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In this paper, we present a compact quint-band superconducting filter operating at 2.4, 3.5, 4.7, 5.3, and 5.9 GHz.
Matching junctions with different impedance branch lines are used to connect a dual-band sub-filter with a tri-band sub-filter
and to reduce the channel interactions. The quint-band filter design is divided into two sections to determine the controllable
frequencies and bandwidths, while ensuring compact size and reducing design complexity. The filter is fabricated on
double-sided YBCO film deposited on an MgO substrate with a size of 26 mmx 19 mm. The measured results match well

with the simulations.
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1. Introduction

Given the development of wireless communication sys-
tems, bandpass filters (BPFs) have aroused the increasing re-
search interest of all.['=3! Multi-band BPF is one of the most
important front-end components. However, the addition of
passband number leads to the increase of design difficulty and
overall size. Few studies have reported quint-band BPFs or
multi-band BPFs with more than five passbands.*") In these
studies, each BPF passband was generated by a single res-
onator or a pair of resonant modes, resulting in having only
two or three poles on frequency response. Designing a high-
order quint-band BPF with compact size, low insertion loss,
and good selectivity is a great challenge.

Several methods of designing the multi-band BPFs have
been developed and can be generally classified as three cate-
gories. The first category is to combine the BPFs, which have
different resonant frequencies with common I/O ports. Ac-
cording to Ref. [8], the tri-band filter comprises three single-
band sub-filters, in which each passband can be independently
controlled. In a previous study, 1 two sets of resonators were
employed to generate two dual-band responses, wherein these
resonators are combined in parallel to achieve a quad-band
filter. However, the overall size is large, especially for the
designs with more than four passbands. The second cate-
gory is to introduce the band-stop structures into a wideband
BPF or transmission zeros (TZs) to a dual-band BPF to im-
plement multi-band frequency responses.!'%!!) This method
has complicated design and fabrication with additional notch
structures and is not suitable for widely spaced passbands.

DOI: 10.1088/1674-1056/27/6/068503

The third category is to use multi-mode resonators such as

),[12-14] gtub-loaded res-

stepped-impedance resonators (SIRs
onators (SLRs),!">~171 and ring resonators. 821 Nevertheless,
high-order filters are hard to construct because the internal and
external couplings of all passbands are difficult to adjust si-
multaneously.

High-temperature superconducting (HTS) thin films with
extremely low microwave surface resistance can be used to
produce multi-pole single passband filters with both low in-
sertion and sharp rejection. A few attempts have been made
at superconducting filters with four or more passbands. In
Ref. [21], the author proposed a quad-mode stub-loaded res-
onator and quad-feeding structures to design high-order quad-
band HTS filters. A quad-mode square ring loaded resonator
is used to implement a second-order quad-band HTS filter in
Ref. [22]. These researches indicated that using multi-mode
resonators can hardly adjust the resonant mode and the cou-
pling of each passband independently, and are difficult to ex-
tend to high-order quint-band HTS filters.

In the present paper, a new design method which com-
bines two different multi-band sub-filters into a quint-band
BPF is proposed. A compact high-order superconducting
quint-band filter is also presented. The first two passbands are
constructed by four stub-loaded stepped-impedance resonators
(SL-SIRs). The resonant characteristics are investigated and
the harmonic frequencies are pushed upwards to prevent them
interfering with the rest of the passbands. Moreover, three dif-
ferent types of resonators are combined to form a tri-band re-
sponse, which corresponds to the last three passbands. A total
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of seven resonators are used to construct a wideband response,
while two notch bands generated by two pairs of stub-loaded
hairpin resonators are introduced. The two sub-filters are then
integrated with a matching junction with branch lines of dif-
ferent widths to reduce the strong interactions between them.
The filter is fabricated and measured. The simulated and mea-
sured results show good agreement with each other.

2. Analysis and design of quint-band BPF

Figure 1(a) shows the basic coupling scheme diagram of
the proposed quint-band superconducting BPF. In the lower
path, four stub-loaded SIRs are used to implement a dual-
While
in the upper path, seven resonators are used to construct a

band response, forming the 1st and 2nd passbands.

wideband response which two notch bands are introduced into,
thus the 3rd, 4th, and 5th passbands are established. Then, a
new impedance matching junction is utilized to combine the
two sub-filters mentioned above into a quint-band BPF. This
method can make the complexity of designing matching junc-
tions and size reduced considerably, compared with the tradi-
tional method which combines five sub-filters with common
I/O ports. The response of the quint-band BPF is simply il-
lustrated in Fig. 1(b), where the center frequencies of the five
passbands are located at 2.4, 3.5, 4.7, 5.3, and 5.9 GHz, re-
spectively.

(a) 3rd, 4th and 5th passbands

sub-filter B

path 2

path 1

sub-filter A

1st and 2nd passbands

kdual—band response
using stub-loaded SIRs

(b) I_I_I [ 1 1

wideband response with
two notch bands

|S21]/dB

1 1 »
>

f/GHz

Fig. 1. (a) Coupling scheme diagram of the proposed quint-band BPF.
(b) Frequency response of quint-band BPF with five passbands con-
tributed by two sub-filters.
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2.1. Sub-filter A of lower path: 1st and 2nd passbands

In the lower path of the quint-band filter, the first two

passbands are constructed by four SL-SIRs. The simulated

frequency responses, and current density distribution[?3! of the
SL-SIR are obtained and shown in Figs. 2(a) and 2(b). The
Sonnet full-wave electromagnetic (EM) simulation is used in
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Fig. 2. (color online) (a) Simulated resonant frequency response of the
SL-SIR. (b) Simulated current density distribution of the SL-SIR at res-
onant frequencies of fi1, fi2, and fs;.
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Fig. 3. (color online) (a) Extracted resonant frequencies varying with
Wi with W, being set to be 1.32 mm. (b) Extracted resonant frequencies
varying with W, with W; being set to be 0.86 mm.
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The first two resonant modes generated by the SL-SIR
are denoted as fi; and fi,, and the first spurious frequency is
represented by fs;. The current is distributed on the entire res-
onator at fi 1, while it concentrates mainly on the upper part at
f12- Given that the open stub is shunted at the midpoint of the
U-type SIR, the odd- and even-mode analysis can be adopted
to characterize resonant modes. The lower frequency fi.| cor-
responds to the even mode, while fi, corresponds to the odd
mode. 24! Figures 3(a) and 3(b) show that the extracted reso-
nant frequencies change with W; and W», respectively. More-
over, fi» can be adjusted by altering W,, whereas fi varies
slightly. When W, is changed, only fi is shifted, while fi,
remains fixed. Therefore, the frequencies of the first two pass-
bands can be independently controlled. Finally, the width of
W, is set to be 1.32 mm and W is adopted to be 0.86 mm, so
that fi; and fi, are fixed to be 2.4 GHz and 3.5 GHz, respec-
tively. fs; is pushed up to 7.5 GHz to prevent it interfering
with the last three passbands.
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Fig. 4. Two kinds of coupling structures (not to scale).
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Fig. 5. (color online) Simulated coupling coefficients in Fig. 4(a) vary-
ing with (a) d (s is fixed at 0.32 mm) and (b) s (d is fixed at 0.2 mm) for
kLl and kLQA

Figures 5(a) and 5(b) show the plots of the simulated cou-
pling coefficients versus distance between the U-type SIRs, d,
and the folded open stubs, s, respectively, where kr; and kp»
represent the couplings at fi; and fi, respectively. Parame-
ters ¢ and h are tuned to keep the frequencies fi| and fi, un-
changed. The coupling coefficients of the structure in Fig. 4(b)
can be derived in the same way. Figure 5(a) shows that param-
eter d affects both k1| and k1, when s is fixed, while figure 5(b)
indicates that parameter s has a large influence on kp | but af-
fects k1, less when d is fixed. Thus, the coupling strengths kp
and ki, can be controlled separately.
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Fig. 6. Layout of the sub-filter A (not to scale).
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Fig. 7. (color online) Simulated external quality factors for the first two
passbands varying with (a) a (b is fixed at 3.0 mm), and (b) b (a is fixed
at2.98 mm. a = a; +az).

Figure 6 shows the dual-feeding external coupling struc-
ture of sub-filter A. One branch is spiraled around the end of
the U-type SIR, and the other branch is tapped to the open
stub. Figure 7(a) shows the external quality factors Q. at
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fi1 and Qer2 at fi, decrease as coupling length a increases.
While as tap position parameter b increases, Q11 decreases
rapidly whereas Q.1 7 increases slightly in Fig. 7(b). Parame-
ters a and b are appropriately combined to meet the required
external coupling of the two passbands simultaneously. There-
fore, the center frequencies and bandwidths of the first two
passbands can be controlled.

2.2. Sub-filter B of upper path: 3rd, 4th, and Sth pass-
bands

In the upper path of the quint-band filter, two notch bands
are introduced into a wideband response. Seven resonators
are used to construct the wideband response. The first and

OF
—20}
—40}

—60

W TN

—120F port 2

4.0 4.5 5.0 5.5 6.0 6.5
Frequency/GHz

Magnitude/dB

port 1

Fig. 8. Wideband response constructed by L-type and hairpin res-

onators.
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Fig. 9. (color online) (a) Layout of the filter. (b) Simulated frequency
responses with varying /1 (/5 is set to be 5.56 mm). (c) Simulated fre-
quency responses with varying [ ([ is set to be 6.58 mm).

last resonator are transformed into L-type resonators to excite
stronger external coupling to the ports, while the rest of the
resonators are all hairpin resonators. The basic wideband re-
sponse is shown in Fig. 8.

Two pairs of stubs of different lengths are loaded in the
middle of the hairpin resonators, introducing two notch bands
as shown in Fig. 9. The notch bands can be controlled by ad-
justing the lengths of the stubs. Figure 9(b) shows that the
first notch band is shifted to a lower frequency as length /;
increases, while the second notch band remains fixed. More-
over, figure 9(c) shows the shift of the second notch band with
the change of the length />, similarly. Therefore, the central
frequencies and bandwidths of the three passbands can be ad-
justed.

2.3. Structure of matching junctions and filter design

Figure 10 shows the layout of the proposed quint-band fil-
ter consisting of two sub-filters connected by matching junc-
tions. The first two passbands are integrated by a T-junction to
form the sub-filter A. Then, a T-junction is used to connect the
two sub-filters to the common I/O ports. The horizontal branch
line of the T-junction with a small width of 0.06 mm is used
to achieve a strong capacitive external coupling of sub-filter B.
On the other hand, the vertical branch line is connected to the
sub-filter A with a short horizontal branch line with width Ws.

juction
point

Fig. 10. Layout of the quint-band filter. The circuit in the lower dashed
rectangular box shows sub-filter A, and the upper shows sub-filter B.
Wjs is the width of branch line connecting to the matching junction.
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Fig. 11. (color online) Plots of simulated Imag (Z,) versus frequency
of sub-filter A with different characteristic impedances (Zo = 33, 50,
and 75 Q, corresponding to width W3 = 0.98, 0.48, and 0.18 mm).
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Figure 11 shows the effect of adjusting W3. The plots of
the simulated imaginary part of input impedance Z;, versus
frequency of the sub-filter A at the junction point with differ-
ent values of characteristic Z (33, 50, and 75 Q) are presented.
The simulation layout of sub-filter A is shown in Fig. 6. Zj, is
matched to 50 Q in passbands 1 and 2, having a nonzero imag-
inary part in each of passbands 3, 4, and 5, which introduces a
strong interaction between the sub-filters. The ideal conditions
for Z;, of the sub-filter A can be illustrated as follows:

5097 f:fhfz,
0, f:f3af47f5.

The five passbands are denoted as f1, f2, f3, f4, and f5, respec-

Zu(n={ 1)

tively. As the absolute values of Z;, at f3, fi1, and f5 increase,
the interaction between the sub-filters decreases. Moreover,
when the out-of-band signals are inputted from the common
port, Z;, = oo means that the sub-filter A acts as an open cir-
cuit. It can be seen that as W3 widens, the peak of the nonzero
part is pushed to a higher frequency. Finally, width W3 is set
to be 0.98 mm to increase the imaginary part of Z;, of the sub-
filter A in each of passbands 3, 4, and 5, so that the interaction
between the two sub-filters can be reduced. Compared with
the conventional T-junction shown in Fig. 12(a), the stepped-
impedance matching junctions used in this work possess better
frequency response, as indicated in Fig. 12(b).

Si1/dB

---conventional T-junction
—80F __ matching junction in this work
—90 1 1 1 1 1
2 3 4 5 6
Frequency/GHz

Fig. 12. (color online) (a) Layout of the filter using conventional T-
junction (not to scale). (b) Simulated results of the filters using conven-
tional T-junction and matching junctions proposed in this work.

The two sub-filters are designed by adopting different
structures of resonators, and the shortest distance between the
two sub-filters is pulled away to 1 mm, so the cross-coupling
can be weakened. Afterwards, the parameters of the quint-
band filter, including the resonant frequencies, the external and
interstage couplings, and the lengths of the matching branch
lines, are optimized entirely to minimize further the undesired
interactions and achieve a better filter response.

3. Fabrication and experimental performance

The quint-band HTS filter is fabricated on double-sided
YBCO films deposited on a 0.5-mm-thick MgO substrate. The
ion etching technology is used to etch one-side of the film to
form the filter circuit. The filter is then packaged into a gold-
plated shield box with an overall size of 26 mmx 19 mm, or
0.51Ag x 0.3744, where A, is the guided wavelength at the cen-
tral frequency of the first passband. Figure 13 shows the pho-
tograph of the fabricated quint-band filter with an open cover.
The filter is cooled to 65 K through a Stirling cryocooler and
measured by an Agilent E5072 A network analyzer with an
input power of 0 dBm.

Fig. 13. (color online) Photograph of fabricated HTS filter.

Magnitude/dB

100 Y | —— measurement
2 3 4 5 6
Frequency/GHz

Fig. 14. (color online) Simulated and measured results of the quint-band
HTS filter.

Figure 14 presents the measured results of the quint-band
HTS filter without tuning, which accord well with the simula-
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tions. The measured results of the five passbands are listed in
Table 1. The insertion loss of the five passbands is less than
0.25 dB, and the return loss is greater than 13 dB. The rejection
of the four internal stopbands is higher than 45 dB.

Table 1. Measurements of the quint-band BPF.

Passband Center 3-dB fractional Insertion Return
number frequency/GHz  bandwidth/% loss/dB  loss/dB
1 2.37 11.21 0.23 15.9
2 347 6.57 0.18 13.7
3 4.69 4.80 0.25 12.5
4 5.25 7.86 0.12 15.9
5 5.87 2.88 0.06 19.9

4. Conclusions

Two high-pole multiband sub-filters have been con-
structed by adopting different structures and then used to de-
termine a compact quint-band filter with controllable frequen-
cies and bandwidths. The interaction between the sub-filters
is reduced by the matching junctions with branch lines, which
have different characteristic impedances. Experiments demon-
strate that the designed and fabricated filter shows good return
loss and low insertion, which matches well with the simula-
tions.
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