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This invention relates to radio communication, and
more particularly to an antenna provided for reception
and automatic reradiation of electromagnetic wave en-
ergy. This invention provides an antenna in the form
of a satellite intended to ‘rotate about the earth in an
orbit and which will reradiate toward the earth energy
radiated from a radio transmitter on the earth and inter-
cepted by the antenna. The antenna of the invention is
spherical or substantially spherical in shape, possesses
radial symmetry, and has the property of directively re-
flecting, with partial reflectivity, electromagnetic waves
which are incident upon it, its directivity being con-
trolled in accordance with the principles of the invention,

The antenna of the invention comprises a spherical
body of material having a uniform partial reflectivity to
electromagnetic waves over its surface and in which
the index of refraction for electromagnetic waves varies
with radial position from a value of unity at or benath
the surface to a somewhat higher value at the center.
The partial reflectivity to electromagnetic waves may
be given to the body by the application to its surface of
a coating having limited electrical conductivity.

This variation in the index of refraction imparts to
the antenna a focusing property with respect to energy
which enters it, and in conjunction with the partially re-
flecting coating it results in a focussed reflection of elec-
tromagnetic wave energy incident on the antenna.

Thus in the case of radiation having plane or nearly
plane wave fronts intercepted by the antenna, the antenna
provides partial reflection in a substantially conical beam,
the aperture of which is controllable in accordance with
the invention.

The antenna may be made of cellular foam materials
such as polystyrene, the index of refraction being con-
trolled by the incorporation of finely divided metallic
particles therein. While the index may vary continuously
from the outside to the center of the antenna, it may also
vary in a number of discrete steps, the antenna being
made up of a plurality of spherical shells each of con-
stant or substantially constant index.

In a preferred embodiment the antenna is made to
possess maximum reflectivity over a cone having a half
angle of some 8.5°, With the antenna in an orbit parallel
to the earth’s equator at an altitude of approximately
22,000 miles above the earth, a cone of 17° total angle
with the antenna at its apex and with its axis passing
from the antenna to the center of the earth will be tangent
to the surface of the earth. Radiation from a trans-
mitter on the surface of the earth in the vicinity of the
intersection of this axis with the earth will, when inter-
cepted by the antenna, be reflected over that portion of
the earth’s surface between the circle of tangency and the
antenna, and maximum reflectivity over a cone of 17°
aperture maximizes the signal returned by the antenna to
the earth, A satellite at this altitude will have an orbit
time of 24 hours, and will therefore to a first approxi-
mation occupy a fixed position with respect to the earth,

It has been proposed heretofore to construct a reflector
of electromagnetic waves in the form of a spherical vol-
ume of material having an index of refraction n varying
from unity at the surface to the square root of two at
the center in accordance with the relation

r?
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wherein r is radial position measured from the center
of the sphere and a is the radius of the sphere. A plane
electromagnetic wave incident on such a device will be
focussed to a point on the surfacé of the sphere opposite
that on which the wave is incident, the point of focus
being the intersection with the back surface of the sphere
of the radius of the sphere which is parallel to the direc-
tion of propagation of the wave. If the surface of the
sphere is made totally reflecting at this point, the portion
of the plane wave front intercepted by the sphere will
be reradiated back toward the source as a highly col-
limated beam. It has also been proposed in such a de-
vice to make the index of refraction n vary as a function
of radial position 7 from the center according to the
relation

n"'=1+a<1-—;—1 (2)

in which « is a number between zero and unity. If «
has such a value, and if the sphere is made totally re-
flecting over the hemisphere away from the source, the
result will be reradiation of a divergent beam, the amount
of the divergence varying inversely with the value of a.

Both of these proposals of the prior art are however
unsuitable for the purpose to which the present invention
is addressed because of their lack of radial symmetry.
It is undesirable to require that the satellite shall maintain
a fixed orientation about its own axes of rotation with
respect to the earth.

In accordance with the present invention instead, the
reflection is made uniform over the entire surface of
the sphere at a value between zero and unity which is
preferably at or near one-third, and the index of refrac-
tion is made to increase from unity at the surface to a
value at the center determined by relation 2, in which «
is given a value appropriate to the solid angle of the cone
over which maximum reflection is desired.

The invention will now be further described with ref-
erence to the accompanying drawings, in which

FIGS. 1 and 2 are sectional views of two antennas
according to the invention;

FIGS. 3 and 4 are graphs relating respectively to the
antennas of FIGS. 1 and 2; and

FIG. 5 is a diagram, not drawn to scale, illustrating
the relation to the earth of an antenna according to one
embodiment of the invention.

The antenna of FIG. 1 comprises a plurality of con-
centric spherical shells 1 to 15 of cellular foam mate-
rial, for example polystyrene, in which the holes or
voids are small compared to the wavelength of the radia-
tion intended to be reflected from the antenna, and into
which suitable amounts of finely divided electrically con-
ducting material such as metallic powder has been in-
corporated, The shells 1 to 15 are of increasing index,
from the outermost shell 1 to the innermost shell 15,
approximately in accordance with the relation

n’=l+a(1-—%) 2)

in which n is the index of refraction of the material of
which the shells are made, a is the radius of the outer-
most shell, » is the mean radius of the shell in question
and « is a coefficient having a value between zero and
one, constant for a given antenna. As will be explained
presently, a preferred value for the coefficient « is approx-
imately 0.865. The innermost shell 15 may be given an
index of refraction n=+/1--.865 or approximately 1.36,
while the outermost shell may have an index of refraction

, of unitv or slightly more than unity.

The index values for the various shells will be estab-

70 Jished by suitable choice of materials therefor, and in

particular, in the case of shells made of polystyrene foam
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or the hke, by proper proportxonmg of the amount of add-
ed metallic powder in view of wavelength of the radia-
tion for whose reflection the antenna is to be employed.
This wavelength may for example correspond to the so-
called x-band of frequencies in the vicinity of 10,000
megacyclw per second. The addition of metallic powder
increases the index of refraction of the cellular plastic
foam material. The proportioning of metallic powder to
the cellular plastic foam material to achieve desired values
of index of refraction at specified frequencies may be car-
ried out according to known methods. See for example
‘the article by K. S. Kelleher at pages 138 to 142 of Elec-
tronics for June 1956.

Alternatively, one may start with a material whose
index of refraction in the massive state is higher than is
desired, and reduce it to the desired value by creating
voids therein.

The variation in index with radxal position in the antenna
of FIG. 1 is illustrated in FIG. 3, where index of refrac-
tion is plotted vertically and radial position horizontally,
in terms of the shells 1 to 15, beginning at the left with
the outermost shell 1 and proceedmg toward the right
to the innermost shell 15.-

Of course, the antenna of the invention is not restrict-
ed, when made with spherical shells each of substantially
uniform index, to the number of fifteen shells shown in
the embodiment of FIG. 1. The number of shells may be
either greater or smaller.

The outer surface of the antenna of FIG. 1 is provided
with a partially reflecting coating 16, uniform over the
entire surface, and providing to that surface a coefficient
of power reflection of substantially one-third. The coat-
ing 16 may take the form of a paint including a pigment
having relatively poor electrical conductivity. The desired
value of reflectivity may be obtained by laying down
successive coats of such a paint, each of which provides
a small increment in reflectivity, until the desired re-
flectivity is reached.

The antenna of FIG. 1 is shown at point A in FIG. §
in its relation to the earth. If the antenna rotates about
the earth at an altitude of 22,000 miles in a plane parallel
to that of the earth’s equator, it will occupy a stationary
position with respect to the earth, at which it will sub-
tend a cone of about 17°.

The antenna of FIG. 1 may be built to any appropriate
size, which should however give to it a radius large in
comparison to the wavelength of the radiation to be re-
flected therefrom. A radius of 50 feet will be ample for
radiation in the 3 cm. wavelength range.

The efficacy of the antennas of the invention in reﬂect-
ing energy incident thereon may be described in terms of
their radar cross-section o, for example as defined in the
radar equation as given at page 21 of Vol. I of the M.L.T.
Radiation Laboratory Series, McGraw Hill, 1947, Specifi-
cally, the radar cross-section o of the antennas of the in-
vention may be compared to the radar cross-section o, of a
perfectly conducting sphere of the same radius, and to
the radar cross section oy, of an antenna of the prior art
comprising a sphere of the same radius in which the index
conforms to relation 1 (or to relation 2 in which «a=1)
and which has a reflectivity of zero over the hemisphere
facing the transmitter and a reflectivity of unity over the
hemisphere away from the transmitter.

The antenna of FIG. 1, if constructed to possess for
energy of a given wavelength an index of refraction ac~
cording to relation 2 in which the coefficient « possesses
a value of approximately 0.865 and a surface power re-
flectivity of one-third, will provide for energy of that wave-
length incident on it an effective cross-section o related
to the effective cross-section o5 of a perfectly conducting
sphere of the same outside diameter as a function of the
angular separation 8 subtended at the antenna by the
transmmmg and recewmg stations, approximately accord-
ing to the values given in the following table:

10

Table 1
. U 0° 2° © | e 8.5°
LA — o | e | Ve |12 | 680

FIG, 2 illustrated another form of antenna according
to the invention. In this embodiment the antenna com-
prises a spherical mass 20 of cellular foam material and
a partially reflecting coating 22, The index of refraction

. n of the mass varies uniformly from approximately unity
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at the outside to a value of approximately n=+/1+« at
the center, in accordance with the relation

n==.1+a(1-§,-) : )

wherein a is the radius of the sphere, » is radial position
measured from the center of the sphere, and « is the co-
efficient of value between zero and unity, preferably in the
vicinity of 0.865. The coating 22 may be similar to the
coating 16 in the embodiment of FIG. 1. The variation in
index with radial posmon in the embod1ment of FIG. 2
is shown graphically in FIG. 4.

The antenna of the invention preferably posscsses a re-
flectivity or power reflection coefficient of one-third be-
cause, for radiation of wavelengths small compared to the
outer diameter of the antenna, that value of reflection co-
efficient maximizes the effective cross-section of the
antenna to radiation from the transmitter as seen at the
receiver.

For a power reflection coefficient R and a power trans-
mission coefficient T=1—R, the cross-section of the
antenna of the invention as to radiation back-scattered in
the direction of the transmitter is:

‘e=TRToy+(1—T)0, - (3)

assuming the antenna to conform to relation 2 with «=1.
' The term TRToy, in expression 3 represents that por-
tion of the energy received upon the antenna of the in-
vention which penetrates the spherical mass of the anten-
na, is partially reflected on the side thereof away from
the transmitter, and partially transmitted back toward
the transmitter through the face of the antenna toward
the receiver. The term (1—T)o, represents that part
which is reflected upon striking the side of the antenna
toward the recéiver.

Maximizing the expression 3 with respect to T gives
for T the value

T—-(lim)

For ay), o, has the value xa? and oy, has the value

4xiat
5y

o Oy

When, as is desxrable, ash, T~2/3 Applying a value
=2/3 to Equation 3 gives

(4)

Hence,

(5)

Relation § may also be written in slightly modified
form to describe the radar cross-section o(8) of the
antenna of the invention for non-zero values of the angle
B between the transmitter and receiver. ¢(8) may be
set forth in terms of the radar cross-section o7(8) at
the same angle 8 of a reflector of the prior art having the
form of a sphere of the same radius in which index varies
according to relation 2 with «<1 and having zero reflec-
tivity over the hemisphere facing the transmitter and unit
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reflectivity over the hemisphere away from the trans-
mitter. - The value of ¢(8) is then given by

o(B)=gz01(6) +3re? 6)

Normalizing Equation 6 to the radar cross-section
ay=mra? of a perfectly conducting sphere of radius apA,
which cross-section is uniform for all values of g from 0
on to at least 90° (so that the last term on the right-hand
side of Bquation 6 is the same as the last term on the
right-hand side of Equation 5), gives

a(B)__4 or(B) 1

xa@ 27 xad '3 )
The quantity
or(8)
xa?
is given by the relation
xa® (1+a*—2ax cos §)2

The value of Equation 8 can be computed for various
values of the parameter « and for various values of the
angle 8. Representative values are given in the accom-
panying table:

Table 2
or(B)/xa? vs. 8
101214181820
8883|7.8|7.3|67]| 62
15.2 [13.8 [12.4 {10.8 | 9.2 | 8.0
20.1 |17.4 | 15 112.6 {10.2 | 8.4
26.5 (21.3 [16.8 | 13 110.5 | 8.8
30.5 | 23 f16.21 11| 8| 58
32.3 | 10 [12.9 | 8.6 | 5.9 | 4.3
16.6 [ 9.1 |5.013.0|20]| L5
6.5(32|L9|L1|.67] .45

In view of Equation 7, the values of Table 2 multiplied
by
4
27
will give the approximate value of the radar cross-section
of the antenna of the invention, for various values of «
and 8, as multiples of the radar cross-section a2 of a
perfectly conducting sphere of the same radius. A value
of « of 0.865 is seen from Table 2 to give the most nearly
uniform distribution of energy out to angles 8 of the
order of 8°. This value of « moreover gives the high-
est absolute value to the ratio

a1(B)

xa?

for a maximum g of approximately 8°.

Even for a=1, the invention provides an antenna
which is rotationally symmetric and which provides an
enormously higher radar cross-section for back scattering
to the transmitter (i.e. at 8=0) than a perfectly conduct-
ing sphere which is the rotationally symmetric antenna of
the prior art.

In the non-rotationally symmetric reflector of the prior
art having an index conforming to relation 1, zero reflec-
tivity over the hemisphere adjacent the transmitter and
unit reflectivity over the other hemisphere, the radar
cross-section for back scattering in the direction of the
transmitter, which may conveniently be called or;(0) is

4
ou(0) =22

Hence relation 6 takes the form

__16 xa?xla?
Taw] —57 bY)

1
+§ra’
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6
or
gemt_16 2708 1
"o, 27 M +3

If a equals 50 feet and A equals 0.1 foot, the ratio

Tam]
G

has a value of the order of 107,

I claim:

1. An antenna comprising a substantially spherical mass
of material having an index of refraction for electromag-
netic waves varying between unity at the surface and a
maximum of the square root of two at the center, and
a substantially uniform partially reflecting coating for
electromagnetic waves over said mass, said coating be-
ing of spherical shape and enclosing said mass and have
ing a power reflectivity substantially less than unity.

2. An antenna comprising a substantially spherical mass
of material having an index of refraction n for electro-
magnetic waves varying substantially according to the

relation:
r2
n=‘/1+a(1—-3)

wherein a is the radius of said mass, r is radial position
within said mass measured from the center thereof, and
« is a constant having a value between zero and unity,
said antenna having a uniform partially reflecting coat-
ing for electromagnetic waves over the surface thereof,
said coating being of spherical shape and enclosing said
mass and having a power reflectivity substantially less
than unity.

3. An antenna according to claim 2 in which the power
reflectivity of said coating is substantially one-third.

4. An antenna according to claim 2 in which said con-
stant « has substantially the value 0.865.

5. An antenna according to claim 2 in which the power
reflectivity of said coating is substantially one-third and
in which the constant « has a value of substantially 0.865.

6. An antenna comprising a substantially spherical mass
of material baving for high frequency electromagnetic
waves of a selected frequency an index of refraction vary-
ing between substantially unity -at the surface of said mass
and substantially \/1+a at the center of said mass, «
being a constant having a value between zero and unity,
and a substantially uniform partially reflecting coating
for waves of said frequency over the surface of said mass,
said coating being of spherical shape and enclosing said
mass and having for waves of said frequency a power
reflectivity substantially less than unity, said antenna pos-
sessing radial symmetry and the radius ¢ said mass be-
ing large compared to the wavelength in free space of
electromagnetic energy of said selected frequency.

7. An antenna comprising a plurality of concentric
spherical shells of material, each of said shells having
a distinct index of refraction for electromagnetic waves,
and a uniform partially reflecting coating for electromag-
netic waves over the entire surface of the outermost of
said shells, the power reflectivity of said coating being
substantially less than unity, the indices of refraction
of said shells increasing progressively from the outermost
to the innermost. '

8. An antenna comprising a plurality of concentric
spherical shells of material, each of said shells having
a distinct index of refraction for electromagnetic waves,
and a uniform partially reflecting coating over the entire
surface of the outermost of said shells, the power reflec-
tivity of said coating being substantially less than unity,
the outermost of said shells having an index of refrac-
tion of substantially unity, others of said shells having
progressively higher indices of refraction toward the
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center, the innermost of said shells having an index of References Cited in the file of this patent
refraction not substantially exceeding 1.414. ‘

9. An antenna according to claim 8 in which the index UNITED S_T“ATES PATENTS
of refraction of the innermost of said shells is substan- 2,752,594 Linketal, cocccamaccnaa June 26, 1956
tially 1.36 and in which the power reflectivity of said & 2,849,713  Robinson .weeeeeccaua. Aug. 26, 1958
coating is substantially one-third. 2,943,358  Hutching ceeveeocmcaeenn July 5, 1960




