wo 2017/173208 A1 || I} NN TP OO0 O 0 O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/173208 A1l

5 October 2017 (05.10.2017) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
HO01Q 15/08 (2006.01) HO1Q 3/46 (2006.01) kind of national protection available): AE, AG, AL, AM,
HO1Q 13/08 (2006.01) AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
. .. BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM,
(21) International Application Number: DO, DZ, EC, FE, EG, ES, FI, GB, GD, GE, GH, GM, GT.
PCT/US2017/025259 HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KH, KN,
(22) International Filing Date: KP, KR, KW, KZ, LA, LC, LK, LR, LS, LU, LY, MA,
31 March 2017 (31.03.2017) MD, ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG,
. NI, NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS,
(25) Filing Language: English RU, RW, SA, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY,
(26) Publication Language: English TH, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, M, ZW.
(30) Priority Data: . o
62/315,823 31 March 2016 (31032016) Us (84) De51gnated States (unless otherwise indicated, fO}" every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: COMMSCOPE TECHNOLOGIES LLC GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
[US/US]; 1100 CommScope Place SE, Hickory, North TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
Carolina 28602 (US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
. DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
72 IL';Y;“;;’;VIIQ;NE;I(;D;’Sg‘;vzgsl;ld““’ 10001 Broadmoor LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK,
? ? ’ SM, TR), OAPI (BF, BI, CF, CG, CIL, CM, GA, GN, GQ,
(74) Agent: AYERS, D., Randal; MYERS BIGEL, P.A., PO GW, KM, ML, MR, NE, SN, TD, TG).

Box 37428, Raleigh, North Carolina 27627 (US).

[Continued on next page]

(54) Title: LENSED ANTENNAS FOR USE IN WIRELESS COMMUNICATIONS SYSTEMS

(57) Abstract: Array antennas include a
plurality of lensed multi-beam sub-ar-
rays, where each lensed multi-beam sub-
array comprises a RF lens and a plural-
ity of radiating elements that are associ-
ated with the RF lens and that are orbit-
ally arranged about the RF lens.



WO 2017/173208 A1 WK 00 00 A0 O

Published:
—  with international search report (Art. 21(3))



WO 2017/173208 PCT/US2017/025259

LENSED ANTENNAS FOR USE IN WIRBLESS COMMUNICATIONS SYSTEMS

FIELD
{600} The preseat invention generally relates to communications systems and, more

particularly, to antennas that are used in wireless communications systems.

BACKGROUND
[0002] A wide variety of wireless communications sysiems are in use today
including, for example, satellite communications systems, radar systems, microwave
communications systems, aviation communication systems and cellular communications
systems. Al of these systems use antennas to transmit and receive the wireless signals.
{0003] Antennas can be designed to exhibit divectivity, meaning that the antenna
‘may be designed to focus the transmitted signal energy in a certain avealdirection and
likewise may be designed to focus received signal energy that is incident on the antenna from
a certain area/direction, The more directive an antenna is the higher its “pain,” which is a
weasure of the ability of the antenna to focus the transmitted signal energy in a specific
direction. The higher the gain of an antenna, the lower the transmit power requirements to
achicve a specified level of link performance. The amount of focusing that an antenna
provides is often quantified by specifying the half power beamwidth of the antenna in the
azimuth (horizontal) and elevation {vertical) directions. In particular, the more an antenna
beam s focused, the smaller its azinmth and clevation beanmwidths will be, and the higher its
gain.
{0804] Unfortunately, providing a more focused, higher gain antenna beam typically
requires the use of larger antennas. For example, microwave communications systers
typically use parabolic reflector antennas that use a parabolic dish {o focus the transmitted

{and received) signals. The gain of such antennas increases with the size of the parabolic
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dish. Likewise, the gain of a phased array antenna will be a function of, among other things,
the aperture size of the phased array. Increasing the size of an antenna may present various
problems including increased costs, weight, and wind loading, and in many instances local
ordinances may place Himits on the sizes of certain types of antennas.

{0003] Additionally, the more focused the beam produced by an antenna is (i.e.,
smaller azimuth and elevation beamwidths), the Jess area that the beam produced by the
antenna will cover at any given time. This may raise {ssues in wireless communications
systems having mobile users, as such communications systems typically must provide
coverage 1o any location where the mobile user may be. In some wireless communications
systems, phased array antennas are used that may electronically move or "scan” the direction
in which the antenna beam points by manipulating the phase of the signals provided to
individual radiating elements of the antenna. When such phased areay antennas are used, the
antenna beam may be scanued as the mobile user moves in arder to keep the antenna beam
pointed toward the mobile user. Unfortunately, however, as the anterma beam is
electronically scanned, the maximum gain of the antenna beam may be reduced and the
antenna beam may become asynunetrical, which is generally undesirable. In addition, when
the antenna beam is scanned by relatively large amounts, undesired radiation beams known as
grating lobes may be generated that appear well away from the intended direction of the
antenna beam. The generation of these grating lobes may reduce the gain of the antenna in
the desired direction and may also result in interference with other antenna beams ased in the
commuuucations system,

{68061 Consequently, it may be challenging to provide high gain antenna beams that

have good beam characteristics that can be steered over a wide coverage area.

SUMMARY

{8807] Pursuant to embodiments of the present invention, array antennas are
provided that include a plurality of lensed multi-beam sub-arrays, where each lensed multi-
beam sub-array comprises a RF lens and a plurality of radiating elements that are associated
with the RF lens and that are orbitally arranged about the R¥ lens.

{0008] In some embodiments, the RF lenses may be arranged in an MxN array
having M rows and N columns.

{08081 In some embodiments, the radiating elements of cach lensed multi-beam sub-
array may be located in the same orbital positions.

{8018] In some embodiments, each RF lens may comprise a spherical RF lens,
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{0611] In some embodiments, each radiating element may comprise an active
radiating element.

{0012] In some embodiments, five radiating elements may be orbitaily arranged
about each RF lens.

18013} In some embodiments, the plurality of radiating elements that are orbitally
arxanged about each RF lens may comprise a central radiating element and a plurality of outer
radiating elements.

{(114] Insome embodiments, cach radiating element may be positioned at the same
distance from its associated RF lens.

{0015] In some embodiments, the RF lens may include a diclectric material that
comprises a foamed base dielectric material having particles of a high dielectric constant
material embedded therein, the high dielectric constant material having a diclectric constant
that is at least three times a dielectric constant of the foamed base dielectric material,

{88316] In some embodiments, each RF lens may inctude a dieleciric material that
comprises a foamed base dielectric material having conductive fibers embedded therein.

{0617} In some embodiments, the array antenna may further include a plurality of
corporate feed networks. The number of corporate feed networks may be equal to a number
of radiating elements included in each lensed multi-beam sub-array. In some embodiments,
the array antenna may also include a switching network that may selectively connect a radio
to individual ones of the corporate feed networks on & time slot-by-time slot basis. n other
embodiments, each corporate feed network may be connected fo a respective one of a
plurality of radios.

{0018} In some embodiments, the array antenna may further include a plurality of
electronic phase shifters, where each phase shifter is coupled to a respective one of the
radiating elements,

{6019} In some embodiments, the radiating elements may be implemented as radio
frequency integrated circuit system in package modules. In some embodiments, at least some
of the radio frequency wtegrated cireuit system in package modules may include multiple of
the radiating elements. In some embo'di‘mems, at Jeast one of the radio frequency integrated
circuit system in package modules may include a recess in a surface thereof, and wherein a
first of the RI¥ lenses that is part of the a first of the lensed multi-beam sub-arrays is mounted
af least parlially within the recess. In some embodiments, the radiating efements of the flzst

of the lensed multi-beam sub-arrays may be mounted within the recess,
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{8828] Pursuant to further embodiments of the present invention, ATTRAY antennas are
provided that include a plurality of lensed mulii-beam sub-arrays, each lensed multi-heam
sub-arrsy comprising a radio frequency ("RE") lens and a plurality of radiating elements that
are associated with the RF lens that are mounted between the RF lens and a mounting
structure. Bach radiating element is mounted in a different position with respect to its
associated RF lens, and each RF lens has its associated radiating elements mounted in the
same positions as the other of the RF lenses. These array antennas further include a plurality
of corporate feed networks. Each corporate feed network is coupled to one of the radiating
elements of each lensed multi-heam sub-array.

10021} In some embodiments, the number of corporate feed networks may be equal
to the number of radiating elements included in each lensed multi-beam sub-array.

[8022] Insome embodiments, a first of the corporate feed networks may be coupled
to the radiating elements of each lensed multi-beam sub-array that are mounted in the same
positions with respect to their associated RF lens.

{0623} In some embodiments, the array antenna may further include a switching
wiwork that selectively connects a radio to individual ones of the corporate feed networks on
a time slot-by-time slot basis. In other embodiments, each corporate feed network may be
connecled o a respective one of a plurality of radios.

{8624} In some embodiments, the array antenna may further include a plurality of
electronic phase shifiers, wherein gach phase shifter is coupled to a respective one of the
radiating elements,

{0025]  In some embodiments, each radiating element may be arranged orbitally with
respect to its associated RF lens.

{0026} In some embodiments, sach RF lens may be a spherical RF lens. In some
emboidments, each lens may be between 1 and 5 wavelengths of a center frequency of an
operating frequency band of the array antenna.

{06271 In some embodiments, each RF lens may comprise a lens container that is
filled with a dielectric material that has a substantially homogeneous dielectric constant.

{0028} Pursuant to further embodiments of the present invention, array antennas are
provided that include a plurality of lonsed multi-beam sub-arrays, where cach lensed multi-
beam sub-array includes a radio frequency ("RF") lens and a plurality of radiating elements
that are associated with the RF lens, The RF lenses ave arranged in a three dimensional

arrangement.
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[6829] In some embodiments, at least some of the RY lens may be arranged in a
stair-step pattern,

{8630 In some embodiments, at least some of the RF lens may be arranged along a
curve,

{0831} In some embodiments, a first subset of the RF lenses may be arranged to
define a first circle. In some embodiments, & second subset of the RF lenses may be arranged
to define a second circle. Tn some embodiments, the second circle may be disposed above the
first circle. In some embodiments, the second subset of the RF lenses may include fewer RF
lenses than the first subset of RE lenses.

{6032} Pursuant to still further embodiments of the present invention radio frequency
integrated circuit system in package modules are provided that include a radio frequency
integrated circuit that includes a plurality of radiating elements and a plorality of RF
transceivers, where each radiating element is coupled to a respective one of the R¥
transceivers and an RY¥ lens that is at least partially mounted in a recess in a surface of the
radio frequency integrated circudt.

{6833] In some embodiments, the RF lens may be 4 spherical RF lens.

{00834} In some embodiments, the radiating elements may be mounted orbitally with
respect to the spherical RF lens.

[0035] In some embodiments, at least some of the radiating elements may be

mounied on sidewalls of the recess.

BRIEF DESCRIPTION OF THE DRAWINGS

10036] FIG. 1 is a schematic perspective view of a wide-scan phased array antenna
aecording to embodiments of the present tnvention.

{0037 FIG, 2A is a schematic front view of a lensed multi-beam sub-array of the
wide-scan antenna of FHG. 1.

{0038] FIG. 2B is a schematic side view of the lensed multi-beamt sub-atray of FIG.
ZA.

{8839 FlG. 34 s a plan view of an example dual polarized radiating element that
may be used in the wide-scan anterma of FIG. 1.

[6048] FIG. 3B is a side view of the example dual polarized radiating elerpent of

FIG, 3A.
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[0041] FIG. 4A is a graph that illustrates the normalized power of an RF signal that
is transmitted through an example conventional phased array antenna as it is sieered off
boresight in the azimuth direction,

{0842 FIG. 4B s a graph that illustrates the normalized power of an RE signal that
is transmitted through another example of a conventional phased array antenna as it is steered

off boresight in the azimuth direction.

{0043} FIG, SA is a schematic rear view of one of the lensed multi-beam sub-arrays
of the wide-scan antenna of FIG, 1 that ilustrates the five orthogonal antenna beams that
can be generated by the sub-array when the antenna beams are not electronically steered.

[0044] FIG. 5B is a schematic plan view of the primary coverage areas fov each of
the five radiating elements included in one of the lensed multi-beam sub-arvays of the wide-
scan antenna of FIG, 1.

{0045] FIGS, 6A-6¥ are schematic front views of lensed multi-beam sub-arrays
according to further embodiments of the present invention.

{0046] FIGS. TA-TC are schematic front views of wide-scan phased array antennas
according to further embodiments of the present invention,

{0047] FIG. 8A is a side-view of a three-dimensional wide-scan antenna according
to further embodiments of the present invention,

{6048} FIG. 8B is a side-view of a three-dimensional wide-scan artenna according
o yet additional embodiments of the present invention.

{0048] FIG. 8A is a schematic top view of a wide-scan antenna according 1o further
embodiments of the present invention that provides 360 degree coverage,

{00530] ¥FIG. 9B is s schematic side view of the wide scan anterma of FIG. 9A.

{0051} FIG, 9C is a schematic top view of a wide-scan antenna according to
additional embodiments of the present invention that provides 360 degree coverage.

{0052] FIG. 10A is a schematic side view of a wide-scan antenna according to
embodiments of the present invention that is implemented using RF integrated circuit
technology.

{0053] FIG. 198 is a schematic side view of a RFIC SiP module according to
embodiments of the present invention.

{8084} FIG, 11A isaschematic block diagram of a wide scan antenna according to
further embodiments of the present invention.

[G058] FIG, 118 is a schematic block diagram of a modified version of the wide

scan antenma of FIG, 11A.
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{0056] FIG. 11C is g schematic block diagram of a wide scan antenna according to

still further embodiments of the present invention,

DETAILED DESCRIPTION

{0057} Asnoted above, it may be challenging to provide high gain antenna beams
that have good beam characteristics that can be stecred over a wide coverage area,
particularly while meeting size and cost constraints for the antenna, One technigue that has
been suggested for narrowing the beamwidth of a phased array antenna without requiring
additional radiating elements is the use of RF lenses. For example, U.S. Patent Publication
No. 2015/6070230, ("the 230 publication”} discloses using a cylindrical RF lens 1o narrow
the azimuth beamwidth of a base station antenna of a cellular communications system, In
particular, the 230 publication discloses a base station antenna that includes three columns of
radiating elements that are mounted behind the cylindrical RF lens. Each column of radiating
clements is angled with respeet to its adjacent column(s) so that each radiating element points
toward the central longitudinal axis of the eylindrical R¥ lens, While each radiating element
is designed to have a conventional half power beamwidth of about sixty-five degrees, the
cylindrical RF lens narrows the azimuth beamwidth down to about twenty-two degrees. Fach
colomn of radiating elements may thus serve a coverage area of about forty degrees in the
azimuth divection. In this manner, the base station antenna of the '230 patent may provide
three independent bearns that each serve one-thivd of'a 120 degree sector of a base station,

{0038 While the ltensed antenna of the '230 publication has certain advantages, it
may not be suitable for many applications. For example, cylindrical RF lenses may generate
cross-polarization distortion. As known to those of skill in the art, cross-polarization
distortion refers to the amount of energy emitted by a cross-polarized antenma that is
transmitted at the orthogonal polarization. If the amount of cross-polarization distortion is
significant, cylindrical RE lenses may be unsuitable for use in applications where signals are
transmitted at orthogonal polavizations. As snother exampie, cylindrical RF lenses only
narrow the beamwidth in one direction (typically the azimuth direction), and hence may not
be suitable in applications where beam narrowing in hoth the azimuth and elevation
directions is necessary. Additionally, the antenna of the '230 publication only produces small
sector antenna beams, and hence is not suitable for applications where very narrow "pencil”
antenna beams are pointed directly toward specific users.

{00881 Pursuant 1o embodiments of the present invention, wide-scan antennas are

provided that include a plurality of lensed roulti-bearn sub-arrays, Insome embodiments, the
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lensed multi-beam sub-arrays may be arranged in an array such as, for example, an MxN
areay having M rows and N columns. Bach lensed multi-beam sub-array may com prise a
plurality of radiating elements that are mounted around one side of an RF lens. The RF fens
may be a sphevical R lens and may have a diameter that is, for example, on the order of 1-5
wavelengths of the RF signals that are to be transmitied therethrongh, Each spherical RF lens
may be formed of a dielectric material that exhibits a relatively uniform dielectric constant.
RF lenses hgving other shapes may also be used in other embodiments as may RF lenses
formed with dielectric materials having non-uniform diclectric constants. The spherical RF
lenses may focus the RF signals emitted by their associated radiating elements in both the
azimuth and elevation directions. The focusing achievable by the spherical R¥ lenses
combined with the focusing achigvable by amplitude and/or phase weighting of the signals
transmitted through different combinations of the radiating slements allows the wide-scan
array to form a plurality of narrow "pencil” antenna bearns that may be pointed directly at
users (or other targets) throughout the coverage area. In some embodiments, the radiating
clements may be cross-polarized radiating elements,

{0060} Each radiating element in a lensed multi-beam sub-array may be "orbitally”
arranged with respeet to its associated spherical RF lens in that each radiating element may
be spac:ed~apar£ from its associated RF lens by the same distance and may be pointed at the

er of its associated spherical R¥ lens. The radiating elements in each sub-atray may be

spaced apart from each other by pre-selected amounts so that each radiating element in a
particular lensed multi-beam sub-array points n a different direction. In one example
embaodiment, a "central” radiating element may be positioned on & plane ranning throogh the
center of the spherical R¥ lens that is parallel to the horizon, and fowr "outer” radiating
elements may be offset by aboui 25-50 degrees in both the azitmuth and elevation divections
from the central radiating element. Thus, the outer radiating elements are disposed in four
quadrants that surround the central radiating element. In a specific example embodiment,
each of the four outer radiating elements may be offset by 40 degrees in both the azimuth and
elevation directions from the central radiating element. Applying the familiar longitude and
latitude lines that are on a globe to the spherical RF lens, in the above-described example
embodiment, the five radiating elements would be positioned above the following longitude

and latitude coordinates on the spherical RF lens (where radiating element § is the central
radiating element) on the spherical RF lens, with each of the five radiating elements pointing

toward the center of the spherieal RF leng and at the same distance from the spherical RF

Poest
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Radiating element 1: -40° longitude, 40° latitude;

Radiating element 2: 40° longitude, 40° latitude;

Radiating element 3: 40° longitnde, -40° latitude;

Radiating element 4: -40° longitude, -40° latitude; and

Radiating element 3: 0° longitude, 0° Jatitude.

16061} Each lensed multi-beam sub-array may have the same design. As such, the
wide-scan antenna of the above erabodiment may be viewed as five separate phased array
antennas that have MxN radiating elements pointing in sach of five different directions or
“coverage areas.”" Tor example, if the antenna comprises a 4x3 array of lensed multi-beam
sub-arrays, the antenna will include sixty radiating elements that are divided into five groups
of twelve radiating elernents each, with the twelve radiating elements in each group all
pointing in a respective one of five different directions. Bach group of MxN radiating
elements (L.e., one radiating element per lensed molti-beam sub-array) may be used to
generate one or more antenna beams in their respective coverage areas.

{0062} In some embodiments, each of the radiating elements may comprise an active
radiating elewent having an associated transceiver connected directly thereto. The wide-scan
antennas according to embodiments of the present invention may be used to generate a
plurality of narrow "pencil” beams that can be pointed directly at users within the coverage
areg of the antenna, thereby providing high gain and allowing for the efficient use of
spectrum, Additionally, because the radiating elements are divided into five groups of
radiating clements that are physically pointed in multiple different directions throughout the
coverage area for the wide-scan antenna due fo their orbital placement around their associated
spherical RF lenses, the wide-scan antenna will exhibit significantly less pain loss, beam
distortion and grating lobe generation when scanned to cover different regions of the overall
coverage ares for the antenna than would conventional phased array antennas,

{80631 In particular, when an RF signal is disiributed to a sub-group of radiating
elements that each has the same orientation on an MxN set of lensed multi-beam sub-arrays,
and the R¥F signals that are provided to these radiating elements are in-phase, the radiating
elements will form a coherent antenna beam. This antenna beam will be the product of the
array factor and the lensed radiating element pattern and will have a caincident peak
direction, and thus its peak gain is in that divection, In the case of wide-sean antenna that has
lensed multi-beam sub-arrays that each include five radiating elements, the antenna will
generate {ive orthogonal antenna beams that point in different directions, and thus cach

antenna beam will have its peal gain in a different direction. These antenna beams can be
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scanned and shaped psing standard amplitude and phase variation of cach component of the
signal applied to the antenna,

{6864} in other embodiments, a switching network may be provided and the wide-
scan antenna may implement & time division multiplexing scheme by forming different
antenna beams for each time slot thereof. In still other embodiments, the radiating elements
may be fed by a switched corporate feed network that selectively supplies signals from a
radio to groups of one or more of the radiating elements during the time slots of a time
division multiplexing communication scheme. The switched corporate feed network may be
switched at high speeds so as to direct the signal to be transmitied during any particular time
slot to the radiating clements that provide coverage to portions of the coverage area that
include users who transmit/receive signals during that particular time slot, During the next
time slot, the switch network may be reconfigured to selectively supply the signal from the
radio to a different subset of the radiating elements that provide coverage o portions of the
coverage area that include users who transmit/receive signals during this subsequent time
stot. The antenna beams are only activated when a user {s within the coverage area. In still
further embodiments, the radiating elements may be fed by a switched corporate feed
network without the use of & time division multiplexing scheme,

{0065] Embodiments of the present invention will now be discussed in further detail
with reference to the figures, in which exaraple embodiments of the fnvention are shown,

{0066} F1G. 1 is a schematic perspective view of a wide-scan antenna 168 according
to certain embodiments of the present invention.

{0067} Asshown in FIG. 1, the wide-scan antenna 100 includes & mounting
strycture 119 that has a plurality of lensed multi-beam sub-arrays 126 mounted thereon. The
mounting structure 116 may comprise & unitary structure or may comprise a plurality of
structures that are attached together. The mounting structure 118 may house various
components of the wide-scan antenna 108 such as, for example, transceivers, diplexers,
connectors, cables, ete. In some embodiments, the lensed multi-beam sub-arrays 120 may be
arranged in an MxN array, where M is the number of rows and N is the number of colurns.
In other embodiments, the lensed multi-beam sub arrays 120 may be arranged in other
patterns such as, for example, an "X" shape,

{0068} Pach lensed multi-beam sub array 126 may include a plurality of radiating
clements 138 and an associated RF lens 140, The radiating elements 136 and/or the RF lens
140 may be mounted on the mounting structure 118, The radiating elements 136 may

generally be positioned between the mounting strocture 118 and the R¥ lens 148, The RF

10~
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lenses 144 may be used to narrow the heamwidths of the antenna beams of the individual
radiating elements 138, As s schematically shown in FIG. 1, the wide-scan antenna 108
may be configured to generate a plurality of “pencil beam” antenna beams 152 that provide
high directivity to selected locations within a field of view of the wide-scan antenna 1886,
These pencil beams 182 may have high gain, little or no beam distortion, and may ot
generate grating lobes, The wide-scan antenna 108 may be configured so that the pencil
bearns 182 may be pointed direetly at individual users 20 (four such users 26-1 throu gh 28-4
are schematically illustrated in FIG. 1)

{00691 The wide-scan antenna 106 may be mounted on a tower 10 or other raised
structure in some embodiments. When the wide-scan antenna 166 is mounted for use, the
azimuth plane may be perpendicular to the longitudinal axis of the wide-scan anterma 108,
and the elevation plane may be paralie! to the longitudinal axis of the wide-scan antenna 166,

{0078} In the particular embodiment depicted in FIG. 1, the wide-scan antenna 168
includes a total of twelve lensed multi-beam sub-arrays 128 (only two of the lensed multi-
beam sub-arrays 120, namely sub-arrays 120-1 and 126-3, are numbered in FIG. 1), Bach
fensed multi-beam sub-array 120 comprises one of the R¥ lenses 148 and a plurality of
radiating elements 138 that are configured to transmit and recetve signals through that R¥
lens 148, Different numbers of lensed multi-beam sub-arrays 128 may be used in different
embodiments. In the depicied embodiment, each lensed multi-beam sub-array 126 includes
one RF lens 140 and five radiating elements 130, although different numbers of radiating
elements 138 could be used in different embodiments. It will also be apparent that all of the
lensed multi-beam sub-arrays 128 need not have the same number of associated radiating
clements 136,

{0071} FIGS. 24 and 2B schematically illusirate one of the lensed multi-beam sub-
arrays 128 (120-1) of the wide-scan antenna 106 of FIG. 1. In particular, FIG, 2A is a
schematic {ront view of the lensed muiti-bearn sub-array 120-1 and FIG. 2B is a schematic
side view of the lensed mulii-beam sub-array 128-1. Note that in FIG. 2A the five radiating
elements 13§ are positioned behind the RF lens 148 and hence it will be appreciated that the
RF lens is shown in a "transparent” view in FYG. 24 so that the radiating elements 136 that
are positioned behind the RF lens 146 can be seen in the drawing. Likewise, it will be
appreciated that in FIG. 2B radiating elements 130-1 and 130-4 are not pictured a5 they are
iocated directly behind radiating elements 130-2 and 136-3, respeciively, and hence are not

visible in the side view of FIG. 2B,
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{08720 Asshown in FIGS, 2A and 2B, cach lensed multi-beam sub-array 1268

includes five radiating elements 138 that are mounted around one side of the RE lens 140 that

s included in the sub-array 128, The R¥ lens 148 is a spherically shaped or “spherical” RF
ens 140, Additicnal details regarding the composition, fabrication and performance
atiributes of the spherical RF lenses 140 are provided below. Bach radiating element 136
may be positioned with respect to its associated spherical RF lens 146 go that a center andfor
peak amplitude of a radiation patiern that is emitted by the radiating element 130, when
excited, is directed at a center point of its associated spherical RF lens 140, Bach radiating
element 13¢ may be positioned at the same distance from its associated spherical R¥ lens 149
as are the other four radiating elements 130 that are associated with the spherical RF lenses
148, Moreover, each sub-array 128 may be identical so that all of the radiating elements 130
point at the center of their associated spherical RF lenses 140 and are the same distance from
their associated spherical RF lenses 140, The above-described arrangement where the
radiating elements 138 are positioned to point toward the center of their respective RF lens is
referred to herein as an "orbital® ara mgement. In particular, herein, a radiating element 136
is grranged “orbitally” with respect to a spherical RF lens 148 when the radiating element 136
is pointed toward the center of the spherical RF lens 140, A radiating clement 130 is
considered 1o be pointing in the direction at which the maximum amount of RF energy is
emitted when the radiating element 138 is excited by a signal in its frequency band of
operation,

{0673]  As shown in FIGS. 2A-28, 1n one embodiment, four radiating clements 138
may be orbitally arranged in a "box" configuration and a fifth radiating element 130 may be
orbitally arranged in the center of the box. Herein the four radiating elements 130 that form
the box may be referred to as the outer radiating elements 130 and the fifth radiating element
138 that is arranged in the center of the box may be referred 1o as the central radiating
element 138, As can be seen in the side view of FIG. 2B, in this arrangement the four outer
radiating elements 136 may be located forwardly of the central radiating element 136 (i.e.,
further away from the mounting structure 116) so that each radiating element 130 may be
orbitally arranged sbout the spherical RF lens 140, In the depicted embodiment, cach outer
radiating elernent 138 is located at a position that is offset by about 40 degrees in both the
azimuth and elevation direction from the location of the central radiating eloment 130, For
example, if the central radiating element 130 is pointed at a location on the spherical RF lens
having an azimuth and elevation angle of (0, 0), then the four outer mdmm«g clements 130

would have azimuth and elevation angles of (40, 40), (-40, 40), (40, -40) and (-40, -40). I
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other embodiments, each cuter radiating element 136 may be located at a position that is
offset by between about 20 degrees and about 60 degrees in the azimuth and elevation
direction from the location of the central radiating element 138. The offsets in the azimuth
and elevation directions may be different (e.g., offset by 25 degrees in the slevation direction
and offset by 40 degrees in the azimuth direction) in some embodiments.

{0074] As shown in FIGS, 2A-2B, this urbital arrangement may be achieved t by
positioning at least some of the radiating elements 136 forwardly and/or above or below a
central horizontal or "equatorial” plane 142 of the spherical RF lenses 148, As a result, the
sadiating elements 138 are not arranged in g planar fashion as is conventional, but instead are
arranged in arcs about their respective R¥ spherical lenses 140, This arrangement may
provide a variety of performance improvements as will be deseribed in greater detail below.

{8073} In order to orbitally mount the radiating elements 138, it may be necessary to
angle at least some of the radiating elements 138 with respect to a vertical axis. As will be
discussed in greater detail below with reference to FIGS, 3A-3B, when dipole, cross-dipole
or patch radiating elements 130 are used, each radiating element 138 will typically include a
radiator 132 {e.g., one or more dipoles), feed siatks 134 and a ground plane 136. The feed
stalks 134 are used to mount the radiator 132 at a desived distance in front of the ground plane
136 (e.g., a distance corresponding to one quarter of the wavelength of the signals that are to
be transmitted through the wide-scan antenna 106}, In conventional phased array antennas,
the ground plane Is typically a planar, vertically-oriented sheet of metal that serves as the
ground plane for all of the radisting elements, and the feed stalks extend from the ground
plane at a 80 degree angle (e, horizontally). In the wide-scan antenna 188, some of the
radiating elements 138 may be angled upwardly or downwardly and/or {o the lefi or right due
to their orbital arrangement about their respective spherical RF lenses 148, As such, in some
embodiments, sach radiating element 138 may have its own individual ground plane 136, and
the feed stalk 134 of each radiating element 136 may extend outwardly from the ground plane
136 at an angle of substaniially 90 degrees toward the spherical RY lens 146 that is associated
with the radisting element 136

[8076] The radiating elements 138 are illustrated schematically in FIGS, 1 and 2A-
2B. Pach radiating element 130 may comprise, for example, a dipole, a patch, a horn, open-
ended waveguide or any other appropriate radiating element, FIGS. 3A-3B illustrate an
example implementation of a radiating element 138, In particalar, FIG. 3A is a plan view of
the example radiating elements 138, and FIG, 38 i3 a side view thereof, In the example

embodiment shown, the radiating element 138 comprises a pair of ¢cross-polarized radiating
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elements, where one radiating element of the pair radiates RF energy with a +45° polarization
and the other radiating element of the pair radiales RF energy with a ~45° polarization.

{8077} As shown in FIG, 3A, the example radiating element 138 includes four
dipoles 132 that are arranged in a square or "box" arrangement, The four dipoles 132 are
supported by feed stalks 134, as illustrated in FIG, 3B. Rach radiating element 136 includes
two linear orthogonal polarizations (slant +45%-45°). Hach radiating element 130 may also
include a ground plane 136 that is positioned behind the dipoles 132 so that, for example, the
dipoles 132 are adjacent one end of the feed stalks 134 and the ground plane 136 is adjacent
the other end of the feed stalks 134,

{0678} 1t will be appreciated that the radiating clement 138 discussed above simply
represents one example of a suitable radiating element for the wide scan antenna 189, and
that mumerous other types of radiating elements 138 could be used. For example, in other
embodiments patch radiating clements, single dipole (as opposed to cross-polarized pairs of

dipoles) radiating elements or horn radiating clements could be used. A wide variety of
dipole, cross-dipole, horn and patch radiating elements are known in the art and the pariicular
type of radiating element used may be selected based on the application, cost and various
other factors. It will also be appreciated that radiating elements other than dipole, cross-
dipole, horn and patch radiating clements may be used in other embodiments.

{6079] It will also be appreciated that multiple different types of radiating elements
138 may be used in some embodiments. For example, in certain applications, such as cellular
communications, it may be advantageous if the wide-scan antenna 108 may communicate in
multiple diffevent frequency bands (e.g., to support multiple different types of cellular service
such as GSMO00 and GSMIB00 service or any other combination of ceflular services), Ina
particular embodiment, the radiating clements 136 may be implemented as box radiating
elements that are configured to vadiate in different frequency bands, interleaved with each
other as shown in U8, Patent No. 7,405,710 (“the '710 patent”), the entive content of which is
incorporated herein by reference. As shown in the 710 patent, the dual-frequency box
radiating elements may comprise a first array of box-type dipole radiating elements that are
coaxially disposed within a second box-type dipole assembly. The use of such radiating
elements may allow a lensed antenna to operate in two frequency bands (for example, (.76~
0.96 GHz and 1.7-2.7 GHz). For the antenna to provide similar beamywidths in both
frequency bands, the high band radiating elements may have directors. In this case, a low
band radiating element may have, for example, 8 HPBW in the azimuth direction of 65-5(°,

and a high band radiating clement may have a HPBW in the azimuth direction of 45-35°,
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The spherical RF lens 140 used in conjunction with these radiating elements 136 may be used
to reduce these beamwidths a desived amount to obtain the pencil beams 152 illustrated in
F1G. 1. The spherical RF lens 148 will shrink the beamwidth of the high band radiatin g
elements more than the low band radiating element so that the radiating elements may be
designed to have similar beamwidths in both the azimuth and elevation directions.

10086]  As noted above, in some embodiments, each vadiating element 138 may
comprise an active radiating element in that the radisting element 138 is directly fed by a
dedicated transceiver (radio), as opposed to having each sub-group of radiating clements 136
that have the same orientation on their respective lensed multi-beam sub-array 130 fed by a
passive corporate feed network. Such an active radiating clement is schematically shown in
FIG.3B. The use of active radiating elements allows the amplitude and phase of the RF
signals that are transmitted throngh each radiating element 138 to be manipulated digitally
prior to transmission, By using digitally introduced amplilude and/or phase weighting, cach
active radiating element may be configured to, either by itself or in conjunction with other of
the active radiating elements, generate g coherent, narrow beam that can be actively direcied
1o locations where users ave present. As will be explained in further detail herein, the use of
narrow beams that are actively divected at users can provide high antenna gains (reducing
iransmit power requirements) and more efficient spectrum use since the narrow beams aliow
for frequency reuse within the coverage area of the antenna. Altermatively, the active
clectronics feeding each radiating element can apply amplitude and phase weighting to the
signals radiated through the radiating elements in response to channel conditions in order to
maximize the signal or signal-to-noise level for a particalar user that may not result in a set of
coherent narrow beams. In both cases, since this is digital beamforming in the baseband the
weights can be varied for various segments of the baseband spectram. In other embodiments,
each radiating element 138 may instead be fed by a corporate feed network that, for example,
connects g plurality of different radiating elements 138 to the same radio.

{0081] Referring again to FIGS, § and 2A-28, the wide-scan antenna 188 further
includes a plurality of spherical RF lenses 148, In the particular embodiment depicted in
FIGS. 1 and 2A-2B, five of the radiating elements 138 are associated with each spherical RF
lens 148, The spherical RF lens 140 ruay narrow the beamwidth of the RF energy radiated by
each of its associated radiating clements 130 in both the azimuth and elevation directions.
The amount of narrowing that occurs is a function of several factors including the frequency
of the RF signal, the diameter of the spherical {or other shaped) RF lens 146 and the dielectric

constant of the material used to form the lens 146, In example embodiments, the diameter of




WO 2017/173208 PCT/US2017/025259

cach spherical R¥ lens 146 may be on the ovder of 1-5 wavelengths of the RF si gnals that are
transmitted through the RF lens 146, Such lenses may exhibit the functionality of a Luneburg
tens (which is a lens filled with concentric layers of diclectric materials having different
dielectric constants), but may achieve this functionality using a single dielectric material. In
some example crnbodiments, the spherical RF lens 140 may include (2.g., be filled with ar
consist of) a material having a dielectric constant of about 1 to about 3. The diclectric
material of the spherical RF lens 14¢ focuses the R¥ energy that radiates from, and is
received by, the radiating elements 130. While a spherical RF lens 148 having a homogenous
dielectric constant is illustrated in the example embodiment above, it will be appreciated that
in other embodiments, non~spherical lens may be used and/or lens that have a non-
homogenous dielectric constant,

{0082} A spherical shell filled with particles of the artificial dielectric material
described in U.S. Patent No. 8,518,537 (incorporated herein by reference) may be used to
form the spherical RF lenses 140 in some embodiments, Tn such embodiments, each particle
may comprise a small block of the dielectric material that includes at least one needle-like (or
other shaped) conductive fiber embedded therein. The small blocks may be formed into a
larger structure using an adhesive that gilues the blocks together. The blocks may have a
random orientation within the larger structure. The base 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 plem®, By varying the number and/or orientation of the conductive fiber(s) that ave
included inside the small blocks, the dieleciric constant of the material can be varied from,
for example, about | to about 3,

{00831 In other embodiments, a spherical RF lens 148 may be a shell filled with a
composite dielectric material that comprises a mixture of a high diclectric constant material
and & light weight Jow dielectric constant base dielectric material. For exampie, the
composite dielectric material may comprise a large block of foamed base dielectric material
that includes particles (e.g., a powder) of a high dielectric constant material embedded
therein. The lightweight, low dielectric constant base dielectric material may comprise, for
example, a foamed plastic material such as polyethylene, polystyrene, polytetrafluoroethylene
(PTEF), polypropylene, polyurethane silicon or the like that has a plurality of particles o a
high dielectric constant material embedded therein. In some embodiments, the foamed

lightweight low diclectric constant base dielectric material may have a foaming percentage of

e

16-




WO 2017/173208 PCT/US2017/025259

{8084} The high dielectric constant material may comprise, for example, small
pmic}es of a non-conductive material such gs, for example, a ceramic {(e.g., Mg 1104,
Mg1i0s, CaTily, BaTiiOp, boron nitride or the like) or a non-conduetive {or low
conductivity) metal oxide (g.g., titanium oxide, aluminium oxide or the like), In some
embodiments, the high diclectric constant material may have a dielectric constant of at feast
10, The high dielectric constant material may comprise @ powder of very fine particles in
some embodiments, The particles of high dielectric constant material may be generally
uniformly distributed throughout the base dielectric material and may be randomly oriented
within the base dielectric material. In other embodiments, the composite dieleciric 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 and/or thercon. In
some embodiments, the small blocks may be adhered together using, for example, an
adhesive such as rubber adhesives or achesives consisting of polyurethane, epoxy or the Hke,
which are relatively lightweight and which exhibit low dielectric losses.

{0085] In some embodiments, the spherical RF lenses 140 may comprise blocks or
other small particles of & dielectric material that is contained within an outer shell that has a
desived shape for the RF lens (e.g., spherical shaped). In such embodiments, an adhesive may
or may not be used to adhere the blocks together. 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 above-described blocks of dielectric material, particularly
if an adhesive is not used. In some embodiments, the shell may inclode a plurality of
individual compartments and the blocks may be filled into these individual compartments to
reduce the effects of settling. The use of such compartments may increase the long term
physical stability and performance of a lens. ft will also be appreciated that the blocks may
also and/or alternatively be stabilized with slight compression and/or a backfill material.
Different technigues may be applied to different compartments, or all compartments may be
stabilized using the same technique.

{0086] In stll other embodiments, the dielectric material may be any of the dielectric
materials disclosed in 1.8, Provisional Patent Application Serial No. 62/313.406, filed March
25, 2016 and/or ULS, Patent Application Sertal No. 15/464,442, filed March 21, 2017, the
entire content of each of which is incorporated herein by reference,

{0087 One advantage of phased array antennas that comprise an array of radiating
clements is that the array can be scanned off of boresight by adjusting the phase of the signals

3

that are supplied to the individual radiating elements. Herein the boresight direction refers to
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the direction at which the beam of the phased array antenna achieves peak amplitude when
the radiating elements are all fed a signal having the same phase. Typically, the boresight
direction is coincident with a vector that extends perpendicularly from the center of a plane
defined 'by the array of radiating elements and/or from a center of a plane defined by the array
of spherical RF lenses,

{6088] While the ability to scan a phased array antenna off boresight may be a
distinet advantage, the antenna beam tends to degrade the further the beam is scarned off
boresight. This is shown pictorially with reference to FIGS. 4A and 4B, which are graphs
that ilfustrates the normalized power of an RF signal {ransmitted through two example
conventional phased array antennas as the antennas are electronically steered off boresight in
the azimuth direction. In FIG. 4A, curve 39 lhustrates the normalized power of the RF signal
{in dB, normalized to peak power) as a function of azimuth angle when no beam steering is
performed, while curves 32 and 34 illustrate the normalized power of the RF signal as a
function of azimuth angle when the beam is steered 20 degrees and 40 degrees, respectively,
in the azimuth direction. As can be seen from FEG. 4A, when the beam is not steered (curve
38), the antenna has a normalized power of ¢ dB and the pattern exhibits good symumetry (ie.,
the gain is approximately same at x and —x degrees in the azimuth direction). However, as
the beam is steered (curves 32 and 34), the normalized power starts to drop off (e.g., by abow
2 dB at 40 degrees, which is significant), and the symmetry of the beam pattern is degraded.
‘The more the beam is steered, the greater these effects become. These same effects can be
seen in the graph of FIG. 4B, In FIG. 4B, the antenng beam is electronically steered from 0
degrees to 60 degrees, and FIG. 4B clearly liustrates how the drop off in gain becomes
dramatic at high steering angles. Additionally, as can also be seen in FIG. 48, grating lobes
start to appear in divections that are far from the Intended direction of the antenna beam (e
al an azimuth angle of about -90 degrees) when the antenna is steered more thay, for
example, 30-40 degrees off boresight. Thus, while phased array antennas have beam
scanning capabilities, unfortunately, the performance of the array degrades when such off
boresight scanning capabilities are used.

{04891 The wide scan antennas according to embodiments of the present invention
may significantly reduce the above-described limitations with conventional phased array
antennas, In particular, the wide-scan antennas disclosed herein may have radiating elements
130 that point in each of a fixed number of different directions. For example, with the wide-
scan antenna 168 of FIGS, 128, the radiating elements 130 are effectively divided into five

sub-groups, with each sub-group comprising the radiating elements 130 that point in a
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particular direction, Specifically, referring to FIG, 24, the radiating element 1301 in each
lensed multi-beam sub-array 1260 belongs to the first sub-group, the radiating element 130-2
in each lensed multi-beam sub-array 128 belongs to the second sub-group, ete. Thus, each
sub-group includes twelve radiating elements 138, and the radiating elements 138 in each
sub-group all point in the same direction. In other words, the wide-scan antenna 186 has five
sub-groups of twelve radiating elements 130 each, where the radiating elements 138 of each
sub-group point in a respective one of five different directions. In this particular
embodiment, the twelve radiating elements 138 in the fifth sub-group are pointed along the
mechanical boresight direction of the wide-scan antenna 100 and may be used to provide
coverage to users (or other targets) that are located, for example, within a central region that
is within about +/-20 degrees azimuth and +/- 20 degrees elevation of boresight. The
remaining four sub-groups of radiating elements 130 are used to serve users (or other targets)
that are located in four respective regions that surround the central region.

{6090] FIGS, SA and 3B illustrate the antenna beams 152 that may be generated by
the wide-scan antenna 168 and the region or "coverage area” over which these antenma beams
152 may be electronically steered to provide service to users 28.

[0051] In particular, FIG. 5A is a schematic rear view of one of the lensed mult-
beam sub-arrays 128 of the wide-scan antenna 106 of FIG. 1. As shown in FIG, 54, the
sub-array 120 may be used to generate five orthogonal antenna beams 156-1 through 150-5,
As can be seen in FIG. 84, cach antenna beam 158 will point in the same direction as the
radiating clement 130 that is used o generate the antenna beam 156, Accordingly, for the
wide-scan antenna 100 beam 150-3 will point in the mechanical boresight direction of the
antenna 188 and the remaining beams 150-1 through 130-4 will point in the following four
(azirauth, elevation) directions:

Beam 130-4 - (40°, 40%)

Beam 1581 - (40° -407)

Beam 158-2 - {-40°,.-40%

Beam 150-3 -~ (-40°, 409

{0692] As FIG. 54 iflustrates the beam patterns that are generated by a single one of
the lensed multi-beam sub-arrays 120, the beams 150 that are genevated are relatively wide,
When the twelve radiating elements 130 that point in a particular direction are used together
to form an antenna beam 152, the beam narrows considerably due to the array factor,
Moreover, the beams 152 may also be electronically steered by applying a linear phase offset

across the radiating clements 138, Thus, while each anferna beam 152 may be narrow in
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terms of both azimuth and clevation beamwidth, the beam 152 may be steeved to point
directly at a user 20,

{0093] With respect to the example wide-scan antenna 100, the beams 152-1 through
182-5 that are formed by the five sube-groups of radiating elements 136 point to five locations
that are each separated from the next closest location by 40 degrees in both azimuth and
clevation when the beams 152-1 through 152-5 are not elecironically scanned. Thus, if each
beam 152 is allowed to be electronically scanned up to about 25 degrees in azimuth and
clevation, then a large "coverage area” may be defined where one of the five beams 152 may
be scanned to provide coverage o a user without having to electronically scan the beam more
than about 25 degrees in azimuth and elevation. This is shown schematically in FIG. 88,
which iilusteates the five regions 160-1 through 160-5 of the overall coverage area of the
wide-sean antenna 100 that are served by the five respective sub-groups of radiating elements
138, In pasticular, FIG. 3B is a schematic plan view of the wide-scan antenna 188, In the
example of FIG, 8B, the upper left radiating element 138-1 of each lensed multi-beam sub-
arvay 126 s used to serviee region 160-1, the upper right radiating element 136-2 of each
lensed muiti-beam sub-array 128 is used to service region 168-2, the lower right radiating

element 138-3 of each lensed multi-beam sub-array 126 is used o service region 166-3, the
lower left radiating element 130-4 of each lensed multi-beam sub-array 126 is used to service
region 160-4, and the central radiating clement 138-3 of each lensed multi-heam sub-array
126 15 used to service region 168-8. The same may be true with respect (o the other eleve
lensed multi-beam sub-arrays 128, It should be noted that while the “coverage area” for the
antenna 108 is defined above based on the amount of scanning for each antenna beam, in
reality the antenna beams 152 may be scanned much farther and hence provide an expanded
coverage ares, albeit some loss in performance may occur due to gain loss, beam
asymumetries and or grating lobe generation. It is anticipated that the wide-scan antennas

cording to embodiments of the present invention may scan +/- 80 degrees from mechanical

boresight and still provide a high level of performance, at least in many embodiments.

{00941 In other words, when a mobile user 20 is located in service region 160-1, the
twelve radiating elements 138-1 of the wide-scan anterna 196 (Le., the radiating elements
138 {ocated in the upper left corner of each of the twelve lensed multi-beam sub-arrays 120)
may be operated as a phased array antenna to generaie an antenna beam 152-1 that {s pointed
at the mobile user 20, The twelve radiating elements 130-1 may be used to generate a narrow
pencil beamn 15241 as the relatively large aperture size of the array and the RF spherical

lenses 148 narrow the beamwidth of the generated antenna beam 132-1. To the extent that
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the mobile user 20 is not located in the center of the service region 166-1, the twelve
radiating elements 1301 may be amplitude and/or phase weighted to scan the pencil beam
152-1 {o the location of the user 28 within the service region 160-1.

10085] Notlably, since the twelve radiating elements 138-1 that are used to generate
the pencil bearn 152-1 are already physically pointed in the direction of service region 168-1,
only a relatively small amount of scanning (2.¢., 20 degrees or less in both azimuth and
clevation) is necessary to generate the pencil beam 152-1 that is pointed toward any particular
sub-area of the service region 168-1. The same Is true with respect to the remaining four
service regions 160-2 through 160-5. Since the pencil beams 152 need only be scanned about
a relatively small yegion (namely a particular one of the service regions 1690), they will only
be scanned g relatively small amount (e.g., less than 20 degrees in azimuth angd elevation).

As such, the above-described negative offeets of beam scanning (i.e., reduced gain, distorted
beam pattern and the generation of grating lobes) can largely be avoided. This provides a
significant performance improvement as compared o conventional phased array antennas.

[0896] In some embodiments, the wide-scan antenna may be used to simultaneonsly
generate five orthogonal pencil beams 152 using the five above-described sub-groups of
twelve radiating elements 138 cach. Each pencil beam 152 may be in a different one of the
service regions 166 and may exhibit minimal degradation due to scanning as the pencil beams
152 need only be scanned a relatively small amount to move the peneil beams 152 throughout
their respective service regions 168. Morecover, each pencil beam 152 may be used to
transmit and receive signals within the same frequency band as the pencil beams 152 are
orthogonal with respect to each other and hence will resuli in negligible interference,
Accordingly, the wide-scan antenna 108 may (1) provide high gain (due to the narrow
beamwidths of the pencil beams 152, (2) allow for frequency rense and hence increased
spectral efficiency, (3) reduce or minimize scanning losses as compared to conventional
phased array antennas and (4) provide a much wider scanning capability (as noted ahove,
scanning of +/- 80 degrees or more is possible), These capabilities may translate into
significantly enhanced performance.

{00971 It will likewise be appreciated that the wide-scan antenna 198 may be used to
stmultaneously generale more than five antenna beams, and that the wide scan antenna 100
may service more than five users 28, For example, in some applications, a large mumber of
users 20 may be present in a particular service region 164 at any given time. In some
embodiments, a time division multiplexing scheme may be used where each user 28 is

asstgned a specific time slot and during that time slof the wide-scan antenna 108 is
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configured to generate a pencil beam 152 that provides coverage to a particular user 26. This
pencil beam 182 may be peinted at different locations within a service region 166 duaring
cach distinet time slof in order to service the different users 20 within the service region 164,
in other embodiments, the twelve radiating clements 138 may be sub-divided into smaller
groups that simultancously generate multiple beams within a given service region 166, It will
also be appreciated that, if necessary, the radiating elements (e g., radiating clements 138-1)
that are associated with a first service region {e.g., service region 160-1) may be scanned
further to form a pencil beam 152 in @ second service region {e.g., service region 168-2).
When such scanning is performed the above-deseribed negative etfects of beam scanning
may occur (1.e., gain loss, beam distortion, grating lobe generation). Such scanning may be
necessary when a large rumber of users 26 are simultaneously clustered within a particular
service region 168,

{0058] While the wide-scan antenna 180 may be used to form a plurality of pencil
beams 152, it will also be appreciated that the radiating elements 138 may be phase adjusted
or lensed multi-beam sub-array beams combined to generate larger beams, including, for
example, a single hemispherical beam. Thus, the wide-scan antenna 160 may be used fn a
variety of different modes depending upon the particular application,

{60991 Pursuant to some embodiments of the present invention, the wide-scan
antennas disclosed herein may be used for massive multi-input-multi-output ("MIMO™)
antenna applications.

[0100] The wide-scan antenna 186 of FIGS, 1-2B represents one example
embodiment of the wide-scan antennas according to embodiments of the present invention. It
will be appreciated in light of the present disclosure that many medifications may be made
thereto while still achipving the uniqose benefils provided by the concepts disclosed herein.

{0181} By way of example, in the wide-scan antenna 104, a total of five radiating
elements 136 are included in each lensed multi-beam sub-array 128, It will be appreciated,
however, that both the number of radiating elements 138 and the positioning of the radiating
elements 136 about the spherical RF lens 140 may be varted in other embodiments. By way
of example only, FIGS. 6A-6F are schematic froxt views of lensed muldti-beam sub-arrays
128A through 128F according to further embodiments of the present invention that may be
used in place of the lensed multi-beam sub-array 126,

{81021 As shown in FIG. 64, the lensed multi-beam sub-array 1284 1§ very similar
1o the lensed multi-heam sub-array 120, with the only difference being the offset of each

outer radiating clement 1364 from the central radiating clement 130, In particular, as

o



WO 2017/173208 PCT/US2017/025259

discussed above, the onter radigting elements 138 of the lensed multi-bearn sub-array 126 are
offset by 40 degrees in both azimuth and elevation from the central radiating element 136, In
contrast, the outer radiating elements 130 of the lensed multi-beam sub-array 1284 are offset
by 40 degrees in azinuth but only 20 degrees in elevation from the central radiating element
138. Thus, the coverage area of the lensed multi-beam sub-array 1264 will be compressed in
the elevation direction as compared to the lensed multi-beam sub-array 128, While o= 40
degrees and § = 20 degrees in the particular embodiment shown in FYG, 64, it will be
appreciated that any suitable values for ¢ and § may be sclgcted based on a desired
application and coverage area,

{0103] FIG. 68 illustrates another lensed multi-beam sub-array 1268, The lensed
multi-beam sub-array 1208 is also similar to the lensed multi-beam sub-array 128, with the
primary difference being that the central radiating element 136-8 15 omitted in the lensed
multi-beam sub-array 1268, FIGS. 6C-6F illustrate other example configurations for the
lensed multi-beam sub-array 120 that further vary the menber of radiating elements 138 and
the positions where the radiating elements 130 are orbitally mounted about the spherical RF
lens 148, It will be appreciated that any appropriate azimuth and clevation offsets (o, B) may
be selected for each of these ewmbodiments.

{0184] FIGS. TA-TC are schematic front views of wide~scan phased array antenmas
according to further embodiments of the present invention.

{0103] Referrmg to FIG. 7A, 2 wide-sean antenna 206 is iHlustrated that includes a
total of three lensed nudti-beam sub-arrays 126 that are arraniged in a 1x3 arvay. This smaller
array may be acceptable for many applications. Referring to FIG, 7B, g wide-scan antenna
304 1s illustrated that includes a total of six lensed mudti-beam sub-arrays 120 that are
arranged in a 2x3 array. Referring to ¥FIG. 7C, a wide-scan antenmna 468 is illustrated that
includes a total of five lensed multi-beam sub-arrays 120 that are arranged in an "X" shaped
paitern. This arrangement illustrates that the sub-arrays 128 do not necessarily need to be
disposed in rows and columns. The arrangement of FIG, 7C may also result in less
shadowing, as is discussed in further detail below,

{B186]  As is further shown in FIGS, TA-7E, in some embodiments, the vadius of
cach spherical RE lens 140 may be 1, the distance between adjacent spherical RE lenses 146
in the same row may be d1, and the distance between adjacent spherical RF lenses 140 in the
sarne column may be d2. Inan example embodiment, ¥ may be equal to d1 and/or r may be
equal to d2. In the example of FIG, 7C, dl may be equal to 2r 1o some embodiments and d2

may be egual to r.
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{0307] It will be appreciated that the wide-scan antennas according to embodiments
of the present invention may be operated in a variety of different ways. For example, in some
embodiments, the active radialing elements 130 may be used in conjunction with a switching
network so that different antenna beams are formed for each time slot of a ime division
multiplexing comnmnication (TDMA) scheme. This switching may be performed, for
example, by the yadio portion of each active vadiating element 138 so that signals that are
intended for different users 28 are transmitted during different time slots of the TDMA
scheme. Such an approach may be used when multiple users 26 may be present in a coverage
ares al the same time. The transmitted signals may be appropriately amplitunde and/or phase
weighted by the active radiating elements 130 during the transmissions in sach time slot so
that the antenna beam points at the particular user 20 that is being served during a particular
time slot.

{0108] While the above-described wide-scan antennas according to embodiments of
the present invention use active radiating elements 136, it will be appreciated that in other
embodiments passive radiating elements may be used that are connected to a corporate feed
network. A variety of different embodiments that use such corporate feed networks are
possible.

{0109 1o some embodiments, the radisting elements 138 may be fed by a switched
corporate feed network that selectively supplics signals from a radio to groups of one or more
of the radiating elements 138 during the time slots of a time division multiplexing
communication scheme. The switched corporate feed network may be switched at high
speeds so as to direct the signal to be ransmitted during any particular time stot to the
radiating elements 138 that provide coverage to portions of the coverage area that include
users who transmit/receive signals during that partionlar time slot. During the next time slot,
the switch network may be reconfigured to selectively supply the signal from the radio to a
different subset of the radiating elements 130 that provide coverage to portions of the
coverage area that include users who transmit/receive signals during this subseguent time
siot.

[0116] For example, referring to FIG, 114, a wide scan antenna 1108 according to
embodiments of the present invention is depicted that includes a radio 1162 and a high speed
switching network 1164, The wide scan antenna 1166 includes three Jensed multi-bearn sub-
arvays 1120, each of which has three associated radiating elements 1130 that are orbitally
arranged. Note that the orbital arrangement of the radiating elements 1136 is not shown in

FIG. 11A to simplify the drawing, but the radiating elements could be arranged in the orbiial
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arrangement of, for exampile, FIG. 6G which is described above. Tt will also be appreciated
that any of the lensed multi-beam sub array designs deseribed herein could be used in place
of the lensed multi-beam sub-array 1148 depicted in FIG. 11 A, with the switching network
1104 and the number of corporate feed networks {described below) modified accordingly. Tt
will also be appreciated that more or fewer lensed multi-beam sub-arvays 1140 may be
mcloded in the antenng 1160,

{0111} Asshown in FIG. 11A, the switch network 1184 delivers the output of the
radio 1162 to one of three corporate feed networks 1186-1 through 1186-3. Corporate feed
network 1186-1 splits any signal delivered thereto by the switch network 1164 and feeds the
split signal to the three radiating clements 1138-1 that point in a first direction. Corporate
feed network 1186-2 splits any signal delivered thersto by the switch network 1304 and feeds
the split signal to the three radiating clements 1130-2 that point in a second direction.
Corporate feed network 1186-3 splits any signal delivered thereto by the switch network
1104 and feeds the split signal to the three radialing clements 1130-3 that point in a thivd
direction. The switching network 1104 may be used to select which of three sub-groups of
radiating elements 1138 are used to transmit a signal at any given time. The radiating
clements 1138 and spherical R¥ lenses 1148 may be selected so that each sub-group of
radiating elements will provide suitable coverage for a desired coverage area, as the antenna
beams i the embodiment of FIG. 11A may not be designed to be electronically steerable.

{6112] WG, 118 illustrates a wide scan antenna 1288 according to further
embodiments of the present invention that is similar to the wide-scan antenna 13160,
However, the wide-scan antenna 1200 includes three separate radios gliminating any need for
the high speed switching network 1184, Each radio 1162 may provide an RY signal to one of
the three sub-groups of radiating elements 1138, Thus, the antenna 1288 will work in a
manner similar to the antenna 1160 that is desceribed above, bat may simultaneocusly provide
ary antenna beam in each of three different coverage areas. 1t will also be appreciated that the
radios 1182 may be operated m a time division multiplexed manner to transmit different
signals during different time slots in order to serve multiple users who may be present in a
given coverage avea.

{0113] FIG. 110 15 a schematic block diagram of a wide scan antenna 1368
according to still Rwrther embodiments of the present invention. The wide-scan antenna 1366
is similar to the wide-scan antenna 1208 that is discussed shove, but the wide-scan antenna
1380 also includes an electronic RF phase shifter 1302 for sach radiating clement 3138, The

clectronic RF phase shifiers 1362 may be used to modity the phase of the signals delivered to
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each radiating element 1136 in order to slectronically steer the antenna beams. Accordingly,
the radiating elements 1130 and spherical RF lenses 1148 may be designed in the manner
discussed above with reference to wide-scan antenna 160 to generate pencil antenna beams

(=

and the RF phase shifters 1382 may be used io steer these pencil beams throughout a
covergge area. It will also be appreciated that passive phase shifters could also be used in
some embodiments in place of the electronic RF phase shifters 1302 shown in FIG. 11C, In
some embodiments, baseband beam steering may also or alternatively be applied. While not
shown in FIG, 11C, a power amplifier may also be included between each RF phase shifter
1382 and its associated radiating element 1130, I some cases, different antennas may be
used for transmit and receive, particularly in very high frequency operations where the
components are small so that a second array may provide advantages over an antenna that is
designed to support both transmit and receive operations. In antennas that combine the
transmit and receive fonctions additional switches and/or duplexers may also be provided so
that the radiating elements may be used for both transmission and reception.

{0114} It will also be appreciated that a wide variety of additional approaches could
be used for feeding the radiating elernents of the array antennas according to emboidments of
the present invention. As one example, in another embodiment, a corporate foed network
could be provided that connects a radio to all of the radiating elements in a particular lensed
multi-beam sub-array 128, A plurality of such corporate feed networks could be provided,
with one such corporate feed network provided for each lensed multi-beam sub-array 126,

o

These corporate feed networks could be coupled to a single radio via & switching network or
to a plurality of radios. As another example, the embodiments of FIGS. 114-11C could be
moditied so that a single corporate feed network fed multiple of the radisting elemeonts in

ach lensed multi-beam sub-array. For instance, the embodiments of FIGS, 114-11C could
be modified so that one corporate feed network fed two of the radiating elements of each
lensed multi-beam sub-array while a separate corporate feed network fed the third radiating
element of each lensed multi-beam sub-array, thereby requiring two corporate feed networks
as opposed to three. Thus, it will be appreciated that corporate feed networks may be
provided that feed the radiating clements in any way without depariing from the scope of the
present invention.

{3118} Referring again to FIG, 1, it should be noted that if the outer radiating

elements 138 are offset by large azimuth and/or elevation angles from the mechanical

boresight of a particular lensed multi-beam sub-array 128, part of the antenna beam generated

by one or more of the outer radiating elements 138 may impinge on the spherical RF lens 148
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of an adjacent lensed multi-beam sub~array 128. This effect is referred to hereln as
"shadowing," and is a generally undesived effect. The amourst of shadowing that occurs will
be a function of, among other things, the diameter of the R¥ lenses 148, the spacing between
adjacent RF lenses 14§ and the azinmith and elevation offsets of the radiating clements 138
from the mechanical boresight of each lensed multi-beam sub-array 128, These factors may
be adjusted 1o reduce shadowing as necessary. Additionally, the arrangement of the lensed
multi-beam sub-arrays 128 may also be modified as shown, for example, in FIG. 7C in order

to further reduce or climinate such shadowing,

i

{0116] Puorsuant to further embodiments of the present invention, the lensed multi-

beam sub-arrays 126 may be three-dimensionally arranged instead of the two-dimensional
rrangements illustrated n the example embodiments depicted in FIGS. 1 and 74-7C. Fo

exampie, FIG. BA is a schematic side-view of a three-dimensional wide-scan anienna 500
according to embodiments of the present invention that mounts the {ensed multi-beam sub-
arrays 128 in a stair-step fashion in order to decrease the effects of shadowing. The antenna
366 pictured in FIG, 8A includes four rows of lensed multi-beam sub-arrays 128, where cach
row may inchade one or more lensed multi-beam sub-arrays 126,

{6117} FIG, 8B is a schematic side-view of a three-dimensional wide-scan antenna
606 according to still further embodiments of the present invention that mounts the lensed
mulii-beam sub-arrays 128 along a curved surface in order to decrease the effects of
shadowing. The antenna 688 pictured in FIG. 8B includes fowr rows of lensed multi-bea
sub-arrays 128, where each row may include one or more lensed multi-beam sub-arrays 128,

[0118] FUES, 9A-9C schematically Hlustrate two additional wide-scan antennas
according to embodiments of the present invention. The antennas shown in FIGS. 8A and
9B may be used to provide coverage in all directions.

{0119 In particular, FIG. 9A is a schemalic top view of & wide-scan antenna 706
that includes g plurality of lensed multi-beam sub-arrays 126 that are mounted in a wedding

cake strocture. FIG, 9B 1s a schematic side view of the wide scan antenna 788 of FIG, 8A.

(]

As shown in FIGS. 8A-98, the wide-scan antenna 769 includes a total of thirteen lensed
multi-beam sub-arrays 120 that are stacked vertically at three levels. Each of the lensed
multi-beam sub-arrays 128 may have the configuration shown in FIGS. 2A-28. The
radiating elements 138 are not shown in FIGS, 8A-98 in order to simplify the drawings, The
bottom level includes eight of the lensed mulii-beam sub-arvays 128 arranged in a circular
patiern. The middle level includes four lensed multi-beam sub-arrays 128 which also are

arranged to define a circle. The top level includes a single Jensed multi-beam sub-array 126,
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The antenna 768 may provide full 360 degree coverage as lensed multi-beam sub arrays 126
are provided that are arranged in full circles, FIG. 9C schematically ilfustrates an alternative
wide-scan antenna 88¢ that likewise provides full 360 depree coverage. As shown in FIG.
9C, the wide-scan antenna 8068 comprises a plurality of lensed multi-beam sub-arrays 120
that eve mounted on a bemispherical mounting structure (not shown),

i{0120] When the transmission frequencies move to high frequency bands such as,
for example, the 28 GHz or 60 GHz frequency bands, the sizes of all of the components of
the antenna (e.g.. the radiating clements, spherical lenses, ete,) become much smaller, In
these higher frequency ranges, it becomes possible to implement wide-scan antennas
according to embodiments of the present invention using RFIC 3iP (radio frequency
integrated cireuit system in package) technologies, For example, U.S. Patent No. 8,706,049
("the '049 patent”) discloses RFIC SiP modules that integrate an antenna array with RF
transceivers in an integrated circuit package. The entire contents of the '049 patent is
incorporated herein by reference. The antenna used in the RFIC SiP modules of the ‘049
patent employs & {wo dimensional 3x3 array of nine radiating elements that are mounted on a
top surface of the package.

21} Pursuant to embodiments of the present invention, RFIC SiP modules having
the design of the '049 patent may be provided that are modified to have a one dimensional
array of radiating elements instead of a two-dimensional array. For example, the RFIC SiP
module may include four radiating elements that are arranged in a 4x1 linear arvay. Three of
these RFIC Sif! modules may then be mounted in an angled relationship, and four spherical
RF lenses 146 may be positioned so that each spherical R lens 140 has one radiating
element from each array mounted orbitally thereto. Such an arrangement is shown in FIG.
10A.

{0122} In particular, as shown in FIG, 104, a wide-scan anjenna 989 is provided
that inciudes three RFIC SiP modules 916, Each RFIC SiP module 810 includes a 4x1 linear
array of radiating elements 930, As shown, each of the three RFIC 8iC modules 918 are
mounted vertically and the modules are angled with respect to cach other at angles of about,
for example, 40 degrees. A plurality of spherical RF lenses 946 (the locations of which are
shown schematically by dashed circles in FIG, 18A) are placed in front of the RFIC SiC
modules 918 so that one radiating element 938 from each RFIC SiC modulz 818 is orbitally
arranged with respect to each spherical RF lens 940. Thus, each spherical RF lens 949 and its

three associated radiating elements 936 form a lensed multi-beam sub-array 928, These
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tensed mulii-beam sub-arrays 920 may be similar to the lensed multi-beam sub-array 120F
illustrated 1n FIG. 6F above.

{0123] FIG. 19B is a schematic side view of a RFIC 8iP module 1600 according to
embodiments of the present invention that is suitable for use in the wide-scan antennas
according to embodiments of the present invention. The RFIC SiP module 1068 is based on
the RFIC SiC modules of the ‘049 patent. However, as shown in FIG. 108, the integrated
circuit chip is formed to have a contoured upper surface so that the radiating elemenis thereof
may be arranged orbitally with respect to a spherical RF lens, In pacticular, the upper surface
of the integrated circuit chip may be grown thicker, and a recess 1066 may be formed therein.
This recess 1060 may be, for example, a hemispherical semi-cireular recess. The radiating
clements 183¢ may be arranged on the surface of the hemispherical recess 1066, A spherical
RF lens 1648 may be mounted within the recess so that the radiating elements 1030 are
arranged orbitally with respect to the spherical RY lens 1640, In an example embodiment,
five radiating elements 1038 may be provided and they may be mounted with respect to the
spherical R¥ lens 1840 {o the manner shown in FIGS. ZA-2R above.

{0124} It will also be appreciated that the wide-scan antennas according to
embodimenis of the present invention may be used in massive MIMO applications where
anfenna arrays measure the amplitude and phase of a received wavetront at each element of
the array and then use this information to pre~distort the R¥ signals that are transmitted
through the antenna, This approach is useful in situations where reflections off buildings and
other structures result in a received wave-front that suffers from mulitipath fading as different
reflections of the transmitted signal are received at the antenna at different times. By pre-
distorting the signal transmitted through the antenna it may be possible to pre-correct for the
multipath fading effects to improve signal performance. Such an approach is discussed in
greater detail in a Master's Thesis submitted by Clayton W, Shepard to Rice University titled
Argos: Practical Base Stations for Large-scale Beamforming., The entire contents of this
thesis are incorporated herein by reference. Various algorithms can be used in these systems
to optimize signal-to-noise or signal-to-{(noise+interference) at the receiver. Because the
wide-scan antennas according to embodiments of the present invention receive signal energy
over very wide ranges of azimuth and elevation angles, the antennas according to
embodiments of the present invention can more accurately measure the channel
characteristics and hence can better pre-distort the transmitted signal o correct for the

multipath fading effects.
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[0125] The wide-scan antennas according to embodiments of the present invention
may be implemented using a variety of different technologies including cellular base station
antenna technology, ceramic SoC, silicon, etc,

{0126] The wide-scan antennas that are disclosed herein may have a number of
advantages as compared to a conventional planar array phased array antenna, The s pherical
RF lenses 140 act to narrow the beams of the radiating elements 138 in both the azimuth and
elevation directions. As a result, the wide-scan antennas may have a substantially smaller
number of radiating element 138 as compared to the number of radiating elements 138
required if the RY lenses 140 were not provided. This may redoce the cost and the wei ght of
the antenna. Additionally, because the radiating elements 136 are orbitally ananged aroand
the spherical RF lens 140, different radisting elements 138 point in different directions and
hence the antenna beams 152 need not be scanned nearly as far as would be necessary with a
conventional phased array antenna. The antennas according to embodiments of the present
invention also exhibit high antenna gain and allow for frequency reuse. Thus, it is expected
that the antennas according to embodiments of the present invention may be less expensive
than comparable planar arvay antennas and/or provide improved performance.

{8127] While the description above has primarily used wide-scan antennas for
massive MIMO applications as an example, 1t will be appreciated that the wide-scan antennas
disclosed hevein may be useful in a wide variety of different applications including, for
example, base station antennas for cellular communication sysiems, radar systems, aviation
applications, wireless backhaul, fixed wireless access and the like.

{0128] It will likewise be appreciated that the types of radiating clements used and
the properties for individual RF lenses can be varied o effect the radiation properties of the
combination of a radiating element and an associated RF lens and/or the radiation properties
of the entire array. RF lenses can also be omitted with respect (o some of the radiating
clements in some embodiments,

{6129} 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
constraed 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.
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{0138] It will be understood that, although the terms first, second, ete. may be used
herein to describe various elements, these elements should not be Hmited 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. Asused herein,
the term "and/or" includes any and all combinations of one or more of the associated listes
items.

{0131] It will be understood that when an element is referred to as being Yon® another
clement, it can be divectly on the other element or intervening elements may also be present,
in contrast, when an element i referred to as being "directly on” another element, there are
no intervening elements present. It will also be understood that when an clement is referred
to as being "connected” or "coupled” to another clement, it can be directly connected or
coupled to the other element oy intervening elements may be present. In contrast, when an
clement 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 clements should be interpreted in a like fashion (ie., "between" versus "directly
between”, "adjacent” versus "directly adjacent”, etc.).

{6132} 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, fayer
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.

{0133} 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 preciude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof,

{0134] 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.
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That Which is Claimed is:

i An array antenna, comprising;
a plurality of lensed multi-beam sub-arrays, each lensed multi-beam sub-array
comprising:
aradio frequency ("RF") lens; and
a plurality of radiating elements that are associated with the RF lens and that

are orbitally arranged about the RF lens,

2. The array antenna of Claim 1, wherein the RY lenses are arvanged in an MxN

array having M rows and N columns.

3. The array antenna of Claim 1, wherein the radiating elements of each lensed

multi-beam sub-array are located in the same orbital positions.

4. The array antenna of Claim 1, wherein sach RF lens comprises a spherical RF
lens
5. The array antenna of Claim 1, wherein each radiating element comprises an

active radiating element.

6. The array antenna of Claim 1, wherein the plurality of radiating elements that

are orbitally arranged about each RF lens is five radiating elements.

7. The array antenna of Claim 1, wherein the plurality of radiating elements that
are orbitally arvanged about cach RF lans comprise a central radiating element and a plurality

of puter radiating clements,

8. The array antenna of Claim 1, wherein cach radiating element is positioned at

the same distance from its associaied RF lens.

9, The array antenna of Claim 1, wherein the RF lens includes a dielectric
material that comprises a foamed base dieleciric material having particles of a high dielectric
constant material embedded therein, the high dielectric constant maierial having a dielectric

constant that is at least three times a dielectric constant of the foamed base dielectric material,
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10, The array antenma of Claim [, wherein each RF lens includes a dielectric
material that comprises a foamed base dielectric material having conductive fibers embedded

therein.

tL. The array antenna of Claim 3, further comprising a plurality of corporate feed

networks,

12, The array antenna of Claim 11, wherein a number of corporate feed networks

is equal to a number of radiating elements included in cach lensed multi-beam sub-array.

13, The artray antenna of Claim 12, further comprising a switehing network that
selectively comtects a radio to individual ones of the corporate feed networks on a time slot-

LX s

by-time slot basis.

14, The array antenna of Claim 12, wherein sach corporate feed network is

connected to a respective one of a plurality of radios,

15, The array antenna of Claim 3, further comprising a plurality of electronic
phase shifters, wherein each phase shifter is coupled to a respective one of the radiating

clentents,

16, Thearray antenna of Claim 1, wherein the radiating elements are implemented

as radio frequency integrated circult system in package modules.

17. The array antenna of Claim 16, wherein at least some of the radio frequency

mtegrated circuit system in package modules include multiple of the radiating elements.

18.  The array anienna of Claim 1, wherein at least one of the radio frequency
integrated circuit system in package modules includes a recess in a surface thereof, and
wherein a first of the RF lenses that is part of the a first of the lensed multi-beam sub-arrays

is mounted at least partially within the recess.
19, The array anterna of Claim 18, wherein the radiating elements of the first of

the lensed multi-beam sub-arrays are mounted within the recess,

20, An array anlenng, comprising:
a plurality of lensed multi-beam sub-arrays, each lensed multi-beam sub-array

comprising:
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a radio frequency ("RE") lens; and
a plurality of radiating elements that are associated with the RF lens that are
mounted between the RF lens and a mounting structare, wherein each radiating
clement is mounted in a different position with respect to its associated RF lens, and
cach RY lens has its associated radiating elements mounted in the same positions as
{he other of the RF lenses: and
a plurality of corporate feed networks,
wherein each corporate feed network is coupled to one of the radiating clements of

each lensed multi-beam sub-array.

21 The array antenna of Claim 20, wherein a number of corporate feed networks

is equal to a number of radiating elements included in each lensed multi-beam sub-array.

e

22. The array antenna of Claim 20, wherein a first of the corporate feed networks
is coupled to the radiating elements of each lensed mulii-beam sub-array that are mounted in

the same positions with respect to their associated R lens.

23. The array antenna of Claim 22, further comprising a switching network that
selectively comnects a radio to individual ones of the corporate feed networks on a time slot-

by-time siot basis.

24, Thearrgy antenna of Claim 22, wherein each corporate feed network is

connested to a respective one of a plurality of radios.

25, The array anteana of Claim 20, further comprising a plurality of electronic
phase shiflers, wherein cach phase shifter is coupled to & respective one of the radiating

elements.

26, The array antenna of Claim 20, wherein each radiating element is arranged

orbitally with respect to its associaied RF lens.
27.  The array antenna of Claim 20, wherein each RF lens is a spherical RF legs.

28, the array antenna of Claim 20, wherein each R¥ lens comprises a lens
container that is filled with a dielectric material that has a substantially homogensgous

diclectric constant,
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29, Anarray antenna, comprising;
a plurality of lensed multi-beam sub-arrays, cach lensed multi-beam sub-asray
comprising:
a radio frequeney ("RF") lens; and
a plurality of radiating elements that are associated with the RF Jeus;

wherein the RF lenses are arranged in a three dimensional arrangement,

30, The array auntenna of Claim 29, wherein at least some of the BF lens are

arranged in g stair-siep pattern.

31, The array antenna of Claim 30, wherein the R¥ lens are also arranged in
horizontal rows when the array anfenna is mounted for use, wherein cach row includes at

ledst two RF lenses.

Fal
bS

32.  'The array antenna of Claim 29, wherein at least some of the RF lens are

arranged along a curve,

33, The array antenna of Claim 29, wherein a first subset of the RF lenses are

arranged to define a first circle.

34, The array antenna of Claim 33, wherein a second subset of the RF lenses are

arranged to define a second circle,

35, The array antenna of Claim 34, wherein the sccond circle is disposed above

the firsi circle.

36, The array antenna of Claim 34, wherein the second subset of the RF lenses

includes fewer RY lenses than the fivst subset of RF lenses,

gy

37, Aradio frequency integrated circuit system in package module ("RFIC 8iP"),
comprising:

a radio frequency integrated cireuit that includes a plurality of radiating elements and
a plurality of radio frequency ("REF") transceivers, where each radiating element is coupled to
a respective one of the RE transceivers; and

an R lens that i3 at least partially mounted in a recess in & surface of the radio

frequency integrated circuit.
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38, The RFIC SiP of Claim 37, wherein the RF Jeus is a spherical RF lens.

39, The RFIC SiP of Claim 38, wherein the radiating elements ave mounted

arbitally with respect to the spherical RF lens.

40, The RFIC SiP of Claim 38, wherein at least some of the radiating elements are

mounded on sidewalls of the recess.

36
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