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Field of the Invention

This invention relates to the field of phased array antennas and in
10 particular to digital beam forming.

Background of the Invention

Satellite communication systems have used phased array antennas

15 to communicate with multiple users through multiple antenna beams.
Typically efficient bandwidth modulation techniques are combined with
multiple access techniques and frequency separation methods are
employed to increase the number of users. However, with the electronic
environment becoming increasingly dense with the prohferatmn of wireless

20 personal communication devices such as cellular telephones and pagers,
even more information and sophistication are required for these wireless
communication systems. For example, with all the users competing for the
limited frequency spectrum, the mitigation of interference between the
various systems is a key to the allocation in the spectrum to the various

25 systems.

Furthermore, the concept of spectral sharing, e.g., the ability of
multiple sjétems to simultaneously use common spectrum, is of major
meortance to governmental bodies such as the Federal Communications
Commission (FCC) granting communication licenses to satellite system

30 operators. /

Thus what is needed is a communication system that mitigates
interference between other systems while sharing spectrum with those
other systems. Thus, what is also needed are an apparatus and method

. that can share and provide for the sharing spectrum with other
35 communication systems. '



even nore information and sophistication are required for these wireless
communi cation systens. For exanple, with all the users conpeting for the
li-m ted frequency spectrum the mitigation of interference between the

various systens is a key to the allocation,in the spectrumto the various

25 systens. Furthernore, the EOHcé'pt of spectral sharing, e.g.,
the ability of multiple systens to sinmultaneously use common spectrum
is of najor i MAdtheugle atvaristy of bevintighedfottibeans formiag hdve Heeder al
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devel oped, current digital beamf ng ant enn stens | ack the
conput ati onal performance req%&gﬂﬁ?ﬁggﬁ@m& system
The invention is pointed out with particularity in the appended
10 claims. However, a more complete understanding of the present invention

may be derived by referring to the detailed description and claims when
considered in connection with the figures, wherein like reference numbers
refer to similar items throughout the figures, and:

FIG. 1 shows a block diagram of satellite receiver and transmitter

15 portions incorporating a digital beam former in accordance with a
preferred embodiment of the present invention;

FIG. 2 shows a block diagram of a ground terminal and an array
antenna including a digital beam former in accordance with the preferred

- embodiment of the present invention;

20 FIG. 38 illustrates a geostationary satellite using a digital beam
former in accordance with a preferred embodiment of the present invention
sharing spectrum with a non-geostationary satellite;

FIG. 4 illustrates a satellite providing individual antenna beams
using a digital beam former in accordance with the present invention;

25 FIG. 5 illustrates antenna beam projections on earth's surface using
a digital beam former in accordance with a preferred embodiment of the
present invé'ntion that are responsive to demand for communication

- services; _ y _ )

FIGs. 6 and 7_ ?.re flow charts illustrating an interference mitigation

30 and antenna beam assignment procedure in accordance with a preferred
embodiment of the present invention;

FIG. 8 is a flow chart illustrating a procedure for providing antenna
beams to geographic regions in response to demand for communication
services;

35 FIG. 9 shows a block diagram of a digital beam former in accordance
with a preferred embodiment of the present invention;



appl ications. Consequently, there is a need for a digital beamformng 5
system that provides high-perfornmance conputational power at |ow cost.

Br-i ef Description of the Draw ngs The invention is pointed out
with particularity in the appended 10 clgigs; However, a nore conplete

under st andi ng of the present invention may be derived by referring to
the detail ed description and clai ns when considered in connection with
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accordance with a pFE}e14 sHBows a block diagram representing a second embodiment
of a summing processor suitable for use in the digital beam former of the
15 preferred embodiment of the present invention; and
FIG. 15 shows a block diagram of a digital beam former that is in
accordance with a second embodiment of the present invention;
The exemplification set out herein illustrates a preferred
embodiment of the invention in one form thereof, and such
.20 exemplification is not intended to be construed as limiting in any
manner.
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Summary of the Invention

25 The present invention provides, among other things, a digital beam
' former suitable for use in axrray antennas. In the preferred embodiment
the digital beam former provides a method of mitigating interference from
interfering signals. The present invention also provides a method of
tracking the location of interfering signals and readjusts the digital beam
30 forming coefficients é) create nulls in the antenna pattern directed towards
that interfering signal. The present invention also provides a digital beam
former that mitigates interference from interfering signals.
The present invention also provides a method of communicating
with communication terminals, subscriber units, relays or aircraft using
35 anarray antenna having a digital beam former. In a preferred
embodiment, digital beam forming coefficients are adjusted to improve or
maximize the signal quality of communication signals received from the



enbodi nent of the present invention; FIG 8 is a flow chart
illustrating a procedure for providing antenna beans to geographic
regions in response to demand for comuni cation services; 35

FIG 9 shows a block diagramof a digital heam former in accordance

with a preferred enbodi mrent of the present =i fivention;
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U6 in the di ciorE sBother cgmbadtment of Hhe prosrldnusmocn b digtal o
present | nventbemn forming coefﬁcients are readjusted to continually help maintain and
help improve or maximize the signal quality of the received signals as the
10 communication terminal and the satellite change their relative positions.
The present invention also provides a method of communicating
with communication terminals using a digital beam former on board a
satellite based array antenna. The digital beam former coefficients are
adjusted to provide more antenna beams to geographic regions having high
15 demand for communication services and also adjusted to provide fewer

antenna beams to regions having a low demand for communication
services. In the preferred embodiment, as the demand for communication
services changes with respect to geographic location, the digital beam
~ former of the present invention dynamically assigns antenna beams or
20 assigns additional beams in response to the changes in demand for
communication services. The present invention also provides a
communication terminal, such as a subscriber unit, that communicates
with satellites, communication stations or other communication terminals
using an array antenna configured with a digital beam former.
25
Detailed Description of the Drawings

- .

Analog array an};ennas are well known in the art. Antenna beam

characteristics are co,ntrolled by adjusting the amplitude and phase of the

30 received or transmitted signal of each array element. Through these
controls, each antenna beam can be shaped, its pointing direction can be
defined, antenna nulls can be directed, etc. Multiple amplitude and phase
adjustments can be used to create multiple antenna beams. Because of
the complexity of these systems, most analog array antennas that

35 generate multiple beam patterns are phased arrays that use a butler
matrix to combine the signals from each array element. In general, once a
butler matrix and combining network is built the characteristics of the
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the signal qu prletfgrrgri e(r;l(mjbo nle%ttolf'% e Ekgs%?lt?négﬁﬁéﬁ.e?)ifg{tgﬂéﬁ'ﬁ former 10
includes a receive digital beam forming (DBF) network 32, receive beam
control module 34, receive DBF controller 36, transmit DBF network 40,

15 transmit beam control module 42 and transmit DBF controller 48. The
receiver portions include receive portion of array-antenna 20, one or more
receiver modules 26, and one or more analog-to-digital (A/D) converters 28.

Beam former 10 implements beams steering and control functions
necessary to form antenna beams with the desired characteristics. The

20 digital outputs that beam former 10 provides to each beam channelizer 35
are preferably equivalent to the output of either a signal single antenna
beam. These digital outputs are routed through the packet switching
elements to either appropriate cross-link or down-link communication
paths. In the case of down-links the process is reversed.

25 The transmit digital beam forming network 40 applies the
appropriate beam steering-and beam control vectors to each of these
signals forming down-link beams with the prescribed characteristics.
These baseb’a_nd signals/ are converted back to analog signals and
translated to down-lipk frequencies. Power amplifiers preferably drive

30 each of the individual array elements. The transmitter portion includes
one or more digital-to-analog (D/A) converters 44, one or more transmitter
modules 46, and transmit portion of array-antenna 20.

The array-antenna 20 includes elements 22 pi'eferably arranged in
a two-dimensional array, however other array configurations are suitable.

35 Received radio frequency (RF) signals are detected and digitized at the

element level. In the absence of fading, the received signals have generally




-4- 7 comuni cation termnals. In one enbodi nent of the present

I nventi on, the communi cation termnal provides the satellite with
quality indicators which indicate the quality of the signals received
by the conmuni cation terminal. In respgnse to received link quality
indicators, the digital beam 5 fornmer on board the satellite dynamcally
adjusts its antenna beam pattern to help optimze the signal
transmitted toedusd amplitidesabubdifferent phasesbt each aleonént. Fhesifnalscanf t he
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The A/D converters 28 sample and digitize the analog signals to
produce digital signals. Each A/D converter is preferably dedicated to
processing the signals produced by a respective array element. After the

15 A/D conversion, the digital signals go to the receive digital beamforming
network 32 which computes weighted sums representing inner-product

beams. Typically, an inner-product beam represents a single
communication channel. )
Weight values are passed to receive digital beamforming network

20 32 by the receive beam control module 34. Using a suitable algorithm,
receive beam control module 34 adaptively determines the proper weights
for each radiating element 22. This can be done a relatively slow rate
compared to the overall data throughput of the antenna system. Receive
DBF controller 36 analyzes incoming signals and performs procedures and

25 processes discussed below. :

Receive DBF network 32 provides digital signals received from each

radiatihg efément 22 to beam channelizers 35. The digital signals
includes am‘-p_litude an(} phase information (I and Q) from the radiating
elements. Each beam channelizer module converts these digital signals to

30 adigital data stream for one particular antenna beam or channel.
Preferably, each channelizer module corresponds with one antenna beam.
Beam channelizer modules 35 provide this digital data stream to data
packet switching elements 88 from which the data is packetized and the

_ packets are routed accordingly. In the preferred embodiment, the data

35 packets are routed over crosslinks antennas 39 to other satellites, over
downlinks to gateways or earth terminals, or over downlinks provided by



communi cati on services. The present invention also provides a

comuni cation termnal, such as a subscriber unit, that conmunicates

wi-th satellites, conmunication stations or other comrunication termnals
using an array antenna configured with a digital beamfornmer. 25

Det ai | ed Description of the Draw ngs - Anal og array antennas are
well known in the art. Antenna beam characteristics are controlled by
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each channel/antenna beam. Beam synthesizer modules 45 convert this
digital data stream to a digital output signal that represents the analog

10 waveforms for each transmit radiating element 22. Each beam
synthesizer module 45 provides its digital output signal to both transmit
digital beam forming network 40 and the transmit beam control module
42. Transmit beam control module 42 provides weighted sums to
transmit digital beam forming network 40. Preferably, a weighted sum is

15 provided to correspond with each of the transmit radiating elements 22 of
the array-antenna 20.

The weights are passed to the digital beam forming network 40 by
transmit beam control module 42. Using a suitable algorithm, the
transmit beam control module 42 adaptively determines the proper

20 weights.

D/A converters 44 convert the digital output signals for each
radiating element of the beam forming network 40 into corresponding
analog signals for each radiating element 22. Transmitter modules 46
generate signals suitable for transmission by the radiating elements and

25 preferably perform the functions of frequency up-conversion, filtering, and
amplification. SN

The digital beam forming antenna system shown in FIG. 1 has
advantageé?qver conve?tional fixed beam antennas because it may, among
other things, separage closely spaced users, adaptively adjust beam

30 patterns in response to incoming data, provide antenna beams to
individual users, provide antenna beams in response to demand for
communication services and improve pattern nulling of unwanted RF
signals. These features are implemented through appropriate software
embedded in controllers 36 and 48.

35 FIG. 2 shows a block diagram of a communication terminal and an
array antenna including a digital beam former in accordance with the
preferred embodiment of the present invention. Communication terminal



anterma beans remain fixed. In the present invention a digital beam fornmer
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om each array element to receive mo ound terminal 90 also
15 includes a digital beam former 10 (DBF) which preferably includes

transmit digital beam forming network 94, receive digital beam former

network 98 and digital beam former controller 99. Transmit digital beam
forming network 94 receives beam forming coefficients from DBF
controller 99 which control the phase and amplitude components of the

20 transmitted RF signals at each radiating element of array antenna 89.
Receive digital beam forming network 98 receives beam forming
coefficients from DBF controller 99 to provide for phase and amplitude
adjustment of the received RF signals from the array elements or array
antenna 89.

25 Transmit modules 93 are similar to and perform similar functions
to transmit modules 46 of FIG. 1. Receive modules 92 are similar to and
perform s1m1]ar functions as receiver modules 26 of FIG. 1. Transmit
modules 93 convert I ar/ld Q digital signals received from transmit digital
beam forming network 94 to analog signals whilé receive modules 92

30 convert analog mgnafs to I and Q digital signals and provide these I and Q
digital signals to receive digital beam forming network 98. Receive digital
beam forming network 98 provides a channelized output digital signal to
digital signal processor (DSP) 95 which represents the communication
channel signal on which the ground terminal is communicating. In one

35 embodiment of the present invention, ground terminal 90 may
communicate on several channels at the same time. Accordingly, receive



These baseband signals are converted back to anal og signals and transl ated
to down-link frequencies. Power anplifiers preferably drive each of the
i ndi vidual array elenents. The transmitter portion includes one or nore
digital -to-analog (D/A) converters 44, one_or nore transmtter nodul es 46,
and transmt portion of array-antenna 20.” ?he array-antenna 20 incl udes
el ements 22 preferably arranged in a two- dinensional array, however other
array confi gurdigitalbeaneforminhghetwolie O8ipredideadi sighabfpreach coRfthuniitids

are detected and di t the element level. In the absence of fading,
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10 the transmit and receive communication channels be the same. DSP 95 in
conjunction with Input/Output section (I/0) and in conjunction with
memory element 97 provide all the standard functions associated with
operating mobile terminal ground stations, communication terminals such

as subscriber units, or cellular telephones. In general array elements or
15 array antenna 89, transmit and receive digital beam forming networks 94

and 98 and DBF controller 99 are similar to the respective elements of

FIG. 1. Communication terminal 90 is preferably configured to

communicate using time-division multiple access (TDMA), frequency-

division multiple access (FDMA) or code-division multiple access (CDMA)
20 methods.

In the case of a subscriber unit, less array elements are required
than in a satellite phase array antenna. Accordingly, the received DBF
and transmit DBF modules have less elements associated therewith. For
example, in the satellite phased array antenna of FIG. 1, a preferred

25 embodiment of the preferred invention uses 64 sets of 8x8 radiating
elements.. These 4096 radiating elements preferably use 4096 associated
receiver modules 26 and transmitter modules 46. Accordingly, 4096
analog to digital (A to D) or digital to analog (D to A) converters 28 and 44
are also used. Each ’to D converter preferably provides 16 I bits and 16 Q

30 bits of data. Receive DBF network has 4096 times 16 inputs from the A to
D converters. The number of I and Q bits, may be more or less than 16 and
the number of radiating elements depends on several factors, including the
link margin, signal to noise ratio and antenna beam characteristics. For
example, in subscriber unit and mobile and cellular telephone

35 applications, the number of radiating elements may be between 8 and a
few hundred. While for mobile and ground terminals that handle many
different communication channels through many different antenna beams



10 signal. There is preferably a one-to-one correspondence between the

el ements 22 and receiver nodul es 26. The A/ D converters 28
sanpl e and digitize the analog signals to produce digital signals. Each
Al D converter is preferably dedicated to processing the signals
produced by a respective array el enent. Af]fer the 15 A/ D conversion, the
digital signals go to the receive digital beanformn network 32 which
conmput es wei gl“ttlmchnmmerbﬁpammgeigmemrhsamaybejae:\teralguhdamtto S‘ey\m’rahl ly, an

| nner - product P Cat I A mTRAEE

Wi ght val ues t}%%ggse JIﬁ?ecéilﬂ\:/e thertrn:]nﬁg n;%r%’l ng net\AorkvEtBaSZ by
the receive bemteﬂztntqrmthﬁndqmmmmcaugnﬁgataonmn mmtbealsgbswbﬁﬁ unit ory ecej ve
beam contr ol %fhﬁnﬁﬂm%@ﬁﬂﬂe?fﬁhﬂaﬂﬂﬁ%ﬁ (i ds@%fﬂi@il@&lbé&}h&'ﬁfﬁer 88. f or
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DBF contr ol | erngtvarked4, Z'z%&elivéQﬁgitﬂllb@alﬁffdhﬁuﬁg\ﬂemﬁkw%nﬂrdigﬁdhbe@mand 25
b ooesoe U oChathten o, Digl WRGE or S P o BUAAIS
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information (lyand Q fromthe radiating el enents. Each beam
channel i zer nodul e converts these dijgital %nal s to 30 a digital data
stream for18ne part iThrough athxeema)f@emabbem pr 88 embydied in snpscribem

channel [ zer Mghitrii BN tdrinifAP 90 of F10R D8I municaliSa RARMUIYO zer
nodul es 35 proyvide this digital data streamto cket SW t chi ng
elements 38 frBronmembodimnto thespwen&m\%ﬁl%?agk%mteg bl gud
rout ed accor di pgtivides & nhﬂhmit@‘aﬁtémh patt@ﬁln i bhe diﬂeetldﬁtoﬁtaémmfdrﬁig are
routed over crasslinks anten er, sa .eI lites, % with downl i nks
to gateways or 15&?4 P’é%?m % W o t%gr%%ﬁ 2 CPYHIRERES
15 geostationary satelhtes, an interfering signal may result from a low Earth
orbit satellite moving across the sky. Terminal 90 also tracks, in another
embodiment of the present invention, other interfering signals and
provides for nulling the antenna pattern in the direction of those
interfering signals. In another embodiment of the present invention
20 communication terminal 90, attempts to improve its receipt of incoming
signals by adjusting its receiver DBF coefficients for improved signal
qualities such as signal to noise ratio or carrier to noise plus interference
ratio.
In another embodiment of the present invention, communication
25 terminal 90 receives a link quality indicator from a communication station
or satellite (or another communication terminal) that it is communicating
with. The link quality indicator (L.QI) provides preferably 3 data bits
indicating of the quality of the signal received at the satellite receiver or
ground base station rgceiver. This link quality indicator is provided back
30 tothe ground terminal or subscriber unit which accordingly adjusts its
transmit digital beam forming coefficients dynamically to improve the
quality of its transmitted signal. In this embodiment DSP 95 evaluates
the link quality indicator and directs DBF controller 99 to adjust the beam
forming coefficient provided to transmit digital beam forming network 94.
35 Ingeneral this causes the transmit and receive antenna beam
characteristics to be more optimized for the particular situation the
subscriber unit or communication terminal is currently experiencing. The
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DI Hatioor ednis Wiilh &) 98 boRudilfting with. This
tracking is done by one of a variety of ways including using the receive
signal and analyzing the angle or direction of arrival of the receipt signal.
Alternatively, as the subscriber unit moves, the antenna beams, preferably
both transmit and receive, are continually adjusted to help improve signal
quality. Accordingly, the resulting antenna beam patterns are directed
towards the communication station, while nulls are directed toward any
interfering signal source. In one embodiment of the present invention, the
subscriber unit is adapted for communicating with satellites and in non-
geostationary orbit such as satellites in a low Earth orbit. As the satellite
_passes overhead, the antenna beam characteristics, through the use of the
digital beam former 88, are adjusted to maintain improved
communication with the low Earth orbit satellite and preferably remain
directed towards the satellite as the satellite moves across the sky.

_ An example of the subscriber unit and antenna array 89 of FIG. 2
would include array elements mounted on a roof of a motorized vehicle
coupled to communicatoin terminal 90 located inside the vehicle. In the
case of ground terminal, artay elements may be mounted on the roof ofa
house or building and the ground terminal may be located elsewhere.

FIG. 3 _illustrate/s a geostationary satellite with a digital beam
former in accordance /with a preferred embodiment of the present invention
sharing spectrum with a non-geostationary satellite. FIG. 3 illustrates a
typical spectrum sharing scenario in which the present invention may be
used. As illustrated, there are several line-of-sight paths between
geostationary (GSO) satellite 62 and non-geostationary (NGSO) satellite
60, NGSO terminal 68, GSO ground terminal 66 and an interfering signal
source 64. Because NGSO satellite 60 is not fixed in relation to Earth’s
surface, NGSO satellite may come into view at various time. If the two



transmt beam control nodule 42 adaptively determ nes the proper 20

wei ght s. D) A converters 44 convert the digital output signals
for each radi ati ng el enent of the beam form ng network 40 into
correspondi ng anal og signals for each ]Irj,,‘?di ating element 22. Transmitter
nodul es 46 generate signals suitable fdt transm ssion by the radiating
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-8 terminal 68 is significantly reduced. Preferably another null in the

10 antenna pattern of GSO satellite 62 is directed toward and tracks NGSO
satellite 60. To accomplish this, DBF receive and/or transmit coefficients
are continually adjusted to maintain a null in the direction of the NGSO
satellite 60 as the NGSO satellite 60 moves. Accordingly, these nulls are
dynamically controlled.

15 Nulls are placed in the antenna pattern directed to towards NGSO

_ terminal 68. NGSO terminal 68 usually transmits and receives at a time |
only when NGSO satellite is overhead. Accordingly the null in the
transmit and receive antenna patterns of GSO satellite 62 may be turned
on and turned off in accordance with NGSO terminal 68. The positioning of

20 anull in the receive and transmit antenna patterns of GSO satellite 62
allows the two systems to share spectrums. In the preferred embodiment
of the present invention, transmit and receive nulls are placed in similar

‘directions. The direction information is preferably shared between
received DBF controller 36 and transmit DBF controller 48 of FIG. 1.

25 In one preferred embodiment, the direction to direct the antenna null
is determined using directian of arrival information from the interfering
signal. ‘DBF-of GSO satellite 62 monitors its field of view for preferably

" two classes of signals, s/ynergistic and non-synergistic. Synergistic signals
are signals whose characteristics are well-known. Preferably these

30 synergistic interfering signals are demodulated in GSO satellite 62 at
baseband level and accordingly transmit and receive digital beam forming
coefficients are adjusted to reduce and help minimize the receipt of this
interfering signal. In the case of non-synergistic signals, i.e., signals that
are unknown, basic direction of arrival techniques are used to mitigate

- 35 interference from these signals.




90 may be a nobile terminal, a ground station, a relay station or a

communi cation termnal such as a nobile or cellular telephone, and may

be nobile or fixed in |ocation. Comrunication termnal 90 nay al so be on
board an aircraft. Conmunication termnal 90 is coupled to array 5 antenna
89. Array antenna 89 is conprised of a pI U3l ty of radiating el enent s,
preferably arranged in a two-di nensional array configuration. Each
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simlar functions apsm t nodul €s chzI fl éi,ve
are sinilar t@csvasition channel and determines the ect1ono arrival of eac

15 acquisition signals. The digital beam former, when employed in a
geostationary satellite ground terminal, preferably adjusts its transmit
and receive antenna beam characteristics to point its primary antenna
beams at the desired geostationary satellite while directing a null in the

_ direction of the other geostétionai'y satellites. The direction of arrival may

20 be determined using, among other things, information associated with the
communication terminal's location.

Super resolution techniques allow the spatial resolutlon of these
signals separate by approximately 1/10th of an antenna beam width. To
maintain such fine separation, high values of signal to noise ratio are

25 desirably. Accordingly, a ground station with a suitable amount of array
elements 22 (FIG. 1) provides.for an acceptable signal to noise ratio and
suitable anténna beam gain chiaracteristics.

In another emboéiment the present invention, the digital beam
former as embodied 9board a geostationary satellite maintains antenna

30 alignment. For example, GSO satellites slowly drift in their orbital
locations. Typically, onboard station keeping is required to maintain the
satellites position. As a SO satellite drifts, its antenna beams move off
their intended pointing direction and various alignment techniques based
on the transmission of frequency tones from the system control facility are

35 typically used to realign the pointing direction of the satellite antennas.
GSO satellite antenna syétems based on reflector or lens antennas correct
for these movements by physically moving the antennas or the antenna



performsimlar functions as receiver nodules 26 of FIG 1. Transmt

nodul es 93 convert | and Qdigital signals received fromtransmt digital
beam form ng network 94 to anal og signals while receive nodules 92 30
convert analog signals to |l and Qdigital sjgnals and provide these | and Q
digital signals to receive digital beamT iTg network 98. Receive digital
beam form ng network 98 provides a channelized output digital signal to
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cormuni cat [on AR P RepiidintiagRiREE o e BSGStaliBhafr Sftellite oo
al so provi dds driftsmWhis carreskioniapneferably hasgdan the weeektransmitipdor beam
form ng net worjecBfvddodigRaF fualtyclewelgni cat i on channel the ground term nal

el ephone that cormEiftchilustgtes i satellis piryatiog mamdnah ARt bEIRS Dar
provi des one casimgy digfital beahtforaier in actordadice Writhithe préntibveritighdes one
transmt Commgziaé:eifi{eogo %]&3;] gleiéhoer a geostationary satellite or non-geostationary
10 satellite. Satellite 50 has a footprint region associated therewith which is
the geographic region satellite 50 provides communication services.
Satellite 50 may cover footprint region 53 with one antenna beam for
signals from within the footprint regions, including the monitoring demand
for communication services, monitoring interfering and monitoring
15 subscriber units requesting service. Satellite 50 also provides a plurality
of individual antenna beams 52 within footprint region 53. A digital beam
former in accordance with the present invention is configured to provide
these antenna beams. Individual antenna beams 52 are provided in a
variety of ways and are preferably provided to individual subscriber unit.
20 Individual antenna beams 52 are also provided in response to demand for
communication services. Individual antenna beams 52 track a subscriber
unit's movement through the footprint region 53. These are described in
more detail in the procedures below.
FIG. 5 illustrates antenna beam projections on a portion of Earth’s
25 surface using a digital beam former in accordance with a preferred
embodjmegt of the present invention. In this embodiment, antenna beams
are provided-in responsive to demand for communication services. The
ability to adapt to traﬂ/ic demand is very desirable in any satellite system.
Digital beam former ]0 of FIG. 1 provides for positioning of nulls in the
30 antenna beam pattein and provides for beam shaping and other beam
characteristics that are dynamically modified through the use of these
digital beam forming techniques. In a preferred embodiment of the
present invention, the digital beam former 10 provides dynamically
reconfigurable antenna patterns such that is shown in FIG. 5. These
35 example antenna beam patterns are based on current traffic demand
levels. For example, antenna beam 74 provides broad coverage over a large
region having a low demand for communication services, while antenna




transmt digital beamform ng network 94. There is no requirenent that 10
the transmt and receive communi cati on channels be the sane. DSP 95 in
conjunction with I nput/Qutput section (I/0O and in conjunction with
menory el ement 97 provide all the standard functions associated with
operating nobile term nal ground stati ons, 12 dimuni cation terninals such
as subscriber units, or cellular tel ephones. In general array elenents or

15 array ant eEns$80 éré%ﬁ&éﬂhndrpiovﬂeeahfglﬂc@tdeﬁltrdﬁmﬂbfwmmmwﬁﬁmrkS 94
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times 16 input's onverter he nu
bits, may be me@mwdetbas%m histarig and meaa@reﬂldmandffor g@mmumga‘@pene nts
depends on sevg gactors |nclud|ng t he i nk margin, signal to noise

rati o and antenna char ac t| c FqQ . exanpl e, .in subsgcriher
unit and nobile and élns 3&‘%'{ @5 m&ﬁtﬁ'ﬁﬂ?&‘?‘b Interference mitigaypn
radi ating ebengnd &nmébemtm@hxﬁefwﬂr@edure in accordance with the preferred

embodiment of the present invention. Procedure 100, although shown in a

top down sequential flow is meant to illustrate the steps performed by
digital beam former 10 of FIG. 1. Many of the tasks and steps shown are
preferably performed in parallel and procedure 100'is desirably performed
20 for many subscriber units and interfering signals concurrently. Those of
skill in the art are able to write software for receive DBF controller 36 and
transmit DBF controller 48 to execute the tasks of procedure 100.
Preferably procedure 100 is performed by receive DBF controller 36 and
transmit DBF controller 48 in conjunction with beam controller modules
25 384 and 42. Software is embedded within DBF controller 36, transmit DBF
controller 48, and beam controller module 34 to perform the functions
described herein. Portions of procedure 100 may also be performed
concurrently by processprs on other satellites or ground stationsin -
conjunction with the satellite portion shown in FIG. 1. Although procedure
30 100 is described for communication between a satellite and a ground
based subscriber unit, procedure 100 is applicable to any communication
station, including relay stations and communication terminals.
In task 102, the communication station listens for signals,
preferably within the satellite's footprint. Preferably, receive beam
35 controller module 34 configures the antenna beams to provides at least one
broad antenna beam covering substantially an entire satellite footprint.
Accordingly, signals are received from anywhere within that footprint on



few hundred. Wile for nobile and ground term nals that handl e many
di fferent communi cation channels through many different antenna beans

- 10 - t he nunber of radiating elements may be several hundred to
sever al t housand. The communication teryrinal of FIG 2, conmunicate
with a satellite or other conmunicatT station, or another subscriber
unit or commruni cation term nal through the use of digital beamforner
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communi cat i @n 8ysteMAal 90 I n one enbodi nent of the present invention
tracks interfering TagRalod @t@rmmed%ﬁétmsor&ldtlthb sughaltls oﬁ@tf%maaxpatter n

in the direction qf the i or exa whe he
ground stat i or®HEHRE NSt E‘% qg&l,?@xe lﬂ%q}%?'g?ﬁa?}ﬂﬁg S USEHy Slliﬂé‘é’m ﬂ“&l
interfering sigigahl revgivetbisidotiframm an bxistibgruser, taskal(08 deteatnihés thee novi ng
across the s koncg 100 of %ixatg solgﬁlaf Sotrc8C L/Iiiiosla 35 8RA1 1fthe art will recognize that
10 various ways may be used to determine the geographic location of a signal

source. Those ways may include analyzing the angle of arrival, the time of

arrival, frequency of arrival, etc. Alternatively, if the signal source is a

user requesting system access, that subscriber unit may provide

geographic coordinates on its system access request signal.

15 Once the location of the signal source is determined task 110
determines whether or not the signal is an interfering signal. In other
words, task 110 determines if the signal source will interfere with a
portion of the spectrum assigned to the satellite system, or alternatively, if
the interfering signal is a communication channel currently in use with a

20 subscriber unit communicating with the satellite. If task 110 determines
that the signal source is not an interfering signal and that the signal
source is a request for a new channel, task 112 assigns an antenna beam
to that user. Task 112 may employ various security and access request
procedures which are not necessarily important to the present invention.

25 Inthe preferred embodiment task 112 is accomplished through receive and
transmit DBF controllers 86 and 48 providing the appropriate information
to beam control modules 84 and 42. '

Beam control mgdules 34 and 42 cause receive and transmit DBF
network 32 and 40 to generate individual receive and transmit antenna

30 beams directed to that subscriber unit at that subscriber units geographic
location. Tasks 114 and 116 preferably, repeatedly adjust the DBF
transmit and receive coefficients to help provide improved signal quality
received from the subscriber unit.

In one preferred embodiment of the present invention the subscriber

35 unit provides a link quality indicator (L.QI) that indicates the quality of the
received signal. The subscriber unit provides that link quality indicator to
the satellite. The link quality indicator is evaluated by received DBF



enbodi nent of the present invention, other interfering signals and
provides for nulling the antenna pattern in the direction of those
interfering signals. I'n another enbodi ment of the present invention 20
conmuni cation termnal 90, attenpts to i rove its receipt of incom ng
signals by-adjusting its receiver DBF coeffiicients for inproved signal
qualities such as signal to noise ratio or carrier to noise plus
interference controllkiri36 and transmit DBFrcomhm]lwr483cmmii1gﬁ3ansmittbwnpr esent

I nvention, conmun at| 2 t at or
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form ng coefficgi ent pr 4,
35 In gener al If 21 t‘h\%&‘ qéftﬁa%t%g‘f@gégirén %rll rrlrlaﬂglégﬁ%mgﬁdg
characteri®i oanbodllnmenmtasksrith&nmbd%me repeatediuntil the iitexfarenve ishe
subscriber unife16l o BrERStLARINGIeVEL. B Blsk! £2L thE ShtdrferPEignal @ N- The
continually monitored and tracked as either the satellite moves or the
interfering signal moves.
When task 104 has determined that the signal source is an emstmg

15 user, task 124 determines when a hand-off is required. In some
embodiments of the present invention the subscriber unit requests hand-
offs while in other embodiments of the present invention, the system
determines when a hand-off is necessary. Preferably, hand-offs are
determined based on signal quality. In general, a hand-off is requested

20 when a user is near the edge of the antenna pattern footprint region or
exclusion zone.

In one preferred embodiment of the present invention, antenna
beams are individually provided to the subscriber unit and the individual
antenna beam tracks the location of the subscriber unit. Accordingly,

25 hand-offs are only between satellites and necessary at the edge of the
satellite footprint. When a hand-off is necessary, task 112 is executed
which assigns a new antenna beam from another satellite to the user. Ifa
hand-off is riot requiret;, task 128 is executed. In task 128, in-band
interference is monit(/)red along with received power level and link quality

30 metrics.

~ Intask 132, the receive and transmits DBF coefficients are
adjusted to help maintain an improved or maximum signal quality, to help
reduce or minimize in-band interference and to help maximize receive
power level. During this "tracking" mode, additional interfering signals

35 130 may cause a degradation in signal quality. Accordingly, task 132
dynamically readjusts the DBF coefficients to help maintain signal
quality. In one embodiment of present invention link quality indicators



situdtion includes interference characteristics from other signals,
I nterference characteristics caused by ground terrain and the specific
recei ver antenna characteristics of the receiving base station and/or

satellite. 5 I n anot her enbodi nent_of the present invention the
subscri ber unit and/ or communi cati ot} i nal 90 tracks the
communi cation signal from the base station and satellite as the

subscri ber Unl13Péré3ﬁﬂw3dedbsr%bﬁﬁhumcatia9m&3mlﬁ@rs @wb@bﬁbé@hnits subscrl ber
units track the directi

on of on at e h the
are comuni catASRGTHMmELY; “inlUnaPPB tﬁ ’?EQ%%WO%%@@VIQ &'rqrg? d
ways i ncl udi ng)ﬂthlermbblmbenumt\a’s the reiagmlowmdmabej:w;ennrtbetsmbsmbenumt
di ti f . e th
SLLEErEEQr‘)un?%ﬂ%E% TR, Faskl 992 ster erdb%%mm\éﬁthh BB st and
receive, ar® crequiredailfy hm}tlrgﬁeelnpbrwupeg the sybs 031 heyaynit remging in the
Accor dingly, tﬁs&&g&b&agmﬁm@haﬁmtfe h'il‘édatra‘ékq'%eﬁﬂl?@xée'ﬁtefam’\’ar ds

t he conmuni catj on_s are d| cted

interfering sﬂ@ﬁé‘i‘o rtg'én SBFﬂ;ﬂ%b@HP%ﬁmhﬁ’ﬁmﬁg ng@emesf**ﬁ§é‘?\‘ﬁwnt he
S ubstcr It ber uni ﬂlelbﬁ(:[)ﬁcb's@éﬂﬁe fi® h?ﬁﬁﬁmthaﬁ athangli -offtig ré?ﬁﬁ'bﬂldrﬁlsltaﬁ @roﬂdedn-
geostati onary it s ate owe | i

satellite tg’é‘ %Pcrg'rcﬁg OIWFletlhﬁrﬁué’ﬁ B’é‘dﬂ"r ﬂ%r" CHEE *qul%?ex hr ough

t he use of10 hesaZ;@lhtdloynt&dmgmandfgemmte%; aatmwajbea;nnespecﬁca&lyrﬁ)althat

I mpr oved

p?gferabl y renain fﬁpﬂeﬁéﬁ?%%gﬁeﬁaﬁ&%{@%&%e as %e Sat ?:Ie the
noves across t$wbseriper unit is handed off te thamext satellite, %Sk@ﬁtﬁdd&ﬁhet and
antenna array @@alﬂiblglaﬁteﬁna beattdl #s rB8duies pdbl, AMloWiRERARE afbINi LHeRM 2

roof of a mot or I Zeeavaﬁa%le to be assigned to another subscriber unit.

15 FIG. 8 is a flowchart illustrating a procedure for providing antenna
beams to geographic regions in response to demand for communication
services. Procedure 200, although shown in a top down sequential flow is
meant to illustrate the steps performed by digital beam performer 10 of
FIG. 1. Many of the tasks and steps shown are preferably performed in

20 parallel and procedure 200 is desirably performed for many subscriber
units concurrently. Those of skill in the art are able to write software for
receive DBF controllers 36 and transmit DBF controller 48 to execute the
tasks of procedure 200. The tasks of procedure 200 are preferably
performed on a continual basis by receive and transmit DBF controllers 36

25 and 48. Although procedure 200 is described for communication between a
satellite and a ground based subscriber unit, procedure 100 is applicable
to any éomxﬁunication station, including relay stations and communication
terminals. -

In task 202 th,g demand for commumcatlon services is monitored

30 within the satellite footprint region. In the preferred embodiment, one
antenna beam is used to monitor the demand throughout the entire
footprint. In task 204 the location of high demand and low demand
geographic regions are determined. Task 204 can be accomplished in any
number of ways. For example, each subscriber unit communicating with

35 the system has a geographic location associated therewith. Furthermore,
each subscriber unit requesting access to the system may provide the
system with geographic location data. Once the geographic locations of




25 coupled to conmmunicatoin termnal 90 |l ocated inside the vehicle. In the
case of ground termnal, array elenents nmay be nounted on the roof of a
house or building and the ground term nal nay be | ocated el sewhere.

FIG 3 illustrates a geostationary satelli with a digital beam
former in accordancewith a preferred enbo nt of the present invention 3
0 sharing spectrumwi th a non-geostationary satellite. FIG 3 illustrates a

typi cal spect rhighsdemand sanklow demandvdreab art deperesinred, tanke206 oausesytHee

Goost at 1 onar y PEE et Aol LIRS Brovidddeds aistils PSSl iihand
60, NGSO t er ni measgad p90ide mord ansemiaheans inrhighrdemand areasadnsongal 35
source 64. BecglipGahisil sodR Cﬂf'efs&n@%x}eitﬁ% ehbH ailtéind Boahn ﬁ@ﬁﬁs@ th's

surface, NGSO satel]ite may cone into view at, various tine, e two
- 12 - 5 c olimitad-amoynt of sermmpunication capasitfon segnent of the frequency

spectrum interfer eRefe MY RFEFIGNS, IbWer AbiiAitbares 26 Provided with antendfien
GSO satellite 62 enploys a di |ial beam f or nmer, of .t he present .
nvention,  t hebaBE Pading 8 rycHhIasEeT FVRIRER FaFioBdLAPASARRA PEATISNRIBE | he
5 antenna beanprofidédts hiyfledémnadiareds. s Forbkampde, intehha beam 74 of FIG. 5
conmuni cati on cbo%ae% gtla}é]eeg rg?'g.ﬂﬂic%ggu}ne{hngt%%lrreGnQ;ly | 4 lgvrve(fee ziit% Yor
10 communication services. Alternatively, antenna beams 80 have much
smaller geographic coverage regions and provide more communication
capacity for a region that currently has a high demand for communication
services. In another embodiment of the present invention tasks 206 and
208 adjust the shape of the antenna beams based on the demand for
15 communication services. For example, in reference to FIG. 5, antenna
beams 74 are long narrow beams formed to provide better area coverage
for communication services. For example, coastal regions are provided

narrow beams to reduce communication capacity over the ocean where
significantly less communication capacity is required. In this embodiment,
20 antenna beams 74 are preferably shaped dynamically in response to
demand for communication services.
As the demand for communication services changes, antenna beams
70 are dynamically provided in response. For example, FIG. 5 shows a
continental view of the United States communication services. As the day
25 begins, antenna beams are initially provided along the East Coast of the
United States. As the day progresses, the antenna beams transition -
across the country as the time of day changes in response to demand for
communication service/s. In the case of a natural disaster where demand
for communication services may be particularly great, dedicated antenna
30 beams may be provided. A satellite control facility may direct satellite's
digital beam former 10 to allocate beams accordingly. In general, antenna
beams 70 preferably are provided in response to the changing demand of
communication services without the assistance of operators.
FIG. 9 shows a block diagram of the digital beam former according
35 to an embodiment of the present invention. The beam former includes a
plurality of computing units (CU's) 160-176 and a plurality of summing
processors 180 - 184. The computing units 160-176 form a processor
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recei pt ofi% h| s Thélhﬁerxﬁery agcmltgsalcanlbe ale means fof storing yakmegivehose
signals, i.e. gianal S [N3htable by the digital beam control modules 34, 42 (FIG. 1),
' such as a ROM (read only memory), EEPROM (electrically erasable
programmable read only memory), DRAM (dynamic random access
_ memory), or SRAM (static random access memory).

20 FIG. 11 shows a block diagram representing a second embodiment
of a computing unit usable in the digital beam former of FIG. 9. In this
embodiment of the computing unit, an incoming signal is weighted using
logarithmic number system (LNS) arithmetic. LNS-based arithmetic
provides advantage because multiplication operations can be

25 accomplished with adders instead of multipliers. Digital adder circuits
tend tobe much smaller than comparable multiplier circuits, thus, the
size thé beam forming processor array can be reduced by incorporating
LNS-based computing }1mt

The LNS-based computing unit mcludes a log converter 210, an

30 adder 212, a memory c1rcu1t 214, and an inverse-log (log-1) converter 216.
An incoming signal is first converted to its respective log signal by the log
converter 210. The adder 212 then sums the log signal and a logged
weight value from the memory circuit 214 to produce a sum. The sum is
then converted to the weighted signal by the inverse-log converter 216.

35 The log converter 210 and inverse-log converter 216 can be
implemented using any of the converters described in the co-pending U.S.
patent applications of above-identified Related Applications Nos. 1-4.
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10 circuit 222, a second switch 224, a second memory circuit 226, a subtractor
228, and an adder 221. The first memory 222 stores first pre-computed
values that are based on an imaginary weight. The second memory 226
stores second pre-computed values that are based on a real weight. The
purpose of the computing unit is to multiply these two complex numbers.
15 The first memory 222 stores the pre-computed values I and Q for the
' imaginary weight, while the second memory 226 stores the pre-computed
values I and Q for the real weight. It will be apparent to one of ordinary
skill in the art that using 3-bit words to represent the complex
components and weights would require each memory to store eight 6-bit
20 words. -

The first switch 220 provides a means for addressing the first
memory circuit using either the I or Q component to select one of the first
pre-computed values as the first memory circuit output. The second
switch 224 provides a means for addressing the second memory 226 using

25 either the I or Q component to select one of the second pre-computed values
as the second memory circuit output.

‘The subtractor 228 subtracts the first memory output from the
second memory output to generate the weighted in-phase component that
is then included in the weighted signal. The adder 221 sums the first

30 memory output and the second memory output to generate the weighted
quadrature component that is also included in the weighted signal.

In one embodiment of the computing unit, the subtractor 228
includes an adder capable of summing 2s-complement numbers. The pre-
computed values are either stored in the memory as 2s-complement

35 values or additional logic circuitry is placed in the computing unit to
convert the pre-computed values to their respective 2s-complement values.
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or the antenna required to sum N inputs. Regarding the example shown in FIG. 13, eight
input signals can be received simultaneously, thus, seven adders are
required in the adder tree 230. If one wishes to sum a greater number of
15 input signals, more adders are required. For instance, in order to sum 128
input signals, the adder tree would require 127 adders. The adder tree
230 has advantage because it presents less of a delay in providing output
sums.

FIG. 14 shows a block diagram representing a second embodiment

20 of a summing processor that is usable in the digital beam former of FIG. 9.
This summing processor embodiment includes a plurality of summers
240-248, a plurality of delay circuits 250-254, and a ripple adder 256.
Although this summing processor topology may require more time to
generate a final sum than a comparable adder tree, it requires less area

25 when implemented in an integrated circuit.

Each of the summers 240-248 sums weighted signals from a group
of com';iutin}'; units residing in a same row to produce a weighted sum
signal. A summer can 1nc1ude any means for summing weighted signals,
such as an adder treg or an accumulator that sequentially adds inputs.

30 The delay circuits 250-254 produce delayed signals by buffering the
weighted sum signals for a predetermined time. Generally, the weighted
signals are produced at the summer outputs at approximately the same
time. In order to correctly sum the weighted signals, it is necessary to
delay weighted signals that are generated in the downstream portion of a

35 processor row. The delay time is a function of the location of the group of
computing units within the processor columns.
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15 290. For each processor row, the weighted signals are respectively
summed by one of the summing processors 292-296 to generate an output
signal.

The log converter 270 and inverse-log converter 290 can be

s are then converted to weighted signals by the inverse-log converter

implemented using any of the converters described in the co-pending U.S.

20 patent applications identified above. Although the approach is described
in the I and Q domain, similar techmques are equally applicable to the
polar domain.

The foregoing description of the specific embodiments will so

fully reveal the general nature of the invention that others can, by

25 applying current knowledge, readily modify and/or adapt for various
applications such specific embodiments without departing from the
generic concept, and therefore such adaptations and modifications
should and are intended to be comprehended within the meaning and
range of equivalents of the disclosed embodiments. '

30 It is to be understood that the phraseology or terminology
employed herein is for the purpose of description and not of
limitation. Accordingly, the invention is intended to embrace all such
alternatives, modifications, equivalents and variations as fall within
the spirit and broad scope of the appended claims.

35
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' steerable antenna beams, said method comprising the steps of:

receiving communication signals from said communication station

(‘)

within one of said steerable antenna beams; and
adjusting said coefficients to improve a signal quality of received
15 communication signals. '

2. A method as claimed in claim 1 wherein:
the receiving communication signals step further comprises the step
of converting said communication signals received by each of said radiating
20 elements to digital I and Q signals; and .
using said coefficients to convert each of said digital I and Q signals
to antenna beam digital signals, each antenna beam digital signal
representing one steerable antenna beam.

25 3. A method as claimed in claim 2 further comprising the steps of:
prior to the receiving.communication signals step, the step of
receiving a fequest for a communication channel by said communication
station; _
in response to the request, determmmg a direction of said
30 communication station; and
forming said one steerable antenna beam in said direction of said
communication station by generating said coefficients.

4. A method as claimed in claim 3 wherein the determining the
35 direction step comprises the step of determining an direction of arrival of
signals from said communication station.
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7. A method as claimed in claim 2 further comprising the steps of:
“transmitting communication signals to said communication station;
20 receiving, from said communication station, a link quality indicator
(LQI) indicating a signal quality of said transmitted communication
signals received by said communication station; and
adjusting said coefficients based on said LQI to improve signal
quality of subsequent transmitted communication signals.
25 |
8. A method of communicating with a subscriber unit using an array
antenna adté.pi;ed for use with a digital beam former (DBF), said array
antenna having a plurality of radiating elements for providing a plurality
of steerable antenna be/ams within an antenna footprmt on earth's surface,
30 said DBF providing t{)r each radiating element, coefficients for controlling
characteristics of said steerable antenna beams, said method comprising
the steps of:
transmitting communication signals to said subscriber unit within
one of said steerable antenna beams;
35 receiving a link-quality indicator (LQI) from said subscriber unit
indicating a quality of said communication signals received by said
subscriber unit; and
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| ocati on of eX|st|n users. is known. If the signal receiv dis not from
an exi stingduser, a-s metherd as claimed inrelaim 8 fusther eamprisingthestgng of

source. Those fzafad§ﬁsdﬂ1 sRid &fféientd hs a'RIAE direbtioh bww&@ﬁ s@is ways may
be used to determn i on source. Those

vays may incl Lﬂébsgﬁﬁaeym SR el aravanianir dBendene e of o arrival,

frequency of arrival, etc. Alternatively, if the signal source is a
user requesting Sysi@.mAaﬁ%?ﬁéd al Dlindd0RAANE"D At Her BmPYiS e he steps of:
10 determining a direction of said subscriber unit relative to said array
antenna;
adjusting said coefficients to provide said steerable antenna beam
in a direction of said subscriber unit;
_ providing a receive antenna beam in the direction of said subscriber
15 wunit; and
readjusting said coefficients to improve signals recelved from said
subscriber unit in said receive antenna beam.

This Sheet Has Been Rep

T



geographi ¢ coordinates on its system access request signal. 15 Once

the location of thensignal. saurce is determned task 110 det er m nes
whet her or not the pTHISASSHEET HASIBEENf eri ng signal . | n ot helThis Sheetins B&en Replaced

task 110 determnesyif tIREPSAQFR! source will interfere with

of the spectrum assrgmed—to-tire—satet| i t € %}srem or alternatj D"
the interfering signal is a comrunication channel currently in

20 subscriber unit comrunicating with the satellite. If task 110 determ nes
that the signal source is not an interfering signal and that the signal
source is a request for a new channel, task 112 assigns an antenna beam

to that user. TaskMEBTHOD AND INTELILIGENTDIGIVAINBEAMEEORMINGt

procedures which are no i ! t Lnvention. 25

In the preferred emodiwmlwgqmﬁﬁM?ﬁichi ve and

transnit DBB controllers 36 and 48COMMUNLCATEIONSr opriate i nformation

to beam control nodul es 34 and 42. Beam control nodul es 34 and

42 cause receive and transmt DBF network_ 32 and 40 to ner at e
afbstragt ofthe-Bisclosure

i ndi vi dual receive and transmt t aht 1 cted to that
subscri ber unit at that subscriber units geographic | ocati on. Tasks

114 and 116 preferally. .repeatedl. dj ust, t he . . transnit.and receive
coefficients to hel M@i@snﬁﬁw@%a& eh@iullyonjun 08B from t he
subscri ber 10ni tatellite based array antennpa €26) prvidesa plurrlity aif dylmanpicaHgnt
i nvention the LREr [ ' Lk sauall ty: 4 ndi cat )
t hat i ndi cat esﬁ#’xﬁ%ﬁﬂ%ﬁ% ﬁgﬁ%kﬁ}e&%&?ﬁﬂ&@&%@ed. g grlé#w%gqgg s_%)rrl vgitlaﬂrgsuni t
provi des that bnrﬂa}'aUasuréce.nﬂ‘beelocatmpof a subsdriber amit (9Qaequesting nk
quality indi capQindniRdfibH¥epHicky i #&teimiNedPRRd an individual antenna beams is
formed and assigned to the subscriber unit. The antenna beam tracks the
15 subscriber units as the satellite and/or the subscriber unit moves. The

digital beam forming coefficients are dynamically adjusted and controlled
to help maximize the signal quality of communications with the subscriber
units.

20 FIG. 1 accompanies this abstract.



- 17 - controller 36 and transmt DBF controller 48 causin

g transm t
beam control nodule 42 to adjust DBF control coeffietrents—to—help
optim ze the transptted antenna beamto the subscriher_unit.

Wien task 110 (efHi8 BHEET HAWBEENE Signal source is an in ee ePlaced
signal, for ex nple RE pystemuser, t z 118 and task

and adjust t he cients gﬁ glded to recei

32 to help reduce or mninmze interference fromthe interring S|gnal In
one enbodi mrent of the present invention, task 118 places a "null" in

t he antenna pattern in the dir&ction oh-the inferfering signal. In the
preferred 10 enbodi nent tasks 118§ ted until the
interference is bel ow a prege erm@RQSSIyENK Inftask 122, the
interfering signal is cont ifu and tracked as either the
satellite noves or the interfée When task

I s fan eX|st|ng 15 user, task 124
enbodi nents of the

104 has determ ned that the signal sourcd
determ nes when a hand-off is required. Xl|n sqg

present invention the subscriber unit F-ouest handx offs while in
ot her enbodineq;zggt‘fﬁe—presenr—Tnvent|-n tyhe sydt et erm nes Eﬂen
a hand-off is n jary. pPreteyablly, ha ofTSjare d med b n
signal quality. Iﬁzcenuua., Eﬁ1anCTUff* by g quUEStET |20 e usag,isﬂﬁear
t he edge of thg amenng’pattul f oot R-hﬁz& $n or gdxcimtsy o zpneN
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In one preferred enbodi nent of the present invention, antenna beans are

I ndi vidually provided to the subscriber unit and the individual ant enna
beam tracks the |l ocation of the subscriber unit. Accordingly, 25 hand-offs
are only between satellites and necessary at the edge of the satellite
footprint. Wien a hand-off is necessary, Zﬁzk 112 i s executed whi ch

g Ilite to the user. If a

hand-off is not require ask 128 is executed. In task 128, in-band

assi gns a new ant enna be§n1fron1another
interference is nonitoredtalong with received power level and link quality

30 netrics. In task 132, the receive and transmts DBF
coefficients are adjdsted to help maintain an inproved or maxi num
signal quality, to help reduce or mnimze in-band interference and to
hel p maxi m ze receive power level. During this "tracking" node,
addirtional interfering dzgnals 35 130 may cause a degradation in signal
quality. Accordingly, t 132 dynam cal ly readjusts the DBF
coefficients toghel p maipyai n si‘gnal gquality. In one enbodi nent of
present inventi®h link quality indicators
- 18 - rué3;lape—paedeed-by-cennunHcation term nals or subscrib
units. JAccor di ngl p==ttre=gonbi nati o of tasks 128 t hrough 132 prow de
for tracking ©0_. Q I
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of the subscriber unit as the relative | ocation between the subscriber unit
and the satellite change. Task 134 determ nes when a hand-off is 5
required. If a hand-off is not required the subscriber unit remains in the
tracki ng node. Wen the hand-off is required task 136 will execute a
hand-off to the next satellite. In one eanﬂgppnt of the present invention

the next satellite is notified that a hand isrequired and it is

provi ded t he geographic |ocation of the subi“”T unit. Accordingly,
the next 10 satellite can assign and genﬁz e Ap~ant enna beam specifically
for that subscri ber unit before being ..“ fromits present

satellite. Once the subscri ber unit Jdd of f to the next

satellite, task 138 adds the avai | abl*e a Eﬁ'a.bean1to its resource
pool, allow ng that antenna beam to beCava Q’ to be assigned to

anot her subscriber unit. 15 FIG 8 is a ftewchart illustrating a
procedure for providing antenna beans td dphi c regions in response
to demand for communi cation serV|ces{/P 200, al though shown in
a top down sequential flow'is meant ~ /I Jt/rate the steps perforned
by digital beam performer 10 of E Many,of\the tasks and steps
shown are preferably perforned ing%Q/yparaIVel d Arocedure 200 is
desirably perfornmed for many subsefi ber ’units concurrently. Those of
skill inthe art are able to wife softmarZ for ! ecei ve DBF controllers

36 and transmt DBF controll ey 48 to execufe the ! .Y asks of procedure
200. The tasks of procedure Z00 are prefer@ably pehforned on a conti nual
basis by receive and transsfit DBF controlllers 36 2 and 48. Al though
procedure 200 is describé€d for comunication betwean a satellite and a
ground based subscrgggfpunlt procedure 100 is appl cab| e to any
conmmuni cation stati i ncludi ng rel ay stfations and co ni cation
termnals. g0 7 In task 202 the de nd for co nﬂcatlon services is
nmoni t or ed ///



3 0wthinthe satellite footprint region. In the preferred enbodi nent, one
antenna beamis used to nonitor the demand throughout the entire

footprint. In task 204 the | ocation of high demand and | ow denand
geographic regions are determ ned. Task 204 can be acconplished in any
number off ways. For exanple, each subscriéiégunit comuni cating with 35

the system has a geographic | ocation assotrated therewith. Furthernore,
each subscriber unit requesting access to the system may provide the
system wi th geographic |ocation data. Once the geographic |ocations of

- 19 - hi gh demand and | ow demand areas are determ ned, task 206
causes the DBF beam control nodules to provide | ess antenna beans in

| ow demand areas and provi de nore antenna beans in high denand areas.

I n one enbodi mrent of the present invention, each antenna beam provi des

a 5 Ilimted anobunt of conmunication capacity.
5, lower denmand areas are provided with antenn
| arger coverage region than antenna be®@ bei
areas. For exanple, antenna beam 74 of
region that currently has a | ow demand
Al ternatively, antenna beans 80 have

Referring to FIG
beans having a much
provi ded to hi gh demand
covers a |l arge geographic
conmuni cati on services.

FI1IG. 4
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smal I'er geogra phic coverage regions and provi de nore conmmuni cation
capacity for a region that currently has a high demand for communi cation
services. In another enmbodi nent of the present invention tasks 206 and
208 adjust the shape of the antenna beans based on the demand for 15
communi cation services. For exanple, inr ence to FIG 5, antenna
beans 74 are | ong narrow beans forned tog& i de better area coverage

for conmuni cation services. For exanple, coastal regions are provided
narrow beans to reduce comruni cati on capacity over the ocean where
significantly | ess conmmunication capacity is required. In this enbodi nent,
2 0 antenna beans 74 are preferably shaped dynamcally in response to

demand for conmuni cati on services. As the demand for
conmmruni cati on services chapges, antenna beans 70 are dynam cally
provi ded in response. For e e, FIG 5 shows a continental view of
the United States co icafli ervicesQAs the day 25 begins, antenna
beans are initially provi t e t Coast of the United States.
As the day progresses, the an e t sition across the country
as the time of day changes i esp t nd for ¢  conmuni cation
services. In the case of a nwtural defand for
comuni cati on services nay be rt\i oNeae; jcate nt enn 0
beanms nmay be provided. A satellRte\cont fatwl i ma re sa Nite' s
digital beamfornmer 10 to alloca bea r .| ner al , enna
beans 70 preferably are provi ns&lt o «t he gi ng ng/ of
conmruni cation services wthgut the si st era FI G
9 shows a bl ock di agram of/the digNal be ndng 35 to an '
enbodi nent of the present/invghToon eam|f ot meL a
plurality of conputing ufits %CU s -1 and pl urgflidy oN summ ng
processors 180 - 184. THe i nits 0-{17 agpr oceysor
R
—
S
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70
5
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- 20- array. Each columm in the processor array receives a
corresponding digital signal. Upon receiving a digital signal, each
conputing unit independently weights the signal to generate a wei ghted
signal. The sunm ng processors 180 - 184 provide a nmeans for sunmm ng

wei ghted signals generated by a respectixngOM/to produce out puts.
Essentially, each output signal represen wei ghted sum The architecture
of the digital beamforner lends itself to high-speed, parallel conputation
of discrete Fourier trangpous 82 g

representing a first enbo | B4
beam fornmer of FIG 9. The conpu
menory circuit 192. The conputin
by multiplying it by a pre-conpute
circuit 192. The output of the
si gnal . The nmenory circuit 19 2
whose contents is up-datable by the d|g|

(FIG 1), such as a ROM (read e B
DE ERMINE LOCATION
OF SIGNAL SOURCE

3. i g
|ncludes a nultlﬁRQMﬂFIﬁ907and a
gt s an incom ng digital signa

presents the wer ght ed
any neans for st g val ues
beaiﬂ&:ont r ol Ofo S 34, 42

L'Aﬁ»féLECGi-" ARRIVAL'|S
<«<— GEO COORDINATES
10 109

D

INTERFERING
SIGNAL ?

2 124
ASSIGN ANTENNA HANDOFF ~~_NO'
BEAM TO NEW USER[< REQl?JEST
o 126
CALCULATE/ADJUST

: FEEDBACK FROM
—>| TRANSMIT/RECETVE f«—
DBF COEFFICIENTS | (SUBSCRIBER UNIT

116

LINK QUALITY
OPTIMIZED

118
)  J

CALCULATE/ADJUST
—> TRANSMIT/RECEIVE
DBF COEFFICIENTS

120 | | @

INTERFERENCE TO FIG. 7
MINIMIZED
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programmuabl e read only nenory), DRAM (dynam c random access nenory), or
SRAM (static random access nenory). FIG 11 shows a bl ock diagram
representing a second enbodi nrent of a conputing unit usable in the digital
beam former of FIG 9. In this enbodi nent of the conputing unit, an

I ncom ng signal is weighted using |logarithm c nunber system (LNS)
arithmetic. LNS-based arithnetic provi d&dQadvant age because multiplication
operations can be a% I ﬁ‘ﬂe with adders instead of multipliers. Digital
adder circuits tend cH smaller than conparable nmultiplier circuits,
thus, the size the bea rmng processor arrgggcan be reduced by

i ncorporating LNS-based donputiggg units. ‘{fhe LNS-based conputing unit
includes a log converter y210, ary adder 212, pgCEEIYEY qircuit 214, and an

i nverse-1og |( 6 Fale ifJs first converted to
feR;f h@ L U 3' :on\?@gimqre adder 212 then suns
I fr it 214 to

Its respecti
ry cin

the log si aI aju
R m.‘ﬁEr ed_to the weighted signal by the

hver s 1 4o B Be LI INK | TLINK QUALITY INDICATORS] - 2
-f Fi i O\AMEJR;ICOCk d ﬁ'4r apkoﬂ)rgggg@m@:!:%mfg§qxodi nment
0

J, 1.{2

ADJUST

TRANSMIT/RECEIVE 7.
COEFFICIENTS | - 4 7

134

HANDOFF
REQUIRED

.1.);6
HANDOFF TO
NEXT SATTELITE
v
ADD BEAM
138 TO RESOURCE
POOL
| !
(B) - "MONITOR DEMAND FOR
70 FIG. 6 202-| COMMUNICATION SERVICES
) WITHIN FOOTPRINT REGION
y

DETERMINE LOCATION
2041 OF HIGH DEMAND AND
LOW DEMAND AREAS

'

ADJUST DBF COEFFICIENTS
2061 TO PROVIDE LESS ANTENNA
BEAMS IN LOW DEMAND AREAS

FI1G. 8 !

ADJUST DBF COEFFICIENTS TO
208-1PROVIDE MORE ANTENNA BEAMS
IN HIGH DEMAND AREAS

'




a conputing unit usable in the digital beamfornmer of FIG 9. This
enbodi nent of the conputing unit is intended to wei ght conpl ex signals.
| i many applications, the | and Q conponents of the conplex digital 5
signals are represented by a pair of 3-bit words. Although it is not

limted to small word | engths, the cg&ﬁing unit of FIG 12 provides
advantage in such applications becau requires | ess power and space
when i npl enented using an integrated circuit. The conputi ng
unit includes a first switch 220, a first nenory 10 circuit 222, a second
switch 224, a second nenory circuit 226, a subtractor 228, and an adder
221. The first menory 222 stores first pre-conputed val ues that are
based on an imagi nary wei ght. The second nenory 226 stores second
pre-conput ed val ues that are based on a real weight. The pur pose of the

conputing unit is to nultiply these two conpl ex nunbers. 15 The first
menory 222 stores the ﬂre-eﬁﬁﬁube +gfBgi nary
wei ght, while the segcoNd nenory 226

the p val ues |

and Qfor the real weight] It will b rent tp onejof ordinary ski |
in the art that using 3-bjt words to regrpsent the co | ex conponent s
and wei ghts woul d rehuige] each menmory tQ ftore efghE §-bit 20 words.
The first switch Zéﬁ vl des & fegnp 5 |addr hi he first menory
circuit using eith|the J or Q coﬁpané}t to s& gct” ope of the first
pre-conputed values ps the first nmenpry cjrcuit putpufj. The second

menory 226 using 25

Leannnggted val ues
ctor 2 subtracts

switch 224 provides a feans for addre€s3yrng the s
either the | or Q conp -o..seLeu_ﬁ
as the second nenory _cwyrcuit |out put.

the first menory output om|t he sesohd rfenofy oujput] to generate the
wei ght ed i n-phase co ht tjhat L 1F
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is then included in the weighted signal. The adder 221 suns the first 30
menory out put and the second nenory output to generate the wei ghted
guadr ature conponent that is also included in the weighted signal.

I n one enbodi nent of the conputing unit, the subtractor 228 i ncl udes an
- adder capabl e of sunm ng 2s-conpl enent ngggéjs. The pre- conput ed

val ues are either stored in the nenory a fconpl enent 35 val ues or

additional logic circuitry is placed in the conputing unit to convert

the pre-conputed values to their respective 2s-conpl enent val ues.

- 22 - Preferably, the subtractor 228 |ncI des an adder havi ng

a carry i nput set to one and inverters to for onpl enment val ue

of the second nmenory out put. The adder effecti

2s- conpl enent val ue of the second nenory2d0en LMg the carry

input and the is- 5 conpl enent val ue. a bl ock

di agram representijng a first enmbodi ment of a protessor that is
tal beam fornmer of FIG 9. This_garticul ar enbodi nent

usable in the digi

of the conpr pdder tree 230. The adde g 0 i ncl udes adders
whi ch are cmtx fashi on 10 whél?

i nput signals toNgg#summed concur ently.

~192 | LoG 1 . k214
2161 CONVERTER :

'
FIG. 10 FIG. 117

2281—| ~+ |~ 221
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FIRST SECOND

222 MEMORY | | MEMORY ~226
CIRCUIT] |CIRCUIT
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When “usi ng the adder tree topol ogy depicted by FIG 13, N1 adders are
reguired to sum N i nputs. Regarding the exanple shown in FIG 13, eight

i Nput signals can be received sinultaneously, thus, seven adders are
required in the adder tree 230. If one wishes to suma greater nunber of 15
i nput signals, nore adders are required 52{ i nstance, in order to sum 128
i nput signals, the adder tree would requl (127 adders. The adder tree

230 has advant age because it presents |less of a delay in providing output

Sumns. FIG 14 shows a bl ock diagramrepresenting a second
enbodi mrent 20 of a summing processor that is usable in the digital beam
former of FIG 9. Thi s summ ng processor enbodi nent includes a
plurality of summers 240- 248, a plurality of delay circuits 250-254,

and a ripple adder 256. Although this sunnlng processor

require nore time to
it requires less are@

Each of the summrers.
conmputing units resigding
signal. A sumer cay i&El 1y, means éo
such as an adder t% AN accumsgaf o
The del ay circuit§§? egy efl sig s by bufferh@g t he
wei ght ed sum si gnal s} f or ime. Genera Iy, thE%Welghted
signals are produced. at S puts at apprQX| ely g sa
time. In order to corr 1 ; g§ to
del ay wei ghted sign strear1 Mtion of a 35
processor row. The e | ofatifor g? t he group of
conputing units wit T
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-23 - ‘ The rippl e adder 256 includes two or nore adde?‘ﬁ@géﬂitﬂ
cascaded together in order to sumthe del ayed signals and first two [ppd Ll
wei ght ed suns. The out put of the ripple adder 256 represents the total

sum of all- wei ghted signals in a given processor row. 5 FIG 15
shows a bl ock diagram of a digital beamfo r that is in accor dance
with a second enbodi nent of the present invention. This enbodi nent of

t he beam former include a I o conv r . ., scomputing
units 272-288, arfR Pxed gﬁé Qﬁﬁ&éﬁﬁﬁ?@??? dgital
sunmmi ng pr Ofb@aﬁpfdi'n%iﬁsﬂiﬁd tilihhrxmmnallyrcgntml the andplitadefandphadeof

|
O onals . engiof EBE SRR Phebfony 0 MR aRUMic e HRleSRRLERBEL 00 OD 4
receives a Chareoterwmsmf the Heagnsssughaas popsing directiomgf §£¢ mpinihpsan, each

t
e gggl ! “ghglf,'ointmg dﬂe@ﬁBﬁ’b?%%ydftﬁE'oﬂﬂéxsbézﬂﬁs Sﬂmnevgldt@g%glégggegsu;n e

en convert ed tﬁg ng
i nver se-1 og m%lwmreﬁt@es forgperpuye iEragnlarities and othgtc %‘Wé’t%? Fﬁ@ﬁt gnal s
are respect ihéging are all sontrellelthesegtothd ise dyaig alj iRt eEMR0F tB@beaﬁﬁ to

Ve se- 1 og cobisiante: Sned HERbilisy is not pogriblin abRioB BRASRRFERY (o
converters degpdemeatationshe co-pending U. S.
FIG. 1 shows a block diagram of satellite receiver and transmitter
portions incorporating a digital beam former in accordance with a
preferred embodiment of the present invention. Digital beam former 10

includes a receive digital beam forming (DBF) network 32, receive beam
control module 34, receive DBF controller 36, transmit DBF network 40,
transmit beam control module 42 and transmit DBF controller 48. The
receiver portions include receive portion of array-antenna 20, one or more
receiver modules 26, and one or more analog-to-digital (A/D) converters 28.

Beam former 10 implements beams steering and control functions
necessary to form antenna beams with the desired characteristics. The
digital outputs that beam former 10 provides to each beam channelizer 35
are preferably equivalent to the output of a single antenna beam. These
digital outputs are routed through the packet switching elements to either
appropriate cross-link or down-link communication paths. In the case of
down-links the process is reversed.

The transmit digital beam forming network 40 applies the
appropriate beam steering and beam control vectors to each of these
signals forming down-link beams with the prescribed characteristics.
These baseband signals are converted back to analog signals and
translated to down-link frequencies. Power amplifiers preferably drive
each of the individual array elements. The transmitter portion includes
one or more digital-to-analog (D/A) converters 44, one or more transmitter

modules 46, and transmit portion of array-antenna 20.

The array-antenna 20 includes elements 22 preferably arranged in a two-
dimensional array, however other array configurations are suitable.
Received radio frequency (RF) signals are detected and digitized at the
element level. In the absence of fadmg, the received signals have generally
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“20 patent applications identified above. Although the approach is

descri.bed in the | and Q domain, simlar techniques are equally
applicable to the pol ar domai n. The foregoing description of
the specific enbodinents will so fully reveal the general nature of the
invention that others can, by 25 applyinggcurrent know edge, readily

modi fy and/or adapt for various appllcatlons such specific enbodi nents
wi t hout departing fromthe genericconcept, and therefore such

adapt a';]' 035 and gmdyf Mh' ddN$mn in th% fiﬁHéé%s@f‘Qrﬁ'&Q‘ebéﬁz@é‘ ﬁl%ﬁnte% Bfﬁd.ltnh
g?gg{gsgg gﬂﬁﬁ%&ﬁﬁﬂ%@ ?égﬁﬁakgg”Pgaﬂggyﬁl%éggﬁdﬁwyﬁgUIva en%;ﬁg phr:seology
or term nolm@ypendexﬂﬂpmyglqtshﬁe&lgnalaofg@nerm Pwioigisted aigmkds CFheot i on and
01 such s etPessre A0 " nebuile £ G IPe bmeiind WEfeti o ac”
fal | w thi rsignalstgemesaied by ardspeobive mmotmpm‘duca oudppesn désbenitiallys. 35
-24 - each output signal represents a weighted sum. The architecture of the

digital beam former lends itself to high-speed, parallel computation of

discrete Fourier transforms.

FIG. 10 shows a block diagram representing a first embodiment of a
computing unit usable in the digital beam former of FIG. 9. The
computing unit includes a multiplier 190 and a memory circuit 192. The
computing unit weights an incoming digital signal by multiplying it by a
pre-computed weight value stored in the memory circuit 192. The output
of the multiplier 190 represents the weighted signal.

The memory circuit 192 can be any means for storing values whose
contents is up-datable by the digital beam control modules 34, 42 (FIG. 1),
such as a ROM (read only memory), EEPROM (electrically erasable
programmable read only memory), DRAM (dynamic random access
memory), or SRAM (static random access memory).

FIG. 11 shows a block diagram representing a second embodiment
of a computing unit usable in the digital beam former of FIG. 9. In this
embodiment of the computing unit, an incoming signal is weighted using
logarithmic number system (LNS) arithmetic. LNS-based arithmetic
provides advantage because multiplication operations can be
accomplished with adders instead of multipliers. Digital adder circuits
tend to be much smaller than comparable multiplier circuits, thus, the
size the beam forming processor array can be reduced by incorporating
LNS-based computing units. '

The LNS-based computing unit includes a log converter 210, an
adder 212, a memory circuit 214, and an inverse-log (log-1) converter 216.
An incoming signal is first converted to its respective log signal by the log
converter 210. The adder 212 then sums the log signal and a logged
weight value from the memory circuit 214 to produce a sum. The sum is
then converted to the weighted signal by the inverse-log converter 216.
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-CLAIMB 5 1. A nethod of communicating data with a ground based
conmmuni cation station using an array antenna onboard a non-geostationary
satellite and having a digital beamformer (DBF), said array antenna havi ng
a plurality of radiating elenents for providing steg
wi thin an antenna footprint region, said DBF provi dijrigi$ SHEERHHAS BEEN i ng
10 elenent, beamformng coefficients for controllijng cham_cx(}fu stic$ of
sai d steerabl e antenna beans, said neth@d-conpristrmg—the—steps—of:
receiving a signal fromsaid conmunication station w thiraA—a receive
one of said steerable antenna beans; determ

direction of said commnication station usthéIMS sal d SI ‘mﬂlﬂ““ﬂmﬂ“ﬂ“ |“l
generating digital beamfornmng coefficients to pro

of said steerable enna heans_in said | ocation d| rectlon of said

communi cat i%n st at i $yRat is claimed is transmitting data fromsaid satellite to
said communi cati on statlon 20 within said one transmt steerable antenna

beam trac sajd.l ocation diregtion,.of said ni cati on
otallon as said Lol Bed O catEhldRabhE S Ml h S04 Lo o ve
to each ot her; communication sdmpm tusing ani atrbjeamtém'tarmnbommieafnm—e nts

associ ated wi t I S t he
tracking step go&%ngl(rr)l %&f}éﬁs’céll eand%ﬁﬁgg &ig#! Bg?ﬁleram e (antﬁhﬁﬁazﬁgﬁl
the | ocatikh danieanadringsnplirality of sadiatingaelemends foy providing steerable

further adj ust jR@nsal Eteali’ﬁ@%ﬁlﬁh”&lﬁlgn@&ﬁ{ef feotphing régﬁﬂﬁ 'sﬁi&‘!bB/F plovidng
transmt steerable %nte na be mt0|r£p easugaf %u 1y
or each radiating element, b orming coefficients fo controlhng
characteristics of said steerable antenna beams, said method comprising
the steps of:

15 receiving a signal from said communication station within a

receive one of said steerable antenna beams;
determining a location direction of said communication station
using said signal;
_ generating digital beam forming coefficients to provide a transmit
20 one of said steerable antenna beams in said location direction of said
communication station;
transmitting data from said satellite to said communication station
within said one transmit steerable antenna beam;
tracking said location direction of said communication station as
25 said satellite and said communication station move relative to each
other;
adjusting said beam forming coefficients associated with one
transmit steerable antenna beam in response to the tracking step to
maintain said one transmit steerable antenna beam in the location
30 direction of said communication station;
further adjusting said beam forming coefficients associated with
one transmit steerable antenna beam to improve a signal quality of
communication signal received at said communication station, said
communication signals including said data.
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.conmuni cation signal received at said communication statief—said 30

communi cation signals including said data;
- 24A- dynami cally controlling a null in an ant ﬂﬂ‘ﬂ%t‘l‘m““(ﬂ “l
t he non- geostationary satellite to mnimze |nterfe rovex
the signal 5 quality of said comrunication signal received at said
conmuni cati on station;. and nonitoring a field of view of
t he non-geostationary satellite with said -25DBF for synergistic and
non-synergi stic signals to determne a direction of said null. 10
2. A method as claimed in claim 1 wherein:
the receiving a signal step further comprises the step of converting
5 portions of said signal received by each of said radiating elements to
digital I and Q signals; and
using said digital I and Q signals to determine said location
direction.

10 3. A method as claimed in claim 1 wherein the receiving a signal
step includes the step of receiving a request for a communication channel
by said communication station, the communication channel comprising
said one transmit steerable antenna beam,

and wherein the step of determining a location direction of said
15 communication station is performed in response to said request, and
wherein the providing step includes the step of generating said
beam forming coefficients associated with one transmit steerable antenna
beam.

20 4. A method as claimed in claim 3 wherein the determining the
location direction step comprises the step of determininga direction of
arrival of said signal from said communication station.

5. A method as claimed in claim 2 further comprising the steps of
25  adjusting beam forming coefficients associated with said receive one of
said steerable antenna beams to provide a broad receive antenna beam to
receive signals from substantially all of said antenna footprint region;
and
wherein the step of receiving said request further comprises the
30 step of receiving said request within said broad antenna beam, said
broad antenna beam being said receive one of said steerable antenna
" beams;
and wherein the method further comprises. the step of providing a
narrow receive antenna beam in said location direction of said
35 communication station to receive data from said communication station.
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6. A method as claimed in claim 5 wherein the tracking step

~ further comprises the step of:

tracking said direction of said communication station by receiving
communication signals within said narrow receive antenna beam,

and wherein the adjusting step comprises the step of re-adjusting
said beam forming coefficients associated with said one transmit steerable
antenna beam and said narrow receive antenna beam to maintain
communication of said data.

7. A method as claimed in claimé further comprising the step of:

receiving within said receive one of said steerable antenna beams,
from said communication station, a link quality indicator (LQI)
indicating a signal

quality of communication signalstransmitted to said
communication station during the transmitting step, and

wherein the further adjusting step ‘includes the step of further
adjusting said beam forming coefficients associated with said transmit
steerable antenna beam based on said LQI to improve signal quality of
subsequent transmitted communication signals.

8. A method of communicating with a subscriber unit using an
array antenna adapted for use with a digital beam former (DBF), said
array antenna having a plurality of radiating elements for providing a
plurality of steerable antenna beams within an antenna footprint on
earth’s surface, said DBF providing for each radiating element,
coefficients for controlling characteristics of said steerable antenna beams,
said method comprising the steps of:

receiving communication signals from said subscriber unit within
one of said steerable antenna beams;

determining a location dlrectlon of said subscriber unit using said
received signals;

generating digital beam forming coefficients to provide a transmit
one of said steerable antenna beams in said location direction of said
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2. Anethod as clainmed in claim1l wherein: '

Sional received by cad INMITRUMIANRIR 7 <"orer: s

- RgpLchm and Q

signals; and - "using shiddi'gital | and Qs o~det er m ne
said | ocation direction. 10 3. Anethod as claimed in claiml
wherein the receiving a signal step inel2fdes the step of receiving a
request for a comruni cati on channel by said connynlcatlonbftatlon, t he
conmmuni cation channel conprisin sai d one transmt steerable antenna
beam an&rapsE ga tq sgpidosubseriberunitnyithin seid one thnseoiti on
of said steerable antenna beam;

5 tracking said location direction of said subscriber unit as said

subscriber unit moves relative to earth's surface;

adjusting said digital beam forming coefficients associated with
one transmit steerable antenna beam in response to the tracking step to
maintain said one transmit steerable antenna beam in the location

10  direction of said subscriber unit; and

receiving a link-quality indicator (LQI) from said subscriber unit
indicating a quality of said communication signals received by said
subscriber unit.

15 9. A method as claimed in claim 8 further comprising the steps of: |
readjusting said coefficients as a relative direction between said
subscriber unit and said array antenna changes; and
based on said LQI, further adjusting said beam forming coefficients
associated with one transmit steerable antenna beam to improve a signal
20  quality of communication signal received at said subscriber unit.

10. A method as claimed in claim 9 further comprising the steps
of:
providing a receive antenna beam in the direction of said
25  subscriber unit; and
' readjusting digital beam forming coefficients associated with said
receive antenna beam to improve quality of signals received from said
subscriber unit in said receive antenna beam.

30 ——— e e+ i
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15 ~comuni cation station is perforned:in: response to said request, and
wher ei.n the providing step includes t he step. of generating said beam
form ng coefficients associated with one transmt steerable antenna

beam 20 4. A nethod as clainmed in claim3 wherein the determ ning
t he | ocation direction step conprises the step of determ ninga
direction of arrival of said signal fromsaid conmunication station.

5. Anethod as clainmed in claim2 further28onprising the steps of 25

adj usting beam formng coefficients associated with said receive one of

sai d steerable an a ceive antenna beamto
regei ve signal va];l ﬁ%&%i@%&fgﬁgﬁ&ﬁ}%%w le on;
an er ei nSEST WITH VEDSIGNATY er conprises
the 30 step of receiving said remmmﬁt‘ br oad ant enna beam said

broad antenna beam being said rec eerabl e antenna
beans; and wherein the nethod further conprises the step of

provi ding a narrow receive apLenng p il 18@151% | ocation direction of
said 35 conmunication station tmwe@g—%—m-sal d comuni cati on

station.

An intelligent digital beam former (10) in conjunction with a

10 satellite based array antenna (20) provides a plurality of dynamically

: controllable antenna beams (52) for communication with subscriber units
on earth's surface. The location of a subscriber unit (90) requesting
communication services is determined and an individual antenna beams is
formed and assigned to the subscriber unit. The antenna beam tracks the

15 subscriber units as the satellite and/or the subscriber unit moves. The
digital beam forming coefficients are dynamically adjusted and controlled
to help maximize the signal quality of communications with the subscriber
units.

20 FIG. | accompanies this abstract.
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-26 - ) 6. Anethod as clained in claim5 mhereln the tracking
step . further conprises the step of: 5 d direction
of said communication station by receiving comuri
Wi thin said narrow recei ve antenna beam
adjusting step conprises the step of Iﬁuydjusting
coefficients associated with said one tra

and said narrow recei ve antenna beamto maintain 10

i d
dat a. 7. A nethod as claimed in clainb further conpr|5| gt he
step of: recei ving e one O
ant enna beans, fromsaid

mon, a |ink quallty
quality of
ni cation station during

indicator (LQ) 15 indicat
conmmruni cati on signal strans
the transmitting step, and
I ncl udes the step of further adj
associated with said transmt 20 s

g said beam form ng coefficients
2ant enna beam based on said LQ

to inprove signal quality of subgequgnt tr ' on
si gnal s. 8. A nmethpd of catingfWwth agsubscriber gunit
usi ng an
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array ant g\n‘]a adapted for use with a digital ), sai dé’ﬂajé% {
array antenna having a plurality of radi atirl ﬁ“ ﬂ Hﬁﬁow ding a

plurality of steerable antenna beans within an &ntenna teotprint on
earth's surface, said DBF providing for each radiating el enent,
coefficients for controlling characteristics of said steerable antenna

beans, said nethod conprising the steps of: 30 recei vi ng
comuni cation signals fromsaid subscriber-24nrit within one of said
st eer abl e antenna beans; determning a | ocation direction of.
sai d subscriber unit using said recei ved signals;

generating digital beamformng coeffici eMAIMSD provide a transmit 35 one
of said steerable antenna beans in said |ocation direction of said
subscri ber unit; -27 -

transmittingd data tolsAimethodoficomenunicatingidata witha groynd baseds i ¢

steer abl e ant enggmbfaiitation station using an array antenna onboard a non-geostationary
satellite and having a digital beam former (DBF), said array antenna having
“a plurality of radiating elements for providing steerable antenna beams
within an antenna footprint region, said DBF providing for each radiating
10 element, beam forming coefficients for controlling characteristics of said
steerable antenna beams, said method comprising the steps of:
receiving a signal from said communication station within a receive -
one of said steerable antenna beams;
determining a location direction of said communication station using
15  said signal;
generating digital beam forming coefficients to provide a transmit
one of said steerable antenna beams in said location direction of said
communication station;
transmitting data from said satellite to said communication station
20  within said one transmit steerable antenna beam;
tracking said location direction of said communication station as said
satellite and said communication station move relative to each other;
adjusting said beam forming coefficients associated with one transmit
steerable antenna beam in response to the tracking step to maintain said one
25  transmit steerable antenna beam in the location direction of said
communication station;
further adjusting said beam formmg coefficients associated with one
transmit steerable antenna beam to improve a signal quality of
communication signal received at said communication station, said
30 communication signals including said data;
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5 ‘. tracking said location direction of said subscriber unit as sat—

subscriber unit noves relative to earth's surface; : “ 1 . .
said digital beam form ng coefficients associated with one "" Nﬁ "”@”“"l _
steerabl e antenna beamin response to the tracking step to ndintai R S&iUs /% "

one transmt steerabl e antenna beamin the location direction of said-
subscri ber unit; and 10 receiving a link-quality indicator (LQ)
fromsaid subscriber unit i ndi cati ng2dAqual ity of said conmunication
signals received by said subscri ber unit; dynami cal |y
controlling a null in an _antenna pattern i_o mnimze interference from
a moving source anddypprécally epnteplling@ny] insgh antenina pagtesn of E8 PR si gnal s

received by Saggoﬁﬂﬁéﬁéﬂybﬁielﬁfé fo m@diehize interference andl ikgproyBeh@bipinat and
non-synergi sti € sj.gn s.éjo det erm pe a{g?{aﬁ‘ectlo ..0f said null.

6. A mothoaduahiBf o st ComIRYRHen Fignal et i PRt Een 50 of
readj usti ng sasttionghhdci ents as a relative direction between said

subscri ber unit and I . AHA9ESh . ite WAL QN
said LQ, further aclﬁ% %Jg??r%qgé gg}eﬁggg{r}ﬁ%\f g?_m.ng. ng(?%%laté?réanrg Ssatelh.te a;ssg%ll‘a?lt ed
wi th one transHBF freynatgisticand non-syasrgistic sigpalste determying|a disectiofued i t y

of communi cati giygsh@nal received at said subscriber unit. 10.
A method aggclained in claim9 further conprising the steps of :
provi ding a receive antenna beamin the direction of said 30 subscri ber
uni t; and readjusting digital beamformng coefficients

associated with
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transmitting data to said subscriber unit within said one transmit
steerable antenna beam;
5 tracking said location direction of said subscriber unit as said

subscriber unit moves relative to earth’s surface;

adjusting said digital beam forming coefficients associated with one transmit
steerable antenna beam in response to the tracking step to maintain said one transmit
steerable antenna beam in the location direction of said subscriber unit; and

10 receiving a link-quality indicator (LQI) from said subscriber unit
indicating a quality of said communication signals received by said
subscriber unit; _

dynamically controlling a null in an antenna pattern to minimize
interference from a moving source and improve the quality of said

15 communication signals received by said subscriber unit; and

using synergistic and non-synergistic signals to determine a direction
of said null.

9. A method as claimed in claim 8 further comprising the steps
20 of:
readjusting said coefficients as a relative direction between said
subscriber unit and said array antenna changes; and
based on said LQI, further adjusting said beam forming coefficients
associated with one transmit steerable antenna beam to improve a signal
25  quality of communication signal received at said subscriber unit.

10. A method as claimed in claim 9 further comprising the steps
of:
providing a receive antenna beam in the direction of said
30 subscriber unit; and
readjusting digital beam forming coefficients associated with
said receive antenna beam to improve quality of signals
received from said subscriber unit in said receive antenna beam.

35
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