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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 Changmber, IEEE

Index Terms—Microstrip cross-coupled filter, miniaturized (@

(b)
filter, Quarter-wave resonator, quasi-quarter-wave resonator. Fig. 1. (a) Trisection filter with three quarter-wave resonators. (b) CQ filter

with four quarter-wave resonators.

Abstract—Miniaturized microstrip filters using quarter-wave or
quasi-quarter-wave resonators with cross-coupling are presented.
The quarter-wavelength resonators enable very compact positively
or negatively cross-coupled filters to be realized. The combination
of quarter-wave and quasi-quarter-wave resonators facilitates the
cross-coupling with a proper coupling phase. A new explanation
for the coupling phase between the main-coupling and cross-cou-
pling paths is proposed. Different filters that 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.

|. INTRODUCTION o ) )
onators in Fig. 1 are conventional quarter-wave resonators with

HE quarter-wave resonators are frequently used §he eng grounded. Unfortunately, they have two shortcomings.

interdigital filters [1]. Convent|0n_al_ interdigital filters — a first shortcoming is that the trisection filter in Fig. 1(a)
can be very compact, but most exhibit the Chebyshev of, paye 4 transmission zero only at the lower stopband, and the
Butterworth response. Recently, C“?SS'COUP'eQ fllters ha& filter in Fig. 1(b) can have only a quasi-elliptical response.
attracted much attention due to their quasi-elliptical or flathg fijter structure constrains the cross-coupling to be a capaci-
group-delay responses. Many cross-coupled microstrip filtgfg, microstrip gap. The trisection filter with the upper stopband
have been reported [2], [5]-{13]. Most of them, however, u§gngmission zero or a CQ filter with flat group-delay response
half-wave resonators. The quarter-wavelength interdigital-tyg ot pe realized with the filter structures in Fig. 1. The appli-

f!lter is attractive becal,*se it i,s more compact than a convelliinns of the proposed cross-coupled filter are limited accord-
tional cross-coupled filter with half-wave resonators. Thﬁg|

cross-coupled filter, using quarter-wavelength resonators, Wasl’h.e second shortcoming is that the frequency of the trans-

first introduced in [2], where the nonadjacent coupling betweepisgion zeros of the filters shown in Fig. 1 drifts considerably.
quarter-wave resonators was reahz_ed W'_th an appropriatgyg phenomenon was reported in [9]. The drift of transmis-
positioned slot in the dual-plane configuration. sion zeros is much greater in quarter-wave resonator filters than
, Th.|s paper presents a.novel smgle-plane filter structure that, i \vave resonator filters. More seriously, this phenomenon
is suitable for realizing either a trisection [5]-[7] or a Cascad@estroys the flat group-delay property of a linear phase CQ filter,

quadruplet (CQ) [8]-{13] quarter-wavelength interdigital filter, g iscussed in Section 11

as shown in Fig. 1. The first and last quarter-wave resonators arg,;q paper proposes the following methods to solve these
bent to achieve cross-coupling. In addition, the bending of ﬂ{ﬁ?oblems.

resonators is such that the coupling electrical length between
the resonators in the main-coupling path is less than B¢ A Quasi-Quarter-Wave Resonator

spacing between the resonators should be closer than that of thle h deicted in Fig. 2
resonators with a coupling length of 9@ hus, the filter is made h contrast o the quarter-wave resonator depicted in Fig. 2(a),

more compact than the conventional interdigital filter. The re?_novel resongtor IS propo;ed, as shown in Fig. 2(b). It is re-
erred to herein as a quasi-quarter-wave resonator because its

physical shape is that of a quarter-wave resonator, except for the
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R.O.C. resonator closely resembles that of a conventional quarter-wave
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are quasi-quarter-wave resonators, as will be discussed in Sec-
tion III.
Il. FILTER RESPONSEANALYSIS
CQ filters with quasi-elliptical or flat group-delay response
are realized by cross-couplings between the first and fourth
resonators. In the prototype circuit, cross-coupling is represented
@) (b)

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],

outside gap microstrip crossjcolupled filters based on square open-loqp
resonators or hairpin resonators have been proposed to realize
both quasi-elliptical and linear phase responses. In that research,
inside gap magnetic couplingand electric coupling 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 a positive admittance inverter between two nonadjacent
resonators causes an upper stopband transmission zero. In
[7], electric or magnetic couplings between two open-loop
@ (®) resonators are employed to realize the positive or negative
I_:ig. 3._ (a) Trisectipn filter with three quasi-quarter-wave resonators. (b) C&Jmittance inverter, respectively, inthe prototype circuit. Briefly,
filler with four quasi-quarter-wave resonators. most works has been limited to the arrangement of open-loop
or hairpin resonators to realize electric, magnetic, or mixed
is similar to that of the quarter-wave resonator and can be b@g{pling. In-phase and out-of-phase coupling between the
to achieve cross-coupling. main-coupling path and the cross-coupling path, which were
The concept of the quasi-quarter-wave resonator was intgplained in [6]-[13] as electric and magnetic coupling, cannot
duced to realize alternative versions of conventional interdigitgg applied to the filters proposed in this paper. Thus, a clear rule
and combline filters in [3] and [4]. At the fundamental resonarjoverning the design of the cross-coupled filters as presented
frequency, the voltage distribution of a quasi-quarter-wave régsre is desired.
onator is in the odd mode with respect to that central plane, whilea new explanation of the involvement of coupling phase in
the quarter-wave resonator is in the even mode. Therefore, 1gross-coupled filter is given. The phase relationship between
quasi-quarter-wave and quarter-wave resonators exhibit a 1§k main-coupling path and the cross-coupling path of the pro-
phase difference when coupled with other resonators. This prgrsed filter configurations are analyzed for frequencies below
erty can be used to realize the specified coupling phase in bgiy above the passband center frequéno circuit simulator,
CQ and trisection filters presented in this paper. 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-ellip-
tically if the phase difference between the main-coupling and
This newly proposed quasi-quarter-wave resonator can tre@ss-coupling paths is 180ver both frequency rangés< f,
used to realize filters similar to those proposed in Fig. andf > f,, whereas a CQ filter exhibits flat group-delay re-
as shown in Fig. 3. Unfortunately, a CQ filter still encounsponse if the phase difference between the main-coupling and
ters the first problem if it uses only the quasi-quarter-waw@oss-coupling paths is’@ver both frequency rangds< f
resonators. Nevertheless, a CQ filter with flat group delandf > f,. As well as a CQ filter, a trisection filter has a lower
can be realized by properly combining the quarter-wave astbpband transmission zero if the phase difference between the
guasi-quarter-wave resonators. For example, if one resonatmin-coupling and cross-coupling path is 1&henf < f;
differs from the others, then the main-coupling phase changex 0 whenf > fy. Similarly, a trisection filter has a higher
by 180 with respect to the cross-coupling phase. Therefore, atbpband transmission zero if the phase difference between the
kinds of trisection filters or CQ filters can be realized. main-coupled and the cross-coupled paths isltenf < f; and
Another important difference between a filter with a quasit80° whenf > f;.
quarter-wave resonator and one with a quarter-wave resonatofhe coupling between each resonator was examined to further
is that the second problem of frequency drifting of transmismnderstand the coupling phase of both the main-coupling and
sion zeros can be compensated if the input and output resonatwess-coupling paths for the proposed filter configuration. Fig. 4

Fig. 2. (a) Quarter-wave resonator. (b) Quasi-quarter-wave resonator.

B. Combining Quarter-Wave and Quasi-Quarter-Wave
Resonators
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Fig. 4. (a)—(h) Basic coupling structures used in the proposed filters.

illustrates the eight basic coupling structures used here. Tinegquency remain unchanged. A similar phenomenon exists in
circuitsin Fig. 4 all consist of quarter-wave or quasi-quarter-wavke other seven coupling structures in Fig. 5, as shown in the
resonators and are in comb-type coupling, interdigital-typemaining part of Fig. 6. In summary, the coupling phase is
coupling, or capacitive gap-type coupling arrangements. Thewhenf < f;, and 180 whenf > f if any two resonators
circuit simulator is employed here to determine the frequeneye arranged in a comb-type coupling. The coupling phase is
response of voltage amplitude and phase in each couplt®C® whenf < f; and 0 whenf > f; if any two resonators
structure. Fig. 5 shows eight schematics circuits used to simulate arrange in interdigital-type coupling. The coupling phases
each coupling structure. In all of the schematic circuits, @resented in Fig. 6 are useful in explaining the response of the
voltage source is coupled to one of two resonators via a couplioigss-coupled filters proposed here.
capacitor. The quasi-quarter-wave resonator is represented byable | displays some possible configurations of filters con-
a coupled-line model. The resonant frequeficis normalized structed by quarter-wave and/or quasi-quarter-wave resonators.
to 1 GHz. Two voltmeters are connected to each resonatorUsing the phase response presented in Fig. 6, the filtering
specified positions to measure the frequency response of flieperties of cross-coupled filters in Table | can be determined
amplitude and phase. Fig. 6 shows the simulated phase &ydcomparing the phase shift between the main-coupling and
amplitude response of each coupling structure, correspondergss-coupling paths. The phase shift of the main-coupling path
to Fig. 5. is determined by summing the phase shifts in each coupling
Some important features should be emphasized. As an structure. As an example, consider the CQ filter specified in
ample, take Fig. 6(a). This figure depicts the amplitude afidble I(b). According to Fig. 6(d), the phase shift between
phase responses of two quarter-wave resonators coupled wwib interdigital-coupled quarter-wave resonators is“i8Ben
a comb-type coupling structure. The dashed line is the voltafje: f, and 0 whenf > f,, implying that a 180 phase shift
response of the resonators and includes two resonant pefaks akists whenf < fy and a 0 phase shift exists whefi> f;
andfs. The voltage magnitude and the frequency location of theetween the first and second resonators and between the third
resonant peaks depends on the internal and external couplngl fourth resonators. Again, from Fig. 6(a), the phase shift
strength. The solid line represents the phase responses of dstlveen the second and third resonators, which is a comb-type
resonator. The simulated result indicates that the output voltagmipling, is 0 whenf < f; and 180 whenf > f;, implying
is in-phase whefi < f; and 180 out-of-phase whefi > f, with  that the total phase shift of the main-coupling path s 0
respect to the input voltage. Interestingly, changing the evemhen f < (180 + 0 + 180 = 360 = 0°) and 180° when
and odd-mode impedancéfe and Zoo or the coupling length f > f,(0+ 18040 = 180°). However, the phase shift along the
between two coupled resonators in the referent schematic ciress-coupling path, which constitutes a capacitive gap-type
cuit causes the position of two resonant peaks to change accaalipling, is 180 when f < f, and 0 when { > f,. Briefly,
ingly, while the phase differences below and above the centbe phase difference between the main-coupling path and the
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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 18@t frequencies below or above theguasi-quarter-wave resonator. The quasi-quarter-wave resonator
center frequency. Accordingly, the voltages will cancel eadauses a further phase shift of 2&@hen coupling with other
other if the coupling amplitude of main-coupling path equalgsonators. The main-coupling and cross-coupling paths of the
that of the cross-coupling path. Therefore, a transmission zditter then become in-phase at frequencies below and above
occurs. Consequently, the CQ filter that uses four quarter-wahe center frequency. Consequently, the filter should be a flat
resonators, as shown in Table I(b), responds quasi-ellipticallyoup-delay filter. Table I(d) gives the circuit configuration of
Following the above discussion, a CQ filter with a flathis CQ filter. Switching any one of the quarter-wave resonators
group-delay response can be obtained if the phase differemterlable I(b) to a quasi-quarter-wave resonator causes the
between the main coupling and cross-coupling isb@low filter to exhibit a flat group-delay response.
and above the center frequency. Changing the total phasdhe same analysis can also be applied to determine the loca-
shift along the main-coupling path by 186auses the phasetion of the transmission zero of a trisection filter. For example,
difference between the main-coupling and cross-coupling pathe filter presented in Table I(h) is a trisection filter with three
to become @ Hence, the response of this CQ filter becomesquarter-wave resonatoiar Fig. 6(d) shows that the phase shift
flat group delay, which can be realized by replacing the secorsll 80 whenf < f; and 0 whenf > fy, both between the first
quarter-wave resonator of the CQ filter in Table I(b) with @and second resonators and between the second and third res-
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Fig. 6. Frequency responses¥f,. andV;, of the coupling structures of Fig. 5(a)-(f)— —— — — — —— Vi, (Magnitude)}- — — — — — — Vout

(magnitude)o-6-& Vi (phase) - Vou: (phase).

onators. Thus, the total phase shift through the main-couplitige total phase shift along the main-coupling path to change by
path is O at frequencied < f, andf > fy. From Fig. 6(g), 18C atfrequencies above and below the center frequency. Thus,
the phase shift through the cross-coupling path is’ ¥8@en the main-coupling and cross-coupling paths are in-phase when
f < fp and 0 whenf > f,. Hence, the phase difference bef < f, and 180 out-of-phase wheffi > f,. Consequently, the
tween the main-coupling and cross-coupling paths of this trisedsection filter in Table I(f) has a transmission zero in the upper
tion filter is 180 whenf < f, and 0 whenf > f,. Therefore, stopband.

the filter has a transmission zero in the lower stopband. As forThe method described above is applied to derive the phase
the CQ filter, replacing the second quarter-wave resonator tifference of each filter specified in Table I. The corresponding
a quasi-quarter-wave resonator, as shown in Table I(f), causesponse is the relevant row in the table.
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TABLE |
PHASE DIFFERENCEBETWEEN MAIN-COUPLING AND CROSSCOUPLING OFBOTH TRISECTIONFILTERS AND CQ HLTERS, AND CORRESPONDINGRESPONSES

Filter configurations |Frequency| Relation Phase | Total | Frequency response
concerned | between nodes | difference| sum predicted
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[ll. COMPENSATION OFDRIFT OF TRANSMISSIONZEROS Two coupling gaps, the outside and the inside gaps in
Fig. 3(b), exist between the first and last resonators when they
The drift of transmission zeros is encountered in many mare quasi-quarter-wave resonators. The outside gap causes the
crostrip cross-coupled filters. The frequency drifting in the prdaransmission zeros to drift to lower frequency, while the inside
posed filters can be compensated for when the first and last rgap causes the transmission zeros to drift to higher frequency.
onators are quasi-quarter-wave resonators. The drift of the transmission zeros can be compensated for by
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TABLE | (Continued.)
PHASE DIFFERENCEBETWEEN MAIN-COUPLING AND CROSSCOUPLING OFBOTH TRISECTIONFILTERS AND CQ HLTERS, AND CORRESPONDINGRESPONSES

Frequency| Relation Phase |Total| Frequency response
Structure of the filter concerned |between nodes|difference| sum predicted
(e) ® @ 0
@ ©) 180 180
o0 s e 0
0) @ 0 0
0) ) 180
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<o T @ | 180
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appropriately distributing the outside and inside gap-capadi©®0 mil. The total linewidth of a quasi-quarter-wave resonator is
tance while maintaining a constant total gap-capacitance. Thiso selected as 100 mil. The slot in the quasi-quarter-wave res-
procedure can be empirically implemented. The simulated matoris8mil. Consequently, the physicalshape ofaquarter-wave
sults imply that the drift of the transmission zeros is negligibleesonatoristhe same asthatof aquasi-quarter-wave resonator, ex-
if they are very close to the passband. In the filter with the flaept for presence of the 8-mil slot.
group-delay response, no adjustment is required since the real
axis zero is normally very close to unity. A. CQ Filters

The situation becomes much more serious when the first an
last resonators are quarter-wave resonators, in that the drif ¥o
the transmission zeros is greater and the compensation met
described above is ineffective. Importantly, quarter-wave re%

our CQ filters corresponding to Table I(a)—(d) are designed
lidate the filter configurations presented in this paper. The
-pass prototype parameters of the CQ filters are synthesized
the method described in [16]. The CQ filter with voltage
rP‘lding-wave ratio (VSWR) of 1.2, fractional bandwidth of 5%,
nd a real frequency transmission zero pait 4t.5 is designed
to respond quasi-elliptically. The CQ filter with VSWR of 1.3,
fractional bandwidth of 5%, and a real axis transmission zero
pair at+1.05 is designed to exhibit the flat group-delay response.
Table Il lists the design parameters of the bandpass filters.

The quarter-wave and quasi-quarter-wave resonators used eéé f_ull-wave electromagnetic (EM) simulator from Sonnet
are built on a Rogers RO4003 substrate. The substrate has a g is used to calculate the two resonant peaks of the corre-
tive dielectric constant of 3.38, a thickness of 20 mil, and a copper

cladding of 0.5 0z. The linewidth of the quarter-wave resonator istSonnet 6.0a, Sonnet Software Inc., Liverpool, NY.

onators should not be used as input and output resonators w,
a CQfilter with flat group-delay response is required. Section |
shows an example to demonstrate the situation.

IV. DESIGN EXAMPLES
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TABLE 1l

DESIGN PARAMETERS OFCQ BANDPASSFILTERS .
CQ filter with quasi-elliptical response,

-0 four quarter-wave resonator.

1
)
/
CQ Filter K12 K23 K34 K14 Qel  [Qe4 {
Transmission zero at | 0.04106 | 0.04248 | 0.04106 | -.01874 | 18.747 | 18.747 1"
i
i
|
g

+jl.5, VSWR=1.2,
FBW=5%

Transmission zero at | 0.04416 | 0.02656 | 0.04416 | 0.01506 | 19.816 | 19.816
+1.05, VSWR=1.3,
FBW=5% 40

2 8
Retumn Loss (dB)

W
k=3
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]
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Fig. 7. Calculated external quality factors of both quarter-wave and ) .
quasi-quarter-wave resonators. Fig. 8. CQ filter in Table I(b). (a) Measured and calculated frequency

responses. (b) Photograph of the filter

sponding coupling structure and, thus, determine the coupling ted. but th litud f . fth .
coefficient of the resonators. The coupling coefficient is olXPected, but the amplitude Crossover frequencies ot I main-

tained from two eigenfrequenciésandf, given as follows: coupling and cross-coupling paths are asymmetrically on two
sides of the stopband. Consequently, the two transmission zeros

£2 — f2 of a CQ filter are not symmetric with the passband. Fig. 8(b)
Lj = £2 1 2 ) presents a photograph of this filter.

As stated in Section Il1, the filter that uses quasi-quarter-wave
wherek; ; represents the coupling coefficient between e resonators is a better choice than the one that uses quarter-wave
andjth resonators. resonators to give a cross-coupled filter with two symmetric

The external quality factor is obtained from the phase amhnsmission zeros. Fig. 9(a) presents the measured and cal-
group delay ofS;; according to the method described in [17]culated results of the filter in Table I(a) that uses four quasi-
Here, the input/output & microstrip line is taped to the first and quarter-wave resonators. After an adjustment of the outside and
last resonators as the external coupling structure. Fig. 7 presénssde gaps between the input and output resonators, two finite
the calculated external quality factors of both quarter-wave afrequency transmission zeros are symmetrically located with
quasi-quarter-wave resonators. It is noted that the effect of ttespect to the passband, as theoretically predicted. Fig. 9(b)
bending of the resonator on the tap position is negligible.  presents a photograph of this filter.

Fig. 8(a) shows the measured and calculated results for thé-ig. 10(a) gives the measured and calculated results for the
CQ filter with four quarter-wave resonators [the filter showi€Q filter in Table I(c) with three quasi-quarter-wave resonators
in Table I(b)]. Asymmetric transmission zeros are observed and one quarter-wave resonator. The attenuation skirt is not as
both sides of the stopband. Both transmission zeros drift towasidarp as an ordinary four-pole Chebyshev filter. However, the
low frequency. In particular, the lower transmission zero drifts fiiiter shows better passband group-delay characteristics than the
a much lower frequency than that original specified frequend@hebyshev filter. Fig. 10(b) shows the measured group delays of
A circuit simulator is used to simulate the cross-coupled filtehis CQ linear-phase filter and a four-pole Chebyshev filter with
with four quarter-wave resonators to further investigate this phtte same bandwidth and passband ripple. The group delay in the
nomenon. Following a method similar to that described in Segassband of the CQ filter is flattened due to the introduction of
tion II, the phase difference between the main-coupling amelal axis transmission zeros. Fig. 10(c) presents a photograph of
cross-coupling paths is 18@n both sides of the passband, athe filter.
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Fig. 9. CQ filter in Table I(a). (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 I(d) consists of three quarter-wave resonators and one
guasi-quarter-wave resonator. As discussed in Section lll, 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 a filter with a flat
group-delay response is required, then the filter structure fig. 10. cQ filter in Table I(c). (a) Measured and calculated frequency
Table I(c) should be used. 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.

B. Trisection Filters

This paper considers four configurations of trisection filters, Fortunately, the transmission zero drift in the trisection fil-
as shown in Table I(e)—(h). Two trisection filters in Table I(g)ers can be compensated for by adjusting the cross-coupling gap,
and (h) have a lower stopband finite frequency transmission zenen when the input and output resonators are quarter-wave res-
at—52.5, while the other two trisection filters in Table I(e) andonators.

() have an upper stopband finite frequency transmission zeroFig. 12 presents the measured and calculated results of the
at +72.5. The filters have the following parameters. The passgrisection filter in Table 1(h) with three quarter-wave resonators.
band ripple is 0.1 dB, the fractional bandwidth is 5%, and th&s listed in Table I, a finite frequency transmission zero occurs
center frequency is 2.4 GHz. The low-pass prototype parametershe lower stopband.

of trisection filters are synthesized according to the method de-Fig. 13 presents the measured results for the trisection
scribed in [18], [19]. Table Ill lists the prototype element valueSiter in Table I(f) with two quarter-wave resonators and
and design parameters for bandpass filters. The proceduresdioe quasi-quarter-wave resonator. Replacing the second
determining the coupling coefficient and exterdalvalue are quarter-wave resonator in Table I(h) with a quasi-quarter-wave
similar to those for determining the corresponding parameteesonator causes the finite frequency transmission zero to
for the CQ filter. The trisection filters are fabricated on the sanwhange from the lower to upper stopband in a manner consis-
substrate as the CQ filters. tent with this analysis. However, the lower stopband includes
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Fig. 11. CQ filter in Table I(d). (a) Measured and calculated frequengyiy 13, Calculated and measured results for the trisection filter in Table I(f).
responses. (b) Measured group-delay comparison of this CQ filter to a

Chebyshev filter with four quasi-quarter-wave resonators.
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quarter-wave resonator. The finite transmission zero occurs in
an extra transmission zero due to parasitic magnetic couplitig lower side of the stopband.
between the first and third quarter-wave resonators. UnlikeThe responses of the four presented trisection filters are all
electric coupling, the magnetic coupling between the firsbnsistent with the prediction (specifieg listed) in Table I.
and third resonators causes a transmission zero in the lowerhe measured response of every filter realized in this section
stopband. is observed to drift toward lower frequencies than the simulated
Fig. 14 presents the measured results for the trisection fili@sponse, possibly because of deviations in dielectric constant
in Table I(e) with three quasi-quarter-wave resonators. A finitend thickness of the substrate. The frequency response drift of
frequency transmission zero occurs in the upper stopband. the filters realized by quarter-wave resonators is greater than
Fig. 15 shows the measured results for the trisection filtérat realized by quasi-quarter-wave resonators. The finding can
in Table I(g) with two quasi-quarter-wave resonators and oe explained by the inductance of via-holes. The EM simulation
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phase of the main-coupling path to change by’Mith respect

15 to the cross-coupling path. The same procedure is useful in de-
signing all types of responses of the trisection filter or CQ filter,
as presented in this paper.

Tuisection filter,
two quasi-quarter-wave resonators and ¢
one quarter-wave resonator. 1

—o—521 @B) measured | |
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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 ph
relationship of each coupling structure at frequencies below a
above the center frequency has been studied using a circuit s
ulator to determine the total phase shift along the main-coupli
and cross-coupling paths.
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