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Abstract—Novel inline coplanar-waveguide (CPW) bandpass
filters composed of quarter-wavelength stepped-impedance res-
onators are proposed, using loaded air-bridge enhanced capacitors
and broadside-coupled microstrip-to-CPW transition structures
for both wideband spurious suppression and size miniaturization.
First, by suitably designing the loaded capacitor implemented by
enhancing the air bridges printed over the CPW structure and
the resonator parameters, the lower order spurious passbands
of the proposed filter may effectively be suppressed. Next, by
adopting the broadside-coupled microstrip-to-CPW transitions as
the fed structures to provide required input and output coupling
capacitances and high attenuation level in the upper stopband,
the filter with suppressed higher order spurious responses may
be achieved. In this study, two second- and fourth-order inline
bandpass filters with wide rejection band are implemented and
thoughtfully examined. Specifically, the proposed second-order
filter has its stopband extended up to 13 3 0, where 0 stands
for the passband center frequency, and the fourth-order filter
even possesses better stopband up to 19 04 0 with a satisfactory
rejection greater than 30 dB.

Index Terms—Air bridge, bandpass filter, coplanar waveguide
(CPW), microstrip, quarter-wavelength resonator, spurious sup-
pression, stepped-impedance resonator (SIR).

I. INTRODUCTION

COPLANAR WAVEGUIDE (CPW) as one type of pop-
ular guided structures [1] has received much attention in

the field of bandpass-filter design. Comparing with other planar
transmission-line configurations, such as microstrip lines, the
CPW permits easier integration of both series and shunt com-
ponents since its grounds are located on the same surface as
the signal line. It also possesses the features such as low dis-
persion, easy fabrication of short-circuited elements, and insen-
sitivity to the substrate thickness, etc. With such advantages,
the CPW turns into an admirable candidate for microwave filter
implementation.
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Over the past few years, a considerable amount of studies
have been made on the development of CPW bandpass filters.
Capacitively end-coupled half-wavelength resonator fil-
ters built in the CPW by excavating gaps in the center conductor
were investigated in [2]. To circumvent the high radiation loss
produced from the gaps, inductively direct-coupled bandpass
filters [3], [4] were demonstrated by means of patterning a
thin strip across the center conductor to join the grounds.
The CPW filters with attenuation poles for improved
skirt selectivity were proposed both in [5] by using tapped
feeds for input/output and interstage couplings and in [6] by
rearranging the meander-line interval and shape to introduce
cross coupling. Since these filters are principally based on
uniform-impedance resonators, their spurious passbands are
observed around multiples of the passband center frequency

.
For the purposes of size miniaturization and pushing the

first spurious passband higher, quarter-wavelength res-
onators are adopted in CPW filter design. The tapped-feed
combline-type bandpass filters using the CPW resonators
were presented in 1995 [7]. Distinct from the conventional
combline-type configuration, the CPW resonators with
two ends driven by series-capacitive and shunt-inductive
coupling elements [8] were designed into hairpin shapes to
implement a miniaturized end-coupled filter owning multiple
passes. Furthermore, originated from the transmission-line
stepped-impedance resonators (SIRs), which are composed
of transmission lines (TLs) with different characteristic im-
pedances [9], the SIR inline CPW filter was proposed
in [10] on the basis of a conventional filter designed with
impedance inverters. As regards the spurious passbands, the
filters consisting of resonators have the higher order reso-
nances occurring around , instead of

for the ones made of resonators.
Since the filters composed of distributed elements inevitably

come into existence of unwanted spurious responses in the
upper frequency band, which may degrade the filter perfor-
mance in rejecting the out-of-band interference, numerous
attempts have been made using various techniques [11]–[14] to
break away from those annoying spurious passbands. By means
of proper tappings at both input and output resonators, two
independent notches can be created at specified frequencies,
thereby neutralizing the spurious passbands [11]. Only those
bandpass filters with tapped input/output feeds may take advan-
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Fig. 1. Three-dimensional physical layout of the proposed second-order in-
line CPW bandpass filter loaded by air-bridge enhanced capacitors and fed by
microstrip-to-CPW transition structures for wideband rejection.

tage of these notches to suppress the spurious responses. For the
sake of removing the second harmonic response of con-
ventional microstrip parallel coupled-line filters, omnigenous
notions to equalize the even- and odd-mode velocities were
reported [12]–[14] such as perturbing the shapes of couple-line
sections, employing the suspended coupled microstrips on a
substrate with a proper suspension height, etc. By using various
dissimilar SIRs, wide-stopband filters may be accom-
plished [15]. However, the utilization of dissimilar resonators
for spurious suppression demands long tuning period and
destructs the symmetry of the whole filter structure.

Up to now, the focus of the published literature was mainly
on the improvement of the out-of-band attenuation performance
of microstrip-type filters. Little attention has been drawn to
the spurious-suppression methods suitable for filters of CPW
type [16], [17], especially to those adequate for the inline CPW
bandpass filter. The particular pattern of via-holes was used
in the double-surface CPW filter [16] to reduce the spurious
responses. Another four-pole bandpass filter was introduced in
[17] using the two asymmetric parallel-coupled CPW stages
at the input/output terminated ends to generate the two sepa-
rated transmission zeros for cancelling the harmonic passband
occurring at .

As mentioned above, very few published documents were
reported to achieve wide rejection band and effective sup-
pression of the spurious passbands, especially for the inline
CPW bandpass filter design. In this paper, novel inline CPW
bandpass filters with very wide rejection band are proposed.
The proposed filter configuration is composed of CPW
SIRs, which are loaded by the air-bridge enhanced capacitors
for lower order spurious suppression, as well as size reduction,
and are coupled to the input/output ports through the mi-
crostrip-to-CPW transition structures for higher order spurious
attenuation. Fig. 1 shows one demonstration of a proposed
second-order inline CPW filter for wide stopband performance.
The loaded lumped-element capacitors are implemented by
means of enhancing the air-bridge strips printed over the
CPW structure. By properly adjusting the loaded capacitors,
the odd-number spurious passbands of proposed filters may
essentially be destructed. Moreover, the transmission zero

Fig. 2. Equivalent transmission-line model of the proposed �=4 SIR loaded
by a lumped-element capacitor (Y = 1=Z ; Y = 1=Z ; R = Z =Z =

Y =Y ).

inherently associated with the air-bridge enhanced capacitors
may suitably be allocated to cancel the second spurious pass-
band, thereby effectively suppressing the lower order spurious
passbands. In addition, by adopting the broadside-coupled mi-
crostrip-to-CPW transitions as the input/output fed structures so
as to provide required input/output capacitive couplings at the
passband and also to give a high attenuation level in the upper
stopband, the remaining unsuppressed higher order spurious
passbands of proposed filter may effectively be attenuated. In
this study, the concepts of spurious destruction, lower order
spurious cancellation, and higher order spurious attenuation
are demonstrated by the full-wave simulation of a proposed
second-order filter. By making full use of the above-mentioned
spurious-suppression mechanisms, second- and fourth-order
inline CPW bandpass filters are implemented with the stop-
bands extended up to and .

II. SIRS LOADED BY AIR-BRIDGE ENHANCED CAPACITORS

A. Resonance Condition

The equivalent transmission-line model of the proposed
SIR loaded by a lumped-element capacitor is shown in Fig. 2.
The resonator is composed of two transmission-line sections
with unequal characteristic impedances. The section with
open-circuited termination has a characteristic impedance
and electrical length , while the section with short-circuited
termination owns characteristic impedance and electrical
length . A lumped-element capacitor with capacitance is
attached between the two sections. For this proposed resonator,
the input admittance seen from the open-end side and the
input impedance seen form the short-end side are simply
given by

(1)

(2)

where denotes the susceptance of the loaded capac-
itor. The proposed resonator (Fig. 2) exhibits parallel or series
resonances when or , both leading to the res-
onance condition

(3)

where represents the impedance ratio
between low- and high-impedance sections. With the aid of the
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Fig. 3. Normalized length versus the length ratio with C (in picofarads) as
parameters.

simple (3), the fundamental and higher order resonant frequen-
cies may easily be calculated. Note that these results reduce to
those in [9] when , as expected.

To demonstrate the effect of the loaded capacitor,
Fig. 3 shows the relationship between the length ratio

and the normalized resonator length
for . Here, the value of

has been fixed to be 50 and the center frequency is
set to be 1.5 GHz to facilitate the calculation. One can easily
observe from Fig. 3 that the larger the capacitance, the more
evident the capacitor reduces the normalized length. Equiv-
alently, the size of the proposed resonator may be reduced
by simply increasing the loaded capacitor without requiring
large impedance difference between low- and high-impedance
sections. It is known that a very low impedance ratio sometimes
is not achievable under the fabrication process limit since
low requires extremely wide or narrow metal-strip width.
Wide metal-strip width may cause transverse resonance, while
narrow metal-strip width may increase the conductor loss. With
the aid of our proposed resonator, the requirement of enforcing
low for resonator miniaturization may be prevented.

B. Physical Realization and Model Extraction

Bond wires or air bridges are common in CPW design for
suppressing the unwanted modes such as the slot-line mode.
Thin wires are usually introduced to keep original circuits
unperturbed. The loaded capacitor for the proposed resonator
can simply be implemented by enhancing the conventional
air bridges. The three-dimensional physical realization and
the top-/bottom-plane layouts of the proposed SIR loaded
by air-bridge enhanced capacitor are shown in Fig. 4(a) and
(b). The physical widths and are determined by the
impedance ratio of the resonator, while the lengths and

are governed by the length ratio. By employing a metal
strip printed over the CPW structure and connecting two ends
of the strip to CPW grounds through via-holes, an air-bridge
enhanced capacitor can be constructed. The strip not only plays
the role of suppressing the unwanted modes, but also serves as

Fig. 4. (a) Three-dimensional physical layout. (b) Top-/bottom-plane layouts
of the proposed CPW �=4 SIR loaded by air-bridge enhanced capacitor with di-
mensions labeled (W = 1:02; G = 1:27;W = 6:35;G = 0:51;W =
11:56;D = 1:78).

a shunt capacitor across the middle of SIR. As observed from
Fig. 4, the region formed by the CPW center conductor and
the metal strip of the air-bridge span provides the metal–insu-
lator–metal capacitance. However, due to the fringing effect,
step discontinuity, and some parasitic effects, this structure
becomes too complicated to be analyzed.

Although the use of via-holes is somewhat of a drawback, in-
dustry may build large number of via-holes without adding too
much cost and complexity in the modern fabrication process.
Alternatively, the use of via-holes provides the advantage that
facilitates the designers to extend microwave components from
planar structure to three-dimensional topology. Therefore, the
occupied size of components may become miniaturized, as ex-
pected. In this study, by making good use of via-holes, one may
build loaded capacitors in the CPW structure with satisfactory
large capacitance.

Actually, the enhanced air-bridge structure behaves capaci-
tive at lower frequency band, but resonates at higher frequency.
The lumped-element model shown in Fig. 5(a) may be adopted
to characterize this structure by setting two ports at low- and
high-impedance lines separately. The inductors , , and
capacitors are contributed by discontinuity effects. The
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Fig. 5. (a) Lumped-element model. (b) Simplified RLC resonator model of the
proposed air-bridge enhanced capacitor.

kernel portion of the enhanced air bridge is modeled by the cou-
pling capacitor and the LC resonant tank ( and ). Each
element value for this model may be extracted from full-wave
simulated scattering parameters through optimization. Since
the enhanced air bridge behaves like a series resonator, it can
approximately be modeled as a series RLC resonator, as shown
in Fig. 5(b). As a matter of fact, the model in Fig. 5(a) may
show better agreement with the real structure, but its applica-
tion will be restricted. Accordingly, the simplified model [see
Fig. 5(b)] is used in the following discussion. In the beginning,
the approximate parameters for the simplified series resonator
model may be extracted using the equations given in [18]. The
relationship between the transmission coefficient and
and may be expressed as

(4)

From (4), one may evaluate the values of and , as
given by

(5a)

(5b)

where represents the series resonant frequency,
, and and are the frequencies at which

.
Fig. 6 illustrates the comparison between full-wave simu-

lated and simplified model results including the transmission
coefficient and the imaginary part of “ ,” which is one of the

-matrix parameters. The air-bridge enhanced struc-
ture is fabricated on a Rogers RO4003 substrate of thickness
0.508 mm, dielectric constant 3.38, metal thickness 17 m,
and loss tangent 0.0027. The diameter of via-holes is 1 mm.
The dimensions for the simulated structure are annotated in
Fig. 4. The extracted element values of the simplified model are

nH and pF. Note that the responses
for full-wave simulation and a simplified model coincide well
over a wide frequency range. In the lower frequency band, this
simplified model may be reduced to only a capacitor left
since the inductor will be of minor significance. Therefore,

Fig. 6. Comparison of the results, for the structure shown in Fig. 4(a), from
full-wave simulation and a simplified model. Here, C represents one of the
ABCD-matrix parameters of the structure.

Fig. 7. Top-/bottom-plane layouts of the broadside-coupled microstrip-to-
CPW transition for higher order spurious attenuation with W to be adjusted.
(W = 1:12; D = 1:1;W = 6:35;G = 0:51, the substrate thickness
h = 0:508, the dielectric constant " = 3:38).

the equivalent loaded capacitance of this structure approxi-
mately equals . The related simulated result of using only
is also included in Fig. 6 for comparison.

III. BROADSIDE-COUPLED MICROSTRIP-TO-CPW
TRANSITION STRUCTURE

A broadside-coupled microstrip-to-CPW transition structure
[19], [20] is adopted to feed the proposed inline CPW bandpass
filter, as shown in Fig. 1. As a transition, this structure should
provide a broadband transmission behavior. However, as a fed
structure for the proposed CPW filter, it is only required to im-
plement the predetermined capacitive coupling level. Therefore,
the condition that the longitudinal coupled-strip length should
approximately equal half-wavelength is no longer of necessity.

For spurious suppression, the broadside-coupled mi-
crostrip-to-CPW transition structure should properly be
designed so as to provide required feeding capacitance
for the filter at the center frequency and to give a large insertion
loss in the higher frequency band. Shown in Fig. 7 is the
corresponding circuit layout fabricated on the 0.508-mm-thick
RO4003 substrate for higher order spurious suppression and
1.5-GHz filter application. Here, the conductor and slot widths
( and ) of the CPW portion are specified by the required
impedance for the SIR. The required metal–insulator–metal
capacitance essentially determines the coupled-strip length

between the microstrip and CPW after assigning
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Fig. 8. Simulated frequency responses of the structure in Fig. 7 for various
values ofW . (Unit: millimeters).

. The remaining dimension left to be
adjusted is with mm being fixed in characterizing
this structure. Fig. 8 depicts the four sets of full-wave simulated
frequency results under the selected dimensions for .

When just equals , a deep transmission notch occurs
at 26.64 GHz, which is the frequency at which becomes a
full-wavelength-long microstrip counterpart. Equivalently, the
length measured from the open end of the upper microstrip to
the feed-line center is equal to a half-wavelength. Physically,
this notch may be associated with the fundamental resonance of
a strip structure for which the oppositely directed vertical-cou-
pled electric-field distributions between the overlapped portion
of microstrip and CPW would be cancelled along the half-wave-
length resonator; thus, no signal would pass through this tran-
sition. As increases, the attenuation ability degrades gradu-
ally in the higher frequency band and the notch gets unobvious.
Note that the response around 1.5 GHz remains unaltered, im-
plying that the required capacitive coupling is almost unchanged
as is changed. Note that a critical value of 11.4 mm of
resulting in unfavorable rejection at high frequency over 25 GHz
is observed in Fig. 8. In other words, needs to be adjusted
for our specification of the rejection band. In this demonstrated
case, the optimal value of for a high rejection level at high
frequency ranges from 9.2 to 10.42 mm.

IV. FILTER DESIGN

For the proposed CPW filter with loaded air-bridge enhanced
capacitors, its design procedure needs to be clearly specified.
Based on the filter synthesis technique developed by Matthaei
et al. [21], the general design equations for the proposed

th-order filter, which is composed of SIRs together with
loaded capacitors, will systematically be established here.

Given the desired filter specification of center frequency
and factional bandwidth , Fig. 9 reveals the equivalent

circuit of our proposed bandpass filter of order loaded by
lumped-element capacitors. The filter is made of SIRs,
which are coupled alternatively to - and -inverters. Each
resonator is comprised of two joined transmission-line sections
with impedances and , and electrical lengths and

. The loaded capacitor for the resonator has a capacitance
. The equivalent circuits for the - and -inverter blocks

shown in Fig. 9 are presented in Fig. 10(a) and (b). Defining
and with and

given by (1) and (2), the susceptance and reactance slope
parameters can be obtained from their definitions as follows:

(6)

With the derived susceptance and reactance slope parameters,
one may express the filter design parameters as

(7)

where are the element values of the low-pass prototype
filter. With the - and -inverter values calculated from
(7), the corresponding capacitances, inductances, and electrical
lengths may be found using the formulas for the conventional
impedance and admittance inverters comprised of lumped and
transmission-line elements [22]. As a result, the complete de-
sign formulas for the inline bandpass filter with loaded
capacitors are established.

In this study, the -inverters at input and output stages will
be implemented by the broadside-coupled microstrip-to-CPW
transitions, as shown in Fig. 7, to provide suitable capacitive
coupling at low frequency and spurious attenuation at high fre-
quency. For the other values, they are all realized by using the
gap capacitors between the open ends of CPW SIRs, as shown in
Fig. 11(a). The -inverters are realized by the shunt inductors
implemented between the short ends of CPW SIRs, as shown in
Fig. 11(b). Note that the electrical length and may be
converted to physical CPW lengths denoted as and
through the propagation constants for different CPW imped-
ances and of resonators.

V. MECHANISMS OF WIDEBAND SPURIOUS-SUPPRESSION

A. Spurious Destruction

Very wide rejection band may potentially be achieved for
the inline coplanar filter when appropriate spurious-suppres-
sion mechanisms are used. Based on the second-order filter with
the equivalent circuit shown in Fig. 12, the concept for spu-
rious destruction will qualitatively be discussed. At center fre-
quency, the proposed filter (Fig. 12) is simply the cascade of
two SIRs loaded by capacitors. On the foundation of the theory
established by Matthaei et al. [21], an inline bandpass filter
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Fig. 9. Equivalent circuit of the proposed N th-order bandpass filter using �=4 SIRs with loaded lumped-element capacitors.

Fig. 10. (a) J-inverter network realized by series capacitor C .
(b) K-inverter network realized by shunt inductor L between res-
onators i and (i+ 1).

Fig. 11. Realizations of J- and K-inverters (capacitor and inductor) adopted
in the proposed CPW filter. (White region: slot. Gray region: conductor.)

Fig. 12. Equivalent circuit of the proposed second-order bandpass filter with
absence of odd-number spurious passbands.

using TLs as its distributed elements requires - and -in-
verters placed alternatively between the resonant elements to
produce a passband at a designated frequency. It implies that
once the placement of - and -inverters does not follow the
above-mentioned rule, the filter passband may be destructed. In-
stead of constructing the center passband, our proposed filter
does exactly the opposite to destruct the spurious passband at

. Our effort is to arrange an improper placement of - and
-inverters at first spurious passband on the basis of the second-

order filter. One can easily observe that there are four sections of

TABLE I
REQUIRED PARAMETERS FOR SECOND-ORDER BANDPASS FILTER SHOWN IN

FIG. 12 WITH ABSENCE OF ODD-NUMBER SPURIOUS PASSBANDS

TL in the second-order filter using capacitor-loaded SIRs. The
two loaded capacitors may be considered as another two

-inverters realized by shunt capacitors. By properly choosing
the values of , impedance ratio , and length ratio , the
first spurious resonance can be pushed up to the fre-
quency around . The frequency-dependent elec-
trical lengths and at will be times their
electrical lengths at , i.e.,

, under the assumption that the electrical lengths are
proportional to the frequency. Moreover, the capacitor-loaded
SIR must appropriately be designed to give and

, which are simultaneously close to 90 . As a re-
sult, after the absorption of electrical lengths from - and -in-
verters at , the second-order filter configuration designed at

behaves approximately like a cascade of -90 TL- -90
TL- -90 TL- -90 TL- , equivalently a fourth-order filter
with resonators at . Since the - and -inverters are
improperly arranged as expected, the spurious passband at
eventually will not appear.

A circuit-level simulation is conducted to demonstrate the
spurious-destruction technique. To this end, a second-order
filter is designed with center frequency GHz,
and 3-dB fractional bandwidth of 10% for Chebyshev re-
sponse. Choosing pF, ,
and , the corresponding electrical lengths of
resonators will be . The required design
parameters for the second-order filter evaluated from (7) are
listed in Table I. The calculated first five higher order spurious
resonances are at 6.44, 11.07, 16.2, 21.57, and 26.45 GHz
( and ), respectively,
as shown in Fig. 13 (bottom half). Since the and at
are 108.4 , which would be close to 90 after the absorption of
electrical lengths from the - and -inverters at , the con-
dition for resonance destruction is met. The circuit simulation
is carried out by AWR Microwave Office to get the frequency
responses presented in Fig. 13 (upper half). Apparently, over
the frequency range of 1.0–30 GHz, the filter only exhibits the
spurious passbands around and ,
while the passbands at and are
completely absent. In conclusion, the odd-number spurious
resonances ( etc.) will entirely be destructed due to
the notion of improper inverter arrangement.
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Fig. 13. Frequency responses of the proposed second-order filter (top half) de-
scribed in Table I and the corresponding ith spurious (harmonic) frequencies
denoted as f (bottom half).

Fig. 14. Curve to relate transmission-zero frequencies, inherently associated
with the air-bridge enhanced capacitor, to capacitor strip width W (Fig. 4).

B. Spurious Cancellation

A transmission zero is inherently created by the air-bridge
enhanced capacitor structures discussed in Section II. Adjusting
the dimensional sizes of strip, the transmission-zero position can
be moved downward or upward to the specified frequency point.
Based on the structure in Fig. 4 with all dimensions identical, ex-
cept for , the relation between the transmission-zero frequen-
cies inherently associated with the air-bridge enhanced capac-
itor and the capacitor strip width is plotted in Fig. 14. One
can easily observe that the wider the strip, the lower the trans-
mission-zero frequency. Intuitively, the related element values
of the simplified model would be altered by adjusting the width

, but the would only slightly be changed. To predict the
generation of the transmission zero, the inductor presented in
the simplified model for air-bridge enhanced capacitor needs to
be included into the equivalent circuit of the proposed filter. En-
suring that the series resonance of the LC tank occurs exactly
at , the spurious passband arising there will be suppressed.
Once this spurious is cancelled, the next repeated passband for
the demonstrated second-order filter listed in Table I will appear
at 21.57 GHz .

C. Higher Order Spurious Attenuation

Thus far, three spurious passbands have been either de-
structed or suppressed with the innovative use of the air-bridge
enhanced capacitors. The next effort is focused on the suppres-
sion of the rest of higher order resonances. The broadside-cou-
pled microstrip-to-CPW transition described in Section III
holds the possibility to attenuate the passed signal in the higher
frequency band exceeding . As illustrated in Fig. 8, the
microstrip-to-CPW transition structure resembles a low-pass
structure when the dimensional sizes are optimally tuned. By
designing the strip length (Fig. 7) ranging from 9.2 to
10.42 mm, the higher order spurious passbands not lower than

may be attenuated. Of course, when fabricating this
structure in a different substrate, this range might be different.

Eventually, the key steps to realize the proposed filter with
a wide stopband are worthy of mention and are concluded as
follows. First of all, the values of and should prop-
erly be chosen to make the utilized SIR with and ap-
proximately equal to 90 after the electrical-length absorption
from inverters at the first spurious frequency so that the
odd-number spurious resonances may entirely
be destructed. The capacitor width (Fig. 4) is then suitably
adjusted such that the inherent transmission zeros associated
with the air-bridge enhanced capacitor is allocated around ,
thereby canceling the second spurious passband around .
Finally, the spurious passbands not lower than is attenu-
ated by optimally tuning the dimension (Fig. 7) of the mi-
crostrip-to-CPW transition structures. By combining the above-
mentioned spurious-suppression schemes, a very-wide rejection
band can be accomplished in the proposed filter configuration.

VI. FILTER IMPLEMENTATION AND RESULTS

Sufficient information for designing the inline CPW bandpass
filters loaded by air-bridge enhanced capacitors with very-wide
rejection bandwidth has been provided. To validate the design
procedures, several filters based on the proposed structures are
fabricated and thoughtfully examined.

A. Second-Order Filter

Spurious-destruction technique has been detailed quali-
tatively by simulating a second-order filter as an example
in Section V. Further verification is done by fabricating the
second-order filter with center frequency of 1.5 GHz,
3 dB-fractional bandwidth of 10% on the FR4 substrate
( mm, ). The SIRs possess the
first four predicted spurious resonances at 6.69, 10.24, 16.7,
and 19.77 GHz with the
given parameters

, and pF. Accordingly, the corresponding
electrical lengths of SIRs are and .
Since and at are 123.45 and 109.45 , which are
close to 90 after the electrical-length absorption from in-
verters, the resonance-destruction condition is met. The filter
design parameters evaluated from (7) are listed in Table II. The
air-bridge enhanced capacitor is designed with the extracted

nH and pF to result in a transmission
zero around 9.31 GHz for cancelling the spurious passbands at
9.56 GHz . Note that the second spurious passband of the
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TABLE II
REQUIRED PARAMETERS FOR FILTERS IN SECTION VI

Fig. 15. Top-/bottom-plane layouts of the proposed second-order bandpass
filter loaded by air-bridge enhanced capacitors described in Table II. (W =
1:02; G = 1:27;W = 6:35;G = 0:51; D = 5:9;D = 6:93; s =
2:9; d = 0:76;W = 10:74;D = 1:78; D = 0:79;W = 9:02).

Fig. 16. Measured/simulated frequency responses of the proposed
second-order filter fabricated on the 0.508-mm-thick FR4 substrate. (The
second-order filter constructed by SIRs with identical R without loaded C
is also included as “SIR-NoC” for comparison.)

fabricated filter shifts approximately 0.68 GHz lower than the
calculated one. It is due to some parasitic effects of the CPW
resonators using air-bridge enhanced capacitors not taken into
consideration when calculating by (3). However, the resonance
frequencies are still predicted accurately enough for our design.
The physical layout is presented in Fig. 15 with dimensions
labeled.

The full-wave simulated result with the dielectric loss ex-
cluded is shown in Fig. 16 together with the measured result
for comparison. During the simulation, it is found that the loss
obviously influences the in-band insertion loss, but is of minor
significance on the out-of-band rejection. The fabricated filter
has a center frequency at 1.549 GHz, measured 3-dB fractional
bandwidth of approximately 11.27%, minimum insertion loss
of 2.723 dB, and minimum passband return loss of 15.5 dB. The
filter has a miniature size of only , where stands
for the wavelength of 50- CPW at center frequency. This
second-order bandpass filter possesses a stopband extended up
to 20 GHz with a rejection level better than 25.19 dB.

No spurious passbands appear at 6.69 and 16.7 GHz because
of spurious-destruction condition. The spurious resonance at
19.77 GHz has also been effectively suppressed
using the broadside-coupled microstrip-to-CPW transition
structures. Note that the simulated result of the conventional
inline CPW filter with identical without loaded
is also presented in Fig. 16. It is found that the rejection level
has been significantly improved in our proposed second-order
filter.

B. Fourth-Order Filter

Intuitively, the attenuation level of the stopband can further be
reinforced by increasing the filter order. Another fourth-order
bandpass filter loaded by air-bridge enhanced capacitors is
implemented on a 0.508-mm-thick RO4003 substrate. Since
the fourth-order filter is symmetric with respect to [see
Fig. 17(a)], only the design parameters on the left-hand side of
the equivalent circuit are presented in Table II. This filter is de-
signed with GHz, 3-dB fractional bandwidth %
for the Chebyshev response. The equivalent circuit of this filter
is illustrated in Fig. 17(a). Shown in Fig. 17(b) are the layouts
of the fourth-order filter with dimensions labeled. The extracted

and of the simplified equivalent model related to the di-
mensions of the air-bridge enhanced capacitor are 0.23 nH and
1.14 pF with respect to mm and mm.
The SIRs loaded by capacitors in this design have param-
eters, and

pF to satisfy the spurious-destruction condition.
Accordingly, the predicted first four spurious resonances of
utilized resonators are 6.58, 11.37, 16.85, and 22.22 GHz
( and ). The loaded air-bridge
enhanced capacitors introduce an inherent transmission zero
in the proximity of 9.83 GHz to cancel the second spurious
passband at 9.92 GHz . The offset of the second spurious
passband is also due to the parasitic effects of the utilized
SIRs not taken into consideration. The broadside-coupled
microstrip-to-CPW transition has been optimally adjusted
to possess mm to increase the attenuation level
exceeding 20 GHz.

Consequently, a very wide-stopband inline CPW filter has
been fabricated. Its measured and simulated results are shown
in Fig. 18. This fourth-order filter has a center frequency of
1.48 GHz, measured 3-dB fractional bandwidth of approx-
imately 11.27%, minimum insertion loss of 1.73 dB, and
minimum passband return loss of 15.5 dB. The proposed filter
has a miniature size of only . The stopband is ex-
tended up to 28.18 GHz with a rejection level better
than 30 dB. Note that the simulated results of a conventional in-
line CPW filter using uniform-impedance resonators with
the same specification is also included in Fig. 18 as a curve “In-
line UIR” for reference. Remarkably, more than eight spurious
passbands associated with the filter using a uniform-impedance
resonator are suppressed in our proposed filter.

Note that there is some discrepancy between measured and
simulated results from 5 to 13 GHz due to the inaccuracy of
aligning the top- and bottom-plane layouts in the printed-circuit
board fabrication. However, the level and trend of the measured
out-of-band response are still predicted by the simulated one,
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Fig. 17. (a) Equivalent circuit. (b) Top-/bottom-plane layouts of the proposed fourth-order CPW bandpass filter loaded by air-bridge enhanced capacitors de-
scribed in Table II. (W = 1:02; G = 1:27;W = 6:35;G = 0:51; D = 5:05;D = 7:95; s = 3:3; d = 0:76;D = 7:95;D = 10:8;
d = 1:63;W = 1:12;D = 9:4; W = 11:56;D = 1:78).

(a)

(b)

Fig. 18. (a) Narrowband and (b) wideband measured/simulated frequency re-
sponses of the proposed fourth-order filter described in Table II fabricated on
the 0.508-mm-thick RO4003 substrate.

thereby verifying the three spurious suppression mechanisms,
as mentioned in Section V.

Fig. 19. Rectangular housing structure for the second-order filter in Fig. 15.
(W = 30:48 mm, L = 41:66mm, H = 15:24 mm). Note that the bold black
lines represent the housing boundary and “O” indicates the coordinate origin.

VII. HOUSING EFFECTS

For system application, the filter is usually surrounded by
the metallic housing for preventing unnecessary interferences.
Physically, the housing may cause unwanted cavity resonances
to degrade the wideband spurious-suppression characteristic. It
is very complicated to conduct the simultaneous design of the
housing and filter. Therefore, a separate design of housing is es-
sential from the practical point-of-view.

Note that the cavity resonances would eventually appear no
matter how the housing is arranged and reshaped. An approach
to effectively suppress the unwanted cavity resonances is to at-
tach the absorbing material inside the housing walls.

Shown in Fig. 19 is a typical rectangular housing structure
for the proposed second-order filter in Fig. 15. Curve 1 of
Fig. 20 exhibits the simulated result of the filter with housing
(but without the absorbing material). Obviously, the wideband
spurious-suppression characteristic has been destructed due to
the cavity resonances and the first spurious passband occurs
at the resonant frequency of the cavity associated with the

mode. By attaching the absorbing material on the top
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Fig. 20. Results of the second-order filter with and without the housing. (Curve
1: housing only, Curve 2: with absorber, Curve 3: without housing.)

and bottom walls of the housing, those unwanted resonances
disappear, as shown in the simulated Curve 2 in Fig. 20. The
ability of spurious suppression is recovered as well. Note that
the measured result of the second-order filter (Curve 3) is also
included in Fig. 20 for comparison.

VIII. CONCLUSION

To the authors’ knowledge, the inline CPW bandpass filters
loaded by capacitors with wideband spurious suppression have
never been presented. The filters composed of SIRs loaded
by lumped-element capacitors with an absence of an odd
number of spurious passbands are originally investigated in this
study. Based on the mechanisms of the spurious destruction, the
spurious cancellation due to the transmission zero inherently
associated with the air-bridge enhanced capacitor structure,
and the higher order spurious attenuation provided by broad-
side-coupled microstrip-to-CPW transition, the implemented
fourth-order inline CPW filter has its stopband significantly
extended up to 19.04 with a rejection level better than 30 dB.
The implemented filter occupies a size also smaller than that of
the conventional one due to the use of resonators loaded
by lumped-element capacitors. Since all occupied capacitors
are realized in a dual-plane vertical configuration, the proposed
inline CPW filters are especially suitable for the multilayer
fabrication process.
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