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SUPERCONDUCTING MICROWAVE mechanism of superconductivity and explained the properties
of most superconductors for nearly 30 years.TECHNOLOGY

Then came the era of high-temperature superconductivity,
with the groundbreaking discovery by Bednorz and Müller inSuperconductivity is a remarkable state of matter in which

electric current can flow inside materials without any detect- 1986 of superconductivity in a Ba–La–Cu–O compound with
TC around 30 K, which subsequently earned them a Nobelable resistance. This phenomenon was discovered by the

Dutch physicist H. K. Onnes in 1911. While studying the tem- Prize. This discovery rekindled the interest in superconduc-
tivity and spurred the hopes of finding new technological ap-perature dependence of the electric resistance of mercury in

his newly invented helium liquefier, Onnes found that below plications. The efforts led to the discovery of other copper–
oxide-based superconductors that have critical temperaturesa temperature of about 4 K, the resistance abruptly fell to

below measurable limits. well in excess of the boiling point of nitrogen (77 K), an easily
available and cheap cryogenic fluid usable for commercial ap-In a superconductor, perfect electric conductivity or zero

resistivity occurs only below a ‘‘critical temperature’’ TC. This plications. Presently the highest critical temperature is about
150 K at high pressures in HgBa2Ca2Cu3O8.happens because the electric current, instead of being carried

by single electrons, is carried by pairs of electrons called Coo- Superconductors fall in two broad categories, namely,
‘‘high critical temperature’’ (or ‘‘high-TC’’) and ‘‘low criticalper pairs which have the ability to conserve energy because

of quantum mechanical reasons. A direct current induced in temperature’’ (or ‘‘low-TC’’) materials. (There are many other
ways of classifying them, such as Type I and Type II super-a superconducting ring has been shown to persist for over two

years without any measurable decay. From this type of exper- conductors, heavy fermion and conventional superconductors,
and so on.) Some examples of low-TC superconductors, partic-iment the upper limit on resistivity � is �10�25 � � m. Since �

for copper is �10�8 � � m, a factor of 1017 larger, it is believed ularly relevant to commercial applications, are niobium and
its alloys, such as NbN and Nb3Ge. These have critical tem-that the electric resistance of a superconductor is truly zero.

Another important characteristic of superconductors was peratures in the region of 10 K to 20 K. The high-TC supercon-
ductors that are most commonly used include YBa2Cu3O7the discovery by W. Meissner and R. Ochsenfeld in 1933 that

a superconductor expels all magnetic flux from its interior; (commonly referred to as YBCO or Y-123, TC �93 K),
Bi2Sr2CaCu2O8 (commonly referred to as BSCCO or Bi-2212,that is, a superconductor is also a perfect diamagnet. This

phenomenon is known as the Meissner effect. TC �90 K), and Tl2Ba2Ca2Cu3O10 (TBCCO or Tl-2223,
TC �125 K).A key area of technological applications of superconductors

is in high-frequency devices, particularly at frequencies in the Besides the critical temperature, some other relevant
physical parameters that characterize a superconductor areradio-wave, microwave, and millimeter-wave spectral ranges.

Broadly speaking, two principal areas of high-frequency ap- as follows:
plications can be identified:

• The London penetration depth (�L): The depth to which
an applied direct current (dc) magnetic field is confined• Passive devices, typically using resonant and transmis-
because of the Meissner effect.sion line structures, exploiting the low loss properties of

superconductors. • The coherence length (�): The length scale over which the
two electrons forming the Cooper pairs are separated.• Active elements, such as oscillators, mixers, logic ele-

ments, and other similar devices, which exploit a macro- • The (thermodynamic) critical field (HC): The magnetic
scopic quantum coherence property of the charge carri- field whose associated free energy is equal to the free en-
ers, called the Josephson effect. ergy change in the superconducting transition. A ‘‘Type

I’’ superconductor will completely expel the applied field
The price to pay to achieve the superior performance is the below HC and will become normal abruptly as the applied

need to cool the superconducting device to temperatures well field exceeds this magnitude, assuming no demagnetiza-
below room temperature. This means the use of cryogenic flu- tion effects. For ‘‘Type II’’ superconductors (which in-
ids like liquid nitrogen or liquid helium, or a mechanical cryo- cludes practically all of the superconductors of technolog-
cooler. Despite the need for a cryogenic environment, there ical interest), the field starts to penetrate in the form of
are many applications where the superior performance of su- vortices at a ‘‘lower critical field’’ HC1 (	HC), but super-
perconductors prevails over conventional devices. conductivity is not quenched until the applied field ex-

ceeds the ‘‘upper critical field’’ HC2 (�HC).

SUPERCONDUCTING MATERIALS Some superconductors of relevance to microwave applica-
tions are described in Table 1 along with their relevant prop-

Superconductivity has been observed in diverse types of mate- erties (�L, �, HC1, and HC2 quoted are extrapolated to T � 0 K).
rials including pure metals, alloys, semimetals, organic mate-
rials, semiconductors, polymers, and even elemental insula-

Substrates for Thin-Film Superconductors
tors. Presently, at least 26 of the naturally occurring elements
are known to be superconducting at sufficiently low tempera- For most electronic applications, including microwave de-

vices, superconductors are necessarily used in the form of thintures at ambient pressure, and the number of alloys and in-
termetallic compounds are well above 1000. films. This requires the use of a foreign material for a sub-

strate. Some of the popular substrates include sapphireA significant advancement in understanding superconduc-
tivity was the theory of Bardeen, Cooper, and Schrieffer in (�-Al2O3), lanthanum aluminate (LaAlO3), and magnesium ox-

ide (MgO). Ferroelectric substrates like strontium titanate1957. This theory successfully described the microscopic
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Table 1. Some Commercially Used Superconducting Materials and Their Physical Properties

Material TC (K) �L (nm) � (nm) HC1 (Oe) HC2 (Oe) Crystal Structure

Pb 7.2 37 83 803 803 Face-centered cubic
Nb 9.2 32 39 �1600 �3200 Body-centered cubic
NbN 16 50 4 300 B1
Nb3Ge 23.2 3.6 � 105a A15
YBCOb 93 140 �2 200 �106 Orthorhombic
TBCCOb 127 220c 2.6c Tetragonal
BSCCOb �90 500 0.16 Tetragonal

a At 4.2 K.
b YBCO, TBCCO, BSCCO, and most other high-TC superconductors are highly anisotropic. The values given are for microwave current flowing in the ab-plane,
which is often the plane of epitaxial growth and the desired geometry in most technological applications.
c Average of ab-plane and c-axis value.

(SrTiO3) and KTa1�xNbxO3 are also used to achieve tunability the losses in the superconductor. Heavy twinning in materials
like LaAlO3 creates problems in multilayer films. When theat the expense of additional dielectric loss.

The electrical parameters that characterize the properties substrate is reheated for the deposition of a new layer, the
thermally induced movement of the twin boundaries strainof a substrate material are its dielectric constant � and its

loss tangent tan �. (The loss tangent of a substrate is defined the previously deposited layers.
There are numerous methods of depositing superconduct-as tan � � �/	�, where � is the conductivity.) Other factors

such as environmental stability, mechanical strength, chemi- ing films on substrates, the most common being pulsed laser
deposition (PLD), coevaporation, and off-axis sputtering orcal inertness, and absence of magnetic moment are also im-

portant. Close lattice match between the deposited film and physical vapor deposition (PVD). Each of these methods has
its pros and cons. For example, PLD produces high-qualitythe substrate is essential to achieve good epitaxial growth.

These parameters have been measured and investigated by films at a fast rate (a few angstroms per second) but only over
relatively small areas, typically less than 2 in. diameter. Thevarious researchers using different techniques for most sub-

strate materials. PVD method is useful for producing larger area films, but the
deposition rate is only a fraction of an angstrom per second.In general, the dielectric constant would be more or less

frequency independent unless the frequency is close to a reso- Another method of film deposition, namely, metal-organic
chemical vapor deposition (MOCVD), popular in the semicon-nance frequency of the material. The dielectric constant is

also expected to have a weak temperature dependence for ductor industry, has also been tried for high-TC superconduc-
tors, although somewhat less successfully owing to the chemi-nonferroelectric substances. The loss tangent is expected to

increase with temperature. Table 2 provides the most com- cal and structural complexity of the high-TC materials. We
refer the reader interested in deposition technique to somemonly accepted values of these material parameters for some

of the substrates, measured at 10 GHz and 77 K unless other- useful resources (see, for example, Ref. 1).
The ‘‘quality’’ of a deposited superconducting film is char-wise stated.

Most of these materials have high �; this imposes certain acterized by several parameters, such as the critical tempera-
ture TC, the transition width �TC, and the critical currentrestrictions, especially for high-frequency applications. A high

� reduces the dimension of the device and thus imposes strin- density JC, which is the maximum lossless current per unit
cross-sectional area that the film can carry. The higher thegent dimensional tolerance, especially in the millimeter-wave

region. But consideration of dielectric constant has to be sac- TC and JC and the lower the �TC, the better the film.
rificed for some even more important parameters, namely, a
lattice match between the substrate and the film, and not
widely different thermal expansivity from the superconduc- THE SUPERCONDUCTOR–MICROWAVE INTERACTION
tor. A lattice mismatch would create atomic level strain and
leads to poor superconducting properties. Another criterion is A superconductor has zero electrical resistance only at zero

frequency (dc). At any finite frequency, it exhibits losses thatthat losses in the substrate must be negligible compared to

Table 2. Some Commonly Used Substrate Materials for Superconducting Thin-Film Devices

Dielectric Loss Crystal Growth
Material Constant Tangent Structure Surface Remarks

LaAlO3 25 5 � 10�6 Rhombohedral (110) Usually twinned
YAlO3 16 10�5 Orthorhombic (110)
MgO 9.65 6.2 � 10�6 Cubic (100) Good lattice match
Sapphire 8.6 3.8 � 10�8 Hexagonal (11 02) Very low loss
NdGaO3 23 3.2 � 10�4 Orthorhombic (110) Good for multilayer circuits
SrTiO3 300 3 � 10�4 Cubic (100) Good for tunable device applications
YSZ 27 7.4 � 10�4 Cubic (100)



30 SUPERCONDUCTING MICROWAVE TECHNOLOGY

fined as ZS � RS � iXS � (i�	/2�)1/2. RS and XS are the surface
resistance and reactance, respectively. As can be seen from
the above discussion, RS and XS 
 	1/2 in a normal metal,
where � � �n. On the other hand, RS 
 	2 and XS 
 	 in an
‘‘ideal’’ superconductor. This can be easily verified by assum-
ing �1 and �L to be frequency-independent and �2 � �1.

The property that makes superconductors attractive for
passive microwave circuits is that their surface resistance is
orders of magnitude lower than that of normal metals. For
example, thin-film YBCO has a surface resistance of 	0.1 m�

Rn Ln

Lsc

Figure 1. Two-fluid model equivalent circuit of a superconductor.

increase with frequency. A superconductor can be regarded as
being composed of two types of charge carriers, one consisting
of the lossless Cooper pairs and the other being lossy ‘‘quasi-
particles.’’ Such a description is known as the ‘‘two-fluid
model’’ and is applied to all known superconductors.

The finite frequency [alternating current (ac)] response of
a superconductor is characterized in terms of a generalization
of Ohm’s law: J � �s E, where E is the applied electric field
and �s � �1 � i�2 is the complex conductivity. The normal
part �1 comes from the motion of the quasiparticles, and the
imaginary part �2 comes from that of the Cooper pairs. For
most superconductors well below the transition temperature,
�2 � �1. The frequency 	, wave vector k, temperature T, and
current density J dependence of �s contains all the informa-
tion about the electrical properties of the superconductor. For
a normal metal, �s � �n is purely real.

Figure 1 shows a lumped circuit equivalent of a supercon-
ductor. The large inductive element Lsc represents the lossless
carriers, and the parallel branch with a series combination of
a resistor Rn and an inductance Ln represents the quasiparti-
cles. At dc, the large inductor shorts out the resistive branch,
leading to zero resistance, while at finite frequencies there is
always dissipation.

As the excitation frequency increases, the impressed elec-
tromagnetic field is confined closer to the surface. In a normal
metal, this is known as the skin effect and the characteristic
length of confinement (the ‘‘skin depth’’) is given by �n �
(2/�	�n)1/2 where �n is the (normal) conductivity. �n for Copper
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at 10 GHz and 77 K is 0.55 �m. In a superconductor at tem-
Figure 2. (a) Comparison of the surface resistance of YBCO at 77 Kperature T � Tc, the skin depth is replaced by the ‘‘London
with other superconducting materials. The gray bands representpenetration depth’’ �L � 1/(�	�2)1/2. The penetration depth is
YBCO. (From Ref. 3, with permission.) (b) Temperature dependencetypically independent of frequency from dc to microwave fre-
of the surface resistance of YBCO grown by a number of techniques

quencies and is comparable to the London penetration depth compared with niobium and niobium–tin superconductors at the
in Table 1. same reduced temperature. The scale on the upper axis refers to the

The interaction of a time-varying electromagnetic field and reduced temperature for the Nb3Sn and Nb, while the lower scale
a metal (normal or superconducting) at microwave frequen- refers to the actual temperature of the YBCO films. The TC of the

three materials coincides. f � 8 GHz.cies is best described in terms of the surface impedance de-
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Figure 3. (Left) Frequency-domain re-
sponse of a suspended resonator. Notice
the deviation from a Gaussian shape as
the input power increases. (Right) The
RS of a similar resonator against applied
power at different temperatures. (From

3.73 GHz
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at 77 K and 10 GHz compared to 8.7 m� of copper under other. Single-tone TOI for most commercially used HTSC ma-
terials is at least 70 dBm (10 kW).identical conditions, and this difference is even higher at

lower temperatures. Figure 2 shows the measured frequency All these effects together limit the maximum power that a
passive superconducting circuit can handle, and raising theand temperature dependence of RS of some of the most com-

mon superconducting and nonsuperconducting materials (3). power handling capacity has been one of the prime concerns
of material scientists and engineers alike. Much of the nonlin-
earity of the high-TC materials is ascribable to material prop-Nonlinearity in High-TC Superconductors
erties (e.g., granularity and ‘‘flux pinning’’) and is expected

For most superconductors, particularly the high-TC supercon- to improve with synthesis and deposition techniques. From
ductors, the surface impedance increases with applied micro- a design point of view, nonlinearities can be suppressed by
wave power, even for moderate power levels (	0.1 W). In increasing the surface area of the device, leading to lower cur-
other words (unlike normal metals), they act as nonlinear cir- rent densities and avoiding current crowding at the edges.
cuit elements. This nonlinear response often poses serious Thus, a planar filter can handle significantly higher power
constraints on the utility of superconductors in practical de- than a stripline, and a cavity resonator has Q value orders of
vices. Some specific examples of such limitations are as magnitude higher than one built out of a transmission line,
follows: even factoring out the losses in the substrate. However,

higher-dimensional circuits are not always practical for many
• Degradation of insertion loss with increasing power. applications because they take up more space and often have
• Generation of harmonic frequencies: For an applied sig- the problem of mode degeneracy (i.e., more than one mode of

nal at frequency f , most of the harmonic power is gener- oscillation at the same frequency). The latter problem can of-
ated at a frequency of 3f . Given today’s tight use of the ten be solved by making the circuit slightly asymmetrical, but
electromagnetic spectrum, practically all frequency then modeling them with a computer becomes more cum-
ranges have been preassigned by the appropriate author- bersome.
ities (e.g., the Federal Communication Commission in
the United States) with just the required amount of
bandwidths. Thus, radiation by a device at frequencies PASSIVE MICROWAVE CIRCUITS
far outside the designated frequency of operation is unac-
ceptable. Passive microwave circuits are some of the most promising

applications of superconductors to date. In the following we• Frequency mixing, leading to intermodulation products
shall focus on the advantages of high-temperature supercon-(intermods): For two nearby frequencies f 1 and f 2, the
ductors (HTS) materials and the special considerations thatstrongest intermods are produced at 2f 1 � f 2 and 2f 2 �
applies to them. General ideas about passive microwave de-f 1. The result is that spurious frequencies are produced
vices are available in the literature. For a good review of thein devices.
current state of the art, see Ref. 5. For a more elementary
introduction, see Ref. 6.Figure 3 shows the effect of nonlinearity on a suspended

Superconductors are an attractive alternative to ‘‘conven-line resonator with a resonance frequency of 3.73 GHz (4). At
tional’’ materials for three principal reasons:low power levels the response in the frequency domain is close

to a Lorentzian. As the input power is increased, the shape
begins to distort, and the Q and the resonance frequency go 1. Very low surface resistance compared to normal metals:

For example, insertion loss of a superconducting filterdown. This also highlights the point that at high power levels
the Q of a superconducting resonator cannot be defined in (�0.1 dB) is usually at least 3 dB lower than one made

out of high-quality metal (e.g., oxygen-free high-purityterms of a ‘‘3 dB bandwidth.’’ A quantitative measure of the
nonlinearity of a device is specified in terms of its third-order copper) under equivalent conditions. Thus in applica-

tions where the signal strength is low, superconductorsintercept (TOI), defined as the input power at which power
output at the fundamental and the third harmonic equal each are the material of choice.
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can then be written as Q � �/RS, where � is a geometric fac-2. A frequency-independent penetration depth. In normal
tor, for a resonator comprised entirely of a single material.metals, the skin depth is proportional to the inverse

The advantage of a superconducting resonator over a nor-square root of the frequency of the signal, giving rise to
mal metal one is the very high Q owing to the much smallerstrong dispersion of a wide-band signal, unacceptable in
surface resistance of the former. At 10 GHz, Q as high asmany applications. In superconductors, the penetration
1011 can be achieved (using niobium cavities in TE011 mode),of electromagnetic field is dominated by the ‘‘London
compared with a maximum Q of around 104 using copper. Su-penetration depth,’’ which is independent of frequency,
perconducting cavities are typically operated in the TE011giving rise to phase-dispersion free propagation in the
mode since this has no electric fields on the cavity walls. Cavi-TEM mode.
ties have been made out of both low-temperature and high-3. The ability to be fabricated in extremely compact geome-
temperature superconductors (8), although the latter is a lottries, arising from the low loss mentioned above. Thus,
harder to make owing to the ceramic nature of the material.a several-meter-long coaxial delay line made out of a
Superconducting cavities such as these play an important rolenormal conductor can be replaced with a superconduct-
as a research tool for precision measurements of surface im-ing one that’s only a few square centimeters in area,
pedance of superconductors and other materials. Figure 4and bulky dielectric resonator filters can be replaced by
shows a picture of a niobium cavity that was fabricated atcompact planar superconducting filters.
Northeastern University and is used to measure the surface
impedance of other crystalline superconductors using the cav-Transmission Line
ity perturbation technique (9).

A microwave transmission line can be constructed in several A major application of superconducting cavities is in pro-
geometries, each having its pros and cons. The most common viding large high-frequency electric fields for accelerating
geometries are microstrip, stripline, and coplanar. Many subatomic and atomic particles. The fields in a cavity resona-
other novel geometries such as the suspended line and copla- tor are given by Emax � �(QPabs)1/2, so that significantly larger
nar strips are also used for special-purpose applications. The fields can be achieved with high-Q cavities for much lower
basic concepts behind transmission line and distributed cir- absorbed powers Pabs. A notable example is the continuous
cuits is the same whether or not they are made out of super- electron beam accelerator facility (CEBAF) for heavy ions,
conductors, and the interested reader can find them else- which uses superconducting niobium cavities operating at
where (see, for example, Ref. 7). Here we will briefly discuss megahertz frequencies.
only those issues that are specific to superconducting trans- Superconducting microwave cavity resonators are among
mission lines. the most stable frequency standards available today owing to

The two major distinctions between superconducting and their very high Q values. One of the applications of such high
nonsuperconducting transmission lines stem from the tem- stability frequency standards is in satellite and deep space
perature and frequency dependence of the characteristic im- communications, where it is important to maintain precise
pedance of the line, defined as Z0 � (L/C)1/2 where L and C clocks on board the satellite to improve synchronization be-
are the equivalent lumped inductance and capacitance, re- tween the ground-based clock and the satellite or space vehi-
spectively. In addition to the usual geometric inductance, su- cle’s on-board clock.
perconductors have temperature-dependent kinetic induc- Another potential application is in the master oscillator of
tance because of the presence of the Cooper pairs. Also, for a Doppler radar. A Doppler radar identifies the target velocity
sufficiently low temperatures (T � TC, or more pertinently, by measuring the frequency shift of the reflected beam.
�L � �) the penetration depth is independent of the frequency, Clearly, for the measurement to be reliable, the frequency of
giving rise to a phase dispersion free propagation for the TEM the source has to be highly stable. This is especially impor-
mode. Nonlinear effects are another major complication in tant for detecting targets flying close to the ground (e.g., a
dealing with superconducting transmission lines as has been cruise missile), since reflections from the ground (the ‘‘ground
discussed earlier. The nonlinear effects are particularly worse noise’’) can completely mask the signal.
in the edges of the line where the current density is maxi-
mum. Therefore, a good design for a passive superconducting

Filterscircuit tends to avoid sharp edges as much as possible. Owing
to these, full-wave analysis of superconducting transmission A filter is realized by a set of coupled resonators with closely
lines is quite a daunting task which cannot be done satisfacto- spaced resonance frequencies. The response of each resonator
rily using most commercially available CAD programs and of- is represented as a pole in the frequency domain. Thus a filter
ten must be carried out for individual needs. with n resonating elements is called an n-pole filter. The reso-

One of the most promising applications of superconducting nators can be lumped (e.g., tank LC oscillators) or distributed
transmission lines is in the form of hybrid interconnects be- (e.g., half-wave transmission lines.) Clearly, the greater the
tween components, both semiconducting and superconducting number of poles in a filter, the greater the bandwidth that
and both analog and digital. can be achieved for a preset filter skirt and band ripple, or

the steeper the filter skirt and smaller the band ripple for a
given bandwidth. Both are desirable. However, increasing theResonators

number of elements increases the insertion loss proportion-The ‘‘quality factor’’ (Q) of a resonator is defined to be Q �
ally. Thus, many applications which require both a small in-Uf 0/P, where U is the total energy stored in the oscillator, f 0

sertion loss and steep filter skirt with low band ripple cannotis the resonance frequency, and P is the power dissipated per
be realized using conventional materials such as high-puritycycle. Since P � � RSH2 dA, where the integral is over the

surface of the material comprising the resonator walls, the Q copper.
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Figure 4. A superconducting niobium cav-
ity used for surface resistance measure-
ment. The specimen under test is thermally
insulated from the cavity using a sapphire
rod, allowing it to be probed up to nearly
room temperature while the cavity is still
superconducting. (Right) The disassembled
cavity showing the sapphire sample mount.
(Left) The packaged structure. Q values of
�107 to 108 at 4.2 K are routinely obtained
in this setup. (Courtesy of Z. Zhai and H.
Srikanth.)

Alternative technologies such as surface acoustic wave One of the problems in working with HTS material is the
lack of availability of large wafers of acceptable quality. The(SAW) devices do produce better results, but are still too lossy

(typically 2 dB to 4 dB). Dielectric resonator based filters have maximum size of high-quality HTS films are presently limited
to about 5 cm, compared to 30 cm wafers of semiconductors.low loss, but are too bulky for many lucrative applications.

This is precisely why superconductors are the material of This poses a problem in two cases: (1) where the center fre-
quency is low, requiring the length of the transmission lineschoice for making high-performance filters. The extremely low

surface resistance allows a designer to use a lot more ments of a distributed filter to be long, and (2) where the bandwidth
is tight (a fraction of 1%), requiring very weak coupling, andfor a given amount of insertion loss.

Figure 5 shows a four-pole microstrip Chebyshev filter ri- hence large separation between elements. The first problem
calls for miniaturization of the device, and there are severalcated at the MIT Lincoln Laboratory with a 4.8 GHz center

frequency and 100 MHz bandwidth patterned on an LaAlO3 means of accomplishing this, including the use of lumped res-
onators (10) and high-dielectric-constant substrates. The sec-substrate with YBCO film. The filter uses a ‘‘hair pin try’’;

that is, the resonators are bent with a U-turn to save wafer ond problem is usually solved by a technique called stag-
gering. Figure 6 shows a photograph of a high-performancespace. The right-hand side of Fig. 4 shows the sured insertion

loss (S21) of the filter at 77 K temperature. Also shown for lumped-element nine-pole Chebychev filter.
reference is the performance of equivalent ters made out of
silver (Ag) at 77 K and gold (Au) at room temperature (300 Frequency Agile Devices. A filter is much more useful if it

can be tuned. Several innovative approaches to tune a passiveK). The advantages of high-TC superconducting filters are
quite obvious. filter have been tried. One method consists of changing the

Figure 5. A four-pole superconducting
filter and its measured performance.
(Courtesy of Dr. Daniel Oates, MIT Lin-
coln Laboratory.)
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ter communication, which involves frequencies of the
order of 15 kHz), this length can be unrealistically
large, and hence a shorter antenna has to be deployed.
The radiated power P is proportional to (l/�)2 for a lin-
ear (electric dipole) antenna and P 
 (D/�)4 for a circu-
lar loop (magnetic dipole) antenna, where l is the length

Figure 6. A nine-pole lumped Chebychev filter from Superconductor of the linear antenna, D is the diameter of the loop an-
Technologies Inc. (Courtesy of Dr. Balam Willemsen, Superconductor tenna, and � is the radiated wavelength. For l, D � �,
Technologies, Inc.) the impedance of the antenna is mostly reactive and

most of the power is dissipated as ohmic losses in the
antenna and the feed network. Therefore, introduction

resonance frequency of the individual resonators (due to
of superconducting radiating elements and feed net-

change in the kinetic inductance) with temperature. The de-
works can dramatically improve the radiation efficiency

sired variation in temperature is achieved by a control line in
at low-frequency regions.

the form of a heating element placed close to the resonators.
2. Superdirective Antennas. A superdirective antenna (13)A better method is to build the filter on a ferroelectric sub-

has directional gain much larger than a conventionalstrate with a low Curie temperature such as KTa1�xNbxO3
one. This can be of advantage in radio beacons and ra-and Sr1�xPbxTiO3 (11). The permittivity of the substrate can
dar transmitters. A superdirective antenna is realizedbe changed by applying a bias voltage, thus providing the nec-
in practice by an array of closely spaced (separation �essary tuning. The optimal temperature of operation is
wavelength) dipole elements that are excited approxi-slightly above the Curie temperature of the substrate to avoid
mately 180
 out of phase with respect to their neighbor.hysteresis and to produce maximum tunability for a given
Such a structure has a low efficiency when built out ofbias voltage. Impedance matching of the input and output is
normal metal because ohmic losses in each individualdone with a set of ferroelectric transformers. Since these tech-
element add up. In addition, these antennas have inher-niques essentially manipulate the electrical length of the fil-
ently low radiation efficiency because of cancellation ofter elements, the same methods can also be used to tune the
the radiation field, and use of HTS material can en-parameters of other passive structures.
hance efficiency.Another important type of filter is a ‘‘chirp’’ filter. A ‘‘chirp’’

3. Millimeter-Wave Antennas and Feed Networks.is essentially a frequency-modulated signal whose frequency
Superconducting antennas also improve the perfor-increases (‘‘up-chirped’’) or decreases (‘‘down-chirped’’) with
mance of antenna arrays and other distributed feed sys-time. One of the applications of chirp signals is in Doppler
tems, where the power gain because of the distributedradars to optimize power output and bandwidth, both of
structure has to compete with the loss in an increasingwhich are desirable. Using a simple sinusoidal signal, how-
number of elements. In a copper microstrip antenna theever, both cannot be achieved simultaneously. A higher band-
overall gain begins to decrease beyond about 40 ele-width means a shorter pulse width which limits the maxi-
ments, whereas the same antenna employing supercon-mum power transmitted per pulse and vice versa. A chirped
ducting elements shows an increase in gain up to aboutwaveform gets around this limitation. Another application is
400 elements. This increase in gain can be crucial into compensate the distortion of a wave packet after passing
mission critical applications such as military targetthrough a dispersive transmission line. The principal advan-
tracking systems.tage of constructing a chirp filter out of superconducting ma-

terial is low dispersiveness.
Figure 7 is a photograph of a 16-element phased-array an-A superconducting chirp filter in microstrip geometry con-
tenna that was developed at the US Air Force Rome Labo-sists of a series of quarter-wave forward-coupled transmission
ratory.lines which are deliberately decoupled for a specified length

between the couplings. The transmission line is wound in the
form of a spiral to optimally use the film surface. As a pulse Delay Lines
is applied to the input, the individual frequency components

Requirements for a good delay line are low loss, low disper-
couple to the output line that corresponds to their resonance

sion, and large delay for unit size/weight of the material. Su-
frequencies. Depending on whether the resonators are in-

perconducting delay lines are far superior to normal metal
creasing or decreasing in length down the line, a down-

ones in satisfying these requirements, so much so that super-
chirped or up-chirped signal is obtained at the output.

conducting delay lines were in application even before the ad-
vent of high-TC superconductivity (14). Delays of the order of

Antenna
20 ns can be routinely achieved with HTS materials on a sub-
strate with an area of a few square inches, with good possibil-Using superconducting antennas can improve efficiency enor-

mously because of their lower loss (for a general discussion of ities of achieving more than 100 ns in the near future. A cop-
per coaxial line has to be several meters long for producingantennas, see Ref. 12). In particular, there are three situa-

tions when a superconducting antenna can outperform one the same amount of time delay and would also have a high
insertion loss.made out of a normal metal sufficiently to merit its use:

A novel application of a delay line is the measurement of
instantaneous frequency of a nonperiodic signal (15). This is1. Electrically Short Antennas. A dipole antenna has max-

imum radiation efficiency when its characteristic length achieved by splitting the input signal power equally between
a series of n phase discriminating units, where n is the num-is an integral multiple of the wavelength being radi-

ated. For low-frequency applications (such as underwa- ber of bit of frequency resolution desired. Each phase discrim-
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Figure 7. A 16-element superconducting
phase array antenna and the feed network.
An LaAlO3 substrate is holding the HTS
film. To the right of it is a 1 mm quartz
plate holding the corresponding copper
patches that provides an electromagnetic
coupling to room temperature environment.
A 0.5 mm vacuum between the two and low
thermal conductivity spacers provide the re-
quired thermal isolation. The quartz plate
has the necessary mechanical strength to
withstand the atmospheric pressure and
also serves as a radome. The antenna oper-
ates at 20 GHz. (Courtesy of Dr. Jeffrey
Herd, US Air Force Research Laboratory.)

inating unit consists of a mixer, one port of which is fed by the I/IC � �d2�/d�2 � d�/d� � sin �, where � � 4�eICt/hg, t being
signal directly and the other one by the same signal delayed. time. This is equivalent to the equation describing the motion

of a simple pendulum in a gravitational field. Thus the Jo-
sephson current behaves like a damped harmonic oscillatorACTIVE MICROWAVE CIRCUITS
for small currents which is underdamped for � 	 1/4 and ov-
erdamped for � � 1/4. This also implies a hysteretic I–V be-In 1962 B. D. Josephson predicted that when two supercon-
havior in the a region Imin 	 I 	 IC, and the value of Imin mustductors are separated by a thin layer of metal or an insulator,
be obtained by solving the above equation. The value of Imina lossless current can flow upto a certain critical value IC be-
decreases monotonically with increasing �. Another usefulfore a voltage appears across the junction. This is the mani-
property of a JJ is the flux dependence of the critical current.festation of the phenomena that the Cooper pairs that carry
If the JJ has a flux � threaded to it, then the critical currentlossless electric current can tunnel through the potential bar-
is given by IC� � IC sin(��/�0)/(��/�0), where �0 � h/2e � 2rier represented by the junction material. Josephson’s re-
� 10�15 Wb is the ‘‘flux quantum.’’ (The flux threaded throughmarkable prediction was verified experimentally the following
any superconducting ring must be an integral multiple ofyear and is known as the Josephson effect. The Josephson
�0.) This is shown in Fig. 8(c).effect opened the way for a number of new applications of

To date, the most promising applications of superconduct-superconductors which exploit the fact that superconductivity
ing active devices have been demonstrated only in low-tem-is actually an amazing manifestation of quantum mechanics
perature superconductors, most notably lead, niobium, andon a macroscopic scale. The most noteworthy of these is the
niobium nitride with aluminum oxide (AlOx), magnesium ox-superconducting quantum interference device (SQUID) mag-
ide (MgO), and lead oxide (PbO) as the insulating barriers.netometer. With sensitivities approaching 10�15 T/Hz1/2 val-
For a Cooper pair to tunnel coherently across a junction, itsues, SQUIDs can measure magnetic field with precision that
thickness must be comparable to the coherence length of theis unimaginable with any conventional techniques. The inter-
material, which is extremely small for high-TC superconduc-ested reader is referred to some useful reference for further
tors (see Table 1). The critical current in these materials isdetails (see, for example, Ref. 16). In the following, we shall
also rather high (of the order of milliamperes), which is re-describe some of the microwave applications of the Josephson
quired for the Josephson coupling energy hIC/4�e to overcomeeffect that have the potential to radically alter the future of
the thermal energy kBT, but it produces excessive Joule heat-microelectronics.
ing in the resistive shunts and high voltages across induc-The Josephson current I is related to the phase difference
tances. There are additional factors arising out of complex� between the Cooper pair on the two sides of the junction as
crystal structure and presence of ‘‘weak links’’ (i.e., small-I � IC sin�. When current across the junction exceeds the crit-
angle grain boundaries) that make fabrication of JJs difficultical value, a voltage V appears across it that is related to time
in these materials. There are several possible analog and digi-rate of change of � as ��/�t � 4�eV/h (i.e., the phases of Coo-
tal applications of the Josephson effect in microwave fre-per pairs on the two sides of the junction begin to ‘‘slip’’ rela-
quency regime, some of which are outlined in the following.tive to each other.) Figure 8(a) shows a lumped circuit equiva-

lent of a Josephson junction (JJ), called a resistively shunted
junction (RSJ model). The conductance and the capacitance Superconducting Digital Logic Circuits
represent the resistive and displacement current flow across

From the early days of its discovery, the Josephson junctionthe junction. The static characteristics of the circuit is given
(JJ) has been eyed as a potential replacement of semiconduct-in terms of Stewart–McCumber parameter (17,18) � �
ing logic gates (a detailed review is provided by Ref. 19). Jo-4�eICC/hg2.
sephson junctions are inherently bistable (with zero and finiteElementary mathematical analysis of Fig. 8(b) shows that

the time-domain response of the circuit can be written as resistivity). However, the real driving force behind a ‘‘super-
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Figure 8. (a) Lumped equivalent of a su-
perconductor–insulator–superconductor
(SIS) Josephson junction. (b) I–V charac-
teristics of an SIS Josephson junction. (c)
Dependence of junction critical current on
the threaded flux.
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conducting supercomputer’’ comes from three different • Digital circuits operating over �100 GHz must use su-
perconducting interconnects, because the inherent dis-sources:
persion and loss in metal interconnects will degrade the
signal sufficiently to make the circuit inoperable.• Josephson junctions can be switched much faster than a

CMOS logic gate, where the parasitic and junction capac-
itance limits the minimum switching time. For a JJ, Owing to the hysteretic I–V characteristics of the JJ,
however, the theoretical limit on switching time is switching between zero resistance and finite resistance states
h/2��, where h is Planck’s constant and � is the super- (logic 0 and logic 1 in our convention) cannot be achieved as
conducting energy gap. For niobium, this corresponds to fast as it would be in a nonhysteretic device. If the current is
0.22 ps, and practical circuits with switching times of 1.5 reduced slightly below the value at which a logic 0 to logic 1
ps have been fabricated. The large difference between switching takes place, the circuit will remain in logic 1 state.
the theoretical upper limit in switching speed and those Owing to this property, such circuits are called ‘‘latching cir-
practically achieved stems from parasitic capacitance in cuits.’’ The maximum clocking speed of these circuits cannot
the junction. However, there are no space-charge effects exceed a few gigahertz. To solve this problem, JJs are
in a JJ, and hence these capacitances are much smaller shunted with resistors that make them nonhysteretic. These
compared to semiconductor circuits. circuits, called rapid single flux quantum (RSFQ) devices, are

the basic building block of superconducting logic circuits.• Average power dissipation per gate in a JJ is at least two
orders of magnitude lower than equivalent semiconduc- They differ from ‘‘conventional’’ logic in a fundamental way:

The logic state is not decided by the voltage level of the gatetor gates. This means that the gates can be packed closer
together, thereby reducing the propagation delay of the but by the presence or absence of voltage pulse generated by

the motion of single fluxons. Practical superconducting digitalsignal, another constraint in high-speed digital circuits.
As an example, a four-bit microcontroller fabricated out circuits with significantly higher performance have been dem-

onstrated. Using niobium technology, a 4 bit microprocessorof JJ and clocked at 770 MHz dissipated 5 mW, in con-
trast to a replica made out of gallium arsenide (GaAs) has been fabricated by Fujitsu and a 1 kbit random access

memory (RAM) chip has been made by NEC (for a good re-and clocked at 72 MHz that dissipated 2.2 W.
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view of recent progress in Josephson IC fabrication, see Ref. The power radiated by the oscillating Josephson current in
20). Many other leading manufacturers are also pursuing this response to a small dc bias (483.5 GHz/mV) is usually too
technology (21). very small (a few nanowatts) to be of much practical use, but

There are a few rather unusual problems in the practical coherent Josephson arrays have been fabricated that can out-
realization of a superconducting computing device. It is im- put as much as a few microwatts, and power levels of up to 1
practical to realize a high-speed computer in a Von Neumann- W has been predicted. On the other hand, when irradiated
type architecture that involves massive data transfer between with microwaves, a JJ develops a dc voltage across it. Since
a central processor and the memory, which are physically sep- frequency of such radiation can be accurately controlled and
arated over a relatively long distance. An order-of-magnitude measured, such devices are one of the accepted precision volt-
estimate of the maximum allowable data path (assuming mi- age standards today.
crostrip interconnects on a substrate with dielectric constant
�20) of a computer operating at 300 GHz is �0.3 mm. The Future of Superconducting Microwave Electronics. How
Clearly, this is very difficult to realize on a circuit board. are these myriad of possible superconducting circuits realized
However, applications such as dedicated digital signal pro- in practice? Just like any other microelectronic circuit, they
cessor with on-board cache memory and multichip modules are lithographically patterned on a substrate through a simi-
can have phenomenal speed and performance increase if built lar sequence of steps an in a semiconductor (25). Thus, the
using RSFQ logic. vast assortment of techniques developed during the last sev-

eral decades for and by the semiconductor industry can be
Detectors and Mixers ported into commercialization of superconducting electronics.

For a complete self-contained system, many of the subsystemsThe nonlinearity of a Josephson junction can be exploited to
have to be built out of semiconductor devices [e.g., the (IF)make a mixing device. In addition to the low noise and high
amplifiers for an RF transceiver]. An efficient way of manu-efficiency that these devices offer, they can easily be inte-
facturing these systems is to mix HTS and high electron mo-grated to an all-superconductor radio-frequency (RF) receiver
bility transistor (HEMT) semiconductor circuits on the samefront end.
substrate as a multichip module (MCM) (26). Typically theThe general principles of mixing due to photon-assisted
HTS film is grown on a GaAs substrate with a thin buffertunneling was derived and applied to superconductor–
layer for better lattice match. Semiconductor devices performinsulator–superconductor (SIS) junctions by Tucker (22,23).
better at lower temperatures because of enhanced carrier mo-There can be two types of mixers using Josephson junctions:

those using Cooper pair tunneling operating near zero bias bility, so the overall performance increases. Decrease of ther-
voltage and those using quasiparticle tunneling operating mal noise is another desirable byproduct. Also, with the in-
near gap voltage. Quasiparticle mixers are usually preferable crease in the packing density of the semiconductor circuitry,
over Cooper pair mixers for several reasons. For one, the junc- a decrease in operating temperature, and the advent of high-
tion capacitance has to be small so that most of the current temperature superconductors, the disparity between the op-
comes from Cooper pair tunneling and not displacement elec- erating voltage levels associated with the two types of circuits
tric field. This means the use of point contact junctions which is going down, minimizing the possibility of ground loops be-
are difficult to fabricate reproducibly. Secondly, they are noisy tween these two types of elements. Any large-scale commer-
because of harmonic mixing of all frequencies up to the gap cial application of HTS microwave circuit will rely on the abil-
frequency. According to the quantum theory of mixing, strong ity to integrate them, either as a hybrid component or as a
nonlinearity in I–V characteristics (more precisely, when monolithic component, with active semiconductor compo-
Idc(Vdc � h�/e) � I(Vdc) � Idc(Vdc) � Idc(Vdc � h�/e) can result in nents.
conversion gain exceeding unity and conversion efficiency ap- There are many hurdles in the road to success of supercon-
proaching the quantum limit even in a purely resistive mixer. ducting devices. The absence of a room-temperature super-
Thirdly, the shot noise in a quasiparticle mixer is lower than conductor, essential for consumer market, is one of them.
that in Cooper pair tunneling mixers. SIS quasiparticle mix- Even if there were a room-temperature superconductor, the
ers have been used in radio astronomy for quite a while. vast amount of techniques developed by the semiconductor

industry for precise and predictable control of material prop-
Analog-to-Digial Converters

erties are unavailable in the superconductor industry. The
Analog-to-digital converters (ADCs) are another type of cir- reason for this is obvious: The whole phenomenon of high-
cuit where phenomenal performance improvement has been temperature superconductivity is only understood phenome-
demonstrated using superconducting circuitry. While super- nologically at best. There is no equivalent of ‘‘bandgap engi-
conducting ADCs can be and have been fabricated in most neering’’ for superconductors. If we knew the material to dope
architectures and have the usual advantage of a large band- to change the superconducting bandgap, we could then pro-
width because of their fast switching capability, there is the duce a room-temperature superconductor!
additional advantage that when exploiting the multithreshold However, consumer electronics, though a large share of the
characteristics of a JJ [see Fig. 8(c)], an n-bit flash ADC re- market, still is not all of the market. There are niche markets,
quires only n comparators as opposed to 2n � 1 that would be mostly in the defense sector and commercial/military wireless
normally required (24). This allows high-bandwidth and high- communication, who would pay the extra dollar to have the
resolution ADCs to be fabricated reliably and compactly. advantages of superconducting electronics (see, for example,

Ref. 27). For example, the low insertion loss and steep skirt
Precision Voltage and Frequency Sources of a superconducting filter makes it cost effective in a cellular

base station where the receiving/transmitting antenna mustThe Josephson relation ��/�t � 4�eV/h can be used both as a
source of high-frequency radiation and a dc voltage standard. operate within tight bandwidth tolerance and divide up the
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