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FIGURE 6

(57) Abstract: Example methods and systems for adjusting the beam width of
radio frequency (RF) signals for purposes of balloon-to- ground communica-
tion are described. One example method includes determining, based on re-
spective locations of a plurality of balloons and areas covered by respective
ground-facing communication beams of the balloons, a contiguous ground
coverage area served by the plurality of balloons, where the communication
beam of a balloon defines a corresponding individual coverage area within
the ground coverage area, determining a change in position of at least one of
the balloons, based on the change in position of the at least one balloon, de-
termining an adjustment to a first of the individual coverage areas in an effort
to maintain the contiguous ground coverage area after the change in position
of at least one of the balloons, and adjusting a width of the ground-facing
communication beam of the balloon corresponding to the first individual cov-
erage area in order to make the determined adjustment to the first individual
coverage area.
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Adjusting Beam Width of Air-to-Ground Communications Based on Distance to
Neighbor Balloon(s) in Order o Maintain Contiguous Service

BACKGROUND
(6661} nless otherwise indicated herein, the materials described in this section are
not prior art to the claims in this application and are vot adrattted to be prior art by inclasion

in this section.

1680621 Computing devices such as personal computers, laptop computers, tablet
computers, cellular phones, and countless types of Internet-capable devices are increasingly
prevalent in numerous aspects of modern life. As such, the demand for data connectivity via
the Internet, cellular data networks, and other such networks, is growing. However, there are
many arcas of the world where data conpectivity is still onavailable, or if available, is

unreliable and/or costly.  Accordingly, additional network mfrastructure 1s desirable.
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SUMMARY

18063) Example methods and systems for adjusting the beam width of radio
frequency (RF) signals for purposes of balloon-to-ground communication are described. An
example balloon may be capable of fransmitting ground-facing commumication signals with
different beam widths in order 1o cover different areas on the ground. An example group of
balloons, such as balloons operating as part of a balioon network, may provide service to a
contiguous coverage arca on the ground. Movements of one or more of the balloons may be
determined that nught cause a gap in coverage. In order to maintain contiguous coverage, the
heam width of one of the balloens may be adjusted to change the individual coverage arca of
the balloon.

(68084} In one example, a method is provided that includes determining, based on
respective locations of a plarality of balloons and arcas covered by respective ground-facing
comummunmication beams of the balloous, a contiguous ground coverage area served by the
plurality of balloons, where the communication beam of a balloon defines a corresponding
mndividual coverage area within the ground coverage area, determining a change in position
of at least onc of the balloons, based on the change in posttion of the at least one balloon,
determining an adjustment to a first of the individual coverage areas in an offort to maintain
the contiguous ground coverage arca after the change n position of at least one of the
balloons, and adjusting a width of the ground-facing commumication beam of the balloon
corresponding to the first individual coverage arca in order io make the determined
adjustment to the first individual coverage area.

16665} In another example, a system s provided that includes a plurality of balloons,
and a control system configured to determine, based on respective lecations of the balloons
and arcas covered by respective ground-facing commwunication beams of the

balloons, a contiguous ground  coverage area  served by the  balloons, where  the
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communication beam of a balloon defines a corresponding individual coverage area within
the ground coverage area, determine a change in position of at least one of the balloons,
based on the change in position of the at least one balloon, determine an adjustment o a first
of the mndividual coverage areas in an effort to maintain the contiguous ground coverage area
after the change in position of at least one of the balloons, and provide instructions to adjust a
width of the ground-facing commumication beam of the balloon corresponding to the furst
individual coverage area 1o order {o make the determined adjustment o the first individual
COVErage arca.

18686} In a further example, 2 non-transitory computer readable medium baving
stored therein instructions that when exccuted by a computing system, cause the computing
system to perform fimetions is disclosed. The functions may include determining, based on
respective locations of a plarality of balloons and areas covered by respective ground-facing
comumunication beams of the balloous, a contiguous ground coverage area served by the
plurality of balloons, where the comumunication beam of a balloon defines a corresponding
mndividual coverage area within the ground coverage area, determining a change in position
of at least onc of the balloons, based on the change in posttion of the at least one balloon,
determining an adjustment to a first of the individual coverage areas in an offort to maintain
the contiguous groumd coverage arca after the change in position of at least one of the
balloons, and adjusting a width of the ground-facing commumication beam of the balloon
corresponding to the first individual coverage arca in order io make the determined
adjustment to the first individual coverage area.

18667 In yet another example, a system may include means for determining, based
on respective locations of a pharality of balloons and areas covered by respective ground-
facing communication beams of the balloons, a contiguous ground coverage arca scrved by

the plurality of balloons, where the communication beam of 3 balloon defines a
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corresponding  individual coverage area within the ground coverage area, means for
determining a change in position of at least one of the balloons, based on the change
in position of the at least onc balloon, means for determining an adjustment to a first of the
mdividual coverage areas in an effort to maintain the contiguoos ground coverage area after
the change in position of at least one of the balloons, and means for adjusting a width of the
grovmd-facing conunumnication beam of the balloon corresponding to the first individual

coverage area in order to make the determined adjustment to the first individual coverage

18008] These as well as other aspects, advantages, and alternatives, will become
apparcat to those of ordinary skill in the art by reading the following detailed description,

with reference where appropriate to the accompanying figures.
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BRIEF DESCRIPTION OF THE FIGURES

16069} Figure 1 s a block diagram illustrating an example balloon network.

18614} Figure 2 s a block diagram illustrating an example balloon-network control
systent.

8611} Figure 3 shows a high-altitude balloon according to an example embodiment.
18612} Figure 4 is a simplified block diagram illustrating a balloon network that

includes super-nodes and sub-nodes, according to an example embodiment.

16613] Figure 5A shows a balloon and a communication signal with a first beam
width, according to an example embodiment.

(6814} Figure B shows a balloon and 2 commumication signal with a second beam

width, according to an example embodiment.

[B015] Figure 6 is a block diagram of a method, accovding to an example
embodiment.
[68146] Figure 7A iilustrates a top view of a configuration of three balloons and

corresponding communication beams, according to an example embodiment.

18617} Figure 78 illustrates a top view of another configuration of three balloons and
corresponding communication beams, according to an example embodiment.

[8018] Figure 7C illustrates a top view of yet another configaration of three balloons
and corresponding communication beams, according to an exanple combodiment.

18619} Figure 7D illustrates a top view of a further configuration of three balloens
and corresponding commumnication beams, according to an example cmbodiment.

166281 Figwe 7E illustratcs a top view of an additional configuration of threc

balloons and corresponding communication beams, according to an example embodiment.
5
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DETAILED BDESCRIPTION
18 Overview
[B821] Examples of methods and systems arc described herein. | should be
understood that the words “example” and "exemplary” arc used herein to mean "serving as an
example, instance, or illustration.” Any embodiment or feature described herein as
"exeraplary” 15 not necessarily to be construed as preferred or advantageous over other
embodiments or features. The example or exemplary embodiments described herein are not
meant to be Hmiting. It will be readily umnderstood that certain aspects of the disclosed
systems and methods can be siranged and combined in a wide varicty of different
configurations, ali of which are contemplated hercin.
6023} Furthermore, the particular arrangements shown in the Figures should not be
viewed as hmiting. Tt should be understood that other embodiments may inchade more or less
of cach clement shown in a given Figure. Further, some of the illustrated clements may be
combined or omitted. Yot further, an exemplary embodiment may include elements that are
not iHustrated in the Figures.
18623} Example embodiments relate to an acrial communication network using a
plurality of balloons with conunvmication equipment o facilitate wireless communication
among the balloons and with groumd-based stations and/or other ground subscribers.
Balloons can be formed of an envelope supporting a payvicad with a power supply, data
storage, and onc or more transceivers for wirelessly communicating information to other
members of the balloon network and/or to wireless stations located on the ground. To
communicate with ground-based stations and/or other ground subscribers while aloft, the
halloons can be equipped with one or more radio frequency (RF) antermas mounted to the
balloon payload so as to be ground-facing,

(8824} fn particular, one or more fransceivers may be used by a balloon to wansmit
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and/or receive commmication data to and/or from ground-based stations and/or other ground
subscribers located within a certain area underneath the balloon at ground level. In some
exarples, a group of neighboring balioons may provide contigoous coverage at ground level
For instance, service may be provided from at least one balloon within a network of balloons

to subseribers located on the ground anywhere within a region.

[B025] In general, the beam width of a groumnd-facing RF commumication signal may
be inversely proportional to the strength of the signal at ground level. A narrowly focused
beam {c.g., from a high-gain antcnna on a balloon) may provide a stronger signal, while a
broader beam {e.g., from a low-gain antenna on a balloon) may spread out the power over a
farger area and therefore maay not provide as strong a signal. Accordingly, in some examples,
a group of balloons may provide coverage over an arca with minimal overlap between arecas
covered by neighboring balloons in order to provide a strong signal {(and/or a signal with a

high signal-to-noise ratio} to ground-based subscribers.

[B026] fn some imstances, one or more balloons within a network may change
position in & way that may creatc a gap in coverage at ground level. For example, one or
more of the balloons could change horizontal ({atitudinal and/or longitudinal} position and/or
altitude. A balloon may change position based on factors partially or completely outside the
control of the balloon network {(e.g., wind) and/or may be controlied to change position based
on ficet planning algorithms which may be used to position balloons within the network. The
change(s) in position may change the areas covered by each of the balioons on the groond
based on the current beam widths of ground-facing communication beams in use by the
balloons. In some instances, @ determination may be made (either before a change in position
occurs, during the change in position, or after the change in position) that a gap may occur in

the ground coverage provided by the balloon network.

16627 In such circumstances, the beam width of a ground-facing commumnication
7
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signal from one or more balloons may be adjusted in an effort to maintain contiguous
coverage on the ground. For instance, if neighboring balloons travel far away from a
particular balloon, the balioon may increase its beam width to tncrease its coverage area {¢.g.,
to provide coverage to arcas that were previcusly covered by other balloons).  In other
examples, neighboring balloons may travel close to a particular balloon, such as when cach of
the balloons 1s assigoued to help provide coverage 1o 2 highly populated arca (e.g., a sporting
event). In such an instance, the particular balloon may decrease the beam width of s
ground-facing comnumication signal to decrease the size of its coverage area and provide a

stronger signal to a smaller area on the ground, for example,

16628] A balloon may be cquipped to adjust the bearn width of a ground-facing RF
communication beam in different ways. In one example, a beam width may be adjusted by
selecting from two or more discrete antennas, each capable of transmitting a signal with a
different beam width.  For instance, a balloon may be equipped with two different RF
antennas: one high-gain antenna for transmitting varrow RF beams and one low-gain antenna
for transmitting broader RF beams. In further examples, a balloon may be equipped with
three or more different antennas, each capable of transmitting an RF signal with a different
beam width, In other cxamples, the bearn width of a balleon may be contmously adjustable,
such as by adjusting the spacing between a radiastor and a ground-facing reflector that may

operate to reflect a communication beam toward the ground.

6029} In additional examples, a balloon network may service ground sobscribers
with a level of demand that varies based on location (¢.g., a highly populated area may have
greater demand than an arca with fewer people). In such examples, the beam widths of one
or more balloons may be controlled and/or adjusted in order to provide a certain amount of
coverage to particular areas on the ground based on demand level. For instance, each balloon

may have a limited capacity of data that it can transmit fo ground subscribers {(c.g., 10 MB/s).

]
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One or more balloons covering an area with a certain demand level {c.g., 100 MB/s) may
change position so that the balloons may no longer provide cnough coverage to satisfy the
demand level using the current beam widths, In such circumstances, one or more balloons
may adjust the beam widths of their ground-facing commuomnication signals in order to satisfy

the demand for coverage at ground level.

[B038] Example systems and methods therefore may allow for RF communication
from a group of balloous to ground-based stations and/or other ground subscribers. A balloon
may adjust the beam width of a ground-facing communication beam based on changes in

position of one or more of the balloons.

i Fxample Balloon Networks

16631} In order that the balloons can provide a reliable data nerwork i the
stratosphere, where winds may affect the locations of the various balloons in an asymmetrical
manner, the balloons in an exemplary network may be configured move latitudinally and/or
longitudinally relative to one another by adjusting their respective altitudes, such that the
wind carries the respective balloons to the respectively desived locations.

18632} Further, in an exemplary balloon network, the balloons may commonicate with
one another using free-space optical communications.  For instance, the balloons may be
contigured for optical conumumications using ultrabright LEDs or possibly lasers for optical
signaiing (although regulations for laser communications may resirict laser usage). In
addition, the balloons may communicate with ground-based station(s) using radio-frequency
{(RF} communications.

[8033] in some embodimenis, 8 high-altitude-balloon network may be homogenous.
More specifically, in 3 homogenous high-altitade-balloon network, each balloon is configured

to communicate with nearby balloons via free-space optical links. Further, some or all of the
9
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balloons in such a network, may also be configured commumicate with ground-based
station{s) using RF communications. {(Note that in some embodiments, the balloons may be
homogenous in so far as cach balloon is configured for free-space optical communication
with other balloons, but heterogeneous with regard to RF commmications with ground-based
stations.)

18034} In other embodiments, a high-altitude-balloon network may be heterogencous,
and thus may include two or more different types of balloons.  For exampie, some balloons
may be configired as super-nodes, while other balloons may be configured as sub-nodes.
(Note also that some balloons may be configured to function as both a super-node and a sub-
node.)

{6835} In such a configuration, the super-node balloons may be configured to
communicate with nearby super-node balloons via free-space optical Iinks. However, the
sub-vode balloons may not be configured for free-space optical communication, and may
instead be configured for, ¢.g., RF communications. Accordingly, a super-node may be
further configured to communicate with nearby sub-nodes using BF communications. The
sub-nodes may accordingly relay comuvwnications from the super-nodes to ground-based
station(s} using RF communications. Configured as such, the super-nodes may collectively
function as backhaul for the balloon network, while the sub-nodes function to relay
communications from the super-nodes to ground-based stations.

{8036} Figure 1 is a simplified block diagram illusirating a balloon network 100,
according to an exemplary embodiment. As shown, balioon network 100 includes balloons
102A 10 102E, which are configured to commumicate with one another via frec-space optical
flinks 104. Configured as such, balloons 102A to 102E may collectively function as a mesh
network for packet-data convmunications, Further, balloons 102A to 102D may be configured

for RF communications with ground-based stations 106 via RF links 108,

10
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18637} In an exemplary embodiment, balloons 102A to 102E are high-ahkitude
balloons, which are deployed m the stratosphere. At moderate latitudes, the stratosphere
includes sltitudes between approximately 10 kilometers (kmy) and 50 ki altitude above the
surface. At the poles, the stratosphere staris at an altitude of approximately 8 k. In an
exemplary embodiment, high-altitade balloons may be generally configured to operate in an
altitude range within the stratosphere that has lower winds (e.g., between 5 and 20 miles per
hour (mph)).

[8038] More specifically, in a high-altitude-balloon network, balloons 102A to 1025
may generally be configured to operate at altitudes between 17 km and 22 km (although other
altitudes arc possible). This altitude range may be advaontageous for scveral reasons. In
particular, this layer of the stratosphere generally has mild wind and tarbulence (e.g., winds
between 5 and 20 miles per hour (mph}). Further, while the winds between 17 km and 22
km may vary with latitude and by season, the variations can be modeled o a reasonably
accurate manner. Additionally, alittudes above 17 km are typically above the maximuom flight
fevel designated for commercial air traffic. Therefore, interference with commercial tlights is
not a concern when balloons are deploved between 17 km and 22 km.

18039} To transmit data to another balloon, a given balloon 102ZA to 10ZE may be
configured to transmit an optical signal via an optical ink 104, In an exemplary embodiment,
a given balloon 102A to 102F may use one or more high-power Hight-emitting diodes (LEDs)
to iransmit an optical signal  Altermatively, some or all of balloons 1024 to 102E may
mchide laser systems for free-space optical commumications over optical links 104, Other
types of free-space optical communication are possible.  Further, In order to receive an
optical signal from another balloon via an optical link 104, 2 given balloon 102A to 102E
may include one or more optical receivers. Additional details of balloons implementations

are discussed in greater detail below, with reference to Figure 3,

1
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[8B44] In a further aspect, balloons 102A to 102D may wtilize one or more of various
different RF air-interface protocols for commumication ground-based stations 106 via RF
finks 108, For instance, some or all of balloons 102A 1o 102D may be counfigured fo
commumicate with ground-based stations 106 osing protocols described in IEEE 802.11
{(including any of the IEEE R0Z.11 revisions), various cellular protocols such as GSM,
CDMA, UMTS, EV-DO, WiMAX, and/or LTE, and/or one or more propriety protocols
developed for balloon-io-ground RF commumication, among other possibilities.

{86413 In a further aspect, there may scenarios where RF hinks 108 do not provide a
desired Hnk capacity for balloon-to-ground conununications. For instance, increased capacity
may be desirable to provide backbaul links from a ground-based gateway, and in other
scenarios as well. Accordingly, an exemplary network may also include downlink balloons,
which provide a high-capacity air-to-ground Iink.

[B042] For example, in balloon network 100, balloon 102E is configured as a
downlink balloon. Like other balloons in an exemplary network, a downlink balloon 102E
may be operable for optical communication with other balloons via optical hinks 104,
However, a downlink balloon 102E may alse be configured for froe-space optical
cotnunication with a ground-based station 112 via an optical link 110, Optical link 110 may
therefore serve as a high-capacity Hnk (as compared to an RF link 108) between the balloon
network 100 and a ground-based station 108,

[8043] Naote that in some implementations, a dowalink balloon 102E may additionally
be operable for RF commumication with ground-based stations 106.  In other cases, a
downlink balloon 102E may only use an optical link for balloon-to-ground conmunications.
Farther, while the arrangement shown in Figure 1 includes just one dewnkink balloon 102E,
an cxemplary balloon network can also include muitiple downlink balloons. Un the other

hand, a balloon network can also be implemented without any downlink balloons.

12
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(6044} In other implementations, a downlink balloon may be equipped with a
specialized,  high-bandwidth  RF  communication  system for  balloon-to-ground
cotnunications, imstead of or in addition to a free-space optical communication system. The
high-bandwidth RF commumication system may take the form of an ubtra-wideband system,
which provides an RF hnk with substantially the same capacity as the optical hinks 104
Other forms are also possible.
[8045] Ground-based stations, such as ground-based stations 106 and/or 108, may
take various forms., Generally, a ground-based station may nclude components such as
transceivers, transmitiers, and/or receivers for communication via RF links and/or optical
links with a balloon network. Further, a ground-based station may use various air-interface
protocols in order commanicate with a balloon 102A to 102E over an RF link 108, As such,
a ground-based station 106 may be configured as an access points via which various devices
can conuect to balloon network 100, Ground-based stations 106 roay have other
configurations and/or serve other purposes without departing from the scope of the invention.
EEHESY Further, some ground-based stations, such as ground-based station 108, may
be configured as gatewsays between balloon vetwork 100 and ove or more other networks.
Such a ground-based station 108 may thus serve as an interface between the balloon network
and the Internet, a cellular sgrvice provider’s network, and/or other types of networks.
Variations on this configuration and other configurations of a ground-based station 108 are
afso possible,

A, Mesh-Network Functionality
186473 As noted, balloons 1024 to 102E may collectively fimetion as a mesh network,
Maore specifically, since balioons 1024 to 102E may compwmicate with one another using
frec-space optical links, the balloons may collectively function as a free-space optical mesh

network.

o
(8]
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[8H48] In a mesh-network configuration, each balloon 102A to 102E may function as
a node of the mesh network, which is operable to receive data divect to # and to route data to
other balloons., As such, data may be routed from a source balloon to a destination balloon by
determining an appropriate sequence of optical hinks between the sowrce balloon and the
destination balloon. These optical links may be collcctively referred to as a “hightpath” for
the connection between the source and destination balloons. Further, each of the optical bnks
may be referred to as a “hop” on the Hghipath

(6649} Further, in order to operate as a mesh network, balloons 102A to 102E may
cmploy various routing techniques and sclf-healing algorithms.  In some embodimerds, a
balloon network 100 may cmploy adaptive or dynamic routing, where a lightpath between a
souree and destination balloon is determined and set-up when the commection is needed, and
released at a later time. Further, when adaptive routing is used, the lghipath may be
determined dynamically depending upon the current state, past state, and/or predicted state of
the balloon network.

18054] In addition, the network topology may change as the balloons 102A to 1025
move relative to one another and/or relative to the ground.  Accordingly, an excmplary
balloon network 100 may apply a mesh protocol to update the state of the network as the
topology of the network changes. For example, to address the mobility of the balloons [02A
to 102K, balloon network 160 may employ and/or adapt various techniques that are employed
in mobile ad hoc networks (MANETs). Other examples are possible as well.

(66351} In some implementations, a balloon network 100 may be configured as a
transparent mesh network, More specifically, in a fransparent balloon network, the balloons
may include components for physical switching that 15 entircly optical, without any clectrical
involved in physical routing of optical signals. Thus, in 2 transpareni configuration with

optical switching, signals travel through a multi-hop lightpath that i3 entirely optical.

14
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18652} In other mmplementations, the balloon network 100 may implement a free-
space optical mesh network that is opaque. In an opaque configuration, some or all balloons
102A to 102E may implement optical-electrical-optical (OEQ) swiitching. For example, some
or all balloons may tnclade optical cross-conmects (O0XCs) for GEQ conversion of optical
signals. Other opagque configurations are also possible.
[B8053] In a further aspect, balloons in an cxemplary balloon vetwork 100 may
implement wavelength division multiplexing (WDM), which may help to increase link
capacity,.  When WDM is implemented with transparent switching, physical lightpaths
through the balloon network may be subject to the “wavelength continuity constraint.” More
specifically, because the switching in a fransparent network is entirely optical, it may be
necessary to assign the same wavelength for all optical links on a given lightpath.
[B054] An opaque configuration, on the other hand, may avoid the wavelength
continuity constraint. Fo particular, balloons in an epaque balloon network may include the
OEQ switching systems operable for wavelength cooversion.  As a resuli, balloons can
convert the wavelength of an optical signal at each hop along a lightpath.
18655} Further, various routing algorithms way be cmployed i an opague
configuration. For example, to determine a primary lightpath and/or one or more diverse
backup lightpaths for a given connection, exemplary balloons may apply or consider shortest-
path routing techniques such as Dijkstra's algorithm and k-shortest path, and/or edge and
node-diverse or disjoint routing such as Swwballe’s aigorithm, among others. Additionally or
ahernatively, techniques for improving QoS may be employed when determining a lightpath.
Other techniques are also possible.

B. Station-Keeping Functionality
18056} In an excrplary embodiment, a balloon network 100 may implement station-

keeping functions to help provide a desired network topology., For example, station-keeping
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may involve cach balloon 102ZA to 102E maintaining and/or moving into a certain position
relative to one or more other balloons in the network {and possibly in a certain position
relative to the ground). As part of this process, cach balicon 102A to 102E may inmplement
station-keeping functions to determmne its desired positioning within the desired topology, and
if necessary, to determine how to move to the desired position.

[G057] The desired topology may vary depending upon the particular implementation.
In some cases, balloons may implement station-keeping to provide a substantially uniform
topology.  In such case, a given balloon 102A 10 102E may implement station-keeping
functions te position ttsclf at substantially the same distance (or within a certain range of
distances) from adjacent balloons in the balloon network 104,

8058} In other cases, a balloon network 100 may have a non-uniform topology. For
mstance, exemplary embodiments may involve topologies where balloons are distributed
more or less densely in certain arcas, for various reasons. As an example, to help meet the
higher bandwidth demands that are typical in urban arcas, balloons may be clustered more
densely over urban arcas. For similar reasons, the distribution of balloons may be denser
over fand than over large bodies of water. Many other exampies of non-uniform topologics
are possible.

6059} In a further aspect, the topology of an exemplary balloon network may be
dynamic and adaptable. In particular, station-keeping functionality of exemplary balloons
may allow the balloons to adjust their respective positioning in accordance with a change in
the desired topology of the network. For example, one or more balioons could move to new
positions to increase or decrease the density of balloons in a given area. Further, n some
embodiments, balloons may be in contimuous or nearly continuous motion, and station-
keeping may involve moving balloons so as to try to moeet certain requirements for c.g,

coverage i various areas.
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18064} In some embodiments, a balloon network 100 may employ an energy function
to determine if and/or how balleons should move to provide a desived topology. In particular,
the statc of a given balloon and the states of some or all nearby balioons may be tnput to an
encrgy fumction. The energy function may apply the current states of the given balloon and
the nearby balloons 10 a desired network state {e.g., a state correspending to the desired
topology). A vector indicating a desired movenent of the given balloon may then be
determined by determining the gradient of the energy fumction. The given balloon may then
determine appropriate actions to take in order to effectuate the desired movement. For
exaraple, a balloon may determyine an altitude adjustment or adjustments such that winds will
move the balloon in the desired manner.
. Contrsl of Balloons in a Balioon Network

[B061] In some embodiments, mesh networking and/or station-keeping functions may
be centralized. For ecxample, Figure 2 is 2 block diagram Ulustrating a balloon-network
conirol system, according to an excraplary embodiment. In particular, Figure 2 shows a
distributed control system, which includes a central control system 200 and 8 number of
regional control-systems 202A t0 2028,  Such a control system may be configured to
coordinate certain functionality for balloon network 204, and as such, may be counfigured to
control and/or coordinate certain fumctions for balloons 206A to 2061,

8062} fn the llustrated embodiment, central control system 200 may be configured
to communicate with balloons Z06A to 2061 via number of regional conirol sysiems 202A to
202C.  These regional conirol systems 202A to 202C may be configured to receive
communications and/or aggregate data from balloons in the respective geographic aveas that
they cover, and to relay the communications and/or data to cemtral comdrol systera 200,
Further, regional control systems 2Z02A to 202C may be configured o route communications

from central control system 200 to the balloons in their respective geographic areas. For
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imstance, as shown in Figure 2, regional control system 202A may relay commumnications
and/or data between balloons 206A to 206C and central control system 200, regional control
system 2028 may relay communications and/or data between balloons 206D to 206F and
central control system 200, and regional contrel system 2020 may relay conmnunications
and/or data between balloons 2060 to 2061 and central control system 200,

(8063 In order to facilitate conmmumnications between the central control system 200
and balloons 206A to 2061, ceriain balloons may be configured as downlink balloous, which
are operable to communicate with regional control systems 202A 10 202C. Accordingly, each
regional contrel system 202A to 202C may be configured to commmumicate with the downlink
balloon or balloons in the respective geographic area it covers. For example, in the illustrated
embodiment, balloons 204A, 204D, and 204H are configured as downlink balloons. As such,
regional control systems 202A to 202C may respectively compumicate with balloons 2044,
204D, and 204H via optical links 206, 208, and 210, respectively.

(8864} in the illustrated configuration, where only some of balloons 206A to 2061 are
contigured as downlink balloons, the balloons 206A, 206D, and 206H that are configured as
downlink balloons may function to relay communications from cendral control system 200 to
other balloons in the balloon nctwork, such as balloons 2068, 206C, 206E to 206G, and 2061,
However, it should be understood that it in some implementations, it is possible that all
balloons may function as downlink balloons. Further, while Figire 2 shows multiple
balloons configured as downlink balloons, it is also possible for a balloon network fo include
only ene downhink balloon.

18065] Note that a regional control system 202A to 2028 may in fact just be particular
type of ground-based station that is configured to communicate with downlink balloons (e.g.,
such as ground-based station 112 of Figure 1). Thus, while not shown in Figure 2, the control

system shown i Figure 2 may be implemented in comjunction with other types of groond-
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based stations {e.g., access points, gateways, etc. ).

8866} In a centralized control arrangement, such as that shown in Figure 2, the
central control system 200 (and possibly regional control systems Z02A to 202C as well) may
coordinate certain mesh-networking fonctions for balloon network 204, For example,
balloons 200A to 2066 may send the central control systemn 200 certain state mformation,
which the central control systern 200 may utilize 1o determing the state of balloon network
204. The state information from a given balloon may include location data, optical-link
mformation (e.g., the identity of other balloons with which the balloon has established an
optical Hnk, the bandwidth of the Hink, wavelength usage and/or availability on = link, etc.),
wind data coliccted by the balloon, and/or other types of nformation.  Accordingly, the
central control system 200 may aggregate state mformation from some or all the balloons
206A to 2061 in order to determine an overall state of the network.

(8867} The overall state of the network may then be used to coordinate and/or
facilitate certain mesh-networking functions such as defermining lighipaths for connections.
For example, the central control system 200 may determine a current topology based on the
aggregate state information tfrom some or all the balloons 206A to 2061, The topology may
provide a picture of the current optical links that are available in balloon network and/or the
wavelength availability on the links. This topology may then be sent to some or all of the
balloons so that a routing technique may be employed to select appropriate hightpaths (and
possibly backup lightpaths) for communications through the balloon network 204,

[6068] In a further aspect, the central control system 200 (and possibly regional
control systems 202A to 202C as welly may also coordinate certain station-keeping fimcetions
for balloon network 204, For example, the central control system 200 may input state
information that is reccived from balloons 206A to 2061 to an encrgy function, which may

effectively compare the cuarrent topology of the network to a desired topology, and provide a
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veetor indicating a direction of movement (if any) for each balloon, such that the balloons can
move fowards the desived topology. Further, the central control system 200 may use
altitudinal wind data to defermine respective altitude adjustments that may be imitiated {o
achicve the movement towards the desired topology.  The central control system 200 may
provide and/or support other station-keeping fimetions as well.

[B069] As noted, Figure 2 shows a distributed-condrol arrangement, with regional
conirol systems 202A to 2020 coordinating conunmunications between 2 central conirol
system 200 and a balloon network 204, Such an arrangement may be useful m a balloon
network that covers a large geographic area.  In some cmbodiments, a distributed control
system may even support a global balloon network that provides coverage everywhere on
earth. Of course, a distributed-control arrangement may be useful in other scenarios as well.
3878} Further, it should be understood that other control-system arrangements are
possible. For instance, sorae implementations may jnvolve a distributed control system with
additional layers {¢.g., sub-region systems within the regional control systems, and so on).
Alternatively, control fimctions may be provided by a single, centralized, control system,
which comanunicates directly with one or more downlink balloons.

18671} In a further aspect, control and coordination of a balloon network may be
shared between a ground-based control system and a balloon network to varving degrees,
depending upon the implementation. In fact, in some embodiments, there may be no ground-
based control systen, In such an embodiment, all nctwork control and coordination fimctions
may be mmplemented by the balloon network itself. For example, certain balloons may be
contigured to provide the same or similar fumctions as central control system 200 and/or
regional control systems 202A to 202C. Other exaniples are also possible.

18672} Furthermore, control and/or coordination of a balloon network may be de-

centralized. For example, each balloon may relay state information 1o, and receive state
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imformation from, some or all nearby balloons. Further, eack balloon may relay state
nformation that it receives from a nearby balloon to some or all nearby balloons. When all
balloons do so, each balloon may be able to individually determine the state of the network,
Alternatively, certain balloons may be designated to aggregate state information for a given
portion of the network.,  These balloons may then coordinate with one another to determine
the overall state of the network,
[8073] Further, in some aspects, control of a balloon network may be partially or
entively localized, such that it 15 not dependent on the overall state of the network, For
exanaple, individual balloons may tuplement station-keeping fimctions that only consider
nearby balloons. In particular, cach balloon may implement an cnergy function that takes
it account its own state and the states of nearby balloons. The energy function may be used
to maintain and/or move to a desired position with respect 1o the nearby balloons, without
necessarily considering the desired topology of the network as s whele. However, when cach
balloon implements such an energy function for station-keeping, the balloon network as a
whole may maintain and/or move towards the desired topology.

B, Iustrative Balloon Configurations
168741 Various types of balloon systerus may be incorporated in an excemplary balloon
network.  As noted above, an exemplary embodiment may otilize high-altitude balloons,
which typically operate in an altiude range between 17 km and 22 km. Figure 3 is a
simplified block diagram illustrating 3 high-altitude balloon 300, according to an exemplary
embodiment. As shown, the balloon 300 includes an envelope 302, a skirt 304, a payload 306,
and a cut-down system 308 that 1s attached between the balloon 302 and payload 304
1B675) The envelope 302 and skirt 304 may teke various forms, which may be
currently well-known or yet to be developed. For instance, the envelope 302 and/or skirt 304

may be made of a highly-tlexible latex material or may be made of a rubber material such as
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chloroprene. Other materials are also possible. Further, the shape and size of the envelope
302 and skirt 304 may vary depending upon the particular implementation.  Additionally, the
envelope 302 may be filled with various different types of gases, such as hehum and/or
hydrogen. Other types of gases are possible as well.

8876} The payload 306 of balloon 300 may include a processor 312 and on-board
data storage, such as maerory 314, The memory 314 may take the form of or include a non-
transitory computer-readable medium., The non-transitory computer-readable medivm may
have instructions stored thereon, which can be accessed and executed by the processor 312 in
order to carry out the balloon functions described herein.

18677} The payload 306 of balloon 300 may also include various other types of
equipment and systems to provide a number of different functions. For example, payload 306
may inchude optical communication system 316, which may transmit optical signals via an
ulira-bright LED systom 320, and which may receive optical signals via an optical-
communication receiver 322 {e.g., a photo-diode receiver system). Further, payload 306 may
mehide an RF commumication system 318, which may transmit and/or receive RF
convoumications via an antenmna systern 324, The payload 306 may also nclude 2 power
supply 326 to supply power to the varicus components of balloon 300,

{8078} Further, pavicad 306 may include various types of other systems and sensors
328. For example, payload 306 may include one or more video and/or still cameras, a GPS
system, various motion sensors (e.2., accelerometers, gyroscopes, and/or compasses), and/or
various sensors for capturing environmental data.  Further, some or all of the components
within payload 306 may be implemented n a radiosonde, which may be operable to measure,
¢.g., pressure, altitude, geographical posttion (latitude and longitude), tomperature, relative
humidity, and/or wind speed and/or direction, among other information.

[B879] As noted, balioon 306 mclades an ulira-bright LED system 320 for free-space
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optical communication with other balloons. As such, optical communication system 316 may
be configured to trapsmit a free-space optical signal by modulating the ultra-bright LED
system 320. The optical communication syster 316 may be tmpiemented with mechanical
systems and/or with hardware, firmware, and/or software. Generally, the manner in which an
optical communication system is implemented may vary, depending upon the particular
application.

{6088 in a further aspect, balloon 3006 may be configured for altitude control. For
mstance, balloon 300 may mclade a variable buoyancy system, which 18 configured to change
the altitude of the balloon 300 by adjusting the volume and/or deosity of the gas in the
balloon 300. A variable buoyancy system may take various forms, and may generally be any
system that can change the volume and/or density of gas in envelope 302.

[B081] In an exemplary embodiment, a variable buoyancy system may include =
bladder 310 that is located nside of envelope 302, The buoyancy of the balioon 300 may
therefore be adjusted by changing the density and/or volume of the gas in bladder 310, To
change the density in bladder 316, balloon 300 may be configured with systems and/or
mechanisms for heating and/or cooling the gas in bladder 310, Further, 1o change the volume,
baltioon 300 may include pumps or other features for adding gas to and/or removing gas from
bladder 310, Additionally or aliernatively, to change the volume of bladder 310, balloon 300
may inchide release valves or other features that are controllable to allow air to escape from
bladder 310.

16082} Further, the balloon 300 may include a navigation system (not shown). The
navigation system may implement station-keeping fonctions fo maintain position within
and/or move to a position in accordance with a desired topology. Tu particular, the navigation
system may use altitudinal wind data to determine altitudinal adjustments that resolt in the

wind carrying the balloon in a desired direction and/or 1o a desired location. The altitude-

e
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conirol sysiem may then make adjustments to the density of the balloon chamber in order to
effectuate the determined altitudinal adjustments and cause the balloon to move laterally to
the desired direction and/or to the desired location.

{6883} Alternatively, the altitudinal adjostments may be computed by a groond-based
control system and comnumicated 1o the high-alitude balloon.  As another aliernative, the
altitudinal adjustments may be conputed by a ground-based or satellite-based countrol system
and communicated to the high-altitude balloon. Furthermore, in some embodiments, specific
balloons in a heterogencous balloon network may be configured to compute altitudinal
adjustments for other balloons and transmit the adjustment comamands to those other balioons.
3084} As shown, the balloon 300 also includes a cut-down systerm 308, The cut-
down system 308 may be activated to separate the payload 306 from the rest of balloon 300.
This fimctionality may be utilized anvtime the payload needs to be accessed on the ground,
such as when it is time to remove balloon 300 from a balloon network, when maintenance is
due on systens within payload 306, and/or when power supply 326 needs o be recharged or
replaced.

18085} In an alternative arrangement, a balloon may not include a cui-down system.
In such an arrangement, the navigation system may be operable to navigate the balloon to a
landing location, in the event the balloon needs to be removed from the network and/or
accessed on the ground. Further, 1t 1s possible that a balloon may be self-sustaining, such that
it theoretically does not need to be accessed on the ground.

(6886} Note that movement and locations of balloons, such as balloon 300, can vary
since winds in the stratosphere may affect the locations of the balloons m a ditferential
manner. A balloon in an example network may be configured to change its horizontal
position by adjusting its vertical position (i.c., altitude). For example, by adjusting its altitude,

a balloon may be able to fmd winds that will carry the balloon horizontally {e.g., latitudinally
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and/or longitudinally) to a desired horizontal location. Wind speed and/or direction may vary
with altitude, and since current wind velocities as well as weather forecasts are available, in
principle, a balloon may be directed to a location by identifying an altitude at which a wind
dircction takes a balloon to along a desired trajectory. However, a balloon without other
forms of propulsion may be constrained to follow the wind and there may not be a single
altitude with winds taking the balloon along the desired trajectory. In addition, to countrol &
fleet of balloons, movement of the balloons should occur from one location above the surface
of the Harth to another in a predictable manner.

E. Example Heterogeneous MNetwork
13087} In some embodiments, a high-altitude-balicon network may include super-
node balloons, which commuonicate with one another via optical links, as well as sub-node
balloons, which communicate with super-node balloons via RF links, Generally, the optical
hinks between super-node balloons have more bandwidth than the RF links between super-
node and sub-node balloons. As such, the super-node balloons may function as the backbone
of the balloon network, while the sub-nodes may provide sub-networks providing access to
the balloon network and/or connecting the balloon network to other networks.
8088} Figwre 4 is 2 simplified block diagram tllustrating a balloon network that
includes super-nodes and sub-nodes, according to an exemplary embodiment.  More
specifically, Figure 4 illustrates a portion of a balloon network 400 that includes super-node
balloons 410A to 410C (which may also be referred to as “super-nodes”™) and sub-node
balloons 420 {which may also be referred to as “sub-nodes™).
16689} Each super-node balloon 410A to 410C may include a free-space optical
comununication system that is operable for packet-data compunication with other super-node
balloons. As such, super-nodes may communicate with one another over optical links. For

example, in the illustrated embodiment, super-node 4104 and super-node 4018 may
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communicate with one another over optical link 402, and super-node 410A and super-node
401C may communicate with one another over optical hink 404.

18056} Each of the sub-node balloons 420 may include a radio-frequency (RF)
communication system that is operable for packet-data commumication over one or more RF
air interfaces.  Accordingly, each super-node balloon 410A to 410C may mclude an RF
communication system that is operable to route packet data to one or more nearby sub-node
balloons 420, When a sub-node 420 receives packet data from a super-node 410, the sub-
node 420 may use its RF communication system to route the packet data to a ground-based
station 430 via an RF aiv interface.

18911 As noted above, the super-nodes 410A to 410C may be configured for both
longer-range optical communication with other supernodes and  shorter-range RF
communications with nearby sub-nodes 420. For example, super-nodes 410A to 410C may
use using high-power or ultra-bright LEDs to transmit optical signals over optical links 402,
404, which may extend for as much as 100 miles, or possibly more. Configured as such, the
super-nodes 4104 to 410C may be capable of optical communications at speeds of 10 to
58 GB/sec.

18092} A larger number of balloons may then be configured as sub-nedes, which may
communicate with groond-based Internet nodes at speeds on the order of approximately 10
MB/sec. Configured as such, the sub-nodes 420 may be configured to connect the super-
nodes 414 to other networks and/or to client devices.

16693} Note that the data speeds and link distances described in the above example
and clsewhere herein are provided for ilustrative purposes and should not be considered
Hmiting; other data speeds and link distances are possible.

18054} In some embodiments, the super-nodes 410A to 410C may function as a core

network, while the sub-nodes 420 function as one or more access networks to the core
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network. In such an embodiment, some or all of the sub-nodes 420 may also function as
gateways to the balloon network 400, Additionally or alternatively, some or all of ground-

based stations 430 may function as galeways to balloon network 400,
¥ g ¥

HE  Example Adjustable Alr-te-Ground Communication Beams

HIERY In some cxamples, a balloon’s communication system may be capable of
transmitting RF signals to ground-based stations and/or other groumd subscribers using two or
more ditferent beam widths, For instance, a balloon may be equipped with a high-gain
antenna capable of fransmitting a narrow-beam signal as well as a low-gain antenna capable
of transmitting a wide-beam signal. By using a broader beam width, a balloon may be able to
reach ground subscribers within a larger area on the groumd vmderneath the balloon. However,
& broader beam may not provide as strong a communication signal as a narrow beam because
the power may be dispersed over a greater arca.  in further examples, balloons may be
equipped with more than two antermas, each capable of transmitting RF communication
beams with different beam widths.

8096} A balloon may then adjust the beam width of a ground-facing convnunication
signal by selecting a different antenma to transmit an RE commumication signal toward
subscribers on the groomd. For instance, a balloon using a high-gain antenma to transmit a
narrow-heam signal may increase the beam width by switching to a low-gain antenna in order
to cover a larger area on the ground. In further examples, a balloon may be equipped with a
transceiver containing multiple antennas capable of transmitting RF communication signals
with different beam widths in order io facilitate the process of adjusting beam width by
switching between antennas.

18697} In other cxamples, a balloon wmay be capable of transmitting an RF

communication beam with a continuounsly adjustable beam width. For mstance, the balloon
X7
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may contain a groond-facing antenna that includes a radiating clement situated to radiate
toward a reflector. The reflector may be a dish, such as a quasi-parabolic dish that may be
spherically imvariant. The radiating cloment can emit signals toward the reflector, which
results o radiation emitted from the antenna with 8 directional emission pattern.  The
direcctional cmission patiern can be approximated as a cone-shaped vegion with an apex
located near the antenna. The divectivity of the emission pattern is thus determined by the
breadth or narrowness of the region illuminated by the cmission pattern, and can be
characterized by an opemng angle of the conical surface bounding the lluminated region.
The opening angle (and thus the antenna directivity) may be determined, at least in part, by
the separation distance between the radiating element and the reflector. Generally, a greater
separation distance corresponds to a narrower omission pattern, whereas a lesser separation
distance corresponds to a broader emission pattern. o this example, the width of the
erission patiern may therefore be adjusted dynamically by moving the radiating clement in
the antenna closer or further from the reflector.

[8098] Figure SA iliostrates an example high-altitude balloon 502 with a ground-
facing antenma situated to tluminate a geographic region 506 at ground level. The balloon
502 can be similar to the balloon 300 described in connection with Figure 3 and can include
an RF communication system mounted to a payload for operating the ground-facing antenna,
similar to the RF communication system 318 in the payload 306 of the balloon 300. The
ground-facing anfenna may et an RF comununication beam 504 that causes a signal at
grovind level that sebstantially spans the geographic region 506. The communication beam
504 may have an angular span 4 that corresponds 1o the size of the geographic region 506 on
the ground, such as a circumference of a circular region on the ground.

18659] In some examples, the angular span of a balloon’s communication beam may
be adjusted in order to change the size of the geographic region reached by the beam at
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grovind level. For instance, the balloon may be equipped with two or more RF antennas, each
capable of transmitting RF communication beams with different beams. The beam width of a
ground-facing RF communication beam may then be moedified by switching between two
different antennas. In some examples, multiple antennas may be incorporated within a single
transceiver to facilitate switching between antennas (and communication beam widths). Or,
in other examples, the balloon may be equipped with an RF andenna capable of transmitting a
continuously adjustable RF communication signal

186148] Figure B illustrates the balloon 502 transmitting a communication beam with
& broader beam width than Figure 5A. More specifically, the balloon 502 may dluminate the
geographic region 510 by ransmiiting a comumunication beam 308 from a ground-facing
antenna 0 as to sobstantially span the geographic region S10 at ground levell The
communication beam 508 may have an angular span & that corresponds to the size of the
geographic region 510 on the ground. By increasing the width of the communication beam
508 and the corresponding angular span &, a greater arca may be covered by the
communication beam 508 at ground level While the adjustable communication beams 504,
508 are described herein in connection with the high-altitude balloon S02 for purposes of
convenience, it is specifically noted that a communication system with antenna(s) capable of
transmiitting RF communication beans with an adjustable beam width may be mounted to,
and used in connection with, a variety of high altitude platforms, such as other lighter-than-
air devices and the like.

0181 Additionally, it is noted that the discussion herein generally refers to
transmigsion of radic signals with adjustable beam widths {or emission patterns) to iHuminate
geographic regions {e.g., the geographic regions S06, 510 at ground level illuminated by the
communication beams 504, 508). However, due to the general reciprocity between emission
and reception of radio signals n antenoa theory and design, it 15 recognized that the
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discussion throughout generally has equal application to the reception of signals from a
particular ground-level geographic region. That is, the anterma(s) with adjustable beam
widths may be used additionally or alternatively to receive signals arriving from the emission
patterns {e.g., from within the geographic regions 506, 510 at ground level). In such an
example, adjsting the beam width may allow a receiving antenna (mounted to the high-
altitude balioon) 1o receive communication signals from ground-based stations and/or other
ground subscribers from different geographical regions on the ground, such as shown in

Figures 54 and 5B,

Iy, Example Methods

#6182} Figwe 6 is a block diagram of a method, according to an example
embodiment.  The method 600 may be carried ocut by one or more computing systems
located on an individual balloon and/or multiple balloons in communication with one
another. o furthor examples, all or some of method 600 may be camicd out by a control
systems of a balloon network. For example, some or all of method 606 may be carried out by
a central control system and/or regional systems such as the ones described above with
respect to Figure 2. The control systom(s) may communicate with the balloons within the
balloon network. In some examples, the parts of the method 600 may be combined, separated
ity additional parts, and/or carried out in a different order than shown. Other configurations

are also possible.

[80163] More speeifically, the method 600 may mitially involve deternyining a
contiguous ground coverage arca served by a group of balloons, as shown by block 602, A
contiguous ground coverage area over a region may be formed by the mdividual coverage

areas from each of the balloons within the region. Particular points within the ground
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coverage arca may be served by at least one of the balloons so that the balloon can transmit

and/or receive an RF commumication signal which reaches the points at ground level.

1861484] For example, a particular balloon may cover a certain area on the ground
located underneath the balloon {c.g., a circle on the ground with a ceonter point directly under
a horizontal position of the balloon in the awr). The size of the area covered by a particular
balloon may be based on the altitude of the balloon as well as the width of a ground-facing
comumunication beam of the balloon. A broader beam width may cover a greater area on the
ground.  Additionally, a balloon higher in altitude may cover g greater area on the ground
than a balloon lower in altitade, if both balloons arc using the same beam width.  In certain
cxaraples, balloons may be equipped with RF antonnas that project a signal over ap

individual coverage arca with a different shape besides a circle as well {e.g., an ellipse).

146185] In some examples, when the individeal coverage arcas from cach of the
balloons are added together {e.g., when the circles on the ground are combined), a contiguous
ground coverage area over a certain region may be formed. The ground coverage arca may
be contiguous in that it does not contain any gaps i coverage (¢.g., points on the ground that
are not served by any of the balloons). A contiguous ground coverage arca could cover a

particular geographical region, a city, or a country, for example.

86146] In some examples, the contiguous ground coverage area may be determined by
positioning balloons within a network at certain horizontal positiens and/or altitudes, and
then selecting beam widths for grouvnd-facing communication signals from the balloons to
cover an entire arca. In other examples, the contiguous ground coverage arca may be
determined only by selecting beam widths for the communication signals, such as when the
positions of the balloons are partially or totally uncontrollable by the balicon network. In
certain examples, beam widths {(and corvesponding individual coverage arcas) may be chosen

to provide contiguous coverage over the region with a minimal amount of overlap between
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mdividual coverage arcas. In other examples, multiple balloons may cover certain

overlapping areas on the ground for redundancy benefits.

186147} Figure 7A illustrates a top view of an example configuration of three balloons
and corresponding individual coverage arcas. More specifically, a first balloon 702 may be
equipped with a communication system 704 that includes a ground-facing RF anterma that
may project an RE communication signal over the area 706 on the ground underncath the
balloon 702, Additionally, a second balloon 708 may be cquipped with a conununication
systern 710 that includes a ground-facing RF antenns that may project an RF communication
signal over a different area 712 on the ground. Furthermore, a third balloon 714 may be
equipped with a commumication system 716 that includes a ground-facing RF antcnna that

may project an RF conununication signal over another different arca 718 on the ground.

[66188] A contiguous ground coverage arca may then be formed by the vegions 706,
712, 718, Axny poit on the ground within the coverage area may be covered by at least one
of the balloons 702, 708, 714, In this simplified example, three balloons are shown, but a
geoumd coverage arca could include individual coverage arcas from bundreds or thousands of
balloons within a network, as well, Additionally, the communication systems 704, 710, 716
of the balloons may all be the same in some examples, or they may be different on different

halloons in other examples as well.

186189} In further exaroples, a ground coverage arca may nclude different fovels of
coverage to different pasts of a region based on demand level. For instance, certain areas
may have denser populations or greater service demands for other reasons. Each balloon may
have a limit on the capacity of data that it can transmit to ground subscribers (e.g., 1 MB/s, 10
MB/s, or 100 MB/s). Accordingly, in some examples, a certain number of balloons may be

positioned over a region in order to satisty the demands within the region at ground level. A

G2
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sufficient level of coverage may thercfore be provided by a balloon network to meet the

different demands of cach section of the ground coverage area.

186118] The method 600 may then involve determining a change in position of at least
one of the balloons, as shown by block 604, Muore specifically, the horizontal (latitudinal
and/or longitedinal) position and/or altitude of individual balloons within a network may
change over time. For instance, wind or other environmental factors may cause balloons to
change position. Additionally, in some cxamples, individual balloons may periodically be
assigned to relocate to different arcas for purposes of providing coverage and/or for other

tasks.

(66211} In some instances, movements of one or more balloons within the network
may be expected to cause a gap in coverage at ground level. For instance, a balloon that was
the only balloon providing coverage to a particular arca directly under the balloon may be
blown in a horizontal direction so that the balloon is no longer over the particular area and no
longer provides coverage to the area using s current ground-facing beam width. In some
examples, a prediction about a possible gap in coverage may be made 1o advance based on
expected balloon movements (¢.g., & weather forecast may predict wind in a particular
direction). In other examples, the prediction may occur partway through balloon movements

or after certain balloon movements have already occurred as well,

186112} Figure 78 shown an example configuration of the three balloouns from Figure
7A where onc of the balloons has moved horizontally, More specifically, balloon 714 may
have moved to the right so that the area 706 on the ground covered by the balloon 702 no
longer touches the arca 718 covered by the balloon 714, In such a circumstance, a gap in the
ground coverage arca may occur in between the balloon 702 and the balloon 714. In some
examples, a determination may be made that a gap may occur before the balloon 714 has

started to move or while the balloon 714 is partway through a change in position as well.
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186113} The method 600 may then involve determining an adjustment to an individoal
coverage area of one of the balloons in an etfort to maintain contiguous ground coverage, as
shown by block 606. Maore specifically, a beam width of one or more of the balloons may be
mncreased or decreased n order to preserve contiguous ground coverage after one or more of
the balloons have changed posttion. By increasing the beam width of a particular balicon, the
individual coverage arca of the balloon {e.g., the circle on the ground} may be increased, such

as {0 prevent 3 gap in coverage on the ground that may otherwise occur.

[80114] in some cxamples, a minimal increase in an individual coverage arca of a
balloon may be determined in order t¢ maintain contiguous ground coverage. For instance,
the individual coverage arca of a balleon may not be increased any more than necessary in
order {o avoid reducing the signal strength at ground level. in other examples, the individual
coverage arcas of multiple balloons may be adjusted. For instance, the coverage areas of two
or three different balloons may each be ncreased n ovder to prevent a possible gap m
coverage. In certain exanples, individual coverage areas of serue balloons may be increased

while individual coverage areas of other balloons may be decreased as well.

[8¢115] The method 600 may further involve adjusting a width of the ground-facing
communication beam of the balloon in order to adjust the individaal coverage arca of the
balloon, as shown by block 608. More specifically, the jndividual coverage area of the
balloon may be adjusted as previously determined by adjusting the balloon’s beam width in
order io maintain contiguous ground coverage after one or more of the balloons change
position.  In some examples, an adjustment to & beam width of the comnumication signal
from one of the balloons may be completed before the balloons bave changed position to 2

point where a gap in service to the area may occur.

(86116} The beam width of a ground-facing commonication beam of a balloon may be

adjusted using any of the methods deseribed above. For instance, a balloon’s communication
14
~
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systern may switch between two or more RF antenmas, each capable of transmitting a signal
with a different beam width. Or a balloon may be equipped with an antenna with a
continuously adjustable beam widih, in which case the beam width may be adjusted by

adjusting the spacing between a radiator and a ground-facing reflector, for example.

80117} Figure 7C shows another configuration of the three balloons from Figure 7B.
Move specifically, the beam width of the balloon 714 may be increased n order to cover a
larger arca 718 at ground level By increasing the ndividual coverage arca 718 of the
balloon 714, any gap in coverage that may have occurred as a result of the change in position
of the balloon 714 may be avoided. In other examples, the imdividual coverage arca 706 of
the balloon 702 or the individual coverage arca 712 of the balloon 708 may be increased
instcad in order to maintain contiguous coverage. In further examples, a combination of the

individual coverage areas 706, 712, and 718 may also be increased in order to aveoid a gap in
£ , 5 Yy £

coverage.
[80118] In certain examples, different sections of a ground coverage arca may be

associated with differont levels of demand from ground subscribers as previously noted. In
such exampies, contiguous ground coverage may thercefore be defined as a level of coverage
that mects the level of demand over an entive region.  For fnstance, an adjustment 0 an
ndividual coverage arca of a balloon may be detormined as part of Method 600 1o an effort to
avoid an insufficient level of service to a particular region (in addition to or iustead of a
literal gap in coverage). For example, the demand level of a particular area may require
service from at least two balloons. In such an example, if one of the balloons moves
horizontally away from the arca {e.g., as in Figure 7H), the beam width of the balloon or a
different balloon may be incrcased in grder io ensure that the area continues to have a

sufficient level of sevvice at ground level,

5]
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(86119} In other examples, a change in position of one or more balloons may include a
change in altitude. If a balloon rises in altitude, the individual ground coverage ares of the
balloon may increase, assuming a fixed beam width. Similarly, if the balloon decreases in
altitude, the individual ground coverage arca of the balloon may decrease, assoming a fixed
beam width. In some cxamples, changes n altinude of one or more of the balloons in an area
may therefore be expected to cause a gap n the coverage provided by a group of balloons at

ground level

1061243 In certain examples, the beam width of 2 balloon may be adjusted in order to
keep the individual coverage area of the balloon on the ground fixed or at least approximately
fixed as the balloon changes in altitude. For instance, as a balloon increases in altitude, the
angular span of a ground-facing comumunication beam may be narrowed so that the beam
spans roughly the same area at ground level. Additionally, as the balloon decrease in ahitude,
the angular span of a ground-facing communication beam may be broadened so that the beam
spans roughly the same area at ground level. In some examples, a balioon’s anteona can be
configured such that the emission pattoms at least approximately span the same ground level
geographic region regardless of the clevation of the balloon. Thus, the balloon can be
contigured to maintain communication with a substantially fixed geographic region cven as
the balloon ascends and descends to various elevations.

{0121} Moreover, a narrower ground-facing commumication beam may have a greater
directional gain. As such, the increased divectional gain of the beam’s emission paticrn may
at least partially compensate for the greater distance between the balioon and the ground level
when the balioon is at a higher altitude. For example, the radiation at ground level in the
covered geographic region may have comparable intensity whether from a broader emission
pattern with the balloon at a lower altitude or from a narrower cnission pattern with the
balloon at a higher altitude. The more directed emission patiern from a balloon at a higher
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altitude may thereby at least partially compensate for the altitude-dependent variations in
radiation intensity at ground level,

168122} Figuwre 7D shows a top view of an example configuration of threc balloons,
with one balloon lower in altitude than the other two balloons. Maore specifically, balloon
714 may change position by decreasing i altitude relative to balloons 702 and 708, If the
beam width of the ground-facing conumumnication beam from the comvmunication systermn 716
of the balloon 714 is kept fixed, the individual coverage area 718 of the baloon at ground
fevel may decrease n size. In some examples, the change i altitude of the balloon 714 may
be expected to cause a gap in ground coverage, such as in the section of the ground between
the area 706 covered by the balloon 702 and the arca 718 covered by the balloon 714,

[B0123] In order to maintain comtiguous ground coverage, the beam width of the
balloon 714 may be adjusted to account for the change in altitude of the balioon 714, In
particular, in some cxamples, the beam width of the balloon 714 may be adjusted in order to
keep the individual coverage area 718 of the balloon 714 relatively fixed i size regardiess of
the current altitude of the balloon 714, As the alutude of the balloon 714 increases, the beam
width may be narrowed in order to keep the ground coverage arca 718 from increasing in size.
Additionally, as the altitude of the balloon 714 decreases, the beam width may be widened in
order to keep the ground coverage area 718 from decreasing in size.

[80124] Figure 7E illustrates a top view of another example configuration of the
balloons from Figure 7D, More specifically, the beam width of the ground-facing
communication beam from the commuomication system 716 on the balloon 714 may be
mereased n order to keep the ground coverage arca 718 of the balloon 714 from decreasing
in size as the balloon 714 drops in altitude. In some examples, adjustroents 1o the beam width
of the balloon 714 may be made far enough in advance of any changes in altitude by the

balloon 714 that contiguous coverage on the ground from the group of balloons may be
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maitained. In other examples, beam widths of balloon 702 and/or balloon 708 may be
adjusted as well or instead in an effort to maintain contiguous coverage as the balloon 714
changes altitude.

[B0125] In some examples, balloons may generally operate between a first altitude near
a low end of a desired stratospheric altitude for a high-altitude balloon {e.g., 18 km), and &
second altitude near a high end of a destred stratospheric alittude for a high-altitude balloon
{c.g., 25 km}. In order to maintain a relatively constant coverage arca on the ground as 2
balloon changes altitude from the first altitude to the second altitude, the anguolar span of an
cxamople omission pattern at the first altitude can be approximately 90° {(c.g., an
approximately conical radiation pattern with a 45° half-width), and the angular span of an
example emission pattern at the second altitude can be approximately 70° {cg., an
approximately conical radiation pattern with a 36° half-width).

180126} In a further cxample, beam widths of ground-facing conmnunication sigoals
from balloons can be adjusted to account for variations in ground-level clevation. For
example, a balloon can inchude an antenna with an emigsion pattern that is adjusted based on
the altitude of the balioon, relative to ground level inmmediately below the balloon. In other
words, the emission pattern can be adjusted based on the absolute altitude, relative to sca-
fevel, such as detected by ambient pressure, and can additionally or aliernatively be adjusted
based on altitude, relative to groomd. Thus, the balloon may be configured to at least partially
compensate for variations in relative altitude (e.g., duc to the balloon passing over regions
with variations i ground level alitude) in order to maintain an at least approximately
constant geographic span and/or intensity level of radiation reaching ground level In one
exaraple, the balloon may traverse over a region with a series of ground clevation change
(e.g., hills, valleys, slopes, flat arcas, mountains, otc.). An example balloon may dynamically

adjust the radiation pattern of its ground-facing antenna to at least partially compensate for
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altitude-dependent variations in the radiation that reaches the ground from the balloon. For
exanple, the emission pattern may be relatively broad while over a high elevation region
{and low relative altitude). Similarly, the cmission patiern may be relatively narrow while
over a low elevation region (and high relative altitude).

(881274 In some examples, the relative altitude (i.¢., distance from ground to balloon)
can be determyined by predetermined ground-level elevation data in combination with position
information {(e.g., as determined by a GPS receiver or the like) and one or more alitude
sensors on the balloon (e.g., altimeters and/or pressure sensors and the like). Upon
determining position information for the balloon, such as latitude and longitude coordinates, a
mapping database can be accessed to detormine a corresponding ground level elevation
mmmediately below the balloon. The ground-level elevation, which can be determined by a
computer system on the balloon (e.g., similar to the computer system 312 in the payload 306
of the balloon 300} and/or by a remete server in conununication with the balloon, can then be
combined with the altitude of the balloon as determined via the on-board sensors to determine
the distance from the balloon to the ground (i.e., the relative altitude). In other examples, the
balloon may include sensors counfigured fo directly sense and/or determine the relative
altitude of the balloon, such as downward facing radar and the like,

(36128} In a further example, the beam width of a balloon can be adjusted to account
for influences on the radiation from the balloon due to atmospheric effects, such as weather
patterns in the troposphere.  As an example, particular portions of the spectrum may be
sensitive to inclement weather due to increases in radiation attenuating water vapor and/or
droplets in the troposphere, for example. To achieve a desired radiation intensity at ground
fevel {e.g., a mininwm signal to noise ratio), the cmission pattern may be narrowed in
responsc to detecting cortain weather patterns. In other words, the radiation pattern may be

narrowed so as 1o increase the divectional gain in the lluminated region at ground level, o
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account for radiation attenusting weather patterns in the atmosphere between ground level
and the high-altitude balloon. In some examples, such weather-related effects can be
accounted for by systems that dynamically detect weather patierns and communicate
accordingly with the balloon. In other examples, such weatherrelated effects can be detected
directly via sensors on the balloon. Additionally or alternatively, such weather conditions
{and/or other signal degrading phenomena) can be inferred through detection of degradation
in signal strength at siations st ground-fevel In other words, the signai-to-noise ratio {(or
other measure of signal strength) at ground-based stations can be used as feedback
information to dynamically adjust the cmission pattern, and thus the directional gain, of a
ground-facing antenna on the balloon.

[B0129] In other examples, adjostments to beam widths of ground-facing
communication beams on one or more balloons may be made based on mulitiple simubtaneous
changes in position of balloons, possibly Including both horizontal changes in position and
changes in altitude. For instance, rather than keeping the coverage area of an individual
balloon relatively comstant as the balloon changes in altitode, beam widths of other
neighbouring balicons may instead be increased or decreased in order to maintain contiguous
coverage or a desired level of coverage to ceriain regions. A control system may leverage
disclosed systems and methods in order to adjust beam widths of ground-facing
communication signals from balloons in more complex networks as well, inchuding networks

that contain hundreds or thousands of balloons.

V.  Conclusion
166138 The examples given in the preceding sections are meant for purposes of
explanation and are not mesnt to be limiting. Other types of balloons and/or balloon

networks may benefit from the disclosed systems and methods for adjusting ground-faciong
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RF communication beam widths as well, without departing from the spirit or scope of the

subject matter presented herein.

186131 Further, the above detailed description describes various features and
functions of the disclosed systems, devices, and methods with reference to the accompanying
figures. In the figures, similar symbols typically identify similar components, unless context
dictates otherwise. The example embodiments described herein and in the figures are not
meant to be Himiting. Other cobodiments can be utilized, and other changes can be made,
without departing from the spirit or scope of the subject matter presented berein. It will be
readily understood that the aspects of the present disclosure, as generally described herein,
and illustrated in the figures, can be arranged, substituted, combined, separated, and designed

in a wide variety of different configurations, all of which are explicitly contemplated herein.

#0132 With respect to any or all of the ladder diagrams, scenarios, and flow charts in
the figures and as discussed herein, each block and/or communication may represent a
processing of information and/or 8 transmission of information in accordance with example
embodiments.  Aliernative cmbodiments are included within the scope of these exanple
embodiments. In these alternative embodiments, for example, fumctions described as blocks,
Pansnssions, cCommunicaiions, requests, responses, and/or messages may be executed out of
order trom that shown or discussed, inchuding substantially concurrent or in reverse order,
depending on the functionality involved. Further, more or fower bocks and/or functions may
be used with any of the ladder diagrams, scenarios, and flow charts discussed herein, and
these ladder diagrams, scenarios, and tlow charts may be combined with one another, m parnt

or i1 whole.

(80133} A block that represenis a processing of mformation may correspond to
circuitry that can be configured to perform the specific logical fumctions of a herein-described

method or technique. Alternatively or additionally, a block that represents a processing of
41
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mformation may correspond to a module, 8 segment, or a portion of program code (including
related data). The program code may include one or more instructions executable by a
processor for tmpicmenting specific logical functions or actions in the method or technique.
The program code and/or related data may be stored on any type of computer readable

medium such as a storage device including a disk or hard drive or other storage medium.

[80134] The computer readable medivm may also include non-transitory computer
readable media such as computer-readable media that stores data for short periods of time
like register memory, processor cache, and random access memory (RAM). The computer
readable media may also include non-transitory computer readable media that stores program
code and/or data for longer periods of time, such as secondary or persistent long term storage,
like read only memory (ROM), optical or magnetic disks, compact-disc read only memory
{CD-ROM), for example. The computer readable media may also be any other volatile or
non-volatile storage systems. A computer readable mediom may be considered a computer

readable storage medium, for exarople, or a tangible storage device.

[B0135] Moreaver, a block that reprosents one or more information transmissions may
correspond to information transmissions between software and/or hardware modules in the
same physical device. However, other information transmissions may be between software
modules and/or hardware modules in different physical devices.

[#0136] While various aspects and ombodiments have been disclosed herein, other
aspects and embodiments will be apparent to those skilled in the art. The various aspects and
embodiments disclosed herein are for purposes of illustration and are not intended to be
Hniting, with the true scope and spirit being indicated by the following claims. Functionally
equivalent methods and apparatuses within the scope of the disclosure, in addition to those

enumerated hevein, will be apparent to those skilled in the art from the foregoing descriptions.
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Such modifications and variations are intended to fall within the scope of the appended

claims.
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CLAIMS
We clamm:

L A compuier-implemented method, comprising:

determining, based on respective locations of a plurality of balloons and areas covered
by respective ground-facing cormomunication beams of the balloons, a contiguous ground
coverage arcs served by the plurality of balloons, wherein the communication beam of a
balloon defines a corresponding mdividual coverage area within the ground coverage area;

determining a change in position of at least one of the balloons;

based on the change in position of the at least one balloon, determining an adjustment
to a first of the individual coverage areas in an effort to maintain the contiguous ground
coverage area after the change in position of at least one of the balloons; and

adjusting a width of the ground-facing coranwmication beam of the balloon
corresponding to the first individual coverage arca in order to make the determined

adjustment to the first individual coverage area.

2. The method of Claim 1, wherein the change in position of at least one of the

balloons comprises an expected future change in position.

3 The method of Claim 1, wherein the change n position of at least one of the

balloons comprises a change in altitude of at least one of the balloons.

4. The method of Claim 1, wherein the change in position of at least one of the

balloons comprises a change in horizontal position of at least one of the balloons.
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5. The method of Clatm 1, fimther comprising determining a demand map of a
plurality of groumd subscribers, wherein:

coverage provided by the contiguous ground coverage arca satisfics the demand map
before the change in position of at least one of the balloons; and

the adjustment to the first of the individual coverage areas is determined in an effort
to maintain coverage that satisfics the demand map after the change in position of at lcast one

of the balloons.

6. The method of Claim 1, wherein adjusting the widih of the ground-facing
communication beam of the balloon corresponding to the first individual coverage comprises

selecting from two or more discrete antennas.

7. The method of Claim 1, wherein adjusting the width of the ground-facing
communication beam of the balloon corresponding to the first individual coverage comprises

adjusting 8 contiuously adjustable antenna.

8. A system, comprising:
a plurality of balloons; and
a control system configared to:

determine, based on respective locations of the balloons and areas covered by
respective ground-facing commmication beams of the balloons, a contiguous ground
coverage arca served by the balloons, wherein the communication beam of a balloon
defines a corresponding individual coverage area within the ground coverage arca;

determine a change in position of at lcast one of the balloons;



WO 2015/094534 PCT/US2014/065894

based on the change in position of the at least one balloon, determine an
adjustment to a first of the individual coverage arcas in an effort to maintain the
contiguous ground coverage arca afier the change in position of at least one of the
balioons; and

provide instructions 1o adjust a width of the ground-facing communication
beam of the balioon corresponding to the first fndividual coverage arca in order to

make the determined adjustment {o the first individual coverage arca.

5. The systom of Claim §, wherein the change in position of at least one of the

balloons comprises an expected future change in position.

1. The system of Claim 8, wherein the change in position of at least one of the

balloons comprises a change in altitude of at least one of the balloons.

1. The system of Claim 8, wherein the change in position of at least one of the

halloons comprises & change in horizountal position of at least one of the balloons.

12. The system of Claim 8, wherein the control system is further configired to
determine a demand map of a plurality of ground subscribers, wherein:

coverage provided by the contiguous ground coverage area satisfies the demand map
before the change in position of at least one of the balloons; and

the adjustment to the first of the individual coverage arcas is determined in an oftort
to maintain coverage that satisfies the demand map afier the change in position of at cast one

of the balloons.
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13. The system of Claim 8, wherein the control system 1s configured to provide
mstroctions to adjust the width of the ground-facing comnumication beam of the balloon
corresponding to the first individual coverage arca by selecting from two or more discrete

antennas.

14, The system of Claim 8, wherein the coutrol system is configured to provide
instructions to adjust the width of the ground-facing commumication beam of the balloon
corresponding to the first individual coverage area by adjusting a continuously adjustable

antenna.

15. A pon-transitory computer readable medivim having stored therein
mstructions, that when executed by a computing system, cause the computing system to
perform functions comprising:

determining, based on rospective locations of a plurality of bafloons and arcas covered
by respective groumd-facing communication beams of the balloons, a contiguous ground
coverage arca served by the plurality of balloons, wherein the comnumication beam of a
balloon defines a corresponding individual coverage arca within the ground coverage area;

determining a change n position of at least one of the balloons;

based on the change in position of the at least one balloon, determining an adjustment
to a first of the individual coverage areas in an effort to maintain the contiguous ground
coverage area after the change in position of at least one of the balloons; and

adiusting a width of the ground-facing comnumication beam of the balloon
corresponding to the first individual coverage arca in order to make the determined

adjustment to the first individual coverage arca.
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16. The non-trapnsitory computer readable medim of Claim 13, wherein the
change in position of at least one of the balloons comprises an expected future change in

position,

7. The non-transitory computer readable mediom of Claim 13, wherein the
change in position of at least one of the balloons comprises a change in altitude of at least one

of the balloons.

18, The non-transifory computer readable medium of Claim 13, wherein the
change in position of at least one of the balloons comprises a change in horizontal position of

at least one of the balloons.

19, The non-transitory computer readable medium of Claim 13, wherein adjusting
the width of the ground-facing commmumication bearm of the balloon corresponding to the first

mdividual coverage area comprises selecting from two or more discrete antenmas,

24 The non-transitory computer readable medium of Claim 13, wherein adjusting

the width of the ground-facing commaonication beam of the balloon corresponding to the first

mdividual coverage arca comprises adjusting a continuously adjustable antenna.
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DETERMINE A CONTIGUOUS GROUND COVERAGE AREA SERVED BY A
PLURALITY OF BALLOONS BASED ON LOCATIONS OF THE BALLOONS AND
AREAS COVERED BY GROUND-FACING COMMUNICATION BEAMS OF THE 662
BALLOONS

DETERMINE A CHANGE IN POSITION OF AT LEAST ONE OF THE BALLOONS

604

DETERMINE AN ADJUSTMENT TO A FIRST OF THE INDIVIDUAL COVERAGE
AREAS IN AN EFFORT TO MAINTAIN CONTIGUQUS GROUND COVERAGE 69\ 5
AFTER THE CHANGE

ADJUST A WIDTH OF THE GROUND-FACING COMMUNICATION BEAM OF

THE BALLOON CORRESPONDING TO THE FIRST INDIVIDUAL COVERAGE —
AREA TO MAKE THE DETERMINED ADJUSTMENT TO THE INDIVIDUAL £48
COVERAGE AREA
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