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(57) ABSTRACT 
A phased array antenna functions as a source of elec 
tromagnetic energy directed toward a non-planar lens 
positioned in the near field of the phased array an 
tenna. The non-planar lens includes a plurality of mod 
ules comprised of collector elements, phase shifter ele 
ments and radiator elements. Electromagnetic energy 
radiated from the feed antenna to the plurality of col 
lector elements in the non-planar lens is coupled from 
the collector elements through the phase shifter ele 
ments to the radiating elements. Each phase shifter has 
a fixed delay which acts upon the electromagnetic en 
ergy transmitting through the phase shifter so that the 
electromagnetic energy radiated by the associated radi 
ating element combines with the radiated energy from 
the other radiating elements to produce a beam having 
a modified scan angle relative to the scan angle of the 
emitted beam from the phased array antenna. 

20 Claims, 23 Drawing Figures 
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PHASED ARRAY FED LENS ANTENNA 

BACKGROUND OF THE INVENTION 
1. Field of the Invention 
The subject invention pertains to the art of antennas 

and specifically to a combination antenna which in 
cludes a phased array antenna and a lens antenna. 

2. Description of the Prior Art 
In many of the early antennas that were developed 

for radars before World War II array antennas were 
used at relatively low frequencies, i.e., VHF or low 
UHF. However, with the advent of microwave radar 
and the application of optical techniques to microwave 
frequencies, interest in array antennas declined while 
interest centered on reflector antennas and lenses. 
These types of antennas were easier to design, simpler 
to manufacture and proved sufficiently reliable in oper 
ation. 

In the last decade interest has been refocussed on 
array antennas, particularly phased array antennas be 
cause the speed of potential targets has greatly in 
creased and it has become imperative to detect the tar 
get as soon as possible thereby requiring an increase in 
range. Further, the ability to simultaneously track a 
plurality of targets virtually eliminates the use of an an 
tenna which requires the physical movement of a large 
mass. Therefore, phased array antennas which may be 
electronically steered at very high rates and which may 
simultaneously track a plurality of targets by producing 
time-shared radar beams are required. 

In the prior art, phased array antennas have usually 
been designed in one of four geometrical configura 
tions; linear, planar, cylindrical or spherical. The con 
struction and design of cylindrical and spherical phased 
arrays is more complex and more expensive than the 
planar arrays. Further, curved phased arrays are less 
efficient than a planar array because they do not utilize 
all the radiating elements at specific angles of scan due 
to the curvature of the array. 
The most common configuration used is the planar 

array which has a maximum gain G(6) of a directive 
beam in a direction 8 as measured from the outward 
normal of the array that is bounded by: 

G(8) s (4m/X) : A cos 6 
where A is the area of the antenna and A is the operat 
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ing wavelength. The maximum value of the scan angle 
8 is limited to less than 90 in principle and less than 70' 
in practice because of the difficulty in economically re 
alizing efficient operation over extended scan ranges. 
For hemispheric coverage the use of a planar array has 
been summarized in an article entitled "Electronic 
Scanning Radar Systems' by Peter J. Kahrilas, which 
appeared in the Proceedings of the IEEE, November 
1968, "In the case where hemispherical coverage is re 
quired the choice exists among the following: (1) four 
arrays, each covering approximately one-quarter of the 
hemisphere, or (2) three arrays, each covering approxi 
mately one-third of the hemisphere or (3) one array, 
mechanically rotating in azimuth and electronically 
scanning a pencil beam in elevation from 0 to 90°. 
The single array can only be used for hemispherical 

coverage if it can meet the data rate and performance 
requirements, and if the target dynamics and target 
density are low enough to employ track-while-scan in 
stead of continuous interpolative-null tracking.' 
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2 
Lens antennas are also well known in the radar an 

tenna art. They have been used primarily for transform 
ing a spherical wavefront produced by rays emerging 
from a smaller feed antenna into a flat or uniphase 
wavefront at the aperture of the lens. Metal-lens anten 
nas which utilize the optical properties of radio waves 
have been the subject of an article by Winston E. Kock 
which appeared in the Proceedings of the IRE and 
Waves and Electrons, November 1946, pages 828-836. 
Furthermore, radomes which are primarily used to 

protect antennas from severe weather conditions such 
as high winds, icing and extreme temperatures have 
been used in combination with antennas in the prior art 
to modify the polarization of radiated beams and to 
alter the phase configuration thereby compensating for 
radome phase distortion. In these applications the ra 
domes may be considered to be functioning as lenses. 
The subject invention discloses the use of a single 

planar phased array antenna in combination with a 
non-planar antenna lens which modifies the scan char 
acteristics of the planar array to enable increased angu 
lar scan off broadside. One embodiment provides full 
hemispheric coverage using a single planar phased 
array antenna and a single passive lens. 

SUMMARY OF THE INVENTION 

The present invention is an antenna which employs 
a lens having generally a non-planar configuration posi 
tioned in the field of a conventional planar phased 
array antenna. The lens modifies the scanning proper 
ties of the planar phase array antenna thereby provid 
ing a combination antenna which generates beam pat 
terns having characteristics, i.e., beamwidth and gain, 
that vary in accordance with the scan angle to conform 
to a given operational requirement. The lens may be a 
constrained type which includes a plurality of modules 
comprised of collector elements, phase shifter elements 
and radiator elements or may be a dielectric type. Elec 
tromagnetic energy radiated from the planar array por 
tion of the antenna (referred to as the feed array) is di 
rected to the lens and coupled therethrough to the radi 
ating surface. The phasing of the feed array is such that 
when the electromagnetic energy is transmitted 
through the lens, the total electromagnetic energy radi 
ated by the radiating surface of the lens combines to 
produce a collimated beam at a specific scan angle 8'. 
By changing the phasing of the feed array different col 
limated beams at different scan angles are generated. 
The lens imparts a phase delay to the incident electro 
magnetic energy whose value depends on the portion 
of the lens upon which the energy is incident. This 
causes the pattern characteristics of the collimated 
beams formed by the antenna to conform to the desired 
operational requirement. 
When the phase gradients imposed by the lens are 

such that electromagnetic energy from the center of 
the feed array incident on the lens is refracted toward 
the broadside direction, the effect of the lens is to re 
duce the scan range of the planar phased array. How 
ever, to produce a collimated beam in the broadside di 
rection, the planar array must be phased to form a di 
verging wave which has the effect of increasing the gain 
of the radiated beams in the vicinity of broadside to a 
value which is greater than that obtainable with a pla 
nar array of comparable size and number of elements 
in the feed array. 
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Further, when the phase gradients imposed by the 
lens are such that electromagnetic energy from the cen 
ter of the feed array incident on the lens is refracted 
away from the broadside direction, the effect of the 
lens is to increase the scan range of the planar array. 
Then, to produce a collimated beam in the broadside 
direction, the planar array must be phased to form a 
converging wave which has the effect of reducing the 
gain of the radiated beams in the vicinity of broadside. 

In the most general case, however, the phase gradi 
ents imposed by the lens are such that rays from the 
center of the feed array are refracted by varying 
amounts either toward broadside or away from broad 
side depending on which region of the lens they are in 
cident. Then, to produce collimated beams, the feed 
array must be phased to form a predominately diver 
gent wave for some directions of scan or a predomi 
nately convergent wave for other directions, resulting 
in corresponding increases or decreases of gain in those 
scan directions respectively. 
Proper determination of the variation of phase delay 

in the lens causes the gain of the collimated beams to 
vary with scan angle in accordance with a prescribed 
operational requirement. Moreover, a direct conse 
quence of achieving this high degree of conformity to 
the operational requirement is to reduce the size and 
number of elements in the feed array to an extent not 
possible with prior art antenna systems. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic representation of an antenna 
including a feed horn, a feed array and a lens illustrat 
ing the refractive action of the lens with respect to the 
feed array; 
FIG. 2a is a typical ray diagram of a convergent beam 

from a phased array directed at a lens having a scan 
amplification factor greater than 1 which produces a 
beam parallel to broadside; 
FIG. 2b is a typical ray diagram of a phased array 

convergent beam directed at a lens having a scan am 
plification factor greater than 1 which produces a beam 
at an angle of approximately 60 with respect to broad 
side; 
FIG. 3a is a typical ray diagram of a divergent beam 

from a phased array directed at a lens having a scan 
amplification factor less than 1 which produces a beam 
parallel to broadside; 
FIG. 3b is a typical ray diagram of a divergent beam 

from a phased array directed at a lens having a scan 
amplification factor less than 1 which produces a beam 
at an angle of approximately 10 with respect to broad 
side; 
FIG. 4 is a graph of the relative aperture gain versus 

scan angle of a circular arc cylindrical lens; 
FIG. 5 is a graph of gain versus scan angle from ze 

nith for a three-dimensional wide angle scanning array; 
FIG. 6 is a graph of antenna diffraction patterns of a 

circular cylindrical lens having a scan amplification 
factor of 1.5 for beam pointing directions of 0, 30', 60' 
and 90 with respect to broadside; 
FIG. 7 is a schematic diagram of a lens in a combined 

phased array antenna and lens in which the lens in 
cludes dipoles; 
FIG. 8 is a schematic diagram of a lens in a combined 

phased array and lens in which the lens includes circu 
lar waveguide elements; 
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4. 
FIG. 9 is a diagram of a hyperbolic nose cone dielec 

tric lens and feed array; 
FIGS. 10a-j are graphs of radiation patterns com 

puted for a hyperbolic nose cone lens having a 5.5° 
cone half-angle; 
FIG. 10a shows the pattern for 0 scan angle with 

-4.88 dB edge taper feed array illumination; 
FIG. 10b shows the pattern for 0 scan angle from a 

uniformly illuminated feed array; 
FIG. 10c shows the pattern for 30 scan angle from 

-4.88 dB edge taper feed array illumination; 
FIG. 10d shows the pattern for 30 scan angle from 

a uniformly illuminated feed array; 
FIG. 10e shows the pattern for 60 scan angle from 

-4.88 dB edge taper feed array illumination; 
FIG. 10f shows the pattern for 60' scan angle from a 

uniformly illuminated feed array; 
FIG. 10g shows the pattern for 90 scan angle from 

-4.88 dB edge taper feed array illumination; 
FIG. 10h shows the pattern for 90 scan angle from 

a uniformly illuminated feed array; 
FIG. 10i shows the pattern for 120 scan angle from 

-4.88 dB edge taper feed array illumination; 
FIG. 10j shows the pattern for 120 scan angle from 

a uniformly illuminated feed array; 
FIG. 11 is a cross-section of a spherical lens and a 

feed array radiating a convergent beam in a first direc 
tion and a divergent beam in a second direction; 
FIG. 12 is a schematic representation of an antenna 

comprising a feed horn, a feed array and a lens in which 
the lens includes variable phase shifter elements. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

FIG. 1 shows a typical embodiment of a phased array 
lens antenna 10 which includes a lens 11 which is sub 
stantially hemispherical in shape and has a plurality of 
collector elements 12 coupled through phase delays 13 
to corresponding radiator elements 14. Positioned in 
the near field of the lens 11 is a feed array 15 which in 
cludes collector elements 16 coupled through phase 
shifter elements 17 to radiator elements 20. A feed 
horn 21 illuminates the collector elements 16 of the 
feed array 15 with electromagnetic energy received at 
the input to the feed horn 21. The feed array 15 is of 
sufficient size and proximity to the lens 11 to illuminate 
it with a "search light' effect, i.e., the lens 11 is suffi 
ciently in the near field of the feed array 15 to prevent 
a highly diffracted radiated beam pattern from forming. 
While the phase delays 13 in the lens 11 may be vari 

able, in order to simplify the explanation of the inven 
tion, they will be considered to be fixed phase delays 
and the phase shifters 17 in the feed array 15 are elec 
tronically controlled phase shifters which vary the di 
rection of the radiated beam from the feed array to 
ward the inner surface of the lens 11. The maximum 
aperture gain of the antenna comprising the lens and 
feed array in any given direction is given by G = 
(4m/X) A. (6) where A. (6) is the area of the lens 11 
projected in the given direction. 
Assuming the delays 13 are fixed, it is necessary to 

determine the variations in the values of the fixed phase 
delays 13. Consider as shown in FIG. 1, a ray 22 ema 
nating from the midpoint of the feed array 15 at an 
angle 6 with respect to the normal, N, of the plane, 
X-X, of the feed array 15. The refractive action of the 
lens 11 is considered as occurring at a fictitious surface 
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23 as shown in FIG. 1 and located midway between the 
inner and outer surfaces of the lens 11. The ray 22 is 
incident on the surface 23 at a point 24 and is refracted 
by the lens to an angle 0'. For the given geometry, this 
refraction uniquely defines a gradient of phase, tangen 
tial to the surface 23, at the point 24. By varying 6 so 
that the ray 22 is incident upon the lens 11 at positions 
corresponding to each of the plurality of collector ele 
ments 12, the phase gradient at every point corre 
sponding to the fixed delays 13 on the surface 23 may 
be defined and thereby the relative values of the adja 
cent fixed delays 13 can also be defined. The ratio of 
6' to 8 is called the scan amplification factor, K. 
For a spherical lens 11 of radius R and a constant 

scan amplification factor K, the values of the fixed 
phase delays 13 in the lens 11 may be determined as 
functions of 6 as given in terms of wavelengths by: 
delay = (R/K - 1) 1 - cos (8' - 0)). 
When the values of the fixed delays 13 in the lens 11 

have been established in the foregoing manner, the 
phasing of the feed array to obtain a well collimated 
beam scanned in a direction 6' must be determined. 
This is done by considering a plane wave incident on 
the outer surface of the lens 11 from the direction 6' 
and computing the field as it penetrates the lens 11 and 
irradiates the planar feed array 15. The required phas 
ing of the feed array 15 is then that of the complex con 
jugate of this field. 

In many practical applications of this invention, the 
computation for determining the required phasing of 
the feed array 15 may be simply and validly performed 
by geometrical optic techniques. The cross-section 
spherical lens 11 having a value of K greater than 1 is 
shown in FIGS. 2a and 2b in combination with a feed 
array 15 that provides a converging beam as indicated 
by the plurality of rays 22a-e. 

In FIG. 2a, the rays are directed toward the inner sur 
face of the lens 11 and exit from the outer surface of 
the lens 22 as a directive beam. In FIG. 2b, the beam, 
as represented by the plurality of rays la-e, is directed 
toward the inner surface of the lens 11 to the right of 
the normal, N, and exits from the outer surface of the 
lens as a directive beam. It will be noted that the an 
gles 6-6 have been increased with respect to the nor 
mal, N, to angles 6'-0" which are all equal forming the 
directive beam which exits from the lens 1. The re 
fraction is different for each ray 22a-e because the an 
gles 0-0 are not equal but the angles 6'-0" are equal. 
The image of the aperture of the feed array 15 as pro 

jected through the lens 11 for scan directions near the 
normal, N, is less than that of the feed array 15 without 
the lens 11. Therefore, while an antenna comprised of 
a feed array 15 and a lens having a scan amplifica 
tion factor, K, greater than 1, will increase the scan 
range of the planar feed array 15 there is a reduction 
of gain for beams near broadside. 
A spherical lens 11 having values of K less than l is 

shown in FIGS. 3a and 3b in combination with a feed 
array 15 that provides a diverging beam as indicated by 
the plurality of rays 22fj. In FIG. 3a, the rays are di 
rected toward the inner surface of the lens 1 and exit 
from the outer surface of the lens 11 as a directive 
beam. In FIG. 3b, the beam, as represented by the plu 
rality of rays 22fj, is directed toward the inner surface 
of the lens 11 subtantially to the right of the normal, N, 
and exits from the outer surface of the lens as a direc 
tive beam. It will be noted that the angles 6-6 have 
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6 
been decreased with respect to the normal, N, to angles 
6'-0" which are all equal and form the directive beam 
which exits from the lens 11. While this has the effect 
of reducing the range of scan of the antenna, it provides 
an increase in the gain of the beams in the vicinity of 
broadside beyond that which could be achieved with a 
planar feed array comparable in size and number of el 
ements to that in the feed array 15. 

FIG. 4 is a graph of scan angle versus relative aper 
ture gain in dB for a linear feed array 15 and a circular 
arc cylindrical lens 11. The ratio a/p defines the ratio 
of the feed array size to the radius of the lens in which 
a is the length of the feed array and p is the radius of 
the lens. The K = 1 plot represents the case where the 
lens does not impart a phase variation to the incident 
energy and hence represents the feed array alone for all 
values of a?p. The two plots of antennas comprised of 
a feed array and lens in which the scan amplification 
factor, K = 0.5 shows an increase in gain with an atten 
dant reduction in the angle of scan. The two plots of an 
antenna having a scan amplification factor, K = 1.5 and 
the two plots of an antenna having scan amplification 
factor, Ka-2.0 show a reduction in the relative aperture 
gain with an attendant increase in the range of scan. 
FIG. 5 is a graph of scan angle versus relative gain in 

dB for a planar feed array 15 and spherical lenses 11 
having scan amplification factors K = 1.0, 1.5, 1.75 and 
2.0. These plots show the envelope of the peak gain of 
the antenna as the bean is scanned from the normal, 
N, relative to the broadside gain of a planar array hav 
ing a size comparable to the feed array 15. 
The plots in FIGS. 4 and 5 graphically illustrate that 

for applications requiring a scan range of less than 45 
from the normal, the effect of the invention is to reduce 
the size of the array 15 and therefore reduce the num 
ber of phase shifters 17 needed to realize a given gain. 
Further, for applications requiring an extremely wide 
scan coverage, i.e., greater than 70 with respect to the 
normal, the effect of the invention is to provide a mech 
anism for efficiently generating the desired angular 
coverage with a single planar array 15. 
FIG. 6 shows the computed diffraction patterns of an 

antenna employing a circular cylindrical lens having a 
scan amplification factor, K = 1.5 with the collimated 
beam directed at 0, 30', 60', and 90, and the sidelobes 
maintained at a maximum of -28 dB relative to the re 
spective beam peak. 
A more general approach to the use of the scan am 

plification factor, K, for selecting the values of the fixed 
delays 13 in the lens 11 is based on the envelope of the 
peak gain of the scanned beams which is the average 
power pattern of the elements in the feed array 15, as 
measured in the far field in the presence of the lens 1. 
The average power pattern of the element in the feed 
array 15 would be the gain versus scan variation of the 
feed array alone. The lens 11 acts to alter the element 
pattern of the feed array 15 and hence the gain-versus 
scan variation of the antenna 10. A method for tailor 
ing the element pattern of the central element of the 
feed array 15 is based on a technique well known in the 
art of designing shaped reflectors. For a complete dis 
cussion of this technique, reference is made to Micro 
wave Antenna Theory and Design, Samuel Silver, 
McGraw-Hill, New York, 1949, pages 494-500. This 
technique defines the relationship between the angles 
6 and 6' using geometrical optics so as to provide the 
proper flow of energy required to synthesize the de 
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sired element pattern shape. In a symmetrical system, 
the 0-6' relationship is expressed by the integral equa 
tion: 

G(0) sin bd0= G (9) sin 9d.6 O O 3. S. 

where G(0) is the element gain pattern of the feed 
array 15 without the lens and G(8) is the desired ele 
ment gain pattern of the feed array 15 with the lens 11 
or the desired normalized gain-versus-scan variation of 
the antenna 10. When the relationship between 0 and 
6' is so defined, the values of the fixed delays 13 are de 
termined in a manner identical to that described in the 
technique employing the scan amplification factor. 
This approach for selecting the values of the phase 

delays 13 in the lens 11 enables the design of lens-array 
systems which satisfy more sophisticated requirements 
than possible using the constant scan amplification ap 
proach. For instance, an application may dictate that a 
constant signal be maintained from a ground based sys 
tem at a specific altitude over a given range. This re 
quires a broad beam with low gain directly overhead 
and narrow beam with high gain at wide scan angles. 
FIG. 11 shows a phased array fed spherical lens appli 
cable to this requirement. The phase delays in the lens 
are determined using the technique described in the 
above paragraph. Thus, for a scan direction directly 
overhead the feed array 15 is phased to provide a 
highly convergent beam of electromagnetic energy. As 
illustrated in FIG. 11, this results in only a small section 
of the lens being illuminated resulting in a broad beam 
with low directive gain. For the scan direction requiring 
the narrowest beam with the highest gain, the feed 
array 15 is phased to form a divergent beam of electro 
magnetic energy. As illustrated in FIG. 11, this results 
in a large portion of the lens being illuminated resulting 
in a narrow beam with a high directive gain. For scan 
angles in between these two, the lens phase delays ne 
cessitate the phasing of the feed array be such as to illu 
minate a portion of the lens of sufficient size to satisfy 
the beamwidth and gain requirements in the specific 
direction of scan. 

In operation, electromagnetic energy from a feed 
horn 21 as shown in FIG. 1 is radiated toward the col 
lector elements in the feed array 15 and coupled 
through electronically controlled phase shifters 17 to 
the radiator elements 20 on the feed array. The elec 
tronically controlled phase shifter elements 17 deter 
mine the direction of the radiated energy from the radi 
ating elements 20 toward the inner surface of the lens 
11. The phasing of the radiated energy from the feed 
array 15 determines which of the plurality of collector 
elements 12 on the lens 11 receive the radiated energy 
from the feed array 15. These collector elements 12 
couple the received energy through the fixed phase de 
lays 13 to the radiator elements 14 on the lens 11 and 
provide a directive beam of electromagnetic energy 
from the antenna O. The characteristics of the radi 
ated beam from the antenna 10 are determined by the 
lens phase shift, the length of the feed array 15 and the 
configuration of the lens 11. 
The lens 11 may be comprised of a variety of ele 

ments in accordance with techniques that are well 
known in the lens and antenna arts. As shown in FIG. 
7, one such embodiment includes dipole collector ele 
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8 
ments 30 coupled through flexible cables 31 which 
function as fixed phase delays mounted within the lens 
structure 11 and coupled to dipole radiator elements 
32. The length L of the flexible cable is varied from ele 
ment to element so as to provide the proper relative 
phase variation between the transmission paths in the 
lens 11. An alternate configuration for the lens 11 is 
shown in FIG. 8 wherein the collector elements 33 and 
the radiator elements 35 are open ended circular wave 
guides with appropriate matching structures 34 cou 
pled therebetween. These elements are dielectrically 
loaded to provide a size sufficiently small for arrange 
ment in a lattice capable of being matched over a wide 
range of incident angles. The matching structure 34 is 
a circular waveguide section loaded with two different 
dielectric materials of lengths L and L. The sum of the 
physical lengths L and L is a constant for all transmis 
sion paths within the lens 11 while the ratio of lengths 
L to L. determines the relative phase delay for a given 
element. 
Although the element in the lens 11 may be arranged 

in a variety of lattice configurations, the inter-element 
spacing should be no greater than that dictated by the 
grating lobe condition: 

Mmin/lsino 
where at is the minimum operating wavelength of the 
antenna and o is the maximum angle of incidence on 
the inner surface of the lens 11 or transmission from 
the outer surface of the lens 11. 
The subject invention may also be employed in an 

airborne system in which the lens 51 is a dielectric lens 
formed in a streamline configuration to conform to the 
nose profile of a high speed aircraft as shown in FIG. 
9. In one embodiment of the invention, a hyperbolic 
nose cone lens is fabricated of titanium dioxide and the 
geometry of the lens provides a wide range of scan in 
excess of +120 with respect to the apex of the lens at 
a transmission frequency of 16 GHz. Since the nose 
cone is a lens of a homogeneous medium and not a con 
strained lens, i.e., a lens with a plurality of transmission 
paths as provided by the collectors, fixed phase delays 
and radiator elements of the lenses 11, the phase delay 
in the dielectric lens 51 is realized by means of a 
change in the refractive index of the lens material or by 
varying the thickness of the lens material between the 
base and the apex of the nose cone. The hyperbolic 
nose cone dielectric lens 51 shown in FIG. 9 has an as 
ymptotic 5.5 cone half-angle, a scan amplification fac 
tor K = 1.7 and a feed array length of 40 A. 
FIG. 10a shows a radiation pattern for this lens at a 

scan angle of 0 and a -4.88 dB edge taper feed array 
illumination and FIG. 10b shows the radiation pattern 
for the same lens at 0 scan angle with a uniformly illu 
minated feed array. Similar results were obtained for 
the computed radiation patterns for the same nose 
cone under the same operating conditions at 30 as 
shown in FIGS. 10c and 10d at 60 as shown in FIGS. 
10e and 10f and at 90 as shown in FIGS. 10g and 10h. 
Although the computed radiation patterns for the hy 

perbolic nose cone for 120 of scan angle showed a de 
crease in the directivity of the radiated beam due to in 
creased width in the main lobe, it still provided sharp 
discrimination with respect to the sidelobes. 
The lenses and arrays as disclosed are shown in one 

plane; however, it will be readily appreciated that the 
spherical and hemispherical lenses with scan amplifica 
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tion factors greater than 1 provide hemispherical cov 
erage, i.e., angles of scan greater than 90 from the 
broadside direction for all azimuth scan angles in the 
same embodiment. Therefore, rather than requiring 
three or four arrays to provide hemispheric coverage, 
the subject invention requires a single planar feed array 
in combination with a lens having an effective scan am 
plification factor greater than 1. In addition, it does not 
require mechanical rotation of the elements and 
thereby provides scanning at a maximum rate. 

It will also be appreciated by those skilled in the art 
that the physical structure required to implement the 
invention described herein may be fabricated of light 
weight material and components known in the art 
which may be quickly assembled and disassembled for 
portability. 
While the above embodiments employ feed arrays 

which incorporate electronic phase controls only, the 
disclosed invention is equally suitable to more sophisti 
cated planar feed array configurations such as those 
which incorporate devices for electronically control 
ling the amplitude and the polarization of the feed 
array excitation to enhance the performance of the sys 
tem. 

Further as mentioned previously, to simplify the ex 
planation of the invention, a passive lens has been cited 
in the foregoing embodiments. The lens however may 
be constructed in such a manner as to permit variation 
of the phase gradient in the lens by either electronic or 
manual means. This allows the scanning properties of 
the antenna to be altered on a time scale consistent 
with the time required to effect the lens phase gradient 
variation. Used in conjunction with a multi-function ra 
dar, for example, such a design facilitates optimization 
of each of the operating modes of the radar system. 
FIG. 12 shows a typical embodiment of a phased array 
lens antenna 10' substantially similar to that shown in 
FIG. 1 except that the phase delays 13 of FIG. 1 are re 
placed by variable phase shifter elements 13'. More 
over, when electronic phase shifters 13' are used to 
produce the phase delay in the lens 11, the variation of 
gain with scan angle can be designed such as to ap 
proach the maximum aperture gain of the antenna as 
previously defined. Then, the gain, averaged over all 
scan angles, will generally exceed that realizable by the 
equivalent antenna using passive phase delay in the lens 

. 
While the invention has been described in its pre 

ferred embodiments, it is to be understood that the 
words which have been used are words of description 
rather than limitation and that changes may be made 
within the purview of the appended claims without de 
parting from the true scope and spirit of the invention 
in its broader aspects. 
We claim: 
1. An electronic scanning antenna system comprising 
a source of electromagnetic energy, 
array means including elements, said array means 
being coupled to said source of electromagnetic 
energy for producing a first beam of electromag 
netic energy having a non-planar phase and con 
trollable focal properties, and 

lens means responsive to said first beam of electro 
magnetic energy having a non-planar phase and 
controllable focal properties which implement a 
phase gradient for producing a directive second 
beam of electromagnetic energy having a plane 
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wavefront, a variable range of scan and an atten 
dant variable gain. 

2. An electronic scanning antenna system as de 
scribed in claim 1 in which said source of electromag 
netic energy includes a radiating feed horn. 

3. An electronic scanning antenna system as de 
scribed in claim 1 in which said array means coupled 
to said source of electromagnetic energy includes 
means for producing a converging first beam of electro 
magnetic energy having a pre-determined non-planar 
phase, said array means being capable of producing a 
first beam of electromagnetic energy at a specific gain 
over a limited range of scan. 

4. An electronic scanning antenna system as de 
scribed in claim 3 in which said lens means includes 
means for varying said phase gradient whereby said 
second beam of electromagnetic energy has an in 
creased range of scan over said limited range of scan 
with an attendant minimum reduction of gain from said 
specific gain. 

5. An electronic scanning antenna system as de 
scribed in claim 3 in which said lens means has a fixed 
phase gradient in all directions for transmitting a direc 
tive second beam of electromagnetic energy having a 
plane wavefront and an increased range of scan over 
said limited range of scan with an attendant minimum 
reduction in gain from said specific gain of said array 

S. 

6. An electronic scanning antenna system as de 
scribed in claim 1 in which said array means includes 
means for producing a diverging first beam of electro 
magnetic energy having a pre-determined non-planar 
phase, said array means being capable of producing a 
first beam of electromagnetic energy at a specific gain 
over a limited scan range. 

7. An electronic scanning antenna system as de 
scribed in claim 6 in which said lens means includes 
means for varying said phase gradient to produce a sec 
ond beam of electromagnetic energy having a plane 
wavefront and a reduced range of scan with respect to 
said limited range of scan and an attendant increase in 
gain over said specific gain. 

8. An electronic scanning antenna system as de 
scribed in claim 6 in which said lens means includes a 
fixed phase gradient for transmitting a directive second 
beam of electromagnetic energy having a plane wave 
front and a reduced range of scan with respect to said 
limited range of scan and an increase in gain over said 
specific gain of said array means. 

9. An electronic scanning antenna system as de 
scribed in claim 1 in which 

said array means further includes means for provid 
ing a converging first beam in a first direction and 
means for providing a diverging first bean in a sec 
ond direction, and 

said lens means includes means for varying said phase 
gradient for producing, in response to said con 
verging first beam, a second beam of electromag 
netic energy having a plane wavefront directed in 
said first direction within a first prescribed range of 
scan with an attendant reduction in gain from said 
specific gain and means for varying said phase gra 
dient for producing, in response to said diverging 
first beam, a second beam of electromagnetic en 
ergy having a plane wavefront directed in said sec 
ond direction within a prescribed range of scan 
with an attendant increase in gain over said specific 
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gain thereby providing an antenna system having a 
minimum number of elements. 

10. An electronic scanning antenna system as de 
scribed in claim 1 in which said array means includes 

collector elements for receiving said electromagnetic 
energy provided by said source of electromagnetic 
energy, 

electronically controlled phase shifter elements cou 
pled to said collector elements and 

radiator elements coupled to said electronically con 
trolled phase shifter elements. 

11. An electronic scanning antenna system as de 
scribed in claim 1 in which said lens means includes 
collector elements for receiving said first beam of elec 
tromagnetic energy, 
variable phase shifter elements coupled to said col 

lector elements for implementing said phase gradi 
ent, and radiator elements coupled to said variable 
phase shifter elements for transmitting said direc 
tive second beam of electromagnetic energy. 

12. An electronic scanning antenna system as de 
scribed in claim 1 in which said lens means includes a 
lens having a non-planar shape. 

13. An electronic scanning antenna system as de 
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12 
scribed in claim 1 in which said lens means includes a 
lens of dielectric material having a variable thickness 
and non-planar shape whereby the focal properties of 
said lens are controlled in accordance with said vari 
able thickness and non-planar shape. 

17. An electronic scanning antenna system as de 
scribed in claim 16 in which said lens has a geometrical 
shape which conforms to the nose profile of a high 
speed vehicle. 

18. An electronic scanning antenna system as de 
scribed in claim 16 in which said lens is fabricated of 
titanium dioxide. 

19. An electronic scanning antenna system as de 
scribed in claim 1 in which said lens means includes di 
pole collector elements for receiving said first beam of 
electromagnetic energy, 

flexible cables of varying length coupled to said di 
pole collector elements, and 

dipole radiator elements coupled to said flexible ca 
bles for transmitting said directive second beam of 
electromagnetic energy. 

20. An electronic scanning antenna system as de 
scribed in claim 1 in which said lens means includes 
open-ended collector elements for receiving said first 

scribed in claim 12 in which said lens has a spherical 25 beam of electromagnetic energy, 
configuration. 

14. An electronic scanning antenna system as de 
scribed in claim 12 in which said lens means includes 
a lens having a cylindrical configuration. 

15. An electronic scanning antenna system as de 
scribed in claim 1 in which said lens means is portable. 

16. An electronic scanning antenna system as de 
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dielectrically loaded circular waveguides coupled to 
said collector elements for imparting different rela 
tive phase delays to said first bean, and 

open-ended radiator elements coupled to said circu 
lar waveguides for transmitting said directive sec 
ond beam having a plane wavefront. 

ck k 2: ... k 


