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SYSTEM AND METHOD OF PROVIDING COMMUNICATIONS

IN A WIRELESS POWER TRANSFER SYSTEM

BACKGROUND OF THE INVENTION

[0001] The present invention relates to wireless power transfer systems, and more
particularly to systems and methods for providing communications in a wireless power
transfer system.

[0002] Many conventional wireless power supply systems rely on inductive power
transfer to convey electrical power without wires. A typical inductive power transfer system
includes an inductive power supply that uses a primary coil to wirelessly transfer energy in
the form of a varying electromagnetic field and a remote device that uses a secondary coil to
convert the energy in the electromagnetic field into electrical power. Recognizing the
potential benefits, some developers have focused on producing wireless power supply
systems with adaptive control systems capable of adapting to maximize efficiency and
provide appropriate operation to a variety of different types of devices under a wide range of
circumstances. Adaptive control systems may vary operating parameters such as resonant
frequency, operating frequency, rail voltage or duty cycle, to supply the appropriate amount
of power and to adjust to various operating conditions. For example, it may be desirable to
vary the operating parameters of the wireless power supply based on the number of electronic
device(s), the general power requirements of the electronic device(s) and the instantaneous
power needs of the electronic device(s). As another example, the distance, location and
orientation of the electronic device(s) with respect to the primary coil may affect the
efficiency of the power transfer, and variations in operating parameters may be used to
optimize operation. In a further example, the presence of parasitic metal in range of the
wireless power supply may affect performance or present other undesirable issues. The

adaptive control system may respond to the presence of parasitic metal by adjusting operating
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parameters or shutting down the power supply. In addition to these examples, those skilled in
the field will recognize additional benefits from the use of an adaptive control system.

[0003] To provide improved efficiency and other benefits, it is not uncommon for
conventional wireless power supply systems to incorporate a communication system that
allows the remote device to communicate with the power supply. In some cases, the
communication system allows one-way communication from the remote device to the power
supply. In other cases, the system provides bi-directional communications that allow
communication to flow in both directions. For example, the wireless power supply and the
remote device may perform a handshake or otherwise communicate to establish that the
remote device is compatible with the wireless power supply. The remote device may also
communicate its general power requirements, as well as information representative of the
amount of power it is receiving from the wireless power supply. This information may allow
the wireless power supply to adjust its operating parameters to supply the appropriate amount
of power at optimum efficiency. These and other benefits may result from the existence of a
communication channel from the remote device to the wireless power supply.

[0004] An efficient and effective method for providing communication in a
wireless power supply that transfers power using an inductive field is to overlay the
communications on the inductive field. This allows communication without the need to add a
separate wireless communication link. One common method for embedding communications
in the inductive field is referred to as “backscatter modulation.” Backscatter modulation
relies on the principle that the impedance of the remote device is conveyed back to the power
supply through reflected impedance. With backscatter modulation, the impedance of the
remote device is selectively varied to create a data stream (e.g. a bit stream) that is conveyed
to power supply by reflected impedance. For example, the impedance may be modulated by

selectively applying a load resistor to the secondary circuit. The power supply monitors a
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characteristic of the power in the tank circuit that is impacted by the reflected impedance.
For example, the power supply may monitor the current in the tank circuit for fluctuations
that represent a data stream.

[0005] A variety of schemes have been developed for encoding data that is
transmitted on an inductive field using backscatter modulation. One common approach is bi-
phase modulation. Bi-phase modulation uses a scheme in which the signal varies from high
to low at every clock pulse. To encode a “1,” the modulator adds an additional transition
during the time period associated with that bit. To encode a “0,” the clock pulse transition is
the only transition to occur during the time period associated with that bit.

[0006] Wireless power communications can be disrupted if the device being
powered presents a noisy load. For example, changes in the amount of power consumed in a
device may change the impedance of the remote device. These changes in impedance may
create the appearance of data when none exists or they may corrupt legitimate data. The
power supply can be especially susceptible to noise that occurs at that same frequency as the
data communications. For example, it is possible that load fluctuations occurring while data
is being transmitted will mask the legitimate data. As another example, if occurring in the
same frequency range as the data communications, it is possible that a random pattern in the
noise will be misinterpreted as the preamble or start bits in a legitimate communication
signal. If this occurs, the power supply may think it is receiving legitimate data and attempt
to extract data, for example, in the form of a data packet, following the faux preamble.
Although the power supply should eventually determine that the data packet is not legitimate,
the power supply may be occupied with the illegitimate packet, which would delay its ability
to recognize legitimate data.

[0007] Further, in some applications, the remote device is configured to send

“keep-alive” signals to the wireless power supply. The keep-alive signal may, for example,
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tell the wireless power supply that a compatible remote device that needs power is present. If
noise prevents a consecutive number of keep-alive signals from being recognized by the
wireless power supply, the supply of power to the device may be discontinued. This can be

particularly problematic when the remote device battery is depleted.

SUMMARY OF THE INVENTION

[0008] The present invention provides a communication system that uses keyed
modulation to encode fixed frequency communications on a variable frequency power
transmission signal. In one embodiment, a single communication bit (e.g. a single logic high
or logic low) is represented by a plurality of modulations. To provide a fixed communication
rate, the number of modulations associated with each bit is dynamically varying as a function
of the ratio of the communication frequency to the carrier signal frequency.

[0009] In one embodiment, the present invention provides dynamic phase-shift-
keyed modulation. In this embodiment, the present invention provides communication by
toggling a load in the communication transmitter at a rate that is a fraction of the power
transfer frequency. For example, the load may be modulated at a frequency that is one-half
the power transfer frequency. The communication transmitter may be configured to
modulate on every other waveform, increasing the magnitude of every other waveform. Data
is encoded by varying whether the modulation takes place on every even waveform or every
odd waveform. In one embodiment, the communication transmitter includes a modulation
clock operating at a frequency that is Y2 the frequency of the carrier. In this embodiment, the
output of the modulation clock may be “XOR”ed with the data signal to produce the
modulation control signal. The data signal may have a fixed frequency. In this embodiment,

the communication receiver may decode the communication signal by timeslicing the coil
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current (which will correspond with the modulated carrier waveform) and looking for a DC
offset between the two time slices.

[0010] In another embodiment, the present invention provides communication by
toggling a load in the communication transmitter at a rate that is phase locked and at a
harmonic frequency of the power transfer frequency. For example, the load may be toggled
at a frequency that is four times the carrier frequency. As the load modulation frequency
varies with variations in the carrier frequency, the number of modulations that occur during
the fixed communication frequency will vary. Data is encoded by varying the modulation
applied to the positive and negative halves of each cycle. During the positive half of the
waveform, the modulation signal is generated by “XOR”ing the modulation clock signal with
the data signal. During the negative half of the waveform, the modulation signal is generated
by “XOR#’ing (also known as “XNOR”ing) the modulation clock signal and the data signal
(i.e. inverse of “XOR”ing the modulation clock signal and the data signal). In this
embodiment, the communication receiver may decode the communication signal by
producing a buffer copy and an inverted copy of the coil current signal, and then alternately
passing time slices of the buffer copy or the inverted copy to the controller. The time slices
are synchronized with the modulation frequency. The controller recognizes a high or low
signal by looking for a DC offset. For example, a low signal may result in a negative offset
while a high signal may result in a positive offset.

[0011] In yet another embodiment, the present invention provides frequency-shift-
keyed modulation. In this embodiment, the communication transmitter may be configured to
modulate at one of two different frequencies. A high signal is encoded by modulating at a
first frequency and a low signal is encoded by modulating at a second frequency. The first
frequency may be a fraction, such as 1/8", of the carrier frequency and the second frequency

may be a different fraction, such as 1/ 10™, of the carrier frequency. In this embodiment, the
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communication receiver may decode the communication signal by filtering the coil current
and passing it to a frequency discriminator.

[0012] The present invention provides simple and effective systems and methods
for transmitting communications at a fixed frequency using a variable frequency carrier
signal. The systems and methods of the present invention provide improved reliability when
transmitting communications over an inductive field by backscatter modulation. By using a
plurality of modulations for each bit, variations or other defects in one or more modulations
may be averaged out over the plurality of modulations and may not corrupt the data. Further,
communication modulation occurs during both high and low signals so communications do
not result in dramatic variations in load between high and low signals. In some applications,
timeslicing is used so that the base drive waveform cancels itself out, thereby providing a
potentially higher signal to noise ratio.

[0013] These and other objects, advantages, and features of the invention will be
more fully understood and appreciated by reference to the description of the current
embodiment and the drawings.

[0014] Before the embodiments of the invention are explained in detail, it is to be
understood that the invention is not limited to the details of operation or to the details of
construction and the arrangement of the components set forth in the following description or
illustrated in the drawings. The invention may be implemented in various other embodiments
and of being practiced or being carried out in alternative ways not expressly disclosed herein.
Also, it is to be understood that the phraseology and terminology used herein are for the
purpose of description and should not be regarded as limiting. The use of "including" and
"comprising” and variations thereof is meant to encompass the items listed thereafter and
equivalents thereof as well as additional items and equivalents thereof. Further, enumeration

may be used in the description of various embodiments. Unless otherwise expressly stated,
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the use of enumeration should not be construed as limiting the invention to any specific order
or number of components. Nor should the use of enumeration be construed as excluding
from the scope of the invention any additional steps or components that might be combined

with or into the enumerated steps or components.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Fig. 1 is a schematic representation of a wireless power transfer system in
accordance with an embodiment of the present invention.
[0016] Fig. 2 is a schematic representation of an embodiment of the wireless

power transfer system of Fig. 1.

[0017] Fig. 3 is a schematic representation of a detector circuit.

[0018] Fig. 4 is a simplified circuit diagram of one embodiment of a remote
device;

[0019] Fig. 5 is a simplified circuit diagram of a second embodiment of a remote
device;

[0020] Fig. 6 is a simplified circuit diagram of a third embodiment of a remote
device;

[0021] Fig. 7 is a simplified circuit diagram of a fourth embodiment of a remote
device;

[0022] Fig. 8 is a simplified circuit diagram of a fifth embodiment of a remote
device;

[0023] Fig. 9 is a simplified circuit diagram of a sixth embodiment of a remote
device;

[0024] Fig. 10 is a series of waveform diagrams representative of a first

communication method.
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[0025] Fig. 11 is a simplified circuit diagram showing a portion of a first detector
circuit.

[0026] Fig. 12 is a series of waveform diagrams representative of a second
communication method.

[0027] Fig. 13 is a simplified circuit diagram showing a portion of a second
detector circuit.

[0028] Fig. 14 is a series of waveform diagrams representative of a third
communication method.

[0029] Fig. 15 is a simplified circuit diagram showing a portion of a third detector
circuit.

[0030] Fig. 16 is a series of waveform diagrams representative of a fourth
communication method.

[0031] Fig. 17 is a plot of signal strength vs. output power for the first detector
circuit.

[0032] Fig. 18 is a plot of signal strength vs. output power for a fourth detector
circuit.

[0033] Fig. 19 is a simplified circuit diagram showing a portion of the fourth
detector circuit.

[0034] Fig. 20 is a simplified circuit diagram showing a portion of the fourth

detector circuit.
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DESCRIPTION OF THE CURRENT EMBODIMENT

I. Overview.

[0035] A wireless power transfer system in accordance with an embodiment of
the present invention is shown in Fig. 1. The wireless power transfer system 10 generally
includes a wireless power supply 12 and a remote device 14. The wireless power supply 12
is capable of wirelessly supplying power to the remote device 14 by an inductive field that
can be coupled to the remote device 14. The remote device 14 is configured to send
communications to the wireless power supply 12 by overlaying the communications onto the
inductive field produced by the wireless power supply 12. The wireless power supply 12
generally includes power supply circuitry 16, signal generating circuitry 18, a power
transmitter 20 and a wireless communication receiver 22. The wireless communication
receiver 22 is configured to receive communication from the remote device 14 via
backscatter modulation. The remote device 14 generally includes a power receiver 24, a
communications transmitter 26 and a principle load 28. The communication transmitter 26
may include a communication load 30 that can be selectively applied to vary the impedance
of the remote device 14 and thereby create data signals that are reflected back to the wireless
power supply 12 through reflected impedance. The communication transmitter 26 is
configured to produce signals by modulating a load a plurality of times during each bit time.
The characteristics of each modulation may be independent of the frequency of the carrier
signal and may remain essentially constant regardless of changes in the frequency of the
carrier signal. However, the number of modulations occurring during a bit time may be a
function of the frequency of the carrier signal, for example, a fraction or a multiple of the
carrier signal frequency. The load may be modulated to provide an improved form of phase

keyed shifting or an improved form of frequency keyed shifting. The communication signals
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may be decoded by sensing a characteristic of power affected by the modulations and
averaging the sensed characteristic over time.

II. Wireless Power Transfer Systems.

[0036] The present invention relates to systems and methods for transmitting
communications in the context of a wireless power transfer system. The systems and
methods of the present invention relate to the transfer of communications by overlaying data
onto the electromagnetic fields used to transmit power. The present invention is well-suited
for use in transmitting essentially any type of data. For example, the communication systems
and methods of the present invention may be used to transmit control signals relating to
operation of the wireless power transfer system, such as signals that identify the remote
device, provide wireless power supply control parameters or provide information in real-time
relating to wireless power supply (e.g. current, voltage, temperature, battery condition,
charging status and remote device status). As another example, the communication systems
and methods may be used to transfer data unrelated to the wireless power transfer system,
such as transferring information associated with features of the remote device, including
synchronizing calendars and to-do lists or transferring files (e.g. audio, video, image,
spreadsheet, database, word processing and application files—just to name a few). The
present invention is described in the context of various embodiments in which
communications are transmitted from the remote device 14 to the wireless power supply 12.
Although not described in detail, it should be understood that the present invention may also
be used to transfer communications from the wireless power supply 12 to the remote device
14 (or to a plurality of remote devices).

[0037] The present invention is described in connection with an adaptive wireless
power supply 12 that is capable of adjusting operating parameters, such as operating

frequency, resonant frequency, rail voltage and/or duty cycle, based on communications (e.g.
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data) from the remote device 14. Although the present invention is described in connection
with an adaptive wireless power supply, it may be implemented in connection with
essentially any type of wireless power supply in which the wireless transfer of
communications is desired. As noted above, the wireless power supply 12 of Fig. 1 generally
includes power supply circuitry 16, signal generating circuitry 18, a power transmitter 20 and
a communications receiver 22. Fig. 2 provides a more detailed schematic of one embodiment
of the wireless power supply 12 of Fig. 1. In this embodiment, the power supply circuitry 16
generally includes a rectifier 32 and a DC-DC converter 34. The rectifier 32 and DC-DC
converter 34 provide the appropriate DC power for the power supply signal. The power
supply circuitry 16 may alternatively be essentially any circuitry capable of transforming
input power to the form used by the signal generating circuitry 18. In this embodiment, the
signal generating circuitry 18 includes a portion of controller 36 and switching circuitry 38.
The controller 36 is configured, among other things, to operate the switching circuitry 38 to
apply the desired power supply signal to the power transmitter 20. In this embodiment, the
power transmitter 20 includes a tank circuit 40 having a primary coil 42 and a ballast
capacitor 44. In this embodiment, the communication receiver 22 includes a detector circuit
46 and portions of controller 36. The detector circuit 46 is coupled to the tank circuit 40 in
this embodiment, but may be coupled elsewhere as described in more detail below. As can
be seen, the wireless power supply 12 of this embodiment includes a controller 36 that
performs various functions, such as controlling the timing of the switching circuit 38 and
cooperating with the detector circuit 46 to extract and interpret communications signals.
These functions may alternatively be handled by separate controllers or other dedicated
circuitry.

[0038] The detector circuit described generally above may be implemented in a

wide variety of different embodiments. For example, the detector circuit may vary from
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embodiment to embodiment depending upon the type of modulation/demodulation
implemented in that embodiment and/or depending on the details of the power supply
circuitry. Further, each modulation/demodulation scheme may be implemented using a
variety of different circuits. Generally speaking, the detector circuit is configured to produce
an output signal as a function of a characteristic of power in the power supply that is affected
by data communicated through reflected impedance. For example, with reference to Fig. 3,
the detector circuit 46 may include a sensor 45 to sense the current in the tank circuit 40 and
demodulation circuitry 47 to convert the sensed current into a stream of high and low signals
in accordance with an embodiment of the present invention. The detector circuit 46 may
alternatively be connected to other points in the power supply 12 where power is affected by
reflected impedance from the remote device 14. The demodulation circuitry 47 may include
filtering and conditioning circuitry (not shown in Fig. 3) to filter and condition the output of
the sensor. For example, the demodulation circuitry 47 may include band pass filtering
circuitry that functions primarily to attenuate high frequency oscillations that are above the
frequency range of the data communications and/or to attenuate low frequency oscillations
that are below the frequency range of the data communications, including without limitation
any DC component in the signal. In some embodiments, the signal may be passed from
filtering and conditioning circuitry to a comparator (not shown in Fig. 3) that converts the
signals to a stream of high and low signals. The stream of high and low signals can be
provided to a controller, such as controller 36, which interprets the high and low signals as a
binary data stream in accordance with an embodiment of the present invention. To facilitate
disclosure, specific circuits will be discussed below in connection with the corresponding
communications methods.

[0039] In the illustrated embodiments, the remote electronic device 14 uses a bi-

phase encoding scheme to encode data. With this method, a binary 1 is represented in the

-12 -



WO 2012/109137 PCT/US2012/023959

encoded data using two transitions with the first transition coinciding with the rising edge of
the clock signal and the second transition coinciding with the falling edge of the clock signal.
A binary 0 is represented by a single transition coinciding with the rising edge of the clock
signal. Accordingly, the controller is configured to decode the comparator output using a
corresponding scheme. As described below, the present invention provides a variety of
alternative methods for modulating the biphase encoded data onto a power signal and for
demodulating communications extracted from the power signal.

[0040] A remote device 14 in accordance with an embodiment of the present
invention will now be described in more detail with respect to Fig. 2. The remote device 14
may include a generally conventional electronic device, such as a cell phone, a media player,
a handheld radio, a camera, a flashlight or essentially any other portable electronic device.
The remote device 14 may include an electrical energy storage device, such as a battery,
capacitor or a super capacitor, or it may operate without an electrical energy storage device.
The components associated with the principle operation of the remote device 14 (and not
associated with wireless power transfer) are generally conventional and therefore will not be
described in detail. Instead, the components associated with the principle operation of the
remote device 14 are generally referred to as principle load 28. For example, in the context
of a cell phone, no effort is made to describe the electronic components associated with the
cell phone itself.

[0041] The remote device 14 generally includes a secondary coil 52, a rectifier 54, a
communications transmitter 26 and a principle load 28. The secondary coil 52 may be a coil
of wire or essentially any other inductor capable of generating electrical power in response to
the varying electromagnetic field generated by the wireless power supply 12. The rectifier 54
converts the AC power into DC power. Although not shown, the device 14 may also include

a DC-DC converter in those embodiments where conversion is desired. In applications where
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AC power is desired in the remote device, the rectifier 54 may not be necessary. The
communications transmitter 26 of this embodiment includes a controller 56 and a
communication load 30. In addition to its role in communications, the controller 56 may be
configured to perform a variety of functions, such as applying the rectified power to the
principle load 28. In some applications, the principle load 28 may include a power
management block capable of managing the supply of power to the electronics of the remote
device 14. For example, a conventional electronic device may include an internal battery or
other electrical energy storage device (such as a capacitor or super capacitor). The power
management block may determine when to use the rectified power to charge the device’s
internal battery and when to use the power to power the device. It may also be capable of
apportioning the power between battery charging and directly powering the device. In some
applications, the principle load 28 may not include a power management block. In such
applications, the controller 56 may be programmed to handle the power management
functions or the electronic device 14 may include a separate controller for handling power
management functions.

[0042] With regard to its communication function, the controller 56 includes
programming that enables the controller 56 to selectively apply the communication load 30 to
create data communications on the power signal using a backscatter modulation scheme. In
operation, the controller 56 may be configured to selectively couple the communication load
30 to the secondary coil 52 at the appropriate timing to create the desired data transmissions.
The communication load 30 may be a resistor or other circuit component capable of
selectively varying the overall impedance of the remote device 14. For example, as an
alternative to a resistor, the communication load 30 may be a capacitor or an inductor (not
shown). Although the illustrated embodiments show a single communication load 30,

multiple communication loads may be used. For example, the system may incorporate a
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dynamic-load communication system in accordance with an embodiment of U.S. Application
Serial No. 12/652,061 entitled COMMUNICATION ACROSS AN INDUCTIVE LINK
WITH A DYNAMIC LOAD, which was filed on January 5, 2010, and which is incorporated
herein by reference in its entirety. Although the communications load 30 may be a dedicated
circuit component (e.g. a dedicated resistor, inductor or capacitor), the communication load
30 need not be a dedicated component. For example, in some applications, communications
may be created by toggling the principle load 28 or some portion of the principle load 28.

[0043] Although shown coupled to the controller 56 in the schematic representation
of Fig. 2, the communications load 30 may be located in essentially any position in which it
is capable of producing the desired variation in the impedance of the remote device 14, such
as between the secondary coil 52 and the rectifier 54.

[0044] Fig. 4 shows a circuit diagram of one embodiment of the present invention.
It should be understood that the circuit diagram is a simplified diagram intended to represent
the principle circuit components associated with the creation of communication signals in the
remote device 14. In this embodiment, a single load is modulated to provide communications
signals. The Fig. 4 embodiment generally includes a secondary coil 52, full bridge rectifier
54, a load 28, a bulk capacitor 60 and a communication subcircuit 62. The secondary coil 52
may be essentially any inductor, but is a coil of wire in the illustrated embodiment. The
rectifier 54 is a full bridge rectifier including diodes D1-D4. Alternative rectifier
configurations may be used. The load 28 represents the functional load of the remote device
14. The bulk capacitor 60 is selected to help smooth and filter power applied to load 28. The
communication subcircuit 62 may include a load resistor 30 and a FET 64 connected in series
between the load 28 and ground. Although not shown in Fig. 4, the controller 56 is
operatively coupled to the FET 64 so that the controller 56 can selectively modulate the load

resistor 30 to generate communication signals.
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[0045] A variety of alternative communication circuits are shown in Figs. 5-9. As
with Fig. 4, Figs. 5-9 are simplified circuit diagrams intended to show the principle circuit
components associated with the creation of communication signals in the remote device. Fig.
5 shows an embodiment with a single communication load 30 that has an independent high
side rectifier bridge 66. In this embodiment, a full bridge power rectifier 54 is provided to
rectify power supplied to the load 28. The power rectifier 54 includes diodes D1-D4. The
communication subcircuit 62 includes a communication load 30 and a FET 64 with an
independent communication bridge 66. The independent communication bridge includes
diodes D5-D6. In operation, the controller 56 (not shown in Fig. 5) operates FET 64 to
modulate the communication load 30.

[0046] Fig. 6 shows another alternative embodiment in which two separate
communication subcircuits 62a-62b are used to apply the communication load 30a-30b. In
this embodiment, a full bridge rectifier 54 is provided to rectify power applied to the load 28.
The full bridge rectifier includes diodes D1-D4. The first communication subcircuit 62a is
connected to the common node of diodes D4-D1 to modulate the communication load during
one half of the drive waveform. The first communication subcircuit 62a includes a
communication load 30a and a FET 64a. The FET 64a is operatively coupled to the
controller 56 (not shown in Fig. 6) so that the controller can selectively modulate the
communication load 30a. The second communication subcircuit 62b is connected to the
common node of diodes D3-D2 to modulate the communication load 30b during the other
half of the drive waveform. In this embodiment, the second communication subcircuit 62b is
essentially identical to the first communication subcircuit 62a. The second communication
subcircuit 62b includes a communication load 30b and a FET 64b. The FET 64b is
operatively coupled to the controller 56 so that the controller can selectively modulate the

communication load 30b.
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[0047] The present invention may also be used to modulate a load to apply
communication signals to a split secondary coil (e.g. a center-tapped coil). For example,
Figs. 7-9 show various alternative remote device circuits. Fig. 7 shows a circuit with a single
communication subcircuit and a shared full-wave rectifier. In this embodiment, the
secondary coil 52 is a center-tapped, split coil. The communication subcircuit 62 includes a
communication load 30 and a FET 64. The FET 64 is operatively coupled to the controller
56 (not shown in Fig. 7) so that the controller 56 can selectively modulate the communication
load 30.

[0048] Fig. 8 is an alternative embodiment with a center-tapped secondary 52 and
an independent communication bridge 66. In this embodiment, the power rectifier 54
includes diodes D1-D2. The communication subcircuit 62 is coupled to both sides of the
secondary by separate diodes D3-D4. The communication subcircuit 62 includes a
communication load 30 and a FET 64 for selectively coupling the communication load 30 to
ground. The FET 64 is operatively coupled to controller 56 so that the controller 56 can
selectively modulate the communication load 30.

[0049] Fig. 9 is yet another alternative embodiment. This embodiment includes a
split secondary 52, a full-wave power rectifier 54, and two communication bridges 66a-66b
with independent communication control. The power rectifier 54 includes diodes D1-D2
arranged between the split secondary 52 and the load 28. The first communication bridge 66a
is connected to the node connecting the first side of the secondary 52 and diode D1 to
modulate the communication load during one half of the drive waveform. The first
communication bridge 66a includes diode D3 and a first communication subcircuit 62a. The
first communication subcircuit 62a includes a communication load 30a and a FET 64a. The
FET 64a is operatively coupled to the controller 56 (not shown in Fig. 9) so that the controller

can selectively modulation the communication load. The second communication bridge 66b
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is connected to the node connecting the opposite side of the secondary 52 and diode D2 to
modulate the communication load 30b during the other half of the drive waveform. The
second communication bridge 66b includes diode D4 and a second communication subcircuit
62b. In this embodiment, the second communication subcircuit 62b is essentially identical to
the first communication subcircuit 62a. The second communication subcircuit 62b includes a
communication load 30b and a FET 64b. The FET 64b is operatively coupled to the
controller 56 so that the controller can selectively modulation the communication load 30b.

[0050] Although the remote device 14 of Fig. 2 is described with a single controller
that handles all of the control functions of the wireless power-related components, these
functions may be divided across multiple controllers. For example, there may be a separate
controller to handle communications. In applications with separate communication
subcircuits, the remote device 14 may include separate controllers for operating the separate
communication subcircuits.

II. Communication Methods.

[0051] The present invention provides a variety of alternative communication
methods that may provide improved performance in the context of wireless power transfer
systems. These methods may be implemented using the wireless power transfer systems
described above or any alternative systems capable of carrying out the methods of the present
invention. For purposes of disclosure, the communication methods of the present invention
will be described primarily in the context of a wireless power transfer system incorporating
the simplified circuit diagram of Fig. 4. The following paragraphs describe alternative
communications methods with reference to various waveform diagrams. These waveform
diagrams include a first figure showing the data (i.e. the desired stream of ones and zeros), a
second figure showing the data stream encoded using biphase modulation, and then a series

of figures that show further details during a short period of time containing a transition from a
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logic low to a logic high. For purposes of this disclosure, the communications methods of the
present invention are described in connection with a carrier waveform operating at 100kHz,
but the frequency may vary. Although the various communications methods are described in
connection with a carrier waveform operating a single frequency (.e.g. 100kHz), it should be
understood that the frequency of the carrier waveform may vary over time and that the
communications methods of the present invention will automatically adapt to frequency
changes. In the illustrated embodiments, the carrier waveform frequency may vary over time
between 50kHz and 200kHz. For purposes of disclosure, the various communication
methods are described in connection with data encoded at a fixed frequency of 2kHz. This
fixed frequency is merely exemplary and the data encoding frequency may vary from
application to application.

[0052] In one embodiment, the communications are encoded by modulating a
communication load at a rate that is a fraction of the drive frequency, such as an even-integer
fraction. For example, in the illustrated embodiment, the communication resistor is
modulated at one half the frequency of the carrier waveform. The modulation signal is
created by combining the modulation clock and the encoded data. More specifically, in this
embodiment, the modulation clock waveform is XORed with the encoded data waveform to
produce the modulation signal. This methodology will be described in more detail with
references to Figs. 10A-10H. Fig. 10A shows a sample data stream of 1s and 0s. Fig. 10B
shows the sample data stream encoded using a biphase encoding stream. Referring now to
Figs. 10C-10H, the modulation signal is created by combining the modulation clock and the
encoded data. Figs. 10C-10H show a short segment of the data stream during which there is
a transition from a low signal to a high signal. Fig. 10C shows the carrier waveform, which
as noted above is about 100kHz for this illustration. Fig. 10D shows the modulation clock

signal. The frequency of the modulation clock signal is one-half the frequency of the carrier

-19-



WO 2012/109137 PCT/US2012/023959

(or about 50kHz) in this illustration. The data stream is shown in Fig. 10E. As noted above,
the data signal (Fig. 10D) is XOR with the encoded data signal (Fig. 10E) to produce the
XOR waveform shown in Fig. 10F. As can be seen, the modulation clock waveform is
copied when the encoded data is low and is inverted when the encoded data is high. When
the modulated signal is applied to the carrier waveform, the resulting modulated carrier
waveform is shown in Fig. 10G. Alternate time slicing of the resulting modulated carrier
waveform is shown in Fig. 10H.

[0053] The communication signal may be received, demodulated and decoded
using a variety of alternative systems and methods. For purposes of disclosure, the present
invention will be described in connection with communication receiver 22 of Fig. 3 and the
demodulation circuitry of Fig. 11. In operation of this embodiment, the current sensor 45
produces a signal that is representative of the current in the tank circuit 40 (see Fig. 3). The
current sensor 45 may be a current sense transformer that produces a signal having a voltage
that varies in proportion with the magnitude of the current in the tank circuit 40. As another
alternative, the current sensor 45 may be an output taken from a divider having a scaling
resistor and capacitor as shown in Figs. 4-9. As noted above, the current sensor 45 may be
replaced by essentially any detector or similar circuit component capable of producing a
signal that is representative of a characteristic of power in the power supply 12 that is
affected by the reflected impedance of the remote device 14.

[0054] In this embodiment, the detector circuit 46 includes a pair of amplifiers
102a-102b that produce a buffer copy and an inverted buffer copy of the signal output by the
current sensor (see Fig. 11). As shown, in this embodiment, the current sensor signal may be
passed to both an amplifier and an inverting amplifier arranged in parallel with respect to one
another. The output of the amplifier and the inverting amplifier may be passed to a pair of

multiplexors 104a-104b that are coupled to a time slicing clock that is synchronized with the
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modulation clock in the remote device 14. The time slicing clock controls whether the buffer
copy or the inverted copy of the current signal is passed to the remainder of the detector
circuitry. In this embodiment, the clock signal is synchronized to the drive frequency divided
by two. As shown, in this embodiment, the two multiplexors 104a-104b include opposite
NO/NC inputs to provide a differential signal. As an alternative to flipping the NO/NC
inputs, the multiplexor clocking may be inverted to provide a differential signal. In some
cases, it may be desirable to clock the multiplexors 104a-104b with a signal that is a
quadrature copy of the drive signal. The 90 degree phase shift may allow the circuitry to
better capture the signal. Although the multiplexors of the illustrated embodiment have two
inputs, the multiplexors 104a-104b could alternatively have a single input and the output may
be left floating on the alternate clock phase. This could reduce the signal strength of the
amplifier chain. In this embodiment, the clock signal may be derived from a variety of
sources, such as the drive signal, the primary coil voltage, the primary coil current or a 90
degree shifted version of any of the foregoing.

[0055] Referring again to Fig. 11, multiplexor 104a passes the buffer copy during
the “A” time slices and passes the inverted copy during the “B” time slices, and multiplexor
104b passes the buffer copy during the “B” time slices and passes the inverted copy during
the “A” time slices.

[0056] In the detector circuit of Fig. 11, the output of each multiplexor 104a-104b
is passed through a separate amplifier chain. In the illustrated embodiment, the output of
each multiplexor 104a-104b is passed to separate averaging circuitry 106a-106b. Each of
these averaging circuits 106a-106b outputs the average of the minimum and maximum of its
respective input, which may provide improved performance over a straight average in some
applications because it may be less influenced by the shape of the waveform and more

sensitive to extreme values. Although potentially beneficial in some applications, the outputs
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need not be averages of the minimum and maximum. For example, in some applications, the
averaging circuits 106a-106b may alternatively output a straight average of their respective
input signals.

[0057] In the illustrated embodiment, the outputs of the averaging circuits 106a-
106b are passed to separate low pass filters 108a-108b. In this embodiment, the filters 108a-
108b may be two pole SkHz low pass filters. These low pass filters 108a-108b function
primarily to remove the AC components of the signal above the communication frequency
range. Although this function is performed in the illustrated embodiment with op-amps, the
op-amps may be replaced by alternative filtering circuitry, such as a passive filter or a digital
filter.

[0058] In some applications, it may be desirable to amplify the outputs of the low
pass filters 108a-108b. In the illustrated embodiment, the outputs of the low pass filters
108a-108b are passed to separate amplifiers 110a-110b. In the illustrated embodiment, the
amplifiers 110a-110b are AC coupled amplifiers that amplify the filtered signal, maintaining
a center point around Vbias. In this embodiment, the AC coupling removes any DC offset
and serves as a single pole high pass filter.

[0059] The outputs of the amplifiers 110a-110b are passed to separate low pass
filters 112a-112b. These low pass filters 112a-112b remove AC components of the signal
above the communication frequency range and help to remove noise imparted by the AC
amplifier 110a-110b. Although low pass filters 112a-112b are implemented in the illustrated
embodiment with op-amps, the op-amps may be replaced by alternative filtering circuitry,
such as a passive filter or a digital filter. In some applications, the signal-to-noise ratio of the
outputs of the amplifiers may be sufficient so that low pass filters 112a-112b are unnecessary.

[0060] In the illustrated embodiment, the outputs of the final low pass filters

112a-112b are separately passed to a comparator 114. The comparator 114 combines the
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differential signals from the two amplifier chains back into a single, “digitized” signal that
can be readily decoded by a microcontroller, such as controller 36. Referring to Fig. 10G,
when logic low is being sent, time slices “A” have a larger negative peak and time slices “B”
have a larger positive peak. This condition results in a low amplifier output. Conversely,
when logic high is being sent, time slices “A” have a larger positive peak and time slices “B”
have a larger negative peak. This condition results in a high amplifier output. The stream of
high and low signals output by the comparator may be decoded using the same scheme used
to encode the data in the remote device 14, which in this embodiment is a biphase encoding
scheme.

[0061] As an alternative to the dual-chain circuitry of Fig. 11, the detector circuit 46
may alternatively incorporate a single ended detection chain. In such alternatives, the
detector circuit may include only the topmost chain of Fig. 11. The dual-chain circuitry of
Fig. 11 may provide improved performance in some applications because the differential pair
of amplifier chains provides improved signal-to-noise ratio as one signal is increasing in
voltage while the other is decreasing. As a result, DC drift is unlikely to distort the signal.
The comparator of this alternative embodiment is configured to provide a high or low output
based on a comparison of the amplitude of the input signal with a reference signal. More
specifically, the comparator may include a first input that receives the signal from the single
detection chain and a second input that is coupled to a reference signal, Vbias. The reference
signal may be set to be slightly lower than the DC component of the amplified signal.
Accordingly, the comparator output will remain high when no communication is present in
the signal. If communication is present, then the comparator output toggles between high and
low in correspondence with the communication signals. The output of the comparator 114 is
passed to the controller 36 for decoding. In this case, decoding is achieved using a biphase

decoding scheme.
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[0062] In an alternative embodiment, communications are encoded by modulating a
communication load at a rate that is a fraction of the drive frequency, similar to the
embodiment described above with respect to Figs. 10A-G and 11, with some exceptions.
Rather than modulating the communication load during a full cycle of the drive waveform,
shown for example in Fig. 10F, the communication load in this embodiment is modulated
during a fraction of the drive waveform, such as one-half the drive waveform.

[0063] Referring to Figs. 16A-H, in the illustrated embodiment, a communication
load is modulated at one-half the frequency of the carrier waveform. The modulation clock
waveform may be XORed with the encoded data waveform to produce a modulator control
waveform. Figs. 16C-H show a short segment of the data stream during which there is a
transition from a low signal to a high signal. Fig. 16C shows the carrier waveform, which as
noted above is about 100 kHz for this illustration. Fig. 16D shows the modulation clock
waveform having a frequency that is one-half the frequency of the carrier (or about 50 kHz)
in this illustration. The data stream is shown in Fig. 16E, which after being XORed with the
modulation waveform yields the XOR waveform of Fig. 16F. It should be appreciated that
up to this point the features of this alternative embodiment are substantially similar to the
embodiment described with respect to Figs. 10A-G.

[0064] As described in the previous embodiment, the communication load may be
modulated according to the XORed waveform for a full cycle of the carrier waveform, or in
other words, at a 50% duty cycle using a modulated clock waveform having a frequency that
is one-half the carrier frequency. However, in this alternative embodiment, the XORed
waveform is applied for approximately one-half the cycle of the carrier waveform, or in other
words, at a 25% duty cycle using a modulated clock waveform having a frequency that is
one-half the carrier frequency. Thus, the communication load may be applied for less time

than in the previous embodiment, and to increase the magnitude of either a peak or a tough—
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but not both—of every other waveform of the carrier waveform in order to communicate the
data.

[0065] This 25% duty cycle modulation may be achieved by generating an XOR
waveform similar to the XOR waveform illustrated in the embodiments of Figs. 10A-G; but
rather than applying the XOR waveform during a full cycle of the carrier waveform, the XOR
waveform may be applied during one-half of each cycle of the carrier waveform. For
example, using the communication circuits of Figs. 6 and 9, applying the XOR waveform for
one-half of each cycle of the carrier waveform may be accomplished by selectively
modulating one of the communication loads 30a-30b—not both—or put differently,
modulating one leg of the secondary coil 52 instead of both legs. It should be appreciated
that although this embodiment implements a 25% duty cycle using an XOR waveform similar
to that of the embodiments above, the 25% duty cycle may be achieved instead by modifying
the modulation clock waveform to have a 25% duty cycle and XORing it with the encoded
data waveform. Using the communication circuits of Figs. 4-5 and 7-8, for example, the
communication load 30 may be modulated according to this XORed waveform in order to
apply the communication load 30 for approximately one-half of each cycle of the carrier
waveform.

[0066] Propagation delays inherent to the electronics of this embodiment, and other
embodiments, may cause the modulation clock to be delayed with respect to the carrier
waveform. In the illustrated embodiment of Figs. 16C-D, this propagation delay can be seen
by the slight shift in the modulation clock waveform with respect to the zero crossing of the
carrier waveform. In some embodiments, for example, this propagation delay may affect
when the communication load is applied relative to the carrier waveform, and whether the

remote device 14 attempts to adapt or compensate for the delay.
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[0067] In the illustrated embodiments of Figs. 16A-H, the propagation delay may
affect the choice of which leg of the secondary coil 52 to modulate in order to implement
25% duty cycle modulation. Using the circuit topology of Fig. 6 as a reference, the current
through the load resistor 30a (coupled to the first leg of the secondary coil 52) during
modulation cycles is shown in Fig. 16H, and the current through the load resistor 30b
(coupled to the second leg of the secondary coil 52) during modulation cycles is shown in
Fig. 16G. Because the modulation clock waveform of Fig. 16D is synced with the carrier
waveform at the first leg of the secondary coil 52, a propagation delay prevents full
modulation of the load resistor 30a as illustrated by the chopped modulator current in Fig.
16H. As a result, in order to account for the effects of propagation delay and achieve full
modulation at 25% duty cycle, a communication load may be modulated on a leg of the
secondary that is opposite the leg which generates the modulation clock waveform. For
example, in the illustrated embodiment of Fig. 16G, full modulation is achieved at 25% duty
cycle by modulating the load resistor 30b coupled to the second leg of the secondary coil 52.

[0068] Similar to other alternative embodiments discussed herein, the
communication load of this embodiment may be one or more impedance elements, such as a
load resistor or one or more alternative components. For example, the communication load
may be resistive, capacitive, or inductive, or a combination thereof. Although Figs. 4-9 show
a load resistor 30, this embodiment may in some cases function better with a load capacitor in
place of the load resistor 30.

[0069] The two plots of Figs. 17 and 18 illustrate potential differences between
embodiments of Figs. 16A-H that modulate at 25% duty cycle using a single load resistor 30a
and a 50% duty cycle modulator. Fig. 17 shows communication nulls or inversion that may
result from depleting the energy in the coils for two consecutive cycles with embodiments

using a 50% duty cycle modulator. Specifically, at output powers of approximately 15-30W,
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the modulation depth may invert or go below 0.0 mV, causing a null communication zone.
As shown in Fig. 18, with a 25% duty cycle modulator applying a communication load to one
side of the coil, the signal strength decreases in some zones due to the modulation, but
inversion and null communication zones are avoided. In one aspect, the present invention
may provide communication circuitry that avoids communication inversion. Further
potential attributes of the 25% duty cycle embodiments may be a reduction or elimination of
audible noise during communication, though 50% duty cycle embodiments may also reduce
or eliminate audible noise.

[0070] Referring now to Figs. 19 and 20, the communication signal may be
received, demodulated, and decoded using systems and methods similar to the embodiments
described above with respect to Fig. 11, with some exceptions. Instead of averaging circuitry
106a-b, this embodiment uses peak detector circuitry 106a-b’” and 106a-b’’’ and includes
two detector circuits 46°” and 46°”" to demodulate the communication signal. Otherwise, this
embodiment and its alternatives are similar to other embodiments described herein.

[0071] As discussed above, in embodiments that utilize 25% duty cycle modulation,
the communication load may be applied during one-half of the carrier wave cycle. As a
result, the modulation may cause a level shift to be reflected through the inductive coupling
to the wireless power supply that generally affects either the peaks or the troughs—but not
both—of the current sensed by the current sensor. In other words, with 25% duty cycle
modulation, (a) levels of the peak current or voltage through the primary coil from even to
odd cycles may shift, or (b) levels of the trough current or voltage through the primary coil
from even to odd cycles may shift. If the dot orientation (e.g. winding orientation) of the
primary coil 42 with respect to the secondary coil 52 of the remote device is unknown, it may
not be known whether the level shift occurs in the trough or the peak. Accordingly, this

embodiment utilizes two detector circuits 46°° and 46’ to sense level shifts in either the
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peaks or the troughs due to communication load modulation. The respective outputs (A and
B) of the two detector circuits 46”” and 46°"° are then combined, such as being ORed
together, to yield a digital representation of the communication signal modulated through the
inductive coupling. In alternative embodiments in which the dot orientation is known, a
single detector circuit may be used to detect level shifts in either the peaks or the troughs,
whichever is expected, depending on the known dot convention and which leg of the
secondary 52 is being modulated. It should be appreciated that knowing the dot orientation
may be unnecessary in embodiments that use 50% duty cycle modulation because level shifts
due to modulation of the communication load occur in both the peaks and the troughs.

[0072] The first and second detector circuits 46°° and 46’’’ are now described in
further detail. The first detector circuit 46" produces a buffer copy of the signal output by
the current sensor, and a second detector circuit 46°”” produces an inverted buffer copy of the
signal output by the current sensor. In this way, the first detector circuit 46°° samples and
time slices peaks of the carrier wave to detect a level shift in response to application of a
communication load, and the second detector circuit 46’”” samples and time slices the troughs
of the carrier wave to detect a level shift in response to application of a communication load.

[0073] Referring again to Figs. 16A-H along with Fig. 19, the multiplexor 104a’” of
detector 46’ passes a buffered copy during “A” time slices, and the multiplexor 104b’" of
detector 46" passes a buffered copy during “B” time slices. Accordingly, the “A” time slices
and the “B” time slices are passed through a separate amplifier chain, which with some
exceptions may be similar to the amplifier chain of the illustrated embodiment of Fig. 11. In
the illustrated embodiment of Fig. 19, the outputs of the multiplexors 104a-b’’ are passed to
separate peak detectors 106a-b’’. Each of the peak detectors 106a-b’" outputs the peak value
of its respective input during a time slice. This peak detection may provide improved signal

detection by capturing level shifts resulting from modulation of the communication load. The

-28 -



WO 2012/109137 PCT/US2012/023959

peak detector may also cancel out any asymmetry imposed by half-bridge driver hardware of
the wireless power supply. For purposes of disclosure, the peak detector 106a-b’” is used in
the illustrated embodiment of Fig. 19, but the peak detector may also be implemented in other
embodiments described herein. In further alternatives, the peak detector may be replaced by
a trough detector, which may detect minimum conditions rather than maximum conditions in
the signal.

[0074] The outputs of the peak detectors 106a-b’” are each passed through separate
amplifier chains as discussed above, and eventually compared against each other using a
differential amplifier, such as comparator 114°°. If a level shift is detected between the peaks
of the buffered, non-inverted signal in the “A” time slices as compared to the “B” time slices,
the comparator 114" outputs a “digitized” signal that can be readily decoded by a
microcontroller, such as controller 36. As an example, if the peak value of the signal during
the “A” time slices is higher than the peak value of the signal during the “B” time slices, a
logic high will be output from the detector 46°°. Conversely, if the peak value of the signal
during “A” time slices is lower than the peak value of the signal during the “B” time slices,
then a logic low will be output from the detector 46.

[0075] Turning to the illustrated embodiment of Fig. 20, the detector 46°°" detects
the opposite of detector 46°’; rather than detecting peaks in the signal, detector 46°” detects
troughs or minimums in the signal. For example, by detecting a level shift in the troughs,
detector 46’”” may demodulate data encoded within the signal.

[0076] In particular, the multiplexor 104a’”” of detector 46" passes a buffered
inverted copy of the signal during “A” time slices, and the multiplexor 104b’"" passes a
buffered inverted copy of the signal during “B” time slices. Accordingly, the “A” time slices
and the “B” time slices are passed through a separate amplifier chain, which with some

exceptions is similar to the amplifier chain of the illustrated embodiment of Fig. 11. In the
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illustrated embodiment of Fig. 20, the outputs of the multiplexors 104a-b’”” are passed to
separate peak detectors 106a-b’”’, which in detector 46’”" detect troughs or minimums in the
signal. Each of the peak detectors 106a-b’’” outputs the peak value of the inverted signal (the
trough of the non-inverted signal) of its respective input during a time slice.

[0077] Similar to detector 46", the outputs of the peak detectors 106a-b’’’ are each
passed through separate amplifier chains, and eventually compared against each other using a
differential amplifier, such as comparator 114°". As before, if a level shift is detected
between the troughs of the buffered, non-inverted signal in the “A” time slices as compared
to the “B” time slices, the comparator 114°”” outputs a “digitized” signal that can be readily
decoded by a microcontroller.

[0078] As described above, without knowing the dot orientation of the primary with
respect to the secondary, it may be uncertain whether modulation of the communication load
at 25% duty cycle will effect a level shift in the troughs or the peaks of the signal. As a
result, the respective outputs (A and B) of both detector 46’ and detector 46’°° may be
monitored by a microcontroller so that the signal can be detected and readily decoded.

[0079] As an example, using 25% duty cycle modulation by modulating the second
leg of the secondary coil (Fig. 16G), operation of the detectors 46°” and 46°°” would yield the
following results. It should be appreciated that results may differ depending on the manner of
modulating the communication load. In the example embodiment of Figs. 16A-G, as applied
to the illustrated embodiment of Figs. 19 and 20, detector 46°” would not detect a level shift
between peak values of the buffered, non-inverted signal during the “A” time slices and the
“B” time slices. As shown in Fig. 16G, the communication load is being modulated during
the trough cycle of the carrier wave, not the peak cycle, and therefore the peaks of the signal

are generally unaffected by modulation of the communication load.
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[0080] Detector 46°°, on the other hand, would detect a level shift between the
peak values of the buffered, inverted signal during the “A” time slices and the “B” time
slices. Because the communication load is being modulated during the trough cycle of the
carrier wave, the peaks of the inverted form of the signal (troughs of the non-inverted signal),
as measured by peak detectors 106a-b’>”” would identify a level shift between the “A” time
slices and the “B” time slices, and output the level shift as a “digitized” signal to be decoded
by a microcontroller as described previously.

[0081] In another alternative embodiment, communications are encoded by
modulating a communication load at a rate that is a multiple of the drive frequency, such as
an even-integer multiple. For example, in the illustrated embodiment, the communication
resistor 1s modulated at four times the frequency of the carrier waveform. This embodiment
may include a phase lock loop (“PLL”) to generate a modulation clock waveform that
remains in phase with the carrier waveform. Fig. 12A shows a sample data stream of 1s and
0s. Fig. 12B shows the sample data stream encoded using a biphase encoding stream.
Referring now to Figs. 12C-12I, the modulation signal is created by combining the
modulation clock and the encoded data using different functions for the positive and negative
halves of each cycle of the waveform. More specifically, in this embodiment, during the
positive half of the carrier waveform, the modulation clock waveform is XORed with the
encoded data waveform, and during the negative half of the carrier waveform, the modulation
clock waveform is XOR#ed with the encoded data waveform. This may simplify
demodulation by the wireless power supply. Fig. 12C shows the carrier waveform, which as
noted above is about 100kHz. Fig. 12D shows the modulation clock signal. In this
embodiment, the frequency of the modulation clock signal is four times the frequency of the
carrier or about 400kHz in this illustration. The data stream is shown in Fig. 12E. As noted

above, this illustration shows a short portion of the data stream including a single transition
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for low to high. The XOR waveform is shown in Fig. 12F and the XOR# waveform is shown
in Fig. 12G. The composite waveform resulting from alternately XORing or XOR#ing the
data signal with the modulation clock signal provides the modulated signal as shown in Fig.
12H. When the modulated signal is applied to the carrier waveform, the resulting modulated
carrier waveform is shown in Fig. 121. It should be noted that Fig. 121 represents an idealized
waveform. In practice, the modulated signal is unlikely to produce instantaneous variations
in the primary current. Instead, the current is likely to take some time to transition and the
actual waveform is likely to have transition regions rather than clean jumps between time
slices.

[0082] The communication signal produced by this second communications
method may be received and decoded using a variety of alternative systems and methods.
For purposes of disclosure, the present invention will be described in connection with
communication receiver 22 of Fig. 2 and the demodulation circuitry of Fig. 13. As will be
seen, the demodulation circuitry of Fig. 13 is similar to the demodulation circuitry of Fig. 11.
It does not, however, include averaging circuitry 106a-106b.

[0083] In operation of this embodiment, the current sensor 45 produces a signal
that is representative of the current in the tank circuit. The current sensor 45 may be a current
sense transformer that produces a signal having a voltage that varies in proportion with the
magnitude of the current in the tank circuit 40. As another alternative, the current sensor 45
may be an output taken from a divider having a scaling resistor and capacitor as shown in
Figs. 4-9. The current sensor 45 may be replaced by essentially any detector capable of
producing a signal that is representative of a characteristic of power in the power supply 12
that is affected by the reflected impedance of the remote device 14.

[0084] In this embodiment, the detector circuit 46’ includes a pair of amplifiers

102a’-102b’ that produce a buffer copy and an inverted buffer copy of the signal output by
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the current sensor. As shown, in this embodiment, the current sensor signal may be passed to
an amplifier and an inverting amplifier arranged in parallel with respect to one another. The
output of the amplifier and the inverting amplifier may be passed to a pair of multiplexors
104a’-104b’ that are coupled to a time slicing clock that is synchronized with the modulation
clock in the remote device 14. The time slicing clock controls whether the buffer copy or the
inverted copy of the current signal is passed to the remainder of the detector circuitry. In this
embodiment, the clock signal is synchronized to the drive frequency multiplied by four. As
shown, in this embodiment, the two multiplexors 104a’-104b’ include opposite NO/NC
inputs to provide a differential signal. As an alternative to flipping the NO/NC inputs, the
clocking of one multiplexor with respect to another may be inverted to provide a differential
signal. For example, multiplexor 104b’ clocking may be inverted with respect to multiplexor
104a’ clocking in order to provide a differential signal. In some cases, it may be desirable to
clock the multiplexors 104a’-104b’ with a signal that is a quadrature copy of the drive signal.
The 90 degree phase shift may allow the circuitry to better capture the signal. Although the
multiplexors of the illustrated embodiment have two inputs, the multiplexors 104a’-104b’
could alternatively have a single input and the output may be left floating on the alternate
clock phase. This could reduce the signal strength of the amplifier chain. In this
embodiment, the clock signal may be derived from a variety of sources, such as the drive
signal, the primary coil voltage, the primary coil current or a 90 degree shifted version of any
of the foregoing.

[0085] Referring again to Fig. 13, multiplexor 104a’ passes the buffer copy during
the “A” time slices and passes the inverted copy during the “B” time slices, and multiplexor
104b’ passes the buffer copy during the “B” time slices and passes the inverted copy during

the “A” time slices.
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[0086] In the detector circuit of Fig. 13, the output of each multiplexor 104a’-
104b’ is passed through a separate amplifier chain. In the illustrated embodiment, the output
of each multiplexor 104a’-104b’ is passed to a separate low pass filter 108a’-108b’. In this
embodiment, the filters 108a’-108b’ may be two pole SkHz low pass filters. These low pass
filters 108a’-108b” function primarily to remove the AC components of the signal above the
communication frequency range. Although this function is performed in the illustrated
embodiment with op-amps, the op-amps may be replaced by alternative filtering circuitry,
such as a passive filter or a digital filter.

[0087] In some applications, it may be desirable to amplify the outputs of the low
pass filters 108a’-108b’. In the illustrated embodiment, the outputs of the low pass filters
108a’-108b’ are passed to separate amplifiers 110a’-110b’. In the illustrated embodiment,
the amplifiers 110a’-110b” are AC coupled amplifiers that amplify the filtered signal,
maintaining a center point around Vbias. In this embodiment, the AC coupling removes any
DC offset and serves as a single pole high pass filter.

[0088] The outputs of the amplifiers 110a’-110b” are passed to separate low pass
filters 112a’-112b°. These low pass filters 112a’-112b” remove AC components of the signal
above the communication frequency range and help to remove noise imparted by the AC
amplifier 110a’-110b’.  Although low pass filters 112a’-112b’ are implemented in the
illustrated embodiment with op-amps, the op-amps may be replaced by alternative filtering
circuitry, such as a passive filter or a digital filter. In some applications, the signal-to-noise
ratio of the outputs of the amplifiers may be sufficient so that low pass filters 112a’-112b’ are
unnecessary.

[0089] In the illustrated embodiment, the outputs of the final low pass filters
112a’-112b° are separately passed to a comparator 114°. The comparator 114’ combines the

differential signals from the two amplifier chains back into a single, “digitized” signal that
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can be readily decoded by a microcontroller, such as controller 36. As can be seen in Fig.
121, the composite waveform combines to provide a negative DC offset when the encoded
data is low, and to provide a positive DC offset when the encoded data is high. The output of
the comparator 114’ may be passed to the communication controller 36 for decoding. In this
case, the communication controller 36 will decode the binary stream using the same scheme
used to encode the data in the remote device 14, which in this illustration is a biphase
encoding scheme.

[0090] As an alternative to the dual-chain circuitry of Fig. 13, the detector circuit
46’ may alternatively incorporate a single ended detection chain. In such alternatives, the
detector circuit may include only the topmost chain of Fig. 13, and the comparator 114° may
have its negative input referenced to Vbias. The dual-chain circuitry of Fig. 13 may provide
improved performance in some applications because the differential pair of amplifier chains
provides improved signal-to-noise ratio as one signal is increasing in voltage while the other
is decreasing. As aresult, DC drift is unlikely to distort the signal.

[0091] In yet another alternative embodiment, the communications are encoded
by modulating a communication load at one of two different frequencies. In one
embodiment, the two different frequencies may be fixed frequencies. Having two different
fixed frequencies for modulation may simplify the filter design for demodulation in the
wireless power supply. In one embodiment, the two different frequencies may be fractions or
multiples of the drive frequency, such as an integer fraction or an integer multiple. For
example, in the illustrated embodiment, the communication resistor is modulated at one
frequency to represent a logic high and at a different frequency to represent a logic low. In
this embodiment, the communications controller 36 includes two different modulation
clocks—one at 1/8" the frequency of the carrier waveform and the other at 1/10™ the

frequency of the carrier waveform. The frequency of the modulation clocks may vary from
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application to application. The modulation signal is a composite of the two modulation
clocks created by combining the first modulation clock during a logic low and the second
modulation clock during a logic high. The frequency shifting methodology of this
embodiment will be described in more detail with references to Figs. 14A-14H. Fig. 14A
shows a sample data stream of 1s and Os. Fig. 14B shows the sample data stream encoded
using a biphase encoding scheme. The process for creating the modulated carrier waveform
is described in more detail with reference to Figs. 14C-14H, which show a short portion of
the data stream containing a transition from a low signal to a high signal. Fig. 14C shows the
carrier waveform, which as noted above is about 100kHz for this illustration. Fig. 14D shows
the modulation clock A signal. In this illustration, the frequency of modulation clock A is
one eighth the frequency of the carrier. Fig. 14E shows the modulation clock B signal. In
this illustration, the frequency of modulation clock B is one tenth the frequency of the carrier.
The data stream is shown in Fig. 14F. The modulated carrier waveform is created by
combining the carrier waveform (Fig. 14C) with either modulation clock A signal (Fig. 14D)
or modulation clock B signal (Fig. 14E) using the encoded data signal (Fig. F) as a key.
More specifically, during a low data signal, the carrier waveform is combined with the
modulation clock A signal and, during a high data signal, the carrier waveform is combined
with the modulation clock B signal. The resulting modulation clock waveform is shown in
Fig. 14G. As can be seen, the modulation clock waveform modulates at one frequency while
the encoded data is low, and switches to modulation at the other frequency when the encoded
data is high. As can be seen, the waveform modulates more quickly for a logic low than for a
logic high. In this illustration, each modulation includes four cycles of the carrier waveform
during a logic low and five cycles of the carrier waveform during a logic high. The
frequencies of the carrier waveform and the two modulation clock signals can be varied to

alter the characteristics of the modulated carrier waveform.
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[0092] The communication signal produced by this alternative communications
method may be received and decoded using a variety of alternative systems and methods.
For purposes of disclosure, the present invention will be described in connection with
communication receiver 22 described above and in connection with Fig. 3 and Fig. 15. In
operation of this embodiment, the current sensor 45 produces a signal that is representative of
the current in the tank circuit. The current sensor 45 may be a current sense transformer that
produces a signal having a voltage that varies with the magnitude of the current in the tank
circuit 40. As another alternative, the current sensor 45 may be an output taken from a
divider having a scaling resistor and capacitor as shown in Figs. 4-9. The signal from the
current sensor 45 may be passed through filtering and conditioning circuitry, such as a
bandpass filter and an amplifier. The bandpass filter may include a low pass filter 202 and a
high pass filter 204. The filters may be configured to filter out signals below the lowest
frequency of operation divided by ten and above the highest frequency of operation divided
by eight. The amplifier 206 may be configured to amplify the signal to an appropriate level
for the frequency discriminator (not shown). The amplified output may be passed to the
frequency discriminator (not shown). In one embodiment, the frequency discriminator is an
integrated circuit system (ICS) that converts frequency to a voltage. The output of the ICS
may be provided to controller 36 for decoding. In an alternative embodiment, the frequency
discriminator may include a comparator (not shown) and a controller, such as controller 36.
The comparator may produce a square wave output and the controller 36 may count the edges
to determine the modulation frequency. In embodiments that incorporate a comparator, it
may be desirable to incorporate a filter between the amplifier 206 and the comparator (not
shown) depending in large part on the noise within the circuitry. The system may interpret a
signal that alternates between high and low every four cycles to be a logic low, and the

system may interpret a signal that alternates between high and low every five cycles to a logic
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high. In both of these embodiments, the communication controller 36 will decode the binary
stream of logic highs and logic lows using a biphase decoding scheme.

[0093] Although the present invention is described in connection with a detector
circuit 46 having analog circuitry for filtering and conditioning the signal before it is fed to
the controller 36, the filtering, conditioning and/or comparator functions may alternatively be
carried out using a digital signal processor (DSP). For example, in one alternative, the output
of current sense transformer (or other detector) may be fed into a DSP (not shown). The DSP
may convert the analog signal into a digital signal and then processes the digital signal to
generate high and low outputs that are consistent with the high and low outputs that would
have been generated using the circuitry described above. The DSP may process the input
signal to remove signal components occurring outside the frequency range used for
communications, analyze the remaining signal to identify the communication signals then
provide an output signal that drives high and low with the communication signals.

[0094] In the illustrated embodiments, the communication receiver includes a
detector circuit that demodulates communications through a current sense transformer that
provides an output representative of the current in the tank circuit. The communication
receiver may operate using alternative methods and apparatus. For example, the power
supply may include a detector circuit that provides a signal indicative of the current in the
input to the switching circuit (e.g. an amplifier coupled to the input of the switching circuit).
As another example, the power supply may include a detector circuit that detects
communications using the phase relationship of the voltage of the input to the switching
circuit and the current in the tank circuit. As a further example, the power supply may
include a detector circuit that detects communication using the voltage in the tank circuit.
Operation of some of these alternative systems and methods for detecting communications is

described in more detail in U.S. Provisional Application No. 61/298021, entitled SYSTEMS
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AND METHODS FOR DETECTING DATA COMMUNICATION OVER A WIRELESS
POWER LINK and filed on January 25, 2010, which is incorporated herein by reference in
its entirety.

[0095] The above description is that of current embodiments of the invention.
Various alterations and changes can be made without departing from the spirit and broader
aspects of the invention. This disclosure is presented for illustrative purposes and should not
be interpreted as an exhaustive description of all embodiments of the invention or to limit the
scope of the claims to the specific elements illustrated or described in connection with these
embodiments. For example, and without limitation, any individual element(s) of the
described invention may be replaced by alternative elements that provide substantially similar
functionality or otherwise provide adequate operation. This includes, for example, presently
known alternative elements, such as those that might be currently known to one skilled in the
art, and alternative elements that may be developed in the future, such as those that one
skilled in the art might, upon development, recognize as an alternative. Further, the disclosed
embodiments include a plurality of features that are described in concert and that might
cooperatively provide a collection of benefits. The present invention is not limited to only
those embodiments that include all of these features or that provide all of the stated benefits,

except to the extent otherwise expressly set forth in the issued claims.
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CLAIMS
The embodiments of the invention in which an exclusive property or privilege
is claimed are defined as follows:

1. A method of communicating data between a remote device and an inductive
power supply using keyed modulation, said method comprising:

receiving inductive power via a variable frequency power transmission signal from
the inductive power supply;

encoding a data stream of bits into a fixed frequency communication signal; and

modulating the fixed frequency communication signal on the variable frequency
power transmission signal by toggling a load of a communication transmitter, wherein each
bit of the data stream is represented by a plurality of modulations on the variable frequency
power transmission signal.

2. A remote device for transferring power to a remote device from an inductive
power supply and for communicating data from the remote device to the inductive power
supply, said remote device comprising:

a power receiver adapted to receive a variable frequency power transmission signal;

a controller adapted to encode a data stream of bits into a fixed frequency
communication signal; and

a communication transmitter adapted to selectively toggle a load for modulating the
fixed frequency communication signal on the variable frequency power transmission signal,
wherein each bit of the data stream is represented by a plurality of modulations on the
variable frequency power transmission signal.

3. A remote device as claimed in claim 2 in combination with said inductive
power supply, wherein said inductive power supply includes detector circuitry for decoding

the data stream from the variable frequency power transmission signal.
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4. A system for transferring power to a remote device from an inductive power
supply and for communicating data between the remote device and the inductive power
supply using keyed modulation, said system comprising:

a power receiver adapted to receive a variable frequency power transmission signal;

a controller for encoding a data stream of bits in to a fixed frequency communication
signal; and

a communication transmitter selectively toggling a load for modulating the fixed
frequency communication signal on the variable frequency power transmission signal,
wherein each bit of the data stream is represented by a plurality of modulations on the
variable frequency power transmission signal.

5. The system as claimed in claim 4 wherein said remote device includes said
communication transmitter such that said remote device communicates data to the inductive
power supply using keyed modulation, and wherein said inductive power supply includes
detector circuitry for decoding the data stream from the variable frequency power
transmission signal.

6. The system as claimed in claim 4 wherein said inductive power supply
includes said communication transmitter such that said inductive power supply communicates
data to the remote device using said keyed modulation, and wherein said remote device
includes detector circuitry for decoding the data stream from the variable frequency power
transmission signal.

7. The method or the system or the remote device, as the case may be, as claimed
in any one of the preceding claims wherein the communication transmitter is configured to
modulate the load, and wherein said modulating includes toggling the load in the
communication transmitter at a rate that is a fraction of the variable frequency power

transmission signal.
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8. The method or the system or the remote device, as the case may be, as claimed
in claim 7 wherein the rate is one-half the variable frequency power transmission signal.

9. The method or the system or the remote device, as the case may be, as claimed
in claim 7 wherein the load is toggled to increase a magnitude of every other waveform of the
variable frequency power transmission signal.

10. The method or the system or the remote device, as the case may be, as claimed
in claim 7 wherein the load is toggled to increase the magnitude of the peak or the trough of
every other waveform of the variable frequency power transmission signal.

11. The method or the system or the remote device, as the case may be, as claimed
in any one of claims 9 and 10 wherein said modulating includes toggling the load on every
even waveform or every odd waveform.

12. The method or the system or the remote device, as the case may be, as claimed
in any one of the preceding claims wherein said modulating includes producing a modulator
control signal formed by exclusive OR-ing (a) a modulation clock that is operating at an even
integer fraction of the variable frequency power transmission signal and (b) the fixed
frequency communication signal, wherein the variable frequency power transmission signal
is modulated according to said modulator control signal.

13. The system or the method or the remote device in combination with the
inductive power supply, as the case may be, as claimed in any one of the preceding claims
further comprising decoding the data stream from the variable frequency power transmission
signal by timeslicing the variable frequency power transmission signal and comparing the DC
offset between two time slices.

14. The method or the system or the remote device, as the case may be, as claimed

in any one of claims 1-6 wherein the communication transmitter is configured to modulate
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the load at a modulation rate that is phase locked at a harmonic of the variable frequency
power transmission signal.

15. The method or the system or the remote device, as the case may be, as claimed
in claim 14 wherein the rate is four times the variable frequency power transmission signal.

16. The method or the system or the remote device, as the case may be, as claimed
in claim 14 wherein said modulating includes:

producing a first modulation control signal formed by exclusive OR-ing (a) a
modulation clock operating at the modulation rate and (b) the fixed frequency communication
signal;

producing a second modulation control signal formed by inverting the exclusive OR
of (a) a modulation clock operating at the modulation rate and (b) the fixed frequency
communication signal;

toggling the modulation load according to the first modulation control signal during a
positive half of the variable frequency power transmission signal; and

toggling the modulation load according to the second modulation control signal
during a negative half of the variable frequency power transmission signal.

17. The system or the method or the remote device in combination with the
inductive power supply, as the case may be, as claimed in any one of claims 14-16 further
comprising decoding the data stream from the variable frequency power transmission signal
by timeslicing the variable frequency power transmission signal and identifying DC offsets
among the time slices.

18. The method or the system or the remote device, as the case may be, as claimed
in any one of claims 1-6 wherein the communication transmitter is configured to modulate

the load at one of two different frequencies.
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19. The method or the system or the remote device, as the case may be, as claimed
in claim 18 wherein a high bit of the data stream is communicated by modulating at a first
frequency, and wherein a low bit of the data stream is communicated by modulating at a
second frequency.

20. The method or the system or the remote device, as the case may be, as claimed
in claim 19 wherein the first frequency is one-eighth of the variable frequency power
transmission signal, and the second frequency is one-tenth of the variable frequency power
transmission signal.

21. The system or the method or the remote device in combination with the
inductive power supply, as the case may be, as claimed in any one of claims 18-20 further
comprising decoding the data stream from the variable frequency power transmission signal
by passing the variable frequency power transmission signal through a frequency
discriminator.

22. The method or the system or the remote device, as the case may be, as claimed
in any one of the preceding claims wherein the load includes at least one of a resistive
element, a capacitive element, and an inductive element.

23. The method or the system or the remote device, as the case may be, wherein
the communication transmitter modulates the fixed frequency communication signal on the
variable frequency power transmission signal such that communication inversion is avoided.

24. An inductive power supply for transferring inductive power to a remote device
and for receiving data via backscatter modulation from the remote device, said inductive
power supply comprising:

a power transmitter for transmitting a variable frequency power transmission signal;

and
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a wireless communication receiver configured to detect modulation on the variable
frequency power transmission signal, wherein the inductive power supply decodes a data
stream from the variable frequency power transmission signal, and wherein each bit of the
data stream is represented by a plurality of modulations on the variable frequency power
transmission signal.

25. The inductive power supply of claim 24 wherein the inductive power supply
decodes the data stream by timeslicing the variable frequency power transmission signal and
comparing a DC offset between two time slices.

26. The inductive power supply of claim 24 wherein the inductive power supply
includes a detector circuit having a first amplifier chain and a second amplifier chain;

said first amplifier chain averaging (a) a buffered copy of even cycles of the variable
frequency power transmission signal and (b) an inverted buffered copy of odd cycles of the
variable frequency power transmission signal;

said second amplifier chain averaging (a) a buffered copy of odd cycles of the
variable frequency power transmission signal and (b) an inverted buffered copy of even
cycles of the variable frequency power transmission signal; and

wherein in response to comparing the output of the first amplifier chain and the
second amplifier chain, the detector circuit outputs a fixed frequency communication signal
representative of the data stream.

27. The inductive power supply of claim 24 wherein the inductive power supply
includes a first detector circuit having a first amplifier chain that detects peaks of a buffered
copy of even cycles of the variable frequency power transmission signal and a second
amplifier chain that detects peaks of a buffered copy of odd cycles of the variable frequency

power transmission signal, and

- 45 -



WO 2012/109137 PCT/US2012/023959

wherein in response to comparing the output of the first amplifier chain and the
second amplifier chain, the first detector circuit outputs a first level shift output.

28. The inductive power supply of claim 27 wherein the inductive power supply
includes a second detector circuit having a first trough amplifier chain that detects troughs of
a buffered inverted copy of even cycles of the variable frequency power transmission signal
and a second trough amplifier chain that detects troughs of a buffered inverted copy of odd
cycles of the variable frequency power transmission signal,

wherein in response to comparing the output of the first trough amplifier chain and the
second trough amplifier chain, the second detector circuit outputs a second level shift output,
and

wherein the first level shift output and the second level shift output are combined to
form a fixed frequency communication signal representative of the data stream.

29. The inductive power supply as claimed in any one of claims 26 and 28
wherein the fixed frequency communication signal is a bi-phase encoded representation of
the data stream.

30. The inductive power supply as claimed in claim 24 wherein the inductive
power supply decodes the data stream from the variable frequency power transmission signal
by passing the variable frequency power transmission signal through a frequency

discriminator.

- 46 -



WO 2012/109137 PCT/US2012/023959

1/18

PRINCIPLE LOAD /
| i

COMMUNICATIONS TRANSMITTER

COMM LOAD ——30

|
POWER
RECEIVER

___________________________________________________

POWER [ 20 /
TRANSMITTER
SIGNAL

| | _—18 | |
| GeneraTiNG |--[COMMUNICATIONS).
i CIRCUITRY |

| \22

POWER SUPPLY
CIRCUITRY

___________________________________________________



PCT/US2012/023959
2/18

WO 2012/109137

........... 88
N2 21 (@)
=) m O“ M * m—
[ [ [ 4 ! "
S W U U S | Dy L
o e I S R e o s
EmEERES “ e Els O
el S USG5 aSlle—~ |Z]i 3] 1|2
| = CV“_ [ <t 1 LN — | 1 o | !
_C = = Ol | T_R | O <t 1 !
H e sl sl I “ Ol 3 _ z "
o O“ \WC__4/_| | _LLl.lN " O I
i Ul S w P i x|l |O ' ' = >
i _ P | PO = = x| |
! | i ¥ = 1 O Il B
s =313 =5
U ' > D
6 — 1 1
5\ / =3 A Qx|
< ! =Y
- ! @) !

CONTROLLER —




WO 2012/109137

12
\ 52
Drive
e L2°
C
C1
v Sense N2

Leg1

PCT/US2012/023959
3/18
14
54
A 62
DT Bridge -
30
R2 1 C2 R1
M1 64
CommCitrl

Fig. 4

Fig. 5

k54

EL CommCti2

Fig. 6



WO 2012/109137 PCT/US2012/023959

4/18

14

2
\ Leg1 / >4 /
62

Drive 19 D1 Bridge i
UE T | Re<oL R1%—-30
C3 L3
s M1 L—/64
R3 C1 D2 E CommCitrl
Sense

Leg2 28 g0
Fig. 7
12 52 54
\ Leg? / /1 4
; D3 66 D1 -
Drive o 12 / Bndge
g | RhA- <62 C2
R3 C1 . D4 E CommCtr
Sense N 28
Leg2 \ 30
Fig. 8
12 52
Drive 0 D3 4
; R1S> %66A

30B
— - 64B

M2£ CommGt2

Fig. 9



PCT/US2012/023959

WO 2012/109137

5/18

S ms .5ms
|
|

DATA

Fig.10A

BIPHASE

ENCODED
DATA

g.10B

A

.............................................. << X < X
w w S5
.............................................. ZS Za
IS TY
.............................................. nE n=
u r w =
Yo Ywu
Jom 30
|||||||||||||||||||||||||||||||||||||||||||||| v = v a
W W
............................................... =T =5
F¥ F&
............................................. L <5
.............................................. < X < X
w w <
............................................... AVnD. AVnD.
.............................................. IS IY
% LE OE
Vgy Yau
O TNTTTTT— O T —Jw 40
— v = v a
|||||||||||||||||||||||||||||||||||||||||||||| L W o
=5 =0
................................................ FY &
S
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII [
| 4 = — 9
9 2 g o &5 z =
o S Eow = v O
S & O 3 o 2 2 < s A =
L
W% ot Qg %9 > 25=
) E o < ) = o W
=z £ g0w =299 25 VW SEE T
[T
z O RO * ©O FY9 0 5% 0O zgo O
T e o v - X g 2 — 9 —
(W) hd M hd ° A P hd . _LLO °
O * o 49 5o ¢ o 23 o
L I LL L I < LL



PCT/US2012/023959

WO 2012/109137

6/18

m_wo_/l

HL Tudose

@

VARSI

v_w @@

o)y oj0d-g ZHYG

©)

V801l

38°69

UHLm_wo_omm
_A T

OOAY

"'4d0g9

18]I} 8|0d-Z ZHMS

W

dcol

g9o01
- W N \mi:
4do0./p Mv_o.om 2
~~ 1 5 < WO B9 100 Y
M6 '6Y §%omo7__,_, « X ¥HN0 00 ¥
6'6% 1
4do0/p
._. DOAY
DAY DDAV XNN
u_aootuM 3002 L
el T 0N 00 25—
661
o __Uum| SN WK S0 100 %AL
1661 ._.
4do0/¥ 30°02 0
T DONY LR«
U DONYOONY )
XN
V0L

Vo0l




PCT/US2012/023959

WO 2012/109137

718

g1l b1

%001 &;_.o O
\/\,l_
SVIAA

W“_o_oomm
HL 1001 00y M
T Wm

yooL 4NL°0 O
,\(.l_
SVIAA

L ININOD« A
N00'Z /_/ 0'LS /_1
DONV
1 A OONY wdw\%
001 "
HOLVUVdNOD A o_oo:\ oz
19}y 910d-¢ ZHMG Jaylidwy pednod OV X0g
vLL \
vzLL VoLl

N



PCT/US2012/023959

WO 2012/109137

8/18

THE MORE POSITIVE
“A"TIME SLICES CAPTURE

THE MORE POSITIVE

THE MORE NEGATIVE

THE MORE NEGATIVE

S e —— ﬁu .........................................................
T PN N =
i A T M [ [T \ i<
b T O — [ I LAL] =
5 1 VAR A
={ I /A I N NN A 7 A ........
=] O \ \ o
~| f | - ——— e — e —, - N. ||||||||| ”\.\lll  Wintaiaialaied
.................................................. U=
Y \~ <
S B i ——
3 | e A O O L L 1 \ i)Y <
—+ 2 I A N o | [T
5 o| foo I \\ ....... AM
~ /
- =\ T T [l N <
................................................. /\B
1 ) S -H..H..HMHH----- NN T
72}
El-| — |\ TUUTTTTTTTTTTTTTTTTT [ [T
(9}
2 CER: 2
O <L O <L a =
oy = g 28 %8 g 8 S
N OIS ) < O < O 0= % W
=X zZX %< &S Bg 2 OE  =zzs8
w0 =93 O o< - 2 & 2 £ S =z O D=2
= <€ 280 20 52O 98wz 22V T S5 = 25E&
< N 0N I N 2<Nf NEN N S=ZN <=z =22
() a U N o' 2 J = O = O NG) =5 —_
— 52°= & — 8% |, —E2—= &R 32— 35— 3§
L [ . hd hd . e MO — 1
ko) DY o= o] D3tz 2 o D Ed |
T W L L/ ICZ°IiC 2°iC " =iLC w s




PCT/US2012/023959

WO 2012/109137

9/18

velL b

.mwo_

AvoL
HL@%Q T V\

5 S <N 100 O
@ 1 Oy <X 4T 100 0 Aot
48'69 | _
QOAY_y
"3d08s Xmn

1oy ojod-z ZHYG

Tadoee T |onnwrisme—

- @ ON

m I—I Z ON
+ AAN WOD

TN

_z %869 _ _é.%o.;_g-oil_

N0°01 o
4 H soor ¢ 95 000N

DOAY 0 7 - DA
OONVY | )
Haoss W _/ _ 001
19|l 8jod-g ZHYG XN IONY "0 ow<_m>
Yol NOol

N80!



PCT/US2012/023959

WO 2012/109137

10/18

ge1 b4

18}l 810d-g ZHAG d4doz}

018

T

yo-o) 4ML°0 O
,\(,l_
SVYIAA

Jaylidwy pajdnod OV X0Z

yooL 40 O
,\(,l_
SVYIAA

L ININOD« m_w“_o_oomm : -
3002 /h/ Q,\,_HW MO°0L MO0l [%m
SON v_%oww« ONY__, 0T
MO LVHVdNOD 4doo.y T

Jayl 8jod-z ZHMG

Ll \
Nl NOLL
.3\

Jayjlidwy pajdnod OV X0Z



WO 2012/109137

DATA 0

11/18

PCT/US2012/023959

Fig.14A

BIPHASE

ENCODED
DATA

Fig.14B
CARRIER WAVEFORM
~ 100kHz

Fig.14C

MODULATION CLOCK A
(CARRIER/ 8)

Fig.14D

MODULATION CLOCK A
(CARRIER/ 10)

Fig.14E

ENCODED
DATA

Fig.14F

MODULATION CONTROL

Fig.14G

MODULATION CARRIER
MODULATION WITH CLOCKAFOR 0
MODULATION WITH CLOCKAFOR 1

Fig.14H




WO 2012/109137 PCT/US2012/023959

12/18

MODULATED
CARRIER

Vref TO FREQUENCY

DISCRIMINATOR

LOW PASS HIGH PASS
FILTER FILTER Amplifier
(8 kHz) (40 kHz)

THE DEMODULATION CIRCUITRY IS A BANDPASS FILTER
FLOW = (LOWEST FREQUENCY OF OPERATION) /10
FHIGH = (HIGHEST FREQUENCY OF OPERATION) / 8

Fig.15



WO 2012/109137 PCT/US2012/023959

13/18

Sms .5ms
[)pﬂ]\ >

Fig.16A 11—+

BIPHASE
ENCODED
DATA

Fig.16B "0t 10U

Fig.16C

MODULATION CLOCK | |
(CARRIER / 2) f

Fig.16D

I
s | RAAAAANAAAAAA,

ENCODED
DATA

Fig.16E

MODULATION CONTROL i

(DATAXORCLOCK) | Il

Fig.16F

CORRECTMODULATOR | i1+ Y LI\ 1
CURRENT AR EEREREERE

Fig.16G

INCORRECT MODULATOR | il i/ al il N i

- - - - = T - - = =T T =_— = = = =

CURRENT Bl Al Bl A

lon)
>
o
>
o b
>
lon)
>
lon)

Fig.16H



MOD. DEPTH(BEFORE GAIN) mV

MOD. DEPTH(BEFORE GAIN) mV

WO 2012/109137 PCT/US2012/023959

14/18

TWO RESISTOR PSK SIGNAL STRENGTH
DEMODULATOR (FIXED FREQUENCY AND COUPLING)

7.0mV
6.0mV
50mV
40mV
3.0mV
2.0mVY N

1.0mV \\‘\
0.0mV 0\ \\-—/',’/

-1.0mV N~ I
2.0 mV

-3.0mVY
ow 10w 20W 30w 40W  50W 60W  70W 8OW  90W  100W

RX OUTPUT POWER (W)

-

L
o =

o

Fig.17

SINGLE RESISTOR PSK SIGNAL STRENGTH
DEMODULATOR (FIXED FREQUENCY AND COUPLING)

7.0mV
6.0mV
50mV
40mV

3.0mV ”
X0 R\ A Y i comen—— N (S o= SR I E— S 20

1.0mV -’-\"\_,/ —— 40
0.0mV — 80
-1.0mV
-20mV
-3.0mV

oW 10W  20W  30W  40W  50W  60W  70W  8OW  90W  100W

RX OUTPUT POWER (W)

~

__________

Fig.18



PCT/US2012/023959

WO 2012/109137

15/18

V6l ‘bl

N_V

®

I—I ﬁ( Dn_ _— s_omomo_,__,_,
%869 — _
DOAY_,
"Jdogg Wﬂo«
Jayl 8j0d-Z ZHMS
H _ Tudoge 2 Av
M I—I AN — S_OMU MH
/_z %869 ad _ _VSE.%QJ_OQ.Q,\AAl~
DOAY_ 0 - -
dogg DONVY s
1)1} 8j0d-g ZHNG XN
=<.vo —\

=<wo —\

=<©o —\

:@.v




PCT/US2012/023959

WO 2012/109137

16/18

del b4

«dCL —// L4901 —/I

W“_o_oomm %00, 3NL°0
MO0k %0°0} ~——(H)
SVIgA
OOAV w_m%%
o 4doozt" _
=2 g ajod-z ZHMS 4doz}
001 of W WIS Jeyndluy paidnoo ov xoz
H W%_oomm yo-oL 3NL0
~ . o~ M0°0L 00 ‘ é[_luv
2002 | T o008 Q) SVIgA
Oonv 0NV QINY
O0A Me]o]" i M001
HOLVHVANOD 4d00Ly ] qw_
18}y 810d-Z ZHMG 490}

Jaylidwy pajdnod OV X0Z

ML \
NOLL

NCLL

O



PCT/US2012/023959

WO 2012/109137

17/18

.:m wo _\ /

voz 614

i

910Yi\"/

® 3 I gpooe

38°69

o ON

79901
\ \.m_vo L

L

9 ON
Dn_ — s_oom u

"4dog9

Jo)|y 8j0d-Z ZHYS

0 3 e

0107)\/
XN

)\

010Yi\"/

38°69

dd — o,

'3dog9

19l ©]0d-Z ZHNG

+V801

\\\@.v

#~NY0L

0

) WS

Y001

9107\

#dC0L

11001

((
_ Y001
300}

SVIgA

L 98 ¥4 1100 0¥



PCT/US2012/023959

WO 2012/109137

18/18

d0¢ "614

EmN _\ _\//

AAN

»d01 _\/

M“_o_oomm %00, 3NL°0
‘0l 200} |||AMW )s>|¢T|*””V
20 SVIdA

DOV

QINV I ST
4doosy I
4doz|

J8)|l 8j0d-Z ZHMS

a0z | T NG

O0A

\\\.v

9107,\
“.
3001
HOLVYHVdNOD

LL

\\\o.v

Jaylidwy pajdnod OV X0Z

W“_o_oomm %00, 3NL°0
1004 10°0) \AW m<«_m\4__|@

ooV \"/

ONV_, 07
4doozy I
4doz|

18y aj0d-g ZHG

L

Jaylidwy pajdnod OV X0Z

s<o_T\\



	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - claims
	Page 43 - claims
	Page 44 - claims
	Page 45 - claims
	Page 46 - claims
	Page 47 - claims
	Page 48 - claims
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings

