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Wide- and Narrow-Band Bandpass Coplanar Filters
in the W -Frequency Band

Eric Rius, Gaëtan Prigent, Henri Happy, Gilles Dambrine, Samuel Boret, and Alain Cappy

Abstract—This paper deals with the design of passive coplanar
devices in the -frequency band. As long as coplanar trans-
mission lines are correctly dimensioned, analytical models based
on quasi-TEM approximation can be used. Such models are
associated with a correct definition of the reference planes at
the junctions and employed for junction discontinuities, T- and
cross-junctions. In order to validate these assertions, simulated
and experimental data on classical quarter-wavelength shunt-stub
filters are first presented. Then the design of traditional cou-
pled-line filters is examined. The problems in terms of insertion
loss associated with these kinds of narrow-band applications
are discussed here. Minimization of insertion losses requires
increasing the width of the strips. Consequently, the design be-
comes complex and modeling using transmission-line models less
accurate. Nevertheless, as an optimization procedure is needed
to tune the filter theoretically, such a very fast design method
is necessary. Simulated and experimental results in the range
500 MHz to 110 GHz are compared throughout the paper.

Index Terms—Bandpass filter, coplanar technology, monolithic
microwave integrated circuit (MMIC), -frequency band.

I. INTRODUCTION

DURING THE past decade, the -band (75–110 GHz)
frequency range was mainly allocated to military applica-

tions. Nowadays, civil applications such as collision avoidance
radar and passive imaging systems are being developed using
the specific properties of free space propagation in the -band.
In this frequency range, a high-level technological resolution
process is needed at low wavelengths. This means that mil-
limeter-wave monolithic integrated circuits (MWMICs) are
generally preferred to hybrid technology. Moreover, coplanar
waveguides are more currently used in the design of such
circuits [1]–[6].

Many studies have, indeed, shown that coplanar waveguides
can be considered as a good alternative to microstrip lines in
the millimeter frequency range [7]–[14]. Because all conduc-
tors are located on the same plane, the ground connections
through via-holes are eliminated and no reverse side processing
is needed, which significantly reduces cost. Because of the
large decoupling between the different elements of a coplanar
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system, global size reduction may be obtained as well. Another
advantage of the coplanar technology is flexibility in the design
of the passive circuits. Indeed, a large number of geometrical
parameters can be chosen to design a transmission line with
a given impedance. Electrical characteristics can then be im-
proved by correctly defining the ratio between the strip width
and the slot width.

However, designers are faced with two major drawbacks
when they deal with coplanar technology. The first one is the
lack of mature equivalent-circuit models like those available
for microstrip lines. The second one concerns the suppression
of the fundamental, but parasitic, slotline mode that may be
excited by nonsymmetrical coplanar waveguide discontinuities
such as, for example, bends or T-junctions. The suppression of
such perturbing modes is achieved by inserting bridges over the
center conductor, so that the potentials either side of the lateral
ground planes are identical [15], [16]. Consequently, additional
steps in the production process are needed for the fabrication
of the bridges.

This paper is aimed at demonstrating that the methods
used when designing coplanar passive devices for centimetric
frequencies are also available for millimetric frequencies up to

-band. In fact, when cross-section dimensions are correctly
chosen, coplanar transmission lines exhibit low dispersion up
to -band. Consequently, quasi-TEM analytical transmis-
sion-line models associated with specific design rules for the
discontinuities are commonly used. Such methods are not only
well suited for designing completely passive functions, but
also very convenient for circuit optimization. However, in the
case of narrow-band applications, insertion losses become the
major problem. The designer must try to minimize these, and
consequently the resulting geometry may not match up to the
specific rules originally defined. The design is more complex
and the modeling less accurate. In fact, the problems met in

-band are the same as in the centimetric wave range.
To develop these ideas, we first describe the technological

process used and report on preliminary measurements made on
both transmission lines and parallel stubs to verify the elec-
trical behavior of T- and cross-junction discontinuities. Then,
experimental and simulated data are compared over a broad fre-
quency range; the center frequencies of the stubs are located in
the -band around 75 GHz.

In the second part, we describe the study of traditional
quarter-wavelength shunt-stub filters [17] using the stubs
described above. Experimental results obtained on three filters
centered in -band with 82%, 58%, and 36% 3-dB bandwidths
are presented. They fit simulated data and validate the very
simple design principle which appears to be sufficient, giving
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the low sensitivity of the topology. These filters are dedicated to
wide-band applications. For all the paper, the filter bandwidths
are taken at 3 dB under insertion losses.

The case of narrow-band applications is examined in the last
part in which we present results for traditional coupled-line fil-
ters [17]. Regarding the critical point of insertion losses whose
level is closely related to the filter selectivity, the design for
such applications is very sensitive. To achieve a sufficiently low
insertion loss level, it is necessary to increase the strip width.
However, this raises important problems concerning the mod-
eling, the influence of the reverse side of the substrate, and the
mechanical stability of the bridges. These points are discussed
in detail here. We have clearly demonstrated the great flexibility
of the coplanar technology up to -band, but a limit is reached.
Thus, new technological concepts are needed to continue the
work.

II. TRANSMISSION LINES AND JUNCTION DISCONTINUITIES

The circuits presented in this paper are made on a 400- m
GaAs substrate using 700-Å Ni adhesion film base and
3- m-thick electroplated gold. A second electroplated gold
process is required to fabricate the air bridge [18]. The resolu-
tion of this technological process is about 1 m for both strips
and slots.

The cross-section design of coplanar waveguides constitutes
an important part of efficient MMIC development. One can pre-
serve low-dispersion quasi-TEM mode by carefully choosing
the line geometry defined by , and where is the
ground-to-ground distance, is the central strip width, is the
slot width, is the ground width, and is the substrate thick-
ness. The parameters and are chosen to make a tradeoff
between losses and low dispersion up to the -frequency band.
The following conditions:

(1)

(2)

(3)

where is the dielectric wavelength are used [19]. For a 50-
CPW transmision line built on a 400- m GaAs substrate and
with a strip width of 26 m, the dielectric wavelength is 1.6 mm
at 75 GHz.

In order to minimize the parasitic influence of the bridge on
the electrical characteristic of the lines and provide mechan-
ical stability, the dimensions of the air bridge used are: 3- m
height, 10- m width, 80- m (70 10 minimum) length, and
3- m metal thickness. Moreover, to give it a good mechanical
stability, a maximum length must be defined for a given width:
for example, 10- m and 20- m widths allow maximum lengths
of 100 and 180 m, respectively. Although the bridge introduces
an excess capacitance, this does not constitute a problem for the
bridge widths here as long as the strip widths of the coplanar
line are all kept small. Under a configuration with these dimen-
sions, no compensation techniques, such as using sections of
high-impedance line, are required [20], [21]. An example of this
realization is shown in Fig. 1.

Fig. 1. Bridges on a 50-
 CPW, T-junction discontinuity.

According to (1)–(3), several lines are tested. The ground
plane width is 200 m. Characteristic impedances of 30, 50,
and 70 are achieved by using strip widths of 54, 26, and
10 m, respectively, along with a ground-to-ground spacing of
70 m. These dimensions are obtained using traditional ana-
lytical TEM models available on commercial CAD software
such as Agilent-ADS [22]. These models are based on con-
formal mapping [23] in which corrections are added to take into
account the influence of the metallization thickness. As these
models are quasi-static, they do not take into account possible
frequency dependence. With these dimensions, our transmission
lines are within the validity domain of the models. The effective
line length is 480 m. On-wafer measurements are made from
500 MHz to 110 GHz on HP 8510B using TRL calibration. Stan-
dards for TRL calibration are fabricated on the same wafer.

Fig. 2(a) and (b) presents experimental and simulated results
on 50- and 70- CPW transmission lines, respectively. Fig. 2(a)
exhibits a good matching level and correct insertion losses. The
return losses over the whole frequency measurements obtained
are at least 25 dB, and the line attenuation is about 0.4 dB/mm
at 94 GHz. Fig. 2(b) shows complete agreement between the
measurement and the TEM transmission line simulation. Other
experiments were conducted to verify the effect of one and then
several bridges on the electrical characteristics of such transmis-
sion lines.

Systematic investigations are carried out on stubs: 30-,
50-, and 70- simple, double, shorted, and open stubs are
then made. Their lengths are such that they exhibit a resonant
frequency of about 75 GHz in the -band. This allow us to
study the electrical behavior of T- and cross-junction disconti-
nuities. Fig. 3(a)–(d) presents the experimental results obtained
by using 50- shorted and opened double and simple stubs,
respectively. One should note a significant difference between
the circuits including T-junction and those with cross-junction.
The measured resonant frequencies of double and simple stubs
are 77.15 and 72.77 GHz, respectively. Since the resonant
frequency is the same for a given junction topology, regardless
of stub ending, the open and shorted ends should be equivalent
in term of excess length.

Thus, according to this great difference T- and cross-junc-
tion discontinuities exhibit totally different electrical behaviors.
Our purpose here is not to perform a rigorous physical analysis
of this problem but to propose a simple way of modeling these
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(a)

(b)

Fig. 2. (a) Experimental frequency responses on a 50-
 CPW transmission
line. (b) Experimental and simulated frequency responses on a 70-
 CPW
transmission line.

phenomena. In fact, stubs are modeled only with TEM transmis-
sion lines. In simulation, the effect of the discontinuities (junc-
tion and ending) is taken into account by defining the reference
planes at the center of junction discontinuity in Fig. 3(a)–(d) for
cross-junctions and T-junctions, the lengths of the stubs being
choosen different for the two cases. As illustrated in the four
examples of Fig. 3, a correct fit with experimental results is ob-
tained. This agreement is also valid for the phase parameters.
We also tested this method for other characteristic impedances,
30 and 70 , while keeping the ground-to-ground spacing con-
stant at 70 m. The agreement is the same as in the 50- case.
Concerning the validity domain of this method, it is obvious that
the cross-section dimensions are critical parameters. In fact, this
method is not valid for large ground-to-ground spacing.

III. WIDE-BAND BANDPASS FILTER

This section is dedicated to the design of quarter- wavelength
shunt-stub filters using the stubs studied above. Such topology

includes shorted stubs as resonators separated by quarter-wave-
length transmission lines as inverters. The synthesis due to
Matthaei [17] indicates that the bandwidth is in close relation
with the impedance level of the resonators. In the present case,
if the impedance range extends from 30 to 70 , the available
3-dB bandwidth will be approximately bounded by 100% and
36%. These values are given approximately for return losses
chosen around 20 dB. For bandwidths below 36%, very low
impedance levels are needed. Thus, shape factors become too
large for correct performance from the device with regard to
both the parasitic influences of the discontinuities and modeling
difficulties. So, other topologies such as coupled-line filters are
preferred. They will be used in the next part of this study.

The first results presented here deal with an 82%, 3-dB-band-
width, third-order filter centered on 78 GHz. According to the
synthesis procedure, it is composed of two 53- inverters and
three 50- resonators. The sensitivity of this device being very
low, an impedance of 50 can be chosen for all the constitu-
tive elements of the filter without causing any damage on the
frequency response. Moreover, as wide-band filters do not ex-
hibit high insertion losses, the cross section of the line and, es-
pecially, the strip widths are free from constraints. So, along the
filter and access lines the strip and slots widths chosen for stan-
dard geometry are 26 and 22 m, respectively. As defined by the
layout, the resonators and inverters are 393 and 380 m long.
As mentioned above (Section II), quasi-TEM lines associated
with correct design rules for the discontinuities are sufficient
to simulate the filter. The simulation model and the associated
layout are presented in Fig. 4. Experimental and simulated re-
sults are in good agreement (Fig. 5). The phase response is in
similar agreement. Moreover, this agreement is valid on a large
frequency band from 500 MHz to 110 GHz. Insertion losses are
0.53 dB at 78 GHz, and return losses better than 20 dB are ob-
tained all over the bandwidth.

Two others examples of filters centered on an equivalent fre-
quency are presented in Figs. 6 and 7. They are 58% and 36%
3-dB-bandwidth. The first example with 58% 3-dB-bandwidth
results in a 25- impedance for the resonators when inverters
are kept to 51 . Twenty-five is chosen so as to introduce
double 50- stubs for the resonator (Fig. 6). According to the
low level of insertion losses, the standard geometry was chosen
as follows: 26 m for the strip widths and 22 m for the slot
widths. The 36% bandwidth was reached by selecting imped-
ances of 56 and 15 for inverters and resonators, respectively.
As before, 15 was obtained with two double 30- stubs. It
corresponds to the lowest bandwidth that can be reached with
an impedance range bounded by 30 and 70 . For the inverters,
strips and slots were 20 and 25 m, respectively, and 54 and
8 m for the resonators. The layout and frequency response
are displayed in Fig. 7. As for the first prototype, experimental
and simulated results agree over a broad-band frequency. As
shown in Figs. 5–7, insertion losses increase with filter selec-
tivity: 0.68, 0.96, and 1.81 dB are obtained for 82%, 58%, and
36% bandwidth filters, respectively. These values are in com-
plete agreement with the following expression [17], [24]:

(4)
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(a) (b)

(c) (d)

Fig. 3. Experimental and simulated results on different stub configurations inW -frequency band. (a) Double shorted stubs. (b) Double opened stubs. (c) Simple
shorted stub. (d) Simple opened stub.

Fig. 4. Layout and electrical model of the 78-GHz central-frequency,
82% 3-dB-bandwidth, third-order quarter-wavelength shunt-stubs filter with
associated access lines.

In this formula, is the insertion loss in decibels, is the
filter order, is its relative bandwidth, and is the unloaded
quality factor, which is close to 25 for the standard 50- trans-
mission line used here. On the other hand, as equal resonator
lengths of 393 m were chosen for the three examples, the filter
with T-junctions exhibits a 78-GHz central frequency whereas

Fig. 5. Simulated and experimental magnitude responses of the 78-GHz
central-frequency, 82% 3-dB-bandwidth filter.

the filters with cross-junctions exhibit 82.7-GHz center frequen-
cies. This difference is in agreement with the difference already
observed in Section II concerning the discontinuities.

IV. NARROW-BAND BANDPASS FILTER

Two major problems are related to narrow-band bandpass
coupled-lines filters. First, insertion losses become important
when the selectivity of the filter is increased. The second
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Fig. 6. Layout, simulated, and experimental associated magnitude responses
of the 82.7-GHz central-frequency, 58% 3-dB-bandwidth filter.

Fig. 7. Layout, simulated, and experimental associated magnitude responses
of the 82.7-GHz central-frequency, 36% 3-dB-bandwidth filter.

problem deals with accuracy which is directly in relation to the
level of selectivity.

In order to illustrate this, we present the results obtained with
two classical coupled-lines third-order bandpass filters. The first
one is at a center frequency of 65 GHz, 22% 3-dB bandwidth
whereas the second one is at 94 GHz, 5% 3-dB bandwidth.
Figs. 8 and 10 show the layouts of these filters. For such topolo-
gies, according to the well-known synthesis of Matthaei, the
bandwidth and the coupling coefficient level of the coupled-
lines sections are in close relation [17]. Indeed, narrow selec-
tive bandwidths are obtained with low coupling levels on the
central sections of the filter. A convenient solution consists of
using a separating ground plane between the coupled strips. This
leads to low coupling levels on a reduced bulk and this separate
ground plane acts as a good parasitic mode filter (Fig. 10).

According to the finite conductivity of the metal
(2.5 10 S.m for gold metallization) and to the
(0.0003) of the GaAs substrate, very high insertion losses

Fig. 8. Layout of a 65-GHz central-frequency, 22% 3-dB-bandwidth,
coupled-line filter.

Fig. 9. Simulated and experimental magnitude responses of the 65-GHz
central-frequency, 22% 3-dB-bandwidth, coupled-line filter.

are expected when designing such narrow-band filters. These
insertion losses can be predicted roughly from (4). For instance,
for a third-order, 22% 3-dB-bandwidth coupled-line filter
designed with 26- m strip widths, insertion losses between
1.95 and 2.95 dB are obtained. However, if the bandwidth is
decreased to 5%, insertion losses reach a critical level between
8.7 and 13 dB. These values were calculated with the unloaded
quality factor of 20 and 30. One way of improving this critical
point is to increase the strip widths, but this gives rise to several
problems.

The first problem concerns the bridge topology: a large
ground-to-ground spacing is, indeed, forbidden because of
mechanical stability constraints. A good way to solve this
problem is to fabricate an inter-strip bridge as shown in Figs. 8
and 10. By doing so, the ground connections used for filtering
the coupled-slotline modes are made directly with a tiny strip
on the first metallization layer. In this case, the bridge length
is about 10% of the total length of a resonator. According to
the high selectivity of the filter, this length must be taken into
account, which can be done by cascading several different
section line topologies consisting of coupled strips on substrate
and a coupled air-filled microstrip line.
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Fig. 10. Layout of a 94-GHz central-frequency, 5% 3-dB-bandwidth,
coupled-line filter.

The second one concerns modeling. Obviously, as the strips
are wider, the conditions of low dispersion given in Section II
are not necessarily still valid. Moreover, the validity conditions
of the analytical quasi-TEM models used are not always met.
Finally, the dimensions of the discontinuities increase with the
strip widths and, consequently, strong parasitic effects appear.
Modeling them accurately with a simple approach similar to the
one described in Section II is quite difficult and it allows only
an approximation. Nevertheless, as an optimization procedure
is needed to adjust all the characteristics of the filter response
correctly, it requires the use of a very fast modeling technique.
After this optimization phase, there is nothing to prevent the
designer from completing the modeling with an electromagnetic
method. Useful libraries dedicated to multilayer and multiple-
coupled lines are now available on commercial CAD software
and allow one to describe a wide range of coplanar or other
planar geometries with a static approach [25].

As shown in Fig. 9 for the 22% 3-dB-bandwidth prototype,
a good agreement is observed between simulated and experi-
mental results. The phase response is in similar agreement. This
agreement is valid over a wide frequency band from 500 MHz to
110 GHz and, as expected, correct insertion loss levels of about
1.4 dB are observed in the bandwidth.

Since the bandwidth is very selective, the measurements
were only made on a frequency range from 66 to 110 GHz for
the second prototype. The experimental results are presented
in Fig. 11 and give a 4-dB insertion loss and 10-dB return
loss for a center frequency of 91.5 GHz. Compared to the
expected results, one should also note a significant bandwidth
broadening. In this case, this problem is only due to the reverse
side of the substrate. Indeed, as the ground-to-ground spacing
is very large, the electromagnetic fields are strongly modified
by the electrical condition on the reverse side of the dielectric
substrate: open or grounded. Impedance and coupling levels are
subject to changes that significantly modify the frequency re-
sponse. Postsimulation was carried out to check the bandwidth

Fig. 11. Experimental and postsimulation results of the 94-GHz
central-frequency, 5% 3-dB-bandwidth, coupled-line filter.

broadening by taking into account correct conditions on the
substrate backside. This postsimulation is presented in Fig. 11.
As this problem masks the errors due to the modeling method,
it is difficult to form any conclusions regarding its accuracy
in this frequency range. One should only note the validity of
this very simple and fast method. Although the insertion loss
appears to be correct, new experiments on filters with a correct
bandwidth and return loss are necessary to assess the insertion
loss accurately.

Nevertheless, when designing future very high-selectivity fil-
ters for which the confinement of the electromagnetic field is
a problem, the designer must keep in mind the packaging as-
pect. As grounded CPW lines are not a very convenient solution,
three-dimensional technological solutions using, for instance,
thin- or thick-film microstrip transmission lines appear to be
equally well suited [26]–[30].

V. CONCLUSION

Compared to traditional microstrip technology, the flexibility
of coplanar technology is an important advantage for the design
of filter in high frequency range. Choosing suitable cross-sec-
tion dimensions avoids dispersion and allows the use of analyt-
ical quasi-TEM models. The association of such models with
specific design rules for describing electrical discontinuity con-
stitutes a very convenient method for passive device design. We
have seen its efficiency for the design of wide-band filters on
a broad-band frequency range: within 500 MHz and 110 GHz
and a good agreement between experimental results and theo-
retical predictions was obtained. However, the design of very
narrow-band applications is much more difficult because of the
levels of sensitivity and insertion loss. In order to optimize the
latter, the strips have to be widened, as well as changes made
to the bridge topology. Moreover, electrical conditions on the
reverse side of the substrate must be taken into account and
modeling with transmission-line models becomes less accurate.
Nevertheless, as an optimization procedure is needed to tune
the filter theoretically, a very fast modeling technique must be
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used. In fact, since the structures are complex and the shape ra-
tios high, electromagnetic global analysis is not well suited. As
shown on this paper, coplanar coupled-line filters do not consti-
tute the definitive solution for narrow-band application. In order
to design such critical devices, it is necessary to develop new
technological concepts, such as multilayer or three-dimensional
technology. In the image of coplanar technology, the intrinsic
qualities of these new technological solutions must be low dis-
persion over a broad-band frequency range and very high level
of flexibility.
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