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Abstract—In this paper, a new capacitively stepped-impedance
resonator (CSIR) is proposed to develop the microstrip square-
loop dual-mode bandpass filter. Using this new design, simulta-
neous size reduction and spurious response suppression for the
dual-mode bandpass filter can be achieved. An analytical formu-
lation of this novel resonator is given in order to elucidate the spu-
rious frequencies relocation design. Together with this formula-
tion, a generalized dual-mode bandpass filter model is developed
so as to ease the analysis of transmission zero and insertion loss. A
prototype filter is designed at 900 MHz with 1.5% fractional band-
width. Significant spurious suppressions up to 33 and 35 dB are
measured at 1.8 and at 2.7 GHz, respectively. A circuitry size re-
duction of 54% is achieved when compared with that of the con-
ventional structure. Moreover, the CSIR allows frequency tuning
and, thus, a varactor-tuned filter is designed and a measured tun-
able center frequency between 1.5–1.62 GHz is demonstrated. Uti-
lizing the proposed structure, not only size reduction, as well as
spurious response suppression, but also center frequency tuning
can be achieved.

Index Terms—Dual-mode resonator, insertion loss, size reduc-
tion, spurious response suppression.

I. INTRODUCTION

AVARIETY of microstrip dual-mode bandpass filters have
been proposed over the past decade [1]–[5]. The filter com-

pactness and selectivity improvement are the recent research
focuses. The dual-mode bandpass filter using a square-loop res-
onator has achieved circuitry size reduction through the capaci-
tive loaded arms and transmission zeros can be also easily intro-
duced in the passband proximity to improve the filter selectivity
[5]–[9]. However, this filter may suffer from the problem of spu-
rious responses and these responses are located at the harmonic
frequencies of the fundamental frequency. This indeed degrades
the stopband rejection and becomes an intrinsic performance
limitation associated with wide stopband applications. Thus, the
systematic dual-mode bandpass filter design that is able to si-
multaneously realize both spurious responses suppression, as
well as size reduction, is required. Moreover, the passband in-
sertion loss is normally in excess and its relationship with the
input/output port coupling is concerned.
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Fig. 1. Microstrip dual-mode bandpass filter using CSIR.

A simple and compact dual-mode square-loop resonator
bandpass filter using capacitively stepped-impedance resonator
(CSIR), as depicted in Fig. 1, has been proposed [10]. This
CSIR is used to develop the square-loop resonator. It is modeled
as a SIR transmission line together with a loading capacitor
midway along the transmission line. Significant improvement
in first and second spurious responses suppression, as well as
filter size miniaturization, is realized under this new topology.
In this paper, an analytical discussion of the spurious responses
suppression and size minimization capabilities of the proposed
dual-mode filter topology will be outlined. Moreover, the for-
mulation of the two transmission zeros lying on either side of
the passband is presented and an estimation of the loss induced
by the input/output coupling ports is also derived.

Besides this introduction, there are four additional sections.
The novel dual-mode bandpass filter structure takes full advan-
tage of the proposed CSIR to relocate the unwanted spurious to
higher frequency range and to reduce circuitry size. These in-
trinsic characteristics are discussed in Section II. In Section III,
a transmission model of the dual-mode filter is derived and this
model is adopted in the passband modeling and transmission
zeros calculation. A derivation on the passband insertion loss
influenced by the input/output coupling ports is proposed. To
demonstrate the filter’s performance, design examples are given
in Section IV and, finally, a conclusion is drawn in Section V.
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Fig. 2. One-quarter of the square-loop resonator of Fig. 1.

Fig. 3. Composite transmission-line model of Fig. 2.

II. SPURIOUS RESPONSE SUPPRESSION AND

SIZE REDUCTION OF CSIR

The use of a capacitive arm to reduce the size of the microstrip
square-loop dual-mode bandpass filter has been demonstrated
and different capacitive arms have also been proposed over the
years [8], [9]. This arm is usually attached to the square-loop
resonator inner corner. Even the analysis is not trivial, a com-
plex pattern is introduced to increase the loading capacitance
for size reduction. In order to analytically formulate the capac-
itive arm effect on the dual-mode filter, a simple CSIR struc-
ture is proposed and its application for the filter’s spurious re-
sponse suppression discussion is also studied [10]. One-quarter
of the square-loop resonator based on the CSIR is considered
as shown in Fig. 2. The introduction of the capacitive loading

attached to a square-loop resonator is simply a rectangle
patch with lengths and . A stepped-impedance configu-
ration is applied on the conventional square-loop resonator and
its low-impedance portions are with different lengths and

. When this CSIR is used for the dual-mode bandpass filter,
it is observed that proper control of these parameters can dis-
tance a filter’s spurious frequencies and reduce its circuitry size
simultaneously [10].

A. Spurious-Response Suppression

By modeling the proposed CSIR as a composite transmission
line with loading capacitance inserted midway on the two
line segments and open-end termination, as shown in Fig. 3,
distinct characteristic impedances and electrical
lengths are assumed. In fact, ignoring the influences
of a step discontinuity in Fig. 3 and its admittance can be
derived as follows:

(1)

where

From (1), the resonance conditions occur when and .
By solving these conditions, the different resonance modes can
be described by

mode (2a)

mode (2b)

mode (2c)

mode (2d)

where

By solving (2), the fundamental and spurious frequen-
cies (first, second, third, and fourth spurious resonances, e.g.,

, , , and ) can then be determined using a simple
root-searching program. The resonator becomes a uniform
impedance transmission when either or is zero. For a
CSIR designed at MHz on a substrate RO4003
with and mm, Figs. 4 and 5 show the
characteristics of the first, second, third, and fourth spurious
frequencies normalized to their fundamental frequency against
the normalized electrical length . Fig. 4 is plotted
for different loading capacitances ( and pF)
subject to as the impedance ratio; an increase in
the loading capacitance distances the spurious frequencies to
higher frequency band, grouping , , and more closely to
one another. If equal electrical lengths are assumed to ease the
filter design, the first to fourth spurious frequencies relocate to
3.0 , 3.5 , 3.9 , and 6.0 , respectively, when 4-pF loading
capacitance is considered. On the other hand, the impedance
ratio is varied from 0.68 to 1.20, and its effect on the CSIR is
studied in Fig. 5. For a loading capacitance of 2 pF, a smaller
could be beneficial for all spurious frequency relocation within
a specific range of electrical lengths.

B. Size Reduction

As illustrated in Fig. 6, the CSIR discussed in Section II-A is
further investigated when the loading capacitance is varied
from 0 to 10 pF and the impedance ratio is fixed at 0.86. It is
obvious that increasing the loading capacitance will distance
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Fig. 4. Ratio of first, second, third, and fourth spurious frequencies to the fun-
damental frequency of CSIR for K = 0:86( : C = 2 pF; : C =

3 pF; : C = 4 pF).

Fig. 5. Ratio of first, second, third, and fourth spurious frequencies to the fun-
damental frequency of CSIR for C = 2 pF ( : K = 0:68; : K =

0:86; : K = 1:20).

the fundamental frequency to a lower frequency band; thus im-
plying that a bandpass response at a lower frequency could be
designed by higher frequency parameters with the introduction
of loading capacitance. This is indeed the main property ac-
counting for size reduction. In fact, the normalized resonator
length of the CSIR is expressed as

(3)

For some values of and , a larger reduces . The nor-
malized length reduction in the arm, denoted as , is plotted
against different loading capacitances, as shown in Fig. 6, and

Fig. 6. Normalized fundamental frequency and length reduction �L

against C .

approximately 40% electrical length reduction is yielded when
a 4.8-pF capacitance is used.

III. ANALYSIS OF MICROSTRIP SQUARE-LOOP

DUAL-MODE BANDPASS FILTER USING CSIR

A. Transmission Zeros

A simple transmission-line model is elaborated to explore
the transmission zero of the microstrip square-loop dual-mode
bandpass filter using the proposed CSIR. Its overall equivalent
circuit is shown in Fig. 7. Acting as a shunt circuit, this loop
resonator can be divided into upper and lower parts between the
input and output ports. The upper one is made up of the three
CSIRs , , and , whereas the lower part has
only a single element . To account for the right-angle ef-
fect, the CSIR in Fig. 3 is now added with the equivalent circuit
of 90 right-angle bend that is modeled by a -network with
inductor and capacitor and their expressions are
given in [11]. In , there are two extra capacitances
and in parallel with , as highlighted in Fig. 7. The ca-
pacitance models the stub perturbing outwards, as shown in
Fig. 1, and the capacitance accounts for the open-end effect
introduced by the open stub. The -capacitance network with
coupling gap capacitance and parallel-plate capacitance
models input and output ports, respectively.

For spurious response suppression and size reduction, the
impedance ratio of these CSIRs is designed around unity, as
addressed in Section II. Similar to [5], the filter’s total transfer
admittance can thus be determined by calculating - and

-parameters of the above equivalent circuit. For lower mi-
crowave frequencies, the above -network effect is insignifi-
cant. Assume and , the filter trans-
mission zero is similar to the formulation in [5]

(4)
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Fig. 7. Equivalent circuit of the dual-mode bandpass filter using CSIR.

TABLE I
ELEMENT VALUES USED IN THE EQUIVALENT CIRCUIT

OF AN EXAMPLE 900-MHZ BANDPASS FILTER

where

Based on the above transmission-line model, an example
dual-mode bandpass filter is designed at 900 MHz on a sub-
strate RO4003 with and mm and the
corresponding element values are summarized in Table I. The
electrical length is equivalent to , where are the
physical lengths employed in the example filter. Its calculated
transfer characteristic is plotted against the simulated ones
[12], as depicted in Fig. 8. Good agreement between these two
responses is observed to validate the proposed filter model
correctness. Two calculated transmission zeros (lower trans-
mission zero and upper transmission zero ) of the above
bandpass filter example are recorded at 0.885 and 0.938 GHz,
respectively. Only 15- and 6-MHz frequency derivations are
observed between the calculated and simulated results. To
explore the capacitive load effect on these zeros, Fig. 9 records
the values of these two transmission zeros against some loading
capacitances based on (4). The calculated zeros are also plotted
against the simulation results [12]. Their maximum deviation
is only 25 MHz and it is found that the separation of these two
zeros remains almost constant as changes.

B. Passband Insertion Loss

For the above example filter, the calculated passband inser-
tion loss is 2.4 dB, whereas the simulated value is 2.7 dB, as

Fig. 8. Transfer characteristics of proposed dual-mode bandpass filter ( :

simulated; : calculated).

Fig. 9. Transmission zeros location of the proposed dual-mode bandpas filter
against C (“�”: calculated f ; “ ”: calculated f ; : simulated f ;

: simulated f ).

shown in Fig. 10. On the other hand, the calculated center fre-
quency is at 902 MHz with a 3-dB bandwidth of 4.3 MHz, while
the simulated value has a 3-dB bandwidth of 7 MHz and its
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Fig. 10. Passband insertion loss of proposed dual-mode bandpass filter ( :

simulated; : calculated).

center frequency is at 900 MHz. This difference is due to our
simplified modeling of line-to-ring coupling.

As the dual-mode filter’s passband insertion loss severely
depends on the gap distance between the port and the ring res-
onator [13], an inverter model is employed to replace the capac-
itive -network so as to ease the analysis. For dual-mode struc-
ture, the ring resonator exhibits shunt-type resonance, thus, the

-inverter will be used instead of the -inverter with the ex-
pressions for the -inverter given by [14]

(5)

where

and is the characteristic impedance of the port.
The proposed dual-mode filter structure can thus be described

in a generalized circuit of a doubly loaded single resonator
[14], as depicted in Fig. 11. is the -inverter representing the
capacitive -network between the port and the ring resonator
where . The external quality factor is defined as
the quality factor when the resonator is loaded only by on
the port. In our case, the equal -inverter is assumed implying

. The unloaded quality factor of the
resonator is its quality factor when both terminations are
removed and the loss is only contributed by the internal loss of
the resonator.

For the resonator shown in Fig. 11, the loaded factor
can be given as

(6)

Fig. 11. Doubly loaded single resonator.

Fig. 12. Equivalent capacitance values of C against gapwidth s.

Utilizing the -inverter value found in (5), the external
-factor can be expressed as [14]

(7)

where is the susceptance slope parameter
Utilizing (6) and (7), the attenuation through the resonator at

resonance can be obtained by

(8)

To validate (8), is calculated for different port coupling
capacitance and is compared with the simulated values. The
variation of coupling capacitance is realized by a gapwidth
change. The effect of different gapwidth on the capacitance
is illustrated in Fig. 12. It is obvious that an increase in leads to
a weaker coupling and a decrease in . It is also found that the
change in has only a very slight effect on parallel-plate capaci-
tance . By interpolation, the susceptance slope parameter is
found to be 3.1368 10 and is 250. The calculated result
of the insertion loss against some gap capacitances shows
good agreement with the simulation, as shown in Fig. 13. The
above result has shown that decreasing the gap distance will in-
crease the coupling capacitance and, thus, reduce the insertion
loss.
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Fig. 13. Insertion loss variation against the gap capacitance C ( : calcu-
lated; “�”: simulated).

TABLE II
DIMENSIONS OF THE EXAMPLE DUAL-MODE FILTER (IN MILLIMETERS)

IV. DESIGN EXAMPLES

A. Microstrip Dual-Mode Bandpass Filter With Simultaneous
Size Reduction and Spurious-Responses Suppression

According to the analysis in Section II, it is observed that
a smaller ratio will be more beneficial in spurious-response
suppression and size reduction. An example filter at 900 MHz is
designed on the substrate RO4003 with a relative dielectric con-
stant of and thickness mm. Its physical
dimensions are summarized in Table II. An identical CSIR is
applied onto each side of the square-loop resonator. The width

and of the CSIR arm is 2 and 3 mm, respectively; thus
leading to the impedance ratio of 0.67. The capacitive loading

dimension is 15.06 15.06 mm , equivalent to a capaci-
tance of 4.5 pF. The circuitry size is only 37.12 37.12 mm
and around 54% size reduction is achieved by this prototype
when compared with the conventional dual-mode filter without
an inner CSIR arm. Against the example in [10], an additional
14% size reduction is yielded.

Fig. 14 compares the simulated results of the proposed filter
with the conventional structure. Obviously, a wide stopband
performance for the proposed dual-mode bandpass filter is re-
ported. Approximately 37-dB suppressions are recorded at the
first and second spurious frequencies (1.8 and 2.7 GHz), re-
spectively, leading to the stopband performance with more than
37-dB suppression until three times its fundamental frequency.
The passband characteristics of these two filters are also com-
pared in Fig. 15 and it is obvious that the proposed filter offers
much selective performance than that of the conventional filter.
The simulated 3-dB bandwidth of the new filter is reduced to

Fig. 14. Comparison of simulated jS j and jS j responses of conven-
tional and proposed dual-mode bandpass filters ( : conventional; :
proposed).

Fig. 15. Comparison of simulated passband jS j and jS j responses of con-
ventional and proposed dual-mode bandpass filters ( : conventional; :
proposed).

around 9 MHz; yielding a 1% fractional bandwidth. Two trans-
mission zeros at 0.870 and 0.928 GHz are relocated closer to the
passband edges. The insertion loss is 4.3 dB and the matching
is kept as good as 19 dB.

This novel dual-mode bandpass filter is also fabricated on
the same substrate. The experimental results agree well with
the simulation, as shown in Fig. 16. The measured spurious re-
sponse suppression at 1.8 GHz is around 33 dB, while 35-dB
suppression at 2.7 GHz is observed. From Fig. 17, a slight fre-
quency shift of 2 MHz is reported between the simulation and
measurement. The measured center frequency is recorded at
902 MHz and the fractional bandwidth is recorded as 1.5%.
The upper and lower transmission zeros deviate to 0.876 and
0.944 GHz, respectively. The matching is kept as good as 18 dB
and the minimum insertion loss is measured as 4.46 dB. This
may be due to the fabrication tolerance in the gapwidth. The
photograph of the fabricated filter is presented in Fig. 18(a).
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Fig. 16. Comparison of simulated and measured jS j and jS j responses of
the proposed dual-mode filter ( : simulated; : measured).

Fig. 17. Comparison of simulated and measured passband jS j and jS j

responses of the proposed dual-mode filter ( : simulated; : measured).

B. Varactor-Tuned Microstrip Dual-Mode Bandpass Filter

To demonstrate the frequency-tuning advantage due to the
loading capacitance, as shown in Fig. 6, a tunable bandpass
filter is also designed. The prototype tunable filter is shown in
Fig. 18(b). Its physical dimensions are recorded in Table III. The
width and of the CSIR arm is 4 and 6 mm, respectively,
and the loading capacitance of each CSIR arm is replaced by
varactor capacitance . The varactor diode used in the center
frequency tuning design is an Infineon BB888 RF variable ca-
pacitance diode with a junction capacitance from 0.6 to 10 pF
over a 30-V bias voltage. In addition, a series resistance of ap-
proximately 1.8 is associated with this diode at a low bias
voltage level.

As shown in Fig. 18(b), four varactors are used and equally
biased. The measured center frequency tunability of the con-
structed filter prototype is plotted against the simulations, as
shown in Figs. 19 and 20. Good agreement is observed between
the experimental and simulated results. Obviously, an overall

Fig. 18. Photographs of the: (a) compact dual-mode filter prototype and
(b) varactor-tuned dual-mode filter prototype.

TABLE III
DIMENSIONS OF THE TUNABLE DUAL-MODE FILTER (IN MILLIMETERS)

Fig. 19. Comparison of simulated and measured passband jS j responses of
varactor-tuned filter ( : simulated; : measured).

good dual-mode bandpass response is kept during the frequency
tuning. When the applied tuning voltage is ranged from 12 to
30 V, the corresponding capacitance of the varactor varies
from 1.36 to 0.79 pF. The measured lower transmission zero
relocates from 1.43 to 1.53 GHz, while the upper transmission
zero changes from 1.57 to 1.71 GHz. As depicted in Fig. 19, the
measured center frequency is tuned from 1.5 to 1.62 GHz and its
3-dB bandwidth in the tuning range is between 24–28 MHz. At
a low bias voltage level, the contribution of the varactors to the
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Fig. 20. Comparison of simulated and measured passband jS j responses of
varactor-tuned filter ( : simulated; : measured).

whole capacitance is greater and, therefore, the effects of losses
(manifested through the diode and source series resistance) de-
grade the filter insertion loss performance. The return loss of this
tunable filter is also recorded in Fig. 20, an overall good mea-
sured matching level of 20 to 30 dB is achieved in the above
frequency tuning range.

V. CONCLUSION

In this paper, a novel microstrip square-loop dual-mode band-
pass filter based on the CSIR has been presented. Its capabilities
of spurious response suppression and size reduction have been
thoroughly analyzed and discussed. A model has also been de-
veloped for accurate estimation of the passband response and
the transmission zero locations. In addition, the insertion loss
characterization has been derived. A compact prototype filter
has been designed and experimentally characterized to demon-
strate its usefulness. Besides, a varactor-tuned filter has been
designed with a tuning range of 1.5–1.62 GHz. The measured
results agree with the simulation, proving the tunable capability
of this structure.
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