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A Dual-Band Ring-Resonator Bandpass Filter
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Abstract—In this paper, a class of dual-band ring-resonator
bandpass filters is proposed based on a single ring resonator. As
its most distinctive feature, two pairs of first- and second-order
degenerate resonant modes in a ring resonator are simultaneously
excited, resulting in a compact dual-mode dual-band bandpass
filter with two transmission poles in both passbands. Firstly, two
capacitors or parallel-coupled lines are placed at two nonorthogo-
nally excited positions along a ring resonator in order to excite the
two first-order degenerate modes and create multiple transmission
zeros. Next, a set of perturbations is introduced on the ring to
excite the two second-order degenerate modes. In our design,
two excitation positions are first placed with between 45°- and
135°-separation on a ring. Simulations show that, with a proper
arrangement of the excitation angle, two transmission poles in the
first passband can be excited and more transmission zeros can be
generated. Four and eight open-circuited stubs are loaded sym-
metrically along the ring, resulting in synchronous excitation of
two poles in the second passband. Of the two designed filters with
135°- and 45°-separation, the one with 45° exhibits much better
out-of-band performance with three additional transmission zeros
at frequencies lower than the first passband, between the two
passbands and higher than the second passband. Finally, two filter
prototypes are fabricated and their measured results are found to
be in good agreement with theory.

Index Terms—Bandpass filter, dual band, dual mode, open-cir-
cuited stubs, ring resonator, transmission zeros.

I. INTRODUCTION

studied and used in various microwave circuits such
as antennas, bandpass filters, couplers, oscillators, and mixers
[1]. It is well understood that there are two degenerate orthog-
onal modes, TM;y and TMy;, coexisting in a symmetric ring
resonator. In order to split these two degenerate modes, the
internal coupling between the two resonant modes needs to be
created by either changing the angle between the excitation
ports or adding perturbations in a plane orthogonal to the ring
resonator [2]. Designing a bandpass filter using a dual-mode
ring resonator has the advantages of compact size and high
quality (Q) factor . A lot of research has been done to explore

M ICROSTRIP ring resonators have been intensively
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dual-mode ring resonator bandpass filters with a single narrow
passband [3]-[13]. In [3], a small triangle patch acting as a
perturbation was attached to an inner corner of the square
loop to excite the pair of degenerate modes. The strength and
nature of the coupling between the degenerate modes, which
are determined by the size and shape of the perturbation, have
been studied [4]. By varying the position of the perturba-
tion along a hexagonal ring, the number and locations of the
transmission zeros can be adjusted close to the passband [5].
A simple stepped-impedance ring resonator was proposed in
[6] to control the coupling strength of the two fundamental
degenerate modes. The upper stopband performance was im-
proved by using a periodic structure, as demonstrated in [7].
Moreover, different coupling mechanisms have been discussed
for a dual-mode bandpass filter implementation, e.g., line-to-
ring coupling [8], enhanced side-coupling [9], meander-line
embedded coupling [10], self-coupled ring resonator [11], and
quarter-wavelength side-coupling [12]. In [13], the coupling
between the two degenerate modes can be kept constant by
adjusting both the stub perturbations and angle between the
excitation ports, while the frequencies of the two transmission
zeros shift in the two sides of the desired passband.

In recent years, various dual-band bandpass filters have been
extensively studied and developed to meet requirements in
modern multiband wireless communication systems. Of them,
the dual-mode dual-band filters using ring resonators [14]-[21]
have garnered a lot of attention due to their compactness. In [14],
a stepped-impedance ring resonator was proposed to design a
dual-band filter with adjustable first- and second-order resonant
frequencies. Unfortunately, only a single transmission pole could
be created in the second passband for a single ring resonator
filter. Subsequently, two dissimilar ring resonators with different
resonant frequencies were individually designed and properly
linked together [15]-[18] to achieve the desired dual-passband
performance. In these cases, the two ring resonators were verti-
cally stacked in a two-layer substrate [15], [16], or implemented
in the same layer [17], [18]. As a result, the solutions need more
design considerations and larger overall size.

In [19] and [20], two compact dual-mode dual-band bandpass
filters based on a single ring resonator were designed. Instead of
a common two-port excitation angle, i.e., either 90° or 180°, the
two excitation ports were placed at 135°-separation. In [19], the
two pairs of the first- and third-order degenerate modes of the
ring resonator were excited and utilized to form two passbands
individually. However, two additional impedance transformers
are needed in the final design and thus enlarge the overall size.
Alternatively, two operating passbands can also be realized by
using the two pairs of the first- and second-order degenerate
modes of a ring resonator. This kind of dual-band filter was
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Fig. 1. Schematic of the proposed ring resonator with two distinct excited struc-
tures. (a) By lumped capacitors. (b) By parallel-coupled lines.

proposed in [20] and does not need any external matching net-
work. However, this initial filter still suffers from a poor selec-
tivity in a range out of the desired two passbands. A class of
dual-mode dual-band ring resonator bandpass filters using mi-
crowave C-sections was recently reported in [21]. The excitation
angle was selected to be 60°, but there is no detailed discussion
on the design procedure of these filters including how to choose
a proper excitation angle.

The motivation of this paper is to give a unified descrip-
tion on the operating principle and design procedure of a novel
dual-mode dual-band ring-resonator bandpass filter enhancing
the work in [20]. For this purpose, our first step is to characterize
the relationship between the transmission zero locations and the
angle between the two excitation ports along a uniform ring res-
onator. To achieve a sufficient number of transmission zeros and
to keep a certain spacing between the two ports for installing the
coupling elements, a separation of 45° is eventually selected.
Fig. 1(a) and (b) shows the schematic of a microstrip ring res-
onator that is capacitively fed by lumped capacitors and cou-
pled lines, respectively. Our next step is to discuss synchronous
excitation of the two degenerate modes in both passbands via
enhanced coupling strength at the ports and stretched perturba-
tion stubs. Finally, the two compact dual-mode dual-band filters
using a single microstrip ring resonator are designed with four
and eight stubs using equivalent-circuit models and the ADS
Momentum simulator [22]. Measured results of the two fabri-
cated filter prototypes verify the proposed design principle.

II. TRANSMISSION ZEROS IN A RING RESONATOR

Fig. 2(a) depicts the schematic of a uniform ring resonator
that is excited by two identical lumped capacitors (C) at an
arbitrary separation angle (¢) between two excitation ports. In
its equivalent model [see Fig. 2(b)] Z, represents the character-
istic impedance of the ring, while #; and > are the electrical
lengths of the short and long paths of a ring between the two
ports, respectively. Under very weak capacitive coupling at the
ports, the resonances or transmission poles occur at

0146, =2n x 180°,  forn=1,2.3.... (1)

Due to the transversal interference between the two signal
paths from one port to the other port, as discussed in [23], the
resultant transmission zeros appear at

B — 6, = (2m+1) x 180°,  form =0,1,2,.... (2)
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Fig. 2. (a) Schematic of a uniform ring resonator with two lumped capacitors
at the excitation positions. (b) Its equivalent model. (c) Frequency responses
of S>1-magnitudes under varied excitation angles (¢) with C'; = 0.8 pF and
Z,.="1739Q.

It is of interest to note that the case considered in [20] is a special
case of (2), where 6, = 05 — 61, 61 = 30,./2, and 0 = 56,./2.

Fig. 2(c) illustrates three sets of frequency responses of the
So1-magnitudes under varied excition angles. At the first reso-
nance, the overall electrical length of this ring resonator is equal
to 360°, thus enforcing ¢ = 6; = 360° — 5. When ¢ = 135°,
6, = 225° = 56,/3. In this situation, the first transmission
zero from (2) is determined by setting m = 0, thus deriving
f; = 270° and 6 = 450°, where 65 — 6; = 180°. This
transmission zero from the out-of-phase cancellation appears at
5.21 GHz in Fig. 2(c). As ¢ is reduced to 90°, #; = 36; can
be obtained. The transmission zero moves to the frequency [ap-
proximately equal to 2.65 GHz for the case in Fig. 2(c)] with
6, = 90° and 6, = 270°, and it is exactly placed at the first
resonant frequency of this ring resonator. As such, this first res-
onance can hardly be excited if the coupling at the ports is not
sufficiently high [2]. As ¢ is further decreased to 45°, 0, = 76,
is attained. In this case, the transmission zero occurs at 1.80 GHz
[see Fig. 2(c)], where #; = 30° and 6, = 210°, and it is lo-
cated lower than the first resonant frequency [close to 2.35 GHz
shown in Fig. 2(c)] where 65 + 6; = 360°. At the frequency
with #; = 90° and f; = 630°, the two signals traversing the
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short and long paths become out of phase again, resulting in
suppression of the second resonant mode. Up to now, we have
discussed that multiple transmission zeros and their locations
can be excited and changed via the angle between the two exci-
tation ports along a uniform ring resonator. Of the three cases in
Fig. 2(c), the last structure with ¢ = 45° will be used to design
two dual-band bandpass filters with good out-of-band perfor-
mance due to the existence of more transmission zeros including
the zero at the lower stopband of the first passband.

III. PRINCIPLE AND GEOMETRY OF PROPOSED FILTERS

A. Ring Resonators With Lumped Capacitors

Let us go back to look at Fig. 1(a) again where a stubs-loaded
ring resonator is fed at the input and output ports via lumped
capacitors (Cy). In this figure, 71 and ry are the inner and outer
radii of this ring. The four identical open-circuited stubs are
electrically attached to the ring resonator with equal spacing,
width of w,, and length of p. Fig. 3(a) is the equivalent trans-
mission-line circuit model under the undisturbed condition, i.e.,
p = 0 mm. Based on the above discussion, the longer path with
> in Fig. 2(b) is seven times the shorter path with 6; in elec-
trical length, i.e., #2 = 76;. As shown in Fig. 3(c) for the curve
with p = 0 mm, two transmission poles visibly emerge in the
first passband under the selected capacitance of C'y = 0.8 pF,
indicating that the two first-order degenerate modes are success-
fully split under the selection of a 45° excitation angle. 0.8 pf
is used to provide proper coupling for the dual-passband of the
filter. To give physical insight into this phenomenon, the two
external ports are excited under even- and odd-mode sources.
Under these two distinct excitations, the symmetrical plane in
Fig. 3(a) becomes the perfect magnetic wall (M.W.) and electric
wall (E.W.), respectively. Its bisection becomes a one-port net-
work with open- and short-circuited ends in the M.W. and E.W.
locations accordingly. As indicated in Fig. 3(a), Y; and Y,*° rep-
resent the two input admittances at two ports, looking into the
left and right sides of this one-port bisection network. Under the
even-mode excitation, all the resonant frequencies must satisfy

Im(V;+Y5)=0 3)
where
ijf
y, =¥ 4
T4 jwCr 2 @
0 76
Y =5V, <tan 31 + tan f) 5)

in which w is the angular frequency and Y,. = 1/Z,.. Similarly,
resonances under the odd-mode excitation occur at

Tm(Y; +Y;?) = 0 ©)

where

Y’ =—jY, <cot%1 +cot%ol> . @)
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Fig. 3. (a) Equivalent model of a uniform ring resonator with a separation
of 45°. (b) Equivalent model of the stub-loaded ring resonator in Fig. 1(a).
(c) Frequency responses of S-magnitudes under varied stub lengths (p) (C'y =
0.8 pF, Z,. = 73 Q,and Zo = 50 Q).

As explained above, one transmission zero appears at the
lower stopband of the first passband, while the second passband
can be fully suppressed by a higher transmission zero under a
weak coupling case. Regardless, all the transmission zeros al-
ways happen at the frequencies where the resultant mutual ad-
mittance (Y>1) of the two-port network inside the dashed square
in Fig. 3(a) equals to zero, such that

1 1
e 791) =0 ®

By solving (8), all of the transmission zeros can be deter-
mined as follows:

Yo =5V, <

sin 91

% + 1

6, = a: r  fora=0,1,2,... ©)
%+ 1

0, = + , forb=0,1,2,.... (10)

6

In particular, we can notice that (10) represents the same con-
dition as (2) that is from the signal-interference technique. For
the undisturbed case, b = 0 and b = 1 in (10) determine the
first and third transmission zeros, respectively, while the second



3430

zero at the right side of the first passband is derived with a = 0
in (9).

After achieving the first passband with the help of two poles,
four open-circuited stubs are added symmetrically along the
ring, as shown in Fig. 3(b), which act as the perturbation ele-
ments to produce the second passband with two poles. As illus-
trated in Fig. 3(c), as p increases from 1.5 to 3.0 mm, the second
passband is stimulated with one or two poles. In the meantime,
two transmission zeros are observed at both sides of the second
passband. These zeros are created by the same nature of pertur-
bation for a classical dual-mode filter, as discussed in [4].

B. Ring Resonators With Parallel-Coupled Lines

Fig. 1(b) displays a fully integrated ring resonator fed by two
identical parallel-coupled lines with a spacing of s and width
of w or ro — r1. Following the analysis of a pair of three-port
coupled lines in [24], the equivalent-circuit model of a three-port
network using parallel-coupled lines is obtained as shown in
Fig. 4(a) and it has the effective electrical lengths of 63 and 6,
for the lower and upper coupling sections, respectively. For the
parallel-coupled lines, their even- and odd-mode characteristic
impedances are given as Zy. and Zy,, respectively. Under the
equivalence of the two networks in Fig. 4(a), the capacitance in
the right-side network can be found for our design application,
and its capacitive impedance Z. can be expressed as

ZOeZOO
tan 03 + tan 94)(Z0E + ZOo) '

Ze=—2j ( an
The turns ratio of voltage transformer, IV, and characteristic

impedance of equivalent transmission lines at port 2 and 3, 7,

were obtained in our earlier wok [19], and they are given as

ZOe‘l‘ZOa

N=—— 12
ZOs _ZOO ( )
Zoe + Zoo

Z:%. (13)

Fig. 4(b) shows the complete equivalent-circuit model for the
proposed ring-resonator filter in Fig. 1(b). Fig. 4(c) illustrates
the three sets of simulated results. It can be used to reveal the de-
sign principle and procedure again for the fully integrated filter
in Fig. 1(b) under the consideration herein. For p = 0 mm, the
two first-order degenerate modes are split due to the tight cou-
pling of the coupled lines placed at two nonorthogonal excita-
tion ports at a frequency close to fo = 2.4 GHz (fundamental
resonant frequency of the uncoupled ring resonator). As p is
increased to 0.5 mm, the S51-magnitudes move up at around
5.0 GHz and thus form the second passband with a single trans-
mission pole. As p is further lengthened to 1.0 mm, the two
second-order degenerate modes are split and thus make up the
second passband with two visible transmission poles. As can be
observed in Fig. 4(c), the four attached stubs cause a slight low-
ering of the first passband, but they do not significantly influence
the filtering configuration in this first passband. To this end, the
proposed ring-resonator bandpass filter in Figs. 1(b) and 4(b)
has been verified to show two passbands and two transmission
poles in each passband. Based on the above discussion, it can
be understood that the filtering performance in the first pass-
band is mainly determined by the external coupling strength of
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Fig. 4. (a) Schematic and equivalent model of the coupled-line structure.
(b) Schematic of the ring-resonator filter with four equally spaced perturbation
stubs. (c) Frequency responses of the microstrip-line filter in Fig. 1(b) under
varied stub lengths (p) (r1 = 6.93 mm, ro = 7.33 mm, w, = 0.40 mm,
s = 0.10 mm, 3 = 6,/3, and 6, = 136,/18. Substrate: ¢, = 10.8,
thickness = 1.27 mm).

the parallel-coupled lines, which are placed at two nonorthog-
onal positions of the ring resonator. Meanwhile, the filtering
performance in the second passband is primarily dependent on
the length/width of the four identical open-circuited stubs that
are attached to the ring with equal spacing. In particular, under
the choice of a 45°-separation, the two sets of dual transmis-
sion zeros simultaneously emerge at the lower and upper sides
of each passband.

IV. RESULTS AND DISCUSSION

Based on the analysis and initial design, the proposed com-
pact dual-mode dual-band bandpass filter is then optimally de-
signed using a full-wave electromagnetic (EM) simulator [22]
and fabricated on a dielectric substrate with a thickness of 1.27
mm and permittivity of 10.8. Fig. 5(a) shows the photograph
of the fabricated filter circuit. Fig. 5(b) plots the measured re-
sults with the circuit and EM simulated results, and it shows
good agreement between them over a wide frequency range
from 1.0 to 6.0 GHz. The measured center frequencies of the
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Fig. 5. (a) Photograph of the fabricated filter with four attached stubs. (b) Sim-
ulated and measured results with the stub length of p = 0.95 mm.

two passbands are 2.38 and 4.87 GHz, respectively. The frac-
tional bandwidths of the two passbands are found to be 6.7%
and 8.0%, respectively. The measured minimum insertion loss
is around 2.0 dB in the first passband and is around 1.4 dB in
the second passband. From Fig. 5(b), the four measured trans-
mission zeros are observed at 1.79, 2.51, 4.54, and 5.39 GHz,
as predicted in the analysis and simulation. With the existence
of these four transmission zeros, the proposed dual-band filter
achieves good filtering selectivity for both realized passbands.
In particular, the measured attenuation is higher than 30.0 dB
from dc to 1.93 GHz and the attenuation in a range from 2.47 to
4.63 GHz between the two passbands is higher than 11.0 dB.
To further miniaturize the overall circuit size, an alternative
ring resonator is formed by adding four additional open-cir-
cuited stubs. As shown in Fig. 6(a), eight stubs have been em-
ployed here and allocated symmetrically along the ring in order
to allow for sufficient spacing between them. Based on the same
procedure as discussed above, a size-reduced dual-band ring-
resonator bandpass filter can be formed and designed. Fig. 6(a)
shows a photograph of the fabricated filter with its dimensions
indicated. With the help of eight perturbation stubs, the overall
physical area of the ring resonator is reduced by 22% due to the
increased slow-wave factor. The EM simulated and measured
results are plotted in Fig. 6(b), showing the expected dual-mode
dual-band filtering performance. In addition, the measured filter
operates at 2.38 and 4.77 GHz with a minimum insertion loss of
2.0 dB in both passbands. The four transmission zeros are still
observable and they appear at 1.78, 2.41, 4.5, and 5.21 GHz,
respectively. The measured attenuation in a range from 2.48 to
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Fig. 6. (a) Photograph of the fabricated filter with four attached stubs. (b) Sim-
ulated and measured results with the stub lengths of p = 2.20 and 2.68 mm.

4.57 GHz between the two operating passbands is higher than
12.0 dB.

V. CONCLUSION

In this paper, a novel class of dual-mode dual-band bandpass
filters on a single microstrip ring resonator has been presented.
By using the out-of-phase cancellation of two signals along the
shorter and longer paths of a ring resonator under nonorthogonal
excitation, multiple transmission zeros are produced at different
frequencies. As a 45°-separation between the excitation ports is
chosen, a dual-band ring-resonator filter is designed to achieve
the two sets of transmission zeros at the lower and higher sides
of each passband. After the detailed description of the operating
principle and design procedure, two compact dual-band band-
pass filters have been successfully developed. The measured re-
sults have verified good dual-passband performance with good
filtering selectivity for the proposed single-ring-resonator dual-
mode dual-band bandpass filter topologies.
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