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(57) Abstract: Systems and methods are described for robust scheduling of beam switching patterns in satellite communications sys -
tems. Embodiments operate in context of a hub-spoke satellite communications architecture having a number of gateway terminals
servicing large numbers of user terminals over a number of spot beams. The satellite includes switching subsystems that distribute
capacity to the user beams from multiple of the gateway terminals in a shared manner according to a beam group switching pattern.
The beam group switching pattern is robustly formulated to continue distributing capacity during gateway outages (e.g., when one or
two gateway terminals are temporarily non-operational due to rain fade, equipment failure, etc.). For example, the beam group
switching pattern can be formulated to minimize worst-case degradation of capacity across user beams, to prioritize certain beams or
beam groups, etc.



WO 2013/188178 PCT/US2013/044153

ROBUST BEAM SWITCH SCHEDULING

FIELD

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

to robust scheduling of beam switching patterns in satellite communications systems.

BACKGROUND

[0002] A hub-spoke satellite communications system typically includes a constellation of one or
more satellites that links gateway terminals with user terminals. The gateway terminals provide an
interface with a network such as the Internet or a public switched telephone network. Each gateway
terminal typically services a number of user terminals located in one or more spot beams. Gateway
terminals are subject to service interruptions due to weather, maintenance, disasters, etc. At such
times, the affected gateway terminals may not be able to provide full capacity to the user terminals

that they serve.

BRIEF SUMMARY

[0003] Among other things, systems and methods are described for robust scheduling of beam

switching patterns in satellite communications systems.

BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The present disclosure is described in conjunction with the appended figures:

[0005] FIG. 1 shows a block diagram of an embodiment of a hub-spoke satellite communications

system, according to various embodiments;

[0006] FIG. 2 shows a block diagram of an illustrative satellite communications system having
gateway terminals in forward-link communication with user terminals via a satellite, according to

various embodiments;

[0007] FIG. 3 shows a block diagram of an illustrative satellite configuration having multiple beam
group switching subsystems associated with multiple beam groups, according to various

embodiments;
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[0008] FIG. 4 shows control and storage components used to control operation of the switching

subsystems in some embodiments;

[0009] FIGS. 5A — 5B show a non-robust beam group switching pattern in normal and single-

gateway outage conditions, respectively, for the sake of context;

[0010] FIGS. 6A and 6B show an illustrative robust beam group switching pattern and an associated

illustrative system in a normal condition;

[0011] FIGS. 6C - 6E show an illustrative robust beam group switching pattern and an associated
illustrative system in a condition during which the gateway terminal associated with beam group 1 is

non-operational;

[0012] FIGS.7A - 7D show four configurations of an illustrative system for sourcing forward-link

capacity to a user beam in a shared manner among four gateway terminals;

[0013] FIGS. 8A — 8D show four configurations of an illustrative system for sinking return-link

capacity from a user beam in a shared manner among four gateway terminals;

[0014] FIG. 9 shows a flow diagram of an illustrative method for robust sharing of gateway
resources between gateway terminals and user terminals over fixed location beams, according to

various embodiments;

[0015] FIG. 10 shows a flow diagram of an illustrative method for distributing capacity to each

output user feed from multiple of the gateway input feeds in a shared manner; and

[0016]) FIGS. 11A and 11B show flow diagrams of another illustrative method for robust sharing of
gateway resources between gateway terminals and user terminals over fixed location beams in

forward-link and return-link configurations, respectively, according to various embodiments.

[0017] 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

[0018] In a hub-spoke satellite communications system, each of a number of gateway terminals

typically services a large number of user terminals via multiple user feeds supported by multiple spot
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beams. When any gateway terminals experience service interruptions (e.g., due to weather,
maintenance, disasters, etc.), the affected gateway terminals often cannot provide full capacity to
the user terminals that they serve. In traditional implementations, where each user terminal is
typically serviced by a particular one of the gateway terminals, large groups of user terminals can

lose all their connectivity when their respective servicing gateway terminal goes down.

[0019] Embodiments provide novel techniques for scheduling of beam switching patterns to
distribute capacity to user beams from multiple gateway terminals in a shared manner. For
example, multiple gateway terminals share sourcing of capacity for any given user terminal, so that
the impacts of limited gateway outages on user terminal connectivity can be reduced. The beam
group switching patterns can be robustly formulated to maintain at least a minimum aggregate
threshold of capacity across multiple user beams during limited gateway outages. In some
implementations, beam group switching patterns are formulated to minimize worst-case
degradation of capacity across user beams, to prioritize certain beams or beam groups, or to achieve

other goals.

[0020] Turning first to FIG. 1, a block diagram is shown of an embodiment of a hub-spoke satellite
communications system 100, according to various embodiments. The satellite communications
system 100 includes a ground segment network 150 in communication with multiple user terminals
110 via a space segment (one or more satellites 105). The ground segment network 150 can include
any number of gateway terminals 165, core nodes 170, network operations centers {NOCs), satellite
and gateway terminal command centers, and the like. The term “ground” is used herein to generally
include portions of the network not in “space.” For example, embodiments of the ground terminals
can include mobile aircraft terminals and the like. Further, while user terminals 110 are technically
part of the ground segment of the satellite communications system 100, they are discussed
separately for the sake of clarity. Though not shown, each user terminal 110 can be connected to
various consumer premises equipment (CPE) such as computers, local area networks (e.g., including
a hub or router), Internet appliances, wireless networks, and the like. In some implementations, user

terminals 110 include fixed and mobile user terminals 110.

[0021] In a hub-spoke architecture, all communications pass through at least one gateway terminal
165. For example, a communication from a first user terminal 110 to a second user terminal can
pass from the first user terminal 110 to a gateway 165 via the satellite 105, and from the gateway
165 to the second user terminal 110 via the satellite 105. Accordingly, communications can be
considered as coming from a gateway terminal 165 or going to a gateway terminal 165.

Communications coming from one or more gateway terminals 165 are referred to herein as

3
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“forward” or “forward-link” communications, and communications going to one or more gateway
terminals (e.g., from user terminals 110} are referred to herein as “return” or “return-link”
communications. Communications from the ground (e.g., gateway terminals 165 and user terminals
110) to space (e.g., the satellite 105) are referred to herein as “uplink” communications, and
communications to the ground from space are referred to herein as “downlink” communications. in
that parlance, the gateway terminals 165 can communicate to the satellite 105 over a forward uplink
channel 172 via one or more gateway antennas 145 and can receive communications from the
satellite 105 over a return downlink channel 174 via the one or more gateway antennas 145; and the
user terminals 110 can communicate to the satellite 105 over a return uplink channel 178 via their
user antennas 115 and can receive communications from the satellite 105 over a forward downlink

channel 176 via their user antennas 115.

[0022] The gateway terminal 165 is sometimes referred to as a hub or ground station. While the
gateway terminals 165 are typically in fixed locations, some implementations can include mobile
gateways. The gateway terminal 165 can also schedule traffic to the user terminals 110.
Alternatively, scheduling can be performed in other parts of the satellite communications system
100 (e.g., at one or more core nodes 170). Scheduling information can be communicated through a
terrestrial network, a satellite command link, the communications system 100, etc. in any suitable
manner. As described herein, certain scheduling information is used to robustly distribute capacity
to user terminals 110 in a shared manner from multiple gateway terminals 165. Scheduling patterns
and/or other information relating to this type of scheduling can be maintained and/or generated at

the satellite 105, the gateway terminals 165, the core nodes 170, etc.

[0023] The ground segment network 150 can distribute ground segment functionality among
various components. For example, geographically distributed core nodes 170 are in communication
with the Internet 175 {and/or other public and/or private networks) and with each other via a high-
speed, high-throughput, high-reliability terrestrial backbone network. The core nodes 170 have
enhanced routing, queuing, scheduling, and/or other functionality. Each gateway terminal 165 is in
communication with one or more core nodes 170 (e.g., redundantly)'. Groups of user terminals 110
are serviced by multiple gateway terminals 165 via the satellite 105 and user beams. Accordingly,
return-link communications from a user terminal destined for the Internet can be communicated
from the user terminal to the satellite 105 via a user beam, from the satellite 105 to multiple
gateway terminals 165 via respective gateway beams, from the gateway terminals 165 to one or
more core nodes 170 via the ground segment network 150, and from the one or more core nodes

170 to the Internet 175 via a backbone network. Similarly, forward-link communications to a user
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terminal from the Internet can arrive at a core node 170 via the backbone network, be distributed to
one or more gateway terminals 165 via the ground segment network 150, and be communicated

from the one or more gateway terminals to the user terminal 110 via the satellite 105.

[0024] Though illustrated as the Internet 175, the ground segment network 150 can be in
communication with any suitable type of network, for example, an IP network, an intranet, a wide-
area network (WAN), a local-area network (LAN}, a virtual private network (VPN), a public switched
telephone network (PSTN), a public land mobile network, and the like. The network can include
various types of connections, like wired, wireless, optical or other types of links. The network can
also connect ground segment network 150 components to each other and/or with other ground

segment networks 150 (e.g., in communication with other satellites 105).

[0025] Each gateway antenna 145 and user antenna 115 can include a reflector with high directivity
in the direction of the satellite 105 and low directivity in other directions. The antennas can be
implemented in a variety of configurations and can include features, such as high isolation between
orthogonal polarizations, high efficiency in the operational frequency bands, !ow noise, and the like.
In one embodiment, a user antenna 115 and a user terminal 110 together comprise a very small
aperture terminal (VSAT) with the antenna 115 having a suitable size and having a suitable power
amplifier. In other embodiments, a variety of other types of antennas 115 are used to communicate

with the satellite 105.

[0026] Each antenna is configured to communicate with the satellite 105 via a spot beam (e.g., a
fixed location user beam or gateway beam). For example, each antenna points at the satellite 105
and is tuned to a particular carrier (and/or polarization, etc.). The satellite 105 can include one or
more fixed-focus (e.g., gimbaled) directional antennas for reception and transmission of signals. For
example, a directional antenna includes a fixed reflector with one or more feed horns for each spot
beam. Typically, the satellite communications system 100 has limited frequency spectrum available
for communications. The various user beams and gateway beams can use the same, overlapping, or
different frequencies, polarizations, etc. In some embodiments, some or all gateway terminals 165
are located away from the user terminals 110, which can facilitate frequency re-use. In other
embodiments, some user terminals 110 are located near some or all gateway terminals 165. In
certain implementations, certain user terminals 110 can communicate with the satellite 105 via

certain gateway beams.

[0027] Contours of a spot beam can be determined in part by the particular antenna design and can

depend on factors, such as location of feed horn relative to a reflector, size of the reflector, type of
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feed horn, etc. Each spot beam’s contour on the earth can generélly have a conical shape (e.g.,
circular or elliptical), illuminating a spot beam coverage area for both transmit and receive
operations. A spot beam can illuminate terminals that are on or above the earth surface (e.g.,
airborne user terminals, etc.). In some embodiments, directional antennas are used to form fixed
location spot beams (or spot beams that are associated with substantially the same spot beam
coverage area over time). Certain embodiments of the satellite 105 operate in a multiple spot-beam
mode, receiving and transmitting a number of signals in different spot beams. Each individual spot
beam can serve a gateway terminal 165, a number of user terminals 110, both a gateway terminal
165 and a number of user terminals 110, etc. Each spot beam can use a single carrier (i.e., one
carrier frequency), a contiguous frequency range (i.e., one or more carrier frequencies), or a number
of frequency ranges (with one or more carrier frequencies in each frequency range). Some
embodiments of the satellite 105 are non-regenerative, such that signal manipulation by the satellite
105 provides functions, such as frequency translation, polarization conversion, filtering,
amplification, and the like, while omitting data demodulation and/or modulation and error

correction decoding and/or encoding.

[0028] While a spot beam can refer to a particular coverage area (e.g., an elliptical are) serviced by
a transponder of the satellite 105, the term “beam” as used herein generally includes a
communications link or set of communications links serviced via a spot beam. For example, an
“input beam” can be used by the satellite 105 to receive uplink traffic from either a user terminal
110 (return-link traffic) or a gateway terminal 165 {forward-link traffic) in a respective spot beam,
and an “output beam” can be used by the satellite 105 to transmit downlink traffic to either a user
terminal 110 (forward-link traffic) or a gateway terminal 165 (return-link traffic) in a respective spot
beam. In some embodiments, each input beam and each output beam is serviced by a feed of the
satellite 105. For example, a particular user feed is configured to receive return-channel uplink
traffic from user terminals via an input beam associated with a spot beam that provides coverage to

those user terminals.

[0029] FIG. 2 shows a block diagram of an illustrative satellite communications system 200 having
terminals 205 in communication with each other via a satellite 105, according to various
embodiments. The satellite 105 includes input subsystems 210 and output subsystems 230 in
communication via one or more beam group switching subsystems 250. Communications flow from
the input subsystems 210 to the output subsystems 230 through the one or more beam group

switching subsystems 250. Each input subsystem 210 is associated with one or more input beams
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215 (e.g., two, nine, or some other number of beams), and each output subsystem 230 is associated

with one or more output beams 240.

[0030] The terminals 205 can include gateway terminals and user terminals, and the input beams
215 and/or output beams 240 can be designated as “user beams,” gateway beams,” etc. In one
implementation, user terminals in a particular spot beam coverage area can communicate with the
satellite 105 via a user beam, and the user beam is actually a user input beam and a user output
beam. For example, in a geographic region (e.g., a spot beam coverage area), the user input beams
communicate at a particular uplink frequency band (e.g., 27.5 — 30 Gigahertz), and the user output
beams communicate at a particular downlink frequéncy band {e.g., 17.7 — 20.2 Gigahertz) to avoid
interference between return-channel uplink and forward-channel downlink traffic. in certain
implementations, beams designated for gateway use also service users located in the same coverage
area and are referred to as “gateway/user beams,” or “GW/U.” In some implementations, gateway
terminals and/or user terminals can have multiple antennas, tuning components, and other
functionality that can support communications over different beams and/or at different frequencies,

polarizations, etc.

[0031] In certain implementations, different beams are associated with different transmit and/or
receive powers, different carrier frequencies, different polarizations, etc. For example, a particular

' spot beam can have a fixed location and can support user uplink traffic, user downlink traffic,
gateway uplink traffic, and gateway downlink traffic, each at different carrier / polarization
combinations. In one implementation, a number of gateway terminals 165 are geographically
distributed, some near user terminals 110 and some remote from user terminals 110. The satellite
105 supports a number of spot beams that together provide a large coverage area for all the user
terminals 110 and gateway terminals 165. Different carrier frequencies, polarizations, and/or timing
{e.g., transmit and/or receive switching, as discussed below) can be used to mitigate interference
between the beams and/or to facilitate frequency reuse. Some embodiments group sets of beams
(into “beam groups”) that have particular characteristics. For example, a beam group can include a
number of beams that are geographically distributed but operate on the same frequency bands (e.g.,

with the same or different respective channelizations).

[0032] According to some embodiments, each input subsystem 210 can sequentially switch among
its input beams 215 (e.g., according to an input beam switching pattern) and/or each output
subsystem 230 can sequentially switch among its output beams 240 {e.g., according to an output
beam switching pattern). In other embodiments, some or all of the input beams are

communicatively coupled with an input of the beam group switching subsystem 250 (e.g., via one or
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more receive components, like amplifiers, filters, etc.), and some or all of the output beams are
communicatively coupled with an output of the beam group switching subsystem 250 {e.g., via one
or more transmit components, like ampilifiers, filters, etc.). Embodiments of the beam group
switching subsystem 250 can selectively couple some or all of the input subsystems 210 with some
or all of the output subsystems 230 according to a beam group switching pattern 252. In one
embodiment, a switch matrix provides a full P x P non-blocking cross-connectivity (e.g., allowing P
simultaneous one-to-one connections between any permutation of the P inputs and P outputs). For
example, the beam group switching subsystem 250 includes a matrix switch that can sequentially
couple any input subsystem 210 with any output subsystem 230 according to the beam group
switching pattern 252. Using the beam group switching subsystem 250 (e.g., and input and/or
output switching), forward-link traffic from multiple gafeway terminals received by the satellite 105
via corresponding input beams 215 can be directed to any particular user terminal 110 via a
corresponding output beam 240, and return-link traffic from any particular user terminal received by
the satellite 105 via a corresponding input beam 215 can be directed to multiple gateway terminals
110 via corresponding output beams 240. In another embodiment, a switch matrix provides less
than a full P x P non-blocking cross-connectivity {e.g., the switch matrix allows inputs to connect to
various subsets of the outputs, or subsets of inputs to connect with subsets of outputs). In these
and other ways, the capacity of each output subsystem 230 can be sourced in a shared manner by

any one or more of the input subsystems 210.

[0033] In some embodiments, the beam group switching subsystem 250 sequentially couples the
input subsystems 210 with the output subsystems in such a way that distributes a first aggregate
capacity to the output subsystems 230 in a shared manner from P of the input subsystems 210
according to the beam group switching pattern 252 when P gateway terminals 165 associated with
the P input subsystems 210 are operational. For example, the beam group switching subsystem 250
is an 8-by-8 switch matrix that can couple any of eight inputs {coupled with respective input
subsystems 210) with any of eight outputs (coupled with respective output subsystems 230). The
beam group switching pattern 252 is configured to distribute a first capacity (e.g., a “full capacity”)
from the eight input subsystems 210 in a shared manner to the eight output subsystems 230. The
beam group switching pattern 252 is further configured to distribute a second capacity to the output
subsystems 230 in a shared manner from fewer than eight input subsystems 210 (i.e., a remaining Q
of the P input systems 210) according to the same beam group switching pattern 252 when fewer
than all of the associated gateway terminals 165 are operational. For example, when one or two of

the gateway terminals 165 are temporarily non-operational {e.g., due to rain fade, temporary
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equipment malfunction, etc.), the beam group switching pattern 252 is robust enough to maintain at
least a predetermined threshold aggregate capacity for providing communications services to the

user terminals 110 via the output subsystems 230.

[0034] Some embodiments are configured to switch to one or more alternative robust beam group
switching patterns 252 in response to certain conditions. Typically, the robust beam group switching
pattern 252 is configured to maintain adequate capacity across user beams with up to a certain
extent of degradation in gateway capacity. For example, the robust beam group switching pattern
252 is designed to be a “robust two-out pattern” that maintains at least a minimum threshold
amount of capacity when up to two gateway terminals 165 are non-operational. However, when
any one gateway terminal 165 experiences a long-term outage (e.g., equipment malfunction, etc.},
when any two gateway terminals 165 experience a long-term outage, or in any other suitable
condition, an alternate robust beam group switching pattern 252 is used by the satellite 105 that is
more optimized to the condition. In some implementations, the alternate robust beam group
switching pattern 252 is received at the satellite 105 from a ground segment component (e.g., a
gateway terminal 165) in response to detecting the long-term outage. For example, gateway
terminals 165 sense fade on loopback and communicate the condition to a core node, or a gateway
terminal 165 outage is otherwise detected by a core node, which has a number of pre-stored
alternative robust beam group switching patterns 252. In response to the detection, the core node
transmits an appropriate, new robust beam group switching pattern 252 to the satellite 105. In
other implementations, the alternative robust beam group switching patterns 252 are stored at the
satellite 105 and are switched in, as appropriate, upon detection of a long-term outage or similar
condition. For example, the detection of the condition occurs in the ground segment, and an

indication of the detection is communicated fo the satellite 105.

[0035] The robustness of the beam group switching pattern 252 can be designed to facilitate
certain goals. One such goal is to minimize {to a practical and/or desirable extent) worst-case (or
maximum) capacity degradation across the output beams 240 of the respective beam groups of the
output subsystems 230 (sometimes referred to as “min-max”). This same goal can be alternatively
considered as maximizing a minimum &apacity in case of limited gateway outages (é.g., the worst-
case capacity for which the robust beam group switching pattern 252 is designed is as good as
possible). For the sake of illustration, with P gateway terminals 165 normally sourcing capacity for
the output beams 240, the goal can be for the second aggregate capacity to approximate Q / P of
the first aggregate capacity when only Q of the P gateway terminals 165 are operational (e.g., seven

eights of the full capacity when seven of eight gateway terminals 165 are operational). Typically,
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some spot beams receive less than the second capacity and others received more than the second
capacity, but the goal is to approximate an aggregate capacity of Q / P across a large number of

beams.

[0036] Other beam group switching patterns 252 can be designed towards a goal of prioritizing
certain user terminals 110 {or spot beams, beam groups, etc.). The prioritization can be for any
suitable reason, for example according to different tiers of customers (e.g., enterprise versus
residential customers, etc.). In some implementations, traffic shaping and/or other techniques are
used in conjunction with beam-level or beam-group-level prioritization to further prioritize traffic for
user terminals 110 or groups of user terminals 110. One illustrative prioritization approach involves
increasing gateway diversity for certain beams or beam groups over others. For example, F of P
gateway terminals 165 are used to source capacity in a shared manner to higher priority user beams,
and G of the P gateway terminals 165 are used to source capacity in a shared manner to higher
priority user beams, where F is greater than G. In this way, loss of service from any one gateway
terminal 165 is less likely to affect capacity of the user beams being serviced by a greater diversity of

gateway terminals 165.

[0037] Another illustrative prioritization approach exploits “high reliability” gateway terminals 165.
In some implementations, a portion of the gateway terminals 165 are configured to have
appreciably higher reliability than the other gateway terminals 165, for example, by including in
those high reliability gateway terminals 165 more capable or reliable components, more
redundancy, larger antennas, etc. The beam group switching pattern 252 can be designed to source
capacity to higher reliability user beams from high reliability gateway terminals 165. In one
implementation, the high reliability gateway terminals 165 are grouped with the higher reliability
user beams through one or more beam group switching subsystems 250, and other gateway
terminals 165 are grouped with other user beams through one or more other beam group switching
subsystems 250. In another implementation, the beam group switching subsystem 250 includes
some high reliability gateway terminals 165 and regular gateway ferminals 165, and tHe beam group
switching pattern 252 couples the high reliability gateway terminals 165 with the higher reliability

user beams more of the time (e.g., exclusively, a higher proportion of each pattern, etc.).

[0038] The satellite communications system 200 can use a framed hub-spoke, beam-switched
pathway access protocol having time slots, such as é Satellite Switched Time-Division Multiple
Access (SS/TDMA) scheme. As used herein, a “slot” or “time slot” refers to a smallest time division
for switching according to the beam group switching pattern 252 (e.g., and input and/or output

beam switching patterns). A “frame” refers to a set of slots (e.g., of predetermined length). For

10
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example, a frame can include the number of slots defined by the beam group switching pattern 252
and/or input and output beam switching patterns, so that any or all switching patterns repeat once
per frame. Each time slot can correspond to either forward-link or return-link traffic from a

transmitting beam to a receiving beam.

[0039] During normal operation, continuous streams of frames are typically used to facilitate
communications. Multiple terminals can be serviced during each time slot using multiplexing and
multiple access techniques (e.g., Time-Division Multiplexing (TDM), Time-Division Multiple Access
(TDMA), Frequency-Division Multiple Access (FDMA), Multi-Frequency Time-Division Multiple Access
(MF-TDMA), Code-Division Multiple Access (CDMA), and the like). For example, a forward-link time
slot can be divided into multiple “sub-slots” wherein transmissions to different user terminals or
groups of user terminals are made in each sub-siot. Similarly, a return-link time slot may be divided
into multiple sub-slots, which can be reserved for network control or signaling information (e.g.,

communication of scheduling information).

[0040] FIG. 3 shows a block diagram of an illustrative satellite configuration 300 having multiple
beam group switching subsystems 250 associated with multiple beam groups 325, according to
various embodiments. The satellite configuration 300 can represent an embodiment of satellite 105
described herein. As in FIG. 2, each beam group switching subsystem 250 has associated input
subsystems 210 and output subsystems 230. In the illustrated embodiment, each input system 210
includes one or more receive switches 330, and each output subsystem 230 includes one or more
transmit switches 340 that can facilitate switching between user and/or gateway feeds as described
below. Designations, like “user beam,” “user feed,” “gateway beam,” or “gateway feed” are
included for added clarity, but are not intended to be limiting. For example, some implementations
allow user terminals 110 to communicate over gateway beams, and the corresponding beams and

' feeds are designated generally as a “GW” “GW/U.” In some embodiments, some or all of the input
subsystems 210 are irﬁplemented without receive switches 330 and/or some or all of the output
subsystems 230 are implemented without transmit switches 340. In certain implementations, each
feed is coupled with an input or output port of a beam group switching subsystem 250, so that the
beam group switching subsystem 250 can effectively couple input feeds with output feeds without

additional beam switching.

[0041] Though not shown, the input systems 210 and/or output subsystems 230 can also include
any other supporting functionality, including, for example, amplifiers, converters, filters, etc. in one
implementation, each input subsystem 210 includes a low-noise amplifier (LNA), and each output

subsystem 230 includes a high-power amplifier (HPA) (e.g., a traveling wave tube amplifier (TWTA)).

11



WO 2013/188178 PCT/US2013/044153

In some embodiments, the receive switches 330 and/or transmit switches 340 are implemented as
“fast” switches (e.g., capable of switching rapidly relative to frames). Implementations of the
switches operate at radio frequency (RF) such as Ka band frequencies. In some embodiments, ferrite
switches are used for the switches, which can provide fast switching, low insertion loss (e.g., do not
substantially impact equivalent isotropically radiated power (EIRP} or gain-to-noise-temperature

(G/T)), high power handling capabilities, etc.

[0042] The illustrated configuration includes multiple levels of terminal grouping. At a first level,
user terminals 110 and/or gateway terminals 165 communicate over input and output beams
corresponding to feeds. For example, each “user feed” 310/320 supports communications for a
number of user terminals 110. At a second level, the input and output beams (and respective feeds)
can be grouped into spot beams. For example, each spot beam can support multiple feeds at
different frequencies {e.g., separate uplink and downlink frequencies) and/or polarizations. Ata
third level, beams can be grouped into beam groups. For example, as described above, each input
subsystem 210 and/or output subsystem 230 can have respective receive switches 330 and/or
transmit switches 340 that can switch between beams in an associated beam group (e.g., according
to input/output (I/0) beam switching patterns 337). At a fourth level, beam groups can themselves
be grouped by associated beam group switching subsystems 250 (e.g., into “sets of beam groups” or
“matrix switch groups”). For example, as illustrated in FIG. 2, each beam group switching subsystem
250 can selectively couple up to P input subsystems 210 with up to P output subsystems 230, so that
each beam group switching subsystem 250 effectively facilitates communications with up to P beam
groups (assuming the same P beam groups are associated with. the input subsystems 210 (for receive
traffic) and the output subsystems 230 (for transmit traffic)). Further, as illustrated in FIG. 3, a single
satellite 105 (or group of associated satellites 105) can have multiple beam group switching
subsystems 250, each associated with its own set of beam groups 325 (e.g., its own P beam groups
supported by its own P input and/or output subsystems). Accordingly, n beam group switching
subsystems 250 can support n sets of beam groups 325a —325n. Some of these groupings are not
explicitly illustrated for the sake of clarity. For example, while forward-link gateway feed 305a is
illustrated by a single arrow, the forward-link gateway feed 305a can represent (for a given
communication) a particular feed of a particular beam of a particular beam group of a particular set
of beam groups 325 serviced by one of the particular input subsystems 210a of a particular beam

group switching subsystem 250a.

[0043] For the sake of clarity, forward pathways (e.g., for forward-link communications) are

illustrated by solid arrows, and return pathways (e.g., for return-link communications) are illustrated
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by dashed arrows. For example, a forward-channel uplink signal is received via a forward-link
gateway feed 305a at a first of the input subsystems 210a of a first beam group switching subsystem
250a (e.g., a receive switch 330 associated with the input subsystem 210a is switched to receive
from the forward-link gateway feed 305a according to the 1/O beam switching pattern 337
corresponding to the present slot). The traffic from the forward-channel uplink signal is routed to a
particular one of the output subsystems 230a of the beam group switching subsystem 250a
according to the beam group switching pattern 252 corresponding to the present slot. The signal
(now a forward channel downlink signal) is routed to one of N forward-link user feeds 320a
corresponding to one of the beams of the beam group associated with the particular one of the
output subsystems 230a (e.g., a transmit switch 340 associated with the particular output subsystem
230a is switched to transmit over the forward-link user feed 320a according to the /O beam

switching pattern 337 corresponding to the present siot).

[0044] Similarly, at a next slot, a return-channel uplink signal is received via a return-link user feed
310a at a first of the input subsystems 210a of a first beam group switching subsystem 250a (e.g.,
the receive switch 330 associated with the input subsystem 210a is switched to receive from the
return-link user feed 310a according to the I/O beam switching pattern 337 corresponding to the
next slot). The traffic from the return-channel uplink signal is routed to a particular one of the
output subsystems 230a of the beam group switching subsystem 250a according to the beam group
switching pattern 252 corresponding to the next slot. The signal (now a return-channel downlink
signal) is routed to one of N return-link gateway feeds 315a corresponding to one of the beams of
the beam group associated with the particular one of the output subsystems 230a {e.g., a transmit
switch 340 associated with the particular output subsystem 230a is switched to transmit over the
return-link gateway feed 315a according to the 1/O beam switching pattern 337 corresponding to the

next slot).

[0045] Typically, each of the I/O beam switching pattern 337 and the beam group switching pattern
252 defines a certain configuration at each slot of each frame, and the slot boundaries of the
switching patterns are synchronized (e.g., lined up). For example, the I/O beam switching pattern
337 repeats for each of a number of first frames, each having N slots, and the beam group switching
pattern 253 repeats for each of a number of second frames, each having M slots. The I/O beam
switching pattern 337 can define which input and output beams of its respective beam groups to use
for communications during each of the N slots of its frame. The beam group switching pattern 252
can define which input subsystems 110 to communicatively couple with each output subsystem 230

during each of the M slots of its frame. In some implementations, N and M are equal, so that the I/O
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beam switching pattern 337 and the beam group switching pattern 252 repeat at the same time
interval. In other implementations, the frame lengths are different, so that the beam group
switching pattern 252 repeats more or less often than the /O beam switching pattern 337. For
example, the I/O beam switching pattern 337 has 64 slots, and the beam group switching pattern
252 has 128 slofs {i.e., the beam group switching pattern 252 repeats half as often as the I/0O beam

switching pattern 337).

[0046] Further, the switching patterns do not necessarily change configuration at each slot of each
frame. For example, the I/O beam switching pattern 337 can change which input and output beams
of its respective output beam group to use for receiving and transmitting once per each R slots, and
the beam group switching pattern can change which input subsystem 210 to communicatively
couple with each output subsystem 230 once per each S slots. In some implementations, R and S are
both one, so that each switching pattern changes its respective configuration substantially at each
slot boundary. In other implementations, R and S are different, so that each switching pattern
changes its respective configuration at different rates. Further, R and S are not necessarily
consistent throughout a frame. For example, the beam group switching pattern 252 can change its
configuration at every slot during some portions of the frame, and can change its configuration less

often during other portions of the frame.

[0047] In some implementations, sets of frames can be grouped into “super-frames.” For example,
as described below, some implementations include a robust beam group switching pattern 252 that
repeats at each frame and does not change over time {e.g., unless certain, relatively unlikely
conditions occur). Other implementations can include a set of multiple robust beam group switching
patterns 252, where each repeats at each frame for some amount of time, and the set of robust
beam group switching patterns.252 repeats over a longer period of time defined by a super-frame.
For example, a number of time windows is defined to coincide with peak usage times in different
time zones. Each time window is associated with a corresponding robust beam group switching
pattern 252 that is optimized for load balancing in context of the peak-usage beams, but the robust
beam group switching pattern 252 does not change during its corresponding time window (e.g.,

absent long-term gateway outages or other such unlikely conditions).

[0048] While certain functionality is described in context of the satellite 105 (e.g., satellite
configuration 300), some of the functibnality involves coordination between the satellite 105 and
one or more gateway terminals 165, core nodes 170, and/or other ground systems. For example,
sourcing forward-link capacity for a given user beam from multiple gateway terminals 165 in a

shared manner can involve queuing traffic destined for user terminals 110 of that user beam and
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distributing the queued traffic across the multiple gateway terminals 165 in a manner that supports
the shared distribution. Similarly, sinking return-link capacity for a given user beam by multiple
gateway terminals 165 in a shared manner can involve scheduling traffic from user terminals 110 of
that user beam to be received via multiple gateway terminals 165 in a manner that supports the
shared distribution. This can be effectuated by distributing and/or scheduling the traffic with
respect to gateway terminals 165 with an awareness of applicable I/0 beam switching patterns 337
and beam group switching patterns 252. In some embodiments, the gateway terminals 165 are
aware of the appropriate switching patterns themselves or in conjunction with a gateway controller
or other system. In other embodiments, the gateway terminals 165 are unaware of the appropriate
switching patterns, but core nodes in communication with the gateway terminals 165 are aware of

the switching patterns and can deliver traffic to the gateway terminals 165 as appropriate.

[0049] The embodiments illustrated ih FIGS. 2 and 3 show only certain implementations of satellite
functionality described herein. Different numbers and/or types of components can be used in the
same or other configurations to provide similar or identical functionality without departing from the
scope of embodiments. For example, as illustrated in FIG. 4, controi and storage components can be
used to control operation of the switching subsystems in some embodiments. A switch pattern
store 420 can be used to store /0 beam switching patterns 337 and beam group switching patterns
252. These patterns can be provided, as appropriate, to a switch controller 410. The switch
controller 410 can be used to control (e.g., direct, synchronize, etc.} switching of receive switches
330, transmit switches 340, and/or beam group switching subsystems 250, etc. In other
embodiments the switch controlier 410 includes one or more switch controllers 410 and/or the

switch pattern store 420 includes one or more switch pattern stores 420.

[0050] Certain features of robust beam group switching functionality are illustrated using the
sample switching patterns shown in FIGS. 5A — 6E. Turning first to FIGS. 5A — 5D, a non-robust beam
group switching pattern is illustrated in normal and single-gateway outage conditions, for the sake of
context. The beam group switching pattern can be associated with a beam group switching
subsystem associated with four beam groups {illustrated as “Grp 1” — “Grp 4”) and four associated
gateway terminals 165. The “user link schedule” and the “gateway link schedule” are governed by
an illustrative I/O switching pattern 337 (e.g., effectuated by receive switches 330 and transmit
switches 340). For example, at time slot 0, the receive and transmit switches for four respective
input and output subsystems are configured so that beam group 1 is set for user uplink and gateway
downlink both on beam 1, beam group 2 is set for user uplink on beam 11 and gateway downlink on

beam 10, beam group 3 is set for user downlink on beam 12 and gateway uplink on beam 12, and
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beam group 4 is set for user downlink on beam 14 and gateway uplink on beam 14. These

designations are described more fully below.

[0051] FIG. 5B shows a functional block diagram corresponding to an illustrative system 500b in a
configuration like the one described for time slot 0 of FIG. 5A. Asillustrated, the system 500b
includes four receive switches 330 and four transmit switches 340, coupled with a 4-by-4 beam
group switching subsystem 250 via respective receive components 510 and transmit components
520 (e.g., appropriate amplifiers, filters, etc.). For example, the receive components 510 and
transmit components 520 include components of the input subsystems 210 and output subsystems

230 described above, respectively.

[0052] The first beam group serviced by the first receive switch 330a has nine beams, including
eight user beams and one gateway/user beam (“GW/U") (e.g., usable by an associated gateway
terminal 165 and user terminais 110 in the beam’s coverage area), and each of the other three
groups serviced by respective receive switches 330b —330d has two beams, including one user beam
and one gateway/user beam. For example, any of beams 1 -9 can be used to service user terminals
110 in Grp 1, while the gateway terminal 165 of Grp 1 is serviced using only beam 1. Also, as
illustrated, each beam can support an uplink feed and a downlink feed. For example, the “GW/U 1”
feed shown as an input to the first receive switch 330a services return-channel uplink-trafﬁc for the
user terminals 165 of Grp 1 (designated as “U1” in the user link schedule of FIG. 5A) or forward-
channel uplink traffic for the gateway terminal 165 of Grp 1 (designated as “U1” in the gateway link
schedule of FIG. 5A). Similarly, the “GW/U 1” feed shown as an output to the first transmit switch
340a services forward-channel downlink traffic for the user terminals 165 of Grp 1 (designated as
“D1” in the user link schedule of FIG. 5A) or return-channel downlink traffic for the gateway terminal
165 of Grp 1 (designated as “D1” in the gateway link schedule of FIG. 5A). It is noted that the “U”
designation in FIG. 5A refers to “uplink” (e.g., for user terminals in return-channel communication or
for gateway terminals in forward-channel communication) while the “U” designation in FIG. 5B

refers to “user” (e.g., a beam designated for use by user terminals, not by gateway terminals).

[0053] The “matrix switch schedule” of FIG. 5A is governed by an illustrative beam group switching
pattern 252 (e.g., effectuated by the beam group switching subsystem 250 of FIG. 5B). The white
cells with black text indicate return-link configurations, and the black cells with white text indicate
forward-link configurations. In the non-robust pattern examples shown in FIGS. 5A — 5D, the matrix
switch schedule is configured simply for pass-through. In every time slot, the input subsystem 210

associated with beam group N is coupled with the output subsystem 230 associated with beam
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group N. As illustrated in FIG. 5B, receive switches 330a — 330d are coupled via the beam group

switching subsystem 250 with transmit switches 340a — 340d, respectively.

[0054] For example, the gateway terminal 165 associated with beam 1 of beam group 1 (“GW/U 1”
in FIG. 5B} services the capacity for all the user terminals 110 in beam group 1 for all time slots. As
shown in FIG. 5A for time slot 0, the first receive switch 330a and the first transmit switch 340a are
coupled through the beam group switching subsystem 250 to form a return-channel pathway. As
illustrated in FIG. 5B, the pathway effectively passes traffic received on the “GW/U 1” return-channel
user uplink feed (“U1” on the User Schedule of FIG. 5A) to the “GW/U 1” return-channel gateway
downlink feed (“D1” on the Gateway Scheduie of FIG. 5A).

[0055] In the normal condition, all four gateway terminals 165 are operational, and-';he gateways
can support full capacity. In this pass-through configuration, however, any user terminals 110 being
serviced by a particular gateway terminal 165 can lose all capacity for the duration of the gateway
outage {or until a new switch configuration can be established. For example, FIG. 5Cillustrates a
condition during which the gateway terminal 165 associated with beam group 1 is non-operational.
As shown by the shaded cells, no communications are supported on any beams in beam group 1 for
the entire duration of the outage. This condition is also illustrated in FIG. 5D for time slot 0. The
“GW/U 1” return-channel gateway downlink feed is shown as black with white text to indicate that
the gateway terminal 165 associated with that downlink feed is non-operational. With a non-
operational gateway terminal 165 in the path, traffic cannot be communicated via that feed.
Similarly, in any time slots having the first receive switch 330a set to select its “GW/U 1” feed, the
first beam group would be attempting to receive forward-channel uplink traffic from the non-

operational gateway terminal.

[0056] FIGS. 6A — 6E show illustrative robust switching patterns and an illustrative system
embodiment governed by those switching patterns, all corresponding to the non-robust cases
described in FIGS. 5A — 5D, respectively. Turning to FIG. 6A, an illustrative robust beam group
switching pattern is shown in a normal condition. The robust beam group switching pattern is
associated with a beam group switching subsystem 250 associated with four beam groups
(illustrated as “Grp 1” — “Grp 4”) and four associated gateway terminals 165. To facilitate
comparison, the “user link schedule” and the ”gateway link schedule” are governed by the same
illustrative /O switching pattern 337 described with respect to FIGS. 5A—5D. Further, as in FIGS. 5A
— 5D, the first beam group has nine beams, including eight user beams and one gateway/user beam
(e.g., usable by an associated gateway terminal 165 and user terminals 110 in the beam’s coverage

area), and each of the other three groups has two beams, including one user beam and one
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gateway/user beam. Unlike the non-robust (e.g., pass-through) matrix switch configuration in FIGS.
5A - 5D, FIG. 6A shows a more robust matrix switch schedule that changes which input beam group

is coupled with which output beam group in each time slot.

[0057] The “matrix switch schedule” is governed by an illustrative robust beam group switching
pattern 252 (e.g., effectuated by a beam group switching subsystem 250). The white cells with black
text indicate return-link configurations, and the black cells with white text indicate forward-link
configurations. For the sake of illustration, in time slot 0, the input portion of beam group 1 (i.e., the
“U” designation in “Grp 1”) is designated as “U1” in the User Link Schedule, indicating that the
receive switch 330 of the input subsystem 210 for beam group 1 is switched to receive a return-
channel user uplink feed on beam 1. The matrix switch schedule indicates that, in time slot 0, Input
1 (corresponding to the input subsystem 210 of the first beam group) is coupled with Output 2
(correspdnding to the output subsystem 210 of the second beam group). The output portion of
beam group 2 (i.e., the “D” designation in “Grp 2”) is designated as “D10” in the Gateway Link
Schedule, indicating that the transmit switch 330 of the output subsystem 230 for beam group 2 is

switched to transmit a return-channel gateway downlink feed on beam 10.

[0058] FIG. 6B shows a functional block diagram corresponding to an illustrative system 600b in a
configuration like the one described for time slot 0 of FIG. 6A. For the sé ke of comparison, the
system 600b of FIG. 6B is essentially identical to the system 500b of FIG. 500b, except that the beam
group switching subsystem 250 is not configured as a pass-through. As illustrated, according to time
slot O of the matrix switch schedule, the first receive switch 330a is coupled with the second
transmit switch 340b (via respective receive components 510a and transmit components 520b and
the beam group switching subsystem 250); the second receive switch 330b is coupled with the first
transmit switch 340a; the third receive switch 330c is coupled with the fourth transmit switch 340d;
and the fourth receive switch 330d is coupled with the third transmit switch 340c. For example, a
return-channel pathway is effectively formed between the gateway terminal of Grp 1 and user
terminals on beam 11. The “U 11” return-channel user uplink feed (“U11” on the User Schedule of
FIG. 6A) passes return-channel traffic in time slot 0 to the “GW/U 1” return-channel gateway
downlink feed (“D1” on the Gateway Schedule of FIG. 6A), via the second receive switch 330b, the
second receive components 510b, the beam group switching subsystem 250, the first transmit
components 520a, and the first transmit switch 340a. Effectively, during the illustrated time slot,
the gateway terminal of Grp 1 {on beam 1) is servicing return-channel traffic for user terminals in
Grp 2 (on beam 11), the gateway terminal of Grp 2 (on beam 10) is servicing return-channel traffic

for user terminals in Grp 1 (on beam 1), the gateway terminal of Grp 3 {on beam 12) is servicing
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forward-channel traffic for user terminals in Grp 4 (on beam 14), and the gateway terminal of Grp 4

{on beam 14) is servicing forward-channel traffic for user terminals in Grp 3 (on beam 12).

[0059] Comparing time slot 0 with time slot 8 in FIG. 6A, the user link and gateway link schedules
for Grp 1 are the same, but the matrix switch schedules are different. Again, the input portion of
beam group 1is designated as “U1” in the User Link Schedule, indicating a return-channel user
uplink feed on beam 1. However, the matrix switch schedule indicates that, in time slot 8, Input 1 is
coupled with Output 1. The link schedules indicate that the output portion of beamgroup 1 is
designated as “D1” in the Gateway Link Schedule, indicating a return-channel gateway downlink
feed on beam 1. Accordingly, over the course of the sixteen illustrative time slots, beam 1 is used
twice for return-channel user uplink traffic; but the downlink handling of the return-channel traffic

on beam 1 is shared between first and second gateway terminals 165.

[0060] One forward—link example is illustrated by the downlink traffic on beam 13. The link
schedules indicate that the output portion of beam group 3 shows “D13” (indicating that the
transmit switch 330 of the output subsystem 230 for beam group 3 is switched to transmit a
forward-channel user downlink feed on beam 13) for time slots 1, 2, 3, and 9. According to the
matrix switch schedule for those time slots, the input subsystem 230 of beam group 3 is coupled
with the output subsystems 210 of beam groups 3, 4, 3, and 1, respectively. As such, over the
course of the sixteen illustrative time slots, beam 13 is being used for forward-channel downlink
traffic during four time slots (i.e., 25% of the time), and its forward-link capacity is being sourced
over those four time slots by three different gateway terminals 165 (i.e., half by the gateway
terminal 165 of beam group 3, and a quarter each by the gateway terminals 165 of beam groups 1

and 4).

[0061] In the illustrated normal condition, all four gateway terminals 165 are operational, and the
gateways can support full capacity. Because the user links are being serviced in a shared manner by
multiple gateway terminals 165, gateway outages can occur without completely eliminating capacity
to all the user feeds in a particular group. For example, FIG. 6C illustrates a condition during which
the gateway terminal 165 associated with beam group 1 is non-operational. The shaded cells
indicate effects of an outage condition regarding the gateway terminal 165 of beam group 1
(“Gateway 1”). For example, the entire column corresponding to the link schedule for Gateway 1 is
shaded to indicate that Gateway 1 cannot support any traffic during its outage. The values in the
shaded cells are still present to indicate that the embodiment of the switches will continue to try to
switch Gateway 1 into the configuration according to the switch patterns, even though it is non-

functional.
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[0062] The examples described in context of FIG. 6A can be shown with reference to FIG. 6C to
ilustrate features of robust switching patterns. In the return-link example, beam 1 is being used for
return-channel user uplink traffic during 2 of the 16 time slots (1/8 of the time), and is serviced half
by Gateway 1 and half by Gateway 2 (i.e., each for one of the two time slots). With the outage of
Gateway 1, the return link capacity on beam one cannot be serviced during time slot 8 of each
frame, but it can still be serviced during time slot 0 of each frame. Accordingly, the return-link

capacity for beam 1 is degraded by approximately one half.

[0063] The outage cases of time slots 0 and 8 are shown in FIGS. 6D and 6E, respectively.
Comparing the no-outage case of FIG. 6B to the outage case of FIG. 6D, the outage of Gateway 1
impacts its ability in time slot 0 to sink return-channel traffic from user terminals in beam 11 (Grp 2
users). However, the outage has no impact during time slot 0 on return-channel traffic for users in
beam 1 (Grp 1 users), as those users are being serviced by Gateway 2 via beam 10 during that time
slot. In time slot 8, different gateway terminals are servicing different beams. For example, return-
channel traffic for the users in beam 1 cannot be supported during time slot 8 due to the outage of
Gateway 1. Comparing FIGS. 6D and 6E, the robust switching pattern allows users in beam 1 to keep

some return-channel capacity even in the face of a Gateway 1 outage.

[0064] Returning to FIG. 6C, in an illustrative forward-link example, beam 13 is being used for
forward-channel user downlink traffic during 4 of the 16 time slots (1/4 of the time), and is serviced
one quarter of the time by Gateway 1, half the time by Gateway 3, and the remaining quarter of the
time by Gateway 4 (i.e., 1, 2, and 1 slots each, respectively). With the outage of Gateway 1, the
return link capacity on beam one cannot be serviced during time slot 9 of each frame, but it can still
be serviced during time slots 1, 2, and 3 of each frame. Accordingly, the forward-link capacity for
beam 13 is degraded by approximately oﬁe-quarter. Similarly, an outage of Gateway 2 would have
no effect on forward-link capacity for beam 13, an outage of Gateway 3 would degrade the forward-
link capacity for beam 13 by approximately one-half, and an outage of Gateway 4 would degrade the
forward-link capacity for beam 13 by approximately one-quarter. Indeed, Gateways 1, 3, and 4
would all have to be non-operational at the same time to bring the forward-link capacity for beam

13 down to zero.

[0065] FIGS.7A - 7D show four configurations of an illustrative system 700 for sourcing forward-
link capacity to a user beam in a shared manner among four gateway terminals. As illustrated, the
system 700 includes four receive switches 330 and four transmit switches 340, coupled with a 4-by-4
beam group switching subsys;cem 250 via respective receive components 510 and transmit

components 520. Each of FIGS. 7A— 7D shows the system 700 in one of four possible configurations
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for sourcing forward-channel capacity to user terminals in beam 3 from each of four gateways (via
respective beams). For example, FIG. 7A shows Gateway 1 (on beam 1) sourcing forward-channel
capacity for users in beam 3, and FIG. 7B shows Gateway 2 (on beam 10) sourcing forward-channel
capacity for users in beam 3. Only the relevant communication pathway through the system to
users in beam 3 is shown for clarity, though users in other beam groups would typically be coupled
gateways in other beam groups via the beam group switching subsystem 250 {(e.g., as described

above).

[0066] FIGS. 8A — 8D show four configurations of an illustrative system 800 for sinking return-link
capacity from a user beam in a shared manner among four gateway terminals. The system 800 of
FIGS. 8A— 8D is identical to the system 700 of FIGS. 7A — 7D, except that it is configured for servicing
return-channel traffic from user terminals in beam 3 from each of four gateways (via respective
beamé). For example, FIG. 8A shows Gateway 1 (on beam 1) sinking return-channel capacity for
users in beam 3, and FIG. 8B shows Gateway 2 (on beam 10} sinking return-channel capacity for
users in beam 3. Again, only the relevant communication pathway through the system from users in
beam 3 is shown for clarity, though users in other beam groups would typically be coupled gateways

in other beam groups via the beam group switching subsystem 250 (e.g., as described above).

[0067] FIG. 9 shows a flow diagram of an illustrative method S00 for robust sharing of gateway
resources between gateway terminals and user terminals over fixed location beams, according to
various embodiments. As described above, embodiments operate in context of a hub-spoke satellite
architecture in which at least one satellite is in communication with multiple gateway and user
terminals via input and output beams. Embodiments of the method 900 begin at stage 904 by
sequentially switching a set of input subsystems of a satellite to each receive traffic via a respective
input beam during each of a number of time slots according to an input switching pattern. For
example, the satellite includes input subsystems that have respective receive switches that can
switch among a number of associated input beams. Some beams can be input gateway beams for
forward-link traffic (i.e., forward-channel uplink beams), and other beams can be input user beams
for return-link traffic (i.e., return-channel uplink beams). The input switching pattern defines, at
each time slot, which of the input beams is being used by each of the input subsystems for receiving
traffic. Various implementations of the input switching pattern can change the configuration of the
switches as frequently or as infrequently as desirable. For example, switching the input subsystems
can involve switching at each time slot, switching periodically at equal intervals of time slots, or

switching according to any other suitable pattern.
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[0068] Embodiments of the method 900 continue at stage 908, by sequentially switching a set of
output subsystems of the satellite to each transmit the traffic via a respective output beam during
each of the time slots according to an output switching pattern. For example, the satellite includes
output subsystems that have respective transmit switches that can switch among a number of
associated output beams. Some output beams can be output gateway beams for return-link traffic
(i.e., return-channel downlink beams), and other output beams can be output user beams for
forward-link traffic (i.e., forward-channel downlink beams). The output switching pattern defines, at
(_each time slot, which of the output beams is‘ being used by each of the output subsystems for
transmitting traffic. Various implementations of the output switching pattern can change the
configuration as frequently or as infrequently as desirable. For example, the receive and transmit
switches can change configuration at the same or different times, according to the same or different

patterns, etc. {e.g., though typically synchronously with respect to the slot boundaries).

[0069] At stage 912, a beam group switching subsystem is sequentially switched at each of the time
slots according to a beam group switching pattern, thereby coupling each input subsystem with one
of the output subsystems during each time glot. For example, the satellite includes one or more
beam group switching subsystems (e.g., matrix switches), each in communication with a respective
set of input subsystems and set of output subsystems. Each input subsystem and each output
subsystem is associated with one of a number of beam groups (e.g., each beam group having a
number of beams, and each beam supporting one or more user and/or gateway beams), so that
each beam group switching subsystem is associated with a set of beam groups corresponding to the
beam groups of its respective set of input subsystems and set of output subsystems. Various
implementations of the beam group switching pattern can change the configuration of the beam
group switching subsystem as frequently or as infrequently as desirable. For example, all receive,
transmit, and beam group switches can change configuration at the same time (e.g., substantially at
each slot boundary). Alternatively, any of the receive, transmit, and beam group switches can differ
in how often their respective configurations change to allow for many different switching
configuration options. As used herein, “switching” the input subsystems, output subsystems, and/or
beam switching subsystems can generally refer to changing or maintaining a particular
configuration, and is not intended to be limited to altering one or more switches. For example, the
beam group switching subsystem can be said to “switch” at each time slot, even if the configuration

of connections between input and output subsystems does not change at each time slot.

[0070] Switching the beam group switching subsystem according to the beam group switching

pattern distributes capacity to each user beam among multiple gateway beams in a shared manner.
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In various embodiments, the beam group switching pattern is configured (e.g., designed, optimized,
etc.) toward one or more particular goals. Configuring the pattern toward a goal does not
necessitate meeting that goal; rather, the goal can drive which decisions are made when facing
trade-offs. [n some embodiments, the beam group switching pattern is configured so that
distributing the second aggregate capacity according to the beam group switching pattern when only
Q of the P respective gateway terminals are operational minimizes worst-case degradation in

aggregate over the output user beams (e.g., as in the “min-max” scenario described above).

[0071] In other embodiments, the beam group switching pattern is configured so that distributing
the second aggregate capacity according to the beam group switching pattern when only Q of the P
respective gateway terminals are operational prioritizes capacity distribution to a predetermined
subset of output user beams. One technique for prioritizing capacity distribution is to configure the
beam group switching pattern to distribute a relatively larger proportion of capacity to each of a
number of designated high-priority output user beams among each of one or more high-priority
input gateway beams in a shared manner. For example, one or more particular beam group
switching subsystems can be designated for high- priority beams and can be in communication with
the higher-reliability gateway beams and higher-priority user beams to facilitate coupling there-
between. Alternatively, the switching pattern can be configured to allot more slots for higher-
priority user beams to the higher-reliability gateway beams. Another technique for prioritizing
capacity distribution is to increase gateway diversity for higher-priority user beams. The beam group
switching subsystem can be switched according to the beam group switching pattern in such a way
that distributes capacity to each high-priority output user beam among a relatively larger number of
input gateway beams in a shared manner than to the output user beams not designated as high-
priority output user beams. For example, a particular beam group switching subsystem facilitates
sharing of capacity to its user beams among up to eight gateway beams. On average, higher-priority
user beams have capacity servicing shared by more of the eight possible gateway beams (e.g., seven
or eight), while lower-priority user beams have capacity servicing shared by fewer of the eight
gateways {e.g., one or two). In this way, when any one gateway becomes non-operational, there is a
lower magnitude of impact from the non-operational gateway on the aggregate capacity for the

higher-priority user beams.

[0072] Other constraints can be placed on the beam group switching pattern (e.g., and on the input
and/or output switching patterns). One such constraint is that satellite power requirements can
limit which types of traffic can be supported in which ways. For example, implementations can be

configured to balance forward-link draw and return-link draw according to satellite specifications.
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Another such constraint is that, in the hub-spoke architecture, traffic can be limited to flow from a
gateway link to a user link or from a user link to a gateway link, but not from users to users or from
gateways to gateways. For example, when an input subsystem is switched to receive from an input
gateway beam, the beam group switching subsystem should couple that input system to an output
subsystem switched to transmit on an output user beam. Accordingly, the beam group switching
pattern can be configured so as to ensure hub-spoke types of communications (e.g., or to avoid
disturbing those types of communications being facilitated by input and/or output switching

patterns).

[0073] FIG. 10 shows a flow diagram of an illustrative method 1000 for distributing capacity to each
output user beam from multiple of the gateway input beams in a shared manner. The method 1000
begins at stage .1004 by distributing a first aggregate capacity to the output user beams in a shared
manner among P of the input gateway beams according to the beam group switching pattern when
P respective gateway terminals associated with the P input gateway beams are operational. For
example, the beam group switching subsystem is capable of coupling any of eight input gateway
beams (associated with eight gateway terminals) to any of eight user output beams at any time slot
for forward-link capacity distribution; and the beanﬁv group switching subsystem is capable of
coupling any of eight output gateway beams (associated with eight gateway terminals) to any of
eight user input beams at any time slot for return-link capacity distribution. For the sake of
illustration, capacity for any particular user beam can be serviced in a shared manner by any or all

eight of the gateway beams over the course of a frame of time slots.

[0074] At stage 1008, one or more gateway terminals becomes non-operationa!l (e.g., temporarily),
but capacity continues to be distributed according to the same beam group switching pattern. In
particular, a second aggregate capacity is distributed to the output user beams in a shared manner
among Q of the P input gateway beams according to the beam group switching pattern when only Q
of the P respective gateway terminals are operational. For example, one gateway terminal
experiences rain fade to an extent that it becomes temporarily non-operational, but the beam group
switching subsystem continues to switch according to the robust beam group switching pattern.
Ground segment components (e.g., core nodes, etc.) can redistribute traffic among the still-
operational gateway terminals, but overal capacity is effectively reduced to a second capacity level.
Still, the beam group switching pattern is designed to be robust enough so that the output user

beams continue to have at least a minimum threshold amount of capacity (in aggregate).

[0075] in some embodiments, at stage 1012, the satellite receives an indication that a long-term

outage in any of the P respective gateway terminals has been detected. For example, the ground
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segment detects a gateway malfunction (e.g., based on loopback traffic, or other techniques), and
commiunicates an indication to the satellite, accordingly. In response to receiving the indication, at
stage 1016, some embodiments distribute a third aggregate capacity to each associated output
subsystem in a shared manner from fewer than the P input gateway beams {i.e., some or all of the
remaining operable gateway terminals) according to a second (alternative) beam group switching
pattern. In some implementations, the second beam group switching pattern is received via an
input gateway beam (e.g., from one of the operable gateway terminals). In other implementations,
the satellite has a set of one or more alternative second beam group switching patterns, and it can
select an appropriate alternate pattern according to the indication (e.g., according to which gateway
terminal is determined to manifest the long-term outage). For example, the alternative beam group
switching pattern is optimized for the particular gateway outage, so that the third aggregate
capacity can be greater than the second aggregate capacity. While the method 1000 focuses on
forward-link capacity sharing, similar techniques can be applied to return-link capacity sharing, for

example, as described herein.

[0076] FIGS. 11A and 11B show flow diagrams of another illustrative method 1100 for robust
sharing of gateway resources between gateway terminals and user terminals over fixed location
beams in forward-link and return-link configurations, respectively, according to various
embodiments. Beginning with FIG. 11A, embodiments begin at stage 1104 by configuring a first
input subsystem of a satellite in a first time slot to receive via a first gateway input beam, and a
second input subsystem of the satellite in a second time slot to receive via a second gateway input
beam. In some implementations, configuring the input subsystems involves switching respective
receive switches according to an input switching pattern that defines which input beam to use for
receiving by each input subsystem in each of a number of time slots. For example, each input
subsystem is associated with a beam group having respective gateway beams, including respective
input gateway and output gateway beams for handling forward-link and return-link traffie,
respectively. The beam group of each input subsystem can also have user beams, including
respective input user and output user beams for handling return-link and forward-link traffic,

respectively.

[0077] Stages 1108 and 1112 receive a forward-link communication destined for a target user
terminal from two gateway beams at two time slots. At stage 1108, in a first time slot, a first portion
of a forward-link communication is received by the first input subsystem from a first gateway

terminal via the first input gateway beam. At stage 1112, in a second time slot, a second portion of
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the forward-link communication is received by the second input subsystem from a second first

gateway terminal via the second input gateway beam.

[0078] Stages 1116 and 1120 configure a beam group switching subsystem to direct each of the two
portions of the forward-link communication to an appropriate output subsystem in the two time
slots. At stage 1116, in the first time slot, the beam group switching subsystem couples the first
input subsystem with a particular output subsystem according to a beam group switching pattern.

At stage 1120, in the second time slot, the beam group switching subsystem couples the second
input subsystem with the particular output subsystem according to the beam group switching
pattern. The particular output subsystem is associated with one of a number of beam groups that
supports a number of cutput beams including an output user beam that services the target user
terminal. The beam group switching pattern defines which input subsystem is coupled with which

output subsystem in each time slot.

[0079] Stages 1124 and 1128 configure the output subsystem to transmit via the desired user beam
during both of the time slots and transmit the traffic, accordingly. At stage 1124, the output
subsystem is configured in the first time slot to transmit via the output user beam, and the output
subsystem is configured in the second time slot to transmit via the output user beam. In some
implementations, the output systems are configured by switching according to an output switching
pattern that defines which of thé output beams to use for transmitting by the output subsystem in
each of the time slots. In one illustrative scenario, the first and second time slots are adjacent in
time, and configuring the output system in the second time slot involves keeping the transmit switch
of the output subsystem in the same configuration (e.g., to keep transmitting on the same output
beam). In andther illustrative scenario, the first and second time slots are non-adjacent in time, and
configuring the output system in the second time slot involves switching the transmit switch in time
slot two back to the configuration from time slot one (e.g., to return to transmitting on the output
beam for the target user terminal). At stage 1128, the first and second portions of the forward-link
communication are transmitted to the target user terminal in the first and second time slots,

respectively, via the output user beam.

[0080] Continuing with FIG. 11B, the method 1100b proceeds to handle return-link traffic. At stage
1140, the first input subsystem is configured in a third time slot to receive a first portion of a return-
link communication originating from a source user terminal via a user input beam. At stage 1144,
the first input subsystem is configured in a fourth time slot to receive a second portion of the return-
link communication originating from the source user terminal via the user in'put beam. In some

implementations, the first input subsystem is switched at some or all time slots according to an input
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switching pattern. As described above, the third and fourth time slots may or may not be adjacent
in time. Further, the third and fourth time slots may be before, after, or interspersed with the first
and second time slots. For example, the order of time slots can be first, third, second, fourth; first,

fifth, second, sixth, seventh, third, eighth, ninth, fourth; etc.

[0081] At stage 1148, the first input subsystem is coupled with the first output subsystem by the
beam group switching subsystem according to the beam group switching pattern in the third time
slot. At stage 1152, the first input subsystem is coupled with the second output subsystem by the
beam group switching subsystem according to the beam group switching pattern in the fourth time
slot. At stages 1156 and 1160, respectively, a first of the output subsystems is configured in the
third time slot to transmit via a first gateway output beam, and a second of the output subsystems is
configured in the fourth time slot to transmit via a second gateway output beam. For example, the
output subsystems are configured by switching according to an output switching pattern. At stage
1164, the first and second portions of the return-link communication are transmitted to the first and
second gateway terminals in the first and second time slots, respectively, via the first and second

output gateway beams.

[0082] 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.

[0083] The various operations of methods and functions of certain system components described
above can be performed by any suitable means capable of performing the corresponding functions.
These means can be implemented, in whole or in part, in hardware. Thus, they can include one or
more Application Specific Integrated Circuits (ASICs) adapted to perform a subset of the applicable
functions in hardware. Alternatively, the functions can be performed by one or more other
processing units (or cores), on one or more integrated circuits (ICs). In other embodiments, other
types of integrated circuits can be used (e.g., Structured/Platform ASICs, Field Programmable Gate
Arrays (FPGAs), and other Semi-Custom ICs), which can be programmed. Each can also be
implemented, in whole or in part, with instructions embodied in a computer-readable medium,
formatted to be executed by one or more general or application specific controllers. Embodiments
can also be configured to support plug-and-play functionality (e.g., through the Digital Living

Network Alliance (DLNA) standard), wireless networking (e.g., through the 802.11 standard), etc.
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[0084] The steps of a method or algorithm or other functionality described in connection with the
present disclosure, can be embodied directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module can reside in any form of tangibie
storage medium. Some examples of storage media that can be used include random access memory
(RAM), read only memory (ROM), flash memory, EPROM memory, EEPROM memory, registers, a
hard disk, a removable disk, a CD-ROM and so forth. A storage medium can be coupled to a
processor such that the processor can read information from, and write information to, the storage

medium. In the alternative, the storage medium can be integral to the processor.

[0085] A software module can be a single.instruction, or many instructions, and can be distributed

» over several different code segments, among different programs, and across multiple storage media.
Thus, a computer program product can perform 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 ﬁedium such as a coaxial cable, fiber optic cable, twisted pair, digital subscriber line

(DSL), or wireless technology such as infrared, radio, or microwave.

[0086] Other examples and implementations are within the scope and spirit of the disciosure and
appended claims. For example, 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. 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.

[0087] 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.
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Accordingly, the appended claims include within their scope such processes, machines, manufacture,

compositions of matter, means, methods, or actions.
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WHAT IS CLAIMED IS:

1 A satellite communications system for robust sharing of gateway resources between a

plurality of gateway terminals and a plurality of user terminals over a plurality of fixed location

beams, the system comprising:
a satellite comprising:

input subsystems configured to receive forward-link communications from a plurality of

gateway terminals via a plurality of input beams;

output subsystems configured to transmit the forward-link communications to a

plurality of user terminals via a plurality of output beams; and

a beam group switching subsystem associated with a plurality of the input subsystems
and at least one of the plurality of output subsystems and configured, according to a beam
group switching pattern, to sequentially couple the associated input subsystems with the at least
one associated output subsystem in such a way that distributes capacity to each associated

output subsystem in a shared manner from at least two of the associated input subsystems.

2. The system of claim 1, wherein:

at least one output subsystem comprises a transmit switching subsystem configured to

sequentially switch among its output beams according to an output switching pattern; and

at least one input subsystem comprises a receive switching subsystem configured to

sequentially switch among its input beams according to an input switching pattern.

3. The system of claim 2, wherein the input switching pattern, the output switching pattern,
and the beam group switching pattern together define which of the plurality of input beams is
communicatively coupled with each of the plurality of output beams during each of a plurality of

time slots in each of a plurality of frames.

4, The system of claim 2, wherein at least one of the input switching pattern, the output
switching pattern, or the beam group switching pattern switches a respective configuration at each

time slot.

5. The system of claim 2, wherein:
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the output switching pattern repeats for each of a plurality of first frames, each first frame

comprising N time slots;

the beam group switching pattern repeats for each of a plurality of second frames, each

second frame comprising M time slots;

the output switching pattern defines which beam of its respective beam group to use for

transmitting the forward-link communications during each of the N time slots; and

the beam group switching pattern defines which of the associated input subsystems is
communicatively coupled with each of the at least one associated output subsystem during each of

the M time slots.

6. The system of claim 1, wherein the beam group switching subsystem sequentially couples
the associated input subsystems with the at least one associated output subsystem in such a way

that:

distributes a first aggregate capacity to the output beams of the associated output
subsystems in a shared manner from P of the associated input subsystems according to the beam
group switching pattern when P gateway terminals associated with the P associated input

subsystems are operational; and

distributes a second aggregate capacity to the output beams of the associated output
subsystems in a shared manner from Q of the P associated input subsystems according to the beam

group switching pattern when only Q of the P gateway terminals are operational,

wherein the second aggregate capacity is at least a predetermined threshold aggregate
capacity for providing communications services via the output beams of each associated output

subsystem.

7. The system of claim 6, wherein the second aggregate capacity is approximately Q / P of the

first aggregate capacity.

8. The system of claim 6, wherein the beam group switching pattern distributes the second
aggregate capacity to the associated output subsystems in a shared manner from Q of the P
associated input subsystems according to the beam group switching pattern when only Q of the P
gateway terminals are operational in such a way that minimizes worst-case capacity degradation

across the output beams of the at least one associated output subsystem.
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9. The system of claim 6, wherein the beam group switching pattern distributes the second
aggregate capacity to the associated output subsystems in a shared manner from Q of the P
associated input subsystems according to the beam group switching pattern when only Q of the P
gateway terminals are operational in such a way that prioritizes capacity distribution to a
predetermined subset of beams of the respective beam group of the at least one associated output

subsystem.

10. The system of claim 6, wherein the beam group switching pattern prioritizes capacity
distribution by distributing the first aggregate capacity to a high-priority subset of the output beams
of the at least one associated output subsystem in a shared manner from F of the P associated input
subsystems according to the beam group switching pattern and to others of the output beamsin a
shared manner from G of the P associated input subsystems according to the beam group switching

pattern, wherein F is greater than G.

11. The system of claim 6, wherein:

a subset of the input subsystems is configured to receive forward-link communications from

a subset of the gateway terminals that are high-reliability gateway terminals; and

the beam group switching pattern prioritizes capacity distribution to a predetermined subset
of the output beams of the at least one associated output subsystem by distributing a share of at
least one of the first aggregate capacity or the second aggregate capacity from the high-refiability
gateway terminals in such a way that a higher proportion of the share is distributed to the

predetermined subset of output beams than to others of the output beams.

12. The system of claim 1, wherein the beam group switching subsystem sequentially couples
the associated input subsystems with the at least one associated output subsystem in such a way

that:

distributes a first aggregate capacity to output beams of each associated output subsystem
in a shared manner from P of the associated input subsystems according to the beam group
switching pattern when P gateway terminals associated with the P associated input subsystems are

operational, the beam group switching pattern being a first beam group switching pattern;

distributes a second aggregate capacity to output beams of each associated output

subsystem in a shared manner from fewer than P associated input subsystems according to the first
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beam group switching pattern when any of the P gateway terminals is determined to have a short-

term outage; and

distributes a third aggregate capacity to output beams of each associated output subsystem
in a shared manner from fewer than P associated input subsystems according to a second beam
group switching pattern when any of the P gateway terminals is determined to have a long-term

outage.

13. The system of claim 12, wherein the second beam group switching pattern is received via a

gateway system in response to ground segment detection of the long-term outage.

14. The system of claim 12, wherein the second beam group switching pattern is one of a set of

alternate beam group switching patterns stored at the satellite.

15. The system of claim 1, wherein the beam group switching subsystem is one of a plurality of
beam group switching subsystems, each associated with a respective plurality of the input

subsystems and at least a respective one of the plurality of output subsystems.

16. The system of claim 1, wherein the beam group switching subsystem is configured so that
any of its associated input subsystems can source any portion of the capacity to any of its at least

one associated output subsystems.

17. The system of claim 1, wherein:

the input subsystems are further configured to receive return-link communications from the

plurality of user terminals via at least some of the plurality of input beams; and -

the output subsystems are further configured to transmit the return-link communications to

the plurality of gateway terminals via at least some of the plurality of output beams.

18. The system of claim 1, further comprising:

the plurality of gateway terminals in communication with the satellite via the plurality of
beam groups and configured so that a communications pathway between any two user terminals

includes at least one gateway terminal; and

a core node communicatively coupled with the plurality of gateway terminals and
configured to distribute forward-link communications among the gateway terminals according to the

beam group switching pattern.
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19. The system of claim 1, wherein the beam group switching subsystem comprises a matrix

switch.
20. A satellite communications system for robust sharing of gateway resources between a

plurality of gateway terminals and a plurality of user terminals over a plurality of fixed location

beams, the system comprising:
a satellite comprising:

input subsystems configured to receive return-link communications from a plurality of

user terminals via a plurality of input beams;

output subsystems configured to transmit the return-link communications to a plurality

of gateway terminals via a plurality of output beams; and

a beam group switching subsystem associated with at least one of the input subsystems
and a plurality of output subsystems and configured, according to a beam group switching
pattern, to sequentially couple the associated at least one input subsystem with the associated
output subsystems in such a way that return-link capacity of each of at least a subset of the .

input beams is serviced in a shared manner by at least two of the associated output subsystems.

21. The system of claim 20, wherein:

at least one output subsystem comprises a transmit switching subsystem configured to

sequentially switch among its output beams according to an output switching pattern; and

at least one input subsystem comprises a receive switching subsystem configured to

sequentially switch among its input beams according to an input switching pattern.

22. The system of claim 21, wherein the output switching pattern, the input switching pattern,
and the beam group switching pattern together define which of the plurality of input beams is
communicatively coupled with each of the plurality of output beams during each of a plurality of

time slots in each of a plurality of frames.

23. The system of claim 20, wherein the beam group switching subsystem sequentially couples

the associated at least one input subsystem with the output subsystems in such a way that:
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a first return-link capacity of at least one input beam is serviced in a shared manner by P of
the output beams according to the beam group switching pattern when P gateway terminals

associated with the P output beams are operational; and

a second return-link capacity of the at least one input beam is serviced in a shared manner
by Q of the P output beams according to the beam group switching pattern when only Q of the P

gateway terminals associated with the P output beams are operational,

wherein the second return-link capacity is at least a predetermined threshold capacity for

providing communications services via the output beams of each associated output subsystem.

24, The system of claim 20, wherein the beam group switching subsystem is one of a plurality of
beam group switching subsystems, each associated with a respective at least one input subsystem

and a respective plurality of output subsystems.

25. The system of claim 20, wherein:

the input subsystems are further configured to receive forward-link communications from

the plurality of gateway terminals via at least some of the plurality of input beams; and

the output subsystems are further configured to transmit the forward-link communications

to the plurality of user terminals via at least some of the plurality of output beams.

26. The system of claim 20, further comprising:

the plurality of gateway terminals in communication with the satellite via the plurality of

output beams and configured to receive the return-link communications from the satellite; and

a core node communicatively coupled with the plurality of gateway terminals and
configured to coordinate receipt of the return-link communications from the plurality of gateway

terminals according to the beam group switching pattern.

27. A method for robust sharing of gateway resources between a plurality of gateway terminals

and.a plurality of user terminals over a plurality of fixed location beams, the method comprising:

receiving, in a first time slot, a first portion of a forward-link communication destined for a
target user terminal, the first portion received by a first input subsystem of a satellite from a first

gateway terminal via a first input gateway beam;

35



WO 2013/188178 PCT/US2013/044153

receiving, in a second time slot, a second portion of the forward-link communication by a
second input subsystem of the satellite from a second gateway terminal via a second input gateway

beam;

coupling, by a beam group switching subsystem of a satellite in the first time slot according
to a beam group switching pattern, the first input subsystem with an output subsystem of the
satellite associated with one of a plurality of beam groups that supports a plurality of output beaﬁs
including an output user beam that services the target user terminal, the beam group switching
pattern defining which of a plurality of input subsystems are coupled with which of a plurality of

output subsystems in each of a plurality of time slots;

coupling the second input subsystem with the output subsystem by the beam group

switching subsystem in the second time slot according to the beam group switching pattern;

transmitting the first portion of the forward-link communication to the target user terminal

in the first time slot via the output subsystem and the output user beam; and

transmitting the second portion of the forward-link communication to the target user

terminal in the second time slot via the output subsystem and the output user beam.

28. The method of claim 27, further comprising:

configuring the output subsystem in the first time slot according to an output switching
pattern to transmit via the output user beam, the output switching pattern defining which of the
plurality of output beams to use for transmitting by the output subsystem in each of the plurality of

time slots;

configuring the output subsystem in the second time slot according to the output switching

pattern to transmit via the output user beam.

29. The method of claim 27, further comprising:

configuring the first input subsystem in the first time slot to receive via the first input

gateway beam according to an input switching pattern; and

configuring the second input subsystem in the second time slot to receive via the second

input gateway beam according to the input switching pattern,
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wherein the first input subsystem is associated with a first of the plurality of beam groups

that supports a first plurality of input beams including the first input gateway beam,

the second input subsystem is associated with a second of the plurality of beam groups that

supports a second plurality of input beams including the second input gateway beam, and

the input switching pattern defines which of the plurality of associated input beams to use

for receiving by each input subsystem in each of the plurality of time slots.

30. The method of claim 27, wherein the output.subsystem is one of a plurality of output

subsystems, and further comprising:

configuring the first input subsystem in a third time slot to receive a first portion of a return-

link communication originating from a source user terminal via an input user beam;

configuring the first input subsystem in a fourth time slot to receive a second portion of the

return-link communication originating from the source user terminal via the input user beam;

coupling the first input subsystem with the first output subsystem by the beam group

switching subsystem according to the beam group switching pattern in the third time slot;

coupling the first input subsystem with the second output subsystem by the beam group

switching subsystem according to the beam group switching pattern in the fourth time slot;

configuring a first of the output subsystems in the third time slot to transmit via a first

output gateway beam;

configuring a second of the output subsystems in the fourth time slot to transmit via a

second output gateway beam;

transmitting the first portion of the return-link communication to the one of the gateway

terminals in the third time slot via the first output gateway beam; and

transmitting the second portion of the return-link communication to the other of the

gateway terminals in the fourth time slot via the second output gateway beam.
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900
‘.

904\

Switch a set of input subsystems of a satellite to each receive
traffic via a respective input beam, wherein the switching is
performed sequentially according to an input switching pattern
over a number of time slots, and the input beams are either input
user beams for receiving return-link traffic or input gateway
beams for receiving forward-link traffic

908 \

Switch a set of output subsystems of the satellite to each transmit
traffic via a respective output beam, wherein the switching is
performed sequentially according to an output switching pattern
over the time slots, and the output beams are either output user
beams for transmitting forward-link traffic or output gateway
beams for transmitting return-link traffic

912\

Switching a beam group switching subsystem of the satellite to

couple each input subsystem with one of the output subsystems

according to a beam group switching pattern over the time slots

so as to distribute forward-link capacity to each output user
beam among multiple of the input gateway beams in a shared
manner or to distribute return-link capacity to each input user
beam among multiple of the output gateway beams in a shared
manner

FIG. 9
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1000
(-
1004\

Distribute a first aggregate capacity to the ou’cput user beams in a
shared manner among P of the input gateway beams according
to the beam group switching pattern when P respective gateway
terminals associated with the P input gateway beams are

“operational '

1008\

Distribute a second aggregate capacity to the output user beams
in a shared manner among Q of the P input gateway beams
according to the beam group switching pattern when only Q of
the P respective gateway terminals are operational

101
Y |

| Receive an indication at the satellite of detecting of a long-term |
| outage in any of the P respective gateway terminals |

| Distribute, in response to receiving the indication, a third |
| aggregate capacity to each associated output subsystemina |
| shared manner from fewer than the P input gateway beams

: gy !
| according to a second beam group switching pattern |

FIG. 10
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(- 1100a
1104\

Configure a first input subsystem of a satellite in a first time slot
to receive via a first gateway input beam, and a second input
subsystem of the satellite in a second time slot to receive via a
second gateway input beam (e.g., both by switching according to
an input switching pattern that defines which input beam to use
for receiving by each input subsystem in each of a number of
time slots)

1108\ ¢

Receive, in the first time slot, a first portion of a forward-link
communication destined for a target user terminal, the first
portion received by the first input subsystem from the first

gateway terminal via the first gateway input beam

1112\ | . ¢
Receive, in the second time slot, a second portion of the forward-

link communication by the second input subsystem from the
second gateway terminal via the second gateway input beam

1116\ i

Couple, by a beam group switching subsystem of a satellite in
the first time slot according to a beam group switching pattern,
the first input subsystem with an output subsystem of the
satellite associated with one of a plurality of beam groups that
supports a number of output beams including an output user
beam that services the target user terminal

1120\ i

Couple the second input subsystem with the output subsystem
by the beam group switching subsystem in the second time slot
according to the beam group switching pattern

1124 | ¢

Configure the output subsystem in the first and second time slots
to transmit via the output user beam (e.g., by switching
according to an output switching pattern that defines which
output beam to use for transmitting by the output subsystem in
each of the time slots)

1128\ ¢

Transmit the first and second portions of the forward-link
communication to the target user terminal in the first and second
time slot, respectively, via the output user beam

20/21

FIG. 11A
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| Configure the first input subsystem in a third time slot to receive |
| afirst portion of a return-link communication originating from a [
| source user terminal via an input user beam (e.g., by switching |
| according to an input switching pattern) |

Configure the first input subsystem in a fourth time slot to I
receive a second portion of the return-link communication |
originating from the source user terminal via the input user |

beam (e.g., according to the input switching pattern) |

Couple the first input subsystem with the first output subsystem
by the beam group switching subsystem according to the beam
group switching pattern in the third time slot

1152\ ¢

Couple the first input subsystem with the second output
subsystem by the beam group switching subsystem according to
the beam group switching pattern in the fourth time slot

1156\ ¢

Configure a first of the output subsystems in the third time slot
to transmit via a first gateway output beam (e.g., by switching
according to an output switching pattern)

1160\ : ¢
Configure a second of the output subsystems in the fourth time

slot to transmit via a second gateway output beam (e.g.,
according to the output switching pattern)

1164\ ¢

Transmit the first and second portions of the return-link
communication to the first and second gateway terminals in the
first and second time slots, respectively, via the first and second

output gateway beams

FIG. 11B
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