GROUND-BASED BEAMFORMED COMMUNICATIONS USING MUTUALLY
SYNCHRONIZED SPATIALLY MULTIPLEXED FEEDER LINKS

FIELD

[0001] Embodiments relate generally to communications systems, and, more particularly, to

providing ground-based beamforming with mutually synchronized, spatially multiplexed feeder links.

BACKGROUND

[0002] In wireless communications systems, such as satellite communication systems, data can be
communicated from one location to another via a wireless relay. For example, in a satellite
communications system, data can be communicated between gateways and user terminals via a
satellite. It is generally desirable to increase capacity of the communications system. Some
approaches for increasing capacity involve increasing power, but such approaches can have various
limitations. For example, power increases can be limited by power budgets (e.g., practical power
limitations of system components, etc.) and/or by regulatory constraints (e.g., maximum allowed
transmission power, etc.), and increases in power can have a disproportionately small impact on
capacity (e.g., following a logarithmic gain when operating near the Shannon limit). Some other
approaches involve increasing bandwidth (e.g., via greater frequency reuse, since spectrum allocations
are typically fixed and limited). However, increasing bandwidth reuse typically involves increasing
the number of beams servicing ground terminals and decreasing beam sizes. Decreased beam sizes
present a number of challenges, such as increased size, weight, complexity, cost, etc. of the satellite
and/or ground terminals; increased accuracy required for antenna pointing and attitude control in the
satellite; etc. Small beam sizes also present challenges with respect to matching the provided system
capacity (e.g., providing an equal share to each of the beams) to demand (often very unevenly

distributed over the user coverage area).

[0003] Some of these concerns can be addressed for certain applications using techniques such as on-
board beamforming arrays and hardware, but such techniques can further increase the size, weight,
cost, and complexity of the satellite. One approach to reducing the complexity on board the satellite,
while maintaining certain features of on-board beamforming, is to shift the complexity to the ground.
So-called “ground-based beamforming” (GBBF) approaches can be effective, but implementations
have tended to focus on lower bandwidth contexts (e.g., providing a few MHz of user link bandwidth
for L-band carrier frequencies). Conventional GBBF has a feeder bandwidth expansion problem, as
the required feeder link bandwidth is a multiple of the user link bandwidth, the multiplication factor

being related to the number of antenna elements provided by the user link array. So for example, to



provide 1 GHz of user bandwidth (e.g., at Ka-band) with a 100-element user-link beamforming array
may require 100 GHz of feeder link bandwidth. The bandwidth expansion problem can frustrate
practical application of conventional GBBF to high-capacity satellite systems.

[0003a] Reference is made to Filippo Di Cecca et al: “Payload aspects of mobile satellite systems
with on-ground beamforming and interference cancellation”, Wireless Information Technology and

Systems (ICWITS), 2012 IEEE International Conference On, IEEE, 11 November 2012, pages 1-4.

[0003b] EP 1303927 A2 discloses a satellite communications system that uses multiple ground
stations and one or more satellites for communicating between mobile subscribers and a land-based

communications network, such as the PSTN or the Internet.
[0003c] WO 2017/124004 Al discloses techniques for end-to-end beamforming in a wireless

communication system using access node clusters that are distinct from a user coverage area.

BRIEF SUMMARY

[0004] Among other things, systems and methods are described for providing ground-based
beamforming with mutually synchronized, spatially multiplexed gateways in a wireless
communications system. Some embodiments operate in the context of a satellite communications
system having a number of geographically distributed gateway terminals in communication with a
large number of user terminals via a satellite. The satellite can include a focused-beam feeder antenna
that communicates with the geographically distributed gateway terminals (e.g., single gateway per
beam), and a user antenna that services user terminals in multiple coverage areas with formed user
beams. The gateway terminals can communicate forward signals that are beam-weighted and
mutually phase-synchronized (e.g., according to satellite and/or loopback beacons), such that the
forward uplink signals received by the satellite are phase-coherent. The beam weighting is such that
the signals relayed (e.g., transmitted) by the satellite spatially combine to form the user beams.
Embodiments can achieve extensive frequency reuse through spatial multiplexing of the feeder-link
signals. For example, some implementations use very narrow feeder beams (e.g., with large satellite
antenna aperture) with frequency reuse of the same band to achieve spatial multiplexing. Some
implementations further increase capacity of the communications system and/or further reduce the
number of gateways by exploiting multiple poles per gateway, multiple frequency sub-ranges per

gateway, and/or other techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] The present disclosure is described in conjunction with the appended figures:



[0006] FIG. 1 shows an illustrative satellite communications system for providing ground-based
beamforming using mutually synchronized spatially multiplexed feeder links (MSSMFL), according

to various embodiments;

[0007] FIG. 2 shows an illustrative satellite communications system for implementing forward-link

communications, according to various embodiments;

[0008] FIG. 3 shows an illustrative satellite communications system for implementing return-link

communications, according to various embodiments;

[0009] FIG. 4 shows a block diagram of an illustrative satellite system for providing MSSMFL,

according to various embodiments;

[0010] FIG. 5 shows a block diagram of an illustrative loopback pathway for loopback beacon

signaling, according to various embodiments;

[0011] FIG. 6 shows a block diagram of a satellite beacon subsystem, according to various

embodiments;

[0012] FIG. 7 shows an illustrative satellite communications system for providing MSSMFL,

according to various embodiments;

[0013] FIG. 8 shows another illustrative satellite communications system for providing MSSMFL,

according to various embodiments;

[0014] FIG. 9 shows a block diagram of an illustrative satellite system for providing MSSMFL using

multiple polarization orientations, according to various embodiments;

[0015] FIG. 10 shows a block diagram of an illustrative satellite system for providing MSSMFL

using multiple frequency sub-ranges, according to various embodiments;

[0016] FIG. 11 shows a flow diagram of an illustrative method for ground-based beamforming with

MSSMFL in a satellite communications system, according to various embodiments;

[0017] FIG. 12 shows a plot of a feeder-link antenna pattern for an illustrative feeder reflector

plotted with respect to azimuth and elevation;

[0018] FIG. 13 shows a block diagram of an illustrative calibration system implemented on the

satellite to assist in making forward-link measurements of feeder-link antenna pattern impairments;

[0019] FIG. 14 shows a block diagram of an illustrative calibration system implemented on the

satellite to assist in making return-link measurements of feeder-link antenna pattern impairments; and

[0020] FIG. 15 shows a block diagram of an illustrative feeder antenna pattern impairment

compensation environment that includes an illustrative crosstalk canceler.
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[0021] In the appended figures, similar components and/or features can have the same reference
label. Further, various components of the same type can be distinguished by following the reference
label by a second label that distinguishes among the similar components. If only the first reference
label is used in the specification, the description is applicable to any one of the similar components
having the same first reference label irrespective of the second reference label.

DETAILED DESCRIPTION

[0022] In the following description, numerous specific details are set forth to provide a thorough
understanding of the present invention. However, one having ordinary skill in the art should
recognize that the invention can be practiced without these specific details. In some instances,
circuits, structures, and techniques have not been shown in detail to avoid obscuring the present

invention.

[0023] Embodiments described herein include novel techniques for providing ground-based
beamforming with mutually synchronized spatially multiplexed gateways in a wireless
communications system (referred to herein as mutually synchronized spatially multiplexed feeder
links, or MSSMFL). Some such techniques include mutually phase-synchronizing and beam-
weighting spatially multiplexed feeder-link signals in the ground segment of the communications
system. For example, in the forward direction, focused feeder beams can be used to receive the
mutually phase-synchronized and beam-weighted, spatially multiplexed forward uplink signals at a
satellite (e.g., or any other suitable wireless communications relay). The satellite can use an antenna
array to relay the mutually phase-synchronized signals in such a way that forms user beams according
to the beam-weighting of the signals. Because the feeder beams are focused, they can be directed to
different (spatially-separated) regions, allowing feeder links to reuse the same frequency band. This
resulting frequency reuse thus avoids the bandwidth expansion problem of conventional ground-based
beamforming. Accordingly, novel types of ground-based beamforming with MSSMFL described
herein can facilitate implementation of high-throughput satellite communications systems, such as

systems providing throughputs of 1 Terabit-per-second or more.

[0024] Turning to FIG. 1, an illustrative satellite communications system 100 is shown for providing
MSSMFL, according to various embodiments. As illustrated, the satellite communications system
100 includes a satellite 140 in communications with multiple (M) gateway terminals 130 and multiple
user terminals 165. The satellite 140 can be implemented as a bent-pipe (e.g., non-processed)
geosynchronous (GEO) communications satellite. Alternatively, the satellite 140 can be implemented
as any other suitable satellite or wireless communications relay as described herein. The gateway
terminals 130 are geographically distributed and communicate with the satellite via focused feeder

beams. For example, the gateway terminals 130 are disposed in at least two feeder beams without



overlapping with each other (e.g., as single spot beam per gateway terminals 130, or any other
suitable implementation). All M gateway terminals 130 operate at a same carrier frequency. Note,
however, that for gateways that are mutually-synchronized as described herein, there may be brief
periods of time during which the gateways do not operate at exactly the same carrier frequency due to
tolerances, cycle slips, phase/frequency noise, and short terms loss of synchronization. Moreover, a
gateway may transmit multiple carriers simultaneously each at a different frequency. However, for
transmission of multiple carriers, any individual carrier which is beamformed by the satellite will be
transmitted at the same frequency by each gateway. Thus, gateways may be said to transmit at
substantially the same frequency without altering the scope of the present invention. The user
terminals 165 are disposed in one or more user beam coverage areas 160 associated with one or more

formed user beams (e.g., using beamforming antenna elements on the satellite 140).

[0025] The gateway terminals 130 are in communication with other ground segment components,
which can enable MSSMFL through ground-based coordination of phase-synchronized feeder-link
signals and beamformed user-link signals. As illustrated, feeder-link modems 103 can be in
communication with a digital data network 101, such as the Internet, or the like. The feeder-link
modems 103 can convert between digital data network 101 traffic and data streams 105 associated
with user beam coverage areas 160. For example, K data streams 105 can be associated with traffic to

and from K user beam coverage areas 160 (corresponding to K formed user beams).

[0026] The feeder-link modems 103 can be coupled with forward and/or return beamformers 110,
and the forward and/or return beamformers 110 can be in communication with the gateway terminals
130. For example, each gateway terminal 130 includes a communications link with the forward
and/or return beamformers 110 via a distribution network 120, such as an Internet backhaul network,
or any other suitable network. Embodiments of the forward and/or return beamformers 110 can apply
forward and/or return beam weights to forward and/or return signals, respectively. For example, in
the forward direction, the forward and/or return beamformers 110 can generate beam-weighted
forward signals from the K data streams 105, which can be communicated to the gateway terminals
130. In the return direction, the forward and/or return beamformers 110 can generate the K data

streams 105 from return signals received from the gateway terminals 130.

[0027] In some implementations, the beamforming of user beams by the forward and/or return
beamformers 110 is adaptive. For example, feedback is used to adaptively compute the forward
and/or return beam weights over time, thereby adapting the user beam beamforming to the feedback.
Such adaptation can tend to compensate for various types of non-idealities, such as changes in
satellite attitude, changes in satellite reflectors (e.g., flexing, etc.), and/or other sources of beam
pointing error. In certain implementations, the user beam beamforming is non-adaptive. For

example, where satellite attitude is well-controlled, and spatial distribution of desired user beams is



known, pre-calculated beamweights can be applied by the forward and/or return beamformers 110 to
form the desired user beams. Some such implementations can be fully non-adaptive, while other such
implementations can be partially adaptive (e.g., some adaptive loops can be used to address certain
non-idealities, as desired). In various implementations, adaptive and non-adaptive beamforming can
be used to support fixed or dynamic user beam generation (e.g., fixed or dynamic user beam sizes,
user beam locations, and/or other user beam characteristics). For example, an adaptive fixed approach
can use adaptive beamforming to maintain user beam locations in context of changing satellite
attitude, while using fixed beam locations. An adaptive dynamic approach can also change beam
sizes and/or locations in response to changes in traffic demand, and a non-adaptive dynamic approach
can cycle through pre-computed beam weights in different time slots to generate user beams of

different sizes and/or locations.

[0028] The gateway terminals 130 are also in communication with a synchronization subsystem 125.
Embodiments of the synchronization subsystem 125 can mutually phase-synchronize uplink signals
from the gateway terminals 130 so that the uplink signals will be received by the satellite 140 in a
phase-synchronous manner. For example, the synchronization subsystem 125 can synchronize the
carrier phase of the uplink signals from each gateway terminal 130 to account for path delay
differences between each gateway terminal 130 and the satellite 140 (e.qg., the geographic distribution
of the gateway terminals 130 yields different distances between each gateway terminal 130 and the
satellite). Some embodiments can further time-synchronize the signals, for example, to line up
symbol boundaries among transmissions from the different gateway terminals 130. For example, this
can help support dynamic changes to modulation and/or encoding of data streams (e.g., changes in

modcodes), which can affect symbol durations and/or other parameters.

[0029] The synchronization subsystem 125 can be implemented in any suitable manner. In some
implementations, each gateway terminal 130 includes, or is coupled with, a local instance of the
synchronization subsystem 125. In other implementations, some or all gateway terminals 130 can
share an instance (e.g., a single, centralized instance) of the synchronization subsystem 125. For
example, the shared synchronization subsystem 125 can synchronize itself (or a single gateway
terminal 130) with the satellite 140, and can further synchronize the multiple other sharing gateway
terminals 130, accordingly. As described more fully below, various techniques can be used to
perform various types of synchronization with the synchronization subsystem 125. For example, the
satellite 140 can transmit a beacon signal that can be received by the synchronization subsystem 125
(via some or all gateway terminals 130); and the synchronization subsystem 125 (e.g., each instance
of the synchronization subsystem 125 at each gateway terminal 130) can transmit a loopback beacon
signal. The synchronization subsystem 125 can synchronize the satellite beacon and the loopback

beacons to enable mutual phase-synchronization of the feeder-link signals.



[0030] FIG. 2 shows an illustrative satellite communications system 200 for implementing forward-
link communications, according to various embodiments. The satellite communications system 200
can be an implementation of the satellite communications system 100 described with reference to
FIG. 1. Asillustrated, the satellite 140 provides communications between a number (M) of
geographically distributed gateway terminals 130 and a number of user terminals 165 in at least one
user beam coverage area (corresponding to forward user beams 260). The satellite 140 includes a
feeder antenna subsystem 230 and a user antenna subsystem 250. The feeder antenna subsystem 230
includes a number of focused-beam antenna elements (FAES) 243, each illuminating a respective
focused feeder beam. The feeder-link can operate with a single gateway per beam, a group of
gateways per beam, and/or in any other suitable manner that enables bandwidth reuse through spatial
multiplexing. Further, a single beam can be implemented using multiple antenna elements in some
cases. The user antenna subsystem 250 includes an array of beamforming antenna elements (BAES)
247 that can form one or more user beams (e.g., forward user beams 260) for communicating with
user terminals 165 disposed in the coverage areas of those user beams. Note that, because the system
is a ground-based beamforming system, no phasing components need be included in the BAEs, as the
phasing of signals transmitted by the BAEs is controlled by the phase relationships of the signals
received by the corresponding FAEs as explained further below. The feeder antenna subsystem 230
and the user antenna subsystem 250 can be implemented in various ways. In one implementation, the
feeder antenna subsystem 230 and/or the user antenna subsystem 250 is implemented as a direct
radiating array (e.g., the user antenna subsystem 250 can include a two-meter direct radiating array).
In another implementation, the feeder antenna subsystem 230 and/or the user antenna subsystem 250
is implemented with separate transmit and receive antennas. Some implementations also include one
or more reflectors (e.g., an array fed reflector). One such implementation includes a single reflector
positioned, so that feeder feeds of the feeder antenna subsystem 230 are in focus with respect to the
reflector, and user feeds of the user antenna subsystem 250 are out of focus with respect to the
reflector. Another such implementation includes separate user and feeder reflectors, for example,
implemented so that feeder feeds of the feeder antenna subsystem 230 are in focus with respect to the
feeder reflector, and user feeds of the user antenna subsystem 250 are out of focus with respect to the
user. In one implementation, the one or more reflectors are be implemented as di-chroic reflectors.
For example, the di-chroic reflector(s) can include a sub-reflector that affects only uplink signals,

while higher-frequency downlink signals pass through the surface of the sub-reflector.

[0031] The satellite further includes a forward repeater subsystem 240 having a number (L) of
forward-link pathways 245, where L equals the number of gateway terminals 130 (M) (although, as
explained below, in some embodiments, M can be less than L). There are many ways that the feeder
antenna system 230 may be connected to the forward repeater subsystem 240. For example, in a case

where the number of gateway terminals 130 (M) is equal to the number of FAEs 243 (L), each FAE



243 can include one forward-link output, each coupled with an input side of a respective one of the
forward-link pathways 245. Each BAE 247 can include a forward-link input coupled with an output
side of a respective one of the forward-link pathways 245. In some cases, one or more FAEs 243 can
include multiple forward-link outputs, each coupled with an input side of a respective one of the
forward-link pathways 245. The forward repeater subsystem 240 can have a forward uplink frequency
range and a forward downlink frequency range. In some cases, the forward uplink frequency range
overlaps (e.g., is partly or completely coextensive with) the return uplink frequency range, and the
forward downlink frequency range overlaps the return downlink frequency range (e.g., feeder and
user uplinks share a first frequency band and/or range, and feeder and user downlinks share a second
frequency band and/or range). For example, forward uplink signals can be received by a FAE 243 at
the forward uplink frequency range, converted by the coupled forward-link pathway 245 to the
forward downlink frequency range, and transmitted by the coupled BAE 247. As described below,
this can enable forward downlink signals to be generable from beam-weighted, mutually phase-
synchronized forward uplink signals that are each received at a respective one of the forward-link
FAE inputs from a corresponding one of the geographically distributed gateway terminals 130, such
that transmission of the forward downlink signals by the forward-link BAE outputs causes the
forward downlink signals to spatially superpose to form the at least one forward user beam 260.

[0032] As illustrated, each of K forward data streams 205 (e.g., from feeder-link modems, or the like)
includes data destined for a respective one of the K forward user beams 260. In general, it is desired
to distribute a beamformed version of those forward data streams 205 to some or all of the M spatially
separated gateway terminals 130. In this way, the gateway terminals 130 can provide spatial
multiplexing and bandwidth reuse for the forward communications. The forward data streams 205
can be received by a forward beamformer 210 (e.g., part of the forward/return beamformers 110 of
FIG. 1). The forward beamformer 210 can apply L x K forward beam weights 213 to the forward data
streams 205 to generate L beam-weighted forward signals 215. For example, the forward beamformer
210 includes a forward data stream input, a beam weight input indicating a beam weight 213
associated with each of the gateway terminals 130; and beam-weighted forward signal outputs. Each
beam-weighted forward signal output can be coupled with the beam-weighted forward signal input of
a respective one of the gateway terminals 130 via the distribution network 120, and each can be a
version of the forward data stream input that has been beam-weighted according to the beam weight
213 associated with the respective one of the gateway terminals 130. Each of the L beam-weighted
forward signals 215 is generated to correspond to a respective one of the L forward-link pathways 245
(and, accordingly, to a respective one of the L BAEs 247). The forward beam weights 213 are
computed so that, when the weighted signals are ultimately transmitted from the user antenna

subsystem 250, the signals will spatially combine to form the forward user beams 260.



[0033] The forward beam weights 213 can be computed and applied in any suitable manner. In some
cases, the forward beam weights 213 are stored in a forward beam weight store of the forward
beamformer 210. In other cases, a beam weight generator is part of, or coupled with, the forward
beamformer 210. The forward beam weights 213 can be pre-computed, prior to deploying the
satellite 140, based on simulated communication link characteristics; computed one or more times
(e.g., periodically) based on feedback and analysis of the operating satellite communications system
200; adjusted adaptively based on feedback and analysis of the operating satellite communications
system 200; and/or computed in any other suitable manner. Many techniques are known for
generating the forward beamforming coefficients. For example, the coefficients for multiple beams
can be globally optimized to maximize the sum of the signal to interference and noise ratios for all the
beams. For example, at low signal to noise ratio, the weights may be chosen to maximize signal
power, while at high signal to noise ratio, the weights may be selected to minimize the intra beam

interference.

[0034] Each of the L beam-weighted forward signals 215 can be communicated (e.g., via the
distribution network 120) to a respective one of the M gateway terminals 130. In many cases, the
number of gateways terminals 130 (M) is exactly the same as the number of forward link pathways
245 (L). As will be discussed later, L may be greater than or equal to M, so that each of the M gateway
terminals 130 may receive one or more of the L beam-weighted forward signals 215 (corresponding to
the one or more forward-link pathways 245 coupled with each FAE 243, each FAE 243 being
associated with a respective gateway terminal 130). Accordingly, the M gateway terminals 130 can
transmit the beam-weighted forward signals 215 to the satellite 140 as L forward uplink signals 235.
Prior to transmitting the forward uplink signals 235, the signals are mutually phase-synchronized. As
described above, the gateway terminals 130 include, or are in communication with, a synchronization
subsystem 125 that can mutually phase-synchronize the beam-weighted forward signals 215 to
generate the forward uplink signals 235. The mutual phase-synchronization causes the gateway
terminals 130 to transmit the beam-weighted forward signals 215 to the satellite 140 in such a way
that the forward uplink signals 235 are received in a phase-synchronous manner by the FAEs 243 of
the feeder antenna subsystem 230. For example, the synchronization accounts for path delay
differences between each gateway terminal 130 and the satellite 140, so that the signals received by
the FAEs 243 have their carrier phases lined up and are at least approximately time-synchronized

(e.g., to within a fraction of a desired communication signal symbol period).

[0035] Thus, the satellite 140 receives multiple (L) beam-weighted, mutually synchronized forward
uplink signals 235, each via a focused feeder uplink (e.g., corresponding to one of the M gateway
terminal 130 locations). The satellite 140 can generate each of multiple beam-weighted, mutually
synchronized forward downlink signals 255 from a corresponding one of the plurality of forward

uplink signals 235. The satellite 140 can transmit the forward downlink signals 255 via de-focused
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user downlinks, such that the forward downlink signals 255 spatially superpose to form the one or
more forward user beams 260. For example, each forward uplink signal 235 can be received by one
of the FAEs 243 and passed to a coupled one of the forward-link pathways 245, which can generate a
respective one of the forward downlink signals 255 therefrom (e.g., by amplifying and frequency-
converting the forward uplink signals 235). Each forward downlink signal 255 can be passed to a
coupled one of the BAES 247 of the user antenna subsystem 250. The BAES 247 can transmit the
forward downlink signals 255, and the beam weighting (e.g., and mutual synchronization) of the
forward downlink signals 255 causes them to spatially combine to form the forward user beams 260.
Each of the L BAEs 247 effectively transmits to each of K user beam coverage areas, so that L
forward downlink signals 255 can spatially combine at each of the K user beam coverage areas to

form a respective one of the K forward user beams 260.

[0036] FIG. 3 shows an illustrative satellite communications system 300 for implementing return-
link communications, according to various embodiments. For the sake of clarity, the satellite
communications system 300 is illustrated to correspond to the satellite communications systems 200
described with reference to FIG. 2, and components are labeled with similar or identical reference
designators. As described above, the satellite 140 provides communications between a number of
user terminals 165 in K user beam coverage area (corresponding to return user beams 360) and M
geographically distributed gateway terminals 130 and. Some embodiments can use the same feeder
antenna subsystem 230 and user antenna subsystem 250 in both the forward and return directions. For
example, in the return direction, return uplink signals 355 can be received by the BAEs 247 of the
user antenna subsystem 250 (from user terminals 165 in some or all of the return user beams 360). A
return repeater subsystem 340, having return-link pathways 345 coupled with return-link outputs of
the BAES 247, can generate return downlink signals 335 from the return uplink signals 355. FAES
243 of the feeder antenna subsystem 230, each having one or more return-link inputs coupled with
respective ones of the return-link pathways 345, can transmit the return downlink signals 335 to

respective ones of the gateway terminals 130.

[0037] In some embodiments K return uplink signals 355 are received by each of the L BAEs 247.
Each of the L BAEs 247 is coupled with a respective one of L return-link pathways 345, so that L
return downlink signals 335 are generated, each potentially including information transmitted from
the K return user beams 360. There are many ways that the return repeater subsystem may be
connected to the feeder antenna subsystem. For example, in a case where the number of gateway
terminals 130 (M) is equal to the number of FAEs 243 (L), each FAE 243 can include one return-link
input, each coupled with an output side of a respective one of the return-link pathways 345. In some
cases, one or more FAEs 243 can include multiple return-link inputs, each coupled with an output side
of a respective one of the return-link pathways 345 (e.g., as described in further detail below, in

reference to FIG. 10). Thus, each of M FAEs 243 is coupled with one or more of the L return-link
10



pathways 345, so that the L return downlink signals 335 are transmitted to the M gateway terminals
130. The received return downlink signals 335 are neither beam-weighted nor mutually synchronized.
The synchronization subsystem 125 can mutually synchronize the return downlink signals 335 (e.g.,
line up carrier phase, carrier timing, symbol boundaries, etc.) to generate L return signals 315 that are
communicated to a return beamformer 310 (e.g., either before or after transport via the distribution
network 120). The return signals 315 can be mutually synchronized from the perspective of the return
beamformer 310. For example, in some embodiments, the satellite 140 can transmit a beacon signal
(e.g., a shared beacon) which is received by each gateway terminal 130 and used to mutually phase-
synchronize the return downlink signals 335 at the gateways 130 relative to the beacon. The return
beamformer 310 can apply L x K return beam weights 313 to the return signals 315 in such a way as
to form the return user beams 360 (e.g., applying the return beam weights 313 recovers the K return
uplink signals via K retroactively formed return user beams 360). The return beam weights 313 can
be computed and/or applied in any suitable manner, for example, as described above with reference to
computing and applying the forward beam weights 213 in FIG. 2. In the return direction, however,
intrabeam interference is generated by the transmitting terminals, not by the beamforming process.
Each beam’s beamforming weights can thus be optimized individually. By applying the L x K return
beam weights 313 to the synchronized L return signals 315, the return beamformer 310 can generate K
return data streams 305. In some embodiments, the return data streams 305 can be demodulated by

feeder-link modems, or the like, for communication via a digital data network, such as the Internet.

[0038] FIG. 4 shows a block diagram of a portion of an illustrative satellite system 400 for providing
MSSMFL, according to various embodiments. The satellite system 400 includes multiple FAEs 243,
each having a forward-link input and a return link output, which can collectively be referred to as the
feeder antenna subsystem. In some embodiments, the feeder antenna system can also include one or
more feeder reflectors 410. For example, the feeder reflector(s) 410 can be used in conjunction with
the FAEs 243 to focus feeder beams by which to communicate with gateway terminal locations. In
some embodiments, the FAEs 243 are implemented as a single feed per beam (SFPB) architecture.
According to such an architecture, the FAEs 243 include antenna feeds, and each antenna feed
corresponds to a single respective one of the feeder beams. Some implementations include large
numbers of feeder beams, such that using a SFPB architecture involves a comparably large number of
antenna feeds. Physical size limitations of the antenna feeds can limit the physical density of the
antenna feeds (i.e., how closely the feeds can be placed in the feeder antenna subsystem, which can
effectively limit the number of gateway beams that can be supported by a SFPB architecture. In other
embodiments, the FAEs 243 are implemented as a multiple feeds per beam (MFPB) architecture.
According to such an architecture, each antenna feed can be coupled with a weighted set of beam
signals, so that each antenna feed can effectively be shared across multiple feeder beams (e.g., in

clusters of three antenna feeds, seven antenna feeds, etc.).
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[0039] The satellite system 400 also includes multiple BAEs 247, each having a forward-link output
and a return link input, which can collectively be referred to as the user antenna subsystem. In some
embodiments, the user antenna system can also include one or more user reflectors 430. For example,
the user reflector(s) 430 can be used in conjunction with the BAEs 247 to form forward and return
user beams associated with user beam coverage areas as described herein. In some embodiments, a
single reflector may be used as both a user reflector 430 and a feeder reflector 410. In some

embodiments, the user antenna subsystem can be the same as the feeder antenna subsystem.

[0040] The satellite system 400 can further include a forward repeater subsystem 240 and a return
repeater subsystem 340. The forward repeater subsystem 240 can have a forward uplink frequency
range and a forward downlink frequency range and a number of forward-link pathways, each coupled
between one of the forward-link inputs and one of the forward-link outputs. As illustrated, each
forward-link input of a FAE 243 can be coupled with a low-noise amplifier (LNA) 423 operating at
the forward uplink frequency range. Each LNA 423 can be coupled with an input side of a forward
frequency converter 425, which can convert the received, amplified forward uplink signal from the
forward uplink frequency range to the forward downlink frequency range. An output side of each
forward frequency converter 425 can be coupled with a power amplifier (PA) 427 operating at the
forward downlink frequency range. Each PA 427 can be coupled with the forward-link output of a
respective one of the BAEs 247. Each coupled LNA 423, forward frequency converter 425, and PA
427 can collectively implement a forward-link pathway (e.g., one of the forward-link pathways 245 of
FIG. 2). As described above, phase-synchronously receiving the mutually phase-synchronized, beam-
weighted forward uplink signals (generated as such by feeder-side ground network components) at the
FAEs 243 can cause the forward downlink signals also to be phase-synchronized and beam-weighted,
such that transmission of the forward downlink signals by the BAES 247 causes forward user beams

to form by spatial superposition of the forward downlink signals.

[0041] The return repeater subsystem 340 can have a return uplink frequency range and a return
downlink frequency range and a number of return-link pathways, each coupled between one of the
return-link inputs and one of the return-link outputs. As illustrated, each return-link input of a BAE
247 can be coupled with an LNA 423 operating at the return uplink frequency range (e.g., which may
or may not overlap with the forward uplink frequency range). Each LNA 423 can be coupled with an
input side of a return frequency converter 435, which can convert the received, amplified return
uplink signal from the return uplink frequency range to the return downlink frequency range. An
output side of each return frequency converter 435 can be coupled with a PA 427 operating at the
return downlink frequency range. Each PA 427 can be coupled with the return-link output of a
respective one of the FAEs 243. Each coupled LNA 423, return frequency converter 435, and PA 427
can collectively implement a return-link pathway (e.g., one of the return-link pathways 345 of FIG.

3). In some cases, the return-link pathways are implemented in substantially the same manner, and
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with substantially the same components, as the forward-link pathways. For example, the forward-link
pathways and the return-link pathways can be bent-pipe pathways; the forward-link pathways and the
return-link pathways can be cross-band pathways (i.e., each having an input side at a first frequency
band and an output side at a second frequency band); etc. As described above, ground-based
beamforming of the return downlink signals received by geographically distributed gateway terminals
135 can effectively cause return user beams to form with respect to the transmitted return uplink

signals.

[0042] In embodiments that include separate user antenna and feeder antenna subsystems, each
antenna subsystem can be configured (e.g., optimized) for certain characteristics. For example, some
MSSMFL communications systems can have different user and feeder beam coverage areas, which
may or may not overlap; some MSSMFL communications systems can have some or all gateway
terminals 130 disposed in user beam coverage areas; while other MSSMFL communications systems
can have some or all gateway terminals 130 disposed outside user beam coverage areas; etc. In these
and other types of implementations, the feeder and user antenna subsystems (e.qg., the reflectors,
antenna elements, etc.) can be focused, pointed, and/or otherwise configured to provide
communications services to the different coverage areas and/or to provide communications services to
coverage areas in different ways. For example, the feeder reflector 410 can be configured with a
larger aperture size than that of the user reflector 430 to illuminate the gateway terminals 130 with
smaller focused beams. Such a configuration can, for example, facilitate deployment of some or all
gateway terminals 130 in a smaller geographic region (e.g., as opposed to distributing the gateway
terminals 130 across a larger user beam coverage area), while maintaining sufficient separation for
desired bandwidth reuse. For example, gateway terminals 130 located only within the continental
United States can be used to service user terminals spread over a larger portion of the Earth’s surface

(e.g., the approximately one-third of the Earth visible from a geostationary satellite).

[0043] Larger feeder reflectors 410 can tend to have more surface distortion, to be more susceptible
to flexing (e.g., due to temperature differentials across the reflector, or the like), and/or to otherwise
impact provision of focused feeder beams. For example, a large unfurlable reflector has surface facets
and/or ribs arranged as a periodic structure that can create side lobes in the feeder antenna pattern
(e.g., similar in appearance to grating lobes). These and/or other impairments in the feeder antenna
pattern can cause cross-talk and/or other interference between gateway terminals 130, which can be
addressed in various ways. In some implementations, some or all of the gateway terminals 130 are
placed in locations that avoid interference between the gateway terminals 130, accounting for patterns
of impairment. FIG. 12 shows a plot 1200 of a feeder-link antenna pattern for an illustrative feeder
reflector (e.g., feeder reflector 410) plotted with respect to azimuth and elevation. As illustrated, side
lobes in the feeder-link antenna pattern caused by surface distortions of the reflector manifest as

regions of feeder-link antenna pattern impairment 1210. Embodiments can determine (e.g., estimate,
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measure, compute, etc.) such impairment, and gateway terminals 130 can be placed in locations 1220
that avoid the regions of antenna pattern impairment 1210.

[0044] In other implementations, interference between the gateway terminals 130 due to feeder
antenna pattern impairments can be compensated using one or more impairment compensation
approaches. According to a first category of approaches, inter-gateway crosstalk is measured and
compensated (e.g., canceled) on the ground. Crosstalk can be measured in various ways. One
approach uses loopback beacons (described below) to estimate inter-gateway crosstalk. Because each
gateway terminal 130 knows the contents of its transmitted loopback beacon signal, each received
loopback beacon signal (i.e., the loopback signal received by the transmitting gateway terminal 140
after being received and repeated by the satellite 140) can be compared to the corresponding
transmitted loopback signal to detect and measure crosstalk. Such an approach may be particularly
effective when most of the distortion is on the uplink, rather than on the downlink.

[0045] Another approach uses calibration at the user terminals 165 to measure the crosstalk. To
calibrate the feeder downlink side, a user terminal 165 can transmit a probe signal, such that an
expected feeder signal in the response is known. Received feeder signals can be compared to the
expected feeder signals to measure crosstalk. Such an approach can be particularly effective when
adaptation of the return user link is not needed. Multiple user terminals 165 across one or more user
coverage areas can be used to measure crosstalk at different locations and/or corresponding to
different feeder downlinks. To calibrate the feeder uplink side, one or more user terminals 165 can be
used to measure a response when a probe signal is transmitted by a single gateway terminal 130.

Such an approach can be particularly effective when adaptation of the forward user link is not needed.
Yet another approach is to use calibration hardware on the satellite 140 to measure crosstalk. For the
feeder downlink side, a test signal can be injected by the satellite 140 into each FAE (e.g., one at a
time), and the gateway terminals 130 can measure crosstalk in the response to the feeder downlink
signals. For the feeder uplink side, a probe signal can be transmitted by a gateway terminal 130, and
the response at each FAE measure (e.g., one at a time) and the response reported (or looped back) to
the gateways. Having measured crosstalk using any of the above or other approaches, some or all of
the measured crosstalk can be removed. Equalization and/or cancelation hardware can be used to
remove the measured crosstalk. In some embodiments, the equalization and/or cancelation hardware

is implemented in the beamformer (e.g., the forward and/or return beamformers 110 of FIG. 1).

[0046] FIG. 15 shows a block diagram of an illustrative feeder antenna pattern impairment
compensation environment 1500 that includes an illustrative crosstalk canceler 1510. The illustrative
crosstalk canceler 1510 can be implemented in the beamformer 110 (e.g., coupled to the forward
beamformer, return beamformer, or crosstalk cancelers coupled to both). As described above, feeder

antenna pattern impairment can cause crosstalk in the feed signals received by the gateway terminals
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130 and/or satellite 140. Those feed signals are communicated between the gateway terminals 130
and the forward and/or return beamformers 110 via the distribution network 120 and are received at
feed signal input ports 1512 of the crosstalk canceler 1510. Embodiments of the crosstalk canceler
1510 can compensate for the crosstalk and can output compensated feed signals via feed signal output
ports 1514. Some implementations of the crosstalk canceler 1510 can receive a crosstalk matrix 1520
(H). The crosstalk matrix 1520 can be a computed (e.g., estimated) feeder matrix. The vector of feed
signals with crosstalk can be represented as f, such that f = H x fo (where fy is the vector of the original
feed signals without crosstalk, and H is the crosstalk matrix). For example, if H = I (the identity
matrix), there is no crosstalk. Accordingly, the cross-talk compensated feed signals can be computed
as f =H1xf=H?x (Hxfo) =f,. Crosstalk compensation can be performed on forward uplink
signals 235 (e.g. after forward beamforming), return downlink signals 335 (e.g., before return
beamforming), or both. For example, for crosstalk compensation of the forward link, the beam-
weighted forward input signals generated by the forward beamformer can be provided to the feed
signal input ports 1512, and the cross-talk compensated feed signals at feed signal output ports 1514
can be provided to the gateways as the beamweighted forward input signals; for crosstalk
compensation of the return link, the return signal output from the gateways can be provide to the feed
signal input ports 1512, and the cross-talk compensated feed signals at feed signal output ports 1514
can be provided to the return beamformer as the return signal outputs. Alternatively, the order of

crosstalk compensation and beamforming can be reversed.

[0047] Another category of approaches to impairment compensation involves limited beamforming.
As described herein, feeder beams are produced using focused antenna elements, and some
embodiments of the focused antenna elements are implemented according to a multiple feed per beam
(MFPB) architecture. In MFPB architectures, each antenna feed can be associated with a weighted
and combined set of multiple feed signals. To form each weighted and combined set, multiple feed
signals can be passed through phase shifters, summers, and/or other hardware that can adjust
amplitude weights, phase, and/or other characteristics of the resulting combined feed signal according
to applied coefficients. The applied coefficients can be stored in a beamforming coefficient memory
on the satellite 140. The coefficients can be pre-computed and/or adaptively updated (e.g., using
feedback to the satellite from the gateways), so that the resulting combined feed signals can generated
statically or adaptively. Applying the coefficients effectively applies some beamforming to the feeder
signals, which can be used to compensate for impairments in the feeder antenna pattern. For example,
crosstalk can be predetermined (e.g., estimated or pre-computed) or measured using any of the
approaches described above. Rather than using equalization or cancelation to remove the measured
crosstalk, coefficients in the MFPB architecture can be used to apply limited beamforming to at least
partially correct for the antenna impairments causing the crosstalk (e.g., in a predefined or adaptive

manner). Some embodiments can use a hybrid of the categories of approaches. For example,
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equalization or cancelation can be used to remove measured crosstalk on one of the feeder uplink or
downlink, and limited beamforming can be used to remove crosstalk on the other of the feeder uplink

or downlink.

[0048] Effective implementation of MSSMFL can rely on proper mutual synchronization of signals
among the spatially separated feeder links. A number of approaches can be used to implement such
mutual synchronization, and those approaches can depend on characteristics (e.g., overlap, etc.) of the
user and feeder coverage areas. For example, in the forward direction, the gateway terminals 130
transmit forward uplink signals to the satellite 140, which are received by antenna elements of the
feeder antenna subsystem 230, communicated through forward-link pathways of the forward repeater
subsystem 240 to the user antenna subsystem 250, and transmitted as forward downlink signals by
antenna elements of the user antenna subsystem 250. To enable the transmitted forward downlink
signals to spatially combine to form forward user beams, embodiments use feeder-side ground
segment components to generate the feeder signals 135 as mutually synchronized, beam-weighted
forward uplink signals. In general, the satellite 140 (e.g., the various components illustrated in FIG.
4) can be a means for relaying mutually phase-synchronized, beam-weighted uplink signals as phase-
coherent downlink signals that spatially combine to form forward user beams. For example, the FAES
243 can receive mutually phase-synchronized, beam-weighted uplink signals; and the signals can be
passed through the forward repeater subsystem 240 and transmitted by the BAEs 247 as phase-
coherent downlink signals that spatially combine to form forward user beams. To enable receipt of
the forward uplink signals, embodiments include multiple, spatially separated means for
communicating the mutually phase-synchronized, beam-weighted uplink signals; and means for
mutually phase-synchronizing the uplink signals at the spatially separated means for communicating,
so that the forward uplink signals will be received phase-synchronously by the means for relaying.
For example, embodiments use ground components in conjunction with satellite signaling to mutually
synchronize feeder-link signals between geographically distributed gateway terminals 130 and the
satellite 140. Similarly, in the return direction, the user terminals transmit return uplink signals to the
satellite 140, which are received by antenna elements of the user antenna subsystem 250,
communicated through return-link pathways of the return repeater subsystem 340 to the feeder
antenna subsystem 230, and transmitted as return downlink signals by antenna elements of the feeder
antenna subsystem 230. Using feeder-side ground segment components to mutually synchronize and
beam-weight the received return downlink signals can effectively form the return user beams from

which the return uplink signals were transmitted.

[0049] Some embodiments use a combination of satellite beacon signaling and loopback beacon
signaling to enable mutual synchronization of the feeder-link signals. FIG. 5 shows a block diagram
of an illustrative loopback signal path 500 for loopback beacon signaling, according to various

embodiments. For example, each gateway terminal 130 can transmit a loopback beacon signal to the

16



satellite 140, which is relayed from the satellite 140 back to the gateway terminal 130 via the
loopback signal path 500. For each gateway terminal 130, the time elapsed between sending and
receiving its loopback signal can be used to compute its distance from the satellite 140 or otherwise
allow for phase delay in the feeder link to be compensated for. Similar to the forward and return-link
pathways described above, a loopback pathway can include a loopback frequency converter 525
coupled between an LNA 423 and a PA 427. Unlike the forward and return-link pathways described
above, both the input and output sides of the loopback pathway 500 can be in communication with a
loopback antenna element (LAE) 510. In some implementations, the LNA 423 (input side) of the
loopback pathway is coupled to the forward-link output of an FAE 243 (i.e., the LAE 510 can be
implemented as a FAEs 243), and the PA 427 (output side) of the loopback pathway is coupled to the
return-link input of the same or a different FAE 243. In some implementations, the LNA 423 of the
loopback pathway is coupled to the forward-link output of an FAE 243, and the PA 427 of the
loopback pathway is coupled to the forward-link input of a BAE 247 (e.g., where some or all gateway
terminals 130 are within beam coverage areas associated with the user antenna subsystem 250). In
some implementations, a separate loopback antenna subsystem is used. For example, the LAE 510
can be implemented as a coverage area antenna (e.g., including a wide-area horn) to receive and/or

transmit loopback signals from/to some or all of the gateway terminals 130.

[0050] FIG. 6 shows a block diagram of a satellite beacon subsystem 600, according to various
embodiments. As illustrated, the satellite beacon subsystem 600 can include a master reference
oscillator 610, a beacon signal generator 620, a pseudo-noise (PN) code generator 630, redundant PAs
627, and a coverage area horn 640. The beacon signal generator 620 can combine clocking signaling
based on the master reference oscillator 610 with PN signaling (e.g., using a code based on
pseudorandom noise or any other suitable code) generated by the PN code generator 630 to generate a
beacon signal. Such a beacon signal can effectively provide a precise phase reference (e.g., used for
phase synchronization) and a timecode (e.g., used for symbol synchronization). Any other suitable
beacon signaling can be generated. The beacon signal can be amplified by one or more redundant
PAs 627 and transmitted via the coverage area antenna 640. In some implementations, the coverage
area antenna 640 can include a wide-area horn. In other implementations, the coverage area antenna
640 can include components for forming a wide beam to illuminate some or all of the gateway
terminals 130. In some implementations, the coverage area antenna 640 can also be used to transmit

one or more relayed beacon signals.

[0051] As described above, some embodiments measure and/or compensate for feeder-link antenna
pattern impairment arising, for example, from feeder reflector 410 distortion. Some approaches for
measuring the feeder-link antenna pattern impairment can use calibration circuitry on the satellite 140
that exploits the loopback circuitry of the satellite 140. FIG. 13 shows a block diagram of an

illustrative calibration system 1300 implemented on the satellite 140 to assist in making forward-link
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measurements of feeder-link antenna pattern impairments. The calibration system 1300 can include
couplers 1310 and switch 1320, which can interface with the loopback frequency converter 525
described with reference to FIG. 5. Using switch 1320, the loopback frequency converter 525 can be
timeshared (e.g., set to different modes during different timeslots of a frame) to support both mutual
synchronization of the gateway terminals 130, as well as estimation of feeder-link antenna pattern
impairment. During gateway synchronization time slots, the switch 1320 can be set to cause a
received feeder uplink signal to be provided to the loopback frequency converter 525. During feeder
antenna pattern impairment measurement time slots, the switch 1320 can be set to select one of the
feeder antenna element 243 outputs to be provided to the loopback frequency converter 525. By
cycling through each of the different feeder antenna elements 243 during different time slots, the
gateway terminals 130 can measure the amount of uplink crosstalk between each of the FAEs 243.
The couplers can be any of: a directional coupler, signal sampler, power divider, unequal power
divider, and/or other suitable components. In some embodiments, gateway loopback signals are used
for both gateway synchronization and pattern distortion estimation. The gateway loopback signals
may be transmitted simultaneously with user traffic (e.g., gateway loopback signals are spread-
spectrum-encoded), or may be transmitted during dedicated time slots where no user traffic is present.

[0052] FIG. 14 shows a block diagram of an illustrative calibration system 1400 implemented on the
satellite 140 to assist in making return-link measurements of feeder-link antenna pattern impairments.
Operation can be similar to the forward-link calibration discussed above with reference to FIG. 13.
Loopback signals transmitted through the loopback transponder can be selectively switched into
individual feeder antenna feeds using switches 1410. Crosstalk on the feeder downlink can be
measured by the gateway terminals 130. Return-link calibration can be performed during dedicated
timeslots (with one of switches 1410 being set to provide the output of the loopback transponder to an
individual feed). Alternatively, switches 1410 can be combiners, in which case return-link calibration

may be performed simultaneously with transmission of return user traffic through the satellite 140.

[0053] Use of the loopback and satellite beacon signals for mutual synchronization is described
further in context of FIGS. 7 and 8. FIG. 7 shows an illustrative satellite communications system 700
for providing MSSMFL, according to various embodiments. A satellite 140 provides
communications between a number of geographically distributed gateway terminals 130 (via feeder
signals 135) and a number of user terminals (via user signals 150). The satellite 140 includes a feeder
antenna subsystem 230, a user antenna subsystem 250, a forward repeater subsystem 240, a return
repeater subsystem 340, and a satellite synchronization subsystem 710. Both the gateway terminals
130 and the user terminals are disposed in a user beam coverage area 760 (e.g., which can be
associated with one or more formed user beams, as described above). Though shown as a single,
contiguous geographic region, the user beam coverage area 760 can be any suitable shape and/or size,

may or may not be contiguous, may be the same or different in the forward and return directions, etc.
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Further, the geographic density and positioning of the gateway and user beams (and/or terminals) can
be dictated according to reflector sizes, number of antenna elements, number of pathways, and/or
other characteristics of the satellite communications system 700. For example, the feeder antenna
subsystem 230 can include a number of focused antenna elements and a relatively large feeder
reflector, so as to form relatively narrow, focused feeder beams (as compared to the reflector and
beams of the user antenna subsystem 250). The relatively narrow beams can facilitate bandwidth
reuse with closer spacing between the gateway terminals 130 (i.e., feeder beams can be more tightly
packed into a geographic area without overlap). Alternatively, some or all of the gateway terminals

130 can be distributed throughout the user beam coverage area 760.

[0054] In the forward and return directions, contours of the user beam coverage area 760 (e.g., which
may or may not be the same in both directions) are defined by formed forward and return user beams,
respectively. As described above, embodiments described herein form the user beams by providing
ground-based beamforming of spatially multiplexed signals via spatially separated (geographically
distributed) feeder links, and such spatially multiplexed ground-based beamforming can involve
mutual synchronization of the feeder signals 135. Embodiments enable such mutual synchronization
by coordination between a satellite synchronization subsystem 710 and one or more ground-based
synchronization subsystems 125 (e.g., each gateway terminal 130 can include an instance of the

ground-based synchronization subsystem 125).

[0055] In some embodiments, such coordination involves synchronization of the gateway terminals
130 according to loopback and satellite beacon signaling. For example, some embodiments of the
satellite synchronization subsystem 710 include a loopback pathway (e.g., as described with reference
to FIG. 5) and/or a beacon transmitter (e.g., as described with reference to FIG. 6). As described
above, the satellite 140 can generate and transmit a beacon signal that can be received by the ground-
based synchronization subsystem(s) 125, and the received beacon signal can be used, for example, to
synchronize the phase of the reference oscillators in each gateway terminal 130 to the carrier phase of
the satellite 140. Further, the ground-based synchronization subsystem(s) 125 can transmit and
receive one or more loopback signals (e.g., a loopback beacon) via one or more loopback pathways in
the satellite 140. The received loopback beacon signal can be used, for example, for range finding
between each gateway terminal 130 and the satellite 140. Such range finding can enable mutual
synchronization across the gateway terminals 130, so that gateway terminals 130 can adjust their

uplink transmissions to be phase-synchronously received at the satellite 140.

[0056] While MSSMFL can take advantage of mutual phase-synchronization of the feeder-link
signals, some implementations are less concerned with precise signal time-alignment. Generally, the
carrier frequency is orders of magnitude faster than the data rate, and a small slip in time alignment

typically will not have a noticeable impact on symbol timing provided that phase synchronization is
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maintained. In other words, occasional cycle slips can be tolerated provided that mutual phase
relationships between the feeder-link signals is maintained. For example, if the carrier frequency is
50 GHz, and a typical round-trip time (between a gateway terminal 130 and the satellite 140) is 240
milliseconds, approximately twelve billion carrier cycles can elapse during a single round trip. As
such, a slip in time alignment of even a few hundred carrier frequency cycles can be relatively
insignificant with respect to data rates of 100 Mbps or higher. Still, some range finding (e.g., using
the loopback signaling) can be desirable to facilitate certain functionality. For example, it can be
desirable to ensure that changes in modulation occur for all forward uplink signals at approximately
the same time (e.g., at a corresponding symbol boundary across the spatially multiplexed signals).
Some embodiments can include further synchronization for symbol timing. Certain implementations
can use the satellite beacon signal and/or the loopback signals for symbol timing synchronization.
However, because the data rate is typically appreciably slower (e.g., 100 Mbps as compared to 15-
75GHz for Ku-band, Ka-band, V-band, etc.), many other techniques can be used. For example, other
implementations can use global positioning satellite (GPS) timing information, or other techniques to

achieve timing synchronization.

[0057] As illustrated, in the example satellite communications system 700, all the gateway terminals
130 may be disposed in the user beam coverage area 760. In such embodiments, some
implementations of the satellite synchronization system 710 can exploit antenna elements of the user
antenna subsystem 250 for downlink communications with the ground-based synchronization
subsystem(s) 125 (e.qg., via respective gateway terminals 130). In one such implementation, the feeder
antenna subsystem 230 and the user antenna subsystem 250 both operate in a same frequency band
(e.g., Ka-band), and the gateway terminals 130 can receive signals from the satellite synchronization

system 710 via the user antenna subsystem 250.

[0058] For example, each antenna element of the feeder antenna subsystem 230 can receive a PN-
coded loopback beacon signal from an associated gateway terminal 130 (each gateway terminal 130
can have its own unique PN code), and those loopback beacon signals can be transmitted by the user
antenna subsystem 250 to the user beam cover areas 760 in which the gateway terminals 130 are
located. Each gateway terminal 130 can receive some or all of the transmitted loopback signals (e.g.,
originating from some or all of the gateway terminals 130) and can correlate the received signals
against its own PN code, thereby recovering its loopback beacon signal. The satellite synchronization
system 710 can synchronize the gateway terminal 130 by aligning the recovered loopback beacon
signal (e.g., phase- and/or time-aligning) with a satellite synchronization signal also received from the
satellite 140. For example, the satellite 140 transmits a satellite synchronization signal encoded with a

PN code not used by any of the gateway terminals 130).
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[0059] In some such implementations, multiple reference locations (e.g., user terminals) can be used
to determine forward-link beam weights. For example, the reference locations can include locations
at or near the center of each (some or all) of the user beam coverage areas 760. Multiple (e.g., all)
loopback beacon signals originating from multiple (e.g., all) gateway terminals 130 can be received
by each reference location, and each reference location can correlate the gateway-specific PN codes
with the received signals to recover the loopback beacon signals. As described herein, each of the
recovered loopback beacon signals has traversed a forward link, including a forward uplink from a
corresponding one of the gateway terminals 130 to the satellite 140, a forward pathway through the
satellite 140, and a forward downlink from the satellite 140 to the reference location. Accordingly,
the reference locations can use the recovered signals to compute forward beam weights for
characterizing those forward links. The computed forward beam weights can be fed back to the
forward beamformer (e.g., via the satellite 140, and gateway terminals 130), and the forward

beamformer can determine whether to update the forward beam weights, accordingly.

[0060] FIG. 8 shows another illustrative satellite communications system 800 for providing
MSSMFL, according to various embodiments. The satellite communications system 800 is similar to
the satellite communications system 700 of FIG. 7, except that the gateway terminals 130 are disposed
outside the user beam coverage area 760. In such embodiments, the satellite synchronization system
710 may not be able to exploit antenna elements of the user antenna subsystem 250 for downlink
communications with the ground-based synchronization subsystem(s) 125 (e.g., via respective
gateway terminals 130). Some embodiments of the satellite synchronization system 710 can
implement loopback pathways using forward-link inputs and return-link outputs of the antenna
elements of the feeder antenna subsystem 230, so that the loopback beacon signals are communicated
in both directions as feeder signals 135. In some such embodiments, the ground-based
synchronization subsystem(s) 125 can subtract out other feeder signals 135 to facilitate receipt of the
beacon signals. PN codes and/or other techniques can be used to differentiate the synchronization
signals from other feeder signals 135. For example, the PN-coded signal can be a relatively low-level
signal (e.g., within or near the noise floor), and correlating the received signal with the known PN

code and sufficient gain (e.g., 25 — 30 dB), can enable recovery of the signal.

[0061] Other embodiments of the satellite synchronization system 710 can include a dedicated
loopback antenna subsystem. For example, the loopback antenna subsystem can include one or more
broad-beam antennas to cover the entire region (or regions) in which gateway terminals 130 are
disposed. In some such embodiments, where gateway terminals 130 are located outside of user beam
coverage areas 760, the gateway terminals 130 and user terminals can operate in the same band or in
different bands. For example, the gateway terminals 130 can communicate in the V-band, and the

user terminals can communicate in the Ka-band.
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[0062] FIGS. 9 and 10 illustrate techniques for reducing the number of gateway terminals 130 for a
MSSMFL deployment. FIG. 9 shows a block diagram of an illustrative satellite system 900 for
providing MSSMFL using multiple signal polarizations, according to various embodiments, e.g., in a
case with distinct user and gateway coverage areas such as illustrated in FIG. 8. The satellite system
900 can be similar to the satellite system 400 described with reference to FIG. 4, except that each of
the multiple FAEs 243 (only one is shown for clarity) has multiple (e.g., two) forward-link inputs and
multiple (e.g., two) return-link outputs. Each forward-link input and each return-link output operates
in a particular polarization orientation. At the user antenna side, the BAEs 247 can each still have a
single forward-link output and return-link input. For example, all forward-link outputs of all the
BAESs 247 can operate at a first polarization orientation, while all return-link inputs of all the BAEs
247 can operate at a second polarization orientation. The polarization orientations used by the FAES
243 can be the same as, or different from, those used by the BAEs 247. For example, the FAEs 243
can operate at left-hand circular polarization (LHCP) and right-hand circular polarization (RHCP),
while the BAEs 247 can operate at linear (e.g., vertical and horizontal) polarizations. In cases where
the FAEs 243 and the BAEs 247 both use circular polarization orientations (or where both use linear
polarizations, etc.), interference can arise between the feeder-link and user-link communications. For
example, in the illustrated implementation, LHCP is being used both for forward downlink signals
and for some return downlink signals, and RHCP is being used both for forward uplink signals and for
some return uplink signals. Such potential interference can be mitigated or avoided by locating
gateway terminals 130 outside of user beams and/or by using various interference mitigation
techniques (e.g., time or frequency multiplexing). Further, as described above, signals are passed
between the FAEs 243 and the BAEs 247 via a forward repeater subsystem 240 having forward-link
pathways, and via a return repeater subsystem 240 having return-link pathways. The forward-link and
return-link pathways can be implemented in any suitable manner. As illustrated, each includes an
LNA 423 at its input side, a PA 427 at its output side, and a frequency converter (425, 435) coupled
between its LNA 423 and PA 427. Other implementations can include additional and/or alternative

components.

[0063] In some embodiments, each FAE 243 has a first forward-link input at a first polarization
orientation (e.g., LHCP), and a second forward-link input at a second polarization orientation
(RHCP). The forward repeater subsystem 240 includes a first number of forward-link pathways that
are each coupled between one of the first forward-link inputs and one of the forward-link outputs of a
BAE 247 (e.g., operating at LHCP), and a second number of forward-link pathways that are each
coupled between one of the second forward-link inputs and another of the forward-link outputs (e.g.,
also operating at LHCP). For example, the first and/or the second number of forward-link pathways
can convert from the polarization orientation of the respective forward-link input to the different

polarization orientation of the respective forward-link output. Similarly, each FAE 243 has a first
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return-link output at a first polarization orientation (e.g., LHCP) and a second return-link output at a
second polarization orientation (e.g., RHCP). The return repeater subsystem 340 includes a first
number of return-link pathways that are each coupled between one of the return-link inputs of a BAE
247 (e.g., operating at RHCP) and one of the first return-link outputs, and a second number of return-
link pathways that are each coupled between one of the second return-link outputs and another of the
return-link inputs (e.g., also operating at RHCP). Again, the first and/or the second number of return-
link pathways can convert from the polarization orientation of the respective return-link input to the

different polarization orientation of the respective return-link output.

[0064] In embodiments like the satellite system 900, each gateway terminal 130 can communicate
with the satellite 140 using any suitable number (e.g., two) of orthogonal polarization orientations.
Concurrent communications of feeder signals on multiple orthogonal polarization orientations can
effectively enable each gateway terminal 130 to reuse the entirety of its allotted bandwidth in each
polarization orientation without interference. For example, such techniques can facilitate deployment
of higher capacity satellite communications systems with fewer gateway terminals 130. In such cases,
the gateways can still cooperate to mutually synchronize their signals so that beamforming occurs.

[0065] FIG. 10 shows a block diagram of an illustrative satellite system 1000 for providing
MSSMFL using multiple frequency sub-ranges, according to various embodiments. The satellite
system 1000 can be similar to the satellite system 400 described with reference to FIG. 4, except that
the forward feeder frequency range (received from each FAE 243) is separated into smaller forward
user frequency sub-ranges for communication to respective coupled BAEs 247, and return user
frequency sub-ranges (received from its coupled BAEs 247) are combined into a larger return feeder
frequency range for communication to a respective coupled FAE 243. In some embodiments, each
forward-link input of an FAE 243 is coupled with a frequency separator 1010 having a first frequency
sub-range output and a second frequency sub-range output. The forward repeater subsystem 240 has
a first number of forward-link pathways that are each coupled between the first frequency sub-range
output of one of the frequency separators 1010 and one of the forward-link outputs (e.g., of a first
BAE 247 operating in the first frequency sub-range), and a second number of forward-link pathways
that are each coupled between the second frequency sub-range output of one of the frequency
separators 1010 and another of the forward-link outputs (e.g., of a second BAE 247 operating in the
second frequency sub-range). Similarly, each return-link output is coupled with a frequency combiner
1020 having a first frequency sub-range input and a second frequency sub-range input. The return
repeater subsystem 340 has a number of return-link pathways that are each coupled between one of
the return-link inputs (e.g., of a first BAE 247 operating in the first frequency) and the first frequency
sub-range input of one of the frequency combiners 1020, and a second number of return-link

pathways that are each coupled between another of the return-link inputs (e.g., of a second BAE 247
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operating in the second frequency sub-range) and the second frequency sub-range input of one of the
frequency combiners 1020.

[0066] In the illustrated implementation each frequency separator 1010 is coupled with the forward-
link input of a respective FAE 243 via a respective LNA 423. In such an implementation, each
forward-link pathway can be considered as including the LNA 423, a respective path through the
frequency separator 1010, the forward frequency converter 425, and the PA 427. In each forward-link
pathway, the respective forward frequency converter 425 is coupled with a different output of the
frequency separator 1010 and converts a respective frequency sub-range. For example, each of
forward frequency converter 425a and forward frequency converter 425b can include components that
are selected and/or adapted to tune its frequency conversion to its respective frequency sub-range.
Similarly, in the illustrated implementation, each frequency combiner 1020 is coupled with the return-
link output of a respective FAE 243 via a respective PA 427. In such an implementation, each return-
link pathway can be considered as including the LNA 423, the return frequency converter 435, a
respective path through the frequency combiner 1020, and the PA 427. In each return-link pathway,
the respective return frequency converter 435 is coupled with a different output of the frequency
combiner 1020 and converts a respective frequency sub-range. For example, each of return frequency
converter 435a and return frequency converter 435b can include components that are selected and/or

adapted to tune its frequency conversion to its respective frequency sub-range.

[0067] In the illustrated embodiment, LHCP is used for forward uplink signals and forward downlink
signals, and RHCP is used for return uplink signals and return downlink signals. This and other
polarization schemes can be used to avoid interference between user-link and feeder-link
communications. In other implementations, other types of interference mitigation can be used. For
example, in one embodiment, a first polarization orientation is used by both forward and return uplink
signals, and a second polarization orientation is used by both forward and return downlink signals; but

gateway and user terminals communicate using different frequencies and/or time slots.

[0068] In embodiments like the satellite system 1000, each gateway terminal 130 can communicate
with the satellite 140 using a feeder frequency range that encompasses any suitable number (e.g., two)
of frequency sub-ranges. The sub-ranges may or may not be contiguous, overlapping, the same size,
etc. Use of the frequency sub-ranges can enable each gateway terminal 130 to feed multiple BAEs
247, thereby adding frequency multiplexing to the spatial multiplexing of the gateway terminals 130.
Using frequency multiplexing does result in some feeder bandwidth expansion; for example, using
two frequency sub-ranges result in twice the bandwidth on the feeder link as on the user link.
However, unlike conventional GBBF, where the bandwidth expansion is proportional to the number
of user antenna elements (e.g., hundreds), bandwidth expansion for MSSMFL is proportional to the

amount of frequency multiplexing (e.g., between one and ten). Stated another way, MSSMFL can
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allow tradeoffs between the feeder link bandwidth and number of gateways, an ability not provided by
conventional GBBF.

[0069] Techniques, such as those described with reference to FIGS. 9 and 10, can support a same
amount of user-link bandwidth with fewer gateway terminals 130. For example, suppose a satellite
has L BAEs 247, and each BAE 247 is allocated X GHz of user-link bandwidth, such that at least L x
X GHz of feeder-link bandwidth is needed to fully exploit the allocated user-link bandwidth.
Embodiments of MSSMFL use mutually synchronized spatial multiplexing to enable GBBF with the
L BAEs 247, while spreading the supporting L x X GHz of feeder-link bandwidth over M gateway
terminals 130. Where M = L, each gateway terminal 130 can be allocated X GHz of feeder-link
bandwidth. As described in FIGS. 9 and 10, some embodiments can use frequency and/or
polarization multiplexing to permit a single gateway terminal 130 to support multiple BAEs 247, such
that M can be less than L. For example, in some implementations, techniques described with
reference to FIGS. 9 and 10 can be used in conjunction (e.g., multiple frequency sub-ranges within
each of multiple polarization orientations) to further reduce the number of gateway terminals 130
needed to support a same amount of user-link bandwidth.

[0070] FIG. 11 shows a flow diagram of an illustrative method 1100 for ground-based beamforming
with MSSMFL in a satellite communications system, according to various embodiments. The method
1100 begins at stage 1104 by receiving multiple beam-weighted, mutually synchronized (e.g.,
mutually phase-synchronized) forward uplink signals, each received via a focused feeder uplink. For
example, L feeder uplinks can be received from M geographically distributed gateway terminals 130.
Some embodiments of the method 1100 beam-weight a forward data stream to generate L beam-
weighted forward signals, and communicate each of the L beam-weighted forward signals to a
corresponding one of M spatially separated gateway locations. The beam-weighted forward signals
can be synchronized (e.g., mutually phase-synchronized) at the gateway locations to generate L beam-
weighted, mutually synchronized forward uplink signals. According to some embodiments, the
synchronizing includes: receiving a beacon signal at the transmission locations, the beacon signal
generated by and transmitted from a relay (e.g., from a wireless relay that performs the receiving at
stage 1104); receiving, at each transmission location, a respective loopback signal transmitted from
the transmission location (e.g., and relayed back to the transmission location via the relay); and phase-
synchronizing, at each transmission location, the received respective loopback signal with the

received beacon signal.

[0071] At stage 1108, embodiments generate each of multiple beam-weighted, mutually
synchronized forward downlink signals from a corresponding one of the forward uplink signals (e.qg.,
via a forward repeater system of a satellite or other suitable relay). In some embodiments, the

receiving is at an uplink frequency range, the transmitting is at a downlink frequency range, and the

25



generating at stage 1108 includes converting from the uplink frequency range to the downlink
frequency range. At stage 1112, embodiments transmit the forward downlink signals via multiple de-
focused user downlinks, such that the forward downlink signals spatially superpose to form a user
beam. In some embodiments, the forward downlink signals spatially superpose to form K user beams,
and the beam-weighting includes applying L x K beam weights to K forward data streams to generate

the L beam-weighted forward data signals.

[0072] Some embodiments continue at stage 1116 by receiving a multiple return uplink signals via
multiple de-focused user uplinks (e.g., from multiple user terminals in one or more return user beam
coverage areas). At stage 1120, embodiments generate each of multiple return downlink signals from
a corresponding one of the return uplink signals. At stage 1124, embodiments transmit the forward
downlink signals via multiple spatially separated focused feeder downlinks, the de-focused user
uplinks originating in a beam coverage area formed by ground-based mutual phase-synchronizing and

beam-weighting of the return downlink signals subsequent to receiving the return downlink signals.

[0073] The above description provides various systems and methods that can be used to provide
ground-based beamforming with mutually synchronized, spatially multiplexed feeder links. Some
illustrative examples are provided for added clarity. According to a first example, a satellite includes
400 elements and produces 200 beams. The uplink and downlink communications are both in the Ka
band (3.5 Gigahertz bandwidth). 200 gateway terminals can be used with dual-polarization and no
frequency multiplexing on the feeder link, and single polarization can be supported on the user link.
A spectral efficiency of 1.5 bits per second per Hertz (bps/Hz) yields approximately 5 Gbps per beam
(i.e., at 3.5 Gigahertz per beam), and 5 Gbps/beam times 200 beams yields approximately one Terabit
per second of total capacity.

[0074] According to a second example, a satellite includes 512 elements and produces 128 beams.
The uplink and downlink communications are both in the Ka band, with 2 Gigahertz of user-beam
bandwidth and 4 Gigahertz of feeder-beam bandwidth. 128 gateway terminals can be used with dual-
polarization and dual-frequency multiplexing on the feeder link, and single polarization can be
supported on the user link. A spectral efficiency of 3 bps/Hz yields approximately 6 Gbps per user
beam (i.e., at 2 Gigahertz per user beam), and 6 Gbps/beam times 128 beams yields approximately

768 Gbps of total capacity.

[0075] According to a third example, a satellite includes 768 elements and produces 354 beams. The
feeder link operates in V band with 7.5 Gigahertz of feeder-beam bandwidth, and the user link
operates in Ka band with 2.5 Gigahertz of user-beam bandwidth. 150 gateway terminals can be used
with dual-polarization and triple-frequency multiplexing on the feeder link, and single polarization

can be supported on the user link. A spectral efficiency of 1 bps/Hz yields approximately 2.5 Gbps
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per user beam (i.e., at 2.5 Gigahertz per user beam), and 2.5 Gbps/beam times 200 beams yields
approximately 500 Gbps of total capacity.

[0076] According to a fourth example, a satellite includes 768 elements and produces 354 beams.
The feeder link operates in V band with 7 Gigahertz of feeder-beam bandwidth, and the user link
operates in Ka band with 3.5 Gigahertz of user-beam bandwidth. 192 gateway terminals can be used
with dual-polarization and dual-frequency multiplexing on the feeder link, and single polarization can
be supported on the user link. A spectral efficiency of 1.2 bps/Hz yields approximately 4 Gbps per
user beam (i.e., at 3.5 Gigahertz per user beam), and 4 Gbps/beam times 354 beams yields

approximately 1.4 Tbps of total capacity.

[0077] The methods disclosed herein include one or more actions for achieving the described
method. The method and/or actions can be interchanged with one another without departing from the
scope of the claims. In other words, unless a specific order of actions is specified, the order and/or

use of specific actions can be modified without departing from the scope of the claims.

[0078] The functions described can be implemented in hardware, software, firmware, or any
combination thereof. If implemented in software, the functions can be stored as one or more
instructions on a tangible computer-readable medium. A storage medium can be any available
tangible medium that can be accessed by a computer. By way of example, and not limitation, such
computer-readable media can include RAM, ROM, EEPROM, CD-ROM, or other optical disk
storage, magnetic disk storage, or other magnetic storage devices, or any other tangible medium that
can be used to carry or store desired program code in the form of instructions or data structures and
that can be accessed by a computer. Disk and disc, as used herein, include compact disc (CD), laser
disc, optical disc, digital versatile disc (DVD), floppy disk, and Blu-ray® disc where disks usually

reproduce data magnetically, while discs reproduce data optically with lasers.

[0079] A computer program product can perform certain operations presented herein. For example,
such a computer program product can be a computer readable tangible medium having instructions
tangibly stored (and/or encoded) thereon, the instructions being executable by one or more processors
to perform the operations described herein. The computer program product can include packaging
material. Software or instructions can also be transmitted over a transmission medium. For example,
software can be transmitted from a website, server, or other remote source using a transmission
medium such as a coaxial cable, fiber optic cable, twisted pair, digital subscriber line (DSL), or

wireless technology such as infrared, radio, or microwave.

[0080] Further, modules and/or other appropriate means for performing the methods and techniques
described herein can be downloaded and/or otherwise obtained by suitable terminals and/or coupled to
servers, or the like, to facilitate the transfer of means for performing the methods described herein.

Alternatively, various methods described herein can be provided via storage means (e.g., RAM,
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ROM, a physical storage medium such as a CD or floppy disk, etc.), such that a user terminal and/or
base station can obtain the various methods upon coupling or providing the storage means to the
device. Moreover, any other suitable technique for providing the methods and techniques described
herein to a device can be utilized. Features implementing functions can also be physically located at
various positions, including being distributed such that portions of functions are implemented at

different physical locations.

[0081] In describing the present invention, the following terminology will be used: The singular
forms “a,” “an,” and “the” include plural referents unless the context clearly dictates otherwise. Thus,
for example, reference to an item includes reference to one or more items. The term “ones” refers to
one, two, or more, and generally applies to the selection of some or all of a quantity. The term
“plurality” refers to two or more of an item. The term “about” means quantities, dimensions, sizes,
formulations, parameters, shapes and other characteristics need not be exact, but can be approximated
and/or larger or smaller, as desired, reflecting acceptable tolerances, conversion factors, rounding off,
measurement error and the like and other factors known to those of skill in the art. The term
“substantially” means that the recited characteristic, parameter, or value need not be achieved exactly,
but that deviations or variations including, for example, tolerances, measurement error, measurement
accuracy limitations and other factors known to those of skill in the art, can occur in amounts that do
not preclude the effect the characteristic was intended to provide. Numerical data can be expressed or
presented herein in a range format. It is to be understood that such a range format is used merely for
convenience and brevity and thus should be interpreted flexibly to include not only the numerical
values explicitly recited as the limits of the range, but also interpreted to include all of the individual
numerical values or sub-ranges encompassed within that range as if each numerical value and sub-
range is explicitly recited. As an illustration, a numerical range of “about 1 to 5” should be
interpreted to include not only the explicitly recited values of about 1 to about 5, but also include
individual values and sub-ranges within the indicated range. Thus, included in this numerical range
are individual values such as 2, 3 and 4 and sub-ranges such as 1-3, 2-4 and 3-5, etc. This same
principle applies to ranges reciting only one numerical value (e.g., “greater than about 1””) and should
apply regardless of the breadth of the range or the characteristics being described. A plurality of
items can be presented in a common list for convenience. However, these lists should be construed as
though each member of the list is individually identified as a separate and unique member. Thus, no
individual member of such list should be construed as a de facto equivalent of any other member of
the same list solely based on their presentation in a common group without indications to the contrary.
Furthermore, where the terms “and” and “or” are used in conjunction with a list of items, they are to
be interpreted broadly, in that any one or more of the listed items can be used alone or in combination
with other listed items. The term “alternatively” refers to selection of one of two or more alternatives,

and is not intended to limit the selection to only those listed alternatives or to only one of the listed
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alternatives at a time, unless the context clearly indicates otherwise. The term “coupled” as used
herein does not require that the components be directly connected to each other. Instead, the term is
intended to also include configurations with indirect connections where one or more other
components can be included between coupled components. For example, such other components can
include amplifiers, attenuators, isolators, directional couplers, redundancy switches, and the like.
Also, as used herein, including in the claims, “or” as used in a list of items prefaced by “at least one
of” indicates a disjunctive list such that, for example, a list of “at least one of A, B, or C” means A or
B or C or AB or AC or BC or ABC (i.e., A and B and C). Further, the term “exemplary” does not
mean that the described example is preferred or better than other examples. As used herein, a "set" of
elements is intended to mean "one or more" of those elements, except where the set is explicitly

required to have more than one or explicitly permitted to be a null set.

[0082] Various changes, substitutions, and alterations to the techniques described herein can be made
without departing from the technology of the teachings as defined by the appended claims. Moreover,
the scope of the disclosure and claims is not limited to the particular aspects of the process, machine,
manufacture, composition of matter, means, methods, and actions described above. Processes,
machines, manufacture, compositions of matter, means, methods, or actions, presently existing or
later to be developed, that perform substantially the same function or achieve substantially the same
result as the corresponding aspects described herein can be utilized. Accordingly, the appended
claims include within their scope such processes, machines, manufacture, compositions of matter,

means, methods, or actions.
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CLAIMS:

1. A satellite (140) comprising:

a feeder antenna subsystem (230) comprising a plurality of focused-beam antenna elements
“FAEs” (243), each having a forward-link FAE port;

a user antenna subsystem (250) comprising an array of de-focused beamforming antenna
elements “BAES” (247), each having a forward-link BAE port; and

a forward repeater subsystem (240) having a forward uplink frequency range and a forward
downlink frequency range, the forward repeater subsystem comprising a plurality of forward-link
pathways (245), each of the plurality of forward-link pathways being coupled between one of the
forward-link FAE ports and one of the forward-link BAE ports, and each of the plurality of forward-
link pathways having an input in the forward uplink frequency range and an output in the forward
downlink frequency range,

wherein the forward-link pathways are configured to generate a plurality of beam-weighted,
mutually phase-synchronized forward downlink signals (255) from beam-weighted, mutually phase-
synchronized forward uplink signals (235) that are each received via a same carrier frequency at a
respective one of the FAEs from a corresponding one of a plurality of geographically distributed
gateway terminals (130), and

wherein the BAEs are configured to transmit the forward downlink signals to cause the
forward downlink signals from multiple of the plurality of forward-link pathways to spatially

superpose to form at least one forward user beam (260).

2. The satellite of claim 1, further comprising a return repeater subsystem (340) having a return
uplink frequency range and a return downlink frequency range, wherein:

each FAE of the feeder antenna subsystem further has a return-link FAE port;

each BAE of the user antenna subsystem further has a return-link BAE port; and

the return repeater subsystem comprises a plurality of return-link pathways (345), each
coupled between one of the return-link BAE ports and one of the return-link FAE port, and each
having an input in the return uplink frequency range and an output in the return downlink frequency
range,

wherein the return-link pathways are configured to generate a plurality of return downlink
signals (335) for transmission by the FAEs, the return downlink signals generable from return uplink
signals (355) received at the BAEs from at least one user terminal (165), thereby forming at least one

return user beam (360) for communications with the at least one user terminal.

3. The satellite of claim 1 or 2, further comprising:

a satellite synchronization subsystem (710) having a beacon transmitter,
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wherein the forward uplink signals are synchronized prior to receipt at the FAEs in
accordance with a synchronization signal transmitted by the beacon transmitter.

4, The satellite of any of claims 1 — 3, wherein:
each FAE has a first forward-link FAE port at a first polarization orientation, and a second
forward-link FAE port at a second polarization orientation;
the plurality of forward-link pathways comprises:
a first plurality of forward-link pathways, each coupled between one of the first forward-
link FAE ports and one of the forward-link BAE ports; and
a second plurality of forward-link pathways, each coupled between one of the second

forward-link FAE ports and another of the forward-link BAE ports.

5. The satellite of claims 1 or 4, wherein:
each forward-link input is coupled with a frequency separator (1010) having a first frequency
sub-range output and a second frequency sub-range output; and
the plurality of forward-link pathways comprises:
a first plurality of forward-link pathways, each coupled between the first frequency sub-
range output of one of the frequency separators and one of the forward-link BAE ports; and
a second plurality of forward-link pathways, each coupled between the second frequency
sub-range output of one of the frequency separators and another of the forward-link BAE ports.

6. The satellite of claim 2, wherein:
each FAE has a first return-link FAE port at a first polarization orientation and a second
return-link FAE ports at a second polarization orientation;
each BAE has a first return-link BAE port at the first polarization orientation and a second
return-link BAE ports at the second polarization orientation; and
the plurality of return-link pathways comprises:
a first plurality of return-link pathways, each coupled between one of the first return-link
BAE ports and one of the first return-link FAE ports; and
a second plurality of return-link pathways, each coupled between one of the second

return-link BAE ports and one of the second return-link FAE ports.

7. The satellite of claim 2 or 6, wherein:
each return-link FAE port is coupled with a frequency combiner (1020) having a first
frequency sub-range input and a second frequency sub-range input; and
the plurality of return-link pathways comprises:
a first plurality of return-link pathways, each coupled between one of the return-link

BAE ports and the first frequency sub-range input of one of the frequency combiners; and

31



a second plurality of return-link pathways, each coupled between another of the
return-link BAE ports and the second frequency sub-range input of one of the frequency combiners.

8. The satellite of any of claims 2, 6 or 7, wherein:
the forward uplink frequency range overlaps the return uplink frequency range; and
the forward downlink frequency range overlaps the return downlink frequency range.

9, The satellite of any of claims 1 - 8, wherein:
the feeder antenna subsystem further comprises a feeder reflector (410); and

the user antenna subsystem further comprises a user reflector (430).

10. A satellite communications system (100, 200, 700, 800) comprising:
a forward beamformer (210);
a plurality of geographically distributed gateway terminals, each comprising:
a beam-weighted forward signal input in communication with the forward beamformer
(210) via a distribution network (120);
a synchronization input coupled with a synchronization subsystem (125); and
a feeder uplink signal output that corresponds to a mutually synchronized version of the
beam-weighted forward signal input in accordance with the synchronization input; and
the satellite of any of claims 1 — 9, wherein each forward-link FAE port is
communicatively coupled with the feeder uplink signal output of a corresponding one of the gateway

terminals.

11. The satellite communications system of claim 10, wherein:
each geographically distributed gateway terminal further comprises:
a return signal output in communication with a return beamformer via the distribution
network; and
a feeder downlink signal input; and
each FAE of the feeder antenna subsystem further has a return-link FAE port;
each BAE of the user antenna subsystem further has a return-link BAE port; and
the satellite further comprises a return repeater subsystem (340) having a return uplink
frequency range and a return downlink frequency range, wherein the return repeater subsystem
comprises a plurality of return-link pathways, each coupled between one of the return-link BAE ports
and one of the return-link FAE ports, and each having an input in the return uplink frequency range
and an output in the return downlink frequency range,
wherein the return-link pathways are configured to generate a plurality of return downlink

signals for transmission by the FAEs, the return downlink signals generable from return uplink signals
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received at the BAEs from at least one user terminal, thereby forming at least one return user beam for

communications with the at least one user terminal.

12. The satellite communications system of claim 10, wherein:

surface distortions on the feeder reflector define feeder antenna impairment regions (1210);
and

the plurality of geographically distributed gateway terminals are positioned away from the

feeder antenna impairment regions.

13. The satellite communications system of claim 10, wherein:
surface distortions on the feeder reflector define feeder antenna impairment regions; and
the feeder antenna subsystem comprises a multiple feeds per beam antenna to apply limited

beamforming to feeder beams to compensate for the feeder antenna impairment regions.

14, The satellite communications system of claim 13, wherein:
the multiple feed per beam antenna comprises a beamforming coefficient memory having pre-
computed beamforming coefficients stored therein, the pre-computed beamforming coefficients used

to apply the limited beamforming.

15. The satellite communications system of claim 13, wherein:
the multiple feed per beam antenna comprises a beamforming coefficient memory having
adaptively updated coefficients stored therein, the adaptively updated coefficients used to apply the

limited beamforming.

16. The satellite communications system of claim 10, wherein:

the plurality of geographically distributed gateway terminals comprises M gateway terminals;
and

the forward repeater subsystem comprises M forward-link pathways, each corresponding to a

respective one of the M gateway terminals.

17. The satellite communications system of any of claims 10 - 16, wherein the feeder uplink
signal output corresponds to a phase-synchronized version of the beam-weighted forward signal input

responsive to the synchronization input.

18. The satellite communications system of any of claims 10 - 17, wherein:
the satellite further comprises a beacon transmitter; and
the synchronization subsystem comprises:

a loopback input; and
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a synchronization output coupled with the synchronization input, the synchronization
output responsive to phase-synchronization of a beacon signal and a loopback signal both received at
the loopback input.

19. The satellite communications system of claim 18, wherein each gateway terminal further
comprises a loopback transmitter.

20. The satellite communications system of any of claims 10 - 19, wherein each gateway terminal

further comprises a local instance of the synchronization subsystem.

21. The satellite communications system of any of claims 10 - 19, further comprising:
the synchronization subsystem, wherein each of the plurality of geographically distributed

gateway terminals is coupled with the synchronization subsystem via the distribution network.

22. The satellite communications system of any of claims 10 - 21, further comprising:
a crosstalk canceler (1510) having:
a plurality of feed input ports to receive feed input signals from the plurality of gateway
terminals; and
a plurality of feed output ports to output crosstalk-compensated feed signals, the
crosstalk-compensated feed signals generated as a function of the feed input signals and a stored

crosstalk matrix.

23. The satellite communications system of claim 22, wherein:

the satellite further comprises a loopback pathway having a loopback antenna element that is
coupled with the FAEs via a plurality of switches (1410),

such that, over a plurality of time slots, the loopback antenna element is sequentially coupled
with the respective forward-link FAE port of each of the FAEs, thereby, in each of the time slots,
transmitting a repeated loopback signal to the gateway terminals in response to receiving a loopback
beacon signal from the gateway terminal associated with the FAE that is sequentially coupled in the

time slot.

24, The satellite communications system of claim 22, wherein:

the satellite further comprises a loopback pathway (500) having a loopback antenna element
that is coupled with the FAEs via a plurality of switches (1410),

such that, over a plurality of time slots, the loopback antenna element is sequentially coupled
with the respective return-link FAE port of each of the FAEs, thereby, in each of the time slots,
transmitting a repeated loopback signal to the gateway terminal associated with the FAE that is
sequentially coupled in the time slot in response to receiving a loopback beacon signal from the
gateway terminals.
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25. The satellite communications system of any of claims 10 - 24, wherein:
the feeder antenna subsystem illuminates a plurality of forward feeder beams; and
the formed forward user beams do not spatially overlap with the forward feeder beams.

26. The satellite communications system of any of claims 10 - 25, wherein the forward
beamformer comprises:

a plurality of forward data stream inputs;

a beam weight input indicating beam weights associated with each of the gateway
terminals and forward data streams; and

a plurality of beam-weighted forward signal outputs, each coupled with the beam-weighted

forward signal input of a respective one of the gateway terminals via the distribution network, and
each being a weighted sum of the forward data stream inputs beam-weighted according to the beam

weights associated with the respective one of the gateway terminals.

27. The satellite communications system of claim 26, wherein:

the forward data stream input comprises K forward data stream inputs, each corresponding to
a respective one of K formed forward user beams;

the plurality of geographically distributed gateway terminals comprises L feeder uplink signal
outputs; and

the beam weight input comprises L x K beam weights; and

the beam-weighted forward signal outputs correspond to L composites of the K forward data

stream inputs beam-weighted according to the L x K beam weights.

28. The satellite of any of claims 1 — 9, or the satellite communications system of any of claims

10 - 27, wherein the satellite is a geostationary satellite.

29. A method for ground-based beamforming in a satellite communications system comprising a
satellite (140), the method (1100) comprising:

receiving, by the satellite, a plurality of beam-weighted mutually phase-synchronized forward
uplink signals (235), each received at a same carrier frequency via one of a plurality of focused feeder
uplink antenna elements (243) from a corresponding one of a plurality of spatially separated
gateways;

generating, by the satellite, each of a plurality of beam-weighted, mutually phase-
synchronized forward downlink signals (255) by amplifying and frequency converting a
corresponding one of the plurality of beam-weighted, mutually phase-synchronized forward uplink

signals; and
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transmitting, by the satellite, the plurality of forward downlink signals via a plurality of de-
focused user downlink antenna elements (247), such that the forward downlink signals from multiple
of the plurality of forward-link pathways spatially superpose to form a user beam (260).

30. The method of claim 29, further comprising:

applying beam-weighting to a plurality of forward data streams (205) to generate L beam-
weighted forward signals (215);

communicating each of the L beam-weighted forward signals to a corresponding one of M
spatially separated gateways; and

synchronizing the beam-weighted forward signals at the gateways to generate the L beam-

weighted, mutually synchronized forward uplink signals.

31. The method of claim 30, wherein:
the forward downlink signals spatially superpose to form K user beams; and
the beam-weighting comprises applying L x K beam weights (213) to K forward data streams

to generate the L beam-weighted forward signals.

32. The method of any of claims 29 - 31, wherein:
the receiving is at an uplink frequency range;
the transmitting is at a downlink frequency range; and
the frequency converting comprises converting from the uplink frequency range to the

downlink frequency range.

33. The method of any of claims 29 - 32, further comprising:

receiving, by the satellite, a plurality of return uplink signals (355) via a plurality of de-
focused user uplink antenna elements (247);

generating, by the satellite, each of a plurality of return downlink signals (335) from a
corresponding one of the plurality of return uplink signals; and

transmitting, by the satellite, the plurality of return downlink signals via a plurality of focused
feeder downlink antenna elements (243) to the spatially separated gateways,

the de-focused user uplinks originating in a beam coverage area formed by ground-based
mutual phase-synchronizing and beam-weighting of the return downlink signals subsequent to

transmitting the return downlink signals.

34. The method of claim 33, further comprising:
receiving the plurality of return downlink signals at the spatially separated gateways;
synchronizing the return downlink signals at the gateways to generate a plurality of mutually

phase-synchronized return signals; and
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beam-weighting the plurality of mutually phase-synchronized return signals to generate
beam-weighted mutually phase-synchronized return signals.

35. The method of claim 34, wherein:

the beam-weighted mutually phase-synchronized return signals comprise L beam-weighted
mutually phase-synchronized return signals;

the formed beam coverage area comprises K user beams; and

beam-weighting the plurality of mutually phase-synchronized return signals comprises
applying L x K return beam weights (313) to the L beam-weighted mutually phase-synchronized

return signals to recover K return data streams (305).

36. The method of any of claims 33 — 35, wherein:

the plurality of return uplink signals are received at a return uplink frequency range;

the plurality of return downlink signals are transmitted at a return downlink frequency range;
and

the generating comprises converting from the return uplink frequency range to the return

downlink frequency range.

37. The method of any of claims 30, 31, 34, or 35, wherein:
the synchronizing comprises:
receiving a beacon signal at the gateways, the beacon signal transmitted from the satellite;
receiving, at each gateway, a respective loopback signal transmitted from the gateway;
and
phase-synchronizing, at each gateway, the received respective loopback signal with the

received beacon signal.

38. The method of any of claims 30 - 37, further comprising:
receiving feed input signals (1512) from the gateways; and
generating crosstalk-corrected feed signals (1514) as a function of the feed input signals and a

stored crosstalk matrix.

39. The method of claim 38, further comprising:

sequentially coupling a loopback antenna element, over a plurality of time slots, with each of
the focused feeder uplink antenna elements, thereby, in each of the time slots, transmitting a repeated
loopback signal to the gateways in response to receiving a loopback beacon signal from the
gatewayassociated with the focused feeder uplink antenna element that is sequentially coupled in the

time slot,
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wherein, over the plurality of time slots, the feed input signals correspond to the repeated

loopback signals as received at the gateways.

40. The method of claim 38, further comprising:

sequentially coupling a loopback antenna element, over a plurality of time slots, with each of
a plurality of focused feeder downlink antenna elements, thereby, in each of the time slots,
transmitting a repeated loopback signal to the gateway associated with the focused feeder downlink
antenna elements that is sequentially coupled in the time slot in response to receiving a loopback
beacon signal from the gateways,

wherein, in each of the time slots, at least one of the feed input signals corresponds to the

repeated loopback signal as received by at least one of the gateways in the time slot.

41. The method of any of claims 30 - 37, further comprising:

receiving at least one probe signal by at least one of the gateways from at least one user
terminal; and

generating at least one crosstalk-corrected feed signal as a function of comparing the at least

one probe signal with an expected feed signal.

42. The method of any of claims 30 - 37, further comprising:

receiving at least one probe signal by at least one user terminal from at least one of the
gateways; and

generating at least one crosstalk-corrected feed signal as a function of comparing the at least

one probe signal with an expected user signal.
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