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(57) Abstract: Methods and systems disclosed herein relate to determin-
ing a projected change in bandwidth demand in a specified area during a
specitied future time period, repositioning one or more balloons in a high-
altitude balloon network based on the projected change in bandwidth de-
mand, and providing, using the one or more balloons, at least a portion of
the bandwidth demanded in the specified area during the specified future
time period.
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Balloon Clumping te Provide Bandwidth Requested in Advance

BACKGROUND

[6061] Unless otherwise indicated hevein, the materials described in this section are
not prior art to the claims in this application and are vot adnutied to be prior art by inclusion
in this section.

{8602} Computing dovices such as personal coraputers, laptop cormputers, table
computers, collular phounes, and countless types of luternet-capable devices are incroasingly
prevalent in numerous aspects of modern life. As such, the demand for data connectivity via
the Internet, celhular data networks, and other such networks, is growing., However, there are
many arcas of the world where data connectivity is still unavailable, or if available, is

unreliable and/or costly. Accordingly, additional network infrastructure is desirable.

L
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SUMMARY

[8663] In a first aspect, a method is provided. The method includes determining a
projected change in bandwidth demand in a specific arca during a specified future time
period.  The method also jochudes repositioning one or more balloons in a high-balloon
network based on the projected change in bandwidth demand. The method also includes
providing, using the one or more balloons in the high-altitude balloon network, at feast g
portion of the bandwidth demanded in the specified arca during the specified future time
period.

{0064} In a sccond aspect, a system is provided. The system includes at least one
balloon. The at least one balloon is in a high-altitude balloon network., The system also
inchudes a controller. The controller is configured to: 1) determine a projected change in
bandwidth demand in a specified area during a specified future time period; and it) control a
respective position of the at least one balloon based on the projected change in bandwidth
demand. The at least one balloon is configured to provide at least a portion of the bandwidth
demanded in the specified arca during the specified future time period.

[B885] In a third aspect, a8 non-transitory computer readable medinmm having stored
mstractions i1s provided. The instructions are executable by a computing device to caunse the
computing device to perform functions. The functions include determining a projected
change o bandwidth demand i1u a specified arca during a specified future time period. The
functions also include causing a controller to reposition one or more balloons in a high-
altitude balloon network based on the projected change in bandwidth demand and causing the
one or more balloons in the high-altitude balloon network to provide at least a portion of the

bandwidth demanded in the specified area during the specified tuture time period.
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{8086] These as well as other aspects, advantages, and alternatives, will become
apparent to those of ordinary skill in the art by reading the following detailed description,

with reference where appropriate to the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

18007} Figure 1 s a suoplified block diagram illustrating 2 balloon network,
according to an exarople ershodirent.

{8008] Figure 2 1s a block diagram dlustrating a balloon-uctwork control syster,
according to an example ernbodiment,

18009} Figure 3 is a simplified block diagram illustrating a high-altitude balloon,
according to an cxample ernbodiment,

10016} Figure 4 is a simplified block diagram illustrating a balloon network that
mchades super-nodes and sub-nodes, according to an example embodiment.

{8611 Figure 5A illustrates a balioon network at a first time, according o an example
embodiment.

{8612) Figure 5B illustrates a balloon network at a second time, according o an
example embodiment.

{8813} Figure 6 1s a flowchart illustrating a method, according to an example
embodiment.

{0814} Figure 7 is a schematic diagram of a computer program product, according to

an example embodiment.
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DETAILED DESCRIPTION

{0015} Example methods and systems arc described herein. Any example
cembodiment or feature described herein is not necessarily to be construed as preferred or
advantageous over other embodiments or features. The example embodiments described
herein are not meant 10 be limiting. It will be readily understood that certain aspects of the
disclosed systems and methods can be arranged and combined in a wide variety of different
configurations, all of which are contemplated herein.

{8016] Furthermore, the particular arrangemenis shown in the Figures should not be
viewed as limiting. It should be understood that other embodiments may include more or fess
of each clement shown in a given Figure. Further, some of the tHustrated elements may be
combined or omutted. Vet further, an example embodiment may include clements that are not

tustrated in the Figores.

i. Overview

{08171 Example embodiments disclosed herein relate to determining a projected
change in bandwidth demand in a specified area during a specified future fime period,
repositioning one or more balloons in a high-altitude balloon network based on the projectied
change v bandwidth demand, and providing, using the one or more balloouns, at least a
portion of the bandwidth demanded in the specified arca during the specified future time
period.

{0018} In 2o example embodiment, such methods and systerns could be used for
network planning purposes. For example, the bandwidth needs in various argas may be
anticipated, and the arrangement, number, and/or density of balloons within conmmunication
range and/or serving cach arca may be determined based upon a projected change in

bandwidth demand. The balloons in the high-altitude balloon setwork may then be

!
2%
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controtled in various ways s¢ that they ‘chump” over the desired arcas based on the projected
change in bandwidth demand.

{6819} In other words, it may be useful for balloons to “clump’ proactively in order (o
provide some or all of the bandwidth demanded in a specified area during a specified future
time period in response to determining a projected change in bandwidth demand.

[8628] The projected change in bandwidth demand could be determined by receiving
an advance bandwidth request. For example, if an event, such as a concert or a conterence, s
planned for a specific future time period at a specific venue, the organizers of the event could
mitiate an advance bandwidth request with the operators of the high-altitude balloon network
to reserve or request a projected bandwidth to serve attendees at the event. In response to the
request, one or more balloons in the high-altitude balloon network could be repositioned in
order to provide the requested projected bandwidth during the event.

18621} Methods disclosed herein could be carried out in part or in full by the one or
more balloons in the high-altitude balloon network., For instance, a balloon in the high-
altitude balloon network could receive the advance bandwidth request.

{0022} The advance bandwidth request could originate frorn a user of the balloon
network, The user of the balloon network could represent an individual user, a corporate
user, a government, or any other entity that may have an anticipated need for bandwidth (e.g,,
Internet services, comnmunications services, ¢ic.) at a specified future time period in a
specified area.

180231 Other ways of determining a projected change in bandwidth demand are
possible.  For example, the projected change in bandwidth demand could be determined
based on a natural disaster, an event {c.g., a music concert, a calendar of events, etc.), or a

historical record of bandwidth demand. The projected change in bandwidth demand could
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also be inferred based on available information, such as from news organizations and/or
social media.

{6824} The high-altitude balloon network could be operable to reposition one or more
balloons in an effort to provide at least a portion of the bandwidth demanded. In an example
embodiment, repositioning the one or more balioon could include moving bailoons to create a
higher local balloon density over the specified area so as to fulfill the bandwidth need during
the foture time period.

[8625] The balloons in the high-altitude balloon wetwork could be configured to
provide at least a portion of the bandwidth demanded during the future time period. In other
words, the balloons wmay provide an Internet connection at a specified bandwidth,
comnunications services, computation power, data throughput, or other services to users in
the specified area during the futare time period. Other ways of providing at least a portion of
the bandwidth demanded during the future time peried are possible.

{8626} Other methods disclosed herein could be carried out iu part or in full by a
server and/or a server network.  In an example cmbodiment, the projected change in
bandwidth demand could be reccived, predicted, and/or inferred by a server network, The
server network could act to reposition at least one balloon in the high-altitude balloon
network based on the specified arca, the specified future time period, and the projected
change in bandwidth demand. The server network couid also control the at least one balloon
to provide at least a portion of the bandwidth demanded during the specified future time
period in the specified arca.

{8627] Other inferactions between ong or more balloons in a high-altitude balloon
network and a server are possible within the context of the disclosure.

{8028] A system is also described in the present disclosure. The system could include
at least one balloon in a high-altitude baloon network and a controller. The controlier (e.g., a

-7
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processor and a memory) could be configured to 1} determine a projected change in
bandwidth demand in a specified area during a specified future time period; 1) control a
respective position of the at least one balloon based on the projected change in bandwidth
demand. The at least one balloon could be configured to provide at least a portion of the
bandwidth demanded in the specified area during the specified future time period.

[6629] Tt will be understood that the system could include more or fewer elements
than those disclosed herein. Further the clernents of the system could be configured and/or be
operable to perform more or fewer functions within the context of the present disclosare.

18038] In some embodiments, each of the elements of the system could be
imcorporated into at least one balloon in a high-altitude balloon network., Tu other
embodiments, some or all of the clements of the systermn roay be located apart from other
elernents of the system. Thus, the system could operate in a distributed manuer.

18031} Also disclosed herein are non-transitory computer readable roedia with stored
mstructions,  The instructions could be executable by a computing device to cause the
computing device to perform functions similar to those described in the aforeruentioned
methods.

180321 Those skilled in the art will understand that there are many different specific
methods and systems that could be used in determining a projected change in bandwidth
demand in a specified area during a specified future time period, repositioning one of more
balloons in a high-altitude balloon network based on the projected change in bandwidth
demand, and providing, using the one or more halloons, at least a portion of the bandwidth
demanded in the specified area during the specified future time period. Each of these specific
methods and systems are contemplated herein, and several example embodiments are

described below.
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2. Example Systems

{8833} Figure 1 is a simplified block diagram ilfustrating a balloon network 100,
according to an cxample embodiment. As shown, balloon network 100 inchides balloons
102A to 102F, which are configured to communicate with one another via free-space optical
finks 104, Balloons 102A to 102F could additionally or alternatively be configured to
comimunicate with one another via RF hinks 14, Balloons 102A to 102F may collectively
function as a mesh network for packet-data communications. Further, at least some of
balloons 1024 and 102B may be configured for RF communications with ground-based
stations 106 and 112 via respective RF links 108, Further, some balloons, such as balloon
102F, could be configured to communicate via optical link 110 with ground-based station
P12,

{8634 In an example embodiment, balloons 102A to 102F are high-altitude balloons,
which are deployed in the stratosphere. At moderate latitudes, the stratosphere includes
altitudes between approximately 10 kilometers (km) and 30 km altitude above the surface,
At the poles, the stratosphere starts at an altitude of approximately 2 km. I an example
ernbodiment, high-aliitude balloons may be generally configured to operate in an altitude
range within the stratosphere that has relatively low wind speed {e.g., between 5 and 20 miles
per hour (mph)).

180351 More specifically, in & high-altitude-balloon network, balloons 102A to 102F
may generally be configured to operate at altitudes between 18 km and 25 km (although other
altitudes are possible). This altitude range may be advantageous for several reasons. In
particular, this layer of the stratosphere generally has relatively fow wind speeds {e.g., winds
between 5 and 20 mph) and relatively hitle turbulence. Further, while the winds between 1¥
km and 25 km may vary with latitude and by season, the variations can be modeled in a
reasonably accurate manner. Additionally, altitudes above 18 km are typically above the

-9.
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maximum flight level designated for commercial air traffic. Therefore, interference with
commercial flights is not a concern when balioons are deployed between 18 km and 25 km.

{8836] To transmit data to another balloon, a given balloon 102A to 102F may be
configured to transmit an optical signal via an optical link 104, In an example embodiment, a
given balloon 102A to 102F may use one or more high-power light-emitting diodes {LEDs)
to transmit an optical signal.  Alterpatively, some or all of balloons 102A to 102F may
mnclude laser systems for free-space optical commumications over optical hinks 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, a given balloon 1024 to 102F
may inchude one or more optical receivers.  Additional details of example balloons are
discussed in greater detail below, with reference to Figure 3.

[8637] In a further aspect, balloons 1024 to 102F may utilize one or more of various
different RF air-imterface protocols for communication with ground-based stations 106 and
112 via respective RF links 108, For instance, some or all of balloons 102A to 102F may be
configured to coromunicate with ground-based stations 106 and 112 using protocols
described in TEEE 80211 (ncluding any of the TEEE 802,11 revisions), various cellular
protocols such as GSM, COMA, UMTS, EV-DO, WiMAX, and/or LTE, and/or one or more
propriety protocols developed for balloon-ground RF communication, among other
possibilitics,

{06838] In a further aspect, there may be scenarios where RE links 108 do not provide
a desired link capacity for balloon-to-ground communications. For instance, increased
capacity may be desirable to provide backhaul links from a ground-based gateway, and in
other scenarios as well.  Accordingly, an example network may also include downlink

balloons, which could provide a high-capacity air-ground hink.

- 10 -
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{603%8] For example, in balloon network 100, balloon 102F is configured as a
downlink balloon. Like other balloons in an example network, a downlink balloon 102F may
be operable for optical communication with other balloons via optical links 104, However, a
downlink balloon 102F may also be configured for free-space optical communication with a
ground-based station 112 via an optical hink 110. Optical link 110 may therefore serve as a
high-capacity link (as compared to an RF hink 103) between the balloon network 100 and the
ground-based station 112,

{8848} Note that in some implementations, a downlink balloon 102F may additionally
be operable for RF communication with ground-based stations 106, In other cases, a
downlink balloon 102F may only use an optical link for balloon-to-ground communications.
Further, while the arrangernent shown in Figure | includes just one downlink balloon 102F,
an example balloon network can also include mukltiple downlink balloons. Ou the other hand,
a balloon network can also be iraplemented without any downlink balloons.

{0041} In other uwplersentations, a downlink balloon way be equipped with a
specialized, high-bandwidth RF  communication  system  for  balloon-to-ground
comnmnications, mstead of, or in addition to, a free-space optical coramunication systom,
The high-bandwidth RF compwmnication system may take the form of an ultra-wideband
systern, which may provide an RF link with substantially the same capacity as one of the
optical links 104. Other forms are also possible.

[68042] Ground-based stations, such as ground-based stations 106 and/or 112, may
take various forms. Generally, a ground-based station may include components such as
transceivers, transmitters, and/or receivers for communication via RF Hnks and/or optical
links with a balloon network. Further, a ground-based station may use various air-interface
profocols in order to communicate with a balloon 102A to 102F over an RF link 108, As
such, ground-based stations 106 and 112 may be configured as an access point via which

- 11 -
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various devices can connect to balloon network 100. Ground-based stations 106 and 112
may have other configurations and/or serve other purposes without departing from the scope
of the invention.

18043) In a further aspect, some or all of balloons 1{2A to 102F couid be configured
to establish a communication link with space-based satellites in addition to, or as an
alternative to, a ground-based communication link. In some embodimeuts, a balloon may
communicate with a satellite via an optical link.  However, other types of satellite
compninications are possible.

{8044} Further, some ground-based stations, such as ground-based stations 106 and
112, may be configured as gateways between balloon network 100 and one or more other
networks,  Such ground-based stations 106 and 112 may thus serve as an interface between
the balloon network and the Internet, a celhular service provider’s network, and/or other types
of networks.,  Variations on this configuration and other configurations of ground-based

stations 106 and 112 are also possible.

2a)  Mesh Network Functionality

{6045} As noted, balloons 1024 to 102F may collectively function as a mesh
network.  More specifically, since balloons 102A to 102F may communicate with one
another using frec-space optical links, the balloons may collectively function as a frec-space
optical mesh network.

{8846} In a mesh-network configuration, cach balloon 102A to 102F may function as
a node of the mesh network, which is operable to receive data directed to it 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 links between the source balloon and the

destination balloon. These optical links may be collectively referred to as a “lightpath™ for
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the connection between the source and destination balloons. Further, each of the optical links
may be referred to as a “hop” on the lightpath.

{8847} To operate as a mesh network, balloons 102A to 102F may employ various
routing techniques and selfthealing algorithms. In some embodiments, a balloon network
100 may employ adaptive or dypamic routing, where a lightpath between a source and
destination balloon is determined and set-up when the connection is needed, and released at a
fater time. Further, when adaptive routing is used, the lightpath may be determined
dynamically depending upon the current state, past state, and/or predicted state of the balloon
network.

{0848} In addition, the network topology may change as the balloons 102A to 102F
maove relative to one another and/or relative to the ground.  Accordingly, an example 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 102A to 102F,
halloon network 100 may eroploy and/or adapt various techmiques that are enployed i
maobile ad hoe networks (MANETS), Gther exaraples are possible as well,

[6049] In some iwplementations, a balloon network 100 may be configured as a
transparent mesh network., More specifically, in a transparent balloon network, the balloons
may include components for physical switching that is entirely optical, without any clectrical
components involved in the physical routing of optical signals. Thus, in a transparcnt
configuration with optical swiiching, signals travel through a multi-hop lightpath that is
entirely optical.

{8858} In other implementations, 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 102F may implement optical-electrical-optical {OEQ) switching. For example, some
or all balloons may include optical cross-connects {OXCs) for OFED conversion of optical

- 13-
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signals. Other opaque configurations are also possible. Additionaily, network configurations
are possible that include routing paths with both transparent and opague sections.

{8851} In a further aspect, balloons in an example balloon network 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 transparent network is entirely optical, it may be
necessary to assign the same wavelength for all optical inks on a given lightpath.

{8652 An opaque configuration, on the other hand, may avoid the wavelength
contimuity constraint. In particular, balloons in an opague balloon network may inchude the
OEQ switching systerns operable for wavelength conversion.  As a result, balloons can
convert the wavelength of an optical signal at cach hop along a lightpath.  Alternatively,
optical wavelength conversion could take place at only selected hops along the lightpath.

{0083} Further, various routing algortthms may be employed o an opague
configuration. For example, to deteroune a prumary lightpath and/or one or more diverse
backup lightpaths for a given connection, exarple balloons may apply or consider shortest-
path routing techuiques such as Dijkstra's algorithm and k-shortest path, and/or edge and
node-diverse or disjoint routing such as Suurballe's algorithin, among others. Additionally or
alternatively, techniques for maintaining a particular quality of service (QoS) may be

employed when determining a lightpath, Other techniques are also possible.

Zby  Station-Keeping Functionality
{8854} In an example embodiment, a balloon network 100 may implement station-
keeping functions to help provide a desired network topology. For example, station-keeping

may involve gach balloon 102A to 102F mantaining and/or moving into a certain position
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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, each balloon 102A to 102F may implement
station-keeping functions to determine its desired positioning within the desired topology,
and if necessary, to determine how to move to the desired position.

{8855} 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 soch cases, a given balloon 102A to 102F may mmplement station-keeping
fonctions to position itself at substantially the same distance {or within a certain range of
distances) from adjacent balloons in the balloon network 100,

[8656] In other cases, a balloon network 100 may have a non-uniform topology. For
mstance, example embodiments may involve topologies where balloons are distributed more
or less densely in certain arcas, for various reasons. As an exarople, to help meet the higher
bandwidth demands that are typical in urban arcas, balloons may be clustered more densely
over urhban arvcas. For similar reasons, the distribution of balloons may be denser over land
than over large bodies of water. Many other examples of non-uniform topologies are
possible,

180571 In a further aspect, the topology of an example balloon network may be
adaptable. In particular, station-keeping functionality of example 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 balloons could move to new positions to
increase or decrease the density of balloons in g given arca. Other examples are possible,

{8858} In some embodiments, a balioon network 100 may employ an encrgy function
to determine if and/or how balloons should move to provide a desired topology. In particular,
the state of a given balloon and the siates of some or all nearby balloons may be input to an
energy function. The energy function may apply the current states of the given balloon and

- 15 -
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the nearby balloons to a desired network state (e.g., a state corresponding to the desired
topology). A vector indicating a desired movement of the given balloon may then be
determined by determining the gradient of the energy function. The given balloon may then
determine appropriate actions to take in order to effectnate the desired movement For
example, a balloon may determine an altitude adjustment or adjustents such that winds will

move the balloon in the desired manner,

2¢) Controf of Balloons in a2 Balloon Network

{8059} In some embodiments, mesh networking and/or station-keeping functions may
be centralized. For example, Figure 2 is a block diagram ilhustrating a balloon-network
control systern, according to an example embodiment. o particular, Figure 2 shows a
distributed control system, which includes a central control system 200 and a nurober of
regional control-systems 202A to 202B. Such a control system wmay be configured to
coordinate certain functionality for balloon network 204, and as such, may be configured to
control and/or coordinate certain functions for balloons 206 A to 2061

{0068} In the tlustrated erohodiment, contral control system 200 may be contigured
to communicate with balloons 206A to 2061 via a number of regional control systems 2024
to 202C. These regional control systems 2Z02A to 202C may be configured to receive
communications and/or aggregate data from balloons in the respective geographic arcas that
they cover, and to relay the communications and/or data to central control system 200.
Further, regional control systems 202A 0 202C may be configured to route comnmunications
from central control systemn 200 to the balloons in their respective geographic areas. For
imstance, as shown in Figure 2, regional control system 202A may relay communications
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 2060 to 206F and

- 16 -
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central control system 200, and regional control system 202C may relay communications
and/or data between balloons 206G to 2061 and central control system 200.

{8061] In order to facilitate communications between the central conirol system 200
and balloons 206 A to 2061, certain balloons may be configured as downlink balloons, which
are operable to communicate with regional control systems 202A to 202C.  Accordingly,
cach regional control system 202A to 202C may be configured to communicate with the
downlink balloon or balloons in the respective geographic area it covers. For example, in the
ithastrated embodiment, ballpons 206A, 206F, and 2061 are configured as downlink balloons.
As such, regional control systems 202A to 202C may respectively communicate with
balloons 200A, 206F, and 2061 via optical links 206, 208, and 210, respectively.

[8062] In the illustrated configuration, only some of balloons 206A 10 2061 are
configured as downlink balioouns. The balloons 206A, 206F, and 2061 that arc configured as
downlink balloons may relay communications from central control system 200 1o other
halloons in the balloon network, such as balloons 2068 to 206F, 206G, and 206H. However,
it should be understood that in some implerentations, it 18 possible that all balloons may
function as downlink balloons., Further, while Figure 2 shows nmultiple balloouns configured
as downlink balloons, it is also possible for a balloon network to include only one downlink
balloon, or possibly even no downlink balloons,

180631 Note that a regional control systemn 202A to 202C may in fact just be s
particular type of ground-based station that is configured to comumunicate with downlink
balloons {(c.g., such as ground-based station 112 of Figurc 1). Thus, while not shown i
Figure 2, a control system may be implemented in conjunction with other types of ground-
based stations (e.g., access points, gateways, ete. )

{6064] In 2 centralized control arrangement, such as that shown in Figure 2, the
central control system 200 (and possibly regional control systems 202A to 202C as well) may
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coordinate certain mesh-networking functions for balloon network 204, For example,
balloons 2006A to 2061 may send the central control system 200 certain state mformation,
which the central control system 200 may utilize to determine the state of balloon network
204. The state information from a given balloon may inchide location data, optical-link
information (e.g., the identity of other balloons with which the balloon has established an
optical hink, the bandwidth of the link, wavelength usage and/or availability on a hink, etc.),
wind data collected by the balloon, and/ov other types of information.  Accordingly, the
central control system 200 may aggregate state information from some or all of the balloons
206A 1o 2061 in order to determine an overall state of the network.

[8065] The overall state of the network way then be used to coordinate and/or
facilitate cortain mesh-networking functions such as determining lightpaths for connections.
For example, the central control system 200 may determine a current topology based on the
aggregate state information from some or all of 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 roay then be sent 1o some or all of the
balloons so that a routing technique may be eraployed to sclect appropriate lightpaths {(and
possibly backup lightpaths) for communications through the balloon network 204,

{0066} In a further aspect, the central control system 200 (and possibly regional
control systerns 202A to 202C as well) may also coordinate certain station-koeping functions
for balloon network 204. For example, the central control system 200 may input state
information that is received from balloons 206A to 20061 to an energy function, which may
effectively compare the current topology of the network to a desired topology, and provide a
vector indicating a divection of movement (if any) for ¢ach balloon, such that the balloons can
move towards the desired topology. Further, the central control system 200 may use
altitudinal wind data to determine respective altitude adjustments that may be imitiated to
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achieve the movement towards the desired topology. The central control system 200 may
provide and/or support other station-keeping functions as well.

{8067] Figure 2 shows a distributed arrangement that provides centralized control,
with regional control systems 202A to 202C coordinating communications between a central
controf system 200 and a balloon network 204, Such an arrangement may be useful o
provide centralized control for a balloon network that covers a large geographic area. In
sorpe embodiments, a distributed arrangernent yoay even support a global balloon network
that provides coverage everywhere on carth. Of course, a distributed-control arrangement
may be useful in other scenarios as well.

[B868] Further, it should be understood that other control-system arrangements are
also possible. For instance, sorme implementations may involve a centralized control system
with additional layers (e.g., sub-region systems within the regional condrol systerns, and so
on). Alternatively, control functions may be provided by a single, centralized, control
systerg, which coramunicates directly with one or more downlink balloons.

[8869] In some embodiments, control and coordination of a balloon network may be
shared by a ground-based countrol systern and a balloon network to varying degrees,
depending upon the implementation. In fact, in some embodiments, there may be no ground-
based control gystems.  In such an embodiment, all network control and coordination
functions may be implemented by the balioon notwork itself. For example, certain balioons
may be configured to provide the same or similar functions as ceniral control system 200
and/or regional control systerms 202 A to 202C. Other exarmples are also possible.

{8678] Furthermore, control and/or coordination of a balloon network may be de-
centralized. For example, cach balloon may relay state information to, and receive state
information from, some or all nearby balloons. Further, each balloon may relay state
mformation that it receives from a nearby balloon to some or all nearby balloons. When all
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balloons do so, each balloon may be able to mdividually 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.

{8871} Further, in some aspects, control of a balloon network may be partially or
entirely localized, such that it is not dependent on the overall state of the network, For
example, ndividual balloons may implement station-keeping functions that only consider
nearby balloons. In particular, cach balloon may implement an cenergy function that takes
mto 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 to the nearby balloons, withowut
necessartly considering the desired topology of the network as a whole, However, when each
halloon implements such an energy function for station-keeping, the balloon network as a
whole may maintain and/or move towards the desired topology.

[8672] As an example, cach balloon A may recetve distance nformation d; to & with
respect to cach of its k closest neighbors.  Each balloon A may treat the distance to each of
the k balloons as a virtual spring with vector representing a force divection from the first
nearest neighbor balioon 1 toward balioon A and with force maguitude proportional to di. The
balloon A may sum each of the k vectors and the summed vector is the vector of desired
movement for balloon A, Balloon A may atteropt to achieve the desired movement by
controfiing its altitude.

180731 Alternatively, this process could assign the force magnitude of cach of these
virtual forces equal to di x d;, wherein di is proportional to the distance to the second nearest
neighbor balloon, for instance. Other algorithms for assigning force magnitudes for

respective balloons in a mesh petwork are possible.
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{8674] In another embodiment, a similar process could be carried out for each ofthe k
balloons and cach balloon could transmit its planned movement vector to its local neighbors.
Further rounds of refinement to each balloon’s planned movement vector can be made based
on the corresponding planned movement vectors of its neighbors. It will be evident to those
skilled in the art that other algorithms could be implemented in a balloon network in an effort
to maintain a set of balloon spacings and/or a specific network capacity level over a given

geographic location.

2d}  Example Balloon Configuration

{88751 Various types of balloon systems may be incorporated in an example balloon
network.  As noted above, an example embodiment may utilize high-altitude balloons, which
could typically operate in an altitude range between 18 km and 25 km. Figure 3 shows a
high-altitude balloon 300, according to an example embodiment. As shown, the balloon 300
inchudes an envelope 302, a skirt 304, a payload 306, and a cut-down systom 308, which i
attached between the balloon 302 and payload 306,

{0676} The cnvelope 302 and skirt 304 wmay take various forms, which may be
currently weil-known or yet to be developed. For instance, the envelope 302 and/or skirt 304
may be made of materials including metalized Mylar or BoPet. Additionally or alternatively,
somae or all of the cavelope 302 and/or skirt 304 may be constructed from g highly-flexible
fatex material or a rubber material such as chioroprene. Other materials are also possibie.
Further, the shape and size of the eavelope 302 and skirt 304 may vary depending upon the
particalar implementation.  Additionally, the envelope 302 may be filled with various
different types of gases, such as helium and/or hydrogen. Other types of gases are possible as

well.
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{8877} The payload 306 of balloon 300 may include a processor 313 and on-board
data storage, such as memory 314, The memory 314 may take the form of or include a non-
transitory computer-readable medium. The non-transitory computer-readable medium may
have instructions stored thereon, which can be accessed and executed by the processor 313 in
order to carry out the balloon functions described herein. Thus, processor 313, in conjunction
with ijostructions stored in memory 314, and/or other components, may function as a
computer system 312 and further as a controller of balloon 300.

{0678] The payload 306 of balloon 300 may also mclude various other types of
equipment and systems to provide a number of different functions. For example, payload 306
may include an optical communication system 316, which may transmit optical signals via an
ulira-bright LED systera 320, and which may receive optical signals via an optical-
comnmnication receiver 322 {(¢.g., a photodiode receiver system). Further, payload 306 may
mclude an RF couvvnupication system 313, which may transmit and/or receive RF
comnmnications via an antenna system 340,

[8679] The payload 306 may also include 2 power supply 326 to supply power to the
various components of balloon 360, The power supply 326 could include a rechargeable
battery. In other embodiments, the power supply 326 may additionally or alternatively
represent other means known in the art for producing power. In addition, the balloon 300

/
i

may include a solar power generation system 327. The solar power generation system 327
may inchide solar panels and could be used to generate power that charges and/or is
distributed by the power supply 326.

{6888} The payload 306 may additionally inchude a positioning system 324, The

positioning system 324 could inchude, for example, a global positioning system {GPS), an

inertial navigation system, and/or a star-tracking system. The positioning system 324 may
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additionally or alternatively include various motion sensors {e.g., accelerometers,
magnetometers, gyroscopes, and/or compasses).

{8881} The positioning system 324 may additionally or alternatively include one or
more video and/or still cameras, and/or various sensors for capturing environmental data.

{8882} Some or all of the components and systems within payiload 306 may be
implemented in 8 radiosonde or other probe, which may be operable to measure, e.g.,
pressure, altitude, geographical position (latitude and longitude), temperature, relative
humdity, and/or wind speed and/or wind direction, among other information.

{80883} As noted, balloon 300 mcludes an ultra-bright LED system 320 for free-space
optical communication with other balloons., As such, optical commumication system 316 may
be configured to transmit 4 free-space optical signal by modulating the ultra-bright LED
systera 320. The optical conununication system 316 may be vuplemented with mechanical
gystems and/or with hardware, firmware, and/or software. Generally, the manner in which an
optical commmnication system is implomented may vary, depending upon the particular
application. The optical comumunication system 316 and other associated components are
described in further detail below,

100841 In a further aspect, balioon 300 may be configured for altitude control. For
mstance, balloon 300 may include a variable buoyancy system, which is configured to change
the altitude of the balloon 300 by adjusting the volume and/or density of the gas in the
balloon 300. A variable buoyancy systom may take various forms, and may generally be any
system that can change the volume and/or density of gas in the envelope 302.

{8885} In an example embodiment, a variable buoyancy system may include a bladder
310 that is located inside of envelope 302, The bladder 310 could be an elastic chamber
configured to hold liquid and/or gas. Alternatively, the bladder 310 need not be inside the

envelope 302. For instance, the bladder 310 could be a rigid bladder that could be
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pressurized well beyond neutral pressure. The buoyancy of the balloon 300 may therefore be
adjusted by changing the density and/or volume of the gas in bladder 318. To change the
density in bladder 310, balloon 300 may be configured with systems and/or mechanisms for
heating and/or cooling the gas in bladder 318, Further, to change the volume, balloon 300
may include pumps or other featares for adding gas to and/or removing gas from bladder 310,
Additionally or alternatively, to change the volume of bladder 310, balloon 300 may mchide
release valves or other features that are controllable to allow gas to escape from bladder 310,
Multiple bladders 310 could be implemented within the scope of this disclosure. For
instance, multiple biadders could be used to fmprove balloon stability.

{00861 In an cxample embodiment, the envelope 302 could be filled with helium,
hydrogen or other lighter-than-air material. The envelope 302 could thus have an associated
upward buoyancy force. In such an embodiment, air in the bladder 310 could be considered a
ballast tank that may have an associated downward ballast force. In another example
ernbodiment, the amount of air in the bladder 310 could be changed by puraping air (e.g.,
with an air coropressor) into and out of the bladder 310. By adjusting the arvount of avr in the
bladder 310, the ballast force may be controlled. In some erobodiments, the ballast force may
be used, in part, to counteract the buoyancy force and/or to provide altitude stability.

{0087} In other embodiments, the envelope 302 could be substantially rigid and
include an enclosed volume., Air could be evacuated from envelope 302 while the enclosed
volume is substantially maintained. In other words, at least a partial vacuum could be created
and maintained within the enclosed volume. Thus, the envelope 302 and the enclosed
volame could become lighter than air and provide a buoyancy force. In yet other
embodiments, air or another material could be controllably introduced into the partial vacnum
of the enclosed volume in an effort to adjust the overall buovancy force and/or to provide

altitude control.



10

15

28

WO 2013/173002 PCT/US2013/035959

{8088 In another embodiment, a portion of the envelope 302 could be a first color
{c.g., black} and/or a first material from the rest of envelope 302, which may have a second
color {e.g., white) and/or a second material. For instance, the first color and/or first material
could be configured to absorb a relatively larger amount of solar encrgy than the second color
and/or second material. Thus, rotating the balloon such that the first material is facing the
sun may act to heat the envelope 302 as well as the gas inside the envelope 302, In this way,
the buoyancy force of the envelope 302 may increase. By rotating the balloon such that the
second material 18 facing the sun, the teroperature of gas inside the envelope 302 may
decrease.  Accordingly, the buoyauncy force may decrease. In this manner, the buoyancy
force of the balloon could be adjusted by changing the temperature/volume of gas inside the
envelope 302 using solar energy. In such embodiments, it is possible that a bladder 310 may
not be a necessary element of balloon 300, Thas, in various conteraplated embodiraents,
altitude control of balloon 300 could be achieved, at least in part, by adjusting the rotation of
the balloon with respect to the sun.

{8089} Further, a halloon 306 may include a navigation system (not shown). The
navigation systern may mmplement station-keeping functions fo maintain postiion within
and/or move to a position i accordance with a desired topology. In particular, the navigation
systermn may use altitudinal wind data to determine altitudinal adjustments that result in the
wind carrying the balloon in a desired direction and/or to a desired location. The altitude-
controf system may then make adjustments 1o the density of the balloon chamber in order to
cffectuate the determined altitudinal adjustments and cause the balloon to move laterally to
the desired direction and/or to the desired location. Alternatively, the altitudinal adjustments
may be computed by a ground-based or satellite-based control system and communicated to

the high-altitude balloon. In other embodiments, specific balloons in a heterogeneous balloon
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network may be configured to compute altitudinal adjustments for other balloons and
transmit the adpstment commands to those other balloons.

160698] As shown, the balloon 300 also includes a cut-down system 308, The cut-
down system 308 may be activated to separate the payload 306 from the rest of balloon 300,
The cut-down system 308 could include at least a connector, such as a balloon cord,
conpecting the payload 306 to the envelope 302 and a means for severing the connector {e.g.,
a shearing mechanism or ap explosive bolt). In an example embodiment, the balloon cord,
which may be nylon, is wrapped with a nichrome wire. A current could be passed through
the nichrome wire to heat it and melt the cord, cutting the payload 306 away from the
envelope 302,

18091} The cut-down functionality may be utilized anytiroe 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 5 due on systoms within payload 306, and/or when power
supply 326 needs to be recharged or replaced.

18692} In an alternative arrangement, a balloon may not include a cut-down syster.
In such an arvangement, 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, it is possible that a balioon may be self-sustaining, such that
it docs not need to be accessed on the ground. In yet other embodiments, in-flight balloons
may be serviced by specific service balloons or another type of service acrostat or service

aircraft,

2¢)  Example Heterogenesus Network
{8893} In some embodiments, a high-altitude-balloon network may imclhude super-
node balloons, which communicate with one another via optical links, as well as sub-node
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balloons, which communicate with super-node balloons via RF links, Generally, the optical
links between super-node balloons may be configured to have more bandwidth than the RF
finks between super-node and sub-node balioons. 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 balioon network and/or connecting the balloon network o
other networks.

{8094} Figure 4 15 a simplified block diagram illustrating a balloon network that
imcludes soper-nodes and sub-nodes, according to an example embodiment. Move
specifically, Figure 4 iHlustrates a portion of a balloon network 400 that includes super-node
balloons 4184 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™).

{0095} Fach super-node balloon 410A to 410C may include a frec-space optical
comnunication system that is operabie for packet-data comynunication with other super-node
halloons. As such, super-vodes may communicate with one another over optical links, For
exargple, i the ilustrated ewbodiment, super-node 410A and super-node 401B may
comnmunicate with one another over optical link 402, and super-node 410A and super-node
401C may communicate with one another over optical link 404,

{0096} Each of the sub-node balloons 420 may include 3 radio-frequency (RF)
commmunication systern that is operable for packet-data communication over one or more RF
air interfaces.  Accordingly, each super-node balloon 410A to 410C may inchude an RF
commmunication system that is operable to route packet data to one or more nearby sub-node
balloons 42, When a sub-node 420 receives packet data from a saper-node 419, the sub-
node 420 may use its RF communication system to route the packet data to a ground-based

station 430 via an RF air interface.
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{8897} As noted above, the super-nodes 410A to 410C may be configured for both
longer-range optical communication with other super-nodes 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 410A 1o 410C may be capable of optical communications at data rates of 10 to
54 GBit/sec or more,

{08981 A larger number of high-altitude balloons may then be configured as sub-
nodes, which may communicate with ground-based Internet nodes at data rates on the order
of approximately 10 MBit/sec. For instance, in the Hustrated tmplementation, the sub-nodes
420 may be configured to connect the super-nodes 410 to other networks and/or divectly to
client devices.

[8699] Note that the data speeds and link distances described in the above example
and elsewhere herein are provided for illustrative purposes and should not be considered
hiroiting; other data speeds and hink distances are possible.

[60160] In sore 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
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 3s gateways to the balloon network 400.

180161} Within the context of the present disclosure, any of the example
systems described herein could be operable to carry out determining a projected change in
bandwidth demand in a specified area during a specified future time period, repositioning one
or more balloons in a high-altitude balloon network based on the projected change in
bandwidth demand, and providing, using the one or more balloons, at least a portion of the
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bandwidth demanded in the specified area during the specified future time period. Several

specific example implementations are described in further detail below,

3. Example Implementatiens

(66162} Several example implementations will now be described herein. 1t will
be anderstood that there are mpany ways to implement the devices, systemns, and methods
disclosed herein. Accordingly, the following examples are not intended to limit the scope of
the present disclosure.

168163} Figure SA illustrates a balloon network at a first time. In 8 scenario
500, a land mass 502 could inchide several citics 506, 508, and 510. A balloon network 504
could include a plurality of balloons arranged in a substantially hexagownal array with
approximately equal spacing between unearest neighbor balloons.  Other arrangements of
balloons are possible. For instance, the balloon network 504 could bave a first arrangement
of balloons. The first arrangernent of balloons could juchude local densities of balloons that
could vary hased on, for instance, local population density and/or typical bandwidth needs.

[60104] During the first time (scenario 500), a determination regarding a
projected change in bandwidth demand in a specified arca during a specified future time
period could be made. For example, in some embodiments, an advance bandwidth request
512 could be made by a user, a representative of one or more users, or another party. The
advance bandwidth request 512 could include a projected change in bandwidth domand in a
specified area during a specified future time period. In the example cmbodiment, the advance
bandwidth request 512 could inchwde a notification of a higher-than-normal anticipated
bandwidth need. The advance bandwidth request 512 could originate from city 510, which
may represent the specified area. In other embodiments, the advance bandwidth request 512
could originate from a location partially or wholly outside the specified arca.

-0
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166185] in some embodimenis, the advance bandwidth request 512 could be
received by at least one balloon in the high-altitude balloon network (balloon 514). In other
embodiments, the advance bandwidth request 512 could be received by another recipient,
such as a computer system or a server network.

166186} The advance bandwidth request 512 could be in response to a known
anticipated need such as a future concert, confercuce, sporting event, or any other reason. An
advance bandwidth request 512 counld also be inttiated in response to an increased need due to
an omergency, such as a natural disaster, that may reduce the capability of fixed
communications equipment.

{86187} Figure 5B illustratcs a balloon network at 8 second time. The second
tirne could represent a point in time later than the first time. A scenario 520 could jnchude the
fandmass 502 and the cities 506, 502, and 510, As compared to Figure 54, a balloon network
522 could be reconfigured compared to the balloon network 504 so as to provide the
handwidth demanded 1o the specified arca at the specified futare time period.  For instance,
the balloon vetwork 522 could include a second arrangement of balloons that jucludes a
locally higher density of balloons (a “clump’) around the specified arca 524 which may have
a higher-than-normal anticipated bandwidth need. The ‘clump’ of balloons may be operable
to provide the bandwidth demanded as well as other data throughput, comununication
services, etc.

[06108] In order to increase the local density of balloons, the balloon network
may reposition balloons from elsewhere in the balloon network to accommodate the change.
Further, the balloons in the balloon network may be operable to provide at least a portion of
the bandwidth demanded during the specified future time period in the specified area. The
specified future time period could represent a specific point in time. Additionally or
alternatively, the specified future time period could include a continuous or discontinuous set

-~ 30 -
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of times. The specified future time periods could be any time in the future. For example, an
advance bandwidth request could include a specified fiture time period around a two-day

music festivai one week in the future. Gther future time periods could be possible.

4. Example Methods

[6031489] A method 600 is provided for determining a projected change n
bandwidth demand in a specified arca during a specified future time period. The method 600
forther inchides repositioning one or more balloons in a high-altitude balloon network based
on the projected change in bandwidth demand, and providing, using the one or more balloons
in the high-altitade balloon network, at least a portion of the bandwidth demanded i the
specified area during the specified tuture time pertod. The method could be performed using
any of the apparatus shown and described in reference to Figures 1-4, however, other
configurations could be used. Figure 6 illustrates the steps i an example roethod, however, it
is understood that in other embodiments, the steps may appear in different order and steps
could be added or subtracted.

[60119] Step 602 includes determining a projected change in bandwidth
demand in a specified arca during a specified future time period. The projected change in
bandwidth demand could be received (e.g., in the form of an advance bandwidth request) by
one or more balloons in the high-altitude balloon network,  Alternatively, the advance
bandwidth request could be received by another computer system and/or g server network.
The projected change in bandwidth demand could also be calculated, inferred, or otherwise
determined by the balicon{(s) or by another computer system based on available information.

180111} The projected change in bandwidth could represent a difference in the
anticipated need for bandwidth during the specified foture time period within the specified
area compared to a previous bandwidth demand {e.g., a bandwidth demand based on a
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historical record). The specified future time period could represent a finite time period in the
futwre or a future instant of time. The specified area could be a city, a region, a concert
venue, a park, & metropolitan area, a building, or any other localized arca that may require the
specified projected bandwidth. The specified arca could also alternatively or additionally
represent a shipping lane, an airplane route, a road, or any other heavily-travelled route or
arca. Other types of specified areas are possible,

{66112} In some embodiments, the projected change in bandwidth could be
determined based on an advance bandwidth request. The advance bandwidth request could
be made by an individual user, a user delegate, a group of users, 2 company, an cvent
organizer, a network planner, or any other entity that could anticipate a future need for
bandwidth at a specified location.

{00113} Advance bandwidth requests could be originated from entities that
need not be users of the high-altitude balloon network. For example, a city government could
initiate an advance bandwidth request in advance of a music concert that counld be scheduled
for an upcoming evening at a stadiom within the city limits. The advance bandwidth request
could imply an increased bandwidth need 1o and avound the stadium during the music concert
even if the city government itself is not 3 user of the balloon network.

{60114} Determining the projected change in bandwidth demand could also be
performed in an implicit manner based on available information. For cxample, a city
government or other entity could publish an ‘events calendar’ that counld be publicly available
{e.g., via print media, a website, or social media). A controller of the balloon network could
determine the projected change in bandwidth based on the publicly available information.
For instance, the controller of the balloon network may anticipate greater than average
bandwidth needs based on an upcoming public festival or air show and may anticipate fower

than average bandwidth needs on days without many large events.
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160115} Some embodiments inclade determining the projected change in
bandwidth demand by using inference techniques. For example, if for the last 10 Friday
nights in a row there has been greater than average demand for bandwidth near a stadium, the
controlier of the balioon network may infer or project that the next Friday night will also
inchude a greater than average demand for bandwidth near the stadium and so determine an
imcreased need for bandwidth near that place at that time,

[80116] Advance bandwidth requests could include “standing requests’, which
could be made by any individual or entity. The standing requests could nchude a projected
change in bandwidth demand at a specified location based on one or more contingencies, For
example, a media organization or an cmergency services provider could make a standing
request for a projected bandwidth at a future, unknown Jocation of a natural disaster {(e.g.,
fire, earthquake, flood, cic.). Upon a natural disaster occurring at a location, the high-altiude
balloon network could act responsively so as to provide the bandwidth demanded at the
location of the natural disaster in an cffort to fulfill the standing request.

186117} Determining & projected change in bandwidth demand could be
performed on an as-ueceded basis,  Aliernatively or additionally, the deterroinations of
projected changes in bandwidth demand could be made periodically or on an on-going basis
i respounse to, for instance, real-time bandwidth needs. Such determinations also could be
triggered automatically by various events. For instance, if a natural disaster occurs at g
particular location, g service provider controlling the high-altitude balioon network could
automatically determine a projected change in bandwidth demand for the particular location.
Further, the service provider could specify a priority level (e.g., emergency priority-level
access ), which will be described below in more detail,

{68118} Random, but similar, events could also trigger a determination of a

projected change in bandwidth demand. For example, a disaster event such as a fire could
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happen at any time at any location. Based on publicly accessible information (e.g., from
news sources, social media, the Internet), an inference could be made about a projected
change in bandwidth demand due to the specific fire location and specific fire size. For
instance, a controller of the balloon network could monitor news reports for the location of a
disaster event (which may suggest the number of individuals affected by the disaster due to,
for instance, local population density) and the extent of the disaster {e.g., earthquake
magnitude on the Richter scale, number of fire stations responding to a five, ete.). Based on
the information, an inference could be made regarding a possible bandwidth demand near the
tocation of the disaster event. The countroller may form an inference based on various
information. For instance, the controller could have a historical record of bandwidth needs
regarding stmilar disasters affecting simoilar number of individuals. Based on the historical
record of bandwidth needs, the controller could make inferences regarding a projected change
of bandwidth derand that could correspond to historical bandwidih needs from similar
disaster events in the past.

180119] Step 604 includes repositioning ouc or more balloons in a high-altitude
halloon network based the projecied change in bandwidth demand. The one or more balloons
could be similar or identical to balloon 300 described in reference to Figure 3. The high-
altitude balioon network could be similar or identical to the balloon network described in
reference o Figures 1, 2, and 4.

166126] Repositioning the one or more balloons could include controlling the
balloons to move with respect to other balloons in the balloon network and/or with respect to
a geographic position, such as the specified area, based on the projected change in bandwidth
demand. In an example embodiment, the one or more balloons could be operable to move in
relation to one another and/or a geographic position by changing altitade so as to move
toward a particular relative and/or absolute position. For instance, wind direction could vary
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depending upon altitude. Thus, by adjusting altitude, the one or more balloons could be
directed to move towards a particular relative and/or absolute position. Other means of
repositioning the one or more balloons are possible.

[B8121] Repositioning the balloons could be based on the projected change in
bandwidth demand in a specified area during a specified foture time period. For example, if
the specified fature time period s months in advance, no immediate action need be taken
upon determining the projected change in bandwidth demand. In such a case, a repositioning
command could be carried out at a later time. The repositioning may also be dependent upon
the specified area. If the projected change in bandwidth demand is higher than a
predetermined threshold, repositioning could be performed so as to increase the local density
of balloons near the specified arca. In other words, the balloons could form a local ‘cloomy’
over the specified arca based on the projected change in bandwidth demand. Counversely, if
the projected change n bandwidth demand is less than a predetermined threshold, the
repositioning could decrease the local density of balloons near the specified area.

1086122} Repositioning the balioons could be performed using commands to the
halloons to mwove to specific locations and/or in specific directions.  [n an cxample
cmbodiment, balloons cutside comnwmnication range of the specified location could be
directed to move toward the specified location in an effort to provide rescurces in order to
provide the bandwidth demanded in the specified location. In another embodiment, balloons
could be assigned a virtual attraction or repulsion force to one another based on the area over
which they fly. For example, as balloons pass substantially over the specified location, g
virtual attraction force could be increased so that higher densities of balloons naturally form
over the specified location.

166123} Alternatively, a controlier of the high-altitude balloon network could

adiust a3 ‘goodness’ function of the airspace substantially over the specified location in a
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reinforcement-type learning setting. The ‘goodness’ function could reflect the principle that,
all things being equal, it is better to be over certain geographic areas than others. In other
words, the controller could control the balloon petwork by assigning different “desirabilities”
to various geographic areas and/or regions of airspace. Balloons in the balloon network may
be ‘rewarded’ for moving into a more ‘desirable’ airspace.

{88124} Repositioning the balloons could oceur once (e.g., sending a single
command to a balloon to move near the specified location at the specified time period).
Alternatively, the repositioning could occur continuously upon determining 8 projected
change in bandwidth demand, throagh the specified fohure timne period, and for some time
after the specified futare time period. For example, upon determining a projecied change in
bandwidth demand, balloon repositioning may need to coromence immediately (and continue
at least until the heginning of the specified future time period) so as 1o prepare for the future
bandwidth demand 1u the specified area.

{00125] Farther, in order to satisfy at least part of the bandwidth demand of the
specified arca during the specified time period, balloons could be repositioned dynamically
hased on, for instance, wind currents over the specified area. In such cases, new balloons
may be repositioned to join a “clump’ over the specitied area during the specified time period,
while other balioons may feave the ‘clump’ (e.g., because prevailing winds blew them out of
the area).

160126} After the specified time period, balloons may be repositioned in order
to return to a8 previous balloon configuration, density, or other coverage arrangement. Other
ways of repositioning balloons in a high-altitude balloon network are possible within the
context of the disclosure.

166127} Step 606 could inciude providing, using the one or more balioons in
the high-altitude balloon network, at least a portion of the bandwidth demanded in the
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specified area during the specified future time period. Providing the demanded bandwidth
could represent providing a specific amount of data throughput, communication services,

internet access, download capability, or bit rate, among other examples,

180128] In some embodiments, the determination of a projected change in
bandwidth demand could specify a target user and/or a priority level.  Accordingly, the

method could provide at least a portion of the bandwidth demanded in the specified arca
during the specified future tirne period to a specified target user and/or based on the priority
Jevel.

160128] A target user could be a specific individual or 4 group of individuals.
A target user could also represent users in a specific area or within a specific bwilding. Other
types of target users are possible,

{00136 The priority tevel could represent, for instance, an emergency or non-
emergency priority. In other words, in an cmergency situation, a determivation could be
made relating 10 a projected change in bandwidth demand with an “emergeney’ priority level,
Accordingly, balloons near the specified arca where the bandwidth 15 needed could provide
services prefercntially (or only) to those with specific ‘eruergency’ priority-level access.
‘Emergency’ priority-level access could be provided to first-responders, fire-fighters, police,
dispatchers, other emergency personnel, news organizations, witnesses, or survivors, ete.

Additionally or alternatively, the priority level could be associated with various
pricing fevels (e.g., pay & higher rate for priority access to Internet bandwidth, ctc.). For
example, a basic level of communication serviges {(e.g., limited download speeds, capped
bandwidth, etc.) could be provided by the high-altitude balloon network for a basic fee. For
an increased rate, a ope-time payment, or another form of compensation, a higher fevel of

services could be provided. The higher level of services could represent access to, or
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privileges for, higher data rates, removal of data cap amounts, etc. Other types of priority
levels are possible.

166131} Fxample methods, such as method 600 of Figure 6, may be carried out
in whole or in part by one or more balloons and their respective subsystems. Accordingly,
example methods could be described by way of example herein as being implemented by the
balloon. However, it should be understood that an example method may be implemented n
whole or in part by other computing devices. For example, an example method may be
implemented in whole or in part by a server system, which receives data from the balloon or
from elsewhere.  Other examples of computing devices or combinations of computing
devices that can implement an example method are possible.

[88132] Those skilled 1o the art will understand that there are other similar
methods that could describe determaining a projected change in bandwidth demand in a
specified arca during a specified future time period, repositioning one or roore balloons in a
high-altitude balloon wvetwork based on the projected change in bandwidth demand, and
providing at least a portion of the bandwidth dernanded in the specified arca during the
specified future period of time. Those similar methods are implicitly conteraplated hercin.

100133 In some embodiments, the disclosed methods may be implemented as
computer progran: instructions encoded on a non-transitory computer-readable storage media
in a machine-readable format, or on other non-transitory media or articles of manufacture.
Figure 7 is a schematic illustrating a conceptual partial view of an example computer
program product that includes a computer program for executing a computer process on a
computing device, arranged according o at least some embodiments presented herein.

941341 In one embodiment, the example computer program product 700 is
provided using a signal bearing medivm 702, The signal bearing medium 702 may inchude
one or more programming instructions 704 that, when executed by one or more processors

-38 -
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may provide functionality or portions of the functionality described above with respect o
Figures 1-6. In some examples, the signal bearing medium 702 may encompass a computer-
readable medinm 706, such as, but not limited to, 8 hard disk drive, a Compact Disc (CD), a
Digital Video Disk (DVD), a digital tape, memory, etc. In some implementations, the signal
bearing medium 702 may encompass a computer recordable mediom 708, such as, but not
Himited to, memory, read/write (R/W) CDs, R/W DVDs, etc.  In some implementations, the
signal bearing mwedium 702 may encompass a commumications mediam 710, such as, but not
hmited to, a digital and/or an analog commumication medium (e.g., a fiber optic cable, a
waveguide, a wired communications link, a wireless communication hink, etc.). Thus, for
example, the signal bearing medium 702 may be conveyed by a wireless form of the
comununications roedium 710,

[60135] The one or more prograrmming instructions 704 roay be, for example,
computer executable and/or logic implemented instructions. In some examples, a computing
device such as the computer systera 312 of Figure 3 may be configured to provide various
operations, functions, or actions in response to the programmnung jastructions 704 conveyed to
the computer system 312 by one or more of the computer readable medium 706, the computer
recordable medium 708, and/or the communications medium 710,

{60136} The non-transitory computer readable medium could also be
distributed among multipie data storage clements, which could be remotely located from each
other, The computing device that executes some or all of the stored instructions could be a
device, such as the balioon 300 shown and described in reference to Figure 3. Alternatively,
the computing device that executes some or all of the stored instructions could be another
computing device, such as a server.

166137} The above detailed description describes various features and functions

of the disclosed systems, devices, and methods with reference to the accompanying figures.
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While various aspects and embodiments 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

Himiting, with the true scope being indicated by the following claims.
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CLAIMS
What is claimed is:

1. A method, comprising:

determining 2 projected change in bandwidth demand in a specified area during 8
specified future time period;

repositioning one or more balloons in a high-altitude balioon network based on the
projected change in bandwidth demand; and

providing, using the one or more balloons in the high-altitude balloon network, at
least a portion of the bandwidth demanded in the specified area during the specified

future time period.

2. The method of claim 1, wherein determining the projected change in bandwidth

demand comprises receiving an advance bandwidth request.

3. The method of claim 1, wherein determining the projected change in bandwidth
demand comprises determining the projected change in bandwidth demand based on at least

ong of: a natural disaster, an event, and a historical record of bandwidth demand.

4. The method of claim 1, wherein determining the projocted change in bandwidth

demand comprises inferring a bandwidth demand based on available information.

5. The method of claim 1, wherein the projected change in bandwidth demand comprises
at least onc specified target user, wherein providing the at feast a portion of the bandwidth

demanded in the specified area during the specified future time period further comprises
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providing the at least a portion of the bandwidth demanded in the specified area during the

specified firture time period to the at least one specified target user.

6. The method of claim 1, wherein the projected change in bandwidth demand comprises
a specified priority level, wherein providing the at least a portion of the bandwidth demanded
in the specified arca during the specitied future tirse period further comprises providing the at
teast a portion of the bandwidth demanded in the specified area duning the specified futore

time period based on the specified prionty level.

7. The method of claim 1, wherein repositioning the one or more balloons in the high-
altitude balloon network coraprises controlling a target balloon network density in the high
altitude balloon network substantially over the specified area based on the projected change

in bandwidth demand and the specified future time period.

8. The method of claim 1, wherein repositioning the one or more balloous in the high-
altitude balloon network comprises causing a plurality of balloouns i the high-altitude balloon
network to clump together substantially over the specified arca based on the projected change

in bandwidth demand and the specitied future time period.

9. A system, comprising:
at least one balloon, wherein the at least one balloon is in a high-altitude balioon
network;
a controller, wherein the controlier is configured to:
i) determine a projected change in bandwidth demand in 3 specified area
during a specified future time period; and
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it} control a respective position of the at least one balloon based on the
projected change in bandwidth demand;
wherein the at least one balloon is configured to provide at least a portion of the

bandwidth demanded in the specified area during the specified future time period.

10. The system of claim 9, wherein the coutroller s further configured to receive an
advance bandwidth request and determine the projected change in bandwidth demand based

on the advance bandwidth request.

t1. The system of claim 9, wherein the controller is configured to determine the projected
change n bandwidth demand based on at least one of: & natural disaster, an event, and a

historical record of bandwidth demand.

12. The systern of claira 9, wherein the controller is coufigured determine the projecied
change i bandwidth demand based on an jnferred bandwidth demand, wherein the inferred

bandwidth demand 18 based on available mformation.

13, The system of claim 9, wherein the projected change in bandwidth demand comprises
at feast one specified target user, whercin the at least one balloon is further configured to
provide the at least a portion of the bandwidth demanded in the specified arca during the

specified future time period to the at least one specified target user.

14. The system of claim 9, wherein the projected change in bandwidth demand comprises

a specified priority level, wherein the at least one balloon is further configured to provide the
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at least a portion of the bandwidth demanded in the specified area during the specified future

time period based on the specified priority level.

15. The system of claim 9, wherein the controller is further configured to control a target
balloon network density in the high altitude balloon network substantially over the specified

arca based on the bandwidth demanded and the specified future time period.

I6. A non-transitory computer readable medium having stored therein instructions
executable by a computer system to cause the computer system to perform functions, the
functions comprising:

deterroining a projected change in bandwidth demand in a specified area during a
specified future time period;

causing a controller to reposition one or more balloons in a high-ahitude balloon
network based on the projected change in bandwidth demand; and

causing the oue or more balloons in the high-aliitude balloon network to provide at
lcast a portion of the bandwidth demanded in the specified arca during the specified

future time period.

17. The non-transitory computer readable medium of claim 16, wherein determining the

projected change in bandwidth demand comprises receiving an advance bandwidth request,

1&. The non-transitory computer readable medium of claim 16, wherein determining the
projected change in bandwidth demand comprises determining the projected change in
bandwidth demand based on at least one oft a natural disaster, an event, and a historical

record of bandwidth demand.
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19. The non-transitory computer readable medium of claim 16, wherein determining the
projected change in bandwidth demand comprises inferring a bandwidth demand based on

available information.

20. The non-transitory computer readable medium of claim 16, wherein the projected
change in bandwidth demand comprises at least one specified target user, wherein causing the
one or more balloons in the high-altitude balloon network to provide the at least a portion of
the bandwidth demanded in the specified area during the specified future time period further
comprises causing the one or more balloons in the high-altitude balloon network to provide
the at least a portion of the bandwidth demanded in the specified area during the specified

future tirae period to the at least one specified target user.

21. The von-transitory computer readable roedium of clairn 16, wherein the projecied
change 1o bandwidth derand comprises a specified priority level, wherein causing the one or
more balloons in the high-altitude balloon network to provide the at least a portion of the
bandwidth demanded in the specified arca during the specified future time period further
comprises causing the one or more balloons in the high-altitude balloon network to provide
the at least g portion of the bandwidth demanded in the specified area during the specified

future time period based on the specified priority level.

22. The non-transitory computer readable medmum of claim 16, wherein causing a
controlier to reposition one or more balloons in a high-aititude balioon network based on the

projected change in bandwidth demand comprises controlling a target balloon network
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density in the high altitude balioon network sabstantially over the specified area based on the

bandwidth demanded and the specified future time period.

23. The non-transitory computer readable medium of claim 16, wherein causing a
controlier to reposition one or more balloons in 8 high-aititude balioon network based on the
projected change in bandwidth demand comprises causing a plurality of balloons to clump
together substantially over the specified area based on the bandwidth demanded and the

specified fiture time period.
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