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SUMMARY  We report on the spurious suppression effect in low-
microwave power transmitters by high temperature superconducting (HTS)
bandpass filters (BPFs) which are promising for devices requiring BPFs
with high-frequency selectivity. Some of the major issues on the power
BPFs with HTS planar circuits for wireless communication applications are
reviewed. As a case study for the HTS filter and its spurious suppression
effect, this paper describes an example of the measured power spectrum
density (PSD) on the suppression effect by one of our developed power
BPFs with YBCO films for the 5 GHz band. It was designed with equiv-
alent cascade resonators of 16 poles. We demonstrated the effect by HTS
power filter in a power amplifier for the 5 GHz band.

key words: superconducting filter, spurious suppression, YBCO, power,
transmit

1. Introduction

In recent years, it has become important to use efficient fre-
quency resources of radio waves because demands of wire-
less communications have been increasing [1]. For exam-
ple, mobile subscribers of the wireless communications are
increasing, and then it is predicted that in the future many
wireless communication systems will have a broader fre-
quency band. In addition, channels of broadcasting sys-
tems will be increasing. Wireless communications tends to
use radio waves with less frequency bands than the low mi-
crowave band because generally the waves provide better
surface electromagnetic (EM) propagations than that of the
higher frequency [2]. On the other hand, interexchange data
via air between wireless communication systems tends to
be increasing worldwide [3]. It means that efficient uses of
the frequency resources and/or uses of the higher frequency
band will be required. The issues including the above and
other required issues, that is, the mobility as communicat-
ing, the reachable communication distance, the frequency
resources, EM interferences between the systems and so
on will have to be compromised [4]-[6]. Therefore, many
kinds of advanced technology on improving usage of the fre-
quency resources have been proposed, researched, and de-
veloped.

It is well known that high quality (with strong c-axis
crystal orientation, small angle grain boundaries, etc.) HTS
epitaxial films of YBCO (main component: YBa,Cu30;_y,
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X = 0-0.5) material, etc. can show surface resistance Ry
values of 2-3 orders less than that of copper materials as
a good electrical normal conductor in the low microwave
band [7]. Making use of the HTS Ry property, HTS fil-
ters with EM resonators for low microwave band can show
higher unloaded quality-factor (Qy) values, compared with
filters with the same geometric structure and normal conduc-
tors. In cases of planar type filter circuits, HTS resonators
with high quality YBCO films as the resonator part conduc-
tors can increase the ratio of the Qy nearly as increasing the
inverse ratio of the Rg. The high Qy property is effective to
constitute cascaded HTS EM resonators as for obtaining the
higher frequency selectivity characteristics [8].

The HTS filter technologies are expected to be candi-
date technologies for efficiency uses of the frequency re-
sources, because of the potential for frequency suppressing
EM interferences between radio transceiver base stations
and the adjacent channels. HTS receive (Rx) filter tech-
niques for the low microwave band have already showed
high selectivity characteristics comparable with those of
concrete device design and fabrication processes [8]-[10]
used in practical applications. On the other hand, transmit
(Tx) filters for the low microwave radio band as a useful ra-
dio frequency (RF) region are operated at higher handling
RF power value in the range of about 20-170 dB (these val-
ues depend on the airlink design of each radio system) as
compared with that of the Rx filters [6]. HTS Tx filters
for the same applications will require the similar handling
power. For this reason, we need to consider HTS Tx filters
as HTS power filters. HTS Tx filter developments are more
difficult, because of the issues on RF power, compared to
that of HTS Rx filters. In recent years, our previous R&Ds
for the power filters around 5 GHz band have been reported
[11]-[14].

In this paper, we describe R&D major issues on the
HTS filters in order to handle the higher power, and ad-
dress some promising applications for the HT'S power filters.
Next, we report on our experimental result of the spurious
suppression effect by an HTS power filter in a radio transmit
system that provides a transmitter with a RF power ampli-
fier for 5 GHz band and broadband for the future wireless
communications.

2. Issues on HTS Power Filters for RF Tx

In this section, issues for conventional RF transmitters
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for wireless communications for the low microwave band,
broad bandwidth, and moderate Tx output handling maxi-
mum power from 20 to over 40dBm are summarized. In
addition, the issues to be solved and the effect are addressed
when HTS filters are adapted to the transmitters.

2.1 RF Transmitter

An RF transmitter for a wireless communication system
with a digital modulation/demodulation method for the low
microwave band is considered hereinafter. When the mod-
ulated RF signal is inputted to an RF power-amplifier (PA)
of the final stage, the output signal of the PA generally in-
creases the spectral sidelobe regrowth as increasing the in-
put signal power. The above modulations provides time-
varying amplitude characteristics of the modulation wave
envelope such as simple quadrature amplitude modulation
(QAM), multilevel QAM modulation, multi-career modu-
lations including the orthogonal frequency division multi-
plexing (OFDM) method, and the code division multiplex-
ing (CDM) method [4].

On wireless communications, the regrowth problem
has a possibility to give other radio receivers interferences
due to the adjacent leakage power (ACP) when the wireless
communication channels in the adjacent frequencies are as-
signed, and there is the radio which can receive in the cov-
erage of the transmit EM wave [5]. Various kinds of tech-
niques have been proposed and utilized in order to improve
the problem. One of the typical methods for the regrowth
suppressing is to improve the I/O linearity in the required
power range of the PA under large backoff operation of it
with larger output power capability than the required capa-
bility. In addition, distortion compensation techniques for
the PA have been known [15]-[18]. The major compen-
sation techniques are grouped into different types such as
pre-distortion, feed-forward, and feed-back methods. There
can be methods to combine them. In addition, not only ana-
log but also digital method in the pre-distortion type have
been developed in the PAs for the low microwave frequency
applications in recent years since digital circuit techniques
(for example, ADC circuit) have been developed with higher
speed and larger scale. These methods have advantages and
disadvantages. As requiring the larger quantity of the com-
pensation, the wider frequency band, the higher frequency,
and power consumption efficiency, the compensations tend
to become more difficult in many cases.

Figure 1 shows a model block diagram by the conven-
tional methods for the spurious suppression (in the follow-
ing, “spurious” will be used in the same meaning as “un-
wanted” in the out-of-band and spurious domains by the
recent regulation.), where RF-PA means RF power ampli-
fier in wireless-communication base stations. On the other
hand, the interferences by the Tx system spurious spectrum
for the broader band communications to the ACP will be
suppressed using a high selective filter on the RF-PA output
side [5]. This idea is simple in appearance. However, these
microwave power filters that are satisfied with the practical
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Fig.1 A model block diagram by one of the conventional methods [19].
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Fig.2 A model block diagram by a method using a high-selective
bandpass filter [19].

requirements have R&D issues in many cases. The HTS
power filters R&Ds have the possibility for the application
of the ACP suppression. The high-selective HTS power fil-
ters with both the lower spurious-spectrum and the lower
energy-loss will be expected for the application. Figure 2
shows a model block diagram by a method using a high-
selective bandpass filter (BPF).

2.2 Qy and HTS Material [20]

3-dimensional waveguide and planar circuits as microwave
BPF structures using electromagnetic (EM) resonators are
well known. If the EM resonators are made of the same
materials at the same resonant frequency and operating tem-
perature, the waveguide circuit resonator can have higher
Qy value and handling power than that of the planar circuit
resonator generally known. Therefore, high-quality super-
conducting materials as the resonator conductor part can be
considered effective to obtain higher Qy than that using only
normal conductor like copper or silver materials. Further-
more, in the low microwave band, the HTS planar circuit
resonator that is made by using high-quality epitaxial HTS
films with the lower Ry value can provide more compact
size and higher Qy than that of the normal metal waveguide
in the case of the same frequency. As obtaining higher fre-
quency selectivity by constituting the optimized filter cir-
cuits using the higher Oy resonators with each other, the
filter can have lower transmission energy loss.

The relation between each Q factor in the planar circuit
filter with the EM resonators is given by

0y =0 +0p' + Ok + Qe (1)

where QOc, Op, Or, Qomer are the conductor Q, the substrate
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dielectric Q, the radiation Q, and the other part Q, respec-
tively. Qumer consists of contributions from the intercon-
nects, the package and so on. The planar circuits for RF
applications are usually packaged into metal conductor con-
tainers to shield the external EM fields. In this case, Qg
can be regarded as positive infinity value due to no radia-
tion loss as we consider that the filter circuit is included the
package. The expression (1) means that Q¢ has higher value
as decreasing the Ry of HTS materials that are used in the
circuits. That is, obtaining HTS materials with the lower
Ry for the high Q resonator applications is important. Pla-
nar type circuits of the HTS Tx filters are candidates for the
applications with moderate RF power (around 30—40 dBm)
and low microwave band (around UHF-6 GHz band). In the
HTS planar circuits like microstrip type, it is important to
deposit lower Rg HTS films on both sides of the substrates
with very low dielectric loss corresponding to very high Qp.

In our previous R&D [9],[10], YBCO films were de-
poisted on both sides of the MgO(100) substrate, which
has a Ql‘)1 on the order of 107%. Depositions were car-
ried out under various deposit conditions. The YBCO films
with the substrates were patterned using photolithography to
make resonator samples with hairpin microstrip lines for the
2 GHz band. The measured Qy values of the 2 GHz-band
YBCO microstrip-line resonators with different film-quality
and normalized-thickness under a small signal input condi-
tion are shown in Fig. 3 [10], where ¢ is the film thickness,
and A, is London penetration length. The film character-
ization and analyses were carried out [9]. The results are
summarized as follows.

All of the H and L type films showed strong c-axis
orientation normal to the substrate as the X-ray diffraction
(XRD) 8 — 26 easurement results. However, the XRD ¢
scan measurement results showed main diffracted peaks cor-
responding to 90 degree between the grain boundary an-
gles for the H films, and corresponding to 45 degree for
the L films, respectively. In addition, the H films gener-
ally observed higher dense microstructures and fewer phase
segregations than that of the L films by transmission elec-
tron microscopy. The relations between Rg, Qy,t, A5 and
the resonator device geometric and material parameters for
EM calculations can be calculated theoretically and approx-
imately using a conventional superconducting electromag-
netism method. The comparative two curves with measured
points in Fig. 3 were calculated by the method.

The power dependences of the resonant frequency for
the 2 GHz band resonators were examined [9] to clarify the
power dependence of the same YBCO films. Each res-
onator’s resonant frequency shifted gradually as increasing
the transmitted power. Figure 4 shows that each normal-
ized resonant frequency shift of the H films were less than
that of the L films at the same applied power [9]. Here,
Max Hgp means evaluated maximum RF magnetic field in
each YBCO resonator circuit by numerical calculations cor-
responding to the input power, given by

MaxHgp = k, P> 2

in
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Fig.3 Measured Qp values (solid dots) of 2GHz-band YBCO
microstrip-line resonators with different film-quality and normalized-
thickness under small signal input condition [10].
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Fig.4 Measured resonant shift Af/fc versus evaluated maximum RF
magnetic field for 2 GHz-band YBCO MSL resonators with different film
quality [9].

where P;, is the input power (W), k, is a coeflicient decided
by the geometric structure and materials of the resonator de-
vice. Af/fc is the resonant frequency shift normalized by
resonant frequency fc as no Max Hgp assumption.

For many RF power applications, the H type film qual-
ity is better as compared with the L films. This shift can be
understood that a superconducting RF resonator shows the
resonant frequency shift by the applied power as a supercon-
ducting material has the magnetic penetration depth change
caused by like artificial weak links, micro-impurities, de-
fects, angle grain boundaries, which behave like weak links
in YBCO materials [21]-[24]. The reason is suggested that
inductive reactance in the equivalent circuit of the resonator
is changed because the kinetic inductance is changed by
RF magnetic field that occurred by the applied input power.
To summarize, we found experimentally that the film qual-
ity and film thickness are important characteristics for mi-
crowave high-Q power applications.
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2.3 Cryo Packaging

In wireless applications with HTS planar circuits, a packag-
ing method in a system is explained as follows: The cold
head of a cryocooler is covered with a vacuum chamber.
HTS filters, of which HTS circuit substrates are packaged
metal containers with RF connectors, are mounted on the
cold head. The RF connectors are connected with coaxial
cables to the hermetic RF connectors on the chamber. Ob-
viously, this method can be changed by the cryostat design
differences. In the packaging and mounting, there are the
following technical issues [25]:
(a) Torelax thermal stress between room temperature (RT)
and the operating cryogenic temperatures (OCT),
(b) To suppress heat transfer from the outer of the chamber
at RT and the filters at the OCT,
(c¢) To minimize the joule heating in the HTS devices
and/or other cryo-devices,
(d) To decrease the heat capacity,
(e) To minimize the joule heating in the RF cables as the

RF input power increases.

Furthermore, (b) and (c), and (e) surfaces obviously in the
RF power applications due to the larger RF input power into
the chamber, RF cables, and HTS filter than those of only
the Rx.

It is desired that these issues should be improved as
much as possible, when the technologies are applied to the
cryostat. (a) is important to prevent the devices from the
deterioration by the cryostat power on-off operation cycle.
Also (b), (¢), (d), and (e) improvements will give lower ther-
mal load of the cryocooler, thereby the smaller cryostat will
be obtained.

2.4 TM-Mode Disk Patch Filter

R&Ds on HTS power filters have been reported [11]-[14],
[20]-[36]. Gradually those characteristics have improved
for the applications. In the HTS planer circuits with mi-
crostrip structure, TM-mode HTS disk-patch resonators are
effective to improve the power handling capability as com-
pared with HTS resonators with the narrow-line shaped pat-
terns [20], because the HTS disk-patch patterns can pro-
vide lower current density on the pattern surface than that
of the narrow one at the same transmitted-power, resonant-
frequency, and I/O couplings. For this reason, the disk patch
resonator is a kind of candidate structures of the HTS power
filters. Figure 5 shows a simplified drawn model of TM-
mode HTS disk patch resonator, where the HTS ground sur-
face was contacted to the normal metal electrode layer on
the bottom of the metal package. Each signal pin and outer
conductor of the I/O RF coaxial connectors (SMA type) was
connected electrically to each electrode for the I/O and the
metal package, respectively. In the TM-mode HTS disk
patch resonators as shown in Fig. 5, the power handling ca-
pability in the different TM modes were compared by nu-
merical EM simulations, etc. at the same conditions on the
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Fig.5 A model of TM-mode HTS disk patch resonator (RF connectors,
etc. abbreviated). Dashed lines show the inner walls of the metal package.

Fig.6 A photograph of a TM;; mode resonator sample with YBCO
film/LAO crystal substrate/YBCO film layers for 4 GHz band, the top pack-
age cover removed [36].

resonant frequency, geometric structure, and materials [14].
These resonators with the different modes made the size ad-
justments for obtaining the same resonant frequency each
other. The simulation results around 5 GHz on the TMy,;
and TM;; cases showed that the power handling capability
of the TMy, is larger than that of the TM;.

On the other hand, the disk size of the TMy; is also
larger than that of the TM;;. When the HTS power filters
with compact size are needed, the TM|; mode resonators
may be candidates. Actually, the experiments on the han-
dling power of TM|; mode were carried out [29], [36]. Fig-
ure 6 shows a photograph of a TM;; mode resonator sam-
ple with YBCO film/ LAO (LaAlOs3) (100) crystal substrate/
YBCO film layers for 4 GHz band, the top package cover
removed [36]. As a result on the experiments up to about
40 dBm input, we clarified the conditions to obtain the 3rd
Intermodulation distortion (IMD?3) value less than —60 dBc
at the handling power 10 W (40 dBm) at 4 GHz band in the
case using LAO (100) and MgO (100) crystal substrate, re-
spectively [29], [36].

To obtain the optimized filtering characteristic that de-
pends on the required specification corresponding to the ap-
plication, multistage (or multi-section) filter are generally
used. To have designed frequency responses along the spec-
ification, there is a need to adjust the EM coupling coeffi-
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Fig.7  Top view of a model [11] of the TM;; dual-mode disk-patch
resonator circuit patterns.

cients between the resonators. The range of each coefficient
depends on the filter structure. On the other hand, to design
a multistage HTS power BPF, each filter is compact size and
has high power handling are required.

A dual mode resonator can reduce the size of a filter in
half because it has two-resonation mode in one filter. We re-
ported TM dual-mode disk-patch HTS resonators with novel
patterns for dual-mode resonance [11], [12], [37]. These re-
ported patterns have a circle disk shape to uniform the cur-
rent density in the resonator disk. Figure 7 illustrates the pat-
tern of the developed filter the TM; dual mode disk-patch
resonators [11]. It has a waveguide like pattern to generate
a dual mode. The waveguide length is about A/4 of res-
onation frequency. The coupling coefficient of dual mode
can be controlled with the waveguide length.

TM dual-mode disk-patch resonator with HTS films
using this perturbation method was designed with EM sim-
ulations,. Strong c-axis orientated YBCO films on MgO
(100) substrate were used. The sample was fabricated us-
ing lithography and etching techniques. The fabricated fil-
ter circuit was packaged in a gold-plated copper box. The
IMD3 performance was measured using a two-tone method
at temperature of 65 K. As the examination results, this filter
has a very low IMD3 of —73 dBc with an output power of
40dBm. These values are enough for some practical wire-
less applications. The current density of the waveguide like
pattern is not so significantly large was calculated by EM
simulations (data not shown). It suggests that the waveguide
pattern works a delay line not a part of a resonator. This fil-
ter has advantage for multistage filter, because it is possible
to fabricate a dual mode filter with only one side patterning.

To develop multistage HTS BPFs with higher fre-
quency selectivity, frequency responses of HTS BPF that
consists of two-cascaded dual-mode resonators with YBCO
films were simulated numerically by method of moment,
etc. [13]. Also, BPFs with two-cascaded dual mode res-
onators with different height condition of the package inner
ceiling were made. The results showed that spatial EM field
and a transmission line for the coupling influenced the signal
coupling between the dual-mode disks. The spatial EM field
generated the coupling with and anti-resonance (attenuation
response) between the resonators [13].
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Fig.8  As simulation results, the disk total number dependence of Sy;
magnitude frequency response for BPFs cascaded the dual-mode disk patch
resonators.

Next, we introduce circuit simulations on HTS BPFs
that consist of cascaded dual-mode resonators extended up
to 8 disks. The resonator was assumed to be with TMj;
dual mode generated by the waveguide like method. The
simulations in the part of each dual-mode resonator were
carried out by method of moments. Assuming that sig-
nal between the resonators was coupled by transmission
lines that were adjusted its electrical length and character-
istic impedance, linear circuit simulations were done. That
is, these resonators were not coupled by spatial EM fields.
Figure 8 shows a summary of simulations in which the to-
tal disk number dependence of S;; magnitude as function
of frequency for BPFs cascaded the dual-mode disk patch
resonators. In Fig. 8, it was assumed that each disk diam-
eter is 1 cm, substrate with thickness of 0.5 mm and spe-
cific dielectric constant of 9.7 as the simulation conditions.
As the number of dual-mode disks were 8 (it means equiv-
alent 16 single disks), the maximum slope showed about
30dB/5 MHz.

On the base of the above results, BPF samples with 8
cascaded dual-mode disk resonators with YBCO films were
made (mentioned at [26]). Figure 9 shows a photograph of
a sample BPF with the 8 dual-mode disks with YBCO films
on both sides of MgO (100) substrates. All of the YBCO
films that were used for the sample device had strong c-
axis orientation normal to the MgO substrate with thickness
of 0.5mm. Each YBCO films were patterned using pho-
tolithography method. The signal layer YBCO patterns on
the substrate consisted of 4 disk-like shapes (the diameter
of about 1 cm), microstrips and waveguide-like shapes for
the I/O feeds and the coupling between the adjacent disks,
and so on. Metal electrodes for the interconnections were
deposited and patterned on the YBCO-patterned substrates
[25]. The patterned substrates were cut using a dicing saw
to mount those in a metal package. The sample device pro-
vided two patterned substrates. The patterned substrates
each other interconnected with Indium solder and a metal
ribbon on the package lower part. In addition, the EM cou-
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Fig.9 A photograph of a sample BPF with the 8 dual-mode disks with
YBCO films, which shows the microwave measurement setup around the
sample before cooling without the cryostat chamber cover.

pling adjusting mechanism was set in the package. The I/O
feeder electrodes and coaxial connectors (SMA type) also
interconnected with Indium solder. The sample BPF pro-
vided eight dual-mode disk-patch resonators with TM;; and
YBCO films. The photograph of Fig.9 also shows the mi-
crowave measurement setup around the sample before cool-
ing examination. The top vacuum chamber of the cryostat
was removed in Fig.9. The sample provided screws to ad-
just the frequency response. The screws were for adjust-
ing the coupling coefficients mainly. It is often important
for each screw structure, position and materials (using con-
ductors and/or dielectrics) to keep as fewer energy losses as
possible.

3. Spurious Suppression by HTS Power BPF

Examinations to suppress spurious spectrum of broadband
transmit signal through an RF-PA for 5 GHz band was car-
ried out using HTS power filters. Here, we will show the
examination using the BPF sample that was used with 8
dual-mode disk resonators mentioned above. A schematic
diagram of the microwave power measurement for the ex-
aminations allowable up to about 40 dBm peak at the DUT
input is illustrated in Fig. 10.

In the examination, the S.G. operation was pro-
grammed to generate modulation signal with a wider band
than that of practical applications for the future applica-
tions of broadband wireless communications. The modula-
tion method was used to extend the RF bandwidth of IEEE
802.16e as a kind of OFDM method. The RF bandwidth
extended the original band to 75 MHz with the total subcar-
rier number of 1024. Table 1 shows the major modulation
conditions to be used in the examinations.

Peak to average power ratio (PAPR) is important for the
RF-PA. The peak power of a RF-PA needs to be within the
dynamic range. In RF Tx systems with digital modulations,
clipping the peak power causes the bit-error rate (BER) to
increase. The PAPR value depends on kinds of modulated
signal and the number of the sub-carriers. PAPR value of
approximate 12dB at the PAPR probability of 1073 in the
IEEE 802.16e-2005 standard was estimated by Ref. [38].
Hence, in the case of OFDM modulation for the examination
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where S.G.: RF signal generator with modulation function, P.A.: RF power
amplifier, ISO: isolator with terminal load, DUT: device under the test (a
sample HTS BPF), and S.A.: spectrum analyzer.

Table 1 The major modulation conditions for the microwave power
measurement.
Method Extended IEEE 802.16e-2005

Primary

modulation 16QAM

Code rate 1/2

Seconda.ry OFDMA

modulation

20

Amplitude (dBr)
)
S

\ P-2

| |
4.9 4.95 5 505 51
Frequency (GHz)

=N
=
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Fig.11 A PSD profile comparison of the examination results. P-1 and P-
2 show the output-side PSD of the P.A. and the sample device, respectively.

in Table 1, the PAPR is considered larger than that of the
standard. Figure 11 shows a power spectrum density (PSD)
profile comparison of the examination results.

P-1 and P-2 show the output-side PSD of the P.A. and
the sample device, respectively. Each spectrum shows an
averaged profile of 30 spectra because of modulated signal
varying as function of the time. The sample temperature
was kept at 65 K. It was succeeded that the sample device
suppressed enough the P-1 sidelobe spectrum that was re-
grown by the RF-PA nonlinearity.

4. Conclusion

In this paper, some of the major issues on the power BPFs
with HTS planar circuits for wireless communication appli-
cations were reviewed. Furthermore, a spurious suppres-
sion effect by Tx BPFs with HTS dual-mode resonators for
5 GHz band was introduced.

To solve or improve the issues, we introduced some
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of the methods as well as our R&D. This paper focused on
(1) spectrum regrowth due to RF transmitter nonlinearity,
(2) Qu and HTS material quality, (3) cryo packaging, espe-
cially under the power handling, (4) TM mode disk patch
resonators as some candidates for planar power HTS BPF
structure.

On the base of the methods and results, HTS power
BPFs with planar circuits were fabricated. As one of the
BPFs, we showed schematically the BPF with eight dual-
mode disk-patch resonators with TM;; and YBCO films.
To suppress a spurious spectrum, which was regrown by a
RF-P.A., using this HTS power BPF was demonstrated. To
generate one of the widest band spectrum as an example of
the broadband technique for the future wireless communi-
cations, the suppression effect examination was performed
under the conditions to extend the bandwidth of a conven-
tional modulation method.
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