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In this study, we propose a novel resonator that is composed of a modified spiral with an embedded interdigital
capacitor. A large ratio of the first spurious frequency to the fundamental resonant frequency is obtained, which is suitable
for the design of filters with wide stopbands, and the circuit size is considerably reduced by embedding the interdigital
structure in the spiral. For demonstration, a compact four-pole high temperature superconducting (HTS) filter with a center
frequency of 568 MHz is designed and fabricated on double-sided YBCO film with a size of 11.4 mmx8.0 mm. The filter
measurement shows excellent performance with an out-of-band rejection level better than 60.9 dB up to 3863 MHz.
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1. Introduction

Bandpass filters (BPFs)!!=3 with compact size and high
selectivity play an important role in wireless communication
systems. Microstrip BPFs have attracted a great deal of atten-
tion from researchers, due to their planar structure and easy
design procedures. However, undesired spurious bands and
harmonics are unavoidable for frequency responses of BPFs.
Wide stopband BPF should be developed to improve the signal
quality through suppressing the interference from other wire-
less systems.

Several methods have been developed to improve the
stopband performances of microstrip bandpass filters, and can
be classified as two categories in general. The first category
is to suppress unwanted harmonics. In Ref. [4], three ring
resonators were used to generate the band-stop effect to sup-
press spurious responses. Defected ground structures®! and a
modified coplanar waveguide structure!®! were also adopted
in the filter designs to provide transmission zeros in spuri-
ous frequencies. However, extra structures may aggravate
insertion loss and increase circuit size. The second cate-
gory is to improve the spurious responses of the resonator.
Many resonators, such as quarter-wavelength resonators,!’]
quarter-wavelength stepped-impedance resonators (SIRs),®!
asymmetric resonators, [*] asymmetric SIRs, 01T and inter-
digital resonators,!'?! have been reported in constructing wide
stopband filters.

Since the radio-frequency surface resistance of the high
temperature superconducting (HTS) thin film is much smaller
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than that of normal metal film, HTS filters have attractive char-
acteristics of low insertion loss, high out-of-band rejection,
and high selectivity. Several HTS filters have been developed
for microwave devices. In Ref. [13], quasi-lumped element
resonators, comprising double-spiral inductors and interdigi-
tal capacitors, were used to increase the lowest harmonic to
approximately triple the center frequency. Modified resonators
with interdigital fingers and vertical meander line!'*! were pro-
posed in designing a wide stopband HTS filter, which has a
first spurious frequency that is 5.2 times the center frequency.

In this work, a novel resonator with an interdigital ca-
pacitor embedded in a modified rectangular spiral is proposed.
The resonator has a compact size and a first spurious frequency
higher than 6.96 times the fundamental frequency. A four-pole
HTS filter centered at 568 MHz with a —1-dB bandwidth of
14.5 MHz is designed and fabricated using the proposed res-
onator. The measurements accord well with the simulations.
The filter exhibits good spurious suppression performance in
terms of wide stopband and high rejection level.

2. Resonator design
2.1. Topology and resonant properties of the resonator

For the case of a half-wavelength rectangular-spiral res-
onator with a space in the middle, the potential distributions
and the current directions at the fundamental resonant fre-
quency and the first spurious frequency are shown in Figs. 1(a)
and 1(b), respectively. At the fundamental resonant frequency,
positive charges are concentrated at one end of the resonator,
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and negative charges are concentrated at the other end. The
currents in spiral turns are in the same direction, and the space
in the middle weakens the magnetic self-coupling field be-
tween the left and right turns significantly. Thus, the self-
inductance of the resonator is increased, and the fundamental
frequency is reduced. At the first spurious frequency, two ends
of the resonator have the like charges, and the opposite charges
are concentrated at the middle line of the resonator. Currents
flow in different directions in the inner and outer turns of the
spiral, so the inductance is reduced, and the first spurious fre-
quency can be increased.

The charge distributions for an interdigital structure lo-
cated at the end of a resonator are shown in Figs. 1(c) and
1(d). At the fundamental resonant frequency, the adjacent in-
terdigital fingers concentrated with different charges enhance
the self-capacitance. While at the first spurious frequency, the
adjacent fingers concentrated with the like charges diminish
the self-capacitance. Thus, the fundamental frequency is re-
duced, and the first spurious frequency is increased.

(a) (b)
Fig. 1. Potentials (+ and —) and current directions (arrowed) of a
rectangular-spiral resonator at (a) fundamental resonant frequency and
(b) the first spurious frequency. Potential distributions of an interdigital
structure located at the end of a resonator at (¢) fundamental resonant
frequency and (d) the first spurious frequency. Dashed ellipses repre-
sent other parts of the microstrip line of the resonator, and other fingers
of the interdigital structure are represented by the ellipsis in the middle.

Figure 2 illustrates the proposed resonator, which is im-
plemented by a modified spiral loaded with an interdigital ca-
pacitor. The resonator is based on three microstrip elements:
an inductive spiral, capacitive pads grounding the resonator at
two ends, and an interdigital capacitor. The outer end of the
spiral is connected with the interdigital capacitor through air
bridges as shown by grey curves in Fig. 2. In this work we
utilize the apparently unused space in the center of the spi-
ral, which exists in the original resonator structure. Compared
with the traditional resonators that combine inductive and ca-
pacitive elements in parallel, the interdigital capacitor is em-
bedded in the spiral through air bridges. Thus, the compact-
ness of the resonator is enhanced.

The potential distributions and current directions in the
fundamental and first spurious modes of the resonator are an-
alyzed and shown in Figs. 2(a) and 2(b), respectively. At the
fundamental resonant frequency fy, the inductance of the spi-
ral part and the capacitance of the interdigital part are both
increased. This condition reduces frequency fy. At the first

spurious frequency, the inductance of the spiral part and the
capacitance of the interdigital part are both diminished. Thus,
the first spurious frequency f; is increased, which leads to a
large ratio f;/fp and indicates that the proposed resonator is
suitable for the design of wide-stopband filters. The currents
mainly flow in the middle of the spiral lines and are small near
the ends. Thus, the losses introduced by the air bridges are
minimized.!!>!
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(a) (b)
Fig. 2. Sketch of the proposed resonator (not to scale) with potentials
(+ and —) and current directions (arrowed) at (a) fundamental resonant
frequency f and (b) first spurious frequency f;.

2.2. Parameters of the resonator

The line widths of the spiral and the interdigital fingers
are all 0.04 mm, and the line spacing is 0.02 mm. Other pa-
rameters of the resonator are marked in Fig. 3(a). A full-wave
electromagnetic (EM) simulation software Sonnet is used in
this work. In the simulation, the substrate is set to be MgO
with a thickness of 0.500 mm and a relative dielectric con-
stant of 9.675. The entire resonator with a center frequency of
567.5 MHz is 4.6 mmx 1.2 mm in size, and is compared by
a double spiral-in-spiral-out (SISO) resonator and a meander-
line resonator, which are loaded with the same interdigital
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Fig. 3. Three different resonator structures (not to scale): (a) proposed
spiral resonator, (b) double spiral-in-spiral-out (SISO) resonator, and
(c) meander-line resonator loaded with the same interdigital capacitor.
All dimensions are in unit mm.
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capacitor as shown in Figs. 3(b) and 3(c). All three resonators
are set to have the same fundamental frequency, line width,
and line spacing. The comparison is shown in Table 1, in
which we can see that the proposed resonator has the largest
fs/ fo ratio of 6.96 and the most compact size.

Table 1. Comparisons of f;/fo ratio and size among three resonator
structures.

Resonator structure fo/MHz fs/fo Size/mm
(a) 567.5 6.96 1.20 x 4.60
(b) 567.5 2.08 2.04x6.78
(c) 567.5 391 2.08 x7.26
4200 o
4100 + 17.0
~
T 4000 [«
= 16.5
= 3900
S 38002 16.0
Q
= 900 —f, lss
o 800 f -~ f
=700 pA ~f/fo 150
600 |
500 L— L L 4.5

4 6 8 10 12 14

Number of interdigital fingers

Fig. 4. Simulated resonant frequencies f, fs, and f;/fo ratio of the
proposed resonator with different numbers of interdigital fingers.

The number of interdigital fingers plays an important role
in achieving a high first spurious frequency. More fingers in-
dicate a stronger capacitive effect of the interdigital structure.
Figure 4 shows that the ratio of f;/fy can be pushed up to 7
or more by increasing the number of interdigital fingers, while
the spiral outside remains unchanged. However, many fingers
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require large spaces, which will increase the entire size of the
resonator. Twelve interdigital fingers are used in this work
with consideration of performance and overall size.

2.3. Coupling properties of the resonator

The coupling properties of the proposed resonators are
simulated and analyzed. The electric fields are mostly concen-
trated between the interdigital fingers, which are surrounded
by spiral lines. Very little electric field can leak into the space
and this leads to a very weak electric coupling between res-
onators. By contrast, most of the magnetic energy is contained
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Fig. 5. Four types of coupling structures of the proposed resonators
with different relative orientations.
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Fig. 6. (color online) Simulated coupling coefficients for four types of coupling patterns sketched in Fig. 5.
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in the spiral lines. At the first spurious mode, the currents flow
in opposite directions in the inner and outer turns of the spi-
ral, resulting in a counteraction of magnetic fields in the space.
Thus, the magnetic coupling between the resonators at the first
spurious mode is weaker than that at the fundamental mode.

EM simulations are used to obtain the coupling coeffi-
cients. The simulated coupling coefficients as a function of
distance between coupled resonators in patterns of Figs. 5(a)
and 5(b), which are shown in Figs. 6 (a) and 6(b) respectively,
are similar. The coupled structures shown in Figs. 5(c) and
5(d) also have approximate coupling function, as shown in
Figs. 6(c) and 6(d), respectively. The coupling coefficients be-
tween the resonators in four patterns at the first spurious mode
are all weaker than those at the fundamental mode. This fea-
ture is valuable for suppressing the spurious responses of BPF
consisting of the proposed resonators.

3. Filter design, fabrication, and experiment
performance

A four-pole Chebyshev filter centered at 568 MHz with a
—1-dB bandwidth of 14.5 MHz is designed using the proposed
resonators. The coupling structures in Figs. 5(b) and 5(c) are
selected in the filter design. The orientations of adjacent res-
onators are opposite to each other in order to accommodate
the tuning screws as shown in Figs. 7 and 8. The first and
last resonator are connected to the input and output, respec-
tively, by a winded high impedance line that has the same line
width of 0.04 mm as the spirals to ensure external quality fac-
tor Q.. The simulated performance of the filter is shown in
Fig. 9 (dashed lines). The first spurious frequency is located at
3908 MHz, which is roughly 6.88 times the center frequency.

8.0 mm

11.4 mm
Fig. 7. Layout of the four-pole filter.

The four-pole HTS filter is fabricated on double-sided
YBCO film deposited on a 0.5-mm-thick MgO substrate with
a size of 11.4 mmx8.0 mm or 0.0554, x 0.0384,, where Ay
is the guide wavelength of the 50-Q line on the substrate at
the center frequency. The filter is patterned by standard pho-
tolithography and ion etching technology, and is packaged into
a gold-plated shield box. Figure 8 shows the photograph of the
fabricated filter with opened cover. To allow for further bond-
ing, gold strips are left on the input/output feedlines and the
pads at both sides of the air bridges. The AlISi bonding wires
are used as air bridges to connect the outer end of the spiral
with the interdigital capacitor.

Lo o6
oM+ . s
-
_o0H g 20 i 6-8f0
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5—40 > i
—40H

530 550 570 590

Frequency/MHz
01 o A

Sy /dB

—— measured
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500 1000 1500 2000 2500 3000 3500 4000 4500
Frequency/MHz

Fig. 9. Simulated and measured (after tuning) responses of the four-pole
HTS filter.

The filter is cooled to 65 K through a Stirling cryocooler
and measured by an Agilent ES072 A network analyzer with
an input power of dBm. Four sapphire tuning rods are embed-
ded in the cover of the shield box to optimize the passband
response of the filter. The measured performances after tun-
ing are shown in Fig. 9 (solid lines). The filter is centered
at 568.3 MHz with a —1-dB bandwidth of 14.5 MHz. The
measured in-band insertion loss including the bonding wires
is less than 0.1 dB, and the measured return loss is greater
than 20.5 dB. Figure 9 indicates that the upper stopband of the
filter remains below 60.9 dB until 3863 MHz. Table 2 shows
the comparison among HTS wide stopband filters, the filter
proposed in this paper has a small size and exhibits good per-
formance.
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Table 2. Comparison among HTS wide stopband filters.

Ref. Poles fo/MHz Bandwidth/MHz Rejection up to Size (Ag)
[10] 4 2400 247 44 fy (20dB) 0.256 x 0.472
[11] 4 1112 10 3.7 fo (60 dB) 0.28 x 0.12
[14] 6 500 2 5.2 fo (75 dB) 0.17 x 0.05
This work 4 568 145 6.8 fo (60.9 dB) 0.055 x 0.038

4. Conclusions

A novel resonator composed of a modified spiral with an

embedded interdigital capacitor has been proposed. A four-
pole HTS filter centered at 568 MHz with a —1-dB bandwidth
of 14.5 MHz is designed and fabricated using the proposed

resonator. The filter has a compact size and a wide stopband.

The measurements indicate that the upper stopband of the filter
remains below 60.9 dB until 3863 MHz.
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