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Dual-Mode Ring Resonator Bandpass
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Abstract—Dual-mode ring resonator filters are implemented
with asymmetric inductive perturbation for creating transmission
zeros on both sides of the passband. In analysis, dependence of
the resonance modes and the zeros on positions and sizes of both
the inductive and capacitive perturbations is investigated. Under
certain conditions, the even- and odd-mode frequencies for a
capacitively perturbed ring are the same as the odd and even ones,
respectively, for a ring with inductive perturbation. Theoretical
background is clearly explained how the two transmission zeros
are split up from the center frequency. Two dual-mode ring
resonator filters are fabricated and measured for demonstra-
tion. To obtain a miniaturized circuit area, the - ring trace is
folded into a double-ring or spiral configuration. The inductive
perturbation is chosen as the crossover and implemented by a
short high-impedance coplanar waveguide interconnection in the
ground plane of the microstrip. Measurement results show good
agreement with the simulation responses.

Index Terms—Bandpass filter, capacitive coupling, dual-mode,
inductive coupling, microstrip, miniaturization, ring resonator.

I. INTRODUCTION

D UAL-MODE ring resonator filters are one of the most
widely used bandpass filters in microwave frequencies.

It is popular because of its compact size, good frequency selec-
tivity, and ease of design. The earliest work of the dual-mode
ring resonator can be traced to 1970s [1]. In the traditional de-
sign, the input and output (I/O) ports are separated spatially at
90 and a capacitive patch is placed at the end of the symmetric
plane. The purpose of the perturbation patch is to split up the
two degenerate modes so that a nonzero bandwidth can be ob-
tained. In addition, transmission zeros can be created on both
sides of the passband, leading to a quasi-elliptic function re-
sponse. The transmission zeros can be predicted by the trans-
mission-line theory [2]. In [3], given that the bandwidth is con-
stant, the attenuation pole frequencies can be controlled by the
perturbation size and the angle between the I/O ports. In [4], the
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self-coupled ring resonator is used to devise a dual-mode filter
with multiple transmission zeros.
Reducing circuit size is always important in implementation

of microwave integrated circuits. The area of a conventional
square ring resonator is . Several techniques have been
developed for shrinking the ring area [5]–[13]. In [5], the con-
ductor trace is folded to form ameander ring. In [6], the periodic
stepped-impedance ring is a reduced-size filter. The slow-wave
effect is also a good approach for miniaturizing the ring, e.g.,
[7]. The shunt capacitors in [8] and open radial stubs in [9] at-
taching to the peripheral of the ring can significantly reduce the
circuit area. In [10], the dual-mode ring is periodically loaded
with butterfly radial slot cells on the ground plane to achieve size
reduction and wide upper rejection band. In [11], three quarters
of a - ring is replaced by a microstrip to coplanar wave-
guide (CPW) broadside coupled section so that the area is only
around 25% of that of a full-length ring. Each of the four sides
of the dual-mode ring in [12] is loaded by a stub with cascaded
alternative high- and low-impedance sections for circuit minia-
turization and suppression of its second harmonic. In [13], the
size reduction is accomplished by synthesized microstrip lines
in an asymmetric form. Good rejection levels are obtained at the
second, third, and fourth harmonics of the passband.
It is shown that if the patch in the symmetric plane is re-

placed by a cut, i.e., capacitive coupling is changed to inductive
[14], the passband will be changed from quasi-elliptic function
to a response with two transmission zeros on the real axis of
the complex -plane [15]. In [16], the attenuation pole frequen-
cies for both capacitive and inductive coupling are derived. The
perturbations can be placed in the symmetric axis or in an axis
orthogonal to the symmetric axis, forming totally four possible
configurations. It is worth mentioning that most of the above
dual-mode rings have their perturbations symmetric about the
I/O ports. There have been few dual-mode ring resonator fil-
ters with asymmetric perturbation thus far [17]. It is shown that
if the patch or cut perturbation is moved away from the sym-
metric plane, the two zeros will change frequencies, showing
a flexible technique for realizing various passbands, although
the passband becomes asymmetric. The perturbation positions
in [17], however, are limited to the corners of the hexagonal
ring.
In this paper, a dual-mode ring resonator is studied with either

capacitive or inductive perturbation at an arbitrary position. The
input and output ports can be spatially separated by a non-90
angle. The non-90 I/O separation is useful for simultaneous
excitation of multiorder resonance modes in a ring resonator so
that dual-mode dual-band [18] and dual-mode triple-band [19]
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Fig. 1. Dual-mode square ring resonators with a perturbation in symmetric
plane. (a) Capacitive. (b) Inductive. Perturbation in an axis perpendicular to the
symmetric axis. (c) Capacitive. (d) Inductive. Dashed lines in (a) and (b) show
the symmetric planes for analysis of resonance modes.

filters can be realized. In Section II, analysis of transmission
poles and zeros of a perturbed ring resonator is conducted and
their control is investigated. Based on asymmetric cut perturba-
tion, a dual-mode ring resonator filter with quasi-elliptic pass-
band is demonstrated. In Section III, a reduced-size circuit is
implemented by routing half of the ring trace inside the other
part. A CPW high-impedance section, incorporating with two
conducting vias, is implemented to play the role of the crossover
as well as the inductive perturbation, achieving circuit miniatur-
ization. Section IV draws a conclusion.

II. ASYMMETRIC DUAL-MODE RING RESONATOR AND FILTER

A. Asymmetric Perturbation

Fig. 1(a) shows the traditional dual-mode ring resonator
incorporated with a capacitive perturbation in the symmetric
plane, capable of generating a quasi-elliptic function response
[2]. The structure in Fig. 1(b) shows no sharp selectivity in the
transition bands [14]. In Figs. 1(c) and 1(d), the perturbations
are placed in the axis perpendicular to the symmetric axis.
These two circuits are simply those in Figs. 1(a) and 1(b)
rotated by 90 , while keeping the I/O ports fixed. Let the
spatial separation between ports 1 and 2 be , and the traces
between the center perturbation and port 1 and port 2 be
and , respectively. It is known that
at the center frequency, . Obviously, each resonator in Fig. 1
possesses two degenerate modes, and their resonance frequen-
cies and are split up by the perturbation, denoted by
characteristic impedance and electrical length .
With weak coupling excitations, the transmission responses

of Fig. 1(c) and (d) are shown in Fig. 2(a) and (b), respectively.
The software package IE3D [20] is employed for the simulation.
At center frequency GHz, , and the pertur-
bation is allocated at , , , and . For the ca-

Fig. 2. Transmission responses of Fig. 1(c) and (d) with , ,
when , , , . (a) Capacitive perturbation,
. (b) Inductive perturbation, .

pacitive perturbation in Fig. 2(a), the response for
is the result of the traditional ring configuration in Fig. 1(a).
When the perturbation is placed at , there is no sharp
skirt response near the center frequency [14]. Note that when

and , the two peaks have very different magni-
tudes, and the bandpass response will be difficult to synthesize,
due to the destruction of the zero. For the inductive perturba-
tion in Fig. 2(b), on the other hand, the response suitable for
synthesis of a quasi-elliptic passband is . When the
inductive segment is allocated at , there is no trans-
mission dip.

B. Spacing Between Input and Output Ports

Figs. 3 and 4 investigate the behavior of the zeros when the
I/O separation and , respectively. In Fig. 3, the
perturbation is placed at , , , and . Com-
pared with the results in Fig. 2, both and shift to lower
frequencies. In Fig. 3(a), when , both of them are
in the lower stopband, showing a flexible way of zero control.
When , is between the two transmission poles
so it is not suitable for passband synthesis. When ,
the two zeros are on the different sides of the passband, and this
circuit is more suitable for passband synthesis than that with

since of the latter is very close to . For the in-
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Fig. 3. Transmission responses with , and
when , , , and . (a) Capacitive perturbation in Fig. 1(c),

. (b) Inductive perturbation in Fig. 1(d), .

ductive perturbations in Fig. 3(b), the responses for ,
, , and are similar to those with , ,
, and , respectively, in Fig. 3(a).
In Fig. 4, the I/O separation is , and the perturbation

is placed at , , , and . It is interesting that
only one transmission zero can be observed. For the capacitive
perturbation in Fig. 4(a), the zero is on the upper and lower
sides of the passband when and , respectively,
while in Fig. 4(b) with inductive perturbation, the zeros on the
upper and lower sides are resulted from and ,
respectively. For both perturbation types, the responses show
that a flat passband supported by and will be difficult to
build up by using and .

C. Transmission Poles and Zeros

Theoretically, the transmission poles of the perturbed rings
in Fig. 1 are independent of the excitations. Thus, the resonance
frequencies of the rings in Fig. 1(c) and (d) will be the same as
those in Fig. 1(a) and (b), respectively. It can be shown that the
resonance conditions are

(odd mode) (1)

(even mode) (2)

where and . The
perturbation is of capacitive and inductive type when
and , respectively. In comparison of (2) and (1), if

(3)

Fig. 4. Transmission responses with , , and
when , , , . (a) Capacitive perturbation in Fig. 1(c),

. (b) Inductive perturbation in Fig. 1(d), .

holds, then the even- and odd-mode frequencies of the capaci-
tive perturbation are the same as the odd- and even-mode fre-
quencies of the inductive cut.
The zero frequencies of the ring resonator filter will depend

on the positions of the input and output. For both Fig. 1(c) and
(d), the transmission zeros can be obtained by enforcing the total
forward transmission admittance of the two signal paths shown
in Fig. 5 to zero [2]

(4)

It can be rewritten as

(5a)

(5b)

(5c)

(5d)

The term is resulted from the leading two terms in (4) and rep-
resents the sum of two admittances when no perturbation exists.
When and , the term indicates a
second-order zero at . The effectiveness of the perturbation on
split-up or shift of the zeros relies on the second term of (5a).
A larger will lead to a larger split-up. It is known that is
relatively small, and . For example, , than

and . For the traditional ca-
pacitively perturbed ring in Fig. 1(a), : 1) the
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Fig. 5. Two-signal path model for analysis of transmission zeros.

term in (5) can be neglected 2) when frequencies moves not
so far away from , and its magnitude decreases. Thus,
must be negative to assure the existence of zeros. This reflects
the fact that if a cut is placed here, there will be no zero since

. When frequency is decreased or increased to the fre-
quencies where is satisfied, transmission zeros occur.
On the other hand, for the proposed ring with inductive cut in
Fig. 1(d), and , and .
Thus, a patch at this corner will not cause any zero since the
term in (5d) reverses the sign of . Instead, an inductive cut with

is required for the split-up of the two zeros from
.
Fig. 6(a) plots variations of the transmission zeros and

versus from 90 to 270 , based on , ,
, and at GHz. It is

noted that when (4) is used for solving the zeros, all electrical
lengths are linear functions of frequency. When ,
two transmission zeros can be found when
and , but there is no zero otherwise. The
distance between the two zeros varies when is changed, and
the maximal distance occurs around and . When
is increased to , i.e., more perturbation is employed,

the zeros move farther away from the center frequency. When
a capacitive patch is applied, e.g., , the two trans-
mission zeros can be found only when and

. Again, when and , i.e., the
amount of perturbation is increased; the distance between the
two zeros is increased.
Fig. 6(b) and (c) investigates the changes of and

versus for and , respectively. In Fig. 6(b),
and variations have smaller ranges than those in Fig. 6(a),
and some are close to the center passband. In Fig. 6(c), only
one zero can be observed, for both capacitive and induc-
tive perturbations. A better understanding for existence of zero,
one, or two zeros can be referred to the illustrative description
following (5d).
Fig. 7 shows the variations and with respect to the

continuous changes of from 10 to 150 by solving (2) for
the inductive perturbation with . It is interesting that
both and have a turning point at around . When
is decreased from the turning point, decreases while

keeps almost flat. Alternatively, when is above the turning
point, shows only small changes, but increases. The
transmission poles can also be plotted along with these zeros
[21].

D. Effectiveness of Perturbation Size

As shown in Fig. 6, the frequencies of the two zeros also de-
pend on the size of the perturbation. Let and

Fig. 6. Transmission zero versus . , . (a) .
(b) . (c) .

Fig. 7. Transmission zero versus continuous changes of for inductive per-
turbation. , , .

at , i.e., the structure shown in Fig. 1(d). The peak frequencies
and determine the bandwidth and can be calculated by

using the formula in [2] by changing the type of perturbation.
Fig. 8 compares , , , and obtained by the IE3D
with those obtained by the transmission-line theory for various
notch sizes. In Fig. 8(a), when is increased, meaning the
notch has less inductive, the resonances and zeros get closer to
the center frequency . In Fig. 8(b), when the length of the
high-impedance section is increased, and move to lower
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Fig. 8. Variations of transmission zeros and resonant modes versus sizes of the
cut. (a) mm mm, , mm,

. (b) mm mm, ,
mm . , . Dashed lines: full-wave simulation, solid

lines: transmission-line theory.

frequencies, while and shift to higher frequencies, indi-
cating the ring resonator filter will have an increasing bandwidth
and a wider space between the two zeros. The results based on
the theoretical formulation have goodmatch with those obtained
by the full wave simulation. The maximal relative deviation is
0.72%, occurring at the curve.

E. Dual-Mode Ring Resonator Bandpass Filter

The design procedure for the dual-mode ring resonator filter
is: 1) determine circuit bandwidth and number and positions of
transmission zeros from the plots in Figs. 2–4; 2) choose type
of perturbation type, i.e., patch or cut, and its position along
the ring peripheral; and 3) choose the excitation angle and the
line-to-ring coupling [22] for I/O matching.
The dual-mode ring resonator with asymmetric inductive per-

turbation can be devised to synthesize a quasi-elliptic function
bandpass filter. The circuit layout is shown in Fig. 9(a), and
the photograph of the measured circuit in Fig. 9(b). The design
parameters include , , ,

, , and . Fig. 9(c) shows the
simulation and measurement results of Fig. 9(a). It is designed
at center frequency GHz with a fractional bandwidth

. The substrate has a dielectric constant
and thickness mm. At , the measured insertion
loss is 2.37 dB, and the return loss is better than 20 dB. The two
transmission zeros are at 2.23 and 2.72 GHz. Simulation and
measurement results show good agreement.

Fig. 9. (a) Layout of the dual-mode ring resonator filter. (b) Photograph of
the measured circuit. (c) Simulation and measurement results of the dual-mode
ring resonator filter. mm, mm, mm,

mm, mm, mm, mm,
mm, mm, mm. Substrate: ,

thickness mm.

Fig. 10. Double-ring configuration.

III. CIRCUIT MINIATURIZATION

To obtain a compact circuit area, the ring can be folded to a
double-ring or spiral configuration, as shown in Fig. 10, where
a 3-D structure will be required for connecting points A and
B of the inner and outer rings, of which the electrical lengths
are and , respectively. The 3-D implementation can be a
short bonding wire or a short high-impedance section incor-
porating with two via-holes. Both of them are equivalent to
an inductor. Here, for ease of fabrication, the later is chosen.
The high-impedance section is made on the ground plane of
the microstrip, forming a CPW segment. Such a CPW section
plays a different role from that in [11] where a quarter-wave
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Fig. 11. (a) Layout of miniaturized dual-mode ring resonator filter. (b) Simu-
lated and measured results. Photograph of the measured circuit. (c) Top view.
(d) Bottom view. mm, mm, mm,

mm, mm, mm, mm,
mm, mm, mm, mm,
mm. CPW section: , , .

Substrate: , thickness mm.

microstrip-to-CPW broadside coupled line is used to replace a
transmission-line section of 270 . For saving the implementa-
tion effort, the line-to-ring structure is kept as close as possible
to that in Fig. 9(a). Thus, a certain space between the two loops
is used for preventing coupling between the adjacent traces.
Fig. 11(a) shows the top view of the circuit layout. The top metal
in black is used for the microstrip, the bottommetal in gray is for

the ground plane, and the CPW high-impedance segment. In de-
sign, the coupling between the microstrip and the CPW section
is neglected since not only the overlapped area is small, but also
both signal traces are nearly perpendicular to each other. The
coupling between parallel microstrip ring traces may change the
total coupling coefficient, and hence, the filter bandwidth. To
eliminate the unwanted coupling, our simulation data suggest
that the distance between the parallel traces should keep at least
three times the line width. The radius of the two via-holes is .
As a result, the circuit has a size of , and its
area is about 39.8% of that of a conventional square ring res-
onator.
Fig. 11(b) compares measurement results with the simula-

tion. The circuit parameters include , ,
, , , ,

and GHz. The equivalent inductance is
1.83 nH. The measured insertion loss at is 2.52 dB, the frac-
tional bandwidth and the return loss is better than
15 dB. Two transmission zeros are at 2.235 and 2.74 GHz, re-
spectively. Good agreement between simulation and measure-
ment results can be observed. Fig. 11(c) and (d) shows the pho-
tographs of the top and bottom sizes of the measured circuit.

IV. CONCLUSION

Characteristics of the transmission zeros of dual-mode ring
resonator filters with asymmetric and symmetric inductive and
capacitive perturbations are investigated for bandpass filter
design. Quasi-elliptic function passband can be obtained by
placing the inductive perturbation at a position of 90 away
from the end of the symmetric axis, where is the capacitive
patch location of a traditional dual-mode ring resonator filter.
When the product of the characteristic impedances of the patch
and cut sections equals square of the characteristic impedance
of the uniform trace, the even- and odd-mode frequencies are
switched when the perturbation type is exchanged. Variations
of the transmission zeros versus I/O port separation and
perturbation position are investigated, and design curves
plotted. When , the two zeros shift down to lower fre-
quencies for both capacitive and inductive perturbations. The
dual-mode ring with inductive cut is folded to a double-ring
configuration and the inductive perturbation is implemented by
a CPW high-impedance section on the ground plane, leading
to the normalized circuit area reduced to 39.8%. Measurement
data show good agreement with simulation results.
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