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(57) Abstract: A beam pattern of a base station
antenna is refined when communicating with mul-
tiple aircraft, so that interference to adjacent
beams from the base station are reduced. The
method include receiving position locations from

A BTS RECEIVES RECEIVING REPORTS OF MEASUREMENTS OF
PILOT SIGNALS FROM EACH OF THE PLURALITY OF AIRCRAFT,
THE RECEIVED MEASUREMENTS OF PILOT SIGNALS HAVING
BEEN TRANSMITTED BY THE BASE STATION

each of multiple aircraft. The method also include
the receipt of an attitude of each of the aircratt as
well as receipt of measurements of the pilot sig-
nals from each of the aircraft. The pilot signals
were transmitted by the base station. The method
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THE BTS ADJUSTS AN AMPLITUDE AND A PHASE OF A SIGNAL
DRIVING AT LEAST ONE ANTENNA TRANSMIT ELEMENT TO
REFINE THE BEAM PATTERN, THE ADJUSTING BASED AT

LEAST IN PART ON THE RECEIVED REPORTS OF
MEASUREMENTS OF PILOT SIGNALS FROM EACH OF THE
PLURALITY OF AIRCRAFT.

FiIG. 8

also include the adjustment of an amplitude and a
phase of a signal driving at least one antenna
transmit element to refine the beam pattern. The
adjustment is based at least in part on the pilot
measurements, the position locations, and the atti-
tude of each of the aircraft.
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METHOD FOR AIR-TO-GROUND DATA LINK ANTENNA SELF
CALIBRATION

BACKGROUND
Field

[0001] Aspects of the present disclosure relate to air-to-ground communication
systems, and more particularly to an air-to-ground communications system adapted for
use with an airborne mobile platform that accomplishes soft hand offs between
terrestrial base transceiver stations in a cellular network while the mobile platform is in

flight.
Background

[0002] Wireless communication networks are widely deployed to provide
various communication services such as telephony, video, data, messaging, broadcasts,
and so on. Such networks, which are usually multiple access networks, support
communications for multiple users by sharing the available network resources.
Typically, such networks are terrestrial-based networks, however, in recent years,
publicly accessible networks are being made available for passengers on commercial air

transportation, e.g., airplanes and other aircraft.

[0003] Such services are typically known as air-to-ground (ATG)
communication services, and may provide such services as broadband data, voice
communication, and entertainment such as streaming movies or music. Although ATG
services and networks are similar to currently deployed terrestrial cellular and other

wireless networks, there are aspects of ATG networks that differ from these networks.

[0004] Typically, as aircraft fly across a geographic region, each aircraft is
serviced by a particular base transceiver station (BTS) until signal quality, signal
strength, or available bandwidth from that BTS is insufficient, at which time service is
transferred to another BTS. Such a transfer is typically called a “handoff,” similar to
handoffs that occur in terrestrial cellular networks for cellular devices (handsets, PDAs,

etc.) when such devices are mobile.
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[0005] Aircraft typically use a single transceiver having an antenna mounted on
the undercarriage of the aircraft to communicate with the BTS. However, BTS antenna
patterns are usually designed to service terrestrial customers, and the beam patterns at a

given BTS are usually not arranged to service ATG communications traffic.

[0006] Further, merely replicating the terrestrial cellular beam patterns around
the aircraft in an omnidirectional pattern would provide insufficient signal strength and
capacity to service the thousands of aircraft and potentially hundreds of thousands of

users in such an ATG system.

[0007] Further, typical cellular and mobile devices use antenna patterns that
transmit power in all directions, and if such antennas had high enough gain patterns to
communicate directly with a terrestrial BTS, such transmissions would cause
interference into all BTS sites within a line of sight of transmission of the cellular
device. The line-of-sight transmission for a device increases when the
transmitter/antenna pattern is at altitude, thus further complicating the interference
problem. Increased interference also reduces data bandwidth, which creates lower data
throughput in an ATG system that can use cellular telephones and other mobile devices

directly.

[0008] As such, the antennas used in ATG systems are typically “directional”
antennas, where the antenna on the aircraft directs the outgoing transmission in certain
directions, and the BTS antenna also directs the transmission power in the direction of
aircraft in the BTS service area. The aircraft antenna receives the omnidirectional
transmissions from the cellular telephones on board, and the aircraft antenna directs
these transmissions toward a specific BTS antenna, which reduces interference and

increases data throughput.

[0009] Once the aircraft begins leaving a particular BTS service area, the
aircraft service is handed off to another BTS in order to maintain communication with
the devices on board that aircraft. Such a handoff should occur before communication
is lost with the serving BTS to ensure continuous communication channels for the

devices on board. Such communication channels are difficult to maintain without
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interaction between the aircraft antenna and the BTS antennas, because signal strengths

and signal quality are typically not known.
SUMMARY

[0010] The present disclosure describes methods, apparatuses, and computer

program products for refining beam patterns of antennas.

[0011] In one aspect of the present disclosure, a method of refining a beam
pattern of a base station antenna configured to communicate with multiple aircraft in
which interference to adjacent beams from the base station is reduced is described. The
method receives reports of measurements of pilot signals from each of the aircraft, the
received measurements of pilot signals having been transmitted by the base station. The
method further includes adjusting an amplitude and a phase of a signal driving at least
one antenna transmit element to refine the beam pattern. The adjustment is based at
least in part on the received reports of measurements of pilot signals from each of the

aircraft.

[0012] In another aspect of the present disclosure, a method refines a beam
pattern of an antenna beam of a base station antenna configured to communicate with
multiple aircraft with beams to reduce interference to adjacent beams from the base
station. The method receives position locations from each of the aircraft and receives an
attitude of each of the aircraft. The method measures pilot signals transmitted from
each of the aircraft, and adjusts an amplitude and a phase of a signal driving at least one
antenna receive element to refine the beam pattern. The adjustment is based at least in
part on the received measurements of pilot signals, the received position locations,

and/or the attitude of each of the aircraft.

[0013] An apparatus in accordance with another aspect of the present disclosure
refines a beam pattern of a base station antenna configured to communicate with
multiple aircraft with multiple beams. The apparatus includes means for receiving
position locations from each of the aircraft and means for receiving an attitude of each
of the aircraft. The apparatus further has means for receiving measurements of pilot

signals from each of the aircraft, where the received measurements of pilot signals were
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transmitted by a base station. The apparatus also has means for adjusting an amplitude
and a phase of a signal driving at least one antenna transmit element to refine the beam
pattern. The adjustment is based at least in part on the received measurements of the

pilot signals, the received position locations, and/or the attitude of each of the aircraft.

[0014] In still another aspect of the present disclosure, an apparatus refines a
beam pattern of a base station antenna communicating with multiple aircraft with
multiple beams. The apparatus has a transmitter configured to transmit pilot signals to
each of the aircraft, and a receiver configured to receive position locations from each of
the aircraft, as well as an attitude of each of the aircraft and measurements of pilot
signals from each of the aircraft. The apparatus also has a controller, coupled to the
transmitter and receiver, configured to adjust an amplitude and a phase of a signal
driving at least one antenna transmit element to refine the beam pattern. The adjustment
is based at least in part on the pilot measurements.-The adjustment may be further based

on position locations, and/or attitude of each of the aircraft.

[0015] In another aspect of the present disclosure, a computer program product
is configured for refining a beam pattern of a base station antenna configured to
communicate with multiple aircraft with multiple beams. The computer program
product includes a non-transitory computer-readable medium having non-transitory
program code recorded thereon. The non-transitory program code has program code to
transmit pilot signals to aircraft, program code to receive position locations from each of
the aircraft, and an attitude of each of the aircraft and measurements of the transmitted
pilot signals from each of the aircraft. The non-transitory program code also has
program code to adjust an amplitude and a phase of a signal driving at least one antenna
transmit element to refine a beam pattern. The adjustment is based at least in part on the
received measurements of pilot signals, the position locations, and/or the attitude of

each of the plurality of aircraft.

[0016] In another aspect of the present disclosure, a method refines a beam
pattern of receiving communication signals containing pilot signals at a first aircraft
from the base station. The pilot signals are measured at the first aircraft, and the pilot

measurement reports are transmitted from the first aircraft to the base station. Further
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communication signals with reduced interference are received at an aircraft, resulting
from the base station adjusting an amplitude and a phase of a signal driving at least one
antenna transmit element. The adjustment is based at least in part on the reports of

measurements of pilot signals transmitted from the first aircraft.

[0017] An apparatus for refining a beam pattern of a base station antenna
configured to communicate between a base station and multiple aircraft using multiple
beams has an aircraft receiver configured to receive communication signals containing
pilot signals from a base station transmitter at a first aircraft. The apparatus also has a
processor, coupled to the receiver, configured to measure the pilot signals at the first
aircraft, and an aircraft transmitter, coupled to the processor, configured to transmit the
pilot signal measurement reports from the first aircraft to the base station. The
apparatus further includes a controller, coupled to the base station transmitter, for
adjusting an amplitude and a phase of a signal driving at least one antenna transmit
element in the base station transmitter to refine the beam pattern. The adjustment is
based at least in part on the reports of the pilot signal measurement reports transmitted

from the first aircraft.

[0018] An apparatus for refining a beam pattern of a base station antenna
configured to communicate between a base station and multiple aircraft using multiple
beams includes means for receiving configured to receive communication signals
containing pilot signals from a base station transmitter at a first aircraft. The apparatus
also has means, coupled to the receiving means, for measuring the pilot signals at the
first aircraft. The apparatus also includes means, coupled to the processing means, for
transmitting the pilot signal measurement reports from the first aircraft to the base
station and means, coupled to the base station transmitter, for adjusting an amplitude
and a phase of a signal driving at least one antenna transmit element in the base station
transmitter to refine the beam pattern. The adjustment is based at least in part on the

reports of the pilot signal measurement reports transmitted from the first aircraft.

[0019] A computer program product configured for refining a beam pattern of a
base station antenna configured to communicate with multiple aircraft with multiple

beams in accordance with another aspect of the present disclosure includes a non-
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transitory computer-readable medium having non-transitory program code recorded
thereon. The non-transitory program code has program code to receive communication
signals containing pilot signals at a first aircraft from the base station, program code to
measure the pilot signals at the first aircraft, program code to transmit the pilot
measurement reports from the first aircraft to the base station, and program code to
adjust an amplitude and a phase of a signal driving at least one antenna transmit element
to refine the beam pattern. The adjustment is based at least in part on the reports of

measurements of pilot signals transmitted from the first aircraft.

[0020] This has outlined, rather broadly, the features and technical advantages
of the present disclosure in order that the detailed description that follows may be better
understood. Additional features and advantages of the disclosure will be described
below. It should be appreciated by those skilled in the art that this disclosure may be
readily utilized as a basis for modifying or designing other structures for carrying out
the same purposes of the present disclosure. It should also be realized by those skilled
in the art that such equivalent constructions do not depart from the teachings of the
disclosure as set forth in the appended claims. The novel features, which are believed to
be characteristic of the disclosure, both as to its organization and method of operation,
together with further objects and advantages, will be better understood from the
following description when considered in connection with the accompanying figures. It
is to be expressly understood, however, that each of the figures is provided for the
purpose of illustration and description only and is not intended as a definition of the

limits of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] For a more complete understanding of the present disclosure, reference is
now made to the following description taken in conjunction with the accompanying

drawings.

[0022] FIGURE 1 illustrates a diagram of an example of an air-to-ground

telecommunications system.
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[0023] FIGURE 2 illustrates a base transmitting station antenna in accordance

with one or more aspects of the present disclosure.

[0024] FIGURE 3 illustrates an azimuth antenna pattern that may be deployed in
an air-to-ground broadband communications system in accordance with aspects of the

present disclosure.

[0025] FIGURE 4 illustrates an azimuth antenna pattern that may be deployed in
an air-to-ground broadband communications system in accordance with one or more

aspects of the present disclosure.

[0026] FIGURE 5 illustrates a comparison between the antenna patterns of
FIGURES 3 and 4.

[0027] FIGURE 6 illustrates example antenna patterns where multiple antennas

are simultaneously communicating with an antenna.

[0028] FIGURE 7 illustrates an example beam configuration of FIGURE 6 with

coefficient and phase errors introduced.

[0029] FIGURE 8 illustrates a method of refining a beam pattern of a transmit

beam of a base station antenna in accordance with one aspect of the disclosure.

[0030] FIGURE 9 illustrates a method of refining a beam pattern of a transmit

beam of a base station antenna in accordance with another aspect of the disclosure.

[0031] FIGURE 10 illustrates a method of refining a beam pattern of a transmit

beam of a base station antenna in accordance with another aspect of the disclosure.

DETAILED DESCRIPTION
[0032] The detailed description set forth below, in connection with the appended
drawings, is intended as a description of various configurations and is not intended to
represent the only configurations in which the concepts described herein may be
practiced. The detailed description includes specific details for the purpose of providing

a thorough understanding of the various concepts. However, it will be apparent to those
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skilled in the art that these concepts may be practiced without these specific details. In
some instances, well-known structures and components are shown in block diagram
form in order to avoid obscuring such concepts. As described herein, the use of the
term “and/or” is intended to represent an “inclusive OR”, and the use of the term “or” is

intended to represent an “exclusive OR”.
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Air-To-Ground Communications

[0033] FIGURE 1 illustrates a diagram of an example of an air-to-ground

telecommunications system.

[0034] A system 100, as shown, includes an aircraft 102 and multiple base
transmission stations (BTS) 104-106. Although only the aircraft 102, the BTS 104 and
the BTS 106 are shown for clarity, any number of aircraft and BTSs can be

implemented within the scope of the present disclosure.

[0035] The aircraft 102 has an antenna 108 that is used for communication with
one or more of the BTS 104 and the BTS 106 via a communication link 110 and/or a

communication link 112 via a BTS antenna 114 and/or a BTS antenna 116.

[0036] As the aircraft 102 flies overhead via a predefined route at regulated
altitudes, the aircraft 102 will enter and leave the service area for BTS 104 and/or BTS
106, as well as any other BTSs that are in a geographically proximate area. Typically,
terrestrial cellular systems adapted for ATG service use a wide beam width (e.g., the
BTS antenna 114 and/or the BTS antenna 116) to service the aircraft 102 via the
antenna 108. The wide beam width in used in an attempt to provide voice and low-
speed data services to cellular telephones or other mobile devices (not shown) that are
on board of the aircraft 102. Such an approach, however, typically does not have
sufficient bandwidth or power to properly maintain the communication link 110 or the
communication link 112 to service the aircraft 102 or other aircraft that are in the

geographic service area for the BTS 104 and/or the BTS 106.

[0037] Aspects of the present disclosure provide support for the communication
link 110 and the communication link 112 by higher frequencies to increase the
bandwidth provided to the aircraft 102 from the BTS 104 and/or the BTS 106. The
higher frequencies enable a higher data rate service to the aircraft 102, as well as other

aircraft in the geographic service areas of the BTS 104 and/or the BTS 106.

[0038] FIGURE 2 illustrates a base station transmitting antenna in accordance

with one or more aspects of the present disclosure.
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[0039] An antenna 200 (illustrated as the BTS antenna 114 and/or the BTS
antenna 116 in FIGURE 1) can be a stecrable beam antenna, implemented as a phased
array antenna having multiple antenna elements 202-208. Other steerable beam
antennas, such as tracking antennas, are envisioned as within the scope of the present

disclosure.

[0040] The system 100 of the present disclosure may use microwave spectrum
currently used by very small aperture terminal (VSAT) uplinks, which is typically in the
Ku-band of frequencies at approximately 12-14 GHz, although can also be in other
frequency ranges and bands without departing from the scope of the present disclosure.
To enable this spectrum reuse without degrading other uses of VSAT frequencies in
other systems, e.g., maritime VSAT, other previously-deployed VSAT systems, ctc.,
aspects of the present disclosure control the antenna patterns of the BTS antenna 114
and the BTS antenna 116, as well as the antenna pattern of the antenna 108, to reduce

interference between the system 100 and VSAT systems.

[0041] To further enable the system 100, the BTS antenna 114 and/or the BTS
antenna 116 use very narrow transmission beams, sometimes called “pencil” beams.
Pencil beams may have main power lobes of the beam pattern that are on the order of 1
degree by 2 degrees for supporting spatial multiplexing gain where the VSAT spectrum
is reused for multiple aircraft from each BTS 104-106. This spatial multiplexing utilizes
these very well defined beams by reducing interference, also referred to as “bleed over,”
from one beam to any other beam within the system 100. The BTS uses these beams to
transmit communication signals to aircraft and to receive communication signals from

aircraft.

[0042] To track multiple aircraft (e.g., aircraft 102) as they move across the field
of view of the BTS antenna 114-116, each of the aircraft 102 is illuminated with a
narrow pencil beam formed by the antenna elements 202-208. These beams are used to
establish the communication link 110 (or the communication link 112), and these links
are maintained by an antenna controller 210. In this configuration, the antenna
controller 210 controls the phase and amplitude coefficients of signals that drive each of

the antenna elements 202-208 to form and manipulate the beams used for the



WO 2014/110427 PCT/US2014/011121

11

communication link 110. The processor 212 is coupled to antenna controller 210, the
transmitter 222, and the receiver 220 at the BTS 104-106. The processor 212 may direct
the formation of many beams over the communication link 110 depending on the
amplitude and phase coefficients for a given signal to be transmitted or a given signal
being received at the BTS 104 and/or the BTS 106. The signals contained in those
beams include reference signals, which are known by both the transmitter and the
receiver. The reference signals are intended to enable measurement of the signal. These

reference signals are also known as pilots or pilot signals.

[0043] The aircraft 102 operates similarly, in that the communication link
signals are sensed at the antenna 108 and received at the aircraft receiver 216. These
signals are processed by the processor 212, which may be a similar or different
processor than the processor 212 at the BTS 104 and/or the BTS 106, and then
transmitted in the aircraft 102 by the transmitter 213. The internal antenna 214
transmits these signals to a user equipment 218 (UE), such as cellular telephones and
PDA devices, which then transmit back to the internal antenna 214. These signals are
then received by the transmitter 213 and processed by the processor 212, and then
retransmitted by the transmitter 213 through the antenna 108 back to the BTS 104
and/or the BTS 106.

[0044] In essence, the antenna 200 creates pencil beams through the use of the
antenna 200 (e.g., a phased array) made up of multiple antenna elements 202-208 that
are energized in particular phase and amplitude configurations to follow the aircraft 102
as it moves. Mechanical stress, thermal and local scattering effects affect the
communication link 110 and the communication link 112. These effects also distort the
beam pattern of the antenna 200 which reduces the performance of the system 100 by
increasing the power in the side lobes of the antenna beam created by the antenna 200.
Because the beam from the antenna 200 is only fully formed and measurable at a
considerable distance from the antenna 200, typically several meters from the antenna
200 itself because of the high gain of the antenna 200 beam, sampling the beam close to

the antenna (e.g., in the near field) is problematic.
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[0045] Further, atmospheric conditions between the BTS 104-106 and the
antenna 108 of the aircraft 102 may affect the beam, causing it to distort or diverge from
the determined path, which affects the performance of the communication link 110. The
distortion or divergence effects may include beam squint, beam size distortion, or other
effects, any of which reduces the bandwidth available for data/voice transmission
between the BTS 104-106 and the antenna 108. The antenna 200 can compensate for
these effects by adjusting the phase and amplitude of the drive to each of the antenna
elements 202-208, but only when there is some ability to determine the shape of the

beam formed by antenna 200 at an appropriate distance from the antenna.

[0046] In one configuration, an apparatus of the present disclosure includes a
means for receiving position locations from each of the plurality of aircraft. The
apparatus further includes a means for receiving an attitude of each of the plurality of
aircraft, and a means for receiving measurements of pilot signals from each of the
plurality of aircraft. The apparatus also includes a means for adjusting an amplitude and
a phase of a signal driving at least one antenna transmit element to refine the beam
pattern. In one aspect, the means for receiving an attitude of each of the plurality of
aircraft and the means for receiving measurements may be the receiver 220, configured
to perform the functions recited by each of the receiving means. The means for
adjusting may be the antenna controller 210, configured to perform the functions of the
adjusting means. In another aspect, the aforementioned means may be a device or other

apparatus configured to perform the functions recited by the aforementioned means.

[0047] In another configuration, an apparatus of the present disclosure includes
means for receiving communication signals containing pilot signals from a base station
transmitter. The apparatus further includes means for measuring the pilot signals at the
first aircraft, and means for transmitting pilot signal measurement reports to the base
station. The apparatus further includes means for adjusting an amplitude and a phase of
a signal driving at least one antenna transmit element in the base station transmitter. In
one aspect, the means for receiving communications signals may be the receiver 216,
configured to perform the functions recited by the receiving means. The means for

measuring may be the processor 212, configured to perform the functions of the
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measuring means. The means for transmitting may be the transmitter 213, configured to
perform the functions of the transmitting means. The means for adjusting may be the
antenna controller 210, configured to perform the functions of the adjusting means. In
another aspect, the aforementioned means may be a device or other apparatus

configured to perform the functions recited by the aforementioned means.
Effects of Adjustment of Antenna Coefficients

[0048] FIGURE 3 illustrates an azimuth antenna pattern that may be deployed in
an air-to-ground broadband communications system in accordance with aspects of the

present disclosure.

[0049] In a communications system that uses a phased array antenna to provide
antenna gain, the precise adjustment of the amplitude and phase coefficients is not
critical if the system only employs one beam. When the communications system uses
the multiple beams possible with a phased array antenna, and the beams provide spatial
multiplexing to multiple users of the system, the adjustment of the coefficients becomes
more important. This precise adjustment of coefficients is known as calibration of the

phased array.

[0050] In FIGURE 3, the horizontal axis 300 indicates the angle in the
horizontal plane, and the vertical axis 302 indicates the signal amplitude 304 in that
direction. The intended target (e.g., aircraft 102 or, alternatively, the BTS 104 and/or the
BTS 106) is in the center of the chart with the angle of 0 degrees, which is also referred

to as the antenna bore sight.

[0051] In FIGURE 3, the phased array coefficients for the antenna are calibrated
to the proper values. For this example, the signal amplitude peak gain is 35 dB at bore
sight. In other words, when the center of the plane of the antenna 200 is pointed at the

intended target, the antenna provides 35 dB of gain to the signal entering the antenna
200.

[0052] The first side lobes 308 of the antenna 200 appear at approximately plus

and minus 15 degrees away from the main beam and have a gain of 22 dB. This means
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the signal transmitted from this antenna will be 13 dB weaker at the angle of the first
side lobes 308 than at the angle of the bore sight. That is, areas that are ten degrees

away from the intended target (e.g., other aircraft and/or other BTS) receive a signal that
is 13 dB lower in power than the intended target receives if the antenna 200 is pointed
correctly. Additional side lobes 310 are spaced at intervals of angles farther off the bore

sight.

[0053] FIGURE 4 illustrates an azimuth antenna pattern that may be deployed in

an air-to-ground broadband communications system.

[0054] FIGURE 4 illustrates the antenna 200 configured as a phased array with
random errors of plus and minus 10 degrees in phase and plus and minus 15 percent in
amplitude. At the frequency of interest these are fairly small errors that cannot be
minimized without frequent adjustment as the temperature varies and mechanical

stresses on the antenna structure change, such as from strong winds.

[0055] With the random errors introduced into the coefficients, the main lobe
400 has only very minor degradation with respect to the main lobe 306 of FIGURE 3,
with the peak gain of the main lobe 400 dropping about 1 dB. The side lobes 402 and
404, however, have increased dramatically from 13 dB below the peak gain to only 9 dB
below. This shows that the power being transmitted to locations other than the intended
target has increased by over 50%, which decreases the power used for data transmission
and increases the power that bleeds over creating interference with other beams and

other targets.

[0056] FIGURE 5 illustrates a comparison between the antenna patterns of
FIGURES 3 and 4. A pattern 500 (solid line) is shown from FIGURE 3, and pattern
502 (dashed line) is shown from FIGURE 4.

[0057] FIGURE 6 illustrates example antenna patterns where multiple antennas

are simultaneously communicating with an antenna.

[0058] In FIGURE 6, the beam patterns 600-604 illustrate the antenna patterns

of three closely spaced targets (e.g., the aircraft 102) that can be simultaneously
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communicating with the BTS 104 and/or the BTS 106. The beam patterns 600-604
indicate that three separate beams are used to provide spatial multiplexing, such that the
main lobes of each of the beam patterns 600-604 are pointed in different directions,
allowing each target (e.g., the aircraft 102) to discriminate between the patterns. Such
spatial discrimination allows for frequency channel reuse from a given one of the BTS
104 and/or the BTS 106. Although three beam patterns 600-604 are shown, a larger or
smaller number of the beam patterns 600-604 can be used within the scope and spirit of

the present disclosure.

[0059] The side lobes of each of the beam patterns 600-604 allow signal to spill
over into the adjacent beams. As interference between the side lobes and main lobe for
each of the beam patterns 600-604 increases, the difference in power between the side

lobes and the main lobe of each of the beam patterns 600-604 becomes more important.

[0060] In FIGURE 6, there is a 13 dB difference between the main lobe peak
power and the side lobe power. As more beams are used, additional side lobes spill
signals into adjacent beams. As a result, the additional beams further reduce the signal-
to-interference ratio of the system. As the beam patterns 600-604 are limited in terms of
the difference between main lobe and side lobe power ratios, any degradation of the

inherent power levels severely impacts performance of the system 100.

[0061] As shown in FIGURE 6, when there are no coefficient or phase errors,
the 13 dB difference in power between the main lobe and the side lobe power levels is
discernible. Standard receivers are typically able to operate with such a signal-to-

interference ratio.

[0062] FIGURE 7 illustrates an example beam configuration of FIGURE 6 with

coefficient and phase errors introduced.

[0063] FIGURE 7 illustrates the beam patterns 700-704, where random errors of
plus and minus 10 degrees in phase and plus and minus 15 percent in amplitude are
introduced into the coefficients used to form the antenna beams. The peak gain to
interfering side lobes ratio is reduced from 13 dB to 8 dB, more than a doubling of

adjacent beam interference. Such degradation introduces errors in data transfer, reduces
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data throughput, and increases the possibility of lost communications channels in the

system 100.
Position/Attitude Information and Feedback

[0064] The aircraft 102 that are in communication with the BTS 104 and/or the
BTS 106 via the communication link 110 and/or the communication link 112 (e.g., air
to ground (ATG) communication links) are typically in well-known positions and move
across the geographic regions serviced by the BTS 104 and/or the BTS 106. The
aircraft receiver 216, either via processor 212 or other measurement device at the
aircraft 102, can measure the signal that is transmitted by the BTS antenna 114 and the
BTS antenna 116 (e.g., the antenna 200), and send these measurements back to the BTS
104 and the BTS 106 via the communication link 110. Such measurements by the
aircraft 102 allow for more precise feedback to the BTS 104 and the BTS 106 to correct
the phase and amplitude coefficients used by the antenna controller 210 to drive the
antenna elements 202-208 of the antenna 200 (e.g., the BTS antenna 114 and/or the
BTS antenna 116). Such measurements can be made in conjunction with changes to the
BTS 104/BTS 106 beam patterns, or can be made simultaneous with changes to the
BTS 104/BTS 106 beam pattern, or can be made in any combination of concurrent or in

conjunction with changes to the beam pattern.

[0065] Further, the aircraft 102 can send precise aircraft position and attitude
information 224, which may include the time of the signal strength measurements
and/or the time of the position/attitude measurements, via the communication link 110.
The BTS 104 and the BTS 106 can then use the signal and the aircraft position and
attitude information 224 from any one, any plurality, or all available aircraft to calculate
the transmit beam patterns for the antenna 200 and make any amplitude and phase
adjustments via the antenna controller 210 or other system for correcting the uplink

beams.

[0066] The BTS 104 and/or the BTS 106 can also use the downlink signal of the
communication link 110 (e.g., the transmission from the transmitter 213 and antenna

108) and the aircraft position and attitude information 224 to help calibrate the BTS 104
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and the BTS 106 receiver antenna arrays. Though the base station transmit and receive
antennas may be the same physical array of the antenna elements 202-208, the phase
and amplitude parameters used to form the transmit beam may be different than the
phase and amplitude parameters used to form the receive beam of the communication
link 110. The BTS 104-106 can also make use of the aircraft position and attitude
information 224 when measuring both the uplink and downlink signals of the
communication link 110 to remove the effects of the antenna pattern when calibrating
the BTS 104 and the BTS 106, the BTS antenna 114, and the BTS antenna 116. Such
measurements can be made in conjunction with changes to the BTS 104 beam pattern,
or can be made simultaneous with changes to the BTS 104 beam pattern, or can be made

in any combination of concurrent or in conjunction with changes to the beam pattern.

[0067] FIGURE 8 illustrates a method 800 of refining a beam pattern of a
transmit beam of a base station antenna in accordance with one aspect of the disclosure.
As shown in block 802, a BTS receives reports of measurements of pilot signals from
cach of the plurality of aircraft, the received measurements of pilot signals having been
transmitted by the base station. As shown in block 804, the base transceiver station
(BTS) adjusting an amplitude and a phase of a signal driving at least one antenna
transmit element to refine the beam pattern, the adjusting based at least in part on the

received reports of measurements of pilot signals from each of the plurality of aircraft.

[0068] FIGURE 9 illustrates a method 900 of refining a beam pattern of an
antenna beam of a base station antenna in accordance with another aspect of the
disclosure. In block 902, a BTS receives position locations and a time of the positions
from multiple aircraft. In block 904, the BTS receives an attitude of each of the aircraft.
In block 906, the BTS receives measurements of the pilot signals from each of the
aircraft, in which the pilot signals were transmitted by the base station. In block 908,
the BTS adjusts an amplitude and a phase of a signal driving antenna receive elements
to improve an antenna beam based at least in part on the pilot measurements, position

locations and attitude of the aircraft.

[0069] FIGURE 10 illustrates a method 1000 of refining a beam pattern of an

antenna beam of a base station antenna in accordance with another aspect of the
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disclosure. Block 1002 illustrates receiving communication signals containing pilots at
a first aircraft in the plurality of aircraft from the base station. Block 1004 illustrates
measuring the pilots at the first aircraft. Block 1006 illustrates transmitting the pilot
measurement reports from the first aircraft to the base station. Block 1008 illustrates
receiving further communication signals with reduced interference at the at least one
aircraft in the plurality of aircraft resulting from the base station adjusting an amplitude
and a phase of a signal driving at least one antenna transmit element to refine the beam
pattern, the adjusting based at least in part on the reports of measurements of pilot

signals transmitted from the first aircraft.

[0070] Although described as the processor 212, the systems of the present
disclosure may incorporate multiple processors, running in parallel or in series, and may
be implemented with a bus architecture. The bus may include any number of
interconnecting buses and bridges depending on the specific application of the
processing system and the overall design constraints. The bus links together various
circuits including one or more processors and/or hardware modules, represented by the

processor 212,

[0071] The processor 212 may be coupled to or include computer-readable
medium 250. The processor 212 is responsible for general processing, including the
execution of software stored on the computer-readable medium 250. The software,
when executed by the processor 212, causes various functions to be performed as
described for any particular apparatus. The computer-readable medium 250 may also be

used for storing data that is manipulated by the processor 212 when executing software.

[0072] Further, the processor 212, having been described in connection with
various apparatuses and methods, may be implemented using electronic hardware,
computer software, or any combination thereof. Whether such processors are
implemented as hardware or software will depend upon the particular application and
overall design constraints imposed on the system. By way of example, a processor, any
portion of a processor, or any combination of processors presented in this disclosure
may be implemented with a microprocessor, microcontroller, digital signal processor

(DSP), a field-programmable gate array (FPGA), a programmable logic device (PLD), a
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state machine, gated logic, discrete hardware circuits, and other suitable processing
components configured to perform the various functions described throughout this
disclosure. The functionality of a processor, any portion of a processor, or any
combination of processors presented in this disclosure may be implemented with
software being executed by a microprocessor, microcontroller, DSP, or other suitable

platform.

[0073] Software shall be construed broadly to mean instructions, instruction
sets, code, code segments, program code, programs, subprograms, software modules,
applications, software applications, software packages, routines, subroutines, objects,
executables, threads of execution, procedures, functions, etc., whether referred to as
software, firmware, middleware, microcode, hardware description language, or
otherwise. The software may reside on a computer-readable medium. A computer-
readable medium may include, by way of example, memory such as a magnetic storage
device (e.g., hard disk, floppy disk, magnetic strip), an optical disk (e.g., compact disc
(CD), digital versatile disc (DVD)), a smart card, a flash memory device (e.g., card,
stick, key drive), random access memory (RAM), read only memory (ROM),
programmable ROM (PROM), erasable PROM (EPROM)), electrically erasable PROM
(EEPROM), a register, or a removable disk. Although memory is shown separate from
the processors in the various aspects presented throughout this disclosure, the memory

may be internal to the processors (e.g., cache or register).

[0074] The computer-readable medium 250 may be embodied in a computer-
program product. By way of example, a computer-program product may include a
computer-readable medium in packaging materials. Those skilled in the art will
recognize how best to implement the described functionality presented throughout this
disclosure depending on the particular application and the overall design constraints

imposed on the overall system.

[0075] It is to be understood that the specific order or hierarchy of steps in the
methods disclosed is an illustration of exemplary processes. Based upon design
preferences, it is understood that the specific order or hierarchy of steps in the methods

may be rearranged. The accompanying method claims present elements of the various
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steps in a sample order, and are not meant to be limited to the specific order or hierarchy

presented unless specifically recited therein.

[0067] The previous description is provided to enable any person skilled in the
art to practice the various aspects described herein. Various modifications to these
aspects will be readily apparent to those skilled in the art, and the generic principles
defined herein may be applied to other aspects. Thus, the claims are not intended to be
limited to the aspects shown herein, but is to be accorded the full scope consistent with
the language of the claims, in which reference to an element in the singular is not
intended to mean “one and only one” unless specifically so stated, but rather “one or
more.” Unless specifically stated otherwise, the term “some” refers to one or more. A
phrase referring to “at least one of” a list of items refers to any combination of those
items, including single members. As an example, “at least one of: a, b, or ¢ is intended
to cover: a; b; c;aand b; aand ¢; b and ¢; and a, b and ¢. All structural and functional
equivalents to the elements of the various aspects described throughout this disclosure
that are known or later come to be known to those of ordinary skill in the art are
expressly incorporated herein by reference and are intended to be encompassed by the
claims. Moreover, nothing disclosed herein is intended to be dedicated to the public
regardless of whether such disclosure is explicitly recited in the claims. No claim
element is to be construed under the provisions of 35 U.S.C. §112, sixth paragraph,
unless the element is expressly recited using the phrase “means for” or, in the case of a

method claim, the element is recited using the phrase “step for.”
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WHAT IS CLAIMED IS:
CLAIMS
1. A method of refining a beam pattern of a base station antenna configured

to communicate with a plurality of aircraft using a plurality of beams, in which
interference to adjacent beams from a base station is reduced, comprising:

receiving reports of measurements of pilot signals from each of the plurality of
aircraft, the received measurements of pilot signals having been transmitted by the base
station; and

adjusting an amplitude and a phase of a signal driving at least one antenna
transmit element to refine the beam pattern, the adjusting based at least in part on the

received reports of measurements of pilot signals from each of the plurality of aircraft.

2. The method of claim 1, further comprising receiving at least one position
location of each of the plurality of aircraft and further adjusting the amplitude and the
phase of the signal driving the at least one antenna transmit element based at least in

part on the at least one position location of each of the plurality of aircraft.

3. The method of claim 2, further comprising forwarding at least one of the
received position locations of at least one of the plurality of aircraft to another base

station for handoff.

4. The method of claim 2, further comprising receiving a time of the
received position locations of each of the plurality of aircraft and further adjusting the
signal driving the amplitude and the phase of the at least one antenna transmit element
based at least in part on the time of the received position locations of each of the

plurality of aircraft.

5. The method of claim 1, further comprising receiving an attitude of each
of the plurality of aircraft and further adjusting the amplitude and the phase of the signal
driving the at least one antenna transmit element based at least in part on the attitude of

each of the plurality of aircraft.
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6. The method of claim 5, further comprising forwarding the attitude of at

least one of the plurality of aircraft to another base station for handoff.

7. The method of claim 1, further comprising adjusting the amplitude and
the phase of the signal driving at least one antenna transmit element based at least in

part on atmospheric conditions.

8. The method of claim 1, further comprising adjusting the amplitude and
the phase of the signal driving at least one antenna transmit element based at least in

part on signals received from each of the plurality of aircraft.

9. The method of claim &, further comprising adjusting the amplitude and
the phase of the signal driving at least one antenna receive element of the base station

antenna.

10. A method of refining a beam pattern of an antenna beam of a base station
antenna configured to communicate with a plurality of aircraft with a plurality of beams,
to reduce interference to adjacent beams from a base station, comprising:

receiving position locations from each of the plurality of aircraft;

receiving an attitude of each of the plurality of aircraft;

measuring pilot signals transmitted from each of the plurality of aircraft; and

adjusting an amplitude and a phase of a signal driving at least one antenna
receive element to refine the beam pattern, the adjusting based at least in part on the
received measurements of pilot signals, the received position locations, and/or the

attitude of each of the plurality of aircraft.

11. The method of claim 10, further comprising receiving a time of the
received position locations of each of the plurality of aircraft and adjusting the
amplitude and the phase of the signal driving at least one antenna receive element based
at least in part on the time of the received position locations of each of the plurality of

aircraft.
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12. The method of claim 11, further comprising adjusting the amplitude and
the phase of the signal driving at least one antenna receive element based at least in part

on atmospheric conditions.

13. The method of claim 11, further comprising adjusting the amplitude and
the phase of the signal driving at least one antenna receive element based at least in part

on signals received from each of the plurality of aircraft.

14. The method of claim 10, further comprising adjusting the amplitude and
the phase of the signal driving at least one antenna transmit element of the base station

antenna.

15. The method of claim 10, further comprising forwarding the received
position locations and the attitude of at least one of the plurality of aircraft to another

base station for handoff.

16.  An apparatus for refining a beam pattern of a base station antenna
configured to communicate with a plurality of aircraft with a plurality of beams,
comprising:

means for receiving position locations from each of the plurality of aircraft;

means for receiving an attitude of each of the plurality of aircraft;

means for receiving measurements of pilot signals from each of the plurality of
aircraft, the measurements of the pilot signals having been transmitted by a base station;
and

means for adjusting an amplitude and a phase of a signal driving at least one
antenna transmit element to refine the beam pattern, the adjusting based at least in part
on the measurements of the pilot signals, the received position locations, and/or the

attitude of each of the plurality of aircraft.

17. The apparatus of claim 16, further comprising means for receiving a time
of the received position locations of each of the plurality of aircraft and means for
adjusting the amplitude and the phase of the signal driving at least one antenna transmit
element based at least in part on the time of the received position locations of each of

the plurality of aircraft.
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18. The apparatus of claim 17, further comprising means for adjusting the
amplitude and the phase of the signal driving at least one antenna transmit element

based at least in part on atmospheric conditions.

19. The apparatus of claim 17, further comprising means for adjusting the
amplitude and the phase of the signal driving at least one antenna transmit element

based at least in part on signals received from each of the plurality of aircraft.

20. The apparatus of claim 19, further comprising means for adjusting the
amplitude and the phase of the signal driving at least one antenna receive element of the

base station antenna.

21. The apparatus of claim 17, further comprising means for forwarding the
received position locations and the attitude of at least one of the plurality of aircraft to

another base station for handoff.

22.  An apparatus for refining a beam pattern of a base station antenna
configured to communicate with a plurality of aircraft with a plurality of beams,
comprising:

a transmitter configured to transmit pilot signals to each of the plurality of
aircraft;

a receiver configured to receive position locations from each of the plurality of
aircraft, and an attitude of each of the plurality of aircraft and measurements of the pilot
signals from each of the plurality of aircraft; and

a controller, coupled to the transmitter and the receiver, configured to adjust an
amplitude and a phase of a signal driving at least one antenna transmit element to refine
the beam pattern, the adjusting based at least in part on the measurements of the pilot

signals, the position locations, and/or the attitude of each of the plurality of aircraft.

23. The apparatus of claim 22, in which the receiver is further configured to
receive a time of the position locations of each of the plurality of aircraft, and the
controller is configured to adjust the amplitude and the phase of the signal driving at
least one antenna transmit element based at least in part on the time of the position

locations of each of the plurality of aircratft.
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24, The apparatus of claim 23, in which the controller is further configured
to adjust the amplitude and the phase of the signal driving at least one antenna transmit

element based at least in part on atmospheric conditions.

25. The apparatus of claim 23, in which the controller is further configured
to adjust the amplitude and the phase of the signal driving at least one antenna transmit

element based at least in part on signals received from each of the plurality of aircraft.

26. The apparatus of claim 23, in which the controller is further configured
to adjust the amplitude and the phase of the signal driving at least one antenna receive

element of the base station antenna.

27. The apparatus of claim 22, in which the transmitter is configured to
forward the position locations and the attitude of at least one of the plurality of aircraft

to another base station for handoff.

28. A computer program product configured for refining a beam pattern of a
base station antenna configured to communicate with a plurality of aircraft with a
plurality of beams, the computer program product comprising:

a non-transitory computer-readable medium having program code recorded
thereon, the program code comprising:

program code to transmit pilot signals to the plurality of aircraft;

program code to receive position locations from each of the plurality of aircraft,
and an attitude of each of the plurality of aircraft and measurements of the pilot signals
from each of the plurality of aircraft; and

program code to adjust an amplitude and a phase of a signal driving at least one
antenna transmit element to refine the beam pattern, based at least in part on the
measurements of the pilot signals, the position locations, and/or the attitude of each of

the plurality of aircraft.

29. A method of aiding in refinement of a beam pattern of a base station
antenna configured to communicate between a base station and a plurality of aircraft
using a plurality of beams, comprising:

receiving communication signals containing pilot signals from the base station,
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measuring the pilot signals;

transmitting pilot measurement reports to the base station;

receiving further communication signals with reduced interference resulting
from the base station adjusting an amplitude and a phase of a signal driving at least one
antenna transmit element to refine the beam pattern, the adjusting based at least in part

on the transmitted pilot measurements reports.

30. The method of claim 29, further comprising transmitting a position
location and receiving further communication signals with reduced interference
resulting from the base station adjusting the amplitude and the phase of the signal
driving at least one antenna transmit element to refine the beam pattern, the adjusting

based at least in part on the transmitted position location.

31. The method of claim 29, further comprising transmitting an attitude and
receiving further communication signals with reduced interference resulting from the
base station adjusting the amplitude and the phase of the signal driving at least one
antenna transmit element to refine the beam pattern, the adjusting based at least in part

on the transmitted attitude.

32.  An apparatus for refining a beam pattern of a base station antenna
configured to communicate between a base station and a plurality of aircraft using a
plurality of beams, comprising:

an aircraft receiver configured to receive communication signals containing pilot
signals from a base station transmitter;

a processor, coupled to the receiver, configured to measure the pilot signals;

an aircraft transmitter, coupled to the processor, configured to transmit pilot
signal measurement reports to the base station; and

a controller, coupled to the base station transmitter, for adjusting an amplitude
and a phase of a signal driving at least one antenna transmit element in the base station
transmitter to refine the beam pattern, the adjusting based at least in part on the

transmitted pilot signal measurement reports.
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33. The apparatus of claim 32, in which the transmitter is further configured
to transmit a position location, and the controller is further configured to adjust the
amplitude and the phase of the signal driving at least one antenna transmit element to
transmit further communication signals with reduced interference based at least in part

on the position location transmitted from the first aircraft.

34, The apparatus of claim 32, in which the transmitter is further configured
to transmit an attitude of the first aircraft and the controller is further configured to
adjust the amplitude and the phase of the signal driving at least one antenna transmit
element to transmit further communication signals with reduced interference, the

adjusting based at least in part on the transmitted attitude.

35.  An apparatus for refining a beam pattern of a base station antenna
configured to communicate between a base station and a plurality of aircraft using a
plurality of beams, comprising:

means for receiving communication signals containing pilot signals from a base
station transmitter;

means, coupled to the receiving means, for measuring the pilot signals at the
first aircraft;

means, coupled to the processing means, for transmitting pilot signal
measurement reports to the base station; and

means, coupled to the base station transmitter, for adjusting an amplitude and a
phase of a signal driving at least one antenna transmit element in the base station
transmitter to refine the beam pattern, the adjusting based at least in part on the

transmitted pilot signal measurement reports.

36. The apparatus of claim 35, in which the means for transmitting further
transmits a position location, and the means for adjusting adjusts the amplitude and the
phase of the signal driving at least one antenna transmit element to transmit further
communication signals with reduced interference based at least in part on the

transmitted position location.
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37. The apparatus of claim 35, in which the means for transmitting further
transmits an attitude of the first aircraft and the means for adjusting adjusts the
amplitude and the phase of the signal driving at least one antenna transmit element to
transmit further communication signals with reduced interference, the adjusting based at

least in part on the transmitted attitude.

38. A computer program product configured for refining a beam pattern of a
base station antenna configured to communicate with a plurality of aircraft with a
plurality of beams, the computer program product comprising:

a non-transitory computer-readable medium having program code recorded
thereon, the program code comprising:

program code to receive communication signals containing pilot signals from the
base station,

program code to measure the pilot signals;

program code to transmit pilot signal measurement reports to the base station;
and

program code to adjust an amplitude and a phase of a signal driving at least one
antenna transmit element to refine the beam pattern, the adjusting based at least in part

on the transmitted pilot signal measurement reports.
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