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Design of Dual- and Triple-Passband Filters Using
Alternately Cascaded Multiband Resonators
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Abstract—A novel method for designing multiband bandpass fil-
ters has been proposed in this paper. Coupling structures with both
Chebyshev and quasi-elliptic frequency responses are presented to
achieve dual- and triple-band characteristics without a significant
increase in circuit size. The design concept is to add some extra
coupled resonator sections in a single-circuit filter to increase the
degrees of freedom in extracting coupling coefficients of a multi-
band filter and, therefore, the filter is capable of realizing the spec-
ifications of coupling coefficients at all passbands. To verify the
presented concept, four experimental examples of filters with a
dual-band Chebyshev, triple-band Chebyshev, dual-band quasi-el-
liptic, and triple-band quasi-elliptic response have been designed
and fabricated with microstrip technology. The measured results
are in good agreement with the full-wave simulation results.

Index Terms—Coupling coefficient, external quality factor, mi-
crostrip filter, stepped-impedance resonator, transmission zero.

I. INTRODUCTION

I N MODERN wireless and mobile communication systems,
RF/microwave filters are always important and essential

components. Planar filters are particularly popular structures
because they can be fabricated using printed circuit technology
and are suitable for commercial applications due to their
compact size and low-cost integration [1]. Therefore, many
applications to planar filters such as parallel- and cross-coupled
bandpass filters have been extensively used in microwave
communication systems due to their high-practicality, high-per-
formance, and simple synthesis procedures [2]–[6].

Recently, in exploring advanced dual-band wireless systems,
filters with dual-band operation for RF devices have become
quite popular. Therefore, dual-band filters had been widely
studied in several papers [7]–[17]. In [7], a dual-band filter
was implemented by the combination of two individual filters
with two specific single passbands. Extra impedance-matching
networks must be used to design the input and output structure
of the filter. In [8], three open stubs in parallel are introduced
to create three transmission zeros for separating the two pass-
bands. In [9], an optimization scheme based on hybrid-coded
genetic-algorithm techniques is presented to design dual-band
filters. However, physical meanings are less addressed in the
design process. In [10], a dual-band bandpass filter is achieved
by a cascade connection of a wideband bandpass filter and a
bandstop filter, resulting in a large circuit size. Furthermore,
dual-band resonators with open stubs in series and parallel [11],
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dual-band stepped-impedance resonator filters [12]–[16], and
a dual-band filter using coupled resonator pairs [17] are also
presented to achieve dual-passband responses. With the rapid
evolution of multiband and multiservice communication sys-
tems, filters with a multiband response will be largely required.
Unfortunately, to our knowledge, triple-band filters have not
been presented in past literature.

The aforementioned design techniques for dual-band filters
based on a single filter circuit, however, are still challenging to
the designer because it is difficult to exactly extract the desired
coupling coefficients and external quality factors to simultane-
ously fit the specifications at both bands due to the limited de-
grees of freedom in the design parameters. Therefore, the con-
cept of a dual-band filter based on a single circuit is quite diffi-
cult to extend to the design of triple-band filters. In order to con-
quer this problem without a significant increase in circuit size,
this paper presents a new coupling structure by adding some
extra coupled resonator sections to the single filter circuit. This
novel structure can not only be used to design dual-band filters,
but is also capable of designing triple-band filters. Both Cheby-
shev and quasi-elliptic response structures are proposed. Four
experimental examples of filters with a dual-band Chebyshev,
triple-band Chebyshev, dual-band quasi-elliptic, and triple-band
quasi-elliptic response have been designed and implemented
with microstrip technology to verify the proposed concept.

This paper is organized as follows. Section II describes the
proposed design concept. Several new coupling structures for
dual- and triple-band filters have been presented. Section III
characterizes the theory of a stepped-impedance resonator. The
design graphs for determining the structural parameters of a
stepped-impedance resonator are provided. Sections IV–VII
provide the design procedures for dual- and triple-band mi-
crostrip bandpass filters with Chebyshev and quasi-elliptic
function responses. The experimental data are presented and
compared with the simulated results. Finally, Section VIII
draws some brief conclusions.

II. COUPLING STRUCTURES OF DUAL- AND

TRIPLE-PASSBAND FILTERS

Fig. 1(a) shows the coupling structure of a dual-band parallel-
coupled filter with an th-order response, where each node rep-
resentsaresonatorandthesolid linesrepresent thedirectcoupling
routes. The odd-number resonators are able to operate simultane-
ously at the center frequencies of the first and second passbands
( and ). The even-number resonators with superscripts I and
II are able to operate only at and , respectively. It should be
noted that each pair of the even-number resonators operate at dif-
ferent frequencies, mutual coupling interference between them
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Fig. 1. Coupling structures of: (a) dual- and (b) triple-band parallel-coupled
filters.

will not occur. This implies that each of the passbands can be im-
plemented individually, i.e., each of the coupling coefficients be-
tween adjacent resonators can be extracted separately to meet the
specifications. Degrees of freedom in extracting the coupling co-
efficients at the two specific passbands are then increased while
compared to theconventional single-circuitdual-bandfilters.The
design process is, therefore, more flexible and possible to be ex-
tended to achieve a multiband response.

Fig. 1(b) shows the extension of this concept, i.e., the cou-
pling structure of a triple-band parallel-coupled filter with an

th-order response. In a similar manner as Fig. 1(a), the odd-
number resonators are able to operate simultaneously at the
center frequencies of the first, second, and third passbands ( ,

, and ), while the even-number resonators with superscripts
I–III are designed to operate only at , , and , respectively.
As described above, each of the passbands in this structure can
also be implemented individually. In other words, each of the
coupling coefficients between adjacent resonators can be ex-
tracted separately at the three specific passbands.

In order to improve the selectivity of filters, the coupling
structures of dual- and triple-band filters with a quasi-elliptic
frequency response have also been proposed. Fig. 2(a) shows
the coupling structure of a dual-band cross-coupled filter with a
fourth-order response, where each node represents a resonator.
The solid and dashed line represent the direct coupling and
the cross-coupling routes, respectively. The multipath effect
achieved by the combination of a direct coupling path and a
cross-coupling path introduces a single pair of transmission
zeros near the upper and lower sides of the passband edges
at finite frequency, thus a much sharper filter skirt and higher
selectivity can be achieved. In this structure, resonators 1 and 4
are able to operate simultaneously at and , while the other
resonators with superscripts I and II are designed to operate
only at and , respectively. As previously mentioned, each
of the coupling coefficients between adjacent resonators can
also be extracted separately at the two specific passbands. The
same concept is also extended to the design of a triple-band
quasi-elliptic filter, whose coupling structures are shown in
Fig. 2(b).

It should be noted that the concept can be extended theoreti-
cally to design a filter with more passbands, however, problems
caused by insufficient degrees of freedom of design parameters

Fig. 2. Coupling structures of: (a) dual- and (b) triple-band cross-coupled filters
with fourth-order response.

Fig. 3. Structure of the stepped-impedance resonator. (a) K = Z =Z1 < 1.
(b) K = Z =Z > 1.

will arise in an actual design. For example, in the design of an
input/output coupling structure, this will cause the restriction in
designing the bandwidth of each passband. Moreover, in order
to construct the odd-number resonators in Fig. 1 and resonators
1 and 4 in Fig. 2 for the simultaneous resonance at two or three
specific frequencies, a simple kind of resonator that can con-
trol all the resonant frequencies, i.e., a stepped-impedance res-
onator, is used. This also limits the range of passband center fre-
quency ratios if too many resonant frequencies are needed to be
simultaneously controlled. Detailed descriptions for a stepped-
impedance resonator will be presented in Section III.

III. CHARACTERISTICS OF STEPPED-IMPEDANCE RESONATORS

The stepped-impedance resonator was originally presented
not only to control spurious responses, but also to reduce res-
onator size [18], [19]. Fig. 3(a) and (b) shows the typical struc-
tures of the half-wavelength stepped-impedance resonator for
the cases of and , respectively, where is the
impedance ratio defined as

(1)

If the length ratio of the stepped-impedance resonator is de-
fined as

(2)

substituting (1) and (2) into the resonance conditions of the
stepped-impedance resonator yields

(3)
and

(4)
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Fig. 4. Design graph for stepped-impedance resonators.

where (3) and (4) correspond to the odd- and even-mode res-
onances, respectively. It should be noted that the fundamental
frequency and the other higher order mode frequencies can be
determined by properly choosing a suitable combination of the
impedance and the length ratios of the stepped-impedance res-
onator.

Fig. 4 shows the design graph for stepped-impedance res-
onators. Ratios of the first and second higher order resonant fre-
quencies to the fundamental frequency ( and ) for
half-wavelength stepped-impedance resonators are plotted with
different values of and . It can be observed that, with typ-
ical values of and , realizable is between 1.2–3.8,
and realizable is between 1.5–5.8. The case of ,
i.e., point A in Fig. 4, denotes a traditional half-wavelength
unit-impedance resonator whose spurious frequencies are the
multiples of its fundamental frequency.

For example, if a resonator with and
are required, one can locate point B with

and to satisfy the given specifications. It
is also evident from Fig. 4 that and
for the cases of . The smaller the impedance ratio
is, the larger and will be. On the contrary, if

or is required, then the cases of
must be chosen.

As described in Section II, resonators that are able to op-
erate simultaneously at two or three specific frequencies are de-
manded in the design processes. Since the objective of our de-
sign is to look for this kind of resonators, Fig. 4 is quite useful
for designing dual- or triple-mode resonators. As a result, when
two or three resonant frequencies of a resonator are specified,
a suitable combination of and for the stepped-impedance
resonator can be easily chosen from Fig. 4 and the dimensions
of the resonator can, therefore, be determined.

IV. DESIGN OF A DUAL-PASSBAND CHEBYSHEV FILTER

To demonstrate the usefulness of the proposed design con-
cept for a multipassband filter, a dual-passband filter with a
third-order Chebyshev frequency response and 0.1-dB ripple

Fig. 5. (a) Coupling structure, (b) schematic layout, and (c) equivalent circuit
of the dual-band Chebyshev filter.

level was designed and fabricated with the following specifica-
tions. The center frequencies of two bands are GHz
and GHz. The lower and higher fractional band-
widths are and , respectively. The filter
was designed to be fabricated using copper metallization on a
Rogers RO4003 substrate with a relative dielectric constant of
3.38, a thickness of 0.508 mm, and a loss tangent of 0.002.
Fig. 5(a) and (b) shows the coupling structure and circuit config-
uration of the filter. The equivalent-circuit model of the filter is
shown in Fig. 5(c). The admittance inverter represents the cou-
pling between resonators, where denotes the characteristic ad-
mittance. The first and last resonators (resonators 1 and 3) have
to operate simultaneously at 2.8 and 4.2 GHz and, hence, their
physical parameters can then be easily determined from Fig. 4.
One of the suitable solutions is to choose the combinations of

and . Besides, resonators 2 and 2 have
to operate at 2.8 and 4.2 GHz, respectively. A half-wavelength
unit-impedance resonator is employed to realize these two res-
onators and each of them are folded for a compact design.

Since filter order and ripple level are specified and identical
at the two passbands, the value of can be obtained by

(5)

where subscript 1 and 2 denotes the first and second passbands,
respectively. The external quality factor can be characterized by

(6)
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Fig. 6. Ratio� =� versus the feeding point of input/output resonator.

where and represent the resonant frequency and the
3-dB bandwidth of the input or output resonator. The feeding
points at the input and output resonators directly relate the filter
bandwidth and external quality factor. Fig. 6 illustrates the sim-
ulated results of versus the feeding point of the input/
output resonator. As can be seen, once is specified, the
feeding point can be easily determined. As indicated by this
figure, when is adjusted from 2 to 9 mm, a wide range of

, i.e., from 10 to 0.2, can be obtained. It should be noted
that, once this figure is reconstructed for specific substrates, the
other procedures in this paper can be repeated directly.

As described in Section II, each of the passbands of the filter
can be implemented individually. This is equivalent to the de-
sign of two single band filters independently, thus the traditional
design procedure of a single band filter described in [5] can
be followed directly. The design parameters of bandpass filter,
i.e., the coupling coefficients and external quality factor, can be
obtained from circuit elements of a low-pass prototype filter.
The lumped circuit element values of the low-pass prototype
filter are found to be , , ,

, and . In order to obtain the physical dimen-
sions of the filter, the coupling coefficients and input/output ex-
ternal quality factors can then be found as
and for the first passband and
and for the second passband. A full-wave simulator
has been used to extract the above parameters. When two syn-
chronously tuned coupled resonators have a close proximity,
the coupling coefficient can be evaluated from the two domi-
nant resonant frequencies. If and are defined to be the
lower and higher of the two resonant frequencies, respectively,
the coupling coefficient can be obtained by

(7)

where represents the coupling coefficient between res-
onators and .

The overall design procedure of this example can be summa-
rized as follows. First, determine the dimensions of each res-
onator to meet the respective frequencies and then determine

Fig. 7. Simulated and measured results of the dual-band Chebyshev filter.

the feeding position of the first/last resonator from Fig. 6 to
meet the specific or . The final step is to adjust the
coupling gaps and , the overlapped lengths and to
meet the specific coupling coefficients at the first and second
passbands, respectively.

Realizable design geometric parameters have been obtained
as mm, mm, mm,

mm, and mm. The prototype circuit size of the
filter is approximately 49.6 mm 18.2 mm, i.e., approximately

by , where is the guided wavelength on the
substrate at the center frequency of the first passband. Mea-
surement was carried out using an Agilent E5071B network
analyzer. The measured and simulated results of the filter are
illustrated in Fig. 7. As can be seen, a transmission zero at
the lower side of each passband edge is observed. Due to the
cross coupling between nonadjacent resonators, the electrical
behavior is similar to the traditional trisection filters, as de-
scribed in [5], thus the selectivity on the lower side is better
than that on the higher side at each passband. It is also obvious
that two additional transmission zeros occur at approximately
3.5 and 4.8 GHz, which are the frequencies when the lengths
between the tapped points and open-ends of the input/output
resonators approximate a quarter guided wavelength. The mea-
sured lower and higher fractional bandwidths are
and , respectively. The measured passband return
losses at both bands are below 19 dB, while the passband
insertion losses are approximately 2.9 and 2.3 dB at the first
and second passbands, respectively. The insertion losses would
be attributed mainly to the conductor and dielectric losses. The
measured results are in good agreement with the simulated pre-
dictions.

V. DESIGN OF A DUAL-PASSBAND QUASI-ELLIPTIC FILTER

In order to improve the selectivity of dual-band filter, a quasi-
elliptic filter with a dual-passband response has been designed.
The circuit configuration of the filter is shown in Fig. 8(a), and
its coupling structure is shown in Fig. 2(a). Fig. 8(b) shows
the equivalent circuit model of the filter. It is obvious from
Fig. 8(a) that compact folded stepped-impedance resonators and
U-shaped unit-impedance resonators are used as the building
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Fig. 8. (a) Schematic layout and (b) equivalent circuit of the dual-band quasi-
elliptic filter.

block. This special arrangement of resonators helps not only to
create the cross coupling between nonadjacent resonators, but
also to reduce the circuit size. It can be anticipated that a single
pair of transmission zeros near each passband at finite frequency
will occur due to the multipath effect. In addition, the skew-sym-
metrical (0 ) feeding structure [20] is introduced to realize the
input and output ports of the filter. A filter with a skew-symmet-
rical feeding structure could create extra transmission zeros in
the stopband. Thus, the selectivity and out-of-band rejection of
the filter can be significantly improved.

The proposed filter is fabricated on the same Rogers RO4003
substrate as mentioned in the above section. The quasi-elliptic
dual-band filter was designed with the following specifica-
tions. The center frequencies and fractional bandwidths are

GHz, GHz, and , re-
spectively. The lumped circuit element values of the low-pass
prototype filter are found to be , ,

, , and . The required
coupling coefficients and external quality factors are found to
be , , , and

for the first and second passbands. As previously
mentioned, both passbands can also be designed individually,
therefore, a single band filter design can be applied based
on the knowledge of the coupling coefficients of the three
basic coupling structures, i.e., electric, magnetic, and mixed
couplings, which has been well documented in [5].

In the same manner as Section IV, since the filter-order and
lumped circuit element values of the low-pass prototype filter
are specified and identical at the two passbands, can
be obtained by (5). Fig. 9 illustrates versus the feeding

Fig. 9. Ratio� =� versus the feeding point of input/output resonator.

point of the input/output resonator. Once is specified,
the feeding point can be easily determined.

To implement this filter example, the first step is to deter-
mine the dimensions of each resonator to meet the respective
frequencies. Resonators 1 and 4 based on a folded stepped-
impedance resonator are designed to operate simultaneously at
2 and 3.1 GHz, resonators 2 and 3 based on a folded stepped-
impedance resonator are design to operate at 2 GHz, and res-
onators 2 and 3 based on a U-shaped unit-impedance res-
onator are designed to operate at 3.1 GHz. The input and output
feeding points are then selected for proper or .
The last step is to individually determine the coupling gaps
between resonators to match the specific coupling coefficients
listed above.

Additionally, it is worth mentioning that when the gap be-
tween the nonadjacent resonators (resonators 1 and 4) is given,
the corresponding coupling coefficients at two passbands are
unlikely the same. Fortunately, the required coupling coeffi-
cients between nonadjacent resonators are very small, which are
about one order less than the others between adjacent resonators.
Thus, a slight error ( 20%) in this coupling coefficient hardly
affects passband performance.

Fig. 10(a) presents a photograph of the filter. The size of the
filter is 39.3 mm 20 mm, i.e., only approximately by

, where is the guided wavelength on the substrate at
the center frequency of the first passband. The measured and
simulated results of the filter are illustrated in Fig. 10(b). As
expected, there is a single pair of transmission zeros near each
passband due to cross-coupling effects, i.e., transmission zeros
at approximately 1.9, 2.1, 2.9, and 3.2 GHz can be observed.
It can also be clearly observed that there are three extra trans-
mission zeros at approximately 1.6, 2.45, and 3.6 GHz over the
measured frequency range due to the skew-symmetrical feeding
structure, resulting in a good stopband response. The measured
lower and higher fractional bandwidths are and

, respectively. The measured passband return
losses are both below 15 dB at two passbands. The passband
insertion losses are approximately 2.1 and 2.2 dB at the first
and second passbands, respectively, which would be attributed
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Fig. 10. (a) Fabricated filter. (b) Simulated and measured results of the dual-
band quasi-elliptic filter.

mainly to the conductor and dielectric losses. The measured
results are in good agreement with the simulated predictions.

Compared with the dual-band quasi-elliptic filter in [15],
there are three major advantages arising from the proposed
configuration shown in Fig. 8. The first advantage is the flexible
design process in our structure because it has increased the
degrees of freedom in extracting the design parameters. The
second one is the smaller circuit size in our structure due to the
special arrangement of resonators. Moreover, extra impedance
transformers at the input/output ports are required in [15],
which are not needed in our design.

VI. DESIGN OF A TRIPLE-PASSBAND QUASI-ELLIPTIC FILTER

In this design example, a quasi-elliptic filter with a
triple-passband response is realized with compact folded
stepped-impedance resonators and U-shaped unit-impedance
resonators as the building block. The circuit configuration of
the filter is shown in Fig. 11(a), and its coupling structure is
shown in Fig. 2(b). The equivalent-circuit model of the filter
is shown in Fig. 11(b). Similarly, this special arrangement of
resonators helps not only to create the cross-coupled effects,
but also to reduce the circuit size. Also, it can be anticipated
that a single pair of transmission zeros near each passband will
occur due to the multipath effect and extra transmission zeros
in the stopband will occur due to the skew-symmetrical feeding
structure.

Fig. 11. (a) Schematic layout and (b) equivalent circuit of the triple-band quasi-
elliptic filter.

Fig. 12. Fractional bandwidth design graph for the filter.

Since filter order and lumped circuit element values of the
low-pass prototype filter are specified and identical at the three
passbands, the fractional bandwidth ratios can be written as

and (8)

Fig. 12 illustrates the fractional bandwidth design graph for the
filter. Obviously, once and are specified from
the design curve, the feeding point can be easily determined.
because there is only a single design parameter in designing
the input/output tapped-line coupling structure, the range of re-
alizable bandwidths is limited, as indicated.
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The proposed filter is fabricated on the same Rogers RO4003
substrate. The quasi-elliptic triple-band filter was designed with
the following specifications. The center frequencies of three
passbands are GHz, GHz, and GHz,
and the fractional bandwidths are , ,
and . The same lumped circuit element values of the
low-pass prototype filter, as mentioned in Section V, are used
to design the filter. The coupling coefficients and the external
quality factors are found to be ,

, , and for the first passband,
, , , and

for the second passband, and ,
, , and for the third

passband.
The design procedures of this example are as follows. The

first step is to determine the dimensions of each resonator to
meet the respective frequencies. Resonators 1 and 4 based
on a folded stepped-impedance resonator are designed to
operate simultaneously at 2.5, 3.6, and 5.1 GHz, resonators
2 and 3 based on a folded stepped-impedance resonator are
designed to operate at 2.5 GHz, resonators 2 and 3 based on
a U-shaped unit-impedance resonator are designed to operate
at 3.6 GHz, and resonators 2 and 3 based on a U-shaped
unit-impedance resonator are designed to operate at 5.1 GHz.
The second step is to determine the feeding position of the
first/last resonator from Fig. 12 to meet the specific
and . The final step is to individually determine the cou-
pling gaps between resonators to match the specific coupling
coefficients listed above.

Fig. 13(a) presents a photograph of the filter. The size of the
filter is 32.5 mm 29.1 mm, i.e., only approximately
by , where is the guided wavelength on the substrate
at the center frequency of the first passband. The measured and
simulated results of the filter are illustrated in Fig. 13(b). As ex-
pected, there are a single pair of transmission zeros near each
passband due to cross-coupled effects, which can be observed
at approximately 2.4, 2.6, 3.5, 3.7, 4.7, and 5.5 GHz. It can also
be clearly observed that there are three extra transmission zeros
at approximately 2.1, 2.9, and 4.2 GHz over the measured fre-
quency range due to the skew-symmetrical feeding structure,
resulting in a good stopband response. The measured fractional
bandwidths are , , and . The mea-
sured passband return losses are all below 17 dB, while the
passband insertion losses are approximately 2.9, 2.7, and 2.3 dB
at the first, second, and third passbands, respectively. Again,
the insertion losses would be attributed mainly to the conductor
and dielectric losses. The measured results are in good agree-
ment with the simulated predictions. As a result, the triple-band
quasi-elliptic filter with the advantages of compact size and high
selectivity is quite useful for multiband and multiservice appli-
cations in future mobile communication systems.

VII. DESIGN OF A TRIPLE-PASSBAND CHEBYSHEV FILTER

In order to overcome the problem of limited range of band-
widths in Section VI, the coupled-line coupling structure is em-
ployed to design the input/output coupling structure because
it has more degrees of freedoms in the design process. There-
fore, in the last design example, a triple-passband filter based

Fig. 13. (a) Fabricated filter. (b) Simulated and measured results of the triple-
band quasi-elliptic filter.

on coupled-line coupling structure with third-order Chebyshev
frequency response and a 0.1-dB ripple level was designed and
fabricated with the given specifications. The center frequen-
cies of three bands are GHz, GHz, and

GHz. The fractional bandwidths are ,
, and . Fig. 14(a) and (b) shows the cou-

pling structure and circuit configuration of the filter. The equiv-
alent-circuit model of the filter is shown in Fig. 14(c). As can be
seen, the input and output are coupled through coupled lines to
resonators 1 and 3, and there are three design parameters ( ,
and ) in designing the coupled-line feeding structure. Thus, this
solution is able to provide more choices in designing the band-
widths for three passbands.

The filter is designed to be fabricated on a Rogers RO4003
substrate with a thickness of 1.524 mm. Fig. 15 illustrates the
fractional bandwidth ratio design graph for the filter with

mm, which is the simulated results evaluated from (8). More
design data can be obtained by choosing different combinations
of and . As a result, there are more choices in designing
the bandwidths for three passbands when compared with that
in Fig. 12. It should be noted that, when the substrate or filter
structure is changed, the design graph should be restructured.
However, once reconstructed, other procedures in this section
can be followed directly.

The same lumped circuit element values of the low-pass pro-
totype filter, as mentioned in Section IV, are used to design the
filter. Thus, the coupling coefficients and single-loaded external
quality factors of the triple-band filter can then be found to be
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Fig. 14. (a) Coupling structure, (b) schematic layout, and (c) equivalent circuit
of the triple-band Chebyshev filter.

Fig. 15. Fractional bandwidth design graph for the filter.

and for the first passband,
and for the second passband,

and and for the third pass-
band.

Fig. 16. (a) Fabricated filter. (b) Simulated and measured results of the triple-
band Chebyshev filter.

The design procedure of this example is to at first determine
the dimensions of each resonator to meet the respective frequen-
cies. The first and last resonators (resonators 1 and 3) are de-
signed to operate simultaneously at 2.3, 3.7, and 5.3 GHz. Their
physical parameters can be determined by finding a combination
of and (in this example, and ) from Fig. 4.
Resonators and based on a folded unit-impedance res-
onator are designed to operate at 3.7 and 5.3 GHz, respectively.
Resonator is designed to operate at 2.3 GHz, which is based
on a folded stepped-impedance resonator due to compactness
consideration. The second step is to determine the coupled-line
feeding structure at the input/output of the first/last resonator
from Fig. 15 to satisfy the specific and . Thirdly,
determine the coupling gap to match the specific coupling co-
efficient of the third passband and, finally, adjust the parameters
of and , and to match the specific coupling coeffi-
cients of the first and second passbands, respectively.

Fig. 16(a) is the photograph of the filter. Geometric param-
eters for the filter are mm, mm,

mm, mm, mm, mm,
mm, and mm. The resulting circuit size is

approximately 54.1 mm 22.9 mm, i.e., approximately
by , where is the guided wavelength on the substrate
at the center frequency of the first passband. The measured and
simulated results of the filter are illustrated in Fig. 16(b). A
transmission zero at the lower side of each passband is also
observed, which is due the cross coupling between nonadja-
cent resonators. The measured fractional bandwidths are

, , and . The measured passband re-
turn losses are at least below 18 dB, and the passband insertion
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losses are approximately 2.5, 1.9, and 2.9 dB at the first, second,
and third passbands, respectively. The insertion losses would
be attributed mainly to the conductor and dielectric losses. The
measured results are again in good agreement with the simu-
lated predictions.

VIII. CONCLUSION

In this paper, novel coupling structures have been presented to
design dual- and triple-band microstrip bandpass filters without
a significant increase in circuit size. Both theory and experi-
ments have been provided. Several layouts of filters with dual-
band Chebyshev, dual-band quasi-elliptic, triple-band Cheby-
shev, and triple-band quasi-elliptic response have been designed
and implemented with microstrip technology to demonstrate the
proposed concepts. Different input/output coupling structures
have been designed and compared in the two triple-band filter
examples, showing that a filter with the coupled-line feeding
structure is able to provide more choices in designing band-
widths. For the four examples, the measured results are all in
good agreement with simulated predictions. No extra matching
networks were needed for all four filters. As a result, these com-
pact-size filter circuits are particularly suitable for multiband
and multiservice applications in future mobile communication
systems.
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