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A high throughput satellite and a method of operating a high
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operation and transitions between them in response to the
spectrum fill rate. Modes of operation may include altering
color re-use patterns to increase or reduce number of colors,
using intra-beam geographic sub-division, or precoding
downlink signals.
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1
METHODS AND SYSTEMS FOR OPERATING
A HIGH THROUGHPUT SATELLITE

TECHNICAL FIELD

The present application relates to satellite communica-
tions, and more particularly to methods and systems for
operating a high throughput satellite (HTS).

BACKGROUND

Conventional fixed-service satellite (FSS) systems use
one or more large wide beams to cover a large geographic
area. Modern satellite communication is moving away from
FSS towards HTS systems in which the satellite employs a
large number of narrow spot beams and relies on color
re-use to improve throughput at each beam. HTS is consid-
ered particularly attractive because it enables higher
throughput for both uplink and downlink, and modern
satellite communication needs place a greater emphasis on
two-way traffic, i.e. both uplink and downlink to end equip-
ment, such as for satellite-based mobile internet.

Color re-use is one way to reduce inter-beam interference,
but use of a high number of colors may result in limited
bandwidth being allocated to each spot beam. This may lead
to quickly exhausting the satellite capacity, particularly for
downlink transmission as that tends to be higher demand.
Lower color re-use can improve bandwidth available but at
a cost of higher inter-beam interference. Higher inter-beam
interference adversely impacts the achievable throughput of
the system and may also lower spectrum efficiency. Accord-
ingly, conventional HTS systems are implemented with a
fixed color re-use pattern that attempts to balance these
factors. Typically, this is a four color re-use pattern.

Accordingly, it would be advantageous to have improved
methods and systems operating HTS systems and, in par-
ticular, techniques to manage and balance spectrum demand,
interference problems, and spectrum efficiency so as to
enable improved throughput.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference will now be made, by way of example, to the
accompanying drawings which show example embodiments
of the present disclosure, and in which:

FIG. 1 shows, in block diagram form, one example of an
HTS system;

FIG. 2 shows, in flowchart form, an example method of
operating a satellite;

FIG. 3 shows an example of an 8-color re-use pattern;

FIG. 4 shows an example of a 4-color re-use pattern;

FIG. 5 shows a carrier-to-interference graph for an 8-color
re-use pattern;

FIG. 6 shows a carrier-to-interference graph for a 4-color
re-use pattern;

FIG. 7(a) shows one example of inter-beam C/I geo-
graphical distribution for a spot beam in a 4-color re-use
pattern;

FIG. 7(b) illustrates the beam of FIG. 7(a) divided into an
inner region and an outer region;

FIG. 8(a) shows one example of inter-beam C/I geo-
graphical distribution for a spot beam in a 2-color re-use
pattern;

FIG. 8(b) shows the beam of FIG. 8(a) divided into inner
and outer regions;

FIG. 9 diagrammatically illustrates the channel gain/loss
and precoding feedback loop for an HTS system;
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2

FIG. 10 shows, in block diagram form, one example of an
HTS payload; and

FIG. 11 shows fill rates and corresponding throughput
comparisons for an HTS system using an example three-
phase operation.

Like reference numerals are used in the drawings to
denote like elements and features.

DETAILED DESCRIPTION

In one aspect, the present application describes a high
throughput satellite and a method of operating a high
throughput satellite. The satellite has multiple modes of
operation and transitions between them in response to the
spectrum fill rate. Modes of operation may include altering
color re-use patterns to increase or reduce number of colors,
using intra-beam geographic sub-division, or precoding
downlink signals.

In another aspect, the present application describes a
method of operating a high throughput satellite having a
plurality of downlink spot beams. The method includes
causing the satellite to operate in a first operating mode that
employs a first color re-use pattern for downlink transmis-
sions; determining that a spectrum fill rate exceeds a first
threshold; and based on the determination that the spectrum
fill rate exceeds the first threshold, automatically causing the
satellite to operate in a second operating mode that employs
at least one of intra-beam geographic sub-division of one or
more spot beams into an inner region and an outer region,
wherein the inner region uses the first color re-use pattern
and the outer region uses a second color re-use pattern
having more colors than the first color re-use pattern, and
precoding downlink signals onboard the satellite through
application of a complex weighting vector to symbols in the
downlink transmission for at least one of the spot beams.

In another aspect, the present application provides a high
throughput satellite that includes a plurality of downlink
spot beams and a digital processor. The digital processor is
to operate the satellite in a first operating mode that employs
a first color re-use pattern for downlink transmissions;
determine that a spectrum fill rate exceeds a first threshold;
and based on the determination that the spectrum fill rate
exceeds the first threshold, automatically transition the sat-
ellite to a second operating mode that employs at least one
of intra-beam geographic sub-division of one or more spot
beams into an inner region and an outer region, wherein the
inner region uses the first color re-use pattern and the outer
region uses a second color re-use pattern having more colors
than the first color re-use pattern, and precoding downlink
signals onboard the satellite through application of a com-
plex weighting vector to symbols in the downlink transmis-
sion for at least one of the spot beams.

In yet a further aspect, the present application describes a
network operations center for controlling operation of a high
throughput satellite in orbit, the satellite having a plurality of
downlink spot beams and a plurality of operating modes.
The network operations center includes a high speed telem-
etry and command link to the satellite; at least one processor;
and memory storing processor-executable instructions that,
when executed by the at least one processor, cause the
processor to instruct the satellite to operate in a first oper-
ating mode that employs a first color re-use pattern for
downlink transmissions, determine that a spectrum fill rate
for the satellite exceeds a first threshold; and based on the
determination that the spectrum fill rate exceeds the first
threshold, automatically instruct the satellite to operate in a
second operating mode that employs at least one of intra-
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beam geographic sub-division of one or more spot beams
into an inner region and an outer region, wherein the inner
region uses the first color re-use pattern and the outer region
uses a second color re-use pattern having more colors than
the first color re-use pattern, and precoding downlink signals
onboard the satellite through application of a complex
weighting vector to symbols in the downlink transmission
for at least one of the spot beams.

Other example embodiments of the present disclosure will
be apparent to those of ordinary skill in the art from a review
of the following detailed description in conjunction with the
drawings.

Any feature described in relation to one aspect or embodi-
ment of the invention may also be used in respect of one or
more other aspects/embodiments. These and other aspects of
the present invention will be apparent from, and elucidated
with reference to, the embodiments described herein.

In the present application, the term “and/or” is intended to
cover all possible combinations and sub-combinations of the
listed elements, including any one of the listed elements
alone, any sub-combination, or all of the elements, and
without necessarily excluding additional elements.

In the present application, the phrase “at least one of . . .
or...” is intended to cover any one or more of the listed
elements, including any one of the listed elements alone, any
sub-combination, or all of the elements, without necessarily
excluding any additional elements, and without necessarily
requiring all of the elements.

Satellite Overview

Satellites are devices positioned in orbital space that are
used for various purposes. In one example embodiment, the
satellites are communication satellites. That is, they are
positioned in orbital space for the purpose of providing
communications. For example, communication satellites are
designed to relay communication signals between two end-
points (which may be stationary or mobile) to provide
communication services such as telephone, television, radio
and/or internet services.

The satellites may employ a variety of orbital paths
around the Earth. For example, satellites may have geosta-
tionary orbits, molniya orbits, elliptical orbits, polar and
non-polar Earth orbits, etc. Communication satellites typi-
cally have geostationary orbits. That is, the satellites have a
circular orbit above the Earth’s equator and follow the
direction of the Earth’s rotation. A satellite in such an orbit
has an orbital period equal to the Earth’s rotational period,
and accordingly may appear at a fixed position in the sky for
ground stations.

Communication satellites are typically spaced apart along
the geostationary orbit. That is, the satellites are positioned
in orbital slots. The satellite operators coordinate their use of
orbital slots with each other under international treaty by the
International Telecommunication Union (ITU), and the
separation between slots depends on the coverage and
frequency of operation of the satellites. For example, in at
least some example embodiments, the separation between
satellites may be between 2-3 degrees of orbital longitude.
In at least some example embodiments, the separation
between satellites may be less than 2 degrees of separation.
The separation of satellites in such a manner allows for
frequency reuse for both uplink and downlink transmission.
For example, by separating adjacent satellites by a distance
greater than the transmitting beamwidth (i.e., the angle,
measured in a horizontal plane, between the directions at
which the power of the beam is at least one-half its maxi-
mum value) of an antenna associated with the ground station
for uplink transmission, the same frequency for the com-
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munication signals may be employed to uplink to adjacent
satellites with interference at or below the coordinated level.
Similarly, if the separated distance between the adjacent
satellites is greater than the receiving beamwidth of the
antenna associated with the ground station for downlink
transmission, the same frequency for the communication
signals may be employed to downlink from adjacent satel-
lites with interference at or below the coordinated level.

In order to perform communication functions, the satellite
is equipped with various components. For example, the
satellite may include a communication payload (which may
further include transponders, one or more antennas, and
switching systems), engines (to bring the satellite to the
desired orbit), tracking and stabilization systems (used to
orient the satellite and to keep the satellite in the correct
orbit), power subsystems (to power the satellite) and com-
mand and control subsystems (to maintain communication
with ground control stations).

The transponder of the satellite forms a communication
channel between two end-points to allow for communica-
tions between the two end-points. The transponder also
defines the capacity of the satellite for communications.

The antenna of the satellite transmits and receives com-
munication signals. More specifically, the antenna is an
electronic component that converts electric currents (which
may be generated by a transmitter) to propagating radio
frequency (RF) signal during transmission, and converts
induced RF signals to electric currents during reception. In
at least some example embodiments, the antenna may be
associated with an amplifier which may amplify the power
of the transmitted or received RF signals.

The communication signals may be microwave signals.
Microwave signals are RF signals that have wavelengths
ranging from as long as one meter to as short as one
millimeter. Equivalently, the frequency of the RF signals
may range from 300 MHz to 300 Ghz. More particularly, the
communication signals are within certain frequency bands
of microwave signals as they are more suited for satellite
communications. For example, in at least some example
embodiments, a satellite may operate within the frequency
of the C-band defined by the ITU. The C-band is a portion
of the electromagnetic spectrum that ranges from approxi-
mately 4 GHz to 8 GHz. That is, the communication signals
are transmitted by and received at the satellite within such a
frequency range. In some cases, the satellite may operate
within frequencies higher than 8 GHz. For example, the
satellite may operate within the frequency of the Ku-band.
The Ku-band is the portion of the electromagnetic spectrum
that ranges from approximately 10 GHz to 18 GHz. In at
least some example embodiments, the satellite may operate
within other high frequencies above the Ku-band. For
example, the satellite may operate within the Ka-band
frequency. The Ka-band is the portion of the electromagnetic
spectrum that ranges from approximately 26.5 GHz to 40
GHz (at present, the assigned slots for fixed satellite service
(FSS) are 27-31 GHz for uplink and 17.7-21.2 GHz for
downlink). In some examples, the satellite may be config-
ured to operate in more than one band. In one example, the
satellite may be equipped to receive and transmit signals
within the C-band, Ku-band, and Ka-band. It will be appre-
ciated that the satellites may operate within other microwave
frequency bands. For example, the satellites may operate in
any one of the defined microwave frequency bands ranging
in frequencies from approximately 1 GHz to 170 GHz.
Examples of other microwave frequency bands may include
the X-band, Q-band, V-band, etc.
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High Throughput Satellite Systems

In a conventional fixed-satellite service (FSS) system, one
or several large beams (e.g. a semi-global beam for C-band
and a few regional beams for Ku-band) are typically used to
cover the desired areas, as described above.

In a high throughput satellite (HTS) system, a satellite
uses multiple narrow spot beams (e.g. 0.6 deg Ka or Ku-
band beams). These spot beams are arranged in a pattern to
cover a desired area. An HTS system typically relies on
“color re-use”. Different portions of the spectrum used by
different spot beams, or the same portion but using a
different polarization, are referred to as different “colors”.
That is, each color represents a segment of spectrum with a
bandwidth and polarization that can be accessed by the end
users inside the coverage area of that spot beam. Using
spatial separation, each color can be reused by multiple
beams to increase the system capacity. In many implemen-
tations, the HTS system tries to minimize interference in
both downlink and uplink signals by ensuring that adjacent
beams use different colors. Typically, use of fewer colors
will lead to higher inter-beam interference, especially at the
edge of coverage (EOC), however, the overall throughput of
the system may also become higher as more bandwidth is
allocated to each coverage area. A conventional HTS net-
work design may use a 4-color reuse scheme, but some
systems may have 2-colors, 6-colors, 8-colors or more. It
will be understood that a 2-color reuse pattern will result in
some adjacent beams using the same color.

Reference is made to FIG. 1, which shows an example of
an HTS system 100. The system 100 includes a satellite 102
equipped with a plurality of spot beams for transmitting and
receiving. Each spot beam has a beam width that results in
a coverage area at the surface of the Earth, as indicated by
the individual circles. It will be appreciated that although the
coverage areas are indicated as isolated circles the beam
gain pattern extends beyond the indicated circle. The illus-
trated circle may indicate a -3 dB point, for example.

Color re-use is employed to minimize interference. If
enough colors are used, then adjacent beams (i.e. adjacent
coverage areas) do not use the same color, which assists in
reducing inter-beam interference. The system 100, as illus-
trated, includes a plurality of gateways 104 that may be used
for high-speed communications between one or more
grounds stations and the satellite 102. For example, a ground
station may include a network operations center (NOC) for
configuring and managing the satellite 102.

In some implementations, the HTS system 100 may
feature hundreds of spot beams. Spot beams are provided to
support both the forward (gateway to satellite to user) and
return (user to satellite to gateway) links. Through color
re-use, many beams can use the same frequency and polar-
ization and inter-beam interference is managed through
spatial separation of the beam coverage areas. It will be
appreciated that use of a large number of colors may result
in limited bandwidth being allocated to each spot beam. This
may negatively impact throughput. Color re-use patterns
with fewer colors can improve the bandwidth available to
each beam, but at a cost of higher inter-beam interference.
Higher inter-beam interference adversely impacts the
achievable throughput of the system and may also lower
spectrum efficiency. Accordingly, conventional HTS sys-
tems are implemented with a fixed color re-use pattern that
attempts to balance these factors. Typical HTS systems use
a four color re-use pattern, as illustrated in FIG. 1, where the
potential interfering “I” signals are shown relative to the
carrier “C” signal, all of which use the same color.
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6

One of the problems with selecting a fixed color re-use
pattern is that the balance between spectrum demand and
interference may change over time, e.g. over the operating
life of satellite. A typical satellite initially has to service a
low demand that gradually increases over time. In some
cases, spectrum demand could also decline as services
migrate to newer or alternative options. It would be advan-
tageous to provide for methods and systems of operation that
address changing demand and the shifting balance of con-
cerns regarding interference and complexity of operation.

In accordance with one aspect of the present application,
a satellite automatically alters its operation based on
demand. The satellite may have two or more operating
modes or phases and may automatically switch between
those modes or phases based on a measurement of demand.
One example of such a measurement is spectrum fill rate.
Spectrum fill rate may be defined as the beam spectrum in
use divided by the full bandwidth capability of the spot
beam. The bandwidth capability of a spot beam may be set
by the transponder design, e.g. any RF filters and/or high-
power amplifiers (HPA) used in the transponder signal path.

In one aspect of the present application, a satellite may be
configured with a first phase or mode operation in which it
employs a certain color re-use pattern. Upon detection of the
spectrum fill rate exceeding a set threshold, the satellite may
automatically transition to a second phase or mode of
operation to improve throughput by way of a satellite-based
change in operation. The change in operation may either
reduce interference or allocate more bandwidth to a beam. It
will be appreciated that the determination of spectrum fill
rate may be made at the satellite or may be made a
ground-based network operations center (NOC) in commu-
nication with the satellite over a high-speed telemetry and
command link (not illustrated). In many cases, a ground-
based NOC may receive operating data and measurements
from the satellite and may provide operations, settings, and
control instructions to the satellite. Likewise, the determi-
nation to switch between modes of operation may be made
at the satellite or at the ground-based NOC. In the descrip-
tion herein, such determinations may be described as occur-
ring at the satellite or at the ground-based NOC, but it will
be appreciated that the alternative is also a possible imple-
mentation.

In one example, the operational change in the second
phase may be a change to a different re-use pattern having
fewer colors. As demand increases from initially low levels
to higher levels, it may be advantageous to allocate addi-
tional bandwidth to each beam, despite the consequent
increase in potential inter-beam interference. This change
may allow for the use of a higher number of colors in the
initial color re-use pattern used in the first phase, so as to aim
for minimal inter-beam interferences. By allowing for a
transition to a color re-use pattern with fewer colours, the
satellite can adapt to additional demand from an initially low
demand for spectrum.

In another example, the second phase or mode of opera-
tion may involve applying intra-beam geographic sub-divi-
sion. That is, the geographic coverage of each beam may be
further divided into two or more regions, such as an inner
region proximate the centre of the beam coverage and an
outer region near the edge of coverage. The inner region may
employ the color re-use pattern from the first phase, whereas
the outer region may use a higher number color re-use
pattern. In other words, the outer region is assigned channels
in a slice of the beam spectrum (color) that will not be used
by the outer region of the nearest beam using the same beam
spectrum (color). Instead that outer region of the nearest
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beam will use a different slice of the beam spectrum. This is
effectively use of a larger number of colors in a color re-use
pattern for the outer regions. The demarcation of inner
region and outer region may vary depending on the demand
and the color re-use pattern.

In further example, the second phase or mode of operation
may involve satellite based precoding of signals, to further
optimize the user link performance and throughput.

In yet another example, the second phase may involve
either intra-beam geographic sub-division, or precoding, or
both. In some examples, the second phase, triggered by the
spectrum fill rate exceeding a first threshold, involves intra-
beam geographic sub-division, and a third phase, triggered
by the spectrum fill rate exceeding a second higher thresh-
old, involves precoding. In some cases, the intra-beam
geographic sub-divisional, the precoding, or both may be
applied to some spot beams but not all spot beams.

In some examples, the first phase incorporates changes in
the color re-use pattern to reduce the number of colors over
time as demand increases, as measured by spectrum fill rate,
prior to transitioning to the second phase in which intra-
beam geographic sub-division is employed. As spectrum fill
rate hits a higher percentage, there may be a further transi-
tion to a third phase that adds precoding to at least some of
the beams.

FIG. 2 shows a flowchart illustrating one example method
200 of operating a satellite. The method 200 initiates with
deployment of the satellite in orbit. The satellite first oper-
ates using a phase one mode of operation 202. In this
example, the phase one mode of operation 202 involves a
color re-use scheme to spatially separate spot beams that use
the same slice of spectrum and polarization. Phase one mode
of operation 202 may include changing from a greater color
re-use pattern to a fewer color re-use pattern as demand
(measured by spectrum fill rate) increases, or it may be a
static color re-use pattern. For example, the phase one mode
of operation 202 may start with an initial color re-use pattern
and may, based on the spectrum fill rate exceeding an initial
threshold, transition to a different color re-use pattern having
fewer colors than the initial color re-use pattern.

While in the phase one mode of operation 202, the
satellite monitors the spectrum fill rate to determine whether
it meets or exceeds a first threshold 204. In this example, the
first threshold is set at 50%, but it will be appreciated that the
precise percentage is somewhat arbitrary. In one example,
the assessment of spectrum fill rate may be more complex
than the overall percentage used; for instance, it may take
into account whether a certain number of beams have a fill
rate that exceeds the threshold, as there may be certain
geographic areas of higher demand than others, where the
fill rate may be quite low and bring down the overall fill rate.

If the spectrum fill rate exceeds the first threshold 204,
then the satellite transitions to a phase two mode of opera-
tion 206. In this example, the phase two mode of operation
206 involves using intra-beam geographic sub-division with
at least some of the spot beams. The intra-beam geographic
sub-division divides a beam into an inner region that has
access to the full spectrum allocated to that beam by the
color re-use pattern, and an outer region that has access to
a portion of the spectrum allocated to that beam by the color
re-use pattern. A nearest beam using the same color will
allocate a different portion of the spectrum to its own outer
region, such that the outer regions effectively adopt a higher
color re-use pattern than is used for the inner regions.

While in the phase two mode of operation 206 the satellite
continues to monitor the spectrum fill rate to determine
whether it meets or exceeds a second threshold 208 that is

25

35

40

45

8

higher than the first threshold 204. It also monitors whether,
if the spectrum fill rate has not exceeded the second thresh-
old 208, whether it has fallen below a third threshold 210
that is lower than the first threshold 204. If the spectrum fill
rate falls below the third threshold 210, then the method 200
transitions the satellite back to the phase one mode of
operation 202. If the spectrum fill rate exceeds the second
threshold 208, then the satellite transitions to a phase three
mode of operation 212.

In this example, the phase three mode of operation 212
involves applying precoding to the signals for at least some
of the spot beams. As will be described in more detail in
examples below, the precoding is determined and applied
onboard the satellite payload, and can serve to improve
spectrum usage efficiency, at the expense of greater com-
putational complexity. When the spectrum fill rate has reach
particularly high levels, it may be worth the extra compu-
tational complexity to use precoding to gain additional
throughput and extend the useful life of the satellite.

Conversely, if the spectrum fill rate falls below a fourth
threshold 214, it may no longer be worth the computational
complexity of using precoding and the method 200 may
transition back to the phase two mode of operation 206. The
fourth threshold 216 may be set between the first threshold
204 and the second threshold 208.

In one example, the percentage spectrum fill rate values
for the various thresholds 204, 208, 210, 214, may be set as
follows:

Threshold Spectrum Fill Rate

First threshold 204
Second threshold 208
Third threshold 210
Fourth threshold 214

50%
80%
30%
60%

It will be appreciated that the above values are merely
examples and other values may be selected for other imple-
mentations.

In various embodiments, a satellite may feature two, three
or more phases or modes of operation between which it
switches based, at least in part, upon spectrum fill rate. The
various phases or mode of operation may include use any of
the three described techniques: changing color re-use pat-
tern, intra-beam geographic sub-division, and precoding.
Any particular phase may use a combination or sub-combi-
nation of the three described techniques, or additional tech-
niques for increasing throughput or reducing inter-beam
interference. Further illustrative examples of the three
described techniques are provided below. Many of the
examples focus on management of the user forward down-
link portion of the satellite communication path, since that
is the portion that is most likely to have the greatest tension
between bandwidth demand (i.e. spectrum fill rate) and
interference concerns.

Color Re-Use Pattern Changes

In one example, the color re-use pattern may initially be
established with a relatively large number of colors, which
minimizes inter-beam interference but allocates little band-
width to each spot beam. Because of the low demand
expected initially, the low bandwidth per spot beam may be
acceptable in the early stages after deployment of the
satellite. As demand increases, the color re-use pattern may
be changed to reduce the number of colors.

In one example, the satellite may start with a 16-color
re-use pattern on the user forward downlink. In a particular






