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Title

DUAL-MODE WIRELESS POWER RECEIVER
Background of the Invention
[0001] The invention is related to the field of wireless power transfer,
and in particular to a dual-mode wireless power receiver.
[0002] Wirelegs power (WP) transfer systemg use the mutual inductance
between two magnetic coils to transfer power through magnetic
induction. These systemg are commonly clagsified as either
“inductive” or “resonant”. In a purely inductive wireless power
transfer system, the source coil, which functiong ag the primary
winding of a transformer, is driven by a voltage or current source.
The receive coil, which functions as the secondary winding, is
connected to a bridge rectifier, either directly or through an
ac-coupling capacitor. The voltages and currents in the two windings
can be determined by the relations commonly usgsed to describe
transformers.
[0003] In a resonant wirelegs power transfer system, the source and
receiver coilg are connected to capacitors to form electrical
regsonators. From a circuit-design standpoint, the function of the
capacitorg is to cancel some of the reactive impedance of the inductors,
allowing more power to be transferred at a given voltage. The
impedance of the inductors and capacitors varies in opposite
directions with operating frequency, so the cancellation is only
effective over a small range of frequencies. In other wordsg, resonant
wireless power systems utilize circuits tuned to a specific frequency
at which power is to be transferred. They typically donot allow power
transfer at other frequencies.
[0004] In recent years, two wirelegg power standards have gtarted to
emerge. The Wireless Power Consortium has released the Qi standard,
which is commonly claggified as an inductive charging standard.
Although a resonant capacitor isg used, the quality factor Q used in
the Qi standard is in the low single-digits, implying that resonance
is not being substantially leveraged. Devices complying with the Qi
standard transmit power in the frequency range of 110-205 kHz. Qi

devices typically require relatively close alignment of the source
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and receiver coils.

[0005] More recently, several organizations have started to introduce
wirelegss power systemg that make use of high quality factor resonant
circuits to increase the usable range over which charging can occur.
The frequencies used are typically much higher than those used in
inductive chargers, largely due to the fact that gquality factor of
an inductor is proportional to frequency. One proposal for the
emerging standard for resonant wirelesgss power recommends an operating

frequency in the ISM band at 6.78 MHz.

Summary of the Invention

[0006] According to one aspect of the invention, there is provided
a dual-mode receiver. The dual-mode receiver includes an
electromagnetic regonator having one or more inductive elements that
are arranged to form a receiver coil and a network of passive
componentsg arranged to form a matching network. The electromagnetic
resonator includes a first selective frequency defined in a low
frequency range and a second selective frequency defined in a high
frequency range allowing for a rectification circuit to operate in
both the high frequency range and low frequency range making maximum
use of active circuits.

[0007] According to another agpect of the invention, there is provided
a wireless receiver. The wireless receiver includes an
electromagnetic regonator having one or more inductive elements that
are arranged to form a receiver coil and a network of passive
componentsg arranged to form a matching network. The electromagnetic
resonator includes a first selective frequency defined in a low
frequency range and a second selective frequency defined in a high
frequency range allowing for a rectification circuit to operate in
both the high frequency range and low frequency range making maximum
use of active circuits.

[0008] According to another aspect of the invention, there is provided
a method of performing the operationg of a wirelegg receiver. The
method includes arranging an electromagnetic resonator to include

one or more inductive elements that are arranged to form a receiver
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coil and a network of passive components arranged to form a matching

network. Moreover, the method includes providing the electromagnetic
regsonator having a first selective frequency defined in a low

frequency range and a second selective frequency defined in a high
frequency range allowing for a rectification circuit to operate in
both the high frequency range and low frequency range making maximum

use of active circuits.

Brief Description of the Drawings

[0009] FIG. 1 is a schematic diagram illustrating an applications
circuit that implements a low-Q, inductive charging receiver.
[0010] FIG. 2 1is a schematic diagram illustrating a second
applicationg circuit used in accordance with the invention that
implements a high-Q resonant wirelegg power receiver.

[0011] FIG. 3 is a schematic diagram illustrating the circuit topology
of the inventive dual-mode receiver.

[0012] FIG. 4 is a schematic diagram illustrating load modulation
being implemented through the use of switched capacitors Cc in
accordance with the invention.

[0013] FIG. 5 is a schematic diagram illustrating a coil arrangement
used in accordance with the invention.

[0014] FIG. 6 is a schematic diagram illustrating an embodiment of

the invention that includes a gsynchronous rectifier.

Detailed Description

[0015] Thig invention involveg the design of a dual-mode wireless
power receiver. The dual-mode wireless power receiver can receive
power from either an inductive charger operating in the range of
hundreds of kHz or a resonant charger operating at a frequency in
the MHz range. The dual-mode wireless power receiver can have a
low-frequency operating range of 110-205 kHz and a high operation
frequency of 6.78 MHz, but the invention can generally be used for
any two frequency bands separated by a factor of at least 5.
[0016] FIG. 1 is a schematic diagram illustrating an inductive

wirelegss power receiver circuit 2 that implements a low-Q, inductive
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charging receiver. An inductor L3 represents the receiver coil (Rx
coil), which is coupled to a source coil. AC power induced in L3 is
rectified by a bridge rectifier 4 to generate a dc voltage Vrect.
The bridge rectifier 4 is an arrangement of four (or more) diodes
in a bridge circuit configuration that provides the same polarity
of output for either polarity of input. A bridge rectifier provides
full-wave rectification from a two-wire AC input, resulting in lower
cost and weight asg compared to a rectifier with a 3-wire input from
a transformer with a center-tapped secondary winding. Capacitor C2qg
and inductor L3 form an electromagnetic resonator with a resonant
frequency around the wireless power operating frequency. This

frequency is typically in the range of hundreds of kHz. The series
regonant circuit that includes L2 and C2g also includes the impedance
of the bridge rectifier 4. This includes the circuit that is drawing
wirelesgss power, go it can be relatively high. The quality factor of

the electromagnetic resonator is given by

wl,
== Eg. 1
o, R a

where wi is the angular operating frequency of the inductive WP system
and R1 is the equivalent resistance of the diode bridge rectifier
4. Resistance Rl can be relatively high, so the quality factor of
this circuit is typically in the low single digits. A value of Cs
ig chosen such that the resonant frequency of the electromagnetic
regsonator ig equal to the operating frequency of the inductive

wirelegs power system, using the equation

1
Q. =

©JLC

[0017] FIG. 2 is a schematic diagram illustrating a resonant power

Eg. 2

receiver circuit 8 used in accordance with the invention that
implements a high-Q resonant wireless power receiver. An inductor
L2 represents the receiver coil (Rx coil). Capacitors C2a and C2b
form a resonant matching network between L2 and the bridge rectifier
10. This matching network is series-parallel because C2a is in series

with the load and C2b is in parallel with it. The inductor L2 and
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the capacitors C2a and C2b form an electromagnetic resonator. Because

some of the inductor current can circulate in a loop including only
L2, C2a and C2b (plus parasitic resistance), the quality factor of
this electromagnetic resonator can be relatively high, perhaps
greater than 100. To choose the values of C2a and C2b, one needs to
ensure that their series combination is resonant with L2 at the desired
operating frequency or.

1
. = Eg. 3

! 1
L 4 1
C2a C2b

[0018] It is preferred in some cases to operate the regonant receiver

at a relatively high frequency to maximize the quality factor of the
resonator. In other embodiments an operating frequency of 6.78 MHz
is used.

[0019] There would be gignificant utility for a dual-mode wireless
power receiver that could receive power from either an inductive
charger operating in the 100s of kHz or a resonant charger operating
at a frequency in the MHz range. The example discussed here has a
low-frequency operating range of 110-205 kHz and a high operation
frequency of 6.78 MHz, but the method is generally useful for any
two frequency bands separated by a factor of at least 5.

[0020] Although the circuit topologies of the inductive receiver and
the resgonant receiver are gimilar, the required inductance and
capacitance values are typically quite different, given the different
operating frequencies. For a given application, there are gome
constraints on the usable rectified voltage range. For example, for
mobile electronics that use Lithium-ion batteries, it is desirable
to produce a regulated 5V supply in order to charge the battery at
3.0 -4.2V. Thus the rectified voltage should be chosen in the range
of 5V - 15V such that a step-down regulator such as a buck regulator
or linear dropout regulator can be gelected to produce the regulated
5V supply efficiently. For a dual-mode receiver, this voltage range
should be observed in both modes. However, for the same value of
receive-coil inductance, a much higher voltage is generated at 6.78

MHz than at 100 kHz, given the fact that induced voltage is expressed
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by
V..,=oMIl, Eq. 4

where Vind is the induced voltage, M is the mutual inductance, Il
ig the source-coil current and w ig the operating angular frequency.
The mutual inductance M igs proportional to the square root of the
product of the source coil and receiver coil inductances. Thug, it
would be advantageous for the dual-mode receiver if the effective
inductance of the electromagnetic resonator were higher at low
frequencies than at high frequencies.
[0021] FIG. 3 shows the circuit topology 14 of the dual-mode receiver.
It has the property that the effective inductance of the
electromagnetic resonator ig much higher at low frequencies than at
high frequencies. This occurs because the capacitor C2a has an
impedance much lower than the inductor L3 at high frequencies, thus
it shunts L3. At low frequencieg, the two inductors appear in series
gso ag to give the required high inductance wvalue.
[0022] It is possible to make some rough approximations to better
understand the operation of the dual-mode receiver. Let us assume
that the inductance of L3 ig 10x the inductance of L2. Furthermore,
let us assume that the capacitance of C2g is roughly 100x the
capacitance of C2a or C2b. Finally, let us assume that the capacitors
are chosen such that the impedance of C2g is negligibly small at
6.78MHz, and that the impedances of C2a and C2b are negligibly large
at 100kHz. One can judge whether the capacitances are negligible by
comparing them to the impedance of the inductors.
[0023] At low frequency (100kHz), the C2a and C2b capacitors can be
approximated as open circuits. Thus the receiver circuit can be
reduced to a pure series LC circuit in which L2, L3 and C2g are the
series elements. The effective inductance is 11xL2. One can choose
C2g to combine with this inductance to create a series resonance at
100kHz, as required by the Qi specification.
[0024] At high frequency (6.78MHz), the C2g capacitor can be modeled
as a short circuit. The parallel combination of C2a and L3 is dominated
by C2a. Thus the receiver circuit can be reduced to a series-parallel

resonant circuit where L2, C2a and C2b are the active elements, similar
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to FIG. 2. This circuit can be tuned to resonance at 6.78MHz. The

effective inductance of this circuit at high frequency 1is
approximately equal to L2, although a gsmall contribution from L3 can
also be observed.

[0025] A wireless power receiver using this coil arrangement and
matching network can receive power either from an inductive charger
at low frequency (e.g., 100kHz-200kHz) or at high frequency (e.g.,
6.78 MHz). The same rectification and regulation produced by the
bridge rectifier 4 can be used, thus making maximum use of the active
circuitry. The frequency of the ac power can be detected and used
to determine which communications protocol to be used, if any.
[0026] The circuit of FIG. 3 can alsgo be used to implement a dual-mode
receiver in which high-Q resonances occur at both the first selective
frequency and the second selective frequency. Doing so regquires a
different methodology to choose the component values. For example,
guppose that the receiver is intended to support resonant wireless
power transfer at 200 kHz and at 6.78 MHz. Suppose that the inductance
of L3 is much larger than that of L2, as in the first example. One
can choose the capacitance valueg of C2a and C2g such that L3, C2a
and C2qg form a parallel-series resonator with a resonant frequency
of 200 kHz. At 6.78 MHz, L3 ig effectively shunted by C2a. Thus, one
can choose the value of C2b such that L3, C2a, C2g and C2b form a
series-parallel resonator with a resonant frequency of 6.78 MHz. Both
regsonators have high intrinsic quality factor becausge, unlike in the
inductive receiver circuit, there exists a path for circulating
current that comprises only passive elements.

[0027] In some inductive wirelegs power standards, load modulation
may be used for in-band communications. The load modulation may be
implemented through the use of switched capacitors Cc, as shown in
FIG. 4. Thege capacitors Cc apply some detuning when switched in,
presenting a variation in the impedance seen by the source amplifier,
which can be decoded to recover some information. The value of the
capacitorg Cc is typically on the order of the C2g capacitor. In the
high-frequency resonant mode, these capacitors can be used as voltage

clamps. Switching in the Cc capacitors couples the input terminals
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of the rectifier to ground with a low ac impedance. This can be used

as a protection mechanism, to limit the ac voltage applied to the
terminals of an IC that has a maximum voltage tolerance.

[0028] FIG. 5 showsg a coil arrangement 18 that can form two separate
inductors in the game plane of a printed circuit board, making it
possible to save circuit area. In the example of FIG. 5, the two
inductors are arranged in a planar, concentric fashion with the L3
inductor on the inside and the L2 inductor on the outside. The
orientation can also be reversed such that the L3 inductor is on the
outside and the L2 inductor is on the inside. Realizing the inductive
coil elements in a planar arrangement is advantageous because the
thickness of the coil assembly can be minimized. Realizing the
inductive coil elements in a concentric fashion ig advantageous
because it makes maximal use of a limited space. Both area and
thickness may be highly constrained in a portable electronic device.
The two coils have mutual inductance to each other, but this effect
can be accounted for in the tuning network. Other embodiments can
uge different arrangements to satisfy the requirements of inductors
L2 and L3. The connection points 1-3 illustrate the interconnection
points for the overall concentric arrangement 18. In addition to a
printed circuit board, any planar mass-production procegs may be used
to implement the inductive coil arrangement.

[0029] The diode bridge rectifier 4 can be replaced with a synchronous
rectifier 22 in any of the receiver circuits to reduce ohmic losses
as shown in FIG. 6. The synchronous rectifier 22 improves the
efficiency of rectification by replacing diodeg with actively
controlled switches such as transistors, usually power MOSFETs or
power BJTs. Historically, vibrator driven switches or motor-driven
commutators have also been used for mechanical rectifiers and
gynchronous rectification, which alsgso be used in accordance with the
invention.

[0030] Esgentially, the invention describes a receiver-gide circuit
that can operate either in a low-frequency inductive charging system
guch as Qi or a higher-frequency resonant wireless power system. The

invention allows for the use of complicated coil arrangements and
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one more passive component than a single-mode receiver. Moreover,
the dual-mode wireless power receiver can have a low-frequency
operating range of 110-205 kHz and a high operation frequency of 6.78
MHz, but the invention can generally be usgsed for any two frequency
bands separated by a factor of at least 5.

[0031] Although the present invention has been shown and described
with respect to several preferred embodiments thereof, various
changes, omissions and additions to the form and detail thereof, may
be made therein, without departing from the spirit and scope of the

invention.
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Claims

What is claimed is:

1. Adual-mode receiver comprising an electromagnetic resonator that
includes one or more inductive elements that are arranged to form
a receiver coil and a network of passive components arranged to form
a matching network, the electromagnetic resgonator having a first
gelective frequency defined in a low frequency range and a second
selective frequency defined in a high frequency range allowing for
a rectification circuit to operate in both the high frequency range
and low frequency range making maximum use of active circuits.

2. The dual-mode receiver of claim 1, wherein the one or more
inductive elements are arranged to produce a low-Q inductive charging
receiver in the low frequency range.

3. The dual-mode receiver of c¢laim 1, wherein the one or more
inductive elements are arranged to produce a high-Q inductive charging
receiver in the high frequency range.

4. The dual-mode receiver of claim 1, wherein the rectification
circuits comprise a bridge rectifier.

5. The dual-mode receiver of claim 1, wherein the rectification
circuits comprise a synchronous rectifier.

6. The dual-mode receiver of claim 1, wherein the electromagnetic
resonator comprises an inductive wireless component and a resonant
wireless power component.

7. The dual-mode receiver of claim 1, wherein the effective
inductance of the electromagnetic regonator is lowered at the high
frequency range.

8. The dual-mode receiver of claim 1, wherein the effective
inductance of the electromagnetic resonator is increased at the low
frequency range.

9. The dual-mode receiver of claim 1, wherein the one or more
inductive elementg comprise two inductive elementg desgigned to
receive low-frequency power and high-frequency power, and are
fabricated in the game plane of a printed circuit board.

10. The dual-mode receiver of claim 1, wherein the one or more

inductive elements are arranged in a concentric manner with the

10
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high-frequency element on the outside.

11. The dual-mode receiver of claim 1, where the one or more inductive
elements are arranged in a concentric manner with the high-frequency
element on the inside.

12. The dual-mode receiver of claim 1, wherein high-Q resonances occur
at both the first selective frequency and the gecond selective
frequency.

13. Awireless receiver comprising an electromagnetic resonator that
includes one or more inductive elements that are arranged to form
a receiver coil and a network of passive components arranged to form
a matching network, the electromagnetic resgonator having a first
gelective frequency defined in a low frequency range and a second
selective frequency defined in a high frequency range allowing for
a rectification circuit to operate in both the high frequency range
and low frequency range making maximum use of active circuits.
14. The wireless receiver of claim 13, wherein the one or more
inductive elements are arranged to produce a low-Q inductive charging
receiver in the low frequency range.

15. The wireless receiver of claim 13, wherein the one or more
inductive elements are arranged to produce a high-Q inductive charging
receiver in the high frequency range.

16. The wireless receiver of claim 13, wherein the rectification
circuits comprise a bridge rectifier.

17. The wireless receiver of claim 13, wherein the rectification
circuits comprise a synchronous rectifier.

18. The wirelegs receiver of claim 13, wherein the electromagnetic
resonator comprises an inductive wireless component and a resonant
wireless power component.

19. The wireless receiver of claim 13, wherein the effective
inductance of the electromagnetic regonator is lowered at the high
frequency range.

20. The wireless receiver of claim 13, wherein the effective
inductance of the electromagnetic resonator is increased at the low
frequency range.

21. The wireless receiver of claim 13, wherein the one or more

11
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inductive elementg comprise two inductive elementg desgigned to
receive low-frequency power and high-frequency power, and are
fabricated in the game plane of a printed circuit board.
22. The wireless receiver of claim 13, wherein the one or more
inductive elementg are arranged in a concentric manner with the
high-frequency element on the outside.
23. The wireless receiver of claim 13, where the one or more inductive
elements are arranged in a concentric manner with the high-frequency
element on the inside.
24 . The wirelegg receiver of claim 13, wherein high-Q resonances occur
at both the first selective frequency and the gecond selective
frequency.
25. A method of performing the operations of a wireless receiver
comprising:

arranging an electromagnetic resonator to include one or more
inductive elements that are arranged to form a receiver coil and a
network of passive components arranged to form a matching network;
and

providing the electromagnetic resonator having a first selective
frequency defined in a low frequency range and a second sgelective
frequency defined in a high frequency range allowing for a
rectification circuit to operate in both the high frequency range
and low frequency range making maximum use of active circuits.
26. The method of c¢laim 25, wherein the one or more inductive elements
are arranged to produce a high-Q inductive charging receiver in the
low frequency range.
27. The method of ¢laim 25, wherein the one or more inductive elements
are arranged to produce a low-Q inductive charging receiver in the
high frequency range.
28. The method of claim 25, wherein the rectification and regulation
circuits comprise a bridge rectifier.
29. The method of claim 25, wherein the rectification and regulation
circuits comprise a synchronous rectifier.
30. The method of claim 25, wherein the electromagnetic resonator

comprises an inductive wireless component and a resonant wireless

12
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power component.

31. The method of claim 25, wherein the effective inductance of the
electromagnetic resonator is lowered at the high frequency range.
32. The method of claim 25, wherein the effective inductance of the
electromagnetic resonator is increased at the low frequency range.
33. The method of claim 25, wherein the one or more inductive elements
comprise two inductive elements designed to receive low-frequency
power and high-frequency power, and are fabricated in the same plane
of a printed circuit board.

34. The method of ¢laim 25, wherein the one or more inductive elements
are arranged in a concentric manner with the high-frequency element
on the outside.

35. The method of claim 25, where the one or more inductive elements
are arranged in a concentric manner with the high-frequency element
on the inside.

36. The method of claim 25, wherein high-Q resonances occur at both

the first selective frequency and the second selective frequency.

13
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