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Antenna Applications of Superconductors
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Abstract —The applicabilty of superconductors te antennas is
examined. Potential implementations that are examined are
superdirective arrays; electrically small antennas; tuning and
matching of these two; high-gain millimeter-wavelength arrays;
and kinetic inductance slow wave structures for array phasers
and traveling wave array feeds. Superdirective arrays and small
antennas will not benefit directly, but their tuning/matching
networks will underge major improvements. Miniaturization of
antennas will not be aided, but much higher gain millimeter-wave
arrays will be realizable. Finally, kinetic inductance slow wave
lines appear advantageous for array phasers and time delay, as
well as for traveling wave array feeds.

I. InTRODUCTION

brief examination of areas where high-7, supercon-

ducting materials might improve antenna perfor-
mance is given. These areas include superdirective arrays
and matching, electrically small antennas and matching,
large millimeter-wavelength arrays, and slow wave compo-
nents such as phasers and traveling wave feeds. Each is
discussed below, with additional details given in [1]. Ac-
tive devices such as SQUID’s are not included, except for
a comment later.

The effects of conduction loss on an antenna can be
clarified by considering the roles of external and internal
fields. Currents flowing on the surface of a metallic an-
tenna produce the radiated field and its associated radia-
tion resistance, together with the stored energy in the
near field and its associated reactance; these are external
fields. Fields internal to the conductor are important only
via the conduction loss, usually small; internal inductance
is almost always negligible. Use of a superconductor will
produce a negligible change in the external fields; hence
antenna directivity, impedance, and pattern are un-
changed in most cases. Efficiency will change, but in most
antennas it is close to 100% with normal metals.

Whether superconductivity aids miniaturization is also
of interest, and here again external fields clarify the
situation. The size of most antennas is controlled by the
requirement that certain dimensions be prescribed values
of the free-space wavelength. Included in this category
are dipoles, slots, patches, log-periodics, spirals, and
Yagi-Uda’s. Other antennas require a certain area in
free-space square wavelengths to achieve specified direc-
tivity, for example, reflector antennas and planar arrays.
These requirements all relate to external fields; thus

Manuscript received October 18, 1990.
The author is at P.O. Box 570215, Tarzana, CA 91357.
IEEE Log Number 9101132.

superconductors should not facilitate miniaturization of
antennas. A significant exception, where internal fields
are critical, is the slow wave kinetic inductance discussed
below.

As mentioned, SQUID’s are outside the scope of this
paper. However the idea of combining a SQUID and an
antenna raises some interesting questions. The typical
SQUID has energy coupled in through a winding on the
loop frame. Since the superconducting loop can also act
as an antenna, how does the flux quantization in the loop
relate to the incident field? And how does the loop area
in square wavelengths affect the JJ coupling? Can a
multiturn loop SQUID be constructed? Perhaps there is a
way to use one, or even a graded area set, of loop antenna
SQUID’s for direct digitization of RF.

II. SUPERDIRECTIVE ARRAYS

Superdirectivity (supergain) exists when an antenna has
directivity greater than normal; a broadside array with
half-wavelength spacing and an end-fire array with quar-
ter-wavelength spacing have normal directivity. Applica-
tions of these arrays have been limited by three factors:
narrow bandwidth (high Q), small radiation resistance,
and small allowable tolerances. Since small radiation re-
sistance may produce low efficiency because of conductor
loss, superconductors offer the possibility of high effi-
ciency. An end-fire array is the best vehicle for examining
the behavior quantitatively, as it offers the highest direc-
tivity for a fixed number of elements [2]. Both directivity
and Q (bandwidth =2/Q for a matched antenna) can be
calculated using quotients of sums of mutual resistances
and excitation coefficients [3]. For a fixed number of
elements and spacing, the maximum directivity excitation
is found from a matrix equation where the drive vector
contains the end-fire phases and the matrix is of mutual
resistances, Arrays of isotropic elements may be evalu-
ated using the virtual mutual resistance 120 sinc2md /A.

Arrays of dipoles are of more practical interest, and for
these the mutual resistance is well known to be express-
ible in terms of sine and cosine integrals. With superdi-
rectivity, the sums used in calculating R4 and @ involve
subtracting large numbers, so that a double-precision Si
and Ci subroutine is needed. A Chebyshev economized
series was developed by Luke [4], and was coded by the
author. Through use of codes that calculate R4, Q, and
G, many interesting things were learned about superdi-
rective arrays [5], [6], but of critical importance here is the
behavior of radiation resistance with Q [1]. Fig. 1 shows
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Fig. 1. Q versus center element resistance for end-fire arrays.

data for many maximum directivity arrays, ranging from
three to ten elements, with spacings from 0.1 to 0.45 A;
R,,q for the center element is given. Arrays with odd and
even numbers of elements fit slightly different envelopes,
owing to the different degrees of freedom. The signifi-
cance of these data is that for Q =1000 (bandwidth
= 0.2%) the radiation resistances are greater than 0.2 ).
Typical normal dipole loss resistances are 0.0001 to 0.01
), so that the efficiency is greater than 95%. Thus even
for such extremely narrow band antennas, which are
almost impractical owing to environmental detuning, the
efficiency is close to 100%. The important conclusion
then is that superdirective arrays will not benefit directly
from superconductors. However the matching of low radi-
ation resistance and high reactance will benefit, as dis-
cussed in Section IV.

III. ELECTRICALLY SMALL ANTENNAS

As observed by Wheeler [7], [8], antennas whose dimen-
sions are small in free-space wavelengths are either dipoles
or loops or are combinations of these two. Formulas for
radiation resistance and reactance of dipoles are available
in many texts; short dipoles are capacitative and an induc-
tive tuning coil is usually used. When the radiation resis-
tance is as low as 0.2 Q, the Q is of-the order of 10*. So
again, for- all practical dipoles the intrinsic efficiency is
always high. When the tuning coil is included the results
change dramatically, as practical coils have Q’s from 20 to
200. Fig. 2 gives dipole plus tuning coil efficiency versus
dipole half length #; the transformer loss to match to 50
Q has not been included [1]. Clearly the superconductor
is needed in the tuning coil (and matching network).
There is a drawback, as the tuning (and matching) losses
reduce the overall Q; with zero or very small losses the
dipole bandwidth is again small, as shown in Fig. 3. Thus
the practical range of short dipoles with superconducting
tuning and matching is roughly 7 = 0.07 to 0.15 A. Dielec-
tric losses must also be kept low [9], [10].
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Fig. 2. Efficiency of dipole with tuning coil.
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Fig. 3. Q of dipole with lossless tuning coil.

Small loops are magnetic dipoles and are typically
tuned with a capacitor, and these can have very high Q’s.
Tuning losses are very low, but radiation resistance varies
with loop diameter /wavelength to the fourth power, so
small loop efficiencies tend to be low. Use of a supercon-
ductor in the loop can, in principle, increase efficiency to
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Fig. 4. Q of loop without loss.

near 100%, but again high Q is the result. Fig. 4 shows
loop Q versus diameter /wavelength, assuming radiation
resistance to be the sole loss [1]. The practical range of
small superconducting loops is roughly D = 0.1 to 0.2 A.

IV. IMPEDANCE MATCHING

Both superdirective arrays and electrically small anten-
nas, as mentioned, tend to have small radiation resistance
and large reactance. Whether the reactance is tuned out
first, followed by an impedance transformer, or the tuning
is combined in the latter, a small intrinsic loss can be
magnified to a large loss. A transmission line transformer
is typical. Let the matched loss be L, and the antenna
VSWR be V. Then the apparent loss L, is [11]

. (V+1)° L2 —(V —1)
@ 4VL '

A radiation resistance of 0.2 ) and a reactance of 100 Q
give V' =1250! From Fig. 5 for this VSWR, a circuit loss
of only 0.05 dB becomes a 9.1 dB loss. For example,
Khamas et al. [12], [13] measured 2 short dipole, tuned by
a shorted two-wire stub, with the output line tapped at
the 50 Q point. Both superconducting and copper models
were built; radiation resistance was approximately 0.27 €},
and reactance was roughly 2000 ). Since the copper
dipole loss was at least an order of magnitude lower than
the radiation resistance, the dipole efficiency was essen-
tially 100%. But a matching stub loss of only 0.002 dB
could easily account for the 12 dB improvement from the
superconducting antenna. Superconductor matching will
also be important for physically large but electrically small
antennas, such as those for VLF submarine communica-
tions and Omega navigation.
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Fig. 5. Increase of loss from standing wave.

V. MILLIMETER-WAVELENGTH ARRAYS

At millimeter (and shorter) wavelengths, transmission
line loss, whether waveguide, stripline, or microstrip, is
critical in determining the practicality of a large array. To
illustrate this point, a planar waveguide slot array is
evaluated. It consists of side-by-side waveguide linear slot
arrays, with a feed waveguide at right angles, using cross-
guide couplers. Frequently such arrays are divided into
quadrants for monopulse operation. The linear arrays are
resonant and produce a broadside beam. A square array
of width L has a feed path length of 2L. For small to
moderate loss, the efficiency is simply 1 -4« L. Formulas
for the attenuation coefficient, «, are readily available.
For an example, the lower part of a waveguide band is
chosen, B /k = 0.5, and the guide aspect ratio is 2. Using
the theoretical conductivity of copper, array efficiency has
been calculated and is given in Fig. 6 for array directivi-
ties of 40, 50, and 60 dB [1]. In practice, copper wave-
guide conductivity is about half of the theoretical value
used here, so the actual gain limit is worse than indicated
in the figure. Gain is just directivity times efficiency.
Higher frequencies often require higher gains to offset
increased path loss and atmospheric attenuation, but these
data show that gains are severely limited by conduction
loss. Superconducting waveguide will allow higher gains
to be realized, and thus will significantly extend array
applicability.

Similar calculations have been made for a planar array
of patch elements fed by microstrip lines. Results are
similar to those for the waveguide array except that the
losses are higher [1]. With superconducting microstrip at
millimeter wavelengths, the dielectric substrate will prob-
ably control the loss and, hence, the array efficiency. Such
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Fig. 6. Waveguide slot flat plane array efficiency.

techniques as inverted stripline and suspended stripline
may reduce this loss.

Practical realization of low transmission line loss is
important not only for arrays, but also for matching /tun-
ing networks and slow wave lines. Loss and dispersion
calculations in microstrip are given in [14] and [15], while
coplanar lines are treated in [16] and [17].

VI. AppLicATIONS OF KINETIC INDUCTANCE

When the thickness of a thin-film superconductor is
small compared with the London penetration depth, A,
the Cooper electron pairs show a slow wave type velocity,
as shown by Pippard in 1957. Note that here A is not the
wavelength. The thin-film effective penetration depth, A,
is

A,=Acotht/A

where ¢ is the film thickness [18], [19]. The Cooper pair
velocity is equivalent to an inductance, with velocity ratio
[20]

v 1
Ve i

Because the thin film presents a surface. resistance and
reactance, moment method techniques can be applied
using a complex resistive boundary condition [21]. How-
ever to produce very slow waves, most of the magnetic
energy storage must be in the film, not in the intercon-
ductor space. Thus very thin dielectrics are indicated.
Since the thin films are diaphanous, they need to be used
in such a way that the fields are contained. How a
practical thin-film slow waveguide can be made is an
interesting problem.

One application of this phenomenon is in phasers for
electronic scanning of phased arrays. Phasers, which pro-
duce the phase shift, are typically either ferrite—wave-
guide combinations or lengths of transmission line
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switched by diodes. Below roughly 1 GHz the line lengths
of the latter become cumbersome, while above about 10
GHz line losses become important. A superconducting
thin-film line utilizing the kinetic inductance slow wave
would eliminate both these problems. The frequency range
for switched line phasers would be extended to both
lower and higher frequencies.

Another phaser option would use variable temperature
and a single fixed line length per element to produce
variable delay. Changing temperature would then pro-
duce beam scanning in one plane. The line lengths would
provide true time delay for broad-band electronic scan-
ning.

Another application is to traveling wave feeds. For
example, a frequency scanning planar array uses a serpen-
tine (snake) feed to provide the requisite phase between
constituent linear arrays. This bulky and lossy component
could be replaced by a superconducting slow wave struc-
ture, which would be compact and undergo low loss.
Frequency scan within a single linecar slot array is also
possible, where the waveguide provides the slow wave via
kinetic inductance. As with all new technology many
problems must be solved, but the advantages are suffi-
cient to warrant vigorous development.

VII. CoNCLUSIONS

Superdirective arrays and electrically small antennas
will not benefit directly from superconductors, but their
tuning /matching networks will. The useful range of these
antennas will thereby be significantly extended. Miniatur-
ization of antennas will not occur. Superconductors will
allow millimeter-wavelength arrays with much higher gain
to be utilized, both in waveguide and in microstrip. Ki-
netic inductance slow wave lines will allow switched line
phasers to be designed over a much wider frequency
range, and will reduce size and loss of traveling wave
array feeds. Much work is needed on how to fabricate and
use both normal and slow velocity waveguides and trans-

" mission lines.
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