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(57) Abstract: A wireless power receiver capable of receiving wireless power from close-coupled and mid-range wireless power
supplies. The wireless power receiver includes a principal and supplemental receiver circuits. The principle receiver circuit is ad-
justable to operate in a close-coupled mode or aresonator mode. In close-coupled mode, the principle receiver circuit is coupled to
the power input of aremote device and functions as the principle power source. In resonator-mode, the principle power circuit is
electrically disconnected/isolated from the remote device and forms a closed resonant loop to function as aresonator that amplifies
an electromagnetic field from amid-range wireless power supply. The supplemental receiver circuit is coupled to the power input of
the remote device and is configured to receive wireless power from the resonator and function as the power source when the prin -
ciple receiver circuit isin the resonator mode.
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WIRELESS POWER RECEIVER SYSTEM

BACKGROUND OF THE INVENTION

[0001] The present invention relates to wireless power transfer, and more particularly to
systems for wirelessly receiving power from a wireless power supply.

[0002] The use of wireless power supply systems continues to grow. The most common
wireless power supply systems use electromagnetic fields to wirelessly transfer power from a wireless
power supply to wireless power receiver associated with a remote device, such as a cell phone, a smart
phone, a media player or other electronic device. There are a number of different types of wireless
power supply systems. For example, many conventional systems use a primary coil in the wireless
power supply and secondary coil in the wireless power receiver of the remote device. The primary coil
generates an electromagnetic field that emanates from the wireless power supply. The wireless power
receiver includes a secondary coil that can be placed within the electromagnetic field generated by the
primary coil. When the remote device is placed within sufficient proximity to the wireless power supply,
the electromagnetic field induces power within the secondary coil that can be used by the remote
device, for example, to power and/or charge the remote device. These types of systems typically
provide optimal performance when the primary coil and the secondary coil are relatively close to one
another. For this reason, these types of systems are often referred to as "close-coupled" systems.

[0003] A number of conventional wireless power supply systems have been configured to
efficiently provide power when the primary coil and the secondary coil are farther apart than normally
acceptable for efficient use of close-coupled systems. Given that they can efficiently transfer power at
distances greater than close-coupled systems, these types of wireless power transfer systems are often
referred to as "mid-range" systems. A typical mid-range wireless power transfer system relies on
technology disclosed over 100 years ago by Nicola Tesla (see for example, U.S. Patent 685,012, which
issued on October 22, 1901). With a typical mid-range system, the power transfer system includes a
pair of resonators that are arranged between or otherwise near the primary coil and the secondary coil.
Each resonator is configured to include an inductor and a capacitor, and does not include any
additional significant load. This keeps the impedance at the resonant frequency to a minimum which
maximizes the resonating current between the capacitor and inductor. The current in the inductor, in
turn, amplifies the wireless power signal induced within the resonator. Given their ability to amplify
signals, the resonators can function as a bridge for extending the range of the wireless power supply
system. In use, the primary coil generates an electromagnetic field that induces power in the first

resonator, the first resonator generates an amplified electromagnetic field that induces power in the



WO 2013/103756 PCT/US2013/020203

second resonator and the second resonator generates an amplified electromagnetic field that induces
power in the secondary coil.

[0004] Although the use of resonators typically provides improved efficiency in mid-range
environments, resonators can reduce efficiency when the wireless power supply and the remote device
are too close. This places a practical limitation on the use of mid-range systems that incorporate
resonators. Further, a wireless power supply with a resonator will typically not operate efficiently with a
remote device that does not have a resonator (and vice-versa). As a result, it is typically necessary for
the wireless power supply to be paired with a matched remote device.

SUMMARY OF THE INVENTION

[0005] The present invention provides a wireless power receiver capable of optimizing itself
for receiving wireless power from different types of wireless power supplies. The wireless power
receiver includes two receiver circuits that are configured for different operating parameters. In one
embodiment, the wireless power receiver includes a principle receiver circuit and a supplemental
receiver circuit. The principle receiver circuit is adjustable to operate in either a close-coupled mode or
a resonator mode. In the close-coupled mode, the principle receiver circuit may function as the
principle power source of the remote device. In the resonator mode, the principle power circuit may be
electrically disconnected/isolated from the remote device and function as a resonator to amplify the
received wireless power signal. The supplemental receiver circuit may be configured to function as the
power source for the remote device when the principle receiver circuit is in the resonator mode. The
supplemental receiver circuit may also be capable of providing power to the remote device when the
principle receiver circuit is in close-coupled mode.

[0006] In one embodiment, the principle receiver circuit includes a receiver coil (or other
inductor) and a receiver capacitor that form a tank circuit and are coupled to the power input of the
remote device. The receiver coil and receiver capacitor may form a resonant tank circuit. The resonant
tank circuit may be coupled to the power input through rectification circuitry, as well as appropriate
filtering and conditioning circuitry. The principle receiver circuit includes a switch arranged to allow the
resonant tank circuit to be selectively shorted, such that the resonant tank circuit is effectively
electrically disconnected/isolated from the remote device power input and configured in a closed
resonant loop to function as a resonator. In one embodiment, the switch includes an arrangement of
two FETs coupled to a controller. The controller may be configured to close the FETs and short the
resonant tank circuit when it is desirable for the principle receiver circuit to function in resonator mode.

[0007] In one embodiment the supplemental receiver circuit includes a receiver coil coupled to

the power input of the remote device. The supplemental receiver coil may be electrically connected to
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the power input through rectification circuitry, as well as appropriate filtering and conditioning circuitry.
The characteristics of the supplemental receiver coil may be selected so that the supplemental receiver
coil is tuned to efficiently receive wireless power from the principle receiver circuit when the principle
receiver circuit is in the resonator mode.

[0008] In one embodiment, the supplemental receiver circuit may also be adjustable to
operate in either a close-coupled mode or a resonator mode. In this embodiment, the supplemental
receiver may include a receiver capacitor that combines with the receiver inductor to form a tank circuit.
The supplemental receiver may also include a switch for selecting shorting the tank circuit so that it
forms a closed resonant loop. In the resonator mode, the supplemental receiver circuit may function as
a resonator to amplify the received wireless power signal. The principle receiver circuit and the
supplemental receiver circuit may be tuned different so that each operates more efficiently with different
mid-range wireless power supplies.

[0009] In one embodiment, the principle receiver circuit may be provided with selectively
variable capacitance and/or selectively variable inductance so that the circuit may be tuned to different
wireless power transfer parameters. For example, the circuit may include a bank of capacitors and/or a
bank of inductors, and a controller capable of selectively connecting the desired capacitance and/or
desired inductance to the receiver circuit.

[0010] In one embodiment, the supplemental receiver circuit may be provided with selectively
variable capacitance and/or selectively variable inductance so that the supplemental receiver circuit
may be tuned to different wireless power transfer parameters. For example, the supplemental receiver
circuit may include a bank of capacitors and/or a bank of inductors, and a controller capable of
selectively connecting the desired capacitance and/or desired inductance to the receiver circuit. In
some embodiments, both the principle receiver circuit and the supplemental receiver circuit may have
selectively variable capacitance and inductance. In such embodiments, the system may include a
single controller capable of controlling the capacitance and inductance of both receiver circuits.

[001 1] In one embodiment, the wireless power receiver includes a communication system
capable of receiving communications from a wireless power supply. In this embodiment, the wireless
power receiver may receive communications indicating whether to operate in close-coupled mode or in
mid-range mode. In mid-range mode, the wireless power receiver may include a controller that closes
the FETs or other switch to cause the principle power receiver to operate as a resonator. In systems in
which the principle receiver circuit and/or supplemental receiver circuit include variable capacitance

and/or variable inductance, the communication system may also be used to communicate the desired
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capacitance and/or inductance, or to communication information indicative of the appropriate
capacitance and/or inductance.

[0012] In one embodiment, the wireless power receiver may be configured to determine the
proper operating mode without the need for communications from the wireless power supply. In one
embodiment, the wireless power receiver may include a sensor capable of measuring the current
and/or voltage induced in the principle receiver circuit and/or the supplemental receiver circuit. The
wireless power receiver may include a controller capable of determining the proper mode of operation
based on the current and/or voltage measured by the sensor. The controller may base the
determination on different characteristics of the induced power, such as the peak or RMS value of the
current and/or voltage, or the frequency at which the current and/or voltage varies. As another
example, the determination may be made based on the rate of change in the current and/or voltage.
The wireless power receiver may include a controller capable of comparing the current and/or voltage
measured in the principle receiver circuit with the current and/or voltage measured in the supplemental
receiver circuit, and determining the proper mode of operation from such comparison.

[001 3] The present invention provides a simple and effective wireless power receiver that can
receive power from different types of wireless power supplies. In one embodiment, a single power
receiver can be selectively reconfigured to function as a close-range receiver or a resonator for a mid-
range receiver. In one embodiment, the principle receiver circuit and the supplemental receiver circuit
are both capable of functioning as resonators, thereby providing the wireless power receiver the ability
to adapt to different mid-range wireless power supplies. In one embodiment, variable inductance
and/or variable capacitance in the principle receiver circuit and/or supplemental receiver circuit can be
used to allow the system to be tuned for improved efficiency over a wide range of wireless power
supply operating characteristics. The present invention also provides a variety of alternative systems
and methods for determining the proper operating mode. This allows the present invention to be easily
incorporated into a variety of different wireless power supply systems.

[0014] These and other objects, advantages and features of the invention will be more fully
understood and appreciated by reference to the description of the current embodiment and the
drawings.

[0015] Before the embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited to the details of operation or to the details of construction
and the arrangement of the components set forth in the following description or illustrated in the
drawings. The invention may be implemented in various other embodiments and of being practiced or

being carried out in alternative ways not expressly disclosed herein. Also, it is to be understood that the
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phraseology and terminology used herein are for the purpose of description and should not be regarded
as limiting. The use of "including" and "comprising” and variations thereof is meant to encompass the
items listed thereafter and equivalents thereof as well as additional items and equivalents thereof.
Further, enumeration may be used in the description of various embodiments. Unless otherwise
expressly stated, the use of enumeration should not be construed as limiting the invention to any
specific order or number of components. Nor should the use of enumeration be construed as excluding
from the scope of the invention any additional steps or components that might be combined with or into
the enumerated steps or components.

BRIEF DESCRIPTION OF THE DRAWINGS

[001 6] Fig. 1is a schematic representation of a wireless power supply system having a close-
coupled wireless power supply and a wireless power receiver in accordance with one embodiment of
the present invention.

[0017] Fig. 2 is a schematic representation of a wireless power supply system having a mid-
range wireless power supply and a wireless power receiver in accordance with one embodiment of the
present invention.

[0018] Fig. 3 is a schematic representation of a wireless power supply system having a mid-
range wireless power supply and a wireless power receiver in accordance with a first alternative
embodiment of the present invention.

[0019] Fig. 4 is a schematic representation of a wireless power supply system having a close-
coupled wireless power supply and a wireless power receiver in accordance with a second alternative
embodiment of the present invention.

[0020] Fig. 5 is a schematic representation of a wireless power supply system having a mid-
range wireless power supply and a wireless power receiver in accordance with a third alternative
embodiment of the present invention.

[0021] Fig. 6 is a schematic representation of a wireless power supply system having a mid-
range wireless power supply and a wireless power receiver in accordance with a fourth alternative
embodiment of the present invention.

[0022] Fig. 7 is a schematic representation of a wireless power supply system having a mid-
range wireless power supply and a wireless power receiver in accordance with a fifth alternative
embodiment of the present invention.

DESCRIPTION OF THE CURRENT EMBODIMENT

[0023] A wireless power receiver in accordance with an embodiment of the present invention

is shown in Figs. 1 and 2. The wireless power receiver 10 of this embodiment is configured to
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wirelessly receive power from a close-coupled wireless power supply 100 (see Fig. 1) or from a mid-
range wireless power supply 100' (see Fig. 2). The wireless power receiver 10 is coupled to a remote
device D so that it can supply the wirelessly-received power to the remote device D. The wireless
power receiver 10 is capable of selectively being reconfigured to operate in close-coupled mode or in
mid-range mode to allow it to efficiently receive power from different types of wireless power supplies
100, 100'. The wireless power receiver 10 of this embodiment generally includes a principle receiver
circuit 12, a supplemental receiver circuit 14 and a controller 18 for controlling operation of the wireless
power receiver 10. In this embodiment, the principle receiver circuit 12 and the supplemental receiver
circuit 14 are connected in parallel to a power input of a remote device D so that both of them are
capable of delivering power to the remote device D. The principle receiver circuit 12 of this
embodiment includes a resonant tank circuit and is capable of being selectively configured to operate
as a close-coupled receiver or a resonator for mid-range power transfer systems. The principle
receiver circuit 12 may be tuned for efficient operation as a receiver with a close-coupled wireless
power supply 100 and for efficient operation as a resonator with a mid-range wireless power supply
100'. The supplemental receiver circuit 14 of this embodiment includes an inductor and is configured to
efficiently receive wireless power from the principle receiver circuit 12 when the principle receiver circuit
12 is configured to operate as a resonator. In use, the controller 18 is capable of determining the
proper operating mode and configuring the principle receiver circuit 12 to function as a close-coupled
receiver or a resonator, as appropriate. The present invention discloses various systems and methods
for determining the proper operating mode.

[0024] Figs. 1 and 2 are schematic representations of a wireless power receiver 10 in
accordance with one embodiment of the present invention. The wireless power receiver 10 of this
embodiment may be coupled to a power input of a remote device D. The remote device D may be
essentially any component that utilizes electrical power. For example, the remote device D may be a
cell phone, a smart phone, a media player, a personal digital assistant, a laptop computer, a notebook
or a tablet computer. The power delivered by the wireless power receiver 10 may be used in
essentially any way, such as to directly power a remote device D and/or to charge a battery for the
remote device D. The wireless power receiver 10 may be integrated directly into the remote device D
by the manufacturer. In such embodiments, the remote device D may be configured to accommodate
the wireless power receiver 10 within the housing of the remote device D and the power input may be
internal electrical connections that deliver power from the wireless power receiver 10 to the power
management unit (not shown) of the remote device D. The power management unit (not shown) may

control use of the power as desired, for example, by using conventional power control algorithms to
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provide power to the remote device D or to charge the battery of the remote device D. Alternatively, the
wireless power receiver 10 may be configured to attach to a remote device D that was not intended to
wirelessly receive power to allow that remote device D to receive power wirelessly.

[0025] As noted above, the wireless power receiver 10 of Fig. 1 generally includes a principle
receiver circuit 12, a supplemental receiver circuit 14 and a controller 18 for controlling operation of the
wireless power receiver 10. The principle receiver circuit 12 and the supplemental receiver circuit 14
may be coupled to a power input of a remote device D so that both of them are capable of delivering
power to the remote device D. In this embodiment, the principle receiver circuit 12 and the
supplemental receiver circuit 14 are electrically connected in parallel to a power input of the remote
device D. Although not shown, the two receiver circuits 12 and 14 may be connected in parallel to a
power input of a power management unit (not shown) so that they may alternatively or simultaneously
supply power to the remote device D through the power management unit. In this embodiment, the
principle receiver circuit 12 includes a tank circuit 20 in which power is induced when in the presence of
an appropriate electromagnetic field. The tank circuit 20 of this embodiment includes an inductor 22
and a capacitor 24. The inductor 22 may be a coil of wire, such as Litz wire, or other component
capable of generating an electromagnetic field in response to the supply of electrical power. The
capacitor 24 may be a conventional capacitor or other component having appropriate capacitance for
the tank circuit 20. The tank circuit inductor 22 and the tank circuit capacitor 24 are selected with
characteristics intended to tune the principle receiver circuit 12 to operate efficiently at the expected
operating characteristics of a close-coupled wireless power supply 100. For example, the inductor 22
and the capacitor 24 may be selected to provide optimal performance at the power level and operating
frequencies expected from the wireless power supply 100. This may involve varying essentially any
relevant characteristic of the inductor, such as inductance value, coil shape, coil diameter, number of
turns of wire, type of wire, gauge of wire, and/or of the capacitor, such as capacitance value and type of
capacitor.

[0026] In some application, it may be desirable for a controller (or microcontroller) in the
remote device D or the wireless power receiver to power up as quickly as possible For example, in
some wireless power supply systems, the wireless power receiver or remote device D is expected to
communicate with the wireless power supply 100, 100'. These communications may be used for
various purposes, such as to ensure compatibility between the wireless power supply 100, 100" and the
wireless power receiver 10 or to communicate information useful in setting the operating parameters of
the wireless power supply 100, 100', wireless power receiver 10 or the remote device D. Failure of the

wireless power receiver 10 or remote device D to communicate quickly enough may cause the wireless
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power supply 100, 100' to stop supplying power or otherwise adversely affect operation. In applications
where it is important to ensure that a controller powers up as quickly as possible (for example, to
exchange communications with the wireless power supply), it may be desirable to tune the tank circuit
20 of the principle receiver circuit 12 so that even when the principle receiver circuit 12 is in a close-
coupled configuration, it induces enough power from a mid-range wireless power supply 100' to power
up the controller. This may involve a trade-off in efficiency when operating with a close-coupled
wireless power supply 100.

[0027] In this embodiment, the principle receiver circuit 12 is configured to provide rectified
power to the remote device D. Accordingly, the tank circuit 20 is coupled to the power input of the
remote device D through a rectifier. Although the rectifier may vary from application to application, the
principle receiver circuit 12 of this embodiment includes a full-wave rectifier 26 having four diodes 28a-d
arranged in two diode pairs. The type of rectifier (e.g. full-wave or half-wave) and the specific rectifier
circuitry (e.g. bridge rectifier, center tap, diode bridge) may vary from application to application, as
desired. In applications where the remote device D operates on AC power or has its own rectifier, the
principle receiver circuit 12 may not include a rectifier. In applications where the remoted device D
operates on AC power it may be desirable to include additional switches in the circuit to electrically
disconnect/isolate the tank circuit 20 from the remote device D. If desired, the output of the rectifier 26
may be passed through filtering and/or conditioning circuitry, such as a smoothing circuit (not shown)
configured to reduce ripples in the rectified power. For example, a reservoir capacitor or smoothing
capacitor may be coupled to the output of the rectifier 26.

[0028] As discussed above, the wireless power receiver 10 is configured to selectively
operate in close-coupled mode or in mid-range mode. In this embodiment, desired mode of operation
is achieved by varying the configuration of the principle receiver circuit 112. In the embodiment of Fig.
1, the principle receiver circuit 12 is capable of being selectively configured to operate as a close-
coupled receiver or as a resonator. To allow this reconfiguration, the principle receiver circuit 12
includes a switch 16 arranged so it can be closed to selectively short the tank circuit 20 to cause the
tank circuit 20 to form a closed resonant loop. Although the configuration of the switch 16 may vary, the
switch 16 of the illustrated embodiment includes two FETs 30a-b arranged on opposite sides of a
reference 34, such as ground. Each FETs 30a-b includes a gate 32a-b that is electrically driven by
controller 18 so that the FETs 30a-b may be opened and closed by the controller 18. Alternative types
of switches may include arrangements of relays, transistors or triacs, or any other electrical
components capable of providing a switching function in an AC circuit. When the switch 16 is open, the

tank circuit 20 remains coupled to the power input of the remote device D through the rectifier 26. In
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this configuration, the principle receiver circuit 12 operates efficiently as a close-coupled receiver.
When the switch 16 is closed, the tank circuit 20 is shorted and effectively becomes electrically
disconnected/isolated from the power input of the remote device D. In this configuration, the tank circuit
20 becomes a closed resonant loop and functions as a resonator capable of efficiently receiving,
amplifying and retransmitting power from a mid-range wireless power supply. The resonator
retransmits the power by generating an amplified electromagnetic field. The wireless power receiver 10
is tuned so that the amplified electromagnetic field produced by the resonator efficiently induces power
in the supplemental receiver circuit 14.

[0029] As noted above, the wireless power receiver 10 of this embodiment includes a
controller 18 configured to selectively switch the mode of operation of the wireless power receiver 10
between close-coupled mode and mid-range mode. The controller 18 is capable of controlling a drive
signal applied to the gates 32a-b of FETs 30a-b. For example, the controller 18 may have a single
output that drives both gates 32a-b or it may have a separate output for each gate 32a-b. Alternatively,
the controller 18 may control intermediate components that apply the drive signal to the gates 32a-b.
This alternative may be used when the output of the controller 18 is not sufficient to directly control the
gates 32a-b. In some applications, the wireless power receiver 10 will have its own controller and, in
other applications, the wireless power receiver 10 may share a controller with the remote device D. For
example, in some applications, the controller 18 may be implemented in a controller that is part of the
remote device D. In use, the controller 18 of this embodiment is capable of opening switch 16 to
configure the principle receiver circuit 12 to operate in close-coupled mode or closing switch 16 to
configure the principle receiver circuit 12 to operate as a resonator for mid-range mode. The wireless
power receiver 10 may be configured to determine to proper mode of operation using a variety of
different methods. In one embodiment, the wireless power receiver 10 may use communications with
the wireless power supply 100, 100' to determine the operating mode. For example, the wireless power
supply 100, 100" and the wireless power receiver 10 may both include wireless communication
transceivers, such as Bluetooth, WiFi or NFC communication transceivers. The wireless power
receiver 10 may use a communication system built into the remote device D or it may have a dedicated
communication system of its own. In use, the wireless power receiver 10 may use the communication
capability to ask the wireless power supply 100, 100' for the appropriate operating mode and the
controller 18 may configure the principle receiver circuit 12 accordingly. As another example, the
wireless power supply 100, 100" and the wireless power receiver 10 may be configured to communicate
through the power transfer coils. In one embodiment of this example, the wireless power receiver 10

may be capable of receiving communications from the wireless power supply 100, 100' using
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backscatter modulation or essentially any other type of communication capable of being communicated
through the power transfer coils.

[0030] The controller 18 may alternatively be capable of determining the proper operating
mode through trial and error. For example, the controller 18 may operate for a first period of time in
close-coupled mode and for a second period of time in mid-range mode, and may chose to operate in
whichever mode proves preferable, such as the mode that provides the greatest amount of power to the
remote device D.

[0031] As another alternative approach, the controller 18 may be capable of determining the
proper operating mode by sensing one or more characteristics of the power received in the principle
receiver circuit 12 and/or the supplemental receiver circuit 14. In one embodiment, the principle
receiver circuit 12 includes a current sensor (not shown) capable of determining the magnitude of the
current induced in the principle receiver circuit 12. The current sensor may be replaced by a voltage
sensor. In some embodiments, the principle receiver circuit 12 may include both a current sensor and a
voltage sensor. The controller 18 may evaluate different characteristics of the measured signals, such
as the peak or RMS value of the current and/or voltage, the frequency at which the current and/or
voltage varies or the rate of change in the current and/or voltage. A variety of current and voltage
sensors are known to those skilled in the field. The controller 18 may be programmed to determine the
correct operating mode based on the sensed value(s). For example, in an embodiment in which the
principle receiver circuit 12 includes a current sensor, the controller 18 may compare the sensed
current with predetermined values to determine if the wireless power receiver 10 should operate in
close-coupled mode or in mid-range mode. As another example, in an embodiment in which the
principle receiver circuit 12 and the supplemental receiver circuit 14 each include current sensors,
voltage sensors or both, the controller 18 may compare the measurements taken by the two sensors to
determine the appropriate operating mode.

[0032] As noted above, the supplemental receiver circuit 14 is also coupled to the power input
of the remote device D. The supplemental receiver circuit 14 is tuned to efficiently induce power in the
presence of an electromagnetic field generated by the principle receiver circuit 12 when it is configured
to operate as a resonator. In this embodiment, the supplemental receiver circuit 14 includes an
inductor 40 in which power is induced when in the presence of an appropriate electromagnetic field.
The inductor 40 may be a coil of wire, such as Litz wire, or other component capable of generating an
electromagnetic field in response to the supply of electrical power. The inductor 40 is selected with
characteristics intended to tune the supplemental receiver circuit 14 to operate efficiently at the

expected operating characteristics of a mid-range wireless power supply 100, which includes a
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resonator 102'. For example, the inductor 40 may be selected to efficiently induce maximum power
when in the presence of the amplified electromagnetic field produced by the principle receiver circuit 12
operating in resonator mode. As with inductor 24, this may involve varying essentially any relevant
characteristic of the inductor, such as inductance value, coil shape, coil diameter, number of turns of
wire, type of wire, gauge of wire, and/or of the capacitor, such as capacitance value and type of
capacitor.

[0033] In the illustrated embodiment, the supplemental receiver circuit 14 does not include a
resonant capacitor, but a capacitor may be added to provide the supplemental receiver circuit 14 with a
tank circuit, if desired. In this embodiment, the capacitor is excluded to allow the supplemental receiver
circuit 14 to operate with increased efficiency over a broader range of frequencies. Generally speaking,
the addition of a resonant capacitor may provide increased efficiency within a smaller range of
operating frequencies, but may reduce efficiency outside of that range. Therefore, it may sometimes be
desirable to add a resonant capacitor to the supplemental receiver circuit 14 when the wireless power
supply can be reasonably expected to supply power within the efficiency range of the capacitor.

[0034] In this embodiment, the supplemental receiver circuit 14 is configured to provide
rectified power to the remote device D. Accordingly, the inductor 40 is coupled to the power input of the
remote device D through a rectifier. Although the rectifier may vary from application to application, the
supplemental receiver circuit 14 of this embodiment includes a full-wave rectifier 42 having four diodes
44a-d arranged in two diode pairs. The type of rectifier (e.g. full-wave or half-wave) and the specific
rectifier circuitry (e.g. bridge rectifier, center tap or diode bridge) may vary from application to
application, as desired. In applications where the remote device D operates on AC power or has its
own rectifier, the supplemental receiver circuit 14 may not include a rectifier. If desired, the output of
the rectifier 42 may be passed through filtering and/or conditioning circuitry, such as a smoothing circuit
(not shown) configured to reduce ripples in the rectified power. For example, a reservoir capacitor or
smoothing capacitor may be coupled to the output of the rectifier 42.

[0035] In some applications, it may be desirable for the system to include an integrated
identification capacitor that can be used to allow a wireless power supply to identify and/or verify the
compatibility of the remote device. An alternative embodiment of the wireless power receiver 210 is
shown in Fig. 3. Except as otherwise disclosed, the wireless power receiver 210 is generally identical
to wireless power receiver 10, and certain components of wireless power receiver 210 are identified by
the same reference numerals used with wireless power receiver 10, except preceded by a "2". In this
alternative embodiment, the principle receiver circuit 212 includes an identification capacitor 238

arranged in parallel with the tank circuit 220. The value of the identification capacitor 238 may be
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selected to provide a resonant response at the desired frequency, such as 1 MHz for remote devices
intended to be compliant with the Qi® interoperable wireless power standard.

[0036] Although the wireless power receiver 210 of Fig. 3 includes the identification capacitor
238 in the principle receiver circuit 212, the identification capacitor 238 may be located elsewhere. Fig.
4 shows an alternative wireless power receiver 310 in which the identification capacitor 338 is
integrated into the supplemental receiver circuit 314. For example, in the illustrated embodiment, the
identification capacitor 338 is arranged in parallel with the inductor 340. In this embodiment, the series
resonant capacitor 324 (i.e. the tank circuit capacitor in the principle receiver circuit 312) is separated
from the parallel identification capacitor 338. Connecting these different capacitors to different coils
may provide some advantages in the tuning of the circuit in some applications. Except as otherwise
disclosed, the wireless power receiver 310 is generally identical to wireless power receiver 10, and
certain components of wireless power receiver 310 are identified by the same reference numerals used
with wireless power receiver 10, except preceded by a "3".

[0037] The wireless power receiver 10 of Fig. 1 allowed two different modes of operation-
one for close-coupled and one for mid-range power supplies. In some applications, it may be desirable
to further enhance the adaptability of the wireless power receiver. Fig. 5 shows an alternative
embodiment of the wireless power receiver 410 configured to provide additional adaptability. Except as
otherwise disclosed, the wireless power receiver 410 is generally identical to wireless power receiver
10, and certain components of wireless power receiver 410 are identified by the same reference
numerals used with wireless power receiver 10, except preceded by a "4". The wireless power supply
410 of Fig. 5 includes switches 416, 454 in both the principle receiver circuit 412 and the supplemental
receiver circuit 414. In addition to switch 454, a series resonant capacitor 456 is also added to the
supplemental receiver circuit 14. The extra switch 454 and capacitor 456 in the supplemental receiver
circuit 414 enables additional modes of operation by allowing the supplemental receiver circuit 414, like
the principle receiver circuit 412, to function as a resonator. For example, in this embodiment, both
switches may remain open to allow the principle receiver circuit 412 and/or the supplemental receiver
circuit 414 to receive power from a close-coupled wireless power supply, or one of the switches 416,
454 may be closed to allow the wireless power receiver 410 to efficiently receive power from a mid-
range wireless power supply. In use, switch 416 may be closed to allow the principle receiver circuit
412 to operate as a resonator for the supplemental receiver circuit 414 or switch 454 may be closed to
allow the supplemental receiver circuit 414 to operate a resonator for the principle receiver circuit 414.
By proper tuning of the components of the principle receiver circuit 412 and the supplemental receiver

circuit 414, the wireless power receiver 410 can be reconfigured to efficiently receive power from mid-
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range wireless power supplies with different operating characteristics. For example, the principle
receiver circuit 412 may be configured to operate as an efficient resonator for a mid-range wireless
power supply having a first power level and a first operating frequency, and the supplemental receiver
circuit 414 may be configured to operate as an efficient resonator for a mid-range wireless power
supply having a different power level and/or a different operating frequency.

[0038] The two switches 416, 454 may be controlled by controller 418. For example, the
controller 418 may be capable of producing drive signals that selectively open or close the switches
416, 454 to implement the desired mode of operation. As with the embodiment of Fig. 1, the controller
418 may be capable of determining the appropriate mode of operation based on essentially any
systems and methods. For example, the wireless power receiver 410 may determine the appropriate
mode of operation based on communications with the wireless power supply, sequential testing of the
different modes of operation or measurements of a characteristic of power in the principle receiver
circuit 412 and/or the supplemental receiver circuit 414.

[0039] In some applications it may be desirable to provide the wireless power receiver with
additional tuning options. Fig. 6 shows an alternative wireless power receiver 510 in which the principle
receiver circuit 512 includes optional capacitors 550, 552 that can be selectively switched into the circuit
alone or in combination with one another. The additional capacitors 550, 552 may, among other things,
allow the principle receiver circuit 512 to be tuned for different operating parameters. For example, the
use of optional capacitors 550, 552 may be particularly useful in tuning the principle receiver circuit 512
to efficiently receive power from a wireless power supply operating at a fixed frequency. As another
example, the optional capacitors 550, 552 may be used to de-tune the circuit when it is desirable to limit
the amount of power received in the wireless power receiver 510. The optional capacitors 550, 552
may be connected in parallel with the tank circuit capacitor 524 and may include separate switches 562,
564. Although different types of switches may be used, each of the switches 562 and 564 may include
a pair of back-to-back FETs 558a-b, 560a-b and necessary control circuitry. In this embodiment, the
controller 518 may be configured to control the drive signals to the gates of the FETs 558a-b and
5560a-b to open or close the switches 562, 564 as desired to switch optional capacitors 550, 552 in or
out of the circuit. The controller 518 may be capable of determining the appropriate capacitance. For
example, the controller 518 may determine the appropriate capacitance based on communications with
the wireless power supply 100, 100', sequential testing of the system with different capacitance values
or measurements of a characteristic of power in the principle receiver circuit 512 and/or the
supplemental receiver circuit 514. Except as otherwise disclosed, the wireless power receiver 510 is

generally identical to wireless power receiver 10, and certain components of wireless power receiver
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510 are identified by the same reference numerals used with wireless power receiver 10, except
preceded by a "5".

[0040] Although the illustrated embodiment includes two optional capacitors, the principle
receiver circuit 512 may include any desired number of optional capacitors. Further, the illustrated
embodiment shows optional capacitors in the principle receiver circuit 512. Additionally or in the
alternative, optional capacitors can be added to the supplemental receiver circuit 514 to allow tuning of
the supplemental receiver circuit 514. Also, the embodiment of Fig. 6 illustrates a system with
adjustable capacitance. In some applications, it may be desirable to provide the principle receiver
circuit 512 or the supplemental receiver circuit 514 with adjustable inductance. In such applications, the
circuit may include optional coils or coil segments that can be switched into and out of the circuit as
desired. In some embodiment, the circuit may include a single multi-tap coil and the different taps may
be used to vary the inductance of the circuit. Adjustable inductance may be used alone or in
combination with adjustable capacitance.

[0041] The embodiments of Figs. 1-6 each include a switch for selectively shorting the tank
circuit to reconfigure the principle receiver circuit to function as resonator. In some applications, the
principle receiver circuit may already include components that can provide the function of the switch. In
such applications, a separate switch may not be required. For example, Fig. 7 shows an embodiment
of the wireless power supply 610 in which the principle receiver circuit 612 and the supplemental
receiver circuit 614 each include an active rectifier 670a-b. Except as otherwise disclosed, the wireless
power receiver 610 is generally identical to wireless power receiver 10, and certain components of
wireless power receiver 610 are identified by the same reference numerals used with wireless power
receiver 10, except preceded by a "6". In this embodiment, the active rectifiers 670a-b are semi-
synchronous rectifiers that include a series of switches 672a-d and 674a-d, such as FETs, that are
normally driven in an appropriate sequence to rectify the AC power induced in the circuit. In this
embodiment, the rectifier switches 672a-d in the principle receiver circuit 612 can be operated to short
the tank circuit 620 and reconfigure the principle receiver circuit 612 to operate as a resonator. More
specifically, the controller 618 may be configured to close switches 672a and 672b when it is desirable
to reconfigure the principle receiver circuit 612 to operate as a resonator for the supplemental receiver
circuit 614. Once closed, these switches 672a and 672b cause a closed resonant loop in the tank
circuit 620 and essentially prevent power from flowing through switches 672c and 672d to the remote
device D. Although illustrated in connection with the principle receiver circuit 612, this alternative

approach may also be incorporated into the supplemental receiver circuit 614. For example, switches
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in the active rectifier 670b of the supplemental receiver circuit 614 may be operated by the controller
618 to allow the supplemental receiver circuit 614 to selectively function as a resonator.

[0042] The above description is that of current embodiments of the invention. Various
alterations and changes can be made without departing from the spirit and broader aspects of the
invention as defined in the appended claims, which are to be interpreted in accordance with the
principles of patent law including the doctrine of equivalents. This disclosure is presented for illustrative
purposes and should not be interpreted as an exhaustive description of all embodiments of the
invention or to limit the scope of the claims to the specific elements illustrated or described in
connection with these embodiments. For example, and without limitation, any individual element(s) of
the described invention may be replaced by alternative elements that provide substantially similar
functionality or otherwise provide adequate operation. This includes, for example, presently known
alternative elements, such as those that might be currently known to one skilled in the art, and
alternative elements that may be developed in the future, such as those that one skilled in the art might,
upon development, recognize as an alternative. Further, the disclosed embodiments include a plurality
of features that are described in concert and that might cooperatively provide a collection of benefits.
The present invention is not limited to only those embodiments that include all of these features or that
provide all of the stated benefits, except to the extent otherwise expressly set forth in the issued claims.
Any reference to claim elements in the singular, for example, using the articles "a," "an," "the" or "said,"

is not to be construed as limiting the element to the singular.
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CLAIMS
The embodiments of the invention in which an exclusive property or privilege is

claimed are defined as follows:
1. A wireless power receiver comprising:

a principle receiver circuit having a tank circuit coupled to a power output and a switch
connected across opposite ends of said tank circuit;

a supplemental receiver circuit having an inductor coupled to a power output; and

a controller configured to selectively operate said switch in an open mode in which power
induced in said tank circuit is delivered to said power output and in a closed mode in which said switch
creates a closed resonant loop in said tank circuit, whereby said principle receiver circuit functions as a
resonator.
2. The wireless power receiver of claim 1 wherein said tank circuit includes an inductor and a
capacitor, said inductor and said capacitor selected to efficiently coupling with a close-coupled wireless
power supply when said switch is in said open mode.
3. The wireless power receiver of claim 1 wherein said inductor and said capacitor are selected to
efficiently couple with a mid-range wireless power supply when said switch is in said closed mode.
4. The wireless power receiver of claim 1 wherein said supplemental receiver includes a capacitor
selected to efficiently couple to said closed resonant loop when said switch is in said closed mode.
5. The wireless power receiver of claim 1 wherein said switch includes a pair of field-effect transistors
arranged in series on opposite sides of a reference.
6. The wireless power receiver of claim 1 wherein said principle receiver circuit includes a rectifier.
7. The wireless power receiver of claim 1 wherein said supplemental receiver circuit includes a rectifier.
8. The wireless power receiver of claim 1 wherein said supplemental receiver circuit includes a
capacitor, said supplemental receiver circuit inductor and said supplemental receiver circuit capacitor
forming a tank circuit, said supplemental receiver circuit including a switch connected across opposite
ends of said tank circuit.
9. The wireless power receiver of claim 8 wherein said controller is configured to selectively operate
said supplemental receiver circuit switch in an open mode in which power induced in said supplemental
receiver circuit tank circuit is delivered to said power output and in a closed mode in which said switch
creates a closed resonant loop in said supplemental receiver circuit tank circuit, whereby said
supplemental receiver circuit functions as a resonator.
10. The wireless power receiver of claim 1 wherein at least one of said principle receiver circuit and

said supplemental receiver circuit includes an optional capacitor.
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11. The wireless power receiver of claim 1 wherein at least one of said principle receiver circuit and
said supplemental receiver circuit includes an optional inductor.

12. The wireless power receiver of claim 1 wherein said principle receiver circuit includes an active
rectifier having a plurality of rectification switches, said principle receiver circuit switch including at least
two of said rectification switches; and

wherein said controller is configured to selectively operate at least two of said rectification
switches to create a closed resonant loop in said tank circuit.

13. A wireless power receiver adaptable for use with close-coupled and mid-range wireless power
supplies comprising:

a first receiver circuit having a tank circuit, said first circuit having a close-coupled configuration
in which said tank circuit is coupled to a power output and a resonator configuration in which said tank
circuit is electrically disconnected/isolated from said power output and forms a closed resonant loop;
and

a second receiver circuit having an inductor coupled to said power output, said second receiver
circuit configured to couple with said closed resonant loop.

14. The receiver of claim 13 wherein said first receiver circuit includes a switch connected across
opposite ends of said tank circuit, said switch being selectively closable to cause said tank circuit to
form said closed resonant loop.

15. The receiver of claim 14 further including a controller configured to selectively operate said switch.
16. The receiver of claim 15 wherein said switch includes a pair of field-effect transistors arranged in
series on opposites sides of a reference.

17. The receiver of claim 13 wherein said first receiver circuit includes a rectifier.

18. The receiver of claim 13 wherein said second receiver circuit includes a rectifier.

19. The receiver of claim 13 wherein said second receiver circuit further includes a capacitor, said
second receiver circuit inductor and said second receiver circuit capacitor forming a tank circuit, said
first circuit having a close-coupled configuration in which said second receiver circuit tank circuit is
coupled to a power output and a resonator configuration in which said second receiver circuit tank
circuit is electrically disconnected/isolated from said power output and forms a closed resonant loop.

20. The receiver of claim 19 wherein said second receiver circuit includes a switch connected across
opposite ends of said second receiver circuit tank circuit.

21. The receiver of claim 20 wherein said controller is configured to selectively operate said second
receiver circuit switch.

22. The receiver of claim 13 wherein said first receiver circuit includes an optional capacitor.
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23. The receiver of claim 13 wherein said first receiver circuit includes an optional inductor.
24. The receiver of claim 14 wherein said first receiver circuit includes an active rectifier having a
plurality of rectification switches, said first receiver circuit switch including at least two of said
rectification switches; and

wherein said controller is configured to selectively operate at least two of said rectification
switches to create a closed resonant loop in said first receiver circuit tank circuit.
25. A method for operating a wireless power receiver, comprising the steps of:

providing a first receiver circuit capable of being configured to operate as a power supply circuit
in close-coupled mode and as a resonator in mid-range mode;

providing a second receiver circuit capable of operating as a power supply circuit in mid-range
mode, the second receiver circuit tuned to efficiently couple with the first receiver circuit when the first
receiver circuit is configured to operate as the resonator;

determining whether a wireless power supply is a close-coupled wireless power supply or a
mid-range wireless power supply;

upon a determination that the wireless power supply is a close-coupled wireless power supply,
configuring the first receiver circuit to operate as a power supply circuit; and

upon a determination that the wireless power supply is a mid-range wireless power supply,
configuring the first receiver circuit to operate as a resonator.
26. The method of claim 25 wherein said step of providing a first receiver circuit includes providing said
first receiver circuit with a tank circuit and a switch adapted to selectively short the tank circuit into a
closed resonant loop; and

wherein said step of configuring the first receiver circuit to operate as a power supply circuit
includes opening said switch.
27. The method of claim 25 wherein said step of providing a first receiver circuit includes providing said
first receiver circuit with a tank circuit and a switch adapted to selectively short the tank circuit into a
closed resonant loop; and

wherein said step of configuring the first receiver circuit to operate as a resonator includes
closing said switch.
28. The method of claim 27 wherein the switch includes a pair of field-effect transistors.
29. The method of claim 27 wherein the first receiver circuit includes an optional capacitor; and

further including the step of selectively switching the optional capacitor into the first receiver

circuit.
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30. The method of claim 27 wherein said determining step includes:

obtaining a wireless communication from a wireless power supply indicative of whether the
wireless power supply is a close-coupled wireless power supply or a mid-range wireless power supply;
and

determining whether the wireless power supply is a close-coupled wireless power supply or a
mid-range wireless power supply as a function of the communication.
31. The method of claim 27 wherein said determining step includes:

measuring a characteristic of power in at least one of the first receiver circuit and the second
receiver circuit; and

determining whether the wireless power supply is a close-coupled wireless power supply or a
mid-range wireless power supply as a function of the measured characteristic.
32. The method of claim 27 wherein said determining step includes:

measuring a characteristic of power in the first receiver circuit;

measuring a characteristic of power in the second receiver circuit; and

determining whether the wireless power supply is a close-coupled wireless power supply or a

mid-range wireless power supply as a function of the measured characteristics.
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