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Figure 1. HTS technology lends itself to the fabrication of microwave
planar devices such as those schematically depicted here in cross-
section. One advantage of coplanar waveguide (and its variant slot-
line, not shown) is that only one patterned HTS film is needed. One
disadvantage of stripline is that it is difficult to package. HTS devices
have been demonstrated in all three structures.

superior to conventional planar technology and with the at-
tractive feature that many well-established design techniques
can be used for HTS circuits as well.

The discussion in this article will focus on HTS microwave
technology with the understanding that conventional low-
temperature superconductors (LTS), for example, Nb or NbN,
can also be used in the same fashion. Practical LTS materials
operate typically at 4.2 K, the boiling temperature of liquid
He. Furthermore, it should be kept in mind that a larger vari-
ety of substrates can be used in LTS technology because it
does not require single-crystal epitaxial films. For example,
Nb microwave and digital circuits have been demonstrated on
Si and single-crystal sapphire (1).

HIGH-TEMPERATURE SUPERCONDUCTING
FILM PROCESSING TECHNOLOGY

The basic elements of HTS thin-film technology from the
SUPERCONDUCTING FILTERS AND point of view of microwave applications will be discussed here

briefly. Only epitaxial thin films will be addressed because,PASSIVE COMPONENTS
to date, significantly better properties can be obtained from
epitaxial material than from polycrystalline, nonepitaxialThe advent of high-temperature superconducting (HTS) ma-

terials has enabled a number of applications in passive micro- techniques. Most, if not all, of the developments covered in
this article, however, are valid for the case of polycrystallinewave electronics. Superconductors exhibit very low losses at

microwave frequencies and, although finite, at the practical materials. The main advantage of these materials is cost and
coating of nonplanar surfaces like the inside of a cylinder tooperating temperature of 77 K (boiling point of nitrogen),

these losses are more than two orders of magnitude lower form a high-Q cavity resonator (2).
Among the various high-temperature superconductorsthan normal conductors at frequencies of 10 GHz and below.

This has allowed the possibility for high-performance planar there are two that have achieved a level of maturity and ac-
ceptance in the industry: (1) YBa2Cu3O7, usually referred tomicrowave components since high-quality epitaxial films can

be deposited on both sides of low microwave loss, single-crys- as YBCO, and (2) Tl2Ba2CaCu2O8 or TBCCO. High-quality ep-
itaxial thin films of these materials can be deposited on bothtal substrates allowing the fabrication of components in pla-

nar configurations such as microstrip, stripline, and coplanar sides of a variety of low microwave loss, single-crystal sub-
strates by physical vapor deposition techniques, mainly sput-waveguide. These configurations are widely used throughout

the microwave community in a variety of technologies ranging tering (3) and laser ablation (4) and also by metal-organic
chemical vapor deposition (MOCVD) (5) and coevaporationfrom GaAs microwave monolithic integrated circuits (MMIC)

to integrated circuits using ceramic and laminated sub- (6). The two most common substrates to date are LaAlO3

(LAO) and MgO. Circuits on sapphire have been demon-strates. Figure 1 shows a schematic cross-section of all three
most common planar microwave structures. The use of HTS strated but the crystal lattice mismatch between HTS and

sapphire is large enough to restrict the film thickness to be-in these circuit configurations results in passive devices such
as resonators, filters, and delay lines with performance far low desirable values of at least 500 nm. Both LAO and MgO
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Table 1. Basic Characteristics of the Most Used HTS Thin Films and Dielectric Substrates for
Microwave Applications

HTS Films YBCO TBCCO

Critical Temperature (Tc) 90 K 105 K
Surface resistance (Rs) at 77 K and 0.2–0.5 m� 0.2–0.5 m�

10 GHz (f 2 dependence)
Film thickness 400–600 nm 800–1000 nm
Critical dc current density (Jo) at 106 A/cm2 106 A/cm2

77 K
Penetration depth (nm) 200 nm 200 nm

Substrates LaAlO3 (LAO) MgO

Relative dielectric constant (�r) at 23.4 9.7
77 K

Dissipation factor (tan �) at 77 K �10�5 �10�5

Typical dimensions 5, 7.5, and 10 cm diameter; 5 and 7.5 cm diameter;
250 and 500 �m thick 250 and 500 �m

thick

Both types of HTS Films can be grown in either substrate.

substrates are available commercially from a variety of sup- are typically made by depositing a thin (200 nm to 300 nm)
layer of gold or silver followed by an annealing step at 500�Cpliers around the world and can be readily obtained in circu-

lar wafers up to 7.6 cm in diameter and 250 �m to 500 �m in to 600�C (7). Interfacing with other devices via coaxial connec-
tors or directly to other substrates, superconducting or other-thickness. At 77 K and for frequencies between 1 GHz and 10

GHz the loss factor (tan �) of LAO and MgO is less than wise, can be accomplished using gold wire or ribbon attached
to the low-resistivity contacts by ultrasonic thermal compres-10�5. This is 10 to 100 times smaller than most practical mi-

crowave substrates and is compatible with the low conductor sion bonding or gap-welding (ribbons). Fabrication details of
filters and delay lines made at Northrop Grumman can beloss of HTS.

YBCO is typically grown in situ as an epitaxial single-crys- found in (8). Other institutions follow similar procedures.
tal film with thickness ranging from 400 nm to 600 nm. This
means that the desired crystalline phase of the material is Microwave Packaging of High-Temperature

Superconducting Devicesformed as the film grows because the growth conditions can
be adjusted to obtain such results. In contrast, an amorphous

Proper packaging of cryogenic microwave devices is critical to
film of TBCCO is deposited first and then the film is subjected

the success of the technology. In general, planar microwave
to a postdeposition annealing treatment to form the right

devices are made up of a dielectric or semiinsulating sub-
crystalline phase. One advantage of the in situ deposition of

strate, typically mounted on a metallic package or carrier by
YBCO films is the ability to deposit other crystalline layers

means of conducting epoxy or soldering. The mounted device
such as insulators or normal conductors, needed for the fabri-

then interfaces with other devices or measurement instru-
cation of Josephson junctions. HTS microwave technology can

mentation most commonly via coaxial connections. In this
leverage the research on Josephson junctions by making use

case, the metallic carrier forms part of the ground terminal
of insulating layers in other ways such as lumped element

by connecting to both the outer jacket of the coaxial intercon-
capacitors, for example. TBCCO films have the advantage of

nection and the ground plane defined on the substrate. This
a higher critical temperature (Table 1) and are typically

means that microwave currents flow into the planar device
grown with thickness close to 1 �m. These are advantages

through the center conductor of the coaxial interface and back
because practical devices must be made with thicknesses two

out through the ground plane on the substrate, the metallic
or three times greater than the London penetration depth

carrier, and its connection to the coaxial connector outer
(200 nm to 300 nm) at 77 K. TBCCO films thus offer a greater

jacket. This current flow into the packaging assembly must
operating margin than YBCO films.

occur without appreciable impedance mismatch or discontinu-
The most important characteristics or these two HTS ma-

ity. Figure 2 illustrates these points schematically with an
terials and their substrates are given in Table 1. The proper-

example for a microstrip device.
ties listed are those a microwave designer would want to

The criticality of these connections between substrate, car-
know if engaged in an HTS device design project.

rier, and connectors is exacerbated when cryogenic cooling of
the microwave package is required because a large thermal

Device Processing
mismatch between the various components may cause crack-
ing of the substrate or degradation of the interface betweenFabrication of microwave devices using either YBCO and

TBCCO follows relatively straightforward photolithographic substrate and carrier or connector. Furthermore, the quality
of the interface between the cryoelectronic substrate and thetechniques. Patterning of the superconducting layer is typi-

cally accomplished by Ar-ion milling. The processing must in- outside world must be preserved through many temperature
cycles between ambient and cryogenic temperature to allowclude the deposition and patterning of low-resistivity contacts

for interfacing with other devices or instrumentation. These for repeated testing of the device and an operational environ-



SUPERCONDUCTING FILTERS AND PASSIVE COMPONENTS 719

Coaxial
connector

Package
wall

Ground
plane

HTS
pattern

HTS
substrate

Carrier

Conducting interface
(e.g. metallic springs or
single-piece housing)

Substrate-carrier
conducting interface

(e.g. conducting
epoxy or solder)

Figure 2. Microwave packaging of HTS devices is challenging be-
cause mechanical and electrical integrity must be maintained when
the device is cycled from ambient to cryogenic temperatures. Special
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attention must be paid to the ground-current return path so as not
to introduce parasitic reactances that could severely affect the perfor- Figure 4. Calculated attenuation comparison for various transmis-
mance. sion line types including HTS and gold microstrip on 500 �m-thick

LAO substrates. The line impedance for each line was 50 �. All mi-
crostrip substrates were assumed to be 500 �m thick. Notice that X-

ment, which may require that the device warm up to room band waveguide has lower loss than HTS microstrip (for the parame-
temperature while not in use. Suitable microwave package ters chosen). However, HTS microstrip has broader bandwidth and
designs must therefore include one or more of the following the potential for smaller volume because it facilitates the integration
elements: (1) the use of thermally matched materials, (2) ad- of several microwave components.
hesives that remain sufficiently pliable at cryogenic tempera-
tures, and (3) configurations that allow the various parts of
the package to contract and expand freely while maintaining

temperature, the key parameter is the total contraction at 77good electrical contact.
K. For example, Nb and LAO are fairly well matched at 77 K,When considering materials that are thermally matched to
even though their rate of contraction as a function of tempera-HTS substrates the important parameter is the total contrac-
ture is slightly different. This is borne out by extensive exper-tion between room temperature and the operating tempera-
imentation (8). Other substrate/carrier material pairs haveture, for example, 77 K, and not the thermal coefficient of
been successfully used as well.expansion. Figure 3 shows the relative thermal contraction

for several materials, including LAO and MgO, in �m/cm (i.e.,
at a given temperature, a 1 cm-long piece of material shrinks

PASSIVE SUPERCONDUCTING MICROWAVEso many �m from its length at 300 K). As can be seen, the
DEVICE FUNDAMENTALSslope of this curve, that is, the thermal coefficient of expan-

sion, varies greatly with temperature over the range of inter-
The key reason for developing a microwave HTS technologyest, making it a practically useless parameter for the selection
is the exploitation of the low loss afforded by HTS comparedof appropriate materials. Although there are some differences
with conventional metals like gold and copper. High-perfor-in the rate of contraction as the materials shrink from room
mance, low-loss devices using conventional materials can gen-
erally be made at the expense of high volume, usually in the
form of hollow or partially dielectric-filled waveguide compo-
nents. The potential of HTS is to enable components with the
same or better performance in a much reduced volume which
must include the cryocooler. Figure 4 shows a comparison be-
tween calculated losses in several common types of transmis-
sion line, including HTS microstrip on LAO, for the parame-
ters listed in Table 1. For calibration, included in this
comparison is Au microstrip at 77 K, also on LAO. For the
microstrip cases only the conductor and dielectric losses were
calculated; radiation losses or coupling to spurious surface
modes were ignored. Also included are the losses in X-Band
waveguide, which are lower than HTS for the parameters cho-
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sen, although HTS microstrip offers the advantage of much
Figure 3. Measured relative thermal contraction of several materi- wider bandwidth and ready integration of several components
als of interest in HTS technology, including Si and GaAs. These or into a small volume. Notice that the useful frequency range
similar data should be used in the selection of carrier materials and

for X-band waveguide is typically only 8 GHz to 12 GHz. Inte-the packaging of hybrid HTS-semiconductor components. If a good
gration capability combined with low loss are key elements ofthermal match between parts that must remain in intimate mechani-
HTS technology because most systems insertion opportunitiescal and electrical contact cannot be obtained, sufficiently pliable con-
will arise for applications offering significant size advantagesductive adhesives may be adequate for some applications, particu-

larly if the mismatched parts are small. with respect to conventional approaches.
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A different and also useful way of getting insight into the
advantages of HTS planar circuits is from the point of view of
resonant structures, which form the basic building block of
passband filters. This can best be discussed in terms of qual-
ity factor, Q, which is the ratio between stored and dissipated
energy:

Q = Stored energy
Dissipated energy

(1)

For empty electromagnetic cavity-type resonators, this is, in
essence, a figure of merit measuring the degree of compromise
between volume (stored energy) and surface area (microwave
losses on the conducting surfaces). In general, both stored and
dissipated energy depend on the dielectric constant and the
geometric configuration used, the dissipated energy de-
pending also on the surface resistance of the (super)conduct-
ing surfaces and the losses in the dielectric. In practice, there
could be other types of losses such as radiation, which, for
simplicity, will be neglected in this discussion. In principle,
the performance of any passive device can be projected from
the Q of the type of structure used to make up the device. For
example, a resonator made up of a section of microstrip line
can be calculated from well-known expressions (9). The inser-
tion loss of a filter can, in turn, be estimated from the Q of
the resonators that make up the filter (10).

Figure 5 is a plot comparing the Q and volume, as a func-
tion of frequency, of resonators made up of a microstrip line
section and an empty metallic cube, respectively. Since the
dimensions of the resonator are specified at each frequency,
the volume calculated is that of the smallest cube capable of
resonating at a given frequency. The microstrip HTS resona-
tor volume was calculated assuming it is in an enclosure with
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cross-section as shown in the figure, where the walls and the
Figure 5. Calculated comparison of quality factor (Q) and volume forlid are sufficiently far away from the superconducting strip
two types of resonators: 50 � HTS microstrip on 500 �m-thick LAOthat their contribution to the loss is negligible. The Q of HTS
and a metallic cube. The Q of a gold-on-LAO microstrip at 77 K was

microstrip, although higher, is within the same order of mag- also calculated as a reference. The metallic cube is representative of
nitude as the Q of the cube resonator. However, the estimated a simple cavity resonator and was chosen because its Q is easy to
volume can be two or more orders of magnitude smaller, espe- calculate (12). The volume for the microstrip was chosen as a device
cially at the lower microwave frequencies. with the cross-section shown in the figure with a/h � 10, d/h � 20,

Although to first order the main feature distinguishing and a length of (�/2 � 4h). This assumed cross section is independent
of wavelength and loses its meaning at the higher frequencies plotted,HTS from conventional planar microwave passive devices is
where the substrate would, in practice, be thinner, making the mi-low loss, other important differences exist and are discussed
crostrip always smaller than the waveguide.in the following sections.

Surface Impedance and Penetration Depth

parameter is independent of frequency and is orders of mag-The surface or internal impedance of a conductor is the char-
nitude smaller than the normal conductor penetration depthacteristic impedance seen by a plane wave incident perpendic-
(usually referred to as the skin depth). The reasons are de-ularly upon a planar (super)conducting surface. For both nor-
rived from the perfect diamagnetism of superconductors, themal (e.g., copper, gold) conductors and superconductors, the
so-called Meissner effect, and are explained by the Gorter-surface impedance per unit length and width is given by
Casimir and London two-fluid model of superconductivity(11,12):
(11,13).

Table 2 summarizes the differences between normal and
superconductors from the point of view of their microwaveZS = RS + jXS =

r
jωµ

σ
(2)

surface impedance. Notice that the surface resistance of su-
perconductors, Rs, has a frequency-squared ( f2) dependence.where � is the angular frequency, � is the permeability, and
In contrast, normal conductors depend on the square root of� is the conductivity. � is real for normal conductors but is
frequency (�f ). Figure 6 shows the difference between coppercomplex for superconductors. In both cases the RF fields de-
at 300 K and 77 K, and HTS at 77 K. This must be taken intocay exponentially inside the material, defining a field pene-

tration depth. In the case of superconductors, however, this consideration, especially when designing wide-band compo-
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critical temperature. For YBCO, �L(0) � 150 nm, which re-
sults in �L(77 K) � 214 nm. The HTS film must be at least
500 nm to 600 nm thick for operation at 77 K, in order for the
kinetic inductance effects to be negligible with respect to the
total inductance of the circuit.

For practical microwave design purposes, this allows treat-
ing the superconductor as a normal conductor with a surface
resistance that can be obtained from measured values and a
frequency-squared scale factor. It has become customary for
workers in the field to normalize the surface resistance to 10
GHz and 77 K, even though measured data may have been
taken at a different frequency. Devices where the kinetic in-
ductance is allowed to dominate have been demonstrated (14).
However, they are lossy, difficult to fabricate, and quite de-
pendent on temperature because of the strong temperature
dependence of the penetration depth.

LaAIO3 (LAO) Substrate Properties

The relative dielectric constant of LAO, one of the preferred
HTS substrates, is �r � 23.4 at 77 K. This is a higher value
than most common microwave substrates whose dielectric
constants usually do not exceed 10 (�r � 9.7 for MgO, another
preferred HTS microwave substrate). The significance of this
is that common planar component design techniques are

Table 2. Microwave Surface Impedance Comparison
Between Normal Conductors and Superconductors

ZS � RS � jXS � �j��
�

Normal Conductors Superconductors

� � Real � � Complex

Penetration (skin) depth: Penetration depth:

�L(T) �
�L(0)

�1 � � T
TC
�2� � � 1

�f��

�L(0) � 150 nm for YBCO

RS � XS �
1

��
	 �f RS 	 f 2

XS � 2�f��L

Copper at 300 K: YBCO at 77 K:

� �
2.1

�f
�m �L(77) � 0.2 �m

RS � 5f 2 ��RS � 8.24�f m�

Copper at 77 K:

� �
0.9

�f
�m

RS � 3.4�f m�

based on empirical circuit models whose validity may not ex-
tend to the relatively high dielectric constant of LAO. For ex-
ample, the design of microstrip parallel-coupled-line filters in-nents. The figure also highlights the large difference between
volves the use of quarter-wave coupled-section models thatcopper and HTS at frequencies below 1 GHz.
generally are not valid for �r � 18. This requires that moreAs with planar microwave devices using normal conduc-
sophisticated design techniques be developed, making use oftors, best performance control is obtained when the geometric
electromagnetic field solvers, for example, or empirically ex-inductance of the circuit dominates the kinetic (or internal)
tending the range of existing models.inductance of the superconductor. That is, from a practical

LAO has a cubic crystal structure above about 450�C. Be-point of view, the thickness of the superconductor must be at
low that temperature it transitions to a rhombohedral struc-least two to three times larger than the penetration depth at
ture, which is only a slight distortion from the cubic structurethe temperature of operation. The penetration depth is a
consisting of a very small stretching of the cubic unit cellstrong function of temperature and for HTS it is given ap-
along its diagonal. In order to release stress, the crystal willproximately by (11,13).
form twin structures, symmetrically related regions oriented
in different directions. Noncubic crystals are anisotropic and,
as a result of this twinning, the LAO substrate is made up of
slightly anisotropic regions randomly distributed throughout
the substrate (11). The net result is an average dielectric con-

λL(T ) = λL(0)s
1 −

�
T
TC

�4
(3)

stant with a uniformity of approximately 1%. This means a
where �L(0), the penetration depth at 0 K, is a fundamental 2% variation in the resonant frequency of a planar resonator
parameter of the material, T is the temperature and Tc is the and there are many filter applications, for example, where

this is not acceptable. In contrast, MgO, which is cubic, has a
uniformity of 0.1% (15).

Dynamic Range Considerations: Noise Figure

An important consideration for any electronic device is its dy-
namic range, or range of signal power levels over which the
device will operate properly. In the case of passive HTS de-
vices, they are expected to be linear over a certain dynamic
range, limited below by noise and above by the onset of non-
linear behavior.

Starting at the lower end, the noise generated in a passive
device will generally be of a thermal nature. A measure of
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how much noise any device generates is given by the noise
figure (16), which is, by definition, related to the excess noiseFigure 6. Surface resistance of HTS at 77 K and copper at 77 K and
generated in the device when a matched resistor at 290 K300 K as a function of frequency. The surface resistance of copper

scales with frequency as f 1/2; for HTS it scales as f 2. (ambient temperature) is placed at the input. Thus the noise
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figure would be equal to 1 (or, equivalently, 0 dB) if the device critical state first, generating nonlinearities and increased
losses, degrading the performance of the device.were perfectly noiseless or if it were an ideally lossless pas-

sive device. The accepted noise figure definition as a function When a device is nonlinear it produces intermodulation
distortion; that is, two signals of different frequencies appliedof device temperature is (16).
to the device will generate mixing products. In general, the
largest mixing products are those of the third order. The up-
per end of the dynamic range is then reached when the power

FdB = 10 · log
[
1 + (L − 1) · T

290

]
(4)

level of the applied signals is such that the third-order prod-
Here, L is the insertion loss of the device as a number greater ucts rise above the noise floor and can be mistaken and pro-
than or equal to 1 (i.e., 10log(L) � 0 dB) and T is the tempera- cessed by the system as real signals. The nonlinear behavior
ture in degrees Kelvin. For a passive, lossy device at 290 K, in a device is characterized by the third-order intercept point
the noise figure turns out to be equal to its insertion loss, a (TOI) (18).
rule that system designers commonly use when dealing with A system dynamic range can, in turn, be determined from
passive components such as filters or lengths of transmission that of its components. An important example is that of a
line. HTS devices, however, because they operate at cryogenic microwave receiver front-end, usually consisting of a low-
temperatures (77 K, typically), will have a lower noise figure, noise amplifier (LNA) placed after the antenna, which is then
according to the accepted definition (16). Figure 7 shows this followed by one or more downconversion stages. The dynamic
expression graphically as a function of the insertion loss of range of the receiver is greatly determined by the noise figure,
the device for 77 K and 290 K (ambient temperature). Thus, gain, and TOI of the LNA, with the components that follow
in considering the dynamic range of HTS devices, the lower having much less influence. Many applications demand a pre-
end of the range will tend to be lower than for conventional selector filter between the antenna and the LNA to reject
devices, not only because of their inherent low loss, but also strong interfering signals that could generate unwanted mix-
because they operate at cryogenic temperatures. Measure- ing products due to the nonlinearity of the LNA (17). The pre-
ments reported in the literature (17) confirm, to first order at selector filter must not significantly degrade the receiver dy-
least, that the noise in HTS passive devices is indeed thermal namic range and so it must have low insertion loss (i.e., low
in nature. noise figure) and a TOI sufficiently higher than the LNA’s

with respect to both in-band signals and the rejected out-of-
Dynamic Range Considerations: band interfering signals. This is an important example be-
Nonlinearity and Power Handling cause HTS filter technology is a strong candidate for this type

of preselector in some applications like wireless communica-The dynamic range of HTS passive devices is limited above
tions base-station receivers (19).by nonlinearities in the superconductor. This is in contrast to

The linearity condition, which may be a relatively minorconventional technology, for which this upper limit could be
issue with conventional filter technology is, in contrast, veryorders of magnitude higher, generally limited by such phe-
key in HTS filter technology. Specific developments in thisnomena as the voltage breakdown of air or the dielectric used,
area will be discussed in the section on HTS Filter Tech-or melting of the metallic pattern due to high currents. HTS,
nology.on the other hand, is fundamentally limited by the critical

A fundamental characterization of the nonlinear behaviormagnetic field, above which the material loses its supercon-
and power handling in HTS materials is through the surfaceducting properties. Nonlinear behavior occurs as the RF mag-
impedance and its dependence on the RF magnetic field HRFnetic field approaches its critical value. Furthermore, in prac-
(20–25).tical devices the microwave fields will generally tend to be

nonuniformly distributed so that critical values are exceeded Zs(HRF) = Rs(HRF) + jXS(HRF) (5)
first in selected areas of the device. For example, a microstrip
line has much higher current density near the edges of the

The essence of the nonlinear dependence of the surface im-line than along the center. Thus, as the signal power level is
pedance on signal power level or, equivalently, HRF is readilyincreased, the current density at the line edges will approach
understood by observing the response of a microstrip resona-
tor, shown in Figure 8. As the input power is increased the
resonator Q degrades (Rs dependence on HRF) and the reso-
nance shifts to lower frequencies (Xs dependence on HRF). Sev-
eral regimes have been identified in the study of nonlinear
phenomena in HTS (22). A linear region at sufficiently low
power levels, a weakly nonlinear region where nonlinear be-
havior is dominated by grain-boundary weak links (Joseph-
son-junction-like defects in the crystalline make-up of the
HTS film) and a strongly nonlinear region dominated by hys-
teretic vortex penetration. Above this regime breakdown of
the superconducting state occurs, with the surface resistance
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increasing abruptly due to heating and the formation of nor-
mal-state domains (22).Figure 7. Noise figure of a cryogenically cooled passive device as a

If the magnetic field exceeds its critical value the materialfunction of insertion loss. Notice that the noise figure equals the loss
becomes a normal conductor and dissipates heat which mustat 290 K (by definition), but it is lower for devices operating at a

lower temperature. be removed by the cryocooling system and can even damage
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straightforward case of two in-band signals undergoing the
same group delay.

HIGH-TEMPERATURE SUPERCONDUCTING FILTERS

One of the most important applications of HTS microwave
technology are high-performance passband filters because
they can be made in planar configurations. Filters are often
the dominant contributor to system volume, in particular
when banks of low-loss filters are required. As discussed ear-
lier, high-Q structures can be obtained at the expense of high
volume. HTS planar configurations like microstrip or copla-
nar waveguide have Q comparable to cavities at a much
smaller volume (see Fig. 5) and so HTS is an attractive ap-
proach to reducing the volume of high-performance filters.

A straightforward way of thinking of bandpass filters is as
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coupled resonators. The performance of a resonator is charac-
terized by its quality factor Q, defined in Eq. (1). When theFigure 8. Effect of increasing the input power level on a supercon-

ducting microstrip resonator. This measurement (courtesy of Dr. M. resonator forms part of an electrical circuit, the circuit deliv-
Golosovsky, Hebrew University of Jerusalem) captures the essence of ers and takes back energy from the resonator, affecting its
the nonlinear RF power dependence of the surface impedance Zs � characteristics. The unloaded Q of a resonator, Qu, is its in-
Rs � jXs. As power level increases so does Rs and the resonance Q trinsic quality factor, without the effects of an external cir-
decreases. On the other hand, the effect of increased power level on cuit. A first-order filter consists of a single resonator. Its
Xs manifests itself on a shift of the resonance toward lower frequen-

bandwidth can be adjusted by the degree of coupling into thecies (22).
resonator by the external circuit. In a lightly coupled resona-
tor, little disturbance is introduced by the input and output
circuits and its resonant conditions and bandwidth are close
to those of an ideal, unloaded resonator. When coupling intothe device. The device ceases to operate as a superconducting
the resonator is strong, the disturbance is large and the Q isdevice and, if no damage has occurred, must recover after the
now dominated by both the resonator and the external circuit,high-power source has been removed. The related topic of in-
making the total or loaded Q lower than the ideal, unloadedtentionally provoking a superconducting-to-normal transition
Q, and therefore the filter bandwidth is now wider. For aas a switching mechanism has been studied extensively
higher-order filter made up of various resonators coupled to-(26–28).
gether, the idea is the same. Narrow-band filters require thatSystematic studies of intermodulation distortion in HTS
the resonators be loosely coupled to each other and the mini-samples and devices have been reported in the literature
mum bandwidth is limited by the unloaded Q of the resona-(21,29–32). TOI values in excess of �70 dBm at 1.3 GHz and
tors. Wider bandwidth filters will have tighter coupling80 K have been obtained (29) for HTS planar transmission
among resonators. Clearly, then, narrow-band filters are a de-lines a few millimeters long. This is well above most semicon-
sirable application for HTS because its inherent high Q en-ductor low-noise amplifiers, for example. However, it must be
ables narrow bandpass filters with low loss and small volume.kept in mind that intermodulation distortion is a function of
This was illustrated in Fig. 5, which helps to understand thethe stored energy in the device, that is, the group delay. This
significance of the loss–volume trade-off from the point ofis important when considering the performance of HTS pass-
view of using HTS and metallic cavity resonators to makeband filters because filters have a delay characteristic that is
filters. There is also a trade off between bandwidth, filter or-lower near the center of the passband and higher toward the
der (number of resonators), and insertion loss. The followingedges, depending on the filter order and type of response.
is an approximate expression for the mid-band insertion lossThus, in a practical situation, if a passband filter is intended
of a filter (10), in dB, which reflects this trade-off:to protect the system from a relatively high-power interfering

signal, this signal may lay on the filter skirts at a given rejec-
tion level in a region of relatively high delay. The intermodu-
lation of this interferer with a desired signal in the middle of

LdB,n
∼= 4.34

B
·

n∑
k=1

gk

Quk
(6)

the passband (relatively low delay) will produce spurs that
define the dynamic range of the filter from that specific sys- Here, n is the filter order, gk are the normalized series induc-
tem’s perspective. To give a quantitative example, such dy- tance and shunt capacitance values of the low-pass prototype
namic range might be specified as a third-order intermodula- filter (10), B is the filter bandwidth as a fraction of the center
tion spur level of �90 dBm for an interfering signal of �40 frequency, and Quk is the unloaded Q of the kth resonator. For
dBm maximum power at � 15 MHz from a desired signal at the purposes of estimation, it is reasonable to assume that all
passband center that has a maximum power level of �5 dBm. the resonators in the filter will have the same Qu. Figure 9
In a case like this it would be difficult to talk about TOI, illustrates the trade-off between insertion loss, bandwidth,
which is usually defined as resulting from the intermodula- and filter order as a function of resonator Qu. It shows how
tion of two signals of the same power level. Such a definition expression (6) can be used to estimate the potential of a cer-

tain filter technology, in this case HTS, and understand itswould apply to a spur-free dynamic range specification for the
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Figure 10. Parallel coupled microstrip or stripline filter topology.
The lines are �/2 resonators coupled as �/4 backward-coupled sec-
tions. This is a well-known configuration suitable for fractional band-
widths of less than 15%; early demonstrations of HTS filters made
use of it. However, control of the weak coupling required for band-
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widths less than 1%, which the low loss of HTS allows, is very diffi-
Figure 9. Estimated insertion loss of fourth- and fifth-order Cheby- cult and results in designs that are very sensitive to material and
chev passband filters of 1% and 0.1% fractional bandwidths as a func- geometrical tolerances.
tion of the unloaded Q of the resonators that make up the filter. It
was assumed that all the resonators have the same Q. The chart
shows the increase in insertion loss caused by increasing the filter netic field solver as a tool to refine the results of the circuit-
order by one and by reducing the fractional bandwidth by a factor

model-based software. The effectiveness of this technique wasof ten.
demonstrated experimentally (8). Notice in Table 3 that two
of the three required couplings are less than �30 dB and that
the error in estimating the coupled-line distances given by the

limitations. The insertion loss was estimated for Chebychev- circuit-model software increases as the coupling gets weaker.
type filters (10) of the fourth and fifth orders, respectively, For narrower bandwidths, weaker couplings are needed,
and for 1% and 0.1% fractional bandwidths. The purpose of which would result in larger separation between resonators
this chart is to point out the difference in loss caused by in- and hence increased difficulty in accurately predicting and
creasing the filter order by one and by increasing the frac- controlling the required coupling. Bandwidths of less than 1%
tional bandwidth by a factor of ten. Figure 9 complements with this filter topology could probably be achieved with great
Fig. 5 by helping to make a connection between the insertion difficulty and very low yield because of the practical issues
loss of a filter of a given order and bandwidth and a specific associated with controlling the weak couplings required (35).
structure and its volume. The information provided by these Workers in this field have realized this fundamental prob-
two figures can readily be extended to cover other structures lem and have identified structures which allow significantly
and technologies. better control of weak interresonator coupling. Recognizing

that in microstrip backward-coupled resonators, such as those
Design Considerations in Fig. 10, the problem is compounded by the presence of spu-

rious forward coupling, researchers have demonstrated goodAs discussed above, some of the most important applications
coupling control using forward-coupling alone in microstripof superconductors are in narrow passband filters because
(36) and backward coupling alone in stripline (37). Also, thethey can be realized in planar technology, which lends itself
use of planar lumped elements (38), and inductive couplingto small structures that can be readily integrated with other
in coplanar line (39,40) have been demonstrated successfully.filters and circuitry. It was also discussed that the coupling
Today, HTS filters are being made with bandwidths of 1% orbetween the resonators that make up a narrow-band filter
less by dedicated commercial companies for the base-stationneeds to be weak. The mechanism for implementing weak
wireless market as preproduction prototypes (19,41).coupling between resonators must allow for its control and

predictability so that robust filter designs which are relatively
Complex Structuresintolerant of external spurious coupling mechanisms can be

implemented. An example illustrating this point can be found The potential for filters with performance similar to bulkier
in the parallel-coupled line filter topology. Figure 10 shows waveguide components but at significantly smaller sizes can
this topology, which is well known as being suited for micros- be most readily fulfilled for the case of banks of filters,
trip filters with relative bandwidths below 15% (10). An anal-
ysis based on Figs. 5 and 9, however, shows that if HTS is
used then bandwidths below 1% are possible from the loss
standpoint. Indeed, this structure was used by several re-
search groups to make initial HTS filter demonstrations with
1% to 2% fractional bandwidths (33,34). Table 3 shows the
couplings required to achieve a 1.25% bandwidth, fourth-or-
der Chebychev filter with 0.1 dB ripple at 4 GHz (8), as well
as the distance between resonators (see Fig. 10). This dis-
tance was calculated using commercial software based on cou-
pled microstrip line circuit models and a simple look-up table
technique (8) generated using a two-dimensional electromag-

Table 3. Comparison Between Conventional and Look-Up
Table Approaches (see Fig. 10)

Required
Coupling Conventional Look-Up Table

Parameter (dB) (mm) (mm)

S1 �17.6 0.572 0.530
S2 �35.8 2.367 1.931
S3 �37.8 2.772 2.161

fo � 4 GHz; W � 0.176 mm; L1 � L2 � L3 � 4.788 mm.
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Figure 11. Multiplexer architecture used to demonstrate a four-
channel HTS microstrip device. This configuration has the advantage
of allowing as many channels as the bandwidth covered by the 90�

hybrid. Each filter is terminated in 50 � and is essentially isolated
VBCO

Mo-ti
resistor

T-Au pad

from the others. Other schemes require that the impedance termina-
tion in each filter be adjusted to account for the presence of all the Figure 12. Photo montage of a four-channel YBCO-on-LAO micro-
filters in the multiplexer, practically limiting the maximum number strip multiplexer demonstrated under the US Navy’s High-Tempera-
of channels to ten or twelve. ture Superconductivity Space Experiment II (HTSSE-II). Details of

the design, fabrication, and assembly of this device can be found in
Refs. 8 and 46.

whether switched or multiplexed. Because HTS technology is
planar, a relatively high level of integration is possible so
that, as opposed to waveguide or dielectric resonator filter match to LAO, so the electrical and mechanical integrity of
technology, a bank of N filters each occupying a volume V the device was preserved when cycling from ambient temper-
occupies a volume � N � V, where V is significantly smaller ature to near 77 K. The substrate-carrier assemblies were
than for conventional technologies for the same performance. mounted on the aluminum frame using a beryllium-copper
HTS filter banks have been demonstrated by several groups spring arrangement. Figure 13 shows the measured perfor-
in the form of bandpass multiplexers (8,42–44) or banks of mance. The low-frequency skirts of Channels 2, 3, and 4 show
switched band-reject filters (45). some level of interaction between channels that can be elimi-

nated using a wider guard-band between channels. Refs. 8
Example: Four-Channel Pass-Band Multiplexer. Figure 11 and 46 include a full discussion of the design, fabrication, and

shows a diagram of a multiplexer architecture (8,42). It can measurements on this device.
accommodate as many channels as the bandwidth of the 90� This unit was one of a series of demonstration devices de-
hybrid coupler covers. Input microwave energy is equally split livered to the US Navy’s High-Temperature Superconductiv-
at the first coupler. If the frequency is within the passband of ity Experiment II program by several contractors for inclusion
the two identical filters connected to the coupler, it passes into the space package (47).
through the filters and adds in phase at the output port of the
output hybrid coupler for Channel 1. If the frequency is not High-Power-Handling Designs
within the passband of the Channel 1 filters, the signal is

The promising applications of HTS require that HTS filtersreflected back to the input coupler where it recombines such
handle sufficient signal power levels as to maintain linearitythat it is out-of-phase at the input port and in-phase at the
over a significant dynamic range. As explained earlier, cur-input of the second channel hybrid coupler. The process then
rent crowding along the edges of typical planar transmissionrepeats itself until the signal exits the device through the ap-

propriate channel port. Figure 12 presents details of one im-
plementation of this device (8,46) showing one input, four out-
puts, and a through port terminated in an external (coaxial)
load. Additional channels could be connected to this port pro-
vided they are still within the bandwidth (about 10%) of the
hybrid coupler used in this demonstration. Figure 12 also
shows a detail of the assembly, which includes the internal
HTS interconnections between filters and the integrated thin-
film resistive terminations at the out-of-phase port of the out-
put hybrid in each channel.

The HTS material used for this work was YBCO thin film
deposited on 500 �m-thick LAO substrates. The package in-
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cluded an aluminum frame holding the external coaxial con-
nectors and niobium carriers onto which the LAO substrate Figure 13. Measured response of the four-channel HTS multiplexer.

Further details can be found in Refs. 8 and 46.pieces were mounted. Niobium is a good thermal expansion
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Figure 14. Diagram (courtesy of Dr. Z-Y Shen, E. I. du Pont de Nem-
ours and Co.) (29), showing the magnetic field and current distribu-
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tion in a �/2 microstrip resonator (a) and a TM010 printed disk resona-
Figure 15. Schematic diagram of the cryogenic package for a hypo-tor (b). In the disk the magnetic field lines are circular and remain
thetical HTS device showing conducted heat inputs through input/on the plane of the disk, so the current is not highly nonuniform as
output RF and dc control lines and the mechanical support of the coldis the case of the regular microstrip resonator. The advantage of the
head, as well as the radiated heat input from the (warm) wall of thedisk is that it can handle much higher power levels (29,49,50).
vacuum housing. The purpose of this diagram is to show the main
elements that affect the design of the cryogenic package.

lines (e.g., microstrip, stripline, and coplanar waveguide) ulti-
mately limits the maximum power level that can be handled.

would eliminate some of the planar integration advantages.
Increasing the quality of the material and improving the de-

Fully planar filters using this concept, however, have been
sign of filter structures has been a major endeavor at several

successfully demonstrated (29).
institutions. Improved filter designs are based on planar
structures which avoid the effects of significant current
crowding at the edges, as is the case of low-impedance micro- HIGH-TEMPERATURE SUPERCONDUCTING DELAY LINES
strip lines (48). Most significant is the work employing planar
resonator structures based on the circular TM010 mode Work on superconducting delay lines started at Lincoln Labo-

ratory well before the advent of high-temperature supercon-(29,49,50). The most salient features of this approach are
shown in Figs. 14(a) and (b), which show the electromagnetic ductivity, and concentrated mostly on linearly dispersive de-

lay lines for analog signal processing. Linearly dispersivefields and current profile in a microstrip and a disk resonator,
respectively. In the latter the RF magnetic fields do not close delay lines have delay characteristics which vary linearly

with frequency over a certain operating bandwidth and canabove the substrate but within it, under the disk. Thus the
current density does not peak at the edges of the resonator be used to perform pulse compression, a technique to process

and detect small signals which may be below the receiverand its distribution is more uniform. The only possible draw-
back of this approach is that the fields are more confined to noise floor (1). The pioneering work at Lincoln Laboratory in

this area using LTS and, more recently, HTS thin-film tech-the disk resonator, and intercoupling between resonators to
form a filter may be more difficult, perhaps requiring three- nologies has been extensively documented in the literature

(1,51).dimensional structures for proper control of the coupling. This

Table 4. Sample System Requirements That Will Affect the Choice of Cooler and Cryogenic Packaging Approach

Requirement Comments

Size and weight Stringent in almost all applications
Cool-down time Some applications may require very fast turn-on time (e.g., a few minutes). They would be a driver to-

ward higher cooler power and lower HTS device thermal mass
Vibration For example, a minute amount of mechanical distortion on a circuit caused by vibration from the cooler

may generate a phase modulation that degrades the circuit performance
Power consumption and E.g., 120 V ac

power supply type
Mode of operation E.g., continuous, intermittent, short missions and then mostly idle, etc.
Temperature stability While any fine temperature feedback control loop (��0.01 K) tends to be done using heaters and a tem-

and control perature sensor, some applications may require a certain degree of cooling engine control (��0.5 K)
Unattended lifetime Some applications (e.g., space) may require a lifetime on the order of 10 years or more
Vacuum lifetime All-welded construction; use of getters in a clean, well-conditioned (baked) system
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Table 5. Cooling Requirements That Will Influence the Cooling Power (Heat Lift) Required for a Given Application

Requirement Comments

Power dissipated in the A filter with a 0.5 dB insertion loss that must pass a 20 W signal will dissipate 2 W of heat that must be re-
device moved by the cryocooler. Also, semiconductor devices such as low-noise amplifiers, which improve in noise

and gain performance when cooled, always dissipate a certain amount of heat which must be taken into
consideration

Number of microwave These are the electrical interface between the cryocooled device and the outside world. For example, a filter
and dc control leads might require two microwave leads (input and output) and two pairs of dc control lines for the heat sensor

and a small heater to keep the temperature constant. These conductors represent a heat loss that the
cooler must overcome because they connect the outside ambient temperature with the cold device. While
the dc control lines are typically made of thin low-thermal-conductivity, high-resistivity wire (e.g., gauge
32 manganin), the microwave leads must achieve a compromise between insertion and thermal loss

Surface area Radiation loss is another form of heat loss that the cooler must overcome and therefore must be minimized.
The total surface area and their infrared radiation emmisivity are important design parameters. Low-em-
misivity radiation shields are typically used between the warm vacuum vessel wall and the cold device

Thermal mass For those applications that have a cool-down time requirement, the thermal mass of the device to be cooled
is important and will be affected by the microwave packaging material and its shape

Nondispersive delay lines have a constant delay-versus- electronics. Clearly, for HTS technology to be ultimately suc-
cessful, the user must be rendered able to ignore the fact thatfrequency characteristic and are typically used as analog
cryogenics are used at all, by providing long-lifetime cryocool-memory elements that can store a signal for, say, up to a few
ers and optimally small cryogenic packages with standard en-hundred nanoseconds while the system is engaged in other
velop characteristics and interfaces (e.g., 19 in rack mountsprocessing steps. Work on HTS nondispersive delay lines has
and back-plane blind-mate connectors).also been significant (52–55). Including two recent instanta-

Many important considerations enter into the design of aneous frequency measurement subsystems based on banks of
cryogenic package suitable for a microwave HTS subsystem.delay lines (52,55). Clearly, the advantages of superconductiv-
Figure 15 is a schematic representation of this package, show-ity are that a long length of line can be fabricated in a small
ing its main elements and the various heat inputs that mustvolume by defining a long, planar transmission line on a wa-
be considered for an appropriate thermal design. Ref. 41 pro-fer. Ref. 54 compares conventional nondispersive delay lines,
vides specific details on the cryogenic package for a communi-which require amplifiers between sections of transmission
cations filter subsystem.line (e.g., coaxial), with HTS delay lines using projections

The choice of a cryocooler will depend on the system andbased on measurements made on relatively short (22 ns) de-
the cooling requirements. An airborne military applicationlay lines. Key delay-line parameters are delay, bandwidth, in-
may require the use of a small Stirling-cycle cooler becausesertion loss, and third-order intercept point. Conventional de-
of volume restrictions. On the other hand, a communicationslay lines that must resort to amplification to boost the signal
ground station in a remote location that needs to operate un-are limited in dynamic range by the amplifiers.
attended for a long time may require a larger, more reliable
refrigerator of the Gifford–McMahon type. Cooling require-

CRYOGENIC PACKAGING ments are imposed by the component or subsystem to be
cooled and will determine the amount of cooling power re-

Key to the insertion of superconducting microwave circuits quired at the operating temperature. Typical sample system
into electronic systems is the integration of the HTS compo- and cooling requirements and some comments as to their sig-

nificance are given in Tables 4 and 5, respectively.nents with a cryogenic refrigerator and its associated control

Table 6. Some Cryogenic Refrigerator Types Likely to Be Used in HTS Technology

Heat-Lift Range
Cooler Type Available at 80 K Comments

Split Stirling 0.5–3 W Available from many manufacturers; used primarily in the tactical military infrared detector in-
dustry. Has a cold head separated from a compressor by a metallic transfer line up to 15 cm
long

Integral Stirling 0.5–5 W Also used in infrared detectors; at least one version is being used in an HTS development proto-
type. The compressor and cold finger are integrated into one unit

Gifford–McMahon 2–�200 W Widely used in the support of vacuum systems for semiconductor industry; highly reliable and
versatile. The compressor and cold head are separate units connected by fluid lines that can
be several meters long

Throttle-cycle �4 W Reliable and low cost. The compressor and cold head are separate units connected by fluid lines
that can be several meters long

Joule–Thomson 0.5–2 W Generally used as an open-cycle cooling system for short tactical missile IR detector applica-
tions

Pulse tube 0.5–2 W Emerging technology, low cold-head vibration and long lifetime potential



728 SUPERCONDUCTING FILTERS AND PASSIVE COMPONENTS

infrared imaging detector technology and perhaps new devel-
opments of cooled semiconductor components for fast com-
puter workstations, cryocooler technology is progressing to
the point where long lifetimes and small-size, low-weight cool-
ers are now widely available.
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