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(57) ABSTRACT

A lighting device having wireless resonant coupling includes
a wireless power transmitter unit and a light module that
includes a light source. The wireless power transmitter unit
is configured to provide power to the light module wirelessly
by transmitting a power waveform to the light module. An
amplitude of a fundamental frequency component of the
power waveform equals an amplitude of a third harmonic
frequency component of the power waveform.
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LIGHT FIXTURE WITH WIRELESS
RESONANT COUPLING

TECHNICAL FIELD

[0001] The present disclosure relates generally to lighting
fixtures, and more particularly to light fixtures having a
wireless power transmitter.

BACKGROUND

[0002] Some light fixtures (e.g., light emitting diode
(LED) light fixtures) include a wireless power transmitter
that wirelessly provides power to the light source of the light
fixtures via a power receiving component of the light
fixtures. The power receiving component of such light
fixtures is preferably consistently spaced for optimum power
transfer from the wireless power transmitter of the light
fixture. For example, the optimum and consistent separation
can facilitate power efficiency and minimize variations in
the light provided by multiple light fixtures. However,
installing the wireless power transmitter and the power
receiving component of light fixtures separated at an opti-
mum and consistent distance from each other may be
challenging. Thus, a solution that accommodates variations
in the separation between the wireless power transmitter and
the power receiving component of LED light fixtures may be
desirable.

SUMMARY

[0003] The present disclosure relates generally to lighting
fixtures, and more particularly to light fixtures having a
wireless power transmitter. In an example embodiment, a
lighting device having wireless resonant coupling includes a
wireless power transmitter unit and a light module that
includes a light source. The wireless power transmitter unit
is configured to provide power to the light module wirelessly
by transmitting a power waveform to the light module. An
amplitude of a fundamental frequency component of the
power waveform equals an amplitude of a third harmonic
frequency component of the power waveform.

[0004] In another example embodiment, a method of
operation of a resonant coupling wireless light fixture
includes providing power, by a wireless power transmitter
unit of the resonant coupling wireless light fixture, to a light
module of the resonant coupling wireless light fixture by
transmitting a power waveform. The method further
includes receiving, by the light module, the power wave-
form, and providing, by the light module, a light based on
the power received from the wireless power transmitter unit
via the power waveform, where a fundamental frequency
component of the power waveform and a third harmonic
frequency component of the power waveform have equal
amplitudes.

[0005] These and other aspects, objects, features, and
embodiments will be apparent from the following descrip-
tion and the appended claims.

BRIEF DESCRIPTION OF THE FIGS.

[0006] Reference will now be made to the accompanying
drawings, where:

[0007] FIG. 1 illustrates a resonant coupling wireless light
fixture according to an example embodiment;

[0008] FIG. 2 is a graph showing the relationship between
distance between the wireless power transmitter unit and the
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light module of the light fixture of FIG. 1 and leakage
inductance according to an example embodiment;

[0009] FIG. 3 illustrates details of the resonant coupling
light fixture of FIG. 1 according to an example embodiment;
[0010] FIG. 4 illustrates a wired circuit representative of
the light fixture of FIGS. 1 and 3 according to an example
embodiment;

[0011] FIG. 5 shows a graph of the relationship between
the distance D shown of FIG. 1 and the gain of the circuit
of FIG. 4 with respect to the fundamental frequency of the
power waveform according to an example embodiment;
[0012] FIG. 6 shows a graph of the relationship between
the distance D shown of FIG. 1 and the gain of the circuit
of FIG. 4 with respect to the third harmonic frequency of the
power waveform according to an example embodiment;
[0013] FIG. 7 shows a graph of the relationship between
the distance D shown in FIG. 1 and the combined gain of the
circuit of FIG. 4 with respect the fundamental and third
harmonic frequencies of the power waveform of FIG. 1
according to an example embodiment;

[0014] FIG. 8 illustrates a power waveform that is wire-
lessly provided to the light module of the resonant coupling
light fixture of FIG. 1 according to an example embodiment;
and

[0015] FIG. 9 illustrates the fundamental, third harmonic,
and fifth harmonic frequency components of the power
waveform of FIGS. 1 and 8 according to an example
embodiment.

[0016] The drawings illustrate only example embodiments
and are therefore not to be considered limiting in scope. The
elements and features shown in the drawings are not nec-
essarily to scale, emphasis instead being placed upon clearly
illustrating the principles of the example embodiments.
Additionally, certain dimensions or placements may be
exaggerated to help visually convey such principles. In the
drawings, the same reference numerals that are used in
different drawings designate like or corresponding, but not
necessarily identical elements.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

[0017] In the following paragraphs, particular embodi-
ments will be described in further detail by way of example
with reference to the figures. In the description, well known
components, methods, and/or processing techniques are
omitted or briefly described. Furthermore, reference to vari-
ous feature(s) of the embodiments is not to suggest that all
embodiments must include the referenced feature(s).

[0018] FIG. 1 illustrates a resonant coupling wireless light
fixture 100 according to an example embodiment. In some
example embodiments, the light fixture 100 may be a
lighting device that provides an illumination light. The light
fixture 100 may include a wireless power transmitter unit
102 and a light module 104. The wireless power transmitter
unit 102 wirelessly provides power to the light module 104,
and the light module 104 operates using the power wire-
lessly received from the wireless power transmitter unit 102.
The wireless power transmitter unit 102 may wirelessly
provide power to the light module 104 by transmitting a
power waveform 120 to the light module 104 wirelessly. As
shown in FIG. 1, the wireless power transmitter unit 102 and
the light module 104 may be spaced from each other by a
distance D. In particular, a coil 110 of the wireless power
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transmitter unit 102 and a coil 112 of the light module 104
are separated by the distance D.

[0019] Insome example embodiments, the wireless power
transmitter unit 102 includes an interface module 106 and a
power waveform generator 108. For example, the interface
module 106 may be an alternating current (AC)-to-direct
current (DC) converter that receives an AC voltage and
outputs DC voltage. To illustrate, the interface module 106
may receive AC voltage via an input connection 122, for
example, from utility power supply. In some alternative
embodiments, the interface module 106 may include a
DC-t0-DC converter that receives, for example, input DC
voltage having a particular voltage level via the input
connection 122 and outputs output DC voltage that has a
different level. In some alternative embodiments, the inter-
face module 106 may include one or more wiring connec-
tions that directly (i.e., without conversion) transfer the DC
input voltage received via the input connection 122 to the
power waveform generator 108.

[0020] Insome example embodiments, the wireless power
transmitter unit 102 includes a coil 110 that is coupled to the
power waveform generator 108. The power waveform gen-
erator 108 along with the coil 110 may generate and wire-
lessly transmit the power waveform 120 using the DC
voltage from the interface module 106.

[0021] In some example embodiments, the light module
104 includes a coil 112, a resonance capacitor 114, DC
power circuitry 124, a light source 116 (e.g., LED light
source), and feedback circuitry 118. The light module 104
may receive the power waveform 120 from the wireless
power transmitter unit 102 via the coil 112. The coil 112 is
coupled to the resonance capacitor 114. The resonance
capacitor 114 may include a fixed capacitor and a switched
capacitor as explained below in more detail. The switched
capacitor may be controlled by the feedback circuitry 118
based on the current flowing through the light source 116.
The DC power circuitry 124 may provide DC voltage/
current to the light source 116 from the power received from
the wireless power transmitter unit 102 via the coil 112. For
example, the DC power circuitry 124 may include a rectifier
and a DC output capacitor that provide DC voltage/current
to the light source 116.

[0022] In some example embodiments, the feedback cir-
cuitry 118 includes a current sensor and pulse width modu-
lation (PWM) circuit. The current sensor may sense the
current flowing through the light source 116, and the PWM
circuit may generate a PWM signal based on the current
flowing through the light source 116. For example, the PWM
circuit may change (e.g., increase and decrease) and main-
tain the pulse width of the PWM signal based on the amount
of the current flowing through the light source 116. The
PWM signal is provided to the switched capacitor of the
resonance capacitor 114 to control (e.g., increase, decrease,
and maintain) the capacitance of the switched capacitor
based on the pulse width of the PWM signal, effectively
controlling the capacitance of the resonance capacitor 114,
as can be readily understood by those of ordinary skill in the
art. Changing the capacitance of the resonance capacitor 114
based on the current flowing through the light source 116 can
enable the control of the power provided to the light source
116, and thus the light emitted by the light source 116.
[0023] In some example embodiments, the power wave-
form 120 has characteristics that allow for variations in the
distance D between the coil 110 and the coil 112 without
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significant variations in the light provided by the light source
116. To illustrate, the power provided to the light source 116
and the corresponding intensity of the light provided by the
light source 116 depend on the leakage inductance L that
itself depends on the distance D between the coil 110 and the
coil 112 as shown in FIG. 2.

[0024] FIG. 2 is a graph showing the relationship between
distance D separating the coil 110 of the wireless power
transmitter unit 102 and the coil 112 of the light module 104
of the light fixture 100 of FIG. 1 and the resulting leakage
inductance according to an example embodiment. As shown
in FIG. 2, the leakage inductance I proportional to the
distance D between the coils 110 and 112. To illustrate, as
the leakage inductance L increases the distance D between
the coils 110 and 112 increases and as the leakage inductance
L decreases the distance D between the coils 110 and 112
decreases.

[0025] Referring to FIGS. 1 and 2, in some example
embodiments, to accommodate different values of the dis-
tance D separating the coils 110, 112 that correspond to
different values of the leakage inductance L, the wireless
power transmitter unit 102 may generate the power wave-
form 120 such that the power waveform 120 has a funda-
mental frequency component and a third harmonic fre-
quency component that are substantially equally dominant
frequency components of the power waveform 120. For
example, the amplitude of the fundamental frequency com-
ponent of the power waveform 120 may be equal to the
amplitude of the third harmonic frequency component as
explained in more detail with respect to FIGS. 8 and 9. As
can be readily understood by those of ordinary skill in the
art, the amplitudes of the fundamental frequency component
and the third harmonic frequency component may be
slightly different from each other within a tolerance margin.
[0026] As explained in more detail below, the equal or
substantially equal amplitudes of the fundamental frequency
component and the third harmonic frequency component can
minimize the difference in the power delivered to the light
source 116 at different values of the leakage inductance L.
corresponding to respective values of the distance D. In
addition, by adjusting the capacitance of the resonance
capacitor 114 based on the current flowing through the light
source 116, the differences in the power delivered to the light
source 116 for a range of the values of the leakage induc-
tance L corresponding to a range of values of the distance D
can be minimized.

[0027] In some alternative embodiments, the amplitude of
the fundamental frequency component may be equal to both
the amplitude of the third harmonic frequency component
and the amplitude of the fifth harmonic frequency compo-
nent of the power waveform 120. As can be readily under-
stood by those of ordinary skill in the art, the amplitudes of
the fundamental frequency component, the third harmonic
frequency component, and the fifth harmonic frequency
component may be slightly different from each other within
a tolerance margin. The equal or substantially equal ampli-
tudes of the fundamental frequency component, the third
harmonic frequency component, and the fifth harmonic
frequency component can minimize differences in the power
delivered to the light source 116 at different values of the
leakage inductance L corresponding to respective values of
the distance D. In addition, by adjusting the capacitance of
the resonance capacitor 114 based on the current flowing
through the light source 116, the differences in the power
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delivered to the light source 116 for a range of the values of
the leakage inductance L corresponding to a range of values
of the distance D can be minimized.

[0028] By using the power waveform 120 to wirelessly
transmit power from the wireless power transmitter unit 102
to the light module 104, the light fixture 100 can accom-
modate variations in the separation between the wireless
power transmitter unit 102 and the light module 104 with
relatively small or no changes in the light provided by the
light fixture 100. As a non-limiting example, the separation
(i.e., the distance D) between the wireless power transmitter
unit 102 and the light module 104 may be varied by up to 10
mm with no or minimal and acceptable changes in the light
provided by the light fixture 100. In some example embodi-
ments, the distance D may be larger or smaller than 10 mm
without departing from the scope of this disclosure.

[0029] In some alternative embodiments, the wireless
power transmitter unit 102 may include more or fewer
and/or different components than shown without departing
from the scope of this disclosure. In some alternative
embodiments, one or more components (e.g., the interface
module 106) of the wireless power transmitter unit 102 may
be omitted without departing from the scope of this disclo-
sure. In some alternative embodiments, the light module 104
may include more or fewer and/or different components than
shown without departing from the scope of this disclosure.
In some alternative embodiments, one or more components
of'the light module 104 may be omitted or integrated without
departing from the scope of this disclosure.

[0030] FIG. 3 illustrates details of the resonant coupling
light fixture 100 of FIG. 1 according to an example embodi-
ment. Referring to FIGS. 1-3, in some example embodi-
ments, the wireless power transmitter unit 102 of the light
fixture 100 may be coupled to an AC power source 302 (e.g.,
utility power supply) and may provide power to the light
module 104 using the power waveform 120. For example,
the wireless power transmitter unit 102 may receive AC
voltage from the AC power source 302 via the input con-
nection 122.

[0031] Insome example embodiments, the wireless power
transmitter unit 102 of the light fixture 100 includes the
interface module 106, a pulse generator 304, and an
H-bridge circuit 308. For example, the power waveform
generator 108 described with respect to FIG. 1 may include
the pulse generator 304 and the H-bridge circuit 308. The
interface module 106 may be or include an AC-to-DC
converter that generates DC voltage from the AC voltage
received provided by the AC power supply 302. The inter-
face module 106 may be coupled to the H-bridge circuit 308
and may provide the DC voltage to the H-bridge circuit 308.
The H-bridge circuit 308 may include transistors 310, 312,
314, 316 that are controlled by the pulse generator 304, for
example, by driving the gates of the transistors 310, 312,
314, 316 using respective gate control pulses.

[0032] Insome example embodiments, the pulse generator
304 may include a controller 306 that executes software
code stored in a memory device to generate gate control
pulses to control the operation of the H-bridge circuit 308.
The pulse generator 304 may also include other components
such as a timer, etc. as can be readily understood by those of
ordinary skill in the art with the benefit of the scope of this
disclosure. The controller 306 may control the H-bridge
circuit 308 using the gate control pulses to generate and
transmit the power waveform 120 via the coil 110. To
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illustrate, the pulse generator 304 may generate the gate
control pulses such that the transistors 310, 316 are on while
the transistors 312, 314 are off and such that the transistors
310, 316 are off while the transistors 312, 314 are on. The
controller 306 may vary the duration of individual gate
control pulses to define the pulse widths of pulses of the
power waveform 120. An example of the power waveform
120 generated and transmitted by the wireless power trans-
mitter unit 102 is shown in FIG. 8.

[0033] As described above, the light module 104 is
designed to be installed/positioned separated by a distance D
from the wireless power transmitter unit 102. In some
example embodiments, the light module 104 includes the
coil 112, a switched capacitor 318, and a fixed capacitor 320.
The coil 112 may be coupled to the switched capacitor 318
and the fixed capacitor 320. For example, the resonance
capacitor 114 of the light module 104 described with respect
to FIG. 1 may include the switched capacitor 318 and the
fixed capacitor 320. The transfer of power from the wireless
power transmitter unit 102 to the light source 116 of the light
module 104 depends on the switched capacitor 318 and the
fixed capacitor 320 along with the leakage inductance L
between the coils 110 and 112.

[0034] In some example embodiments, the light module
104 includes a rectifier 322 and a DC output capacitor 324
that provide DC voltage/current to the light source 116 based
on the power waveform 120 received via the coil 112. To
illustrate, the rectifier 322 may be coupled to the switched
capacitor 318 and the fixed capacitor 320. The rectifier 322
may be a bridge rectifier as shown in FIG. 3 or may be
another type of full wave rectifier as can be readily under-
stood by those of ordinary skill in the art with the benefit of
the scope of this disclosure. The DC output capacitor 324
serves to smooth out the output of the rectifier 322 as can be
readily understood by those of ordinary skill in the art with
the benefit of the scope of this disclosure. The intensity of
the light provided by the light source 116 may depend on the
amount of power delivered to the light source 116 by the
wireless power transmitter unit 102. The amount of power
delivered to the light source 116 may depend on the leakage
inductance L between the coils 110 and 112 and the switched
capacitor 318 and the fixed capacitor 320 defining the
resonance capacitor 114 as explained in more detail with
respect to FIG. 4.

[0035] In some example embodiments, the light module
104 includes a current sensor 326 and a PWM circuit 328.
For example, the feedback circuitry 118 of FIG. 1 may
include the current sensor 326 and the PWM circuit 328. The
current sensor 326 may be coupled to the light source 116 to
sense the amount of current flowing through the light source
116. The current sensor 326 may output a DC signal
indicative of the amount of current flowing through the light
source 116. The PWM circuit 328 may be coupled to the
current sensor 326 and may generate a PWM signal 330
based on the amount of current flowing through the light
source 116 as indicated by the current sensor 326. For
example, the PWM circuit 328 may include a DC to PWM
converter circuit. The PWM circuit 328 may adjust the pulse
width of the PWM signal 330 based on the amount of current
flowing through the light source 116 to adjust (e.g., increase
or decrease) or maintain the capacitance of the switched
capacitor 318, which can result in changing or maintaining
the power transferred to the light source 116 from the
wireless power transmitter unit 102. The desired relationship
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between current amounts and pulse widths of the PWM
signal 330 may be predetermined, for example, empirically
or through calculations.

[0036] In some alternative embodiments, the wireless
power transmitter unit 102 may include more, fewer, and/or
different components than shown without departing from the
scope of this disclosure. In some alternative embodiments,
one or more of components the wireless power transmitter
unit 102 may be omitted without departing from the scope
of this disclosure. In some alternative embodiments, the
light module 104 may include more, fewer, and/or different
components than shown without departing from the scope of
this disclosure. For example, a different type of current
sensor or rectifier may be used. In some alternative embodi-
ments, one or more components of the light module 104 may
be omitted or integrated without departing from the scope of
this disclosure.

[0037] FIG. 4 illustrates a wired circuit 400 representative
of the light fixture 100 of FIGS. 1 and 3 according to an
example embodiment. Referring to FIGS. 1-4, in some
example embodiments, the circuit 400 includes a waveform
generator 402 that outputs the power waveform 120. To
illustrate, the waveform generator 402 represents the wire-
less power transmitter unit 102 with respect to the genera-
tion of the power waveform 120. The circuit 400 also
includes a resonance inductor 404 corresponding to the
leakage inductance L. between the coils 110 and 112 shown
in FIGS. 1 and 3. The remaining components of the circuit
400 correspond to the components of the light module 104
shown in FIGS. 1 and 3. For example, the circuit 400
includes the resonance capacitor 114 that includes the
switched capacitor 318 and the fixed capacitor 320. The
switched capacitor 318 may include a capacitor 406 and a
transistor 408 (e.g., a MOSFET), where the transistor 408 is
controlled by the PWM circuit 328 using the PWM signal
330 to control the capacitance of the switched capacitor 318
and thus, the capacitance of the resonance capacitor 114.
[0038] Insome example embodiments, the circuit 400 also
includes the rectifier 322, the DC output capacitor 324, the
light source 116, the cwrrent sensor 326, and the PWM
circuit 328 that are included in the light module 104 shown
in FIG. 3. The light source 116 may include one or more
LEDs 410, and the current sensor 326 may include a resistor
412 and an operational amplifier 414 that operate to output
a signal indicative of the current flowing through the light
source 116.

[0039] In some example embodiments, the gain G of the
circuit 400 can be estimated/calculated using Equation 1
below:

1 Eq. 1
2nfLC\/(2”f)2 (7)- % +(%)2 *(;f;fe)z

[0040] In Equation 1, G is the gain of the circuit 400,
which represents the efficiency of power transfer to the light
source 116 from the waveform generator 402 (corresponding
to the wireless power transmitter unit 102). Further, f is a
frequency of a frequency component of the power waveform
120, L is the resonance inductance of the resonance inductor
404 corresponding to the leakage inductance L between the
coils 110 and 112 shown in FIGS. 1 and 3, C is the resonance
capacitance of the resonance capacitor 114, r represents wire

G=

May 16, 2024

resistance shown in FIG. 4, and R represents the load that
includes the light source 116.

[0041] As can be readily understood from Equation 1, the
gain G depends on the values of the resonance capacitance
C and the resonance inductance L, and the resonance induc-
tance L depends on the distance D between the coils 110 and
112 as explained above with respect to FIG. 2. The gain G
is generally highest at the resonance frequency of the circuit
400, where the value of the resonance frequency depends the
value of the resonance inductance L that depends on the
distance D. In addition, the resonance frequency of the
circuit 400 depends on the value of the resonance capaci-
tance C, which can be changed/tuned by adjusting the
capacitance of the switched capacitor 318 as described
above with respect to FIG. 3.

[0042] With respect to a particular frequency component
of the power waveform 120, the gain G of the circuit 400 is
highest when the frequency of the particular frequency
component matches the resonance frequency of the circuit
400. To illustrate, for a particular value of the resonance
capacitance C, a first value of the distance D may correspond
to a particular value of the resonance inductance L, where
the resulting value of the resonance frequency of the circuit
400 matches the frequency of the fundamental frequency
component of the power waveform 120. For example, FIG.
5 shows a graph 500 of the relationship between the distance
D and the gain G with respect to a fundamental frequency of
the power waveform 120 according to an example embodi-
ment. To illustrate, in FIG. 5, the fundamental frequency
(i.e., the frequency of the fundamental frequency component
of the power waveform 120) may be 25 KHz, and the
resonance capacitor C may have a value of 0.45 pF, at least
at the highest gain value. As explained above with respect to
FIG. 3, the resonance capacitance C may be changed/tuned
to have the desired capacitance value by changing/tuning the
capacitance of the switched capacitor 318. As can be readily
observed from FIG. 7, the highest value of the gain G occurs
when the distance D is approximately 12 mm (millimeters).
In some alternative embodiments, the gain G with respect to
the fundamental frequency of the power waveform 120 may
be different than shown in FIG. 5 without departing from the
scope of this disclosure.

[0043] In some example embodiments, for another value
of the resonance capacitance C, a second value of the
distance D may correspond to another value of the resonance
inductance L, where the resulting value of the resonance
frequency of the circuit 400 matches the frequency of the
third harmonic frequency component of the power wave-
form 120. For example, FIG. 6 shows a graph 600 of the
relationship between the distance D and the gain G with
respect to a third harmonic frequency of the power wave-
form 120. In FIG. 6, the third harmonic frequency (i.e., the
frequency of the third harmonic frequency component of the
power waveform 120) may be 75 KHz, and the resonance
capacitor C may have a value of 0.11 puF, at least at the
highest gain value. As explained above with respect to FIG.
3, the resonance capacitance C may be changed/tuned to
have the desired capacitance value by changing/tuning the
capacitance of the switched capacitor 318. As can be readily
observed from FIG. 6, the highest value of the gain G occurs
when the distance D is approximately 5 mm (millimeters).
In some alternative embodiments, the gain G with respect to
the third harmonic frequency of the power waveform 120
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may be different than shown in FIG. 6 without departing
from the scope of this disclosure.

[0044] FIG. 7 shows a graph of the relationship between
the distance D shown in FIG. 1 and the combined gain of the
circuit 400 shown in FIG. 4 with respect the fundamental
and third harmonic frequencies of the power waveform 120
of FIG. 1 according to an example embodiment. In FIG. 7,
the peak values of the combined gain correspond to the
highest values of the gain G shown in FIGS. 5 and 6.
Referring to FIGS. 1-7, in contrast to the individual gains
with respect to the fundamental and third harmonic frequen-
cies shown in FIGS. 5 and 6, the combined gain shown in
FIG. 7 remains within a relatively narrow range for a larger
range of values of the distance D between the coils 110, 112.
In particular, at the values of the distance D resulting in the
resonant frequency of the circuit 400 matching the funda-
mental and third harmonic frequencies of the power wave-
form 120, the difference in the values of the combined gain
is minimal. To maintain the gain G in a narrow range for a
range of values of the resonance inductance L, the resonance
capacitance C can be set/changed by the PWM circuit 328
by controlling the capacitance of the switched capacitor 318
based on the current flowing through the light source 116. In
some alternative embodiments, the combined gain may be
different than shown in FIG. 7 without departing from the
scope of this disclosure.

[0045] FIG. 8 illustrates the power waveform 120 (also
labelled f(t) in FIG. 8) that is wirelessly provided to the light
module 104 of the resonant coupling light fixture 100 of
FIG. 1 according to an example embodiment, and FIG. 9
illustrates the fundamental, third harmonic, and fifth har-
monic frequency components of the power waveform 120 of
FIGS. 1 and 8 according to an example embodiment. Refer-
ring to FIGS. 1-9, in some example embodiments, the power
waveform 120 may be a pulse wave as shown in FIG. 8. For
example, as shown in FIG. 8, the power waveform 120 may
be a periodic pulse wave/waveform that has a high value
during first two durations D1, D2 (i.e., the first duration D1
and the second duration D2) in a half portion of a period T
and a low value during second two durations D3, D4 (i.e.,
the third duration D3 and the fourth duration D4) in the other
half portion of the period T, where the first two durations D1,
D2 are separated from each other by a duration D5, where
the second two durations D3, D4 are separated from each
other by a duration D6, where the waveform has the low
value during the duration D5, where the waveform has the
high value during the duration D6. The high value (shown as
1 in FIG. 8) and the low value (shown as —1 in FIG. 8) can
be scaled and/or offset as can be readily understood by those
of ordinary skill in the art with the benefit of the scope of this
disclosure.

[0046] In some example embodiments, the duration D5
may equal the duration D6. For example, the duration D5
and the duration D6 may each be 28 wide as shown in FIG.
8. The sum of 23 and the durations D1 and D2 equals half
of the period T, which generically is shown as being equal
to 1 in FIG. 8 and can be scaled based on a particular
frequency as can be readily understood by those of ordinary
skill in the art with the benefit of the scope of this disclosure.
The sum of 28 and the durations D3 and D4 also equals half
of the period T. The sum of 3 and any one of the durations
D1, D2, D3, or D4 equals a quarter of the period T.

[0047] In some example embodiments, the power wave-
form 120 may be described as a periodic pulse wave/
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waveform that includes, within a period T of the pulse
wave/waveform, two high pulses with the durations D1 and
D2 in a half portion of the period and two low pulses with
durations D3 and D4 in the other half portion of the period,
where the two high pulses are separated by a low pulse with
the duration D5 and where the two low pulses are separated
by a high pulse with the duration D6.
[0048] Equation 2 below provides a Fourier series repre-
sentation of power waveform 120 represented by f(t):
fO=a AL, 2 a, cos(non)+b, sin(nwt) Eq. 2

where

Fods;
Tf,o

f 0 f)cos(kwt)dt; and
0

j: e

sin(kot) dt, where k is odd and positive integer representing
to the fundamental and odd harmonics of f(t).

[0049] In Equation 2, because f(t) is symmetrical and
therefore has zero time-average value, a,=0. Further, a,
equals zero as determined according to Eq. 3 below:

f cos(kwt)dt —
0

0*1+ 7 3
f cos(kwt)dt + f cos(kwt)dt — f
10+176 t0tg +6 o+

7
0+T+6 otT
f cos(kwt)dt—f cos(kwn)dt| =0
10+£76 10+¥+6

b, can be determined according to Eq. 4 below:

Eq. 3

cos(kwt)dt +

NI‘\]

Eq. 4
by =
2

sin(kwt)dt — r sin(kwi)dt + r sin(kwi)dt —
T 0 10+176 10+K+6

0+¥76 0+¥+6 0tT
f 1 singkwnds + f o sin(kend: - f oy sinGkonds
0ty 10+T76 10+T+6

[0050] Equation 4 can be reduced to Equation 5 shown
below:

Eq. 5
4 - 8=\ sinkrs) 4

b,
k= kn

where k is odd and positive integer corresponding to the
fundamental and odd harmonic frequency components of
f(t) (i.e., power waveform 120). Because a, and a, in Equa-
tion 2 are zero, Equation 2 is reduced to Equations 6 and 7
shown below:
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SfH=X,_,"b,, sin(nwt) Eq. 6
S(H=b, sin(0N)+b; sin(3wi)+bs sin(So)+. . . Eq. 7
2m
w=—=.
T

where In Equation 7, for k=1, b, is b, and represents the
amplitude of the fundamental frequency component. For
k=3, b, is b; and represents the amplitude of the third
harmonic component. For k=5, b, is b5 and represents the
amplitude of the third harmonic component.

TABLE 1

shows simplified forms of Equation 5 for different values of k with the
period T set to 1.

k by

1 4 — 8 sin(2nd)
bid

3 4 + 8 sin(676)
3r

5 4 — 8 sin(1076)
S5t

[0051] As shown in FIG. 9, the power waveform 120 may
have a fundamental frequency component 902 and a third
harmonic frequency component 904. In contrast to a typical
square waveform, where an amplitude of the third harmonic
frequency component is one-third of the amplitude of the
fundamental frequency component, in FIG. 9, the amplitude
of the third harmonic frequency component 904 of the
power waveform 120 equals the amplitude of the funda-
mental frequency component 902. To generate the power
waveform 120 of FIG. 8 that includes the frequency com-
ponents shown in FIG. 9, the durations D5 and D6 shown in
FIG. 8, which equal 25 each, are determined by solving for
& in Equation 5 using the corresponding equations for b, and
b, in Table 1 set equal to each other.

[0052] To illustrate, & equals 0.0272 and 26 (i.e., each
duration D5, D6) equals 0.0544 (i.e., 5.44% of T) in FIG. 8
when the fundamental frequency component 902 and the
third harmonic frequency component 904 have equal ampli-
tudes as shown in FIG. 9 (i.e., when b, is set equal to b;). As
shown in FIG. 9, the fifth harmonic component 906 of the
power waveform 120 has an amplitude that is a fraction of
the amplitude of the fundamental frequency component 902.
Referring to FIGS. 1-9, if, for example, the frequency of the
power waveform 120 is 100 KHz, T equals 10 ps, and 2 &
equals 0.544 ps. After the durations D5 and D6 are deter-
mined, the durations D1-D4 may be determined based on the
durations D5 and D6 and the period T as can be readily
understood by those of ordinary skill in the art with the
benefit of the scope of this disclosure. The wireless power
transmitter unit 102 of FIG. 1 may generate the power
waveform 120 with the desired values of the durations (i.e.,
D1, D2, D3, D4, D5, D6) such that the fundamental fre-
quency component 902 and the third harmonic frequency
component 904 of the power waveform 120 have equal or
substantially equal amplitudes.
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[0053] Because the fundamental frequency component
902 and the third harmonic frequency component 904 are
equal and because the reasonably consistent gain G of the
light fixture 100 of FIGS. 1 and 3 (as represented by the
circuit 400 of FIG. 4) at the frequencies of the frequency
components 902, 904, the amount of power transferred to
the light source 116 of the light fixture 100 and the light
provided by the light source 116 can remain reasonably
consistent at different separations of the wireless power
transmitter unit 102 and the light module 104. In addition,
because the gain G of the light fixture 100 of FIGS. 1 and
3 is within a relatively narrow range for a range of values of
the distance D as shown in FIG. 7, the amount of power
transferred to the light source 116 of the light fixture 100 and
the light provided by the light source 116 can remain
reasonably consistent for a range of the distance D.

[0054] Referring to FIGS. 1-9, in general, the method of
operation of the light fixture 100 in providing a light
includes the step of providing power, by the wireless power
transmitter unit 102, wirelessly to the light module 104 by
wirelessly transmitting the power waveform 120. The
method further includes the steps of receiving, by the light
module 104, the power waveform 120 transmitted by the
wireless power transmitter unit 102 and providing, by the
light module 104, a light based on the power received from
the wireless power transmitter unit 102 via the power
waveform 120. As described above, the fundamental fre-
quency component 902 of the power waveform 120 and the
third harmonic frequency component 904 of the power
waveform 120 have equal amplitudes.

[0055] In some alternative embodiments, the power wave-
form 120 may be generated such that the amplitude of the
fifth harmonic component 906 and/or another frequency
component of the power waveform 120 has/have the same
amplitude as the fundamental frequency component 902 and
the third harmonic frequency component 904 by determin-
ing the durations D1-D6 of the power waveform 120 in a
similar manner as described above with respect to the
fundamental frequency component 902 and the third har-
monic frequency component 904. In some alternative
embodiments, the power waveform 120 may have different
durations, pulses, etc. than shown while having the same
amplitude for different frequency components without
departing from the scope of this disclosure.

[0056] Although particular embodiments have been
described herein in detail, the descriptions are by way of
example. The features of the embodiments described herein
are representative and, in alternative embodiments, certain
features, elements, and/or steps may be added or omitted.
Additionally, modifications to aspects of the embodiments
described herein may be made by those skilled in the art
without departing from the scope of the following claims,
the scope of which are to be accorded the broadest inter-
pretation so as to encompass modifications and equivalent
structures.

1. A lighting device having wireless resonant coupling,
the lighting device comprising:

a wireless power transmitter unit including a first coil
configured to wirelessly transmit a power waveform;

a light module comprising a light source and a second coil
located at a distance from the first coil and configured
to receive the power waveform, the light module con-
figured to provide a light, wherein the wireless power
transmitter unit is configured to provide power to the
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light module wirelessly by transmitting a power wave-
form to the light module and wherein an amplitude of
a fundamental frequency component of the power
waveform equals an amplitude of a third harmonic
frequency component of the power waveform to mini-
mize differences in the power waveform delivered to
the light source at different values of the distance.

2. The lighting device of claim 1, wherein the power
waveform is a periodic pulse wave having a high value
during a first duration and during a second period and a low
value during a third duration and during a fourth duration,
wherein the first period and the second period are in a first
half portion of a period of the periodic pulse wave and
separated from each other by a fifth duration, and wherein
the third period and the fourth period are in second half
portion of the period and separated from each other by a
sixth duration.

3. The lighting device of claim 2, wherein the periodic
pulse wave has the low value during the first duration and
wherein the periodic pulse wave has the high value during
the second duration.

4. The lighting device of claim 2, wherein the first two
durations are equal to each other and wherein the second two
durations are equal to each other.

5. The lighting device of claim 2, wherein the first
duration D5 and the second duration each is approximately
5.44 percent of the period of the periodic pulse wave.

6. The lighting device of claim 1, wherein an amplitude of
a fifth harmonic frequency component of the power wave-
form is approximately one-fifth of the amplitude of the
fundamental frequency component of the power waveform.

7. The lighting device of claim 1, wherein an amplitude of
a fifth harmonic frequency component of the power wave-
form equals the amplitude of the fundamental frequency
component of the power waveform.

8. The lighting device of claim 1, wherein the wireless
power transmitter unit is configured to receive alternating
current voltage and generate the power waveform based on
the AC voltage.

9. The lighting device of claim 8, wherein the wireless
power transmitter unit comprises an AC to DC converter
configured to generate a DC voltage from the AC voltage
and wherein the wireless power transmitter unit is config-
ured to generate the power waveform using the DC voltage.
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10. The lighting device of claim 1, wherein the wireless
power transmitter unit is configured to receive direct current
voltage and generate the power waveform based on the DC
voltage.

11. The lighting device of claim 1, wherein the wireless
power transmitter unit comprises a controller and an
H-bridge circuit and wherein the controller is configured to
control the H-bridge circuit to generate the power waveform.

12. The lighting device of claim 11, wherein the first coil
is coupled to the H-bridge circuit and configured to wire-
lessly transmit the power waveform and the second coil is
configured to receive the power waveform.

13. The lighting device of claim 11, wherein the light
module further comprises a switched capacitor having a
capacitance that is controlled based on a DC current flowing
through the light source.

14. The lighting device of claim 13, wherein the light
module further comprises a current sensor and a pulse width
modulation circuit, wherein the current sensor is configured
to sense the DC current flowing through the light source, and
wherein the PWM circuit is configured to control the
switched capacitor based on the DC current flowing through
the light source indicated by the current sensor.

15. A method of operation of a resonant coupling wireless
light fixture, the method comprising:

providing power, by a wireless power transmitter unit
including a first coil of the resonant coupling wireless
light fixture, wirelessly to a light module having a
second coil located at a distance from the first coil of
the resonant coupling wireless light fixture by wire-
lessly transmitting a power waveform;

receiving, by the light module, the power waveform
transmitted by the wireless power transmitter unit; and

minimizing differences in the power waveform delivered
to the light source at different values of the distance by
providing, by the light module, a light based on the
power received from the wireless power transmitter
unit via the power waveform, wherein a fundamental
frequency component of the power waveform and a
third harmonic frequency component of the power
waveform have equal amplitudes.
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