6)
length [2], [4] is as follows: foo o tan™t VR
fsp _ fsc _ T )
6, =0y =6 =tan"* \/Rz. ) fo  fo 2tan 'Ry

When Rz = 1, the resonator length is constant because the
resonator is a UIR. Fig. 3 shows the relationship betweéiig. 4 shows the results of the above relationships. Making the
impedance ratioR; and normalized resonator length,,, resonator length as short as possible is useful for enlarging the
when §; = 6, = 6,. Ignoring the influence of a stepspan between fundamental and spurious frequencies. Reducing
discontinuity, the resonator length of a SIR is shown to be legy; is indispensable for miniaturizing the resonator length.
than twice that of the corresponding UIR even if the adoptéiche above discussion assumes the TEM mode and ignores a
Rz is as large as possible. step discontinuity; therefore, three-dimensional (3-D) electro-
The resonator length and corresponding spurious (higheagnetic (EM) analysis is necessary to rigorously solve the
order) frequencies can be adjusted by changing the impedarggonance frequency.
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b:Suceptance Slope Parameter Metalized Film Ceramics
Fig. 5. An equivalent circuit of SIR. E
2b -
B. Susceptance Slope Parameters ] (b) DC-SIR

In designing bandpass filters using distributed resonators, -

lumped-element description rather than direct analysis of dis- Rz1=23/7:
tributed circuits is often suitable. A distributed SIR in the 2122293/35262

resonating state can be expressed as a lumped-element parallel-
resonance circuit [4] consisting dfy, C, and Gy as shown Fig. 6. Some structures of miniaturized coaxial SIR’s.
in Fig. 5.

The susceptance slope paramétercan be obtained from

its definition as follows: a shorter resonator length less than quarter-wavelength and
be — w dBs harmonics suppression characteristics. Coaxial SIR’s using
7T 2 dw = high dielectric-constant material, as shown in Fig. 6, have been

) ) put into practical use [5], [6]. Fig. 6(a) shows the preferable
wherewy is the angular resonance frequency d@hglw) is the gt cture for minimizingRy,. It consists of a rectangular outer
susceptance from the open ended portion of a SIR. Elemeghqyctor and a round and rectangular inner conductor for
values shown ad., Co, and Gy are given as follows: high impedance of a short-ended portion and low impedance
1 bs bs of an open-ended portiolRz = 0.1(Z; =10 2,7, =1 Q)

Co= "+ Go = Qo (8) is realized in the material of, = 95. The resonator length
where O is the unloaded—( of a SIR. In the case of can be reduced to less than 40% of a UIR made of the

9 6, = 6y, the susceptance slope parameters\gf4 same material. Fig. 6(b) has a double coaxial structure for
1 = 2 = 0 S)\ - . _ .
. A,/2- and A,type SIR’s are expressed dgao, bspo, improvement of useless open-ended portions of a SIR. By

andb respectivelvh b andb are obtained as adopting this structure, the resonator length can be easily
sCo, TESP Ybsao0, UsBo, sCo reduced to less than 30% of a UIR with little degradation

Ly =

 wobs’ wo’

follows: . of unloaded®. In the 400-MHz band, the resonator length of
bsao = Yo = tan™" v Rz about 6 mm has been reported [6] using the dielectric material
Zs of epr = 95.
b 90 — 2tan~1+/Ry The unloaded? is one of the significant parameters to
SBO = 2¥012 = Zs determine the resonator structure. The unloa@edf SIR’s
4tan~! VR, shown in Fig. 6 mainly depends on the conductor losses in
bsco = 400Y2 = Tz, (9) the case of low-loss dielectric material. ThHe based on

) the conductor lossesy¢, depends on the structure of the
Therefore, element values shown in (8) can be calculated usjag,nators and can be obtained by calculating the stored energy
the above _susceptance slope parameters and unloaded 5ng conductor losses. On the assumption of the TEM mode,
calculated independently. Oc values of SIR’s [5], [6] (shown in (10) and (11) at the

Based on the above discussion, fundamental characteris G%om of the following page) corresponding to Fig. 6 can be
can be systematically derived by introducing the concept of Qiculated. where '

composite transmission line with a step junction. o
P P H vector of the magnetic field;

H,; tangent component of the magnetic field;
I1l. PRACTICAL RESONATOR STRUCTURES s shin depth:

AND THEIR APPLICATIONS . .
i permeability of the material,
In this section, practical resonator structures and useful.,  relative dielectric constant of the material;
applications of the three types of SIR’s are demonstrated. ), wavelength in free space;
C; (i=1,2,3) capacitance per unit length of the line
A. \y/4-Type SIR’s Z; (i = 1,2,3) characteristic impedance of the line
Application of SIR’s to bandpass filters and antenna du- However, SIR’s shown in Fig. 6 have different resonator
plexers for mobile communications have been investigatézhgths. Therefore, the parameter FM is defined by the ratio
due to excellent electrical performances of SIR’'s such a$ the Q¢ value and resonator volume. Introducing this
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Fig. 7. Figure of merits of SIR and DC-SIR.

A wavelength reduction factor is given iy, /i..¢,., therefore,
both ji.1 > 42, £41 < &0 @ndp,., &, as large as possible are

parameter, various resonators with different volume can gg;gpensable for miniaturization. Finding magngtic .material
reasonably estimated. Fig. 7 shows the comparison betwdl@yind large s, and excellent HF characteristics is very
SIR’s and double-coaxial SIR's (DC-SIR's) of the same si _ff|cult._ One reported example _[9] uses alr_f_ﬁ’ﬁ and high

with an inner and an outer conductor. Fig. 7 makes it clear th(y{ele_ctnc maierlal forzy, V\f'_fh'(.:h IS tge c_ono?non Ofir :b

the DC-SIR has excellent figure of merits in the condition of 4r2 = 1 €r1(=1) < 2. Sufficient reduction factor cannot be
shorter resonator length than the SIR. However, a complical%tefa'ned when air is used as the dielectric material of a short-
manufacturing process is necessary to make DC-SIR's, tH yded port|on._ However,. applying this structure for use in
are suitable as the resonator of lower than 1 GHz, i.e., 400° VHF band is appropriate because small- and partial-sized
MHz band dielectric material is used.

)\, /4-type SIR's using high dielectric-constant material Bandpass filters with steeper attenuation poles [10], [11]
havge been in popular use because of their compactn e another mentioned application using the characteristics of
To maximize the unloadee-Q of a coaxial resonator, theSlR,’S' In the c'oaxial'or stripline s?ructure.shown in Fig. 9,
diameter ratio of inner and outer conductors should be select8g'" coupling is attalngd k?y ele(?tnc coupling at' open-gnded
3.7. SIR's using composite material shown in Fig. 8, whicRortions, and sut_)-coupllng |s_atta|ned by magnetic coupling at
are expected to be more compact and to yield higher valuesSgPrt-énded portions. The existence of sub-coupling generates
Q. e,1 ande,, indicate relative dielectric constants apg, atenuation poles in the stopband of bandpass filters. The
and j1,.» indicate relative permeability. frequencies of attenuation poles can be controlled by adjusting

The characteristic impedance is given by the sub—co_upllng factor. The degree of sub—coupllng can be
controlled independently from the degree of main coupling.
Not only the two-stage resonator structure shown in Fig. 9,
60. /"7 1n <9) but also multistage structures, can be expected to yield elliptic
Er a function filters.

_ ;%{% —$20c(i) (j=SIR DC-SIR

Qc(SIR) = A1 Z3 + Ay ByCo 73
TR ) S () e ()

TaL Tay waL
Ay =261 +sin26;, Ay = 205 — sin 26,
2
B; = cos? 6, By = C_OSQ 91. (10)
S11 92

Qc

A101Z12 + AQBQCQZQQ + A33303Z§
A (1) e (M by B (74 ) S iy () 4Bl (2) + Byl (22
Ay =261 +sin261, Ay = 205 +sin26y, Az = 203 — sin 263,
cos? 6y _ cos? 6,

B; = cos? 6 By=——— B; = ) 11
1 COs 1 2 C082 927 3 sin2 93 ( )

Qc(DC-SIR) =
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Fig. 9. Interstage coupling o%,/4-type SIR.

Fig. 11. Some circuit diagrams of balanced mixers.

(z

z

even’ odd)

Fig. 10. Structure of split-ring SIR.

(a)
B. A,/2-Type SIR’s

There are two)\,/2-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], (b)
[12], [13] by impedance ratidz, bandpass filters with wide
stopband characteristics have been also investigated. F@gﬂ
these investigations, generalized design formulas for stripline
SIR bandpass filters, which use parallel coupled lines with

arbitrary'c.oupli'n'g angles, have been derived, [7]. _ . resonators and their filter-design parameters can be easily
For miniaturizing open-ended, /2-type SIR’s, a hairpin- e ieq, Experimental results of fabricated filters based on
type structure with coupled open-ended portions [14], @Sese results have shown close agreement with the design data

shown in Fig. 10, is preferable. In this resonator, the charagy) From these results, the design method using multistepped
teristic impedance of open-ended portions can be Cons'deﬂ?%cription is verified to be very useful.

to be an odd-mode impedance of coupled lines, lower thanthe coupling using linear-tapered transmission lines  is
the characteristic impedance of single transmission lines, §figka on asymmetric coupled transmission lines [20]. It can
the impedance ratidz; can be smaller. This structure ispe gptained stronger than the electric coupling between open-
the combination of split-ring resonators [15], [16], which argngeqd portions. Thus, filters with a larger bandwidth can be

composed of a ring-shaped line and a connecting capacitor, @idily realized through use of linear-tapered transmission-line
SIR’s. This is the most useful structure af/2-type SIR’S. |asonators.

These types of resonators have been practically applied noRecently, multilayered composite material with gradient

only to filters, but also to oscillators [14] and oscipliers [17]gjelectric constant [21] has been investigated for use in mi-
Fig. 11 shows examples of balanced mixers which ug@owave devices. Using this material, multistepped and tapered

split-ring SIR’s. Balanced mixers can be easily made Qygonators can be easily fabricated. Novel applications of

combining both functions of a balance—unbalance transformgfch inhomogeneous media will be expected to extend to
and an opposite phase of open-ended portions within split-rifgcrowave devices.

resonators.

The SIR’s with two different impedance transmission lines ,
have been advanced to multistepped open-endg@-type C. Ag-Type SIR’s
resonators [18] and tapered transmission-line resonators as aR,-type resonators are useless as single-mode resonators be-
ultimate structure, shown in Fig. 12(a) and 12(b), respectivelyause of their large structures. Their main applications use two
Multistepped resonators are considered to be useless becaw#egonal modes within one wavelength ring resonator [8],
they have no distinguishing features as compared with twi2], [23] and their applications are useful. These orthogonal
step SIR’s and tapered resonators. However, multisteppaddes can be maintained in the case\pitype SIR’s. There
resonators are extremely useful for analyzing tapered rese two different methods using dual modes withigrtype
onators, especially linear-tapered resonators [19], which @#&R’s. One is a four-port device using two independent modes,
difficult to directly analyze. Through this analysis methodhe other is a two-port device using the coupling between dual
fundamental characteristics of linear-tapered transmission-limades.

12. (a) MultistepA,/2-type SIR and (b) linear-tapered transmis-
-line resonator.
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Fig. 15. Resonance frequency separation of SIR with dual resonance fre-
guencies.

Plane of Symmetry

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

fo2 resonance frequency of,-type SIR’s in exciting
position 2;

6o  one-eighth of the total electrical length of UIR .

The frequency difference between dual-mode resonance can

be normalized byf, as follows:
Fig. 14. Equivalent circuits of SIR with dual resonance frequencies.

Af 4

/1
~ltant R——tan_l Ry
Z

The first investigated application is a four-port device. fo 4

Fig. 13 shows the dual-mode SIR, which is composed gfy 15 shows the calculation results of the above relation-

transmission lines with impedance ratid; and has two ships. WhenR; = 0.5, Af/f, = 0.43 can be obtained and
different resonance frequencigs, and foo. By electrically rogonators which act as duplexers can be designed.

exciting the center of lines having respective impeda#iée  The second application is a two-port device. Fig. 16 shows
Z», two independent resonance modes shown in Fig. 14 9¢fa structure of a two-port dual-mode filter, which uses the
erate each other. These two resonance modes are indic@igghling between two orthogonal resonance modes. To make a

in the St,r”Ctl_”eS_WhiCh connect parallel open-ended2- ., njing between two orthogonal modes within the resonator,
type SIR’s with different structures. Resonance conditions @ structure must have the following characteristics [8].
6, = 6, = 6, can be obtained as follows:

. (14)

1) Input and output ports are spatially separateti f80m

5 { 6o for 1 each other.
tan < fo ) - Ry 2) A discontinuity or other means of generating reflected
5 { Oofoz waves against incident waves are introduced at a location
ta < 7 ) =R (13) that is offset 135 from input and output.
0 3) The circuit geometry includes a plane of symmetry.
where The presence of an impedance step within the resonator
fo  resonance frequency of;-type UIR'’s; yields a dual-mode filter as shown in Fig. 17. An impedance

for resonance frequency ok,-type SIR’s in exciting step is used as a perturbation to solve two degenerate modes
position 1; within one wavelength ring resonators. Various parameters of
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( The center frequency enter: Of @ dual-mode resonator with
Even mode) an impedance step, which represents the average,qf and

ZZ
s8s 7
! NS/ b o ¢ foaa, 1S given as follows:

even T Jo m ~
fcenter = M = ﬁ = fO- (21)
2 0r,

There are various coupling methods of two orthogonal
modes. When an impedance step is used, the center frequency
(0dd mode) 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

22 can be changed: electrical length and impedance ratio of an
R.=—=~ impedance step.
z 7
1
Fig. 17. Equivalent circuits of dual-mode resonators. [V. CONCLUSION

. . Fundamental characteristics &f /4-, A,/2-, and A -types
an impedance step can be used to control the coupling betwegR's are systematically summarized. Their excellent features
two orthogonal modes, as will be described in detail later. and applications using these features are discussed in detail.
The coupling coefficient between dual-modes corresponds torransmission-line resonators with a simple structure have
the eigenvalues of the symmetry circuit in both even- and oddsually been used in filters and oscillators for easy analysis
mode excitation. The coupling coefficiehtcan be obtained and accurate design forecast. However, not only fundamental

as follows: performances such as compactness and figlalue, but also
b — | foven — foddl (15) functional characteristics such as spurious suppression and
~ feven + foua affinity to active devices, have been strongly required. That

Where f..en is the even-mode resonance frequency @ng is, compact resonators with hig@ value and high quality
is the odd-mode resonance frequency. Even- and odd-moBg§ormances are eamestly desired.

excitation correspond to the equivalent circuits with open Recently, popularization of microwave-circuit simulators

and short at the reference plane, respectively. Two resonapn@g been progressing steadily, and high-performance comput-

modes within the resonator, which comprises dual-mode filtefs h-a.ve made,EM analysis a usable design tool. From these
onditions, SIR’s and newly developed resonators based on

th\ilillgltler;tlzg;ct?t'sc;?oai I?:'T:?tedl;l S _I?r\]/sné:;?ic(;?dl_emno?cée vanced SIR concepts have been practically used in various
9 9. 11 9 lications. These include coaxial and stripline structures as

S a
of 'each 'Ilne is repre.sented by the resonance frequencyvﬁeﬁ)I as planar circuits.
uniform impedance ring resonatol. feven and foqq are
newly derived in this paper as follows:

(Even mode)
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