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IMPEDANCE TRANSFORMATION NETWORK FOR IMPROVED DRIVER
CIRCUIT PERFORMANCE

FIELD
[0001] The present invention relates generally to wireless power. More specifically,
the disclosure is directed to improving the efficiency and power output of transmit

circuit driving a load varying over a wide resistive and reactive range.

BACKGROUND
[0002] An increasing number and variety of electronic devices are powered via
rechargeable batteries. Such devices include mobile phones, portable music players,
laptop computers, tablet computers, computer peripheral devices, communication
devices (e.g., Bluetooth devices), digital cameras, hearing aids, and the like. While
battery technology has improved, battery-powered electronic devices increasingly
require and consume greater amounts of power. As such, these devices constantly
require recharging. Rechargeable devices are often charged via wired connections that
require cables or other similar connectors that are physically connected to a power
supply. Cables and similar connectors may sometimes be inconvenient or cumbersome
and have other drawbacks. Wireless charging systems that are capable of transferring
power in free space to be used to charge rechargeable clectronic devices may overcome
some of the deficiencies of wired charging solutions. As such, wireless charging
systems and methods that efficiently and safely transfer power for charging

rechargeable electronic devices are desirable.

SUMMARY

[0003] Various implementations of systems, methods and devices within the scope
of the appended claims each have several aspects, no single one of which is solely
responsible for the desirable attributes described herein. Without limiting the scope of
the appended claims, some prominent features are described herein.

[0004] Details of one or more implementations of the subject matter described in
this specification are set forth in the accompanying drawings and the description below.
Other features, aspects, and advantages will become apparent from the description, the
drawings, and the claims. Note that the relative dimensions of the following figures

may not be drawn to scale.
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[0005] One aspect of the subject matter described in the disclosure provides a
transmitter apparatus. The transmitter apparatus includes a driver circuit characterized
by an efficiency and a power output level. The driver circuit is electrically connected to
a transmit circuit having an impedance. The impedance of the transmit circuit is within
a complex impedance range including resistive and reactive variations. The complex
impedance range is defined by a minimum real impedance value, a maximum real
impedance, a minimum imaginary impedance value, and a maximum imaginary
impedance value. A ratio of the maximum to the minimum real impedance value is at
least two to one. A magnitude of the difference between the maximum and minimum
imaginary impedance values being at least twice a magnitude of the difference between
the minimum and maximum real impedance values. The transmitter apparatus further
includes a filter circuit electrically connected to the driver circuit and configured to
modify the impedance of the transmit circuit to maintain the efficiency of the driver
circuit at a level that is within 20% of a maximum efficiency of the driver circuit when
the impedance is within the complex impedance range. The filter circuit is further
configured to maintain a substantially constant power output level irrespective of the
reactive variations within the complex impedance range. The filter circuit is further
configured to maintain a substantially linear relationship between the power output level
and the resistive variations within the complex impedance range.

[0006] Another aspect of the subject matter described in the disclosure provides a
transmitter apparatus. The transmitter apparatus includes a driver circuit including a
switching amplifier circuit comprising a switch, a switch shunt capacitor, and a series
inductor electrically connected to the output of the driver circuit. The transmitter
apparatus further includes a transmit circuit including a coil having an inductance
electrically connected in series to a capacitor to form a resonant circuit. The transmitter
apparatus further includes a filter circuit electrically connected between the driver
circuit and the transmit circuit, the filter circuit comprising solely of a single shunt
capacitor network.

[0007] Yet another aspect of the subject matter described in the disclosure provides
a method of selecting component values of one or more reactive components of a filter
circuit for a wireless power transmitter device. The filter circuit is electrically
connected between a driver circuit and a transmit circuit. The method includes

determining a first set of complex impedance values for which efficiency of the driver
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circuit is above a threshold. The first set of complex impedance values substantially
map to complex impedance values along a half circle path. The method further includes
determining a second set of complex impedance values for which power output of the
driver circuit is substantially constant. The second set of complex impedance values
substantially map to values along a full circle path that is orthogonal to the half circle
and which crosses the half circle at a maximum. The method further includes selecting
the component values to provide an impedance transformation that modifies a variable
complex impedance of the transmit circuit to complex impedance values derived from
the first and second sent of complex impedance values.

[0008] Another aspect of the subject matter described in the disclosure provides a
transmitter apparatus. The transmitter apparatus includes a driver circuit characterized
by an efficiency and a power output level. The driver circuit is electrically connected to
a transmit circuit having an impedance. The impedance of the transmit circuit is within
a complex impedance range including resistive and reactive variations. The transmitter
apparatus further includes a filter circuit electrically connected to the driver circuit and
configured to modify the impedance of the transmit circuit. The filter circuit has one or
more reactive components with values selected derived from a first value and a second
value. The first value, Rd, corresponds to a radius of a half circle. The half circle is
defined by a set of complex impedance values along the perimeter of the half circle that
correspond to values for which efficiency of the driver circuit is at least within 20% of
the maximum efficiency of the driver circuit. The second value RO, corresponds to a
real impedance value at the load of the filter circuit that results in a desired transformed

impedance being equal to Rd at an input of the filter circuit.

BRIEF DESCRIPTION OF THE DRAWINGS
[0009] FIG. 1 is a functional block diagram of an exemplary wireless power transfer
system, in accordance with exemplary embodiments of the invention.
[0010] FIG. 2 is a functional block diagram of exemplary components that may be
used in the wireless power transfer system of FIG. 1, in accordance with various
exemplary embodiments of the invention.
[0011] FIG. 3 is a schematic diagram of a portion of transmit circuitry or receive
circuitry of FIG. 2 including a transmit or receive coil, in accordance with exemplary

embodiments of the invention.
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[0012] FIG. 4 is a functional block diagram of a transmitter that may be used in the
wireless power transfer system of FIG. 1, in accordance with exemplary embodiments
of the invention.

[0013] FIG. 5 is a functional block diagram of a receiver that may be used in the
wireless power transfer system of FIG. 1, in accordance with exemplary embodiments
of the invention.

[0014] FIG. 6 is a functional block diagram of an exemplary wireless power transfer
system as in FIG. 2, where a transmitter may wirelessly provide power to multiple
receivers, in accordance with various exemplary embodiments of the invention.

[0015] FIG. 7 is a schematic diagram of a driver circuit that may be used in the
transmitter of FIG. 6, in accordance with exemplary embodiments of the invention.
[0016] FIG. 8A is a diagram showing an exemplary range of complex impedances
that may be presented to the driver circuit during operation of a wircless power
transmitter.

[0017] FIG. 8B is a plot showing efficiency and output power of the driver circuit of
FIG. 7 as a function of the real impedance of a load of a driver circuit.

[0018] FIG. 9 is a contour plot showing the efficiency of a driver circuit as in FIG. 7
as a function of the real and imaginary components of the load impedance presented to
the driver circuit.

[0019] FIG. 10A is a contour plot showing the power output of a driver circuit as in
FIG. 7 and a maximum efficiency contour as a function of real and imaginary
components of the load impedance presented to the driver circuit.

[0020] FIG. 10B is another plot showing a selected power output contour and a
maximum efficiency contour for a driver circuit as in FIG. 7 as a function of real and
imaginary components of the load impedance presented to the driver circuit.

[0021] FIGS. 11A, 11B, 12A, and 12B show corresponding measured results as
compared to FIG. 10B showing power output and efficiency of a driver circuit as in
FIG. 7 as a function of real and imaginary components of the load impedance presented
to the driver circuit.

[0022] FIG. 13 is a schematic diagram of a driver circuit as in FIG. 7 including a
filter circuit, in accordance with exemplary embodiments of the invention.

[0023] FIG. 14 is a schematic diagram of the circuit of FIG. 13 in accordance with

an embodiment.
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[0024] FIG. 15 is a plot showing the impedance transformed by the filter circuit
versus the impedance presented to the transmit circuit as mapped to a high efficiency
contour.

[0025] FIG. 16 is a plot showing the impedance transformed by the filter circuit
over a large real range presented to the transmit circuit.

[0026] FIG. 17 is a contour plot showing the maximum efficiency of a driver circuit
as a function of the real and imaginary components of the load impedance presented to
the driver circuit.

[0027] FIG. 18 is a plot showing measured impedance transformed by a filter circuit
overlaid on calculated values for which power is substantially constant and efficiency is
maximum.

[0028] FIG. 19 is a plot showing the impedance transformed by a filter circuit when
presented with a complex impedance range.

[0029] FIG. 20 shows the measured paths of a result of a filter circuit overlaid on
the data of FIG 12B.

[0030] FIG. 21 shows the measured paths of a result of a filter circuit overlaid on
the data of FIG. 11B.

[0031] FIG. 22 is a flowchart of an exemplary method for designing a highly
efficient transmit circuit.

[0032] FIG. 23 is another schematic diagram of portion of transmit circuitry, in
accordance with an exemplary embodiment of the invention.

[0033] FIG. 24 shows measured results for power output from a driver circuit as in
FIG. 13 as a function of real and imaginary components of the load impedance
presented to the driver circuit.

[0034] The various features illustrated in the drawings may not be drawn to scale.
Accordingly, the dimensions of the various features may be arbitrarily expanded or
reduced for clarity. In addition, some of the drawings may not depict all of the
components of a given system, method or device. Finally, like reference numerals may

be used to denote like features throughout the specification and figures.

DETAILED DESCRIPTION
[0035] The detailed description set forth below in connection with the appended

drawings is intended as a description of exemplary embodiments of the invention and is
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not intended to represent the only embodiments in which the invention may be
practiced. The term “exemplary” used throughout this description means “serving as an
example, instance, or illustration,” and should not necessarily be construed as preferred
or advantageous over other exemplary embodiments. The detailed description includes
specific details for the purpose of providing a thorough understanding of the exemplary
embodiments of the invention. The exemplary embodiments of the invention may be
practiced without these specific details. In some instances, well-known structures and
devices are shown in block diagram form in order to avoid obscuring the novelty of the
exemplary embodiments presented herein.

[0036] Wirelessly transferring power may refer to transferring any form of energy
associated with electric fields, magnetic fields, electromagnetic fields, or otherwise from
a transmitter to a receiver without the use of physical electrical conductors (e.g., power
may be transferred through free space). The power output into a wireless field (e.g., a
magnetic field) may be received, captured by, or coupled by a “receiving coil” to
achieve power transfer.

[0037] FIG. 1 is a functional block diagram of an exemplary wireless power transfer
system 100, in accordance with exemplary embodiments of the invention. Input power
102 may be provided to a transmitter 104 from a power source (not shown) for
generating a field 106 for providing energy transfer. A receiver 108 may couple to the
field 106 and generate output power 110 for storing or consumption by a device (not
shown) coupled to the output power 110. Both the transmitter 104 and the receiver 108
are separated by a distance 112. In one exemplary embodiment, transmitter 104 and
receiver 108 are configured according to a mutual resonant relationship. When the
resonant frequency of receiver 108 and the resonant frequency of transmitter 104 are
substantially the same or very close, transmission losses between the transmitter 104
and the receiver 108 are minimal. As such, wircless power transfer may be provided
over larger distance in contrast to purely inductive solutions that may require large coils
that require coils to be very close (e.g., mms). Resonant inductive coupling techniques
may thus allow for improved efficiency and power transfer over various distances and
with a variety of inductive coil configurations.

[0038] The receiver 108 may receive power when the receiver 108 is located in an
energy field 106 produced by the transmitter 104. The field 106 corresponds to a region

where energy output by the transmitter 104 may be captured by a receiver 106. In some
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cases, the field 106 may correspond to the “near-field” of the transmitter 104 as will be
further described below.

[0039] The transmitter 104 may include a transmit coil 114 for outputting an energy
transmission. The receiver 108 further includes a receive coil 118 for receiving or
capturing energy from the energy transmission. The near-field may correspond to a
region in which there are strong reactive fields resulting from the currents and charges
in the transmit coil 114 that minimally radiate power away from the transmit coil 114.
In some cases the near-field may correspond to a region that is within about one
wavelength (or a fraction thereof) of the transmit coil 114. The transmit and receive
coils 114 and 118 are sized according to applications and devices to be associated
therewith. As described above, efficient energy transfer may occur by coupling a large
portion of the energy in a field 106 of the transmit coil 114 to a receive coil 118 rather
than propagating most of the energy in an electromagnetic wave to the far field. When
positioned within the field 106, a “coupling mode” may be developed between the
transmit coil 114 and the receive coil 118. The area around the transmit and receive
coils 114 and 118 where this coupling may occur is referred to herein as a
coupling-mode region.

[0040] FIG. 2 is a functional block diagram of exemplary components that may be
used in the wireless power transfer system 100 of FIG. 1, in accordance with various
exemplary embodiments of the invention. The transmitter 204 may include transmit
circuitry 206 that may include an oscillator 222, a driver circuit 224, and a filter and
impedance transforming circuit 226. The oscillator 222 may be configured to generate a
signal at a desired frequency, such as 468.75 KHz, 6.78 MHz or 13.56 MHz, that may
be adjusted in response to a frequency control signal 223. The oscillator signal may be
provided to a driver circuit 224 configured to drive the transmit coil 214 at, for example,
a resonant frequency of the transmit coil 214. The driver circuit 224 may be a switching
amplifier configured to receive a square wave from the oscillator 222 and output a sine
wave. For example, the driver circuit 224 may be a class E amplifier. A filter and
impedance transforming circuit 226 may be also included to filter out harmonics or
other unwanted frequencies and match the impedance of the transmitter 204 to the
transmit coil 214. The filter and impedance transforming circuit 226 may be configured
to perform a variety of impedance adjustments other than just matching the impedance

of the transmitter 204 to the transmit coil 214.
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[0041] The receiver 208 may include receive circuitry 210 that may include a
matching circuit 232 (or any other type of impedance adjustment circuit) and a rectifier
and switching circuit 234 to generate a DC power output from an AC power input to
charge a battery 236 as shown in FIG. 2 or to power a device (not shown) coupled to the
receiver 108. The matching circuit 232 may be included to match the impedance of the
receive circuitry 210 to the receive coil 218. The receiver 208 and transmitter 204 may
additionally communicate on a separate communication channel 219 (e.g., Bluetooth,
zigbee, cellular, etc.). The receiver 208 and transmitter 204 may alternatively
communicate via in-band signaling using characteristics of the wireless field 206.

[0042] As described more fully below, receiver 208, that may initially have a
selectively disablable associated load (e.g., battery 236), may be configured to
determine whether an amount of power transmitted by transmitter 204 and receiver by
receiver 208 is appropriate for charging a battery 236. Further, receiver 208 may be
configured to enable a load (e.g., battery 236) upon determining that the amount of
power is appropriate. In some embodiments, a receiver 208 may be configured to
directly utilize power received from a wireless power transfer field without charging of
a battery 236. For example, a communication device, such as a near-field
communication (NFC) or radio-frequency identification device (RFID) may be
configured to receive power from a wireless power transfer field and communicate by
interacting with the wireless power transfer field and/or utilize the received power to
communicate with a transmitter 204 or other devices

[0043] FIG. 3 is a schematic diagram of a portion of transmit circuitry or receive
circuitry of FIG. 2 including a transmit or receive coil 352, in accordance with
exemplary embodiments of the invention. As illustrated in FIG. 3, transmit circuitry
350 used in exemplary embodiments may include a coil 352. The coil may also be
referred to or be configured as a “loop” antenna 352. The coil 352 may also be referred
to herein or configured as a “magnetic” antenna or an induction coil. The term “coil” is
intended to refer to a component that may wirelessly output or receive energy for
coupling to another “coil.” The coil may also be referred to as an “antenna” of a type
that is configured to wirelessly output or receive power. The coil may also be referred
to as a wireless power transfer component of a type that is configured to wirclessly
transmit or receive power. The coil 352 may be configured to include an air core or a

physical core such as a ferrite core (not shown).
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[0044] As stated, efficient transfer of energy between the transmitter 104 and
receiver 108 may occur during matched or nearly matched resonance between the
transmitter 104 and the receiver 108. However, even when resonance between the
transmitter 104 and receiver 108 are not matched, energy may be transferred, although
the efficiency may be affected. Transfer of energy occurs by coupling energy from the
field 106 of the transmitting coil to the receiving coil residing in the neighborhood
where this field 106 is established rather than propagating the energy from the
transmitting coil into free space.

[0045] The resonant frequency of the loop or magnetic coils is based on the
inductance and capacitance. Inductance may be simply the inductance created by the
coil 352, whereas, capacitance may be added to the coil’s inductance to create a
resonant structure at a desired resonant frequency. As a non-limiting example, capacitor
354 and capacitor 356 may be added to the transmit circuitry 350 to create a resonant
circuit that selects a signal 358 at a resonant frequency. Accordingly, for larger
diameter coils, the size of capacitance needed to sustain resonance may decrease as the
diameter or inductance of the loop increases. Furthermore, as the diameter of the coil
increases, the efficient energy transfer area of the near-field may increase. Other
resonant circuits formed using other components are also possible. As another
non-limiting example, a capacitor may be placed in parallel between the two terminals
of the coil 350. For transmit coils, a signal 358 with a frequency that substantially
corresponds to the resonant frequency of the coil 352 may be an input to the coil 352.
[0046] In one embodiment, the transmitter 104 (FIG. 1) may be configured to output
a time varying magnetic field with a frequency corresponding to the resonant frequency
of the transmit coil 114. When the receiver is within the field 106, the time varying
magnetic field may induce a current in the receive coil 118. As described above, if the
receive coil 118 is configured to be resonant at the frequency of the transmit coil 118,
energy may be efficiently transferred. The AC signal induced in the receive coil 118
may be rectified as described above to produce a DC signal that may be provided to
charge or to power a load.

[0047] FIG. 4 is a functional block diagram of a transmitter 404 that may be used in
the wireless power transfer system of FIG. 1, in accordance with exemplary
embodiments of the invention. The transmitter 404 may include transmit circuitry 406

and a transmit coil 414. The transmit coil 414 may be the coil 352 as shown in FIG. 3.
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Transmit circuitry 406 may provide RF power to the transmit coil 414 by providing an
oscillating signal resulting in generation of energy (e.g., magnetic flux) about the
transmit coil 414. Transmitter 404 may operate at any suitable frequency. By way of
example, transmitter 404 may operate at the 6.78 MHz ISM band.

[0048] Transmit circuitry 406 may include a fixed impedance matching circuit 406
for matching the impedance of the transmit circuitry 406 (e.g., 50 ohms) to the transmit
coil 414 and a low pass filter (LPF) 408 configured to reduce harmonic emissions to
levels to prevent self-jamming of devices coupled to receivers 108 (FIG. 1). Other
exemplary embodiments may include different filter topologies, including but not
limited to, notch filters that attenuate specific frequencies while passing others and may
include an adaptive impedance match, that may be varied based on measurable transmit
metrics, such as output power to the coil 414 or DC current drawn by the driver circuit
424. Transmit circuitry 406 further includes a driver circuit 424 configured to drive an
RF signal as determined by an oscillator 422. The transmit circuitry 406 may be
comprised of discrete devices or circuits, or alternately, may be comprised of an
integrated assembly. An exemplary RF power output from transmit coil 414 may be on
the order of 2.5 Watts.

[0049] Transmit circuitry 406 may further include a controller 410 for selectively
enabling the oscillator 422 during transmit phases (or duty cycles) , for adjusting the
frequency or phase of the oscillator 422, and for adjusting the output power level for
implementing a communication protocol for interacting with neighboring devices
through their attached receivers. It is noted that the controller 410 may also be referred
to herein as processor 410. Adjustment of oscillator phase and related circuitry in the
transmission path may allow for reduction of out of band emissions.

[0050] The transmit circuitry 406 may further include a load sensing circuit 416 for
detecting the presence or absence of active receivers in the vicinity of the near-field
generated by transmit coil 414. By way of example, a load sensing circuit 416 monitors
the current flowing to the driver circuit 424, that may be affected by the presence or
absence of active receivers in the vicinity of the field generated by transmit coil 414 as
will be further described below. Detection of changes to the loading on the driver
circuit 424 are monitored by controller 410 for use in determining whether to enable the
oscillator 422 for transmitting energy and to communicate with an active receiver. As

described more fully below, a current measured at the driver circuit 424 may be used to
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determine whether an invalid device is positioned within a wireless power transfer
region of the transmitter 404.

[0051] The transmit coil 414 may be implemented with a Litz wire or as an antenna
strip with the thickness, width and metal type selected to keep resistive losses low. In a
one implementation, the transmit coil 414 may generally be configured for association
with a larger structure such as a table, mat, lamp or other less portable configuration.
Accordingly, the transmit coil 414 generally may not need “turns” in order to be of a
practical dimension. An exemplary implementation of a transmit coil 414 may be
“electrically small” (i.e., fraction of the wavelength) and tuned to resonate at lower
usable frequencies by using capacitors to define the resonant frequency.

[0052] The transmitter 404 may gather and track information about the whereabouts
and status of receiver devices that may be associated with the transmitter 404. Thus, the
transmitter circuitry 404 may include a presence detector 480, an enclosed detector 460,
or a combination thereof, connected to the controller 410 (also referred to as a processor
herein). The controller 410 may adjust an amount of power delivered by the driver
circuit 424 in response to presence signals from the presence detector 480 and the
enclosed detector 460. The transmitter 404 may receive power through a number of
power sources, such as, for example, an AC-DC converter (not shown) to convert
conventional AC power present in a building, a DC-DC converter (not shown) to
convert a conventional DC power source to a voltage suitable for the transmitter 404, or
directly from a conventional DC power source (not shown).

[0053] As a non-limiting example, the presence detector 480 may be a motion
detector utilized to sense the initial presence of a device to be charged that is inserted
into the coverage area of the transmitter 404. After detection, the transmitter 404 may
be turned on and the RF power received by the device may be used to toggle a switch on
the Rx device in a pre-determined manner, which in turn results in changes to the
driving point impedance of the transmitter 404.

[0054] As another non-limiting example, the presence detector 480 may be a
detector capable of detecting a human, for example, by infrared detection, motion
detection, or other suitable means. In some exemplary embodiments, there may be
regulations limiting the amount of power that a transmit coil 414 may transmit at a
specific frequency. In some cases, these regulations are meant to protect humans from

electromagnetic radiation. However, there may be environments where a transmit coil
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414 is placed in arcas not occupied by humans, or occupied infrequently by humans,
such as, for example, garages, factory floors, shops, and the like. If these environments
are free from humans, it may be permissible to increase the power output of the transmit
coil 414 above the normal power restrictions regulations. In other words, the
controller 410 may adjust the power output of the transmit coil 414 to a regulatory level
or lower in response to human presence and adjust the power output of the transmit coil
414 to a level above the regulatory level when a human is outside a regulatory distance
from the electromagnetic field of the transmit coil 414.

[0055] As a non-limiting example, the enclosed detector 460 (may also be referred
to herein as an enclosed compartment detector or an enclosed space detector) may be a
device such as a sense switch for determining when an enclosure is in a closed or open
state. When a transmitter is in an enclosure that is in an enclosed state, a power level of
the transmitter may be increased.

[0056] In exemplary embodiments, a method by which the transmitter 404 does not
remain on indefinitely may be used. In this case, the transmitter 404 may be
programmed to shut off after a user-determined amount of time. This feature prevents
the transmitter 404, notably the driver circuit 424, from running long after the wireless
devices in its perimeter are fully charged. This event may be due to the failure of the
circuit to detect the signal sent from either the repeater or the receive coil that a device
is fully charged. To prevent the transmitter 404 from automatically shutting down if
another device is placed in its perimeter, the transmitter 404 automatic shut off feature
may be activated only after a set period of lack of motion detected in its perimeter. The
user may be able to determine the inactivity time interval, and change it as desired. As a
non-limiting example, the time interval may be longer than that needed to fully charge a
specific type of wireless device under the assumption of the device being initially fully
discharged.

[0057] FIG. 5 is a functional block diagram of a receiver 508 that may be used in
the wireless power transfer system of FIG. 1, in accordance with exemplary
embodiments of the invention. The receiver 508 includes receive circuitry 510 that may
include a receive coil 518. Receiver 508 further couples to device 550 for providing
received power thereto. It should be noted that receiver 508 is illustrated as being
external to device 550 but may be integrated into device 550. Energy may be

propagated wirelessly to receive coil 518 and then coupled through the rest of the
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receive circuitry 510 to device 550. By way of example, the charging device may
include devices such as mobile phones, portable music players, laptop computers, tablet
computers, computer peripheral devices, communication devices (e.g., Bluetooth
devices), digital cameras, hearing aids (and other medical devices), and the like.

[0058] Receive coil 518 may be tuned to resonate at the same frequency, or within a
specified range of frequencies, as transmit coil 414 (FIG. 4). Receive coil 518 may be
similarly dimensioned with transmit coil 414 or may be differently sized based upon the
dimensions of the associated device 550. By way of example, device 550 may be a
portable electronic device having diametric or length dimension smaller that the
diameter of length of transmit coil 414. In such an example, receive coil 518 may be
implemented as a multi-turn coil in order to reduce the capacitance value of a tuning
capacitor (not shown) and increase the receive coil’s impedance. By way of example,
receive coil 518 may be placed around the substantial circumference of device 550 in
order to maximize the coil diameter and reduce the number of loop turns (i.e., windings)
of the receive coil 518 and the inter-winding capacitance.

[0059] Receive circuitry 510 may provide an impedance match to the receive coil
518. Receive circuitry 510 includes power conversion circuitry 506 for converting a
received RF energy source into charging power for use by the device 550. Power
conversion circuitry 506 includes an RF-to-DC converter 508 and may also in include a
DC-to-DC converter 510. RF-to-DC converter 508 rectifies the RF energy signal
received at receive coil 518 into a non-alternating power with an output voltage
represented by Viet. The DC-to-DC converter 510 (or other power regulator) converts
the rectified RF energy signal into an energy potential (e.g., voltage) that is compatible
with device 550 with an output voltage and output current represented by Vo and Ioy.
Various RF-to-DC converters are contemplated, including partial and full rectifiers,
regulators, bridges, doublers, as well as linear and switching converters.

[0060] Receive circuitry 510 may further include switching circuitry 512 for
connecting receive coil 518 to the power conversion circuitry 506 or alternatively for
disconnecting the power conversion circuitry 506. Disconnecting receive coil 518 from
power conversion circuitry 506 not only suspends charging of device 550, but also
changes the “load” as “seen” by the transmitter 404 (FIG. 2).

[0061] As disclosed above, transmitter 404 includes load sensing circuit 416 that

may detect fluctuations in the bias current provided to transmitter power driver circuit
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410. Accordingly, transmitter 404 has a mechanism for determining when receivers are
present in the transmitter’s near-field.

[0062] When multiple receivers 508 are present in a transmitter’s near-field, it may
be desirable to time-multiplex the loading and unloading of one or more receivers to
enable other receivers to more efficiently couple to the transmitter. A receiver 508 may
also be cloaked in order to eliminate coupling to other nearby receivers or to reduce
loading on nearby transmitters. This “unloading” of a receiver is also known herein as a
“cloaking.” Furthermore, this switching between unloading and loading controlled by
receiver 508 and detected by transmitter 404 may provide a communication mechanism
from receiver 508 to transmitter 404 as is explained more fully below. Additionally, a
protocol may be associated with the switching that enables the sending of a message
from receiver 508 to transmitter 404. By way of example, a switching speed may be on
the order of 100 usec.

[0063] In an exemplary embodiment, communication between the transmitter 404
and the receiver 508 refers to a device sensing and charging control mechanism, rather
than conventional two-way communication (i.e., in band signaling using the coupling
field). In other words, the transmitter 404 may use on/off keying of the transmitted
signal to adjust whether energy is available in the near-field. The receiver may interpret
these changes in energy as a message from the transmitter 404. From the receiver side,
the receiver 508 may use tuning and de-tuning of the receive coil 518 to adjust how
much power is being accepted from the field. In some cases, the tuning and de-tuning
may be accomplished via the switching circuitry 512. The transmitter 404 may detect
this difference in power used from the field and interpret these changes as a message
from the receiver 508. It is noted that other forms of modulation of the transmit power
and the load behavior may be utilized.

[0064] Receive circuitry 510 may further include signaling detector and beacon
circuitry 514 used to identify received energy fluctuations, that may correspond to
informational signaling from the transmitter to the receiver. Furthermore, signaling and
beacon circuitry 514 may also be used to detect the transmission of a reduced RF signal
energy (i.c., a beacon signal) and to rectify the reduced RF signal energy into a nominal
power for awakening either un-powered or power-depleted circuits within receive

circuitry 510 in order to configure receive circuitry 510 for wireless charging.
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[0065] Receive circuitry 510 further includes processor 516 for coordinating the
processes of receiver 508 described herein including the control of switching
circuitry 512 described herein. Cloaking of receiver 508 may also occur upon the
occurrence of other events including detection of an external wired charging source
(e.g., wall/USB power) providing charging power to device 550. Processor 516, in
addition to controlling the cloaking of the receiver, may also monitor beacon circuitry
514 to determine a beacon state and extract messages sent from the transmitter 404.
Processor 516 may also adjust the DC-to-DC converter 510 for improved performance.
[0066] FIG. 6 is a functional block diagram of an exemplary wireless power transfer
system 600 as in FIG. 2, where a transmitter 604 may wirelessly provide power to
multiple receivers 608a, 608b, and 608c, in accordance with various exemplary
embodiments of the invention. As shown in FIG. 6, a transmitter 604 may transmit
power via a transmit coil 614 via a field 606. Receiver devices 608a, 608b, and 608c
may receive wireless power by coupling a portion of energy from the field 606 using
receive coils 618a, 618b, and 618c to charge or power respective loads 636a, 636b, and
636¢. Furthermore, the transmitter 604 may establish communication links 619a, 619b,
and 616¢ with receivers 618a, 618b, and 618c respectively. While three receivers 608a,
608b, and 608c are shown, additional receivers (not shown) may receive power from the
transmitter 604.

[0067] In a wireless power transfer system 600 the receivers 608a, 608b, or 608c
may correspond to the load the transmitter drives while transferring power. As such, the
load driven by the transmitter 604 may be a function of each receiver 608a, 608b, or
608c¢ that is wirelessly receiving power from the field 606. When receivers 608a, 608b,
or 608c enter the field 606, leave the field, or disable or enable their capability to
receive power from the field 606, the complex load presented to the transmitter 604 is
altered accordingly. Both resistive and reactive variations of the load are altered. The
behavior of the transmitter 604 may be a function of characteristics of the variable
complex load. For example, the efficiency at which the transmitter 604 may provide
power to a receiver 608a, 608b, or 608c may vary as the complex load of the transmitter
604 varies. Furthermore, the amount of power that the transmitter 604 outputs may also
vary as the complex load varies. Each of the receivers 608a, 608b, and 608c may form
a portion of the load of the transmitter 404 when each receiver 608a, 608b, and 608c is

receiving power via the field 606. The total impedance of the load seen by the transmit
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coil 614 may be a sum of impedances resulting from each receiver 608a, 608b, and 608¢c
as the impedances they present to the transmit circuit 614 may combine in series.

[0068] In one aspect, exemplary embodiments are directed to a transmitter 604 that
is suitable for efficiently charging a dynamic number of receivers 608a, 608b, and 608c.
To efficiently allow for two receivers 608a and 608b to receive more power than when
one receiver 608a is positioned to receive power, the transmitter 604 may be preferably
designed such that the load (characterized by its complex impedance) at which the
maximum power may be delivered is lower than the load at which the maximum
transmitter efficiency may be provided. Furthermore, the transmitter 604 may be
preferably designed to provide power at high efficiency over a resistive and reactive
range of complex load values as a variable number of receivers 608a, 608b, and 608c
will result in a range of different loads being presented to the transmitter 604.
Otherwise, significant power losses may arise. Moreover, the transmitter 604 may be
preferably designed such that the load at which maximum power is provided is greater
than a total load presented by multiple receivers 608a, 608b, and 608c. In this case, the
transmitter 604 may have sufficient power to supply multiple devices simultaneously.
[0069] The transmit circuit may be driven by a driver circuit. FIG. 7 is a schematic
diagram of a driver circuit 724 that may be used in the transmitter 604 of FIG. 6, in
accordance with exemplary embodiments of the invention. As stated, the power output
and efficiency of the driver circuit (e.g., a driver circuit 424) varies as a function of the
load presented to the driver circuit 724. In some embodiments, the driver circuit 724
may be a switching amplifier. The driver circuit 724 may be configured to receive a
square wave and output a sine wave to be provided to the transmit circuit 750. The
driver circuit 724 is shown as an ideal (i.e.,, no internal resistive losses) class E
amplifier. The driver circuit 724 includes a switched shunt capacitor 710 and a series
inductance 708. Vp is a DC source voltage applied to the driver circuit 724 that controls
the maximum power that may be delivered into a series tuned load. The driver circuit
724 is driven by an oscillating input signal 702 to a switch 704.

[0070] While the driver circuit 724 is shown as a class E amplifier, embodiments in
accordance with the invention may use other types of driving circuits as may be known
by those skilled in the art. A driver circuit 724 may be used to efficiently drive a load.
The load may be a transmit circuit 750 configured to wirelessly transmit power. The

transmit circuit 750 may include a series inductor 714 and capacitor 716 to form a
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resonant circuit as described above with reference to FIG. 3. While the load is shown as
a transmit circuit 750, embodiments in accordance with the invention may be applicable
to other loads. As described above with reference to FIG. 6, the load presented to the
transmit circuit 750 may be variable due to the number of wireless power receivers
608a, 608b, and 608c and may be represented by a variable resistor 712 indicative of
resistive variation of the load and a variable inductor 712 indicative of reactive variation
of the load. The driver circuit 724 may be driven by an input signal 702, such as from
an oscillator 222 (FIG. 2). As the load presented to the transmit circuit 750 varies, for
example, due to a dynamic number of wireless power receivers 638a, 638b, and 638c as
described above, a load presented to the driver circuit 724 may also vary according to a
wide resistance and reactance range. For example, when an additional receiver 638a is
positioned to receive power from the transmit circuit 750, the receiver 638a picking up
power increases the resistance presented to the transmit circuit 750 and therefore to the
driver circuit 724. In addition, adding a receiver 638b that includes certain material
(e.g., metal) may result in a large reactance swing presented to the transmit circuit 750
and therefore to the driver circuit 724. For example certain large receivers (e.g., a
tablet) may present a negative reactance swing on the order of an excess of —j100.
Power provided by the driver circuit 724 may not be flat across a load reactance range.
[0071] The load presented to the driver circuit 724 may be described by the
impedance presented to the transmit circuit 750 including both resistive and reactive
components and defined as Zin(TX) = Rin(TX) + jXin(TX). The value of Zin(TX)
depends on various factors such as the transmit coil and receive coil structures, the type
and number of devices to be charged, the power demanded by each receiver, and the
like. The range of the load may be defined by four corner impedances:
Rin rx miv < Re{ZIN_TX} < Rin rx_max
Xinrx v =1 m{ZIN_TX} < Xin Tx_Max

[0072] FIG. 8A is a diagram showing an exemplary range of impedances that may
be presented to the transmit circuit 750 during operation. FIG. 8A shows the corner
impedances as described above. According to the type and number of devices to
charge, the possible values for the corner impedances may vary widely. For example,
for purposes of illustration, Ry tx mmv may be defined as 0 Q while Ry tx max may be
75 Q. In addition, for purposes of illustration, X tx miv may be defined as -50 jQ

while Xy 1x Max may be +50 jQ. In accordance with another embodiment, Ry tx viN
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0 Q, Riv 1x max 18 substantially 200 Q, Xix tx miv Is substantially -200 jQ, and
XN Tx Max 18 substantially +200 jQ. The principles described herein may apply to these
and other complex impedance ranges. According to another exemplary embodiment, in
an operating mode the real load impedance (i.c., resistance) presented to the driver
circuit 724 may fall between 1 Q and 40 Q. Additionally, in an operating mode, the
imaginary load impedance (i.e., reactance) may be between 5j Q and 48.7j (for example
in the absence of multiple receivers). In another embodiment, impedances presented to
the driver circuit 724 in an operating range may be from 4 Q to 40 Q and between -4j Q
and 50j Q Due to, for example, a varying number of wireless power receivers or other
factors, the driver circuit 724 may be presented loads with resistances in the 0 to 80 Q
range and reactances from the -165j Q to 95j Q. It is desirable for the driver circuit 724
to operate efficiently and provide sufficient power to any load falling within this range.
It is desirable to provide efficient and substantially constant power over all these ranges
given various design considerations.

[0073] In one aspect, a range of impedance values presented to the driver circuit 724
may be defined by complex impedance values including real impedance values and
imaginary impedance values. The real impedance values may be defined or
characterized by a ratio between a first real impedance values to a second real
impedance value. The ratio could be one of 2to 1, 5to 1, and 10 to 1. For example, the
range of real impedance values presented to the driver circuit 724 could be between 8 Q
and 80 Q (a ratio of 10:1). In another embodiment, the range could be between 4 Q and
40 Q (also a ratio of 10:1). In another embodiment, the range could be between
substantially 1 Q and substantially 200 Q. In addition, the range of impedance values
presented to the driver circuit 724 may be further defined by a range of imaginary
impedance values. The range of the imaginary impedance values may be defined as a
ratio of the magnitude of the imaginary impedance values (i.e., magnitude between
minimum and maximum imaginary impedance values) to a magnitude of the real
impedance values. For example, a magnitude of the real impedance values could be the
magnitude of the difference between a first real impedance value and a second real
impedance value. The ratio of the magnitude of the imaginary impedance values to the
magnitude of the real impedance values may be at least one of 1:2, 2:1, 1:1, 2:3 etc. For
example, if a real impedance range is between 8 Q and 80 Q, a magnitude may be 72 Q.

As such, if the ratio of the magnitude of the imaginary impedance values to the
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magnitude of the real impedance values is 2 to 1, then the range of imaginary
impedance values may be 144 (i.e., a range from -4j Q to +140 jQ). In any event, it is
desirable to provide efficient and safe operation over a range of complex impedance
values that may be defined according to various methods.

[0074] As described above, the power and efficiency of a driver circuit 724 are a
function of the load the driver circuit 724 is driving. FIG. 8B is a plot showing
efficiency 802 and output power 804 of the driver circuit 724 of FIG. 7 as a function of
the real impedance of a load (i.e., load resistance) of the driver circuit 724. As shown in
FIG. &, 100% (or maximum) efficiency at a single real load impedance value may exist
(e.g., 50 Q as shown in FIG. 8) for an ideal class E amplifier. The efficiency 802
decreases as the load impedance varies in either direction. FIG. 8 also shows that the
total output power 804 is similarly a function of the load impedance and which peaks at
particular load impedance value (e.g., 20 Q). Similar results are described in Raab,
“Effects of Circuit Variations on the class E Tuned Power Amplifier” (IEEE Journal of
Solid State Circuits, Vol. SC-13, No. 2, 1978).

[0075] If the driver circuit 724 drives a load with a constant impedance, then the
driver circuit 724 may be ideally designed (e.g., values of the capacitor 710 and inductor
708, etc. may be chosen) such that the driver circuit 724 operates at maximum
efficiency. For example, by using the values in the plot in FIG. §B, if the driver circuit
724 is configured to drive a load with an unvarying impedance that is substantially
equal to 50 Q, the driver circuit 724 may drive the load at a maximum efficiency level.
However, if the load of the driver circuit 724 varies, then the average efficiency and
power delivered by the driver circuit 724 may be significantly lower than its maximum
efficiency or maximum power as shown in FIG. 8. Furthermore, as the impedance of
the load increases, the power delivered may not increase.

[0076] As shown in FIG. 7 and as described above, the load driven by the driver
circuit 724 may be a wireless power transmit circuit 750. The load presented to the
transmit circuit 750, given a varying number of wireless power receivers 608a, 608b,
608c (FIG. 6), may thus vary the load seen by the driver circuit 724. In this case, the
total load impedance presented to the transmit circuit 750 may be the sum of each of the
load impedances presented by each wireless power receiver 608a, 608b, 608¢c as they
may combine in series. Ideally, the driver circuit 724 would provide maximum

efficiency over all loads while having the power increase linearly as the resistance of the
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load increases. Power would then be divided among the loads. However, as seen in
FIG. 8B, maximum efficiency for the driver circuit 724 may occur for a single real load
impedance value.

[0077] One aspect of exemplary embodiments are directed to achieving high
efficiency of the driver circuit 724 as the real load impedance varies while also
increasing power as the load resistance increases. In one aspect, this may allow for
efficient wireless power transfer for a variable number of wireless power receivers 608a,
608b, and 608c. To provide improved efficiency of a variety of loads, the efficiency of
a class E amplifier 724 is analyzed over variations in both a real component of the load
impedance (i.e., resistance) and the imaginary component of the load (i.e., reactance).
FIG. 9 is a contour plot showing the efficiency of a driver circuit 724 as in FIG. 7 as a
function of the real and imaginary components of the load impedance presented to the
driver circuit 724. The plot may correspond to a driver circuit 724 that is designed to
have a maximum efficiency for a load with a resistance of 15 Q and a reactance of 0 Q.
In the illustrated embodiment, the drive voltage is 15 V. The complex load plot of FIG.
9 shows efficiency contours 906a, 906b, and 906¢ at increments of 5%. For example,
points along the contour 906a may represent the combinations of resistance and
reactance values that correspond to a load for which the class E amplifier is 95%. The
contour 902 corresponds to load impedance values that correspond to an efficiency
100%.

[0078] The results of the plot shown in FIG. 8B may be seen in FIG. 9 by holding
the reactance at zero and varying the resistance from 0 to 40 Q as shown by the arrow
908. The path 908 passes through the point 904 with a value of 15 Q + jO Q where
efficiency is 100%. The contour 902 shows that there is a path (e.g., a range of
impedances) at which efficiency is 100%. As such, rather than just analyzing efficiency
over real impedance values only, analyzing efficiency for both real and imaginary
impedance values (i.e., a range of resistance and reactance values) shows that there is a
range of complex impedance values for which efficiency of the driver circuit 724 is
100%.

[0079] FIG. 10A is a contour plot showing the power output of a driver circuit 724
as in FIG. 7 as a function of real and imaginary components of the load impedance
presented to the driver circuit 724. The complex load plot of FIG. 10A shows power

contours 1006a, 1006b, and 1006c at 1 watt increments. For example, points along the
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contour 1006b may represent combinations of resistance values and reactance values
that represent an impedance value at which 5 watts of power may be delivered. Points
along the contour 1006¢c may represent combinations of resistance values and reactance
values that represent an impedance value at which 10 watts of power may be delivered.
The results of the plot shown in FIG. 8B may be seen by holding the reactance at zero
and varying the resistance from 0 Q to 40 Q as shown by the arrow 1008. The path
1008 passes through the point 1004 where efficiency (shown by the contour 902 from
FIG. 9) is 100% and power delivered is a little over 6 Watts. The 100% efficiency
contour 902 of FIG. 9 placed in the plot of FIG. 10 shows that there is path 902 where
efficiency is 100% and where the power continually increases as shown as the contours
represent increasing power. As shown in FIGS. 9 and 10, the 100% efficiency path 902
starts at an impedance of j24 Q, passes through 15 +j0 Q and continues to —10 Q.

[0080] FIG. 10B is another plot showing power output and efficiency of a driver
circuit 724 as in FIG. 7 as a function of real and imaginary components of the load
impedance presented to the driver circuit 724. The contour 902 represents the
combinations of resistance and reactance values for which efficiency is maximum,
where efficiency may be defined as the ratio of power delivered to the load divided by
the DC power into the FET drain of the driver circuit 724. The contour 1006 represents
the resistance and reactance values for which power delivered to the load is constant for
a particular drive voltage V4. While power may depend on both the drive voltage V4
and the complex load, efficiency may depend on the load alone. The drive voltage V4
and power output may be chosen such that the power contour 1006 passes through the
efficiency contour 902 at the peak value of the load to the FET of the driver circuit 724.
Accordingly, the contours 1006 and 902 are exemplary and indicate that there is a range
of complex values for which the driver circuit 724 is efficient and for which power is
constant. It is noted that the contours shown in FIG. 10B may reflect the load seen by
the FET of the driver circuit 724, Zload(FET) which may be offset from results that
would be in terms of Zin(TX). The difference may be due to a series inductance.
However, Zload(FET) and Zload may be used interchangeably. FIG. 10B shows one
particular results for when a drive voltage is on the order of 10 volts and resulting power
is on the order of 2.45 Watts. In this case values were selected to result in the power
contour 1006 passing through the efficiency circle at the peak value of Rload(FET) as
shown. As a result when the Zload is 16.55 +24.3j ohms, at 10V dc, a single sided
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driver circuit 724 delivers 2.45 watts with maximum efficiency into the real part of the
load. These values are merely exemplary and for purposes of illustration of values that
may be found to define the maximum efficiency and constant power contours.

[0081] As indicated above, however, a wide range of reactive and resistive
impedances may be presented to the driver circuit 724 from a transmit circuit 750 due
to, for example, a variable number of receivers being positioned to receive power from
the transmit circuit 750. Impedance values presented to the driver circuit 724 as a result
of the variation of impedance presented to the transmit circuit 750 may result in reduced
efficiency and fluctuations in the amount of power delivered.

[0082] FIGS. 11A, 11B, 12A, and 12B show corresponding measured results as
compared to FIG. 10 showing power output and efficiency of a driver circuit 724 as in
FIG. 7 as a function of real and imaginary components of the load impedance presented
to the driver circuit 724. The measured results show power and efficiency contours as
described above and when taking into account various losses or other effects of the
system. For example, the results may illustrate the effects of losses of the FET of the
driver circuit (e.g., as compared to an ideal switch) and the effect of the resonant series
LC circuit of the transmit circuit 750 between the switch and the load. As such FIGS.
11A, 11B, 12A and 12B show measured efficiency and power contours when all load
values within the range defined by Rix 1x miv =0 €, Riv 1x Mmax = 75 Q, Xiv 1x MIN = -
50 jQ, and Xix tx mMax = 750 jQ are presented to a driver circuit 724. The results may
reflect the output from a double-sided driver circuit 724 (i.e., including two driver
circuits 724 of FIG. 7) operating a particular driver voltage (e.g., both driven by a 5.5 V
DC supply). Inusing the double-sided driver circuit 724, load to each FET of the driver
circuit 724 is ¥ that seen in FIGS. 11A, 11B, 12A, and 12B.

[0083] In accordance, FIG. 11A shows measured efficiency contours for a tuned
double-sided driver circuit 724 without an added series inductance 708 for the load
range as noted above. FIG. 11B shows measured efficiency contours for a tuned
double-sided driver circuit 724 with an added series inductance 708. In accordance
FIG. 12A shows measured power contours for a tuned double-sided driver circuit 724
without an added series inductance 708 for a wide load range as described above. FIG.
11B shows measured power contours for a tuned double-sided driver circuit 724 with an
added series inductance 708. Thus, FIGS. 11A-B shown different powers for the same
load, illustrating the effect of Vp on power. FIGS. 12A-B show output power.
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[0084] It is noted that the measured efficiency and power contours of FIGS. 11A,
11B, 12A, and 12B are merely exemplary for a particular configuration of driver circuit
724 and are used for purposes of illustration. More specifically, FIGS. 11A, 11B, 12A,
and 12B provide values illustrating the range of complex impedance values for which
the driver circuit 724 is efficient and for which power is constant. It is noted that the
contour plots of FIGS. 11A, 11B, 12A, and 12B may correspond to results from a
double-sided driver circuit 724 configuration. To compare with a single sided driver
circuit 724, the values would be divided by two. As compared to FIG. 10B, it is noted
that the constant power contours shown in FIGS. 12A and 12B are still circular in form,
although distorted due to the effect of body diodes inherent in FET 704. Likewise, the
efficiency contours shown in FIGS. 11A are similar to FIG. 10B, however efficiency
values decrease as the load resistance to the FET decreases which may be due to losses
in the FET 704.

[0085] Based on the results of FIGS. 9-12, certain aspects of exemplary
embodiments are directed to an impedance transform circuit (also referred to herein as a
filter circuit) located between the driver circuit 724 and the transmit circuit 750 that
transforms a variable load impedance presented to the transmit circuit 750 into values
for which the driver circuit 724 is highly efficient and where power is substantially
constant. These values may be defined by the high efficiency and constant power
contours as shown in FIGS. 9-12. The variable load presented to the transmit circuit
750 may vary widely over both reactance and resistance as further described above. As
will be indicated below, the transform circuit is configured to transform the impedance
to maintain the efficiency at a high level while keeping the power transfer as constant as
possible over a wide range in reactive load. This may allow for a driver circuit 724 in a
wireless power transmitter 604 to efficiently provide power as the load presented to the
transmit circuit 750 varies reactively and resistively due to a dynamic number of
wireless power receivers 608a, 608b, and 608¢ (FIG. 6).

[0086] In one embodiment, a filter circuit is used to transform a variable load
impedance presented to a transmit circuit 750 into complex load values for which the
driver circuit 724 may be highly efficient and for which power is constant. FIG. 13 is a
schematic diagram of a driver circuit 1324 as in FIG. 7 including a filter circuit 1326, in
accordance with exemplary embodiments of the invention. The filter circuit 1326 (i.c.,

a transform circuit) is positioned between the driver circuit 1324 and the transmit circuit
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1350. As shown the transmit circuit 1350 shows a variable load 1312 including both
variations in resistance and variations in reactance. The filer circuit 1326 includes three
reactive components, X1 1328, X2 1330, and X3 1332. In some embodiments, X1 1328
and X3 1332 are series inductors, while X2 1330 is a shunt capacitor. The filter circuit
1326 is configured to transform the impedance Zin(TX) presented by the transmit
circuit 1350 into an impedance Zload(XFRM) presented to the driver circuit 1324
including the series inductor 1308. This impedance, Zload(XFRM) is then shifted by
the series inductance 1308 so as to “best” fit the load lines for which the driver circuit
1324 is maximally efficient with a constant or steady power as the load varies. The full
transformed impedance presented to the FET 1304 is defined by Zload(FET). The
component values for the filter circuit 1326 and series inductance 1308 are configured
to increase power linearly with the resistive portion of the load presented the transmit
circuit 1350 and have as high efficiency as possible as the reactance varies. The values
of the components are selected to provide a balance between maximizing efficiency
versus variation in the resistive portion Rin(TX) and minimizing load power variation
versus variation in the reactive portion Xin(TX).

[0087] While also operating as a low pass filter configured to reduce harmonics in
the signal, the filter circuit 1326 is configured to convert linear variations in Zin(TX) to
circular variations in Zin(XFRM). As noted above, the series reactance 1308 shifts the
load into a particular range for the FET 1304. The filter circuit 1326 is configured as a
T network. While other configurations are also contemplated according to the
embodiments described herein, the T network may reduce the number of components.
[0088] It is noted that according to some embodiments, where series inductors are
used for reactance components X1 1328 and X3 1332, high power requirements may
increase the cost of the inductors. As such, it may be desirable to eliminate one or more
of the reactance components. Using the T network may allow for eliminating the
reactance components X1 1328 and X3 1332 which may be absorbed into the coil 1314
and/or the series inductor 1308. FIG. 14 is a schematic diagram of the circuit of FIG. 13
in accordance with an embodiment. As shown, reactance component X2 1330 of FIG.
13 is shown as a shunt capacitor 1430. Reactance components X1 and X3 of FIG. 14
arc absorbed into the coil 1414 and series inductor 1408. As such, the filter circuit 1426
includes only of a shunt capacitor. It is noted that the values of X1 and X3 are still

selected based on the principles described herein to achieve the desired impedance

24



WO 2014/130334 PCT/US2014/016191

transformation, and as such, the amount of the determined values of X1 and X3 is taken
into account when being absorbed into the other series elements. It is noted that the
shunt capacitor 1430 could be replaced by a single shunt capacitor network (e.g., some
configuration of parallel or series connected capacitors). However, only a shunt
network is needed. This may reduce the number of components and reduce other high
cost inductors. The values of the reactive components 1410, 1408, 1430, 1416, and
1414 are selected such that the circuit 1406 is configured to transform the impedance
into values that correspond to high efficiency for the driver circuit 1424 with constant
power. For example, the shunt capacitor 1430 is selected based on an impedance
transformation ratio which is proportional to output power or current at a fixed supply
voltage. The series L value 1408 may then be selected from the shunt C value. As such
the circuit 1406 may work efficiently across a wide reactance range while maintaining
its output power, and reactance load switches to tune out the reactance swing may be
unnecessary. As such, a single shunt capacitor network positioned between a class E
amplifier and a resonant transmit circuit, when combined with tuning adjustments of the
existing inductances, can provide a particular impedance transform as described herein.
This includes delivering power linearly versus the real load over a wide reactance range,
having reduced sensitivity to the reactive load changes and providing high efficiency for
substantially maximum power. Furthermore, the value of the shunt capacitor 1430 may
be selected to determine an impedance ratio of the filter transform that may allow
trading the impedance ratio off against other factors such as mutual coupling between a
source coil (i.e., transmitter) and the load coil (i.e., receiver).

[0089] With reference again to FIG. 13, values of the components of the filter
circuit 1326 may be chosen such that the varying impedance of the transmit circuit 1350
(due to receivers 608a, 608b, and 608c¢) is transformed by the filter circuit 1326. The
transformed impedance values may correspond to impedance values (such as those as
shown in FIGS. 9 and 10) that provide highly efficient driver circuit 1324 operation
while also increasing the flatness of power delivery given wide reactance swings. The
component values of the filter circuit 1326 are chosen to perform an impedance
transform that transforms the impedance of the load 1312 seen by the transmit coil 1350
into a complex impedance that fits as closely as possible to complex values that provide
high efficiency and constant power as shown in FIGS. 9-12. In some embodiments as

will be further described below, the sclection of the series inductance 1308 of the driver
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circuit 1324 is used in conjunction with the filter circuit 1326 to shift the impedance
transformation performed by the filter circuit 1326 to match as closely as possible to
complex values that provide high efficiency and constant power.

[0090] In one exemplary embodiment, the filter circuit 1326 may be configured to
modify the impedance presented to the filter circuit 1326 (e.g., the impedance of the
transmit circuit 1350 due to a variable number of receivers 608a, 608b, and 608c) to
maintain the efficiency of a driver circuit 1324 at a level that is within 20% of a
maximum efficiency of the driver circuit 1324 within some complex impedance range
with real and reactive variations. In another embodiment, efficiency may be maintained
at a level that is within 10% or lower of a maximum efficiency of the driver circuit
1324. The filter circuit 1326 is further configured to maintain a substantially constant
power output level irrespective of the reactive variations within the complex impedance
range presented from the transmit circuit 1350. Moreover, the filter circuit 1326 is
configured to maintain a substantially linear relationship between the power output level
and the resistive variations within the complex impedance range. The filter circuit 1326
may be referred to as or be configured as an impedance transformation network. The
range of impedance values presented to the filter circuit 1326 that are transformed by
the filter circuit 1326 may be characterized by a range of complex impedance values.
The range of complex impedance values may be within a range defined by a first real
impedance value and a second real impedance value, where a ratio between the first real
impedance value to the second real impedance value is at least two to one. In addition,
the range of reactive variation of the impedance may be related to the real impedance
range. For example, the magnitude of the range of reactive variation for which the filter
is configured to maintain efficiency at 20% of a maximum efficiency may be
substantially twice the magnitude of the real impedance range. The center of the
reactive impedance range may be substantially centered at the instantaneous real
impedance value (i.e., resistive) presented to the transmit circuit. The filter circuit 1326
is further configured to maintain a substantially constant power level irrespective of the
reactive variations within the impedance range. In addition, the filter circuit 1326 is
configured to maintain a substantially linear relationship between the power level and
the real variations within the impedance range. For example, the range of real (i.c.,
resistive) impedance values may be substantially between 8 Q and 80 Q or 4 Q and 40

Q having a ratio of 10 to 1. In this case, the range of imaginary (i.e., reactive) may have
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a magnitude on the order of 144 and could span anywhere from -74 jQ to +152 jQ
depending on an instantancous value of the real impedance. In another embodiment, the
range of real impedance values may be between substantially 1 Q and substantially 200
Q. Furthermore, in an embodiment, the range of imaginary impedances may be
between substantially -200 jQ and +200 j jQ. Within this range of real and imaginary
impedances (i.e., resistive and reactive), the filter circuit 1326 and selection of series
inductance 1308 is configured to maintain the efficiency of the driver circuit 1324
within 20% of a maximum efficiency of the driver circuit 1324, maintain a substantially
constant power level irrespective of the reactive variations, and/or maintain a
substantially linear relationship between the power level and the real variations within
the impedance range.

[0091] The imaginary impedance range may also be defined by a first imaginary
impedance value and a second imaginary impedance value. The first imaginary
impedance value and the second imaginary impedance value may define approximate
minimum and maximum imaginary impedance values. The range of imaginary
impedance values (i.e., the magnitude of the difference between the first imaginary
impedance value and the second imaginary impedance value) may be defined by a ratio
of the magnitude of the imaginary impedance value to the magnitude of the real
impedance value (e.g., equal to a magnitude of the difference between the first real
impedance value and the second real impedance value). The ratio may be at least one of
1:2, 2:1, 1:1, 2:3, 3:2, etc. For example, if the magnitude of the real impedance values
is 72 Q, and the ratio is 2:1, the magnitude of the range of imaginary impedance values
may be 144 jQ (e.g., a range of a minimum to a maximum). In another example, in one
embodiment, the first real impedance value may be substantially 4 Q, the second real
impedance value may be substantially 40 Q, the first imaginary impedance value may
be substantially -4 jQ, and the second imaginary impedance value may be substantially
750 Q. A wide range of complex impedance values may be presented to the filter circuit
1126 given the design parameters and the potential number of receivers. As such,
ranges and ratios contemplated by various exemplary embodiments described herein
may substantially vary from the specific examples provided herein.

[0092] According to certain embodiments, a passive or fixed filter circuit 1326 (i.e.,
substantially all of the components of the filter circuit 1326 may be passive circuit

elements) as shown in FIG. 13 may be provided. The circuitry would have an absence
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of dynamic switching in of reactive elements. As such, the filter circuit 1125 may not
require control signals or other dynamic logic to control or configure the circuit as the
load changes during operation. This may reduce cost and complexity and may provide
other benefits as will be appreciated by one/those skilled in the art.

[0093] In some embodiments, a driver circuit 1324 may generate harmonics of 6.78
MHz, when the operating frequency of the driver circuits 1324 is substantially 6.78
MHz. For various reasons, including for meeting regulatory requirements, the filter
circuit 1326 may be further configured to reduce unwanted harmonics produced by the
driver circuit 1324. By using information derived from the plots such as FIGS. 9 and
10, the filter circuit 1326 may be designed (in various embodiments) to meet spectral
emission mask requirements (via reducing harmonics), ensure that the load impedance
at which maximum power may be delivered is above the load at which maximum
efficiency is achieved, and/or expand the range of load impedance values for which the

driver circuit 1324 is highly efficient.

Exemplary Filter Circuit Operation

[0094] FIG. 15 is a plot showing the impedance transformed by the filter circuit
1326 versus the impedance presented to the transmit circuit 1350 as mapped to a high
efficiency contour. For example, to illustrate the operation of the filter circuit 1326,
FIG. 15 shows an exemplary result of a filter circuit 1326 configured to match the
theoretical single sided driver circuit 724 and having the load contours shown in FIG.
10B. While specific values are described, it is noted that these values are merely
exemplary and for purposes of illustration of the operation of the filter circuit for one
particular driver circuit configuration, and a wide variety of other values are
contemplated according to the principles described herein. Two circles 1502 and 1504
are shown in FIG. 15. One circle 1502, centered at Rin(XFRM) = 0+0 j, defines
Zin(XFRM) for an Rin(TX) variation from 0 to 1000 ohms, in 5 ohm steps, with
Xin(TX) = 0. The path proceeds in a counter clockwise direction as Rin(TX) increases.
The radius of this circle (defined as Rd) is 16.55 ohms, selected to match the 100%
efficiency theoretical contour 902 of FIG. 10B. Since the markers are for Rin(TX) 5
ohms apart, it is noted that Zin(XFRM) peaks when Zin(TX) = 25+j0 Ohms. This

defines the impedance transform ratio of the circuit, and can be set as desired. For
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variations in Rin(TX) given other values of Xin(TX), it is noted that the ratios result in
circles that all pass through Zin(XFRM) =0, -16.55j.

[0095] The second circle 1505, which is orthogonal to the first circle 1502, defines
Zin(XFRM) for an Xin(TX) variation from -1000 to 1000 in 5 ohm steps, when
Rin(TX) is held constant at 25 Ohms. Tt is centered at Zin(XFRM) = 16.55 — 16.55j
Ohms which forces these two curves to intersect at Zin(XFRM) = 16.55 +0j ohms. For
variations in Xin(TX) given other values of Rin(TX), it is noted that these result in
circles that pass through Zin(XFRM) = 0, -16.55j. This result is shown in FIG. 16,
where Rin(TX) is varied over a wider range than specified.

[0096] The impedance seen by the FET 1308 may be the same plot of FIG. 16
shifted to the right by the added series inductance 1308. The results shown in FIG. 16
further shows that the curves that make up Zin of the transform are independent of the
transform selected. Only the mapping of Zin(XFRM) to Zin(TX) changes.

[0097] Given the observation from FIG. 12, to sclect the value of the series
inductance 1308, it is decided where to locate the point where all the curves, as seen by
the FET 1304, meet. For example, FIG. 10B shows impedances at FET 1304 to achieve
100% efficiency. In this case, Rd was 16.55 Ohms, and the theoretical intercept point is
at Zin(FET) =0 + 7.74j Ohms.

[0098] FIG. 17 shows the path for an Rd equal to twice 16.55 Ohms, which would
reduce the shunt capacitor 1310 on the FET 1304 also by a factor of 2. In this case the
intercept is at Zload(FET) =0 +15.5j Ohms.

[0099] To improve the match to the FET 1304 and thus achieve maximum
efficiency as Rin(TX) varies (but only for Xin(TX) =0) , a series reactance 1308 is
added between the filter circuit 1602 and the FET 1304. FIG. 18 shows a final result,
superimposed on the theoretical power and efficiency contours of FIG. 10B.

[0100] In an ideal result, the efficiency is 100% for all Rin(TX) when Xin(TX) = 0,
but the constant power contour is not a perfect fit. For Vd = 10 Vdc, the power is
predicted to be at a constant amount along the dotted path, and where the curves cross,
but will increase for non-zero Xin(TX), since higher power regions are ever smaller
circles located inside one another.

[0101] As such, FIGS. 15-18 illustrate the operation of the impedance
transformation by the filter circuit 1326 having components with configured values in

accordance with exemplary embodiments.
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Method of Selecting Filter Circuit Components

[0102] As indicated, the components of the filter circuit 1326 are selected to
perform the desired impedance transform as described above. In accordance with an
embodiment, a method is provided for determining values of the components of the
filter circuit 1326 that provides the described impedance transform. In one aspect, the
method is derived from the relationship that defines the transform from Zin(TX) to
Zin(XFRM). Zin(TX) may be defined as R+jX and Zin(XFRM) as Zin(R,X). In this
form Zin(R,X) is:
1

Zin(R,X) :=j-X; + !

+
X X3+ R+jX)

[0103] According to the method, two variables are used to determine the filter
circuit reactances, X1 1328, X2 1330, and X3 1332. The first, variable Rd that best fits
Zin(R,X) to a measured efficiency contour as R varies while X is fixed at 0 ohms. The
half circle defining these values is centered at Zin(R,X)= 0+j*0 and reaches a maximum
of Rd at some Zin(TX) = Rin0 +j*0. The variable R0, which is defined as the value of
R, when X = 0, that results in Zin(RO, 0) = Rd. This defines the impedance transform
ratio of the filter circuit 1326, which may be done at one point, since this transform may
be non-linear.

[0104] The method includes determining the efficiency and power contours vs.
complex load at the FET 1304. This may be using a direct measurement to account for
losses as described above. For example, exemplary contours are shown in FIGS. 11A,
11B, 12A, and 12B that could be used according to this method. Note the test results to
according to the method include the capacitor 1310 that shunts the FET 1304. The total
capacitance at this node may determine the maximum efficiency region.

[0105] The method further includes determining if increasing efficiency vs. real
load or holding power constant vs. imaginary load is more preferable according to the
particular desired operation. This sets the placement of the circles generated by the
transform including X1 1328, X2 1330 and X3 1332. The series reactance 1308 needed
for input shifting may be determined subsequently. The series reactance needed for

output (load) shifting can be accomplished by detuning the TX coil 1314.
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[0106] The method further includes selecting the half circle path radius, Rd as
described above, for Zin(R,0) that will best fit the measured efficiency contours. As
noted, this half circle is centered at Zin(R,X)= 0+j*0 and reaches a maximum of Rd at
some Zin(TX) = Rin0 +j*0.

[0107] The method further includes determining the full circle path that crosses this
maximum value Rd of the half circle path. This circle is orthogonal to the constant
efficiency contour, and lies approximately along constant power contours. For Zin =
Rin0 +j*Xin , where Rin0 is fixed and Xin is variable, the resulting Zin(Rin0,Xin) will
lie along this circle.

[0108] The method further includes selecting the value for RO of the impedance
where Zload will peak and is equal to Rd + 0j. From Rd and RO, the values for X1
1328, X2 1330 and X3 1332 may be determined according to the following equations.

X3 (Ro) = (2 Ry Rg)* ~ Ry
Xo(Ro) = 2Ry o)
5(Rg) = (2R Ro) - By

[0109] In accordance, given Rd and RO, Zin(R,X) equals:

R+ j{Rp+ X
Zin(R,X) := —JRd{ﬁ}

Example of Filter Circuit Configuration

[0110] FIGS. 19-21 show results for on exemplary filter circuit 1326 configuration
in accordance with an embodiment. It is noted while specific numerical values are
provided, the values are to illustrate on example of a selection of components values for
a filter circuit 1326, and other values for the components may be used in accordance
with the principles described herein. The values of the filter circuit 1326 are configured
to provide substantially constant power over a wide range in the reactive load, X. The
values are indicated as 2 times the values used for each side of the driver circuit 724 for
a double-sided configuration. The values for Rd and RO for this exemplary filter were
found to be 17.6 and 23.3 respectively.

[0111] The resulting exemplary values for each single sideband transform are:

[0112] X1=11.0 Ohms, or L1 =259 nH
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[0113] X2 =-28.6 Ohms, or C2 = 820 pf

[0114] X3=5.4 Ohms, or L3 =125 nH

[0115] For the FET 1308, the value for Cshunt 1310 is selected as 2*287 pf. This
includes each FET capacitance, estimated at 80 pf. For the filter circuit 1326 it was
determined to maximize the fit to the constant power curves, for example as in FIGS.
12A and 12B. This results in an offset from the maximum efficiency path and this fit
comes by adding a series inductance 1308. From FIGS. 11A and 11B, the choice for
the circle radius is 35.2 ohms. The resulting FET load paths peaks at Rin(TX) = 46.6
ohms, as desired.

[0116] The resulting transformed impedance for a double sided filter circuit 1326
over the specified Zin(TX) load range is shown in FIG. 19. The transformed impedance
is then shifted to align with the desired FET load, by Lseries 1308 of 2*516nH. The
double sided filter circuit 1326 includes of a 2*820nH series inductance, an 820/2 pf
shunt capacitor and a 2*25nH series inductance. This final series inductor can be
realized simply by off-tuning the TX coil 1314 by +10.6 ohms.

[0117] It is noted that “straight line” impedances corresponding to variations in the
real impedance for a particular reactance are transformed into orthogonal circles. This
will be true for any filter circuit 1326 as shown in FIG. 13. Furthermore, it is noted that
Zin(XFRM) given Zin(TX) = Rin(TX) + 0%*j. For this result, Rin(TX) wvaries as 0,
5,...75 ohms. Ideally Zin(ZFRM) reaches a peak of 35.2 ohms, with X = 0 when
Rin(TX) = 45 ohms. In addition, the peak value and location of Rin(XFRM) changes
as Xin(TX) changes. This is why the transform is designed with Xin(TX) = 0.
Furthermore, the transform with Zin(TX) = 45 ohms +j Xin(TX). Xin(TX) varies as -
50, -40...50 ohms. Other points of FIG. 19 show all possible points that can be
outcomes given the specified range of Zin(TX).

[0118] In order to overlay the transform prediction on the data of FIGS. 11A, 11B,
11C, and 11D, the transform of FIG. 19 may be shifted to match the measured results
from the load box. There are two reactive shifts involved. The first shift is to add two
serics reactances between the FETs and their filter circuits (for double-sided
configuration). This added reactance (Xshift) is combined with X1 1328 of the filter

circuit 1326 so that the total series inductance on each side is about 820nH.
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[0119] The second shift is to remove the two 600 nH series inductances used to test
the driver circuit without any transform. After these shifts, the transformed paths can be
overlaid on the power and efficiency contours measured for the FETs alone.

[0120] FIG. 20 shows the paths of the filter circuit 1326 for this example overlaid
on the measured data of FIG 12B. As before, the half circle is for fixed X=0, and
variable R, and the full circle is with fixed Rin(TX) = 45 ohms and variable X. As can
be seen the power vs. X contour is expected to be rather constant, while the power vs.
variable R keeps increasing with R. It is noted that the power where the lines cross can
be seen to be about 1.3 Watts, delivered into a Rload(FET) of 35 ohms with Vd = 5.5
Volts. By increasing Vd to 10 Volts, this power should increase to about 4.3 Watts.
[0121] FIG. 21 shows the paths of the filter circuit 1326 for this example overlaid
on the measured data of FIG. 11B. As before, the half circle is for fixed X, and variable
R, and the full circle is with fixed R and variable X. As can be seen, the efficiency is
not at the maximum for Rload= 46, Xload =0. The maximum occurs around Rload =
30, Xload = -20, which does lie on the path of increasing Rin(TX).

[0122] It is noted that in addition to fitting the power and efficiency contours, the
methods described herein may allow to set the impedance ratio of the transformer.
[0123] In addition to the systems and methods disclosed herein above, attached is
one appendix: Appendix A. Appendix A is in 20 (twenty) pages describing various
configurations of a filter circuit 1326 that may be used by one or more of the methods
and systems disclosed herein. While the appendix may illustrate filter circuits having
particular component values, it is noted that the values are provided for illustration of
the operation and performance of the impedance transform and that the component
values for other embodiments selected according to the principles described herein may
vary widely.

[0124] Further design characteristics of the driver circuit 1324 that may be used
may include the driver circuit characteristic impedance, input voltage, and scries
reactance. In accordance with some embodiments, a variety of characteristics of the
filter circuit 1326 may be chosen to arrive at a desired impedance transformation that
may be correlated with the high efficiency curve 902 and power contour.
Characteristics of the filter circuit 1326 may include the number of desired poles, the
type of filter circuit, or a number of stacked filter circuits. The filter circuit 1326 may

be a ladder network of reactive elements that may take a variety of forms. For example,
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the ladder network may comprise multiple reactive stages (i.c., reactive circuits) each
including a combination of reactive components. Any of single value or multiple values
of the ladder network may be adjusted based on a desired response. Some filter circuits
may be less desirable such as a filter circuit 1326 that creates a simple reactance shift
regardless of the characteristic impedance chosen. The ladder network may also include
- more than three reactive elements, in which case all these elements may be varied
using a common parameter. Using multiple elements can greatly reduce harmonics.
However, it some cases it may be desirable to reduce the number of components for the
filter circuit, for example, as described above with reference to FIG. 14.

[0125] Furthermore, as described above, the prototype class, the type of filter, the
cutoff frequency, and the characteristic impedance of the filter circuit 1326 may also be
configured to achieve a desired impedance response that can be used. The prototype
class may indicate how the component values are chosen based on the other parameters.
The type of filter circuit 1326 can be a low pass, high pass, band pass, notch, or
combination thereof. The cutoff frequency may be a 3dB attenuation point, although
the cutoff frequency may vary depending on the prototype class. The characteristic
impedance may be the target real impedance of the filter circuit 1326 if this were being
used in a single impedance circuit (e.g., a 50Q RF circuit).

[0126] According to one embodiment, given a set of several of these characteristics
(e.g., selecting the driver circuit design and driver circuit filter series reactance 1108),
non-selected characteristics (e.g., a filter circuit 1326 design) may be derived that allows
the system to perform an impedance transformation of a range of real and reactive load
impedances that transforms the real and reactive load impedance to a value for which
the driver circuit 1324 is highly efficient and for which power is constant.

[0127] Another method may include applying the reverse transformation of the
series reactance and ladder network (i.e., filter circuit 1326) to the high efficiency curve
902 and constant power.

[0128] As indicated herein, the driver circuit 1324 may behave as an ideal AC
current source (with a source impedance above some ratio of the maximum real load)
that supplies a constant current for a range of impedances regardless of the impedance
in that range presented to the driver circuit 1324. The particular constant current may

be chosen based on the combinations of characteristics used. As such, the wireless
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power transmitter 404 may be able to source more power as the resistance (i.e., real
impedance) increases.

[0129] Once the component values of the filter circuit 1326 has been determined, if
the elements of the filter circuits are altered with different impedance values, the
impedance transformation might not result in the desired impedances for which the
driver circuit 1326 is efficient and for achieving constant power. For example, an
“undesirable” transformation may result from using low tolerance components, for
example, components which could vary 20 percent. In this filter design, while using
similar components, a change in impedance value can fail to result in impedance
transformation that allows for the driver circuit 1324 to be efficient when a variety of
complex impedances are presented to the driver circuit 1324 by the transmit circuit
1350.

[0130] According to the configuration of the filter circuit, the values of the
impedances of the various elements are particularly chosen in such a manner to achieve
the desired transformation as described above. Altering these impedance values for any
given element, even by 5%, results in a significantly different impedance
transformation. As such, the given impedance transformation as described above that
results in maintaining the driver circuit 1124 at a high efficiency (e.g., within 20% of
the maximum efficiency) is achieved after careful selection of impedance values for the
filter elements according to the principles described herein.

[0131] FIG. 22 is a flowchart of an exemplary method for designing a highly
efficient transmit circuit. The transmit circuitry may be configured for wirelessly
outputting power to charge or power a receiver device. In block 2202, a driver circuit
1324 may be selected that is configured to operate at an efficiency threshold over a first
range of complex impedance values presented by a load to the driver circuit 1324.
Based on the characteristics chosen, in block 2204, a filter circuit 1326 may be selected
that is configured to perform an impedance transformation to transform an impedance
presented to the filter circuit 1326 to a second range of complex impedance values that
is correlated to the first range of complex impedance values. In block 2206, an
impedance adjustment element 1308 may be selected that is configured to shift the
second range of complex impedance values such that the impedance presented to the
driver circuit 1324 is substantially equivalent to impedance values of the first range of

complex impedance values.
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[0132] It should be further appreciated that the filter circuit 1326 may be configured
to transform impedance values for other types of loads other than a transmit circuit 1350
and thus principles of various embodiments may be practice with a wide variety of
loads. As such, embodiments described herein are not limited to providing wireless
power, and exemplary embodiments in accordance with the invention may be applied in
other situations where a driver circuit 1324 may drive a variable load of any type having
a range of impedance values. In some embodiments, the transmit circuit 1350 may
include a transmit coil (or loop antenna) configured to resonate at a frequency of the
signal provided by the driver circuit 1350. The transmit circuit 1350 may be configured
to wirelessly output power to charge or power a receiver 608a, 608b, and/or 608c as
described above. The transmit circuit 1350 may further be configured to wirelessly
transmit power to a plurality of receivers 608a, 608b, and 608c. Each of the receivers
608a, 608b, and 608c may alter the impedance seen by the transmit circuit 1350 such
that the transmit circuit 1350 may include a wide range of complex impedance values
that may be transformed by the filter circuit 1326. The filter circuit 1326 may transform
the impedance value into a value that has a non-zero reactance such that it is a complex
impedance value with a real portion corresponding to resistance and an imaginary
portion corresponding to a reactance.

[0133] In some embodiments, the filter circuit 1326 may be a passive circuit and
may not require added logic or control signals to operate. The filter circuit 1326 may be
a low pass filter circuit. 1324. It should be appreciated that a wide variety of filter
circuit configurations may be used in accordance with exemplary embodiments and may
be selected as described according to the principles herein.

[0134] The amount of power provided by the driver circuit 1324 may be configured
to increase as an amount of the resistive portion of the impedance seen by the driver
circuit 1324 increases. This may allow for continually delivering higher power while
maintaining efficiency as more wireless power receivers 608a, 608b, and 608c receive
power from the transmit circuit 1350. Furthermore, the filter circuit 1326 may allow
such that a magnitude of the impedance seen by driver circuit 1324 at which maximum
power may be provided is higher than the magnitude of the impedance seen by the
driver circuit 1324 at which maximum efficiency of the driver circuit 1324 is provided.
As such, the driver circuit 1324 may perform as a constant current source over a range

of resistances (i.e., real impedance values). As described above, the driver circuit 1324
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may be a class E amplifier or other amplifier such as switching amplifier. The driver
circuit 1324 may include other types of amplifiers as described above. Of note,
however, in certain embodiments a class D circuit would act like a voltage source.
[0135] It should be further appreciated that while shown as a filter circuit 1326,
other types of circuits, components, or modules may be used to perform the type of
impedance transformation as described above to transform a range of impedance values
into a complex value for which a driver circuit 1324 is highly efficient, in accordance
with the principles described herein.

[0136] As described with reference to FIG. 13, one of the functions of the filter
circuit 1326 is to remove unwanted harmonics produced by the driver circuit 1324. In
one aspect, the harmonics may result in undesired emissions from the transmit circuit
1350. As such, the filter circuit 1326 may be configured to reduce emissions from the
transmit circuit 1350 to reduce emissions to meet spectral emission requirements as well
as perform the impedance transformation as described above. For example, as
described above, the filter circuit 1326 may be a low pass filter that is seventh order
capable to reject radiated emissions and conducted emissions of the transmit circuit
1350 and reduce coupling from a receiver to the transmitter. In one embodiment, the
filter circuit 1326 may be configured to reduce/reject radiated emissions and conducted
emissions of the transmitter between substantially 20-250 MHz. It should be
appreciated that the filter circuit 1326 may further be configured to reject emissions in
other frequency ranges according to different applications and power requirements or
different operating frequencies.

[0137] FIG. 23 is another schematic diagram of portion of transmit circuitry 2300,
in accordance with an exemplary embodiment. The transmit circuitry 2300 shows an
example comprises dual driver circuits 2324 in addition to other components for
reduction of emissions. As shown, a first filter circuit 2360 and a bypass capacitor 2370
configured to reduce emissions from the driver circuit 2324 and the transmit circuit
2350 to the power source 2302 are included. In some embodiments, the transmit
circuitry 2300 can include a shunt capacitor on Vpp. The inductors at 2360 may be a
common mode choke. The driver circuit 2324 includes dual class E amplifiers 2324
which drive the transmit circuit 2350 via a third filter circuit 2323 as shown. The third

filter circuit 2323 (dual filter circuits) is configured perform the impedance
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transformation as described above. The third filter circuit 2323 can be further
configured to reduce emissions of the transmit circuit 2350, as described above.

[0138] FIG. 24 shows measured results for power output a driver circuit 1324 as in
FIG. 13 as a function of real and imaginary components of the load impedance
presented to the driver circuit 1324. The measured results show power contours as
described above and when the impedance Zload(XFRM) is presented to the driver
circuit 1324. As shown, the power output is approximately independent of Xload, while
increasing vs. Rload at any Xload.

[0139] The various operations of methods described above may be performed by
any suitable means capable of performing the operations, such as various hardware
and/or software component(s), circuits, and/or module(s). Generally, any operations
illustrated in the Figures may be performed by corresponding functional means capable
of performing the operations. For example, means of transmitting may include a
transmit circuit. Means for driving may include a driver circuit. Means for filtering
may comprise a filter circuit.

[0140] Those of skill in the art would understand that information and signals may
be represented using any of a variety of different technologies and techniques. For
example, data, instructions, commands, information, signals, bits, symbols, and chips
that may be referenced throughout the above description may be represented by
voltages, currents, electromagnetic waves, magnetic fields or particles, optical fields or
particles, or any combination thereof.

[0141] Those of skill would further appreciate that the various illustrative logical
blocks, modules, circuits, and algorithm steps described in connection with the
exemplary embodiments disclosed herein may be implemented as electronic hardware,
computer software, or combinations of both. To clearly illustrate this interchangeability
of hardware and software, various illustrative components, blocks, modules, circuits,
and steps have been described above generally in terms of their functionality. Whether
such functionality is implemented as hardware or software depends upon the particular
application and design constraints imposed on the overall system. Skilled artisans may
implement the described functionality in varying ways for each particular application,
but such implementation decisions should not be interpreted as causing a departure from

the scope of the exemplary embodiments of the invention.
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[0142] The various illustrative logical blocks, modules, and circuits described in
connection with the exemplary embodiments disclosed herein may be implemented or
performed with a general purpose processor, a Digital Signal Processor (DSP), an
Application Specific Integrated Circuit (ASIC), a Field Programmable Gate Array
(FPGA) or other programmable logic device, discrete gate or transistor logic, discrete
hardware components, or any combination thereof designed to perform the functions
described herein. A general purpose processor may be a microprocessor, but in the
alternative, the processor may be any conventional processor, controller,
microcontroller, or state machine. A processor may also be implemented as a
combination of computing devices, e.g., a combination of a DSP and a microprocessor,
a plurality of microprocessors, one or more microprocessors in conjunction with a DSP
core, or any other such configuration.

[0143] The steps of a method or algorithm described in connection with the
exemplary embodiments disclosed herein may be embodied directly in hardware, in a
software module executed by a processor, or in a combination of the two. A software
module may reside in Random Access Memory (RAM), flash memory, Read Only
Memory (ROM), Electrically Programmable ROM (EPROM), Electrically FErasable
Programmable ROM (EEPROM)), registers, hard disk, a removable disk, a CD ROM, or
any other form of storage medium known in the art. An exemplary storage medium is
coupled to the processor such that the processor may read information from, and write
information to, the storage medium. In the alternative, the storage medium may be
integral to the processor. The processor and the storage medium may reside in an ASIC.
The ASIC may reside in a user terminal. In the alternative, the processor and the
storage medium may reside as discrete components in a user terminal.

[0144] In one or more exemplary embodiments, the functions described may be
implemented in hardware, software, firmware, or any combination thercof. If
implemented in software, the functions may be stored on or transmitted over as one or
more instructions or code on a computer readable medium. Computer readable media
includes both computer storage media and communication media including any medium
that facilitates transfer of a computer program from one place to another. A storage
media may be any available media that may be accessed by a computer. By way of
example, and not limitation, such computer readable media may comprise RAM, ROM,

EEPROM, CD ROM or other optical disk storage, magnetic disk storage or other
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magnetic storage devices, or any other medium that may be used to carry or store
desired program code in the form of instructions or data structures and that may be
accessed by a computer. Also, any connection is properly termed a computer readable
medium. For example, if the software is transmitted from a website, server, or other
remote source using a coaxial cable, fiber optic cable, twisted pair, digital subscriber
line (DSL), or wireless technologies such as infrared, radio, and microwave, then the
coaxial cable, fiber optic cable, twisted pair, DSL, or wireless technologies such as
infrared, radio, and microwave are included in the definition of medium. Disk and disc,
as used herein, includes compact disc (CD), laser disc, optical disc, digital versatile disc
(DVD), floppy disk and blu ray disc where disks usually reproduce data magnetically,
while discs reproduce data optically with lasers. Combinations of the above should also
be included within the scope of computer readable media.

[0145] As used herein, the term “determining” encompasses a wide variety of
actions. For example, “determining” may include calculating, computing, processing,
deriving, investigating, looking up (e.g., looking up in a table, a database or another data
structure), ascertaining and the like. Also, “determining” may include receiving (e.g.,
receiving information), accessing (e.g., accessing data in a memory) and the like. Also,
“determining” may include resolving, selecting, choosing, establishing and the like.
[0146] The methods disclosed herein comprise one or more steps or actions for
achieving the described method. The method steps and/or actions may be interchanged
with one another without departing from the scope of the claims. In other words, unless
a specific order of steps or actions is specified, the order and/or use of specific steps
and/or actions may be modified without departing from the scope of the claims.

[0147] The previous description of the disclosed exemplary embodiments is
provided to enable any person skilled in the art to make or use the present invention.
Various modifications to these exemplary embodiments will be readily apparent to
those skilled in the art, and the generic principles defined herein may be applied to other
embodiments without departing from the spirit or scope of the invention. Thus, the
present invention is not intended to be limited to the exemplary embodiments shown
herein but is to be accorded the widest scope consistent with the principles and novel

features disclosed herein.
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WHAT IS CLAIMED I8S:

1. A transmitter apparatus, comprising:

a driver circuit characterized by an efficiency and a power output level,
the driver circuit electrically connected to a transmit circuit having an
impedance, the impedance of the transmit circuit within a complex impedance
range including resistive and reactive variations, the complex impedance range
defined by a minimum real impedance value, a maximum real impedance, a
minimum imaginary impedance value, and a maximum imaginary impedance
value, a ratio of the maximum to the minimum real impedance value being at
least two to one, a magnitude of the difference between the maximum and
minimum imaginary impedance values being at least twice a magnitude of the
difference between the minimum and maximum real impedance values; and

a filter circuit electrically connected to the driver circuit and configured
to modify the impedance of the transmit circuit to maintain the efficiency of the
driver circuit at a level that is within 20% of a maximum efficiency of the driver
circuit when the impedance is within the complex impedance range,

the filter circuit further configured to maintain a substantially constant
power output level irrespective of the reactive variations within the complex
impedance range, and

the filter circuit further configured to maintain a substantially linear
relationship between the power output level and the resistive variations within

the complex impedance range.

2. The transmitter apparatus of claim 1, wherein the ratio is one of at least five

to one or at least ten to one.

3. The transmitter apparatus of claim 1, wherein the minimum real impedance
value is substantially 1 ohm, the maximum real impedance value is substantially 50
ohms, the minimum imaginary impedance value is substantially -50 j ohms, and the

maximum imaginary impedance value is substantially +50 j ohms.

4. The transmitter apparatus of claim 1, wherein the minimum real impedance

value is substantially 1 ohm, the maximum real impedance value is substantially 100
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ohms, the minimum imaginary impedance value is substantially -100 j ohms, and the

maximum imaginary impedance value is substantially +100 j ohms.

5. The transmitter apparatus of claim 1, wherein the transmit circuit comprises
a transmit coil electrically connected to the output of the filter circuit, the transmit coil
configured to wirelessly transmit power at a level sufficient to charge or power one or

more receiver devices.

6. The transmitter apparatus of claim 1, wherein the transmit circuit is
configured to wirelessly transmit power at a level sufficient to charge or power one or
more receiver devices, and wherein positioning of the one or more receiver device to
receive power from the transmit circuit causes the real and reactive variations in the

impedance of the transmit circuit.

7. The transmitter apparatus of claim 1, wherein the driver circuit comprises a
class E amplifier circuit comprising switch, a switch shunt capacitor, and a series

inductor.

8. The transmitter apparatus of claim 7, wherein the filter circuit comprises one
or more reactive components, wherein the values of the one or more reactive
components and the series inductor are selected to cause the modification of the

impedance to maintain the efficiency and the power output level.

9. The transmitter apparatus of claim 8, wherein the one or more reactive
components consists of a single shunt capacitor network electrically coupled to ground

and between the driver circuit and the transmit circuit.

10. The transmitter apparatus of claim 7, wherein the series inductor is
configured to cause a reactive shift of the impedance between the driver circuit and the

filter circuit.

11. The transmitter apparatus of claim 1, wherein the minimum and maximum
real impedance values correspond to the resistive variations, and wherein the minimum

and maximum imaginary impedance values correspond to reactive variations.
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12. The transmitter apparatus of claim 1, wherein the power output level

increases as an amount of a resistive portion of the impedance increases.

13. The transmitter apparatus of claim 1, further comprising:

the transmit circuit, comprising a coil having an inductance electrically
connected in series to a capacitor to form a resonant circuit,

wherein the driver circuit comprises a switching amplifier circuit
comprising a switch, a switch shunt capacitor, and a series inductor electrically
connected to the output of the driver circuit,

the filter circuit electrically connected between the driver circuit and the
transmit circuit, the filter circuit comprising solely of a single shunt capacitor

network.

14. A transmitter apparatus, wherein the filter circuit comprises one or more
reactive components with values selected derived from:

a first value, Rd, corresponding to a radius of a half circle, the half circle
defined by a set of complex impedance values along the perimeter of the half
circle that correspond to values for which efficiency of the driver circuit is at
least within 20% of the maximum efficiency of the driver circuit; and

a second value, RO, corresponding to a real impedance value at the load
of the filter circuit that results in a desired transformed impedance being equal to

Rd at an input of the filter circuit.

15. A method of selecting component values of one or more reactive
components of a filter circuit for a wireless power transmitter device, the filter circuit
electrically connected between a driver circuit and a transmit circuit, the method
comprising:

determining a first set of complex impedance values for which efficiency
of the driver circuit is above a threshold, the first set of complex impedance
values substantially mapping to complex impedance values along a half circle
path;

determining a second set of complex impedance values for which power

output of the driver circuit is substantially constant, the second set of complex
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impedance values substantially mapping to values along a full circle path that is
orthogonal to the half circle and which crosses the half circle at a maximum; and

selecting the component values to provide an impedance transformation
that modifies a variable complex impedance of the transmit circuit to complex
impedance values derived from the first and second sent of complex impedance

values.

16. The method of claim 15, wherein selecting the component values comprises:
determining a first value, Rd, corresponding to radius of the half circle;
determining a second value, RO, corresponding to a real impedance value

at a load of the filter circuit that results in a desired transformed impedance

between equal to the value Rd at the input of the filter circuit; and
selecting component values of the one or more reactive components of

the filter circuit based on the values derived from Rd and RO.

17. The method of claim 16, wherein a first component value of a first reactive
component X1 is selected according to the equation:

X1(R0O) = (2-Rd - R0)® —Rd.

18. The method of claim 17, wherein a second component value of a second
reactive component X2 is selected according to the equation:

X2(R0O) = —(2-Rd - R0)>.

19. The method of claim 18, wherein a third component value of a third reactive
component X3 is selected according to the equation:

X3(R0) = (2-Rd - R0)® — RO.

20. A method of adjusting an impedance of a driver circuit characterized by an
efficiency and a power output level, the driver circuit electrically connected to a
transmit circuit having an impedance, the impedance of the transmit circuit within a
complex impedance range including resistive and reactive variations, the complex
impedance range defined by a minimum real impedance value, a maximum real
impedance, a minimum imaginary impedance value, and a maximum imaginary
impedance value, a ratio of the maximum to the minimum real impedance value being at

least two to one, a magnitude of the difference between the maximum and minimum
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imaginary impedance values being at least twice a magnitude of the difference between
the minimum and maximum real impedance values, the method comprising:
modifying the impedance of the transmit circuit to maintain the
efficiency of the driver circuit at a level that is within 20% of a maximum
efficiency of the driver circuit when the impedance is within the complex
impedance rangg;
maintaining a substantially constant power output level irrespective of
the reactive variations within the complex impedance range; and
maintaining a substantially linear relationship between the power output

level and the resistive variations within the complex impedance range.

21. The method of claim 20, wherein the ratio is one of at least five to one or at

least ten to one.

22. The method of claim 20, wherein the minimum real impedance value is
substantially 1 ohm, the maximum real impedance value is substantially 50 ohms, the
minimum imaginary impedance value is substantially -50 j ohms, and the maximum

imaginary impedance value is substantially +50 j ohms.

23. The method of claim 20, wherein the minimum real impedance value is
substantially 1 ohm, the maximum real impedance value is substantially 100 ohms, the
minimum imaginary impedance value is substantially -100 j ohms, and the maximum

imaginary impedance value is substantially +100 j ohms.

24. The method of claim 20, further comprising wirelessly transmitting power at

a level sufficient to charge or power one or more receiver devices.

25. The method of claim 20, further comprising wirelessly transmitting power at
a level sufficient to charge or power one or more receiver devices, and wherein
positioning of the one or more receiver device to receive power from the transmit circuit

causes the real and reactive variations in the impedance of the transmit circuit.

26. The method of claim 20, wherein the driver circuit comprises a class E

amplifier circuit comprising switch, a switch shunt capacitor, and a series inductor.
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27. The method of claim 26, wherein said modifying is at a filter circuit
comprising one or more reactive components, wherein the values of the one or more
reactive components and the series inductor are selected to cause the modification of the

impedance to maintain the efficiency and the power output level.

28. The method of claim 27, wherein the one or more reactive components
consists of a single shunt capacitor network electrically coupled to ground and between

the driver circuit and the transmit circuit.

29. The method of claim 26, further comprising causing a reactive shift of the

impedance between the driver circuit and the filter circuit.

30. The method of claim 20, wherein the minimum and maximum real
impedance values correspond to the resistive variations, and wherein the minimum and

maximum imaginary impedance values correspond to reactive variations.

31. The method of claim 20, further comprising increasing a power output level

as an amount of a resistive portion of the impedance increases.
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Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

see additional sheet
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As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

o

3. |:| As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

|:| No protest accompanied the payment of additional search fees.
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FURTHER INFORMATION CONTINUED FROM PCT/ISA/ 210

This International Searching Authority found multiple (groups of)
inventions in this international application, as follows:

1. claims: 1-31
Impedance adjustment.
1.1. claims: 1-13, 20-31

Adjust impedance in a wireless power transfer device to
optimize wireless power transfer.

1.2. claims: 14-19

Circuit design, in particular, impedance values, for a
filter circuit for a wireless power transfer device.
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