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METHOD AND APPARATUS FOR WIRELESS
POWER TRANSMISSION

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] The present application claims the benefit of U.S.
Application Ser. No. 60/844,478, filed Sep. 14, 2006, which
is hereby incorporated by reference herein in its entirety,
including any figures, tables, or drawings.

BACKGROUND OF INVENTION

[0002] In an increasingly mobile world, consumers have
quickly embraced wireless technologies such as WiFi and
Bluetooth to make their workspace less cluttered and more
convenient. In order to power an ever growing assortment of
battery operated devices, a consumer must deal with a large
collection of bulky transformers and an unsightly, frustrating
wire nest. Mobile users and travelers are often forced to lug
a tangle of chargers and they often suffer for leaving one
behind. In front of a cheering audience at the All Things
Digital conference on Jun. 1, 2006, Martha Stewart brought
a jumbled mess of power adapters to the microphone and
challenged the tech community to find a solution [22].
[0003] There have been several attempts to bring a wire-
less power solution to consumers. The most common wire-
less systems charge our electric toothbrushes and razors.
Two newer technologies, by SplashPower and Dr. Ron Hui
of City University of Hong Kong, have also been presented.
[0004] Many electric toothbrushes and razors employ a
voltage reducing transformer with no metallic contact
between the primary and secondary side. For the efficiency
of power transfer, designers typically incorporate ferromag-
netic cores that provide a low reluctance path for magnetic
fields traveling from the primary to the secondary windings,
as illustrated in FIGS. 2A, 2B, and 2C. However, devices
typically need to be placed in a very specific position or
orientation with respect to the base station to be charged
efficiently, or to be charged at all. In addition, the physical
dimensions, such as the depth and weight of the compo-
nents, can often make this system unsuitable for today’s
lightweight portable electronic devices.

[0005] SplashPower, founded by two Cambridge Univer-
sity students in June 2001, has disclosed a system that uses
two perpendicular coils to create an even magnetic field
distribution over a planar surface, as shown in FIG. 3. The
coils alternate switching on and off to create two perpen-
dicular magnetic fields, parallel to the base stations surface.
When a device with a secondary winding having a highly
permeable core is placed on the base station, magnetic fields
will tend to travel through the low reluctance core rather
than the surrounding air as shown in FIG. 4. FIG. 4 shows
cross sectional views of SplashPower base station illustrat-
ing magnetic field lines (1), where the top figure shows
undisturbed (no device present) field lines during normal
operation and the middle figure shows the effect of placing
a piece of ferromagnetic material (800) in the magnetic
fields. The field lines can be seen traveling through the core
rather than the surrounding air. The bottom figure simulates
two individual cores in the magnetic field. Again, the
magnetic fields travel through the core material rather than
surrounding air. SplashPower indicates that specially
equipped electronic devices can receive charge in any posi-
tion or orientation on top of the base station. The Splash-
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Power design has receivers built to include a dense ferro-
magnetic core, which would add undesirable bulk to small
devices. As the SplashPower base station uses a two coil
layout, it may waste large amounts of power, especially if a
user attempts to charge a device in the corner of the pad.
SplashPower’s base station can be thick and clunky due to
the inclusion of a dense ferromagnetic core.

[0006] Dr. Ron Hui, Chair Professor of Hong Kong City
University’s Department of Electronic Engineering, has
disclosed a wireless power system having a transmitter
claimed to create an even magnetomotive force in the
immediate vicinity, by using a three layer array of hexagonal
inductive coils, as shown in FIG. 5. FIG. 6 shows an mmf
scan of a single layer, while FIG. 7 shows an mmf scan of
the three layers. The inductive coils are coreless to allow a
small, lightweight, low cost system. A receiving coil placed
on top of the transmitter as shown in FIG. 5 can be used to
charge an electronic device. However, interactions between
multiple layers may hinder system performance, and the
fabrication of multilayer PCB boards is considerably more
expensive than single layer boards.

[0007] There is a need for a method and apparatus to
reduce, or even eliminate, the need for a myriad of power
supplies and wires in an efficient manner.

BRIEF SUMMARY

[0008] Embodiments of the invention relate to a method
and system for transferring power wirelessly to electronic
devices. The system can utilize magnetic coupling between
two coils at close proximity to transfer sufficient power to
charge an electronic device. Embodiments of the invention
pertain to an array of spiral coils that can be used to transmit
power for transfer to receiver coils. Potential applications of
this technology include charging consumer electronic
devices (cell phones, laptops, PDAs, etc), developing her-
metically sealed devices for extreme environments, and less
invasive transcutaneous energy transfer (TET) systems.
Various embodiments of the subject system can be referred
to as PowerPad system. Embodiments can incorporate one
or more of the following: planar inductors, PCB transform-
ers, and very high frequency power supplies. Embodiments
of the invention also pertain to planar inductors, and/or
arrays of planar inductors, having characteristics that allow
the production of an even magnetic field, as well as systems
that incorporate such planar inductors.

[0009] An embodiment of the PowerPad system can
include two primary components: a base station, which can
be referred to as PowerPad, and one or more receivers,
which can be referred to as PowerMate. An embodiment of
the base station is a planar device that provides power to the
receiver modules. The PowerPad can simultaneously power
multiple devices of different make, model, and power con-
figuration placed in any position or orientation on its surface.
The PowerPad can utilize an array of inductive coils
attached to one or more high frequency power supplies. The
PowerPad can be, for example, scaled to cover an entire
desktop or integrated into an airplane tray table. Embodi-
ments of the PowerPad can provide sufficient power to
operate laptops, flat panel monitors, PDAs, cell phones, mp3
players, and other consumer electronic devices.

[0010] The receiver, which can be referred to as Power-
Mate, can be integrated into the chassis of an electronic
device and can receive charge from the PowerPad. The
PowerMate is a relatively simple, low-cost receiving device
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designed to work in conjunction with the PowerPad.
Devices equipped with a PowerMate unit receive power by
being placed anywhere, directly on top of a PowerPad base
station. To enable easy integration, the PowerMate can be
small and lightweight. The device is scalable to satisfy the
requirements of larger more power hungry devices. In an
embodiment, a unit 1 mm thick and 36 mm in diameter is
utilized and can receive more than enough power to drive a
laptop computer or flat panel monitor.

BRIEF DESCRIPTION OF DRAWINGS

[0011] FIG. 1 shows an embodiment of PowerPad System.
[0012] FIGS. 2A-2C show wireless technology used in
electric toothbrushes and razors, where ferromagnetic cores
are at the center of each winding and magnetic fields created
by the bottom winding (base) induce current in the top
winding (device).

[0013] FIG. 3 shows a top down view of the two coils in
the SplashPower base station where magnetic fields direc-
tions are shown as large arrows.

[0014] FIG. 4 shows magnetic field patterns for a Splash-
Power base station.

[0015] FIG. 5 shows a structure of three-layer hexagonal
array.
[0016] FIG. 6 shows an mmf scan for a single layer design

having an uneven magnetic field.

[0017] FIG. 7 shows an mmf scan for three layer design,
where the distribution of magnetic fields improves consid-
erably, compared to the distribution of FIG. 6.

[0018] FIG. 8 shows an embodiment of a PowerMate
module driving an LED on top of an embodiment of a
PowerPad surface.

[0019] FIG. 9 shows a PowerPad system block diagram
for a specific embodiment in accordance with the subject
invention.

[0020] FIG. 10 shows a driving circuit used in an embodi-
ment of a PowerPad.

[0021] FIG. 11 shows a Magnetic field (H Field) vector
and magnitude plot for a spiral inductor cross-section having
an uneven field distribution with peak fields in the center and
minimum fields on the perimeter.

[0022] FIG. 12 shows a Protel layout of a top layer, where
the location of the bottom layer is drawn in light circles.

[0023] FIG. 13 shows a schematic for an embodiment of
a PowerMate.
[0024] FIG. 14 shows the received power vs. driving

circuit frequency for an embodiment of the subject inven-
tion.

[0025] FIG. 15 shows a relative voltage distribution over
the surface of an embodiment of the PowerPad.

[0026] FIG. 16 shows a microprocessor controlled half
bridge inverter that can be utilized in accordance with an
embodiment of the subject PowerPad.

[0027] FIG. 17 shows a voltage waveform measured
across the PowerPad terminals before and after insertion of
the capacitor shown in FIG. 16.

[0028] FIG. 18 shows impedance vs. frequency for a PCB
transformer.
[0029] FIG. 19 shows voltage gain vs. frequency for a

PCB transformer.

[0030] FIG. 20 shows Ansoft HFSS H field vectors that
can be seen flowing in opposing directions, where the large
arrows show a generalization of the net effect.
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[0031] FIG. 21 shows a close up of the magnetic field
vectors along the perimeter of a spiral inductor.

[0032] FIG. 22 shows a voltage distribution over the
surface of a two layer array that shows coil overlap com-
pared to received voltage.

[0033] FIG. 23 shows the magnetic field intensity mea-
sured at 0.4 mm over a square inductive coil.

[0034] FIG. 24 shows the effect of trace width and spacing
on Q factor.
[0035] FIG. 25 shows the magnetic field distribution of a

typical planar inductor, where the field peaks in the center.
[0036] FIG. 26 shows the effect of variable width planar
inductor on magnetic field.

[0037] FIG. 27 shows the current crowding effect seen on
a planar inductor.

[0038] FIG. 28 shows an example of a subdivided embodi-
ment of a PowerPad.

[0039] FIG. 29 shows an embodiment of a circuit sche-
matic that can be utilized to drive the subdivided PowerPad
layout shown in FIG. 2B.

[0040] FIG. 30 shows the H field magnitude of two spiral
inductors placed side by side.

[0041] FIG. 31 shows a circuit equivalent of a planar,
coreless PCB transformer.

[0042] FIG. 32 shows a block diagram of an embodiment
of a PowerPad having six components, in accordance with
the subject invention.

[0043] FIG. 33 shows an embodiment of a PowerPad
spiral inductor array layout in accordance with the subject
invention.

DETAILED DISCLOSURE

[0044] Embodiments of the invention relate to a method
and system for transferring power wirelessly to electronic
devices. The system can utilize magnetic coupling between
two coils at close proximity to transfer sufficient power to
charge an electronic device. Embodiments of the invention
pertain to an array of spiral coils that can be used to transmit
power for transfer to receiver coils. Potential applications of
this technology include charging consumer electronic
devices (cell phones, laptops, PDAs, etc), developing her-
metically sealed devices for extreme environments, and less
invasive transcutaneous energy transfer (TET) systems.
Various embodiments of the subject system can be referred
to as PowerPad system. Embodiments can incorporate one
or more of the following: planar inductors, PCB transform-
ers, and very high frequency power supplies. Embodiments
of the invention also pertain to planar inductors having
characteristics that allow the production of even magnetic
field, as well as systems that incorporate such planar induc-
tors.

[0045] FIG. 1 shows an embodiment of a PowerPad sys-
tem in accordance with the subject invention. An embodi-
ment of the PowerPad system can include two primary
components: a Base Station, which can be referred to as
PowerPad, and one or more receivers, which can be referred
to as PowerMate. An embodiment of the base station is a
planar device that provides power to the receiver modules.
The PowerPad can simultaneously power multiple devices
of different make, model, and power configuration placed in
any position or orientation on its surface. The PowerPad can
utilize an array of inductive coils attached to one or more
high frequency power supplies. The PowerPad can be, for
example, scaled to cover an entire desktop or integrated into
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an airplane tray table. Embodiments of the PowerPad can
provide sufficient power to operate laptops, flat panel moni-
tors, PDAs, cell phones, mp3 players, and other consumer
electronic devices. M. Peter, H. Hein, F. Oehler, P. Baureis,
“Planar Inductors with Subdivided Conductors for Reducing
Eddy Current Effects,” IEEE, 2003 provides an overview of
existing technologies, discusses operational theory appli-
cable to embodiments of the PowerPad system, and is
hereby incorporated by reference in its entirety.

[0046] The receiver, which can be referred to as Power-
Mate, can be integrated into the chassis of an electronic
device and can receive charge from the PowerPad. The
PowerMate is a relatively simple, low-cost receiving device
designed to work in conjunction with the PowerPad.
Devices equipped with a PowerMate unit receive power by
being placed anywhere, directly on top of a PowerPad base
station. To enable easy integration, the PowerMate can be
small and lightweight. The device is scalable to satisfy the
requirements of larger more power hungry devices. In an
embodiment, a unit 1 mm thick and 36 mm in diameter is
utilized and can receive more than enough power to drive a
laptop computer or flat panel monitor.

[0047] In an embodiment, devices can be placed on the
pad in any orientation. Without the need to carefully position
the device or fumble with adapters. The PowerPad can
eliminate power cables for all types of electronic devices,
and eliminate the associated unsightly wire nests. An
embodiment of the PowerPad is a versatile device capable of
providing power to almost any type of electronic device.
PowerPad can charge multiple devices at once as if they
were plugged into their conventional adapters. Embodi-
ments of the PowerPad can be integrated into desks, tables,
and other flat surfaces. Users can take their devices to the
coffee shop, lecture hall, or an airplane and charge their
devices on PowerPad enabled surfaces. Electronic device
manufacturers can integrate the subject technology into their
devices.

[0048] Embodiments of the subject system utilize PCB
transformers, which incorporate polychlorinated biphenyls
(PCB’s). Embodiments of the invention utilize multiple
layers of coils for generation of magnetic fields. An LED
equipped with a PowerMate receiver module, in accordance
with an embodiment of the invention, as shown in FIG. 8,
reliably illuminated when placed in any position or orien-
tation on top of an embodiment of the PowerPad’s surface.

[0049] In order to charge devices placed in various loca-
tions on its surface, and in a specific embodiment anywhere
on its surface, an embodiment of the PowerPad base station
generates an even high frequency, magnetic field. The Pow-
erMate receiver converts this magnetomotive force into
electrical current and supplies power to, for example, an
electronic device.

[0050] A specific embodiment of the invention has four
primary components and will be described with reference to
FIG. 9. A DC power supply uses three 1A, 13.5/30V
RadioShack power supplies connected in series to produce
a 65V output. During steady-state operation the entire sys-
tem draws a maximum of 0.65 amps. A microprocessor
controlled driving circuit includes two cascaded resistive
load switches, as shown in FIG. 10. A PIC12F629 8-pin
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microprocessor switches a 2N3819 n-channel MOSFET at
208 kHz. The drain terminal of the 2N3819 MOSFET drives
the gate of a larger IRF640 power MOSFET. The output is
a 65Vpp, 208 kHz square wave output that feeds into the
PowerPad base station.

[0051] Magnetic field vector and magnitude field plots of
spiral inductor cross-sections are shown in FIG. 11, and
reveal peak intensity at the center of the inductor and
minimum intensity along the perimeter. To compensate for
this phenomenon, a second layer of inductors can be
arranged, as shown in FIG. 12, such that the peak magnetic
field regions of the bottom layer align with minimum
magnetic field regions of the top. The embodiment of the
PowerPad shown in FIG. 12 uses a two layer, series con-
nected, array of PCB, spiral inductors to create an even
magnetic field over its surface. Inductors are arranged in
series so that current does not bypass the loaded region of
the PowerPad. The inductors are 15 turn inductors with 15
mil trace widths and 25 mil trace gaps.

[0052] The receiving device for this embodiment includes
a 33 turn, 22 gauge magnet wire coil connected to a full
bridge rectifier. Current flows from the rectifier into a
parallel connected LED and 22 uF capacitor, as shown in
FIG. 13. Table 4.1 shows the system specifications for a
specific embodiment of the invention.

TABLE 4.1

System Specifications

Parameter Description

1 PowerPad Transmission Region Planar, 19.5 cm*16 cm
2 Max Received Power 3.7 VDC, and 2.4 mA, ~10 mW
3 PowerMate Diameter 6 cm
4 PowerMate Weight 14 grams
5 Transmission Range <l cm
6 Input Voltage/Current 65 VDC, 0.65 A ~40.3 Watts
7 Voltage Fluctuation above 17.5%
Transmission Region
8 Efficiency .025%
[0053] Increasing the DC supply voltage can yield pro-

portional gains in received power. With respect to frequen-
cies from 0 to 200 kHz, a higher frequency can result in
more efficient coupling, as shown in FIG. 14, which shows
received power vs. driving circuit frequency.

[0054] Probe measurements above an embodiment of the
PowerPad reveal peak voltages around the perimeter and
lower voltages in the center, as shown in FIG. 15, which
shows a relative voltage distribution over the surface of the
PowerPad. The low voltage region is likely attributable to
destructive interference between the top and bottom layer
inductor arrays.

[0055] With respect to embodiments of the PowerMate,
inline with theoretical expectations, large coils with many
turns received the most power. Increasing the spacing
between conductors significantly reduced the received
power. A large number of designs were evaluated. The
results are shown in Table 4.2. A specific embodiment of the
PowerMate, listed last in Table 4.2, uses a 33 turn, 22 gauge
magnet wire coil.
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4
Description Voltage (peak- | Received Waveform
peak)
9-turn, AWG-10 3.12Vp-p
copper w/o shielding /\ /\
N
- f=146kHz
9-turn, AWG-10 1.32Vp-p
copper W/ shielding N N N
\ \ \
- f=146kHz
13-turn, AWG-10 3.44Vp-p
copper coil w/ ! XJ N
shielding | \ \
-f=147kHz
10-turn, AWG-10 2.36Vp-p.
copper coil w/ \l’\ \II\ \l[\
shielding
- f=142kHz
Ferromagnetic 7.5¢cm 23.5Vpp } % } } I
diameter octagon
- f=146kHz
15-turn PCB coil, with | 6.32Vp-p \
15mil traces. \‘“ \j\ \l'\
- f=146kHz
80-turn, AWG-14 3.40Vp-p
copper coil w/ \JI\ \ll\ o \j\
shielding
- f=146kHz
15-turn coil, AWG-24 | 3.4Vp-p
copper w/ shielding \j\ \I'\ \"\
- f=146kHz
- 33-turn coil, 22-gauge | See graph for
magnet wire (enamel extended testing \J’\ \I'\ \l’\
covered solid-
conductor copper) -f=146kHz

Table 4.2 — Test results of PowerMate. PowerPad input: 146 kHz; 130Vp-p, 50% duty cycle,
square wave
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[0056] The resistive load configuration of an embodiment
of a driving circuit dissipated 18.4 watts of power as heat
loss and delivered 55% of the input power to the PowerPad.
The heat byproduct can be addressed with several large heat
sinks and fans to regulate the temperature of the prototype.
[0057] Another embodiment, having a circuit employing a
microprocessor controlled, half-bridge inverter, as shown in
FIG. 16, is designed without resistive elements and signifi-
cantly reduces the wasted power. Referring to FIG. 16, a
microprocessor transmits two high frequency signals, 180
degrees out of phase, to the high and low side inputs of an
IR2101 gate driver. The gate driver switches two n-channel
MOSFETs that create a high frequency, 65V square wave
feeding into the PowerPad base station. This driving circuit
delivered ~95% of the input to the PowerPad and signifi-
cantly reduced the cooling requirement.

[0058] The half-bridge inverter design permits the inser-
tion of a capacitor between the PowerPad and ground, as
shown in FIG. 16. This addition can double the peak to peak
voltage by pumping charge back through the PowerPad as it
is switched from 65 volts to ground, as shown in FIG. 17,
which shows a voltage waveform measured across the
PowerPad terminals before and after insertion of the capaci-
tor shown in FIG. 16.

[0059] The resonant frequency of typical coreless PCB
transformers is between 1 and 10 MHz [5]. At much lower
frequencies, the primary windings behave like a short circuit
and dissipate a large amount of power. Studies have shown
that voltage gain is highest and power transfer is most
efficient, at the maximum impedance frequency, as illus-
trated in FIG. 18 and FIG. 19, where FIG. 18 shows
impedance versus frequency for a PCB transformer, and
FIG. 19 shows voltage gain versus frequency for a PCB
transformer. The maximum impedance frequency is indi-
cated in FIG. 18. Referring to FIG. 19, gain increases
significantly at the maximum impedance frequency (208
kHz). The frequency of existing driving circuit is shown
(208 kHz). At this ideal frequency, which is generally found
immediately below the resonant frequency, 90% efficient
embodiments of systems in accordance with the invention
have been built and tested.

[0060] The PIC microprocessor used in an embodiment
has a maximum stable output of 208 kHz, significantly lower
than the optimum frequency range from FIG. 19. A micro-
processor with a ~10 MHz switching capability can sub-
stantially improve efficiency. Switching losses in today’s
power electronics can become too large to operate efficiently
beyond 10 MHz.

[0061] Simulations using Ansoft HFSS 3D electromag-
netic simulation software provide better insight into the
destructive interference patterns, as shown in FIG. 20, which
shown Ansoft HFSS H field vectors that are flowing in
opposing directions. The large arrows in FIG. 20 show a
generalization of the net effect. Magnetomotive force peaks
at the center of a planar inductor and is negative around the
perimeter, as shown in FIG. 21, which shows a close up of
the magnetic field vectors along the perimeter of a spiral
inductor. Referring to FIG. 21, the fields at the perimeter are
opposite in direction to the fields at the center. By layering
and aligning coils as shown in FIG. 12 opposing magnetic
fields are created thereby reducing coupling efficiency.
[0062] Test data shows maximum voltages are located at
the corners where coil overlap is minimal, medium voltages
are found around the perimeter where overlap is moderate,

Page 26 of 30

Mar. 20, 2008

and the lowest voltages occur in the center where inductor
overlap is the greatest, as illustrated in FIG. 22, which shows
a voltage distribution over the surface of a two layer array.
FIG. 22 indicates that minimum overlap between layers
results in maximum efficiency. An embodiment with a single
layer of array coil may allow maximum efficiency.

[0063] The inductive coils in an embodiment have a thin
15 mil trace width and a 25 mil trace gap. This arrangement
was based on the assumption that current carrying traces
obstruct magnetic fields and therefore, large trace separa-
tions would contribute to good inductive coupling as illus-
trated in FIG. 23, which shows the magnetic filed intensity
measured at 0.4 mm over a square inductive coil. The
magnetic fields have been blocked in the regions found
immediately above the conducting traces.

[0064] In simulations, current carrying traces were found
to block magnetic fields. However, a narrow trace spacing
actually increases coupling efficiency. This can be verified
by examining the quality factor of two inductive coils with
identical areas and turns ratios, as shown in FIG. 24. FIG. 24
shows the Q factor for a thin trace and large trace gap spiral
coil, which show a 50% lower quality factor for the thin
trace width coil that is centered on a frequency too high for
power electronics. The thin trace design has a much lower Q
factor and resonated at frequencies too high for certain
desired driving circuit designs. Embodiments of the inven-
tion can incorporate inductors where the traces are widened
and the gaps are narrowed. The ratio of the trace to gap
widths can be optimized for efficiency, or determined to
meet other design criteria. In an embodiment, inter-winding
capacitance can be neglected due to the relatively low
operating frequency and the inductor’s short overall con-
ductor length.

[0065] In various embodiments, the inductors can have a
square or hexagonal coil shape, to allow for a more efficient
use of board space. Square and hexagonal inductors can be
tiled with little wasted space. Other embodiments can have
other shapes, such as a circular pattern.

[0066] One drawback of certain embodiments with a
single layer arrangement is an uneven magnetic field distri-
bution, as shown in FIG. 25, which shows the magnetic field
distribution of a typical planar inductor. The unevenness can
be difficult to fully eliminate. The unevenness can be
reduced by using traces that become thicker as they spiral
towards the center. Thick current carrying traces at the
center of the inductor can block the peak magnetic field for
a more balanced field distribution, as shown in FIG. 26,
which illustrates the effect of the variable width planar
inductor on magnetic field. The wider conductor in the
middle is clearly limiting the magnetic field flux through that
region. Additionally, thin perimeter traces can reduce the
size of the region of minimum field intensity.

[0067] The corners of a square inductor can begin to
obstruct current beginning in the MHz range due to the
current crowding effect [7]. Magnetic fields tend to push
current distribution towards the center of the inductor,
reducing the effective cross-sectional area of the conductor
and thereby increasing resistance. This effect is seen
throughout the conductor, but becomes especially dominate
towards the center and at the corners as shown in FIG. 27,
which shows the current crowding effect seen on a planar
conductor. Note the very high current density at the corners
in FIG. 27. Embodiments can involve smoothing the corners
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of the inductor so as to reduce the crowding effect resulting
in reduced resistance and increased efficiency.

[0068] At high frequencies eddy currents can result in
increased resistance and heat loss. A slotted conductor can
disrupt these currents and increase the Q factor by up to 35%
at frequencies around 2 GHz [11]. Embodiments of the
subject invention can incorporate slotted conductors to
improve efficiency.

[0069] An embodiment of an inductor array utilized in a
PowerPad has an input resistance of 83 ohms due to the
series connected arrangement of fifty spiral inductors. As
discussed, a series arrangement ensures that current does not
bypass loaded regions of the PowerPad. A series arrange-
ment can result in a high input resistance and can result in
the entire surface dissipating power even when only a small
region is loaded. An embodiment can incorporate a hybrid
arrangement of inductive coils. The coils can be grouped
into separate regions that activate only when a load is
present, as shown in FIGS. 28 and 29. FIG. 28 shows an
embodiment divided into four regions with each region
having six spiral conductors. FIG. 29 show an embodiment
of a circuit that can be utilized to drive the subdivided
PowerPad layout of FIG. 28. Depending on the load, divid-
ing the array into four sections could quadruple the effi-
ciency. Additional subdivisions can further increase the
efficiency.

[0070] The sizing of the individual coils is an important
aspect of embodiments of the invention. In a specific
embodiment, circular inductors are 4.06 cm in diameter. The
combination of their large size and chosen shape, an array of
these inductors generates an uneven magnetic field in a one
layer configuration, as shown in FIG. 30, which shows the
H field magnitude of two spiral inductors placed side by
side. Note the large variance in magnetic field intensity in
FIG. 30. An array of square inductors that are 75% smaller
than the inductors of FIG. 30 can achieve a more even
magnetic field. The magnetic field distribution can then have
many small peaks and valleys rather than a few large ones.
A receiving unit can enclose these densely packed peaks and
valleys simultaneously, resulting in an even distribution of
charge.

[0071] In an embodiment, a PowerPad utilizes a single
layer array of inductive coils. A single layer array of
inductive coils can reduce, or eliminate, destructive infer-
ence patterns that can be associated with a multi-layer
structure and can reduce efficiency. The system level effects
of such destructive interference are evidenced by the con-
cave voltage distribution shown in FIG. 15 and FIG. 21.
FIG. 33 shows a specific embodiment of a PowerPad uti-
lizing a single layer of inductive coils. The trace width of
each spiral inductor or coil increases toward the center of the
spiral. In addition, the spirals are shaped like a square in this
embodiment to provide a more even magnetic field distri-
bution. Finally, the corners of the traces have been rounded
to reduced current crowding effect.

[0072] The voltage gain achieved by operating at reso-
nance can be useful for offsetting the coupling losses asso-
ciated with coreless operation. In embodiments, coreless
operation can nearly match the performance of traditional
transformers [4].

[0073] Matching the system to the resonant frequency can
be useful. It is also possible to match the resonant frequency
to the system by, for example, the addition of a parallel
capacitor on the secondary side. Standard transformer mod-
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els can be applied to PCB transformers to permit tuning of
the resonant frequency with relative accuracy. The model
schematic and description of the components for a specific
embodiment is shown below in FIG. 31 and in Table 5.1,
respectively. FIG. 31 shows a circuit equivalent of a planar,
coreless PCB transformer.

TABLE 5.1 [5]

Figure 31 circuit component descriptions

Part Label (Figure 31)  Description
R, Primary winding resistance
R’ Secondary winding resistance referred to
primary
Ry Resistive load
L Primary leakage inductance
Lo Secondary leakage inductance referred to
primary
Lo Primary mutual inductance
C, Primary winding capacitance
C’, Secondary winding capacitance referred to
primary, Includes C’y (Load Capacitance)
Cy Capacitance between primary and secondary
windings
n Turns Ratio

[0074] Using the above variables and the following equa-
tions it is possible to tune the resonant frequency and predict
voltage gain. These methods ensure that resonance occurs at
a frequency that is within the capabilities of contemporary
power electronics.

1 (5]
fo = ————=Resonant Frequency

274 Af LegCeq

Leg = Ligp + Lyt || Lo
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1
V=X —+—|+1
! Z[Xl SLMI]

1 1
Y, = X—2+sC’12+sC’2+ 2R,

1
Y=——+11Y,
% 112

[0075] Referring to FIG. 32, a specific embodiment of the
PowerPad system can be broken into six operational com-
ponents: a DC supply, a microcontroller, semiconductor
switches, a PowerPad, a sensing mechanism, and a Power-
Mate. Referring to FIG. 32, the DC Power Supply can
convert wall power to DC outputs that supply a microcon-
troller and one or more sets of high frequency switches. The
microcontroller interfaces with a sensing mechanism to
identify the size, position, and load impedance of devices on
the PowerPad. The microcontroller uses this information to
activate appropriate sections of the PowerPad. Algorithms
that anticipate the resonant frequency in relation to size of
load, position and orientation permit the microcontroller to
adjust the switching frequency in order to maximize the
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efficiency of power transfer. The semiconductor switches
convert DC power into a high frequency AC signal. Gate
drivers switch a half bridge inverter, full bridge inverter, or
similar circuit design that produces the appropriate signal as
efficiently as possible. Each region of the PowerPad can be
powered by a separate set of switches. The PowerPad uses
independently controlled regions of series connected PCB,
spiral inductors to create a substantially even time-varying
magnetic field over its surface. Spiral inductors create peak
magnetic fields towards their center. To compensate for this
phenomenon, the inductors are small and arranged such that
traces become increasing wide as they spiral towards the
center. The PowerPad uses near-field EM coupling to trans-
fer electric power from the PowerPad to the PowerMate. A
sensing mechanism, such as electrical and/or optical sensors,
monitor the surface of the PowerPad and interface with the
microcontroller. This allows the system to conserve power
when no devices are present and also allows the microcon-
troller to determine the appropriate active regions and oper-
ating frequency. The receiving device, which can be referred
to as a PowerMate, includes one or more coils that mag-
netically couple to the PowerPad. A device equipped with a
PowerMate receives charge when it is placed in the Pow-
erPad’s time varying magnetic field.

[0076] Similar to any far-field antenna system that trans-
mits RF signal or power from one location to a remote
location, the efficiency of power transfer degrades due to
various losses in the system. These losses include the
conductor loss in coils, the dielectric loss in substrates where
coils are fabricated, the coupling loss between coils, and the
impedance mismatch loss. Additionally, there are conver-
sion losses in the power electronics when converting from
60 Hz AC at the wall, to RF power at PowerPad, and
converting from RF power to DC power at the PowerMate.
Electromagnetic (EM) Design & Impedance Mismatches,
Field Distribution & Adaptive Networks, Conductor Loss &
Parasitic Components, EM Field Concentration, and Power
Electronics.

[0077] Embodiments of the invention utilize EM optimi-
zation, impedance matching, and operation at resonance.
The coupling loss between coils and the impedance mis-
match loss are the two major losses affecting efficiency. In
near-field, these two are coupled together and can be char-
acterized by measuring the resonance. Maximum voltage
gain and efficiency occur when the system operates at its
resonant frequency. At resonance, there is a strong coupling
between coils and the PowerPad “sees” the load resistance
from the PowerMate through coupling. In this case, the
impedance can be matched and there is no mismatch loss.
The stronger the coupling, the more the PowerPad will see
the load resistance of PowerMate and the coupling loss will
be reduced. When the coils are not coupled well, the
PowerPad cannot “see” the load resistance from PowerMate,
which results in a significant impedance mismatch loss. The
frequency response of the impedance measurement will
show a loss of resonance. To improve the efficiency, the
coupling between coils can be enhanced by using EM design
optimization and by creating an impedance matching net-
work that has a large tolerance for impedance mismatches.
[0078] Additionally, stand-alone planar coils resonate at
frequencies outside of the range of contemporary power
electronics. At high frequencies switching losses can be
unacceptably large. The resonant frequency is controllable
depending on coil design and secondary side capacitance.
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Computer simulations can be performed to identify the
resonant frequency and assist in optimizing the resonant
frequency.

[0079] Customization of the field distribution and the use
of adaptive networks can be used to improve the coupling
coefficient. The coupling coefficient depends on the relative
positions of the coils and the load impedance. Additionally,
powering multiple receivers simultaneously can also alter
the resonant frequency. Therefore, when one or more Pow-
erMate receivers are placed arbitrarily on the PowerPad, the
efficiency can be improved by customizing the magnetic
field distribution and using adaptive networks. In order to
adjust to the resonant frequency, the system can use feed-
back from sensors, such as electrical, optical, pressure or
sensors, to detect the impedance mismatch and allow the use
of adaptive impedance matching networks to tune the reso-
nance. A sensing mechanism can be incorporated on the
PowerPad to detect the impedance mismatch that shifts the
resonant frequency and can include an adaptive impedance
matching network to tune the resonance.

[0080] Power is lost in the driving circuit and the base
station due to resistive components and unbalanced imped-
ance. The conductor loss in coils can be minimized by
increasing the metal thickness and line width. At frequencies
below 10 MHz, the skin depth is larger than 25 um. To
reduce the conductor loss due to skin depth effect, the metal
thickness should be more than twice of the skin depth. The
standard metal thickness of FR4 PCB is 1.4 mils (35 um).
Therefore, substrates with a thicker metal layer can be used,
or additional metal can be plated to increase the thickness.
For the metal line width, it can only be increased up to a
certain limit due to the finite size of the PowerPad and the
requirement of uniform field distribution. The line width can
be optimized with the layout of coils. Non-uniform line
widths can be used to reduce the conductor loss and its effect
on field distribution.

[0081] Power is wasted when the entire PowerPad is
active and only a small device is placed on its surface. To
reduce these losses, the PowerPad coil array can be divided
into several sections with integrated sensors that detect the
presence of PowerMate coils. This approach deactivates
unnecessary PowerPad coils and concentrates the EM field
near the PowerMate to improve the overall efficiency. A
controller can be utilized to enable power transfer when a
device is placed on the boundary of two or more regions.
[0082] Reduction of losses in power electronics can allow
the system to operate at higher, potentially more efficient
frequencies. Contemporary power electronics demonstrate
significant switching losses beyond a few megahertz. An
efficient power supply that operates at the frequencies
required by the PowerPad system can be utilized.

[0083] All patents, patent applications, provisional appli-
cations, and publications referred to or cited herein are
incorporated by reference in their entirety, including all
figures and tables, to the extent they are not inconsistent with
the explicit teachings of this specification.

[0084] It should be understood that the examples and
embodiments described herein are for illustrative purposes
only and that various modifications or changes in light
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thereof will be suggested to persons skilled in the art and are
to be included within the spirit and purview of this appli-
cation.
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1. An RF coil configuration for producing a magnetic
field, comprising:

a planar spiral inductor, wherein the width of the planar
spiral inductor’s trace becomes wider as the trace
spirals toward the center of the planar spiral inductor,
wherein the widening of the trace as the trace spirals
toward the center of the planar spiral inductor provides
a more even magnetic field distribution.

2. The RF coil configuration according to claim 1, further

comprising:

at least one additional planar spiral inductor, wherein the
width of each of the at least one additional planar spiral
inductor’s trace becomes wider as the trace spirals
toward the center of the at least one additional planar
spiral inductor, wherein the widening of each trace as
the trace spirals toward the center of the at least one
additional planar spiral inductor provides a more even
magnetic field distribution.

3. The RF coil configuration according to claim 2,
wherein the planar spiral inductor and the at least one
additional planar spiral inductor form an array of planar
spiral inductors, wherein the array of planar spiral inductors
are positioned parallel to a surface, wherein the array of
planar spiral inductors produce a magnetic field proximate
the surface.

4. The RF coil configuration according to claim 1,

wherein the planar spiral inductor has a square shape.

5. The RF coil configuration according to claim 1,

wherein the trace becomes thicker as the trace spirals
toward the center of the planar spiral inductor.

6. The RF coil configuration according to claim 1,

wherein the square shaped planar spiral inductor has
smoothed corners to as to reduce the current crowding
effect.

7. A system for providing power to one or more devices,

comprising:

a base station, wherein the base station comprises:

a planar spiral inductor, wherein the width of the planar
spiral inductor’s trace becomes wider as the trace
spirals toward the center of the planar spiral inductor,
wherein the widening of the trace as the trace spirals
toward the center of the planar spiral inductor provides
a more even magnetic field distribution; and

a power supply to drive the planar spiral coil such that a
magnetic field is produced; and

one or more devices, wherein each of the one or more
devices comprises a receiver, wherein the receiver
inductively couples the magnetic field produced by the
planar spiral coil when the receiver is positioned proxi-
mate the planar spiral coil so as to provide power to the
device.

8. The system according to claim 7, wherein the base

station further comprises:
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at least one additional planar spiral inductor, wherein the
width of each of the at least one additional planar spiral
inductor’s trace becomes wider as the trace spirals
toward the center of the at least one additional planar
spiral inductor, wherein the widening of each trace as
the trace spirals toward the center of the at least one
additional planar spiral inductor provides a more even
magnetic field distribution.

9. The system according to claim 8, wherein the planar
spiral inductor and the at least one additional planar spiral
inductor form an array of planar spiral inductors, wherein
the array of planar spiral inductors are positioned parallel to
a surface, wherein the array of planar spiral inductors
produce a magnetic field proximate the surface.

10. The system according to claim 9, wherein the array of
planar spiral inductors are separated into two or more
separate regions, wherein each separate region activates
only when a receiver is proximate the separate region.

11. The system according to claim 9, further comprising:

a sensing mechanism that identifies load impedance of

devices proximate the array of planar spiral inductors;
and

a microcontroller that adjusts the power supply to increase

the efficiency of power transfer from the array of planar
spiral inductors to the devices proximate the array of
planar spiral inductors.

12. The system according to claim 9, further comprising:

sensors, wherein the sensors detect the impedance mis-

match between the array of planar spiral inductors and
devices proximate the array of planar spiral inductors;
and

an adaptive impedance matching network, wherein the

adaptive impedance matching network tunes the array
of planar spiral inductors to resonance based on the
impedance mismatch detected by the sensors.

13. The system according to claim 9, wherein the thick-
ness of each planar spiral inductor of the array of planar
spiral inductors is greater than two times the skin depth.

14. A method of providing power to one or more devices,
comprising:

providing a base station, wherein the base station com-

prises a planar spiral inductor, wherein the width of the
planar spiral inductor’s trace becomes wider as the
trace spirals toward the center of the planar spiral
inductor, wherein the widening of the trace as the trace
spirals toward the center of the planar spiral inductor
provides a more even magnetic field distribution and a
power supply to drive the planar spiral coil such that a
magnetic field is produced;
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positioning one or more devices, wherein each of the one
or more devices comprises a receiver, wherein the
receiver couples the magnetic field from the planar
spiral coil when the receiver is positioned proximate
the planar spiral coil so as to provide power to the
device.

15. The method according to claim 14, wherein the base
station further comprises:

at least one additional planar spiral inductor, wherein the

width of each of the at least one additional planar spiral
inductor’s trace becomes wider as the trace spirals
toward the center of the at least one additional planar
spiral inductor, wherein the widening of each trace as
the trace spirals toward the center of the at least one
additional planar spiral inductor provides a more even
magnetic field distribution.

16. The method according to claim 15, wherein the planar
spiral inductor and the at least one additional planar spiral
inductor form an array of planar spiral inductors, wherein
the array of planar spiral inductors are positioned parallel to
a surface, wherein the array of planar spiral inductors
produce a magnetic field proximate the surface.

17. The method according to claim 16, wherein the array
of planar spiral inductors are separated into two or more
separate regions, wherein each separate region activates
only when a receiver is proximate the separate region.

18. The method according to claim 16,

providing a sensing mechanism that identifies load

impedance of devices proximate the array of planar
spiral inductors; and

providing a microcontroller that adjusts the power supply

to increase the efficiency of power transfer from the
array of planar spiral inductors to the devices proximate
the array of planar spiral inductors.

19. The method according to claim 16,

providing sensors, wherein the sensors detect the imped-

ance mismatch between the array of planar spiral
inductors and devices proximate the array of planar
spiral inductors; and

providing an adaptive impedance matching network,

wherein the adaptive impedance matching network
tunes the array of planar spiral inductors to resonance
based on the impedance mismatch detected by the
sensors.

20. The method according to claim 16, wherein the
thickness of each planar spiral inductor of the array of planar
spiral inductors is greater than two times the skin depth.
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