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(57) ABSTRACT

A wireless power network including multiple electromag-
netic resonators each capable of storing electromagnetic
energy at a resonant frequency is disclosed. The multiple
resonators include: a first resonator configured to be coupled
to a power source to receive power from the power source; a
second resonator configured to be coupled to a load to provide
power to the load, and one or more intermediate resonators.
The first resonator is configured to provide power from the
power source to the second resonator through the one or more
intermediate resonators. At least a first pair of resonators
among the multiple resonators is configured to exchange
power wirelessly, and at least a second pair of the resonators
among the multiple resonators is configured to exchange
power through a wired electrically conductive connection.
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Fig. 2
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Fig. 3
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Fig. 19
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SYSTEMS AND METHODS FOR WIRELESS
POWER SYSTEM WITH IMPROVED
PERFORMANCE AND/OR EASE OF USE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority under 35 U.S.C.
§119(e) to U.S. Provisional Application No. 61/727,260 filed
Now. 16, 2012 and entitled “Systems and Methods for Wire-
less Power System with Improved Efficiency”.

BACKGROUND

[0002] 1. Field

[0003] This disclosure relates to wireless energy transfer to
power devices, also referred to as wireless power transmis-
sion.

[0004] 2. Description of the Related Art

[0005] Energy or power may be transferred wirelessly
using a variety of known radiative, or far-field, and non-
radiative, or near-field, techniques as detailed, for example, in
commonly owned U.S. patent application Ser. No. 12/613,
686 published on May 6, 2010 as US 2010/010909445 and
entitled “Wireless Energy Transfer Systems,” U.S. patent
application Ser. No. 12/860,375 published on Dec. 9,2010 as
2010/0308939 and entitled “Integrated Resonator-Shield
Structures,” U.S. patent application Ser. No. 13/222,915 pub-
lished on Mar. 15, 2012 as 2012/0062345 and entitled “Low
Resistance Electrical Conductor,” U.S. patent application
Ser. No. 13/283,811 published on Oct. 4, 2012 as 2012/
0248981 and entitled “Multi-Resonator Wireless Energy
Transfer for Lighting,” the contents of which are incorporated
by reference.

[0006] Inefficient power transfer may be acceptable for
data transmission but is not practical for transferring electri-
cal energy for the purpose of doing work, such as for power-
ing or charging electrical devices. Inefficient power transfer
may not be preferred either because insufficient power may
be transferred in order for a device to operate correctly, or
because it will waste energy which is lost during transmis-
sion/reception.

[0007] There are various manners of improving the trans-
fer/reception efficiency of some wireless energy transfer
schemes. One method is to use directional antennas to confine
and preferentially direct the radiated energy towards a
receiver. However, these directed radiation schemes may
require an uninterruptible line-of-sight and potentially com-
plicated tracking and steering mechanisms in the case of
mobile transmitters and/or receivers. A known non-radiative,
or near-field, wireless energy transfer scheme, often referred
to as either induction or traditional induction, does not (inten-
tionally) radiate power, but uses an oscillating current passing
through a primary coil, to generate an oscillating magnetic
near-field that induces currents in a near-by receiving or sec-
ondary coil. Traditional induction schemes have demon-
strated the transmission of modest to large amounts of power,
however only over very short distances and with very small
offset tolerances between the primary power supply unit and
the secondary receiver unit. Electric transformers and prox-
imity chargers are examples of devices that utilize this known
short range, near-field energy transfer scheme.

[0008] Therefore, a need exists for a wireless power trans-
fer scheme that is capable of transferring useful amounts of
electrical power over mid-range distances or alignment oft-
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sets. Such a wireless power transfer scheme should enable
useful energy transfer over greater distances and alignment
offsets than those realized with traditional induction schemes,
but without the limitations and risks inherent in radiative
transmission schemes.

[0009] A non-radiative or near-field wireless energy trans-
fer scheme that is capable of transmitting useful amounts of
power over mid-range distances and alignment offsets uses
coupled electromagnetic resonators with long-lived oscilla-
tory resonant modes to transfer power from a power supply to
apower drain. The technique is general and may be applied to
awide range of resonators. If the resonators are designed such
that the energy stored by the electric field is primarily con-
fined within the structure and the energy stored by the mag-
netic field is primarily in the region surrounding the resonator,
the energy exchange may be mediated primarily by the reso-
nant magnetic near-field and the resonators may be referred to
as magnetic resonators.

SUMMARY

[0010] Resonators and resonator assemblies may be posi-
tioned to distribute wireless energy over an area. The wireless
energy transfer resonators and components, including repeat-
ers, that may be used have been described in, for example, in
commonly owned U.S. Pat. No. 8,461,719 issued Jun. 11,
2013 and entitled “Wireless energy transfer systems,” U.S.
patent application Ser. No. 12/720,866 published on Oct. 14,
2010 as U.S. publication 2010/0259108 Al and entitled
“Wireless energy transfer using repeater resonators”. The
modeling and simulation of wireless energy transfer systems
that may be used have been described in, for example, in
commonly owned U.S. patent application Ser. No. 13/668,
756 published on Jun. 20, 2012 as U.S. publication 2012/
0159956 A1 and entitled “Wireless energy transfer modeling
tool,” the contents of which are incorporated by reference.
[0011] There is a need for technologies, devices, methods,
apparati and the like, for installing, controlling, diagnosing,
initiating, monitoring, adjusting, and the like, multi-resonator
wireless energy systems. For example, a multi-resonator
wireless power transfer system in a home may have one or
more wireless power transmitters or sources, one or more
wireless power receivers or devices, one or more wireless
power repeaters, one or more resonators whose function may
change or may simultaneously be that of a source, a device,
and/or a repeater. Such a system may comprise a wireless
power system manager. Further, such a system may need to
account for objects which may interfere with the electromag-
netic fields, for changes in electrical characteristics associ-
ated with temperature and/or other environmental factors and
other factors which may need to be addressed and adjusted for
in order to make wireless power transmission operate effec-
tively and efficiently.

[0012] Therefore a need exists for simulating, configuring,
calibrating, adjusting, and the like, the components of wire-
less power transmission systems, so that deployed compo-
nents and systems are capable of transferring useful amounts
of electrical power over mid-range distances. The solutions
disclosed herein may allow wireless power transfer to occur
more efficiently and effectively by assisting users to over-
come potential wireless power system hurdles such as per-
turbing objects, shadowing, temperature fluctuations, broken
or detuned system components, varying demands by devices
powered by the system, and alignment offsets. Such wireless
power transfer set-up and maintenance schemes (including
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related processes and protocols) should enable useful energy
transfer over greater distances and with improved efficiency
and reliability, than that which would be realized in the
absence of these provisions.

[0013] There are disclosed herein wireless energy transfer
schemes that are capable of transmitting useful amounts of
power over mid-range distances and alignment offsets. In one
embodiment, these inventive techniques can use coupled
electromagnetic resonators with long-lived oscillatory reso-
nant modes to transfer power from a power supply to a power
drain, and possibly along repeater resonators that allow
energy to “hop” (provide efficient wireless energy transfer)
from one resonator to another. The resonant techniques
described herein are general and may be applied to a wide
range of resonators, even where the specific examples dis-
closed herein relate to electromagnetic resonators.

[0014] Note that the set-up, calibration, adjustment, and
maintenance processes, protocols, and parameters disclosed
herein may be applied to both electric and magnetic resona-
tors, as well as other types of wireless energy systems such as
directional, RF, radiative, traditional inductive, and other
types of near, medium, and far-field wireless power systems
and methods.

[0015] The omni-directional but stationary (non-lossy)
nature of the near-fields of some resonators we will disclose
enables efficient wireless energy transfer over mid-range dis-
tances, over a wide range of directions and resonator orien-
tations, suitable for charging, powering, or simultaneously
powering and charging a variety of electronic devices. As a
result, a system may have a wide variety of possible applica-
tions where a first resonator, connected to a power source, is
in one location, and a second resonator, potentially connected
to electrical/electronic devices, batteries, powering or charg-
ing circuits, and the like, is at a second location, and where the
distance from the first resonator to the second resonator is on
the order of centimeters to meters.

[0016] Forexample, a first resonator connected to the wired
electricity grid could be placed on the ceiling of a room, while
other resonators connected to devices, such as robots,
vehicles, computers, communication devices, medical
devices, and the like, move about within the room. These
devices can constantly, intermittently, or by request receive
power wirelessly from the source resonator, which here may
be configured as a wireless energy transmitter. From this one
example, it is obvious that there are many applications where
the systems and methods disclosed herein could provide
wireless power.

[0017] Energy exchange between two electromagnetic
resonators can be improved when the resonators are tuned to
substantially the same frequency and when the losses in the
system are minimal Wireless energy transfer systems may be
designed so that the “coupling time” between resonators is
much shorter than the resonators’ “loss-times”. In embodi-
ments, wireless power transfer systems may be periodically,
programmably, dynamically, or otherwise adjusted to main-
tain operating parameters and conditions that are conducive
to efficient and effective power transfer. Effects due to tem-
perature variations, variation in component integrity and effi-
ciency and other potential obstacles such as shadowing or
Q-perturbing objects may be addressed and compensated for
in order to maintain a preferred level of system performance
and avoid unwanted and unexpected deviations of wireless
power stability and efficiency.
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[0018] The systems and methods described herein may, in
some examples, utilize high quality factor (high-Q) resona-
tors with low intrinsic-loss rates. In addition, the systems and
methods described herein may use sub-wavelength resona-
tors with near-fields that extend significantly beyond the char-
acteristic sizes of the resonators, so that the near-fields of the
resonators that exchange energy overlap at mid-range dis-
tances. This is a regime of operation that differs significantly
from traditional induction designs.

[0019] In the power transmission schemes disclosed
herein, multiple devices may be charged or powered simul-
taneously in parallel or power delivery to multiple devices
may be serialized such that one or more devices receive power
for a period of time after which power delivery may be
switched to other devices, and this switching may further
include switching along different transmission pathways.
Multiple devices may share power from one or more sources
with one or more other devices either simultaneously, orin a
time multiplexed manner, or in a frequency multiplexed man-
ner, or in a spatially multiplexed manner (e.g. along different
pathways). Further power may be transmitted/used in an ori-
entation multiplexed manner, or in any combination of time
and frequency and spatial and orientation multiplexing. Mul-
tiple resonator devices may share power with each other, with
at least one device being reconfigured continuously, intermit-
tently, periodically, occasionally, or temporarily, to operate as
at least one of a wireless power source, transmitter, system
manager, or repeater. It would be understood by one of ordi-
nary skill in the art that there are a variety of ways to power
and/or charge devices, and the variety of ways could be
applied to the technologies and applications described herein.

[0020] Throughout this disclosure we may refer to certain
circuit components such as capacitors, inductors, resistors,
CPUs, memory, power supplies, diodes, switches and the like
as circuitry or circuit elements. We may also refer to series
and parallel combinations of these components as elements,
networks, topologies, circuits, and the like. We may describe
combinations of capacitors, resistors, diodes, transistors, and/
or switches as adjustable impedance networks, tuning net-
works, adjustors, matching networks, adjusting elements, and
the like. We may also refer to “self-resonant” objects thathave
both capacitance, and inductance distributed (or partially dis-
tributed, as opposed to solely lumped) throughout the entire
object. It would be understood by one of ordinary skill in the
art that adjusting and controlling variable components within
a circuit or network may adjust the performance of'that circuit
or network and that those adjustments may be described
generally as tuning, adjusting, matching, correcting, and the
like. Other methods to tune or adjust the operation of the
wireless power transfer system may be used alone, or in
addition to adjusting tunable components such as inductors,
capacitors, resonators, repeaters, or electrical and physical
properties of resonator coils, antennas, rectennas, or banks of
inductors and capacitors.

[0021] In one aspect, disclosed herein is a wireless power
network having at least a first pair of resonators capable of
wirelessly exchanging power with one or more other resona-
tors and having a wired connection between the resonators in
the first pair. The wired pair of resonators can be described as
a “hybrid component” because they exchange power through
both wireless and wired interactions. Wired power transfer
between independently configured resonators is accom-
plished using various means including one embodiment in
which electrically conductive connections are set, or
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adjusted, as a function of the connection (e.g., capacitance is
set according to connector length) to allow power to effi-
ciently transfer between resonators. In one embodiment
modular elements, such as capacitive elements, may be
adjustably implemented with the conductive connections.
Using wired power transfer allows for daisy chaining of net-
work components and associated advantages such as reduced
system cost and improved system operation for certain sys-
tem configurations and in near “lossy” obstacles.

[0022] Accordingly, in general with regard to this first
aspect, disclosed herein is a wireless power network includ-
ing multiple electromagnetic resonators each capable of stor-
ing electromagnetic energy at a resonant frequency. The mul-
tiple resonators include: a first resonator configured to be
coupled to a power source to receive power from the power
source (also sometimes referred to herein as a “source reso-
nator” or “transmitter”); a second resonator configured to be
coupledto aload to provide power to the load (also sometimes
referred to herein as a “device resonator” or “receiver”), and
one or more intermediate resonators (also sometimes referred
to herein as a “repeater resonator” or “repeater”). The first
resonator is configured to provide power from the power
source to the second resonator through the one or more inter-
mediate resonators. At least a first pair of resonators among
the multiple resonators is configured to exchange power wire-
lessly, and at least a second pair of the resonators among the
multiple resonators is configured to exchange power through
a wired electrically conductive connection. For example, the
second pair of resonators can be a transmitter and a repeater.
Inanother example, the second pair of resonators can be a first
repeater and a second repeater.

[0023] Certain embodiments of this wireless power net-
work include one or more of the following features.

[0024] Multiple pairs among the multiple resonators are
configured to exchange power wirelessly. Multiple pairs
among the multiple resonators are configured to exchange
power through a wired electrical connection. The multiple
resonators include a third resonator configured to be coupled
to another load to provide power to this other load, and
wherein the third resonator receives power from the power
source through one or more other resonators among the mul-
tiple resonators.

[0025] Incertain embodiments, the wireless power network
is deployed in a home to wirelessly power multiple household
devices across a range of locations.

[0026] Furthermore, in certain embodiments, each resona-
tor in the second pair includes a housing containing at least
one inductor and at least one capacitor to define the resonant
frequency for the resonator, and wherein the wired electrical
connection connects to an electrical port connection in each
of the housings of the resonators in the second pair.

[0027] For example, in certain embodiments, the wired
electrical connection includes a length of capacitively loaded
and/or inductively loaded conducting material. The loading
of the conductive material can be configured to substantially
maintain the resonant frequencies of the resonators in the
second pair of resonators when the resonators in the second
pair exchange energy through the wired electrical connection.
For example, in certain embodiments, the loading of the
conductive material is a capacitive loading configured to
maintain the resonant frequencies of the resonators in the
second pair of resonators when the second pair of resonators
exchange energy through the wired connection to within 5%
of the resonant frequencies of the resonators in the second
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pair, respectively, when the resonators in the second pair are
isolated from all other resonators. In general, where capaci-
tive loading is used, the capacitive loading scales with the
length of the conductive material.

[0028] Furthermore, in certain embodiments, each housing
includes a receptacle for removably engaging the length of
capacitively loaded conducting material to establish the wired
electrical connection. For example, the wired electrical con-
nection may include a length of a pair of capacitively loaded
stranded wires, or coaxial cable. The wired electrical connec-
tion may include shielding.

[0029] Furthermore, in certain embodiments, the length of
capacitively loaded conducting material includes modular
capacitive elements to adjustably load the conducting mate-
rial according to the length of the wired electrical connection.
This can enable a user to more easily deploy the wired pair of
resonators to a desired arrangement and separation.

[0030] Furthermore, in certain embodiments, the wired
electrical connection facilitates communication with cir-
cuitry within at least one of the resonators in the second pair
in order to cause the circuitry to activate, deactivate, or adjust
a property of at least one of the resonators in the second pair.
Furthermore, for example, the wireless power network can
include a controller configured to adjustably open or close the
wired electrical connection between at least the resonators in
the second pair. This controller can be implemented as a
physical switch on the hybrid pair of resonators or through
network electronics.

[0031] Furthermore, in certain embodiments, the resona-
tors in the second pair each include at least one loop of
conductive material substantially aligned in respective
planes, and wherein the respective planes intersect at an angle
approaching a 90-degree angle, for example, between 45 to
135 degrees, or even between 60 to 120 degrees, or even
between 75 to 105 degrees. In such embodiments, the wired
connection can facilitate a more efficient power transfer than
that for a wireless connection because of poor magnetic cou-
pling between the substantially 90-degree loops.

[0032] Furthermore, in certain embodiments, the resona-
tors in the second pair are separated by a lossy barrier that
substantially reduces wireless power transfer between the
resonators in the second pair but does not substantially reduce
the wired power transfer between the resonators in the second
pair. This is yet another advantage of the wired connection.
For example, the barrier can include a mass of conductive
material having a size that is at least comparable to the reso-
nators in the second pair.

[0033] In another aspect, disclosed herein is a wireless
power network system testing and assessment system that is
designed to obtain measurements of a wireless power net-
work either by direct measurement or by communication with
the network. The system may obtain information, through
communication with the network or by user input or other-
wise, about network components including geometric con-
figuration of the components and measurements related to
performance of the components. The system may adjust the
operation of the network in order to assess or improve net-
work performance, and may assess network performance by
operating upon real world data and modeled data, such oper-
ating including, for example, comparison operations.

[0034] Accordingly, in general regard to this second aspect,
disclosed herein is a device for testing a wireless power net-
work, the network including at least one power source, at least
one load, and multiple resonators configured to couple wire-
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less power from the at least one power source to the at least
one load. The device includes:

[0035] a. a user interface for receiving input from a user
and providing information to the user;

[0036] b.ameasurement module for measuring, whether
directly or indirectly, at least one operational character-
istic of the wireless power network and information
about the geometric arrangement of the multiple reso-
nators in the wireless power network;

[0037] c. a memory for storing design specifications
about the wireless power network; and

[0038] d. an electronic processor configured to calculate
information about a performance of the wireless power
network based on the measured operational characteris-
tic, the information about the geometric arrangement of
the multiple resonators, and the stored design specifica-
tions, and further configured to provide the performance
information to the user through the user interface.

[0039] Certain embodiments of this device for testing a
wireless power network include one or more of the following
features.

[0040] For example, in certain embodiments, the measure-
ment component includes hardware internal to the device for
directly measuring at least some of the information about the
geometric arrangement of the multiple resonators in the wire-
less power network. For example, the measuring component
hardware can include a camera. For example, the internal
hardware can further include a processor and software for
creating a two-dimensional or three-dimensional model of
the wireless power network using images taken by the cam-
era.

[0041] Also, for example, the measurement component can
include a measurement coil configured to directly measure
one or more properties of electromagnetic fields generated by
the resonators to determining the at least one operational
characteristic. Alternatively, for example, the operational
characteristic can be measured within the wireless power
network, and the measurement component in the device com-
prises a communication module for communicating with the
wireless power network to access the measured operational
characteristic and thereby measure indirectly the operational
characteristic. In this case, for example, the communication
module can be configured to communicate wirelessly with
the wireless power network. Alternatively, or in addition, for
example, the device can include a mechanical interface for
creating a pluggable wired electrical connection with a reso-
nator in the wireless power network, and wherein the com-
munication module is configured to communicate with the
wireless power network through pluggable wired connection.
[0042] In certain embodiments, the device is a portable
handheld device.

[0043] In certain embodiments, the performance informa-
tion includes information about adjusting the wireless power
network to improve the performance of the wireless power
network. For example, the information about adjusting the
wireless power network to improve the performance of the
wireless power network can include information about re-
arranging the geometric arrangement of the multiple resona-
tors.

[0044] In certain embodiments, at least one of the compo-
nents in the wireless power network is adjustable, and
wherein the device further includes a communication module
configured to communicate with the wireless power network
to adjust the adjustable component based on the performance
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information calculated by the electronic processor. For
example, the adjustable component in the wireless power
network can be a tunable or adjustable capacitor (e.g., a
capacitor bank).

[0045] In certain embodiments, the performance informa-
tion includes one or more of any of the following: an assess-
ment of the measured operational characteristic in relation to
amodeled operational characteristic computed by a modeling
module; assessment of the power usage of the network for a
specified amount of time; an assessment of the cost to operate
the network for a specified amount of time; and an assessment
of the cost to operate the network in standby mode for a
specified amount of time based upon a calculated rate of
power drain for the standby mode.

[0046] In certain embodiments, the performance informa-
tion is derived using a calibration routine designed to adjust
an operational parameter of a network component and to
record a measurement corresponding to this adjustment.
[0047] In certain embodiments, the performance informa-
tion is derived using a calibration routine designed to com-
municate with the network in order to cause an adjustment of
an operational parameter of a network component and to
record a measurement corresponding to this adjustment.
[0048] In a third aspect, disclosed herein is a wireless
power network accessory for use with network components
(such as network resonators) having a measurement and con-
trol interface. Wireless power network system components,
and especially the resonators therein, may require measure-
ment and adjustment to ensure proper functioning over time
and within changing environments. Providing for modular
design and for interfacing with an external accessory permits
advantages including greater simplicity of manufacturing,
increased functionality, greater compatibility over time, and
reduced cost. Networks which include at least one interface in
the housing of individual network components (such as indi-
vidual resonators) allow for control and monitoring of the
component to occur via a network accessory having an inter-
face that may be temporarily, or permanently, connected to
the component interface provides calibration, monitoring,
and control of components.

[0049] Accordingly, in general regard to this third aspect,
disclosed herein is a system for use in a wireless power
network, the wireless power network including at least one
power source, at least one load, and multiple network com-
ponents including resonators configured to couple wireless
power from the at least one power source to the at least one
load. The system includes:

[0050] a.aresonator configured to exchange power wire-
lessly with one or more other resonators in the wireless
power network, the resonator having a housing with an
interface; and

[0051] b. a modular accessory configured to removably
engage the housing interface, wherein the modular
accessory comprises a measurement component config-
ured to measure an operational property of the resonator
when the modular accessory engages the housing inter-
face.

[0052] For example, the measured operational property
may relate to an efficiency of wireless power transfer between
at least two of the resonators.

[0053] Incertain embodiments, this system includes one or
more of the following features.

[0054] For example, in certain embodiments, the interface
includes a plug (e.g., a Universal Serial Bus (USB) plug) on
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one of the housing and the modular accessory and a receptacle
on the other of the housing and the modular accessory.
[0055] Furthermore, for example, the modular accessory to
the housing interface of the resonator can establish a wired
electrical connection between the modular accessory and the
resonator.

[0056] Furthermore, in certain embodiments, the modular
accessory further comprises a digital display for displaying
information of the measured operational property and/or
information related to a network component.

[0057] Furthermore, in certain embodiments, the modular
accessory further comprises a processor for calculating infor-
mation based on the measured operational characteristic and
stored specification information about the resonator.

[0058] Furthermore, in certain embodiments, the resonator
comprises an adjustable component (such as a tunable capaci-
tor or adjustable capacitor bank) and wherein the modular
accessory is operable to adjust the adjustable component
when the modular accessory engages the housing interface.
[0059] Furthermore, in certain embodiments, the modular
accessory includes a timer that is configured to control the
resonator according to at least one of: clock time; elapsed
time; and a specified time interval.

[0060] Furthermore, in certain embodiments, the modular
accessory includes a communication module for communi-
cating with another network component. Furthermore, in cer-
tain embodiments, the modular accessory includes a control
module for providing control of circuitry of a network com-
ponent.

[0061] Furthermore, in certain embodiments, the resonator
contains circuitry allowing for the modular accessory to
monitor the network component. Furthermore, in certain
embodiments, the resonator further contains circuitry allow-
ing for the modular accessory to control the network compo-
nent. Furthermore, in certain embodiments, the resonator fur-
ther contains communication circuitry configured for
allowing for the modular accessory to communicate with the
network component.

[0062] Furthermore, in certain embodiments, the resonator
contains communication circuitry configured for allowing for
the resonator to identify itself to the modular accessory rela-
tive to other resonators in the wireless power network.
[0063] In a related aspect, also disclosed is a modular
accessory for use in a wireless power network, the wireless
power network including at least one power source, at least
one load, and multiple resonators configured to couple wire-
less power from the at least one power source to the at least
one load. This modular accessory includes:

[0064] a. an electrical connector configured to remov-
ably engage an interface on a housing of one of the
resonators in the wireless power network to establish a
wired electrical connection with the resonator; and

[0065] b. a measurement component configured to mea-
sure an operational property of the resonator when the
modular accessory engages the housing interface.

[0066] Forexample, the interface on the housing couples to
electrical circuitry of the resonator inside the housing. In
certain embodiments, additional features of the modular
accessory may include any of those described above with
respect to this third aspect.

[0067] In a fourth aspect, disclosed herein is a wireless
power network management system. The wireless power net-
work system can be managed to realize advantages such as
event-based, condition-based, or time-based activation of
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network zones, and power conduction pathways within a
particular zone which exist between at least one source and at
least one device resonator. Management may be required to
circumvent or otherwise respond to a network fault, such as
component malfunction, or network overload, in the case
where the power needs exceed the power supply capacity.
Management may also be used in order to respond to various
triggers including those related to time, temperature, environ-
mental factors, user based factors, location based factors, and
power needs of at least one device.

[0068] Accordingly, in general regard to this fourth aspect,
disclosed herein is a controller for use in a wireless power
network, the network including at least one power source, at
least one load, and multiple resonators configured to couple
wireless power from the at least one power source to the at
least one load. The controller includes: a control module
configured to selectively activate, deactivate, and/or adjust
operation of at least some of the multiple resonators; and an
electronic processor configured to cause the control module
to selectively activate a first subset of the multiple resonators
to wirelessly couple power from a first source to a first load in
response to a first trigger, wherein the first subset defines a
first pathway among the multiple resonators for providing
power to one of the loads.

[0069] Certain embodiments of the controller include one
or more of the following features.

[0070] Forexample, the electronic processor can be further
configured to cause the control module to operate a commu-
nication module to selectively activate a second subset of the
multiple resonators, different from the first subset, to wire-
lessly couple power from the first source to the first load in
response to a second trigger, wherein the second subset
defines a second pathway among the multiple resonators for
providing power to one of the loads.

[0071] Inanother example, the electronic processor can be
further configured to cause the communication module to
selectively activate a second subset of the multiple resonators,
different from the first subset, to wirelessly couple power to
from the first source to a second load, different from the first
load, in response to a second trigger, wherein the second
subset defines a second pathway among the multiple resona-
tors for providing power to one of the loads.

[0072] Inanother example, the electronic processor can be
further configured to cause the communication module to
selectively activate a second subset of the multiple resonators,
different from the first subset, to wirelessly couple power
from a second source, different from the first source, to the
first load in response to a second trigger, wherein the second
subset defines a second pathway among the multiple resona-
tors for providing power to one of the loads.

[0073] In certain embodiments, for example, the first trig-
ger is caused by a user input.

[0074] Incertain embodiments, for example, the controller
further includes a clock and wherein the first trigger is caused
by programmed time schedule.

[0075] Incertain embodiments, for example, the controller
further includes a temperatures sensor, and wherein the first
trigger corresponds to certain temperature measurement by
the temperature sensor.

[0076] Incertainembodiments, the wireless power network
is deployed in a home to wirelessly power multiple household
devices across a range of locations. For example, the control-
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ler can include at least one wall-mounted manual device to
enable a user to select at least a first pathway from a set of one
or more defined pathways.

[0077] In certain embodiments, the first trigger can be
caused by one or more of any of the following: the network
receiving information indicating that one or more loads is
receiving insufficient power; a source-to-load efficiency fail-
ing to exceed a minimum threshold; the wireless power net-
work operating according to violating at least one condition
defined in a user-defined network rule.

[0078] In certain embodiments, the controller further
includes a processor and memory for storing reports includ-
ing a log of the pathways used by the wireless power network.

[0079] In certain embodiments, the controller further
includes a user interface for providing the reports to the user.

[0080] In certain embodiments, the controller includes a
motion sensor, and wherein the first trigger corresponds to
certain motion measurement by the motion sensor.

[0081] In certain embodiments, the controller further
includes a network fault detector, and wherein the first trigger
corresponds to the detector sensing a network fault.

[0082] In certain embodiments, the controller further
includes a network fault detector, and wherein the first trigger
corresponds the detector obtaining a communication signal
from a network component corresponding to a network fault

[0083] In another aspect related to this fourth aspect, dis-
closed is a wireless power network including at least one
power source, at least one load, and multiple resonators con-
figured to couple wireless power from the at least one power
source to the at least one load, The wireless power network
further includes the controller described above for this fourth
aspect.

[0084] In general, in yet another aspect, disclosed herein is
a repeater resonator for use with a wireless power network,
the network including at least one power source, at least one
load, and multiple resonators, including the repeater resona-
tor, configured to couple wireless power from the at least one
power source to the at least one load. The repeater resonator
includes: a first loop of conductive material substantially
aligned in a first plane; a second loop of conductive material
substantially in a second plane, different from the first plane,
and wherein the first loop and second loop are conductively
connected to one another; and a capacitive element coupled to
the conductive loops to define a resonant frequency for the
repeater resonator. The relative physical orientation of the
first and second loops is adjustable.

[0085] For example, this repeater resonator can further
include a rotatable member to adjust the relative physical
orientation of the first and second loops, such as a rotatable
hinge or ball joint.

[0086] In general, in yet another aspect, disclosed herein is
amulti-loop resonator for use with a wireless power network,
the network including at least one power source, at least one
load, and multiple resonators, including the multi-loop reso-
nator, configured to couple wireless power from the at least
one power source to the at least one load. This multi-loop
resonator includes: a first loop of conductive material sub-
stantially aligned in a first plane; a second loop of conductive
material substantially ina second plane different from the first
plane; a capacitive element; and a controller to selectively
couple the capacitive element to the first loop or the second
loop, but not both.
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[0087] For example, this multi-loop resonator can further
include a power source coupled to the multi-loop resonator to
provide power to the multi-loop resonator through a wired
connection.

[0088] Unless otherwise defined, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
disclosure belongs. In case of conflict with publications,
patent applications, patents, and other references mentioned
or incorporated herein by reference, the present specification,
including definitions, will control. As used herein, a first
resonator configured to be coupled to a power source to
receive power from the power source is sometimes referred to
as a “source resonator” or “transmitter”. Similarly, as used
herein, a second resonator configured to be coupled to a load
to provide power to the load is sometimes referred to as a
“device resonator” or “receiver” or “harvester”. Furthermore,
as used herein, an intermediate resonator to exchange power
from a first resonator to a second resonator through the inter-
mediate resonator is sometimes referred to as a “repeater
resonator” or “repeater”. Moreover, each of these resonators,
whether implemented as source resonator, device resonator,
repeater resonator, or some combination thereof, is some-
times described herein as an example of a “network compo-
nent” for a wireless power network.

[0089] Any of the features described may be used, alone or
in combination, without departing from the scope of this
disclosure. Other features, objects, and advantages of the
systems and methods disclosed herein, or reasonably analo-
gous alternative embodiments, will be apparent from the fol-
lowing detailed description and figures. Although wireless
power system components (or “modules”) may be shown as
distinct, all components illustrated for one system compo-
nent, such as a transmitter, may be implemented in other
components such as the receiver. Additionally, modules of
each component may be realized discretely or may be distrib-
uted across other modules, and all modules may communi-
cate electrically or wirelessly with each other.

BRIEF DESCRIPTION OF FIGURES

[0090] FIG. 1(a) and FIG. 1(b) depict exemplary wireless
power systems containing a source resonator 1 and device
resonator 2 separated by a distance D.

[0091] FIG. 2 shows an exemplary resonator labeled
according to the labeling convention described in this disclo-
sure. Note that there are no extraneous objects or additional
resonators shown in the vicinity of resonator 1.

[0092] FIG. 3 shows an exemplary resonator in the pres-
ence of a “loading” object, labeled according to the labeling
convention described in this disclosure.

[0093] FIG. 4 shows an exemplary resonator in the pres-
ence of a “perturbing” object, labeled according to the label-
ing convention described in this disclosure.

[0094] FIG. 5 shows a plot of efficiency, 1, vs. strong cou-
pling factor, U=kA/T.T~k/Q.Q .

[0095] FIG. 6(a) shows a circuit diagram of one example of
a resonator, FIG. 6(b) shows a diagram of one example of a
capacitively-loaded inductor loop magnetic resonator, FIG.
6(c) shows a drawing of a self-resonant coil with distributed
capacitance and inductance, FIG. 6(d) shows a simplified
drawing of the electric and magnetic field lines associated
with an exemplary magnetic resonator of the current disclo-
sure, and FIG. 6(¢) shows a diagram of one example of an
electric resonator.



US 2014/0139037 Al

[0096] FIG. 7 shows a plot of the “quality factor”, Q (solid
line), as a function of frequency, of an exemplary resonator
that may be used for wireless power transmission at MHz
frequencies. The absorptive Q (dashed line) increases with
frequency, while the radiative Q (dotted line) decreases with
frequency, thus leading the overall Q to peak at a particular
frequency.

[0097] FIG. 8 depicts an exemplary wireless power system
containing system components including a source resonator
and device resonator separated by a set of repeater resonators
separated from adjacent system components by distances Dn,
where n equals 1 through 5.

[0098] FIG. 9 depicts an alternative view of an exemplary
wireless power system which includes multiple sources,
devices, repeaters and a wireless power system manager.
[0099] FIG.10(a) shows a first calibration screen depicting
an x-y axis of a wireless power system portable programmer-
calibrator (PPC), realized on a computer tablet. FIG. 10(6)
shows a second calibration screen depicting a z-axis of a
wireless power system programmer-calibration (PPC), real-
ized on a computer tablet.

[0100] FIG. 11 shows a wireless power system portable
programmer-calibrator (PPC) device with a menu screen.
[0101] FIG.12shows a second calibration screen of a wire-
less power system portable programmer-calibrator (PPC)
device.

[0102] FIG. 13 shows the modular components of a pre-
ferred embodiment of a wireless power system portable pro-
grammer-calibrator (PPC) calibration device.

[0103] FIG. 14 shows a method for calibrating a wireless
power system.
[0104] FIG. 15(a), (b) are diagrams showing two resonator

configurations with repeater resonators.

[0105] FIG. 16(a) is a diagram showing a configuration
with two repeater resonators; F1G. 16(5) is a diagram showing
a resonator configuration with a device resonator acting as a
repeater resonator.

[0106] FIG.17 shows an exemplary repeater and a repeater
programmer.
[0107] FIG. 18 shows a wireless power system including an

outlet accessory and wireless dimmer control. A blender is
configured to receive wired power which is harvested using
wireless power harvesting.

[0108] FIG. 19 shows a set of wireless power outlets.
[0109] FIGS. 20(a) and 20(b) show block-shaped resonator
cells which are configured to be connected by resonator con-
nectors and FIGS. 20(c), 20(d), and 20(e) show pentagon and
circular shaped resonator cells which allow for alternative
shapes than are realizable from block-shaped resonator cell.
[0110] FIG. 21(a) shows a resonator that is configured with
one end that is shaped to be slid through the second end in
order to produce a resonator of variable circumference, FIG.
21(b) shows two resonators of FIG. 21(a) deployed to par-
ticular circumferences and FIG. 21(c) shows two different
fixed circumference resonators which are configured with
connecting mechanisms which allow the resonators to work
as intended when plugged into devices with the connecting
mechanisms.

[0111] FIG. 22 shows the daisy chainable components of a
wireless power coil.

[0112] FIG. 23(a) and FIG. 23(b) show embodiments of a
reconfigurable resonator coil.

[0113] FIG. 24 shows a reconfigurable telescoping resona-
tor and a manual control.
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[0114] FIG. 25 shows 6 repeaters, 3 repeaters from two
different classes of repeater, and the repeaters are provided
with modular components which are replaceable.

[0115] FIG. 26(a) shows an embodiment of a first and sec-
ond repeater, each configured with a port for allowing signals
to be transmitted between repeaters. FIG. 26(b) shows an
embodiment of a first and second repeater configured at a
corner of a wall.

[0116] FIG. 27 shows an embodiment where the second
repeater is shaped to provide a different magnetic field than
that of the first resonator.

[0117] FIG. 28 shows an embodiment of a repeater, which
comprises a hinge.

[0118] FIG. 29(a) and FIG. 29(5) show embodiments of
adjustable repeaters.

[0119] FIG. 30 shows a top view of approximately perpen-
dicular repeaters in a wireless power transfer system.

[0120] FIG. 31(a)-(c) show embodiments of a connector
cable to connect resonators.

[0121] FIG. 32(a)-(d) show embodiments of the design ofa
connector cable.

DETAILED DESCRIPTION OF THE INVENTION

[0122] As described above, this disclosure relates to wire-
less energy transfer using coupled electromagnetic resona-
tors. However, such energy transfer is not restricted to elec-
tromagnetic resonators, and the wireless energy transfer
systems described herein are more general and may be imple-
mented using a wide variety of resonators and resonant
objects. Therefore, we first describe the general technique,
and then disclose electromagnetic examples for wireless
energy transfer.

[0123] Resonators

[0124] A resonator may be defined as a system that can
store energy in at least two different forms, and where the
stored energy is oscillating between the two forms. The reso-
nance has a specific oscillation mode with a resonant (modal)
frequency, f, and a resonant (modal) field. The angular reso-
nant frequency, o, may be defined as w=2zxf, the resonant
wavelength, A, may be defined as A=c/f, where c is the speed
of light, and the resonant period, T, may be defined as T=1/
f=27t/w. In the absence of loss mechanisms, coupling mecha-
nisms or external energy supplying or draining mechanisms,
the total resonator stored energy, W, would stay fixed and the
two forms of energy would oscillate, wherein one would be
maximum when the other is minimum and vice versa.
[0125] In the absence of extraneous materials or objects,
the energy in the resonator 102 shown in FIG. 1 may decay or
be lost by intrinsic losses. The resonator fields then obey the
following linear equation:

da(n)
dt

= —i(w — iD)a(?),

where the variable a(t) is the resonant field amplitude, defined
so that the energy contained within the resonator is given by
la(t)l>. T is the intrinsic energy decay or loss rate (e.g. due to
absorption and radiation losses).

[0126] The Quality Factor, or Q-factor, or Q, of the resona-
tor, which characterizes the energy decay, is inversely pro-
portional to these energy losses. It may be defined as
Q=w™*W/P, where P is the time-averaged power lost at steady
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state. That is, a resonator 102 with a high-Q has relatively low
intrinsic losses and can store energy for a relatively long time.
Since the resonator loses energy at its intrinsic decay rate, 21",
its Q, also referred to as its intrinsic Q, is given by Q=w/2I".
The quality factor also represents the number of oscillation
periods, T, it takes for the energy in the resonator to decay by
a factor of e.

[0127] As described above, we define the quality factor or
Q of the resonator as that due only to intrinsic loss mecha-
nisms. A subscript index such as Q,, indicates the resonator
(resonator 1 in this case) to which the Q refers. FIG. 2 shows
an electromagnetic resonator 102 labeled according to this
convention. Note that in this figure, there are no extraneous
objects or additional resonators in the vicinity of resonator 1.
[0128] Extraneous objects and/or additional resonators in
the vicinity of a first resonator may perturb or load the first
resonator, thereby perturbing or loading the Q of the first
resonator, depending on a variety of factors such as the dis-
tance between the resonator and object or other resonator, the
material composition of the object or other resonator, the
structure of the first resonator, the power in the first resonator,
and the like. Unintended external energy losses or coupling
mechanisms to extraneous materials and objects in the vicin-
ity of the resonators may be referred to as “perturbing” the Q
of a resonator, and may be indicated by a subscript within
rounded parentheses, ( ). Intended external energy losses,
associated with energy transfer via coupling to other resona-
tors and to generators and loads in the wireless energy transfer
system may be referred to as “loading” the Q of the resonator,
and may be indicated by a subscript within square brackets, [
1.

[0129] The Q of a resonator 102 connected or coupled to a
power generator, g, or load 302, 1, may be called the “loaded
quality factor” or the “loaded Q” and may be denoted by Q;
or Qy, as illustrated in FIG. 3. In general, there may be more
than one generator or load 302 connected to a resonator 102.
However, we do not list those generators or loads separately
but rather use “g” and “1” to refer to the equivalent circuit
loading imposed by the combinations of generators and loads.
In general descriptions, we may use the subscript “1” to refer
to either generators or loads connected to the resonators.
[0130] In some of the discussion herein, we define the
“loading quality factor” or the “loading Q" due to a power
generator or load connected to the resonator, as 8Q;;, where,
1/8Q;=1/Q;~1/Q. Note that the larger the loading Q, 6Q[Z],
of a generator or load, the less the loaded Q, Q;, deviates
from the unloaded Q of the resonator.

[0131] The Q of a resonator in the presence of an extrane-
ous object 402, p, that is not intended to be part of the energy
transfer system may be called the “perturbed quality factor”
or the “perturbed Q” and may be denoted by Q,), as illus-
trated in FIG. 4. In general, there may be many extraneous
objects, denoted as pl, p2, etc., or a set of extraneous objects
{p}, that perturb the Q of the resonator 102. In this case, the
perturbed Q may be denoted Q,,,,5, . .y of Q. For
example, Q04 wooa) MY denote the perturbed quality fac-
tor of afirst resonator in a system for wireless power exchange
in the presence of a brick and a piece of wood, and Qo1
may denote the perturbed quality factor of a second resonator
in a system for wireless power exchange in an office environ-
ment.

[0132] In some of the discussion herein, we define the
“perturbing quality factor” or the “perturbing Q” due to an
extraneous object, p, as 8Q ), where 1/8Q,,,=1/Q,,,—1/Q. As
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stated before, the perturbing quality factor may be due to
multiple extraneous objects, p1, p2, etc. or a set of extraneous
objects, {p}. The larger the perturbing Q, 8Q,,, of an object,
the less the perturbed Q, Q,, deviates from the unperturbed
Q of the resonator.

[0133] In some of the discussion herein, we also define
G)(p).EQ(p)/.Q. apd call it the “quality. factor insensitivity” or the
“Q-insensitivity” of the resonator in the presence of an extra-
neous object. A subscript index, such as 0, ,,), indicates the
resonator to which the perturbed and unperturbed quality
factors are referring, namely, ©,,=Q, ,,/Q,.

[0134] Note that the quality factor, Q, may also be charac-
terized as “‘unperturbed”, when necessary to distinguish it
from the perturbed quality factor, Q,,, and “unloaded”, when
necessary to distinguish it from the loaded quality factor, Q.
Similarly, the perturbed quality factor, Q,,, may also be
characterized as “unloaded”, when necessary to distinguish
them from the loaded perturbed quality factor, Q-

[0135]

[0136] Resonators having substantially the same resonant
frequency, coupled through any portion of their near-fields
may interact and exchange energy. There are a variety of
physical pictures and models that may be employed to under-
stand, design, optimize and characterize this energy
exchange. One way to describe and model the energy
exchange between two coupled resonators is using coupled
mode theory (CMT).

[0137] In coupled mode theory, the resonator fields obey
the following set of linear equations:

Coupled Resonators

dan (1)
dt

= =i = T)an(D) + ) Ko (D)

n¥m

where the indices denote different resonators and K, are the
coupling coefficients between the resonators. For a reciprocal
system, the coupling coefficients may obey the relation
K, =K, Note that, for the purposes of the present specifi-
cation, far-field radiation interference effects will be ignored
and thus the coupling coefficients will be considered real.
Furthermore, since in all subsequent calculations of system
performance in this specification the coupling coefficients
appear only with their square, ,,,,,°, we use K,,,,, to denote the
absolute value of the real coupling coefficients.

[0138] Note that the coupling coefficient, x,,,, from the
CMT described above is related to the so-called coupling
factor, k,,,, between resonators m and n by k, =2x, /
Vw,,0,. We define a “strong-coupling factor”, U, as the
ratio of the coupling and loss rates between resonators m and
n,byU, =, ANI,I,7k,..NQ,.Q,-

[0139] The quality factor of a resonator m, in the presence
of a similar frequency resonator n or additional resonators,
may be loaded by that resonator n or additional resonators, in
a fashion similar to the resonator being loaded by a connected
power generating or consuming device. The fact that resona-
tor m may be loaded by resonator n and vice versa is simply
a different way to see that the resonators are coupled.

[0140] The loaded Q’s of the resonators in these cases may
be denoted as Q,,,; and Q,,.;. For multiple resonators or
loading supplies or devices, the total loading of a resonator
may be determined by modeling each load as a resistive loss,



US 2014/0139037 Al

and adding the multiple loads in the appropriate parallel and/
or series combination to determine the equivalent load of the
ensemble.

[0141] In some of the discussion herein, we define the
“loading quality factor” or the “loading Q,,” of resonator m
due to resonator n as 3Q,,,,;, where 1/8Q,,,,,,=1/Q,,,,,,~1/Q,,..
Note that resonator n is also loaded by resonator m and its
“loading Q,” is given by 1/8R,,,,;=1/Q,,1,,,;=-1/Q,,.

[0142] When one or more of the resonators are connected to
power generators or loads, the set of linear equations is modi-
fied to:

dan (1)
dt

= —ilwy — ilp)an @ + EZ Kinin (1) = Kin (D) + N 2660 S0 (D)

n¥m

Som() =V 2 A (D) = S (D),

where s, ,,(t) and s_,,(1) are respectively the amplitudes of the
fields coming from a generator into the resonator m and going
out of the resonator m either back towards the generator or
into a load, defined so that the power they carry is given by
Is, (D17 and Is_,,(6)1*. The loading coefficients k , relate to the
rate at which energy is exchanged between the resonator m
and the generator or load connected to it.

[0143] Note that the loading coefficient, ,,,, from the CMT
described above is related to the loading quality factor, 8Q,,,,
defined earlier, by 0Q,,;;,=0,,/2K,,.

[0144] We define a “strong-loading factor”, U,,,;, as the
ratio of the loading and loss rates of resonator m, UK,/
I',=Q,./3Q,.i7-

[0145] FIG. 1(a) shows an example of two coupled resona-
tors 1000, a first resonator 102S, configured as a source reso-
nator and a second resonator 102D, configured as a device
resonator. Energy may be transferred over a distance D
between the resonators. The source resonator 1025 may be
driven by a power supply or generator (not shown). Work may
be extracted from the device resonator 102D by a power
consuming drain or load (e.g. a load resistor, not shown). Let
us use the subscripts “s” for the source, “d” for the device, “g”
for the generator, and “1” for the load, and, since in this
example there are only two resonators and K.~k ;., let us drop
the indices on x,, k,, and U, and denote them as k, k, and
U, respectively.

[0146] The power generator may be constantly driving the
source resonator at a constant driving frequency, f, corre-
sponding to an angular driving frequency, w, where w=2zxf.
[0147] In this case, the efficiency, n=ls_,%Is,|*, of the
power transmission from the generator to the load (via the
source and device resonators) is maximized under the follow-
ing conditions: The source resonant frequency, the device
resonant frequency and the generator driving frequency have
to be matched, namely

g
S

W~ =0

Furthermore, the loading Q of the source resonator due to the
generator, 8Q, ., has to be matched (equal) to the loaded Q of
the source resonator due to the device resonator and the load,
Q,panp> and inversely the loading Q of the device resonator due
to the load, 3Q 4}, has to be matched (equal) to the loaded Q
of the device resonator due to the source resonator and the
generator, Q 1, namely

6Qs[g]:Qs[dl] and 6Qd[l]:Qd[sg]'
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These equations determine the optimal loading rates of the
source resonator by the generator and of the device resonator
by the load as

U=« /T =0/00n=V 1+0P=
V 1+(khy/ rsrd)zzgs/ags[g]:'{)/rs: Ut

Note that the above frequency matching and Q matching
conditions are together known as “impedance matching” in
electrical engineering.

[0148] Under the above conditions, the maximized effi-
ciency is a monotonically increasing function of only the
strong-coupling factor, U=k/\/T.T=k/Q,Q,, between the
source and device resonators and is given by, n=U>/(1+

V 1+U?)?, as shown in FIG. 5. Note that the coupling effi-
ciency, 1), is greater than 1% when U is greater than 0.2, is
greater than 10% when U is greater than 0.7, is greater than
17% when U is greater than 1, is greater than 52% when U is
greater than 3, is greater than 80% when U is greater than 9,
is greater than 90% when U is greater than 19, and is greater
than 95% when U is greater than 45. In some applications, the
regime of operation where U>1 may be referred to as the
“strong-coupling” regime.

[0149] Since a large U=kA/T,I~(2xA/0,0,0/Q.Q, is
desired in certain circumstances, resonators may be used that
are high-Q. The Q of each resonator may be high. The geo-
metric mean of the resonator Q’s,1/Q.Q, may also or instead
be high.

[0150] The coupling factor, k, is a number between O<k=1,
and it may be independent (or nearly independent) of the
resonant frequencies of the source and device resonators,
rather it may be determined mostly by their relative geometry
and the physical decay-law of the field mediating their cou-
pling. In contrast, the coupling coefficient, k=kv/m m /2, may
be a strong function of the resonant frequencies. The resonant
frequencies of the resonators may be chosen preferably to
achieve a high Q rather than to achieve a low I, as these two
goals may be achievable at two separate resonant frequency
regimes.

[0151] A high-Q resonator may be defined as one with
Q>100. Two coupled resonators may be referred to as a sys-
tem of high-Q resonators when each resonator has a Q greater
than 100, Q. >100and Q>100. In other implementations, two
coupled resonators may be referred to as a system of high-Q
resonators when the geometric mean of the resonator Q’s is

greater than 100, v/Q,Q_~100.

[0152] The resonators may be named or numbered. They
may be referred to as source resonators, device resonators,
first resonators, second resonators, repeater resonators, and
the like. It is to be understood that while two resonators are
shown in FIG. 1, and in many of the examples below, other
implementations may include three (3) or more resonators.
For example, a single source resonator 102S may transfer
energy to multiple device resonators 102D or multiple
devices. Energy may be transferred from a first device to a
second, and then from the second device to the third, and so
forth. Multiple sources may transfer energy to a single device
or to multiple devices connected to a single device resonator
or to multiple devices connected to multiple device resona-
tors. Resonators 102 may serve alternately or simultaneously
as sources, devices, or they may be used to relay power from
a source in one location to a device in another location.
Intermediate electromagnetic resonators 102 may be used to
extend the distance range of wireless energy transfer systems.
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Multiple resonators 102 may be daisy chained together,
exchanging energy over extended distances and with a wide
range of sources and devices. High power levels may be split
between multiple sources 102S, transferred to multiple
devices and recombined at a distant location.

[0153] The analysis of a single source and a single device
resonator may be extended to multiple source resonators and/
or multiple device resonators and/or multiple intermediate
resonators. In such an analysis, the conclusion may be that
large strong-coupling factors, U,,,,, between at least some or
all of the multiple resonators is preferred for a high system
efficiency in the wireless energy transfer. Again, implemen-
tations may use source, device and intermediate resonators
that have a high Q. The Q of each resonator may be high. The
geometric mean+/Q,,Q,, of the Q’s for pairs of resonators m
and n, for which a large U, is desired, may also or instead be
high.

[0154] Note that since the strong-coupling factor of two
resonators may be determined by the relative magnitudes of
the loss mechanisms of each resonator and the coupling
mechanism between the two resonators, the strength of any or
all of these mechanisms may be perturbed in the presence of
extraneous objects in the vicinity of the resonators as
described above.

[0155] Continuing the conventions for labeling from the
previous sections, we describe k as the coupling factor in the
absence of extraneous objects or materials. We denote the
coupling factor in the presence of an extraneous object, p, as
k., and call it the “perturbed coupling factor” or the “per-
turbed k. Note that the coupling factor, k, may also be char-
acterized as “unperturbed”, when necessary to distinguish
from the perturbed coupling factor k.

[0156] We define 8k, =k ,,~k and we call it the “perturba-
tion on the coupling factor’” or the “perturbation on k™ due to
an extraneous object, p.

[0157] We also define f,,=k,/k and we call it the “cou-
pling factor insensitivity” or the “k-insensitivity”. Lower
indices, such as B,,,, indicate the resonators to which the
perturbed and unperturbed coupling factor is referred to,
namely B, 5,=k; 50,/K; 5.

[0158] Similarly, we describe U as the strong-coupling fac-
tor in the absence of extraneous objects. We denote the
strong-coupling factor in the presence of an extraneous
object, p, as Uy, U,,7k;,1V/ Q1 ,)Qs, and call it the “per-
turbed strong-coupling factor” or the “perturbed U”. Note
that the strong-coupling factor U may also be characterized as
“unperturbed”, when necessary to distinguish from the per-
turbed strong-coupling factor U,,. Note that the strong-cou-
pling factor U may also be characterized as “unperturbed”,
when necessary to distinguish from the perturbed strong-
coupling factor U,

[0159] We define 83U ,=U U and call it the “perturba-
tion on the strong-coupling factor” or the “perturbation on U”
due to an extraneous object, p.

[0160] We also define & ,=U,,/U and call it the “strong-
coupling factor insensitivity” or the “U-insensitivity”. Lower
indices, such as E, ,,), indicate the resonators to which the
perturbed and unperturbed coupling factor refers, namely
El2(p)EUl2(p)/Ul2'

[0161] The efficiency of the energy exchange in a perturbed
system may be given by the same formula giving the effi-
ciency of the unperturbed system, where all parameters such
as strong-coupling factors, coupling factors, and quality fac-
tors are replaced by their perturbed equivalents. For example,
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in a system of wireless energy transfer including one source
and one device resonator, the optimal efficiency may calcu-

lated as 1), =[U,,,/(1+y/ l+U(p)2)]2. Therefore, in a system of
wireless energy exchange which is perturbed by extraneous
objects, large perturbed strong-coupling factors, U,,,,,
between at least some or all of the multiple resonators may be
desired for a high system efficiency in the wireless energy
transfer. Source, device and/or intermediate resonators may
have a high Q.

[0162] Some extraneous perturbations may sometimes be
detrimental for the perturbed strong-coupling factors (via
large perturbations on the coupling factors or the quality
factors). Therefore, techniques may be used to reduce the
effect of extraneous perturbations on the system and preserve
large strong-coupling factor insensitivities.

[0163] Efficiency of Energy Exchange

[0164] The so-called “useful” energy in a useful energy
exchange is the energy or power that must be delivered to a
device (or devices) in order to power or charge the device. The
transfer efficiency that corresponds to a useful energy
exchange may be system or application dependent. For
example, high power vehicle charging applications that trans-
fer kilowatts of power may need to be at least 80% efficient in
order to supply useful amounts of power resulting in a useful
energy exchange sufficient to recharge a vehicle battery, with-
out significantly heating up various components of the trans-
fer system. In some consumer electronics applications, a use-
ful energy exchange may include any energy transfer
efficiencies greater than 10%, or any other amount acceptable
to keep rechargeable batteries “topped off”” and running for
long periods of time. For some wireless sensor applications,
transfer efficiencies that are much less than 1% may be
adequate for powering multiple low power sensors from a
single source located a significant distance from the sensors.
For still other applications, where wired power transfer is
either impossible or impractical, a wide range of transfer
efficiencies may be acceptable for a useful energy exchange
and may be said to supply useful power to devices in those
applications. In general, an operating distance is any distance
over which a useful energy exchange is or can be maintained
according to the principles disclosed herein.

[0165] A useful energy exchange for a wireless energy
transfer in a powering or recharging application may be effi-
cient, highly efficient, or efficient enough, as long as the
wasted energy levels, heat dissipation, and associated field
strengths are within tolerable limits. The tolerable limits may
depend on the application, the environment and the system
location. Wireless energy transfer for powering or recharging
applications may be efficient, highly efficient, or efficient
enough, as long as the desired system performance may be
attained for the reasonable cost restrictions, weight restric-
tions, size restrictions, and the like. Efficient energy transfer
may be determined relative to that which could be achieved
using traditional inductive techniques that are not high-Q
systems. Then, the energy transfer may be defined as being
efficient, highly efficient, or efficient enough, if more energy
is delivered than could be delivered by similarly sized coil
structures in traditional inductive schemes over similar dis-
tances or alignment offsets.

[0166] Note that, even though certain frequency and Q
matching conditions may optimize the system efficiency of
energy transfer, these conditions may not need to be exactly
met in order to have efficient enough energy transfer for a
useful energy exchange. Efficient energy exchange may be
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realized so long as the relative offset of the resonant frequen-
cies (Iw,,~w,l/A/w,,w,) is less than approximately the maxi-
mum among 1/Q,,,,, 1/Q,,, and k,,,,,,. The Q matching
condition may be less critical than the frequency matching
condition for efficient energy exchange. The degree by which
the strong-loading factors, U,,;, of the resonators due to
generators and/or loads may be away from their optimal
values and still have efficient enough energy exchange
depends on the particular system, whether all or some of the
generators and/or loads are Q-mismatched and so on.

[0167] Therefore, the resonant frequencies of the resona-
tors may not be exactly matched, but may be matched within
the above tolerances. The strong-loading factors of at least
some of'the resonators due to generators and/or loads may not
be exactly matched to their optimal value. The voltage levels,
current levels, impedance values, material parameters, and
the like may not be at the exact values described in the dis-
closure but will be within some acceptable tolerance of those
values. The system optimization may include cost, size,
weight, complexity, and the like, considerations, in addition
to efficiency, Q, frequency, strong coupling factor, and the
like, considerations. Some system performance parameters,
specifications, and designs may be far from optimal in order
to optimize other system performance parameters, specifica-
tions and designs.

[0168] In some applications, at least some of the system
parameters may be varying in time, for example because
components, such as sources or devices, may be mobile or
aging or because the loads may be variable or because the
perturbations or the environmental conditions are changing
etc. In these cases, in order to achieve acceptable matching
conditions, at least some of the system parameters may need
to be dynamically adjustable or tunable. All the system
parameters may be dynamically adjustable or tunable to
achieve approximately the optimal operating conditions.
However, based on the discussion above, efficient enough
energy exchange may be realized even if some system param-
eters are not variable. In some examples, at least some of the
devices may not be dynamically adjusted. In some examples,
at least some of the sources may not be dynamically adjusted.
In some examples, at least some of the intermediate resona-
tors may not be dynamically adjusted. In some examples,
none of the system parameters may be dynamically adjusted.
[0169] Electromagnetic Resonators

[0170] The resonators used to exchange energy may be
electromagnetic resonators. In such resonators, the intrinsic
energy decay rates, I, are given by the absorption (or resis-
tive) losses and the radiation losses of the resonator.

[0171] The resonator may be constructed such that the
energy stored by the electric field is primarily confined within
the structure and that the energy stored by the magnetic field
is primarily in the region surrounding the resonator. Then, the
energy exchange is mediated primarily by the resonant mag-
netic near-field. These types of resonators may be referred to
as magnetic resonators.

[0172] The resonator may be constructed such that the
energy stored by the magnetic field is primarily confined
within the structure and that the energy stored by the electric
field is primarily in the region surrounding the resonator.
Then, the energy exchange is mediated primarily by the reso-
nant electric near-field. These types of resonators may be
referred to as electric resonators.

[0173] Note that the total electric and magnetic energies
stored by the resonator have to be equal, but their localiza-
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tions may be quite different. In some cases, the ratio of the
average electric field energy to the average magnetic field
energy specified at a distance from a resonator may be used to
characterize or describe the resonator.

[0174] Electromagnetic resonators may include an induc-
tive element, a distributed inductance, or a combination of
inductances with inductance, L, and a capacitive element, a
distributed capacitance, or a combination of capacitances,
with capacitance, C. A minimal circuit model of an electro-
magnetic resonator 102 is shown in FIG. 6a. The resonator
may include an inductive element 108 and a capacitive ele-
ment 104. Provided with initial energy, such as electric field
energy stored in the capacitor 104, the system will oscillate as
the capacitor discharges transferring energy into magnetic
field energy stored in the inductor 108 which in turn transfers
energy back into electric field energy stored in the capacitor
104.

[0175] The resonators 102 shown in FIGS. 6(5)(c)(d) may
be referred to as magnetic resonators. Magnetic resonators
may be preferred for wireless energy transfer applications in
populated environments because most everyday materials
including animals, plants, and humans are non-magnetic (i.e.,
1,=1), so their interaction with magnetic fields is minimal and
due primarily to eddy currents induced by the time-variation
of the magnetic fields, which is a second-order effect. This
characteristic is important both for safety reasons and
because it reduces the potential for interactions with extrane-
ous environmental objects and materials that could alter sys-
tem performance.

[0176] FIG. 6d shows a simplified drawing of some of the
electric and magnetic field lines associated with an exemplary
magnetic resonator 102B. The magnetic resonator 102B may
include a loop of conductor acting as an inductive element
108 and a capacitive element 104 at the ends of the conductor
loop. Note that this drawing depicts most of the energy in the
region surrounding the resonator being stored in the magnetic
field, and most of the energy in the resonator (between the
capacitor plates) stored in the electric field. Some electric
field, owing to fringing fields, free charges, and the time
varying magnetic field, may be stored in the region around the
resonator, but the magnetic resonator may be designed to
confine the electric fields to be close to or within the resonator
itself, as much as possible.

[0177] The inductor 108 and capacitor 104 of an electro-
magnetic resonator 102 may be bulk circuit elements, or the
inductance and capacitance may be distributed and may result
from the way the conductors are formed, shaped, or posi-
tioned, in the structure. For example, the inductor 108 may be
realized by shaping a conductor to enclose a surface area, as
shown in FIGS. 6(b)(c)(d). This type of resonator 102 may be
referred to as a capacitively-loaded loop inductor. Note that
we may use the terms “loop” or “coil” to indicate generally a
conducting structure (wire, tube, strip, etc.), enclosing a sur-
face of any shape and dimension, with any number of turns. In
FIG. 65, the enclosed surface area is circular, but the surface
may be any of a wide variety of other shapes and sizes and
may be designed to achieve certain system performance
specifications. As an example to indicate how inductance
scales with physical dimensions, the inductance for a length
of circular conductor arranged to form a circular single-turn
loop is approximately,
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8x
L= yox(ln— - 2],
a

where |1, 1s the magnetic permeability of free space, x, is the
radius of the enclosed circular surface area and, a, is the radius
of the conductor used to form the inductor loop. A more
precise value of the inductance of the loop may be calculated
analytically or numerically.

[0178] The inductance for other cross-section conductors,
arranged to form other enclosed surface shapes, areas, sizes,
and the like, and of any number of wire turns, may be calcu-
lated analytically, numerically or it may be determined by
measurement. The inductance may be realized using inductor
elements, distributed inductance, networks, arrays, series and
parallel combinations of inductors and inductances, and the
like. The inductance may be fixed or variable and may be used
to vary impedance matching as well as resonant frequency
operating conditions.

[0179] Thereareavariety of ways to realize the capacitance
required to achieve the desired resonant frequency for a reso-
nator structure. Capacitor plates 110 may be formed and
utilized as shown in FIG. 6b, or the capacitance may be
distributed and be realized between adjacent windings of a
multi-loop conductor 114, as shown in FIG. 6¢. The capaci-
tance may be realized using capacitor elements, distributed
capacitance, networks, arrays, series and parallel combina-
tions of capacitances, and the like. The capacitance may be
fixed or variable and may be used to vary impedance match-
ing as well as resonant frequency operating conditions.
[0180] Itisto be understood that the inductance and capaci-
tance in an electromagnetic resonator 102 may be lumped,
distributed, or a combination of lumped and distributed
inductance and capacitance and that electromagnetic resona-
tors may be realized by combinations ofthe various elements,
techniques and effects described herein.

[0181] Electromagnetic resonators 102 may be include
inductors, inductances, capacitors, capacitances, as well as
additional circuit elements such as resistors, diodes, switches,
amplifiers, diodes, transistors, transformers, conductors, con-
nectors and the like.

[0182] Resonant Frequency of an Electromagnetic Resona-
tor
[0183] An electromagnetic resonator 102 may have a char-

acteristic, natural, or resonant frequency determined by its
physical properties. This resonant frequency is the frequency
atwhich the energy stored by the resonator oscillates between
that stored by the electric field, W, (W,=q%2C, where q is
the charge on the capacitor, C) and that stored by the magnetic
field, Wy, (W,=Li*/2, where i is the current through the
inductor, L) of the resonator. In the absence of any losses in
the system, energy would continually be exchanged between
the electric field in the capacitor 104 and the magnetic field in
the inductor 108. The frequency at which this energy is
exchanged may be called the characteristic frequency, the
natural frequency, or the resonant frequency of the resonator,
and is given by w,

w=2nf= c
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[0184] The resonant frequency of the resonator may be
changed by tuning the inductance, L, and/or the capacitance,
C, ofthe resonator. The resonator frequency may be design to
operate at the so-called ISM (Industrial, Scientific and Medi-
cal) frequencies as specified by the FCC. The resonator fre-
quency may be chosen to meet certain field limit specifica-
tions, specific absorption rate (SAR) limit specifications,
electromagnetic compatibility (EMC) specifications, electro-
magnetic interference (EMI) specifications, component size,
cost or performance specifications, and the like.

[0185] Quality Factor of an Electromagnetic Resonator
[0186] The energy in the resonators 102 shown in FIG. 6
may decay or be lost by intrinsic losses including absorptive
losses (also called ohmic or resistive losses) and/or radiative
losses. The Quality Factor, or Q, of the resonator, which
characterizes the energy decay, is inversely proportional to
these losses. Absorptive losses may be caused by the finite
conductivity of the conductor used to form the inductor as
well as by losses in other elements, components, connectors,
and the like, in the resonator. An inductor formed from low
loss materials may be referred to as a “high-Q inductive
element” and elements, components, connectors and the like
with low losses may be referred to as having “high resistive
Q’s”. In general, the total absorptive loss for a resonator may
be calculated as the appropriate series and/or parallel combi-
nation of resistive losses for the various elements and com-
ponents that make up the resonator. That is, in the absence of
any significant radiative or component/connection losses, the
Q of the resonator may be given by Q.

wlL

Qabs = 5—
Raps’

where o, is the resonant frequency, L, is the total inductance
of the resonator and the resistance for the conductor used to
form the inductor, for example, may be given by R ,, =Ip/A, (1
is the length of the wire, p is the resistivity of the conductor
material, and A is the cross-sectional area over which current
flows in the wire). For alternating currents, the cross-sectional
area over which current flows may be less than the physical
cross-sectional area of the conductor owing to the skin effect.
Therefore, high-Q magnetic resonators may be composed of
conductors with high conductivity, relatively large surface
areas and/or with specially designed profiles (e.g. Litz wire)
to minimize proximity effects and reduce the AC resistance.
[0187] The magnetic resonator structures may include
high-Q inductive elements composed of high conductivity
wire, coated wire, Litz wire, ribbon, strapping or plates, tub-
ing, paint, gels, traces, and the like. The magnetic resonators
may be self-resonant, or they may include external coupled
elements such as capacitors, inductors, switches, diodes, tran-
sistors, transformers, and the like. The magnetic resonators
may include distributed and lumped capacitance and induc-
tance. In general, the Q of the resonators will be determined
by the Q’s of all the individual components of the resonator.
[0188] Because Q is proportional to inductance, L, resona-
tors may be designed to increase L, within certain other
constraints. One way to increase L, for example, is to use
more than one turn of the conductor to form the inductor in the
resonator. Design techniques and trade-offs may depend on
the application, and a wide variety of structures, conductors,
components, and resonant frequencies may be chosen in the
design of high-Q magnetic resonators.
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[0189] Intheabsence ofsignificant absorption losses, the Q
of'the resonator may be determined primarily by the radiation
losses, and given by, Q,,~»L/R,,, where R, is the radia-
tive loss of the resonator and may depend on the size of the
resonator relative to the frequency, w, or wavelength, A, of
operation. For the magnetic resonators discussed above,
radiative losses may scale as R, ~(3%/A\)* (characteristic of
magnetic dipole radiation), where X is a characteristic dimen-
sion of the resonator, such as the radius of the inductive
element shown in FIG. 65, and where A=c/f, where c is the
speed of light and f is as defined above. The size of the
magnetic resonator may be much less than the wavelength of
operation so radiation losses may be very small. Such struc-
tures may be referred to as sub-wavelength resonators. Radia-
tion may be a loss mechanism for non-radiative wireless
energy transfer systems and designs may be chosen to reduce
or minimize R, ;. Note that a high-Q,,,, may be desirable for
non-radiative wireless energy transfer schemes.

[0190] Note too that the design of resonators for non-radia-
tive wireless energy transfer differs from antennas designed
for communication or far-field energy transmission purposes.
Specifically, capacitively-loaded conductive loops may be
used as resonant antennas (for example in cell phones), but
those operate in the far-field regime where the radiation Q’s
are intentionally designed to be small to make the antenna
efficient at radiating energy. Such designs are not appropriate
for the efficient near-field wireless energy transfer technique
disclosed in this application.

[0191] The quality factor of a resonator including both
radiative and absorption losses is Q=wL/(R, +R,,,). Note
that there may be a maximum Q value for a particular reso-
nator and that resonators may be designed with special con-
sideration given to the size of the resonator, the materials and
elements used to construct the resonator, the operating fre-
quency, the connection mechanisms, and the like, in order to
achieve a high-Q resonator. FIG. 7 shows a plot of Q of an
exemplary magnetic resonator (in this case a coil with a
diameter of 60 cm made of copper pipe with an outside
diameter (OD) of 4 cm) that may be used for wireless power
transmission at MHz frequencies. The absorptive Q (dashed
line) 702 increases with frequency, while the radiative Q
(dotted line) 704 decreases with frequency, thus leading the
overall Q to peak 708 at a particular frequency. Note that the
Q of'this exemplary resonator is greater than 100 over a wide
frequency range. Magnetic resonators may be designed to
have high-Q over a range of frequencies and system operating
frequency may set to any frequency in that range.

[0192] When the resonator is being described in terms of
loss rates, the Q may be defined using the intrinsic decay rate,
2T, as described previously. The intrinsic decay rate is the rate
at which an uncoupled and undriven resonator loses energy.
For the magnetic resonators described above, the intrinsic
loss rate may be given by I'=(R,, +R,,,,)/2L, and the quality
factor, Q, of the resonator is given by Q=w/21T".

[0193] Note that a quality factor related only to a specific
loss mechanism may be denoted as Q. 4.ism 1 the resona-
tor is not specified, or as Q;,.ccpumsms il the resonator is
specified (e.g. resonator 1). For example, Q, ., is the quality
factor for resonator 1 related to its radiation losses.

Section [—Wireless Energy System Probe/Calibrator

[0194] The following section describes embodiments using
wireless energy transfer modeling and simulation to help a
user in optimizing energy transfer efficiency. Extensive dis-
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cussion of wireless energy transfer modeling and simulation
is provided, for example, in commonly owned, U.S. patent
application Ser. No. 13/668,756 published on Jun. 2, 2012 as
US publication 2012/0159956 Al and entitled “Wireless
energy transfer modeling tool”.

[0195] FIG. 8 is a two-dimensional plan view, showing an
example wireless power system 800 or “network” deployed
in a room, which may comprise at least one wireless power
source or transmitter 802 with at least one source resonator
coil 804 and power receiver or device 806 with at least one
device resonator coil 808. The power receiver 806 can be
realized as a component of a device 806 such as a laptop,
lamp, smartphone, or TV. In this example, the device 806 is a
large screen TV situated on the floor. FIG. 8 also shows
repeaters 810a-810g, which can be passive resonators that
allow transmitted energy to “hop” with good efficiency in
order to travel larger distances than would be practically
feasible using only the transmitter 802. Repeater resonators
810 have been described in U.S. Pat. No. 7,825,543 issued
Now. 2, 2010 and entitled “Wireless energy transfer,” and U.S.
patent application Ser. No. 12/720,866 published on Oct. 14,
2010 as U.S. publication 2010/0259108 Al and entitled
“Wireless energy transfer using repeater resonators,” which
are incorporated by reference herein. As is shown in FIG.
10(a) and FIG. 10(b), the repeaters may be located on the
back wall of a room, and the device 806 may be slightly closer
to the wall then the transmitter 802. Although the coils 804,
808 are shown as being parallel to the page, this is for illus-
tration purposely only. In the figures, the orientations may be
made to provide a clear illustration of the figure, while in
practice the system components and coils are preferably ori-
ented for improved wireless power transmission and recep-
tion, when this is possible. The repeaters 810 can contain
circuits which allow them to be tuned (e.g., by changing their
impedance properties), detuned, or otherwise adjusted.

[0196] In order to efficiently transmit energy from the
source coil 804 to the device coil 808, the repeaters 810 may
be spaced at locations that are determined by the specifica-
tions, or “operational characteristics”, of the repeater and
other wireless power system 800 components. In embodi-
ments, the source and/or device and/or repeater resonator
locations may be preferably adjusted to improve some aspect
of'wireless power transmission. For example, if repeaters 810
are placed closely together then the cost and complexity of
implementing the system 800 may increase without provid-
ing any additional benefit. If repeaters are spaced far apart,
there may be inefficient transfer which can cause unwanted
effects on wireless system performance. For example, the
power needed by the device 806 may not adequately be sup-
plied by the system 800 and/or efficiency of the system may
be decreased.

[0197] In the determination of appropriate locations for
repeaters 810, several parameters (e.g., transmission strength
of transmitter) can come into play. These factors can be
entered by a user and operated upon by a modeling module of
a wireless power system 800, such as the modeling module
1322 shown in FIG. 13 of a portable programmer-calibrator
(PPC) 1002, which has other modules that communicate with
the modeling module 1322 to allow for operations which may
include but may not be limited to modeling, measurement,
calibration, testing, control, operation, adjustment, and simu-
lation of a wireless power system 800. The modeling module
1322 may be configured to model at least two (2) real or
simulated wireless system components, based upon their
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specifications (which may include real-world or modeled
operational characteristics, or operational characteristics
stated as accurate by the manufacturer), in order to determine
the system characteristics that would be realized by at least
one particular embodiment of a wireless power system. In
embodiments, when the PPC 1002 is configured with sensing
or communication means then empirical measurements
related to the actual operation of the network 800 can be used
in the modeling module 1322 as well.

[0198] FIG. 9is an exemplary plan view showing an alter-
native example wireless power system 800 deployed in a
room, which comprises first and second wireless power trans-
mitters 802a, 8025 each with at least one source resonator coil
804a and 8045. The system also contains two power receivers
806a, 8065 each with at least one device resonator coil 808a
and 808b. There are also repeaters 810-J1 to 810-J16 which in
this illustration are tile repeaters, in other words, floor tiles
with built in repeaters 810. The repeaters can be modular
“repeater cells” and can be inserted into, and removed from,
the tiles in order to replace faulty “repeater cells”. The repeat-
ers have been labeled with 100%, 95%, or 50% to represent
the efficiencies measured during an exemplary calibration
routine. Further, there is a repeater which has been pro-
grammed to be “off”, which is a functional status that may
have been set by toggling a control on the repeater itself,
either manually or programmably (e.g., a schedule imple-
mented by a timer in the repeater), or via a communication
command sent from another component (e.g. the transmitter
802) in the wireless power system. A system component
which is “off” may be adjusted so that the relevant resonator
is detuned, and therefore does not interact, or minimally
interacts with the other components of the wireless power
system 800. Other manners of adjusting a component of the
system 800 to be in an “off” state will be discussed. A wireless
system manager 900 is also shown, which may be imple-
mented either as an independent component, or as a module
of a transmitter 802, repeater 810, receiver 806, modeling
module 1322 of a PPC 1002, and/or device 806, such as a
computer, smart-phone, or a processor chip which may be
hard coded or configured to run software for providing wire-
less system management. When a repeater is configured with
a wireless system manager 900, then it may be termed a
“master” component and may communicate with and/or con-
trol other components of the wireless power system 800.

[0199] The resonators of a wireless power system 800 may
be named or numbered or otherwise uniquely identified. They
may be referred to as source resonators, device resonators,
first resonators, second resonators, repeater resonators, and
the like. It is to be understood that while two resonators such
as a source resonator 804 and target resonator 808 can con-
stitute a wireless power system other implementations may
include three (3) or more resonators, as shown in FIG. 8 and
in other examples. For example, a single source resonator 804
may transfer energy to multiple device resonators 808 (or to
multiple devices attached to a single resonator 808). Energy
may also be transferred from a first device 806 to a second,
and then from the second device to the third, and so forth.
Multiple source transmitters 802 may transfer energy to a
single device 806 or to multiple devices connected to a single
device resonator or to multiple devices connected to multiple
device resonators.

[0200] Resonators 804, 808 may serve alternately or simul-
taneously as transmitting resonators 804, and harvesting reso-
nators 808, or they may temporarily function as active or
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passive repeaters to relay power from a source in one location
to a device in another location. Intermediate electromagnetic
resonators may be used to extend the distance range of wire-
less energy transfer systems, and may be termed “repeaters”
810. As will be shown, multiple resonators may be daisy
chained together (by physically contacting each other and/or
by interacting wirelessly) and can serve to transmit energy
over extended distances and with a wide range of sources and
devices. When a high power level is to be transferred, then the
power may be distributed across multiple source resonators
804 and then transferred to a target resonator 808a, or to
multiple target resonators or devices and these resonators
and/or devices may then recombine the power at a relatively
distal location. Additionally, certain paths of transmission
within a room may be configured for higher power transmis-
sion while other paths are independently provided with dif-
ferent power loads and/or for different power transmission
levels.

[0201] Sincethe strong-coupling factor between resonators
may be determined by the relative magnitudes of the loss
mechanisms of each resonator and the coupling mechanism
between the two resonators, the strength of any or all of these
mechanisms may be perturbed in the presence of extraneous
objects in the vicinity of the resonators. Extraneous perturba-
tions may sometimes be detrimental and may lower the per-
turbed strong-coupling factors (via large perturbations on the
coupling factors or the quality factors). Therefore, as will be
described, techniques, devices, and arrangements may be
used to reduce the effect of extraneous perturbations on the
system and preserve large strong-coupling factor insensitivi-
ties.

[0202] In some applications, system parameters may vary
in time. For example, variations may occur because compo-
nents, such as sources or device resonators 804, 808, may be
mobile, defective, or deficient due to aging associated with
normal use or damage due to an acute event, and because the
loads may be variable or because the perturbations or the
environmental conditions are changing etc. In these cases, in
order to achieve acceptable transmission efficiency (via rea-
sonable matching conditions), at least some of the system
parameters may need to be adjustable or tunable. As will be
discussed, in cases where compensation adjustments cannot
be made to a sufficient extent then power transmission may be
halted completely in order to decrease the wasting of power,
and alternatively an alert or message may be provided to a
user of the system.

[0203] All the system parameters may be adjustable or
tunable to achieve approximately the desired operating con-
ditions. However, sufficiently efficient energy exchange may
be realized even if some system parameters are not variable.
In some examples, at least some of the system components
may not be dynamically adjusted. Further, at least some of the
sources, targets or repeater resonator circuits or devices may
not be dynamically adjusted. System calibration and moni-
toring routines may identify when energy exchange is not
optimal, and transmission may be halted or the paths of trans-
mission may be changed. Accordingly, there may be default
paths which are used, and there may also be “alternative” or
“back up” paths that are relied upon when the default path
does not produce the desired results.

[0204] FIG. 10(a) shows an exemplary first calibration
screen 1004 of a first type of wireless power system portable
programmer-calibrator device (PPC) 1002, realized on a
computer tablet and configured to run software that allows,
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for example, modeling, calibration, and control of a wireless
power system 800. The display 1004 may depict an x-y axis
representation of a wireless power system 800 as shown in
FIG. 8. FIG. 10(b) shows a second exemplary calibration
screen 1006 depicting a z-axis representation of the same
room. The computer tablet can be generic tablet such as an
iPad™ or Google Nexus™ which contains all the software
and hardware required for PPC operation including, for
example, wireless communication, processing, control, dis-
play, memory storage, power supply, GPS or other location
capability, user interaction, image capture (video/camera)
functionality, etc. The tablet can also be an electronic reader
such as Nook™ or Amazon Kindle™ which is outfitted with
wireless-power system simulation and evaluation capability
(WSSE), realized by software, or a software module, or a
physical module which may be attached via USB, for
example, or a web-based service or program which may com-
municate with the tablet using wireless connectivity. The PPC
1002 can also be realized using a laptop, desktop, smart-
phone, or other comparable device having any or all of the
processor, memory, display, and related components found in
conventional computing devices. The WSSE can also be
implemented as part of a modeling module 1322 imple-
mented by the PPC 1002.

[0205] In order to set-up, maintain, adjust, and calibrate a
wireless power system 800 in various settings, a user may
wish to be able to relatively easily establish a wireless power
system 800 that operates more or less as expected. The WSSE
can assist with this initial set-up as well as with other tasks. In
exemplary embodiments, and based upon the needs of the
power system, the shape and characteristics of the environ-
ment in which the system 800 may operate, and the structures
which may be present in, or which may enter, the environment
during operation, a user may be able to determine where to
situate various components of the wireless power system 800,
may be able to set (or tell the system to set) correct operating
parameters, and may be able to determine if the system is
working effectively or has a problem.

[0206] The WSSE may allow a user to calculate and/or
predict parameters and efficiencies when setting up a wireless
system 800. For example, if a room is a 15' by 15' room with
a transmitter on one side and a TV on the other, the user may
use the WSSE to determine how many repeaters may be used
to transmit power between the wireless source and the TV.
The user may take a snapshot of the room or download a three
dimensional model of the room into the WSSE and may
operate the WSSE to determine an optimal number of repeat-
ers in order to achieve a certain wireless power transfer effi-
ciency which may be a user settable parameter and that may
have a minimum value reflecting practical issues such as heat
dissipation and human exposure limits A user may restrict
certain regions of the room where repeaters may or may not
be placed and the WSSE may optimize repeater placement
given those restrictions. In embodiments, a used may specify
the types of repeaters and/or the cost of repeaters and/or the
size of repeaters that the WSSE may use to route wireless
power from a source to the TV. In embodiments, a WSSE may
include the ability to model other wireless power transfer
techniques and may instruct users to use a variety of wireless
power schemes in order to realize efficient power distribution
in a room. For example, a WSSE may recommend that power
delivery to fixed position devices in a room such as a TV,
refrigerator, couch, window air conditioning unit, and the
like, be realized using directed radio frequency or optical
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beams and that highly resonant wireless power sources and/or
repeaters and/or devices be installed in regions of the rooms
where devices are likely to be movable. We envision a highly
capable WSSE that can be continually improved through
software, firmware, hardware and the like improvements. In
addition, a WSSE may be able to store files representing
certain spacers within a home, certain components available
from near-by stores, certain implementations that have been
favorably deployed, and the like. The WSSE may be able to
download reviews from the internet and assign scores to
certain wireless power components, brands, implementations
and the like based on various types of ratings or acquired user
reviews and preferentially suggest system implementations
that use those components.

[0207] The performance of a wireless power system 800,
containing at least two components and operating according
to a set of parameter values and protocols, can be calculated
using modeling operations provided by the WSSE in order to
provide predicted wireless system performance data. The
data may include operating characteristics related to the mod-
eled performance of a first and second component of a wire-
less power system 800. The performance results may be cal-
culated using at least one modeling algorithm in the modeling
module 1322 that incorporates values reflecting wireless
power system 800 characteristics. For example, a basic algo-
rithm may rely upon an operational characteristic for a first
and second component of the network, such as the amount of
power that is received when the components are separated by
1 foot, and may also rely upon a distance measure related to
the first and second component. The algorithm may also
incorporate a wireless power system characteristic value that
is related to: A) a wireless power transmission protocol that
will be used by a first component of the system 800; B) power
needs of a second component of the system 800; C) tempera-
ture information; D) information related to the relative orien-
tation between at least two resonator coils; E) information
provided by a user; F) information that is sensed by at least
one sensor of the PPC 1002; G) information that is commu-
nicated to the PPC 1002; H) information related to at least one
barcode, serial number, or model number; I) information
related to a virtual model; J) a set of at least one image
captured by a digital camera; and K) GPS and/or RFID data.
A further algorithm may include information related to three
(3) or more system components, and also may include opera-
tional characteristics of these components and distance mea-
sures related to the component positions.

[0208] The modeled performance results may include the
costs for running the system as a function of an interval such
as hour, day, month or year as well as incorporating estimates
for running the system in a standby, low power, or active state
related to average usage of various types of devices. The
performance result data may also include a likely range of
performance as well as performance rating. For example the
range of performance results for a certain measure (e.g., cost)
may be categorized. The top 25% may be a preferred range,
whereby the system is operating very efficiently and accord-
ing to the model. The top 26-50% range may represent good,
likely, or “acceptable” system performance. The 51-75%
range may reflect what might occur if one or more system
components is not functioning correctly and is “bad” or “fail-
ing”. The “76-100%” range of performance may be “unac-
ceptable”. In one embodiment the user may compare mea-
sured system performance to simulated system performance
and evaluate the results within the “performance zone” which
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corresponds to the empirical results. In an automatic mode,
the PPC 1002 may use the modeled results as part of a cali-
bration routine. In this routine the PPC 1002 can do a com-
parison and reconfigure the system or instruct a user to recon-
figure the system if real and modeled results are not similar
enough.

[0209] Ifthe room is the room shown in FIG. 8(a) then the
WSSE can represent that room graphically as is shown in
FIGS. 10(a) and 10(b). The model of the room may be created
using a graphic-based user interface that allows users to drag
and drop components into a simulated model of the room.
Alternatively, if the PPC 1002 is configured with a digital
camera, then the user may operate the PPC 1002 to take a
picture or video of the room and insert or assign values/labels
for system components to objects on the screen using a menu
option 1008 which, when selected, may provide the user with
additional screens housing additional options. For example,
the user may click on any object which has been identified on
the screen 1004 and define the component which it represents
(e.g. a repeater, a transmitter, etc.) as well as assign a value
such as the model number or other relevant parameter related
to the system component. These options can also be obtained
from look-up tables in the WSSE (or modeling module 1322
or memory module 1312). For example, if the user inputs the
model number into the PPC 1002, then the modeling module
1322 can use a look up table to associate this with the oper-
ating parameters for that model number. Accordingly, the
user can input the model number, parameter values, or speci-
fications of a wireless power transmitter 802, repeaters 810a
and 810c¢, and a device 806 such as a TV, as well as the
receiver being used 806 and the protocol which is used by the
receiver. The user can then be informed by the WSSE about
differences in efficiency, cost per unit hour of use, or other
operational characteristic of the wireless power system that
would result by adjusting the system 800 according to a
particular system specification and operational parameter
values. For example, the effects of replacing the repeaters
810q and 810c¢ with different models of repeaters, or varying
the distance measures of the repeaters 810a and 810c¢, (either
by entering the values using text value or by graphically
moving the components on the screen) could be calculated by
the WSSE. Distance measures can be discrete distances,
ranges, or likely regions (which may be defined by a user
graphically indicating which portions of the region are “hot
zones” which are those regions in which it is more likely for
a device to be present). The wireless power components may
be simulated with respect to two dimensional or 3-dimen-
sional distances. Additionally, components may be defined by
relative position, orientation, pose, and angles of source and
device resonator coils.

[0210] Double clicking on any of the components of the
screen may allow a user select and then adjust parameters
related to a wireless system component. Further, in the case
where the room where the system will be implemented is not
nearby, then the user can use the PPC 1002 to create a two-
dimensional or three-dimensional virtual-world model such
as a room. In the case where the components have been
purchased and installed then the user can also input the infor-
mation about each component by entering their serial num-
bers or using the webcam of the PPC 1002 to scan barcodes of
the components. The user can also create models based upon
real and/or simulated system 800 components. For example,
after entering data related to the actual configuration of a
wireless system 800 that is implemented within a room, the
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user can add additional components (e.g., related to spare
system components that may not yet be installed or additional
components that the user is considering purchasing) and the
PPC 1002 could operate its simulation programs including
operation of the modeling module 1322 to show the user the
effect of various scenarios. In response to these modeling
results, the user may actually install additional system com-
ponents, swap out already deployed components with alter-
native components, or order more components. Ordering
more components may be managed by purchasing and trans-
action software provided in the PPC 1002, which places
orders over the internet and may also provide for payment of
the items using its communication module 1308.

[0211] The modeling module 1322 may also be configured
to automatically optimize a room design or power transfer
scheme based on data related to a selected set of system
components and the dimensions of a room, set of rooms, or
entire house. The system performance result calculated by the
PPC 1002 may then be presented to the user using module
1306. Automatic optimization can be constrained by the user
indicating regions where system components may reside or
where these may not reside, and the optimization process
provided by the WWSE may incorporate these parameters
and/or any user inputs. When the simulation program auto-
matically optimizes the arrangement of components of the
wireless network 800, the optimization may be calculated
according to a set priority. For example, a user could prioritize
factors such as cost, reliability of performance, or allowing
components to reside within certain ranges of location. Addi-
tionally, data related to operating cost and system perfor-
mance may be presented to the user as tables or graphs. For
example, performance results may be plotted as the cost and
performance curves related to a particular wireless power
system scenario. This representation may be valuable for a
user and/or system installer since these results may not
change linearly with adjustment to various system compo-
nents or their locations. Further, certain parameters could be
restricted, in various manners. For example, the system
design being simulated may require a particular type or
strength of wireless power transmitter, and/or the location of
a transmitter may be restricted to a certain region. It might
also be useful in some instances to allow repeaters to be added
to the model, and to allow the operational characteristics of
repeater to be specified. Different manufacturers may distin-
guish themselves by providing the WSSE module with design
and optimization software programs that may be customized
for their particular system components or wireless power
transfer protocols.

[0212] The PPC 1002 may also be designed to wirelessly
communicate with at least some of the components of the
system 800 in order to learn their identity. In this case, the
PPC 1002 can also be configured to provide automated or
semi-automated automated “power network discovery” and
this can occur if a user selects the appropriate menu option
1008. A GPS, RFID, or other technology may assist with this
type of automated discovery process. The identifying tech-
nology can be implemented within each component in order
to allow the computer to construct the room, set-up with no, or
little, manual user entry. Although the communication and/or
identification technology can reside within the components of
the power network system 800, such as in the environmental/
location module of a repeater 810, the communication/iden-
tification technology can be implemented within a separate
calibration facilitation accessory (which may be embodied in
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apager-sized device) that can have a subset of the modules of
the PPC 1002. The user can place the calibration facilitation
accessory on any of the components of the wireless network
during the network discovery process so that these may be
readily identified. The calibration facilitation accessory can
berealized as a programmer accessory 210 which may further
connect to system components. Further, during system mod-
eling and calibration the PPC 1002 can set, or the user can
manually set, wireless network components into a “discovery
mode” in which the components can operate according to
routines defined in the control module 1304 to provide an
identification “ping” signal, supply wireless power, supply
wireless power in a short pattern over an expected interval,
dither frequency or impedance, or otherwise assist the PPC
1002 in identifying system components and their operating
parameters so that appropriate parameter values may be mod-
eled and/or set. In one embodiment signaling and communi-
cation may be performed using an in-band communication
channel that uses the same, or similar, fields as are used for
energy transfer. Many schemes are known for achieving in-
band communication on a power channel such as modulating
the power signal to provide information (e.g. timed pulsing or
amplitude modulation). In other embodiments the signaling
may be implemented using out-of band communication, or a
mixture of both in-band and out-of-band. In yet another
embodiment, the wireless power components may be
“probed” with a signal that may be reflected back to the PPC.
The reflected signal may comprise, location information,
component structure information, power handling informa-
tion, environmental information, information regarding the
perturbed Q of any wireless power resonators and the like.

[0213] The wireless power simulation system 800 and the
PPC 1002 can operate so that data is entered into the simula-
tion software using wireless communications and the simu-
lation software may be further configured to operate a com-
munication system. When the PPC 1002 is configured to
operate as part of a wireless power network system 800 it may
be configured as a wireless power network controller which
may be operable to provide various properties and features.
For example, at least one of the components of the wireless
power network 800 can provide for wireless communication
capability with the device PPC 1002 operating the simulation
software. In this case, a particular component or “node” of the
wireless power system 800 may be assigned a parameter
value that sets it as a master component of the network. A
master component (which may be implemented as a wireless
system manager 900) can be responsible for communicating
with the PPC 1002 operating the modeling software and at
least one other component of the network 800. A master
device may be configured to achieve at least communication
in which it can request information from the other wireless
power components which it may then relay to the PPC 1002.
A master device may be configured to determine an operating
mode of the wireless power network 800 by controlling the
other components of the system.

[0214] Communications between system components and
a master component or the PPC 1002 can be sent using data
which is openly available or which may be encrypted for
security purposes. In order to provide for only certain
intended components participating or controlling the wireless
power system 800, the communication protocols may require
that communications between system components be authen-
ticated. Alternatively, system components can be required to
be authenticated before communication from them is
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accepted or processed by the PPC 1002 or master system
component, which may be serving as a network controller.
Authenticated communications may be useful in settings
where more than one wireless network 800 exists within a
given region or where portable wireless energy devices, such
as a laptop of a user who is only temporarily located within
the network, may be present. Since the simulation and control
modules may be operated from many types of devices that can
serve as a PPC 1002, master components or other components
of the system that communicate wirelessly with a PPC 1002
may be provided with communication protocols wherein a
user may be authenticated in order to reconfigure the power
network 800. In embodiments, any user, or any user with a
password may reconfigure at least a subset of components of
the wireless power network system 800. Additionally, the
system components may be characterized so that any user
may reconfigure one or more characteristics of the power
network, or a selected set of characteristics of the wireless
power network. In this manner, in addition to default param-
eter settings which may be used by the wireless power net-
work, ad-hoc power network configurations can be estab-
lished, at least temporarily. The PPC 1002, and/or master
system component, may be programmable so that the ad-hoc
power network settings may revert after a selected duration,
or when a revert-to-default criterion is met.

[0215] The PPC 1002 may allow a wireless power user
and/or system installer to learn about differences in operating
efficiency/capacity that may be realized by incorporating at
least one additional repeater 8105, or even several additional
repeaters, 8104, 810¢, 810/, and 810g into the system 800,
and to learn what the effect would be of transmitting power
along a single path or using multiple and/or different paths.
For example, wireless power efficiency and/or power delivery
capabilities may be accessed using path D1-D3-D4-DS5 alone
or in conjunction with a path that moves from 810¢ to 8104 to
810¢ for example. Additionally, the user and/or installer could
examine the system performance and costs of putting a first
repeater at position 8106 rather than 810¢, so that the power
had to travel along D2 rather than D1.

[0216] By plugging the PPC 1002 into, for example, a
system component such as 8104, or by sensing the field that
810a was generating when the system was operated, the PPC
could use the WSSE of the modeling module 1322 (and its
energy consumption module component) to compare the
actual to modeled performance of the system and provide
these comparison results to the user/installer. The comparison
results may include estimates of both modeled and actual cost
to operate the system. The comparison results may be oper-
ated upon by the modeling module, and may also enable the
PPC 1002 to provide suggestions to the user for adjusting the
parameters of the system in order to improve system perfor-
mance.

[0217] FIG. 11 shows an exemplary PPC 1002 running an
example version of WSSE software. In this example, the
menu button 1008 of FIG. 10(a) was selected by a user and the
MAIN screen 1100 is now displayed. The MAIN screen 1100
may be configured to show options related to the PPC 1002
operation. In this illustration, these include a selection “test
component” 1102 which may allow the PPC 1002 to test a
device 806, repeater 810, or transmitter 802 in order to deter-
mine if it is working correctly. In the case of testing a trans-
mitter 802, selecting “Test Component” may cause the PPC
1002 to send a request for power to the transmitter 802 (which
might toggle the transmitter to an “on” or “reply” state). After
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the PPC 1002 senses the transmitted power and/or the reply
signal to ascertain the transmitter’s characteristics, the PPC
1002 may send a communication signal that it no longer needs
power (which may cause the transmitter to turn to its “off”
state). In this manner, the PPC 1002 could test the transmitter
802 by mimicking what might occur during cell-phone charg-
ing routine, for example, without the user having to wait for
the cell-phone to charge fully and then send an “off” request.
The tests which might be run for different components might
be defined in a test module of the control module 1304, and/or
might be defined by the user.

[0218] The “calibrate” option 1104 can cause a calibration
routine to be run, as defined in the control module 1304. The
routine may use the transmitter module 1110 or receiver
module 1112, which are configured to transmit or receive
wireless power signals and which may be configured as a
distributed form of the transmission and reception modules
1314, 1302 of the PPC running under control of the controller
module 1304. Modules 1110 and 1112 may be configured
with necessary hardware, such as resonator coils (or may
attach to such coils) and capacitors, and these modules may
be configured with USB connectors in order to connect to
USB ports ofthe PPC 1002. Modules 1110 and 1112 may also
be configured as stand-alone accessories that may have wired
or wireless communication circuitry in order to communicate
with the PPC 1002. In FIG. 11 the modules 1110, 1112 are
shown connected to the PPC 1002 via its USB ports. Because
these ports may not provide sufficient power to the modules
1110, 1112, these modules may also have power cords that
connect to sources of conventional AC power.

[0219] The “Sense” option 1106 can cause a sensing rou-
tine to be run as defined by a sensing protocol of the control
module 1304, and can operate on sensed signals that are
received through the power receiver module 1112. In one
example of a sensing routine, the user may select the “sense”
option in order to measure the power being relayed from a
repeater 810 which is relaying power from a remote transmit-
ter 802.

[0220] Selecting the “Enter System Info” option can invoke
a menu where users are able to identify components of the
wireless system 800 by entering, for example, operating
parameters or model numbers (which may be indexed
through look-up tables). When the PPC 1002 has a camera, at
least some of this information can be scanned in from a serial
number, bar code, or other visual identifier. This information
can also be obtained using WiFi communication, RFID tech-
nology, near field communication, and other available wired
or wireless communication facilities from devices 806. Fur-
ther the transmitter and receiver modules 1110, 1112 or other
modules of the PPC 1002 may be configured with infrared,
GPS, cellular positioning, temperature, laser, pressure, light
and other sensors to obtain information about an environment
(distance, temperature, etc.) which can be processed by the
environmental/location module 1324.

[0221] The PPC 1002 of FIG. 11 may be configured with a
resonator accessory 1114, which may function as a source,
repeater and/or device resonator and/or which may be con-
figured as a traditional inductive coil. The resonator accessory
1114 may be shaped like a wand and may be self-contained,
or may have input ports for receiving different types of reso-
nator coils and associated circuitry. For example, resonator
coils, can have base modules that are configured circuitry and
shaped to allow these to be interchangeably plugged into the
resonator accessory 1114. The resonator accessory 1114 may
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provide additional functionality because it can be separated
from modules 1110, 1112. For example, if the PPC 1002 is
calibrating a system component such as repeater 810, then the
PPC 1002 transmits wireless power to the repeater 810 and
simultaneously attempts to measure the field which the
repeater 810 emits. By using the resonator accessory 1114 as
a receiver, the PPC 1002 can sense fields that are away from
the PPC. Likewise, the resonator assembly may be configured
as a wireless source and the wireless fields may be sensed
using the receiver 1112 of the PPC. In some embodiments, the
PPC may comprise more than one resonator assembly. The
PPC 1002 can use its communication module 1308 to com-
municate with at least one remote transmitter 802 to cause the
initiation of wireless power signals and to energize a wireless
power system rather than relying upon its own transmitter
1110. In embodiments where the transmission fields of a
remote transmitter 802 may be unknown, or the transmitter is
too distant from a repeater 810 to energize it, the ability to
transmit wireless signals from a local transmitter as part of
system measurement and calibration routines implemented
by a control module 1304 may be of great benefit.

[0222] Further, the PPC 1002 may be provided with an
interface accessory 1116 which may allow the PPC 1002 to
communicate with components of the wireless system 800
using either wireless or wired communication (e.g., a USB
cable). For example, instead of measuring the field that is
relayed by a repeater device 810, it may be possible to connect
to an input/output (/O) port (e.g., a USB port) of the repeater
810, and to sense information related to internal components,
such as currents, voltages, power levels, etc. In this manner a
device may be probed directly without measuring the result-
ing field. Further, the interface accessory 1116 may be able to
connect to the /O port 17025 and to obtain measurements or
data related to various aspects of the repeater 810 operation,
such as capacitance, voltage, or other values of the circuitry.
This can occur if the I/O port 17025 of the repeater 810 is
attached directly to repeater components, or if the /O port
17025 is configured to communicate with a control module
1304 or communication module 1308 of the repeater 810.
Further, the PPC 1002 may be configured to send control
commands to the repeater 810 through the /O port 17025
which may cause the control module 1304 of the repeater to
adjust its internal operations and circuitry by way of its
adjustment module 1318. This can occur while a power field
is being transmitted by the PPC 1002 and can assist in deter-
mining if a component of the repeater 810 is working cor-
rectly under load.

[0223] FIG. 12 shows other exemplary functions that may
be realized by a PPC and an exemplary screen of the PPC
1002. The block diagram identifies some of the exemplary
functions that may be displayed on a system configuring
screen 1200. The exemplary option to calculate optimal paths
1202 may allow users to see which potential power paths are
best for transmitting energy according to empirical calibra-
tion results and/or modeled/simulated performance predic-
tions of a system. The screen may also allow the user to
access, identify, calculate, design and the like, main power
paths, as well as back-up power paths, which can be used if a
remote device 806 indicates it is not receiving sufficient
power due to a disruption in or too many devices being fed by
a main path, for example. Further, the screen may display
icons, text fields, movable items, connecting lines, spinners,
sliders, and the like that allow users to configure power paths,
power levels, etc. which may be selected to operate at certain
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times during the day or for certain durations of time, for
example. In an embodiment, all available power paths may be
controlled to be used during the evening hours when a family
is athome while a subset of power paths are controlled foruse
during the day, when usage is less (or vice versa if the user is
normally away from their house in the evenings).

[0224] The option to “adjust transmission parameters”
1204 may allow a user to program a wireless power transmit-
ter and to adjust the frequencies of the signals used in trans-
mission, transmission times, strengths, and patterns, and
other parameters of transmission protocols which may be
implemented in by the control module 1304 of the transmitter
802.

[0225] The option to adjust receiver parameters 1206 may
allow a user to program a wireless power receiver and to
adjust the frequencies of the signals which may be intended to
be captured (i.e. the characteristics of the resonator circuit),
wireless receiving schedules, and other parameters of
receiver protocols which may be implemented by the control
module 1304 of the receiver 806.

[0226] The option to calculate energy usage/efficiency
1208 may allow a user to determine how much power may be
used per hour, day, month, or year, and the user can see how
toggling certain parameters, or increasing efficiency at cer-
tain points of the wireless power system 800 can alter energy
usage.

[0227] The option to calculate energy predicted/actual
1210 may allow a user to compare measured results of a
system to modeled results in order to determine system effi-
ciency, which may be decreased by such factors as ill per-
forming components, obstacles that affect the perturbed Q,
etc.

[0228] The options to enter energy class 1212, 1214 may
allow the user to enter information about the class of receiver
or transmitter component, for example different classes may
provide wireless energy at certain levels, at certain distances,
or according to different criteria which may be met to be
included in the class. This is akin to the different wired elec-
trical protocols that are used to provide electricity or infor-
mation in different countries around the world.

[0229] The option referred to as “zones” may allow a user
to enter information about what system components are to be
included in different zones. In embodiments, zone 1 can be
emergency devices such as smoke alarms, garage doors and
other devices that require electricity even in the case of an
emergency. Exemplary zone 2 can be the first floor of a house,
whereas zone 3 can be the second floor, and zone 4 can be
outdoor zones related to sprinkler systems or driveway heat-
ing systems. Zones can be selected and modified and rules can
be applied to different zone. An exemplary embodiment of
power control using the “zone” functionality is to set a rule
such as “only power zone 4 between 5 and 7 p.m. on week-
days”.

[0230] FIG. 13 shows exemplary modular components of a
preferred embodiment of a PPC 1002. The components of the
PPC 1002 shown in FIG. 13, can be similar or even identical
for the transmitter 802, receiver 806, repeater 810, and system
manager 900 can be similar or even identical. The compo-
nents can be realized in a distributed or modular fashion and
components of some modules may be shared with, or may
share components of other modules. Distributed components
may utilize modules or components of other devices to which
the modules are connected or to which they communicate in
a wired or wireless manner. In these figures, not all the mod-

May 22, 2014

ules may be included. For example, as disclosed, a simple
PPC 1002 may only include a power receiver module, a
control module and a display. Further, as will be disclosed, a
particular module of one system component may be a little
different than that analogous module in a different compo-
nent. For example, the power module 1326 of a PPC 1002
may not provide for connection to a wired source (such as a
conventional wall socket), while the power module 1326 of
the transmitter 802 may usually provide for a wired power
source in order to obtain larger amounts of power that may be
required for power transmission to occur. Further while the
communication module 1308 of the PPC 1002 may be con-
figured to initiate communication with a repeater 810, the
communication module 1308 of the repeater 810 may be
configured to respond to communication initiated by the PPC
1002. Accordingly, many of these differences will be dis-
closed in this specification, but will also be understood by
those skilled in the art, when such details relating to these
differences are omitted in this disclosure.

[0231] Additional Embodiments of Portable Programmer-
Calibrators (PPCs)

[0232] As has been disclosed, programming and calibra-
tion of the component of a wireless system 800 may improve
the overall performance of wireless power systems and may
give users/installers the capability of optimizing their sys-
tems for coverage, cost, component count and the like. In the
case where any component of the system is not functional or
is only partially functional, it would be preferred if such a
component could be identified, tested, and possibly adjusted
or replaced. Without the components and techniques dis-
closed herein, it may be difficult to identify the faulty com-
ponents in a system consisting of more than a few compo-
nents. In response to calibration results, system components
may benefit from being adjusted by being programmed or
reprogrammed A portable programmer-calibrator (PPC) can
provide for such programming, both during and after a cali-
bration session. Programming and calibration may also be
realized in a distributed fashion using multiple PPCs.
Although we have already disclosed some of the PPC func-
tion in FIGS. 10-12, PPCs may be configured to provide
additional functions now described. Further, the PPC 1002
may be configured to only provide a single function, or a
subset of these functions.

[0233] An exemplary embodiment of the PPC 1002 can be
seen in FIG. 13 where modules which may be realized by
hardware and/or software constitute the PPC operational sys-
tem 1300, which may be housed entirely within a single
device or distributed across other components of the wireless
power system 800. In a simple embodiment, a PPC 1002 may
be a meter configured to measure a field produced by a com-
ponent of the wireless system 800. In this case, the meter
might contain a receiver module 1302 having at least one
resonator and receiver circuitry related to harvesting power
from an oscillating electromagnetic field. The receiver mod-
ule 1302 may also contain transducer circuitry modifying the
harvested power before it is measured and/or used to provide
power to the PPC 1002. The PPC 1002 may further contain a
control module 1304 with calibration control circuitry which
can control the other modules of the PPC 1002 such as the
receiver module 1302 and the harnessing of wireless power
field. The control module 1304 can also contain a CPU for
performing calculations and performing a calibration accord-
ing to a calibration protocol and parameters as well as a real
time clock.
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[0234] The PPC 1002 may also contain a display module
1306 for displaying information relating to measurements
such as the field strength of a magnetic field that is measured
during calibration. When measuring a transmitter, the meter
can be placed a given distance from the transmitter and might
display a characteristic (field strength) which was measured.
In an alternative embodiment the receiver module 1302 may
be provided with circuitry for measuring and displaying at
least two characteristics of the wireless field, such as field
strength and frequency of the field oscillation. In a further
embodiment the calibration control module can control the
harvesting circuitry to adjust its characteristics as it is mea-
suring the wireless field. For example, the control module
1304 may operate to ramp the capacitance of resonator across
arange, take measurements at different instantaneous capaci-
tance values and determine what the peak frequency was
(which is a function of the capacitance) in which the maxi-
mum energy harvesting was measured (such a calibration
method can be shown in a method of FIG. 14, along with
greater specificity).

[0235] Inanalternative embodiment, the PPC 1002 may be
configured with at least one communication module 1308
which can communicate either wirelessly or using a cable
(wired), with other components of the wireless system such as
a remote transmitter 802 or wireless system manager 900, in
order to control the signals that may be transmitted. For
example, the PPC 1002 can communicate with the transmitter
802 to cause it to transmit wireless power signals related to a
calibration routine implemented by the control module 1304.
The user could watch the PPC display to see the characteris-
tics of signals that were sensed from either the transmitter 802
or from a repeater 810. The PPC 1002 may sense the fields
directly through circuitry in contact with a resonator 808 of a
harvester 806, or may obtain readings using its communica-
tion module 1308 using either wireless or wired means such
as a cable (e.g., USB) that is attached to a device 800 or
harvester 806. The ability to communicate with a system
component such as arepeater 810 using wired signals may be
advantageous because simultaneously sensing a wireless
power field and a data communication signal from a system
component, such as a repeater, may be challenging in various
situations. Further when the PPC 1002 senses wireless signals
which may be putatively being emitted by a particular system
component, while the PPC 1002, or other system components
are transmitting signals, it may be difficult to dissociate the
signals which are emanating from different sources. By mea-
suring what is going on inside a component of the wireless
power system, more accurate readings may be obtained. The
communication module 1308 can provide for communica-
tion, control or power signals to be sent or received between
the PPC 1002 and other devices of the system 800.

[0236] The PPC 1002 can be further provided with a
memory module 1312 which can store the calibration results,
IDs of system components that have been or will be cali-
brated, as well as various parameters and protocols related to
calibration routines which the control module 1304 may
implement. The memory module 1312 can store a log of PPC
1002 operations and communications (an “operating his-
tory”), including records of information that may have been
transferred or received and timestamps for each record. The
memory module 1312 can also store historical information
which may be obtained through communication with other
network components, such as operating histories of devices
with which it communicates, including a history of parameter
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changes. In addition, information related to system settings,
performance, historical operating parameters, and the like,
may be stored remotely, such as in the cloud, and may be
available to be retrieved by a variety of devices such as lap-
tops, cell phones, PPCs, and the like, through wireless and or
wired communication links.

[0237] In an alternative embodiment, the PPC 1002 could
contain its own power transmission module 1314, which may
be configured to transmit calibration or other wireless power
signals through at least one source resonator, so that a user
could monitor the effects of that energy transmission such as
how much energy is being harvested by different devices
which can be sensed by the PPC 1002, displayed by a visual
indicator on a device 810, or communicated by a system
component to the PPC 1002 or wireless system manager 900.
Similar to the receiver module 1302, the transmission module
1314 can have its own circuitry for adjusting the characteris-
tics of the signals that are transmitted.

[0238] In an alternative embodiment, the PPC 1002 could
contain a transmitter module 1314 which may be realized
using a transmitter coil that could be moved away from the
PPC’s harvesting resonator of the power receiver module, as
shown in 1114 of FIG. 11. Accordingly, the transmitter mod-
ule 1314 could transmit a wired power signal to a system
component such as a repeater 810 and the power receiver
module 1302 of the PPC 1002 could measure the field pro-
duced by the repeater 810. In this case, the transmitted signals
and harvested signals might experience decreased overlap/
interference.

[0239] AsshowninFIG.11,atransmitter 1110 and receiver
1112 may be too close to each and may interact in a way that
reduces the accuracy of the functions being performed by the
PPC. By providing a transmitter/receiver “wand” accessory
1114, the transmitter or receiver can be moved far enough
away from the PPC 1002 to improve the accuracy of the PPC
functions. In an alternative embodiment, rather than a self-
contained wand, this accessory can be terminated with vari-
ous calibration coils for sending or harvesting wireless energy
with different characteristics. In a further embodiment, the
PPC 1002 could have an interface cable 1116 that connects to
a system component such as a repeater, and when the trans-
mitter 802 transmits a signal, the PPC 1002 can obtain its
measurements directly from circuitry within the repeater 810
in order to perform the calibration routine rather than sensing
results from its own sensing means 1114, 1112.

[0240] The PPC 1002 can further be provided with an input
module 1316 which allows a user to adjust and control the
PPC 1002. The input module 1316 may include all circuitry
related to obtaining user input from any received communi-
cation signals, manual/virtual/graphic controllers of the PPC
1002 such as a touch screen and any dials and knobs. The
adjustment module 1318 of the PPC 1002 may be configured
to operate on the user input information and to adjust the
operation of the PPC 1002 and/or other PPC modules (e.g.,
1314), or any system components that may be in the process
of being programmed.

[0241] The PPC 1002 can be used to calculate improved
paths for transmitting wireless signals. For example, the PPC
may have a modeling module 1322 that can be programmed
with a model of room that contains distance measurements
between components of the wireless system 800. The PPC
can also store calibration result measurements, derived from
its calibration report module 1320, for each component in the
wireless system in its memory module 1312. Using both of
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these pieces of information the PPC modeling module 1322
can calculate the efficiency of different paths and also can
allow the user to choose those paths which will provide
greater efficiency (or it can do this itself). If a preferred path
is chosen, the PPC may relay information, settings, param-
eters and the like to the components of the wireless power
transfer in order to make them operate as the user has speci-
fied. As example, the PPC may instruct certain repeaters to
detune from the system operating frequency, to open circuit
their resonators, to insert and adjustable load, and the like so
that they may realized the operating conditions necessary to
support the power path chosen by the user/installer of the
wireless power system.

[0242] An example ofhow this type of path defining opera-
tion may benefit a user of the network can be illustrated using
the case of a floor carpeted with X rows and Y columns of
repeater tiles, which in this exemplary embodiment will be set
to be 4 rows and 4 columns. In the example deployment
shown in FIG. 9, a tile repeater 810-J6 at location (2, 2) was
found to be performing at 50% efficiency during a calibration
session. In the case where the PPC 1002 cannot reprogram the
repeater 810-J6 or otherwise adjust it to potentially improve
its performance, it may be advantageous to avoid the poten-
tially negative impact of this repeater tile 810-J6 on the sys-
tem performance by effectively removing this repeater from
the system. Repeater 810-J6 could be physically removed
from the system by a user/installer who might remove that
particular carpet tile, or might replace that carpet tile by one
containing a new resonator, or may replace the tile with a
piece of tile that does not include any wireless power func-
tionality. Repeater 810-J6 could also be logically removed
from the system, by detuning or open circuiting the resonator
for example. Alternatively, if by replacement or improvement
of'the existing repeater structure 810-J6, it performance could
be improved, for example by raising the efficiency from 50%
to 85%, it may be reasonable to keep the repeater active in the
intended path.

[0243] Various characteristics that may be considered by
the modeling module can include, but are not limited to:

[0244] Number/geometry/orientation/type/componen-
try of repeaters. For example, if only repeaters 810a,
8105, and 810c are to be installed in the area depicted in
FIG. 8, then the amount of power that might be safely
delivered across the area may be different than in more
repeaters, namely repeaters 810a to 810g, were
installed. The modeling software of a PPC could show
users what the predicted system performance will be
based upon the characteristics of the transmitter(s), the
number, geometry, orientation, type and componentry of
the repeaters, the receivers and the objects and materials
in the local environment.

[0245] Distance between pairs of repeaters. For
example, if by keeping the maximum distances between
adjacent components of the first path (i.e. D1, D3, D4
and D5) below 3 feet, transmission efficiency was kept at
95%, and this was the minimum amount of power
needed to power device 800, then the distances would
need to be 3 feet or less apart.

[0246] Distance from transmitter to repeater. In another
example, modeling can determine the difference in the
amount of power and/or the efficiency of the transfer if a
first repeater is 810c, vs. 8105 (i.e. if the distance to the
first repeater is D1 instead of D2). Further this modeling
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may suggest that power transmission characteristics, or
repeater characteristics may be set differently in order to
obtain a desired result.

[0247] Number of paths. For example, if there is a first
potential power path which goes from 804 to 810c¢ to
8105 to 810a to 806, and a second potential power path
which goes from 804 to 810g, to 810, to 810e, to 806,
then the power provided at a target could be less than if
there was just one potential power path. In that case, if
there were not addition devices requiring power along
both potential power paths, a user may prefer the wire-
less power system adjust itself so that only one potential
power path is enabled, thereby improving the end-to-end
performance of the system for the specified use case.
That is, in embodiments, it may be preferable to allow a
user to determine how many and which power paths
should be established for a particular application.

[0248] Interaction of paths. For example, the first and
second potential power paths discussed above may be
close enough that there may be interactions between the
components identified as belonging to one path or the
other. The modeling module could be used to calculate
the performance of the system as various components
are added and removed from the paths, therefore allow-
ing the user to see the functional implications of allow-
ing potential power transmission paths to interact or not.

[0249] Repeater model/characteristics. For example,
there may be different models/types of repeaters which
may have different sizes, power hopping efficiencies,
power handling capabilities and the like.

[0250] Interactions between distance and number of
paths. For example, it may be that by adding repeaters
810¢, 8107, and 810g to the wireless power transmission
region that the maximum distance between repeaters
could be increased from 1 foot to 2 feet, due to redundant
transmission paths.

[0251] Comparisons between two configurations of
repeaters. For example, modeling may allow a user to
determine if it is more efficient (or preferred according
to any other user requirement or desired operating char-
acteristics) to have a first potential power path (8104,
8105 and 810¢) and a second potential power path (810e,
8107, 810g), or to have a single potential power path
which has repeaters spaced half as far apart (i.e. at each
D/2 rather than at each D).

[0252] Redundant use. In another example, a user may
want to know if it is better to route energy from 810¢, to
8105 to 8104 to 806 and 810g to 8107to 810e to 806, or
if it is okay to route from 810c to 8105 to 8104a and also
from 810c¢ to 8104 to 810e so that in this case repeater
810c¢ is used by two (or more) paths.

[0253] Malfunctioning repeater. In the case where
repeater 8104 may not support energy “hopping” with
the desired and/or expected efficiency (which can be
evaluated as will be discussed), reports and/or results
from the modeling module may advise the user/installer
as to whether it is better to remove, detune, or otherwise
turn-off the repeater at 8104 and just send energy from
810c¢, to 8104, to 810a, and then to the target or to utilize
multiple power paths to transfer the energy.

[0254] Multiple transmitters/receivers. For example, the
modeling module may calculate and report the energy
saving’s/benefits of using one transmitter for path 1 and
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1 transmitter for path 2, or using a single transmitter

which powers both 810¢ and 810g from a midpoint.
[0255] Various values may be entered into the modeling
module for parameter values including,
[0256] for example: how much power will be needed
(P,,..) at the device 806; how much power will be transmitted
(P,,...s); the distance between repeaters (R ;,,, if the distances
are uniform, R, . .. R,,,, if the distances vary); the dis-
tance between the transmitter and the closest repeater (T ;.,);
the number of paths by which power may be transmitted
(P, aems): the efficiency of the repeaters (P,4); and number of
repeaters (R ); the influence on one path by another (P, -
Auence); the model #’s of the wireless power system compo-
nents; and the characteristics of various components.
[0257] Any and all of the calculations that the modeling
module may execute may be similar to and/or related to
calculations that are currently performed using electromag-
netic simulation models and tools described at least in U.S.
Pat. No. 7,741,734 issued on Jun. 22, 2010 and entitled
“Wireless non-radiative energy transfer,” U.S. Pat. No. 7,825,
543 issued on Nov. 2, 2010 and entitled “Wireless energy
transfer,” U.S. Pat. No. 8,076,801 issued Dec. 13, 2011 and
entitled “Wireless energy transfer, including interference
enhancement,” U.S. Pat. No. 8,362,651 issued Jan. 29, 2013
and entitled “Efficient near-field wireless energy transfer
using adiabatic system variations,” U.S. Pat. No. 8,461,719
issued Jun. 11, 2013 and entitled “Wireless energy transfer
systems,” and U.S. patent application Ser. No. 13/668,756
published on Jun. 20, 2012 as 2012/0159956 A1 and entitled
“Wireless energy transfer modeling tool,” and incorporated
by reference in their entirety herein. In embodiments, the
components of a wireless power transfer system may be
described by their intrinsic Q’s, the perturbed Q’s, their cou-
pling coefficients, k, their Strong Coupling Figure of Merit,
U, their coupling rates, k, their loss rates, G, and by or using
any of the formalisms such as coupled mode theory, circuit
theory, as described in this and the incorporated references. In
embodiments, calculations may be performed for a variety of
system parameters, ranges of system parameters and the like.
For example, calculations may be performed for different
system operating frequencies, for different source sizes, for
different repeater-to-repeater U’s, for different load imped-
ances, and the like. In embodiments, a modeling module may
run simulation software with similar capabilities to those
currently associated with WiTricity’s simulation tool referred
to as WiCAD. As systems and modeling capabilities improve,
we anticipate that improved modeling capabilities may also
be incorporated into modeling modules of the PPC described
herein.

[0258] The PPC modeling module 1322 may operate upon
the calibration results for tile repeaters which were obtained
during a calibration routine and stored in the reports module
1320, and can graphically present different potential deploy-
ment choices to a user using the display module 1306. For
example, the PPC 1002 can allow the user to calculate the
energy usage which may occur by implementing different
wireless power schemes and paths. The user can calculate the
efficiency that would be obtained by turning a repeater tile off
by toggling that module “off” in the model. The user could
then compare that calculated performance to the calculated
performance for the path including the potentially sub-par tile
repeater by toggling the sub-par repeater “on” in the model.
These results might also be compared to what would occur by
sending power along various alternative routes. For example,
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the user may compare what would occur by sending power
from the transmitter §02a or 8025 to the receiver 8065 along
path 810-J5 to 810-J8. Alternatively, the user can determine
what would occur by sending power along a first path J1-J4,
and through J8 compared to what would occur by sending
power along a second path from J8 to J11 to J10to J5 to 8065,
compared to a third path J8-17-J2-J1-8064. In the first route,
the energy travels through 5 repeaters but they are closer
together than the 4 repeaters which comprise the second path.
Further the modeling module can allow a user to determine
what would occur using both routes to transmit power simul-
taneously both in terms of efficiency, total power transmitted
(in terms of what would be available to the device 8065) and
other variables.

[0259] The PPC model module 1322 can further operate the
communication module 1308 to then allow the user to pro-
gram the components of the wireless network (e.g. 802, 806,
810-J1 to 810-J16) in order to implement the selected solu-
tion. After a solution is programmed, the PPC’s modeling
module 1322 may be used to verify the solution works as
intended, using the comparison routines provided by the
modeling module 1322. For example, the modeling module
1322 may calculate certain measurements that should be
obtained in a particular point in the wireless power network,
and can instruct a user to make one or two measurements.
These measurements can then be compared to the modeling
results in order to verify that the wireless power network is
working as expected, and that the measurements are within
the user-selected and/or model-specified limits. In the case
where the measurements within a specified accuracy, then the
wireless power system may be considered properly installed
and set-up and wireless power transfer can be initiated. If the
measurements are not within a specified accuracy for the
modeled system, then additional calibration of the system
may be done and, if needed, additional calculations and mod-
els may be suggested and evaluated.

[0260] An example of this procedure can be understood by
examining the components shown in FIG. 9 and the method
outlined in FIG. 14. In this example, assume the components
in the room depicted in FIG. 9 have undergone at least one
calibration routine. Assume also that the 50% efficiency asso-
ciated with repeater tile 810-J9 is an indication that repeater
tile 810-J9 is less functional than the other repeaters in the
array. A user/installer may use a PPC modeling module 1322
to model a potential power path that includes repeater tile
810-19, and may instruct a user and/or installer to measure at
least one of a current, voltage, power level, field strength, and
the like, at various positions along the path. These empirical
measurements can be compared 1406 against the results that
were modeled in order to determine if the real performance of
the network is within a selected acceptable tolerance limits. If
so, the results may be stored 1410 and the system may be
operated 1412. If not then system parameters may be modi-
fied according to system adjustment rules 106 the results may
be re-evaluated and/or sensed 1404 before being turned on.

[0261] The power module 1326 of the PPC 1002 may pro-
vide modeling, measurement and design capabilities for
devices comprising power storage utilities such as batteries,
capacitors, super-capacitors and the like. In embodiments, a
PPC may be able to model and measure circuitry related to
power conversion, such as DC to DC converters, DC to AC
converters, and AC to DC converters, buck and/or boost con-
verters, rectifiers, synchronous rectifiers, regulating rectifi-
ers, over-current/voltage/temperature circuits, as well as
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other types of regulation and power safety circuitry. The
power module 1326 may also support measurement of how
much power remains, how much power is being used, a his-
torical record of how much power was harvested, transmitted,
or used, and the like.

[0262] A wireless power system can have a wireless power
transmitter that is configured to transmit a wireless power
signal to a device and also a wireless power receiver that is
configured to measure a signal being harvested by a device.
The transmitter and receiver can be in the same device or two
different physically distinct devices, and at least one of these
devices may be configured to implement calibration software
that may be operated within a control module 1304 that is
configured to perform a calibration procedure by modifying
either the signal that is transmitted, or the harvesting param-
eters of the receiver, according to a calibration procedure
protocol that can be stored in a memory module 1312. Alter-
natively, the software can be operated in a wireless power
system manager device 15 which controls and manages the
various components of the system. Alternatively, the software
can be implemented in a PPC 1002.

[0263] The PPC 1002 may be configured with an environ-
mental/location module 1324 which may be able to calculate
the position of a component and to provide this position
information as part of the calibration routine. The PPC 1002
may operate its modeling module 1322 to build a model of the
system by requesting (e.g. or RFID information obtained via
the communication module 1308), sensing (e.g. via optical
sensor of the environmental/location module 1324), and/or
assigning or allowing a user to assign, via user input module
1316 an identification value to any device which it is calibrat-
ing.

[0264] The PPC modeling module 1322 can also create a
model of where the different system components are located
relative to each other based upon the identification code of
each device and its location. The PPC 1002 software may be
configured to operate communication circuitry 1308 to com-
municate with a system component to obtain information and
send commands that control the component.

[0265] The PPC 1002 may be aportable device thatis hand
held or may be a device such as a device positioned on a cart
with wheels. In this case, the horizontal distance from the
floor can be adjusted in order to control the distance between
the target device (e.g., floor tile) and the PPC for increased
accuracy of measurement. The PPC can also contain location/
triangulation circuitry, transmitters, and sensors needed to
calculate the position within a room and determine if it is in
the correct location to perform a calibration reading (which
can be realized as part of module 1324). For example, a
calibration reading may not be accurate if the PPC 1002 is two
or three feet away from an intended location. When the
devices are repeaters 810 such as floor tiles, or components
that are located behind walls of a house, then the calibration
procedures may be improved when the PPC performs its
calibration from at least one or a set of specific locations.
[0266] The PPC can be configured to communicate with a
wireless system manager 900 and to obtain information about
the one or more devices that are being calibrated such as
information sensed from the device (e.g. the ID of the device,
its power requirements, it’s priority in a hierarchical set of
devices, etc.), the location of the calibration device and/or the
device that is being calibrated if this is at a distance. A cali-
bration device or system manager can contain a location
program which senses location information to increase the
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likelihood that the calibration device is located precisely with
respect to a device being calibrated or monitored.

[0267] During the calibration routine, a PPC can program a
device it is intending to calibrate in order to tune that particu-
lar device and detune one or more adjacent devices so that the
calibration signals may be sent and sensed in a controlled
manner.

[0268] A PPC may use a calibration routine that imple-
ments N calibration signals which are presented in series
during the procedure. The signals can change in power, center
frequency, orientation, or any other characteristic parameter.
For example, a calibration routine may use a high power
signal and a lower power signal and measure the amount of
power harvested when each signal is present in order to deter-
mine that a resonator is transmitting or harvesting in an
intended manner. Because there may be nonlinearities in the
transmission or harvesting, it may be valuable to collect mul-
tiple operational data points and to assess more than one of
these data points as part of the calibration evaluation.

[0269] In an alternative calibration routine, a PPC can
modulate the center frequency of the wireless power where X
is the intended operating frequency at which a device is sup-
posed to harvest maximum power, and X+fl and X+f2 are
both measured in order to determine the specificity of a sys-
tem.

[0270] Further, since a calibration routine may be config-
ured for deriving a set of operating parameters that work best,
and then adjusting the parameters of the receiving device or
the transmitter to achieve improved transmission, sweeping
the frequency over a range, may not only allow the device to
be evaluated, but may also serve to determine the optimized
system parameters that may be used after calibration.

[0271] Inan alternative embodiment, a wireless power sys-
tem comprises a PPC 1002, which may or may not provide
functions other than programming. In this case, the PPC 1002
may have an interface 1116 and circuitry 1308 for communi-
cating with a system component such as a repeater 810, and a
repeater 810 may be configured with an interface 17025
(shown in FIG. 17) and circuitry for communication 1308
with the PPC 1002. In embodiments, a repeater 810 may be a
relatively simple device, comprising relatively few compo-
nents, but the ability to provide for programming may greatly
increase the functionality of a repeater 810. In embodiments,
some repeaters may comprise a programming facility and
some may not. In embodiments, systems may be comprised
of'only programmable repeaters, of no programmable repeat-
ers, or of a mix of any ratio of programmable to non-program-
mable repeaters. In embodiments, a programming interface
1116 can include a physical connection 17025 for connecting
a PPC 1002 to a system component and permitting signals to
be communicated between the PPC 1002 and the component
810. An interface can also be realized as wireless communi-
cation circuitry of the communication modules 1308 permit-
ting signals to be communicated between the programmer
1002 and the device 806. The PPC 1002 programming mod-
ule, may be part of the adjustment module 1318, and can be
configured to allow the PPC to program the control module of
the repeater 1308, whereby the parameters of hardware of the
repeater 810, which are implemented by its control module
1304 may be adjusted. The PPC 1002 can also be configured
with a monitoring module, which may be realized as either a
power receiver module 1302 configured to allow the PPC
1002 to monitor power signals relayed by the repeater 810, or
by a communication module 1308, which receives relevant
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data such as the characteristics of power harvested by the
repeater 810 or other characteristics of the repeater 810 opera-
tion, such as the values of programmable parameters which
are sent to the PPC by the communication module 1308 ofthe
repeater 810. The programmer 1002 can comprise a display
module 1306 configured to allow the programmer 1002 to
display information such as the power harvested by the
repeater 810 which it is monitoring. The programmer 1002
can also be provided with wireless communication circuitry
1308 to permit signals to be communicated between the pro-
grammer 1002 and a remote system component, such as a
remote power transmitter 802, power system manager 900, or
other PPC 1002.

[0272] Further the PPC 1002 can be a programmer-only
device (i.e. there is no calibration functionality provided to
the PPC) which can be configured with an input module 1316
which is controlled by at least one manual adjuster such as a
knob which allows a user to modulate a parameter which may
be related to the operation of a programmer 1002, or may be
a parameter which is communicated to a device 806 being
programmed. For example, a user may turn the knob, and the
programmer 1002 may send a signal to a device 806 being
programmed which serves to change the capacitance of the
resonator circuit associated with the resonator coil 808 of the
device being programmed. In this manner the controls of the
programmer 1002 can serve to control the devices 806 being
programmed. The programmer 1002 can also have other con-
trols which interact with the input module 1316 to allow the
user to modify the operations of the programmer 1002. While
the programmer may only contain a few circuits and may use
the power of the devices it is programming when this power is
received via a wired connection of the communication mod-
ule 1308 or power module 1326, the PPC 1002 may also be
designed as a more sophisticated device which includes many
of'the components found in today’s portable electronics such
as software, a CPU including a real time clock, a memory,
communication circuitry, ports such as USB ports, wireless
communication capabilities, network discovery and access
capabilities and a power source, to name a few. A programmer
1002 control module 1304 may be configured to enact an
energy monitoring protocol whereby a characteristic of the
energy that is monitored is stored in a memory module 1312.
In embodiments, characteristics of the energy may be moni-
tored over time according to a monitoring protocol imple-
mented by the control module 1304. The system component
being programmed, such as a device 806 or repeater 810, may
be configured with circuitry for adjusting its wireless power
harvesting characteristics based upon communicating with
the programmer 1002. When there is provided means for
communication between the repeater 810 and the program-
mer 1002, then the repeater 810 may be configured with
circuitry for providing the identification data (e.g., its model
or serial number) to the programmer device 1002.

[0273]

[0274] Anenergy consumption module (ECM) can provide
anumber of important advantages to a wireless power system.
An ECM can be implemented as part of a modeling module
1322 and can monitor, measure, and model the performance
of'a wireless power system 800 in order to calculate, report,
and/or display consumption results. A consumption result
may reflect how much power is transmitted from a transmitter
802 or received at a target component (e.g., harvester 806 or
repeater 810). Although an ECM may be provided in the PPC
1002, it also may be provided as a module of at least one
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component in a wireless system 800, such as the wireless
system manager 900, or may be distributed across compo-
nents. Although an ECM is realized with the modeling mod-
ule, and can operate on simulated system components with
defined operating characteristics, its value may also be real-
ized by measuring empirical energy provision, harvesting,
and usage, for example. An ECM may also utilize a mixture of
real and simulated wireless power system 800 components in
order to determine the modeled result of adding an additional
component to an existing system.

[0275] In embodiments, it may be preferable to be able to
measure how much energy is transmitted from a source 802 in
order to understand the amount of transmitted power that has
been provided. Various consumption results can be calculated
by an ECM, such as the energy transmitted. The consumption
result can be calculated and reported as a measure relating to
an integrated sum, a historical average, a measurement for
short interval of time or instantaneously, or an estimate of
hourly, daily, or monthly energy usage. Consumption results
may be modeled over virtual time periods, for example, based
upon the present amount of energy transmission or a sample
from a recent period that may be defined by a user, or may be
based upon actual measures over those time periods. Because
energy may be transmitted on a “per-request” basis rather
than on a continuous or periodic schedule, the amount of
energy that has been used for transmission may not be easily
determined without the use of an ECM. Accordingly, con-
sumption results can be computed for “per-request” usage.
[0276] An energy transmission monitor, realized by an
ECM, may be part of a power transmission module 1314. An
ECM may be configured in order to send a wireless alert (e.g.,
text or e-mail message) to a user via a communication module
1308, or may display a visual or other indicator, using the
display module 1308, if energy transmission usage goes
beyond consumption criteria such as upper or lower energy
transmission thresholds which may be stored in a memory
module 1312. An unintended increase in energy usage may be
important to detect and operated upon so that consumers do
not end up using much more power than they anticipated. For
example, the transmitted energy in a wireless power system
may unexpectedly increase to compensate for system effi-
ciency changes owing to changes in temperature, a faulty
resonator of a wireless power transmitter, receiver and/or
repeater, or any other factors that may influence efficiency of
a wireless power reception and/or transmission system.
[0277] In embodiments, it may be desirable to measure a
consumption result such as how much energy has been
received by a particular component of the wireless power
system in order to understand the amount power that has
actually been received by an intended target and also to iden-
tify potential losses in an end-to-end system.

[0278] Inembodiments, it may be desirable to measure and
derive a consumption result such as the transmission effi-
ciency by comparing the power transmitted with the power
received. In one embodiment, this may be done by an ECM of
a modeling module 1322 using data transmitted wirelessly to
the ECM from different components of the wireless power
system 800. This information can also be inputted by a user,
such as by using a software interface, can be measured by a
system component within which the ECM resides, at least in
part, or can be computed based upon information sent to the
ECM from a calibration device 1002 after a calibration ses-
sion is performed, in the case where the ECM does not exist
within the calibration device 1002 itself. An ECM can also
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operate upon historical data stored by at least one wireless
system component, such as the master component 900, which
may communicate the data to the ECM. Additionally, the
master component may obtain, or measure, historical data
from the other system components and then provide these
data to the ECM.

[0279] An ECM may be realized primarily in software,
hardware, or a mixture of the two and can be realized dis-
cretely within the modeling module 1322 or may use compo-
nents from other modules. An ECM may provide its con-
sumption results to a display, communicate these results over
a wireless communication system, and/or store these results
within a historical log within the memory of a least one
component in which it is realized. An ECM may be config-
ured to detect a consumption result such as a change in the
efficiency of a system and if the consumption results exceed
a consumption criterion then a consumption contingent
operation may result such as alerting a user and/or system
provider to such changes. If a consumption result exceeds a
consumption criterion the ECM may also perform other
operations such as: a) changing an operating characteristic of
the wireless power system 800 such as the amount of energy
that is transmitted; b) requesting permission from a user and/
or system provider to make a change to the wireless power
system 800; ¢) adjusting an operating characteristic of the
wireless power system for at least a selected interval of time.

[0280] A wireless power system may result in unantici-
pated cost and energy usage when it is used in manners that
were unintended or when components of the system are not
working correctly. For example, if a device 806 such as a
cell-phone transmits a request to any available transmitter
802 to be charged and a transmitter 802 transmits a power
signal that is not harvested well by the device 806, then the
system may operate inefficiently. Further, if there are unex-
pected power drains due to, for example, a malfunctioning
repeater 810, then this may also increase energy consumption
above what would be expected or desired by a user. In
embodiments, it may be desirable to allow a user to provide,
or to interact with an ECM that may provide information
about energy costs, or costs at different times of day, so that
the ECM can calculate consumption results, for the entire
system or system components such as transmitters or receiv-
ers. The consumption results may include for example,
energy usage (e.g., watt hours), costs, and summary statistics
related to time intervals including hours, days, months, time
intervals such as 9 a.m. to 5 p.m. More than one ECM may be
implemented within a wireless power system such as being
included within a repeater 810, device 806, or other compo-
nent of the wireless power system 800 in order to assist a user
in determining how the costs of the system are distributed
across the different components of the system 800.

[0281] An ECM can be realized as a component within a
wireless power system 800 which has at least two wireless
power system components including a wireless power trans-
mitter 802 and a receiver 806. An ECM can be configured to
measure the amount of power that has been received by one or
more selected network components. An ECM can be config-
ured to compare the amount of electricity that has been
received by at least one component of the network with the
amount of power that has been transmitted by a different
component of the network in order to obtain a consumption
result related to relative energy reception level known as a
“transmission efficiency”. Another type of relative energy
consumption result that may be calculated is the amount of
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power that has been received by at least one component of the
wireless power network compared to a reference value (such
as a historical amount of power received by that component).
Another type of consumption result is the amount of power
that has been received by at least one component of the
wireless power network which reflects an absolute energy
reception level. An absolute energy transmission amount or
level is a consumption result that may be calculated as the
energy required to operate the transmitter. If energy transmis-
sion or the power required to provide this transmission
increases above or decreases below a consumption criterion,
then the ECM may perform a consumption operation defined
for that consumption condition. Correspondingly, if power
reception increases above or decreases below a consumption
criterion, then the ECM may perform a consumption opera-
tion defined for that consumption condition. Additionally
consumption criteria may apply to the variance of energy
reception or transmission, whereby if the variance exceeds a
range defined as a consumption criterion (as may occur if
there is instability of wireless network system performance),
then a compensatory or other operation may occur. The con-
sumption criterion can be applied to an absolute or relative
consumption result.

[0282] When modeling or adjusting a system, the user or
device can hold certain parameters constant, and adjust at
least one other system parameter. In embodiments, multiple
parameters may be simultaneously or sequentially adjusted.
For example, distance, orientation of the coils, and transmis-
sion coil type in relation to at least two system components
can be held constant, while transmission frequency, tempera-
ture range, and geometry of the receiver coil (shape, size, or
number of coil loops) can be adjusted.

[0283] Section [I—Repeater Management

[0284] A wireless power transfer system may incorporate a
repeater resonator configured to exchange energy with one or
more source resonators, device resonators, or additional
repeater resonators. A repeater resonator may be used to
extend the range of wireless power transfer. A repeater reso-
nator may be used to change, distribute, concentrate,
enhance, and the like, the magnetic field generated by a
source or another resonator of a wireless power system. A
repeater resonator may be used to guide magnetic fields of a
source resonator around lossy and/or metallic objects that
might otherwise block the magnetic field. A repeater resona-
tor may be used to eliminate or reduce areas of low power
transfer, or areas of low magnetic field around a source. A
repeater resonator may be used to improve the coupling effi-
ciency between a source and a target device resonator or
resonators, and may be used to improve the coupling between
resonators with different orientations, or whose dipole
moments are not favorably aligned.

[0285] An oscillating magnetic field produced by a source
magnetic resonator can cause electrical currents in the con-
ductor part of the repeater resonator. These electrical currents
may create their own magnetic field as they oscillate in the
resonator thereby extending or changing the magnetic field
area or the magnetic field distribution of the source.

[0286] In embodiments, a repeater resonator may operate
as a source for one or more device resonators. In other
embodiments, a device resonator may simultaneously receive
a magnetic field and repeat a magnetic field. In still other
embodiments, a resonator may alternate between operating as
asource resonator, device resonator or repeater resonator. The
alternation may be achieved through time multiplexing, fre-
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quency multiplexing, self-tuning, or through a centralized
control algorithm. In embodiments, multiple repeater resona-
tors may be positioned in an area and tuned in and out of
resonance to achieve a spatially varying magnetic field. In
embodiments, a local area of strong magnetic field may be
created by an array of resonators, and the position of the
strong field area(s) may be moved around by changing elec-
trical components or operating characteristics of the resona-
tors in the array.

[0287] In embodiments, a repeater resonator may be a
capacitively loaded loop magnetic resonator. In embodiments
a repeater resonator may be a capacitively loaded loop mag-
netic resonator wrapper around magnetic material. In
embodiments, the repeater resonator may be tuned to have a
resonant frequency that is substantially equal to that of the
frequency of a source or device or at least one other repeater
resonator with which the repeater resonator is designed to
interact or couple. In other embodiments, the repeater reso-
nator may be detuned to have a resonant frequency that is
substantially greater than, or substantially less than the fre-
quency of a source or device or at least one other repeater
resonator with which the repeater resonator is designed to
interact or couple. Preferably, the repeater resonator may be a
high-Q magnetic resonator with an intrinsic quality factor, Q,,
ot 100 or more. In some embodiments, the repeater resonator
may have quality factor of less than 100. In some embodi-

ments, 1/Q,Q,>100. In other embodiments, 1/Q,,Q,>100. In
still other embodiments, v/Q,, Q,,>100.

[0288] In embodiments, a repeater resonator may include
only the inductive and capacitive components that comprise
the resonator without any additional circuitry for directly or
physically connecting to sources, loads, controllers, moni-
tors, control circuitry and the like. In some embodiments the
repeater resonator may include additional control circuitry,
tuning circuitry, measurement circuitry, or monitoring cir-
cuitry. In embodiments, repeater resonators may be induc-
tively coupled to tuning, sensing, powering, control, at the
like circuitry. Additional circuitry may be used to monitor the
voltages, currents, phases, inductances, capacitances, and the
like of the repeater resonator. The measured parameters of the
repeater resonator may be used to adjust or tune the repeater
resonator. A controller or a microcontroller may be used by
the repeater resonator to actively adjust the capacitance, reso-
nant frequency, inductance, resistance, and the like of the
repeater resonator. A tunable repeater resonator may be nec-
essary to prevent the repeater resonator from exceeding its
voltage, current, temperature, or power limits. A repeater
resonator may for example detune its resonant frequency to
reduce the amount of power transferred to the repeater reso-
nator, or to modulate or control how much power is trans-
ferred to other devices or resonators that couple to the
repeater resonator.

[0289] In some embodiments, the power and control cir-
cuitry of the repeater resonators may be powered by the
energy captured by the repeater resonator. The repeater reso-
nator may include AC to DC, AC to AC, or DC to DC con-
verters and regulators to provide power to the control or
monitoring circuitry. In some embodiments the repeater reso-
nator may include an additional energy storage component
such as a battery or a super capacitor to supply power to the
power and control circuitry during momentary or extended
periods of wireless power transfer interruptions. The battery,
super capacitor, or other power storage component may be
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periodically or continuously recharged during normal opera-
tion when the repeater resonator is within range of any wire-
less power source.

[0290] In some embodiments the repeater resonator may
include communication or signaling capability such as WiFi,
Bluetooth, near field communications, and the like that may
beused to coordinate power transfer from a source or multiple
sources to a specific location or device or to multiple locations
or devices. Repeater resonators spread across a location may
be signaled to selectively tune or detune from a specific reso-
nant frequency to extend the magnetic field from a source to
a specific location, area, or device. Multiple repeater resona-
tors may be used to selectively tune, or detune, or relay power
from a source to specific areas or devices.

[0291] The repeater resonators may include a device into
which some, most, or all of the energy transferred or captured
from the source to the repeater resonator may be available for
use. The repeater resonator may provide power to one or more
electric or electronic devices while relaying or extending the
range of the source. In some embodiments low power con-
sumption devices such as lights, LEDs, displays, sensors, and
the like may be part of the repeater resonator.

[0292] In some embodiments a repeater resonator may be
used to improve coupling between non-coaxial resonators or
resonators whose dipole moments are not aligned for high
coupling factors or energy transfer efficiencies. For example,
a repeater resonator may be used to enhance coupling
between a source and a device resonator that are not coaxially
aligned by placing the repeater resonator between the source
and device aligning it with the device resonator as shown in
FIG. 15(a) or aligning with the source resonator as shown in
FIG. 15(b).

[0293] In some embodiments multiple repeater resonators
may be used to extend the wireless power transfer into mul-
tiple directions or multiple repeater resonators may be
arranged one after another to extend the power transfer dis-
tance as shown in FIG. 16(a). In some embodiments, a device
resonator that is connected to load or electronic device may
operate simultaneously or alternately as a repeater resonator
for another device, repeater resonator, or device resonator as
shown in FIG. 16(5). Note that there is no theoretical limit to
the number of resonators that may be used in a given system
or operating scenario, but there may be practical issues that
make a certain number of resonators a preferred embodiment.
For example, system cost considerations may constrain the
number of resonators that may be used in a certain applica-
tion. System size or integration considerations may constrain
the size of resonators used in certain applications.

[0294] In some embodiments the repeater resonator may
have dimensions, size, or configuration that is the same as the
source or device resonators. In some embodiments the
repeater resonator may have dimensions, size, or configura-
tion that is different than the source or device resonators. The
repeater resonator may have a characteristic size that is larger
than the device resonator or larger than the source resonator,
or larger than both. A larger repeater resonator may improve
the coupling between the source and the repeater resonator at
a larger separation distance between the source and the
device.

[0295] Insome embodiments two or more repeater resona-
tors may be used in a wireless power transfer system. In some
embodiments two or more repeater resonators with two or
more sources or devices may be used.
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[0296] Repeater Monitoring and Control

[0297] A wuser or installer of a wireless energy transfer
system may be faced with the task of setting up a system,
which may include one or more sources, one or more devices,
and/or one or more repeaters. During installation or use of the
wireless energy transfer system, the one or more sources,
devices, and repeaters may need to be adjusted for optimizing
energy transfer efficiency or any other parameter of the wire-
less power transmission system. In some embodiments, the
one or more sources and devices may be installed or other-
wise positioned once while the one or more repeaters may be
positioned freely. The user can activate, position, or otherwise
adjust repeaters to optimize power efficiency or any other
parameter of the wireless power transmission system.
[0298] FIG. 17 shows an embodiment of a repeater 810,
which may be configured to allow wireless energy to “hop”
amongst a set of resonators. The repeater 810 can include a
resonator coil (shown as a dotted arc in the figure signifying
a portion of the coil within the repeater housing) configured to
relay wireless energy and a control module 1304 configured
for control and monitoring of the repeater 810 components.
The control circuitry of module 1304 may be configured, for
example, to cause the repeater 810 to decrease power harvest-
ing by adjusting circuitry associated with the resonator in
order to disrupt power harvesting. The decrease in power
harvesting can be accomplished by methods such as adjusting
the circuitry of the resonator to cause detuning of the resona-
tor and/or opening a circuit so that electricity does not flow
along its otherwise intended path.

[0299] The control circuitry 1304 can be controlled by at
least one manual control of a set of manual controls 17084
such as a knob or on/off switch provided on the housing of the
repeater 810. In one embodiment, this manual control can be
used to allow a user to manually tune the resonance frequency
of a repeater 810, and the repeater can display how much
power is being harvested (or stored) using a display 1706a in
order to assist the user in manually tuning/detuning the
repeater 810. Alternatively, a communication module 1308
may be provided which is configured to send and receive
wired or wireless control signals that cause the circuitry of the
modules of the repeater 810 to be controlled. In this manner
the repeater can be turned on and off using an external device
such as a PPC 1002 using wireless communication 1308,
1308 or may be controlled by signals communicated using a
port 17025, wherein the port is configured allow physical
connection to a PPC 1002 that is configured to monitor and
control the repeater 810.

[0300] When the control circuitry 1308 is configured to
monitor a characteristic of the harvested and/or stored power,
it can be further configured to provide this information to a
display 17064 or by communicating with a PPC 1002, or a
remote transmitter 802 of a power network. The repeater 810
may be configured with a power storage module 1326 con-
figured for storing wireless power according to a power man-
agement protocol. The power management protocol may dic-
tate storing power during times when it is unlikely that other
devices 806 will use power generated by the wireless power
field generated by the repeater 810. These power storage
interval times may be coded into the memory 1312 of the
repeater 810 which may be compared to time values of a real
time clock of the CPU ofthe control module 1304. The power
storage interval times may be stored in a remote wireless
power transmitter 802 which may send control commands to
the repeater 810, or may be stored in a control/monitoring
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accessory 210 that has a port 17024 that may be configured to
be attached to the port 17025 of the repeater 810. The power
storage module 1326 may also be configured for storing wire-
less power according to a remote signal that may be sent from
a device 806 which it may normally power. For example, a
device 806 such as a TV may send a control signal to the
repeater 810 when the TV is turned on or turned off and the
repeater 810 can store the energy it receives only when the TV
is turned off In this manner the TV power needs are not
interfered by the repeater operations related to recharging its
power supply 1326.

[0301] A control/monitoring accessory 1710 can provide
certain advantages in various embodiments of the present
invention. For example, the repeater 810 can be manufactured
to be relatively simple such as only having a resonator, adjust-
ing circuitry for adjusting the wireless power harvesting, and
communication circuitry for communicating through the
port. Various other components which may exist in the
repeater can instead exist within a control/monitoring acces-
sory 1710. The control/monitoring accessory 1710 can be
attached to the port 17025 acutely in order to adjust the
repeater and then can be disconnected. Alternatively, a con-
trol/monitoring accessory can be attached to a simple repeater
for a longer interval in order to provide increased functional-
ity during that interval. In embodiments, the capabilities and/
or functionalities of a repeater resonator may be temporarily,
intermittently, periodically or permanently altered by a
dongle accessory which may be connected to the repeater
module in a wired or wireless fashion.

[0302] A repeater may be “associated” with a single device
806 such as a TV in this exemplary embodiment. This asso-
ciation may occur by programming communication modules
1308 of the repeater 810 and the communication modules
1308 of the harvester 806 of the device 806 to communicate
with each other. When a repeater 810 is associated with a
device 806, then it may operate to only modify its operation
based upon communication with the particular device 806
and to ignore other wireless signals from other devices. In this
manner arepeater 810 can serve as a dedicated wireless power
supply for a device 806. A repeater 810 can also be controlled
by wired signals which may be communicated from adjacent
system components through its port 170256. For example, a
device 806 such as a TV mounted on a wall, may have wired
connection to the ports 170256 of two repeaters 810 on the wall
and may send control commands over the wired connection to
the repeaters 810 that harvest wireless energy sent from a
remote transmitter 802.

[0303] Both the monitoring and control circuitry of the
control module 1304 of the repeater 810 can be configured so
that the circuitry can be programmably modified. For
example, the module 1304 can be modified to only monitor
the repeater 810 during certain times, or can be modified to
monitor the circuitry of the repeater 810 and only send signals
using the communication module 1308 to a remote device
806 or transmitter 802 when certain conditions occur. In one
embodiment the monitoring circuitry of the control module
1304 may be programmed to monitor temperature using an
environmental/location module 1322 and to send a signalto a
remote transmitter 802 if the temperature is a below or above
a range for which the repeater 810 may operate well. This
feature provides the advantage that the remote transmitter 802
may not waste energy transmitting energy when the repeater
810 is not able to efficiently harvest and/or repeat the energy
due to an inappropriate temperature range. Alternatively, the
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remote transmitter 802 may adjust its transmission character-
istics (e.g., increase the amount of energy it sends) in order to
compensate for decreased harvesting/repeating efficiency at
the repeater 810. The control circuitry 1304 of the repeater
810 can be programmably modified in order to, for example,
turn the repeater 810 on and off at different times, or control
any other aspect of the repeater’s operation.

[0304] A remote transmitter 802 can recognize and control
repeaters 810 when the control circuitry 1304 of the repeater
810 is further configured to respond to control commands
which may be transmitted with an ID. This ID may be hard
coded or programmably assigned to the repeater 810. For
example, the ID can exist in the memory module 1312 of the
repeater 810, and may use RFID technology. When the
repeater 810 is further configured with a temperature sensor
in its environmental/location module 1324, then the monitor-
ing circuitry of the control module 1304 can be configured so
that ifthe temperature of the room is outside of a certain range
that control circuitry 1304 either modifies the circuitry of the
repeater 810 to increase energy harvesting/repeating effi-
ciency, halts energy harvesting/repeating, or sends a signal to
a remote transmitter 802. Accordingly, the repeater’s tem-
perature module 1324 and the control module 1304 can
modify the power harvesting operations of the power receiver
module 1302, or remote power transmission from a transmit-
ter 802, based upon the data provided by the temperature
sensor 1704a of the environmental/location module 1324.
[0305] The repeaters 810 can have individual identification
numbers provided by electronics, RFID, or labeling disposed
on the housing of a repeater (e.g., serial numbers). A display
17064 of a repeater 810 can be configured to display infor-
mation related to repeater ID information, related to the char-
acteristics, serial number, or model of the repeater 810. The
display 1706a can also show data related to wireless power
harvesting including current power level, recent statistics
related to power harvesting. The display can also display
other information calculated in the repeater modules or which
may be sent by components of the wireless power system 800
and received by the repeater 810.

[0306] The display 17064 can be an LED panel which may
display at least one color of light in order to provide lighting,
such as ambient room lighting. The display 17064 can also
provide signaling by changing colors during certain condi-
tions such as turning green when power is being effectively
harvested/repeated or flashing yellow if there is a problem.
The repeater 810 may have a sensor 1704a or timer in its
control module 1304 in order to provide lighting via the
display 17064 only at certain times, such as a light sensor for
only emitting light at night. The repeater display may also be
configured to display a clock time.

[0307] The control electronics of the control module 1304
can be adjusted by a user by means of the set of controls
1708a. This may include including mechanical switches (on/
off switch), and “dimmer knobs” which can control such
aspects as lighting level, or which can provide for manual
tuning of the circuitry associated with the resonator (e.g.,
adjustable resistors or capacitors).

[0308] A wireless power transfer system 800 may incorpo-
rate repeaters 810 configured to exchange energy with one or
more transmitter 802 resonators, device 806 harvesting reso-
nators, additional repeater 810 resonators or other wireless
system components. A repeater 810 may be used to extend the
range of wireless power transfer. An oscillating magnetic
field produced by a source magnetic resonator can cause
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electrical currents in the conductor component (i.e. “resona-
tor”, “coil”, or “secondary”) of the repeater 810. These elec-
trical currents may create their own magnetic field as they
oscillate in the resonator thereby extending or tailoring the

magnetic field area or “distribution” of the transmitted field.

[0309] A single repeater 810 or pairs of repeaters as shown
in FIGS. 15-16 may be used to tailor, distribute, concentrate,
and enhance, the magnetic field generated by a source at the
location of the repeater. A repeater 810 may also be used to
guide magnetic fields of a source resonator around lossy
and/or metallic objects that might otherwise block or perturb,
the magnetic field in an undesired manner. The PPC 1002 can
assist in situating the repeaters 810 by modeling and then
assessing the resulting fields of different candidate locations.
A repeater 810 may be used to improve the coupling effi-
ciency between a source and a target resonator. For instance,
repeaters can be used to improve the coupling between reso-
nators with differing orientations (buy relaying a projected
field onto a plane that is different from the original field), or
whose dipole moments are not favorably aligned. A further
example is a network where a first resonator is in a null (k=0)
of a second resonator, such as two type-A resonators that are
perpendicular to each other and with their centers aligned. At
that position, there may be little or no coupling between the
resonators. A repeater, oriented at some angle relative to both
resonators, for example 45 degrees, positioned in the vicinity
of the perpendicular pair, provides for energy to now be
coupled because the repeater is not in either of the other
resonators’ null. Using N repeaters situated at angles of
90/N+1, may further improve transmission.

[0310] Inorderto assist in aligning fields, repeaters may be
mounted on structures that allow their rotations in the x/y/z
plane to occur as per FIGS. 20(a)-(e), and FIGS. 28-30. The
structures or sets of repeaters may use an electric motor to
change the angle of the repeater, or the repeater coil, in
response to commands communicated from a source 802,
device 806, or other system component, or in response to data
it senses when it automatically tests two or more orientations.
When adjusting orientation in response to sensed data, the
adjustment module 1318 may operate a protocol which acti-
vates an electric motor in order to change the orientation of
the repeater. As shown in FIG. 29(a), in one embodiment, a
resonator coil 4045 of a repeater can be reoriented by a motor
in a resonator base 402¢, and the angle which produces the
best wireless power coupling may be selected, at least tem-
porarily under control of the adjustment module 1318. Future
adjustment can be made based upon a schedule, where the
orientation may be reassessed. Alternatively, there may be
three resonator coils and one or more coils can be oriented at
a particular time, while the remaining coil or coils are static.
This paradigm can exist for other components of the wireless
network as well. Alternatively, if two repeaters reside within
a small particular region, then the network may compare the
energy at the two repeaters. If one repeater is able to harvest
and relay a field more efficiently then the repeater, or the
network, may send a command either wirelessly or over a
cable, to the other repeater to detune it, in order to avoid
interference or shadow effects. FIG. 30 shows an embodi-
ment of a top-view a repeater with two resonators 3000a and
30005 positioned approximately orthogonal or perpendicular
to each other may achieve a better efficiency in wirelessly
transferring power from a power supply with source resonator
802 to a load with device resonator 808.
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[0311] In embodiments, a repeater resonator may operate
as a source for one or more device 806 resonators. In embodi-
ments, a device 806 resonator may serve as a repeater if it
simultaneously receives a magnetic field and repeats a mag-
netic field, as may occur when the device 806 is not using
power or needs only some of the power it is receiving.
Accordingly, a particular resonator of the system may alter-
nate between operating as a transmitting (source) resonator,
harvesting (device) resonator, or repeater resonator. The alter-
nation may be achieved through time multiplexing, frequency
multiplexing, self-tuning, time-sharing or through a control
algorithm implemented by any of the components of the
system 800. In embodiments, multiple repeaters 810 that are
positioned in an area can be manually or programmably tuned
in and out of resonance to achieve a spatially varying mag-
netic field.

[0312] In embodiments, a local area of strong magnetic
field may be created by an array of resonators, and the posi-
tion of the strong field area may be adjusted by changing
electrical components or operating characteristics of the reso-
nators in the array. For example, varying the impedance or
operating frequency of a set of resonators may allow for the
creation of so-called “hot spots” or regions of relatively high
amplitude oscillating magnetic fields. It may be useful to be
able to change the location of these hot spots. When the
network relies upon GPS or location sensing, then the hot
spots may be adjusted to track a handheld device which
receives the power. If a user places a lamp in a corner of a
room, the network may preferentially deliver power to the
lamp by creating a hot spot in that corner. At a later time, the
user may move the lamp next to a chair, or may turn on a
different lamp that is already next to the chair, and it may be
preferable for the “hotspot™ to follow the user and/or the lamp
to the “active” location. In this example, the lamp may send a
signal to the network manager 900, a user may use a network
controller (such as software in their cellphone to communi-
cates with a network manager 900) to change the hotspot, or
the network can be configured to sense the change automati-
cally. Hotspots can also be defined for quadrants of a room or
otherwise implemented. A master network manager 900 may
operate to tune capacitor networks, resonant frequencies,
impedance networks and other network components to adjust
the position and power level of the hotspot(s).

[0313] Repeater Maintenance

[0314] Insome applications, changes of parameters related
to the operating point of a repeater may create a runaway
effect that may negatively impact the performance of the
wireless power transfer system. For example, power transfer
and operation may heat components of the resonator, such as
the capacitors, changing their effective capacitance. The
change in capacitance may shift the resonant frequency of the
resonator and may cause a drop in power transfer efficiency.
The drop in power transfer efficiency may in turn lead to
increased heating of components causing further change in
capacitance, causing a larger shift in resonant frequency, and
so on. The various components of the wireless power system
800 may be able to adjust to environmental changes, and to
halt operation and/or provide a visual, auditory, or other sig-
nal to a user, or even wirelessly transmit a text message or
other digital alarm when the system malfunctions as
described above.

[0315] In embodiments of a wireless power transfer sys-
tem, components such as capacitors may be used in various
parts of the system. Electrical components, such as capaci-
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tors, for example, may be used as part of the resonator and
may set the resonant frequency of the resonator. Electrical
components, such as capacitors, may be used in an impedance
matching network between the power source and the resona-
tor and in other parts of the circuits as described herein.
Changes in parameters of the components due to temperature
may affect characteristics of the wireless power transfer sys-
tem such as the quality factor of the resonator, resonator
frequency and impedance, system efficiency and power deliv-
ery and the like.

[0316] Insomeembodiments the changes in parameter val-
ues of components may be at least partially compensated with
active tuning circuits comprising tunable components. Cir-
cuits which monitor the operating environment and operating
point of components and system may be integrated in the
design. The monitoring circuits may include tunable compo-
nents that actively compensate for the changes in parameters.
For example, a temperature reading may be used to calculate
expected changes in capacitance of the system allowing com-
pensation by switching in extra capacitors or tuning capaci-
tors to maintain the desired capacitance. In some embodi-
ments, open loop control may be utilized. For example, a
resonator may have stored a table of capacitance values that
should be added or subtracted from the resonator circuits to
maintain certain performance criteria as a function of tem-
perature. In embodiments, a temperature sensor may sense
the operating temperature of a resonator and a processor may
use the temperature reading to control the electrical param-
eters of a resonator.

[0317] Insomeembodiments, the changes in parameters of
components may be compensated with active cooling, heat-
ing, active environment conditioning, and the like, and these
components may be part of an environmental/location mod-
ule 1324.

[0318] Inembodiments, repeaters 810 may primarily func-
tion to relay the wireless power fields to adjacent components
of a wireless power system 800 from a transmitter 802 in
order to extend the reach of the transmitted magnetic field. In
embodiments, it may be desirable to turn off a repeater that is
to effectively remove it from the wireless power transmission
path. In embodiments that comprise multiple repeaters 810, a
subset of these repeaters may be turned off in order that the
field transmitted by the transmitter 802 is not distributed to
unwanted locations. In wireless power systems, potential
power paths may be deactivated and/or re-routing by turning
repeaters along the path on and off and or by detuning them.
The amount of power carried by different paths may be
adjusted by adjusting the resonant frequency of repeaters
along the various paths. In certain embodiments, it may be
desirable to turn off adjacent repeaters to a repeater being
calibrated in order to isolate the evaluation of a particular
repeater. For these reasons and others, it may be desirable to
provide a repeater with an on-off switch as one of its controls
1708a. Further, instead of an on-oft switch causing the input
module 1316 to break a circuit of wireless harvesting module
1302, it may be beneficial to detune the resonant frequency of
the resonator of the module 1302. In embodiments, a PPC
1002 can be configured with a calibration routine that can turn
off and/or detune a set of X resonators in order to test a subset
of'Y resonators where Y is 1 or more.

[0319] Repeater Subsets

[0320] When using a set of repeaters 810 to provide power
to a room, there may be reasons that a user may not want to
activate all repeaters 810. For example, as shown in FIG. 9,
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repeaters 810 can be incorporated into floor or rug “tiles”, and
these tiles can exist across the entire span of the room. In one
embodiment, the entire set of tiles can serve as a set of
repeaters, and within this set, there may be at least two sub-
sets. For this example, there is a device 800, such as a lamp in
the left corner of the room and this device 806 may be suffi-
ciently distant from the transmitter 802 that it may not receive
power directly from the wireless power source. In this
example, a set of repeaters may be arranged so that a first
subset of repeaters powers the left side of the room and a
second subset of repeaters powers the right side of the room.
Under certain operating conditions, there may be no reason to
activate the second subset of repeaters in order to provide
power to the lamp. Unless power is also needed in the right
side of the room, the wireless power system 800 may be
configured to simply direct power to the first subset of repeat-
ers 810. The subsets of repeaters can define two or more zones
of'a room, and the zones may be selectively activated.
[0321] This network design may have several advantages.
For example, providing power to a subset of repeaters rather
than an entire set can save power. This may be true for wire-
less energy transfer system with less than 100% efficiency.
Secondly, there may be situations where a fluctuation in the
fields of the first subset of repeaters causes fluctuations,
detuning, field shaping, and the like in an adjacent second
subset. Deactivating zones that are not needed may provide
for activated zone(s) that are more stable and/or more effi-
cient.

[0322] In embodiments where there may be multiple
sources powering different subsets of repeaters, it may be
desirable for the fields of the multiple repeater subsets to
interact. This could be desirable if there is a large power drain
on one of the resonator subsets. In that situation, enabling the
fields of the multiple subsets to interact could allow additional
power to be directed at the device to be powered. In this case,
for example, the excess energy of a first zone might serve as
a source or an additional source for a second zone.

[0323] Subsets, or individual repeaters 810 of the subsets
that define a zone, can be defined by having a user manually
turn repeaters 810 on or off using a manual switch on each
repeater, or using a repeater accessory 1710 or PPC 1002.
Additionally, if the subsets can be programmably defined,
then in the case where one or more repeaters is not function-
ing correctly, the subsets can be dynamically redefined so that
new clusters of repeaters are defined for each of one or more
subsets.

[0324] In one embodiment, a series of four switches are
provided on a wall, and these may look like “light switches”.
If a user switches any of the four switches to “on”, then a
particular repeater subset may be activated by the switch
communicating with a repeater and/or a system manager 900
and/or at least one corresponding transmitter 802, or other
system component. For example, the “light switches” may be
physically connected to transmitters 802 which power each
repeater subset or network components that turn subsets on
and off using either physical or wireless signals. The “light
switches” may communicate with a computer that serves as a
system manager 900 and which has been programmed to
activate or de-activate repeater subsets based upon the manual
control of auser. The wireless power management system 900
can be a dedicated device that can communicate with a com-
puter and which may be plugged into a wall outlet and may
send commands to various components of a wireless power
system. The “light switches” can also be similar to a keypad
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or touch sensitive display with a screen which allows user to
adjust which subsets of repeaters or “zones” are “on” or “oft”
in a room. An embodiment of this setup can be seen in FIG.
18, in which the wall control 1822 is configured in a hard
coded, or programmable manner, to control the provision of
power to selected devices, or zones in which the devices are
located. Unlike a conventional light switch, the control 1822
may be affixed to a wall and communicate power and data
signals entirely wirelessly, or the control may be wired. In
some embodiments, a first control can control power charac-
teristics of a first zone and a second control can control power
characteristics of a second zone.

[0325] In one embodiment, the system for providing wire-
less power may comprise a wireless power transmitter 802
and a set of repeaters 810, and the set may comprise at least
two subsets of repeaters. Each subset may contain at least one
repeater 810 which may be configured to harvest and/or relay
energy from a transmitter 802 and which is further configured
to be turned on or off or to be detuned. In one example, turning
off a subset of repeaters may cause power to be provided only
to a portion of a room rather than the entire room, such as
would occur when each of the subsets provides power to half
a room. A transmitter 802 can be configured with an input
module 1316 which allows a user to determine which of the
repeater subsets is active or alternatively, the controller of the
transmitter 802 operates a software program in its control
module 1304 to determine which of the repeater subsets is
active (as may occur based upon a time or date schedule)
Alternatively, the transmitter 802 may select the repeater
subset based upon a wireless request sent from a remote
device 806.

[0326] The input module 1316 of the transmitter 802 can be
configured in order to allow a user, a device request, or a
pre-defined program to redefine which of the repeaters is
contained in each of two or more subsets. The controller of the
transmitter 1304 can automatically redefine which of the set
of repeaters 810 is contained in each of two or more subsets
based upon a remote signal sent by a device 806 which
requests power and information contained in the controller
1304 such as the most efficient path to provide power to the
requesting device 806. Other data that the controller 1304 of
the transmitter 802 or the controller 1304 of the wireless
system manager 900 may use to define the repeater 810 sub-
sets are: signals sent from remote repeaters 810 or devices
806; calibration date; data related to temperature; historical
data related to usage patterns of wireless power within the
room; instructions implemented by a computer program; a
remote signal having information related to the location of a
device that may require wireless power.

[0327] Repeater Set Protocols

[0328] The wireless power system 800 may have a trans-
mitter 802 that may be configured to transmit wireless power
using at least one wireless power transmission protocol, a
target device 806 having a receiver 806 configured to receive
wireless power, and a first repeater subset and second repeater
subset. Each repeater subset can comprise a repeater 810
configured to relay power and to be controlled by at least one
component of the wireless energy transfer network 800, such
as the transmitter 802 and the receiver 806, in order to realize
a repeater set protocol. The repeater set protocol can also be
set and realized by a wireless system manager 900.

[0329] When the repeater set protocol is implemented by at
least the transmitter 802 and repeaters 810, then it can be
defined as part of the power transmission protocol imple-
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mented by the transmitters control module 1304, and there-
fore the protocol may be provided under the control of the
transmitter 802. Alternatively, the repeater set protocol can be
controlled by a target device 806 which interacts directly with
the repeaters 810 or indirectly via communication which may
be sent to at least one wireless power transmitter 802 which
controls the repeaters 810. Such communication can encom-
pass commands related to turning repeaters on or off, or can
contain information related to, for example, power usage,
location, or other aspects of at least one device 806. The
repeater set protocol may also be derived using stored infor-
mation the transmitter memory module 1312 has about where
devices are located in a room, pre-defined hotspots, or may be
adjusted using location information which is dynamically
sent by target devices 806, or sensed by the network, about the
location of devices in the room.

[0330] The repeater set protocol can define which repeaters
810 are activated, deactivated (e.g., detuned) and can also
determine what paths energy takes when moving from a
transmitter 802 to a target device 806. The repeater set pro-
tocol can also change the resonant frequency that the repeater
set is tuned to. For example, one repeater set can be tuned to
a first resonant frequency and a second repeater set can be
tuned to a second resonant frequency in order to increase the
independence of the two repeater subsets. This may also
decrease the propensity for the two repeater subsets from
interacting. In that manner, the two repeater subsets can be
differentially activated and/or provide power with different
characteristics.

[0331] The repeater set protocol can be one protocol that is
selected from a set of stored repeater subset protocols in the
memory module 1312 of a system component. The different
protocols may be activated in response to different condi-
tions. For example, the repeater set protocol may be one
protocol selected from a set of repeater protocols, said selec-
tion being accomplished as a function of time of day or as a
function of the results of a calibration routine, whereby more
efficient protocol is selected. Such a calibration routine may
be accomplished only when setting up the system, or may
occur periodically as part of a schedule, or in response to
certain events. A calibration routine may be accomplished
responsively to a communication signal received due to a
change in power being received by a target device. This can be
caused by some type of interference of an intervening struc-
ture that has entered the room since the last calibration session
occurred. The repeater set protocol may contain a default
protocol and at least one alternative protocol which may be
implemented if the default protocol does not meet a network
criterion, such as successfully providing a sufficient amount
of power to device 806.

[0332] Adjustable and Extendable Resonators and Repeat-
ers
[0333] FIG. 25 shows that system components such as

repeaters can be configured in order to accept “resonator
replacement modules™ 2512, also known as “resonator cells”,
so that network components can be adjusted to carry different
loads or implement different wireless power protocols. Reso-
nator replacement modules 2512 may be cost effective and
efficient because these modules may be exchanged within
system components in order to change the resonator charac-
teristics while maintaining much, if not all, the other circuitry
of the system component. FIG. 25 shows a repeater that is
able to accept a plug-in resonator coil in the form of a reso-
nator cell 2512. This modular replacement can also be accom-
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plished for other modules of system components such as the
capacitor-cells 2514 also shown in FIG. 25. In addition to the
resonator cells being replaceable, they may also be extend-
able, using a daisy-chain approach as shown in FIGS. 20(a)-
20(e). Inthe same manner that a laptop can be configured with
aregular battery or along-length battery (which may protrude
from the laptop casing), system components can have reso-
nator cells that extend beyond the housing of the components
and which may have connections that allow for connection
between multiple resonator cells 2512. Such daisy chaining
of resonator cells and/or components may be accomplished
when components are configured in order to be attached or
connected to each as will now be disclosed.

[0334] FIGS. 20(a)-20(e) show repeaters 810 can be con-
figured with connectors so that they (and their corresponding
resonator cells 2512) may be daisy-chained. Wireless system
components may be physically connected electrically in vari-
ous serial or parallel configurations. Connectors between
components can contain circuitry, sections of coil, and other
components for allowing the daisy-chained components to
function in an intended manner. In FIGS. 20(a)-20(e), “field
blocks™ are used. Field blocks may be used to house resonator
cells 2512 or repeaters 810 and may be the same shape as
normal repeater 810, but are configured for connecting to
other field blocks. When resonators cells 2512 or repeaters
are configured with housings having multiple ports and fas-
teners that allow them to be daisy chained, then the use of field
blocks may not be needed. However, for purposes of illustra-
tion, the following embodiments will rely upon the use of
field blocks.

[0335] InFIG.20(a), aset of 4 field blocks 2000 are shown
in an elongated arrangement and are electrically connected by
field block connectors 2002, which may contain electrical
connections for connecting sequential field blocks in a serial
or parallel manner. The top field block 2000 is shown housing
a repeater 810 and this can be the case in all the other field
blocks as well (not shown). A field block terminator 2004 may
allow the field-block structure to be connected to a device
such as a transmitter 802 or other component of a wireless
network. Accordingly, the field block structure may serve as
a set of resonators and/or resonator components that can
greatly increase transmission or reception. The field blocks
and field block connectors can be connected with physical
connectors which simply provide physical and/or electrical
connection or may also be provided with capacitive compo-
nents such as those embodied in the port connectors shown in
FIG. 31 and FIG. 32.

[0336] FIG. 20(b) shows field blocks configured for con-
nection at middle regions 2008, or configured for connection
at each end 2006. The field blocks 2006 and 2008 may be
electrically and/or physically connected by connectors 2002.

[0337] FIG. 20(c) shows hexagonal field blocks 2010 con-
nected to each other by connectors 2002, and a circular con-
nector block 2012 that allows rotation of the connector blocks
around the circumference of the field block housing in order
to adjust the angle between its two connector blocks 2012.

[0338] FIGS. 20(d) and 20(e) are alternative embodiments
of field block structures.

[0339] When repeaters 810 are configured with more than
one connection port, the repeaters can be arranged and daisy
chained using connectors 2002. The typical field block there-
fore may have at least two ports so that it can be connected to
at least one device using its first port and one other field block
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using its second port. Further, the resonators within each
repeater may be electrically connected to create a larger reso-
nator structure.

[0340] Instead of increasing the transmission or reception
structure through daisy chaining accomplished with ports, the
resonators in the system 800 may be configured to be adjust-
able. For example, the wireless power system 800 can use at
least one resonator coil that is configured to enable the cir-
cumference of a resonator coil to expand and contract. FIG.
21(a) shows a resonator tube 2100 with a proximal portion
21024 and distal portion 21025 having two different circum-
ferences. In order to create a coil loop, the proximal portion
2102aq is slid through the distal portion 21025. A loop of a
particular circumference may be formed by sliding the first
portion 2102a of the coil through the second portion 21026
until the desired circumference is obtained. FIG. 21(4) illus-
trates resonator tube 2100 of FIG. 21(a) configured into a
smaller loop or a larger loop. Friction may be relied upon to
cause the resulting loop to maintain its circumference, or
alternatively, various fasteners may be incorporated in order
to preserve a selected shape (not shown).

[0341] The capacitor and other circuitry which communi-
cates with the resonator tube 21024, 21025 may be adjust-
able, or programmable, and can be contained in a resonator
base 2104a. Resonator bases 2104a, 21045 may be config-
ured to be plugged into a resonator coil on one side, and the
other side may connect with other components of the wireless
power system such as a transmitter 802, or harvester 806, or
wand 1114 of a PPC 1002. Resonator bases 21044 may con-
tain an adjustment module 1318 in order to work with par-
ticular resonator coils. Additionally, resonator bases may be
configured to automatically adjust to different resonator coils
so that the user may experience plug-and-play functionality.
The connectors used by the resonator bases may be adapted to
engage only with certain types of connectors 2103 of the
resonator coil.

[0342] FIG. 21(c) shows two resonator modules 2108a,
21085 containing resonator coils 2106a and 21065 which are
of fixed circumference and which contain resonator bases
21045 and 2104c. The resonator bases 21045, 2104¢ allow
the coils to be plugged into system components. This may
occur without adjustment being needed. For example, since
the coil 2106a is smaller than 21065, the resonator bases
21045, 2104¢ will have appropriate capacitance circuitry so
that either resonator coil 21064, 21065 can be plugged into a
system component without much adjustment making them
approximately plug-and-play.

[0343] Inalternative embodiments, the wireless power sys-
tem and user of the system may change the size, shape, or
length of the resonators or otherwise adjust the physical
dimensions of the resonators. One manner is by utilizing
resonators that are interchangeable with other resonators
selected from a set of compatible resonators. FIG. 21(c) is an
illustrative example of this principle and shows two resona-
tors with circumferences of different sizes which are further
configured with resonator bases 21045, 2104¢, which may
have circuitry for allowing devices to be connected. The
resonator bases 21045, 2104¢ may be provided with imped-
ance or capacitance circuitry that is appropriate for their
respective resonator’s characteristics. Accordingly, the dif-
ferent resonators of a set of resonators related to a compatible
resonator class may be plugged into various devices without
additional adjustment by a user. A set of resonators may
include at least two resonators and each resonator can com-
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prise a resonator coil and a resonator base (adapter) which
may be configured to attach to a device and to also electrically
connect the resonator coil to the wireless energy harvesting
circuitry of the device. Each of the resonators may also be
configured with a resonator base that may be configured to
engage the wireless energy transmitting circuitry of a source.
The resonator bases can also contain adjustable components
which may be manually adjusted, such as at least one switch
that can be toggled to set the impedance at different values.
Impedance adjustment can also operate automatically by a
circuit of the resonator base, or this can be programmably
adjusted, for example by a PPC.

[0344] In the case where resonator coils may be changed,
re-arranged, or extended (e.g. via daisy chaining), then the
circuitry which connect to these coils may be adjustable to
compensate for changes related to the adjustments made to
the coils. FIG. 22 shows a resonator coil configured with
multiple loops 2200 configured for serial daisy-chaining to
create an extended helix. The loops may be connected in
series or in parallel or in some combination of series and
parallel, and the input and output connections to the ensemble
may be attached to aresonator base. The multiple loops can be
connected with physical connectors which simply provide
physical and electrical connection or may also be provided
with capacitive components such as are embodied in the port
connectors shown in FIG. 31 and FIG. 32.

[0345] FIG. 23(a) shows an alternative embodiment of a
resonator 2300a configured to enable one coil with a larger
circumference to be reconfigured as multiple smaller coils
23005, as seen in FIG. 23(b). The resonator coil base 2202
may have electronics which allow capacitance and other char-
acteristics of the circuit to function properly both when the
resonator coil is in the “folded” arrangement shown in FIG.
23(b) and the “expanded” arrangement shown in FIG. 23(a).
[0346] FIG. 24 shows an exemplary telescopic resonator
coil accessory 2400. The resonator coils can be configured as
a harvesting device which may be a telescopic resonator coil
accessory 2400 having an expandable housing 24024, and a
manual control 2404 which allows a user to adjust circuitry
related to harvesting, such as a variable capacitor. The
expandable housing can also contain power circuitry 1326
that may communicate with a connector port 2408 that allows
for a wired connection 2410 for connecting to a device 806
such as a cellphone 2406, and providing that device with
power. If the cellphone 2406 is configured for wireless power
reception then the telescopic resonator coil accessory 2400
may also be configured to operate as a type of wireless
repeater.

[0347] Wireless System Component Class Types

[0348] A first system class of wireless power 800 can com-
prise a wireless power transmitter 802 which has a single
resonator 804 which may be configured to work with a first
class of system components. A second system class can also
comprise a wireless power transmitter 802 which has a single
resonator 804 which may be configured to work with a second
class type of system components. Alternatively, a transmitter
802 can be configured to work with either the first or second
class of resonator (and either resonator can be plugged into
the transmitter 802) and either the first or second class of
system components. In other words, a transmitter 802 may be
designed to operate in conjunction with a first class of system
components, which are configured to operate in a first oper-
ating environment, or a second class of system components,
which are configured to operate in a second operating envi-
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ronment. In this embodiment, the first and second operating
environments may be sufficiently difterent that the first class
of system components would, when operated in the second
environment, produce a network error. A network error can
be, for example, a system in which some of the components
operate below a network efficiency criterion (e.g., power
transmission is below some threshold amount such as the
network operating at 80% of the expected efficiency).
Another example of a network error would occur if a power
system component of a first class would have an increased
risk of becoming damaged, or the occurrence of actual dam-
age.

[0349] FIG. 25 shows two classes of power system compo-
nents, which in this example are repeaters 810, for use in a
wireless power system 6. The two rows are representative of
first and second class system components. The top row shows
three Class A repeaters, of Type Al, A2, and A3. The bottom
row shows three class B repeaters of Types B1, B2, and B3. In
this example, Class A repeaters are designed to be used
indoors (with the corresponding temperature ranges), while
Class B repeaters are designed to be used outdoors, (with
corresponding temperature ranges, environmental condi-
tions, and the like). These exemplary embodiments are given
to illustrate the idea of classes but not to limit how the classes
might be implemented in any way. For example, Class C
repeaters may be a subset of Class B repeaters and may be
designed to be used outdoors in the summer. Other system
classes can relate characteristics of the power system such as
power level, operating frequency range, dipole moment ori-
entation, unshielded and shielded, incorporation of magnetic
material, weatherproofed, submersible, configured to be used
in medical environments, configured to be used in surgical
environments, configured to be used in higher magnetic field
environments, configured to be used in highly lossy environ-
ments, and the like.

[0350] Continuing with the exemplary embodiment of
repeater classes illustrated in FIG. 29, in addition to Class A
or B, the components shown in FIG. 25, have further have
subclass designations. In this embodiment, the numeric des-
ignation (of 1, 2, or 3) reflects how close the neighboring
repeaters should be for example. That is, since Class A, Type
1 repeaters are larger than Class A, Type 3 repeaters, Class Al
may work best as long as adjacent components are within a
certain distance, say D1, of the Class Al repeater. Class A3
repeaters on the other hand, may work best when adjacent
components are within distance D3, where D3<D1. Alterna-
tively, or in addition to this type of designation, there can be
additional types such as Class A1-1-1, where the final value is
aclass, for example, relating to the range of power that is to be
relayed by the system. In this manner, components of a wire-
less power system can be created to work as intended with
other system components of the same class. In embodiments,
the classification of repeaters and other elements in a wireless
power system may make it simpler to order, design, deploy,
maintain, and the like wireless power networks. For example,
the classification of repeaters may easily identify mismatched
components in systems. In some cases, mismatched compo-
nents may not work well together, such as if the wireless
repeaters are tuned to substantially different operating fre-
quencies. In other embodiments, mismatched components
may increase the cost of wireless power systems such as if a
repeater class intended to relay large current loads were
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deployed in a system intended to provide a slow trickle-like
charge to a consumer electronic device, such as a cell phone
for example.

[0351] A system 800 class may be designed to be used
indoors and be highly efficient within a selected temperature
range that does not vary by more than, for example, +/-20
degrees C. In this case, the design goal may be to provide
sufficient efficiency operation within a limited temperature
range. A second class of system components can be config-
ured to be used outdoors, where the temperature range across
a season is larger than that which occurs indoors. In this case,
the goal may be reliably providing power across a larger range
oftemperatures, with efficiency as a secondary consideration.
In order to improve the performance of the outdoor system,
there can be two outdoor system classes, one for the summer
and one for the winter, and each class may be designed to
operate within an associated range.

[0352] Inoneembodiment, the user can replace the summer
and winter components. In another embodiment both the
summer and winter components can remain in position and
the components which are not used may be detuned either by
the system or manually in order to functionally remove their
influence upon the wireless power network. In a third embodi-
ment, the system components may have modules (e.g. reso-
nators) that are designed to work in the summer or the winter,
and the modules may be activated according to a network
protocol. In this case, a system component may belong to
more than one class or subclass.

[0353] Different power system component classes can be
intended to be used in different countries or regions. For
example, a first class can be used in the USA and a second
class can beused in England, whereby the components within
the USA Class or England Class are optimized to operate in
those two regions (taking into account considerations such as
mains frequency, 110 or 220 voltage, and differences in regu-
latory requirements for EMC, EMI and human exposure,
etc.). Classes thereby may improve interaction between the
wireless network and wired power networks by accounting
for the characteristics of wired power used in that region.
[0354] A selected power system component may be con-
figurable to operate as more than one class. For example,
system components can have replaceable modules and mod-
ules can be replaced to allow system components of one class
to function with a different class. A repeater may have a
replaceable resonator module 2512 that can be attached to the
repeater which will configure the repeater to operate as part of
a particular class. In an exemplary embodiment, a system
component that is configured to operate with other class A
system components can be modified to work with Class B
components by replacing a capacitor module 2514, resonator
module 2512 (i.e. a modular replaceable coil), or other mod-
ule of the component, for example.

[0355] In another example, if the first class of system is
configured to operate between 1 and 5 Watts, and a second
class of system is configured to operate between 1 and 10
Watts, then replacing a module of a wireless system compo-
nent may allow it to function in the other class. Similarly, if a
Class 1 system is configured to operate between 5 and 10
Volts, and Class 2 system is configured to operate between 10
and 12 Volts, then replacing a module of a Class 1 component
of the wireless energy transfer system 800 may allow it to
function as a Class 2 component.

[0356] The classes can relate to power levels such as High,
Medium, and Low power. In one example, High power



US 2014/0139037 Al

repeaters may be rated from 1000 to 100,000 Watts and may
contain resonators comprising capacitors rated for 1 kV, 5kV,
10 kV and/or 100 kV for example. Medium power repeaters
may be rated from 100 to 1000 Watts, and may contain reso-
nators comprising capacitors rated for voltages between
100V and 5 kV, for example. In one embodiment, related to
classes defined for temperature ranges, it might be specified
that for temperature ranges from 0 degrees C. to 40 degrees
C., a resonator may require a tunable capacitance range of
10-500 pf when the operating frequency is in the MHz range,
and up to 10 of or more, when the operating frequency is the
kHz range, in order to maintain the resonant frequency to
within a specified range. The range of tunable capacitance
needed to keep a resonator within a specified range of reso-
nant frequencies and input/output impedances will depend on
the application, the operating frequency, the amount of induc-
tance of the inductive elements of the resonator, the tolerable
ranges, and the like. It should be understood that the example
ranges and values given here are not intended to be limiting in
any way. A second class of repeaters may tolerate a larger
variance in the center frequency and so may include a smaller
tunable capacitor range for the same temperature range for
example. The classes described here can be analogous to
specified tolerances on electrical parts. For example, Class A
capacitors may be specified to have a stated capacitance value
+10% and may be less expensive that Class B capacitors that
have a stated capacitance value +5%. A user might expect a
Class B capacitor to be more expensive and may be willing to
pay more money if their application demanded the tighter
tolerance. In wireless power networks, users may understand
that resonators designed to carry higher power may be larger
and potentially more expensive than resonators designed to
carry lower power. In embodiments, either through simple
design rules and/or through the use of the various user test and
deployment modules such as the PPC described herein, users
may choose wireless power transmitters, receivers and
repeaters based on their classes to achieve certain wireless
power transmission system goals.

[0357] Additional examples of classes can include different
sized conductors, capacitors rated for different voltages, cur-
rent and/or power levels. Different classes of power system
components may be required to be realized within housing
that meets certain criterion, which is made of certain material,
or which passes certain tests. Different classes may include
manually tunable, electronically tunable, remotely tunable or
fixed components. Addition classes may specify whether the
resonators require authentication and/or passwords for con-
trol. We envision that classes of resonators may capture any
and all of the designs, design trade-offs, design choices, and
the like, described within this and the incorporated refer-
ences.

[0358] Components related to a particular class may be
required to adhere to labeling and signaling requirements and
guidelines.

[0359] Wireless Power Outlet Accessory

[0360] The following section describes embodiments of a
wireless power outlet. Wireless power outlets may be useful
in implementing wireless power near devices, appliances, or
other electronics that may still require a wire or cord to draw
power. Discussion on wireless power outlets, circuit breakers,
and other concepts are described in commonly owned U.S.
patent application Ser. No. 13/267,796 published on Apr. 19,
2012 as U.S. publication 2012/0091820A1 and entitled,
“Wireless power transfer within a circuit breaker”.
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[0361] FIG. 18 shows that wireless power may be transmit-
ted to a device directly from a source 802, after being relayed
by a repeater 810, or may be provided in a wired manner after
being harvested and transformed to wired power by a wireless
power outlet 1802. The wireless power outlet 1802 can have
a power receiver module 1302 comprising a resonator con-
figured for harvesting wireless energy and an input/output
(I/0) module 1316 which may comprise circuitry for provid-
ing power to sockets 1804a, 18045. Additionally, I/O module
1316 may include a simple switch that may allow a user to
manually turn the wireless power outlet 1802 on and off. The
power receiver module 1302 may work with a resonator that
is located within the housing of the wireless power outlet, or
there may be a port in the housing of the wireless power outlet
1802 which allows a resonator to be connected to the power
receiver module 1302. There may also be provided a power
module 1326 with power converters, regulator, and circuit-
breaker circuitry. The wireless power outlet 1802 may also be
configured with a ground connector 1812 to interface with a
ground connector link 1814, which can be attached to a
ground source such as a water pipe 1816 to provide a ground
or “earth connection” for a device which may be powered.
Additionally, the wireless power outlet 1802 may have an
on/off switch in order to deactivate the sockets 1804a, 18045.
There may also be provided visual display elements that
visually signal to a user whether a wireless power outlet 1802
is supplying power to either or both of the sockets 1804a,
18045. The visual display may be part of a display module
1306 which may show information about operation, such as
indicating when power has been halted due to an electrical
malfunction (of either the outlet 1802 or the device 806), and
can also simply show if wired or wireless power is “on” or
“oft”. In order to provide for a wireless power system 800 in
which a wireless power outlet 1802 (and a device powered by
the outlet) is turned on and off; the wireless power outlet 1802
may be provided with communication circuitry 1308 for
communicating with a system component such as a transmit-
ter 802 or a wall control unit 1822. A wireless power outlet
1802 may be further configured to provide power wirelessly
by serving as a repeater.

[0362] The wireless power outlet 1802 may offer a power
for devices and/or appliances that may not yet be configured
to receive power wirelessly. Accordingly, rather than pur-
chasing new wirelessly powered devices for a kitchen, a con-
sumer may purchase a wireless power outlet 1802 and place it
adjacent to devices which are to be powered using a conven-
tional power cord. In this manner, the wireless power system
800 can provide power to conventional devices without aneed
for adapting the devices to receive wireless power or requir-
ing a consumer to purchase new appliances. The wireless
power outlet 1802 can provide the advantage that normal
appliances do not have to be modified in order to receive
wireless power but rather the outlet accessory can be placed
on tables, floors, or other locations around a room where
conventional appliances are located and these can be plugged
into the outlet accessory.

[0363] FIG. 18 shows an embodiment of a wirelessly pow-
ered device 806 which is a blender. A device 806 can be
configured with a wireless power receiver module 1302
which can harness energy from a wireless power source such
as a repeater 810 or transmitter 802. For example, the device
806 can be placed on top of a wireless power source 810
which is located on, or in, a table 1800.
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[0364] The device 806 can be configured with a power
module base 1808 which allows the device to be powered by
either a wireless power means or wired means. The device
power module base 1808 may be provided with a power cord
1806 (and circuitry for using wired power) which terminates
with a conventional A/C plug. Whether the power is derived
through wireless or wired means may be controlled by a
switch 1810 provided in the device’s power module base
1808. The switch 1810 may be manually adjusted or auto-
matically adjusted by circuitry of the power module base
1808.

[0365] Because a device 806 may experience an electrical
malfunction, it may be important to provide methods for
halting the provision of power supplied to a device 806 from
a wireless power outlet 1802 or other wireless power source
802. Alternatively, the device 806 may halt the reception of
power. Halting power transmission or reception may be
essential in order to prevent damage to the device 806 cir-
cuitry or to a user.

[0366] In a conventional wired configuration, a fuse or
circuit breaker can serve to halt the provision of electricity to
a device or the reception of electricity by the device. The fuse
or circuit breaker can be located either in the device or, for
example, in the fuse box of the electrical system of a house. In
a wireless embodiment, this may not be the case. Problems
may arise if a wireless transmitter continues to provide power
to a device which normally would cause a circuit breaker to
open with power provided using wired means. Accordingly,
there may be methods for allowing a wireless power outlet
1802 or a wireless transmitter 802 which is transmitting
power to the wireless power outlet 1802, or to a device 806, to
halt power in a manner that is similar to that which occurs
when blowing a fuse or “tripping” a circuit breaker.

[0367] The wireless power outlet 1802 can be configured
with a power module 1326 that has a fuse or a circuit breaker
that may protect the device 806 if there is an electrical mal-
function in the device 806 or in the wireless power outlet 1802
itself. The wireless power outlet 1802 may be provided with
an access area 1818 for a user to replace a fuse or reset a
circuit breaker. Further, the device 806 which is powered
either by wired means or wirelessly from the accessory 1802
may also have a fuse or a circuit breaker 1820 or other circuit
configured to halt the reception of power. For example, a
circuit in the power receiver module 1302 may, upon detec-
tion of an error condition, detune the resonator of the device
806 so that it stops receiving wireless power.

[0368] In a further embodiment, a circuit in the device 806
that responds to the electrical malfunction may also use its
communication module 1308 to communicate a signal to the
wireless power outlet 1802 which, in turn, may cause a fuse/
circuit breaker/de-tuner in the power module 1326, or other
module, to halt provision of either wired or wireless power or
both.

[0369] A wall control unit 1822 may be configured with a
transmitter module 1314 or may send signals over a wired
connection to a transmitter so that it can directly control
wireless power transmission to network components. Alter-
natively, wall control unit 1822 may be configured with a
communication module 1308 that may send (and receive)
wireless command signals to network components such as a
wireless power outlet 1802. Communication module 1308
may also be designed to communicate with devices, repeaters
810, and/or remote transmitters 802 and other network com-
ponents in order to turn these on or off, or adjust the amount
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of power that is being supplied. The power that is supplied to
different devices or power zones may be controlled by knobs
1824 on the wall control unit 1822. In other words, the wall
control unit 1822 may be configured with a module 1308 for
sending and receiving wireless commands related to the
on/off state of, or power levels supplied to, wireless system
components. In embodiments, a wall control unit 1822 may
have functionally akin to a traditional “light switch” or “light
dimmer switch”.

[0370] In exemplary embodiments, the wall control unit
1822 knob 1824 can have an ‘on’ and ‘oft’-position which
may cause the control 1822 to send commands to a set of one
or more wireless system components to toggle the “on” or
“off” state, or may be configured with a touch sensitive screen
1826 for providing additional control functionality and dis-
play of information to a user. Individual system components
can be programmably linked to a particular wall control unit
1822 in a manner which may be determined and customized
in a number of ways such as by using a PPC 1002 or wireless
system manager 900. The wall control unit 1822 may also
serve as a physical switch which can open or close a circuit
which provides both wired and wireless power (either directly
or by controlling a transmitter 802) to a device or zone.
Accordingly, if a dimmer switch of the wall control unit 1822
is turned counter clockwise by a user, a wirelessly powered
light may become dimmer, in a number of wireless manners
including: a) sending a wireless signal to a lighting device
which will then decrease the amount of electricity sent to a
bulb, CFL, LED and the like; b) sending a wireless signal to
the harvesting circuit of a device in order to cause it to harvest
or otherwise provide less power (and this can be accom-
plished by detuning the resonator in one embodiment); c)
sending a wireless signal to a transmitter which transmits
power to the lamp device; d) sending a wireless signal to at
least one repeater in the path between a transmitter and the
lamp device; e) sending a wireless signal to control a zone
which supplies wireless power to the lamp device; or f) send-
ing a wireless signal to a system management device 900.
[0371] When the wall control unit 1822 is configured to
communicate by radio, WiFi, or other wireless signals that are
related to values of a dimmer control, then these commands
may serve to increase or decrease the amount of power that is
being transmitted or received by components of the wireless
power system. For example, adjusting the dimmer switch
may cause wireless communication between the control 1822
and devices in the room such as a lamp. Accordingly, rotation
of'the dimmer control will cause the lamp to emit a greater or
lesser amount of light.

[0372] Returningto FIG. 18, the wireless power outlet 1802
can communicate with the communication module 1308 of a
device 806 that has a power module 1326 with a wireless
power circuit breaker which can halt electrical power from
being supplied to the other modules of the device 806. The
circuit breaker can open a circuit and/or can operate to detune
the resonator of the device in order to halt electrical power
from being supplied to the device 806. The wireless power
circuit breaker may also provide a signal, wirelessly, visually,
sonically, or otherwise to indicate that it has been “tripped”.
[0373] As shownin FIG. 18, in one embodiment of a wire-
less power outlet 1802, a resonator coil 20065 can be reori-
ented by a motor of a resonator base 2004¢, and the angle
which produces the best wireless power coupling may be
selected, at least temporarily under control of the adjustment
module 1318. Alternatively, the resonator base 2004¢ can be
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rotated under control of a user. The resonator 2004¢ base may
have additional modules such as a sensing module that is
configured with motion or position sensors in order to halt
power harvesting if the wireless power outlet 1802 falls on its
side.

[0374] FIG.19 shows, an embodiment of a set of a wireless
power outlets 1802. A resonator within the housing element
19004, 19005 can be oriented by a motor of a resonator base
19044, and the angle which produces the best wireless power
coupling may be selected, at least temporarily under control
of the adjustment module 1318. Alternatively, the resonator
base 1904a can be rotated under control of a user, either
manually or using wireless communication and control sig-
nals. The resonator base 1904a or housing may also have at
least one port for daisy chaining one or more components of
the wireless power outlets 1802 using a cord 1806 which may
be configured with plugs and/or connectors on each of its
ends. This may occur using a port connector which allows
combining resonator coils as is shown in FIG. 26. By daisy
chaining the wireless power outlets, the power harvested at
each wireless power outlet may be combined and provided to
a single socket. FIG. 19 shows a set of four wireless power
outlets which may be configured to reside outdoors on an
outdoor deck, for example. FIG. 19 also shows that the hous-
ing 19004, 19005 may be compartmentalized. Accordingly,
an upper housing 19004 may contain a first resonator and be
rotatable using an upper resonator base 19045 and housing
19005 may contain a second resonator that is rotatable using
a lower resonator base 1904a. The first and second housing
segments may be rotated independently so that the wireless
power outlet may receive power from resonators oriented in
different directions. This may be useful, for example, to har-
vest energy corresponding to two different transmitters situ-
ated in different locations. In addition to providing power, the
wireless power outlet 1802 may include additional accesso-
ries, such as lighting, speakers 1902, and electronics config-
ured to work with remotely located stereo equipment.

[0375]

[0376] Two or more repeaters can be paired or connected to
operate jointly or to have additional function. Paired or con-
nected repeaters can be combined to serve to redirect a mag-
netic field, enhance power transfer efficiency, mitigate per-
formance impairments in lossy environments, decrease the
need for multiple repeaters to be used to span a large distance,
provide for increasingly customizable configurations of net-
work components, provide for daisy-chaining components to
achieve various power transfer reception or transmission
goals, and the like. In an embodiment shown in FIG. 26(a), a
wireless power system comprises at least a first 26084 and
second 26085 repeater, each having a resonator and at least a
first connector port. Connector ports 2606a, 26065 are con-
figured to allow signals to be communicated through a port
connector 2612 and between the first and second repeater.
The port connector 2612 may be configured so that at least
one electrical contact of the first connector port 26064 can be
electrically connected to at least one contact of the second
connector port 26065. In one embodiment, the port connector
2612 may be realized as a cable with a proximal end plug
which connects to the first connector port 26064 and a distal
end plug which connects to the second connector port 26065.
The port connector 2612 may be configured for communicat-
ing a signal between at least one contact of the first connector
port and a contact of the second connector port.
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[0377] Each repeater may be configured with circuitry and
modules as shown in FIG. 13. A communication module 1308
may provide for routing electrical signals communicated by
the connector ports to at least one intended module of the
repeater.

[0378] The electrical signals that are sent between the two
repeaters 2608a, 26085 may be communication, control, and/
or power signals. When these are power signals, they may be
electrical signals which are derived from the wireless power
signals that are received by the at least first or second repeater.
The port connector 2612 may be realized as a cable which
connects the two repeaters. Alternatively, the port connector
2612 may comprise elongated resonator structures, realized
as a connection that extends between the two repeaters, which
serves to connect the two resonators of the first and second
repeaters in order achieve various advantages. For example,
the first repeater 2608a can serve to harvest wireless power
and can relay the power signal to the second repeater 26085
using a port connector 2612 in order to relay power along an
intended path. Further, the first repeater can receive a wireless
power signal, which it sends, through a port connector 2612,
to power a source 802 (rather than a second repeater). The
source can then re-transmit a wireless power field. Addition-
ally, the first repeater can harvest a wireless power signal and
can send the power to a device 806 connected to the other end
of'the port connector 2612. Such configurations of connected
repeaters or resonators may be advantageous for transmitting
a wireless power signal around a corner in the presence of a
lossy and/or materials and/or objects, or over larger distances,
with minimized loss of field strength (as shown in FIG.
26(b)). For example, walls or parts of a room may be con-
structed with lossy materials such as metallic bars, nails,
panels, and the like. These lossy materials may decreasethe Q
of a resonator and therefore decrease power transfer effi-
ciency.

[0379] For -electromagnetic resonators, extrinsic loss
mechanisms that perturb the intrinsic Q may include absorp-
tion losses inside the materials of nearby extraneous objects
and radiation losses related to scattering of the resonant fields
from nearby extraneous objects. Absorption losses may be
associated with materials that, over the frequency range of
interest, have non-zero, but finite, conductivity, o, (or equiva-
lently a non-zero and finite imaginary part of the dielectric
permittivity), such that electromagnetic fields can penetrate it
and induce currents in it, which then dissipate energy through
resistive losses. An object may be described as lossy if it at
least partly includes lossy materials.

[0380] Additionally, rather than using multiple repeaters
which are spaced relatively closely for wireless power trans-
fer, wired resonators may be located at greater distances and
achieve a power transfer efficiency that may have been oth-
erwise difficult to attain, while still providing wireless power
to devices that are not wired to the repeaters. Therefore,
hybrid wireless/wired systems or networks may provide
advantages of both cost and performance

[0381] A port connector 2612 may be able to communicate
signals across the ports of the repeaters 26064, 26065 and can
allow intended modules of the first repeater and second
repeater to work together. The modules may include resona-
tors which are connected by the port connector 2612. The
connection allows the resonators of the two repeaters to be
electrically connected. When at least N electrical contacts are
provided in each port 26064, 26065 then each of the N elec-
trical contacts can potentially allow an additional repeater to
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be connected. Additionally, multiple ports or port connectors
can be used to connect a repeater to more than one other
repeater. Although the port connections allow for daisy chain-
ing of various modules within the repeaters, the connectors
may also be configured so that the repeaters may be connected
to at least one device 806 as well.

[0382] Accordingly, connector port 26064, 26065 can be
configured for connection to one or more devices, to other
repeaters, or to one or more sources. Furthermore, the port
connector 2612 can be configured to connect the electrical
connectors in serial or in parallel. The connector ports 2606a,
26065, and associated modules of the repeaters, may be
manually or programmably configured to interact with other
repeaters in either a serial or parallel fashion.

[0383] Further, as is shown in FIG. 26, a repeater 2508a
may be configured to operate using a wall mount 2600 having
attachment members 2604 that rotatably attach to the repeater
2608a in order to allow the repeater to be rotated with respect
to at least one axis. In some embodiments, the rotation of a
repeater may be controlled by motors, provided upon the wall
mount 2600, that are under the control of, for example, a
power source 802 and powered by energy harvested by the
repeater. In other embodiments, the rotation may be manually
adjusted and the repeater may simply remain in a particular
position after an adjustment.

[0384] At least one wall mount 2600 and at least one con-
nector may be utilized in order to allow two repeaters 2606a,
26065 to relay, harvest, and transmit power in a manner that
does not cause their fields to influence each other, or
decreases unwanted field interaction. In embodiments, two
repeaters may operate by allowing a wireless power field to
hop between repeaters. However, when repeaters are aligned
in certain manners, they may not share power fields in a
favorable manner. One repeater may produce unwanted inter-
ference with respect to the field generated by the other
repeater. In these cases, the repeaters can be connected by
wired means and positioned so that the fields do not interact in
an unwanted manner and so that transmission and relay of
energy is extended over a longer distance and/or over serpen-
tine paths.

[0385] A hybrid repeater configuration may be used to
transmit power around obstacles that might impact the field in
a lossy manner. FIG. 27 shows another embodiment where a
repeater may be shaped specifically 2608¢ to create a mag-
netic field different than the magnetic field that may have been
created by a different repeater 26085 that is configured and
positioned to well receive a transmitted field.

[0386] A wireless power system may also have two or more
repeaters which are configured with connector ports 2606a,
26065 which allow the housings of the repeaters to be physi-
cally connected, without necessitating electrical port connec-
tors 2612. In this manner, the repeaters can be physical ori-
ented to achieve certain advantages such as directing and or
changing the direction of the dipole moment of the combined
resonator system. This embodiment is shown in FIGS. 20(a)-
20(e), in the case where some of the connectors 2002 between
field blocks 2000 serve to simply physically connect the
adjacent blocks and do not have electrical connections for
allowing signals to pass between blocks and their compo-
nents.

[0387] FIG. 28 shows a hybrid wired/wireless energy trans-
fer system in which the first repeater 2802 is magnetically
coupled with a repeater. The first repeater 2802 is physically
and electrically connected to a second repeater 2804 by a
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connector 2806 which can be set at different angles and at
variable distances. Such a scheme may be advantageous when
the device resonator is at a distance that has a significant
impact on the coupling rate. The second repeater 2804 may be
aligned to magnetically couple with a device resonator 2810
which may be attached to a device 806. By installing a
repeater 2804 that is closer and better aligned with a device
806, the overall efficiency of the wireless transfer system may
be maintained at a desired threshold or increased.

[0388] In an exemplary and non-limiting embodiment, a
resonator connector, such as a port connector 3102 shown in
FIG. 31(a)-(c), may be used to create a wired connection
between magnetic resonators of a wireless power transmis-
sion system, including between one or more sources, one or
more repeaters, and/or one or more devices. A resonator port
connector may be made of solid, stranded, Litz, coaxial,
shielded, insulated, ribbon, or other types of wire or conduct-
ing materials to carry electricity between two or more reso-
nators. In some embodiments, shielding a cable may be
important to reduce electrical noise as well to reduce electro-
magnetic radiation that may affect or detune the overall sys-
tem. In other embodiments, the shield may be made of copper
or other type of metal and may act as a return path or a ground
for a power, communication, or other signal. In embodiments,
the cable used to wire two resonators together may comprise
atleast one conducting strand, at least two conducting strands
or more than two conducting strands. Characteristics and
properties of a connector wire may be engineered to be opti-
mized for a specific application of power transfer. These
characteristics and properties may include conductivity,
capacitance, inductance, resistance, and the like. These prop-
erties may change with the length of wire used. In some cases,
these properties may need to be adjusted for the length of wire
required, types of resonators being connected, properties of
the overall power transfer system, and the like. The properties
resulting from the wire designed or chosen for a wireless
energy transfer system may impact overall power transfer
efficiency.

[0389] In embodiments, attaching resonators to source
power and control circuitry and to device power and control
circuitry may include designing impedance matching net-
works to increase the end-to-end efficiency of a wireless
power system. In a similar fashion, attaching two repeater
resonators 810a, 8105 together with a wired connection may
also include designing impedance matching networks to opti-
mize the wired power transfer between the resonators. In
embodiments, the impedance matching networks may be
realized in the connecting cables themselves. In other
embodiments, the impedance matching networks, or seg-
ments of impedance matching networks may be realized in
adapters 3104 that may be connected to between the resona-
tors and the connecting cable. In embodiments, impedance
matching adapters 3104 may be designed to match imped-
ances for certain types of resonators and over certain lengths
of cables. In embodiments, a hybrid impedance matching
adapter may be designed to compensate for a 1 meter long
cable. In embodiments, two such adapters may be connected
to a 2 meter long cable connecting two wireless repeaters
together in a hybrid architecture as shown in FIG. 31(5).

[0390] In embodiments, cables and or adapters may be
designed for certain preferred operating modes of a hybrid
wired/wireless repeater component. For example, cables and/
or adapters may be designed to preferentially route power
received from one repeater to drive another repeater. In this
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manner, the wired repeaters may work asymmetrically and
may allow low loss transmission of power in one direction
and may frustrate transmission of power in the opposite direc-
tion.

[0391] Inaddition, cables and adapters may be designed so
that the repeaters on opposite ends of the cables may be
optimized for performance at different power levels, at dif-
ferent frequencies, for different operating environments and
the like. The adapters and cables may be designed to control
voltage and/or current levels within the hybrid system.
[0392] Ina further embodiment, a resonator connector may
be designed so that its intrinsic capacitance, inductance, resis-
tance, and/or conductivity may scale linearly or non-linearly
with its length. Various embodiments of the capacitance,
inductance, and resistance of the connector cable is shown in
FIG. 32. FIG. 32(a) shows two resonators 3202 each in hous-
ing 3200 connected via a connector 3204. The capacitance,
inductance, and resistance of a connector may be designed as
seen in FIG. 32(b)-(d). For example, FIG. 32(b) shows the
connector’s inductance and capacitance in parallel 3206
while FIG. 32(d) shows inductance and resistance in series
while capacitance in parallel 3210 between the two sides of
the connector 3204. For example, in installing a hybrid wired/
wireless energy transfer system, a user or installer could be
tasked with choosing the length of the connection between the
resonators. In such an example, if the properties of a wire
scaled linearly with length, the user may be able to appropri-
ate a certain length for a connection without further analysis
of the system or set of resonators. In some embodiments, a
connector wire may be manufactured in segments as shown in
FIG. 31(c). These segments may be able to be connected to
one another via the terminals. The user would therefore have
the option of elongating the length of wire for a particular
energy transfer system.

[0393] In embodiments, adapters 3104 may also be
designed with specific properties such as particular conduc-
tive, capacitive, inductive, and/or resistive properties. Such
adapters could be used to connect the segments of cable to the
resonators to ensure the required value of capacitance, induc-
tance, resistance, and the like for a particular set-up of the
hybrid energy transfer system, application, resonator type,
etc., was met. In some embodiments, adapters 3104 may be
designed for different lengths of wire connectors. In further
embodiments, the adapters may be designed such that their
properties are additive, multiplicative, exponential, and the
like. In such a case, for manufacturing and other reasons,
adapters could be designed to have uniform properties and a
user would be instructed to use the appropriate number of
adapters for a length of wire connector.

[0394] In other embodiments, adapters may be designed
such that the resulting value of capacitance, inductance, and/
or resistance from one terminal to the other terminal of the
overall connector is determined by the resonators being con-
nected. In other words, the properties of the connector and/or
adapters may be dependent on the resonators achieving reso-
nance.

[0395] In still further embodiments, adapters may be
designed to cause the capacitive, inductive, and/or resistive
values of the overall connector to be added in series or parallel
to achieve overall capacitance, inductance and resistive val-
ues. In some cases, the overall connector, including segments
and adapters, may need to be adjusted according the load or
device in the energy transfer system. For example, a device
coupling with a repeater or source resonator may cause detun-
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ing in other parts of the system, including the resonators that
may be connected via a wire connector. In this case, the
connector, or a circuit of the communication module 1308
may need to be manually or automatically adjusted to ensure
optimal power transfer efficiency.

[0396] Another approach to implementing a port connector
may be to design impedance matching networks for specific
cable lengths, energy transfer systems, frequency chosen to
drive the system, environments, and the like. In embodiments,
an impedance matching network or circuit may be imple-
mented at a wireless energy transfer component such as a
repeater, source, device or other resonator. For example, in a
system with two repeaters to be connected, an impedance
matching network may be installed in either or both repeaters.
In other embodiments, an impedance matching network may
be designed or integrated into or on a connector cable. Such a
matching network may also be realized in an adaptor for a
cable for ease of use and manufacturability.

[0397] Insomeembodiments, the properties of a connector
cable or wire can be chosen to tune part or all of the wireless
energy transfer system. For example, a quarter wave imped-
ance transformer may be used as a method of impedance
matching. In this method, the quarter wave length is a func-
tion of the frequency chosen to drive the energy transfer
system. For a system being driven at 6.78 MHz, the corre-
sponding wavelength is approximately 44.25 meters. There-
fore, the quarter wave length is approximately 11.06 meters
with a characteristic impedance Z1. In this method, the
impedance transformer provided by the cable or wire is given

by
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Thus, the impedance can be designed be choosing appropriate
lengths of cable.

[0398] For some applications, the connector cable or wire
may be used additionally as a communication line between
resonators or components. This ability may be in addition to
power transmission over the same connector or in some
embodiments, power and communication signals may alter-
nate in time or space in the connector. In other embodiments,
different types of connectors may be chosen for power or
communication or other signals; these different types of con-
nectors may fit to the same port. In further embodiments,
different ports may be designed in the housings of resonators
to accommodate different types of port connectors.

[0399] In further embodiments, wired or wireless commu-
nication may be used to control, adjust, open, and/or close the
wired electrical connection, for example, under control of at
least one communication module 1308. In other embodi-
ments, a wireless energy transfer system may comprise a
controller that may adjust, open, or close the electrical con-
nection. In some cases, the controller may be an electronic or
mechanical and may further allow user input.

[0400] Additional embodiments are within the scope of the
following claims.

1. A wireless power network comprising:

a. multiple electromagnetic resonators each capable of
storing electromagnetic energy at a resonant frequency,
wherein the multiple resonators comprise:

i. a first resonator configured to be coupled to a power
source to receive power from the power source;

ii. a second resonator configured to be coupled to a load
to provide power to the load, and
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iii. one or more intermediate resonators, wherein the first
resonator is configured to provide power from the
power source to the second resonator through the one
or more intermediate resonators,

. wherein at least a first pair of resonators among the
multiple resonators is configured to exchange power
wirelessly, and at least a second pair of the resonators
among the multiple resonators is configured to exchange
power through a wired electrically conductive connec-
tion.

2. The wireless power network of claim 1, wherein mul-
tiple pairs among the multiple resonators are configured to
exchange power wirelessly.

3. The wireless power network of claim 1, wherein mul-
tiple pairs among the multiple resonators are configured to
exchange power through a wired electrical connection.

4. The wireless power network of claim 1, wherein the
multiple resonators comprise a third resonator configured to
be coupled to another load to provide power to this other load,
and wherein the third resonator receives power from the
power source through one or more other resonators among the
multiple resonators.

5. The wireless power network of claim 1, wherein each
resonator in the second pair comprises a housing containing
at least one inductor and at least one capacitor to define the
resonant frequency for the resonator, and wherein the wired
electrical connection connects to an electrical port connection
in each of the housings of the resonators in the second pair.

6. The wireless power network of claim 1, wherein the
wired electrical connection comprises a length of capacitively
loaded conducting material.

7. The wireless power network of claim 6, wherein the
capacitive loading of the conductive material is configured to
substantially maintain the resonant frequencies of the reso-
nators in the second pair of resonators when the resonators in
the second pair exchange energy through the wired electrical
connection.

8. The wireless power network of claim 7, wherein the
capacitive loading of the conductive material is configured to
maintain the resonant frequencies of the resonators in the
second pair of resonators when the second pair of resonators
exchange energy through the wired connection to within 5%
of the resonant frequencies of the resonators in the second
pair, respectively, when the resonators in the second pair are
isolated from all other resonators.

9. The wireless power network of claim 7, wherein the
capacitive loading of the conductive material scales with the
length of the conductive material.
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10. The wireless power network of claim 5, wherein each
housing comprise a receptacle for removably engaging the
length of capacitively loaded conducting material to establish
the wired electrical connection.

11. The wireless power network of claim 6, wherein the
wired electrical connection comprises a length of a pair of
capacitively loaded stranded wires.

12. The wireless power network of claim 6, wherein the
length of capacitively loaded conducting material comprises
modular capacitive elements to adjustably load the conduct-
ing material according to the length of the wired electrical
connection.

13. The wireless power network of claim 1, wherein the
wired electrical connection facilitates communication with
circuitry within at least one of the resonators in the second
pair in order to cause the circuitry to activate, deactivate, or
adjust a property of at least one of the resonators in the second
pair.

14. The wireless power network of claim 1, further com-
prising a controller configured to adjustably open or close the
wired electrical connection between at least the resonators in
the second pair.

15. The wireless power network of claim 1, wherein the
wireless power network is deployed in a home to wirelessly
power multiple household devices across a range of locations.

16. The wireless power network of claim 1, wherein the
resonators in the second pair each comprise at least one loop
of conductive material substantially aligned in respective
planes, and wherein the respective planes intersect at a right
angle to within 30 degrees.

17. The wireless power network of claim 1, wherein the
resonators in the second pair are separated by a lossy barrier
that substantially reduces wireless power transfer between
the resonators in the second pair but does not substantially
reduce the wired power transfer between the resonators in the
second pair.

18. The wireless power network of claim 17, wherein the
barrier comprises a mass of conductive material having a size
that is at least comparable to the resonators in the second pair.

19. The wireless power network of claim 1, wherein the
second pair of resonators comprises a transmitter and a
repeater.

20. The wireless power network of claim 1, wherein the
second pair of resonators comprises a first repeater and a
second repeater.
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