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(57) Abstract: An improved device and system
for power transmission. A power transmission
device comprises a primary winding magnetic-
ally coupled to a resonant secondary which com-
prises a plurality of magnetic resonators, each
magnetic resonator comprising a magnetic wind-
ing. The magnetic resonators are connected in
series and arranged so that the magnetic axis of
each magnetic resonator is coupled to the
primary winding. In operation, a power source
supplies alternating current at an operating fre-
quency to the primary of a power transmission
device used as a transmitter. A load is coupled to
the primary ot a power transmission device used
as a receiver. Collectors may be coupled to either
or both of the transmit or receive device. A re-
turn line may be coupled to either or both of the
transmit or receive device.
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IMPROVED POWER TRANSMISSION

CROSS-REFERENCE TO RELATED APPLICATIONS
{11 This application claims priority to U.5. Provisional Patent Application No.
651/631,633, entitled "Pabelion effect wireless power transfer using electronically small
resonant elements for near field tunneling” and filed January 09, 2012, the disclosure of

which is incorporated herein by reference.

BACKGROUND

Field of the Invention

21 The present invention relates generally to electromagnetic power transmission.

Description of the Prior Art

{31 The goal of eleciric power transmission is the efficient transfer of power over
distance. hmprovements to power transmission look to improving efficiency, distance,
or both.

{4 Electromagnetic power transmission transfers power between a power
transmitting device such as a transmit coil, and a power receiving device such as &
receive coil or winding, through the use of inductively coupled magnetic fields. Power
from an alternating current source is applied 1o the transmit coil, creating a magnetic
field. This magnetic field induces a magnetic field in the receive coll, generating an
alternating current in the second coil which is supplied to a load.

{51 Magnetic power transfer according to the art may be characterized by the type
of coupling between the power transmitting device and the power receiving device. The
three broad categories of such coupling are: transformer coupling, inductive coupling,
and resonant inductive coupling. An important aspect of each type of coupling is the
distance hetween power transmitting and power receiving devices over which power

transfer is efficient
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{61 Intransformer coupling, the transmit and receive colls are mounted close
together. In the case of transformers, transmit and receive coils are commonly referred
to as primary and secondary. At low frequencies, for example 20 to 20,000 Hertz (Hz) in
audio use, transformers use magnetic materials such as iron, steel, or ferrites for cores,
An example of such a transformer would be the output transformer in a vacuum tube
guitar amplifier. In such a transformer, the primary and secondary windings are placed
on a laminated steel core, with one winding wound on top of the other, thus providing
tight magnetic coupling between primary and secondary windings. Air-core
transformers are used for higher frequencias. An example of an air-core transformer is
an intermediate-freguency {IF} transformer used in radio or television equipment.
Primary and secondary windings are wound millimeters apart on a common
nenmagnetic bobbin or form providing a common axis, again providing tight magnetic
coupling.

{71 Inductive coupling may be thought of as a transformer with separate primary
and secondary windings which do not necessarily share a common core. Examples of
inductive coupling include devices such as rechargeable electric toothbrushes and
devices adapted to use charging mats. In a rechargeable electric toothbrush, the
transmit coil is mounted in a base unit into which the electric toothbrush body is
inserted; the electric toothbrush body contains the receive coil which recovers power
from the magnetic field produced by the transmit coil. Power from the receive coil in
the form of alternating current is converted to direct current to recharge a battery in
the electric toothbrush. In charging mats, such as the Duracell Powermat®, the mat
contains the transmit coil which produces a varyving magnetic field. Devices to he
charged, such as phones or other handheld devices must be adapted for charging, such
as by designing the device with a receive coil and other circuitry for using the charging
mat, or through adding an accessory such as a case containing the receive coil and
charging circuitry which converts the alternating current from the receive coil to direct

current for charging the device. The davice to be charged must be placed directly on to
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the charging mat for charging to take place. For inductive coupling, the two coils must
be close together, in the millimeter to centimeter range, for efficient power transfer.

{8} in resonant coupling, the transmit coil is configured to resonate at a chosen
frequency, and alternating current is fed to the coil at this frequency. The transmit coil
may be self-resonant, where the inductance and self-capacitance of the coil set the
resonant frequency, or the coil may be made resonant by adding a capacitor in series or
in parallel with the coil. When driven at the resonant frequency, a coil is said to ring,
generating an increasing oscillating magnetic field. If both transmit and receive coils are
resonant, they must be carefully tuned to be resonant at the same frequency. Resonant
inductive coupling can transfer power over what is considered the electromagnetic near
field, defined in terms of the wavelength (A} of the operating resonant frequency, and in
the range of the waveiength divided by two Pi {A/2r1). Even in this near field, efficiency
in resonant inductive coupling falls off at a rate proportional to one aver the distance
between transmitter and receiver to the fourth power.

{51 To increase the efficiency of resonant inductive coupling, losses in the coils are
to be minimized. Common methods to reduce such losses include using air core coils to
eliminate losses from magnetic cores, and using physically large coils with a small
number of turns to reduce resistive losses. This higher efficisncy, measured electrically
as the Quality factor or “Q7 of a tuned circuit, results in a smaller bandwidth, or
operating frequency range; the higher the “Q7, the narrower the bandwidth. Such coils,
when operating in the one to fifteen MHz frequency range, may be up to a meter or
more in diameter, provide power transmission over a range of only a few meters, and
only operate over a very narrow bandwidth,

{10} in summary, transformer coupling is efficient but requires closely mounted coils,
commonly with coils wound on a shared core. inductive coupling is efficient with
separation of transmit and receive coils on the order of millimeters to centimeters.
Resonant inductive coupling extends the separation of transmit and receive coils to a
meter or two, using physically large coils to reduce losses, and coils which have a very

narrow bandwidth and are therefore operated at a fixed frequency.
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{11} What is needed is a way to increase the distance and efficiency in

electromagnetic power transmission.
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SUMMARY

in one embodiment is provided a device for power transmission comprising a primary
conductive winding, and a resonant secondary magnetically coupled to the primary, the
resonant secondary comprising a plurality of magnetic resonators, each magnetic
resonator comprising a conductive winding and having a magnetic axis, the plurality of
magnetic resonators electrically connected in series and with the magnetic axis of each

of the plurality of magnetic resonators magnetically coupled to the primary.

In operation, a first power transmission device is configured as a transmitting device by
coupling the device to a power source which injects alternating current power into the
primary. A second power transmission device is configured as a power receiving device
by coupling the primary of the receiving device 1o provide power to a load. Insome
embodiments a collector is coupled to the primary or secondary of either or both of the
transmitting and receiving devices to improve efficiency. In some embodiments a
return line is coupled between transmitting and receiving devices, connecting primaries

or secondaries to improve efficiency.

The operating freguency of a system having a transmitting device and at least ons
receiving device powering a load is determined by sweeping the frequency of the
alternating current supplied to the primary of the transmitting device through a range of
frequencies including the resonant frequencies of both transmitting and receiving
devices. in one embodiment, the frequency is determined by monitaring the voltage
standing wave ratio (VSWR] between the power source and the primary of the
transmitting device, selecting a frequency which minimizes the voltage standing wave
ratio. Inanocther embodiment, the frequency is determinad by monitoring the power
available at the receiving device, and salecting a freguency which maximizes the power

available at the receiving device.
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The operating freguency of a system having multiple receiving devices may change as

devices are added. The operating freguency may be chasen to favor power transfer to
one receiving device or a group of receiving devices over others. Multiple frequencies
may be supplied to the transmitting device for supporting multiple groups of receiving

devices from a single transmitting device.

Changes in the load on a receiving device are reflected in other receiving devices
operating on the same freguency, and are reflected in the transmitter. Changing the
load on a receiving device may be used as a signaling mechanism among receivers or

hetween receiver and transmitier,
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BRIEF DESCRIPTION OF DRAWINGS
{32} FiG. 1 is a diagram of a power transmission device according to an embodiment.
{13} FIG. 2 is a diagram of a power transmission device according to another
embodiment.
{14} FIG. 3 is a diagram of a power transmission device according to another
ermbodiment.
{15} FIG. 4 is a diagram of a power transmission system according to an embodiment
{i6] FIG. 5 is a graph of power transmission performance according to an
embodiment.
E! FIG. 6 is a diagram of a power transmission system according to an embodiment.
{18} FiG. 7 is a diagram of a power transmission system according to another
embodiment.
{19} FiG. 8 is a graph of power transmission performance according to an
embodiment.

{20} FIG. 9 is a diagram of a power transmission system according to an embodiment.
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DETAILED DESCRIPTION
{21} Described herein are various embodiments of an improved power transmission
device comprising a primary winding magnetically coupled to a resonant secondary
comprising a plurality of magnetic resonators electrically connected in series and
arranged so that the magnetic axis of each magnetic resonator is in parallel with the
magnetic axis of the primary winding. Each power transmission device has a self-
resonant frequency.
22 In operation a power fransmission device is used as a transmitting device, with
an alternating current power source coupled to the primary winding of the transmitting
device. One or more power fransmission devices are usad as receiving devices, with the
primary winding of each receiving device coupled to deliver power o a lead.
{23} in different embodiments, a capacitor may be placed in parallel with the
rescnant secondary.
{24} In different embodiments, a collector may be coupled to either or both of the
transmitting and/or receiving devices.
{25} In different embodiments, a return may be coupled to either or both of the
transmitting and/or receiving devices.
[26] Multiple receiving devices may be driven by a single transmitting device.
{271 The operating frequency for the system comprising the transmitting devics and
one or more receiving devices is not necessarily the seif-resonant frequency of the
transmitting device or the receiving devices. In one embodiment, the operating
frequency is determined by sweeping a range of frequencies including the self-resonant
frequencies of the transmitting device and the receiving devices, selecting an operating
freqguency which minimizes reflected power from the transmitting device to the power
source. This operating frequency may change with the number of receivers present.
Different operating frequencies may be used 1o preferentially provide power to one or
more receiving devices in a group. Multiple freguencies may be supplied o a

transmitting device to support receiving devices operating on different freguencies.
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{28] Referring now to Fig. 1, an embodiment of a power transmission device 100 in a
top view is shown. Power transmission device 100a comprises a primary winding 110a
connected to primary terminals 112 and 114, Primary winding 110a is magnetically
coupled to a resonant secondary 120a. Resonant secondary 120a comprises a plurality
of magnetic resonators 125a. As shown, in this embodiment each magnetic resonator
1252 has a rectangular cross section. Primary 1103 is wound around resonant
secondary 120a. While schematicaily only one turn is shown for primary winding 110a,
primary winding 110a typically comprises multiple turns.

29} Each magnetic resonator 125 comprises a winding; the plurality of magnetic
resonators 125 are connected in series 128a and connected to secondary terminals 122
and 124. The plurality of magnetic resonators 1253 are arranged se that the magnetic
axis of each magnetic resonator 125a is in parallel with the magnetic axis of primary
winding 110a.

{30} it is understood by those in the art that for primary winding 110a to be
magnetically coupled to resonant secondary 120a, primary winding 110a and each of
the plurality of magnetic resonators 125a comprising resonant secondary 120a are
wound and connected in phase. Each magnetic resonator 125a and the primary winding
110a are wound in helical fashion; each may be a single layer winding, or a multiple
faver winding, one layer wound on top of the precaeding layer. Gther traditional winding
technigues known to the solenoid and inductor arts may also be used. Magnetic
resonators 125z are arranged, as shown, to enclose a central area 130, A split-ring
configuration may be used in some embodiments, where a gap 140 exists between first
and last magnetic resonators 125b connected in series.

(317 A useful approximation is that the total length of the winding wire used to form
the plurality of magnetic resonators 125 comprising resonant secondary 120 is one half
the wavelength of the resonant frequency. Recall that the wavelength, ususlly shown as
the Greek letter lambda {A}, is equal 1o the velocity of the speed of light divided by the
frequency. As an example, for a frequency of 2 MHz, the wavelength is approximately

150 meters; half this wavelength is 75 meters, or 481 feet. This 75 meters of wire would
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be distributed over the number of individual magnetic resonators 125, As an example,
in an embodiment using nine magnetic resonators 125, each magnetic resonator 125
would use approximately eight and one third meters of wire.

{32} Fig. 2 shows an additional embodiment of power transmission device 100, again
in top view. In this embodiment, magnetic resonators 125b have a circular cross
section. Asin Fig. 1, magnetic resonators 125b may enclose a central area 130b. A split-
ring arrangement may be used, with a gap 140b between first and last magnetic
resonators 125b connected in series.

33 in one embodiment, primary 110b is wound around the plurality of magnetic
resonators 125b, for example, ten turns around the outer circumference of the plurality
of magnetic resonators 125b.

{34} in another embodiment, primary 110b is wound around each magnetic
resonator 125b in series, for example, ten turns wound around a first magnetic
resonator 125h, continuing to ten turns wound around a next magnetic resonator 125b,
and so on for each of the plurality of magnetic resonators 125b.

{35} Fiz. 3 shows an additional embodiment of power transmission device 100
suitable for implementation in a planar form, for example using printad circuit board
fabrication techniques. As shown, magnetic resonator 125¢ is formed as a conductive
trace for example on one side of a printed circuit board. While a rectangular trace is
shown, a spiral trace may also be used. Connections 128c may be made for example
using a wire extending out of the substrate containing the traces forming magnetic
resonator 125¢, or in the case of a multi-layer substrate, such as a double-sided printed
circuit board, connections 128c are made using a conductive trace on the other side of
the substrate from the conductive traces forming magnetic resonator 125¢, connecting
for example using plated-through vias as is known to the printed circuit board arts.

{36] Primary winding 110c is similarly formed as a conductive trace on a substrate,
such as the same substrate used for magnetic resonators 125¢.

(3N In some embodiments of Fig. 3, fabrication technigues used in multi-layer

printed circuit boards may be used to extend magnetic resonators 125¢ and/or primary
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winding 110¢ through multiple layers of a multi-layer printed circuit board by stacking
muitiple traces on top of each other, interconnected using vias and traces on other
layers.

{38] in some embodiments, a collector is coupled to either primary 110 or resonant
secondary 120 of a power transmission device 100, In practice a collector is a generally
flat conductive surface, such as a rectangular, square, or circular piece of conductive
material such as a metal foil. In one embodiment, aluminum foil and Kevlar® backed
aluminum foil have been used. In another embodiment, surfaces treated with a
conductive coating, such as the spray-on EMI/RF] shielding carbon conductive coating,
Catalog No. 838 from MG Chamicals may be used. Collector size is roughly inversely
proportional to freguency, with larger collectors being used at low frequencies.
Collector size varies from a few square inches 1o a few square feet. The collector is
electrically coupled to the device by a wire. As explained in more detail elsewhere
herein, an inductor may be used to couple the device and the collector. A single
collector may be connected to multiple power receiving devices.

{39} A collector connected to a power transmission device acts to broaden the
frequency response of the device. The frequency response of the device may also be
changed, for example, by placing a resistor across the secondary, that is, by connecting a
resistor between the secondary terminals 122 and 124, which also broadens the
response. Placing a capacitor across the secondary narrows the response, turning the
secondary into a tuned circuit. Other resonating elements may also be used to shape
the frequency response of the secondary, and by shaping the frequency of the
secondary, shaping the frequency response of the overall power transmission device.
{48} it is believed that the collector alters the permeability of the system. By tuning
the size of the collector, and optionally adding an inductor in series with the collector
and tuning the value of the inductor, the system permeability may be made to approach
zero. Collector size and inductor value may be tuned by observing power transferin a
system and adjusting collector size and/or inductor value to increase power transfer,

measured as power available at one or more receiving devices in the system.
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{411  Similarly, in some embodiments an electrical ink forming a return couples the
power transmitting device to one or more power receiving devices, The return may be a
direct electrical link such as a wire between transmitting and receiving devices. A return
may also be provided, for example, by the standard electrical power wiring in a facility,
which provides a ground connection at each electrical outiet. An inductor may be
placed between the device and the return. [tis believed that the return alters the
permittivity of the system, lowering the permittivity. An inductor in series with the
return allows the permittivity to be further tuned, approaching zers. The value of the
inductor may be selected by observing powsr transfer in a system, and adjusting
inductor value to increase power transfer, measured as power available at one or more
receiving devices in the system,

423 In one embodiment, two power transmission devices according to Fig. 2 were
constructed in the same manner and labeled A and B. Resonant secondary 120 consists
of six magnetic resonators 125. Each magnetic resonator consists of 13 turns of solid 30
gauge {30 AWG) Kynar® insulated wire in a single laver on a 0.5 inch diameter wood
dowel form. The six resonators were spaced equally around a 1.25 inch diameter circle
and connected in series. The magnetic resonator windings were wrapped with Kapton®
tape. Primary 110 consists of six turns of solid 30 gauge Kynar® insulated wire wound
on top of each magnetic resonator 125 in series.

{43] Self-resonant frequencies for each device were determined using a calibrated HP
8594 Spectrum Analyzer with HP 85630A Scalar Test Set and HP 85714A Scalar

Measurements Personality, producing the following data:

{441 Table 1: Scalar Measurements
Device Resonance Return Loss
A 75.4 MHz -3 dBm

67.5 MHz -1.1 dBm
46.2 MHz -1 dBm
38.5 MHz -1.8 dBm
B 74.6 MHz -2.8 dBm
65.4 MHz -0.8 dBm
45.4 MHz -0.8 dBm
38.8 MHz -1.6 dBm
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{43] The return loss is 2 measure of the impedance mismatch between a source
device and a terminating load. A more negative value for return loss indicates a better
impedance match between the source, in this case the Scalar Analyzer, and the
terminating ioad, in this case the power transmission device. Return loss may also be
thought of as a measure of how much power from the source is reflected back from the
load and therefore unused. The more negative the return loss, the less power is being
reflected from the load, and therefore more power is going to the load.

{d6] Referring to Fig. 4, power transfer over distance was measured, using device A as
power transmitting device 418, and device B as power receiving device 430,
Meagsurements were first made without a return 450, and then with a return 450
electrically connecting the primary 110 of power transmitting device 410 to the primary
116G of power receiving device 420. The power source 400 used for these
measurements was the tracking generator of the HP 8594E Spectrum Analyzer coupled
through the HP 56304 Scalar Test Set, which produces a sine wave. Source power to
transmitting device 410 was -10 dBm {0.10 milliWatts, or mW).

{471 Power measurements without return 450 were made using a calibrated
prototype battery-operated power meter as load 430, allowing power receiving device
420 and the power meter connected as load 430 to be fioating, unconnected to other
eguipment. Power meaasurements with return 450 were made using the HP 8594EF
Spectrum Analyzer coupled through the HP 5630A Scalar Test Set, with the ground
connection of the coaxial cables used to connect the Test Set to power transmitting
device 410 and power receiving device 420, providing the return path from primary 110
of power transmitting device 410 to the primary 110 of power receiving device 420,

{481  Anoperating frequency of 44.61 MHz was selected for the test by placing power
transmitting device 410 and power receiving device 430 close to each other
{approximately four inches separation}, both devices connected to the Scalar Test Set,
and salecting the frequency with the highast peak as displayed on the Spectrum
Analyzer. Distance 440 was measurad between the center of power transmitting device

410 and power receiving device 420. Power measurements were made as follows.
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{49] Table 2. Power Transfer without Return and with Return

Distance without with
inches Return Return

2 -33 dBm -32.4 dBm
3 -40.3 dBm

4 -43.1 dBm 33 dBm
5 -45.1 dBm

6 -48.1 dBm

7 -51 dBm

8 -53dBm -33.6 dBm
9 -55 dBm

10 -56 dBm

1% -58.4 dBm

12 -60.2 dBm

16 -65 dBm -34.5 dBm
18 -66.8 dBm

32 -36.3 dBm
40 -37 dBm
64 -38.1 dBm
&0 -35.7 dBm
128 -35.4 dBm
160 -38.5 dBm
276 -39.9 dBm

{301  This data is also shown in graphical form in Fig. 5. This data and the associated
graph show the rapid falloff of power expected with resonant inductive coupling for the
ne return configuration,

{51} Note that the decibel! {dB) scale is a logarithmic scale; a change of approximately
3 dB represents a doubling of power. A change of 20 dB represents a hundred times
increase in power. Similarly a change of -3 dB represents a halving of power, and a
change of -20 dB represents one hundredth the power. The dBm scale uses a reference
fevel {0 dB) of 1 milliwatt (mW) referenced to a 50 Chm ioad.

{521 in contrast, with an electrical link forming return 450 connecting the primary 110
of power transmitting device 410 and the primary 110 of power receiving davice 420,
power transfer is approximately level with distance.

{53] it should be noted that the wavelength for a frequency of 44.61 MHz is 854

inches. The traditional limit of the near-field range for standard resonant inductive



WO 2013/106387 PCT/US2013/020766
15

coupling is considered to be the wavelength (A} divided by two Pi {A/2n). For the
frequency used, 44.01 Mz, this near-field limit is 136 inches, as shown on the graph of
Fig. 5. The data in Table 2 as shown in the graph of Fig. 5 for a configuration with a
return show approximately linear power transfer continuing past the near field limit,
and measured at past twice this near field limit.

{54] in another embodiment, four power transmission devices according to Fig. 1
were constructed. These devices were labeled A, B, €, and D. The oversll dimensions of
each of the four devices are 4 inches in width by 4 inches in length by 1.375 inches in
height {101 mm x 101 mm x 35mm}. Primary winding 110 consists of 18 turns of 16
gauge insulated magnet wire. Resonant secondary 120 comprises ning magnetic
resonators 125, each magnetic resonator 125 with dimensions of 1.375 inches x 0.5
inches x 1.375 inches in height {35 mm x 12.7 mm x 35 mm}. Each magnetic resonator
125 comprises 52 turns of 16 gauge insulated magnet wire wound in three layers. The
nine magnetic resonators 125 are connected in series, with layers of Kapton® tape
providing insulation between resonant secondary 120 and primary winding 110,

{551 Each of these devices has a resonant frequency of approximately 2 MHz, This
self-resonance arises from the combined length and inductance of the windings of
magnetic resonators 125 and the distributed capacitance in these windings. it shouid be
noted that these devices are physically small in relation to the frequency {2 MHz} and
wavelength {150 meters).

{56] Power transmission devices A, B, €, and D were tested to determine the seff-
resonant frequency and return loss of each device at its self-resonant frequency, with
and without a collector attached to terminal 122 of resonant secondary 120, These
tests were made using the HP 8549 Spectrum Analyzer with HP 856304 Scalar Test Set

and HP 85714A Scalar Measurements Personality.
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{871 Table 3: Scalar Measurements
Device Resonant Return
Frequency Loss

A no collector 2.180 MHz -9.7 dB

A with collector 2.075 MMz -13.04dR
B no collector 2.213 MHz -6.42 dB
B with collector 2.083 MHz -8.83 dB
C no collector 2.163 MMz -8.09 dB
C with collector 2.068 MHz -11.23d8B
D no collector 2.133 MiHz -7.8dB

D with collector 2.043 MHz -10.66 dB

58] The data of Table 3 show that adding a collector to a device lowers its salf-
resonant frequency and decreases {improves) the return loss. In these tests, the
collector was a sguare piece of Keviar®-backed aluminum foil approximately eight
inches on a side, connected to the resonant secondary 120 of the device under test.
{59} Figs. 6 and 7 show test configurations using these devices to measure power
transfer aver distance. Fig. 6 shows the test setup for measuring power transfer over
distance between two power transfer devices, without the use of collectors. Fig. 7
shows the test setup for measuring power transfer between power devices using a
collector and a return. The results of these tests are shown in the graph of Fig. 8.

[6¢6]  The data for the “without return” line of Fig. 8 is generated by the test
configuration shown in Fig. 6. Device A previously described is used as power
transmitting device 610 and device Cis used as power receiving device 620, In testing,
power sceurce 600 consists of an HP 3314A function generator producing a triangle wave
driving a Verteq VPA 1887 Power Amplifier. Load 630 was an HP 85%94E Spectrum
anaiyzer, used for making measurements, connected to the primary 110 of receiving
device 620. The Spectrum Analyzer provides a 50 Ohm load on the primary 110 of
receiving device 620, Forward power from the amplifier to transmitting device 610 was
approximately 50 watts, with return power approximately 8 watts. The operating
frequency was 2.093 MHz, chosen to provide maximum measured cutput at receiving

device 820, This operating frequency is different from the self-resonant frequencies of
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both devices. Measured power in dBm for various distances 640 between transmitting
device 610 and receiving device 620 are shown in Table 4.

{6311  Table 4: Receive Power in dBm as a Function of Distance {without return)

Dist Power
inches meters dBm
i 0.0254 7.5

3 0.0762 3.7

7 0.1778 -5.3
i2 (0.3048 ~15
27.5 0.6985 -34

54 1.3716 -50

{621 The measurements shown in Table 4 are in agreement with the rapid falloff of
power associated with resonant inductive coupling.

{63} Fig. 7 is a diagram of a power transmission system according to an embodiment.
In this embodiment, transmitting device 710 has a collector 715 connected to terminal
122 of resonant secondary 120 of transmitting device 710. Power scurce 700 is the HP
3314A Function Generator and Verteg VPA 1287 Power Amplifier as used in the
preceding test.

[64] Multiple receiving devices 720 and 740 are used. Receiving device 720 has a
high efficiency red light emitting diode {LED) connected to its primary as load 730,
Receiving device 740 is connected to the HP 8594E Spectrum Analyzer as load 750 for
measurements, providing a 50 Ohm load to the primary 110 of receiving device 740, As
shown resonant secondaries 120 of receiving devices 720 and 740 are connected
together and coupled through a 220 microHenry {uH) inductor 770 to the case grounds
of the HP 5514A signal generator and the Verteq VPA 1987 Power Amplifier, and 1o the
primary 110 of transmitting device 710, thus providing a return. The other terminal of
the resonant secondaries for transmitting device 710 and receiving devices 720 and 740
are unconnected.

{651  Anoperating frequency of 2.093 MHz was selected as providing best power

transfer from transmitting device 710 1o receiving devices 740 and load 750, During
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measurements, the LED used as load 730 for receiving device 720 was illuminated by
power received from transmitting device 710
{661 Receive power as a function of distance 760 between collector 715 on

transmitting device 710 and receiving devices 720 and 740 in this configuration is shown

in Table 5.

{677  Table 5: Receive Power in dBm as a Function of Distance {with return}
Dist Power
inches meters dBm
i3 (0.3302 i1
36 0.9144 4.05
58 1.4732 3.1
82 2.0828 2.76
86 2.4384 3.4
106 2.6924 3.5
118 2.9972 3.5
130 3.302 4
142 3.36068 3.68
i54 3.9116 3.4
163 4,2672 3.84

[68] The measurements in Table 5 show constant power transfer scaling with
distance, shown as the “with return” line of the graph of Fig. 8. This is in stark
comparison to the rapidly nonlinearly diminishing powsr transfer shown in Table 4, and
the “without return” line of the graph of Fig. 8.

{691  The embodiment of Fig. 7 shows one transmitting device providing power 1o two
receiving devices simultaneously. This embodiment shows a transmitting device with a
collector coupled to the secandary. This embodiment shows two receiving devices
coupled 1o a common return through an inductor,

{701  Additional embodiments show this constant power scaling with range such as
shown in Table 4.

{71} In another embodiment, a pair of powsr transmission devices according to FIG. 1
ware constructed. Tha resonant secondary 120 of each device comprises 17 magnetic
resonators 125, Each magnetic resonator 125 is 44 turns of 16 AWG magnet wire

wound in two layers on a form measuring 1.5 inches wide by 0.75 inches long by 1.5
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inches in height. These magnetic resonators 125 are arranged in a generally sguare
form with a gap between first and last magnetic resonators. The resonant secondary
was covered with Kapton® tape to provide insulation between primary and secondary,
and wound with the primary 110, 16 turns of 16 AWG magnet wire. The overall size of
each device is 8 inches long by & inches deep and 1.5 inches high.

{72} Self-resonant freguencies and return loss were determined for each device. The
transmitting device showed a seif-resonant frequency of 1.63 MHz with a return loss of -
3.95 dB without a collector, and 1.51 MMz with a return loss of -2.75 dB with a collector.
The receiving device measured a seif-resonant frequency of 1.34 MHz with a return loss
of -6.2 dB without a collector, and 1.27 MHz with a return loss of -7.11 dB with a
collector

{731 Power transfer was measured using the embodiment of Fig. 9. Power source
900 was the HP 5514A signal generator and Verteg VPA 1987 Power Amplifier, coupled
to primary 110 of transmitting device 910, Measured drive power was 27.5 dBm at
1.480 MHz, as measured using the portable RF power meter connected to the Power
Amplifier output through a precision 20 dB power attenuator. A collector 915 was
connected to resonant secondary 120 of transmitting device 910, Collector 215 was a
circular cardboard disc approximately one foot in diameter, coated with a spray-on
EMI/RFI shielding carbon conductive coating as described previously herein.

{74] Primary 110 of receiving device 320 was coupled to the portable RF power meter
as load 930. A return 940 connected from the primary 110 of transmitting device 910 to
the primary 110 of receiving device 920 comprising a length of 30 AWG solid Kynar®
insulated wire was also used. A collector 826 was also coupled to the secondary 120 of
receiving device 920 through a 100 microhenry inductor 926, Collector 826 was a small
aluminum sheet metal plate approximately 8 inches by 16 inches.

{75} During testing, a metal ring 912 consisting of a piece of 1 1/2 inch wide adhesive-
backed aluminum tape was placed inside resonant secondary 120 of transmitting device
510. Inthe configuration of Fig. 9 without collectors 915 and 826 in place, a power level

of 5.6 dBm was measured at receiving device 920 without ring 912 present. Placing ring



WO 2013/106387 PCT/US2013/020766
20

912 into transmitting device 910 increased the power measured at receiving device 820
to 7.7 dBm, an increase of 1.1 dBm.

{76} Distance testing was performed outdoors on an asphalt surface. With a power
input of 27.5 dBm at 1.545 MHz to transmitting device 910, the power levels measured

at receiving device 920 over distance are as shown.

{71 Table 6. Receive Power over Distance {with return and collectors)
Distance Receive Power
Feet dBm
4 13.7 dBm
i1 12.8 dBm
32.5 13.0dBm
81 13.4 dBm

{78] This shows the constant power transfer scaling with distance consistent with
other embodiments.

{791 The effect of inductor 924 coupling collector 926 to the secondary 120 of
receiving device 920 was readily apparent in this test. With inductor 824 in place
coupling collector 926 to the secondary 120 of receiving devics 820, measured power
was 13.4 dBm at a distance of &1 feet. Removing inductar 924 and connecting collector
926 directly to the secondary 120 of receiving device 8920 reduces the receive power at
the same distance 1o 8.6 dBm, a loss of 3.8 dB.

{801 Testing also demonstrated that the collector may be coupled to the resonant
secondary at other than terminals 122 and 124, the ends of the resonant secondary.
For example, the collector may be coupled to the resonant secondary at the connection
between a pair of magnetic resonators 125,

{81} Note that in the testing described herein, no attempt was made to match the
cuiput impedance of the power sources used, 50 Chms in each case, to the impedance
of the transmitting device at the operating freguency chosen. Proper impedance
matching is expected to increase efficiency and overall power transfer. As examples, a
return loss of -3 dB corresponds to a power loss of 0% between the power source and
the transmitting device. Areturn loss of -6 dB corresponds to a power loss of 25%

between the power source and the transmitting device, Similarly, no impedance
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matching was done betwesn the primary of ths receiving device and the load on the
receiving device. Load devices such as the Spectrum Analyzer and portable RF power
meter present a 50 Ohm load to the receiving device. Loads such as incandescent lamps
and light emitting diodes {LEDs} present more complex loads, particularly in the case of
LEDs. Proper impedance matching should improve efficiency and overall power
transfer.

{82} Different waveforms may be used to drive the transmitting device. The tests
described herein were performed using a combination of sine waves, sguars waves, and
triangle waves as drive signals. Recall that a square wave is the sum of a fundamental
frequency and the odd harmonics of the fundamental; a triangle wave is also the sum of
a fundamentat frequency and odd harmonics, but with a faster rolloff than in the case of
a sgjuare wave,

{83] A combination or sum of drive signals may also be fed to a transmitting device.
As an example, a first signal generator generating a drive signal at 1.9 MHz, and a
second signal generator generates a drive signal at 2.1 MHz. These two drive signals are
added and fed to the input of the power amplifier, which is coupled to the primary of
the transmitting device. Each drive signal powers a group of receiving devices.

[84] it has bean learned that when a transmitting device and one or maore receiving
devices are pperatad together, they operate as a system. The operating frequency of
this system is not necessarily the self-resonant freguency of any of the individual
devices. In one embodiment, an operating freguency is determined by sweeping a
range of frequencies including the self-resonant frequencies of the devices in the system
while measuring forward and reverse power from the power source to the transmitting
device. An operating frequency will have a low ratio of reverse to forward power.
There may be more than one such frequency within a frequency range. As an example,
with a transmitting device having a self-resonant frequency of 1.6 MHz, and a group of
receiving devices having self-resonant frequencies in the neighborhood of 2 MHz,
sweeping from 2.1 MHz down to 1.5 MHz while monitoring the ratio of reverse to

forward power will identify one or more operating freguencies. in another
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embodiment, the frequency sweep is made at a low power level, with power increased
once an operating frequency has been selected.

851  When loads presented by individual receiving devices change, or more receiving
devices and loads are added to the system, the overall system resonance changes. This
change alters the ratio of reverse to forward power measured at the transmitting
device, and also changes the power level present at other receiving devices. Une
embodiment uses this detected change at the transmitting device to initiate a search for
a possibly better operating frequency. In another embodiment, receiving devices use
shifts in load to signal the transmitting device and/or other receiving devices, for
example toggling a load to send serial data to another device.

{86]  We hypothesize that the transmitting and receiving device embodiments
described herein implement a metamaterial lens with effective permittivity and/or
permeability approaching zero or equal to zero. This hypothesis is derived using
transformation optics technigues. The derivation considers two spaces, physical space
and electromagnetic space. Physical space is the space within which the devices are
physically present. Electromagnetic space is the space perceived by the electromagnetic
energy presant in the system. The derivation shows that points separated in physical
space are made approximately coincidant in electromagnetic space by using devices
with effective permittivity and permeability approaching zero or equal to zero. This
coincidence in electromagnetic space allows for efficient power transfer. The design of
the devices described herain was informed by this theory.

{87} it is to be understooed that the examples given are for illustrative purposes only
and may be extended to other implementations and embodiments with different
conventions and technigues. While a number of embodiments are described, there is
no intent to limit the disclosure to the embodiment{s} disclosed herein. On the
contrary, the intent is to cover all alternatives, modifications, and equivalents apparent
to those familiar with the art.

{88] in the foregoing specification, the invention is described with reference o

specific embodiments thereof, but those skilled in the art will recognize that the
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invention is not limited thereto. Various features and aspects of the herein-described
invention may be used individually or jointly. Further, the invention can be utilized in
any number of environments and applications beyond those described herein without
departing from the broader spirit and scope of the specification. The specification and
drawings are, accordingly, to be regarded as illustrative rather than restrictive. it will be
recognized that the terms “comprising,” “including,” and “having,” as used herein, are

specifically intended to be read as open-ended terms of art.
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CLAIMS

We Claim:

1. A device for power transmission comprising:
a primary comprising a conductive winding,
and
a resonant secondary having a resonant frequency, the resonant secondary
magnetically coupled to the primary, the resonant secondary comprising:
a plurality of magnetic resonators, each magnetic resonator comprising a
conductive winding and having a magnetic axis,
the plurality of magnetic resonators connected in series, with the
magnetic axis of each of the plurality of magnetic resonatars magnetically coupled to

the primary.

2. The device of Claim 1 where a collector is coupled 1o the primary

3. The device of Claim 1 where a collector is coupled 1o the secondary

4. The device of Claim 1 where the primary is adapted 1o be coupled to a power source.

5. The device of Claim 1 where the primary is adapted to be coupled to 3 load.

6. The device of Claim 1 where the combined length of the windings of the plurality of

magnetic resonators comprising the resonant secondary is approximately half the

wavelength of the resonant frequency of the resonant secondary.

7. The device of Claim 1 where the plurality of magnetic resonators are arranged o

enclose a circular area.
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8. The device of Claim 1 where the plurality of magnetic resonators are arranged to

enclose a rectangular area.

9. The device of Claim 1 where the primary winding is helical.

10. The device of Claim 1 where the magnetic resonators are helical.

11. The device of Claim 1 where the primary winding is formed on a planar substrate.

12. The device of Claim 1 where the magnetic resonators are formed on a planar

substrate.

13 The device of Claim 12 where the primary winding is coplanar with the magnetic

resonators.

14. The device of Claim 1 where the primary winding is wound around the resonant

secondary.
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15. A system for transferring power between a power source operating at a frequency
and a lead, comprising:
a power transmission device comprising:

a transmit primary comprising a conductive winding, the transmit
primary coupied to the power source,

a resonant transmit secondary having a resonant frequency, the resonant
secondary magnetically coupled to the transmit primary, the resonant transmit
secondary comprising:

a plurality of transmit magnetic resonators, each transmit
magnetic resonator comprising a conductive winding and having a magnetic axis,
the plurality of transmit magnetic resonators connected in series,
with the magnetic axis of each of the pluraiity of transmit magnetic resonators
magnetically coupled to the transmit primary,
and
a power reception device comprising:

a receive primary comprising a conductive winding, the receive primary
coupled to a load,

a resonant receive secondary having a resonant frequency, the resonant
recaive secondary magnetically coupled to the recelve primary, the resonant recaive
secondary comprising:

a plurality of receive magnetic resonators, each receive magnetic
resonator comprising a conductive winding and having a magnetic axis,

the plurality of receive magnetic resonators connected in series,
with the magnetic axis of each of the plurality of receive magnetic resonators

magnetically coupled to the receive primary.

16. The system of Claim 15 further comprising a collector coupled to the power

transmission device.
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17. The system of Claim 186 further including an inductor coupling the collector to the

power transmission device,

18. The system of Claim 17 where the inductor is selected to minimize permeability of

the system.

19. The system of Claim 15 further comprising a collector coupled to the power

reception device,

20. The system of Claim 1% further including an inductor coupling the collector to the

power reception device,

21. The system of Claim 20 where the inductor is selected to minimize permeability of

the system .

22. The system of Claim 15 further comprising an electrical link coupling the power

transmission device to the power recaption device.

23. The system of Claim 22 where the slectrical link further includes an inductor.

24, The system of Claim 23 where the inductor is selected to minimize system

permittivity.
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25. A method of operating a power transfer system comprising a tunable power source
coupled to a power transmission device having a first resonant freguency and a power
reception device within the magnetic field of the power transmission device, the power
reception device having a second resonant frequency, the power reception device
coupled to a load, comprising:

tuning the power source over a frequency range including the first resonant
frequency,

measuring the voltage standing wave ratio between the power source and the
power transmission device, and

determining a freguency in the freguency range with a low voltage standing

wave ratio.
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