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MULTI-BEAM ANTENNAS HAVING LENSES FORMED OF A LIGHTWEIGHT
DIELECTRIC MATERIAL

RELATED APPLICATION
[0001] The present application claims priority from and the benefit of U.S.
Provisional Patent Application No. 62/280,271, filed January 16, 2016, the disclosure of

which is hereby incorporated herein in its entirety.

BACKGROUND

[0002] The present invention generally relates to radio communications and, more
particularly, to lensed multi-beam antennas utilized in cellular communications systems.

[0003] Cellular communications systems are well known in the art. In a cellular
communications system, a geographic area is divided into a series of regions that are referred
to as "cells," and each cell is served by a base station, The base station may include one or
more antennas that are configured to provide two-way radio frequency ("RF")
communications with mobile subscribers that are geographically positioned within the cells
served by the base station. In many cases, each base station provides service to multiple
"sectors," and each of a plurality of antennas will provide coverage for a respective one of the
sectors. Typically, the sector antennas are mounted on a tower or other raised structure, with
the radiation beam(s) that are generated by each antenna directed outwardly to serve the
respective sector.

[0004] A common wireless communications network plan involves a base station
serving three hexagonal shaped cells using three base station antennas. This is often referred
to as a three sector configuration. In a three sector configuration, each base station antenna
serves a 120° sector. Typically, a 65° azimuth Half Power Beamwidth (HPBW) antenna
provides coverage for a 120° sector. Three of these 120° sectors provide 360° coverage.
Other sectorization schemes may also be employed. For example, six, nine, and twelve

sector configurations are also used. Six sector sites may involve six directional base station
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antennas, each having a 33° azimuth HPBW antenna serving a 60° sector. In other proposed
solutions, a single, multi-column array may be driven by a feed network to produce two or
more beams from a single phased array antenna. For example, if multi-column array
antennas are used that each generate two beams, then only three antennas may be required for
a six sector configuration. Antennas that generate multiple beams are disclosed, for example,
in U.S. Patent Publication No. 2011/0205119, which is incorporated herein by reference.
[0005] Increasing the number of sectors increases system capacity because each
antenna can service a smaller area and therefore provide higher antenna gain throughout the
sector. However, dividing a coverage area into smaller sectors has drawbacks because
antennas covering narrow sectors generally have more radiating elements that are spaced
wider apart than are the radiating elements of antennas covering wider sectors. For example,
a typical 33° azimuth HPBW antenna is generally twice as wide as a typical 65° azimuth
HPBW antenna. Thus, cost, space and tower loading requirements increase as a cell is

divided into a greater number of sectors.

SUMMARY

[0006] As a first aspect, embodiments of the invention are directed to a multi-beam
antenna, comprising a plurality of radiating elements and a lens that is positioned to receive
electromagnetic radiation from at least one of the radiating elements, the lens comprising a
composite dielectric material. The composite dielectric material comprises a foamed base
dielectric material having particles of a high dielectric constant material embedded therein,
the high dielectric constant material having a dielectric constant that is at least three times a
dielectric constant of the foamed base dielectric material.

[0007] As a second aspect, embodiments of the invention are directed to a multi-
beam antenna, comprising a plurality of radiating elements and a lens that is positioned to
receive electromagnetic radiation from at least one of the radiating elements, the lens
comprising a plurality of blocks that are contained within an outer shell of a composite
dielectric material. Each block comprises a composite dielectric material that includes a base
dielectric material having particles of a high dielectric constant material embedded therein,
the high dielectric constant material having a dielectric constant that is at least three times a
dielectric constant of the base dielectric material.

[0008] As a third aspect, embodiments of the invention are directed to a method of
fabricating a multi-beam antenna, the method comprising: mixing particles of a second

dielectric material into a first dielectric material that is in liquid form, the second dielectric
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material having a dielectric constant that is at least three times a dielectric constant of the first
dielectric material; adding a nucleating agent to the first dielectric material; using a blowing
agent to foam the first dielectric material having the particles of the second dielectric material
mixed therein; using the foamed first dielectric material for a lens for the multi-beam

antenna; and mounting the lens in front of at least one radiating element.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1A is a schematic perspective view of a composite dielectric material
according to embodiments of the present invention that is suitable for use in fabricating a lens
for an antenna.

[0010] FIG. 1B is a schematic perspective view of a composite dielectric material
according to further embodiments of the present invention that is suitable for use in
fabricating a lens for an antenna.

[0011] FIG. 2 is a schematic perspective view of a composite dielectric material
according to additional embodiments of the present invention that is suitable for use in
fabricating a lens for an antenna.

[0012] FIG. 3A is a perspective view of a lensed multi-beam antenna according to
embodiments of the present invention.

[0013] FIG. 3B is a cross-sectional view of the lensed multi-beam antenna of FIG.
3A.

[0014] FIG. 4 is a perspective view of a linear array included in the lensed multi-
beam antenna of FIG. 3A.

[0015] FIG. 5A is a plan view of one of the box-style dual polarized radiating
elements included in the linear array of FIG. 4. |

[0016] FIG. 5B is a side view of the box-style dual polarized radiating element of
FIG. 5A.

[0017] FIG. 5C is a schematic diagram illustrating the equivalent dipoles of the box-
style dual polarized radiating element of FIGS. SA-5B.

[0018] FIG. 6A is a schematic perspective view illustrating a first example of a
secondary lens that may be included in the lensed multi-beam antenna of FIGS. 3A-3B.

[0019] FIG. 6B is a schematic perspective view illustrating a second example of a

secondary lens that may be included in the lensed multi-beam antenna of FIGS. 3A-3B.



WO 2017/127378 PCT/US2017/013845

[0020] FIG. 6C is a schematic perspective view illustrating a third example of a
secondary lens that may be included in the lensed multi-beam antenna of FIGS. 3A-3B.

[0021] FIG. 7 is a schematic side view of a modified version of the multi-beam
antenna of FIGS. 3A and 3B that uses a cylindrical lens with hemispherical end portions.

[0022] FIG. 8 is a schematic plan view of a dual band lensed multi-beam antenna
according to embodiments of the present invention.

[0023] FIGS. 9A and 9B are a schematic plan view and a schematic side view,
respectively, of a lensed multi-beam antenna according to further embodiments of the present
invention that includes a plurality of spherical lenses.

[0024] FIG. 10 is flow chart of a method of manufacturing a lensed antenna
according to certain embodiments of the present invention.

[0025] FIG. 11 is flow chart of a method of manufacturing a lensed antenna
according to further embodiments of the present invention.

[0026] FIG. 12 is flow chart of a method of manufacturing a composite dielectric

material according to embodiments of the present invention.

DETAILED DESCRIPTION

[0027] Antennas have been developed that have multi-beam beam forming networks
that drive a planar array of radiating elements, such as a Butler matrix. Multi-beam beam
forming networks, however, have several potential disadvantages, including non-symmetrical
beams and problems associated with port-to-port isolation, gain loss, and/or a narrow
bandwidth. Multi-beam antennas have also been proposed that use Luneberg lenses, which
are multi-layer cylindrical lenses that have dielectric materials having different dielectric
constants in each layer. Unfortunately, the costs of Luneberg lenses is prohibitively high for
many applications, and antenna systems that use Luneberg lenses may still have problems in
terms of beam width stability over a wide frequency band and/or high cross-polarization
levels.

[0028] U.S. Patent Publication No. 2015/0091767 ("the 767 publication") proposes
a multi-beam antenna that has linear arrays of radiating elements and a cylindrical RF lens
that is formed of a dielectric material. The RF lens is used to focus the azimuth beams of the
linear arrays. In an example embodiment, the 3 dB beam width of a linear array may be
reduced from 65° without the lens to 23° with the lens. The entire contents of the 767

publication are incorporated herein by reference.
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[0029] The lens disclosed in the '767 publication differs from a gonventfonal
Luneberg lens in that the dielectric constant of the material used to form the lens may be the
same throughout the lens, in contrast with the Luneberg lens design in which multiple layers
of dielectric material are provided where each layer has a different dielectric constant. A
cylindrical lens having such a homogenous dielectric constant may be easier and less
expensive to manufacture, and may also be more compact, having 20-30% less diameter.
The lenses of the '767 publication may be made of small blocks of dielectric material. The
dielectric material focuses the RF energy that radiates from, and is received by, the linear .
arrays. The '767 publication teaches that the dielectric material may be an artificial dielectric
material of the type described in U.S. Patent No. 8,518,537 ("the '537 patent"), the entire
contents of which is incorporated herein by reference. In one example embodiment, small
blocks of the dielectric material are provided, each of which includes at least one needle-like
conductive fiber embedded therein. The small blocks may be formed into a much larger
structure using an adhesive that glues the blocks together. The blocks may have a random
orientation within the larger structure. The dielectric material used to form the blocks may be
a lightweight material having a density in the range of, for example, 0.005 to 0.1 g/cm3. By
varying the number and/or orientation of the conductive fiber(s) that are included inside the
small blocks, the dielectric constant of the material can be varied from 1 to 3.

[0030] Unfortunately, the dielectric material used in the lens of the '767 publication
may be expensive to manufacture. Moreover, because the dielectric material includes
conductive fibers, it may be a source of passive intermodulation distortion that can degrade
the quality of the communications. Additionally, the conductive fibers included in adjacent
small blocks of material may become electrically connected to each other resulting in larger
particle sizes that can negatively impact the performance of the lens.

[0031] Pursuant to embodiments of the present inventioﬁ lensed multi-beam
antennas are provided that include lenses formed of a lightweight, low-loss composite
dielectric material. The imaginary part of the complex representation of the permittivity of a
dielectric material is related to the rate at which energy is absorbed by the material. The
absorbed energy reflects the "loss" of the dielectric material, since absorbed energy is not
radiated. Low-loss dielectric materials are desirable for use in lenses for antennas as it is
desirable to reduce or minimize the amount of RF energy that is lost in transmitting the signal
through the lens.

[0032] A number of low loss dielectric materials are known in the art such as, for

example, solid blocks of polystyrene, expanded polystyrene, polyethylene, polypropylene,

-5



WO 2017/127378 PCT/US2017/013845

expanded polypropylene and the like. Unfortunately, these materials may be relatively heavy
in weight and/or may not have an appropriate dielectric constant. For some applications,
such as lenses for base station antennas, it may be important that the dielectric material be a
very low weight material.

[0033] The multi-beam lensed antennas according to embodiments of the present
invention may have lenses that are formed of a composite dielectric material that comprises a
mixture of a high dielectric constant material and a low dielectric constant base dielectric
material that exhibits a suitable dielectric constant and that is very light weight. By foaming
the base dielectric material, a very lightweight matrix can be constructed that the higher
dielectric constant material may be embedded into. In some embodiments, the composite
dielectric material may comprise a large block of foamed plastic or other foamed base
dielectric material that includes particles (e.g., a powder) of a high dielectric constant
material embedded therein. In some embodiments, the high diclectric constant material may
be a non-conductive material such as, for example, a ceramic or a non-conductive oxide. The
particles of high dielectric constant material may have a variety of different shapes and may
be distributed throughout the foamed lightweight base dielectric material. In some
embodiments, the composite dielectric material may comprise a plurality of small blocks of a
base dielectric material, where each block has particles of a high dielectric constant dielectric
material embedded therein. The small blocks may be adhered together using, for example, an
adhesive such as rubber adhesives or adhesives consisting of polyurethane, epoxy or the like,
which have low dielectric losses.

[0034] Embodiments of the present invention will now be discussed in further detail
with reference to the drawings, in which example embodiments are shown.

[0035] FIG. 1A is a schematic perspective view of a composite dielectric material
100 according to embodiments of the present invention that is suitable for use in fabricating a
lens for a multi-beam antenna. As shown in FIG. 1A, the composite dielectric material 100
comprises a lightweight base dielectric material 110 that has a plurality of particles 122 of a
high dielectric constant material 120 embedded therein. The base dielectric material 110 may
have a low dielectric constant. The base dielectric material 110 may comprise, for example, a
plastic material such as polyethylene, polystyrene, polytetrafluoroethylene (PTEF),
polypropylene, polyurethane silicon or the like.

[0036] The base dielectric material 110 may comprise a foamed material having a
very low density. In some embodiments, base dielectric material 110 may be foamed so that

in the composite dielectric material 100 the ratio between the dielectric base material 100 and
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the foaming gas (e.g., air) is less than 50% by volume (i.e., a foaming percentage that exceeds
50%). The base dielectric material 110 may be foamed, for example, by injecting a gas such
as air into the base dielectric material 110 while the base dielectric material 110 is in a liquid
form. During the foaming process, a nucleating agent may be included in the liquid base
dielectric material 100 that facilitates the foaming process. For example, an agent that
reduces the surface tension of the liquid base dielectric material 110 may be added to the base
dielectric material 110. In some embodiments, the foaming percentage of the base dielectric
material 110 may exceed 70% or may even exceed 80%. Such high foaming percentages
may facilitate reducing the weight of the composite dielectric material 100 and hence the
weight of any lens formed thereof. In some embodiments, the base dielectric material 110
may be foamed in such a way to provide an open-cell foamed material comprising thin films
of solid material separating regions or "pockets" of gas (e.g., air) that may connect to each
other. While closed-cell foamed composite dielectric materials (i.c., a foam in which the gas
forms discrete pockets, each completely surrounded by the solid mateﬁal) may be used in
other embodiments, these materials may tend to require more base diclectric material and
hence may be heavier and more expensive to produce.

| [0037] The high dielectric constant material 120 may comprise, for example, small
particles 122 of a non-conductive material such as, for example, a ceramic or a metal oxide.
Example ceramic materials that may be used include Mg,TiO4, MgTiO;, CaTiOs, BaTisOo,
boron nitride and the like. Example non-conductive (or low conductivity) oxides include
titanjum oxide, aluminium oxide and the like. The high dielectric constant material 120 may
preferably have a relatively high ratio of dielectric constant to weight, and also is preferably
relatively inexpensive and readily incorporated into the lightweight base dielectric material
110. The high dielectric constant material 120 may comprise a powder of very fine particles
122 in some embodiments. In some embodiments, the particles 122 of high dielectric
constant material 120 may have generally spherical shapes. In other embodiments, the
particles 122 may have random shapes, In still other embodiments, the particles 122 may
have other shapes such as elongated shapes (e.g., cylinders or rectangular cubes having an
aspect ratio of at least two or, in some embodiments, of at least five).

[0038] The density of the composite dielectric material 100 can be, for example,
between 0.005 to 0.1 g/em’ in some embodiments. The particles 122 of high dielectric
constant material 120 may be generally uniformly distributed throughout the base dielectric
material 110. Individual particles 122 may be randomly oriented within the base dielectric

material 110.. The amount of high dielectric constant material 120 that is included in the
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composite dielectric material 100 may be selected so that the composite dielectric material
100 has a dielectric constant within a desired range. In some embodiments, the dielectric
constant of the composite dielectric material 100 may be in the range of, for example, 1 to 3.

[0039] In FIG. 1A, the composite dielectric material 100 is formed into the shape of
a cube. It will be appreciated that the composite dielectric material 100 may have any
appropriate shape. As will be discussed in detail herein, in some embodiments, the
composite dielectric material 100 may have the shape of a cylinder or of a sphere, or variants
thereof. It will also be appreciated that the composite dielectric material 100 may be
manufactured to have a first shape and then be cut, ground, machined or otherwise shaped
into a desired shape, or may be directly manufactured to have the desired shape.

[0040] FIG. 1B is a schematic perspective view of a composite dielectric material
150 according to further embodiments of the present invention. The composite dielectric
material 150 may also be suitable for use in fabricating a lens for a multi-beam antenna.

[0041] As shown in FIG. 1B, the composite dielectric material 150 comprises a base
dielectric material 160 that has a plurality of particles 172 of a high dielectric constant
material 170 embedded therein. The base diclectric material 160 may be the same as the base
dielectric material 110 that is discussed above, and hence further description thereof will be
omitted. The base dielectric material 160 may comprise a foamed material having a very low
density.

[0042] The high dielectric constant material 170 may also comprise, for example, a
ceramic material, although non-ceramic materials may also be used. The high dielectric
constant material 170 differs from the high dielectric constant material 120 in that it
comprises elongated particles 172. The elongated particles 172 may be uniformly distributed
and randomly oriented throughout the base dielectric material 160. The amount of high
dielectric constant material 170 that is included in the composite dielectric material 150 may
be selected so that the composite dielectric material 150 has a dielectric constant within a
desired range. The composite dielectric material 150 may be manufactured in a desired shape
or formed into a desired shape after manufacture.

[0043] FIG. 2 is a schematic perspective view of a composite dielectric material 200
according to additional embodiments of the present invention that is suitable for use in
fabricating a lens for a multi-beam antenna. As shown in FIG. 2, the composite dielectric
material 200 comprises a plurality of small dielectric blocks 210 that are adhered together
using an adhesive 240. The adhesive 240 may, for exampie, be coated on the surface of the

blocks 210. The blocks 210 may optionally be contained within an outer shell 250 (which is
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shown using dashed lines in FIG. 2), in which case the adhesive 240 may or may not be
omitted.

[0044] Each block 210 may comprise a base dielectric material 220 that has a
plurality of particles 232 of a high dielectric constant material 230 embedded therein. The
base dielectric material 220 may comprise, for example, a foamed plastic material such as
foamed (or "expanded") polyethylene, polystyrene, polytetrafluoroethylene (PTEF),
polypropylene, polyurethane silicon or the like. The high dielectric constant material 230
may comprise, for example, small particles of a high dielectric constant ceramic material.
Each block 210 may comprise, for example, a small cube (or other shaped block) that is
formed of the composite dielectric material 100 that is discussed above with reference to
FIG. 1A.

[0045] In an example embodiment, each block 210 may be cube-shaped with each
side of the cube having a length between 0.5 and 3.0 mm. The high dielectric constant
material 230 may comprise particles 232 having diameters (assuming that the particles are
generally circular in shape) that are much smaller than the length of sides of the cubes 210,
such as diameters of 0.2 mm or less in some embodiments.

[0046] While the blocks 210 that are depicted in FIG. 2 include generally spherical
particles 232 of the high dielectric constant material 230, it will be appreciated that in other
embodiments, the blocks 210 may include particles 232 of a high dielectric constant material
230 that have different shapes. For example, elongated particles such as the particles 172 that
are included in the composite dielectric material 150 may be used as the high dielectric
constant material 230. In some embodiments, these elongated particles may be randomly
distributed throughout the base dielectric material 220 included in each block 210. In other
embodiments, the particles 232 may be elongated particles that are formed in arrays of two or
more particles in each dielectric block 210 in fhe same manner that conductive fibers are
formed in arrays within particles in the above-referenced '537 patent. In other embodiments,
the particles 232 may comprise a finely ground powder of the high dielectric constant
material 230. /

[0047] As noted above, in some embodiments, the blocks 210 may be contained
within an outer shell 250 such as a shell formed of a dielectric material that is shaped in the
desired shape for the lens for a base station antenna. In such embodiments, the adhesive 240
may or may not be used to adhere the blocks 210 together. Base station antennas may be
subject to vibration or other movement as a result of wind, rain, earthquakes and other

environmental factors. Such movement can cause settling of the blocks 210, particularly if an
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adhesive 240 is not used and/or if some blocks 210 are not sufficiently adhered to other
blocks 210 and/or if the adhesive 240 loses adhesion strength over time and/or due to
temperature cycling. In some embodiments, the shell 250 may include a plurality of
individual compartments (not shown) and the small blocks 210 may be filled into these
individual compartments to reduce the effects of settling of the blocks 210. The use of such
compartments may increase the long term physical stability and performance of a lens that is
formed using the blocks 210. It will also be appreciated that the blocks 210 may also and/or
alternatively be stabilized with slight compression and/or a backfill material. Different
techniques may be applied to different compartments, or all compartments may be stabilized
using the same technique.

[0048] While in the embodiment of FIG. 2 the particles 232 of high dielectric
constant material 230 are shown embedded throughout the base dielectric material 220, it will
be appreciated that in other embodiments the particles 232 may only be embedded in and/or
otherwise adhered to the exterior surfaces of the blocks 210. In such embodiments, the
blocks 210 may have a smaller volume to ensure that the particles 232 of high dielectric
constant material 230 are distributed fairly uniformly throughout the composite dielectric
material 200.

[0049] The above-described composite dielectric materials 100, 150, 200 may be
used to form lenses for base station antennas. According to embodiments of the present
invention, it has been appreciated that composite dielectric materials that have non-
conductive particles may be preferred over the conductive fibers suggested in the above-
referenced 'S37 patent. For example, conductive fibers represent a potential source of passive
intermodulation distortion ("PIM") in an RF communications system, and hence PIM
considerations may impact the design of antennas that use composite dielectric materials that
include such conductive fibers. Additionally, the response of conductive materials to
radiation emitted through the antenna may depend on the size and/or shape of the conductive
fibers and the frequency of the emitted radiation. As such, clustering of particles, which can
effectively create particles having, for example, longer effective lengths, can potentially
negatively impact the performance of the antenna. The present inventors appreciated that the
use of a small amount of non-conductive high dielectric constant material dispersed in a
lightweight base dielectric material could potentially provide improved performance as
compared to the composite dielectric material of the '537 patent.

[0050] Moreover, because skin effect considerations are not a concern with respect

to non-conductive high dielectric constant materials, using a high dielectric constant material
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in the form of a powder as opposed to elongated fibers becomes a possibility with the present
approach. The use of such a powder may significantly simplify the manufacture of the
composite dielectric material, as the high dielectric constant material powder may be
thoroughly mixed into a liquefied base dielectric material and the base dielectric material
may then be foamed to form a lightweight solid foamed material in which the high dielectric
constant material is uniformly dispersed throughout.

[0051] FIG. 3A is a perspective view of a lensed multi-beam base station antenna
300 according to embodiments of the present invention. FIG. 3B is a cross-sectional view of
the lensed multi-beam base station antenna 300.

[0052] Referring to FIGS. 3A and 3B, the multi-beam base station antenna 300
includes one or more linear arrays of radiating elements 310A, 310B, and 310C (which are
referred to herein collectively using reference numeral 310). These linear arrays of radiating
elements 310 are also referred to as "linear arrays" or "arrays" herein. The antenna 300
further includes an RF lens 330. In some embodiments, each linear array 310 may have
approximately the same length as the lens 330. The multi-beam base station antenna 300
may also include one or more of a secondary lens 340 (see FIG. 3B), a reflector 350, a
radome 360, end caps 370, a tray 380 (see F IG. 3B) and input/output ports 390. In the
description that follows, the azimuth plane is perpendicular to the longitudinal axis of the RF
lens 330, and the elevation plane is parallel to the longitudinal axis of the RF lens 330.

[0053] The RF lens 330 is used to focus the radiation coverage pattern or "beam" of
the linear arrays 310 in the azimuth direction. For example, the RF lens 330 may shrink the 3
dB beam widths of the beams (labeled BEAM1, BEAM2 and BEAM 3 in FIG. 3B) output by
each linear array 310 from about 65° to about 23° in the azimuth plane. While the antenna
300 includes three linear arrays 310, it will be appreciated that different numbers of linear
arrays‘310 may be used. ,

[0054] Each linear array 310 includes a plurality of radiating elements 312 (see
FIGS. 4, 5A and 5B). Each radiating element 312 may comprise, for example, a dipole, a
patch or any other appropriate radiating element. Each radiating element 312 may be
implemented as a pair of cross-polarized radiating elements, where one radiating element of
the pair radiates RF energy with a +45° polarization and the other radiating element of the
pair radiates RF energy with a —45° polarization.

[0055] The RF lens 330 narrows the half power beam width ("HPBW") of each of
the linear arrays 310 while increasing the gain of the beam by, for example, about 4-5 dB for

the 3-beam multi-beam antenna 300 depicted in FIGS. 3A and 3B. All three linear arrays
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310 share the same RF lens 330, and thus each linear array 310 has its HPBW altered in the
same manner. The longitudinal axes of the linear arrays 310 of radiating elements 312 can be
parallel with the longitudinal axis of the lens 330. In other embodiments, the axis of the
linear arrays 310 can be slightly tilted (2-10°) to the axis of the lens 330 (for example, for
better return loss or port-to-port isolation tuning).

[0056] The multi-beam base station antenna 300 as described above may be used to
increase system capacity. For example, a conventional 65° azimuth HPBW antenna could be
replaced with the multi-beam base station antenna 300 as described above. This would
increase the traffic handling capacity for the base station 100, as each beam would have 4-5
dB higher gain and hence could support higher data rates at the same quality of service. In
another example, the multi-beam base station antenna 300 may be employed to reduce
antenna count at a tower or other mounting location. The three beams (BEAM 1, BEAM 2,
BEAM 3) generated by the antenna 300 are shown schematically in FIG. 3B. The azimuth
angle for each beam may be approximately perpendicular to the reflector 350 for each of the
linear arrays 310. In the depicted embodiment the —10 dB beamwidth for each of the three
beams is approximately 40° and the center of each beam is pointed at azimuth angles of —40°,
0°, and 40°, respectively. Thus, the three beams together provide 120° coverage.

[0057] In some embodiments, the RF lens 330 may be formed of a dielectric
material 332 that has a generally homogeneous dielectric constant throughout the lens
structure. The RF lens 330 may also, in some embodiments, include a shell such as a hollow,
lightweight structure that holds the dielectric material 332. This is in contrast to a
conventional Luneberg lens that is formed of multiple layers of dielectric materials that have
different dielectric constants. The lens 330 may be easier and less expensive to manufacture
as compared to a Luneberg lens, and may also be more compact. In one embodiment, the RF
lens 330 may be formed of a composite dielectric material 332 having a generally uniform
dielectric constant of approximately 1.8 and diameter of about 2 wavelengths (A) of the center
frequency of the signals that are to be transmitted through the radiating elements 312.

[0058] In some embodiments, the RF lens 330 may have a circular cylinder shape.
In other embodiments, the RF lens 330 may comprise an elliptical cylinder, which may
provide additional performance improvements (for example, reduction of the sidelobes of the
central beam). Other shapes may also be used. .

[0059] The RF lens 330 may be formed using any of the composite dielectric
materials 100, 150, 200 that are discussed above with reference to FIGS. 1A, 1B and 2 (and

the above-described variations thereof) as the composite dielectric material 332. The
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composite dielectric material 332 focuses the RF energy that radiates from, and is received
by, the linear arrays 310. |

[0060] When the cylindrical RF lens 330 is formed of a composite dielectric material
332 that has a homogeneous dielectric constant, depolarization can occur to an incident
electromagnetic wave based on its geometry (nonsymmetrical for vertical (V) and horizontal
(H) components of the electric field). When the electromagnetic wave crosses the cylindrical
lens 330, polarization along the axis of cylinder ("the VV direction") will have a larger phase
delay than polarization perpendicular to cylinder axis ("the HH direction"), causing
depolarization. This depolarization can be reduced by constructing the composite dielectric
material 332 to have a different dielectric constant in the VV and HH directions; specifically,
the dielectric constant for the V'V direction should be less than the dielectric constant for the
HH direction. In other words, reduction of the naturally occurring depolarization caused by a
cylindrically shaped lens 330 can be achieved using an anisotropic composite dielectric
material. The difference in dielectric constant may depend on a variety of factors including
the size of cylinder and the relationship between beam wavelength and the diameter of the
cylinder.

[0061] The composite dielectric material 332 may be fabricated to be an anisotropic
material. By mixing, or arranging, different particles with different compositions and/or
shapes, different values of dielectric constant in directions paralle] and perpendicular to axis
of cylinder can be achieved. The composite dielectric material can be designed in some
embodiments to have phase differences between the V and H components that are close to 0°
to reduce or minimize antenna cross-polarization in a frequency band of interest.

[0062] FIG. 4 is a perspective view of one of the linear arrays 310 that is included in
the multi-beam base station antenna 300 of FIGS. 3A-3B. The linear array 310 includes a
plurality of radiating elements 312, a reflector 350, a phase shifter/divider 318, and two input
connectors 390. The phase shifter/divider 318 may be used for beam scanning (beam tilting)
in the elevation plane.

[0063] FIGS. 5A-5B illustrate the radiating elements 312 in greater detail. In
particular, FIG. 5A is a plan view of one of the dual polarized radiating elements 312, and
FIG. 5B is a side view of the dual polarized radiating element 312. FIG. 5C is a schematic
diagram illustrating the equivalent dipoles of the dual polarized radiating element of FIGS.
SA-SB.

[0064] As shown in FIG. 5A, each radiating element 312 includes four dipoles 314

that are arranged in a square or "box" arrangement. The four dipoles 314 are supported by
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feed stalks 316, as illustrated in FIG. 5B. As shown in FIG. 5C, each radiating element 312
includes two linear orthogonal polarizations (slant +45%-45°), where four equivalent dipoles
315A-315D are shown forming the two orthogonal polarization vectors 317A, 317B.

[0065] Furthermore, linear arrays can have box radiating elements that are
configured to radiate in different frequency bands, interleaved with each other as shown in
U.S. Patent No. 7,405,710, which is incorporated herein by reference. In these linear arrays,
a first array of box-type dipole radiating elements is coaxially disposed within a second box-
type dipole assembly and located in one line. This allows a lensed antenna to operate in two
frequency bands (for example, 0.79-0.96 and 1.7-2.7 GHz). For the antenna to provide
similar beam widths in both frequency bands, the high band radiating elements should have
directors. In this case, a low band radiating element may have, for example, a HPBW of 65-
50°, and a high band radiating element may have a HPBW of 45-35°, and in the result, the
lensed antenna will have stable HPBW of about 23° (and beam width about 40° by —10 dB
level) across both frequency bands. FIG. 8 below provides an example of a dual-band
antenna that can be used with the lenses according to embodiments of the present invention.

[0066] As is further shown in FIG. 3B, the multi-beam base station antenna 300 may
also include one or more secondary lenses 340. A secondary lens 340 can be placed between
each linear array 310A, 310B, and 310C and the RF lens 330. The secondary lenses 340 may
facilitate azimuth beamwidth stabilization. The secondary lenses 340 may be formed of
dielectric materials and may be shaped as, for example, rods 342, cylinders 344 or cubes 346
as shown in FIGS. 6A-6C, respectively. Other shapes may also be used.

[0067] The use of a cylindrical lens such as lens 330 may significantly reduce
grating lobes (and other far sidelobes) in the elevation plane. This reduction is due to the lens
330 focusing the main beam only and defocusing the far sidelobes. This allows increasing
spacing between the antenna elements 312. In non-lensed antennas, the spacing between
radiating elements in the array may be selected to control grating lobes using the criterion
that dmax/A<1/(sin 8g+1), where dmax is maximum allowed spacing, 2 is the wavelength and 0
is scan angle. In the lensed antenna 300, spacing dmax can be increased: dmad/A =1.271.3 [1/(sin
8o+1)]. So, the lens 330 allows the spacing between radiating elements 312 to be increased
for the multi-beam base station antenna 300 while reducing the number of radiating elements
by 20-30%. This results in additional cost advantages for the multi-beam base station
antenna 300.

[0068] Referring again to FIGS. 3A and 3B, the radome 360, end caps 370 and tray
380 protect the antenna 300. The radome 360 and tray 380 may be formed of, for example,
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extruded plastic, and may be multiple parts or implemented as a single piece. In other
embodiments, the tray 380 may be made from metal and may act as an additional reflector to
improve the front-to-back ratio for the antenna 300. In some embodiments, an RF absorber
(not shown) can be placed between the tray 380 and the linear arrays 310 for additional back
lobe performance improvement. The lens 330 is spaced such that the apertures of the linear
arrays 310 point at a center axis of the lens 330.

[0069] The antenna 300 of FIGS. 3A-3B has an RF lens 330 that has a flat top and a
flat bottom, which may be convenient for manufacturing and/or assembly. However, it will
be appreciated that in other embodiments/ a;l RF lens 330' may be used instead that has
rounded (hemispherical) ends. FIG. 7 schematically illustrates such a lens 330" and its
orientation with respect to the central linear array 310B of radiating elements in the antenna
300 if the lens 330 of antenna 300 was replaced with the lens 330'. The hemispherical end
portions 334 included in lens 330" provide additional focusing in the elevation plane for the
radiating elements 312 at the respective ends of the linear array 310B (as well as for the
radiating elements 312 at the lower and upper ends of linear arrays 310A and 310C). This
may improve the overall gain of the antenna.

[0070] It will likewise be appreciated that the lenses according to embodiments of
the present invention may be used in dual and/or multiband base station antennas. Such
antennas may include, for example antennas providing ports for transmission and reception in
the 698-960 MHz frequenéy band as well as in the 1.7-2.7 GHz frequency band or, as another
example, in both the 1.7-2.7 GHz frequency band and the 3.4-3.8 GHz frequéncy band. A
homogeneous cylindrical RF lens works well when its diameter D = 1.5 — 6A (where A is the
wavelength in free space of the center frequency of the transmitted signal). Consequently,
such lenses may be used with respect to the above example frequency bands as the diameter
of the lens may be selected so that the lens will perform well with respect to both frequency
bands. In order to provide the same azimuth beamwidth for both bands (if desired in a
particular application), the azimuth beam width of the low band linear array (before passing
through the RF lens) may be made to be wider than the azimuth beam width of the high band
linear array, approximately in proportion to a ratio of the center frequencies of the two bands.

[0071] FIG. 8 schematically illustrates an example configuration for the radiating
elements of low band and high band arrays that may be used in example dual-band multi-
beam lensed antennas according to further embodiments of the present invention. The linear
array 400 shown in FIG. 8 may, for example, be used in place of the linear arrays 310 in the

antenna 300 of FIGS. 3A-3B.
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[0072] As shown in FIG. 8, in one configuration, low band radiating elements 420
that form a first linear array 410 and high band radiating elements 440 that form a second
linear array 430 may be mounted on a reflector 450. The radiating elements 420, 440 may be
arranged together in a single column so that the linear arrays 410, 430 are co-linear and
interspersed. In the depicted embodiments, both the low band radiating elements 420 and the
high band radiating elements 440 are implemented as box-type dipole elements. In the
depicted embodiment, each high band element 440 includes directors 442 which narrow the
azimuth beamwidth of the high band radiating elements. For example, in one embodiment,
the low band linear array 410 has an azimuth HPBW of about 65°-75° and the high band
linear array 430 has an azimuth HPBW of about 40°, and the resulting HPBW of the multi-
beam lensed antenna is about 23° in both frequency bands.

[0073] FIGS. 9A and 9B are a schematic plan view and a schematic side view,
respectively, of a lensed multi-beam base station antenna 500 according to further
embodiments of the present invention. As shown in FIG. 9, the multi-beam base station
antenna 500 primarily differs from the multi-beam base station antenna 300 in that the
cylindrical RF lens 330 of antenna 300 is replaced with a plurality of spherical lenses 530 in
antenna 500.

[0074] The use of a plurality of spherical lenses 530 instead of the single cylindrical
lens 330 may have several advantages in some applications. For example, in some cases, the
use of spherical lenses 530 may require less dielectric material, as the dielectric material is
omitted in portions of the regions between adjacent radiating elements when the spherical
lenses 530 are used. This may reduce material costs for the antenna. Moreover, spherical
lenses 530 generally provide more symmetrical antenna radiation patterns as compared to
equivalent cylindrical lenses, and hence improved performance may be obtained.
Additionally, the spherical lenses 530 may further reduce grating lobes.

[0075] As shown in FIGS. 9A and 9B, in one example embodiment, two linear
arrays 510 are provided having four radiating elements 512 each, and four spherical lenses
530 are provided. The radiating elements 512 may be aligned in rows of two radiating
elements 512 each. Each of the spherical lenses 530 may be positioned in front of the two
radiating elements 512 in a respective one of the rows of radiating elements 512. The
spherical lenses 530 may be formed in the same manner and of the same materials as the
cylindrical lens 330 and hence further description thereof will be omitted.

[0076] FIG. 10 is flow chart of a method of manufacturing a base station antenna

according to certain embodiments of the present invention. As shown in FIG. 10, a high
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dielectric constant material is ground into small particles (Block 600). Next, a base dielectric
material such as, for example, polyethylene, polystyrene, polytetrafluoroethylene (PTEF),
polypropylene, polyurethane silicon or the like is provided in liquid form (Block 610). The
high dielectric constant particles are mixed into the liquid base dielectric material (Block
620). A nucleating agent such as, for example, boron nitride may be added to the liquid base
dielectric material (Block 630). A blowing agent (e.g., nitrogen) is then used to foam the
liquid base dielectric material with the particles of a high dielectric constant material
embedded therein (Block 640) to provide a composite dielectric material. The composite
dielectric material may then be used to form a lens for a multi-beam antenna (Block 650).
The lens may be mounted in front of at least one radiating element of the antenna (Block
660).

[0077] FIG. 11 is flow chart of a method of manufacturing a base station antenna
according to further embodiments of the present invention. As shown in FIG. 11, a high
dielectric constant material such as a high dielectric constant ceramic is ground into a powder
or other small particles (Block 700). Next, the high dielectric constant material particles are
mixed with a liquid adhesive (Block 710). The mixture of high dielectric constant material
particles and adhesive is sucked into a foamed lightweight base dielectric material (Block
720). The resulting composite dielectric material may then be trimmed into an appropriate
shape for use as a lens for a base station antenna (Block 730). In the fabrication technique
described with respect to FIG. 11, the base dielectric material may be foamed to have an
open-cell structure to facilitate drawing the high dielectric constant material particles and
adhesive into the base dielectric material and uniformly distributing the high dielectri;:
constant material particles throughout the base dielectric material. |

- [0078] FIG. 12 is a flowchart illustrating a method for manufacturing a composite
dielectric material for a lens of a multi-beam antenna according to further embodiments of the
present invention. A base dielectric material that is capable of foaming is provided (Block
800). A high dielectric constant material such as, for example, a ceramic material having a
dielectric constant of at least ten is mixed into the base dielectric material while the base
dielectric material is in a liquid or semi-liquid form (Block 810). The high dielectric constant
material may be in the form of a powder or other small particles such as elongated particles.
The liquid base dielectric material with the particles of high dielectric constant material
therein is thoroughly mixed to uniformly distribute the particles of high dielectric constant

material throughout the base dielectric material (Block 820). The composite dielectric
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material may then be foamed to provide a lightweight dielectric constant material that is
suitable for use in forming a lens of a multi-beam antenna (Block 830).

[0079] It will be appreciated that numerous modifications may be made to the
above-described embodiments without departing from the scope of the present invention. For
example, with respect to the lightweight composite dielectric materials that are described
above that are formed as small blocks that are used to build the lens, it will be understood that
different high dielectric constant materials may be used for different blocks and/or within the
same blocks. Likewise, different blocks may include different lightweight base dielectric
materials.

[0080] While embodiments of the present invention are primarily discussed above
with respect to non-conductive particles of a high dielectric constant dielectric material, it
will be appreciated that in other embodiments high dielectric constant dielectric materials that
have some amount of conductivity may be used.

[0081] While the foregoing examples are described with respect to three beam
antennas, additional embodiments including, for example, antennas having 2, 4, 5, 6 or more
beams are also contemplated. It will also be appreciated that the lens may be used narrow at
least the azimuth beam of a base station antenna from a first value to a second value. The
first value may comprise, for example, about 90°, 65° or a wide variety of other azimuth
beamwidths. The second value may comprise about 65°, 45°, 33°, 25°, etc. It will also be
appreciated that in multi-band antennas according to embodiments of the present invention
the degree of narrowing can be the same or different for the linear arrays of different
frequency bands.

[0082] Embodiments of the present invention have been described above with
reference to the accompanying drawings, in which embodiments of the invention are shown.
This invention may, however, be embodied in many different forms and should not be
construed as limited to the embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and complete, and will fully convey the
scope of the invention to those skilled in the art. Like numbers refer to like elements
throughout.

[0083] It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms.
These terms are only used to distinguish one element from another. For example, a first
element could be termed a second element, and, similarly, a second element could be termed

a first element, without departing from the scope of the present invention. As used herein,
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the term "and/or" includes any and all combinations of one or more of the associated listed
items.

[0084] It will be understood that when an element is referred to as being "on" another
element, it can be directly on the other element or intervening elements may also be present.
In contrast, when an element is referred to as being "directly on" another element, there are
no intervening elements present. It will also be understood that when an element is referred
to as being "connected" or "coupled" to another element, it can be directly connected or
coupled to the other element or intervening elements may be present. In contrast, when an
element is referred to as being "directly connected" or "directly coupled" to another element,
there are no intervening elements present. Other words used to describe the relationship
between elements should be interpreted in a like fashion (i.e., "between" versus "directly
between", "adjacent” versus "directly adjacent”, etc.).

[0085] Relative terms such as "below" or "above" or "upper" or "lower" or
"horizontal" or "vertical" may be used herein to describe a relationship of one element, layer
or region to another element, layer or region as illustrated in the figures. It will be
understood that these terms are intended to encompass different orientations of the device in
addition to the orientation depicted in the figures.

[0086] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein, the
singular forms "a", "an" and "the" are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that the terms "comprises”
"comprising," "includes" and/or "including" when used herein, specify the presence of stated
features, integers, steps, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof.

[0087] Aspects and elements of all of the embodiments disclosed above can be

combined in any way and/or combination with aspects or elements of other embodiments to

provide a plurality of additional embodiments.

-19-



WO 2017/127378 PCT/US2017/013845

That Which is Claimed is:

1. A multi-beam antenna, comprising:

a plurality of radiating elements; and

a lens that is positioned to receive electromagnetic radiation from at least one of the
radiating elements, the lens comprising a composite dielectric material,

wherein the composite dielectric material comprises a foamed base dielectric material
having particles of a high dielectric constant material embedded therein, the high dielectric
constant material having a dielectric constant that is at least three times a dielectric constant

of the foamed base dielectric material.

2. The multi-beam antenna of Claim 1, wherein the high dielectric constant

material has a dielectric constant of at least 10.

3. The multi-beam antenna of Claim 1 or Claim 2, wherein the high dielectric

constant material comprises a ceramic material.

4. The multi-beam antenna of any preceding claim, wherein the high dielectric

constant material comprises a metal oxide.

5. The multi-beam antenna of any preceding claim, wherein the foamed

dielectric material comprises a foamed plastic.

0. The multi-beam antenna of any preceding claim, wherein the foamed

dielectric material has a foaming percentage of at least 50%.

7. The multi-beam antenna of any preceding claim, wherein the high dielectric
constant material is substantially uniformly distributed throughout the foamed dielectric

material.

8. The multi-beam antenna of any preceding claim, wherein the lens comprises a

cylindrical lens.

9. The multi-beam antenna of any preceding claim, wherein the lens comprises at

least one spherical lens.

10.  The multi-beam antenna of any preceding claim, wherein the high dielectric

constant material comprises a powder.
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11.  The multi-beam antenna of any preceding claim, wherein the composite

dielectric material comprises a plurality of blocks.

12. A multi-beam antenna, comprising:

a plurality of radiating elements; and

a lens that is positioned to receive electromagnetic radiation from at least one of the
radiating elements, the lens comprising a plurality of blocks that are contained within an
outer shell of a composite dielectric material,

wherein each block comprises a composite dielectric material that includes a base
dielectric material having particles of a high dielectric constant material embedded therein,
the high dielectric constant material having a dielectric constant that is at least three times a

dielectric constant of the base dielectric material.

13. The multi-beam antenna of Claim 12, wherein the high dielectric constant

material has a dielectric constant of at least 10.

14. The multi-beam antenna of Claim 12 or Claim 13, wherein the base dielectric
material comprises a foamed dielectric material and the high dielectric constant material

comprises a ceramic material or a metal oxide.

15. The multi-beam antenna of Claim 14, wherein the foamed dielectric material

has an open-cell structure and a foaming percentage of at least 50%.

16. The multi-beam antenna of any of Claims 12-16, wherein the high dielectric
constant material is substantially uniformly distributed throughout the foamed dielectric

material.

17.  The multi-beam antenna of Claims 12-16, wherein the lens comprises one of a

cylindrical lens or a spherical lens.

18. A method of fabricating a multi-beam antenna, the method comprising:

mixing particles of a second dielectric material into a first dielectric material that is in
liquid form, the second dielectric material having a dielectric constant that is at least three
times a dielectric constant of the first dielectric material;

adding a nucleating agent to the first dielectric material;
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using a blowing agent to foam the first dielectric material having the particles of the
second dielectric material mixed therein;
using the foamed first dielectric material for a lens for the multi-beam antenna; and

mounting the lens in front of at least one radiating element.

19.  The method of Claim 18, wherein the second dielectric material comprises a

ceramic material,

20. The method of Claim 18 or Claim 19, wherein the second dielectric material

comprises a metal oxide.

21.  The method of any of Claims 18-20, wherein the first dielectric material

comprises a foamed plastic.

22.  The method of any of Claims 18-21, wherein the first dielectric material has a

foaming percentage of at least 50%.

23.  The method of any of Claims 18-22, wherein the second dielectric material is

substantially uniformly distributed throughout the first dielectric material.

24.  The method of any of Claims 18-23, wherein the lens comprises a cylindrical

lens.

25.  The method of Claims 18-23, wherein the lens comprises at least one spherical

lens.

26,  The multi-beam antenna of Claim 11, wherein the high dielectric constant

material is only embedded into the exterior surfaces of the blocks.

27.  The multi-beam antenna of Claims 1-11, wherein the high dielectric constant
material comprises an anisotropic dielectric material that has different dielectric constants in

the vertical and horizontal directions.
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Claim 26 is regarded to be unclear because the claim refers to multiple dependent claim which does not comply with PCT Rule
6.4(a).
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because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. III  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
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claims.
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