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HYBRID ANALOG/DIGITAL BEAMFORMING
CROSS-REFERENCE TO RELATED APPLICATIONS

{6001] This application claims the benefit of U.S. Provisional Application No.
62/402,028, filed September 30, 2016; U.S. Provisional Application No. 62/451,043, filed
January 26, 2017, U.S. Provisional Application No. 62/500,589, filed May 3, 2017, U.S.
Provisional Application No. 62/535,282, filed July 21, 2017; and U.S. Provisional
Application No. 62/536,135, filed July 24, 2017. The countents of each of these applications

are herein incorporated by reference.

TECHNICAL FIELD
[6002] The following disclosure relates generally to a hybrid analog/digital

beamforming communications system.

BACKGROUND

18003] Some communications systems, e.g., a satellite communications systen,
provide multiple communication beams that connect diverse terrestrial regions. In some
cases, a target area is covered using analog communications beams. Alternatively, tn some

cases, a target area 1s covered using digital communications beams.

SUMMARY
10004] The following disclosure describes a communications system for hybrid
analog/digital beamforming to generate a set of communication beams (also referred to as
“beams”’} to cover a target area. The system includes a beamforming apparatus for
generating hybrid analog/digital beams, where beamforming refers to technigues to form
beams to establish communications channels. In some implementations, the beamforming
apparatus is a spacecraft, e.g., a satellite, a drone, an airplane, or an aenal platform. In other
implementations, the beamforming apparatus is a ground-based apparatus, e.¢., an antenna
tower. The following sections describe the hybrid analog/digital beamforming in the context
of a satellite. However, the techuniques are also applicable to other beamforming apparatus,
e.g., other forms of space-based beamforming devices or terrestrial beamforming structures.
{6005] In some implementations, a satellite that performs hybrid analog/digital
beamforming includes multiple antenna radiating elements (also known as “feeds”) and

associated phase shifters for forming analog beams. The satellite includes processing
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circuitry, comprising one or more beamformer processors, that control the feeds to form the
analog beams. The feeds are divided into groups among hardware structures called “panels,”
also referred to as analog beamformers. The processing circuitry controls the panels to form
one or more analog beams per panel, with the analog beams from some or all the panels
providing coverage in a region in the target area, generating a cluster. The beamformer
processors in the processing circuitry also form digital bearms using digital beamforming
coefficients stored in tables. The processing circuitry forms one or more digital beams in the
cluster by phase and gain combining the analog beams in the cluster. The hybrid
analog/digital bearus, e.g., digital beams that are geverated by combining the analog beams in
a cluster, are also referred to as hybrid beams.

[{6006] Hybrid beams are accordingly digital beams that are generated in a
hierarchical manner — first by forming analog beams, and then by combining the analog
beams to form the digital beams that correspond to the hybrid beams. In contrast, pure digital
beams are formed by directly combining the phase, delay, or amplitude (or gain) of the feeds
using digital coefficients—there 1s no intermediate formation of analog beams. Pure digital
beams can be created in any region. In contrast, in hybnd bearnforming, the digital
beamformers in the spacecraft are constrained to create the hybrid beams, i e, the digital
bears, within the coverage areas of the underlying analog beams. The analog beamformers
combine the analog beams to provide the contours of the coverage areas in which the digital
beams are generated.

{6007} The satellite tin the communications system divides a target coverage area into
multiple regions. The processing circuitry in the satellite provides, in a region, analog beams
formed by one or more panels to create a cluster, and generates one or more digital beams for
the cluster by combining the corresponding analog beams, as noted above. In some
implementations, the footprints of the analog beams overlap to some degree, e.g., either
partially or completely. In such cases, digital beams are formed by combining the
overlapping analog beams. In some implementations, the footprints of at least some of the
analog beams are non-overlapping. In such cases, at least some digital beams are formed by
combining separate groups of the analog beams, which can include overlapping analog
beams.

0008] After forming the hybrid beams in a region, the processing circuitry repeats
the process in a neighboring region, until all the regions are addressed, thereby covering the
target area with the hybrid beams. The processing circuitry arranges the hybrid beamsin a

cluster in rows and columns. In some implementations, the processing circuitry horizontally
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shifts some rows, or vertically shift some columns, or both, to conform to the boundaries of
the cluster. Additionally or alternatively, the processing circuitry siretches or contracts
hybrid beams in some rows, or some columns, or both, to conform to the boundaries of the
cluster. In some implementations, the processing circuitry horizontally shifts some rows, or
vertically shift some columus, or both, in a cluster such that the rows and columns of hybrid
beams in the cluster are adjacent to the rows and columns of hybrid beams in a neighboring
cluster, for no gap in coverage.

18009] in a general aspect, an apparatus includes a plurality of feeds that form analog
beams. The plurality of feeds is divided into a plurality of pauvels, each panel jncluding one
or more feeds from the plurality of feeds. The apparatus also includes processing circuitry,
which determines a target area for communications coverage and divides the target area into a
plurality of regions. The processing circuitry generates, for each region, a plurality of analog
beams. A subset of panels of the plurality of panels generates one or more analog beams of
the plurality of analog beams. The plurality of analog beams covering each region forms a
cluster. The processing circuitry generates, in each cluster, one or more hybrid beams. Each
hybrid beam 1s a digital beam that is generated by combining one or more analog beams of
the plurality of analog beams corresponding to the cluster.

{0010 Particular implementations may include one or more of the following features.
The apparatus may include one or more phase shifters for each feed, wherein a number of
analog beams generated by a panel corresponds to a number of phase shifters associated with
each feed included in the panel. The plurality of analog beams generated for a region may
overlap at least partially with each other in the region.

16011} The processing circuitry may generate the plurality of analog beams for a
region such that a number of analog beams to fully cover the region. A shape of the cluster
may be customizable to fully cover the region.

18012] The apparatus may include machine-readable media that store digital
beamtorming coefficients for the digital beams. One or more hybrid beams 1 a cluster may
be generated using the digital beamforming coefficients for the digital beams.

{6013} The processing circuitry may generate the one or more hybrid beams in a
cluster by determining a digital beam width such that edge of coverage reduction is within a
preselected threshold of power at the center of the digital beam. Using the digital beam
width, the processing circuitry may compute a number of digital beams to cover an area
corresponding to the cluster. The processing circuitry may generate the computed number of

digital beams 1u the cluster.
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{6014] At least a subset of the one or more hybrid beams in a cluster may share
communications channel frequencies from a spectrum of frequencies assigned to the plurality
of analog beams corresponding to the cluster.

{0015} The processing circuitry may include one or more beamformer processors.
Each beamformer processor may generate, for each panel, analog beams using the one or
more feeds assigned to the panel, and may generate, in each cluster, the one or more hybrid
beams from the plurality of analog beams corresponding to the cluster.

18016] The orientations of the clusters relative to one another may be based on
spacing between the panels. The spacing between two panels may be determined to achieve a
preselected communications channel capacity in each cluster.

{6017} The plurality of analog beams and the one or more hybrid bearus for a region
may respectively be generated using analog beamforming coefficients and digital
beamforming coefficients. The processing circuitry may generate a first plurality of hybrid
beams in a first cluster at a first time according to a preselected schedule. The processing
circuitry may adjust at least one of the analog beamtorming coefficients or the digital
beamforming coefficients to generate a second plurality of hybrid beams in a second cluster
at a second time according to the preselected schedule.

{06018] The second plurality of hybrid beams may be ditferent from the first plurality
of hybrid beams. At least one of relative orientations or routing of hybrid beams in the
second cluster may be different from, respectively, relative orientations or routing of hybrid
beams in the first cluster.

10019] The second plurality of hybrid beams may be same as the first plurality of
hybrid beams. Hybrid beams in the second cluster may be generated foliowing one of a delay
adjustment or an amplitude adjustment to the analog beams in the second cluster. The delay
adjustment or the amplitude adjustment may be performed to maintain the relative
orientations and routing of the hybrid beams in the second cluster to be same as hybrid beams
in the first cluster.

{0020] Each of the one or more hybrid beams may be a full cluster digital beam. The
processing circuitry may determine a second target area for communications coverage. The
processing circuitry may divide the second target area into a plurality of second regions. The
processing circuitry may generate, for each second region, a second plurality of analog beams
using a subset of the plurality of panels. Each panel of the subset may generate one or more
analog beams of the second plurality of analog beams. The second plurality of analog beams

covering each second region may form a second type cluster. The processing circuitry may
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generate, inn each second type cluster, a plurality of partial cluster hybrid beams trom the
second plurality of analog beams corresponding to the second type cluster. Each partial
cluster hybrid beam is a digital beam generated by phase combining one or more analog
beams of the second plurality of analog beams corresponding to the second type cluster.
16021} The processing circuitry may determine a third target area for communications
coverage. The processing circuitry may divide the third target area into a plurality of third
regions. The processing circuitry may generate, for each third region, a third plurality of
analog beams using the plurality of panels. Each panel of the plurality of panels may
generate one or more analog beams of the third plurality of analog beams. The second
plurality of analog beams covering each second region may form a cluster. The processing
circuitry may generate, in each cluster, a sirople hybrid beam from the third plurality of
analog beams corresponding to the cluster. The simple hybrid beam is a digital beam
generated by phase combining one or more analog beams of the third plurality of analog
beams corresponding to the cluster.

{6022} The processing circuitry may determine a fourth target area for
communications coverage. The processing circuitty may divide the fourth target area into a
plurality of fourth regions. The processing circuitry may generate, for each fourth region, a
fourth plurality of analog beams using a subset of the plurality of panels. Each panel of the
subset may generate one or more analog beams of the fourth plurality of analog beams, and
the fourth plurality of analog beams covering each fourth region may form a second type
cluster. The processing circuitry may generate, in each second type cluster, a split hybrid
beam from the fourth plurality of analog beams corresponding to the second type cluster.
The split hybrid beam is a digital beam generated by phase combining one or more analog
beams of the fourth plurality of analog beams corresponding to the second type cluster.
{6023} The plurality of analog beams 1o each region ruay be generated by combining,
in each panel, one or more of phase, delay, or amplitude of the feeds in the panel to generate
an analog beam. The hybrid beams in each cluster may be generated by generating digital
beams in each cluster by combining one or more of phase, delay, or amplitude of one or more
analog beams corresponding to the cluster.

10024] Implementations of the above technigues include methods, systems and non-
transitory machine-readable media. One such method performs the above-described actions.
Une such non-transitory machine-readable medium stores instructions that are executable by
one or more processors and that, when executed, are configured to cause the one or more

processors to perform the above-described actions. One such system comprises one or more
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spacecraft, such as one or more satellites, or ground-based beamforming apparatus, such as
one or more antenna towers, each of which 1ncludes one or more processors and instructions
stored in machine-readable media that, when executed by the one or more processors, are
configured to cause the one or more processors to perform one or more of the above-
described actions.

{6025] The details of one or more disclosed implementations are set forth in the
accompanying drawings and the description below. Other features, aspects, and advantages

will become apparent from the description, the drawings and the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

{06026} FIG. 1 illustrates an exemplary communications system that is used for hybrid
beamforming.
18027} FIG. 2 illustrates an example of a configuration of feeds on a spacecraft for

hybrid beamtforming.

{0028] FiG. 3 illustrates an example of a hybrid beamformer processing circuitry in a
spacecraft for generating hybrid beams.

{0029] FIGS. 4A and 4B present comparative tllustrations of coverage provided
respectively by analog and hybrid beams in a target area on the Earth’s surface.

{¢030] FI(3. S presents a comparative tHustration of examples of coverage areas
provided by a pure analog beam and overlapping analog beams formed using a hybrid
beamformer.

18031} FIG. 6 illustrates an example of hybrid beamforming to fully cover a non-
circular shaped region.

{6032] FIGS. 7A and 78 illustrate examples of different cluster shapes that can be
formed using hybrid beamfornung.

{0033} FIG. 8 tltustrates an example of a process for forming hybrid beams.

{0034} FIGS. 8A and 8B illustrate examples of analog only hopping and
analog/digital hopping.

{6035] FiG. 9 shows an example use case where type 1 beams are used in clustersin a
non-uniform laydown.

18036] FIGS. 10A and 10B illustrate examples of dynamic resource transfer in hybrid
beamforming to provide communications coverage to multiple regions.

{G037] FiG. 11 illustrates an example of a process for resource transfer in hybrid

beamforming.
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{0038] FIGS. 12A-12D illustrate examples of coverage flexibility provided by a
spacecraft using hybrid beamforming.

18039] FIG. 13 illustrates an example of a group of clusters shifted horizontally, or
vertically, or both, to cover a target area.

{¢040] Fi(. 13A illustrates a graphical example of signal spread of co-channel hybrid
beams and corresponding side fobes.

{0041} FIGS. 14A-14E illustrate an example of covering regions in a target area by
hybrid beamforming using groups of clusters.

[0042] FIGS. 15A-15C illustrate an example of sharing frequency spectrum between
adjacent clusters in hybrid beamforming.

{0043} FIGS. 16A-16C provide comparative examples of communications coverage
using different cluster frequencies and shared cluster frequencies.

10044] FIG. 17 tllustrates an example of a process for providing communications
coverage to a plurality of regions a target area using hybrid beamforming,.

[6045] Like reference symbols in different figures indicate hike elements.

DETAILED DESCRIPTION

10046] In a communications system, e.g., a satellite communications system, a
sateliite can transmit signals to or receive signals from terrestrial devices. For example, the
satellite may receive a signal from a gateway, e.¢., a ground station that communicates with
the satellite and with a terrestrial network, and then broadcast the signal to one or more
ground terminals, e.g., satellite dishes or antennas along with their connected devices in
customer locations. In some cases, the satellite uses multiple feeds, in, for example, a phased
array antenna or as part of a reflector antenna, to form one or more analog beams for
communicating with terrestrial devices.

{0047} A radiating element or feed refers to a resonating structure that is designed to
transmit or receive electromagnetic energy in a frequency band {(e.g., a microwave frequency
band). A beam can be specified by a set of real or complex beam coefficients applied across
the feeds of a satellite for analog beamtorming, or to digital signals for digital beamforming.
The beam coefficients may be determined based on satisfying a required minimum average
power over a region covered by the beam.

[00438] Beamforming can be accomplished onboard a satellite by constructing a
beamforming network behind the feed array using one or more beamformer processors on

board the satellite. A beamformer processor, which includes dedicated integrated circuit (IC)
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chips, computes coefficients for each intended beam, which include analog coefficients for
analog beams and digital coefficients for digital beams. For each feed, the processor applies
the corresponding beam coefficient to a signal that is transmitted by the feed. The processor
sends the signal to the feed through a high power amplifier (HPA) connected to the feed. In
this manner, the processor applies the computed beam coefticients to the feeds to generate the
desired beams for transmission of signals to terrestrial coverage regions.

{6049} In an analog beamforming satellite, a signal stream is divided among each of
the teeds. The one or more beamformer processors form analog beams by adjusting the
relative phase and/or gain (or amplitude) of each signal path routed to each feed to thereby
enable the energy radiated by each transmitting feed to be coherently combined to create a
beam pattern composed of one or more beams. The same approach can also be used in the
receive direction where the recetved signals from each receiving feed are coherently
combined to create the beam pattern.  To form an analog beam, each feed uses a phase
shifter. A feed can form multiple analog beams with multiple phase shifters, requiring a
different phase shifter for each analog beam.

{0056] The number of analog beams formed by a sateliite depends on various factors,
including the number of feeds and the number of phase shifters per feed. Since every beam
requires one phase shifter per feed, the hardware needed to generate a large number of analog
beams {(e.g., in the order of hundreds or thousands) can become prohibitively high—e. g in
terms of increased weight of the satellite, higher cost, or higher complexity. Accordingly, the
number of analog beams that can be formed by a satellite is often limited due to hardware
constraints.

16051} Digital beamforming, which is not limited by phase shifter constraints, can be
used to create a large number of digital beams. However, to generate digital beams, a
satellite uses analog-to-digital (A/D) and digital-to-analog (ID/A) converters for each feed to
convert associated signals into the digital domain. The satellite performs A/D conversion of
the analog signal streams for the feeds to the digital domain, and uses the beamformer
processor for combining the phase and gain of the digital signals, relying on table lockup of
digital beam coefficients that are stored in memory. Then digital signals are then converted
back to analog using D/A conversion, and these are transmitted as separate signals.

{0052} Although digital beamforming does not use phase shifters, since an A/D
converter and a I/A converter 15 used for every single feed, this introduces a significant
amount of hardware circuiiry, e.g., wires going into a beamformer processor and going out of

the processor to connect the feeds. The hardware needs for digital beamforming to support a
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large number of feeds (e.g., in the order of hundreds or thousands) can therefore also become

prohibitively high

e.g. interms of increased weight of the sateliite, higher cost, or higher
complexity.

{0053} In some implementations, hybrid analog/digital beamforming, which
combines analog beamforming with digital beamforming and is interchangeably also referred
to as hybrid beamforming, 1s used to support both a large number of feeds and a large number
of beams, while overcoming the constraints associated individually with analog or digital
beamforming for achieving these objectives. As described in greater detail in the following
sections, hybrid beamforming allows analog beamformer hardware (e .g., panels) to support a
large mumber of elements and digital beamformer processing circuitry to create a large
number of bearus. In doing so, with the same analog and digital beamforming hardware,
hybrid beamforming provides a multiplicative increase in bandwidth and coverage area and
higher edge of coverage (EOQC) gains in the beams, compared to using analog beamforming
or digital beamforming individually.

{0054] Hybrid beamforming further allows customizing the beam footprints to
provide coverage for regions of various shapes and sizes. Digital beams are iteratively
generated in neighboring regions and adjusted in various directions relative to one another to
provide complete coverage of a target area comprising the regions, while maximizing the
communications capacity in the target area.

{B055] FIG. 1 illustrates an exemplary communications system 100 that is used for
hybrid beamforming. The communications system 100 includes a satellite 105 connected
through satellite channels to gateways 110 and 125, and ground terminals 120a, 120b, 120¢
and 120d, which are located on a planetary surface, e.g., the surface of the Earth. Although
the illustrated example of communications system 100 shows one satellite and a limited
number of gateways and ground terminals, various implementations can include different
numbers of satellites, gateways and ground terminals without loss of generality. The
following sections describe the planetary surface with respect to the Earth’s surface.
However, the techniques described are also applicable to other planetary surfaces.

{6056] The satellite 105 transmits data to, and receives data, from the gateways 110,
125, and ground terminals 120a, 120b, 120c and 120d. Gateway 125 and ground terminals
120a and 120b are within a terrestrial region 130a that is covered by a tormed beam. Ground
terminals 120c and 120d are within a terrestrial region 130b that is covered by another
formed beam. That is, gateway 125 and ground terminals 120a and 120b are located within

the geographic extent covered by beam 130a, while ground terminals 120¢ and 120d are
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located within the geographic extent covered by beam 130b. The gateways 110 and 125 are
terrestrially connected to each other and to a terrestrial network 135 through communications
link 140.

{0057} The satellite 105 can be located at a low earth orbit (LEO), a medium earth
orbit (MEQ), or a geostationary orbit {GEQO) location defined by a longitude. The satellite
105 interconnects the gateway 110, the gateway 125 and the ground terminals 120a, 120b in
beam 130a, and the ground terminals 120¢, 120d in beam 130b, through satellite
communications channels.

{B058] The satellite 105 includes multiple antenna radiating elements or feeds to form
beams for transmission of information between the satellite 105 and the gateways or ground
terminals. The satellite 105 includes one or more beamformer processors to process active
signal streams for beamforming. In some implementations, the satellite 105 also includes
multiple HPAs that receive the active signal streams from the beamformer processor, and
forwards the signal streams with amplification to feeds that are connected to the HPAs. The
feeds transmit signals to or receive signals from the gateways 110, 125 and the ground
terminals 120a-120d using the formed beams. A beam can encompass one or more gateways
{(e.g., beam 130a) within its coverage area, or a beam can encompass zero gateways {(e.g.,
130b).

{0059] The beams 130a and 130b are hybrid analog/digital beams formed by the
satellite 105, The beams 130a or 130b, or both, are digital beams that are generated by a
digital beamtormer on board the satellite by combining analog beams generated panels. The
digital beams 130a or 130b, or both, are therefore hybrid beams formed within a cluster
coverage area of the analog beams. While only two hybrid beams 130a and 130b are shown,
more than two beams can be active at a time in various implementations, and any number of
ground terminals can be distributed amongst a plurality of beam coverage areas. The number
of hybrid beams that can be simultaneously active depends on the number of panels on the
sateliite used for generating analog beams, within the coverage area of which the digital
beams are created. As described in greater detail below, in some implementations, the
number of hybrid beams can range between tens to the order of thousands.

{0060} In this context, in some implementations, a panel is a hardware structure that
provides a surface on which the constituent feeds of the panel are positioned. Fach panel can
re~orient {e.g., tilt or move) the constituent feeds relative to other panels. In some

implementations, a panel is a radiating antenna structure that can form one or more steerable

10



WO 2018/064474 PCT/US2017/054292

analog beams. A panel is also referred to interchangeably as an analog beamformer, as noted
previously.

18061] The following sections describe configurations of the satellite 105 that
includes processing circuitry with one or more one or more onboard beamformer processors
that control the analog beamformer panels to generate analog beams, and perform digital
beamforming on the analog beams. In some implementations, the satellite 105 includes
separate processors for analog beamforming and digital beamforming. 1n cases with multiple
analog or digital beamformer processors, the satellite includes logic to operate the processors
simultaneously for beamforming with synchronization between signals processed by the
different processors. As an illustrative example, in some cases, the satellite 105 includes two
digital beamformer processors. Hach processor supperts & panels (K15 an integer and K = 5,
8,10, 12, 15, 16, 20, 24, etc.), with each panel configured to generate up to ¥ analog beams
(Yisanintegerand V=75 8, 10, 12, 15, 16, 20, 24, etc ). Each processor includes / input
ports {/ is an integer and / = 32, 64, 128, etc.) and O output ports () 1s an integer and O = 32,
64, 128, etc.), with 2.5 Gigahertz {GHz) bandwidth (or any other suitable bandwidth) per
port. Each processor further supports 12.5 Megahertz (MHz) channelization x N (for any
integer N > 0), with full mesh routing within a processor. In some implementations, the
satellite 105 includes one bearnformer processor with a configuration stmular to that described
above.

{06062} The hybrid beamforming can be accoroplished by space-based beamforming,
i.e., on board the satellite, or ground-based beamforming (GBBF), e.g., using a system on
Earth, or using a system that combines both space-based beamforming and GBBF. In space-
based beamforming, the satellite 105 creates both analog beams using analog beamformers
and digital beams using digital beamformer processors on board the satellite. In a GBBF
system, the analog and digital beam coefficients are computed by one or more processing
systems on the ground. In some implementations, the GBBY system creates the beams by
applying the coetficients to the signals, and then sends beams to the sateilite for transmission
by forwarding through HPAs to the feeds. In other implementations, the GBBF system sends
the coefficients to a beamformer processor onboard the satellite. The beamformer processor
applies the coefficients to the active signal streams and control the HPAs and feeds for
creating the beams.

{¢063] In a combined system, the satellite 105 creates analog beams on board the
satellite, while GBBF computes digital beam coetficients using one or more processing

systems on the ground. The GBBYF system creates the digital beams using the digital
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coefficients, and sends the digital beams to the satellite. Alternatively, the GBBF system
sends the digital coefficients to the satellite, which uses one or more digital beamformer
processors to create the digital beams within the coverage areas of the analog beams.

10064] In some implementations, the satellite 105 includes multiple reflecting dishes
for reflecting or redirecting the energy used to form the beams. A reflecting dish may be
configured to redirect the beam formed by a given set of feeds. The analog beams can be
formed by the satellite using different reflecting dishes to redirect the energy of their
respective feeds. Alternatively, the orientation of the reflecting dishes can be configured
such that the analog beams generate a cluster that covers a contiguous geographical area on
the Farth's surface. In some implementations, the analog beams are generated such that their
footprints overlap to some degree, e.g, either partially or completely, in the cluster. In such
cases, digital beams are formed by combining the overlapping analog beams in the cluster. In
some implementations, the analog beams are generated such that their footprints are
non-overtapping in the cluster. In such cases, digital beams are formed separately from the
analog beams in the cluster. The shape of the cluster can be varied by adjusting the relative
positions of the analog beams, as described in greater detail below. The sateliite 105 then
uses the digital beamformers to generate digital beams within the coverage areas of the
clusters.

{0065] In some implementations, the satellite 105 uses a set of steerable antennas,
which are combined to generate digital beams. The antennas can be steered using phase
shifters, e.g., orientation of the antennas can be changed by using different phase coefficients,
or can be mechanically steered, e.¢., using retlecting dishes, or mirror-based gimbals or
beam-director units. The antennas can also be steered using other methods, e.g., by switching
the antenna elements, or by using Risley prisms, phased-array optics, or
microelectromechanical systems (MEMS) using roicro-mirrors.

18066] The description in the following sections assume that some or all the analog
beams iu a cluster overlap in full or in part. However, the techniques described herein are
also applicable in cases where some or all the analog beams in a cluster are non-overlapping.
{6067} In some implementations, the reflecting dishes in the satellite 105 are mounted
on gimbals to enable the satellite to dynamically rotate the reflecting dishes to change the
analog beam locations on the surface of the Earth after satellite deployment and during
subsequent satellite operation. This ability to rotate the reflecting dishes enables the satellite
105 to dynamically change its field of view during operation and, thereby, provides the

satellite with much greater communications services coverage flexibility than typical
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reflecting satellites in that the satellite 105 s able to place analog beams in a much greater
portion of the hemisphere of the Earth closest to the satellite by rotating the reflecting dishes
as needed during satellite operation. Implementations using rotatable reflecting dishes are
described in greater detail in US Patent No. 9,083,426, titled “Satellite Beamforming,” which
is incorporated herein by reference in its entirety.

{0068] As noted previously, a subset of the feeds in the satellite 105 can be used for
transmission in the forward direction from the satellite 105 to the gateways 110 and 125, and
the ground terminals 120a-120d. These feeds are referred to as the forward link elements,
transmit elements, or forward link feeds. Other feeds can be used for transmission in the
return direction from the gateways 110, 125 and the ground terminals 120a-120d to the
satellite 10S. These feeds are referred to as the return link elements, return link feeds, receive
elements, or recetving feeds.

{0069} The gateways 110 and 125 are coupled to the network 135 through a
communications link 140, The network 135 can be a non-public data network, a public data
network or a combination of public and non-public data networks, e.g , the Internet. The
communications link 140 can be a high-speed terrestrial connection, such as an optical
connection with data rates in the range of gigabits per second. Alternatively, the
communications hink 140 can be a sateliite communications channel through a satellite that is
different from the satellite 105, The communications link 140 can be part of a closed
network accessible only to components of the satellite communications system 100, or part of
an open network that connects the gateway 110 to the network 135.

{6070} The gateways 110 and 125 may include one or more modules that process
signals exchanged with the satellite elements for beamforming. In some implementations, the
gateways 110 and 125 may transmit signals to the satellite 105 over the satellite return links
for phase and/or gain calibration for the return Hok and the forward link. This may be the
case, for example, when a GBBF system is employed. The signals used for phase and/or gain
calibration may include unigue code words that identify such signals as being configured for
phase and/or gain calibration. The satellite 105 may measure the phase and gain of the
transmitted calibration signals to enable calibration and/or pointing correction. The
communications link 140 may be part of a closed network accessible only to components of
the satellite communications system 100, or may be part of an open network that connects the
gateway 110 to the network 135

{6071} The ground terminals 120a-120d are computing devices or systems able to

communicate data to and from the satellite 105 over satellite links. In some implementations,
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one or more of the ground terminals 120a-120d are enterprise terminals. For example, a
ground terminal can be a sateliite dish that provides network connectivity to multiple devices
at a location, such as an office buiiding. In some implementations, one or more of the ground
terminals 120a-120d are individual user terminals. For example, a ground terminal can be a
handheld mobile telephone or car phone, a laptop computer, desktop computer, or a phone
booth. The ground terminals in separate coverage areas serviced by different clusters of
hybrid beams communicate with each other and with the gateways 110 and 125 over the
satellite 105 via the satellite links 145, 150 and 155, Each satellite link 145, 150 or 155
includes both an uplink to the satellite 105 and a dowunlink from the satellite 105,

{6072] FiG. 2 illustrates an example of a configuration of feeds in a spacecratt 200
for hybrid beamforming. In some implementations, the spacecraft 200 15 a satellite, for
example, the satellite 105, As shown, the spacecraft 200 includes multiple antenna elements
or feeds, such as 202a, 202b, 202¢ and 202d. The feeds are divided into panels, such as 204a,
204k, 204¢ and 2044,

{6073} Each feed, e.g., 202a, 202h, 202¢, or 2024, uses a phase shitter to form an
analog beam, in combination with one or more other feeds. A feed can form one or more
beams, by using a different phase shifter for each beam that it forms. The total number of
feeds in the spacecraft 200 can range from tens to hundreds and thousands. For example,
Table I below shows a configuration in which the spacecraft 200 has 8000 feeds.

{0074] The feeds are divided into panels, e.g., as 204a, 204b, 204¢ and 204d, which is
a subset of the feeds used for creating an analog beamformer. The number of feeds can be
different for different panels. For example, as shown, panel 204a includes six feeds, panel
204b includes four feeds, while panel 204d includes two feeds. However, panels 204b and
204¢ each has the same number of feeds, e.g., four feeds. The number of feeds shown in the
vartous panels in FIG. 2 are for dlustrative purposes only. o various implementations, the
number of feeds in each panel can be different, and can range from a small number, as shown
here, to hundreds or thousands.

{6075] Each panel forms a number of analog beams in the coverage area, with
different panels reusing the frequency spectrum for forming the analog beams. Analog
beams sharing the same frequency band overlap partially or fully, thereby forming a cluster,
which is an area on the ground where digital beams are generated. Table I below shows an
exemplary configuration that is represented by panels per cluster * number of clusters. For
example, the first row shows four panels, each of which forms analog beams for 16 clusters.

In each of the 16 clusters, the analog beams formed by a panel overlap with the analog beams
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formed by other panels. The 8000 feeds are divided amongst the four panels to form analog
beams. Each feed uses a subset of the 128,000 phase shifters that are assigned to the feed to

form analog beams in one or more clusters.

Configuration (Panels Phase Feed Beamformer Processor | Clusters
per cluster*Number Shifters Count
of Clusters) {Thousands)
4x16 128 8000 64 Ports; 16
4 element Beamforming
4x8 64 8000 32 Ports; &
4 element Beamforming
8x4 32 8000 32 Ports; 4
8 element Beamforming
Table 1
16076} Each panel, e.g., each of 204a, 204b, 20c and 2044, is an analog beamformer

panel. Each analog beamformer forms analog beams by combining the phase, delay, or
amplitude, or any combination of these parameters, of some or all the feeds included the
panel. One or more of these parameters are adjusted for each feed to combine into a single
signal. Values of these parameter adjustments determine the location and the shape of the
far-field coverage area on the Earth’s surface, which is the area to be covered by the satellite
footprint.

18077} One or more beamformer processors control some, or all, of the panels or
analog beamformers to adjust one or more of the phase, delay and amplitude parameters of
the constituent feeds such that the analog beams that are formed by these feeds point to an
overlapping far-field coverage area on the Earth’s surface. The overlapping coverage area is
referred to as a cluster. The analog beams in each cluster are fed to one or more digital
beamformer processing logic, which form hybrid beams, e g, digital beams that are
generated by combining the amplitude, phase, or delay, or a suitable combination of these
parameters, of the analog beams. The hybrid beams have smaller coverage areas within the
overlapping coverage area of the analog beams, e.g., within the cluster.

{0078} In FIG. 2, a far field coverage area formed by analog beams generated by one
or more panels of the spacecraft 200, e.g., panels 204a, 204b, 204¢ and 204d, among others,
is represented by 210, Une or more analog beams generated by the panels overlap in the far
field coverage area within the region 212, which represents a cluster. One or more hybrid
beams, e.g., 214a, 214b, 214¢ and 2144, are generated within the cluster region 212 by
combining the overlapping analog beams to create digital beams. As noted previously, each

hybrid beam is a digital beam that is generated by combining underlying analog beams.
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{6079] As shown in FIG. 2, the hybrid beams can be of different shapes and/or sizes.
For example, hybrid beams 214a and 214b are of the same size and shape. However, hybrid
beam 214c is of a different size and shape than the beams 214a and 214b. Hybrid beam 214d
is also of a different size and shape than the hybrid beams 214a, 214b and 214c¢.

{¢080] As described in detail below, the number of hybrid beams that are formed ina
cluster can vary from cluster to cluster. For example, some clusters may have a large number
of hybrid beams. Some clusters may have only a single hybrid beam that ts formed by
combing all the analog beams corresponding to the cluster.

{0081] FIG. 3 illustrates an example of a hybrid beamformer processing circuitry 302
in a spacecraft for generating hybrid beams, e.g., 314a, 314b, 314c and 314d, among others.
The spacecraft hybrid beamformer processing circuitry 302 includes X analog beamformers
(K is an integer and K > 0), such as 304a, 304b, 304¢ and 304d. The spacecraft hybrid
beamformer processing circuitry 302 also includes a digital beamformer 306. In some
implementations, the spacecraft is a satellite, e.g., satellite 105, and the processing circuitry
302 1s present in the satellite 105, The spacecraft hybrid beamformer processing circuitry
302 1s also referred to as hybrid beamformer 302,

10082] In some implementations, the spacecraft hybrid beamformer processing
circuitry 302 includes a combined onboard processor with logic for controlling the analog
beamformers to form analog beams, and logic for the digital beamformer 306 to form digital
beams. o some implementations, the spacecratt hybrid beamformer processing circuitry 302
includes separate onboard processors for controlling the analog beamformers that are
different from the digital beamformer 306, The following description s applicable both
implementations.

{0083] Each analog beamformer, e.g., 304a, 304b, 304c¢ and 3044, s a panel that
includes one or more feeds, as described above. In some implementations, there are four
analog beamformers (X = 4}, as shown in FIG. 3. However, in other implementations, there
are different numbers of analog beamformers on the spacecraft (e.g, K =2, 5, 8, 13, 16, 24,
among other values). In some implementations, the analog beamformers correspond to direct
radiating array (DRA) panels. Each DRA panel includes one or more feeds. In some
implementations, the analog beamformers correspond to parabolic reflectors. In such cases,
each analog beamformer is a parabolic reflector that includes one or more feeds. Other
configurations of the analog beamformers are also possible.

{6084] The spacecraft includes N x N feeds (N is an integer and N> 0}, In some

implementations, N 1s on the order of hundreds or thousands, e.g, as shown in Table I In the
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processing circuitry 302, the N x NV feeds are divided evenly among the four analog
beamformers 304a, 304b, 304¢ and 304d, such that each analog beamformer includes N/2 x
N/2 feeds. However, in some implementations, the number of feeds included in an analog
beamformer can vary, e.g., as discussed above with respect to the panels 204a, 204b, 204¢
and 204d.

{0085] As shown, 1 some implementations, each analog beamformer, e.g., 304a,
304b, 304¢ and 304d, conirols the constituent N/2 x N/2 feeds to generate ¥ analog beams (¥
is an integer and ¥ > 0). In some implementations, an analog beamformer generates each
analog beam by combining each of the coustituent feeds. This 1s the case, for example, when
there are ¥ phase shifters per feed. In other implementations, an analog beamformer
generates each analog bearn by combining a subset of the constituent feeds. In such cases,
the number of phase shifters per feed can be less than ¥, Alternatively, each feed can have ¥
phase shifters, but the analog beamformer does not use all the feeds for each beam. In some
implementations, different analog beamformers can generate different numbers of analog
beams.

{0086] As shown, in some implementations, the K analog beamformers generate up to
a total of K*Y analog beams. Analog beams from one or more analog beamformers overlap
with each another in a far field coverage area, forming a cluster. For example, analog beams
312a, 312b, 312¢ and 312d, among others, overlap in part or in full to generate a chuster 314,
In some tmplementations, one or more analog beams from each of the X analog beamformers
overlap to form a cluster. In some implementations, a single cluster is generated by
combining one analog beam from each analog beamformer. In such cases, uptoatotal of ¥
clusters are possible, since each analog beamtformer can generate up to Y beams. In some
implementations, one or more analog beams from a subset of the X analog beamformers
overlap to form a cluster. For example, in some cases, one analog beam per analog
beamformer across half the analog beamformers overlap in a cluster, thereby forming up to
2Y clusters.

{6087] In some implementations, the overall frequency spectrum available to the
spacecraft is reused by each analog beamformer, which divides the available frequency
spectrum between the analog beams that the beamformer generates. Analog beams from
different analog beamformers that have the same frequency band overlap to form a cluster.
In such cases, the frequency band in each cluster is different from the frequency band in

adjacent clusters. However, frequency bands can be reused amongst non-adjacent clusters.
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{6088] In some cases, the spacing between the panels or analog beamformers is
configured to roaximize the communications capacity of the spacecraft by allowing a tighter
cluster of beams, while limiting digital side lobes. The digital side lobes are also referred to
as grating lobes, which are caused by the wide spacing between panel centers. The wider the
spacing, the closer in are the digital side lobes or grating iobes to the main beam. In this
context, maximizing the communications capacity refers to achieving a highest
communications capacity of a communications link created by the satellite that is achievable
in view of the physical constraints of the satellite hardware, or the communications medium
{e.g., air), or both. In some implementations, maximizing the commuunications capacity refers
to achieving an upper limit data rate that is configured by the satellite administrator.

{0089] A larger spacing between the panels results in clusters that are closer together,
allowing for a tighter cluster of beams, which thereby improves communication capacity.

The digital beam gains are also closer to beam center of the underlying analog beams, and the
gain roll off before a beam can re-use the frequency band is reduced. The larger inter-panel
spacing also reduces the digital beam size, while improving the maximum capacity.
However, too much increase in spacing can adversely impact performance due to interference
from digital side lobes, which are described below.

{06090} As shown, 10 some implementations, the K analog beamformers feed the K%V
analog beams to the digital beamformer 306 to generate hybrid beams. For each overlapping
cluster of analog beams, the digital beamformer 306 divides the corresponding frequency
band into channels, and generates a digital beam for each channel by combining the analog
beams in the cluster, as described previously. The digital beamformer 306 can generate
potentially hundreds or thousands of digital beams covering the cluster area defined by the
EOC of the analog beams in the cluster. For example, as shown in FIG. 3, the digital
beamformer 300 generates hybrid beams, such as 314a, 314b, 314¢ and 3144, in the cluster
314, where each hybrid beam is assigned a frequency channel that is a part of the overall
frequency band covered by the analog bears in the cluster 314, such as analog beams 312a,
312b, 312¢ and 312d. Although only one digital beamformer 306 is shown, in some
implementations, the spacecraft hybrid beamformer processing circuitry 302 includes more
than one digital beamformer.

{0091} In the above manner, the spacecraft hybrid beamtormer processing circuitry
302 functions as a hybrid beamformer that creates hybrid beams by generating digital beams
using combinations of overlapping analog beams. In doing so, the hybrid beamformer allows

the analog beamtormers, e.g., 304a, 304b, 304¢ and 3044, to support a large number of feeds
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and the digital beamformer e.g., 306, to create a large number of beams for providing
coverage. The number of clusters that are formed correspond to the number of regions that
have to be covered for communications coverage. As opposed to pure digital beamforming,
where digital beams can be created in any region, in hybrid beamforming, the digital
beamformers in the spacecraft are constrained to create the hybrid beams, 1.e., the digital
beams, within the coverage areas of the underlying analog beams. The analog beamformers
combine the analog beams to provide the contours of the coverage areas tn which the digital
beams are generated.

[06092] As described above, with the same analog beamforming hardware to create X
beams, the hybrid beamformer supports up to X times the bandwidth; K times the coverage
area; and higher EOC gain over most beams. The spacecraft hybnd beamforrer processing
circuitry 302 thereby addresses the hardware constraints of analog beamformers to support a
large number of beams (e.g., in the order of hundreds or thousands), since every analog beam
requires one phase shifter per feed, and addresses the processing constraints of digital
beamformers to process a large number of feeds.

{6093} In general, in some implementations, for a spacecraft with N x N feeds and &

panels/analog beamformers, the N x N feeds can be evenly divided among the K analog

AT

beamformers such that each analog beamformer gets NA/Kx NAK feeds. If each analog
beamformer forms ¥ analog beams, then a total of K*¥ analog beams are generated by the
processing circuitry on board the spacecraft. In some implementations, K*¥ analog beams
are generated for transmitting data, and ancther £*Y analog beams are generated in the
receive direction. For either direction, the K*Y analog beams are fed to digital beamformers.
In some implementations, one or ruore onboard payload processors include ¥ digital
beamformers, e.g., one for each analog beam in a cluster. In some implementations, each
digital beamformer includes circuitry for K x & beamforming, e.g., K inputs and K outputs.
For each cluster, the ¥ digital beamformers channelizes the available bandwidth into 7
channels (7 is an integer and Z > 0), and generates Z digital beams within the cluster coverage
area by combining the analog beams that overlap to form the cluster. Each digital bean 13
assigned one of the Z channels. Accordingly, a total of K*V*Z hybrid beams are formed.
[6094] As an example, in some cases, the processing circuitry in a satellite, e g,
satellite 105, includes 8 panels or analog beamformers, each with 16 x 10 feeds. The 8
analog beamformers correspond to 8 parabolic reflectors, with the feeds for each analog

beamformer coupled to a separate parabolic reflector. Each analog beamtormer forms 16
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analog beams. The analog beamformer circuitry in the satellite therefore generates 128
analog beams in the transmit direction, and 128 analog beams in the receive direction. The
transmit and recetve analog beams are fed to a digital beamformer, which includes two
processors. Each digital beamftormer processor, which is capable of 8x8 beamforming, has
64 input ports and 04 output ports, with 2.5 GHz bandwidth per port. Each processor divides
the available bandwidth in to 12.5 MHz channels. A total of up to 22,000 hybrid beams, e.g,,
digital beams formed by combining the analog beams, can be generated with this
configuration of the satellite processing circuitry for hybrid beamforming.

[0095] In some implementations, each hybrid beam covers analog bearnwidth
corresponding to 3 decibels (3 dB). As described above, the available analog bandwidthin a
cluster 1s divided into a large number of digital beams, e.g., the digital beams in each cluster
can range from tens to hundreds or thousands. In some umplementations, the number of
digital beams generated in a cluster depends on a target degradation 1n signal power from the
beam peak, e g., center, of a digital beam to the edge of the digital beam. For example, in
some cases, the target degradation in signal power 15 0.5 dB such that the digital edge of cell
1s near the beam peak. In these cases, a sufficient nurnber of digital beams are generated such
that the digital edge of cell. less than 0.5dB down compared to the beam peak. In some
implementations, the peak gain of a digital beam, e.g. the beam peak, 15 10%logio(X) dB
higher than analog beam, where X is the number of analog beamformers, as described above.
{6096} In the above manner, a spacecraft, e.g., a satellite, performs hybrid
beamforming. To summarize, the satellite uses transmit and receive antennas that utilize a
hierarchical structure, in which multiple feeds are arranged in a panel, and multiple panels
coordinate to form beams to cover a target area. Each panel uses analog amplitude (or gain},
delay or phase adjustment, or any combination of these, to combine signals for multiple feeds
in the panel, to create analog beams 1o clusters 1o the far field covering regions of the target
area. The values of the amplitude (or gain}, delay or phase adjustments determine positions
of the far-field coverage areas. Digital beamformer processors use amplitude (or gain), delay
or phase adjustment, or any combination of these, to combine analog beam signals from one
or more panels to generate hybrid beams in each cluster. In this manner, the analog
beamformer panels and the digital beamformer processors form hybrid beams in a
hierarchical structure. The analog and digital amplitude (or gain), delay or phase adjustments
are configurable, and modification of these parameters aliows the clusters of coverage areas

in the far field to be moved.
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{6097] In some implementations, the spacecraft, e.g., satellite 105, combines

)
electronically steerable antennas with digital beams for hybrid beamtorming. o such cases,
the electronically steerable antennas are used in place of feeds to delineate coverage areas in
which clusters of digital beams are formed.

(098] FIGS. 4A and 4B present comparative illustrations of coverage provided
respectively by analog and hybrid beams in a target area 400 on the Earth’s surface. FIG 4A
shows analog beams, such as 402a, 402b and 402¢, among others, covering regions in the
target area 400, which is within the footprint 420 of a spacecraft, e.g., satellite 105, The
analog beams are formed by analog beamformers described above. FIG. 4B shows clusters
of hybrid beams, such as 410a, 410b and 410c, among others, providing coverage in similar
regions 1o the target area 400, As described above, a hybrid analog/digital beamformer torms
the hybrid beams in each cluster, e.g., 410a, 410b and 410c¢, by combining col-located or
overlapping analog beams in the corresponding cluster to generate digital beams, each of
which occupies a frequency channel in the overall spectrum covered by the analog beams in
the cluster.

{06099] As shown in FIG. 4B, each cluster, e g, 410a, 410b and 410c¢, includes many
hybrid, i.e., digital beams. By forming analog beams in each cluster using a subset of the
total feeds in the spacecraft (e.g., using one or moore beams per analog beamformer), the
coverage area of each cluster is larger, as shown, compared to the coverage area of an analog
beam that is formed using all the feeds in the spacecraft. FIG. S presents a comparative
illustration of examples of coverage areas 502 and 504 respectively provided by a pure
analog beam and overlapping analog beams formed using a hybrid beamformer. Considering
a configuration for a spacecraft with N x N feeds, the coverage area 502 represents an area
covered by an analog beam formed using all N x N feeds, e.g., when analog-only
beamforming is used. If the spacecraft inchudes K panels or analog beamtormers, in which
the N feeds are evenly divided among the X analog beamformers such that each analog
beamformer gets NAVEKx NAK feeds, then coverage area 504 represents an area covered by
overlapping analog beams in a cluster that includes one analog beam from each analog
beamformer, e g, when hybrid beamforming is used. Each analog beam in the coverage area
504 1s formed by 1/K feeds if all the feeds in a panel are used to form the analog beam.
180100] The beamwidth from the peak to the EOQOC in both coverage areas 502 and 504
is the same {(e.g., 3 dB beamwidth EOQC). Given the larger coverage area in hybrid

beamforming, the peak gain of the overlapping analog beams in the cluster is lower than the
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peak gain of analog-only beamforming. For example, the peak gain of the analog beams in
the coverage area 504 13 10logio(K) dB lower compared to that of the analog beam in the
coverage area 502, As a numerical example, in some implementations, the peak gain of the
analog beams in the coverage area 504 1s 6 dB less than the peak gain of the analog beam in
the coverage area 502.

{00101} The loss in peak gain for the analog beams in hybrid beamforming can be
recovered by the hybrid beams. For example, in the configuration described above in which
K analog beams overlap in a cluster (e.g., one analog beam from each of X clusters) and are
combined to form hybrid beams, then the peak gain of each hybrid beam 1s 10logio(K) dB
higher than the underlving analog beams in the cluster.

{00102} Although FIGS. 4A and 4B show approximately circular coverage areas, in
some implementations, the coverage areas can be arbitrarily shaped to effectively cover users,
FIG. 6 illustrates an example of hybrid beamforming to fully cover a non-circular shaped
region 600. A spacecraft, e.g., satellite 105, provides coverage to the region 600. In some
implementations, the region 600 is part of a larger target area, e.g., the target area 400. A
hybrid beamformer on board the spacecraft creates multiple analog beams, such as 602a,
602b and 602¢, among others, that are spread out to fully cover the region 600. As shown, all
the analog beams are not co-located. For example, analog beams 602a and 602¢ partially
overlap with one another, and analog beams 602b and 602¢ partially overlap with one
another, but analog beams 602a and 602b do not overlap. By spreading the analog beams in
this manner, the hybrid beamformer can cover an arbitranily shaped target area.

{00103] The hybrid beamftormer combines the analog beams, e g, 602a, 602b and
602¢, among others, to create many {e.g. hundreds or thousands) of unique hybrid (e.g.,
digital) beams, such as 604a, 604b and 604c. The hybrid beamformer generates a sufficient
number of hybrid beams so that the edge of cell of the digital beams is near the beam peak
(e.g., less than 0.5 dB down from the beam peak to edge of cell}, as described previcusly.
However, since the analog bearns are spread out, the peak gain of a hybrid beam 1s lower,
compared to the case where all the analog beams are co-located {e.g., in a circular coverage
area).

{00104] FIGS. 7A and 7B dlustrate examples of ditferent cluster shapes that can be
formed using hybrid beamforming. As described previously, a cluster is an area on the
ground that can support hybrid beams. A cluster is formed by overlapping, partly or fully,
analog beams formed by analog beamformers, e.g., 304a, 304b, 304¢ and 304d shown

previously. FIG. 7A shows that a cluster 702 can be approximately circular, e.g., when all

22



WO 2018/064474 PCT/US2017/054292

the analog beams overlap with one another. A cluster can also be arbitrarily shaped, e.g.,
cluster 704, This 1s the case, for example, when the analog bearns are spread out to cover the
target area, such as described with respect to the region 600, In some implementations,
clusters of different shapes, such as clusters 702 and 704, are formed to cover ditferent
regions of the target area, with these clusters coexisting. In some implementations, the
shapes of the clusters are determined to meet specified performance requirements at EOC.
100105 A number of hybrid beams, which are digital beams formed by combining the
analog beams in a cluster, are generated for each cluster. For example, cluster 702 includes
hybrid beams 702a, 702b and 702¢, among others, while cluster 704 includes hybrid beams
704a, 704b and 704¢, among others. The number of hybrid beams can range from tens to
hundreds or thousands. In some implementations, the hybnid beams are tightly packed
together to provide continuous coverage in the region corresponding to the cluster, e.g., the
hybrid beams 604a, 604b and 604¢, among others, in the region 600, In some
implementations, the hybrid beams are iess densely packed to cover only areas where users
are present. For example, the hybrid beams 702a, 702b and 702¢, among others, in the
cluster 702 are less tightly packed than the hybrid beams 604a, 604b and 604¢. In some
cases, the hybrid beams are spread out even further to cover selected portions in a cluster.
For example, there are wide gaps between the hybrid beams 704a, 704b and 704c¢, among
others, in the cluster 704, indicating areas where no beam coverage exists. This can be the
case when coverage is provided in less populated areas. In some implementations, clusters
with different densities of hybrid beams coexist to cover different regions in a target area,
where the different regions have different coverage requirements. For example, clusters 702
and 704 can coexist with the respective configurations of hybrid beams as shown.

{60106] As noted previously, hybrid beamforming clusters can be K times larger in
area than for similar analog beams in analog-only beamforming (where K is the number of
analog beamformers). The full frequency spectrum (uplink and downlink) can be re-used
multiple times, and up to K times in some cases. The hybrid beams match the yield of the
underlving analog beams with same or higher gain. In some implementations, wider
bandwidth usage by the hybrid beams provides higher capacity because lower modulation
codes are much more power efficient compared to higher modulation codes.

100107] FIG. 7B shows some examples of varying cluster shapes that can be achieved
using hybrid beamforming. A hybrid beamformer, e.g., the spacecraft hybrid beamformer
processing circuitry 302, can form clusters shaped as in clusters 710a and 710f, square

clusters such as 710b, parallelogram shaped clusters such as 710¢ and 710d, or semi-
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cylindrical shaped clusters such as 710e, among other cluster shapes. Each of the clusters
710a, 710b, 710c¢, 710d, 710¢ and 710f cluster shapes can fully re-use the frequency spectrum
available for hybrid beamforming. The entire spectrum can be assigned to any part of a
cluster. Combinations of these shapes overlapped in a single cluster can be created by
segmenting the frequency band, and assigning each band segment to a different cluster shape.
Size of any dimension of a cluster can also be adjusted. For example, in some
implementations, up to +/- 10% of the optimal shape of a cluster can be adjusted with
sacrificing 0.5 dB in gain, but without any change in the carrier to interference (C/1) ratio.
{60103] FIG. 8 tllustrates an example of a process 800 for forming hybrid beams. In
some implementations, the process 800 is performed by hybrid beamformer processing
circuitry in a spacecraft, e.g., by the spacecraft hybrid beamformer processing circuitry 302,
which includes one or more analog beamformer processors 304a, 304b, 304¢ and 3044, and
one or more digital beamformer processors such as 306. As described previously, in some
implementations, the spacecraft is an orbiting satellite, such as the satellite 105, Accordingly,
the following section describes the process 800 with respect to the spacecraft hybrid
beamformer processing circuttry 302, However, the process 800 also can be performed by
other processing circuitry configurations, and/or by other types of spacecraft.

{60109] In some implementations, the hybrid beamformer processing circuitry,
referred to henceforth interchangeably either as hybrid beamformer or processing circuitry,
executes one or more instructions to perform the process 800, These instructions are stored
in memory, e.g., flash memory, hard disk or some other suitable memory, which is coupled to
the hybrid beamformer on board the spacecraft. Alternatively, in some implementations, the
instructions are sent to the hybrid beamformer on board the spacecraft from the ground, e.g.,
through satellite gateway 110 or 125

{00110} The process 800 starts at 802, in which a target area for communications
coverage 1s determined. For example, the hybrid beamformer processing circuitry 302
determines an area on the Earth’s surface for communications coverage, such as target area
400, In some implementations, information about the target area, e.g., coordinates of the
area, are sent to the hybrid beamformer on board the spacecraft, e.g , as part of
telecommuntcations commands from ground stations via the satellite gateways 110 or 125,
{00111} At 804, the hybrid beamformer divides the target area into a plurality of
regions. For example, the hybrid beamformer processing circuitry 302 divides the target area
400 into a plurality of regions. In some implementations, the plurality of regions includes the

region 600. lo some implementations, the plurality of regions is determined based on the
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presence of user population in the target area, or the communications requirement in various
regions, or both. For exaruple, ouly regions in the target area where users are present are
selected in some cases, while uninhabited areas are avoided. Additionally or alternatively, in
some cases, areas where communications equipment are present, such as data gathering
apparafus, or areas where users are predicted to be present within a known time period, such
as a shipping channel in an ocean, are selected in some cases.

{00112 At 806, the hybrid beamformer controls a subset of panels of feeds on the
spacecraft to generate analog beams for each region, thereby forming a cluster, with each
panel generating one or more analog beams of the cluster. For example, the hybrid
beamformer processing circuitry 302 controls the analog beamformers 304a, 304b, 304¢ and
3044 to generate analog bearus for each identified region of the target area where
communications coverage is to be provided. An analog beamformer generates an analog
beam by combining the phase, delay, gain, or any combination of these, of the feeds in the
corresponding panel of the analog beamformer.

{00113} As described previously, in some implementations, one or more analog beams
formed by each analog beamformer are provided to each region. In some cases, each region
is provided one analog beam from each analog beamformer. If an analog beamformer can
form Y analog beams (e g, there are ¥ phase shifters per feed 1n the panel), thenup to ¥
clusters can be generated, thereby covering up to ¥ regions. With & panels present on the
spacecrafl, a total of up to K*Y analog beams can be generated, as described earlier.

{001 14] In some tmplementations, one or more analog beams formed by a subset of
analog beamformers are provided to each region. For example, analog beams formed by half
the analog beamformers, such as 304a and 304b, cover a first group of regions, while analog
beams formed by the other half the analog beamftormers, such as 304¢ and 3044, cover a
second group of regions, which are different from the first group of regions. As described
previously, in such cases, up to 2*¥ clusters can be formed, using the example configuration
above. Other configurations are also possible, as described further below. For example, all
the analog beams from all the panels can be formed to overlap with each other in some cases,
thereby covering a single region.

{00115 In some cases, all the analog beams in a cluster can overlap, e.g., as shown
with respect to analog beams 312a, 312b, 312¢ and 312d. In some cases, the analog beams in
a cluster can be spread out, e.g., as shown with respect to analog beams 602a, 602b and 602¢.
The shape of a cluster is determined by the number of analog beams present in the cluster,

and the way the analog beams overlap. For example, if all the analog bearns overlap to the
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greatest extent, such as analog beams 312a, 312b, 312¢ and 3124, then a circular shaped
cluster 1s generated, such as cluster 702. However, if the analog beams are spread out, then
clusters of arbitrary shapes can be formed, such as clusters 704, 710a, 710b, 710¢, 710d, 710e
and 710f In some implementations, the number of analog beams in a region, and the relative
positions of the analog beams in the region, are determined to maximize the coverage gain
over the region.

{00116} At 808, the hybrid beamformer generates, in each cluster, one or more hybrid
beams from the analog beams in the cluster, with each hybrid bean corresponding to a digital
beam formed by combining one or more analog beams in the cluster. For example, the
hybrid beamformer processing circuitry 302 controls the digital beamformer 306 to generate,
for each region, digital beams by combining the analog beams in the cluster corresponding to
the region. The digital beamtormer combines the magnitude, delay, or phase, or any
combination of these parameters, of the analog beams in the region to form the digital beams
for the region.

{00117} As described previously, each cluster of hybrid beams provides coverage over
a wider area compared to analog beams formed using analog-only beamforming, e.g., as
shown by clusters 410a, 410b and 410¢ in comparison to analog beams 402a, 402b and 402¢.
Depending on the coverage requirement, the relative positions of hybrid beams in a cluster
can be different from that of other clusters. The coverage requirement depends, on the gain
roll off from the peak to the EOQC of the hybrid beams, or the locations of users, among other
factors, as described previously. For example, the hybrid beams can be tightly packed ina
cluster, e.g., as shown with respect to hybrid beams 604a, 604b and 604¢. In some
implementations, the hybrid beams are tightly packed so that edge of digital beam roll off is
negligible {e.g less than 0.5 dB). Alternatively, the hybrid beams can be more loosely
packed, e.g., as shown with respect to hybrid beams 702a, 702b and 702¢, or the hybnd
beams can be spread out such that some hybrid beams are distant from other hybrid beams in
a cluster, e.g., as shown with respect to hybrid beams 704a, 704b and 704c¢.

{00118} In some implementations, additional bandwidth is put into hybrid beams that
require higher capacity. The available frequency spectrum within a region can be completely
re-used up to K times (when there are X analog beamformers), depending on the relative
distribution of the hybrid beams within the region. In some implementations, the frequency
spectrum s reused a lower number of times than XK, depending on the target C/1 and the

relative distribution of the hybrid beams within the region.
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{00119} At 810, the hybrid beamformer checks whether every region in the target area
is covered. For example, after generating hybrid beams for a selected region in the target
area 400, the hybrid beamformer processing circuitry checks whether hybrid beams for other
identitied regions in the target area are yet to be generated. If every region is not covered,
e.g., one or more regions are remaining for which hybrid beams are yet to be generated, then
the hybrid beamformer repeats the process at 806 and 808 until all the identified regions are
covered. When hybrid beams have been generated for all the tdentified regions, then the
hybrid beamforming generation process 800 ends.

{00120] In some implementations, one or more clusters of hybrid bearns coexist to
provide simultaneous coverage to multiple regions, as described previously. However, in
some cases, the number of regions to be covered can be more than the number of clusters that
can be simultaneously supported by the analog beamtormers in the spacecraf, e.g., the
satellite 105, or regions may be far apart such that all the regions are not simultaneously
within the footprint of the spacecraft at a time. In such cases, the hybrid beamformer
circuitry on board the spacecraft covers all the regions by forming clusters of hybrid beams in
the different regions in successive intervals of tirne, with a subset of the regions being
covered at a time interval. The spacecraft “hops” from one location to ancther location
through a sequence of locations in the far field coverage area. In some implementations, air
interfaces or commrunications protocols, such as DVBS2X, can synchronize transmissions
with sateliite hopping to provide a service to both hopped cluster locations.

100121} The spacecraft, e.g., the satellite 105, can hop from one location to ancther
using one of several different hopping patterns, which include: (i) analog only hopping; (i1}
analog/digital hopping, and (iii) digital only hopping. In analog only hopping, the spacecraft
systematically changes the analog coefficients for the feeds in each panel to result in the
cluster of hybrid beams hopping from one location to another. This has the effect of a cluster
hopping from one location to another due to change in the coverage area of the overlapping
analog beams. The relative positions and shapes of the hybrid beams within a cluster remain
unchanged. In some implementations, analog only hopping is achieved by the analog
beamformers making a single delay or gain adjustment to coefficients of the analog beams
before the analog beams are fed to the digital beamformer processor. In some
implementations, delay and gain adjustments on each analog signal ensures that the relative
positions and performance of the digital beams are unchanged.

{00122 As an example of analog only hopping, in some cases, the cluster 410a {(or the

cluster 410b, 410¢, 702 or 704, arnong others) hops from a first location in a first time
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interval to a second location in the next time interval. The analog beamformer processors,
e.g., 304a, 304b, 304¢ and/or 304d, adjust the coefficients of the analog beams in the cluster
410 such that the terrestrial region covered by these beams changes. However, the
coefficients of the digital beams formed by the digital beamformer using these analog beams
rematn unchanged, and therefore the relative positions and shapes of the hybrid beams within
the cluster 410a remain unchanged.

{00123} In some tmplementations, analog only hopping occurs in a scheduled
repeating loop. For example, a cluster of digital beams will provide coverage to a first
focation for a first period of time; and then re-orient the corresponding analog beams to
provide coverage to a second location for a second period of time, and so on, before returning
to the first location to again provide coverage for the first period of time.  In some
implementations, the first period and second period are preselected. In some
implementations, the first period and second period can be dynamically determined,
depending on the coverage requirements. [n some implementations, one or more periods are
the same. In other implementations, every period is different.

{00124} In analog/digital hopping, the hybrid beamformer processing circuitry on
board the spacecraft changes both analog and digital coefficients to result in a cluster of
hybrid beams hopping from ouve location to another. The relative positions and shapes of the
digital beams within a cluster change, along with change in the location (and, in some
implementations, shape) of the analog coverage area. In some implementations, the analog
coefficients are adjusted on a scheduled repeating basis. The digital beam coefficients are
also adjusted on a scheduled repeating basis, with adjustments to the digital beam coetticients
synchronized with adjustments to the analog coefficients. In some implementations,
analog/digital hopping results in changes to beam-to-beam routing as well as channel
bandwidths.

{00125] As an example of analog/digital hopping, in some cases, the cluster 702 hops
from a first location in a first time interval to a second location 1n the next time interval, The
analog beamformer processors, €.g., 304a, 304b, 304¢ and/or 3044, adjust the coefficients of
the analog beams in the cluster 410 such that the terrestrial region covered by these beams
changes, and the shape of the cluster also changes to that of cluster 704. The digital
beamformer processor 306 also adjusts the coefficients of the digital beams that are formed,
and therefore the relative positions and/or shapes of the hybrid beams within the cluster 702
change, for example from the relative orientations of hybrid beams 702a, 702b and 702¢ to

the relative orientations of hybnid beams 704a, 704b and 704c¢.
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{60126] FIGS. 8A and 8B illustrate examples of analog only hopping 820 and
analog/digital hopping 830. As shown in FIG. 8A, in analog only hopping, a cluster 822 hops
from a first location represented by 822a to a second location represented by 822b, and then
to a third location represented by 822¢, by changing the orientations of the analog beams.
However, there is no change in the relative posttions and shapes of the hybrid beams within
the cluster, such that the overall shape of the cluster 822 remains unchanged. The example in
FI(3. 8A further shows that the cluster 822 performs analog only hopping in a scheduled
repeating loop, revisiting locations it had covered in previcus time intervals. For example,
after covering locations 822b and 822¢, the cluster 822 returns to provide coverage to
focation 822a in a new time period.

{60127} FIG. 8B shows that in analog/digital hopping, a cluster 832 hops from a first
location represented by 832a to a second location represented by 832b, and then to a third
location represented by 832¢, by changing the orientations of the analog beams. At the same
time, the relative posttions and shapes of the hybrid beams within the cluster change, such
that the overall shape of the cluster 832 in each location is different. For example, the shape
of the cluster 832 1n location 832a 1s different tfrom the shape of the cluster 832 in location
332b, which is different from the shape of the cluster 832 in location 832¢.

[00128] In digital only hopping, the hybrid beamformer processing circuitry on board
the spacecratt changes the digital coefficients to result in digital coverage areas hopping
within the analog coverage area. In such cases, the relative positions and shapes of the hybrid
beams within a cluster change, but the analog coverage area does not change. For example, in
some implementations, the digital beamformer 306 changes the digital coefficients for the
cluster 702, such that the relative positions of the hybrid beams 702a, 702b and 702¢ within
the cluster 702 changes from one time interval to another. However, the terrestrial region
covered by the underlying analog beams in the cluster 702 does not change.

180129} In some implementations, the hopping patterns described above are enabled
for any uplink or any downlink communications channel. In such cases, a router in the
processor on board the spacecraft facilitates a connection between a downlink and an uplink.
In some implementations, the duration of each hop is configurable, e g, by an operator of the
spacecrafl, such as a satellite network administrator. In such cases, the time interval of
coverage provided by the spacecraft in some regions can be different than the coverage time
interval provided in some other regions. In some implementations, the analog coefficients, or

digital coefficients, or both, are configurable for each hop. In such cases, the shape and size
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of a cluster can vary from one hop to another. Further, the relative positions and sizes of the
digital beams 1o a particular cluster can also vary from one hop to another.

180130 In some implementations, the hybrid beams formed by a hybrid beamformer
can of four beam types. A first hybrid beam type is full cluster beams, also referred to as
“type 17 beams, which are clusters of digital beams that move over the coverage area and that
are created using all the panels. In type I beams, a cluster includes one analog beam per
panel for all the panels in the spacecraft, and digital beams are generated within the footprint
of overlapping analog beams in the cluster.

{60131} When type 1 beams are used, a cluster can be resized and/or reshaped as
required. Type 1 beams support reuse of the frequency bands up to K times, where K is the
total number of panels or analog beamformers, with each contributing an analog beam to a
cluster. For type 1 beams, up to £ tull cluster beams can be supported due to frequency
reuse, where P = K * number of frequencies. Type | beams are used to provide coverage for
high capacity areas that are bandwidth limited locally and power limited globally.

{00132} Type | beams can be used to provide coverage with either a uniform laydown
of beams, or a non-uniform laydown of beams. In uniform laydown of type 1 beams, the
beam pattern is repeated across all digital beams in each cluster. A uniform or ordered
pattern is used within a cluster, e.g., as shown with respect to hybrid beams 314a, 314b, 314¢
and 314d, but the pattern can vary from one cluster to another cluster. The hybrid or digital
beams are distributed across the cluster using a frequency reuse plan. Uniform laydowns can
support frequency re-use of the spectrum K times, where K is the number of panels or analog
beamformers. Ground terminals can access the spacecraft, e.g., satellite 105, from any
jocation within the cluster.

{00133] In non-uniform laydown of type 1 beams, hybrid bears within a cluster can
have different arbitrary patterns. In some implementations, non-uniform laydown is used
when the exact locations of ground terminals are known. The beam patterns within a cluster
are optimized with respect to the demand profile and the geographic distribution of terminals.
The frequency reuse depends on the distribution of ground terminals in a cluster.

{00134] FIG. 9 shows an example use case where type I beams are used in clusters
910, 920 and 930 in a non-uniform laydown. The clusters 910, 920 and 930 covers users in
close proximity within each cluster, as shown. The hybrid beams in each cluster are formed
to cover user populations in a non-uniform lavdown. The clusters 910, 920 and 930 reuse the
respective available frequency spectrum 2.1 times. For example, in cluster 910, hybrid

beams 912a, 912b and 912¢ reuse the same frequency channel three times; hybrid beams
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914a, 914b and 914c reuse another frequency channel three times; and hybrid beam 916 uses
its own frequency channel. In cluster 920, hybrid beams 922a and 922b reuse the same
frequency channel twice; hybrid beams 924a and 924b reuse another trequency channel
twice; and hybrid beam 926a and 926b reuse a third frequency channel twice. In cluster 930,
hybrid beams 932a, 932b and 932¢ reuse the same frequency channel three times; hybrid
beams 934a and 934b reuse another frequency channel two times; and hybrid beam 936 uses
a third frequency channel.

{80135] A second hybrid beam type is partial cluster beams, also referred to as “type
27 beams, which are clusters of beams that move over the coverage area and that are created
out of a subset of panels. In type 2 beams, a cluster includes analog beams generated by some
of the panels in the spacecraft, and digital beams are generated within the footprint of
overlapping analog beams in the cluster. A cluster with type 2 beams can be resized and/or
reshaped as needed. Type 2 beams can be used in high capacity areas that are bandwidth
fimited locally and when only a subset of panels are available for use. This can be the case,
for example, when a spacecraft, e.g , satellite 105, is configured to cover a large number of
focations using a limaited nuraber of beams, such as when the sateilite 105 1s a Low Earth
Orbit (LEQO) satellite that is moving in its orbit.

[60136] A third hybnd beam type is simple beams, also referred to as “type 37 beams,
which are similar to beams formed in an analog direct radiating array that uses the same
number of total feeds. However, the type 3 beams can be narrow band. All the panels are
used to create one analog beaimn, and a single digital beam is generated from the analog beam.
{00137} A simple beam can be formed into any shape. During a pass over a target
region, a simple beam can be reshaped to maintain a constant coverage area and Power Flux
Density (PFD) levels. A single satellite spacecraft can support up to K simple beams, where
K is the number of panels in the satellite. Each simple beam can completely reuse the
frequency spectrum available to the spacecratt. In some cases, simple beams are used in
power lirnited areas that have plenty of frequency spectrum.

{60138} A fourth hybrid beam type is split beams, also referred to as “type 4 beams,
which are beams with double the beam width of a simple beam. For type 4 beams, the total
number of panels ts split into groups, and each group of panels is used to create a different
beam in a manner similar to that of simple beams. For example, in some implementations,
two type 4 beams are created — one from half of the panels, and the second from the other
half of the panels. A split beam can be formed into any shape. Similar to the simple beams,

sphit beams can be narrow band beams. A split beam has twice the minimum area of simple
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beam, but 3 dB less maximum gain than a simple beam. In some cases, split beams are used
for spectrum hmited satellite views where users are spread out over a wide area. Split beams
are also useful for users near nadir of a coverage region where PFD requirements are lower.
100139] Type 3 or simple beams, and type 4 or split beams, are single hybrid beams
and not clusters of hybrid beams. Therefore, within the region covered by type 3 beams or
type 4 beams, the available frequency is only used once. Accordingly, type 3 or type 4 beams
are useful when user locations are packed so close that frequency reuse cannot be supported.
However, hardware resources {(e.g. panels) that are used for type 3 or type 4 beams can be
moved and shared as required as the gain and coverage requirements vary due to movement
of the spacecraft over the target regions. In some implementations, any or all of type 1, type
2, type 3 and type 4 beams are used to cover a target area, depending on traffic and coverage
requirements.

100140} In some implementations, as the spacecraft, e g, satellite 105, flies overa
target area, hardware resources, e.g., panels of feeds, are transferred among different types of
beams and clusters. For example, at one position of the satellite along its orbit, the hybnid
beamformer circuitry on board the sateliite uses more panels for a first cluster to cover a first
region, and a lesser number of panels for a second cluster to cover a second region that is
within the footprint of the sateliite. As the satellite moves, at a different position of the
satellite along its orbit, the on board hybrid beamformer circuitry dynamically reconfigures
the assignment of panels and increases the panels for the second cluster, while decreasing the
number of panels for the first cluster. In some implementations, the hybrid beamtormer
achieves the reconfiguration by reassigning some of the panels from generating analog beams
for the first cluster to generating analog beams for the second cluster. The dynamic
recontfiguration is performed to allow the capacity in each cluster to be continuously
maximized.

100141} As a spacecraft, e g | the satellite 105, moves along its trajectory and thereby
across a coverage area on the ground, beam requirements to cover users in the coverage area
can change. For example, at one point in the trajectory, users in a particular coverage region
can be far away. As the satellite moves closer to the coverage region due to its movement
along its orbit, the users in the coverage region gradually become closer to the satellite,
When the satellite is directly overhead (referred to as “nadir”), the distance from the satellite
to the users in the coverage region is the shortest of all positions along the satellite’s orbit
{here, positions refer to positions of the satellite along its orbit from where there is line of

sight to the coverage region such that the satellite can provide communications coverage).
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Accordingly, at the nadir, the amount of power and/or antenna gain required by the satellite
to close the communications link 15 the least compared to other positions of the satellite along
the orbit. However, the angular area reguired to cover the users is larger compared to at other
positions of the satellite along its orbit. In view of this, when the satellite is at the nadir of a
coverage region, the satellite can provide coverage to the region using a lower number of
panels, compared to other positions of the satellite along the orbit. By using a lower number
of panels, a lower gain but a wider angular area are achieved.

180142] When the satellite is near the horizon relative to the coverage region {e.g.,
EOC), the distance from the satellite to the users in the coverage region is the longest
compared to at other positions of the satellite along its orbit. In this situation, the amount of
power and/or antenna gain required to close the communications link is the greatest,
compared to at other positions of the satellite along its orbit. At the same time, the angular
area required to cover the users in the region is smaller compared to at other positions of the
satellite along its orbit. In view of this, when the satellite is at the EOC of a coverage region,
the satellite can provide coverage using more panels, compared to other positions of the
satellite along the orbit. This results in a higher gain and a narrower angular area.

100143] Since, in some implementations, the satellite provides coverage to multiple
regions, as one coverage region moves closer to nadir and another coverage region moves
closer to the horizon due to movement of the satellite along its orbit, the hybrid beamformer
processing circuitry on board the satellite transfers panels from providing coverage to one
area to providing coverage to another area. The transfer of panels is done dynamicaily and
seamlessly so that there 15 minimal impact to the communications performance experienced
by the user on the ground, and such that the underlying air interface (e.g., the communication
protocol used to communicate between the satellite and a ground terminal) suffers minimal
negative effects.

100144] FIGS. 10A and 10B illustrate examples of dynamic resource transfer in hybrid
beamtforming to provide communications coverage in multiple regions. FIG. 10A illustrates
an example of resource transfer from type 4 beams to type 3 beams in clusters 1012 and
1014, as a satellite, e.g., satellite 105, moves along its orbit such that the satellite footprint
changes from footprint 1010 to footprint 1020 and then to footprint 1030.

{00145] The footprints 1010, 1020 and 1030 indicate areas on the ground over which
the satellite provides coverage, depending on the satellite’s position along 1ts orbit. The
hybrid beamformer on board the satellite generates hybrid beams to provide communications

coverage to two regions 1012 and 1014 within the target area. As shown, in a first time
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period, when the satellite footprint is 1010, the region 1012 is near the EQC of the footprint,
while the region 1014 15 near the nadir, e.g., close to being directly under the satellite’s
orbital position. More resources, e.g., panels, are generally needed closer to EOQC to provide
coverage with acceptable gain, compared to when the satellite is directly overhead. In this
context, a coverage region 1s at the nadir of the spacecraft when the spacecraft is directly
overhead the coverage region. In contrast, a coverage region is at the EOC of the spacecratt
when the spacecraft is positioned such that the coverage region is at the boundary of an area
covered by the spacecraft’s communications footprint in its present position. More resources,
e.g., panels, are generally needed closer to EOC to provide coverage with acceptable gain,
compared to when the satellite is directly overhead. Accordingly, the hybrid beamformer
assigns four panels to cover the region 1012 that is near the EQC, but assigns one panel to
cover the region 1014 near the nadir. The hybrid beamformer forms type 4 or split hybrid
beams using the four panels in the cluster for region 1012, and forms a type 3 or simple
hybrid beam using the one panel in the cluster for region 1014,

{00146] Due to movement of the satellite, in a second time period, the footprint of the
satellite changes to 1020, as a result of which the nadir moves away from the region 1014,
while moving closer to the region 1012, In this position, the satellite can cover region 1012
with a lesser number of panels than when at footprint 1010, but needs more panels to
effectively cover region 1014. Accordingly, the hybrid beamformer dynamically reassigns
one panel from covering the region 1012 to covering the region 1014, Therefore, in footprint
1020, the hybrid beamformer forms type 4 or split beams using the three panels in region
1012, and also forms type 4 or split beams using the two panels in region 1014

{00147] Due to further movement of the satellite, in a third time period, the footprint of
the satellite changes tfrom 1020 to 1030, as a result of which the region 1014 is near the EOC
of the satellite footprint, while the region 1012 15 close to the nadir. In this position, the
satellite can cover region 1012 with the ieast number of panels than at any other position,
since the satellite 15 almost directly overhead the region 1012, However, the satellite needs
the most number of panels to effectively cover region 1014, since the region 1014 is near the
EOC. Accordingly, the hybrid beamformer further dvnanucally reassigns two panels from
covering the region 1012 to covering the region 1014, thereby bhaving only one panel for
region 1012, but four panels for region 1014, Therefore, in footprint 1020, the hybrid
beamformer forms a type 3 or simple beam using the remaining panel in regton 1012, but

forms type 4 or split beams using the four panels in region 1014.
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{00148] In the above manner, as the position of a first region changes from EOC to
nadit (e.g., region 1012) and the position of a second region changes from vadir to EOC (e g.,
region 1014) due to satellite movement, panels are dynamically transferred from the first
region to the second region to maximize performance and capacity. This effectively reduces
the gain in the first region and expands its coverage to match PFD requirements. At the same
time the gain in the second region 1s improved and the coverage area is narrowed.

100149} FIG. 10B ilustrates an example of resource transfer from type 4 beams to type
2 beams in clusters 1022 and 1024, as a satellite, ¢.g, satellite 105, moves along its orbit such
that the satellite footprint changes from footprint 1040 to footprint 1050.

{00150} The tootprints 1040 and 1050 indicate areas on the ground over which the
satellite provides coverage, depending on the satellite’s position along its orbit. The hybrid
beamformer on board the satellite generates hybrid beams to provide communications
coverage to two regions 1022 and 1024 within the target area. As shown, in a first time
period, when the satellite footprint is 1040, the region 1022 is at the EQC of the footprint
1040. Since more resources, .g., panels, are needed closer to EQC to provide coverage with
acceptable gain, the hybrid beamformer assigns four panels to the region 1022, and forms
type 4 or split beams using the four panels in region 1022

[00151] Due to movement of the satellite, in a second time period, the footprint of the
satellite changes to 1050, as a result of which the nadir is closer to the region 1022, while a
new region 1024 comes within the satellite footprint at the EOC. In this position, the satellite
can cover region 1022 with the least number of panels than at any other position, since the
satellite s almost directly overhead the region 1022. However, the satellite needs the most
number of panels to effectively cover region 1024 near the EOC. Accordingly, the hybrid
beamformer dynamically reassigns three panels from covering the region 1022 to covering
the region 1024, thereby having only one panel for region 1022, but three panels for region
1024 In footprint 1050, the hybrid beamformer forms a type 3 or simple beam using the
rematning panel in region 1022, but forrs type 2 or partial cluster beams using the three
panels in region 1024, This effectively reduces the gain in region 1022, but expands its
coverage to match PFD requirements, while hardware resources are made available so that
the region 1024 can be effectively covered.

100152] FIG. 11 illustrates an example of a process 1100 for resource transfer in hybrid
beamforming. In some implementations, the process 1100 is performed by hybrid
beamformer processing circuitry in a spacecraft, e.g., by hybrid beamformer processing

circuitry 302, which includes one or more analog beamformer processors 304a, 304b, 304¢
J 2 4 b
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and 304d, and one or more digital beamformer processors such as 306, As described
previously, in some implementations, the spacecraft is an orbiting satellite, such as the
satellite 105. Accordingly, the following section describes the process 1100 with respect to
the hybrid beamformer processing circuitry 302. However, the process 1100 also can be
performed by other processing circuitry configurations, and/or by other types of spacecraft.
{00153} In some implementations, the hybrid beamformer processing circuitry
executes one of more instructions to perform the process 1100, These tnstructions are stored
in memory, e.g., flash memory, hard disk or some other suitable memory, which is coupled to
the hybrid beamformer on board the spacecraft. Alternatively, in some implementations, the
instructions are sent to the hybrid beamformer on board the spacecraft from the ground, e.g.,
through satellite gateway 110 or 125.

{00154 in the following sections, the process 1100 is described with respect to two
positions of the spacecraft — the nadir and the edge of coverage (EOC). These two positions
are mentioned for ease of explanation only. The process 1100 is also applicable to other
positions of the spacecraft, e.g., halfway between nadir and EOC, or any location between the
nadir and the EOC.

{80155] The process 1100 starts at 1102, in which a target area for communications
coverage 1s determined. For example, the hybrid beamformer processing circuitry 302
determines an area on the Earth’s surface for communications coverage, such as target area
400, In some implementations, information about the target area, e.g., coordinates of the
area, are sent to the hybrid beamformer on board the spacecraft, e.g., as part of
telecommunications commands from ground stations to the satellite 105 via the satellite
gateways 110 or 125,

{60136} At 1104, the hybrid beamformer divides the target area into a plurality of
regions, including a first region and a second region. For example, the hybrid beamformer
processing circuitry 302 divides the target area into a plurality of regions. In some
implementations, the plurality of regions includes the regions 1012 and 1014, or the regions
1022 and 1024. In some implementations, the plurality of regions is determined based on the
presence of user population in the target area, or the communications requirernent in various
regions, or both, For example, only regions in the target area where users are present are
selected 1n some cases, while uninhabited areas are avoided. Additionally or alternatively, in
some cases, areas where communications equipment are present, such as data gathering
apparatus, or areas where users are predicted to be present within a known time period, such

as a shipping channel in an ocean, are selected in some cases.
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{00157] At 1106, the hybrid beamformer determines, at a first time, that the first region
corresponds to the edge of coverage (EOC) and the second region corresponds to the nadir of
the spacecraft. For example, in a first time interval, the satellite 105 is at an orbital position
that corresponds to the footprint 1010, In this position of the satellite 105, the hybrid
beamformer processing circuitry 302 on board the satellite determines that the region 1012 1s
near the EOC of the satellite footprint, while the region 1014 is near the nadir of the satellite
footprint, i.e., almost directly under the satellite’s position.

{00158] At 1108, at the first time, the hybrid beamformer controls (1) a first subset of
feed panels on the spacecraft to generate a first group of analog bears for the first region in a
first cluster and (i1) a second subset of feed panels on the spacecraft to generate a second
group of analog beams for the second region in a second cluster. For example, in the first
tume interval, when the satellite 105 is in the orbital position corresponding to footprint 1010,
the hybrid beamformer processing circuitry 302 assigns four panels to cover the region 1012
and one panel to cover the regton 1014. The hybrid beamformer 302 uses the four panels or
analog beamformers to generate analog beams in a first cluster for the region 1012, and uses
the one panel or analog beamformer to generate analog bears in a second cluster for the
region 1014

{00159] At 1110, the hybrid beamformer generates (1) one or more digital beams in the
first cluster from the analog beams in the first cluster, and (i) one or more digital beams in
the second cluster from the analog bearus 1o the second cluster. For example, in the first time
interval, after generating the analog beam in the first cluster for the region 1012, the hybrid
beamformer processing circuitry 302 combines the analog bears in the first cluster to
generate one or more digital beams to cover the region 1012, Similarly, after generating the
analog beam corresponding to second cluster for the region 1014, the hybrnid beamformer
processing circuitry 302 combines the analog beams in the second cluster to generate one or
more digital beams to cover the region 1014, In this manner, the hybrid beamtormer forms
hybrid bearns in the first and second clusters for the regions 1012 and 1014 respectively. As
described previously, in some implementations, the hybrid beamformer forms split beams in
the region 1012, and a simple beam in the region 1014,

100160 At 1112, at a second time following the first time, the hybrid beamformer
determines, that the first region corresponds to the nadir and the second region corresponds o
the EOC of the spacecraft. For example, in a second tume interval, the satellite 105 1s at an
orbital position that corresponds to the footprint 1030 (having moved through the footprint

1020 position in an intermediate time 1nterval). In this position of the satellite 105, the hybrid
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beamformer processing circuitry 302 on board the satellite determines that the region 1012 is
near the nadir of the satellite footprint 1030, while the region 1014 is near the EOC of the
satellite footprint 1030,

{00161} At 1114, at the second time, the hybrid beamformer controls (i} a third subset
of feed panels on the spacecraft to generate a third group of analog beams for the first region
in a third cluster and (1) a fourth subset of feed panels on the spacecraft to generate a fourth
group of analog beams for the second region in a fourth cluster. For example, in the second
time interval, when the satellite 105 is in the orbital position corresponding to footprint 1030,
the hybrid beamformer processing circuitry 302 dynamically reassigns panels from covering
the region 1012 to cover the region 1014, since the former region requires less panels for
coverage near the nadir but the latter region requires more panels for coverage near the EOC,
as described previously. In some implementations, the hybrid beamformer 302 assigns one
panel to cover the region 1012, but assigns four panels to cover the region 1014, where some
of these four panels were used to provide coverage in the region 1012 earlier tn the first time
interval. The hybrid beamformer 302 uses the one panel or analog beamformer to generate
analog beams in a third cluster for the region 1012, and uses the four panels or analog
beamformers to generate analog beams in a fourth cluster for the region 1014, In some
implementations, the number of analog beams in the third cluster 1s different from the
number of analog beams in the first cluster to cover the same region 1012, and the number of
analog beams in the fourth cluster is different from the number of analog beams in the second
cluster to cover the same region 1014, However, in other implementations, the number of
analog beams in the third cluster is same from the number of analog beams in the first cluster,
and the number of analog beams in the fourth cluster is same as the number of analog beams
in the second cluster.

{60162} At 1116, the hybrid beamformer generates (i) one or more digital beams in the
third cluster from the analog beams in the third cluster, and (it} one or more digital beams in
the tourth cluster from the analog beams in the fourth cluster. For exaruple, in the second
time interval, after generating the analog beam in the third cluster for the region 1012, the
hybrid beamformer processing circuitry 302 combines the analog beams in the third cluster to
generate one or more digital beams to cover the region 1012, Similarly, after generating the
analog beam corresponding to fourth cluster for the region 1014, the hybrid beamformer
processing circuitry 302 combines the analog beams 1n the fourth cluster to generate one or
more digital beams to cover the region 1014, In this manner, the hybrid beamformer forms

hybrid beams in the third and fourth clusters for the regions 1012 and 1014 respectively. As
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described previously, in some implementations, the hybrid beamformer forms a simple beam
in the region 1012, and split beams in the region 1014, Accordingly, the number of hybnd
beams in the third cluster is different from the number of hybrid beams in the first cluster to
cover the same region 1012, and the number of hybrid beams in the fourth cluster 1s different
from the number of hybrid beams in the second cluster to cover the same region 1014, In the
above manner, the hybrid beamformer processing circuitry 302 on board the satellite 105
transfers hardware resources, e.g., panels from covering one region to covering a different
region as the relative positions of these regions with respect to the satellite changes due to the
satellite’s movement.

{00163} As mentioned previously, the process 1100 is described above with respect to
two positions of the spacecraft - the nadir and the edge of coverage (EOC), which two
positions are mentioned for ease of explanation only. The process 1100 i3 also applicable to
other positions of the spacecraft, e.g., halfway between nadir and EOC, or any location
between the nadir and the EOC. The number of panels that are transferred from covering a
region that moves closer to the spacecraft (i.e, towards the nadir) to covering a region that
moves farther away from the spacecraft (i.e., towards the EOC) due to the motion of the
spacecrafl, varies depending on the position of the spacecraft along its trajectory. Certain
locations require different power and footprints than other locations. As the spacecraft moves
from the proximity of a first of such locations to a second of such locations, resource transfer,
i.e., transter of one or more panels, are triggered to best address the new and different power
and footprint needs of the two locations. Changing from one relative ocation having a first
set of communication characteristics or attributes for servicing that area to another location
having a second set of communication characteristics or atiributes for servicing that area
triggers the spacecraft to perform resource transfer such that a different number of panels
would be advantageous to properly service the locations as their locations change relative to
the satellite.

{00164] As described in the above sections, a spacecraft, e g, satellite 103, can
dynamically provide coverage flexibility while in orbit. FIGS. 12A-12D illustrate examples
of coverage tlexibility provided by a spacecraft, e g, satellite 105, using hybrid
beamforming. In some cases, a cluster is resized——either increased in size or decreased in
size. Additionally or alternatively, a cluster can be reshaped. FIG. 12A shows an example of
a cluster 1200 that 1s resized and/or reshaped at different time intervals of coverage. The
cluster is reshaped trom a tirst square shape 1202 to a second circular shape 1204, The

cluster 1s resized in the circular shape arvong sizes 1204, 1206 and 1208 at various time
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intervals. The cluster is further reshaped from a circular shape 1208 to an arbitrary shape
1210 at another time interval. In some implementations, when a cluster is resized or
reshaped, there is a change in the bandwidth capacity of the cluster. For example, when a
cluster is decreased in size, the bandwidth capacity can be reduced. Alternatively, when a
cluster is increased in size, the bandwidth capacity can be increased.

{60165] In some implementations, the hybrid beamformer moves clusters in orbit to
any location across the Harth’s surface. FIG. 12B shows an example of a group of clusters
moved from a first configuration 1220 to a second configuration 1222, In some
implementations, each cluster in the configuration 1220 or 1222 includes a large number
{e.g., hundreds} of hybrid beams. In some implementations, the frequency band is reused
many times in each cluster. In some implernentations, each cluster includes a single
polarization.

[00166] In some implementations, the hybrid beamformer increases the number of
clusters dynamically. FIG. 12C shows an example of increasing a number of clusters
between groups 1232, 1234 and 1236. At a first ime interval, the hybrid beamtormer 312
generates a first number of clusters, including clusters 1232a, 1232b and 1232¢, in group
1232, In some implementations, the clusters 1232a, 1232b and 1232c have dual polarization
and double the capacity of clusters in the other groups 1234 and 1236

{60167] At a second time interval, in group 1234, the hybrid beamformer 312
generates a second number of clusters, including clusters 1234a, 1234b and 1234c¢.
Subsequently, at a third time interval, in group 1234, the hybrid beamformer 312 splits some
of the clusters from group 1232 to generates a third group of clusters, such as clusters 1236a
and 1236b. In some implementations, a cluster from the second group is split to form a
number of clusters in the third group. The number can be two or four, among others. In
some implementations, the clusters 1236a and 1236b 10 the third group have less gain and
less frequency reused compared to the clusters, e.g., 1234a, 1234b and 1234c¢, in the second
group. In some implementations, the clusters in the first, second and third groups can be
generated by time hopping across the Earth’s surface during ditferent time intervals, as the
satellite 105 moves in its orbit.

{00168} In some tmplementations, the hybrid beamformer reconfigures a single cluster
as multiple clusters to create clusters by splitting. For example, in some cases, the hybrid
beamformer forms two clusters by using a subset of the analog beamformer panels for each
cluster, as described previcusly. For a P x { array of beamtormer panels (F x { are integers

> (), the hybrid beamformer generates one cluster using /2 x ¢ panels and the second
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cluster using the other /2 x O panels. In a similar manner, the hybrid beamformer can use
other subsets of panels to create multiple sets of clusters out of hardware resources that were
designed for a single high gain cluster.

{00169] In some implementations, the hybrid beamformer can change the orientations
of the analog beamformers, relative to the Earth’s surface. In such cases, arbitrarily steerable
clusters can be formed. FIG. 12D shows an example of steerable clusters, e g, 1252a, 1252b,
1252¢, 1254a, 1254b, 1254¢ and 1256, formed using hybrid beamforming. As shown, the
clusters can be circular in shape, e g, clusters 1252a, 1252b and 1252¢. Additionally or
alternatively, the clusters can be square 1n shape, e.g., clusters 1254a, 1254b and 1254¢.
Additionally or alternatively, the clusters can be any arbitrary shape, e.g., cluster 1256, where
a cluster is shaped to match the region to be covered. The clusters 1252a, 1252b, 1252¢,
1254a, 1254, 1254¢ and 1256 can be steered to any location on the Earth’s surface.

100170] The hybrid beamtormer can form a larger number of clusters at reduced/lower
gain. Additionally or alternatively, the hybrid beamformer can cover larger areas, or shaped
areas, at reduced gain. The hybrid beamformer also can form smaller clusters.

{60171} As described previously, a target area can be divided into regions and each
region can be covered by a cluster of hybrid beams. In some implementations, the clusters of
hybrid beams covering regions in a target area are arranged in rows and columuns to provide
contiguous coverage in the target area. In some implementations, rows of clusters are shifted
horizontally, or columns of clusters are shifted vertically, or both, to effectively cover a target
area, e.g., a target area that is of arbitrary shape.

100172} FI1G. 13 illustrates an exaraple of a group of clusters 1300 shifted horizontally,
or vertically, or both, to cover a target area. A hybrid beamformer, e.g., the hybrid
beamformer processing circuitry 302, can cover a target area by forming a group of clusters
of hybrid beams, such as the group of clusters 1300, Individual clusters in the group are
arranged in rows and columns, e.g., rows 1320a, 1320b and 1320c¢, and columns 1330a,
1330b and 1330¢. In some implementations, the rows and columns are arranged in a square
configuration, ¢.g., configuration 1310, to cover the target area.

{60173} In some implementations, one or more rows of clusters are shifted horizontally
to cover the target area. For example, in configuration 1320, rows 1320a, 1320b and 1320c,
among others, are shifted horizontally. The vertical arrangement of clusters, while adjusted
by the row shifting, remains a vertical arrangement. Accordingly, the arrangement of the
clusters in one or more columns are maintained, but the heights of the columns can be

different.
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{00174] In some implementations, one or more columns of clusters are shifted
vertically to cover the target area. For example, in configuration 1330, and columns 13304,
1330b and 1330c, among others, are shifted vertically. The horizontal arrangement of
clusters, while adjusted by the column shifting, remains a horizontal arrangement.
Accordingly, the arrangement of the clusters in one or more rows are maintained, but the
widths of the rows can be different.

{00175] In some tmplementations, both rows and columns are shifted, respectively
horizontally and vertically. There can be slight differences in performance depending on
horizontal or vertical shift. For example, the gain can change by a small degree. Geunerally,
the performance remains nearly the same as in the case of no horizontal or vertical shift.
Frequency reuse is the same and does not change due to horizontal or vertical shift.

{00176} In some tmplementations, hybrid beams in a cluster that formed using one
analog beam from each analog beamformer panel have the maximum gain. However, in
some implementations, the hybrid beams in a cluster are not formed using analog beams from
all panels on the array.

{060177] If the analog beamformer panels are arranged 1n a P x {J array, then the
maximum frequency reuse of a cluster is £ times { (£ columns by A rows of analog
beamtorming panels). In some implementations, to generate hybrid beams within a cluster at
a single frequency, hybrid beams within a predetermined range of a line parallel to the rows
in the cluster are Himited to a length within a preselected R degrees, and hybrid beams within
a predetermined range of a line parallel to the panel columns are limited to a length within a
preselected § degrees (where K and § are natural numbers). X is the distance between side
jobes that appear in the horizontal direction, while S is the distance between side lobes that
appear in the vertical direction. In some implementations, side lobes that are difficult to
suppress appear along the vertical axis. Accordingly, the range limit § degrees is selected to
avoid co-channel beam interference with the side lobes in the vertical direction.

{60178] FIG. 13A illustrates a graphical example of signal spread of co-channel hybrid
beams, e.g., hybrid beams 1342 and 1344, and corresponding side lobes, e.g., side lobes
1346a and 1346b. Hybrid beam 1342 1s a desired hybrid beam 1n a cluster, while co-channel
hybrid beams, e.g., hybrid beams that share the same frequency channel as hybrid beam
1342, are collectively indicated as 1344. Side lobes 1346a and 1346b are formed by the co-
channel beams. As shown, the desired beam 1342 is X degrees removed from the side lobe
1346b in the horizontal direction, and § degrees removed from the side lobe 1346a in the

vertical direction.
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{60179] As shown in FIG. 13 A, in some implementations, up to £ co-channel hybrid
beams are distributed along a horizoutal line parallel to the cluster rows over a length no
more than R degrees and nominally to around R*P/(P+1) degrees. In some implementations,
up to O co-channel hybrid beams are distributed along a vertical line parallel to the cluster
columns over a length no more than § degrees and nominally to around $*O/(5+1) degrees.
In the example shown in FIG. 13A, P =0 =4

100180 Horizontal lines of hybrid beams can be shifted with respect to each other as
long as the hybrid beams do not violate the line segment length rules. Similarly, vertical lines
of hybrid beams can be shifted with respect to each other as long as the hybrid beams do not
violate the line segment length rules. In some implementations, beam distributions are not
uniformly distributed in a row or in a column.

{60181} Multiple frequencies are configured in a manner simtlar to the above. Once
the hybrid beams are generated, the rows and columns can be shifted to fill in gaps, if any,
between the hybrid beams. FIG. 13 shows examples of hybrid beams formed with the above
principles. In some implementations, clusters of hybrid beams have gaps between the hybrid
beams, or a non-uniform arrangement of beams, or both.

{00182} FIGS. 14A-14E illustrate an example of covering regions in a target area by
hybrid beamforming using groups of clusters.  As shown in FIG. 14A, at a first time, a
hybrid beamformer, e.g., the hybrid beamformer 302 on board a spacecraft, such as satellite
105, forms a plurality of analog beams from the analog bearntormer panels 1o the spacecraft.
For example, the hybrid beamtormer 302 forms analog beams 1410a, 1410b and 1410c,
among others, to cover a region in the target area. The analog beams are formed using some
or all of the analog beamformers 304a, 304b, 304¢ and 304d. In some implementations, one
beam from each analog beamformer is positioned and shaped over a desired coverage region
in the target area. In other implementations, different numbers of bearus from different
analog beamformers are positioned and shaped over the desired coverage region.

{60183 The hybrid beamftormer 302 feeds the analog beams to one or more digital
beamformer processors, e.g., digital beamformer 306, which generates digital beams by
combining the analog beams, as described previously. FIG. 14B shows a cluster 1420 of
digital beams that is generated from the analog beams 1410a, 1410b and 1410c to cover a
desired region in the target area. The digital beams in the cluster 1420 are arranged in rows,
e.g., 1420a, 1420b and 1420c, among others, and columns, e.g., 1430a, 1430b and 1430c¢,

among others.
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{00184] In some implementations, the width of any row 1n a clusteris less than a
preselected row width (e g, & degrees), and the height of any colummn is less than a
preselected column height {(e.g., & degrees). As noted previously, in some implementations,
the column height is determined based on a distance between side lobes that appear in the
horizontal direction. The column height is selected to minimize the interference from the
side lobes. For example, as shown in FIG. 13 A, if the vertical distance between side lobes is
within & degrees, then in some implementations, up to O co-channel hybrid beams are
distributed along a vertical column over a height no more than 5 degrees and nominally to
around $*O/(S+1) degrees. Sunilarly, in some implementations, the row width is determined
based on a distance between side lobes that appear in the horizontal direction. The row width
is selected to minimize the interference from the side lobes. For example, as shown 1o FIG.
13 A, if the horizontal distance between side lobes is within R degrees, then in some
implementations, up to F co-channel hybrid beams are distributed in a row over a width no
more than R degrees and nominally to around R*P/(F+1) degrees.

{60185] One or more of the rows are shifted horizontally, as shown in FIG. 14B, to
conform to boundaries of the coverage region. Similarly, one or more columns can be shifted
vertically to conform to the coverage boundaries.

{00186} After generating the cluster 1420 of hybrid beams to cover one desired region
in the target area, the hybrid beamformer 302 generates hybrid beams to cover the next
desired region in the target area. For example, as shown in FIG. 14C, the hybrid beamformer
302 generates analog beams 1440a, 1440b and 1440c¢, among others, which are steered or
oriented to cover a second region in the target area that 1s adjacent to the region covered by
the cluster 1420. In some implementations, the analog beams 1440a, 1440b and 1440c¢
correspond to second beams generated by each analog beamtormer panel. In some
implementations, the analog beams 1440a, 1440b and 1440c¢ are time hopped versions of
analog beams in another cluster, ¢.g., analog beams 1410a, 1410b and 1410c. In some
implementations, the analog beams, e.g., 1440a, 1440b and 1440¢, in the next region operate
at a different hop time, polarization, or frequency, or any suitable combination of these
parameters, compared to the analog beams in the next region, e.g, 1410a, 1410b and 1410c,
to avoid interference from side lobes from the cluster 1420,

{00187] The hybrid beamtormer 302 subsequently generates digital beams by
combining the analog beams 1440a, 1440b and 1440c¢, among others, as described previously.
FIG. 14D shows a cluster 1440 of digital beams that is generated from the analog beams

1440a, 1440b and 1440c¢, among others to cover the desired region adjacent to the region
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covered by the cluster 1420. The digital beams in the cluster 1440 are also arranged in rows
and columns, with the rows and columns in the cluster 1440 shifted to fit with the rows and
columns in the cluster 1420. In some implementations, rows and columns are shifted such
that co-channel hybrid beams (e g, hybrid beams using the same frequency channel) are
adjacent. In some implementations, neighboring clusters use different time hops,
polarizations and/or time slots to avoid interference from side lobes generated by adjacent
clusters.

{00188} As shown in FIG. 14D, in some cases, the next boundary {e.g. coastline) of the
target area is reached when forming a cluster, e.g., cluster 1440, In such situations, in some
implementations, the hybrid beamformer 302 stretches of squashes hybrid beams across all
the clusters while meeting row height and/or column height constraints described with respect
to FIG. 148, For example, FIG. 14D shows that the hybrid beams in clusters 1420 and 1440
stretched and squashed to reach the opposite coastlines. The hybrid beamformer 302 can also
eliminate some hybrid beams within one or more clusters to fully cover the target area.
{60189] Alternatively, in some implementations, the hybrid beamformer 302 overlaps
adjacent clusters without squashing either cluster. As indicated above, hybrid beams in two
adjacent clusters do not interfere with each other due to differences in one or more of
frequency, tirne slot or polarization. Further, overlappiog clusters preserve full capacity of
each cluster. Although FIG. 14D shows that the clusters are stretched/squashed, or
overlapped, in the horizontal direction, a simular technique can also be applied 10 the vertical
direction.

100190] The hybrid beamtormer 302 repeats the process of torming clusters of digital
beams until all desired regions within the target area are covered. For example, as shown in
FI1G. 14E, after forming clusters 1420 and 1440, the hybrid beamformer covers a third desired
region with a cluster 1450, as described with respect to FIGS. 14A-14D.

{00191} As noted above, in some implementations, neighboring clusters operate using
different frequency spectra, time slots, or polarization, or a suitable combination of these
parameters, to avoid unwanted interference trom side lobes that are generated in the adjacent
clusters. However, in some implementations, neighboring clusters share the same frequency
spectrum to suppress interference from side lobes. FIGS. 15A-15C illustrate an example of
sharing frequency spectrum between adjacent clusters in hybrid beamforming. Each of FIGS.
15A, 158 and 15B presents a graph showing pattern cuts of a number of co-channel beams in
a first cluster that is indicated by 1502, In the example shown, the number of co-channel

beams is four. In each graph, the X-axis represents the angular cut (in degrees) of a satellite
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{e.g., satellite 105) beam pattern on the Earth’s surface due to orientation of the satellite with
respect to the Earth; and the Y-axis represents beam directivity in dB (decibels). In some
implementations, the Y-axis represents gain in dBi {decibels relative to isotropic). FIG. 15A
shows analog beams created in each of two clusters 1502 and 1504 at different trequencies
that are assigned to each cluster.

{60192} FIG. 15B shows hybrid beams that are created for cluster 1502 by applying
digital beamforming coefficients to analog beams generated for cluster 1502 by analog
beamformers. In the example shown, the analog beams for cluster 1502 are generated from
16 analog beamformer panels, and the hybrid beams are formed from all the analog beams in
cluster 1502, The formation of hybrid digital beams for cluster 1502 creates side lobes, e.g.,
side lobes 1510a, 1510b, 1510c¢ and 1510d, in neighboring cluster 1502, In this context, the
side lobes are digital grating lobes formed in a cluster, e.g., cluster 1502, that interfere with
the hybrid beams in a neighboring cluster, e.g., cluster 1504,

160193] As mentioned previously, to avoid interference from side lobes, tn some
implementations, clusters 1502 and 1504 use different frequency spectra. However, in some
implementations, the effect of side lobes 1s mitigated by reusing frequencies across
neighboring clusters. This is achieved by forming the digital beams for a first cluster using
analog beams that are assigned to the first cluster and also analog bearmns that are assigned to
neighboring clusters of the first cluster.

{00194} FIG. 15C shows hybrid beams that are formed for cluster 1502 by applying
digital beamforming coefficients for cluster 1502 to the analog beams generated for both
clusters 1502 and 1504, In the example shown, each analog beamformer panel is used
twice——once to generate an analog beam for cluster 1502 and then again to generate an
analog beam for cluster 1504. Hybrid beamforming for cluster 1502 is achieved with twice
the number of analog beams as compared to the case shown in FIG. 15B, using frequencies
that are shared between clusters 1502 and 1504, In a similar manner, hybrid beamforming
for cluster 1504 1s achieved by combining the analog beams for both clusters 1502 and 1504,
using frequencies that are shared between clusters 1502 and 1504,

{60195] The side lobes formed ftor in cluster 1502 destructively interfere in phase with
the side lobes formed in cluster 1504 due to use of the same frequency bands in the two
neighboring clusters. This results, for each cluster, in lower gain of the side lobes, which is
within an acceptable threshold for interference in each cluster. For example, as shown in
FIG. 15C, side lobes 1520a, 1520b, 1520¢ and 15204 are formed in cluster 1502 when the

hybrid beams are generated by combing the analog beams for clusters 1502 and 1504 using
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the frequencies shared between the two clusters. The directivity or gain of the side lobes
1520a, 1520b, 1520¢ and 15204 are significantly less than the directivity or gain of the side
lobes 1510a, 1510b, 1510c and 1510d. Accordingly, the interference caused by the side lobes
1520a, 1520b, 1520¢ and 1520d in cluster 1504 is less compared to the interference caused
by the stde lobes 1510a, 1510b, 1510c and 1510d. In some implementations, the interference
from side lobes 1520a, 1520b, 1520c¢ and 1520d is below an interference threshold for cluster
1504, and therefore the adverse effects of the side lobes 1520a, 1520b, 1520¢ and 1520d are
within acceptable levels.

[60196] FIGS. 16A-16C provide comparative examples of communications coverage
using different cluster frequencies and shared cluster frequencies. FIG. 16A shows a target
area 1600 10 which desired regions are covered by groups of analog beams forming clusters,
such as clusters 1602a, 1602b, 1602¢, 1602d and 1602e; 1604a, 1604b, 1604¢ and 1604d;
1606a, 1606b and 1606¢; and 1608a, 1608b and 1608¢c. Each square in FIG. 16A represents a
cluster, with different shadings indicating one or more of different frequencies, polarizations
or time hops used 1n the clusters. Clusters of similar shading therefore use the same
frequency, polarization and time hop.

180197] The circle 1610 represents the contour of the main lobe of the analog beams
for the center cluster 1602¢. Within each cluster area are hybrid beams, e .g., digital beams
formed by combing the analog beams in the cluster, that fully fill the cluster area. As
described previously, one or more hybrid beams within each cluster can have different
frequency channels that are sub-bands of the combined frequency spectrum of the analog
beams forming the cluster. Additionally, one or more hybrid beams within each cluster can
have the same frequency channel that is a sub-band of the combined frequency spectrum of
the analog beams forming the cluster. In some implementations, the hybrid beams in a
cluster reuse the frequency spectrum available to the cluster,

{00198} As shown in FIG. 164, in some implementations, communications coverage is
provided by adjacent clusiers that use one or more of different frequencies, polarizations or
time hops to minimize interference in the neighboring clusters. For example, clusters 16006a,
1602¢, 1604b and 1608b are adjacent clusters. Each of these clusters uses one or more of a
different frequency, polarization or time hop than the adjacent clusters. Similarly, clusters
1604b and 16024 are adjacent clusters and therefore each of them uses one or more of a
different frequency, polarization or time hop than the other cluster.

{60199} Non-adjacent clusters, however, can use the same frequency, polarization and

time hop since they do not interfere with one another. For example, as shown, clusters 1602¢
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and 1602d are non-adjacent clusters, while clusters 1602¢ and 1604b, and 1604b and 16024,
are pairs of adjacent clusters. Therefore, 1602¢ and 1602d share the same frequency,
polarization and time hop. However, cluster 1604b has one or more of frequency,
polarization or time hop different from clusters 1602¢ and 1602d.

{60200} The approach of providing coverage shown in FIG. 16A—adjacent clusters
having one or more of frequency, polarization or time hop different, while non-adjacent
clusters can share the same frequency, polarization or time hop—is used when beamforming
with just the analog beams associated with each cluster, e.g., analog beams centered over the
cluster area. This is the case, for example, when analog beam 1610 is used for hybnd
beamforming in cluster 1602e, but not used for hybrid beamforming in other clusters.
{00201} The overlapping main lobes of different neighboring clusters use one or more
of different frequencies, polarizations or time hops to avoid interference. However, clusters
that are outside the main lobe of the center cluster can reuse the same frequency as the main
fobe of the center cluster. Interference is controlled by adjusting the side lobes of the analog
beams using complex coefficients (e.g. a phase or amplitude taper).

{60202] As an illustrative example, FIG. 16B shows a schematic diagram of analog
beam lobes 1622a, 1624a and 1626a in neighboring clusters 1622, 1624 and 1626,
respectively. Cluster 1622 1s a center cluster of digital beams, and beam lobe 1622a 15 the
main analog beam lobe of the center cluster 1622, Cluster 1624 15 adjacent to the center
cluster 1622, Lobe 1624a, which is the main analog beam lobe in the cluster 1624, uses one
or more of a different frequency, polarization or time hop than the main beam lobe 16222 1n
the neighboring cluster to avoid interference. Cluster 1626 neighbors cluster 1624, but is
non-adjacent with the center cluster 1622, Analog beamforming used to reduce side lobes
and allow for sharing of parameters with center cluster. Accordingly, lobe 1626a, which is
the main analog beam lobe in the cluster 1626, can share frequency spectrum, time hops and
polarization with the beam lobe 1622a in the center cluster 1622.

{60203] In some implementations, communications coverage 18 provided by clusters in
which a plurality of adjacent clusters use the same frequency, polarization and time hop. For
example, FIG. 16C shows a target area 1630 in which clusters corresponding to the coverage
regions, e.g., clusters 1630a, 1630b, 1630¢, 16304, 1630e, 1630f, 1630g, 1630k, 16301,
16305, 1630k, 16301 and 1630m, among others, share the frequency, polarization and time
hop. In some implementations, the clusters corresponding to all the coverage regions in the

target area 1630 use the frequency, polarization and time hop. In some implementations, a
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subset of the clusters corresponding to all the coverage regions in the target area 1630 use the
frequency, polarization and time hop.

180204] In the target area 1630, a cluster that shares the same frequency, polarization
and time hop with neighboring clusters generates hybrid beams using analog beams
corresponding to the cluster itself, and also using analog beams of one or more neighboring
cluster(s). For example, as shown, cluster 1630¢ shares the same frequency, polarization and
time hop with clusters 1630b and 1630d. Cluster 1630¢ forms digital beams by combining
analog beams corresponding to cluster 1630c¢, and including analog beams corresponding to
one or more of clusters 1630b and 1630d. This is similar to the hybrid beam forming
described with respect to clusters 1502 and 1504, The interference of distant clusters is
controtled by adjusting the side fobes of the analog beams using complex coefficients.
{00205 Within each cluster area digital beams fully fill the area. The digital beams
within each cluster can have different frequency channels that reuse the frequency spectrum
of the underlying analog beams, e.g., frequency spectrum shared by analog beams of the
same cluster and neighboring cluster(s).

{00206} The approach of providing communications coverage using adjacent clusters
sharing frequency, polarization and time hop, as described with respect to FIG. 16C, enables
reuse of a greater frequency spectrum, e.g., combination of the frequency spectra of analog
beams assigned to neighboring clusters, compared to providing communications coverage
using adjacent clusters with different frequencies, polarizations or tine hops, as described
with respect to FIGS. 16A and 16B. However, the former option—shared frequencies
between adjacent clusters—require more digital processing, since the hybrid beamtormer
processing circuitry has fo process more analog beams to generate each digital beam,

{00207] FIG. 17 illustrates an example of a process 1700 for providing
communications coverage to a plurality of regions a target area using hybrid beamforming.
In some implementations, the process 1700 is performed by hybrid beamformer processing
circuitry in a spacecraft, e.g., by hybrid beamformer processing circuitry 302, which includes
one or more analog beamformer processors 304a, 304b, 304c¢ and 304d, and one or more
digital beamformer processors such as 306. As described previously, in some
implementations, the spacecraft is an orbiting satellite, such as the satellite 105. Accordingly,
the following section describes the process 1700 with respect to the hybrid beamformer
processing circuitry 302, However, the process 1700 also can be performed by other

processing circuitry configurations, and/or by other types of spacecraft.
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{60208] In some implementations, the hybrid beamformer processing circuitry 302
executes one or more instructions to perform the process 1700, These tnstructions are stored
in memory, e.g., flash memory, hard disk or some other suitable memory, which is coupled to
the hybrid beamformer on board the spacecraft. Alternatively, in some implementations, the
instructions are sent to the hybrid beamformer on board the spacecraft from ground stations,
e.g., through satellite gateway 110 or 125

{60209} The process 1700 starts at 1702, in which a target area for conumunications
coverage 1s determined. For example, the hybrid beamformer processing circuitry 302
determines an area on the Earth's surface for communications coverage, such as a target area
shown with respect to FIGS. 14A-14E. In some implementations, information about the
target area, e.g., coordinates of the area, are sent to the hybrid beamformer on board the
spacecraft, e.g., as part of telecommunications commands from ground stations to the satellite
105 via the satellite gateways 110 or 125.

{60210} At 1704, the hybrid beamformer divides the target area into a plurality of
regions. For example, the hybrid beamformer processing circuitry 302 divides the target area
into a plurality of regions. In some implementations, the plurality of regions icludes regions
corresponding to the clusters 1420 and 1440,

00211} At 1706, the hybrid beamformer selects a first region of the plurality of
regions. For example, the hybrid beamformer 302 selects the region shown in FIG. 14A.
{60212 At 1708, the hybrid beamformer controls panels of feeds on the spacecraft to
generate analog beams in a first cluster for the first region, each panel generating one or more
analog beams in the first cluster. For example, the hybrid beamformer 302 controls the
analog beamformers 304a, 304b, 304¢ and 340d to generate a plurality of analog beams for
the selected region, such as analog beams 1410a, 1410b and 1410¢, among others, thereby
forming a cluster 1420

{00213] in some implementations, the hybrid beamformer 302 generates one or more
analog beams from each analog beamformer 304a, 304b, 304¢ and 340d. In other
implementations, the hybrid beamformer 302 generates one or more analog beams from a
subset of the analog beamformers 304a, 304b, 304¢ and 340d.

{00214] At 1710, the hybrid beamformer generates, in the first cluster, one or more
hybrid beams from the analog beams in the first cluster, with each hybrid beam generated by
combining one or more analog beams in the first cluster. For example, as described with

respect to FIG. 148, the hybrid beamformer 302 generates hybrid beams in the cluster 1420



WO 2018/064474 PCT/US2017/054292

As noted previously, a hybrid beam is a digital beam that is generated by combining one or
more analog beams in a cluster.

{80215] At 1712, the hybrid beam arranges the hybrid beams in the first cluster into
rows and columns. For example, the hybrid beamtormer 302 arranges the hybrid beams in
the cluster 1420 intc one or more rows, €.g., rows 1420a, 1420b, 1420c¢, and one or more
columns, e.g., columns 1430a, 1430b and 1430¢. The hybrid beams are arranged into rows
and columns such that the dimensions of each row and each column are within preselected
limits that are selected to reduce the effect of side lobes, as described with respect to FIG.
148,

{00216} At 1714, the hybrid beamformer selects another region of the plurality of
regions neighboring the preceding processed region. For example, after generating the
cluster 1420 of hybrid beams, the hybrid beamformer 302 selects the region neighboring the
region covered by the cluster 1420, as described with respect to FI1G. 14C.

{00217] At 1716, the hybrid beamformer conirols panels of feeds on the spacecraft to
generate analog beams for a neighboring cluster in the neighboring region, each panel
generating one or more analog beams in the neighboring cluster. For example, the hybrid
beamformer 302 controls the analog beamformers 304a, 304b, 304c and 340d to generate a
plurality of analog beams, such as analog beams 14403, 1440b and 1440c¢, among others, for
the neighboring region, thereby forming the cluster 1440.

{00218} In some implementations, the hybrid beamformer 302 generates one or more
analog beams corresponding to the cluster 1440 from each analog beamformer 304a, 304b,
304c and 340d. In other implementations, the hybrid beamformer 302 generates one or more
of these analog beams from a subset of the analog beamformers 304a, 304b, 304¢ and 3404,
{60219} In some implementations, the one ore more analog beams generated in the
neighboring cluster use one or more of different frequencies, time hops or polarizations than
the one or more analog beams generated in the first cluster, to avoid interference between
adjacent clusters. This 1s the case, for example, as described with respect to FIGS. 16A and
16B.

{60220} In some implementations, the one ore more analog beams generated in the
netghboring cluster use the same frequency, time hop and polarizations as the one or more
analog beams generated in the first cluster, thereby reducing the negative impact of side lobes
to be within an acceptable range. This is the case, for example, as described with respect to

FIG. 16C.
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{00221} At 1718, the hybrid beamformer generates, in the neighboring cluster, one or
more hybrid beams from the analog beams in the neighboring cluster, with each hybrid beam
generated by combining one or more analog beams in the neighboring cluster. For example,
as described with respect to FIG. 14D, the hybrid beamformer 302 generates hybrid beams in
the cluster 1440,

{00222} At 1720, the hybrid beamformer arranges the hybrid beams in the neighboring
cluster into rows and columns, where the rows and columns are adjacent to rows and columns
of hybrid beams in the preceding processed region. For example, the hybrid beamformer 302
arranges the hybrid bears in the cluster 1440 into rows and colurons as shown with respect to
FIG. 14B. As in other clusters, the hybrid beams are arranged into rows and colummns such
that the dimensions of each row and each column are within preselected limis that are
selected to reduce the effect of side lobes.

{00223] At 1722, the hybrid beamformer checks whether every region in the target
area is covered. For example, after generating the cluster 1420 of hybrid beams, the hybnd
beamformer 302 checks whether all the desired regions in the target area have been covered
by clusters of hybrid beams. Upon determining that the adjacent region {e.g., corresponding
to cluster 1440) have not been covered, the hybrid beamformer 302 generates the cluster
1440 of digital beams as described above. Sumilarly, after generating the cluster 1440 of
hybrid beams (and after generating a cluster for every desired region} the hybrid beamformer
302 checks whether all the desired regions in the target area have been covered by clusters of
hybrid beams.

100224] If the hybrid beamformer determines that all regions have not yet been
covered, then the hybrid beamformer selects each uncovered region and generates a cluster
for the selected region, as described with respect to 1714-1720. For example, after
generating the cluster 1440, the hybrid beamformer 302 determines that a third region above
the cluster 1420 is remaining. As such, the hybrid beamformer generates the cluster 1450 of
hybrid bearns, as described with respect to FIG. 14E.

{00225] When the hybrid beamformer determines, at 1722, that all regions have been
covered, then the process 1700 ends. Accordingly, in the above manner, the hybnd
beamformer processing circuitry 302 provides communications coverage 1o all desired
regions in a target area by hybrid beamforming.

{00226} The disclosed and other examples can be implemented as one or more
computer program products, 1.e., one of more modules of computer program instructions

encoded on a computer readable medium for execution by, or to control the operation of, data
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processing apparatus. The implementations can include single or distributed processing of
algorithms. The computer readable medium can be a machine-readable storage device, a
machine-readable storage substrate, a memory device, or a combination of one or more them.
The term “data processing apparatus” encompasses all apparatus, devices, and machines for
processing data, including by way of example a programmable processor, a computer, or
multiple processors or computers. The apparatus can include, in addition to hardware, code
that creates an execution environment for the computer program in question, e.g., code that
constitutes processor firmware, a protocol stack, a database management system, an operating
system, or a combination of one or more of them.

{00227] A system may encompass all apparatus, devices, and machines for processing
data, including by way of example a programmable processor, a computer, or multiple
processors or computers. A system can include, in addition to hardware, code that creates an
execution environment for the computer program in question, e. g, code that constitutes
processor firmware, a protocol stack, a database management system, an operating system, or
a combination of one or more of them.

{00228} A computer program (also known as a program, software, software
application, script, or code) can be written in any form of programming language, including
compiled or interpreted languages, and it can be deployed in any form, including as a
standalone program or as a module, component, subroutine, or other unit suitable foruseina
computing environment. A computer program does not necessarily correspond toa fileina
file system. A program can be stored in a portion of a file that holds other programs or data
(e.g., one or more scripts stored in a markup language document), in a single file dedicated to
the program in guestion, or in multiple coordinated files (e.g., files that store one or more
modules, sub programs, or portions of code). A computer program can be deployed for
execution on one computer or on multiple computers that are located at one site or distributed
across multiple sites and interconnected by a communications network.

[60229] The processes and logic flows described in this document can be performed by
one or more programmable processors executing one or more computer programs to perform
functions by operating on input data and generating output. The processes and logic flows
can also be performed by, and apparatus can also be implemented as, special purpose logic
circuitry, ¢.g., an FPGA (field programmable gate array) or an ASIC (application specific
integrated ctrcuit}).

{00230} Processors suitable for the execution of a computer program include, by way

of example, both general and special purpose microprocessors, and any one or more
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processors of any kind of digital computer. Generally, a processor will receive instructions
and data from a read only memory or a random access memory or both. The essential
elements of a computer can include a processor for performing instructions and one or more
memory devices for storing instructions and data. Generally, a computer can also include, or
be operatively coupled to recetve data from or transfer data to, or both, one or more mass
storage devices for storing data, e.g., magnetic, magneto optical disks, or optical disks.
However, a computer need not have such devices. Computer readable media suitable for
storing computer program instructions and data can include all forms of nonvolatile memory,
media and memory devices, including by way of example semiconductor memory devices,
e.g., EPROM, EEPROM, and flash memory devices; magnetic disks, e g, internal hard disks
or removable disks; magneto optical disks; and CD ROM and DVD-ROM disks. The
processor and the memory can be supplemented by, or incorporated in, special purpose logic
circuitry.

{00231} While this document may describe many specifics, these should not be
construed as limitations on the scope of an invention that is claimed or of what may be
claimed, but rather as descriptions of features specific to particular embodiments. For
example, 2 communications channel may include the Web, where a user may interact with an
interaction site via a webpage generated dynamically according to the interaction flow. As
another example, a communications channel may include a smart phone application, where a
user may interact with an interaction site by starting a smart phone application, and the smart
phone application then contacts the interaction site and provides a communications interface
between the user and the interaction site. Certain features that are described in this document
in the context of separate embodiments can also be implemented in combination in a single
embodiment. Conversely, various features that are described in the context of a single
embodiment can also be implemented in multiple embodiments separately or in any suitable
sub-combination. Moreover, although features may be described above as acting in certain
combinations and even initially claimed as such, one or more features from a claimed
combination in some cases can be excised from the combination, and the claimed
combination may be directed to a sub-combination or a variation of a sub-combination.
Similarly, while operations are depicted in the drawings in a particular order, this should not
be understood as requiring that such operations be performed in the particular order shown or

in sequential order, or that all illustrated operations be performed, to achieve desirable results.
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{00232} Only a few examples and implementations are disclosed. Variations,
modifications, and enhancements to the described examples and implementations and other

implementations can be made based on what is disclosed.
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WHAT IS CLAIMED IS:

1. An apparatus comprising;

a plurality of feeds configured to torm analog beams, wherein the plurality of feeds is
divided into a plurality of panels, each panel including one or more feeds from the plurality
of feeds; and

processing circuitry that is configured to perform operations comprising:

determining a target area for communications coverage;

dividing the target area into a plurality of regions;

generating, for each region, a plurality of analog beams, wherein a subset of
panels of the plurality of panels generates one or more analog beams of the plurality
of analog beams, and wherein the plurality of analog beams covering each region
forms a cluster; and

generating, in each cluster, one or more hybrid bears, wherein each hybrid
bean: is a digital beam that is generated by combining one or more analog beams of

the plurality of analog beams corresponding to the cluster.

2. The apparatus of claim 1, further comprising one or more phase shifters for
each feed, wherein a number of analog beams generated by a panel corresponds to a number

of phase shitters associated with each feed included in the panel.

3. The apparatus of claim 1, wherein the plurality of analog beams generated for

a region overlaps at least partially with each other in the region.

4. The apparatus of claim 3, wherein generating the plurality of analog bearus for
a region Comprises:
generating a number of analog beams to fully cover the region,

wherein a shape of the cluster i1s customizable to fully cover the region.

5. The apparatus of claim 1, further comprising machine-readable media that
store digital beamforming coefficients for the digital beams, wherein the one or more hybrid
beams iu a cluster are generated using the digital beamforming coefficients for the digital

beams.
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6. The apparatus of claim 1, wherein generating the one or more hybrid beams in
a cluster comprises:

determining a digital beam width such that edge of coverage reduction is within a
preselected threshold of power at the center of the digital beam;

using the digital beam width, computing a number of digital beams o cover an area
corresponding to the cluster; and

generating the computed number of digital beams in the cluster.

=~

The apparatus of claim 1, wherein at least a subset of the one or more hybrid
beams in a cluster share communications channel frequencies from a spectrum of frequencies

assigned to the plurality of analog bearms corresponding to the cluster.

3. The apparatus of claim 1, wherein the processing circuitry includes one or
more beamformer processors, wherein each beamformer processor is configured to perform
operations comprising:

generating, for each panel, analog beams using the one or more feeds assigned to the
panel; and

generating, in each cluster, the one or more hybrid beams from the plurality of analog

beams corresponding to the cluster.

9. The apparatus of claim 1, wheretn orientations of the clusters relative to one
another are based on spacing between the panels, and wherein the spacing between two
panels is determined to achieve a preselected communications channel capacity in each

cluster.

10. The apparatus of claim 1, wherein the plurality of analog beams and the one or
more hybrid beams for a region are respectively generated using analog beamforming
coefficients and digital beamforming coefficients, and wherein the processing circuitry is
further configured to perform operations comprising:

generating a first plurality of hybrid beams in a first cluster at a first time according to
a preselected schedule; and

adjusting at least one of the analog beamforming coefficients or the digital
beamforming coefficients to generate a second plurality of hybrid beams in a second cluster

at a second time according to the preselected schedule.
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11, The apparatus of claimn 10, wherein the second plurality of hybrid beams is
different from the first plurality of hybrid beams, and wherein at least one of relative
orientations or routing of hybrid beams in the second cluster is different from, respectively,

relative orientations or routing of hybrid beams in the first cluster.

12. The apparatus of claim 10, wherein the second plurality of hybrid beams is
same as the first plurality of hybrid beams, and wherein hybrid beams in the second cluster
are generated following one of a delay adjustment or an amplitude adjustment to the analog
beams in the second cluster, the delay adjustment or the amplitude adjustment being
performed to maintain the relative orientations and routing of the hybrid beams in the second

cluster to be same as hybrid beams in the first cluster.

13, The apparatus of claim 1, wherein each of the one or more hybrid beamsis a
full cluster digital beam, and wherein the processing circuitry 1s configured to perform
operations further cormprising:

determining a second target area for communications coverage;

dividing the second target area into a plurality of second regions;

generating, for each second region, a second plurality of analog beams using a subset
of the plurality of panels, wherein each panel of the subset generates one or more analog
beams of the second plurality of analog beams, and wherein the second plurality of analog
beams covering each second region forms a second type cluster; and

generating, in each second type cluster, a plurality of partial cluster hybrid beams
from the second plurality of analog beams corresponding to the second type cluster, wherein
each partial cluster hybrid beam is a digital bearn generated by phase combining one or more
analog beams of the second plurality of analog beams corresponding to the second type

cluster.

14, The apparatus of claim 13, wherein the processing circuitry is configured to
perform operations further comprising:

determining a third target area for communications coverage;

dividing the third target area into a plurality of third regions;

generating, for each third region, a third plurality of analog beams using the plurality

of panels, wherein each panel of the plurality of panels generates one or more analog beams
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of the third plurality of analog beams, and wherein the second plurality of analog beams
covering each second region forms a cluster; and

generating, in each cluster, a simple hybrid beam from the third plurality of analog
beams corresponding to the cluster, wherein the simple hybrid beam is a digital beam
generated by phase combining one or more analog beams of the third plurality of analog

beams corresponding to the cluster.

15 The apparatus of claim 14, wherein the processing circuitry is configured to
perform operations further comprising:

determining a fourth target area for communications coverage;

dividing the fourth target area into a plurality of fourth regions;

generating, for each fourth region, a fourth plurality of analog beams using a subset of
the plurality of panels, wherein each panel of the subset generates one or more analog beams
of the fourth plurality of analog beams, and wherein the fourth plurality of analog beams
covering each fourth region forms a second type cluster; and

generating, in each second type cluster, a split hybrid bearm from the fourth plurality
of analog beams corresponding to the second type cluster, wherein the split hybrid beam is a
digital beam generated by phase combining one or more analog beams of the fourth plurality

of analog beams corresponding to the second type cluster.

16.  The apparatus of claim 1, wherein generating the plurality of analog beams in
each region comprises combining, in each panel, one or more of phase, delay, or amplitude of

the feeds in the panel to generate an analog beam.

17.  The apparatus of claim 1, wherein generating the hybrid beams in each cluster
comprises generating digital beams in each cluster by combining one or more of phase, delay,

or amplitude of one or more analog beams corresponding to the cluster.

8. A method comprising:

determining a target area for communications coverage;

dividing the target area into a plurality of regions;

generating, for each region, a plurality of analog beams from a plurality of feeds that
is divided into a plurality of panels, each panel including one or more feeds from the plurality

of feeds,
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wherein a subset of panels of the plurality of panels generates one or more analog
beams of the plurality of analog beams, and wherein the plurality of analog beams covering
each region forms a cluster, and

wherein a number of analog beams generated by a panel corresponds to a number of
phase shifters associated with each feed included in the panel; and

generating, in each cluster, one or more hybrid beams, wherein each hybrid beam is a
digital beam that is generated by combining one or more analog beams of the plurality of
analog beams corresponding to the cluster,

wherein the one or more hybrid beams in a cluster are generated by applying digital

beamforming coefficients for the corresponding digital beams.

19. The method of claim 18, wherein generating a plurality of analog beams for a
region comprises:
generating a plurality of analog beams generated for a regton such that the plurality of

analog beams overlaps at least partially with each other in the region.

20. The method of claim 19, wherein generating the plurality of analog beams for
a region comprises:
generating a number of analog beams to fully cover the region,

wherein a shape of the cluster is customizable to fully cover the region.

21, The method of claim 18, wherein generating the one or more hybrid beams in
a cluster comprises:

determining a digital bearmn width such that edge of coverage reduction is within a
preselected threshold of power at the center of the digital beam;

using the digital beam width, computing a number of digital beams to cover an area
corresponding to the cluster; and

generating the computed mumber of digital beams in the cluster.
22. The method of claim 18, wherein at least a subset of the one or more hybrid

beams in a cluster share communications channel frequencies from a spectrum of frequencies

assigned to the plurality of analog beams corresponding to the cluster,
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23, The method of claim 18, wherein orientations of the clusters relative to one
another are based on spacing between the panels, and wherein the spacing between two
panels is determined to achieve a preselected communications channel capacity in each

cluster.

24, The method of claim 18, wherein the plurality of analog beams and the one or
more hybrid beams for a region are respectively generated using analog beamforming
coefficients and digital beamforming coefficients, the method further comprising:

generating a first plurality of hybrid beams in a first cluster at a first time according to
a preselected schedule; and

adjusting at least one of the analog beamforming coefficients or the digital
beamforming coetficients to generate a second plurality of hybrid beams in a second cluster

at a second time according to the preselected schedule.

25. The method of claim 10, wherein the second plurality of hybrid beams is
different from the first plurality of hybrid beams, and wherein at least one of relative
orientations or routing of hybrid beams in the second cluster is different from, respectively,

relative orientations or routing of hybrid beams in the first cluster.

26. The method of claim 10, wherein the second plurality of hybrid beams 15 same
as the first plurality of hybrid beams, and wherein hybrid beams in the second cluster are
generated following one of a delay adjustment or an amplitude adjustment to the analog
beams in the second cluster, the delay adjustment or the amplitude adjustment being
performed to maintain the relative orientations and routing of the hybrid beams in the second

cluster to be same as hybrid beams in the first cluster,

27. The method of claim 18, wherein each of the one or more hybrid beams is a
full chuster digital beam, the method further comprising:

determining a second target area for communications coverage;

dividing the second target area into a plurality of second regions;

generating, for each second region, a second plurality of analog beams using a subset
of the plurality of panels, wherein each panel of the subset generates one or more analog
beams of the second plurality of analog beams, and wherein the second plurality of analog

beams covering each second region forms a second type cluster; and
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generating, in each second type cluster, a plurality of partial cluster hybrid beams
from the second plurality of analog beams corresponding to the second type cluster, wherein
each partial cluster hybrid beam is a digital beam generated by phase combining one or more
analog beams of the second plurality of analog beams corresponding to the second type

cluster.

28. The method of claim 27, further comprising;

determining a third target area for communications coverage;

dividing the third target area iuto a plurality of third regions;

generating, for each third region, a third plurality of analog beams using the plurality
of panels, wherein each panel of the plurality of panels generates one or more analog beams
of the third plurality of analog beams, and wherein the second plurality of analog beams
covering each second region forms a cluster; and

generating, in each cluster, a simple hybrnid beam from the third plurality of analog
beams corresponding to the cluster, wherein the simple hybrid beam 1s digital beam generated
by phase combining one or more analog beams of the third plurality of analog beams

corresponding to the cluster.

29. The method of claim 14, further comprising:

determining a fourth target area for coramunications coverage;

dividing the fourth target area into a plurality of fourth regions;

generating, for each fourth region, a fourth plurality of analog beams using a subset of
the plurality of panels, wherein each panel of the subset generates one or more analog beams
of the fourth plurality of analog beams, and wherein the fourth plurality of analog beams
covering each fourth region forrus a second type cluster; and

generating, in each second type cluster, a split hybrid beam from the fourth plurality
of analog beams corresponding to the second type cluster, wherein the split hybrid beam iz a
digital beam generated by phase combining one or more analog beams of the fourth plarality

of analog beams corresponding to the second type cluster.
30, The method of claim 18, wherein generating the plurality of analog beams in

each region comprises combining, in each panel, one or more of phase, delay, or amplitude of

the feeds in the panel to generate an analog beam.
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31, The method of claim 18, wherein generating the one or more hybrid beams in
each cluster comprises generating digital beams in each cluster by combining one or more of

phase, delay, or amplitude of one or more analog beams corresponding to the cluster.
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