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Abstract—Compact microstrip bandpass filters (second- and
fourth-order) are proposed based on the folded quarter-wave-
length ( 4) resonators, which are mainly coupled through
the shunt inductors connected to the ground. By introducing a
cross-coupling capacitance directly between the input and output
ports of the second-order filter, a pair of transmission zeros may
be created to improve the selectivity. Moreover, by an extension
of the proposed second-order filter with the incorporation of an
additional cross-coupling capacitance, a fourth-order filter is
also proposed in which two pairs of transmission zeros may be
created to improve both the selectivity and stopband rejection.
The proposed fourth-order filter also has the merits of small
circuit area and no spurious response up to 3 0, where 0 is
the passband center frequency. To provide effective design tools,
simple equivalent-circuit models are also established.

Index Terms—Bandpass filter, cross-coupling, microstrip,
quarter-wavelength resonators.

I. INTRODUCTION

I N MICROWAVE communication systems, high-perfor-
mance and small-size bandpass filters are required to

enhance the system performance and to reduce the fabrication
cost. Many microstrip filter structures using half-wavelength

or quarter-wavelength resonators have been pro-
posed. The conventional resonator filters [1] have the
drawback of a large circuit area. To solve this problem, the
hairpin filter using folded resonator structures [2]–[6]
was developed. Thus, the circuit area may be reduced without
degrading its performance. In addition, by introducing the
cross-coupled effect in the hairpin resonator filter, one may
create the transmission zeros [3]–[6] to improve the filter
selectivity. In order to reduce interference by keeping out-band
signals from reaching a sensitive receiver, a high-performance
filter with wider upper stopband is also required. However,
the planar bandpass filters made of resonators inherently
have the spurious passbands at multiple of the center frequency
( , ), which limit the rejection frequency range
of the upper stopband.
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By adopting the quarter-wavelength resonators, the fil-
ters may be made compact and may have good stopband rejec-
tion with the first spurious passband at three times the center
frequency [7]–[13]. The interdigital [7]–[9] and combline
[9] filters are two of the conventional reduced-size filters with

resonators. In [10] and [11], by using the folded res-
onators, the interdigital and combline filters can be made more
compact. In [10]–[12], the microstrip cross-coupled filters with
electrical cross-coupling to create the transmission zeros were
realized by bending the open end of resonators. In [13], the
stepped-impedance resonators were employed to implement the
microstrip interdigital filter so that both size reduction and stop-
band extension may be achieved.

In our previous study [14], a compact second-order microstrip
bandpass filter based on folded resonators was proposed.
The filter structure in [14] looks somewhat like the conven-
tional combline filter [15], but their coupling mechanisms are
different. Specifically, the resonators of [14] are mainly cou-
pled through a shunt inductor connected to the ground, while
the resonators of the combline filter are coupled through the
parallel-coupled mechanism. In the filter structure of [14], a
cross-coupling capacitance is introduced directed across the res-
onators so that two transmission zeros may be created for im-
proving the stopband rejection, as the one did in the combline
filter [10], [11]. However, the transmission zeros created in [14]
are not near the passband edges, thus the filter selectivity is not
good and needs improvement.

In this study, by alternatively introducing the cross-coupling
capacitance directly between the input and output ports, one
may achieve a different type of second-order microstrip band-
pass filter for which the transmission zeros can be moved much
closer to the center frequency such that the selectivity
can be improved. Moreover, by an extension of the proposed
second-order filter with the incorporation of an additional
cross-coupling capacitance, a fourth-order filter is also pro-
posed, in which two pairs of transmission zeros may be created
to improve both the selectivity and stopband rejection. Note
that the proposed compact fourth-order microstrip bandpass
filter exhibits the quasi-elliptic responses that may be produced
by the conventional cascaded quadruplet (CQ) filters [4]–[7],
[10]–[12]. To facilitate the filter design, simple equivalent-cir-
cuit models are also established.

II. SECOND-ORDER FILTER

In order to improve the selectivity of the filter in of the filter
[14], a second-order microstrip bandpass filter structure com-
posed of folded resonators is proposed by placing the cross-
coupling capacitor directly between the input and output
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Fig. 1. Proposed second-order microstrip bandpass filter. (a) Layout.
(b) Circuit model.

ports, as shown in Fig. 1(a). The two resonators are mainly
coupled through the shunt inductor , which is realized by a
metal via to the ground. The circuit model for the proposed filter
is shown in Fig. 1(b). The design procedures for the proposed
filter [see Fig. 1(a)] are almost the same as the ones in [14], ex-
cept for the placement of . Note that the folded resonators are
utilized in the filter design for size reduction with the tradeoff
of increasing the insertion loss in the passband.

For the filter structure shown in Fig. 1, the cross-coupling ca-
pacitor is used to create a pair of transmission zeros for im-
proving the filter selectivity. The physics for creating the trans-
mission zeros may be illustrated in Fig. 2. Here, the shunt in-
ductor provides the main signal path [path 1 in Fig. 2(a)] for
the proposed filter circuit model [see Fig. 1(b)], while the capac-
itor introduces a second cross-coupling path (Path 2) along
which the signal would cancel the one traveling along Path 1 at
certain frequencies. Simulated frequency responses for this filter
circuit model along Paths 1 and 2 [see Fig. 2(a)] are shown in
Fig. 2(b). The signals from these two paths have the same ampli-
tude and are nearly 180 out-of-phase at two frequencies such
that they would cancel out each other at these two frequencies.
Therefore, the overall filter response, also shown in Fig. 2(b),
has two transmission zeros.

Typical simulated responses of the filter circuit model [see
Fig. 1(b)] are shown in Fig. 3(a). This filter exhibits lower

Fig. 2. (a) Two signal paths for the filter circuit model shown in Fig. 1(b).
(b) Circuit-model simulated frequency responses of the two signal paths.

and upper stopband transmission zeros, as expected. As
increases, the transmission zeros move closer to at the
expense of degrading the insertion loss in the stopband.

The transmission zeros of the proposed filter [see Fig. 1(a)]
can also be discussed by the even- and odd-mode analyses of the
circuit model in Fig. 1(b). Assuming that the proposed structure
is symmetric, then the transfer function may be related to
the even- and odd-mode input impedances and as

(1)

where

(2)
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Fig. 3. (a) Simulated responses of the filter circuit model [see Fig. 1(b)] for
various values of C . (b) Curves to relate the transmission-zero frequencies to
the values of C . (f = 2:4 GHz, Z = Z = 50 
, � = 79:4 , � = 10 ,
C = 0:23 pF, L = 0:092 nH).

and

(3)

Here, and are the characteristic impedance and electrical
length of the transmission line ( for the main signal
path, for the cross-coupling path) and is the angular
frequency. The transmission zeros are created when the transfer
function in (1) becomes zero , which implies

(4)

By using (4), one may obtain two solutions for , which cor-
respond to the two transmission zeros at the upper and lower
stopbands.

From (4), one can relate the frequencies of two transmission
zeros to the values of the capacitance . The specific curves for
the cases center frequency GHz, , ,

nH, – pF are shown in Fig. 3(b). As
the value of increases, the two transmission zeros will move

toward the center frequency . Shown in Fig. 3(a) are the cir-
cuit-model simulated responses for various values of (0.02,
0.05, 0.1 pF) to demonstrate the influence of the transmission
zeros on the insertion loss. When the value of increases, the
upper and lower stopband transmission zeros will be close to the
passband edges with the passband insertion loss essentially not
degraded.

The proposed second-order bandpass filter structure (Fig. 1)
is implemented using the microstrip configuration. In this study,
all the circuits are fabricated on the Rogers RO4003C substrate
( , , and thickness mm).
Shown in Fig. 1(a) is the layout of the proposed second-order
microstrip bandpass filter based on the circuit model in Fig. 1(b).

The implemented filter is very compact and has a dimension
of ( mm, mm), where is
the guided wavelength of the microstrip structure at the center
frequency. This filter is designed according to the second-order
maximally flat response with a center frequency of 2.4 GHz, a
3-dB bandwidth of 5.4%, and a reference impedance of 50 .
The required electrical length, capacitance , and inductance
can be obtained based on the proposed equivalent-circuit model
and the filter synthesis formulas [1]. Here, the shunt inductor
is realized by a metal-coated via to the ground. The diameter of
the via and the length of pad are determined by the required
inductance value. The capacitors and in Fig. 1(a) are
implemented by the interdigital and gap structures, respectively.
The value of is suitably chosen according to (4) to produce
the desired locations of transmission zeros. The corresponding
geometrical parameters are fine tuned in the full-wave simulator
Ansoft Ensemble 8.0.

The measured and simulated results of the proposed filter [see
Fig. 1(a)] are shown in Fig. 4. The measured center frequency is
at 2.42 GHz, the minimum insertion loss is 1.82 dB at 2.42 GHz,
and the 3-dB bandwidth is 5.5%. Good agreement between mea-
sured and simulated results is observed, except for a slight fre-
quency shift of less than 1%. Two transmission zeros are found
at 2.14 and 2.64 GHz. Note that, as expected, no repeated pass-
band at is observed.

The locations of the upper and lower stopband transmission
zeros for the filter in Fig. 1(a) may simply be adjusted by con-
trolling the gap-coupled capacitance through varying the gap
spacing . Shown in Fig. 5 are the measured results of the filter
in Fig. 1(a) for various values of . As increases by de-
creasing , the two transmission zeros move toward the center
frequency at the expense of degrading the stopband rejection.
An even larger may be obtained by employing the interdig-
ital capacitor to give the upper and the lower stopband trans-
mission zeros closer to . Note that the passband frequency re-
sponses remain almost unchanged as the value of is varied.
This justifies the proposed design procedures and equivalent-
circuit models in which the cross-coupling capacitance be-
tween the input and output ports is neglected first in the initial
design stage and is then added back for creating the transmis-
sion zeros. Depending on the required falloff rate at passband
edge and the level of stopband rejection, one may determine the
required value and the locations of transmission zeros.
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Fig. 4. Measured and simulated results of the proposed second-order
microstrip filter in Fig. 1(a). (a) Narrow- and (b) wide-band frequency
responses (1 = 9:9 mm, 1 = 15:65 mm).

Fig. 5. Measured frequency responses of the second-order microstrip filter in
Fig. 1(a) for various values of gapwidth d.

III. FOURTH-ORDER FILTER

By extending the cross-coupling mechanism in the second-
order filter structure, a fourth-order bandpass filter with good
selectivity, as well as improved stopband rejection may be built.
The layout of the proposed fourth-order microstrip bandpass
filter is shown in Fig. 6(a). Here, the capacitors and are
implemented by the interdigital structures, and the capacitor
is constructed by the gap configuration. Note that there is a very
small coupling capacitance between the input and output
ports, which may generate the transmission zeros far away from
the passband.

Fig. 6. Proposed fourth-order microstrip bandpass filter. (a) Layout. (b) Circuit
model.

Shown in Fig. 6(b) is the equivalent-circuit model of the pro-
posed fourth-order microstrip filter [see Fig. 6(a)], which has
four folded resonators. The capacitor and two capaci-
tors along with proper lengths of transmission lines at their
ends may be equivalent to three -inverters. The two induc-
tors may be served as two -inverters. Therefore, by ne-
glecting the cross-coupling capacitances in the cir-
cuit model [see Fig. 6(b)], the proposed filter is equivalent to
a fourth-order bandpass filter. Based on the equivalent-circuit
model, the design formulas for the proposed fourth-order mi-
crostrip filter may simply be obtained.

Note that the circuit model in Fig. 6(b) without the cross-
coupling capacitance included is inadequate in predicting
the response of the filter structure in Fig. 6(a). Specifically, with
only being included in Fig. 6(b) ( not included), the filter
circuit model in Fig. 6(b) could only generate two transmission
zeros near the passband edge. It is the combination of the cross-
coupling mechanisms through both and that creates four
transmission zeros, two of them near the passband edges and the
other two far from the passband.

Basically, the cross-coupling capacitances are introduced
in the fourth-order filter to create a pair of transmission zeros
near the passband edges for improving the selectivity as the
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Fig. 7. (a) Simulated responses of the filter circuit model [see Fig. 6(b)] for
various values of C . (b) Curves to relate the transmission-zero frequencies to
the values of C (f = 2:4 GHz, Z = 50 
, � = 75:4 , � = 86:9 ,
L = 0:11 nH, C = 0:316 pF, C = 0:0279 pF, C = 0:001 pF).

second-order filter did. In order to further improve the stop-
band rejection, another cross-coupling capacitance directly
between the input and output ports is introduced to generate an
additional pair of transmission zeros far from the passband. The
value of this cross-coupling capacitance is very small.

The simulated responses of the filter circuit model [see
Fig. 6(b)] are shown in Figs. 7 and 8. Fig. 7(a) shows the
corresponding circuit-model simulated responses for various
values of , and Fig. 7(b) relates the four transmission-zero
frequencies to the values of . As increases, the inner
pair of transmission zeros (with respect to the passband center
frequency ) will move toward the passband edges, while
the outer pair of transmission zeros will move away from the
passband, as demonstrated in Fig. 7(b).

To illustrate the effect of , the simulated responses of the
filter circuit model [see Fig. 6(b)] for various values of are
shown in Fig. 8(a). Fig. 8(b) shows the curves to relate the trans-
mission-zero frequencies to the values of . As increases,
the outer pair of transmission zeros will move toward the pass-
band edges with the inner pair of transmission zeros essentially
unchanged.

Note that an adjustment of the cross-coupling capacitance
may alter both the locations of the inner and outer pairs

of transmission zeros, as illustrated in Fig. 7(b), while an ad-
justment of the cross-coupling capacitance may only control
the locations of the outer pair of transmission zeros, as demon-
strated in Fig. 8(b). Therefore, a design guideline may be estab-

Fig. 8. (a) Simulated responses of the filter circuit model [see Fig. 6(b)] for
various values of C . (b) Curves to relate the transmission-zero frequencies to
the values of C (f = 2:4 GHz, Z = 50 
, � = 75:4 , � = 86:9 ,
L = 0:11 nH, C = 0:316 pF, C = 0:0279 pF, C = 0:0125 pF).

lished. Specifically, the cross-coupling capacitance is first
selected to fulfill the selectivity requirement and the capacitance

is then chosen to improve the stopband rejection. Since the
cross-coupling capacitance essentially has no influence on
the locations of the inner pair of the transmission zeros around
the passband edge, this cross-coupling capacitance may thus
be determined in the last step.

The design procedure for fourth-order filter may similarly be
extended to the general th filter , again with the
cross-coupling capacitance between input and output ports de-
cided in the last step.

To demonstrate the adjustment of the locations of the upper
and lower stopband transmission zeros, a full-wave simulation
of the filter structure in Fig. 6(a) is conducted. Depicted in
Fig. 9 are the corresponding simulated frequency responses,
which show that the outer pair of transmission zeros can really
be adjusted by varying the thickness [the gray portion of the
metal in Fig. 6(a)] to change the value of .

The proposed filter is designed according to the fourth-order
maximally flat response with a center frequency of 2.39 GHz, a
3-dB bandwidth of 5.4%, and a reference impedance of 50 .
The required electrical length, capacitances , , and induc-
tance can be obtained based on the proposed equivalent-cir-
cuit model and filter synthesis formulas [1]. The corresponding
geometrical parameters are also fine tuned in the full-wave sim-
ulator Ansoft Ensemble 8.0. The implemented filter is compact
and has a dimension of ( mm,

mm).
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Fig. 9. Full-wave simulated frequency responses of the fourth-order microstrip
filter in Fig. 6(a) for various values of d .

Fig. 10. Measured and simulated results of the proposed fourth-order
microstrip filter in Fig. 6(a). (a) Narrow- and (b) wide-band frequency
responses (1 = 17:3 mm, 1 = 27:3 mm, d = 0 mm).

The measured and simulated results for the implemented
fourth-order microstrip filter [see Fig. 6(a)] are shown in
Fig. 10. The measured center frequency is at 2.372 GHz, the
minimum insertion loss is 2.95 dB at 2.372 GHz, and the 3-dB
bandwidth is 5.2%. Good agreement between measured and
simulated results is observed, except for a slight frequency shift
of less than 1%. The two transmission zeros mainly decided
by are located at 2.18 and 2.47 GHz and those by are
located at 1.56 and 3.49 GHz. Note that no repeated passband
at is observed, as expected, and the stopband rejection is
better than 45 dB below 2.2 GHz and from 2.86 6.01 GHz.
By a simple extension of the proposed fourth-order filter,

bandpass filters with higher order can also be implemented for
better performance.

IV. CONCLUSIONS

In this study, compact second- and fourth-order microstrip
bandpass filters have been proposed and carefully examined. By
suitably introducing two capacitive cross-coupling paths in the
fourth-order filter, two pairs of transmission zeros have been
created. As a result, good selectivity and improved stopband
rejection can be achieved simultaneously. The proposed filter
structures also have the advantage of no repeated passband at
twice the center frequency. Based on the proposed equivalent-
circuit models, the design of the proposed filters is simple and
may follow the conventional filter synthesis techniques. The lo-
cations of transmission zeros may easily be adjusted by varying
the capacitances on the cross-coupling paths. In addition, the
size of the proposed filters is much less than that of the conven-
tional filters composed of resonators. The proposed filters
are useful for application in the communication system designs
when both good selectivity and stopband rejection are required.
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