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ABSTRACT: In this article, a triple-band bandstop filter employing coupled tri-section stepped-impedance resonators is proposed. The
characteristic impedances of individual stepped-impedance sections are judiciously adjusted to allocate the three stopband frequencies.
Subsequently, the coupling coefficients between adjacent resonators are meticulously tuned to simultaneously regulate the bandwidth of
each stopband and the corresponding suppression level within the rejection bands. Moreover, out-of-band insertion and return losses are
optimized by properly selecting the characteristic impedance of half-wavelength transmission lines interconnecting resonators. To ex-
perimentally validate the aforementioned design methodology, a triple-band bandstop filter with stopband center frequencies of 1.2 GHz,
3 GHz, and 4.8 GHz is designed, simulated, fabricated, and measured. The measured responses are found in excellent agreement with
simulated results, thereby conclusively substantiating the proposed design concept.

1. INTRODUCTION

Driven by the ever-increasing spectrum congestion and co-
existence of multiple wireless communication standards,
microwave bandstop filters with high suppression levels and
multi-band operation capability have become indispensable for
effectively rejecting unwanted signals, intermodulation distor-
tions, and spurious responses within densely populated fre-
quency spectra [1-3].

Generally, two fundamental approaches are employed real-
ize bandstop filters. The first approach utilizes shunt series-
resonant branches, which exhibit zero input impedance at the
resonant frequency and thereby equivalently short-circuit the
main transmission path to ground, consequently diverting the
signal and creating the desired stopband. Alternatively, the
second approach is based on series-parallel-resonant branches,
which present infinite input impedance at resonance and thus
equivalently open-circuit the transmission line, thereby block-
ing signal propagation and establishing rejection band [4].

Similarly, the design methodologies for multi-band band-
stop filters are predominantly derived from and extended upon
these two fundamental configurations [5—12]. Distinct from the
conventional design methodology of single-band bandstop fil-
ters, the branches employed in multi-band configurations gen-
erally incorporate multi-mode resonators or multiple sets of res-
onators with distinct resonant frequencies, thereby correspond-
ingly establishing the respective stopbands.

In [5], Hilbert-fork resonators have been employed to real-
ize a triple-band bandstop filter using the shunt series-resonant
topology. Bandstop filters based on this topology generally

* Corresponding author: Chuan Shao (ch_shao@jcet.edu.cn).

doi:10.2528/PIERC26062301

416

necessitate the fabrication of extremely narrow gaps; conse-
quently, stringent fabrication tolerances are inevitably imposed.
Subsequently, in [6-9], triple-band bandstop filters based on
a series-parallel-resonant topology have been implemented by
using triple-mode stepped-impedance resonators. Compared
with the aforementioned approaches, this design methodology
is considerably simpler and obviates the necessity for narrow
gaps. Nevertheless, in the aforementioned designs, the match-
ing of out-of-band passbands has not been taken into considera-
tion, resulting in excessively large insertion losses within pass-
band regions.

Likewise, based on the same series parallel-resonant branch
topology, defected ground structures have been adopted in [10].
Although the out-of-band performance has been improved in
this design, the employment of defected ground structures in-
herently restricts their applicability.

Furthermore, in [11], a triple-band bandstop filter has been
synthesized by judiciously combining the aforementioned two
topologies, and defected microstrip line structures together with
half-wavelength microstrip resonators are concurrently used.
This design offers considerable flexibility, and each stopband
can be controlled and adjusted. Nevertheless, it may suffer
from relatively large physical dimensions and rather complex
design procedures. In [12], a dual-band bandstop filter employ-
ing tri-section stepped-impedance resonators has been demon-
strated, and a wide upper passband is achieved through the de-
liberate cancellation of the first spurious mode.

In this paper, a triple-band bandstop filter with controllable
bandwidth and stopband rejection is proposed. The proposed
filter not only achieves favorable suppression levels and band-
widths within the stopbands, but also exhibits low insertion loss
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FIGURE 1. (a) Schematic diagram and (b) odd- and even-mode equivalent circuits of the developed triple-band bandstop filter.

and high return loss in the operating passbands. Consequently,
the stopband rejection performance and out-of-band transmis-
sion characteristics are simultaneously guaranteed, thereby en-
suring minimal signal degradation and excellent impedance
matching across desired passband regions.

2. DESIGN AND ANALYSIS OF THE DEVELOPED
TRIPLE-BAND BANDSTOP FILTER

2.1. Resonant Frequencies

The schematic diagram of the developed triple-band band-
stop filter is given in Fig. 1(a). Since the proposed filter is
structurally symmetric with respect to the symmetrical line,
the even-odd mode analysis method can be employed [13].
Consequently, the corresponding odd- and even-mode equiv-
alent circuits are derived by imposing electric and magnetic
walls, respectively, along the symmetrical line, as illustrated
in Fig. 1(b).
According to [13], Yy, and Yj,. can be derived as:

cotd 1
}/ino =—j 1
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By imposing the condition Yi,, = 0, the following relation
is derived:
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A= ZO3ZO2+ZO3ZO].+Z327 D = 73702+ Zo3201+ 202201

(6)

From the above equations, it can be observed that the dis-

criminant is greater than zero. Consequently, four resonant fre-
quencies of the odd mode are obtained as follows:

( ZsD+ Z,3A—
Z.D+ Z,3A)2 —A472,7,373,Z,
6,1 =arctan VI 32 Z>s 7, 2202200 (Ta)
< ZsD + Z,3A+
V' (ZsD + Zy3A)2 — 4220323, 7
6,2 =arctan 27,77, (7b)
003 =T = 901 (7C)
904 =T — 902 (7d)

Similarly, by setting Yj,. = 0, two resonant frequencies of the
even mode are derived as:
(8a)

0.1 = arctan\/
(8b)

Specifically, it should be respectfully clarified that the pur-
pose of imposing Yi,, = 0 or Yj,e = 0 in Egs. (7a)—(8b) is not
to precisely calculate the exact number and positions of trans-
mission poles. Instead, these conditions are employed merely
to identify and estimate the number of resonant modes (trans-
mission poles) in the vicinity of stopbands. Accordingly, in this
work, as in Fig. 2, the odd- and even-mode input admittances
are set to zero solely for the purpose of determining the number
of transmission poles, rather than for precisely locating their
positions.

Therefore, within the frequency range from DC to 2 fj, in ad-
dition to the two transmission poles located at DC and 2f;, a
maximum of six transmission poles can be achieved by appro-
priately adjusting the characteristic impedance values of each
section. As is well known, a greater number of transmission
poles can enhance the roll-off characteristics at the edges of
the stopband, thereby improving the overall performance of the
bandstop filter.

ZS(ZE3Z€2 +Ze3Zel +ZCQZ€1)+ZC3Z€2Z€1
Ze3(ZesZeo+ Zes Zer + 22+ Zs Z2,
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FIGURE 2. Simulated responses of the developed tri-band bandstop
filter under weak coupling.

2.2. Transmission Zeros
According to [13], the relationship among S21, Yine, and Y is
as follows:

YO(Kno - )/ine) (9)
(YO + Y}ne)(YO + Yvino)
By substituting Egs. (1) and (3) into Eq. (9), the following re-
lationship is obtained:

S21 =

a(tan? 0)® + B(tan® 0)? + ytan? O + 6 = 0 (10)
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ﬂ :Zo3Zs(Der - CeBo) - Ze3Zs(Der - CoBe)
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Be = eQZel
(11¢)
Ce=— Ze22
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From the above equations, it can be observed that Eq. (10)is a
cubic equation in terms of tan? §. Furthermore, via calculation,
it can be determined that 7r/2 is a solution to the aforementioned
equation.

Owing to the considerable complexity of the aforementioned
equation, exact closed-form solutions are difficult to obtain.
However, given that 7/2 is a known solution, two or four solu-
tions for 6 within the DC to 2 f frequency range can be realized
by properly tuning the impedance values of the respective sec-
tions.
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FIGURE 3. Schematic diagram of the triple-band bandstop filter based
on non-coupled tri-section stepped-impedance resonators.

2.3. Operating Frequencies

As documented in [14], for parallel coupled lines, the product
of even- and odd-mode characteristic impedances (Z. and Z,)
is equal to the square of the single-line characteristic impedance
(Z) when the other line is present, i.e., Z2 = Z.Z,. Therefore,
for the coupled tri-section stepped-impedance resonators, the
structure can be equivalently represented as two independent
sets of tri-section stepped-impedance resonators with charac-
teristic impedances given by Zl2 = Ze1Zo1, 222 = Zo2Zy0, and
Z§ = Z.32,3, which is illustrated in Fig. 3. Accordingly, for
the tri-section stepped-impedance resonator in Fig. 3, the input
impedance Zj, is expressed as:

_ iz (ZgZQ-f—ZgZ1 +Z22)tan29—Zng

Z;
" P _Z2tan® 0 + (ZsZy + Z3Zh + Z2Zy) tan

(12)

Consequently, by setting Zi, = 0, the three operating fre-
quencies can be obtained as follows:

1
0, = arct 13
1 arcan\/K1K2+Kl+K2 (13a)
™
0y, = 5 (13b)
93 = T — 91 (130)

where Kl = Z3/Z2, K2 = ZQ/Zl.

In summary, when designing a triple-band bandstop filter
using coupled tri-section stepped-impedance resonators, the
three stopband frequencies are not independently controllable.
Specifically, the center frequency of the second stopband is de-
termined solely by the electrical-length scaling and is indepen-
dent of the characteristic impedances of the stepped-impedance
resonators, whereas the center frequencies of the first and third
stopbands are inherently constrained to be symmetric about this
center frequency.

2.4. Triple-Band Bandstop Filter Design

Based on the aforementioned analysis and calculations, the cen-
ter frequency of the second stopband is selected as 3 GHz, while
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the center frequencies of the first and third stopbands are chosen
as 1.2 GHz and 4.8 GHz, respectively. Specifically, since Zs is
required to be greater than Z3 yet smaller than 77, and since the
practical range of microstrip characteristic impedances is gen-
erally bounded between 20 €2 and 130 €2 to ensure quasi-TEM
operation, Z, = 75 {2 was accordingly selected within this fea-
sible range rather than arbitrarily assigned. Therefore, based
on Eq. (13a), with Zs preset to 752 and center frequencies
of the first and third stopbands fixed at 1.2 GHz and 4.8 GHz,
respectively, the corresponding characteristic impedances are
determined as Z; = 11082 and Z3 = 53€). Accordingly,
ZolZel = 1102 Q2, ZOQZGQ = 752 QQ, and Zogzeg = 532 Q2
can be established, respectively.

Since the product of even- and odd-mode impedances for
each section is fixed, the individual values of Z, and Z,, cannot
be uniquely determined. Therefore, the coupling coefficient of
each section, defined as C' = (Z, — Z,)/(Z. + Z,), is set
to a constant value of 0.16. In principle, the coupling coeffi-
cient of each coupled section is independently adjustable. Nev-
ertheless, it has been observed that independently tuning each
coupling coefficient produces essentially the same effect as uni-
formly adjusting all coupling coefficients. Accordingly, a uni-
form coupling coefficient C is adopted for all coupled sections
in this design.

Consequently, the corresponding even- and odd-mode
impedances are obtained as follows: Z.q 13042,
Zo1 = 94Q; Zoo = 909, Zo = 65Q; and Z.3 = 65(),
Zy3 = 478. Simulated responses of the proposed triple-band
bandstop filter versus Z; are plotted in Fig. 4. As illustrated
in Fig. 4, as Z; gradually increases, the return loss in both
sides of the stopbands progressively increases; conversely,
the return loss between stopbands progressively decreases.
Furthermore, the rejection levels within each stopband remain
essentially unchanged, whereas the stopband bandwidths
gradually broaden with increasing Z.
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FIGURE 4. Simulated responses of the proposed triple-band bandstop
filter versus Zs. (Ze1 = 1309, Zo1 = 949, Zeo = 90Q, Zoo =
65K, Zes = 65Q, Zo3 = 47Q).

To distinguish from the counterpart in Fig. 3, simulated re-
sponses of the proposed triple-band bandstop filter and its coun-
terpart are presented in Fig. 5. For the sake of fairness, the
return loss at both sides of the stopbands is set to 10dB for
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FIGURE 5. Simulated responses of the proposed triple-band bandstop
filter (Black lines) in comparison with those of a non-coupled tri-
section stepped-impedance resonator-based counterpart (Red lines).
(Ze1 = 1309, Zo1r =94, Zeo =90, Zoo =650, Zez = 659,
Zo3 =470, 72, =520, Z = 60Q).

both configurations. As depicted in Fig. 5, compared with the
structure in Fig. 3, the proposed triple-band bandstop filter ex-
hibits significantly larger inter-stopband return loss. Moreover,
owing to the employed coupled-resonator topology, the opera-
tional bandwidths of all stopbands are substantially wider than
those of the conventional structure in Fig. 3.

It is worth noting that the operational bandwidths and rejec-
tion levels within the stopbands of the proposed bandstop fil-
ter can be flexibly tuned by adjusting the coupling coefficient
C between the respective parallel coupled lines. As illustrated
in Fig. 6, with Z; maintained unchanged, both the operational
bandwidths of the respective stopbands and the in-band rejec-
tion levels are simultaneously affected by the coupling coeffi-
cient C'. Specifically, as C' progressively increases, stopband
bandwidths gradually broaden, whereas the corresponding re-
jection levels within the stopbands conversely diminish.
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FIGURE 6. Simulated responses of the proposed bandstop filter versus
C.(Zs =52Q).

3. RESULTS AND DISCUSSION

Based on the preceding analysis and derived equations, center
frequencies of the three stopbands are designated as 1.2 GHz,
3 GHz, and 4.8 GHz, respectively, with the maximum out-of-
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FIGURE 7. Layout and photograph of the developed triple-band bandstop filter. (Wy = 1.15mm, W = 1.05 mm, W; = 2.4mm, Wy = 1.3 mm,

W3 =0.7mm, L = 35.7mm, L; =
S1 = 0.2mm, S2 = 0.3mm, S3 = 0.4 mm).
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FIGURE 8. Simulated and measured results of the developed triple-
band bandstop filter.

band return loss greater than 10 dB. To ensure fabrication fea-
sibility, the coupling coefficient C is selected as 0.16. Con-
sequently, theoretical circuit parameters are determined as fol-
lows: Z.1 = 1309, Zo1 = 94Q, Zoo = 90, Z,5 = 6510,
Zez =65, Z,3 =478, and Z; = 52 2. The Rogers 4003C
substrate with a thickness of 20 mil is adopted for implementa-
tion. Subsequently, by utilizing the LineCalc tool in Keysight
Advanced Design System (ADS), the actual physical dimen-
sions can be readily obtained from theoretical circuit parame-
ters and selected substrate specifications. After fine-tuning, the
final optimized parameters are presented in Fig. 7. The design
process employed a two-stage simulation approach. Initially,
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14mm, Ly = 14.3mm, Ls = 15mm, Ly = 5mm, Ls = 5mm, D = 4mm, D; = 1.2mm, Dy = 0.8 mm,

circuit-level preliminary simulation and optimization were per-
formed using Agilent ADS 2020 to obtain ideal electrical pa-
rameters and circuit responses. The circuit layout and the pho-
tograph of the fabricated prototype are also provided in Fig. 7.

As depicted in Fig. 8, simulated and measured S-parameters
of the proposed triple-band bandstop filter are presented. The
electromagnetic simulation is performed using the full-wave
commercial software Ansys HFSS 2020 R2, whereas the ex-
perimental characterization is carried out utilizing the Keysight
5071C vector network analyzer. As observed from this figure,
measured results exhibit excellent agreement with simulated
predictions. Specifically, the rejection levels within all three
stopbands exceed 27 dB. Meanwhile, outside the stopbands, the
return loss remains above 10 dB, with a minimum insertion loss
of approximately 0.5 dB.

To rigorously demonstrate the performance merits of the pro-
posed triple-band bandstop filter, a comprehensive compari-
son between the developed design and state-of-the-art coun-
terparts is presented in Table 1, and key performance metrics
are systematically evaluated. Based on the analysis of Ta-
ble 1, the proposed design, which employs a coupled-resonator
topology, exhibits superior stopband rejection levels and op-
erational bandwidths compared to previously reported counter-
parts. Furthermore, the presence of multiple transmission poles
within passband regions significantly improves roll-off charac-
teristics at stopband edges. More importantly, a bandstop filter
must simultaneously suppress undesired signals in the stopband
while preserving the effective transmission of signals outside
the stopband; consequently, minimal out-of-band insertion loss
and substantial return loss must be carefully considered and
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TABLE 1. Comparison with previously reported structures.

Ref. f1/f2/fs (GHz) Rejection Level (dB) Transmission Poles/Zeros Return Loss* Layer Size (Ag X Ag)
[5] 2.4/3.5/5.2 23/27/34 6/3 > 5dB Single 0.22 x 0.1
[6] 2.58/6.88/10.67 30/29/28 4/3 > 10dB Single 0.13 x 0.08
[71 1.56/2.45/3.46 18/28/35 7/5 > 8dB Single 0.16 x 0.15
[8] 2.57/4.62/7.92 28/26/24 4/3 > 10dB Single 0.08 x 0.08
[9] 1.98/5.6/7.78 29/25/25 3/3 > 5dB Single 0.49 x 0.13
[10] 2.46/3.42/4.08 30/15/18 6/4 > 5dB Dual NA
[11] 2.37/3.54/5.01 31/31/40.5 7/3 > 10dB Single 0.6 x 0.1
This work 1.2/3/4.8 40/32/27 8/5 —10dB Single 0.35 x 0.08

* The return loss herein refers to that of the passbands out of the stopbands.

rigorously optimized during the design process. Specifically,
since the employed resonators are not meandered or folded, the
overall circuit size of the proposed filter is comparatively larger
than some previously reported compact designs. This trade-off
between structural simplicity and size miniaturization has now
been explicitly discussed in the revised manuscript.

4. CONCLUSION

In this paper, a triple-band bandstop filter based on coupled
tri-section stepped-impedance resonators is proposed. The
bandwidths of stopbands as well as the rejection levels within
stopband can be flexibly controlled by adjusting the coupling
strength between resonators. Furthermore, in the proposed de-
sign, minimal out-of-band insertion loss and substantial return
loss are simultaneously achieved, thereby ensuring effective
signal transmission outside the stopband while maintaining ex-
cellent impedance matching.
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