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A passive beamiorming rectenna includes a plurality of
antennas, a plurality of terminal port rectifying circuits, and
a beamiorming network. The beamiforming network
includes (a) a plurality of antenna ports connecting to the
plurality of antennas, and (b) a plurality of terminal ports
connecting to the plurality of terminal port rectifying cir-
cuits. The beamforming network further includes a micro-
wave lens or any of a variety of other structures. The
beamiorming rectenna 1s characterized by a plurality of
radiation distribution patterns. Electromagnetic power 1s
received through the plurality of antennas. The beamiorm-
ing network directs the received electromagnetic power, 1n
substantial portion, to a subset of the plurality of terminal
ports associated with particular radiation distribution pat-
terns whose amplitudes, 1n the direction from which the
clectromagnetic power was received, are large relative to the
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BEAMFORMING RECTENNAS, SYSTEMS
AND METHODS FOR WIRELESS POWER
TRANSFER

CROSS-REFERENCE TO RELATED PATENT
APPLICATIONS

This application claims priority to U.S. Provisional Appli-
cation Ser. No. 62/210,821 titled “Beamiorming Rectenna,
System and Method for Transfer of Electromagnetic Power,”
filed on Aug. 27, 2015, and incorporated herein by reference.

This application 1s related to U.S. patent application Ser. No.
14/201,402, titled “Systems, Apparatuses, and Methods for

Beamforming RFID Tags,” filed on Mar. 7, 2014, and
incorporated herein by reference.

ORIGIN OF THE INVENTION

The 1invention described herein was made by employees
of the United States government and may be manufactured
and used by or for the government of the United States of
America for governmental purposes without the payment of
any royalties thereon or therefor.

FIELD OF THE DISCLOSURE

The embodiments described herein relate generally to
tar-field wireless power transfer. More particularly, the dis-
closure relates to beamforming rectennas for far-field wire-
less power transier.

BACKGROUND OF THE DISCLOSURE

Transier of power between two points 1n space without
the use of wire or other physical tethering has long been a
goal of humankind. This transier of power 1s referred to as
wireless power transter (WPT). In near-field WPT, power 1s
transierred over short distances by magnetic fields using
inductive coupling between coils of wire or by electric fields
using capacitive coupling between electrodes. Near-field
WPT may be referred to as non-radiative WPT. In far-field
WPT, power 1s transmitted over long distances by beams of
clectromagnetic radiation, utilizing antennas and rectifiers.
Far-field WPT may also be referred to as radiative WPT or
(microwave) power beaming.

Far-field WPT may be used to transier power from a
source (transmitter) to one or more power consumers (re-
ceivers), where a “consumer” 1s defined as a device that
utilizes the power to perform some task or that stores the
power for future use. In far-field WPT, it 1s suihficient i1 the
distance between the transmitting source antenna and the
consumer receive antenna 1s such that each antenna resides
in or near the radiating far-field of the other. The device
associated with the reception and rectification of the trans-
mitted power 1s typically referred to as a rectenna. A
rectenna typically comprises a recerving antenna and a
rectifier circuit. Sometimes the term “rectenna’ also 1mplies
functionality associated with power management, e.g., volt-
age regulation.

Near-field WPT tends to be more etlicient than far-field
WPT. However, far-ficld WPT enables transier of power
over much greater distances and hence enables applications
fundamentally different from those enabled by near-field
WPT, e.g., space-based power transmission to terrestrial or
planetary surfaces, transmission from a base to a robot, and
transmission from a base to enable an RFID (radio fre-

quency 1dentification) tag or a battery-less sensor tag.
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Increases 1n efliciency of far-fiecld WPT are highly desired to
make such applications more practical and to enable addi-
tional applications.

SUMMARY OF THE DISCLOSURE

Embodiments disclosed herein provide systems, appara-
tuses and methods for wireless transier of power using
beamiorming rectennas.

According to a first aspect of the disclosure herein, a
system 15 provided including a beamforming rectenna. The
beamiorming rectenna includes a plurality of antennas, a
plurality of terminal port rectifying circuits, and a beam-
forming network. The beamforming network includes (a) a
plurality of antenna ports connecting to the plurality of
antennas, and (b) a plurality of terminal ports connecting to
the plurality of terminal port rectifying circuits. The beam-
forming network i1s configured to direct electromagnetic
power received via the plurality of antennas and the plurality
ol antenna ports to a subset of the plurality of terminal ports.

According to a second aspect of the disclosure, a method
for wireless transfer of power 1s provided. The method 1s for
use with a beamforming rectenna. The beamiforming rect-
enna 1ncludes a plurality of antennas, a plurality of terminal
port rectitying circuits, and a beamforming network. The
beamiorming network includes (a) a plurality of antenna
ports connecting to the plurality of antennas, and (b) a
plurality of terminal ports connecting to the plurality of
terminal port rectifying circuits. The method includes the
following operations: by one or more of the plurality of
antennas and one or more of the plurality of antenna ports,
receiving electromagnetic power; by the beamforming net-
work, directing the electromagnetic power to a subset of the
plurality of the terminal ports and thence toward a subset of
the plurality of the terminal port rectifying circuits; and by
the subset of the plurality of terminal port rectifying circuits,
rectifying the electromagnetic power.

Other aspects and advantages of the embodiments
described herein will become apparent from the following
description and the accompanying drawings, 1llustrating the
principles of the embodiments by way of example only.

BRIEF DESCRIPTION OF THE DRAWINGS

The following figures form part of the present specifica-
tion and are included to further demonstrate certain aspects
of the present claimed subject matter, and should not be used
to limit or define the present claimed subject matter. The
present claimed subject matter may be better understood by
reference to one or more of these drawings 1n combination
with the description of embodiments presented herein. Con-
sequently, a more complete understanding of the present
embodiments and further features and advantages thereof
may be acquired by referring to the following description
taken 1n conjunction with the accompanying drawings,
wherein:

FIG. 1 1s an 1illustration of a WPT system comprising
multiple, fixed, broad-beam rectennas.

FIG. 2 1s an 1llustration of a WPT system comprising a
single, fixed, narrow-beam rectenna.

FIG. 3 1s a schematic diagram, 1n accordance with one or
more embodiments described herein, of a WPT system
incorporating a beamforming rectenna.

FIG. 4 1s a schematic diagram, 1n accordance with one or
more embodiments described herein, of a beamforming
rectenna.
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FIG. 5 1s a schematic diagram, in accordance with one or
more embodiments described heremn, of a WPT system,

showing transmission ol electromagnetic radiation from a
source to a beamforming rectenna.

FIG. 6 1s a schematic diagram, in accordance with one or
more embodiments described herein, of a WPT system,
showing transmission of electromagnetic radiation from a
source to a beamiforming rectenna in which the received
power 1s distributed to more than one terminal port.

FIG. 7 1s a schematic diagram, in accordance with one or
more embodiments described herein, of a Rotman lens
beamforming network.

FIG. 8 1s a schematic diagram, in accordance with one or
more embodiments described herein, of a beamiorming
rectenna 1 which the beamforming network 1s a Butler
matrix.

FI1G. 9 1s a schematic diagram, in accordance with one or
more embodiments described herein, of a fixed fan-beam
linear antenna array.

FIG. 10 1s a schematic diagram, 1n accordance with one or
more embodiments described herein, of a beamiforming
rectenna including a plurality of fixed fan-beam linear
antenna arrays.

FIG. 11 1s a schematic diagram, 1n accordance with one or
more embodiments described herein, of a system comprising
a plurality of beamforming rectennas.

FIG. 12 1s a graphical representation, 1n accordance with
one or more embodiments described herein, of a microstrip
implementation of a Butler matrix beamforming network.

FIG. 13 1s a graphical representation, 1n accordance with
one or more embodiments described herein, of a microstrip
beamforming rectenna including the microstrip Butler
matrix beamforming network of FIG. 12.

FIG. 14 1s a flow chart, 1n accordance with one or more
embodiments described herein, illustrating a WTP method
that may be performed using a beamforming rectenna.

NOTATION AND NOMENCLATUR.

(Ll

Certain terms are used throughout the following descrip-
tion and claims to refer to particular system components and
configurations. As one skilled 1n the art will appreciate, the
same component may be referred to by different names. This
description does not mtend to distinguish between compo-
nents that differ 1n name but not function. In the following
description and in the claims, the terms “including” and
“comprising” are used 1n an open-ended fashion, and thus
should be interpreted to mean “including, but not limited to

...~ The word “or” 1s used 1n the inclusive sense (1.e.,
“and/or”) unless a specific use to the contrary 1s explicitly
stated.

It should be noted that the terms “radio frequency” (RF)
and “microwave” are used interchangeably herein. The term
“DC” 1s used 1n reference to electromagnetic power, current,
or voltage characterized by a frequency of zero, e.g., direct
current. The word “rectenna” 1s used to refer to the combi-
nation of receive antenna or antennas 1n conjunction with an
clement that rectifies the received signal to produce a signal
that has a non-zero level of DC power. The term “electro-
magnetic power” may be used broadly to cover both elec-
tromagnetic radiation through free space (e.g., air) and
clectrical signals conveyed through a material element such
as a wire, cable, transmission line, waveguide, etc. In this
regard, the term “electromagnetic power” may be used with
reference to a beamforming rectenna to refer to both elec-
tromagnetic energy in the form of radiation (e.g., at the
antennas) and the corresponding electromagnetic energy 1n
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4

(1.e., having been converted to) the form of an electrical
signal (e.g., at the terminal ports), and thus the term “elec-
tromagnetic power” may be used as a shorthand to cover the
fact that the electromagnetic energy undergoes such conver-
s10n 1n the beamforming rectenna. In some cases, as will be
clear from context, other terms (e.g., “power” and “energy”)
may also be used 1n the same manner as described here for
the term “electromagnetic power.” The phrase “power man-
agement circuit” 1s used 1n a general sense herein to convey
a circuit that conditions, regulates, or proportions a power
signal for the purpose of absorption by a load. The phrase
“power management system’ may also be used to refer to a
power management circuit, although the phrase “power
management system’™ may also be used to denote a broader
distribution or collection of power management circuits.

Although there 1s not unanimous concurrence regarding
the definition of “waveguides” and “transmission lines,” the
consensus opinion amongst skilled artisans 1s that transmis-
sion lines are a subset of waveguides that propagate, pre-
dominantly, transverse electromagnetic (TEM) waves.
Herein, the term “transmission line” 1s used in a more
general sense to denote an elongated device for transferring
clectromagnetic energy between two pieces ol equipment,
regardless of the specific propagation modes established
within the elongated device.

The terms ““pattern,” “antenna pattern,” “(antenna) radia-
tion distribution pattern™ or the like used herein pertain to
the radiation distribution produced over a solid angular
region by 1njecting electromagnetic energy within a specific
operating Ifrequency band or set of operating Irequency
bands 1nto one of the terminal ports of the beamiforming
rectenna (described below). Due to reciprocity characteris-
tics ol passive antennas, an antenna receive pattern 1s
identical to the transmitting pattern so that reference to a
“pattern” pertains to both transmission and reception
through the beamforming device and antenna. The pattern
may comprise one or more primary beams, wherein “beam”™
1s used to denote a pattern of radiation density over an
angular span that contains a peak radiation density, and
“beam™ can also be described as a major lobe. In some
embodiments described herein, a pattern may contain mul-
tiple lobes or beams, each lobe or beam characterized by a
local maximum of radiation density. It should be noted that
in this disclosure (1) the radiation distribution pattern (or the
like term) of a beamforming rectenna refers to an element
that 1s different from (2) the radiation distribution pattern of
an antenna (or individual antenna element). With the excep-
tion ol the description of FIGS. 1 and 2, this disclosure
generally speaks of radiation distribution patterns (or the
like term) of a beamforming rectenna, not of an antenna.
Accordingly, where the term “radiation distribution pattern”™
or the like term 1s used without specitying as to whether 1t
refers to (1) or (2), 1t should be understood as referring to (1)
unless dictated otherwise, e.g., by context.

For the purposes of this disclosure, the term ““active”
refers to an element that requires a delivered source of
energy or power in order to operate or fulfill a function,
wherein “delivered” refers to electrical power provided by a
battery or power supply. Stmilarly, the term “passive” refers
to an element that does not require delivery of electrical
power to energize or operate. An element that powers 1tself
through rectification of alternating current electromagnetic
energy 1s not considered passive herein, nor i1s any element
that otherwise scavenges energy and converts 1t to electro-
magnetic energy lfor the purpose of energizing itself. A
passive device may receive energy, €.g., electromagnetic
radiation, and transmit 1t and may also act on the recerved

2T L
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energy 1n a way that dissipates some of the received energy.
Thus, a passive device may dissipate energy, or i1t may

neither add nor appreciably dissipate significant energy. An
example of an active device 1s a phased array of antennas
with electrically powered beamsteering circuitry. Examples
of passive devices are the beamforming networks disclosed
herein. A beamforming network may also be referred to as
a beamiormer.

The term “beam steering,” “steering” (or the like or
grammatical variants thereol), when used with reference to
embodiments described herein, refers to the fact that the
beamforming network can be designed to orient a charac-
teristic beam 1n a specified direction, but the direction of that
particular characteristic beam 1s essentially fixed upon
development of the beamforming rectenna. In this regard, 1t
should be noted that the beamforming rectenna implements
a set of multiple, discrete, fixed beams. This usage of these
terms and this mode of operation of the beamiorming
rectenna and beamforming network stands in contrast to an
active beam steering device or arrangement that continu-
ously steers (changes direction of) a beam or changes
direction of a beam over time during operation. Whereas an
active beamforming device does not require a plurality of
ports, a passive beamiorming network such as those
described 1n this disclosure requires a plurality of terminal
ports 1 order to sample beams that collectively cover the
desired spatial region. One significant advantage of the
passive beamforming network 1s that the circuitry 1s greatly
simplified since the passive network does not require power
or control signals. Another advantage i1s that the passive
network does not waste received RF power by rectilying 1t
in order to power active circuitry components. Yet another
advantage 1s that the passive network can simultaneously
receive power on multiple beams, each beam corresponding,
to a different spatial region, without added complication to
the beamforming network.

As used herein, the term “connect” and the like, and the
terms “input” and “output” and variants thereof, may signify
an electrical connection or coupling, as will be understood
by one of ordinary skill in the art 1n view of this disclosure.

- B ) 4

DETAILED DESCRIPTION

The foregoing description of the figures 1s provided for
the convenience of the reader. It should be understood,
however, that the embodiments are not limited to the precise
arrangements and configurations shown in the figures. Also,
the figures are not necessarily drawn to scale, and certain
features may be shown exaggerated in scale or 1n general-
ized or schematic form, in the interest of clarity and con-
ciseness. Relatedly, certain features may be omitted 1n
certain figures, and the omission may not be explicitly noted
in all cases.

While wvarious embodiments are described herein, it
should be appreciated that the present disclosure encom-
passes many mventive concepts that may be embodied 1n a
wide variety of contexts. The following detailed description
of exemplary embodiments, read in conjunction with the
accompanying drawings, 1s merely illustrative and 1s not to
be taken as limiting the scope, as 1t would be 1mpossible or
impractical to iclude all of the possible embodiments and
contexts. Upon reading this disclosure, many alternative
embodiments will become apparent to persons ol ordinary
skill 1n the art. The scope of the present invention 1s defined
by the appended claims and equivalents thereof.

[lustrative embodiments are described below. In the
interest of clarity, not all features of an actual implementa-
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6

tion for all embodiments are necessarily described or 1llus-
trated 1n this specification. In the development of any such
actual embodiment, numerous implementation-specific
decisions may need to be made to achieve the design-
specific goals, which may vary from one implementation to
another. It will be appreciated that such a development
cllort, while possibly complex and time-consuming, would
nevertheless be a routine undertaking for persons of ordinary
skill 1n the art having the benefit of this disclosure.

A general description of some embodiments disclosed
herein 1s given immediately below, followed by a more
specific description of embodiments with reference to the
drawings appended hereto. Descriptions of the beamforming
rectenna and beamforming network, their components, and
their associated elements, which are provided in this general
description generally apply to the beamforming rectenna
systems described herein with reference to FIGS. 3-14, even
though in some cases the more specific description of
embodiments provided with reference to the drawings may
omit some of the detail provided 1n the general description.

Methods, apparatuses, and systems for wireless power
transier (WPT) using beamiorming rectennas, are disclosed,
including a WPT system comprising (1) a source transmitter
and (11) one or more beamiorming rectennas. In this WPT
system, each of the beamforming rectennas comprises a
plurality of antennas (e.g., an antenna array), a plurality of
terminal port circuits, and a single beamforming network.
The beamforming network comprises a plurality of antenna
ports connecting to the plurality of antennas, respectively,
and a plurality of terminal ports connecting to the plurality
of terminal port circuits, respectively. Each of the terminal
port circuits comprises one or more rectifying circuits and
may be referred to heremn as a terminal port rectifying
circuit. In some embodiments, the output of each terminal
port circuit 1s connected to a respective power management
circuit. In other embodiments, the outputs of multiple ter-
minal port circuits or of all the terminal port circuits are
connected to a single power management system.

The beamforming rectenna is characterized by a plurality
of radiation distribution patterns, or receive antenna beams.
Each of the radiation distribution patterns 1s associated with
one (or more) of the plurality of terminal ports, and each of
the terminal ports 1s associated with one of the plurality of
radiation distribution patterns. The shape of each radiation
distribution pattern 1s determined by the design of the
beamiorming network, the design of each of the plurality of
antennas (and hence the radiation distribution pattern of
cach of the plurality of antennas), and the location and
orientation of each of the plurality of antennas. Incident
clectromagnetic radiation received through the plurality of
antennas from a given direction, or at a given angle of
incidence, 1s directed by the beamforming network, 1n a
substantial portion, to the terminal port(s) associated with
one or more specific radiation distribution patterns whose
amplitudes 1n the given direction are greater than ampli-
tudes, 1n the given direction, of some or all of the other
radiation distribution patterns, or, put another way, one or
more specific radiation distribution patterns whose peak
amplitudes are more closely aligned with the given angle of
incidence than are the peak amplitudes of some or all of the
other radiation distribution patterns. Terminal ports associ-
ated with radiation distribution patterns that are of a sub-
stantially lesser intensity (have substantially lesser ampli-
tude) 1 the specified direction, but are non-zero, will also
receive some of the incident electromagnetic radiation but at
a reduced, and possibly 1insignificant, level. It 1s also possible
for the antennas to concurrently receive electromagnetic
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radiation from multiple directions and to direct the received
clectromagnetic radiation to the plurality of terminal ports
associated with those directions. This property of the beam-
forming rectenna enables increased efliciency, especially 1n
highly reflective environments in which the beamiorming
rectenna may receive high levels of electromagnetic energy
from multiple directions. In some cases, there 1s a one-to-
one correspondence between the radiation distribution pat-
terns of the beamforming rectenna and the terminal ports:
cach radiation distribution pattern is associated with a single
terminal port, and each terminal port 1s associated with a
single radiation distribution pattern. In some of these cases,
where electromagnetic radiation 1s recerved from directions
in which two or more radiation distribution patterns overlap
spatially at sitmilar amplitudes, the recerved electromagnetic
power may be distributed to the multiple terminal ports
associated with these overlapping radiation distribution pat-
terns. Power of a suflicient threshold level reaching given
terminal ports 1s rectified by the terminal port circuits
connected to the given terminal ports, respectively. Those
terminal port circuits receiving suilicient power to permit
rectification may be referred to henceforth as “activated
terminal port circuits,” and the terminal ports connected to
those terminal port circuits may be referred to hencetforth as
“activated terminal ports.”

In an exemplary set of embodiments, for any given angle
of incidence of radiation, the cumulative radiation received
by the plurality of antennas will be directed by the beam-
forming network toward a proper subset of the plurality of
terminal ports, which may be henceforth referred to as the
“preferred terminal ports.” The terminal port circuits respec-
tively connected to the preferred terminal ports may be
henceforth referred to as the “preferred terminal port cir-
cuits.” Other terminal ports that, for a given angle of
incidence of radiation, are not preferred terminal ports, may
still be activated terminal ports, because a number of factors
determining the power incident on the terminal port circuits
may result i a sufliciently high level of power for rectifi-
cation even on those terminal ports that are not preferred.
Such factors would be those that result 1n a high level of
power density at the antennas and may include a short range
between the source transmitter and the rectenna, a suitably
high transmit power from the source transmitter, and/or a
suitably high antenna gain for the source transmitter.

The subset of terminal port circuits that are preferred
terminal port circuits 1s determined by (1) the angle of
incidence of the electromagnetic wave impinging on the
antennas, relative to a coordinate reference system defined 1n
terms of the antennas’ positions, (1) the design of the
beamforming network, (111) the design of the plurality of
antennas, and (1v) the location and orientation of each of the
plurality of antennas. For example, these factors determine
the amount of overlap of the characteristic radiation distri-
bution patterns or beams. If two characteristic beams overlap
at a suthiciently high level at the angle of incidence, then the
clectromagnetic power recerved at the angle of incidence
(and hence through the overlapping portion of these two
beams) will be directed toward the terminal ports associated
with both of these beams (and hence toward the correspond-
ing terminal port circuits) and these terminal ports and
terminal port circuits will become activated. In some
instances, the angle of incidence of the electromagnetic
wave 1mpinging on the antennas 1s approximately the angle
defined by the line-of-sight between the rectenna and the
source transmitter. In other istances, the angle of incidence
might coincide with a reflection from an obstacle in the
environment. It 1s possible for the beamforming rectenna to
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concurrently receive and rectily energy from a direct line-
of-sight transmission of a source transmitter and from one or
more retlections. It 1s also possible for the beamiforming
rectenna to concurrently receive and rectily energy from two
or more source transmitters (and the respective lines-of-sight
between the transmitters and the rectenna may define dif-
ferent angles of incidence of the electromagnetic wave
impinging on the antennas). In some embodiments, 1n any
case 1n which the beamforming rectenna 1s recerving power
along multiple angles of incidence, and the power at each of
those angles 1s of the same frequency, each of those angles
of incidence may coincide with a distinct beam, respectively,
of the plurality of characteristic beams of the beamforming
rectenna.

In some embodiments, the beamforming network 1s a
Rotman lens. In some embodiments, the beamforming net-
work 1s a Ghent lens. In some embodiments, the beamform-
ing network comprises RF dividers and combiners. In some
embodiments, the beamiorming network 1s a matrix of
transmission lines and hybrid couplers. In some embodi-
ments, the matrix of transmission lines and couplers 1s a
Butler matrix. In some embodiments, a matrix of transmis-
s10on lines and directional couplers forms a Blass beamform-
ing network.

In some embodiments, a multi-faceted structure supports
a beamiforming rectenna on each face thereof, and the
beamiorming rectenna on each face provides antenna cov-
erage over a predetermined angular span such that the
collective beamforming rectenna over the multi-faceted
structure provides coverage over a predetermined angular
span that exceeds the span of the composite of the single
antenna beams associated with a single face. The beamform-
ing rectenna on any given face may comprise a linear array
ol antennas, and each of the beamfiorming rectennas of the
entire multi-faceted structure may comprise a linear array of
antennas. The linear array of antennas on one face may or
may not be collinear with the linear array of antennas on
another face.

In some embodiments, the terminal port circuit i1s a
halt-wave rectifying circuit. In other embodiments, the
terminal port circuit 1s a full-wave rectifying circuit. In some
embodiments, the terminal port circuit 1s a full-wave Gre-
inacher rectifier using zero-bias Schottky diodes. In some
embodiments, the rectifying circuit includes one or more
diodes and one or more capacitors, which may serve to store
the charge and condition or filter the DC component. In
some embodiments, the outputs of the terminal port recti-
tying circuits are connected to one or more power manage-
ment circuits (whether respectively to multiple power man-
agement circuits, collectively to a single power management
circuit, or 1n groups to multiple power management circuits,
respectively). The power management circuit(s) may con-
dition and/or regulate the power received from the terminal
port rectifying circuits. In some embodiments, the power
management circuit for an activated terminal port rectifying
circuit recerves the rectified mput signal from the terminal
port rectifying circuit and provides a DC source that 1s
regulated to a fixed voltage. In some embodiments, the
power management circuit comprises a boost regulator at the
output of each terminal circuit. Fach power management
circuit that recerves a rectified signal sufliciently strong to
permit the power management circuit to suitably regulate the
signal to a predetermined DC voltage level may henceforth
be referred to as an “activated power management circuit”.
In some embodiments, the DC power from each power
management circuit may be used, independently of the DC
power from the other power management circuits, to power
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a load attached to the particular power management circuit.
In alternate embodiments, a single load may tap DC power
from multiple power management circuits associated with
the same beamforming network, wherein those power man-
agement circuits that are active supply current to the single
load. In other alternate embodiments, a single load may tap
DC power from multiple power management circuits from a
plurality of beamforming rectennas. In other embodiments,
the output from each terminal port rectifying circuit may be
provided as input to a single power management system.

FI1G. 1 illustrates a wireless power transier (WPT) system
100 including a source transmitter 110 and a rectenna 180.
Rectenna 180 includes one or more antennas 140 (two
depicted) and one or more rectifying circuits 150 (two
depicted). The antennas 140 are electrically coupled to the
rectifying circuits 150, respectively. A given antenna 140
and a given rectitying circuit 150 that are coupled together
may be referred to as corresponding elements. System 100
also includes one or more power management circuits or
systems 160 (one depicted), which may or may not be
deemed part of rectenna 180. Accordingly, the numbers of
the various elements shown in FIG. 1 are merely examples,
and system 100 may comprise other numbers of any of these
clements. There need not be a one-to-one correspondence of
clements 140 and 150. Each antenna 140 1s characterized by
a fixed radiation distribution pattern or beam 130 of a certain
angular extent.

Transmitter 110 transmits RF electromagnetic radiation
120, a portion of which 1s received by antennas 140. The
portion of electromagnetic radiation 120 recerved by a given
antenna 140 1s converted to AC power by the antenna 140
and then transmitted to corresponding rectifying circuit 150,
which rectifies the AC power, 1.e., converts 1t to DC power.
The rectified power 1s transmitted to power management
system 160, which aggregates the rectified power and regu-
lates or conditions it.

As depicted, antennas 140 are low directivity, wide beam
antennas. Each radiation pattern 130 1s sufliciently wide so
as to provide power to each rectitying circuit 150 even as the
angle from the transmitter 110 to the antenna 140 varies
substantially. Accordingly, system 100 may accommodate a
transmitter 110 that 1s mobile, 1.e., that moves relative to
antennas 140. However, while a low directivity antenna 140
has a wide beam that accommodates mobility of the trans-
mitter 110, 1t also yields a lower amount of power, compared
to a highly directive antenna, and hence provides a lower
amount of power to rectifying circuit 150 (e.g., relative to a
high gain antenna, described below). This characteristic
results 1n a lower efliciency of rectifying circuit 150. Indeed,
if the amount of power received by rectifying circuit 150 1s
too low, 1t 1s not rectified at all or the resulting voltage 1s too
low to be usetul.

As also seen 1 FIG. 1, 1n system 100 the power received
from the multiple antennas 140 1s combined at a DC or
near-DC level, that 1s, after it has been rectified. As will be
understood from this disclosure, alternative arrangements
are possible mm which the power 1s combined prior to
rectification.

FIG. 2 illustrates a WPT system 200 including a source
transmitter 210 and a rectenna 280. Rectenna 280 includes
a plurality or array of antennas (or antenna elements) 240, an
RF power combiner 270, and a rectifying circuit 250. The
antennas 240 are each electrically coupled to the RF power
combiner 270, which 1n turn 1s electrically coupled to the
rectifying circuit 250. System 200 also includes a power
management system 260, which 1s electrically coupled to
rectifying circuit 2350.
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Transmitter 210 transmits RF electromagnetic radiation
220, a portion of which 1s received by antennas 240. The RF
power combiner 270 combines the RF signals from all of the
antennas 240 and outputs the combined signal to rectifying
circuit 250. In turn, rectifying circuit 2350 outputs a single
signal to power management circuit 260, which regulates or
conditions the rectified power.

The array of antennas 240 comprises a single, narrow- and
fixed-beam antenna aperture, characterized by radiation
distribution pattern or beam 230 (the number of antennas
240 may differ from that depicted). Radiation distribution
pattern 230 1s of a narrow angular extent relative to radiation
distribution pattern 130. A single antenna element with an
cllective aperture the same as that of the array of antennas
240 could be used to achieve a substantially equivalent
antenna, 1.e., characterized by a narrow, fixed radiation
distribution pattern such as 230.

Thus, 1n contrast to low gain, wide beam antennas 140,
antenna 240 1s a high gain, narrow beam antenna. Accord-
ingly, the RF power delivered to the rectifying circuit 250
may be substantially greater than the power delivered to the
rectifying circuit 150, so long as the electromagnetic radia-
tion from the source transmitter 210 arrives at rectenna 280
within an angular region centered near the peak of radiation
distribution pattern 230 (and assuming the same source
transmitter power, the same source transmitter antenna gain,
and the same range between rectenna and source transmit-
ter).

However, while the high gain, narrow beam antenna may
allow operation of the rectifying circuit at a higher eth-
ciency, delivering more power, 1t does not accommodate
mobility of the source transmitter 220. When the angle at
which electromagnetic radiation arrives at the rectenna 280
from the source transmitter 210 deviates substantially from
the peak of the narrow beam antenna pattern 230, the
amount of power outputted by rectenna 280, and hence the
performance of the system 200, decreases substantially.
Thus, to achieve a good level of performance, practically
speaking, system 200 would require that the transmitter 210
remain stationary relative to rectenna 280 or that the narrow
beam 230 be steered to track the transmitter 210.

In addition to the high gain, narrow band rectenna 280
versus the low gain, wide band rectenna 180, another
difference between system 200 and system 100 1s that in the
former the power 1s combined before rectification (at 270),
whereas 1n the latter the power 1s combined after rectifica-
tion (at 160). As noted, rectifying circuits can operate at a
higher efliciency when there 1s a higher power mput to the
rectifying circuit.

FIG. 3 illustrates a WPT system 300 according to one or
more embodiments of the present disclosure. System 300
differs from systems 100 and 200 by including, inter alia, a
beamiorming network 370. System 300 includes a source
transmitter 310, a beamforming rectenna (or beamiforming,
rectenna system) 380, and a power management system 360.
Beamiorming rectenna 380 includes a plurality of antennas
340, a plurality of antenna ports 341, beamforming network
370, a plurality of terminal ports 342, and a plurality of
terminal port rectifying circuits 350. As depicted, each
antenna 340 1s connected to a respective antenna port 341,
cach terminal port 342 1s connected to a respective terminal
port rectifying circuit 350, and each terminal port rectifying,
circuit 350 outputs to power management system 360.
Power management system 360 outputs to output ports 361.
Although only a single symbolic element 1s indicated at each
output port 361, each output port 361 may represent two or
more electrical lines required for signal distribution.
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The beamforming rectenna 380 may have a (fixed) char-
acteristic set of antenna radiation distribution patterns, such
as 1s 1llustrated 1n FIG. 3 1n a simplified manner 1n the form
of single beams or major lobes 391, 392, 393, 394 and 395.
In some embodiments, beamforming rectenna 380 may have
antenna radiation distribution patterns of types different
from those illustrated in FIG. 3. The antenna radiation
distribution patterns of beamiforming rectenna 380 are
described in further detail below.

Transmitter 310 transmits power 1n the form of RF or
microwave electromagnetic radiation 320, at least a portion
of which 1s received by the plurality of antennas 340 of
beamforming rectenna 380. The received power 1s trans-
ferred from antennas 340 to corresponding antenna ports
341 of beamforming network 370. The beamforming net-
work 370 directs a substantial portion of the aggregate
received power to a subset of the plurality of beamiorming
terminal ports 342, the subset being determined according to
the angle of incidence 309 (described below) of the recerved
radiation 320, the design of beamforming network 370, the
design of antennas 340, and the location and orientation of
antennas 340. The design of the beamforming network 370,
in concert with the placement and spacing of the antenna
clements, results in an array pattern, or array factor, that,
when multiplied by the pattern of antenna elements 340,
leads to the rectenna radiation patterns or characteristic
beams 391, 392, 393, 394, and 395, each of which 1s
associated with a terminal port 342. Through the use of the
multiple characteristic beams 391, 392, 393, 394 and 395,
beamforming rectenna 380 provides the advantage of a
higher RF power to the one or more terminal rectifying
circuits 350 as compared to system 100 shown in FIG. 1. In
addition, the total angular span of the set of characteristic
beams 391, 392, 393, 394 and 395 may be greater than the
span achieved with a single fixed narrow beam such as beam
230 of system 200 of FIG. 2. Accordingly, 1n contrast to
systems 100 and 200, beamforming rectenna 380 provides a
high gain receive antenna that 1s also able to accommodate
a mobile source transmitter 310, 1.e., a source transmitter
310 that moves relative to antennas 340. Furthermore,
beamforming rectenna 380 achieves this result as a passive
device. That 1s, beamforming rectenna 380 (or more spe-
cifically, beamforming network 370 and antennas 340)
cllectively tracks a mobile transmitter 310 without employ-
ing active circuitry or other active elements, e.g., for steering
the rectenna beam. Beamforming rectenna 380 (notably
beamforming network 370 and antennas 340) comprises
only passive elements, that 1s, elements that do not require
delivery of electrical power to energize or operate. An
clement that powers itself through rectification of alternating
current electromagnetic energy 1s not considered passive
herein, nor 1s any element that otherwise scavenges energy
and converts it to electromagnetic energy for the purpose of
energizing itself. Whale 1t 1s possible to dernive active beam-
forming rectennas using scavenged electromagnetic power,
these beamformers sufler from reduced efliciency as they
necessarilly extract imcoming electromagnetic energy to
power and operate the active elements. In this regard,
beamforming rectenna 380 implements a set of multiple,
discrete, fixed beams, as contrasted with an active beam
steering device or arrangement that continuously steers
(changes direction of) a beam or changes direction of a beam
over time during operation. The use of the term “beam-
former” as applied herein 1s intended to 1imply a passive
network that implements a plurality of beams, each of which
may be uniquely associated with a different output, or
“terminal”, port. Thus, the RF power combiner in FIG. 2
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would not meet the definition of**beamiformer” as used
herein, because the RF power combiner of FIG. 2 does not
have multiple beams associated with multiple terminal ports.
(Of course, the system of FIG. 1 also does not meet the
definition of “beamiormer” as used herein.) These remarks
regarding the passive nature ol beamforming rectenna 380
and 1ts 1implementation of a plurality of multiple, discrete,
fixed beams, each associated with a respective terminal port
342, rather than performing active, continual beam steering,
apply to all of the beamforming rectennas and beamiorming
networks described in this disclosure.

With regard to system 300, the numbers of beams 391-
395, antennas 340, antenna ports 341, terminal ports 342,
terminal port rectifying circuits 350, and power management
systems 360 may vary from the numbers thereof illustrated
in FIG. 3, and the numbers thereof 1llustrated 1n FIG. 3 are
1ust one example and are not 1n any way imtended to imply
a preferred embodiment. Rather, those of ordinary skill 1n
the art will understand, once having the benefit of this
detailed disclosure, that there exists an infinite number of
design degrees of freedom that can be used to realize the
beamiorming rectenna and optimize performance for spe-
cific scenarios or applications (discussed further below). The
numbers of each of the aforementioned elements may be two
or more, the number of antennas 340 may match the number
of antenna ports 341 (in which case, a given antenna 340
connected to a given antenna port 341 may be referred to as
corresponding antenna 340 and antenna port 341), and the
number of terminal ports 342 may match the number of
terminal port rectifying circuits 350 (1in which case, a given
terminal port 342 connected to a given terminal port recti-
tying circuit 350 may be referred to as corresponding
terminal port 342 and terminal port rectifying circuit 350).

For the sake of simplicity, FIG. 3 does not illustrate a
transmit beam or pattern associated with source transmitter
310. Instead, a more generalized or schematic representation
1s shown for electromagnetic power 320. In some embodi-
ments, electromagnetic power 320 may be transmitted by
means ol a moderate to high gain antenna, which entails a
narrow beam, to enhance end-to-end power transier efli-
ci1ency.

With further regard to system 300, terminal port rectifying
circuits 350 rectify the received power. The rectified power
1s transmitted to power management system 360, which may
aggregate the rectified power, filter, condition, or regulate 1t,
and output the resultant power, ¢.g., to power a load or to be
stored for future use.

The antenna radiation distribution patterns (391, 392, 393,
394 and 395) and the design of beamforming network 370
will now be discussed in further detail. As mentioned,
antennas 340 may receive electromagnetic radiation, e.g., an
RF or microwave signal 320 that has been transmitted by
source transmitter 310 at a given angle of incidence 309.
Angle of incidence 309 1s measured relative to a fixed
coordinate system or frame of reference defined by the
position and orientation of antennas 340, such as Cartesian
coordinate system 308, which 1s defined by an x-axis and a
y-axis mtersecting at origin O (0,0). (In order not to obscure
beam center 373 (described below), which 1s represented by
a dashed line and with which the y-axis 1s coincident, not all
of the y-axis 1s illustrated as a solid line.) The antennas 340
may transfer the received radiated power 320 to beamiorm-
ing network 370 via the multiple antenna ports 341. Beam-
forming network 370 may focus the power (e.g., direct the
received electromagnetic power) to a selected one or more
of the terminal ports 342 (and hence to a selected one or
more of the corresponding terminal port rectifying circuits
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350) 1n accordance with the angle of incidence 309 of the
radiated power 320 relative to the array of antennas 340. The
selected one or more of the terminal ports 342 may corre-
spond to a particular one or more of the characteristic
antenna radiation distribution patterns 391-395. In other
words, each of the terminal ports 342 (and corresponding
terminal port rectifying circuits 350) may be associated with
one or more of the characteristic beams 391-395. For receive
mode, the power recerved at a terminal port 342 1s a sum of
power over all 4 p1 steradians weighted 1n each direction by
the radiation pattern (or, equivalently, the one or more
“beams”) with which the port 342 1s associated. So, a
terminal port 342 *“associated” with a radiation pattern (or
beam) that 1s strong (has a large amplitude) 1n a specific
direction will receive a signal arriving from that direction
more strongly than other terminal ports 342 “associated”
with respective radiation patterns that are not as strong in
that direction of arrival. In transmit mode, an RF excitation
at a given terminal port 342 produces radiation predomi-
nantly through the associated one or more characteristic
beams 391-395. It should be noted that the beamformer 370
of FIG. 3 1s not shown as being operated 1n a transmit mode;
however, the association between a port 342 and the radia-
tion pattern 1s more easily conveyed in the context of
transmission, for the receiving and transmitting patterns of
an antenna are i1dentical.

It 1s noted that, in general, across the set of multiple
possible beamforming rectenna designs, there 1s not a fixed
mapping between a given one of the beams 391-395 of the
characteristic antenna radiation distribution set and a given
one of the terminal ports 342/terminal port rectifying circuits
350, or a unique mapping between the beams 391-3935 and
the terminal ports 342/terminal port rectifying circuits 350.
A given one of the beams 391-395 may be associated with
one or more of the terminal ports 342/terminal port rectify-
ing circuits 350; or a given one of the terminal ports
342/terminal port rectifying circuits 350 may be associated
with one or more of the beams 391-395. However, 1n some
embodiments, the beamforming network 380 i1s designed
such that each of the major beams 391-395 of the charac-
teristic antenna radiation distribution set 1s associated with
only one of the terminal ports 342/terminal port circuits 350.
Accordingly, in some embodiments, if the angle of incidence
309 1s aligned well with a single one of the characteristic
antenna radiation distribution patterns, or beams, 391-395 of
the beamforming rectenna 380, then the received signal
power 1s directed predominantly to the one of the terminal
port rectifying circuits 350 that corresponds to the single
(associated) one of the beams 391-395. If the angle of
incidence 309 of the incident signal 320 1s within two or
more of the beams 391-395 of the beamforming rectenna
380, then the received signal power 1s distributed predomi-
nantly between the two or more of terminal port rectifying,
circuits 350 associated with the two or more of the beams
391-395.

As noted, typically, a beamforming network such as 370
1s designed to implement, 1n conjunction with attached
antennas such as 340, a fixed set of characteristic beams
such as beams 391, 392, 393, 394 and 395, whose shape and
angular extent may be defined 1 terms of a Cartesian
coordinate system 308 such as shown 1n FIG. 3. The set of
characteristic beams or radiation distribution patterns 391,
392, 393, 394 and 395 1s determined by the design of the
antennas 340, the locations and orientations of the antennas
340, and the design of the beamforming network 370.
Accordingly, the radiation distribution patterns 391, 392,
393, 394 and 395 result from the joint operation of the
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individual antenna element 340 radiation patterns and the
action of the beamiforming network 370; and the number of
radiation distribution patterns 391, 392, 393, 394 and 395
need not match the number of antennas 340 (see e.g., FIG.
4). In the case in which the antenna element 340 patterns are
the same, which, in practice, 1s common and accurate, the
resulting radiation pattern 1s well known to be the product of
the antenna element 340 pattern and the array pattern, the
latter of which 1s controlled by the placement and spacing of
the antenna elements 340 and the beamiforming network
370. As noted, FIG. 3 1s schematic, and 1n reality beam
patterns may have additional side lobes, for example. More-
over, 1n at least one embodiment, the beamforming network
3’70 and the spacing between antennas 340 are designed such
that the antenna radiation distribution pattern associated
with one or more of the terminal ports 342/terminal port
rectifying circuits 350 exhibits multiple main lobes or
beams, such as are commonly referred to as “grating lobes™
by one skilled 1n the art of antenna arrays. In at least one
embodiment, the antennas 340 are collinear, 1.e., arranged 1n
a single line (linear array) as shown 1n FIG. 3, although this
configuration need not (but may) be the case in other
embodiments. The design of the characteristic beam set of
the beamforming network 370 permits freedom in the
design, e.g., with respect to the primary direction and
spacing of the beams 391-395, with respect to the associa-
tion of the beams 391-395 with specific ones of the paired
combinations of terminal ports 342/terminal port rectifying
circuits 350, and with respect to the number of beams and
antenna ports.

With further regard to system 300, as also shown 1n FIG.
3, beam overlap can vary. For example, beam 394 1is
depicted as having less overlap with beam 395 as compared
to the overlap between beams 394 and 393. In at least one
embodiment, a beamforming network 1s designed such that
the beams overlap sufliciently that the beamforming rect-
enna 1s capable of receiving power from a source interro-
gator 310 over the entire range of angles covered by the
characteristic beam set. FIG. 3 may not be deemed the
optimal 1llustration of this embodiment 1n view of the fact
that 1t depicts beam 394 as not completely overlapping with
beam 395. Nonetheless, to complete the example, for beam-
forming rectenna 380, the entire range of angles covered by
the characteristic beam set would include the entire span
from the beam center (beam peak) 371 of beam 391 to the
beam center 375 of beam 395, through all the beams
between beams 391 and 395, 1n addition to the spans from
the beam centers of beams 391 and 3935 to the respective
limiting angles on the outside of beams 391 and 395, where
“limiting angle” 1s defined as the angle at which the mini-
mum antenna gain 1s obtained that permits the transier of a
specified level of power, or the transfer of power at a
specified efliciency, between the source transmitter and the
beamiorming rectenna. If the respective limiting angles on
the outside of beams 391 and 393 corresponded respectively
to the left side line defining beam 391 and the right side line
defining beam 395 (as shown 1n FIG. 3), then this entire span
would be the entire angular span from the left side line
defining beam 391 to the right side line defining beam 395,
encompassing the angular extent of all the beams 391-395
collectively. (The term “limiting angle” need not be
restricted 1n use to beams at the extremes of a set of beams,
but may be applied to other beams, for example, 1n the case
of beams that do not sufliciently overlap to provide for
continuous coverage.) The “limiting angle” 1s dependent
upon several parameters of the link between the source
transmitter 310 and the rectenna 380, including but not
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limited to the transmit power of the source transmitter 310,
the antenna gain of the source transmitter 310, and the
propagation environment surrounding the source transmitter
and the rectenna 380. In one embodiment, when an incident
signal arrives at an angle at which two beams intersect
within (inside) the limiting angle of both beams, the terminal
ports 342 associated with both beams may both receive the
incoming power. In FIG. 3, the lines designated as 372, 373
and 374 indicate the beam centers of beams 392, 393 and
394, respectively.

There are a number of types of beamforming networks
that could be used to implement a beamiorming network 370
for application 1n a beamiorming rectenna 380 as described
herein. For example, 1n at least one embodiment, the beam-
forming network 370 could be a microwave lens. The design
of the microwave lens could be any of a number of well-
known microwave lens designs. For example, in at least one
embodiment the microwave lens could be a Rotman lens
(the outline of which 1s shown schematically by the element
representing beamforming network 370 i FIG. 3), as
described, for example, 1n “Wide Angle Microwave Lens for
Line Source Applications” by W. Rotman and R. Turner
(IEEE Transactions on Antennas and Propagation, vol. 11,

1ssue 6, 1963, pp. 623-632) or in Phased Array Antennas by
A. K. Bhattacharyya (Wiley-Interscience, ISBN-13: 978-0-
4'71-727577-6, 2006, pp. 379-413). In another embodiment,
the beamforming network may comprise any of the micro-
wave lens design denivatives of the Rotman lens, as
described, for example, in the aforementioned Phased Array
Antennas (pp. 379-413), 1n “Procedure for correct refocus-
ing of the Rotman lens according to Snell’s law” by D. R.
Gagnon (IEEE Transactions on Antennas and Propagation,
vol. 37, March 1989, pp. 390-392), or 1n “Comparison of the
Performance of the Rotman Type Lenses Obtained by Dii-
terent Design Approaches” by P. K. Singhal and R. D. Gupta
(TENCON 99, Proceedings of the IEEE Region 10 Confer-
ence, vol. 1, 1999, pp. 738-741). In at least one embodiment,
the microwave lens could be a lens following design pro-
cedures outlined 1n the atorementioned Phased Array Anten-
nas (pp. 379-415) or the atorementioned “Procedure for
correct refocusing of the Rotman lens according to Snell’s
law™ (pp. 390-392). In at least one embodiment, the micro-
wave lens could be a derivative of the Rotman lens such that
the antenna ports and terminal ports are interspersed around
a circular region to create a beamforming network capable
of providing coverage over 360 degrees, as described in the
alorementioned “Comparison of the Performance of the
Rotman Type Lenses Obtained by Diflerent Design
Approaches” (pp. 738-741). In at least one embodiment, the
microwave lens could be a Luneberg lens, or a denivative
thereof, as described in “Fan-Beam Millimeter-Wave
Antenna Design Based on the Cylindrical Luneberg Lens™
by X. Wu and J. Lauren (IEEE Transactions on Antennas and
Propagation, vol. 55, no. 8, August 2007, pp. 2147-2156). In
at least one embodiment, the beamiorming network could be
formed from power dividers/combiners, waveguides, and
phase shifters, or the beamforming network could be a
derivative of such beamforming network. In at least one
embodiment, the beamforming network could be formed
from hybrid couplers, waveguides, and phase shifters, or the
beamforming network could be a dernivative of such a
beamforming network. In at least one embodiment, the
beamforming network could be a Butler matrix, as described
in the aforementioned Phased Array Antennas (pp. 379-
413), or a dertvative thereol. In at least one embodiment, the
beamforming network could be a Blass matrix, as described
in the aforementioned Phased Array Antennas (pp. 379-
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415), or a derivative thereol. In at least one embodiment, the
beamiorming network could be a Ghent lens, or a derivative
thereolf. As noted, the beamforming networks discussed here
are all passive devices, 1.e., devices that do not employ
active circuitry or other active elements but rather comprise
only passive elements. All of the documents cited 1n this
paragraph are hereby incorporated herein by reference.

In a general sense, a beamiorming network may be
understood to be a structure or passive device that collects
input from a collection or array of M antenna elements 340.
For a beamiormer with N terminal ports, the beamformer
applies N diflerent weighting functions to the M signals, 1n
which each weighting function comprises a magnitude and
phase weight for each of the M signals. Any one terminal
port provides a summation of the M signals with each of the
M signals weighted according to the 1 of N weighting
functions assigned to that particular port. So there would be
a total of MxNx2 weights associated with a beamformer.
Furthermore, the weighting functions may 1n general be a
function of frequency. The weights are not constrained to be
unique in any sense. For example, 1t 1s commonly a design
goal to have all amplitude (magnitude) weights be equal.
Various methods can be used to realize the weighting
schemes, such as a Butler matrix or Rotman lens The
welghting function associated with a terminal port, in terms
of magnitude and phase, in conjunction with the placement
and spacing of the antenna elements and the antenna pat-
terns, give rise to the characteristics of the associated
radiation pattern, such as, but not limited to, the number of
beams and the direction of the one or more beams. In view
of the above description, 1t will be understood that 1n
embodiments disclosed herein, where the electromagnetic
power 1s recerved 1n a given direction or at a given angle of
incidence relative to the plurality of antennas, the received
clectromagnetic power 1s distributed by the beamiorming
network to each of the plurality of terminal ports 1n propor-
tion to the amplitude, 1n the given direction or at the given
angle of incidence, of the radiation distribution pattern
associated with the respective terminal port.

The selection of the beamiorming network might impose
certain constraints. For example, a Butler matrix 1s more
casily implemented 1f the number of antenna ports 1s 2 to the
power m, where m 1s a positive integer. The Butler matrix
can also be designed such that the beams are orthogonal. The
exemplary embodiment shown i FIG. 3 1s one of many
possible beamforming rectenna implementations, and that
certain selections of beamforming networks might impose
constraints that might not be consistent with the operation or
number or placement of beams and ports as shown in FIG.
3. For example, beamforming networks created as a Butler
matrix are readily implemented with an even number of
antenna ports and terminal ports, although other configura-
tions are possible.

FIG. 4 1llustrates schematically a beamforming rectenna
(system) 500. Note that FIG. 4 omits a source transmitter
and a power management circuit/system, which were
included 1n each of systems 100, 200 and 300. Beamforming
rectenna (system) 500 includes a plurality (array) of anten-
nas 3501, a plurality of antenna ports 507, beamiorming
network 502, a plurality of terminal ports 503, a plurality of
terminal port rectifying circuits 504, and a plurality of
rectifying circuit output terminals 505. As depicted, each
antenna 501 1s connected to a respective antenna port 507,
cach terminal port 503 1s connected to a respective terminal
port rectitying circuit 504, and each terminal port rectifying,
circuit 304 1s connected to a respective rectifying circuit
output terminal 505.
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Beamiorming rectenna (system) 500 has characteristic
radiation pattern major beams 521, 522, 523, 524, 525, 526,
and 527; each major beam peak (beam center) 1s indicated
by a peak line at an angle relative to a Cartesian coordinate
x-ax1s 330, such as peak line 541 and angle 540 for beam
526 (for simplicity of the illustration, the peak lines of the
other beams 521, 522, 523, 524, 525 and 527 are not

designated by a reference numeral, and the angles for the
other beams 521, 522, 523, 524, 525 and 527 are not shown).
(Sumilarly to FIG. 3, 1n order not to the obscure the beam
center of beam 524, which 1s represented by a dashed line
and with which the y-axis 1s coincident, not all of the y-axis
1s 1llustrated as a solid line.) The description given above of
beamforming rectenna 380 (functionality, operation, etc.)
applies generally to beamforming rectenna 500, unless indi-
cated to the contrary. In short, antennas 301 receive elec-
tromagnetic radiation and transier electromagnetic power to
antenna ports 507. Beamforming network 502 directs a
predominance of the power to a subset of the terminal ports
503. In one embodiment, the subset of terminal ports 503
receiving the predominance of power i1s a substantially
smaller set than the entire set of terminal ports 503. In
another exemplary set of embodiments, each of the major
beams 521, 522, 523, 524, 525, 526, and 527 1s associated
with a single terminal port 503, 1n which case the number of
characteristic radiation patterns 521-527 matches the num-
ber of terminal ports 503, although this exemplary set of
embodiments 1s not 1illustrated 1n FIG. 4. A terminal port
rectifying circuit 504 receives from terminal port 503 the
power that has been directed to terminal port 503 from the
plurality of antennas 501 by the beamforming network 502.

The rectified signal 1s provided at a rectifying circuit output
terminal 505 and 1s made available for filtering, condition-
ing, regulation, or power absorption as required by a specific
application.

As before, beamiforming rectenna 500 1s but one example,
and a wide variety of different numbers of major beams,
antennas and antenna ports, and terminal port rectifying
circuits and terminal ports are possible.

FIG. § 1illustrates a WPT system 600, including a source
transmitter 650, a beamforming rectenna 602, and a power
management circuit or system 660. While beamiforming
network 670 and the numbers of the various illustrated
clements (antennas 601, ports 607, 603, rectifying circuits
604) may difler from their counterparts 1n FIGS. 3 and 4, the
arrangement ol elements, e.g., the connections between
different types of elements (e.g., antennas 601 are connected
to antenna ports 607, etc.) of FIG. 5 are generally the same
as that of WPT system 300 of FIG. 3 and beamiorming
rectenna 500 of FIG. 4, unless indicated to the contrary.
Similarly, the functionality, operation, etc. described above
of WPT system 300 of FIG. 3 and beamiforming rectenna
500 of FIG. 4 apply generally to WPT system 600, unless
indicated to the contrary. Accordingly, where the arrange-
ment and operation of system 600 are the same as those of
system 300 and beamforming rectenna 500, not all the
details thereot will be repeated for system 600, but rather
summary information will be included below.

Beamforming rectenna 602 receives electromagnetic
power 635 radiated by a source transmitter 650. Source
transmitter 650 comprises a power source 640, a transmitter
system 625, and a transmitter antenna 620. Electromagnetic
radiation 633 1s transmitted from source transmitter 650 at
an angle of incidence 610 relative to antennas 601. The
radiated power 635 1s received by the plurality of antennas
601, whence 1t 1s transferred to the corresponding antenna
ports 607 of beamforming network 670. Beamforming net-
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work 670 directs a preponderance of the received power to
a subset of the terminal ports 603 of beamiforming network
670. The subset of terminal ports 603 receiving the prepon-
derance of power are those for which the associated radia-
tion pattern peak aligns most closely with the angle of
incidence 610. Angle of incidence 610 corresponds to peak
611 of beam 612 of beamiorming rectenna 602. Accord-
ingly, the terminal port associated with beam 612 receives
the preponderance of electromagnetic radiation compared to
that received by other characteristic beams (not shown) of
beamiorming rectenna 602. (While beamforming rectenna
602 has multiple characteristic beams, for simplicity of the
illustration only one beam 612 1s shown 1n FIG. 5.) For the
example depicted 1n FIG. 5, the preponderance of power 1s
directed to the particular beamforming network terminal
port 603 shown at the bottom 1n the figure, as that terminal
port 603 1s associated with beam 612.

While beam 612 i1s represented as being only i two
dimensions, 1 fact antenna radiation patterns are three
dimensional 1n three dimensional space. The beamwidth of
beam 612, 1n the dimension orthogonal to the plane 1n which
the beamwidth 1s compressed due to the cumulative action
of the plurality of antennas 601 (1.e., in the dimension
orthogonal to the plane of the page of FIG. 5), 1s typically
the same as that beamwidth associated with each of the
plurality of antenna elements 601, assuming each of the
antenna elements 601 1s essentially the same.

Each terminal port rectifying circuit 604 receiving sufli-
cient power to permit rectification rectifies the received RF
power to produce rectified power, and the rectified power 1s
in turn coupled to a corresponding power management
circuit 660. Each power management circuit 660 receiving
rectified power from 1ts corresponding terminal port recti-
tying circuit 604 performs processing of the rectified power
and provides the processed power as an output 608. The
processing ol the rectified power may include filtering,
conditioning, reporting, and/or regulation of the rectified
power. Again, although each of the outputs 608 1s shown as
a single port in FIG. 5, the output of each power manage-
ment circuit 660 may include at least two signal or electrical
power paths.

In one embodiment, reporting by power management
circuit 660 comprises a signal that indicates whether the
available output power 1s at the regulated voltage within a
specified tolerance. Rectified power typically must be fil-
tered, conditioned, and/or regulated to be usable for specific
applications. In an exemplary set of embodiments, power
management circuits 660 receive suflicient rectified power
from the terminal port rectifying circuits 604 to power the
power management circuit 660, thus allowing power man-
agement circuit 660 to perform processing of the rectified
power, including but not limited to filtering, conditioning,
regulation, and reporting. In one set of embodiments, the
power management circuit 660 1s a highly integrated dc-dc
converter intended for energy harvesting, such as the dc-dc
converter sold by Linear Technology as the product LTC
3108, combined with peripheral components required for
this product (LTC 3108), such as, but not limited to, capaci-
tors, transformers, resistors, capacitors, and inductors.

FIG. 6 illustrates a WPT system 800 according to some
embodiments. System 800 and the embodiments 1llustrated
in FIG. 6 are 1n many respects similar to system 600 and the
embodiments 1llustrated i FIG. 5. Accordingly, the follow-
ing description of system 800 and the embodiments shown
in FIG. 6 will focus primarily on aspects that differ from
system 600 and the embodiments of FIG. 5. Aspects of
system 800 and embodiments of FIG. 6 not explicitly
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described herein may be presumed to correspond to their
counterparts 1n system 600 and FIG. 5, unless indicated or
implied to the contrary by the description herein.

As described above with respect to FIG. 5, beamiorming
network 670 directs the aggregate of power received by all
antennas 601 to a single terminal port 603. However, 1n
other embodiments the power recerved in a beamiorming
network 1s often directed to more than one terminal port, due
in part to limitations of beamforming networks, to secondary
lobes or grating lobes, and to overlap in beam patterns which
are used to establish continuity 1n coverage across an entire
angular span through which the beamforming rectenna can
clliciently receive and rectily power from a source trans-
mitter. Such distribution of power (1.e., to more than one
terminal port) 1s illustrated 1n the embodiment of FIG. 6,
wherein the aggregate received power 1s distributed by the
beamforming network 870 to a plurality of the terminal ports
803 thereot, specifically the lower two terminal ports 803 as
illustrated 1n FIG. 6. In contrast to the scenario illustrated 1n
FIG. 5, wherein the preponderance of power 635 radiated by
source transmitter 650 1s received by only one beam 612 of
a plurality of beams (not shown) characterizing beamform-
ing rectenna 602, the example 1n FIG. 6 illustrates that the
power from the electromagnetic radiation 8335 radiated by
source transmitter 8350 1s received by two (overlapping)
beams 811 and 814, having beam peaks 1dentified by lines
812 and 815, respectively, owing to the incidence angle 810
of the electromagnetic radiation 8335, corresponding to line
818, at which radiation patterns 811 and 814 are both
substantially high in gain. Thus, 1n FIG. 6, the beamforming
network 870 distributes the aggregate received radiation
over a larger subset of terminal ports compared to the higher
focusing of power illustrated i FIG. 5. The arrows 830 1n
FIG. 6 (like the arrows 630 in FIG. 5) are intended to
illustrate the directing of power aggregated from all of the
antennas 801 (or 601), rather than power from a speciific
antenna. If the RF power directed to the lower two terminal
ports 803 1 FIG. 6 1s sufliciently high to be rectified by
terminal port rectitying circuits 804, the lower two rectify-
ing circuits 804 in FIG. 6 will provide rectified power
signals to the corresponding power management circuits
860, and these power management circuits 860 will provide
processed DC power at their corresponding output ports
808. If characteristics of the WPT link between the source
transmitter 850 and the beamforming rectenna 802 are
suiliciently favorable (for example, the power 835 transmit-
ted by source transmitter 850 presents a suitably high power
density to beamiorming rectenna 802), then one or more of
the non-preferred (1.e., non-power directed) terminal port
rectifying circuits 804, in addition to the two “preferred”
(1.e., power directed) terminal port rectifying circuits 804
(1.e., the lower two terminal port rectifying circuits 804 1n
FIG. 6), may receive suilicient RF power to rectify and may
provide corresponding power management circuits 860 with
rectified power signals. The corresponding power manage-
ment circuits 860 would 1n turn provide processed DC
power to the corresponding output ports 808. Elements 820,
825, and 840 1n FIG. 6 are analogous to elements 620, 625,
and 640 1n FIG. 5.

FIG. 7 1s a schematic illustration of a Rotman lens
beamforming network that, as mentioned, may be used as a
beamforming network in one or more embodiments dis-
closed herein. Specifically, FI1G. 7 1s a diagram of the outline
902 of the conductive area on the top side of a Rotman lens
beamforming network. The interior structure 903 of outline
902 comprises a highly conductive, thin metal layer that
would form the top layer of a parallel plate waveguide type
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of Rotman lens, and this top layer would reside over a lower
conductive layer, or ground plane, with an intervening
isulating, or dielectric layer (not shown) between the two
conductive layers. Along one side (upper side in FIG. 7) of
the outline 902, a plurality of tapering portions are formed
that extend from the interior region or central portion of
outline 902 to interface with antenna ports 901 of the parallel
plate body of the Rotman lens structure 903. Delay lines (not
shown) may reside between the antenna ports 901 and the
antennas (also not shown specifically in FIG. 7 but repre-
sented and described generally in the prior drawings of
FIGS. 3-6) to achieve the desired beamforming according to
theory of Rotman lenses. Along the opposing side (lower
side 1n FIG. 7) of structure 903, a plurality of tapering output
ports extend from the interior region or central portion to
terminal ports 913, which interface with the terminal port
rectifying circuits (not shown). Ports to the left and right
sides of the interior region or central portion shown 1n FIG.
7, often referred to as “dummy” or “absorbing” ports 910,
are 1n one embodiment terminated with loads matched to the
port impedance to prevent reflections from them, which
reflections may interfere with power traveling to or from
antenna ports 901 or terminal ports 913. In a set of embodi-
ments, the dummy ports are connected to terminal port
rectifying circuits, which are in turn connected to power
management circuits (not shown) so that power coupled to
these ports may be rectified and supplied as DC power by the
power management circuits.

FIG. 8 1s a schematic illustration of a beamforming
rectenna (system) wherein the beamforming network 1s a
Butler matrix, in accordance with at least one embodiment.
As mentioned above, a Butler matrix 1s described 1in more
detail 1n the publication Phased Array Antennas by A. K.
Bhattacharyya (pp. 379-415). As shown in FIG. 8, beam-
forming rectenna 700 includes a plurality of antennas 761,
762, 763 and 764, a Butler matrix beamforming network
720, and a plurality of terminal port rectifying circuits 751.
Butler matrix beamforming network 720 includes, inter alia,

a plurality of antenna ports 702 and a plurality of terminal
ports 723, 724, 725 and 726. As with previously described

embodiments, each of antennas 761, 762, 763 and 764 1s
connected to a corresponding respective one ol antenna
ports 702, and each one of terminal ports 723, 724, 725 and
726 1s connected to a corresponding respective terminal port
rectifying circuit 751. Each terminal port rectifying circuit
751 15 connected to a respective power management circuit
760, and each power management circuit 760 1s connected
to one or more output terminals represented by port 706
(each element 706 represents one or more output terminals).
Technically speaking, power management circuits 760 and
their output terminals 706 may be deemed not to be part of
beamiorming rectenna 700.

In some embodiments, as further illustrated in FIG. 8, the
Butler matrix beamforming network 720 includes (first
hybrid couplers 705 (shown toward the top in FIG. 8)
connected to antenna ports 702 on one side and connected to
phase shifters 710 and 711 on the other side, and second
hybrid couplers 705 (shown toward the bottom in FIG. 8)
connected to phase shifters 710 and 711 on one side and to
terminal ports 723-726 on the other side. In addition, the first
hybrid couplers 705 also connect directly to the second
hybrid couplers 705, but the first hybrid coupler 705 shown
at upper left connects to the second hybrid coupler 705
shown at lower right, and the first hybrid coupler 705 shown
at upper right connects to the second hybrid coupler 705
shown at lower left. The first hybrid couplers serve the
function of power division for incoming signals (signals
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received by the beamforming rectenna 700) while the sec-
ond hybrid couplers serve the function of power combining
for incoming signals. The phase shifters 710 and 711 serve
the function of path length adjustment for beam steering. All
of the hybrid couplers perform delay functions 1n addition to
power combining and dividing. The above-mentioned com-
ponents of rectenna 700 are interconnected, 1n the manner
illustrated 1 FIG. 8, by RF transmission lines or wave-
guides, such as, for example, by microstrip line or stripline.
Crossovers 712 indicate electrical connections that cross. In
some embodiments, these paths cross without established
clectrical contact. In other embodiments, these paths cross
using microstrip or stripline cross-overs, which are formed
in a single plane. The numbers of antennas, antenna ports,
terminal port circuits, terminal ports, hybrid couplers, and
phase shifters may vary from what 1s illustrated 1n FIG. 8.

With continued reference to FIG. 8, 1n some embodiments
the hybrid couplers 705 are branchline hybrid couplers, with
the following characteristics. With reference to the hybrid
coupler 705 shown at lower left quadrant of beamiorming
network 720 1n FIG. 8, such a branchline hybnid coupler 705
has a first mput port 730, a second input port 731, a first
output port 732, and a second output port 733. The first input
port 730 couples power equally to the first and second output
ports 732 and 733, and the phase of a continuous wave signal
at the second output port 733 lags the phase of that at the first
output port 732 by 90 degrees. Further, the second mnput port
731 1s theoretically 1solated from the first input port 730 such
that no power theoretically reaches the second mput port 731
from the first mput port 730 except that portion which
reflects from the first output port 732 or the second output
port 733 and returns to the second input port 731. Assuming
the other three hybrid couplers 705 shown in FIG. 8 are
similarly constructed with the lower left side port represent-
ing the first input port, the lower right side port representing
the second 1nput port, the upper left side port representing,
the first output port, and the upper right side port represent-
ing the second output port, and further assuming that phase
shifters 710 and 711 each represent a 45 degree phase delay
at the center frequency of operation, then the signal phase
progression at the center frequency of operation and nor-
malized to 0 degrees at antenna 761, for an input source at
the place of terminal port 723, 1n the absence of terminal port
circuits 751 and power management circuits 760, would be
0 degrees at antenna 761, —45 degrees at antenna 762, —90
degrees at antenna 763, and -1335 degrees at antenna 764.
The phase at antenna 761 1s considered to be the reference
phase and hence 1s arbitrarily assigned O degrees, such
designation not affecting the steering of the resulting beam,
which 1s dependent on the phase progression across the
antennas 761-764 and not any absolute phase value. Such a
phase progression would produce a steered beam, the angle
of the steered beam being dependent upon the frequency of
operation and the spacing between antennas 761-764. Con-
sidering the same example with the source at the place of
terminal port circuit 724 nstead of 723, again 1in the absence
of terminal port circuits 751 and power management circuits
760, the resulting phase progression across the antennas
761-764 from left (antenna 761) to right (antenna 764)
would be 1n imncrements of +135 degrees. For the case in
which the source 1s located at the place of terminal port
circuit 725, again 1n the absence of terminal port circuits 751
and power management circuits 760, the phase progression
would be 1n mcrements of —135 degrees. For the case in
which the source 1s located at the place of terminal port
circuit 726, and once again 1n the absence of terminal port
circuits 751 and power management circuits 760, the phase
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progression would be 1n increments of +45 degrees. The
angle theta to which the beam 1s steered 1s given by the
equation of sin(theta)=psi1/(k*d), where d 1s the linear sepa-
ration space between the apparent or eflective phase centers
of adjacent antennas, psi1 1s the phase progression across the
antennas 761-764, k=omega/c, omega 1s the radian fre-
quency, and ¢ 1s the speed of light. Because the beamiorming
network 720 1s a reciprocal device, the receive beam asso-
ciated with each port 723, 724, 725, and 726 1s equivalent to
the transmit beam. Hence, a —45 degree phase progression
(received by the antennas 761-764 1n a reverse order (as
compared to the transmit phase progression) such that the
phase of the signal recetved by antenna 764 1s 0 degrees, the
relative phase of the signal received by antenna 763 1s —45
degrees, the relative phase of the signal received by antenna
762 1s —90 degrees, and the relative phase of the signal
received by antenna 761 1s —1335 degrees) would result 1n a
preponderance of received power directed to terminal port
723. A +135 degree phase progression, in reverse order, from
antenna 764 through antenna 761, would result 1n a prepon-
derance of received power directed to terminal port 724. A
—135 degree phase progression from antenna 764 through
antenna 761 would result 1n a preponderance of received
power directed to terminal port 725. A +45 degree phase
progression from antenna 764 through antenna 761 would
result 1n a preponderance ol received power directed to
terminal port 726. This foregoing discussion 1s just one
example of a Butler matrix implementation, and many other
implementations of the Butler matrix or of derivatives of the
Butler matrix are possible and could be used 1n the design
and development of a beamforming rectenna by a skilled
artisan having benefit of this disclosure.

FIG. 9 shows a fixed fan-beam antenna 1000 comprising
a linear array of antenna elements 1050 that are connected
by an RF combiner circuit 1045. Antenna eclements are
distributed linearly along the y-axis of Cartesian coordinate
system 1025. RF combiner circuit 1045 adds RF signals
from each of the antenna elements 1050 and provides proper
delay to each channel such that the composite radiation
pattern 1055 from fixed fan-beam antenna 1000 1s steered at
a fixed angle 1 1015 from the z-axis of coordinate system
1025. Although the number of antenna elements 1050 shown
1s four, and the RF combiner circuit 1045 shows four
channels, 1n general the number of antenna elements and
combiner channels can be increased to result 1n a narrower
beam gap angle, 6, 1035, or reduced to result in a wider
beam gap angle, o, 1035.

FIG. 10 shows a beamforming rectenna system 1200 1n
which each of the antennas 1250 1s a fixed fan-beam antenna
comprising a linear array of antenna elements (four antenna
clements shown in each linear array, not individually des-
ignated by reference numerals), such as the fixed fan-beam
antenna 10350 shown 1n FIG. 9.

While antennas 1250 may differ in kind, and various
clements 1llustrated in FIG. 10 may differ in number, from
their counterparts 1n other figures, the arrangement of certain
elements vis a vis the beamforming network 1205, e.g., the
connections between different types of elements (e.g., anten-
nas 1250 are connected to antenna ports 1210-1212, termi-
nal ports 1215 are connected to terminal port rectifying
circuits 1220, terminal port rectifying circuits 1220 are
connected to output power ports 1230) of FIG. 10 are
generally the same as that of other WPT systems and
beamiorming rectennas disclosed herein, unless indicated to
the contrary. Similarly, the functionality, operation, eftc.
described above of other WPT systems and beamiorming
rectennas apply generally to beamforming rectenna system
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1200, unless indicated to the contrary. (Of course, the
various specific kinds of beamforming networks, such as
those described with reference to FIGS. 7, 8, 12 and 13, may
but do not necessarily apply to beamforming rectenna sys-
tem 1200.) Accordingly, where the arrangement and opera-
tion of beamiorming rectenna system 1200 are the same as
those of other WPT systems and beamiforming rectennas
described herein, not all the details thereotf will be repeated
for system 1200, but rather summary information will be
included below.

Continuing with the description of beamforming rectenna
system 1200, each of the antennas 1250 1s aligned parallel
with the x-axis of Cartesian coordinate system 1225. For
each antenna 1250, the individual antenna elements of the
linear array comprising the antenna 1250 lie 1n the x-y plane.
Associated with each fixed fan-beam antenna 1250 1s a
respective RF combiner circuit (not shown), such as RF
combiner circuit 1045 shown 1n FIG. 9. Each RF combiner
circuit 1s designed to steer the associated fixed beam fan-
shaped radiation pattern 1255 at an angle 1 measured from
the z-axis in the x-z plane (pattern 1235 1s analogous to
pattern 1055 1n FIG. 9, and angle 1 1s analogous to angle 1)
in FIG. 9; for simplicity, a pattern 1255 1s shown for only
one of the three antennas 1250 1n FIG. 10, and angle 1) 1s not
shown 1 FIG. 10). Each fixed fan-shaped beam antenna
1250 1s connected via a respective connection 1260 to
beamforming network 1205 at a respective one of its
antenna ports 1210, 1211 and 1212. The beamiorming
network 1205 1n conjunction with fixed fan-beam antennas
1250 produces a set of composite radiation distribution
beam patterns 1280 within the fixed beam fan-shaped radia-
tion pattern 1255 of fixed fan-beam antennas 1250. Again,
for stmplicity, only a single one of the plurality of composite
beams 1280 for the illustrated fixed beam {fan-shaped
antenna radiation pattern 1255 i1s shown. Beam 1280 1is
shown with a lateral beamwidth A 1290 that 1s reduced
relative to the beamwidth of the fixed beam fan-shaped
radiation pattern 1255 due to the focusing produced by the
input of the multiple fixed fan-beam antennas 1250 and the
beamforming network 1205, wherein the term “lateral” 1s
defined here to be orthogonal to the direction defining the
fan beamwidth, o, and also orthogonal to the radial vector
(not shown) from the origin of the Cartesian system 1225
(that 1s, the direction of “lateral” would reside 1n the y-z
plane for the situation shown in FIG. 10, 1n which the angle
Y 1s 0 degrees). The beamwidth of beam 1280 in the
orthogonal x-z plane 1s not shown, but a skilled artisan with
benefit of this disclosure will recognize that this particular
beamwidth will be approximately the same as the beam-
width (beam gap angle) 0 of the beam pattern 12535 of each
of the antennas 1250 in that same plane (only a single
beamwidth o, namely, 1235, and, as mentioned, a single
beam pattern 1255, are shown). In one embodiment, each
composite radiation distribution beam pattern 1280 1s asso-
ciated with one of the terminal ports 12135 of beamforming
network 1205, and each terminal port 1215 1s connected to
a respective terminal port rectifying circuit 1220. Each
terminal port rectifying circuit 1220 provides a rectified
signal to a respective output power port 1230. Beamforming
network 1205, in conjunction with the plurality of fixed
fan-beam antennas 12350, may create a plurality of composite
beams such as beam 1280 which can be “steered” approxi-
mately within the fixed fan-beam pattern 12535 associated
with a single antenna 1250, where “steered” in the context
of beamiforming network 1205 is mntended to mean that
beamforming network 1205 can be designed to orient the
beam 1280 1n a specified direction, but the direction of that
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particular characteristic beam 1280 1s essentially fixed upon
development of the beamforming rectenna 1200.

With continued reference to FIG. 10, 1n one embodiment,
the beam gap angle 0 1235 1s set such that 1t extends just
wide enough to capture any angular vanations of the
intended source transmitters (not shown). In another
embodiment, the beam gap angle 6 1235 1s set such that 1t
extends just wide enough to capture most angular variations
of the intended source transmitters. Beamiorming rectenna
system 1200 permits increased range and/or increased power
transfer through increased focusing that is due to the
increased directivity of the arrays 1250 of antenna elements
(as compared to single antenna elements), each array 1250
of antenna elements being connected to a respective beam-
forming network antenna port 1210, 1211, 1212.

FIG. 11 1s a schematic diagram of a WPT system 1300
comprising a plurality of beamforming rectennas 1340 and
1350. System 1300 1s shown relative to Cartesian coordinate
system 1335. A source transmitter 1s not shown 1n FIG. 11.

Aside from the fact that system 1300 includes a plurality
of beamforming rectennas 1340 and 1330, the embodiments
illustrated 1n FIG. 11 are 1n many respects similar to system
1200 and the embodiments 1llustrated 1n FIG. 10. Aspects of
system 1300 and embodiments of FIG. 11 not explicitly
described herein may be presumed to correspond to their
counterparts 1n system 1200 and FIG. 10, unless indicated or
implied to the contrary by the description herein. In that
regard, 1t will be noted that beamforming rectennas 1340 and
1350 may but need not be comparable to beamforming
rectenna 1200 shown 1n FIG. 10, 1n which each of antennas
1250 1s a fixed fan-beam antenna comprising an array of
antenna elements.

Continuing with the description of WPT system 1300,
cach beamforming rectenna 1340 and 1350 comprises a
plurality of antenna elements 1313 or 1323, respectively, a
beamiorming network 1310 or 1320, respectively, a plurality
of terminal port rectifying circuits 1311 or 1321, respec-
tively, and a plurality of rectifying circuit output ports 1314
or 1324, respectively. Each beamforming network 1310 or
1320 comprises a plurality of antenna ports 1312 or 1322,
respectively, and a plurality of terminal ports 1315 and 1325,
respectively. Each beamforming rectenna 1340 or 1350 1s
characterized by a set of characteristic radiation patterns,
cach radiation pattern being associated with one or more
terminal ports 1315 or 1325, respectively. In FIG. 11, only
a single characteristic radiation pattern 1380 1s shown for
beamiorming rectenna 1340, as an example; for simplicity
of 1illustration; the other characteristic radiation patterns
characterizing beamiorming rectenna 1340 are not shown.
Similarly, beamforming rectenna 1350 1s associated with a
set of characteristic radiation patterns, although for simplic-
ity none are shown in FIG. 11. A characteristic radiation
pattern, such as that designated by reference numeral 1380,
may have a narrow pattern in one plane such as a plane
parallel to the x-z plane, as shown in FIG. 11, and a broad
pattern 1n an orthogonal (lateral) plane such as a plane
parallel to the y-z plane (not shown but analogous to element
1255 1n FIG. 10). The beamwidth of the characteristic
radiation pattern in the lateral plane (not shown but analo-
gous to lateral beamwidth A 1290 in FIG. 10) will be
essentially determined by the beamwidth of the individual
antenna elements 1313, 1323. In one set of embodiments,
each of the antenna elements 1313 lies 1n a line, each of the
antenna elements 1323 lies 1n a line, and the line containing
antenna elements 1313 and the line contaiming antenna
clements 1323 are essentially parallel to one another. In at
least one embodiment, the terminal port rectifying circuits
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1314 and 1324 are connected to a common power manage-
ment system (not shown 1n FIG. 11). In at least one embodi-
ment, the terminal port rectitying circuits 1314 and 1324 are
connected to separate power management systems (not
shown 1n FIG. 11). Vanations are possible 1n this regard. For
example, each of terminal port rectifying circuits 1314 and
1324 could be connected to 1ts own power management
circuit/system, all terminal port rectitying circuits 1314 and
1324 could be connected to a single power management
circuit/system, or some of terminal port rectifying circuits
1314 and 1324 could be connected to their own respective
power management circuit/systems while others could be
connected to a single power management circuit/system.
Such variations as to whether terminal port rectifying cir-
cuits are connected each to a respective power management
circuit/system (or output power port), or rather some or all
terminal port rectifying circuits are connected to a single
power management circuit/system (or output power port),
apply generally to all embodiments disclosed herein even if
not explicitly mentioned in the discussion of other embodi-
ments, unless 1indicated to the contrary.

Although WPT system 1300 in FIG. 11 shows two
beamforming rectennas 1340 and 1350, a WPT system may
comprise more than two beamforming rectennas. In addi-
tion, a WPT system comprising a plurality of beamforming,
rectennas need not have the characteristics specific to system
1300, but could have the characteristics of other WPT
systems/beamforming rectenna systems disclosed herein
(c.g., diflerent types ol beamiforming networks, different
types of antennas, etc.)

FIG. 12 shows the top pattern of a microstrip implemen-
tation of a Butler matrix beamforming network 1400
designed for a WPT system operating at approximately
850-950 MHz. The microstrip Butler matrix beamiorming
network 1400 has four antenna ports 1402 shown across the
top portion of this view and four terminal ports 1423, 1424,
1425 and 1426 shown along the bottom portion of this
drawing. Hybrid couplers 1405 (four shown) provide power
division and combining, as previously discussed with ret-
erence to FIG. 8. A cross-coupler 1412 (two shown) facili-
tates implementation by permitting single layer fabrication
(1.e., no out-oi-plane cross-overs are required), as taught 1n
“Microstrip Antenna Array with Four Port Butler Matrnix for
Switched Beam Base Station Application,” by Muhammad
Mahfuzul Alam, Proceedings of 2009 12% International
Conference on Computer and Information Technology (IC-
CIT 2009), Dec. 21-23, 2009, Dhaka, Bangladesh. Meander
lines 1431 compensate for phase delays associated with the
cross-coupler circuit 1412 shown at the top of the figure.
Meander lines 1410 each provide a phase delay of 45
degrees, as discussed previously with reference to FI1G. 8, as
well as an additional phase delay to compensate for adjacent
cross-coupler 1412 (the lower of the two cross-coupler
circuits 1412 shown in FIG. 12). Antennas, rectifier circuits,
interconnect cables, and power management systems are not
shown 1n FIG. 12. In some embodiments, the beamforming
network 1400, antennas, and rectifier circuits are all printed
and/or attached to one board, thereby obviating the need for
RF connectors or RF cables.

FIG. 13 shows elements of the top pattern of a microstrip
beamforming rectenna 1500 including the microstrip Butler
matrix beamforming network 1400, described previously
with respect to FIG. 12, and antenna elements 1520, shown
as the top metal region pattern of microstrip patch antennas,
that may be used in conjunction with beamforming network
1400. Rectification circuits, interconnecting cables, and
power management systems are not shown in FIG. 13.

10

15

20

25

30

35

40

45

50

55

60

65

26

The structure and operation of microstrip Butler matrix
beamiforming network 1400 and microstrip beamiorming
rectenna 1400 will be further understood by one of ordinary
skill 1n the art after having benefit of this disclosure, such as
the discussion with reference to FIG. 8.

While some figures show linear arrays of antennas, non-
linear arrays of antennas may also be employed. Further, 1n
at least some embodiments, the plurality of antennas may
include (a) one or more linear arrays of antennas, (b) one or
more non-linear arrays of antennas, (C) one or more arrays
of antennas collinear with another one or more arrays of
antennas, (d) one or more arrays ol antennas not collinear
with another one or more arrays of antennas, or (¢) one or
more arrays of antennas representing any combination of the
preceding types (a)-(d) of arrays of antennas.

With respect to the embodiments disclosed herein, the
plurality of radiation distribution patterns characterizing a
beamiorming rectenna may collectively cover a continuous
angular extent, whether some of the radiation distribution
patterns are overlapping or not. With further respect to the
embodiments disclosed herein, the power management cir-
cuits/systems may or may not be deemed part of the rect-
ennas with which they operate. In addition, the power
management functionality may vary depending on the appli-
cation for which the collected power 1s used. The collected
power may be used for RFID (radio frequency identifica-
tion) sensors such as described in the aforementioned U.S.
patent application Ser. No. 14/201,402.

As mentioned, the number of terminal ports and antenna
clements may be less or more than indicated 1n the examples
described herein. For example, although FIGS. 8, 12 and 13
pertain to 4-clement, 4-port Butler matrix beamiormers,
implementations involving greater or lesser number of
antenna elements and ports are possible. Such implementa-
tions may require a greater or lesser number of components,
such as hybrid couplers, phase delay lines, and cross-overs,
compared to the number described with respect to FIGS. 8,
12 and 13. For example, a Butler matrix beamformer with
two antenna elements and two terminal ports can be created
with a single hybrid coupler, in which two ports of the
hybrid coupler are attached to the two antenna elements,
respectively, and the opposing two ports of the hybnd
coupler are the two terminal ports, respectively.

FI1G. 14 1s a flow chart, in accordance with one or more
embodiments described herein, illustrating a WP method
1600 that may be performed using a beamforming rectenna.
The beamforming rectenna may comprise a plurality of
antennas, a plurality of terminal port rectifying circuits, and
a beamiorming network. The beamiforming network may
include (a) a plurality of antenna ports connecting to the
plurality of antennas, and (b) a plurality of terminal ports
connecting to the plurality of terminal port rectifying cir-
cuits. The beamforming rectenna may be characterized by a
plurality of radiation distribution patterns. Each of the
radiation distribution patterns may be associated with one or
more of the terminal ports. In some embodiments, each of
the radiation distribution patterns 1s associated with only a
single one of the terminal ports.

At step 1605, electromagnetic power (in the form of
clectromagnetic radiation) 1s transmitted by a source trans-
mitter for reception by one or more of the antennas of the
beamiorming rectenna. At step 1610, the transmitted elec-
tromagnetic power, or a portion thereof, 1s received by one
or more of the antennas. The electromagnetic power may be
received by the one or more antennas via their respective
clement radiation distribution patterns (1.e., the radiation
distribution patterns of the individual antennas, not the
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radiation distribution patterns of the beamforming rectenna).
The received electromagnetic power may be transmitted
from the one or more antennas to corresponding antenna
ports of the beamforming network. At step 1615, the beam-
forming network directs the electromagnetic power to a
subset of the terminal ports and thence toward a subset of the
terminal port rectifying circuits. The subset of terminal ports
to which the electromagnetic power 1s directed by the
beamforming network may be associated with those radia-
tion distribution patterns (of the beamiorming rectenna) that
exhibit a stronger response (as further described elsewhere
in this disclosure) at or near the angle of incidence of the
radiation that was received 1n step 1610. In some of the cases
where the one-to-one association of radiation distribution
patterns (of the beamforming rectenna) and terminal ports
holds, the electromagnetic power may be received by the
antennas and may accordingly be directed by the beamform-
ing network to the respective two or more terminal ports
associated with the two or more radiation distribution pat-
terns (of the beamforming rectenna) that align with the
directions Irom which the electromagnetic power was
received. At step 1620, the subset of the terminal port
rectifying circuits that received the electromagnetic power
(directed thereto by the beamforming network) rectily the
received electromagnetic power. At step 1623, the electro-
magnetic power may be filtered, conditioned, regulated,
boosted, or managed. At step 1630, the electromagnetic
power may be stored, used to supply power to a load, or used
to charge a battery. Steps 1625 and 1630 may be performed
by a power management circuit or system or in some cases
(although not generally indicated heretofore) by the terminal
port rectifying circuits that receive and rectify the electro-
magnetic power. Further details and variations of the above-
described method will be understood by one of ordinary skill
in the art after having benefit of the instant disclosure.
Numerous such varnations and details have been set forth in
the description of the systems and apparatuses set forth
herein prior to the description of the above-described
method illustrated by the flow chart of FIG. 14.

In light of the principles and exemplary embodiments
described and illustrated herein, 1t will be recognized that the
exemplary embodiments can be modified in arrangement
and detail without departing from such principles. Also, the
foregoing discussion has focused on particular embodi-
ments, but other configurations are contemplated. In par-
ticular, even though expressions such as “in one embodi-
ment,” “in another embodiment,” “in a version of the
embodiment” or the like are used herein, these phrases are
meant to generally reference the range of possibilities of
embodiments, and are not intended to limit the disclosure to
the particular embodiments and configurations described
herein. As used herein, these terms may reference the same
or different embodiments that are combinable into other
embodiments.

Similarly, although exemplary processes have been
described with regard to particular operations performed 1n
a particular sequence, numerous modifications could be
applied to those processes to derive numerous alternative
embodiments of the present disclosure. For example, alter-
native embodiments may include processes that use fewer
than all of the disclosed operations, processes that use
additional operations, and processes 1n which the individual
operations disclosed herein are combined, subdivided, rear-
ranged, diflerently ordered or otherwise altered.

In view of the wide variety of useful permutations that
may be readily derived from the exemplary embodiments
described herein, this detailed description 1s intended to be
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illustrative only, and should not be taken as limiting the
scope of the disclosure. What 1s claimed as the disclosure,
therefore, are all implementations that come within the
scope of the following claims, and all equivalents to such
implementations. In the claims, means-plus-function and
step-plus-function clauses are intended to cover the struc-
tures or acts described herein as performing the recited
function and not only structural equivalents, but also equiva-
lent structures. Thus, while a nail and a screw may not be
structural equivalents in that a nail employs a cylindrical
surface to secure wooden parts together, whereas a screw
employs a helical surface, 1n the environment of fastening
wooden parts, a nail and a screw may be equivalent struc-
tures.
What 1s claimed 1s:
1. A system, comprising;
a beamforming rectenna, the beamforming rectenna com-
prising:
a plurality of antennas;
a plurality of terminal port rectifying circuits; and
a beamforming network, the beamforming network
including (a) a plurality of antenna ports connecting,
to the plurality of antennas, and (b) a plurality of
terminal ports connecting to the plurality of terminal
port rectifying circuits,
wherein the beamforming network 1s configured to
direct electromagnetic power received via the plu-
rality of antennas and the plurality of antenna ports
to a respective subset of the plurality of terminal
ports, based on the electromagnetic power received,
wherein there are a plurality of different subsets.
2. The system of claim 1,
wherein the electromagnetic power 1s received 1n a plu-
rality of directions,
wherein the beamiforming rectenna 1s characterized by a
plurality of radiation distribution patterns, each of the
plurality of radiation distribution patterns being asso-
ciated with one or more of the plurality of terminal
ports, and each of the plurality of terminal ports being
associated with one of the plurality of radiation distri-
bution patterns,
wherein, for each of the plurality of directions, the beam-
forming network 1s configured to direct electromag-
netic power received 1n the respective direction to a
respective subset of the plurality of terminal ports, and
wherein the respective subset of the plurality of terminal
ports 1s associated with a respective subset of the
radiation distribution patterns, the respective subset of
the radiation distribution patterns comprising a particu-
lar one or more of the radiation distribution patterns
whose amplitudes in the respective direction are greater
than amplitudes, in the respective direction, of other
ones of the radiation distribution patterns.
3. The system of claim 1,
wherein the electromagnetic power 1s received 1n a given
direction,
wherein the beamforming rectenna 1s characterized by a
plurality of radiation distribution patterns, each of the
plurality of radiation distribution patterns being asso-
ciated with one or more of the plurality of terminal
ports, and each of the plurality of terminal ports being
associated with one of the plurality of radiation distri-
bution patterns, and
wherein the subset of the plurality of terminal ports is
associated with a subset of the radiation distribution
patterns, the subset of radiation distribution patterns
comprising a particular one or more of the radiation
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distribution patterns whose amplitudes 1n the given
direction are greater than amplitudes, in the given
direction, of other ones of the radiation distribution
patterns.

4. The system of claim 3,

wherein the beamforming network 1s configured to dis-

tribute the received electromagnetic power to each of
the plurality of terminal ports in proportion to an
amplitude, in the given direction, of a radiation distri-
bution pattern associated with the respective terminal
port.

5. The system of claim 3, wherein each of the plurality of
radiation distribution patterns 1s associated with only a
single one of the plurality of terminal ports.

6. The system of claim 3, wherein the plurality of radia-
tion distribution patterns collectively cover a continuous
angular extent.

7. The system of claim 3, wherein the electromagnetic
power directed to the subset of the plurality of terminal ports
comprises a substantial portion of the electromagnetic power
received by the plurality of the antennas.

8. The system of claim 1, wherein the plurality of anten-
nas comprise (a) one or more linear arrays of antennas, (b)
one or more non-linear arrays of antennas, (C) one or more
arrays ol antennas collinear with another one or more arrays
of antennas, (d) one or more arrays of antennas not collinear
with another one or more arrays of antennas, or (¢) one or
more arrays of antennas representing any combination of the
preceding types (a)-(d) of arrays of antennas.

9. The system of claim 1, wherein at least one of the
terminal port rectifying circuits comprises a halif-wave rec-
tifying circuit, a full-wave rectifying circuit, or a capacitor.

10. The system of claim 1, wherein the beamiorming
network comprises one of the following or a derivative
thereof: a microwave lens; a Rotman lens; a Ghent lens: a
Luneberg lens; a Butler matrix; a combination of transmis-
sion lines and directional couplers that form a Blass matrix;
a combination of power combiners, power dividers, wave-
guides, and phase shifters; a combination of hybrid couplers,
waveguides, and phase shifters.

11. The system of claim 1, further comprising one or more
power management circuits connected to one or more of the
plurality of terminal port rectifying circuits.

12. The system of claim 1, further comprising a source
transmitter operable to transmit electromagnetic power for
reception by one or more ol the plurality of antennas,
wherein the source transmitter may or may not be mobile
relative to the plurality of antennas.

13. The system of claim 1, wherein the beamiorming
network comprises only passive elements.

14. The system of claim 1, wherein each of the plurality
ol antennas comprises a fixed fan-beam antenna, each fixed
fan-beam antenna comprising an array of antenna elements
and characterized by a fixed fan-beam pattern.

15. The system of claim 14, wherein the beamforming
network 1n conjunction with a respective one of the plurality
of antennas 1s configured to produce a plurality of steered
radiation distribution patterns within the fixed fan-beam
pattern of the respective one of the plurality of antennas,
cach of the steered radiation distribution patterns being
fixedly oriented in a particular direction.

16. The system of claim 1, wherein the plurality of
antennas comprise microstrip patch antennas, and the beam-
forming network comprises a microstrip implementation of
a Butler matrix.
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17. A system comprising:
a plurality of beamforming rectennas, each of the plurality
of beamforming rectennas comprising:
a plurality of antennas;
a plurality of terminal port rectifying circuits; and
a beamforming network, the beamforming network
including (a) a plurality of antenna ports connecting,
to the plurality of antennas and (b) a plurality of
terminal ports connecting to the plurality of terminal
port rectifying circuits,
wherein the beamforming network i1s configured to
direct electromagnetic power received via the plu-
rality of antennas and the plurality of antenna ports
to a respective subset of the plurality of terminal
ports, based on the electromagnetic power received,
wherein there are a plurality of different subsets.

18. The system of claim 17, wherein the plurality of
antennas of a first one of the plurality of beamiorming
rectennas comprises a first linear array of antennas, the
plurality of antennas of a second one of the plurality of
beamiorming rectennas comprises a second linear array of
antennas, and the first linear array of antennas 1s aligned
parallel to the second linear array of antennas.

19. A method for wireless transter of power, the method
for use with a beamforming rectenna, the beamiorming
rectenna comprising:

a plurality of antennas;

a plurality of terminal port rectifying circuits; and

a beamforming network, the beamiorming network

including (a) a plurality of antenna ports connecting to
the plurality of antennas, and (b) a plurality of terminal
ports connecting to the plurality of terminal port rec-
tifying circuits; and

the method comprising:

recerving electromagnetic power by one or more of the

plurality of antennas and one or more of the plurality of
antenna ports:

directing, by the beamforming network, at least a sub-

stantial portion of the electromagnetic power to a
respective subset of the plurality of the terminal ports,
based on the electromagnetic power received, and
thence toward a respective subset of the plurality of the
terminal port rectifying circuits, wherein there are a
plurality of different subsets; and

rectifying the electromagnetic power by the subset of the

plurality of terminal port rectifying circuits.

20. The method of claim 19,

wherein the electromagnetic power 1s received 1n a plu-

rality of directions,

wherein the beamiforming rectenna 1s characterized by a

plurality of radiation distribution patterns, each of the
plurality of radiation distribution patterns being asso-
ciated with one or more of the plurality of terminal
ports, and each of the plurality of terminal ports being
associated with one of the plurality of radiation distri-
bution patterns,

wherein, for each of the plurality of directions, the beam-

forming network directs at least a substantial portion of
the electromagnetic power received in the respective
direction to a respective subset of the plurality of
terminal ports and thence toward a respective subset of
the plurality of the terminal port rectifying circuits, and
wherein the respective subset of the plurality of terminal
ports 1s associated with a respective subset of the
radiation distribution patterns, the respective subset of
the radiation distribution patterns comprising a particu-
lar one or more of the radiation distribution patterns
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whose amplitudes 1n the respective direction are greater
than amplitudes, in the respective direction, of other

ones of the radiation distribution patterns.
21. The method of claim 19,
wherein the electromagnetic power 1s received 1n a given

direction,

wherein the beamforming rectenna 1s characterized by a
plurality of radiation distribution patterns, each of the
plurality of radiation distribution patterns being asso-
ciated with one or more of the plurality of terminal
ports, and each of the plurality of terminal ports being
associated with one of the plurality of radiation distri-

bution patterns, and

wherein the subset of the plurality of terminal ports 1s
associated with a subset of the radiation distribution
patterns, the subset of radiation distribution patterns
comprising a particular one or more of the radiation

distribution patterns w.

nose amplitudes 1 t

direction are greater t

e given

han amplitudes, 1n t

e given

direction, of other ones of the radiation distribution

patterns.
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22. The method of claim 21,
wherein the received electromagnetic power 1s distributed
to each of the plurality of terminal ports 1n proportion
to an amplitude, 1n the given direction, of a radiation
5 distribution pattern associated with the respective ter-
minal port.

23. The method of claim 19, further comprising transmit-
ting the electromagnetic power 1n a form of electromagnetic
radiation for reception by one or more of the plurality of

10 antennas.

24. The method of claim 19, further comprising one or
more operations selected from the group consisting of:
filtering the electromagnetic power, conditioning the elec-
tromagnetic power, regulating the electromagnetic power,

15 and managing the electromagnetic power.

25. The method of claim 19, further comprising one or
more operations selected from the group consisting of:
storing the rectified electromagnetic power, using the recti-
fied electromagnetic power to supply power to a load, and

20 using the rectified electromagnetic power to charge a battery.
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