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Coplanar Waveguide Bandpass Filter—

A Ribbon-of-Brick-Wall Design
Fang-Lib Lin, Chien-Wen Chiu, and Ruey-Beei Wu, Member, IEEE

Abstract— This paper proposes a novel ribbon-of-brick-wall

design of the coplanar waveguide bandpass filter which is built

from cascading several sections of quarter wavelength open-

end series stubs. The design originates from modeling the series

stub as a system of two asymmetrically coupled transmission
tines, which is then made equivalent to a basic filter element
of admittance inverter. The relationship between the parameters

of the coupled transmission lines and the admittance inverter is
derived and the design charts are provided for the convenience
of the designers. Systematic procedure is established to design

the Chebyshev filter, which is also fabricated and measured. In
addition, the quasistatic equivalent lumped circuit models of the
discontinuities formed between two sections are evaluated and in-

corporated into the circuit simtdation to get better prediction for

the filter performance. The good agreement between simulation
results and experimental data justifies the design procedure and

validates the present analysis approach.

I. INTRODUCTION

A S THE system operating frequency becomes higher and

higher, CPW’s are increasingly used as transmission

lines in MIC and MMIC design. Owing to the uni-planar

feature, CPW offers several advantages over its counter-

part-microstrip line, such as easy serie; and shunt connection,

no via hole, insensitive to the substrate thickness, and low

dispersive effects. In spite of these advantages, applications

of CPW, especially for filters, are not so widely as expected

because the lack of design data and accurate equivalent circuit

model for discontinuities.

In 1976, Houdart [1] proposed the CPW open-end and

short-end series stubs and which may be used in the filter

design. The two stubs were modeled as a series capacitor

and inductor respectively, which are too simple to predict

properly the electrical properties. In 1991, Dib et al. [2] applied

the space-domain full-wallwave integral equation to calculate

the scattering parameters of the stubs. From the computation

results, they used curve-fitting technique to get the equivalent

circuit models. Their models can provide better accuracy but

the elements in the models are too complicated to convey

reasonable physical meaning. Similarly, Rayit et al. [3] used

the simulator em to calculate the scattering parameters but

suggested another equivalent circuit models. Since the circuit

model is not enough to realize the filter, they also employed the

open-end or short-end shunt stubs. As a result, their filter con-.
sumes a large layout area and requires additional air bridges.
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Fig. 1. A ribbon-of-brick-wall CPW bandpass filter.

A few structures were experimentally employed and pre-

sented to implement the CPW filter. In 1983, Walliatns et

al. [4] proposed a CPW end-coupled filter using CPW gap

or interdigital capacitances as admittance inverters to realize

the filter. However, the gap capacitance is usually not large

enough for the design of filters, especially wideband bandpass

filters. Nguyen [5] suggested the broadside-coupled coplanar

waveguide to achieve wide-bandwidth but the main advantages

due to the uni-planar feature of CPW will be destroyed.

Recently, Chartg et al. [6] used the CPW shunt inductor as the

impedance inverter to realize the band pass filter. The filter

occupies larger area due to the shunt stubs and consequently,

is not satisfactory in MIC and MMIC which always require

high density to reduce the circuit cost.

This paper proposes the design of a novel ribbon-of-brick-

wall coplanar waveguide bandpass filter which requires only

one metallization plane and is compact in size. The filter

is built from cascading several sections of quarter wave-

length open-end series stubs. In Section II, a distributed

circuit consisting of two asymmetrically coupled CPW”s is

proposed to model the stub section. By applying the coupled

transmission line theory, the stub is made equivalent to an

admittance inverter for the filter design in Section III. The

effects of the discontinuities formed in the joint of two stub

sections are considered in Section IV. They are modeled by

lumped capacitances and inductances and are incorporated

with the distributed coupled CPW sections to simulate the filter

performance. Section V illustrates the design procedure for a

Chebyshev type bandpass filter in accordance with the given

specifications and presents the measurement results. Finally,

some brief conclusions are drawn in Section VI.

II. COUPLED TRANSMISSION LINES

MODEL FOR AN OPEN-END SERIES STUB

Fig. 1 shows the basic layout pattern of the proposed

bandpass filter, which looks like a Qbbon of &ick ~yalls

(RBW). The building element of the RBW filter is a quatier-
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Fig. 2. CPW open-end series stub: (a) layout pattern, (b) cross-section of
the coupling region, and (c) equivalent model.

wavelength CPW open-end series stub shown in Fig. 2(a). The

cross section of the stub element is shown in Fig. 2(b). To

begin with, the effects of discontinuities between adjacent stub

sections are neglected for simplified analysis. In other words,

the connections of lines I and III, 11 and IV are treated as

ideally short, while the gaps between lines II and III, I and IV

are treated as ideally open. In light of the mutual coupling

between lines I and II, the stub element is modeled as a

section of two asymmetrically coupled parallel transmission

lines shown in Fig. 2(c).

The coupled transmission lines are made of two coplanar

CPW’S in parallel. Characterization of the coupled CPW’s

requires the capacitance and inductance matrices. The vari-

ational formulation proposed in [7] is generalized here for the

capacitance calculation. Let VI and V2 be the voltages on the

strips I and 11 with respect to the ground conductors. By the

circuit theory, the total electric energy per unit length can be

expressed as

we = $(71 IV; + ;C12V; + C’12V1V2 (1)

where Cl 1, L’zz, and C12 ( <O) are the elements in the capac-
itance matrix [C]. On the other hand, it can be obtained by

employing the field theory, i.e., [7]

we=: H2 slot .,., ‘(I$-J[)
. M(z)kf(d) (h f-h’ (2)

where Al is the equivalent magnetic current along the slot

and G is the associated two-dimensional Green’s function of

the CPW structure. Note that the equivalent magnetic current

should satisfy the constraint that its path integral over a certain

slot equals the voltage drop between the two conductors on

both sides of the slot.

v,(o) I

O.c.

4 e
—4
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Fig. 3. (a) Asymmetrical coupled transmission lines, (b) admittance inverter,
and (c) further approximated equivalent circuit.

The constrained variational (2) can be solved to yield the

magnetic current distribution subject to imposed voltages V1

and Vz. The resultant total electric energy gives a realization

of the desired capacitances by (l). Choosing three different

combinations of the imposed voltages, one can extract the

capacitance matrix [C] of the coupled lines. The inductance

matrix is then calculated from the capacitance matrix by

[L] = (1/v~) [Co]’1 where VO is the light velocity in vacuum

and [Co] is the capacitance matrix for the same structure but

with the substrate replaced by the free space [8].

Let V(z) and ~(,z) denote the vectors of voltages and cur-

rents, respectively, along the coupled transmission lines shown

in Fig. 3(a). By employing the modal decomposition approach

[9], the impedance matrix of the two coupled transmission

lines can be derived to be

m(o)1
~P(l)j =

[
+vi@ocot @Mv]~ j[Mv]~o Csc @L4+#

–j[Mv]zo Csc R[Mv]~ j[fl’$l]zo cot zl[k!v]~ 1
f 1I(0)

7(1)
(3)

where the diagonal matrices

~ = Diag{ki}; ~0 = Diag{Zo, i}; z = 1, 2 (4)

consist of the propagation constants and characteristic im-

pedances of the two modes, respectively, and the voltage

transmission matrix

‘Mv]= E::: 21 (5)

is the eigenmatrix of [L] . [C].
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Under the first-order approximation that the two floating

ends shown in Fig. 3(a) are ideally open and the propagation

constants of two modes are nearly the same, i.e., 11(1) =

12(0) = O, kll Q kzl = M, then (3) becomes

KN=[–jzll cot M jz~z Csc kl

–jz~~ Csc kl jz~~ cot Ikl1
[1- 11(0)

12(1)
(6)

where

-%q = Z’0, l#pl#ql + .zO, 2#’p2f#q2 P, (7 = 1, 2. (7)

III. EQUIVALENT ADMITTANCE

INVERTER AND DESIGN CHARTS

The asymmetrically coupled transmission lines with two

open ends shown in Fig. 3(a) can be made equivalent to an

admittance inverter shown in Fig. 3(b) which is essential in

the filter design [10]. The impedance matrix of the inverter

circuit can be derived, but with a lengthy expression. In case

that M ~ T/2, it can be greatly simplified to give

[1Vi(o) ~

V2(1) –

[

–jZA(J2ZAZB + 1) cot kl jJZAZB

–jJZAZB jZB(J2ZAZB + 1) cot kl 1
[111(0)

12(1)
(8)

This can be compared with (6) where csc M ~ 1 to yield the

equivalence relationship

Z12 = JZAZB;

Zll = ZA(J2ZAZB + 1);

Z22 = ZB(J2ZAZB + 1). (9)

For convenience sake, it is better to use the transmission

lines of same characteristic impedance in the filter design. The

inverter circuit shown in Fig. 3(b) can be further approximated

by the circuit shown in Fig. 3(c) with Zo = ~~. Then

the equivalence between Fig. 3(a) and (c) can be established

based on (9). Two parameters are defined for asymmetri-

cally coupled transmission lines and are related to the two

parameters of the inverter circuit by

a.. = - = Z4J2-Z:+ 1)z

ZI’2
KA12 =

JZO

VzTz2= J’%+1”
(lo)

Physically, they can be interpreted as the average impedance

and coupling coefficient of the coupled transmission lines

system, respectively.

It is ready to design the bandpass filter based on the
above equivalence relationship. Given the specifications of the

bandpass filter, one can determine the parameter Z. J of each

section from the design equations [11], [12] and then the values
of KA,2 and Z.Vg from (10). The remaining problem is how

to choose efficiently a suitable geometry of the coupled CPW’S

which can implement the desired values of KA / 2 and Z~~g.

zavg/G

I-’’’ r’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’’”.63 ATT

ZavgJ-m
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KAL?
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KAE
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Fig. 4. Design charts for coupled CPW’s in the absence of substrate (c, =
1) with fixed parameter (a) K = 0.3 and (b) K = 0.6.

Consider the cross section of the coupled CPW’S shown in

Fig. 2(b). It is advantageous to define three structure param-

eters by

where O < f, K, q < 1. Each combination of g, K, q corre-

sponds to a particular structure of coupled CPW’s, for which

the matrices [C], [L], [Lfv], and ~o can be calculated to obtain

the parameters KA12 and Z~~g by (10). using KAJ2 ~d

z . . . . @ as the x- and g-axes, respectively, a series of
design charts can be constructed by varying the g, K, q values.

Fig. 4 shows two examples of design charts for the coupled

CPW’S with the parameter K fixed at 0.3 and 0.6, respectively,

in the absence of the substrate (er = 1). The desired dimension
parameters for given KA/2 and Zaug can be read fronfl the

design charts directly.
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Fig. 6. E@ivalent circuit of the whole filter.

In the presence of the substrate, the design charts may

differ from those in Fig. 4 by a slight shift. Nonetheless, the

substrate-free design charts in Fig. 4 are helpful in locating

the desired physical dimensions for a given Z avg and KA12.

One can estimate the shift value and incorporate it into the

design charts to obtain good approximates of< and II.

IV. ANALYSIS ANO SIMULATION FOR DISCONTINUITY EFFECTS

The bandpass filter shown in Fig. 1 is built from cascading

several identical sections of open-end series stubs. Disconti-

nuhies including the gap and step change are formed at the

joints of the sections. They should be modeled properly in

order to get better prediction of the filter performance. A

closer look of the bandpass filter reveals that the discontinuities

fall into three basic categories, With the size much smaller

than a wavelength, the discontinuities can be represented

in terms of lumped capacitances and inductances under the

quasistatic approximation. Fig. 5 shows the three categories of

the discontinuities and the corresponding equivalent circuits.

The discontinuity structure shown in Fig. 5(a) happens at

the joint of the feeding CPW and the stub section. The gap

between the two conductors I and III will cause a substantial

charge accumulation near the open end. The resultant electric

flux linkages exist partly between the two conductors and

partly from the two conductors to the ground conductor,

which are modeled by the capacitances C13, c11, and C’33,

respectively. In addition, there is a step change in width

between the two conductors I and II. The redistribution of the

current flow near the step change results in additional magnetic

flux which can be modeled by a discontinuity inductance.

Note that the lumped inductance L12 in Fig. 5(a) includes not

only the discontinuity inductance but also the transmission line

inductance of a small length between the two reference planes

B and B’.

Fig. 5(b) shows the discontinuity structure formed at the

junction between the first and second, and similarly the third

and fourth, sections. The lumped capacitance G’13 represents

the capacitive coupling between the two conductors I and III

due to the presence of the gap. The flux linkages flowing from

the two conductors to the conductor II-II’ are modeled by the

capacitances Cl 1 and C33, respectively. Due to the choice of

the reference planes, there is a lumped inductance ~13 for the

transmission line in between. Note that the gap capacitances

here are approximately calculated by treating all the regions

outside the conductor II-II’ as ground. Similar modeling can

be employed for the discontinuity structure shown in Fig. 5(c)

due to the junction between the second and third stub sections.

It is worthy mentioning that the conductors II and II’ have two
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Fig. 7. Simulation results for a periodic RBW filter with aud without consid-

ering dkcontinuity effects. Measured data are also included for comprurison.

signal strips. Hence, the equivalent capacitances of the two

associated gaps should be shunt connected to form the desired

lumped capacitances CM, Cll, and CM in the equivalent

circuit.

Efficient numerical techniques have been established to

extract the equivalent capacitances and inductances of the

discontinuities. The capacitance calculation is based on the

variational formulation proposed in [7], which has been gen-

eralized to deal with multiple ports. The inductances are

calculated indirectly. A coplanar strip (CPS) structure lcom-

plementary to the CPW discontinuity is established. Then, the

equivalent CPS capacitances are solved and from whiclh the

desired CPW inductances can be obtained [13].

The equivalent circuits of the discontinuities shown in Fig. 5

can be incorporated with the coupled transmission lines models

of the stub sections shown in Fig. 2(c) to form a complete

circuit of the whole bandpass filter. For example, Fig. 6 s’hews

the complete circuit of the four-section bandpass filter shown

in Fig. 1. All the circuit elements contain physical meaning

such that circuit simulation can be performed to examine the

detailed filter response.

Fig, 7 shows the simulation results with and without con-

sidering discontinuity effects, which are compared with the
experimental data. The filter is fabricated on a substrate with

a relative dielectric constant of 4.2 and height of 1.45 mm.

The feeding and output CPW’s have characteristic impedance

of 20 = 50 Q. The measurements are calibrated carefully

by the TRL (Thru-Reflect-Line) method [14]. It can be seen

that the discontinuity effects will shift the response toward
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Fig. 8. Simulation results with and without considering discontinuity effects

and measured data for a periodic RBW filter with narrower line width.

the lower frequency and distort the behavior at the higher

frequency portion. With the discontinuities properly modeled,

the simulation results resemble the experimental data and can

reasonably account for the irregular behavior of the response

at the higher frequency portion. The dips occur near the upper

band can be contributed to the additional poles produced by

the extra coupling at the gap between resonators [15].

The frequency shift due to the presence of discontinuities

can be offset by suitably shortening the section length. Fig. 8

shows the transmission coefficient of a bandpass filter which

is similar to that in Fig. 7 b~t with a shorter section length, a

slightly larger gap width, and all other dimensions shrunken

by about 60%. The pass band is now roughly centered at

5 GHz after the simple compensation. Due to the choice of

narrower lines, the discontinuities have smaller capacitances

and inductances and consequently, exhibit smaller effects. It

is also noted that the two filters, although quite similar, suffer

from substantially different discontinuity effects near the upper

band. Nonetheless, the present simulation can successfully

predict the filter performance with the discontinuities suitably

modeled by lumped capacitances and inductances.

V. ILLUSTRATIVE EXAMPLE OF CHEBYSHEV FILTER DESIGN

Once the stub sections and the junction discontinuities

can be suitably analyzed, modeled, and simulated, the CPW

bandpass filters can be successfully designed subject to the

desired specifications. The design procedure can be better

illustrated by a design example of the bandpass filter on a

substrate of height 1.45 mm and dielectric constant G = 4.2.

The feeding CPW is a 50 Q line and has the dimensions of

signal strip width 3.0 mm and slot width 0.34 mm, for which

the effective dielectric constant is 6. ~~ = 2.25. The desired

filter specifications are

* pass band from 4–6 GHz

● ripple in the pass band 0.01 dB

● attenuation at least 20 dB at .fl = 2.4 GHz.

The step-by-step design procedure is listed as follows.

1)

2)

3)

4)

5)

6)

The filter has the center frequency jO = 5 GHz and

fractional bandwidth A = 40T0. The order N can be

determined from the relations [10]

0.01 =10 log(l + k2)

20<10 log [1 + k2T; (Jl)]

~ 10 log {1 + k2 cosh2 [N cosh-l (til)]} (12)

where ~1 - (1/A) l(.fl/.f~) – (.f~/.fl)l and TN(z) is the

Nth order Chebyshev polynomial, For the present case,

k2 = 0,0023, ~1 = 4,0, and the order should be at least

N = 3. Hence, the filter should include four sections of

open-end series stubs.

The low-pass prototype filter can be found by some

simple equations [10, p. 597] from the given kz and N.

The element values are gl = g~ = 0.629 and g2 = gq =

0.970.

By the design equations [12, p. 516], the values of the

parameter J .20 are 1.000 for the first and fourth stub

sections and 0.804 for the second and third stub sections.

The parameters (Z.ug, KAp) of the coupled CPW’S
obtained by (10) are (100 Q 0.5) for the first and fourth

sections and (82.30, 0.488) for the second and third

sections.

Now, it is desired to find the physical dimensions

(s1, dl, s2, d2) of the coupled CPW’S. By choosing a
certain dimension fixed, say S2 = 3.0 mm, the problem

is reduced to the decision of the parameters (&, ~, K.).

For the first and fourth sections, the desired parameters

are Z.vg . ~ = 150 and KA12 = 0.5. Consulting

the design chart Fig. 4(a) with fixed K = 0.3 yields

the parameters & = 0.660 and q = 0.585. However,

the transmission lines analysis for the coupled CPW’s

with such dimensions yields the actual values of Zaog .

~ = 147.5 and KA,2 = 0.525. The discrepancy
can be compensated by consulting Fig. 4(a) again for

the corrections AC and Aq under a linear interpolation.

The resultant parameters are f = 0.646 and q = 0.696.

Similar approach can be employed for the second and

third sections. The design chart Fig. 4(b) with K = 0.6 is

more appropriate for this case. The other two parameters

are found to be < = 0.740 and v = 0.839.

The section length is close to a quarter wavelength

at the center frequency, i.e., 1 = WO/(4~0 =) =
10 mm. Trim off each stub section at both sides by a

suitable amount, say 7~o, to form the gaps. The lumped

circuit models of the discontinuities is then calculated to
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7)

establish the complete circuit of the filter. The detailed

frequency response can be simulated to inspect the filter

performance.

Adjust the geometry dimensions, especially the section

length and gap width, to compensate the discontinuity

effects for optimal response. After several simulations,

the section length of the coupled CPW’S is chosen to be

9.8 mm. The signal strips in each section are trimmed

by 0.6 mm at both sides to form the gaps.

The final circuit layout is shown in Fig. 9(a). The filter

is fabricated and measured after a careful TRL calibration.

Fig. 9(b) shows the simulation results and the measured data

for the transmission coefficient IS,1 I of this filter. Fig. 9(c)

shows the phase of S21. The measured and simulation results

are in good agreement and both justify that the filter response

follows the specifications in the stop band. Fig. 9(d) shows

the measurement and simulation results for the reflection

coefficient IS111. It is found that the present design also
provides reasonable filter performance in the pass band.

VI. CONCLUSION

This paper proposes a novel ribbon-of-brick-wall type

coplanar waveguide bandpass filters which is compact in

size and strictly uni-planar-requiring only one metallization

plane and no air bridge. The design, analysis, simulation,

and measurement techniques are presented for complete

investigation of the RBW filter. The design originates from

a new modeling of the open-end series stub in terms of

asymmetrically coupled CPW’s. Equivalence between the

coupled CPW’s and the admittance inverter is derived and

drawn into some convenient design charts. By consulting the

design charts, one can determine the geometric dimensions

of all the stub sections to implement the desired admittance

inverter and thus fulfill the bandpass filter design.

The discontinuities due to the stub junctions are modeled by

lumped capacitances and inductances, which are calculated by

employing efficient numerical techniques. A complete circuit

consisting of coupled transmission lines models for the stub

sections and lumped models for the junction discontinuities
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is established to simulate the filter response. The simulation

results can further aid in the adjustment of some dimensions,

especially the section length and the gap width, to achieve a

more successful design.

Some bandpass filter are fabricated to measure the scat-

tering parameters. Good agreement between the measurement

and simulation results validates the accuracy of the present

modeling and analysis techniques. The measurement results

also demonstrate that the proposed design procedure can suc-

cessfully implement the RBW bandpass filter with satisfactory

performance.
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