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ABSTRACT OF THE DISCLOSURE

Satellite communications methods include receiving communications 

signals including co-channel interference at a space-based component from a 

plurality of wireless terminals in a satellite footprint over a satellite frequency band 

and reducing interference in the communication signals by (a) performing co­

channel interference reduction on the communications signals to generate a 

plurality of interference reduced signals and (b) performing multiple access 

interference cancellation on the interference reduced signals. An interference 

reducing detector for a satellite communications system includes an interference 

reducer configured to perform co-channel interference reduction on 

communications signals to generate a plurality of interference reduced signals, 

and a detector configured to perform multiple access interference cancellation on 

the interference reduced signals. Satellite communications systems and satellite 

gateways including interference reducing detectors are also disclosed.
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0 ADAPTIVE BEAM FORMING WITH MULTI-USER DETECTION AND

INTERFERENCE REDUCTION IN SATELLITE COMMUNICATION SYSTEMS

AND METHODS

FIELD OF THE INVENTION

[0001] The present invention relates to interference reduction in 

communications systems. In particular, the present invention relates to 

interference reduction in satellite communications systems and methods with 

terrestrial frequency use/re-use of satellite band frequencies.

BACKGROUND

[0002] Satellite communications systems and methods are widely used for 

radiotelephone communications. Satellite communications systems and methods 

generally employ at least one space-based component, such as one or more 

satellites, that is/are configured to wirelessly communicate with a plurality of 

wireless terminals.

[0003] A satellite communications system or method may utilize a single 

antenna beam or antenna pattern covering an entire area served by the system. 

Alternatively, or in combination with the above, in cellular satellite communications 

systems and methods, multiple beams (cells or antenna patterns) are provided, 

each of which can serve a substantially distinct geographic area in an overall 

service region, to collectively serve an overall satellite footprint. Thus, a cellular 

architecture similar to that used in conventional terrestrial cellular radiotelephone 

systems and methods can be implemented in cellular satellite-based systems and 

methods. The satellite typically communicates with wireless terminals over a 

bidirectional communications pathway, with wireless terminal communications 

signals being communicated from the satellite to a wireless terminal over a 

downlink or forward link (also referred to as a forward service link), and from the 

wireless terminal to the satellite over an uplink or return link (also referred to as a 

return service link).

[0004] The overall design and operation of cellular satellite communications 

systems and methods are well known to those having skill in the art, and need not 

be described further herein. Moreover, as used herein, the term "wireless
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0 terminal" includes devices which include a radio frequency transceiver, such as 

cellular and/or satellite radiotelephones; Personal Communications System (PCS) 

terminals that may combine a radiotelephone with data processing, facsimile 

and/or data communications capabilities; Personal Digital Assistants (PDA) that 

can include a radio frequency transceiver and/or a pager, Internet/lntranet access, 

Web browser, organizer, calendar and/or a global positioning system (GPS) 

receiver; and/or conventional laptop and/or palmtop computers or other 

appliances, which include a radio frequency transceiver. As used herein, the term 

"wireless terminal" also includes any other radiating user device/equipment/source 

that may have time-varying or fixed geographic coordinates, and may be portable, 

transportable, installed in a vehicle (aeronautical, maritime, or land-based), or 

situated and/or configured to operate locally and/or in a distributed fashion over 

one or more terrestrial and/or extraterrestrial locations. A wireless terminal also 

may be referred to herein as a "radiotelephone," "radioterminal," "mobile terminal," 

"mobile user terminal," “user device” or simply as a "terminal". Furthermore, as 

used herein, the term "space-based" component includes one or more satellites 

and/or one or more other objects/platforms (e. g., airplanes, balloons, unmanned 

vehicles, space crafts, missiles, etc.) that have a trajectory above the earth at any 

altitude. In addition, as used herein the term “canceling” or “cancellation” as 

relating to interference canceling or cancellation means complete elimination of at 

least one component/element of the interference and/or at least a reduction of at 

least one component/element of the interference.

[0005] A terrestrial network that is configured to provide wireless 

communications by using and/or reusing at least some of the frequencies 

authorized for use by a satellite system can enhance the availability, efficiency 

and/or economic viability of the satellite system. Specifically, it is known that it 

may be difficult for satellite communications systems to reliably serve densely 

populated areas, because satellite signals may be blocked by high-rise structures 

and/or may not effectively penetrate into buildings. As a result, the satellite 

spectrum may be underutilized or unutilized in such areas. The terrestrial use 

and/or reuse of at least some of the satellite system frequencies can reduce or 

eliminate this potential problem.

[0006] Moreover, a capacity measure of an overall system, including a 

terrestrially-based and a space-based network, may be increased by the
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0 introduction of terrestrial frequency use/reuse of at least some of the frequencies 

authorized for use by the space-based network, since terrestrial frequency 

use/reuse may be much denser than that of a satellite-only (space-based network 

only) system. In fact, capacity may be enhanced where it may be most needed,

i.e., in densely populated urban/industrial/commercial areas. As a result, the 

overall system may become more economically viable, as it may be able to serve 

a larger subscriber base more effectively and reliably.

[0007] One example of terrestrial reuse of satellite frequencies is described 

in U.S. Patent 5,937,332 to Karabinis entitled Satellite Telecommunications 

Repeaters and Retransmission Methods, the disclosure of which is hereby 

incorporated herein by reference in its entirety as if set forth fully herein. As 

described therein, satellite telecommunications repeaters are provided which 

receive, amplify, and locally retransmit the downlink/uplink signal received from a 

satellite/radioterminal thereby increasing the effective downlink/uplink margin in 

the vicinity of the satellite telecommunications repeaters and allowing an increase 

in the penetration of uplink and downlink signals into buildings, foliage, 

transportation vehicles, and other objects which can reduce link margin. Both 

portable and non-portable repeaters are provided. See the abstract of U.S. Patent 

5,937,332.

[0008] Radioterminals for a satellite communications system or method 

having a terrestrial communications capability by terrestrially using and/or reusing 

at least some of the frequencies of a satellite frequency band that is also used, at 

least in part, by the radioterminals for space-based communications, wherein the 

radioterminals are configured to communicate terrestrially and via a space-based 

component by using substantially the same air interface for both terrestrial and 

space-based communications, may be more cost effective and/or aesthetically 

appealing than other alternatives. Conventional dual band/dual mode wireless 

terminal alternatives, such as the well known Thuraya, Iridium and/or Globalstar 

dual mode satellite/terrestrial wireless terminals, duplicate some components (as 

a result of the different frequency bands and/or air interface protocols between 

satellite and terrestrial communications), which may lead to increased cost, size 

and/or weight of the wireless terminal. See U.S. Patent 6,052,560 to Karabinis, 

entitled Satellite System Utilizing a Plurality of Air Interface Standards and Method 

Employing Same.
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0 [0009] Satellite communications systems and methods that may employ

terrestrial reuse of satellite frequencies are described in U.S. Patent 6,684,057 to

Karabinis, entitled Systems and Methods for Terrestrial Reuse of Cellular Satellite

Frequency Spectrum', and Published U.S. Patent Application Nos.

US 2003/0054760 to Karabinis, entitled Systems and Methods for Terrestrial 

Reuse of Cellular Satellite Frequency Spectrum; US 2003/0054761 to Karabinis, 

entitled Spatial Guardbands for Terrestrial Reuse of Satellite Frequencies; US 

2003/0054814 to Karabinis et al., entitled Systems and Methods for Monitoring 

Terrestrially Reused Satellite Frequencies to Reduce Potential Interference;

US 2003/0073436 to Karabinis et al., entitled Additional Systems and Methods for 

Monitoring Terrestrially Reused Satellite Frequencies to Reduce Potential 

Interference; US 2003/0054762 to Karabinis, entitled Multi-Band/Multi-Mode 

Satellite Radiotelephone Communications Systems and Methods; US 

2003/0153267 to Karabinis, entitled Wireless Communications Systems and 

Methods Using Satellite-Linked Remote Terminal Interface Subsystems; US 

2003/0224785 to Karabinis, entitled Systems and Methods for Reducing Satellite 

Feeder Link Bandwidth/Carriers In Cellular Satellite Systems; US 2002/0041575 

to Karabinis et al., entitled Coordinated Satellite-Terrestrial Frequency Reuse; US 

2002/0090942 to Karabinis et al., entitled Integrated or Autonomous System and 

Method of Satellite-Terrestrial Frequency Reuse Using Signal Attenuation and/or 

Blockage, Dynamic Assignment of Frequencies and/or Hysteresis;

US 2003/0068978 to Karabinis et al., entitled Space-Based Network Architectures 

for Satellite Radiotelephone Systems; US 2003/0143949 to Karabinis, entitled 

Filters for Combined Radiotelephone/GPS Terminals; US 2003/0153308 to 

Karabinis, entitled Staggered Sectorization for Terrestrial Reuse of Satellite 

Frequencies; and US 2003/0054815 to Karabinis, entitled Methods and Systems 

for Modifying Satellite Antenna Cell Patterns In Response to Terrestrial Reuse of 

Satellite Frequencies, all of which are assigned to the assignee of the present 

invention, the disclosures of all of which are hereby incorporated herein by 

reference in their entirety as if set forth fully herein.

[0010] Some satellite communications systems and methods may employ 

interference cancellation techniques to allow increased terrestrial use/reuse of 

satellite frequencies. For example, as described in U.S. Patent 6,684,057 to 

Karabinis, cited above, a satellite communications frequency can be reused
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0 terrestrially by an ancillary terrestrial network even within the same satellite cell 

that is using the satellite communications frequency for space-based 

communications, using interference cancellation techniques. Moreover, the 

ancillary terrestrial network can use a modified range of satellite band forward link 

frequencies for transmission, to reduce interference with at least some out-of- 

band receivers. A modified range of satellite band forward link frequencies that is 

used by the ancillary terrestrial network can include only a subset of the satellite 

band forward link frequencies to provide a guard band between frequencies used 

by the ancillary terrestrial network and frequencies used by out-of-band receivers, 

can include power levels that monotonically decrease as a function of 

increasing/decreasing frequency and/or can include two or more contiguous slots 

per frame that are left unoccupied and/or are transmitted at reduced maximum 

power. Time division duplex operation of the ancillary terrestrial network may also 

be provided over at least a portion of the satellite band return link frequencies. Full 

or partial reverse mode operation of the ancillary terrestrial network also may be 

provided, where at least some of the forward link and return link frequencies are 

interchanged with the conventional satellite forward link and return link 

frequencies. See the Abstract of U.S. Patent 6,684,057.

SUMMARY

[0011] Satellite communications methods according to embodiments of the 

invention include receiving at a space-based component a plurality of multiple 

access signals from a plurality of terminals in a footprint of the space-based 

component over a frequency band of the space-based component, the plurality of 

multiple access signals including interference that is dependent on signals 

transmitted by the terminals and interference that is independent of signals 

transmitted by the terminals; and reducing interference of the plurality of multiple 

access signals by first reducing the interference that is independent of the signals 

transmitted by the terminals followed by canceling the interference that is 

dependent on the signals transmitted by the terminals.

[0012] Some methods further include receiving/transmitting wireless 

communications signals at an ancillary terrestrial component from/to a plurality of 

terminals in the satellite footprint over the satellite frequency band. The space-
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0 based component may also receive the wireless communications signals as 

interference to the multiple access signals.

[0013] Receiving multiple access signals at a space-based component from 

a plurality of terminals in a satellite footprint over a satellite frequency band may 

include receiving multiple access signals using an antenna including a plurality of 

antenna feed elements that may be configured to provide antenna patterns that 

differ in spatial orientations therebetween and wherein at least some of the 

antenna feed elements may also be configured to receive electro-magnetic energy 

over at least two different polarization orientations.

[0014] Reducing interference that is independent of the signals transmitted 

by the terminals may include performing co-channel interference reduction on a 

multiple access signal, including a pilot signal and an information signal, 

transmitted by a terminal and received by a plurality of antenna feed elements. 

Such interference reduction may include processing of the pilot signal and 

determining a set of weights for the plurality of antenna feed elements based on 

the processing of the pilot signal.

[0015] Methods according to some embodiments of the invention may 

further include generating at least one pilot signal error based on the processing 

of the pilot signal.

[0016] The set of weights for the plurality of antenna feed elements may be 

selected to reduce a mean squared measure of the pilot signal error thereby 

providing an interference reduced received pilot signal, and some methods 

according to the invention further include applying the set of weights to signals 

received by the plurality of antenna feed elements to obtain an interference 

reduced received information signal.

[0017] Performing multiple access interference cancellation (or at least 

interference reduction) on the interference reduced received information signal 

may include determining a set of channel estimates based on interference 

reduced received information signals and/or interference reduced received pilot 

signals, generating a set of received information estimates (e. g., bit estimates) 

from the interference reduced received information signals, and performing 

multiple access interference cancellation (or at least interference reduction) on the 

interference reduced received information signals using the set of channel 

estimates and the information estimates.
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0 [0018] Performing multiple access interference cancellation on the 

interference reduced received information signals using the channel estimates 

and the information estimates may include generating second interference 

reduced received information signals and/or second interference reduced received 

pilot signals. Moreover, methods according to embodiments of the invention may 

further include determining a set of second channel estimates based on the 

second interference reduced received information signals and/or second 

interference reduced received pilot signals, generating a set of second received 

information estimates from the second interference reduced received information 

signals, and performing multiple access interference cancellation on the second 

interference reduced received information signals using the second channel 

estimates and the second information estimates.

[0019] Some methods further include receiving at the space-based 

component using at least two antenna patterns that differ in at least a polarization 

orientation.

[0020] Generating a set of received information estimates from the 

interference reduced received information signals may include correlating the 

interference reduced received information signals with a set of known signal 

spreading codes used by the plurality of terminals.

[0021] Performing multiple access interference cancellation on the 

interference reduced received information signals may include generating a 

plurality of interference reduced information estimates, and some methods may 

further include performing multiple access interference cancellation using the 

plurality of interference reduced information estimates.

[0022] Methods according to further embodiments of the invention may 

further include re-transmitting the multiple access signals to a satellite gateway, 

and reducing interference in the multiple access signals may be performed at the 

satellite gateway which may be terrestrially-based. Further, performing multiple 

access interference cancellation on the interference reduced received information 

signals may be performed at the satellite gateway.

[0023] Some methods may further include repeatedly reducing the 

interference that may be dependent on the transmissions of the plurality of 

terminals communicating with the space-based component over the geographic
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0 area until a predetermined criterion may be met. The predetermined criterion 

may include a bit error rate.

[0024] A cellular satellite system according to further embodiments of the 

invention includes a space-based component and a plurality of terminals that are 

configured to transmit a respective plurality of multiple access signals, comprising 

pilot signals and information signals, over a satellite frequency band in a satellite 

footprint; the space-based component configured to receive the plurality of 

multiple access signals over the satellite frequency band, the space-based 

component also receiving interference along with the plurality of multiple access 

signals in the satellite frequency band, and an interference reducer that is 

responsive to the space-based component, and that is configured to sequentially 

perform co-channel interference reduction and multiple access interference 

cancellation on the plurality of multiple access signals.

[0025] Some systems may further include an ancillary terrestrial network 

including a plurality of terminals wherein the ancillary terrestrial network and/or the 

terminals are/is configured to transmit wireless communications signals over the 

satellite frequency band in the satellite footprint.

[0026] The space-based component may include an antenna having a 

plurality of antenna feed elements, and the space-based component may be 

configured to receive the plurality of multiple access signals using the antenna.

[0027] The interference reducer may be further configured to perform co­

channel interference reduction on the multiple access signals received from the 

plurality of terminals, by processing pilot signals transmitted by the plurality of 

terminals and received by the space-based component and determining a set of 

weights for the antenna feed elements based on the processing of the pilot 

signals.

[0028] The interference reducer may be further configured to generate at 

least one pilot signal error based on the processing of the pilot signals.

[0029] The interference reducer may be further configured to determine a 

set of weights for the antenna feed elements to reduce a mean squared measure 

of the at least one pilot signal error thereby providing an interference reduced pilot 

signal.
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0 [0030] The interference reducer may be further configured to apply the set

of weights to signals received by the plurality of antenna feed elements to obtain

an interference reduced received information signal.

[0031] The interference reducer may be further configured to determine a 

set of channel estimates based on interference reduced received information 

signals and/or interference reduced pilot signals, generate a set of received 

information estimates (e. g., bit estimates) from the interference reduced received 

information signals, and perform multiple access interference cancellation on the 

interference reduced received information signals using the set of channel 

estimates and the information estimates to thereby generate second interference 

reduced received information signals.

[0032] The interference reducer may be further configured to determine a 

set of second channel estimates based on the second interference reduced 

received information signals, to generate a set of second received bit estimates 

from the second interference reduced received information signals, and to perform 

multiple access interference cancellation on the second interference reduced 

received information signals using the second channel estimates and the second 

bit estimates.

[0033] The space-based component may be configured to receive multiple 

access signals using at least two antenna patterns that differ in spatial orientation 

therebetween and/or wherein at least two antenna patterns differ in a polarization 

orientation.

[0034] The interference reducer may be further configured to generate a 

plurality of interference reduced bit estimates from the interference reduced 

received information signals, and to perform multiple access interference 

cancellation using the plurality of interference reduced bit estimates.

[0035] The space-based component may be further configured to re­

transmit the multiple access signals to a satellite gateway, and the interference 

reducer may be located at the satellite gateway, which may be terrestrially-based.

[0036] A satellite wireless terminal system according to further 

embodiments of the invention includes a space-based component configured to 

receive multiple access wireless communications signals from a plurality of 

wireless terminals in a satellite footprint over a satellite frequency band, an 

interference reducer responsive to the space-based component and configured to
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0 perform co-channel interference reduction on the multiple access wireless

communications signals to thereby generate a plurality of interference reduced

received information signals, and a detector responsive to the interference

reducer and configured to perform multiple access interference cancellation on the

interference reduced received information signals.

[0037] Systems according to some embodiments of the invention may 

further include an ancillary terrestrial network including a plurality of transmitters 

configured to transmit a plurality of wireless communications signals over the 

satellite frequency band in the satellite footprint, the space-based component also 

receiving the wireless communications signals as interference along with the 

multiple access wireless communications signals.

[0038] The space-based component may include an antenna having a 

plurality of antenna feed elements, and the space-based component may be 

configured to receive the plurality of multiple access wireless communications 

signals using the antenna.

[0039] The interference reducer may be further configured to perform co­

channel interference reduction on a multiple access wireless communications 

signal by processing at least one pilot signal transmitted by a wireless terminal 

and determining a set of weights for a respective set of antenna feed elements 

based on the processing of the at least one pilot signal.

[0040] The interference reducer may be further configured to generate at 

least one pilot signal error based on the processing.

[0041] The interference reducer may be further configured to select a set of 

signal weights for the antenna feed elements to reduce a mean squared measure 

of the at least one pilot signal error.

[0042] The interference reducer may be further configured to apply the set 

of signal weights to signals received by a plurality of antenna feed elements to 

obtain an interference reduced received information signal.

[0043] The detector may be further configured to determine a set of 

channel estimates based on interference reduced received information signals, 

generate a set of received bit estimates from the interference reduced received 

information signals, and perform multiple access interference cancellation on the 

interference reduced received information signals using the set of channel
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0 estimates and the bit estimates to thereby generate second interference reduced

received information signals.

[0044] The detector may be further configured to determine a set of second 

channel estimates based on the second interference reduced received information 

signals, to generate a set of second received bit estimates from the second 

interference reduced received information signals, and to perform multiple access 

interference cancellation on the second interference reduced received information 

signals using the second channel estimates and the second bit estimates.

[0045] The space-based component may be further configured to receive 

signals using at least two antenna patterns that differ in at least a polarization 

and/or spatial orientation.

[0046] The detector may be further configured to generate a plurality of 

interference reduced bit estimates from the interference reduced received 

information signals, and to perform multiple access interference cancellation using 

the plurality of interference reduced bit estimates.

[0047] The space-based component may be further configured to re­

transmit the multiple access signals to a satellite gateway, and the interference 

reducer may be located at the satellite gateway, which may be terrestrially-based.

[0048] Systems according to some embodiments of the invention may 

further include a satellite gateway, and the interference reducer may be located at 

the space-based component, the detector may be located at the satellite gateway, 

and the space-based component may be further configured to transmit the 

interference reduced received information signals to the satellite gateway.

[0049] Some embodiments of the invention provide an interference 

reducing detector for a satellite communications system including a space-based 

component configured to receive multiple access wireless communications signals 

including co-channel interference from a plurality of wireless terminals in a satellite 

footprint over a satellite frequency band, the interference reducing detector 

including an interference reducer responsive to the space-based component and 

configured to perform co-channel interference reduction on the multiple access 

wireless communication signals to generate a plurality of interference reduced 

received information signals, and a detector configured to perform multiple access 

interference cancellation on the interference reduced received information signals.
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0 [0050] The interference reducer of the interference reducing detector may 

be further configured to perform co-channel interference reduction on the multiple 

access wireless communications signals received from the plurality of wireless 

terminals by processing pilot signals transmitted by the plurality of wireless 

terminals and determining sets of weights for a respective set of antenna feed 

elements based on the processing of the pilot signals.

[0051] The interference reducer of the interference reducing detector may 

be further configured to generate at least one pilot signal error based on the 

processing.

[0052] The interference reducer of the interference reducing detector may 

be further configured to select a set of signal weights for the antenna feed 

elements to reduce a mean squared measure of the at least one pilot signal error.

[0053] The interference reducer of the interference reducing detector may 

be further configured to apply the set of signal weights to signals received by a 

plurality of antenna feed elements to obtain a plurality of interference reduced 

received information signals.

[0054] The detector of the interference reducing detector may be further 

configured to determine a set of channel estimates based on the interference 

reduced received information signals, generate a set of received bit estimates 

from the interference reduced received information signals, and perform multiple 

access interference cancellation on the interference reduced received information 

signals using the set of channel estimates and the bit estimates to thereby 

generate second interference reduced received information signals.

[0055] The detector of the interference reducing detector may be further 

configured to determine a set of second channel estimates based on the second 

interference reduced received information signals, generate a set of second 

received bit estimates from the second interference reduced received information 

signals, and perform multiple access interference cancellation on the second 

interference reduced received information signals using the second channel 

estimates and the second bit estimates.

[0056] The space-based component may be further configured to receive 

signals using at least two antenna patterns that differ in at least a spatial and/or 

polarization orientation.

12



20
10

20
16

78
 

28
 A

pr
 2

01
0 [0057] The detector of the interference reducing detector may be further

configured to generate a plurality of interference reduced bit estimates from the

interference reduced received information signals, and to perform multiple access

interference cancellation using the plurality of interference reduced bit estimates.

[0058] The space-based component may be further configured to re­

transmit the multiple access wireless communication signals to a satellite 

gateway, and the interference reducer may be located at the satellite gateway, 

which may be terrestrially-based.

[0059] The interference reducer of the interference reducing detector may 

be located at the space-based component and the detector may be located 

remotely from the space-based component.

[0060] Some embodiments of the invention provide a gateway for a satellite 

wireless terminal system that may include a space-based component that is 

configured to receive multiple access wireless communications signals from a 

plurality of wireless terminals in a satellite footprint over a satellite frequency band, 

the gateway including an interference reducer responsive to the space-based 

component and configured to perform co-channel interference reduction on the 

multiple access wireless communications signals to generate a plurality of 

interference reduced received information signals, and a detector that is 

configured to perform multiple access interference cancellation on the interference 

reduced received information signals.

[0061] The interference reducer of the gateway may be further configured 

to perform co-channel interference reduction on the multiple access wireless 

communications signals by processing pilot signals transmitted by the plurality of 

wireless terminals and determining sets of weights for a set of antenna feed 

elements based on the processing of the pilot signals.

[0062] The interference reducer of the gateway may be further configured 

to generate at least one pilot signal error based on the processing.

[0063] The interference reducer may be further configured to select a set of 

signal weights for the antenna feed elements to reduce a mean squared measure 

of the at least one pilot signal error.

[0064] The interference reducer of the gateway may be further configured 

to apply the sets of signal weights to signals received by a plurality of antenna
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0 feed elements to obtain the plurality of interference reduced received information

signals.

[0065] The detector of the gateway may be further configured to determine 

a set of channel estimates based on the interference reduced received information 

signals, generate a set of received bit estimates from the interference reduced 

received information signals, and perform multiple access interference 

cancellation on the interference reduced received information signals using the set 

of channel estimates and the bit estimates to thereby generate second 

interference reduced received information signals.

[0066] The detector of the gateway may be further configured to determine 

a set of second channel estimates based on the second interference reduced 

received information signals, generate a set of second received bit estimates from 

the second interference reduced received information signals, and perform 

multiple access interference cancellation on the second interference reduced 

received information signals using the second channel estimates and the second 

bit estimates.

[0067] The space-based component may be further configured to receive 

signals using at least two antenna patterns that differ in at least a spatial and/or 

polarization orientation.

[0068] The detector of the gateway may be further configured to generate a 

plurality of interference reduced bit estimates from the interference reduced 

received information signals, and to perform multiple access interference 

cancellation using the plurality of interference reduced bit estimates.

[0069] A method of reducing interference according to some embodiments 

of the invention includes receiving, at a space-based component, components of a 

signal using at least first and second antenna patterns that differ in a spatial 

orientation and a polarization orientation, providing the components of the signal 

to an interference reducer, and processing the components of the signal at the 

interference reducer to reduce a level of interference of the signal.

[0070] A method of communicating between a space-based component 

and a radioterminal according to some embodiments of the invention includes 

transmitting a first signal to the radioterminal over a first antenna pattern of the 

space-based component, and transmitting a second signal to the radioterminal 

over at least a second antenna pattern of the space-based component, wherein
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0 the second signal differs from the first signal by at least a time delay value. The

first antenna pattern may differ from the second antenna pattern by a spatial

orientation and/or a polarization orientation.

[0071] A method of communicating with a space-based component 

according to some embodiments of the invention includes receiving at a 

radioterminal a first signal over a first antenna pattern of the space-based 

component and at least one second signal over at least a second antenna pattern 

of the space-based component, and processing the first signal and the at least 

one second signal at the radioterminal to improve at least one communications 

performance measure. The at least one second signal may differ from the first 

signal by at least a time delay value.

[0072] According to some embodiments of the invention, a communications 

method for a wireless communications system including a space-based 

component and an ancillary terrestrial network includes providing control channel 

and traffic channel communications from the ancillary terrestrial network to a 

plurality of first radioterminals using a first set of frequencies authorized for use by 

the space-based component to provide control channel and/or traffic channel 

communications more than a second set of frequencies authorized for use by the 

space-based component to provide control channel and/or traffic channel 

communications, and providing control channel and traffic channel 

communications from the space-based component to a plurality of second 

radioterminals within a geographic area using the second set of frequencies. In 

some embodiments, the ancillary terrestrial network may not use the second set 

of frequencies.

BRIEF DESCRIPTION OF THE DRAWINGS 

[0073] The accompanying drawings, which are included to provide a further

understanding of the invention and are incorporated in and constitute a part of this 

application, illustrate certain embodiment(s) of the invention. In the drawings:

[0074] FIG. 1 is a schematic diagram of a cellular satellite communications 

system and methods according to embodiments of the invention.

[0075] FIGS. 2A-2C are block diagrams of an interference reducer and 

constituent components according to embodiments of the invention.
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0 [0076] FIGS. 3A-3B are block diagrams of an interference reducer and

constituent components according to embodiments of the invention.

[0077] FIG. 4A-4B are block diagrams of interference reducers according to

embodiments of the invention.

[0078] FIGS. 5-8 are flowcharts illustrating systems and methods for 

reducing interference according to embodiments of the invention.

[0079] FIG. 9 illustrates satellite spot beams, some of which include ATC 

infrastructure configurations.

[0080] FIG. 10 illustrates a gain and phase pattern of an antenna feed 

element.

[0081] FIG. 11 is a block diagram of a single-user interference cancellation 

detector according to embodiments of the invention.

[0082] FIG. 12 is a block diagram of a multi-user interference cancellation 

detector according to embodiments of the invention.

[0083] FIG. 13 is a map of the continental United States showing a 

configuration of forward link satellite spot beams and locations of transmitters of 

an ancillary terrestrial network.

[0084] FIG. 14 is a map of the continental United States showing a 

configuration of return link service areas formed by return link feed elements of a 

space-based component and locations of transmitters of an ancillary terrestrial 

network.

[0085] FIGS. 15 and 16 are graphs of bit error rate (BER) versus signal to 

interference ratio (SIR) for various receiver configurations according to 

embodiments of the invention.

[0086] FIG. 17 is a graph of Delta T/T increase versus SIR for various 

receiver configurations according to embodiments of the invention.

[0087] FIG. 18 is a three dimensional graph of gain versus 

azimuth/elevation for an antenna pattern formed by an antenna feed element of a 

space-based component.

[0088] FIG. 19 is a gain contour pattern of the graph of FIG. 18.

[0089] FIG. 20 is a three dimensional graph of gain versus

azimuth/elevation for an adaptively-formed antenna pattern using a plurality of 

antenna feed elements.

[0090] FIG. 21 is a gain contour pattern of the graph of FIG. 20.
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0 [0091] FIGS. 22-24 are graphs of bit error rate (BER) versus signal to 

interference ratio (SIR) for various receiver configurations according to 

embodiments of the invention.

[0092] FIG. 25 is a gain contour pattern of an antenna feed element.

[0093] FIGS. 26-33 are graphs of BER under various simulation conditions 

according to embodiments of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0094] Embodiments of the present invention now will be described more 

fully hereinafter with reference to the accompanying drawings, in which 

embodiments of the invention are shown. This invention may, however, be 

embodied in many different forms and should not be construed as limited to the 

embodiments set forth herein. Rather, these embodiments are provided so that 

this disclosure will be thorough and complete, and will fully convey the scope of 

the invention to those skilled in the art. Like numbers refer to like elements 

throughout.

[0095] It will be understood that although the terms first and second may be 

used herein to describe various elements, these elements should not be limited by 

these terms. These terms are only used to distinguish one element from another 

element. Thus, a first element below could be termed a second element, and 

similarly, a second element may be termed a first element without departing from 

the teachings of the present invention. As used herein, the term "and/or" includes 

any and all combinations of one or more of the associated listed items. The 

symbol"/" is also used as a shorthand notation for "and/or".

[0096] The terminology used herein is for the purpose of describing 

particular embodiments only and is not intended to be limiting of the invention. As 

used herein, the singular forms "a", "an" and "the" are intended to include the 

plural forms as well, unless the context clearly indicates otherwise. It will be 

further understood that the terms "comprises," "comprising," "includes" and/or 

"including" when used herein, specify the presence of stated features, integers, 

steps, operations, elements, and/or components, but do not preclude the 

presence or addition of one or more other features, integers, steps, operations, 

elements, components, and/or groups thereof.
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0 [0097] Unless otherwise defined, all terms (including technical and scientific 

terms) used herein have the same meaning as commonly understood by one of 

ordinary skill in the art to which this invention belongs. It will be further 

understood that terms used herein should be interpreted as having a meaning that 

is consistent with their meaning in the context of this specification and the relevant 

art and will not be interpreted in an idealized or overly formal sense unless 

expressly so defined herein.

[0098] As will be appreciated by one of skill in the art, the present invention 

may be embodied as a method, data processing system, and/or computer 

program product. Accordingly, the present invention may take the form of an 

entirely hardware embodiment, an entirely software embodiment or an 

embodiment combining software and hardware aspects all generally referred to 

herein as a "circuit" or "module." Furthermore, the present invention may take the 

form of a computer program product on a computer usable storage medium 

having computer usable program code embodied in the medium. Any suitable 

computer readable medium may be utilized including hard disks, CD ROMs, 

optical storage devices, a transmission media such as those supporting the 

Internet or an intranet, or magnetic storage devices.

[0099] The present invention is described below with reference to flowchart 

illustrations and/or block diagrams of methods, systems and computer program 

products according to embodiments of the invention. It will be understood that 

each block of the flowchart illustrations and/or block diagrams, and combinations 

of blocks in the flowchart illustrations and/or block diagrams, can be implemented 

by computer program instructions. These computer program instructions may be 

provided to a processor of a general purpose computer, special purpose 

computer, or other programmable data processing apparatus to produce a 

machine, such that the instructions, which execute via the processor of the 

computer or other programmable data processing apparatus, create means for 

implementing the functions/acts specified in the flowchart and/or block diagram 

block or blocks.

[00100] These computer program instructions may also be stored in a 

computer readable memory that can direct a computer or other programmable 

data processing apparatus to function in a particular manner, such that the 

instructions stored in the computer readable memory produce an article of
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0 manufacture including instruction means which implement the function/act 

specified in the flowchart and/or block diagram block or blocks.

[00101] The computer program instructions may also be loaded onto a 

computer or other programmable data processing apparatus to cause a series of 

operational steps to be performed on the computer or other programmable 

apparatus to produce a computer implemented process such that the instructions 

which execute on the computer or other programmable apparatus provide steps 

for implementing the functions/acts specified in the flowchart and/or block diagram 

block or blocks.

[00102] Moreover, as used herein, "substantially the same" band(s) means 

that two to more bands being compared substantially overlap, but that there may 

be some areas of non-overlap, for example at a band end and/or elsewhere. 

"Substantially the same" air interface(s) means that two or more air interfaces 

being compared are similar but need not be identical. For example, a first air 

interface (i.e., a satellite air interface) may include some differences relative to a 

second air interface (i.e., a terrestrial air interface) to, for example, account for one 

or more different characteristics of a communications/propagation environment 

and/or to address other performance aspects and/or system concerns associated 

with the first and/or second air interface.

[00103] For example, a different vocoder rate may be used for satellite 

communications compared to the vocoder rate that may be used for terrestrial 

communications (e.g., for terrestrial communications, audio signals may be 

encoded (“vocoded”) at a rate of approximately 9 to 13 kbps or higher, whereas 

for satellite communications a vocoder rate of approximately 2 to 4 kbps may be 

used). Likewise, a different forward error correction code, different interleaving 

depth, and/or different spread-spectrum codes may also be used, for example, for 

satellite communications compared to a code, interleaving depth, and/or spread 

spectrum codes (i.e., Walsh codes, short codes, long codes, and/or frequency 

hopping codes) that may be used for terrestrial communications.

[0100] The terrestrial use/reuse of satellite-band service-link frequencies 

has been proposed to, and accepted by, the Federal Communications 

Commission (FCC) and Industry Canada (IC). See, e.g., Report and Order and 

Notice of Proposed Rulemaking, FCC 03-15, “Flexibility for Delivery of 

Communications by Mobile Satellite Service Providers in the 2 GHz Band, the L-

19



20
10

20
16

78
 

28
 A

pr
 2

01
0 Band, and the 1.6/2.4 Bands”, IB Docket No. 01-185, Adopted: January 29, 2003, 

Released: February 10, 2003, and Industry Canada, Spectrum Management and 

Telecommunications Policy DGTP-006-04 “Spectrum and Licensing Policy to 

Permit Ancillary Terrestrial Mobile Services as Part of Mobile-Satellite Service 

Offerings,” May 2004. Also see, e.g., Memorandum Opinion and Order and 

Second Order on Reconsideration, FCC 05-30, IB Docket No. 01-185; Adopted: 

February 10, 2005, Released: February 25, 2005.

[0101] Some embodiments of the invention may perform adaptive signal 

processing, including beam-forming (i. e., antenna pattern shaping), interference 

suppression, channel estimation and multi-user detection in a Mobile Satellite 

System (MSS) environment with terrestrial use/reuse of the satellite band 

frequencies. Beam-forming, based on a Minimum Mean-Squared Error (MMSE) 

performance index, for example, may be used to increase a signal-to-noise plus 

interference ratio of MSS links in an environment characterized by significant 

terrestrial reuse of the satellite service link frequencies. Elements of an ancillary 

terrestrial network which use/re-use satellite band frequencies are referred to 

herein as Ancillary Terrestrial Components (ATCs).

[0102] Embodiments of the invention can mitigate both ATC-induced and 

non-ATC-induced interference (that may be co-frequency/co-channel and/or out- 

of-channel/band) and Multiple-Access Interference (MAI) in a Mobile Satellite 

System (MSS) environment. In addition, significant performance improvements 

may be obtained by using both space and time processing of signals received at 

the satellite. In some embodiments, a pilot-based MMSE algorithm may be used 

to adaptively form a beam (i. e., antenna pattern) for a user by processing a set of 

antenna feed element signals. Following beam-forming (i. e., antenna pattern 

forming), pilot signals may be used to estimate parameters of user channels. A 

Sequential ATC and MAI Interference Canceller (SAMIC) in accordance with 

embodiments of the invention can take advantage of known pilot signal 

information and preliminary decisions of received information to sequentially 

perform interference suppression, followed by multi-user detection. The 

performance of the SAMIC algorithm is illustrated by simulation of a multi-beam 

geo-stationary satellite system containing a wide deployment of ATC over 50 

major markets of the Continental United States (CONUS).
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0 [0103] While the term "interference canceller" and related terms such as 

"interference cancellation" and "interference canceling" are used herein to 

describe elements, systems and methods according to embodiments of the 

invention, it will be appreciated that while some interference reduction techniques 

may be referred to as "interference cancellation," some residual interference may 

remain in a signal even after "interference cancellation." That is, as with any 

physical process, complete elimination of interference may be impossible or 

impractical, even in so-called "optimal" systems.

[0104] FIG. 1 is a schematic diagram of cellular satellite communications 

systems and methods according to embodiments of the invention. As shown in 

FIG. 1, these cellular satellite communications systems and methods 100 include 

a Space-Based Component (SBC) 110, such as a geostationary or non-geo­

stationary orbiting satellite. The space-based component 110 may be configured 

to selectively use geographically a set of frequencies and to transmit wireless 

communications signals to a plurality of wireless terminals, only one of which is 

illustrated in FIG. 1 (terminal 120a), in a satellite footprint including one or more 

satellite cells 130-130"", over one or more satellite forward service link (downlink) 

frequencies fD. The space-based component 110 may also be configured to 

receive wireless communications from a plurality of wireless terminals, such as 

wireless terminal 120a in the satellite cell 130, over one or more satellite return 

service link (uplink) frequencies fu.

[0105] An ancillary terrestrial network (ATN), comprising at least one 

ancillary terrestrial component (ATC) 140, which may include an antenna 140a 

and an electronics system 140b, is configured to receive wireless communications 

signals from, for example, at least one wireless terminal 120b over an uplink 

frequency, denoted fu, within the satellite frequency band. The frequency fu may 

be the same as an uplink or downlink frequency used for communicating with the 

space-based component (SBC) 110 in the satellite cell 130 in which the wireless 

terminal 120b is located and/or in an adjacent or remotely-located satellite cell 

130. Thus, as illustrated in FIG. 1, the wireless terminal 120a may be 

communicating with the space-based component 110 using a frequency in the 

satellite frequency band while the wireless terminal 120b may be communicating 

with the ancillary terrestrial component 140, also using a frequency in the satellite 

frequency band. As shown in FIG. 1, the space-based component 110 also
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0 undesirably receives a component of the wireless communications from the 

wireless terminal 120b and/or the ATC 140 in the satellite cell 130 as interference. 

In addition, the space based component 110 may receive a component of wireless 

communications from a wireless terminal and/or ATC (not shown) located in a 

different satellite cell over a satellite frequency that may be the same as (and/or 

overlapping with) fu and/or fu.

[0106] More specifically, a potential interference path is shown at 150. In 

this potential interference path 150, the signal transmitted by the wireless terminal 

120b and/or the ATC 140 interferes with satellite communications. This 

interference would generally be strongest when the transmitted signal uses the 

same carrier frequency as the cell in question (e.g., fu = fu), because, in that case, 

the same return link frequency would be used for space-based component and 

ancillary terrestrial component communications and, if used over the same 

satellite cell, no substantial spatial discrimination between satellite cells would 

appear to exist to reduce a level of interference. Even with spatial separation, 

however, interference may impair the signal from the first wireless terminal 120a.

[0107] Still referring to FIG. 1, embodiments of satellite communications 

systems/methods 100 can include at least one satellite gateway 160 that can 

include an antenna 160a and an electronics system 160b. The satellite gateway 

160 may be connected to other networks 162, including terrestrial and/or other 

wired and/or wireless communications networks such as, for example, a public 

switched telephone network and/or the Internet. The satellite gateway 160 

communicates with the space-based component 110 over a satellite feeder link 

112. The satellite gateway 160 may also be configured to communicate with 

ancillary terrestrial components 140 in the ancillary terrestrial network, generally 

over a terrestrial link 142.

[0108] Still referring to FIG. 1, an Interference Reducing (IR) signal 

processor 170 also may be provided at least partially in the gateway electronics 

system 160b. In yet other alternatives, the interference reducing signal processor 

170 may be provided at least partially in other components of the cellular satellite 

system/method 100 instead of or in addition to the gateway electronics system 

160b. For example, an interference reducing signal processor 170 may be at 

least partially provided in the space-based component 110. The interference 

reducing signal processor 170 may be responsive to the space-based component
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0 110 and to the ancillary terrestrial component 140, and may be configured to 

reduce interference from the wireless communications that are received by the 

space-based component 110. In particular, the interference reducing signal 

processor 170 may be configured to reduce interference that is at least partially 

generated by ATC's such as ATC 140 and wireless terminals such as wireless 

terminal 120b communicating with the ancillary terrestrial network. In addition, the 

interference reducing signal processor 170 may also be configured to reduce 

interference from other transmitters such as, for example, transmitters operating 

outside the MSS and/or the ATN.

[0109] Systems and methods disclosed in this application may be 

advantageously utilized in a system employing terrestrial use/reuse of satellite- 

band frequencies. As described above, the Ancillary Terrestrial Network (ATN) 

uses/reuses the at least some of the satellite-band service link frequencies to 

provide reliable communications in populous areas where satellite connectivity is 

unreliable. As a consequence of the terrestrial use/reuse of the satellite-band 

frequencies, uplink co-channel interference to satellite links may be present and 

may become harmful, under certain conditions, where there is insufficient 

discrimination between satellite and terrestrial links. Embodiments of the 

invention may be advantageously employed in a state-of-the-art Mobile Satellite 

System (MSS) operating in conjunction with an ancillary terrestrial network that is 

widely deployed over a plurality of markets over, for example, the Continental 

United States (CONUS) and/or other geographic areas. Some embodiments of 

the invention may be particularly applicable to an MSS/ATN system employing a 

spread-spectrum multiple access communications protocol such as, for example, 

a cdma2000 1XRTT protocol. Embodiments of the invention, however, may be 

applied to any communications protocol and/or air interface, as will be recognized 

by those skilled in the art.

[0110] Multiple access interference (MAI) is a type of co-channel 

interference that may diminish the quality of a signal received at a satellite in a 

multiple access communications environment. In such an environment, multiple 

transmitters communicate with a single receiver (such as a satellite receiver) 

using a shared communications medium/carrier/channel. In general, there are at 

least three basic multiple access schemes: time division multiple access (TDMA), 

code division multiple access (CDMA) and frequency division multiple access
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0 (FDMA). In an FDMA scheme, different transmitters are assigned different 

frequency bands on which to transmit. In a TDMA system, different transmitters 

are assigned different time slots (i. e., time intervals) within a particular frequency 

band. Thus, in accordance with a TDMA system, a transmitter is assigned to a 

particular frequency band (as in FDMA), but temporally shares the frequency band 

in order to improve band utilization. In a general CDMA scheme, multiple 

transmitters share a single, relatively wide frequency band, but the transmitters 

may not be limited to particular time slots. Rather, each transmitter is assigned a 

unique spreading code (or "chipping" code) that is in some embodiments 

orthogonal to the spreading code used by each of the other transmitters. 

Information transmitted by each transmitter is modulated using the transmitter's 

spreading code. Thus, the signal broadcast by a first co-frequency (co-channel) 

transmitter may ideally appear as noise when added to the signal transmitted by a 

second co-frequency (co-channel) transmitter. More advanced multiple access 

systems may combine aspects of FDMA, TDMA and/or CDMA. In general, a 

receiver in a multiple access system may be required to estimate a signal 

transmitted by a transmitter that is subject to co-channel MAI due to the signals 

transmitted by other transmitters in the system.

[0111] In conventional third generation (3G) CDMA systems, potential 

impediments of signal detection generally are (i) multipath fading, and (ii) MAI 

caused by co-channel transmissions using codes that are not orthogonal to the 

signal of the desired user. Rake matched filtering can effectively combat multipath 

fading by coherently combining resolvable multipath replicas of the desired signal. 

A receiver comprising a multi-element antenna may be configured to combine 

rake matched filtering with space-time processing of signals to reduce MAI.

[0112] A multi-user detection system configured to reduce MAI may be 

contrasted with a single-user detection technique which detects a desired user 

signal without regard to the MAI. In accordance with some embodiments of the 

present invention, a communications receiver may be configured with a first signal 

processing stage which is operative on a plurality of received signals provided to 

the communications receiver by a respective plurality of antenna patterns of a 

space-based component wherein, in general, the plurality of antenna patterns 

differ therebetween in spatial orientation (i. e., project different gain contours over 

the service area of the space-based component) and/or may differ therebetween
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0 in one or more polarization orientations. In some embodiments, the plurality of 

antenna patterns are formed by the space-based component using at least one 

antenna feed element of the space-based component. In some embodiments of 

the invention, at least one of the plurality of antenna patterns includes at least two 

polarization-distinct antenna patterns providing a signal to the communications 

receiver including at least two components, respectively associated with at least 

two different polarization orientations of the at least one of the plurality of antenna 

patterns. In some embodiments, the at least two different polarization orientations 

include a substantially Right Hand Circular Polarization (RHCP) and a 

substantially Left Hand Circular Polarization (LHCP). In other embodiments of the 

invention, each one of the plurality of antenna patterns provides a signal including 

at least two components, respectively associated with at least two different 

polarization orientations. The first signal processing stage of the communications 

receiver may operate on the plurality of received signals to reduce a level of 

interference therein, thereby enabling a second stage of the communications 

receiver, following the first, to more effectively reduce MAI and perform Multi-User 

Detection (MUD).

[0113] In some embodiments, the communications receiver is configured at 

one or more satellite gateways. In other embodiments, the communications 

receiver is configured at a space-based component. In still further embodiments, 

the communications receiver may be distributed between the space-based 

component and at least one satellite gateway.

[0114] In some embodiments of the invention, the first signal processing 

stage of the communications receiver, which is operative on a plurality of received 

signals provided to the communications receiver by a respective plurality of 

antenna patterns of a space-based component, may be selectively operative on a 

predetermined plurality of received signals provided to the communications 

receiver by a respective predetermined plurality of antenna patterns of the space- 

based component. The predetermined plurality of received signals may, in some 

embodiments of the invention, be a sub-set of an ensemble of signals received by 

a respective ensemble of antenna patterns of the space-based component, and 

the selection of the predetermined plurality of received signals (i.e., the selection 

of the predetermined plurality of antenna patterns that provide the predetermined 

plurality of received signals) may be responsive to a received return link control

25



20
10

20
16

78
 

28
 A

pr
 2

01
0 channel signal. A location and/or a geographic area associated with the received

return link control channel signal may, in some embodiments of the invention, be

used to select the predetermined plurality of antenna patterns that provide the

predetermined plurality of received signals.

[0115] In some embodiments, the return link control channel signal is 

configured to occupy a frequency range that is not used/re-used or is minimally 

used/re-used by an Ancillary Terrestrial Network (ATN) and/or other network, 

thereby minimizing or reducing a level of interference associated with the return 

link control channel signal. Accordingly, the return link control channel signal may 

be received by the space-based component substantially free, or at a reduced 

level, of interference that may, otherwise, be caused by terrestrial (and/or other) 

use/reuse of the return link control channel frequencies. The return link control 

channel signal may be received by the space-based component via one or more 

space-based component antenna patterns (beams/cells and/or antenna patterns 

formed by antenna feed elements). Responsive to the one or more space-based 

component antenna patterns that receive the return link control channel signal 

and/or responsive to respective return link control channel signal strength and/or 

signal quality associated with the one or more space-based component antenna 

patterns that receive the return link control channel signal, a geographic location 

associated with a source (such as, for example, a radioterminal source) 

associated with the return link control channel signal may be determined and used 

to select the predetermined plurality of antenna patterns that provide the 

predetermined plurality of received signals. Accordingly, relative to a source that 

emits a return link control channel signal, the space-based component may be 

configured to determine a geographic location associated with the source and 

configure a communications receiver to selectively operate on a predetermined 

plurality of received signals provided to the communications receiver by a 

respective predetermined plurality of antenna patterns of the space-based 

component that, for the determined geographic location associated with the 

source, are determined to be optimum or near optimum in enabling the 

communications receiver to establish a maximum or near maximum desired signal 

to interference and/or noise performance measure.

[0116] It will be understood that the return link control channel signal may 

be received by the space-based component using substantially fixed spot beams
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0 and/or antenna patterns that may be associated with one or more antenna feed

elements (i.e., receive antenna feed elements) of the space-based component.

In some embodiments of the invention, forward link control channel signals may 

also be based on substantially fixed spot beams and/or antenna patterns that may 

be associated with one or more antenna feed elements (i.e., transmit antenna 

feed elements) of the space-based component. A forward link control channel 

signal may be radiated by the space-based component using a first antenna 

pattern of the space-based component that spans a first geographic service area 

of the space-based component. The space-based component may also be 

configured to radiate the forward link control channel signal using a second 

antenna pattern that spans a second geographic service area of the space-based 

component that may at least partially overlap with the first geographic area of the 

space-based component. The forward link control channel signal may be radiated 

using the second antenna pattern after the forward link control channel signal has 

been delayed by a first delay value relative to the forward link control channel 

signal that is radiated by the space-based component using the first antenna 

pattern. The space-based component may also be configured to radiate the 

forward link control channel signal using a third antenna pattern that spans a third 

geographic service area of the space-based component that may at least partially 

overlap with the first and/or second geographic area of the space-based 

component. The forward link control channel signal may be radiated using the 

third antenna pattern after it has been delayed by a second delay value relative to 

the forward link control channel signal that is radiated by the space-based 

component using the first antenna pattern.

[0117] More generally, the space-based component may also be configured 

to radiate the forward link control channel signal using an Nth antenna pattern that 

spans an Nth geographic service area of the space-based component that may at 

least partially overlap with the first, second, third, ..., and/or (N - 1 )th geographic 

area of the space-based component. The forward link control channel signal may 

be radiated using the Nth antenna pattern after it has been delayed by a 

respective (N - 1 )th delay value relative to the forward link control channel signal 

that is radiated by the space-based component using the first antenna pattern. In 

some embodiments of the invention, the delay values (first through (N - 1 )th) may 

be substantially predetermined and/or may be substantially distinct. Furthermore,
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0 the N components of a signal that may be radiated by the space-based 

component over N respective antenna patterns may be radiated at N respective 

power levels that may be different therebetween. The choice of the N respective 

power levels may, in accordance with some embodiments of the invention, be 

chosen based on a geographic position of a radioterminal that is to receive and 

process the N components of the signal and/or in accordance with N respective 

gain values, in the direction of the radioterminal, associated with N respective 

space-based component antenna patterns that are used to radiate the N 

respective power levels. The N respective power levels may also be evaluated 

subject to a constraint imposed on an aggregate space-based component power 

to be used in radiating the N components of the signal over the N respective 

antenna patterns using the N respective power levels. In some embodiments, the 

radioterminal may also be configured to provide information to the space-based 

component and/or to a gateway of the space-based component (via a return link 

control and/or traffic channel) to aid in determining an optimum or near optimum 

choice of the N respective power levels.

[0118] Accordingly, a device that is configured to receive and process the 

forward link control channel signal (or any other forward link signal that is radiated 

by the space-based component in accordance with the principles disclosed 

hereinabove) may include a receiver element that is configured to increase or 

maximize a measure of desired signal to noise and/or interference ratio by 

receiving and processing the signal radiated by the space-based component by 

the first antenna pattern and at least one delayed version thereof that is radiated 

by the space-based component by an antenna pattern other than the first. In 

some embodiments of the invention, the receiver element is a Rake receiver 

element and/or a transversal filter receiver element, as will be recognized by those 

skilled in the art. Alternatively or in combination with the above, each one of the 

N forward link signal components that is radiated by the space-based component 

may be provided with a unique characteristic (e. g., a unique pilot signal, bit 

sequence, mid-amble, pre-amble and/or spreading code) that a receiving device 

(such as a radioterminal) may process to achieve a maximal ratio combining (a 

maximum or near maximum of a desired signal to noise and/or interference power 

ratio) with respect to two or more of the forward link signal components that are
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0 radiated by the space-based component over two or more respective antenna 

patterns thereof and received at the receiving device.

[0119] It will be understood that any antenna pattern of the space-based 

component may be a first antenna pattern of the space-based component. It will 

also be understood that the space-based component may include a plurality of 

first antenna patterns and that each forward link antenna pattern of the space- 

based component may be a first antenna pattern of the space-based component. 

In accordance with some embodiments of the invention, a plurality of first antenna 

patterns associated with a space-based component may be a number of first 

antenna patterns that is equal to, or is less than, a total number of antenna 

patterns associated with the space-based component. The total number of 

antenna patterns associated with the space-based component may be, in some 

embodiments of the invention, a total number of beams/cells and/or antenna feed 

element antenna patterns associated with the space-based component (such as a 

total number of forward service link beams/cells and/or forward service link 

antenna feed element antenna patterns associated with the space-based 

component). In some embodiments of the invention, at least some, and in some 

embodiments all, of the first antenna patterns of the space-based component are 

associated with a neighboring/adjacent second, third, ... and/or Nth antenna 

pattern, that, as described earlier, radiate respective second, third, ... and/or Nth 

delayed versions of an associated forward link signal and/or respective versions, 

including unique characteristics, of the forward link signal. In some 

embodiments, the unique characteristics may include different code(s) and/or 

different bit sequence(s) compared to a code and/or a bit sequence of the 

associated forward link signal. It will be understood that the techniques described 

above relative to the forward link control channel signal may be applied to any 

forward link control channel signal and/or any forward link traffic channel signal.

[0120] In some embodiments of the invention, at least one forward link 

communications channel and/or at least one return link communications channel 

may be used preferentially for space-based communications and/or may be 

reserved and used for space-based communications only, while one or more 

forward link communications channels and/or one or more return link 

communications channels may be used for space-based and terrestrial 

communications and/or preferentially for terrestrial communications. Accordingly,

29



20
10

20
16

78
 

28
 A

pr
 2

01
0 the at least one forward link communications channel and/or the at least one 

return link communications channel that may be reserved and used for space- 

based communications only and/or preferentially used for space-based 

communications, may be used to provide space-based communications in 

geographic areas that are geographically proximate to system elements (ancillary 

terrestrial components) providing terrestrial communications using/reusing at least 

some frequencies of the space-based component to thereby reduce or avoid 

interference that may otherwise be caused by the terrestrial communications to 

the space-based communications. Accordingly, a communications device that is 

engaged in terrestrial-mode communications and is at a geographic distance that 

is substantially at or beyond an edge of a geographic service area of the system 

elements providing terrestrial communications may be transferred to space- 

based-mode communications using the at least one forward link communications 

channel and/or the at least one return link communications channel that are/is 

reserved and used for space-based communications only and/or is preferentially 

used for space-based communications. It will be understood that the at least one 

forward link communications channel and/or the at least one return link 

communications channel that are/is reserved and used for space-based 

communications only and/or preferentially used for space-based communications, 

may also be used to provide space-based communications in geographic areas 

that are geographically distant to system elements providing terrestrial 

communications.

[0121] Embodiments of the invention may provide systems and methods for 

reducing Multiple Access Interference (MAI) and other (non-MAI) co-channel 

interference in a signal received by a space-based component. As noted above, 

co-channel interference may be generated by terrestrial use/reuse of at least 

some of the satellite-band (space-based component band) frequencies by an 

Ancillary Terrestrial Network (ATN) including infrastructure transmitters, such as, 

for example, base station transmitters and transmitters of user devices.

[0122] Modern satellites may use an antenna system including multiple 

receiving antenna feed elements to form a plurality of service area spot-beams (or 

antenna patterns). The antenna system may include a large number (L) of 

antenna feed elements that may be physically arranged in a two dimensional 

array. Electromagnetic signals transmitted by user devices (e.g., radioterminals)
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0 and/or other transmitters are received by each of the L antenna feed elements.

The electromagnetic signal received at the Ith antenna feed element is referred to

as yi. The collection of signals received at the L antenna feed elements is referred

to collectively as yL.

[0123] A received electromagnetic signal may be represented by a complex 

value (i.e., a value having both a real component and an imaginary component). 

Thus, a received electromagnetic signal may be referred to as a "complex signal" 

and may be analyzed and manipulated using tools of mathematics relating, but 

not limited, to complex-valued quantities such as constants, variables, functions, 

vectors and/or matrices.

[0124] In an antenna system, a collection of L complex weights (wL) may be 

applied to a received signal; that is, a complex weight W| may be applied to the 

signal yi received at each of L feed elements of the antenna system. The complex 

weight applied to a signal yi received at one feed element may be the same as, or 

different from, the complex weight yi applied to a signal received at a different feed 

element. By making appropriate choices for the complex weights, the signals 

received at each of the L feed elements may combine substantially constructively 

or substantially destructively with each other depending on respective azimuth 

and elevation values from which the signals are received relative to the orientation 

of the antenna. In general, each set of complex weights may be chosen such that 

a signal power arriving from a desired direction (azimuth/elevation combination) is 

maximized, or nearly maximized, at a receiver while a power of one or more 

signals arriving at the receiver from one or more respective directions that differ 

from the desired direction is suppressed. Thus, for example, applying a first set of 

L complex weights to the signals received by the L antenna feed elements may 

cause the antenna to be relatively responsive to signals received from around a 

first azimuth/elevation combination and relatively unresponsive to signals received 

from other azimuth/elevation combinations. A second set of L complex weights 

may cause the antenna to be relatively responsive to signals received from 

around a second azimuth/elevation combination and relatively unresponsive to 

signals received from other azimuth/elevation combinations, and so on.

[0125] By choosing appropriate combinations of L complex weights, an 

antenna may be configured to selectively receive signals from one or more 

overlapping or non-overlapping service areas, each of which is illuminated by a
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0 spot beam defined by a unique set of complex weights. Accordingly, "spot beam" 

refers to the area around a particular azimuth/elevation combination to which the 

antenna is responsive based on a given set of L complex weights. A spot beam 

may therefore define a geographic region. The process of selecting appropriate 

complex weights in order to define a spot beam having a desired response around 

a particular azimuth/elevation combination is known as "beam forming."

[0126] In some satellite systems such as Thuraya and Inmarsat-4, the 

signals provided by the satellite’s receiving antenna feed elements are digitally 

processed at the satellite by applying the complex weights to the received 

complex signals and then forming linear combinations of the signals in the manner 

described above. In other systems, however, the signals received at the 

receiving antenna feed elements may be transported to a terrestrial satellite 

gateway via one or more satellite feeder links, and processed at the satellite 

gateway in accordance with one or more performance criteria. This is referred to 

as ground-based beam forming.

[0127] In order to reduce co-channel interference, systems and/or methods 

according to some embodiments of the invention may restrict the use of available 

frequency bands such that a frequency band employed for satellite

communications within a particular satellite cell may not be employed by elements 

of the ATN (e.g. fixed and/or mobile transmitters) located within the satellite cell. 

However, in order to increase the utilization of available bandwidth, the frequency 

band used for satellite communications within a particular satellite cell may be 

spatially re-used outside the satellite cell. Signals transmitted over the ATN using 

such re-used frequencies outside the satellite cell (i.e. outside the spot beam) may 

nevertheless be received as co-channel interference by the satellite along with the 

intended satellite communications from within the satellite cell (i.e. inside the spot 

beam). Such interference is referred to herein as ATN-induced or ATC-induced 

co-channel interference. In some embodiments according to the invention, 

however, frequencies used for satellite communications within a particular cell 

may be terrestrially reused with additional interference reduction techniques, such 

as, for example, the interference reduction techniques discussed in U.S. Patent 

6,684,057.

[0128] In some embodiments of the invention, pilot signals received at the 

satellite’s receiving antenna feed elements are used to perform adaptive beam-
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channel interference. Then, operating on the reduced-interference samples, an 

interference reducer removes at least some intra-beam MAI using multi-user 

detection. The space processing (beam-forming) may be performed in advance of 

the time processing (multi-user detection) in some embodiments, because it may 

be difficult (if not impossible) to perform effective signal detection without first 

reducing the ATN-induced co-channel interference, which may be overwhelming.

In some embodiments, the adaptive beam-former uses a priori knowledge of pilot 

signals transmitted by the satellite user terminals, for example the pilot signal of 

the cdma2000 return link waveform. Following the beam-forming, the pilot 

signals are used to estimate multi-user channels. The detector may be a 

maximum likelihood detector in some embodiments.

[0129] A single user interference reducing detector 200 including an 

adaptive beam former 14 and an interference reducer 16 according to some 

embodiments of the invention is illustrated in FIGS. 2A-2C. As shown in FIG. 2A, 

a beam former 14 receives a vector yL of L input signals received at L feed 

elements of an antenna (not shown). The beam former 14 also receives and/or 

has stored a vector of K pilot signal spreading codes pK. The vector pK of pilot 

signal spreading codes includes one pilot signal spreading code for each of K 

multiple-access transmitters (i.e. satellite users) which transmit multiple-access 

signals to a satellite or space-based component (SBC) (not shown). Thus, the 

beam former has a priori knowledge of both the pilot signal and the pilot signal 

spreading codes with which the known pilot signal is transmitted by each of the K 

transmitters. This a priori knowledge is used both to locate (in time) the pilot 

signals as well as to reduce the interference affecting the information signals 

transmitted by each of the K users (transmitters). The beam former 14 also 

receives, as an input, delay information rk for each of the K transmitters that is 

provided by a pilot searcher 12.

[0130] The beam former 14 generates an LxK matrix WKL of complex 

weights w. That is, the beam former generates a vector wK of L complex weights 

for each of the K transmitters. As discussed above, each complex weight vector 

wK defines a set of complex weights which, when applied to the set of L signals 

received by the L antenna feed elements, forms a beam which reduces co-
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0 channel interference in the received pilot signals. For example, the weight vector 

w, defines a set of L weights which, when applied to the set of L signals received 

by the L antenna feed elements, forms a beam which reduces interference in the 

pilot signal received from the first transmitter, and so on. In some embodiments, 

the complex weight vector wK defines a set of complex weights which, when 

applied to the set of L signals received by the L antenna feed elements, forms a 

beam which minimizes co-channel interference in the kth received pilot signal. In 

some embodiments, the beam former 12 may use a Least Mean Squared Error 

(LMSE) algorithm to determine a set of complex weights which minimize co­

channel interference in the received pilot signals.

[0131] The matrix WKL of complex weights is provided to the interference 

reducer 16 along with the signals yL received at the L feed elements of the 

antenna. Interference reducer 16 uses the matrix WK L of complex weights

provided by the beam former 14 to generate YK, a set of K signals (one for each of 

the K transmitters) having reduced interference. Based on the values of the 

signals YK, a “slicer” 18 (e. g., a decision stage) generates an estimate bK of the 

bits transmitted by each of the K transmitters. In the embodiments of FIG. 2A, the 

beam former 14 and the interference reducer 16 may be substantially similar, in 

that both reduce interference. However, beam former 14 is an autonomous 

element in that it derives a set of coefficients for reducing interference, by 

processing at least one pilot signal and/or at least one information signal, whereas 

the interference reducer is not an autonomous element in that it does not derive 

coefficients; instead, the interference reducer 16 uses coefficients provided by 

beam former 14 to reduce interference. It is understood, however, that in some 

embodiments of the invention, the interference reducer 16 may also be configured 

to derive coefficients, by processing one or more pilot signals and/or one or more 

information signals, instead of receiving coefficients from the beam former 14 or in 

combination with receiving coefficients from beam former 14.

[0132] A beam former 14, according to some embodiments of the invention, 

is shown in more detail in FIG. 2B. As illustrated therein, a beam former 14 may 

include an array 20 of K pilot signal estimators per feed element. The beam 

former 14 may be configured to receive the L received signals yL, K pilot signal
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0 spreading codes pK and K delay times rk. In some embodiments, the beam

former 14 may contain the pilot signal spreading codes and may also be 

configured to determine the K delay times. As used herein an “estimator” may 

include a de-spreader and an integrator. The de-spreader may perform the 

function of de-spreading a spread-spectrum signal by multiplying (correlating) the 

spread-spectrum signal with a spreading code that has been used by a transmitter 

of the spread-spectrum signal, and the integrator may integrate power of the de­

spread spread-spectrum signal over a time interval to derive a measure of energy 

of the de-spread spread-spectrum signal. The array 20 of pilot signal estimators 

generates a matrix of LxK pilot signal estimates. That is, the array 20 of pilot 

signal estimators generates a vector of K pilot signal estimates (one for each of 

the K received pilot signals) for each of the L antenna feed elements. A spatial 

combiner 22 combines the LxK pilot signal estimates using an initial set of 

postulated weights WK L and generates a vector of K pilot signal estimatescff.

An error detector 24 compares the pilot signal estimates with the known quantities 

associated with the pilot signals and generates an error vector eK of K error 

signals, one for each of the K pilot signals. The error vector eK is fed back to the 

spatial combiner 22, which uses the error vector e« to adjust the value of the 

postulated weights WKL to a new value based at least on the value of the error

vector eK. In some embodiments, the weights may be adjusted until the error 

vector eK is minimized in a LMS error sense. Other algorithms may be employed 

to reduce or minimize the error vector. The process may be repeated until the 

system converges on a solution of weights WKL that reduces or minimizes a 

measure of the error vector eK. The solution of weights that satisfies the desired 

criterion is then provided as an output matrix by the beam former 14. It will

be understood that processing to establish an optimum or near optimum matrix of 

weights may be conducted at the chip level of a spread-spectrum waveform. That 

is, instead of de-spreading a spread-spectrum waveform, integrating power of the 

de-spread spread-spectrum waveform and deriving an error quantity based on the 

de-spread waveform and a measure of energy thereof, a chip-level error quantity 

may be derived by comparing a level of a chip of a received spread-spectrum 

waveform with a level of a reference (e. g., a level of a chip of an ideal version of
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0 the received spread-spectrum waveform). As such, at least some function(s) of 

pilot signal estimators 20 may at least partially be eliminated, and the spatial 

combiner 22 and/or interference reducer 16 may be configured to operate on chip- 

level (before de-spreading) signals, as will be recognized by those skilled in the 

art. In such embodiments, a de-spreader may be provided following a beam 

former and/or interference reducer.

[0133] An interference reducer 16 according to some embodiments of the 

invention is illustrated in greater detail in FIG. 2C. As illustrated therein, an 

interference reducer 16 may include an array 26 of K traffic signal correlators (de­

spreaders) per feed element. That is, the interference reducer 16 may include 

LxK traffic signal correlators which generate an LxK matrix ZfL of traffic signal 

estimates which are provided to a spatial combiner 28. Using the matrix of 

weights fAi of the beam former 14, the spatial combiner 28 forms a linear 

combination of the LxK traffic signal estimates z£’ to generate a set Y« of K (de­

spread) received signals (one for each of the K transmitters) having reduced 

interference. As stated earlier, those skilled in the art will recognize that the 

interference reducer 16 may be configured to operate on chip-level (before de­

spreading) signals. In such embodiments, a de-spreader may be provided 

following the interference reducer and at least some of the functions performed by 

traffic signal correlators 26 may not be required.

[0134] As discussed above, a bit slicer 18 may be used to generate bit

estimates from the set Y« of K received signals. In some embodiments, the 

slicer 18 may be implemented as a comparator whose output is sampled at times 

based on the time delay rt for each of the K transmitters.

[0135] An interference reducing detector 200 is illustrated in more detail in 

FIG. 11. As illustrated therein, the interference reducing detector 200 includes L 

feed elements 1105 which supply L signals to the detector 200. The L signals 

may be received, for example, by L antenna feed elements of an antenna (not 

shown). The L received signals are supplied to a bank of K pilot signal 

correlators 1120 which correlate the received signals with the known pilot signal 

spreading codes p«. Timing information for the pilot signal correlators 1120 is 

provided by the K pilot searchers 1112. The de-correlated pilot signals are
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0 integrated over Q periods (such as Q periods of an information symbol) by 

integrators 1125 and spatially combined by combiners 1122 to generate K 

received pilot signal estimates. The pilot signal estimates are compared by error 

detectors 1124 with known values relating to pilot signals to generate K pilot 

signal error vector signals e*, which are fed back to the spatial combiners 1122 

and used to improve the weights. It will be understood that the L feed elements 

1105 may be located at a space-based component and at least some other 

element of the interference reducing detector 200 may be located distant from the 

space-based component.

[0136] The L signals (yL) supplied by the L feed elements 1105 are also 

provided to a bank of K traffic signal correlators 1126 which de-spread the signals 

based on known traffic signal spreading codes s«. The de-spread information 

signals are then combined by a spatial combiner 1128 which uses the weights 

generated by the spatial combiners 1122 to generate K received information 

signals YK. Each of the K received information signals is then processed by a 

sheer 1118 to generate bit estimates (channel bit estimates).

[0137] An interference reducing detector 300 configured to perform co­

channel interference reduction and multiple access interference reduction 

according to further embodiments of the invention is illustrated in FIGS. 3A-3B. 

Some elements of interference reducing detector 300 are similar to respective 

elements of the interference reducing detector 200 illustrated in FIG. 1A. That is, 

the detector 300 includes a pilot searcher 12 and a beam former 14. As in the 

detector 200, the pilot searcher 12 generates delay information rk for each of the

K transmitters and provides the delay information to a beam former 14 along with 

a vector yL of L input signals received at L feed elements of an antenna. The 

beam former 14 also receives and/or has stored a vector of K pilot signal 

spreading codes and generates an LxK matrix WKL of complex weights w . The 

complex weights w are adaptively/recursively improved by the beam former 14 

according to an algorithm such as, for example, LMSE described above.

[0138] The matrix WKL of complex weights is provided to an interference

reducer 30 (which may be similar to the interference reducer 16) along with the 

received signals YL from each of the L feed elements of the antenna. In the
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0 system 300 the interference reducer 30 provides a de-spread signal YK, for each

of the K signals, and also a chip-level signal r« for each of the K user signals. The

chip-level signal is used by a channel estimator 32 to generate channel estimates

AK K for each of the K user signals received at the antenna feed elements. The

channel estimates AK K are provided along with K bit estimates bK generated by a

slicer 31 and the K chip-level signals rK to a Sequential ATC and MAI Interference 

Cancellation (SAMIC) detector 34. In accordance with some embodiments of the 

invention, the SAMIC detector 34 generates a MAI-cancelled version of the chip- 

level signals r«. The chip-level signals rK generated by the SAMIC detector 34 

are then processed by a traffic signal de-spreader 36 which has a prion 

knowledge of the spreading codes Sk used by each of the K transmitters to

generate a vector of K MAI-reduced bit estimates bK.

[0139] An interference reducer 30 according to some embodiments of the 

invention is illustrated in FIG. 3B. As shown therein, an interference reducer 30 

may include a spatial combiner 38 which is configured to receive the received 

signal vector yi_ along with the matrix WK L of complex weights generated by the 

beam former 14. The spatial combiner 38 forms linear combinations of the input 

signal vector YL values using the complex weights WK L to generate a vector of K

received chip-level signals rK, which is provided as a first output of the interference 

reducer 30. The interference reducer 30 may also include a traffic signal de­

spreader 40 which is configured to de-spread the received information signal rK to 

generate a vector of K received signals Y«, which is provided as a second output 

of the interference reducer 30. The received signals Y« may be processed by the 

slicer 31 (FIG. 3A) to provide k bit estimates γ..

[0140] An interference reducing detector 300 is illustrated in more detail in 

FIG. 12. As illustrated therein, as in the interference reducing detector illustrated 

in FIG. 11, the interference reducing detector 300 includes L feed elements 1105 

which supply L signals to the detector 300. The L signals may be received, for 

example, by L antenna feed elements of an antenna (not shown). The L received 

signals are supplied to a bank of K pilot signal correlators (de-spreaders) 1120 

which correlate the received signals with the known pilot signal spreading codes
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0 Ρκ. Timing information for the pilot signal correlators 1120 is provided by the K 

pilot searchers 1112. The de-correlated pilot signals are integrated over Q 

periods by integrators 1125 and spatially combined by combiners 1122 to 

generate K received pilot signal estimates. The pilot signal estimates are 

compared by error detectors 1124 with known pilot signal values to generate K 

pilot signal error vector signals e«, which are fed back to the spatial combiners 

1122 and used to improve the weights.

[0141] The L signals (yL) supplied by the L feed elements 1105 are also 

provided to a bank of K spatial combiners 1238 which use the weights generated 

by the spatial combiners 1122 to generate K received chip level signals rK having 

reduced co-channel interference. The K interference reduced chip level signals 

are then processed by K traffic signal correlators 1240 and slicers 1218 to 

generate K bit estimates bK for the K detected signals.

[0142] The K interference reduced chip level signals rK are also provided to 

a bank of channel estimators 1232 which generate K channel estimates aK for 

each of the K signals. The channel estimates aKK are provided along with the

chip level signals rK and the bit estimates ^generated by the slicers 1218 to a 

bank of SAMIC detectors 1234 which perform multiple access interference 

cancellation on the interference reduced chip level signals r« using the channel 

estimates aKK and the bit estimates bK. The resulting MAI reduced received chip 

level signals rK are then processed by a bank of K traffic signal correlator/slicers

1246 which generate MAI-reduced bit estimates^..

[0143] In some embodiments of the invention, a second SAMIC detector 

may be employed to further improve interference reduction. As illustrated in FIG. 

4A, an interference reducing detector 400A configured to perform co-channel 

interference reduction and multiple access interference reduction according to 

further embodiments of the invention is illustrated. System 400A may include 

elements from system 300, namely, a beam former 14 which generates a matrix 

of complex weights WK L based on analysis of received pilot signals, an

interference reducer 30 which is configured to generate bit estimates bK (via the 

slicer 31) and received chip level signals Γκ, a first channel estimator 32
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0 configured to generate channel estimates AKX. from the received chip level

signals rK, and a first SAMIC detector 34 configured to receive the bit estimates

bK, the channel estimates AKIC and the received chip level signals rK, and

generate preliminary interference reduced chip level signals rK. Interference-

reduced bit estimates bK are generated by a first traffic signal de-spreader 36.

[0144] In addition to the first SAMIC detector 34, the system 400A further 

includes a second channel estimator 42, a second SAMIC detector 44 and a 

second traffic signal de-spreader 46. The second channel estimator 42 receives 

the preliminary MAI-reduced chip level signals rK and generates a matrix of 

second channel estimatesSince the second channel estimates are 

generated based on preliminary MAI-reduced signals rK generated by the first 

SAMIC detector 34, they may be more accurate estimates of the transmission 

channels. In the system 400A, the first traffic signal de-spreader 36 generates 

MAI-reduced preliminary bit estimates bK which are provided to the second 

SAMIC detector 44 along with the second channel estimates AK K generated by 

the second channel estimator 42. The second SAMIC detector 44 uses the MAI- 

reduced preliminary bit estimates bK and the second channel estimates A'K K to

generate second MAI-reduced chip level signals? ,̂ which are then processed by 

a second traffic signal de-spreader (correlator/ slicer) 46 to provide final MAI-

reduced bit estimates^ . It will be understood that the above procedure relating 

to the first and second SAMIC stages may be repeated, in some embodiments, to 

provide additional SAMIC stages.

[0145] Further embodiments of the invention are illustrated in FIG. 4B 

which shows a detector 400B. In the detector 400B, multi-level interference 

reduction using a SAMIC detector is illustrated. As shown therein, a detector 

400B may include a single SAMIC detector 34. Multi-level SAMIC detection may 

be accomplished by feeding the MAI-reduced received chip level signal rK 

generated by the SAMIC detector 34 back to the channel estimator 32, and 

feeding back the MAI-reduced bit estimate bK generated by the traffic signal de-
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0 spreader 36 back to the SAMIC detector 34. The MAI-reduced received chip level

signal rK may be fed back to the channel estimator 32 one or more times, and the

bit estimate signal hK generated by the traffic signal de-spreader 36 may be fed 

back to the SAMIC detector 34 one or more times. Each iteration of the feedback 

loop may generate a subsequent interference reduced chip level signal rK by the 

SAMIC detector 34.

[0146] Some embodiments of the invention are illustrated in FIGS. 5-8. As 

illustrated in the embodiments of FIG. 5, in a process for single stage SAMIC 

detection, an array of signals is received via L feed elements (block 510). Co­

channel interference reduction is performed on the received signals (block 520) to 

detect signals from K transmitters. Finally, SAMIC detection is performed on the 

K interference-reduced signals to reduce multiple-access interference in the 

received signals (block 530).

[0147] Dual-stage SAMIC detection is illustrated in FIG. 6. As shown 

therein, an array of signals is received via L feed elements (block 610). Co­

channel interference reduction is performed on the received signals (block 620) to 

detect signals from K transmitters. A first stage of SAMIC detection is performed 

on the K interference-reduced signals to reduce multiple-access interference in 

the received signals (block 630). A second stage of SAMIC detection is then 

performed using the interference-reduced signals as inputs to a second stage 

SAMIC detector (block 640). Accordingly, the second stage SAMIC detector uses 

preliminary bit estimates bK from the first stage SAMIC detector and second 

channel estimates A'KK to generate second MAI-reduced chip level signals , 

which are then processed to provide final (provided there are no additional SAMIC

stages) MAI-reduced bit estimates bK.

[0148] Multi-stage SAMIC detection is illustrated in the flowchart of FIG. 7. 

As in single- and dual-stage SAMIC detection, an array of signals is received via L 

feed elements (block 710), and co-channel interference reduction is performed on 

the received signals (block 720) to detect signals from K transmitters. SAMIC 

detection is performed on the MAI-reduced signals to provide interference- 

reduced bit estimates (block 730). A bit error rate (BER) is calculated and
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the calculated bit estimates are used. If not, a subsequent stage of SAMIC

detection is performed using the interference-reduced bit estimates as inputs.

The process may repeat until a predetermined exit criterion is met. For example, 

the process may repeat until an acceptable BER is obtained, a maximum number 

of iterations has occurred, the BER has converged, or some other criterion is met.

[0149] Single stage SAMIC detection is illustrated in more detail in FIG. 8. 

As shown therein, an array of signals is received via L feed elements of an 

antenna system (block 810). Timing information for each of the K users is 

determined by a pilot searcher (block 820). Pilot spreading codes and signal 

spreading codes for each of the K users are obtained (block 830). It will be 

understood that in some cases, the pilot spreading codes and/or signal spreading 

codes may be known in advance and need not be dynamically obtained. 

Furthermore, the pilot spreading codes and/or signal spreading codes may be 

stored in an interference reducer, a receiver, and/or at a remote database. Thus, 

obtaining the spreading codes may include retrieving the spreading codes from a 

local and/or remote database.

[0150] Once the pilot signal spreading codes are known, pilot signal 

estimates are obtained (block 840). In particular, K pilot signal estimates (one for 

each of the K transmitters) may be obtained for each of the L antenna feed 

elements. In some cases, the pilot signal estimates may be averaged over Q 

periods in order to increase the signal-to-noise ratio of the pilot signals. The pilot 

signal estimates may be spatially combined to provide a single pilot signal 

estimate for each of the K transmitters. Based on the pilot signal estimates, 

optimum weights WKL are determined (block 850). In some cases, the weights

WKL may be selected to provide an LMS error of pilot signal estimates. The

calculated weights are applied to the L received signals to obtain K complex 

received chip level signals rK (block 860), which are then de-spread using the 

known signal spreading codes (block 870).

[0151] Once the received chip level signals rK are detected, bit estimates 

are obtained (block 880). Channel estimates AK K may also be obtained from the 

received chip level signals rK (block 890). MAI interference reduction may then be
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interference-reduced bit estimates^, and the channel estimates (block

900). The resulting MAI-reduced chip level signals rK may be used to obtain

second bit estimates bK (block 910).

[0152] Methods and systems according to some embodiments of the 

invention will now be described in greater detail. The following description is 

organized as follows. In Section 1, a system model and a problem of interest are 

formulated. A pilot-based Minimum Mean-Squared Error (MMSE) interference 

canceling single-user detector is then developed in Section 2. In Section 3, a 

SAMIC multi-user detector according to some embodiments of the invention is 

presented. In Section 4, simulation results are provided illustrating the 

performance of the interference cancellation algorithm by using a representative 

satellite system design and an ATN footprint over CONUS.

1. System Model

[0153] In the satellite system model discussed herein, the satellite forward 

links are assumed to form fixed spot beams. Each of the fixed forward link spot 

beams is analogous to a terrestrial cell, though much bigger geographically. A 

three-cell frequency reuse cluster size is assumed, as depicted in FIG. 9. As 

shown in FIG. 9, a number of ATC towers may exist within a spot beam. The 

ATCs and the wireless terminals communicating therewith may use frequencies of 

adjacent spot beams in order to increase or maximize the isolation between the 

terrestrial and satellite reuse of the available satellite band frequencies. FIG. 9 

also shows “exclusion” zones (dotted circles) inside of which the frequencies of 

the encircled satellite cell may not be made available to any ATC contained 

therein. FIG. 9 also illustrates the typically larger geographic footprints of return- 

link satellite antenna feed elements. The signals provided to the satellite gateway 

by such return-link antenna feed elements may be used to perform adaptive 

(return-link) signal processing comprising beam-forming, interference cancellation, 

channel estimation and multi-user detection.

[0154] The satellite communications channel is assumed to be Rician flat­

fading, however, other channel models may also be assumed. For the /?h return-
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may be written as

hk (r, t) = ak (0k, q>k )fik (t) J (r - rk) (1)

where

ak(0k>Pk) = [ak3(#k,^k),---akL(0k,<z>k)]T (2)

is the satellite return-link antenna feed element complex response vector for the 

/?h user located at elevation angle θκ and azimuth angle <pk. A typical 3-D complex 

gain plot of a feed element is shown in FIG. 10. The quantity

A(t) = Pkexp{j(2rfkt + ^k)} (3)
is the return-link path gain for the /?h user, fk is the Doppler shift, Wk is a fixed 

phase shift, and rk is a time delay of the user.

[0155] With the model of vector channel impulse response, for a general 

multi-user system with a total of K users, the data vector of the L feed element 

output can be expressed as

y(') = ZteA(ΆW + SpPkW] *h* A0 + Σ3»A>)£„v»0) + "W e c,J> '

i=l n=l

K

= ΣΑ A ’ V* (t)gsbk (/ -Tk)sk(t-Tk) + a, (0k, <pk )pk (t)gppk (t - rt)] <- (K users)
fc=l

+ Σ a«(θ». <P„)g„vn(') ATC interferers)
n=l

+ n(z) <—(Gaussian thermal noise)

where bk(t) and sk(t) are the Alh user’s information bit and spreading sequence, 

respectively, with M chips/bit; pk(t) is the user’s pilot chip sequence; and gs and 

gp are the amplitudes of the traffic data signal and the pilot signal, respectively 

(same for all K users). The quantity vn(t) denotes the aggregate interference 

signal of the nth ATC service area modeled as complex Gaussian noise, and gn is 

an associated amplitude. Finally, n(t) e q represents an additive complex 

Gaussian noise vector.

[0156] For the fh antenna feed element, if matched filtering is performed on

the received signal by correlating the received signal with the chip waveform for

each chip interval, the received signal in the P element can be written as:

K N (5)y, =X[akM’Pk)&(gsbkSk +gpPk)] + Xan,M^n)gnV„ +Π, G
k=l n=l
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where Sk and ρκ are the chip matched-filter /W-vectors corresponding to Sk(t-Tk) and

Pk(t-Tk) respectively. It is assumed that the spreading codes for the signal and

pilot are normalized to have unit energy: ||sk|| = 1, ||pk|| = 1, and that they are
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orthogonal for a given user (i.e., (sk,pk> = 0); vnis the complex M-vector 

Gaussian noise corresponding to the n^ATC interference, and n, is the complex

Λ/7-vector corresponding to the Gaussian noise at the P antenna feed element. 

[0157] By introducing some new matrix notation, Equation (5) may be

rewritten as:

y, =S A, bg, +P A, 1K gp + V A"> lBg„ +0, (6)

where:

S = [s, s2 ··· sK] &cMxK

A, = diag[a „(θλ,φλ}β\··· aK,.V’k)A} e C 

b = [b,-bK]T 

P = [Pi P2 '"PkI 

lu=[l -If

V = [v, v2 ··· vN] zCMiN

A{n) = diag{aλ1(θχ,φλ} ··· aN,(0N,<z>N)} eqN:

= data spreading code matrix 

= P feed element/channel matrix

= K-vector of data bits

= pilot spreading code matrix

= u-vector of ones

= ATC interference matrix

= fh feed element matrix for N 

ATCs

[0158] The noise vector n, ecMxl is a zero-mean complex Gaussian vector 

whose distribution can be written in terms of real and imaginary components:

(7)1 0«Μ
lOmj

M MxM

Im1_θΜχΜ

Re(nz)

_Im(n,)

Real and imaginary components for matrices and vectors are defined as Re(X) = 

(X + X')/2 and lm(X) = (X-X)/2 where denotes complex conjugate.

[0159] The ATC interference vector vn e cMxI (for the nfhATC, « = 7,2,··· TV) 

is modeled as a zero-mean complex Gaussian vector. Assuming each of all N 

ATCs has the same power (variance = λ2), the distribution of the ATC interference 

vector may be written as:

Re(vn)
_Im(vn)

Ik

MxM

MxM

Im

(8)0
0M _
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y, (Z = 1,2,.-Z).

2. Pilot based MMSE Interference Cancellation 

[0160] This section describes how estimates for the combining weights may

be obtained subject to an error reducing criterion such as, for example, a 

minimum mean squared error (MMSE) criterion in the cdma2000 satellite return 

link according to some embodiments of the invention. Since the MMSE criterion is 

applied to the received signal with ATC interference, the resulting solution may be 

optimal for ATC interference cancellation in the sense of minimum mean squared 

error.

2.1 Pilot Spatial Channel MMSE Estimator 

[0161] Let zz(p) be the K-complex vector output from a bank of K filters

matched to users’ delayed pilot signalp, p2 ··· pK, whose input (yL) is the received 

baseband signal at feed element /. The timing estimate for each of these users is 

assumed to be obtained though a pilot searcher. For the Ith element, the K- 

complex vector output from the bank of K matched filters is the de-spread version 

of received pilot signals, which is given by

z<” = PHy, = R“A,lKg, + R«A,bg, + R'”,A,lNg„ +P"n, eC Kxl (9)

where ( )H denotes the complex conjugate transpose, and

R(p) = PHP = pilot correlation matrix with ones along the main 

diagonal
R(ps) = pHg ec^ = pilot/signal cross-correlation matrix with zeros

along main diagonal
R(pv) _ pHY eC™ Ξ pilot/ATC cross-correlation matrix

[0162] From Equation (9), the normalized de-spread pilot channel output

vector may be derived as:

ο σ 1
d,(p) = —= Α1κ +(R(p) -Ik) A1K +R(ps)Ab —+ R(pv)AnlN —+ —-PHn, 

Sp gp gp gp

| (desired) | (MAI) I ATC interference | Noise

(10)
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Assuming the feed element and channel responses do not change over a period

of Q symbols, the pilot estimate can be improved by averaging Q successive

instances ofd[p). In the simulation study, the following approximation for the

averaged estimate using long codes is used:
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(11)

where the complex Gaussian noise term has distribution given as:

V<4VRW/2}'

[0163] From Equation (11) it may be seen that averaging the pilot signal 

estimates over a window of Q symbols reduces the variances of MAI, ATC 

interference and noise by a factor of Q. Another interesting aspect is that if short 

codes are used, there would be no 1/Vq factor for the pilot interference term 

(R(p) -Ik)A1K because the values remain constant over window. Therefore, the 

pilot estimates suffer in the long code case. But this potential disadvantage can be 

removed by introducing the l/^Q factor with known pilot sequence.

[0164] Since the pilot signal estimates contain ATC interference and MAI, 

the next issue is to mitigate ATC interference by taking advantage of multiple feed 

elements and known pilot signals (removing MAI will be taken care of later). If 

the estimate of the user’s pilot vector across L feed elements is defined as

(12)

whered{p) is defined in (10), then the pilot-based MMSE interference cancellation 

criterion may be derived.

[0165] The MMSE criterion attempts to minimize the difference between the 

output of the beam former and the desired user’s response. More specifically, for 

the k"1 user, the weight is given as:

wk = argmin{J(wk)} = argmin{E[| wky^p) -dk |2 ] (13)
wk wk

= σά2 - wkrk -rkHwk + wkRkwk

where y[p) is the array output, dk is the desired response, σ2 = E{| dk |2},
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Rk = E[y'p)(y<p))H ]

is the spatial covariance matrix for the user and

rk=E[ykp)dk] (15)
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is the cross-correlation vector between the input data and the desired dk. The 

optimal solution that minimizes the MSE is given by 

wk=R;’rk (16)

[0166] The MMSE interference canceller can be implemented, for example, 

with a computationally efficient Least Mean Square (LMS) adaptive algorithm.

The gradient vector of the error surface is

wk(n) = -2rk +2Rkwk(n)
wk=wk(n)

V
(17)

Adjusting the weight vector in the steepest descent gradient direction leads to an 

LMS adaptive algorithm that is given by;

wk(n + l) = wk(n) + //ykp)(n)ek(n) (1θ)

where ek(n) = dk(n)-wk(n)y^p)(n)isthe error signal, and μ is the step-size

coefficient that should be chosen as 0 < μ <------ i------ . The convergence rate is
7race[Rk]

governed by the eigenvalue spread of Rt<.

[0167] Applying the weight wk to the user’s pilot vector y^p) yields an

estimate of the pilot symbol after adaptive beam forming for ATC interference 

cancellation as follows;

P(symb)^ yk [d“(k) d“(k) ··· d<”(k)]T Σ»ϊ (Od!p)(k)
/=1

(19)(P) _ ^,Hr^(p)

2.2. Single-user Traffic Signal Detector 

[0168] The resulting weight vector wk for the user may represent a

spatial MMSE solution that reduces the ATC co-channel interference plus thermal 

noise based on the pilot channel. Since the pilot signal and traffic data signal are 

received through the same feed element and propagation channel, the estimated 

weight wk may be applied to the traffic data channel to perform the interference

cancellation as well. As shown in FIG. 11, the interference reducer is a
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generalization of a bank of K correlators 1126 (one for each user) per feed

element, followed by a spatial combiner 1128 for interference cancellation.

[0169] The K correlators are matched to the spreading codes, s2 ··· sK . At

feed element /, the resulting K vector output is given as:
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Ζ» =SHy, =Re)A,bg,+Rl,”A,lKg +R«”)A,MlNg„ +SHn, eC

where

Kxl (20)

R(s) = SHS ξ traffic signal correlation matrix with ones

along the main diagonal
R(sp) = gHp = traffic signal and pilot cross-correlation matrix

with zeros along the main diagonal

r(*v) =S"V = traffic signal and ATC cross-correlation

matrix

[0170] The correlator output for the user at feed element I is weighted by 

(wk )z. By defining the interference cancellation weighting matrix

W, =diag{(w,)z (w2), ··· (wK),} (21)

where (·), denotes the fh element of a vector, the weighted and combined output 

for all K users may be derived as follows:

Y = Ra
\/=i 
I L

= Rt £w;HRMA,bg, +^W,HRft"A,lKgp +^WHR'”'A;n’l,g„
V=i /=1 /=1 /=1

To simplify the expression, the following definitions may be provided: 

f£w,HR(s)A/
X(s) = Re

V 1=1

( L
7

X(sp) sRe £w,HR(sp)A, 
k/=l

( L \

X(iv) = Re Xw,ffR(!,)Ain) 
v. /=1

n = Re
f L
ZW/HSHn,

V /=1 7

Then, equation (22) can be rewritten as

(22)

(23)

(24)

(25)

(26)
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/=1

(27)
= Xsbgs + XsplK gp + X(SV1N gn + η e<Jt

and the single-user data symbol estimate for the IP user is given by the algebraic 

sign of the component as follows: 

bk = sgn(Yk)

i L
[0171] Note that η ~ 7(0κ,σ2Χ(π)), where X(n) =Re £w;HR(s)W(

V /=1

bit error rate (BER) for the user is given by 

(Χ“>Ι^8,+Χ<·”1Κ8, )
Λ(σ) = β g.(xwlj, +σ;(χ<·>(

(28)

and the

(29)

As can be seen, the BER is dependent on other user’s bits, number and levels of 

ATC interference, the feed element/channel coefficients, and interference 

cancellation weight estimates.

[0172] The single-user detector that has been derived above is an ATC 

interference cancellation version of a single-user detector. For cases involving 

more than one users (K >1), the single-user detector will generally suffer from 

multiple access interference from other users. Mathematically, this MAI results in 

non-zero components off the main diagonal of the cross-correlation matrixR(s). 

Further embodiments of the invention, as derived below, provide a multi-user 

detection algorithm to remove MAI by taking advantage of formed-beam/channel 

estimates that become available from the pilot channel after the cancellation of 

ATC-induced co-channel interference.

3. Multi-User Detection in Conjunction with ATC Interference Cancellation

[0173] ATC induced interference includes inter-beam, co-channel 

interference that may be effectively addressed by an adaptive interference 

reducing detector. Unlike ATC interference, multiple access interference (MAI) 

includes intra-beam interference that may not be removed effectively by spatial- 

only processing techniques. Some embodiments of the invention provide 

algorithms for the efficient reduction of MAI after ATC interference reduction. In 

performing ATC interference reduction and single-user detection, timing 

information and formed-beam/channel estimates are obtained. Thus, it is possible 

to reconstruct the MAI and subtract it from the signal after beam-forming.
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formed-beam/channel estimates (atj,j*k) are available and considering parallel

interference cancellation for the k? user, the MAI due to all interferes 

(j = \...K,j^k) may be reconstructed by using their corresponding formed 

beam/channel estimates (^.j^kjand bit estimates (bj5j*k). The reconstructed 

MAI may be subtracted from the beam-formed signal rk. The chip level beam- 

formed signal can be obtained by applying the weight wk in (18) to y, in (6) as 

follows:

Mx/

L

Σ
/=1

rk=E(wk),y/ eC"
/=1

= £(*,"),S A, bg, +X(*k"), PA, 1K g„ +£(*?),VA“> l„g, +Σ(»ί),“, 
/=1 /=] /=1

= SA,bgs + PAklKg + VA[D)lNgn+n,

(30)

where

Ak =E(^k)/A,
/=1

(31)

α?>=Σ(»;),α« (32)
/=1

~ H\ (33)
nk = 22 wk )/n/

/=1

Note that this beam-formed signal for the k^user is just the ATC cancelled signal, 

but still has MAI which is contributed from other K-1 co-beam/co-frequency users.

[0175] As shown in FIG. 12, the interference canceller for the user is a 

spatial combiner 1238 which uses weights wk as in (30) followed by the correlator 

1240 which correlates the received signals rK with the spreading codes sk. The 

interference cancelled bit estimate can be obtained by

=Sgn(xkS)) <34)

where

x»=Re(Sir,) (35)

3.1. Formed-beam/Channel Estimation
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[0176] In order to mitigate the MAI, it is first desirable to estimate the

formed-beam/channel for each user using the pilot signal. The beam-formed

signal rk may be applied to a bank of K filters matched to users’ delayed pilot

signalsp, p2 · ρκ as follows:
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=P"rk =R<p,A,l,gp +R“”lA1bg, +Rl’->A'">lNgn + PH5,

If the K-vector ak =[tzM «k2 ··· ffkK]T ’s defined

beam/channel estimates for the user, then the ak can 

normalizing zkp) by the pilot amplitude:

<ik =-^-= AklK +(R(P)-Ik) AklK + R(ps)Akb —+ R(pv)Akn)lN — 

gp gp gp

eC™ (36)

as the formed-

be obtained by

+ -P"Bk
gp

(37)

The formed-beam/channel estimates can be improved by integrating over a period 

of Q pilot symbols so that the residual ATC interference and MAI as well as the 

noise are low-pass filtered:

av
1

QgP

(38)

= A„1K + ' RWi,bLt ‘ »*>a“1,L
VQ VQ 8, VQ 8,

+
Qg,

PHHk

With the formed-beam/channel estimates for the Reuser (akj,j*k)and bit

estimates (bj5j * k)as well as spreading chip vector(sj5j * k), the MAI term may

be reconstructed for interference cancellation.

3.2. Sequential ATC and MAI Interference Cancellation (SAMIC) Detector 

[0177] A sequential ATC and MAI Interference Cancellation (SAMIC)

detector that may be configured to reduce interference on a set of multiple access 

signals, according to embodiments of the invention, is based at least partially on a 

realization that MAI cancellation may be more effective following a reduction of 

ATC-induced co-channel (and/or non-co-channel) interference and/or other (non 

ATC-induced) interference that is independent of the set of multiple access 

signals. Instead of relying on detecting a final information associated with a kth 

multiple access user on the interference reduced signal rk, the SAMIC detector 

detects the final information associated with the kth multiple access user based on

52



a further reduction of interference on the interference reduced signal, obtained by

subtracting an estimated of MAI from the interference reduced signal as illustrated

by the formula below:

=rk- L^jSjgs^j eCMx‘ (k = l...K) (39)

j=l,j#k
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where the channel estimates ak are obtained as in equation (38) from the pilot 

channel following interference reduction (e. g., following stage 1238 in FIG. 12, at 

stage 1232), and the bit estimates are obtained as in equation (34) following 

interference reduction (e. g., following stage 1238 in FIG. 12, at stage 1218). 

Submitting <ik and bj5 Sj (j^k)to equation (39) yields rk. The MAI-reduced rk is 

provided to a correlator that is matched to the spreading codesk. Thus, the 

maximum-likelihood detected signal for the user is as follows:

SkH?k =skSAkbgs +skPAklKgp +s”VA<n)lNgn + nk - JX^^bj
j=l,j«k

where

(k*j)

nk =sknk =sk£(wk),n,
/=1

[0178] The slicer input provided by the SAMIC detector is given as:

x's) =Re(skHFk) = /kg5 +ekgp +vkgn +nk -5kgs

where

Zk =Re(skSAkb) 

rk = Re(sk PAklK) 

vk = Re(sk VAkn)lN)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

<?k = Re ΣΧα,Α
nk =Re(nk)

[0179] The final decision for the interference cancelled symbol/bit is the 

output of the slicer, namely:

bk=sgn(xks)) (48)
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[0180] Assuming the noise term has the statistics distribution:

nk ~ 77(0,||wk J2σ2), the final BER for the user is given by
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|/kgs +gkgp-^gs|

aMWI2 +gnMn)

(49)

4. Simulation Examples

[0181] In this section, simulation examples showing the performance of an 

ATC interference canceller for single-user detection and the SAMIC detector for 

multi-user detection according to some embodiments of the invention are 

presented. Return link adaptive beam-forming with signal inputs from the satellite 

antenna feed elements is considered. The simulation uses the feed element 

gain/phase data provided by a satellite manufacturer and a representative ATC 

footprint over CONUS. The satellite spot-beams in the forward link are based on 

fixed beam-forming as provided by the satellite manufacturer. The forward link 

fixed spot-beams are only used here to illustrate the frequency reuse concept and 

determine the exclusive zone regions where the co-frequency ATC may be 

forbidden. FIG. 13 illustrates the forward-link spot-beam contours and the location 

of ATCs, while FIG. 14 illustrates the return-link feed element contours and the 

locations of ATCs over CONUS.

4.1 Assumptions and Parameters

[0182] The simulation results described herein are based on the cdma2000 

1XRTT standard with Radio Configuration 3 & 4 at rate of 78.6 ksps. The 1XRTT 

cdma2000 operates at a chip rate of 1.2288 Mcps with channel bandwidth of 1.25 

MHz. The spreading gain for the traffic channel is equal to 16 (M = 16 chips/bit). 

In particular, for cdma2000, the chip sequence vector for pilot channel and traffic 

signal channel satisfy sk = FF416 *pk,

where,

FF416 =[+l +1 +1 +1 -1 -1 -1 -1 +1 +1 +1 +1 -1 -1 -l -1]T is the 16 chips of 

Walsh cover, and (·) denotes the element by element product of two same 

dimension vector or matrix. Other assumptions and parameters include:
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ATC footprint across CONUS.

2) Each ATC source is modeled as an independent point source of Gaussian 

noise.

3) Each ATC transmits equal power. The total power transmitted by all ATCs 

is referred to as “total ATC power that is launched toward satellite.”

4) A total of 175 fixed spot beams for the forward link cover the continental 

US, as shown in FIG. 13.

5) The frequency reuse cluster size of 3 is considered. The co-frequency 

beams are shown in FIG. 13.

6) The co-frequency ATC exclusion zone for a beam is defined as a zone of 

radius 0.3 (each beam has a radius of 0.2). All ATCs within an exclusion 

zone are not allowed to reuse the frequencies of the satellite beam that is 

encircled by the corresponding exclusion zone.

7) The return link adaptive beam-forming uses multiple inputs chosen among 

88 feed elements, as shown in FIG. 14.

8) The number of receivers (or inputs) is varied from 7 to 35 by using the feed 

elements that pick up the most ATCs in each case.

9) The maximum signal-to-noise (Eb/No) for the first receiver is 8.4 dB.

10) All simulations run 200 frames (20ms/frame) after convergence for each 

point, which is equivalent to a 4 second length of data.

[0183] The traffic channel amplitude gs and the pilot channel amplitude gp

are set according to cdma2000 standard. In the case where only a traffic channel 

and a pilot channel are transmitted, Ptraffic is given as:

(dBm) = Ppilot (dBm) + 0.125 x 30dB = Ppilot (dBm) + 3.75dB (50)

[0184] With the amplitude of the traffic channel gsset to 1.0, the amplitude 

of the pilot channel gp should be set to 0.65 from equation (50). All involved feed

element gains are normalized against the maximum gain of the feed element that 

picks the most for the desired user.

[0185] The ATC interference power is determined by the interference gain 

gn and variance^?.2. Since it is assumed that each ATC has equal power, it is 

possible to setgn = l,(n = 1,···,Ν). The relationship between A2 and SIR (i.e., the
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SIR = 101og10
< 1 )

E
The thermal noise variance a2is determined by— . With the processing gain

No

E
equal to Μ (M =16), the ratio of — is given as:

[0186] Subject to the above assumptions, simulation results for example 

cases may be given.

4.2. Single-user Interference Cancellation Detector 

[0187] In this section, simulation results based on the single-user

interference cancellation detector according to some embodiments of the 

invention are presented. The case where the ATC at each of 50 cities is modeled 

as a single point-source will be analyzed first. Then, the case where ATCs are 

modeled as spread point-source clusters will be analyzed. The performance 

issues will focus on the BER and versus SIR and number of feed elements

being used for adaptive beam-forming. In addition to the assumptions and 

parameters in 4.1, the simulation results are based on K=1, 

μ = 0.0001, and Q = 1 (i.e., only using 16 chips integration for pilot symbol). Though 

using different μ and/or Q may yield slightly better or worse performance, the 

step-size μ is set to μ = 0.0001 unless otherwise noted.

Case A - Point-ATC

[0188] Assuming the desired mobile user terminal (MT) is located at the 

center of the footprint of Feed Element #21 [2.1, 0.05] (i.e., Θ = 2.1°, φ = 0.05°), a 

total of 16 ATCs are included as co-channel ATCs after exclusion zone 

elimination. The feed elements that were used as inputs for the interference 

canceller are as below:
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b) 17 Feeds: in addition to 7 Feeds in a), Feeds #33, 34, 35, 29, 23, 26, 19, 

12, 15, 9

c) 23 Feeds: in addition to 17 Feeds in b), Feeds #46, 47, 82, 84, 70, 78

[0189] FIG. 15 shows the impact of the number of receivers (or feed

elements) on BER performance. The performance improves as the number of 

return-link antenna feed elements (receivers) that are utilized increases.

However, the case of 23 receivers offers only very slightly (if any) better 

performance than the case of 17 receivers. This is because 17 receivers provide 

enough degrees of freedom to mitigate co-channel interference from 16 ATCs. As 

shown in FIG. 15, no errors are detected when the signal to interference ratio 

(SIR) is greater than -17 dB for the 17 receiver case, and the interference reducer 

does well in the region of high interference.

[0190] To show the best performance, the BER with 17 receivers is 

presented in FIG. 16. The step-size μ is set to 0.0002 to improve the performance 

in the low interference region. The corresponding ΔΤ/Γ vs. S/R plot is shown in 

FIG. 17. Table 1 gives the values of corresponding ΔΤ/Τ.

Table 1. ΔΓ/Tvs. S/R

\SIR 
\b) 

Rxs \
-47 -42 -37 -32 -27 -22 -17 -12 -7

1 1 9829e+006 1.068e+005 19426 5902.8 1878.2 594.65 185.35 59.727 17.437

17 203.94 73.211 34.186 17.25 6.8503 -2.7462 -19.997 -80.043 -80.043

It’s noteworthy that ΔΤ/Τ is negative until SIR becomes less than -22 dB. This 

appears to be a consequence of desired signal aggregation from the plurality of 

antenna feed elements that are processed.

[0191] Return link adaptive beam-forming is accomplished by generating an 

optimal beam (i. e., antenna pattern) to null out as many ATC interferes as 

posible. For the 17 feed elements case, the adaptive beam-former converges to a 

set of weights as shown in Table 2. One complex weight is generated for each 

feed element. These weights form a beam that will create a null for each ATC 

interferer as long as there are sufficient degrees of freedom. FIGS. 18 and 19
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forming (i.e., using one feed element - Feed #21). With adaptive beam-forming, 

the formed-beam pattern and contour is shown in FIGS. 20 and 21 respectively. 

In the contour plots, each contour ring represents a 10 dB of reduction from the 

very next inner contour. The effect of interference cancellation is clearly 

demonstrated by comparing the plots before and after beam-forming. At least 

one receive antenna feed element of a receive antenna of a space-based 

component may be configured to provide two signals corresponding to two 

different polarizations of the antenna feed element. A beam former and/or 

interference reducer may be configured to take advantage of the two signals to 

provide polarization diversity processing, as will be recognized by those skilled in 

the art. The simulation results presented herein do not include polarization 

diversity processing.

Table 2. Beamforming Weights Generated

by Interference Canceller

Feed Element

#

Weight w

Real part Imaginary

part

21 -0.4854 0.025192

20 0.062945 -0.41016

13 0.26479 0.11987

14 -0.057827 0.089882

22 0.56276 -0.12025

28 0.064258 -0.17147

27 -0.15822 -0.10951

33 0.025661 0.074413

34 -0.0038039 0.041193

35 -0.035036 -0.072591

29 -0.014305 -0.02951

23 -0.22125 0.31089

26 0.21934 0.019156

19 0.078774 0.35891
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15 -0.021302 -0.054671

9 0.072839 -0.17757

Case B - Spread ATC

[0192] In this case, the performance of the interference canceller is 

investigated by expanding each point-source ATC of the previous case to a 

cluster of 9 ATCs. Each cluster of spread ATCs is uniformly distributed over a 

geographic area of 0.05° χ 0.05° (about 25 Miles χ 25 Miles).

[0193] The results for the spread ATC case are compared with the results 

for the point-source ATC case by using 23 feed elements in FIG. 22. It can be 

seen that the spread ATC does not have much impact on performance when SIR 

is greater than -22 dB. However, when interference is getting stronger than that, 

the ATC spread effect becomes evident. The corresponding Δ77Γ vs. SIR is given 

in Table 3.

Table 3. ΔΤ/Γ vs. SIR

\ SIR

(dB)\

Rxs \

-37 -32 -27 -22 -17 -12 -7

1 19426 5902.8 1878.2 594.65 185.35 59.727 17.437

23

(Point

ATC)

30.557 20.319 16.035 4.5041 -21.782 -80.043 -80.043

23

(spread

ATC)

224.06 77.623 29.784 5.8623 -17.988 -80.043 -80.043
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reaches about 6% when SIR is approximately -22 dB for the spread ATC case. If

μ is doubled to 0.0002, the results improve as in the case shown in Table 2.

Case C - Moving MT Location

[0194] Here the mobile terminal location is moved from the maximum feed 

element gain location [2.1, 0.05] in Case A to [2.2, 0.15] in this case. Assuming 

the MT still transmits the same power, the received Eb/N0 from Feed #21 is 

reduced by 0.8 dB due to the MT now being off the peak of Feed #21. Hence in 

this case Eb/N0 is 7.6 dB. The feed elements used for beam-forming remain the 

same as in Case A.

[0195] FIG. 23 shows BER performance versus SIR as the number of feed 

elements varies from 1 to 23. Again when the number of feed elements is greater 

than 17, the performance very much converges. The spread ATC effect is shown 

in FIG. 24 for the 23 feed elements case. Table 4 lists the Δ7/Τ vs. SIR for both 

point-ATC and spread ATC with 23 feed elements.

Table 4. ΔΤ/Τ vs. SIR

\ SIR

(dB)\
Rxs \

-37 -32 -27 -22 -17 -12 -7

1 19725 5939.8 1885.5 595.58 187.15 60.028 19.196

23

(Point

ATC)

20.954 12.18 7.1505 -4.6035 -21.398 -39.007 -83.4

23

(spread

ATC)

195.34 63.775 21.837 -1.3111 -22.366 -36.728 -83.4
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[0196] In this section, simulation results for the use of a SAMIC multi-user 

detector in a multi-user environment under ATC interference are presented. It is 

assumed that the co-beam multiple users are randomly uniform-distributed inside 

Beam # 122. The ATC interference footprint and satellite feed elements remain 

the same as in the previous single user case. In addition to considering the 

cdma2000 reverse traffic channel with spreading gain of 16 at data rate of 78.6 

kbps with the assumptions and parameters of section 4.1, simulation results are 

also included for spreading gains of 32 and 64 (M = 32 chips/bit and 64 chips/bit) 

at data rates of 38.4 kbps and 19.2 kbps, respectively. For the case of spreading 

gain of 32, it is assumed that the chip sequence vector for pilot channel and traffic 

signal channel satisfy s* = FFg32 ·ρ*, where FFg32 is the 32 chips of Walsh cover, 

and (·) denotes the element by element product of two same dimension vector or 

matrix. Similarly, for the case of spreading gain of 64, the chip sequence vector 

for pilot channel and traffic signal channel satisfys* = W* ·ρλ, where Wf 

denotes the 64 chips of Walsh cover. All K users inside Beam #122 are assumed

E
to have equal EIRP. It is further assumed that each user has the same — = 8.4

No

dB. FIG. 25 shows the uniformly distributed random locations of 50 users inside 

beam # 122 (overlapping with Feed #21) along with ATC footprint and Feed # 21 

gain pattern contour. A total of 16 co-frequency ATCs are included after exclusion 

zone elimination. The feed elements that were used as inputs for the interference 

canceller are as below:

a) For the one receiver, i.e., L = 1 case: Feeds #21.

b) For the 17 receivers, i.e., L = 17 case: Feeds: #21, 20, 13, 14, 22, 28,

27, 33, 34, 35, 29, 23, 26, 19, 12, 15, and 9.

Case A - Spreading Gain M = 16 (cdma2000 RC 3 & 4)

[0197] This is the case defined by cdma2000 Radio Configuration 3 & 4 for 

the data rate of 78.6 kbps. A situation of 5 co-beam MT users (K = 5) that have 

the same EIRP is addressed initially. FIG. 26 shows an average of BERs for all 

five users versus SIR that is defined as satellite signal to ATC power ratio that is 

launched toward a satellite. In FIG. 26 the simulation results from the single user
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receivers are given. The SAMIC2 detector is a two-stage SAMIC detector where 

the second stage SAMIC uses the bit estimate from the first stage SAMIC as its 

bit estimate input. Unlike the SAMIC detector whose bit estimate input is from the 

output decision of the ATC interference canceller, the second stage SAMIC uses 

the bit estimates from the first stage SAMIC to further improve the multi-user 

detection performance. In the one receiver case, the SAMIC detector only shows 

advantage over SUD when the ATC interference decreases to certain level. 

However, in the case of 17 receivers, the benefit of the SAMIC is significant 

compared with the SUD detector.

[0198] The performance of SAMIC2 detector is slightly improved over the 

SAMIC detector. To optimize the performance in this scenario, we set 

μ = 0.0002, and Q = 1 (i.e., using 16 chips integration for pilot symbol) for the LMS 

algorithm, and Q = 96 (i.e., using 1536 chips, or 1 PCG integration for channel 

estimation) for the SAMIC detector. FIG. 27 gives the average of BERs versus 

the number of active users when SIR = -12 dB. For the one receiver case 

(without ATC interference cancellation), the SAMIC and SAMIC2 detectors would 

be worse than SUD when K is greater that 25 this is because the combination of 

ATC and MAI interference would make the SAMIC detector produce more errors 

when there is no ATC interference cancellation. With ATC interference 

cancellation (i.e., the 17 receivers case), the SAMIC detector demonstrates 

superior performance over SUD. The best performing SAMIC2 detector exceeds 

1% BER when K is greater than 20. To improve the capacity, it may be desirable 

to increase the spreading gain.

Case B - Spreading Gain M = 32

[0199] In this case, the spreading gain is increased to 32, which effectively 

leads to the traffic data rate of 38.4 kbps. The same simulation assumptions and 

parameters as in Case A are used, except that the chip integration length for LMS 

is optimized to 32 chips and the chip integration length for channel estimation is 

optimized to 3072 chips (2 PCGs) with proportion to the spreading gain because 

E
— is fixed to 8.4 dB for each user. Considering the first 10 active co-beam
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versus S/R is shown in FIG. 28. It appears that the SAMIC and SAMIC2 detectors 

provide better performance than SUD across the S/R range for the 17 receivers 

case. The average of BERs for the SAMIC2 detector ranges from 10-4 for S/R = 0 

dB to 6 x 10'3 for S/R = -40 dB. FIG. 29 shows the average of BERs versus the 

number of active co-beam users when S/R = -10 dB. Comparing with the M = 16 

case, it is clear that increasing the spreading gain makes the SAMIC/SAMIC2 

detector more effective in both one receiver and 17 receivers. The average BERs 

for the SAMIC2 detector is still under 1% when K = 40. To look into the BER 

performance among all active users, the BER spread of the SAMIC2 detector is 

provided with the maximum and minimum on top of the averaged BER for L = 17 

case in FIG. 30. The significant performance improvement provided by SAMIC2 

over SUD is demonstrated.

Case C - Spreading Gain M = 64

[0200] To further evaluate performance versus spreading gain, the 

spreading gain may be increased to 64 while still having a reasonable 19.2 kbps 

of traffic data rate. Again the simulation assumptions and parameters are the 

same as in Case B. To optimize the performance, the chip integration length for 

LMS can be increased to 64 chips and chip integration length for channel 

estimation to 6144 chips (4 PCGs, which appears only slightly better than 2 

PCGs). FIG. 31 shows the average of BERs for the first 10 users from the 50 

users profile versus SIR. The SAMIC and SAMIC2 detectors outperform the SUD 

detector significantly. Since only 10 users are considered, the benefit of the 

SAMIC2 detector over the SAMIC detector does not appear for the high 

processing case. However, the advantage of the SAMIC2 over the SAMIC 

detector can be more evident as the number of users increases. Both the SAMIC 

and SAMIC2 detectors perform better than SUD even with only one receiver 

because of high processing gain. The average BER versus number of users K is 

given for SIR = -10 dB in FIG. 32.

[0201] It can be seen that the more active users the more the apparent 

advantage of SAMIC2 over SAMIC for the number of users range that was 

considered. The SAMIC2 detector can keep average BER bellow 10'3 as the 

number of users approaches 50. FIG. 33 gives average BER along with the
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Again the SAMIC2 detector outperforms the SUD significantly across the range.

In the best scenario, the SAMIC detector provides 6.5x1 O'5 BER for K= 45 and

2.3x 10-4 BER for K= 50.

[0202] Return link adaptive beamforming has been analyzed in conjunction 

with multi-user detection for satellite based CDMA system. A set of equations has 

been presented to illustrate an algorithm to cancel both ATC interference and MAI 

interference under intra-beam multi-user environment. Several simulation 

examples have shown the performance of the ATC interference canceller for 

single-user and the SAMIC detector for multi-user with a set of satellite feed 

element inputs and the ATC footprint over CONUS.

[0203] The LMS interference algorithm is based on the use of a desired 

user’s pilot signal to minimize the impact of spatial ATC interferes. It has been 

shown that the LMS algorithm can effectively mitigate ATC interference for both 

point-source ATC and spread ATCs. The interference canceller may use about 

17 feed element inputs and proper step-size and integration length for LMS.

Using more than 17 feed elements may only provide slight improvement and very 

much converges for performance. However, the spatially operated LMS does not 

appear to be able to cancel the multiple access interference. The SAMIC detector 

has been presented to provide sequential ATC interference cancellation and MAI 

cancellation. In the intra-beam multi-user situation, the SAMIC detector takes 

advantage of known ATC cancelled bit estimates and spreading code 

sequence/timing as well as channel estimates to efficiently enable ATC 

interference cancellation and MAI mitigation sequentially. In conjunction with the 

LMS algorithm, the SAMIC detector can significantly boost system capacity 

compared with the SUD detector, depending on spreading gain. By using a 

second stage SAMIC, the SAMIC2 detector can improve the performance even 

further. The channel estimation is obtained by using pilot matching filter on beam- 

formed chip level signal and integration over an interval of time. The integration 

length for channel estimation appears to be a number of PCGs in proportion with 

spreading gain when Eb/N0 is fixed. For the M = 16 case, the SAMIC2 detector 

may tolerate about 15 users for SIR = -12 dB. By doubling the spreading gain to 

32, the SAMIC2 detector can increase capacity to 40 users for SIR = -10 dB.
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detector has the average BER of 10'3 for 50 users.

[0204] It will be understood that any air interface protocol may be used by a 

space-based component to provide space-based communications. Similarly, it 

will be understood that any air interface protocol may be used by an ancillary 

terrestrial network to provide terrestrial communications while using/reusing 

terrestrially at least some of the frequencies authorized for use by the space- 

based component. In some embodiments, the air interface protocol for the space- 

based component may be GSM-based while the air interface protocol for the 

ancillary terrestrial network may be CDMA-based.

[0205] In the drawings and/or the specification, there have been disclosed 

embodiments of the invention and, although specific terms are employed, they are 

used in a generic and descriptive sense only and not for purposes of limitation, the 

scope of the invention being set forth in the following claims.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS;

1. An interference reducer for a space-based component that is configured to 

receive components of a plurality of multiple access signals using at least first and 

second antenna patterns that differ in a spatial orientation and a polarization 

orientation, and to provide the components of the multiple access signals to the 

interference reducer,

wherein the interference reducer is configured to perform co-channel 

interference reduction on the components of the multiple access signals to reduce 

a level of interference in the multiple access signals and to generate a plurality of 

interference reduced multiple access signals, and to perform multiple access 

interference cancellation on the interference reduced multiple access signals.

2. A method of reducing interference, comprising:

receiving, at a space-based component, components of multiple access 

signals using at least first and second antenna patterns that differ in a spatial 

orientation and a polarization orientation;

providing the components of the multiple access signals to an interference 

reducer; and

processing the components of the multiple access signals at the 

interference reducer to reduce a level of interference of the multiple access 

signals;

wherein processing the components of the multiple access signals 

comprises performing co-channel interference reduction on the components of 

the multiple access signals to reduce a level of co-channel interference in the 

multiple access signals and to generate a plurality of interference reduced multiple 

access signals, and performing multiple access interference cancellation on the 

interference reduced multiple access signals.

3. A method of reducing interference, comprising:

receiving, at a space-based component, a plurality of components of a 

plurality of multiple access signals including a desired signal using a respective 

plurality of different antenna patterns wherein the antenna patterns differ in a 

spatial orientation and/or a polarization orientation;
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selecting a subset of the received signal components for processing;

providing the selected subset of the received signal components to an

interference reducer; and

processing the selected subset of the received signal components at the

interference reducer to reduce a level of interference of the signal;

wherein processing the received signal components comprises performing 

co-channel interference reduction on the received signal components to reduce a 

level of co-channel interference in the received signal components to thereby 

generate a plurality of interference reduced multiple access signals, and 

performing multiple access interference cancellation on the interference reduced 

multiple access signals to reduce a level of interference in the desired signal.

4. The method of claim 3, wherein the antenna patterns differ in a spatial 

orientation and/or a polarization orientation

5. The method of either claim 3 or claim 4, wherein selecting the subset of the 

received signal components comprises selecting the subset of the received signal 

components based on a characteristic of the desired signal.

6. The method of claim 5, wherein the characteristic of the desired signal 

comprises a geographic location associated with the desired signal, a signal 

strength associated with the desired signal, or a signal quality associated with the 

desired signal.

7. The method of claim 3, wherein the desired signal comprises a return link 

control channel signal.

8. The method of claim 3, further comprising:

determining a geographic location of a source of the desired signal; 

wherein selecting a subset of the received signal components for

processing comprises selecting a subset of the received signal components such 

that, for the determined geographic location, an improved performance measure is 

provided for the desired signal.
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9. The method of claim 8, wherein the performance measure comprises a

signal to interference ratio and/or a signal to noise ratio.
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Satellite Signal to ATC Power Ratio that is Launched toward Satellite (dB)

FIG. 17

Beam-Pattern of Feed Element #21
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Contour of Feed #21 Beam Pattern and MT/ATC Locations

Adaptively Formed Beam Pattern Using 17 Feed Element Inputs

FIG. 20
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BER vs. SIR With 5 co-beam Equal Power Users and Eb/No = 8,4 dB

Each Satellite Signal to ATC Power Ratio that is Launched toward Satellite (dB)

FIG. 26
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BER vs. Number of co-beam Users when SIR = -12 dB and Eb/No = 8.4 dB

Each Satellite Signal to ATC Power Ratio that is Launched toward Satellite (dB)

FIG. 28
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FIG. 31
BER vs. Number of co-beam Users when SIR = -10 dB and Eb/No = 8.4 dB
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