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(57) ABSTRACT

A method fer greund to air communication includes receiving
afirst pilot signal on a first wide beam from a first ground base
station by a first antenna element covering a first range of
azimuthangles from an aircraft. Data is received on a directed
data beam from the first ground base station by the first
antenna element. A second pilot signal is received on a second
wide beam from a second ground base station by a second
antenna element covering a second range of azimuth angles
different than the first range of azimuth angles. A signal
strength of the second pilot signal is compared with a signal
strength of the first pilot signal. Data reception is switched
from the first antenna element to the second antenna element
if the signal strength of the second pilot signal is greater than
the signal strength of the first pilot signal.
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HIGH DATA RATE AIRCRAFT TO GROUND
COMMUNICATION ANTENNA SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present Application fer Patent is a divisional of
U.S. patent application Ser. No. 13/168,538 filed Jun. 24,
2011, attorney docket 111025U1, which claims the benefit of
U.S. Provisional Application No. 61/441,231 filed Feb. 9,
2011, in the names of M. Tassoudji et al., attorney docket
111025P1, and assigned to the assignee hereof and hereby
expressly incorporated by reference herein in its entirety.
[0002] This application is related to commonly assigned
U.S. patent application Ser. No. 13/168,617 filed Jun. 24,
2011, entitled “REAL-TIME CALIBRATION OF AN AIR
TO GROUND COMMUNICATION SYSTEM,” in the
names of A. JALALI et al. attorney docket 111025U2, and
commonly assigned U.S. patent application Ser. No. 13/168,
623 filed Jun. 24, 2011, entitled “GROUND STATION
ANTENNA ARRAY FOR AIR TO GROUND COMMUNI-
CATION SYSTEM” in the names of A. JALALI et al., attor-
ney docket 111025U3, the disclosures of which are expressly
incorporated by reference herein in their entireties.

BACKGROUND

[0003] 1. Tield

[0004] Aspects of the present disclosure relate generally to
wireless communication systems, and more particularly fer
providing Internet services to aircraft.

[0005] 2. Background

[0006] Two main approaches provide Internet access to
airplanes. In one approach, an Air to Ground (ATG) system
uses terrestrial Ground Base Stations (GBS) using cellular
communication techniques to provide Internet access to air-
craft flying over land. A currently used ATG system operating
over the continental United States uses only 3 MHz of spec-
trum. Although, this system may become commercially
viable, the limited spectrum may be inadequate to accommo-
date increasing demand for Internet services, such as stream-
ing of Internet content to aircraft. In another approach, satel-
lite links provide Internet service to aircraft. The satellite
based systems have more spectrum available but their cost is
excessive.

[0007] Because of the excessive cost of satellite links fer
aircraft Internet communication, it has been preferable to
utilize the terrestrial based ATG systems. It would be desir-
able to increase available spectrum for ATG and provide
techniques that would allow such systems to accommodate
the increasing demands fer aircraft Internet service without
substantially increasing cost.

SUMMARY

[0008] According to one aspect of the present disclosure, a
method for ground to air communication with an aircraft
equipped with a multi-beam aircraft array antenna is
described. The method includes receiving a first pilot signal
on a first wide beam from a first ground base station of a
network by a first antenna element of the aircraft antenna
array. In one aspect, the first antenna element covers a first
range of azimuth angles from the aircraft. Data may be
received data on a directed data beam from the first ground
base station by the first antenna element. The method includes
receiving a second pilot signal on a second wide beam from at
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least one second ground base station of the network by a
second antenna element of the aircraft antenna array. In one
aspect, the second antenna element covers a second range of
azimuth angles from the aircraft different than the first range
of azimuth angles. A signal strength of the second pilot signal
may be compared with a signal strength of the first pilot
signal. In one aspect, the method includes switching recep-
tion of the data from the first antenna element to the second
antenna element in response to determining that signal
strength of the second pilot signal received by the second
antenna element is greater than the signal strength of the first
pilot signal received on the first antenna element.

[0009] In another aspect, an apparatus for ground to air
communication in a wireless network in which an aircraft is
equipped with a multi-beam aircraft array antenna is
described. The apparatus includes means for receiving a first
pilot signal on a first wide beam from a first ground base
station by a first antenna element covering a first range of
azimuth angles from an aircraft. The apparatus also includes
means for receiving data on a directed data beam from the first
ground base station by the first antenna element. The appara-
tus also includes means for receiving a second pilot signal on
a second wide beam from a second greund base station by a
second antenna element covering a second range of azimuth
angles different than the first range of azimuth angles. The
apparatus also includes means for comparing a signal
strength of the second pilot signal with a signal strength of the
first pilot signal. In one aspect, the apparatus includes means
for switching data reception from the first antenna element to
the second antenna element if the signal strength of the sec-
ond pilot signal is greater than the signal strength of the first
pilot signal.

[0010] In another aspect, a computer program product fer
ground to air communication in a wireless network in which
an aircraft is equipped with a multi-beam aircraft array
antenna s described. The computer program product includes
a computer-readable medium having program code recorded
thereon. The computer program product has program code to
receive a first pilot signal on a first wide beam from a first
ground base station by a first antenna element covering a first
range of azimuth angles from an aircraft. The computer pro-
gram produce also includes program code to receive data on
adirected data beam from the first ground base station by the
first antenna element. The computer program product also
includes program code to receive a second pilot signal on a
second wide beam from a second ground base station by a
second antenna element covering a second range of azimuth
angles different than the first range of azimuth angles. The
computer program product also includes program code to
compare a signal strength of the second pilot signal with a
signal strength of the first pilot signal. In one aspect, the
computer program product also includes program code to
switch data reception from the first antenna element to the
second antenna element if the signal strength of the second
pilot signal is greater than the signal strength of the first pilot
signal.

[0011] Inyetanother aspect, an apparatus for ground to air
communication in a wireless network in which an aircraft is
equipped with a multi-beam aircraft array antenna is
described. The apparatus includes at least one processor; and
amemory coupled to the at least one processor. The processor
(s) is configured to receive a first pilot signal on a first wide
beam from a first ground base station by a first antenna ele-
ment covering a first range of azimuth angles from an aircraft.
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The processor(s) is further configured to receive data on a
directed data beam from the first ground base station by the
first antenna element. The processor(s) is further configured
to receive a second pilot signal on a second wide beam from
a second ground base station by a second antenna element
covering a second range of azimuth angles different than the
first range of azimuth angles. The processor(s) is further
configured to compare a signal strength of the second pilot
signal with a signal strength of the first pilot signal. In one
aspect, the processor(s) is further configured to switch data
reception from the first antenna element to the second antenna
element if the signal strength of the second pilot signal is
greater than the signal strength of the first pilot signal.
[0012] This has outlined, rather broadly, the features and
technical advantages of the presentdisclosurein 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
theartthatthis 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 con-
structions 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

[0013] The features, nature, and advantages of the present
disclosure will become more apparent from the detailed
description set forth below when taken in conjunction with
the drawings in which like reference characters identify cor-
respondingly throughout.

[0014] FIG. 1 is a block diagram conceptually illustrating
an example of an air to ground communication system
according to an aspect of the present disclosure.

[0015] FIG. 2 is a diagram conceptually illustrating an
example of an aircraft antenna system according to an aspect
of the present disclosure.

[0016] FIG. 3A is a diagram conceptually illustrating an
example of a simulated gain pattern vs. an elevation angle of
each antenna element of FIG. 1 over an infinite ground plane
according to an aspect of the present disclosure.

[0017] FIG. 3B is a diagram conceptually illustrating an
example of a simulated gain pattern vs. an azimuth angle of
adjacent antenna elements of FIG. 1 and a combined beam
according to an aspect of the present disclosure

[0018] FIG.S5isablock diagram conceptually illustrating a
ground station antenna array system according to one aspect
of the present disclosure.

[0019] FIG. 6isa block diagram conceptually illustrating a
ground station antenna array system according to a further
aspect of the present disclosure.

[0020] FIG. 7 is a flow diagram showing a process for
real-time calibration of an air to ground two-way communi-
cation system including a ground station antenna array sys-
tem according to an aspect of the present disclosure.
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[0021] FIG. 8isa flow diagram showing a process for air to
ground communication by an aircraft equipped with a multi-
beam switchable array antenna according to an aspect of the
present disclosure.

[0022] FIG. 9 is a flow chart illustrating a process for
increasing a transmission power on a forward link from a
serving ground base station to mitigate aircraft interference
according to one aspect of the present disclosure.

DETAILED DESCRIPTION

[0023] The detailed description set forth below, in connec-
tion 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
skilled in the art that these concepts may be practiced without
these specific details. In some instances, well-known struc-
tures and components are shown in block diagram form in
order to avoid obscuring such concepts.

[0024] The spectrum available for Internet communication
to aircraft by terrestrial Air to Ground (ATG) systems has
been limited for practical and economic reasons. Providing
seamless communication with aircraft flying at high altitudes
over a large area (such as the continental U.S.) involves spec-
trum that is available over the large area. That is, the spectrum
assigned to the AT G system should be available nationwide. It
has been problematic, however, to identify a portion of spec-
trum that is available nationwide, much less arranging to free
upsucha portion of spectrum that has been allocated forother
uses.

[0025] A large amount of spectrum has been assigned to
geostationary satellites for use in broadcast TV and two way
FSS (Fixed Satellite Service). Aspects of the present disclo-
sure provide a high data rate aircraft to ground communica-
tion antenna system for sharing portions of the spectrum
between ATG applications and geostationary satellite com-
munication systems. Frequency bands such as C band (4 GHz
downlink, 6 GHz uplink), Ku band (12 GHz downlink, 14
GHz uplink) and Ka band (20 GHz downlink, 30 GHz uplink)
are currently used by geostationary satellite systems. In one
aspect, a high data rate aircraft to ground communications
antenna system may share the Ku uplink band to provide an
aircraft with Internet service.

[0026] Aspects of the present disclosure provide methods
and apparatus for an ATG system in which Greund Base
Stations (GBSs) in communication with aircraft transceivers
(ATs) in airplanes can use an uplink portion of spectrum
assigned for satellite systems without intolerable interference
with communications on the satellite systems. The systems
and techniques described in the present disclosure may allow
coexistence of the incumbent satellite system and the new
ATG system on the same spectrum with negligible cross
interference between the two systems.

[0027] A system 100 for wireless communication accord-
ing to an illustrative aspect of the present disclosure is
described in FIG. 1. In one aspect, the system 100 includes a
ground base station 102 that transmits and receives signals on
a satellite uplink band using a forward link (FL) 108 and a
reverse link (RL) 106. An aircraft transceiver (AT) 120 in
communication with the ground base station 102 may also
transmit and receive signals on the satellite uplink band using
the forward link 108 and reverse link 106. In one aspect, the
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aircraft transceiver 120 may include a multi-beam switchable
array antenna. Another ground base station 110 is also shown.
[0028] In one aspect, the aircraft transceiver 120 may
include an aircraft antenna that is comprised of a multi-beam
switchable array that is able to communicate with the ground
base station 102 at any azimuth angle. The aircraft antenna
may be mounted below the fuselage with a small protrusion
and aerodynamic profile to reduce or minimize wind drag. In
one aspect, the antenna elevation coverage is from approxi-
mately 3* to 10* below horizon. The antenna array may
include N elements positioned such that each element directs
a separate beam at different azimuth angles, each covering
360/N degrees, for example, as shown in FIG. 2.

[0029] FIG. 2 shows one example of an aircraft antenna
array system 200 having multiple twelve-beam arrays 202
(202-1, . .., 202-N) operating at, for example, 14 gigahertz
(GHz). Representatively, the aircraft antenna array 202-1 has
twelve horn antennas 210 (210-1. . . ., 210-12) each covering
30°* sectors in azimuth with an aperture size of approximately
2.0 inches’0.45 inches, and having a gain of >10 dBi (dB
isotropic). In one aspect, an overall diameter of the antenna
array is roughly 8 inches.

[0030] Although FIG. 2 illustrates the aircraft antenna
arrays 202 in a twelve-beam array configuration, it should be
recognized that other configurations are possible while
remaining within the scope of the present disclosure and
appended claims. In particular, one example configuration
includes four-antenna arrays 202 in a four-beam array con-
figuration. In one aspect, the multiple aircraft antenna arrays
202 enable ground base station search at different elevations.
In one aspect, the multiple antenna arrays 202 enable sector-
ization of the ground base station antenna search in elevation.
In this aspect, each element is coupled to its own transceiver.
As described in further detail below, the ground base station
search enables a handoff between the aircraft transceiver 120
and a next ground base station, such as a ground base station
110, as shown in FIG. 1.

[0031] Inone aspect, the aircraft antenna array system 200
is mounted below the fuselage and an auxiliary antenna is
mounted onto a separate portion of the aircraft to improve
aircraft Internet service. In particular, banking or rolling of
the aircraft during flight may interrupt communication
between the aircraft antenna array system 200 mounted below
the fuselage and the ground base station 102. In one aspect,
the auxiliary antenna reduces disruption of the communica-
tion between the aircraft transceiver 120 and the ground base
station 102 when the aircraft banks or rolls by handling the
communications with the ground base station during these
times. Characteristics of the aircraft antenna 200 are further
illustrated in FIGS. 3A and 3B.

[0032] FIG. 3A illustrates a diagram 300 of a simulated
elevation gain pattern of a single antenna element 210 at
azimuth angles of 0, 5, 10, 15 and 20 degrees, according to
one aspect of the present disclosure. Representatively, the
x-axis in FIG. 3A represents the theta angle in spherical
coordinates where the horizon is at 90°. Because the simula-
tion is performed over an infinite ground plane, the gain
pattern above horizon (between —90 and 90) is duplicated due
to image theory and should be ignored. FIG. 3B shows a
diagram 350 of the simulated azimuth gain pattern 352 and
354 of two adjacent elements and a digitally combined beam
360 according to one aspect of the present disclosure.
[0033] Operation of the aircraft antenna 200 for providing
aircraft Internet service involves detection and aircraft
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modem handoff between a current ground base station 102
and a next ground base station 110, as shown in FIG. 1.
Various schemes of communication and searching can be
employed by the antenna system. In one aspect, a single
receive chain is used for communication, with searching
being performed in a sequential, time division manner. In
another aspect, two receive chains may be used, with one
chain for ground station communication and the other chain
for ground base station search. In the two receive chain con-
figuration, the searching chain can also be used for diversity
combining to increase the gain and throughput while not
searching. Ground base station search may be performed as
follows.

[0034] In one aspect, ground base station search may
include a search of all pilot signals received from ground base
stations on a given aircraft antenna element. The received
pilot signals are ranked to determine whether or not the air-
craft modem should handoff to another ground base station
from which it is receiving a stronger pilot signal. Once the
search on one antenna element is complete, the search may
switch to another element and repeat the pilot search on that
element. In one aspect, each of antenna elements 210-2 to
210-12 may continually search for ground stations while data
is received by antenna element 210-1, as shown in FIG. 2.

[0035] In the configurations described above, a switched
antenna scheme involves a transceiver that switches between
different antenna elements to achieve high gain while main-
taining low complexity. Alternatively, the directional beams
may be formed by combining multiple antenna elements
using phased array techniques. In one aspect, the switched
antenna scheme described above may combine two adjacent
beams 352 and 354 to form combined beam 360 for turther
increasing the antenna gain while only slightly increasing the
hardware complexity to provide diversity. In one aspect, the
switched antenna scheme may use a partial phased array
beam combining of adjacent antenna elements. For example,
adjacent beams may be combined to improve system perfor-
mance when a communicating ground base station is at or
near a boundary of the adjacent beams.

[0036] FIG. 4 shows a block diagram of a design of a
ground base station 102 and an aircraft transceiver 120. The
ground base station 102 may be equipped with antennas 434a
through 434¢, and the aircraft transceiver 120 may be
equipped with antennas 452a through 452;:

[0037] At the ground base station 102, a transmit processor
420 may receive data from a data source 412 and control
information from a controller/processor 440. The processor
420 may process (e.g., encode and symbol map) the data and
control information to obtain data symbols and control sym-
bols, respectively. The processor 420 may also generate ref-
erence symbols. A transmit (TX) multiple-input multiple-
output (MIMO) processor 430 may perform spatial
processing (e.g., precoding) on the data symbols, the control
symbols, and/or the reference symbols, if applicable, and may
provide output symbol streams to the modulators (MODs)
432a through 432¢ Each modulator 432 may process a
respective output symbol stream (e.g., for OFDM, etc.) to
obtain an output sample stream. Each modulator 432 may
further process (e.g., convert to analog, amplify, filter, and
upconvert) the output sample stream to obtain a downlink/
forward link signal. Downlink signals from modulators 432a
through 432¢ may be transmitted via the antennas 434a
through 434¢, respectively.
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[0038] At the aircraft transceiver 120, the antennas 452a
through 4527 may receive the downlink/forward link signals
from the ground base station 102 and may provide received
signals to the demodulators (DEMODs) 454a through 454r;
respectively. Fach demodulator 454 may condition (e.g., fil-
ter, amplify, downconvert, and digitize) a respective received
signal to obtain input samples. Fach demodulator 454 may
further process the input samples (e.g., for OFDM, etc.) to
obtain received symbols. A MIMO detector 456 may obtain
received symbols from all the demodulators 454a through
454y, perform MIMO detection on the received symbols if
applicable, and provide detected symbols. A receive proces-
sor 458 may process (e.g., demodulate, deinterleave, and
decode) the detected symbols, provide decoded data for the
aircraft transceiver 120 to a data sink 460, and provide
decoded control information to a controller/processor 480.

[0039] On the reverse link/uplink, at the aircraft transceiver
120, a transmit processor 464 may receive and process data
from a data source 462 and control information from the
controller/processor 480. The processor 464 may also gener-
ate reference symbols for a reference signal. The symbols
from the transmit processor 464 may be precoded by a TX
MIMO processor 466 if applicable, further processed by the
modulators 454a through 454, and transmitted to the ground
base station 102. At the ground base station 102, the uplink/
reverse link signals from the aircraft transceiver 120 may be
received by the antennas 434, processed by the demodulators
432, detected by a MIMO detector 436 if applicable, and
further processed by a receive processor 438 to obtain
decoded data and control information sent by the aircraft
transceiver 120. The processor 438 may provide the decoded
data to a data sink 439 and the decoded control information to
the controller/processor 440.

[0040] The controllers/processors 440 and 480 may direct
the operation at the ground base station 102 and the aircraft
transceiver 120, respectively. The processor 440 and/or other
processors and modules at the ground base station 102 may
perform or direct the execution of various processes for the
techniques described herein. The processor 480 and/or other
processors and modules at the aircratt transceiver 120 may
also perform or direct the execution of the functional blocks
illustrated in use method flow chart of FIG. 8, and/or other
processes for the techniques described herein. The memories
442 and 482 may store data and program codes for the ground
base station 102 and the aircraft transceiver 120, respectively.

[0041] Ground station antenna array systems including
antenna arrays for communicating with aircraft antenna 200
are shown in FIGS. 5 and 6 according to aspects of the present
disclosure. In one aspect, a ground station antenna array
system may include high gain multi-beam antenna arrays
capable of communicating with multiple aircrafts simulta-
neously, for example, as shown in FIGS. § and 6. FIGS. 5 and
6 show two examples of the sectorization and antenna array
configurations according to aspects of the present disclosure.

[0042] In one aspect, sectorization may include splitting
sectors in elevation to increase system throughput, for
example, as shown in FIGS. 5 and 6. Representatively, the
coverage region in azimuth and elevation may be divided into
narrow regions where the antenna array can maintain its gain
requirement over all angles in the coverage area. In one con-
figuration, the antennas may be operated in the 14 GHz range
with a coverage region of 120° in azimuth and 0.5° to 10° in
elevation. The ground base station antenna gain may be 40
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dBi at 0.5° elevation and is reduced to 25.5 dBi at 10° eleva-
tion due to lower path loss to the aircratt.

[0043] Referring again to FIG. 5, FIG. § depicts a configu-
ration of a ground base station antenna array system 500 with
two antenna panels 510 and 530 each covering 60° in azi-
muth. In one aspect, each antenna panel 510/530 may consist
of an NxM array 520/540 of antenna elements 522 (522-1, . .
.,522-N), 524 (524-1, ..., 524-N), 542 (542-1, ... ,542-N),
and 544 (544-1, . . . . 544-N), respectively. which may be
referred to herein as ground station antenna arrays. In one
aspect, each antenna element includes a transmit/receive
(T/R) module. Representatively, ground station antenna
arrays 520 and 540 include 50x6 antenna elements; however,
other configurations are possible while remaining within the
scope of the described aspects and appended claims. In one
aspect, digital beam forming may be employed to combine
the signal and achieve the overall gain desired. The digital
beam forming may be computed over the antenna elements in
different columns and rows of each panel.

[0044] FIG. 6 depicts a configuration of a ground station
antenna array system 600 in which number of antenna panels
610, 620, 630, and 640/650, 660, 670, and 680 covering the
elevation is increased to four and the number of panels 602
and 604 covering the azimuth is maintained at two. In one
aspect, the aperture size for the panels (610/650) covering
higher elevations is smaller than the aperture size for the
panels (640/680) covering low elevations due to lower gain
required at higher elevations. Fach antenna array 612 (612-1,
..., 612-N)/650 (650-1, . . . , 650-N) may include 50x1
elements where digital beam forming is applied. In one
aspect, generation of the digital beam is switched, for
example, between adjacent panels 610/650 to next adjacent
panels 620/660 depending on an elevation of the aircraft.
[0045] Other configurations that utilize a smaller number of
elements for digital beam forming can be achieved by further
reducing the coverage region of each panel in azimuth and
increasing the antenna aperture of the elements while main-
taining the array size. This can lead to a larger overall ground
station antenna array size but less complicated digital signal
processing. In one aspect, a single element can be used for
each sector without any digital beam forming, which corre-
sponds to 100x4 antennas in the above example.

[0046] In one aspect, digital beam forming may be used in
each array to provide multiple steerable pencil-beams. The
signal for each element of the array may pass through a T/R
(transmit/receive) module and is converted into baseband. In
one aspect, the phase shifts for a directional beam are calcu-
lated by a beam steering computer and applied to each signal.
Similar phase factors may be applied to the transmit signal
and passed through the transmit/receive module into the
antennaelement. In oneaspect, a calibration procedure equal-
izes the amplitude and phase ofeach element and accounts for
the time variation of the circuitry.

[0047] As mentioned above, calibration compensates for
the different phase/amplitude responses of the antenna and
transmit/receive units. One type of calibration may be per-
formed in the factory using built in circuitry. This calibration
may use any well known technique. The built in calibration
scheme may also be used for periodic calibration in the field
to track changes due to temperature and aging. Another
approach for calibration may be built into the air interface to
provide real-time calibration while performing two-way
communication between a ground base station and an aircraft
modem. In one aspect, calibration is periodically performed
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using the communication signaling of an air interface. In
particular, an over the air (OTA) real-time calibration may be
performed while an air to ground two-way communication
system operates.

[0048] Inone aspect, the Forward Link (FL) on the Ground
Base Station (GBS) unit periodically transmits a pilot signal
on a wide beam that covers the whole sector. As described
herein, the periodically transmitted pilot signal on the for-
ward link of the ground base station may be referred to as a
Sector Wide Pilot (SWP). In one aspect, the sector wide pilot
may allow an aircraft to detect new ground base stations, to
synchronize to the ground base stations, and to receive system
parameters, such as information on a periodic calibration
procedure described below. For example, as shown in FIG. 1,
the ground base station 102 may transmit a sector wide pilot
over forward link 108.

[0049] In one aspect, the wide beam used to transmit the
sector wide pilot may be formed by transmitting on any of the
individual ground station antenna array elements (522, 524,
542,544, 612, or 650), for example, as shown in FIGS. Sand
6. The aircraft modem may detect this sector wide pilot as part
of its search procedure. One possible real time procedure to
calibrate the transmit elements of the ground station antenna
array elements is performed as follows.

[0050] In one aspect, the ground base station periodically
enters a calibration mode. The time of the calibration mode
may be sent on the forward link on the same wide beam that
carries the sector wide pilot. Calibrating the transmit side of
the ground station antenna array may be initially performed.
In particular, the ground base station transmitter may sequen-
tially send the sector wide pilot on all ground station antenna
array elements during a time period assigned to calibration.
Following demodulation, the signal received at the aircraft
from the k-th ground station antenna array element is given
by:

(e ™)) (Oxe ) (0re 7 1

[0051] Inequation (1), the first term may correspond to gain
(o) and delay (8,) in the RF chain. The second term may
correspond to the amplitude (3;) and phase (¢,) of coupling
between antenna elements. The third term may correspond to
amplitude (§,) the phase (v,) fromantennaarray spacing. The
last term may correspond to multipath fading amplitude (o)
and phase (v,). Also, j in equation (1) represents the imagi-
nary part of a complex number.]

[0052] In one aspect, the first three terms are due to the
hardware and can be estimated by averaging out the last term
by making a number of temporal measurements. For instance,
given the high speed at which the aircraft travels, channel
changes occur very rapidly (e.g., on the order of millisec-
onds). In on aspect, a number of measurements of equation
(1) may be made over two millisecond intervals. These sepa-
rate measurements may then be filtered to average out the last
term in equation (1), which is due to multi-path. In equation
(1), the last term may assume that either the channel is fre-
quency non-selective or that the measurements are made over
a narrow bandwidth such as on individual tones of an OFDM
(orthogonal frequency division multiplexing) physical layer.

[0053] In one aspect for a wide bandwidth system, the
signals may be sent on a sufficient number of tones to ensure
calibration of the hardware over all frequencies. The aircraft
modem may compute the calibration coefficients as described
above and transmits the coefticients to the ground base station
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so the ground base station may use these coefficients for
forward link beam forming toward the aircraft, for example,
as shown in FIG. 1.

[0054] A process for real-time calibration of an air to
ground two-way communication system may be performed
as follows. FIG. 7 is a flow chart illustrating a method 700 for
real-time calibration of an air to ground two-way communi-
cation system including a ground station antenna array sys-
tem according to one aspect of the present disclosure. At
process block 702, the air to ground two-way communication
system operates to provide Internet service for an aircraft, for
example, as shown in FIG. 1. At process block 704 it is
determined whether a calibration period is detected during
operation of the air to ground two-way conununication sys-
tem. Until a calibration period is detected, operation of the air
to ground two-way communication system continues. Once a
calibration period is detected, calibration of a base station
antenna system may be performed as follows.

[0055] At process block 706, a sector wide pilot signal is
sequentially transmitted on a wide beam by each antenna
element of a base station antenna array. In one aspect, the
antenna 500 (FIG. 5) may transmit a Sector Wide Pilot (SWP)
on each element of the ground station antenna arrays 520 and
540. In the configuration illustrated in FIG. 6, the ground
station antenna system 600 may transmit the sector wide pilot
on one of the adjacent antenna panels 610 and 650, 620 and
660, 630 and 670, or 640 and 680 depending on an elevation
of the aircraft.

[0056] Referring again to FIG. 7, at process block 708
forward link calibration coefficients of the antenna array may
be received from an aircraft in response to the sector wide
pilot signals during the calibration periods. In one aspect, the
calibration coefficients characterize the sector wide pilot sig-
nals received by the aircraft. At process block 710, real-time
calibration of an antenna array of the ground station antenna
array system is performed according to the received calibra-
tion coeflicients using, for example, equation (1) in accor-
dance with one aspect of the present disclosure.

[0057] In one aspect, the receive side calibration may be
performed in a manner similar to the above scheme but by
having the aircraft modem transmit a pilot sequence on the
Reverse Link (RL) 106, as shown in FIG. 1. The pilot signal
may be sent with a sufficient amount of energy and with a
sufficient amount of time duration to enable detection at each
of the antenna elements at the ground base station. Similar to
the scheme described above forcalibrating the transmit chain,
in one aspect the receive chain’s phase and amplitude may be
estimated by averaging over any variations due to multipath
fading.

[0058] Once the ground base station and aircraft antennas
are calibrated, beam forming may be performed in any num-
ber of ways. In one aspect, the aircraft sends its position to the
ground base station based on a current position location,
which may be determined with, for example, a position loca-
tion system such as a global positioning system (GPS). The
ground base station may use this information to form a beam
in the direction of the aircraft and also on the receive side at
the ground base station. In a calibrated antenna system,
knowledge of the position of the aircraft and the ground base
station can be used to calculate the phased array antenna
coefficients to point the bore sight of the beam toward the
location of the aircraft. During the flight, the beam may be
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adjusted using the position of the aircraft that is periodically
reported to the ground base station, according to one aspect of
the present disclosure.

[0059] In one aspect, the aircraft and the ground base sta-
tion may adjust their beams to increase or maximize Signal to
Noise Plus Interference (SINR) received at the aircraft and at
the ground base station. For instance, the ground base station
may slightly move its transmit beam. The aircraft will report
SINR measurements received at the aircraft to the ground
base station. In one aspect, the ground base station may find
the improved or optimal transmit beam by adjusting its beam
based on the SINR feedback received from the aircraft. In one
aspect, the ground base station may send one or more adjacent
beams to determine whether one of the adjacent beams pro-
vides improved perfermance based on, for example, mea-
sured signal energy. In one aspect, detection of an improved
or optimal beam may be used on the reverse link from the
aircraft to the ground base station.

[0060] InTDD (Time Division Duplex) channels where the
forward link and reverse link are reciprocal, except for the
hardware phase and delays which are calibrated, the ground
base station may determine the desired or best received beam
by comparing SINRs received on adjacent beams. Then, the
ground base station may form a beam toward the aircraft
based on the desired or optimal beam on its receive side. In
one aspect, the groundbase station repeatedly determines the
desired or optimal receive beam and adjusts the transmit
beam accordingly. A process for air to ground communication
by an aircraft equipped with a multi-beam switchable array
antenna may be pertermed as follows.

[0061] FIG. 8 is a flow chart illustrating a method 800 for
air to ground communication by an aircraft equipped with
multiple antenna arrays of a multi-beam switchable antenna
elements according to one aspect of the present disclosure. At
process block 802, a first pilot signal is received on a wide
beam from a first ground station of a network by a first
antenna element of an antenna. In one aspect, the antenna 200
(FIG. 2) may receive a Sector Wide Pilot (SWP) on a first
antenna element 210 (210-1, . . ., 210-12) covering a first
range of azimuth angles from the aircraft. In the configuration
illustrated in F1G. 2, the aircraft antenna 200 has twelve horn
antennas 210 (210-1, . . ., 210-12) each covering 3@° sectors
in azimuth.

[0062] Referring again to FIG. 8, at process block 804 data
is received on a directed beam from the first ground station by
the first antenna element (e.g. 210-1). At process block 806, at
least one second pilot signal is received on a wide beam from
at least one second ground station of the network by a second
antenna element of the antenna covering a second range of
azimuth angles from the aircraft different than the first range
of azimuth angles. For example, a sector wide pilot may be
received from the second ground station 110 while data is
being received from the first ground base station 102, as
shown in FIG. 1.

[0063] Asshown in FIG. 2, datamay be received by the first
antenna element 210-1 while a sector wide pilot is received by
the second antenna element 210-2. In one configuration, each
of the antenna elements 210-2 to 210-12 may continually
search for ground stations while data is received by the
antenna element 210-1. In an alternative aspect, a time divi-
sion mode operates by using a single antenna element for
receiving data, and when data is not being received, the
remaining antenna elements may search for ground stations
to determine whether to perform an aircraft modem handoff.
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[0064] Referring again to FIG. 8, at process block 808 a
signal strength of the second pilot signal(s) is compared with
asignal strength of the first pilot signal. At process block 810,
reception of the data may be switched from the first antenna
element to the second antenna element in response to deter-
mining that the second pilot signal strength received by the
second antenna is greater than the first pilot signal strength
received on the first antenna element. In one aspect, the
method 800, as shown in FIG. 8, is repeated for each aircraft
antenna array 202 (FIG. 2) for configurations having multiple
aircraft antenna arrays. In an alternative aspect, the method
800 is performed for a selected aircraft antenna array (e.g.
202-1).

[0065] Transmissions from non-geostationary satellite ter-
minals may interfere with communications from a ground
base station to an aircraft transceiver on a served aircraft.
Also, other aircraft may interfere with communications from
a ground base station to an aircraft transceiver on the served
aircraft. In addition, signal degradation may be caused by rain
when either the Ka band or the Ku band is used by an air to
ground communication system. Aspects of the present disclo-
sure may mitigate this type of interference and signal degra-
dation to the aircraft terminal

[0066] As shown in FIG. 1, the transmission power on the
forward link 108 of ground base station 102 may be increased
to overcome interference, with an equal decrease in the for-
ward link transmission power of the ground base station 110.
In one aspect, a ground base station controller/processor 440
(FIG. 4) is responsible for adjusting the transmission power
among the various base stations so that the sum of the overall
transmission power over the various ground base stations
remains constant.

[0067] Inparticular, the aircraft receiver may measure the
Signal to Interference plus Noise Ratio (SINR) and send an
index of the measured SINR to theground base station. In one
aspect, the ground base station adjusts the transmit power on
the forward link beam to maintain the SINR received at the
aircraft above a target value. In case of rain, the signal
becomes attenuated, resulting in a reduction in the received
SINR at the aircraft. Each beam may be allowed a maximum
transmit power. The base station controller will impose a limit
on the overall transmit power from all ground base stations. In
case of interference from other systems into the aircraft
receiver, the interference term of SINR will increase, reduc-
ing the SINR received by the aircraft. In one aspect, the
ground base station controller may increase the forward link
power in response to the SINR feedback from the aircraft
modem.

[0068] FIG. 9is a flow chart illustrating a method 900 for
increasing a transmission power on the forward link from a
serving ground base station to mitigate aircraft interference
according to one aspect of the present disclosure. At process
block 902, interference is detected during transmission of
data on a forward link of a ground base station antenna array
from the serving ground base station to the aircraft. Atprocess
block 904, the serving ground base station may increase a
transmission power on the forward link to mitigate aircraft
interference. In one aspect, increasing the transmission power
for the serving ground base station involves an equal decrease
in transmission power of one or more other ground base
stations. Accordingly, at process block 906, a decrease in
transmission power of one or more other ground base stations
is performed. In one aspect, the decrease in transmission
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power is performed so that the sum of the overall transmission
power over the various ground base stations remains constant.
[0069] In one configuration, an aircraft is configured for
wireless communication including means for receiving a first
pilot signal on a first wide beam from a first ground base
station of a network. In one aspect, the first pilot receiving
means may be a first antenna element 210-1 of the aircraft
antennaarray 200, as shown FIG. 2 and/or the antenna 452a-r;
demodulator 454a-r, receive processor 458, controller/pro-
cessor 480, and/or memory 482 of FIG. 4. The aircraft is also
configured to include a means for receiving data on a directed
databeam from the first greund base station. In one aspect, the
data receiving means may be the first antenna element 210-1
of the aircraft antenna array 200, as shown FIG. 2 and/or the
antenna 452a-r, demodulator 454a-r, receive processor 458,
controller/processor 480, and/or memory 482 of FIG. 4. The
aircraft is also configured to include a means for receiving a
second pilot signal on a first wide beam from the first ground
base station. In one aspect, the second pilot receiving means
may be a second antenna element 210-2 of the aircraft
antenna array 200, as shown FIG. 2 and/or the antenna 452a-r,
demodulator 454a-r, receive processor 458, controller/pro-
cessor 480, and/or memory 482 of FIG. 4.

[0070] Theaircraft is also configured to include a means for
comparing a signal strength of the second pilot signal with a
signal strength of the first pilot signal. In one aspect, the
comparing means may be an aircraft transceiver 120 of the
aircraft antenna array 200, as shown FIGS. 1, 2, and 4, the
controller/processor 480, and/or memory 482 of FIG. 4. The
aircraft is also configured to include a means for switching
reception of the data from the first antenna element to the
second antenna element. In one aspect, the switching means
may also be the aircraft transceiver 120 of the aircraft antenna
array 200, as shown FIGS. 1 and 2, the controller/processor
480, and/or memory 482 of FIG. 4. In another aspect, the
aforementioned means may be a module or any apparatus
configured to perform the functions recited by the aforemen-
tioned means.

[0071] In one configuration, a ground base station is con-
figured for wireless communication including means for
detecting interference during data transmission on the for-
ward link from the serving ground base station to an aircraft.
In one aspect, the detecting means may be the demodulators
432a-t, receive processor 438, antenna 434a-t, controller/
processor 440, and/or memory 442 of FIG. 4. The ground
base station is also configured to include a means for increas-
ing a transmission power on the forward link from the ground
base station to mitigate aircraft interference according to one
aspect of the present disclosure. In one aspect, the increasing
means may the controller/processor 440, memory 442, trans-
mit processor 420, modulators 432a-t, and/or antenna 434a-t
of FIG. 4. The ground base station is also configured to
include a means for decreasing the transmission power of one
ormoreother ground base stations. In oneaspect, the decreas-
ing means may also be the controller/processor 440, and/or
memory 442 of FIG. 4. In another aspect, the aforementioned
means may be a module or any apparatus configured to per-
form the functions recited by the aforementioned means.
[0072] Those of skill would further appreciate that the vari-
ous illustrative logical blocks, modules, circuits, and algo-
rithm steps described in connection with the disclosure herein
may be implemented as electronic hardware, computer soft-
ware, or combinations of both. To clearly illustrate this inter-
changeability of hardware and software, various illustrative
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components, blocks, modules, circuits, and steps have been
described above generally in terms of their functionality.
Whether such functionality is implemented as hardware or
software depends upon the particular application and design
constraints imposed on the overall system. Skilled artisans
may implement the described functionality in varying ways
for each particular application, but such implementation deci-
sions should not be interpreted as causing a departure from
the scope of the present disclosure.

[0073] Thevarious illustrative logical blocks, modules, and
circuits described in connection with the disclosure herein
may be implemented or performed with a general-purpose
processor, a digital signal processor (DSP), an application
specific integrated circuit (ASIC), a field programmable gate
array (FPGA) or other programmable logic device, discrete
gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions
described herein. A general-purpose processor may be a
microprocessor, but in the alternative, the processor may be
any conventional processor, controller, microcontroller, or
state machine. A processor may also be implemented as a
combination of computing devices, e.g., a combination of a
DSP and a microprocessor, a plurality of microprocessors,
one or more microprocessors in conjunction with a DSP core,
or any other such configuration.

[0074] The steps of a method or algorithm described in
connection with the disclosure herein may be embodied
directly in hardware, in a software module executed by a
processor, or in a combination of the two. A software module
may reside in RAM memory, flash memory, ROM memory,
EPROM memory, EEPROM memory, registers, hard disk, a
removable disk, a CD-ROM, or any other form of storage
medium known in the art. An exemplary storage medium is
coupled to the processor such that the processor can read
information from, and write information to, the storage
medium. In the alternative, the storage medium may be inte-
gral to the processor. The processor and the storage medium
may reside in an ASIC. The ASIC may reside in a user
terminal In the alternative, the processor and the storage
medium may reside as discrete components in a user terminal.

[0075] In one or more exemplary designs, the functions
described may be implemented in hardware, software, firm-
ware, or any combination thereof Ifimplemented in software,
the functions may be stored on or transmitted over as one or
more instructions or code on a computer-readable medium.
Computer-readable media includes both computer storage
media and communication media including any medium that
facilitates transfer of a computer program trom one place to
another. A storage media may be any available mediathatcan
be accessed by a general purpose or special purpose com-
puter. By way of example, and not limitation, such computer-
readable media can comprise RAM, ROM, EEPROM, CD-
ROM or other optical disk storage, magnetic disk storage or
other magnetic storage devices, or any other medium that can
be used to carry or store desired program code means in the
form of instructions or data structures and that can be
accessed by a general-purpose or special-purpose computer,
or a general-purpose or special-purpose processor. Also, any
connection is properly termed a computer-readable medium.
For example, if the software is transmitted from a website,
server, or other remote source using a coaxial cable, fiber
optic cable, twisted pair, digital subscriber line (DSL), or
wireless technologies such as infrared, radio, and microwave,
then the coaxial cable, fiber optic cable, twisted pair, DSL., or
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wireless technologies such as infrared, radio, and microwave
are included in the definition of medium. Disk and disc, as
used herein, includes compact disc (CD), laser disc, optical
disc, digital versatile disc (DVD), floppy disk and blu-ray disc
where disks usually reproduce data magnetically, while discs
reproduce data optically with lasers. Combinations of the
above should also be included within the scope of computer-
readable media.

[0076] The previous description of the disclosure is pro-
vided to enable any person skilled in the art to make or use the
disclosure. Various modifications to the disclosure will be
readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other variations
without departing from the spirit or scope of the disclosure.
Thus, the disclosure is not intended to be limited to the
examples and designs described herein but is to be accorded
the widest scope consistent with the principles and novel
features disclosed herein.

What is claimed is:

1. A method for ground to air communication with an
aircraft equipped with a multi-beam aircraft array antenna,
comprising:

detecting interference during transmission of data on a

forward link of a ground base station antenna array from
a ground base station to the aircraft;

increasing a transmission power on the forward link of the

ground base station antenna array; and

decreasing a transmission power on a forward link of at

least one other ground base station to maintain a con-
stant total transmission power over all ground base sta-
tions of an air to ground two-way communication sys-
tem.

2. The method of claim 1, in which detecting interference
comprises:

receiving a Signal to Interference plus Noise Ratio (SINR)

value from the aircraft; and

detecting interference when the received SINR value is

below a predetermined target value.

3. The method of claim 1, in which increasing the trans-
mission power further comprises:

adjusting the transmission power on the forward link of the

ground base station antenna array to maintain a mea-
sured Signal to Interference plus Noise Ratio (SINR)
value at the aircraft above a target value.

4. An apparatus for wireless communication, comprising:

means for detecting interference during transmission of

data on a forward link of a ground base station antenna
array from a ground base station to an aircraft;
means for increasing a transmission power on the forward
link of the ground base station antenna array; and

means for decreasing a transmission power on a forward
link of at least one other ground base station to maintain
aconstant total transmission power over all ground base
stations of an air to ground two-way communication
system.
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5. The apparatus of claim 4, in which the detecting means

further comprises:

means for receiving a Signal to Interference plus Noise
Ratio (SINR) value from the aircraft; and

means for detecting interference if thereceived SINR value
is below a predetermined target value

6. The apparatus of claim 4, in which the increasing means

further comprises:

means for adjusting the transmission power on the forward
link of the ground base station antenna array to maintain
a measured Signal to Interference plus Noise Ratio
(SINR) value at the aircraft above a target value.

7. A computer program product for wireless communica-

tion in a wireless network, comprising:

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

program code to detect interference during transmission of
data on a forward link of a ground base station antenna
array from a ground base station to an aircraft;

program code to increase a transmission power on the
forward link of the ground base station antenna array;
and

program code to decrease a transmission power on a for-
ward link of at least one other ground base station to
maintain a constant total transmission power over all
ground base stations of an air to ground two-way com-
munication system.

8. An apparatus for wireless communication, comprising;

a memory: and

at least one processor coupled to the memory, the at least
one processor being configured:

to detect interference during transmission of data on a
forward link of a ground base station antenna array from
a greund base station to an aircraft;

to increase a transmission power on the forward link of the
ground base station antenna array; and

to decrease a transmission power on a forward link of at
least one other ground base station to maintain a con-
stant total transmission power over all ground base sta-
tions of an air to ground two-way communication sys-
tem.

9. The apparatus of claim 8, in which the at least one

processor is further configured to detect by:

receiving a Signal to Interference plus Noise Ratio (SINR)
value from the aircraft; and

detecting interference if the received SINR value is below
a predetermined target value

10. The apparatus of claim 8, in which the at least one

processor is further configured to increase transmission
power by adjusting the transmission power on the forward
link of the ground base station antenna array to maintain a
measured Signal to Interference plus Noise Ratio (SINR)
value at the aircraft above a target value.
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