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Abstract—In the framework of a German research program
on “superconductors and ceramics for future communication
technology,” efforts are undertaken to demonstrate the feasibility
of cryogenic and high-temperature superconductor technology
for applications in communication satellites and base transceiver
stations (BTS’s) for terrestrial mobile communication. For the
receiver front end of -band satellites, noise reduction filters as
well as input-multiplexer channel filters have been developed.
A three-channel output multiplexer was composed of dielectric
hemisphere filters with elliptic response. Associated encapsulation
and cooling issues for spaceborn systems were investigated and an
in-orbit demonstration of the complete setup will be performed on
the International Space Station. Activities toward applications in
terrestrial mobile communication are focused on BTS cryogenic
front ends with single preselect filters of superior selectivity,
and on reconfigurable front ends allowing some electronically
controlled change in the preselection frequency response. A first
version of a demonstrator for a cryogenic BTS front end was
developed.

Index Terms—Base-station technology, communication satel-
lites, high-temperature superconductors, microwave filters.

I. INTRODUCTION

M ORE THAN ten years after the discovery of high-tem-
perature superconductors (HTS’s), passive microwave

components for communication systems are considered to be
one of the major application of this new material class. There-
fore, strongly progressing international research and develop-
ment (R&D) activities were started already shortly after the dis-
covery [1]. From the beginning of these activities, the issues of
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miniaturization and performance improvement of communica-
tion systems with respect to selectivity, losses, and noise figure
have been considered as the main benefits of HTS devices and
subsystems. In the proceeding years of ongoing R&D activities,
the complicated material issues [2] and the difficult preparation
of HTS thin films with sufficient and reliable quality on the one
hand, plus the issues of cryogenic cooling on the other hand,
have turned out to be the major obstacles on the way to com-
mercial applications of HTS’s.

Within the last five years, significant progress has been
achieved all over the world in manufacturing high-performance
RF subsystems and systems with demonstrator capability.
However, the commercial success thus far has not met the opti-
mistic predictions claimed during the last decade, in particular,
within the field of mobile communications. The main reason
for this seems to be the precautions of the customers with
respect to high costs and reliability of cryogenic cooling.

In the ongoing German program “Superconductors and Ce-
ramics for Future Communication Technology,” funded by the
German Ministry of Education and Research, major efforts will
be undertaken with respect to the following:

• demonstration of perspectives of cryogenic systems, in-
cluding HTS devices, assembly technologies and cooling,
evaluation of system benefits and comparison between su-
perconducting and normal conducting cryogenic equip-
ment will be one important issue;

• demonstration of the feasibility of cryogenic and HTS
technology for commercial applications with emphasis on
reliability, reproducibility, and cost effectiveness of the
manufacturing processes;

• demonstration of a reliable, efficient, and cost-effective
cooling technology.

The program is divided into five subprojects devoted to:

• superconductors, novel ceramics, and cryogenics for satel-
lite communication;

• superconductors for mobile communications;
• superconductors and novel ceramics for directional broad-

casting;
• cryocoolers and cryopackaging;
• superconducting materials: manufacturing, characteriza-

tion, and qualification.
For the subprograms devoted to microwave subsystems, the

first step will be the demonstration of the above-mentioned
issues for systems with conventional architecture (e.g., trans-
parent satellite payloads) and testing of these systems under
realistic environmental conditions. An important part of this
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Fig. 1. Schematic block diagram of a conventional transparent satellite
payload.

phase will be the development of an in-orbit demonstration
experiment for satellite communication to be tested on the
International Space Station at the European Technology Expo-
sure Facility (EuTEF).

The subprograms dealing with cryogenics and HTS materials
will define and specify the material basis for the envisaged com-
mercial applications of HTS by:

• development of a reproducible HTS thin-film deposition
technology with emphasis on qualification employing sig-
nificant characterization methods;

• development of a Chrysler with emphasis on long lifetime
and high power efficiency and compatibility for various
applications in communication systems.

In the following, first results obtained within the programs:

• satellite communication;
• terrestrial mobile communication;
• cryogenics

will be presented and discussed.

II. SATELLITE COMMUNICATION

Satellite payloads are essentially intelligent spaceborn mir-
rors, which receive an up-link signal with very low intensity and
transmit the signal after some processing down to earth. “Trans-
parent” transponders just transform the signal to a down-link
frequency in order to avoid interferences between inbound and
outbound beams and amplify it. “Regenerative” transponders
also add “some” data processing on the signal.

A. Conventional Payload Architectures

Fig. 1 depicts a schematic and simplified block diagram of
a conventional “transparent” communication payload with the
functional units antenna, preselection filtering, low-noise am-
plification, down conversion, input multiplexer (IMUX), power
amplifier, output multiplexer (OMUX), and transmit antenna.
Further details like, e.g., switch matrices, isolators, or addi-
tional passive intermodulation product (PIMP) and low-pass fil-
ters, are omitted for simplicity. Since present high-power ampli-
fiers (HPA’s) show linear behavior only within quite narrow fre-
quency ranges, multiplexing of the incoming broad-band signal
(e.g., 500–700 MHz) into channels of bandwidths around 35–75
MHz is necessary.

For the IMUX behind the low-noise amplification, insertion
losses of some few decibels are tolerable, but very stringent re-
quirements on the frequency behavior of each channel—with
respect to variation of group delay and variation of insertion

Fig. 2. Block diagram of a possible future regenerative satellite payload
(RX: receive side, REC: receivers, IMUX: input multiplexer, ADC:
analog–digital-converter, DSP: digital signal processing, DBF: digital beam
forming, DAC: digital–analog-converter, PAMP: power amplifier, OMUX:
output multiplexer, TX: transmit-side).

loss or steepness of the filter skirts—apply. Filters used in the
IMUX are typically high-order equalized versions, which re-
quire quality factors of the single resonators of at least 8000 in
order to meet the in-band specifications. State-of-the-art filter
technology for the IMUX are dielectric or waveguide filters with

factors between 8000 and 12 000 and channel masses of about
250–650 g.

On the other hand, for the OMUX, the losses of filters and
combiner network play an essential role. Since the efficiencies
of the power amplifiers range between 20%–60% and dc power
in a satellite can be converted into launch cost by a factor of
about 5000–15 000 (US$) per watt, it is highly desirable not to
loose the expensive amplifier power within the OMUX. Typ-
ical OMUX filters are four– to five-pole waveguide filters with
losses of about 0.4 dB per channel (including losses of the com-
plete infrastructure like tuning mechanisms and antennas) and
masses of about 300–400 g.

B. Future Concepts

Fig. 2 depicts one possible setup of a future multiple beam
regenerative transponder [3]. Without going into the details of
this architecture, the essential benefit of this concept is the pos-
sibility to change the links between various receive and transmit
beams almost arbitrarily. Of course, the degree of freedom for
signal transmission and, thereby, transmission capacity, is con-
siderably enhanced. The drawback of this concept is, of course,
the high number of multiplexers, filters, and antenna elements,
which demands for an extreme miniaturization of the single RF
components at a constant or even enhanced level of RF perfor-
mance with respect to losses, noise, and spectral efficiency.1

Many other future system architectures discussed currently im-
pose similar requirements on the analog components of the pay-
load.

HTS’s and cryogenic subsystems offer the perspectives of:

• minimization of mass and volume by substitution of bulky
and heavy waveguide components by extremely compact
planar devices, e.g., 1-kg payload mass causes launch
costs for a geostationary orbit of about 50 000 (US$);

• minimization of losses and thereby a reduction of noise
figures, which means reduced power consumption of the
payload as well as improved transmission capacity (an

1The term “spectral efficiency” describes the ratio of useful bandwidth of a
multiplexer (sum of the bandwidths of the individual RF channels) and the total
bandwidth (sum of useful bandwidth and all guard bands between the channels).
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Fig. 3. Setup of the Bosch space experiment (NR: noise reduction, LNA:
low-noise amplifier, IMUX: input multiplexer, OMUX: output multiplexer,
PAMP: power amplifier).

improvement of 3 dB in system noise figures essentially
means saving one complete transponder);

• optimization of spectral efficiency due to the possibility
of much steeper filter skirts at a given loss or performance
level.

Regardless of all advantages of HTS and cryogenic systems,
satellite communication is a very conservative business with se-
vere precautions and concerns against technologies that require,
e.g., active cryocooling by a piston engine with moving parts
in it—partially even at temperatures of200 C or less. The
possibility of a failure in the cooling mechanism or in the as-
sembly—which, as experience shows, indeed cannot be ruled
out completely—or in the mounting and assembly technologies
operating within an incredibly deep temperature range do not
help this new technology to get a real chance to demonstrate its
benefits in a real commercial program. Therefore, in the last few
years, several programs have been set up, which demonstrate
feasibility of cryocooling of superconducting RF components as
well as the long-term stability of these new compounds and the
technologies around them under space environment. The most
prominent example is perhaps the recently launched HTSSE II
experiment [4], which flies on the ARGOS satellite and com-
prises a colorful variety of HTS-based subsystems like receive
side multiplexers, delay lines, etc.

Within the framework of the program “Superconductors and
Novel Ceramics for Future Communication Technology,” a
space demonstration experiment will be developed and flown
on the International Space Station.2 In contrast to former
space experiments, this experiment will simulate a commercial
communication payload as far as possible under the given
experimental boundary conditions. It consists of a receive
section (front end and IMUX based on HTS technology) and a
cryogenic transmit unit (OMUX), as shown in Fig. 3. Due to
limited resources, there will be no RF link between earth and
the experiment, but a self-analyzing setup, mainly based on a
sophisticated data-handling system instead. Instead of typical
numbers of channels of 30–60 in a commercial payload, the
experiment presented here only will have three transmission

2The experiment will be part of the European Space Agency (ESA) platform
EuTEF in the “Early Utilization Phase” of this experimental platform.

Fig. 4. Noise figures of the LNA at room temperature and 77 K.

channels within the satellite-band between 3.7 and 4.2 GHz.
While for the three-channel frequencies, a discrete RF signal
will be applied by an RF source, all interesting points in the
experiments will be monitored by RF power measurements. In
the following, the actual state of breadboard activities on the
HTS space experiment will be presented and discussed.

C. HTS Applications for the Receive Unit

As stated above, on thereceive sideof a satellite payload,
noise reduction filters and channel filters of the IMUX have ex-
tremely high-performance requirements with respect to inser-
tion loss (noise-reduction filter) or selectivity and in-band-be-
havior (IMUX channel filters). HTS materials now offer the
possibility to replace the heavy and bulky conventional filters
like waveguide or dielectric components by planar microstrip
or coplanar components [5], [6], saving mass and volume to a
considerable extent while offering an equivalent or even better
performance.

In the ongoing programs, eight-pole noise reduction filters
with bandwidths between 600 to 800 MHz for the satellite

-band have been developed [6]. Microstrip resonators with
strong couplings were used to realize the large bandwidths
of around 20%. We currently achieve insertion losses well
below 0.1 dB. The filters have a total mass of about 40 g. A
further mass reduction of 5–10 g can be expected by further
optimization of the packaging.

The low-noise amplifier (LNA) for frequencies from 3.2 to
4.3 GHz is based on a commercial two-stage design, which
shows noise figures of 0.5 dB at temperatures of 77K, compared
to 1.1 dB at room temperature (Fig. 4).

As an example for a complete HTS unit, Fig. 5 shows the inte-
grated receiver front end, consisting of two redundant branches
of the noise reduction filter and LNA. Behind the input port
(lower right-hand-side corner of Fig. 5) and the HTS filters, as
well as in front of the output port (upper left-hand-side corner
of Fig. 5), couplers and power measurement diodes are installed
in order to check the functionality of the system.

IMUX channel filters according to specifications of a com-
mercial program (eight-pole quasi-elliptic design) have been de-
signed and produced based on HTS microstrip technology [6].
The weight of this filter is comparable to the preselect filter. To
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Fig. 5. Integrated receiver front-end unit with HTS noise-reduction filters and
LNA’s.

Fig. 6. Transmission and reflection characteristics of IMUX channel filters.

fulfill the specifications in group delay and flatness of the inser-
tion loss in the transmitted band, an additional equalizer coupled
to the filter by a circulator is employed. Fig. 6 shows the char-
acteristics of the three IMUX channels. Integration of filter and
equalizer will end up in a total mass of about 80 g per channel.

D. HTS and Cryotechnology for the Transmit Unit

For thetransmit side of the payload, the OMUX has very
high requirements with respect to power-handling capability
and loss behavior of the filters. During the last two years, several
HTS filters have been shown, which overcome the power-han-
dling problem by employing resonator structures and modes
with smooth and uniform current distribution within the super-
conductor materials [7]–[11]. On the other hand, a high power-
handling capability alone is not sufficient for a beneficial use of
superconducting or cryogenic filters. Due to the limited power
of the cooling device, the heat load due to losses in the fil-
ters, combiner network, and connectors have to be minimized
as far as possible. For the cryogenic or HTS filters, it can be
demonstrated that quality factors of below about 100 000 (com-
pared to about 10 000 for conventional OMUX filters) mean
too high losses and, therefore, too high cooling powers to en-
sure a positive system balance. The resonator concepts given
in [8]–[10] (HTS disc resonators) and [11] (hemisphere dielec-
tric resonators) show power-handling capabilities for the super-
conducting resonators of several 10 kW of oscillating power

Fig. 7. Transmission and reflection characteristics of OMUX channel filters.

Fig. 8. Cryogenic three-channel OMUX (C-band) for the Bosch space
experiment, based on dielectric hemisphere filters.

and quality factors of about 100 000 at operating temperatures
of 77K. By using cryogenic dielectric resonator filters without
employing HTS materials [11], the operating temperatures can
be enhanced toward about 120 K without significant degrada-
tion of the filter losses. Even at these temperatures, single res-
onator quality factors of 85 000 have been achieved. The higher
operating power also improves the efficiency of the cryocooler
and, therefore, releases the requirements on the transmit system
losses considerably.

Fig. 7 shows the filter characteristics of a three-channel
OMUX, based on four-pole dielectric hemisphere filters with
elliptic filter response. The combiner network is a normal-con-
ducting coaxial waveguide, which was optimized with respect
to losses, weight, and volume. The OMUX is shown in Fig. 8.

Furthermore, for the transmit side, topics like cables and
packaging have to be addressed very thoroughly. A specific
example are the RF connectors from the cold HTS device to
the warm surrounding. On one hand, for the reasons mentioned
above, extremely low-loss connections have to be used; on the
other hand, the heat load due to the thermal conductivity of
the cables has to be minimized. Within the ongoing program
at Bosch, special connectors with low electric losses (less than
0.03 dB at room temperature) and high thermal resistivity
(more than 1000 K/W) in the breadboard design have been
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Fig. 9. Cryocoupler for a cryogenic OMUX. The device has an insertion loss
of less than 0.03 dB, a thermal resistivity of more than 1000 K/W, and has been
tested for power levels up to 200 W.

developed to overcome this problem. Fig. 9 shows an example
of these “cryocouplers” for OMUX applications.

E. System Description

The key issue of application of HTS and cryotechnology for
commercial satellite communication will be the availability of
a reliable, efficient, and reasonably priced cooling technology.
This not only—but in the main instance—affects the cryocooler
itself. The state-of-the-art technology in many aspects does not
fit very well the need of broader commercial application since,
in most cases, it is far too expensive, far too inefficient, and far
too bulky. As will be described in detail in Section IV, the intent
of this program is to adapt tactical cryocoolers with reasonably
good efficiency, small weight and volume, and medium range
prices in a cost-efficient way toward commercial (space) appli-
cations. Main improvements indeed have to be done with respect
to lifetime of the coolers, which currently range somewhere be-
tween 10 000–20 000 h mean time to failure (MTTF).

Nevertheless, for a cryogenic spaceborn system, some re-
dundancy for the single-point failure of a cryocooler drop out
essentially has to be provided. In contrast to other concepts
with redundant electronic units or redundant compressors [12],
in this program, a redundancy of the complete cooler unit in-
cluding an electronic unit, compressor, and cold head is fore-
seen in order to provide maximum reliability. Since, in this case,
a switched off or defect cooler connected to the cryogenic part
of the payload will introduce a parasitic heat load in the range
of about 800 mW, some mechanism for separating the nonop-
erating cooler from the cryo-unit has to be implemented. In the
case of our experiment, this is done by a thermal switch, based
on principles of thermal expansion and developed in coopera-
tion with the Institut für Luft und Kältetechnik, Dresden, Ger-
many. The mechanical setup of the breadboard version is shown
in Fig. 10. The thermal resistivity in the “on” state is about 1
K/W, and in the “off” state is about 1500 K/W.

Fig. 11 shows a first setup of the experiment [13]. The
system essentially consists of two platforms. The warm plat-
form contains the conventional components like switch matrix,
power amplifiers, measurement and telemetry equipment, the

Fig. 10. Mechanical setup of the first version of the thermal switch of the
Bosch space experiment.

Fig. 11. First experimental setup (“breadboard”) of the demonstrator
experiment. The cryogenic platform is suspended within a metal frame. On top
of the cryogenic platform, the OMUX is located, the IMUX and front end are
positioned on the down side.

compressor, and the heat reject part of the cryocooler. The
cryogenic platform is mounted with minimized thermal contact
to the environment (by specially designed suspensions and
radiation shields). It contains a receive unit (front end and
IMUX) and transmit unit and is connected to the environment
by electrically and thermally optimized feedthroughs for RF
and dc signals.

F. Further Activities

The experiment presented above will mainly demonstrate the
following two issues.

• HTS and cryotechnology is able to take over its part in a
commercial satellite payload.

• HTS and cryotechnology do have the ability to pay off in
a conventional payload architecture—provided that some
boundary conditions like number of channels, efficiency
of the cooling system, etc., fit well.
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As stated above for future satellite architectures, HTS’s can
also give significant beneficial contributions to the system. In
many cases, the ideas behind these system concepts are quite
analog to concepts followed up in terrestrial communication
technology. One of the main advantages of the ongoing pro-
gram, therefore, is to connect the various fields of application
like satellite communication, wireless terrestrial communica-
tion, and directional broadcasting, and to extract as many syn-
ergies as possible from the parallel work on these fields.

III. T ERRESTRIALMOBILE COMMUNICATION

This sub-project deals with the development of HTS com-
ponents and subsystems for use in base transceiver stations
(BTS’s) of digital mobile communication systems of the second
(e.g., GSM, DAMPS/IS-136, PDC, etc.) and forthcoming third
generation (e.g., W-CDMA, cdma2000). The activities are
based on the presumption that, due to the cooling burden, an
implementation of HTS technology (e.g., [2], [14]–[18]) will
only occur if:

• with the employed HTS components, a performance is
achieved, which is not accessible in conventional tech-
nology;

• if the superior component performance can be transformed
into a significant system benefit;

• if many different components benefit from cryogenic tem-
peratures and share a common cooler system.

A. HTS Preselect Filter in BTS Receiver Front End

Fig. 12 depicts schematically a BTS multicarrier receiver
front end. It comprises the functions preselection (RF band-
pass), preamplification (LNA), downconversion (mixer),
and analog-to-digital conversion (ADC). Two alternative ap-
proaches for the realization of (frequency) channel selectivity
are shown. In the traditional architecture (upper right-hand
side), a bank of narrow-band parallel receiver chains composed
of mixer, IF bandpass, IF amplifier, and ADC (with bandpass
sampling) are employed. Here, channel selection is performed
by means of the narrow-band IF filters. Future “software radio
architectures” (lower right-hand side) will employ a wide-band
mixer, followed by a wide-band IF bandpass and ADC, and
the channel separation is realized in digital signal processing
(DSP) [19].

The function of the preselect bandpass filter is to sufficiently
reject spectral components outside of the access band (band-
width ) in order to avoid [3]:

1) undesired image receipt;
2) conversion into in-band frequency components via inter-

modulation due to nonlinearities in the LNA and mixer(s);
3) desensitization and saturation of the LNA and mixer(s).
With the application of novel HTS bandpass filters as pre-

select filters, a conventionally unachievable steepness
of the filter skirts (see Fig. 12), combined with low

values of the (dissipative) passband insertion loss, becomes
available. Consequently, a working package is focused on the
development of bandpass filters with ultimate steepness of the

Fig. 12. Front end of multicarrier BTS receiver with analog (center part) and
digital (lower) channel selection. Notations used for the specifications of a
preselect bandpass filter (upper part).

filter skirts. This includes identification of physical and techno-
logical limits for the achievable steepness, as well as the real-
ization of prototype BTS receiver front ends (see Section III-B).

Due to the general relationship between frequency resolution
and integration time, a small transition width is always ac-
companied by a large group delay, with the maximum group
delay value occurring in the transition region of the filter. For
a required skirt steepness , a lower limit with
holds. The value of depends on the minimum passband re-
turn loss, but for a crude estimation, dB can be used
for typical values of the passband return loss. It is important to
note that only filters with real elliptic response are approaching
this lower limit. These filters possess transmission
zeros at finite frequencies if denotes the number of poles. In
case of quasi-elliptic filters with and Cheby-
shev filters with , a larger group delay is
required for a given steepness. The “group delay efficiency”

turns out to be for a given order a monotonically
increasing function of , with for Chebyshev and

for (real) elliptic filters.
It is important to keep for a given value of as low as

possible since the degradation of the filter response by dissipa-
tive losses is proportional to . The product of group delay
and frequency together with the unloaded quality factor of
the resonators determines via

(1)

the portion of the incident power , which is dissipated.
If 20% power loss is taken as limit for the acceptable degrada-
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tion, the required unloaded quality factor of the resonators is
from (1) derived as

GHz dB/MHz
(2)

The important conclusion from (2) is that, for a maximum
steepness, both the unloaded quality factoras well as
have to be maximized. With this goal in mind, a novel filter
structure with was developed. The following issues
turned out to be most important for a successful realization of a
filter prototype.

1) Typically, a minimum stopband attenuation
dB is required. Therefore, cross coupling between

“output-near” and “input-near” resonators in order to
produce transmission zeros (for ) is
prohibited. Furthermore, coupling between the ports
via surface-wave excitation has to be considerably sup-
pressed by a minimization of surface-wave excitation.

2) Undesired parasitic coupling between resonators causes a
degradation of the transmission zeros and has, therefore,
to be suppressed, e.g., by means of suitable “shields.”

3) In order to achieve at around 2-GHz unloadedvalues
50 000, the loss contributions from the surrounding

housing as well as from imperfect contact between wafer
ground plane and housing become important and require
special technological means.

4) Extremely steep skirts also require special care with re-
spect to a fixation of the tuning screws and temperature
stability with respect to mechanical expansion.

The desired steep skirts are associated with a large group
delay of around 1 s for frequencies in and close to the tran-
sition region. The strong frequency dependence of the group
delay at the passband edges causes intersymbol interference
and, therefore, must be compensated by an additional analog
allpass (equalizer) in the RF or IF part, or by equalization in
DSP.

From a system point-of-view, steeper filter skirts provide the
network designer with the freedom to use significantly nar-
rower spacing between frequency bands with largely different
peak and/or mean power level. Due to the rapidly increasing
number of subscribers and the necessity to include multimedia
capability, the demands for reduced guard bands become
increasingly important. Some examples for systems where a
large payoff of highly selective HTS filters are expected are as
follows (see also [3]).

1) Within the European Universal Mobile Telecom-
munications System (UMTS) standard some radio
base-stations will have to accommodate the coexistence
of wide-band (W) CDMA in paired frequency bands in
the frequency-duplex mode (FDD), and time-division
multiple access (TDMA)/CDMA in unpaired bands in
the TDD mode. Due to the fact that the TDD band with
high-power-level transmits signals in bands allocated
adjacent to receive-only FDD bands, extremely high
selectivity requirements are posed on the filter if a wide
guard band (and, therefore, a relatively low-frequency
efficiency) must be avoided.

2) In some regions, new W-CDMA bands will be located
as close as 2 MHz to the band edge of existing personal
communication systems (PCS’s).

3) In hierarchical cell structures, the uplink signals of nearby
microcells arrive at the macrocell BTS (umbrella cell) at
a much higher power level as the uplink signals of remote
users of the macrocell. This again requires sharp filter
skirts for suppression of strong interfering signals.

Besides superior selectivity, a tower-mounted cryogenic
front end also represents a mean to increase receiver sensitivity,
alternatively or additionally to other means as an increased
tower height and directive and adaptive antennas. If, for mobile
communication frequencies (0.9–2 GHz), a conventional
bandpass–LNA subsystem at room temperature is replaced
with a cryogenic HTS–bandpass–LNA subsystem, typically up
to 2-dB improvement in receiver noise figure is obtained. This
reduction is based on: 1) the reduced LNA noise due to cooling
(typically 0.8–1 dB at 300 K and 0.4 dB at 60 K); 2) the reduced
physical temperature of the cooled preselection filter (reduction
by 0.2 dB for 1-dB insertion loss of filter); and 3) the reduced
insertion loss of HTS filters in comparison to conventional
filters. For standard filter specifications, contributions 1) and
2) usually dominate contribution 3). Hence, the noise-figure
reduction is mainly due to the lower temperature and not so
much due to the low HTS losses. This situation changes for
filters with unconventionally steep skirts, where the low losses
in HTS are also essential for achieving a low receiver noise
figure.

A necessary condition for transforming a reduced receiver
noise figure into a system benefit is a low antenna noise temper-
ature K and, therefore, the absence of strong
man-made noise coming from auto vehicles (ignition, etc.) and
industrial plants. With this man-made noise, the antenna noise
temperature can, in urban areas, increase up to 2000 K.

In noise-limited scenarios, higher sensitivity transforms into
an increased coverage, allowing, e.g., less base-stations for a
given area and/or higher quality of service in strongly shadowed
subareas. For areas with higher traffic, the maximum cell ra-
dius is not limited by link budget considerations, but rather by
capacity considerations (interference-limited system). Here, the
reduction of receiver noise under certain circumstances can be
transformed into increased capacity. This is especially true for
CDMA systems, where for a given signal-to-interference-and-
noise ratio (SINR) [3] reduced (thermal) noise allows a higher
multiple-access-noise level and, therefore, more simultaneous
users per area.

B. Demonstrator for an HTS Preselection Filter with
Cryogenic LNA

In order to demonstrate the feasibility of a cryogenic BTS
receiver front end composed of an HTS preselection filter fol-
lowed by a cryogenic LNA, the demonstrator shown in Fig. 13
has been designed, manufactured, and tested. The demonstrator
consists of the recipient, which forms the vacuum enclosure in-
corporating the filter–LNA ring, the cryocooler supplying the
necessary cooling power, and the control electronics with all
necessary cabling.
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Fig. 13. Demonstrator for a cryogenic BTS receiver front end.

Fig. 14. Three-channel filter–LNA assembly.

Cooling of the cryogenic part of the filter–LNA ring is pro-
vided by a Stirling cooler developed and marketed by Leybold,
Cologne, Germany. It supplies 6 W at a temperature of 77 K
and this power falls off almost linearly to zero at about 38 K.
The cryogenic part of the filter–LNA assembly is operated in
the temperature range from 60–75 K. Therefore, a permanent
vacuum below 10 mbar is maintained in the enclosure to pro-
vide effective and reliable vacuum insulation during the opera-
tion.

A view into the open filter–LNA ring is depicted in Fig. 14.
The ring contains the thermally isolated cryogenic part with
three channels composed by an HTS filter followed by an LNA.
The LNA’s were purchased from MITEQ Inc., Hauppauge, NY,
and possess a gain of about 17 dB and a noise figure of about
0.2 dB at 77 K in contrast to 0.8 dB at room temperature. Room-
temperature input and output microwave lines, as well as the dc
feed lines for the LNA’s, are patterned on alumina gold-plated
substrates. The interconnects between the parts of the channels
were performed by 25-m aluminum wire bonding. The cryo-
genic part is thermally isolated from the room temperature parts
by a 2-mm wide gap and the microstrip lines are bridged by two
level wire bonding.

The filters implemented into the ring are nine-pole elliptic
HTS filters on sapphire substrates [20]. The building block of

Fig. 15. Temperature dependence of the unloadedQ factor of the modes of
two different dual-mode resonators.

Fig. 16. Frequency characteristics of a nine-pole planar elliptic filter at 60 K.

the filter is a dual-mode resonator exhibiting two controllable
transmission zeros in addition to two poles. Temperature depen-
dence of the unloaded factor of the modes of two different
dual-mode resonators is shown in Fig. 15. According to (2), fil-
ters with steepness from 100 to 240 dB/MHz can be realized
using this concept for operating temperatures lower than 70 K.
The frequency characteristic of one of the filters at 60 K is de-
picted in Fig. 16. The filter is centered at 1.93 GHz and has the
fractional bandwidth of about 1% with minimum reflection loss
of 15 dB, midband insertion loss of about 0.1 dB, and minimum
stopband attenuation of about 70 dB. The asymmetry of the filter
characteristics is due to some couplings, which were not taken
into account during the simulations. The steepness of the skirts
is 15 and 20 dB/MHz at the lower and upper band edges, respec-
tively. This compares to a theoretical values of 7.5 dB/MHz for
the same-order Chebyshev and 25 dB/MHz for the same-order
real elliptic filters. Filters of higher order up to are now
at the design stage.

C. HTS in BTS Transmitter Units

The transmitter units of conventional base-stations include
two different types of filters, namely transmitter combiners for
combining separately power-amplified carriers into a common
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antenna and transmitter filters for the rejecting out-of-band com-
ponents in the output spectrum of the HPA’s. At present, strong
efforts are made in order to replace the transmitter combiner ar-
chitecture with separate HPA’s for each carrier by a highly linear
multicarrier power amplifier.

Application of HTS technology to filter in transmitter units
can be motivated by the goal to reduce the required output power
of the HPA’s for a given power at the antenna port due to a
significantly reduced filter insertion loss. However, the realiza-
tion of planar HTS filters with high power-handling capability
is rendered difficult by the fact that a significant nonlinear re-
sponse of the conductivity occurs if the RF surface magnetic
field strength exceeds a value on the order of 10 A/cm [3], [7].
Due to the current peaking at the edge of most planar resonators
with edge-parallel currents, this value is already reached for an
oscillating power (product of stored field energy and frequency,
see e.g., [3]) on the order of 50 W. The oscillating power in a
resonator of a bandpass filter depends via

(3)

on the fractional bandwidth and the incident power .
The factor depends on the frequency (within the passband),
on the filter type (Chebyshev, quasi-elliptic, etc.) and on the
position of the resonator in the filter structure. For frequencies
close to the band edge,reaches values on the order of 2–4,
so that, e.g., the second resonator of a filter with 1% fractional
bandwidth must handle an oscillating power of 10–20 kW if a
power of 50 W is incident. At present, only two approaches are
suited to meet this requirement for power handling in HTS tech-
nology, namely, the concept of edge-current-free disk resonators
[10] and the concept of dielectric resonators with HTS endplates
[11].

With YBCO disk resonators for the -band (4 GHz) fabri-
cated on sapphire substrate, an unloaded quality of 360 000 has
been achieved at a temperature of 60 K. Further miniaturiza-
tion could be realized using high-permittivity lanthalum alumi-
nate (LaAlO ) substrates. Utilizing an improved substrate ma-
terial with reduced dielectric losses, an unloadedof 300 000
was measured at the same temperature [21]. A first approach
for building a transmitter combiner comprising disk resonators,
which are tuned via piezo actuators, has been reported in [22].
Additionally, elliptical four-pole filters composed of cross-cou-
pled disk resonator structures have been developed as presented
in [23].

D. HTS in a Reconfigurable Receiver Front End

The degrees of freedom (e.g., choice of bandwidth, modula-
tion scheme, etc.) for the implementation of new services are re-
stricted by the hardware of existing BTS’s. In order to overcome
these restrictions, reconfigurable BTS’s (together with reconfig-
urable mobile stations) are envisaged. In principle, the software
radio concept, where the ADC is shifted as close as possible
toward the antenna and as many functions as possible are per-
formed in a software-controlled manner in DSP, is a suitable

Fig. 17. Adaptive analog RF prefiltering. (I) Tunable BS filters in front of
a fixed wide-band bandpass. (II) Switchable filter bank comprising of two
contiguous multiplexers, LNA’s, and cooled adjustable attenuators.

mean for the realization of reconfigurable transceivers. How-
ever, the most severe hurdle in the realization of software radio
architectures are dynamic range problems in the analog RF part
(nonlinearities of the LNA and mixer) and the ADC (addition-
ally to high sampling rate, high resolution required [19], [24]).
By these reasons, adaptive RF prefiltering, which allows some
electronically controlled change in the frequency response, is
highly demanded [25], [26].

Fig. 17 illustrates two different architectures for adaptive
analog prefiltering, which are both considered within the
ongoing research project. In both cases, the starting point is a
software radio front end according to the architecture shown
in the lower part of Fig. 12. In the first concept (part (I) in
Fig. 17), the fixed preselect bandpass covering the entire access
bandwidth is retained, but a bank of tunable bandstop (BS) fil-
ters (e.g., notch filters) is placed in front of this fixed bandpass.
A completely different approach with a switchable filterbank
is shown in part (II) of Fig. 17. Here, narrow-band bandpass
filters (5-MHz bandwidth) form a contiguous multiplexer,
which is followed by LNA’s and cooled attenuators. For signal
recombination, another multiplexer is employed.

In the following, more details on the realization of subsystem
(I) from Fig. 17 are given.

Notch filters are realized by means of cooled semiconductor
GaAs varactors, as well as by cooled ferroelectric varactors.
Comparison of achievable performance represents one goal of
the project.

If a voltage-controlled varactor is inserted into a high-
planar HTS resonator in order to allow for some electronic
tuning of the resonant frequency, it causes the following severe
problems.

1) Due to the fact that the quality factor of the cur-
rrently available varactors is much lower than the quality
factor of the HTS resonator (without varactor), a

-degradation occurs.
2) As a consequence of the short time constant associated

with the physical effects employed, in addition to the de-
sired capacitance variations with the applied bias voltage,
an undesired nonlinear response to the RF field occurs.
The latter effect leads to the generation of intermodula-
tion and harmonic products.
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For varactors, both the differential capacitance and
quality factor are functions of bias voltage . With

, the varactor tuning ratio can be defined as

(4)

The product (with in
the tuning range) represents an important figure-of-merit for
the varactor performance. The coupling strength between var-
actor and resonant circuit is described via the coupling coeffi-
cient , which relates the stored energy in the
varactor to the totally stored electric field energy .

The fractional tuning range of the resonator and the
unloaded quality factor of the resonator are via related to
the varactor parameter and as follows:

(5)

(6)

with as the quality factor of the resonant circuit without
a varactor. With tight coupling ( ), a considerable large
fractional tuning range for the resonator frequency is obtained
at the cost of a low resonator quality factor. On the contrary, with
weak coupling, can approach values nearly as high as ,
but at the cost of a very small resonator frequency tuning range.

Several experiments with semiconductor varactors were per-
formed at 2 GHz in the temperature range between 30–70 K.
A typical result for an GaAs varactor shows for reverse bias be-
tween 3–12 V a variation of the differential capacitance between
0.6–0.34 pF, leading to a varactor tuning ratio . In
this bias range, the varactor quality factor varies between
about 125–250. These varactors were implemented into planar
HTS resonators with unloaded (without varactor) of about
50 000 at 60 K. With rather weak coupling ( , the
resonant frequency can only be tuned by 2 MHz (0.1%), but
the factor is kept as high as 20 000 ( V) to 28 700
( V). In contrast, for tighter coupling with ,
the resonant frequency can be tuned by 12 MHz at the cost of a
reduced resonator quality factor in the order of 5000–9000.

IV. COOLING TECHNOLOGY

A. Overview

As mentioned in previous sections, the key issue for appli-
cation of HTS for commercial satellite and terrestric commu-
nication will be the availability of suitable cooling technology,
which has to meet the following requirements:

• high coefficient of performance (COP) of more than
5%@77 K, with the COP being understood as net cooling
power/input power ratio;

• long maintenance-free lifetime of at least five years;
• operability under a wide range of thermal environmental

conditions, depending on where and how the system will
be installed actually;

• low cost and modest with respect to supply and logistic
needs.

Fig. 18. Structure and objectives of cryocooler program.

None of the currently available cooling systems can meet all
of these requirements.Gifford–McMahon (GM) coolers, for
instance, though very well approved for laboratory, ultrahigh
vacuum, and NMR applications, will hardly have the potential
of a COP that high and a maintenance-free lifetime that long.

Tactical coolers, on the other hand, produced in fairly high
volumes for mainly military infrared systems, are quite close
to the mentioned COP requirement and can be operated under
harsh conditions. Although lifetime of these coolers could be
increased significantly in the last decade, it is still far below the
required figure of at least five years and their costs are not in the
range, which is acceptable for the commercial telecommunica-
tion market.

Coolers with demonstrated lifetimes of more than three years
only exist for space applications.

Within this category, a “Stirling-type”space coolerwas de-
veloped and qualified by Matra Marconi Space, Stevenage, U.K.
[27] with a lifetime of five years. A “pulse-tube-type” space-
cooler was developed and qualified by TRW, Redondo Beach,
CA [28]. As designed for space applications, these coolers are
built in very small volumes specific to their application in single
space missions. Hence, they will hardly be able to meet cost tar-
gets for commercial telecommunication programs.

To close the gap between need and availability, it is one of
the essentials of the subject program to develop coolers in ac-
cordance to the above listed requirements. The structure of this
cryocooler program is outlined in Fig. 18.

Accordingly, two long-life compressors are under develop-
ment, to cover applications within the two cooling power ranges
of 5 and 10 W, respectively. Both compressors shall be operable
with a Stirling or pulse-tube cold finger optionally. Develop-
ment of components for thermal and mechanical adaption be-
tween cooler and HTS electronics will be addressed as well.

The team of companies and institutions working on this pro-
gram consists of:

• AEG Infrarot Module (AIM) GmbH, Heilbronn, Ger-
many, a leading company in infrared detector and cooler
technology;

• Leybold Vakuum GmbH, Cologne, Germany, a leading
company in vacuum technology ;

• Department of Applied Physics, University Giessen,
Giessen, Germany, successful in pulse-tube research and
development;

• Institut für Luft und Kältetechnik, Dresden, Germany a
private laboratory, specializing in cryogenics.

B. R&D Approach

It was understood that the goal can be best achieved via
linear-type Stirling compressors with flexural spring design.
As already mentioned, both compressors (for 5 W, respectively,
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Fig. 19. AIM SL200 cooler, a split Stirling cooler with linear drive
compressor. Cooling power 3.5 W@77 K.

Fig. 20. Leybold cooler, a split Stirling cooler with linear drive compressor.
Cooling power 6 W@77 K.

10-W cooling power) may optionally be operated with a Stirling
or pulse-tube cold finger, both being designed to maximum
cooling power and lifetime.

The program is based on the cooler technology of both in-
dustrial partners AIM GmbH and Leybold Vakuum GmbH. De-
velopment of the 5-W cooler originated from the AIM SL200
cooler, which is shown in Fig. 19.

The subject cooler is a linear-type Stirling cooler with a nom-
inal cooling power of 3.5 W at 77 K, developed under spon-
sorship of the German Ministry for Research and Education
(BMBF) as a first-generation cooler for HTS applications [29].
The similarity to tactical coolers shows that this cooler was de-
veloped on the basis of the subject technology.

Development of the 10-W cooler originated from the Leybold
6 W@77 K cooler, which is shown in Fig. 20. This cooler is a
linear-type Stirling cooler as well, with nominal cooling power
of 6 W at 77 K. This first-generation development was moti-
vated by the U.S. Defense Advanced Research Projects Agency
(DARPA) and the European Superconducting Systems for Com-
munications (SUCOMS) programs [30]. The operation with two
cold fingers, as shown in Fig. 20, is an optional way of arrange-

ment in sensitive applications, where cold-finger vibration has
to be canceled out. In usual applications, where cold-finger vi-
brations are tolerable to some extend, the subject cooler is oper-
ated with a single cold finger, resulting in a less expensive and
more efficient configuration.

The maintenance-free lifetime of both basis coolers is calcu-
lated to be in the 1–3-year range, depending on the conditions
under which the coolers are operated.

R&D of the pulse-tube cold fingers for both compressors, re-
spectively, cooling power categories is underway in the Depart-
ment of Applied Physics, University of Giessen, Giessen, Ger-
many, where intensive pulse-tube cooler know-how has been es-
tablished by various projects done on this subject [31], [32].
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