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ABSTRACT: This paper systematically analyzes the electromagnetic coupling characteristics betweenmicrostrip resonators and proposes a
novel structure that enables mutual cancellation of electromagnetic coupling, effectively reducing the spacing between resonators. Based
on this approach, a 14th-order compact high-temperature superconducting (HTS) microstrip bandpass filter is designed and implemented.
By constructing a folded symmetric resonator structure to minimize the total electromagnetic coupling energy, and by optimizing the non-
uniform coupling gaps in conjunction with the coupling characteristics, precise control of the coupling paths is achieved, leading to a
significantly enhanced compactness. The filter is fabricated using double-sided YBCO HTS thin films and tested at liquid nitrogen
temperature (77K). Both simulation and measurement results show that the filter operates within the 0.96 ∼ 1.06GHz frequency band,
exhibits an insertion loss below 0.4 dB, an out-of-band rejection better than 78 dB, and a passband edge roll-off rate exceeding 60 dB/MHz,
demonstrating excellent performance in terms of low loss, wide bandwidth, and high suppression.

1. INTRODUCTION

Bandpass filters (BPFs) are critical components in mi-
crowave and radio-frequency systems, widely used in

wireless communications, navigation, positioning, and radar
detection. They play an essential role in signal selection and
suppression of out-of-band interference [1, 2]. With the rapid
advancement of wireless communication technologies and
radar systems, the performance requirements for BPFs have
become increasingly stringent. In particular, in high-frequency
and highly integrated systems, filters are expected not only
to meet basic requirements such as low insertion loss and
compact size but also to exhibit excellent out-of-band re-
jection and steep passband roll-off, enabling them to handle
various interferences and noise in complex electromagnetic
environments [3–7]. As a result, optimizing the frequency
selectivity and rejection capability of filters within compact
size constraints has become a significant challenge in current
designs.
To address the above challenges, extensive research has fo-

cused on developing innovative filter design methods from
the perspectives of coupling topology and resonator configura-
tion. One line of work concentrates on optimizing the coupling
mechanisms by introducing mixed electric-magnetic coupling,
source-load coupling, and other coupling schemes [8, 9]. These
approaches enable fine control of the energy transfer paths
and electromagnetic field distribution among the resonators,
thereby significantly enhancing the passband-edge roll-off and
improving stopband rejection for a given filter order. An-
other line of research emphasizes resonator miniaturization, for
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example by employing folded open-loop resonators [10] and
stepped-impedance hairpin resonators [11], which effectively
reduce the circuit footprint while maintaining low insertion
loss and simultaneously preserving or improving frequency se-
lectivity and out-of-band suppression. Overall, these studies
have achieved notable progress in enhancing filter selectivity,
strengthening out-of-band rejection, and reducing circuit size.
Nevertheless, the achievable performance remains fundamen-
tally constrained by the intrinsic losses of conventional metallic
conductors.
Given the performance limitations imposed by the inherent

loss of conventional metallic conductors, high-temperature su-
perconducting (HTS) materials have emerged as a promising
pathway for enhancing bandpass filters, owing to their excep-
tionally low loss and high-quality factors [12–16]. For instance,
[17] presented a multiple-transmission zero microstrip band-
pass filter based on HTS thin films, which introduced an aux-
iliary coupling path between the source and middle resonator
to generate a pair of transmission zeros, thereby improving fil-
ter selectivity and out-of-band rejection. A miniaturized design
scheme addressing issues related to structural size and para-
sitic responses in HTS filters, utilizing modified spiral interdig-
ital resonators, was proposed in [18]. This approach enhanced
the suppression of spurious frequencies and extended the stop-
band range, resulting in further overall performance improve-
ment. Furthermore, [19] reported an HTS bandpass filter em-
ploying dual-mode resonators, which incorporated multiple in-
ternal coupling paths and controlled zero placement to improve
out-of-band rejection and passband roll-off characteristics ef-
fectively. Although these existing HTS filter designs have pro-
vided valuable insights into structural design and performance
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optimization, there remains considerable room for further im-
provement, particularly in achieving low insertion loss, high
out-of-band rejection, and sharp passband roll-off under com-
pact size constraints.
This paper presents a high-order HTS bandpass filter struc-

ture based on the manipulation of mixed electromagnetic cou-
pling, aiming to achieve high-performance filtering character-
istics within a compact layout. The proposed topology inte-
grates symmetrically-folded resonators with non-uniform cou-
pling gaps, enabling effective control over the strength and po-
larity of inter-resonator electromagnetic coupling. Based on
this approach, a 14-pole HTS filter prototype has been designed
and fabricated. Both simulated and measured results demon-
strate excellent performance in terms of passband insertion loss,
out-of-band rejection, and frequency selectivity, thereby vali-
dating the effectiveness of the proposed design methodology.

2. MIXED ELECTROMAGNETIC COUPLING
Mixed electromagnetic coupling is an integrated coupling
mechanism that synergistically combines electric and magnetic
interactions to enable dual-channel energy transfer through
a single physical path. Its underlying principle relies on
structural configurations that simultaneously introduce electric
and magnetic coupling channels between resonators, allowing
both types of coupling to overlap and interact cooperatively
in the frequency domain spatially. Electric coupling primarily
arises from fringing electric fields between adjacent conductive
structures, whereas magnetic coupling originates from mutual
inductive effects between current-carrying loops. Fig. 1(a)
illustrates a typical topology implementing mixed electromag-
netic coupling, where adjacent resonators are coupled through
both a magnetic path (labeled “M”) at the upper section and
an electric path (labeled “E”) at the lower section. Fig. 1(b)
shows the corresponding equivalent circuit of a second-order
mixed electromagnetic coupling structure.
Under high-frequency conditions, an individual resonator

can typically be modeled as a resonant structure composed of
lumped capacitance C and inductance L, with its intrinsic res-
onant frequency given by f0 = 1/2π

√
LC. When two struc-

turally similar resonators are placed in close proximity, cou-
pling arises between them. This coupling includes not only the
electric interaction represented by a coupling capacitance Cm,
but also magnetic coupling due to circulating currents, repre-
sented by a mutual inductance Lm. These two effects coexist,
forming what is known as a mixed electromagnetic coupling
mechanism. Under this mechanism, two distinct modal fre-
quencies are excited between the resonators, corresponding to
coupling modes dominated by electric or magnetic interactions,
respectively. These modal frequencies are expressed as [20]:

fe =
1

2π
√

(L− Lm)(C − Cm)
(1)

fm =
1

2π
√

(L+ Lm)(C + Cm)
(2)

Here, fe corresponds to the modal frequency dominated by
electric coupling, while fm is primarily governed by magnetic
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FIGURE 1. Second-order bandpass filter mixed coupling circuit.

interaction. The separation between these two frequencies re-
flects the strength of coupling between the resonators. Accord-
ingly, the mixed coupling coefficient kx can be defined as:

kx =
f2
e − f2

m

f2
e + f2

m

=
CLm + LCm

LC + LmCm
(3)

When the mutual capacitance and mutual inductance are
much smaller than the self-capacitance and self-inductance,
Cm ≪ C and Lm ≪ L, the preceding expressions reduce to:

kx ≈ Lm

L
+

Cm

C
= kM + kE (4)

In this formulation, kM denotes the magnetic coupling co-
efficient and kE the electric coupling coefficient. This rela-
tionship illustrates that the mixed coupling coefficient essen-
tially represents a linear superposition of electric and magnetic
coupling. In practical structural design, when the mixed two
coupling mechanisms share the same polarity, they reinforce
each other, thereby enhancing the overall coupling strength and
broadening the passband. Conversely, when their polarities are
opposite, partial cancellation occurs, weakening the net cou-
pling and potentially leading to complete cancellation in spe-
cific frequency ranges. Therefore, appropriately controlling
the relationship between mutual inductance and mutual capaci-
tance is critical in optimizing passband width and stopband sup-
pression performance in filter design.

3. FILTER STRUCTURE DESIGN
The resonant unit employed in this work is a symmetrically
folded structure derived from a conventional U-shaped hairpin
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FIGURE 2. Resonator structure and current distribution. (a) Resonator
structure. (b) Resonator current distribution.

(a) (b)

FIGURE 3. Resonator coupling structures. (a) Counter-directional cou-
pling. (b) Co-directional coupling.

resonator. To address the issue of large physical size inherent
in hairpin resonators, the resonant arms are further meandered
and folded into an approximately closed-loop contour, sepa-
rated by narrow gaps of approximately 0.15mm, as depicted
in Fig. 2(a). This folded configuration serves to increase the
effective electrical length within a confined area, while the in-
corporation of multiple adjacent folded arms and narrow gaps
along the loop causes the electric and magnetic field distribu-
tions in different structural regions to exhibit pronounced dis-
parities. Fig. 2(b) shows the simulated current density distri-
bution of the resonator at its operating frequency. The results
indicate that the highest current concentration occurs along the
curved arms on both sides, where strong magnetic field local-
ization enhances magnetic coupling. In contrast, the central re-
gions exhibit relatively weaker current density, with concen-
trated electric fields, establishing effective capacitive coupling
paths. The overall symmetric, uniform current distribution con-
firms that the proposed structure exhibits well-balanced mixed
electromagnetic coupling.
The relative orientation of adjacent resonators significantly

influences the type and strength of coupling between them. As
shown in Fig. 3, coupling configurations can be classified into
two fundamental types based on the direction of current flow:
co-directional coupling and counter-directional coupling. In
the counter-directional coupling configuration, where the cur-
rents in the two resonators flow in opposite directions, the mag-
netic field circulations in the coupling region tend to cancel
each other out, thereby reducing the magnetic induction effect.
However, since the electric fields in the gap region maintain the
same orientation, the fringing electric fields superimpose and
reinforce each other, resulting in enhanced capacitive coupling.
Consequently, the coupling in this configuration is primar-
ily governed by electric-field interactions, with predominantly
electric coupling. Conversely, in the co-directional coupling
configuration, where adjacent resonators carry currents in the
same direction, the magnetic fields in the coupling region are
aligned and constructively superimpose, thereby strengthening
the magnetic induction effect. Meanwhile, the electric fields
become relatively opposed in direction, leading to partial can-
cellation of the fringing capacitance and a consequent reduction
in electric coupling strength. As a result, magnetic interaction
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FIGURE 4. Amplitude and phase variation of electromagnetic field cou-
pling.

becomes the dominant coupling mechanism in this configura-
tion, demonstrating predominantly magnetic coupling behav-
ior.
As the dominant nature of the coupling path switches, corre-

sponding alterations occur in the frequency response. Specif-
ically, the predominant effects of electric and magnetic cou-
pling produce distinct frequency-domain characteristics. Fig. 4
presents the extractedmagnitude and phase responses ofS21 un-
der electric-dominant and magnetic-dominant coupling states,
obtained from two different resonator coupling configurations
in the vicinity of the resonant frequency. It is observed that
the magnitude characteristics of S21 remain largely consistent
in both cases. However, near resonance, the phase under-
goes an abrupt shift of approximately 180◦ in both configu-
rations, yet in opposite directions. This contrasting phase be-
havior serves as a definitive indicator for distinguishing be-
tween the two coupling states, thereby providing crucial design
guidance for the subsequent precise control of coupling polar-
ity through optimized resonator layout. Following this anal-
ysis, further adjustment of the inter-resonator spacing signifi-
cantly influences the coupling strength. In both co-directional
and counter-directional coupling configurations, reduced sep-
aration between resonators enhances field interaction, leading
to stronger coupling. Conversely, increased spacing weakens
the electromagnetic fields in the coupling region, resulting in
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FIGURE 5. Variation of the coupling coefficient as a function of res-
onator spacing.
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FIGURE 6. Variation of the external quality factor as a function of tap
position.

diminished coupling strength. Fig. 5 illustrates the variation of
the extracted coupling coefficient k as a function of resonator
spacing for both coupling types. It is observed that the cou-
pling coefficient increases substantially at smaller separations,
demonstrating high sensitivity to structural spacing. This tun-
able characteristic provides a practical design approach for fil-
ter optimization, enabling precise control of coupling strength
through strategic adjustment of resonator separation.
Furthermore, the tap position at the input port plays a critical

role in determining the external quality factor (Qe) and the fil-
ter’s overall performance. The external quality factor can be ex-
tracted using a single-port structure, and it is calculated as [19]:

Qe =
ω0

∆ω±90◦
(5)

where ω0 represents the resonant angular frequency of the fil-
ter, and∆ω±90◦ denotes the frequency bandwidth between the
±90◦ phase points relative to the resonant frequency. To further
investigate the influence of tap position on the filter’s transmis-
sion characteristics, this study examines variations in the ex-
tracted external quality factor with different tap positions (h),
as shown in Fig. 6. Simulation results demonstrate that as h
increases, the coupling strength between the port and resonator
progressively enhances, resulting in a monotonic decrease in
Qe. Specifically, smaller h values correspond to weaker port
coupling and higher Qe, resulting in slower roll-off rates at the
passband edges and limited out-of-band rejection. Conversely,
appropriately increasing h reduces Qe by enhancing coupling
strength, accelerating the passband roll-off, and significantly
improving out-of-band rejection performance. By considering
bandwidth requirements, insertion loss control, and stopband
suppression levels, optimized tap positioning can effectively
enhance the spectral control capability and in-band transmis-
sion characteristics of the filter.
Based on a 14-pole Chebyshev filter synthesis approach,

this paper presents an HTS microstrip filter with an operat-
ing band from 0.96GHz to 1.06GHz and a center frequency
of 1.01GHz. The theoretically calculated coupling coefficients
between resonators are summarized in Table 1, whereMi,j de-
notes the coupling coefficient between resonators i and j, and

Qe represents the external quality factor. A symmetric config-
uration is adopted in the design, ensuring that coupling coeffi-
cients between resonators at symmetric positions are identical,
thereby simplifying the structure of the coupling matrix. This
symmetrical approach eliminates the need for individual opti-
mization of each coupling pair, significantly reducing the de-
sign complexity and improving overall efficiency. Based on the
theoretical parameters, the filter structure is modeled and opti-
mized using IE3D full-wave electromagnetic simulation. By
adjusting the resonator length, inter-resonator spacing, and tap
position, the structural layout is finalized to achieve optimized
in-band insertion loss and out-of-band rejection performance.
The filter is implemented on a double-sided HTS substrate with
a dielectric constant of 9.8 and a thickness of 0.5mm. Con-
sidering fabrication constraints, both the microstrip line width
and gap width are designed to be greater than 0.1mm to ensure
structural reliability and manufacturing precision.

TABLE 1. Coupling coefficient of the 14th-order filter.

M1,2 = M13,14 M2,3 = M12,13 M3,4 = M11,12 M4,5 = M10,11

0.0795 0.0571 0.0531 0.0517
M5,6 = M9,10 M6,7 = M8,9 M7,8 Qe

0.0511 0.0503 0.0574 10.4

The overall filter structure, shown in Fig. 7, consists of 14
folded microstrip resonators cascaded linearly along the direc-
tion of propagation, resulting in a highly compact layout. Each
resonator employs a folded geometry to form a closed current
loop, achieving desirable resonant characteristics and high in-
tegration density within a confined area. Adjacent resonators
are electromagnetically coupled through gaps, which are de-
signed with non-uniform spacing to allow flexible control of
inter-resonator coupling strength, thereby balancing wideband
performance and out-of-band rejection. The entire structure
maintains central symmetry, which helps optimize the elec-
tromagnetic field distribution, suppress spurious modes, and
enhance frequency selectivity. In terms of coupling arrange-
ment, co-directional coupling is utilized in the central region to
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FIGURE 7. Schematic of the 14-pole symmetrical filter. (W1 = 0.12, W2 = 0.19, W3 = 0.22, W4 = 0.23, W5 = 0.23, W6 = 0.23, W7 = 0.11,
W8 = 0.15, W9 = 2.25,W10 = 39.91, L1 = 6.18, L2 = 3.43, L3 = 9.55, L4 = 10.09, unit: mm.)
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FIGURE 8. Filter simulation results.

strengthen magnetic coupling, while counter-directional cou-
pling is introduced at the edges to enhance electric coupling,
collectively forming a cross-coupling configuration that further
improves passband response and stopband suppression. De-
tailed dimensional parameters of the filter are provided in Ta-
ble 1.
Figure 8 depicts the simulated S-parameters of the proposed

filter. The results demonstrate that the filter, with a center fre-
quency (f0) of 1.01GHz and a fractional bandwidth (FBW ) of
9.9%, exhibits a flat passband from 0.96 to 1.06GHz. Within
this passband, the insertion loss (IL) is better than 0.2 dB and
the return loss (RL) is greater than 19 dB. A sharp roll-off is
observed at the band edges, accompanied by an out-of-band re-
jection exceeding 80 dB and a passband edge roll-off rate ex-
ceeding 60 dB/MHz. These characteristics confirm the superior
performance of the proposed design.

4. FABRICATION AND MEASUREMENT OF FILTER
To validate the performance of the designed filter structure, a
physical prototype was fabricated using high-precision planar
lithography and subsequently measured. The fabrication pro-
cess began with the creation of a photomask defining the fil-
ter circuit pattern via UV lithography, ensuring high pattern
fidelity and uniform line widths. This mask pattern was then
transferred onto a double-sided ceramic substrate coated with
YBa2Cu3O7 (YBCO) HTS thin film. The substrate, with a di-

FIGURE 9. Photograph of the fabricated filter.

electric constant of 9.8, offers excellent high-frequency dielec-
tric properties and thermal stability. The circuit pattern was
etched on one side of the substrate to form the microstrip struc-
tures, while the opposite side served as a continuous ground
plane. This ground plane was bonded to a metal shielding cav-
ity using conductive adhesive to ensure adequate grounding.
This grounding scheme enhances electromagnetic shielding, re-
duces spurious radiation interference, and contributes to more
accurate and stable frequency responses during measurement.
The final dimensions of the proposed filter were optimized to
39.91mm × 10.09mm, as shown in Fig. 9.
Themeasurementwas performed using anHTS test platform.

The filter was securely mounted onto a copper plate inside a
cryogenic Dewar to maintain stability. Insulated coaxial ca-
bles were connected to the filter’s input and output ports to es-
tablish reliable electrical interfaces. A closed-cycle cryocooler
was then activated to cool the filter down to its superconduct-
ing transition temperature of 77K, a critical step for achiev-
ing the optimal performance of the HTS material. Finally, the
S-parameters were characterized using a vector network ana-
lyzer. The measured results, shown in Fig. 10, exhibit a well-
defined passband spanning 0.96–1.06GHz. The prototype ex-
hibits an insertion loss of less than 0.4 dB, a return loss greater
than 18 dB within the passband, and out-of-band rejection ex-
ceeding 78 dB. The close agreement between the measured and
simulated results confirms the accuracy of the design method-
ology. The observed discrepancies between measured and sim-
ulated results are primarily attributed to fabrication tolerances
in substrate thickness and microstrip line dimensions. These
physical deviations consequently introduce errors in the filter’s

71 www.jpier.org



Xu et al.

TABLE 2. Comparison with published bandpass filters.

Ref. f (GHz) FBW (%) IL (dB) RL (dB) Size (λg × λg) Order Process technology OBS (dB)
[1] 1.41 9.3 1.42 20 0.160 ∗ 0.210 2 PCB 50
[7] 4.54 55.5 1.6 12.4 0.370 ∗ 0.590 10 PCB 72
[21] 2.4 12.1 1.2 15 0.247 ∗ 0.145 4 PCB 50
[22] 3.5 8.71 0.91 18 0.280 ∗ 0.700 2 PCB 35
[23] 1.65 5 1.7 16 0.110 ∗ 0.220 4 PCB 49
[24] 0.12 8.37 0.28 16.3 0.063 ∗ 0.062 12 HTS 60
[25] 2.51 2.14 0.1 18 0.670 ∗ 0.490 8 HTS 60

This work 1.01 9.9 0.4 18 0.421 ∗ 0.106 14 HTS 78
λg: the guided wavelength at the center frequency f0. OBS: Out-of-band Suppression.
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FIGURE 10. Measured results of the filter.

frequency response. Table 2 compares the key performance
metrics of the proposed filter with those reported in recent liter-
ature. The results demonstrate that our design maintains favor-
able filtering characteristics while achieving low insertion loss,
compact circuit size, high return loss suppression, and excellent
out-of-band rejection. In contrast, other filters often struggle to
balance bandwidth, loss, and overall dimensions, with many
exhibiting either excessive size or higher insertion loss. Conse-
quently, the proposed filter configuration demonstrates signifi-
cant potential for practical applications, offering well-balanced
overall performance.

5. CONCLUSION
This paper presents the design of a 14-pole compact HTS
microstrip bandpass filter based on a mixed electromagnetic
coupling mechanism. By employing a symmetrically folded
resonator configuration combined with non-uniform coupling
gaps and optimized coupling polarity, the proposed structure
enables precise control over the electromagnetic coupling paths
within a constrained footprint. This approach enhances the
filter’s coupling efficiency and improves the uniformity of
the overall electromagnetic field distribution. The filter was
fabricated using a double-sided YBCO HTS thin-film pro-
cess, which provides excellent structural stability and minia-
turization. Both simulated and measured results confirm that

the filter operates within the 0.96–1.06GHz band, with an
insertion loss of less than 0.4 dB, an out-of-band rejection
greater than 78 dB, and a steep passband roll-off rate exceed-
ing 60 dB/MHz, demonstrating excellent overall performance.
These findings validate the feasibility of the proposed design
for high-performance, compact HTS microstrip filters, high-
lighting its strong potential for practical applications in mod-
ern communication systems and highly integrated microwave
circuits.
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