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ABSTRACT: In this letter, a novel, compact bandpass filter architecture that leverages a quadruple-mode stepped impedance resonator
(SIR) is introduced. This design is predicated on the principles of odd-even-mode analysis, which has been meticulously applied twice to
elucidate the resonator’s operational dynamics. The distinct boundary conditions inherent to the odd-odd and even-odd degenerate modes
result in their splitting, a phenomenon that is pivotal to the filter’s performance characteristics. The equivalent circuits representing the
quadruple modes function as quarter-wavelength SIRs, a design choice that inherently confers a compact form factor upon the resonator.
This is achieved without compromising the filter’s functionality, as each mode contributes to the overall filtering response in a manner
that is both efficient and space-saving. Furthermore, the filter is characterized by a 20-dB stopband rejection that extends up to 6.9 GHz,
which corresponds to 3.8 times of the fundamental frequency (fo). This outstanding stopband performance is a testament to the design’s
effectiveness in attenuating unwanted signals while maintaining a compact footprint.

1. INTRODUCTION

In the quest to meet the stringent demands of contemporary
wireless communication systems, there is an acute neces-
sity for microwave filters that exhibit high performance and
compactness [1-5]. Recently, quadruple-mode resonator has
emerged as a promising candidate for the design of bandpass
filters [6—14], as it can gather these four modes together to con-
struct a wideband bandpass filter [6—10] or control each mode
of these four modes independently to design a dual-band or a
quad-band bandpass filter [11-14].

In the realm of quadruple-mode filters, several studies have
demonstrated good selectivity in the passband. For instance,
in [6, 7], two quadruple-mode filters with several transmission
zeros in proximity to the passband are reported, by which the
selectivity has been enhanced. Additionally, bandpass filters
based on a quadruple-mode resonator which cover an ultra-
wideband passband from 3.1 to 10.6 GHz are studied in [8, 9].
However, the filters developed in these studies may be encum-
bered by their bulky sizes.

Despite the commendable performance of the aforemen-
tioned quadruple-mode filters within their respective pass-
bands, the concurrent attainment of a compact form factor and
superior stopband performance remains a formidable challenge
in the domain of microwave filter design. The dual objectives
necessitate a delicate balance between miniaturization and the
maintenance of stringent filtering criteria, particularly in the
context of modern communication systems where space is at a
premium, and signal integrity is paramount [16-18].
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In this letter, an innovative compact bandpass filter employ-
ing a quadruple-mode stepped impedance resonator architec-
ture is introduced. A synergistic combination of a compact
footprint and superior stopband performance is demonstrated
by this design, which distinguishes it from its predecessors.
To substantiate the theoretical underpinnings of our design, a
prototype of the quadruple-mode filter has been fabricated and
subjected to rigorous testing. The implementation of this filter
serves as a tangible validation of the proposed design princi-
ples, offering empirical evidence of the filter’s capabilities in
achieving the desired performance metrics.

2. ANALYSIS OF THE QUADRUPLE-MODE RES-
ONATOR

The structural configuration of the proposed quadruple-mode
resonator, along with its equivalent circuit models and the as-
sociated boundary conditions, is meticulously detailed in Fig. 1.
In Fig. 1, the dashed line can be regarded as a symmetry plane
when the even- and odd-mode analysis is conducted. The
design is based on the principles of odd-even-mode analy-
sis, which has been carefully applied twice to explain the res-
onator’s operational dynamics. For the purposes of explication,
these four fundamental resonant frequencies of the quadruple-
mode resonator are correspondingly named as fL, fL. fI,

1 according to different boundary conditions. Each equiv-
alent circuit of the quadruple-mode resonator can be basically
treated as a quarter-wavelength (\,/4) stepped impedance res-
onator (SIR). When boundary conditions in Fig. 1 are neglected,
the input impedance (Z;,,) of each equivalent circuit depicted in
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FIGURE 1.
equivalent circuits. (Electric wall (EW), Magnetic Wall (MW)). (a)
Structure of the proposed resonator. (b) Odd-odd mode equivalent
circuit. (c) Even-odd mode equivalent circuit. (d) Odd-even mode
equivalent circuit. (e) Even-even mode equivalent circuit.

Structure of the proposed quadruple-mode SIR and its

Fig. 1 can be derived using established theoretical frameworks
in [15].
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where Zj, and Z; are the high-low impedances; 8, and 6; are
the high-low electrical lengths (assuming high impedance sec-
tion with same width), respectively; and R, = Z;/Z}, is the
impedance ratio. As discussed in [15], whenY;,, = 1/Z;, =0,
the resonance condition can be obtained, and the following re-
lationship can be given

R, = tan 0, tan 6, 2)

Upon setting 65, equal to 6;, the subsequent relationship be-
tween the fundamental (f7) and the first harmonic frequencies
(f1) of the A, /4 SIR is obtained:

fII T

o ~ arctan (VR.)

Consequently, once the impedance ratio is established, the stop-
band rejection level of the proposed bandpass filter can be de-
termined.

According to the equivalent circuits of the proposed res-
onator in Fig. 1 and Eq. (1), the relationship among the four
fundamental resonant frequencies of the quadruple-mode res-
onator can be derived as follows: fL < fl < fl = fI
when boundary conditions are neglected. Despite the appar-
ent structural equivalence of the odd-odd mode and even-odd
mode circuits as depicted in Figs. 1(b) and 1(c), these config-
urations are subject to distinct boundary conditions. Specifi-
cally, the odd-odd mode is characterized by the presence of two
electric walls (EWs), whereas the even-odd mode is defined by
the presence of one electric wall (EW) and one magnetic wall
(MW). In order to elucidate these four resonant modes and their
corresponding boundary conditions with greater clarity, electric
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FIGURE 2. Electric field distribution of each resonant mode of the de-
veloped resonator. (a) Odd-odd mode. (b) Even-odd mode. (c) Odd-
even mode. (d) Even-even mode.

field distributions of each resonant mode of the developed res-
onator are depicted in Fig. 2. Referring to Fig. 2, the electric
field distributions for the odd-odd mode and even-odd mode
are found to be nearly identical, with the exception of the re-
gion enclosed by the dashed line. Ultimately, this discrepancy
between Figs. 2(a) and 2(b) is attributed to the distinct bound-
ary conditions. Consequently, the two degenerate modes be-
come distinguishable when the impact of boundary conditions
is significant and cannot be overlooked. As depicted in Fig. 3,
there is a divergence in the modes as the parameter g dimin-
ishes, leading to a sequential ordering of the resonant frequen-
cies such that f/, < fI < fI < fl . Fig. 4 illustrates the
frequency response of the quadruple-mode resonator with re-
spect to l5 under conditions of weak coupling. It is evident
from Fig. 3 that f!, can be adjusted independently, while the
other resonant frequencies remain constant, demonstrating the
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FIGURE 3. Extracted resonant frequencies of odd-odd and even-odd
modes under different gap g. (Dimensions of the resonator are w; =
2.1, w2 = 0.3, Ws = 1, ll = 7, lz = 4.7, l3 = 4, l4 = 4, 15 =S 2.6,
d=0.6,g =04, g1 = 0.4, unit: mm).
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FIGURE 4. Extracted resonant frequencies of these quad modes under
different length I5. (I4 = 2.8 mm, other dimensions are the same as
those in Fig. 3).

selective tunability of the resonant modes within the quadruple-
mode resonator framework.

3. WIDEBAND FILTERS DESIGN

In the filter design depicted in Fig. 4, the center frequency is
set at 1.8 GHz, and the impedance ratio is selected as R, = 0.4
with Z;, = 115Q and Z; = 45 ). Dimensions of the filter are
given in Fig. 5. As aresult, the subsequent relationship between
fH and f7 can be calculated as f/!/f! = 4.62 using Eq. (3).
Accordingly, four harmonic frequencies can be obtained as
T = 6.93GHz, fII = 855GHz, fII = 9.8GHz, and
T = 10.4 GHz based on the results in Fig. 5 (I5 = 2.6 mm).
Ultimately, the harmonic suppression level of the filter is de-
termined by the lowest frequency, fZI.
The passband width of the bandpass filter can be adjusted
by changing [5 as discussed above in Fig. 4. Two microstrip
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FIGURE 5. Configuration of the proposed quadruple-mode filter. (Di-
mensions of the filter are Wy = 1.9, w = 0.3, g = 0.4, g2 = 0.2,
gs =11, =114 =3.5,lc = 18.9,l4 = 2.8, [5s = 2.6, unit: mm.
Other dimensions are the same as those in Fig. 3).

39

lines with characteristic impedance Zo = 50 {2 attaching cou-
pled lines with width w = 0.3 mm are utilized to construct the
/O ports as shown in Fig. 5. The external quality of the filter
can be altered by changing [, and gs.

In the pursuit of enhancing the selectivity of the proposed
quadruple-mode filter, the incorporation of a source-load cou-
pling (SLC) section has been strategically implemented in the
design, as illustrated in Fig. 5. This design innovation is predi-
cated on the principle that SLC can introduce additional trans-
mission zeros, thereby improving the filter’s performance with-
out adversely affecting the passband characteristics. The sim-
ulated results of the developed filter, both with and without the
SLC section, are juxtaposed in Fig. 6. Upon analysis of this
figure, it is evident that the introduction of SLC has success-
fully generated two transmission zeros at 0.8 GHz and 3.2 GHz.
These zeros arise due to the presence of two distinct signal
transmission paths within the filter structure. Importantly, these
transmission zeros have significantly bolstered the selectivity
of the quadruple-mode filter without imparting any detrimental
effects on the passband performance. Additionally, the lowest
harmonic occurs at 7 GHz, which is in close agreement with the
previously calculated value of 6.93 GHz.

0

-10-

0
=]
1

Lo
(=] <
1 1

-50 4

Magnitude (dB)

&
<
1

—— With SLC
- - - Without SLC

4
<
1

%
=

3 4 5 6 7 8
Frequency (GHz)

=]
p—
[

FIGURE 6. Simulated results of the proposed quadruple-mode filter
without/with SLC.

4. EXPERIMENTAL RESULTS

The proposed filter has been meticulously designed and con-
structed on a ROGERS 4003C substrate, characterized by a di-
electric constant of 3.55, a thickness of 32 mils, and a loss tan-
gent of 0.0027, as depicted in Fig. 7. The geometric dimension
of the circuit is 22 x 13 mm? (0.22A4 x 0.13)\y). The simulation
of the filter’s performance was conducted using ANSYS HFSS,
a high-frequency structure simulator, while the measurement
of its characteristics was performed using an Agilent E5S071C
network analyzer, a precision instrument for evaluating the fre-
quency response of devices. The comparison between the sim-
ulated and measured results of the quadruple-mode filter is also
presented in Fig. 7. The measured passband, centered at a fre-
quency of 1.8 GHz, exhibits a minimum insertion loss of 1 dB,
which includes the losses contributed by the attached SMA con-
nectors. The bandwidth of the filter spans 880 MHz, translat-
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TABLE 1. Performance comparison with previous works.

Ref. Insertion loss, dB | fo, GHz Stopband rejection level Size, A\g X Ag
[6] 2.7 3.65 NA 0.46 x 0.46
[7] 0.53 1.98 10-dB up to 5 GHz (2o) 0.22 x 0.2
[8] 1.1 6.85 15-dB up to 30 GHz (4.4 fo) 0.46 x 0.44
[9] 1.5 6.85 20-dB up to 27.6 GHz (4f0) | 0.51 x 0.31
[10] NA 4.25 16.9-dB up to 17.2 GHz (4 fo) 0.44 x 0.34
This work 1.0 1.8 20-dB up t0 6.9 GHz (3.8f0) | 0.22 x 0.13
0 = bandpass filters, the proposed filter demonstrates good stop-
IS, | band performance. The congruence between simulated and
10 " measured results is exemplary, underscoring the accuracy of
=~ 204 — Measurement our design predictions and the reliability of the filter’s perfor-
% - - - Simulation mance.
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FIGURE 7. Photograph, simulated and measured results of the “A planar quad-band bandpass filter employing transmission

quadruple-mode bandpass filter with SLC.

ing to a fractional bandwidth of 49%. The filter demonstrates a
stopband rejection of 20 dB, extending up to 6.9 GHz, which is
equivalent to 3.8 times of the fundamental frequency (f). The
transmission zeros, which are critical for the filter’s selectivity,
are observed at 0.8 GHz and 3.3 GHz.

A comprehensive comparison between the proposed filter
and other quadruple-mode filters from existing literature is de-
tailed in Table 1. It is elucidated by this table that not only
is a more compact form factor exhibited by the proposed fil-
ter, but also comparable stopband performance is maintained.
The smaller size and equivalent stopband performance of the
proposed filter suggest a potential for improved integration
into compact communication systems without compromising
on performance. This advancement could be attributed to the
innovative design strategies employed, which warrant further
exploration and potential application in the development of
next-generation microwave filters.

5. CONCLUSION

An innovative compact bandpass filter leveraging a quadruple-
mode SIR is reported in this letter. This design has been metic-
ulously analyzed through theoretical examination and substan-
tiated by empirical validation. The stopband rejection of the
filter, which extends up to 6.9 GHz, reaches 20 dB. This fre-
quency range corresponds to 3.8 times of the fundamental fre-
quency. In addition, the size is only 22 x 13mm? (0.22), x
0.13),). When being juxtaposed with existing quadruple-mode
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