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ABSTRACT: Microstrip-line filters face two major challenges in high-frequency applications. On the one hand, as the operating frequency
increases, the resonator length becomes significantly shorter, and when its dimensions become comparable to the line width, the fabrica-
tion tolerances deteriorate markedly. However, especially for narrowband filters, the insertion loss becomes more pronounced. To meet
the performance requirements of high-frequency narrowband filters in the Ku band, this paper presents the design and implementation of a
seventeenth-order hairpin-line bandpass filter utilizing high-temperature superconducting (HTS) materials. The proposed filter operated
at a center frequency of 15 GHz with a fractional bandwidth of 2%. By employing a high-permittivity substrate and YBa>Cu3O~ super-
conducting thin-film technology, a compact structure with dimensions of 27.68 mmx3.62 mmx 0.5 mm is achieved. The experimental
results demonstrate that at 77 K, the filter exhibits an in-band insertion loss below 0.35 dB, a return loss better than 19.5 dB, and stopband
suppression exceeding 40 dB, indicating excellent frequency selectivity and out-of-band rejection performance. This work verifies the
application potential of HTS materials in high-frequency planar narrowband filters and provides an effective solution for the design of

high-performance RF front-ends in the Ku band.

1. INTRODUCTION

n modern radio frequency (RF) and microwave systems, fil-

ters are fundamental components for signal selection and out-
of-band interference suppression, and their performance di-
rectly affects system sensitivity, interference immunity, and
link stability. With the continuous expansion of communica-
tion and sensing technologies toward higher frequency bands,
spectrum resources have become increasingly congested, and
the electromagnetic environment has become more complex.
Consequently, more stringent requirements are imposed on the
front-end signal processing performance. Under such circum-
stances, narrowband filters capable of simultaneously achiev-
ing steep transition bands and deep stopband suppression within
a limited passband have become effective tools for mitigating
adjacent-channel interference and improving the spectral effi-
ciency [1-4]. However, the design of high-frequency narrow-
band filters is severely constrained by the increased conductor
losses, higher coupling accuracy requirements, and enhanced
parasitic mode effects. As a result, trade-offs among low inser-
tion loss, strong stopband suppression, structural miniaturiza-
tion, and manufacturing feasibility have become increasingly
pronounced. Therefore, diversified structural configurations
and implementation approaches must be explored to satisfy the
demanding requirements of high-frequency narrowband appli-
cations.

Currently, three main technological approaches are widely
adopted for high-frequency narrowband filter implementations.
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The first approach involves three-dimensional metallic waveg-
uide structures, such as rectangular and gap waveguides. Ow-
ing to their low conductor loss and intrinsically high unloaded
quality factor (), these structures exhibit superior perfor-
mance in achieving sharp roll-off characteristics and deep stop-
band rejection and have been extensively applied in the Ku
band and beyond [5-7]. Nevertheless, their large volume,
high weight, and stringent machining and assembly tolerances
render them unsuitable for high-density planar integration.
The second approach employs substrate integrated waveguide
(SIW) structures and their derivatives, which effectively reduce
the size and weight while maintaining relatively high () factors
and facilitating integration with planar circuits. Enhanced se-
lectivity can be achieved using multimode cavities and cross-
coupling techniques [8—10]. Despite these advantages, STW-
based designs still face a trade-off between increased insertion
loss and enlarged physical dimensions when extremely narrow
bandwidths are required [11-13]. The third approach relies on
conventional planar microstrip structures, which benefit from
mature fabrication processes and low costs. However, at high
frequencies, the relatively low unloaded @ of microstrip res-
onators makes it difficult to simultaneously achieve a low inser-
tion loss and strong stopband suppression in narrowband appli-
cations. Overall, existing research on high-frequency narrow-
band filters has predominantly focused on waveguide-based so-
lutions, whereas planar implementations remain comparatively
underexplored.

High-temperature superconducting (HTS) technology offers
an effective pathway for overcoming the performance limi-
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tations of planar filters in high-frequency narrowband appli-
cations. From a physical perspective, superconductivity is
a macroscopic quantum phenomenon, and its microwave re-
sponse directly reflects the quantum coherence of the cooper
pairs. HTS thin films exhibit extremely low surface resistance
at cryogenic temperatures, which significantly enhances the un-
loaded @ of resonators. Consequently, planar filters with per-
formances approaching that of waveguide devices can be re-
alized in terms of low insertion loss and strong out-of-band
suppression [14—17]. This advantage enables HTS filters to
demonstrate unique values in application scenarios that have
extremely stringent performance requirements. For instance,
in superconducting quantum computing systems, the qubit co-
herence times are highly sensitive to external electromagnetic
interference. HTS filters have become essential components
for protecting quantum systems and improving operational fi-
delity owing to their outstanding noise suppression capability
in the microwave frequency range. In recent years, several
studies have combined HTS materials with resonator configu-
rations, such as spiral resonators [18] and multi-ring resonators
[19], to successfully realize planar filters operating below the
Ku band that simultaneously exhibit narrow bandwidth, high
selectivity, and compact size, thereby validating the potential
of this technology. Nevertheless, systematic investigations of
Ku-band HTS planar narrowband filters remain limited.

In this study, a seventeenth-order narrowband, highly se-
lective hairpin-line bandpass filter based on high-temperature
superconducting materials is proposed and experimentally
demonstrated. The filter operated at a center frequency of
15 GHz with a relative bandwidth of 2%. The measurements
show an in-band insertion loss below 0.35dB, a return loss
better than 19.5 dB, and an out-of-band suppression exceeding
40 dB. The proposed design fully exploits the high-Q charac-
teristics of HTS materials and the spatial compactness of the
linearly cascaded resonator configuration. Without sacrificing
planar circuit integrability, it successfully reconciles the core
performance requirements of narrowband low insertion loss
and deep out-of-band suppression, thereby providing a viable
technical solution for realizing high-performance Ku-band
planar filters.

2. PRINCIPLE OF THE HAIRPIN BANDPASS FILTER

Hairpin microstrip bandpass filters consist of multiple half-
wavelength resonators. Each basic resonator was folded into
a U-shaped structure from a microstrip line with an electrical
length of approximately half the guided wavelength, thereby
achieving the required electrical length within a limited sub-
strate area. This folding configuration preserves the half wave-
length resonance condition while enhancing the electromag-
netic coupling between the folded arms, enabling filter minia-
turization without compromising the narrowband and high-
selectivity performance. Multiple hairpin resonators were ar-
ranged sequentially on the same dielectric substrate accord-
ing to the designed coupling scheme. Energy transfer between
adjacent resonators is realized through parallel-coupled mi-
crostrip sections with an electrical length of approximately one-
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quarter of the guided wavelength, forming an overall bandpass
filter that satisfies the desired specifications.

The fundamental coupled microstrip section was first ana-
lyzed for electromagnetic modeling of a hairpin bandpass fil-
ter. This section can be represented as a symmetric coupled mi-
crostrip line with an electrical length §. Under even-mode exci-
tation, the characteristic impedance is denoted as Z., whereas
under odd-mode excitation, it is denoted as Zg,, as illustrated
in Fig. 1(a).
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FIGURE 1. Coupled microstrip section and its equivalent circuit. (a)
Coupled microstrip section. (b) Equivalent circuit of the J-inverter.

Based on transmission-line theory, the coupled structure is
decomposed into even- and odd-mode components [20], yield-
ing the corresponding impedance matrix shown in (1).
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During the filter synthesis process, to establish a unified cir-
cuit representation between the coupled microstrip lines and
the prototype network, the structure is commonly modeled as a
two-port network and described using the transmission ABCD
matrix. Compared with impedance or admittance parameters,
the ABCD matrix is more suitable for characterizing properties
of the cascaded network and is therefore widely employed in
filter synthesis and analysis. For symmetric coupled microstrip
lines, an equivalent model can be established using the even-
odd mode decomposition method. By incorporating the even-
mode impedance, odd-mode impedance, and electrical length,
the corresponding equivalent transmission matrix A; can be de-
rived, as given in (2).
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To further establish a correspondence between the coupled
microstrip line and the admittance inverter model in the low-
pass prototype circuit, the coupled section is commonly repre-
sented by a cascaded structure consisting of a transmission line
admittance inverter transmission line, as illustrated in Fig. 1(b).
In this model, the two transmission lines have identical charac-
teristic admittance Y and electrical length 6, while the interme-
diate inverter is characterized by the inverter constant J. Based
on the cascade property of the transmission matrices, the over-
all transmission matrix of this equivalent structure, denoted as
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TABLE 1. Normalized coupling matrix of the 17th-order filter.

M, M3 M; 4 My,s Ms.6 M7 M5 Ms o
0.0180 | 0.0121 | 0.0110 | 0.0106 | 0.0104 | 0.0103 | 0.0103 | 0.0102
Moo | Mior | Miniz | Mizgs | Mizga | Muaas | Mis,is | M7
0.0102 | 0.0103 | 0.0103 | 0.0104 | 0.0106 | 0.0110 | 0.0121 | 0.0180

A, can be derived as shown in (2). Under narrowband ap-
proximation, this modeling approach enables an approximate
one-to-one correspondence between the distributed coupling
characteristics and the lumped admittance inverter parameters,
thereby providing a theoretical foundation for mapping proto-
type parameters to geometrical dimensions.

Ay = cosf YiosinO 0 —% cosf %Usiné)
jYosin€ cos@ ||—jJ 0 ||jYysinf cosd
Yio—f—% cos 0 sind j(YiOQsinQG—@)

J (@ — J cos? 9) (7’0 @

By performing an element-by-element comparison, the
ABCD matrix (A;) derived from the coupled microstrip lines
is further simplified, yielding closed-form expressions for the
even- and odd-mode characteristic impedances in terms of the
admittance inverter constant J

+ %) cos fsinf
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The above relationships explicitly establish a quantitative
link between the admittance inverter parameter and the even-
and odd-mode characteristic impedances of the coupled lines,
thereby providing theoretical support for extracting the geomet-
rical dimensions of the microstrip coupling structure from the
circuit synthesis results. Furthermore, the inverter constant it-
self can be determined from the normalized parameters g; of
the low-pass prototype filter, fractional bandwidth FBW, char-
acteristic admittance Y of the transmission line, and cutoff fre-
quency of the low-pass prototype w, as given by (6)—(8).

Equations (6)—(8) establish the correspondence between the
normalized low-pass prototype parameters and admittance in-
verter constants, enabling the normalized design parameters ob-
tained from the circuit synthesis to be directly mapped to the
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numerical values of the inverter model. In conjunction with the
analytical relationships between the inverter constant and the
even- and odd-mode characteristic impedances given in (4) and
(5), respectively, a systematic mapping from the filter proto-
type parameters to the geometrical parameters of the distributed
coupled-line structure can be achieved. This framework pro-
vides a solid foundation for parameter transformation between
circuit-level design and physical implementation.

3. FILTER STRUCTURE DESIGN

In this design, a Chebyshev bandpass filter synthesis approach
was adopted with a passband ripple of 0.01 dB. The center fre-
quency was set to f = 15 GHz, the fractional bandwidth was
FBW = 2%, and the filter order was IV 17. The sub-
strate was selected with a relative dielectric constant ¢ = 9.8
and a thickness of 0.5 mm to ensure stable electrical perfor-
mance at high frequencies. Then, through calculation, the low-
pass prototype g-values can be obtained. ¢ = g1 = 1.0000,
g1 = gi7 = 10427, g = gdie = 14883, g3 = gis 20260,
g4 = gia = 1.7193, g5 = g13 = 2.1354, g6 = g1o = 1.7614,
g7 = gn = 2.1622, g3 = g0 = 1.7729, g9 = 2.1683. Dur-
ing the design process, the synthesis is first carried out based
on filter synthesis theory, starting from a normalized low-pass
prototype filter to obtain the element parameters. A bandpass
transformation was then applied to derive the admittance in-
verter parameters for each stage. On this basis, the resulting
electrical parameters were further mapped to the geometrical
dimensions of the structure by exploiting the even- and odd-
mode characteristic impedance relationships of the hairpin res-
onators, thereby establishing the initial physical model of the
filter. According to the method presented in [21], the cou-
pling coefficients between adjacent resonators, M; ; 1, and the
external quality factors Q.; and @, can be derived from the
low-pass prototype parameters, with the corresponding rela-
tionships given in (9) and (10).

FBW
M = —— ©)
VYigi+1
gogi Indn+1
QE’L FBW b QEO FBW ( 0)

The calculated results yielded external quality factors of
Qei = Qo = 41.71. The normalized coupling coefficients
between the adjacent resonators are listed in Table 1.

To investigate the coupling characteristics between the hair-
pin resonators, a simulation model consisting of two identical
resonators was constructed, and parametric simulations were
performed to analyze the influence of variations in the relative
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FIGURE 2. Variation of the coupling coefficient with relevant parame-
ters.

spacing between resonators on the coupling strength. The cou-
pling strength between adjacent resonators is characterized by
the coupling coefficient K; ;, which can be calculated from the
lower and higher resonant frequencies f and f> of the coupled
resonators [22], as expressed in (11).

/31

YR+
During the simulation process, the resonator spacing s and par-
allel coupling height /& between adjacent resonators were var-
ied independently, and the corresponding lower and higher res-
onant frequencies are recorded to extract the coupling coef-
ficients. The results indicate that when the parallel coupling
height h is kept constant, reducing the spacing s enhances
the electromagnetic coupling between the adjacent resonators,
leading to an increase in the coupling coefficient. Conversely,
for a fixed spacing s, increasing the parallel coupling height
h weakened the electromagnetic interaction within the cou-
pling region, resulting in a reduced coupling coefficient. Fig. 2
presents the coupling coefficient as a function of the coupling-
related parameters, where different curves correspond to dif-
ferent coupling conditions, providing a clear illustration of the
influence of these parameters on coupling strength.

To realize the energy coupling between the filter ports and the
resonators and to effectively control the external quality factor,
a tapped-line indirect coupling scheme was adopted in the de-
sign. The feed line is placed parallel to the coupling edge of
the first and last resonators and separated from the resonators
by a coupling gap t, through which energy transfer is achieved
via electromagnetic field interaction. Under a single-resonator
loaded model, the external quality factor is typically extracted
using the 3 dB bandwidth method, with the corresponding ex-
pression given in (12).

(11)

Qe_i

- (12)
5f3dB

Here, f denotes the resonant frequency of the resonator, and
01, 5 Tepresents the corresponding 3 dB bandwidth. Fig. 3 illus-
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FIGURE 3. Variation of the external quality factor with coupling gap ¢
and feed-line length b.

trates the simulated variation in the external quality factor Q.
as a function of the geometric parameters. It can be observed
that with the feed-line length b kept constant, increasing the
coupling gap t weakens the electromagnetic coupling between
the port and the resonator, resulting in an increased (. Con-
versely, for a fixed coupling gap ¢, increasing the inserted feed
line length b enhanced the coupling strength, thereby reducing
Q. These results indicate that the desired external coupling
strength can be flexibly achieved through the combined adjust-
ment of coupling gap ¢ and the feed line length . According to
the external quality factor (). theoretically calculated from (9),
the coupling gap and feed-line length are finally determined to
be ¢t = 0.27mm and b = 1.6 mm, respectively.

Based on the theoretically synthesized parameters, the
filter was modeled and optimized using the full-wave electro-
magnetic simulation software IE3D. The resonator lengths,
inter-resonator spacing, and tapped-line feeding positions
were treated as optimization variables, whereas the passband
insertion loss and out-of-band suppression were adopted as
the primary optimization objectives. Through this process, a
structural configuration that satisfied the design specifications
was determined. The filter was implemented using a high-
temperature superconducting thin film microstrip process.
Considering fabrication feasibility, both the microstrip line
widths and the coupling gaps are designed to be larger than
0.1 mm to ensure consistency between fabrication accuracy
and electrical performance. The overall structure of the filter
consisted of 17 linearly cascaded hairpin resonators arranged
in a centrally symmetric layout. The detailed geometrical
dimensions and layout of the proposed filter are illustrated in
Fig. 4.

Figure 5(a) shows the simulated .S-parameter responses of
the filter. It can be observed that the filter exhibits a flat pass-
band response around the center frequency of 15 GHz, with a
minimum insertion loss better than 0.2 dB. The in-band return
loss remained higher than 19.6 dB, accompanied by steep skirt
characteristics at the passband edges. Moreover, a suppres-
sion level exceeding 40 dB is achieved over the stopband re-
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FIGURE 4. Schematic of the 17th-order hairpin filter.
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FIGURE 5. Filter simulation results. (a) A narrow perspective, (b) A wideband perspective.
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FIGURE 6. Sensitivity analysis.

gion. Fig. 5(b) The group delay variation within the 70% band-
width is less than +7ns. Overall, the simulated transmission
characteristics were in good agreement with the theoretical de-
sign, providing a solid basis for subsequent device fabrication.
Based on the accuracy of the adopted photolithography process,
a fabrication tolerance sensitivity analysis has been carried out.
The microstrip line width, which is one of the most critical ge-
ometrical parameters, is considered with a variation of £1%,
corresponding to a dimensional deviation of £0.001 mm. The
simulated results, as shown in Fig. 6, indicate that the filter re-
sponse exhibits a certain frequency shift within the line width
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variation range of +0.001 mm to —0.001 mm. Nevertheless,
these variations remain within an acceptable range for practi-
cal engineering applications, demonstrating that the proposed
filter design possesses good robustness against fabrication tol-
erances.

At the operating frequency of 15 GHz, the surface current
distribution of the proposed filter is analyzed. As shown in
Fig. 7, the current is relatively uniformly distributed over the
resonators without obvious current crowding. According to
the analysis and experimental results reported in [27, 28], un-
der similar operating conditions, the power-handling capability
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FIGURE 7. Surface current distribution at 15 GHz.

TABLE 2. Comparison with published bandpass filters.

Ref. Order | f(GHz) | FBW (%) | IL (dB) | RL (dB) Size (\g) Filter Topology
[6] 3 15.12 3.48 1.38 10.1 69.1*¥42*10.7 groove-gap-waveguide
[9] 4 11 3 2.15 15 33.59*%11.25 Substrate Integrated Waveguide
[11] 4 9.96 7.43 1.52 16.2 30.35*%15.17 Substrate-Integrated Waveguide
[13] 4 12.46 3.67 1.36 15.28 27%27 Substrate Integrated Waveguide
[23] 5 14 5.71 0.7 14.5 16.65*15.15%77.8 Waveguide
[24] 4 15.13 3.44 0.76 9.6 160.91*%91.5*%14.7 Groove Gap Waveguide
[25] 3 10.18 32 2.33 16.13 25%25 Folded Substrate-Integrated Waveguide
[26] N/A 14.39 5.56 1.6 15 6.81*14.38 substrate integration waveguide
This work 17 15 2 0.35 19.6 27.68%3.62 Microstrip
Ag: the guided wavelength at the center frequency fo.
0 T T T T T T T T 600
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FIGURE 8. Photograph of the fabricated filter.

can exceed 20 dBm, which is sufficient for most practical high-
temperature superconducting receiver front-end applications.

4. FABRICATION AND MEASUREMENT OF FILTER

In the fabrication process of the proposed design, high-
precision photolithography was employed to deposit a
YBayCu3O; high-temperature superconducting thin film on
the surface of a high-permittivity thin substrate with a relative
dielectric constant of 9.8, followed by accurate patterning to
realize the designed hairpin resonator structures. The device
layout and interconnections were implemented in accordance
with the optimized coupling matrix parameters, ensuring
precise spacing and coupling strength between the adjacent
resonators. The fabricated filter has an overall physical size of
27.68 mmx3.62 mmx0.5 mm, as shown in Fig. 8.

202

-60
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Frequency(GHz)

FIGURE 9. Measured results of the filter.

The performance of the fabricated device was evaluated on a
high-precision superconducting microwave measurement plat-
form equipped with a liquid-nitrogen cryogenic temperature
control system that stabilized the operating temperature at 77 K
to fully exploit the low surface resistance characteristics of the
HTS material. During the measurement, the S-parameters of
the filter were characterized using a vector network analyzer.
The measured responses showed excellent agreement with the
IE3D simulation results, with the passband insertion loss, return
loss, and out-of-band suppression meeting the design specifi-
cations, as illustrated in Fig. 9. These results not only validate
the accuracy of the proposed design and fabrication processes
but also demonstrate the high repeatability and engineering fea-
sibility of the adopted fabrication technology and parameter
optimization methodology for high-frequency HTS microstrip
filters. Table 2 compares the performance parameters of the
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filter proposed in this study with those of filters recently re-
ported in the literature. The results indicate that, while main-
taining favorable bandwidth characteristics, the proposed fil-
ter simultaneously achieves low insertion loss, compact size,
and high return loss. In contrast, some existing designs exhibit
difficulties in balancing bandwidth, loss, and overall size and
commonly suffer from relatively large dimensions or higher in-
sertion losses. Consequently, the proposed filter demonstrates
promising application potential in terms of the overall perfor-
mance.

5. CONCLUSION

The design of a seventeenth-order hairpin bandpass filter based
on HTS thin-film technology operates at a center frequency of
15 GHz with a fractional bandwidth of 2%. The experimental
results demonstrate a passband insertion loss below 0.35dB,
an RL better than 19.5 dB, and a stopband suppression exceed-
ing 40dB. The group delay variation within the 70% band-
width is less than +£8ns. The good agreement between the
simulation and measurement validates the effectiveness of the
proposed design methodology and the fabrication process. By
fully exploiting the low-loss characteristics of HTS materials
and the compact coupling advantages of high-order hairpin res-
onators, the proposed structure achieves both a narrow band-
width and high selectivity. The results indicate that the pro-
posed design exhibits promising potential for high-performance
Ku-band front-end filters and provides a valuable reference for
future extensions to higher frequency bands and more complex
systems.
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