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(57) Abrégée/Abstract:
Methods of operating a transcelver including an antenna having a plurality of antenna feed elements are presented. The methods
Include defining a plurality of antenna gain constraint values gk associated with K geographic constraint points within a geographic
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(57) Abrege(suite)/Abstract(continued):

region, Iiteratively generating M antenna feed element weights wM that result in antenna response values fK at the K geographic
constraint points based on the corresponding antenna gain constraint values gK, forming an antenna beam from the antenna to
the geographic region using the antenna feed element weights wM, and communicating information over the antenna beam.
Related transcelvers, satellites, and satellite gateways are also disclosed.
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wM that result in antenna response values {K at the K geographic constraint points
based on the corresponding antenna gain constraint values gK, forming an antenna
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beam from the antenna to the geographic region using the antenna feed element
weights wM, and communicating information over the antenna beam. Related
transceivers, satellites, and satellite gateways are also disclosed.
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ITERATIVE ANTENNA BEAM FORMING SYSTEMS/METHODS

D APPLICATION

(i)

CROSS REFERENCE TO RELAT,

[0001] This application claims the benefit of and priority to U. S. Provisional
Patent Application No. 61/113,863, filed November 12, 2008, entitled "Optimal

Beamforming Based on Non-Linear Least Squares Criterion," the disclosure of which

is hereby incorporated herein by reference as if set forth 1n its entirety.

FIELD OF THE INVENTION

[0002] This invention relates to wireless communications systems and
methods, and more particularly to antenna systems and methods for terrestrial and/or

satellite wireless communications systems.

BACKGROUND

(0003} Beam forming refers to a technique of shaping an antenna gain pattern
to improve communications using the antenna. In particular, beam forming refers to
techniques for selecting complex weight coefficients ("weights") for antenna feed
elements in a multi-element antenna. Signals to be transmitted from the antenna
elements are multiplied by respective weights prior to transmission. Signals received
by the antenna elements are multiplied by respective weights before being combined
for processing.

[0004] Beam forming techniques have been applied to many modern mobtle
satellite systems (MSS). With multiple transmitting and receiving antenna feed
elements, a satellite beam former forms a plurality of service area spot-beams (or
cells) in both the forward link and/or the reverse link by using advanced antenna array
signal processing. Beam forming can increase the average signal to noise and/or

signal to interference ratio by focusing energy into desired directions in the forward

link and/or the reverse link. By estimating the response to each antenna element to a
given user or a given location, and possible interference signals, a satellite/gateway
can combine the elements with weights obtained as a function of each element
response to improve the average desired signal and reduce other components, whether

noise, interference or both. The spot-beams may be, for example, either fixed 1o an
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area or adaptive to particular users and/or interference environments depending, for

example, on application scenarios and/or design considerations.

SUMMARY

[0005] Methods of operating a transceiver including an antenna having a
plurality of antenna feed elements according to some embodiments are presented.
The methods include defining a plurality of antenna gain constraint values gy
associated with K geographic constraint points within a geographic region, 1teratively
generating M antenna feed element weights wys that result in antenna response values
fi at the K geographic constraint points based on the corresponding antenna gain
constraint values gx until the antenna feed element weights wy; converge, forming an
antenna beam from the antenna to the geographic region using the antenna feed
element weights wy;, and communicating information over the antenna beam.

[0006] [teratively generating the antenna feed element weights may mnclude
defining a cost function that relates the antenna gain constraint values gx to the
antenna feed element weights wyy, specifying an initial vector w' of the antenna feed
element weights wyy, evaluating the cost function using the mitial vector w' of the
antenna feed element weights wy,, iteratively modifving the antenna weights and
evaluating the cost function using the antenna feed element weights wy while the
value of the cost function is decreasing, and selecting a vector of the antenna feed

element weights in response to the value of the cost function no longer decreasing in

response to modifying the antenna weights.

[0007] The initial weight vector may include a conjugate of a beam steering
center.
[0008] The methods may further include generating a gradient of the cost

function, modifying the antenna weights may include adjusting the weights in the
direction of the gradient of the cost function.

[0009] Adjusting the antenna weights may include adjusting the weights by a
fixed step size in the direction of the gradient of the cost function.

[0010] The cost function may include a sum of squared differences between
the antenna gain constraint values g; and the antenna response values fy at the K

ceographic constraint points.

I\J



CA 02743289 2011-05-10

WO 2010/056524 PCT/US2009/062349

[0011] The methods may further include weighting the squared difterences
between the antenna gain constraint values g, and the antenna response values fj
using weighting factors.

[0012] Modifying the antenna weights may include adjusting the weights by a

welght shift vector Aw.

[0013] The methods may further include generating the weight shift vector Aw
based on a set of linearized equations representing the antenna response values f; at
the K geographic constraint points.

[0014] The methods may further include generating a residual error vector in

terms of the weight shift vector Aw, generating a matrix Q that represents partial
derivatives of the K antenna beam gain responses with respect to the M feed element
weights in response to the residual error vector, forming a vector Ag that represents
differences between the actual and desired beam gain responses at each of the K

locations of interest, evaluating the cost function using the matrix Q and the vector Ag
to form a set of linear equations that relate the vector Ag to the weight shift vector Aw,

and solving the set of linear equations to find the weight shift vector Aw.

[0015] The cost function may include a sum of squared differences between
the antenna gain constraint values g and the antenna response values fi. at the K
geographic constraint points.

[0016] The methods may further include weighting the squared differences
between the antenna gain constraint values g and the antenna response values fy
using weighting factors.

[0017] A transceiver according to some embodiments includes an antenna
having a plurality of antenna feed elements, and an electronics system including a
beam former configured to iteratively generate M antenna feed element weights wy
that result in antenna response values fx at K geographic constraint points based on
corresponding antenna gain constraint values gx until the antenna feed element
welghts wy converge, and to form an antenna beam from the antenna to the
geographic region using the antenna teed element weights.

10018] A communications satellite according to some embodiments includes
an antenna having a plurality of antenna feed elements, and an electronics system
including a beam former configured to iteratively generate M antenna feed element

weights wy, that result in antenna response values fi at K geographic constraint points

(I
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based on corresponding antenna gain constraint values gx until the antenna feed
element weights wyy converge, and to form an antenna beam from the antenna to the
geographic region using the antenna feed element weights.

[0019] A satellite gateway according to some embodiments includes an
electronics system including a beam former configured to iteratively generate M
antenna feed element weights wy for antenna feed elements of an antenna ot a remote
satellite that result in antenna response values fi; at K geographic constraint points
based on corresponding antenna gain constraint values gx until the antenna feed
element weights wy converge, and to transmit the complex valued antenna feed
element weights to the satellite for use in forming an antenna beam from the satellite

antenna to the geographic region.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] The accompanying drawings, which are included to provide a turther
understanding of the invention and are incorporated in and constitute a part of this
application, illustrate certain embodiment(s) of the invention. In the drawings:

[0021] Figure 1A illustrates exemplary communications systems/methods
according to some embodiments.

[0022] Figure 1B schematically illustrates an exemplary footprint of five
satellite forward link feed elements that are superimposed over a virtual cell
configuration.

[0023] Figure 2 illustrates a transmitter including a multiplé feed antenna
according to some embodiments.

[0024] Figure 3 illustrates parameters of a system including an M-element

antenna array configured to generate a beam that is constrained at K geographic

locations.

[0025] Figures 4, 5 and 6 are flowcharts illustrating systems and/or methods
according to some embodiments.

[0026] Figure 7 illustrates exemplary gain constraint points used for
simulating beamforming methods according to some embodiments.

[0027] Figure 8 illustrates beam gain contours (in dB) simulated using an
iterative method according to some embodiments.

[0023] Figure 9 is a graph that illustrates convergence of beamtorming

systems/methods according to some embodiments.
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DETAILED DESCRIPTION OF EMBODIMENTS OF THE INVENTION

[0029] Embodiments of the present invention now will be described more
fully hereinafter with reference to the accompanying drawings. in which embodiments
of the invention are shown. This invention may, however, be embodied 1n many
different forms and should not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this disclosure will be
thorough and complete, and will fully convey the scope of the invention to those
skilled in the art. Like numbers refer to like elements throughout.

[0030] [t will be understood that, although the terms first, second, etc. may be
used herein to describe various elements, these elements should not be limited by
these terms. These terms are only used to distinguish one element from another. tFor
example, a first element could be terimed a second element. and, similarly, a secona
element could be termed a first element, without departing from the scope of the
present invention. As used herein, the term "and/or" includes any and all
combinations of one or more of the associated listed 1tems.

[0031] The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein,
the singular forms "a", "an" and "the" are intended to include the plural forms as well,
unless the context clearly indicates otherwise. It will be further understood that the

terms "comprises” "comprising,” "includes" and/or "including” when used herein,
specify the presence of stated features, integers, steps, operations, elements, and/or
components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components, and/or groups thereotf.
[0032] Unless otherwise defined, all terms (including technical and scientific
terms) used herein have the same meaning as commonly understood by one of
ordinary skill in the art to which this invention belongs. It will be further understood
that terms used herein should be interpreted as having a meaning that 1s consistent
with their meaning in the context of this specification and the relevant art and will not

be interpreted in an 1dealized or overly tormal sense unless expressly so defined

herein.
[0033] As will be appreciated by one of skill in the art, the present invention
may be embodied as a method, data processing system, and/or computer program

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

N
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embodiment, an entirely software embodiment or an embodiment combining software
and hardware aspects all generally referred to herein as a "circuit” or "module.”
Furthermore, the present invention may take the form of a computer program product
on a computer usable storage medium having computer usable program code
embodied in the medium. Any suitable computer readable medium may be utilized
including hard disks, CD ROMs, optical storage devices, a transmission media such
as those supporting the Internet or an intranet, or magnetic storage devices.

[0034] The present invention is described below with reference to flowchart
illustrations and/or block diagrams of methods, systems and computer program
products according to embodiments of the invention. It will be understood that each
block of the flowchart illustrations and/or block diagrams, and combinations of blocks
in the flowchart illustrations and/or block diagrams, can be implemented by computer
program instructions. These computer program instructions may be provided to a
processor of a general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a machine, such that the
instructions, which execute via the processor of the computer or other programmable
data processing apparatus, create means for implementing the functions/acts specitied
in the flowchart and/or block diagram block or blocks.

[0035] These computer program instructions may also be stored in a computer
readable memory that can direct a computer or other programmable data processing
apparatus to function in a particular manner, such that the instructions stored 1n the
computer readable memory produce an article of manufacture including instruction
means which implement the function/act specified in the flowchart and/or block
diagram block or blocks.

[0036] The computer program 1nstructions may also be loaded onto a
computer or other programmable data processing apparatus to cause a series of
operational steps to be performed on the computer or other programmable apparatus
to produce a computer implemented process such that the instructions which execute
on the computer or other programmable apparatus provide steps for implementing the
functions/acts specified in the tflowchart and/or block diagram block or blocks.

[0037] It 1s to be understood that the functions/acts noted 1n the blocks may
occur out of the order noted 1n the operational 1llustrations. For example, two blocks
shown n succession may in fact be executed substantially concurrently or the blocks

may sometimes be executed 1n the reverse order, depending upon the
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functionality/acts involved. Although some of the diagrams include arrows on
communication paths to show a primary direction of communication, it 1s to be
understood that communication may occur in the opposite direction to the depicted
aIrrows.,

[0038] Beam forming techniques have been applied to many communications
systems, including mobile satellite systems (MSS). With multiple transmitting and
receiving antenna feed elements, a satellite beam former may form a plurality of
service area spot-beams (or cells) in the forward link and/or the reverse link by using
advanced antenna array signal processing. A goal of beam forming is to increase the
average signal to noise and/or signal to interference ratio of a link by focusing energy
into desired directions in either the forward link or the reverse link. By estimating the
response to each antenna element to a given user or a given location, and possible
interference signals, a satellite/gateway can combine the elements with weights
obtained as a function of each element response to improve the average desired signal
and/or to reduce other components, such as noise, interference or both. The spot-
beams may be, for example, either fixed to an area or adaptive to particular users
and/or interference environments depending, for example, on application scenarios
and/or design considerations.

[0039] A system 50 according to some embodiments is illustrated 1n Figure
1A. Although embodiments are described herein in connection with satellite radio
communications systems, it will be appreciated that the present invention can be
embodied in other types of wireless communications systems, including terrestrial
wireless communications systems, fixed and/or mobile wireless communications
systems, hybrid satellite/terrestrial communications systems, etc.

[0040] Referring to Figure 1A, a radioterminal 20 is located in a geographic
cell, or service area, 30 based on the geographic (x.y) coordinates of the radioterminal
20. The geographic coordinates of the radioterminal 20 may be determined, for
example, by a GPS processor (not shown) within the radioterminal 20. The

radioterminal 20 1s also located within the geographic footprint of a satellite

transceiver 25, which may be a low-earth orbiting satellite (LEO), a medium-earth

orbiting satellite (MEQ), and/or a geostationary satellite (GEO). The satellite
transceiver 23, which includes an antenna 23a and an electronics system 25b,
communicates with at least one satellite gateway 40, which includes an antenna 40a

and an electronics system 40b via a feeder link 12. The satellite antenna 25a may
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include an array of antenna feed elements 235¢, which generate signals covering
respective overlapping geographic areas in the geographic footprint of the satellite
transceiver 2).

[0041] The satellite 25 may communicate with the radioterminal 20 by
forming a transmit and/or recerve beam toward the satellite service area 30 by
appropriately weighting signals transmitted by the antenna feed elements 25¢ using
complex antenna feed element weights. That 1s, by multiplying the transmitted or
received signal by ditferent complex antenna feed element weights for each of the
antenna feed elements 25¢ and simultaneously transmitting/receiving the signal from
the antenna feed elements 25¢, the signals transmitted/received by the antenna teed
elements 25¢ may combine to produce a desired signal pattern within/from the
satellite service area 30.

[0042] It will be further appreciated that in some embodiments, the
beamforming function may be performed in the electronics system 25b of the satellite
25, 1n the electronics system 40b of the satellite gateway 40, and/or in a separate beam
former 60 that provides the antenna feed element weights to the gateway 40 for
transmission to the satellite transceiver 25. For example, the beam former 60 may
include a processor configured to generate antenna feed element weights and to
provide the antenna feed element weights to the satellite gateway 40 via a
communications link 62. Whether implemented in the satellite transcerver 25, the
gateway 40 or as a separate beam former 60. the beam former may include a
programmed general purpose or special purpose computer or other logic circuit that is
configured to generate antenna teed element weights as described below.

[0043] Figure 1B schematically illustrates an exemplary footprint of five
satellite forward link feed elements that are superimposed over a virtual cell
configuration, assuming a frequency reuse ratio of three, for a satellite transmit
beamforming system. In Figure 1B, the idealized footprints of five antenna feed
elements are transposed over nine virtual cells defined by their actual physical
locations within the satellite footprint. Cells 1, 5 and 9 use a first frequency or set of
frequencies, while cells 3, 4 and 8 use a second frequency or set of frequencies and
cells 2, 6, and 7 use a third frequency or set of frequencies.

[0044] A block diagram that illustrates beamforming systems and/or methods
for a forward link transmitter 100 according to some embodiments of the invention is

shown in Figure 2. The transmitter 100 may be implemented, for example, in a
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satellite and/or in a satellite sateway. When the transmitter 100 is implemented in a
satellite gateway, the satellite gateway may generate complex antenna weights and
transmit the complex antenna weights to a satellite for use in forming a beam from the
satellite to a geographic service area 30. Alternatively, a beam former can be located
outside the satellite gateway and can generate antenna weights that can be transmitted
to the satellite/satellite gateway.

10045] The transmitter 100 includes a controller 110 that 1s configured 1o
perform certain data processing operations on data signals that are to be transmitted
by the transmitter 100. For example, the controller 110 may be configured to perform
encoding, interleaving, grouping, and/or other operations. In the transmitter 100,
forward link user signals are grouped into N frequency bands and are associated with
subgroups of feed elements (block 112). Although four feed elements Feed 1 to Feed
4 are illustrated in Figure 2, it will be appreciated that more or fewer teed elements
could be employved.

[0046] Beams are formed by beam formers 116. In beamforming, complex
weights are generated for each of the feed elements. Signals transmitted by the feed
elements are multiplied by the respective complex weights, resulting in a desired
signal gain pattern within the footprint, or geographic service region, of the antenna.

[0047] The formed beams are modulated by RF modulation (block 118) and
amplified by solid state power amplifiers (SSPAs) 130, and then transmitted by each
feed element Feed 1 to Feed M in parallel. In order to equalize the signal input levels
applied to the individual transmit amplifiers, and therefore maintain the amplifiers
within their proper signal level range, hybrid matrix amplifier configurations are
commonly used onboard communication satellites. A typical hybrid matrix amplifier
is comprised of a set of N (N = 2", where n is an integer) parallel amplifiers located
symmetrically between two, cascaded N-input by N-output multi-port hybrid matrix
devices. In a typical hybrid matrix amplifier arrangement, N individual amplifier
input signals are supplied by the N outputs of the NxN Input multi-port hybrid matrix
123, and the N SSPAs 130 output signals are similarly applied to the input section of
the NxN Output multi-port hybrid matrix 133.

(00438] It will be appreciated that the beam formers 116 may form beams in a
fixed manner or in an adaptive, closed loop manner, in which measured antenna gain
values are fed back to the beam former and used to dynamically adjust the complex

antenna feed element weights.
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[0049] When methods such as Linearly Constrained Minimum Variance
(LCMV) are used to generate beam weights from a set of complex feed element
patterns, the constraint points used to define the beam constrain the phase as well as
amplitude. For beam coverage performance, only the gain over the coverage area
may need to be considered, whereas the phase may not need to be considered.
However, the specified phase at each constraint point strongly attects the ability to
achieve optimum gain performance. To help select the most compatible phase at each
constraint point, a two-step process can be performed, where the first step solves the
beam weights for a single constraint point at the beam center to determine the
“natural” phase distribution at the other constraint points. The second solution step
then uses all the constraint points, where the phase constraints are specified from the
solution to the first step. This, however, does not guarantee optimum gain
performance.

[0050] According to some embodiments, systems and methods are presented
that can be used to achieve a desired beam response using efficient and robust
algorithms that are derived based on a non-linear least squares criterion and that can
be implemented using iterative procedures. In conventional methods, such as linear
constraint minimum variance (LCMV), both gains and phases for the constraint points
are specified. Phase specifications in particular are very difficult to determine. In
contrast, in methods according to embodiments of the invention only the desired gain
response may be specified. Nevertheless, methods according to embodiments of the
invention may still be able to yield superior beam performance in the sense of an
exact least squares criterion for gain specifications across all constraint points.
Compared with the LCMYV algorithm, the algorithms according to the present
invention may not only avoid the phase constraints, but also may relax the degree-ot-
freedom limitation requirement, which allows as many constraint points to be
specified as desired.

[0051] So called "optimal beamforming” generally has two objectives. The
first 1s to achieve a flat main beam gain response over the coverage area. The second
1s to form a beam that has side lobes as low as possible, especially for those locations
where Interference sources may exist. Many efforts have been undertaken to achieve
these two objectives, with linear constramt minimum variance (LCMV) being one of
most well known algorithms. See, ¢.g., Frost III, O.L., *“An algorithm for hinearly

constraint adaptive array processing.” Proc. [EEE, Vol. 60, pp. 926-9335, Aug. 1972,

10
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[0052] The LCMYV algorithm uses a set of linear constraints to control the
shape of the main beam while try to minimize the effect of potential interference
sources. The LCMV algorithm requires specifying both gain and phase information
for the constraint points. However, the specified phase at each constraint point
strongly affects the ability of the LCMYV algorithm to achieve optimum gain
performance, because the optimal specifications are very difficult to determine. An
ideal situation should be that only gain constraints are necessary, because the beam
pattern is a gain pattern after all. The phase constraints should be taken out of the
equation.

[0053] Some efforts have been conducted in trying to eliminate the phase
constraint problem with proposed beam forming methods that constrain only the real
part of the complex amplitude response at each point, leaving the imaginary part (and

hence phase) unconstrained. See, U.S. Application Ser. No. 12/370,224, filed
February 12, 2009, entitled ANTENNA BEAM FORMING SYSTEMS/METHODS
USING UNCONSTRAINED PHASE RESPONSE (Attorney Docket 9301-194),

assigned to the assignee of the present invention, the disclosure of which 1s
incorporated herein by reference. However, the methods described in U.S.
Application Ser. No. 12/370,224 may still have a problem controlling the beam shape
and overall main beam response flatness, since the beam shape 1s dependent on the
gain response that is not only related to the real part of complex amplitude response
but also related to the imaginary part which 1s not constrained.

[0054] [n methods according to some embodiments of the present invention,
the constraint points are specified with the exact gain constraint information that 1s
desired. The optimal beam forming algorithms are derived based on the non-linear
least squares (NLS) criterion and can be implemented in iterative procedures for
convergence. The methods are able to yvield optimal beam performance in terms of

main beam flatness and low side lobes in the sense of exacr least squares across all

constraint points.

[0085] Methods according to some embodiments may avoid solving a set ot
non-linear equations that have no closed form of solution by performing a gradient
search over a cost function performance surtace. The gradient search with steepest
descent method allows an optimizer/beam former to find a least squares weight
solution through a linear iterative process that 1s shown to be efficient and robust for

convergence. Methods according to further embodiments of the present invention

11
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also try to avoid having to solve non-linear equations by approximately linearizing a
set of residual error equations and solving for the weight shift vector. The weight
shift vector is updated iteratively to find a final converged weight vector. Both
methods may achieve optimal beam performance 1n the sense of least squares.
Compared with the LCMV algorithm, methods according to embodiments ot the
present invention may not only avoid the phase constraints, but also relax the degree-
of-freedom limitation requirement, which allows as many constraint points to be used
as desired, thereby providing additional flexibility to system designers.

[0056] The following description 1s organized as follows. In Section 1, the
beamforming problem and mathematical system model are presented. Section 2
describes an adaptive gradient search method according to some embodiments.
[terative beamforming methods according to further embodiments are described 1n

Section 3. Section 4 presents some simulation examples to illustrate the performance

of the beam forming systems/methods described herein.

[0057] Section 1 - System Model

[0058] Referring to Figure 3, a two dimensional (2-D) antenna array 180
having M antenna feed elements 1s illustrated. The antenna array 180 may be
mounted on a vehicle, such as a satellite, aircraft, balloon, etc., or on a fixed structure,

ey g /
such as a tower, building, etc. The m" feed element has the complex response

a, . (0,,0,) at elevation angle 6y and azimuth angle ¢y for the k" location point of K

: , e : : J
geographic locations within a service area. The array steering vector at the £

location 1s defined by

ak(ek:(Pk) :[ak,l(ek:@k ):"'ak,,\-;(ek e(Pk)]T = Cﬁ‘m (1)

[0059] The beamforming problem is to find a weighting vector

M/ . :
w=[w,,--w, ] €™ such that at the location (8, ,®, ), the resulting beam

reSponse 18

f};(“’:ek:(pk):“r}{ak(ek:q)k) (2)
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[0060] The formed beam is usually defined by complex beam response at all
locations of interest. If there are K locations of interest, then the beam response 1s

given by

where Ay is the matrix of complex responses ay p,, at the K locations to the M antenna

feed elements as follows:

Ay (6.0)=[a,(0,,0,),a,(6,.9,)] ec™ (4)

[0061] For the formed beam. the beam pattern i1s given by the gain rather than

the phase of the complex beam response. Assuming the desired the beam gain

response 1s defined by [g,(9,.9,),....2, (0, ,9, )] for the K locations ot interest, the

Vil

non-linear least squares (NLS) approach finds the weighting vector w € (™" such

that the formed beam pattern matches best the desired gain response in the sense ot
the least squares. For example, a cost function (£) can be defined as the sum of
residual square errors gy, where g, represents the error between the desired response gy

and the actual response 1. at the kth geographic location of interest, as follows:

3

k. K
2= el = [f,(w.0,.0,)] - 2,6,.9,)] ()
k=l k=]
where
e, = I (W.0,, 0, )| — 2, (0. 9,) (6)
[0062] The actual responses beam gain response fi. can be expressed in terms

of the weighting vector w and the complex responses ay ;. as follows:

£ (W, 0,00 = JE, (00,0 ) (W,6,.0,) = Jw" a,(8,.0,)af (6,.0)w  (7)

[0063] The K locations of interest are also called constraint points. The

problem of beamforming based on non-linear least squares criterion is to find a
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weight vector w that reduces, and in some cases minimizes, the cost function defined
in Equation (5).

[0064] In general, the weight vector w may be determined by iteratively
generating antenna feed element weights based on the desired antenna gain constraint
values. For example, Figure 4 1s a flowchart illustrating operations 200 according to
some embodiments. As shown therein, operations according to some embodiments
include providing antenna gain constraint values at K geographic constraint points
(Block 210). Vectors of antenna feed element weights w are iteratively generated

based on the antenna gain constraint values until the antenna feed element weights

converge at a desired value (Block 220). As used herein, "converged" means that the
antenna feed element weights have reached an acceptable value based on some
predefined criterion. [or example, in some cases, the antenna feed elements are
deemed to have converged when the value of a cost function associated with the feed
element weights does not change, or changes less than a predetermined amount, from
one iteration to the next. when the value of the cost function ceases to decrease from
one iteration to the next, and/or some other predefined criterion.

[0065] An antenna beam is then formed using the iteratively generated

antenna feed element weights (Block 230), and information 1s transmitted over the

formed beam (Block 240).

[0066] Section 2 - Gradient Search Beamforming
[0067] Among the K constraint points, the desired gain may be different from

one point to another. Some of points may correspond to a location of interference at
which it may be desirable to have a “null™ or zero (or extremely low) gain, while
some may require certain non-zero gain constraints such as those inside the main
beam lobe. Assuming there are N points for the "zero" constraints and P points for

the non-zero constraints, where N+F = K. Then the cost function may be rewritten as

14
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o [ v 8400 - 20 01 00)]
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[ f (w,0, .0, ) (w,0 0. )] Z[ap £ (w,8,.0, )fH(“ 0,.9, )]
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N
A )
Z[ n n(“ en (Pn)f (“r 8n (prl)]+za \/f (“ 9 (P )fH(“ 8 (P )"-*g ]V
>k

) P
__?_,Z” p\/f (w,0 q)p)fH(w v (pp)_+Z(ocpg;) (9)
p=1

p=]

=F,(w,0,p)u \Ff (w,0,0)+ F, (w,0, (p)upr (w,0,0)

[

P
o 22 _O'pgp \/fp (“!’91) ?(Pp )pr (“"’ep?@p )]+ Z(O{'pg-

p=1 p=]

where F, (w,0,0)and F, (w,0,¢)are defined in Equation (3) , and
ay =diago, 0, oy f eR™ (10)

a, =diaglo, .o, .} e R (11)

are user-defined real non-negative weighting factors that provide the ability to
emphasize or de-emphasize individual constraint points based on their relative

geographic importance.

[0068] Using Equation (3), the cost function £ may be expressed as:
3 H P H H -
= 2[@ w' an (0. ,9.)a_ (9 .0 )w ]-%-Z [apw a (Gp,(pp)ap (9,.9, )w]
n=| p=1l
- (12)
p p ._,
Z[ . \/w q (9 (pp)a (6 (pp)“ -I-Z(apg;)
p=l p=]
[0069] The approach for finding the weight vector w 1s usually to seek the

minimum of the cost function performance surface by setting the gradient of the
performance surface to zero. The gradient of the cost function performance suriace
may be obtained by differentiating with respect to each component of the weight

vector, which 1s given by:
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Yo [ p | g ") ik
V(E) = oc | 65 o5 O
ow | Ow, Ow, CW
P [ 1 i
=2R W +2R,w-2> Lo (w'a alw)’g (a a)w (13)
p=]

P R wo g
=2(R +Rp)w-—2z A il
p=i \[ w R ,W

where

R, =A 0 A\ (14)

R, =A,u,A, | (13)

R, =aa; (16)
[0070] Setting the gradient to zero, however, would lead to a non-linear

equation with respect to w that does not have a closed torm solution.
[0071] According to some embodiments, an iterative gradient search using the
method of steepest descent may be performed. The weight vector w may be updated

at each 1teration based on the gradient as follows:

w =w! +n(=V") (17)

where 1 1s a constant step size, and 7 1s an iteration number. The weights are adjusted
in the direction of the gradient at each step until convergence occurs, for example,
when the gradient reaches zero and/or converges close to zero, or otherwise decreases
below a threshold level.

[0072] Figure 5 1s a flowchart illustrating operations 300 according to some
embodiments of the invention. As shown therein, operations 300 according to some
embodiments include providing an initial set of M complex valued antenna feed
element weights wy,, for example, as the conjugate of a beam center steering vector
(Block 510), and providing a plurality of antenna gain constraint values g at K

-
1

geographic constraint points (Block 320).

(0073] The cost tunction £ and the gradient V(%) are evaluated (Block 330).

and the antenna feed element weights are updated in response to the cost function and

the gradient of the cost function (Block 340). The cost function may also be

evaluated at Block 340 n response to the updated antenna feed element weights.

16
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[0074] At Block 350, a determination is made as to whether the antenna
welght vector has converged, for example, by comparing the value of the cost
function at the updated antenna feed element weights to one or more previously
calculated values of the cost function. If the antenna weight vector has not converged,

the gradient of the cost function is evaluated at the updated antenna feed element

weights (Block 330), and a new set of weights is generated (Block 340).

[0075] Once the antenna weights have converged, an antenna beam is formed
using the converged antenna feed element weights (Block 360).

[0076] In some particular embodiments, adaptive beamforming according to

some embodiments may be performed according to the following iterative procedures:

1) Find an initial weight vector w' that may be chosen as conjugate of a beam
center steering vector (Block 310).

2) Specify the non-zero constraint point gains, g _,p =1,---P (Block 320).

C.“p?

3) Specify the weighting factors, o .p=1,---P and o, ,n=1--N. Default

values are all ones.

4) Chose a proper step size L.

5) Compute the gradient according to Equation (13) (Block 330).

6) Compute the value of the cost function as defined in Equation (12) (Block
330).

7) Compute the updated weight w~ for the next iteration according to Equation
(17) (Block 340).

8) Repeat the Steps 3). 6) and 7) tor the " iteration.

9) Continue the iterative process until the value of w converges. In some cases,
the 1terative process may be continued until the values of cost function from two

11

consecutive iterations are no longer decreasing (1.e., continue as long as ¢~ <Z').

or until the difference between successive values of the cost function are less than
a threshold level.

10) Take the converged w, and normalize it as a final weight vector

[0077] Section 3 - Alternative Iterative Beamforming

———_——_—_"—‘___”—-'-—-_—H‘_—__--——-———h
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[0078] In other embodiments, a set of residual error equations can be

approximately linearized and solved to obtain a weight shift vector Aw. For example,

the gradient V(&) of the cost function ¢ defined in Equation (3) may be rewritten as

- T
.. CC 0., CL o
v(g) — H“D _ - -
Cw | OW, OW, OW (18)
- 7i8 0e, 7i8 o(jfk (w,0,.0, )l)
s t ow r k oW
[0079] Setting the gradient V(&) in Equation (18) to zero would result in a set

of gradient equations that are non-linear and do not have a closed form solution. An
alternative approach to solve this problem is to try to use another iterative algorithim,
in which the weight parameters are refined iteratively. That is, the antenna feed

element weights may be determined by successive approximation as tollows:

wxw' =w +Aw (19)
where i is an iteration number and Aw =[Aw ,--- Aw,]' is called the weight shift
vector.

[0080] At each iteration, the model may be linearized by approximation to a

first-order Taylor series expansion about w'. A first-order Tavlor series expansion can
be used to generate an estimate of the value of a function at one point based on the
value and slope, or derivative, of the function at another point. For example, the
value of the beam response f; produced in response to a vector w of feed element
weights can be estimated m response to the value and slope of the beam response 1. at
a particular set w' of antenna feed element weights. Accordingly the model for the

beam response fi may be linearized as follows:

. Mo S(f, (w0, . 0,)
‘fk(“’,ek,@k)‘xifk (“,l,ek’@k)l+z K — k k '(\V
m=] |

| he
~ 'fk (“’I . ek Py )I + Z Qk,m A\Vm

m=)

1
mo W m )

In (20)

where

18
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5(f, (W',6,.0, ) 5
oW e . 21)
Aw m o W W im (22)
(0081] Thus the residual errors g, defined 1n (6) may be linearized as follows:

e, = (W.0,.0)-2,(0,,9,)

A9
= £, (W0, 0|+ 2 Q AW, —g,(8,.9,) (23)
m=}
M
= Agk +Z Q k.m0 A\vm
m=|
where
Ag= [, (W',6,. 0, )| -2, (B, 0,) (24)
[0082] Submitting Equations (21) and (23) into the gradient Equation (18) and
setting the gradient to zero leads to
K [ M )
Z Agk+z Qp AW, Quiw="0 (25)
k=1 | j=1 i
which may be rearranged to become A linear equations
K M K
ZZQk,kaJA\Vi — “ZQK.IHAgk? m = 121\4 (26)
=] j=l k=]
[0083] [f user-defined weighting factors for the XK constraint points are
introduced as o, .,k =1,---K, for the cost tunction
h 7
=) OE (27)
K=]
then the A/ linear equations become
K M K
Zzaka.ka,jA“’.j :“ZO'ka-mAgk? 1= 121\/1 (28)
k=] j=) k=l
[0084)] These linear equations may be expressed 1n the matrix form as

19



CA 02743289 2011-05-10

WO 2010/056524 PCT/US2009/062349
(Qu, Q" )Aw = —(Qu, )Ag (29)
where

Q=I[q,q,q;] e ™™

with
R, w (30)
qi =
\/WHRkW
R, =a.a,
Ag=[Ag, Ag, bge] €™ (32)
[0085] The weight shift vector Aw can be solved, tor example, using Cholesky

decomposition or other linear algebraic techniques. The weight vector may be
updated iteratively according to Equation (19). To increase likelihood of

convergence for the iterative process, a constant step size i, (0 <p <1) may be

introduced for reducing the size of shift vector, which may become

1+

W= w4 AW (33)

[0086] Figure 6 is a flowchart illustrating operations 400 according to some
embodiments of the invention. As shown therein, operations 400 according to some
embodiments include providing an initial set of M complex valued antenna feed
element weights wy,, for example, as the conjugate of a beam center steering vector

(Block 410), and providing a plurality of antenna gain constraint values gy at K

geographic constraint points (Block 420).

10087] An initial weight shift vector Aw is generated (Block 430), and the
antenna feed element weights are updated in response to weight shift vector (Block
440). The weight shift vector is then updated based on the new antenna teed element
weights (Block 450)

[0088] At Block 460, a determination 1s made as to whether the antenna
weight vector has converged, for example, by comparing the value of the cost

function at the updated antenna feed element weights to one or more previously
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calculated values of the cost function. If the antenna weight vector has not converged,
a new set of weights is generated (Block 440), and the loop is continued.

[0089] Once the antenna weights have converged, an antenna beam is formed
using the converged antenna feed element weights (Block 470).

[0090] In some particular embodiments, operations of beamforming

systems/methods may be performed as follows:

Coe : 1 : R
1) Define an initial weight vector w' that may be chosen as conjugate ot a beam

center steering vector.

2) Specify the K constraint point gains, g, .k =1,---K..

3) Specify the weighting factors, o, .k =1,---K. Default values are all ones.

4) Chose a proper step size (.

5) Form Q matrix according to Equation (30) that represents the partial
derivatives of the K antenna beam gain responses with respect to the M feed
element weights.

6) Form Ag vector according to Equations (24) and (32) that represents
differences between the actual and desired beam gain responses at each of the
K locations of interest.

7) Using the Q matrix and the Ag vector, compute the value of the cost function
as defined in Equation (27).

8) Solve the Equation (29) for Aw

9) Compute the next updated weight vector w” according to Equation (53)

10) Repeat the Steps 3), 6),7) .8) and 9) for the " iteration.

1+

11) Continue 1terative process as long as £ < &'until the values of cost function

from two consecutive iterations are no longer decreasing or until the

difference between successive values of the cost function are less than a

threshold level.

12) Take the converged w, and normalize it as a final weight vector.

[0091] Section 4 - Beam Forming Simulation Example

{0092] The performance of beamforming systems/methods according to some
embodiments are 1llustrated with a satellite beamforming example. For example, a
satellite system that consists of 80 feed elements and that forms a large beam covering

the east region of US and Canada has been simulated and analyzed. The beam layout

21
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and constraint points are shown in Figure 7. The objective is to form a beam that is
flat in the main beam coverage area 710 and low side lobes in a “nulling zone™ 720.
Note that unlike LCMV, the non-leaner least squares methods may have as many
constraints points as desired. Accordingly, many zero and non-zero constraint points
are 1llustrated in Figure 7.

[0093] By using the feed data provided by a satellite manutacturer and the
beam constraint requirement, the NLS adaptive gradient search method 1illustrated 1n
Figure 5 produces the beam having the gain contours shown in Figure 8. The initial
weight vector was chosen as conjugate of a beam center steering vector, while the
step size used for the sumulation was 5x10°. As shown in Figure 8, the resulting
beam is flat in the main beam coverage area 710, and the “nulling zone™ 720 (where
the side lobes are below -20 dB) 1s well shaped.

[0094] The algorithm 1s etficient and robust, as illustrated by the convergence
curve in Figure 9, which plots the value of the cost function ¢ (y-axis values) versus
iteration number (x-axis values). For the typical iterative updating step size in this
example, the algorithm takes about less than 100 iterations to converge.

[0095] In the drawings and specification, there have been disclosed typical
embodiments of the invention and, although specific terms are emploved, they are
used in a generic and descriptive sense only and not for purposes of limitation, the

scope of the invention being set forth in the following claims.

I\
o
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What is Claimed is | I

1. A method of operating a transceiver includi an antenna having a
plurality of antenna feed clements, the method comprising:

defining a plurality of beam gain constraint values g{ associated with K
geographic constraint points within a geographic region;

iteratively generating M antenna feed element wes ghits wy in an antenna feed

clement weight vector w e ¢ that result in beam réspo+e values f; at the K

geographic constraint points such that beamn gain response values

beam gain constraint values gi;

[kl converge on the

forming an antenna beam from the antenna to the gchrapbic region using the
antenna feed element weight vector w, and

communicating information over the antenna beam;

wherein iteratively generating the antenna feed elem t weight vector w
comprses: |
defining a cost function that relates the antenna beam

gain constraint values gy
to the antenna feed element welghts wy;

specifying an initial vector w' of the antenna feed e]e)i\ent weights wy;
evaluating the cost function using the initial vector w!

clement weights way:

of the antenna feed

generating a gradient of the cost function, and

iteratively modifying the antenna feed element weightivector w and evaluating

the cost function using the antenna feed element wei ght vector wwhile the value of

element weight vector w comprises adjusting the antenna feed| element weight vector

the cost function is decreasing, wherein iteratively modifying d[he antenna feed
w 1n the direction of the gradient of the cost function.

2. The method of Claim 1, further comprisimg iterptively generating the

M antenna feed clement weights wy, in the antenna feed element weight vector that

result in bearn response values Iy at the K geographic constraint points based on the
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corresponding beam gain constraint values gk until the ant¢nna feed element weight

VECIOr w Converges.

J. (Canceled)

4. The method of Claim 1, further comprising sglecting the antenna feed

clement weight vector w in response to the value of the cost}funcilion converging.

3. The method of Claim 1 further comprising sejecting the antenna feed
element weight vector w in response to the value of the cost ffunction no longer

decreasing in response to modifying the antenna feed elemert weights.

6. The method ¢of Claim 1, wherein the initial antenna feed element

weight vector w' comprises a conjugate of a beam steering c¢nler.

7. (Canceled)

8. The method of Claim 1, wherein adjusting the pntenna feed elerment
weight vectar comprises adjusting the antenna feed element weight vector w by 2

fixed step size in the direction of the gradient of the cost function.

9. The method of Claim 1, wherein the cost function comprises a sum of
squared differences between the beam gain constraint values g and the beam gain

response values !fi} at the K geographic constraint points.

10,  The method of Claim 9, further comprising weiphting the squared

differences between the beam gain constraint values gy and thelbearn response vaiues

fx using weighting factors.

11.  The method of Claim 1, wherein iteratively modifying the antenna feed

element weight vector w comprises adjusting the antenna feed ¢lement weight vector

w by a weight shift vector Aw.
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12.  The method of Claim 11, further comprising generating the weight

shift vector Aw based on a set of linearized cquations representing the beam response

values f at the K geographic constraint points.

13.  The method of Claim 12, further comprising

generating a residual error vector in terms of the weight shift vector Aw;
peneraling a matrix Q that represents partial der;ivau' es of the K beam gain

response values |fi] with respect to the M antenna feed é‘lem nt weights in response to

the residual error vector;

forming a vector Ag that represents differences betwden the beam gain

response values 'fy| and the beam gain constraint values g atleach of the K geographic

constraint points;
evaluating the cost function using the matrix Q and the vector Ag to form a set

of linear equations that relate the vector Ag to the weight shif] vector Aw; and

solving the set of lincar equations to find the weight shiil vector Aw,

14.  The method of Claim 13, wherein the cost fungtion comprises a sum of

squared differences between the beam gain constraint values gy and the beam

response values fi at the K geographi¢ constraint points.

15.  The method of Claim 14, further comprising weighting the squared
differences between the beam gain constraint values gg and th¢ beam gain response

values |fy| using weighting factors.

16. A transceiver, comprising:

an antenna having a plurality of antenna feed elements;jand

' an clectronics system including a beam former configured to iteratively
clement weight

vector w € ™ that result in beam response values fy at K geagraphic constraint

constraint values g,

‘ points in a geographic region based on corresponding beam gax

! and to form an antenna beam from the antenna to the geographif region using the

antenna feed element weight vector w; \
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wherein the beam former is further configured to deffine a cost function that
relates the beam gain constraint values gy to the antenna fe¢d element weights wy,, to
specify an initial vector w' of the antenna feed element weights wy, to evaluate the
cost function using the initial vector w' of the antenna feed element weights wy, to
iteratively modify the antenna feed element weight vector W and evaluate the cost
tfunction using the antenna feed element weight vector w while the value of the cost
function is decreasing such that beamn gain response values [Ii| converge towards the

beam gain constraint values gy; and
wherein the beam former is further configured fo gengrate a gradient of the

cost function and to adjust the antenna feed element weight Yector w in the direction

of the gradient of the cost function.

' 17.  The transceiver of Claim 16, wherein the bearp former is con(igured to
| iteratively generate M antenna feed element weights wy, that fesult in beam IESpPONSe
values fx at K geographic constraint points based on correspopding beam gain

constraint values gx until the antenna feed element weight ve¢tor w converges.

18,  (Canceled)

t

19, The transceiver of Claim 16, wherein the beam|former is further

configured 1o select the antenna feed element welght vector win response to the value

of the cost function converging.

20. The transceiver of Claim 16, wherein the beam former is further

confipured to select the antenna feed element weight vector w in response to the value

of the cost function no longer decreasing in response to modifyjing the antenna feed

| element weight vector w.

21.  The transceiver of Claim 16, wherein the initial weight vector w!

comprises a conjugate of a beamn sieering centet.

22.  (Canceled)
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23. The transceiver of Claim 16, wherein the beam former is {urther
configured adjust the antenna feed element weight vector wi by a fixed step size in the

. direction of the gradient of the cost function.

24.  The mansceiver of Claim 16, wherein the cost function comprises a
sum of squared differences between the beam gain constrairt values gx and beam gain

response values |fif at the K geographic constraint points.

25.  The transceiver of Claim 24, wherein the beam former is further
configured to weight the squared differences between the bedm gain constraint values

g, and the beam gain response values |fy] using weighting facfors.

26.  The transceiver of Claim 16, wherein the beam fonner 1s further

configured to modify the antenna {eed element weight vector|by adjusting the antenna

feed element weight vector by a weight shiit vector Aw.

27. The transceiver of Claim 26, wherein the beam former is further

configured to generate the weight shift vector Aw based on a get of linearized

equations representing the beam response values fi at the K ge¢ographic constraint

points.

28. The transceiver of Claim 27, wherein the beam|former 1§ further
configured to:

penerate a residual error vector in terms of the weight shifi vector Aw;

oenerate a matrix Q that represents partial derivatives df the K bearn gain
responses |fy; with respect to the feed element weight vector w [n response Lo the

residual error vector,

form a vector Ag that represents differences between the beam gain response

values |fi| and the beam gain constraint values gi at each of the [K peographic

constraint points;
evaluate the cost function using the matrix Q and the veptor Ag 1o form a set

of linear equations that relate the vector Ag to the weight shift viector Aw; and

solve the set of linear equations to {ind the weight shift yector Aw.
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29.  The transceiver of Claim 28, wherein the co$t function comprises a
sum of squared differences between the beam gain constraint values gy and the beam

gain response values [fy| at the K geographic constraint poins.

30.  The transceiver of Claim 29, wherein the beam former is further
configured to weight the squared differences between the beam gain constraint values

o and the beam gain response values lfy| using weighting fagtors.

31. A communications satellite, comprising:
an antenna having a plurality of antenna feed ¢lements; and
an electronics system including a beam former configured to iteratively

generate M antenna feed element weights wy In an antenna {ged element weight

“vector w e C"™ that result in beam response values fx 'at K|geographic constraint

points wn a geographic region based on corresponding beam gpin constraint values g,
and 10 form an antenna beam from the antenna to the geograpfuc region using the
antenna feed element weight vector w;

wherein the beam former is further configured to define a cost function that
relates the beam gain counstraint values gx to the antenna feed ¢lement weights wy, to

specify an inmitial vector w' of the antenna feed element weights wyy, to evaluate the

cost function using the initial vector w' of the antenna feed elgment weights wy, to
iteratively modify the antenna feed clement weight vector w and cvaluate the cost
function using the antenna feed element weight vector w while the value of the cost
function is decreasing such that beam gain response values (fi{ fonverge towards the
beam gain constraint values gx; and |

wherein the beam former is further configured to generate a gradient of the

cost function and to adjust the antenna feed element weight vedjor w in the direction

of the gradient of the cost function.

32, A satellite gateway, comprising.
an electronics system including a beam former configurgd to eratively

penerate M antenna feed clement weights wy in an antenna feed element weight

vector w e ™ for antenna feed elements of an antenna of a femote satellite that
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result in beam response values fx at K geographic constraint points based on

corresponding bearn gain constraint values gx, and to transmit the complex valucd
antenna feed element weights to the satellite for use in forrI:ng an antenna beam trom
the satellite antenna to a geographic region;
wherein the beam former is further configured to define a cost function that
relates the beam gain constraint values gy 10 ihe antenna feed element weights wy, 10

specify an inirial vector w' of the antenna feed element wei jhts Wy, 10 evaluate the

cost function using the initial vector w' of the antenna feed dlement wei ghts wy, to

iteratively modify the antenna feed element weight vector wiand cvaluate the cost
function using the antenna feed clement weight vector w wh\ic the value of the cost
{unction is decreasing such that beam gain tesponse values |i| converge towards the

beam gain constraint values gy; and
wherein the beam former is further configured 10 gengrate a gradient of the

cost function and to adjust the antenna feed element weight vector w in the direction

of the gradient of the cost function.
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