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A Miniaturized Double-Surface CPW Bandpass Filter
Improved Spurious Responses

Tatsuya Tsujiguchi, Member, IEEE, Haruo Matsumoto, Member, IEEE, and Toshio Nishikawa, Fellow, IEEE

Abstract—A novel miniaturized double-surface coplanar wave-
guide (CPW) filter has been developed. The filter is constructed
by an electrode pattern of half-wavelength resonators on a double-
sided circuit board with a high dielectric constant. A miniaturized
pattern can be obtained by optimization of the electrode layout
without any deterioration in unloaded . We use a particular pat-
tern of via holes to reduce spurious responses. The filter is 38%
smaller in size than the conventional 4 CPW filter. Spurious re-
sponses up to the third harmonic are suppressed by 13 dB, and sat-
isfy the performance level required for industrial–scientific–med-
ical band equipment. The measurement results agree well with the
results of simulation.

Index Terms—Coplanar waveguides, electric fields, finite-ele-
ment method, microwave filters.

I. INTRODUCTION

M INIATURIZATION of coplanar waveguide (CPW) fil-
ters [1]–[5] have been required for multichip modules.

The most general technique for miniaturization is to use
transmission-line resonators. CPW filters using resonators
are superior in terms of productivity because the shunt branch
can be constructed in the uniplane [6]–[9]. However, there are
limits to miniaturization of CPW filters because of the their low
effective dielectric constant due to electromagnetic energy dis-
sipation to an air field and their low unloadeddue to the con-
centration of an electric field at the edges of the lines. As a so-
lution to this problem, high-performance baluns and couplers
using double-sided transmission lines and suspended strip-line
filters using the double side of a substrate have been reported
[10]–[13].

We propose high-performance CPW filters using an electro-
magnetic coupling by a electrode pattern on a double-sided met-
allized substrate with a high dielectric constant. We call these
filters double-surface coplanar waveguide (DCPW) filters [14].
Each filter has a CPW interface and is easy to connect to a uni-
planar circuit. Two different configurations are considered for
DCPW filters (filters and ), as shown in Fig. 1. In filter

, only the bottom surface electrode is shown. These filters
are smaller in size and have higher unloadedcompared with
conventional CPW filters. The resonant frequencies and
their electromagnetic-field distributions for even and odd modes
were calculated by a three-dimensional finite-element method
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Fig. 1. Construction of the filters. (a) FilterA. (b) FilterB. (c) Enlargement
of the external coupling portion.

(FEM), and the relationships between filter dimensions and pa-
rameters for filter design were obtained. The electrode pattern
designs of the filters were also modified to suppress spurious re-
sponses. We call these filters modified filters as compared with
original filters. Consequently, the spurious responses satisfy the
required characteristics for practical use, such as use in indus-
trial–scientific–medical (ISM) equipment.
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In this paper, we mainly discuss filter and describe its
construction, an equivalent circuit and simulation, and perfor-
mances of trial filters.

II. CONSTRUCTION

Construction of a DCPW filter chip (filter ) is shown
in Fig. 1(a) and another construction (filter) is shown in
Fig. 1(b). The filters are constructed by electrode patterns on a
double-sided ceramic substrate with a high dielectric constant

[15]. The electrode pattern on the bottom surface in
the case of filter is the inverse of that in the case of filter.

The electrodes on the top and bottom surfaces of the substrate
are each patterned as two center conductor lines, a center ground
line, and outer ground lines. Every center conductor line has an
open end, and two center conductor lines are arranged in parallel
on each plane of the substrate.

The opposite facing center conductor lines of the top and
bottom surfaces function as a balanced resonator, and the
overlap lengths of the lines on the top and bottom surfaces
determine the resonant frequency. Two resonators are electro-
magnetically coupled to each other, and the widths of the lines

determine the bandwidth of the filter.
I/O ports are extracted from the center conductor lines on the

top surface, and the ports are isolated by the center ground line
between them. An external is inductively obtained by a shunt
branch of a meandering configuration that connects between the
center conductor line and the ground line near the I/O ports on
the top surface. The length of the shunt branch determines
the external .

The substrate with a high dielectric constant is metallized
with three metal layers. Ti and Pd layers are formed by evapora-
tion, and then an Au layer of about 5m in thickness is formed
by electrical plating. The electrode pattern is transcribed by pho-
tolithography. The narrowest width of the line is 30m, and the
tolerance is within 8 m.

The filter is suitable for flip-chip mounting on a circuit board
and for multichip modules. The variation of the center frequency
by mounting on a circuit board is one-third of that of a conven-
tional CPW filter under the same mounting conditions be-
cause the electromagnetic energy is fully confined in the high
dielectric-constant substrate.

III. EQUIVALENT CIRCUIT AND DESIGN

A. Equivalent Circuit

An equivalent circuit of filter is shown in Fig. 2. The values
of elements are shown in Table I, in the case of mm,

mm, and mm.
The center conductor lines consist of two sections ,

the outer ground line consists of five sections ,
, and the center ground lines consist of three

sections . Fringing capacitors and the
inductors are added in the discontinuities parts of
the transmission lines. The shunt branches of meandering
configuration are represented by the lumped element circuits,
inductors - , and capacitors . The characteristic
impedance and the propagation constant of
each line are obtained by calculation of propagation modes in a

Fig. 2. Equivalent circuit of the filter (filterA).

TABLE I
VALUES OF ELEMENTS OF THEEQUIVALENT CIRCUIT

two-dimensional waveguide by the FEM. Each lumped element
value is obtained by the FEM using a three-dimensional model.

B. DCPW Modes

The filter has coupling by the odd and even modes. The
electric-field distributions of the dominant modes are shown
in Fig. 3, where the shunt branch is simplified to eliminate the
influence of external coupling.

In the odd mode, the electric-field lines of the first and second
resonators extend in inverse directions, as shown in Fig. 3(a).
An electric wall exists in the middle of the center ground line.
The surface current of the first resonator flows into the second
resonator through the outer ground line.

In the even mode, the electric-field lines of the first and
second resonators extend in the same directions, as shown in
Fig. 3(b). A magnetic wall exists in the middle of the center
ground line. The surface current of the first resonator flows
into the outer ground line and does not flow into the second
resonator.

Consequently, the center conductor lines and outer ground
line function as a resonator like a hairpin resonator.
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Fig. 3. Electric-field distributions of the filter (filterA). (a) DCPW odd mode. (b) DCPW even mode. (c)–(h) Spurious responses. The strength of the electric
field is expressed by the sizes of the arrows and symbols.

TABLE II
COMPARISON OF THEFILTER AND CONVENTIONAL �=4 CPW FILTER

TABLE III
CALCULATED RESONANT FREQUENCIES OF THEFILTERS

The center frequency and unloadedare shown in Table II,
where the DCPW filter and the conventional CPW filter
are measured at the same coupling levels. The size of the filter
is 38% smaller and the unloadedis higher than those of the
conventional filter.

Miniaturization is achieved because a high dielectric-constant
material contributes to concentrate the electric field into the sub-
strate, an outer ground line is used as a portion of the resonator,
and the value is maintained due to mitigation of the edge ef-
fect of the electric field in the lines.

C. Spurious Responses

The DCPW filters have several higher order modes in addi-
tion to the above-mentioned odd and even modes. The electric-
field distributions of these modes are shown in Fig. 3(c)–(h), and
the resonant frequencies calculated by the three-dimensional
FEM for filter are shown in Table III. The transmission char-
acteristics of the filter (filter ) in a weak external coupling con-

dition are shown in Fig. 4. There are six spurious responses up
to 8 GHz, where these responses correspond to the electric-field
distribution shown in Fig. 3(c)–(h) . The measured frequencies
of higher order modes agree with the calculated frequencies
within 2%.

The spurious responses that have the electric field distribu-
tions shown in Fig. 3(c), (d), and (h) depend mainly on the filter
shape. The spurious response that has the electric-field distri-
bution shown in Fig. 3(e) depends on the shape of the center
ground line. In order to use the filter for specific applications, it
is necessary to suppress these spurious responses close to
(4.8 GHz) and (7.2 GHz).

The filters have spurious responses, as shown in the Fig. 3(f)
and (g), which indicate similar electric-field distributions as
those of the CPW filter. These resonant frequencies are
5.71 and 5.77 GHz in filter and 4.91 and 4.67 GHz in
filter . The resonant frequencies in filter become higher
than those in filter because of the influence of the bottom
surface electrode. Consequently, filteris superior in spurious
response near 2 of the filter in comparison with filter .

D. Physical Parameters

1) Center Frequency and the Coupling Coefficient:The re-
lationship between the center frequency of the filter and
is shown in Fig. 5. The center frequency can be controlled by the
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Fig. 4. Transmission characteristics of the filter (filterA).

Fig. 5. Center frequency(F ) versusL1.

value. The relationship between the coupling coefficient
and is shown in Fig. 6. The resonant frequency of the even
mode and that of the odd mode were calculated
by the FEM and were measured using a weak external-coupling
sample. In this sample, the shunt brunch is not a meandering
line, but a straight line ( mm, mm). The
coupling coefficient is proportional to the values, and it is
considerably dependent on the values.

2) Unloaded : The unloaded values of the
resonator and the conventional CPW resonator were mea-
sured using a weak external coupling model. The results of mea-
surements are shown in Table II. The value of the resonator
is 3.9% higher than that of the conventional CPW resonator.

The insertion loss of the filter was calculated using the atten-
uation constant, which was obtained by the calculation of prop-
agation modes in a two-dimensional waveguide by the FEM.

3) External : A resonator is connected to an external
circuit through the CPW line and the inductor of a
meandering line. The relationship between the external
of the filters and is shown in Fig. 7. The value varies ac-
cording to the value and the configuration of the meandering
line.

4) Influence of the Substrate Thickness:In the case of
DCPW filters, the filter characteristics are considerably influ-

Fig. 6. Coupling coefficient(k) versusW1.

Fig. 7. ExternalQ (Qe) versusL2.

Fig. 8. Center frequency(F ) and coupling coefficient(k) versusT .

enced by chip thickness because of the electrode pattern on both
surface. The relationships between, , and chip thickness

are shown in Fig. 8. The thickness variation is controlled
within 5 m, and the frequency and coupling variations are,
therefore, controlled within 25 MHz and 0.05%, respectively.
These simulation data were also obtained by the FEM and were
confirmed by measurements. The values of and
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Fig. 9. Transmission and return-loss characteristics.

were predetermined by the required characteristics, and the
physical parameters of the filter chip were determined by each
of the relationships shown in Figs. 5–8.

IV. EXPERIMENTAL RESULTS

A. Characteristics of DCPW Filter

A two-section filter (filter ) with a center frequency of
2.4 GHz and a bandwidth of 400 MHz was designed and made.
The minimum insertion loss of the trial filter is 2.89 dB at
2.49 GHz and the chip size is 5.22.5 0.2 mm . The dimen-
sions are mm, mm, and mm. This
filter is 38% smaller in size than the conventional CPW
filter. The external coupling is optimized by the meandering
line length . The measured and simulated transmission and
return-loss characteristics are shown in Fig. 9. The measure-
ment results agree well with the simulation results.

Next, a filter (filter ) with a center frequency of 2.4 GHz
and a bandwidth of 400 MHz was designed and made. The
minimum insertion loss at 2.42 GHz is 2.58 dB (5.22.5

0.2 mm ). The dimensions are mm, mm,
and mm. The same center frequency as that in filter
is realized in filter by a shorter center conductor line length.
Thus, a smaller size can be achieved by the use of filterthan
by the use of filter . The reason for this is that the electric-field
distribution at the open end of both surfaces acts to negate each
other in filter .

B. Spurious-Suppressed DCPW Filters

The spurious suppression method is discussed for two- and
three-section filters.

The two-section filter design (filter ) was modified to sup-
press spurious responses. The design of the two-section filter is
shown in Fig. 10.

The short electrodes that connect the top surface to the
bottom surface by via holes suppress the spurious responses
that arise from the filter shape. There are six short electrodes
on the long sides of the filter chip. These electrodes suppress

Fig. 10. Two-section filter. Bottom surface is drawn perspectively.

Fig. 11. Transmission and return-loss characteristics (original and modified
two-section filters).

the spurious response that corresponds to the electric-field dis-
tribution shown in Fig. 3(d). There are also two short electrodes
on the short sides of the filter chip. These electrodes suppress
the spurious responses that correspond to the electric-field
distributions shown in Fig. 3(c) and (h).

The via hole located at the center of the filter suppresses the
spurious responses that arise from the center ground line [see
Fig. 3(e)]. These via holes were made by laser drilling, and it is
possible to make holes of 100m in size.

The center conductor lines on the top surface are shortened
and those on the bottom surface are lengthened .
Consequently, the frequencies of spurious responses that have
the electric-field distributions shown in Fig. 3(f) and (g) become
sufficiently high without changing the resonant frequencies of
the dominant modes because these responses are mainly depen-
dent on the top surface, and the dominant modes are dependent
on both surfaces.

The measured transmission and return-loss characteristics of
the modified filter and the original filter (mentioned in Sec-
tion IV-A) are shown in Fig. 11. The insertion loss of the two-
section filter is 3.58 dB at 2.42 GHz, and the attenuations of
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Fig. 12. Three-section filter. Bottom surface is drawn perspectively.

Fig. 13. Transmission and return-loss characteristics (original and modified
three-section filters).

Fig. 14. Two and three-section filters.

and are 24.2 and 29.6 dB, respectively. The resonant
frequency of the even mode becomes lower because of the short
electrodes by the via holes. Therefore, the bandwidth of the filter
becomes narrower than that of the original filter.

We designed experimental three-section filters that have elec-
trode patterns on both planes like the two-section filters. Gener-
ally, attenuation characteristics can be improved by increasing
the number of sections. However, in the case of a three-sec-
tion filter, in which spurious responses are not suppressed (orig-
inal), the attenuation characteristics in fact deteriorate because
many of the spurious responses appear at a frequency slightly
higher than the passband of the filter. The three-section filter
was, therefore, modified to suppress the spurious response by
the same method as that used for the two-section filter. The de-
sign of the three-section filter is shown in Fig. 12. The measured
transmission and return-loss characteristics of the filter and orig-
inal filter are shown in Fig. 13. The short electrodes and center
conductor line configuration sufficiently suppress the spurious
responses. The insertion loss of the three-section filter is 4.67 dB
at 2.39 GHz, and the chip size is 5.23.5 0.2 mm . The at-
tenuations of and are 31.2 and 38.4 dB, respectively.
These filters are useful for various applications.

A photograph of two- and three-section filters is shown in
Fig. 14. In the filter, via holes are arranged around the filter chip.

V. CONCLUSION

Novel high-performance CPW filters using both sides of a
substrate have been developed. The filter is constructed by an
electrode pattern of half-wavelength resonators on a double-
sided circuit board with a high dielectric constant. The elec-
tromagnetic-field distribution and the electromagnetic coupling
were analyzed, and the equivalent circuit and filter design pa-
rameters were then obtained. Two- and three-section trial fil-
ters were designed and made. The measurement results agreed
well with the results of simulation. The two-section trial filter
was 38% smaller in size than the conventional CPW filter
without any deterioration in unloaded. This filter has a band-
width of 400 MHz at 2.49 GHz with an insertion loss of 2.89 dB,
and the chip size is 5.2 2.5 0.2 mm (filter ).

We used a particular pattern of via holes to reduce spurious
responses. Consequently, the attenuations ofand are
more than 20 dB in the two-section filter and 30 dB in the three-
section filter, and satisfy the performance level required for ISM
band equipment. Moreover, it is easy to mount as a chip in the
uniplanar circuits by a CPW interface.
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