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An apparatus includes a plurality of antenna feed elements
arranged 1n an array and a reflector or lens. The reflector or
lens 1s configured to focus a first signal generated by the
plurality of antenna feed elements or focus a second signal
not generated by the plurality of antenna feed elements onto
the plurality of antenna feed elements. The apparatus further
includes a controller or processor configured to control the
plurality of antenna feed elements to generate the first signal
or recerve the second signal. The first signal and the second
signal have a nominal wavelength. The plurality of antenna
feed elements are spaced from one another in the array at a
distance greater than half of the nominal wavelength.
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SPARSE PHASED-ARRAY-FED FOCUSING
APERTURE ANTENNAS WITH REDUCED
GRATING LOBES

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Application No. 63/177,332 filed on Apr. 20, 2021 and

entitled “SPARSE PHASED-ARRAY-FED FOCUSING
APERTURE ANTENNAS WITHOUT GRATING
LOBES”, and this application further claims priority to U.S.
Provisional Application No. 63/283,817 filed on Nov. 29,
2021 and enfitled “SPARSE PHASED-ARRAY-FED
ANTENNAS FOR LOW-POWER BEAMFORMING”,
cach of which are hereby incorporated by reference 1n their

entireties. This application 1s also related to U.S. patent
application Ser. No. 17/721,898 filed on Apr. 15, 2022 and

entitled “LENS ANTENNA SYSTEMS AND METHODS”,
which 1s hereby incorporated by reference 1n 1ts entirety.

STAITEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0002] This mvention was made with partial support by
the Department of the Navy, Office of Naval Research under
contract N0O0014-20-C-1067. The government has certain
rights in the mmvention.

BACKGROUND

[0003] A phased array antenna may include a two dimen-
sional array of antenna elements. For example, FIG. 1A
shows an example phased array 400, that includes numerous
small antenna elements (the hexagon shapes within the
array).

[0004] Those antenna elements may be used to enhance
how an antenna functions (both for transmitting and receiv-
ing signals), as opposed to an antenna with only one element
capable of receiving or transmitting signals. FIG. 1B shows
how such a phased array may further be combined with a
lens or reflector to further enhance the capabilities of an
antenna.

[0005] In the configuration shown in FIG. 1B, the phased
array 210 1s being used to transmit signals. In particular, the
phased array 210 (which may be similar to the phased array
400 shown above) 1s used to generate a directional signal
that reflects oif of reflector 205 1n order to have the beam or
signal angled 1n the direction shown by arrow 223. This
ellect 1s accomplished by using different elements of the
phased array 210 to generate a directional signal 220, which
1s then further enhanced by the parabolic shape of the
reflector 205.

[0006] In addition to a parabolic reflector as shown above,
some phased array antennas also may use a lens to achieve
a similar enhancement. For example, a lens instead of a
reflector may be used to direct and focus incoming or
outgoing signals or beams. For example, FIGS. 2A and 2B
show how a phased array 135 and a lens 11 may be used
together to achieve a similar effect as a phased array and
reflector as described herein.

[0007] Accordingly, these types of antenna systems
described above are sometimes referred to phased array fed
lens (PAFL) antennas or phased array fed retlector (PAFR)
antennas. Each of U.S. Pat. Nos. 3,755,815 and 10,193,240

are 1ncorporated herein by reference in their entirety.

Jun. 1, 2023

[0008] While phased array antennas generally work for
their intended purpose, there 1s an identifiable desire for
improvements 1n the features 1n or associated with phased
array antennas.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1A illustrates an example partitions phased
array.
[0010] FIG. 1B illustrates a phased array fed reflector

(PAFR) antenna.

[0011] FIG. 2A illustrates a ray diagram of a convergent
beam from a phased array directed at a lens.

[0012] FIG. 2B illustrates a ray diagram of a phased array
convergent beam directed at a lens.

[0013] FIG. 3 illustrates an example phased array of feed
clements and a lens 1n accordance with embodiments of the
present disclosure.

[0014] FIG. 4 1llustrates an example lens response matrix
of a lens 1n accordance with embodiments of the present
disclosure.

[0015] FIG. § illustrates an example output pattern of
multiple feeds of a phased array 1n accordance with embodi-
ments of the present disclosure.

[0016] FIG. 6 illustrates an example output of phased
array using 0.5A, spacing in accordance with embodiments
of the present disclosure.

[0017] FIG. 7 illustrates an example output of phased
array using 1.0A, spacing in accordance with embodiments
of the present disclosure.

[0018] FIG. 8 illustrates an example output pattern of
multiple feeds of a phased array using 0.5A, spacing in
accordance with embodiments of the present disclosure.
[0019] FIG. 9 illustrates null filling using a phased array
with 0.5A, spacing in accordance with embodiments of the
present disclosure.

[0020] FIG. 10 illustrates null filling using a phased array
with 0.75A, spacing 1n accordance with embodiments of the
present disclosure.

[0021] FIG. 11A illustrates a phased array with 0.5A,
spacing in accordance with embodiments of the present
disclosure.

[0022] FIG. 11B 1illustrates a switch-beam lens antenna 1n
accordance with embodiments of the present disclosure.
[0023] FIG. 11C illustrates a sparse phased-array-fed lens
(S-PAFL) antenna in accordance with embodiments of the
present disclosure.

[0024] FIG. 11D 1illustrates an S-PAFL antenna with a four
inch gradient-index (GRIN) lens 1n accordance with
embodiments of the present disclosure.

[0025] FIG. 12A 1illustrates an S-PAFL lens with an 1de-
alized lens 1n accordance with embodiments of the present
disclosure.

[0026] FIG. 12B illustrates a diflerence in gain between
and optimal-gain synthesized beam relative to a gain of one
ol 1ts basis beams 1n accordance with embodiments of the
present disclosure.

[0027] FIG. 12C illustrates gain improvement of a syn-
thesized null-steered beam over the basis beam versus feed
spacing for multiple aperture efliciencies 1n accordance with
embodiments of the present disclosure.

[0028] FIG. 13 A illustrates an example for gain at a target
angle for a phased array antenna in accordance with embodi-
ments of the present disclosure.
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[0029] FIG. 13B illustrates a graph showing different
component metrics for an FoM 1n accordance with embodi-
ments ol the present disclosure.

[0030] FIGS. 14A-C 1llustrate example basis beams for an
SPAFL antenna in accordance with embodiments of the
present disclosure.

[0031] FIGS. 14D-F 1illustrates example null filling per-
formance 1 accordance with embodiments of the present
disclosure.

[0032] FIGS. 14G-I illustrates example beam-scanning
near broadside in accordance with embodiments of the
present disclosure.

[0033] FIGS. 14J-L illustrates zoomed 1n on the peaks of
FIGS. 14G-1 1 accordance with embodiments of the present
disclosure.

[0034] FIGS. 15A-C show example basis beams, basis
beam envelope, and synthesized beams 1n accordance with
embodiments of the present disclosure.

[0035] FIG. 15D illustrates example results for different
teed array spacings 1n accordance with embodiments of the
present disclosure.

[0036] FIG. 16 1llustrates a schematic of full-wave simu-
lation showing an OEWG feed array behind a GRIN lens
profile in accordance with embodiments of the present
disclosure.

[0037] FIGS. 17A-C illustrate beamscan performance
using the proposed gain method for various lenses 1n accor-
dance with embodiments of the present disclosure.

[0038] FIGS. 18A and 18B illustrate a comparison of
synthesized beams at 0.7A, spacing and multi-objective PSO
beam synthesis which heavily weights sidelobe level in
accordance with embodiments of the present disclosure.

[0039] FIG. 19 illustrates a photograph of an example
system 1n accordance with embodiments of the present
disclosure.

[0040] FIGS. 20A and 20B illustrate example test setups
in accordance with embodiments of the present disclosure.

[0041] FIG. 21 illustrates theoretical synthesized beams
using a calibrated gain solver 1n accordance with embodi-
ments ol the present disclosure.

[0042] FIGS. 22A and 22B 1illustrate measured beam

results in accordance with embodiments of the present
disclosure.

[0043] FIGS. 23A and 23B 1illustrate heat maps 1n accor-
dance with embodiments of the present disclosure.

[0044] FIGS. 24A and 24B 1illustrate beam shaping
examples 1 accordance with embodiments of the present
disclosure.

[0045] FIGS. 25A and 25B illustrate synthesize beam

patterns 1 accordance with embodiments of the present
disclosure.

[0046] FIG. 26 1s a diagrammatic view ol an example
embodiment of a computing environment in accordance
with embodiments of the present disclosure.

[0047] The drawings accompanying and forming part of
this specification are included to depict certain aspects of the
invention. A clearer conception of the invention, and of the
components and operation of systems provided with the
invention, will become more readily apparent by referring to
the exemplary, and therefore non-limiting, embodiments
illustrated 1n the drawings, wherein like reference numbers
(if they occur 1n more than one view) designate the same
clements. The invention may be better understood by refer-
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ence to one or more of these drawings 1n combination with
the description presented herein.

DETAILED DESCRIPTION

[0048] The following description of example methods and
apparatus 1s not intended to limit the scope of the description
to the precise form or forms detailed herein. Instead the
following description 1s intended to be illustrative so that
others may follow its teachings.

[0049] Phased array antennas have specific antenna ele-
ments 1 a two dimensional phased array spaced at certain
distances from one another. In various types of antennas,
that spacing may be specifically designed or set to ensure
that the antenna works correctly for its desired purpose. I
clements of a phased array antenna are not properly spaced.,
an antenna will not work correctly and errors may be
introduced in either the transmitted or received signals.
Phased array antennas therefore may have spacing between
their phased array elements limited at half the wavelength of
the type of waves the system 1s designed for to prevent errors
such as grating lobes.

[0050] In particular, described herein are various embodi-
ments for spacing the elements 1 a phased array to be
greater than half the wavelength of the waves in which the
system 1s used (1.e. phased array element distance or spacing
1s greater than A/2(>0.5))) but still minimizing errors like
grating lobes that may impact whether information can be
properly transmitted or received in a signal. In other words,
described herein are phased array antennas that have ele-
ments with greater than half wavelength spacing between
clements of the phased array. A nominal wavelength of the
signals or beams used in the various embodiments herein
may be anywhere from 3.75 millimeters (imm) to 37.5 mm.
For example the nominal wavelength may be 3.75 mm, 5
mm, 7.5 mm, 10 mm, 12.5 mm, 15 mm, 17.5 mm, 20 mm,
22.5 mm, 25 mm, 27.5 mm, 30 mm, 32.5 mm, 35 mm, or
37.5 mm 1n various embodiments.

[0051] In various embodiments, a phased array antenna
may include a one or two dimensional array ol antenna
clements. For example, FIG. 3 shows a cross section 300 of
a one dimensional array of antenna feed elements 305, as
well as a lens 310 above the elements (e.g., PAFL).

[0052] The multiple antenna elements 305 may be used to
enhance how an antenna functions (both on transmit and
receive), as opposed to an antenna with only one element
capable of recerving or transmitting signals. In particular,
multiple of the elements 305 may be used together by
generating signals at multiple feed elements 3035 that con-
structively interfere with one another to created steered
beams. In other words, signals may be generated at the
clements 305 that cause a combined output signal of the
array to be output 1n different directions or angles to steer the
signal 1n a particular direction. The lens 310 may further
help enhance this eflect, by increasing the degree to which
beams may be steered. This eflect 1s shown, by way of

example, in FIGS. 2A and 2B.

[0053] In the configuration of FIGS. 2A and 2B, the
phased array 15 1s being used to transmit a signal. In
particular, the phased array 15 1s used to generate a direc-
tional signals 22a-22¢ at various angles that may be further
angled using lens 11.

[0054] The lens used may further be a gradient index
(GRIN) lens, a lens that uses refractive capabilities of a
material to form a lens that may operate similar to a normal
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lens but with flat surfaces. A GRIN lens may be specially
configured to enhance the capabilities of a system using a
phased array antenna, such as to make a package including
phased array feed elements and a lens more compact or
smaller. Any of the lenses or combinations of lenses
described 1n U.S. patent application Ser. No. 17/721,898,
which 1s incorporated herein 1n 1ts entirety, may also be used

additionally or alternatively to the lenses described herein,
such as the lens 310 of FIG. 3.

[0055] In many prior phased array antenna systems, the
spacing of the feed elements in a phased array antenna 1s
typically 0.5A, or less, which reduces the presence of errors
called grating lobes. (Where A, 1s the wavelength of the
signal being used by the system.) Grating lobes are signals
that are unintentionally created at an output angle that 1s not
desired, and of a similar power level as the desired signal.

[0056] In various embodiments described herein, a con-
figuration proposed of a phased array antenna with a retlec-
tor or a lens such as a GRIN lens, elements of the array may
be spaced at distances greater than 0.5A, including up to
1.0A. In addition, 1n using the phased array antenna with a
reflector of lens, beams may be formed by using fewer than
all of the array elements present 1 a system while still
avoiding grating lobes. This may occur because the enhance-
ments provided by the lens or reflector may render using all
of the feed elements to form a particular beam or signal
unnecessary. In other words, a steered beam signal may be
transmitted or recerved using less than all of the phased array
antenna elements that may be spaced at distances greater
than 0.5A, and that signal may be further focused, steered, or
directed by a reflector or lens to further enhance the signal
such that data meant to be communicated 1s not lost due to
errors such as grating lobes.

[0057] In various embodiments, a single lens (e.g., a
GRIN lens) or single reflector may be positioned over a
phased array antenna for enhancing the phased array
antenna. In other embodiments, multiple different reflectors
or lenses may be used. For example, a series of lenses may
be used, and/or multiple lenses each associated with indi-
vidual phased array elements or a subset of phased array
clements may be used in an antenna. Similarly, multiple
reflectors may be used 1n various embodiments 1n a similar
manner (e.g., 1 a series of retlectors and/or using reflectors
associated with individual phased array elements or groups
of phased array elements).

[0058] Accordingly, described herein are focusing aper-
ture antennas (such as a lens antenna or a reflector antenna)
with a sparsely-spaced antenna array feed network for the
purpose ol producing high-performance scanned beams
while reducing the number of elements required in the
antenna to cover the field of view for grating-lobe-iree beam
scan. A key technical element 1s the gain ripple (or scallop-
ing) versus scan angle. As the feeds 1n previous antenna
systems are spaced beyond 0.5A the gain may begin to
ripple. In the embodiments described herein, the antenna
array element spacing as well as the lens and/or reflector of
the system may be optimized such that an acceptably small
amount of ripple may be present, while minimizing the gain
ripple that would interfere with properly transmitting or
receiving a signal.
[0059] The embodiments described herein have many
advantages. The embodiments described herein create a
higher quality aperture field which results 1n a higher quality
beam (e.g., with lower sidelobes, lower aberrations, higher
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EIRP). As another example of an advantage of the embodi-
ments described herein, greater antenna array element spac-
ing may result 1n a lower cost antenna because less total
antenna array elements may be used 1n a given array. Fewer
antenna array elements may also cause an antenna array to
weigh less and be easier to fabricate. In addition, the power
used by the antenna array may be less because there are
fewer antenna array eclements that must be powered. In
embodiments where only a subset of antenna array elements
1s used to recerve or transmit a signal, this advantage may be
further enhanced. In addition, the greater spacing of antenna
array elements adds more space, which 1s advantageous for
keeping the array elements cool and preventing them from
overheating and/or being damages or otherwise losing eflec-
tive use. In addition, the embodiments where a subset of
array elements are used would further enhance the heat
management advantages described herein because not all
array eclements must be used at one time to receive or
transmit a signal.

[0060] The advantages related to using fewer antenna
array elements are significant. For example, reducing the
number of antenna elements (and therefore active compo-
nents) may reduce the number of antenna elements by a
number equal to the square of the spacing factor. For
example, 11 a 0.5\, spaced array 1s converted to a 0.75A,
spaced array, the spacing factor 1s 0.75/0.5=1.33 so there
will be 1.3372=1.77 times fewer elements). This reduces
power dissipation making the system more eflicient, reduces
heating, and directly reducing cost. To avoid grating lobes,
the focusing aperture antenna (reflector or lens) converts the
focal fields to a continuous aperture distribution without
grating lobes. The sparse-antenna arrays described herein
can also produce higher quality beams with lower scan loss.

[0061] Accordingly, the systems and methods described
herein combine antenna arrays as feeds of a focusing aper-
ture antenna (such as a reflector, lens, or GRIN lens antenna)
in order to produce high-quality, grating-lobe-free beam-
scanning across a hemisphere with a significantly reduced
number of antenna elements. This may directly reduce
power consumption and cost related to the integrated circuits
required for beam-scanning antenna arrays (e.g., RF beam-
forming ICs) and also provides for higher-quality beams
than a conventional focusing aperture antenna alone.

[0062] In one example embodiment, a PAFL antenna
system may have increases antenna element array spacing to
0.75A. In the example, a 0.8 dB ripple was observed, which
1s very minor 1n many applications and no grating lobes were
observed. Thus, a 0.707A spaced PAFL with a 2D lens may
have 14 the number of elements of a 0.5\ array and will have
even lower ripple than the 0.75A, example. Such a configu-
ration may cut cost of the array elements by half and power
consumed by approximately half. In other embodiments, up
to 1A may be used, which would result in 4 the number of
teeds used as opposed to the 0.5A spacing.

[0063] In various embodiments, a GRIN lens may be
specifically designed to prefer widely spaced feeds (in
contrast to a homogeneous lens or reflector). This 1s possible
because of the additional degrees of freedom provided by a
GRIN lens. For example, the aperture of the lens may be
mampulated or adjusted 1n a GRIN lens to achieve a desired
configuration. The shape of a GRIN lens (e.g., planar
surfaces) may also offer advantages 1n the size of packaging
for a phased array antenna system with a lens, thereby
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achieving greater focusing eflects than a diflerent type of
lens that takes up a similar amount of space.

[0064d] A second lens (or even a continuous volume/
manifold) may also be used between a feed plane of the
system and the aperture lens which focuses the lens to
broadly spaced (sparse) feed elements to achieve a desired
configuration and benefits for a system.

[0065] A test was performed that showed positive results
for an example embodiment of a sparse phased array
antenna used with a GRIN lens as described herein. For
example, a 4 inch lens at 40 gigahertz (GHz) with 17 feed
clements (for 0.5A, spacing) compared to 13 feed elements
(for 0.75A, spacing) aligned along a @-cut was used, similar
to the setup of FIG. 3. The lens had a response matrix as
shown 1n FIG. 4. A pattern showing each of the 17 feed
clements 1s shown 1 FIG. 5. In particular, 0.75A, for an
antenna system was tested and was capable of generating or
receiving high quality signals using only a portion of the
total feed elements (e.g., using 6 of 13 total feeds 1n a one
dimensional antenna array).

[0066] In various embodiments, the spacing of feed ele-
ments 1n an array may be anywhere between 0.5\, and 1A,
including as examples, 0.5A, 0.55A, 0.6A, 0.65A, 0.7A,
0.707A, 0.75N, 0.8A, 0.85A, 0.9A, 0.95\, or 1A. In various
embodiments, an array may also have variable spacing, such
that spaemg between individual elements 1s different from
the spacing between other individual elements. Such spacing
may also be variable between 0.3A, and 1A.

[0067] Inparticular, during the testing using 0.5A, spacing,
results shown 1n FIG. 6 were achieved, where continuous
beamscanning 1s possible with complex weights, and two
teed (e.g., blue to green) works and six feeds (e.g., cyan to
magenta) provides increased sidelobe control. As such,
high-quality beamforming may be accomplished with this
setup using a reduced number of feeds (e.g., 6-8). FIG. 6
specifically shows a visualization for each of feeds 2-16 1n
a setup of 17 feeds, with a minus (=) 1 dB oflset to provide
better visualization. FIG. 7 shows an example what 1t would
look like to attempt to us 1.0A, spacing using the 0.5A,
spacing setup.

[0068] FIGS. 8-10 further show the results of the test
comparing the 0.5A, spacing to results for a 0.75A, spacing
(e.g., 13 feeds mstead of 17 as described above). A pattern
showing each of the 13 feed elements for 0.75A, spacing 1s
shown 1n FIG. 8 (compare to FIG. 5 with 17 elements for 0.5
A spacing). FIG. 9 shows results for the 0.5 A spacing, while
FIG. 10 shows results for the 0.75 A spacing. Accordingly,
advantageous results may still be achieved using the 0.75 A
spacing setup, including, e.g., with only using six feeds
(P4-P9) out of thirteen total with little loss and good side
lobe control. Other setups and results are further described
herein below.

[0069] For example, described below 1s also a sparse
phased-array-fed lens (S-PAFL) setup comprising a 4" aper-
ture GRIN lens antenna, an 8-clement 0.725A-spaced linear
patch array operating at 29 GHz, and a Ka-band SATCOM
beamformer IC. The S-PAFL setup achieved maximum gain
at all angles and improved scan loss by 4 dB at £50°. Recent
advances 1n millimeter wave (MMW) communications have
ushered in a new era of high speed wireless data prolifera-
tion. Emerging 5G mobile wireless networks and low earth
orbit (LEQO) satellite-enabled space internet will make exten-
sive use of the MMW bands. High performance beamiorm-
ing antennas are essential to the realization of these services
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and are anticipated to be deployed on a massive scale: 1t 1s
estimated that by 2030 over 2 million base-stations (BS) and
small cells (SC) may be deployed 1n 5G-MMW infrastruc-
ture and by 2040 up to 19 million LEO SATCOM terminals
will be installed with end-users (e.g., homes). An antenna
system for these applications may be the phased array
antenna (PAA) as depicted in FIG. 11A. PAAs may have
exceptional beamforming performance and consistently
achieve low scan loss, wide FoV, multibeam capabilities,
and beam-shaping. FIG. 11A specifically shows a phased-
array requires 0.5A-spaced feeds (to avoid grating lobes) and
exhibits low scan loss across the FOV with low sidelobes
and flexible beamshape. All N feeds are active for all beams.
FIG. 11B shows how switch-beam lens antennas provide
low-cost and low-power beamscanning but may not be
capable of scanning to arbitrary angles or shaping the beam.
As a result, ripples may appear in the scan envelope, which
worsen as the array spacing increases (e.g., from 0.5A to
0.77). FI1G. 11C shows an example of a current embodiment
of a sparse phased-array-fed lens (S-PAFL) antenna com-
bining a widely spaced (0.7A) phased-array feed with a lens
to reproduce the capabilities of a phased array (smooth scan
envelope, controlled sidelobes, low-coma lobes, and even
multibeam operation) at a fraction of the cost and power
consumption. FIG. 11D an example S-PAFL in this work 1s
a 4" gradient-index (GRIN) lens antenna and an 8-clement
29 GHz linear patch array (0.725A-spaced) driven by a
Ka-band SATCOM transmit beamiormer IC.

[0070] However, in order to realize a larger degree of
reconiigurability, PAA array elements may maintain a sub-
A2 spacing. High-gain PAAs may therefore use a larger
number (P, ranging from 100’s to 1000°s) of elements and
corresponding beamiformer ICs, making PAA solutions
costly and power-ineflicient. An alternative approach to
PAA beamscanning i1s the switched-beam gradient index
(GRIN) lens antenna as shown 1n FIG. 11B. Modern MM W
GRIN lenses demonstrate high aperture eiliciency and
extremely wide bandwidths. GRIN lenses may also achieve
high quality beam-scanning over a wide FoV by utilizing
Luneburg-type lenses. In a switched beam configuration,
cach feed element beneath the lens generates a beam at a
particular angle and scanming 1s achueved by activating one
clement at a time. Given the passive nature of the lens
structure and the near absence of active electronics,
switched-beam beamiormers are highly power eflicient.
However, switched-beam systems may be constrained by the
clement sampling and therefore cannot scan to arbitrary
angle or apply beam-shaping. The latter 1s of particular
concern for far-scanned beams where beam qualities (e.g.,
max gain, side lobe level, coma lobe) are most degraded.
The beamforming performance of switched beam systems
may be improved by feeding the focusing element with a
PA A—this approach has been demonstrated with both lens
systems and reflectors (for which the low-power switched
beam method 1s also wviable). In the latter context, the
phased-array-fed-reflector (PAFR) technique 1s employed to
achieve optimal illumination and 1s not typically used for
wide angle scanning. Indeed, PAFRs demonstrate a high
degree of flexibility but may be constrained by the limited
FoV intrinsic to high-gain reflector systems.

[0071] Phased array fed lens (PAFL) designs may be

advantageous for wide-FoV applications fully explored. As
such, described herein are embodiments for a sparse phased-
array-fed lens (SPAFL) antenna which combines a widely
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spaced (>0.5A) phased-array feed with a lens as shown in
FIG. 11C. The S-PAFL may have a smooth scan envelope
(with reduced scan loss relative to a single lens antenna),
engineered (reduced) sidelobes, low-coma lobe, and even
multibeam operation. Due to the array sparsity, the S-PAFL
may also have fewer total feed array elements (N<P): for
example, with an array spacing of p(2)A, N=P/2 and the
S-PAFL only requires half the number of beamformer ICs
compared to a similar-sized PAA. Furthermore the S-PAFL
can generate a given beam using a small number, n, of the
available feed elements. The S-PAFL offers a continuous
trade-space between a PAA (P active feed elements) and a
switch beam antenna (1 active feed element). That 1s,
1<n<<N<P may represent a significant cost savings and
potentially orders of magnitude lower power dissipation
relative to a PAA while being able to produce significantly
higher quality beams than a switch-beam lens antenna and at
arbitrary angles. The flexibility, performance, and potential
for cost and power savings of the S-PAFL offer an advan-
tageous solution for the massive deployments of high per-
formance MMW beam scanning antennas that are required
for current and future wireless communications systems.

[0072] An advantage of the embodiments herein 1s that a
theoretical framework for phased-array-fed apertures (PA-
FAs) 1s provided—specifically, an optimal solution for
PAFAs 1s described which may use only far-field quantities
instead of near-fields at the feed plane (which may be a more
challenging quantity to measure). Therefore the methods
described herein are simpler to implement. Another advan-
tage of the embodiments herein 1s an explanation of the
tradeoffs of feed spacing and embodiments that demonstrate
that spacings on the order of 0.7A may be useful in various
contexts. High quality beamscanning has also been demon-
strated with the proposed method, achieving a scan loss
exponent improvement from 5.0 to 3.2 for 0.5 Afeeds and 3.6
for 0.7A-spaced feeds. Finally, methods have been demon-
strated that may be used to realize many of the most
important capabilities of a PAA, showing that the S-PAFA
(or specifically an S-PAFL) may be a low-cost and low-
power replacement for a PAA 1n various applications. Ulfi-
mately, embodiments presented herein, such as a 0.725A-
spaced example, uses 2.1xfewer feed elements and requires
as few as 4-6 active elements to produce high quality beams,
shown on FIG. 11D. This represents a dramatic reduction in
power consumption and cost relative to a phased array while
providing the high performance necessary for current and
future MMW beamscanning systems.

[0073] FIG. 12A shows a model of a S-PAFL system: an
1dealized lens 1s described by the matrix H and the total field
from combination of all N complex-weighted feeds 1s e (1).
The complex weight driving the n”* feed is s_. A single feed
with weight s_ produces a sinc(0) radiation pattern H_,
referred to as basis beams, which forms the n”* column of H.
Feeds n and n+1 are separated by angle AO and arc length
RAO at a crossover level GG, occurring at angle AG/2. The
ratio of the basis beam gain G, to GG, at the angle 1s referred
to as the crossover point. FIG. 12B shows the difference 1n
gain between an optimal-gain synthesized beam at the
crossover angle relative to the gain of one of the basis beams
(at the basis beam angle) where 0 dB corresponds to gain at
the crossover angle (or null angle) equal to the closest basis
beam gain and indicates the level beyond which a beam-
scanning antenna will exhibit gain ripple versus continuous
scan angle. As such 1t represents a cutoff for high-perfor-
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mance operation. FIG. 12C shows gain improvement of the
synthesized null-steered beam over the basis beam versus
feed spacing for multiple aperture efficiencies. Measured
crossover points for 0.1A-spaced measurements of Section
III are included (purple circle markers). 0.7A is the approxi-
mate maximum spacing for no gain ripple versus scan angle.
Vertical dashed lines indicate the spacings exhibited in FIG.
14 discussed below.

[0074] In order to motivate sparse feed elements consider
the 1dealized S-PAFL system shown 1 FIG. 12A 1 which
the n and n+1 feed elements produce far-field electric fields,
EB,H(ea(P)ﬂ E(p,n(eﬂq)) ElIld EB,H+1(6ﬂ(P)5 E(p,n+1(6ﬂq))a IESPEC—
tively. The corresponding beam angle are separated by AO
equal to the angular spacing of the feeds (as 1n an i1dealized
Luneburg lens) and have a crossover G_ point that 1s below
the feed beam peaks (G, ). In this paper we refer to the beam
produced by a single feed element as a basis beam. The n
and n+1 feed elements are driven by complex weights s and
s, 1, respectively and are separated by an arc length RAQ. If
the lens 1s assumed to produce an 1dealized uniform aperture
field distribution at all feed angles the resulting beams are
sinc functions versus angle.

[0075] Assuming any two feed locations are fixed there 1s
a region with lower gain between each basis beam (referred
to as the “null”). To ‘fill the null’ all N beams may be
optimally combined to produce the highest gain at the angle
exactly between the two basis beams. This synthesized beam
may 1n fact have higher gain at the null than each basis has
individually, and the ratio of the gain of this synthesized
beam to G, 1s denoted as AG. As the physical (or angular)
separation between feed n and n+1 increases G, reduces and
filling this null becomes more difficult (FIG. 12B). The
mapping from crossover to spacing 1s shown explicitly 1n
FIG. 12C for a variety of assumed aperture efficiencies
ranging from 0.6 to 0.8. For feed spacing out to approxi-
mately 0.7A the gain between two beams may be approxi-
mately equal to the gain of the basis beams (at their
corresponding angles). If the feeds are closer (e.g., 0.5A),
AG(1n dB) actually becomes positive. This simplified analy-
s1s justifies the sparse feed approach proposed heremn. To
further justify the approach, FIG. 12C includes the gain
crossover points (purple circle markers) from the 0.1A-
spaced horn measurements, confirming the same trends are
valid for realistic systems.

[0076] One of the embodiments described herein 1s a

method for computing optimal feed weights s for a desired
objective (e.g., maximum gain at an arbitrary angle, includ-
ing between basis beams) based upon measured (or simu-
lated) complex fields (or radiation patterns) from a realized
system. Since each feed produces a single basis beam which
1s scaled by the complex weight of each feed s and the total
field 1s the superposition of all feeds, the resulting electric
field 1n the far-field can be expressed as a vector of complex
feed weights multiplied by a lens system matrix, H,

HS=e, (1)

where H E C 1s an M-by-N matrix consisting of electric field
measurements at some radius R. There may be M sampled
points of (0,¢) for each of the N

-1 T

6 c [T, 5], ¢ e |—m, m|.
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antennas M/2 of the rows represent EQ and the remaining
M/2 represent E@. Each column represents the nth basis
beam. The N-by-1 s € C are phasors representing normal-
1zed dniving point voltages such that s2n 1s equivalent to
input power at the nth feed. Boldface capital letters used
herein may denote matrices and boldface lower-case letters
may denote vectors. Below 1s shown an example of this
matrix, where the first index refers to 0 location and the
second to ®. The subscripts indicate field polarization and
feed 1ndex:

Eu (- 0 Egn (-7, 0) (2)
EH,I(E';D: o) EH,N(%D: bo)
b Egjl(}':?,, 27) E&N(;r, 27) |
E@l(fﬂ, 0 ... EM(.—H, 0)
E@,l(ﬁ%m $o) E@,N(t‘%ﬂ; ¢o)
_ E@l(;r, 27) EM(;I, or)
[0077] The M-by-1 vector e € C 1s the resulting total

electric field due to a particular array excitation. The matrix
1in (2) may be referred to as the “H matrix”. In some cases
M<N columns of the H matrix (feeds) may be selected to
form an H submatrix. Such submatrices may also be referred
to as H matrices or H unless the distinction 1s relevant. Two
algornithms are presented below to determine the appropriate
feed weights s for a high-quality beam at a given steering
angle: a “max gain” algorithm generated from constrained
optimization theory and a global solver implemented using
particle swarm optimization (PSO).

[0078] The purpose of max gain algorithm 1s to find the
optimal feed weight vectors which maximizes gain at a
particular target angle (0,,,¢0,). While 1t 1s especially impor-
tant to achieve maximum gain between basis beams (1n the
nulls) the result 1s valid at all angles including at basis
beams. Gain, 1n terms of the far-field electric field and the
feed weights 1s,

dnUB, ¢) 4nU@O, ¢) 4rR’IE®, ¢)I° (3)

G, @) = :
SO=T, s 2151

where |:| denotes the L, norm.

[0079] In (2) there are two rows for a given angle, one for
each orthogonal polarization, throughout this document only
the E,, component may be considered and thus can operate
upon a single row. In order to solve for an arbitrary polar-
1zation an appropriate change of coordinates can be made to
collapse (2) to a single row for each polarization. The row
corresponding to the desired angle and polarization 1s hg:

ho = [Es1(80, ¢1) ... EsnBo, do)l, 4)

and

GG, d0) = 4HRE|hDs|2_ (5)
21lls11?
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Since 4mR“/21 is a constant, there exist two strategies for
maximizing G(0,,0,):(1) maximizing while keeping con-
stant; or (2) maximizing|/8|| while keepinglh,8!1° constant.
And finding the feed weights for maximum gain at the target
angle 1s a constrained optimization problem. In the follow-
ing the second strategy 1s pursued. Using the lLagrange
multiplier method the field value at the steering angle is
constrained to an as-yet-undetermined constant (k=1h,81°=E
(0,,0,) and 1s mimimized. The Lagrangian of the system 1s

L =|sl> + Ahos = k) (6)
=5"s + Alhos — k),

which when minimized yields,

0=8+Ah,*
8=—Ah*, (7)

where A denotes the Langrange multiplier (a free parameter)
and (-)* denotes the Hermitian transpose operator. From the
equality constraint:

k = — Aok, and (8)
—k
A= —.
ol

Substituting (8) into (7) yields:

ki, 9)
" hohly

AN

Since k has not yet been chosen, 1t can be used to cancel the
scalar factor of hphg* 1n the denominator, yielding the
straightforward result:

R=f1* (10)

which 1s similar to a conjugate field matching approach
except that instead of requiring the fields 1n the focal plane
(often a difficult quantity to measure), this result may require
the complex far-fields at the desired angle (a much more
straightforward quanfity to acquire). In other words, 1n order
to form a beam with the highest gain at a particular angle,
not only should the antenna phases be set such that all
radiation adds coherently at the angle of interest, but each
feed should be excited in proportion to the magnitude of
their respective electric field at the steering angle.

[0080] The above result uses all available feed elements
represented 1n s but 1t 1s often sufficient (and preferred) to
use a small subset of feeds 1n order that the beamformer ICs
for mactive feeds can be disabled to reduce static power
consumption (see crossed-out beamformer ICs 1n FIG. 11C).
It 1s now shown that when synthesizing a beam with
maximum gain using a subset & of {feeds, with
cardinalitylGI<N (corresponding to subselected columns of
H), the feeds which produce the highest amplitude fields at
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the desired angle (referred to as the “loudest neighbors™)
should be used. Inserting (10) into (5) yields the optimal
gain 1n the target direction:

 4nR%|hohy|? (11)

Go =
21l Ao |12
A R*|hol”

20l Ao ||*

4nR gl
- =

2
= oAl

Using (11) and the subset G:

o (12)
Gog = llhogl* =a ) lhoml,

m=1

[0081] where h,, ; denotes h,, truncated to only include the
columns corresponding to a (1-by-1G1 vector). Since (12) 1s
a sum of positive numbers: (1) asdf Removing any feed with
lhy ,,16=0 from areduces G, 5 and (2) Keeping the feeds with
highestlh, | maximizes the partial sum of (12) and mini-
mizes the reduction of G, as feeds are removed. The
second observation may be referred to as loudest neighbor
selection. It may be optimal for the gain method and a useful
heuristic when another synthesis algorithm 1s employed such
as Particle Swarm Optimization (PSO) with FoMs other than
maximum gain.

[0082] Although the “gain method” described above
results 1n a closed-form expression (and 1s thus simple and
efficient to compute), 1t possesses some drawbacks, namely:
(1) It only optimizes gain and cannot address, e.g., sidelobe
levels directly; (2) Although the gain 1n the direction of the
steering angle 1s guaranteed to be the maximum possible for
the set of feeds chosen, the steering angle 1s not guaranteed
to be the angle at which the radiation pattern 1s maximized
(that 1s, the gain may be higher at other angles).

[0083] Alternatively, a FoM can be defined to describe the
desired beam(s) and a global optimizer (e.g. PSO) may be
used to solve for the beam weights that produce the highest
FoM. To generate the FoM, the desirable aspects of a beam
may be considered (see FIG. 13B): (1) high gain (G(6,))/
directivity, (2) low sidelobe level (SLL), (3) angle of maxi-
mum gain corresponds to desired beam angle (8,), and (4)
low main-beam width (A8). Although 1n practice there may
be some correlation between these characteristics, 1t 1s
convenient to track each of these characteristics indepen-

dently. A total FoM 1s

E;,'WI' i H 13
Fort < ZAU) 13)
Efo

where the {.(Hs) denotes an arbitrary function assigning a
score to a beam-characteristic-specific FoM and the w; are
scalar weights to assign relative importance. We choose here
to define our f; using integrated sigmoids. Sigmoids are a
class of function that are continuous, monotonic, differen-
tiable, and have constant asymptotes. Thus, mtegrated sig-
moids are continuous, monotonic, and differentiable, with
linear asymptote:
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H;iﬁmggé”ﬂm+1ﬂ+Lg:wﬂ+L (1)

Jillds) =

where V (+) 1s a functional that maps Hs to a beam charac-
teristic such as Gain and T 1s the target value of V (Hs). L
denotes the asymptotic slope when V (Hs)<T, H denotes the
asymptotic slope when V (Hs)>T, and K 1s a parameter
controlling the transition sharpness at T. In general, V
(Hs)2T should represent a good component FoM score. FIG.
13A shows an example of an integrated-sigmoid FoM com-
ponent curve.

[0084] FIG. 13A shows integrated sigmoids used to assign
a score for each component of the composite FoM. Shown
here 1s an example for gain at the target angle. The compo-
nent FoM has a constant slope (L) up until around the target
gain (T), at which point the slope transistions to another
constant slope (H). The sharpness of this transition (K) may
be configured as well. FIG. 13B shows a full FoM that
considers several individual ‘component’” metrics, such as
gain at the steering angle (G(0,), SLL, beam angle (A9), and
the width of the main beam error_.,.. In order to evaluate
a scalar value for error, ., the main beam radiation above
the desired SLL 1s mntegrated in a chosen angular extent
around the steering angle. Each may be a function returning
a scalar from the synthesized fields.

[0085] V (Hs) and T are defined for each component FoM.
With reference to the four desirable quantities of beams
above (and FIG. 13B): (1) High gamn: V (Hs) and T are
defined logarithmically—T 1s at or above the basis gain; (2)
Low SLL: V (Hs) 1s the difference 1n logarithms between the
global gain peak and the highest sidelobe peak. Tis generally
set from —10 to —15 dB; (3) Max gain angle: V (Hs) 1s the
angle of the beam pattern maximum. Tis the desired beam
angle; and (4) Low beam width: V (Hs) 1s the integral of the
logarithmic gain above a threshold (here the SLL threshold)
1n an angular region excluding the desired beam width. Tis
ZEro.

[0086] These FoMs will be referred to as t, ;.. f¢; 7. 1,
and 15y, for notational consistency with (14). Their corre-
sponding weights are referred toas w_ ;.. Wg; 7, W, ., and
Wew- L., Was assigned an H of 0.2 to allow for unlimited
gain improvement and all other £; had H=0. For all optimized
beam weights, the MATLAB particle swarm function (from
the Global Optimizer Toolbox) was used, although many
particle swarm 1mplementations exist. As the solver cannot
operate directly on a search space defined by complex
numbers, the N complex feed weights for optimization are
passed 1n as 2N real weights corresponding to the real and
imaginary components of each feed. Moreover, since the
particle swarm solver anticipates minimizing a function
rather than maximizing 1t, all FoMs are inverted prior to
evaluation. Convergence 1s aided by seeding half of the
particles within a 2N-dimensional sphere centered at the
solution of the max gain solver, which reduces the number
of 1terations by a factor of 2. More sophisticated strategies
for improving optimizer efficiency may be used for tractable

lens-array codesign.

[0087] Theoretical results were validated using a 4"-di-
ameter planar GRIN lens. First the gain-reduction versus
feed spacing from the simplified model (FIG. 12C) was be
confirmed. To obtain the basis beams for a variable-spacing
feed array, the fields from the lens were measured with a
WR28 10 dB1 standard gain horn antenna operating at 27
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GHz. The horn feed was translated across the lens 1n steps
of 0.1-A from the lens center to the edge of the lens. The
complex basis beam {far-fields were calculated from an
NSI-MI near field scanner with an angular coverage up to
60*from broadside. A full edge-to edge set of basis beams
was created by assuming symmetry across the lens center.
The tight spacing on measured beams allowed better inves-

tigation of the eflect of array spacing on beam quality
(specifically d=0.5A, d=0.7A, and d=A, as shown by FIGS.

14A-L and inspired by the results of FIG. 12C). The mea-
sured basis beams are shown in FIG. 14A-C. This system
has high quality near-broadside basis beams, exhibiting —20
dB SLL. Beam quality noticeably degrades over scan with
tarther-out beams exhibiting reduced gain, larger beamwidth
and reduced SLL. The scan-loss exponent of the basis
breams 1s 5.0.

[0088] FIGS. 14A-L show beamforming results for uni-

form linear arrays with three inter-element spacings: 0.5A 1n
first column, 0.7A the second column, and 1A 1n the third
column. The basis beams are shown 1n FIGS. 14 A-C. Pertect
symmetry 1n the bases 1s observed because beams steered to
negative 0 were obtained by reflecting beams across 0=0.
Closer array spacing corresponds to greater overlap between
beams. FIGS. 14D-F demonstrate null filling performance of
the ‘gain method’ out to a 0,=40°. For the 0.5A and 0.7A
arrays, ‘null-steered’” beams exhibit equal or greater gain
than the original bases, and the beam scan exponent 1s
reduced sigmificantly. FIGS. 14G-I show beam-scanning
near broadside, and FIGS. 14J-LL zoom 1n on the peaks of
FIGS. 14G-I. Note that the 1A-spaced beams show signifi-
cant gain reduction within the null. Moreover, due to poor
beam shape, the gain solver 1s unable to satisfy the beam-
steering requirement, with the maximum gain of synthesized
beams observed at 0, __6=0,(see the 3° beam).

[0089] FIGS. 14D-L shows the null-filling results for each
array spacing. Using the gain method, we synthesize maxi-
mum gain beams only at the nulls from 0=0° to the edge
beams, shown in FIGS. 14D-F. Even though beams are
formed at the ‘worst-case’ locations, the beams synthesized
by the 0.5A and 0.7, arrays show better gain and lower scan
loss than the bases. Specifically, the cos’(6) scan loss of the
bases go to cos”*(0) for the 0.5\ array and cos>°(0) for the
0.7A array. Note the poor quality and low gain of the 1A
array beams, as expected from FIG. 12C.

[0090] To better visualize beam quality and achievable
gain between basis beams, only near-broadside beams are
synthesized 1n FIGS. 14G-L, that 1s, between the broadside
beam at 0=0 and the next closest basis beam. For the 0.5A
and 0.7h arrays (FIGS. 14G and 14H), the synthesized
beams attain higher gain than their respective basis beams
while retaining extremely low sidelobe level (SLL<-20 dB).
For the 1A array (FIG. 14F), achievable gain at the null angle
1s 1n fact greater than that achievable by any single basis at
that angle, but the null beams do not have gain commensu-
rate with the bases and exhibit poor quality. FIGS. 14J-L are
zooms of the peaks of FIGS. 14G-1, respectively. The 0.5A
synthesized beams have an additional 1.46 dB of gain
compared to the basis beams, and the 0.7A synthesized
beams can fill the null with only marginal improvement in
gain at the broadside basis (0.16 dB). For the 1A array (FIG.
14K), the beams synthesized exhibit either severe degrada-
tion within the beam null or exhibit the artefact where the
maximum gain of the entire pattern does not coincide with
the steering angle.
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[0091] FIGS. 15A-C show basis beams (dashed gray
traces), basis beam envelope (solid black), and synthesized
beams using the gain method for 0.5A—(solid orange),
0.7A—(dashed orange), and 1A-spaced (dotted orange) spac-
ing. The basis envelope exhibits gain ripple due to nulls
between fixed basis beams. For 0.5A spacing, a>1.5 dB gain
improvement 1s achieved over all scan angles, and rolloil
improves from cos’0 to cos> 0. For 0.7\, both benefits are
less dramatic, with an improved scan loss of cos>°0. 1A
spaced feeds exhibit gain ripple due to deep nulls between
basis beams.

[0092] FIGS. 15A-D show the peak gain achievable at any
given steering angle from 0°-45°. For comparison, the
maximum gain at each steering angle due to excitation of a

single basis beam 1s also shown. For all three spacings, the
basis beam envelopes are lower than synthesized beam
envelopes with ripples representing nulls. FIG. 15A shows
the improved scan loss of cos®?0 for 0.5\ spacing and FIG.
15B shows the improved scan loss of cos®® 6 for 0.7A
spacing. For the 1A spacing of FIG. 15C, the synthesized
gain envelope follows the basis nulls for low beamscan, but
can eventually fill the nulls for large scan angle due to the
relatively high crossover of the far basis beams. FIG. 15D
directly compares the gain envelope for the three feed

spacings, indicating a tradeolil between power consumption
and maximum gain.

[0093] To demonstrate the general applicability of the gain
method to flat lens systems, two additional GRIN designs
were 1investigated from A. Papathanasopoulos, Y. Rahmat-
Samii, N. C. Garcia, and J. D. Chisum, “A novel collapsible
flat-layered metamaterial gradient refractive-index lens

antenna,” [EEE Trans. Antennas Propag., vol. 68, no. 3, pp.
1312-1321, 2020 and a F/D=0.5 version of S. Zhang, R. K.
Arya, W. G. Whittow, D. Cadman, R. Mittra, and J. Vard-
axoglou, “Ultra-Wideband Flat Metamaterial GRIN Lenses
Assisted with Additive Manufacturing Techmique,” [EEE
Tvans. Antennas Propag., pp. 1-1, 2020. The F/D reduction
was necessary for the latter design because the original
prescribed F/D exhibited a severely reduced field of view.
The F/D=0.5 version was generated with the same design
equations and broadside gain was confirmed to be 1n agree-
ment with the reported value. Neither were designed for
beam-scanning performance, and therefore have significant
scan loss. An FDTD full-wave simulator (Empire XPU) was
used to simulate the basis beams using a practically realiz-
able open-ended waveguide (OEWG) feed array as shown 1n
FIG. 16. The lens was also simulated using an OEWG array
for easier comparison in performance improvement with
gain solvers. Table I describes the details for these lens
simulations. Due to F/D and feeding differences between the
simulated and published lenses, the results shown here are
purely for illustrating the potential improvement from using
the beamforming methods proposed 1n this work and are not
necessarily indicative of the full performance capabilities of
these lenses as originally designed.

[0094] FIG. 16 shows a schematic of full-wave simulation
showing an OEWG feed array behind a GRIN lens profile.
The OEWG width 1s less than 0.7A for all cases to fit 0.7A
spacing. Only two edge feeds are shown for brevity. Details
regarding the simulations can be found in Table 1.
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TABLE 1
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DETAILS FOR THE LENS SIMULATIONS FROM LITERATURE, AS SHOWN IN FIG. 6

As simulated in this work

As originally published

Lens F@) D®@) @D Freq(GHz) #of@ds OEWG @ @

@ indicates text missing or 1llegible when filed

[0095] FIGS. 17A-C show improvement in beamscan per-
formance using a gain method for various lenses. For all
cases the cosine scan loss exponent improves by 1-2. Lenses
are excited by OEWGs as opposed to horn antennas, which
1s responsible for the different rollofl exponents between
FIG. 17A and FIGS. 14A-L. FIGS. 17A-C show substantial
improvement in scan loss 1s possible for all lenses and
approximately consistent with up to 1.8 dB improvement at
broadside and reduction 1n the empirical cosine-rolloil expo-
nent of up to n—=n-2. This corresponds to a gain 1improve-
ment of up to 4 dB 1n the case of [17] at 40°.

[0096] FIGS. 18A-C show a comparison of synthesized
beams at 0.7A spacing using PSO (solid blue with filled
circle marker) and the maximum gain method (solid violet).
FIG. 18 A shows that when the PSO method 1s used with a
gain-dominated FoM the PSO beam shape and peak gain
values agree well with the maximum gain method for all
angles. FIG. 18B shows a multi-objective PSO beam syn-
thesis which heavily weights sidelobe level and beamwidth
results 1 0.7 dB less gain than the maximum gain method
but with a narrower beam having lower sidelobes at the
desired beam angle of 18°.

[0097] Although the previous results were all achieved
using the gain method, PSO provides far greater control over
the beam patterns. As discussed herein, the overall FoM has
four components. It w_ ., 1s relatively large and dominates
other FoMs, the PSO results agree almost pertectly with the
gain method as seen in FIG. 18A. Notice that even the
sidelobes exhibit very good agreement confirming both the
PSO and maximum gain methods. However, 1t either 1, , or
{5~ are relatively highly weighted, the synthesized PSO and
gain method beams will differ (as they must 1n order to
satisty multiple objectives). FIG. 18B shows a multiobjec-
tive application of PSO. The reference beam 1s from FIG.
14E for an 18° target with a target 3-dB beamwidth of 9.6°
and SLL of 20 dB. By assigning larger weights for SLL and
beamwidth, the PSO-synthesized beam achieves a 3-dB
beamwidth of 8.3° and SLL of 23 dB. with 0.7 dB gain
reduction (relative to the maximum gain solution) and a
slight target angle misalignment. Overall, the result shows
the feasibility of PSO 1n practical beamiorming synthesis. In
practice, it a more precise beam angle 1s required w,, ., may
be increased without significant degradation in the other

FoMs of the resulting beams.

[0098] FIG. 19. Photograph of the measured system com-
prising an 8-clement 30 GHz patch array feeding a flat GRIN
lens antenna. An 8-channel Ka-band SATCOM transmit
beamformer IC drives complex weighted signals to the feed
array. FIG. 20A shows a measurement setup for an array-fed
4" lens antenna. A beamiorming IC splits the incident RF
input signal and provides independent complex-weighted

18] 43 9.0 0.5 26.5 14 WR-28 cod® col?
26] 25 50 05 12.4 8 WR-62 col®d cod?
19] 24 41 0.6 12.4 8 WR-62 co® col®

F @) D& FD K2

4.3 (26.5 GHz) 9 0.5 H2n
20 (40 GHz) 16

1.25 OBEWG

3 (13.4 GHz) 5 0.6 Patch

outputs to an 8-element patch array operating at 29 GHz
with elements spaced at 0.723A. The patch array 1s located
at the focal plane of the lens for phase collimation, and the
collimated beam 1s measured by an NSI-MI planar near field
scanner. FIG. 208 Basis beam measurement setup. Since the
lens 1s 10A 1n diameter and the patch array 1s only 5.075A
wide, two array locations are used for basis beam generation
across the field-of-view.

[0099] 'To validate the simulated results, an 8-element
0.723A spaced linear patch array operating at 29 GHz with
5 dBi1 directivity per feed was fabricated. The 4" lens was fed
with the array at its approximate focal plane using one of
two positions depending on the steering angle, as shown in
FIG. 19 and depicted schematically 1n FIGS. 20A and 20B,
with around 27 dBi directivity at broadside. An active
8-channel IDT F6502 beamforming IC evaluation board
with 8 bits of gain control and 6 bits of phase control to set
the complex beam weights. It was confirmed that quantiza-
tion errors (due to limited number of bits) had a minimal
cllect on the resulting beams.

[0100] The theoretical results assume that all feed ele-
ments are i1dentical. For any practical (non-ideal) system a
calibration 1s necessary to account for antenna loss and
imbalances between transmit channels. Equation (1) can be
rewritten as,

e=H(€exk), (15)

[0101] where € 1s a column vector representing per-chan-
nel voltage loss and o a represents the Hadamard product.
Due to the imbalance in channels, using the maximum gain
method could result 1n undesirable beam patterns. Since we
are ultimately interested in beam patterns, we use directivity
instead of gain as the metric of choice. It can be shown that
maximizing the metric 1s equivalent to maximizing direc-
tivity (for uniform sampling of the radiating sphere 1n solid
angle), and furthermore, that the solution to the above using
the method of Lagrange multipliers 1s given by

S g~ (HH) g (17)

[0102] Although one could directly use (17) for the cal-
culation, the gain method 1s substantially faster than the
directivity method (O(N) vs. ~O(NM?), where N is the
number of antennas and M the number of rows correspond-
ing to sample points on the radiating sphere). This would be
particularly 1mportant for lens/array co-optimization
approaches in which the optimal weights must be computed
for any candidate lens design. In order to make the gain
method suitable for solving for directivity, the gain metric
should be a maximum at s, ,. If this 1s true, both algorithms
will return the same weights and thus the resulting beams
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will be 1dentical. This can be satisfied by assuming there
exists an H® that, when given to the gain method will return

Sﬂpr,d:

Sapr,d’_h()l*:(HE{H)_ lhﬂ$:Sapr,d' (1 8)

[0103] Solving for H” and making the substitutions that
h,=¢’H and h,'=g’H', where g is a column vector that
consists of all zeros except for the index corresponding to
the row denoting the beam steering angle and [-]* denotes
the matrix transpose:

ho*=(H*H) " hq

(g H'y*=(H*H) \(g" H)*

H'*g=(H*H) ' H*g

H*=(H*H)"'H*

H=[(H*H)" H*]*. (19)

[0104] By making this substitution, we ensure that, regard-
less of power imbalance between the channels, we will
identily weights that maximize beam quality. Moreover, this
calibrated gain metric can even be used for PSO. In fact, the
gain method with this substitution 1s equivalent to a version
of the directivity method using a look-up table to speed up
execution (i.e., pre-compute (H*H)™'). FIG. 21 shows a
comparison ol 5-feed-synthesized 0° beams using the cali-
brated gain and directivity methods. The weights given by
the calibrated gain method are: 0.64¢”>, 0.79¢~"'7-, 1&/,
0.97¢”%, 0.41¢/~**". The weights given by the directivity
method are 0.59¢/%'°, 0.86&/7'2°, 1¢/Y, 0.92¢/%2, 0.40e/~%7°,
Thus, the calibrated gain 1s eflectively equivalent to the
directivity method, with error likely due to numerical error
from matrix inversion. All measurements involving the gain
method 1n the following sections implement this calibrated
gain method. FIG. 21 shows theoretical synthesized beams
using the calibrated gain solver and the directivity solver
show substantial agreement, confirming the suitability of the
proposed directivity solver. Five beams are used to synthe-
s1ze the target beam at 0=0°.

[0105] To demonstrate measured null-filling, due to the
finite fabricated array length, we are not able to use all
possible basis for synthesis and must choose an array
position for each measurement as shown n FIG. 20B. The
measured basis beams are shown on FIG. 22A with a+55°
scan range. Note that although the 4-inch lens was mitially
designed for a 10 dB1 horn antenna as the feeding element,
these horns are impractical as array elements due to large
aperture size. As a result, the patch-fed basis beams are
degraded from the horn simulations, especially at the edge
of the lens due to radiation spillover. Using the calibrated
maximum gain method beams were synthesized in the nulls
between basis beams, as in FIGS. 14D-F, and the results are

shown 1n FIG. 22B.

[0106] The synthesized beams at 0°, 7.6°, 14.2° and 21.6°
are synthesized with the array in position I and the beams at
28.4°, 37.6° and 50° are synthesized with the array in
position II (FIG. 20B). All measured beams are in good
agreement with the corresponding simulated beams. The
synthesized beam at 0° achieves directivity of 26.65 dB 1n
simulation and 26.5 dB in measurement, nearly as high as
the two neighboring basis beams with directivities of 26.67
dB and 26.62 dB. In general, as with FIG. 14E, we are able

to synthesize beams with directivity commensurate with the
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basis beams at near broadside. Moreover, synthesized beams
exhibit a greatly improved scan loss (from cos>(0) to cos”°
(©)).

[0107] The theory developed applies 1n general for any
SPAFL system regardless of the type of lens (e.g., Luneburg,
QCTO Luneburg, or flat lenses) or how 1t 1s fed (e.g., on the
Petzval surface or with planar feeds). One of the benefits of
the proposed method 1s that 1t results 1n optimal gain for a
given S-PAFL realization without requiring a detailed inves-
tigation 1nto loss mechanisms. For example, an intuitive
approach to improving gain and beam quality for far-out
scan angles 1s to explicitly address spillover and phase
center displacement by including feed correction lenses
(FCLs) which shift the feed phase centers up, closer to the
Petzval surface, and reduce spillover by squinting feed
patterns toward the center of the lens.

[0108] Also mvestigated was the eflective phase center
and radiation pattern of the feed array with optimal complex
welghts applied to observe whether the above-mentioned
intuition 1s the dominant correction mechanism for achiev-
ing maximum gain or not. First the feed weights which
produce maximum gain at 40° are computed for the OEWG
from above. Then the phase center for each feed element
(white X’s) and the effective phase center of the feed beam
with complex weights (white dot) are computed using
Empire XPU’s builtin phase center solver and shown in FIG.
23A. These have been overlaid with the near-fields resulting
from a 40° planewave incident upon the lens. The phase
center for optimal feed weights 1s approximately aligned
with the focal spot of the incident wave along the horizontal
ax1s but not 1n the vertical axis. Furthermore, the feed pattern
with optimal weights (red trace 1n FIG. 23B) 1s not just a
simple squinting of the beam toward the lens center. Instead,
there 1s a main beam squinted toward the lens center along
with a second pronounced beam at another angle (presum-
ably coupling into higher order focal pomts of the near-
field). Taken together this indicates that there are loss
mechanisms other than displacement from the Petzval sur-
face and spillover loss. This demonstration underscores the
value of a closed form, optimal means of computing feed
weights. A purely intuitive approach may succeed in
improving gain but will likely never result 1n maximum
gain.

[0109] The objective of the S-PAFL may be to provide the
majority of the functionality expected of a phased array at
reduced cost and a fraction of the power. Demonstrated
herein 1s how the proposed system may realize the following
functions for current (5G and LEO satcom) and future (e.g.,
6G and beyond) wireless millimeter-wave beam-scanning
systems: formation of beams at arbitrary angles (beyond the
basis beams), which has already been demonstrated; greater
control of beam shape, especially sidelobe level; multibeam
operation, especially for make-before-break; and broad-
beam synthesis for e.g., beam search. The S-PAFL provides
at least the last three capabilities. Beams are synthesized
using basis beams 1n FIG. 22A.

[0110] Improved beam shape can be achieved by taking
advantage of the PSO algonthm’s greater degrees of free-
dom, especially as the target beam angle increases. In FIGS.
24A and 24B, two examples are shown to demonstrate
beams optimized specifically for SLL and beamwidth (BW),
with active feeds consisting of the optimal six as chosen via
a brute force selection method. The brute force method uses
the PSO optimization for all possible combinations of six
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active feeds and selects the feeds for which the resulting
synthesized beam has the maximum FoM. Due to the
differences in the component FoM functionals V (Hs),
because each L, was set to be equal for each {,, some
component FoMs accrue significantly more or less error for
the same empirical difference 1n beam quality, and thus the
weights were empirically tuned to accentuate particular
beam features. The first example 1n FIG. 24 A uses a rela-
tively high w,,. The beam 1s targeted at 6=50°, and the
realized PSO beam SLL 1s at least 10.6 dB better than beams
synthesized using the gain method. FIG. 24B shows a 0=37°
beam synthesized with a high wz ;. The realized beam 1s
2.6° narrower at its 6 dB point and 4.2° narrower at its 10
dB point than that synthesized using the calibrated gain
method. FIGS. 24 A and 24B specifically show beam shaping
examples focusing on (a) SLL and (b) beamwidth (BW).
Dashed lines denote simulated results and solid lines denote
measured results. In (a), the target angle 1s 50° and the PSO

beam exhibits —7.6 dB better SLL than the gain method. In
(b), the target angle 1s at 37° and the PSO beam has a 2.6°
narrower 6-dB beamwidth and a 4.2° narrower 10-dB
beamwidth than the gain method, while only losing 0.2 dB
in directivity.

[0111] As neither algorithms can directly synthesize mul-
tiple beams, relied on herein 1s superposition, reasoning that
two narrow beams with a suflicient angular separation
should minimally interact. Two beams are initially synthe-
s1ized separately using 3 feeds at —23° (using patches 1-3)
and 23° (using patches 6-8), near the measured basis nulls at
—-20.3° and 21.6°. Then the two sets of weights are normal-
1zed for equal power 1n each beam and the beams are excited
simultaneously. FIGS. 25A and 25B show the resulting
multibeam pattern, and compares this pattern with the origi-
nal —-23° and 23° beams. The result shows good agreement
between simulation and measurement, and the main lobes of
the originally synthesized beams are not much changed by
the simultaneous beam excitation. This 1s due to the direc-
tional element patterns and the correspondingly low number
of active feeds necessary for a given beam. FIG. 235A
specifically shows a synthesized pattern has beams at both
—-23° and 23°. The relatively large angular separation for this
multibeam pattern minimally affects the beam shape for
cach single beam but lowers the directivity (as more total
power 1s radiated). Normalized intensity 1s plotted to give a
fair comparison between the desired and measured beam
patterns. FIG. 25B shows a synthesized beam with a wide 3
dB beam width of 17.6°. The closest two beams only realize

7.7° (cross marker) and 8.7° (dot marker) of 3 dB beam
width.

[0112] One strategy to reduce network latency 1n multi-
antenna systems may be to employ an iterative search using
progressively narrower beams during channel characteriza-
tion. Again, since these algorithms are designed for high-
gain pencil beams, we resort to a heunistic approach to
beamforming. FIG. 25B shows a synthesized 17.6° 3 dB-
beamwidth beam at 13.6°, using in-phase excitation of
patches 5-8 1n array position I. Two basis beams are plotted
for comparison, with 3 dB beamwidths of 7.7° and 8.7°.

[0113] The embodiments described herein therefore show
that, for a given lens and sparse feed array, there 1s a set of
complex weights which can achieve smooth (and maximum)
gain for all angles in the FoV— this eliminates gain-droop
across the FoV, improves scan loss (by up to 4 dB 1n the
prototype system), and all with a very small number (e.g., 5)
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of active feeds. The results were applied to a prototype
system and also to several simulated systems employing
state-oi-the-art lenses 1n the literature with similar results. In
vartous embodiments, a method for rapidly and simply
calibrating deployed systems 1s also described herein. In
addition, a multi-objective optimizer (based upon PSO) is
described herein to control beam-shape (e.g., sidelobe level,
coma lobes, beamwdith). The result 1s that an S-PAFL
system which uses the proposed algorithms can be consid-
ered a general beamforming antenna which 1s able to use
many fewer elements than an equivalent phased-array and
consuming a small fraction of the power.

[0114] While the desired properties of a lens which 1s
well-suited for an S-PAFL system 1s beyond the scope of this
work, there are several relevant observations. Firstly, in
general 1t was observed that the S-PAFL system with the
maximum gain method improves scan loss exponents up to
n—(n-2). However, if the basis beams exhibit lower scan
loss exponents without optimal complex weighting there
will exist less tension between maximum gain and
beamquality. In this case, the beam synthesized with the
maximum gain method and the beam synthesised with PSO
to achieve e.g., narrow beamwidth would largely agree. This
1s unlike the beams observed 1n FIGS. 24 A and 24B where,
in order to achieve a high-quality beam shape (narrower
beamwidth) at far-out scan angles, the PSO method sacri-
ficed gain—this 1s largely because the lenses used 1n this
validation of the methods and systems herein were not
explicitly designed for wide angle scanning but instead for
low overall volume (flat lenses) and simplified feed geom-
etry (flat feed plane). As such other embodiments contem-
plated herein may use a more 1deal beam-scanning lens (e.g.,
a Luneberg Lens), the joint optimization of low beamwidth
and maximum gain at far-out scan angles would likely be 1n
better agreement with the maximum gain method. There-
fore, there may be a tradespace between lens formiactor
(c.g., spherical Luneberg lenses versus flat lenses) and
beamscan which can 1n any case be improved with complex
feed excitation (see FIG. 12C). In addition to using a lens
which 1s well-suited to the S-PAFL architecture, a lens may
be used that reduces complexity (and therefore cost) while
maintaining beamscan performance. As has been shown, the
methods herein may greatly improve the performance of
lenses with relatively poor beamscan performance and there-
fore 1 S-PAFL algorithms were used with an explicitly
simplified lens geometry, the result could a be a very
low-cost, low scanloss S-PAFL system.

[0115] Another advantage of the embodiments described
herein 1s that, due to the sparse feed elements, one may
simplity feed-array design. For example, with more space
for each feed element alternative (e.g., wideband) antennas
may be considered which may not fit n a 0.5A grid.
Element-to-element coupling i1s also reduced which may
solve 1ssues related to scan blindness. In addition, since scan
angle 1s realized largely with the aperture lens and not
exclusively with phase shifters in the feed array, wideband
beamscanning may be realized without true time delay units.
Or, given the fewer number of feed elements and the
significant reduction in active feed elements, full digital
beamiorming architectures may be used due to a reduced
number of ADCs and lower-complexity baseband process-
ing. Another possibility 1s to grade the feed spacing to
reduce cost/complexity. As was shown, null-filling 1s ulti-
mately governed by gain crossover of the basis beams and
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therefore wider basis beams allow for wider spacing of feed
clements. Since, for planar aperture antennas, beams
broaden as scan angle increases it may be possible to use
wider-spaced feeds at the edge of the feed array to reduce the
number of elements.

[0116] For each of the above tradeoils, a joint optimization
1s used 1n which a lens 1s designed and evaluated for the
maximum possible gain over scan for that given lens real-
ization. The proposed numerically eflicient methods for
computing maximum gain as well as the “loudest neighbor™
heuristic are critical to lens/feed-array joint optimization.
Taken together the methods described herein allow for the
rapid calculation of maximum gain versus scan angle for a
candidate S-PAFL system.

[0117] Although certain example methods, apparatuses,
and computer readable media have been described herein,
the scope of coverage of this patent 1s not limited thereto. On
the contrary, this patent covers all methods, apparatus,
computer readable media, and articles of manufacture fairly
falling within the scope of the appended claims either
literally or under the doctrine of equivalents.

[0118] FIG. 26 1s a diagrammatic view of an example
embodiment of a computing environment that includes a
general-purpose computing system environment 100, such
as a desktop computer, laptop, smartphone, tablet, or any
other such device having the ability to execute instructions,
such as those stored within a non-transient, computer-
readable medium. Any of the methods or systems described
herein may be implemented on or executed by instructions
stored upon a computing device that has any combination of
the components shown 1n and described with respect to FIG.
26. For example, a controller or processor of a computing
device may generate signals for transmission through the
S-PAFL systems described herein and/or may receive and
process signals that are received through the S-PAFL sys-
tems described herein. Similarly, computing devices may
include instructions stored on memory and executable by a
processor to carry out any of the methods for using an

S-PAFIL described herein.

[0119] Furthermore, while described and 1llustrated 1n the
context of a single computing system 100, those skilled 1n
the art will also appreciate that the various tasks described
herein may be practiced 1n a distributed environment having,
multiple computing systems 100 linked via a local or
wide-area network 1n which the executable instructions may
be associated with and/or executed by one or more of
multiple computing systems 100.

[0120] In its most basic configuration, computing system
environment 100 typically includes at least one processing
unit 102 and at least one memory 104, which may be linked
via a bus 106. Depending on the exact configuration and
type of computing system environment, memory 104 may
be volatile (such as RAM 110), non-volatile (such as ROM
108, tflash memory, etc.) or some combination of the two.
Computing system environment 100 may have additional
features and/or functionality. For example, computing sys-
tem environment 100 may also include additional storage
(removable and/or non-removable) including, but not lim-
ited to, magnetic or optical disks, tape drives and/or flash
drives. Such additional memory devices may be made
accessible to the computing system environment 100 by
means of, for example, a hard disk drive interface 112, a
magnetic disk drive interface 114, and/or an optical disk
drive interface 116. As will be understood, these devices,
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which would be linked to the system bus 306, respectively,
allow for reading from and writing to a hard disk 118,
reading from or writing to a removable magnetic disk 120,
and/or for reading from or writing to a removable optical
disk 122, such as a CD/DVD ROM or other optical media.
The drive interfaces and their associated computer-readable
media allow for the nonvolatile storage of computer read-
able 1nstructions, data structures, program modules and
other data for the computing system environment 100. Those
skilled 1n the art will further appreciate that other types of
computer readable media that can store data may be used for
this same purpose. Examples of such media devices include,
but are not limited to, magnetic cassettes, flash memory
cards, digital wvideodisks, Bernoulli cartridges, random
access memories, nano-drives, memory sticks, other read/
write and/or read-only memories and/or any other method or
technology for storage of information such as computer
readable 1nstructions, data structures, program modules or
other data. Any such computer storage media may be part of
computing system environment 100.

[0121] A number of program modules may be stored 1n
one or more of the memory/media devices. For example, a
basic iput/output system (BIOS) 124, containing the basic
routines that help to transfer information between elements
within the computing system environment 100, such as
during start-up, may be stored in ROM 108. Similarly, RAM
110, hard drive 118, and/or peripheral memory devices may
be used to store computer executable mstructions compris-
ing an operating system 126, one or more applications
programs 128 (which may include the functionality dis-
closed herein, for example), other program modules 130,
and/or program data 122. Still further, computer-executable
instructions may be downloaded to the computing environ-
ment 100 as needed, for example, via a network connection.

[0122] An end-user may enter commands and information
into the computing system environment 100 through 1nput
devices such as a keyboard 134 and/or a pointing device
136. While not 1llustrated, other input devices may include
a microphone, a joystick, a game pad, a scanner, etc. These
and other 1nput devices would typically be connected to the
processing unit 102 by means of a peripheral interface 138
which, 1n turn, would be coupled to bus 106. Input devices
may be directly or indirectly connected to processor 102 via
interfaces such as, for example, a parallel port, game port,
firewire, or a universal serial bus (USB). To view informa-
tion from the computing system environment 100, a monitor
140 or other type of display device may also be connected
to bus 106 via an interface, such as via video adapter 132.
In addition to the monitor 140, the computing system
environment 100 may also include other peripheral output
devices, not shown, such as speakers and printers.

[0123] The computing system environment 100 may also
utilize logical connections to one or more computing system
environments. Communications between the computing sys-
tem environment 100 and the remote computing system
environment may be exchanged via a further processing
device, such a network router 152, that 1s responsible for
network routing. Communications with the network router
152 may be performed via a network interface component
154. Thus, within such a networked environment, e.g., the
Internet, World Wide Web, LAN, or other like type of wired
or wireless network, it will be appreciated that program
modules depicted relative to the computing system environ-
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ment 100, or portions thereof, may be stored 1n the memory
storage device(s) of the computing system environment 100.

[0124] The computing system environment 100 may also
include localization hardware 186 for determining a location
of the computing system environment 100. In embodiments,
the localization hardware 156 may include, for example
only, a GPS antenna, an RFID chip or reader, a WikFi
antenna, or other computing hardware that may be used to
capture or transmit signals that may be used to determine the
location of the computing system environment 100.

[0125] While this disclosure has described certain
embodiments, 1t will be understood that the claims are not
intended to be limited to these embodiments except as
explicitly recited in the claims. On the contrary, the mstant
disclosure 1s intended to cover alternatives, modifications
and equivalents, which may be included within the spirit and
scope of the disclosure. Furthermore, 1n the detailed descrip-
tion of the present disclosure, numerous specific details are
set forth 1n order to provide a thorough understanding of the
disclosed embodiments. However, 1t will be obvious to one
of ordinary skill in the art that systems and methods con-
sistent with this disclosure may be practiced without these
specific details. In other instances, well known methods,
procedures, components, and circuits have not been
described 1n detail as not to unnecessarily obscure various
aspects of the present disclosure.

[0126] Some portions of the detailed descriptions of this
disclosure have been presented 1n terms of procedures, logic
blocks, processing, and other symbolic representations of
operations on data bits within a computer or digital system
memory. These descriptions and representations are the
means used by those skilled in the data processing arts to
most eflectively convey the substance of their work to others
skilled 1n the art. A procedure, logic block, process, etc., 1s
herein, and generally, conceived to be a self-consistent
sequence of steps or mstructions leading to a desired result.
The steps are those requiring physical manipulations of
physical quantities. Usually, though not necessarily, these
physical manipulations take the form of electrical or mag-
netic data capable of being stored, transierred, combined,
compared, and otherwise manipulated in a computer system
or similar electromic computing device. For reasons of
convenience, and with reference to common usage, such
data 1s referred to as bits, values, elements, symbols, char-
acters, terms, numbers, or the like, with reference to various
presently disclosed embodiments.

[0127] It should be borne in mind, however, that these
terms are to be interpreted as referencing physical manipu-
lations and quantities and are merely convenient labels that
should be interpreted further in view of terms commonly
used in the art. Unless specifically stated otherwise, as
apparent from the discussion herein, it 1s understood that
throughout discussions of the present embodiment, discus-
sions utilizing terms such as “determining” or “outputting”
or “transmitting’” or “recording’” or “locating’ or “storing” or
“displaying” or “receiving” or “recognizing”’ or “utilizing”
or “generating’”’ or “providing” or “accessing” or “checking”
or “notilying” or “delivering” or the like, refer to the action
and processes ol a computer system, or similar electronic
computing device, that manipulates and transforms data.
The data 1s represented as physical (electronic) quantities
within the computer system’s registers and memories and 1s
transformed 1nto other data similarly represented as physical
quantities within the computer system memories or regis-
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ters, or other such information storage, transmission, or
display devices as described herein or otherwise understood
to one ol ordinary skill in the art.

What 1s claimed 1s:

1. An apparatus comprising:

a plurality of antenna feed elements arranged 1n an array;

a retlector or lens configured to:

focus a first signal generated by the plurality of antenna
feed elements, or

focus a second signal not generated by the plurality of
antenna feed elements onto

the plurality of antenna feed elements; and

a controller or processor configured to control the plural-

ity of antenna feed elements to generate the first signal
or receive the second signal, wherein:

the first signal and the second signal have a nominal

wavelength,

the plurality of antenna feed elements are spaced from one

another in the array at a distance greater than half of the
nominal wavelength.

2. The apparatus of claim 1, wherein the plurality of
antenna feed elements are spaced ifrom one another in the
array at a distance equal to or greater than 0.6 times the
nominal wavelength.

3. The apparatus of claim 1, wherein the plurality of
antenna feed elements are spaced from one another in the
array at a distance equal to or greater than 0.7 times the
nominal wavelength.

4. The apparatus of claim 1, wherein the plurality of
antenna feed elements are spaced from one another in the
array at a distance equal to or greater than 0.75 times the
nominal wavelength.

5. The apparatus of claim 1, wherein the plurality of
antenna feed elements are spaced from one another in the
array at a distance between 0.6 and 0.8 times the nominal
wavelength.

6. A method for using the apparatus of claim 1, wherein
only a subset of the plurality of antenna feed elements are
used to generate a third signal or recerve a fourth signal.

7. The method of claim 6, wherein the subset of the
plurality of antenna feed elements comprises less than half
of the plurality of antenna feed elements.

8. The apparatus of claim 1, wherein the reflector or lens
comprises a gradient index (GRIN) lens.

9. The apparatus of claim 1, wherein the reflector or lens
comprises a plurality of gradient index (GRIN) lenses.

10. The apparatus of claim 9, wherein the plurality of
GRIN lenses are positioned 1n series such that the first signal
or the second signal passes through each of the plurality of
GRIN lenses.

11. The apparatus of claim 9, wherein the plurality of
GRIN lenses are each positioned to be associated with one
or more of, but not all of, the plurality of antenna feed
clements.

12. A method comprising:

focusing, with a reflector or lens, a signal tot generated by
a plurality of antenna feed elements onto the plurality
of antenna feed elements, wherein the plurality of
antenna ked elements are arranged 1n an array; and

controlling, by a controller or processor, the plurality of
antenna feed elements to generate a representation of
the signal by combining signals received by at least a
subset of the plurality of antenna feed elements,
wherein;
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the signal has a nominal wavelength,
the plurality of antenna feed elements are spaced from
one another in the array at a distance greater than half
of the nominal wavelength.
13. The method of claam 12, wherein the plurality of

antenna feed elements are spaced from one another 1n the
array at a distance between 0.6 and 0.8 times the nominal

wavelength.

14. The method of claim 12, wherein less than half of the
plurality of antenna feed elements are used for the combin-
ing of the signals received by the subset of the plurality of
antenna feed elements.

15. The method of claim 12, wherein the reflector or lens
comprises at least one gradient index (GRIN) lens.

16. The method of claim 12, wherein the signal 1s a first
signal and the subset of the plurality of antenna feed
clements 1s a first subset of the plurality of antenna feed
clements, and the method further comprises:

controlling, by the controller or processor, the plurality of

antenna feed elements to generate a second signal by
outputting a plurality of signals using a second subset
of the plurality of antenna feed elements, wherein a
combination of the plurality of signals 1s representative
of the second signal; and

focusing, with a reflector or lens, the second signal

generated by the plurality of antenna feed elements to
emit the second signal.

17. An electromagnetic antenna comprising:

a first and second feed element adjacent to each other and
configured to simultaneously radiate a first and second
signal, the first signal having a first frequency, a first
amplitude and a first phase, the second signal having a
second frequency, a second amplitude and a second
phrase referenced to the phase of the first signal,
wherein:

the first frequency 1s equal to the second trequency;

the first amplitude 1s equal to or larger than the second
amplitude by between a factor of =10 dB and 10 dB;

14
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the first phase 1s different from the second phase by a

predetermined angle between 0 and 360 degrees; and

the first and second feed elements being spaced apart

by, a predetermined distance between 0.5A and 1A,

wherein A 1s a wavelength of an operating frequency;

a millimeter wave (MMW) printed circuit board (PCB)

comprising a multi-channel beamforming circuit con-

figured to supply the first and second signals, where the

multi-channel beamiforming circuit 1s further config-

ured to transform a third signal into the first and second
signal;

a planar focal surface on which the first and second feed

elements are mounted; and
an electromagnetic lens configured to focus the first and

second signals for transmission.

18. The electromagnetic antenna of claim 17, wherein the
clectromagnetic lens comprises a compound lens having first
and second lens elements arranged in series, wherein the
compound lens focuses and both the first and second signals
and 1s associated with the first and second feed elements.

19. The electromagnetic antenna of claim 18, wherein the
first lens element provides greater focusing than the second
lens element, and further wherein the second lens element
squints the first and second signals 1n aggregate toward the
first lens.

20. The electromagnetic antenna of claim 19, wherein
cach of the first and second lens elements comprises a
gradient index (GRIN) lens.

21. The electromagnetic antenna of claim 17, wherein the
clectromagnetic lens comprises at least a first lens element
and a second lens element arranged in parallel to one
another, wherein:

the first lens element focuses the first signal and 1is

associated with the first feed element, and

the second lens element focuses the second signal and 1s

associated with the second feed element.

22. The electromagnetic antenna of claim 17, wherein A
1s 1n a range between 3.75 mm and 37.5 mm.
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