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Edge-Coupled Coplanar Waveguide Bandpass
Filter Design
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Abstract—This paper describes a new technique for the design
of edge-coupled coplanar waveguide (CPW) bandpass filters at mi-
crowave and millimeter-wave frequencies. The topology consists of
coupled-slot pairs that are symmetric about the center of the CPW
line. By applying duality and symmetry, a design methodology is
developed that follows the well-known coupled-strip approach. In
order to provide filter design guidelines, a spectral domain integral
equation analysis was used to characterize coupled slots on silicon
with a range of geometrical parameters, through which a series of
design curves were generated. Experimental results are given for
10-GHz filters printed on high-resistivity silicon, with bandwidths
from 5% to 20%. It is shown how the manner of connecting filter
sections can influence the frequency response.

Index Terms—Coplanar waveguides, coupled mode analysis, mi-
crowave filters, planar transmission lines.

I. INTRODUCTION

SEVERAL topologies useful for the realization of coplanar
waveguide bandpass filters have been reported in recent

years. As with microstrip, coplanar waveguide (CPW) filters
may be comprised of coupled lines [1], [2], stubs [3], and/or
lumped elements [4], [5] and are often based on multilayer con-
figurations [6]. The topology of interest in this work, proposed
originally by Menzel [7], is one that uses symmetric pairs of
asymmetric coupled slots (Fig. 1). This geometry has the advan-
tages of being uniplanar, not requiring air-bridges for ground
equalization, and providing for narrow-band filter design. As
noted in [7], the symmetry of the structure also inherently sup-
presses parasitic radiation. The topology has similarities to the
ribbon-of-brick-wall approach described in [2].

The contributions of this paper are to provide a design
methodology and design curves for bandpass filters using the
geometry given in Fig. 1 and to discuss resonator characteristics
as they pertain to filter implementation. The characteristic
impedance parameters of the coupled CPW sections are
determined using a spectral domain integral equation (SDIE)
solution described in [8]. Through a conversion to the dual
geometry, and by requiring equal aspect ratios— in
Fig. 1—for the CPW lines feeding each side of the resonators,
it is shown that the well-known coupled-strip bandpass filter
design equations can be used. A series of design curves are
presented in Section IV, followed by experimental results for
5–20% bandwidth, 10-GHz filters on high-resistivity silicon.
It is pointed out that unlike coupled-strip topologies, there is
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Fig. 1. A single section of an edge-coupled CPW bandpass filter.

more than one way to interconnect the coupled-CPW sections,
and the manner chosen can affect the shape of the frequency
response.

II. COUPLED-SLOT AND DUAL-STRIP PARAMETERS

Assuming an excitation by the odd CPW mode, there are two
orthogonal modes that propagate on the coupled-slot geometry
in Fig. 1, and magnetic-wall symmetry is maintained along the
center of the line. Herein, the two modes on the coupled slots are
referred to as “even” and “odd,” denoting the relative polarity of
the E-field in each slot. In what follows, it is only necessary to
treat a single pair of slots on either side of the symmetry plane;
this pair is denoted as Slot 1 and Slot 2 in Fig. 1.

The first step in the design procedure is the determination of
the even and odd mode characteristics and subsequent conver-
sion to the dual quantities. Using the SDIE method from [8],
the even and odd characteristic impedance for each slot
and , are calculated along with the parameters
and . The latter are defined as

(1)

where and are the even and odd voltages, respectively,
on the corresponding slot. The effective dielectric constant
is assumed to be the same for both modes; from the SDIE sim-
ulations, the worst case difference in was found to be 6.7%
(for very wide lines) with typical differences below 2.5%.

The dual of the shorted coupled-slot geometry in Fig. 1 is
an open circuited coupled-strip geometry. The relationship
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between the (even and odd) mode characteristic impedance is
given by

(2)

where is the effective dielectric constant. In order to convert
and to their dual quantities, the following expressions are

used [8]:

(3)

(4)

III. FILTER DESIGN METHOD

By considering the dual of the coupledSlot 1–Slot 2 pair,
the standard coupled-strip filter design equations [9] can be ap-
plied, as long as the geometry is properly constrained. The nec-
essary constraint is to configure the geometry in Fig. 1 such that
the image impedance at both ports is identical. This equality of
image impedance does not hold in general since the slots in each
pair (e.g.,Slot 1and2) are of unequal width and have different
offsets from the plane of symmetry. However, it can be shown
that by maintaining equal aspect ratios at each port, i.e.,

(5)

the condition of equal image impedance is indeed met. This
relation follows from the fact that (5) forces the characteristic
impedance at each port to be the same (assuming ideal quasi-
static CPW line behavior [10]) such that the network is electri-
cally symmetric.

As long as (5) is satisfied, the image impedanceand prop-
agation constant for a (dual) coupled-strip section of electrical
length are found to be

(6)

(7)

assuming two diagonally opposed open-circuited ports in the
usual fashion. Equating these parameters to the corresponding
ones of an admittance inverter circuit (Fig. 2) at the quarter-
wavelength frequency leads to the following:

(8)

(9)

These expressions reduce to those for the symmetric coupled-
strip case, for which and are both equal to one.

For completeness, independent tests using SDIE simulation
results were performed to measure the validity of (6) and (7).
As stated above, these expressions are valid when the two-port
coupled-strip section is electrically symmetric, implying that A
and D of the ABCD parameters are equal (from which equality

Fig. 2. Equivalent circuit for an individual coupling section in the bandpass
filter (� = �/2).

of the port 1 and 2 image impedance follows). In terms of the
even/odd mode parameters, equality of A and D requires that

(10)

The SDIE simulation results showed this ratio to be consis-
tently between 0.98 and 1.02, when (5) was satisfied.

In the work described herein, the effect of substrate and con-
ductor loss has not been included as part of the SDIE formula-
tion. It is possible to account for lossy dielectric materials [11],
in which case the resulting complex propagation constant could
be applied in a network analysis of the coupled-strip configu-
rations [8], [12]. Without modifying the basic SDIE approach,
however, finite thickness and/or finite conductivity lines cannot
be analyzed [13].

Based on the analysis presented above, a summary of the de-
sign process can be stated.

1) The SDIE method is used to determine even and odd
mode characteristics for a given coupled slot geometry,
following the constraint given in (5).

2) SDIE results are converted to the dual coupled-strip pa-
rameters using (2)–(4).

3) The product corresponding to the dual geometry is
found using (8).

4) The corresponding value of for the dual geometry is
determined using (9). Since half of the geometry is being
treated, this characteristic impedance is half the value of
the reference impedance for the actual (dual) coplanar
strip feedline.

5) The corresponding for the original CPW geometry is
found using (2) with (two times) the strip found in the
prior step.

In a proper filter design, the necessary geometry of each res-
onator will provide a particular product at a desired refer-
ence impedance . For example, the products for the four
sections of a third-order bandpass filter are given by [9]

(11)

(12)

where is the fractional bandwidth and is the low-pass filter
prototype element values.

IV. DESIGN CURVES

The procedure described above has been repeated on a range
of coupled-slot configurations in order to develop design curves.
The (SDIE) data pertain to a single frequency of 20 GHz in the
center of the band of interest; additional simulations performed
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Fig. 3. JZ andZ values for CPW lines with an aspect ratio of 0.6. Each
curve corresponds to a value ofS ranging from 80 to 240�m in steps of 20
�m (moving from left to right).

Fig. 4. CPW line aspect ratio versusJZ for a 50-
 reference impedance.

at 10 GHz showed no noticeable differences in the even/odd
mode parameters. As it is demonstrated in Section V that dis-
persion effects are minimal up to at least 40 GHz, quasi-static
conditions can be assumed to apply.

A typical set of design curves for the edge-coupled quarter-
wavelength CPW resonators is shown in Fig. 3. The data in the
figure assume a CPW line aspect ratio of 0.6 at each port, and
each curve corresponds to a value ofranging from 80 to 240

m in steps of 20 m (moving from left to right). At any fixed
value of , an increase in reduces the separation between
the inner and outer slots; the result is an increase in the coupling,
as and the corresponding both increase.

In order to facilitate filter design on silicon using a 50-ref-
erence impedance, curve fits of the SDIE results have been gen-
erated to determine the necessary line parameters for a given

product. As shown in Fig. 4, there is a linear relationship
between the aspect ratio and . Once the aspect ratio has been
determined, the necessary value offor a desired value of
is found from the curves in Fig. 5. Using this design approach

Fig. 5. Relationship between CPW center conductor widths(S andS ) for
different CPW line aspect ratios for a 50-
 reference impedance. For each
aspect ratio (AR) in the legend, they-intercept and slope of the line are given,
i.e.,S = b +m � S .

and assuming that values are determined from equations
such as (8) and (9), the only free parameter in the geometry of
each filter section is .

In reporting design curves such as those in Figs. 3–5, it is
common to normalize the parameters so as to provide scalability
versus the effective dielectric constant. This approach was not
adopted herein in order to preserve the accuracy for the data
specifically related to a standard, finite thickness (400m) sil-
icon substrate ). As many of the filter sections have
lateral dimensions that are nearly twice the thickness of the sub-
strate, the effective dielectric constant can vary by as much as
10% from narrow to wide sections. Use of a thicker silicon sub-
strate would reduce geometry dependence in this regard and also
minimize actual differences in the even/odd mode propagation
velocities. When using substrates with different dielectric con-
stants, a scaling of by (6.5/ , where is the approxi-
mate effective dielectric constant on the substrate of choice, was
found to provide reasonable accuracy. Given the lateral width
of the designs, particularly when the CPW ground plane dimen-
sions are included, a grounded substrate should not be used in
order to avoid parallel plate mode-type resonances.

V. RESONATORCHARACTERISTICS

Resonator characteristics are presented to validate the accu-
racy of the stated design parameters and also to introduce a
point regarding the cascading of individual sections in multi-
section filter layouts. A back-to-back configuration of identical

4-sections has been used in order to accommodate measure-
ments/calibration using on-wafer probing. Representative illus-
trations of the symmetric resonator pairs are given in Figs. 6 and
7. In the former, an “inside-out” configuration is used, denoting
the manner in which the slots are coupled when viewed from
either port, while in the latter an “outside-in” approach is used.

The results shown in Fig. 8 provide a comparison between
measured -parameters of a CPW resonator pair and the sim-
ulated response of a pair of ideal (lossless and nondispersive)
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Fig. 6. Symmetric pair of edge-coupled resonators in an “inside-out”
configuration.

Fig. 7. Symmetric pair of edge-coupled resonators in an “outside-in”
configuration.

Fig. 8. Comparison between measured characteristics of (inside-out) pair of
CPW edge-coupled resonators (M) and symmetric pair of ideal coupled lines
(C). TheJZ product for all resonators is 0.5.

coupled transmission lines. The ideal coupled lines were defined
using the even and odd mode characteristic impedance for the
corresponding (in this case, it is 0.5), and no additional el-
ements were added to emulate discontinuity effects. At 40 GHz,
where the maximum CPW resonator width for this
design approaches 6, the comparison to the ideal response
is still very good. The fact that quasi-TEM behavior is main-
tained indicates that the range of values in the design curves
presented earlier should be usable into the millimeter-wave fre-
quency band.

Comparisons of the frequency response of the inside-out and
outside-in configurations are given in Figs. 9 and 10. Each figure
contains curves corresponding to inside-out configurations with

products of 0.7, 0.5, and 0.2 and outside-in configurations
with products of 0.4 and 0.2. The measured for all res-
onator pairs appears symmetric about the center frequency of 10
GHz. In contrast, there are significant differences in outside
the passband—by comparing the two designs, it is
seen that the outside-in arrangement results in a markedly more
asymmetric response. These differences may be due in part to
physical discontinuities in the slot pattern that are more pro-
nounced in the outside-in configuration (e.g., see Figs. 6 and
7). Since the responses of the designs differ even
around 1 GHz, however, it is likely that discontinuity effects are

Fig. 9. MeasuredS of pairs of CPW edge-coupled resonators for different
JZ products. ForJZ equal to 0.7, 0.5, and 0.2, the inside-out configuration
is used; the outside-in configuration is used for the other two circuits.

Fig. 10. MeasuredS of pairs of CPW edge-coupled resonators for different
JZ products. ForJZ equal to 0.7, 0.5, and 0.2, the inside-out configuration
is used; the outside-in configuration is used for the other two circuits.

Fig. 11. Layout of a third-order edge-coupled CPW filter. The first and fourth
sections use the inside-out configuration, and the second and third use the
outside-in configuration.

not the major contributor. As discussed below, the asymmetry
characteristic deserves consideration in the design of multisec-
tion filters.

VI. FILTER DEMONSTRATION

Filter designs with bandwidths ranging from 5% to 20% were
tested in order to validate the design curves over their full range
of parameter values and to examine insertion loss characteris-
tics. A representative layout of a third-order filter is provided
in Fig. 11. Each filter was based on a 0.1 dB-ripple Cheby-
shev response with a center frequency of 10 GHz; the design
parameters are given in Table I. The length of each section is
slightly less than 90at 10 GHz (2800 versus 2940m, using
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TABLE I
CHARACTERISTICS OFFOUR 10-GHz CPW EDGE-COUPLED BANDPASS FILTERS. THE SUBSTRATE IS 400-�m-THICK HIGH—RESISTIVITY

(> 1500
-cm) SILICON (" = 11:7) AND THE METAL IS Cr/Ag/Cr/Au WITH A TOTAL THICKNESS OF1 �m. IL IS THE MINIMUM MEASURED

IN-BAND INSERTIONLOSS. ALL DIMENSIONS ARE GIVEN IN MICROMETERS

Fig. 12. MeasuredS for the four CPW edge-coupled filters listed in Table I.

to compensate for the short transition between sec-
tions. Otherwise, no compensation, such as for end-effect re-
actance, was included. The filters were fabricated on a bare
400- m-thick high-resistivity silicon wafer -cm)
using a Cr/Ag/Cr/Au metallization with a total thickness of 1

m. In order to approximate the finite substrate condition as-
sumed in the SDIE simulations, the circuits were supported on
mounts that provided a 1-mm air gap between the substrate and
the wafer probe-station chuck during on-wafer testing.

A comparison of measured data of the four filters is given
in Fig. 12. The minimum insertion loss ranges from 2.2 to 5.4 dB
as the bandwidth decreases from 20% to 5%. Identical designs
scaled in length for operation at 20 GHz showed 0.2–0.5 dB
improvement in the loss, owing to a decrease in the metal skin
depth (1 m translates into 1.5 skin depths at 10 GHz, using the
metal system described above). The return loss for all designs
was greater than 15 dB in the passband. Broadband characteris-
tics for the fifth-order filter are shown in Fig. 13.

Greater symmetry in the filter frequency response can be
achieved by modifying the coupling-section interconnects from
the approach shown in Fig. 11. The outside-in configuration
used for the interior sections leads to a slight tilting of the pass-
band and an enhanced notch on the right side of the skirt;
this effect is evident in the response of the 10% and 5% band-
width filters shown in Fig. 12. While the increased notch may

Fig. 13. MeasuredS-parameters for the fifth-order filter listed in Table I.

be desirable in applications such as image frequency rejection,
it is also possible to remove the asymmetry by reconfiguring
the interior sections to be in the inside-out arrangement. This
change is affected in a third-order (four-section) filter by
connecting the outer slot of section 1 (4) to the inner slot of
section 2 (3), rather than connecting the outer slots together.
The approach was verified using full-wave simulations, from
which it was also found that the rejection at improved.

VII. SUMMARY

A new technique for the design of narrow-band edge-coupled
CPW bandpass filters has been described. Given the even/odd
characteristics of the coupled-slot sections, and following a
single constraint to maintain equality in the image impedance
at each port, it was shown that the standard coupled-strip
design equations are applicable to the dual geometry. The
topology has compact lateral dimensions, requires no extrinsic
ground plane equalization, e.g., air-bridges, and is relatively
free of discontinuity effects. These factors simplify design and
fabrication in comparison to alternative topologies comprised
of shunt stubs or open-circuited discontinuities. It is believed
that the design curves presented in this paper are suitable for
filter center frequencies to at least 40 GHz.
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