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Abstract—This paper provides an overview of the microwave commonly known as low-temperature superconductor (LTS)
applications of high-temperature superconductor (HTS) tech- materials. Since 1986, a new class of ceramic materials that
nology. The main characteristics of HTS materials are outlined, are superconductive at temperatures as high as 125 K has

highlighting the differences between superconductors and normal . i . .
conductors. This paper presents recent progress in the develop- been identified. Referred to as HTS materials, these materials

ment of HTS filters, multiplexers, cryogenic receivers, delay lines, generally have significant advantages over LTS materials
and antennas. A brief summary of cryocooler technology and cry- because they can be cooled at economically and commercially
opackaging requirements is presented. The benefits of using HTS feasible temperatures.

technology in wireless and satellite systems are also discussed. The Superconductivity is certainly a multidisciplinary field.

intent of this paper is to provide perspective to newcomers in the It | t th fi | f electrical . -
field and to empower the potential end-users with current status spans aimos e enuré reaim of elecirical engineerng,

and performance capabilities of HTS microwave devices. including microwave, power, electronic, and computer engi-
) . . neering. Our focus in this paper is on microwave applications.

Index Terms—Cryogenic receivers, high-temperature super- It i hg th F; p. f th ﬂ?p .
conductors, HTS technology, microwave filters and multiplexers, IS, however, worth mentioning some o e other unique

microwave superconductivity, satellite payloads, wireless base-sta- applications of this technology. The list [1] includes electrical
tions. transmission cables, motors, generators, fault current limiters,

superconductor magnetic energy storage systems (SMESS),
magnetic resonance imaging (MRI), and high-speed com-
puting.
HE Nobel Prize-winning discovery of high-temperature In microwave applications, the HTS technology offers major
superconductors (HTSs) in 1986 has sparked a worldwideeakthroughs in performance of components and subsystems.

research and development effort over the past 15 years. Alghtweight, small volume, and high performance, which are
though conventional low-temperature metallic superconductar® properties of the superconducting technology, are also
have been known for quite some time, the extremely high cake main drivers in the design and construction of microwave
of refrigeration has limited their use in many applications. Theystems. The feasibility of using this technology to design
new HTSs allow the use of cooling systems, which are muehicrowave components such as filters, multiplexers, receivers,
smaller and less expensive than those required for metallic gi¢lay lines, couplers, antennas, and phase shifters with superior
perconductors. performance has been already demonstrated. A review of

Superconductors, as opposed to conventional conduct@gress over the past ten years is given in [2]-[4]. Three
have the ability to conduct electrical current with very smabooks have also been published on microwave superconductive
resistance, no power loss, no generation of heat, and grealdwices [5]-[7].
reduced levels of noise. The resistance is very small, but finite atAlthough the quest for room-temperature superconductor
microwave frequencies and truly zero at dc. Superconductivityaterials goes on, the quality of today’s materials is adequate
was first understood as a very low-temperature phenomerfonthe development of advanced superconductive systems with
and was explained by Bardeen, Cooper, and Schrieffer arsuperior RF performance for wireless and space applications,
what has become known as the BCS theory. According to this particular, in wireless base-station applications, where the
theory, at a particular low temperature, called the transitiofTS technology is currently being commercialized by several
temperature or critical temperaturé’c), the electrons in companies in the U.S., Europe, and Japan.
certain materials pair up and form a single quantum state,In this paper, we first provide a brief historical overview sum-
acting like a frictionless fluid and becoming superconductingmarizing the key development milestones of the technology.

Until 1986, researchers had not identified any materialgle discuss the basic material characteristics, highlighting the
that could become superconducting with a critical tempetinique features that are relevant to microwave applications. We
ature higher than 23 K. The materials discovered up to théen cover the progress to date in various microwave applica-
time, which had critical temperatures lower than 23 K, wengons of high-temperature superconductivity.

I. INTRODUCTION

Manuscript received August 23, 2001. II. HISTORY AND PHENOMENA OF SUPERCONDUCTIVITY
The author is with the Electrical and Computer Engineering Department, Uni- . . . .

versity of Waterloo, Waterloo, ON CanadapNZL 3691_ grep The history of superconductivity can be divided into two eras.
Publisher Item Identifier S 0018-9480(02)01982-8. The first began with the discovery of the phenomenon in 1911
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and lasted for 75 years. The second era starts in 1986 with &
discovery of the high-temperature oxide superconductors. ) 160E {under pressure] Hg Ba Ca Cu O ]
The first era commenced with Onnes, a Dutch physicist, wi & 1401 TiBaCaCu0 -
successfully liquefied helium in the early 20th Century at arour é 120 BiSrCaCu 0 —
4.2 K. While investigating the effect of such low temperature & 190~ YBaCuO4 —
on the properties of various metals in 1911, Onnes obsen & P I SR -
that the ohmic resistance for mercury vanishes at about 4 E 60— _/ LaSrCu0 .
He made the same discovery with lead and tin shortly after. T 5 Wl LIQUID NITROGEN 7
progress in understanding superconductivity and in developi E ol NbN Nb Ge h
superconductors with transition temperatures higher than 4 & - He ° LIQUID HELL

was agonizingly slow. By switching from single elementstoa  ygar 1900 1920 1940 1960 1980 2000
loys, researchers were eventually able in 1941 to raise the tr

sition temperature to 15 K for niobium nitride. It took, howevel

over 30 years to further raise the transition temperature to 2ZDISCOVERY MEISSNER BCS JOSEPHSON
with the discovery of the niobium—germanium alloy in 1975. EFFECT  THEORY EFFECT

A number of systems already use low-temperature SUPErc@gy: 1. History of the superconductor materials.

ducting devices. A comprehensive review of the applications of

low-temperature superconductivity is given in a January 1973

special issue of theFOCEEDINGS OF THEEEE. The LTS mate- cooled by the household coolant Freon, which exists in liquid
rials are still being used today in various applications. form at 147 K. The stability of this compound is still, however,

It was not until 1957 that a theory finally emerged to givén question since it was developed in a procedure that involves

an acceptable microscopic picture explaining why metals petatic pressure of 150 thousands of atmospheres. It is believed

come superconductors at low temperatures. Three physicistd 3 chemical substitution may be used to achieve the same re-

the University of lllinois, i.e., Bardeen, Cooper, and Schrieffepu!t the high pressure is now achieving. Fig. 1 summarizes the

introduced what is now known as the BCS theory, named aff¥8tory of the superconductor materials. _
the initial letters of their last names. The theory was criticized SNOrtly after the discovery of the YBCO materials at temper-

from the start for failing to provide predictions that match ex@ture near 90 K, scientists and engineers became very interested

periments. Numerous revisions and even quite different moqugh_e prospects of employing the HTS technology in the design
were proposed. of microwave components and subsystems. The Naval Research

The second era commenced in 1986 with the discovery of-gooratory (NRL) established a program known as the High
new class of superconducting materials with a record-breakifgMPerature Superconductivity Space Experiment (HTSEE) in

temperature of 35 K by Muller and Bednorz, both of BMVLI89. This program was a major catalyst to the development
Zirich. The compound was a ceramic with a complex stru@f microwave superconductivity. It consisted of two phases: the
ture: an oxide of lanthanum, barium, and copper. Muller arigcus of the first phase HTSEE-I (1989-1992) was to develop

Bednorz were awarded the 1987 Nobel Prize in physics fg}jcrowave HTS components such as resonators and filters [8],
their discovery. while the focus of the second phase HTSEE-II (1992—-1996)

Early in 1987, Chu and his colleagues at the Universit}f@S to develop advanced HTS subsystems [9]. Over 30 orga-
lizations from the U.S., Canada, and Europe provided devices

of Houston reported the real breakthrough in HTS, a y?
trium—barium—copper—oxide compound (Y—Ba—Cu—O) Witﬁnd subsystems to the HTSSE program [8]-[11]. The results

a transition temperature of 94 K. The material is commonfPtained from this comprehensive research program did con-
known as YBCO material. The new materials operate well &USively demonstrate that viable and robust HTS subsystems
77 K, allowing the use of liquid nitrogen rather than quuioCOUId be developed,fabncatgd, gnd cryogenically packaged for
helium. Liquid nitrogen is much cheaper and denser and lﬁ%th ground and space applications [11].

a heat vaporization that is 60 times larger than that of liquid In addition to the HTSSE program, sgver_al other focused
helium. The ability to use liquid nitrogen rather than liquid™9rams were led by government agencies in the U.S., Japan,
helium reduces the cost of cooling by a factor of 1200. Canada, and Europe on advancing the microwave HTS tech-

In December 1987, Maeda's group at Tsukuba LaboratBQlogy' In particular, the U.S. Defence Advanced Research

fies, Tsukuba, Japan, reported the bismuth—strontium—cal@iects Agency (DARPA), which sponsored several research

cium—copper—oxides (Bi—Sr—Ca—Cu-0), which began sup8F09rams in this field [12]. .
conducting at 110 K. The next breakthrough was announcednother key factor that helped advancing the development of

in February 1988 at the World Congress on Superconddé-TS microwave devices was the rapid progress of the wireless
tivity, Houston, TX. Sheng and Hermann from the Universitlndustry in the 1990s. Several startup companies emerged in the
S., Europe, and Japan over the past deéadwith a focus on

of Arkansas reported success with a thallium compou
(Ti-Ba—Ca—Cu—0) having a transition temperature of 120 K.
, 1Superconductor Technol. Inc., (STI), Santa Barbara, CA.
In 1993, Chu’s group at the Texas Center for Superconduc—zC(mductus Sunnyvale, CA
tivity, University of Houston, announced the discovery of amer-; . . Suplerconducton"s C'hicago IL
cury compound HgBaCaCuO having a transition temperature 0fagyanced Mobile Telecommunication Technology Inc. (AMTEL), Aichi,

161 K. For the first time, superconductors could conceivably bepan.
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the commercialization of HTS microwave devices for wireless TABLE |
applications DIFFERENCESBETWEEN SPERCONDUCTORS ANONORMAL CONDUCTORS
Characteristic Normal Conductor | Superconductor
[Il. CHARACTERISTICS AND THEORIES OFSUPERCONDUCTORS Surface resistance 5 mQ 0.1mQ
at77Kand f=5GHz (Cu) (TBCCO)
Superconductors have unique characteristics that differ fror Frequency dependence n )
those of normal conductors. Much lower loss can be obtaine ;fsl‘érfiace r‘i:‘“anc‘;; C(f)t - = @ =
. . 1€. ependence o onstan S o
with superc_:onductors corresponding to I0\_/ver RF _Iosses. Tk surface resistance™
surfac_e re_5|stance of superconductor ma_terlals atmicrowave ft — g5 penetration Skin Penctration
guencies is at least one (_)rder of magmtud_e smaller than th depth (§) depth (A)
of normal conductors. While the surface resistance of a norm; Meissner effect Not applicable Applicable
conductor varies with frequency &g)*/2, that of superconduc-
tors varies with frequency &sf)? [7]. This frequency depen- Magnetic flux Not applicable Applicable
dence is seen experimentally and can be easily deduced frc quantization : :
theory * The dependence on magnetic field H is very weak at low levels of H.

Superconductors have a surface resistance that is dependent
onthe applied field. The dependence is more pronounced at highfor HTS thin films are 100-200£ and 1§ A/cm?, respec-
levels of fields, leading to nonlinearities and generation of inively.
termodulation products. Such nonlinear characteristics have ahe HTS thin films are deposited on a low-loss dielectric
negative impact on the power-handling capability of microwavgbstrate and are processed using standard photolithographic
superconductive devices [13]-[17]. The same nonlinear char@schniques. The most widely used substrate is lanthanum alu-
teristics, however, were exploited to develop novel HTS devicgfinates (LaALQ) with a dielectric constant of,. = 23.5 and
such as mixers [7], and nonlinear transmission lines (NLTLg) |oss tangent ofand = 3 x 10~%. One challenge with the
[18]. Another characteristic of superconductor materials is the ALO, substrate is that its crystal structure exhibits twining,
they have frequency-independent penetration depth that defghich makes the substrate effectively inhomogeneous. This can
mines field penetration into the materials rather than the skiffect the ability to set the frequency correctly in narrow-band
depth as for normal conductors. filter applications. Another commonly used substrate for HTS
There are two other unique characteristics of superconducfiiris is magnesium oxides (MgO) with. = 9.7. MgO does
material, i.e., the Meissner effect and flux quantization. Theot suffer from twining problems, but on the other hand, it does
Meissner effect relates to the superconductor’s ability to exp@bt offer the same miniaturization that the LaAk ubstrate of-
the magnetic field, i.e., superconductors are perfect diamagnesss because of its high dielectric constant. Sapphire substrates
This characteristic makes it possible to suspend a magnethive also been used with various buffer layers to provide the
midair over a piece of superconductor materials. The Meissnrgipropriate lattice match to HTS films. However, the surface
effect also implies that the transition to the superconductingsistancelzs and current density/c are inferior to films on
state is sensitive to the magnetic field, and for increasingyALO- or MgO substrates.
magnetic fields, the flux first penetrates and then destroys theDielectric materials typically exhibit a considerable improve-
superconducting state. Correspondingly, a superconductingnt in loss tangeritan 6 upon cooling to cryogenic tempera-
transmission line can be driven into the normal state bytares. For example, high purity sapphiee. = 9.4) at X-band
sufficiently large current, the transition usually occurringrequencies exhibitsan § of 10~ at 300 K anctan § of 10~7
sufficiently sharply to define a critical current. at 77 K [20]. MgO and LaAIQ exhibit a similar loss-tangent
The flux quantization relates to the phenomenon that ti@provement at cryogenic temperatures [21] as compared to
magnetic field generated from a current circulating in Bom-temperature operation. This is considered a fringe benefit
superconducting loop is quantized. The unit of quantizatiaf operating at cryogenic temperatures.
is known as the fluxon, or flux quantum, and is given by The HTS films are deposited on 2- and 3-in wafers, which
2.07 x 107> Whb. The characteristic of flux quantizationcan vary in substrate thickness from 0.010 to 0.1 in (standard
makes it possible to build extremely sensitive magnetometarbstrate thickness are 0.01 and 0.02 in). The HTS films are
devices capable of measuring extremely low levels of magnetypically deposited either by laser ablation or by sputtering
fields. Such magnetometers are known as supercondudtthniques [22)]. 2- and 3-in wafers with HTS films on one or
qguantum interference devices (SQUIDs) [19]. Table | sunioth surfaces are commercially available from various sources
marizes the differences between superconductors and noretgbrices that are almost 1/10 their prices in the early 1990s.
conductors. The BCS theory deals with superconductors from a micro-
For microwave applications, the two most important paramseopic point-of-view. Two other well-known theories were
ters of HTS materials are the surface resistaRg@and the crit- developed to deal with the macroscopic properties of supercon-
ical current density/ ¢, which represents the maximum currentluctors, i.e., the London theory [23] and the Ginzburg—Landau
that can be carried by the superconductor before switching(teL) theory [24]. These two theories have been used in
the normal state. There are several techniques available to mamjunction with Maxwell’s equation to model the electromag-
sure these two parameters [5]-[7]. The typical valuegfoand netic characteristics of superconductive microwave devices



MANSOUR: MICROWAVE SUPERCONDUCTIVITY 753

Fig. 3. Ten-pole HTS thin-film filter.

electrical energy of the cavity stored in the dielectric materials.
Rs is the surface resistance atich 6 is the loss tangent of the
dielectric material. It is clear that the unload@d. can be in-
[25]-[27]. The London theory is based on the two-fluid modedreased by reducing eithés or tan § or both of them.

[23], which assumes that the current in the superconductorThere are three main types of HTS filters reported in the lit-
is carried by normal electrons and superconducting electras&ture as follows:

whose densities are a function of temperature. The London1) HTS thin-film planar filters;

theory has been successful in explaining several of the char-) hybrid dielectric/HTS filters;

acteristics of superconductor materials. It does not, however,3) HTS thick-film coated filters.

take into consideration the field dependence of the constitueny,, yoth HTS thin-film planar filters and thick-film coated fil-

parameters of the superconductor materials. The GL theory,@ps ther) improvement is mainly attributed to the reduction of

the other hand, is a more comprehensive macroscopic thegiypy replacing normal metals with HTS materials. On the other
that accounts for field dependence allowing the characterizatiQfq the improvement i@ in hybrid dielectric/HTS filters is

of the nonlinear behavior of the superconductive materials. iributed to the reduction s, as well as to the reduction of
the loss tangent of the substrate due to cooling.

Fig. 2. Comparison between various microwave filters.

IV. HTS MICROWAVE FILTERS

Microwave filter networks represent a critical and substantive HTS Thin-Film Planar Filters
portion of any communication system. Such a system, be it wire-Planar filters such as stripline, microstrip, and coplanar line
less or satellite, requires filters to separate the signals receifiétérs have been known for over three decades [29]. These fil-
into channels for amplification and processing. The phenomenats, however, have very limited applications because of their
growth in the telecommunications industry in recent years hkmv-¢) values. Effectively, any known planar filter configuration
brought significant advances in filter technology as new corsan be realized in HTS technology by replacing metals films
munication systems emerged, demanding equipment miniatwith HTS films. This, in turn, would increase the filtér value
ization, while requiring more stringent filter characteristics. Thiey several orders of magnitude. For example, a half-wavelength
emergence of the HTS technology has offered the possibility, fmicrostrip resonator made of gold films on lanthanum-alumi-
the first time, to build filters that can compete with traditionahate substrate would typically have an unloadedalue of 400.
waveguide and dielectric resonator (DR) filters not only in siz&eplacing the gold films with HTS films while using the same
but also inQ. substrate would provide an HTS resonator with an unloagled

Fig. 2 illustrates a pictorial comparison between microwawalue around 30 000.
filters realized using rectangular single-mode waveguide The emergence of the HTS technology has created the oppor-
technology, circular dual-mode waveguide technology, Dnity for much more innovation in planar filter configurations.
technology, and superconductor technology [28]. Two typ&ver the pastyears, several novelfilter configurations have been
of superconductive filters are included in this figure: one us@soposed allowing the realization of quite advanced filter func-
the hybrid DR/HTS technology and the other is based on HT®ns [30]-[34]. Fig. 3 illustrates a packaged HTS ten-pole el-
thin-film technology. All filters have the same order and arbptic-function self-equalized planar filter. The basic building
designed to operate at the same center frequency of 4 GHinck of this filter is a dual-mode lumped-element resonator,
It is clear that a significant reduction in size and mass can tich makes it easy to create elliptic and self-equalization func-
achieved with the use of HTS technology. tions [35].

In addition to size and mass reduction, HTS filters also offer The emergence of several commercial computer software
improvement in the insertion loss. The unload@df a mi- packages for simulation and design of planar circuits in the
crowave resonator in general can be writteijas= (Rs/G + early 1990s has played a key role in advancing the development
Ftan §)~!, where@ is a factor determined by the resonator'sf HTS planar filters. Even though these commercial packages
geometry, which typically increases as the resonator dimensialts not take into consideration the physical characteristics of
increase, whilef" is a factor determined by the fraction of thethe superconductor materials, they have been successfully used
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Fig. 4. Transition from conventional DR cavity to an image DR cavity. ’ 18
(a) Conventional DR resonator. (b) Field distribution. (c) Image DR resonator. QQ

(d) Image DR resonator with a DR support.
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in the design of planar HTS filters, particularly for low-power
applications.

B. Hybrid Dielectric/HTS Filters

For the conventional DR shown in Fig. 4(a), the tangential
electric field of theHEE;; mode vanishes at the plare= 0
[36]. As a consequence, introducing a conducting wall at this
plane will slightly perturb the field distribution of this mode.
Thus, the size of the DR filter operating in thE£E;; mode
may be reduced by supporting the resonator directly on a c@fly 5. ayout of the eight-pole hybrid DR/HTS filter. 38's are DRs, 40's are
ducting surface (image plate), as shown in Fig. 4(c). With th€'s wafers diced from a standard 2-in wafer, 36s are dielectric supports, 44's
use of dielectric support that fills the whole cavity, further S'Z?essgrnen%gﬁ/?ui;sutzp%b elgz and 104 are elements of the filter housing, and
reduction can be achieved, as shown in Fig. 4(d).

A normal-conducting image plate, however, significantly de-
grades the of the resonator, which, in turn, makes the ap- 1) No etching is required for the HTS material. Etching may

proach unfeasible for high} applications. On the other hand, reduce the power-handling capability of the HTS material
if the image plate is replaced by a surface made of HTS ma- and degrade its surface_remstance. The de_5|gn also el_|m|-
terials, the original unloaded resonat@mwill be only slightly nates the need to deposit gold contacts, which are required

affected, allowing the use of this resonator structure to realize  for thin-film filters. Also, there is no need to generate cir-
compact-size filters with a superior loss performance for cryo-  cuit and contact masks.

genic applications [37], [38]. The reduction in size is attributed 2) In patterned thin-film filters, a good portion of the HTS
to the use of the image plate, while the improvement in loss per- ~ material is wasted due to etching process, while in hybrid
formance is attributed to the use of the HTS image plate, aswell DR/HTS filters, the wafer is diced into small pieces of

as to the increase in the unload@df the DR as the tempera- “shorting plates.” The wafer is used efficiently.

ture is lowered from 300 to 77 K. 3) The filter has a good spurious performance. The image
Several hybrid DR/HTS filters, which utilize the concept ~ Plate not only helps to reduce the filter size, but it also

illustrated in Fig. 4, were built and tested [37], [17], [28], helps to eliminate spurious modes, making it possible to

[39]. Fig. 5 shows a detailed configuration of an eight-pole  design filters of this type with a spurious free window of

hybrid DR/HTS filter The filter consists of four DRs operating over 2-GHz width centered at a frequency of 4 GHz.

in image-type dual modes. The resonators are supported

inside_ the fjlter housing using four b.Iocks made of Iow—llosi&_ HTS Thick-Film Coated Filters

low-dielectric-constant ceramic materials. The HTS material is

in the form of small wafers (0.5 ixx 0.5 in atC-band), which Melt-processed YBCO thick films were used to coat three-di-

are diced from a standard 2-in HTS thin film deposited onmaensional structures for microwave applications [41]. YBCO

0.02-in-thick wafer of lanthanum aluminate. The HTS films arthick films typically have a current density of 2000 A/ém

kept in contact with the DRs using springs and metallic platesxd have a relatively small value of surface resistance of

bolted to the filter housing. A detailed description of this typapproximately 0.5 m (5 GHz at 77 K). The feasibility of

of filter is given in [40]. constructing a thick-film YBCO 5.66-GHz cavity resonator
The drawback of hybrid DR/HTS filters is the mechanical desperating inTEq;; modes with unloaded values of 715 000

sign complexity. They have, however, several advantages oaer77 K has been demonstrated in [42]. Measured results of

their counterparts HTS thin-film planar filters. These advarcavities operating at 10 and 7.5 GHz have also been reported

tages are as follows. in [43]. However, the size ofl'Eq;; cavities is too bulky
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TABLE I
MEASURED NOISE-FIGURE RESULTS OFK a- AND C'-BAND LNAS
Measured Measured
Component Noise Figure at Noise Figure at
300K 77K
Ka-band LNA 3.1dB 0.8dB
C-band LNA 1.0dB 0.25 dB

awaveguide bandpass filter. An HTS filter with a similar perfor-
mance would have 1/16th the mass and 1/100th the volume of the
conventional”-band waveguide input filter. It will also provide
] ] ) o ) ~a50% reduction in insertion loss.
1"i:|Ir?1.s6.. Three-pole filter employing split-ring resonators coated with HTS thick The LNA benefits from cryogenic operation in two ways [47],
[48]. The use of HTS matching structures results in decreased
loss at the input of the LNA, which directly improves the at-
[~ Mixer tainable noise figure. Additionally, a fringe benefit of opera-
RF IF tion at 77 K is the reduction in the inherent noise of the active
HIS LNA ,®— LPF > t. The improvement is more pronounced at high fre-
BPF componen p p g
C quencies. Table Il provides a summary of the typical measured
noise-figure results of- and K a-band LNAs.
A The oscillator could also benefit from using HTS technology
by using a high®) HTS resonator as the frequency-determining
element. The benefit in this case would be phase noise reduc-
[\ HTS Resonator tion. However, cooling the remaining oscillator components will
have a negligible impact on overall oscillator performance while
Oscillator adding a large heat load on the system. Therefore, the use of
cryogenic technology has been limited in most applications to
the input filters and the first few LNA stages.

v

LO

Fig. 7. Block diagram for an RF receiver.

) VI. HTS DELAY LINES
to be used at frequencies below about 1-2 GHz. At lower

frequencies, two resonator structures have been propose@elay lines are useful devices in realizing transversal filters
for thick-film coating, i.e., coaxial resonators and split-rin%r analog signal-processing applications. Current technologies

resonators [44]. Thick-film coaxial resonators have founl@" delay lines include surface acoustic wave (SAW) devices
limited use because of the need to coat all of the surfacesdd €lectromagnetic coaxial cables in the form of coils.
the cavity to achieve reasonably highvalues. On the other However, the small acoustic wavelength and the minimum
hand, the split-ring resonator has been adopted by one of #fdlievable linewidth limits the SAW delay devices to low-fre-

wireless HTS base-station manufacturers. Fig. 6 illustrate14ency applications. Electromagnetic coaxial transmission
three-pole HTS filter employing split-ring resonators coatef!®S With much larger wavelengths can yield much higher
with HTS thick films. Coupling between resonators is achievdffduency limits. On the other hand, coaxial delay lines are
through the use of irises to provide the right coupling betwediylky and have high insertion losses. Often the use of amplifiers

resonators. Details on this type of filter can be found in [45]. @nd equalizers is necessary to restore the original signal.
Superconductive filters are also addressed in [46]. Superconducting delay lines [49]-[51] offer the highest band-
width with the lowest loss in highly compact designs. Several

HTS planar transmission lines such as striplines, microstrip, and
V. CRYOGENIC RECEIVERS coplanar lines could be used to realize delay lines. The high

. - — ... _dielectric constant of lanthanum—aluminate substrétes=
A layout of a typical receiver is shown in Fig. 7. In additiony; 5y 510ws a significant amount of delay to be placed on a

to signal amplification, the receiver typically provides frequencgingle substrate, while the low conductor loss of the HTS mate-
conversion to the transmit band. It consists of an input filter, a,, keeps insertion loss to a minimum. Fig. 8 illustrates a delay
low-noise amplifier (LNA), an oscillator, and a down convertefin o realized using an HTS coplanar delay [inA.100-ns HTS
The inputfilter limits the noise bandwidth and providesahighr%relay line of this type measures 90 mm96 mm x 12 mm.
jection of out-of-band signals. The insertion loss of this filteris & 150_ns delay line realized using RG-141 cables would have
very critical parameter since it adds directly to the overall nOi%Flength of 70 ft. Even with a cryocooler, the size and weight

figure of the receiver. In most applications, these filters are tYRiquctions offered by the HTS technology are very attractive.
cally built using highé; filter structures to minimize the insertion

loss. Forexample,@-bandinputfilterin satellite receiversistyp-
ically configured as a cascade of a waveguide low-pass filter an@buPont Superconductivity, Wilmington, DE.
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Fig. 10. Cryogenic package consisting of an HTS filter and LNA.

manufacturers and PCS carriers have been proven to be suc-
cessful [55]-[58].

The performance of wireless base-stations can be consider-
ably enhanced by incorporating cryogenic LNAs with HTS fil-
ters. The HTS technology presents a viable solution of realizing
small-size high-order filters with low insertion loss. The overall
size of multiple HTS transceiver chains, including the associ-
ated cryocooler, is considerably less than an equivalent conven-
tional transceiver.

The capacity and coverage of a base-station receiver are
determined primarily by the receiver selectivity and sensitivity
on the up-link and, in part, by the base-station transmitter power
EREEEERE of the downlink. The selectivity can be significantly increased
with the use of high-order filters, as shown in Fig. 10. However,
Fig.9. 8x 8 HTS Butler matrix. high-order filters, built using conventional technology, would
exhibit a very high passband insertion loss, resulting in a
reduced signal-to-noise ratio and, hence, degrading sensitivity
performance of the receiver.

HTSs offer new opportunities for the designers of antennaA significant improvement in receiver sensitivity can be
systems. Examples include antenna matching elements, faetlieved by designing the receiver to operate in a cryogenic
networks, microstrip antennas, and superdirective arragmvironment. This virtually eliminates thermal noise from the
[52]-[54]. In particular, beam-forming networks can benefitNA and potentially improves the filter loss performance.
from HTS technology in both areas of insertion loss reductiohithough conventional DR filters can be cooled with some
and miniaturization. The current designs for beam-formingnprovement in performance, integrated receivers of this type
networks use either multilayer stripline technology or coaxialre too large for tower-top mounting.
technology. The stripline designs are compact in size, butThe low resistance of the HTS materials makes it possible to
exhibit very high insertion loss. The coaxial designs, on these the planar thin-film technology to provide HTS filters that
other hand, exhibit low loss, but are known to be very heawre two orders of magnitude smaller in size than conventional
and bulky. DR filters. This significant reduction in physical size makes

Fig. 9 illustrates a layout of an HTS8 8 Butler matrix de- valuable space available for other required electronic compo-
signed to operate di-band [54]. The matrix consists of foldednents, enabling service providers to enhance the utilization
thin-film 90° hybrids and delay lines. The size of the overall masf existing base-stations instead of developing additional
trix is 75 mmx 50 mmx 12 mm. The HTS Butler matrix is two base-stations. In addition, miniaturization can decrease deploy-
orders of magnitude smaller than its coaxial counterpart. ~ ment costs for new base-stations, as less real estate is required

to support the base-station. Fig. 11 illustrates a comparison
VIII. W IRELESSAPPLICATIONS between a conventional transceiver and an HTS transceiver

VII. ANTENNA AND BEAM-FORMING NETWORKS

Mobile communication systems require improved sensitivit[?s]'
and selectivity to support the constant growth in services, in-
creased coverage, and larger numbers of subscribers. In the last
few years, several companies have taken advantage of technicdlhe mass, volume, and power consumption of payload elec-
innovations in cryoelectronics to address these improvementsnic equipment are significant contributors to the overall cost
Cryoelectronic solutions have matured to the point where nof space systems. HTS technology offers the potential of large
merous field trials under the auspices of both RF equipmenduction in mass and volume of electronic equipment, leading

IX. SPACE APPLICATIONS
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Fig. 11. Comparison between a conventional DR transceiver (left-hand side) 7 3f75 e e e i ie A1 in i ens
and an HTS transceiver (right-hand side). Frequency (GHz)

Fig. 13. Experimental results of four channels of the HTS 60-chatirehnd

TABLE Il input multiplexer.

POTENTIAL IMPACT OF HTS TECHNOLOGY ON SATELLITE SYSTEMS

1. System and Component Mass Reduction

-Launch cost reduction TABLE IV
-Longer on-station time COMPARISONBETWEEN HTS TECHNOLOGY AND DR TECHNOLOGY FOR THE

-Additional payload capacity INTELSAT 8 C'-BAND INPUT MULTIPLEXER

2. Improvement in Noise Figure and Receiver G/T
-Effective increase in ground station EIRP Parameter Mass Size
-Reduction in antenna size

-Possible cost impact to mobile services

-Improved link margin against rain or fading

3. Reduction in subsystem assembly and integration

Conventional Dielectric
Resonator Technology 25kg 50x 107 m®
Including Mounting Hardware

-Potential cost reduction HTS technology including

-Potential improvement in delivery schedule packaging, two cryo-coolers 12.2 kg 24x10% m®
4. Prime Power Reduction and two electronic-controllers.

-Mass reduction -

-Additional Capacity Percentage Saving > 50 % >50 %

5. Smaller satellite bus architectures due to miniaturization
of electronic equipment

the capacity (by adding payload electronics) or extending op-
erational life (by increasing station keeping fuel). As a result,
market factors have constantly been pushing hardware suppliers
to reduce mass and size of their products.

The current technology for satellite input multiplexers is the
DR technology. A 60-channel HTS multiplexer was built [35]
to duplicate the requirements of the Intelsat-&and DR mul-
tiplexer. The channel filters are ten-pole self-equalized planar
HTS thin-film filters of the type shown in Fig. 3.

Fig. 12 illustrates the overall 60-channel HTS multiplexer,
while Fig. 13 shows the experimental results of four-channel
HTS filters having a bandwidth of 34, 41, 72, and 112 MHz,
which meet the bandwidth requirements of the Intelsat 8 pro-
gram. Table IV summarizes the overall mass saving and size
Fig. 12. 60-channel HTS multiplexer integrated with cryocoolers. reduction. It can be seen that over 50% reduction in mass and

50% reduction in size can be achieved with the use of HTS tech-
to significant cost reduction of satellite systems [35], [59], [60hology [35].
Today’s space segment represents a market of many billion ofThere have also been efforts dedicated to the development
dollars for commercial and military applications and is growingf high-power HTS output multiplexers [39], [60]. Fig. 14 il-
HTS technology has the potential of accelerating the develdpstrates the layouts of a four-channel superconductiieand
ment and implementation of new advanced satellite systemsolttput multiplexer and a similar conventional waveguide output
also represents the potential of performance enhancementsattiplexer. For the conventionél-band multiplexer, both the
strategic defense communications systems. An overall summahgannel filters and manifold are built using the waveguide tech-
of the potential impact of HTS technology on satellite systenmology. For the superconductive multiplexer, the channel fil-
is given in Table IlI. ters are hybrid DR/HTS filters, while the manifold is realized

Mass reductions have a dramatic impact on the economicausing coaxial technology. The superconductive multiplexer oc-
a satellite program because launch costs are related to satetlitpies less than 5% of the volume of the waveguide multiplexer
weight. Similarly, mass reductions can be exploited to increa§eithout the cryocooler).
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low-conduction heat load requires the use of a small-diameter
cable. On the other hand, small-diameter cables typically have
a high RF insertion loss. The choice of the RF and electrical
connections to the package has a major impact on the size and
cooling power of the cryocooler. Another major design issue is
to guarantee that the enclosure maintains its vacuum over the op-
erational lifetime of the system. Cryopackging is typically one
of the main issues in the design of microwave HTS subsystems.

XIl. CONCLUSIONS

HTS technology offers the potential of large reduction
in mass and volume of microwave equipment. It could also
provide performance discrimination not attainable with other
technologies. The technology has grown very fast and has
Fig. _14. Comparison betweer(aband four-channel HTS output multiplexer merged with commercial and defense applications. This paper
and its waveguide counterpart. . . .

has presented a summary of the main HTS microwave appli-
cations. Newcomers to the field are strongly urged to continue

The potential advantages of using HTS technology in the deading about the subject and to understand more about the
sign of output multiplexers are mass and volume reduction, pstential, challenges, and limitations of this revolutionary
well as insertion-loss improvement. The insertion-loss improviechnology.

ment can translate into improvement in satellite EIRP or reduc-
tion in the dc power required for the power amplifiers. However,
the mass penalty of the currently available cryocooler and as-
sociated electronic controller may overshadow any advanta
gained with the use of HTS technology for high-power outp%
multiplexer applications [39].

X. CRYOCOOLERTECHNOLOGY AND CRYOPACKAGING

Several cryocooler techniques exist that could meet the teml[g

perature needs for microwave HTS devices and subsystems.
These techniques can be divided into two main categories, i.e.[3!
open and closed cycles [61]. The open-cycle techniques includ
cooling with a stored cryogen such as liquid nitrogen or through
Joule-Thomson gas expansion. Open-cycle coolers are bulkif!
and dissipate materials, requiring frequent fill up of the cryogen
or compressed gas. Therefore, they are ideal for laboratory eng]
vironments or in applications where regular equipment mainte—[8]
nance is possible.

Closed-cycle coolers are self-contained refrigerators that
only consume electrical power, requiring no maintenance overi®l
the designed lifetime. Closed-cycle cryocoolers have been pri-
marily developed for infrared devices and military applications[10]
The main design considerations for a closed-cycle cryocooler
are dc power consumption, size, and reliability. In particular{ll]
the reliability of the cryocooler remains the primary barrier
to the widespread commercial acceptance of superconductirﬁgz]
devices.

In addition to the cryocooler, it is also essential to provide
a cryopackage with the means to mechanically and thermalli}-3]
attach the HTS microwave device to the cold head of the cry-
ocooler within an evacuated enclosure, while providing elecf14]
trical and RF cabling through the enclosure. One major chal-
lenge is to ensure low loss in the electrical connections Withou{tls]
allowing too much heat to travel from the outside room-tem-
perature environment to the HTS component. It is difficult to
find commercially available RF cables that can reasonably megfe]
the above two conditions. For example, having a cable with
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