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Balloon-Based Posttioning System and Method

BACKGROUND

{66801] Usnless otherwise indicated herein, the materials described in this section are
not priov art to the claims in this application and are not admitted to be prior art by inclusion
in this section.

{8802] Mauny positioning systems exist that belp determine 8 position of a device
One of the most commonly used positioning systems is the Global Positioning System {GPS),
which is maintained by the United States government. The GPS 1s a satcliite-based system
that provides positioning information to ground-based receivers located throughout the world.
The GPS include a flect of thirty-two atomic clock satellites. Each satellite orbits the carth
and broadcasts a signal containing satcliite-positioning data for the respective satellite. A
given receiver then receives signals from different satellites, and processes the collective
satcliite-positioning data contained therein to determine the receiver’s position. However, for
a varicty of reasons, the receiver may be unable to receive one or more of these signals, or it
may teccive signals that have been distorted.  As a result, receivers are often unable to

accurately determing their position. Accordingly, iraproved positioning systems are desired.
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SUMMARY

{6003] In onc aspect, a system includes at least three balloons, with each balloon
inchuding a position-determining module (PDBM) and a position-broadeasting module (PBM).
Each PDM i3 configured for determining a position of the respective balloon and each PBM
is configured for broadcasting a balloon signal containing balloon-positioning data of the
respective balloon. The balloon-positioning daia includes the determined position of the
respective balloon and a corresponding time of broadeast.

{8004] In another aspect, a system includes at least three balloons, with each balloon
including a position-determining module (PDM) and a position-broadcasting module (PBM).
Each PDM includes a GPS receiver, and is contfigured for (i) receiving at least three satellite
signals, cach satellite signal from a respective one of at least three satellites, and each satellite
signal including satellite-positioning data of the respective sateliite, and (4) determining a
position of the respective balloon bascd on the satellite-positioning data of the at least three
satellites. Each PBM is configured for broadeasting a balloon signal containing balloon-
positioning data of the respective balloon.  The balloon-positioning data mchudes the
determined position of the respective balloon and a corresponding time of broadcast.

18005} In 2 further aspect, a system includes at least three balloons, with cach balloon
meluding a position-determining modale (PDM) and a position-broadcasting module (PBM).
Fach PDM is configured for determining a position of the respective balioon. One balloon of
the at least three balloons is a first balloon, and the PDM of the first balloon is a first PDM.
The fivst PDM 15 configured for determining a position of the first balloon based on a
ground-station and a celestial object. FEach PBM is configured for broadeasting a balloon
signal containing balloon-positioning data of the respective balloon. The balloon-positioning
data includes the determined position of the respective balloon and a corresponding time of

broadeast.
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{6806] In a further aspect, a method includes (i) determining a first position of a first
balloon in a balloon network, (31} determining a second position of a second balloon in the
balloon network, (iiiy determining a third position of a third balloon in the balloon network,
{(iv) broadcasting a first balloon signal, the first balloon signal including the determined first
position and a corresponding time of broadeast, (v) broadcasting a second balloon signal, the
second balloon signal including the determined second position and a corresponding time of
broadeast, and (vi} broadcasting a third balloon signal, the third balloon signal including the

determined third position and a corresponding time of broadeast.
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BRIEF DESCRIPTION OF THE FIGURES

{8807] Figure 1 is a simphified block diagram illustrating a balleon setwork,
according to an example embodiment.

{8808] Figure 2 is a block diagram ilhustrating a balloon-network control system,
according to an example embodiment.

{8809 Figwre 3 is 2 simplified block diagram iliusirating a bigh-altitude balloon,
according to an example embodiment.

{6818] Figure 4 18 a simplified block diagram illustrating a balloon network that
includes super-nedes and sub-nodes, according to an example embodiment.

{8811] Figure S is a simplified biock diagram of a balloon-based positioning system,
according to an example embodiment.

{8812] Figure 6 is a simplified block diagram of a balloon-based positioning system
that uses a GPS-based technique to determine a balloon position, according to an example
embodiment.

{6813] Figure 7 1s a simplified block diagram of a balioon-based positioning system
that uses a survey-based fechnigue to determine a balloon position, according to an exanple
embodiment.

{8814} Figure R is a simplified block diagram of a balloon-based positioning system
that uses a relative-based technigue to detormine a balloon position, according to an cxample

embodiment,
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DETAILED DESCRIPTION

{8015] Hlustrative cmbodiments of 2 balloon-based positiening system are described
herein and are not meant to be lhimiting. Othor embodiments may be utilized, and other
changes may be made, without departing from the spirit or scope of the subject matter
presented herein. It will be readily wmderstood that the aspects of the present disclosure, as
generally described herein, and illustrated in the figures, may be arranged, substituted,
combined, separated, and designed in a wide variety of different configurations, all of which
are contemplated herein.

i Overview

{8816] Hmbodimenis of a balioon-based positioning sysicm may be integrated with s
balloon data network that includes a phirality of balloons; for example, a mesh network
formed by high-altitade balloons deployed in the stratosphere.  Since winds in the
stratosphere may affoct the positions of the balloons in a differeniial manner, cach balloon in
a network may be configured to change its horizontal position by adjusting its vertical
position (i.e., altitude). For instance, by adjusting s alitude, a balloon may be able find
winds that will carry it horizontally (e.g., latitudinally and/or longitudinally) to a desired
horizontal location.

{88171 In one balloon network, balloons may move latitudinally and/or longitudinally
relative to one another so as to form a desired topology. However, keeping an individual
balloon at a specific location may be difficult duc to winds, and possibly for other reasons as
well.  Accordingly, the desired topology may define a relative framework and/or rules for
positioning of balloons relative to one another, such that balloons can move with respect to
the ground, while maintaining the desired topology. Thus, at a given location on earth, the

particular balloon or balloons that provide service may change over time.
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{6818] Onc embodiment of a balloon-based positioning system mcludes a plurality of
balloons with cach balloon having a position-determining module (PDM) and =
position-broadcasting module (PBM). Each PDM is configured for determining a position of
the respective balloon, and each PBM is configured for broadcasting a balloon signal
containing balloon-positioning data.  The balloon-positioning data ncludes the determined
position of the respective balioon and a corresponding time of broadeast {i.¢., indicating when
the balloon signal was broadeast). The system also includes a groumd-based receiver that is
configured to receive these balloon signals and determine its position based on the collective
balloon-positioning data contained thereiu.

{8819] A PDM may be configured in a variety of manuers fo determing a position of
the vespective balloon. In one embodiment, a PDM may be configured to determine the
position based on satellite-positioning data reccived from GPS satelltes.  {o avother
embodiment, a PDM may be configured to determine the position based on a survey point
such as a ground-based station and/or a celestial object. In another embodiment, a PDM may
be configured 1o determine the position based on a relative position of the respective balloon
with respect to another balloon.

{8628] Hmbodimenis of a balloon-based positioning system may provide scveral
advantages. As one example, the typical distance from a balloon to a ground-based receiver
is relatively short, as compared to for example, the typical distance from a GPS satellite to a
ground-based receiver. As a result, balloon signals are likely to be stronger, and arc more
likely to reach receivers, as compared to in a parallel GPS scenario.

{6821] As another example, the balloons are positioned bencath the ionosphere. Asa
result, the balloon signals need not traverse the ionosphere to reach ground-based receivers,
and therefore they may avoid refraction-based interforence that is caused by the ionosphere.

Again, this means that balloon signals are likely to be stronger, and are more hikely to reach
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receivers, as compared to in a parallel GPS scenario where satellite signals traverse the
ionosphere.

18022} Notably, o minimize the eoffects of refraction-based interference, saiellite
signals are typically broadeast simubancously on two different channel frequencics. Since
balloon signals avoid this type of interference, they may be broadeast on a single channel
frequency. Among other things, this allows receivers to be less complex, as compared {o
those used in the GPS that must be configured to receiver signals on multiple channels,

{8023] While not necessary, some embodiments of a balloon-based positioning
system may include a large number of balloons, including thousands, tens of thousands, or
more. These embodiments provide a forther advantage of increasing the likelihood that a
given receiver will have a divect line-of-sight with one or more of the balloons. Accordingly,
halloon signals are more likely to reach receivers, as compared to in a paralie] GPS scenario
where the GPS is limited by its flect of thirty-two sateliites.

{8824] It should be appreciated that the advantages provided above are merely
examples and are non-limiting. Embodiments of a balivon-based positioning system may
provide additional advantages, such as those described i greater detall throughout this
disclosure, and/or those that would be apparent to one of ordinary skill in the art.

2. Example Balloon Networks

{8825] In some emboediments, @ high-altitude-balloon network may be bomogenous.
That is, the balloons in a high-altitude-balioon network could be substantially similar to cach
other in one or more ways. More specifically, i a homogenoos high-altitade-balloon
network, each balloon is configured to commumicate with nearby balloons via free-space
optical links., Further, some or all of the baloons in such a network, may also be configured
communicate with groond-based station(s) using RF commumnications. {(Note that in some

embodiments, the balloons may be homogenous in so far as cach balloon is configured for

-7 -



WO 2014/051829 PCT/US2013/050493

frec-space optical commmunication with other balloons, but heterogeneous with regard to RF
communications with ground-based stations.)

18026} In other embodiments, a high-aititude-balloon network may be heterogeneous,
and thus may nclude two or more different types of balloons. For example, some balloons
may be configured as super-nedes, while other balloons may be configured as sub-nodes.
Some balloons may be configured to funciion as both a super-node and a sub-node. Such
balloons may function as cither a sgper-node or a sub-node at 3 particolar time, or,
alternatively, act as both simultaneously depending on the context. For mstance, an example
balloon could aggregate scarch requests of a first type to transmit to a ground-based station.
The example balioon could also send scarch requests of a second type to another balloon,
which could act as a super-node in that context.

{8827] In such 2 configuration, the super-node balloons may be configured to
cotmmunicate with nearby super-node balloons via frec-space optical links. However, the
sub-node balloons may not be configured for free-space optical communication, and may
mstead be configured for some other type of conmmunication, such as RF communications. In
that case, a super-node may be further configured to commumicate with sub-nodes using RF
communications. Thus, the sub-nodes may relay communications between the super-nodes
and one or more ground-based stations using RF communications. In this way, the super-
nodes may collectively function as backhaul for the balloon network, while the sub-nodes
function to relay conununications from the super-nodes to ground-based stations.  Other
differences could be present between balloons in 8 heterogencous balloon network.

{6828] Figwe 1 is 8 simplified block diagram illustrating a balloon network 109,
according to an examplic embodiment. As shown, balloon network 100 inclodes balloons
102A to 102F, which are configured to commmicate with one another via free-space optical

links 104. Balloons 1024 to 102F could additionally or alternatively be configured to
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commumicate with one another via RF hinks 114, Ralloons 102A 10 102F may collectively
function as a mesh network for packet-data covvnumications. Further, balloons 102A to 102F
may be configured for RF communications with ground-based stations 106 and 112 via RF
links 108. In another example embodiment, balloons 162A to 102F could be configured to
communicate via optical link 110 with ground-based station 112,

{6029] In an cxample embodiment, balloons 102 A to 102F are high-altitude balloons,
which are deployed in the stratosphere. At moderate latitudes, the stratosphere nclodes
altitudes between approximately 10 kilometers (k) and 50 km altitade above the surface.
At the poles, the stratosphere starts at an altitude of approximately 8 km. In an example
embodiment, high-altitude 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
{roph}).

{8438} More specifically, in a high-altitude-balloon network, balloons 102A to 102F
may generally be configured to operate at altitudes between 17 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 mild wind and twbulence (e.g., winds
between 5 and 20 miles per hour (toph}). Further, while the winds between 17 konand 25 km
may vary with latitade and by season, the variations can be modelled in a reasonably accurate
manner. Additienally, altitudes above 17 km are typically above the maxuoum flight level
designated for commercial air traffic. Therefore, interference with commercial flights is not a
concern when balloons are deployed between 17 km and 25 km.  Additional advantages
relating to this altitude range, particularly in connection with positioning-related features, are
discussed in greater detail below.

{80311 To transmit data to ancther balloon, a given balloon 102A to 102F may be

contigured to transmit an optical signal via an optical ink 104, In an example embodiment, a
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given balloon 1024 to 102F may use one or more high-power light-emitting diodes {LEDs)
to transmoit an optical signal.  Abernatively, some or all of balloons 102A to 102F may
inchide laser systems for free-space optical communications over optical links 104, Other
types of free-space optical communication are possible.  Further, n order {0 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.

{6032} In a further aspect, balloons 107A to 102F may utilize one or more of various
different RF atr-tnterface protocels for commmunication with ground-based stations 106 and
112 via RF links 108. For instance, some or all of balloons 1024 to 102F may be configured
to commmumicate with ground-based stations 106 and 112 using protocols described in [EEE
R02.11 (inchading any of the IEEE 802.11 revistons), various cellular protocols such as GSM,
CDMA, UMTS, EV-DO, WIMAX, and/or LTE, and/or onc or more propriety protocols
developed for balloon-to-grovnd RF communication, among other possibilities.

{6833] In a further aspect, there may scenarios where RF hinks 108 do not provide a
desired link capacity for balloon-to-ground comuwmications. For instance, increased capacity
may be desirable to provide backhaui hinks from 3 ground-based gateway, and in other
scenarios as well. Accordingly, an example network may also inclade downlink balloons,
which could provide a high-capacity air-ground link.

{8034} For example, in balloon network 100, balicon 102F could be configured as a
downlink balloon. Like other balloons in an example network, a downlink balloon 102F may
be operable for optical commumication with other balloons via optical links 104, Howeves,
downlink balloon 102F may also be configured for frec-space optical communication with a

grovind-based station 112 via an optical Hok 110, Optical hnk 110 may therefore serve as a
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high-capacity link (as compared to an RF hink 108) between the balloon network 100 and a
groumnd-based station 112,

{8835] Note that in some implementations, 8 downlink balioon 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-groumnd communications.
Further, while the arrangement shown in Figure 1 includes just one downlink balloon 102F,
an example balloon network can also inchude multiple downlink balloons. On the other hand,
a balloon network can also be implemented without any downlink balloons.

{8036] In other implenentations, a downhnk balloon may be equipped with #
specialized,  high-bandwidth RF  commuupication systern  for  baloon-to-ground
communications, stead of, or n addition to, & free-space optical communication system.
The high-bandwidth RF conwsunication systeme may take the form of an ultra-wideband
system, which provides an RF link with substantially the same capacity as the optical finks
104, Other forms are also possible,

{6837] Balloons could be configured to establish a communication link with space-
based satellites in addition to, or as an alternative to, a ground-based communication link,

18038} Ground-based stations, such as ground-based stations 106 and/or 112, may
take various forms. Generally, a ground-based station may nclode 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 comnprunicate with a balloon 102A to 102F ogver an RF hink 108, As such,
ground-based stations 106 and 112 may be configured as an access pomt with which various
devices can connect to balloon network 100, Ground-bascd stations 106 and 112 may have
other configurations and/or serve other purposes without departing from the scope of the

mvention.
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{8038] Further, some ground-based stations, such as ground-based stations 106 and
112, may be configured as gateways botween balloon network 100 snd one or more other
networks. Such ground-based stations 106 and 112 may thus serve as an intorface between
the balloon network and the Intemet, a cellular service provider’s network, and/or other types
of networks.,  Variations on this configuration and other configurations of groumd-based
stations 106 and 112 are also possible.

2a)  Mesh Network Functionality

{8048] As noted, balloons 102A to 102F may collectively function as a mesh
network, More specifically, since balloons 102A to 102F may comounicate with one
another using free-space optical links, the balloons may coliectively function as a frec-space
optical mesh network,

{8841] In a mesh-network configuration, cach balloon 102 A to 102F may function as
a node of the mesh network, which is operabie to receive data directed to #t 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 source balloon and the
destination balloon. These optical links may be collectively referred 1o as 2 “lightpath” for
the connection between the source and destination balloons. Further, each of the optical links
may be referred to as a “hop” on the lghtpath.

{8842] To oporate as a mesh notwork, balloons 102A to 102F may employ varicus
routing techuiques and self-healing algorithms. In some cmbodiments, a balloon network
100 may employ adaptive or dynamic routing, where a lightpath between a sowree 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 lightpath may be detormined
dynamically depending upon the current state, past state, and/or predicted state of the balloon

network.
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{6843] In addition, the network topology may change as the balloons 102A to 102F
move 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,
balloon network 100 may employ and/or adapt various techmiques that are employed in
mobile ad hoe networks (MANETSs). Other examples are possible as well.

{8844] In some implementations, a balloon network 100 may be configired as a
transparent mesh network, More specifically, in a transparent balloon network, the balloons
may include components for physical switching that is entively optical, without any clectrical
operations involved in physical routing of optical sigpals.  Thus, in a transparent
contiguration with optical switching, signals travel through a multi-hop lightpath that s
entirely optical.

{B845] In other implemeniations, the balloon network 100 may implement a free-
space optical mesh network that is opaque. In an opagoe configuration, some or all balloons
102A to 102F may implement optical-electrical-optical (OEQ}) switching. For example, some
or ail balloons may include optical cross-connects (OXCs) for OEQ conversion of optical
signais. Other opaque configurations arc also possible. Additionally, network configurations
are possible that include routing paths with both transparent and opaque sections.

{8046] 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 s 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 euntirely optical, it may be

necessary to assign the same wavelength for all optical links on a given lightpath.
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{8047] An opaque configuration, on the other hand, may avoid the wavelength
continuity constraint.  Fo particular, balloons in an opague balloon network may include the
OEQ switching systems operable for wavelength conversion.  As a resulf, balloons can
convert the wavelength of an optical signal at cach hop along a Hghtpath.  Alicrnatively,
optical wavelength conversion could take place at only selected hops along the Hightpath.

{8048} Further, various routing algorithms wmay be omployved in an opaque
configuration. For example, to determine a primary lightpath and/or one or more diverse
backup lightpaths for a given connection, example balloons may apply or consider shortest-
path routing technigues such as Dijkstra's algorithie and k-shortest path, and/or edge and
node-diverse or disjoint routing such as Swwballe’s aigorithm, among others. Additionally or
alternatively, techniques for maintaining a particular Quality of Service (QoS) may be
cmploved when determining a hightpath. Other techniques are also possible,

2By  Statien-Keeping Functiopality

{8848] In one embodiment, a balloon network 100 may implement station-keeping
fimctions to help provide a desired network topology. For example, station-keeping may
involve cach balloon 1024 to 102F maintaining and/or moving intoe a cortain position relative
to one or more other balicons o the network {and possibly in a certain position relative to the
ground). As part of this process, cach balloon 102A to 102F may implement station-keeping
functions to determine its desired positioning within the desired topology, and if necessary, to
determine how o move o the desired position.

{8858] 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 cases, a given balloon 10ZA to 102F may tmplement station-keeping
functions to position itself at substantially the same distance (or within a certain range of
distances) from adjacent balloons in the balloon network 100.

- 14 -
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{6851] In other cases, a balloon network 100 may have a non-uniform topology. For
nstance, example embodiments may involve topologies where balloons arca distributed more
or less densely in ceriain areas, for various reasons. As an example, to help meet the higher
bandwidth demands that are typical in veban arcas, balloons may be clustered more densely
over urban areas. For similar reasons, the distribution of balloons may be denser over land
than over large bodics of water. Many other examples of vpon-uniform topologics arc
possible.

{6852] In a firther 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 desived
topology of the network. For example, one or more balloons could move to new positions to
increase or decrease the deusity of balloors 1o a given arca. Other examples are possible.

{8853] In some embodiments, a balloon network 100 may employ an energy function
to determine if and/or how balloons should move to provide a desired topology. In particular,
the state of 2 given balloon and the states of some or all nearby balloons may be mput to an
engrgy function. The encrgy function may apply the current states of the given balloon and
the nearby balloons to a desired network staie (o.g., a state corresponding to the desired
topology). A vector indicating a desired movement of the given balloon may then be
determined by deterniuning the gradient of the cnergy function. The giver balloon may then
determing appropriate actions to take in order to effectuate the desired movement. For
example, a balloon may determine an altitude adjustment or adjustments such that winds will
move the balloon in the desired manner.

2¢} Control of Balicons in a Balloon Network

{8834] In some cmbodiments, mesh networking and/or station-keeping functions may

be cenralized.  For example, Figare 2 is a block diagram illustrating a balloon-network
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control system, according to an cxample embodiment. In particular, Figore 2 shows a
distribied control system, which includes a central control system 200 and a number of
regional control-systems 20ZA to 202B. Such a control systemn may 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 206A 10 2061

[B855] In the tllustrated embodiment, central conirel system 200 may be configured
to commumicate with balloons 206A to 2061 via number of regional control systems 202A o
202C.  These regional control systems 202A to 202C may be configired 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,
Farther, regional contrel systems 202A to 202C may be configured 1o route communications
from central control system 200 1o the balloons in thetr respective geographic arcas. For
instance, 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

51

yvatem 2028 may relay commumications and/or data between balloons 206D to 206F and
central control system 200, and regional control systera 202C may relay conmmunications
and/or data between balloons 206G to 2061 and central control system 20{.

{80561 In order 1o facilitate commumications between the central control system 200
and balloons 206A to 2061, certain balleons may be configured as downlink balloons, which
are operable to communicate with regional control systems 202A to 202C.  Accordingly,
each regional control system 202A to 202C may be configured to commaonicate with the
downlink balloon or balloons in the respective geographic area it covers. For example, n the
ithustrated embodiment, balloons 206A, 206F, and 2061 are configured as downlink balloons.
As such, regional control systems 202A to 202C may respectively communicate with
balloons 206A, 206F, and 2061 via optical links 206, 208, and 210, vespectively.
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{B8057] In the Hustrated configuration, where only some of balloons 206A to 2061 are
configured as downlink balloons, the balloons 206A, 206F, and 2061 that arc configured as
downlink bailoons may function to relay communications from central control system 200 to
other balloons in the balloon network, such as balloons 2068 to 206E, 206G, and 206H.
However, it should be onderstood that #t in some Implementations, it 18 possibie that all
balloons may function as downlink balloons. Further, while Figure 2 shows multiple
balloons configered as downlink balloons, it is also possible for a balloon network to include
only one downhink balloon.

{8058] Note that a regional comfrol system 202A to 202C wmay in fact just be
particular type of ground-based siation that is configured to conunumnicaie with downlink
balloons (e.g. the ground-based station 112 of Figure 1). Thus, while not shown in Figure 2,
& control systern may be implemented in counjunction with other types of ground-based
stations {e.g., access points, gatoways, ¢, ).

{B8858] In a centralized control arrangement, such as that shown in Figire 2, the
central control system 200 {and possibly regional control systems 202A to 202C as well) may
coordinate certain mesh-networking functions for balloon network 204, For exarople,
balloons 206A to 2061 may send the contral control system 200 certain state information,
which the central control system 200 may utilize to determine the state of balloon network
204. The statc mformation from a given balloon may include position data, optical-link
information {(¢.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 a link, etc.),
wind data collected by the balloon, and/or other types of information.  Accordingly, the
central control system 200 may aggregate state information from some or all the balloons

206A to 2061 in order to determine an overall state of the network.
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{8068] The overall state of the network may then be used to coordinate and/or
facilitate certain 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 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 lightpaths (and
possibly backup hghipaths) for conumunications through the balloon network 204,

{8861 In a further aspect, the central control system 200 {and possibly regional
conirol systems 2024 to 202C as well) may also coordinate certain station-keeping functions
for balloon network 204. For example, the central control system 200 may input state
information that is received from balloons 206A to 2061 to an encrgy function, which may
effectively compare the current topology of the network o a desired topology, and provide a
vector indicating a direction of movement (it any) for each balloon, such that the balloons can
move towards the desired topology.  Further, the central control systemn 200 may use
altitudinal wind data to determine respective altiiude adjustraents that may be mitiated to
achieve the movement towards the desired topology. The contral control system 200 may
provide and/or support other station-keeping fimctions as well,

{8862] Figure 2 shows a distributed arrangersent that provides centralized control,
with regional control systems 202A to 202C coordinating commumications between a ceniral
control system 200 and a balloon network 204, Such an arrangement may be usefol to
provide centralized control for a balloon network that covers a large geographic area. In
some embodiments, a disiributed arrangement may cven support a global balloon network
that provides coverage everywhere on carth. A distributed-control arrangement may be

useful in other scenarios as well.
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{6863] Further, 1t should be understood that other control-system arrangements are
possible. For instance, some implomentations may involve a centralized control system with
additional layers {¢.g., sub-region systems within the regional control systems, and so on).
Alternatively, control functions may be provided by a single, centralized, control system,
which commmumicates directly with one or move downlink balloons.

{8064} In some embodiments, 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 systems. In such an embodiment, all network control and coordination
functions may be implemented by the balloon network itself. For example, certain balloons
may be configured to provide the same or similar functions as central control systerm 200
and/or regional control systems 202A to 202C. Other examples are also possible.

{8865} Furthermore, control and/or coordination of a ballcon network may be de-
centralized. For example, each balloon may relay state information to, and receive state
mformation from, some or all newby balloons. Further, each balloon may relay state
information that it receives from a vearby balloon to some or all nearby balloons. When all
balloons do so, cach balloon may be able to individually determine the state of the network.
Alternatively, certam balloons may be designated to aggregate state mformation for a given
portion of the network. These balloons may then coordinate with one another 1o determine
the overall state of the network.

{B8866] Forther, 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, individual balloons may implement station-keeping functions that only consider
nearby balloons. In particular, each balloon may implement an energy function that takes

into account s own state and the states of nearby balloons. The energy fumction may be used
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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 a whole. 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.

{80671 As an example, each balloon A may receive distance information d; to dy with
respect to cach of its k closest neighbors. Each balloon A may treat the distance o each of
the k balloons as a virtual spring with a vector representing a force direction from the first
nearest neighbor balloon 1 toward balloon A and with force magnitude proportional to di. The
balloon A may sum cach of the k vectors and the summed vector 18 the vector of desived
movement for balloon A, Balloon A may attempt to achicve the desired movement by
controlling its altitude.

{8868] Alicmatively, this precess could assign the force magnitude of cach of these
virtual forces equal to d; x d), wherein dy is proportional to the distance to the second nearest
neighbor balloon, for instance.

{8069] In another embodiment, & similar process could be carried out for cach of the k
balloons and each balloon could transmoit #s planned movement vector to its local neighbors.
Further rounds of refinement to each balloon’s planned movement vector can be made based
on the corvesponding planned movement vectors of its neighbors. It will be evident to those
skilled in the art that other algorithms could be tmplemented in a balioon network n 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

{8878] Various types of balloons may be incorporated in an example balloon network.
As noted above, an example embodiment may utilize high-altitade balloons, which could

typically operate in an altitade range between 17 km and 25 km. Figore 3 shows a high-
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altitude balloon 300, according to an example embodiment. As shown, the balloon 300
includes an envelope 302, a skirt 304, a payload 306, and a cut-down system 308, which is
attached between the balloon 302 and payload 304.

{80711 The envelope 302 and skirt 304 may take varicus 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-flexible latex material or may be made of a rubber material such as
chloroprene. In one example embodiment, the envelope and/or skirt could be made of
metalized Mylar or BoPet. Other materials are also possible.  Further, the shape and sive of
the envelope 302 and skist 304 may vary depending upon the particular troplementation.
Additionally, the envelope 302 may be filled with various different types of gases, such as
helivm and/or hydrogen. Other types of gases are possible as well.

{8872] The payload 306 of balloon 300 may include a processor 312 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 mediom 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.

180731 The payload 306 of balloon 300 may alse include various other types of
equipment and systerms 1o provide a number of different fimetions. For example, payload 306
may inchude optical comnumication system 316, which may transuudt optical sigoals via an
ultra-bright LED system 320, and which wmay roceive optical signals via an optical-
communication receiver 322 {e.g., a photodicde receiver system). Fuorther, payload 306 may
melade an RF commmunication system 31%, which may transmit and/or receive RF
communications via an antenna system 340,

{8874] The optical commmmication system 316 and/or the RF commaonication system

318 are examples of communication systems that may include communication interfaces for
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communications between a balloon and other nodes in a balioon network, It should be
vonderstood  that other types of communication systems that provide other fypes of
communication interfaces are also possible, and may vary depending upon the particular
network implementation.

{88751 The pavicad 306 may also include a power supply 326 to supply power to the
various components of balloon 300, The power supply 326 could include 2 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
may include a solar power geoneration system 327, The solar power generation system 327
may include solar panels and could be used to gooerate power that charges and/or is
distributed by power supply 326.

{8876] Further, payload 306 may include various types of other systems and sensors
32% managed by a sensor system 33{. For example, payload 306 may inchlude one or more
video and/or still cameras, various motion sensers (e.g., accelerometers, magnetometers,
gyroscopes, and/or compasses), and/or various sensors for capturing enviroumental data.
Further, some or all of the compouents within payload 306 may be implemented n =
radiosonde or other probe, which may be operable to measure, e.g., pressure, altitude,
geographical position (latitude and longitude), temperature, relative humidity, and/or wind
speed and/or wind direction, among other information.

{B877] As noted, balloon 300 includes an ultra-bright LED systern 320 for free-space
optical conumunication with other balloons. As such, optical commumication system 316 may
be configured to transmit a free-space optical signal by modulating the ultra-bright LED
systern 32{}. The optical communication system 316 may be implemented with mechanical
systems and/or with hardware, firmware, and/or software. Generally, the manmner in which an

optical compumication system is implemented may vary, depending upon the particular
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application. The optical communication system 316 and other associated components are
described in further detail below,

{8678] The balloon may further include a GPS (or other positioning systom) receiver
342 that may process satellite of other types of signals received via the antenpa system 340.
The antenma 340 system may also be used to broadeast various types of signals. Further
discussion relating to receiving and broadcasting siguals, particularly in connection with
positioning-related features, is provided in greater detail below.

{6879 In a further aspect, balloon 300 may be configured for altitude control. For
instance, balloon 300 may include a variable buoyancy system, which is configured to change
the altitude of the balloon 300 by adjusting the vohlume and/or density 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 the envelope 302,

{B888] In an example embodiment, a variable buoyancy system may include a bladder
310 that is located mside of envelope 302, The bladder 310 could be an elastic chamber
configured to hold Hauid and/or gas. Alternatively, the bladder 310 need not be ingide the
envelope 302, For instance, the bladder 310 could be a ridged bladder that could be
pressurized well beyond neutral pressure. The buoyancy of the balloon 300 may therefore be
adjusted by changmg the density and/or vohume of the gas in bladder 310, 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 310, Further, to change the volume, balloon 300
may include pomps or other features for adding gas to and/or removing gas from bladder 310,
Additionally or alternatively, to change the volume of bladder 310, balloon 300 may include
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 bladders could be used to improve balioon stability,
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{8081} In an oxample embodiment, the envelope 302 could be filled with helium,
bydrogen or other Hghter-than-air material. The envelope 302 could thus bave an associated
gpward buoyancy force. Insuch an embodiment, air in the bladder 310 could be considered a
ballast tank that may have an associated downward ballast force. In another example
embodiment, the amount of air in the bladder 310 could be changed by pumping air {(e.g.,
with an alr compressor} into and out of the bladder 310, By adjusting the amount of air in the
bladder 310, the ballast force may be controlled. In some embodiments, the ballast force may
be used, 1n part, to counteract the buoyancy force and/or to provide altitude stability.

{8082 In ancther embodiment, & portion of the envelope 302 could be a first color
{e.g., black} and/or a first material from the rest of envelope 302, which may have a second
color {e.g.. white) and/or 3 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 o heat the envelope 302 as well as the gas inside the envelope 302, In this way,
the buoyancy force of the envelope 302 may merease. By rotating the balloon such that the
seccond material is facing the sun, the tomperature of gas inside the envelope 302 may
decrease.  Accordingly, the buoyancy force may decrease. In this manner, the buoyancy
force of the balloon could be adjusted by changing the temperature/volume of gas inside the
cuvelope 302 using solar energy. In such cmbodiments, it is possible that a bladder 310 may
not be a necessary cloment of balloon 30C. Thus, various contemplated embodiments,
altitude control of balloon 300 could be achieved, at least in part, by adjusting the rotation of
the balloon with respect 1o the san.

{8883 Further, a balloon 306 may include a navigation system (not shown). The
navigation system may implement station-keeping founctions fo maintain position within

and/or move to a position in accordance with a desired topology. In particular, the navigation
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system may use altitudinal wind data to determine altitudinal adjostments that result in the
wind carrying the balloon in 2 desired direction and/or to a desived location. The altitude-
conirol systern may then make adjustments to the density of the balloon chamber in order to
effectoate the determined altitudinal adjustments and cause the balloon to move laterally to
the desired direction and/ov to the desired location. Alternatively, the altitudinal adjustments
may be computed by 2 ground-based or satellite-based contref system and communicated o
the high-altitude balloon. In other embodiments, specific balloons in a heterogeneous balloon
network may be configured to compute ahliitudinal adjustments for other balloons and
transmit the adjustroent commands 1o these other balloons.

{60841 As shown, the balloon 300 also includes a cut-down system 308, The cut-
down systern 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,
connecting the payload 306 to the envelope 302 and a means for severing the connector {e.g.,
a shearing mechanism or an 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 michrome wire to beat it and melt the cord, cutting the paylead 306 away from the
envelope 302,

{8888] The cut-down functionality may be utibized anytime the payload needs to be
accossed on the ground, such as when i 18 time to remove balioon 300 from a balloon
network, when maintenance is due on systems within payload 306, and/or when power
supply 326 needs to be recharged or replaced.

{B886] In an altornative arrangement, a balloon may not mclade a cut-down system.
In such an arrangement, the navigation sysicm 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 groumd. Further, it 18 possible that a balloon may be self-sustaining, such that
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1t does not need 1o be accessed on the groond. o other embodiments, in-flight balloons may
be serviced by specific service balloons or another type of acrostat or afreraft.

3. Balloon Netwerk with Optical and RY Links Between Balloons

{8887] In some embodiments, a high-altitude-balloon network may inchade saper-
node balloons, which communicate with one another via optical links, as well as sub-node
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
hinks 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] Figure 4 is a simplified block diagram illustrating a balioon network that
includes super-nodes and sub-nodes, according to an example ombodiment.  More
specifically, Figure 4 iliustrates a portion of a balloon network 400 that inchudes 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-vodes™).

{8889] Hach super-node balloon 410A to 410C may include a free-space optical
communication system that is operable for packet-data commumication 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 410A and super-node 401B may
communicate with one another over optical link 402, and super-node 410A and super-node
401C may commmunicate with one another over optical link 404,

{8898] Hach of the sub-node ballooms 420 may include a radio-frequency (RF)
communication system that is operable for packet-data commmonication over one or more RF

air nterfaces.  Accordingly, each super-node balloon 410A to 410C may inclade an RF
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communication system that is operable to route packet data to one or more nearby sub-node
balloons 420, When a sub-nede 420 receives packet data from a super-nvode 419, the sub-
node 420 may use Us RF communication system {0 rouie the packet data to 2 ground-based
station 430 via an RF air interface.

{8891] As noted above, the super-nodes 410A to 410C may be configured for both
fonger-range optical communication with other supernodes and  shorter-range RF
commuumcations 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 mouch as 100 miles, or possibly more. Configured as such, the
super-nodes 410A to 410C may be capable of optical communications at speeds of 11 1o
50 GB/see or more.

{8892] A larger number of balloons may be configured as sub-vodes, which may
cotunicate with ground-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 410 to other networks and/or to client devices.

{8893 Note that the data speeds and link distances described in the above exanple
and clsewhere herein are provided for illustrative purposes and should not be considered
hmting; other data speeds and link distances are possible.

{8894 In some coibodiroents, the super-nodes 410A to 410C may function as 2 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 alse function as
gateways to the balloon network 400, Additionally ov alternatively, some or all of groond-

based stations 430 may function as gateways to the balloon network 400.
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4. Embodiments of 2 Balloon~-Based Positioning System

{8895] In crobodiments of a balloon-based positioning system, cach of a plurality of
balloons determings its respective position, and then broadcasts a balloon signal containing
balloon-positioning data. Among other things, this balloon-positioning data includes the
respective determined position. A ground-based receiver may then receive these signals, and
determine its own position based on the collective balloon-positioning data contained thercin.

{80961 Throughout this disclosurg, use of the term “ground-based” refers to any
location on or proximate to the earth’s ground or surface where people typically use devices
that may request poesiiioning services. As such, the term is not Huoted to locations that are
hiterally on the carth’s ground, but may also refer to locations in buiidings or even on
commercial afrcerafts.  Notably however, the term “ground-based” specifically excludes
focations in the stratosphere and above.

{B897] Figure 5 is a simplified block diagram illustrating a balloon-based positioning
system SO0, according to an example embodiment.  As shown, the system SO0 includes a
plurality of balloons 502A to 502D, As with all of the referenced the figures, the particudar
npumber of balloons 502 and/or other components shown is not meant to be limiting. Indeed,
alternative embodiments may contain more or less balloons and/or other components,
depending on the desired arrangement.

{8898] Bach balloon 502 ncludes a PDM 504 configured for determining a position
of the respective balloon and a PBM 506 configured for broadcasting a balloon signal 508
containing balloon-positioning data.  The balloon-positioning data includes the determined
position of the respective balloon and a corresponding time of broadeast (i.e., indicating when
the balloon signal was broadcast). A receiver 51 is configured to receive one or more of the
balloon signals 508 and determine its position based on the collective balloon-positioning

data contained therein.
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{6099 Throughout this disclosure, the terms PDM and PBM are functional modules
that cach refer to one or a group of components contained in the respective balloon, such as
those described in connection with Figure 3, that may carry out the described functions. For
example, the PDM may include a particelar set of instractions stored in the memory 314 that
relate to the function of determining a position of the respective balivon 300, together with
the processor 312 for executing those instructions, and any communication systems or other
associated components. However, neither the PDM nor the PMB is limited to any particular
set of components.  Further, example methods may include any of the functions descnibed
herein, any of which may be performed by the balioons, thetr respective modules or
components {¢.g., a PDM or PBM), or another entity.

{801a4) The PDM 504 may be configured in a variety of manners, including
for example 10 usc a GPS-based, survey-based, and/or relative-based techrique to determine a
position of the respective balloon 502, In some cmbodiments, the PDM S04 may be

configured to use portions or combinations of these techniques, as well as others.

4ay  Position Determining Module Using a GPS-Based Technigue

1881613 In one embodiment, 8 PDM 504 may use a GPS-based technique to
determine a position of the respective balloon 502, A example system where this technique
may be employed is shown in Figure 6. In particular, Figure 6 shows a simplified block
diagram of a balloon-based positioning system 600 having a plarality of GPS satellites 602A
to 602F and two balloons 604 A and 6048, each having a respective PDM 606 and PBM 608,
Each PDM 606 is configured to use a GPS-based technique to dotermine a position of the
respective balloon 604, Each satellite 602 is a traditional GPS satellite and is configiwed to

broadcast a respective satclite signal 610 containing satellite-positioning data, which may
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melade a posttion of the respective satellite 602 and a corresponding a time of broadeast,
amoung other things.

188162} Each PDM 606 includes a GPS receiver and an antenna system. Each
GPS receiver is configured {0 receive one or more of the satellite signals 610 via the
respective antenna system using technigues now known or later discovered (such as by using
a pscudorandom binary sequence code). Note that the same satellite signal 610 may be
broadeast once by a satellite 602 and received by multiple balloons 604 (such as with satellite
signals 610C and 610D}

160163 Fach PDM 606 is further configured to determine a position of the
respective balloon 604 by applying one or more position-processing techniques to the
satellite-positioning  data  contained m  the received satellite signals 610 The
position-processing techuiques may include techniques now know or later discovered. For
example, the PDM 606 may apply a triangulating techunigue fo satellite-positioning data from
at least three satellites 602 to determine the position of the respective balloon 604,

{60164 MNotably, while satellite-positioning data from three satellites 602 may
be sufficient to determine a position of a balioon 604 using a triangulation technigue,
satcliite-positioning data from additional satcllites may still be desired. For cxample,
satellite-positioning data from four satellites 602 may be needed to further determine an
altitude of the balloon 604 (i.c., in additional to #ts longitudival and latitudinal position).
Also, as satellite-positioning data from more satellites 602 is received and processed, the
PDM 66 may more accurately determine a position of the balloon 604, As such, while the
example embodiment in Figure 6 shows the PDMs 606A and 6068 receiving four and three
satcliitc signals, respectively, it should be appreciated that in some embodiments, many
satellite signals (i.c., containing satellite-positioning data from additional satellites 602) may
be received and processed to determine a position of the respective balloon 604.
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{B68105] Embodiments of the balloon-based positioning system 600 provide a
parficular advantage in connection with the desire to roceive and process mmltiple satellite
signais from different satellites 602, In particular, given the high-altitude arrangement of the
balloons 606, the GPS receiver on each balloon has an increased likehihood of having a
hinc-of-sight with multiple satellites 602, as compared to for example, a groond-based GPS
receiver, which may have i#ts potential linc-of-sight blocked by buildings or other
ground-based objects.

{88106} Further, even a ground-based GPS receiver located in an open
enviromment (¢.g., in an open field) still typically only has a line-of-sight with a maximum of
approximately eleven to twelve sateilites. This is due to the carth iisclf acting as an
obstruction.  However, in the balloon-based positioning system, the high-altitude
arrangement of the balloons reduces the likelibood that the earth will be an obstraction
Indeed, a given GPS receiver on a balloon is likely to have a linc-of-sight with up {o thirtcen
or even more satellites 602 at any given time.

{68187} As another advantage, GPS recetvers included on balloons operate
above arcas where ferrestrial intorference is typically present. Further, due to the relatively
short satellite signal path (e.g., as compared to typical satellite signals that travel all the way
to groumd-based receivers), signal attenuation is low and received signal strength (RSS) 38
high.

{86108} In alternate embodimenis, the PDMs 606 may be similarly adapted to
work with non-GPS satellites and/or other positioning systems now knmown or later
discovered.

4by  Position Determining Module Using a Survey-Based Technigne

[66109] In another embodiment, the PDM 504 may use a survey-based

technique to determine a position of the respective balloon 502, Figure 7 shows a simplitied
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block diagram illustrating a balloon-based positioning system 700 imchiding a balloon 702
baving a PDM 704 and a PBM 706. The system 700 further incudes one or more survey
points such as the ground-based stations 708A to 708C and/or a celestial objects 710, The
PDM 704 is configured to determine a position of the balloon 702 using a sarvey-based
technique, such as by considering the ground-based stations 708 and/or the celestial object
710.

{B0118] In one embodiment, the PDM 704 may be configured to identify
particular ground-based station 708 by analyzing imaging data of the ground-based station
{e.g., obtained from a still camera included in the PDM) and/or by commumnicating with the
ground-based station 708 using any of the commumication links descried in this disclosure.
Based on the identity of the ground-based station 708, the PDM 704 may determine a
position of the ground-based station {(c.g., from a look-up table}.

{0111} The PDM 704 may also be configured to determine a measorement
between the balloon 702 and the ground-based station 708, such by further analyzing the
maging data and/or by using one of the disclosed cormonumication links. For example, the
FI3M 704 may be configured to determine such @ measurement by using an optical link
between the balloon 702 and the ground-based station 708, In addition to providing a means
for exchanging typical network and other data, an optical bnk may be used to measure
distance. For exanple, the balloon 702 may transmit an optical signal to the ground-based
station 708 that includes a time at which the signal was sent.  Upon receiving the
time-stamped optical signal, the ground station 708 may determine the time #t took for the
optical signal to travel between the balloon 702 and the ground-based station 708, Then,
based on the determined travel time and a known speed of the optical signal, the distance

between the balloon 702 and the ground-based station 708 may be determined.
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{60112 By determining a distance from the balloon 702 to three or more
groumnd-based stations 708 and the position of cach ground-based station, the PDM 706 may
08¢ a position-processing technique, now know or later developed, to determine a position of
the balloon 702.

98113 The PDM 704 may also be configured to identify the celestial object
710, again such as via an imaging analysis or other techniques. The PDM 704 may forther be
configured to identify the celestial object (e.g., via a look-gp table) and determine an
orientation of the balloon 706 based on the identified celestial object. For example, the PDM
704 may determine an orientation of the balloon 702 based on what portion of the celestial
object is visible from the perspective of the balloon. The PDM 704 may forther be
contigured 1o determine the position of the ballocon 702 based on the determined
measurements of the ground-based station 708 and/or the determined orientation of the
celestial ohject 710,

[38114] In some embodiments, data obtained from inertial or other sensors
{e.g., wind sensors) included in the PDM 708 may further be used to adjust the deternined
position of the balloon 706. Likewise, time-of-flight measurements for the balloon 706 may
be considered.

4¢}y  Position Determining Module Using a Relative-Based Techunigue

{68115} Tn another embodiment, the PDM may use a relative-based technigue
to determine the position of the balloon 502, Figure 8 shows a simplified block diagram
illustrating a balloon-based positioning system 800 having balloons 802A to 802D. Each
balloon 802 has a respective PDM 804 and PBM 806. In the embodiment shown, it may be
assumed that the balloons 8028 to 802D have alrecady determined their own respective

position (1.e., with their respective PDMs 804).



WO 2014/051829 PCT/US2013/050493

{68116} As an cxample, the PDM R04A may be configimed 10 use a
relative-based technigque fo determine a position of the balloon 802A, namely based on the
kanown position of the balloons 8028 to 802D, and a relative position of the balloon 802A
with respect to the balloons 802B to 802D,  In one embodiment, the PDM 804A may be
contigured to determine the known position of the balloon 802B by wsing one of the
balloon-to-balloon communication Hinks describing throughout this disclosure. For example,
the balloon B02A may send a position request to the balloon 802B via a frec-space optical
hink. In response, the balloon 3028 may send its position to the balloon 802A via the optical
bink.

188117} Likewise, the PDM 804A may be configured to determine a relative
position of the balloon 802A with respect 1o the balloon 8028 using one of the described
comvounication links. For example, the balloon 802A may send an optical signal to the
balloon 8028 that includes a time at which the signal was sent. Upon receiving the
time-stamped optical signal, the balloon 8028 may determine the time it took for the optical
signal to travel between the balloons. Then, based on the travel time and a konown speed of
the optical signal, PDM 804 A may detormine a distance between the two balloons.

{80118} Notably, communication via optical links is particularly effective at
high altitudes, such as when used for balloon-to-balloon communication in embodiments of a
balloon-based positioning system. At such altitudes, the atmosphere contains a minimal
amount of dust, water, and other atmospheric particles that may interfore with optical signals.

{60119} The PDM B04A may then repeat the above-described process to
determine the relative position of the balloon B02A with respect to each of the vemaining
balloons 802C and 208D. These relative positions may then be commumicated within the
systern 800 sach that each balloon 802 determines s position with respect to all other

balloons 802 in the system. As a result, once one of the balioons 802 determines its position,
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such as by using one of the position-determining techniques described above, cach other
balloon 1 the systers 800 may deterodne Us position.

4d)  Position Broadceasting Maodule

§08128] Returning to Figure 5, recall that cach balloon 502 inclades a PBM 506
that is configured to broadcast {c.g., via an aptenna} a respective balloon signal 508
containing balloon-positioning data. The balloon-positioning data cludes the determined
position of the respective balloon (e, as determined by the respective PDM 504) and a
corresponding time of broadeast. A balloon receiver 510 1s configured to receive one or more
of the balloon signals 308 and to determine its position based on the collective balloon-
positioning data contained therein. For example, as shown in Figure 5, the receiver 510 may
receive balloon signals SG8A to SOED, which collectively contain balloon-positioning data for
cach of the balloons 502A to 502D, The receiver may then process the balloon-positioning
data, by a positioning-processing technigue, now know or later discovered, to determing its
position.

881211 Notably, in some embodiments, cach PBM 506 may broadcast the
respective balloon signal 308 on a single channel frequency. This provides a particular
advantage over traditional positioning systems, such as the GPS, where satellite signals are
typically broadcast simultaveously on two different channel frequencies (typically L1 at
157542 Mhz and L2 at 1227.6 Mhz) tor the purpose of attompting to detect and remove
delay caused by refraction-based interference. Recall that due to the altitnde of GPS
satellites, satellite signals sent directly to groumd-based receivers traverse the lonesphere, and
therefore are subject to this type of interference.

[66122] Since GPS satellites broadcast satellite signals on two channel
frequencies, traditional GPS receivers must be configured to receive both channel

frequencies. On the other hand, in embodiments of the balloon-based positioning system
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where balloon signals are wansmitted on a single channel frequency, the corresponding
receiver need only be configured fo receive a single chaunel frequency. Among other things,
this allows receivers to be less complex, and therefore, typically less expensive to produce.
Motably, the single channel frequency that 1s used may be any particular frequency, although
in select embodiments, it may differ from the frequencies of the L1 and L2 or other
commonty used frequencics o reduce or avoid potential interference.

{81231 Forther, due to the reletively slow spesd at which the balloons are
likely to travel (i.e., as compared to GPS satellites), receivers do not need 1o compensate for
Doppler shifts as 1s the case with GPS receivers. Again, this reduces the complexity and the
production cost of receivers.

4¢}  Additional Example Advantages

{881 24) In the context of the GPS, a receiver is often unable to determune its
position because it cannot receive the signals being broadeast by one or more of the GPS
satellites. These signals may have difficulty reaching GPS receivers for a number of reasons,
such as due to weak signal strength and signal imterference due to reflection, refraction,
and/or moultipath propagation.  In an attempt o mwidmize issucs concerning weak signal
strength, the GPS employs a digital-sequence spread spectrum {(BSSS) encoding technique
that tmproves signal sirength by utilizing an increased amount of bandwidth. However, this
technique only marginally improves signal strength.

{B0125] As noted, GPS satellites typically orbit the carth at an altitude of
approximately 20,000 km.  As a result of the satellite signals traveling sach a long distance,
signal attennation s often substantial, even with DSSS encoding. On the other hand, in the
balloon-based positioning system, balloon signals sent from a balloon to a ground-based
receiver travel a substantially shorter distance. In one embodiment, balloon signals travel a

distance in the range of approximately 17 km to 25 km. Further, balloon signals destined for
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a receiver originate beneath the ionosphere, and therefore are not subject to refraction-based
interforence as discussed above. For these reasons, balloon signals are likely to be stronger,
and arc more likely to reach receivers, as compared to in a parallel GPS scenario.

{88126} Finally, when a given GPS receiver is in certain enviromments such as
cities, tall buildings or other objects may block or interfere with the signals. As discussed,
some embodiments of the balloon-based positioning sysiem may include a large number of
balloons deployed across the stratosphere.  Some embodiments may include thousands, tens
of thousands, or even more balloons. As a vesult, any given ground-based receiver is likely to
have a linc-of-sight to many balloons, in some cmbodiments, as many as 50-100 at a time.
As a result, a receiver has 3 much greater likelihood of being able to receive balloon signals,
as compared to for example, a GP3 receiver that may have Hnes-of-sight with a maximum of
approximately eleven or twelve GPS sateliites.

{648127] While various aspects and embodiments have been disclosed herein,
other aspects and embodiments will be apparent to those skilied in the art. The various
aspects and embodiments disclosed herein are for purposcs of illustration and are not

intended to be Hmiting, with the truc scope and spivit being indicated by the following clatms.
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Claims

L A sysiem comprising:

at least three balloons, wherein cach balloon comprises a position-determining
moduale (PDM) and a position-broadcasting module (PBM);

wherein gach PDM is configured for determining a position of the respective balloon;

wherein one balioon of the at least three balloons is a first balloon, and the PDM of
the first balloon is a first PDM, the first PDM being configured for determining a position of
the first balloon based on a ground-station and a celestial objoct; and

wherein cach PBM is configured for broadcasting a balloon signal containing
balloon-positioning data of the respective balloon, the balloon-positioning data comprising (i)

the determined position of the respective balloon and (2) a corresponding time of broadcast.

2 The system of claim 1, wherein the determining the position of the first
balloon based on the ground-based station and the celestial object comprises:

identifying the ground-based station;

determining a measurcment between the first balloon and the identified ground-based
station;

identitying the celestial object; and

determining an oriendation of the first balloon based on the identified celestial object,

wherein the determining the position of the first balloon based on the ground-based
station and the celestial object comprises determining a position of the first balloon based on

the determined measurcment and the determined orientation.
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3. The system of claim 2, wherein broadeasting the balloon signal comprises

broadcasting the balioon signal on a single channel frequency.

4, The system of claim 2, wherein one balloon of the at least three balloons is a
second balloon, and the PDM of the second balloon 1s a second PDM, the second PIIM being
configured for determining a position of the second balloon, wherein determining a position
of the second balloon comprises:

determining a relative position of the second balioon with respect to the fivst balloon;
and

determining a position of the second balloon based on the position of the first balloon

and the determined relative position of the second balloon.

S The systont of claim 4, wherein determining the relative position of the second
balloon with respect o the first balloon comprises:
determining the relative position of the second balloon with respect to the first balloon

using an eptical communication ok between the first and sccond balloons.

6. The system of claim S, wherein one balloon of the at least three balloons is a
third balloon, and the PDM of the third balloon is a third PDM, the third PDM being
configured for determining a position of the third balloon, wherein determining 2 position of
the third balloon comprises:

receiving at least three satellite signals, each satellite signal from a respective one of
at icast three satellites, wherein cach satellite signal includes satellite-positioning data, and

determining a posttion of the third balloon based on the satellite-positioning data of

the at least three satellite signals.
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7
/

The system of claim 6, whercin broadcasting the balloon signal comprises

broadeasting the balloon signal on a single channel frequency.

&. A system comprising:

al least three bailoons, wherein each balloon comprises a position-determining
modide (PDM) and a posttion-broadcasting module (PBM);

wherein each PDM comprises a GPS receiver, each PDM being configured for (1)
receiving at least three satellite signals, each satellite signal from a respective one of at least
three satellites, wherein cach satellite signal includes satellite-positioning datas of the
respective satellite, and (31) determining a position of the respective balloon based on the
satellite-positioning data of the at least three satellites.

wherein ecach PBM is configured for broadcasting a balloon sigpal countaining
balloon-positioning data of the respective balloon, the balloon-positioning data comprising (i)

the determined position of the respective balloon and (2) a corresponding time of broadcast.

9. The system of claim 8, where receiving at least three satellite siguals
comprises, receiving cach of the at least three satellite signals on at least two chamne

frequencies.

10, The system of claim 9, wherein broadcasting the balloon signal comprises
broadeasting the balloon signal on a single channel frequency A, wherein the at least two
channe] frequencies are channel frequencies B and C, and wherein the channel frequency A is

different from both channel frequencies B and C.
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t. A system comprising:

at least three balloons, wherein each balloon comprises a position-determining
module (PDM) and a position-broadcasting modale (PBM);

wherein cach PDM is configured for determining a position of the respective balloon;

wherein each PBM is configured for broadcasting a balioon signal containing
balloon-positioning data of the respective balloon, the balloon-positioning data comprising (i)

the determined position of the respective balloon and (2) a corresponding time of broadcast.

12. The system of claim 11, wherein broadcasting the balloon signal comprises

broadeasting the balloon signal on a single channel frequency.

13, The system of claim 11, wherein ecach PDM comprises a GPS recetver, and
wherein determining the position of the respective balloon comprises: (i) the respective GPS
receiver receiving at least three satellite signals, each satellite signal from a respective one of
at least three satellites, wherein each satellite signal mclades satellite-positioning data, and

{11} deternotining the position of the respective balloon based on the satellite-positioning data.

14. The system of claim 13, where receiving at least three satellite signals
comprises, receiving cach of the at least three satellite signals on at least two channel

frequencices.

15, The system of claim 14, wherein broadcasting the balloon signal comprises
broadeasting the balioon signal on a single channel frequency A, wherein the at least two
channel frequencics are chamnel frequencies B and €, and wherein the channel frequency A s

different from both channel frequencies B and C.
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16, The systers of claim 11, wherein one balloon of the at least three balloons is a
first balloon, and the PDM of the first balloon is a first PDM, the first PDM being configured

for determining a position of the first balloon based on a ground-station and a celestial obiect.

17. The system of claim 16, wherein the determining the position of the first
balloon based on the groumd-based station and the celestial objoct comprises:

identifying the groomd-based station;

determining & measurcment between the first balleon and the idendified ground-based
station;

identitving the celestial object; and

determining an oriendation of the first balloon based on the identified celestial object,

wherein the determining the position of the first balloon based on the ground-based
station and the celestial object comprises determining a position of the first balloon based on

the determined measurement and the determined orientation.

18. The system of claim 16, wherein one balloon of the at least three balloons is a
second balloon, and the PDM of the second balloon 1s a second PDM, the second PIIM being
configured for determining a position of the second balloon, wherein determining a position
of the second balloon comprises:

determining a relative position of the second balloon with respect to the first balloon;
and

determining a position of the second balloon based on the position of the first balloon

and the determined relative position of the second balloon.
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19, The system of clatm IR, wherein determining the relative position of the
second balloon with respect to the first balleon comprises:
determining the refative position of the second balloon with respect to the first balloon

using an optical communication Hink between the first and second halloons.

24 The system of claim 11, wherein one balloon of the at least three balloons is a
first balloon, and the PDM of the first balloon s a first PDM, the first PDM being configured

for determining a position of the first balloon based on at least three ground-basced stations.

21, A method comprising:

determining a first position of a first balloon in a balloon network;

determining a second position of a second balloon in the balloon network;

determining a third position of a third balloon in the balloon network;

broadeasting a first balloon signal, the first balloon signal including the determined
first position and a corresponding time of broadeast;

broadcasting a second balloon signal, the second balloon signal imcluding the
determined second position and a corresponding time of broadcast; and

broadeasting a third balloon signal, the thivd balloon signal including the deternmuned

third position and a correspounding tioe of broadeast.

22, The method of claim 21, wherein the determining the first position of the first
balloon comprises determining the first position of the first balloon based on at least three

satcliitc signals, cach satcllitc signal from a respective one of at least three satellites.
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23, The method of claim 21, wheren the determining the first position of the first
balloon comprises determining the first position of the first balloon based on ground-station

and a celestial object.

24. The method of claim 21, further comprising:

determining a relative position of the second balloon with respect to the first balloon;

wherein the determining the second position of the second balloon comprises
determining the second position of the second balloon based on the determined position of

the first balloon and the determined relative position of the second balioon.

25. The method of claim 21, wheremn broadcasting the first balloon signal
comprises broadeasting the first balloon signal on 2 single channel frequency, broadeasting
the second balloon signal comprises broadcasting the second balloon signal on a single
channel frequency, and broadeasting the third balloon signal comprises broadeasting the third

balloon signal on a single channel frequency.
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