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System and Method for Simple 2D Phase-Mode Enabled Beam-Steering

[0001] The present application claims benefit for U.S. Non-provisional Application No.
14/295,235, filed on June 3, 2014, entitled “ System and Method for Simple 2D Phase-Mode

Enabled Beam-Steering”, which application is hereby incorporated herein by reference.

TECHNICAL FIELD

[0002] The present disclosure relates generally to antennas and electromagnetic radiation
modification, and more particularly to a system and method for simple two-dimensional (2D)

phase-mode enabled beam-steering.

BACKGROUND

[0003] Beam-steering is the angular positioning of the main lobe of a radiation pattern.
This allows for greater discrimination in favor of a desired signal from a point-like source in
the far field of the antenna, for sensing or information transmission and reception. When it is
required to steer the beam of a planar array antenna over a limited range in 2 dimensions
around the array axis (which is perpendicular to the plane of the array), it becomes difficult to
fit each element with a variable phase shifter or transceiver module (TR), and incorporate
them all into the feed structure as would be devised in the conventional approach. This is
especially true where the wavelengths involved are small because the array elements and
spacings scale with wavelength (must be in the order of half wavelength) whereas feed lines
and phase shifters take up additional room and do not completely scale with wavelength,
(especially TRs). In any case, the phaseshifters and TRs become very expensive for short
wavelengths (e.g. millimeter-waves), so it is desirable to use as few of them as possible to

achieve the necessary beam control.

SUMMARY OF THE DISCLOSURE

[0004] Example embodiments of the present disclosure which provide a system and

method for simple two-dimensional (2D) phase-mode enabled beam-steering.

[0005] In accordance with an example embodiment of the present disclosure, a method
for operating a beam-steering system is provided. The method includes receiving a signal to
be tracked, generating a first phase-mode signal, a second phase-mode signal and a third

phase-mode signal from the received signal, and generating a first intermediate auxiliary
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signal, a second intermediate auxiliary signal, and a first intermediate main signal in
accordance with the phase-mode signals. The method also includes deriving a first steering
signal proportional to a circumferential steering angle of the received signal from the first
intermediate main signal and the first auxiliary signal, and deriving a second steering signal
proportional to a radial steering angle of the received signal from the second intermediate

auxiliary signal and the first intermediate main signal.

[0006] In accordance with another example embodiment of the present disclosure, a
method for operating a beam-steering system is provided. The method includes generating, by
the beam-steering system, a first auxiliary intermediate signal and a second auxiliary
intermediate signal in accordance with a 1-st order phase-mode signal, and generating, by the
beam-steering system, a first intermediate main signal in accordance with a O-th order
phase-mode signal. The method also includes producing, by the beam-steering system, a first
steering signal in accordance with the first auxiliary intermediate signal and the first
intermediate main signal to orient an array of antenna elements towards a source of the
phase-mode signals in a circumferential dimension, and producing, by the beam-steering
system, a third intermediate auxiliary signal and a second intermediate main signal in
accordance with the first intermediate main signal and the second intermediate auxiliary
signal. The method further includes producing, by the beam-steering system, a second
steering signal in accordance with the third intermediate auxiliary signal and the second
intermediate main signal to orient the array of antenna elements towards the source of the
phase-mode signals in a radial dimension, and producing, by the beam-steering system, an
output signal in accordance with the first intermediate auxiliary signal, the first intermediate
main signal, and the second steering signal, the output signal corresponding to a maximum

strength of the signal received by the array of antenna elements.

[0007] In accordance with another example embodiment of the present disclosure, a
beam-steering control system is provided. The beam-steering control system includes a
variable phase combiner, a phase shifting splitter, a first steering signal unit operatively
coupled to the first auxiliary intermediate signal and the first intermediate main signal, a
second variable ratio combiner operatively coupled to the first intermediate main signal and
the second intermediate auxiliary signal, a second steering signal unit operatively coupled to
the third intermediate auxiliary signal and the second intermediate main signal, and a first
variable ratio combiner operatively coupled to the first intermediate auxiliary signal, the first
intermediate main signal, and the second steering signal. The variable phase combiner

generates a first auxiliary intermediate signal and a second auxiliary intermediate signal in
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accordance with at least one of a 1-st order phase-mode signal and a -1-st order phase-mode
signal associated with a received signal. The phase shifting splitter generates a first
intermediate main signal in accordance with a 0-th order phase-mode signal associated with
the received signal. The first steering signal unit produces a first steering signal to orient an
array of antenna elements towards a source of the received signal in a circumferential
dimension. The second variable ratio combiner produces a third intermediate auxiliary signal
and a second intermediate main signal. The second steering signal unit produces a second
steering signal to orient the array of antenna elements towards the source of the received
signal in a radial dimension. The first variable ratio combiner produces an output signal

corresponding to a maximum strength of the signal received by the array of antenna elements.

[0008] In accordance with another example embodiment of the present disclosure, a
beam-steering control system is provided. The beam-steering control system includes an array
of antenna elements, a phase-mode generating unit operatively coupled to the array of antenna
elements, a variable-phase combiner/splitter (VPC) operatively coupled to the phase-mode
generating unit, a first steering signal unit operatively coupled to the VPC, and a second
steering signal unit operatively coupled to the VPC. The array of antenna elements receives a
signal to be tracked. The phase-mode generating unit generates a first phase-mode signal, a
second phase-mode signal and a third phase-mode signal from the received signal. The VPC
generates a first intermediate auxiliary signal, a second intermediate auxiliary signal, and a
first intermediate main signal in accordance with the phase-mode signals. The first steering
signal unit derives a first steering signal proportional to a circumferential steering angle of the
received signal from the first intermediate main signal and the first intermediate auxiliary
signal. The second steering signal unit derives a second steering signal proportional to a radial
steering angle of the received signal from the second intermediate auxiliary signal and the

first intermediate main signal.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] For a more complete understanding of the present disclosure, and the advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawing, in which:

[0010] Figure 1 illustrates a graph illustrating an example far-field pattern of O-th order
phase-mode Py of a 16 element, A/2 spaced circular ring array according to example

embodiments described herein;
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[0011] Figure 2 illustrates a graph illustrating an example far-field pattern of -1-st order
phase-mode P.; of a 16-element, A/2 spaced circular ring array according to example

embodiments described herein;

[0012] Figure 3 illustrates a graph of an example far-field pattern of 1-st order
phase-mode P; of a 16 element, A/2 spaced circular ring array according to example

embodiments described herein;

[0013] Figure 4 illustrates a portion of an example beam-steerer system with a
variable-ratio combiner controlled by setting phaseshift ¢, with phaseshift 6 applied to input B

according to example embodiments described herein;

[0014] Figure 5 illustrates a graph of an example resultant steered-beam far-field

radiation pattern according to example embodiments described herein;

[0015] Figure 6 illustrates a graph of an example resultant steered-beam far-field
radiation pattern achieved by making use of both -1¥ and +1* phase-mode signals according

to example embodiments described herein;

[0016] Figure 7 illustrates an example beam-steering system according to example

embodiments described herein;

[0017] Figure 8 illustrates a diagram of example coordinates and phase-modes of a

circular ring array and its far field according to example embodiments described herein;

[0018] Figure 9 illustrates an example geometry for a circular ring array according to

example embodiments described herein;

[0019] Figure 10 illustrates plots of example Bessel functions Jo, J; and their

approximations with q = 3/4 according to example embodiments described herein;

[0020] Figure 11 illustrates a first example beam-steering system which includes
beam-steering system shown in Figure 7 with the additional analog control circuitry, where
the “external” 90-degree phase-shifts are shown explicitly as factors £j according to example

embodiments described herein;

[0021] Figures 12a and 12b illustrate graphs of example convergence trajectories

according to example embodiments described herein;

[0022] Figure 13 illustrates a second example phase-mode enabled 2D beam-steering

system according to example embodiments described herein;
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[0023] Figure 14 illustrates an example variable-ratio combiner (VRC) according to

example embodiments described herein;

[0024] Figure 15 illustrates an example zero-lag correlator (ZLC) according to example

embodiments described herein;

[0025] Figure 16 illustrates an example variable-phase combiner (VPC) according to

example embodiments described herein;

[0026] Figure 17 illustrates a first example simplified beam-steering system according to

example embodiments described herein;

[0027] Figure 18 illustrates a second example simplified beam-steering system according

to example embodiments described herein;

[0028] Figure 19 illustrates a flow diagram of example high-level operations occurring in
a beam-steering system as it automatically tracks a signal of interest according to example

embodiments described herein;

[0029] Figure 20a illustrates a flow diagram of first example operations occurring in a
beam-steering system as it generates a first steering signal as it automatically tracks a signal

of interest according to example embodiments described herein;

[0030] Figure 20b illustrates a flow diagram of second example operations occurring in a
beam-steering system as it generates a first steering signal as it automatically tracks a signal

of interest according to example embodiments described herein; and

[0031] Figure 21 illustrates a flow diagram of example operations 2100 occurring in a
beam-steering system as it generates a second steering signal as it automatically tracks a

signal of interest according to example embodiments described herein.
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DETAILED DESCRIPTION OF illustrative embodiments

[0032] The operating of the current example embodiments and the structure thereof are
discussed in detail below. It should be appreciated, however, that the present disclosure
provides many applicable inventive concepts that can be embodied in a wide variety of
specific contexts. The specific embodiments discussed are merely illustrative of specific
structures of the disclosure and ways to operate the disclosure, and do not limit the scope of

the disclosure.

[0033] Disclosed herein is a two-dimensional (2D) phase-mode beam steering system
that automatically achieves 2D steering of the electromagnetic (EM) radiation beam of a
circular or polygonal ring array with an arbitrary number of antenna elements using a fixed
number of variable phase shifters, hybrid splitter/combiners, mixers, and integrators. The
fixed number of phase-modes is implemented in the feed structure of the antenna ring array.
The different phase-modes may each use a separate concentric ring array of antennas or they
may use a common ring array of antennas for any or all of the phase-modes. The number of
variable phase shifters, hybrid splitter/combiners, mixers, and integrators is independent of
the number of antenna elements used in the circular or polygonal ring array. The disclosed 2D
phase-mode beam steering systems and methods may be connected to a phase-mode feed
network. Additional information about phase-mode feed networks and about hybrid
splitters/combiners may be found in Davies, D.E.N. and Rizk, M.S.A.S., “Electronic Steering
of Multiple Nulls for Circular Arrays,” Electronics Letters, Vol. 13, No. 22, pp. 669-670, 27

October 1977, which is incorporated herein by reference in its entirety.

[0034] In an embodiment, the disclosed 2D phase-mode beam steering system achieves
2-dimensional steering of the beam of a circular ring array of any number of antenna elements
using only 6 (or optionally 5) variable phase shifters and only 6 hybrid splitter/combiners.
Only 3 (or optionally 2) phase-modes are required to be implemented in the feed structure of
the circular ring array. They may each use a separate concentric ring array or a common one
for any or all of the phase-modes. The 0-th order phase-mode may also use a filled planar
polygonal array and the +1-st and -1-st phase-modes may use polygonal rings of elements on
the periphery of this array; these variations of the geometry are to be understood as being

implicit in the term “circular ring array” as used in this description.

[0035] Thus the disclosed systems and apparatuses have the potential to greatly reduce
the complexity and cost of designing, fabricating and calibrating an electronically- steerable
millimeter-wave array antenna. Such an antenna is desirable, for example, in a small-cell

6
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backhaul radio to enable automatic alignment of the point-to-point link, thus greatly reducing

the link deployment time and cost.

[0036] In an embodiment, a beam-steering system includes an analog radio frequency
(RF) beam-steering network connected to a circular ring array of radiating (or receiving)
elements connected to a phase-mode feed network having output ports for the 0-th, 1-st and
-1-st order phase-modes (Po, P; and P_;, respectively), and to a transceiver (with optionally
one additional receiver input) at its output ports. The phase-mode inputs to the beam-steering
network may be generated from separate concentric ring arrays, or from a single common ring
array, having an arbitrary number of elements. The disclosed beam-steering network includes
2 phaseshifters connected to the P; and P_; phase-modes and controlled in opposite directions,
0 and -0, respectively. These are in turn connected to a hybrid splitter/combiner which forms
i@

their sum at one output, £ = P,e’® + P_ e and difference at the other output, as

D= pPe®—p e Output of mode Py is input to a compensating and 90° phaseshift

network with the same insertion delay, loss and phase as the phase-shifters and hybrid of the
other two phase-modes (when set to zero variable phases). Output D and the compensated Py
mode are then input to another sum/difference hybrid, whose outputs C and D are connected
to another two oppositely-adjustable phaseshifters, ¢ and —¢, respectively. The outputs of
these are then connected to the inputs of a third hybrid whose sum output port C gives the
steered main beam for use in the main transceiver, and difference output D gives a steered
auxiliary beam for use in an auxiliary receiver. Sum port output C of the first hybrid gives
another independent auxiliary beam for use in a control circuit which generates a steering

signal to control the circumferential (6) direction of the main beam.

[0037] In an embodiment, steering of the main beam in a limited range around the array
axis (direction perpendicular to the plane of array) in the radial direction is accomplished with
phase-setting of ¢, and in the circumferential direction with setting of 6, independently is
provided. The same structure of beam-steerer can be used with ring arrays having any number

of elements.

[0038] The disclosed beam-steerers are herein described in greater detail of their
principles of operation, in the context of a steerable millimeter-wave array antenna.
Specifically, in an embodiment, the antenna includes a planar ring of identical radiating (or
receiving) elements connected to a phase-mode beamforming network and radiating

nominally in the direction orthogonal to the plane of the array (along the array axis).

7
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[0039] In the case of an electromagnetic antenna, the array elements maybe of linear or
circular polarizations. In the latter case, they may be arranged with their feedpoints
symmetrically around the center, so that the phase will progress linearly around the
circumference by one cycle, resulting in one of the 1-st order phase-modes. In an embodiment,
phasing arrangements compensating for this phase-progression will form the 0-th order
phase-mode. Other phase-mode feed arrangements for linearly-polarized elements may be
devised, such as portions of a Butler matrix or Rotman lens, spatial or guided-mode feeds and
other arrangements employed by those skilled in the art. In an embodiment, the end result is a
phase-mode feed structure of a circular or polygonal ring array having output ports

corresponding to the O-th, +1-st and -1-st order phase-modes.

[0040] To help with the understanding of the operation of the invention, the far-field
radiation patterns of the pertinent phase-modes are illustrated in Figures 1-3. Figure 1 is a
graph 100 illustrating an example far-field pattern of O-th order phase-mode P, of a 16
element, A/2 spaced circular ring array. Figure 2 is a graph 200 illustrating an example
far-field pattern of -1-st order phase-mode P_; of a 16-element, A/2 spaced circular ring array.
Figure 3 is a graph 300 of an example far-field pattern of 1-st order phase-mode P; of a 16

element, A/2 spaced circular ring array.

[0041] In an embodiment, all antenna elements are assumed to be substantially
omnidirectional in the hemisphere bounded by the plane of the array and linearly polarized,
for simplicity. In the O-th order phase-mode, Py, there is no phase progression in the element
excitations around the circular ring array (all elements are fed in phase), so there is no
phase-progression in the circumferential direction around the array (z) axis. Thus all the fields
add in-phase on the array axis and form the main beam in the far field. Its normalized plot is
shown in Figure 1 for a 16-element ring array with elements spaced half-wavelength apart
around the circumference. Different shading indicates phase, with darker shading denoting —m,
lighter shading denoting 0, and medium shading denoting +x radians relative to the Py
excitation. Figures 2 and 3 show similar plots for the other phase-modes of the same ring

array.

[0042] The phase progressions in the P; and P.; modes’ far-field patterns are one
complete cycle of 2x radians but in opposite directions around the z-axis, which is the same as

their element excitation phase progressions.

[0043] Now it will be apparent that if one adds some proportion of, for example, the P

phase-mode to the Py phase-mode, the result will be a main lobe pointing in the direction

8
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where the two modes have the same phase (e.g. lighter shade for the above plots). The main

lobe will deviate from the array axis by an amount proportional to the proportion of the P;
mode being added. One can also vary the phase, 6, of P;, which will change the location on
the circle where it is in phase with the original main beam Py thus causing the resultant main

lobe to point in that direction.

[0044] Figure 4 illustrates a portion of an example beam-steerer system 400 with a
variable-ratio combiner controlled by setting phaseshift ¢, with phaseshift 0 applied to input B.
The portion of system 400 shown in Figure 4 is a variable-ratio combiner. The system 400
includes two hybrid splitters/combiners 402, and 404 and two oppositely adjusted
phaseshifters 406, and 408. Each hybrid splitter/combiner 402, and 404 has two inputs, A and
B, and two outputs, D and C. The input A for the hybrid splitter/combiner 402 is the Py
phase-mode from the far-field of an array of antennas (not shown). The input B for the hybrid
splitter/combiner 402 is the P; phase-mode from the far-field of an array of antennas, and is
phase shifted by phaseshifter 409. The output D of hybrid splitter/combiner 402 is the input
for phase shifter 406 and the output C of hybrid splitter/combiner 402 is the input for phase
shifter 408. The output from phase shifter 406 is the input B for the hybrid splitter/combiner
404 and the output from phase shifter 408 is the input A for the hybrid splitter/combiner 404.
The output D from the hybrid splitter/combiner 404 is the auxiliary output. The output C from
the hybrid splitter/combiner 404 is the main (M) output where the steered main beam is

effected.

[0045] In an embodiment, while the relative phaseshift of the two phase-modes is simple
to control using a variable phaseshifter 409, their relative proportions of addition are achieved
using the variable-ratio combiner of system 400. In this embodiment, the two hybrid
splitters/combiners 402, and 404 and two oppositely-adjusted phaseshifters 406, and 408 are
used to realize the function described by the equation 410. The main output, M, is described
by the function

M= P,cosp —Pe?sing,

where ¢ is the angle of the steered beam around the array axis in the radial direction and & is

the angle of the steered beam in the circumferential direction.

[0046] The mathematics of the equation 410 requires input B to hybrid splitter/combiner
402 to be shifted by a fixed 90 degrees and the (auxiliary) output D of hybrid
splitter/combiner 404 also has a fixed 90 degree phaseshift, both of which are of no practical

consequence as it depends on the choice of hybrid splitter/combiner in the implementation. As
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an example, Figure 14 illustrates a convenient grouping which is common in a number of
instances within example embodiments presented herein. An example of the resultant
steered-beam far-field radiation pattern 500 at the main (M) output C from hybrid
splitter/combiner 404 is shown in Figure 5 with 6=27*0.5 and ¢=27*0.125 radians.

[0047] It is possible to obtain a greater steering angle and lower sidelobes in the steered
beam by also making use of the other first-order phase-mode, P_;, by virtue of a simple

trigonometric identities as follows.

[0048] Suppose the intrinsic phase of phase-mode P; at some angle on the circumference
of its main cone is o and its amplitude is p. Then P_; will have the same amplitude but its
phase will be — a. Applying phaseshifts 6 and —6 to these, respectively, results in:

P e’® = pel'®*® = pcos(a +6) + jpsin{a +6)

and

p_e7i® = peit-e8l = 5 cos(~a —8) + jpsin(—a —8) = pcos(a +6) — jpsin(a + 6).
1 J J

[0049] Now, the combined, oppositely-phased first order phase-modes produce:
Pe?® —p_e”® = j2psin(a + 6)

which for any given 6 reaches a maximum value of 2 where a+6=n/2, minimum of —j2 where
a is such that a+6=-1/2, and is O where a+0=n or 0. Notice that, if we compensate P, by
multiplying it by j, it will always be in phase with the above combined and phaseshifted
phase-modes. By adding them all together in a variable-ratio combiner, it will result in a peak
where the combined modes have a peak, a minimum where they have their minimum, and no
effect where they are 0, effecting a steering of the original Py main lobe in the circumferential
direction by roughly twice the amount as with only one 1-st order phase-mode, and no

“fattening” of the main beam in the directions orthogonal to the direction of steering.

[0050] The effect can be seen in the Figure 6 for the same steering parameters as in
Figure 5. Note the sharper shape of the steered beam and greater tilt in the radial direction
corresponding to the control by ¢. Its equation is given by:

M= Pycosg — (Pe’® — P_e"¥)sing.

[0051] It is noted that in Figure 6 that there is no phase variation over the steered main
beam, as in the original main beam due to Py This means that the modem will not need to
track carrier-phase variations as the beam is steered, unlike in the case shown in Figure 5.

10
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[0052] Figure 7 illustrates an example beam-steering system 700. Beam-steering system
700 makes use of Py, P;, and P.;. Beam-steering system 700 includes a circular array of
antenna elements 718, a phase-mode feed network 720, four phase shifters 708, 710, 712, 714,
three hybrid splitters/combiners 702, 704, 706, and a delay and gain compensation module
716. Graph 730 is a cross-section plot of the P; and P.; components of the phase-mode pattern
of the far-field beam received by the array 718. Graph 740 is a cross-section plot of the Py
component of the phase-mode pattern of the far-field beam received by the array 718. Graph
750 1s a plot of the steered far-field pattern of the resultant main output C from hybrid
splitter/combiner 706, i.e. the output M of the beam-steerer 700.

[0053] A detailed description of beam-steering system 700 and variations thereof is
provided in co-assigned U.S. Patent application: Patent Application Number 13/870,309, filed
April 25, 2013, entitled "Simple 2D Phase-Mode Enabled Beam-Steering Means," which is

incorporated herein by reference.

[0054] According to an example embodiment, it may be possible to control the variable
phase shifters of beam-steering system 700 to allow beam-steering system 700 to
automatically track a signal of interest. A relatively small amount of additional circuitry,
including a duplicate variable-ratio combiner, which is independent of the number of
elements in the antenna array may be added. Additionally, an auxiliary beam output is

provided which may serve as an input to a spatial interference-cancelling subsystem.

[0055] The output signals of beam-steering system 700 may be expressed as:

M= (—j/N2)[Pycosp, — (P’ —P_,e7 7% )sing,] (1)

Ay = (mf:»f) [Posing, + (Pre® — P_je™% ) cos g, ] 2)
and

A, = (Pef® +p_e %) /Y2, (3)

where (@;, 0;) are the steering angle settings, Py, P; and P_; are the phase-mode output signals
which are functions of the angular position of the source, (¢,, 6,) and contain the

time-dependent factor m{t}e/“, m(t) being the modulation and  the angular carrier

frequency of the received RF signal from the source at point P in the far field of the circular
ring array. Figure 8 illustrates a diagram of example coordinates and phase-modes of a

circular ring array and its far field.
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[0056] The phase-mode outputs as functions of the far-field angular coordinates (i.e., the

radiation patterns) can be characterized in terms of Bessel functions of the first kind as

: InE i,
Py =m(t)e!*], ( 3 ) 4)
L et Ink sin g,
P, = —jelfom(t) e~ ], ( 7 ) (5)
and
P_y = (=) e Fom(f)el ], () = —jeem(elety, (T0E2) ()

where R is the radius of the circular ring array and the source is in direction (¢,, 6,) with
respect to the axis perpendicular to the plane of the circular ring array (array axis) and use was
made of the Bessel function property that J,(x)=(-1)"J,(x). The derivation of Equations (4)-(6)
may be better understood in a more general context shown in Figure 9, which illustrates an

example geometry for the circular ring array.

[0057] The physical length with respect to the center of the circle is measured along the
line of propagation containing the wavelength, A. It determines electrically the phaseshift at
the n-th antenna element of the circular ring array, and has the same proportion to the
wavelength, A, as the electrical phaseshift, y, has to a full cycle of 2z radians. Therefore for

the n-th element,

e _ =& cosl@—8, ) sing (7)

= 2
m F

where L is the length of the propagation path from the center of the circular ring array to point
P in its far field. It is noted that its effect is common to all elements of the circular ring array
and will be ignored. Assuming each element has an omnidirectional pattern within the field of
view and an electronic phaseshift of £, the sum of the fields from all elements at P is
proportional to

= KE‘::'=1 E}E’Qnemn; (3)

where K absorbs the common propagation constants. The total field is a function of the
angular coordinates and forms an antenna radiation pattern when plotted in those coordinates.

Expressed in greater detail,

i LinRein g P
F(8,0) =KEIN_, efre™ 2 cos(d-6,) o)

S
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In the k-th phase-mode excitation of the circular ring array, 5, = k&, so the far field is

expressible as

xR Ems‘ﬁ*

Fpy(6.9) = Ke*? Zf«'«i e“it\kgé“gﬂ}‘* cos(f-8, 'x} (10)

[0058] Now let @, = 8 — 8, —7/2 sothat cos(f —&,) = —sina, and

e/88=8) = (j)*e/*n  Equation (10) may be rewritten as

sl aing

g %
FF.S: {& ‘?) K{_})ﬁegkﬁ zn -1 g {‘kﬁn- - — .%miﬁﬁ};. (l 1)

[0059] It is noted that 6 is the angular azimuth coordinate in the far field, as well as at the
circular ring array (same applies to the elevation angular coordinate ¢), and that the electrical
phase progression in azimuth is the same in the far field as at the circular ring array (element

excitations). If the summation is weighted by the incremental angular progression A, = Aa

then normalized by their sum, which is always 2z for any phase-mode, then it may be possible

to express the far field as

wmBring

,, ..
Fox(B,0) = (—f)*ee g omlken T mnlen)] 5 (12)

and when the number of elements, N, is sufficiently large, replace the discrete summation by

an integral so that the far field is expressible as

ppk(g,@);g( }) ;kék’ f_.g —-nsgfc

@s mrﬂj
da, (13)

which is recognized as a Bessel function of the first kind, order £. Therefore

Forl(8,9) % ()< k], (F222), (14)

e

where k& ranges from O to V. Since it is possible to have negative phase progressions with —N/2
< k < N/2, it is possible to use the fact that J x(x)=(-1 O J(x). Specifically, applying this fact to
Equation (14), it is possible to use the following approximations for the three phase-modes of

interest:

] \ IR sing
Foo s (551°5),
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s s F8 (Em’% iy qs}
Fpal i Kjl F ’

and

Fo_q ®— (%} e i K/, (Eﬂ'ﬁjin w) — _je-‘ggg}i (zxszm @)

7
&

[0060] With the phase-mode substitutions, the RF outputs of the variable-ratio combiner
in Figures 11 and 13, with M, = —jPy /N2 = —jKJ,/N2 |

Agy = —j(Pyef% — p_ e N2 = —(K/N2)(],07%5%%) — J,e~/185%%:0) Mand A,

(with K containing the time-dependance m(t)e** ), become

M = m(t)el* {},} (W) cos@, — 2], (M) sin(8, + 8,) sin ‘3%] (15)
and
Ay = —m(t)ev* [j;} (wﬁ) sing, + 2] (m«m«z«iﬁﬁ) sin(@, + 6,) cos :;as}, (16)

with the 90-degree phaseshifts corresponding to “j” being assumed to have been added
externally in Figure 7. Another output of a separate phase-mode combiner that will be useful

is

, Fege 2R Hn g, .
A, = = 2m(t)e!™ ], (—35) cos(8, + 6,). (17)
[0061] Now, in order to formulate an adaptive algorithm which converges over time to

the solution &, = —f, and @, = —pg, by minimizing a penalty function, a penalty
function, I1, is defined whose gradient is linear in &_, ., according to a first-order linear

differential equation such as

4
S = v, (18)

dr

where the entries of vector A are the adapted variables, namely the phase shifter settings

.. @, and p is a constant relating the electrical phase of the variable-ratio combiner to the

radial tilt angle of the beam, and the electrical phase &. is the same as the circumferential
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physical angle of the beam, and y is the time-constant of adaptation. Beam-steering system

700 to be adaptively controlled is as depicted in Figure 7.

[0062] Generally, it is not necessary to actually find IT explicitly; It may be possible to
directly look for some function of the outputs M, A;, A,, which are linear in the phase-shift
parameters, at least for the small angles over which the beam-steering system 700 operates.
To that end, it helps to simplify the arguments of the Bessel functions. Starting with the
common practice of half-wavelength element spacing, the circumference for N elements is

2mR = NA/Z, so the Bessel functions’ arguments become 2R sing, /i = Nsing, /2,
which then approximates to N ¢,, /2. Furthermore, it is assumed that these arguments are

sufficiently small to allow truncating the following relations to one term each,

cosx = Jo(x) — 2/, (x) + 2/, (x) — 2], (2} ... (19)

sinx = 2/, (x) — 2/(x) + 2. (x) . (20)

[0063] It then happens that the resultant approximations can be improved by scaling the
independent variable by q=3/4, because for the present purposes it is needed that

0 <@, < 78, so their behavior needs to follow that of the original Bessel functions only for

x = 0 to about x = 3. The approximations can work up to even x = 6, as seen from the

comparative graphs shown in Figure 10, which illustrates plots of example Bessel functions Jo,

J1 and their approximations with q = 3/4.

[0064] Substituting
Jolx) = cosgx 21

Jo(x) = Zsingx (22)

and applying some common trigonometric identities, the output signals of beam-steering

system 700 are expressible as

M2 m(t)elr {cas (Ej_zjfg_) cos @, — sin (3««?3—) sin(@, + &,) sin c;ss} (23)

. N, Nopy .
Ay E —m(t)e’t [c:::«s (wﬁ) sing, +sin (ﬁ’—) sin(f, +6;)cos :;93} (24)
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and

A, & M [sm (—ﬁ} cos(6, + & }] (25)

[0065] Next, form a time-averaged product of the first two signals, i.e. a zero-lag

. * .
cross-correlation MA; expressible as

MA] = -««~«—m* ]:sm(zc;:ss} (ms (qi%) - 8in” (qﬁ\; )sm(& +8 ))

+ cos(2e;) sin(qﬁ’qﬁp)] sin (5;, e §5,)

(26)

It is noted that this appears useful for adapting &. because the common factor sin(:é';3 + SS:}
is linear for small angles &, and ;. However, another such factor appears in one of the
terms, so it would be nicer if . = 0. Fortunately, that is not necessary because that condition
effectively exists at the inputs to the variable ratio combiner (including outside of the external

90-degree phase-shifters), which are denoted by My and Ay, therefore

L
E o

~|mie)] _
MyAy = ———sin(qNgp) sin(6, + 8, ). (27)

[0066] When this is used in one component of the adaptive, gradient-descent algorithm, it

is clear that it will converge (i.e., % =0)to 8, +6, =0 aslongas|f, +6.| <w/2 and
wo =0 (and 0 = qNgp <7/2). If |6, + 6.| = =/2, the gradient-descent algorithm would
diverge away from the unstable equilibrium point of |8, + &,| =7 until it reached the

stable-convergence region where the feedback is negative. It is noted also that this adaptation

is independent of ¢ and also is effectively converged if it happens that ¢ = 0. Therefore

the first part of the algorithm would be expressible as

%]

% —~uVg Il = w"fafqaz = ‘“ﬁiEm —sin(gNep) sm(ﬁ ) (28)
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[0067] To adapt ¢: something similar may be needed, involving A, so as to avoid the
factor sim(_&l,_, + 6’5), and is hopefully independent of f 8, + 93_}. That turns out to be an

additional variable-ratio combiner, for A, and My, whose phase-shifters are slaved to those of
the original one in the main signal path of beam-steering system 700. Figure 11 illustrates an
example beam-steering system 1100 which includes beam-steering system 700 with the
additional analog control circuitry, where the “external” 90-degree phase-shifts are shown
explicitly as factors £j. A main variable-ratio combiner 1105 is shown in Figure 11 and is
similar to one of beam-steering system 700 with external 90-degree phase shifts shown

explicitly as shown in Figure 14.

[0068] An additional variable-ratio combiner 1110, along with its external 90-degree
phase-shifts, produces the outputs labeled M, , Ay from inputs My, A, available in

beam-steering system 700, which are expressible as

]:Mg] _ [ccas @, -—sin @3] [MG} (29)
sing, cos@, ] ld;]

iz

Substituting

i oat g sing, —imie’9E [ foNsinp,
Ay = —j\2Zm(t)e? ], (mg««*f——) cos(8, +6,) & = |sin (««————————2——-—-—-—-—«*—‘«) cos(8, +6,)

-imiy asng glzing,, . .
and M & i [ms (m««;«««ﬁ-—)] , the two outputs, which will be correlated to form the

Pite
Fe

gradient estimate are expressible as

Nsm Nsin
:-%:] j Nsm Nsin
= V2 sin @, cos (q @?“) + cos @, sin (M) cos(8, + 8,)
(30)
[0069] Because these signals are formed after the azimuth steering stage which adjusts

£.. it is not independent of that stage. However, if the azimuth stage is nearly converged, as in

the tracking mode so |8, + .| << 1, then the above signals may simplify to
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) ( ﬁ"?ﬁﬁ%?"‘iﬁl‘w )

[M:] o mimin)el et | €08 Ps + G1)

Ae V2 sin (g&s + mﬂwﬂ)
Now the zero-lag cross-correlation %_Azs* may be expressible as

—{mie)® " Haing,

M4, =~ = s sm({;} + Nﬂ) cos (gag *W‘) (32)

or with [g,| « 1,
~lmiyl®

Myd,, "~ = sin{2¢, + qNg, ). (33)

[0070] Since it is assumed that the azimuth stage was nearly converged, the

time-constant for this stage in the gradient-descent algorithm should be much smaller, i.e.,
e<<u, for this to hold. Since the above correlation is also negative, the time-constant should

have no negative sign in the algorithm, which for this elevation stage then becomes

-:"‘

d@ == S? r{ == S(M"IJ%*}S == mgi

& sm(chs qz&’qpp). (34)

[0071] This will converge (i.e.,

Bgs _ ; —
= 0)to gNg, + 29, = 0 aslongas
lgN@, + 2¢,.| < m/2 Itis noted that ¢, does not have to range over 2= radians as the

azimuth has to do, because the steering works over only a relatively narrow range of elevation
angles, so the convergence condition is more easily met. According to an example
embodiment, all elevation angles are positive and less than /2 radians. As discussed herein,
they are < /8 radians, and generally must be << 1 radian so the small-angle approximation
can be used. If the same circular ring array is used for all phase-modes and the

Bessel-function approximation is to be met up to x = 7, then for N elements the elevation

angle range would generally have to satisty gNw,/2 < m or equivalently
@, < _— (35)

which decreases with the size of the circular ring array. Convergence trajectories of the

algorithm from all starting conditions to a given target state are shown in Figures 12a and 12b
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with q=1. Since the electrical phase &, corresponds to the physical circumferential angle &,,

the polar form of the gradient plot is a scaled version of the physical progression of the
pointing direction of the beam’s peak, viewed on the array axis. The arrows represent possible
starting points of the algorithm for a given desired beam pointing direction. It may be seen
that the phases converge to one spot from any starting point (dark circles on the dotted
example trajectories in Figure 12b), by following the arrows until one reaches a point where
they disappear (zero length and no adjacent arrows pointing away from it, at the terminating

arrows of the dotted example trajectories in Figure 12b).

[0072] Figure 13 illustrates a second example phase-mode enabled 2D beam-steering
system 1300. Only two phase-mode outputs are required in this case. They are given by
equations (4) and (5) and form the two inputs to a main variable-ratio combiner 1305 as

My = —jPy /N2 , Ay = —j[P,e’%)/\/Z. The outputs of main variable-ratio combiner 1305

(which is shown in detail in Figure 14) are obtained similarly as equations (15) and (16), but

more compactly, as

[M] _ [cas% —sin@g] [Mﬂ
Ay sing, cosg, Jldgnl

(36)

After the substitutions for the vector in the right hand side of Equation (36) and matrix

multiplication, the outputs are expressible as

InRaeing ., \ InR sing, ,ia e
MY _ cimoger [0504Jo (F5702) = sing, 1, (572 (—je %))
A1 o F InBring . el sng, (37)

A

sing, Jo (22 ) + cos g, J (T2 ) (—jedlE 4oy |

which corresponds to equations (15) and (16) for the second embodiment. With the same
approximations of the Bessel functions and half-wavelength element spacing around the
circular ring array circumference, the outputs corresponding to equations (23) and (24) are

expressible as

g¥sing,. . . gNalng ., T
[M] —im(syeiet | COS @ COS (M) — sin @, sin (M) (—jel\% 8y /2
T ik -

Jé b & (3 8)

¥

e
e

. m¥Eaesy | . gsing . . de e )
sin @, cos (M) + cos g, sin (M) (—jel\%*ely /2

5
e

[0073] Anticipating the same development as that leading to equations (26)-(28) for the

second embodiment, it is possible to set s = O to effectively obtain the phase-mode signals
at the inputs to main variable-ratio combiner 1305, and to the added circuitry representing the
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part of the algorithm controlling .. Before these inputs are multiplied together, they are

N i,
[M] — el ms( 5 ) (39)
e . - . ) 39
Ay T lsin (m‘“‘Miﬂm ) (—jel\BetB:ly 2

In this example embodiment of beam steering system 1300, this part of the algorithm differs a
bit from that in the second example embodiment in that only the real part of the product of the
quantities in the right hand side of equation (39) above is used (there is only the real part
present in the second embodiment so this becomes a redundant step in the second
embodiment):

s b
‘;
ML

il sin(qNsingg ) sm(&’ +8,). (40)

Re{M,dp} & =
Clearly, the circumferential steering algorithm is the same as in the first embodiment, except
for having to explicitly take the real part in the left hand side of equation (40) in the first

embodiment. In either embodiment, the input signal to the integrator with coefficient g is

real, so the common algorithm for both embodiments may be expressed as

a

CL ”ﬂ?an = »»;:Re{M,}Am} & A“i

- sm{qk”{pp}sm(é‘ +6.). (41)

[0074] Similar reasoning is applied to derive the corresponding part of the algorithm for

adapting the radial steering phase @, . In Figure 13, the second auxiliary output is given by
A, = &{F elfs ) /v'2, so additional variable-ratio combiner 1310 produces the outputs

according to equation (29), which is expressible as

R singy InBsings\ e s8]
[M@] (e r::,cws:;i:?ﬁ}g}(—-’4‘11 ) zsm%;:[( ) APp+8y

= 42)
i InRsing, vé? 33?&;}“ i b & (
Az N sing, ]y (d) 2cosg, |y (i ) HBptEs)
which may be approximated as to
glising, Mydnge, . . MNelne ; b
[M"] —m(syalwt | COS P €OS ( ) 2sin g, sin {@—ﬂ&) CSLAYS)
ES b - 43)
% 7 - g ping, N gNslneg,. TR : (
2 N sin @, cos (d) 2eos @, sin (—*ﬂ) PEASALY /2

From here the same signal-processing operations are applied as in the corresponding part of
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the algorithm for second embodiment, since the condition |8, +&.] << 1 has the same effect,

SO

&N Sl
0, + 02

ﬁ“fq —“;rmni-ss-’wr cos (
{ ] N siugw., (44)

i sin (fps, + M)

which is identical to equation (31) in the second embodiment. Therefore the algorithm for

adaptation of the radial steering phase in both embodiments is the same, namely

=

dp, _ I g;ﬂg*"b
=V, I = eMydis ¥ —¢ sin(2¢, + qNg, ), (45)

with |g,| << 1 and the same conditions as previously. (While it is possible that
|8, + 6.] « 1 is not satisfied in the initial intervals of adaptation, the correlation multiplier

may output a non-zero imaginary part, as it is generally a complex multiplier, so that could be
used to trim line-lengths in the implementation until the imaginary part in that case is zero. It
is forced to zero by taking only the real part to drive the integrator in the algorithm

implementation, as shown explicitly in Figure 13).

[0075] In order to facilitate discussion of beam-steering systems 1100 and 1300, some
simplifying groupings of circuits are made. Figure 14 illustrates an example variable-ratio
combiner (VRC) 1400. Variable-ratio combiner 1400 includes two hybrid splitters/combiners
1405, and 1407 and two oppositely adjusted variable phaseshifters 1410, and 1412 and a fixed
90-degree phaseshifter 1408, and a fixed -90-degree phaseshifter 1409. Each hybrid
splitter/combiner 1405, and 1407 has two inputs, A and B, and two outputs, D and C. In an
example embodiment of its use, the input A for the hybrid splitter/combiner 1405 is the My
signal and the input B for the hybrid splitter/combiner 1405 is the A, signal with its phase
subsequently shifted 90 degrees by phaseshifter 1408. The output D of hybrid
splitter/combiner 1405 is the input for phase shifter 1410 and the output C of hybrid
splitter/combiner 1405 is the input for phase shifter 1412. The output from phase shifter
1410 is the input B for the hybrid splitter/combiner 1407 and the output from phase shifter
1412 is the input A for the hybrid splitter/combiner 1407. The output D from the hybrid
splitter/combiner 1407 is phase shifted -90 degrees by phaseshifter 1409 and is the Ay signal.
The output C from the hybrid splitter/combiner 1407 is the M; signal. It is noted that
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variable-ratio combiner 1400 is discussed with signaling for an additional variable-ratio
combiner, such as additional variable-ratio combiners 1110 and 1310. Variable-ratio
combiner 1400 may also be used as main variable-ratio combiners 1105 and 1305. Symbol
1420 is a symbolic representation of variable-ratio combiner 1400. Symbol 1420 has input

signals W; and W, and outputs Z; and Z,.

[0076] Figure 15 illustrates an example zero-lag correlator (ZLC) 1500. Zero-lag
correlator 1500 includes a mixer 1505 and an integrator 1510. Mixer 1505 mixes a conjugate
of input Ay with input M; and integrator 1510 integrates the output of mixer 1505 to produce
a control signal for variable-ratio combiners. Symbol 1515 is a symbolic representation of
zero-lag correlator 1500. Symbol 1515 has input signals M and A and output P and is used in
several instances in the example embodiments, to produce the radial and circumferential
control signals. It should be noted that this represents the mathematical functionality of ZL.C
1500. Actual implementations of ZLC 1500 may include directional couplers, filters and
amplifiers at the inputs, and assist circuitry around the multiplier and integrator, including
analog to digital and digital to analog converters, discrete-time control and/or digital signals,

as the algorithm can also be formulated in discrete-time.

[0077] Figure 16 illustrates an example variable-phase combiner (VPC) 1600. A first
input for variable-phase combiner 1600 is the P; phase-mode from the circular ring array that
is subsequently phaseshifted by variable phaseshifter 1605. A second input for variable-phase
combiner 1600 is the P.; phase-mode from the circular ring array that is subsequently and
oppositely phaseshifted by variable phaseshifter 1607. Output of phaseshifter 1605 is the A
input of hybrid splitter/combiner 1610 and output of phaseshifter 1607 is the B input of
hybrid splitter/combiner 1610. The C output of hybrid splitter/combiner 1610 is the A, signal
and the D output of hybrid splitter/combiner 1610 is phaseshifted -90 degrees by fixed
phaseshifter 1612 and is the Ag; signal. Symbol 1620 is the symbolic representation of
variable-phase combiner 1600 and has inputs X; and X; and outputs Y; and Y».

[0078] Figure 17 illustrates a first example simplified beam-steering system 1700.
Beam-steering system 1700 is a simplified illustration of beam-steering system 1300 utilizing
the circuit symbols discussed in Figures 14-16. Beam-steering system 1700 includes a main
variable-ratio combiner 1705 and an additional variable-ratio combiner 1707. Beam-steering
system 1700 also includes a variable-phase combiner 1710 coupled to circular ring array with
sparse phase-mode feed network 1702. Zero-lag correlator 1715 generates control signals for
main variable-ratio combiner 1705 and additional variable-ratio combiner 1707 (with a -1

scaling by scaler 1720 thereby inverting the control signal provided to additional
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variable-ratio combiner 1707). Zero-lag correlator 1717 generates a control signal for
variable-phase combiner 1710. Zero-lag correlators 1715 and 1717 may hold fixed the control
signals once they converge. Scaler 1725 scales the Y1 output of variable-phase combiner

1710 by 2. Splitter 1730 splits and scales the Py phase-mode from circular ring array 1702.

[0079] Phase-mode signal P; is input to variable-phase combiner 1710, producing signals
Ao1 and A,. Scaler 1725 may multiply the output of variable-phase combiner 1710 by 2 to
produce signal A,. Phase-mode signal Py is shifted by -90 degrees and split into two My
signals by splitter 1730. One of the My signals is provided to main variable-ratio combiner
1705 and zero-lag correlator 1717, while Ay, signal is provided to main variable-ratio
combiner 1705 and zero-lag correlator 1715. Zero-lag correlator 1717 forms an output signal
at P in accordance with Equations (28) and (41) whose time-derivative is proportional by p to
the circumferential steering angle 0g and is fed to the P input of variable-phase combiner

1710.

[0080] The other of the M signals and signal A; are provided to additional variable-ratio
combiner 1707. Additional variable-ratio combiner 1707 is to produce from its input signals,
output signals My, and Ay and provide them to inputs of zero-lag correlator 1715. Zero-lag
correlator 1715 produces a control signal for main variable-ratio combiner 1705 and an
inverted version (multiplied by scaler 1720) is provided to additional variable-ratio combiner
1707. Its time-derivative is proportional by € to the radial steering angle ¢_of the beam, in
accordance with Equations (34), and (45), where is € preferably a much smaller scalar than p ,

in order to assure the proper sequence of convergence of the steering signals.

[0081] Main variable-ratio combiner 1705 forms output signals M and A;. The signal M
represents the output of the steered beam which has its peak on the desired signal at P in the
far field. Being bidirectional, beam steering system 1700 will also accept an input signal at M

and transmit it to point P with the same beam.

[0082] Figure 18 illustrates a second example simplified beam-steering system 1800.
Beam-steering system 1800 is a simplified illustration of beam-steering system 1100 utilizing
the circuit symbols discussed in Figures 14-16. Beam-steering system 1800 includes a main
variable-ratio combiner 1805 and an additional variable-ratio combiner 1807. Beam-steering
system 1800 also includes a variable-phase combiner 1810 coupled to circular ring array with
sparse phase-mode feed network1802. Zero-lag correlator 1815 generates control signals for
main variable-ratio combiner 1805 and additional variable-ratio combiner 1807 (with a -1

scaling by scaler 1820 thereby inverting the control signal provided to additional
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variable-ratio combiner 1807). Zero-lag correlator 1817 generates a control signal for
variable-phase combiner 1810. Zero-lag correlators 1815 and 1817 may hold fixed the control
signals once they converge. Splitter 1830 splits and scales the Py phase-mode from circular

ring array 1802.

[0083] Phase-mode signals P; and P_; are input to variable-phase combiner 1810,
producing signals Ag; and A,. Phase-mode signal Py is shifted by -90 degrees and split into
two M signals by splitter 1830. One of the My signals is provided to main variable-ratio
combiner 1805 and zero-lag correlator 1817, while Ay, signal is provided to main
variable-ratio combiner 1805 and zero-lag correlator 1817. Zero-lag correlator 1817 forms an
output signal at P in accordance with Equations (28) and (41) whose time-derivative is
proportional by p to the circumferential steering angle 65 and is fed to the P input of

variable-phase combiner 1810.

[0084] The other of the MO signals and signal A, are provided to additional variable-ratio
combiner 1807. Additional variable-ratio combiner 1807 is to produce from its input signals,
output signals My, and Ay and provide them to inputs of zero-lag correlator 1815. Zero-lag
correlator 1815 produces a control signal for main variable-ratio combiner 1805 and an
inverted version (multiplied by scaler 1820) is provided to additional variable-ratio combiner
1807. Its time-derivative is proportional by ¢ to the radial steering angle of the beam, in
accordance with Equations (34), and (45), where is ¢ preferably a much smaller scalar than p ,

in order to assure the proper sequence of convergence of the steering signals.

[0085] Main variable-ratio combiner 1805 forms output signals M and A;. The signal M
represents the output of the steered beam which has its peak on the desired signal at P in the
far field. Being bidirectional, beam steering system 1800 will also accept an input signal at M

and transmit it to point P with the same beam.

[0086] Figure 19 illustrates a flow diagram of example high-level operations 1900
occurring in a beam-steering system as it automatically tracks a signal of interest. Operations
1900 may be indicative of operations occurring in a beam-steering system, such as
beam-steering system 1700 and beam-steering system 1800, as the beam-steering system

tracks a signal of interest.

[0087] Operations 1900 may begin with the beam-steering system receiving a signal at its
circular ring antenna array (block 1905). The beam-steering system may generate phase-mode
signals using its sparse phase-mode feed network (block 1910). The beam-steering system

may generate a first steering signal from the phase-mode signals and intermediate signals
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(block 1915). The beam-steering system may generate a second steering signal from the
phase-mode signals and intermediate signals (block 1920). The beam-steering system may
generate output signals used by the beam-steering system to track the received signal (block
1925). The beam-steering system may send the output signals to a main receiver, as well as an

auxiliary receiver (block 1930).

[0088] Figure 20a illustrates a flow diagram of first set of example operations 2000
occurring in a beam-steering system as it generates a first steering signal as it automatically
tracks a signal of interest. Operations 2000 may be indicative of operations occurring in a
beam-steering system, such as a beam-steering system 1800, as the beam-steering system
tracks a signal of interest. The steps illustrated in Figure 20 should be understood to represent
an example embodiment of how step 1915 in Figure 19 could be implemented in an
embodiment of a beam-steering system. Accordingly, the method starts at the conclusion of

step 1910 in Figure 19.

[0089] Operations 2000 may begin with the beam-steering system generating
intermediate signals A, and Ag; from phase-mode signals P; and P.; using a VPC (block
2005). The beam-steering system may adjust phase-shifters of the VPC using the first steering
signal (block 2007). The beam-steering system may update the intermediate signals A, and
A1 using the VPC (block 2009). The beam-steering system may also generate intermediate
signal My from phase-mode signal Py (block 2011). The beam-steering system may provide
the intermediate signals My and Ay to a first VRC and intermediate signals My and A; to a
second VRC (block 2013). Following completion of block 2013, an example process can
return to block 1920 in Figure 19. As will be discussed below, Figure 21 provides an example
embodiment of a method of carrying out block 1920 in Figure 19, and in some embodiments,

following block 2013, the method can continue to step 2105 in Figure 21.

[0090] The beam-steering system may update the first steering signal. The updating of
the first steering signal may include correlating the intermediate signal M, and a conjugate of
the intermediate signal Ag; (block 2015) and performing a check to determine if a correlation
product is equal to zero (block 2017). The updating of the first steering signal may also
include if the correlation product is not equal to zero (or substantially not equal to zero),
updating the first steering signal, e.g., by incrementing the first steering signal by -u * the
correlation product (block 2019) and returning to block 2007 to continue the generating of the
first steering signal. The updating of the first steering signal may further include if the

correlation product is equal to zero (or substantially equal to zero), determining that the first
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steering signal has converged and the updating of the first steering signal may end with the
beam-steering system holding (or hold fixed) the first steering signal (block 2021). The
beam-steering system may hold the first steering signal fixed at its converged value. The
beam-steering system may hold the first steering signal fixed until the beam-steering system
is reset, powered down, or a new signal of interest is to be tracked. Following completion of
block 2021, an example process can continue to block 1920 in Figure 19, the example

embodiment of which is shown in Figure 21.

[0091] Figure 20b illustrates a flow diagram of second example operations 2050
occurring in a beam-steering system as it generates a first steering signal as it automatically
tracks a signal of interest. Operations 2050 may be indicative of operations occurring in a
beam-steering system, such as a beam-steering system 1700, as the beam-steering system
tracks a signal of interest. Operations 2050 is an example embodiment of the beam-steering

system generating the first steering signal, block 1915 of Figure 19.

[0092] Operations 2000 may begin with the beam-steering system generating
intermediate signals A, and Ag; from either phase-mode signals P; or P_; at a first input of a
VPC (with a second input of the VPC terminated) (block 2055). The beam-steering system
may adjust phase-shifters of the VPC using the first steering signal (block 2057). The
beam-steering system may update the intermediate signals A, and Ay; using the VPC (block
2059). The beam-steering system may scale the intermediate signal A; (block 2061). The
beam-steering system may also generate intermediate signal My from phase-mode signal Py
(block 2063). The beam-steering system may provide the intermediate signals My and Ag; to a
first VRC and intermediate signals My and A; (scaled) to a second VRC (block 2065). As
discussed with respect to Figure 20a, completion of the method of Figure 20b, the process,
which is an embodiment of step 1915 can return to step 1920 of Figure 19, and in some

embodiments will serve as the starting point for the method of Figure 21 in block 2105.

[0093] The beam-steering system may update the first steering signal. The updating of
the first steering signal may include correlating the intermediate signal My and a conjugate of
the intermediate signal Ag; (block 2067) and performing a check to determine if a correlation
product is equal to zero (block 2069). The updating of the first steering signal may also
include if the correlation product is not equal to zero (or substantially equal to zero), updating
the first steering signal, e.g., by incrementing the first steering signal by -u  * the correlation
product (block 2071) and returning to block 2057 to continue the generating of the first

steering signal. The updating of the first steering signal may further include if the correlation
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product is equal to zero (or substantially equal to zero), determining that the first steering
signal has converged and the updating of the first steering signal may end with the
beam-steering system holding (or hold fixed) the first steering signal (block 2073). The
beam-steering system may hold the first steering signal fixed at its converged value. The
beam-steering system may hold the first steering signal fixed until the beam-steering system
is reset, powered down, or a new signal of interest is to be tracked. Following completion of
block 2073, an example process can continue to block 1920 in Figure 19, the example

embodiment of which is shown in Figure 21.

[0094] It is noted that the termination of operations 2050 may mean that the
beam-steering system has completed the generation of the first steering signal, e.g., the
beam-steering system has completed block 1915 of Figure 19, and the beam-steering system

may continue with the generation of the second steering signal, e.g., block 1920 of Figure 19.

[0095] Figure 21 illustrates a flow diagram of example operations 2100 occurring in a
beam-steering system as it generates a second steering signal as it automatically tracks a
signal of interest. Operations 2100 may be indicative of operations occurring in a
beam-steering system, such as beam-steering system 1700 or beam-steering system 1800, as
the beam-steering system tracks a signal of interest. Operations 2100 is an example
embodiment of the beam-steering system generating the second beam steering signal, block

1920 of Figure 19.

[0096] Operations 2100 may begin with the beam-steering system adjusting
phase-shifters of the first VRC using the second steering signal (block 2105). Operations 2100

may terminate.

[0097] The beam-steering system may adjust phase-shifters of the second VRC using a
negative of the second steering signal (block 2107). The beam-steering system may generate
intermediate signals M and A,g (block 2109). The beam-steering system may correlate the
intermediate signal M, with a conjugate of the intermediate signal Ajg (block 2111). The
beam-steering system may perform a check to determine if a correlation product is equal to
zero (block 2113). If the correlation product is not equal to zero (or substantially equal to
zero), the beam-steering system may update the second steering signal (block 2115). As an
illustrative example, the beam-steering system may increment the second steering signal by
-¢ * the correlation product. The beam-steering system may also ensure that € << . The
beam-steering system may return to block 2105 and block 2107. If the correlation product is

equal to zero (or substantially equal to zero), the beam-steering system may determine that the
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second steering signal has converged and the updating of the second steering signal may end
with the beam-steering system holding (or hold fixed) the second steering signal (block 2117).
The beam-steering system may hold the second steering signal fixed at its converged value.
The beam-steering system may hold the second steering signal fixed until the beam-steering
system is reset, powered down, or a new signal of interest is to be tracked. Operations 2100

may terminate.

[0098] It is noted that the termination of operations 2100 may mean that the
beam-steering system has completed the generation of the second steering signal, e.g., the
beam-steering system has completed block 1920 of Figure 19, and the beam-steering system

may continue with the generation of the output signals, e.g., block 1925 of Figure 19.

[0099] Although the present disclosure and its advantages have been described in detail,
it should be understood that various changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the disclosure as defined by the appended

claims.
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WHAT IS CLAIMED IS:
1. A method for operating a beam-steering system, the method comprising:

receiving, by the beam-steering system, a signal to be tracked;

generating, by the beam-steering system, a first phase-mode signal, a second
phase-mode signal and a third phase-mode signal from the received signal;

generating, by the beam-steering system, a first intermediate auxiliary signal, a second
intermediate auxiliary signal, and a first intermediate main signal in accordance with the
phase-mode signals;

deriving, by the beam-steering system, a first steering signal proportional to a
circumferential steering angle of the received signal from the first intermediate main signal
and the first auxiliary signal; and

deriving, by the beam-steering system, a second steering signal proportional to a radial
steering angle of the received signal from the second intermediate auxiliary signal and the

first intermediate main signal.

2. The method of claim 1, wherein deriving the first steering signal comprises:
correlating a conjugate of the first intermediate auxiliary signal and the first

intermediate main signal to produce the first steering signal.

3. The method of claim 1, wherein deriving the first steering signal comprises:
correlating the first intermediate auxiliary signal and the first intermediate main signal
to produce a first correlation product;
in response to determining that the first correlation product is not equal to zero,
updating the first steering signal using the first correlation product, and
repeating the deriving the first steering signal; and
in response to determining that the first correlation product is equal to zero, saving the

first steering signal.
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4. The method of claim 1, wherein deriving the second steering signal comprises:

combining the second intermediate auxiliary signal and the first intermediate main
signal to produce a third intermediate auxiliary signal and a second intermediate main signal;
and

correlating the third intermediate auxiliary signal and the second intermediate main

signal to produce the second steering signal.

5. The method of claim 1, wherein deriving the second steering signal comprises:
combining the second intermediate auxiliary signal and the first intermediate main
signal to produce a third intermediate auxiliary signal and a second intermediate main signal;
correlating the second intermediate main signal and a conjugate of the third intermediate
auxiliary signal to produce a second correlation product;
in response to determining that the second correlation product is not equal to zero,
updating the second steering signal using the second correlation product, and
repeating the deriving of the second steering signal; and
in response to determining that the second correlation product is equal to zero, saving

the second steering signal.

6. The method of claim 1, wherein generating the first intermediate auxiliary signal, the
second intermediate auxiliary signal, and the first intermediate main signal comprises:
oppositely phaseshifting and combining a second phase-mode signal and a third
phase-mode signal to produce the first intermediate auxiliary signal and the second
intermediate auxiliary signal; and
scaling by a complex factor a first phase-mode signal to produce the first intermediate

main signal.
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7. The method of claim 6, wherein one of the second phase-mode signal and the third
phase-mode signal is disconnected and associated ports are terminated, and wherein the

second intermediate auxiliary signal is scaled by a factor of 2.

8. The method of claim 1, wherein deriving the first steering signal comprises:

5

§

_mel i
evaluating % = —uRe{M, Ay} = —u i“‘“”;"’* sin{qNe;) sm[é’p -3-63},

where &. is an electrical phaseshift proportional to the first steering control signal, ¢, isa
radial bearing of a source of the received signal, &, is a circumferential bearing of the source

of the received signal, M is the first intermediate main signal, 4o, is the first intermediate
auxiliary signal, N is a number of elements in an array of antenna elements, m(?) is a

modulation of the signal, 1 is a feedback gain or step-size for the first steering control signal,
q 1is a scaling factor in an approximation of a dependence on radial bearing coordinate, and

Re{.} is a function returning a real portion of an argument.

9. The method of claim 8, further comprising repeating the evaluating until the first steering

signal converges so that the steering angle —&. converges to an azimuthal bearing of the

. . dg
source of the received signal, &, , whereupon d—f =0

10. The method of claim 1, wherein deriving the second steering signal comprises:

R PR ... i
evaluating —= = EM,Aze = —& sm(Z@s ?QN%)j

=
-

31



10

15

20

WO 2015/184980 PCT/CN2015/080615
where . is an electrical phaseshift proportional to the second steering signal, ¢ is a radial

bearing of a source of the received signal, M, is a second intermediate main signal, 4,5 1s a
third intermediate auxiliary signal, N is a number of elements in an array of antenna elements,

m(?) 1s a modulation of the signal, = is a feedback gain or step-size for the second steering

control signal and much smaller than gain (or step-size) u , and g is a scaling factor in an

approximation of a dependence on radial bearing coordinate.

11. The method of claim 10, wherein further comprising repeating the evaluating until the

second steering signal converges so that —¢, converges to g/N/2 times the radial bearing

. . . dips
coordinate of a source of the received signal, whereupon —= = 0.

12, A method for operating a beam-steering system, the method comprising:

generating, by the beam-steering system, a first auxiliary intermediate signal and a
second auxiliary intermediate signal in accordance with a 1-st order phase-mode signal;

generating, by the beam-steering system, a first intermediate main signal in
accordance with a O-th order phase-mode signal,

producing, by the beam-steering system, a first steering signal in accordance with the
first auxiliary intermediate signal and the first intermediate main signal to orient an array of
antenna elements towards a source of the phase-mode signals in a circumferential dimension;

producing, by the beam-steering system, a third intermediate auxiliary signal and a
second intermediate main signal in accordance with the first intermediate main signal and the
second intermediate auxiliary signal;

producing, by the beam-steering system, a second steering signal in accordance with

the third intermediate auxiliary signal and the second intermediate main signal to orient the
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array of antenna elements towards the source of the phase-mode signals in a radial dimension;
and

producing, by the beam-steering system, an output signal in accordance with the first
intermediate auxiliary signal, the first intermediate main signal, and the second steering signal,
the output signal corresponding to a maximum strength of the signal received by the array of

antenna elements.

13. The method of claim 12, further comprising generating the second auxiliary intermediate

signal in accordance with the 1-st order phase-mode signal and a scaling factor.

14. The method of claim 13, wherein the scaling factoris a 2.

15. The method of claim 12, further comprising generating the first auxiliary intermediate
signal and the second auxiliary intermediate signal in accordance with the 1-st order

phase-mode signal and a -1-st order phase-mode signal.

16. The method of claim 12, further comprising producing an output auxiliary signal in
accordance with the 1-st order phase-mode signal and a -1st order phase-mode signal, the first
intermediate auxiliary signal, the second intermediate auxiliary signal, the first intermediate

main signal, the first steering signal, and the second steering signal.

17. A beam-steering control system comprising:

a variable phase combiner configured to generate a first auxiliary intermediate signal
and a second auxiliary intermediate signal in accordance with at least one of a 1-st order
phase-mode signal and a -1-st order phase-mode signal associated with a received signal;

a phase shifting splitter configured to generate a first intermediate main signal in
accordance with a 0-th order phase-mode signal associated with the received signal,

a first steering signal unit operatively coupled to the first auxiliary intermediate signal
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and the first intermediate main signal, the first steering signal unit configured to produce a
first steering signal to orient an array of antenna elements towards a source of the received
signal in a circumferential dimension,;

a second variable ratio combiner operatively coupled to the first intermediate main
signal and the second intermediate auxiliary signal, the second variable ratio combiner
configured to produce a third intermediate auxiliary signal and a second intermediate main
signal;

a second steering signal unit operatively coupled to the third intermediate auxiliary
signal and the second intermediate main signal, the second steering signal unit configured to
produce a second steering signal to orient the array of antenna elements towards the source of
the received signal in a radial dimension; and

a first variable ratio combiner operatively coupled to the first intermediate auxiliary
signal, the first intermediate main signal, and the second steering signal, the first variable ratio
combiner configured to produce an output signal corresponding to a maximum strength of the

signal received by the array of antenna elements.

18. The beam-steering control system of claim 17, wherein the variable phase combiner is
configured to generate the first auxiliary intermediate signal in accordance with the 1-st order
phase-mode signal, and to generate the second auxiliary intermediate signal in accordance

with the 1-st order phase-mode signal and a scaling factor.

19. The beam-steering control system of claim 18, wherein the scaling factorisa 2.

20. The beam-steering control system of claim 17, wherein:
the variable phase combiner is configured to generate the first auxiliary intermediate

signal in accordance with the -1-st order phase-mode signal; and
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the first steering signal unit is configured to direct the generated first steering signal to

an inverter prior to use as a control signal for the variable phase combiner.

21. The beam-steering control system of claim 17, wherein the first steering signal unit
comprises a first zero-lag correlator, and the second steering signal unit comprises a second

zero-lag correlator.

22. The beam-steering control system of claim 17, further comprising the array of antenna

elements coupled to the variable phase combiner.

23. The beam-steering control system of claim 22, wherein the array of antenna elements is
one of a circular array of antenna elements, a substantially circular array of antenna elements,
a polygonal array of antenna elements, a plurality of antenna elements arranged in one or

more concentric rings, and a plurality of antenna elements in a common ring array.

24. A beam-steering control system comprising:

an array of antenna elements configured to receive a signal to be tracked;

a phase-mode generating unit operatively coupled to the array of antenna elements, the
phase-mode generating unit configured to generate a first phase-mode signal, a second
phase-mode signal and a third phase-mode signal from the received signal;

a variable-phase combiner/splitter (VPC) operatively coupled to the phase-mode
generating unit, the VPC configured to generate a first intermediate auxiliary signal, a second
intermediate auxiliary signal, and a first intermediate main signal in accordance with the
phase-mode signals;

a first steering signal unit operatively coupled to the VPC, the first steering signal unit
configured to derive a first steering signal proportional to a circumferential steering angle of

the received signal from the first intermediate main signal and the first intermediate auxiliary
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signal; and

a second steering signal unit operatively coupled to the VPC, the second steering
signal unit configured to derive a second steering signal proportional to a radial steering angle
of the received signal from the second intermediate auxiliary signal and the first intermediate

main signal.

25. The beam-steering control system of claim 24, wherein the first steering signal unit is
configured to correlate a conjugate of the first intermediate auxiliary signal and the first

intermediate main signal to produce the first steering signal.

26. The beam-steering control system of claim 24, wherein the first steering signal unit is
configured to correlate the first intermediate auxiliary signal and the first intermediate main
signal to produce a first correlation product, wherein in response to determining that the first
correlation product is not equal to zero, the first steering signal unit is configured to update
the first steering signal using the first correlation product, and to repeat the deriving the first
steering signal, and wherein in response to determining that the first correlation product is

equal to zero, the first steering signal unit is configured to hold fixed the first steering signal.

27. The beam-steering control system of claim 24, wherein the second steering signal unit is
configured to combine the second intermediate auxiliary signal and the first intermediate main
signal to produce a third intermediate auxiliary signal and a second intermediate main signal,
and to correlate the second intermediate main signal and a conjugate of the third intermediate
auxiliary signal to produce a second correlation product, wherein in response to determining
that the second correlation product is not equal to zero, the second steering signal unit is
configured to update the second steering signal using the second correlation product, and to

epeat the deriving of the second steering signal, and wherein in response to determining that
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the second correlation product is equal to zero, the second steering signal unit is configured to

hold fixed the second steering signal.

28. The beam-steering control system of claim 24, wherein the VPC is configured to
oppositely phaseshift and combine a second phase-mode signal and a third phase-mode signal
to produce the first intermediate auxiliary signal and the second intermediate auxiliary signal,
and to scale by a complex factor a first phase-mode signal to produce the first intermediate

main signal.

29. The beam-steering control system of claim 24, wherein the first steering signal unit is

a8 _ U L o
configured to evaluate = —pRe{MyAy} = —u sin(gNg;) sm(ﬁ, + 8, ), where

dr e

£, is an electrical phaseshift proportional to the first steering signal, ¢, is a radial bearing of

a source of the received signal, &, is a circumferential bearing of a source of the received

signal, M, is the first intermediate main signal, Ao, is the first intermediate auxiliary signal, N

is a number of elements in an array of antenna elements, m(?) is a modulation of the signal, 1

is a feedback gain or step-size for the first steering signal, g is a scaling factor in an

approximation of a dependence on radial bearing coordinate, and Re{.} is a function

returning a real portion of an argument.

30. The beam-steering control system of claim 24, wherein the second steering signal unit is

-
£

|

de, . ol .
configured to evaluate *"gf“ = M, Ays = —&==, sin(2¢, + q;\?@p),
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where . is an electrical phaseshift proportional to the second steering signal, ¢ is a radial

bearing of a source of the received signal, M, is a second intermediate main signal, 4,5 1s a
third intermediate auxiliary signal, N is a number of elements in an array of antenna elements,

m(?) 1s a modulation of the signal, = is a feedback gain or step-size for the second steering

signal and much smaller than gain (or step-size) 1 , and g is a scaling factor in an

approximation of a dependence on radial bearing coordinate.
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