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A high-temperature superconducting (HTS) tri-band bandpass filter with a step impedance hairpin ring resonator
(SIHRR) was designed. The filter adopts the parallel mode of the loop resonator and the U-type step impedance resonator.
The resonance mechanism of the resonator was studied, and the filter research process is described in detail. The three
passbands can be independently adjusted by introducing an H-shaped secondary coupling structure. Finally, a third-order
HTS filter with center frequencies and bandwidths of 3490 MHz (3.6%), 4290 MHz (3.4%), and 5190 MHz (5.1%) was
successfully fabricated using photolithography and ion etching. The obtained filter had an out-of-band rejection of more
than 37 dB up to 12 GHz, and the measurement results were in good agreement with the simulation results. Moreover, the
structure of the filter is compact, with dimensions of 14 mm x 18 mm, which is equal to 0.53 A4 x 0.3A,.
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1. Introduction

In recent years, multifrequency bandpass filters have
emerged as crucial components of modern wireless commu-
nication systems. Among these, triband passband filters have
gained widespread application. Consequently, extensive re-
search has been conducted on tri-band passband filters, lead-
ing to the proposal of numerous novel structures and design
methodologies.['~7! One approach involves splitting a single
passband into three distinct passbands, as demonstrated in
Ref. [1], where two open-circuit stubs are employed for this
purpose. However, this method presents challenges when scal-
ing to higher orders. To achieve high-order filtering capa-
bilities, a tri-band filter can be realized by cascading two or
three pairs of resonators./>3! Nevertheless, because of the in-
clusion of multiple filter types in their architecture, such de-
signs often result in larger circuit sizes. To address the size
constraints while maintaining performance efficiency, multi-
mode resonators have been utilized in the design of com-
pact tri-band filters.[*°) Additionally, various innovative res-
onator configurations, including self-embedding asymmet-
ric stepped impedance resonator (SE-ASIR),!'! coupled line
step impedance resonators,!'!! embedded microstrip-loaded
resonators,!'?! and zigzag line open-loop resonators, '3 have
also proven effective for constructing tri-band filters with

superior filtering characteristics. However, many existing

TCorresponding author. E-mail: zlg@usst.edu.cn

CSTR: 32038.14.CPB.ae13eb

triband filters exhibit diminished out-of-band rejection perfor-
mance owing to the intensity of their first frequency doubling
distance.

This paper presents a compact high-temperature super-
conducting filter designed using parallel configurations of
hairpin ring and U-type step-impedance resonators. Through
a theoretical analysis of the proposed resonator structure, we
developed a controllable tri-band bandpass filter character-
ized by adjustable center frequencies and bandwidths achieved
through variations in the coupling coefficients and impedance
ratios. The central frequencies for our designed tri-band band-
pass filter were 3500 MHz, 4300 MHz, and 5200 MHz; the
corresponding bandwidths were measured at 3.6%, 3.4%, and
5.1%.
suppression characteristics while simultaneously generating

This configuration demonstrates excellent stopband

multiple transmission zeros that enhance the passband selec-
tivity.

2. Resonator analysis

Figure 1 shows the structural diagram of the proposed
third-order bandpass high-temperature superconducting fil-
ter. In this design, a step-impedance hairpin ring resonator
(SIHRR) was introduced in parallel with a half-wavelength
The half- and full-
wavelength microstrip lines depicted in Fig. 2(a) were substi-

bending step-impedance resonator.
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tuted by a transmitting half-wavelength step-impedance res-
onator (SIR) and a full-wavelength SIR, respectively. The
resulting STHRR configuration is shown in Fig. 2(b). Gen-
erally, SIRs are employed to design dual- or triple-band fil-
ters, whereas STHRR serves to establish both the first and third
passbands in this study. In addition, the first few resonant fre-
quencies of a SIR can be adjusted by changing the impedance
ratio and length of the resonator. By taking advantage of this
feature, by altering the impedance ratio of the SIHRR, the
parasitic frequency can be pushed up, thereby enabling the
resonator to have excellent wide stopband performance. The

SIHRR exhibits two operational modes: odd and even.

M=l

EEEEE N

Fig. 1. Overall layout diagram of the third-order bandpass filter.

H,

(a) (b)
Fig. 2. Evolution of SIHRR: (a) traditional HRR, (b) proposed SIHRR.

Figure 3 shows the analog current density distribution of
the STHRR under parity-mode conditions. The findings indi-
cate that at frequencies corresponding to the odd mode, the
current predominantly concentrates on the two long open stub
lines as well as on the horizontal line. Conversely, at the even-
mode frequencies, the current concentration shifts primarily
to the two long open stub lines. This phenomenon can be
attributed to the fact that at the odd-mode frequencies, the
cross-section A—A’ behaves like an ideal electric wall, lead-
ing to a maximum terminal current density. In contrast, during
the even-mode frequency operation, the terminal current den-
sity reaches its minimum value. Figure 4 shows the change in
the center frequency of the first passband (f;) and third pass-
band (f3) for different H; and H, values. Figure 4(a) shows
that when H, = 2.2 mm, the center frequency of the SIHRR

changes with the change in Hj, and the results indicate that
the change in Hj has an impact on both f; and f3. The fre-
quency changes in the STHRR for different A, values when
H; =3 mm are shown in Fig. 4(b). The change in H, affects
/3 but has no influence on f;. Therefore, f; and f3 could be
used to adjust H; and H; independently.
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Fig. 3. Simulated current density distribution: (a) odd mode, (b) even mode.
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Fig. 4. (a) Effect of H; change on frequency, (b) effect of H, change on
frequency.

3. Filter design
3.1. Coupling structure between resonators

The three passbands were 3430 MHz-3570 MHz,
4230 MHz-4370 MHz, and 5060 MHz-5310 MHz. Sonnet
software was used to simulate the design on the MgO sub-
strate, and the relative dielectric constant and thickness were
9.8 and 0.5 mm, respectively. For the designed third-order
filter, the lumped circuit elements of the low-pass prototype
filter were defined as g; = 0.6291, g» = 0.9702, g3 = 0.6291,
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and g4 = 1. Consequently, the coupling coefficients were de-
rived to be M}, = M}, = 0.0255, MI}, = MI% = 0.0267, and
MY = MM = 0.0319. Two distinct coupling modes can be
established based on the proposed resonator structure, as il-
lustrated in Figs. 5(a) and 5(b). These modes are classified as
type-I and type-II couplings. When designing tri-band filters,
it is challenging to adjust a single coupling gap to satisfy the
requirements for all three passbands simultaneously. There-
fore, introducing a secondary coupling structure is essential.
To facilitate this design process, an appropriate initial value
for the coupling distance / was selected based on the specifi-
cations of the second passband, and this value was determined
to be 0.83 mm. Subsequently, an H-type secondary coupling
structure was introduced to fine-tune the coupling strength of
both outer passbands. The dimensions and spacing of the H-
type secondary coupling structure were determined according
to the required coupling strengths for the first- and third-pass
bands. Through Sonnet simulation analysis, it was observed
that when no secondary coupling structure was introduced, the
coupling strength of type I was significantly lower than that of
type IL. Thus, this design adopted a type-II coupling structure.

. Py

' & K &

4

Fig. 5. Two kinds of coupling structures: (a) type L, (b) type IL.

4

In this design, the gap between the H-type secondary
coupling structure and the resonator was set to 0.1 mm; the
linewidth of the secondary coupling line was set to 0.08 mm
and the height to 1.12 mm.
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Fig. 6. Relationship between the coupling coefficient and the gap d».

Figure 6 illustrates the variation in coupling strength be-
tween the two resonators as a function of dp, where [ is
0.83 mm. As d increased from 0.2 mm to 0.6 mm, the cou-
pling strength of the first passband decreased significantly and
showed larger variations. By contrast, the coupling strength
of the third passband increased slightly; however, this change

was minimal. Consequently, d, can be finely adjusted to

achieve optimal internal coupling for both passbands.

3.2. External coupling structure

The external coupling structure illustrated in Fig. 7 was
employed to obtain the external quality factors of the three
passbands. This structure comprises a vertical microstrip line,
a zigzag microstrip line, and an input microstrip line. The ex-

ternal quality factor of the filter can be derived using!!>:
fo
= ) )]
Qe Afs—aB

where fp and Af;_gp denote the resonant frequency and the
3 dB bandwidth of S| at resonance, respectively.

Fig. 7. External coupling structure of the resonator.

The effect of the tap position on the microstrip line on the
external quality factor is shown in Fig. 8. When s, = 0.07 mm
and h3 = 0.4 mm, variations in Q. with respect to changes in
hy are shown in Fig. 8(a). As h; increased, Q. (first pass-
band with external coupling) decreased, Qc; (second passband
with external coupling) increased, whereas Q.3 (third pass-
band with external coupling) experienced a slight decrease. In
Fig. 8(b), when 7| = 4.5 mm and /43 = 0.4 mm, we examine
how variations in &, affect Q.. An increase in &, resulted in an
increase in Qe,, whereas both Q.1 and Q.3 decreased slightly.
Figure 8(c) illustrates how Q. varies with changes in 43, while
hy and h, are maintained at constant values of 4.5 mm and
0.07 mm, respectively. As h3 increased, all three passband
external quality factors decreased.

Based on this analysis, the design process for the exter-
nally coupled structure proceeds as follows: first, integrate the
value for h3, ensuring that the desired Q.3 requirements are
met; second, determine /& by selecting appropriate Qe val-
ues for the first passband according to Fig. 8(a); and finally,
establish /; based on the expected Qe values for the second
passband.

068501-3
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Fig. 8. Effect of microstrip tap position on external coupling: (a) 4y, (b) h2, (c) h3.

4. Filter fabrication and measurement

The designed third-order tri-band filter was fabricated
on an MgO substrate with a double-sided YBCO film using
photolithography and ion-etching techniques.!'®-!8! Figure 9
shows a photograph of the fabricated high-temperature super-
conducting (HTS) filter. The frequency response measured by
the vector network analyzer at an input power of 0 dBm and
a temperature of 60 K is presented in Fig. 10. The center fre-
quencies of the three passbands were 3490 MHz, 4290 MHz,
and 5190 MHz, with corresponding bandwidths of 120 MHz,
140 MHz, and 260 MHz, respectively. The in-band inser-
tion losses of the three passbands are 0.51 dB, 0.64 dB, and
0.54 dB, respectively, and the in-band return losses were better
than 27.78 dB, 18.70 dB, and 17.52 dB for each band. Addi-
tionally, Fig. 11 depicts the wide-band response of the filter;

fFn

e t

Ocm 1

Fig. 9. Photograph of the fabricated HTS filter with connectors.

the out-of-band rejection exceeds 37 dB over a range of up to
12.6 GHz. Table 1 presents a comparison between the perfor-
mance of this design and that of other tri-band filters. It can
be seen from the comparison that this design has good wide

stopband characteristics and lower insertion loss.
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Fig. 10. Simulated and measured diagram of the tri-band HTS filter.
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Fig. 11. Wide-band responses of the third-order filter.

Table 1. Comparisons of the proposed filter with filters designed in other works.

Reference fo (GHz) FBW (%) Tzs IL (dB) RL (dB) fsB1 (GHz) size (Ag X Ag)
[1] 1.57/3.5/15.5 12.7/10.7/9 4 0.1/0.2/0.66 25.16/26.2/28.4 - 0.18x0.15
[4] 1.51/3.49/5.79 - 5 0.1/0.12/0.16 - - 0.066x0.051
[13] 1.502/2.003/2.498 2.1/2.112.3 8 0.101/0.112/0.115 - - 0.435%x0.423
[15] 1.5/2.57/3.83 - 3 2.2/1.0/1.5 11.3/11.3/11.3 > 13.7 0.12x0.14
[19] 1.575/2.4/3.5 5.2/4.25/2.7 3 0.1/0.09/0.11 - - 0.076x0.26

This work 3.49/4.29/5.19 3.6/3.4/5.1 3 0.5/0.6/0.5 27.78/18.70/17.52 > 12.6 0.53x0.3

5. Conclusion

A tri-band frequency bandpass filter has been designed
utilizing STHRR-SIR and secondary coupling structures; this

paper provides a detailed introduction to the filter’s design pro-
cess. The compact dimensions measure only 14 mmx 18 mm,
which is equal to 0.53A, x 0.34, (Where A, is the guided wave-

length of the microstrip line at the center frequency of the first

068501-4
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passband), and the final test results align closely with simu-

lation outcomes — demonstrating excellent out-of-band sup-

pression capabilities. The feasibility of this design is thus val-
idated.
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