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(54) Geolocation techniques for an airborne cellular system

(57) A method of locating a billing area associated
with a cell phone call initiated in an airborne cellular
communications system (10) enables service providers
to more accurately identify system user locations within
the system's area of coverage. In operation, propaga-
tion delay and beam number location of an initiated call
are identified to determine a current handset radial
beam location. The propagation delay is then mapped
to a stored closest corresponding radial geographic bill-
ing location, and the call is then associated with the clos-
est corresponding radial geographic billing location. Ad-
ditional system accuracy may be provided by determin-
ing azimuthal position within a beam footprint (116\) by
determining a handoff location of a signal from a first
beam to a second beam, and then mapping handoff in-
formation to a closest corresponding azimuthal geo-
graphic billing location. Both the closest corresponding
radial and azimuthal geographic billing locations are
then used to identify a current handset location. Such a
system user location technique also enables an air-
borne system to comply with FCC E911 caller location
requirements.
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Description

Field of the Invention

[0001] The present invention relates generally to a
cellular communications system including an airborne
repeater, and particularly to techniques for locating sys-
tem users within the system coverage area .

Background of the Invention

[0002] The increasing need for communications net-
works and capabilities in outlying and geographically di-
verse locations has created greater demand for cellular
systems. Many new carriers providing the infrastructure
for such systems have focused their resources on build-
ing as many terrestrial cell stations as possible to ex-
pand their respective areas of coverage and conse-
quently generate more revenue.
[0003] However, the buildout rate for the terrestrial
cell stations is typically slow and expensive, especially
in mountainous or otherwise difficult to access areas. In
addition, in some these areas, a carrier's return on in-
vestment may not provide the incentive necessary for
the carrier to build the necessary cell stations, thereby
leaving these areas with either limited or no cellular
service at all. Further, many areas having a sufficient
number of cellular communications base transceiving
stations to handle calls during both off-peak and peak
times cannot adequately handle large volumes of calls
during sporting events or other short-term special
events that temporarily attract large crowds.
[0004] In response to the above, airborne cellular sys-
tems have been proposed in which a cellular repeater
mounted in an airplane flying a predetermined flight pat-
tern over a geographic area requiring cellular coverage
links calls from cellular phones within the covered geo-
graphic area to a terrestrial base station. Because the
airplane is capable of traversing geographic limitations
and takes the place of the cell stations, such a system
overcomes the above-mentioned limitations of conven-
tional terrestrial cellular systems.
[0005] Despite its many advantages, an airborne cel-
lular system presents design and implementation prob-
lems not present in the design and implementation of
conventional terrestrial cellular systems. For example,
service providers must be capable of accurately deter-
mining geographic locations of subscribers or roamers
within their service areas for billing purposes, for exam-
ple. In addition, real-time user location will be particu-
larly important in next generation (2.5 - 3G) systems
where data and multi-media services will be prevalent.
Advertising will be a key operator revenue stream and
location-based services/advertising will be premium.
Because cell sites in conventional terrestrial cellular
communications systems have very limited propagation
ranges, subscriber and roamer locations can be deter-
mined rather easily with an accuracy corresponding to

the limited ranges of the cell sites. However, because
an airborne cellular communications system has a much
wider propagation range, determining subscriber and
roamer locations within the propagation range of the air-
borne cellular system presents unique challenges. In
addition, accurate determination of geographic loca-
tions of subscribers or roamers within their service areas
must become an essential feature of all cellular systems
in response to a recent emergency 911 (E911) mandate
requiring more precise system user location capabili-
ties.

Brief Description of the Drawings

[0006] Advantages of the present invention will be
readily apparent from the following detailed description
of preferred embodiments thereof when taken together
with the accompanying drawings in which:

FIG. 1 is a system diagram of an airborne cellular
communications system in accordance with the
present invention;
FIG. 2 is a physical block diagram illustrating the
components of the airborne cellular communica-
tions system shown in FIG. 1 in more detail;
FIG. 3 is a block diagram showing components of
the system of FIG. 1 necessary to implement user
location techniques in accordance with the present
invention;
FIGs. 4 and 5 are flow diagrams illustrating the
methodologies used in implementing first and sec-
ond user location techniques of first and second
embodiments, respectively in accordance with the
present invention;
FIG. 6 is a system diagram illustrating communica-
tion links and coverage areas of the FIG. 1 and 2
system in more detail; and
FIG. 7 is a plan view of an airplane flight pattern and
corresponding beam pattern transmitted by an air-
borne cellular communications system repeater
carried by the airplane and utilized by a geolocation
technique of a third embodiment in accordance with
the present invention; and
FIG. 8 is a plan view of a hand-off of a system user
call occurring between two beams transmitted from
the airplane shown in FIG. 1 as the airplane exe-
cutes its flight pattern.

Detailed Description of the Invention

[0007] Referring now to the drawings in which like nu-
merals reference like parts, FIG. 1 shows an airborne
cellular communications system 10. The system 10 gen-
erally includes three primary segments: a cellular infra-
structure segment 12, a radio infrastructure segment 14,
and an airplane segment 16. These three segments in
combination are capable of providing cellular communi-
cations coverage to a large geographical area by ena-
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bling system users, represented generally by handsets
18, to link to a public switched telephone network
(PSTN) 20 via an airplane payload 22 including a re-
peater. The structure and function of each of these three
system segments will be discussed in detail.
[0008] The cellular infrastructure segment 12 in-
cludes a mobile switching office (MSO) 24 that includes
equipment, such as a telephony switch, voicemail and
message service centers, and other conventional com-
ponents necessary for cellular service. The MSO 24
connects to the PSTN 20 to send and receive telephone
calls in a manner well known in the industry. In addition,
the MSO 24 is connected to an operations and mainte-
nance center (OMC) 26 from which a cellular system
operator manages the cellular infrastructure segment
12. The MSO 24 is also connected to one or more base
transceiver stations (BTSs) such as the BTSs shown at
30a, 30b. The BTSs 30a, 30b transmit and receive RF
signals to and from the system users 18 through the ra-
dio infrastructure segment 14.
[0009] More specifically, the BTS 30 transmits and re-
ceives RF signals through ground converter equipment
32. The ground converter equipment 32 converts terres-
trial cellular format signals to C-band format signals and
communicates with the airborne payload 22 through a
feeder link 33 and a telemetry link 34, each of which will
be discussed later in detail. The payload 22 establishes
a radio link 36 for connecting calls over a wide geo-
graphic area of coverage, or footprint, that is capable of
exceeding 350 km when the airplane maintains a flight
pattern at or around 30,000 feet above the ground.
[0010] In addition to the airplane 35, the airplane seg-
ment 16 also includes an airplane operations center 37
that controls mission logistics based at least in part on
information from sources such as a weather center 38,
and manages all system airplanes, as the system pref-
erably includes three airplanes to ensure continuous
coverage (one operational, on en route, as required, and
one ground spare). The airplane also receives addition-
al routine instructions from sources such as an air traffic
control center 40.
[0011] FIG. 2 shows certain components of the sys-
tem 10 in more detail. Specifically, the ground converter
equipment 32 includes a C-band antenna 42 for receiv-
ing/transmitting signals from/to the payload 22 (a sec-
ond antenna is also provided for redundancy and plane
handoff purposes), and a C-band converter 44 for ap-
propriately converting the signals received from or to be
transmitted to the payload 22. According to a preferred
embodiment, the C-band antenna 42 and the converter
44 enable 800 MHz airborne cellular antennas 56 to
communicate with the BTSs 30a, 30b via an established
downlink, or feeder link, 33, and the converter 44 up-
converts nominal signals from the BTSs 30a, 30b to C-
band signals before the signals are transmitted to the
airplane 35. Also, each sector of each BTS 30a, 30b is
assigned a different band in the C-band spectrum so
that signals from the different BTSs 30a, 30b can be

separated and routed to the correct antenna, such as
the antenna 56, at the payload 22. In addition, the
ground control equipment 32 includes telemetry compo-
nents such as a telemetry antenna 46, a telemetry mo-
dem 48 and a telemetry processor 50 to receive and
process airplane and payload data transmitted from an
airplane telemetry antenna 52, while a control terminal
54 controls transmission of the processed telemetry da-
ta to the OMC 26 and the airplane operations center 37.
[0012] In the airplane segment 16, the airplane telem-
etry antenna 52 mentioned above transmits airplane av-
ionics data generated by airplane avionics equipment,
represented generally at 58, including airplane location,
direction and flight pattern data as well as other data
such as airplane pitch, roll and yaw data. The data from
the airplane avionics equipment 58 is input into and
processed by a payload processor 60 before being out-
put to the telemetry antenna 52 through a telemetry mo-
dem 62. The payload processor 60 is also responsible
for processing signals transmitted to and received from
the ground converter equipment 32 through the feeder
link 33 established between the C-band antennas 42,
56 and for processing signals transmitted to and re-
ceived from the system users 18 through a downlink, or
user link, 69 established between the users 18 and a
payload downlink antenna such as an 800 MHz antenna
70, with the signals received by and transmitted from
the payload being appropriately upconverted or down-
converted by an 800 MHz converter 72. The payload 22,
in addition to including the above-mentioned equipment,
also includes GPS equipment 74 that can also be input
into the processor 60 and transmitted to the ground con-
verter equipment 32 and sent via landline to the airplane
operations center 37 for flight control and/or monitoring
purposes. The components shown in the airplane and
in the payload together form the airplane repeater that
enables cellular coverage to be provided to a ubiquitous
large geographic area that may otherwise not support
terrestrial cellular coverage because of an insufficient
number of cell stations or the like (often driven by eco-
nomics or topography).
[0013] As should be appreciated from the system con-
figuration shown in FIGs. 1 and 2, both the airborne cel-
lular system 10 and conventional terrestrial cellular sys-
tems appear identical to the PSTN 20 and the system
users 18. In other words, there are no discernable serv-
ice-related differences between calls linked to the PSTN
20 through the cellular infrastructure, radio infrastruc-
ture and airplane segments 12-16 and calls handled
through a conventional terrestrial system infrastructure,
in part due to the fact that the cellular infrastructure seg-
ment 12 includes a standard telephony switch in the
MSO 24 and BTSs 30a, 30b that are identical or nearly
identical to those included in a conventional terrestrial
system infrastructure. Also, the system 10 is designed
to meet the performance requirements of standard
handsets such as those shown at 18.
[0014] Still referring to FIGs. 1 and 2, operation of the
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components of the airborne cellular system 10 during
completion of a call made by one of the system users
18 will now be described. The airplane 35, when on-sta-
tion preferably flies in a circular or near circular flight
pattern (although the flight pattern may vary according
to specific weather and coverage conditions) to provide
coverage to a predetermined geographic area during a
mission. While it is on-station, the airplane maintains
contact with the ground converter equipment 32 to pro-
vide both the feeder link 33 and the user link 36 for the
cellular infrastructure segment 12 through the radio in-
frastructure equipment segment 14. The airplane 35 al-
so transmits a predetermined number of communica-
tions beams, such as, for example, 13 beams, over the
coverage area, with each beam being assigned to a sec-
tor of one of the BTSs 30a, 30b and having its own set
of control and traffic channels to carry signaling and
voice data between the system users 18 and the cellular
infrastructure segment 12. As the airplane 35 moves in
its flight pattern, the beams radiated from the airplane
rotate. Therefore, as the system users 18 will "see" a
different beam every 45 seconds or so, the cellular in-
frastructure segment 12 performs a sector to sector
handoff of the call to keep the call from being dropped.
[0015] When initiating a call, a system user, such as
one of the users 18, utilizes the control channels in the
beam to signal the MSO 24 to request a call setup. The
request is sent from a handset of the user 18 to the air-
plane payload 22, and then is relayed to the ground con-
verter equipment 32. The ground converter equipment
32 relays the request to the corresponding BTS, such
as the BTS 30a. The BTS 30a then transmits the request
to the MSO 24, which sets up the call with the PSTN 20.
The payload 22 therefore simply extends the physical
layer of the BTS 30 to the users 18 to allow a much wider
area of coverage than would typically be provided by a
conventional terrestrial system, and with less associat-
ed infrastructure buildout cost. The airborne system 10
is also preferable for providing temporary cellular cov-
erage for special events areas, where coverage is only
needed for several days, thereby eliminating the need
and cost associated with erecting cell stations and then
tearing the cell stations down after the special events
end.
[0016] Once the call setup is completed, voice com-
munication with the PSTN 20 through the traffic chan-
nels in the beam is initiated, and voice information is
then relayed in the same manner as the signaling infor-
mation. When the call ends, a signal is sent to the MSO
24 to tear down the call, the handset of the user 18 re-
leases the traffic channel used for voice communica-
tions, and the channel is returned to an idle state.
[0017] FIG. 3 shows certain of the components of a
system 10, including an additional BTS 30c not previ-
ously shown in FIGs. 1 and 2 (any number of BTSs nec-
essary for implementing the airborne cellular system
may be included). The components of the system 10 are
necessary to implement system user location tech-

niques of first and second embodiments in accordance
with the present invention that enable an airborne cel-
lular communications service provider to accurately bill
system users and reamers based on their location within
the system.
[0018] Specifically, each of the sectors of the respec-
tive BTSs 30a-30c is dedicated to a unique one of the
exemplary beams having associated beam numbers f1,
f2, f3 in a beam pattern 80 that is transmitted from the
antenna 70 shown in FIG. 2 to the location of active us-
ers and that forms the user link 69. Beam number infor-
mation for each beam is transmitted from the airplane
35 to the ground converter equipment 32 through the
feeder link 33. The ground converter equipment 32, up-
on receiving the beam number information, then creates
a pseudo-BTS reference number for each of the beams,
and transmits the pseudo-BTS reference numbers to
the switch located in the MSO 24. A home location reg-
ister (HLR) and a visited location register (VLR) in the
switch then compare the reference numbers to a list of
locations used in a system billing program, and will in-
terpret the reference numbers as though the numbers
were BTSs in a conventional terrestrial cellular commu-
nications system. As a result, a system user's location
within a particular beam can be determined at the MSO
24 based on the beam number information, with the lo-
cation having an approximate 50 km uncertainty that
corresponds generally to the dimensions of the respec-
tive beam footprints.
[0019] The methodology utilized to locate a system
user based on the geolocation technique of the above-
described first embodiment is summarized in the flow
diagram in FIG. 4. At 90, a call is initiated in one of the
BTSs, such as the BTS 30a. At 92, airplane location and
heading data is transmitted from the airplane avionics
equipment 58 shown in FIG. 2 via the telemetry link 34
to the MSO 24, where it is used at 94 to calculate a cur-
rent beam center location. At 96 the HLR and VLR in
the switch then compare the calculated beam center lo-
cation against a list of billing program reference loca-
tions to map the calculated beam center location to a
closest one of the billing program reference locations.
At 98 the closest one of the billing program reference
locations is then utilized by the MSC 24 as the system
user's current location for the purpose of billing the user
at a rate that is commensurate with the user's location.
[0020] As beam patterns such as the beam pattern 80
are, for example, in the range of 50 - 75 km in diameter,
further segmentation of the beam pattern may be re-
quired, depending upon specific system billing or E911
requirements, to more accurately determine the system
user's location within a particular beam. In such a case,
a system user location methodology that is more refined
than that shown in FIG. 4 and as summarized by the
flow diagram in FIG. 5 may be utilized. According to the
refined system user location methodology, at 100, a call
is initiated in one of the BTSs, such as the BTS 30a. At
102, the switch determines the current handset location
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by calculating the user's radial distance in the beam us-
ing a time delay algorithm programmed into the MSC
24. The time delay is measured by the BTS either via a
measurement of the code offset (CDMA) or frame delay
(TDMA) and then converted to a radial distance based
on the airplane geometry with respect to the ground con-
verter equipment 32. At 104 the HLR and VLR then com-
pare the handset location against a list of billing program
reference locations to map the handset location to one
of the billing program reference locations. At 106 the bill-
ing program reference location is then utilized by the
MSC 24 to bill the user at a rate that is commensurate
with the user's location within the particular beam.
[0021] The system user location techniques accord-
ing to the first and second embodiments described
above give a service provider the ability to perform lo-
cation billing for a cellular communications network in-
cluding both airborne and terrestrial components. The
techniques enable the service provider to generate ad-
ditional revenue, as system user locations can be more
accurately determined and more appropriate billing
rates applied, particularly to subscribers of adjacent sys-
tems that roam into the coverage area of the system 10.
[0022] Referring to FIGs. 6-8, a time delay-based lo-
cation technique of a third embodiment in accordance
with the present invention that may be utilized with the
above-discussed second embodiment to achieve even
greater accuracy in determining a user's location will
now be described. As shown in FIG. 6, the beam pattern
80 transmitted from the antenna 70 results in numerous
beams, such as the 18 beams shown generally at 108
that together define a beam pattern footprint that covers
a predetermined geographic area that may be, for ex-
ample, 110 km in diameter when the airplane transmits
the beam pattern from an elevation of 30,000 feet. The
beams rotate as the airplane executes its circular flight
pattern. However, the link 36 remains stationary relative
to the system users due to a series of handoffs that oc-
cur between, for example, a beam rotating out of a cov-
erage area and a beam rotating into the same coverage
area.
[0023] More specifically, as shown in FIG. 7, the radial
location of a system user 18 located within a footprint
112 of a beam, such as the beam f2, can be determined
using the above-discussed time delay algorithm as the
airplane 35 executes its flight pattern in the direction in-
dicated by the direction arrow A and as represented by
the azimuthal angle @. However, the uncertainty asso-
ciated with the system user's azimuthal location within
the beam f2 can be reduced by a factor of 100 compared
to the system user location technique described above
in connection with the second embodiment by utilizing
beam hand-off information to determine the exact azi-
muthal location of the system user within a particular
beam.
[0024] As shown in FIG. 8, the system user 18 is
shown between projections 116, 118 of two beams, such
as beams f1, f2 as the beam f1 forming the footprint 116

rotates out of a coverage area of the user 18 and as the
beam f2 forming the footprint 118 rotates into the cover-
age area. As the system user's radial location is calcu-
lated using the above-discussed time delay technique
(stored system user radial billing locations are repre-
sented by the generally horizontal lines within the beam
footprint 116), the switch can determine the system us-
er's azimuthal position within the beam f1 at the time of
handoff, as hand-off information indicating the exact
point in time at which the hand-off occurs can be trans-
mitted to the switch in the MSC 24 from the BTS and
compared to a database of stored system user azimuth-
al billing locations, represented by the generally vertical
lines within the beam footprint 116, to determine the
nearest azimuthal billing location to the calculated loca-
tion. The handoff time is then converted to an azimuthal
location by utilizing the current location and heading of
the airplane.
[0025] It should be appreciated that, as system hand-
offs occur periodically, such as only once every 45 sec-
onds, the switch cannot determine the exact location of
a system user initiating a call immediately after a beam
hand-off until a subsequent hand-off occurs. Therefore,
a service provider may initially assign a less expensive
rate to a system user's call until the exact location of the
system user can be determined after the subsequent
beam hand-off occurs 45 seconds later.
[0026] In addition, it should be appreciated that the
system user location technique of the third embodiment
is not applicable to a system center beam that potentially
does not hand off calls. However, location within the
center beam can be refined using standard triangulation
techniques utilizing movement of the airplane to provide
spatial diversity. Three different measurements separat-
ed in time will each have different ground station, air-
plane and handset geometry, thereby allowing for trian-
gulation measurement of user location. In other words,
three time-separated measurements will appear as
three location-separated measurements as the airplane
continues to execute its flight pattern. Two of the meas-
urements will isolate the user location to two points with-
in the beam. As the airplane continues to execute its
flight pattern, the third measurement breaks the left/right
ambiguity created by the first two measurements (un-
less the third measurement lies on a line connecting the
first two measurement points). Therefore, geolocation
of a user within a center beam may also be realized.
[0027] In view of the foregoing discussion, the system
user location techniques of the embodiments in accord-
ance with the present invention enable a system user's
location within a particular communications beam to be
determined with an accuracy that can be refined to a
point determined by specific system billing require-
ments. In addition, the third embodiment enables a sys-
tem user's location to be accurately determined based
on both its radial and azimuthal location within a specific
beam. Such accuracy enables an airborne cellular com-
munications system such as the system 10 to comply
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with a recent FCC E911 mandate requiring cellular sys-
tems to provide a user's location within a 125-meter ra-
dius 67% of the time.
[0028] While the above description is of the preferred
embodiment of the present invention, it should be ap-
preciated that the invention may be modified, altered, or
varied without deviating from the scope and fair mean-
ing of the following claims.

Claims

1. A method of determining a location of a handset
within a coverage area of a cellular communications
system having an airborne repeater, comprising:

determining a propagation delay and a beam
number associated with a call;
mapping the propagation delay and the beam
number to a geographic location;
determining an azimuthal position based on a
handoff of the call caused by rotating coverage
beams; and
refining the geographic location determined
from the mapping of the propagation delay and
the beam number based on the azimuthal po-
sition.

2. The method of claim 1, further comprising using a
triangulation technique utilizing system ground sta-
tion, airplane and handset geometries determined
at three different measurement times if a handset
is located in a central system location.

3. The method of claim 1, further comprising maintain-
ing accuracy of the geographic location by monitor-
ing subsequent call handoffs.

4. The method of claim 1, further comprising using the
geographic location determined from the refining of
the geographic location for emergency purposes.
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