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Miniaturized Microstrip Cross-Coupled Filters Using
Quarter-Wave or Quasi-Quarter-Wave Resonators

Cheng-Chung Chen, Yi-Ru Chen, and Chi-Yang Chang, Member, IEEE

Abstract—M iniaturized microstrip filter susing quarter-waveor
quasi-quarter-wave resonator s with cross-coupling are presented.
Thequarter-wavelength resonator senablevery compact positively
or negatively cross-coupled filtersto berealized. The combination
of quarter-wave and quasi-quarter-wave resonator s facilitates the
cross-coupling with a proper coupling phase. A new explanation
for the coupling phase between the main-coupling and cross-cou-
pling pathsis proposed. Different filtersthat use the proposed res-
onators are realized and may have either quasi-elliptical or flat
group-delay responses. Measurement results correlate well with
theoretical predictions.

Index Terms—Microstrip cross-coupled filter, miniaturized
filter, Quarter-wave resonator, quasi-quarter-wave resonator.

I. INTRODUCTION

HE quarter-wave resonators are frequently used in

interdigital filters [1]. Conventional interdigital filters
can be very compact, but most exhibit the Chebyshev or
Butterworth response. Recently, cross-coupled filters have
attracted much attention due to their quasi-elliptical or flat
group-delay responses. Many cross-coupled microstrip filters
have been reported [2], [5]-{13]. Most of them, however, use
half-wave resonators. The quarter-wavelength interdigital-type
filter is attractive because it is more compact than a conven-
tional cross-coupled filter with half-wave resonators. The
cross-coupled filter, using quarter-wavelength resonators, was
first introduced in [2], where the nonadjacent coupling between
guarter-wave resonators was realized with an appropriately
positioned slot in the dual-plane configuration.

This paper presents a novel single-plane filter structure that
is suitable for realizing either atrisection [5]-{7] or a cascade
quadruplet (CQ) [8]-13] quarter-wavelength interdigital filter,
asshowninFig. 1. Thefirst and last quarter-wave resonators are
bent to achieve cross-coupling. In addition, the bending of the
resonators is such that the coupling electrical length between
the resonators in the main-coupling path is less than 90°. The
spacing between the resonators should be closer than that of the
resonators with acoupling length of 90°. Thus, thefilter ismade
more compact than the conventional interdigital filter. The res-
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Fig. 1. (a) Trisection filter with three quarter-wave resonators. (b) CQ filter
with four quarter-wave resonators.

onatorsin Fig. 1 are conventional quarter-wave resonators with
one end grounded. Unfortunately, they have two shortcomings.

The first shortcoming is that the trisection filter in Fig. 1(a)
can have atransmission zero only at the lower stopband, and the
CQ filter in Fig. 1(b) can have only a quasi-€lliptical response.
Thefilter structure constrains the cross-coupling to be a capaci-
tive microstrip gap. Thetrisection filter with the upper stopband
transmission zero or a CQ filter with flat group-delay response
cannot be realized with the filter structuresin Fig. 1. The appli-
cations of the proposed cross-coupled filter are limited accord-
ingly.

The second shortcoming is that the frequency of the trans-
mission zeros of the filters shown in Fig. 1 drifts considerably.
This phenomenon was reported in [9]. The drift of transmis-
sion zerosis much greater in quarter-wave resonator filtersthan
in half-wave resonator filters. More seriously, this phenomenon
destroystheflat group-delay property of alinear phase CQ filter,
as discussed in Section I11.

This paper proposes the following methods to solve these
problems.

A. Quasi-Quarter-Wave Resonator

In contrast to the quarter-wave resonator depictedin Fig. 2(a),
a novel resonator is proposed, as shown in Fig. 2(b). It isre-
ferred to herein as a quasi-quarter-wave resonator because its
physical shapeisthat of aquarter-wave resonator, except for the
narrow slot at the center of strip. The above two problems can
be solved using this new resonator. The quasi-quarter-wave res-
onator includesapair of tightly coupled linesthat are connected
at one end. The electrical behavior of this quasi-quarter-wave
resonator closely resemblesthat of aconventional quarter-wave
resonator, except that thereal ground in Fig. 2(a) ischangedinto
avirtua ground in Fig. 2(b) at the fundamental resonant fre-
guency. Moreover, the size of the quasi-quarter-wave resonator
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(a) Quarter-wave resonator. (b) Quasi-quarter-wave resonator.

outside gap

@ (b)

Fig. 3. (@) Trisection filter with three quasi-quarter-wave resonators. (b) CQ
filter with four quasi-quarter-wave resonators.

Fig. 2.

issimilar to that of the quarter-wave resonator and can be bent
to achieve cross-coupling.

The concept of the quasi-quarter-wave resonator was intro-
duced to realize alternative versions of conventional interdigital
and comblinefiltersin[3] and [4]. At the fundamental resonant
frequency, the voltage distribution of a quasi-quarter-wave res-
onator isinthe odd modewith respect to that central plane, while
the quarter-wave resonator is in the even mode. Therefore, the
quasi-quarter-wave and quarter-wave resonators exhibit a 180°
phase difference when coupled with other resonators. This prop-
erty can be used to realize the specified coupling phase in both
CQ and trisection filters presented in this paper.

B. Combining Quarter-Wave and Quasi-Quarter-Wave
Resonators

This newly proposed quasi-quarter-wave resonator can be
used to redlize filters similar to those proposed in Fig. 1,
as shown in Fig. 3. Unfortunately, a CQ filter still encoun-
ters the first problem if it uses only the quasi-quarter-wave
resonators. Nevertheless, a CQ filter with flat group delay
can be realized by properly combining the quarter-wave and
quasi-quarter-wave resonators. For example, if one resonator
differs from the others, then the main-coupling phase changes
by 180° with respect to the cross-coupling phase. Therefore, all
kinds of trisection filters or CQ filters can be realized.

Another important difference between a filter with a quasi-
quarter-wave resonator and one with a quarter-wave resonator
is that the second problem of frequency drifting of transmis-
sion zeros can be compensated if theinput and output resonators
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are quasi-quarter-wave resonators, as will be discussed in Sec-
tion I11.

Il. FILTER RESPONSE ANALYSIS

CQ filters with quasi-€elliptical or flat group-delay response
are realized by cross-couplings between the first and fourth
resonators. Inthe prototypecircuit, cross-couplingisrepresented
by an admittance inverter. The quasi-€elliptical response can be
achieved by a negative admittance inverter, whereas the flat
group-delay response can be achieved by a positive admittance
inverter [15]. Physically, the opposite sign of the admittance
inverter denotes whether the main-coupling and cross-coupling
paths are in-phase or out-of-phase. In the literature [8]{13],
microstrip cross-coupled filters based on square open-loop
resonators or hairpin resonators have been proposed to redize
both quasi-€lliptical and linear phase responses. In that research,
magnetic coupling and el ectriccoupling betweenresonatorswere
arranged to realize in-phase and out-of-phase cross-coupling.
In the case of the trisection filter, a negative admittance inverter
between two nonadjacent resonators of an asynchronously tuned
three-pole filter causes a lower stopband transmission zero,
whereas apositive admittanceinverter between two nonadjacent
resonators causes an upper stopband transmission zero. In
[7], eectric or magnetic couplings between two open-loop
resonators are employed to realize the positive or negative
admittanceinverter, respectively, intheprototypecircuit. Briefly,
most works has been limited to the arrangement of open-loop
or hairpin resonators to realize electric, magnetic, or mixed
coupling. In-phase and out-of-phase coupling between the
main-coupling path and the cross-coupling path, which were
explained in [6]- 13] as electric and magnetic coupling, cannot
be applied to thefilters proposed in this paper. Thus, aclear rule
governing the design of the cross-coupled filters as presented
here is desired.

A new explanation of the involvement of coupling phase in
a cross-coupled filter is given. The phase relationship between
the main-coupling path and the cross-coupling path of the pro-
posed filter configurations are analyzed for frequencies below
and above the passhand center frequency f;. A circuit simulator,
such as Microwave Office, can analyze the difference in phase
between the main-coupling path and the cross-coupling path.
The phase analysis shows that a CQ filter responds quasi-€llip-
ticaly if the phase difference between the main-coupling and
cross-coupling paths is 180° over both frequency rangesf < f
and f > f,, whereas a CQ filter exhibits flat group-delay re-
sponse if the phase difference between the main-coupling and
cross-coupling paths is 0° over both frequency ranges f < fy
and f > fy. Aswell asa CQ filter, atrisection filter has alower
stopband transmission zero if the phase difference between the
main-coupling and cross-coupling path is 180° when f < fy
and 0° when { > f,. Similarly, a trisection filter has a higher
stopband transmission zero if the phase difference between the
main-coupled and the cross-coupled pathsis0° whenf < f; and
180° when f > f,.

The coupling between each resonator was examined to further
understand the coupling phase of both the main-coupling and
cross-coupling pathsfor the proposed filter configuration. Fig. 4



122 |IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 51, NO. 1, JANUARY 2003

Il
|

(d)

)
(a)—(h) Basic coupling structures used in the proposed filters.

Fig. 4.

illustrates the eight basic coupling structures used here. The
circuitsinFig. 4 all consist of quarter-waveor quasi-quarter-wave
resonators and are in comb-type coupling, interdigital-type
coupling, or capacitive gap-type coupling arrangements. The
circuit smulator is employed here to determine the frequency
response of voltage amplitude and phase in each coupling
structure. Fig. 5 showseight schematicscircuits used to simulate
each coupling structure. In all of the schematic circuits, a
voltage sourceis coupled to one of two resonatorsviaacoupling
capacitor. The quasi-quarter-wave resonator is represented by
a coupled-line model. The resonant frequency f, is normalized
to 1 GHz. Two voltmeters are connected to each resonator at
specified positions to measure the frequency response of the
amplitude and phase. Fig. 6 shows the simulated phase and
amplitude response of each coupling structure, corresponding
to Fig. 5.

Some important features should be emphasized. As an ex-
ample, take Fig. 6(a). This figure depicts the amplitude and
phase responses of two quarter-wave resonators coupled with
a comb-type coupling structure. The dashed line is the voltage
response of the resonators and includes two resonant peaks at f;
and f>. The voltage magnitude and the frequency location of the
resonant peaks depends on the internal and externa coupling
strength. The solid line represents the phase responses of each
resonator. The simulated result indicates that the output voltage
isin-phasewhen{ < f; and 180° out-of-phasewhen{ > f; with
respect to the input voltage. Interestingly, changing the even-
and odd-mode impedance Zoe and Z oo or the coupling length
between two coupled resonators in the referent schematic cir-
cuit causes the position of two resonant peaksto change accord-
ingly, while the phase differences below and above the center

/|
.

(h)

frequency remain unchanged. A similar phenomenon exists in
the other seven coupling structures in Fig. 5, as shown in the
remaining part of Fig. 6. In summary, the coupling phase is
0° whenf < f; and 180° when { > f, if any two resonators
are arranged in a comb-type coupling. The coupling phase is
180° when f < fy and 0° when { > f, if any two resonators
are arrange in interdigital-type coupling. The coupling phases
presented in Fig. 6 are useful in explaining the response of the
cross-coupled filters proposed here.

Table | displays some possible configurations of filters con-
structed by quarter-wave and/or quasi-quarter-wave resonators.
Using the phase response presented in Fig. 6, the filtering
properties of cross-coupled filtersin Table | can be determined
by comparing the phase shift between the main-coupling and
cross-coupling paths. The phase shift of the main-coupling path
is determined by summing the phase shifts in each coupling
structure. As an example, consider the CQ filter specified in
Table I(b). According to Fig. 6(d), the phase shift between
two interdigital-coupled quarter-wave resonators is 180° when
f < fp and 0° when f > f,, implying that a 180° phase shift
exists when f < f; and a 0° phase shift exists when f > {;
between the first and second resonators and between the third
and fourth resonators. Again, from Fig. 6(a), the phase shift
between the second and third resonators, which is a comb-type
coupling, is 0° when f < f, and 180° when { > f, implying
that the total phase shift of the main-coupling path is 0°
when < (180 + 0 + 180 = 360 = 0°) and 180° when
f > {5(0+180+0 = 180°). However, the phase shift along the
cross-coupling path, which constitutes a capacitive gap-type
coupling, is 180° when { < fy and 0° when { > f,. Briefly,
the phase difference between the main-coupling path and the



CHEN et al.: MINIATURIZED MICROSTRIP CROSS-COUPLED FILTERS

C. C.
R.
\% S
S é{;\/vu bFVi{:]n BX Vou% R,
1 L L L L L

@

—

N

\A Rs v, ><
(@]
cC
vV R
S?ZH i >< C v
L L D_ :
RL
Vout L
®
i

)

Fig. 5. Schematic circuits used to simulate the frequency responses of two resonators in each coupling structure of Fig. 4(a)—(h).

cross-coupling path is 180° at frequencies below or above the
center frequency. Accordingly, the voltages will cancel each
other if the coupling amplitude of main-coupling path equals
that of the cross-coupling path. Therefore, a transmission zero
occurs. Consequently, the CQ filter that uses four quarter-wave
resonators, as shown in Table I(b), responds quasi-€elliptically.

Following the above discussion, a CQ filter with a flat
group-delay response can be obtained if the phase difference
between the main coupling and cross-coupling is 0° below
and above the center frequency. Changing the total phase
shift along the main-coupling path by 180° causes the phase
difference between the main-coupling and cross-coupling paths
to become 0°. Hence, the response of this CQ filter becomes a
flat group delay, which can be realized by replacing the second
quarter-wave resonator of the CQ filter in Table I(b) with a
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guasi-quarter-wave resonator. The quasi-quarter-wave resonator
causes a further phase shift of 180° when coupling with other
resonators. The main-coupling and cross-coupling paths of the
filter then become in-phase at frequencies below and above
the center frequency. Consequently, the filter should be a flat
group-delay filter. Table I(d) gives the circuit configuration of
this CQ filter. Switching any one of the quarter-wave resonators
in Table I(b) to a quasi-quarter-wave resonator causes the
filter to exhibit a flat group-delay response.

The same analysis can aso be applied to determine the loca-
tion of the transmission zero of atrisection filter. For example,
the filter presented in Table I(h) is a trisection filter with three
quarter-wave resonators, or Fig. 6(d) showsthat the phase shift
is180° when{ < fy and 0° when{ > f;, both between the first
and second resonators and between the second and third res-
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onators. Thus, the total phase shift through the main-coupling
path is 0° at frequencies { < fp and { > f,. From Fig. 6(g),
the phase shift through the cross-coupling path is 180° when
f < fp and 0° when f > fy. Hence, the phase difference be-
tween the main-coupling and cross-coupling paths of thistrisec-
tion filter is 180° when f < f, and 0° when f > {,. Therefore,
the filter has a transmission zero in the lower stopband. As for
the CQ filter, replacing the second quarter-wave resonator by
a gquasi-quarter-wave resonator, as shown in Table I(f), causes

the total phase shift along the main-coupling path to change by
180" at frequencies above and bel ow the center frequency. Thus,
the main-coupling and cross-coupling paths are in-phase when
f < fp and 180° out-of-phase when f > f;. Consequently, the
trisection filter in Table I(f) has atransmission zero in the upper
stopband.

The method described above is applied to derive the phase
difference of each filter specified in Table|. The corresponding
response is the relevant row in the table.
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PHASE DIFFERENCE BETWEEN MAIN-COUPLING AND CROSS-COUPLING OF BOTH TRISECTION FILTERS AND CQ FILTERS, AND CORRESPONDING RESPONSES

Filter configurations |Frequency Relation
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I1l. COMPENSATION OF DRIFT OF TRANSMISSION ZEROS

The drift of transmission zeros is encountered in many mi-
crostrip cross-coupled filters. The frequency drifting in the pro-
posed filters can be compensated for when the first and last res-
onators are quasi-quarter-wave resonators.

Two coupling gaps, the outside and the inside gaps in
Fig. 3(b), exist between the first and last resonators when they
are quasi-quarter-wave resonators. The outside gap causes the
transmission zeros to drift to lower frequency, while the inside
gap causes the transmission zeros to drift to higher frequency.
The drift of the transmission zeros can be compensated for by
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TABLE | (Continued.)
PHASE DIFFERENCE BETWEEN MAIN-COUPLING AND CROSS-COUPLING OF BOTH TRISECTION FILTERS AND CQ FILTERS, AND CORRESPONDING RESPONSES

Frequency| Relation Phase | Total Frequency response
Structure of the filter concerned |between nodes|difference| sum predicted
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appropriately distributing the outside and inside gap-capaci-
tance while maintaining a constant total gap-capacitance. This
procedure can be empirically implemented. The simulated re-
sults imply that the drift of the transmission zerosis negligible
if they are very close to the passhand. In the filter with the flat
group-delay response, no adjustment is required since the real
axis zero is normally very close to unity.

The situation becomes much more serious when the first and
last resonators are quarter-wave resonators, in that the drift of
the transmission zeros is greater and the compensation method
described above is ineffective. Importantly, quarter-wave res-
onators should not be used asinput and output resonators when
aCQfilter with flat group-delay responseisrequired. Section 1V
shows an example to demonstrate the situation.

IV. DESIGN EXAMPLES

Thequarter-waveand quasi-quarter-waveresonatorsused here
arebuilt on aRogers RO4003 substrate. The substratehasarela
tivedielectric constant of 3.38, athicknessof 20 mil, and acopper
cladding of 0.5 0z. Thelinewidth of the quarter-waveresonator is

100 mil. Thetotal linewidth of aquasi-quarter-wave resonator is
also selected as 100 mil. The dot in the quasi-quarter-wave res-
onatoris8mil. Consequently, thephysical shapeof aquarter-wave
resonator isthesameasthat of aquasi-quarter-waveresonator, ex-
cept for presence of the 8-mil slot.

A. CQ Filters

Four CQ filters corresponding to Table I(a)—(d) are designed
to validate the filter configurations presented in this paper. The
low-pass prototype parameters of the CQ filters are synthesized
by the method described in [16]. The CQ filter with voltage
standing-waveratio (V SWR) of 1.2, fractional bandwidth of 5%,
and areal frequency transmission zero pair at +51.5 isdesigned
to respond quasi-€élliptically. The CQ filter with VSWR of 1.3,
fractional bandwidth of 5%, and a real axis transmission zero
pair at +1.05isdesigned to exhibit theflat group-del ay response.
Tablell liststhe design parameters of the bandpassfilters.

A full-wave electromagnetic (EM) simulator from Sonnet
6.0at isused to calculate the two resonant peaks of the corre-

1Sonnet 6.0a, Sonnet Software Inc., Liverpool, NY.
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TABLE I
DESIGN PARAMETERS OF CQ BANDPASS FILTERS

CQ Filter
Transmission zero at
+j1.5, VSWR=1.2,
FBW=5%
Transmission zero at
+1.05, VSWR=1.3,
FBW=5%

K12
0.04106

K23
0.04248

K34
0.04106

K14 Qel
01874 | 18747

Qc4
18.747

0.04416 | 0.02656 | 0.04416 | 0.01506 | 19.816 | 19.816
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Fig. 7. Cdculated external quality factors of both quarter-wave and
quasi-quarter-wave resonators.

sponding coupling structure and, thus, determine the coupling
coefficient of the resonators. The coupling coefficient is ob-
tained from two eigenfrequencies f; and £, given asfollows:

2 2
Tk @
2 + f1
where k; ; represents the coupling coefficient between the ith
and jth resonators.

The externa quality factor is obtained from the phase and
group delay of S;; according to the method described in [17].
Here, theinput/output 5-2 microstrip lineistaped to thefirst and
|ast resonators asthe external coupling structure. Fig. 7 presents
the calculated external quality factors of both quarter-wave and
quasi-quarter-wave resonators. It is noted that the effect of the
bending of the resonator on the tap position is negligible.

Fig. 8(a) shows the measured and calculated results for the
CQ filter with four quarter-wave resonators [the filter shown
in Table I(b)]. Asymmetric transmission zeros are observed on
both sides of the stopband. Both transmission zeros drift toward
low frequency. In particular, thelower transmission zero driftsto
amuch lower frequency than that original specified frequency.
A circuit smulator is used to ssimulate the cross-coupled filter
with four quarter-wave resonatorsto further investigate thisphe-
nomenon. Following a method similar to that described in Sec-
tion 1l, the phase difference between the main-coupling and
cross-coupling paths is 180° on both sides of the passhand, as
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CQ filter with quasi-elliptical response, ¥
[ four quarter-wave resonator.
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Fig. 8. CQ filter in Table I(b). (8) Measured and calculated frequency
responses. (b) Photograph of the filter

expected, but the amplitude crossover frequencies of the main-
coupling and cross-coupling paths are asymmetrically on two
sides of the stopband. Consequently, the two transmission zeros
of a CQ filter are not symmetric with the passband. Fig. 8(b)
presents a photograph of this filter.

Asstated in Section 111, thefilter that uses quasi-quarter-wave
resonatorsis abetter choice than the one that uses quarter-wave
resonators to give a cross-coupled filter with two symmetric
transmission zeros. Fig. 9(a) presents the measured and cal-
culated results of the filter in Table 1(a) that uses four quasi-
quarter-wave resonators. After an adjustment of the outside and
inside gaps between the input and output resonators, two finite
frequency transmission zeros are symmetrically located with
respect to the passband, as theoreticaly predicted. Fig. 9(b)
presents a photograph of thisfilter.

Fig. 10(a) gives the measured and calculated results for the
CQ filter in Table I(c) with three quasi-quarter-wave resonators
and one quarter-wave resonator. The attenuation skirt is not as
sharp as an ordinary four-pole Chebyshev filter. However, the
filter shows better passband group-delay characteristicsthan the
Chebyshev filter. Fig. 10(b) showsthe measured group delays of
this CQ linear-phase filter and afour-pole Chebyshev filter with
the same bandwidth and passband ripple. The group delay inthe
passband of the CQ filter is flattened due to the introduction of
real axistransmission zeros. Fig. 10(c) presents a photograph of
the filter.
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Fig. 9. CQ filter in Table 1(a). (@) Measured and calculated frequency
responses. (b) Photograph of the filter.

Fig. 11 gives the measured and calculated results for an-
other CQ filter with a flat group-delay response. The filter in
Table 1(d) consists of three quarter-wave resonators and one
guasi-quarter-wave resonator. As discussed in Section Il1, the
passband group delay of this filter is not at all flat because
the input/output resonators are quarter-wave resonators. No-
tably, no compensation could be performed for this filter to
improve the group-delay response. Briefly, if afilter with aflat
group-delay response is required, then the filter structure in
Table I(c) should be used.

B. Trisection Filters

This paper considers four configurations of trisection filters,
as shown in Table I(e)—(h). Two trisection filters in Table 1(g)
and (h) havealower stopband finite frequency transmission zero
at —52.5, while the other two trisection filtersin Table I(€) and
(f) have an upper stopband finite frequency transmission zero
at +52.5. The filters have the following parameters. The pass-
band ripple is 0.1 dB, the fractional bandwidth is 5%, and the
center frequency is2.4 GHz. Thelow-pass prototype parameters
of trisection filters are synthesized according to the method de-
scribed in [18], [19]. Table 11 liststhe prototype element values
and design parameters for bandpass filters. The procedures for
determining the coupling coefficient and external @ value are
similar to those for determining the corresponding parameters
for the CQ filter. Thetrisection filters are fabricated on the same
substrate as the CQ filters.
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Fig. 10. CQ filter in Table I(c). (@) Measured and calculated frequency
responses. (b) Measured group-delay comparison of this CQ filter to a
Chebyshev filter with four quasi-quarter-wave resonators. (c) Photograph of
the filter.

Fortunately, the transmission zero drift in the trisection fil-
ters can be compensated for by adjusting the cross-coupling gap,
even when theinput and output resonators are quarter-wave res-
onators.

Fig. 12 presents the measured and calculated results of the
trisection filter in Table I (h) with three quarter-wave resonators.
Aslisted in Tablel, afinite frequency transmission zero occurs
in the lower stopband.

Fig. 13 presents the measured results for the trisection
filter in Table I(f) with two quarter-wave resonators and
one quasi-quarter-wave resonator. Replacing the second
guarter-wave resonator in Table I(h) with a quasi-quarter-wave
resonator causes the finite frequency transmission zero to
change from the lower to upper stopband in a manner consis-
tent with this analysis. However, the lower stopband includes
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Fig. 11. CQ filter in Table I(d). (8) Measured and calculated frequency
responses. (b) Measured group-delay comparison of this CQ filter to a
Chebyshev filter with four quasi-quarter-wave resonators.

TABLE Il
DESIGN PARAMETERS OF TRISECTION BANDPASS FILTERS

Transmission zero at —j2.5, 0.1 dB ripple, FBW=5% and f;=2.4Gliz

Resonator  |g; B; Jii Fresi Kij

1 0.16412 -0.08305 2.40484

2 0.20550 0.47750 2.37791

3 0.16412 -0.08305 2.40484

1-2 1.0 0.04333
2-3 1.0 0.04333
1-3 -0.36356 -0.01764
‘Transmission zero at—-j2.5, 0.1 dB ripple, FBW=5% and f;=2.4GHz

Resonator  |g; B Jii Fresi ki

1 0.16412 0.08305 2.39517

2 0.20550 -0.47750 2.42229

3 0.16412 0.08305 2.39517

1-2 1.0 0.04333
2-3 1.0 0.04333
1-3 0.36356 -0.01764

an extra transmission zero due to parasitic magnetic coupling
between the first and third quarter-wave resonators. Unlike
electric coupling, the magnetic coupling between the first
and third resonators causes a transmission zero in the lower
stopband.

Fig. 14 presents the measured results for the trisection filter
in Table I(€) with three quasi-quarter-wave resonators. A finite
frequency transmission zero occurs in the upper stopband.

Fig. 15 shows the measured results for the trisection filter
in Table I(g) with two quasi-quarter-wave resonators and one
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Fig. 12. Calculated and measured results for trisection filter in Table I (h).
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Fig. 13. Caculated and measured results for the trisection filter in Table I(f).
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Fig. 14. Cadculated and measured results for the trisection filter in Table I(e).

quarter-wave resonator. The finite transmission zero occurs in
the lower side of the stopband.

The responses of the four presented trisection filters are all
consistent with the prediction (specified oR listed) in Table .

The measured response of every filter realized in this section
is observed to drift toward lower frequencies than the smulated
response, possibly because of deviations in dielectric constant
and thickness of the substrate. The frequency response drift of
the filters realized by quarter-wave resonators is greater than
that realized by quasi-quarter-wave resonators. The finding can
be explained by the inductance of via-holes. The EM simulation
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Fig. 15. Cadculated and measured results for the trisection filter in Table 1(g).

usesa 16 mil x 100 mil rectangular via-holeto short the quarter-
wavel ength resonators, whilethe short circuit isimplemented by
two round via-holes with diameters of 16 mil. Two via-holesare
in the corners of the strips of the short-circuit end, as shown in
Fig. 8(b). Two via-holes contribute greater parasitic inductance
than the rectangular via-hole and cause the resonance to drift to
lower frequency.

Another practical issueisthe sensitivity of the filter response
determined by fabrication tolerances. Control of manufac-
turing variables such as slot width, cross-coupling gap width,
and distance between resonators is somewhat limited. Yield
analysis has been performed using a circuit smulator such as
Microwave Office from Applied Wave Research Inc., Segundo,
CA, to evaluate the sensitivity of a filter's response to the
deviation of those variables. The simulated results show that
the yield rate of a quasi-quarter-wave filter is a little less than
that of a quarter-wave filter if the tolerance of the distance
between the resonators is constant because the filter that uses
guasi-quarter-wave resonators is more compact than that uses
guarter-wave resonators. |f fabrication tolerances are constant
, then the sensitivity of the response of the proposed filters to
that previously reported for the cross-coupled filter that uses
open-loop or hairpin resonators is around the same level.

V. CONCLUSION

A new class of miniaturized microstrip cross-coupled filters
has been presented to include both the CQ and trisection fil-
ters. The use of a quarter-wave resonator and the newly pro-
posed quasi-quarter-wave resonator makes filter configuration
very compact. Various responses of CQ and trisection filters
are obtained ensuring aproper combination of quarter-waveand
newly proposed quasi-quarter-wave resonators.

The filtering characteristics of each filter configuration have
been demonstrated as being determined by the phase difference
between the main-coupling and cross-coupling paths. The phase
relationship of each coupling structure at frequencies below and
abovethe center frequency has been studied using acircuit sim-
ulator to determine the total phase shift along the main-coupling
and cross-coupling paths.

Thequarter-waveresonator and quasi-quarter-wave resonator
have a phase difference of 180° when coupled to other res-
onators. Replacing any resonator with another type causes the

phase of the main-coupling path to change by 180° with respect
to the cross-coupling path. The same procedure is useful in de-
signing all types of responses of thetrisection filter or CQ filter,
as presented in this paper.
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