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Design of Highly Selective Microstrip Bandpass
Filters with a Single Pair of Attenuation Poles at

Finite Frequencies
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Abstract—This paper presents the design of a class of highly
selective microstrip bandpass filters that consist of microstrip
open-loop resonators that exhibit a single pair of attenuation
poles at finite frequencies. A practical design technique for this
class of filters is introduced, including tables and formulas for
accurate and fast filter synthesis. Two design examples of a
six-pole filter with a fractional bandwidth of 7.331% at 955 MHz
and an eight-pole filter with a fractional bandwidth of 10.359% at
985 MHz are described. Theoretical and experimental results are
presented. The compact size and the excellent performance of this
class of filters have been demonstrated.

Index Terms—Microstrip filters, microstrip resonators, mi-
crowave bandpass filters.

I. INTRODUCTION

RAPID development of wireless communications present
extraordinary demand for narrow-band RF/microwave

bandpass filters with high selectivity and low insertion loss.
One filter with these attractive characteristics is that of quasi-el-
liptic function response filters with a pair of attenuation poles at
finite frequencies [1]–[2]. The capability of placing attenuation
poles near the cutoff frequencies of the passband improves the
selectivity using less resonators. This type of filter is usually re-
alized using waveguide cavities or dielectric-resonator-loaded
cavities. However, with the advent of high-temperature super-
conducting (HTS) and micromachined circuit technologies,
there is an increasing interest in microstrip filter structures
[3]–[10]. Two technical approaches are normally used to realize
this type of filter. The first is to extract poles from both ends
of a filter prototype by using shunt resonators [4]. The size of
the microstrip filter resulting from this approach may, however,
be large. The second approach is to introduce a cross coupling
between a pair of nonadjacent resonators [5]–[10]. The filter
employing the cross coupling generally results in a compact
topology. This is obviously more attractive for those systems
where size is important.

It has been known that the cross coupling is more difficult
to be arranged and controlled in a microstrip filter owing to its
semiopen structure. Even a recent paper [10] only reported the
design of a two-pole microstrip filter with a crossing line for the
cross coupling. It is obvious, however, that a higher degree is re-
quired for a more selective filter. In this paper, we present in de-
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tail the design of highly selective microstrip bandpass filters that
consist of microstrip open-loop resonators with a cross coupling
that exhibit a single pair of attenuation poles at finite frequen-
cies. A practical design technique for this class of filters, which
is also different from that reported in [10], is introduced, in-
cluding tables and formulas for accurate and fast filter synthesis.
The design approach enables one to use advanced full-wave EM
simulators to complete the filter design, namely, to determine
the physical dimensions of the filter. Two design examples of
six- and eight-pole filters are demonstrated together with theo-
retical and experimental results.

II. FILTER CHARACTERISTICS ANDCONFIGURATIONS

Let us consider a transfer function

(1)

where is the frequency variable that is normalized to the pass-
band cutoff frequency of a low-pass prototype filter,is a ripple
constant related to a given return loss in decibels by

(2)

The form of for the selective filters considered may be
expressed as [11]

(3)

so that ( ) are the frequency locations of a
pair of attenuation poles. Note that if , the function

degenerates to the familiar Chebyshev function and the
frequency response of (1) will be a pure Chebyshev filter re-
sponse. The transmission frequency response of the bandpass
filter may be determined using the following frequency map-
ping

(4)

in which is the frequency variable of bandpass filter, is
the midband frequency, and is the fractional bandwidth.

0018–9480/00$10.00 © 2000 IEEE



HONG AND LANCASTER: DESIGN OF HIGHLY SELECTIVE MICROSTRIP BANDPASS FILTERS 1099

Fig. 1. Comparison of frequency responses of the Chebyshev filter and the filter with a single pair of attenuation poles at finite frequencies. (a) Four-pole (N = 4).
(b) Six-pole (N = 6). (c) Eight-pole (N = 8).

The locations of two finite frequency attenuation poles of the
bandpass filter, namely, and , are given by

(5)

Fig. 1 shows some typical frequency responses of this type of
filters as compared to that of a Chebyshev filter. Note that the
figure does not show the return loss that is evaluated at

20 dB. As can be seen, the improvement in selectivity over
the Chebyshev filter is evident. The closer the attenuation poles
to the cutoff frequency ( ), the sharper the filter skirt and
the higher the selectivity.

To realize this type of filtering characteristics in microstrip,
we have developed the filter configurations shown in Fig. 2. The
filters are comprised of even numbers of microstrip open-loop
resonators. Each of the open-loop resonators has a perimeter
about a half-wavelength. Note that the shape of resonators need
not be square; it may be rectangular, circular, or a meander
open-loop, thus, it can be adapted for different substrate sizes.
However, for the smaller size of the loop, the unloaded quality
factor of the resonator could be decreased due to higher con-
ductor losses. Although only the filters up to degree
are illustrated, the building up of filters with a higher degree
based on the coupled open-loop resonators is feasible. A gen-
eral coupling structure for this class of filters is depicted in
Fig. 3, where each node represents a resonator, the full lines
indicate the main path couplings, and the broken line denotes
the cross coupling. It is essential that the sign of cross coupling
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Fig. 2. Configurations of microstrip bandpass filters exhibiting a single pair of attenuation poles at finite frequencies.

Fig. 3. General coupling structure of the bandpass filters with a single pair of attenuation poles at finite frequencies.

be opposite to that of in order to realize a
pair of attenuation poles at finite frequencies, where
with being the degree of the filter. This simply implies that

and are out-of-phase. In Fig. 2, the cross
coupling is the electric coupling while the coupling

is the magnetic coupling. This is obvious because,
at resonance, the electric fringe field is much stronger near the
open gaps of resonators and , whereas the magnetic
fringe field is much stronger opposite to the gaps of resonators

and . It can be shown by the full-wave electromagnetic
(EM) simulation that these two types of couplings are indeed
out-of-phase. It should be remarked that to realize a single pair
of attenuation poles, the cross coupling need not necessarily be
electric coupling, and it is possible to use the magnetic coupling
for with the electric coupling for , as long
as they are out-of-phase.

III. D ESIGN TECHNIQUE

The design parameters of bandpass filters, i.e., the coupling
coefficients and external quality factor in Fig. 3, can be deter-
mined in terms of circuit elements of a low-pass prototype filter
of Fig. 4, which consists of lumped capacitors and ideal admit-

tance inverters. The relationships between the bandpass design
parameters and the low-pass elements are

for to

for

for (6)

where denotes the fractional bandwidth of the bandpass
filter, is the capacitance of the lumped capacitor andis the
characteristic admittance of the inverter, andis the degree of
the filter.

To find the element values of a low-pass prototype, one
may use an approximate synthesis method described in [2].
This method is simple, but it suffers from inaccuracy and
can even fail for highly selective filters that require to move
the attenuation poles closer to the cutoff frequencies of the
passband. This necessitates the use of an exact synthesis, as
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Fig. 4. Low-pass prototype for the filter synthesis.

TABLE I
ELEMENT VALUES OF A FOUR-POLE PROTOTYPE(L = �20 dB)

pointed out in [2]. However, the exact synthesis process is
rather complicated and time consuming because there does
not exist any closed-form formulas for the element values. An
alternative synthesis approach recently reported in [12] would
still need much effort to implement. To circumvent the difficul-
ties, we have tabulated a set of design data in Tables I–III. The
values of the attenuation pole frequency were chosen such
that they cover a wide range of practical designs for selective
microstrip bandpass-filter responses. Referring to Fig. 1, the
sidelobe at the stopband would be too high if is smaller
than the given values. For the less selective filter, in which

is larger than the given values, the element values of the
filter may be obtained using the approximate synthesis method
described in [2].

An approximate synthesis may be carried out using the fol-
lowing explicit formulas, which are obtained by curve fitting for

dB:

for and (7)

TABLE II
ELEMENT VALUES OF A SIX-POLE PROTOTYPE(L = �20 dB)

TABLE III
ELEMENT VALUES OF AN EIGHT-POLE PROTOTYPE(L = �20 dB)

for and (8)
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Fig. 5. Comparison of specified filter responses (+) with those obtained using the approximate synthesis of this paper (solid line) and the approximate synthesis
[2] (dotted line).

for and (9)

These formulas are very easy for programming, finding the
element values in merely a fraction of a second.

After the finding of element values for a low-pass prototype,
the frequency response can be calculated by

(10)

where and are the even- and odd-mode input admittance
of the filter in Fig. 4, which can easily be expressed in terms of
the elements in a ladder structure as follows:
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for

(11)

for (12)

for (13)

The frequency locations of a pair of attenuation poles can be
determined by imposing the condition of upon
(10). This requires or for

. From (11)–(13), we have

for

(14)

This leads to

for (15)

As an example, from Table II where , we have
, , and for

. Substituting these element values into (15) yields
, an excellent match. This would prove the

numerical accuracy of the design data presented. It is also in-
teresting to note from (15) that even if and exchange
signs, the locations of attenuation poles are not changed. This
is because the signs of these two characteristic admittances
decide the signs of and , as referred to
(6), respectively. This is the reason why we have pointed out
in Section II that the signs for and are
relative.

To demonstrate the accuracy of the proposed approximate
synthesis technique, Fig. 5 shows the comparison of the speci-
fied filter response with those obtained using Levy’s [2] and our
approximate designs. The approximate designs as proposed in
(7)–(9) are so accurate that their responses coincide with the
specified ones. On the contrary, the filter responses resulting
from Levy’s approximate designs are not quite satisfactory for

the highly selective filters, as the return loss has deteriorated to
a great extent, the passband cutoff frequency has increased and
the stopband attenuation has decreased as well.

IV. FULL-WAVE EM SIMULATIONS

The next step of the filter design is to characterize the cou-
plings and external quality factor in terms of physical structures
so that the physical dimensions of the filter can be determined
against the design parameters of (6). There are four different
types of coupling structures encountered in the filter design.
These couplings may be referred to as the magnetic coupling,
electric coupling, mixed coupling, and hybrid coupling, respec-
tively. As far as the coupling between any pair of coupled res-
onators is concerned, it is quite easy to identify in the full-wave
EM simulation the two split resonant frequencies and ,
which is related to the coupling coefficient as [7]

(16)

The external quality factor can be modeled by

(17)

where and are the resonant frequency and the 3-dB
bandwidth of the input or output resonator when it alone is ex-
ternally excited. Shown in Fig. 6 are the typical simulation re-
sults obtained using a full-wave EM simulator [13]. In order to
allow readers to more accurately reproduce and use the curves,
a few data points are listed in the figure as pairs of axis values.

V. DESIGN EXAMPLES

A. Six-Pole Filter Design Example

The first filter example is designed against the following spec-
ifications:

Center frequency 955 MHz;
Fractional bandwidth FBW 7.331%;
40-dB rejection bandwidth 105 MHz;
Passband return loss 20 dB.

These specifications can be fulfilled by a six-pole filter with a
pair of attenuation poles at . It might be
mentioned that the number of poles andcould be obtained by
directly optimizing the transfer function of (1). The theoretical
response of the filter is shown in Fig. 7. From Table II, we can
find the element values for , namely, ,

, , , and
. Substituting these element values and the FBW into

(6) results in the design parameters for the bandpass filter, i.e.,

(18)
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(a) (b)

(c) (d)

(e)

Fig. 6. Full-wave EM simulations. (a) Magnetic coupling. (b) Electric coupling. (c) Mixed coupling. (d) Hybrid coupling. (e) External quality factor. (All
resonators have a line width of 1.5 mm and a size of 16 mm� 16 mm on the substrate with a relative dielectric constant of 10.8 and a thickness of 1.27 mm.)
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Fig. 7. The theoretical response of the six-pole microstrip filter with a pair of
attenuation poles.

Fig. 8. Fabricated six-pole microstrip bandpass filter with a single pair of
attenuation poles at finite frequencies (note: the small divisions in the scale are
millimeters and the numbers are centimeters).

The filter is realized using the configuration of Fig. 2(b) and
fabricated using a copper microstrip on an RT/Duroid substrate
with a relative dielectric constant of 10.8 and a thickness of
1.27 mm. The filter dimensions are determined based on the
full-wave EM simulation results presented in the previous sec-
tion. is realized with a hybrid coupling in Fig. 6(d).
is realized with a mixed coupling in Fig. 6(c). is realized
with a magnetic coupling in Fig. 6(a), while the cross coupling

is realized with an electric coupling in Fig. 6(b). Fig. 8
is a photograph of the fabricated filter. The size of the filter is
about by , where is the guided wavelength
of 50- line on the substrate at the midband frequency. The
filter is measured on an HP8510 network analyzer. The mea-
sured performance is shown in Fig. 9. The midband insertion
loss is about 2.0 dB, which is mainly due to the conductor loss
of copper. The two attenuation poles near the cutoff frequencies
of the passband can clearly be identified. The first higher order
mode spurious response occurs at about, which is expected
for this class of filters because the perimeter of each resonator is
about a half-wavelength. It should be mentioned that, in order to
compensate for fabrication errors, tuning is required. The errors
normally caused the frequency to shift and a large ripple

Fig. 9. Measured performance of the six-pole microstrip filter. (a) Insertion
and return losses. (b) Spurious response of the six-pole microstrip filter.

Fig. 10. Theoretical performance of the eight-pole microstrip filter with a
single pair of attenuation poles.

to appear in the passband. The tuning was done by trimming or
using some tuning elements. It was found that the tuning of the
open gap of each open-loop resonator was more effective.
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Fig. 11. Fabricated eight-pole microstrip bandpass filter with a single pair of attenuation poles at finite frequencies (note: the small divisions in the scale are
millimeters and the numbers are centimeter).

Fig. 12. Measured performance of the eight-pole microstrip filter. (a) Insertion
and return losses. (b) Wide-band response.

B. Eight-Pole Filter Design Example

The second filter example is an eight-pole filter, which is
aimed to meet the following specifications:

Center frequency 985 MHz;
Fractional bandwidth FBW 10.359%;

40-dB rejection bandwidth 125.5 MHz;
Passband return loss 20 dB.
The pair of attenuation poles are placed at in

order to meet the rejection specification. The element values of
the low-pass prototype can be obtained by substituting

into (9). This results in , ,
, , , and

. The theoretical response of the filter, calculated using
(10) together with the frequency mapping of (5), is shown in
Fig. 10. The design parameters of this bandpass filter are

(19)

according to (6). The filter is realized using the configuration
of Fig. 2(c) and fabricated using a copper microstrip on an
RT/Duroid substrate with a relative dielectric constant of 10.8
and a thickness of 1.27 mm. Fig. 11 is a photograph of the
fabricated filter. The size of the filter amounts to
by . The measured performance is shown in Fig. 12,
obtained from the HP8510 network analyzer. The midband
insertion loss is about 2.1 dB, which, again, is attributed to
the conductor loss of copper. The two attenuation poles near
the cutoff frequencies of the passband are observable, which
improve the selectivity.

VI. CONCLUSION

We have presented the design of a class of selective microstrip
bandpass filters that exhibit a single pair of attenuation poles at
finite frequencies. This class of filters is able to improve the se-
lectivity while maintaining a lower insertion loss. The use of
microstrip open-loop resonators not only allows the cross cou-
pling to be realized, but also makes the filters compact. We have
introduced a practical design technique, including the tabulated
design data and formulas for accurate and fast filter synthesis.
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This design technique is, of course, not limited to the applica-
tion of microstrip filters and, hence, it can be applied to design
a filter using other transmission-line media. The full-wave EM
simulations have been carried out to determine the filter dimen-
sions. The compact size and the excellent performance of this
type of filter have been demonstrated by the two filter design
examples with both the theoretical and experimental results.
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