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910 Adyjust phase shifts associated with antenna elements
included 1 an array of antenna elements coupled to an RF
beamforming circuit, the adjusting performed by the RF
beamforming circuit to generate an antenna beam, the
antenna beam associated with an antenna module, the
antenna module including the array of antenna elements and
the RF beamforming circuit

Nas Control the antenna beam associated with each of the antenna

modules, the antenna modules coupled to a central
beamforming moduile, the controlling performed by the
central beamforming module

Generate signal adjustments relative to each of the antenna
930 modules, the generating performed by the central

beamforming module, wherein the arrays of antenna
elements of the antenna modules combine to operate as a
composite antenna beamforming array

FIG. 9
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MODULAR ANTENNA ARRAY WITH RF AND
BASEBAND BEAMFORMING

FIELD

[0001] The present disclosure relates to antenna array
beamiorming, and more particularly, to a modular architec-
ture for antenna arrays using radio frequency (RF) and base-
band beamforming.

BACKGROUND

[0002] FElectronic devices, such as laptops, notebooks, net-
books, personal digital assistants (PDAs) and mobile phones,
for example, increasingly tend to include a variety of wireless
communication capabilities operating at increased data rates.
The wireless communication systems used by these devices
are expanding into the higher frequency ranges of the com-
munication spectrum, such as, for example, the millimeter
wave region and, 1in particular, the 60 GHz band. Propagation
losses and attenuation tend to increase at these higher fre-
quencies, however, and 1t can become difficult to implement
antenna systems 1n a manner that provides the desired gain
and spatial coverage.

[0003] Communicationinthis band at distances of approxi-
mately 50 meters or more, as for example outdoors or 1n large
spaces, typically requires the use of highly directional anten-
nas with gains of 30-40 dB or more to compensate for the
attenuation losses. Additionally, there 1s often a requirement
for relatively wide sector coverage to include other devices
and stations regardless of location. Some communication
systems employ phased array beamforming to steer a rela-
tively narrow beam 1n a desired direction, but this approach
typically requires a number of antenna elements to be coupled
to an RF integrated circuit (RFIC) processing chip, where the
gain of the phased array 1s related to the number of antenna
clements. It 1s, however, generally difficult and expensive to
couple a suilicient number of antenna elements to provide the
necessary gain since the signal routing (feeding lines)
between the antenna elements and the RFIC become too
complex and result 1n 1increased signal attenuation. The cost
of these antenna arrays typically grows disproportionately
with the number of antenna elements in the array.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] Features and advantages of embodiments of the
claimed subject matter will become apparent as the following
Detailed Description proceeds, and upon reference to the
Drawings, wherein like numerals depict like parts, and 1n
which:

[0005] FIG. 1 1llustrates a top level system diagram of one
exemplary embodiment consistent with the present disclo-
sure;

[0006] FIG. 21llustrates a block diagram of one exemplary
embodiment consistent with the present disclosure;

[0007] FIG. 3 illustrates a block diagram of another exem-
plary embodiment consistent with the present disclosure;
[0008] FIG. 41llustrates exemplary phase adjustments con-
sistent with an embodiment of the present disclosure;

[0009] FIG. Sillustrates exemplary phase adjustments con-
sistent with another embodiment of the present disclosure;
[0010] FIG. 6 1llustrates exemplary beam forming consis-
tent with an embodiment of the present disclosure;

[0011] FIG. 7 illustrates exemplary beam forming consis-
tent with another embodiment of the present disclosure;
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[0012] FIG. 8 illustrates a block diagram of another exem-
plary embodiment consistent with the present disclosure;
[0013] FIG. 9 illustrates a flowchart of operations of an
exemplary embodiment consistent with the present disclo-
sure; and

[0014] FIG. 10 1illustrates a platform of one exemplary
embodiment consistent with the present disclosure.

[0015] Although the following Detailed Description will
proceed with reference being made to illustrative embodi-
ments, many alternatives, modifications, and variations
thereof will be apparent to those skilled 1n the art.

DETAILED DESCRIPTION

[0016] Generally, this disclosure provides systems and
methods for antenna array beamforming using a modular
architecture to synthesize larger composite antenna arrays
from smaller sub-array antenna modules. A combination of
RF beamforming in the sub-array antenna modules and base-
band beamforming between sub-array antenna modules pro-
vides 1ncreased beamforming capability, for example, in
beam width, gain, coverage and beam steering. The system
may be configured to operate 1n the millimeter wave (mm-
wave) region of the RF spectrum and, in particular, the 60
(GHz region associated with the use of, for example, wireless
personal area network (WPAN) and wireless local area net-
work (WLAN) communication systems.

[0017] FIG. 1 illustrates a top level system diagram 100 of
one exemplary embodiment consistent with the present dis-
closure. A modular antenna array system 102 1s shown, which
may be configured to transmit and/or receive data in the
mm-wave region of the RF spectrum. In some embodiments
the system 102 may form part of a wireless communication
platform, such as, for example, a mobile phone, a laptop, a
tablet or a base station. The system 102 may be configured to
generate an antenna beam pattern 108, which, in some
embodiments, may be a steerable beam. The system 102 may
include a plurality of RF beamforming antenna modules 104
coupled to a central beamforming module 106 through trans-
mit (Tx) and recerve (Rx) data links 112 and control links 110,
the operations of which will be explained 1n greater detail
below. In some embodiments, the central beamforming mod-
ule 106 may operate at baseband, intermediate frequency (IF)
or at RF. The data to be transmitted or received by system 102
may be provided through a data port that couples the central
beamiorming module 106 to a processor or any other suitable
system configured to generate or receive data.

[0018] FIG. 2 1llustrates a block diagram 200 of one exem-
plary embodiment consistent with the present disclosure. RF
beamiorming antenna modules 104 are shown to include an
array of antenna elements 202 coupled to an RF beamiformer
RFIC 212 through feed lines 204 which may be micro-strip
feed lines. RFIC 212 includes an array of phase shifting
circuits 208 coupled to a summer/splitter circuit 214. The
phase shifter circuits 208 are configured to adjust the phase of
the RF signal received from (or transmitted to) the associated
antenna element 202. The amount of the phase shift may be
determined by control signals 206 that are supplied to the
phase shifter circuits. The control signals 206 may be weight-
ing coellicients that are generated within the RFIC 212 and/or
derived from signals on control links 110 received from the
central beamforming module 106. The phase shift adjust-
ments may determine and control the beam width, gain and/or
direction of the antenna beam formed by the array of antenna
clements 202. In the case of a recerved signal, the summer/
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splitter circuit 214 sums the received phase shifted signals
and provides the sum to the central beamforming module 106
over data links 112. In the case of a transmitted signal, the
summer/splitter circuit 214 splits the signal provided from the
central beamforming module 106 over data links 112 and
couples the split signal to each of the phase shifter circuits

208.

[0019] The signals on control links 110 received from the
central beamforming module 106, may further adjust the
weilghting coellicients to cause the RF beamforming antenna
modules 104 to perform as a single larger antenna array with
increased beamforming capability compared to the individual
RF beamiorming antenna modules 104, as will be explained
in greater detail below. In some embodiments, central beam-
forming module 106 may divide the available RF beamform-
ing antenna modules 104 1nto sub-groups where each sub-
group may be individually steered to different directions and/
or used for different purposes (e.g., different carrier signal
frequencies). In some embodiments, the signal being trans-
mitted or received may include multiple frequency compo-
nents and the central beamiforming module may be config-
ured to apply different signal adjustments for each of the
multiple frequency components of the signal.

[0020] Frequency up-conversion and down-conversion
(not shown) may be performed on the transmit and receive
signals (respectively) to convert between baseband (or IF)
and RF. In a preferred embodiment, the up/down frequency
conversion may be performed by a module included 1n the
RFIC 212. In some other embodiments, the frequency con-

version may be performed by a module deployed between the
RFIC 212 and the central beamiforming module 106.

[0021] FIG. 3 illustrates a block diagram 300 of another
exemplary embodiment consistent with the present disclo-
sure. A baseband processor 304, which includes central
beamforming module 106, 1s shown coupled to a planar array
302 of RF beamforming antenna modules 104 through data
links 112 and control links 110. This example configuration,
of a planar array, may be particularly advantageous for beam
steering in two dimensions (e.g., azimuth and elevation).

[0022] Although only four RF beamforming antenna mod-
ules 104 are shown for simplicity, any number of such mod-
ules 104 may be employed to increase overall antenna gain
and capability. Since the RF beamforming antenna modules
104 are coupled through data links 112 that may operate at
lower frequencies (e.g., baseband or IF), the length of the data
link s1gnal routing 1s not constrained to the same extent as the
feed lines for antenna elements 202, which limaits the number
of antenna elements 202 in a given module array. For
example, a typical antenna array RFIC may be limited to an
array size of 8x8 antenna elements 202 that are capable of
providing an antenna beam gain of 15-20 dB. Communica-
tions 1n the mm-wave region, however, may require antenna
gains on the order of 30-40 dB to compensate for the higher
signal attenuation associated with that frequency range. Such
gains may be achieved by employing additional RF beam-
forming antenna modules 104.

[0023] FIG. 4 illustrates exemplary phase adjustments 400
consistent with an embodiment of the present disclosure. In
this 1llustration the antenna beam 108 1s steered 1n the indi-
cated direction. RF beamforming antenna modules 104 are
configured 1n a linear array and each module 104 may per-
form a local phase adjustment to the signal to create a local
phase distribution 404 1n the desired beam direction. Central
beamforming module 106 may provide additional inter-mod-
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ule phase adjustments 406 to create a desired composite
phase distribution 402 such that the signal phases across the
antenna elements of the RF beamforming antenna modules
104 are aligned to create a composite antenna array having
greater gain.

[0024] FIG. 51llustrates exemplary phase adjustments 500
consistent with another embodiment of the present disclo-
sure. This illustration 1s similar to that of F1G. 4, however the
RF beamforming antenna modules 104 are configured in a
circular array, only half of which 1s shown for simplicity. The
antenna beam 108 1s steered 1n the indicated direction and RF
beamforming antenna modules 104 may perform a local
phase adjustment to the signal to create local phase distribu-
tions 404 1n the desired beam direction. Here again, central
beamiorming module 106 may provide additional inter-mod-
ule phase adjustments 406 to create a desired composite
phase distribution 402 such that the signal phases across the
antenna elements of the RF beamforming antenna modules
104 are aligned to create a composite antenna array having
greater gain. In some embodiments, RF beamiorming
antenna modules 1045, which are physically oriented 1n a
direction away from the desired beam direction 108, may be
controlled by central beamforming module 106 such that they
are switched off or employed for another purpose.

[0025] FIG. 61llustrates exemplary beam forming 600a and
60056 consistent with an embodiment of the present disclo-
sure. Shown are side views of the composite antenna array
with beams pointing upward out of the plane of the array. The
antenna aperture of the composite antenna array may increase
in linear proportion to the number of sub-arrays (e.g., RF
beamiforming antenna modules 104) being employed. A
larger antenna aperture 1s associated with a narrower beam
width and higher gain. The dashed lines of 600a indicate
example sectors 602, 604 and 606 that are associated with
possible beam directions and beam widths that may be syn-
thesized with each of the three individual sub-arrays 104. A
composite array, formed from the three sub-arrays, may be
capable of generating a beamwidth that 1s 3 times narrower
and which may be scanned within a sector 608, 610, 612. The
scanning may be accomplished through adjustment of the
inter-module phasing, for example, by adjustment of the

weilghting coelficients provided by central beamforming
module 106.

[0026] In an alternative embodiment 6005, the composite
antenna array may be configured to receive or transmit signals
throughout a wide sector that 1s a combination of individual
sectors 614, 616 and 618, each generated by one of the sub-
arrays 104. In this case, each sub-array 104 1s configured to
cover a different sector and central beamforming module 106
sums the sectors together. This may be usetul, for example,
when 1t 1s desirable to broadcast a signal over a wide area.
Additional inter-module phase adjustments may be provided
by central beamforming module 106 to generate quasi-
spherical (or quasi-cylindrical) phase distribution across the
composite antenna to generate a smoother antenna pattern.

[0027] FIG.71llustrates exemplary beam forming 700a and
7005 consistent with another embodiment of the present dis-
closure. Shown are alternative configuration and form factors
for the composite antenna array. A substantially spherical (or
cylindrical) 360-degree pattern 702 may be achieved with
parallel planes of sub-arrays 104 directed 1n opposite direc-
tions. A triangular arrangement 704 may also be employed to
provide an ommni-directional coverage mode. Additionally,
and as previously described, narrow beams 706 may be
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steered through any of the sectors. Changes in beam-steering
and/or coverage may be accomplished by updating weighting
coellicients resulting in increased speeds for mode switching
and beam steering.

[0028] FIG. 8 illustrates a block diagram 800 of another
exemplary embodiment consistent with the present disclo-
sure. An alternative configuration 1s shown with sub-array
modules 104 including end-fire antenna elements 202. This
may provide a greater density of antenna elements since they
are arranged linearly, rather than over a planar area, and 1t
enables the stacking of sub-array modules 104 as shown.

[0029] The use of a composite antenna array enables an
increase 1n signal transmission power through the deploy-
ment of an increased number of sub-array modules as
opposed to an increase 1n the size of the power amplifier on
each sub-array module. This permits a relaxation in the power
level and linearity requirements of the power amplifiers and
thus a relaxation in the manufacturing technology require-
ments ofthe RFIC modules. In some embodiments, therefore,
the RFIC modules may be implemented 1n complementary
metal-oxide semiconductor (CMOS) technology with a
reduction 1n manufacturing cost.

[0030] FIG.9illustrates a flowchart of operations 900 of an
exemplary embodiment consistent with the present disclo-
sure. At operation 910, phase shifts associated with antenna
clements are adjusted. The antenna elements are included 1n
an array of antenna elements coupled to an RF beamforming
circuit. The adjustments are performed by the RF beamiorm-
ing circuit to generate an antenna beam associated with an
antenna module. The antenna module includes the array of
antenna elements and the RF beamforming circuit. At opera-
tion 920, a central beamforming module 1s coupled to a plu-
rality of the antenna modules. At operation 920, the antenna
beam associated with each of a plurality of antenna modules,
coupled to a central beamforming module, 1s controlled by
the central beamforming module. At operation 930, signal
adjustments relative to each of the antenna modules are gen-
erated. The generating 1s performed by the central beamiorm-
ing module, such that the arrays of antenna elements of the
antenna modules combine to operate as a composite antenna
beamforming array.

[0031] FIG. 10 illustrates a system diagram 1000 of a plat-
form consistent with an exemplary embodiment of the present
disclosure. Platform 110 may be a mobile communication
device, such as, for example, a smartphone, a tablet, a laptop
computing device or any other device configured to transmit
or recerve wireless signals. In some embodiments, platform
1010 may be a wireless base station. Platform 1010 may
include a processor 1020, memory 1030, an input/output
(I/0) system 1040, a wireless communication interface 1050
and a modular antenna array system 102. The modular
antenna array system 102 may be configured to generate an
antenna beam pattern 108 in a desired direction as described
previously. Any number of platforms 1010 may transmit or
receive signals through a wireless network or any suitable
communication medium.

[0032] Embodiments of the methods described herein may
be implemented 1n a system that includes one or more storage
mediums having stored thereon, individually or in combina-
tion, 1mstructions that when executed by one or more proces-
sors perform the methods. Here, the processor may include,
for example, a system CPU (e.g., core processor) and/or
programmable circuitry. Thus, 1t 1s intended that operations
according to the methods described herein may be distributed
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across a plurality of physical devices, such as processing
structures at several different physical locations. Also, 1t 1s
intended that the method operations may be performed 1ndi-
vidually or 1n a subcombination, as would be understood by
one skilled 1n the art. Thus, not all of the operations of each of
the flow charts need to be performed, and the present disclo-
sure expressly intends that all subcombinations of such
operations are enabled as would be understood by one of
ordinary skill in the art.

[0033] The storage medium may include any type of tan-
gible medium, for example, any type of disk including floppy
disks, optical disks, compact disk read-only memories (CD-
ROMs), compact disk rewritables (CD-RWs), digital versa-
tile disks (DVDs) and magneto-optical disks, semiconductor
devices such as read-only memories (ROMs), random access
memories (RAMs) such as dynamic and static RAMs, eras-
able programmable read-only memories (EPROMs), electri-
cally erasable programmable read-only memories (EE-
PROMs), flash memories, magnetic or optical cards, or any
type of media suitable for storing electronic instructions.
[0034] ““Circuitry”, as used in any embodiment herein, may
comprise, for example, singly or 1n any combination, hard-
wired circuitry, programmable circuitry, state machine cir-
cuitry, and/or firmware that stores instructions executed by
programmable circuitry. An app may be embodied as code or
instructions which may be executed on programmable cir-
cuitry such as a host processor or other programmable cir-
cuitry. A module, as used 1n any embodiment herein, may be
embodied as circuitry. The circuitry may be embodied as an
integrated circuit, such as an integrated circuit chip.

[0035] Thus, the present disclosure provides systems,
methods and platforms for antenna array beamforming using
a modular architecture to synthesize larger composite
antenna arrays from smaller sub-array antenna modules.
[0036] The system may include a plurality of antenna mod-
ules, each of the antenna modules including an array of
antenna elements coupled to an RF beamiorming circuit, the
RF beamforming circuit configured to adjust phase shiits
associated with each of the antenna elements to generate an
antenna beam associated with the antenna module. The sys-
tem of this example may also include a central beamforming
module coupled to each of the antenna modules, the central
beamforming module configured to control the antenna beam
associated with each of the antenna modules and to generate
signal adjustments relative to each of the antenna modules,
and the arrays of antenna elements of the antenna modules
combine to operate as a composite antenna beamiorming
array.

[0037] Another example system includes the forgoing
components and the signal adjustments include signal mag-
nitude adjustments and signal phase adjustments.

[0038] Another example system includes the forgoing
components and the central beamforming module 1s a base-
band processor, an intermediate frequency processor and/or
an RF processor.

[0039] Another example system includes the forgoing
components and the central beamforming module 1s further
configured to control the composite antenna beamforming
array to generate a composite antenna beam, the composite
antenna beam having a higher gain and narrower beamwidth
than the antenna beams associated with the antenna modules.

[0040] Another example system includes the forgoing
components and the central beamforming module 1s further
configured to control the composite antenna beamiorming
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array to generate a composite antenna beam, the composite
antenna beam having a wider beamwidth than the antenna
beams associated with the antenna modules.

[0041] Another example system includes the forgoing
components and the central beamforming module 1s further
configured to control the composite antenna beamiorming
array to generate a composite antenna beam and to steer the
composite antenna beam from a first direction to a second
direction.

[0042] Another example system includes the forgoing
components and the central beamforming module 1s further
configured to segment the composite antenna beamiorming
array 1nto a plurality of composite sub-arrays, each composite
sub-array configured to generate an independently steerable
antenna beam.

[0043] Another example system includes the forgoing
components and the central beamforming module 1s further
configured to apply a plurality of signal adjustments, each of
the signal adjustments associated with one of a plurality of
signal frequency components.

[0044] Another example system includes the forgoing
components and the antenna modules are disposed 1n one or
more planes, the planes oriented 1n different directions rela-
tive to each other.

[0045] Another example system includes the forgoing
components and the antenna elements and the antenna mod-
ules are arranged 1n a linear end-fire pattern.

[0046] Another example system includes the forgoing
components and the RF beamforming circuits are RFICs and
the antenna modules are configured to operate in a millimeter
wave frequency range.

[0047] Another example system includes the forgoing
components and the antenna elements are coupled to the RF
beamforming circuit by micro-strip feeding lines.

[0048] According to another aspect there 1s provided a
method. The method may include coupling an array of
antenna elements to an RF beamforming circuit. The method
of this example may also include adjusting phase shiits asso-
ciated with each of the antenna elements, the adjusting per-
formed by the RF beamforming circuit to generate an antenna
beam, the antenna beam associated with an antenna module,
the antenna module 1including the array of antenna elements
and the RF beamforming circuit. The method of this example
may further include coupling a central beamforming module
to a plurality of the antenna modules. The method of this
example may further include controlling the antenna beam
associated with each of the antenna modules, the controlling
performed by the central beamforming module. The method
of this example may further include generating signal adjust-
ments relative to each of the antenna modules, the generating
performed by the central beamforming module, and the
arrays of antenna elements of the antenna modules combine
to operate as a composite antenna beamforming array.
[0049] Another example method includes the forgoing
operations and the signal adjustments include signal magni-
tude adjustments and signal phase adjustments.

[0050] Another example method includes the forgoing
operations and further includes controlling the composite
antenna beamforming array to generate a composite antenna
beam, the composite antenna beam having a higher gain and
narrower beamwidth than the antenna beams associated with
the antenna modules.

[0051] Another example method includes the forgoing
operations and further includes controlling the composite
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antenna beamforming array to generate a composite antenna
beam, the composite antenna beam having a wider beam-
width than the antenna beams associated with the antenna
modules.

[0052] Another example method includes the forgoing
operations and further includes controlling the composite
antenna beamforming array to generate a composite antenna
beam and to steer the composite antenna beam from a first
direction to a second direction.

[0053] Another example method includes the forgoing
operations and further includes segmenting the composite
antenna beamiorming array into a plurality of composite
sub-arrays, each composite sub-array configured to generate
an independently steerable antenna beam.

[0054] Another example method includes the forgoing
operations and further includes applying a plurality of signal
adjustments, each of the signal adjustments associated with
one of a plurality of signal frequency components.

[0055] Another example method includes the forgoing
operations and further includes disposing the antenna mod-
ules 1n one or more planes and orienting the planes 1n different
directions relative to each other.

[0056] Another example method includes the forgoing
operations and further includes arranging the antenna ele-
ments and the antenna modules 1n a linear end-fire pattern.
[0057] According to another aspect there 1s provided a plat-
form. The platform may include a processor; an input/output
module coupled to the processor; a memory coupled to the
processor; and a wireless communication interface coupled to
the processor. The wireless communication interface of this
example may 1nclude a plurality of antenna modules, each of
the antenna modules including an array of antenna elements
coupled to an RF beamforming circuit, the RF beamiorming
circuit configured to adjust phase shifts associated with each
of the antenna elements to generate an antenna beam associ-
ated with the antenna module. The wireless communication
interface of this example may further include a central beam-
forming module coupled to each of the antenna modules, the
central beamforming module configured to control the
antenna beam associated with each of the antenna modules
and to generate signal adjustments relative to each of the
antenna modules, and the arrays of antenna elements of the
antenna modules combine to operate as a composite antenna
beamiorming array.

[0058] Another example platform includes the forgoing
components and the central beamforming module 1s further
configured to control the composite antenna beamforming
array to generate a composite antenna beam, the composite
antenna beam having a higher gain and narrower beamwidth
than the antenna beams associated with the antenna modules.
[0059] Another example platform includes the forgoing
components and the central beamforming module 1s further
configured to control the composite antenna beamiorming
array to generate a composite antenna beam, the composite
antenna beam having a wider beamwidth than the antenna
beams associated with the antenna modules.

[0060] Another example platform includes the forgoing
components and the central beamforming module 1s further
configured to control the composite antenna beamforming
array to generate a composite antenna beam and to steer the
composite antenna beam from a first direction to a second
direction.

[0061] Another example platform includes the forgoing
components and the central beamforming module 1s further
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configured to segment the composite antenna beamiorming
array 1nto a plurality of composite sub-arrays, each composite
sub-array configured to generate an independently steerable
antenna beam.

[0062] Another example platform includes the forgoing
components and the central beamforming module 1s further
configured to apply a plurality of signal adjustments, each of
the signal adjustments associated with one of a plurality of
signal frequency components.

[0063] Another example platform includes the forgoing
components and the antenna modules are disposed 1n one or
more planes, the planes oriented 1n different directions rela-
tive to each other.

[0064] Another example platform includes the forgoing
components and the antenna elements and the antenna mod-
ules are arranged 1n a linear end-fire pattern.

[0065] Another example platform includes the forgoing
components and the RF beamiforming circuits are RFICs and
the antenna modules are configured to operate 1n a millimeter
wave frequency range.

[0066] Another example platform includes the forgoing
components and the platform 1s a smartphone, a laptop com-
puting device or a tablet.

[0067] Another example platform includes the forgoing
components and the platform 1s a wireless base station.

[0068] The terms and expressions which have been
employed herein are used as terms of description and not of
limitation, and there 1s no intention, 1n the use of such terms
and expressions, of excluding any equivalents of the features
shown and described (or portions thereot), and 1t 1s recog-
nized that various modifications are possible within the scope
of the claims. Accordingly, the claims are intended to cover
all such equivalents. Various features, aspects, and embodi-
ments have been described herein. The features, aspects, and
embodiments are susceptible to combination with one
another as well as to variation and modification, as will be
understood by those having skill in the art. The present dis-
closure should, therefore, be considered to encompass such
combinations, variations, and modifications.

1-32. (canceled)

33. A system for antenna beamforming, said system com-
prising:

a plurality of antenna modules, each of said antenna mod-
ules comprising an array of antenna elements coupled to
a radio frequency (RF) beamforming circuit, said RF
beamforming circuit to adjust phase shifts associated
with said antenna elements to generate an antenna beam
associlated with said antenna module; and

a central beamforming module coupled to each of said
antenna modules, said central beamforming module to
control said antenna beam associated with each of said
antenna modules and to generate signal adjustments
relative to each of said antenna modules, wherein said
arrays of antenna elements of said antenna modules
combine to operate as a composite antenna beamform-
Ing array.

34. The system of claim 33, wherein said signal adjust-

ments comprise signal magnitude adjustments and signal
phase adjustments.

35. The system of claim 33, wherein said central beam-
forming module 1s included 1n a processor selected from the
group consisting of a baseband processor, an intermediate
frequency processor and an RF processor.
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36. The system of claim 33, wherein said central beam-
forming module 1s further to control said composite antenna
beamiorming array to generate a composite antenna beam,
said composite antenna beam having a higher gain and nar-
rower beamwidth than said antenna beams associated with
said antenna modules.

37. The system of claim 33, wherein said central beam-
forming module 1s further to control said composite antenna
beamforming array to generate a composite antenna beam,
said composite antenna beam having a wider beamwidth than
said antenna beams associated with said antenna modules.

38. The system of claim 33, wherein said central beam-
forming module 1s further to control said composite antenna
beamiorming array to generate a composite antenna beam
and to steer said composite antenna beam from a first direc-
tion to a second direction.

39. The system of claim 33, wherein said central beam-
forming module 1s further to segment said composite antenna
beamiorming array into a plurality of composite sub-arrays,
cach composite sub-array to generate an independently steer-
able antenna beam.

40. The system of claim 33, wherein said central beam-
forming module 1s further to apply a plurality of said signal
adjustments, each of said plurality of signal adjustments asso-
ciated with one of a plurality of signal frequency components.

41. The system of claim 33, wherein said antenna modules
are disposed 1n a plurality of planes, said planes oriented 1n
different directions relative to each other.

42. The system of claim 33, wherein said antenna elements
and said antenna modules are arranged 1n a linear end-fire
pattern.

43. The system of claim 33, wherein said RF beamiorming
circuits are RF integrated circuits (RFICs) and said antenna
modules are to operate in a millimeter wave frequency range.

44. The system of claim 33, wherein said antenna elements
are coupled to said RF beamiforming circuit by micro-strip
feeding lines.

45. A method for antenna beamforming, said method com-
prising:

adjusting phase shifts associated with antenna elements

included 1n an array of antenna elements coupled to an
RF beamforming circuit, said adjusting performed by
said RF beamforming circuit to generate an antenna
beam, said antenna beam associated with an antenna
module, said antenna module comprising said array of
antenna elements and said RF beamforming circuit;

controlling said antenna beam associated with each of a

plurality of said antenna modules, said antenna modules
coupled to a central beamforming module, said control-
ling performed by said central beamforming module;
and

generating signal adjustments relative to each of said

antenna modules, said generating performed by said
central beamforming module, wherein said arrays of
antenna elements of said antenna modules combine to
operate as a composite antenna beamforming array.

46. The method of claim 45, wherein said signal adjust-
ments comprise signal magnitude adjustments and signal
phase adjustments.

4'7. The method of claim 45, further comprising controlling
saild composite antenna beamforming array to generate a
composite antenna beam, said composite antenna beam hav-
ing a higher gain and narrower beamwidth than said antenna
beams associated with said antenna modules.
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48. The method of claim 45, further comprising controlling
said composite antenna beamforming array to generate a
composite antenna beam, said composite antenna beam hav-
ing a wider beamwidth than said antenna beams associated
with said antenna modules.

49. The method of claim 45, further comprising controlling
saild composite antenna beamforming array to generate a
composite antenna beam and to steer said composite antenna
beam from a first direction to a second direction.

50. The method of claim 435, further comprising segment-
ing said composite antenna beamiorming array into a plural-
ity of composite sub-arrays, each composite sub-array to
generate an independently steerable antenna beam.

51. The method of claim 45, further comprising applying a
plurality of said signal adjustments, each of said plurality of
signal adjustments associated with one of a plurality of signal
frequency components.

52. The method of claim 45, turther comprising disposing
said antenna modules 1n a plurality of planes and orienting
said planes 1n different directions relative to each other.

53. The method of claim 45, turther comprising arranging
said antenna elements and said antenna modules 1n a linear
end-fire pattern.

54. A platform comprising;:

a Processor;

an 1nput/output module coupled to said processor;
a memory coupled to said processor; and

a wireless communication interface coupled to said pro-
cessor, said interface comprising:

a plurality of antenna modules, each of said antenna mod-
ules comprising an array of antenna elements coupled to
a radio frequency (RF) beamforming circuit, said RF
beamiorming circuit to adjust phase shifts associated
with said antenna elements to generate an antenna beam
assoclated with said antenna module; and

a central beamforming module coupled to each of said
antenna modules, said central beamforming module to
control said antenna beam associated with each of said

antenna modules and to generate signal adjustments
relative to each of said antenna modules, wherein said
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arrays ol antenna elements of said antenna modules
combine to operate as a composite antenna beamform-
1ng array.

55. The platiform of claim 54, wherein said central beam-
forming module 1s further to control said composite antenna
beamiorming array to generate a composite antenna beam,
said composite antenna beam having a higher gain and nar-
rower beamwidth than said antenna beams associated with
said antenna modules.

56. The platform of claim 54, wherein said central beam-
forming module 1s further to control said composite antenna
beamforming array to generate a composite antenna beam,
said composite antenna beam having a wider beamwidth than
said antenna beams associated with said antenna modules.

57. The platform of claim 54, wherein said central beam-
forming module 1s further to control said composite antenna
beamforming array to generate a composite antenna beam
and to steer said composite antenna beam from a first direc-
tion to a second direction.

58. The platiorm of claim 54, wherein said central beam-
forming module 1s further to segment said composite antenna
beamforming array into a plurality of composite sub-arrays,
cach composite sub-array to generate an independently steer-
able antenna beam.

59. The platiorm of claim 54, wherein said central beam-
forming module 1s further to apply a plurality of said signal
adjustments, each of said plurality of signal adjustments asso-
ciated with one of a plurality of signal frequency components.

60. The platform of claim 54, wherein said antenna mod-
ules are disposed 1n a plurality of planes, said planes oriented
in different directions relative to each other.

61. The platform of claim 54, wherein said antenna ele-
ments and said antenna modules are arranged 1n a linear
end-fire pattern.

62. The platform of claim 54, wherein said RF beamiorm-
ing circuits are included in one or more RF integrated circuits
(RFICs) and said antenna modules are to operate 1n a milli-
meter wave frequency range.

63. The platform of claim 54, wherein said platform 1s
selected from the group consisting of a smartphone, a laptop
computing device and a tablet.

64. The platform of claim 54, wherein said platform 1s a
wireless base station.
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