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Dual-Mode Stepped-Impedance Ring Resonator for
Bandpass Filter Applications

Michiaki Matsuo, Hiroyuki Yabuki, and Mitsuo Makimot&enior Member, IEEE

Abstract—t is well known that two orthogonal resonant modes
exist within a one-wavelength ring resonator. In this paper, we
focus on a ring resonator possessing an impedance step as a form
of perturbation. A convenient analyzing method for obtaining the
resonance characteristics of this resonator structure is presented.
Furthermore, generation of attenuation poles obtained by the
dual-mode ring resonator is discussed. In addition, a filter design
method based on this resonator is explained, followed by exper-
imental results, which prove the validity of the proposed design
method.

Index Terms—Attenuation poles, dual-mode filters, microstrip
filters, ring resonators.
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|. INTRODUCTION Fig. 1. Structure of dual-mode resonator based on a one-wavelength ring
ANDPASS filters used for wireless telecommunicatioffsonator.
equipment require small size in addition to low loss.

Miniaturization of the resonator is indispensable for a compagits (ICs). While its large physical size stand a drawback, the
filter, and techniques such as the use of high-permittivityse of its dual mode is considered promising for filter applica-
materials, variation of resonator structure, and use of multigigg [9], [10]. Although some BPF configurations based on a
resonant modes are chiefly applied. The use of high-permyiing_resonator structure have been reported, no analytical study
tivity materials can effectively shrink the resonator by a fact@fas heen carried out on the resonance characteristic and the cou-
of 1/,/&,, wheree, is the relative dielectric constant of thep|ing between the orthogonal modes that are needed for filter
dielectric material filling the resonator structure. Commoaesign_

ceramic material possess a relative dielectric constant OfFocusing on a ring resonator possessing an impedance step
30~100. A method of reducing the length of a transmisss 4 form of perturbation, in this paper, we present a convenient
sion-line resonator by changing its characteristic impedanggalyzing method for obtaining the resonance characteristics of
in a step manner is well known [1], [2], and this method ighe two orthogonal resonance modes and the coupling of these
applied to dielectric coaxial resonators used for bandpgsgdes. At the same time, the attenuation poles caused by this
filters (BPFs) and diplexers of cellular phones [3]. The thirdgnfiguration are discussed. Furthermore, the design method of
method is the effective use of multiple resonant modes EXiStiBQwo-stage BPF based on this ring resonator is presented, fol-

within a resonator structure; an approach mainly appliggwed by experimental results, which prove the validity of this
to three-dimensional resonator structures such as dielecHigsign method.

resonators and cavity resonators [4]-[6]. BPF designs, based
on the dual resonant modes existing in planar-type resonators
such as one-wavelength ring resonators and disk resonators,
have also been reported [7], [8]. By utilizing such multiple\. Structure

modes, a multistage filter can be composed by fewer resonator]S—“ig. 1 shows the basic structure of a dual-mode ring resonator.

than the number of stages. . : :
i . . The ring resonator is composed by connecting the two ends
The ring resonator is considered a standard resonator struc- N N .
Of a one-wavelength transmission line in a ring-like formation.

ture for the evaluation of strip-line configurations and dlelectrlﬁ18Ht and output ports are spatially separated afr96lectrical

substrate materials. Features such as its ease of design, 2 S L
o ngth, and a perturbation is introduced within the resonator at a
lent unloaded? values due to low radiation loss, and no nee

of grounding qualify it as a suitable resonator structure for ﬁﬁymmetrical location (Points or D)) 135"apart from both input
9 94 .and output ports. Without this perturbation, output port gener-

ters applied to microwave and millimeter-wave integrated cir- . . .
ates no response even when input port is excited at resonance

_ _ . frequency. The coupling between the two orthogonal modes is
Manuscript received April 18, 2000. o accomplished by introducing the perturbation within the res-
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Fig. 2. Structure of dual-mode filter applying an impedance step as per-
turbation.
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7 500 Fig. 4. Analysis method for obtaining attenuation poles of a dual-mode ring
Dor- resonator. (a) Equivalent expression with two propagation paths. (b) Corre-
port2 sponding circuit expression using-matrices.
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/ / for an odd-mode excitation, this symmetrical plane is short cir-
Y U cuited. For a simple ring resonator without any perturbation, the
Fooke2 pole] equivalent circuits of both the even- and odd-modes become a
half-wavelength resonator and, hence, their resonance frequen-
-120, 7 19 2.4 cies are identical. In this case, the orthogonal resonant modes in
Frequency [GHz] the ring resonator do not couple each other.
2) Attenuation-Pole FrequencyThe dual-mode ring res-
Fig. 3. Example of resonance characteristic of the experimental steppeghator features two attenuation poles that appear near the
impedance-type dual-mode resonator. resonance frequency. This is because there exists two propa-
gation paths between the input and output ports. This feature
1) The input and output ports should be spatially separatedcomes highly effective for obtaining excellent attenuation
at 90. characteristics near the passhand when composing filters based
2) A discontinuity or some means of generating a reflectesh this resonator structure. In the case of a symmetrical circuit
wave against an incident wave should exist within the ringlich as the dual-mode resonator, the attenuation pole exists at
resonator. a frequency where the eigenimpedances of the even and odd
3) Aplane of symmetry should exist in the circuit geometrynodes are equal because the currents on the output side cancel
Fig. 2 shows a dual-mode resonator realized by changing #ech other.
characteristic impedance of the ring-resonator transmission linerhe attenuation-pole frequency can be analyzed in the fol-
in a step manner at a certain position. The coupling strength lb@wing manner. In the ring resonator in Fig. 4(a), let thepa-
tween the orthogonal resonant modes can be controlled by btameter of the two propagation paths connecting the input and
the impedance ratio and the length of the stepped transmissiotiput beY” andY”’, respectively. The ring resonator is then

line. equivalent to the parallel connection of these two circuits, as
illustrated in Fig. 4(b). At an attenuation-pole frequency, the
B. Analysis Method of Resonance Characteristics output voltage becomes zert;(= 0) because the signal does

An example of the resonance characteristics of a dual-mdit @Ppear at output port 2 when input port 1 is excited. There-
fing resonator is shown in Fig. 3. Typical resonance characteri@t® the input voltagé and the output currents, and .y are
tics possess two resonance frequencies accompanied by att&plgted only via parametér,, of each circuit. Since the output
ation poles on both sides. Here, we present the analysis metfBg €Ntz is also zero, the condition can be introduced. Hence,
for obtaining the resonance frequencies and attenuation-pflg attenuation-pole frequencies can be calculated from (1) as

frequencies. follows:

1) Resonance Frequencyfhe symmetrical geometry of the v — _y! 1)
ring-type dual-mode resonator allows us to explain its reso- 2t 2t
nance operation by even- and odd-mode analysis [11]. The twd\ext, we present the analysis method giving the coupling
resonance frequencies correspond to the resonance frequermefficient between the orthogonal modes and the attenua-
of each mode and are derived from equivalent circuits of eatibn-pole frequencies for the impedance step configuration
mode. For an even mode, the circuit is divided into one-half shown in Fig. 2, followed by experimental results to verify
the symmetrical plane, where it is open circuited. Conversetiiese results. Fig. 5 shows the even- and odd-mode equivalent
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Fig. 5. Equivalent circuits of the stepped-impedance-type dual-mode ring @)
resonator.

s poimtD
circuits of the impedance-step-type dual-mode resonator. Let % 1 of e fly
Z, and Z,, be the characteristic impedance of the ring trans- % '
mission line and the perturbed portion. The equivalent circuits £ LI f E
for both modes are a cascaded connection of transmission § 10fee— '@
lines with a characteristic impedance &f and Z,. For a Té 0.9 \ P
ring resonator without any perturbation, the total electrical 5 oab T ,
lengths is 180 at resonance frequency.. In Fig. 2, when e P
the electrical length of the perturbation 26, the electrical 0.7 5550105080
length from PointD to the impedance step point #5, and Length of perturbation 26, [degree]

the characteristic impedance ratio&s, (K. = Z,/Z.), the
resonance frequencies and attenuation poles can be derived (®)
from (2)-(4). Condition (4) applies to a perturbation at Poirfiig. 6. Resonance characteristics of the stepped-impedance-type dual-mode

; ; i« ring resonator as a function of step length.. (a) Perturbation placed at Point
ﬁa:;'z:gatgseeel(%d”c%l |en?1trhO;I’0m Poirit(or B) to the step is C'in Fig. 5. (b) Perturbation placed at Poibtin Fig. 5.
2 \V2 =01 —4a07).

(Even-mode resonance frequengy:) the symmetrical plane, the attenuation-pole frequencies are
different, although coupling strength (the coupling coefficient
y N between the orthogonal modes) is equal.
K tan(f fo.) + tan(epfof) =0 Fig. 7 shows resonance characteristics in relation to charac-
Joe = Joc/ fr- () teristic impedance ratid’.. The line length of the perturbed
portion 26, at resonance frequendy. is kept at 8. When K
is one, the structure is a simple ring resonator and the coupling

(Odd-mode resonance frequengys) coefficient becomes zero. The coupling coefficient is identical
at the two locations (Point€’ and D) where K. has an in-
tan(61 f§,) + K. tan(6,f5,) =0 verse relationship. In a practical rangeff = 0.5~2, the res-
£ = foo/ f (3) onance frequencies can be considered to change linearly, thus

making design far more simple. Analytical results imply that
the attenuation poles are not generated wheris larger than
one, meaning that the perturbation line is narrower than the res-
onator transmission line. The reason is that the magnitude of the
transfer admittances of the two paths connecting the input and

(Attenuation-pole frequencieg;ole )

1
sin(26,, ;) {Kz cos*(02.f) + i sin2(92f;,)} output (¥4, andYy;) are not equal.
+ sin(26s f,) cos(26,, f,) + sin (g fI’)) C. Experimental Resonance Characteristics
=0 Several dual-mode resonators based on a microstrip-line con-
£ = foote/ f 4 figuration were fabricated and evaluated. RT/Duroid was chosen
p pole T

for the dielectric substrate, possessing a relative dielectric con-

Fig. 6 illustrates resonance characteristics in relation to tetant of 10.5, thickness of 1.27 mm, and loss tangent of 0.002.
perturbation length. Here, impedance rafig is considered The conductor was copper with a thickness of88. The char-
a constant of 0.5. The frequencies indicated in Fig. 6 aaeteristicimpedance of the ring transmission lifjewas 50¢2.
normalized by resonance frequenfy Results imply that, the The effective dielectric constant was estimated at 6.9 in order
longer the perturbed portion, the stronger the coupling betwetandetermine the dimension of the ring resonator to possess an
orthogonal modes becomes. However, the center of the telectrical length of 360at a resonance frequency of 1.9 GHz.
resonance frequencies changes little in relation to perturbat®arturbation was loaded at Pot#it The resonator was coupled
length. When the perturbation is loaded at Poiit®r D of  with the input and output transmission lines by a gap of 1 mm,
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:; 13 (g-parameters) of the Chebyshev type filter are calculated by
S ol (5) as follows:
21
£} g, =1.0
2 10 V2
—g 09f /. g1 = 7
Z 08} /o V27
07(fl’2\ , ‘ . 82="5"7
Yoo T T s T2 v
Characteristic impedance ratio Z,/Z, g3 = coth? g (5)
i @ where
“ -
T [0 S L .
8 3 =1 th —2 L,,: passband ripple [d
AT f n<co 17_37) (Lp: P pple [dB]
=) .
S ap ; . 3
'oz 10 flo \ e v = sinh <Z) : (6)
§ 09}/, Coupling circuits applied in the design of a BPF, such as inter-
2 08t fp stage coupling and input-and-output couplings, are discussed in
0.7 . \ the following sections.

-

Characteristic impedance ratio Z,/ Z, 1) Inter-Stage Coupling:The inter-stage coupling co-

efficient of a dual-mode filter corresponds to the coupling
(b) between the orthogonal modes of the dual-mode resonator,
Fig. 7. Resonance characteristics of the stepped-impedance-type dual-na6l is strongly dependent on the structure of the perturbation.
ring resonator as a function of impedance rdtio. (a) Perturbation placed at \WWhen the element value of the filter g8 ~ g3, the relative
PointC"in Fig. 5. (b) Perturbation placed at Poifitin Fig. 5. bandwidth isw, and the resonance frequencies of the resonator
is foe and fy,, the inter-stage coupling coefficieht, is given
creating a coupling loose enough to neglect any effects on réy-(7) as follows:
pnange charac_t;{risticsbl\r/leasdureld re.soTiance I;Qaractg(r)iftics for oW 2| foe — fool @
impedance ratid{, = 0.5 and electrical lengtl26, = 12= —F——x = .
are illustrated in Fig. 3, where two resonance rrfodes with at- E182 . foe + foo . )
tenuation poles on both sides can be observed. Other experi) NPut and Output CouplingsAn approximate design
mental results are plotted on the analyzed results in Figs. 6anWth_°d IS apP"eO_' by assuming a two-stage BPF Where ca-
where black plots indicate the measured resonance frequendi@&itive coupling is adopted for input and output couplings.
while white plots show the measured frequencies of attenuatibi€ couPling capacitance can be obtained by the extépal
poles. Results suggest a good agreement between the measifdgihe susceptance slope parameter of the resonator. Since
and analyzed results, while a small discrepancy can be obsert ésonator and the coupled circuit cannot be divided, it is
for a large impedance ratio. In the tested resonators, the steﬂ'mc,u" to derlye the slope parameter. However, when the
characteristicimpedance was realized bychangingtransmisé'ig“’f‘t“_/e bandwidth IS less than 2%' the slope paramete_r of
linewidth. Thus, for a large impedance ratio, the change of width€ ing resonator without the discontinuity can be applied
becomes significant and the effects of the parasitic capacita@Proximately. The approximated slope paramétes shown
at the step can no longer be neglected. However, filters applfR¥ (8) and the external) . is calculated by (9), then the
to wireless equipment usually require a relative bandwidth §PUP!NG capacitance’s is obtained by (10), where thé,
less than 10%, making it unnecessary to design the perturbzﬂriB?l"’mS source conductance as follows:

large enough to exhibit such effects. Hence, the analysis method b, = T (8)
presented is sufficient for design. g;*gl
Qe = T (9)
Ill. DUAL-MODE RING FILTER G, (10)
A. Design TV(GQ o) -1

The attenuation-pole frequencies of a dual-mode ring res-The attenuation-pole frequencies do not change by input and
onator change in accordance to the structure or position of thetput coupling circuits. Center frequency of the filter corre-
perturbation, even when the coupling strength is kept constasponds to the center of the resonance frequencies of the even
This implies that the attenuation characteristic of a filter baseaid odd modes. The center frequency shift due to the inter-stage
on this resonator structure is dependent on the perturbatmoupling is little, as shown in Fig. 6, the shift due to input and
structure. Thus, our discussions focus on a filter design methmatput coupling circuits yields adjustment of the physical di-
in which passband characteristics are regarded prior to atension of the ring resonator. Yet as illustrated above, the struc-
tenuation performance, based on the conditions of a givamal simplicity of the dual-mode filter enables easy calculation
passband bandwidth. From the conditions, the element valuédsapproximate transmission response, and by applying these
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TABLE | 0
DESIGN PARAMETERS OF THEEXPERIMENTAL FILTERS ///
20 A
Filter type T L |
s ™y [-— !
Cent‘el frequenfy fo 1.907G7Hz = 0 = N \J A\ L
Rerative bandwidth w 0.5% 1.4% 2.0% = i \ Ko/ —
Length of the st.eppefl g0 180 980 -§ . [f Y V 20% | 0 g
impedance portion 26, g i 5%1.4% @
Coupling capacitance C, | 0.28pF | 0.44pF | 0.54pF £ — 205
< 80 £
02
100
14 24

1.9
Frequency [GHz]

Fig. 10. Measured responses of the experimental filters.

upper and lower sides of the passband, giving a steep gradient
of attenuation in spite of a two-stage BPF structure.

IV. CONCLUSION

In this paper, we have presented the analysis method for
the dual-mode resonator: a ring-resonator structure possessing
two ports spatially separated at°9d electrical length, with
a perturbation loaded at its symmetrical plane. Based on this
method, the even- and odd-mode resonance frequencies and

3 e 50 s 70 80 90
b

VRS SAPRY

Fig. 8. Photograph of the experimental dual-mode filters.

0 attenuation-pole frequencies were obtained and the resonance
. characteristic are clarified for a dual-mode resonator applying
520 an impedance step as a perturbation structure. Experimental
!; 40 _ results were presented to demonstrate the validity of the
£ g analysis method. In addition, a design method was proposed
§60 2 for a dual-mode filter based on the dual-mode resonator.
3 E Several filters were designed and fabricated and excellent
<80 E attenuation characteristics were obtained. The proposed design
100 . C ] o method is extremely effective for filter design used for wireless

7719 21
Frequency [GHz]

T3 communication equipment.

Low radiation property is feature of the ring resonator worthy
of note. Radiation loss generally shows a remarkable increase
in the millimeter-wave region and, thus, it becomes difficult to
8 opt the half-wavelength resonator with open-circuited ends,
which is conventionally used in the microwave region. In ad-
dition, the ring resonator gives more allowance to physical di-
mensions because of its one-wavelength resonator structure, re-

sulting in a practical advantage of easy manufacturing. These

Based on the above design method, three experimem@tures bring high hopes especially for the proposed filter to
dual-mode filters with a center frequengy of 1.9 GHz and millimeter-wave ICs.

relative bandwidthy of 0.5%, 1.4%, and 2.0% were designed
and fabricated using a copper microstrip line on the above-men-
tioned RT/Duroid substrate. Impedance ratipo was chosen as

Fig. 9. Calculated responses of the experimental filters.

results as initial values, rigorous design parameters can be
tained through computer-aided design (CAD) optimization.

B. Experimental Results
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