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Abstract—A planar dielectric waveguide filter with coplanar
waveguide (CPW) I/O ports suitable for flip-chip bonding is
proposed and is demonstrated for 60-GHz-band applications.
The filter is formed incorporating metallized through holes in
an alumina substrate. In order to improve stopband rejection,
short-circuited CPW resonators with a half-wavelength are added
to waveguide-to-CPW transitions. A fabricated four-resonator
filter exhibits an insertion loss of 3.2 dB with a 3-dB bandwidth of
3.0 GHz and rejection of 35 dB at 3-GHz lower separation from
a center frequency of 59.5 GHz. The filter is mounted by using
flip-chip bonding in a multilayer ceramic package with structures
to suppress parasitically propagating electromagnetic waves. No
degradation of the stopband rejection is observed from 50 to
80 GHz.

Index Terms—Bandpass filters, coplanar waveguides, dielectric
waveguides, flip-chip devices, millimeter-wave filters, waveguide
filters.

I. INTRODUCTION

I N ORDER TO satisfy recent demands for low-cost mil-
limeter-wave applications, several multichip modules have

been developed using a flip-chip technology that provides
high reproducibility and good electrical performance in a
millimeter-wave range [1]–[3]. Active devices such as am-
plifiers and oscillators in these modules employed a coplanar
monolithic-microwave integrated-circuit (MMIC) configu-
ration because the coplanar approach not only eliminates
backside processing, but also is suitable for flip-chip bonding.
Filters, which are usually required for wireless communication
systems, such as wireless local area networks [4] and wireless
home networks [5], [6], should have a planar configuration
with coplanar waveguide (CPW) I/O ports for easy integration
with flipped CPW MMICs in a module. Millimeter-wave
flip-chip filters, however, have not been reported. CPW filters
are seldom used in the millimeter-wave range due to their
large insertion losses. Special types of filter, such as a filter
with high-temperature superconductors, have exhibited limited
success [7]. It is well known that microstrip filters with wide
lines show good performance. However, in a flip-chip structure,
the microstrip configuration is sensitive to a proximity effect
between a chip and a mounting substrate [8]. Therefore, a
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Fig. 1. Basic structure of the dielectric waveguide filter with CPW I/O ports.
(a) Over view. (b) Plane view.

planar filter with low loss and less sensitivity to the proximity
effect is strongly needed.

In this paper, we propose a planar dielectric waveguide filter
with CPW I/O ports for 60-GHz-band applications and demon-
strate high performance of the developed filter after flip-chip
bonding for the first time. Waveguide-to-CPW transitions of the
filter are directly formed on the surface of the waveguide. To im-
prove stopband rejection, short-circuited resonators with a half-
wavelength are added to the transitions. The filter is mounted
in a multilayer ceramic package with a cavity using flip-chip
bonding. The flipped filter shows good performance with low
insertion loss and high stopband rejection.

II. WAVEGUIDE FILTER WITH CPW I/O PORTS

The basic structure of the proposed bandpass filter is shown
in Fig. 1. The waveguide structure is formed incorporating two
lines of metallized through holes in a alumina substrate with
metallized top and bottom surfaces. The filter is composed of
four dielectric waveguide resonators with a half-wavelength.
Waveguide-to-CPW transitions, which lead to CPW I/O ports
at both ends of the filter, are directly patterned on the wave-
guide resonators. The dimensions of transitions determine the
external quality factor. An inductive window betweenth and
th resonators consists of a pair of metallized through holes with

a spacing in the waveguide.
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Fig. 2. Plane view of the analysis model for the external quality factorQ .

Fig. 3. Calculated quality factorQ and deviation�l from the length of
a perfectly enclosed box resonator with the same resonant frequency.

Before the design of the whole filter, we have calculated the
external quality factor and the coupling coefficient be-
tween th and th resonators by using a three-dimensional (3-D)
electromagnetic simulator. Fig. 2 shows a model to calculate
the . A perfect conductor plane was assumed instead of
the line of metallized through holes surrounding the resonator
for a calculation efficiency. The is controlled by changing
the length of the waveguide-to-CPW transition. The length

of the resonator is different from the length of a per-
fectly enclosed box resonator with a same resonant frequency.
We defined the difference between the lengths and as
the deviation . In this calculation, the length between the
pattern of the transition and the metallized through holes at the
input side end of the resonator was fixed. The is obtained
by [9]

(1)

where is the resonant frequency of the resonator andis
the 180 bandwidth centered at the resonant frequency. Fig. 3
shows the calculated and the deviation with a res-
onant frequency of 60 GHz. The gradually decreases as
the length becomes large. On the other hand, the deviation

rapidly changes in the large region. This means that
a filter with a wider bandwidth has a higher tolerance for the
variation of the length determined by a punching process
of through hole formation. We can realize a four-resonator filter

(a)

(b)

Fig. 4. Plane view of the model to calculate the coupling coefficientk

betweenith and jth resonators: (a) for the structure with just one pair of
metallized through holes (type 1) and (b) for the structure with metallized
through holes put inside the dielectric waveguide (type 2).

with a bandwidth in a range from about 3% to 8% using the
from 400 to 800 m.

Fig. 4 shows models to calculate the for two coupling
structures. The first coupling structure (type 1) has just one
pair of metallized through holes to couple two resonators at
the center of the waveguide, as shown in Fig. 4(a). In the
second coupling structure (type 2), metallized through holes
consisting of the wall of the waveguide are put inside the
waveguide with separation of 450m from the central pair
of metallized through holes, as shown in Fig. 4(b). Theis
obtained by [10]

(2)

where and are two resonant frequencies with perfect
electric and magnetic plane at the center plane, respectively.
Fig. 5(a) and (b) shows the calculated and the deviation
of the length of the resonator, respectively. The largeris ob-
tained for the larger spacing . The of type 1 hits bottom in
a range where the spacing is small and the coupling structure
cannot provide small enough to design a narrow-bandwidth
filter since the coupling outside of the pair of metallized through
holes is dominant at a small spacing. On the other hand, the

of type 2 decreases even at a small spacing.
Using these calculated coupling parameters, we have de-

signed a 0.1-dB-ripple Chebyshev four-pole filter with a 5%
bandwidth centered at 60 GHz. For this filter characteristics,

, , and are required
by the conventional filter design technique [11]. These values
are obtained at m, m in type 1
and m in type 2, according to Figs. 3 and 5. The



ITO et al.: 60-GHz-BAND PLANAR DIELECTRIC WAVEGUIDE FILTER FOR FLIP-CHIP MODULES 2433

(a)

(b)

Fig. 5. Calculated: (a) coupling coefficientk and (b) deviation�l from the
length of a perfectly enclosed box resonator with a same resonant frequency.

length of the th resonator for the n-pole filter is determined
from

(3)

where is a wavelength in the dielectric waveguide structure
at the center frequency of the filter. is derived from the
following equations:

(4)

Here, is the cutoff frequency of the waveguide mode,is the
velocity of light, is the dielectric constant of the substrate,
and is the width of the waveguide structure. According to
Figs. 3 and 5, and (3) and (4), m and

m are obtained at the center frequency of 60 GHz. Using
these structural parameters initially, we finely optimized these
parameters to realize the required filter response. The calculated
filter response is shown in Fig. 6. We neglected the conductor
loss and the loss tangent of the dielectric substrate for this calcu-
lation. The metallized through holes composing the wall of the
waveguide were considered. The required filter response was
realized at m (the other parameters were the same
as initial ones). This indicates that the design procedure works
well enough.

Fig. 6. Calculated transmission and matching characteristics of a 0.1-dB-
ripple Chebyshev filter with a 5% bandwidth.

Fig. 7. Plane view of structure of the dielectric waveguide filter with additional
shunt CPW resonators.

Fig. 8. Calculated transmission characteristics of filter with and without
additional CPW resonators.

III. W AVEGUIDE FILTER WITH ADDITIONAL CPW RESONATORS

In order to attain higher stopband rejection while maintaining
the size of the filter fixed, shunt CPW lines with the length

are added to the transitions so that these lines can act as
short-circuited resonators with a half-wavelength, as shown
in Fig. 7. As a result, attenuation poles are introduced in the
stopband to improve the rejection characteristic. The filter with
CPW resonators was designed to have an attenuation pole at
the lower frequency side of the passband. Fig. 8 shows the
calculated transmission characteristics of filters with CPW
resonators. That of the filter without CPW resonators is also
shown. The filter with CPW resonators has the same spacing

as the one without CPW resonators. The length was
fixed at 1100 m, while the spacing , , the length ,
and lengths of resonators were modified so as to compensate
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Fig. 9. Fabricated dielectric waveguide filter with CPW I/O ports and CPW
resonators.

Fig. 10. Measured transmission and matching characteristics of the filter with
CPW resonators.

the change of the passband characteristic due to additional
CPW resonators. The rejection in the lower frequency side
of the passband is remarkably improved by incorporating
CPW resonators. When the length is varied from 1050 to
1200 m with the other structural parameters fixed, the attenu-
ation pole shifts to the lower frequency side as the length
becomes longer. This implies that the rejection characteristic
can be tuned by changing the length after the fabrication.

IV. EXPERIMENTAL RESULTS

We have fabricated a filter with an attenuation pole at the
lower frequency side of the passband. Fig. 9 shows a photo-
graph of the fabricated filter. The filter is formed in an alumina
substrate with a relative dielectric constant of 9.7. The size is
4.7 mm 3.2 mm 0.25 mm. The dimension of metallized
through holes is 0.15 mm in diameter. Two lines of metallized
through holes composing walls of the dielectric waveguide are
formed in a pitch of 0.45 mm along the propagation direction
and are separated with the distance of 1.6 mm from each
other (Fig. 1). This pitch is much less than a half-wavelength
in the operating frequencies. To reduce a radiation loss further,
an additional line of metallized through holes is formed at each
side of the dielectric waveguide.

Fig. 10 shows the measured transmission and reflection char-
acteristics of the filter using on-wafer probes. The insertion loss

(a)

(b)

(c)

Fig. 11. Cross-sectional view of the package structure for mounting the filter.
(a) Conventional flip-chip package structure. (b) Flip-chip package structure
with a hollow and metal cover. (c) Whole structure of a multilayer ceramic
package.

is 3.2 dB at a center frequency of 59.5 GHz and the return
loss is better than 8 dB in the passband. The 3-dB bandwidth
is 3.0 GHz. An attenuation pole is successfully introduced at
56 GHz by CPW resonators with a half-wavelength. The re-
jection at 3-GHz lower separation from the center frequency
is 35 dB. This is better than higher frequency side rejection
by 20 dB. Another attenuation pole appears at 67 GHz. This
is caused by peripheral paths outside the waveguide structure,
which directly couple input with output ports.

Fig. 11(a) shows a conventional flip-chip package structure
with a metal lid to shield electrically. For this package structure,
we should consider suppressing the degradation of the isolation
between the input and output due to undesired coupling. This
coupling may excite two parasitically propagating electromag-
netic waves. One is the wave, which is excited by bump disconti-
nuities and propagates through the substrate below the filter. The
other is the wave, which is excited by the radiation at the edge of
the filter substrate and propagates through the space between the
filter and the lid. To avoid the degradation of the isolation, we in-
troduced two structures, as shown in Fig. 11(b). To suppress the
wave propagating through the substrate, a hollow is formed in
the substrate. Moreover, the hollow reduces the proximity effect
between the chip and substrate, which causes the shift of the fre-
quency response. The wave propagating through the space be-
tween the filter and the lid is suppressed by putting a hat-shaped
metal cover on the backside of the filter. Since the edge of the
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Fig. 12. Filter mounted in the ceramic package. The metal cover is attached
on the filter.

Fig. 13. Measured transmission characteristics of the flipped filter with and
without the metal cover on the backside of the filter.

filter is covered with the metal, the coupling due to the radi-
ation is suppressed sufficiently. Besides, the cover blocks the
space between the filter and lid. Fig. 11(c) shows a whole struc-
ture of a multilayer ceramic package for mounting the filter. The
package consists of a cavity and a pair of feed-throughs to con-
nect external I/O ports [12].

Fig. 12 shows a photograph of the packaged filter with the
metal cover. The size of the package is 13 mm10 mm
1.2 mm. The filter was mounted in the cavity whose size is
6.6 mm 4.9 mm 0.4 mm by using a thermal compression
method. Fig. 13 shows the measured transmission characteris-
tics of the flipped filter with and without the metal cover. In case
of the filter without the metal cover, slight degradation is ob-
served in the stopband and the shoulder of the passband deterio-
rated at the lower frequency side, compared to the filter response
before flip-chip bonding. The filter with the metal cover shows
excellent rejection characteristic without any degradation. The
insertion loss of approximately 5 dB in the passband is a rea-
sonable value considering the loss of two feed-throughs in the
package (1 dB 2).

V. CONCLUSION

A planar dielectric waveguide filter with CPW I/O ports has
been developed. The design procedure of the basic filter with
CPW I/O ports has been described. The stopband rejection

of the filter has been improved by adding CPW resonators to
waveguide-to-CPW transitions. The filter has been fabricated
in an alumina substrate by using metallized through holes.
The fabricated filter has shown good performance with low
insertion loss and high stopband rejection. The filter flipped
in a multilayer ceramic package has also been demonstrated.
In order to attain high stopband rejection by suppressing a
parasitically propagating wave, a cover on the filter and a
hollow in the package have been introduced. The filter has
exhibited high stopband rejection without any degradation after
flip-chip bonding. It is promising for this filter to be applied to
low-cost millimeter-wave systems.
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