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Electromagnetics Introduction
K. M. Siegel*

Professor Keller was originally chosen to lead the
single-body scattering and diffraction effort, but
because he spent the latter part of the period in
Brazil he was not able to make a contribution to this
report. The final reports on rough surfaces by
Ament and on coherence theory by Zucker are not
vet available at this writing, but should be available
at least as supplementary material at the General
Assembly in Japan.

1. The Progress Report on Antennas, 1960 to 1962,
has proven to be an impressive document. It points
out new results obtained on log periodic antennas,
on conical and multi-element spirals, and on the
utilization of small antennas as elements of large
arrays. It describes a significant expansion of effort
in electrical scanning and array techniques, pointing
out the relative decline in favor of ferrite phase
shifters and frequency variation techniques for the
scanning of arrays. Those devices and techniques
have been replaced by the utilization of multiple
beams and digital arrays which offer more versatility
with little or no increase in complexity. Significant
advances have been made in the utilization of non-
uniform arrays which have fewer elements than
uniform arrays without sacrificing the gain of the
main lobe. It is quite clear that an increasing
amount of future effort will go into nonuniform
arrays, especially for the purpose of reducing side
lobes. It is also clear that low-noise antenna
systems have made significant advances.

This time period has been marked by the first
significant publications in the United States litera-
ture on synthetic arrays, and the use of these arrays,
especially in view of their application to ground
mapping, definitely represents a major advance in
antenna theory. The large buildup of information
on this subject during this period, however, is
deceptive since much of the work was done many
years ago but is now reaching the open literature for
the first time. Of course, the principle of synthetic
arrays has been familiar in radio astronomy for some
time, but the new application of this principle to
ground mapping by airborne radar has made it
possible to obtain absolute azimuth resolution with-
out sacrificing gain. It 1s eclear that absolute
azimuth resolution will allow radar techniques to
compete for the first time with more conventional
techniques associated with certain portions of the
optical spectrum.

2. Statistical problems in electromagnetics have
received an increasing amount of theoretical at-
tention, especially in the field of partial coherence
and the construction of possible distribution func-
tions to model rough surfaces mathematically.

The utilization of statistical methods to interpret
scattering data from the moon has not as yet effected

*Conductron Corporation, Ann Arbor, Mich,
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a prediction of the lunar return for any case not
previously measured. Of course, with enough ar-
bitrary parameters present in the statistical theory
one can almost predict the results of all previous ex-
periments. One of the first tests of the utility of
statistical theories of radar scattering should come
from experimental work on the scattering of electro-
magnetic waves by planets. It can be expected that
the next three-year period will see a multiplication
of the effortin this area by a big factor in comparison
to that of the last three-year period. Critical anal-
yses have been made which increase our under-
standing of the effect of turbulence and other ran-
dom fluctuating media on electromagnetic fields.

New approximations have been introduced in the
studies of propagation in random media and diffrac-
tion from rough surfaces. The use of impedance
approximations for such problems has been found
justified and improved results have been obtained.
However, many of the approximate solutions in-
volving impedance boundary conditions with differ-
ent numerical techniques have in fact yielded
apparently different answers, and it is hoped that dur-
ing the next three years a better understanding will
come into existence of which approximate numerical
methods are the correct ones under various imped-
ance boundary condition situations. It is, for
example, clear that when one type of approximation
is used a roughening of a surface always increases the
radar cross section of the surface. Yet when a differ-
ent approximation is used this is not the case for an
instantaneous solution, and only if one takes an
average over many different instantaneous solutions
does it become the case. It is for this reason, among
others, that confusion exists not only in connection
with the utility of particular methods but in the
arcuments presented by different authors on results
obtained presumable for the same models.

The work of partial coherence has been aimed
primarily at the region of optical wavelengths al-
though 1t is beginning to find application to other
portions of the spectrum, especially in radio astron-
omy. It is clear that if appropriate data processing
techniques are used after measurements are made
both of the amplitude and the phase of signals, a
significant increase in information on such quantities
as the size of objects being measured and the distance
between random sources will result. The theory of
partial coherence should find further application in
optical analog computing devices, soon to be instru-
mented to supplement, and, in some cases, replace
digital computer techniques when large quantities of
information must be processed.

3. The work on radiation has pretty well followed
the predicted patterns. The theory of guided waves
especially has developed as expected. Much atten-
tion has been given to leaky and surface wave
phenomena. Periodic structures and structures
loaded with anisotropic media have been investigated



further. Military and space research requirements
apparently have stimulated many investigations

connected with the propagation and generation of
electromagnetic waves in plasmas. Studies and ap-
plications have been made of special features in-
volved in the propagation of waves through a
plasma, such as the possibility of obtaining a di-
electric constant with a negative real part. Much
work has been devoted to the propagation of electro-
magnetic waves in lossy media because of an in-
terest in communications between underground or
underwater terminals. Tt is quite clear that these
efforts will continue as long as people are discussing
hardened sites, hardened communications systems,
and as long as people are worried about nuclear
attack.

4. In the field of classical diffraction and scatter-
ing, considerable efforts have been made involving
passive and active reflectors and especially their
applications to satellites. This is recognized in the
present report by the inclusion of a paper of J. R.
Burke of NASA who discusses passive communica-
tion satellites and the Project West Ford launches
of 1961 and 1962. The general field of passive and
active reflectors has been covered in a paper originally
submitted in two separate versions by J. Kaiser of
the Institute of Defense Analysis and 1. Kay of
Conductron Corporation. These have been com-
bined into one paper of eliminate duplication.

The many-body problem has continued to receive
attention and this work is summarized within.

In the field of diffraction and scattering we find
that the usual problems are receiving ever increasing
attention, and workers are obtaining new approxi-

mate solutions by old methods and old solutions by
new methods. 'The writer predicted the last time
that this report was written that there would be a
considerable effort made for the resonance region
during the years 1960 to 1963. However, few new
results vet exist for the resonance region, and it
becomes apparent that the love for the asymptotic
theories is an ever consuming one. Better and more
accurate answers continue to accumulate for the
region we already know a considerable amount about,
but people are not generating methods for use in the
region where little is really known. There is a ray
of hope, however, in that more people are becoming
interested in obtaining values for the currents on a
body, and in fact this interest has led to the investi-
gation of a new kind of problem during the period.
This problem is based on introducing an artificial
boundary condition to simulate such structures as
fine wire gratings: a requirement that boundary
currents be unidirectional. This procedure is similar
to one previously used to analyze traveling wave
tubes.

The electromagnetic theory field is growing in the
United States. The volume of information is in-
creasing. The harder problems, however, are still
not res lllV being attacked; only in antenna theory

an we see that 10(111\' sl“lllfl(‘ mnt advances have been
xopmtod as compared with the last period.

T acknowledge with appreciation the assistance of
Trvin Kay in helping me assemble and summarize
section 6.3.
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Part 1.

Progress in Antennas 1960-1962

V. H. Rumsey,’ R. C. Hansen,” and A. Ksienski ?

Progress in the United States on antennas during
the triennium 1960-62 is reported under three cate-
gories: frequency independent and small antennas;
arrays and electronic scanning, near fields, aperture
antennas; data processing and synthetic aperture
antennas. The survey is based on the definitive
papers with a bibliography of supporting literature.
All important U.S. journals have been covered.

A number of new log periodic antennas have been
mvented consisting of TEM biaxial or coaxial lines
which are loaded with monopole or dipole antennas.
Conical and multielement spiral antennas have been
developed giving circular polarization in all directions
and an interesting variety of amplitude and phase
patterns. Solutions of Maxwell’s equations have
been worked out for idealized spiral and periodic
antenna types which show how the effective aperture
is controlled by the geometry as well as predicting
some unexpected and unverified effects.

A more precise and thorough investigation of the
characteristics of small antennas for use as elements
of large arrays has been carried out.

The ferrite phase shifter and frequency scanned
arrays have declined in popularity, because multiple
beam and digital arrays offer more versatility with
little or no increase in complexity. Effort in the
latter areas will probably expand, especially on dis-
tributed transmitter arrays, and on receiving arrays
with an amplifier/processor at each element. Digital
array control may be the ultimate for multiple
targets and target diserimination.. Nonuniform
spacing of elements has come of age, but very few of
the design techniques produce low sidelobes; a con-
spicuous exception is the space tapering approach
where 20 db has been achieved. A theoretical
analysis and synthesis technique is badly needed to
allow synthesis of low sidelobe and other practical
designs.  Automatic steering systems for arraying
large dishes, for automatic angle return, for atmos-
pheric scintillation compensation, and for beaming
large amounts of RF power represent one of the most
exciting developments. Much work remains to be
done in this area.

The analytical understanding of radiation and
near fields, of interest particularly for power transfer
and high power focusing, has improved markedly.
Promise for millimeter, submillimeter, and laser
applications is offered by the beam waveguide.

Low noise antenna systems have made significant
advances, especially in hardware techniques. Use
of the Gassegrain geometry and of feed shaping has
produced antenna temperatures well below 20 °K.
These systems will continue to be important for
space and satellite communications. Several differ-
ent types of large radio astronomy instruments have
come to fruition: the fixed cylindrical parabola with

1 University of California, Berkeley, Calif.

2 Aerospace Corporation, Los Angeles, Calif.
3 Hughes Aircraft Company, Culver City, Calif.

scanning linear array feed; the standing parabola
with tiltable flat plane reflector; a Christianson
array of dishes, in a cross form. The unfortunate
cancellation of the Sugar Grove 600-ft dish project
is a loss to the science of space communications.

The last three years saw an increasing interest mn
unconventional techniques for satisfying the de-
mands imposed on antenna systems. The synthetic
array is an excellent example of what can be achieved
if an antenna system is optimized for a particular
application, i.e., ground mapping by means of a
moving vehicle. This type of specialized solution
will become more common as the conversion of
electromagnetic (or acoustic) signals into required
data is considered as a single continuous process
which is to be optimized jointly for the desired final
objective. The generalization of the analytical
treatments to include at once all dimensions of
interest and the inclusion of processing as part of
the antenna proper are symptomatic of this develop-
ment. The concepts of feedback and self-adaptive-
ness will become familiar in antenna design, and as
the characteristics of various data processing arrays
are better assessed they will provide the versatility
of solutions needed for the ever increasing variety of
objects. i

U.S. National Committee reports on antennas for
the previous two triennia have been published and
may be of interest: Bickmore, R. W. and R. C.
Hansen (Nov.-Dec. 1960), J. Res. NBS 64D (Radio
Prop.), No. 6, 731-741; Cottony, H. V., et al. (Jan.
1959), IRE Trans. Antennas Propagation, AP-7,
No. 1, 87-98.

1.1. Frequency Independent Antennas

Since the ideal of frequency independent antennas
was first mooted in 1954 at the University of Illinois
and successfully demonstrated there in 1956, much
progress has been made in the understanding and in
the development of these antennas. They can be
classed as spiral types or log periodic types. Roughly
speaking the distinction 1s that the former give
patterns which, while they remain constant, rotate
around the spiral axis with frequency, while the latter
give patterns which change but repeat when the
logarithm of the frequency is increased by a fixed
number. In practice the rotation in the former and
the variation within a period in the latter are negligi-
ble effects, so that the patterns and impedances are
frequency independent over a band which is limited
at the high end by the size of the feeding transmission
line and at the low end by the size of the antenna.
Bandwidths of 20:1 were obtained in the early models
and these do not appear to have been exceeded since
then presumably because there are no transmitters
and receivers which could make use of such wide
bandwidths. In this connection it is worth noting
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that a beautiful solution to the problem of designing
a very wide band balanced to unbalanced transformer
has recently been published [Duncan and Minerva,
1960].

Many valuable forms log periodic antennas
have been invented during the last three years such
as the log periodic dipole [Isbell, 1960; Mayes and
Carrel, 1961] and monopole [Berry and Ore, 1961;
Greiser and Mayes, 1961] arrays, the tapered ladder
which is fed by capacitive coupling to a transmission
line [Wickersham, et al.; 1961] and the zigzag which
is fed directly from a parallel wire transmission line
[Carr, 1961]. Unlike the original log periodic an-
tennas these all take the form of a conventional
TEM biaxial or coaxial line which is log periodically
loaded with radiating elements. The successful de-
velopment of these inventions has been based on
simple ideas combined with much practical experi-
ment. Although no high gain forms have been
found, gains of up to 17 db (4 ?) have been reported
for the dipole array type.

There have also been some interesting measure-
ments on the current distribution and field in the
vicinity of typical log periodic antennas of the earlier
inclined zigzag type [Bell et al., 1960]. They show
the existence of a nonradi 111110 rave traveling out-
ward from the terminals which g(‘ls converted in the
“active region” to a radiating wave traveling inward
with the orthogonal polarization. A typical charac-
teristic of the active region is that the currents in
adjacent elements of the zigzag are 90° out of phase.

Thm(' has also been a sizeable effort on the theory

f log periodic antennas, although no solution of
Maxwell’s equations for even the most rudimentary
log periodic structure has been discovered. The dipole
array type has been analyzed by ignoring all but a
finite number of dipoles in the active region, and so a
useful body of design information has been worked
out [Carrel, 1961].  Another approach assumes that
the solution is approximately obtained by substitut-
ing an expanding amplitude and period into the
solution for a simply periodic structure, a reasonable
approximation for slowly expanding log periodic
antennas [Mayes et al., 1961; Oliner, 1963 ; Rumsey,
1963].  This admits the apph,mon of the well
developed periodic structure theory particularly the
Brillouin diagram methods. A solution of Maxwell’s
equations has been obtained for the modes of
plane sheet of sinusoidal wires and, despite its far-
fetched connection with log periodic antennas, shows
remarkable agreement with amplitude and phase
measurements of currents on log periodic 7127ags.
More general arguments based on the properties of
periodic structures without regard to Maxwell’s
equations have contributed significantly to the
understanding of log periodic structures [DuHamel,
1963; Mittra, 1962]. In this way, it is seen that the
attenuation of current with distance from the center
of a log periodic antenna sets in when the propagation
constant of the periodic structure becomes complex.
At present there is a vigorous controversy on whether
the attenuation effect is comparable to the slow wave
stop band effect or the fast wave radiating effect
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associated with open periodic structures. Tt does
appear that this approach gives a good idea of the
current distribution in the active region, in much the
same way that uniform transmission line theory gives
a good idea of the current on straight wire anfennas.

[t was recognized at the outset when frequency
independent antennas were first bruited that not all
log periodic structures could be truncated; i.e., the
current was not certain to be attenuated. This still
remains a fundamental question but the periodic
structure method is getting very close to an answer.
Another important question still more or less un-
resolved is how to minimize the variation of pattern
within a period.

Turning now to the spiral types of [requency
independent antenna, here also there have been
several practical and theoretical discoveries in the
last three years. Beginning with the theoretical side
we note that Maxwell’s equations have been solved
for an anisotropic sheet of equiangular spiral wires
[Cheo et al., 1961]. This is a far cry from the
practical two element antennas, having instead an
infinite number of filamentary elements, but it does
represent many of the essential features of the an-
tenna and the theoretical results agree amazingly
well with pattern and polarization measurements.
The solution shows that for large » the magnetic
field at the antenna, i.e., surface current density,
decreases as 72 The reduction in current with »
depends markedly on the spiral curvature, but much
less markedly on the distance along the spiral: typi-
cally the current is reduced to 0.1 of the input current
when »=0.3\ and the spiral radius expands by a
factor of two per turn. The polarization is circular
in all directions; it is a fact equally as amazing as the
frequency 1ndopondont pattern, that this appears to
hold also for the measured radiation from many plane
and conical spiral antennas.

One of the surprising results of the theoretical
solution is this. When the excitation is such as to
produce an outward current wave at the input, the
current for large » consists of an inward wave, but
the pattern and current amplitude are the same as
for the reverse excitation. Measurements of the
phase in the distant field of two element antennas
always correspond to the solution with an inward
current wave near the input, which may thus be
called the natural sense of the antenna. Attempts
to drive four and six element antennas in the un-
natural sense have produced some remarkable results
[Dyson et al., 1961; Sussman, 1961]. Measurements
of the continuous variation of phase around the axis
showed that near the input only the unnatural mode
was present but in the radiation field the direction
of circumferential phase velocity was reversed and
consisted again of only one mode, namely the lowest
harmonic which would fit the eiven (discrete) set of
phases at the input terminals [Deschamps, 1959].
An input variation of 27 thus gets converted to
7(1—n) in the radiation field of an = element
antenna. Why this is so is a most interesting and
unresolved question. A variety of patterns has been
obtained from four and six element antennas, some



of which give excellent omnidirectional coverage in
the horizontal plane with maximum gain and circular
polarization.

Summary

A number of new log periodic antennas have been
imvented consisting of TEM biaxial or coaxial lines
which are loaded with monopole or dipole antennas.
Conical and multielement spiral antennas have been
developed giving circular polarization in all direc-
tions and an interesting variety of amplitude and
phase patterns. Solutions of Maxwell’s equations
have been worked out for idealized spiral and periodic
antenna types which show how the effective aperture
is controlled by the geometry as well as predicting
some unexpected and unverified effects.

Small Antennas

A considerable part of the effort on small antennas
has gone into more precise evaluation of their effect
on the performance of arrays. The cause of this
appears to be the fact that sidelobes nominally
designed to be 40, 50, « db down rarely turn out to be
more than 30 db down. Of the many obvious causes
for this, mutual impedance is probably dominant.
Theoretically, it can be taken into account, but the
practical difficulties of doing so are formidable. For
an infinite uniformly spaced array of identical
elements, so energized as to launch a plane wave in a
single direction, the analysis can evidently be reduced
to consideration of a unit cell of the structure. In
this way the variation of impedance with direction of
the beam has been worked out [Edelberg and Oliner,
1960a and 1960b]. Obviously this does not apply
near the edge of a finite array. This edge effect has
been thoroughly explored, and extensive quantitative
results have been obtained, both theoretically
[Carter, 1960] and practically [Kurtz, et al., 1961].
Application of these results to precise low sidelobe
design has not yet been reported but should give
much improved performance.

Better or alternative methods of exciting slots in
waveguides have been the subject of several contri-
butions, such as the use of position and orientation
of the slot to get independent control of amplitude
and phase [Maxum, 1960], the use of asymmetrical
irises to control the excitation of colinear slots
[Dudley, 1961; Tang, 1960] and the variation of
slot length [Rutz, 1960]. The use of islands as
natural slot antennas for VILF has also been studied,
with rather negative results [Morgan, 1960; Staras,
1963]. Chen and King [1961] have developed a dipole
electromagnetically coupled to a two wire line; this
is the two wire line analog of the waveguide slot.

The question of what really is the current distri-
bution on antennas of assorted shapes and sizes
persists with pristine fascination, the ecylindrical
antenna retaining its preeminence. It still stands as
an elusive mathematical problem to which numerous
solutions have been worked out, but none of which
unfortunately is exactly correct: hence the intract-
able endurance ol the problem. Some interesting
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new results for the current density near the input of a
cylindrical antenna have been discovered [Chen et al.,
1962; Duncan, 1962; Harrison et al., 1961 ; Hasserjian
et al., 1962].

Finally, let us note a practical application for super-
gain arrays [Schildknecht, 1962]. The objection to
these antennas is their extremely low efficiency, but
for reception at VILF this may be tolerable because of
the high background noise, so, if the frequency and
excitation can be maintained with sufficient pre-
cision, we may have an excuse to try out this extra-
ordinary aspect of array theory.

Summary

A more precise and thorough investigation of the
characteristics of small antennas for use as elements
of large arrays has been carried out.
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1.2. Arrays and Electronic Scanning

The triennial period has seen the appearance in
the literature of papers describing several advanced
electronic scanning systems which have been under
investigation for several years. In particular, the
multiple beam array has received considerable
attention. Shelton and Kelleher [1961] showed that
independent beams can be formed by a lossless
passive and matched network only for sin x/r
patterns or combinations thereof. Beam orthogo-
nality was shown by Allen [1961, and White 196 ]
to be independent of antenna Hl[ll('tlll(‘, and to 1m-
pose a restrictive relation between beam crossover
level and sidelobe level. These restrictions can be
overcome by use of lossy or active combining net-
works. Other papers include a matrix approach
using cross coupling factors [Stein, 1962; Kahn and
Kurss, 1962]. Hardware realizations include a
trapezoidal assembly of waveguide couplers (due to
Blass) with one set of guides connected to elements
and the other set connected to receivers [Blass, 1960],
and a similar HEF system using tapped delay lines
[Brueckmann et al., 1962]. A more sophisticated
multiple beam matrix system is the Butler array
[Butler and Lowe, 1961; Delaney, 1962], which is a
combining network (%()11515(11154 of rows of hybrids
with appropriate fixed phase shifters between rows.
The Butler array requires fewer hybrids or couplers
to produce N beams from N elements than do
matrix arrays; n levels of couplers are used where
n—log, N. Effects of random errors in this multiple
beam system have been investigated by Kiss [1962].
Another scheme uses a digital approach, limiting
sampling and combining the element signals [Gore,
1962].  The limiting and snmplin” process introduces
new sidelobes, but their effect can be negated by
proper element spacing. The high speed of the digi-
tal operations allows essentially simultaneous mul-
tiple beam performance. In addition, control over
sidelobes and shaped beams ds hearly unlimited.
Other scanning techniques utilize IF heterodyning
[Cottony and Wilson, 1961; Pels and Liang, 1962],
and bridge circuits employing variable capacitance
diodes [Vogt, 1962]. Very little has appeared on the
formerly popular ferrite phase shifter array [Roush
and Wiltse, 1961]. The frequency scanned array has
been analyzed by Ishimaru and Tuan [1962] using
w-B-diagrams; this approach gives insight into the
interrelationships among the main lobes.

General studies of electronic ses wnning effects and
systems have been prepared by Von Aulock [1960],
Ogg [1961], and Shnitkin [1961]. Some applicable
material appears in a book by Jasik [1962]. A re-
lated topic is the gain or effective aperture versus
scan angle. An approximate value has been ob-
tained [King and Thomas, 1960; Thomas, 1962],
and has been extended to cases where polar ization or
impedance are not matched [Tai, 1961]. Allen
[1962] has measured and calculated mutual imped-
ance effects under the assumption that the element
to element mutual impedance or element feed current
do not change with scan but that the effects of scan



are artificially attributed to changes in element
pattern and directivity. Regardless of the con-
ceptual approach, the results are that array per-
formance is insensitive to height of elements above
a ground plane, and sensitive to element spacing.
The physical parameters may be chosen to minimize
the effects of scan changes. For scan angles other
than broadside, isolation of the order of the sidelobe
level between transmitted and received signals is
provided by the fact that the transmitted and re-
ceived phase fronts are at supplementary angles
[Rubin and Rabinowitz, 1962].

Tracking accuracy has been analyzed from several
viewpoints. Nester [1962; Leichter, 1960], and
others have related excitation errors to tracking
accuracy. Brennan [1961; Kirkpatrick, 1962],
treated a linear array with individual noisy ampli-
fiers for both amplitude and phase comparison
systems. His results extend those of Manasse
[1960] who derived the tracking accuracy (in terms
of beamwidth) as a function of S/N and system time-
bandwidth product.

A new class of automatic steering arrays has ap-
peared of which the simplest example is the Van
Atta array [Sharp and Diab, 1960; Bauer, 1961] and
subsequently others [Bahret, 1961; Wanselow, 1962]
proposed passively modulating telemetry on such an
array (in a satellite) thereby affording space com-
munications with economy of vehicle power. The
modulation removes a serious objection to the Van
Atta array: the pattern nulls produced by inter-
ference between scattered and reradiated energy.
Active Van Atta arrays for communications satellites
were studied by Hansen [1961a, 1961b] who showed
that their advantage is for those situations where
narrow beamwidths can be utilized; i.e., for trans-
mission back to the interrogation point, or for space-
craft at distances greater than 20,000 nmi.

Turning now attention to pattern synthesis, equal
sidelobe line source synthesis has been extended to
the circular aperture by Taylor [1960]. Here, as in
the case of the line source, a function is constructed
with the proper asymptotic behavior and with equal
level sidelobes out to a specified point. Tables of
this “approximate space factor” for circular apertures
are available [Hansen, 1960]. Cheng and Ma [1961]
have treated the linear array as a sampled data sys-
tem in which the pattern is the Z-transform of the
array distribution envelope. Using this approach,
equal sidelobe distributions were rederived [Cheng
and Ma, 1961]. Ksienski derived maximally flat
and ripple top synthesis techniques for sector-type
beams, using filter synthesis ideas. However, the
array polynomial has no poles so that the maximally
flat synthesis is more difficult than for the Butter-
worth filter where poles are used to produce a steep
dropoft [Ksienski, 1960]. Other synthesis work in-
cludes a least squares fit with computer solution
[Hoffman, 1961] and a shaped beam technique with
coefficients adjusted for the number of terms used
[Bricout, 1960]. Harrington [1960] extended the
work of Chu on limitations of antennas, specifically
on bandwidth and ¢ as a function of excitation and
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size. Using spherical wave functions he showed that
any antenna with gain much greater than that ob-
tained with uniform excitation has a narrow band-
width, and if lossy materials are utilized, also has
very low efficiency. The curves presented show
conclusively that for large antennas supergain is
impractical. Hansen [1960] considered large antenna
designs where sidelobes are equal level out to a
specified pomnt. For a sufficiently narrow main
beam, the energy in the sidelobes may be comparable
to that in the main beam, producing a limitation on
gain. A sin z/z envelope will always obviate this
problem; he shows where the sidelobe taper must
start for a given aperture to avoid gain loss.  Finally,
the gain values for Tschebycheff arrays of Brown and
Sharp’s tables (to 40 elements) have been extended to
120 elements [Stegen, 1960].

Nonuniformly spaced arrays have aroused much
interest of late, although the initial work was done
by Unz in 1955. The objectives of nonuniform
spacing are to reduce grating lobes, and to use
fewer elements for a given beamwidth. Random
removal, symmetrical about the center, has been
studied by Maher and Cheng [1962]; however, most
efforts have been devoted to finding an analytical
or psuedorandom approach that will optimize
parameters. Several techniques have been tried
mcluding perturbations from uniform spacing [Har-
rington, 1961] numerical integration (quadratures)
such as trapezoidal rule to produce nonuniform
spacing [Bruce and Unz, 1962a and 1962b; Lo, 1962;
Maflett, 1962], and computer search [Andreasen,
1962]. A variety of analytic distributions such as
log spacing have been tried with little success
[King et al., 1960]. The nonuniform spacing is
equivalent to an amplitude taper [Willey, 1962], and
an equivalent uniformly spaced array may be
defined [Sandler, 1960]. Ishimaru [1962] finds an
equivalent line source using a sum of finite Fourier
transforms, which for the uniformly spaced array
reduces to a sum of sin z/z patterns. Iach sin z/x
represents a main beam. This latter approach
provides some insight into the nonuniform phe-
nomenon. For 5-element arrays, a solution has
been obtained which for a given sidelobe level
yields a shorter array than the Dolph-Tschebycheff
array for the same sidelobe level [Brown, 1962].
However, the beamwidth is correspondingly greater
in the 5-element nonuniform array. Lastly, Allen
[1962] has observed that the nonuniformity of the
mutual coupling in a nonuniform array will have a
profound effect on the array illumination.

Summary

The ferrite phase shifter and frequency scanned
arrays have declined in popularity, because multiple
beam and digital arrays offer more versatility with
little or no increase in complexity. Effort in the
latter areas will probably expand, especially on
distributed transmitter arrays, and on receiving
arrays with an amplifier/processor at each element.
Digital array control may be the ultimate for



multiple targets and target discrimination. Non-
uniform spacing of elements has come of age, but
very few of the design techniques produce low
sidelobes; a conspicuous exception 1s the space
tapering approach where 20 db has been achieved.
A theoretical analysis and synthesis technique is
badly needed to allow synthesis of low sidelobe
and other practical designs. Automatic steering
systems for arraying large dishes, for automatic
angle return, for atmospheric scintillation compensa-
tion, and for beaming large amounts of RF power
represent one of the most exciting developments.
Much work remains to be done in this area.

Near Fields

A significant advance in near field theory was
made by Goubau and Schwering [1961; Christian
and Goubau, 1961a] with the invention of the iris
beam waveguide. At a point in the radiating near
field region, each mode of the field can be recon-
structed to the original aperture value by a phase
transformation, thus the field reiterates. The phase
transformer is a convex lens which retards the beam
center with respect to the outside; 1.e., it refocuses
the beam. Thus the structure is a periodic beam
waveguide, capable of carrying power with low loss,
C.\[)(‘(ldll_\' for beams large “in wavelength. The
phase transformers may be 1])|)nwimato<l by irises:
experimental measurements [Christian and Goubau,
1961b] and higher mode analyses [Beyer and Se [](‘ll)(‘,
1962] have disclosed a loss per iris below 0.1 db for
spacing of 1/20 of 1?/x.  Closely related to the beam
waveguide is the work of Kay [1960] on the optimum
phase and amplitude distribution for maximum power
transfer between two large apertures. In addition
to the phase curvature needed, as in focusing for
power transfer [Bickmore, 1960] some amplitude
changes are required for short separations. Jull
[1962] has shown that measured sidelobes are
generally higher than expected for antenna separa-
tions less than 27°/x, but that for certain combina-
tions of distance and diameter measured, sidelobes
may be lower. Near-field calculations by Hu
previously available only in report form, have now
been published [Ming-Kuei Hu, 1960 and 1961].
Hu uses the small angle Fresnel approximation for
circular apertures of (1—p**) distribution and obtains
the field in terms of a pair of Lommel functions of
two variables. Plots of field amplitude and phase
are given for a number of fractions of 1)?/\. These
may be compared with the general Fresnel results
of Hansen and Bailin [1959]. Recently published
Russian tables [Dekanosideze, 1960 of these I.om-
mel functions will extend the usefulness of Hu’s
work. Other near field studies are on focused
apertures [Sherman, 1962].

Summary

The analytical understanding of radiation and
near fields, of interest partic ul(uly for power transfer
and high power focusing, has improved markedly.
Promise for millimeter, submillimeter, and laser
applications is offered by the beam waveguide.
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Aperture Antennas

The Cassegrain reflector system as a large antenna
has found considerable use as a low noise tempera-
ture device and for applications 1(‘([ui1i110 large or
complex feeds. Hannan [1961] and others [Wilkin-
son and Appelbaum, 1961; White and DeSize, 1961;
Martin and Schwartzman, 1960] have analyzed the
Cassegrain antenna and have derived the minimum
blockage criterion. Minimum blockage occurs when
the feed and subreflector shadows are equal.  Mono-
pulse arrays have been designed in a Dolph-Tscheby-
cheft sense with element values obtained by simple
transformation from a Dolph array [Price and Hyne-
man, 1960]. Wheeler [1962] has made a semiquan-
titative analysis of monopulse and defocused feeds
by considering an infinite Gaussian aperture distri-
bution. Kven with defocusing (for acquisition or
for wide targets) the pattern is also Gaussian, and
the difference pattern is the derivative or Rayleigh
pattern. The maximum gain realizable in the differ-
ence pattern has been shown to be —2.15 db below
sum gain, for a rectangular aperture [Hannan, 1961a;
Kinsey, 1962].  Multihorn feeds with more than four
horns offer advantages in optimizing difference pat-
tern performance, and have been investioated by
Hannan [1961b (m(l 1961¢; Hannan and Loth, 19()1]
and Ricardi [1961]. A two-dish phase-amplitude
monopulse system has also been developed [Hausz
and Zachary, 1962].

The geodesic or “tin hat” Luneberg lens has been
studied analytically and experimentally by Johnson
[1962] and Walter [1962]. The coma corrected zoned
reflector proposed and analyzed by di Francia [1961]
has been studied further both theoretically [Dasgupta
and Lo, 1961] and experimentally. Such a reflector
allowed scanning [Provencher, 1960] by feed move-
ment over about 4+ 10 beamwidths compared to 44
for a solid parabola. A stepped parabola has also
been used in a satellite radiometer to reduce feed
heating [Richter, 1962]. The steps were flat and
C\'lm(luc l instead of conical (as in the zoned reflec-
tor) and were closely spaced at the operating wave-
length. Beam scanning of a parabola by feed move-
ment has engendered additional work [Sandler, 1960;
Lo, 1960]. Work has continued [Altshuler, 19()2] on
line source feeds for scanning spherical reflectors,
such as the 1000 ft bowl under construction at
Arecibo, Puerto Rico. Several millimeter wave-
length parabolas have been successfully produced
by the liquid spin casting process [Dawson, 1962].
An XY or elevation-on-elevation mount has been
developed for tracking near zenith [Rolinski et al.,
1962]. An important development in wide-band dish
feeds for telemetry has been a conical lobing dual
log spiral, with the two spirals symmetrically dis-
posed about the lobing axis. The two spirals are
decoupled through use of opposite sense circular
polmi/,alion, and cover a 4:1 band [Jasik et al., 1961].
Low noise antennas have been of great practical in-
terest for space communications [1’(1111111g—'l‘0th, 1962;
Livingston, 1961]; the hog horn antenna developed
by Crawford [1961] and others and used with



TELSTAR probably represents the highest achieve-
ment in sidelobe and backlobe control. Schuster
[1962] and Potter [1962] have achieved an antenna
noise temperature of 15 °K at 2.4 Ge/s in an 85 ft
dish using a shaped beam horn feed. The latter
consists of a horn in ground plane, with a corrugated
surface wave annulus on the outer portion of the
ground plane.

Radio astronomy instruments continue to occupy
much engineering effort. Kraus and Ko [1961] have
described a 360 ft standing parabola with ground
plane and tilting reflector, which has just been com-
pleted. Swenson and Lo [1961] deseribe a 600 ft X
400 ft fixed parabolic cylinder with nonuniformly
spaced scanning feed array. Bracewell [1961] has
described a Christianson array of dishes built as a
cross interferometer. Finally, Reber [1961] has
written on the history of the cross antenna.

Summary

Low noise antenna systems have made significant
advances, especially in hardware techniques. Use
of the Cassegrain geometry and of feed shaping has
produced antenna temperatures well below 20 °K.
These systems will continue to be important for
space and satellite communications. Several differ-
ent types of large radio astronomy instruments have
come to fruition: the fixed cylindrical parabola with
scanning linear array feed; the standing parabola
with tiltable flat plane reflector; a Christianson array
of dishes, in a cross form. The unfortunate cancella-
tion of the Sugar Grove 600 ft dish project is a loss
to the science of space communications.
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1.3. Data Processing and Synthetic Aperture
Antennas

A steadily increasing number of applications
require extreme mouldr accuracies. These may be
specified in terms “of pointing accuracy for single
target situations, such as in satellite tracking and
communication. Other applications may require
maximum resolution without high gain, such as in
radio astronomy where integration time may offset
possible loss in gain. In some applications, how-
ever, such as ground mapping, one desires both high
resolution and gain. In the conventional antenna,
such as a lens, reflector, or linear array, gain, resolu-
tion and pointing accuracy are rigidly connected and
there is no way of optimizing one aspect of the per-
formance at the expense of others. Thus, the con-
ventional approach could solve these problems only
in terms of very large apertures and/or very high
frequencies, with the accompanying tolerance prob-
lems. In the last decade several unconventional
solutions were obtained by various researchers; these
new techniques may be termed collectively data
processing antennas. These techniques indeed ex-
ceed performance of the conventional antenna, but
most of them, e.g., nonlinear antennas, do so in re-
gard to a spcmﬁc characteristic while sacrificing
others. Certain techniques introduce a new param-
eter such as time or bandwidth and thus avoid major
parameter tradeoffs.

Contributions in the field which appeared in the
literature up to 1960 were reported in the last URSI
report. relatively detailed description of these
techniques is also available in the literature [Ksienski,
1961a and 1961b]. During the last three vears, a
significant portion of the research activity, theo-
retical and experimental, has been concentrated in
the evaluation of these techniques under various
operating conditions. Several new techniques also
appeared which were particularly applicable to radar
and communication, and most significantly, the
synthetic array radar appeared for the first time in
the open literature 10 years after its inception. The
continuing effort to extract more information from
the signal arriving at the antenna led to the analyti-
cal investigations which attempt to determine the
ultimate capability of the processing arrays as well
as that of the conventional antenna. Information
theory, detection theory, parameter estimation, and
other techniques which were successfully applied in
the past to communication and radar systems are
being applied to the antenna in an attempt to include
the angular variables with the range variable and
formulate a more general set of pexfonnance criteria
and to optimize the antenna performance as a part
of the overall system.
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A rather interesting and useful concept introduced
into the antenna system is that of adaptiveness.
Thus, the antenna must be capable of changing some
of its parameters in response to the signal and/or the
environment. This idea was incorporated in a self-
focusing antenna array [Breese et al., 1961 ; Schrader,
1962], where each individual element of "the array
continually adjusts the phase shifter (or delay line)
so as to combine its signal contribution coherently
with those of the other elements. This scheme pro-
vides optimum signal reception for a given number
of antenna elements independent of their relative
locations and spacing (except for mutual effects),
and can be used to compensate for atmospheric ir-
regularities. The signal reception is optimum, due
not only to the fact that all signals add in phase, but
that the detection process for the array as a whole
is phase coherent. This antenna system is excellent
for communication purposes where little interference
is present; however, it is not capable of diserimi-
nating against other sources (or returns) which oper-
ate at the same frequency as the communicating
source. Further, signal components within the
phase lock loop pass bands may cause spurious per-
formance. This technique was experimentally tested
with a two-element array [Breese and Sferrozza,
1962] with performance close to the predicted. The
self-focusing technique is a good example of what can
be achieved if one aspect of an antenna array is
optimized at the expense of others. Here, resolution
was ignored in favor of gain or SNR.

The general problem of optimum excitation of a
linear array which has often been investigated in
the past has received further attention. Myers
[1960a and 1960b] investigated experimentally the
image quality produced by antennas of wvarious
excitations and found that the uniform illumination
is close to the optimum in terms of the ease with
which both a mechanical as well as a human observer
can recognize the image. An information theoretic
study [Young and Ksienski, 1961] of the same
problems reached similar conclusions, although
under the condition of zero image noise, which is
equivalent to a noiseless receiver, the information
rate was found to be unaffected by illumination.
These results are similar to those obtained by
Linfoot [1955] for optical images. One may ap-
proach the problem of optimizing an antenna in
terms of separability of returns from two closely
spaced targets. Thus, Woodward’s ambiguity fune-
tion [Woodward, 1953] may be generalized to include
angular variables. This was carried out by Urko-
witz et al. [1962] who also computed the generalized
resolution constants in four dimensions: range,
range rate, and azimuth and elevation angles. It
should be pointed out, however, that the ambiguity
function per se is only a measure of resolution and
does not predict at what angle of separation (or
range separation) two targets can be resolved. A
concept which is most useful in evaluating the
imaging properties of antennas is that of spatial
frequency, which is equivalent to the temporal fre-
quency [Bracewell and Roberts, 1954] in networks.



For the important question of what is the limit of
the information obtainable from a finite aperture,
the answer would be given (except for noise) in
terms of the spatial frequency bandwidth of the
antenna. In accordance with Bracewell [1961],
this bandwidth corresponds to the size of the antenna
in wavelengths, with zero response beyond it. It
was shown, however, that no such bound or cutoff
[Lo, 1961; Walter, 1961; Ksienski, 1962; Chisholm,
1962] exists, as evidenced for example by supergain
[Spitz, 1959]. For large antennas such as are used
in radio astronomy, Bracewell’s conclusion is prac-
tically correct, but for small antennas it may not be.
The response of nonlinear arrays can also be more
conveniently evaluated in terms of the spatial fre-
quence response [Young and Ksienski, 1961; Brace-
well, 1961].  Multiplication of the outputs of two
antennas convolves their transforms and widens the
overall bandwidth, but this does not necessarily
imply that more information can be passed through
this filter than was possible before multiplication.
This depends on the coherence properties of the
object. Thus, for radio astronomy, where the signals
arriving from  different portions of the sky are
almost totally uncorrelated, the spatial pass band
does increase, as shown by Bracewell [1961]. For
partially coherent or completely coherent signals
the results are far more complex and resolution im-
provement is limited. The improvement in reso-
lution when obtained will still often involve loss in
cain and SNR. Because of the great importance of
the signal characteristics on product arrays, a large
amount of work was done in analyzing the perform-
ance of these arrays for various signal conditions.
Drane and Parrent [1962] computed the response of
a single product array in terms of the mutual co-
herence function of the object distribution. The
coherence function represents the correlation between
the signals emanating from two points on the object
separated by arbitrary distances in time and space.
The results of the paper show that on the incoherent
limit, such as in radio astronomy, the single product
array is appropriate for mapping extended sources,
since it is linear in power. Linder [1961] investi-
gated the response of single product arrays to both
perfectly coherent (monochromatic) and incoherent
signals and computed the effect of integration time
on the response in the case of single product array
to uncorrelated targets. Mays and Cheng [1960]
computed the effect of varying the RC constant of
an averaging filter following a single product array.
Linder, as well as others [Pedinoff and Ksienski,
1962], conclude that multiple product arrays are of
limited value for even completely incoherent ex-
tended sources or multiple target situation. The
response of various single product arrays to two
perfectly coherent in-phase targets was considered
i some detail by Pedinoff and Ksienski [1962], and
it was shown that even for the restricted in-phase
condition, the responses sometimes bear little re-
semblance to the true target distribution, except for
one particular array conficuration. But even this
configuration results in distortions when arbitary
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relative phases between targets are assumed [Mac-
Phie, Pedinoff, and Ksienski, 1962]. These distor-
tions, however, do occur in linear arrays as well
when targets of arbitrary relative phase and ampli-
tude are assumed. A detailed study of the effect of
rarying phase and amplitude in linear and several
single-product arrays indicates that the average
boresight error is about the same in most arrays
considered [Ksienski et al., 1962a and 1962b]. A
rather interesting experimental study by Welsby
[1961] shows that at least for sonar application, a
multiplicative array has resolution capability defi-
nitely superior to that of a linear array.

Experimental work on the response of a product
array to a single target was performed by Gabriel
[1961] with results agreeing well with theory. A
multiple-product array was experimentally investi-
gated by Davenport and Drane [1961] and by
Band [1961]. The response that was obtained to
a single point target agreed with theoretical predic-
tions. A numerical and experimental study of the
response of several single-product arrays to two par-
tially correlated objects was carried out [Ksienski
et al., 1962a and 1962b] with results indicating that
improved resolution is achieved by the product
arrays, as compared to a uniformly illuminated
square law detected linear array, for practically all
correlation levels from zero to unity.

A subject of considerable importance to the prod-
uct array performance is the correlation of the
background mnoise, e.g., clutter. Freeman [1960]
investigated the systematic error in direction find-
ing by means of correlation arrays when the back-
ground noise is partially coherent. This noise co-
herence also limits the useful integration time for
the array; thus, the relation of the maximum useful
averaging time to the noise coherence is obtained.
The effect of mechanical versus electronic scanning
of the antenna elements and/or the array on the out-
put SNR of a correlation array was investigated by
Jacobson and Talham [1960]. In another paper
[Jacobson and Talham, 1961] these authors consider
the effect of scanning errors on correlation array
output SNR. Jacobson [1962] also investigated the
effect of beam steering by both time and space
translation on the output of product arrays due to
background noise correlation.

In the product arrays discussed above, the illumi-
nation of the various elements was kept uniform.
One may try, however, to modify that illumination
in order to further improve the resolution of the proc-
essing array. Jacobson [1961] suggested the use of
two adjacent linear arrays whose elements are so
weighted that when the outputs are multiplied and
averaged, one obtains a Tchebycheff pattern. Price
[1960] proposed a scheme which is essentially equiv-
alent to a single product and produces a Tchebycheff
pattern corresponding to a linear array twice the
physical size of the processed array. Mattingly
[1960] suggested a nonreciprocal scheme applicable
to two-way patterns only. The transmit and receive
patterns differ from each other such as to form a
product which yields a Tchebycheff pattern of the



order of 2n instead of obtaining a two-way pattern
corresponding to an nth order squared. This
process is completely linear, and its main disadvan-
tage compared to reciprocal patterns is some loss in
gain.  MacPhie [1962] combined the two-way mode
of operation with a multiplicative process on receive
to obtain a Tchebycheft of order 4n, compared to a
square law detected reciprocal array whose response
corresponds to 7'

In the above discussion, an implied constraint on
the antenna was its physical size; thus, one by as-
sumption would sample only the energy falling in
the area occupied by the antenna. If that constraint
is removed, a completely new field is provided—that
of synthetic arrays.

A synthetic array, in the present context, simu-
lates the performance of a conventional antenna
array by sequentially moving a single element of the
array to the various positions which would be simul-
taneously occupied by the elements of the con-
ventional array.

There are 2 main areas to which the synthetic array
principle has been applied. One field is radio
astronomy, where Ryle and Hewish [1960] success-
fully synthesized both one-and two-dimensional
apertures. In this case, the sources are essentially
incoherent and the synthetic aperture is passive,
i.e., operates in the receive mode alone. The second
is in reconnaissance or ground mapping, in which
the successive returns of an active radar on a moving
vehicle were coherently combined. The resolutions
obtained substantially exceeded that obtained from
the same radar operating in the conventional mode.
There is little doubt that this technique, wherever
applicable, such as in ground mapping application,
yields results far more spectacular than those
obtainable from other data processing antennas and
does not involve serious tradeoffs in important per-
formance characteristics such as SNR. The great
merits of the technique are probably the main
reason for the 10-year delay in their appearance in
the published literature. In fact, some of the
material on signal processing is still classified.

The possibility of obtaining synthetic apertures
was recognized at least as early as 1951 [Sherwin et
al., 1962], and in 1952 the principle was experi-
mentally demonstrated, with actual high resolution
maps being obtained in 1953. The resolution was
improved by a factor of 10 beyond the one obtain-
able in the conventional mode of operation. Most
of the work since that time involved the develop-
ment of data processing equipment for the imple-
mentation of synthetic arrays. One of the most
important requirements is the preservation of
phase over the whole integration period or over the
total synthetic array length. Various sources con-
tribute to deviations from the exact phase required
for optimum processing. These include equipment
instability, erratic vehicle movements, propagation
distortions due to the medium, and Fresnel zone
effects because of the extreme length of the syn-
thetic aperture. Some of these effects may be com-
pensated by appropriate processing, while others,
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particularly the random phase errors (except for
those caused by vehicle motion which can be com-
pensated), will degrade the synthetic array per-
formance in various ways [Greene and Moller, 1962].
The most significant phase deviation is caused by
the Fresnel zone effect and requires a focusing
process to prevent destructive interference for
arrays beyond a certain length. In fact, the vari-
ous synthetic arrays are divided into two broad
classes, the focused and unfocused arrays. The
focused arrays require much more complicated
processing systems than the unfocused ones, par-
ticularly since the focusing function is range de-
pendent. The resolution obtained, however, when
focusing i1s performed is theoretically unlimited (up
to the uncertainty limit) and even practically
far in excess of that of the unfocused arrays. An
excellent paper presenting the patterns produced
by both focused and unfocused synthetic arrays
is by R. C. Heimiller [1962]. General expressions
are derived, and numerous performance curves are
given for various ranges, frequencies of operation,
and array lengths. A somewhat simplified com-
parison between the resolution of conventional and
synthetic arrays is presented by Cutrona and Hall
[1962]. The discussion and results given in this
article as well as the one by Cutrona et al. [1961],
are mostly qualitative, but helpful in understanding
the principles involved in a synthetic array. The
synthetic array performance may be described, as
was done above, in terms of an interference pattern
produced by the coherent addition of various re-
turns. An alternate explanation of the performance
of a synthetic array is in terms of the Doppler
characteristics of the return signal. It can be
seen quite easily that the return from a target which
at a given instant is located exactly on a normal to
the flight path of the radar will have at that instant
no velocity component towards the radar and thus
will experience no Doppler shift. A target which is
in the same range at the same interval but at a
slightly different angle to the flicht path will return
a Doppler shifted signal. The ability to resolve the
two returns depends on the smallest separation
bandwidth detectable by the system, which in turn
is inversely proportioual to the integration time
allowed. 'Thus, the Doppler resolution is directly
proportional to the total synthetic array length
which coincides with the considerations based on
interference patterns. A paper discussing various
representations of the synthetic array process is by
H. L. McCord [1962]. The early development of
the concepts and the experimental demonstrations
including the resulting high resolution maps are pre-
sented by Sherwin et al., [1962]. Also, the signal
processing used and some of the actual equipment
are described both by Sherwin et al., [1962] and
Cutrona et al., [1961]. 'The article by Sherwin is
very helpful in understanding the implementation
of some of the original processing technique. As
mentioned earlier, uncompensated phase errors may
be expected to present the major limiting factor in
the resolution capability of the synthetic array.



This problem is investicated by Green and Moller
[1962], and various effects of random phase errors
of prescribed statistical characteristics are presented
eraphically. The effects computed include degra-
dation of gain, beam width and sidelobe structure,
and beam-pointing scanning effects. The effect
of random tropospheric phase errors on synthetic
array is considered by Rondinelli and Zeoli [1962].
Both theoretical and experimental results are
presented.

An interesting application of the synthetic array
principle is in the achievement of simultaneous
scanning. If the elements of a fixed linear array are
successively excited, simulating a traveling source,
the Doppler effects discussed above are produced,
1.e., one can distinguish the returns from different
ancular locations on the basis of their varying
frequency characteristics. This technique was suc-
cessfully implemented both in the electromagnetic
field (1961) and in acoustics (1962). An important
shortcoming of the system is its low gain, but it also
provides advantages over other scanning methods
[Hewish and Shanks, 1962; Kummer et al., 1962].

Summary

The last three years saw an increasing interest in
unconventional techniques for satisfying the demands
imposed on antenna systems. The synthetic array
is an excellent example of what can be achieved if an
antenna system is optimized for a particular applica-
tion, i.e., ground mapping by means of a moving
vehicle. This type of specialized solution will
become more common as the conversion of electro-
magnetic (or acoustic) signals into required data is
considered as a single continuous process which is to
be optimized jointly for the desired final objective.
The generalization of the analytical treatments to
include at once all dimensions of interest and the
inclusion of processing as part of the antenna proper
are symptomatic of this development. The con-
cepts of feedback and self-adaptiveness will become
familiar in antenna design, and as the characteristics
of various data processing arrays are better assessed
they will provide the versatility of solutions needed
for the ever increasing variety of objectives.
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Part 2. Statistical Problems in Electromagnetics

2.1. Rough Surface
W.S. Ament !

The archtypal, rough surface is that of a tideless
sea. The sea receives plane-wave illumination as
from a distant elevated radar at grazing angle 0,
at a surface point observed from above by a distant
receiving antenna at grazing angle 7, the relative
azimuth and the polarizations being left implicit.
A deseription of the surface is given in terms of
appropriate statistics, the simplest being the rms
surface height 71 above the mean (sea level) plane, a
length L characteristic of the dominant ocean wave-
lengths, time-lageed correlations of surface heights,
slope skewness due to surface winds, and other
second-order statistics. Basic problems are to
calculate, as averages over the surface statistics, (a)
the interferometrically measurable specular reflec-
tion coefficient =12 (§) with phase referred to the
mean plane, (b) the closely related surface boundary
conditions effective for normal modes propagating
over the surface, (¢) the (dimensionless) scattering
parameter o(f, 6 ), or bistatic radar area per unit
area of mean plane, which goes into the radar
equation for predicting mean received power, (d)
radar and geometric parameters and data-processing
methods permitting best inferences of oceanograph-
ically interesting data. 'This is also the problem in
radar terrain surveillance and planetary radar design.

Ideally, one would solve Maxwell’s equations for
each conformation of the surface, from the appro-
priate field or power flux at the receiver, and average
over the statistics controlling the conformations.
The intractable initial problem leads one to deal
with simplified model surfaces and to use various
methods of premature averaging. The chief models
are:

(1) The actual surface is taken as perfectly con-
ducting and the statistics are simplified.

(2) The mean plane is assumed perfectly con-
ducting, with particular objects or ‘“‘bosses” ran-
domly distributed over the plane to resemble waves.

(3) The mean plane is the mathematical locus of
randomly distributed objects, this two-dimensional
random array being isolated in space. A major
subelass of this is (3a), in which the objects are semi-
infinite parallel structures, such as wires or parallel
plates with ends or edges in the mean plane.

(4) The mean plane bounds a half-space filled with
a statistically described multiply scattering medium.
Major advances with this model are described else-
where in this report.

In 2, 3, 4 the scattering parameters of the indi-
vidual objects are assumed known and the problem
is one of properly accounting for interactions before
or during the eventual averaging. Some phen-
omenological models highly useful for organizing and

1 Electromagnetic Research Corporation, College Park, Md,

explaining radar data in terms of oceanographic
surface parameters are discussed in the Commission
IT report.

Dimensionless numbers important in the problem
are kH, kL, H/L, Ra=kHsing, Z=sin*0/kl, 7' =
singsing’ /k L, where k=2x/(radar wavelength in air).
When both £H and kL. are small, quasi-static methods
apply. This is the case for estimating losses in
rough waveguides. When fla is definable and small,
the surfaces satisfies the “Rayleigh criterion” for
smoothness, and specular reflection often dominates
the scattered energy. Radar resolution is high
and the scattering problem difficult for values of
Z, /' near unity; here diffraction over one wave crest
becomes important in the field illuminating the
next crest. The useful range of phenomenological
models is sometimes extended to regions of small Ra
by considering a wave reflected from the mean plane
or from the locally smoothed surface as part of a
coherent illuminating field, but this practice breaks
down for Z~1. 'This review deals principally with
the theoretically interesting and intractable prob-
lems in which the excitations and the scattering are
controlled by interactions among surface elements.

Methods

One can (in principle) write exact integral equa-
tions with Green’s function kernels for particular
conformations of model surfaces, and variational
expressions [Meecham, 1956] of the Schwinger type
for scattering into particular antennas, but the taking
of averages poses unsolved difficulties. A varia-
tional scheme retaining its efficacy for optimum field
or power estimates throughout the necessary averag-
ing would form a major advance. One is driven to a
self-consistent calculation: a parameterized position-
dependent excitation is assumed for all parts of the
surface. This establishes the scattered field, in the
neighborhood of a surface point p, as a superposition
of scatterings by individual objects or parts of the
surface. This superposition is then averaged and
added to the originally incident field to give the
average excitation about p. The parameters of the
beginning excitation’s representation are then ad-
justed so that the represented and calculated exci-
tations are identical. (Recent improvements in this
self-consistent method are outlined in the section on
multiple scattering. Wiener-Hopf methods are use-
ful here with models 3a and 4.)

Having estimated a plausible excitation of, and
therefore the scattering from, an object at p, the
problem becomes one of averaging the scattering to
cget ¢ and R. With no nonreciprocal elements in
the surface, reciprocity theorems apply: imagine a
dyadic Green’s function @ appropriate to a particular

fized surface with the object or portion at p removed.
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With this ¢ one can show that the partial contribu-
tion ApB of an object at p to a field at B due to a
radar at A is the same as BpA, the partial field meas-
ured on interchanging transmitter and receiver. It
follows that this “local reciprocity” is true for
average fields and powers, and that the scattering
from a surface point partakes of interactions of the
same type and importance as the excitation.

General criteria for evaluating proposed solutions to
rough surface problems in ‘‘statistical reciprocity’:
Reversing incident and scattering directions should
produce no change in ¢ or in R, for surfaces built of
reciprocal elements. A more general criterion is
energy conservation, which demands that the inci-
dent minus the specularly reflected power, per unit
area of the mean plane, be accounted for in the total
randomly scattered power implied in o, plus that
calculated as absorbed in the surface under the unit
area. A third eriterion, applying immediately to
model 1 and to 3a and 4 when the objects have finite
losses, is that coherent and random power fluxes die
out with distance beneath the mean plane. This 1is
so obvious with model 1 that it should be examined
for suggestions as to calculation methods.

The second law of thermodynamics is violated
unless a(6, 6) falls off as 6" or faster for /—0; solu-
tions satisfying reciprocity and within some measure
of meeting the energy criterion would appear neces-
sarily to have the correct behavior here [Ament,
1956]. Next, fields and currents estimated or as-
sumed on parts of the surface should satisfy locally
applicable criteria of diffraction theory such as
Meixner’s [1949] edge condition and Raisbeck’s
passivity ecriterion [Richards, 1959, p. 97]. (For
model 3a and Z~1, the edge condition should have
a central importance.) Finally, extrapolations to
nature must agree with observations; some of the
empirical data are found in the Commission IT report.

The foregoing discussion is concerned with aver-
ages taken over regions large compared with L? the
more detailed averages mnecessary for the radar
resolution, and for time-dependence backscatter,
seem to have been treated only phenomenologicaly.

We turn to some conjectures and unsolved prob-
lems (beyond the methodological ones implied above)
that should be within grasp. Calculations for ver-
sions of model 1, 3a, and 4 yield R()— —1 and the
factorization o~/f(0)f(¢’) in the small 66" limit.
Plausibility arguments suggest that this “‘grazing
factorization” is universally true when R(0)— —1,
but can one prove it? Chandrasekhar’s exact albedo
calculations [1960] for dilute versions of model 4
“factor” differently, but, for these, R=0. Next,
assume an ocean with dielectric constant fractionally
less than that of the air above, permeability being
unity everywhere. For dead calms, reflection at
the mean plane is then total for 6 less than some small
critical angle 6,. Assuming rounded waves of large
kL, kI, and kx (rms radius of curvature), what o do
we get for , <0 <26, knowing that double reflections
can take place, both with total reflection by ray
theory? This problem is basic for wave-layer
theories of tropospheric scatter and there are iono-
spheric equivalents.
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We turn to specific papers. Ament [1960] intro-
duces the foregoing reciprocity concepts and raises
the problem of “‘grazing factorization.” For a tilted
parallel-plate version of model 3a, he uses a self-
consistent method to find approximate currents in
the plates, and local reciprocity to find a reciprocity-
satisfying ¢ obeying ‘“grazing factorization.” But
the edge conditions and energy conservation are not
satisfied, and R changes on reversal of incident and
specular direction. KFor a model 4 surface with
isotropic scatterers and scalar waves, the method
yields better results which compare informatively

with Chandrasekhar’s exact albedo calculations
[1960]. His final paragraph, arguing qualitatively

that grazing radar backscatter should always be
independent of polarization, uses an assumption
suggesting that radar resolution is also independent
of polarization; this is contrary to observations with
oceanographic radars.

Marsh [1961a, b] writes the scattered field as a
superposition of upgoing plane waves of various real
horizontal components of propagation vector, and
asks that the superposition cancel the downgoing
plane incident wave at each point of the model 1
surface, which is specified by a spectrum and rms
surface height /. He expands in powers of 71, finds
a process, based on Fourier transform theory and
expressed in the form of iterated operators, for
obtaining coefficients of H"™ in the scattered-wave
spectrum. Putting the results back together in a
formal expression involving operators, he has a result
amenable to machine methods for finding specular
and random field components to arbitrary preassigned

accuracy. The results satisfy reciprocity, energy
conservation, and grazing factorization [private

communication]. While the validity of neglecting
downgoing components of the scattered field between
waves 1s suspect [Lippmann, 1953], the neglect may
be rectifiable; meanwhile the paper appears the first
to develop the full power of transform methods in
rough surface problems.

The only known rough surface model for which all
scattered waves are everywhere upgoing is one
having an impedance boundary condition which
varies randomly over the mean plane. Hessel
[1960a, b] and Oliner have treated a sinusoidally
rarying reactive impedance boundary condition and
obtain exact results in full detail. Their study is
directed at traveling-wave antenna applications so
they do not consider the random case. Here one
would have the difficulty of assigning statistics so
that the surface is everywhere electromagnetically
passive, i.e., satisfies Raisbeck’s criterion everywhere.

Senior [1960a] discusses an impedance boundary
condition effective at imperfect and certain rough
surfaces in terms of the impedance ratio n of local
impedance of a medium to the free-space impedance.
He shows that for plane and slowly curving bound-
aries between free space and a medium of high
refractive index, having small relative variations of
dielectric constant only, the average impedance
boundary is best described in terms of an average 7.
Senior’s second paper [1960b] treats a model 1 surface
of small-scale isotropic roughness. His main result



is a local 2X2 impedance matrix connecting the
components of I and [ tangential to the mean
plane. The matrix, expressed in terms of an average
7, diagonalizes when preferred axes are chosen; the
results seem not unlike those of Biot [1957, 1958a,
1958b, 1960] for a small-scale model 2 surface. But
the merit of Senior’s form is that it applies to curved
surfaces. To estimate the effect of small-scale
roughness on backscatter from large spheres, Hiatt,
Senior, and Weston [1960] average Senior’s matrix
boundary condition over all incidence angles and
obtain a scalar impedance boundary condition
expressed in terms of an effective n: n~uk/1*/L. From
this condition they estimate the coherent back-
scatter field through terms linear in . They com-
pare the obsolute-squared result with measured
backscattered powers, but give no theoretical esti-
mate of the nonspecular scattered components in
their measured backscatter or elsewhere.

Although introdueing no new diffraction theoretic
ideas, Chen and Peake [1961] develop the basic con-
cepts in the closely related problem of the angular
spectrum of thermal radiation from a rough eround
surface of temperature 7" which is illuminated by
prescribed thermal sources distributed over the sky.
Insofar as the surface elements are lossy, absorbed
radiation must reappear in the form of heat radia-
tion, and the problem is correspondingly more com-
plex than the diffraction-theoretic one of accounting
for the remnants of the incident radiation only.

Twersky [1962a, b, ¢, d] gives for models 2, 3, and
4 several formalisms for self-consistent calculations
of the specular reflection coefficient 12 and the mean
coherent excitation of general objects of the surface.
Treating the resulting scattered waves as traveling
in object-free regions, he finds energy conserved, but
his o’s appear valid only at high angles. His R’s
appear as the natural consequence of his self-con-
sistent approach and are conjectured to be auto-
matically correct when the scattering by the individ-
ual objects 1s correctly calculated.

Twersky’s papers and earlier summary [19601 list
most of the known earlier papers in the rough surface
field. Other bibliographies have been prepared by
Bachynski [1959], Hagn et al. [1961], Liysanov [1958],
Marsh [1962], and Wolff [1960].
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2.2. Electromagnetic Wave Propagation in a Random Medium*

W. C. Hoffman*

1. Introduction

The phenomenon of wave propagation through a
random medium has, historically speaking, two main
origins.  One stems from statistical mechanics; and
accordingly, as eclassical or quantum models are
assumed, is capable in principle at least, of explaining
all electromagnetic phenomena in a material medium.
In practice this approach tends to be limited to one
single aspect of “randomness,” viz, configurations of
randomly placed scatterers, and to the determination
of one single parameter, usually the average value of
some field quantity associated with the incident plus
scattered fields. Only this approach seems to be
adequate for analyzing resonance phenomena, such
as fluorescence, Doppler broadening, resonance ab-
sorption, anomalous dispersion, and the like.

The other approach, essentially macroscopic in
character, emerged from the problem of scattering
of acoustic and electromagnetic radiation by turbu-
lent media. The constitutive parameters of the
medium are not derived from first principles but are
taken as given, 1.e., to constitute a stochastic process !
of some sort. In this context, therefore, the electro-
magnetic field is a functional of the stochastic process
representing the random refractive index of the
medium. The theoretical problem thus has both a
probabilistic as well as an electromagnetic character.
In much of the past work the probabilistic side has
often languished in comparison to the electromag-
netic. A smooth though random variation of the
medium is an essential characteristic of this model.

The coverage of this portion of the report is
restricted to the macroscopic model, the so-called
“perturbed continuum” problem [Bremmer, 1963] 2,
while the electromagnetic phenomena associated with
random configurations of scatterers are described in
the section on multiple scattering by J. E. Burke and
V. Twersky. By the same token, only problems
involving the field within an unbounded medium are
taken up here, the companion subject of scattering
from random surfaces being discussed by W. S.
Ament in another section of this report. Kssentially
then this part of the report deals with the theory of
wave propagation in still, cold, random, continuous
media at radio frequencies not greater than 3 Ge/s,
and the contributions discussed below are by and
large restricted to those made during the last
triennium. The greater part of the work prior to
the current triennium has been referenced in the
summary “On Multiple Scattering of Waves,” pre-

*Boeing Scientific Research Laboratories, Seattle, Wash.

1 A stochastic process is a one parameter family of random variables, the
parameter being time (as in random noise phenomena) or points in space or
space-time, ete.

2 The debt that the present writer owes to . Bremmer for his definitive report
on “Scattering by a Perturbed Continuum’” will be clear to anyone who has
read the latter.

pared by V. Twersky [1960], for the USA National
Committee report to the XIII General Assembly, to
which the interested reader is referred.

Section two of this report deals with the mathe-
matical theory of electromagnetic waves in a random
continuum. This is followed by sections on ray-
tracing in a random medium, transport equations of
various types, and what has come to be known as tur-
bulent scatter. Reflection and transmission prob-
lems associated with random stacks of slabs have re-
ceived considerable attention of late and an assess-
ment is made of these developments under the same
head as transport processes. Finally, we take up
certain mathematical and statistical results which
may have significance for the analysis of 7/ radiation
in random media.

2. Theory of Wave Propogation in a Bandom
Continuum

Nearly all treatments of wave propagation in
a random continuum have assumed harmonic time
dependence, so that the reduced wave equation
V2U+k*(x) U(x) =0 can be employed rather than
the full wave equation in x and ¢. 'This condition
will be taken to apply in the sequel except where
specific mention is made to the contrary. As pointed
out by Silver [1963], this assumption requires that the
phenomenon be essentially monochromatic, and such
things as Doppler diffusion of frequency in hot, ener-
getic media are thereby excluded. 1In general, use
of the reduced wave equation appears valid whenever
the time variation in the properties of the medium is
much slower than the propagation time of the wave.
A medium which is swirling just as rapidly as the
wave is traveling will clearly have frequency shifts
which invalidate the monochromaticity assumption.
The probabilistic nature of a slowly swirling medium
:an be treated either through the time dependence of
the stochastic process or by limiting consideration to
realizations which are sufficiently far apart in time
to be independent. However, as pointed out by
Silver [1963], an ergodic theorem for relating time
averages to expectations (ensemble averages) is re-
quired in either case.

Perhaps the most important single work on wave
propagation in a random medium that has appeared
during the last triennium is that due to J. B. Keller
[1962]. The first portion of Keller’s paper is note-
worthy for a very lucid discussion of the problem and
its context. He subsequently covers ray-tracing in a
randomly inhomogeneous medium, and finally the
exterior problem for the wave equation in a random
medium. The latter portion of Keller’s analysis is
based on perturbation theory and contains many
new and important results for the field and its first
and second moments. The principal result is that
to terms of the 3d order in the perturbation parameter
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e the mean value of the field propagates as if in a
medium of effective complex refractive index defined
by

r @ 1
we={ e a—zik [ @r—yN e}
L Jo

where eu(x) is the random component of the refrac-
tive index 7n(x) and N(|]x—x’|) is the correlation
function <<u(x)u(x’)>/<u*>.

Another treatment of the problem of radiation in a
randomly inhomogeneous medium has been given
by W. €. Meecham [1961]. Through appropriate
use of Green’s functions Meecham was able to deter-
mine the field generated by a point source in a
medium having small point to point fluctuations of
dielectric constant. Energy is found to be trans-
ferred from the average field to the fluctuation field
at a rate dependent upon the low frequency com-
ponents of the random fluctuation of the medium,
and it is shown that the phase velocity of the average
solution is decreased. The method is applied to the
case of a medium fluctuation governed by a Gaussian
correlation function. The average solution thus
formed is in accord with the result of Foldy and lLax
for the random configuration problem. For the one-
dimensional case the formal procedures of the IFoldy-
Tax method have been put on a rigorous basis by
J. Bazer [1959], who derived sufficient conditions
for the approximation of the solution of the random
configuration problem by the corresponding solu-
tion for a continuous distribution of scattering
material. These approaches are also closely related
to the work of Twersky [1962], discussed elsewhere
in the Commission 6 report under the head of mul-
tiple scattering.

A rigorous probabilistic treatment of the electro-
magnetic field in a randomly inhomogeneous medium
has been given by Hoffman [1959], based upon
proper spectral representations for the stochastic
process representing the refractive index. A gen-
eralized 3-dimensional Riccati equation is obtained
and used to relate spectral representations of field
and gradient of refractive index. On the other hand
the reduced inhomogeneous wave equation is shown
to be equivalent to an inhomogeneous Fredholm
integral equation. The latter can be solved by a
mean-square convergent Neumann series for the
case of a Gaussian n?(x) provided the Neumann
series for the nonrandom medium converges in the
ordinary way. Thus multiple scattering of all orders
can be taken into account in this formulation.

A theoretical treatment of the effect of medium
irregularities of the order of a wavelength in size
upon the field of an oscillating dipole has been given
by E. C. Barrows [1963]. Barrows’ technique con-
sists in first expressing the spatial fluctuatious in
permittivity as a Fourier integral, introducing the
result into the Green’s dyadic solution of the vector
wave equation, and evaluating the result to within
the Born approximation. The probabilistic nature
of the Fourier integral representation is not men-
tioned, although an attempt is made to introduce
“randomness” by means of a time average correla-
tion matrix for the electric field itself.
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3. Ray Paths in Random Media

A substantial portion of Keller’s paper mentioned
above [Keller, 1962] is devoted to determination of
ray paths in a medium containing small random
inhomogeneities. After determining the perturba-
tion equations which govern such a ray path, Keller
obtains formulas (valid for not too large path lengths)
for the average ray position, equivalent path length,
mean-square distance between the endpoints of a ray,
the mean-square transverse displacement, and the
ray diffusion coeflicient. He then treats the propa-
gation of rays as a Markov process starting from the
appropriate Fokker-Planck equation and obtains
results which agree with those of the perturbation
equation approach within their mutual ranges of
ralidity.  Phase and amplitude fluctuations are then
studied by means of normal congruences of rays
and the method of characteristics, and the respective
means and variances are calculated.

W. S. Ament [1960] has analyzed the effect of
multiple scattering upon tropospheric forward scatter
signals in terms of ray tracing through successive
“blobs.”  An analog computer specifically designed
for ray-tracing was employed and perturbations
consisting of delta-function voltages of random am-
plitudes and zero means were introduced with random
spacing.  Ament proposed several problems of fun-
damental importance that bear directly, in the
further treatment of the multiple scattering ap-
proach, upon the neglected phase coherence aspect
of “blob” scattering.

4. Tronsport Equations for Field Quantitiss in a
Random Madium

Although electromagnetic waves must obey a
vector wave equation, certain quantities associated
with a randomly scattered field, notably the prob-
ability density function for the ray position after n
scatterings and the spectral density function for the
scattered energy, must obey a diffusion equation.
This approach assumes that the scattered electro-
magnetic field constitutes a stationary (strict sense)
Markov process. The probability density function
must therefore satisfy a Fokker-Planck differential
equation (or alternatively, in integral form, the
Chapman-Kolmogorov equation). In the United
States this approach to the problem of scattering by
a random continuum has been carried forward by
D. S. Bugnolo [1960a, 1960b, 1961a]. The basic
theory of Bugnolo’s approach is set forth mainly in
the first of the above references, in which he develops
a transport equation for the spectral density function
of a multiply scattered electromagnetic field and gives
a detailed solution for the case of dielectric noise.
The result is applied by Bugnolo [1960a and 1960b]
to forward scatter in the troposphere and to laying
down a statistical criterion for the validity of the
usual single-scattering hypothesis. The spectral
width increases with distance in the transport for-
mulation, whereas this realistic feature is lacking in
the usual single scattering theories of forward scatter.
Bugnolo [1961a] has also employed a transport



equation for the photon density function to analyze
the effects of ionospheric multiple scattering upon
radio star scintillation.

The method of “invariant embedding” [Bellman
and Kalaba, 1960; 1961 ; Ueno, 1961] constitutes another
aspect of the approach via transport equations. In
this method functional equations are obtained for
the reflection and transmission coefficients of a plane

rave ineident normally upon one or more slabs

whose refractive indexes are random functions of
distance from the interface. The functional equa-
tions in the single slab case turn out to be the well-
known Riceati equations for the reflection and trans-
mission coefficients of an inhomogeneous transmission
line. Reflection from a stratified slab, each stratum
having a different random wave number, has also
been considered, and recurrence relations for the
transmission and reflection coefficients obtained.
Some attempt has been made to give a probabilistic
ast to the results, but no real advance has yet been
accomplished for wave propagation problems. The
method has enjoyed notable success with respect to
such transport phenomena as neutron scattering and
radiative transfer in stellar atmospheres, but seems
inherently incapable of taking into account diffrac-
tion effects or non-plane-parallel geometries.

Significant results with respect to the one-dimen-
sional scattering problem for a random stack of
dielectric slabs have been achieved by Kay and
Silverman [1958].  These authors obtain a Neumann
series for the mean-square transmission and reflection
coefficients resulting from multiple scattering. An
upper bound for the strength of scattering of any
order from the random medium is used to show that
these Neumann series converge much more rapidly,
for a large number of slabs, than would be expected
on the basis of non-random scattering. On the other
hand the randomness of the scattering medium does
not effectively reduce multiple scattering when the
order of the scattering exceeds the number of slabs.

5. Turbulent Scatter

Interest in the problem of electromagnetic radia-
tion in a randomly inhomogeneous continuum has
been motivated principally by the phenomenon of
turbulent forward scatter. It is not our intention
to review here the theory of turbulent forward scat-
ter. This subject properly belongs to the domain
of Commissions 2 and 3, and several excellent review
articles are in existence [Wheelon, 1959; Bremmer,
1963]. However, those aspects of turbulent forward
scatter theory which are relevant to areas of interest
to Commission 6 will be briefly surveyed here.

Three theoretical approaches to the problem of
the turbulent forward scatter have been pursued:
(1) extensions of the Booker-Gordon single scatter-
ing theory, (ii) partial reflection from atmospheric
“platelets”, and (iii) diffusion theories for the mul-
tiple scattering of signals. The latter have been dis-
cussed under sec. 4 above, and the only U.S. con-
tributions to the second category have been made
by Friis, Crawford, and Hogg [Bremmer, 1963], prior
to the triennium covered in this report. There re-
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mains category (i): generalizations of the classical
single scattering theory. Contributions in this area
by Barrows [1963] and Wheelon [1959] have already
beennoted. In addition, Bowhill [1961a] has studied
the case of a medium with inhomogeneities having
different scales along three space axes. In this event
the effect of the medium is not equivalent to a succes-
sion of thin phase-changing screens, which are inde-
pendent, probabilistically speaking, of one another.
The diffractive changes as the wave passes from one
inhomogeneity to one arbitrarily nearby correlated
with it renders invalid such an extension of the theory
of emerging angular power spectrum. In a compan-
ion paper Bowhill [1961b] discusses the effect of a
“random shallow phase screen” upon the transmis-
sion of radio waves. Bowhill’s analysis applies only
to a stationary Gaussian process. The results are
expressed in terms of spatial spectra and correlation
functions for the emergent wave. The effects of
anisotropy of the diffracting screen and oblique inci-
dence of the waves are also included in the analysis.

Yeh [1962] has investigated the propagation of
spherical waves through a medium containing anis-
tropic (elongated) inhomogeneities. The correlation
function of the refractive index is taken to be a
Gaussian funection of position with ellipsoidal sym-
metry. A perturbation analysis applied to the
scalar reduced wave equation then leads to first order
expressions for the mean-square deviations and
correlation functions of the phase and logarithmic
amplitude.

A sort of turbulent scatter which depends upon the
velocity distribution functions of the electrons and
ions in a plasma has received much consideration
recently in connection with “incoherent scatter” of
high-power radio signals in the ionosphere. A dis-
cussion of American contributions to this field may
be found in the section of the Clommission 6 report
devoted to plasma propagation.

6. Miscellaneous Theoretical and Statistical
Complements

In a comprehensive discussion of the subject of
scattering by a randomly inhomogeneous medium
Silver [1963] brought out many of the difficulties
which beset an adequate general theory. To gen-
eralize single particle scattering to a random config-
uration, a solution of the many body problem must
be available and certain questions having to do with
the ergodic hypothesis must be settled. If the
medium is turbulent, it may well not be in the
thermodynamic equilibrium, and this feature poses
an additional complication for theories based on
statistical mechanics. If on the other hand a ran-
domly fluctuating continuum is assumed, then an
approach to a generally valid theory of constitutive
parameters is required, e.g., in such media as stellar
atmospheres. Silver advocates an approach to prob-
lems of this second type through the polarization
vector P and the probabilistic properties of the
Fourier amplitudes representing the distribution of
scattering elements. It is also noted that the



assumption of monochromatic time dependence
usually made requires that no Doppler diffusion of
frequency take place. An ergodic theorem, relating
temporal behavior to the ensemble of stationary
configurations, thus seems required. Such a theorem
would probably involve a hypothesis that time
variations of the constitutive parameters are of a
much lower order than the propagation time of the
wave. Alternatively, from a theoretical standpoint,
one could restrict attention to independent realiza-
tions, that is, thinking of the medium as a continu-
ously swirling fluid, one would “freeze” the medium
at times far enough apart so that the resulting con-
figurations (realizations) of refractive index are
independent in the probability sense.

The application of the ergodic theorem to problems
of wave propagation through a random time-varying
medium has been considered by T. J. Skinner [1961].
He showed that the time-varying medium can be
replaced in the solution of the scalar problem by a
time independent ensemble provided at the boundary
of the time varying medium the scalar field V(x,1) =
A(x,t) exp {i¢(X, t)+2miat} is such that

(i) A(x,t) and ¢(x,t) are ergodic;

(i1) The absolute value of any frequency compo-
nent of either A(x,17) sin ¢(X,t) or A(X, ) cos
¢(x,1) is less than ¢, the mean frequency of
the source;

(1) V(x,1) is quasi-monochromatic.

D. S. Bugnolo [1961b] has given a heuristic dis-
cussion of the question of stationariness (in the prob-
ability sense) when the dielectric constant is a
stochastic process in both space and time. He con-
cludes in the tropospheric case that the permittivity
must of necessity be a nonstationary process and
proposes a redefinition of the expected value of the
permittivity which would make the corresponding
homogeneous vector wave equation consistent with
the purely deterministic problem for an inhomogene-
ous atmosphere.

C. I. Beard [1961] in a clever experimental simula-
tion of the idealized conditions of statistical me-
chanics has shown that in the “mid-field” region the
phase quadrature components of the incoherent
scattered field are not Rayleigh distributed.

Samuels and Eringen [1959/60] have studied the
behavior of the nth order linear differential equation
with random coefficients and find a phenomenon of
mean-square instability under certain conditions.
The problem of the dynamics of first order linear and
nonlinear oscillators with random coeflicient has
been exhaustively studied by Kraichnan [1961] by
means of an auxiliary set of random coupling
coefficients. Bourret [1961] has investigated the
angular response of a linear array to a scalar signal
from a point source when the medium is slightly
randomly inhomogeneous.

Significant statistical contributions (in the sense of
statistical inference) to the propagation of electro-
magnetic waves in random media have been made by
S.S. Siddiqui [1960, 1961, 1962]. M. J. Beran [1960]

has derived the equations govermng the propagation
of the mth order correlation function for a scalar wave
field, and studied the propagation of the second order
correlation function between parallel planes in free
space.
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2.3. Partially Coherent Electromagnetic Fields

Francis J. Zucker !

This summary report begins where the previous
URSI report on coherence theory [Parrent, 1960] left

off. Activity during the past three years has been
brisk. A conference held in 1960 [University of

Rochester, 1961; O’Neill and Bradley, 1961] paid
much attention to partial coherence, and the Pro-
ceedings of the 1962 URSI Copenhagen Symposium
on Electromagnetic Theory and Antennas (Pergamon
Press, Oxford, 1963) will contain six papers in the
field. The proceedings of two 1963 meetings, the
Third International Conference on Quantum Klec-
tronies (held in Paris) and the Symposium on Optical
Masers (held at the Polytechnic Institute of Brook-
lyn) should be watched for articles on laser coherence
and on the connection between coherence and
quantum mechanies.

The basic reference is still Wolf [Born and Woll,
1959]. An introduction to the present state of the
art was written by Zucker [1963], and two compre-
hensive surveys [Mandel, 1963a; Gamo, 1963b]| cover
recent developments. A book on statistical optics
[O’Neill, 1963] devotes two chapters to coherence
topics, and another book, now in press [Beran and
Parrent, 1963b] promises a detailed treatment of the
entire subject.

We first consider applications of partial coherence
theory to problems in microwaves and optics.

Aperture diffraction. The diffraction patterns of
mfinite slots [Parrent and Skinner, 1961] and circular
apertures [Shore, 1963] have been calculated for a
continuous range of aperture size to coherence inter-
val ratios; as might be expected, the pattern ap-
proaches that of a dipole as the coherence interval
becomes small compared to the aperture diameter.
Schell [1961] pointed out that the partially coherent
power pattern is given by the convolution of the
coherent pattern with the Fourier transform of the
degree of coherence, which suggests rapid graphical
methods for antenna and aperture pattern determina-
tions. The polarization aspects of partially coherent
diffraction were examined by Karczewski and Wolf
[1963], with the result that approximate evaluations
known to give almost identical results for mono-
chromatic radiation turned out to differ considerably
in the polychromatic case.

Propagation in random media. By the ergodic
hypothesis, it should be possible to establish an
equivalence between the aperture pattern in a clear
atmosphere for a partially coherent signal, and the
aperture pattern in a turbid atmosphere for a coher-
ent signal, provided the statistics ol the partially
coherent signal and of the turbid atmosphere are
identical; the conditions under which this equivalence
holds, however, have not been rigorously established.
A formal attack on the propagation of partially
coherent radiation through a turbid atmosphere (i.e.,
randomness in signal as well as in medium) was made

L Air Force Cambridge Research Laboratories, Bedford, Mass.
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by Parrent, Shore, and Skinner [1962], and specific
applications by Skinner are in the offing.

Partial polarization. 'The original work in opties
on the relation between degree of polarization, Stokes
vector, and coherency matrix [Born and Wolf, 1959 ;
Parrent and Roman, 1960] has been capably re-
viewed by Marathay [O’Neill, 1963], and adapted
for antenna usage by Ko [1961a, b, ¢; 1962]. The
response of an elliptically polarized antenna to quasi-
monochromatic, partially polarized radio waves from
an extended source has been worked out in detail.
Ko clearly shows the advantages of this language in
the design and evaluation of radioastronomical
polarization measurements. The effect of partial
polarization on the effective antenna aperture has
also been considered [Tai, 1961 ; Ko, 1962].

Imaging. 'The optical theory of image formation
has been generalized to include the effects of partial
coherence [Parrent, 1961], which in turn has sug-
gested a re-examination of the concept of resolution
[Parrent and Rojak, 1963]. As a most useful appli-
cation in the microwave field, it has been shown
[Drane and Parrent, 1962| that data-processing
antennas of the Drane-Covington type map extended
incoherent sources (such as the radio sky) linearly
in power, even though they employ nonlinear ele-
ments. Because of the finite aperture size, a
sampling theorem originally due to Gabor [Miya-
moto 1960, 1961] can be applied to the object and
image, leading to a formulation of imaging n terms
of finite matrices or equivalently, because of the
finite number of degrees of freedom, to a formulation
in terms of entropy transformations [Gamo, 1960;
O’Neill and Asakura, 1961; O’Neill, 1963; Gamo
1963b).

The coherence aspects of two important non-
Gaussian radiators have been investigated, the
blackbody and the maser (and laser). An initial
discussion of the blackbody by Bourret [1960] was
given a broader coherence-language base by Kano
and Wolf [1962] and Mehta [1963], and then related
to its quantum mechanical background by Sarfatt
[1963]. That the spatial coherence of maser light
an be explained in terms of the general property of
imcoherent radiation becoming progressively more
coherent as it passes through a periodic medium was
discovered by Wolf [1963]. That maser radiation
differs widely from thermal light is well known
[Mandel, 1961a; Smith and Williams, 1962]; it is
therefore a significant advance that at the Third
International Conference on Quantum Electronics
(Paris, 1963), Mandel was able to present a prob-
ability distribution for the radiation of a well-
stabilized single-mode maser, from which the
comvlete coherence properties should now be deducible.

The concept of coherence itself has been clarified
and extended in several directions.

Clarifications of coherence. Skinner [1961] showed
that arbitrarily narrow-band (but not monochro-



matic) radiation can be very incoherent, and Mandel
and Wolf [1961b] demonstrated the converse, that
to be coherent, radiation does not necessarily have
to be very narrow-band. If the coherence function
can be factorized into a purely space-dependent and
a purely time-dependent term, Mandel [1961b] refers
to the radiation as “spectrally pure’”; he shows that
licht from an extended incoherent source has this
property. The limiting cases of complete coherence
and incoherence have been c wefully analyzed, with
the result that neither condition is physically
realizable [Parrent, 1963; Beran and Parrent, 1963a,
1963b].  In preparation for the treatment of non-
Gaussian sources, the concepts of bandwidth and
coherence time have been carefully re-examined
[Mandel and Wolf, 1962].

Generalizations of coherence.  To describe the
coherence properties of electromagnetic fields, the
coherence function of scalar fields (or the (ohmon( Y
matrix of partially polarized plane waves) must
now be replaced by three-by-three electric and
magnetic coherency tensors [Roman and Wollf,
]‘)(i()' Roman, 1961b; Karczewski, 1963]. The phys-

:al meaning of some of the differential equations
(mmv(tmg These tensors is still obscure.
terms can be included in the field equations [Beran
and Parrent, 1962; Roman, 1961al, but attempts at
extending the equations to nonstationary ensembles
[Kano, 1962] have not yet succeeded.

Transient interference. The limitation of the co-
herence concept to infinite time averages has inhib-
ited its application to all cases in which time-variable
interference effects might occur. The discussion on
this point has been brisk [Golay, 1961; Bracewell,

1962; Neugebauer, 1962; Ready, 1962]. Mandel
[1962b] contributed the fundamental observation

that in the case of Gaussian sources, transient inter-
ference can be handled if the concept of “photon
degeneracy” (the number of photons falling on a
coherence area in the coherence time) is added to
that of coherence, while for non-Gaussian sources,
higher order correlation functions will have to be
taken into account as well.

So far, only second-order correlation (i.e., coher-
ence) effects have been discussed; we now turn to
fourth-order effects, i.e., intensity correlations. It
has been known for some time (Hanbury Brown
and Twiss experiments) that intensity correlations

:an yield information about the spatial and spectral
intensity distributions of sources; Wolf showed that
they also yield polarization information [Wolf, 1960;
Mandel and Wolf, 1961a; Mandel, 1963¢]. Com-
pared with the traditional (Michelson) second-order
method, intensity correlation has the advantage of
relative independence from atmospheric scintilla-
tions, but the disadvantage of yielding only the
magnitude, not the phase of the coherence function;
unless the intensity, spectral, or polarization dis-
tributions are known to be symmetrie, they cannot
therefore be fully determined. Gamo has devised
an ingenious optical method for the direct measure-
ment of the phase of the coherence function by
injecting a coherent background; the method works
best with intense and narrowband sources [Gamo,
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1961a, 1961b, 1963a]. More attention has to date
been paid to this method in optics [Mandel, 1963a]
than in mierowaves; the physies of optical square-law
detectors and photon-coincidence counters has there-
fore been carefully investigated [Mandel, 1960;
Mandel and Wolf, 1961a; Mandel 1963a, 1963¢].

In intensity-correlation  spectroscopy [Mandel,
1963b], Wolf showed that analytic properties of the
coherence function often lead to a full determination
of the spectral profile, even when Gamo’s phase
determination is not available [Wolf, 1962]. For-
rester [1961] proposed an optical superheterodyne
technique for improving the signal-to-noise ratio,
with which Javan et al. [1961] then measured laser
spectra.  Spectral modulation in superposed, co-
helentlv modulated light beams, first discussed by
Alford and Gold, has been extended to coherent but,
unmodulated beams by Givens [1961, 1962], and
was shown by Mandel [1962a] to be a fourth-order
correlation effect, like that of Hanbury Brown and
Twiss.

For a complete stochastic description of electro-
magnetic radiation, the total probability distribu-
tion must of course be specified. In the Gaussian
case, the probability distribution depends only on
the phase coherence and on the degree of polarization
[Mandel, 1963c], but in general all higher-order
probability densities, and thus correlations, must be
known [Beran and Parrent, 1963b]. Wolf showed
at the Symposium on Optical Masers (Polytechnic
lnstitutv of Brooklyn, 1963) that a quantum-mechan-
ical transeription by means of the correspondence
|)lm< iple of the higher-order correlation leads to the
quantum-theoretical coherence concept already for-
mulated by Glauber [1963; Mandel and Wolf, 1963].
The question as to the relation between coherence
theory and quantum mechanics, raised some time
ago by Purcell, Dicke, and Fano (see for example
University of Rochester [1961]), was carefully
examined by Sudarsham at the Blool\l\n Sympo-
sium; it appears that, by working with the analytic
slgn.ll and admitting negative as well as positive
probability distributions, one obtains a stochastic
theory of coherence which, at least for all linear
ollocts is isomorphic with the quantized description

-adiation in terms of the density matrix (see also
budzushan [1963]).
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Part 3. Radiation

3.1. Electromagnetic Fields in Lossy Media

James R. Wait !

In recent years the propagation of electromagnetic
waves in dissipative or lossy media has received con-
siderable attention. 'This work has been motivated
by a need to communicate between underground or
underwater terminals. The general problem has
been discussed by Ghose [1960a] and Hansen [1963]
in two valuable papers.

One proposed mode of propagation is based on the
existence of a zone with very low conductivity within
the crust of the earth [Wait, 1954; Wheeler, 1961;
de Bettencourt and Carolan, 1963]. According to
G. V. Keller [1963], it is reasonable to expect that
such a zone exists, since the pressures at depth tend
to reduce the pore space in which water may exist.

Unfortunately, no measurements have been re-
ported in the literature which confirm the existence
of low-conductivity layers in the earth’s crust. Some
of the first experiments indicating low attenuation
[Barrett, 1949, 1952] have been open to serious
criticism [Pritchett, 1952; Wait, 1954]. It was ac-
tually suggested by Barrett that conventional elec-
tromagnetic theory was not valid for geological
conductors. On the other hand, Pritchett’s experi-
ments were carried out under ideal conditions, and
it was assured that the signal traversed the medium
and was not conducted along pipes, wires, and other
buried conductors; his measured attenuations were
of the order of 1 db per foot at 1 Me/s and are in good
accord with plane wave theory. The more recent
experiments of Saran and Held [1960] also confirm
the classical exponential depth attenuation predicted
by simple skin-depth theory; they lowered a rope-
supported receiving antenna into a fresh-water lake
about 100 miles from a VLF transmitter. Other
related experiments have been carried out by Harmon
[1961], de Bettencourt and Frazier [1963], and Ghose
[1960b].

Scale-model measurements of the fields of a
horizontal magnetic dipole immersed in a conducting
fluid were carried out by Kraichman [1960], who
found good agreement between theory and experi-
ment. Similar measurements have been carried out
recently by Blair [1963], employing horizontal
electric dipoles immersed in the solution.

Theoretical work on fields within lossy media is
very extensive. In this category we may include
eroundwave propagation with the antenna above
or below the air/eround interface. A number of
papers dealing with this topic have appeared [Gerks,
1962; Wait, 1961a; Walters and Johler, 1962;
Wait and Walters, 1963]. In some of these, atten-
tion has been given to mixed path conditions such
as occur in propagation from land to sea.

1 National Bureau of Standards, Boulder, Colo.

Theoretical treatments dealing with dipoles sub-
merged in a conducting half-space have been par-
ticularly numerous. Wait [1961b] has given a
unified derivation for all distance regions, the termi-
nal antennas being above or below the interface.
The derivation made direct use of his earlier pub-
lished work in the period 1951-1954. Moore and
Blair [1961] have treated the problem as an extension
of Sommerfeld’s classical solutions. Their results,
which are based partly on Moore’s [1951] thesis,
cover near, intermediate, and far zones but omit the
quasi-static region.

Biggs [1962] has considered the radiation field
alr from a submerged horizontal antenna. The
final results appear to be identical to those of Norton
[1937], apart from the expected exponential depth
factor. Ghose [1960a] has also considered the buried
horizontal dipole antenna and, at the same time, he
has given some useful design information. Two
papers by Durrani [1962 a and b] treat essentially
the same problem and contain some new informa-
tion. The fields in a three-part lossy media have
been considered by Anderson [1962]; this is the
seawater-air-ionosphere problem with the source
dipole located in the seawater medium.

It is expected that a very comprehensive book on
the subject of dipoles in the presence of a half-space
will be published soon by Professor A. Bafios of the
University of California in Los Angeles. This will
be based in part on his earlier (1953) unpublished
reports coauthored with J. P. Wesley. 1In fact,
most of the published work mentioned above is

contained implicitly in these two monumental
reports.
The radiation from pulse-excited dipoles in

homogeneous conducting media has received some
attention. Solutions of this type for unbounded
media were given by Anderson and Moore [1960],
Galejs [1960], Zisk [1960], and Burrows [1962].
The corresponding transient solutions for dipoles
immersed in a half-space were carried out in an
extensive paper by Wait [1960], who showed how
pulse waveforms are distorted when they propagate
mto the half-space. Some extensions were pub-
lished by Mijnarends [1962], who treated dipoles
excited by step-function currents. In the results
eiven by Anderson and Moore, Galejs, Zisk, and
Burrows mentioned above, displacement currents
were neglected. Solutions taking these into account
have been given by Wait [1960] and Burrows [1963].
Their effect is important when dealing with poorly
conducting media and at small times in the transient
response.

Propagation of groundwave pulses over the surface
of the earth was reviewed by Johler [1962]. Certain
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syects of early published results on this subject
were discussed by Wait [1962a] in a short note.

Two recent survey papers which contain material
on fields in lossy media were published by Logan
[1962] and Wait [1962b]. Both of these papers deal
with methods for computing diffraction fields for
large convex lossy surfaces.

In many problems, involving the influence of the
sarth on electromagnetic fields, it is permissible to
utilize the concept of surface impedance. This
approach has been utilized extensively in the study
of magnetotelluric fields [Wait, 1962¢; Price, 1962;
Jackson, Wait, and Walters, 1962].

Galejs [1962a] has published an interesting paper
dealing with scattering from a conducting sphere
which is embedded in a conducting half-space. The
induced electric and magnetic dipole moments depend
on the incident surface wave and the interactions
with the interface. The fields which are scattered
from the sphere into the lossless medium are deter-
mined from known solutions of this dipole problem
[Wait, 1961b]. Galejs [1962b] has also considered
the excitation of slots above a lossy dielectric half-
space. This problem has application to the design
of peninsula and island antennas. The latter
problem has also been considered by Staras [1962].

Scattering from lossy coated objects in free space
has been investigated in a thorough manner by Hiatt,
Siegel, and Weil [1960a and b]. For electrically
small spheres, it is shown that the coating can have
little effect on the Rayleigh cross sections. They
also found that scattering from large objects had a
strong forward lobe which was actually enhanced by
the coating. This was true even for coatings which
are ‘radar absorbers.”

The input resistances of dipoles in the presence of
a conducting half-space have been calculated by
Vogler [1963]. Similar results have been given by
Wait [1962d], who gave his results in graphical form.
The latter author also considered the extension to
multiple boundaries and to anisotropic lossy media.

A survey of electromagnetic waves in stratified
lossy media has been published by Wait [1962¢] in a
recent text. Other related topics contained in this
book are phase integral methods for dissipative
media, modes in waveguides with lossy walls, propa-
gation along a curved (lossy) surface, connections
between modes and rays in lossy media, influence of
curvature in terrestrial waveguides, ete.
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3.2. Antennas in Lossy Media

C.T. Tai!?

Since this is the first time that U.S. Commission
VI has selected the above title for a specific report,
some early studies will be mentioned, mainly to
compile a useful bibliography. This report will cover
principally problems concerning the characteristics
of antennas in a lossy medium of either infinite or
finite extent. In regard to the nomenclature, one
normally would interpret a “lossy medium’ either as
one with ohmic loss due to conduction, such as salt
water, or as one ionized with collision loss, such as
the ionosphere. However, we shall not adhere to
such a strict interpretation; problems dealing with
antennas in an ideal plasma without collision loss, or
i a lossless anisotropic medium, will also be
mentioned.

During the preparation of this report many authors
have been kind enough to supply material describing
their work. Unfortunately, a large amount of the
data quoted by some authors is contained either in
unofficial company memoranda or technical reports
to which this reviewer does not have access. It is
therefore unavoidable that some valuable informa-
tion may have been overlooked.

Early Studies

The early investigations by Campbell [1923], Car-
son [1926], and Foster [1931] concerning the effects
of earth conduction on transmission systems repre-
sent the typical problems that attracted attention
during the thirties. Much of this work is well
documented in the excellent book by E. D. Sunde
[1948], who also made an outstanding contribution
in this field. The theoretical technique used by these
authors follows closely the method originated by
A. Sommerfeld [1909] in formulating the dipole and
earth problem. No particular emphasis, however,
was placed on radiating power and antenna charac-
teristics in these early studies. The radiating power
of a dipole in a lossy medium was touched upon by
Sommerfeld [Frank and von Mises, 1935] in formu-
lating a reciprocity theorem for two dipoles in a lossy
medium. The master, however, did not define
clearly the radiating power in this situation. The
fact that an infinitesimal dipole in direct contact
with a lossy medium cannot maintain a finite amount
of power was later pointed out by Sommerfeld and
Renner [1942]. In the latter part of the forties,
several groups in the United States were also engaged
in research on antennas in lossy media. The main
interest at that time was stimulated by problems
connected with submarine antennas.

The author of this report, under the direction of
Professor R. W. P. King at Harvard, wrote two
technical reports on this subject [Tai, 1947, 1949].
By investigating the power relationship pertaining to

1 Ohio State University, Columbus, Ohio.
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an infinitesimal dipole immersed in a lossy medium,
he confirmed the conclusions of Sommerfeld and
Renner, namely that the input power is infinite An
insulated dipole was then introduced as a more
realistic model and Sommerfeld’s reciprocity theorem
was modified accordingly, based upon this model.
The radiation field of a spherically stratified dipole
was studied by J. B. Keller and H. B. Keller [1951].
J. R. Wait [1957] derived an expression for the radi-
ation resistance of an insulated circular loop. In
the case of antennas of finite dimensions, the theory
of cylindrical antennas based upon the integral
equation method and the theory of biconical anten-
nas were formally extended to lossy media [Tai, 1949].
Except for the case of an insulated biconical antenna,
no numerical calculations were made according to
these formulations owing to a lack, at the time, of
adequate tables of funections, particularly the sine-
and cosine-integrals and the spherical Bessel func-
tions with complex arguments. The behavior of
submarine antennas was also carefully studied by
Moore at that time. The results of his investigation
were contained in his Cornell dissertation [Moore,
1951]. A part of his work deals with antennas in a
lossy medium of infinite extent. The major portion
of his dissertation is concerned with the effectiveness
of wave propagation across an air-water boundary
with an antenna placed in the water. His work
describes the fundamental difference between the
characteristics of an antenna in air and in a lossy
medium [Moore, 1962]. In the mid fifties, not many
activities were reported in this field, except for one
basic work by H. A. Wheeler [1958] on small antennas
where the importance of the dissipation in the neigh-
borhood of an antenna placed in a lossy medium is
emphasized. In recent years, the advancement of
satellites brought with it a number of problems re-
lating to the satellite induced plasma and hence a
renewed activity in this field.

Recent Studies

A paper surveying the recent studies on the topic
which Moore investigated previously was given by
Hansen [1962] at the Copenhagen Symposium.
Hansen introduced several useful merit factors in
analyzing the efficiency of transmission. The char-
acteristics of low-frequency subsurface radiating
structures have been investigated in great detail,
both theoretically and experimentally, by Guy and
Hasserjian [1962]. Their theoretical results are pre-
sented in the form of generalized curves which may
be used to design an optimum antenna for any given
set of uncontrollable variables such as ground con-
ductivity and frequency.

Extensive research has been conducted by King
and his associates on cylindrical antennas in a con-
ducting medium [King, 1962; King and Harrison,
1960; King, Harrison, and Denton, 1961; lizuka



and King, 1962a, b; Gooch, Harrison, King, and Wu,
1962]. The experimental work by lizuka and King
is particularly interesting as it gives a very com-
prehensive picture of the current distribution on the
dipole. The measured data are in fair agreement
with the theoretical results obtained by King and
Harrison [1960]. Larson [1962] has obtained some
experimental data on the input impedance of a
plasma imbedded dipole over a wide range of colli-
sion and operating frequencies. It 1s found that the
theory of King and Harrison for short and half-
wavelength dipoles is generally followed, and fair
agreement is obtained with a Langmuir probe on the
ralues of electron density.

The input impedance of a circular loop in a dis-
sipative medium has been computed by Kraichman
[1962] and by Chen [1962]. The latter is an exten-
sion of Storer’s work [1955] on the impedance of a
thin-wire loop antenna in air. Numerical values
have been compiled by Chen and Tai [1962a] for the
input impedance of thin biconical antennas in a dis-
sipative medium. The same two authors [1962b]
have also computed the radiation patterns of some
linear arrays in a lossy medium. The relationship
between the impedance function of a class of an-
tennas defined 1 a dissipative medium and in a
lossless medium is pointed out by Deschamps [1962].
For media with moderate losses, lengthy computa-
tions can be avoided by using a graphical extrap-
olation based upon the existing data obtained for a

lossless medium. Polk [1959] has studied the
resonance and supergain effects in small ferro-

magnetically or dielectrically loaded biconical an-
tennas. The effect of dielectric loading of electric
dipole antennas has also been investigated by
Galejs [1962]. The results show that Wheeler’s
general conclusion is not applicable to some cases.

In a number of technical reports, Katzin and his
associates [1957, 1958, 1959, 1960] have investi-
gated the radiation pattern and impedances of several
radiating systems under the influence of a plasma
sheath.

Since the original formulation by Bunkin [1957]
on the problem of radiation in an anisotropic medium,
some advancements have been made [Arbel, 1960;
Kogelnik, 1960; Kuehl, 1961; Mittra and Deschamps,
1962; Wu, 1962].  The work of Arbel was particularly
elegant. It supplied many details on the power
relationship and the radiation patterns of electric
dipoles in such a medium. Kogelnik and Kuehl
have evaluated the radiation resistance of electric
dipoles in a magnetoionic medium for the case of a

very high gyromagnetic frequency. Mittra and
Deschamps have studied the near-zone field. Wu

has supplied some details about the far-zone fields
due to magnetic dipoles. Very little is yet known
about the imput impedance of an antenna placed in
such a medium. Cohen [1962] has obtained the
radiation resistance of a current element in a plasma
medium which takes into consideration the acoustic
source as well as the electromagnetic source.

Upon the completion of this report, we were in-
formed of an extensive research program conducted
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at Raytheon Company on antennas and fields in
rock strata. The details are contained in a report
entitled “Studies in Deep Strata Radio Communica-
tions” by J. T. deBettencourt, D. A. Hedlund,
R. A. Suteliffe, I.. Ames, J. F. Frazier, and A. Orange,
issued by Raytheon Company, Norwood, Mass.
[Oct. 1962].
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3.3. Inhomogeneous Media and Guided Waves

R. E. Collin ! and A. A. Oliner ?

This section is concerned with progress during the
past three years in those aspects of guided waves
which are relevant to radiation phenomena. The
topics chosen for review are waves along interfaces,
including surface (trapped) waves and leaky waves,
the excitation of such waves due to sources and to
geometric discontinuities, propagation phenomena in
unbounded periodic media, and guiding and radiation
effects on periodically-modulated surfaces.

Waves Along Interfaces

Electromagnetic waves guided by interfaces may
possess purely real wavenumbers, in which case they
are completely bound to the interface and are called
surface or trapped waves, or their wavenumbers may
be complex. In the latter case, such waves may be
associated with anisotropic media within closed wave-
guides, or may be found under various circumstances
on open-boundary structures; in open regions, such
complex waves are also called leaky waves, and may
be either spectral or nonspectral. A systematic dis-
cussion of these various wave types in open regions,
including the different kinds of leaky waves, their
spectral or nonspectral character, and the treatment
of surface waves as a special case of complex waves,
has been presented by Tamir and Oliner [1962a]. A
corollary paper [Tamir and Oliner, 1962b] treats the
manner in which radiation patterns are influenced by
the presence of these waves. The discussion below
considers the surface waves and the complex waves
separately.

Surface (Trapped) Waves

Despite the fact that the basic features of surface
waves are well known, and that a considerable litera-
ture already exists, a surprising amount of activity
still continues on this topic.  Most of this activity is
associated with the investigation of the electro-
magnetic properties of new structures, including those
consisting of anisotropic ferrites, dielectrics with trans-
verse variation, or plasmas with negative dielectric
constant.

Two excellent reviews of surface wave structures
and their properties have appeared during this period.
We should mention first the notable chapter, written
by Zucker [1961], which appears in the Antenna
Engineering Handbook, edited by Jasik. Zucker
[1961] presents a thorough survey of the properties
of surface waves, methods of measuring these prop-
erties, characteristics of the most important struc-
tures which support these waves, and the use of these
structures as antennas including design principles for
single antennas and arrays. The second review, by
Harvey [1960], includes descriptions of various types
of surface wave structures and their properties, and

1 Case Institute of Technology, Cleveland, Ohio.
2 Polytechnic Institute of Brooklyn, Brooklyn, N.Y.
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also considers multiple media, effects of curvature,
and questions of launching. Both reviews also
present extensive bibliographies. A paper with a
general tone, by Lengyel and Mitzner [1961], exam-
ines the conditions under which surface waves of the
type which decrease exponentially on both sides of an
interface can be guided by a single plane interface,
but does not treat any specific structures.

A new phenomenon has also been noted in recent
vears that a backward surface wave can exist on an
interface in a uniform structure. Furthermore, this
backward wave is a true mode and not a space
harmonic as occurs in periodic structures. The
existence of such a backward wave has been observed
previously in anisotropic media, such as ferrites or
plasmas 1 the presence of magnetic fields, and on
1sotropic plasma columns possessing certain inhomo-
geneities in their cross section. More recently,
T'rivelpiece, ITgnatius, and Holscher [1961] have pro-
posed the consideration of backward waves on a
magnetized ferrite rod for use in a backward wave
oscillator at millimeter wavelengths, thereby elimi-
nating the need for a delicate periodic structure at
these wavelengths. They have computed the prop-
erties of the wave by using a quasi-static approxima-
tion, and have experimentally verified the computed
wave characteristics.  Thompson [1961] points out
the distinction between body and surface backward
waves, and indicates that while the calculations of
Trivelpiece et al. [1961] apply to the body modes,
their experiments relate to the surface waves. A
reply [1962] agrees with these criticisms but states
that further measurements will be taken under
different conditions to finally resolve the question.
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