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WIRELESS POWER TRANSFER SYSTEMS FOR SURFACES

CROSS-REFERENCE TO RELATED APPLICATIONS
This application claims priority to U.S. Provisional Patent Application No. 62/015,078,

filed on June 20, 2014, the entire contents of which are incorporated by reference herein.

BACKGROUND

Electronic devices can have narrow operating voltage and/or current requirements and
may not be able to tolerate wide voltage swings or power surges. Existing power supplies often
assume a regulated or predictable source of power such as that supplied by the household mains
or a battery. In some applications, the power source to a power supply circuit may be
unpredictable and may include wide voltage swings and surges. In applications where the power
source includes a highly resonant wireless power source, for example, power source
characteristics may quickly change due to changes in coupling, positioning of devices and/or
movement of devices and extraneous objects resulting in voltage fluctuations and/or surges.
Components of existing power supplies, such as switches, diodes, rectifiers, and the like may fail
or overheat during the fluctuations and may be unable to provide a reliable output power to the

electronic device.

SUMMARY

In general, in a first aspect, the disclosure features asynchronous rectifiers that include an
input terminal for receiving an oscillating energy signal, at least one rectifying element
connected in series with the input terminal, at least one shorting element connected in parallel
with the input terminal to provide an bypass path around the at least one rectifying element for
the oscillating energy signal, and including at least one switching element configured to
selectively activate the bypass path, and a feedback loop configured to detect an electrical
parameter at an output of the rectifying element and to generate, based on the detected electrical
parameter, a control signal for the at least one shorting element to selectively activate the bypass
path.

Embodiments of the rectifiers can include any one or more of the following features.
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The electrical parameter can include a voltage. The feedback loop can be configured to
generate the control signal to activate the bypass path when a detected voltage at the output of
the rectifying element is equal to or greater than an upper bound threshold value. The feedback
loop can include a comparator configured to generate the control signal to activate the bypass
path when the upper bound threshold value is reached. The comparator can include a resistor
connecting an output of the comparator to an input of the comparator, where a resistance value of
the resistor determines hysteresis of the feedback loop.

The shorting element can include a diode. The rectifying element can include at least one
diode.

The rectifiers can include a synchronizing element configured to synchronize activation
of the bypass path with the oscillating energy signal so that the shorting element is operated
using zero voltage switching. The rectifiers can include a LCL impedance matching network
connected to the input terminal.

Embodiments of the rectifiers can also include any of the other features disclosed herein,
including features disclosed in connection with different embodiments, in any combination as
appropriate.

In another aspect, the disclosure features methods for rectifying and regulating voltage
received from a resonator by an electronic device that includes an asynchronous rectifier, the
methods including detecting a voltage equal to or greater than an upper voltage threshold at an
output of the rectifier, activating a shorting element to decrease the voltage at the output of the
rectifier, monitoring energy demands of the electronic device, monitoring energy delivered to the
resonator by a source, predicting an adjustment to the upper voltage threshold based on a
difference between the energy demands of the electronic device and the energy delivered to the
resonator, and adjusting the upper voltage threshold based on the prediction.

Embodiments of the methods can include any one or more of the following features.

The methods can include adjusting the upper voltage to maintain a frequency of
activation/deactivation of the shorting element of at most 10% (e.g., at most 1%) of a frequency
of an oscillating energy signal delivered to the resonator.

The methods can include detecting a voltage equal to or lower than a lower voltage
threshold at the output of the rectifier, and deactivating the shorting element to increase the
voltage at the output of the rectifier. The methods can include predicting an adjustment to the
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lower voltage threshold based on the difference between the energy demands of the electronic
device and the energy delivered to the resonator, and adjusting the lower threshold based on the
prediction. The methods can include adjusting the lower voltage threshold to maintain a
frequency of activation/deactivation of the shorting element of at most 10% (e.g., at most 1%) of
a frequency of an oscillating energy signal delivered to the resonator.

Embodiments of the methods can also include any of the other features or steps disclosed
herein, including features and steps disclosed in connection with different embodiments, in any
combination as appropriate.

In a further aspect, the disclosure features resonator coils for wireless energy transfer that
include an electrical conductor having a first end and a second end, where the first end is shaped
to spiral inwards in a first direction forming a first set of conductor loops, and the second end is
shaped to spiral inwards in a second direction forming a second set of conductor loops.

Embodiments of the resonators coils can include any one or more of the following
features.

The first direction and the second direction can be the same direction. The conductor
loops of the first set of conductor loops can be off center from one another. The conductor loops
of the second set of conductor loops can be off center from one another.

Spacings between portions of adjacent conductor loops in the first set can be greater for
portions nearer to the second set of conductor loops than for other portions. Spacings between
portions of adjacent conductor loops in the second set can be greater for portions nearer to the
first set of conductor loops than for other portions. A width of the electrical conductor can vary
in proportion to the spacings between portions of adjacent conductor loops in the first and second
sets.

Embodiments of the resonator coils can also include any of the other features disclosed
herein, including features disclosed in combination with different embodiments, in any
combination as appropriate.

In another aspect, the disclosure features wireless energy transfer sources that include at
least two source resonators electrically connected in parallel and configured so that during
operation, the at least two source resonators can each transfer energy wirelessly via an oscillating
magnetic field to a device resonator, and a power source coupled to a first tunable element and to
cach of the at least two source resonators, and configured so that during operation, the power
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source provides a supply of electrical current, where each of the at least two source resonators
has a nominal impedance when a device resonator is not positioned on or near any of the at least
two source resonators, the nominal impedances of each of the at least two source resonators
varying by 10% or less from one another, and where the at least two source resonators are
configured so that during operation of the wireless energy transfer source, when a device
resonator is positioned on or near a first one of the at least two source resonators: (a) the
impedance of the first source resonator is reduced such that the reduced impedance of the first
source resonator is smaller than the nominal impedances of each of the other resonators by a
factor of 2 or more; and (b) the first source resonator draws electrical current from the power
source.

Embodiments of the sources can include any one or more of the following features.

The tunable element can include at least one of a tunable capacitor, a tunable inductor,
and a tunable resistor. The sources can include power and control circuitry configured to control
the tunable element. A second one of the at least two source resonators can draw current from
the power source when the device resonator is positioned on or near both the first and second
resonators.

The at least two source resonators can each include an S-shaped coil, and the at least two
resonators can be nested within one another. Each of the S-shaped coils can be printed on a first
layer of a circuit board and returning traces of the S-shaped coils can be printed on a second
layer of the circuit board. The device resonator can include an S-shaped coil.

The device resonator can be part of a phone or a laptop. The source resonator can be
integrated into a surface of a table or desk.

Each of the at least two source resonators can include a tunable capacitor. The power and
control circuitry can be configured to tune the tunable capacitor in response to the presence of a
lossy object.

The tunable capacitor can include a bank of capacitors and wherein a capacitance of the
bank of capacitors is controlled by a switch. Each of the at least two source resonators can
include a tunable inductor. An inductance of each tunable inductor can be changed to adjust the

impedance of each corresponding one of the at least two source resonators.
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The at least two source resonators can be overlapped such that coupling between them is
reduced, relative to the coupling that would result if the source resonators were positioned
adjacent one another. Each of the at least two source resonators can have a quality factor Q>100.

Embodiments of the sources can also include any of the other features disclosed herein,
including features disclosed in combination with different embodiments, in any combination as
appropriate.

In a further aspect, the disclosure features methods for tuning a wireless power source,
the methods including driving at least two source resonators with a power source coupled to a
first tunable element and to each of the at least two source resonators, where the power source is
configured to provide an electrical current supply, and in response to the positioning of a device
resonator on or near a first one of the at least two source resonators, supplying electrical current
to the first source resonator to wirelessly transfer power from the first resonator to the device
resonator, where the positioning of the device resonator on or near the first source resonator
reduces an impedance of the first source resonator by a factor of at least two relative to
impedances of each of the other source resonators.

Embodiments of the methods can include any of the features disclosed herein, including
features disclosed in combination with different embodiments, in any combination as
appropriate.

In another aspect, the disclosure features wireless energy transfer systems that include a
source featuring at least two source resonators electrically connected in parallel and a driving
circuit coupled to a first tunable element and to each of the at least two source resonators, the
driving circuit configured to provide a current supply, and a device that includes at least one
device resonator coupled to a load, where the source is configured to transfer wireless energy via
an oscillating magnetic field to the at least one device resonator, where a first one of the at least
two source resonators draws current from the driving circuit when the device resonator is
positioned on or near the first of the at least two source resonators, and where other resonators of
the at least two source resonators are detuned when the device resonator is positioned on or near
the first source resonator.

Embodiments of the systems can include any one or more of the following features.

The device can include at least two device resonators. Energy captured by the at least
two device resonators can be electrically combined to deliver power to the load.
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Embodiments of the systems can also include any of the other features disclosed herein,
including features disclosed in combination with different embodiments, in any combination as
appropriate.

In a further aspect, the disclosure features sources for wireless energy transfer that
include: a first S-shaped conductor in a plane, the first S-shaped conductor featuring a first top
half and a first bottom half; and a second S-shaped conductor in the plane, the second S-shaped
conductor featuring a second top and a second bottom half, where the first top half has a smaller
area than the second top half, where the first bottom half has a greater area than the second
bottom half, and where the first and second S-shaped conductors are nested into one another
without overlapping.

Embodiments of the sources can include any one or more of the following features.

The first and second S-shaped conductors can be disposed in a first layer of a printed
circuit board. A first return trace belonging to the first S-shaped conductor and a second return
trace belonging to the second S-shaped conductor can be in a second plane. A first return trace
belonging to the first S-shaped conductor and a second return trace belonging to the second S-
shaped conductor can be disposed in a second layer of the printed circuit board.

Each of the S-shaped conductors can be coupled to and driven by an amplifier. The S-
shaped conductors can be coupled to and driven by a single amplifier.

Embodiments of the sources can also include any of the other features disclosed herein,
including features disclosed in combination with different embodiments, in any combination as
appropriate.

In another aspect, the disclosure features receivers for wireless energy transfer that
include: an electronic device having a bottom surface, a first side surface, and second side
surface, where a first edge corresponds to a location where the bottom surface and the first side
surface intersect and a second edge corresponds to a location where the bottom surface and the
second side surface intersect; a piece of magnetic material disposed on the bottom surface of the
electronic device; and a device resonator coil disposed on the at least one piece of magnetic
material, where the first and second edges are positioned opposite to each other, and where the
piece of magnetic material extends from under the device resonator to the first edge.

Embodiments of the receivers can include any one or more of the following features.
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The piece of magnetic material can extend to the second edge. The receivers can include
a second piece of magnetic material disposed on the first side surface. The receivers can include
a third piece of magnetic material disposed on the second side surface. The electronic device can
be one of a laptop, a notebook computer, a smartphone, and a tablet.

Embodiments of the receivers can also include any of the other features disclosed herein,
including features disclosed in combination with different embodiments, in any combination as

appropriate.

BRIEF DESCRIPTION OF THE DRAWINGS

A further understanding of the nature and advantages of various embodiments may be
realized by reference to the following figures. In the appended figures, similar components or
features may have the same reference label. Further, various components of the same type may
be distinguished by following the reference label by a dash and a second label that distinguishes
among the similar components. If only the first reference label is used in the specification, the
description is applicable to any one of the similar components having the same first reference
label irrespective of the second reference label.

FIG. 1 is a schematic diagram showing an embodiment of an electronic device with
power electronics.

FIG. 2A is a schematic diagram showing an embodiment of an asynchronous rectifier.

FIG. 2B is a schematic diagram showing an embodiment of an asynchronous rectifier
with a shorting element.

FIG. 2C is a schematic diagram showing an embodiment of an asynchronous rectifier
with a feedback loop that includes a comparator.

FIG. 3A is a schematic diagram showing an embodiment of an asynchronous rectifier
with a synchronizer element.

FIG. 3B is a schematic diagram showing an embodiment of a synchronizer element.

FIG. 4 is a schematic diagram showing an embodiment of an asynchronous rectifier
with an impedance matching network.

FIG. 5 is a flow chart showing a series of steps for adjusting upper/lower bound voltage

thresholds in an asynchronous rectifier.
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FIGS. 6A-B are schematic diagrams showing an embodiment of a desktop
implementation of an asynchronous rectifier.

FIG. 6C is a plot showing the effect of device size on coupling.

FIGS. 7A-B are plots showing the effect of device size on coupling.

FIGS. 8A-B are schematic diagrams showing embodiments of a desktop
implementation of an asynchronous rectifier.

FIG. 8C is a plot showing the effect of device offset on coupling.

FIGS. 9A-C are schematic diagrams showing embodiments of a multi-resonator coil
device.

FIG. 10 is a schematic diagram showing an embodiment of a resonator with
overlapping resonator coils.

FIG. 11 is a plot showing coupling for a source with a single resonator coil as a
function of vertical and horizontal displacement.

FIGS. 12A-B are plots showing coupling between a source and a device resonator coil
as a function of vertical and horizontal displacement.

FIG. 13 is a schematic diagram showing an embodiment of a device resonator coil.

FIG. 14 is a schematic diagram showing an embodiment of a source resonator coil.

FIG. 15 is a schematic diagram showing an embodiment of a desktop with source and
device resonator coils.

FIGS. 16A-B are schematic diagrams showing embodiments of a device resonator coil
with flaps of magnetic material.

FIGS. 17A-E are schematic diagrams showing embodiments of resonators.

FIGS. 18A-F are schematic diagrams showing different examples of magnetic material
configurations.

FIG. 19 is a plot showing coil-to-coil efficiency as a function of device resonator size.

FIG. 20A is a schematic diagram showing an embodiment of a wireless energy transfer
System.

FIGS. 20B-C are plots showing coil-to-coil efficiency as a function of device position.

FIGS. 21A-D are schematic diagrams showing different examples of magnetic material

configurations.
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FIG. 22 is a plot showing coil-to-coil efficiency as a function of magnetic material
width.

FIGS. 23 A-B are schematic diagrams showing different examples of magnetic material
configurations.

FIG. 24 is a plot showing coil-to-coil efficiency as a function of hollow fraction of a
magnetic material.

FIGS. 25A-C are schematic diagrams showing different examples of magnetic material
configurations.

FIG. 26 is a schematic diagram showing an embodiment of driving resonators.

FIG. 27 is a schematic diagram showing an embodiment of a source with switchable
elements.

FIG. 28 is a schematic diagram showing an embodiment of a source with tunable
elements.

FIG. 29 is a schematic diagram showing another embodiment of a source with tunable
elements.

FIG. 30A is a schematic diagram showing an embodiment of a source with one or more
resonators.

FIG. 30B is a schematic diagram showing an embodiment of one of the resonators
shown in FIG. 30A.

FIG. 31 is a schematic diagram showing an embodiment of an impedance matching

network for a source.

DETAILED DESCRIPTION

Wireless energy transfer systems described herein may be implemented using a wide
variety of resonators and resonant objects. As those skilled in the art will recognize, important
considerations for resonator-based power transfer include resonator quality factor and resonator
coupling. Extensive discussion of such issues, ¢.g., coupled mode theory (CMT), coupling
coefficients and factors, quality factors (also referred to as Q-factors), and impedance matching
is provided, for example, in U.S. Patent Application No. 13/428,142, published on July 19, 2012
as US 2012/0184338, in U.S. Patent Application No. 13/567,893, published on February 7, 2013
as US 2013/0033118, and in U.S. Patent Application No. 14/059,094, published on April 24,

9
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2014 as US 2014/0111019. The entire contents of each of these applications are incorporated by
reference herein.

Electronic devices may rely on electronic circuits such as rectifiers, AC to DC
converters, and other power electronics to condition, monitor, maintain, and/or modify the
characteristics of the voltage and/or current used to power the electronic device. Power
electronics may take as input electrical energy from a power source with voltage/current
characteristics that may not be compatible with the requirements of the electronic device and
modify the voltage and/or current characteristics to meet the requirements of the electronic
device. In some cases, the power source may be a mains connection or a battery providing a
substantially stable input. For example, a power mains may provide 120VAC input which may
be rectified and converted to SVDC for some electronic devices.

In some applications, the power source may be highly variable. Power electronics
receiving power via highly resonant wireless energy transfer, for example, may be required to
condition or modify received voltages and/or currents because those voltages or currents may
change by 10%, 50%, 100% or more and in some cases may appear as power surges. The power
electronics used in existing devices may not be capable of providing a stable output to an
electronic device from such a highly variable power source.

In the devices disclosed herein, power electronics circuits may include an asynchronous
rectifier. An asynchronous rectifier may be part of an efficient and cost effective circuit for
monitoring and modifying a variable power input to an electronic device. The asynchronous
rectifier circuit may be configured and/or controlled to provide a substantially stable
voltage/current output despite changing input voltage and/or current characteristics. The
asynchronous rectifier may provide efficient rectification and/or regulation even in converting
power wirelessly transmitted using high operating frequencies (e.g., 6.78MHz) without requiring
precise timing for switches, as in traditional synchronous designs.

The asynchronous rectifiers disclosed herein may include a feedback loop that monitors
the output of the rectifier and adjusts the operation of one or more components of the rectifier.
Adjusting the operation of the one or more components of the rectifier may affect the output
characteristics of the rectifier. The output of the rectifier may be configured to maintain a

specific voltage and/or current at the output such as 3VDC, 5VDC, or more, or others.

10
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In exemplary embodiments, the output of the rectifier may be adjustable or variable.
The output of the rectifier may be set to different operating points such as different output
voltages and/or currents. The output may be set to a first operating point for a first duration of
time and to a second operating point for a second duration of time. The output of the rectifier
may maintain the first operating point or the second operating point during variations of input
power to the rectifier.

In exemplary embodiments, the rectifier may include a clamping circuit to prevent
voltage and/or current surges that may occur at the input of the rectifier to propagate to the
output.

FIG. 1 depicts a system 100 which may have variable power input 110. The system
may include an electronic device 106 with constraints on allowable voltages and/or currents at its
power input 112. The power input 110 may not be compatible with the constraints of the
electronic device. In exemplary embodiments, the power input 110 may be generated from
energy that is captured from a magnetic field by a magnetic resonator 102 and transformed into
oscillating electrical energy 110. Power electronics 104 may be configured to modify the
characteristics of the electrical energy 110 received from the resonator 102 to match the
requirements of the electronic device 106.

In exemplary embodiments, the power electronics may be configured to rectify and
regulate the oscillating electrical energy 110 received from the resonator 102. The oscillating
voltage and/or current may be rectified to generate a DC voltage or an approximately DC
voltage. The DC output may be further regulated or conditioned to output a desired voltage
and/or current and/or multiple voltages/currents (including AC voltages and currents).

FIG. 2A depicts an exemplary embodiment of an asynchronous rectifier circuit that
may be included in the power electronics circuitry to rectify and regulate an oscillating voltage
input from a resonator or another source of oscillating energy 208. The asynchronous rectifier
circuit may include rectifying diode D1 connected in series with the oscillating energy source
208. A shorting element 212 may be arranged in parallel with the oscillating energy source 208.
The shorting element may be controlled by other elements of the asynchronous rectifier to
activate and/or short the oscillating energy source 208 thereby bypassing the rectifying diode D;.

During operation of the asynchronous rectifier, the rectifying diode D1 may normally
conduct during the positive phase of the oscillating energy source providing a positive (rectified)

11
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voltage at the output of the diode D1. Additional elements 210 such as capacitors, inductors, and
other elements, may be used to reduce the ripple of the rectified voltage/current and provide a
substantially DC voltage (Vpc) to the electronic device. The peak voltage at the output of the
rectifying diode D1 may depend on the power demands of the electronic device, the peak voltage
of the oscillating energy source 208, and the like. Unless further controlled, the peak voltage at
the output of the rectifying diode D1 may be proportional to the peak voltage of the oscillating
energy source 208 and may exceed the voltage constraints of the electronic device receiving
energy from the rectifier 200.

The peak voltage at the output of the rectifying diode D1 may be controlled by the
shorting element 212. The shorting element 212 may selectively provide an alternative path for
the current from the oscillating energy source 208 such that the current bypasses the rectifying
diode Di. The alternative conducting path through the shorting element 212 may be activated
based on the voltage at the output of the rectifying diode D; or the Vpce output from the rectifier
to the electronic device. The shorting element may be selected to have low losses (Rgs,on for
FET) since during the shorting time period, all transferred power may be dissipated in the
resonator and shorting element. The switching element may include one or more MOSFETs,
FETs, bipolar junction transistors (BJTs) or other switch and/or relay and/or transistor types and
may be selected based on the performance characteristics and/or cost requirements for an
application.

In exemplary embodiments, the shorting element may be normally deactivated under
normal or acceptable operating conditions. Then the shorting element may be activated when the
voltage at the output of the rectifying diode D; reaches an upper bound threshold value. When
the upper bound threshold value is reached the shorting element 212 may be activated to prevent
additional energy from the oscillating energy source 208 from passing through the diode D;. If,
during this time, the voltage at the output of the rectifying diode decreases due to changing
energy demands of the electronic device and/or other circuitry, and reaches a lower bound
threshold value, the shorting element may be deactivated allowing more energy to flow through
the rectifying diode which may allow the voltage at the output of the rectifying diode D1 to
increase. The cycle of activating and deactivating the shorting element may be controlled by

elements of the feedback loop 218 of the asynchronous rectifier to maintain the voltage at the
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output of the rectifying diode between the upper bound threshold value and lower bound
threshold value.

In exemplary embodiments, the shorting element may be normally activated and may
be deactivated when the output voltage reaches a minimum threshold value and reactivated when
the voltage reaches a maximum threshold value. In exemplary embodiments, the shorting
element may be activated and deactivated for predetermined amounts of time, periodically,
and/or in response to set of triggers such as threshold crossings, temperature measurements,
control signals, communication signals and the like.

FIG. 2B shows an exemplary embodiment of the asynchronous rectifier circuit with
one exemplary embodiment of an implementation of the shorting element 212. The exemplary
shorting element includes a diode D> and a switching element S;. The diode D> and the
switching element S1 may be configured in parallel with the oscillating energy source 208. The
diode D, may be configured to provide a ground path to the Vpc output when the switching
element S; is open. When the shorting element is activated (the switch is closed) the switching
element may provide for an alternative path for the current from the oscillating energy source
208. The alternative path may bypass the rectifying diode D1. The switching element may be a
transistors and/or relays. The switching element may include one or more MOSFETs, FETs,
BJTs or other transistor types and may be selected based on the performance characteristics
and/or cost requirements for an application.

Activation and deactivation of the shorting element 212 may be controlled via a
feedback loop that takes as input the voltage and/or current at the output of the rectifier diode D
and/or the output Vpc to the electronic device. The feedback loop may include elements or
modules or units that provide reference voltage and/or current readings 202 at the output of
rectifier diode D1 and/or other parts of the circuit such as the Vpc output. The reference readings
may be used by the switching control unit 204 to determine when to activate/deactivate the
shorting element. The output of the switching control unit 204 may be a signal such as a binary
on/off signal to activate/deactivate the shorting element 212. The signal may be buffered by
drivers 206 that provide the correct voltages and switching characteristics for the particular
switching elements of the shorting element 212.

The feedback loop may comprise sensing and reference circuitry 202, a switching
control unit 204, and drivers 206 and may include digital and/or analog circuitry. In exemplary
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embodiments, digital logic may be preferred over analog circuits to define upper/lower bound
thresholds and activation/deactivation timers. Digital logic such as microprocessors, gate arrays,
field-programmable gate arrays (FPGAs), and the like may be used to reconfigurably adjust
operating points and thresholds. In exemplary embodiments, analog circuitry may be preferred.
Analog circuitry may provide for faster response times and/or shorter delays between changes in
rectified voltage and adjustment of the shorting element. In exemplary embodiments, a
combination of digital and analog circuitry may be used.

FIG. 2C shows an exemplary embodiment of the asynchronous rectifier circuit with
one exemplary embodiment of an implementation of the sensing and reference circuitry 202 and
switching control unit 204 elements (shown in FIG. 2B) using analog circuitry. The exemplary
embodiment includes a network of resistors, diodes, at least one comparator 214 and a gate
driver 216. The network 218 of resistors and the Zener diode Vz may be used to provide a
reference voltage for the comparator 214. The Ri, Ry, and R, resistor values and the Zener
voltage may be used to determine the upper bound voltage for which the comparator 214 may
trigger a signal for activating/deactivating switch S;.

The maximum voltage Vrecr may be defined using the values of the resistors and the

Zener voltage Vz:

v VzRuyst + VourRy ( R,
RECT max= R1 R2 n RHYST

)+v.
where Vour is the voltage at the output of the comparator 214.

When the maximum voltage Vzecrmax 18 reached, the comparator 214 triggers the
activation of switch S;. Once switch S; is activated, the energy from the oscillating energy
source 208 will bypass the rectifying diode D;. During the activation of the switch Si, the
voltage Vrect may decrease. As the voltage decreases below the Vzecr, max threshold, the
comparator may trigger to deactivate switch Si.

The lower bound voltage of Vrect that will cause the comparator 214 to deactivate the
switch S1 may be determined by exploiting the hysteresis property of the comparator 214. The
lower bound may be selected by defining the value of the Ruysr resistor. The larger the value of
the resistor, the greater the hysteresis effect. The greater the hysteresis effect, the larger the

difference between the lower bound and upper bound voltages on the Vrrcr.
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The difference between the lower bound threshold and upper bound threshold may result in a
ripple in the Vrecr voltage. For some applications, the magnitude of the ripple may be an
important factor. The magnitude of the ripple may affect the frequency at which the switch S; is
turned on/off. In exemplary embodiments, the switching frequency of S1 may be proportional to
the losses of the rectifier. In exemplary embodiments, the value of the Ruysr resistor may be
selected to provide acceptable tradeoffs between the magnitude of the ripple and switching losses
associated with switch S;.

In exemplary embodiments, the ripple at the output Vpc may be reduced by additional
components 210 which may include capacitors and/or inductors.

In exemplary embodiments, one or more of the resistors may be a variable resistor and
may be an electronically adjustable resistor. The values of the resistors may be adjusted to
change the operating point of the rectifier. The resistor values may be adjusted to change the
maximum voltage, the hysteresis, the magnitude of the ripple and the like. In exemplary
embodiments, the values may be adjusted based on the operating conditions of the electronic
device, characteristics of the oscillating energy supply, and the like. For example, the value of
the Ruyst resistor may be adjusted based on the peak voltage of the oscillating energy source.
The value of Ruyst may be increased as the peak voltage of the oscillating energy source
decreases.

In exemplary embodiments, a voltage reference for the comparator may be generated
by an alternate circuit, DC-to-DC converters, a microprocessor with suitable analog-to-digital
and digital-to-analog interfaces, or a battery instead or in addition to the resistor network
described herein. In some embodiments, an electronic device may include a battery. The output
voltage of the battery may be used as a reference voltage.

In exemplary embodiments, the analog circuits shown in FIG. 2C may be modified
with alternative or complementary circuits and hysteresis methods including Schmitt triggers.

In exemplary embodiments, the functionality of the switching control element 204 may
be implemented using a microprocessor and/or other digital and analog logic components. For
example, similar functionality to the comparator may be implemented using analog to digital
converters and a microprocessor. Analog to digital converters may be used to sample the voltage
of the output of the rectifying diode D1 and digitize the readings. The readings may be
monitored and analyzed by a microcontroller. The readings may be monitored to determine if an
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uppetr/lower bound voltage threshold has been reached. When a threshold is reached, a control
signal for the shorting circuitry may be generated by the microcontroller. In exemplary
embodiments, the microcontroller and/or digital logic may track the frequency, timing, and/or
other characteristics of the rectified voltage and may adjust the upper/lower bound thresholds.
For example, when the upper/lower bound threshold values are reached at a frequency that is
within a magnitude of the frequency of the oscillating energy source, the microcontroller may
adjust the upper and/or lower bound threshold values to decrease the frequency.

In exemplary embodiments, the activation/deactivation of the shorting element 212
may be lower than the frequency of the oscillating energy source 208. In exemplary
embodiments, the activation/deactivation of the shorting element 212 may be triggered primarily
based on the upper/lower bound voltage thresholds. In exemplary embodiments, the
activation/deactivation of the shorting element 212 may be synchronized with the oscillating
energy source 208 to provide zero voltage/current switching at the shorting element 212, Switch
S1, for example, may be activated/deactivated during zero voltage/current conditions of the
oscillating energy source 208.

FIG. 3A shows an exemplary embodiment of an asynchronous rectifier 300 with a
synchronizer element 302 that may be used to synchronize the activation/deactivation of the
shorting element with the oscillating energy source 208. The synchronizer element 302 may
synchronize switching of one or more switches of the shorting element with zero voltage and/or
zero current conditions of the oscillating energy source. The synchronizer element 302 may be
implemented with analog and/or digital logic and/or circuitry. In exemplary embodiments, the
synchronizer element 302 may be part of the switching control element 204. A microprocessor
with analog to digital converters, for example, may monitor the oscillating energy input. When
the input is at or near the zero value, an enable flag may be set to define when the
activation/deactivation signal may be sent to the switching elements of the shorting element 212.

FIG. 3B shows one exemplary embodiment of the synchronizer element 302
comprising a comparator 306 and an AND gate 304. The control output (ASYNC signal) of the
switching control 204 may be gated by the AND gate 304 until another signal to the AND gate
304 indicates a zero voltage/current condition. The signal indicating a zero voltage/current
condition may be generated by the comparator 306. The comparator may take as input (AC
signal) the oscillating energy source. The comparator may output a high signal when the voltage
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on the AC input is low thereby allowing the high ASYNC signal to propagate. Similar designs
may be used for deactivation of the shorting element switches.

The foregoing descriptions of FIGS. 2A-2C and 3A-3B relate to exemplary
embodiments based on half wave rectifier designs. It is to be understood that the asynchronous
rectifier may also be based on a full wave rectifier. Control and shorting elements may be used
to bypass rectifying diodes on both positive and negative portions of the voltage cycle of the
oscillating source.

The foregoing descriptions of FIGS. 2A-2C and 3A-3B relate to exemplary
embodiments of asynchronous rectifiers capable of regulating an output voltage. The
asynchronous rectifiers may also regulate an output current. Currents at the output of the
rectifier may be measured and the shorting circuit activated/deactivated based on upper/lower
bound current thresholds.

In exemplary embodiments, an asynchronous rectifier may be directly coupled to an
oscillating energy source. In exemplary embodiments, the oscillating energy source may include
a magnetic resonator that is part of a wireless energy transfer system. The magnetic resonator
may receive energy from another source via oscillating magnetic fields. In exemplary
embodiments, the resonator may be coupled to the asynchronous rectifier via a matching
network. The matching network connecting the resonator and the asynchronous rectifier may be
configured with the operation of the rectifier in mind. The asynchronous rectifier may have
different impedance characteristics depending on the activation/deactivation of the shorting
element. Changes in the impedance of the asynchronous rectifier may affect the performance of
the resonator and affect the efficiency of wireless energy transfer.

FIG. 4 shows an exemplary embodiment of an asynchronous rectifier coupled to a
resonator 410 via an impedance matching network 402. The impedance matching network may
be configured to improve or optimize the efficiency of energy transfer to resonator 410 from a
wireless magnetic field source. In exemplary embodiments, the load impedance of the
asynchronous rectifier may be significantly lower when the shorting element 212 is activated
compared to when the shorting element is deactivated. When the shorting element is
deactivated, the load impedance Ry may include the impedance of the electronic device that
receives energy from the asynchronous rectifier. When the shorting element is activated, the
load impedance Ry snort may be significantly lower. The lower load impedance may decrease
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the energy transfer efficiency during the time when the shorting element is activated. The
impedance matching network may be configured such that when the shorting element is
activated, the impedance Rivsuort as seen from resonator 410 through the impedance matching
network is large. The impedance matching network 402 may be configured such that when the
shorting element is deactivated, the impedance Riv as seen from resonator 410 through the
impedance matching network is similar to the load impedance R;.

In exemplary embodiments, impedance matching network 402 may be configured to
minimize losses when the shorting element is activated. When the shorting element is activated
no power is going to the electronic device at the Vpc output, and the effective efficiency during
this time may be zero.

As discussed above, the desired impedance characteristics to ensure efficient wireless
power transfer may be achieved by impedance matching network 402. In exemplary
embodiments, the elements of the impedance network X1 406 and X3 404 may provide an
inductance and may include components such as inductors. Element X> 408 may provide a
capacitance and may include components such as capacitors. In embodiments, the elements of
the impedance matching network 402 may be selected to maximize the impedance Rin,sHorT, via

the following equation:

XZZRL,SHORT
,SHORT + (XZ + X3)2

RIN,SHORT= 2
RL

while satisfying
o MR
MERE + (X + X3)%

FIG. 5 illustrates a set of steps that are part of a method for adjusting upper/lower
bound voltage thresholds in the feedback loop of the asynchronous rectifier. The upper/lower
bound voltage thresholds that are used trigger the activation/deactivation of the shorting element
may be adjusted based on electrical characteristics of the electronic device connected to Vpc,
electrical characteristics of the resonator, and/or magnetic field characteristics. In step 502, the
asynchronous rectifier may activate/deactivate the shorting element based on the upper/lower
voltage thresholds. When the upper voltage threshold at the output of the rectifying element is
reached, the feedback loop may activate the shorting element and deactivate the shorting element

when the lower bound threshold is reached. In step 504, the feedback loop may receive an
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indication of the energy demands of the electronic device to which the asynchronous rectifier is
connected at Vpe. In exemplary embodiments, a communication channel from the electronic
device may indicate the energy demands of the device based on processor demands, user
interaction, and/or the like. In exemplary embodiments, the energy demands of the electronic
device may be estimated based on historical data of the energy demands based on time of the
day, for example. In exemplary embodiments, the power consumption may be determined by
measuring the current at the input of the electronic device. In step 506, the energy delivery rate
to the resonator may be determined. The energy delivery rate may be determined by the peak
voltages and/or currents on the resonator. In exemplary embodiments, an additional resonator or
sensor may be used to measure magnetic field strength near the resonator. In exemplary
embodiments, the field strength may be indicative of the energy delivered to the resonator. In
step 508, the difference between the available energy transfer rate at the resonator and the energy
transfer rate demanded by the electronic device may be determined and in step 510, the
difference in energy (e.g., the difference in energy transfer rate) may be used to adjust the
uppetr/lower bound voltage thresholds. In exemplary embodiments, a large difference between
the energy demands of the electronic device and the energy delivered to the resonator may be
used to increase the upper and/or decrease the lower voltage thresholds (i.e. increase the ripple at
the output of the asynchronous rectifier). The changes in the thresholds may be configured to
reduce the frequency of activation/deactivation of the shorting elements of the asynchronous
rectifier. In exemplary embodiments, a small difference between the energy demand of the
electronic device and the energy delivered to the resonator may be used to decrease the upper
and/or increase the lower voltage thresholds. In exemplary embodiments, the thresholds may be
adjusted to ensure the frequency of activation/deactivation of the shorting element is at least five

or ten times or slower than the frequency of the oscillating energy at the input to the rectifier.

Desktop Applications

In exemplary embodiments, the asynchronous rectifier designs and methods described
herein may be applied to wireless energy transfer in a variety of applications, including desktop
applications.

A wireless energy transfer system for desktop applications may power or charge a
plurality of electronic devices at the same time. The system may include one or more wireless
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energy sources to transfer energy to one or more wireless energy receivers or devices. Energy
may be transferred to devices positioned on a desk, table, shelf, lab bench, or other surface.
Electronic devices such as laptops, smartphones, tablets, computer peripherals, and the like
positioned on or near the surface may wirelessly receive energy from an energy source below,
near, or on top of the surface. A source may include one or more magnetic resonators that, during
operation, couple and transmit power via an oscillating magnetic field to one or more electronic
device magnetic resonators. The power transmitted may be sufficient and/or efficient enough to
directly power or recharge electronic devices.

Wireless power transfer on desktops, tabletops, and in similar environments can be
challenging using conventional methods due to the large combination of arrangements or use
cases that may result. For example, a laptop, mouse, phone, and monitor may need to be powered
or charged at the same time. The physical arrangement of the electronics on a wirelessly powered
desktop or arca may determine the efficiency of power transfer. The position, materials, distance
of one device may affect the energy delivery to all the devices. The position of one device may
change the power input to one or more devices. As devices are repositioned, their coupling with
the source may change, affecting the efficiency and power input to the other devices.

In exemplary embodiments, the asynchronous rectifier described herein may be used to
rectify and regulate the electrical energy received by the magnetic resonators of the electronic
devices in a wireless power transfer system. In exemplary embodiments, the asynchronous
rectifier may be configured to provide constant voltage/current to the electronic devices even
when the power input to the resonators is changing and may have a wide variance. By using the
asynchronous rectifiers disclosed herein, the power input variance to the electronic devices can
be reduced. Reduced power variance may result in more efficient energy transfer and in less
energy lost in regulating and rectifying components.

In exemplary embodiments, the power input variations in a desktop wireless energy
transfer system may be reduced through appropriate resonator designs. In desktop applications,
the design of resonators may take into account lossy environments, varying proximity of one or
more devices to one or more sources, human interfacing including user safety, mobility of the
system or the system’s parts, and similar criteria. In exemplary embodiments, resonator design
may vary according to the number of devices requiring power as well as the types of devices. In
further exemplary embodiments, resonator designs may balance positional tolerance
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(maintaining a level of efficiency over varying positions) with achieving high efficiency at a
single position or orientation.

In exemplary embodiments, one or more tunable capacitors may be part of a resonator
and/or an impedance matching network. One or more tunable capacitors may be part of a source,
a device, and/or a repeater in a wireless energy transfer system. Capacitance may be tuned, for
example, in response to varying proximity of one or more devices to one or more sources, lossy
environments, human interfacing including user safety, and/or mobility of the system or the
system’s parts. For example, a capacitance in a source may be tuned in response to the
positioning of a device relative to the source. In another example, a capacitance in a source may
be tuned in response to a lossy object, such as a metallic object, being brought near the wireless
energy transfer system. In an exemplary embodiment, a tunable capacitor may include a bank of
capacitors, where the capacitance of the bank is controlled by a switch. In some exemplary
embodiments, a relay may be used to tune the capacitance. A switch or relay or similar
component may be activated in response to a current or voltage measurement and may be
controlled via a microcontroller. For example, current measurements may be taken at two points
of the source-side impedance matching circuitry. In exemplary embodiments, the phase
difference between the two current measurements may serve as a control signal for a relay (or
switch or comparable component). The number of capacitors in a bank may be determined, for
example, by cost, spatial constraints, power requirements, and/or degree of tunability. In
exemplary embodiments, a tunable capacitor may be an augmentation to a fixed capacitance and
may serve as a “fine-tuning” mechanism for tuning purposes. In exemplary embodiments,
wireless desktop configurations may include a single device resonator in each device and a single
source resonator.

A desktop configuration with one source resonator coil 602 and one device resonator coil
606 attached to a device 604 is shown in FIG. 6A. The coupling k£ between the source coil 602
and device coil 606 may be affected by the relative size of the source coil 602 and device coil
606. The coupling may affect the energy transfer parameters and may affect the energy transfer
efficiency and variance of changes in power delivery. The coupling between the source and the
device may be increased by increasing the size of the device resonator. In the exemplary
embodiment shown in FIG. 6A, coupling £ may increase with an increase in device resonator
size. FIG. 6B shows an exemplary embodiment of a device resonator with increased size,
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relative to FIG. 6A. FIG. 6C shows how coupling & changes as a function of the size of the
device resonator coil relative to the size of the resonator coil for the configuration shown in
FIGS. 6A - 6B with a 500 mm by 350 mm source resonator coil. As shown in FIG. 6C, the
coupling & between the source resonator coil 602 and the device resonator coil 606 may increase
as the size of the square shaped device resonator coil increases.

FIGS. 7A-7B show calculations of coupling k£ and energy transfer efficiency as
functions of device length and width for the configuration shown in FIG. 6A. Wireless coupling
and transfer efficiency increase as the size of the device resonator coil approaches the size of the
source resonator coil.

In exemplary embodiments, the coupling & between the source coil 602 and device coil
606 may be affected by relative position of the device coil 606 with respect to the device 604.
Device resonator coil 606 may be positioned in the middle of the device 604 as shown in FIG.
8A. In exemplary embodiments, the device resonator coil 606 may be positioned in various parts
of an electronic device 604. FIG. 8B shows an exemplary embodiment of a device resonator coil
606 positioned in the corner of an electronic device 604.

FIG. 8C shows the coupling £ between the device resonator coil 606 and the source
resonator coil 602 as a function of the position of the resonator coil 606 with respect to the
device 604. The coupling increases with greater offset between the centers of the device
resonator coil and the device. The offset parameter is determined by the position of the center of
the device resonator coil 606 relative to the center of the device 604. In this exemplary
embodiment, an offset parameter of 0 represents no offset between the center of the device 604
and resonator coil 606, while an offset parameter of 1 represents a maximum offset as shown
when the resonator is positioned in the corner of the device 604 (FIG. 8B).

Wireless desktop configurations may include devices with more than one device
resonator coil. Multiple device resonator coils may be positioned on or around a device.
Multiple resonator coils may be selectively used and/or used in combination depending on their
coupling, orientation, and/or position relative to the source resonator coil. In exemplary
embodiments, devices with multiple device resonator coils may improve coupling with the
source resonator coil and reduce or eliminate poor coupling due to null regions under various

use-case scenarios and positions/orientations.
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An exemplary desktop configuration with one source resonator coil 902 and two device
resonator coils 904, 906 is shown in FIG. 9A. The device resonator coils 904, 906 may couple to
a source resonator coil 902 even when positioned over a null region of the source resonator coil
902, as shown in FIG. 9B. The outputs of multiple device resonators may be electronically
combined to deliver power to the device. FIG. 9C shows a further exemplary embodiment in
which a device includes four device resonator coils 910, 912, 914, 916. In exemplary
embodiments, a device may include configurations with one resonator coil and/or configurations
with two or more resonator coils.

In exemplary embodiments, in wireless desktop configurations that include more than
one device or source resonator coil, the multiple resonator coils may be positioned side by side to
cover an area. In some embodiments, adjacent resonator coils may be positioned to overlap one
another. For example, two source resonator coils may be placed such that coupling between
them is minimized, i.e. they are in each other’s dead spots. Such configurations are described
further, for example, in U.S. Patent Application Publication No. 2013/0175874, the entire
contents of which are incorporated herein by reference. The source resonator coils may be driven
90 degrees out of phase or driven at different times or with different phases with respect to each
other to achieve spatially uniform coupling or more uniform magnetic field density between the
source resonators and the device.

FIG. 10 shows an exemplary embodiment of two overlapped source resonator coils 1004,
1006. The resonator coils 1004, 1006 overlap over a distance 1002 that spans a portion of their
coil windings. This resonator coil arrangement may eliminate or reduce null spots over the arca
enclosed by the combined resonator coils of the source, relative to a configuration in which coils
1004 and 1006 do not overlap. Such an arrangement may provide for a uniform or near-uniform
coupling over the area spanned or enclosed by the two resonator coils to other magnetic
resonators of a wireless power transfer system.

FIG. 11 shows simulated coupling coefficient magnitudes between a source and
device, each with a single resonator. The graph shows the lack of uniformity in the coupling
coefficient as the device is horizontally displaced from the center of the source coil (labeled “0”
on the x-axis) to the edge of the source coil, decreasing from a coupling coefficient value |k of
0.025 to 0.005. FIG. 12A shows simulated coupling coefficient values for a source and device,
the source having two overlapped resonators similar to the resonators shown in FIG. 10 when
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the two resonators are driven in-phase and at the same drive frequency. In this exemplary
embodiment, the coupling values are less uniform in some regions, such as in between the two
coil centers. FIG. 12B shows simulated coupling values for a source and device, the source
having two overlapped resonators as shown in FIG. 10 and driven with the same frequency but
90 degrees out-of-phase. In this exemplary embodiment, the coupling values are more uniform
over horizontal displacements of the device over the source. Note there are no null spots in the
coupling coefficient between the source and the device using the arrangement of source coil
position and drive signals shown in FIG. 12B.

The design of a resonator coil may also impact the overall efficiency of power transfer
in a wireless power transfer system. Design parameters of a device resonator coil may include
size, shape, thickness, number of turns, density of the turns, span size, number of coils, and the
like.

Resonators for use in desktop applications can, in some embodiments, include two sets of
loops formed by one contiguous conductor. The two sets of loops can be positioned side by side
and may spiral inwards in the same direction. Each loop in each set of loops can be positioned
substantially off-center from other loops in the set, each inner loop of each set of conductor loops
can be positioned off-center from the outer loop away from the second set of loops.

For example, FIG. 13 shows a resonator coil with two sets of loops 1318, 1308 formed
by one contiguous conductor with both sets of loops spiraling inwards in a counterclockwise
direction. Each set of loops 1318, 1308 includes five loops of an electrical conductor that spiral
inwards. Each loop in each set of loops 1318, 1308 may not be concentric with the other loops
in each set. As in the exemplary embodiment shown in FIG. 13, each conductor loop of each set
of loops may be configured such that they are shifted off-center from the outer loop. In FIG. 13,
the loops of the set of loops of 1318 are not concentric, but offset such that the loops are off-
center away from the center of the set of loops 1308. Due to the off-center arrangement of the
conductor coils, the spacing of loops relative to each other may be asymmetric. The spacing
between adjacent loops may be larger on the side of the loops facing the other set of loops and
smaller on the outside of the set of loops. For example, in the exemplary embodiment shown in
FIG. 13, the spacing 1304 between the conductor of adjacent loops is larger on the side facing
the other set of loops than the spacing on the outside of the conductor coil 1302, 1310. In
exemplary embodiments, the width of the conductor forming the loops of each set of loops may
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be non-uniform and may change depending on the location of the conductor in each loop, and the
like. For example, in the exemplary embodiment shown in FIG. 13, the width of the conductor
forming the loops may be proportional to the spacing between the conductors of adjacent loops.
The larger the spacing (e.g., where the loops are spaced by a distance 1304), the larger the width
of the conductor. In areas where the spacing between the conductors is smaller (e.g., where the
loops are spaced by a distance 1302), the width of the conductor traces may be relatively smaller.

In general, the resonator coil may be “anti-symmetric” along its length 1314. That is,
the left side of the resonator coil may be similar to the right side of the coil but rotated 180
degrees. The span of the coil may be similar along the outermost edges, but more spread out in
the center. The thickness of the coil may vary along its length; traces along the outer edges can
be thinner, while traces in the middle region of the coil can be thicker. The density of the coil
traces at the outer edge of the resonator coil can vary compared to the inner area of the resonator
coil, to allow for generation of a more uniform magnetic field over the overall area of the
resonator coil.

In exemplary embodiments, the resonator coil loops may have a rectangular shape as
shown in FIG. 13. More generally, coil loops with oval, circular, triangular, and other shapes
may also be used. In exemplary embodiments the two sets of loops may have different shapes.
One set of loops may be rectangular while the other circular, for example. In exemplary
embodiments, one sets of loops may have different dimensions and/or different number of loops
than the other set.

FIG. 14 shows an exemplary embodiment of a resonator coil design that may be used for
a source resonator coil in various applications, including desktop applications. In this exemplary
embodiment, the resonator coil 1402 includes more than one electrical conductor shaped to form
one or more coils. In particular, each of the conductors in the resonator coil forms an “S” shape.
The conductors are nested, forming a set of nested “S” shaped conductors. Each conductor is
shaped or curved in one direction (e.g. clockwise) to form one loop and then shaped or curved in
an opposite direction (e.g. counterclockwise) to form a second loop, forming an “S” shape. In
exemplary embodiments, the conductors may be shaped to form loops that are substantially
rectangular, circular, oval, or other shapes.

FIG. 14 shows an exemplary embodiment with five conductors forming five offset “S”
shapes. The conductors 1404, 1406, 1408, 1410, 1412 are configured so that they are offset from
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one another. In exemplary embodiments, additional conductor traces 1414, 1416, 1418, 1420,
1422 may optionally be used to close the ends of the “S” shaped conductors. The additional
conductor traces 1414, 1416, 1418, 1420, 1422 may be coupled to amplifiers and/or impedance
matching networks. The ends of the conductors may be coupled to amplifiers and the conductors
may be configured to be driven independently, in groups (e.g., in series or in parallel or a
combination of series and parallel), and/or all at once.

In exemplary embodiments, the resonator coils shown in FIG. 14 may be implemented as
a printed circuit coil with printed or etched conductor traces on a substrate such as a circuit
board. The additional conductor traces 1414, 1416, 1418, 1420, 1422 may be formed or printed
on a different conductor layer than the “S” shaped conductors 1404, 1406, 1408, 1410, 1412.

FIG. 15 shows an exemplary embodiment with an “S” shaped coil used for a source
resonator coil 1502 and an “S” shaped coil used for a device resonator coil 1504.

In exemplary embodiments for use in desktop configurations, for example, metallic
materials with good electrical conductivity such as aluminum, copper, gold, and the like may be
used to shield a resonator coil. Sheets of an electrical conductor material may be placed under,
near, or over a resonator coil to shape and/or minimize loss of the magnetic field near lossy
materials. The size of the sheet of the conductor may be larger than the size of the resonator
coils. The sheets of conductor may be positioned between a device and a device resonator coil.

In exemplary embodiments, magnetic material such as ferrite may be used to shield the
coil from metallic components of devices and sources, and electronics or other lossy materials.
Sheets, tiles, pieces, and other fragments of magnetic material may be positioned between the
resonator coils and lossy materials. In exemplary embodiments, the magnetic material may be
shaped or configured with flaps or edges that overhang and/or wrap around the device coil. FIG.
16A shows an exemplary embodiment of a resonator coil with a flap 1608 (shown as a darker
material) around one edge of the device 1602. FIG. 16B shows an exemplary embodiment of a
resonator coil with two flaps 1608 around two edges of the device 1602. The addition of two
flaps formed of magnetic material has been shown to provide over 40% improvement in the
coupling coefficient over a configuration with no flaps.

In exemplary embodiments, greater coil-to-coil coupling efficiencies may be gained
using a combination of methods. FIGS. 17A-E show various exemplary embodiments of a
device resonator coil and magnetic material that improve coil-to-coil coupling efficiency. FIG.
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17A shows a first exemplary embodiment in which the resonator coil 1704 is placed near the
edge of the apparatus 1702; FIG. 17B shows another exemplary embodiment in which magnetic
material 1706 is used as an overhang; FIG. 17C shows another exemplary embodiment in which
magnetic material 1708 forms both a bridge (between the overhang material and the resonator
coil which is sitting on top of a layer of magnetic materials) and an overhang; FIG. 17D shows
another exemplary embodiment in which the resonator coil 1704 abuts the magnetic material
overhang 1710; FIG. 17E shows another exemplary embodiment in which the resonator coil
1704 is wrapped over the corner of the apparatus. In these exemplary embodiments, for a
separation of 25 mm between a source and device, the coil-to-coil efficiency in the exemplary
embodiments shown in FIGS. 17D-E may be greater than those shown in FIGS. 17A-C.
Without wishing to be bound by theory, it is believed that this may be due to the positioning of
the resonator 1704, which is nearer the edge of the apparatus 1702 in FIGS. 17D-17E.

In exemplary embodiments, magnetic material may be used to shape magnetic fields to
preserve or increase wireless power coupling efficiency. FIG. 18A shows an exemplary
embodiment of a device resonator with magnetic material placed below the resonator coil 1808,
between the resonator coil 1808 and the device 1802. FIG. 18B shows a variation to that
exemplary embodiment where the magnetic material 1804 has been extended out from beneath
the coil 1808 and positioned to one side of the device 1802 as a single “bridge” to the edge of the
device 1802. FIG. 18C shows a further exemplary embodiment where the magnetic material is
arranged as a dual “bridge” 1810 that is constructed to cover an area that runs along the length of
the device 1802. Additionally, there may be overhangs 1806 made from magnetic material
and/or portions of resonator coils in both FIGS. 18B-18C that further provide shielding and/or
shaping and/or enhanced coupling to the magnetic field of the wireless power transfer system.
Similarly, FIG. 18D shows an exemplary embodiment of a device resonator with magnetic
material placed below the resonator coil 1808, between the resonator coil 1808 and the device
1802. In this exemplary embodiment, the length 1812 of the resonator coil 1808 has been
increased as compared to the resonator coil 1808 shown in FIG. 18A. FIG. 18E shows an
exemplary resonator embodiment that includes magnetic material shaped as a single “bridge”
1804 and an increased resonator coil length 1812. FIG. 18F shows an exemplary resonator
embodiment featuring magnetic material shaped as a dual “bridge” 1810 and an increased
resonator coil length 1812.
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FIG. 19 shows the calculated coil-to-coil coupling efficiency values in a wireless energy
transfer system that includes a source and a device similar to the exemplary embodiments shown
in FIGS. 18A—-F. The source resonator has dimensions of 273 mm by 160 mm whereas the
device resonator has a fixed width of 86 mm and variable length between 50 mm — 200 mm. The
coil-to-coil efficiency values are plotted as a function of device resonator coil length 1812. As
resonator coil length 1812 is increased from 50 mm (as shown in FIGS. 18A—C) to 200 mm (as
shown in FIGS. 18D-F), efficiency values increase. Coil-to-coil coupling efficiency values are
plotted for each magnetic material configuration shown in FIGS. 18A-C and FIGS. 18D-F. For
the arrangement shown in FIG. 18A and FIG. 18D, i.c., no bridge and with 0.25 mm thick
ferrite and 0.5 mm thick ferrite positioned under the resonator coil, the predicted coupling
efficiencies are shown by traces 1912 and 1908 respectively. For the arrangement shown in
FIG. 18B and FIG. 18E, i.c., single bridge, 0.25 mm thick ferrite and 0.5 mm thick ferrite
results are shown in traces 1910 and 1904 respectively. For the arrangement shown in FIG. 18C
and FIG. 18F, i.e. dual bridge, 0.25 mm thick ferrite and 0.5 mm thick ferrite are shown in traces
1906 and 1902 respectively.

FIG. 20A shows a schematic diagram of an embodiment of a wireless energy transfer
system that includes a source resonator 2002 and a device resonator 2004 in a Cartesian (X-Y)
coordinate system. FIGS. 20B-C show coil-to-coil efficiency values for device resonator 2004 as
a function of position relative to the center of source resonator 2002. Note that for this exemplary
embodiment the device resonator 2004 has fixed dimensions of 200 mm by 86 mm while the
source resonator 2002 has fixed dimensions of 273 mm by 160 mm. FIG. 20B shows coil-to-coil
efficiencies as a function of position along the X-axis for exemplary magnetic material
configurations shown in FIGS. 18A-C. For the arrangement shown in FIG. 18A, i.c., 0.5 mm
thick ferrite positioned under the resonator coil without a bridge, where the device resonator is at
heights of 0 mm and 40 mm away from the source resonator, the predicted coupling efficiencies
are shown by traces 2006 and 2008 respectively. For the arrangement shown in FIG. 18B, i.c.,
single bridge of 0.5 mm thick ferrite positioned under the resonator coil, where the device
resonator is at heights of 0 mm and 40 mm away from the source resonator, the predicted
coupling efficiencies are shown by traces 2010 and 2012 respectively. For the arrangement
shown in FIG. 18C, i.c., dual bridge of 0.5 mm thick ferrite positioned under the resonator coil,
where the device resonator is at heights of 0 mm and 40 mm away from the source resonator, the
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predicted coupling efficiencies are shown by traces 2014 and 2016 respectively. In these
exemplary embodiments, a source with dual bridge and overhang or “lip” produces the best coil-
to-coil efficiency for a span of positions in the X-axis.

FIG. 20C shows coil-to-coil efficiencies as a function of position in the Y-axis for the
exemplary magnetic material configurations shown in FIGS. 18A—C. For the arrangement
shown in FIG. 18A, i.c., 0.5 mm thick ferrite positioned under the resonator coil without a
bridge, where the device resonator is at heights of 0 mm and 40 mm away from the source
resonator, the predicted coupling efficiencies are shown by traces 2018 and 2020 respectively.
For the arrangement shown in FIG. 18B, i.c., single bridge of 0.5 mm thick ferrite positioned
under the resonator coil, wherein the device resonator is at heights of 0 mm and 40 mm away
from the source resonator, the predicted coupling efficiencies are shown by traces 2022 and 2024
respectively. For the arrangement shown in FIG. 18C, i.c., dual bridge of 0.5 mm thick ferrite
positioned under the resonator coil, wherein the device resonator is at heights of 0 mm and 40
mm away from the source resonator, the predicted coupling efficiencies are shown by traces
2026 and 2028 respectively. In these exemplary embodiments, a source with dual bridge and
overhang or “lip” produces the best coil-to-coil efficiency for a span of positions in the Y-axis.

In exemplary embodiments, the width of a bridge made of magnetic material may also
affect efficiency of energy transfer. FIGS. 21A-B show examples of devices 2102 with device
resonators 2104 that include a thin bridge of magnetic material, single 2106 and dual 2112,
respectively. FIGS. 21C-D show device resonators 2104 with a thicker bridge of magnetic
material, single 2110 and dual 2114, respectively.

FIG. 22 shows the coil-to-coil coupling efficiency values of the exemplary embodiments
shown in FIGS. 21A-21D. FIG. 22 also shows the coil-to-coil coupling efficiency values of a
“baseline” measurement of a device resonator with magnetic material that has no bridge or
overhang configuration. For a device resonator with magnetic material of 0.25 mm and 0.5 mm
thickness, efficiencies are shown in traces 2202 and 2204 respectively. For the arrangement
shown in FIG. 21A and FIG. 21C, i.c., a single bridge of 0.25 mm thick ferrite and 0.5 mm
thick ferrite, efficiencies are shown in traces 2206 and 2208 respectively. For the arrangement
shown in FIG. 21B and FIG. 21D, i.e., a dual bridge of 0.25 mm thick ferrite and 0.5 mm thick

ferrite, efficiencies are shown in traces 2210 and 2212 respectively.
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In exemplary embodiments, the shape of magnetic material may be varied to realize
certain performance and/or system parameters such as energy transfer efficiency, resonator
weight, resonator cost, and the like. For example, FIGS. 23A-B show two exemplary resonator
embodiments in which the weight has been reduced by using magnetic material structures 2304
that have been hollowed out near their centers. In FIG. 23A, 10% of a 75 by 50 by 0.25 mm’®
volume 2306 of magnetic material 2304 has been removed from near the center of the slab of
magnetic material used on a device resonator 2302. In FIG. 23B, 50% of a 75 by 50 by 0.25
mm’ volume 2308 of magnetic material 2304 has been removed from near the center of the slab
of magnetic material used on a device resonator 2302. FIG. 24 shows the coil-to-coil coupling
efficiency of the device resonator as a function of the fraction of the magnetic material slab that
has been hollowed out. As this fraction increases, the coil-to-coil efficiency decreases. The
efficiency calculations shown are for a device with magnetic material that does not cover the
width of the device (plot 2402) and a device with magnetic material that covers the width of the
device and has overhang (plot 2404). There is a marked increase in the coil-to-coil efficiency for
a device with magnetic material that covers the width of the device and has an overhang, as
shown in FIGS. 23A-B.

In a wireless energy transfer system, highly conducting and/or metallic materials such as
aluminum and/or copper may be used for shielding a resonator to attain high efficiency and
coupling and to preserve the high quality factor of the magnetic resonators. In exemplary
embodiments, these materials may be placed under, near, or over a resonator coil to shape and
minimize loss of the magnetic field near lossy materials, such as other metals. FIGS. 25A-C
show three exemplary embodiments in which differently sized highly conducting materials 2506,
2508, 2510 are used to shield device coil 2504 from, for example, the chassis of a device such as
a laptop 2502. The chassis of a device may be lossy to magnetic fields and may affect wireless
power transfer efficiency. The material used to shield the device coil may be copper, aluminum,
and the like. Increasing the size of the shield may decrease magnetic field losses.

In exemplary embodiments, one or more amplifiers may be used to drive one or more
source resonators. The use of more than one amplifier may be advantageous for actively tuning
resonator circuits and detecting resonator coils that are being used for power transfer. An
additional advantage of using more than one amplifier may be to provide protection against the
back driving of current. FIG. 26 shows an exemplary embodiment of a circuit where each
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resonator is driven by its own amplifier. As shown, there are N amplifiers 2602 to drive N
resonators 2604. In another exemplary embodiment, more than one amplifier can drive each
resonator. For example, NxM amplifiers may be used to drive N resonators, where M is a scaling
integer such as 2, resulting in 2 amplifiers driving each resonator. In yet another exemplary
embodiment, each amplifier may drive more than one resonator.

FIG. 27 shows an exemplary embodiment of a single amplifier 2702 driving a circuit that
includes one or more resonators, each including an inductor 2708, 2710, 2712 and an element
2714, 2716, 2718 such as a capacitor, inductor, resistor, and the like, that may be switched in or
out. There may be mutual inductance 2704, 2706 between resonators. Similarly, one or more
resonators may be switched in or out of the circuit using switches “S”.

FIG. 28 shows an exemplary embodiment of wireless power source 2800 that includes a
single amplifier 2802 driving one or more resonators in parallel. In this exemplary embodiment,
the resonators include circuit elements 2804, 2810, 2814, 2816 which are tunable and may be
inductors, capacitors, resistors, and the like, as well as inductors 2808, 2812, 2816. The source
2800 can be “automatically” tuned by allowing certain resonators to preferentially draw current
from amplifier 2802.

In some embodiments, “automatic tuning” can occur when a device is positioned on or
near a source that has inductors 2808, 2812, 2816 in parallel. A device may be able to charge by
“detuning” the inductor that it is closer to. For example, in FIG. 28, inductors 2808, 2812, 2816
may be tuned to a particular impedance and the device detunes the inductor it rests on or near.

In other embodiments, the device may be able to charge by “tuning” the inductor that it is
closer to. For example, the inductors 2808, 2812, 2816 can each be driven by a power source
(e.g., amplifier 2802). These inductors have impedances Zi, Z», and Zs, respectively, and can be
considered “detuned” in the absence of a device placed in proximity to the inductors. However,
when a device is positioned on or near one of the inductors, mutual coupling between the device
and the inductor can modify the impedance of the source resonator represented by the inductor,
which “tunes” the inductor. For example, referring to FIG. 28, suppose a device is placed on or
near inductor 2812 with impedance Z,. Coupling between the device and inductor 2812 can
change the impedance Z; of inductor 2812, such that it “tunes” the impedance value Z; of that
particular inductor. In other words, the presence of the device can decrease the impedance Z, at
inductor 2812, such that current from amplifier 2802 is preferentially drawn to inductor 2812,
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allowing for wireless power transfer to preferentially occur between the resonator represented by
inductor 2812 and the device. The impedances Z1 and Z3 of inductors 2808 and 2816 are higher
than the impedance Z; of inductor 2812, so that the amount of power transfer between the
resonators represented by inductors 2808 and 2816 and the device is significantly less, and in
some embodiments, iS even zero.

In general, impedance characteristics of source 2800 are controlled through appropriate
selection of various parameters of resonator (e.g., inductor) coils, including the size, shape,
thickness, number of turns, and density of turns. In some embodiments, inductors 2808, 2812,
and 2816 are designed so that, in the absence of a device positioned in proximity to any of the
inductors, the impedances Z1, Z», and Zs vary by 10% or less (e.g., 5% or less, 1% or less).

In certain embodiments, inductors 2808, 2812, and 2816 are designed so that when a
device is positioned on top of, or near to, a particular one of the inductors, the impedance of that
inductor is significantly reduced, thereby causing wireless power transfer between the resonator
represented by that inductor and the device, in strong preference to wireless power transfer from
the resonators represented by the other inductors. Continuing the example from above, in some
embodiments, after a device is positioned on or near inductor 2812, the impedance Z; is reduced
so that the impedances Z1 and Z3 of inductors 2808 and 2816 are each larger than Z; by a factor
of 2 or more (e.g., by a factor of 5 or more, by a factor of 10 or more).

The source shown in FIG. 28 can have certain advantages from a cost standpoint
compared to the source shown in FIG. 27, as there are no potentially costly switches used for
operation. This may also be preferable from a control standpoint because the source may rely on
automatic tuning to achieve higher efficiency at the resonator being activated by a device. In
exemplary embodiments, this tuning scheme may be referred to as a “fixed” scheme, as the
multiple source resonators are wired to the circuit.

FIG. 29 shows an exemplary embodiment of an amplifier 2902 driving a circuit that
includes source resonators with tunable inductors 2904, 2906, 2908 and elements 2910, 2912,
2914 such as capacitors, inductors, resistors, and the like. The inductance of tunable inductors
2904, 2906, 2908 may be changed to tune or detune the one or more resonators, ¢.g., by a
controller or control circuit (not shown in FIG. 29), as discussed previously. In exemplary
embodiments, this tuning scheme may also be referred to as a “fixed” scheme, as the multiple
source resonators are wired to the circuit.
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FIGS. 30A-B show exemplary embodiments of wireless power sources where the source
resonators and/or tuning components are not permanently fixed or wired to an amplifier. In FIG.
30A, an amplifier 3002 drives an inductor 3004 which is inductively coupled (as shown by
arrows 3006) to multiple separate resonators 3008. An example of resonator 3008 is shown in
FIG. 30B. The resonator includes an inductor 3014 and additional elements 3016, 3018, 3020
which may be connected in series and/or parallel with inductor 3014. These additional elements
3016, 3018, 3020 may be capacitors, inductors, resistors, switches, diodes, and the like. One
advantage to this source is the positional freedom of resonators 3008.

FIG. 31 shows one or more amplifiers 3102 connected to a matching network 3106
which may be connected to one or more source resonators 3104. The matching network 3106
may be used to provide impedance matching for one, some, or all of the source resonators 3104.
In exemplary embodiments, any of the amplifiers 3102 may be switched to drive one, some, or
all of the resonators 3104. In certain embodiments, amplifiers 3102, matching network 3106, and
source resonators 3104 can be controlled by a microcontroller (not shown) to determine which
amplifiers drive which resonators. In exemplary embodiments corresponding to desktop wireless
power transfer systems, the distance, distribution, number of electronic devices that can be
powered or charged may be enhanced by the use of passive, intermediate magnetic resonator
repeaters. In exemplary embodiments, active magnetic resonator repeaters may be used to
enhance, facilitate, or control the distance, distribution, or number of electronic devices that can
be powered or charged.

For illustrative purposes, the foregoing description focuses on the use of devices,
components, and methods in desktop wireless power transfer applications, e.g., power transfer to
electronic devices such as laptops, smartphones, and other mobile electronic devices that are
commonly placed on desktops, tabletops, and other user work surfaces.

More generally, however, it should be understood that devices that can receive power
using the devices, components, and methods disclosed herein can include a wide range of
electrical devices, and are not limited to those devices described for illustrative purposes herein.
In general, any portable electronic device, such as a cell phone, keyboard, mouse, radio, camera,
mobile handset, headset, watch, headphones, dongles, multifunction cards, food and drink

accessories, and the like, and any workspace electronic devices such as printers, clocks, lamps,
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headphones, external drives, projectors, digital photo frames, additional displays, and the like,
can receive power wirelessly using the devices, components, and methods disclosed herein.

In this disclosure, certain circuit components such as capacitors, inductors, resistors,
diodes, and switches are referred to as circuit “components” or “elements.” The disclosure also
refers to series and parallel combinations of these components or elements as elements,
networks, topologies, circuits, and the like. Further, combinations of capacitors, diodes,
transistors, and/or switches are described. More generally, however, where a single component
or a specific network of components is described herein, it should be understood that alternative

embodiments may include networks for elements, alternative networks, and/or the like.

OTHER EMBODIMENTS
The embodiments described herein merely serve to illustrate, but not limit, the features of
the disclosure. Other embodiments are also within the scope of the disclosure, which is

determined by the claims.
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WHAT IS CLAIMED IS:

1. A wireless energy transfer source, comprising;:

at least two source resonators electrically connected in parallel and configured so that
during operation, the at least two source resonators can each transfer energy wirelessly via an
oscillating magnetic field to a device resonator; and

a power source coupled to a first tunable element and to each of the at least two source
resonators, and configured so that during operation, the power source provides a supply of
clectrical current,

wherein each of the at least two source resonators has a nominal impedance when a
device resonator is not positioned on or near any of the at least two source resonators, the
nominal impedances of each of the at least two source resonators varying by 10% or less from
one another; and

wherein the at least two source resonators are configured so that during operation of the
wireless energy transfer source, when a device resonator is positioned on or near a first one of
the at least two source resonators:

the impedance of the first source resonator is reduced such that the reduced

impedance of the first source resonator is smaller than the nominal impedances of each of the
other resonators by a factor of 2 or more; and

the first source resonator draws electrical current from the power source.

2. The source of claim 1, wherein the tunable element comprises at least one of a tunable

capacitor, a tunable inductor, and a tunable resistor.

3. The source of claim 1, further comprising power and control circuitry configured to

control the tunable element.

4. The source of claim 1, wherein a second one of the at least two source resonators draws
current from the power source when the device resonator is positioned on or near both the first

and second resonators.
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5. The source of claim 1, wherein the at least two source resonators each comprise an S-

shaped coil, and wherein the at least two resonators are nested within one another.

6. The source of claim 5, wherein each of the S-shaped coils is printed on a first layer of a
circuit board and returning traces of the S-shaped coils are printed on a second layer of the

circuit board.

7. The source of claim 6, wherein the device resonator comprises an S-shaped coil.

8. The source of claim 1, wherein the device resonator is part of a phone or a laptop.

9. The source of claim 1, wherein the source resonator is integrated into a surface of a table

or desk.

10. The source of claim 3, wherein each of the at least two source resonators comprises a

tunable capacitor.

11. The source of claim 2, wherein the power and control circuitry is configured to tune the

tunable capacitor in response to the presence of a lossy object.

12. The source of claim 11, wherein the tunable capacitor comprises a bank of capacitors and

wherein a capacitance of the bank of capacitors is controlled by a switch.

13. The source of claim 1, wherein each of the at least two source resonators comprises a

tunable inductor.

14. The source of claim 13, wherein an inductance of each tunable inductor can be changed

to adjust the impedance of each corresponding one of the at least two source resonators.

15. The source of claim 1, wherein the at least two source resonators are overlapped such that
coupling between them is reduced, relative to the coupling that would result if the source

resonators were positioned adjacent one another.
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16. The source of claim 1, wherein each of the at least two source resonators have a quality

factor Q>100.

17. A method for tuning a wireless power source, the method comprising:

driving at least two source resonators with a power source coupled to a first tunable
clement and to each of the at least two source resonators, wherein the power source is configured
to provide an electrical current supply; and

in response to the positioning of a device resonator on or near a first one of the at least
two source resonators, supplying electrical current to the first source resonator to wirelessly
transfer power from the first resonator to the device resonator,

wherein the positioning of the device resonator on or near the first source resonator
reduces an impedance of the first source resonator by a factor of at least two relative to

impedances of each of the other source resonators.

18. A wireless energy transfer system comprising:
a source comprising:
at least two source resonators electrically connected in parallel; and
a driving circuit coupled to a first tunable element and to each of the at least two
source resonators, the driving circuit configured to provide a current supply; and
a device comprising at least one device resonator coupled to a load,
wherein the source is configured to transfer wireless energy via an oscillating magnetic
ficld to the at least one device resonator;
wherein a first one of the at least two source resonators draws current from the driving
circuit when the device resonator is positioned on or near the first of the at least two source
resonators; and
wherein other resonators of the at least two source resonators are detuned when the

device resonator is positioned on or near the first source resonator.

19. The system of claim 18, wherein the device comprises at least two device resonators.
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20. The system of claim 19, wherein energy captured by the at least two device resonators is

electrically combined to deliver power to the load.

21. A source for wireless energy transfer, comprising:

a first S-shaped conductor in a plane, the first S-shaped conductor comprising a first top
half and a first bottom half, and

a second S-shaped conductor in the plane, the second S-shaped conductor comprising a
second top and a second bottom half,

wherein the first top half has a smaller area than the second top half and the first bottom
half has a greater area than the second bottom half; and

wherein the first and second S-shaped conductors are nested into one another without

overlapping.

22. The source of claim 21, wherein the first and second S-shaped conductors are disposed in

a first layer of a printed circuit board.

23. The source of claim 21, wherein a first return trace belonging to the first S-shaped
conductor and a second return trace belonging to the second S-shaped conductor are in a second

plane.

24. The source of claim 22, wherein a first return trace belonging to the first S-shaped
conductor and a second return trace belonging to the second S-shaped conductor are disposed in

a second layer of the printed circuit board.

25. The source of claim 21, wherein each of the S-shaped conductors is coupled to and driven

by an amplifier.

26. The source of claim 21, wherein the S-shaped conductors are coupled to and driven by a

single amplifier.

27. A receiver for wireless energy transfer, comprising:
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an electronic device having a bottom surface, a first side surface, and second side surface,
wherein a first edge corresponds to a location where the bottom surface and the first side surface
intersect and a second edge corresponds to a location where the bottom surface and the second
side surface intersect;

a piece of magnetic material disposed on the bottom surface of the electronic device; and

a device resonator coil disposed on the at least one piece of magnetic material,

wherein the first and second edges are positioned opposite to each other; and

wherein the piece of magnetic material extends from under the device resonator to the

first edge.

28. The receiver of claim 27, wherein the piece of magnetic material extends to the second

edge.

29. The receiver of claim 27, further comprising a second piece of magnetic material

disposed on the first side surface.

30. The receiver of claim 28, further comprising a third piece of magnetic material disposed

on the second side surface.

31. The receiver of claim 27, wherein the electronic device is one of a laptop, a notebook

computer, a smartphone, and a tablet.

32. An asynchronous rectifier, comprising:

an input terminal for receiving an oscillating energy signal;

at least one rectifying element connected in series with the input terminal;

at least one shorting element connected in parallel with the input terminal to provide an
bypass path around the at least one rectifying element for the oscillating energy signal, and
comprising at least one switching element configured to selectively activate the bypass path; and

a feedback loop configured to detect an electrical parameter at an output of the rectifying
element and to generate, based on the detected electrical parameter, a control signal for the at

least one shorting element to selectively activate the bypass path.
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33. The asynchronous rectifier of claim 32 wherein the electrical parameter comprises a

voltage.

34. The asynchronous rectifier of claim 33 wherein the feedback loop is configured to
generate the control signal to activate the bypass path when a detected voltage at the output of

the rectifying element is equal to or greater than an upper bound threshold value.

35. The asynchronous rectifier of claim 34 wherein the feedback loop comprises a
comparator configured to generate the control signal to activate the bypass path when the upper

bound threshold value is reached.

36. The asynchronous rectifier of claim 35 wherein the comparator comprises a resistor
connecting an output of the comparator to an input of the comparator, and wherein a resistance

value of the resistor determines hysteresis of the feedback loop.

37. The asynchronous rectifier of claim 32 wherein the shorting element comprises a diode.

38. The asynchronous rectifier of claim 32 wherein the rectifying element comprises at least

one diode.

39. The asynchronous rectifier of claim 32 further comprising a synchronizing element
configured to synchronize activation of the bypass path with the oscillating energy signal so that

the shorting element is operated using zero voltage switching.

40. The asynchronous rectifier of claim 32 further comprising a LCL impedance matching

network connected to the input terminal.

41. A method for rectifying and regulating voltage received from a resonator by an electronic
device comprising an asynchronous rectifier, the method comprising:
detecting a voltage equal to or greater than an upper voltage threshold at an output of the
rectifier;

activating a shorting element to decrease the voltage at the output of the rectifier;
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monitoring energy demands of the electronic device;

monitoring energy delivered to the resonator by a source;

predicting an adjustment to the upper voltage threshold based on a difference between the
energy demands of the electronic device and the energy delivered to the resonator; and

adjusting the upper voltage threshold based on the prediction.

42. The method of claim 41 further comprising adjusting the upper voltage to maintain a
frequency of activation/deactivation of the shorting element of at most 10% of a frequency of an

oscillating energy signal delivered to the resonator.

43. The method of claim 41 further comprising adjusting the upper voltage to maintain a
frequency of activation/deactivation of the shorting element of at most 1% of a frequency of an

oscillating energy signal delivered to the resonator.

44. The method of claim 41 further comprising detecting a voltage equal to or lower than a
lower voltage threshold at the output of the rectifier, and deactivating the shorting element to

increase the voltage at the output of the rectifier.

45. The method of claim 44 further comprising predicting an adjustment to the lower voltage
threshold based on the difference between the energy demands of the electronic device and the

energy delivered to the resonator, and adjusting the lower threshold based on the prediction.

46. The method of claim 45 further comprising adjusting the lower voltage threshold to
maintain a frequency of activation/deactivation of the shorting element of at most 10% of a

frequency of an oscillating energy signal delivered to the resonator.

47. The method of claim 45 further comprising adjusting the lower voltage threshold to
maintain a frequency of activation/deactivation of the shorting element of at most 1% of a

frequency of an oscillating energy signal delivered to the resonator.
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