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dynamically compensating for these variations during charging to increase system efficiency and regulate delivered power. In some
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METHOD AND APPARATUS FOR WIRELESSLY CHARGING
PORTABLE ELECTRONIC DEVICES

FIELD
[0001]

The subject matter described herein relates generally to electronic devices and,

more particularly, to wireless charging of electronic devices.

BACKGROUND
[0002]

There are a multitude of portable, battery powered electronic devices in

existence today. When the batteries in these devices run out of power, a user either has to
replace the batteries or recharge them. In the distant past, rechargeable batteries had to be
removed from the corresponding device and inserted into a separate battery charger to be
recharged. Later, devices were made available that would allow batteries to be charged
within the devices themselves by attaching the device to an AC powered transformer or
charging station. Further progress was made with devices that would automatically
recharge when physically connected to a data port of a larger system (e.g., an MP3 player
that recharges when connected to a USB port of a computer). A more recent advance
allows portable devices to be recharged wirelessly. As the name implies, wireless
charging systems allow portable devices to be charged without the use of a charging cable
or physical connection. That is, energy is transferred to the device through the air and,
when received, is converted to a form that allows a battery in the device to be charged.
[0003]

Wireless charging has many benefits. One of the benefits is convenience. That

is, a device can be charged without having to physically connect it to a charging structure.

Thus, a cell phone can be charged while it sits untethered on a user's desk. For certain

types of devices that are difficult or impossible to connect to a wired charging unit,
wireless charging is especially valuable (e.g., battery powered medical implants, wearable
electronics, etc.). The lack of a need for wired charging structures also has environmental

benefits. For example, it has been estimated that wired chargers account for 51,000 tons
of waste per year in the United States. Much of this waste can be eliminated with
widespread adoption of wireless charging.
[0004]

There is a need for techniques and systems that are capable of implementing

wireless charging in a convenient, reliable, and cost effective manner.

SUMMARY
[0005]

The techniques, circuits, and systems described herein relate to wireless

charging of portable electronic devices. More particularly, the techniques, circuits, and
systems relate to methods for detecting load variations within a transmitter that is
wirelessly charging another device and for dynamically compensating for these load
variations during charging to increase system efficiency and regulate power delivery. The
techniques, circuits, and systems described herein are particularly well suited for use in
providing charging from one portable device to another.
[0006]

In accordance with one aspect of the concepts, systems, circuits, and

techniques described herein, an electronic device comprises: a power amplifier circuit for
use in wirelessly charging an external portable device, the power amplifier having a
switching transistor and a resonant circuit, the resonant circuit having at least one variable
capacitance and at least one variable inductance, the variable inductance being positioned
for magnetic coupling to an inductance within the external portable device, the external
portable device creating a time varying load within the electronic device during charging
operations; and a load variation detection and compensation circuit to identify load
variation within the power amplifier circuit based on feedback from the power amplifier
circuit and to generate control signals to adjust the at least one variable capacitance and
the at least one variable inductance of the resonant circuit to compensate for variations in
load, wherein the load variation detection and compensation circuit operates continually

during charging operations to compensate for time varying load.
[0007]

In one embodiment, the feedback from the power amplifier circuit is a switch

voltage associated with the switching transistor; and the load variation detection and
compensation circuit includes at least one comparator to compare the switch voltage to
first and second reference voltages.
[0008]

In one embodiment, the load variation detection and compensation circuit

includes logic circuitry to process the output of the at least one comparator to determine
whether the switch voltage is higher than, lower than, or within a voltage range defined by
the first and second reference voltages and to generate the control signals based thereon.

[0009]

In one embodiment, the load variation detection and compensation circuit is

configured to adjust the at least one variable capacitance and the at least one variable
inductance, based on the comparison, in a manner that maintains approximately zero
switch turn-on voltage to achieve enhanced efficiency and to regulate the power delivered
to the external portable device.
[0010]

In one embodiment, the power amplifier circuit includes a class-E power

amplifier.
[001 1]

In one embodiment, the at least one variable capacitance and the at least one

variable inductance of the resonant circuit includes a set of discrete capacitors and a multitapped transmit coil, respectively, the set of discrete capacitors and a multi-tapped transmit
coil having N switchable capacitance-inductance value pairs, wherein N is a positive
integer greater than 1.
[0012]

In one embodiment, the electronic device further comprises a battery terminal

for connection to a battery, wherein the power amplifier uses energy from the battery to
wirelessly charge the external portable device during charging operations.
[0013]

In accordance with another aspect of the concepts, systems, circuits, and

techniques described herein, a machine implemented method for wirelessly charging a
portable electronic device comprises: applying an input signal to a switched power
amplifier to generate a time varying current within a variable inductance of a resonant
circuit of the switched power amplifier, the variable inductance being magnetically
coupled to a coil within the portable electronic device to be charged; determining whether
a feedback voltage from the switched power amplifier is above, below, or within a
predetermined voltage range; and modifying the variable inductance and a variable
capacitance of the resonant circuit of the power amplifier if the feedback voltage is above
or below the predetermined voltage range to compensate for load variation and leaving the
variable inductance and the variable capacitance in their present settings if the feedback
voltage is within the predetermined voltage range.
[0014]

In one embodiment, the feedback voltage of the switched power amplifier is a

switch voltage at a time just before the switch turns on during a switching cycle.
[0015]

In one embodiment, the load variation within the power amplifier is due, in

part, to one or more of the following: coupling variations between the variable inductance

and the coil within the portable electronic device and changing battery charge level within

the portable electronic device.
[0016]

In accordance with a further aspect of the concepts, systems, circuits, and

techniques described herein, a portable electronic device is provided that is capable of
wirelessly charging other portable electronic devices. More specifically, the portable
electronic device comprises: a battery terminal for connection to a battery; power
amplifier circuitry, coupled to the battery terminal, for use in wirelessly charging an
external portable device, the power amplifier circuitry having a switching transistor and a
resonant circuit, the resonant circuit having at least one variable capacitance and at least
one variable inductance, the variable inductance for magnetic coupling to an inductance

within the external portable device, wherein the external portable device can create a time
varying load within the power amplifier circuitry during charging operations; comparison
circuitry to compare feedback from the power amplifier circuitry to one or more reference
voltages to identify load variations in the power amplifier circuitry; and compensation
circuitry to generate control signals for the at least one variable capacitance and the at least
one variable inductance of the power amplifier circuitry based at least in part on the

comparison result, to adjust the at least one variable capacitance and the at least one
variable inductance in a manner that maintains approximately zero switch turn-on voltage
for the switching transistor to achieve enhanced efficiency and to regulate the power

delivered to the external portable device.
[0017]

In one embodiment, the comparison circuitry and the compensation circuitry

are configured to operate continually during charging operations to compensate for time

varying load.
[0018]

In one embodiment, the power amplifier circuitry is configured to convert a DC

voltage from the battery to a radio frequency (RF) signal to generate a time varying
current within the at least one variable inductance.
[0019]

In one embodiment, the portable electronic device includes a cellular

telephone.
[0020]

In one embodiment, the external portable device includes one of the following:

a wearable electronic device, a wireless accessory, and a medical implant.

[0021]

In one embodiment, the external portable device includes one of the following:

a smart wristband, a smart watch, a smart glove, a bicycle light, a portable multi-media
player, a wireless input/output device, a pager, and a cochlear implant.
[0022]

In accordance with a further aspect of the concepts, systems, circuits, and

techniques described herein, a portable electronic device is provided that is capable of
charging other portable electronic devices. More specifically, the portable electronic
device comprises:

a battery terminal for connection to a battery; a class-E power

amplifier coupled to the battery terminal, the class-E power amplifier having a switching
transistor and a resonant circuit, the resonant circuit having at least one variable
capacitance and at least one variable inductance, the at least one variable inductance for
magnetic coupling to a coil within an external portable device to be charged, wherein the
at least one variable inductance in the first portable electronic device and the coil in the

external portable device form a transformer between the devices during a charging
operation, wherein a load of the external portable device is reflected into the portable
electronic device through the transformer; comparison circuitry to determine whether a
voltage across an output of the switching transistor is above, below, or within a
predetermined voltage range at a particular point within a switching cycle of the switching
transistor of the class-E power amplifier; and compensation circuitry to adjust the at least
one variable capacitance and the at least one variable inductance if the comparison

circuitry determines that the voltage across the output of the switching transistor is above
or below the predetermined voltage range, wherein the compensation circuitry is
configured to perform no adjustment to the at least one variable capacitance and the at
least one variable inductance if the comparison circuitry determines that the voltage across
the output of the switching transistor is within the predetermined voltage range.
[0023]

In one embodiment, the at least one variable capacitance and the at least one

variable inductance of the resonant circuit are capable of switching between a
predetermined number of capacitance-inductance value pairs that have a particular order,
wherein the compensation circuitry is configured to activate a next capacitance-inductance
value pair in the order if the comparison circuitry determines that the voltage across the
output of the switching transistor is above the predetermined voltage range and the
compensation circuitry is configured to activate a previous capacitance-inductance value
pair in the order if the comparison circuitry determines that the voltage across the output
of the switching transistor is below the predetermined voltage range.

[0024]

In one embodiment, the comparison circuitry is configured to sample the

voltage across the output of the switching transistor just before the transistor turns back on
during the switching cycle, wherein the comparison circuitry is synchronized to the
switching frequency of the switching transistor but samples at a lower rate.
[0025]

In one embodiment, the compensation circuitry is configured to adjust the

capacitance value of the at least one variable capacitance and the inductance value of the
at least one variable inductance in a continual manner to dynamically compensate for

changes in primary side load in the portable electronic device.
[0026]

In one embodiment, the portable electronic device is configured to cease

charging another portable electronic device when the other portable electronic device has
reached a predetermined level of charging that is less than a maximum level of charging.

BRIEF DESCRIPTION OF THE DRAWINGS
[0027]

The foregoing features may be more fully understood from the following

description of the drawings in which:
[0028]

Fig. 1 is a is a schematic diagram illustrating a system for performing wireless

device-to-device charging;
[0029]

Fig. 2 is a diagram illustrating how drain voltage varies over one switching

cycle of a switching transistor in a wireless charging device;
[0030]

Fig. 3 is a diagram illustrating tuning elements within an exemplary transmitter

device where an adjustable shunt capacitance

( Cs )

and series inductance

L

are

implemented as a set of discrete capacitors and a multi-tapped transmit coil in accordance
with an embodiment;
[003 1]

Fig. 4 is a diagram illustrating simulation results of the system efficiency and

delivered power of an adaptive system compared to two non-adaptive systems, versus
changing coupling conditions;
[0032]

Fig. 5 is a diagram comparing the measured end-to-end efficiency of an

exemplary system against previous systems versus changing coupling distance;

[0033]

Fig. 6 is a diagram illustrating an exemplary plug-in transmitter device in

accordance with an embodiment; and
[0034]

Fig. 7 is a diagram illustrating various portable devices that may benefit from

wireless charging.

DETAILED DESCRIPTION
[0035]

Techniques and systems described herein relate to wireless charging of

portable electronic devices. Although useful in all wireless charging contexts, the
techniques and systems described herein are particularly suited for use in charging
portable devices using other portable devices. Device-to-device wireless charging is a
proposed technology for transferring energy from a higher-power portable device to
charge a lower-power portable device. This technique may be useful in many different
scenarios. For example, a user with a cellular telephone may use the telephone to

wirelessly charge a wearable electronic device, such as a smart watch. In another
scenario, a user may use a tablet computer to charge a medical implant, such as a cochlear

implant. Many other combinations of devices are also possible.
[0036]

Recently, a number of companies have released products for wirelessly

charging cell phones. Other companies, such as Google with its Nexus products, have
released cell phones that can be wirelessly charged. In many cases, some of the same
circuitry that is used for wireless power reception within these cell phones can be
augmented for use in wireless power transmission to charge other devices. From a cost
and form factor perspective, it may be possible to adapt these existing cell phones to

wirelessly charge various lower-power portable devices that are often in the vicinity of the
phone. These lower power portables may include, for example, wearable electronics (e.g.,

smart wristbands, smart watches, etc.), outdoor-use electronics (e.g., bicycle lights, MP3
players, etc.), wireless accessories (e.g., wireless keyboards, wireless mice, etc.), medical
implants (e.g., cochlear implants, etc.), and/or others.
[0037]

To date, the authors are aware of no available systems or devices that perform

device-to-device wireless charging as described above. This may be because of a number
of challenges that must be overcome to implement such as system. For example, deviceto-device wireless charging involves positioning two movable devices (a transmitter

device and a receiver device) with respect to each other, so there is an inherent timevarying coupling between the devices that causes the transmitter to experience a timevarying load. In addition to the time varying coupling between the devices, additional
load variations will be presented to the transmitter device as the receiver device charges
up. Current wireless power systems, which are designed for stationary devices with

relatively constant loading conditions, provide widely varying efficiencies and power
levels under load variation. This is a problem for device-to-device charging, where
consistently high efficiency is desired for long cell-phone battery life and consistently
stable power levels are desired for rapid and safe charging.
[0038]

In some aspects described herein, a device-to-device wireless charging system

is provided with transmitter-side circuitry that is capable of detecting and dynamically

compensating for load variations to maintain high efficiency and regulate power levels.
This may be achieved by using a power amplifier circuit having one or more tunable
elements and a digital processor circuit that is capable of analyzing feedback from the

power amplifier and using the feedback to adjust the tunable elements in a manner that
achieves high efficiency and regulated power.
[0039]

Fig. 1 is a schematic diagram illustrating a system 10 for performing wireless

device-to-device charging. As shown, the system 10 includes a transmitter device 1 and
a receiver device 14. The transmitter device 12 charges the receiver device 14 using
energy from a local energy storage device (e.g., a battery). The transmitter device 12 may
include one or more terminals for connection to a removable energy storage device. The
basic system is a standard resonant magnetic wireless power transfer topology, operating
in the 6.78 MHz ISM band. Briefiy, the system works by converting the DC voltage VCC
to an AC voltage in the transmitter device 12 through a Class-E power amplifier 16
consisting of a MOSFET 18, a shunt diode 20, a shunt capacitor (Cs ) 22, and a series
capacitor 24 and inductor L- ) 26. The AC voltage generates a sinusoidal current through
the primary-side coil

26, which generates a magnetic field that induces a sinusoidal

current through the secondary-side coil 28 in the receiver device 14. This current in the
receiver device 14 is rectified and delivered to charge a load 30. The load 30 may include,
for example, a battery or other energy storage device.
[0040]

In addition to the power amplifier 16, the transmitter device 12 may also

include feedback circuitry to detect load variation and compensation circuitry to

dynamically adjust the shunt capacitance

( Cs

and series inductance

L

(both of which

are variable) based on load variation. The feedback circuitry relates the drain voltage of

the power amplifier transistor (e.g., MOSFET 18) to the load as seen by the primary side.
The load seen by the primary side (or primary-side load) is the secondary load reflected
across the transformer that is formed by the transmitter and receiver coils 26, 28 and the

coupling coefficient between.
[0041]

Fig. 2 is a waveform diagram illustrating the drain voltage over one switching

cycle for the MOSFET 18 of Fig. 1. As shown, the drain voltage is initially at zero volts

when the MOSFET 18 is on, rises to a peak 42 when the MOSFET 18 turns off, and then
falls back towards zero until the point indicated by the arrow 44 at which time the

MOSFET turns back on. Ideally, the switch voltage is zero at that time, but changing
coupling and load can cause the switch voltage to be nonzero. It can be shown
mathematically from analyzing the Class-E power amplifier that increasing the primaryside load (by increasing coupling or decreasing load voltage) causes the switch voltage to

tend positive, while decreasing the primary-side load (by decreasing coupling or
increasing load voltage) causes the switch voltage to tend negative. Thus, measuring the
switch voltage just before the MOSFET turn-on time 44 gives an indication of changing
load conditions as seen by the primary side.
[0042]

Returning to the embodiment of Fig. 1, the feedback circuitry may include a

comparator core 32 having two comparators 36a, 36b that compare the switch voltage at
the MOSFET turn-on time (or switch turn-on voltage) to two reference voltages (e.g.,

Vref

and ground). These two reference voltages define the low and high limits of a voltage
range. Decision and compensation logic 34 may be coupled to the outputs of the

comparators 36a, 36b to, among other things, determine whether the switch voltage is
within, above, or below the voltage range defined by the two reference voltages (e.g., a
range from - Vref to

+ Vref).

In other words, the decision and compensation logic 34

determines if the switch voltage is sufficiently close to zero, above zero, or below zero at
the MOSFET turn-on time. This, in turn, gives an indication of whether the primary side
load has stayed the same, increased, or decreased, respectively, since the last comparator
sample. While the comparators 36a, 36b sample the switch voltage synchronized to the

power amplifier MOSFET drive clock, the comparators 36a, 36b sample at a rate
controlled by a slower independent clock 38. Each time the comparators 36a, 36b take a
sample, the decision logic makes a determination, and the result is passed to the

compensation logic to dynamically adjust the shunt capacitance
inductance

L- )

( Cs

22

and the series

26. In some implementations, the logic 34 may also be used to control the

switching of the switching transistor 18.
[0043]

The decision and compensation logic 34 may be implemented in a variety of

ways. For example, in one approach, the logic may be implemented using conventional

logic gates. In other embodiments, more complex processing structures may be used (e.g.,

a general purpose microprocessor, a digital signal processor (DSP), a reduced instruction
set computer (RISC), a field programmable gate array (FPGA), a programmed logic array
(PLA), an application specific integrated circuit (ASIC), a microcontroller, an embedded

controller, a processor complex, and/or others). Such processors may also, or
alternatively, be used to perform other control functions in support of the charging
capabilities of the transmitter device 12. In some embodiments, the comparison function
and the decision logic function may be implemented within a common processor. In some

embodiments, all of the load variation detection and compensation circuitry may be
integrated onto a common semiconductor chip. It should be understood that any
combination of hardware, software, and/or firmware may be used in different
implementations .
[0044]

To explain the need for a compensation circuit, the theory behind the circuit

will now be described through a series of steps. First, adjusting the switch turn-on voltage
has a significant effect on the wireless power transfer efficiency. Positive switch turn-on

voltages cause switching losses due to the parasitic and discrete capacitances at the output
of the power amplifier switch. Negative switch turn-on voltages cause conduction losses
due to the forward voltage drop of the power amplifier switch body diode and the parasitic

resistances of the power amplifier circuit. The optimum point for highest power transfer
efficiency is around zero switch turn-on voltage.
[0045]

Second, adjusting the shunt capacitance

( Cs )

and series inductance

L

has a

significant effect on the switch turn-on voltage. This effect is described in "Class-E
Switching-Mode High-Efficiency Tuned RF Microwave Power Amplifier: Improved
Design Equations," by Nathan Sokal, Proceedings of the IEEE International Microwave
Symposium, Boston, pages 9-20, June 2000. It can be shown mathematically that for a

zero switch turn-on voltage, the shunt capacitance must be decreased and the series

inductance must be increased proportional to increasing primary-side load. The opposite
is true for decreasing primary-side load.
[0046]

Third, adjusting the shunt capacitance (Cs ) has a significant effect on the

delivered power. It can be shown that for a given series inductance L , increasing the
shunt capacitance decreases the delivered power and decreasing it increases the delivered
power. At the same time, load variation causes widely varying delivered power. In
particular, increasing primary-side load decreases the primary-side Q, decreasing delivered
power, and decreasing load increases primary- side Q, increasing delivered power. Putting
the two together, increasing the shunt capacitance when the primary-side load decreases or
decreasing the shunt capacitance when the primary-side load increases serves to regulate
the delivered power. This is the same response to load variation that increases system
efficiency as described above.
[0047]

To summarize, the goal of the compensation circuitry is to use the

determination from the feedback circuitry of whether the load has increased or decreased
in order to adjust appropriately the shunt capacitance (Cs ) and series inductance L . This
maintains approximately zero switch turn-on voltage for maximum efficiency and also
regulates the delivered power.
[0048]

The variable shunt capacitance 22 and the variable series inductance 26 may be

implemented in a variety of different ways. In some embodiments, the variable shunt
capacitance 22 and the variable series inductance 26 may be implemented using switching
techniques. Fig. 3 is a diagram illustrating such an embodiment with the adjustable shunt
capacitance (Cs ) being implemented as a set of discrete capacitors 52 and the adjustable
series inductance L - ) being implemented as a multi-tapped transmit coil 54 in the system.

The compensation circuitry may control a set of MOSFET switches (e.g., power switches
39 of Fig. 1) in series with each of the capacitors and taps to adjust the values. In one

embodiment, there are five possible values for capacitance, each corresponding to a
distinct value for inductance. Thus, there are five switchable capacitance-inductance value
pairs (although any number of pairs greater than 1 may be used in other embodiments).
After the feedback circuitry makes a determination, the compensation circuitry either does
nothing if the load has not changed or switches the capacitance-inductance value one step
in the correct direction. In at least one embodiment, the feedback circuitry and the
MOSFET switches in the compensation circuitry are integrated in 0.1 8um CMOS.

[0049]

The load variation detection and compensation circuit described above has

many advantages over previous work. For example, Fig. 4 shows simulation results of the
system efficiency and delivered power of the adaptive system compared to two nonadaptive systems, versus changing coupling conditions. Efficiency includes power
amplifier and coupling efficiency. As shown, the efficiencies of the non-adaptive systems
are much lower than the efficiency of the load-adaptive system at the extremes of the

coupling conditions. The simulations also showed that the power levels of the nonadaptive systems vary much more widely over coupling than the power levels of the loadadaptive system.
[0050]

Fig. 5 compares the measured end-to-end efficiency of the system against

previously published systems versus changing coupling distance. As shown, the present
system achieves significantly higher efficiency than previous work.
[005 1]

It is believed that there is great potential for commercial applications for

systems having the described characteristics. Many applications for both wireless charger
transmitters and receivers exist. In terms of wireless charger transmitters, in one
embodiment, a cell phone accessory is provided that plugs into a cellular or smart phone
and draws from the phone's internal battery to charge portable devices. Fig. 6 illustrates
an exemplary plug-in transmitter device 60 that may be used with smartphones such as the

iPhone 4 ® or iPhone 4S®. In other embodiments, modifications may be made to existing
wireless power receivers in various cell phones to support wireless charging of portable
devices.
[0052]

In terms of wireless charger receivers, there are many portable devices that

could be outfitted with wireless charging circuitry. Fig. 7 is a diagram illustrating various
portable devices that could benefit from wireless device to device charging. These include
wearable electronics such as "smart" wristbands 70, medical implants such as cochlear
implants 72, wireless accessories such as Bluetooth keyboards 74, outdoor electronics
such as bike lights 76 and MP3 players 78, AA or AAA battery-operated devices such as
calculators 80 or remote controls, and many others. Each of these devices may be
equipped with wireless charging receivers that will operate with corresponding wireless
charging transmitters. All of these devices may be charged from a single portable device,
such as a smart phone 82. Because of the efficiency and regulated power transfer of
various embodiments described herein, such charging may be performed with low battery

drain in the transmitting unit (e.g., smart phone 82). In some implementations, portable
devices may be charged in a relatively short period of time (e.g., 2-5 minutes) for a day's
use. By limiting charging duration in this manner, battery drain in the transmitting unit

may be further reduced.
[0053]

In different embodiments, the charging of a portable device may be either user-

initiated or automatic. In a user-initiated approach, a user might first place the device to
be charged within proximity of the charging device (if not already in proximity) and/or
into a desired orientation. The user might then initiate the charging process in the
transmitter device. During the charging process, the system will continuously adapt to
changing load conditions (caused by varying coupling and/or changing receiver device
charge level). The process may be terminated when a desired charge level has been
reached. In some embodiments, the process may be ceased before a full charge has been

achieved (e.g., to save energy within the transmitter device).
[0054]

Elements of different embodiments described herein may be combined to form

other embodiments not specifically set forth above. Various elements, which are
described in the context of a single embodiment, may also be provided separately or in any
suitable subcombination. Other embodiments not specifically described herein are also
within the scope of the following claims.
[0055]

Having described various exemplary embodiments, it will now become

apparent to one of ordinary skill in the art that other embodiments incorporating their
concepts may also be used. The embodiments contained herein should not be limited to

disclosed embodiments but rather should be limited only by the spirit and scope of the
appended claims. All publications and references cited herein are expressly incorporated
herein by reference in their entirety.

What is claimed is:
1.

An electronic device comprising:
a power amplifier circuit for use in wirelessly charging an external portable device,

the power amplifier having a switching transistor and a resonant circuit, the resonant
circuit having at least one variable capacitance and at least one variable inductance, the
variable inductance being positioned for magnetic coupling to an inductance within the
external portable device, the external portable device creating a time varying load within
the electronic device during charging operations; and
a load variation detection and compensation circuit to identify load variation within
the power amplifier circuit based on feedback from the power amplifier circuit and to
generate control signals to adjust the at least one variable capacitance and the at least one

variable inductance of the resonant circuit to compensate for variations in load, wherein
the load variation detection and compensation circuit operates continually during charging
operations to compensate for time varying load.

2.

The electronic device of claim 1, wherein:

the feedback from the power amplifier circuit is a switch voltage associated with
the switching transistor; and
the load variation detection and compensation circuit includes at least one
comparator to compare the switch voltage to first and second reference voltages.

3.

The electronic device of claim 2, wherein:

the load variation detection and compensation circuit includes logic circuitry to
process the output of the at least one comparator to determine whether the switch voltage
is higher than, lower than, or within a voltage range defined by the first and second

reference voltages and to generate the control signals based thereon.

4.

The electronic device of claim 2, wherein:

the load variation detection and compensation circuit is configured to adjust the at
least one variable capacitance and the at least one variable inductance, based on the
comparison, in a manner that maintains approximately zero switch turn-on voltage to

achieve enhanced efficiency and to regulate the power delivered to the external portable
device.

5.

The electronic device of claim 1, wherein:

the power amplifier circuit includes a class-E power amplifier.

6.

The electronic device of claim 1, wherein:

the at least one variable capacitance and the at least one variable inductance of the
resonant circuit includes a set of discrete capacitors and a multi -tapped transmit coil,
respectively, the set of discrete capacitors and a multi-tapped transmit coil having N
switchable capacitance-inductance value pairs, wherein N is a positive integer greater than
1.

7.

The electronic device of claim 1, further comprising:

a battery terminal for connection to a battery, wherein the power amplifier uses
energy from the battery to wirelessly charge the external portable device during charging
operations.

8.

A machine implemented method for wirelessly charging a portable electronic

device, the method comprising:

applying an input signal to a switched power amplifier to generate a time varying
current within a variable inductance of a resonant circuit of the switched power amplifier,

the variable inductance being magnetically coupled to a coil within the portable electronic
device to be charged;

determining whether a feedback voltage from the switched power amplifier is
above, below, or within a predetermined voltage range; and

modifying the variable inductance and a variable capacitance of the resonant
circuit of the power amplifier if the feedback voltage is above or below the predetermined
voltage range to compensate for load variation and leaving the variable inductance and the
variable capacitance in their present settings if the feedback voltage is within the
predetermined voltage range.

9.

The method of claim 8, wherein:

the feedback voltage of the switched power amplifier is a switch voltage at a time
just before the switch turns on during a switching cycle.

10.

The method of claim 8, wherein:

the load variation within the power amplifier is due, in part, to one or more of the
following: coupling variations between the variable inductance and the coil within the

portable electronic device and changing battery charge level within the portable electronic
device.

11.

A portable electronic device that is capable of wirelessly charging other portable

electronic devices, the portable electronic device comprising:

a battery terminal for connection to a battery;
power amplifier circuitry, coupled to the battery terminal, for use in wirelessly
charging an external portable device, the power amplifier circuitry having a switching
transistor and a resonant circuit, the resonant circuit having at least one variable
capacitance and at least one variable inductance, the variable inductance for magnetic
coupling to an inductance within the external portable device, wherein the external

portable device can create a time varying load within the power amplifier circuitry during
charging operations;
comparison circuitry to compare feedback from the power amplifier circuitry to
one or more reference voltages to identify load variations in the power amplifier circuitry;
and

compensation circuitry to generate control signals for the at least one variable
capacitance and the at least one variable inductance of the power amplifier circuitry based
at least in part on the comparison result, to adjust the at least one variable capacitance and

the at least one variable inductance in a manner that maintains approximately zero switch
turn-on voltage for the switching transistor to achieve enhanced efficiency and to regulate
the power delivered to the external portable device.

12.

The portable electronic device of claim 11, wherein:

the comparison circuitry and the compensation circuitry are configured to operate
continually during charging operations to compensate for time varying load.

13.

The portable electronic device of claim 11, wherein:

the power amplifier circuitry is configured to convert a DC voltage from the
battery to a radio frequency (RF) signal to generate a time varying current within the at
least one variable inductance.

14.

The portable electronic device of claim 11, wherein:

the portable electronic device includes a cellular telephone.

15.

The portable electronic device of claim 14, wherein:

the external portable device includes one of the following: a wearable electronic
device, a wireless accessory, and a medical implant.

16.

The portable electronic device of claim 14, wherein:

the external portable device includes one of the following: a smart wristband, a
smart watch, a smart glove, a bicycle light, a portable multi-media player, a wireless
input/output device, a pager, and a cochlear implant.

17.

A portable electronic device that is capable of charging other portable electronic

devices, the portable electronic device comprising:

a battery terminal for connection to a battery;
a class-E power amplifier coupled to the battery terminal, the class-E power
amplifier having a switching transistor and a resonant circuit, the resonant circuit having at
least one variable capacitance and at least one variable inductance, the at least one variable
inductance for magnetic coupling to a coil within an external portable device to be
charged, wherein the at least one variable inductance in the first portable electronic device
and the coil in the external portable device form a transformer between the devices during

a charging operation, wherein a load of the external portable device is reflected into the
portable electronic device through the transformer;
comparison circuitry to determine whether a voltage across an output of the
switching transistor is above, below, or within a predetermined voltage range at a

particular point within a switching cycle of the switching transistor of the class-E power
amplifier; and

compensation circuitry to adjust the at least one variable capacitance and the at
least one variable inductance if the comparison circuitry determines that the voltage across

the output of the switching transistor is above or below the predetermined voltage range,
wherein the compensation circuitry is configured to perform no adjustment to the at least
one variable capacitance and the least one variable inductance if the comparison circuitry

determines that the voltage across the output of the switching transistor is within the

predetermined voltage range.

18.

The portable electronic device of claim 17, wherein:
at least one variable capacitance and the at least one variable inductance of the

resonant circuit are capable of switching between a predetermined number of capacitanceinductance value pairs that have a particular order, wherein the compensation circuitry is

configured to activate a next capacitance-inductance value pair in the order if the
comparison circuitry determines that the voltage across the output of the switching

transistor is above the predetermined voltage range and the compensation circuitry is
configured to activate a previous capacitance-inductance value pair in the order if the
comparison circuitry determines that the voltage across the output of the switching

transistor is below the predetermined voltage range.

19.

The portable electronic device of claim 17, wherein:

the comparison circuitry is configured to sample the voltage across the output of
the switching transistor just before the transistor turns back on during the switching cycle,
wherein the comparison circuitry is synchronized to the switching frequency of the
switching transistor but samples at a lower rate.

20.

The portable electronic device of claim 17, wherein:

the compensation circuitry is configured to adjust the capacitance value of the at
least one variable capacitance and the inductance value of the at least one variable
inductance in a continual manner to dynamically compensate for changes in primary side
load in the portable electronic device.

21.

The portable electronic device of claim 17, wherein:

the portable electronic device is configured to cease charging another portable
electronic device when the other portable electronic device has reached a predetermined

level of charging that is less than a maximum level of charging.
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