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(57) Abréegée/Abstract:
A balloon may include an optical-communication component, which may have a pointing axis. A pointing mechanism could be

configured to adjust the pointing axis. The optical-communication component could be operable to communicate with a
correspondent balloon via a free-space optical link. For example, the optical-communication component could include an optical
recelver, transmitter, or transceiver. A positioning system could be configured to acquire a first location, which could be based on
the location of the balloon. A controller could be configured to acquire a second location, which could be based on a location of the
correspondent balloon. The controller may determine an approximate target axis based on the first location and the second
location. The controller may control the pointing axis of the optical-communication component within a scanning range based on
the approximate target axis to establish the free-space optical link with the correspondent balloon.
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component could be operable to communicate with a correspondent bal -
loon via a free-space optical link. For example, the optical-communica-
tion component could mclude an optical receiver, transmitter, or trans-
ceiver. A positioning system could be configured to acquire a first loca-
tion, which could be based on the location of the balloon. A controller
could be configured to acquire a second location, which could be based
on a location of the correspondent balloon. The controller may determ -
ine an approximate target axis based on the first location and the second
location. The controller may control the pointing axis of the optic-
al-communication component within a scanning range based on the ap-
proximate target axis to establish the free-space optical link with the
correspondent balloon.
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Fstablishing Optical-Communication Lock with Nearby Balioon

BACKGROUND

{08011 Unless otherwise mdicated herein, the materigls described m this section are
not prior art to the claims 1n this application and are not admutted to be prior art by mchision
in this section,

{(3802] Computing devices such as personal computers, laptop computers, tablet
computers, cellular phones, and countless types of Internet-capable devices are mcreasingly
prevalent in numerous aspects of modemn hife. As such, the demand for data connectivity via
the Internet, cellular data networks, and other such networks, 1s growing. However, there arc
many arcas of the world where data connectivity s still unavailable, or if available, 15

unrehable and/or costly, Accordingly, additional network mfrastructure s desirable,



10

15

20

25

CA 02859397 2017-01-16

SUMMARY

[0003] In a first aspect, there 1s provided a balloon, comprising: an optical-
communication component, wherein the optical-communication component comprises an
optical receiver having a pointing axis, and wherein the optical-communication component is
operable to communicate with a correspondent balloon via a free-space optical link; a pointing
mechanism configured to adjust the pointing axis; a positioning system configured to acquire a
first location, wherein the tirst location 1s based on a location of the balloon; and a controller,
wherein the controller is configured to: a) receive, from the correspondent balloon, coordinates
indicative of a second location via a radio frequency (RF) link, wherein the second location
corresponds to a location of the correspondent balloon; b) determine an approximate target axis
based on the first location and the second location; ¢) determine a distance between the first
location and the second location; d) determine a scanning range based on the distance and the
approximate target axis, wherein the scanning range comprises a range of angles over which
the optical receiver is adjusted, wherein the range of angles is arranged in an angular cone
about the approximate target axis, and wherein the scanning range 1s based on the distance; and

e) control the pointing mechanism to adjust the pointing axis within the scanning range, to

~establish the free-space optical link with the correspondent balloon, wherein establishing the

free-space optical link comprises the optical detector receiving an optical signal emitted from
the correspondent balloon.
[0004] In a second aspect, there is provided a method, comprising: determining a

location of a first balloon; determining a location of a second balloon based on coordinates
received via a radio frequency (RF) link with the second balloon; determining a distance
between the location of the first balloon and the location of the second balloon; determining an
approximate target axis based on the location of the second balloon relative to the location ot

the first balloon; determining a scanning range based on the distance and the approximate
- -
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target axis, wherein the scanning range comprises a range of angles over which an optical
receiver of the first balloon is adjusted, wherein the range of angles is arranged in an angular
cone about the approximate target axis, and wherein the scanning range i1s based on the
distance; and controlling a pointing mechanism to adjust a pointing axis of the optical receiver
within a scanning range, to establish a free-space optical link with the second balloon, wherein
establishing the free-space optical link comprises receiving, via the optical receiver, an optical
stignal emitted from the second balloon.

[0005] In a third aspect, a non-transitory computer readable medium having stored
instructions is provided. The instructions are executable by a computing device to cause the
computing device to perform functions. The functions include: (1) determining a location of a
first balloon, (i1) determining a location of a second balloon, (i11) determining an approximate
target axis based on the location of the second balloon relative to the location of the first
balloon, and (iv) controlling a pointing mechanism to adjust a pointing axis of an optical-
communication component in the first balloon within a scanning range based on the
approximate target axis, to establish a free-space optical link with the second balloon.

[0006] 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 DESURIPTION OF THE DRAWINGS

{G807) Figure 1 18 a simphficd block diagram llustrating a balloon network,

according to an example embodiment,

‘A

{3808] Figure 2 15 a block diagram dhustrating a balloon-network control system,
according 1o an exampic cmbodiment.

{3309 Figure 3 15 a smmplified block diagram illusirating a high-altitude balloon,
according to an example embodiment.

{3818] Figure 4 shows a balloon network that mcludes super-nodes and sub-nodes,
10 according to an example embodiment.

{8811] Figure § 13 a sumplified block diagram illustrating an optical transmatter and an
optical recerver, accordimg to an example embodiment.

{38121 Figure 6 shows a balloon secarching scenario, according 1o an cxamplo
cmbodiment,

£5 {3813] Figure 7 15 a method, according to an exampie embodiment.
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DETAILED DESCRIPTION

{3814} Example methods and systems are described herem. Any example
embodiment or feature described herem 1s not necessarily t0 be construed as preferred or
advantageous over other embodiments or features. The exampie embodiments described
herein are not meant to be hmiting., It will be readily undersiood that certain aspects of the
disclosed systems and methods can be arranged and combined 1 a wide varniety of different
configurations, ali of which arc contempliated herein.

{3815] Furthermore, the particular arrangements shown 1o the Figures should not be
viewed as hmmting, It shouold be understood that other embodiments may mchade more or less
of cach clement shown m a given Figure. Further, some of the 1llustrated elements may be
combined or omitted. Yet further, an examplie embodiment may mnciude clements that are not

iilustrated 1 the Figures.

i. {hverview

{3816] Example embodiments help to provide a data network that includes a plurality
of balloons; for example, a mesh network formed by high-altitude balloons deployed i the
stratosphere.  Since winds n the stratosphere may affect the locations of the balloons m 4
ditferential manner, cach balloon in an example network may be configured to change s
horizontal position by adjusting s vertical position {i.¢., altitude). For mstance, by adjusting
its altytude, a balloon may be able find winds that will carry it honzontally {e.g., latitudinally
and/or longitudinally} to a desired horizontal location.

{3817] Further, m an example balloon network, the balloons may communicate with
one another using frec-space optical commumcations.  For mstance, the balloons may be
configured for optical commumnicanons using ultra-bright LEDs (which are also referred 10 as

“high-power” or “high-output” LEDs). In some instances, lasers could be used mstead of or

-5
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i addition to LEDs, although regulations for laser comnmunications may restrict laser usage.
in additon, the balloons may commumcate with ground-based station{(s) usmg radio-
frequency (RF) communications.

{B818] In some embodiments, a high-altitude-balloon network may be homogenous.
That 15, the balloons i a high-altitude-balloon network could be substantially sioular to cach
other 1 one or more ways. More specifically, m a homogenous high-altitude-balloon
network, each balloon s configured (o communicate with one or more other balloons via
free-space optical hnks. Further, some or all of the balloons 1 such a network, may
addittonally be configured to conumunicate with ground-based and/or satellite-based
station(s} using RF and/or optical communications. Thus, i some cmbodiments, the
balloons may be homogenous m so far as each balloon 15 configured for trec-space optical
commumcation with other balloons, but heterogencous with regard to RF conmnunications
with ground-based stations.

{8819] In other embodiments, a bigh-altitude-baliocon network may be heterogeneous,
and thus may inchude two or more different types of balloons. For example, some balloons
a heterogencous network may be configured as super-nodes, while other balloons may be
conficured as sub-nodes. It is also possible that some balloons in a heterogencous network
may be configured to function as both a super-node and a sub-node.  Such balloons may
function as either a super-node or a sub-node at a particular fime, or, alternatively, act as both
simultancously depending on the context. For instance, an example balloon could aggregate
search requests of a first type to transmut to a ground-based station. The example balloon
could also send search requests of a second type t0 another balloon, whach could act as a
super-node 1o that context, Further, some balloons, which may be super-nodes 1 an exampic
embodiment, can be configured to communicate via optical lmks with ground-based stations

and/or satelhites.
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13828] In an example configuration, the super-node balloons may be configured to
comynunicate with nearby super-node balloons via free-space ophical hinks. However, the
sub-node balloons may oot be contigured for frec-space optical commumnication, and may
mstead be configured for some other type of compnunication, such as RF commuonications. In
that case, a super-node may be further contigured to communicate with sub-nodes using RE
comumnications. Thus, the sub-nodes may relay communications between the super-nodes
and onc or more ground-based stations using RF communications. In this way, the sgper-
nodes may collectively function as backhaul for the balloon network, while the sub-nodes
function to relay commumnications from the super-nodes to ground-based stations.

{3821] The present disclosure  describes  various example embodiments  of
apparatuses, methods, and functions exccutable by a computer-readable medium that are
generally operable 1o establish an optical communications link between a first balloon and a
second balloon based on recetved location data.

{3822] In one example embodiment, a balioon includes an optical-communication
component with a pomting axys. The optical-communication component could melude an
optical receiver, an optical transnuticr, and/or an optical fransceiver. The pointing axis ¢an
be adjusted m order {0 cstablish a free-space optical limk with a correspondent balloon,

{3823] For example, the balloon could mchide a pomnting mechanism contigured 1o
adjust the pointing axas of the optical-commumication component. Further, the balloon could
mchide a posttioning system contigured to acquire a first location, which could relate to the
iccation of the balloon itsclf, Additionally, the balloon could mclude a controlier. The
controller could be configured to acquire a second location, which could relate 1o a location
of the correspondent balloon.  The condroller could be also configured to deternuine an
approximate target axis based on the first and the second locations. The contrelier may also
control the pointing mechanism 10 adiust the pomnting axis within a scanmung range based on

-7
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the approximate target axas, until the free-space optical hnk with the correspondent balioon 13

successtully established.

2. Exampic Balloon Networks

({3824] Figure | 18 g smplified block diagram ilhustrating a balloon network 100,
according to an example embodiment. As shown, balloon network 100 mmcludes balloons
102A to 102F, which are configured to comumunicaie with one another via free-space optical
hinks 104, Balloons 102A to 10Z2F could additionally or alternatively be configured 1o
conununicate with one another via RE inks 114, Balloons 102A to 102F may collectively
function as a mesh network tor packet-data communications.  Further, at least some of
balloons 10Z2A and 10Z2B may be configured for RF communications with ground-based
staftons 106 and 112 via respective RFE hinks 108, Further, some balloons, such as balloon
{02F could be configured fo communicate via optical link 110 with ground-based station 1172,

{3825] In an example embodiment, balloons 102A to 102F are high-altitude balloons,
which are deployed m the stratosphere. At moderate lantudes, the stratosphere mcludes
altitudes between approximately 10 kilometers (km) and 50 km altitude 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 1 an altitude
range within the stratosphere that has lower winds {¢.g., between 5 and 20 mules per hour
{mph)}),

13826] More specifically, i a high-altitude-balicon netovork, balloons 102A to 102F
may generally be configured 1o operate at altitudes between 8 km and 25 km (although other
altitudes are possible). This altttude range may be advantageous for several reasons. In
particular, this laver of the stratosphere gencrally has relatively low wind speeds (e.g., winds
between 5 and 20 mph) and relatively hittle turbulence. Further, while the winds between 13

- R
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km and 25 km may vary with latitude and by season, the vanations can be modeled i a
reasonably accurate manner.  Additionally, altitudes above 18 ki are typically above the
maximum flight level designated for commercial awr traffic. Theretore, interiorence with
commercial fhghts 1s not a concern when batloons are deployed between 18 km and 28 km.
{G827] To transmat data to another balloon, a given balloon 102A to [102F may be

configured 10 transmit an optical signal via an optical link 104, In an example cmbodiment, a

-
Ve
N

otven balloon 10ZA o 102F may use one or more high-power hght-coutting diodes {LE
to transnut an optical signal.  Alternanively, some or all of balloons 102A 1o 102F may
inciude laser systems for free-space optical comnumications over optical hinks 104, Other
types of frec-space optical comummnication arc possible. Further, in order to receive an
optical signal from anocther balloon via an optical link 104, a given balloon 102A o 10ZF
may mclude one or more optical receivers.  Additional details of exampie balloons are
discussed 1o greater detatl below, with reference to Figure 3.

{8828] In a further aspect, balloons 1{ZA to 102F may utilize one or more of various
different R aw-interface protocols for communication with ground-based stations 106 and
112 via respective RF lnks 108, For mstance, some or all of balloons 102A 10 102F may be
configured to compmnicate with ground-based stations 1036 and 112 using protocols
described m IEEE K32.11 (mncludmng any of the IEEE K02.11 revisions), various cclhilar
protocels such as GSM, CDMA, UMTS, EV-DO, WiMAX, and/or LTE, and/or one or more
propricty protocels developed for balioon -ground RE communication, among other
possiblities.

{3829] In a further aspect, there may be scenarios where RE links 108 do not provide
a desired link capacity for balloon-to-ground conumunications.  For instance, mcreascd

capacilty may be desirable {0 provide backhaul links from a ground-based gateway, and m
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other scenarios as well,  Accordingly, an example network may also mclude downlink
balloons, which could provide a lmgh-capacity air-ground hink.

{3338} For cxample, 1 balloon network 100, balloon 102F is configured as a
downlink balioon. Like other balloons 1n an example network, a downlbink balloon 102F may
be operable for optical commumnication with other balloons via optical bnks 104, However, a
downiink batloon 102F may aiso be configured for frec-space optical conumurucation with a
oround-based station 112 via an oplical link 110, Optical link 110 may therefore serve as a
high-capacity link (as compared to an RF link 108) between the balloon network 100 and the
ground-based station 112,

{331] Note that in some mmplementations, a downlink ballcen 102F may additionally
be operable for RE commmuucation with groumd-based stations 106. In other cascs, a
downlink balloon 102F may only use an optical hink for balloon-to-ground comnumications.
Further, while the arrangement shown 1 Figure 1 includes just one downlink balloon 102F,
an example balloon network can also wnclude multiple downlink balloons. Un the other hand,
a4 balloon network can also be mplemented without any downlink balloons.

{3332] In other mplementations, a downlink balloon may be cquipped with a
spectalized, high-bandwidth RF  communication  system  for  balloon-to-ground
compmuimcations, mstead of, or m addition to, a frec-space oplical comnmummication system.
The high-bandwidth RE compumication systenm may fake the form of an ultra-wideband
system, which may provide an RF hink with substantially the same capacity as one of the
optical hnks 1034, Other forms are also possible.

{3833] Ground-based stations, such as ground-based stations 106 and/or 112, may
take vartous forms. Generally, a ground-based station may mcelude components such as
transceivers, transputters, and/or recervers for communication via RE links and/or optical
tinks with a balloon network, Further, a ground-based stafion may use various ar-interface

- 10 -
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protocols 1 order 1o commumicate 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 pomnt via whigch
vartous devices can connect 10 balloon network 100, Ground-based stations {6 and 112
may have other configurations and/or serve other purposes without departing from the scope
of the imvention.

{3834] In a further aspect, some or all of balloons 10Z2A 1o 102F could be contigured
to establish a communication limk with space-based satellites mm addition to, or as an
afternative to, a ground-based commumication hink, In some embodiments, a balloon may
communicate with a satcllitc via an optical link. However, other types of satcllite
comunications are possible.

{33358} Further, some ground-based stations, soch 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 1172 may thus serve as an micrface between
the balloon network and the Internet, a cellnlar 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.

Zay  Mesh Network Functionality

{3836] As noted, balloons 10ZA to 102F may collectively function as a mesh
network.,  More specifically, since balloons 102A to 102F wmay commumcate with one
another using free-space optical links, the balloons may collectively function as a frec-space
optical mesh network.

{3837] In a mesh-network configuration, each balloon 102A to 102F may function as
a node of the mesh network, which 1s operabie 10 recerve data directed to it and to rouie data
to other balloons. As such, data mray be routed from a source balloon to a destination balloon
by determiming an appropriate sequence of optical links between the source balloon and the

- 11
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destmation balloon. These optical links may be collectively reterred 10 as a “hightpath” tor
the connection between the source and destination balloons. Further, each of the optical hinks
may be referred {0 as a “hop” on the lightpath,

{338] To operate a3 a mesh network, balloons 102A to 102F may employ varicus
routing techriques and scli-healing algomthms,  In some embodiments, a balloon network
{00 may cmploy adaptive or dynanuc routing, where a lightpath between a source and
destination balloon 18 determined and set-up when the connection 18 necded, and released at a
fater titne.  Further, when adaptive routing s used, the highipath may be determined
dynamically depending upon the current state, past state, and/or predicted state of the balloon
network,

{(3339] In addition, the network topology may change as the balloons 102A to 102F
move relative t0 one another and/or relative to the ground. Accordingly, an exampie balloon
network 100 may apply a mesh protocol to update the state of the network as the fopology of
the network changes. For example, to address the mobility of the balloons 102A to 102F,
batloon network 100 may employ and/or adapt various techmgues that are employed m
mobile ad hoc networks (MANETs). Uther examples are possible as well.

{3840] In some mmplementations, a balloon network 100 may be configured as a
transparent mesh network., More spectifically, i a transparent balloon network, the balloons
may mchude components for physical switching that 1s entively optical, without any ¢lectrical
components involved in the physical routing of optical signals., Thus, m a transparcnt
configuration with optical switching, signals travel through a multi-hop hghtpath that 1s
entirely optical,

{38411 In other implementations, the balloon network 108 may wmplement a free-
space optical mesh network that 15 opaque. In an opagque configuration, some or all balloons

r 1

102A to 102F may mnplement optical-electrical-optical (O

-3} switching. For example, some

- 12
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or all balloons may mchude optical cross-connects (OXCs} for OEQ conversion of optlical
signals. Other opaque configurations are also possible. Additionally, network configurations
are possible that mchide routing paths with both transparent and opaque sections.

{3342] In a further aspect, balicons 1 an example balloon network 100 may
mnplement wavelength diviston multiplexing (WDM), which may help to increase hink
capacity, When WDM is mmplemented with transparent swiiching, physical hightpaths
through the balloon network may be subject (0 the “wavelength continutty constraint.” More
specifically, because the switching in a transparent network s entirely optical, 1t may be
necessary to assign the same wavelength for all optical hinks on a given lightpath.

{38343] An opaque configuration, on the other hand, may avoid the wavelength
contimnty constraint. In particular, balloons i an opagque balloon network may include the
QRO switching systems operablie for wavelength conversion.  As a result, balloons can
convert the wavelength of an opfical signal at cach hop along a lightpath. Alternatively,
optical wavelength conversion could take place at only selected hops along the lightpath,

{3844 Further, vanous routmmg algorithms may be coployed m an  opaque
configurafion. For example, to deternune a primary lightpath and/or one or more diverse

backup hightpaths for a given connection, example balloons may apply or consider shortest-

path routing technigues such as Dpkstra’s algorithm and k-shortest path, and/or edge and
node-diverse or disjoint routing such as Suurballe’s algonithm, among others. Addifionally or
atternatively, technigques for mamtaining a particular guality of service (Q0S) may be
cmploved when determuning a lightpath., Other techniques are also possible.

zby  Station-Keeping Functionality

{#345] In an example embodument, a balloon network 13 may tmpicment station-
keeping functions to help provide a desired network topology. For exampie, station-keeping
may mvolve gach balloon 102A to 102F mamtammng and/or moving mto a certam posifion

%

- 13 -



A

1{

WO 2013/106281

CA 028593957 2014-06-13

PCT/US2013/020536

relative t0 one or more other balloons m the network {and possibly 1n a certain posiiion
relative 10 the ground). As part of this process, each balicon 102A to 10Z2F may mmplement
station-keeping functions to determine s desired positioning within the desired topology,
and if necessary, (o determine how to move to the desired position.

{3346] 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 1ZA to 102F may implement station-keeping
functions to position itself at substantially the same distance {or within a certam range of
distances) from adjacent balloons i the balloon network 160,

{3847] 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 m certan areas, for various reasons. As an example, 10 help meet the higher
bandwidth demands that are typical in urban areas, balloons may be clustered more denscly
over urban areas. For similar reasons, the distribution of balloons may be denser over land
than over large bodies of water. Many other examples of non-umtorm topologies are
possibie.

{3848] [n a hurther aspect, the topology of an example balloon network may be
adaptable. In particular, station-keeping functionality of example balioons may allow the
balloons to adjust thelr respective positioning 1o accordance with a change m the desired
topology of the network., For example, one or more balloons could move {0 now positions to
imerease or decrease the density of balloons 1n a given area. Other examples are possible.

{3849] In some embodiments, a balloon network 100 may employ an energy function
to deteroune if and/or how balloons should move to provide a desired topology. o particular,
the state of a given balloon and the states of some or all nearby balioons may be mput (0 an
energy fumction. The energy tunction may apply the current states of the given balloon and
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the nearby balioons to a desired network state {(e.g., a state corresponding to the desmred
topology). A vector mdicating a deswred movement of the given balloon may then be
determmed by deternuning the gradient of the energy function. The given balloon may then
determune appropriate actions to take m order to effectuate the deswed movement. For
example, a balloon may determine an altitude adjustment or adjustments such that wimnds will

move the balloon 1 the destred manner.

2¢3 Control of Balloons in a Balloon Network

{38538] In some cmbodiments, mesh networking and/or station-keeping functions may
be centralized. For example, Figure 2 15 a block diagram tllustrating a balloon-network
control system, according to an example cmbodiment. In particular, Figure 2 shows a
distributed control system, which includes a central conitrol system 200 and a sumber of
regional control-systems 202A to 202B. Such a control system may be configured to
coordimate certamn functionality for balloon network 204, and as such, may be configured to
condrol and/or coordmnate certain funchions for balloons 206A to 2061,

{3851] In the lustrated cmbodiment, central control system 200 may be configured
to communicate with balloons 206A to 2061 via a number of regional control systems 202A
to 202C. These regional control systems 202A to 202C may be configured to reccive
comumunications and/or aggregate data from balloons m the respective geographic areas that
they cover, and to relay the communications and/or data to central control system 200,
Further, regional control systems 202A 10 202C may be configured to route conumunications
from central control system 200 to the balloons 1n therr respective geographic argas. For
mstance, as shown m Figure 2, regional control system 202A may relay commumications
and/or data between balloons 206A 10 206C and central control system 200, regional control

system 2028 may relay communications and/or data between balioons 206D 1o 206F and
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central control system 200, and regional control system 2020 may relay communications
and/or data between balloons 2060 to 2061 and central control system 200,

{3852] In order to facihitate communications between the central condrol system 200
and balloons 206A to 2061, certaimn balloons may be configured as downlink balloons, which
are operable to commmunicate with regional control systems 202A to 202C.  Accordingly,
cach regional control system 20Z2A to 202C may be configured 1o communicate with the
downlink balioon or balloons n the respective geographic arga it covers, For example, m the
sHustrated embodiment, balloons 206A, 206F, and 2061 are configured as downlink balloons.
As such, regional control systems 20Z2A to 202C may respectively conwmunicate with
balloons 206A, 206F, and 2061 via oplical hinks 206, 208, and 210, respectively.

{3853] In the dlustrated contiguration, only some of balloons 206A to 2061 are
configured as downhnk balloons. The balloons 206A, 206F, and 2061 that are configured as
downlink balicons may relay communications from cenfral contrel system 200 0 other
balloons in the balloon network, such as balloons 2068 to 206K, 206G, and 206H. However,
it should be understood that i some implementations, 1t 1 possible that all balloons may
function as downhbink balloons. Further, wiule Figure 2 shows multiple balioons configured
as downlink balloons, 1t 15 also possibie for a balloon network {0 include only one downlink
balloon, or possibly even no downlink balioons,

{3854] Note that a vegional control system 202A to 202C may in fact just be 4
particular type of ground-based station that 15 configured to communicate with downlink
balloons {(¢.g., such as ground-based station 112 of Figure 1). Thus, while not shown 1n
Figure 2, a control system may be implemented 1o conjunction with other types of ground-
bascd stafions {C.g., access poinds, gateways, SiC. ).

{34855] In a ceontralized control arrangement, such as that shown in Figure 2, tho
central control systermn 200 (and possibly regional control systems 202A to 202C as well) may
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coordinate certain mesh-networking functions for balloon network 2(4. For exampie,
ballpons 206A to 2061 may send the central control system 200 certain state information,
which the central control system 200 may utilize to deternune the state of balioon network
204, The state mformation from a given balloon may mclode location data, optical-link
miormation {(¢.g., the identity of other balloons with which the balloon has established an
optical hmk, the bandwidth of the link, wavelength usage and/or avaulability on a hnk, etc.),
wind data coliected by the balloon, and/or other types of miormation. Accordingly, the
central control system 200 may aggregate state information from some or all of the balloons
206A 1o 2061 m order to determing an overall state of the network.

{34356] The overall state of the network may then be used to coordinate and/or
tacilitate certamn mesh-networking himctions such as determimng hghtpaths for connections.
For example, the central control system 200 may determiune a current topology based on the
aggregate state miormation from some or all of the balioons 206A to 2061, The topology
may provide a picture of the current optical links that arc available 1n balloon network and/or
the wavelength availability on the links. This topology may then be sent to some or all of the
batloons so that a routing technigue may be emploved 10 select appropriate hightpaths (and
possibly backup hghtpaths) for communications through the balloon network 204,

{3857] In a further aspect, the central control system 200 {and possibly regional
control systems 202A 10 2020 as well) may also coordinate certain station-keepmg functions
for balloon nectwork 204, For example, the central control system 200 may mput state
mformation that 1s recetved from balloons 206A 0 2061 {0 an energy hunction, which may
ctiectively compare the current topology of the network to a desired topology, and provide a
vector indicating a direction of movement (it any) for cach balloon, such that the balloons can
move towards the desired topology. Further, the central control system 200 may use
altitudinal wind data to deternune respective alfitude adjustments that may be matated o
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achieve the movement towards the desired topology. The central control system 200 may
provide and/or support other station-keepmg functions as well.

{(3358] Figure 2 shows a distributed arrangement that provides centralized control,
with regional control systems 202A to 202C coordmating commumications between a central
control systemn 200 and a balloon network 204, Such an arrangement may be usetul o
provide centralized control for a balloon network that covers a large geographic arca.  In
some embodiments, a disiributed arrangement may cven support a global balloon network
that provides coverage everywhere on earth. Of course, a distributed-control arrangement
may be useful i other scenarios as well,

{3359 Further, 1t should be understood that other control-system arrangements are
also possible. For instance, some implementations may involve a centralized control system
with additional layers {e.g., sub-region systems within the regional control systems, and so
on}. Alternatively, control functions may be provided by a single, centrahized, control
system, which comnrnicates directly with one or more downlink balloons.

138681 In some emboduments, control and coordination of a balloon network may be
shared by a ground-based control system and a balloon network to varyving degrees,
dependmg upon the implementation. In fact, 1n some cmbodiments, there may be no ground-
based control systems.  In such an embodiment, all network control and coordination
functions may be mplemented by the balloon network stself. For example, certain balloons
may be configured to provide the same or similar functions as ceniral conirol system 2{0
and/or regional control systems 202A to 202, Other examples are also possible.

{3861] Furthermore, control and/or coordination of a balloon network may be de-
centralized. For example, cach balloon may relay state mmformation to, and reccive state
mnformation from, some or all nearby balicons. Further, each balloon may relay state

miormation that 1t receives from a nearby balioon to some or all nearby balloons. When all
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balloons do s0, cach balloon may be able to mdividually determine the state of the network.
Alternatively, certam balloons may be designated to aggregate state miormation for a given
portion of the network., These balloons may then coordinate with one anocther {0 determing
the overall state of the network.

{38362 Further, m some aspects, control of a balloon network may be partially or
enttrely locahized, such that it 18 not dependendt on the overall state of the network., For
example, ndividual ballcons may mnplement station-keeping functions that only consider
nearby balloons.  In particular, each balioon may mplement an energy function that takes
into account its own state and the states of nearby balioons. The encrgy function may be used
to mamtain and/or move to a desired position with respect to the nearby balloons, without
necessartdy constdering the desired topology of the network as a whole, However, when cach
balloon mplements such an energy function for station-keeping, the balicon network as a
whole may maintam and/or move towards the desired topology.

{3863] As an cxampile, cach balloon A may receive distance information d; to dy with
respect to each of its k closest neighbors. Each balloon A may treat the distance to cach of
the k balloons as a virtual spring with vector representing a foree dwrection 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 i1s the vector of desired

movement for balloon A, Balloon A may attempt to achieve the desired movement by
controiling 1is altitude.

{0864] Alternatively, this process could assign the force magnitade of cach of these
virtual forces equal to ¢ x d;, for mstance. Other algorithms for assigning force magmitudes
tor respective balloons m a mesh network are possible.

{(3365] In another embodment, a sioular process could be carried out for cach of the k
balloons and each balloon could transmit its planned movement vector t0 1ts local neighbors.
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Further rounds of rehinement to cach balloon’s planned movement vector can be made based
on the corresponding planmed movement vectors of its neighbors. It will be evident to those
skilled 1n the art that other algornthms could be tmpicmented in a balloon network m an cffort
to maintamn a sct of balloon spacings and/or a specific network capacity level over a given

geographic location,

2dy  Example Balloon Configuration

{3866] Various types of balloon systems may be meorporated in an example balloon
network., As noted above, an exampie embodiment may utithize high-altitude balioons, which
could typically operate m an altitude range between I8 kmy and 25 km. Figure 3 shows a
high-altitude balloon 300, accordmg {0 an example embodiment. As shown, the balloon 300
mchudes an envelope 302, a skart 304, a pavload 306, and a cut-down system 308, which 1s
attached between the balloon 302 and payload 304,

{8867] The cnvelope 302 and skirt 304 may take varnious forms, which may be
currently well-known or yet 10 be developed. For mstance, the envelope 302 and/or skirt 304
may be made of matenals meluding metalized Mylar or BoFPet, Additionally or altermatively,
some or all of the envelope 302 and/or skirt 304 may be constructed from a highly-flexible
latex material or a rubber material such as chioroprene. Other materials are also possible.
Further, the shape and s1ze of the envelope 302 and skart 304 may vary depending upon the
particuolar mplementation.  Additionally, the envelope 302 may be filled with various
ditterent types of gases, such as helm and/or hydrogen. Other types of gases are possibie as
well,

{3868] The payioad 306 of balloon 300 may mchude a processor 312 and on-board
data storage, such as memory 314, The memory 314 may take the form of or mclude a non-
transitory computer-readable medium.  The non-transitory computer-readable medium may
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have mstructions stored thereon, which can be accessed and executed by the processor 312 in
order to carry out the balloon functions described heremn. Thus, processor 312, in conjunction
with mstructions stored i memory 314, and/or other components, may function as a
controller of balloon 3010,

{3369 The payload 306 of balloon 300 may also mclude various other types of
cquipment and systems to provide a nummber of different functions. For exampie, pavioad 306
may wchude an optical communication system 316, which may transmit optical signals via an
ultra-bright LED system 320, and which may receive optical signals via an optical-
cotumunication receiver 322 {e.g., a photodiode recciver system). Further, payicad 306 may
include an RF commupication system 318, which may transout and/or reccive RF
commiiications via an antenna system 340,

{3878] The payload 306 may also melude a power supply 326 to supply power to the
various components of balloon 30{(. The power supply 326 could mclude a rechargeable
battery. In other embodiments, the power supply 326 may additionally or alternatively
represent other means known mn the art for producing power,  In addifion, the balloon 300
may mclude a solar power gencration system 327, The solar power genecration system 327
may nclude solar panels and could be used to generale power that charges and/or s
distributed by the power supply 326.

({3871 The payload 306 may additionally include a positioning system 324, The
positioning system 324 could melude, for exampie, a global posittonmg system (GPS), an
mertial navigation system, and/or a star-tracking svstem. The positioning system 324 may
additionally  or alternatively iclude various motion  sensors  {e.g., accelerometers,
magnetometers, gyroscopes, and/or compasses).

{3472] The positioning system 324 may addittonally or alternatively include one or

more video and/or still cameras, and/or various sensors for capturing environmental data.
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{3873] Some or all of the components and systems within payload 306 may be
mmplemented 1 a radiosonde or other probe, which may be operable to measure, e.g.,
pressure, altitude, geographical position (latitude and longitude), temperature, relative
humudity, and/or wind speed and/or wind direction, among other information.

{3874] As noted, balloon 200 includes an ultra-bright LED system 320 for free-space
optical commumication with other balloons. As such, optical communication system 316 may
be configured to transmit a frec-space optical signal by modulating the ultra-bright LED
system 320, The optical communication system 316 may be mnplemented with mechanical
systems and/or with bardware, firmware, and/or software. Generally, the manner i which an
oplical communication system is implemented may vary, depending upon the particular
application. The optical communication system 316 and other associated components are
described m further detail below.

{0875 In a turther aspect, balloon 300 may be configured for altitude control. For
mstance, balioon 300 may include a variable buoyancy system, which 1s configured (o change
the altitude of the balloon 300 by adjusting the volume and/or density of the gas m the
balloon 300. A variable buovancy system may take various forms, and may generally be any
system that can change the vohume and/or density of gas m the envelope 302,

{3876] In an example embodiment, a vartable buoyancy system may mclude a bladder
310 that 18 located mside of envelope 302, The bladder 310 could be an elastic chamber
configured to hold haguid and/or gas. Aliernatively, the bladder 310 need not be inside the
envelope 302, For nstance, the bladder 310 could be a ngid bladder that could be
pressurnized well beyond neutral pressure. The buoyancy of the balloon 300 may therefore be
adiusted by changing the density and/or volume of the gas in bladder 310, To change the
density i bladder 310, balloon 300 may be configured with systems and/or mechanisms for
heating and/or coolimg the gas 1 bladder 31{. Further, to change the volume, balloon 300

-0



A

1{

WO 2013/106281

CA 028593957 2014-06-13

PCT/US2013/020536

may mehade pumps or other features for adding gas to and/or removing gas from bladder 310,
Additionally or alternatively, 10 change the volume of bladder 310, balloon 300 may mchude
release valves or other fcatures that are controllable to allow gas (6 escape from bladder 310.
Multipie bladders 310 could be mmplemented within the scope of this disclosure.  For
mstance, multipie bladders could be used to improve balioon stability.

{88771 In an cxample embodiment, the cavelope 302 could be filied with helum,
hydrogen or other lighier-than-air material. The envelope 302 could thus have an associated
upward buovancy force. In such an embodiment, air m the bladder 310 could be considered a
ballast fank that may have an associated downward ballast force. In another exampie

embodmment, the amount of air in the bladder 310 could be changed by pumping air {¢.g.,

with an air compressor} mto and out of the bladder 310, By adjusting the amount of air 1n the
bladder 310, the ballast force may be controlled. In some embodiments, the ballast force may
be used, m part, to counteract the buovancy force and/or to provide altitude stability,

{8878] In other embodiments, the envelope 302 could be substantially rigid and
mclude an enclosed volume. Air could be evacuated from envelope 302 whale the enclosed
volume 1s substantially maudamed. In other words, at least a partial vacuum could be created
and maintained within the enclosed volume. Thus, the envelope 302 and the enclosed
volume could become lighter than air and provide a buoyancy force.  In yet other
embodiments, ar or another matenal could be controllably mtroduced nto the parfial vacuum
of the enclosed volume n an ¢ffort to adjust the overall buovancy force and/or o provide
altitude control.

{3879] In another embodiment, a portion of the envelope 302 could be a fivst color
{¢.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 velatively larger amount of solar energy than the second color
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and/or second matenal., Thas, rotating the balloon such that the first material 15 facing the
sun may act to heat the envelope 302 as well as the gas mside the envelope 302, In this way,
the buoyancy force of the envelope 302 may increase. By rotating the balloon such that the
second material 1s facing the sun, the temperature of gas nside the envelope 302 may
decrease. Accordingly, the buoyancy force may decrease. In this manner, the buovancy
force of the balloon could be adjusted by changing the temperature/volume of gas inside the
cnvelope 302 using solar energy. In such embodimments, 1t 1s possible that a bladder 310 may
not be a necessary clement of balloon 300, Thus, 1 various contemplated embodiments,
attitude control of balioon 300 could be achieved, at least n part, by adjusting the rotafion of
the balloon with respect to the sun.

{(3880] Further, a balloon 306 may mmchide a navigation system {not shown). The
navigation sysiem may implement station-keeping functions o mamiain posiion within
and/or move 10 a position m accordance with a desired topology. In particular, the navigation
system may use altitudinal wind data to determine altitudinal adjustments that result in the
wingd carrying the balloon m a desived direction and/or to a deswred location. The altitude-
control system may then make adjustments to the density of the balloon chamber m order o
cifectuate the determined altitudinal adjustments and cause the balloon to move laterally {o
the desired direction and/or to the desired location. Alternatively, the altitudinal adjustments
may be computed by a ground-based or satelhite-based control system and communicated to
the high-altitude balloon. In other embodiments, specific balloons 1n a heterogencous balloon
network may be configured to compute altitudinal adjustments for other balloons and
transniit the adjustment commands to those other balloons.

{38811 As shown, the balloon 300 also mcludes a cut-down system 308, The cut-
down system 308 may be activated to separate the payicad 306 from the rest of balloon 3{{.
The cut-down system 308 could include at lfeast a connector, such as a balioon cord,
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connecting the pavioad 306 to the envelope 302 and a means for severimg the connector (e.8.,
4 shearing mechamsm 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 nichrome wire 1o heat it and melt the cord, cutting the payload 306 away from the
envelope 302

{38821 The cut-down functionality may be ufthized anytime the payioad needs o be
accessed on the ground, such as when it 18 time {0 remove balloon 300 from a balloon
network, when maimntenance 18 due on systems within payioad 306, and/or when power
supply 326 needs to be recharged or replaced.

{3883] In an alternative arrangement, a balloon may not include a cut-down systen,
in such an arrangement, the navigation system may be operable t0 navigate the balloon to a
tanding location, m the event the balloon needs to be removed from the network and/or
accessed on the ground. Further, it 1s possible that a balloon may be self-sustaming, such that
it does not need 1o be accessed on the ground. In yet other embodiments, mm-thight balloons
may be serviced by specific service balloons or another type of service acrostat or service
aircraft,

3. Balloon Network with Optical and R¥ Links Between Balloons
[{3884] In some embodiments, a high-altitude-balioon network may mclude super-

node balloons, which communicate with one another via optical links, as well as sub-node

balloons, which commuicate with super-node balloons via RF hnks, Generally, the optical
hinks between super-node balloons may be contigured to have more bandwidth than the RF
imks 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-
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networks providing access to the balloon network and/or comnecting the balloon network to
other networks.

{385 Figure 4 15 2 simplified block diagram dlustrating a balloon network that
mclodes super-nodes and sob-nodes, according 1o an example cmbodiment.  More
specitfically, Figure 4 illustrates a portion of a balloon network 400 that mcludes super-node
balloons 410A to 410C (which may also be referred 10 as “super-nodes” ) and sub-node
balloons 420 {(which may also be referred 10 as “sub-nodes™).

{3886] Each super-node balloon 410A to 410C may mclude a free-space optical
conununication system that 1s operable for packet-data comnmmcation with other super-node
balloons. As such, super-nodes may communicate with one another over optical Imks. For
example, m the idlustrated embodiment, super-node 410A and super-node 401B may
comnuricate with one another over opfical link 402, and super-node 410A and super-node

401 C may comnmunicate with one another over optical link 404,

{3887] Each of the sub-node balloons 420 may include a radio-frequency (RE)
communication system that 15 operable for packet-data conmmmunication over one or more RE
atr iertaces.  Accordingly, each super-node balicon 410A 1o 410C may mciude an RF
conumunication system that is operable {0 route packet data to one or more nearby sgb-node
balloons 420. When a sub-node 420 receives packet data from a super-node 410, the sub-
node 420 may use its RF compumication system 1o route the packet data 10 a ground-based
station 430 via an RF air mnterface.

{3888] As noted above, the super-nodes 410A to 410C may be configured {or both
fonger-range  optical commumcation with  other super-nodes and  shorter-range RFE
conmununications with nearby sub-nodes 420, For exampie, super-nodes 410A 10 410C may
use using high-power or ultra-bright LEDS to transmait optical signals over optical links 4072,
404, which may extend tor as much as 100 males, or possibly more. Configured as such, the
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super-nodes 410A to 410C may be capable of optical commuonications at data rates of 10 to

58 GBit/sec or more.

{3O89] A larger number of high-altitude balioons may then be configured as sub-
nodes, which may commmumicate with ground-based Internet nodes at data rates on the order
of approximately {0 MBit/sec. For mstance, i the illustrated implementation, the sub-nodes
420 may be configured fo connect the super-nodes 410 to other networks and/or directly to
chient devices.

{3896G] Note that the data speeds and bink distances described n the above example
and clsewhere heremn are provided for illustrative purposes and should not be considered
frmiting; other data speeds and hink distances are possible.

{3891] In some embodiments, the super-nodes 410A to 410C may function as a core
network, while the sub-nodes 420 funchon as one or more access networks o the core
network.,  In such an embodiment, some or all of the sub-nodes 420 mayv also function as
gateways {0 the balloon network 400, Additionally or alternatively, some or all of ground-

based stations 430 may function as gateways to the balloon network 400,

4. A balloon with an optical-communication component having a pointing
axis adjustable based on a first location and a second location.

{3392] A balloon may be conhigured to communicate with a correspondent balloon,
for example to establish an optical-compnumications hink between the balloons. The two
balloons could be similar, or the two balloons could be dissinular (c.g., diffcrent types of
nodes m a heterogencous balloon network), In some embodiments, an  optical-
communications link may be additionally established between the balioon to a ground-based

station and/or a space-based plattorm {¢.g., a satellite).
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13893] The bhalloon could melude one or more optical-commumnication components,
such as an optical transmutier, an optical recerver, and/or an optical transceiver. Accordingly,
some cxample embodiments could be described in reference to Figure 3 and Figure 5. Figure
5 153 a sumplified block diagram thustrating an optical transmtter 500 and an optical recetver
320, according to an example embodiment.

{0894] In such an example embodiment, an optical transnutter 500 could receive data
i 5{2 that could be in the form of electrical and/or optical signals. The electrical and/or
optical signals that comprise the data m 502 may mclude mformation in the form of one or
more digital or analog voltage and/or optical intensity level(s). The data wm 502 could be
received by the optical transmitier 500 via an electrical {¢.g., wirc or multi-conductor cabic)
or optical {e.g., optical fiber or wavegwde) comnection. Modulator 304 could encode the
miormation from the data in 502 using one or more encoding technigues, such as mtensity
modulation, phase modulation, pulse-wave modulation, and/or frequency modulation. Those
skilled m the art wil understand that modulator 504 could reasonably use other known
encoding schemes.

{G95] A driver 506 may convert the encoded mformation mto a dnving signal that
could act to dhuminate a light source 508, In an example embodiment, light source S08 could
represent one or more hight-emitting diodes (LED) or lasers. The light source SO8 could also
mchude other lgh-power hight sources known in the art, The emission wavelengths of hight
source SO could be m the ultraviolet, visible, infrared and mucrowave spectral regimes. The
wavelength band of emission could be relatively narrow (€.2., a fow nanometers i spectral
width}.  Alternatively, the wavelength band could be broadband (e.g., a large portion of
visibic spectrum, as is common 1n “whate” LED cmisston). Further, hight source 508 could be
configured to emt light at nwltiple discrete wavelengths (e.g., with a two-color laser) or

withan multiple wavebands {e.g., with a multi-color LED).
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13896] The Light source 508 could be configured to modulate (e.g., turn on and oftf) at
high frequencies m order to achieve more than 10 gigabit-per-second (GBit/s) data
throughput. Light emmitted from light source 308 could be cither colhimated or uncoliimated.
Further, the mtensity of the emutted hight could be adypustable. The emiatted light could be
collimated and/or focused by transmussion ophics 510, The fransmassion optics 510 could
mchude clements such as a telescope and/or a beam coxpander.  Depending upon the
cmbodiment, other optical clements could be meluded 1n the transmission optics S1{, such as
those known n the art that may be used for long-range imaging.

{3397] In an alternative embodiment, hight eonitted from the hight source 508 could be
moduiated by a modulator. For mstance, a polarization modulator could be contigured {o
modulate the polarization of the light emitted from light source SU8. In such a scenario, the
free-space optical signal could include data based, at least m part, on the polarization of hight.
Various modulator types are possible, including a hiquid-crystal modulator and a spatial light
modulator, among others., In practice, the free-space opilical signal could mchide more than
one type of light modulation. Further, the hght modulation could be performed at high

frequencies 1o achieve more than 10 GBit/s data transmission.

{3398] Depending upon the embodiment, the clements of the fransmission optics 510
could be configured in different ways 1n an ettort to etticiently transmit output light as a free-
space ophical signal, such as signal 512, to a correspondent balloon.  For mstance, the
transmssion optics 510 could be configured to provide an optical-communications hink over
several kilometers. In other embodiments, the transmission optics S} could be configured
differently in order to establish an optical-communications hink with a ground-based station
o1 a spacc-based platform.  For mstance, the configuration of optical components in the
transmission optics 510 could be different it the mtended target was a ground-based station
(15-30 km away) compared to 1t the miended target was a space-based platform
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{(geosynchronous orbits can be over 42,000 k). Therefore, the distance between the balloon
and a space-based target could be over 42,000 km away.,  Accordingly, the optical
components in the transmussion optics 510 could be adjusted {e.g., by using a zoom and/or
tocusing feature on the telescope). In other embodiments, separate sets of transmussion optics
510 could be used based upon, for instance, the mitended target distance and target altitude.

{3899 An optical receiver 320 could be configured to receive a signal 527 that could
represent part of an optical-communications hink., The signal 522 could be a free-space
optical signal with encoded mformation from a correspondent balloon or another awbome
platformi. The signal 522 could also onginate rom a ground-based station or a space-based
platform (e.g., a satellite or other space-craft).

{33188 Signal 322 could be optically collected by receiver optics 524,
Keceiver optics 524 could mchude a telescope or any combination of optics {(such as refractive
ienses and reflective nurrors) known 1 the art for receving free-space optical signals at long
distances {¢.g., more than several kilometers), Light received by the receiver optics 524
could be amphified using an ophcal preamplhifier 526. The ophical preamplhifier 526 could
include one or more of a doped fiber amplificr, semiconductor optical amplifier (SOA),
Raman ampliticr, and/or a parametric amphifier. Other optical amplificr types are possible
within the context of this disclosure.

[B0101] The amplified optical signal could be filtered by an optical filter 5325,
in some embodiments, the opfical filter could mchude an absorptive filler, an interference
fthter, and/or a dichroie filter. The optical signal could be filtered in various ways, for
mstance based upon wavelength (e.g., m a bandpass filter) and/or polarization (e.g., with a
polarizer or waveplate),

{38162] The filtered light could be detected by a photodetector 530, The
photodetector 530 could mcelude one or more photodiodes, charge-coupled devices {(CCD),
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photocondactors, or other means for photon-sensing known in the art. The photodetector 530
could mclude a multiple clement detector system contigured to detect changes 1 an optical
beam location. In an example cmbodiment, the photodetector could transduce mmcident hight
mto a photocurrent signal,.  The photocurrent signal could then be amphilied with a
transtmpedance amphfier 532, The transmmpedance amphifier 532 may be configured to
contvert the photocurrent signal wie a voltage and provide signal gamn. Other amphitier types
are possible, and could be dependent, for instance, upon the cutput type of the photodetecior.
For mstance, 1t the photodetector 530 13 a photoconductive device that produces a
photovoitage, a tranconductance amphifier could be used o convert the photovoliage 10 a
signal current. Those skilled m the art will understand that there are many other ways {0
convert a photosignal wnto an electrical signal, and those other ways are contemplated herem.

{8103] The optical receiver could also mclude a demodulator / error-
correction element 534, which may be contigured to extract information from the signal 322,
The type of demodulation utilized by the demodulator / error-correction clement 534 may
depend upon the type of modulation matially performed on the optical signal. For imstance,
the demodulation wmethod may mchide camer recovery, clock recovery, frame
synchrontzation, pulse compression, error detection and corrcction, and/or mixang with a
tocal oscillator {e.g., heterodyne detection). Other demodulation methods known 1 the field
of optical and digital signal processing are possible.

1 00164] The demodulator / crror-correction clement 534 could be turther
configured to detect and correct errors in the as-received signal. For instance, the clement
534 could mmclude a hash function, a checksum algonthm, and/or other redundancy check

algorithms 1n an offort to reduce data transmission crrors.  Further, crror-correctng codes

-

ECCs)y {c.g., Turbo or low-denmsity parity-check codes) could be implemented i the
demodulator / error-correction element 534 to detect and correct errors. I errors are found,
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the gptical receiver S20 could be configured to correct the error avtomatically with a forward
crror correction (FEQC) algorithm. Alternatively, the optical recerver 520 could be conhigured
to send an automatic repeat request (ARQ) to the transnutting node via a reverse channel m
an effort to get a new transmission of the data.

{31 85] in reference 1o Figure 3, the optical-commumcation component(s) 330,
such as optical transmitter 30U and/or optical recerver 520, could be mechanically and/or
optically coupled to a gimbal mount 328, The gimbal mount 328 could be configured to
adiustably pomt 1 g pointing direction 332, Second optical-conununication component(s)
336 could be mechanically and/or opfically coupled to a gimbal mount 334 and oriented
along a pomnting divection 338. The second optical-communication componeni(s) 336 could
represent multiple components configured to maimntain optical communication links with
multiple nodes and/or nodes at varymg altitudes.  For instance, optical-conmununication
component 330 could be configured to mamntaim an optical link with a neighboring balloon
whiic optical-communication component 336 could be configured {0 matntain an optical link
with a ground-based station. In other words, ong or more opfical-commumgcation components
could be used with respective pomting mechanisms m an effort 10 mamtain optical hnks with
one or miore ground-, air-, or space-based network ncdes. Within the context of this
disclosure, the optical-commumication components 330 and 336 may mclude an optical
transmitter, an optical recerver, and/or an optical transceiver.

{38166] Figure 6 shows an examplc scenario for establishing an optical hink
between balloons., For mstance, a balloon 602 may attempt to ¢stablish a free-space optical
imk with a correspondent balloon 612, The balloon 602 may have a pointing mechamsni,
such as gunbal mount 328, The pommting mechamism could adjust a pointing axis of an
optical-communication component. The optical-comumwunication component could be an
optical veceiver, an optical transmitter, and/or an ophcal transceiver.
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{38167 The balicon 602 may include a positioning system configured to
acquire a first focation. The first location could represent the location of the balloon 602,
The {irst location could be acquired using, for example, a GPS receiver or a radio transceiver
configared to receive radio signals from a ground-based station.

{01 88] The balloon 602 could huther mclude a controlier. The controlier
could be configured 1o acquire a sccond location, whach may represent the location of the
correspondent balloon 612, The controlier could be any combination of positioning systems,
computers, and memory. Other configurations of the controller are possible.

{33169] The controlicr could acguure the second location 1 various ways. For
instance, the controlicr could acquire the second location via an RF communications hink.
Alternatively, the controlier could acquure the second location by maging with a camera. In
another embodiment, the controtler could acquure the second focation usmg a GPS recever.

(66118 The controlicr could determine an approximate target axis 604 based
on the first location and the second location. The approximate farget axis deternunation
could take mto account, for mstance, the latitude/longitude of the respective balloons (602
and 612}, as well as thew respective altitudes. The approximate target axis determination
could also depend upon the heading or rotational ortentation of the respective balloons 602
and 612

(G8111] The controller may control the pomting mechamsm to adjust the
pointing axis within a scanning range 610 based on the approximate target axis 604, The
scaniting range 610 could be a cone-shaped volume centered on the approximate target axis
604, The scanmmg range 610 could have angudar or absohute bounds such as bounds 606 and
GOE,

{38112} The controller could control the pointing mechanism to adjust the
pomnfing axis within the scanmng range 610 using known search algorithms, such as linear
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F19-7ag scanmng, or spiral scanmng. Alternatively, specific angles within the scanming range
610 could be sampled 1 a ‘rough’ scan. A ‘“fine” scan, for exampie mvolving more closely
spaced specific angles, mavy be then performed based on the results of the ‘rough’ scan.

(1131 in one embodiment, the optical-communication component may be an
optical receiver. In such a case, the pomting mechanism could be controlled by the controlier
to adjust the pomting axis of the optical receiver through the scanning range 610 m an effort
to ostablish an optical comumunications limk. For instance, the optical receiver output may be
monitored to detect an optical beacon from the corrgspondent balioon 612, It the optical
recetver detects the optical beacon, the scanning may stop and a free-space optical hink could
be established.

(81 14] in another embodiment, the optical-commumication component could
be an optical transnutter. As described above, the pomting mechamism could be controlied by
the controller 1o adjust the pomting axis of the optical transmitter through the scanning range
610 1n an eifort (o establish an optical communications link., During the scanming process,
the optical transnutter could transnut, for example, an optical beacon that may prompt an
acknowledgement signal via a reverse channel.  The optical beacon could be any signal
recognizable as such by the correspondent balloon 612, When the correspondent balloon 612
detects the optical beacon, an acknowledgement signal could be transmutted from the
correspondent balloon 612 to the balloon 602, for mstance, via a reverse channel. A reverse
channel could be represented by any means with which the correspondent balloon 612 could
signal the balloon 602, (e.g., an RF signal, an optical signal, or an indirect hnk through a
ground-based station). Upon receiving the acknowledgement signal from the correspondent
batioon 612, a free-space optical ink could be established and opfical data transmission may

COHNCNRCC,
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{381 15] In further embodiments, an optical beacon and/or an acknowledgement
signal may not be necessary 0 establish the free-space optical bnk. For instance, a camera on
the balloon 602 may provide images that could be used as feedback durmg the scanning
process.  As such, the contrglier may control the poimnting mechamsm to adjust the pomting
axis within the scannimg range 610 such that the correspondent balioon 612 18 centered within
the images. When a contered condition 1s met, optical data fransmission may commence, and
a frec-space optical link may be established.

{33116} in vyet another embodiment, the optical-conymunication component
could mcilude an optfical fransceiver.  The optical transceiver may represent an optical
recetver and an optical transmitier having a shared pomting axis. The oplical transceiver
could thus be contigured to send and receive optical signals along the shared pomnting axas.
As described above, the pomting mechanism could be controlled by the controlier to adjust
the pointing axis of the optical transceiver through the scamnning range 610 in an effort to
cstablish an optical comumunications hnk., In such an example cmbodiment, the oplical
transceiver could 1) search for an optical beacon, 1) transmit an optical beacon, or both.
Accordingly, upon 1) detecting an optical beacon, and/or 11) receiving an acknowledgement

signal, the scanning may stop and an optical comumunication link may be established.

X Method {or controlling a pointing mechanism o adjust 2 pointing axis of
an optical-communication component i a balioon based on a first location and a second
focation

(66117} A method 700 s provided for pomting an optical-commumnication
component attached to a first balloon towards a second balloon based on the second balloon’s
relative location.  The method could be performed using any of the apparatus shown m

Figures 1-6 and described above., However, other configurations could be used. Figure 7
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thustrates the steps m an example method with reference 1o Figure 6, however, 1t 18
understood that i other embodiments, the steps may appear in different order and steps could
be added or subtracicd.

{381 18] Step 702 includes determining a location of a first balloon 602, Step
704 mehudes determming a location of a second balloon 612, The location of the first balloon
642 and/or the second balloon 612 may be determuned usmg, for example, a GPS receciver.
The first balloon 602 could acquire the location of the second balloon 612 by optical means,
such as by mmaging balloon 612 with a camera or by receving an optical beacon from balioon
612, Alternatively or additionally, the location of the first balloon 602 and/or the second
balloon 612 could be determined using a radio transceiver configured to receive such
mformation. The radio transceiver could be mcluded i the system configured to perform the
tocation determunation, or it could be located elsewhere. The radio transceiver may be
configured 1o recetve location information from a ground-based station, a balicon, a satellite,
and/or any other device having information about the location of the first balicon 602 and/or
the second balloon 6172,

{3831 19] The location of the first balloon 6072 and the second balloon 6172 ¢could
be determined at cither the first balloon 602 or the sccond balloon 612, or could be
determned at a remote location {e.g., a ground-based station, a satellite, or a super-node
balloon).

681241 The respective locations of the first balloon 602 and the second balloon
612 could also be determined by other means. In one example embodiment, a star-tracking
system could be used to determune the position of one or both of the first balloon 602 and the
second balioon 612, The star-tracking system may be contigured to identify and track stars

tor navigational purposcs and could mchide, tor instance, a camera and/or a photocell,
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(1081211 Step 706 mchudes deternnining an approximate target axas 604 based on
the location of the second balloon 6172 relative to the location of the fivst balloon 602, In one
embodiment, the first balloon 602 may bave miormation regarding the location of the second
balloon 612, for mstance from GPS data. The {irst balloon 602 may further know its own
position from an on-board GPS receiver. From these data, the first balloon 602 could
calculate the relative position of the second balloon 612, Depending on the specificity of the
location data, a target axis could be approximated by the first balloon and may include a line
originating at the first balloon 602 and projecting towards the more or less specific location
of the second balloon 6172 {c.g., as mdicated by approximate target axis 604 shown m Figure
H).

({(3122] In another embodiment, Step 706 {(determining an approximate target
axis) could be carnied out by any computing device that has knowledge about the relative
distance and dircction between the furst balloon 602 and the second balloon 612, For
mstance, the approximate target axis 604 could be deternuined by a super-node balloon m the
balloon network, which may receive GPS or RF triangulation mitormation from neighbormg
balloons. Altematively, a ground-based station, which may be micrconnected to a server
network and/or the Internet, could determine the approximate target axis 604,

[G8123] Step 708 wcludes controlling a pomting mechanism to adpist a
pointing axis of an optical-comymunication component 1 the first balloon 602 withmn a
scanning range 610 based on the approximate target axis 604, The optical-communication
component 1 the first balloon 602 s operable to communicate with the second balloon 612
via a frec-space optical hnk, and may nclude an optical receiver, an optical transmatter,

and/or an optical transceiver.
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1881241 With reference to Figure 3, the gimbal mount 328, which may also be
termed the pointing mechanism, could be controlied to pomt the optical-commuuucation
component 330 towards the approximate target axis 332,

{(3125] The controlbng of the pointing mechamism could be pertormed by the
first balloon, for mstance using processor 312 and memory 314 to control the gimbal mount
328, Alternatively, the pointing mechanism could be controlied remotely by another balloon
ot ground- or space-basced station,

{08126] Onee under local or remote control, the pomting mechanism could be
adiusted within a scanning range bascd on the target axis. In other words, adjustments could
be periormed m a spatial search routine with an cffort io establish and maintain a {ree-space
optical ink. In one cmbodiment, it the optical-communication component 15 an optical
receiver, the optical receiver may be pomted along the approxamate target axis. The pomnting
mechanism may be adjusted so that the optical receiver is moved through a scammng range
around the approximate target axis while trying (o detect, for instance, an optical beacon
transmitted by the second balloon. A hall climb algorithm could be used to quickly find the
optimal pointing onentdation, or the optical receiver could simply be swept through the entire
range of angles and then pomnted towards the angle with the largest optical beacon signal,
{(rther techmiques known in the art to establish and optimize a line-of-sight optical hink may
be reasonably used within the context of the disclosure.

(68127} The scanning range could be a range of angles, such as an angular
cone, centered on the approxamate target axis. The scannimg range could be based at least
upon the approxamate distance to the second balloon. For mstance, it the second balloon 15
tar away, the scanning range may be relatively small, Conversely, if the second balloon 18
relatively nearby, a larger cone of angles may be necessary to find an optimal pomting axis

towards the second balloon.
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6. A non-fransiiory computer readable medium with instructions to adjust a
poinfing axis of an optical-communication component in a balleon based on a first
focation and a second location

tHizAY Some or all of the functions described above and dhustrated 1n Figures
3, 5, 6, and 7 may be performed by a computing device m response to the execution of
mstructions stored m 8 non-transitory computer readable medium.  The non-fransitory
computer readable medium could be, for cxample, a random access memory {RAM), a read-
only memory {ROM)}, a tlash memory, a cache memory, one or more magnetically encoded
discs, one or more optically encoded discs, or any other form of non-transitory data storage.
The non-transitory computer readable medium could also be distributed among multipie data
storage clements, which could be remotely located from cach other. The computing device
that executes the stored mstructions could be a computing device, such as the processor 3172
illustrated 1 Figure 3. Alternatively, the computing device that executes the stored
mstructions could be another computing device, such as a s¢iver m a server network, or a
ground-based station.

{36129] The non-transitory computer readable medium may store mstructions
cxecutable by the processor 312 to pertorm varnious functions. The functions could melude
the determination of a location of a first balloon. The functions could further nclude the
determunation of a location of a second balloon. The tunctions may additionally mchiude the
determination ap approximate target axis based on the location of the second balloon relative
to the location of the first balloon. The processor 312 could, for instance, receive GPS
coordinates of the first balloon and the second balloon 1 grder to determine the approxamate
target axis, Alternatively, the computer readable medium could be located vemotely from

hoth the first and the second halloouns,
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{38138] The non-transitory computer readable mednim may include further
functions such as controlhmg a pomting mechamsm to adjust a ponting axis of an optical-
communication component in the first balloon within a scanning range based on the

approximate target axas to establish a free-space optical hink with the second balloon.

- 40 -



CA 02859397 2016-03-01

CONCLUSION
[00131] The above detailed description describes various features and functions
of the disclosed systems, devices, and methods with reference to the accompanying figures.
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 limiting. The

invention, rather, is defined by the claims.
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CLAIMS

What 1s claimed is:
1. A balloon, comprising:

an optical-communication component, wherein the optical-communication
component comprises an optical receiver having a pointing axis, and wherein the optical-
communication component is operable to communicate with a correspondent balloon via a
free-space optical link;

a pointing mechanism configured to adjust the pointing axis;

a positioning system configured to acquire a first location, wherein the first location is
based on a location of the balloon: and

a controller, wherein the controller 1s configured to:

a) receive, from the correspondent balloon, coordinates indicative of a
second location via a radio frequency (RF) link, wherein the second
location corresponds to a location of the correspondent balloon;

b) determine an approximate target axis based on the first location and the
second location;

C) determine a distance between the first location and the second location;

d) determine a scanning range based on the distance and the approximate
target axis, wherein the scanning range comprises a range of angles
over which the optical receiver is adjusted, wherein the range of angles
is arranged in an angular cone about the approximate target axis, and
wherein the scanning range is based on the distance; and

¢) control the pointing mechanism to adjust the pointing axis within the
scanning range, to establish the free-space optical link with the

correspondent balloon, wherein establishing the free-space optical
-4 -
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link comprises the optical detector receiving an optical signal emitted

from the correspondent balloon.

2. The balloon of Claim 1, wherein the balloon is a high-altitude balloon in a high-

altitude balloon network.

3. The balloon of Claim 1, wherein the optical receiver is configured to receive free-space

optical signals.

4. The balloon of Claim 3, wherein the optical receiver comprises a photodiode.

5. The balloon of Claim 3, wherein the optical receiver comprises a multiple element

detector system configured to detect changes in an optical beam location.

6. The balloon of Claim 3, wherein the controller is configured to acquire the second
location based on an optical beacon from the correspondent balloon received by the optical

recelver.

7. A method, comprising:
determining a location of a first balloon;

determining a location of a second balloon based on coordinates received via a radio
frequency (RF) link with the second balloon;
determining a distance between the location of the first balloon and the location of the

second balloon;
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determining an approximate target axis based on the location of the second balloon

relative to the location of the first balloon;

determining a scanning range based on the distance and the approximate target axis,
wherein the scanning range comprises a range of angles over which an optical receiver of the
first balloon 1s adjusted, wherein the range of angles is arranged in an angular cone about the
approximate target axis, and wherein the scanning range is based on the distance; and

controlling a pointing mechanism to adjust a pointing axis of the optical receiver
within a scanning range, to establish a free-space optical link with the second balloon,
wherein establishing the free-space optical link comprises receiving, via the optical receiver,

an optical signal emitted from the second balloon.

8. The method of Claim 7, wherein the optical receiver 1s configured to receive free-space

optical signals.

9. The method of Claim 8, wherein determining the location of the second balloon

comprises determining the location of the second balloon based on an optical beacon

received by the optical recerver.
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